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ABSTRACT: The relative stability of reactive intermediates and reactants on a surface, which dictates the rate and selectiv-
ity of catalytic reactions in both gas and liquid phases, is dependent on numerous factors. One well-established example is
secondary interactions, such as van der Waals interactions between the catalyst surface and the pendant group of the in-
termediate, which can govern reaction selectivity for coupling reactions. Herein, we directly show that interactions between
adsorbed reaction intermediates and reactant molecules increase the binding energy and affects the geometrical arrange-
ment of coadsorbed reactant/solvent molecules. Evidence for this effect is demonstrated for the oxidative coupling reaction
of methanol on a single crystal gold (Au(110)) surface. The rate-limiting reaction intermediate for methanol self-coupling,
methoxy, stabilizes excess adsorbed methanol which desorbs as the result of beta-hydride decomposition of the adsorbed
methoxy. Direct molecular-scale imaging by scanning tuneling microscopy, supplemented by density functional theory,
revealed interactive structures formed by methoxy and coadsorbed methanol. Interactions between the methoxy interme-
diate and coadsorbed methanol stabilizes a hydrogen-bonded network comprising methoxy and methanol by a minimum
of 0.13 eV per methanol molecule. Inclusion of such interactions between reaction intermediates and coadsorbed reactants
and solvents in kinetic models is important to microkinetic analysis of the rates and selectivities of catalytic reactions in
both the gas and liquid phases whenever appreciable coverages of species from the ambient phase exist.

of co-adsorbed molecules that may not appear at first

INTRODUCTION 1 . . .
glance to take part in a chemical reaction is therefore cru-
Considerable effort has been devoted to understanding cial for understanding the complex interactions that affect
the effects of solvation and hydrogen bonding in catalysis, the energetics of reactions on surfaces.

electrochemistry,? organic synthesis3 and surface engineer-
ing*. For example, it has been shown that the rates of some
enzymatic reactions are accelerated by hydrogen bonding,
which stabilizes intermediates (thus lowering the activa-
tion free energy of their formation) and facilitates proton
transfer from an acid or to a base.5 In heterogeneous catal-
ysis, in both the gas and liquid phases, the interactions of
reactive intermediates with a reaction medium can result
in alteration of the reaction mechanism and/or the overall
kinetics and selectivity.®° For engineering self-assembled
monolayers (SAMs), the intermolecular and molecule-sub-
strate interactions of surface-active materials are influ-
enced by solvation, changing their ordering, growth and
adhesion.” Furthermore, solvation of adsorbates on elec-
trodes is known to play a critical role in determining the
activity and selectivity of electrocatalytic carbon dioxide
reduction reaction (CO,RR)*“ as well as the capacity and
rechargeability of certain batteries.’>'¢ Studying the effects

Fundamental study of these effects has particular im-
portance in heterogeneous catalysis because the design of
efficient catalysts requires understanding of all factors that
affect the stability of surface species. One important factor
is the relative bond strength between different metals and
the anchoring atom of reactive intermediates (e.g., C, N, O,
S), which can be estimated for transition metal catalysts
using scaling relations.’”*® These bond energies form a basis
for the prediction of trends in catalytic activity for different
metal catalysts, including binary alloys.’?>° In addition to
these primary interactions, secondary interactions such as
van der Waals interactions between pendant groups of in-
termediates and the catalyst surface have been shown to
significantly affect selectivities in catalytic cross-coupling
reactions.>23 Moreover, inter-adsorbate interactions can
induce island formation and surface restructuring, entirely
altering the overall kinetics of reaction.>>+



Beyond the primary and secondary interactions of reac-
tive intermediates with the surface lies the effects of coad-
sorbed intact solvent, reactant or product molecules.
There is abundant literature that establishes the im-
portance of hydrogen bonding with water and alcohols on
metal and metal oxide surfaces and zeolite cages.®* It has
been shown that co-adsorbed molecules may directly par-
ticipate in reactions, change the stability of reactants, in-
termediates, transition states and products, and reduce the
density of active sites by competitive adsorption with the
reactants and intermediates, as discussed in detail in sev-
eral recent reviews.®° These studies using various cata-
lysts, supports and solvents, combined with theoretical
studies, have provided some understanding of solvent ef-
fects.8122537 However, while numerous scanning tunneling
microscopy studies with water have shown hydrogen-
bonded water-OH structures that result from dissociation
of water on metal oxide3® and metal39-# surfaces as well as
hydration of supramolecular assemblies,>#54° direct in situ
observation of solvent effects for a complex catalytic sys-
tem is rare, and understanding of the range of molecular
ordering induced by such effects is limited.

Given the accepted mechanism for the coupling of alco-
hols on transition metal catalysts, the possibility of hydro-
gen bonding between reactants (alcohols), intermediates
(alkoxides, aldehydes) and products (aldehydes, esters)
can be anticipated and some evidence has been provided
by theory,+7-5° but direct experimental demonstration of
these interactions for reactive systems has not been made
to the best of our knowledge. Indeed, on close-packed Au,
Cu and Pt surfaces methanol molecules form well-ordered,
hydrogen-bonded networks whose structures depend on
the metal as well as the methanol coverage.5>>+ Relatively
less is known about adsorption of methanol on the less
closely packed surfaces. Furthermore, surface-bound car-
boxylates form hydrogen-bonded complexes with water
and carboxylic acids. For example, on the Ag(110) surface
solvation of the transition state by water molecules plays
an important role in reducing the kinetic barrier for the
formation of the O-bound bidentate species *OCHO,
which is a key intermediate in CO,RR.556 More recently it
was suggested with density functional theory (DFT) calcu-
lations that hydrogen bonding between formic acid and
formate affects the kinetics of formate decomposition on
Cu(im).575% Similarly, the interactions between alcohols
and surface-bound intermediates may have effects on the
thermodynamics and kinetics of alcohol coupling.

The reaction mechanism of oxidative coupling of meth-
anol on gold surfaces has been established previously on
both Au(no) and Au(im) surfaces.’¥%* Importantly,
knowledge of the elementary reactions provides a quanti-
tative relationship among the amounts of each product
formed. The catalytic cycle is initiated by activation of
methanol by pre-adsorbed atomic oxygen that selectively
cleaves the O—H bond, forming stable methoxy species and
water.

2CHLOH + O >
)

2CH,O0© + H,O

B-H elimination of methoxy produces surface-bound for-
maldehyde, which can either couple with unreacted meth-
oxy, desorb or combust via adsorbed formate in the pres-
ence of excess surface atomic oxygen.

CH;0" > H,CO" + H’
step) (2)

H.CO" + CH;0" > H,COOCH;
3)

H.COOCH;" > HCOOCH; + H’
(4)

H.CO" + O" > HCOO" + H’

(5)

HCOO" > CO, + H’
(6)

The rate-determining step of the coupling reaction, step
(2), occurs facilely with an activation energy of energy of
15.4 = 1.1 kcal® (at 225 K in temperature programmed reac-
tion) on Au(110). According to the above reaction scheme,
two hydrogen atoms are released in the process of forming
one methyl formate molecule (one from methoxy and an-
other from hemi-acetal). These hydrogen atoms may react
with methoxy or remaining atomic oxygen to produce
methanol or water, respectively, or recombine to form di-
hydrogen.

(rate-determining
(coupling)

(ester formation)
(over oxidation)

(combustion)

H + CH,O" > CH,OH"
(7)

H" + 0" > ¥%H,O
(8)

2H* > H,
(9)

In this study the molecule-intermediate-surface (ter-
tiary) interactions that lead to the stabilization of molecu-
lar methanol by methoxy were examined by a combination
of spectroscopy, microscopy and theory. Temperature pro-
grammed spectroscopy was employed to identify reaction
intermediates and to separate individual reaction steps by
the temperatures at which products were evolved so that
they could be separately quantified. Direct imaging of ad-
sorbed methoxy and methanol was performed by scanning
tunneling microscopy, while vibrational spectroscopy was
used to verify the identity of adsorbed species. Density
functional theory was employed to corroborate the differ-
entiation of methanol and methoxy in the microscope im-
ages and provided understanding of the spatial organiza-
tion of the coadsorbed structures. We find that (1) the
methoxy reaction intermediate substantially stabilizes mo-
lecular methanol on the surface via hydrogen bonding; (2)
co-adsorbed methoxy extensively reorients the clusters of
adsorbed methanol from their unperturbed structure on
the clean surface. More generally, this work directly
demonstrates surface interactions between adsorbed reac-
tion intermediates and reactant or solvent molecules that
may affect the selectivity and kinetics of elementary steps
in the catalytic reaction network. Our observations may
also be relevant to electrochemical surface scientists inter-
ested in the molecular-scale ordering and elementary steps
at electrode-electrolyte interfaces.
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METHODS SECTION

Temperature-programmed experiments and high-
resolution electron energy loss spectroscopy. Temper-
ature-programmed desorption/reaction experiments and
vibrational spectroscopy were performed in an ultra-high
vacuum (UHV) chamber with a base pressure below 3 x 10°
1 Torr, described in detail previously.>%+ To track the sur-
face reaction the Au(110) single crystal (SPL, 8 mm x 2 mm
disk) was radiatively heated using a tungsten filament
placed ca. 3 mm behind the crystal. The temperature was
monitored by a K-type thermocouple inserted into a pin-
hole on the side of the crystal. Initial cleaning was per-
formed by repeated cycles of Ar* sputtering, annealing and
titration by ozone. The surface was cleaned each day with
ozone until no CO or CO, desorbed during heating after
exposure to excess ozone. Temperature-programmed de-
sorption and reaction (TPD/TPR) were performed using a
quadrupole mass spectrometer with an ionizer and mass
filters contained in a cylindrical shroud (QMS, Hiden
HAL/3F). Details about quantitative TPD/TPR analysis can
be found in the Supporting Information. High-resolution
electron energy loss spectroscopy (HREELS, LK-2000) was
performed using a primary energy of 7 eV at 60° specular
geometry and obtained spectra were normalized by the av-
erage intensity of the flat background region (3650-4000
cm™).

Methoxy was formed by first exposing the surface to
ozone to generate adsorbed atomic oxygen, followed by ex-
posure to methanol (>99.9% Sigma Aldrich). Gases dis-
solved in methanol were removed by freeze-pump-thaw
cycles. The ozone dosing system consisting of a variable
leak valve and stainless-steel tubing was passivated each
day by flowing ozone through it for 30 minutes. Ozone was
generated by a LG-7 CD Laboratory Ozone Generator and
its concentration was monitored by a Teledyne Instru-
ments 454H monitor. Atomic oxygen coverage was cali-
brated by comparing the integral of the O, recombination
peak at 560 K to that of the O, recombination peak for the
saturation coverage of 1 monolayer (ML).% Methanol expo-
sures were pre-calibrated separately by condensing meth-
anol on the clean Au(u10) surface and performing quantita-
tive analysis of TPD spectra as explained in detail in the
Supporting Information.

Scanning Tunneling Microscopy. All STM experi-
ments were performed on an Omicron Nanotechnology
low temperature scanning tunneling microscope (LT-
STM) under UHV with a base pressure below 5.0 x 10™
mbar which allowed for 5 K imaging. A Au(110) single crys-
tal (Princeton Scientific) was cleaned via repeated Ar* sput-
tering (1.5 keV, 2 pA) and annealing (750 K) cycles in the
preparation chamber with a base pressure < 2.0 x 10
mbar. After cleaning, the sample was transferred to the lig-
uid helium (Middlesex Gases) cooled STM stage to image
the clean sample at 5 K. After confirming the cleanliness of
the single crystal, the sample was warmed to room temper-
ature. Meanwhile, in the preparation chamber, the dosing
line was passivated with ozone using a LG-7 CD Laboratory

Ozone Generator for 45 minutes. After the line was passiv-
ated, the Au(110) sample was transferred into the prepara-
tion chamber and exposed to ozone at room temperature
to obtain an atomic oxygen coverage of 0.13 ML on the sur-
face. Thereafter the sample was transferred to the STM
stage for 5 K imaging.

Methanol (99.8% Sigma Aldrich) was purified using
freeze-pump-thaw cycles and 0.5 ML was dosed onto the
O pre-covered Au(110) surface at 5 K using a collimated
high precision leak valve. Annealing experiments were per-
formed in the STM chamber using the wobblestick and the
sample was cooled back down to 5 K before imaging.

Density functional theory calculations. Our DFT cal-
culations were performed with the VASP code.®® The pro-
jector-augmented wave (PAW) potentials®” and the GGA-
PBE exchange-correlation functionals®® were used. The
plane-wave cutoff energy was 400 eV. The DFT-TS
method® was used to account for the vdW interactions.
The lattice constant of Au was obtained via energy optimi-
zation. The Au(u0) surfaces were represented by slabs of
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Figure 1. Temperature-programmed reaction/desorption
spectra following (a) an exposure of O-covered Au(n10) surface
to sub-ML methanol and (b) exposure of pristine Au(110) sur-
face to sub-ML methanol, both at 120 K. In the absence of ox-
ygen, methanol desorbed from the surface at T,=184 K (de-
sorption from multi-layers was observed at 150 K at higher ex-
posures, see Supporting Information). When atomic oxygen
was pre-adsorbed, the methanol desorption peak was ob-
served at T,=225 K, concomitantly with the reaction-limited
desorption of methyl formate, molecular hydrogen and water.
The desorption of formaldehyde and complete combustion,
which occur via formate decomposition at ~300 K, were not
observed. QMS signals were corrected to account for fragmen-
tation, differences in transmission and detection coefficients
of each fragment and differences in the ionization cross sec-
tion of molecules™ as explained in the Supporting Infor-
mation. Selected fragments: methyl formate (parent m/z=6o0,
fragments m/z=31, m/z=2), methanol (largest fragment
m/z=31, fragment m/z=2), water (m/z=18) and dihydrogen
(m/z=2). The amount of each detected species is listed in Ta3



five atomic layers. The vacuum region above the topmost
atom of the adsorbate was thicker than 14 A in the z direc-
tion, to eliminate coupling between neighboring slabs.
During relaxation, Au atoms in the bottom two layers were
fixed in their respective bulk positions, and all the other
atoms, including the adsorbates, were fully relaxed until
the force on each atom was smaller than o.01 eV/A. The
structures were visualized by VESTA.7> The STM images
were simulated using the electronic states with energies
ranging from the Fermi level (EF) to +40 mV. The simu-
lated STM data were then analyzed and visualized by
p4vasp. The adsorption energies were calculated using the
“separated states” of the relaxed molecules and surface.

To provide reference and energies for evaluating the
structures of methoxy and methanol, isolated moieties of
O, OH, methoxy, and methanol were first computed (Fig.
S5). An exhaustive search including testing of various ad-
sorption sites and orientations of the species was per-
formed. Both O and OH prefer a three-fold hollow site on
the side of the topmost row of Au atoms of the Au(uo)-
(1x2) surface, whereas methoxy prefers a two-fold bridge
site and methanol an atop site on the topmost row.

RESULTS

Quantifying desorption of methanol stabilized by
methoxy with temperature-programmed reaction
spectroscopy. Temperature programmed reaction spectra
of oxidative methanol coupling shows that methanol de-
sorbs concomitantly with methyl formate. (Fig. 1). When
methanol was dosed to the 0.05 ML O-covered surface at
120 K, evolution of methyl formate, water and dihydrogen
was observed at 225 K during heating (Fig. 1a), as expected
from previous studies.’>®%> Also, as previously re-
ported596°62 a substantial amount of methanol is observed
at the same temperature, 40 K above its temperature of de-
sorption from the pristine Au(n10) surface (peak tempera-
ture T, of 184 K, Fig. 1b). Previous work on Au(i1) and
Ag(110) suggest that the origin of this methanol is either
the recombination of H atoms released by beta C-H bond
cleavage of methoxy with adsorbed methoxy,% stabiliza-
tion by adsorbed oxygen,* or stabilization by methoxy.”
The fact that this feature persists even when there is insig-
nificant amount of coadsorbed oxygen compared to meth-
anol rules out the second possibility in this work. Indeed,
quantitative analysis of the desorption peaks (see below)
shows that some of this methanol desorbing at 225 K was
regenerated from reaction of methoxy with hydrogen at-
oms released by B-H elimination, but that most is due to
intact methanol stabilized by methoxy. This demonstrates
that the release of methyl formate from the surface, which
occurs immediately upon B-H elimination from methoxy,
results in the simultaneous desorption of methanol. The
pre-adsorbed atomic oxygen species was completely con-
sumed in the reaction because neither dioxygen nor carbon
dioxide were observed desorbing. The water desorption at
170-180 K is due to desorption-limited evolution of water
formed by the reaction between pre-adsorbed atomic oxy-
gen species and alcoholic hydrogen atoms of methanol.

Quantitative analysis of TPRS results. The average
number of methanol molecules stabilized per methoxy was
evaluated by utilizing mass balances for each product via
quantitative mass spectrometry of the temperature pro-
grammed reaction profiles.s Briefly, integrated desorption
peak areas were corrected for the ionization cross sections
of the parent species and for the sensitivity of the mass
spectrometer to the selected ion fragment detected (Sup-
plemental Information). The corrected signals were then
calibrated relative to the dioxygen peak obtained from
temperature-programmed desorption of a saturation cov-
erage (1.2 ML) of atomic oxygen on Au(u10) in order to cal-
culate the absolute amount of each product. The methanol
evolved coincident with methyl formate at 225 K can orig-
inate either 1) from methanol that was regenerated by re-
combination of methoxy with hydrogen atoms released in
the process of forming methyl formate, or 2) intact metha-
nol stabilized by methoxy. Their ratio can be calculated
from the integrated peak areas of methyl formate, metha-
nol, water and dihydrogen, given that formaldehyde pro-
duction, complete combustion via formate and other de-
composition pathways of methoxy were negligible. The in-
itial coverage of 0.05 ML of oxygen atoms (Table 1, line A)
reacted with methanol to form two methoxy species per
oxygen atom (Table 1, line C), with any residual oxygen re-
acting with hydrogen atoms released to form water at 225
K (Table 1, line B). Some of the methoxy species coupled to
form methyl formate (Table 1, line D) while the rest reacted
with hydrogen, regenerating methanol (Table 1, line E).
The minimum amount of methanol stabilized by methoxy
is then obtained by subtracting the amount of regenerated
methanol from the total amount detected (Table 1, line F).
These calculations resulted in an average of 1.9 + 0.3 meth-
anol molecules per methoxy, in good agreement with the
211 ratio observed in the STM experiments (below).

Estimating the stabilization energy from peak tem-
perature shift. The stabilization energy of methanol by
methoxy was estimated from the increase in desorption
temperature relative to methanol adsorbed on clean
Au(n0), assuming first-order desorption and a constant
pre-exponential factor v that is independent of coverage,
using the Redhead method derived from the Polanyi-Wig-
ner equation:7



Table 1. Quantitative analysis of temperature-pro-
grammed reaction spectra (Fig. 1) shows stabilization
of ~1.9 molecules of methanol per methoxy species.
The initial oxygen coverage was 0.05 ML, most of which
reacted with methanol, forming methoxy and water, while
a fraction (0.01 ML) remained unreacted until 225 K, when
it formed water. Some methoxy underwent coupling, pro-
ducing methyl formate (0.02 ML methyl formate) while the
rest (0.04 ML methoxy) regenerated methanol or trace
amounts of formaldehyde and formate (not detected by
QMS). Accordingly, of the methanol molecules detected at
225 K (0.19 ML), 0.15 ML was intact methanol, which yields
1.9 molecules of methanol stabilized per methoxy species.

Species Coverage (ML)"
A) Pre-adsorbed atomic oxygen 0.05 (x0.01)
B) Water detected at 225 K 0.01 (£0.003)
C) Methoxy formed at 130 K (2(A- 0.08 (0.01)
B))

D) Methyl formate detected at 225 0.02 (+0.004)
K

E) Remaining methoxy™ (C-2D) 0.04 (x0.01)
F) Methanol detected at 225 K 0.19 (+0.02)
G) H, detected at 225 K 0.04 (x0.06)
H) Stabilized methanol per meth- 1.9 (x0.3)
oxy species ((F-E)/C)

“ The amount of methyl formate, water, dihydrogen and
methanol detected were computed from the peak integrals
(Supporting Information). Reported here are the sets of mean
and standard deviation calculated from data collected in three
sets of experiments.

"2 The amount of methoxv that did not couple must equal the

Eq = RT, [ln () -t (:7“;)] (10)

where E; is the activation energy, R the gas constant, T,
the peak temperature, and 3 the heating rate. A pre-expo-
nential factor of 5.8x10' s* has been measured by heating-
rate variation analysis774 for the formation of methyl for-
mate upon linear heating of the Au(u10) surface covered
with 0.05 ML O/Au(110) and excess methanol.% Using this
apparent pre-exponential factor value, desorption energies
of 0.67 eV and 0.55 eV were computed for desorption at 225
K and 184 K, respectively, yielding a stabilization energy of
0.13 eV (12.1 kJ/mol). This value gives the minimum stabili-
zation energy of methanol molecules by methoxy because
the B-H elimination of methoxy triggers desorption of
methanol from the stabilized state, i.e. there is nothing to
stabilize methanol above its desorption temperature in the
absence of methoxy.

Identifying surface-bound intermediates with high-
resolution electron energy loss spectroscopy. High
resolution energy loss vibrational spectroscopy was em-
ployed to verify the surface species existent prior to methyl
formate desorption. Upon adsorption of 0.5 ML of metha-
nol on 0.13 ML O/Au(110) at 120 K, the vibrational mode at

335 cm™ assigned to Au-O stretch (vau._o) was observed
(Fig. 2a). This vibrational frequency was not observed for
methanol or for atomic oxygen adsorbed on the clean
Au(no) surface (Fig. 2b,c) and is characteristic for alkox-
ides, confirming the presence of methoxy intermediates on
the surface.” A broad band was observed between 600-800
cm™ which can be assigned to the bending mode of O— H
in methanol (yon) and libration mode of water due to the
presence of intact methanol and water that formed as a re-
sult of methanol activation by atomic oxygen. These two
modes were also observed for water and methanol ad-
sorbed on clean Au(110) (Supporting Information). The O
— H stretch above 3000 cm™ 76 was not observed, probably
because it was obscured by the more intense C— H stretch
of methoxy or it was screened by the dipole moments of
methoxy species.

When the surface was annealed to 180 K (Fig. 2a), the
intensity of the Au-O stretching mode increased and the
mode at 600-80o cm™ diminished. The former observation
is likely due to the increase in the methoxy coverage by ac-
tivation of a larger fraction of methanol and/or change in
the orientation of the methoxy species into a more up-right
configuration. The latter observation is attributed to the
reduction in the coverage of adsorbed water because water
desorbs from the clean surface below 170 K. Some metha-
nol was still present because the peak did not completely
disappear.

Imaging methanol stabilization with scanning tun-
neling microscopy. In order to further clarify the ob-
served stabilization effect and better understand the na-
ture of methanol-methoxy-substrate interactions at the
atomic-scale, STM experiments were conducted.

Figure 3. Adsorption structure of methanol at high coverage
on pristine Au(110)-(1x2) a) observed by STM and b) optimized
by DFT. For the STM experiment 0.3 L of methanol was dosed
at 5 K on Au(110), and the sample was annealed at 160 K to
equilibrate the surface-bound methanol molecules. Extended
chains of methanol running across the rows were observed.
Imaging conditions: 0.03 V, o0.01 nA. The DFT-optimized
model shows that the methanol chains consist of units of six
hydrogen-bonded methanol molecules (length: 12.05 A) that
result in the chains extending diagonallv across the [11 0}5
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Figure 2. High-resolution electron energy loss (HREELS) spec-
tra showing (a) characteristic vibrational frequencies of inter-
mediates formed from the reaction of 0.5 ML of methanol with
0.3 ML of atomic oxygen on Au(u0), (b) vibrational frequen-
cies of methanol on pristine Au(u0), and c) vibrational fre-
quencies of 0.07 ML atomic oxygen on pristine Au(110). The
formation of methoxy at 120 K is demonstrated by the appear-
ance of an intense Au-O stretch at 335 cm™. The broad peak
between 600-800 cm™ at 120 K is assigned to the bending
mode of OH within methanol and the libration mode of water.
After annealing to 180 K this peak diminishes due to desorp-
tion of water, but does not completely disappear, which sug-
gests that some methanol was still present. Mode assignments
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Au(110) and Atomic Oxygen on Au(110). Au(110)
adopts the “missing row” (1x2) reconstruction, where the
(111) microfacets are capped by rows of undercoordinated
atoms along the [110] direction (Fig. 3).7778 Using atomi-
cally resolved STM images to calibrate the Au(110) unit cell,
a grid was overlaid onto the STM images and used to iden-
tify the binding sites of different intermediates observed
on the surface. At a 0.13 ML coverage of atomic oxygen on
Au(u10), oxygen atoms were imaged as dark features along
the [110] direction, in agreement with previous results
(Supporting Information).79% The oxygen adsorption sites
in the dark areas were identified in the highly resolved
STM images as anti-symmetric chains along the [110] di-
rection, in agreement with previous DFT results with an
apparent depth of 60 pm, which is also in agreement with
previous experimental results.?o® Overall, these results

confirm the presence of atomic oxygen on the Au(u0) sur-
face after ozone exposure.

Methanol on Au(110). Before imaging the interactions
of methanol following reaction with preadsorbed O, the
adsorption of methanol on pristine Au(ii0) was studied.
After exposing the Au(110) surface to 0.3 L of methanol at 5
K and annealing at 160 K to equilibrate the methanol en-

Figure 4. STM image of 0.5 ML of methanol on 0.13 ML of O
precovered Au(110) surface acquired at 5 K. (a) Post 180 K an-
neal, methoxy (green arrow) stabilizes methanol resulting in
the formation of methanol chains (red arrow) along the [110]
direction on Au(110). Imaging conditions: -0.3 V, 0.005 nA. (b)
Au(110)-(1 x 2) reconstruction unit cell grid showing binding
sites of the features observed in (a). The underlying Au atoms
on the surface lie at the intersections of the grid lines.

sembles, extended chains of methanol molecules were ob-
served running at an angle of 67 degrees across the rows
with a few isolated dimers and trimers oriented approxi-
mately along the [110] direction (Fig. 3a).

0.5 ML Methanol on O/Au(110). Methanol adsorption
on an O pre-covered Au(n10) surface lead to the formation
a different set of structures. An exposure of 0.13 ML of O
pre-covered Au(110) to 0.5 ML of methanol at 5 K and sub-
sequent annealing of the surface to 180 K to enable reaction
of the methanol with adsorbed oxygen and desorption of
water lead to a new set of distinct features (Fig. 4a). The
bright circular species highlighted by the green arrow in
Fig. 4a and depicted by green circles in Fig. 4b indicate
binding in an atop configuration. The dimmer species
highlighted by the red arrow in Fig. 4a and modeled by red
circles in Fig. 4b form tightly packed anti-symmetric
chains that are nearly identical in arrangement to those ob-
served for methanol on the pristine surface, except in this
case the chains run along the [110] direction. Vibrational
spectroscopy at this annealing temperature reveals the
presence of methanol (yO-H mode between 600-800 cm™)

and methoxy (Au-O stretch at 335 cm™) (Fig. 2). The O-H
bending mode between 600-800 cm™is assigned to metha-
nol because water desorbs readily from the surface at the



annealing temperature. Therefore, the two distinct fea-
tures observed post 180 K annealing modeled by red and
green circles in Fig. 4b can be ascribed to methanol mole-
cules and methoxy intermediates, respectively. In the STM
image the ratio of the methanol to methoxy species is
roughly 2:1 based on the ratio of the dim (red circles) to
bright features (green circles). Adsorbate-induced restruc-
turing of the gold surface from (1x2) to (1x1)*4 was not ob-
served for this system.

Modeling the adsorption structure of methanol net-
work with density functional theory. To better under-
stand the molecular arrangement of methanol molecules
within the unit cell of the diagonal methanol structure,
chain structures with different numbers of molecules were
tested and optimized by DFT. The relative rotational angle
of the chain with respect to the substrate was constrained
such that it matched closely with the observation in the
STM images. The optimized result indicated that the larger
network structures consist of units of six hydrogen-bonded
methanol molecules with the terminal methanol mole-
cules adsorbed on the top of rows and the four other meth-
anol molecules adsorbed in the troughs (Fig. 3b). The DFT
estimated binding energy is -0.66 eV per methanol.

Modeling the adsorption structure of methanol-
methoxy network with density functional theory.
There are two important questions that were addressed by
DFT in order to reach an atomic scale assignment of the
STM features to methanol and methoxy. These assign-
ments are also aided by the knowledge of the molecular
structure of methanol on the clean surface obtained using
scanning tunneling microscopy. These questions are (1)
what are the relative intensities of the methoxy and meth-
anol in the STM image, and (2) what are the compared
atomic arrangements and stability for the methanol struc-
ture along the [110] direction in the presence of methoxy
and the rotated orientation observed on the clean surface?

First, DFT simulation of the STM image by well-estab-
lished methods® (see Methods) indicated that methoxy is
indeed significantly brighter than methanol on the Au sur-
face (Fig. 5b). Second, the species likely to comprise the
complex pattern observed in STM following the anneal to
180 K were assessed as follows. When placed to form a zig-
zag chain along the Au row, methoxy moieties were found
to exhibit appreciable repulsive interactions of o0.20
eV/methoxy. In contrast, methanol molecules exhibited at-
tractive interactions; the adsorption energy of an isolated
methanol on the Au surface of -0.39 eV increased to -0.63
eV per methanol molecule for the hydrogen-bonded zigzag
methanol chain adsorbed along the top Au(u10) row on the
otherwise clean surface (Fig. S6). Furthermore, the 2D
structure exhibited in the dimmer features closely resem-
bles the condensed phase of methanol on the clean surface,
except it is rotated to align with the close packed rows of
Au. It is therefore reasonable to assign the features com-
prising the rather close-packed extended islands in the
STM image to methanol chains (Fig. 5). Note that the com-
puted stability of the methanol chains on the clean surface
is not very different for the methanol chains on clean sur-
face for either the [110] or the rotated configuration (-0.63

vs -0.66). The DFT calculations reveal that methoxy stabi-
lizes the methanol chain and the adsorption energy per
molecule of methanol increases to -0.72 eV (Table 2). Thus,
subtle electronic perturbations of the gold by the methoxy
could easily lead to reorientation of the methanol chains.
Since the assignment of the chains to methanol leaves ad-
sorbed methoxy unaccounted for, the brighter features ob-
served in STM should correspond to a methoxy molecule,
in agreement with theory.

DISCUSSION

It is important to put this work into perspective with re-
lationship to previous research of this nature. Aside from
the more general studies cited in the introduction, there
has been considerable fundamental research on the inter-
action of water, the most common solvent, with metals and
metal oxide surfaces. Early studies showed that (1) on clean
Ag(110) adsorbed water forms clusters at 100 K, and (2) wa-
ter reacts quantitatively with preadsorbed atomic oxygen
on to form adsorbed hydroxyl, which stabilizes adsorbed
water by up to 4.3 kcal/mol, both effects being due to H-

8.78 A

Figure 5. DFT optimized co-adsorption structure of a metha-
nol zigzag chain and methoxy intermediate along the Au(u10)
top row. (a) In the plan view the methanol molecules are
marked by red circles and methoxy by a green circle. (b) The
associated STM image for the structure shown in (a) was sim-
ulated using the electronic states with energies ranging from
the Fermi level to +40 mV (constant height, z=5.96 A). (c) Side
view of the structure. The Au rows along the [110] direction
are marked by white lines in (a) and (b).

Table 2. Adsorption energies of methanol at different
configurations along the Au row.

metha- meth- metha- methoxy-
nol oxy-sta- | nol te- stabilized
mono- bilized tramer tetramer
mer metha-
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mono-
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bonding.394 Subsequent work shows that the adsorbed
OH forms ordered structures along the [110] direction.+43
Similar OH structures form on Cu(110).# Thus, hydrogen
bonded structures can be expected for water on clean
metal surfaces.

Similar effects are seen on metal oxide surfaces.3® Titania
single crystal surfaces have proved especially fruitful for
STM studies of water adsorption,®97 but similar effects
have been reported for other oxides as well.33989 [n gen-
eral, water undergoes partial dissociation on defect sites
(although there have been debates that defect-free surfaces
may also dissociate water), forming OH, in some cases via
water dimers, and excess water may cluster around the OH
at low temperature, indicative of stabilization via H-bond-
ing.

The results reported here demonstrate that methanol-
methoxy interactions lead to extended hydrogen-bonded
structures on clean gold surfaces. Surface-bound methoxy
species, when formed by reacting methanol with pread-
sorbed oxygen atoms, are surrounded by unreacted, intact
methanol molecules that are stabilized well beyond their
desorption temperature from the clean surface until meth-
oxy undergoes B-H elimination (the rate-determining step)
to form methyl formate (~225 K). Specifically, methanol
desorbs at 170-190 K in the absence of methoxy species,
which clearly shows that methanol is stabilized on the sur-
face by the methoxy species. The origin of this effect, sup-
ported by DFT calculations, is that methanol molecules hy-
drogen-bond with the anchoring oxygen atom of methoxy
species. This effect is much more pronounced than the ef-
fect of OH on water desorption from Ag(110), where water
desorbs well below the temperature at which OH dispro-
portionates.

While the methanol molecules form hydrogen-bonded
networks consisting of units of six methanol molecules ori-
ented diagonally across the top rows of clean Au(110) in the
absence of adsorbed methoxy, methoxy causes the metha-
nol network to reorient and propagate along the rows.
Side-by-side comparison of the two structures (Figs. 6, S6)
and hydrogen-bonding distances (Fig. S6) shows that the

Methanol network

Methanol-methoxy

v
-0
25

K -(h

Y.

%t

A%
MY 2
%

PATA Py

{
=]

5

Figure 6. Au(110)-(1 x 2) reconstruction unit cell grid overlayed
on top of DFT-optimized binding sites of methoxy-stabilized
methanol network and methanol network. The neighboring
oxygen-oxygen distances are shown (in A). Comparison be-
tween the binding sites demonstrates that the arrangements
are nearly identical. The underlying Au atoms on the surface

lia at tha intarcartinne nf the arid linac

arrangements of the methanol molecules are nearly iden-
tical in the two structures. The adsorption energy of meth-
anol on the pristine Au(110) was calculated to be -0.66 eV
per methanol in the diagonal configuration, which is insig-
nificantly more stable than the value calculated were the
chains to be oriented along the close-packed rows of Au on
the clean surface (-0.63 eV per methanol). The difference
between the two adsorption energies is insignificant as
DFT does not have this level of accuracy. Despite the small
energetic difference calculated, methanol on the clean sur-
face obviously prefers to be oriented 67 degrees from the
close-packed direction. This fact illustrates that the struc-
ture of methanol on the clean surface is dictated by small
energy differences. Moreover, the difference in adsorption
energy induced by methoxy is sufficient to reorient the
methanol clusters due to the stabilization provided by lo-
cal hydrogen bonding interactions with the methoxy.

Looking closely at the distribution of methanol and
methoxy observed in STM images, the following observa-
tions can be made. At low coverages on pristine Au(110),
oxygen atoms form short, zig-zag chains across the Au
rows which condense into two-dimensional patches at
higher coverages.” STM reveals that most of the methoxy
species are also clumped, appearing to reflect the ordering
of pre-adsorbed O. This result suggests that either meth-
oxy species are not mobile below 180 K or they exhibit at-
tractive interactions with one another when located across
the rows. If methoxy species were isolated from each other,
they would be expected to stabilize even more methanol
molecules.

It is also important to note the arrangement of methanol
present even as the surface approaches saturation cover-
age. At a local surface coverage of 0.7 ML shown in Fig. 4
most of the adsorbed methanol is found in chains that con-
tain at least one methoxy. However, chains also appear that
include no methoxys. Remarkably, this “untethered” meth-
anol does not desorb at 184 K, but is stabilized by the sur-
rounding methanol. These long chains consisting of sev-
eral methanol molecules do not desorb until methoxy re-
acts further, indicating that the effect of local hydrogen
bonding between methoxy and methanol is propagated
along the chains and is not simply a local effect. In general,
the degree to which the chains may differ from that ob-
served on the clean surface depends on the surface con-
centration of methoxy. Locally the untethered methanol is
trapped by the methoxy-anchored chains. This effect
would be expected to dominate unless the methoxy con-
centration were so low that the free surface dominates.
Under such conditions there would be insufficient meth-
oxy, and the effect would become minimal. Expressed dif-
ferently, when methoxy is adsorbed on the surface, it
serves as the seed for the methanol chain to grow along the
rows. These seeds reduce the mobility of even the metha-
nol molecules that do not directly interact with the meth-
oxy and therefore prevent them from forming clusters that
span across Au rows.

Previous studies have alluded to methanol stabilization
by methoxy on the Au(i1) and Ag(110) surfaces. For the
Au(11) surface an increase in the desorption temperature
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of methanol in oxidative self-coupling has been reported,5°
and it was ascribed to either recombination of methoxy
and hydrogen atoms (disproponation) or stabilization by
oxygen atoms in the work. However, according to our eval-
uation there was too much methanol desorption to be the
result of disproptionation or stabilization by unreacted ox-
ygen.'° Similarly, for the Ag(110) surface it was suggested
that methanol was stabilized by methoxy.” We conclude
that the temperature shift observed on the Au(i1) and the
enhanced adsorption on Ag(110) may be due to the same
stabilization effect of methoxy species.

Between the (111) surface and (u10) surface, some struc-
tural sensitivity of the stabilization effect and molecular ar-
rangement is expected. For example, the vdW-induced sta-
bilization for methoxy, ethoxy, 1-propoxy, 2-propoxy, and
benzyl alkoxy due to interaction of the pendant group of
the alkoxy is larger on the Au(110) surface than on Au(111)>
due to the ability of molecules to tilt toward the protru-
sions of the more corrugated 2x1 reconstructed Au(110) sur-
face, which optimizes the vdW attraction to the surface.
Furthermore, on close-packed Au(i11), methanol, for exam-
ple, forms hexamers with a ring structure or a slightly less
stable chain structures along the \/3 direction,5"54 which are
different from the structures observed on the Au(1u10) sur-
face. These findings suggest that the structure of hydro-
gen-bonded networks between methoxy and methanol are
expected to be different between the (u10) surface and
other surfaces.

One important question that remains to be addressed is
how formation of this methoxy-methanol complex affects
the kinetics of the successive steps involved in coupling,
e.g., methanol desorption, $-H elimination from methoxy
and nucleophilic attack on the resulting formaldehyde by
methoxy, both in the temperature programmed reaction
and steady state modes of operation. The most stable ad-
sorption site of isolated methoxy was determined to be the
bridge-site on the top-most row in the work reported here
and in prior work.?> For the methanol-methoxy complex,
however, methoxy appears to bind in an atop configura-
tion. This reorientation may change important factors such
as the Au-O bond strength and the distance between the
methyl group and surface atoms, thereby affecting the
rates of the B-H elimination step, which is the rate-deter-
mining step of the coupling reaction. It has been well-es-
tablished that solvation of initial states and transition
states greatly affects the activation barrier height and
hence the reactions rates.?629:57:5810-103 Thjs jssue becomes
even more important when studying the selectivity of
cross-coupling reactions. The number of solvating alcohols
and the strength of hydrogen-bonding would likely depend
on the nature of the alkyl chains, and the coupling involv-
ing alkoxides that experience stronger solvation effects
may be sterically hindered by a greater extent than other
alkoxides that are more isolated. Due to these extended lat-
eral interactions, in principle, effects on the rate constants
for elementary steps would be expected. One notable ex-
ample is the effect on the surface lifetime of adsorbed
methanol due to association with the methoxy. The rate
constant parameters (v, E) for methanol from the clean

surface and from the methoxy stabilized structure are
3.1x107 s7, 63.0 kJ/mol (Fig. S8) and 5.8x10“ s, 64.4
kJ/mol,% respectively. These differences increase the sur-
face lifetime of methanol in the presence or methoxy by
approximately three orders of magnitude. Such effects can
alter steady state rates of conversion significantly.

To assess the effect of solvation of the methoxy by sur-
rounding methanol molecules the kinetics of C-H bond ac-
tivation in the methoxy were studied by temperature-pro-
grammed reaction spectroscopy at varying methanol to
methoxy ratios (Figs. S7, S8). When the initial oxygen cov-
erage was fixed at 0.05 ML and methanol exposures of 1 L
and 2.5 L were tested, a slight increase (<+5 K) in the peak
temperature for methyl formate evolution/methanol de-
sorption was observed for the higher methanol dose. At the
highest exposure of methanol an excess of 0.16 ML of mo-
lecular methanol was detected with the evolution of me-
thyl formate while no measurable excess was detected for
the lowest methanol dose. While the effect is small, this
observed increase in the decomposition temperature of
methoxy suggest that the presence of solvating methanol
molecules does increase the barrier for the B-H abstraction
process. It is possible that both the reactant and transition
states are similarly affected by the surrounding methanol.
However, it is important to note that the methoxy has a
very large effect on the rate constant for desorption of
methanol.

Additionally, while the observations reported here were
made under ultrahigh vacuum conditions, they suggest an
effect that may contribute to the dramatic difference in se-
lectivity observed for cross coupling between methanol
and propanol in the liquid and gas phases.*+ Specifically,
in the gas-phase, propoxy intermediate is more stable com-
pared to methoxy species because of the Au-alkyl van der
Waals interactions, resulting in the dominance of the ad-
sorbed propoxy on the surface, yielding propyl propionate
as the dominant product. In order to form significant
amount of propyl formate very high concentrations of
methanol in the gas phase are required. However, catalysis
of the cross coupling in the liquid phase mitigates this ef-
fect, and high selectivity for the cross coupled product can
be achieved at equimolar concentrations. This fact sug-
gests that solvation of the alkoxy intermediates by reactant
alcohols may neutralize the preferential stabilization of
longer alkoxide species on the surface. We anticipate the
effect reported here to be present in many catalytic reac-
tions that involve solvents that are capable of hydrogen-
bonding.

The reactant-intermediate stabilization effects observed
in this work may be quite general, particularly for reactions
with molecules and reaction intermediates capable of hy-
drogen bonding. It is well-known that solvents affect lig-
uid-phase heterogeneous catalysis, potentially by directly
participating in the reactions, changing the stability of re-
actants, intermediates, transition states, and products,
and/or by reducing the density of active sites by competi-
tive adsorption with the reactants and intermediates.®*°
While the work reported here shows the stabilization of
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methanol by adsorbed methoxy species, recent works us-
ing STM have demonstrated that hydration changes the or-
dering of other adsorbates including 4, 4@-dihydroxy azo-
benzene# and 3-methoxy-9-fluorene# on Ag(i1) and bitar-
trate on Cu(110).> We have also observed stabilization of
water by surface-bound acetate on Au(110) by c.a. 10 kJ/mol
(increase in desorption temperature by 40 K) and weaken-
ing of the Au-O bond of acetate.7

The stabilization effects reported in this work may also
be important in other liquid/surface reaction systems
where surface-bound species interact with the solvent in
such a way as to change the structure of the adsorbed sol-
vent and, consequently, the near-surface structure of the
solvent. One such area is electrochemistry, one of the fields
that have seen significant developments in the past few
decades owing to the need for more efficient renewable en-
ergy harvesting and storage systems. Researchers have
studied the molecular-scale ordering and elementary reac-
tion steps occurring in the electric double later (EDL),s
because the structure of the interfacial water in the EDL
can have significant effects on the performance of electro-
chemical systems.*6-°® For example, it has been shown
that the orientation of water molecules and hence the hy-
drogen bonding network in EDLs changes upon applica-
tion of negative bias on gold electrodes, using x-ray adsorp-
tion spectroscopy (XAS) and ab initio molecular dynamics
(AIMD) simulations for the case of Au film deposited on a
SisN, membrane® and using in situ Raman spectroscopy
and AIMD for Au(i1)."° Another study revealed that the
EDL formed at a polycrystalline platinum electrode in
aqueous sulfuric acid is dominated by sulfate ions (SO,>),
hydronium ions (H;0*) and solvating water, and the ad-
sorption and accumulation of sulfate ions at the interface
alters the hydrogen-bonding network of interfacial water
molecules.™ In general, our results provide experimental
evidence that the arrangement of adsorbed species may be
altered by hydrogen-bonded networks at the solid/liquid
(gas) interfaces, and it may be necessary to include such
effects in theoretical models related to activity and selec-
tivity of heterogeneous catalytic reactions as well as elec-
trochemical reactions.

CONCLUSIONS

In conclusion, extended hydrogen bonding networks
have been identified that originate from the interactions
between reaction intermediates and reactants involved in
the oxidative coupling of methanol on Au(u0). These in-
teractions significantly stabilize the adsorbed reactant
molecule to the extent that they form a solvating network
up to the temperature at which reaction of the intermedi-
ate commences. Detailed examination reveals stabilization
of clusters of methanol by interspersed methoxy interme-
diates. Notably, the presence of methoxy changes the ad-
sorption structure of and increases the binding energy of
methanol on Au(uo). The increased stability of the ad-
sorbed methanol appears to be due to hydrogen bonding
interactions with methoxy intermediates that effects the

structure of the reactant-intermediate complex over sev-
eral lattice units across the surface. These results under-
score the fact that such interactions between reaction in-
termediates and reactants may be present in many other
heterogeneously catalyzed reactions and that they may
need to be included in theoretical treatments of reaction
rates and kinetics, particularly in the liquid phase.
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