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Abstract

Results are reported of quantum density functional theory (DFT) calculations for methoxy radical adsorption on the (111)
surfaces of copper, silver and gold. The metallic surfaces are modeled by clusters of seven atoms chosen to simulate the top,
bridge, hcp hollow and fcc hollow sites. A control test on the use of these small clusters was performed by running a calculation
on a 22-atoms cluster. A comparison between the energetics of adsorption on the different sites identifies the fcc hollow position
as the preferred one for GB adsorption on the metal surfaces considered and the methoxy C-O axis is found to be
perpendicular to the surface. It is shown how the methoxy radical binds on the hollow sites of copper, silver and gold metallic
surfaces; the three oxygen p orbitals are found to interact strongly with the nearest neighbour metallic atoms except for the top
position where only the p orbital aligned along the direction of the oxygen—metal atom is involved. In all cases, there is a charge
transfer of approximately 0.6—@8rom the metal atoms to the methoxy radical. The bonding of the methoxy radical on the
surfaces studied has a largely ionic character. The calculated adsorption parameters and vibrational frequencies of the adsorbec
species are in good agreement with the available experimental@&@00 Elsevier Science B.V. All rights reserved.

Keywords:Density functional theory; Transition metal surfaces;;OH{Chemisorption; Vibrations of adsorbed molecules; Methanol oxidation

1. Introduction for example, Cr(110) [5], Ni(100) [6], Ni(110) [7],
Ni(111) [8], Cu(100) [9-11], Cu(1l1l0) [12-14],
Over the last two decades, there has been consider-Cu(111) [15-18], Ag(110) [19,20], Ag(111) [21],
able interest in the chemistry of methanol on transi- Au(110) [22], Pd(110) [23], Pd(111) [24], Pt(100)
tion metal surfaces, inspired in part by the use of [25], Pt(110) [26], Mo(100) [27], Mo(110) [28] and
copper as a catalyst in methanol synthesis [1-4]. In Al(111) [29]. In all these surfaces, the methoxy radi-
addition, the fact that methanol reactions are capable cal, CHO, is the dominant surface intermediate at
of forming stable surface intermediates makes these temperatures below 350 K, being easily formed by
reactions attractive to study by a diversity of surface cleavage of the O—H bond of methanol. The product
techniques. distribution observed during the thermal decomposi-
The adsorption and decomposition of methanol tion varies with the nature of the surface and with the
have been investigated on a variety of metal surfaces, presence or absence of pre-adsorbed oxygen. This is
due to the great dependence of the methoxy fragment
Trrespon ding author. Tel s 351-2-6082807: fax:+ 351-2- reactivity on the surface orientation of the meFaI.
6082959, Bowker and co-workers [13,14] have studied the
E-mail addressjfgomes@fc.up.pt (J.A.N.F. Gomes). adsorption and the partial oxidation of methoxy on
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Cu(110) using temperature programmed desorption tions. Again it was found that CJ® is usually

(TPD), low energy electron diffraction (LEED) and
scanning tunneling spectroscopy (STM) [14]. At a
temperature below 200 K, there is the formation of
adsorbed CKD owing to the decomposition of
CH;0OH by O—H bond cleavage. At 350 K, desorption
of formaldehyde, hydrogen and some methanol is
observed experimentally and, at 440K, small
amounts of C@evolve from the Cu(110) surface.
Methanol adsorbs on clean and oxidized
copper(111) at 91 K. On the clean surfacezOH is
completely desorbed while on the oxidized surface a
deprotonation reaction takes place resulting in the
production of the methoxy species. This intermediate

adsorbed at 3-fold hollow sites with a slight prefer-
ence for fcc sites. On Cu(111), the C-O axis lies
perpendicular to the metal surface and the calculated
adsorption energy is 270 kJ/mol.

Despite the existence of a large number of studies,
conflicting structural assignments still exist. The near-
edge X-ray absorption fine structure (NEXAFS) study
of Outka et al. [34] shows that methoxy C—0O axis will
be found with an angle of 20-4Celative to the
Cu(100) surface normal. Using the infrared spectro-
scopy [2,35], Ryberg also found that methoxy is tilted
when adsorbed on this surface. Camplin et al. [11],
using the RAIRS technique, found the C—O methoxy

was found by Chesters et al. [18] to be adsorbed with a radical bond to be perpendicular to the Cu(100)

Csy Symmetry.

In adsorption studies of GJ®H on Ag(111) [21]
and on Au(110) [22], CKD' is also found as a stable
intermediate. The formation of methyl formate and
water at 250 K on Au(110) and GCat 340 K has
been observed. On Ag(111) there is formation of
CH;O at 180 and at 290 K $€O and H evolve.
Small amounts of formate were detected at approxi-
mately 220 K and at 350 K there is G@esorption.
Surprisingly, HCO is not a product of methanol
oxidation on Au(110), while it is the principal product
on Cu(110) and Ag(110) surfaces as well as on the

other copper and silver low index surfaces. It has been

proposed that formaldehyde react with methoxy to
yield methyl formate [22]. A tilted orientation for
the molecular axis of CkD radical was found for
adsorption on Cu(110) [30,31]. X-ray photoelectron
diffraction (XPD) [17] studies for Cu(111)OGHand
reflection absorption infrared spectroscopy (RAIRS)
[21] for Ag(111)OCH, showed that the C}® radical
resides in the 3-fold hollow site and that the CO bond
axis is normal to the surface plane.

Some theoretical studies have also been done on the

methoxy—metal surface interactions [16,32,33]. A
many-electron embedding theory, at the ab initio
configuration interaction level, was used to study the
adsorption of methoxy on the Ni(111) surface [32].
That work showed how C§D’ is adsorbed at 3-fold
hollow sites with the C-O axis tilted°5rom the
normal to the surface plane and bound to Ni(111)
mainly via its 5a, 1e and 2e orbitals. Witko et al.
[16,33] have studied the adsorption of ¢MH on
Cu(111) by performing ab initio HF-LCAO calcula-

surface. A later study of Lindner et al. [36] with a
combined NEXAFS and photoelectron research
concluded that the C—O axis is perpendicular to the
surface and that a low symmetry adsorption site
between the bridge and the 4-fold hollow site is occu-
pied.

()

(b) FCC BRI HCP

Fig. 1. Representation of adsorption sites on dlusters with

M = Cu, Ag and Au. Arrows represent the oxygen atom of the
methoxy radical. (a) Cluster used for gbiadsorption study on a
top site and (b) cluster used for @Bl adsorption study on a bridge
site and on hollow sites.
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In this contribution, the adsorption of GB on the 2. Method
Cu, Ag and Au(111) surfaces is described by means of
the density functional theory (DFT). The goals were In the present work, the methoxy radical interaction
to study the energetics of GB adsorption and  with copper, silver and gold(111) surfaces is studied.
compare the chemisorptive properties of the radical The system is modeled by clusters of the type
on metallic clusters as a function of surface site, clus- M, OCH; composed of seven metal atoms. The M
ter size and noble metal element. The calculated substrate clusters are chosen as sections of the ideal
values are compared with experimental data avail- M(111) surface where the bulk value for M—M near-
able, in order to test the validity of our approx- estneighbor distance are, in 2551 for Cu, 2.888 for
imations. Ag and 2.883 for Au. The clusters used in this study

This paper is organized as follows. In Section 2, we are shownin Fig. 1. The hollow sites that appear in the
briefly outline the theoretical details of the cluster M(111) surface are 3-fold sites labeled fcc and hcp
calculations including the geometry and the number which differ by the position of the atoms in the second
of metal atoms used to model the metal surface, the layer (on the hcp site there is a metallic atom directly
methoxy radical internal geometry, the theoretical underneath itinthe second layer and on the fcc site the
method used in the calculations of the chemisorptive central metallic atom is repeated in the third layer).
properties and basis sets. The numerical results Obviously, for the clusters that have only one layer the
obtained for the adsorption parameters and vibrational fcc and hcp labels are irrelevant. The other adsorption
frequencies are presented and discussed in Section 3sites of methoxy considered here were the bridge posi-
Finally in Section 4, a summary of the major conclu- tion, when the oxygen atom is positioned above an
sions is presented. M-M bond, and the top position when the oxygen

Table 1

Methoxy adsorption properties for the different @lusters representing on-top, bridge and hollow skgss the methoxy adsorption energy,
d(O—Cuy) is the perpendicular distance to the copper surfdE@s-Cy,,) is the distance between the methoxy oxygen atom and the nearest Cu
atom(s) on the surfacd(O—C) is the length of the C—O bond (O—C-H) and/ (Cu,,—O—C) are, respectively, the angle between the CO and
CH bonds and the angle of CO bond with respect to the surface normal (see Ej@d®prbate) is the total charge on the adsorbate in a.u.
computed by Natural Population Analysis [47]. Frequencies are in‘cm

Cu(111) Top Top tilted Bridge Bridge tilted hcp fcc Experimental
Ed/kJ mol! —155.6 —-177.0 —196.4 —-202.7 —210.6 —241.4

d(O—Cusu,f)/oA 1.937 1.977 1.568 1.590 1.461 1.457 .32+ 0.05°
d(O—Cu,)/A 1.937 1.977 2.021 2.039 2.075 2.072 98+ 0.03
d(O—C)/,oA 1.375 1.368 1.405 1.411 1.413 1.406 1(40.0% + 0.10)b
/£ (0-C-H)? 113.1 113.6 111.6 111.6 111.1 111.3

£ (CUyo—O-C)F 0.0 53.1 0.0 30.1 0.0 0.0 0
g(adsorbate) -0.82 -0.77 -0.75 -0.73 -0.74 -0.76

vadCHg) 2830 2840 2881 2868 2891 2884 282927
vo{CHg) 2830 2821 2877 2885 2889 2883

v§(CHg) 2808 2749 2829 2825 2833 2831 28808
8adCHa) 1440 1441 1456 1448 1458 1460 1464
SadCHy) 1439 1374 1450 1455 1458 1453

84CHy) 1442 1421 1446 1441 1444 1447 1435

p(CHy) 1125 1106 1147 1141 1144 1148 1£50

p(CHy) 1124 1078 1135 1135 1150 1148

v(CO) 1156 1134 1098 1064 1075 1101 163635
v(OCuyr) 358 408 360 370 355 360 328

2 Negative values are exothermic.

P Backscattering Photoelectron experiments, Ref. [15].
¢ XPD value, Ref. [17].

4FT-RAIR values, Ref. [18].

®EELS values, Ref. [16].
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Table 2

Methoxy adsorption properties for the different Agusters representing on-top, bridge and hollow skEgs$s the methoxy adsorption energy,
d(O—Agy) is the perpendicular distance to the copper surfé@@;-Ag,,) is the distance between the methoxy oxygen atom and the nearest Ag
atom(s) on the surfacd(O—C) is the length of the C—O bond(O-C-H) and/ (Ag,,—O-C) are, respectively, the angle between the CO and
CH bonds and the angle of CO bond with respect to the surface normal (see &igdSorbate) is the total charge on the adsorbate in a.u.
computed by Natural Population Analysis [47]. Frequencies are intcm

Ag(111) Top Top tilted Bridge Bridge tilted hcp fcc Experimental
EYkJ mol* —103.3 —124.8 —138.1 —144.7 —151.0 -178.5

d(O—Agsu,f)/,& 2141 2177 1.720 1.746 1.614 1.586

d(O—Agm)/A 2.141 2177 2.247 2.267 2.321 2.302

d(O—C)/fA 1.372 1.365 1.401 1.406 1.409 1.404

£(0-C-H)? 113.4 113.7 112.0 112.2 111.7 111.8

£ (Agno—O-C)f 0.0 55.3 0.0 30.2 0.0 0.0 (0]
g(adsorbate) -0.81 -0.73 -0.74 -0.72 -0.73 -0.75

vad CHy) 2820 2835 2868 2853 2874 2871

vo{CHy) 2820 2757 2859 2872 2869 2870

v{(CHy) 2804 2803 2820 2819 2823 2825 2992
8,{CHj) 1435 1427 1452 1448 1454 1456

82dCHy) 1435 1377 1444 1450 1453 1447

84(CHg) 1440 1410 1441 1440 1440 1440 1432
p(CHy) 1116 1092 1136 1135 1132 1138

p(CHy) 1115 1074 1119 1123 1137 1132

v(CO) 1144 1121 1082 1057 1061 1081 1648
v(OAGsur) 305 354 286 286 267 281

#Negative values are exothermic.
P RAIRS values, Ref. [21].

atom is positioned above an M atom. These clusters, Throughout this work the three parameter hybrid
albeit small, were found previously to give a reason- method proposed by Becke [42] was used. It includes
able description of the copper surface. For example, a mixture of Hartree—Fock (HF) and DFT exchange
Cu, clusters were used in the study of adsorption of terms, associated with the gradient corrected correla-
methoxy [37], formate [38], ethylene [39,40] and tion functional of Lee et al. [43]. The use of DFT
acetylene [40,41]. In order to test the validity of the allows for the inclusion of some correlation effects
clusters, a control test was performed for {£H without incurring the huge costs of post-Hartree—
adsorbed on a fcc site of a U14,8) cluster where  Fock methods.
seven metal atoms are treated with the LANL2DZ  Only the valence electrons of the metal atoms were
basis set and the other 15 metal atoms are treatedtreated explicitly and the effects of the inner shell
with the LANL2MB basis set. The results obtained electrons (1525’ 2p°) were included in the effective
compare well with the data presented in Table 1. core potential (ECP) of Hay and Wadt [44,45]. To
The Cu-0, C-0 and C-H distances are 1.450, 1.416 describe the oxygen, carbon and hydrogen atoms in
and 1.099 Arespectively. The O—C—H angleis 110.9  the methoxy radical, the 6-3XGbasis set (double
The CHO geometry was totally optimized except zeta plus p polarization functions in hydrogen atoms

the C—H bond length which was found previously
[37] to be almost unchanged for methoxy radical
adsorption on the different sites of the M(111)
surfaces.

Previous work suggests that the methoxy radical
adsorbs with the oxygen atom pointing towards the
metal [17,21,31] and the C-O bond axis normal to
the surface.

and d functions in oxygen and carbon atoms) was
used.

Vibrational frequencies were obtained after optimi-
zation of the CHO  geometry adsorbed on €alus-
ters. Again, this was done by DFT quantum
calculation using the B3LYP method with the same
basis sets as were used for the optimization procedure.
The GaussiaN 94 [46] package was used.



J.R.B. Gomes, J.A.N.F. Gomes / Journal of Molecular Structure (Theochem) 503 (2000) 189—-200 193

Table 3

Methoxy adsorption properties for the different Adlusters representing on-top, bridge and hollow skEgs$s the methoxy adsorption energy,
d(O—Auy,) is the perpendicular distance to the copper surfdE@;-Au,,) is the distance between the methoxy oxygen atom and the nearest Au
atom(s) on the surfacd(O—C) is the length of the C—O bond(O-C-H) and” (Au,,—0O-C) are, respectively, the angle between the CO and
CH bonds and the angle of CO bond with respect to the surface normal (see Ej@d¥prbate) is the total charge on the adsorbate in a.u.
computed by Natural Population Analysis [47]. Frequencies are intcm

Au(111) Top Top tilted Bridge Bridge tilted hcp fcc Experimental
EYkJ mol ! -6.9 —56.9 —45.4 —67.9 -66.1 -85.4
d(O—Ausu,f)/,& 2.287 2.294 1.869 1.925 1.756 1.759
d(O—Aum)/,& 2.287 2.294 2.359 2.419 2.420 2.422
d(O—C)/fA 1.368 1.361 1.401 1.412 1.410 1.408
£(O-C-H)? 113.1 113.6 111.8 111.9 111.4 111.4
£ (Aup—O-C)F 0.0 63.7 0.0 46.3 0.0 0.0
g(adsorbate) —0.66 -0.59 —0.63 -0.57 —-0.62 —0.65
vad CHa) 2812 2840 2871 2851 2879 2874
vod{CHy) 2811 2740 2864 2839 2868 2877
v{(CHy) 2804 2806 2822 2801 2820 2826
8.{CHs) 1331 1413 1432 1454 1445 1450
82dCHy) 1332 1344 1448 1434 1451 1442
84(CHg) 1415 1373 1430 1428 1432 1437
p(CHy) 820 1065 1109 1134 1126 1122
p(CHy) 821 1039 1086 1113 1102 1082
v(CO) 1117 1110 1050 1011 1046 1062
v(OAUgyr) 266 347 281 308 275 303

#Negative values are exothermic.

3. Results Cugs cluster an oxygen to copper surface distance of
1.47 A for adsorption of methoxy on the fcc hollow
Tables 1-3 report the calculated adsorption ener- site of the Cu(111) surface. The distance obtained by
gies as well as the equilibrium distances between Witko et al. is very close to the value obtained in this
oxygen and the (111) surface, between oxygen and work. The otherd(O—-Cu,) for CHs;O" adsorbed on
the nearest metallic atom(s) on the (111) surface, the top, bridge and hcp_hollow sites are also very
and between oxygen and carbon; also shown in close, 1.89, 1.58 and 1.52 Aespectively.
these tables is the O-C-H angle, and the angle The reason for the higher calculated O={u
between the normal to the metallic surface and the distance when compared with the experimental
CO bond, as well as atomic charges and vibrational value of Ref. [15] seems to be due mainly to the
frequencies. The data are for adsorption of the meth- absence of relaxation effects of the metal atoms in
oxy radical on surfaces of copper (Table 1), silver the theoretical works. The effects of relaxation were
(Table 2) and gold (Table 3). considered in the photoelectron diffraction study in
For copper (Table 1), the calculated distance both thez and xy directions. Thez direction is the
between oxygen and the nearest copper atom(s) (O—one that contains the O—C bond of the methoxy radi-
Cuyy) is almost unaffected by which adsorption site is cal. The nearest-neighbor copper atoms are displaced
considered. However, for the top site, the Ogfu  from the other first layer copper atoms bp® =+ 0.05
distance is much higher than that obtained for adsorp- in the z direction and M0 = 0.05 in thexy direction.
tion on the other positions. The calculated oxygen to Therefore, we cannot compare directly the distance
copper surface distance is higher than that obtained obtained with the experimental value but, still, they
experimentally [15](1.32 % 0.05) for the Cu(111) seem to agree well.
surface. The agreement is better for the hollow sites  The adsorption energy is higher for the fcc three-
(1.46-1.51 A. In a previous work, Witko et al. hollow sites. For top and bridge positions the adsorp-
[16,33] have found by means of ab initio HF for a tion energy increases with the tilting of the C-0O axis
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Fig. 2. Tilting effect for methoxy radical adsorbed on a Cu(111) surface. There is no optimization of Beg@bimetry. Negative adsorption
energy values are exothermic.

and the adsorption energy reaches a maximum for the small tilt angles. For larger tilt there is a high desta-
top site when the C-O axis is bent by 53uith bilization (see Fig. 2).

respect to the normal to the copper surface and for For adsorption on a top site, the results plotted in
the bridge position when this angle is equal to 30.1 Fig. 2 show that there is a stabilization effect that
For the hollow sites the tilting effect upon the stabili- reaches a maximum value when the C-0O axis is tilted
zation is smaller than the effect observed for the top away from the surface normal by about®&nd it is
and bridge sites and stabilization is observed only for unchanged if one or two hydrogen atoms approach the
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Fig. 3. Tilting effect for methoxy radical adsorbed on an Ag(111) surface. There is no optimization of j@egeébimetry. Negative adsorption
energy values are exothermic.
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surface. The energy stabilization 4620 kJ/mol. For
adsorption on a bridge site, there is stabilization
(=8 kJ/mol) only if the C—O axis is tilted from the
surface normal with the two hydrogen atoms
approaching the copper surface with a tilting angle

195

very close and that is the reason why only one band is
observed experimentally. The same happens for the
two 8,{CHs) and for the two p(CH,) calculated
frequencies and the consequence is that there is only
one experimental band for each case.

of about 30. For the hollow sites, the most stable
position is with methoxy radical C—O axis normal
to the surface on the hcp position and very close to
the normal for the fcc position.

The internal geometry of th&s, methoxy radical is
very different for the adsorption on the top sites when
compared with the other sited(O-C) is 1.375 and
1.368 Afor upright and tilted adsorption on this site
while on the other sites the O—C bond length is larger
(1.395-1. 414 A The same behavior is found for the
O-C-H angle. For adsorption on top sites this angle is

The CO vibrational frequencies obtained for the
adsorption on top sites are higher than the ones
obtained for the other adsorption positions. The calcu-
lated CO vibrational frequency for the four different
sites does not agree as well as the ones obtained for
the modes involving the methyl groups, perhaps
because of the smaller value found for the C-O
bond distance when compared with the experimental
one (1.42 A [15].

The general behavior of the properties of methoxy
radical adsorbed on the silver surface (see Table 2) are
ca. 113 compared with 1171 for bridge and hollow similar to those observed for the copper surface. The
sites. adsorption energy is smaller and the distances from

The methoxy total and atomic charges calculated the oxygen atom to the surface for the different
by natural population analysis (NPA) [47] are very adsorption sites are higher. Again, the most stable
similar for the different sites studied. site is the fcc hollow and methoxy is most stabilized

NPA charges for the hydrogen atoms are more posi- on the top and bridge sites if the C—O axis is tilted
tive when the number of nearest neighbors is higher away from the surface normal by 55.3 and 30.2
than one. Charge on the oxygen and carbon atoms arerespectively. The variation of the adsorption energy
almost the same for all the sites considered and the with the tilting angle of the C—O axis is shown in Fig.
total charge for the methoxy radical remains ca 3. The adsorption energy is lowered by approximately
—-0.7%. 20 kJ/mol for CHO' adsorbed tilted on the top site. At

The calculated vibrational frequencies are in good the hollow sites the most stable geometry is found
agreement with available experimental data. Frequen- with the C—O axis perpendicular to the surface. For
cies involving the CH group do not vary much with  the hollow sites, the oxygen to silver surface distance
the adsorption site. Comparison with experimental is about 1. 60 AThe methoxy radical internal geome-
data show that the maximum displacement occurs try is very similar to the one observed for copper. The
for adsorption at the top site. Probably, this different carbon—oxygen distance is smaller for adsorption on
behavior is caused by the larger oxygen—copper the top site (about 1. 37)Athan for adsorption on the
surface distance when compared with the bridge and other sites (1.40-1.41). The NPA charges are also
the three hollow sites. The hydrogen atoms are in this similar to those observed for adsorption on copper.
case too far from the surface and there is a minor The vibrational frequencies are in good agreement
effect of the surface and they can vibrate more freely. with the experimental data. In general, they are higher
We can conclude that there is some interference of thethan the experimental values by approximately
copper surface in the carbon—hydrogen bonds. Witko 20 cm™. The absence of anti-symmetric bands in
et al. [16,33] have assigned the EELS band at the experimental (RAIRS) results probably means
2888 cm* to the P,{CH;) mode and the one at that the methoxy radical is less tilted when adsorbed
2922 cm* to the v,{CHs) mode. From our results it on the silver surface than on the copper surface. The
seems that the band at 2888 chis due to the Chi C-0 stretching frequencies, obtained theoretically for
anti-symmetric stretching and the band at 2922tm  adsorption on the different sites of the silver surface,
arises because of the glnti-symmetric deforma-  are very similar to the experimental value. When
tion; the calculated,{CHs) is 1460 cm*, approxi- compared with the behavior for adsorption on
mately. The two calculated,{CHs) frequencies are ~ Cu(111) this probably means that the C-O bond
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Fig. 4. Tilting effect for methoxy radical adsorbed on an Au(111) surface. There is no optimization of {0eg€bimetry. Negative adsorption
energy values are exothermic.

length found (1.40—1.4i JAis very close to the real distance of the oxygen atom to the metal surface is
bond length for methoxy adsorption on the Ag(111) plotted in Fig. 5. In this figure only the dipole moment
surface. The oxygen—metallic surface stretching variation for CHO adsorbed on the most favorable
frequency falls within the interval 267—286 ch site, fcc is plotted. By consideration of the derivative
The values obtained for adsorption on the top site, with respect to the Oly,; distance, together with the
as those obtained for adsorption on copper, are far NPA charges, more information may be obtained
from the frequency values obtained for the bridge about the type of bonding of methoxy radical to the
and hollow sites. copper surface. This technique is based on a simple
In the gold surface (see Table 3), the {LHadsorp- model [48—52]. For an ionic molecule represented by
tion on the bridge site is similar in terms of energy to two point chargest+qg and —q with the negative
the adsorption on the hcp hollow site. The distance of
the oxygen atom to the surface is higher than that
observed for copper and silver and this causes a lower- 13

ing in the adsorption energy. This higher methoxy— 119

surface distance causes the tilting angle for adsorption o9 | °

on the top and on the bridge site to be higher than for 5, ¢ .

copper or silver. The most stable positioniswithaCO 05 | * o [oCu|

tilt angle of 63.7 for adsorption on atop siteand 46.3 & ¢ . | .Ag|

for adsorption on a bridge site (see Fig. 4). This CO E 03 1 & o | o Au
tilting stabilizes the methoxy radical by 50 kd/mol 5 01 "o -

for adsorption on the top site and by more than 20 kJ/  -0.1 - 2 o

mol for adsorption on the bridge site. The charge 03 °

transfer is smaller than that observed for the other 4 | o ‘ ' ' %

two surfaces £0.6e). The vibrational frequencies 23 25 27 29 31 33 35 37

are very similar to the ones obtained for adsorption 4(0-M (a.u1)

on the S”V_er S_urface_' The O-Au surf"i‘ce stretching Fig. 5. Calculated dipole moment for the methoxy radical adsorbed
frequency lies in the interval 270-308 cfn on the Cu(111), Ag(111) and Au(111) fcc hollow sites as a function

The variation of the dipole moment with the of the methoxy oxygen atom—copper surface distance.
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(a)

(©

Fig. 6. Main binding molecular orbitals for methoxy adsorbed on an hcp hollow on the Cu(111) surface. Dark gray represents an isocontour for

(@

197

(®

y = +0.05 and light gray an isocontour fgr= —0.05. The gOpenMol graphical interface [53] was used &L —0); (b)o (O—Cuy); (c) w

(O—Cuy) and (d)m (O—Cuyp)-

charge on the positiveaxis, the dipole momentum is
um, = —qXI1, wherel is the distance between the two
point charges. For a fully ionic molecule with= 1,
dwd = —1 the curve is a straight line. In the case of
ionic bonding, therefore, the slope is expected to be
large and the curvature?d/dl? is expected to be
small. The calculated slope for GB adsorbed on
the Cu(111) fcc hollow site is—1.17. The large
slope and the linearity of dipole moment (as a function
of the O—Cu distance) are indicative of a very ionic
O-Cu bond. This bonding of the methoxy radical

orbitals of the copper atoms and three different mole-
cular orbitals are formed (one and two ). The
oxygen 2s atomic orbital interacts with the carbon
atom to form the C—O bonding. For upright adsorp-
tion of methoxy radical on a top site the bonding
scheme is less bonding. Thew character increases
from 1- to 3-fold adsorption sites and it must be corre-
lated with a higher adsorption energy for adsorption
on hollow positions. Fig. 5 also shows the variation of
the dipole moment with the distance of the oxygen
atom to the Ag(111) and Au(111) surfaces. The

oxygen atom to the surface involves several copper slope obtained is very similar to that obtained for

atoms and the number of metal atoms involved
increases from the top site to the hollow sites. The
main bonding molecular orbitals formed by the
oxygen atom for adsorption of the methoxy radical
on hollow sites are shown in Fig. 6. The bonding
scheme is similar for the different adsorption sites.
The oxygen 2p atomic orbitals interact with the 3d

adsorption on the copper surface. The calculated
slope is—1.19 and—1.22 a.u. for silver and gold,
respectively. The binding scheme is very similar to
the one reported for copper. Its nature is ionic with
a charge transfer from the metal surface to;OHbf
about 0.7% on both surfaces.

Fig. 7 reports the effect in the adsorption energy of
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Fig. 7. Methyl group rotation for methoxy adsorbed upright on top, bridge and hollow sites of copper, silver and gold(111) surfaces.

rotating the methyl group of the methoxy radical. surfaces considered, tep bridge< hcp < fcc, but
These results are for the adsorbed upright species.for the gold surface, the adsorption energies on the
The rotation of the methyl group has a minimal influ- bridge and on the hcp hollow sites are very similar.
ence in the adsorption energy and it is higher (by The adsorption energy decreases in the copper group
about 7 kJ/mol) for adsorption on hollow sites where from copper to gold. For upright adsorption, the
it was calculated a smaller oxygen to surface distance. methyl group rotation energy barrier is minimal with
For bridge and top sites the energy variation during the highest value 7.0 kJ/mol) being found for
rotation is less than 1 kJ/mol. The methyl group is hollow sites where the hydrogen atoms are much
supposed to rotate freely above the metallic surfaces closer to the surface.
considered. Since the computed results compare well with the
experimental data (for copper and silver surfaces) and
with theoretical calculations (on a copper surface), it
4. Conclusions is thought that the results now presented for;OH
adsorption on the Au(111) surface give a good esti-
The density functional theory results reported here mate of the true values. Furthermore, the results
for methoxy radical adsorbed on copper, silver and obtained for adsorption on the copper surface
gold(111) surfaces show that the adsorbate is stablecompare well with the data obtained for a much larger
at all the different sites on these surfaces. At the (Cuy) cluster.
preferred adsorption geometry of methoxy radical  The bonding of the methoxy radical on the three
on three-hollow sites, it has its O atom pointing surfaces considered is essentially ionic with a quite
towards the surface and the C—O axis approximately large charge transfer (0.6—@)8from the metallic
perpendicular to the surface. On the top and bridge surface to the adsorbate. The atomic orbitals involved
adsorption positions, the adsorption energy is higher if on the bonding scheme are the oxygen p orbitals and
the C-0O axis is tilted from the surface normal with the d orbitals from the metallic atoms and anbond
one or two hydrogen atoms approaching the surface and two = bonds are formed. Ther character
for adsorption on 1-fold sites or with two hydrogen increases from adsorption on 1-fold sites to adsorption
atoms approaching the surface for adsorption on 2- on 3-fold sites. Despite this similar binding scheme,
fold sites. The following sequence of stability is the copper surface stabilizes more efficiently the
obtained for methoxy adsorbed on the (111) metallic methoxy radical. This stronger interaction observed
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on copper is due to the smaller calculated O—surface [17] A.V. de Carvalho, M.C. Asensio, D.P. Woodruff, Surf. Sci.

distance and to the greater interaction between the 18
adsorbate and the surface. The calculated adsorbaté™®!

charges are higher when the methoxy radical is
adsorbed on copper. Also, despite the similarity
between the Ag—Ag and Au—Au distances, an higher
adsorption energy and a smaller O—M distance when
the radical is adsorbed on the silver surface is calcu-
lated. This effect is shown also in the calculated adsor-
bate charge which decreases from copper to gold.

The calculated vibrational frequencies agree well
with the available experimental data. The larger
displacement is observed for the C—O stretching
mode because of the smaller C—O bond length
obtained theoretically.
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