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Abstract: Adsorption of CHOH on CyO(111), ZnO(0001), and ZnO(1010) has been investigated with XPS,
NEXAFS, variable-energy photoelectron spectroscopy (PES), and $CEe4ttered Wave (SW) molecular
orbital calculations. At high coverage:25.0L), CHOH is adsorbed as molecular multilayers on all three
surfaces. At low temperatures (140 K) and coverage)(6L), CH;OH is deprotonated to form chemisorbed
methoxide on all of the surfaces investigated. Under these conditions the C1s XPS peak positions are 289.5,
290.2, and 290.2 eV below the vacuum level, respectively. Annealing th®CTBuw,0(111) surface complex

to 523 K produces no other surface intermediate. Alternatively, at temperatures above 220 K on the ZnO-
(0001) surface methoxide decomposes to produce a formate intermediate that is stable at the methanol synthesis
reaction temperature (523 K). No formate surface intermediate is observed on the ZnO(1010) surface. The
NEXAFS spectrum of chemisorbed methoxide on the@11) surface exhibits a* shape resonance at

294.8 eV giving a GO bond length of 1.41 A, a 0.02 A contraction from the gas-phase methanol value.
Methoxide chemisorbed on the ZnO(0001) surface is found to have a NEXAFS determir@d@hd length

of 1.39 A. These bond length contractions of the chemisorbed methoxide are due to the greater polarization
of the C-0O bond upon deprotonation and surface bonding. Variable-energy PES of the chemisorbed methoxide
on CyO(111) gives a four peak valence band spectrum, with features at 20)Q 8% (34, 5d'), 14.0

(0co), and 10.0 eV fo, 0o), below the vacuum level. SCFeXSW molecular orbital calculations indicate

that the bonding between the Cu(l) site and thes;GHis dominated by thero, oo, andoco levels, with a
calculatedr charge donation from these levels into the empty Cu 4s and davigs of 0.4e. As a consequence

of deprotonation and donation the carbon atom in G&~ is calculated to be 0.085e more positive than
gas-phase methanol. The variable-energy PES ofCHn ZnO(0001) also exhibits four methoxide peaks,

at 21.0 (58, 16.7 (24, 5d), 13.6 pco), and 9.8 eV o, 0o). However, ther donation is calculated to be less

than half that found for CED~ on the Cu(l) site (0.12e) and with 0.015 greater positive charge on the carbon
atom, consistent with the relative binding energies of the Cl1s peaks and the gre&@ebadd contraction.

These results show that methoxide bonding to both Cu(l) and Zn(ll) surface sites is dominatedrmtion.

The electronic and geometric origins of the differences in bonding and reactivity among the Cu(l) and Zn(ll)
sites are addressed and provide insight into the molecular mechanism of the methanol synthesis reaction.

I. Introduction a high affinity CO binding site that correlates with catalyst

The Methanol Synthesis Reaction (MSR) (eq 1) is an activity. Copper exists in the binary catalyst in several phases,
important industrial reaction, which in its modern form is includ_ing_ a dispersed ”.‘eta' phas_e an_d a smaller proportion of
catalyzed at low temperature (47323 K) and pressure (50 substitutional Cu(I)Cs, sites®11 Didzulis et all2 have shown

100 atm) by the Cu/ZnO binary catalyst. Before the avail- 'fpr?t tlréelse Cu(l%” S|tte_|_s aae the ?|ghfaﬁ|r:|t?/ ?}O bln?mg S|:]es.t
ability of the binary catalysts, ZnO was used at higher reaction € group has utilized reactive frontal chromatograpny 1o

temperatures and pressures. The addition of copper to the ZnOshow tha.t the act|V|t_y Qf the mdustr.lal.catalyst also correlates
catalyst greatly reduces the activation barrier for this reaction O(g)(igom'“q“ez' J. M.; Simmons, G. W.; Klier, K. Mol. Catal. 1983

2
(eq 1) (from 30 kcal/mol to 18 kcal/mol). (5) Klier, K. Adv. Catal. 1982 31, 243.
(6) Herman, R. G.; Klier, K.; Simmons, G. W.; Finn, B. P.; Bulko, J. B.
ZnO/Cu J. Catal. 1979 56, 407.
CO+ 2H,— CH,;OH () (7) Mehta, S.; Simmons, G. W.; Klier, K.; Herman, R. 5 Catal.1979
57, 339.

L L. . (8) Klier, K.; Chatikavanij, V.; Herman, R. G.; Simmons, G. W Catal.
Due to its industrial importance the binary catalyst has been 1982 74, 343

extensively studied. Klier et &8 have shown that it contains 111(,9)7%' L.; Hodgson, K. O.; Solomon, E.J. Am. Chem. S0d.989

(1) Lee, S.Methanol Synthesis TechnologgRC Press: Boca Raton, (10) Kau, L.; Penner-Hahn, J. E.; Solomon, E. |.; Hodgson, KJO.
FL, 1990; pp +22. Phys. (Paris)1986 47, C8-1177.

(2) Cheng, W. H.; Kung, H. HMethanol Production And Us&heng, (11) Kau, L.; Spira-Solomon, D. J.; Penner-Hahn, J. E.; Hodgson, K.
W. H., Kung, H. H., Eds.; Marcel Dekker: New York, 1994; pp22. O.; Solomon, E. 1.J. Am. Chem. S0d.987, 109, 6433.

(3) Bulko, J. B.; Herman, R. G.; Klier, K.; Simmons, G. 4. Phys. (12) Didziulis, S. V.; Butcher, K. D.; Cohen, S. L.; Solomon, EJI.
Chem.1979 83, 3118. Am. Chem. Sod 989 111, 7110.
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CH30H Chemisorption on Single-Crystal Surfaces

with the surface area of dispersed copper metal on the ZnO oxide ions.

surfacel®16 These conflicting observations remain of central
concern in the study of the MSR reaction on the Cu/ZnO
catalyst.
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The Cy0O(111) surface is a nonpolar surface
possessing both coordinatively unsaturated oxide and cuprous
ions at the surfac&. Both ZnO and CgO have filled 3d levels
with localized metal and oxide bands in their photoelectron (PE)

The methanol synthesis reaction, starting with CO, has beenspectra. Their electronic structure, however, is considerably

thought to proceed via a hydride transfer forming the formyl
anion. The next reaction step, in this Coshuetterties
reaction scheme, is likely the formation of formaldehyde or its

different, with the Zn 3d band centered at approximately 11.0
eV relative to the Fermi level which places it at approximately
5 eV deeper energy than the Cu 3d, owing to the greater

isomer, which then abstracts another hydride to form the surfaceeffective nuclear charge on the zZn(ll) metal 2 This

bound methoxidé’~1° An alternate route to the formation of
CH30H is the hydrogenation of carbon dioxidegiven in eq
2.

Cu/ZnO

CO, + 3H,—— CH,OH + H,0 )

CO, is added to the gas feedstock of the current MSR in a

difference in d° electronic structure is expected to contribute
to differences in the interaction and surface chemistry o§-CH
OH with these Zn(Il) and Cu(l) surface sites.

Our previous studies of the surface chemistry of submono-
layer Cu films on the chemically different ZnO crystal surfaces
have shown that a coordinatively unsaturated CGgl)site on
the ZnO(0001) surface is the active center for the high affinity

narrow range of partial pressures, which dramatically increasesCO binding that has been correlated with high activity in

the rate of formation of CEDH.2° Studies have shown that in
the industrial application of the MSR G@nd not CO is the
primary source of methanét.??2 However, the binary catalyst

methanol synthesi€. Cox et al®® have studied the Cu(l) site
on the CyO(110) surface and shown that it binds CO with
approximately the same heat of adsorption as the substitutional

also catalyzes the water-gas shift reaction and thus complicatesCu(l) Cs, site, making it an attractive model of the Cu(l) high

this resul2® The hydrogenation of C£bver the binary catalyst

activity binding site possessing both metal ion and oxide surface

proceeds via a formate intermediate, where the rate-limiting stepsites. Kung et at* have used the single-crystal surfaces of ZnO

in the formation of methanol is thought to be the breaking of
the carbor-oxygen bond in the formate speci€24 In contrast,
both Ren et al. and Klié»26have shown that CO and not GO

is the primary source of methanol under the conditions studied.

Thus the roles of CO and G@nd, Cu(l) and Cu(metal) in the
MSR are still controversial.

to probe the decomposition of GBH; they showed that the
Zn0O(0001) surface is the dominant surface for this reaction
where the main decomposition product was CO under the
conditions of their experiment. The mechanism of methanol
decomposition on the binary catalyst and ZnO has been
extensively studie@® 4> A formate surface species is thought

ZnO has a wurtzite structure that contains tetrahedral zinc to be a decomposition intermediate on both the binary catalyst

and oxide ions in the crystal structure. The Zn-terminated polar and ZnO.

Its relevance to the MSR relates to the,CO

ZnO(0001) surface contains an outermost layer of coordinatively hydrogenation reactidh*’ and its possible role in the water-

unsaturated Zn(ll) sites with a next nearest layer of oxide anions,
exposing both Lewis acid and Bronsted base sites. The ZnO-

(1010) surface is a nonpolar surface containing pairs of
coordinatively unsaturated Zn(ll) and oxide sifé3® The
direction of unsaturation of Zn(ll) on this surface is tilted at
19° from the surface norm@P3° Cu,0 has a simple cubic

gas shift reaction, where the binary catalyst is extremely
effective in this reaction.

The emphasis of the current study is the systematic application
of electron spectroscopies and molecular orbital calculations to
probe the decomposition of methanol on single-crystal copper
and zinc oxide surfaces and to use the results to obtain electronic

structure where each oxide ion is surrounded by a tetrahedronstructure insight into the methanol synthesis reaction. The

of Cu(l) ions, and each Cu(l) ion is linearly coordinated to two

(13) Denise, B.; Sneeden, R. P. A.; Beguin, B.; CherifiAppl. Catal.
1987, 30, 353.

(14) Chinchen, G. C.; Waugh, K. C.; Whan, D. Appl. Catal. 1986
25, 101.

(15) Chinchen, G. C.; Waugh, K. Q. Catal. 1986 97, 280.

(16) Chinchen, G. C.; Mansfield, K.; Spencer, MGGIEMTECH199Q
20, 692.

(17) Costa, L. CCatal. Re.-Sci. Eng.1983 25, 325.

(18) Fahey, D. RJ. Am. Chem. S0d.981, 103 136.

(19) Muetterties, E. L.; Stein, Zhem. Soc. Re 1979 79, 479.

(20) Lee, S.Methanol Synthesis TechnologyRC Press: Boca Raton,
FL, 1990; pp 23-49.

(21) Kagan, Y. B.; Rozovskii, A. Y.; Lin, G. I.; Slivinskii, E. V.; Loktev,
S. M,; Liberov, L. G.; Bashkirov, A. NKinet. Katal.1975 16, 704.

(22) Chinchen, G. C.; Denny, P. J.: Parker, D. G.; Spencer, M. S.; Whan,
D. A. Appl. Catal.1987 30, 333.

(23) satterfield, C. NHeterogeneous Catalysis In PractiddcGraw-
Hill: New York, 1980.

(24) Chinchen, G. C.; Spencer, M. Satal. Today1991, 10, 293.

(25) Ren, Z.; Wang, J.; Lu, DAppl. Catal.1989 49, 83.

(26) Vedage, G. A.; Pritchai, R.; Herman, R. G.; Klier, Rroceedings
8th International Congress On Catalysigerlag Chemie: Berlin, 1984;
Vol. 2, p 47.

(27) Gay, R. R.; Nodine, M. H.; Henrich, V. E.; Zeiger, H. J.; Solomon,
E. . J. Am. Chem. S0d.98Q 102, 6752.

(28) Abrahams, S. C.; Bernstein, J. Acta Crystallogr.; Sect. B969
B25 1233.

(29) Duke, C. B.; Meyer, R. J.; Paton, A.; Mark, Phys. Re. B 1978
18, 4225.

(30) D’Amico, K. L.; Trenary, M.; Shinn, N. D.; Solomon, E. |;
McFeely, F. RJ. Am. Chem. S0d.982 104, 5102.

contributions of surface specific geometric and electronic
structures to reactivity are the central theme of this study. The
XPS of the CyO surface with increasing methanol exposure,
studied at low temperatures to ensure the stability of any surface
species, is presented in section IlI-Al. The temperature
dependence of the methanolfC111) surface complex is given

in section 1l1-A2, with the NEXAFS of this surface complex

(31) Lin, J.; May, J. A.; Didziulis, S. V.; Solomon, E.J. Am. Chem.
Soc.1992 114, 4718.
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presented in section IlI-A3. The UPS and variable-energy PES ;herr_nocouple directly attached to the sample holder. Tth(H—Used_ _

of the chemisorbed methoxide on the;Owsurface is correlated  in this study was of analytic grade (99.9%) and was further purified
to the results of an SCFX scattered wave SCF molecular by multiple freeze-pump-thaw cycles. All gases were introduced into
orbital calculation in section lI-A4. The XPS of ZnO exposed the experimental chamber via a separate Varian leak valve attached to

to methanol at low temperatures is presented in section I11-B1, 2 independently pumped, gas manifold. All gas exposures were
monitored with a nude ionization gauge.

The temperature dependence of the Squace complex 'S. given The electronic structure calculations utilized the 1982 QCPE release
In section I,“'BZ' . The NEXAFS of CED™ on ZnO(OOOl) IS of the SCF-X-SW progrant?52 The atomic exchange parameter,
presented in section II-B3. The UPS and variable-energy PES ; a5 taken from Schwazand in the intersphere and outersphere
of methoxide on the ZnO(0001) surface at low temperature is regions the valence electron weighted average of the atarsiwas
correlated with the results of an SCFwSW calculation, in used. A Watson sphere was used for all ionic species and its radius
section 11I-B4. These results and their relevance to methanol was set at the outer sphere radius. All calculations were considered

synthesis are discussed in section V. converged when the largest deviation of the atomic potentials between
SCF cycles was less than ¥0and was usually achieved in less than
Il. Experimental Section 300 cycles. Initial calculations were performed with the atomic radii
o ) ) chosen by the Norman criterf&. The accuracy of the calculated wave
The CyO(111) sample used in this study sva 1 mmthick single- functions was determined by comparing the experimental PES valence

crystal plate, oriented within “Lof the (111) direction by Laue  pang spectrum to that found by using the Slater transition state (TS)
backscattering and then polished with diamond grit until no pitting was formalismse It has been shown that the radii chosen with the Norman
visible under a low-power microscope. The oriented and polished cijteria overestimate ligand covalency for transition metal systems
crystal was then rinsed with hexane and acetone. Further cleaning ingjmjjar to those under investigation in this sttd§® Thus the sphere
UHV was accomplished by using Ar ion sputtering in a series of sputter/ rajj were systematically adjusted to fit the experimental data. Al
anneal cycles at successively 2000, 1000, and 500 V acceleratingpyqrogen atomic sphere radii were held constant at 1.0000 Bohr as
voltage at 900 K followed by an anneal at this temperature. The g,ggested by Herman et%l.The Cu atomic radius was set at 2.9500
oxidation state of copper was determined by using the X-ray induced gonr and the Zn atomic radius did not change from the Norman value
Cu L,M4sM45 Auger peak. The surface cleanliness of the oriented (2.3295 Bohr).
crystal was checkeq with XI,DS spectroscopy. ) Xo-SW molecular orbital calculations where performed on the
The ZnO(0001) zinc terminated and the ZnO(1010) dimer surfaces g tace complexes with and without the bound adspecies. These
used in this study were also 1 mm plates cut from single crystals and c5\cylations were used to quantify the electron population changes with
oriented to 1 by Laue backscattering and then polished with succes- e aqgition of the adspecies and utilized the charge decomposed wave
sively smaller sizes of diamond grit until no surface pits were observed. ,ctions with full repartioning of the intersphere charge. All sphere

They were then etched with HCl and rinsed thoroughly with deionized i ysed for this calculation (including the outer and Watson sphere)
water. These surfaces were further cleaned in a vacuum by Ar ..o identical.

sputtering at successively 1000, and 500 V at 750 K, followed by
annealing at this temperature. The cleanliness of these surfaces wa
checked by XPS spectroscopy.

Experiments using synchrotron radiation were performed at SPEAR  A. Methanol Adsorption on Cu,0O(111). 1. XPS Studies
IlI-1, VI-1, and X-1 beamlines at the Stanford Synchrotron Radiation of CH3OH on Cu,0O(111). Figure 1A presents the C1ls XPS
Laboratory (SSRL) under dedicated operating conditions. For experi- spectra iy = 360 eV) of a CyO(111) single crystal surface
ments in the VUV energy region a Grasshopper monochromator was exposed to increasing dosages (0.2L, 0.4L, 0.8L, 2.0L, 6.0L
used (beamline Ill-1). Spherical grating monochromators were used 10.0L, and 25.0L) of methanol Th'ese’ sbecira.exhib}t a’siﬁglé

for experiments in the soft X-ray region (beamlines VI-1 and X-1). L SO .
These beamlines have variable inlet and exit slits that allow a fixed °road peak, initially centered at an ionization potential (IP) of

monochromatic photon energy resolution to be maintained throughout 289.5 £ 0.2 eV, which grows in intensity and width and
the experiment: 0.2 eV for the Grasshopper and 0.5 eV for the sphericalgradually shifts toward higher energy with increasing surface
grating monochromators. A Perkin-Elmer Phi UHV system that had a coverage. The asymmetric growth of the C1s peak continues
double pass cylindrical mirror energy analyzer (CMA), ion sputtering until a cumulative exposure of 25.0L. The Cls peak position
gun, and a base pressure of>3 10°1° Torr was used for these  for this coverage is 290.F 0.2 eV, indicating that a shift of
eXperimentS. For the studies performed on the GraSShOpper m0n0-1_2 4+ 0.2 eV to h|gher energy has taken p|ace W|th |ncreased
chromator the electron energy resolution of the CMA was maintained exposure. This high coverage, high energy peak is assigned to

at 0.2 eV and for the soft X-ray studies the CMA resolution was set at : ; ; .
0.5 eV. Wider slits were used for the carbon kvv resolved NEXAFS mutilayer phySISorbed C:l®4|;| based on its energy position and
standard literature valuég:

measurements to increase the instrumental signal-to-noise. For the

experiments reported here the incident synchrotron radiation was _ 2. Temperature Dependence of CEDH on Cu2O(111).
maintained at 75 with respect to the CMA central axis and thus The multilayer CHOH on the CgO(111) sample was stepwise
impinged on the sample at close to a grazing angle. The photon flux heated to 180, 220, 273, and 523 K and monitored with C1s
was monitored by collecting the total electron yield from a high XPS. As shown in Figure 1B, an asymmetric attenuation of
transmission grid freshly coated with gold via evaporation in the UHV
system. All spectra were signal averaged until a sufficient signal-to- ~ (49) Slater, J. CAdv. Quantum Chemil972 6, 1.

; : : (50) Johnson, K. HAdyv. Quantum Cheml973 7, 143.
noise ratio had been attained. Clean background spectra were subtracted (51) Case, D. AAnnu. Re. Phys. Chem1982 33, 151.

from the variable-energy valence band spectra of the surfaces with (52) Connolly, J. W. D.Semiempirical Methods of Electron Structure
adspecies present. The resulting subtracted spectra were then fit withcalculation, Part A: TechniquesSegal, G. A., Ed.; Plenum: New York;
Gaussian/Lorentzian peaks by a curve-fitting procedure that varies their1977.

position, width, and height while minimizing the difference between  (53) Herman, F.; Williams, A. R.; Johnson, K. Bl. Chem. Physl974
the fit and experimental spectra. All spectra have been referenced to61, 3508.

: (54) Schwarz, KPhys. Re. B 1972 5, 2466.
the vacuum level due to the effects of sample charging at the low (55) Norman, J. GMol. Phys.1976 31, 1191.

temperatures used in this stutly. o (56) Slater, J. CThe Self-Consistent Field for Molecules and Solids:
Both the CyO and ZnO samples were heated and cooled in situ Quantum Theory of Molecules and SojitkcGraw-Hill: New York; 1974;

with the sample temperature measured with a Chromel-Alumel Vol. IV.

(57) Gewirth, A. A;; Cohen, S. L.; Schugar. H. J.; Solomon, Endrg.
(48) Watson, R. E.; Perlman, M. L.; Davenport, J. B0rf. Sci 1982 Chem.1987, 26, 1133.

115 117. (58) Gewirth, A. A.; Solomon, E. lJ. Am. Chem. S04988 110, 3811.

fIl. Results and Analysis
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Figure 2. NEXAFS spectrum of methoxide/@D(111). The spectrum
was taken at 130 K and has been normalized to the incident flux. The
methoxide covered spectrum was divided by a “low temperature clean”
substrate spectrum taken with the same instrumental resolution.

shows that the methoxide is at approximately 2 eV higher
energy. This relaxation corrected result indicates that the
chemisorbed methoxide has a more positively charged carbon
atom than found in gas-phase methanol.

3. NEXAFS of Low-Coverage CHOH on Cu,O(111).
The carbon Auger yield NEXAFS spectrum of methoxide on
Cuw0O(111) is shown in Figure 2. A broad peak with a maximum
centered at 294.8 0.2 eV is observed and is ascribed to*a
shape resonance which is due to the scattering of the outgoing
! 1 photoelectron by the interatomic potentiéls.The energy
284 289 294 position of this resonance is sensitive to the-@ bond

lonization Potential length®263 Stthr et al®4%5 have derived a semi-empirical

Figure 1. (A) The Cls XPS spectra of GD(LL1) with increasing ~ €XPression that relates the energy separadorpetween the
CH:OH exposure. (B) The Cls XPS spectra of the stepwise heated C1S XPS (referenced to the Fermi level, see ref 48) position
multilayer on the CpO(111) surface incrementally heated to 180, 220, and theo* position to the C-O bond length for a series of
273, and 523 K. Each heated spectrum was taken after a 60 s annea$urface bound moleculesd is calculated to be 8.6 eV for
at the indicated temperature and then cooled to 130 K for data methoxide chemisorbed to the £3(111) surface. For com-
acquisition. All spectra were taken withv = 360 eV and were parison, the calculated for gas-phase C$OH, with a CG-O
normalized to the incident flux. bond length of 1.43 RS is 8.3 eV. The accuracy of this 0.3
eV shift between the experimental and calculated gas-phase

the multilayer physisorbed peak is observed such that it shifts value is dominated by the assignment of titepeak position
toward lower energy with increasing temperature. The C1s peakand is determined by the accuracy of the monochromatorZ
pOSition of the annealed spectrum is 289.5 eV IP, indicating eV) over the energy range of the transition. The @ bond
that both the low coverage, low temperature and high-temper- |ength for methoxide bound to the @D(111) surface is
ature peak positions are the same and are thus associated witBstimated to be 1.41 A. The intrinsic accuracy of this method
the same surface species. This surface species is assigned t+0.05 A) is somewhat greater than the calculated change in
chemisorbed methoxide based on its energy position andpond length £0.02 A). Howevery has measurably increased,
previous literature value€:** No other surface species is seen  indicating that the €O bond has shortened upon chemisorption
on the CyO(111) surface from the decomposition of methanol to the CyO(111) surface.
up to 523 K. Paralk_al experiments were performed on thg0Cu 60) The total binding energy Shift is given BBEse = AE — ARG
(110) surface with identical results. wh(ereAE is the initial gs]tate cgr?/emical s%ift and tthrseIaxati(m?(;) ié

For comparison it is useful to estimate the energy position derived from the energy shift in an Auger lIN®KEaycer = —ABEy +
that molecular CHOH would have if it were chemisorbed to ~ 4ARv — ARc, whereR, andR. are related by the estimated size of the core
the surface. A relaxation correction to the C1s energy of gas- gﬂ% Yﬁlgnncsngghedﬁ%ﬁc%;m?gé%% fg:,%fBSE‘é 'rse]fgez_bmdmg energy
phase methanol was estimated by using the carbon kvv Auger (61) Dehmer, J. L.; Dill, D. JJ. Chem. Phys1976 65, 5327.

energy of the methoxide surface species (261.0.5 eV) and (62) Stohr, J.; Jaeger, Rhys. Re. B 1982 26, 4111. _ _

the shift, from gas phase, in its highest ionization energy valence . (¢3) Sto, J.;Gland, J. L.; Eberhardt, W.. Outka, D.; Madix, R. J.; Sette,
59 . . .; Koestner, R. J.; Doebler, Phys. Re. Lett. 1983 51, 2414.

band PES peak—0.6 + 0.1 eV)>® This gives a molecular (64) Stohr, JThe Structure of Surface¥an Hove, M. A., Tong, S. Y.,

chemisorbed methanol energy of 28746 0.5 eV3260 A Eds.; Springer-Verlag: Berlin, 1985.

comparison of this corrected energy position to that of the  (65) Stohr, INEXAFS Spectroscop$pringer-Verlag: New York, 1992.
. . . (66) Yarkony, D. R.; Schaefer, H. F., lll; Rothenberg JSAm. Chem.

chemisorbed methoxide C1s peak position, at 2892 eV, Soc.1974 96, 656.

(67) Wiberg, K. B.J. Am. Chem. S0d.99Q 112, 3379.

(59) Seigbahn, K.; Nordling, C.; Johansson, G.; Hedman, J.; Heden, P.  (68) Liu, X.; Damo, C. P,; Lin, T. D.; Foster, S. C.; Misra, P.; Yu, L.;

F.; Hamrin, K.; Gelius, U.; Bergmark, T.; Werme, L. O.; Manne, R.; Baer, Miller, T. A. J. Phys. Chem1989 93, 2266.

Y. ESCA Applied To Free MolecuteNorth-Holland; Amsterdam-London, (69) Momse, T.; Endo, Y.; Hirota, E.; Shida, J. Chem. Phys1988

1969. 88, 5338.




1510 J. Am. Chem. Soc., Vol. 120, No. 7, 1998

A.

5 (LP./eV)

20 30 40 50 60 80

Photon Energy (eV)
Figure 3. PE spectra of methoxide on €(111). (A) Clean CtO-

(111) spectrum (dashed line) along with the methoxide covere®Cu
(111) spectrum (solid line) taken withv = 40 eV and normalized to

70

the incident flux. These spectra have been aligned at the Cu 3d band
Both spectra were taken at a sample temperature of 130 K. The

Jones et al.
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B. 4a’' 5a' 1a" 6a’ 7a' 2a"
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Figure 4. Comparison of the experimental He(ll) PES of (A) gas-
phase methanol (taken from ref 87) and (B) calculatedDS energy
levels for gas-phase methanol. The gas-phase spectrum and calculation
have been aligned at the deepest energy peak and theadsition.
(C) The calculated methoxide transition state energy levels. The
calculated result has been aligned by using the methananththe
methoxide 2alevels.

assigned as the Cu 3d band and the asymmetric band found
between 9 and 13 eV as the oxygen 2p band. These spectra
have been aligned and normalized to the Cu 3d band. No
perturbation in the Cu 3d band is observed with the formation
of the surface methoxide. Subtraction of the cleanGCfrom
the methoxide covered spectrum results in four methoxide
related peaks, as shown in Figure 3B: peak 4 at 20.8 eV, peak
3 at 15.6 eV, peak 2 at 14.0 eV, and peak 1 at 10.0 eV.
Variable-energy photoelectron spectroscGpyas used to
probe the bonding interactions between these methoxide levels
and the Cd site. Shown in Figure 3C are the integrated
intensities of the four methoxide peaks and their variation with
change in incident photon energy. The intensity of peak 1
‘decays rapidly after the ionization threshold and goes through

assignment of the PES peaks is included in the clean spectrum. ()@ delayed maximum between 40 and 55 eV. This behavior

The difference spectrum (methoxide covered@@11) minus the clean

indicates that peak 1 contains a Cu 3d component that has been

CwO(111)) showing the methoxide induced peaks labeled 1 through mixed into the methoxide level, where the delayed maximum

4, along with the X« TS methoxide valence orbital energy positions

results from the centrifugal barrier in the radial Schrodinger

are indicated at the bottom of the figure. The deepest calculated equation fol = 2. Peak 2 displays higher intensity at threshold
transition has been aligned to peak 4. (C) The photon energy dependencgind some residual intensity through the-8D eV region’4-78

of the four methoxide induced peaks on,O@l111).

Ab initio calculations have shown that the deprotonation of
CHs0H increases the polarization of the charge densities around
the carbon and oxygen atoms thereby increasing their Coulombic

attraction and contracting the-® bond®67(C—0 in gas-phase
CH;O is 1.38 A)58:69

4. Variable-Energy PES of CHO/Cu,0(111): Correla-
tion With SCF-X o-SW Molecular Orbital Calculations. To

elucidate the electronic structure of the surface complex, valenc

band PES spectra of the chemisorbed methoxide o@(l11)
were collected and correlated tooXSW molecular orbital

calculations. Shown in Figure 3A are the PES spectra of both

clean CyO(111) and methoxide covered £(111) surfaces.
The electronic structure of the cleanQusurface (dashed line)
has been extensively studi&d,®72 with the peak at 7 eV

(70) Wertheim, G. K.; Hufner, SPhys. Re. Lett. 1972 28, 1028.

(71) Ghijsen, J.; Tjeng, L. H.; van Elp, J.; Eskes, H.; Westerink, J.;
Sawatzky, G. A.; Czyzyk, M. TPhys. Re. B 1988 38, 11322.

(72) Schulz, K. H.; Cox, D. FPhys. Re. B 1991, 43, 1610.

€,

Peaks 3 and 4 show little intensity after threshold and no delayed
maximum.

Xa—SW calculations were performed and correlated to the
PES data. Norman atomic sphere radii were initially used for
these calculations. The transition state (TS) calculations were
then adjusted by iteratively changing the sphere radii used in
the SW solutions to more closely fit the PES spectrum. No
change in spectral assignments was observed with the small
changes in atomic sphere radii used(3 Bohr). Calculations
were first performed on gas-phase methanol and methoxide
(pertinent bond lengths and angles used in this calculation are
given in Supporting Information Table A). Shown in Figure
4A is the He(ll) UPS spectrum of gas-phase methanol. The
results of the Slater transition state (TS) calculations of methanol

(73) Green, JAcc. Chem. Re$994 27, 131.

(74) Fano, U.; Cooper, J. WRev. Mod. Phys1968 40, 441.

(75) Eastman, D. E.; Kuznietz, M. Appl. Phys1971 42, 1396.
(76) Manson, T. M.; Cooper, J. WPhys. Re. 1968 165 126.

(77) Cooper, J. W.Phys. Re. 1962 128 618.

(78) Yeh, J. J.; Lindau, IAt. Data Nucl. Data Table4985 32, 1-155.
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Table 1. Xa Initial and Transition State Energies for @bt Table 2. Comparison of Xt Methoxide Centered Energy Levels
Including the Orbital Charge Decomposition of Cu(OHY/CH;O~ and Zn(OYCHzO™, Including Initial State (IS),
- — Transition State (TS) Energies, and Orbital Charge Decomposition
initial state  transition
energy state energy C O 1S TS % % %
CH:O™  (eV) (eV) (%S,%P) (WS%P) %H energy energy % % % Cu Cu Cu
2e 456 8.68  (0.00,3.96) (0.00,76.00) 15.00 level  (ev) (ev) C o H 3d 4s 4p
3a 8.97 1335  (0.00,28.20) (3.90,59.15) 5.00 Cu(OH)/CH,0-
le 9.83 14.04  (0.00,48.00) (0.00,14.00) 39.00 gg/(z,) 335 596 6.00 60.00 800 11.20 0.00 1.60
2a 14.98 19.23 (41.65,6.37) (15.75,4.83) 32.00

9d/(00) 381 6,52 7.00 58.00 8.00 16.30 2.80 4.50
6d/(oco) 7.95 11.03 29.00 53.00 6.00 4.20 2.00 3.90

3d’ 8.35 11.63 48.00 13.00 36.00 1.40 0.70 1.60
A. B. 5d 844 11.70 51.00 8.00 40.00 0.00 0.00 0.00
H H H H 34 14.08 17.56 50.00 19.00 27.00 1.20 0.90 1.20
N\ N IS TS % % %
1.434AI£§ WH ra3en N UH energy energy % % % Zn Zn Zn
level (eV) (eV) C (@) H 3d 4s 4p
°> 1 14 Zn(0)/CH:0"
1 208 l 2058 5d'/(m) 5.62 854 4.00 83.00 7.00 200 0.00 1.00
10a'/(co) 6.08 886 3.00 49.00 5.00 1.30 1.90 0.40
Cu 100 _ZD 4al(oco) 1011 13.13 28.00 51.00 6.00 11.20 1.70 1.10
0/ \o pd w 2d' 10.92 14.27 48.00 7.00 4400 0.60 0.20 0.20
N 0. o 6d 11.03 14.41 48.00 6.00 46.00 0.00 0.00 0.00
|_I/ - \|‘_-I°A 10947 " 5d 16.72 19.95 50.00 17.00 32.00 0.40 0.20 0.30
with the Cu-O bond length (2.09 A) taken from the &l

crystal structure. The angle of the €0—C bond with respect
Figure 5. The geometry of the molecular clusters used for calculating t0 the O-Cu—0 plane (134) and the Cu-methoxide bond length
the electronic structure of methoxide@(111) and methoxide/znO-  (2.05 A) was set from known crystal structures of copper(l)
(0001) sites. (A) The Cusite was modeled with a be@s, HO—Cu— alkoxide complexe& The molecular coordinates and atomic
OH structure. (B) The Zi surface site is approximated byCa, ZnOs* sphere radii used for this calculation are given in Supporting
moIepuIar cluster. Pertinent bond lengths and angles are included in|nformation Table B. Norman atomic sphere radii were initially
the figure. used for this calculation. The TS results yielded a Cu 3d
) o ) ) band-O 2p band splitting of approximately-2 eV less than
are given in Figure 4B, where the calculation has been aligned ¢ experimental and had an unreasonably high covalency (a
to the deepest energy peak in the spectrum. An excellent overallynown limitation of the Norman criteria for sphere size
fit of the calculated metr_\anol spectrum to the experimental data getermination in transition metal systems). The atomic sphere
is observed. A methOX|de_.TS calculation was next pc_arformed radii were then systematically adjusted until the TS calculation
by using these sphere radii. The charge decomposition calcu-gf the Cu 3d bangO 2p band splitting and covalency were in
lated for the free methoxide is given in Table 1, and the petter agreement with the experimental results. The sensitivity
transition state energy levels are shown in Figure 4C aligned of the methoxide centered levels to small changes in both the
to the methanol 4geak. From the X results the lowest energy  c—methoxide and €0 bond lengths £0.1 A) was also
level (2e) is assigned to the oxygenZtone pair orbitals which  jnyestigated. The amount of Cu character in the lower energy
split in energy upon binding the proton in @BH. The next  transitions increased-2% with a 0.1 A shortening of the Cu
level to deeper binding energy is predominately an o2pital methoxide bond (a23% decrease was observed for a 0.1 A
which is o bonding to the carbon (3a The le and 2devels bond lengthening) and there was no significant change in the
both involve carborrhydrogen bonding interactions which are  (g|ative energy positions of these transitions. No change in

mainly localized on the carbon atom. The "collapse” of the covalency or energy position was observed with the small
methanol spectrum into a three-peak pattern, upon deprotonatlorbhanges in €O bond length £0.1 A). Thus the literature

on an oxyger; pre-dosed Cu surface, has been elucidated byjerived bond lengths are used in the study presented. The
Bowker et al’® The preceding X analysis confirms that the  methoxide centered transitions derived from these calculations

mechanism of the collapse is the change frGgto Cs, site 516 shown at the bottom of Figure 3B. The calculated transitions
symmetry, which accompanies deprotonation, and establishes,aye peen aligned to peak 4 of the difference spectrum and
the important electronic interactions for the consideration of the aynipit an excellent overall fit to the data. Given in Table 2

metat-methoxide bond. The charge of the carbon atom in 46 the calculated charge decompositions of the bound meth-
methoxide was calculated to be 0.115e more positive than thatgyide orbitals.

of the carbon in methanol, with the hydrogens of the methyl  The results of the ¥—SW calculation on the Cumodel

group becoming 0.104e more negative. Both of these results active site indicate that peak 1 in the UPS spectrum is composed
are consistent with a rearrangement of charge upon deprotonagf nyo orbitals derived from the 2e level (oxygen,zmd p)

tion.® of the methoxide which are split in energy due to differences
These calculations were extended to model the methexide in ¢ and sz bonding with the metal at an G®O—C angle of

CwO surface site. The molecular cluster geometry used for 134> (Figure 5A) and is manifest in the data as a broadened

these calculations is shown in Figure 5A. Here the@d11) peak. These methoxide centered orbitals, tHeda the 95

surface site has been approximated by a bent Cu{CIH$tef° have been labeledro and oo, respectively, in Table 2,
underscoring their interaction with the €Cbinding site. Both
(79) Bowker, M.; Madix, R. JSurf. Sci 198Q 27, 190.
(80) Guckert, J. A.; Lowery, M. D.; Solomon, E.J. Am. Chem. Soc. (81) Osakada, K.; Takizawa, T.; Tanaka, M.; Yamamoto,).TOrga-

1994 117, 2817. nomet. Chem1994 473 359.
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Table 3. The Metal lon Centered Electron Population of
A c. Cu(OH)!'™ and (HCO)/Cu(OH)'~ and, Zn(O)}*~ and (HCO)/
Zn(O)%*", Including the Population Differencéye, After Bonding
CHsO~
orbital Cu(OH)~ (HsCO) /Cu(OH) Ae
Cu4s 0.49 0.66 0.17
Cu4p 0.13 0.14 0.01
Cu4p 0.36 0.37 0.01
Cudp 0.19 0.42 0.23
Cu 3de-y 1.97 2.00 0.03
Cu 3d, 2.03 2.03 0.00
Cu 3dz 2.09 211 0.02
Cu 3d, 2.16 2.19 0.03
Cu 3dy 2.08 2.07 —0.01
orbital Zn(Oy* (HsCO) /Zn(O)* Ae
Zn 4s 0.64 0.72 0.08
Zn 4p 0.37 0.39 0.02
B. Zn 4p, 0.37 0.39 0.02
Zn 4p, 0.15 0.21 0.04
Zn 3de-y 2.08 2.05 —0.03
Zn 3d,; 2.03 2.04 0.01
Zn 3d2 1.99 1.98 —0.01
Zn 3d,, 2.03 2.03 0.00
Zn 3dy 2.05 2.06 0.01
oco. Net bonding with the Clisite involves charge donation
from the methoxideso andoco levels into the unoccupied 4s
and 4p levels of the Cti. To quantify these charge donations

an electron population calculation was performed utilizing the
Xa charge decomposition for both tia, Cu(OH), model site
and the site with bound methoxide (Table 3). Shown in the

Figure 6. Xa scattered wave orbital contours of tlw and oco
methoxide levels on Cu(Okand ZnQ. (A) 94 and (B) 64 of the
CH3;O/Cu(OH), molecular cluster. The (C) 10and (D) 64& of the

CH30/Zn0; cluster. Ae column is the electron population change induced in each
copper atomic orbital due to the methoxide bond. This
orbitals interact with the Cu 3d levels. The, orbital is calculation shows that the charge of the Cy #preases by

perpendicular to the GuO—C plane and interacts with the Cu 0.23e with the bonding of methoxide, whereas the 4s increases
3dy, level; the calculation, in Table 2, indicates that ap- by 0.;L7e, thus reflepting the more effective OVE”‘?‘F’ of the Cu
proximately 11% Cu 3d is mixed into this level. Since both 4p, Wlth.the.methomde donor levels. The carbon in the bound
thesro and Cu 3d levels are filled this interaction does not lead methoxide is calculated to lose 0.085e compared to gas-phase

; ; thanol. This result is in accord with the chemical shift of
to net bonding between the methoxide and theGCsurface®? me . .
The go is in the Cu-O—C plane and interacts with the Cu the chemisorbed methoxide Cls peak and the NEXAFS

site through ao-type interaction with the Cu.d 4s, and 4p determined €O bond contraction. The hydrogens of the
levels. This interaction increases as the alkoxide fragment is methyl group are calculated_ to becom_e Q.04e more negative than
rotated away from the surface nornfal. The Xo charge gas-phase methanol. Thl_s re_sult indicates that the methyl
decomposition indicates that at an angle ofl@wre is 16.3%  Ydrogens have more hydride like character compared to gas-
Cu 3dzand 7.3% Cu 4s/4p character mixed into this methoxide phase methanol. .

centered level. Thus, the methoxidg level has a significant Thus_methanpl is deprotonated to form the surface bound
bonding interaction with the unoccupied Cu 4s and 4p levels. metho_X|de species on g0 at low coverage, Iovx_/ temperature,
The orbital contour of this level is shown in Figure 6A. The and h'g_h temperature. The~® bond length in the bound
variable photon energy data for peak 1 shows a delayed methoxide is sllghtly.contracted from thg gas-phase methanol
maximum indicating a significant admixture of Cu 3d, consistent bond length by the increased polarization of the @ bond

with the calculated 3d character in both andoo levels (Figure which increases the net positive charge on the carbon atom and
3C). the net negative charge on the methyl hydrogens.

B. Methanol Adsorption on ZnO. 1. XPS Studies of
CH30H on Zn0O(1010) and ZnO(0001). The C1s XPS of the

interaction with the Cti and has approximately 6% Cu4s/4p Zn0O(1010) surface exposed to increasing dosages of methanol

character. The orbital contour of this level is shown in Figure IS prgsented in Figure 7A. An initial low coverage sgrface
6B. Peak 3 is due to the near overlap of thé 8ad 5aorbitals, SPECIEs 1S observed.at 290.2 .eV P gnd can be aSS|g_ned to
which have most of their electron density centered on the carbonChem'Sorbed mgthomde due to its rel'atlonshlp to the' previously
atom and thus do not contribute to bonding with the"Gite. presentgeﬂcheml_sorbed peak onOyvide supra) and literature
Finally, peak 4 is assigned to the' @abital and has most of its values .At high coverage a physisorbed methgnol "’?‘yef
electron density on the methyl group. develops with an energy of 291.0 eV IP. For comparison Figure

Of the six valence orbitals that comprise the chemisorbed 8A gives the C1s XPS of a ZnO(0001) surface exposed to

methoxide PE spectrum, the above analysis shows that threes'm'lar cumulative dosages of methanol. Consistent with the

. ) - N previous observation on the (1010) surface a symmetric peak
levels dominate the bonding with the Caite: thezo, oo, and at low exposures is observed with an IP of 290.2 eV and is

(82) Chisolm, M. H.ACS Symp. Sei983 243. likewise assigned to chemisorbed methoxide. At higher expo-

From Figure 3B and Table 2, peak 2 is assigned to the 6a
methoxide centered orbital and is labetag due to itso-type
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Figure 8. The Cls XPS spectra of (A) ZnO(0001) with increasing
CH3OH exposure. All spectra were taken with = 360 eV and were
normalized to the incident flux. The sample temperature was maintained
at 130 K. (B) The C1s XPS spectra of the stepwise heated multilayer
eCH:;OH on the ZnO(0001) surface annealed at 180, 220, 273, and 523
K. The formation of a high-temperature peak is indicated at 293.6 eV.
Each heated spectrum was taken after a 60 s anneal at the indicated

. . temperature and then cooled to 130 K for data acquisition. All spectra
sures a physisorbed GBH multilayer develops (291.0 eV IP).  \ere taken withhw = 360 eV and were normalized to the incident
These results indicate that the same low-temperature chemi-fyy.

sorbed surface species (methoxide) is present on both ZnO

lonization Potential

Figure 7. The Cls XPS spectra of (A) ZnO(1010) with increasing
CH3OH exposure. (B) The Cls XPS of multilayer gbH on ZnO-
(1010), incrementally heated to 180, 220, 273, and 523 K. Each heated
spectrum was taken after a 60 s anneal at the indicated temperatur
and then cooled to 130 K for data acquisition All spectra were taken
with hv = 360 eV and were normalized to the incident flux.

surfaces. above temperature-dependent behavior indicates that an ad-
2. Temperature Dependence of CEDH on ZnO(1010) ditional surface reaction takes place at elevated temperatures

and ZnO(0001). Shown in Figure 7B is the C1ls XPS of the (~273 K) on the (0001) surface.

stepwise heated (180, 220, 273, and 523 K3OH multilayer 3. NEXAFS of CH;0~ on ZnO(0001). Shown in Figure

on ZnO(1010). As was observed on the,O(l11) surface, g is the Auger yield NEXAFS spectrum of methoxide chemi-
the physisorbed peak intensity seen at high coverage and lowsorbed on the ZnO(0001) surface. & shape resonance is
temperature drops with increasing temperature. A shift to 290.2 ppserved at an energy of 295.5 eV. Fromdtghape resonance
eV is observed with increasing temperature, indicating the position ad of 9.3 eV is calculated, which is significantly larger
presence of the same surface species at high and low temperaturgyan on Cur, and provides an estimated-© bond length for
and coverage. Increasing the temperature further to 523 K methoxide on ZnO(0001) of 1.39 A. Thus methoxide formed
decreases the intensity of the 290.2 eV peak. No other surfacepn the ZnO surface has a shorter G bond length compared
species are observed. The C1s XPS of the stepwise heated (18Qq that of methoxide chemisorbed on Lu
220, 273, and 523 K) C#DH multilayer on the ZnO(0001) 4. Variable-Energy PES of CHO~ on ZnO(0001): Cor-
surface shown in Figure 8B reveals the same shift to 290.2 eV (g|ation with SCFE X a-SW SCFE Molecular Orbital Calcula-
IP of methoxide and the appearance of a new peak at 293.6 eVtjgns. As with CHsO~ on CwO, PES correlated with &SW
IP starting at 273 K. These peaks (290.2 and 293.6 eV), andmolecular orbital calculations were used to elucidate the
thus their corresponding surface species, remain present to 52%jectronic contributions to the bonding of methoxide on the ZnO
K (Figure 8B), the low-temperature methanol synthesis reaction grface. Figure 10A shows the PE spectrim € 50 eV) of
temperature. Barteau et ‘@l.have observed a similar high-  the Jow coverage methoxide on ZnO(0001) at 130 K, together
energy peak and assigned it to a surface bound formate. Theyjith the spectrum of the clean ZnO(0001) surface taken under
(83) Didzilius, S. V.; Cohen, S. L; Butcher, K. D.; Solomon, Bnlorg. the same experimental conditions. The electronic structure of
Chem.1988 27, 2238. ZnO has been previously studigd3with the asymmetric peak
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Figure 9. Methoxide/ZnO(0001) NEXAFS spectrum. The spectrum
was taken at 130 K and has been normalized to the incident flux. The sa 6a 22" %o %00
methoxide covered spectrum has been divided by a “low temperature I N/ / A\

clean” substrate spectrum taken with the same instrumental resolution. | TH 1]

25 . 20 15 101.P.(eV)

located between 10 and 14 eV due to the oxygen 2p band and C.
the peak at an ionization potential of 15 eV due to the Zn 3d
band. These spectra are aligned and normalized to the Zn 3d
band of the methoxide chemisorbed spectrum. Subtraction of
the clean ZnO(0001) from the methoxide covered PES spectrum
gives a four peak difference spectrum associated with methoxide
chemisorbed on this surface (Figure 10B). Peak 1, at 9.8 eV,
is at approximately 0.2 eV lower energy relative to peak 1 on
the CyO(111) surface. Peak 2 at 13.6 eV is shifted to lower
energy by 0.4 eV compared to the same peak ofOCuPeak

3, at 16.7 eV, appears stabilized by 1.1 eV relative to the E i
analogous peak for GO; however, this result is likely an artifact 1 ]

of the subtraction since this peak overlays the high energy side 20 30 40 50 60 70 80
of the Zn 3d. Peak 4 at 21.0 eV has approximately the same
energy as peak 4 on gQ.

Variable-energy photoelectron spectroscopy was used toFigure 10. PE spectra of methoxide on ZnO(0001). (A) The spectra
probe the atomic cross section components contributing to theof the methoxide covered ZnO(0001) (solid line) and the clean ZnO-
peaks associated with the methoxide valence orbitals. Shown(0001) (dashed line) taken at 130 K amd= 50 eV. The spectra have
in Figure 10C is the integrated intensity of the four methoxide P€en normalized to the incident flux and aligned at the Zn 3d peak
peaks as a function of photon energy. Peak 1 shows no intensitypos't'on' The assignment of the PES peaks is included in the c]ean
above the clean spectrum until approximately 40 eV photon spectra. (B) The difference spectrum (methoxide covered ZnO minus

. oy . . the clean ZnO) showing the methoxide induced peaks, labeled 1 through
energy and remains flat with increasing photon energy. This 4. The Xo. TS positions are shown at the bottom of the figure and

photon energy dependence is different from that of the samepaye peen aligned to the deepest transition. (C) The photon energy

peak for the CHO™ on the CyO(111) surface, which exhibits  gependence of the four methoxide induced peaks on ZnO(0001).
a delayed maximum indicative of Cu 3d character. Peak 2

exhibits high intensity at low photon energy and goes through
a delayed maximum between 40 and 60 eV, indicative of

significant admixture of Zn 3d charact@rin this methoxide " the calculati - i
eak. The same methoxide peak on,Qshows no delayed was used in the calculations preseln.ted. Superlmposed in Figure
peax. 10B are the results of Slater transition state calculations for the

maximum (see Figure 3C). Peaks 3 and 4 show little intensity Zn?* model site, where only the methoxide centered levels are

after ionization threshold and no delayed maximum. : . .
Xa scattered wave calculations were performed to compare !ncluded for comparison to the difference .PES peaks (no change
, : : in the spectral assignments of the methoxide levels was observed
the electronic structure of methoxide chemisorbed on the ZnO _ . h th Il ch . h di " h
surface relative to methoxide on €&u As shown in Figure with the small changes in sphere radii us 3 Bo n. A .
reasonable overall fit to the experimental methoxide peaks is

5B, aCs, model of the ZA" binding site, with a Zr-O bond . o
length of 1.98 A, on the ZnO(0001) surface was used for this f)et:/se?éved. Table 2 gives the charge decomposition for these

calculation®* The methoxide geometry used was the same as . - .

. - . From the X TS energies, shown in Figure 10B, peak 1 is
that for CQ.O (th_e molecula_lr coordlnate_s and atomic sphere raqlu assigned to the near overlap of thg and theso methoxide
used are given in S_upportlng_lnformatlon Table B). The atomic levels (vide supra). Thero level, in contrast to CkD~ on
spheres used for this calculation were obtained by systematlcallyCuzo has little mefal ion charac’ter (3.0% Zn), Table 2. The
adjusting the radii to give the best overall fit to the experimental oo (the oo orbital contour is given in Figure 6C), however, has

é&i%&ig ?,\F’)g:gnge(:frgrrpns dtotos :s\'/s:g;h tﬁgfgﬁgms\ﬁ?egszﬁe 2.3% Zn 4s/4p character and thus contributes to net bonding.
P y In contrast to the CED~ on CuwO, both theoo and themo

(84) Tossell, J. Alnorg. Chem.1977, 16, 2944. levels possess very little Zn 3d character consistent with the

Photon Energy (eV)

results to small changes in the Zmethoxide bond40.1 A).
Only small changes in peak position or character were observed.
Thus, as was the case for Quthe literature derived bond length
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lack of a delayed maximum in the cross section in Figure 10C. and with a measureably contracted-O bond indicates that a
Shown in Figure 6D is the orbital contour of peak 2, which is hydroxymethyl intermediate is not formed on either the@u
assigned to thesco methoxide level and has 11.2% Zn 3d or ZnO surfaces.

character, which is supported by the photon energy behavior previous theoretical studies on gas-phase methoxide have
of this peak (Figure 10C) showing a Zn 3d delayed maximum shown that the carbon is more positively charged than in
between 40 and 60 eV. In contrast, therco peak on the GO methanol, due to polarization of the—©® bond®” This is
surface has only 4% Cu 3d character. This large difference in consistent with the presentedXcattered wave calculations
3d character is attributable to the closer proximity of the Zn of methanol and methoxide which also show a polarization of
3d. In addition this level has 2.80% Zn 4s/4p (Table 3) that the G-0 bond with the carbon atom becoming more positively
contributes to net bonding with the Zn Peak 3 is assigned  charged. This increased polarization leads to a contraction of
to the overlap of the 6and the 2atransitions, which are largely  the c—0O bond. X scattered wave calculations of the model
nonbonding with respect to the Zn Finally, peak 4 is assigned  cy+ and zr#+ surface methoxides also show a polarization of
to the 5alevel and is localized on the methoxide methyl group. the C-0 bond, with the carbon atom of the methoxide bound
These X results indicate that, as on &, methoxide bonding 5 cy+ having less positive charge compared to methoxide
to the Zrt* site is dominated by three orbitals, the, oo, and bound to the Zf site. This is supported by the results of
oco, levels, with net bonding through the, and oco levels. NEXAFS experiments where the contraction in the@bond
Table 3 gives the results of the calculated charge redistribu- i gpserved to be greater for methoxide chemisorbed & Zn
tion, Ae, upon methoxide bonding to ZnO. The electron than Cu due to the greater polarization of the bond on the
population of both the Zn 4s and Aipcreases with 0.08e being  zn2+ gyrface site. The Cls XPS peak position also reflects this
transferred to the Zn 4s orbital and 0.04e to the Zp 4 difference in polarization with the G¥®~ on ZnO(0001) at 0.7
comparison, the C¥D~ bonding to the Cti model site shows gy deeper energy than on €(111), indicating a greater
an increase of 0.17e and 0.23e rgspectively, i_ndicating a |argerpositive charge on the carbon atom of théZsurface complex.
charge transfer from the methoxide to the'Giite. Thus, in  ysing the repartioned atomic charges given in thecélcula-
parallel to the Cu site, methoxide bonds to Zhthrough the  {ions an estimate can be made of the relative charge transfer
0o and aco levels by donation into the 4s/4p levels. The  petween interacting atomic centers. For methanol this calcula-
extent of this donation is reduced by approximately 50% for tjon yields approximately 0.8e transferred from the methoxide
Zr?* versus Cu surface sites. _tothe proton. This large charge transfer results in a larg®C
The charge on the carbon and methyl hydrogens of methoxidepong polarization in methoxide due to the redistribution of
bound to ZnO were calculated to be 0.100e more positive and charge which makes the hydrogens more negative and the
0.063e more negative, respectively, than methanol. Thus thecarhon more positive when compared to methanol. In contrast,
carbon atom is 0.015e more positive and the hydrogens areg gimilar calculation for the model methoxidmetal ion surface
0.025e more negative than in methoxide chemisorbed $OCU s yields approximately 0-D.4e transferred from the meth-
The greater positive charge calculated for the carbon atom is yyide to the metal ion. This smaller charge transfer results in
consistent with the deeper binding energy of the Cls and the 4 |arger -0 bond polarization relative to methanol and hence

greater C-O bond contraction for C40™ on ZnO. bond contraction; however, the calculated polarization and thus

Thus methanol is deprotonated on ZnO to form the surface 1,50 contraction is less than that of gas-phase methoxide, as is
bound methoxide at low coverage, low temperature and at 5pyserved experimentally.

temperatures up to 273 K. At temperatures above 273 K a
formate intermediate is observed on the ZnO(0001), but not on

the ZnO(1010) surface, indicating that the additional reaction orbitals (Figure 6) dominate bonding by donating charge into
of methoxide is surface dependent. The @ bond length of gu 9 by g charge Int
}he unoccupied 4s and 4p levels of the metal ion. This

the bound methoxide is contracted from the gas-phase methanolnteraction is greatest for the Cwite, with approximately twice

value and is consistent with an increase in net positive charge - .
on the carbon atom and net negative charge on the methylthe ¢ d_onatlon than for theZﬁsne._ Furtherm_ore, dl.Je to the
hydrogens. proximity of the Zn 3d, d-charactgr is at a maximum in the
level on the ZnO surface. This effect is opposite to that
IV. Discussion observed on the GO surface, where the d band is shifted to
] lower energy by approximately 7 eV due to the lower effective
Methanol is deprotonated at low coverage and low temper- nyclear charge on Cu(l) and the d-character is largest for the
ature on both C40(111) and ZnO(0001) surfaces forming a , level. This is supported by the difference in photoionization
surface bound methoxide. The deprotonation of methanol to effects in Figure 3 versus Figure 10. However, since the d band
methoxide on the GD(111) surface indicates that the exposed s full this difference does not affect the net methoxideetal
Cu® cations and oxide anions behave as Lewis acid and jon pond. The effects of charge donation into the 4s and 4p
Bronsted conjugate base sites, respectively. The ZnO/methanoppitals on the surface bound methoxide are observed experi-
surface reaction has previously been calculated to proceedmentally in the carbon charge and in the associated contraction
through an hydroxymethyl intermediate that, within the tight- f the C—0O bond. where the Cusite has the most donation
binding approximation used, was shown to be more stable thangng thus the Ion’ger €0 bond. For methoxide on the Zn
the methoxy intermediate on the ZnO surfdeThe surface  gite the greater charge polarization and bond contraction imparts
formation of hydroxymethyl, if present, from deprotonation greater double bond character in the-G bond and hydride
would be characterized by a C1s energy position lower than character in the methyl hydrogens. This results in the methoxide
that of methanol due to reduced charge donation to a metal ionpqnd to ZA* having formaldehyde-like character and a greater

relative to hydrogen. The observation of a stable surface speciesyropensity for hydride donation to the surface (see resonance
(chemisorbed methoxide) whose relaxation corrected C1s energysiyctures in Scheme 1).

position is at significantly deeper energy compared to methanol

Methoxide bound to Ciand Zr#+ d'° surface sites behaves
as ao donor ligand, where theg andoco methoxide centered

The decomposition of methoxide takes place at high tem-
(85) Baetzold, R. CJ. Phys. Cheml1985 89, 4150. perature on the ZnO(0001) surface to produce a formate
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Scheme 1 in Figure 6B the distance between the methyl hydrogen and
H H (5-) the next nearest Zh is calculated to be 0.6 A closer on the

Zn0O(0001) than the (1010) surface. Thus the facile abstraction

-0 c/ H of a hydride from the chemisorbed methoxide on the ZnO(0001)

O c.j_‘ """"" H @) surface has at least two components: (1) the electronic structure,
which results in more formaldehyde character in the surface
H H($4) intermediate, and (2) the specific surface geometry, which places
a Lewis acid site in closer proximity to the methyl group of the
methoxide for hydride abstraction.

int iat ith XP k at 293.6 eV. | trast . . . .
intermediate with an XPS peak at 293.6 e n conirasl, no The Methanol Synthesis Reaction (MSR) starting with bound

high temperature formate intermediate is observed on th®-Cu X ) )
carbon monoxide has previously been considered to proceed

(111) site as a result of methoxide decomposition. These Zn- h . qditi f hvd h h a hvd hvl
(I1) versus Cu(l) surface dependent reactions can be related toV1a the stepwise addition of hydrogen through a hydroxymethy

i i i 7-19
the electronic structure differences between the surface metalsurface |ntermed|ate (.Cos.ta/luettertles)l. However, no
ion—methoxide bonds. Kung et &6 have shown that the such surface intermediate is formgd from the decompos!tlon of
decomposition of methoxide proceeds through formaldehyde on methanol on both Z and Cu oxide mo_del _synthe3|s sites,
ZnO. The electronic structure of the GBI —Zn?* site which where only the surface bound methoxide is observed. The
imparts formaldehyde like €0 bond and partial hydride electronic structure contribution to the reactivity of these two
character to the chemisorbed methoxide should facilitate the surface sites, which enhanc_es the hydride character i_n the methyl
decomposition of methoxide by enabling hydride abstraction hydrogens of the_ methO_X|de, supports a mechanls_m for th?
from methoxide by a neighboring Zhsite. In contrast, CkO~ methanol synthesis reaction where the formaldehyde intermedi-
chemisorbed on the GO(111) surface has greate; donor ate reacts via hydride attack from a Lewis acid site to produce
character which reduces the-© and C-H bond polarization methoxide. This reaction clearly takes plac_e on the ZnO(OO(_)l)

and thus does not facilitate the hydride abstraction necessarys C " -
for the further decomposition of methoxide. showing that methanol decomposition dominantly occurs on the

Both the ZnO(0001) and ZnO(1010) surfaces deprotonate Zn0O(0001) surfac¥ and indicates that surface geometric as well

methanol at low temperature and low coverage to form a as electronic structure contribute to this reactivity.
chemisorbed methoxide. However, at high temperature the

formate surface species is formed exclusively on the ZnO(0001) M
surface. Furthermore, recently completed studies on the interac
tion of formaldehyde on the ZnO(0001) and (1010) surfaces
show that it is decomposed to formate on both of these ZnO
surface$® Since the formaldehyde like character of the

methoxide should be equivalent on the two ZnO surfaces
studied, the high-temperature reactivity difference observed on
these two surfaces should reflect structural differences which  gypnorting Information Available: Tables of geometric
affect hydride abstraction. Using the methoxide geometry given input parameters and Cartesian coordinates for SGFSY

(86) Jones, P. M.; Reitz, B.; May, J.; Solomon, E. I. To be submitted Calculations (2 pages). See any current masthead page for
for publication. ordering and Internet access instructions.

(87) Rubloff, G. W.; Luth, H.; Grobman, W. CChem. Phys. Leti976
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