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I. INTRODUCTIONIn the industrial synthesis of methanol out of syngas a mixture of 
opper, zin
 oxide, andAl2O3 is used as 
atalyst1. In this system ZnO is used as support material, but it has beenshown that zin
 oxide 
an itself a
t as a
tive 
omponent in this heterogeneous 
atalysispro
ess2. When pure zin
 oxide is used as 
atalyst, the ZnO(0001) surfa
e exhibits thehighest a
tivity in the methanol synthesis3,4. Hen
e di�erent rea
tion path ways have beensuggested assuming oxygen va
an
ies on ZnO(0001) as the a
tive 
enter and details of thepossible me
hanisms have been dis
ussed 
ontroversially in re
ent literature5�9.Although syngas, generated by steam reforming, 
onsists mainly of CO and H2, alreadydue to the Boduard equilibrium and the water gas shift rea
tion, there is always a smallamount of 
arbon dioxide in the gasphase of the real 
atalyti
 system. Furthermore, syngasobtained from biomass, whi
h 
an also be used for methanol synthesis10, might di�er inits 
omposition and have a higher CO2 
ontent. And in fa
t, CO2 is the 
arbon sour
e inthe methanol synthesis on many metal oxide 
atalysts11 and also on a 
opper single 
rystalsurfa
e12. This is espe
ially also the 
ase for Cu/Al2O3/ZnO 
atalyst mixtures13. Hen
e one
an easily 
ome up with the idea of assuming that also at 
opper free ZnO(0001) surfa
esCO2 might be the 
arbon sour
e in this rea
tion, and indeed some rea
tion models follow thisassumption14. But re
ent investigations have proven that CO2 � even in low 
on
entrations� a
t in fa
t inhibitor for the methanol synthesis at 
opper free ZnO 
atalysts8, making itmore likely that in these systems 
arbon monoxide is the only 
arbon sour
e. The samestudies show that in the presen
e of 
opper CO2 is no longer an inhibitor for the rea
tion.In the present work we investigated CO as well as CO2 adsorbates at the defe
t free surfa
eand at oxygen va
an
ies on ZnO(0001).Formate spe
ies have been dis
ussed as intermediates or side produ
ts of the methanolsynthesis on ZnO(0001) surfa
es8,9. This idea is supported by experiments, in whi
h formatespe
ies 
ould be observed during the methanol oxidation15 and after methanol adsorptionat Cu/ZnO/Al2O3 
atalysts16,17 and at 
lean ZnO and Au/ZnO nanoparti
les18. In themethanol synthesis pro
ess, formate spe
ies 
an be formed through the redu
tion of CO2 bydisso
iatively adsorbed H2 or by the formal insertion of CO in a surfa
e OH group.Similar to formate spe
ies, also formyl spe
ies are possible intermediates of the methanol2



synthesis. They are a

essible through the redu
tion of adsorbed CO mole
ules by a si-multaneous transfer of a proton and an ele
tron pair to the adsorbate. It has been shownthat a formyl spe
ies at an F2+ 
enter is less favourable than formyl spe
ies at F 
enters7where the 
arbon atom is bound to a surfa
e zin
 atom. So far, formyl spe
ies 
ould notbe observed experimentally as intermediates in the methanol synthesis, but this might bea 
onsequen
e of the short life time of these spe
ies, whi
h is supported by the predi
tedlow rea
tion barriers to subsequent intermediates7. To assist the experimental identi�
ationof su
h formyl spe
ies we 
omputed at F2+and F va
an
ies their stru
tures, enthalpies offormation, and vibrational frequen
ies.As already mentioned, formaldehyde 
an be formed as a possible further intermediate or aside produ
t in the methanol synthesis. It 
an be physisorbed at the surfa
e as a ratherweakly bound formaldehyde spe
ies, whi
h might rea
t further into a hydroxymethyl spe
iesby abstra
ting a hydrogen atom from a surfa
e OH group. Alternatively the oxygen atomof formaldehyde 
an rea
t with an ele
tron de�
ient F2+ va
an
y into a
etale spe
ies.Obviously, a �nal step in the methanol synthesis should be forming a kind of methanolspe
ies, probably by the protonation of a surfa
e methoxy intermediate. Su
h surfa
emethoxy spe
ies o

ur after methanol adsorption on Cu/ZnO/Al2O3 
atalysts15,16 andon ZnO single 
rystal surfa
es, in
luding ZnO(0001)19. Also at 
lean ZnO and Au/ZnOnanoparti
les the formation of methoxy spe
ies after exposition to methanol 
ould be 
on-�rmed in a re
ent study18.In our previous study reported in Ref. 7 we have extensively studied the possible rea
tionpathways of the methanol synthesis at an oxygen va
an
y on ZnO(0001) together with thetransition states and a
tivation barriers. In order to get further insight into the rea
tionme
hanism, a 
ombination of theoreti
al and experimental work is 
ertainly ne
essary inorder to interpret spe
tros
opi
 results from infra red (IR) measurements and high resolutionele
tron energy loss spe
tros
opy (HR-EELS) at single 
rystal surfa
es and IR studies atpowders. Espe
ially in the latter 
ase, in situ infra red measurements, like those reportedin Ref. 15, 
ould be extremely helpfull. But to 
hara
terize intermediates, a 
omparison to
al
ulated vibrational spe
tra is needed.The goal of the present work is to 
omplement the work of Ref. 7 by a detailed theoreti
al3



study of the vibrational spe
tra of spe
ies whi
h might be observed in the 
ourse of su
h insitu IR measurements. Therefore we study in addition to intermediates and the main rea
tionpath way also side produ
ts, spe
tator spe
ies, and stable intermediates of unfavored rea
tionpath ways, as e.g. formyl, formate, hydroxymethylene, formaldehyde, a
etale, hydroxy-methyl and methoxy spe
ies at the ZnO(0001) surfa
e. The main fo
us was thereby onthe predi
tion of the vibrational spe
tra, whi
h serve as referen
e for future assignments ofvibrational frequen
ies measured in experimental studies.II. COMPUTATIONAL DETAILSIn order to obtain vibrational frequen
ies and binding enthalpies of adsorbates we performedembedded 
luster 
al
ulations in the same way as in our previous study7. For the 
onstru
-tion of our systems we started from the wurtzite stru
ture of ZnO with experimental20�23latti
e parameters a = 3.2495 Å, b = 5.2069 Å and u = 0.3825 Å. The ideal ZnO(0001) sur-fa
e 
an be obtained by 
utting this ideal bulk stru
ture orthogonal to the 
-axis. Due tothe remaining dipole moment along the 
-axis, this is a Tasker type 3 polar surfa
e24 andneeds to be stabilized. In our model the stabilisation is done by a hydrogen 
overage of 50%(1 H in a distan
e of 0.95 Å over ea
h se
ond oxygen atom), whi
h should be the most stable
on�guration under 
atalyti
 
onditions25. The same amount of 
ounter ions is added to theZn-terminated surfa
e, i.e. one additional 
harge at a distan
e of 1.04 Å below ea
h se
ondZn2+ ion. For these additional ions at the oxygen and zin
 terminated surfa
e we assumed
harges of ±0.9414 a.u.Based on this stru
ture, small hemispheri
al 
lusters (quantum 
lusters) were 
ut out of theZnO(0001) surfa
e. We used three 
lusters, whi
h are shown in Fig. 1, as start stru
tures.Cluster I is the same Zn43O44H11 
luster whi
h we used in Ref. 7, while 
luster II 
onsists of43 zin
 atoms, 44 oxygen atoms and 8 hydrogen atoms and is suitable to des
ribe an oxygenva
an
y between the OH rows at the surfa
e, whi
h di�er in the surrounding hydrogen
on�guration. The large Zn83O83H20 
luster (
luster III) is used for the investigation ofdouble oxygen va
an
ies (V2H2O). From these start stru
tures modi�ed quantum 
lusterswere generated by adding and/or removing atoms in order to obtain va
an
y stru
tureswith (or without) adsorbates. These quantum 
lusters are embedded in a point 
harge �eld,4



whi
h 
onsists of approximately 27000 individual point 
harges (the exa
t amount of point
harges depends on the size of the quantum 
luster and is 27470 for stru
tures based on
luster I, 27473 for those based on 
luster II and 27342 for all stru
tures generated from
luster III).In order to avoid an unphysi
al attra
tion of the ele
trons from the quantum 
luster by thepositive embedding point 
harges, we used a 28e− e�e
tive 
ore potential (ECP)26 for the
ations (Zn2+) in the dire
t neighbourhood of the quantum 
luster to model the repulsion
aused by the missing 
ore ele
trons.All our 
al
ulations were done with the TURBOMOLE program pa
kage27,28. The atoms ofthe quantum 
luster were des
ribed with all ele
tron density fun
tional theory. As ex
hange
orrelation fun
tional the well known Perdew-Burke-Ernzerhof (PBE) fun
tional29 was 
ho-sen, whi
h has been shown to give an a

urate des
ription of the ZnO stru
ture30. First ofall, we performed geometry optimizations31 with a small split valen
e basis with a single setof polarization fun
tions (SVP)32, whi
h 
onsists of 3s2p1d 
ontra
ted basis fun
tions for Oand C, 2s1p for H and 5s3p2d for Zn. Only the 
oordinates of atoms at the border were kept�xed (about half of the atoms in the quatum 
luster). Afterwards we used the optimizedstru
tures to 
ompute the hessian matrix and dipole gradients by numeri
al di�erentiationof the gradients and dipole moments with a step width of 0.02 a.u., to obtain normal modesand harmoni
 frequen
ies and IR intensities33. We also obtained the zero point vibrationalenergy EZPVE from the harmoni
 frequen
ies.To 
ompare the 
al
ulated frequen
ies with experimental measurements, one has to 
orre
tfor errors due to the harmoni
 approximation and due to the 
hosen ex
hange 
orrelationfun
tional and basis set. This 
an be a
hieved by s
aling the 
al
ulated wave numbers withpredetermined empiri
al 
orre
tion fa
tors. Although there are s
aling fa
tors available inthe literature (e.g. in Ref. 34), we de
ided to go another way, be
ause su
h s
aling fa
torsdepend on the kind of the normal mode, for example, CO stret
h frequen
ies need a mu
hlower value than those of deformation modes. Hen
e, we 
hose a set of 22 small (mainlyorgani
) mole
ules (H2O, CH3OH, H2CO, CH4, a
etone, ethane, ethene, CO, CO2, HF,LiH, HCOOH, methyl formate, dimethyl ether, a
etaldehyde, ethynol, 2-propenal, propan,methyla
etate, ZnO2, ZnH2, HgH2) with normal modes similar to those we want to inves-tigate. We then 
al
ulated the harmoni
 vibrational frequen
ies of 108 normal modes of5



the mole
ules in this set and s
aling fa
tors to mat
h best experimental measurements35�39.In this way we obtained an average s
aling fa
tor of 1.004. We also determined individuals
aling fa
tors for the kinds of vibrational modes, whi
h are most important for the presentwork, by averaging the 
orre
tion fa
tors only over the modes of the 
orresponding type.This gave us the following individual s
aling fa
tors: 0.988 for CH, 0.998 for CC, 0.979 forCO, and 0.994 for OH stret
h modes and 1.027 for deformation modes of bonds betweenoxygen, hydrogen and 
arbon atoms. For all normal modes, whi
h do not �t to one of thesetypes, e.g. Zn-H or H-H stret
hing modes, we applied the above mentioned average s
alingfa
tor of 1.004.While the small SVP basis set is su�
ient for the 
al
ulation of vibrational frequen
ies, alarger basis set is needed to 
on�rm the geometry and to 
al
ulate better 
onverged bondlengths and energies of the systems. For this purpose we performed geometry optimizationsusing a triple zeta valen
e basis set with two sets of polarization fun
tions (TZVPP)40,41,whi
h 
onsists of 5s3p2d1f 
ontra
ted basis fun
tions for O and C and for H and Zn of,respe
tively, 
ontra
ted 3s2p1d and 6s4p3d1f fun
tions.For all spe
ies dis
used in the 
urrent paper, the TZVPP optimized stru
ture di�ers onlyslightly from the one obtained in the SVP basis. The maximum displa
ement of an atom inany of the stru
tures is less then 0.2 Å.From the ele
troni
 energies obtained with the TZVPP,ETZVPP, basis and with the zeropoint vibrational energy EZPVE we 
al
ulated enthalpies H as:
H = ETZVPP + EZPVE + Etrans + Erot + p · VThe translational (Etrans), rotational (Erot), and P ·V 
ontributions have been evaluated for atemperature of 500 K, whi
h is a typi
al temperature of the methanol synthesis3,8,11,42. Thisgives Etrans+Erot+pV = 14.55 kJ mol−1 for linear and Etrans+Erot+pV = 16.63 kJ mol−1 fornon-linear mole
ules. Note that for bulk spe
ies the rotational and translational 
ontribu-tions vanish.We also 
al
ulated entropies (S) for the same temperature and a pressure of P = 4.1 MPa,assuming a gas phase 
onsisting of 73% H2, 11% CO and 16% N2, but also of CO2, CH2O andH2O as side produ
ts in a 
on
entration of 1 ppm. By doing so, we intended to model the6




onditions of the 
atalyti
 methanol synthesis over ZnO. These are the same environmental
onditions that were used in the experimental work for deriving the Bo
hum model8. Inorder to evaluate whi
h spe
ies are energeti
ally preferred under 
atalyti
 
onditions, Gibb'senthalpies were 
al
ulated as G = H − TS from the enthalpies and entropies.III. RESULTS AND DISCUSSIONA. COThe optimized geometries of the energeti
ally most stable CO spe
ies found are shown inFig. 2.In Tab. I we 
olle
ted their vibrational frequen
ies and enthalpies of formation. Inthe same Table also the CO bond length of ea
h spe
ies d(CO) and the CO adsorptionenthalpy ∆Hads are listed. The latter have been 
al
ulated as the di�eren
e of the for-mation enthalpies of the respe
tive system with (∆Hf(CO at cluster)) and without COadsorbed(∆Hf (cluster)).
∆Hads(CO at cluster) = ∆Hf (CO at cluster)−∆Hf(cluster)−∆Hf (CO)Above the defe
t free ZnO(0001) surfa
e, only a physisorbed spe
ies (2.a) is stable. 2.b and2.
 are spe
ies resulting from the adsorption of CO at an F2+ va
an
y. One 
an see thatstru
ture 2.b is a quite stable 
hemisorbed spe
ies. But the O-down variant (2.
) is a 
learlyonly physisorbed. This supports the result of earlier 
al
ulations by Fink43, whi
h predi
tedthe C-down stru
ture to be slightly preferred at F2+ va
an
ies. One 
ould assume, that thepredi
tion of the C-down preferen
e might be a result of the wrong des
ription of the weakCO dipole moment by PBE. To 
he
k this, we also 
al
ulated for both spe
ies the se
ondorder Møller-Plesset perturbation theory (MP2) energies, within the SVP basis set, with theri

2 module44 of TURBOMOLE. The C-down spe
ies has a 34 kJ mol−1 lower MP2 energythan spe
ies 2.
, whi
h 
on�rms the PBE results.Above an F va
an
y we 
ould only �nd one physisorbed spe
ies (Fig. 2.d) with a bindingenthalpy of only −26 kJ mol−1. Geometry optimizations from di�erent start stru
tures andstru
tures with di�erent lo
ations of the hydrogen on the surrounding surfa
e led to spe
ies,7



whi
h were similar to spe
ies 2.a, i.e. a CO physisorbed far o�side the defe
t. No O-downspe
ies seems to be stable at an F va
an
y, whi
h was also found by Fink43.Another stru
ture that might be of importan
e is formed by 
hemisorption of CO at a doubleoxygen va
an
y (2.e and 2.f). Su
h a double oxygen va
an
y (V2H2O) like spe
ies 3.h and 3.i
an be interpreted as the result of the desorption of two water mole
ules whi
h removes twoneighbouring oxygen atoms from the defe
t free surfa
e. The binding energy and stret
hmode of this CO spe
ies are quite alike those of the spe
ies at a single F2+ va
an
y. Similar tothe single F2+ defe
t, also at su
h a double va
an
y the C-down spe
ies (2.e) is energeti
allyfavored. The 
orresponding O-down spe
ies (2.f) is weakly physisorbed and shows a similarfrequen
y for the CO stret
h mode.On ZnO powder samples CO is known45,46 to absorb primarily at Zn2+ sites on the mixed ter-minated ZnO(1010) surfa
es where it exhibits a CO stret
h frequen
y whi
h is blueshiftedrelative to gas phase CO. A better referen
e for the present 
al
ulations for CO on theZnO(0001) surfa
e are experiments on single 
rystal surfa
es where 
ontamination withspe
ies on ZnO(0001) sites 
an be ex
luded. Re
ently H. Qiu and Y. Wang47 performedHR-EELS and 
ombined temperature desorption spe
tros
opy (TDS) and mass spe
tros
opy(MS) measurements at ZnO single 
rystals to obtain vibrational frequen
ies and adsorptionenthalpies of CO adsorbed on ZnO(0001). The results are in
luded in Tab. I. The measuredCO stret
h frequen
y is redshifted by 87 
m−1 
ompared to free CO. This is in good agree-ment with the 
al
ulated frequen
y of spe
ies 2.b (redshifted by 89 
m−1 with respe
t to freeCO) and also the 
al
ulated adsorption enthalpy is in good a

ord with the experimentalresult. However, the vibrational frequen
ies and adsorption enthalpies of spe
ies 2.a � 2.fare too similar (
omp. Tab. I), in parti
ular 2.b and 2.d, to draw from this 
omparison ade�nite 
on
lusion on the state of the surfa
e. Further investigations are needed to 
on�rmthis assignment.B. CO2On most metal oxide surfa
es, CO2 tends to form 
arbonate stru
tures and preferably bindsto oxygen va
an
ies48. Both is also found for the ZnO(0001) surfa
e. In Fig. 3 the opti-mized stru
tures are shown, while in Tab. II the 
orresponding vibrational frequen
ies and8



enthalpies are listed.At the defe
t free surfa
e, 
arbon dioxide binds rather weakly to a surfa
e oxygen and formsa monodentate 
arbonate stru
ture (3.a). A similar monodentate stru
ture 
an o

ur nextto an F va
an
y (3.d). In both 
ases the length of the bond to the surfa
e oxygen is withabout 1.5 Å slightly longer than the two other CO bonds, whi
h are of quite equal lengthand in the range of typi
al 
arbonate CO bond lengths. The πu mode of the free CO2 hasbe
ome a C-out-of-plane mode, whi
h we will denote as π(CO3). Compared to free CO2,the symmetri
 OCO stret
h frequen
y is redshifted by only ≈ 100 
m−1. The weakeningof the CO double bonds upon 
hemisorption as 
arbonate is re�e
ted in a redshift of theasymmetri
 stret
h mode of more than 600 
m−1. These monodentate stru
tures are 
learlyfavored over weakly adsorbed linear spe
ies.Stable physisorbed CO2 spe
ies were only found near oxygen va
an
ies at the ZnO(0001) sur-fa
e (3.
 and 3.f). These spe
ies show CO bond length and vibrational frequen
ies verysimilar to those of free CO2 � a fa
t that underlines the weak intera
tion of the adsorbatewith the surfa
e in this 
ase. At F2+ va
an
ies one oxygen atom of 
arbon dioxide bindsto the va
an
y and is positioned near the 
enter above the va
an
y, with the bond axisof the linear CO2 mole
ule forming an angle of about 53◦ with the surfa
e (3.
). Su
h aweak 
oordination of linear CO2 to the surfa
e zin
 atoms has already been suggested bySaussey49. Redu
tion of the defe
t to an F va
an
y inhibits weak 
oordination of CO2 dueto the in
reased ele
tron density. Therefore the CO2 is in this 
ase oriented parallel to thesurfa
e in greater distan
e to the va
an
y (3.
). Alternatively the 
arbon atom 
an intera
twith a Zn atom of the F va
an
y and form an energeti
ally unfavorable Zn-CO2 spe
ies(3.e) with a ZnC bond length of 2.0 Å. One oxygen atom of this spe
ies 
oordinates withthe other two Zn atoms of the va
an
y. The Mulliken 
harge50 of the 
arbon atom of thisspe
ies is +0.004 (the 
arbon atom of free CO2 has a Mulliken 
harge of +0.329) and thewhole CO2 has a net 
harge of −0.687. This indi
ates that the 
arbon dioxide is redu
edand therefore spe
ies 3.e is a 
arboxy spe
ies. This explains also why this spe
ies exhibitsa 
hara
teristi
 
arbonyl stret
h mode at 1527 
m−1 instead of an asymmetri
 OCO stret
hmode.At F2+ va
an
ies also a bidentate 
arbonate spe
ies (3.b) 
an be formed, in whi
h, similarto the Zn-CO2 spe
ies, one oxygen is 
oordinated by two zin
 atoms of the va
an
y. Hen
e,9



again a 
arbonyl stret
h mode results. But in this 
ase the C-O bond is mu
h stronger andits wave number is with 1792 
m−1 
learly blueshifted.Another polydentate 
arbonate stru
ture whi
h we investigated, is a tridentate 
arbonatewith a planar stru
ture (3.g) at a V2H2O va
an
y (3.h). Su
h a double va
an
y 
an formallybe interpreted as the produ
t of the desorption of two water mole
ules from the surfa
e,whi
h, due to the broken bonds, is a quite endothermi
 pro
ess. Nevertheless, CO2 
anadsorb at su
h a double va
an
y with a large adsorption enthalpy, forming a tridentate
arbonate spe
ies. In this variant both oxygen atoms of the adsorbate sit nearly at thepositions of the missing surfa
e oxygen atoms and the 
arbon atom binds to a surfa
e oxygenatom. All three C-O bond lengths are nearly identi
al and the symmetri
 OCO stret
h modeof the free mole
ule be
omes a symmetri
 CO3 stret
h mode (ν(CO3)) with 
ontributionsfrom all three bonds. This mode has a wave number of 1034 
m−1 and a weaker IR intensitythan the other stret
h modes. Be
ause bidentate 
arbonates exhibit a similar redshiftedstret
h frequen
y, this 
an be seen as a 
hara
teristi
 feature of polydentate 
arbonates.The asymmetri
 stret
h frequen
y of the tridentate spe
ies is strongly redshifted and 
learlydominated by the stret
h of the two longer C-O bonds (1.31 Å and 1.32 Å), while the shortestbond is asso
iated with a 
arbonyl-like CO stret
h mode at 1539 
m−1.In summary, all three kinds of 
arbonates 
an be distinguished easily by their vibrationalspe
tra, whi
h 
an be seen in Fig. 4.Qiu51 
on�rmed the formation of polydentate 
arbonates at a single 
rystal ZnO(0001) sur-fa
e after exposition to 
arbon dioxide in 
ombined TDS and MS experiments. When heexposed the single 
rystal surfa
e to C18O2 at low temperature, he observed C16O2 andC18O16O aside C18O2 after thermal desorption. The oxygen ex
hange 
an only be under-stood if C16O2 is the desorption produ
t of polydentate surfa
e 
arbonates. Indeed thereseems to be a weakly bound monodentate spe
ies (desorbing at lower temperature), whi
hdominates at high 
overages, and probably two polydentate spe
ies with larger binding en-ergies. This is in a

ordan
e with our �ndings. Espe
ially, when 
onsidering that su
h anex
hange of adsorbate and surfa
e oxygen atoms be
omes the more likely, the more equiv-alent the three C-O bonds of the 
arbonate spe
ies are. Already a look at the C-O bondlengths shows that this similarity in
reases from monodentate to bidentate and tridentate
arbonates. 10



Indeed, re
ent infrared studies at ZnO powders and high resolution low-energy ele
tron lossspe
tros
opy measurements at single 
rystal surfa
es by Noei et al.52, suggest the formationof 
arbonates at ZnO(0001) surfa
es after CO2 exposure. The authors observed a dominant
arbonate spe
ies with bands at 1292 
m−1 and 1621 
m−1 (respe
tively 1293 
m−1 and1615 
m−1 in the HR-EELS experiment) and a minority spe
ies with bands at 1313 
m−1 and1543 
m−1, whi
h appears at higher temperature and seems to be stronger bound to thesurfa
e. The latter two frequen
ies �t quite well to a tridentate spe
ies (3.g), while theobserved bands of the dominant spe
ies 
an be assigned to a monodentate spe
ies, althoughour DFT 
al
ulations seem to overestimate the νasym(OCO) wave number. Furthermore Noeiet al. observed the 
hara
teristi
 π(CO3) mode at 850 
m−1 and a stret
h mode at 1000 
m−1,whi
h we assign to polydentate 
arbonates like spe
ies 3.g or 3.b. This gives further proofof the formation of polydentate 
arbonates. Noei et al. also observed a physisorbed, linearCO2 spe
ies with IR-bands at 2352 
m−1 and 638 
m−1 after exposition of ZnO powders toCO2 at low temperature (below 180 K), in agreement with the present 
al
ulations (spe
ies3.
 and 3.f).C. Formate, Formyl and HydroxymethyleneWe investigated formate, formyl and hydroxymethylene spe
ies at the ZnO(0001) surfa
e,whi
h are possible intermediates or side produ
ts of the methanol synthesis. Cal
ulatedvibrational frequen
ies and formation enthalpies of formate, formyl and hydroxymethylenespe
ies are 
olle
ted in Tab. III � V. Cutouts of the 
orresponding equilibrium stru
turesare displayed in Fig. 5 � 7.The 
arbonyl oxygen of the formate spe
ies (5.g) at the defe
t free ZnO(0001) surfa
e 
o-ordinates to a surfa
e hydrogen, and forms a monodentate H-bonded stru
ture. Also at
F2+ 
enters, the 
arbonyl oxygen 
an 
oordinate to a hydrogen atom of a surfa
e OH group(5.a). Compared to the spe
ies at the defe
t free surfa
e, this monodentate spe
ies has a65 
m−1 larger splitting between the CO stret
h frequen
y ν(CO) and the OCO asymmetri
stret
h frequen
y νa(OCO). Beside this monodentate spe
ies, also a bidentate spe
ies (5.b)
an o

ur at F2+ 
enters, if the 
arbonyl oxygen atom 
oordinates to a zin
 atom at theva
an
y. Su
h a bidentate spe
ies exhibits a symmetri
 OCO stret
h mode νs(OCO) instead11



of a CO stret
h mode for the bond between the surfa
e oxygen and the 
arbon atom. Thesplitting between this symmetri
 and the asymmetri
 stret
h frequen
ies of su
h bidentatespe
ies is 418 
m−1 smaller than the splitting between ν(CO) and νa(OCO) of the monoden-tate spe
ies, whi
h is a 
hara
teristi
 feature of these stru
tures. A

ording to the formationenthalpies, the bidentate spe
ies are energeti
ally favored at F2+ 
enters. Redu
ing the va-
an
y by hydrogen adsorption, whi
h in
reases the ele
tron density at the va
an
y, makes anattra
tive intera
tion with the 
arbonyl oxygen impossible, and therefore only monodentateformate spe
ies o

ur at F (5.
 � 5.d) and at F2− 
enters (5.e � 5.f). These spe
ies showspe
tra with frequen
ies quite 
lose to those of the monodentate spe
ies at the defe
t freesurfa
e (5.g), a fa
t whi
h makes it di�
ult to distinguish them by their vibrational spe
tra.The 
omparison of these results with experimental results from the literature for formatespe
ies at ZnO(0001) single 
rystall surfa
es53 and at ZnO nanoparti
les18, whi
h are in-
luded in Tab. III, suggests that both, monodentate and bidentate, formate spe
ies, havebeen observed.For 
omparison, we also investigated possible adsorption sites for formi
 a
id. We 
ould �ndtwo 
hemisorbed spe
ies (5.h and 5.i), whi
h have low formation enthalpies. In spe
ies 5.hthe adsorbate's hydrogen binds to the F 
enter, whi
h leads to a strongly redshifted OHstret
h mode at 2993 
m−1. Furthermore an OH deformation band at 1203 
m−1 and anOCO s
issoring frequen
y at 1336 
m−1 with weak IR intensities o

ur. A similar spe
ies 
anbe formed on the defe
t free surfa
e (5.i), when formi
 a
id is deprotonated and 
oordinatesto three neighbouring surfa
e hydroxy groups. The transferred proton is still intera
tingwith the adsorbate's oxygen (distan
e 1.3 Å) and is only weakly bound to the surfa
e oxygen(distan
e 1.1 Å). This results in an extremely redshifted OH stret
h frequen
y at 1719 
m−1.The other two surfa
e OH groups, whi
h are intera
ting with the adsorbate by weak hydrogenbonds (distan
es 1.9 Å � 2.0 Å), exhibit stret
h modes with 3257 
m−1 and 3304 
m−1. TheCO stret
h frequen
y is slightly in
reased.The most stable formyl spe
ies at F2+ 
enters are those (in Figs. 6.a � 6.
), where the
arbon atom binds to two zin
 atoms at the va
an
y and the formyl oxygen atom bindsto the third zin
 atom at the va
an
y. The frequen
ies are quite independent from thesurrounding hydrogen 
on�guration, ex
ept that spe
ies 6.b shows a slightly blueshifted COstret
h frequen
y due to intera
tions with the hydrogens of the nearby surfa
e hydroxyl12



groups.At F 
enters formyl spe
ies o

ur (6.d � 6.f), whi
h have quite di�erent stru
tures 
omparedto the spe
ies at F2+
enters. Here the 
arbon atom exhibits only a bond to one zin
 atomof the va
an
y and the formyl oxygen atom forms hydrogen bonds with 
lose-by surfa
e OHgroups. In this spe
ies the CH bond is weakened, so that a redshifted CH stret
h bandresults. The CO stret
h frequen
ies tend to be slightly redshifted, apart from spe
ies 6.
.It has been suggested in Ref. 5 that in the methanol synthesis a subsequent intermediateof a formyl spe
ies, and a preliminary stage of a formaldehyde spe
ies, 
ould be a hydroxy-methylene spe
ies (7.a � 7.
). Spe
ies 7.a is quite similar to formyl spe
ies at F2+ 
enters,be
ause the 
arbon atom is bound to two zin
 atoms of the va
an
y, while the (here proto-nated) oxygen atom 
oordinates with the third zin
 atom at the va
an
y. This weak polarintera
tion also weakens the strength of the formyl O-H bond, whi
h leads to a slightlyred-shifted OH stret
h frequen
y. Spe
ies 7.b and 7.
 di�er from this variant, sin
e here the
arbon atom is bound to all three zin
 atoms of the va
an
y. The hydrogen atom of theOH group of these formyl spe
ies is oriented towards a nearby surfa
e oxygen atom. Dueto repulsion with surfa
e hydroxyl groups, the CH and OH bending modes have frequen
ieswhi
h show a strong dependen
e on the surrounding hydrogen 
on�guration of the surfa
e.The strong 
oupling of the bending modes of spe
ies 7.
 may be of interest, be
ause hereone observes symmetri
 and asymmetri
 
oupled OH and CH bending modes instead of in-dividual modes. All three spe
ies show CO stret
h frequen
ies below 1000 
m−1, typi
al forC-O single bonds. Spe
ies 7.b, whi
h has the lowest CO stret
h frequen
y, shows a strongintera
tion with a nearby surfa
e hydroxyl group due to a hydrogen bond. This leads to aweakening of the OH bond of this group, whi
h is re�e
ted in the low stret
h frequen
y of3335 
m−1.D. Formaldehyde, A
etale and HydroxymethylPhysisorbed formaldehyde (8.a � 8.d) intera
ts via hydrogen bonds with surfa
e hydroxylgroups. Alternatively, formaldehyde 
an abstra
t a hydrogen atom from a surfa
e hydroxylgroup and 
hemisorb as hydroxymethyl spe
ies (8.e � 8.h). At F2+ 
enters a physisorbedformaldehyde is attra
ted by the positively 
harged va
an
y and rea
ts into an a
etale13



spe
ies (8.i � 8.k). Formaldehyde, hydroxymethyl and a
etale spe
ies 
an be distinguishedby their CH2 deformation modes and their CO, respe
tively OCO, stret
h modes. Be
ause ofthe typi
ally weak IR intensity of CH2 deformation modes, rather the latter are appli
ablefor assigning the experimental spe
tra. In Tab. VI formation enthalpies and vibrationalfrequen
ies of these spe
ies are listed. Cutouts of the equilibrium stru
tures are shown inFig. 8.The formaldehyde spe
ies at the defe
t free surfa
e (8.a) is no longer planar � as is freeformaldehyde. Due to a weak bond between the 
arbon atom and a surfa
e oxygen, whi
hhas a stret
h frequen
y of 669 
m−1, the OCO angle is 110◦ and the HCH angle is 109.6◦.The distan
e between the 
arbon atom and the surfa
e oxygen is with 1.55 Å a little bitlonger than a typi
al C-O single bond. This deformation e�e
ts the vibrational modes asfollows: it leads to a weakening of the 
arbonyl bond and redshifts the 
orresponding stret
hfrequen
y by 350 
m−1. The CH2 wagging mode has now a 338 
m−1 higher wave number.Furthermore, this spe
ies exhibits a new twisting mode (τ(CH2)) and has an unusually lowsplitting of the symmetri
 and asymmetri
 CH2 stret
h modes.At F 
enters, physisorbed formaldehyde is stabilized by hydrogen bonds from the 
arbonyloxygen to surfa
e hydrogen atoms (8.b and 8.
). Sin
e the 
arbon atom is no longer 
o-ordinated to a surfa
e O atom as in 8.a, the stru
ture of the formaldehyde mole
ule re-mains (almost) planar. Hen
e the IR spe
trum of this spe
ies is very similar to that of freeformaldehyde.A very di�erent situation is met at F2− 
enters, where the va
an
y is redu
ed enough toallow a weak binding intera
tion between a zin
 atom of the va
an
y and the 
arbon atomof adsorbed formaldehyde, so that in this 
ase the adsorbate (8.d) is bent again. This leadsagain to a weakening of the 
arbonyl CO bond and the CO stret
h mode is shifted to lowerfrequen
ies. Also the hydrogen bonds from the adsorbate's oxygen to the surfa
e hydrogensare strengthened, whi
h strongly redshifts the wave numbers of the OH stret
h modes ofthe surfa
e hydroxyl groups to 2408 
m−1 and 2976 
m−1, and blueshifts the OH bendingfrequen
ies to 1287 
m−1. This in
rease of the hydrogen bond strengths is also re�e
ted bythe short distan
e from the adsorbate's oxygen to the nearest surfa
e hydrogen of 1.55 Å.Deformation and stret
h modes of these OH groups 
ouple with the CH2 deformation andstret
h modes, whi
h underlines the in
reased OH binding intera
tion.14



Hydroxymethyl spe
ies 
an be formed at F2+ (8.e and 8.f) and at F 
enters (8.g and 8.h).They are 
hara
terized by low CO stret
h frequen
ies and larger wave numbers for the CH2wagging mode. At F2+ 
enters, the hydroxymethyl's 
arbon atom is bound to a zin
 atom ofthe va
an
y. Weak polar intera
tions of the adsorbate's hydroxyl group to a surfa
e oxygenatom and a surfa
e hydrogen (8.e) or from it's oxygen atom to a surfa
e zin
 atom (8.f)lead to a further stabilization. In the former 
ase (8.e), the stret
h frequen
y of the surfa
eOH group is redshifted to 3138 
m−1, while spe
ies 8.f shows a higher OH stret
h frequen
yat 3542 
m−1� probably be
ause here the hydrogen atom is not 
oordinated to a surfa
eoxygen and therefore the OH bond strength is not weakenend. This also explains why theOH bend mode of this spe
ies has a frequen
y in the region of free CH2OH instead at ≈1508 
m−1, whi
h is the typi
al value for most other hydroxymethyl spe
ies.At F 
enters, the bond of the adsorbate's 
arbon atom to the surfa
e oxygen is nearlyperpendi
ular to the surfa
e, just like it is the 
ase for spe
ies 8.a. Thereby a CH2 twistingmode arises and the CH2 wagging frequen
ies are blueshifted. While these spe
ies (8.fand 8.g) have higher CO stret
h frequen
ies, their OH stret
h mode is predi
ted at lowerfrequen
ies (2916 
m−1, respe
tively even 2554 
m−1). The bond to the surfa
e oxygenis also no longer a weak bond, whi
h leads to CO stret
h frequen
ies at 902 
m−1 and898 
m−1 respe
tively.A
etale spe
ies (8.i � 8.k) 
an only o

ur at F2+ 
enters, be
ause only in this 
ase no repellingnegative 
harge is lo
ated at the va
an
y. These spe
ies exhibit symmetri
 and asymmetri
OCO stret
h modes with low wave numbers, while all other wave numbers are 
lose to thoseof hydroxymethyl spe
ies at F 
enters, with the ex
eption of the missing OH bend and stret
hmodes of the adsorbate. The formation enthalpies of the a
etale spe
ies depend strongly onthe surrounding hydrogen 
on�guration due to the repulsion between the hydrogen atoms ofthe CH2 group and surfa
e hydroxyl groups. The less repelling hydrogen atoms are presentin the lo
al surrounding of an a
etale, the lower is its formation energy.E. Methoxy spe
iesWe investigated di�erent physisorbed methanol and 
hemisorbed methoxy spe
ies at theZnO(0001) surfa
e (see Fig. 9 for 
utouts of the optimized geometries and Tab. VII for their15



vibrational frequen
ies and enthalpies of formation).Physisorbed methanol spe
ies 
an be found above the defe
t free surfa
e (9.a) and aboveF va
an
ies (9.b). They are stabilized by hydrogen bonds to surfa
e oxygen atoms and tohydrogen atoms of surfa
e hydroxyl groups. Thus, in both 
ases the O-H bond of the ad-sorbate's hydroxy group is weakened due to the intera
tion with a surfa
e oxygen atom (thedistan
e of the adsorbate hydrogen atom to the surfa
e oxygen is 1.7 Å), whi
h leads to anextremely redshifted OH stret
h frequen
y of 2588 
m−1 for spe
ies 9.a and of 2447 
m−1 forspe
ies 9.b, 
ompared to free methanol, for whi
h the 
al
ulated (and s
aled) wave numberis 3694 
m−1. Similar, the OH stret
h frequen
ies of the intera
ting surfa
e OH groups areshifted to lower frequen
ies (3332 
m−1 � 3460 
m−1), 
ompared to those of the adsorbatefree surfa
e (see Tab. VIII).At F2+ 
enters methanol adsorbs disso
iatively by transferring the proton of the al
oholgroup to a surfa
e oxygen atom, leaving a methoxy spe
ies at the va
an
y. Thereby themethoxy anion �lls the oxygen va
an
y of the defe
t (9.d � 9.e). Spe
ies 9.
 is an intermediateon the rea
tion pathway from methanol to su
h a methoxy spe
ies. The adsorbed methanol
oordinates to a Zn 
ation of the va
an
y, and the adsorbate`s proton � still bound to theadsorbate with a bond length of 1.01 Å � is already oriented towards the nearest surfa
eoxygen and forms a hydrogen bond, whi
h is 1.79 Å in length. Also in this 
ase, the resultof the intera
tion is a strongly redshifted OH stret
h frequen
y of 2370 
m−1.Stru
tures 9.d and 9.e are very stable and indeed methanol rea
ts at an F2+ va
an
y withoutrea
tion barrier to these methoxy spe
ies7. This is totally di�erent for methoxy spe
ies at F
enters (9.f � 9.g), for whi
h the desorption enthalpies are mu
h smaller and whi
h thereforerea
t more easily to methanol. This means that the rea
tion of a methoxy spe
ies at an
F2+ 
enter into physisorbed methanol 
an only be a
hieved if the va
an
y is �rst redu
edby hydrogen, followed by the rea
tion of the resulting methoxy spe
ies at an F 
enter intomethanol.Methoxy spe
ies at F2+ and F 
enters have similar frequen
ies with di�eren
es smaller than30 
m−1 and also the surrounding hydrogen 
on�guration has only a similar small in�uen
eon the vibrational frequen
ies, so that one 
an not easily distinguish between the individualadsorption in IR spe
tra. Nevertheless, we 
an 
learly support the assignments for bands of16



methoxy spe
ies at ZnO surfa
es from IR measurements at ZnO nanoparti
les in Ref. 18.IV. SUMMARY AND CONCLUSIONWe have 
al
ulated vibrational frequen
ies and formation enthalpies of possible edu
ts, inter-mediates, spe
tator spe
ies and side produ
ts of the methanol synthesis at the ZnO(0001) sur-fa
e.Carbon monoxide is on the defe
t free surfa
e only weakly physisorbed, but 
hemisorbs at
F2+ and F 
enters in a C-down geometry, whi
h leads to a redshift by 62 
m−1 � 81 
m−1 
om-pared to free CO. Carbon dioxide forms monodentate and bidentate 
arbonate spe
ies atoxygen va
an
ies, and even a tridentate spe
ies at a double oxygen va
an
y might be pos-sible. These spe
ies di�er espe
ially in the CO and OCO stret
h frequen
ies, whi
h is inagreement with experimental �ndings51. Furthermore, they 
an be 
learly distinguished fromphysisorbed linear spe
ies, whi
h 
an also o

ur as 
on�rmed by re
ent IR measurements52.At F2+ 
enters bidentate formate spe
ies are energeti
ally slightly favourable. They 
anbe 
learly distinguished from the monodentate variant by the redshifted symmetri
 OCOstret
h frequen
y and the symmetri
 OCO stret
h mode at 1295 
m−1, whi
h only biden-tate spe
ies exhibit in 
ontrast to typi
al CO stret
h frequen
ies between 1072 
m−1 and1119 
m−1 of monodentate variants. At redu
ed oxygen va
an
ies and at the defe
t freesurfa
e, only monodentate spe
ies are formed. Formyl spe
ies were mainly formed at F
enters and show redshifted CH stret
h bands below 2800 
m−1 and CO stret
h frequen
iesof 1424 
m−1 � 1478 
m−1. Hydroxymethylene spe
ies, whi
h are possible intermediatesbetween formyl and formaldehyde spe
ies, show spe
tra whi
h are sensitive to their envi-ronment. Formaldehyde 
an bind weakly in a planar geometry at F 
enters or in a slightlybent geometry at the defe
t free surfa
e or at F2− 
enters. The bended stru
tures seem toresult from a transfer of ele
tron density from the surfa
e to the adsorbate's 
arbon atom,leading to a 
arbanion like spe
ies with redshifted CO and CH2 stret
h frequen
ies and dif-feren
es in the CH2 deformation bands. At F2+ 
enters, formaldehyde rea
ts into an a
etalewith 
hara
teristi
 low symmetri
 and asymmetri
 OCO stret
h modes below 1021 
m−1.Hydroxymethyl spe
ies have slightly higher formation enthalpies than formaldehyde spe
ies,but di�er in their spe
trum not only due to OH stret
h and deformation modes, but also17



by redshifted CO stret
h frequen
ies of 984 
m−1 � 1126 
m−1. The 
al
ulated frequen
iesof methoxy spe
ies at oxygen va
an
ies, obtained in this work, are in good agreement withexperimental �ndings, but due to their rather weak dependen
e on the surrounding hydro-gen 
on�guration and the oxidation state of the va
an
y, one 
an not 
learly distinguishbetween the spe
ies at F2+ and F 
enters and assign their experimental spe
tra.Some of the spe
ies for whi
h we have 
omputed and dis
ussed above the vibrational spe
trahave already been observed in experimental studies. In most 
ases the agreement betweenthe experimental spe
tra and the results of the DFT 
al
ulations is very good. For otherspe
ies we predi
ted in this theoreti
al study for the �rst time IR spe
tra whi
h might behelpful for their experimental identi�
ation and the assignment of their spe
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Table I. CO spe
ies at defe
ts on the ZnO(0001) surfa
es. Enthalpies of formation (∆Hf ) andadsorption (∆Hads) are given in kJ mol−1, CO stret
h frequen
ies (ν (CO)) in 
m−1 and CObond lengths (d(CO)) in Å. The se
ond 
olumn spe
i�es the defe
t whi
h is either a single oxygenva
an
y (F2+, F, F2−) or a V2H2O defe
t (like spe
ies 3.h and 3.i).defe
t ∆Hf ∆Hads ν (CO) d(CO)free CO, 
al
. � 0 � 2115 1.14free CO, exp.36,55 � 0 � 2143 1.132.a none −34 −34 2053 1.142.b F2+ 220 −54 2026 1.142.
 F2+ 261 −10 2049 1.142.d F 95 −26 2034 1.142.e V2H2O 510 −54 2066 1.142.f V2H2O 539 −25 2061 1.15exp. CO at ZnO(0001)47 � � −53 2056 �
Table II. CO2 spe
ies at defe
ts on the ZnO(0001) surfa
e. Enthalpies of formation (∆Hf ) andadsorption (∆Hads) are given in kJ mol−1, vibrational frequen
ies in 
m−1 and bond length (d(CO))in Å. The se
ond 
olumn spe
i�es defe
t (
omp. Tab. I).defe
t ∆Hf ∆Hads π νsym(CO2) / ν(CO3) νasym(CO2) ν (C=O) d(CO)free CO2, 
al
. � 0 0 642 1312 2370 � 1.17/1.17free CO2, exp.35,56,57 � � � 667 1333 2349 � 1.16/1.163.a (monodentate) none −39 −39 804 1231 1768 � 1.23/1.25/1.533.b (bidentate) F2+ 236 −53 796 1011 � 1792 1.20/1.36/1.413.
 (linear) F2+ 239 −50 609 1288 2348 � 1.16/1.183.d (monodentate) F 43 −34 800 1229 1750 � 1.23/1.25/1.523.e (Zn-CO2) F 166 38 781 1229 � 1527 1.25/1.313.f (linear) F 91 −32 608 1296 2341 � 1.17/1.173.g (tridentate) V2H2O 424 −139 803 1034 1332 1537 1.26/1.31/1.32



Table III. Vibrational frequen
ies of formate spe
ies at ZnO(0001)in 
m−1 and the 
orrespondingenthalpies of formation (∆Hf ) and Gibb's enthalpies (∆Gf ) in kJ mol−1.defe
t νs(OCO) ν(CO) δ(CH) νas(OCO) ν(CH) ∆Hf ∆Gffree HCOOH � � 1081 1397 1777 3030 17 275.a F2+ � 1072 1368 1709 2933 244 1885.b F2+ 1295 � 1321 1505 2999 213 1615.
 F � 1145 1363 1681 2875 1 −85.d F � 1125 1371 1704 2899 4 −55.e F2− � 1136 1359 1667 2875 98 1155.f F2− � 1136 1348 1669 2921 105 1255.g none � 1119 1361 1691 2907 −39 365.h F � 1146 1414 1699 2928 −66 −825.i none � 1213 1379 1719 2843 −101 44Exp., at ZnO18 � 1367 � 1380 1585 2962 � �Exp., atZnO(0001)53 � � 1080 1371 1605 2928 � �
Table IV. Vibrational frequen
ies of formyl spe
ies at ZnO(0001)in 
m−1 and the 
orrespondingenthalpies of formation (∆Hf ) and Gibb's enthalpies (∆Gf ) in kJ mol−1.defe
t ν(CO) δ(CH) ν(CH) ∆Hf ∆Gf6.a F2+ 1521 1365 2733 130 1286.b F2+ 1478 1361 2757 145 1456.
 F2+ 1532 1329 2768 134 1326.d F 1528 1307 2502 90 1186.e F 1424 1303 2420 112 1426.f F 1442 1319 2609 91 124
Table V. Vibrational frequen
ies of hydroxymethylene spe
ies at F 
enters on ZnO(0001) in
m−1 and formation enthalpies ( ∆Hf and ∆Gf ) in kJ mol−1. The OH (δ(OH)bend) and CH(δ(CH)bend) bending normal modes of spe
ies 7.
 are 
ombined to one symmetri
 (δsym) and oneasymmetri
 (δasym) deformation mode.stru
ture ν(CO) δ(OH)bend δ(CH)bend ν(CH) ν(OH) ∆Hf ∆Gf7.a 931 1208 1264 2872 3566 110 1527.b 898 1345 1210 2829 3405 125 1667.
 962 δsym = 1264, δasym = 1489 2899 3171 99 13923



Table VI. Gibb's enthalpies of formation (∆Gf ) in kJ mol−1 and vibrational frequen
ies (in 
m−1)of formaldehyde (8.a � 8.d), hydroxymethyl (8.e � 8.h), and a
etale spe
ies (8.i � 8.k) at ZnO(0001).Frequen
ies listed: CO stret
h (ν(CO)), CH2 ro
king (ρ(CH2)), CH2 s
issoring (δsciss(CH2)), wag-ging (ω(CH2)), symmetri
 (νs(CH2)) and asymmetri
 (νa(CH2)) CH stret
h, and OH bend (δ(OH)).defe
t ω(CH2) ρ(CH2) τ(CH2) δs(CH2) δ(OH) ν(CO) νs(CH2) νa(CH2) ∆Gffree CH2O, 
al
. � 1027 1240 � 1474 � 1583 2839 2932 −46CH2O, exp.58 � 1167 1249 � 1500 � 1746 2782 2843 �free CH2OH � 595 1048 � 1469 1352 1187 3004 3128 528.a none 1365 1243 1118 1498 � 1233 2775 2812 308.b F 1018 1247 � 1486 � 1612 2811 2893 -1128.
 F 1021, 1044 1241 � 1477 � 1587 2824 2922 −738.d F2− 1025, 1067 1199 � 1418 � 1255 2753 2822 1618.e F2+ 1239 1103, 1169 � 1443 1508 984 2875 2962 1038.f F2+ 1242 1095 � 1452 1281 952 2880 2941 1208.g F 1394 1087, 1126 1249 1492 1508 1096 2860 2918, 278.h F 1398 1087, 1129 1250 1495 1504 1126 2744 2909 328.i F2+ 1380 1101 1243 1406 � 945b, 776a 2924 3006 1608.j F2+ 1386 1130 1250 1472 � 1021b, 904a 2875 2947 1168.k F2+ 1370 1111 1233 1446 � 940b, 763a 2933 3014 92a asymmetri
 OCO stret
h frequen
yb symmetri
 OCO stret
h frequen
y
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Table VII. Vibrational frequen
ies and formation enthalpies (∆Hf and ∆Gf in kJ mol−1) ofmethanol and methoxy spe
ies in 
omparison with available experimental results. All wave num-bers are given in 
m−1. The following frequen
ies are listed: Bending (δbend(CH3)), s
issoring(δsciss(CH3)), wagging (ω(CH2)) and twisting (τ(CH2)) modes of the methyl group as well as sym-metri
 (νs(CH3)) and asymmetri
 (νa(CH3)) CH3 stret
h frequen
ies and the CO stret
h frequen
y(ν(CO)). defe
t ν(CO) δbend(CH3) ω(CH2) τ(CH2) δsciss(CH3) νs(CH3) νa(CH3) ∆Hf ∆Gf9.a none 1068 1450 1158 1175 1456, 1465 2876 2935, 2998 −222 −1899.b F 1057 1450 1161 1170 1458, 1466 2889 2956, 3012 −148 −1969.
 F2+ 977 1446 1156 1170 1463, 1473 2924 3028, 3040 32 649.d F2+ 988 1386 1178 1167 1457, 1468 2898 2989,3010 −107 −639.e F2+ 1003 1425 1163 1175 1445, 1474 2892 2982 −81 −399.f F 976 1412 1147 1158 1441, 1468 2887 2984, 3007 −77 −99.g F 977 1405 1146 1152 1448, 1461 2879 2959, 2991 −76 −8free CH3OH, 
al
. � 1067 1465 1070 1161 1454, 1465 2859 2896, 3008 −134 −101free CH3OH, exp.35 � 1033 1455 1060 1165 1477 2844 2960, 3000 � �at ZnO, exp18 � 1067 1468 � � � 2817 2932 � �

Table VIII. The range of formation enthalpies (∆Hf and ∆Gf ) of the defe
t free ideal surfa
e,of single oxygen va
an
ies (F2+ , F va
an
ies and F2− va
an
ies) and of spe
ies 3.h and 3.i inkJ mol−1 and the range of OH stret
h frequen
ies of nearby surfa
e hydroxy groups in 
m−1.
∆Hf ∆Gf ν(OH)ideal surfa
e (no defe
t) 0 0 3673 � 3678

F2+ va
an
y 270 � 353 150 � 227 3658 � 3679F va
an
y 64 � 144 −13 � 59 3660 � 3679
F2− va
an
y 142 � 189 98 � 132 3406 � 3678V2H2O (spe
ies 3.h and 3.i) 563 � 565 299 � 303 3654 � 3661
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Fig. 1: Visualization of the three quantum 
lusters (I, II, and III) used as start stru
tures.Oxygen atoms are red, zin
 atoms dark blue, 
arbon atoms grey and hydrogen atoms white
olored. All 
lusters are shown in a top view (ZnO(0001) surfa
e) and a side view (lookingat the (1000) plane). Additionally 
entral 
utouts for ea
h of these 
lusters are shown whi
hwere used in the following �gures to visualize the di�erent adsorbate stru
tures.Fig. 2: Cutouts of equilibrium stru
tures of CO spe
ies at the ZnO(0001)-surfa
e. Spe
ies(2.a) is a physisorbed CO mole
ule above the va
an
y free ideal surfa
e. (2.b) and (2.
)are adsorbed spe
ies at a F2+ va
an
y, while (2.e) and (2.f) are spe
ies lo
ated at a doubleV2H2O va
an
y (spe
ies 3.i). (For the 
olor 
ode see Fig. 1)Fig. 3: Cutouts of equilibrium stru
tures of CO2 spe
ies and V2H2O va
an
ies at theZnO(0001)surfa
e (For 
olor 
ode see Fig. 2). 3.a is a monodentate 
arbonate at thedefe
t free surfa
e, 3.b and 3.
 are spe
ies at a F2+ va
an
y, 3.d � 3.f are spe
ies at F 
en-ters and 3.g is a tridentate 
arbonate spe
ies at V2H2O va
an
y (3.h). 3.h and 3.i are twoexamples for su
h a V2H2O defe
t. (For the 
olor 
ode see Fig. 1)Fig. 4: Vibrational spe
tra of monodentate (spe
ies 3.a, red), bidentate (spe
ies 3.b, green),and tridentate (spe
ies 3.g, blue) 
arbonate spe
ies and s
hemati
 visualizations of the 
or-responding normal modes.Fig. 5: Cutouts of equilibrium stru
tures of formate spe
ies at F2+ (Fig. 5.a and Fig. 5.a),F (Fig. 5.
, Fig. 5.d and Fig. 5.h), and F2− 
enters (Fig. 5.e and Fig. 5.f) and at the defe
tfree ZnO(0001) surfa
e (Fig. 5.g and Fig. 5.i). (For the 
olor 
ode see Fig. 1)Fig. 6: Cutouts of equilibrium stru
tures of formyl spe
ies at F2+ (Fig. 6.a � Fig. 6.
) andF (Fig. 6.d � Fig. 6.f) 
enters on ZnO(0001). (For the 
olor 
ode see Fig. 1)Fig. 7: Cutouts of equilibrium stru
tures of hydroxymethylene spe
ies at F 
enters onZnO(0001). (For the 
olor 
ode see Fig. 1)Fig. 8: Cutouts of equilibrium stru
tures of formaldehyde (8.a � 8.d), hydroxymethyl (8.e �8.h), and a
etale spe
ies (8.i � 8.k) at ZnO(0001). A
etale spe
ies only o

ur at F2+ 
enters,26



formaldehyde spe
ies at the defe
t free surfa
e (8.a), F (8.b and 8.
) and F2− 
enters (8.d),and hydroxymethyl spe
ies at F2+ (8.e and 8.f) and F 
enters(8.g and 8.h). (For the 
olor
ode see Fig. 1)Fig. 9: Cutouts of equilibrium stru
tures of physisorbed methanol and methoxy spe
ies.Fig. 7.a: methanol physisorbed at the defe
t free surfa
e. Fig. 7.b: methanol physisorbedat F 
enter. Fig. 7.
: methanol at F2+
enter. Fig. 7.d, Fig. 7.e: methoxy at F2+ 
enter.Fig. 7.f, Fig. 7.g: methoxy at F 
enter. (For the 
olor 
ode see Fig. 1)



I (side view) I (top view) I (cutout)

II (side view) II (top view) II (cutout)

III (side view) III (top view) III (cutout)Figure 1.



(2.a) (2.b) (2.c)

(2.d) (2.e) (2.f)Figure 2.
(3.a) (3.b) (3.c)

(3.d) (3.e) (3.f)

(3.g) (3.h) (3.i)Figure 3.
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Figure 4.
(5.a) (5.b) (5.c)

(5.d) (5.e) (5.f)

(5.g) (5.h) (5.i)Figure 5.30



(6.a) (6.b) (6.c)

(6.d) (6.e) (6.f)Figure 6.

(7.a) (7.b) (7.c)Figure 7.
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(8.a) (8.b) (8.c)

(8.d) (8.e) (8.f)

(8.g) (8.h) (8.i)

(8.j) (8.k)Figure 8.
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(9.a) (9.b) (9.c)

(9.d) (9.e) (9.f)

(9.g) Figure 9.
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