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with solid methanol films studied with MIES and density functional theory
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The interaction of Na atoms with GEH films was studied with metastable impact electron
spectroscopyYMIES) under UHV conditions. The films were grown at(20—10) K on tungsten
substrates and exposed to Na. Na-induced formation of methoxy@Lkpecies takes place, and

Na atoms become ionized. At small Na exposures the outermost solvent layer remains largely intact
as concluded from the absence of MIES signals caused by the reaction products. However, emission
from CH;0, located at the film surface, occurs at larger exposures. In the same exposure range also
Na species can be detected at the surface. The spectral featuredriimiBnization occurs at an
energetic position different from that found for metals or semiconductors. The results are compared
with density functional theory calculatiorisee Y. Ferro, A. Allouche, and V. Kempter, J. Chem.
Phys.120, 8683(2004), preceding papérExperiment and theory agree in the energetic positions of

the main spectral features from the methanol and sodium ionization. The calculations suggest that
the 3s Na emission observed experimentally originates from solvassglextrons which are located

far from the Na core and become stabilized by solvent molecules. The simultaneous emergence of
emission from CHO and from solvated 8 electrons suggests that the delocalization and,
consequently, the solvation play an important role in the Na-induced formation gDGttém
CH;OH. © 2004 American Institute of Physic§DOI: 10.1063/1.1690237

I. INTRODUCTION by Na, or onto closely packed Na films, QBIH reacts to
CH;0O; the species is stable up to 450(Ref. 8.

Previously, we have studied the interaction of Na with
films of amorphous solid water by combining the metastable
impact electron spectroscogMIES) and ultraviolet photo-

mission spectroscopyUPS.1%"5 As compared to UPS,

Although the exothermic reaction of Na atoms with lig-
uid methanol, yielding Na ions and methoxy, £ species,
is well known, the underlying mechanism for this simple-
looking process is not well understood. One patrticular reaso

IS that it is not easy t(.) obtain direct (_jeta||ed _|nfor_mat|on "miEs possesses a rather large sensitivity for the detection of
the 3s Na electron which plays an active role in this process, i . . S
tqe 3 Na electron; consequently, it allows, in combination

Me_thoxy SPEcles have found con3|d(.arablle |nte.rest because Rith UPS, to distinguish between species located atop and
their role in the methanol conversion into dimethyl ether

(DME) or formaldehyde which represent important routes tounderneath the surface under study. In these studies we have

R concentrated on the role played by thel8a electron for the
nonpollutant fuel productiofi:® It is generally accepted that ) L . S . .
. ) . . water dissociation process. First-principles density functional
the first step in the conversion of methanol to gasollneth (DFT) clust lculati t that the Bl
(MTG) is the dehydration of CEOH to DME. Although the eory cluster cajcuiations suggest that the &a

MTG process has been studied extensively, few studies exiﬁleftron becomes solvafée-i.e., is delocalized ffom s
on low-temperature routes to GBH dehydration. a" core and trapped between the Nand surrounding wa-

Methoxy species can be created as a stable intermediaigr n_10|ecules. Ipdeed, by _comblmng MIES ,W'th first-
in heterogeneous reactions of methanol on surfaces; thé?I'”C'P'e calculations we arrive at the conclusion that thg
have been characterized by a variety of surface-analyticdf€culiar structure seen in the spectra neialréthe Fermi level is
techniques including photoemissid As an example, the characterlstl_c for_sol_vatedsa\la electrons**° Furthermore,
CH,O species can be formed on copper surfaces by depréhe calcu_lanons |nd|ca_te th_at _the solv:_:tted electron plays a
tonation of methanol with preadsorbed atomic oxy§en. Key role in the water dissociation reaction.

Furthermore, when adsorbed onto(Cl0), partially covered !N the present paper we apply MIES to the study of the
interaction of Na with films of solid methanol held at

=90 and 120 K. By confronting the experimental results

30n leave from Institute for High Technologies, Natl. V. N. Karazin Uni- with those from DFT cluster calculationgpreceding
versity, Kharkiv, Ukraine. 7

YAuthor to whom correspondence should be addressed. FA2Q-5323- papei‘ ), we conclude that thes3Na becomes solvated and
72-3600. Electronic mail: Volker.Kempter@tu-clausthal.de initiates CHO formation. The calculations shed light on the
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underlying mechanism for this process. Two reaction chan- The surface temperature can be varied between about 90
nels were considered: the Na-induced dehydrogenation aind 700 K; at present, the accuracy of the temperature cali-
methanol and the dehydration of methanol (@~0) bond  bration is 10 K. The surface was exposed to;OH by
breaking. Moreover, the calculations seem to explain thdackfilling the chamber at a substrate temperature of 90 K.
Na-induced dissociation of the GB—-H bond reported in  The amount of surface-adsorbed methanol can be estimated
Ref. 8. on the basis of earlier work with MIES on GBH
multilayers!®°Prior to Na exposure, the surface prepared as

described above was brought to the desired temperature.
Il. EXPERIMENTAL REMARKS

The experiments, described in detail elsewHé&féwere  Ill. THEORETICAL CONSIDERATIONS
carried out under_tlj(l)trahigh-vacuu(‘thV) conditions(base The method of computation was fully exposed in Ref. 16
pressure <2X10" " Torr). Auger electron Spectroscopy (see also Ref. 27A DFT calculation was carried out at the
(AES) and x-ray photoemission spectroscdpPS) are used B3| vp/6-31+g(d,p) level of approximation. This was per-
to characterize the chemical composition of the tungsten sulig med on several cluster models in order to investigate the
strate employed for the deposition of the molecular films.stential energy surfaces associated with neutral sodium ion-
With low-energy electron diffractiofLEED) it was checked j;ation by solvation. The solvation of the sodium atom by
that the molecular films are amorphous. The electronic struGy,ethanol has been studied by an analogous strafdgys
ture of the molecular films was studied by applying MIES gemonstrated that Na is solvated by six methanol molecules

ang UFZS(H@ and 1). In MIES metastable helium atoms anq that its 3 electron is trapped and solvated between the
(27S/279) eject electrons from the edge of the surface undegqgiym core and two solvent molecules. This process in-

study. The application of MIES to surface spectroscopy isjyces a large mixing of the nonbonding oxygen and OH
well documented”*!If the Na adsorbate is not fully ionized, energy levels. Two reactive pathways were proposed in the

a spectral feature is expected from the presencesaharge preceding paper: dehydrogenation (§—H) bond breaking
density at the Na core. With URSlel) the partially occupied g dehydration byC—0) bond breaking:

33 orbital is prgctically not seen due to its low photoiqniza— (i) The dehydrogenation reaction involves one single
tion cross sectiof” However, in MIES it causes a prominent methanol molecule, its OH bond breaking, and the capture of
feature Na(3) close toEg which is clearly seen on metals e solvated 8 Na electron by the ejected proton. The asso-
and semlcoggzulctors for coverages larger than about 0.5 Mijateq activation energy is 56.1 kJ md) uncorrected for the
(monolayey.=<* This underlines the power of MIES for in- zero-point energy.

ves_tigating the chemistry betwe_en Na and molecular films, (i) The dehydration reaction is associated with the
which can be expected to be driven by the&lence elec- (c_o) methanol bond breaking. The final products are
tron. For the study of the Na-induced changes in the eIecCH3O, the methyl radical Ck} and a water molecule. The
tronic structure of the molecular films we have confined our-c_o) breaking is therefore equivalent to the dehydration
selves to MIES because the UR%el and I) spectra give N0 yrocess. The corresponding calculated barrier of activation is
information on the 3 Na electron. 62.6 kJmol ™.

The primqry results of the experime'nts'are' €nergy SpeC- At the present level of approximation, these two reac-
tra of the emitted electrons versus their kinetic energy. Byions are equally probable, not taking into consideration the
choosing a suitable bias voltage between the target and elegynamical and entropic aspects, outside the possibilities of
tron energy analyzer, the energy scales in the figures angis study. It must be underlined that g8l is among the
adjusted in such a way that electrons emitted from the Fermj5| products of both proposed reactions, but the second one

level (denoted byEg)—i.e., electrons with the maximal ki- qyid be the precursor reaction for DME formation because
netic energy—appear at 19.8 €which is the potential en- CH; radical formation occurs.

ergy of the metastable He atoms employed for MIEWith It was established previously that the interaction of He
this particular choice of bias voltage, the low-energy cutoff,yiih clean and Na-covered GBH films is via the Auger

in the spectra gives directly the surface work functidVF),  geexcitation procest. This implies that the MIES spectra
irrespective of the actual interaction process which produceﬁnage the surface density of sta&DOS directly?*?1 The

the electrons. For a conven.ient comparisqn with theory W&spos needed for the comparison with the MIES spectra,
present our data as a function of the binding energy of th¢aye peen obtained by dressing the DFT molecular energy
emitted electrons prior to their ejection. Electrons emittedeyg| distributions, obtained in Ref. 17, with Lorentzian func-

froom \ihe Fermi level appear then at binding enemdy  {ions of arbitrary height and an half width of 0.25 eV.
=0eV.

Na atoms were dosed employing carefully outgasse
commercial dispenser sourc€SAES Getters They operate % RESULTS AND DISCUSSION
at a rate of 0.05 ML/min, typically. The procedure for the Figure 1 presents MIES results for the interaction of Na
calibration of the alkali coverage is described elsewR&re. with a CH,OH film held at 120 K. The top spectrum is for
The exposure is given in units of monolayer equivalentgthe methanol film(four layers thick prior to Na exposure.
(MLE); at 1 MLE the surface would be covered by one NaThe upper set of spectra is obtained during the Na exposure
monolayer if penetration of the Na into the molecular filmsof the film. According to Refs. 11, 24, and 29,,—M 5 have
could be neglected. No. ,» Noys Oco, Tco, andogy character, respectively. Dur-
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wOHoR MIES and CHO are very similar, both as far as the position and
A 1 Na+CH,OH/W shape of the spectral features are concerned. In the present
120K work the two Na-induced features from the reaction with

CH;OH appear aEg=(5.5-6.1) and10.3—-10.8 eV (en-
ergy separation 4.7 eV Summarizing, there is ample evi-
dence that Na—CkD complexes are the primary result of the
interaction of Na with solid methanol at 120 K.
The lower set of spectréheating from 120 to 665 K
shows that, as a consequence of the heating, thg@Gitruc-
ture becomes more pronounced up to 260 K while Na(3
decreases monotonously and disappears around 260 K. This
implies that above this temperature no neutral Na species are
present at the surface. Around 450 K the {CHstructure
disappears. The close agreement of the temperature for the
disappearance of the species attributed to;@Hh Ref. 8
and the present work is further support for our identification
of the Na—CHOH reaction product as GJ® species. For
CH3;O on Cu, formaldehyde is formed during G®
t ' ‘ ' dissociatior?. However, in the present case the new structure
emerging at 450 K, consisting of the three peaksEgt
=3.8, 6.5, and 8.5 eV, cannot be attributed convincingly to
FIG. 1. MIES spectra for the adsorption of Na on solid methatiwee ~ formaldehyde species because the distance between the first
layers prepared_ on tungsted20 K) (upper set o_f spect}aand the spectral {0 peaks is about 1 eV smaller than expect8d@ eV).
changes resulting from annealing over the indicated temperature ranglg/I the three peaks display a different temperature
(lower set of spectpa(see text for the acronyms employed in the figure oreover, . p play p -
dependence. Neither can the observed structure be attributed
convincingly to carbon monoxide formation, observed dur-
ing Na exposureM,;—Ms shift to larger Eg’s; simulta- ing the thermal composition of GJ® on Ni(100 (Ref. 7).
neously, a decrease of the WF by 1.3 eV is noticed. Thdhe spectrum reminds to the URBel) spectrum for Na—
methanol featured;—Ms become weaker during the Na W-bronze, NgWO; with x>0.4, consisting of peaks &,
exposure and disappear around 0.5 MLE. Instead, a two4, 6.5, andweakly) 9 eV (Ref. 26. This would imply that
peaked structure, labelegand 4, ;1e, appears. The iden- the observed CED dissociation yields atomic oxygen that
tification of the species responsible for this structure can béecomes stabilized at the tungsten surface by the available
made on the basis of previous photoemission studies anda species. The geometric configuration could indeed re-
first-principles calculations carried out on surface-adsorbedemble to that of the N8&/O; surface.
CH;0.4*8According to Ref. 8, CHO is formed when coad- The results obtained for Na deposition on a{CHf film
sorbing Na and CEDH on Cy111). The photoelectron spec- held at 90 K(Fig. 2) differ in some respects: Naé} appears
tra attributed to Na-stabilized GB& consist of two peaks at considerably more narrow and, upon heating, disappears al-
(4.6-5.79 and(9.3-10.5 eV binding energy, their exact peak ready at 110 K, instead at 260 K, for deposition at 120 K.
energy depending on the Na precoverage. Based on Hartre@he surface cannot be converted completely into aCH
Fock calculations for the molecular orbitgldOs) of small  film, because methanol species remain visible throughout the
clusters simulating the Na-bound @B, they can be attrib- Na exposure. As for the interaction of Na with water téé}
uted to the ionization of the®and 5,;1e CH;O MOs, Na(3s) occurs at abouEg=2.3 eV, at about 1 eV larger
respectively. The contributions fromas and le cannot be binding energy than on metals, and the reaction product in
resolved. In Ref. 6, CED species were prepared by first both cases results from dehydrogenation of the film mol-
exposing a C(11) surface to oxygen and subsequently toecules.
methanol. The resulting photoemission spectra show three In order to mimick the interaction of Na with liquid
adsorbate-induced featureskgg=5.3, 9.5, and 15.5 eV. The CH3;OH we have coadsorbed Na and £H on tungsten at
feature at 15.5 eV is seen for special geometries only. Firsttoom temperaturé=ig. 3). An equivalent of 1.5 MLE Na and
principles calculations indicate that the adsorbate induce@ MLE CH;OH were offered. As the inspection of Fig. 1
features aEg=5.3 and 9.5 eV are due to the ionization of shows, the resulting spectrutop spectrum in Fig. Bis very
the 2e, 5a;;1e MOs of CH,O specie$.Again, the contri-  similar to the spectra in Fig. 1 when all surplus £»H
butions from &, and le cannot be resolved. We note that species have desorb¢above 260 K Also the change with
the formation of a Na—C§D complef appears to enlarge temperature seen in Fig. 3 is practically identical with that in
the distance betweerezand 5,/1e by about 0.5 eMenergy  Fig. 1. This suggests that during codeposition at room tem-
separation 4.7 eVas compared to the interaction with bare perature Na and C{D indeed react under the formation of
copper® The identification of the spectral features made in(Na—CH;OH) complexes.
Refs. 6 and 9 is supported by a comparison with the UPS A detailed discussion of the DFT results for the interac-
(Hel) spectra for CHF (which is isoelectronic with the tion of Na with CH;OH clusters can be found in the preced-
CH3O™ anion. Indeed, the photoemission spectra for{EH ing paper:’ Here only a short summary will be present-
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FIG. 2. MIES spectra for the Na-exposed film of solid {LHH (four layers
prepared on tungste®0 K) (upper set of spectyand the spectral changes
resulting from annealing over the indicated temperature rélogeer set of
spectra (see text for the acronyms employed in the figure

ed: the 3 Na becomes solvated, both in the Na({CHH)g
and the Na(CH;OH),q clusters modeling Na solvation. As
compared to a free Na atom, the ionization energy ®i\a
when solvated in CEDH is reduced by 1.62 and 1.0 eV,
respectively. As Figs. & and 5b) of Ref. 17 show, the
corresponding MO is delocalized far from the Naore and
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FIG. 3. Codeposition of Na and GBH on tungsten held at room tempera-

ture (top spectrumand the spectral changes during annealing over the in-

Interaction of Na with solid methanol 8695

is stabilized by CHOH molecules; a significant charge frac-
tion is located on the OH bonds pointing towards the sol-
vated electron.

In the dehydrogenation reaction, studied for the
Na(CH;OH)¢ cluster, the reaction coordinate is tf@—H)
bond distance in the OH group pointing toward the solvated
electron[Fig. 5(a) of Ref. 17]. When this distance increases,
the proton departs from its original location at the {CHH
molecule, taking with itself the complete electron spin den-
sity. The process under discussion involves only one particu-
lar methanol molecule. However, the gBH molecules of
the cluster are involved through the H-bonded network. In
particular, the amount of energy lost during OH bond break-
ing is overcompensated by a rearrangement of the H bonds
within the solvent medium. The Na atom acts as provider for
the electron required for the electron transfer and, in addi-
tion, contributes to the electrostatic field responsible for elec-
tron solvation and the organization of the H-bonded network.
The barrier associated with the reaction is 56 kJthol

In the dehydration reaction, having an activation energy
of 63 kdmol%, all spin density prior to the reaction is on the
Na atom!’ After passing the reaction barrier, the spin density
is at the C atom only. This implies that tH€—0O bond
breaking takes place as (GH-OH™) dissociation. The
CH;™ ion captures the solvated electron, forming {HOn
the other hand, the OHion captures a proton from a neigh-
boring CH;OH molecule, thereby producing g@& molecule
and a CHO™ ion. Obviously, the Na atom acts as donator,
while the H-bonded network is responsible for the transfer of
energy and charge. As shown in Refs. 16 and 1,Q hol-
ecules, being part of the molecular network, undergo Na-
induced hydrolysis when close to a solvated Na species.
Therefore, it appears possible that in the final step of the
reaction the HO molecule from the dehydration of GBH
can give OH and H.

Figure 4 compares appropriate MIES spectra with the
DOS of (a) the Na—CHOH cluster prior to the reaction and
(b) with that after the dehydrogenation and dehydration re-
actions have taken place. For the comparison shown in Fig.
4(a) we have assumed that the MIES spectra for about 0.75
MLE Na exposure at 90 K film temperature, to a first ap-
proximation, represent the system prior to the reaction be-
tween Na and methanol. This is suggested by the compara-
tively weak signal from 2, attributed to CHO formation.
Thus we can compare these results with the density of states
in the Na—methanol cluster prior to the reaction. If necessary,
the DFT-DOS was shifted slightl§0.2 e\) in order to align
its main peak to the structur®ls.,. The good agreement
with experiment suggests that signal Na)(3s due to sol-
vated electrons and not simply caused by surface-adsorbed
Na atoms.

The comparison with the predictions of theory for the
reacted system is shown in Figb} It compares the DOS of
the reacted Na—(CHDH)g cluster with the spectrum ob-
tained for 0.6 MLE Na exposure from Fig. 1. We choose this
spectrum for comparison because the absence of the feature
Na(3s) indicates that all Na species take part in the;OH

dicated temperature rangsee text for the acronyms employed in the fig- formation, manifesting themselves in the shoulder Zor

ure).

larger exposures the entire surface layer is converted into
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tions to the DOS; they overlap with those from the LLHH
Moy, v, Na+CHOH network. For both reaction channels good qualitative agree-
' Unreacted system ment is obtained with the MIES spectra, in particular as far
as the location of the featureeds concerned. However, the
--------------- Theory comparison of MIES and DOS alone does not allow us to
Experiment distinguish in a unique way between the two reaction chan-
nels. We can state that, at present, there is no indication for
the presence of O (or OH™ after its reaction with Na
which would establish the presence of the dehydration chan-
nel. In the future, TPD will be available to get additional
information on the reaction products, gbpecies in particu-
lar.
Theory suggests the following explanation for the differ-
___________________ ent temperature dependence of Ng)(3een at different film
, _ %' cHo onoms temperatures: at 90 K, Na stays initially at the surface
20 15 10 5 0 without reacting with methanol, but becomes solvated which
binding energy /eV causes the peak at 2.3 eV. When heating beyond 110 K, the
solvated 3 electron starts to react with surrounding metha-
nol species, and, for this reason, Na)3lisappears. On the
CHOH Na+CH;OH other hand, at 120 K film temperature all methanol species in
MM~ M. M Reacted system the surface layer react readily, provided enough Na is avail-
able. Na(3) appears only after the entire surface layer has
been converted into C4D. As a consequence of this conver-
— Experiment sion, Na species cannot be solvated anymore; surplus Na
(Tsr;ﬁf?% sev) stays at the surface, forming metallic regions, and desorbs
_____ De-hydrogenation above 260 K. On the other hand, Na species bound tegGCH
"""""" De-hydration remain at the surface. Even after at 450 K the;OHeatures
have disappeared, Na species remain at the tungsten prob-
ably in a configuration resembling to the surface of Na—W-—
bronze(see above
Finally, we discuss the findings of Ref. 8 using the re-
sults of the present calculations: a thick film of methanol
saffe oo 20 o was adsorbed at 100 K onto Na-predosed(1Cl) and
20 15 10 5 0 flashed to 270 KFig. 5 of Ref. §. The UPS spectra obtained
after recooling were characteristic for @Bl It is evident
that, as a consequence of the annealing, only the reaction
FIG. 4. DOS of the Na—methanol cluster defined in the text and comparisoproducts (N&—CH;O)—complexes remain on the substrate;
with the MIES results: DFT-DOS for Na—GRH (unreacted systeirand | jnreacted methanol has desorbed around 160 K. Considering
MIES results at 90 K before heatingrig. 2: see te)}t_(a), DFT-DOS for_ the chosen preparation conditions—namely, Na species
Na—CHOH (reacted systejnfor the dehydrogenation and dehydration : . . 7
channelg(b). which very likely become embedded into their methanol en-
vironment during the annealing to 270 K—it appears likely
that the mechanism proposed by us does also apply: forma-

CH,O:; this situation cannot be modeled by the present callion of solvated 3 Na electrons, trapped between the'™Na
culations which take into account only well-separated NacOre and surrounding methanol molecules, takes place and
atoms or Na dimers. Included in Fig. @) are the DOS of ~constitutes the first step in the Na/glBH reaction. _

the reacted systems, after dehydrogenation and dehydration N another set of experiments a close-packed Na film
have taken place. The predictions of theory for the reacted#@S Produced at 100 KFig. 8 of Ref. 8. Methanol exposure
system can also be tested by comparison with the results @ 100 K produced a two-dimensional layer on top of the Na
Fig. 2, lower set of curves, at temperatures above 110 Kilm. UPS spectra were measured at 100 K, again after an-
where Na(3) has disappeared completely; hereby, we supn€aling to 270 K. Only emission from GB groups was
pose that all solvated electrons contribute to,OHorma- observed. As a consequence of the heating, the surface be-

tion. The result of this comparison is very similar to Figoyp ~c0mes transformed into (Na—GH)—complexes. Hereby,
and, therefore, is not displayed here. the 3 Na electron becomes solvated, and the reaction

For the dehydrogenation reaction the DOS is composedcheme proposed in Ref. 17, leading togCHormation, can
from contributions of CHO and the surrounding shell of P€ applied.
methanol molecules. In particular, GB accounts for the
additional peak in the DOS seen around 6.5 eV and contripY- CONCLUSIONS
utes to the large peak at 11.4 eV. For the dehydration chan- The present study, combining the metastable impact
nel, in addition, the products GHand H,O give contribu-  electron spectroscopy with DFT cluster calculations, gives

DOS / MIES Intensity

DOS / MIES Intensity

binding energy /eV
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