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Electron delocalization by polar molecules: Interaction of Na atoms
with solid ammonia films studied with MIES and density functional theory
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The interaction of Na and NHon tungsten was studied with metastable impact electron
spectroscopy under UHV conditions. NHNa) films were grown at 96:10) K on tungsten
substrates and exposed to(N&l;). No Na-induced reaction involving Nftakes place. At small

Na exposures a Na-induced shift of the Népectral features is seen, in parallel with a decrease of
the surface work function. At larger exposures threbl&-related spectral structures are seen, two
of them at energetic positions different from that found for Na on metals or semiconductors. The
main additional peak is attributed to delocalized Na species. A small additional feature is attributed
to simultaneous ionization and excitation of partially ammoniated df@ecies. The results are
compared with density functional theory calculations which suggest thatstiia 8mission at small
exposures appears to originate mainly from delocalizela3electrons; they are located far from

the Na species and become stabilized by solvent molecules. When depositinpdlétules onto

Na films, metalliclike Na patches and delocalized Na species coexist. The delocalizatieaois3

seen up tol =130 K where the NH species desorb. @004 American Institute of Physics.

[DOI: 10.1063/1.1772751

I. INTRODUCTION combination with UPS, to distinguish between species ad-
sorbed atop and underneath the surface under study. These

Electron solvation during the interaction of Na with lig- studies concentrated on the role played by th&electron

uid ammonia is well established. However, despite many effor the Na-induced water dissociation and methoxy forma-

forts, the structure and the localization mode of the solvatedion. First-principles DFT calculations on Na-water clusters

electrons is still subject of intense discussions. One particulasuggest that thesiNa electron becomes delocalized from its

reason is that it is not easy to obtain direct detailed informaNa® core and is trapped between the ‘Néand eventually

tion on the 3Na electron which plays an active role in this Na; ) species and surrounding water molecdféa.peculiar

process. Recently, the study of solvated electrons in finitstructure seen in the MIES spectra near the Fermi level ap-

clusters has furnished information on the microscopic aspears to be characteristic for delocalizesNa electrons:*!

pects of the solvated states. Neutral and negatively chargethe extension of this work to Na-ammonia and methanol

hydrated and ammoniated Na clusters were prepared by theusters* indicated that the delocalized electrons play a key

capture of low-energy electrons. The properties of ammonirole in the deprotonation of water and methanol.

ated Na monomer and dimer clusters have been studied, as a In the present paper we apply MIES to the study of the

function of cluster size, by photoelectron, photoion, and redinteraction of Na and ammonia on a cold tungsten substrate.

lated spectroscopies as well as by first-principles density8y combining the experimental results with the above-

functional theory(DFT).1~° mentioned DFT calculation$, we conclude that the Na
Another promising approach appears to be the study otlectrons become delocalized. The combined results from

the interaction of Na species with solid molecular filffs. theory and experiment shed light onto the underlying mecha-

Previously, we have studied the interaction of Na with filmsnism for this process. It is suggested that, Nbkmers are

of solid water and methanol by combining metastable impactnvolved in the solvation process.

electron spectroscopfMIES) and ultraviolet photoemission

spectroscopy(UPS.°** As compared to UPS, MIES pos- ||, THEORETICAL DETAILS AND RESULTS

sesses a rather large sensitivity for the detection of #i¢a3

electron, and its pronounced surface sensitivity allows, in "€ method of computation was fully exposed and ap-
plied to the solvation of the sodium atom by water in Refs.

13 and 14. The solvation of Na by ammonia and methanol
30n leave from Institute for High Technologies, National V. N. Karazin has been studied by an analogous strategy and compared
University, Kharkiv, Ukraine. . S 14 o . .
YAuthor to whom correspondence should be addressed;F48:5323-72- with hydration.” Briefly, DFT calculations were carried out
3600; Electronic mail: Volker.Kempter@tu-clausthal.de at the B3LYP/6-3% G (d,p) level of approximation. This
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was performed on several cluster models in order to investi-
gate the potential energy surfaces associated to neutral so- NH,  aa MIES
dium ionization by solvation. Two models were considered: Na/NH;
solvation of a single sodium atom or of a sodium dimer. In

both cases we tried to embed the sodium into the solvent
cluster as completely as possible. The DFT functional, the
orbital basis set and all the computational ingredients can be
found in Ref. 13.

It was established by the comparison of the MIES with
UPS spectra that the interaction of Hwith clean and Na
covered ammonia films is via the Auger deexcitation
procesg. This implies that the MIES spectra image the sur-
face density of stategSDOS directly!>'® The SDOS,
needed for the comparison with the MIES spectra, have been
obtained by dressing the DFT molecular energy level distri-
butions with Lorentzian functions of arbitrary height and a
half width of 0.25 eV.

In the case of monomer solvation, a (N&l3)g cluster
was treatedsee Fig. 1a) of Ref. 14. The ammonia mol-
ecules organize themselves in two layers:

(i) In the first layer, the nitrogen atoms are located at
nearly equal distances from Naetween 2.464 and 2.539
A). All the N-H bonds point toward the outside of the cluster
and no hydrogen bond is established between the solvent
molecules. FIG. 1. MIES spectra for the adsorption of Na on solid Nitvo layers

(i) The sixth ammonia has been introduced in theprepa_red on tungste(@p K)_ (upper sgt of spectfpand the spectral changes

. resulting from annealing in the indicated temperature rafigyeer set of
model in E_in attempt to surround the Na _atom more Com'spectra (see text for the acronyms employed in the figure
pletely. This “extra” molecule bonds to the first solvent layer
by a hydrogen bond.

For Na(NH3),; the metal dimer was embedded, as
completely as possible, into the solvent clugtae Fig. 1b)
of Ref. 14]. Eleven NH solvent molecules were required for
this purpose. The whole system consists of two subsystem
each one centered in the vicinity of the two alkali atoms

found at a distance of 3.95 A from each other. In the largeg; o spectra gives directly the surface work functiohF),

S:Jbsysltlem, thehtl)\la 'ST?]t. dlstancebsl O_f about 2(.15 é&bfrom It?’rrespective of the actual interaction process which produces
closer NH neighbors. This Ensemble IS surrounded by & S€Cq, o gjactrons. For a convenient comparison with theory we
ond shell of NH molecules that interact via H bonds. The

other Na is bonded to a single ammonia. As in the hydratio
case, a tendency is found for the second alkali to remain af
the “surface” of the cluster.

The DOS from the cluster DFT calculations for a pure
(NHz),o cluster and the solvated cases (NH3)g and
Na,(NH3) 14 will be compared with the MIES spectra for Na
adsorbed on NHfilms (Fig. 4).

count rate / arb units

it

binding energy /eV

adjusted in such a way that electrons emitted from the Fermi
level, denoted b¥r, i.e., electrons with the maximal kinetic
energy, appear at 19.8 eWhich is the potential energy of
the metastable He atoms employed for MJE®/ith this par-
ticular choice of the bias voltage, the low-energy cutoff in

resent our data as a function of the binding energy of the
mitted electrons prior to their ejection. Electrons emitted
om the Fermi level, i.e., those with the 19.8 eV kinetic
energy, appear at binding energg =0 eV with respect to
the Fermi level. The surface temperature can be varied be-
tween about 90 and 700 K; at present the accuracy of the
temperature calibration is 10 K. The surface was exposed to
NH; by backfilling the chamber at a substrate temperature of
90 K. The Na exposure is given in units of monolayer
equivalentdMLE); at 1 MLE the surface would be covered
The apparatus and the experimental procedures are dby one Na monolayer if penetration of the Na into the mo-
scribed in detail elsewherfé!”*8The electronic structure of lecular films could be neglected. The amount of surface-
the molecular films produced on a tungsten substrate waasdsorbed ammonia can be estimated from the variation of the
studied by applying MIES and UP@&le | and I). In MIES  tungsten substrate intensity at the Fermi edge in the UPS
metastable helium atoms ¢3/21S) eject electrons from the (Hel and 1)) spectra.
edge of the surface under study. The application of MIES to  If the Na adsorbate is not fully ionized, a strong spectral
surface spectroscopy, and its combination with UPe1  feature from the presence o$fharge density at the Na core
and 1l is well documented®1® is seen with MIES, but not UPS. For the study of the Na-
The primary result of the experiments are energy spectranduced changes in the electronic structure of the molecular
of the emitted electrons versus their kinetic energy. Byfilms we have therefore confined ourselves in reporting the
choosing a suitable bias voltage between the target and tHdIES results.
electron energy analyzer, the energy scales in the figures are Figure 1 presents MIES results for the interaction of Na

IIl. EXPERIMENTAL DETAILS AND RESULTS
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upper set of spectra is obtained during the Na exposure. The
lower set of spectra displays the spectral changes observegs. 3. MIES spectra for the Na filrfiL.5 layers prepared on tungstea0
during film annealing in the indicated temperature range. AcK) (upper set of spectraexposed to NH molecules, and the spectral
cording to Ref. 19 the two broad features observedE@t changes resulting from annealing over the indicated te_mpera;ure range
—6.5 11.3 eV in the MIES spectra of the ammonia film are(Iower set of spectia(see text for the acronyms employed in the figure
due to the ionization of the& (ny) and le'[ w(NH,)], re-
spectively. A shift of these features takes place, correlatetnduced signals display a sharp break around 120 K, close to
with the Na-induced decrease of WF. With increasing Nathe temperature where thermal desorption of ammonia films
exposure three Na-induced structutds-(3) appear, located takes placg125 K).°
at 1.3, 2.3, and 4.5 eV with respect to the Fermi levig} ( Figure 3 presents MIES results for Niholecules inter-
=0eV). At low exposures we attributd), by comparison acting with a Na film held at 90 K. The top spectrum is for
with the corresponding feature for Na adsorption on metalghe Na film (saturation coverage at 90 K; 1.5 Miprior to
and semiconductors, tosBla ionization from neutral isolated NHz exposure. The upper set of spectra is for\#tposure
Na atoms; at larger exposuréd comes from patches with at 90 K. The lower set of spectra displays the spectral
metalliclike properties. By comparison with the interaction changes observed during film annealing in the indicated tem-
of Na with water and methanol icés%''we attribute(2) (at ~ Perature range. As a consequence of the exposure, the NH
2.3 eV) to delocalized electronsee Fig. 4 for a comparison Structures &’ and le’ appear aEz=7.8 and 13.2 eV, re-
with theory. When heating from 90 to 163 K&8NHs, (2) spectively. Initially, the 3Na electron in metallic environ-
and(3), but not(1), pass through maxima around 120 K, and ment manifests itself by the comparatively broad structure
finally decay with temperaturéor details see Fig. )2 Ac-  Just belowEg which is known to be due to the Auger deex-
cording to MIES, NH has practically sublimated from bare citation process involving thesia electrons. Following am-
tungsten at 130 K, it is obvious from Fig. 1 that, due to itsmonia exposure, a peak appears at 1.3 eV which, as for the
interaction with Na, sublimation is delayed by at least 30 K.clean Na film, is due to the interaction of the’Herobe atom
Figure 2 displays the exposure dependence of the intervith the 3sNa electron; however, because the surface work
sities of the Na-induced peakd)—(3), seen betweerEg function has reduced 0.5 eV to below 2 eV, it is now mainly
=0 and 5 eV, and of 8 NH; [curve(4)] (data from Fig. L due to autodetachment of H& temporary negative ions
Peaks(1)—(3) become sizable around 0.3 MLE where(®y formed by the resonant capture of a &@ectron by the probe
and (3) display a similar exposure dependence, suggestingtom:>'°Peak(2) (2.3 eV), appearing together with its sat-
that the emission has a common origin. In the followigy  €llite (3), is again attributed to ammoniated Na; the struc-
is considered as a satellite () (see Sec. IV. A clear cor-  tures attributed to the delocalized species weaken as a con-
relation appears to exist between the three Na-induced sigequence of film annealing.
nals and &'NH; [peak(4)]: when (2) saturates(4) has es-
sentially decayed. On the other hartd) rises after(2) and IV. INTERPRETATION AND DISCUSSION
(3) have leveled off, and4) has decayed. Also included is Figure 4 summarizes the computational and experimen-
the change of the signals’ intensities upon heating. All Natal results by comparing the DOS of the cluster DFT calcu-
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MIES DOS quence of the annealing beca&gremains strong up to 160
Na/NH, K where part of the NK has already desorbed. On the qther
N NaINH, experiment hand, it cannot be excluded that som&Na charge density
1e Ha 3 [T O4MLENa “leaks through” an eventual solvation shell, and, thus, be-
[ - “:?ﬁ«:i{::gz comes accessible to MIES,
AN\ ¥ Peak(3), the satellite of(2), deserves some additional
3 J 4 L Na(3s) considerations. In order to arrive at a convincing explanation
P I\ : for its origin, we anticipate that partially ammoniated ,Na

species are produced during the Na exposure onto the solid
ammonia film. This may happen quite naturally by attaching
an additional Na atom to an existing (WH5),, cluster. The
interaction of Na atoms with hydrated Na clusters was stud-

NH MIEIS DOS ied previously by inserting a neutral Na atom next to
18 "% 3a NH Na(H,0), (n=6,8).2> Wave function minimization leads to
—- N me;y the formation of a so-called dipolar sodium anion: the nega-

—— (NH;) experiment

030930a

binding energy /eV

tive charge in the highest occupied molecular orbital be-
comes localized between the two Na atoms, close to, but not
coinciding with the core of the unsolvated one, hence giving
it its dipolar character. We suppose that the Na interaction
with Na(NHs), takes place in a similar way as for the hy-
drated case, and leads to ammoniated,(N&l3),; com-
plexes whose charge distribution is similar as in Fidp) Df

Ref. 14. As for hydration, a clear tendency of the second Na

to remain at the surface of the ammoniated cluster can be
danticipated. In order to explain the occurrence of the satellite,
we assume that simultaneous excitation and ionization of the
ammoniated Natakes place in MIES during its ionization in
the Auger deexcitation process. Hereby, a transition takes
lations and the MIES spectra. For pure Nthe DOS dis- Place to excited states of the ammoniated Ngstem during
p|ays the structures from theel and 3’ derived states in the ionization process. This process sequence was studied for
the energy range accessible to MIES; in the solvated cas@énmoniated Na anions by combining first-principles calcu-
also the contribution, originating from the delocalizesNa&  lations with photoelectron spectroscopg@pectral contribu-
electron, is seen. General agreement with experiment existions are seen which correspond to transitions from the
in the positions of the observed main features, namely, thosground state of ammoniated Ndo excited states of ammo-
from the ionization of the NsiIMOs and the peak?), attrib-  niated neutral Na, i.e., to electron detachment accompanied
uted to 3Na delocalization(2.3 e\). Peak(1), attributed to by excitation of the cluster. Thes3solvation leads to large
emission from 3 electrons localized at the Na core, is not redshifts of the energies for the transitions from the anionic
reproduced by the chosen model. The calculations do alsground state to excited states correlating wjtNa(*S)

not reproduce structur@) centered around 4.5 eV. The good +Na(*P)]. It appears not unreasonable to expect that, as in
general agreement noticed otherwise between theory and etie case of simultaneous ionization and excitation of the am-
periment suggests th&) may not be a feature of the DOS moniated anior,the spectral features from simultaneous ex-
of the systenisee below. The inspection of the results with- citation and ionization of the Naground state to excited
out and with Na confirms that, as under liquid conditions, nostates of Na are located about 1.5-2.5 eV above the peak
Na-induced reaction takes place. Theory correctly predictsattributed to the Naground state. Thus, the comparison with
but underestimates the shift o8 and le’ of NH; towards  the photoelectron spectra for solvated,NéRef. 1) gives
larger binding energies as a consequence of the Na adsorpenfidence that peaf) is due to processes involvingar-
tion. The agreement in the position of the Na-derived peakially) ammoniated Naspecies. Consequently, the existence
(2), with respect to the valence band maximum, for both theof the satellite can be considered as evidence that ammoni-
Na monomer and dimer cases provides evidence for the preated dimers are formed during the Na interaction with solid
ence of delocalizedsNa electrons at the film surface. How- NH; films.

ever, the presence of peé® does not necessarily imply that Finally, the interaction of NKl molecules with the Na
the Na species are fully solvated; there is ample evidencadlayer will be discusse(Fig. 3). Even after an exposure of
that 3sNsdelocalization takes already place when Na inter-30 | NH; the Na film is not entirely covered by NHAs was
acts with a single Nkl molecule! ™ After a Na exposure of discussed above, somesia charge density may be seen
1.5 MLE a rather dense Na layer is obtained on top of thehrough a NH adlayer. However, it appears safe to conclude,
ammonia film as judged from the decay of the'BIH; sig-  on the basis of the strong NagBsignal seen at all tempera-
nal. The large intensity df2) suggests that strong interaction tures, that no N multilayers are formed at 90 K on top of
exists between Na and NHn the toplayer. We tend to be- the Na film. Upon annealin¢?) becomes more pronounced
lieve that Na, does not become fully solvated as a conseelative to (1) before it fades away with the onset of BH

FIG. 4. Comparison of the DOS results for various clusters with selecte
MIES spectra(Fig. 2). Bottom: bare NH film and (NH;),o cluster. Top:
Na/NH; and the clusters N&IH3)g and Ng(NH3) 4, .
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