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Photoinduced charge-transfer reaction at surfaces. II. HBr ¯Nan ÕLiF „001…
¿hv „610nm …\BrÀNan

¿ÕLiF „001…¿H„g …
Sergey Dobrin, Hong He,a) Fedor Y. Naumkin, John C. Polanyi,b)

and Sergei A. Raspopovc)

Department of Chemistry, University of Toronto, Toronto, Ontario, Canada M5S 3H6

~Received 31 July 2003; accepted 13 August 2003!

A sub-monolayer of atomic sodium was deposited on LiF~001! at 40–90 K. The adsorbed sodium
atoms and clusters were dosed with HBr, to form HBr¯Nan /LiF(001) (n51,2,...) complexes
which were then irradiated by 610 nm laser-light to induce charge-transfer reactions. The
reaction-product atomic H(g) was observed leaving the surface, by two-color Rydberg-atom TOF
spectroscopy. The H-atom translational energy in its ‘‘fast’’~0.9 eV! component exhibited structure
~40610 meV spacing! attributed to vibration of the NaBr residue at the surface following
photoinduced reaction in Na...HBr. The cross-section of the harpooning event was obtained as
7.5310219cm2 for the ‘‘fast’’ H-atom reaction-product. Investigation of the coverage and
temperature dependencies of the H-atom signal and of temperature programmed desorption~TPD!
and x-ray photoelectron spectra gave an activation barrier for surface diffusion of Na-atomsEdi f f

,170 meV. High-levelab initio calculations were employed to interpret the TOF and TPD spectra.
The reaction precursors and products, Na-HBr, Na1-HBr, Na2-HBr, Na2Br, NaBr, and NaBr-HBr,
were investigated in terms of potential energy surfaces, equilibrium structures, binding energies, and
vibrational frequencies. ©2003 American Institute of Physics.@DOI: 10.1063/1.1615756#
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I. INTRODUCTION

The photoinduced charge transfer reactions between
dium atoms and HF molecules in van der Waals comple
in the gas phase have been studied both theoretically
experimentally by this laboratory.1–5 It has been found tha
photoinduced electron transfer from a Na-atom to anot
reactant, HF, can trigger bond cleavage in the HF molec
followed by formation of NaF molecule and H-atom phot
products. Recently, such a reaction has been observed
adsorbed Nan ...(HX)m complexes (m51,2), and X5Cl,F.6,7

No experiments on photoinduced charge transfer in Na...H
complexes have been reported until now in either the
phase or the adsorbed state. This is the subject of the pre
work.

Several studies of HBr alone or Na adsorption alone
the LiF surface have been reported in the literature as
lows. The configuration of adsorbed HBr, and its direct ph
tolysis on the LiF surface have been studied in earlier w
from this laboratory.8–15 The experiments were performe
using FT-IR spectroscopy of adsorbed HBr and also T
mass spectrometry of H-atoms leaving the surface under
laser irradiation. The findings were consistent with the
atom of the intact HBr molecule adsorbed on top of the L1
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ion of the substrate, with the H-atoms located adjacent to
F2 anion.

Adsorption of Na on the LiF surface has been exte
sively studied by Tra¨ger and co-workers.16–18 They studied
Na-clusters formed at 90 K on the LiF surface using las
induced desorption, optical spectroscopy, and second
monic generation. To interpret the experimental data, t
postulated that Na-atoms were mobile at 90 K forming cl
ters on the LiF surface. These clusters had a large absorp
cross-section in the visible region and could be studied
the techniques referred above.

Formation of Nan clusters on the NaCl surface has be
studied theoretically by Hakkinen and Manninen.19 They
found that Na-atoms would preferably adsorb on top of s
strate Cl2 anions, 2.80 Å above the surface plane. The
sorption energy was calculated as 400 meV and the diffus
barrier as 80 meV. Sodium clusters (n58 and 20! on NaCl
surfaces have also been studied by Kohlet al.20 Theoretical
studies conclude that small Na-clusters in ground state
planar, i.e., one monolayer thick.

Barriers for the surface diffusion of Na adsorbed on s
eral metals have been measured by Toennies and co-wo
using scattering of He atoms. They found an activation b
rier of 75 meV for Na diffusion on Cu~001!21 and less than
50 meV for Na diffusion on Pt~111!.22 These experiments
were performed at surface temperatures ranging from 10
400 K.

II. EXPERIMENT

The experimental procedure used in the present work
been described previously.6 Briefly, the experiments were
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carried out in ultra-high-vacuum~UHV!, with a base pres-
sure better than 2310210Torr. The LiF~001! surface was
cleaved in air from a LiF single crystal~Harshaw Chemica
Co.! and then annealed in UHV for 1 h at 700 K.During
experiments, the crystal was cooled to 40–100 K by
closed-cycle He refrigerator~CSW-204SLB-6.5, APD Cryo-
genics Inc.!. Sodium was dosed from a commercial SAE
getter mounted on a holder, with a small defining apert
between it and the LiF~001! crystal. The Na-getter was de
gassed by passing 4.50 A through it for 5 min prior to ea
dose. Thereafter the Na itself was dosed by passing 6.5
through the getter for 50 s to obtain a 25% monolayer c
erage as described previously.6 This dosage was repeate
several times if a higher Na coverage was necessary.
HBr gas was obtained from Matheson with stated purity
99.0%, and was further purified by freeze–pump–th
cycles.

Photoreaction was studied by H-atom Rydberg T
spectroscopy in UHV.6 Upon excitation of the
Nan ...HBr(ad) complex at 610 nm, the outgoing H-ato
reaction-product was tagged by a two-color excitation, us
121.6 and approximately 365 nm, to a high-n Rydberg state,
H** . The translationally-hot H-atoms traveled as neut
H** in UHV to a microchannel plate~MCP! detector where
they were field-ionized and counted. This H-atom TOF sp
trometer was calibrated using direct photolysis of HBr at 1
nm, studied in earlier work.15 Typically, 600 laser pulses
~610 nm, 1.0 mJ per pulse! were used for each spectrum
prior to depositing fresh Na and HBr on the surface. T
average number of H-atom counts per laser pulse was t
cally 4–5. To improve the signal-to-noise ratio in the eva
ation of the observed vibrational spectra, this procedure
repeated ten times and the ten spectra were averaged
total of 6000 laser pulses. This corresponded to appr
mately 25 000 counted H-atoms.

In the TPD experiments, HBr desorbing from the surfa
was detected at an angle normal to the crystal by a dou
differentially-pumped quadrupole mass spectrometer~QMS!.
Crystal temperature was increased linearly at 2 K/s; us
feedback from thermocouple fixed inside the crystal to c
trol heating current. The HBr was dosed onto the cold L
crystal at 45–55 K TPD. Spectra were analyzed using
Habenschanden-Kuppers method, and what has been te
‘‘complete analysis’’23,24 so as to obtain desorption energie
The order of the desorption process was usually slightly
low unity, in the range 0.8–1.1.

The XPS spectra of the surface for increasing amou
of Na were obtained using Mg-Ka~1253.6 eV! radiation,
with the electron analyzer at 8° off-normal.

III. THEORETICAL METHODS

High-levelab initio calculations were carried out for th
gas-phase systems Na-HBr, Na1-HBr, Na2HBr, NaBr, and
NaBr-HBr at the all-electron level. The extensive ba
sets,25,26 cc-pVTZ and cc-pVQZ for the Na-atom, and au
cc-pVTZ and aug-cc-pVQZ for the H and Br atoms we
used. The internally-contracted configuration-interaction~CI!
and the 2nd-order Møller-Plesset perturbation-theory~MP2!
procedures were employed, as implemented in theMOLPRO
Downloaded 19 Mar 2004 to 142.150.225.52. Redistribution subject to AI
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2000 package.27 Only the ground electronic states were e
plicitly involved in the reference space for the systems c
taining HBr molecules, plus a few lowest-energy excit
states for NaBr and Na2Br.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Photoinduced charge transfer reaction

H-atom TOF spectra were obtained at 0.25 ML Na co
erage under 610 nm irradiation~Fig. 1!. In this experiment
Na and HBr were sequentially deposited on the LiF~001!
surface at 40 K immediately before starting laser photoly
The H-atom TOF spectrum obtained during laser irradiat
of the surface contained two peaks: one at 0.9 eV~‘‘fast’’ !
and another one at 0.1 eV~‘‘slow’’ !. The ‘‘fast’’ peak at 0.9
eV has a vibrational structure with spacing of 40610 meV
~320680 cm21! that is close to the NaBr vibrational fre
quency in the gas phase~302 cm21!, known from previous
IR experiments.28 This coincidence suggests that a single N
atom reacts with a single HBr molecule, and forms a Na
photoproduct that is left behind in various vibrational sta
at the surface. The fact that sharp features~610 meV! are
observable in the TOF spectrum indicates that the H-a
has escaped the surface directly, without subsequent c
sions with the surface or adsorbate.

Assignment of vibrational peaks can be done, based
the energy balance of the reaction. The bond dissocia
energy of HBr is 3.78 eV,29 and the binding energy betwee
Na and HBr in the van der Waals precursor complex ha
been calculated as 0.016 eV~see the theoretical section o
the present paper!. The total energy of reactants relative
the constituent atoms is therefore 3.80 eV, that is very cl
to the total binding energy of reaction products NaBr1H,
which is just the bond dissociation energy of NaBr molec
~3.8 eV!.29 Thus, the reaction is thermoneutral. After rea
tion, the photon energy~610 nm, 2.03 eV! is shared mainly
between translational energy of the desorbed H-atom
vibrational excitation of the NaBr molecule that remained
the surface. We neglect the small energy-loss from recoi
the NaBr and energy transfer to the surface during the t

FIG. 1. TOF spectrum of H-atoms ejected to the gas-phase after 610
photolysis of HBr/Na/LiF~001! system at 0.25 ML Na coverage.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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~less than one vibrational period! that H moves out of range
of NaBr, and also neglect the small amount of energy dep
ited in NaBr as rotation.

The origin of the vibrational progression correspon
therefore to an H-atom translational energy equal to the p
ton energy, and is located at 2.03 eV on the TOF spectr
No H-atoms were observed at this energy. The most prob
H-atom energy is 0.8 eV, which corresponds to 1.25 eV
ergy of vibration in the newly-formed NaBr molecule. Th
would involve excitation of the NaBr molecule to its 32n
vibrational level. The quantum number was arrived at ass
ing the vibrational spacing to be 40 meV, and zero anharm
nicity. The assignment of vibrational peaks to quantum nu
bers is shown in Fig. 2. TheY-axis shows energy accu
mulated in the NaBr molecule, and theX-axis the number for
the corresponding vibrational level.

The amplitude of the ‘‘fast’’ peak decreased to one h
after irradiation of the surface with approximately 300 las
shots of 1 mJ each. This decay of this ‘‘fast’’ peak originat
in Na-HBr allows us to estimate the photoreaction cro
section for photoreaction of a single Na-atom with an H
molecule. A laser pulse with energy of 1 mJ at 610 nm~pho-
ton energy equal to 2.03 eV! contains n53.0731015

photons. The size of the irradiated surface is approxima
1 cm31 cm51 cm2. After 300 pulses, that is 9.231017 pho-
tons, half of the Na...BrH complexes have reacted. Assum
the exponential decay of the reagent~as in first-order reac-
tion!, one obtains reaction cross-section; ln(2)/9.231017

57.5310219cm2.
The ‘‘slow’’ peak at 0.1 eV has a much less pronounc

vibrational structure than the ‘‘fast’’ peak. The spacing is
meV ~200 cm21!. This frequency could be due to intern
excitation in a NanBr cluster (n52,3...). The ‘‘slow’’ peak is
depleted less rapidly than the ‘‘fast’’ peak under laser ir
diation; it takes about 900 laser shots to decrease the in
sity of this peak by a factor of 2.

As we know from our TPD spectra~Fig. 5!, adsorbed
Na...HBr does not undergo spontaneous reaction to form
kali halide, via Na1HBr→NaBr1H reaction, if the surface

FIG. 2. Assignment of vibrational peaks in the TOF spectrum of H-ato
resulted from 610 nm photolysis of HBr/Na/LiF~001!.
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temperature is below 110 K. The HBr desorbs as an in
molecule atT,110 K. The activation barrier for Na1HBr
→NaBr1H reaction is therefore higher than that for HB
desorption from Na at 110 K, which isEa50.28 eV. This is
consistent with the value ofEa50.70 eV ~16 kcal/mol!
predicted by a semiempirical calculation performed
Shapiro and Zeiri,30 and also with the value ofEa

50.75 eV obtained in ourab initio calculations~to be dis-
cussed below in Sec. V A!.

B. Na adsorption on the LiF „001…, analysis
of the TOF data

From the vibrational structure in the H-atom TOF spe
trum the ‘‘fast’’ peak was attributed to photolysis of HB
adsorbed on single Na-atoms on the LiF surface, and
‘‘slow’’ peak to photolysis on Na-clusters. To verify this as
signment the Na coverage and the surface temperature a
time of Na deposition have been varied. In one experim
we deposited a 1.0 ML coverage of Na to exclude sin
sodium atoms and found that the ‘‘fast’’ peak disappeare

In another experiment we varied the temperature of
LiF surface at which sodium was deposited. The ratio of
integrated areas of the ‘‘fast’’ to ‘‘slow’’ peaks measured
various deposition temperatures is shown in Fig. 3. This ra
is zero at 90 K~i.e., no ‘‘fast’’ peak!, increasing up to 0.4 a
40 K. This, once again, is consistent with the presence
single Na-atoms and Na-clusters on the surface. If sodium
deposited at 90 K, fast diffusion of Na-atoms leads to e
cient formation of Na-clusters with few single Na-atom
This is, in turn, in agreement with results obtained at 90 K
Träger and co-workers.16–18If, however, sodium is deposite
at 40 K the surface diffusion of Na-atoms is much slow
than at 90 K, and some single Na-atoms are likely to rem
on the surface. These Na-atoms are, we believe, respon
for the smaller ‘‘fast’’ peak in the TOF spectrum at 0.9 eV

The fraction of Na-atoms present as clusters at vari
temperatures can be estimated from the ratio between in
sities of ‘‘fast’’ and ‘‘slow’’ peaks. A ratio between amount
of HBr molecules reacted with Na-clusters and HBr m

s
FIG. 3. Ratio between intensities of fast and slow peaks at various temp
tures.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9798 J. Chem. Phys., Vol. 119, No. 18, 8 November 2003 Dobrin et al.
ecules reacted with single Na-atoms can be found asQ
53A(slow)/A(fast). Here,A(slow) andA(fast) represent in-
tensities of ‘‘slow’’ and ‘‘fast’’ peaks, respectively. The TO
spectrum was accumulated during first 600 laser shots a
Na deposition. As discussed above, the ‘‘fast’’ peak decrea
to small intensity after this irradiation, but ‘‘slow’’ peak sti
is present in the spectrum and depletes approximately 0.
fast. To take this into account, and to estimate a total num
of HBr molecules reacted with sodium clusters, the value
the A(slow) was multiplied by a factor of 3 in the abov
equation. We assume that sodium clusters are planar, as
vious theoretical studies of small Na-clusters on the N
surface suggested19,20 and therefore theQ value can be used
as a good approximation for the ratio between amounts
single sodium atoms and atoms grouped into clusters.
ratio between Na-atoms collected into clusters and t
amount of sodium atoms, including both single atoms a
those from clusters, can be then found asFexp5Q/(11Q).
Results obtained for Na deposition made at various temp
tures are shown in Fig. 4. It can be seen that if sodium w
deposited at 40 K, about 88% of the Na-atoms are in clust

This number should be compared with a theoretical
timate of the statistical fraction of Na-atoms grouped in
clusters in the absence of the surface diffusion. This frac
can be found as follows. The probability of finding a N
atom at a particular adsorption site isp50.25 at 0.25 ML
coverage. This probability counts all types of Na-atom
single and those in clusters. For further analysis a Na-a
will be defined as a single atom if sodium atoms do n
occupy the four nearest adsorption sites. The probability
finding nearest adsorption sites not occupied is: (12p)4, and
the total probability of finding a single Na-atom on a partic
lar adsorption site isP(s)5p(12p)450.08. The probability
of finding a Na-atom with one or more neighbors, i.
a Na-atom that belongs to a sodium cluster, isP(c)
5p2p(12p)450.17. The corresponding single/clust
fractional ratio is R50.47 and the fraction of Na-atom
grouped into the cluster isFcalc5P(c)/(P(c)1P(s))

FIG. 4. Fraction of Na-atoms involved in clusters formed at various de
sition temperatures at 0.25 monolayer of Na.
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50.68. This is less than the value ofFexp50.88 determined
from the experiment at 40 K. The value ofFcalc is shown in
Fig. 4 as a horizontal line. Comparison of experimental a
calculated values shows that the surface diffusion is still
portant at 40 K.

It should be noted that theA(slow)/A(fast) ratio
changed with time. After two weeks of experiment th
‘‘slow’’ to ‘‘fast’’ ratio increased approximately by a factor o
1.5. This effect can be explained by formation of new defe
on the LiF~001! surface after multiple photolysis and flas
ing to 700 K. The presence of larger amounts of defe
accelerates formation of Na-clusters.16–18 Dependencies of
the H-atom signal upon temperature of deposition and
dium coverage were obtained in one day, so they were u
fected by these long-term changes.

C. Na adsorption and diffusion on the LiF „001…,
from TPD data

Further information on Na adsorption comes from t
TPD spectra of HBr adsorbed on the LiF~001! surface pre-
covered by a sub-monolayer of sodium. TPD spectra
tained at various Na coverages are shown in Fig. 5. The T
spectrum of 0.3 ML of HBr adsorbed on a clean LiF surfa
exhibited only one peak at 85 K~labeled ‘‘A’’ !. This TPD
peak is close to that at 87 K reported by Giorgiet al.15 ~The
difference of 2 K can be due to inaccuracy of the temperat
measurements.! The amount of deposited HBr was dete
mined by taking 1 ML53 L as was found by Giorgiet al.15

If 0.1 ML of sodium is adsorbed on the LiF surface prior
HBr deposition, a small additional peak ‘‘B’’ appears in TP
spectrum at 95 K~Fig. 5!. The corresponding adsorption en
ergies are 0.22 eV~TPD peak A! and 0.24 eV~TPD peak B!.
If 0.25 ML of sodium is deposited, a new weak peak appe
at 110 K~0.28 eV binding energy! in the TPD spectrum. This
demonstrates that sodium can adsorb in various forms;
form, which is responsible for the TPD peak ‘‘B,’’ is mor

-
FIG. 5. Temperature programmed desorption spectra for HBr desorp
from the HBr/Na/LiF~001! at 0.25 and 0.1 monolayer of Na.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9799J. Chem. Phys., Vol. 119, No. 18, 8 November 2003 Charge-transfer reaction at surfaces
important at low coverages. This peak is likely to be that
adsorption of HBr on single Na-atoms, for the following re
sons.

The temperature behavior of this peak ‘‘B’’ is similar t
that of the ‘‘fast’’ peak in the TOF spectrum~Fig. 6!. The
TPD peak ‘‘B’’ decreases with increasing surface tempe
ture at the time of sodium deposition, and disappears alm
completely if sodium is deposited at 90 K. The fact that TP
peak ‘‘B’’ disappears at the higher temperature is consis
with the Na-atoms forming clusters, which give this bro
peak of small amplitude. We know that Na-atoms remain
the surface at 90 K, from TOF and XPS.

FIG. 6. Temperature programmed desorption spectra for HBr desorp
from the HBr/Na/LiF~001! after 0.25 monolayer Na deposition at 55, 7
and 90 K.

FIG. 7. Temperature programmed desorption spectra for HBr desorp
from the HBr/Na/LiF~001!, 0.25 ML NA, without laser irradiation and afte
6000 laser pulses, 1 MJ, 610 nm, fired at surface at 50 K.
Downloaded 19 Mar 2004 to 142.150.225.52. Redistribution subject to AI
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Additionally, the TPD peak ‘‘B’’ can be eliminated by
laser irradiation at 610 nm, as can the ‘‘fast’’ single-Na-ato
peak in the TOF spectrum; 6000 laser pulses of 1 mJ eli
nate the TPD peak ‘‘B’’ completely~Fig. 7!. The same
amount of laser radiation eliminated the ‘‘fast’’ peak from th
TOF spectrum. From XPS measurements we know that
atoms remain on the surface after the irradiation, but show
0.8 eV shift to smaller electron binding energy of the 3d line
~Fig. 8!. This shift is due to the strong electron transfer to
from the Na-atom. From XPS data we know, therefore, t
the HBr is converted into NaBr during irradiation.

These observations combine to suggest that the p
‘‘B’’ in the TPD spectra and the ‘‘fast’’ peak in the TOF
spectrum have the same origin, which is single HBr m
ecules undergoing photolysis while complexed to single N
atoms. By the same reasoning, the ‘‘slow’’ peak in the TO
spectrum and the peak ‘‘C’’ in the TPD data are thought to
due to the alternative initial state, HBr adsorbed on sodi
clusters.

D. Surface diffusion of Na-atoms

We can use our results to estimate an activation bar
for surface diffusion of Na-atoms on the LiF~001! surface.
The LiF~001! surface with 0.25 ML Na coverage is show
schematically in Fig. 9. For the sake of simplicity, the s

n

n

FIG. 8. XPS spectra of Br(3d) from species adsorbed on Na/LiF~001! taken
at 50 K, before and after 6000 laser 610 nm pulses, 1 mJ each.

FIG. 9. Pattern of Na-atoms adsorbed on LiF~001! at 0.25 ML coverage.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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dium atoms are placed on the surface in a regular pattern
this case, each Na-atom has four empty adsorption sites
to it. Our data do not allow us to determine on which s
(Li1 or F2) the Na-atom is adsorbed. Following the theor
ical study of Hakkinen and Manninen19 for Na adsorption on
the NaCl~001! surface, we place Na-atoms on top of the F2

anions. The lattice constant of the LiF crystal has been ta
to be 4.01 Å at 80 K as in the previous studies of H
photolysis on the LiF surface.15 With this lattice constant the
distance between two nearest adsorption sites is 2.84 Å.
Na-atom jumps from its original site to any nearest one
arrives at a distance of 2.84 Å from another Na-atom.
comparison, the Na-Na distance in the Na2 molecule is 3.08
Å.32 Therefore, two Na-atoms on the two nearest adsorp
sites will form an adsorbed sodium dimer.

From the temperature behavior of the ‘‘fast’’ and ‘‘slow
peaks in the TOF spectrum and from vibrational struct
observed in the TOF fast component we conclude that
‘‘fast’’ peak is due to single sodium atoms. The ‘‘fast’’ pea
is prominent if Na is deposited at 50 K. The typical TO
spectrum accumulation-time is 10 min~600 s!. We can esti-
mate thelower limit for the activation barrier of Na surfac
diffusion, assuming that the lifetime of the Na-atom at o
adsorption site is longer than 600 s at 50 K. The lifetime c
be then calculated as 102133exp(E/kT), and from this a
value of the activation energy,Edi f f.150 meV. Theupper
limit for the diffusion barrier can be found from the expe
ments at 90 K. Na was deposited at 90 K for 50 s and
heater of the crystal was immediately switched off. After t
crystal was cooled down to 50 K, the TOF spectrum w
measured. No H-atom signal from reaction on sin
Na-atoms was found for 90 K sodium deposition. T
residence time of the Na-atom on a particular adsorption
at 90 K can therefore be estimated to be less than 100 s
the lifetime to be so short, the activation barrier for the d
fusion must beEdi f f,170 meV. We conclude thatEdi f f

5150– 170 meV. This estimate could be high, since in re
ity Na-atoms do not form an ideal structure as shown in F
9, and a single sodium atom may need to make more t
one jump to reach another Na-atom and form a cluster.
has been mentioned in the Introduction, the activation e
gies for the diffusion of Na-atoms on metal surfaces Cu~001!
and Pt~111! have been found to be less than 100 and 50 m
respectively.21,31 It appears that the diffusion of Na on a Li
surface is not as fast as on the surfaces of metals.

V. THEORETICAL RESULTS AND DISCUSSION

In this section we report calculations for neutra
Na...HBr, ionic, Na1...HBr, and cluster reactant complexe
Na2 ...HBr, and for two reaction products, Na2Br and NaBr-
HBr. We shall show that our experimental data are consis
with presence of neutral adsorbed complexes Na...HBr
Na2 ...HBr at the surface, and with formation of NaBr an
Na2Br photoproducts. Reactions of larger sodium comple
are also possible but are beyond the scope of present w
The presence of ionic Na1...HBr and formation of NaBr-
HBr photoproducts are found to be unlikely.
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A. Na...HBr neutral complex

The ground state2A8 potential energy surface~PES! for
the Nā HBr complex has been evaluated at the CI level
theory for a number of positions of the Na-atom around
HBr molecule fixed at its equilibrium~gas-phase! internu-
clear separation. The restriction on the HBr bond-length
based on the assumption of a weak Na–HBr interaction
pected from previous data3,6 for Nā HF and Nā HCl. The
contour map of the interpolated PES is shown in Fig. 10~a!.
It exhibits a single major well for the linear geometry wi
Na near the H-end of the molecule. This is similar to t
topology of the Nā HCl PES and is different from that fo
Nā HF, which has a bent equilibrium configuration with N
neighboring the F atom.3 The difference can be associate
with an increased size of the halogen atom~Cl,Br! and hence
weaker electrostatic interaction of Na with the halogen at
compared to that with H.

The Na-HBr dissociation energy is found to beDe

'16 meV, and the equilibrium Na-Br and Na-H distanc

FIG. 10. Contour plots of the ground-state PES of the~a! Nā HBr and~b!
Na1

¯HBr complexes. The HBr is fixed at its equilibrium internucle
separation of 1.41 Å. Thex andz coordinates specify the position of Na o
Na1 relative to the Br-atom. Contours are given from zero potential-ene
with Na-atom at infinity in steps of 1 and 20 meV, respectively, f
~a! and ~b!.
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Re'5.23 and 3.81 Å, respectively, for both basis sets. Th
values should be compared withDe'13 meV, and
Re(Na-Cl)'5.22 andRe(Na-H)'3.95 Å, calculated for the
Nā HCl complex at the same level of theory, and withDe

'76 meV, and Re(Na-F)'2.47 and Re(Na-H)'3.01 Å,
calculated previously for Nā HF.3 The results for Na-HF
are very closely reproduced at the present level of the
There is a shallower second well in the Na-HBr PES,'7
meV deep, for the other linear geometry with Na next to
separated from the major well by a low~'1 meV! potential
barrier.

The value ofDe'16 meV calculated for Na-HBr agree
with the gap between the ‘‘A’’ and ‘‘B’’ peaks in the TPD
spectrum,'20 meV, supporting its interpretation as due
HBr desorbing from single adsorbed Na-atoms. The sm
energy difference~'10 meV! between the two linear con
figurations, Na-H-Br and Na-Br-H, suggests an almost f
rotation of HBr relative to Na at room temperature or, f
lower temperatures high-amplitude bending vibrations of
complex, allowing it to readily access configurations fav
able for the charge-transfer reaction.

Figure 11 shows the potential energy of the neutral s
tem for the linear Na-Br-H geometry, as function of th
Na-Br and H-Br distances, from the CI calculations. Th
PES exhibits a typical shape with two valleys correspond
to reactants and products separated by a potential barrier
barrier height was found to be'0.75 eV from the side of
reactants, only 0.05 eV larger than the value predic
semiempirically.30 A similar PES calculated for the L-shape
geometry with the Na-Br-H angle equal to 90° exhibited
slightly higher barrier.

B. Na¿...HBr ionic complex

In order to investigate the effect of possible charg
transfer between Na and the surface, the Na1

¯HBr ionic
system has also been considered, at the same level of th
Assuming only a small contribution from this ionic comp
nent to the real system, the H-Br separation has been ke
the value for the neutral complex. This is consistent with
H-Br distance increasing by only'0.01 Å at the fully opti-
mized equilibrium configuration of the ionic complex. Th
ground state1A8 PES of the system, mapped in Fig. 10~b!,
exhibits a single well for the L-shaped geometry. In this g
ometry the Na1 ion is closer to the Br end of the molecu
and the equilibrium configuration corresponding to t
Na1-Br/Na1-H distances of 2.92/3.42 Å (Na1-Br-H angle
of '98°!. Both linear configurations correspond to sadd
points, with a substantial repulsion for Na1 near the posi-
tively charged H-end of the molecule. The structure of t
ionic complex is different from that for its neutral counte
part. This can be shown to result from a simple sum
Na1-H and Na1-Br interactions.

The Na1-HBr interaction is much stronger than that f
Na-HBr, as could be expected for an ion-molecule pair co
pared to the neutral atom-molecule one, and produces de
wells at shorter distances. The calculated Na1-HBr binding
energyDe'0.41 eV, more than an order of magnitude larg
than the value we infer for NāHBr. Therefore, if to con-
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sider the adsorbed system state as a mixture of the pure
tral and ionic components, even a small charge on adso
Na would significantly increase the Na-HBr binding as w
as affect the equilibrium configuration of the system on
surface. However, the good match between the predictedDe

value for the neutral complex and the gap between the ‘
and ‘‘B’’ peaks in the TPD spectrum appears to imply a ve
small charge, if any, on adsorbed Na. This is in accord w
the DFT studies of Na/NaCl~001!, which indicate no charge
transfer from the surface to the sodium atoms.19 On these
grounds, only neutral systems are considered from now

C. Na2 ...HBr complex

In order to evaluate possible contributions of the H
interaction with Na-clusters to the experimental data,
Na2-HBr potentials have been calculated at the same~CI!
level of theory. We compared several geometries, with
Na2 dimer fixed at its equilibrium~gas-phase! internuclear
separation of 3.08 Å and HBr approaching collinearly a
perpendicularly to the Na-Na axis, and pointing to the dim
with H- and Br-ends. The interaction is more attractive f
the perpendicular~T-shaped! geometry for either orientation
of HBr. The molecule prefers to approach with the H-e
pointing to the dimer, similar to the Na-HBr case. The bin
ing energy is calculated to beDe'86 meV atRe'3.10 Å
~between H and the dimer center!, similar to our results for
Na2 ...HCl, '85 meV at'3.17 Å. The collinear approach
leads to a rather flat or even repulsive potential. These fi
ings can readily be interpreted in terms of a simple elec
static model for the interaction of the HBr dipole and N2

quadrupole. In the fully optimized equilibrium configuratio
HBr tilts slightly from the symmetric T-shaped configuratio
by '8° in the system plane.

FIG. 11. Contour plot of the Na-Br-H PES for the linear geometry. Conto
are at steps of 130 meV. The cross marks the saddle point at the top o
barrier; 0.75 eV above the initial state, IS. The final state is FS.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The calculated Na2-HBr binding energy of 86 meV
should be compared with the'60 meV gap between th
peaks ‘‘A’’ and ‘‘C’’ in the TPD spectrum. The binding en
ergy difference of'64 meV between the two T-shaped co
figurations of the complex hinders rotation of HBr near t
dimer but still allows for bending vibrations facilitating th
charge-transfer reaction. Due to a significant difference
tween the correspondingRe values, these vibrations coup
with those for stretching modes.

In above analysis~Secs. V A–V D! we considered the
species as being in the gas-phase. It is recognized tha
interaction between Na and HBr, or Na2 and HBr, will be
modified in the adsorbed state from their gas-phase val
Nonetheless these calculated binding energies of 16 an
meV are in adequate agreement with the 20 and 60 m
measured differences between the peak ‘‘A’’ and peaks ‘‘B
and ‘‘C,’’ respectively, in the TPD spectrum. This accor
with our interpretation of these two peaks as due to Na...H
and Nan ...HBr, on the basis of our other evidence.

As discussed above, the presence of the Na...HBr
Nan ...HBr complexes in their ground states is consist
with our TPD data. Interpretation of the TOF spectrum
quires consideration of an electronically excited state. T
mechanism of photoreaction is, as previously describ2

charge-transfer reaction to yield H via an excited electro
state. The electronically excited complex,~NaHBr!* , is
thought to exist for sufficient time for its geometry
change. In the ground state NaHBr is most stable if H po
toward Na. Following charge-transfer in the excited sta
~NaHBr!* , the ionic product, Na1Br2

•H, gives evidence of
separating with H moving freely away from NaBr, given th
well-defined fine-structure in the H-atom translational e
ergy. This ionic intermediate may be linear or bent, so lo
as H is not trapped in the region between Na1 and Br2.
Calculations for the excited states are beyond the scop
the present work.

D. Na2Br photoproduct

The charge-transfer reaction in the Na2 ...HBr system
produces an Na2Br ionic species, that could be reflected
the TOF spectrum of ejected H-atoms. The Na2-Br potentials
calculated at the multireference-CI level of theory indica
the symmetric isosceles-triangular configuration as equ
rium one for the system in the ground state. The associ
binding energy is found to be only'0.3 eV larger than for
NaBr calculated at the same level of theory. This, toget
with De(Na2)'0.7 eV, results in'1 eV energy for the
Na2Br dissociation into NaBr1Na. The peak in the TOF
spectrum, associated with the~thermoneutral! Na1HBr reac-
tion, lies at'0.960.3 eV, which implies 1.160.3 eV energy
loss by the 2.03 eV photon to the vibrational excitation of t
NaBr product. Similar excitation of Na2Br can lead to its
dissociation into~vibrationally cool! NaBr and Na. The re-
action leading to a higher vibrational or electronic excitati
of Na2Br, on the other hand, would produce H-atoms w
low kinetic energies. This could explain the origin of th
low-energy peak~near 0.1 eV! in the TOF spectrum~Fig. 1!.
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E. NaBr-HBr photoproduct

In the case of the Na1HCl reactive system studied
previously,6 the TOF spectrum was interpreted in terms
the NaCl-HCl species formed via a charge-transfer reac
Na~HCl)2→NaCl-HCl1H. Since the Na...HCl and Na...HB
systems are found to have comparable binding energies~13
and 16 meV, respectively!, formation of similar di-hydrogen-
halide Na~HBr)2 complexes and their transformation in
NaBr-HBr can be expected as well. If the reactio
Na~HBr)2→NaBr-HBr1H takes place, the NaBr-HBr prod
uct complex should exhibit itself in the TOF spectrum. T
test this possibility we studied the NaBr-HBr complex.

For the fully optimized NaBr-HBr complex, ourab initio
~MP2! calculations predict a binding energy of'0.3 eV,
which is less than'0.5 eV for the NaCl-HCl counterpart.6

The equilibrium configuration of NaBr-HBr is intermedia
between those for L-shaped (HBr)2 and rhombic (NaBr)2 ,
similar to the Cl-based systems. Both diatomic compone
in the complex are perturbed weakly. The H-Br and Na-
distances are longer than in the free molecules by, res
tively, '0.02 and'0.05 Å only. These differences are abo
half as large as for the NaCl-HCl case.6 Such a weakly bound
NaBr-HBr complex cannot explain the vibrational progre
sion observed in the experiment. This progression covers
eV energy interval~from 0.8 to 1.4 eV, Fig. 2! and does not
show a significant anharmonicity which would be expec
for the weakly bound NaBr-HBr complex. Formation of th
complex appears therefore to be unlikely.

VI. CONCLUSIONS

In the present paper we report results of H-atom Rydb
TOF spectroscopy, TPD, XPS, andab initio studies of a
photoinduced~610 nm! charge-transfer reaction betwee
single sodium atoms or small sodium clusters as charge
nors and HBr as charge acceptors in HBr...Nan complexes
adsorbed on the LiF~001! surface at 40–90 K.

In the TOF spectrum of atomic H we were able to d
tinguish between peaks originating in photoreaction invo
ing single Na-atoms and that for sodium clusters. T
H-atom translational energy TOF spectrum in its ‘‘high
energy region~0.9 eV! exhibited structure of 40610 meV
spacing, thought to be due to vibrational excitation in t
NaBr residue of Na...HBr→NaBr1H(g) photoinduced reac-
tion on the surface. The cross-section of the photoreactio
610 nm was estimated as 7.5310219cm2 for the single so-
dium atoms. The TPD spectra also gave evidence of des
tion peaks arising from single Na-atoms and from sodi
clusters. The assignment was based on the dependence
intensities of the peaks in the TPD spectra on the Na co
age, and on the temperature of the LiF~001! surface at which
Na was deposited. These peaks in the TPD spectra ca
identified with corresponding peaks for Na...HBr an
Nan ...HBr in the TOF spectrum.

The ab initio calculations~at the CI level! support, ap-
proximately, in terms of calculated binding energies, the
signment of the TPD peaks to HBr adsorbed on the Na sin
atoms and clusters. The isolated Na...HBr complex is p
dicted to be bound by'16 meV. This value is close to th
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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experimentally measured energy difference of'20 meV be-
tween the desorption energies for HBr molecules adsor
on the LiF~001! surface and for HBr incorporated into th
Na...HBr complex adsorbed on the LiF~001! surface, i.e., the
difference in energy between the peaks ‘‘A’’ and ‘‘B’’ in th
TPD spectrum. For the Na2 ...HBr complex, the binding en
ergy is calculated to be'86 meV. This is in a qualitative
agreement with the energy gap of 60 meV between the pe
‘‘A’’ and ‘‘C’’ in the TPD spectrum. The calculated Na1-HBr
interaction is much stronger (De'410 meV) than that in Na-
HBr. From this we conclude that there is no detecta
charge-transfer between the LiF substrate and adsorbed
atoms.

Equilibrium configurations and the PES topologies
the neutral isolated Na...HBr and Na2 ...HBr complexes have
been examined. The preferred Na...HBr complex was fo
to be linear with H pointing to Na but with a low barrie
~'10 meV! to rotation of HBr. The Na2 ...HBr complex was
T-shaped with H pointing to the center of the dimer, with
significantly higher barrier~'60 meV! for the HBr rotation.
The low-energy peak in the TOF spectrum can be explai
in terms of HBr reaction with Na2 dimers and larger clusters
as suggested by theab initio calculations for Na2Br.

The experimental data showed that the activation bar
for spontaneous charge-transfer reaction in the ground s
exceeded 0.28 eV, in accord with theab initio value of
'0.75 eV. The barrier for Na surface-diffusion on th
LiF~001! surface was found experimentally to be less th
160 meV, in agreement with studies of compara
systems.20–22
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