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Molecular-orbital study of Li and LiOH adsorption on a Cu (001) surface. Il. Cluster-model
calculations with image charges
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Hartree-Fock and configuration-interaction calculations were performed fii @ud CylLiOH, as models
of Li/Cu(001) and LiOH/CY001), respectively. To take into account the dielectric-response effect of the metal
surface to external point charges, we used cluster models with image charges. JEgQrti® calculated
vibrational frequency was almost the same as that given by a cluster model without image charges, and both
values agreed well with the experimental value. Image charges improved the Li-OH vibrational frequency for
Cu,LiOH. On the other hand, simple cluster calculations without image charges gave poor results for work-
function changes upon Li and LiOH adsorption; however, by considering image charges, we obtained excellent
results, were comparable to the observed val{8163-18207)01208-3

. INTRODUCTION In the 1990s, Pacchioni and Badti&’performed Hartree-
Fock (HF) calculations on CiK and CuysK clusters to
Since Langmuir's experimehfor alkali-metal adsorption clarify the bonding nature of alkali-surface bonds at a low
on a metal surface in the 1920s, many experimental andoverage limit and concluded that at a low coverage limit the
theoretical studies of adsorption have been performedk-surface bond is predominantly ionic. \Aterecently per-
Alkali-metal adsorption is particularly important because offormed HF and configuration-interacti¢@l) calculations on
its practical use in relation to heterogeneous catalysis an@u,Li, Cu,sli, and CuyLiOH clusters to investigate the
fundamental interest as a simple-adsorption system. An earijechanism of Li adsorption and linear LiOH formation on
treatment of quantum mechanics was given by Gurriey Cu(001) using the model potential methd#.2* That study
1935. In the latter half of the 1960s, the dielectric responsavas inspired by a series of works on Li/@01) performed
of a metal surface to an external point charge was investiby Tochihara and co-workefS73 The charge-transfer-type
gated by Newn&* using the linear Fermi-Thomas approxi- E state was the ground state for £Lu The calculated Li-
mation and by Lang and Kofmising the local-density func- surface distance of 2.01 A and vibrational frequency of 309
tional theory with a jellium surface. In the 1970s, Newns andcm™* agreed well with the experimental values. The results
co-workers used the Anderson mdiéb investigate the for CuysLi were similar to those for Cyli. Cu,LiOH showed
mechanism of chemisorptibnand to perform qualitative a stable state in which a linear LiOH is weakly bound tq Cu
analyses of the change in work function versus the coverag€he calculations supported the experimental finding of
of the alkali-metal adatofi.'* Lang and William&? per-  Tochihara and co-workers that a linear LiOH is formed on
formed first-principles calculations within the local-density the surface when $0 interacts with the Li adatom on
functional theory by replacing the substrate with a jellium toCu(001) at low coveragé® However, the calculated Li-O
describe chemical adsorption. vibrational frequency of 895 cnt did not agree with the
In the 1980s, with the rapid development of computerobserved strong peal600 cmi %) assigned to Li-OH.
hardware and software, first-principles calculations could be The dielectric response of a semi-infinite metal surface to
applied to large systems. Tatewaki and co-workiE¥sper-  external fields is generally ignored in cluster model calcula-
formed molecular-orbital calculations for (Ma clusters(n  tions. In this paper, to obtain a better Li-O vibrational fre-
=1~4) to examine the electronic structure of Na adsorptionquency, we try to better describe the substrate by taking into
on the Cu surface. They were the first to show the essentiaccount the dielectric response in cluster model calculations.
features of alkali-metal atom adsorption on a metal surfacén this regard, Nakatsuji and co-work&hs°have proposed a
from the perspective of molecular-orbital calculations. Thedipped adcluster model for chemisorption on a metal surface,
ground state of the system is a charge-transfer state, whewvehere the adclustefadmolecule-clustey is dipped toward
there is also a large amount of back donation. Ishidfd  the electron bath of a solid metal and electrons are trans-
studied the electronic structures of alkali-metal adlayers offierred between them until the chemical potential of the ad-
metal surfaces in a variety of coverages by the local-densityeluster is equal to that of the solid metal. In this study, we
functional theory using a jellium surface. He successfullyused classical image theory in cluster model calculations to
explained the characteristic dependence of the work functioaccount for the effect of the dielectric response of the metal
and dipole moment on adatom coverage and claimed that theurface.
alkali-metal bond is covalent at all coverages. Our |justification for using classical image theory in
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guantum-mechanical cluster calculations, and the computa-

tional details, are explained in Sec. Il. In Sec. lll, we sum- (8) 5
marize the calculated results, including the vibrational fre-
guencies and equilibrium distances. Cluster calculations with G
image charges were also used to calculate the work-function @ s
changes upon Li adsorption and LIOH formation on '
Cu(001), and the results are discussed in Sec. V. Conclud-
ing remarks are given in Sec. V. @ @
Il. COMPUTATIONAL DETAILS ® -4
It has been well established that cluster-model calcula-
tions using molecular-orbital theory are useful because they e
can take into account chemical bonding effects and final- e -4

state relaxation effects. However, it is difficult to consider

the effects of the dielectric response of semi-infinite metal FIG. 1. A view of the cluster model with image charges for
surfaces to external fields in these calculations because of tffay,LiOH.

finite size of the clusters. Thus, cluster-model calculations

may not be suitable for describing the adsorption of chargeqhere the classical image potentialq?/4z is a good ap-

particles tolmetal _surfaces, wr:ereTLhe edﬁeCtS.Of thfe ﬂielf_gﬁfroximation of the Fermi-Thomas energy. Moreover, rela-
response play an important role. The adsorption of the LIOK;,, (2) is satisfied for Li adsorption on a @@01) surface.

Lo ey 4o
molecule, which includes a ionic bond betweer’ land Thus, to take into account the effect of the dielectric re-

OH', to a CU00Y) surface is such a system. Therefore, it iss onse of the Cu surface we used the classical image theor
desirable to take into account the effects of the dielectric P 9 y

X . . ip cluster calculations. It is to be noted that image charges
response in cluster calculations to treat the adsorption o hould ; h | ch nside the bulk
LIOH on Cu001). should not interact with real charges inside the bulk. How-

. ; S ever, since there are only surface atoms in the present cluster
The dielectric response of semi-infinite metal surface to y P

an external field has received considerable atterfisaes’ models, CuLi and CyLIOH, which are the same as in our

: . . . _previous papef! image charges interact with all real charges
In alkali-metal adsorption systems, a theoretical study usin . R
) . . . the present model clusters. In this connection, it is impor-
image charges to consider the dielectric response of a m.et%nt to note that the above relatiqdl) is satisfied in the
surface was presented by Gadzuk, Hartman, and Ritdin. resent calculations. Of course, we ignored interactions be-
The dielectric response effects can be represented by imaggs : ’ 9

charges on the condition that the charge distribution of thevoen th_e image charges._ Image charges_ were determined
elf-consistently to be the inverse of the sign of the calcu-

metal surface changes instantly following changes in the ad- . .
sorbate charge distribution. The change in the surface char ated gross charges of adsorbate atoms given by the Mulliken

e . ; . .
distribution is delayed by the inverse of the surface plasmo%)ct).pwat'or; analyfst,ls. It.|s well kncr)lwn thlatrt]he Mulllket?‘ popu- f
frequency(l/ws). Thus, the condition can be expressed as ation analysis often gives nonpnysical charges as the size o
a basis set is increased. Therefore, it is desirable to use the
1) method which is basis-set independent to determine image
charges. A method proposed by Huzinagal** can be one
wherer is the time scale in which the charge distribution of of such a method. However, we used here the Mulliken
the adsorbate changes. Rethgtudied Li atom adsorption population analysis because Mulliken charges were reason-
on metal surfaces by using a perturbation theory and showegble values in the present calculations. A cluster model with
that the time scale is longer than 18 sec. Since the plas- image charges for GUIOH is schematically shown in
mon frequency of the G001) surface was estimated to be Fig. 1.
3.3x10' sec 1,494 condition (1) is satisfied for Li adsorp- We performed HF and CI calculations for clusters with
tion on a CY001) surface. Thus, we used image charges inand without image charges by using a model poteritigh
cluster-model calculations to represent the dielectric reMP) for Cu?® where 31 and 4 electrons were treated ex-
sponse of the metal surface. plicitly and the other electrons were replaced by a model
Newns examined the dielectric response of a semi-potential. The basis sets for Li, O, and H were taken from
infinite metal to a point charge by using the linear Fermi- Huzinaga’'s work$>*®The contraction schemes of Gaussian-
Thomas approximation and found that the Fermi-Thomas saype functions(GTFs for basis sets were as follows: Cu,
lution for the energy of the point charge agrees well with the(41/1*/41); Li, (421/T°1*); O, (421/31%); and H, (41),
approximate expressionq/4(z+\"1) given by Gomer Where I denotes an additional GTF.
and Swansoff? wherez is the distance from the surface to  All single and double excitations from the HF configura-
the chargey and\ ! is the Fermi-Thomas screening length. tion were considered by maintaining that the Qd, &i 1s,
This indicated that the classical image theorem is valid if theand O 1s and 2 orbitals were always doubly occupied in Cl
effective surface is recessed hy'. For a Cu surfaca tis  calculations, which were referred to as CI1. We also per-
1.04 a.u.(0.55 A and the linear Fermi-Thomas approxima- formed more advanced CI calculatiof®12) in which the
tion is valid if the following condition is satisfietf excitations from the Cu @ orbitals were considered. The HF
and CI calculations were performed using thevoLa,*’
z>2.2 au. (1.2 A), (2)  micas,*® andALcHEMY2 (Ref. 49 software packages.

™ llwg,
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TABLE I. Surface Li distancefd,’s) and stretching frequencies |ated w.'s (310~320 cm‘l) at the CI levels agree with the

(we's) for the CulLi cluster with and without image changé€). observed value of 316 cm for Li/Cu(001) at low

coverage? This observation implies that Li adsorption on a

Method HF ci ci2 metal surface can be adequately described even by a simple
we (cm™Y) cluster model calculation that includes a substrate composed
NCT (“A,) without IC® 171 (168) 205 (209 of several atoms. L
NCT (“A,) with IC 171 203 Contour maps of the electron-density difference for the
CT (’E) without IC? 312 (312 309 (305 CT state given by CI2 calculations with and without image
CT E) with IC 330 321 316 charges are depicted in Figgapand 2b), respectively. The
d. (A) plane depicted is normal to the surface and contains a Li and
, © two Cu’s. The density difference was obtained by subtracting
4
NCT (A w?thout IC 261254 247249 the densities of noninteracting component systems,
NCT (*A,) with IC 2.61 2.47 g P y
2( 2) Wi . : ' p(Cuy)+p(Li), from the density of the clusterp(Cu,Li),
gl EZE; W'EEOIL(J; : i'gi (1.99 21'%26 (2.0D L 68 while retaining the positions of the component systems at the
Wi . . .

same location as GLi. The solid and broken lines denote an
increase and decrease, respectively, in electron density upon
Li adsorption onto the surface. Figurépis almost identical

3/alues in parentheses have been previously repgRedl 21).

lll. VIBRATIONAL FREQUENCIES to Fig. 2b), vyh|ch also supports the obse_rvatlon mentioned
above that simple cluster model calculations work well for
A. Cugyli these systems. One small difference between the figures is

The HF and both CI calculations were performed for thethat @ high density of electrons is observed between Li and

4A2 and2E states of the CiLi cluster with and without an the surface in Fig. @). Thus, the dielectric response effect
image charge: “A,, (42 electrons 5a26al6e? 2E, (42 makes the surface Li bond stronger. The stabilization energy

electrong 5a§6e3. 4A2 is a non-charge-transfefNCT) due to this effect was calculated to be 0.16 eV in the CI1

state, in which the &, orbital consists mainly of the Li¢  calculation.

orbital, while the &, and € orbitals consist of Cu 4 orbit-

als.’E is a charge-transfeiCT) state, in which the & elec- .

trons of Li transfer to the half-occupieg, orbitals of Cy. B. Cu,LioH

The calculated results for equilibrium surface Li distances, In our previous stud§* Cu,LiOH showed a stable state in
d.’s, and vibrational frequencies of Li normal to the surface,which a linear LiOH is weakly bound to GuThese calcu-
w.'S, are listed in Table I. The image charge determinedations supported the experimental finding by Tochihara and
self-consistently was nearly zero and.4 for the NCT and co-workers that a linear LiOH is formed on the surface when
CT states, respectively. For the NCT state, the image chargd,O interacts with the Li adatom on @01) at low

did not changal, or w,, while slight changes were seen for coverage’® However, the calculated Li-O vibrational fre-
the CT state. Thel, of the CT state given by cluster calcu- quency of 895 cm! was quite different than the observed
lations was closer to the observed value of #9808 A  strong peak(600 cm %) assigned to Li-OH stretching. To
than that given by calculations with the image charge. Iteliminate this discrepancy, we performed a preliminary cal-
should be noted that the observed value was at a coverage aidlation using a larger cluster, GUiOH, to represent the
0.5, and the distance is expected to decrease at lower covesubstrate. These calculations were not successful, and the
age. The cluster with the image charge in the present study @iscrepancy actually increased, contrary to our expectation.
considered to be a model of a lower coverd@e25 of Li We considered that this failure was due to the positive charge
adsorption. The image charge decreases the equilibriurof the central Cu atom in Gy, which is close to the image
surface-Li distance by 0.15 A for the CT state. The calcu-position of a positively charged Li atom. In classical image

(a) (b)

FIG. 2. Contour map of the electron-density differene@Cu,Li)—p(Cu,) —p(Li), for the CT @E) state(a) with and (b) without image
charges. Solid and broken lines denote positive and negative contours, respectively. Values of the contourdi@é®tared.02, +=0.01,
+0.005,+0.0025,+0.001 25, 0.000 625, antt0.000 313, respectively.
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TABLE II. Equilibrium bond distance&d,’s) and stretching fre-  Cu-Li calculated at CI2 with image charges is 107 ¢m
quencies(we's) for the CyLiOH cluster with and without image which is almost the same as that without image charges. On
charges(IC). the other hand, the frequency of the Li-O stretching mode

decreases by more than 100 ¢nThe discrepancy observed

Method Cu-Li Li-O O-H in the previous study has been reduced, but the difference
we (cm™Y) between the calculated and experimental values is still about
HF without IC 78 912 4057 200 cm!, which may reflect a limitation of the present
HE with IC 116 792 4056 method. The frequency of the O-H stretching mode and the
CI1 without IC? 85 895 3702 equilibrium O-H bond distance are scarcely affected by con-
CI2 without IC 113 937 3850 sidering image charges.
Cl2 with IC 107 796 3849
Experiment <200 600 3600
de A IV. WORK-FUNCTION CHANGES
HF without IC 2.63 1.63 0.968 . .
wirhou Mizuno et al?® measured work-function changé&/FCs
HF with IC 2.01 1.70 0.954 L . .
. with increasing HO exposure at a Li coverage of 0.25. The
Cl1 without IC 2.55 1.65 0.995 . . . .
. work-function reduction due to Li adsorption was 2.0 eV
C12 without IC 2.23 163 0.969 before HO exposure. This reduction decreased with increas-
CI2 with IC 1.70 1.69 0.968 HO exposure.

ing H,O exposure and seemed to be saturated at 0.7 eV,
aRef. 21. which was attributed to the formation of LIOH on the
Cu(00)) surface.
theory, this position should be occupied by a negative image In our cluster calculations, we calculated the work func-
charge. Thus, we used gulusters with classical image tions(WFs) of Cu(001), Li/Cu(001), and HO/Li/Cu(001) as
charges for the adsorbate in place of a semi-infinite metahe first ionization potentialgIPs) of Cu,, Cu,li, and
surface. The calculated equilibrium bond distances and vi€u,LiOH, respectively. The calculations were performed for
brational frequencies for the ground state of,GOH with clusters with and without image charges in the HF and CI2
and without image charges are summarized in Table Il. Thealculations. The results are listed in Table 11l together with
vibrational frequencies were obtained by a normal modehe experimental values.
analysis normal to the surface for the £u-O-H system by The calculated IPs of Guvere greater than the WF of the
assuming that Guhas an infinite mass. Contour maps of the Cu(001) surface by about 0.5 eV. This difference is due to
electron-density differencey(Cu,LiOH)—p(Cu,) — p(LIOH), the size of the cluster considered in this study. Tatewaki
for the ground state of clusters with and without imageet al>! showed that larger Cu clusters have lower IPs. In HF
charges are shown in Figs(@ and 3b), respectively. The calculations without image charges, the IPs of,[Guand
plane depicted is normal to the surface and contains an LiOKCu,LiOH were greater than the experimental values by about
molecule and two Cu’s. 2 eV. The calculated WFC-0.90 eV for Li adsorption was
The equilibrium surface-Li distance calculated with imageless than the observed changes by 1.6 eV, and the WFC for
charges is 0.50.6 A shorter than without image charges, LiOH adsorption was qualitatively incorrect, indicating that
indicating that the dielectric response of the metal surfacsimple cluster-model calculations are not suitable for de-
strengthens the bond between LIOH and the metal surfacacribing work-function changes.
This is also seen in Figs.(& and 3b); the charge density On the other hand, HF and CI2 calculations with image
between Li and the metal increases when image charges atbarges gave IPs about 2 eV lower than those without image
considered. This is the result of a polarization effect at thecharges, which are reasonably comparable to the experimen-
surface due to image charges. The stretching frequency ¢él WFs. The calculated WFCs were2.4 and—1.1 eV for

(a) (b)

FIG. 3. Contour map of the electron-density differene@u,LiOH)—p(Cu,)—p(LIOH), for the ground stat¢a) with and (b) without
image charges. Solid and broken lines denote positive and negative contours, respectively. Values of the contourdihed,ar.02,
+0.01, =0.005,+0.0025,0.001 25, 0.000 625, antt0.000 313, respectively.
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TABLE lll. Work functions (WF) and work-function changes tions for the cluster models @i and CyLiOH with image

(WFQ) (eV). charges, which were models of Li/@01) and
LIO/HCu(001), respectively.
Method (system WF WFC For CulLi, in which the bond between Li and the sub-
Experi strate is covalent and donation-backdonation plays an impor-
perlment . .
Cu(001) 46 00 tant role, the cglculated V|t_)rat|onal frequency was almo_st the
: same as that given by a simple cluster model without image
Li/Cu(001) 2.1 -25
H,O/LiCU(00D 39 07 charges. Both of the calculatedi resultg agreed excellently
2 with the observed value of 316 ¢rhfor Li/Cu(001) at low
HF calculation without IC coverage? This observation implies that Li adsorption on a
Cuy, 5.10 0.0 metal surface can be adequately described even by a simple
CuyLi 4.20 —0.90 cluster model calculation which includes a substrate com-
Cu,LiOH 5.83 +0.73 posed of several atoms.
On the other hand, considering image charges improved
HF calculation with IC the Li-OH vibrational frequency for GUIOH, in which
Cu, 5.10 0.0 ionic LiOH is weakly bound to the Cu substrate. The dielec-
Cugli 2.16 —2.94 tric response of the metal surface also strengthens the bond
CuyLiOH 3.73 -1.37 between LiOH and the metal surface.

Simple cluster calculations without image charges gave

C12 calculation with IC poor results for work-function changes on Li and LiOH ad-

gu“L. !2571;5 _20'39 sorption. However, by considering image charges, we ob-
W ' : tained excellent results which were comparable to the ob-
Cu,LiOH 4.07 —1.09 served values. Thus, cluster-model calculations that

incorporate the classical image-charge theory can be a useful
tool for estimating work-function changes in adsorption sys-

Cu,Li and CyLiOH at the CI2 level, which agreed well with tems

the experimental valugs-2.5 and—0.7 eV) for Li/Cu(001)
and H,O/Li/Cu(001). This observation indicates that cluster-
model calculations with image charges properly describe the
work-function changes upon the adsorption of such alkali- The authors would like to thank Dr. M. Yoshimine for
metal atoms and an ionic LiOH compound. allowing us to use theLcHEMY2 software. Some of the cal-
culations in this study were performed on the IBM RS/6000
PS2 cluster in the Computer Center of the Institute for Mo-
lecular Science. The present work was supported in part by a
To take into account the dielectric response effect of aGrant-in-Aid for Scientific Research on Priority Areas
metal surface to an external charge distribution, we per{Theory of Chemical Reaction$rom the Ministry of Edu-
formed Hartree-Fock and configuration-interaction calcula-cation, Science and Culture.
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