JOURNAL OF CHEMICAL PHYSICS VOLUME 111, NUMBER 3 15 JULY 1999

Total energy partitioning within a one-electron formalism: A Hamilton
population study of surface—CO interaction in the c(2x2)-CO/
Ni(100) chemisorption system

Wingfield V. Glassey, Garegin A. Papoian, and Roald Hoffmann®
Department of Chemistry and Chemical Biology, Cornell University, Ithaca, New York 14853-1301

(Received 28 December 1998; accepted 6 April 2999

A scheme for total electronic energy partitioning within the framework of a one-electron theory of
the extended Hekel-type is presented, with a view to extending and augmenting the capabilities of
existing theoretical electronic structure analysis tools, specifically overlap population analysis. A
total electronic energy partitioning is developed first for molecular and subsequently extended
materials. In constructing the partitioning, we define molecular orbital Hamilton populations
(MOHP's) for discrete systems, and Crystal Orbital Hamilton Populati@®@HP’sg for extended
systems. The various energy partitionings and overlap population analyses are exemplified and
contrasted for HXX=F,Cl,Br), ethane, and BPtH,]2~ polymer. The utility of energy partitioning

is demonstrated by effecting a COHP partitioning of the surface—CO interaction foi2tk&)-CO/

Ni(100 chemisorption system. Aspects of the surface—CO interaction less amenable to overlap
population analysis are addressed, specifically the role of energetically low-lying filled CO orbitals
and the relative contributions of surfasgp, andd bands to surface—CO interaction. Hamilton
population analysis leads to a G@u, 50)—metal forward donation, metal-G&x*) backdonation

model for the surface—CO interaction. The metalbntribution to surface—CO bonding is described

as sp dominated metaspd hybrid—CO bonding, modifying slightly the metdCO ¢ bonding

model proposed by Blyholder. The metal @?2backdonation of the Blyholder model remains. The
role of the CQ1#) orbitals is also discussed in the context of CO orbital mixing on binding CO to
the Ni(100) surface. ©1999 American Institute of Physid$§0021-9609)30325-]

I. INTRODUCTION sented in this and previous work for Ni—CO interaction in
molecular[ HsNiCO]~ and CO chemisorbed “on-top” on a
Most of the electronic energy of a molecule residesNi(100) surface?
within the individual atoms, the contribution arising from We begin by reformulating the molecular energy parti-
bonding interactions between atoms accounting for typicallytioning scheme derived by Dronskow3kiithin an extended
a few percent of the total electronic energy of the systemH{ickel framework. We define the molecular orbital Hamil-
Yet bonding between atoms remains the focus of attentioon population(MOHP) — the discrete analog of the term
for chemists, materials scientists, and physicists alike. crystal orbital Hamilton populatiofCOHP) introduced pre-
The goals of the present study dfe The development viously by Dronskowski and Blchl.! The valence orbital
of a theoretical framework for total energy partitioning in based MOHP formulation is then recast into energy parti-
extended materials, based on a simple tight binding model afoning schemes based on atomic contributions — the analog
the extended Htkel-type. The approach adopted closely of the one- and two-center or “atom-bond” partitioning de-
parallels that presented previously by Dronskowski andseloped by Popleet al. within a CNDO frameworK, and
Blochl* within a density functional theory framewori2) To  molecular fragment energy contributions.
understand how energy partitioning and overlap population  Both atom-based “atom-bond” and molecular fragment-
analysis of electron distribution are related and to examinéased energy partitionings are chemically intuitive. Molecu-
the extent to which energy partitioning can augment the catar fragment based energy partitioning schemes embrace the
pabilities of overlap population analysis. “functional group” concept of reactivity in allowing elec-
The energy partitioning formalism developed in this tronic structure changes resulting from a structural change to
work for extended systems permits localization, in directbe localized in one or more molecular fragments.
space, of orbital interactions. Orbital interactions within the ~ We proceed by deriving extended structure analogs of
unit cell and between unit cells become separabl a fea- the orbital, atom, and fragment based energy partitionings
ture not inherent in previous energy partitioning schemes fopresented for molecular systems and conclude the theoretical
extended materiafsThus it is possible to address the valid- section with a discussion on the utility of energy partitioning
ity of surface—molecule bonding analogies such as that prewith fragment orbital basis sets. Applications to chemical
bonding in discrete and extended systems are interspersed

dAuthor to whom correspondence should be addressed. Electronic maiV.Vith _the theory. AS_ an illustration of t_he unique capab?lities
rh34@cornell.edu of this new analytical tool, we examine aspects of Ni—-CO
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interaction for the prototypical, and well characterized, CO-lll. MOLECULAR HAMILTON POPULATIONS: AN
transiton metal chemisorption systenc(2x2)-CO/ EXTENDED HuCKEL APPROACH

: 5-14
Ni(100. Having just presented a somewhat general theoretical

framework for total electronic energy analysis in molecular
Il. TOTAL ELECTRONIC ENERGY PARTITIONING IN systems, it proves useful to consider the total electronic en-

MOLECULAR SYSTEMS ergy analysis scheme in the context of the extendedkklu

Consider a one-electron effective Hamiltonian formal-model. Givelr:athe familiar Wolfsberg—Helmholtz approxima-
ism, such as the extended tkel method:>'®For a valence tionofH,,,
orbital basig ¢} within the LCAO approximation the wave-

K
functions(molecular orbitals ; are given by HWZE(HWJr Hyu)Su0= K 0Sus s
¥i=2, C,i¢,, where(e,|p,)=1 for allv. (1)  where
V Su={(b.l¢,) and k=1.75. 8)

Theith eigenvalue for the system is ) _
Equations(5) and(6) can be rewritten as

Ei= (il Alua), )
— 2
and the total electronic energl,, for the molecular system MOHPW_N%S Ni €Ll Hyuu ©)
is given by Eq.(3) for a set of molecular orbital occupations i
{ni},
MOHP, = M;g 21N, Ci Cpii Ky Sy - (10
Eo= > N E;. (€©)) i
MO’s

i There is in common another use of the Wolfsberg—
The total molecular electronic energy can be expressetﬂe"nhO'tZ relationship, introduced to counteract the effects

as a sum over Hamiltonian matrix elemeritee, for ex- Of counterintuitive orbital mixing?° the argument and the
ample, Ref. 1¥. Substituting Eqs(1) and(2) in Eq.(3) gives  analytical tools devised in this paper are not affected by this

modification.

Eo= > Nl D |C#i|2HlLlL+E > cXicuHt, (4) Itis seen that the on- and off-site MOHP’s, E@). and _

MO's u wovEp (10) respectively, are intimately related to the corresponding

' R on- and off-site Mulliken overlap population’éMOOP’s)
where(¢,|H|#,)=H,,=H},. (Refs. 16 and 2idefined by Eqs(11) and(12), respectively,
Equation(4) is an energy patrtitioning. It is constructive

to identify terms in Eq(4) as “on-site” and “off-site” total MOOP, = > o |Cm|2' (11)
energy contributions, as defined by Dronskowski and MO’s
Blochl.} Equations(5) and (6) define, respectively, the on- '
site total energy contribution for theth basis function, to be _
called hereafter MOHP, and the off-site total energy con- MOOP“”_M%s 2 i Cui Coi Sy (12
tribution for the uth andwth basis functions, MOHP,. The :
term Molecular Orbital Hamilton PopulatigMOHP) is here Overlap populations can be used, as in the case of Mul-

introduced as the molecular analogue of Dronskowski andiken population analysis, to partition the electron distribu-
Blochl's Crystal Orbital Hamilton PopulatiofCOHP for  tion,
extended systens,

1
> MOOP,,+=> > MOOP,,=N, (13)
— 2 m ladad 2 Ry J22

MOHPML—M% il Cuil>Hup (5)

S whereN denotes the total number of electrons in the system.
MOHP, , = Mgs N{ChiC,iH L+ CLuiChiH, L) (6)  |v. MOHP ANALYSIS OF THE HYDROGEN HALIDES,

i HX (X=F,Cl,Br)
The electronic energ{4) can be written as a sum over  \MOOP analysis provides a measure of on- and off-site

on-site and off-site MOHP's as follows: electron distribution within a molecule. MOHP studies based
1 on the energy partitioning7) may complement and enhance
E= 2 MOHP, , + 52 ; MOHP,, , . (7)  chemical interpretation of MOOP analyses of electron distri-
“ HovFEN

bution. Consider, for example, bonding in the series of hy-
In obtaining Eq.(7) a specific form for the molecular drogen halides HXX=F, Cl, Br). The extended Htkel pa-

Hamiltonian has not been invoked. Thus the energy deconrameters and HX bond lengths used in the calculations are

position scheme is applicable to all theoretical methods utigiven in the Appendix.

lizing an atom localized basis set, and a one-electron formal- One point of interest when considering bonding in the

ism. hydrogen halides is the relative contribution of the halogen
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TABLE |. Comparative OP and HP analyses of halogeand p contribu-

tions to HX bonding for X=F, Cl, Br. The percent contribution of (§)—H
interactions is given in parentheses. 10+ o* @_
HF Fs)—-H Hp)—H Total o
OoP 0.247 0.25451] 0.503 /‘—'\?*
HP/eV -12.91 —7.19[36] —20.10 .~
~10+ /' \\_‘
HCl Cl(s—H Cl(p)—H Total eV HHb e T e,
OoP 0.175 0.554976] 0.733 20~ 0?-"—"' "“' 1|: A
' : : - _— % 5
HP/eV ~6.45 ~13.58[68] ~20.03 %1 ACE
HBr Br(s)—H Br(p)-H Total ~30- *
oP 0.131 0.56381] 0.694 o @
HP/eV ~3.66 ~12.96 78] ~16.62 —40- ! @_————

Br HBr H HF F
andp orbitals. Comparative MOOP and MOHP analyses of

HX bonding are given in Table I. It is important to remember FIG. 1. Molecular orbital diagrams for HBr and HF.

that, in general, negative Hamilton populations correspond to

stabilizing interactions in contrast to the destabilization in-

ferred by a negative overlap population. This “inverse” re-

lation in sign between Mulliken overlap populations and theine total electronic energy of a molecule. Such a scheme
corresponding Hamilton populations is clearly illustrated iny5eg not immediately lend itself to a bond-by-bond analysis

Table I. i - of electronic structure — perhaps the most chemically intui-
Fluorine offers the most striking contrast between theyjyq (otal energy decomposition scheme. With this goal in
results of MOOP and MOHP analyses. MOOP analysisying the following atom- and bond-based scheme is pro-
places approximately equal importance oris)FH and osed.
F(p)—H interactions, whereas MOHP analysis shows that ap-  consider a molecular system for which the valence basis
proximately of the energy of interaction may be attributed gsqqciated with thith atom is defined by the set of orbitals
to Hs)—H interaction. AW Equation(7) becomes
As can be seen from Table |, the discrepancy between
MOOP and MOHP descriptions of HX interaction is sub-
stantially reduced for HCI and still further reduced for HBr. _ 2 2 MOHP
The convergence of the MOOP and MOHP descriptions of ot ToMs 0 e
HX bonding on going from HF to HBr may be understood by P

considering MOHP analysis to be an “energy-weighted” 1

MOOP analysis. The off-sitt MOHP and MOOP definitions, +- > 2 2 MOHP,

Egs.(10) and(12), respectively, differ only in the factor , , 2 ATOMS uea®) vea®

as defined by Eq(8). The “energy weight”« , , increases vE

linearly with increasingd , , andH,,, — the diagonal Hamil-

tonian matrix elementsy;; being related to the valence shell +- > X 2 X MOHP,. (14

ionization potential(VSIP) for the ith atomic (valence or- ATOUS ATOMS 1ued® vea

bital. Hence the difference betweeqxs) and iy, de-

creases on going from HF to HBr, as does the discrepancy i

the ratio of H-Xs) and H—Xp) contributions to HX bind-

ing. Figure 1 illustrates graphicallfby contrasting the ex-

tremes of X=F, Br) the interactions in these HX systems,

and the very different energies of the F and Br orbitals.
We argue that when one is dealing with heteronuclear or

homonuclear interactions involving two or more valence ba-

sis function typegs,p,d,f with widely separatedd;;’s on a Eo= > X MOHP,,

Eor an orthogonal valence basis on each atomic center, Eq.
(14) can be simplified to yield Eq(15) — the MOHP’s
between different valence basis functions on the same atomic
center being equal to zero,

particular atomic center, an energy based MOHP analysis AT?MS ned®)

becomes the preferred option over a MOOP analysis of elec- 1

tron distribution. 4 — 2 E 2 2 MOHP . (15)
2 ATOMS ATOMS 4 () e () g

V. IMPLEMENTING TOTAL ELECTRONIC ENERGY ! J#i

ANALYSIS IN MOLECULES: AN EXTENDED

HUCKEL APPROACH Equation(15) can be expressed in terms of on- and off-
The total electronic energy decomposition scheffe site atomic Hamilton populations as defined by Ead$) and
allows for evaluation of orbital-by-orbital contributions to (17), respectively,
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TABLE Il. AHP analysis for ethane. Symmetry equivalent AHP’s have \/|. FRAGMENT ENERGY PARTITIONING IN ETHANE

been omitted.

H ; Hs
t N
i 1 SpHy
ST G
H 5 p 1 AN
H 4 : H 8
]

Fragment ; Fragment
A ' B
ATOM contributions

Atom AHP/eV
C —37.26
H —8.87

BOND contributions

Between atoms AHP/eV Between atoms AHP/eV
C,-C, -19.23 H;-H, 1.03
C,-H, —19.44 H;-H 0.12
C,~Hg 1.16 H,-Hg -0.06
AHP,= X, MOHP,,, (16)

neA
AHP;= X X MOHP,,. (17)
peAd® pes )

Thus the total electronic energy can be written as

1
o= 2 AHP+5 2,
ATOMS ATOMS ATOMS

i i j#i

AHP; . (18)

Equation (18) enables electronic energy distributions

At this point in the discussion it is instructive to effect a
total energy partitioning for a simple molecule such as
ethane. Table Il summarizes an AHP analysis of ethane. The
on- and off-site AHP’s, as defined by Eqd6) and (17),
respectively, are equivalently referred to as “atom” and
“bond” energy contributions.

The total “atom” and “bond” contributions to the total
electronic energy of ethane, as calculated within the ex-
tended Hekel approximation, are given by Eq&2) and
(23), respectively

atom contributior= >, AHP,=2AHP, + 6 AHP,
ATOMS
|

= —127.74eV, (22

1
bond contributios — E E
ATOMS ATOMS
i j#i

:AHP12 + 6 AHP13 + 6 AHPlG
+6 AHP3, + 6 AHPy + 3 AHP3g
=—122.19eV. (23

Ethane can be partitioned into two glfagmentsA andB

as shown in Table Il, the total electronic energy being com-
posed of the individual intrafragment FHP’s for the £H
units, FHR, and FHR, and an interfragment FHP between
the two CH; units, FHRg. The FHP’s can, according to Egs.
(20) and(21), be expressed in terms of AHP’s and are writ-
ten,

FHPy=FHP;=AHP; + 3 AHP; + 3 AHP 3+ 3 AHP;,

AHP;

——119.1eV, (24)

within molecular systems to be analyzed efficiently. For mo-and

lecular systems containing large numbers of atoms, the atom
by atom energy decomposition sche(i8) provides an eco-
nomical scheme for localizing and highlighting electronic

features of interest.

The atom based scheni&8) can be recast in a form
based on molecular fragment— a fragment being simply
defined as a subset of all atoms in the molecule. Equatio
(19) gives the total electronic energy as a sum over intra- an

inter-fragment Hamilton populations, as defined by E}6)

and (21), respectively. The se(™ contains the atoms be-

longing to thenth fragment as elements

1
Eo= >, FHP,+= > FHP,.,, (19)
FRAGS 2 FRAGS FRAGS
m m nm
1
FHP,= X AHP+> > > AHP;, (20)
ATOMS 2 pfOMs ATOMS
ieB(M ieB(M jep(M
j#i
FHP, = >, AHP;; . (22)
ATOMS ATOMS
ieBM jep (M

FHPas = AHP,, + 6 AHP 5+ 3{2 AHPyq + AHP3,
=-11.73eV. (25)

Note, incidentally, the small positiveepulsive AHP’s be-
tween carbon and hydrogen atoms attached to the neighbor-
ing carbon atom and two hydrogen atoms attached to the

%ame or different carbon atoms — the exception being the

ny attractivetransH—H interaction.
We proceed next to extended, translationally periodic
systems.

VII. DEFINING THE TOTAL ELECTRONIC ENERGY
FOR AN EXTENDED SYSTEM

Consider theath eigenfunction resulting from solution of
the generalized eigenvalue problég6) for a general point,
k in reciprocal space,

H(k) C=E S(k) C, (26)

whereE=E(k) andC=C(k) are the matrices containing the
eigenvalues and eigenvectors respectivélyk) and S(k)
denote, respectively, the Hamiltonian and overlap matrices.
Theith eigenvalue is given by
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(i ()| Alyi(k)) Let us now consider the corresponding expression for

W (27)  the total electronic energy when dealing with normalized
! ! crystal orbitals. By analogy with the treatment of the Hamil-
The crystal orbitals{ (k) } are generated as a sum over tonian matrix element(;(k)|F|;(k)) presented above,

a Bloch basig¢,(k)} [Eq. (28)]. The Bloch sum(29) for  the overlap matrix elements;(k)|#i(k)) can be written as

the uth valence(or unit cel) basis function, |}, is defined

as a sum over all lattice vectorR with reference to an ik-R ik-R "
arbitrary origin or “home cell” within the lattice, (gl i(k))= 2 ¢ > 2 CpiCui € ’“’(R ),

Gi(rk)=2 Cuid,, (28)

Ei(k)=

RH ILL
(34
on definingS, ,(R")=(U, (0)|U,(R")).
_ _p)akR Thus, on substituting Eq34) into Eg. (33) the normal-
Pulrk ; U (r=R)e. @9 ization condition becomes
On substituting Eqg28) and(29) in Eq. (27) the expres-

sion for theith eigenvalue at a general poiktin reciprocal > 2 ChiCyi kR’ W( R") =1, (35)
space becomes R" &
_ for each reciprocal space pointel.
Ei(k cx
()= <¢|(k)|¢|(k)> ) EV 2 E wiC From this point on we shall consider a normalized set of

K- (Ry—Ry) N crystal orbitals, for which the expression for the total elec-
x @27 R (U, (RY[HIU (Ry)). (30 tronic energy, Eq(33) is written
The notation | (R)=U, (r—R) is introduced to sim-
plify the form of Eq.(30) and all subsequent expressions. g _2 2 oankS > 2 ckic, dk-R' W(Ru)

The total electronic energy for an extended systdon a R B
discrete sampling in reciprocal spade given by Eq.(31), w7

Eor= > > Qini(k) Ei(K). (3D => > an(k>{2 2 Chicui Hu(0),

kek CO's kek ¢o's
1

The total electronic energ§Bl) is defined as a summa- ,
tion over crystal orbitals(_CO’s) — occupancyni(k), for +> > ChicCi gk 'R H;w(R")]- (36)
each reciprocal space poiktbelonging to the discrete skt R'#0 #» 7V

— each with an associated weightir{@,.. By analogy with

the molecular case descrbed previously the mmediate godf TSt ST Y AR ETENEL L O SRR Y
is to express the total electronic ener@l) as a sum over

Hamiltonian matrix elementisee Eq.(7)]. Substituting Eq. of intercell (R"+#0) terms in Eq(36). The lattice vectorf

(30) in Eq. (31) gives, on performing the change of variable &€ given in Eq(37) in terms of the primitive lattice trans-
R=R; andR’=(R,—R,), lationsa, b, andc for integersa, B, andy,

Q,ni(k) . _
oS S k) [zemzzzcm ’ R'=aat fb+ye @7

kek co's (i)l gi(k)) The summation oveR” can be partitioned as follows:

Xeik'(R"R)HMV(R’—R)], (32 > =22+ >, (38

R"#0 R'¢eR"™ R'eR”

where we have defineH,,(R'—R)=(U,(R)|A|U,(R  on defining the sets of lattice vectoRs" and R~ by Egs.
+R’)). The Hamiltonian matrix element ,,(R'—R) de-  (39) and(40), respectively,

scribes the interaction between valence basis functiog;\s ]

and U, in unit cells defined by the lattice vectoRs and R R"={a>0,8=0,y=0}
+R’, respectively, and is a function of the vectoR’'( _
—R). Thus, on defining the change of variatR¢= (R’ U{integere, 5>0,y=0}
—R) Eq. (32) becomes
Q. (k) U{integera andg, y>0}, (39

E —_— gR c*.c,

tot™ %%S<dﬁ(k |lr/ll k))[z % % E un R_={a<0,ﬁ=0,y=0}

ik . R’ " U{integera, 3<0,y=0}
xR H, (R )J, (33

. U{integera andp, y<0}. 40
whereH ,,(R")=(U,, (0)|H|U, (R")) denotes the interaction {integera andg, y<0} (40)

between the valence basis function, (@) in the “home  The sets of unit cells defined by summing over the sets of
cell” and U,(R") in the unit cell defined by the lattice vector lattice vectorsR* andR™ are illustrated in Fig. 2 for a cubic
R" with respect to the home cell. crystal system.
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By analogy with the molecular cag&gs. (5) and (6)] on-
and off-site COHP’s within the home unit cell are defined by
Eqgs.(44) and (45), respectively,

c
b
a

COHPW(O)=§C Qk(%:‘s ni(K) |cil2H,,(0), (44)

COHP,,(0)= >, Q> mi(K){ckc,i H,,(0)
kek CO's
1

*
FIG. 2. The unit cells defined bfa) the R~ set of lattice vector¢shaded + CruiCui HVM(O)}' (45)

and (b) the R* set of Igttice.vectors‘,_shadeai vv‘i‘th respect to the lattice on defining the intercell COHP between basis functions
vectors(a,b,c) for a cubic lattice relative to the “home cellthatchedl. . . . .
w in the home cell and in the cell defined by lattice vector
R (with respect to the home unit celby Eq. (46), the total
For a set of valence basis functiofis}} the summation electronic energy42) can be expressed as a sum over on-site
over the set of lattice vectol®~ can be rewritten as a sum intracell, off-site intracell, and intercell COHP’s as defined
over the seR* on utilizing Eq. (41) for all valence(unit by Eds.(44), (45) and(46), respectively,
cell) basis functionsw and »,

. . COHP,(R)=>, 0, > ni(k){c*.c,ie“RH, (R)
(U, (0)|A|U,(=R"))=(U,(O|A[U, (R))Y*.  (41) (RO 2 g, MO s

|
Thus the total electronic enerd$6) can be written as a

o* a—ik-Rpg*
limited summation over lattice vectolR”e R* in accord TCuiCui® HL(R)} (46)
with Eq. (42), Thus the total electronic energy can be partitioned according
to Eq. (47):
Bio= 2 gsﬂknmk)[i > i Hy(0) 1
* o oo Ew=2 COHP,,(0)+ 52 > COHP,,(0)
M novEQ
- c¥ic, @R H (R
RER % 2 {Chicu wlR) + 2 2 2 COHP,(R). (47)
ReRT # v
+C,Ck e‘""R”H;V(R”)} ) (42) The COHP formulation(47) differs from that of Dron-
skowski and Blehl* only by treating intercell COHP terms

The energy partitioning42) is applicable to all methods uti- (46) explicitly. The intercell and intracell terms i#7) are

lizing an atom localized basis set and a one-electron formalgomb'ned in the treatment of Dronskowski and &b re-

ism. It is also worth noting that on reducing the double Sum_sulting in a loss of spatial information beyond the bounds of

mation over lattice vector®: andR. to a sum oveR”e R* the home unit cell. The strength of the current COHP formu-
1 2 ’

the total electronic energy can be written as a sum oveﬁt':m IIS the ab:hty tlzrl]oc?rllzr;z chatr;gets Irn Ieler]ctaonlcvairhtﬁrc]u:;e
Hamiltonian matrix elements which involve one or more va-'"' €& SPace resuiling from a structural change €

lence basis functions in the unit cell hereafter referred to agn't cell.
the “home cell,” defined byR"=0.

IX. A HAMILTON POPULATION STUDY OF THE Pt—Pt

VIIl. CRYSTAL ORBITAL HAMILTON POPULATIONS INTERACTION IN L[PtH,]?~

(COHP’S)
The mechanics of Hamilton population analysis for ex-
tended materials may be illustrated by application to a simple
one-dimensional hypothetical polymer. Consider the chain
constructed by stacking square plaf®tH,]?>~ monomers

In this section the total electronic ener@¥2) will be
used to define the “Crystal Orbital Hamilton Population
(COHP,” previously introduced by Dronskowski and
Blochl! An intra/intercell energy partitioning follows imme-

diately from Eq.(42). The intracell term from Eq(42) can Itn ?n dPTC“E.S edgcgr;f.ormattlon ";t a ;eparattlc;rﬁc(;& ?éléus-
be partitioned into on- and off-site terms according to Eqg. rated in 1g. 3. This system has been studied earner.
(43), For the sake of simplicity we concentrate otinterac-

tions between platinum atoms. These are determined by three
orbitals on each platinum center, thep,, andd,2 valence
orbitals — the chain direction being defined as the z direction
as shown in Fig. 3. Following Eq47) the ¢ component of

1 the Pt—Pt interaction can be written
=2 leulHun(0+ 32 3 {Chicsi Hu(0)

Eopipy= > 2 2, COHP,(R), (48)

+C,u.icti HV,LL(O)}: (43) ReRt mex veX

> X ckic,i (U, (0)|H|U,(0)
M v
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X s—p, overlap populations in contrast to the corresponding
l/ I/ '/ z
--,"I"--,"I'"‘,"I'"".%—’z Hamilton pppulation ratio of_ approximately 3:1. Both ap-
rves proaches give a small repulsigg2—d,2 interaction, perhaps
smaller than one might have anticipated. Clearly the more
-21 diffuse Pts andp orbitals can participate to a greater extent
in Pt—Pt interaction.
™ z We now continue our development of the formalism for
6. extended systems.
eV —
Sy X. COHP’S: AN EXTENDED Hu CKEL APPROACH
109 The familiar Wolfsberg—Helmholtz approximation to
. - —% H,. (Ref. 18 can be used to generate the following on- and
P xy off-site COHP’s, based on Eqgl4), (45), and (46) respec-
14l i tively,
[
r X )
COHP,,(0)=2> O > ni(K) [c,il*H ., (50
kek "CO's
I

FIG. 3. Band structure fd{ PtH,]?~. Three of the low-lying Pt—H bonding
bands and the Pt-centersdp, , andp, Pt—H antibonding bands have been
omitted.

COHP,,(R)=2 X m(k){chic,ie R
kek " CO's
|
for the valence orbital set ={s,p,,d,2}. * —ik.R
The relatively large Pt—Pt separatioh®A effectively HCuiChi €7 Ky Suu(R), (51)
reduces the sum of interactions over lattice vectoeRR to whereH , , is the diagonal matrix element of the molecular
the interaction between Pt orbitals in nearest neighbor cellsdamiltonian matrix corresponding to theth valence basis

Thus Eq.(48) can be written function, S,,,(R)=(U, (0)|U,(R)) and «,,, is defined by
Eqg. (8). COOP analogs, intimately related to the COHP’s

Eoprpy= 2 2 COHP,,(1). (49) (50 and(51) can be formulated within an extended ¢hel

mex veX framework, and are given by Eq$52) and (53), respec-

The results of the Hamilton population analysis are sumfively,

marized in Table Il along with the results of an analogous

overlap population analysis. COOPR,,(0)=2>, 0, >, ni(K) |c,il? (52)
As can be seen on examining Table Ill, Pt-ePinterac- kek €O’

tions are composed almost exclusivelymfd,> and, to a

lesser extent,s—p, valence orbital interactions between COOP,,(R)=2, O, > ni(k){c*c, &R
neighboring Pt centers. Despite a larger physical overlap — r kek  CO's mey

the overlap betweesandp, valence orbitals being approxi- ' _

mately twice that op, andd,2 orbitals on adjacent Pt centers +CLiC g kRy S.(R). (53

— the Pt—Pts—p, overlap population is calculated to be
~50% of thep,—d,2 overlap population. This is due to a XI. SCHEMES FOR TOTAL ELECTRONIC ENERGY
greater degree of mixing between the®Btandd,> bands, PARTITIONING IN EXTENDED SYSTEMS
the relatively high energy P$ band (band center~9 eV) . . "
relegatingsp interactions between neighboring Pt atoms to a In this section atom and fragment based energy partition-
minor role in Pt—Ptr bonding ing schemes for extended systerf@malogous to those of

While in general the Hamilton population analysis par-secb\; Erfmﬂeijggr Systthemﬂfte O:Ce\\:elloged.b < function
allels the overlap population analysis in this system, there i%entered?)n thi?th atoswswitr?insaeohorzeeuzﬁ ceils ?heucr(;s?als
a difference. Note the approximately 2:1 ratiomf-d,2 to . o . '

bp y =z orbital partitioning(47) can be recast in the atom-based form
1

TABLE Ill. Comparative overlap and Hamilton population analyses of Eiot= 2 CAHP,(0)+ = 2 E CAHP;(0)
Pt—Pto bonding in}[ PtH,]2". ATOMS 2 afOMs ATOMS

i j#i
o component Pt—Pt OP Pt—Pt HP/eV

+ 2 > > CAHP(R). (54)
s-s ~0.001 0.01 Rert ATOMS ATOMS
s—p 0.019 -0.25 ! J
s-d 0.001 —0.01 In the above expression on- and off-site Crystal Atom
g:g 8'821 :8'% Hamilton Population§CAHP’s), CAHP,, and CAHR, , re-
d—d 0,003 0.07 spectively, are defined for an orthogonal valence basis on

each atomic center by
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CAHP,(0)= 2>, COHP,,(0), (55) XM= > dmgm, (60)
P«E-A(i) aep (M
and By analogy with Eq.(1), theith wave function for the
CAHP,(R)= 2 2 COHP, (R). (56) molecular system in the FMO basis is written
/.LE.A(I) veA )
Again by analogy with the molecular caésee Sec. Y Y™MO= _ C(')Xﬂ),
crystal fragments can be defthe— a crystal fragment being FRfGS pec)
a subset of all atoms in the home unit cell. The total elec'vvhere
tronic energy for an extended systénv) can be expressed
as a sum over intra- and intercrystal fragment Hamilton <¢fM0| lpiFMc’):lforaIIi. (61)

populations, as defined by Eq&8) and (59), respectively.

On defining the seB(™ containing the atoms belonging to The total electronic energy for a molecular systeth be-
the mth fragment, the total electronic energy for an extendedOmes

material is written,

1 B > M| > > [cB2Hi
Bo= 2 CFHRy(O)+5 >, >, CFHR(0) o ite M| eites oty 0] i
FRAGS FRAGS i i
m m n#m
ta o2 o2 2 [l (62
+ 2 2 > CFHR.(R). (57) FRAGS FRAGS ,cc(i) ,ec(l [ .
RerT FRAGS FRAGS i 1]
m n

on defining H,,=(xWH[x) and noting that H})

CFHP‘“(O):A%MS CAHR(0) =6,,Hl, for all fragmentsl such that f,v) eCO.

ieB(m Equatlon(62) is a total molecular electronic energy par-
1 titioning in a FMO basis and can be expressed as a sum over
+= E E CAHP;(0), (59 intra- and interfragment energy contributions, as defined by

2 AfOoMs ATOMS
ieB(m ]EB(m)
J#I

Egs.(64) and (65), respectively,

1
- ’ E FHPVO+ S FHPMO, 63
CFHRu(R)= % 3 CAHP;(R). (59) o= 2 5 o FHP (63)
B e i b

The crystal fragment energy partitioning will be em- MO

ployed in the final section of this paper to analyze surface— FHPJ'E :M%:,S EC:(D n; |C(')| Hj,i,ﬂ (64)
O's e
|

adsorbate interactions in the CO(ND0) chemisorption sys-
tem. The surface layer and underlying “bulk” Ni layers of
the Ni slab model are there treated as separate crystal frag- FHP;MOZ > > > n {[C(J) *cl) Hﬂy

ments for the purpose of the analysis. Such a fragment-based M-?-‘S wec@ vec®
analysis is frequently followed by a more “localized” analy- 0 o)
sis, for example an orbital-by-orbital study. When electing to +cl [e1* HY} (65)

perform an orbital-based analysis, a fragment crystal orbital

(FCO) basis is generally preferable over an atom-localized crlgt?ali‘)r(;zr:geegtS(ﬁ)ﬁ??lcirglzgs?; Eﬁi)(,l)sbde?:ge(?e:r?;
valence orbital basis, in order to maintain the integrity of the

fragment by fragment interaction scheme developed preV|as theuth CFO belonging to thth fragment Theth crystal

ously. Surface—adsorbate interactions, such as those in th Qubital is written as a sum over CFO's according to
CO/Ni(100 system studied in this paper, are particularly JFeo_ 2 2 0 () 66

) ¥,
amenable to FCO analysis. [ FARGS ) Cui X
i

XIl. TOTAL ELECTRONIC ENERGY PARTITIONING IN ¢ being defined as the set of CFO’s belonging to jtie
A FRAGMENT ORBITAL BASIS fragment. The CFO’'s belonging to thgth fragment

{x\), necW} are constructed from the valence basis associ-
The discussions of the preceding sections will now be ated with the ' fragment, D0 and are given by

reformulated in a language of fragment molecular orbitals
(FMQ'’s) and fragment crystal orbita[&CO’s) for molecular

and extended systems, respectively. (' )= 2( d%) ¢(’)
For a molecular system a fragment is defined simply as a aeD
subset of all atoms in the molecule, FMO'’s for timeh frag- _2 2 4 U(” _Ryl R 67

ment{x™,veC (M} being constructed as a linear combina- apa
tion of the valence basis functions associated with the atoms

belonging to themth fragment{#{™ ,»eD (™}, as given by for a Bloch valence basig{(r,k)} defined by Eq(29).

aep ()
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The total electronic energy for an extended systdi)
can be partitioned into a sum over on- and off-fragment crys-
tal fragment Hamilton populationfCFHP’S. The on-
fragment energy contribution for thgh fragment in the
home unit cell is defined by Eq68) and is analogous to
on-site COHP’s(44) defined with respect to an atom local-
ized valence basis set. Off-fragment energy contributions be-

tween fragmentg and| in the home cell, CFHF 9(0) and fG 4 A i2x2) £ 0O chemisorbed on the (00 surf
: : . - . 4. A centered2x?2) array 0 chemisorbed on the surface
fragmentq andl in unit cells separated by a lattice vector R, as viewed along the surface nornge). The dashed lines indicate the bound-

CFHFijleO(R) are defined by Eq(69). Equation (69) is aries of the supercell used to model &% 2)—CO/Ni(100) system.
analogous to the off-site COHP defined by E46),

CFHFiFMO(O):ng (%Sﬂkni(k)[ Em z(j) Em surfaces of the Dewar—Chatt—Duncanson model of metal—
i peC™ aeD T Beb ligand organometallic bonding. Within that model, the bond-
o _ - ing role, if any, of low-lying CO orbitals, specifically ther4
xd{)dd) [c|? HJ;B(O)], (68)  orbital? is not clear. Recent x-ray emission studies of CO
chemisorption on the NLOO) surface by Nilssort al® sug-
gest a bonding role for the CQx4orbital, in agreement with
CFHFﬁMO(R):2 E Qy ni(k)[ E Z E the CO 4 bonding role proposed earlier by our group for
kel C?’S wec) vec® qep ) CO chemisorption on the 11) (M=Ni, Pd, P} surface®’
and the model proposed by Hat al. for CO chemisorption
x 3 d0dY (O cWecRHI (R) on the P@110 surface?® These studies are in marked con-
Bep ™ trast to the recent theoretical study of CO chemisorption on
the Pt111) surface by Aizawa and Tsuneyakivhich favors
+Cﬂi)[cgi)]*e—ik~R Hjcl[? (R)}} , (690  asimpler Blyholder frontier orbital model of the CO—surface
interaction. The Hamilton population analyses presented in
this section address specifically the relative importance of
CO 4o, 50, and 27* orbital interactions with the N100
surface.
Another aspect of the surface—CO interaction which re-
mains relatively unclear is the relative importance of mstal

1
— MO MO
Eror= ngs CFHR°(0) + 2 Fges Fges CFHR " (0) p, andd bands in binding CO to the Ki00) surface®?®The

whereH!, ;(R)=(U%(0)|H|U(R)) for aeD W, geDM.
Equation (70) effects a CFHP total electronic energy
partitioning for an extended system,

i i 1#] dependence of the surface—CO interactions on the nature of
the metal surface will be the subject of subsequent Hamilton
+ > > > CFHRM(R). (700 population studies.

ReRT FRAGS FRAGS
I ! A. A model for CO chemisorption on Ni  (100)

Following our earlier work® the Ni(100) surface is
modeled by a four-layer Ni slab with 8=3% coverage of
carbon monoxide on one face of the slab, as illustrated in
Fig. 4. All geometrical and computational parameters were

We have used overlap populations for a long time, andaken from our previous worl and are detailed in the Ap-
they have proven extremely useful in helping us reach ampendix.
understanding of bonding across the Periodic Table. Hamil- Before attempting an analysis of surface—CO interac-
ton populations and energy partitioning are new to us. It willtions an appropriate energy partitioning scheme must be cho-
take some time to develop an idea of how useful this promsen. A Crystal Fragment Hamilton Populati@FHP analy-
ising tool is. We will see the range and validity of the appli- sis [Egs. (68)—(70)], based on the crystal fragmentation
cations in future studies; here we begin by reanalyzing allustrated in Fig. 5, reduces the problem of analyzing
previously studied system. slab—CO interactions to one of analyzing Ni surface

Surface—adsorbate interactions have been extensivelgyer—CO interactions. “Bulk” Ni—CO interactions account
studied from both an experimental and theoretical standpoirfor a mere 0.5% of the total slab—CO interaction.
in recent decades, yet many aspects of the subject remain Figure 6 summarizes the CFHP energy partitioning, for
unclear. The CO/NLLOO system is perhaps the most exten-the “bulk”—surface—CO crystal fragmentation given in Fig.
sively studied metal-CO chemisorption systetf.Carbon 5. It is instructive to note that “chemically relevant energy
monoxide — ao donor andm acceptor — is a prototypical changes,” such as heats of reaction and adsorption, in gen-
adsorbate for studies of surface—adsorbate interaction. Metafal are a minor component of the total energy of the system.
surface—CO interactions are traditionally described by the 5 The crystal fragment energy partitioning of Fig. 6 illustrates
to metal forward donation, and metal tar ackdonation this, Ni slab—CO interactions accounting for a mere 1.6% of
model proposed by Blyhold&f — an extension to metal the total energy. This was also true in the fragment energy

It is high time for an example.

XIll. A HAMILTON POPULATION STUDY OF BONDING
IN C(2%2)-CO/Ni(100)
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L adsorbate (A) I

— Ni surface layer

— 3-layer Ni ‘bulk’

FIG. 5. The crystal fragmentation scheme within the supercell defining the
four-layerc(2x2)—CO/Ni(100) slab. Ni atoms belonging to the supercell are
shown in black.

o ) ) FIG. 7. Surface—CO bonding models fgi2x2)-CO/Ni(100). Model (A),
partitioning for ethane presented earlier — the strong interthe chemisorbed(2x2)CO layer interacting with the full NLOO) surface

action between two methyl fragments accounted for 0n|>)ayer._0nly the CO molecule_in the home_unit cell is shomudel (B), a
4.7% of the total electronic energy. chemisorbed CO molecule interacting with the nearest and next nearest

neighbor Ni atoms (Ni and Nig's, respectively. Model (C), a single
chemisorbed CO molecule interacting with the single nearest neighbor atom

B. The role of the CO 4 ¢ orbital in surface—CO of the surface (Nj). The p(2x2)R45° supercell is shown dashed.
bonding

In order to assess the relative bonding role of the variousand the CO molecule in the home unit cell, CFI¥B,(0),
CO molecular orbitals in surface—adsorbate binding, it isSntercell interactions between CO in the home cell and the Ni
necessary to compute the surface—CO COHP’s in a crystalurface, CFHPA°,(R) and intercell interactions between
fragment orbital basis. The crystal fragmentation of Fig. 5 isthe Ni surface atoms in the home cell and t{gx2) CO
used. At this point one can ask: “Ho@patially localized is  layer, CFHRM2 (R).
the CO-surface interaction?” It will prove instructive to ad- To investigate the Ni surface layer—CO interactions in
dress this question before proceeding further with an analysigreater depth consider the 3 surface layer—CO interaction
of surface—CO interactions. schemes given in Fig. 7, subsequently referred to as
Let us begin by defining “surface—CO interaction” surface—CO bonding models A, B, and C.
within a Hamilton population energy partitioning. Following Model A refers to the interaction between the complete
the CFHP energy partitioning of E¢70) for a CFO basis, Ni surface layer and the chemisorbed CO layer. Thus the
the total interaction between the Ni surface and ¢t®<2)  surface—CO interaction calculated using model B;_co

layer of chemisorbed CO molecules is given by =Epi.co as defined by Eq(71).
Models B and C utilize a subdivision of the Ni surface
Eni-co=CFHFMO(0) + > {CFHPMC(R) layer into two crystal fragments containing, respectively,
ReR™ those surface Ni atoms directly bonded and not directly
+CFHEM2 (R)}. (71  bonded to a chemisorbed CO molecule.

The surface—CO interaction for model B is defined by
Equation(71) explicitly partitions thec(2x2) CO-Ni(100  Eq. (72). The interaction has two distinct components, A
interaction into the interaction between the Ni surface atomgypset of the chemisorbed CO molecules indi®x 2) layer
interacting with(1) a single Ni surface atom () bound
directly to a chemisorbed CO molecul®) the four Ni sur-
{ Fragment 1 : CO adsorbate ] face atoms ([\H’s) adjacent to Nj,

intra-fragment HP = -172.31 eV
ERi-co= CFHRESS, (0) + CFHRESS, (0)

CFHP,, = -15.88 eV

+ gg {CFHRESS,(R)+ CFHFUCco(R)}.

Fragment 2 : Ni surface layer )

CFHP13 =0.07eV
intra-fragment HP = -183.15 eV ]

(72

In addition to the home unit cell, the CO molecules ang i
included in the model are found in superceffs={[1,0]

[0,1[1,1]} indexed with respect to supercell vectora (
+b) and b—a). The surface vectora andb are defined in

FIG. 6. CFHP energy partitioning fa(2x2)—~CO/Ni(100) according to the ~ 19- 4. The final term in quz) accqunts for less than 0.01
crystal fragmentation scheme given in Fig. 5. eV of surface—CO interaction and is thus dropped from the

CFHPy; =-1191 eV Fragment 3 : Ni ‘bulk’ layers
intra-fragment HP = -597.38 eV
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TABLE IV. CFHP analysis of surface—CO bonding for the surface—CO 40 COD 56 COD
bonding models given in Fig. 7. All values are given in units of eV. -6
CcO Surface—CO bonding model 3]
orbital A B C -—¢Ep
30 0.16 0.17 0.13 104
40 —-2.24 -2.25 -2.31
17 0.27 0.26 0.22 eV
5o ~8.32 ~8.34 ~8.06 -129 —
2 -571 ~5.70 ~4.96 —
60 -0.03 -0.03 -0.03 -144
_16.
:>
analysis. Thus the surface—CO interaction in model B is ef- _
fectively between a single chemisorbed CO molecule of the - cop + - cop +
C(_ZXZ) Iayer and the five closest Ni surface atoms, and I§:|G. 8. The crystal orbital displacemef@OD) curves for the CO & and
given by Eq.(73), 50 orbitals. COB=DOS (2% 2)—CO/N(100)]-DOF c(2x 2)-CO].

ERi-co=CFH P('?:C'\)APNiLy( 0)+CFH Pchl?NiB( 0)

tions is somewhat more substantiakat3%. On the basis of
+E CFHPCFg'_ONiB(R). (73)  this modest decrease in surface—GQnteractionswe con-
ReG clude that surfaceCO o interactions can be modeled ad-
Finally, surface—CO bonding model C describes the in-equately by a localized surfac€0 bonding modesuch as
teraction between a chemisorbed CO molecule and theodel C.
single, nearest neighbor Ni surface atom. Thus the At this point it is convenient to introduce the concept of
surface—CO interaction calculated using model C is given by “crystal orbital displacemen(COD)” developed previ-
the first term in Eq(73). It should be noted that surface—CO ously by Ruiz, Alvarez, and co-workef$COD is defined as
bonding model C is distinct from a linear triatomic Ni—CO the energy-resolved change in the crystal density of states
“cluster” bonding model, for in the case of model C, the resulting from a structural change. The COD can be parti-
nickel valence orbitals are dispersed throughoutsthg and  tioned orbital-by-orbital or FMO-by-FMO.
d bands of the Ni slab. Metal—carbonyl bonding on surfaces In this work we are interested in the changes in elec-
and in molecular species will be contrasted in a later sectiortronic structure on adsorbing CO on the(MOQ surface.
Table IV summarizes the contributions of the CO mo-Consider the CO & molecular orbital. The & COD is de-
lecular orbitals to surface—CO interaction for bonding mod-fined as the difference between the BOS in thec(2Xx2)-
els A, B, and C. An orbital-by-orbital comparison of the CO CO/Ni(100 chemisorption system and therDOS for the
molecular orbital contributions to surface—CO bonding inc(2xX2) CO array in the absence of the (00 surface. We
models A, B, and C reveals that only the C@ &nd 27* define our 4 COD in such a way that a positive contribution
contributions vary significantly between models A, B, and C.to the COD represents a buildup of DOS on binding CO
The ~0.25 eV reduction in CGo)—surface interaction on to the nickel surface. ThesACOD is given in Fig. 8.
going from a completely delocalized bonding pictineodel Note the positive—negative feature in ther £€OD at
A) to a local bonding picturémodel Q corresponds to a ~—17 eV in Fig. 8. This is the COD signature of a stabiliz-
reduction of~2% in the magnitude of surface—C@®inter-  ing orbital interaction — the ¢ DOS in the composite sys-
actions. The corresponding change in surface—<i@terac- tem appears at lower energy. A much smaller feature can be

(a) (b) (©)

n——SF

j P ) FIG. 9. Surface—4¢ COHP plots for

eV surface(a) s, (b) p,,, and(c) d,, bands
121 i within bonding modelC. COHP inte-
----- 4 f———] ot [—— s [~————— .
T — O S U grations are represented by dotted
-4 | ; lines.
-6l
—-“"'————"4 .....
=18-— T T T T T T T T | p— T
-3 2 -1 0 1 3 2 -1 0 1 3 2 -1 0 1

COHP/eV COHP/eV COHP/eV
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TABLE V. Surfaces, p,,, andd, -CO(40) COHP’s for surface—CO bond-
ing model C, along with the corresponding partial surface—GCCOHP’s
obtained by integrating through ther®and only(approximately—12 eV
through—14 eV).

Surface Surface-ACOHP/eV
band Total COHP & band integration
s —1.43 1.50
Ps —0.58 0.65
d —-0.30 0.67

T

seen in the & COD at ~—13 eV. This feature of thed
COD is a result of & mixing into the CO %-dominated

Glassey, Papoian, and Hoffmann

TABLE VI. Orbital occupation analysis for(2x2)—CO/Ni(100).

Changes in CO orbital occupations

Ao —-0.12
AS0 —0.38
A27 0.75

Changes in surface atom orbital occupations

Ni bound to CO Ni without CO
As —-0.04 —-0.03
Ap, 0.17 0.01
Ap, 0.04 0.02
Ad, -0.50 0.00
Ad, -0.48 —0.02
Adj 0.02 -0.07

band for the composite system, which is itself identified as

the positive component of the positive—negative GOD
feature at~—13 eV shown in Fig. 8. A significant mixing of
the CO 4 and 9 states for the CO/Pt11) chemisorption
system was recently noted in the density functional study o
Aizawa and Tsuneyul’

In order to assess the character and magnitude of the Despite being responsible for25%

surface—4& interaction, the surfacs, p,, andd,—CO 4r
COHP’s were calculated and are shown in Fig. 9.

surface atoms not directly bonded to adsorbed CO decreases
marginally from —0.17 e to —0.06 e. The balance of the
Eharge lost by the Ni surface atoms is accommodated in the
underlying Ni “bulk” layers.

of o0 CO—metal
charge donation, thesdorbital does not appreciably reduce
the significance of metal<2 backdonation. Thus we think

As can be seen from Fig. 9 there are two major contribuy« frontier orbital surface—CO interaction model introduced

tors to each of the surfacg p,, andd,—40 COHP’s. The
principal contributor is the stabilizing surfaces#hteraction
described by the positive—negativer COD feature at
~—17 eV, which results in relatively large negative contri-
butions to the COHP integration curves in Fig. 9.

The much less significantedCOD featue — a small
positive COD at~—13 eV — also contributes significantly
to the surface—¢ COHP, this time in a destabilizing way as
indicated by the positive contributions to the surface,, ,
andd,—40 COHP’s in Fig. 9.

The total surface-¢t COHP (within bonding model ¢
is defined as the sum of the surfegep,,, andd,—40 CO-
HP’s. The magnitude of each is given by the enef@y the
horizontal axi$ corresponding to the point of intersection of
the COHP integration curve and the Fermi level — indicate
by the dashed line in Fig. 9.

The reduction in surface-edbonding due to & mixing
into the higher lying & band is obtained by integrating the
surfaces, p,, andd,—40 COHP’s over the energy range
containing the & band(approximately—12 eV through—14
eV). The Nis, p, andd contributions to the total surfacee4
COHP are given in Table V along with the é5band inte-
grations” — the surfaces, p,, andd,—40 COHP contribu-
tions for the energy range spanning the t5and.

Clearly if estimates of surface—adsorbate bonding en
ergy are required, a bonding model must explicitly include
the 4 CO orbital. The 4 orbital accounts for~22% of the
total sigma bonding contribution to surface—CO bindisge
Table IV). An orbital occupation analysis af CO—metal
charge donation and metal#2 backdonatiorisee Table Wi
suggests that metal«2 backdonation dominates, resulting

by Blyholder? provides a reasonable model, if one focuses
on net surface to CO electron flow. However, even within an
extended Huokel framework, application of the Blyholder
model in a quantitative fashion will result in an overestimate
of charge flow from the surface to the adsorbed CO mol-
ecules, and will underestimate surface—CO binding by
~15%. A four orbital basis on CO, consisting of the, %o,

and 27* MO’s is needed to adequately model surface—CO
interactions. Figure 10 schematically illustrates the interac-
tion between the NL00 surface and a(2X2) adsorbed
layer of CO molecules for the proposed four orbital CO ba-
sis.

. A role for the CO (1) orbitals in surface—CO
onding?

Surface—CO bonding models utilizing &4l 50, and
27 basis on CO were recently proposed by Nilsspal >=°
on the basis of an x-ray emission study of surface—adsorbate
interactions in the CO/NL00) and Ny/Ni(100 chemisorp-
tion systems. Selective probing of the carbon and oxygen
X-ray emission spectra — which are dominated by the
2p—1stransition, resulted in previously unidentified features
in the “d-band region” just below the Fermi level. A “sym-
metry resolved” x-ray analysis — which permits resolution
of o and 7 spectral components resulting fra2p—1s tran-
sitions fromp-states directed normal and parallel to the metal
surface respectively, revealed that the additional x-ray fea-
tures in thed-band region were of % symmetry.” Further,
carbon and oxygen localized features — which are to a large
extent mutually exclusive — were observed in ttidand

in a flow of charge from the Ni surface to the adsorbed COregion with maxima at-2 eV and~5 eV below the Fermi
molecules. On adsorbing CO on the Ni surface, CO acquiretevel respectively. Nilssoet al®=° proposed #—27* mix-

a net charge of-0.25 e, and the charge on the Ni surface
atoms bonded directly to adsorbed CO is reduced by 8.79
resulting in a net charge of0.63 e. The charge on the Ni

ing to account for these features.
In our analysis(see Table Iy, we do not observe a
significant bonding role for the GQ@w) orbitals. However,
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FIG. 10. Surface—CO interaction diagram for @

X 2)—CO/Ni(100) chemisorption system. Major and mi-
nor bonding contributions are denoted by solid and
dashed lines, respectively.

40

we will take this opportunity to investigate the extent of to consider the surface-wlinteraction a perturbation on the

17—27* mixing for the CO/N{100) chemisorption system.

Consider the CQA#w) and CQ2#*)-surface COHP’s
given in Fig. 11. The surface—G0Om) COHP has two note-
worthy features(1) A stabilizing surface—% interaction at
~—14 eV worth~—0.13 eV, and(2) Metal d ,—CO(1 )
destabilizing interactions dispersed throughoutdteand re-
gion (~—12 eV through—8 eV) worth ~0.35 eV.

What do the states witlr symmetry in thed-band region

surface—2* interaction. Hence we arrive at the three band
mixing model of surface—CGr interactions illustrated sche-
matically in Fig. 12.

The three band mixing model results in two CO domi-
nated bands — the low-lying 7 band, which is Ni—-CO
bonding and the high-lying, Ni-CO antibondingz2 band.
The Ni—-CQ27*) bonding states we find in thé-band re-
gion are predominantly metal in character. The extent of

look like? From the surface—CO bonding schematic, Fig. 1017—2#* mixing in these mainly metal-bands was assessed
we see that Ni-C@#*) bonding interactions give rise to by analyzing contour plots of the bands. A small carbon to

the 7 states in thel-band region. The Ni-CQ@=*) bonding

oxygen “polarization” was noted on moving down through

states can be clearly identified in the d-band region of theéhe 7 bands in thal-band region, as illustrated schematically

surface—C@7*) COHP (Fig. 11). The Ni—-CQ27*) anti-

bonding interactions shown schematically in Fig. 10 can also

be clearly distinguished in the surface-@®@*) COHP at
~—=7eV.

To address the question ofr:27* mixing we must
focus on the states af symmetry in thed-band region; these
are surface—CO states withrland 27* contributions. As we

have just noted, these states are formally bonding with re-

spect to the nickel surface and the @@*) levels. The rela-
tive  magnitudes of the surface-Clr) and

in Fig. 12.

As noted by Nilssoif the three orbital interaction
scheme is a general feature of orbital interactions, nothing
specific to this problem. The archetypal case might be the
construction of ther orbitals of the allyl system from those
of ethylene and @-orbital on a third carbon atom, illustrated
in Fig. 13.

The lowest orbital7r) mixes into itself thep-orbital in a
bonding way. The highest orbitaln{") is destabilized by
out-of-phase mixing with th@-orbital. The p-orbital mixes

surface—C@#*) COHP’s shown in Fig. 11 indicate that into itself both v (in an antibonding wayand =* (in a
surface—CQ@L7) interactions are an order of magnitude bonding way. The energy of this middle orbital is un-
weaker than surface—QPnr™*) interactions; thus we choose changed to a first approximation, but its shapelarization

CO (1) CO (2)
-6 -
i
-8
-10] 2
.f"'}
H
eV -124
~141
—16
-18- T T T I T
-06 -04 =02 0 02 -4 -2 0 2 4
COHP/eV COHP/eV

FIG. 11. Surface-CQm) and surface—C@#*) COHP’s for the CO/
Ni(100 chemisorption system.

is dramatically affected, in a predictable wy**

In the surface case the role ofis played by Ir of CO,
the role of #* by 2#* and the role of thep-orbital by a
surface Nid orbital. The various orbitals are spread out into
bands of course, and the surfatband in particular is broad.
The mixing of Lr and 27* into thed band is variable, but

~M—C-0

FIG. 12. A three band mixing model of surface—Gfnteractions for the
COI/Ni(100 chemisorption system.
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Ethylene + CH , Alyl C(p) PDOS O(p) PDOS
[

FIG. 13. A three orbital mixing model for the formation of the alky :
molecular orbitals from those of ethylene and the unhybridizedbital of —la ==
CH,. -16

-18
can be understood in detail Mixing of therl(which is FIG. 14. Projected DOS curves for the carbon and oxyggtbasis func-
?OncemratEd on the oxygen atom of Cidto the d band  ions: p orbitals oriented parallel to the Ni surface.
increases towards the bottom of ttheéand and mixing of the
27* (concentrated on carbpincreases towards the top of

thed band. . L . dominates. The significance of the COo 5Sband for
Could this carbon to oxygen polarization on descend'ngsurface—co interactions is clear from Table IV.
through thed-band be responsible for the carbon and oxygen 1.5 nickels b, andd, COD curves provide a visual
centeredr features noted by Nilssaet al.?> The carbon and measure of the’ e;t'ent to zvhich the surfaceps, andd
oxygen centerear features observed by Nilss@t al. in the states mix into the CO&and 5 dominated bandls at—l%
d-band region are presumably a resulpi>1sransitions. o\ ang~—13 eV illustrated in the schematic surface—CO
Thus on projecting the @;) and Of.,) DOS we expect to bonding scheme of Fig. 10. We define the nickeb,, and
observe essentially mutua_ll exclusivity in tbeéband re_gion._ d,COD's to be the nicke, p,., andd, projections" of the
The C(p,) and Op,) projected DOS curves are given in 40 oS difference between  the(2x2)—CO/NI(100
Fig. 14. L . ... chemisorption system and the clear(200) slab. The nickel
Clearly, on examination of Fig. 14, we cannot partition s, p,, andd, COD's are given in Fig. 15. The nicke]

the d-band region into Qf;) and Op) dominated blocks. andd, contributions to the predominantly CQrd&nd S
Thus we conclude that, based on the results of our extend nds at-—17 eV and~—13 eV can be clearly seen.

. . . x
.Huc.k el tr_eatme.nt (.)f surface—_CQ mteractpns;—]Zw mix- Some additional, qualitative information about the na-
ing is neither S|gp|f|cant, nor is it resp0n5|ble.for the c_arbonture of the surface—CO interaction can be directly derived
Td oxygen quallzeeb-features observed by Nilsset al.in from the COD integrations in Fig. 15. The principal feature
the d-band region. of interest is the reduction id, DOS below the Fermi level

_ o on binding CO to the surface. This is duedg—CO ¢ inter-

B: l;l(l)%kelljs, g and d band contributions to CO/ action, which results in the surfaak, band being pushed
1(100) bonding partially above the Fermi level.

The relative importance of metal p, andd bands in Table VIl summarizes surface—-CQu450, and 27
binding CO to transition metal surfaces is not, in generaljnteractions for surface—CO bonding modelwith respect
well defined. A previous extended kel study from our toaNi {s, p,, P~ d,, d,} basis. The metal; orbitals are
groug® on the CO/M111) (M=Ni,Pd,P} chemisorption sys- omitted from the analysis since they account for less than
tems concluded that for CO adsorption at the on-top site0.005%(~0.05 eV} of the total surface—C®4o, 50, 27*}
interaction of the CO & band with the metal s angl, bands  interaction.

©

0 7
!
=24 5
—4 5
i}
-6
FIG. 15. Nickel(a) s, (b) p, and(c)
—g4 i ) ;
eV o N i «—€p d, COD’s for surface—CO bonding
10} 1 g modelC. The dotted lines correspond
‘; to COD integrations.
-121
= Ram—
~144
-16]
i > >

-18:

COD + - CcoD + - COoD +
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TABLE VII. Surfaces, p, andd band contributions to surface—G@o, 50, TABLE VIII. Orbital occupation analysis fofHsNiCO] ™.
27} interactions for surface—adsorbate bonding motlelAll values are

given in units of eV. Changes in CO orbital occupations
Nickel CO orbital Ado —-0.12
band 4 50 2 ASc -0.41
A2 0.52
s -1.43 —-4.19 -0.38
Po —0.58 —2.58 —0.08 Changes in Ni orbital occupations
d, —-0.30 —-1.47 -0.02 As —0.02 Ad, 0.34
P 0.04 0.00 ~0.56 Ap 0.20 Ad ~0.48
d, 0.00 —-0.04 —4.50 Ap, 002 Ad, 0.00

Clearly metals, p, andd bands all contribute signifi-
cantly to surface—CO bonding. That bonding, in the case o
CO chemisorbed on-top on the_(IEIOO)_ surfacg, may best be schematically in Fig. 16.
desqubed as COo4_and 5 orbitals mteractmg _W|th arsp As shown in Fig. 16¢ interaction between thieNiHg]
dominated spd hybrid metal_ band, thus refining the CO and CO fragments is dominated by the LUMO [ddiH]
(50-)—n2'13§atald(, forward donation p.rop.osed. by the Bthquer — a low-lying o acceptor functionar interaction between
model=® Surface—COr bfckdonatlon is quite We[l described o fragments is dominated by Ni{)—CO(27*) interac-
by the metald,—CO(27*) Blyholder backdonation model, g in agreement with the conclusions of previous discus-
metal d. states accounting for~-80% of the surface—CO sions on = interactions between the (00 surface and

yramidal[ NiHs]~ fragment and the carbonyl ligand. The
Erincipal interactions between the fragments are illustrated

(27*) interaction. chemisorbed CO.
An analysis of the changes in CO and Ni orbital occu-
XIV. A SURFACE-MOLECULE BINDING ANALOGY pations on forming HsNiCO]~ from [NiHs]~ and CO is

] ] ] summarized in Table VIl and largely parallels the analysis
In this section an analogy will be drawn betweenfor cO on Ni100 given in Table VI.

nickel-CO binding in thec(2x2)-CO/Ni(100 chemisorp- There exists, however, one significant difference be-
tion system and the hypothetical 18 electron compleXwyeen the orbital occupation analyses fétsNiCO]~ and
[HsNICO] ™. Such surface—molecule bonding analogies alcg gn Ni100). As can be seen from Fig. 15, the dij band
low for the construction of logical bridges between seem+g, the Ni(100) surface(which is filled in the absence of CO
ingly widely differing subject areas such as surface scienc@nemisorbed on the surfacds partially raised above the
and organometallic chemistry. This system in particular hagermi level on binding CO to the surface. Thus the occu-
been used in this context earlfeAs will be shown in this pancy of the Nid, band is reduced by 0.5 electrons on
section, the analogy between CO bonding to thél80)  pinding CO to the Ni surface. In contrast, the occupancy of
surface and Ni—CO bonding {HsNiCO]" is by no means the Nj d, state increases on formingHsNiCO]~ from
just a theoretical construct — many qualitative and quantita[NiHs]— and CO fragments. IpNiH5]~ the Nid, orbital is
tive aspects of Ni-CO bonding ifHsNICO] ™~ are repro-  concentrated in the LUM@see Fig. 16 Thus the occupancy
duced for CO chemisorbed on the(B0O surface. ~ of the Nid, orbital increases via mixing of the LUMO on
We begin the discussion of Ni—CO bonding in the[NiH]~ fragment with both the CO#and 5 orbitals.
[HsNICO] ™ by examining the interaction between the square  Taple IX contrasts the contributions of the CO orbitals to
Ni—CO interactions for both molecul@dHsNiCO]~ and CO
chemisorbed on a NLOO) surface.
(?) Clearly, the relative contributions of the CO orbitals to
=0 Ni—CO interaction in moleculafHsNiCO]~ parallel those
for CO chemisorbed on the Ni00 surface, as measured by
\ the fragment Hamilton populations. Table X details the con-

I := 2" TABLE IX. CO orbital contributions to Ni—CO interaction for molecular
- ,,’ [HsNICO] ™ andc(2x2)—CO/Ni(100) within surface—CO bonding mod€l.
W @@ Ni—CO FHP/eV
$TZ<+ + CO orbital COIN{100 [HsNICO] -
P N 56
\ 30 0.13 0.14
: Ao -2.31 -2.13
1w 0.22 0.28
50 —8.06 —-7.78
2 —-4.96 —-4.47
FIG. 16. Principal orbital interactions between fié;Ni]~ and CO frag- 60 -0.03 —0.02

ments in[HsNIiCO] ™.
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TABLE X. Ni s, p, andd band contributions to Ni-C®4o, 50, 27*} in-
teractions fof HsNiCO] . All values are given in units of eV.

Nickel CO orbital

orbital Ao 50 27
s -0.33 —1.86 0.00
Po -0.83 -3.13 0.00
d, —0.98 —2.78 0.00
P 0.00 0.00 -0.11
d 0.00 0.00 —-4.35

T

tributions of the Nis, p,,, d,;, p, andd,, orbitals to Ni-CO
bonding in[HsNICO]~. Comparison of the relative Ns,
P, andd, state contributions to Ni-C@4o, 50) bonding
in [HsNiCO]~ with those given in Table VIl for CO on
Ni(100 reveals a reduction in the [$) contribution to
Ni—CO (40, 50) bonding in[HsNIiCO]~ by approximately
60% with respect to CO chemisorbed on(NI0). Further,
the Ni(d,) contribution to Ni—-CO bonding ipHsNiCO] ™ is
increased with respect to CO on (00 by approximately
50%.

The changes in Ns, p,., andd, contributions to Ni-CO
(40,50) bonding can be rationalized by contrasting thesNi
p.,, andd, molecular orbital displacementMOD’s) — the
molecular analog of COD, for the formation [gflsNiCO] ™
from [NiHs]~ and CO fragments with those for CO on
Ni(100) given in Fig. 15. The N8, p,, andd, contributions
to the CO 4 and % bands at~—17 eV and~—13 eV,
respectively, for CO on N10O) can be clearly distinguished
in Fig. 15. The corresponding N p,, andd, MOD’s for
the formation of[ HsNiCO]~ from [NiHs]~ and CO frag-
ments are given in Fig. 17.

A FMO-by-FMO decomposition of the totHsNiCO] ™~
DOS for the fragmentation intpNiHs]~ and CO fragments
(not shown reveals that the COdborbital is concentrated in
a molecular state at —13 eV (statell in Fig. 17). The CO

Glassey, Papoian, and Hoffmann

the reduction in the N§) component of Ni—-CQlo) interac-
tion by ~1.1 eV with respect to the-1.43 eV Nis)-4o
COHP for CO on Ni100.

Despite a significant reduction in (8}—CO(40) interac-
tion, the majority (~66%; ~2.3 eV) of the reduction in
Ni(s)—CO o bonding is attributable to the COo5orbital.
Ni—CO o interactions inH;NiCO]~ are dominated by the
interaction of the & CO orbital with the LUMO for the
[NiH5]~ fragmen — a low-lying o acceptor functior(see
Fig. 16. The LUMO of the[NiHg]~ fragment is essentially
d, in character with a minop,, contribution @, : d, ratio
~1:5). The lack of N{s) participation in Ni-C@5¢ interac-
tion for [HsNIiCO] ™ is in marked contrast to the case of CO
chemisorbed on the Ki00 surface and is the primary factor
behind the reduction in the & component of Ni-CQo
bonding. A comparison of the Ni, andd, contributions to
Ni—CO(40) and Ni—C@50) bonding for CO/N{100 and
[HsNICO] ™ (Tables VII and X, respective}yindicates that
Ni—CO(50) interaction also accounts for 66% of the increase
in Ni(p,, d,)—CO interaction for[ HsNiCO]~ over CO/
Ni(100. The buildup of Nip, andd, DOS resulting from
the Ni—CQb5o) interaction in[HsNiCO]~ can be clearly
seen in the CO &dominated molecular state at—13 eV
(I in Fig. 17.

XV. CONCLUSIONS

Hamilton population and overlap population analyses are
proposed as complementary tools for analysis of chemical
bonding in both molecular and extended structures of 1, 2, or
3 dimensions. The electron partitioning of the Mulliken over-
lap population analysis — which focuses on a partitioning of
electrons between the atomic centers defining the system, is
recast in an “atom-bond’{or “on-site,” “off-site” ) format.
Individual overlap populations are assigned to either a spe-
cific atom or to the “bond” between a pair of atoms in the

40 orbital is distributed approximately evenly between twomolecule or unit cell.

molecular states at—16 eV and~—18 eV resulting from
the interaction of the totally symmetric combination of
nickel and hydrogers orbitals on the[NiHs]~ fragment
(FMO A in Fig. 17 with the 4 CO orbital. The filled &
state at~—16 eV, which is formally antibonding with re-
spect to thg NiH5]~ and CO fragments, is responsible for

(@) (b) ©

A Hamilton population partitioning of the total elec-
tronic energy has been shown to correspond to an “energy-
weighted” overlap population analysis of electron distribu-
tion. Hence when the Mulliken overlap population analysis is
recast in the aforementioned atom-bond format, chemically
intuitive atom and fragment based energy partitioning

0
-2
44 FIG. 17. Ni(a) s, (b) p,,, and(c) d,,
= e I— MOD’s for the formation of
-6 (B) [HsNiCO]~ from [NiHs]~ and CO
Y \< I i fragments. The Ni contributions to the
eV 40 (1) and 9 (1) molecular states are
-1 : «—E&p L .
principally derived from the totally
-124 ﬁ% I . symmetrics stateA and thepd o ac-
) o ceptor functionB of [NiHs] ", respec-
14 l tively. The dotted lines correspond to
=16 ]_I = - COD integrations.
—184 :> P b
-20
- COoD + - COD + - COD +
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TABLE XI. Extended Hickel parameters used in this study. — the parameters for Ni, C, and O being taken directly from
: our previous study®
Aom Ol HaleV & & o e The bond lengths 0.91 A, 1.28 A, and 1.61 A, respec-
H 1s —13.600  1.300 tively, for the hydrogen halides HXX=F, Cl, Br) were
F 2?5 :‘llg'(l)gg ;j;g obtained from the CRC HandbodkAll bond lengths for the
cl 32 26300 2183 study of thec(2x2)—CO/Ni(100) chemisorption system were
3p —14.200 1.733 taken from a previous study;C—0 distance 1.15 A, Ni-C
Br 4s —22.100  2.588 distance 1.80 A, and Ni—Ni distan¢fec lattice 2.49 A. An
4p —13.100 2131 inter-slab separation of 10 A was used to eliminate slab—slab
Pt & _9'2;7 5'553 interactions.
gg _12:593 6'.351’3 2696 06334 05513 A manually generated set of 32points was used to
Ni 4s ~7.800 2.100 sample the irreducible wedge of the Brillouin zone for the
4p —3.700  2.100 c(2x2)—CO/Ni(100 system defined by @k,<(=/2), 0
3d —9.900 5750  2.000  0.5683  0.6292 <k, <(w/2), —(w/2)<k.<(w/2) for a tetragonalp(2
¢ 225 __13'588 i'ggg % 2)R45° supercell defined with respect to the in-surface vec-
o 22 29.600 2270 torsa andb as illustrated in Fig. 4.

2p ~13.600 2.270 The Ni—-C and C-O distances used in the study of
[HsNICO] ™ were as for the(2x2)—CO/Ni(100 study. The
Ni—H distance of 1.57 A was calculated to be the sum of the
nickel and hydrogen covalent radii obtained from the online
schemes can be derived and are illustrated in this work foperiodic Table webelemeri’.
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