
-r ____ ____

Au A0’.B E$9 MASbA ~~MUbt.uI~~ £N~~I VP I tLf l  cMMbftLuu~t utri VP M A I L K IA — a t ic  ~ ID 712
ANALOGIES AMONG ACTIVE SITES OF COORDINATIVELT— UNSATURATED TRA——Elcil))
DEC 17 K H JOHNSON . A C BALAZS, H ~J KOLARI N000jle_75_C_0970

UNCLASSIFIED TR—6 NL

l~~ J
~flAO48 269

—

END
DA TE

_________________ FILNI T

2 -78

a



—

UNCLAS~~F1ED 

-

SECUR ITY C L A S S I F I C A T I O N  OF THIS PAGE (lTh.n b.ia Ent.,.d) t
~~~~~~~ ~~

‘I ” E h1
~~~~~~~~~

1 D A ( ~E READ IN STR UCT I ONS
I~~LrvI~ I I#’J’~.UM r~ S A I I~~~~ U PW BEFORk. COMPLET ING FORM

I. P0 2. GOVT ACCESSION NO. 3. R EC I P I E NT S  C A T A L O G  NUMSER

I
~1 -r ~~~~- 6/  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

ALOGIES .AMOIIG ACTIVE ~JTES OF .c~ORDI~AT IVELY-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SURFACES .~ .

~AND SUPPORTED CATALYSTS. 4. PERFORMING ORG. REPORT NUMBER

~~~~~~ ~~~~~UTH 0R(.) ~~~~_ _ . - ._.. S. CONTRACT OR GRANT NUMBCR(.~

‘~~~
‘
~ .H./Johnson~ ~~~~~~~~~ ~~

- N00314-75 -C-0970

~~ /j(~ ~~ _ _ _ _ _—-_ _ _ _ _ _ _ _

S. PERFORMING ORG~~N ? Z A  ON NAME AND ADDRESS 10. PPC.,RAM E.. EM ENT. PR OJ E C , , T A SK
AREA 4 W ORK UNIT NUM BERS

~~~ Department of Materials Science and Engineering”
Massachusetts Institute of Technology Task No. NR 056-596

,~~~~~ Cambridge , l’lassachusetts 02139 _____________________________
II. CONTROLL ING OFFICE NAME AND ADDRESS 12. REPORT DATE

Office of Naval Research December 30~. 1977
Department of tne Navy / ~~ ~~~~~~~~~~~ ~P-A-Ofl, —

Arlington , Vi rginia 22217 ~ ‘I .~~cc 77
lb .  MGNITORING AGENCY NAME & AO DRE$S(11 dIll.ra,l i f,cm ControlUng OS(i c~J~ 4GiJBITY ~~ .A SS. (.4 thAi r.poft)

Unclassifie~ ~~ 
-T~75.. DECLASS IFICATION 0 

—

SCHEDULE

16. DISTRIBUTION S T A T E M E N T  (of this R.port)

Approved for public release; distribution unlimited . ~) ED C
L~iL~~~~

JAN 111918 ~II
17. DISTRIBuTIO N S T A T E M E N T  (OS Ui. abs t ract .mI.r.d in Block 20. II dllIsr.nt boa, rf)

LSLJ LI
c~~~F

IS. S UPPLEM ENTARY NOTES

~~~ i~ ç. ~ ~ j~~ / tJ,c F -D MR - 7~ -1 S~
~~~~~~~~~~~ ,. v.r ~t~ttNb~~..a~ ~~~p t~~~~fl~~ ~~~~ .._t)~~ — - -- -~~~

active sites ; coordinatively -unsaturated transition-metal complexes;
surfaces; supported catalysts

- L  �~/ , f  / 6~:A B S T R A C T  (Continua on r.~ .ra. aid. If n.ca..at) aid I d a n t i f y  by block numb.,)

It has been shown by tJgo et al . that the coordinatively—unsaturated ~~~ 
k 1 ,

transition-metal complex ~~Pii~)~Pt (bistri phenyl phosphine-platinum(O ))
~~~~~~~~ ~~ exhibits a chemical reactivity and binding stability wi th respect to the

~~~~~~~~~~~~ molecules O~, CO, SO~, C2H~, C2H4, H2, and N~ whi ch can be com par ed on a
one-to-one basis with those of a chemisorption site on a platinum surface.~~~Such analog ies have also been made for coordinatively-unsaturated complexes 3
of other trans iti on metals , such as iridium and rhodium . In this

DD 
~~~~~~~ ~473 EDITION O F I N O V GS IS OUSOLETE UNCLASSIFIED

S/N 0 1 0 2 0 14 6601
SECURITY CLASSIFiCATION OF Til ls PAGE (mi mi Dat. I. i.,sd)

~~~~~~~~~~~~~~ ~~~~~. 
I.

~
.. —

~ ~ ~~ 

-

~
— . — — —---~~-~-



V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _ _- _

UNCLASSIFIED P
.~~~~a 9ITv CLA SSIFlCA~~ION o~ THIS PACE(Wh.n DaI. EnI.r.d)

20. V

communication , we suggest that the strong similarity between the reactivity
of coordinatively-unsaturated transition -metal complexes and the catalytic
activity of transition-metal surfaces, including supported catalysts, is
probably not fortuitous and can be understood in terms of the similarity
of local electronic structures.

L :::T
V
~~~~~:;~~~~~~~~~~;



____ ______  - ‘. 7-.

ANALOGIES AMONG ACTIVE SITES OF COORDINATIVELY-UNSATURATED 
V

TRANSITION-METAL COMPLEXES, SURFACES, AND SUPPORTED CATALYSTS*

K. H. Johnson , A. C. Balazs, and H. J. Kolarl

Department of Materials Science and Engineering

Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

It has been shown by Ugo et al . [1] that the coordinatively-unsaturated

transiti on-metal complex (PPh3)2Pt [bistri phenylphosphine—platinum (O)]

exhibits a chemi cal reactivi ty and binding stability wi th respect to the

molecules °2’ co~ so2, C2H2, C2H4, H2, and N2 wh ich can be compared on a

one-to—one basis wi th those of a chemisorption site on a platinum surface. V

Such analogies have also been made for coordinati vely-unsaturated complexes

of other transition metals, such as iridi um and rhodium [2,3]. In this

commun ication, we suggest that the strong similari ty between the reactivi ty

of coordinati vely-unsaturated transition-metal complexes and the catalytic

activity of transition-metal surfaces, incl uding supported catalysts, is

probably not fortuitous and can be understood in terms of the similarity

of local electronic structures.

Electronic structures of transiti on-metal complexes of the type L2M,

L2l4~2, and L2MC2H2 (M = Pt, Zr), in which the triphenyi phosphine ligands

(L = PPh3) have been modeled by electronically similar but simpler

phosphine ilgands (L = PH3), have been calculated by the self-consistent-

field X-alpha scattered-wave (SCF-Xc&-SW) molecular-orbi tal method [4].

*Resea~~h sponsored by the Office of Naval Research , the National Science
V A  j

Foundation , Grant Nos~ DMR74-15224 and DMR76-80895 (through the Center

for Materials Science and Engineering), and by the Donors of the Petroleum

- 

Research FUnd a~nlnistered by the Ameri can Chemical Society.
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Simi lar SCF-Xc&-SW studies of (PH3)2Pt02 and (PH3)2PtC2H4 have previously

been reported by Norman [5] and the results successfully used to explain

the photoelectron spectra and homogeneous catalytic activity of these

complexes.

The resulting electronic structure of a coordinatively-unsaturated

transition-metal complex of the type L2M, shown schematically in Fig. 1(a), 
V

is characterized by a strong covalent interaction between the ligand

(L = PH3) lone-pair p—like orbitals and the metal (M = Pt, Ir, etc.)

d orbitals along the metal-ligand di rection (the yz direction for the

coordinate system shown). The antibonding component of this interaction

pushes the M(dyz*) orbital , the highest occupied molecular orbital (HOMO )

shown in Fig. 1(a), significantly closer In energy (as compared with the

nonbonding d,~,, ~~~ 
and dx2_y2 orbitals) to the lowest unoccupied 

V

molecular orbitals (LUMO), e.g., the antibonding c~ and i~~ LUMO 0f H2 and

C2H2, respectively, illustrated in Figs. 1(d) and (e). This facilitates

overlap of these symmetry-conserving orbitals [6] and reduces the activation

energy for electron fl ow between HOMO and LUMO, thereby promoting the 
V

formation of dihydride complexes of the type L2MH2 and acetylene complexes

of the type L2MC2H2. The detailed electronic structures of the latter

complexes are described elsewhe re [7]. These results are consistent with

the orbital mechanism for metal-catalyzed H2 bond cleavage and metal-

dl.hydrlde bond formation suggested by Vaska and We rneke [3] and represented

schematically in Fig. 2. Since a deuterium molecule (D2) is orbitally

similar to the hydrogen molecule (H2), the same mechanism is applicable to

D2 bond cleav ~~~~~ suggesting how a coordinatively-unsaturated transition-

metal site c ize H2-D2 exchange .

In order to e’ucidate the relationship between the electronic structure

—~~~~~~~
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of a coordinatively-unsaturated transition-metal complex of the type L2M

and that of an active site on a transition—metal surface, we substitute

successively larger groups of transition-metal atoms (Mr; x = 1, 2, 3,...n) V

for the phosphine ligands (L). The electronic structure of the resulting

aggregate, as determined by the SCF-Xct-SW method, expands to the manifold

of bond ing, nonbonding, and antibonding d—orbital eigenstates (the “d

band”) characteristic of a transition-metal (e.g., platinum) cluster [8,9],

shown schematically in FIg. 1(c). As described in Ref. 8, this manifold,

by vi rtue of the component orbital symmetries and charge distributions ,

can be partitioned into eigenstates that are delocalized throughout the

clus ter ( the “bulk-like ” states) and eigenstates that are primarily localized

at the coordinatively-unsaturated atomic sites on the cluster periphery (the

“surface—like ” states). Such clusters can therefore be used as models for

the bulk and surface electronic structures of the corresponding crystalline

metals, as wel l  as models for small metal particles of catalytic importance

[8,9]. Recent SCF-Xc&-SW studies by Messme r and Salahub [10] confi rm that

even for aluminum , a highly delocali zed nearly-free-electron-like metal

that has been described traditionally in terms of the ~-space band-structure

representation of solid-state physics, rela ti vel y small c lus ters are suff ic ient

to provide an accurate “real-space” representation of bulk and surface

electronic structure , inc luding chemi sorption .

The above-mentioned partitioning of the eigenstates of a transition-

metal cluster into “bulk” and “surface ” components is reproduced schematically

in FIg. 1(c). In close analogy to the electronic structure of a coordinatively-

unsaturated transition-metal complex shown in Fig. 1(a), in wh ich a dyz*

orbital is split off in energy from the nonbonding d orbitals by the strong

antibonding interaction wi th the ligand p-like lone-pair orbi tals, the

direct Interaction of the d orbitals of a metal site on the cluster periphery
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wi th the d orbitals on neighboring metal sites (viewed as “ligands”) leads

to a splitting off In energy of a strongly antibonding dy2* orbital from

the top of the main d—orbltal manifold. For c luster geometries other than

the one implied in Fig. 1(c), the most strongly antibonding orbital can have

a different local symmetry, e.g., dz2* [7], and it is likely that for more

general cluster configurations or surface morphologies a range of orbital

symmetries will be encountered. Such orbitals can be interpreted as cluster

analogues of “surface states ” that are split off in energy from the top of

the d band of a bulk crystalline transition metal , e.g. , the surface states

recently observed experimentally and calculated via Green ’s function theory
V by Weng et al . [11]. As in Fig. 1(a), the dyz* orbital shown in FIg. 1(c)

is symmetry-conserving [6] wi th respect to the LUMO of reactant molecules

such as H2 and C2H2 shown in Fig. 1(a) and, when occupied, suggests a

mechanism of H2 bond cleavage at a single transition-metal site on a cluster

or surface analogous to that shown for a coordinatively-unsaturated metal

site in Fig. 2. This mechanism and the concomi tant invol vement of metal d

orbitals in metal-hydride bond formation (cf. Ref. 9) are fundamentally

diffe rent from theoretical models for dissociative hydrogen chemisorption 
V

on transition metals proposed by other workers [12,13]. However , the mechan i sm
of H2 bond cleavage shown in Fig. 2, in conj unction wi th the theoretical

model for the bonding of dissociated hydrogen atoms to a platinum cluster

presented in Ref. 9, is consistent wi th the empirical model for dissociati ve

H2 chemisorptlon on platinum surfaces recently suggested by Christmann and

Erti [14].

As a final example of the analogy between coordinatively-unsaturated

transiti on-metal complexes and acti ve surface sites , we consider the electronic

structure of transition-meta l atoms dispersed on a silica (Si02) substrate,

a prototype model for a silica-supported metal catalyst. Recent extended

________ L
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X-ray absorption fine structure (EXA FS) studies of such systems suggest that

there are significant catalyst-support InteractIons [15]. PrevIous theoretical

studies have shown that one can effectively model the electronic structure of

Si02 by performing SCF-Xcx-SW molecular-orbital calculations on representative

clusters [16]. The results of these calculations are in good quantitative

agreement with the measured electronic band structure of silica , inclu ding

the valence band density of states, as determined by photoelectron and X-ray

spectroscopies, and the energy gap between valence and conduction bands , as

determined by optical spectroscopy [16]. Using the same theoretical approach, 
V

we have constructed theoretical models for platinum and ruthenium atoms

supported on 5102. Although definiti ve structural data are not yet available ,

a possible metal-support configuration, consistent with EXAFS data [15], is

the one illustrated schematically in Fig. 1(b), in which the oxygen atoms at

the Si02-M interface serve as “l igands” of the metal atom in a fashion

analogous to the coordinatively-unsaturated L2M complex considered in

Fig. 1(a).

The primari ly covalent interaction between the metal d orbitals and

oxygen nonbonding 2p orbitals that constitute the top portion of the Si02
valence band lead to metal-oxygen bonding orbitals embedded in the valence

band and to nonbonding and antibonding d orbitals split off in energy from

the top of the valence band and positioned wi thin the 5102 band gap l i ke

“deep-level” transition-metal impuri ty states in the band gap of a semi-

conductor [17]. The highest of these antibonding orbitals is principall y

metal In character for the chosen coordinate system and has a one-to-one

correspondence with the HOMO of the coordinatively-unsaturated L2M (M = Pt)

complex [cf. Fig. 1(a)] whIch has been argued to be responsible for activation

of H2 dissociation through symmetry-conserving overlap with the H2 c~ orbital.

The orbital symmetries and orderings are qualitatively similar ‘~r SIO2Pt

L _ _ _ _ _ _ _ _ _ _~~~~~~~~~~— --- -- - - •V
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and SiO2Ru, although in the latter system the dyz* antibonding orbital Is

empty. This difference in orbital occupancy suggests that the bonding and

catalytic activity of Ru atoms on silica should be significantl y different

from those of Pt atoms on silica. In support of this result are recent

EXAFS, electron microscopy, and chemisorption studies [15,18] which indicate j
that ruthenium interacts strongly wi th a silica substrate , forms “raft-like”

structures , and chemisorbs oxygen (02 ) molecularly, whereas silica-supported

platinum tends not to form rafts and chemisorbs 02 dissociatively. SCF-Xct-SW

cluster models for ruthenium aggregates on S1O2 [19] suggest that the Si02-Ru

bonding perpendicular to the ~~V i l i c a  surface actually enhances Ru-Ru bonding

parallel to the surface, thereby providing a theoretical justification for

the formation of raft-like structures.
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Figure Captions 
V

Figure 1. Comparison of the electronic structures associated with

coordinati vely-unsaturated transiti on-metal (e.g., M = Pt)

sites : (a) in a transition-metal coordination complex

(L = PH3); (b) on a silica (Si02 ) support ; (c) at the

periphery or “surface” of a transition-metal cluster. Also

shown, for comparison , are the HOMO and LUMO of the reactant

molecules : (d) H2 and (e) C2H2. All the orbital energy

levels shown in the lower half of the diagram are displayed

schematically on the same relative scale and for M = Pt in

(a), (b), and (c) span an energy range of approximately

0.5 Ry. Symmetry-conserving orbital wave functions involved

in reactivity are mapped in the y-z plane in the upper half

of the diagram.

Figure 2. Proposed orbital mechanism for H2 dissoc iati on at a

coordinati vely-unsaturated transition-metal site (adapted

from Ref. 3).
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