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A Molecular Orbital Study on Chemisorption

HisavosHI KOBAYASHI and MASARU YAMAGUCHI

A molecular orbital study was carried out to investigate the chemisorption of gaseous mole-
cules onto the transition metal surfaces. In the adsorption of hydrogen, ethylene and carbon
monoxide onto the nickel and platinum surfaces, the bonding of adsorbates was remarkably weak-
ened at the sites of surface defects called steps and kinks. The mechanism of the bond weak-
ening was explained in terms of the charge transfer between the adsorbate and the surface atoms.

The chemisorptive interactions of the transition metals with the different number of & electrons
were examined and compared with each other. The adsorption of acetylene and carbon monoxide
was investigated using the nickel, platinum and tungsten surfaces. The & orbitals of nickel and
platinum contribute to only the charge transfer from metal surfaces to adsorbates, while they
contribute to the charge transfer in both directions in tungsten. So the interactions were much
stronger than those in nickel and platinum, and the dissociation of adsorbed molecules was much

easier in tungsten.
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Fig. 1. LEED patterns and schematic representations of the surface configurations of
platinum single-crystal surfaces. (a) Pt(111) containing less than 1012 defects/
cm2, (b) Pt(557) face containing 2.5x 1014 step atoms/cm? with an average
spacing between steps of 6 atoms, and (c) Pt(679) containing 2.3 x 1014 step
atoms/cm? and 7 X 1014 kink atoms/cm? with an average spacing between steps
of 7 atoms and between kinks of 3 atoms.

Fig. 2. Top views for the flat and stepped surfaces. (a) Pt(111), (b) Pt(s)—[3(111) X
(100)]. Shaded region shows the LUC in each surface.
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Fig. 3. The sites for hydrogen adsorption.

(a) Site A on the flat surface, (b) Sites B-G

on the stepped surface. The dashed lines link the hydrogen atoms to the nearest
neighbor platinum atoms. The atoms on the stepped surface are classified into
terrace, top and bottom atoms according to the position in the LUC.

Table 1. Adsorption energies, and H-H and Pt-H
bond populations for various configura-
tions of the hydrogen on the surfaces

d, 7 (A) AE (V)2 My-yx10 Mpi—yx102®

d=2.0 A 1. 300 2. 900 3.005

r=1.2 B 1. 276 2. 866 3.157
C 1.271 2. 810 4.216
D 1. 320 2,901 3.008
E 1.348 2. 906 2.975
F 1. 400 2. 969 2. 632¢
G 1. 404 2,974 2. 731°

2 4 E=[(the energy of the chemisorption system)—(the
energy of the surface)—(the energy of hydrogen with
»=0.74 A)]/(number of hydrogen molecules).

b The vallues were collected over the nearest neigh-
bour Pt atoms because other distant atoms essentially
do not contribute to the bonding.

¢ The average values over the two Pt—H bonds for the
two H atoms are not in the equivalent surroundings.
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H-H bond length » and nearest Pt-H distance 4.
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Fig. 4. The typical modes of orbital interactions at Sites A, B and D. The o*

MO partly mixes into the &-BF’s which are out-of-phase with the nearest
two atoms just below.

Fig. 5. The typical modes of multicentric orbital interactions at Site C. The dashed lines indicate
that the o* MO is in-phase with both the & orbitals on the top and bottom atoms.
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Fig. 6. Top views for the flat and stepped surfaces of platinum: (a) (100); (b) (110); (c) (111); (d)

(112) faces. Shaded region shows the MUC in each surface. In the (112) face, surface
atoms are divided into Terrace, Top and Bottom atoms.
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Table 2. Difference populations (42) of the C-C
and C-H bond in twenty-three configura-
tions

4P x102

Type Configuration
C-C C-H;»o C-H;»9

A Bridged —6.33  0.299

A Atop —5.83 0.40

B Bridged —4.44 0.46

B Atop -3.97 0.41

C Bridged —6.75 0.79 0. 67
C Atop —-5.77 0.15 0.23
D Bridged —-6.89 0.58 0.42
D Atop —5.64 0.05 —0.04
E Bridged —6.30 0.72 0.50
E Atop —5.43 0.39 0. 05
F Bridged —6.08 0.11 0.38
F Atop —5.41 0.35 0.48
G Bridged —~0.67 —-0.86

G Atop 0.65 —1.30

H 0.15 —1.18

1 Triangular —2,62 —0.11 —1.63
1 Atop -3.81 —1.27 —0.35
J Triangular —2.66 —1.05 —-1.20
J Atop —-1.42 —1.31 —0. 26
K Triangular —3.13 —0.53 —1.66
K Atop —1.97 —1.68

L —3.81 0.36 —1.43
M —5,36 —0.95 0.27

a) A P=(population in the chemisorption system)~(pop-
ulation before adsorption). The negative and pos-
itive values show the weakening and formation of
the bonds, respectively.

) H; and Hi or C; and C; indicate the right-hand-
side and left-hand-side H or C atoms in Fig. 7, re-
spectively.

©) The positive values for some C-H bonds are due to
the weak antibonding interactions between H and
Pt atoms.

R, HBEBELLIBEESH A rid Fig. 7 IR LT
»5. C-C 4t Type A, C, D, E TKR& 5
%03, i (100)  (111) SEEEm EOY 1 + b5
WA T v 7REDVEESY (77 2) EOYA +T
H5. chicelLT C-H #5413 Type I, K THL
XFFE DM, THRIRRAT v TOEL~DREZITHIE L
Ty, HEFHPUERETCELTELXINTEED
BADLTHBD. X 5T Table 2 D Type K-Atop B
BICBOTHMD C-H fFABKRELFEE->THEZ
Epo, HEFEPUFETFBL:1OWEZT5C L
BUNETHLEZ L3, C-H #He5%x580 5720
DCDEMIZ, =F L vhA10) FEHOE 2 BET L

~NRETIEAC O IND T EsbhB. Chid
Type G-Atop % Type H TEDbLIXNBE D, EBICH
72 C-H $#40555% > T3 & & A3 Table 2 X IR
X35, EERyCd (110) £HEH (100)2 (A11)EHEIC
ERTERETHZ ZEBMEINTNEY.

D FEHEROHEERZRNZ—20FEL LT,
BERDTF L vORTFHENBEFICLD ENZTE
HoNTWVDE 0 (BFEIED population) 2R 2 &
RBRERBMERS5Z 5. C-CH#HauKb55% 5 Type
D & C-H #4035 555% % Type K I DWW T Z DR
WrA4T - 72§58 % Table 3 12779, HER]D popula-
tion (2 EEEICH LTIR 2, ZEEHEICHLTIZOT
H5. Type D TD = F v v 4pF#uE O population
DEALRZFEIC 7 BILU »* JEBREOSNTHS. T
SOEEE BEER T2RERTDEHE YL — %
Fig. 8 IT;RT. = F L v~D BREENIT Pt 54 H@
Zkb, FL o0 EMBENL 6, 60 BBk
B D5, Type K Tld #, »* g DficC-H
WA L 0 #uE D population DZE{LHs Type
DIiclHERTT - E KL TIA. Type K @ Trian-
gular FEE TD T F L v 3ay, 1byy 35 X T 1bsy #i & 5
mO#E & D HEER% Fig. 9 1cR7. Fig. 9() i3
25y 7 EH (b oy L) DAL 5de_pe AO BXT
75 ZALD 5dy: AO ST F L vDZED 3ay FaE~
CERE B & A TFART. Fig. 9(b) Ja#ficx
FLvpLREANDEMEEZRT. COHE, AT
v 7w FPAIDEE 65, 6p: AO BLU 7 5 AALD 6,
6p: AO BNBF% ZWES. Y EOHG RO EREE
itk C-H #4503 Hond & & diz Pt-H 4 M
R XN5.

2.3 —B{LRFEO= v TIVRENDLERES

—BLIRFE (UUF CO L3879 D= v 7y VEREAND

Table 3. Populations of the ethylene BMO’s in the
chemisorption systems

Naming Type D Type K
of e

BMO=  Bridged Atop Triangular Atop
3a, 0.003 0.006 0. 026 0. 024
2bsy 0.006 0.009 0. 022 0. 025
w*(1bsg) 0.516 0.413 0. 296 0.185
m(1b2y) 1.929 1.877 1. 949 1. 936
1bgy 1.977  1.946 1. 904 1. 871
3ay 2.000 1.955 1.984 1. 976
1bsy 1.997  1.997 1. 958 1. 965

2 The BMO’s of ethylé}ié layer are named accéfdi;lé
to the symmetry of the MO’s of ethylene (Dgzs).
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Fig. 7. Configurations of ethylene on the surfaces. Type A is on the (100) face. Type B
on the first layer and Types G and H on the second layer atoms of the (110) face.

Type C on the (111) face. Type D on Terrace and Type E on Top atoms of the
(112) face. Type K into the trench of the (112) face.

Fig. 8. Typical modes of the orbital interaction in the bridged configuration of Type D.
Arrow shows the direction of the charge transfer. (a) The charge transfer from
the occupied dy,- and d,2-like BMO’s of the surface to the =¥ BMO of ethylene.
(b) The charge transfer from the # BMO into the unoccupied s- and p.-like BMO’s.

(145



S TFEIEREIC X ALFREDHE A1l5

T0P

/

TERRACF

Fig. 9.

Typical modes of the orbital interaction in the bridged configuration of Type K.

(a)

(b)

(a) The

BMO’s which have the large coefficients of the &,,,, and &, orbitals on Top and the
second nearest Terrace atoms respectively, donate electrons to the unoccupied 3a, BMO.
(b) The surface BMO’s composed of the s, p, and p, orbitals accept electrons from the

occupied 1bgg and 1bs, BMO’s.
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Table 4. Occupation number of the BMO’s on CO

after adsorption

B0,9)

BMO B(4, 5)

60 0. 008 0. 009
2my 0. 066 0. 266
2y 0. 044 0.109
S5a 1.552 1. 577
1, 1.933 1. 840
1, 1. 959 1. 790
4o 1.903 1.873
30 1.984

1. 876

TALPEERDO O THE EDHEERAOBETFAZTNEH
Table 4, Fig. 11 {T;r9". Table 4 kb, M4 A b &
tH CO @ 50 HiEDLODEBFEEDRLBELNC &
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Fig. 10. Top views for the four surfaces. Solid circles indicate the Ni atoms in the particular
MUC. Dashed circles indicate the atoms in the neighboring MUC’s. The number
on the atoms is used to specify the adsorption site later. Only the first layer atoms are

shown. Small shaded circle represents the adsorption site where CO is weakened most.
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Fig. 11. The modes of the interactions of the adsorb-
ate BMO’s, the 50, 17, and 27y BMO’s with
the surface AO’s for the B(7, 8) site on the
3(111) x (100) surface. The number on the
Ni atoms is the same as that of fig. 10.

M LR TOREEHEE Lichl, 2T TR3IDDE
BRETHET 2120 7F 1L D C-C-H F3150°,
C-C f545 M) 1.2A OEEBTORKE 2RY. Bk
DEF-AFHETOMRADHRE % Eas LI E (BT
REBMHIBVES 2 ERDT. TLEBERZOEF-
JEFRIDRASSHEICTIE s TWB T E2RT)ICE D &
fli U7z #5582 Table 6 (C/R9. = v vEALTIR

Table 5. Electron density of AQ’s for the clean

surfaces
Ni(111) Pt(111) W(110)
s 0.51 0.54 0.34
Px 0. 26 0.27 0.28
Py 0.26 0.27 0.31
Pz 0.50 0.50 0.32
a2 1.99 1.98 1.16
2z 2.00 1.96 1.01
dyz 2.00 1.96 0.97
dy2_y2 1.24 1.26 0.55
dyy 1. 24 1.26 1.06

Table 6A. Zzp values and the s, p and & compo-
nents of their covalent terms (eV) for

Confgaggc-) , Bond cor;’-P comid Exgp
] ponent ponent
9—150° C(1)-Ni(1) —5.4 -0.6 —-3.7
A—1.2A C(1)-Ni(2), 4) —8.0 —0.8 —4.8
dee—1.2A C-C —~73.6 — —54.7
C-H —25,2 —_ —18.8

2 The two C atoms of acetylene are not placed in the
equivalent environment due to the Ni atoms in the
second layer. The difference in the two correspond-
ing bonds, however, is very small (£0.1eV) and the
averaged values are cited.

Table 6B. ZE,p values and the s, p and & compo-
nents of their covalent terms (eV) for
C-Pt, C—C and C-H bondsa

S, p d
Bond com- com- Ean
_ ponent ponent
C(1)-Pt(1) —4.2 -1.1 -3.8
Baires CHF@, (4 ~7.6  —1.9 —6.5
C-C —73.7 — —54.7
C-H —25.7 — —19.4
C(1)-Pt(2) —8.7 —4.2 —6.5
C(1)-Pt(3) -6.2 —-1.0 —5.4
T-site  C(1)-Pt(4) —3.2 0.3 —-2.3
c-C —74.5 — —55.5
C-H —25.6 — —19.3

2 The configuration of acetylene is 6=150°, £2=1.8 A
and dcc=1.2 A for both sites.
b See caption a in table GA.

Table 6C. Zap values and the s, » and & compo-
nents of their covalent terms (eV) for
C-W, C-C, H-W and C-H bonds

~ ) s, p d
Configu- Bond com- com- Eagp
ration

L ponent ponent
C(1)-W(1) -5.5 —-9.5 —-10.7

0=150° C(1)-W(2), (4) —5.5 —6.6 —8.0

£=18A C-C —59.7 — —40.3

dec=1.2A H(1)-W(1) -1.4 —-0.8 -1.3
C-H —24.0 — -17.7

C-C,C-HBHADHEETDICHTHLERTN. F/M
(Ni, Pt)-C #2408 I3 Pt O L. M-C &
SRR TEEED AOTIREBIC s, p AOBETH
503 dAO OFEENPtOFTRKELIE TS, Pt
to22o044 »TRBYA D FT C-C fELHHL
LEEL 3., 2k LT, 2 v/ 257 v T2 C-C
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Fig. 12. Top views of the surfaces and MUC’s (hatched region) employed in the calculation.
Only the atomsin the first layer are shown.
(a) Ni(111) or Pt(111) face, and (b) W(110) face.

EEVELLHES. W-CHEAb=v 1, ALD
BAICHNTT » L5003, £ DHERME A0 ©
FHEW 5p AO KD K&V, ZDE VA7 VYERET
DREDF O EABER BT 2 BEYE, 303 H
WHEERRBB BN TEIL G5 THWBEET
5. BEERDOT2F VY3 TFHELDOBTERE S
Table 7 {T/RT. T F L v OEEHEBTIZN D,
—XfD 7, 7* i L o DEENEDRELTED, &

(¢)

Fig. 13. Adsorption sites and configuration of adsorbed acetylene. Dashed circles indi-

cate the atoms in the second layer.

(b)

nE (m), (#*) TRLUTHS. =vrr, ALLOT
¥FLUTRINSD 7 BLU » OB ELOEF
FEBELELLTNE., 27527 v EDTEFL
YTREROELRHEKT Zfhic, BLERS 1 TH
bANB o B EicBNT b8 D OBEFHREIRLD
LT3, ZORKERZE 7257 v ETid C-C #4
DR EPICEIDENCEER LTS, £
dAO DHFEZ=wrV<HELE VIR F VD LS

(d)

Numbers on atoms are used in later discus-

sion. (a) p-bridging (B) site on Ni(111) or Pt(111), (b) triangular (T) site on
Pt(111), (c) p-bridging site on W(110) and (d) three parameters (4, 8, dcc) spec-

ifying the configuration of acetylene.
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Table 7. Occupation numbers of the BMO’s on
acetylene on the surfaces

On Pt
No. OnNi ————— On W
B-site T-site

10 0.001 0.002 0. 002 0. 006
9 0. 003 0. 009 0.008 0.024
8 0.012 0. 017 0.020 0. 009
k7 0.026 0.031 0. 038 0. 248
(m*)6 0. 036 0. 059 0. 061 0.629
(m )5 1.893 1. 905 1. 895 1.504
T 4 1.815 1. 829 1. 843 1.589
3 1.911 1.928 1. 943 1. 880
2 1.874 1. 907 1. 907 1.831

1 1.915 1. 899 1

.903 1.773

kT 3. CHE Pt5d AO (3 Ni3d AO (THENT

EDS->TWA T E. WL AO BHk#E ST

LI OWEST~DOBETFHEICH, BESTILLORE

FZIMDICSHEETECENTEEDTH 5.

3.2, —B{LREFEDODHEE XKUY VI XFT/ADILFE
w%&))

Pt(111) 35 k78 W(110) EE~D CO B# % H#kd
ZEEbic, e OMEEROREICONTEY. A
Wiz CO g4 + % Fig 14 1279, RHEiTR CO
L EEETE O HEER%E, CO EEEMTD®ER
BH( CT), CO W TO/E (PL) FiCsaElL, HFE
DIFAER O A% LI BE DI FiHuE 2 KD,
CHAERNTEZDE XD C-0, Pt-C, W-C &0
XAFUE L7z, X7z Eap {f% Table 8 [Z7R7.
CO #4412 PL,CT WIFNOHEAEFERICL »TH5EF
5. M-C #5&13 CT HEERIC X > TR 11525
P5JAO |33:fi—>CO ~® CT i, Pt6s,6p 132 CO—
EHEAD CT IcHEET L Ebhs. #EFD CTH
Pt-C $EAERICKE L HFET 50, C-0 #4505k
~AD 25D CT OFEIEBRETHE. 2 VIRT

Table 8. KEag values (eV) for the C-O, Pt-C and

Pt+CO

0 on H(i10}

Fig. 14. MUC’s used for the adsorption of CO on the
Pt(111) and W(110) surfaces. The surface
atoms are shown by large solid and dashed
circles for the first and second layer atoms,
respectively. CO molecule is adsorbed on
the bridge sites normal to the surfaces and
the sites are shown by small full circles.

v T3, CO 50 CT izit 54, 65,6pA0 HSETEE
253 2h CO ~D CT 12| 5dA0 DANEET 5.
FmED CT OJhs CO MEEFFDD T Lb
3. iz PL 203 CT MEERDSZHF LIS
A0 CO 4F#uE LOBFHESL Table 9 ITRT.
F4 iz PL MEEFER BIEFIONIN T &b
2. 24 Table 8 OREL—HTS. HELD
CT MESERTIEPIEYD CO O 50§ S DEF
EMNEZREITNSE. 2727V ETRPEDOD
PL AHEfEHEBRE TSN, #4132 CO D 17 5
2 ~NOFHRTH B Ebhd. £/ CT MAEM
T2 50 25 OHEEDMIC 2 BEEADK S IEHfE
MERETWHWEZ EBbh5.

g2y Ay O CO WHICDNT, HEDHE

W-C bonds under the particular interactions?

W+ CO
Allowed interaction » e e e
Eco  Epi—c(s, #) Lpi-c(d) Eco Ew-cls, p) Ew-c(d)
None —75.2 0 0 —75.2 0 0
PL: within CO —74.2 0 0 —69.0 0 0
CT: surface—CO —73.4 —-0.1 —3.7 —67.2 —0.4 —5.6
CT: CO—surface  —73.2 —7.4 —0.5 —70.5 —6.8 -7.1
CT: both —71. 4 —7.5 —4.3 —62.6 —-7.2 —12.9
All —70.6 -7.8 —-5.0 —60. 8 7.8

—15.4

a Large negative values indicate strong bondings.
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Table 9. Electron density on the BMO’s in CO
under the PL or CT interaction
Pt4+CO W+4CO

PL CT PL CT
(4 0. 007 0. 008 0. 005 0. 006
2my 0. 008 0.093 0.116 0. 440
2y 0. 001 0. 059 0. 100 0. 357
50 1. 996 1. 863 1. 995 1. 688
1m, 1. 992 1.943 1.908 1.851
17, 1. 999 1. 946 1. 876 1. 881
4o 1. 999 1. 928 2. 000 1. 853
3o 1. 998 1.954 2. 000 1. 909

RID & @ CT MEMER 23 LcEs @ C-0, W-C
¥ADHmI%E Table 10 [ToRT. C-O HEDFHFE L
IKEET AL, CO DFHEDOENS FRINDS X
21C, 50, 40 HENLLDEFHEIL C-O0 HaZzHE
DEGHIT. Db DIT 7 EEE LU TOHEEER,
KT, 2r B~ DM EHS C-O FAEREFEDT
NBZ EIRENB.

PIE, 72F1L v & CODREICTEWTHLMITK
Sk HIT, 2RISR F VR= v v, HEICHNT
WEST L OHEER L, WERKAICE T 5 A0
OBE BT > ERKIW. TD JAO OEE(L JAO 23
Bl XTI DNTHAE LI -TL 3.

BYTARAF VI3BREST EOHEGIERAMNET E¥5 7
DICHFoMEE LTRAVSENWC EAEZ S L,
= o WPHEENELHOLNTNSE DI, £D JAO
DFEEICTHHEERODTH S, LD T ENT
X3, ¥le=vhr o, AL TREFZEDOHEE LT
spAO BEZ L ERRARTHD, Thedk—
MIT X > TEEA L7z, DIFTOSEERIIERE 254
HiGHELNTNA.

4 %% =

EBEREBETNDREIFORE LB FLEDOFH
ThHIo0FHEELTHOTHRE LK. KEHST, =F
vV, —BIREOHALS B LU = vy VERNDOEKE

Table 10. Zap values (¢V) for the C-O and W-C
bonds under the particular CT interac-

tion
Allowed CT
S o Eco  Ew-c(s,p) Ew-c(d)
surface—2m,, 2y  —67.3 —-0.3 —5.4
S5o—surface -75.0 —3.3 -3.3
lmy, loy—>surface  —72.4 —-1.0 —-19
4o0—>surface —74.8 —2.1 -1.7
3o—surface —73.0 -1.2 —0.8

BT, BESTROBENAT v 7, F /I iEE
EEEINZERE O TFRIBDEFRTELIFD SN
BLEERTEEDIC, FOBBELIRESTFEETE
FRTOERBEOEARIC L DB L. KRIC JBEF
BORRLIBBREREBELT, =vh o, BE, 2V7
257 VEBD, ThdHicT7eF L vo—BLIREIR
EINTBEOREHEERZLB L. =v /i,
H&D d HEI3RES FNDOBWHEEICOAFEDNS
B, 2 VI RAT VY TREHHDOEFEENIC 4GB HE
b, HEERAb=v N, ALLDT ->E8HL, B
ENTFORMENRL D AEBICERC 5 ERI N,
(19824 7 H12H2)

X ik

1) H. Kobayashi, S. Yoshida, H. Kato, K. Fukui
and K. Tarama, Surface Sci. 79 (1979) 189.

2) G. A. Somorjai, Advan. Catalysis 26 (1977) 1.

3) M. Salmeron, R. J. Gale and G. A. Somorjai, J.
Chem. Phys. 67 (1977) 5234.

4) H. Kobayashi, S. Yoshida, H. Kato, K. Fukui, K.
Tarama and M. Yamaguchi, Surface Sci. 97
(1980) 329.

5) A.]J.van Strien, and B. E. Nieuwenhuys, Surface
Sci. 80 (1979) 226.

6) H. Kobayashi, S. Yoshida and M. Yamaguchi,
Surface Sci. 107 (1981) 321.

7) W. Erley, H. Ibach, S. Lehwald and H. Wagner,
Surface Sci. 83 (1979) 585.

8) H. Kobayashi, S. Yoshida and M. Yamaguchi,
J. Phys. Chem, to be published

9) H. Kobayashi, S. Yoshida and M. Yamaguchi,
Theoret. Chem. Acta. 60 (1982) 391.

SCI. REP. KYOTO PREF. UNIV. (NAT. SCI. & LIV. SCIL), No. 33, Ser. A, p. 9~20 (NOV. 1982)
(20)



