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Abstract

Project Code MRG5480175
Project Title Design of Palladium Nanoparticles Deposited on Carbon

Nanotubes for catalysis and Adsorption Applications

Investigator Asst.Prof. Chan Inntam Ubon Ratchathani University
E-mail Address inntam@gmail.com
Project Period 15 June 2011 — 14 June 2013

We have studied the adsorption of Pd, (n=2-5) clusters on the single-walled carbon
nanotubes (SWNTs) by means of the B3LYP/6-31G (d) hybrid density functional
method. The quantum cluster model of C,,H,, has been employed for representing the
single-walled carbon nanotubes (SWNTs) with atomic vacancy. Our results showed that
the Pd, clusters remain the same geometry as found in gas phase. These results imply
that the interaction between metal-metal of the Pd, clusters is stronger than the
interaction of the metal-SWNTs. Also, the adsorption of CO molecule on Pd, (n = 2-5)
has been investigated as well as on Pd,;-CgH,, complex. We found that the interaction
of CO on Pd,;-Cg9H,o complex is stronger than that of on the Pd, cluster by about 10
kcal/mol. This indicates that the carbon nanotubes facilitate the adsorption of CO
molecule. Finally, the reactivity of the Pd,-CgeH,, complex has been evaluated by
studying the CO oxidation. The Pd,;-CgH,, complex decreases the activation energy of
this oxidation reaction by 7 kcal/mol compared with the Pd, cluster. The reaction was

found to be an exothermic process with 25.9 kcal/mol.

Keywords: Pd cluster, Single-walled carbon nanotubes, Density functional theory, CO

oxidation
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M54 L autiannInseadeuazneanaanuvesaislsznou Tane Pd, nuTuanaves CO

1(C-0), r(C-Pd), r(Pd-Pd), wasnuBamiion (BE)
A A A kcal/mol (per atom)
Taseade A 1.188  2.023 2.023, 2.026, -123.0 (-41.0)
2.023
Tnsease B 1.150 1.865 2.611,2.638, -94.57 (-31.5)
2.648
A B

51 1. Tnssadrunuaqueslanzunamidon 3 ozaou (Pd,) nuluana CO

U

lunsalves Pd, wunnuTuana CO winausInsziny Tanzunambon 18 3 nuniatosa
A A 9 v v A o = I'4
30 2 Ao Taseaianu A B nag C TagazuanaNnunduIuezaouwaanguazasaousuou

(% an 1

NNABUATNTEIABAUADNTIUIN 2 1 1AL 3 BEABUAINEIAY IAeNAIIUTAMTIET (Binding Energy,
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BE) 1941590319001 C 921ade3n Uy A uag B Fa0AMNINY -40.0 -37.2 1A% -33.5 keal/mol atom
o w A a o ' ' 9 ) Ay ¥ 9 o A
ey ieannnanuse luuunnIaseadg A uag B 1ol Tagnan laszaoandoanunissn

@ ' J a
E]’E)ﬂall’t’)QWL!‘ﬁ$i$°Vi’Zﬂ\‘lﬂWiﬂﬂuuﬁgﬂi’)ﬂ“mﬁ]uﬂlﬂﬁiumf}ﬁ CcO

dy a o an 1 o Iy ¥ ~ Y @ 9 ~ =
UDNITINUNTINADUATNTYITEHIINN CO NV Pd; ﬂllﬂWﬂTlﬁﬂﬂﬂﬂﬂ\‘lﬂuIﬂﬂiﬂiﬁﬁiﬁﬂlﬁﬂﬂi

Z’, [ v Jo 9 & A 9 a A 1 A 2 A Y] =
uu%gﬁﬂ\lwu‘ﬁﬂﬁiﬂiﬂﬁi1ﬂmﬂﬂ Pd5G]Nﬂﬂf’)Iﬂ§Qﬁ§TQLLUUW§$Nﬂﬂ§TUﬁ1NLVTaﬂll FIUNAINTU YA

d' d‘l = [ Y a a = = d'
1MUY -38.7 kcal/mol atom LiJi’JL“V]EJ‘]Jﬂ‘]JIﬂiﬂﬁiTQLLUUWi%Nﬂﬁiuﬁmaﬂll (-37.0 kcal/mol atom) %

Tasead19ved P, Innuadesioon1aems i 3 wazgii 3.1 uag 3.2

M519 2. autiann Inseas ez meanaanuvesaslsznou Tanz Pd, nuTuanaves CO

1(C-0), r(C-Pd), r(Pd-Pd), watuBamiien NARNUNIQHY
A A A kcal/mol (per atom) kcal/mol
Tﬂi\iﬁ%}N A 1.181 1.923,1.924 2.722x4 -148.8 (-37.2) -48.5
Tﬂi\iﬁ%}N B 1.149 1.895 2.610,2.678, -133.9 (-33.5) -33.6
2.854
Tasaaa C 1.197 2.026, 2.003, 2.735x3, -160.1 (-40.0) -59.8
2.005 2.843x3

A

51 2. TaseaduunuaisqvesTanzuwamifon 4 ozaow (Pd,) nuTuana CO

U

319 3. autianiInaseadagmenasnuvesasisznouTane Pd, nuTuanaves CO

1(C-0), r(C-Pd), (Pd-Pd), wisnuBamilon
A A A kcal/mol (per atom)
Taseaaa 1.197 1.994,1.994, 2.820, 2.728x2, -193.7 (-38.7)
2.026 2.840x2
Tnsea$a B 1.204 2.137,2.138, 2.803x4 -185.0 (-37.0)

2.140, 2.143
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517 3. Tassadunuaeqves Tanzunamifon 5 ozaoy (Pdy) nuTuana CO

[ d d (Y] d d
2. MsgadumiveuNeuanlue (CO) MannamfanndmaosuunoniuauYMIAMIY (Pd,-C,H,,)

a A J 4 1 o 4 g 1
111msﬁﬂymm‘wam@mamimumumuﬂummig}%‘uTmaqamimuuauaﬂ”lw Nno
4 AA o A A o 4 A =
msuauuﬂmm‘u (5,5) NUATHULUUNNINUUNUIND (vacancy) fl]1ﬂﬂ$@]ﬂhﬂ1§ﬂﬂﬂﬂﬂ181ﬂl!ﬁ$u
= o 4 ' A ° Y 3 o v 1
UNALQAYNUAATLADIUUIN 4 azADUINIS DY (3‘]_]1/] 4B) gﬂumﬂmﬂmmumaawmmwﬂam
= [ 4 v 1 4 A = Y I Anaa & A =
LL‘WﬁLﬁLﬂfmﬂﬁﬁm@iUHNMQTI?J?‘HSU@MGUHW]HWTH mmmﬂﬂmqﬁimﬂmmu 3 MﬁﬂLﬁﬂ‘ﬂf;fﬂIﬂlel
wa A Y a o A o 9 ' =2 = o °
’cﬁJ‘]J@]'VlclﬂmﬂfNﬂ‘]Ji%‘]J‘]J‘VliJsU‘LHﬂch’iiUuLLG]chHL’JQWMWMﬂ’J”I Tﬂﬂ%%ﬁﬂHWﬂi$ﬂUﬂ1iﬂ1u’Jﬂ! B3LYP/6-

1 Jd o a Y {
31G(d) e Tanzunaa@enazTan ¥y Hay-Wadt 1Tun1se5u1e asgili 4

= o P s 2 ¥ o oA
“’l]'lﬂﬂ'Iﬁﬁﬂ‘]%l'Iﬂ']iﬂﬂ“]fﬂﬂ']iﬂﬂu‘“'ﬂu@ﬂhl%ﬂﬂu Pd4-C99H20uu"lﬂﬁﬂumnmuﬂ‘n

4 4 [ 1 o A A o 1 = A
miuaumuaﬂ"lcﬁngﬂ@mmg 2 AUUAUIND NAHUIDEADULUWALAAGN U UG A (ontop, g‘ﬂ”ﬂ 5A)
A o 1 1 = a Y 9 [ 4 . A
HagNAMHUITEH N AIAIAIY 2 BLABNLTNUA U JarenadInes (bridge, g‘ﬂ‘ﬂ 5B) 910WA
msaaany luana CO mansgaduidumiseraouunamfenggalaaninusnudiudia

@ o (% o [ Y o w { A
GUfNIﬁT‘igﬂaﬁlﬁf]ﬁc‘]:;QﬁwaQQTUﬂ'lﬁ@ﬂcﬁUlﬂ']ﬂU -43.8 1A% -36.7 kcal/mol #1UA1AU u@ﬂﬂ'lﬂﬁlﬁf]
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[ an 4 % = [ o'd' = 4 d' =]
nSeudunsnienvesmivouyeuen luanuunaameundmao i lulivensuou (317 2) naziine
I'4 I Y [y z:; 1 z:; o [] Y] a Y] 4
M3V UAI5095D (FUN 5) wunAdumiansgaFuUUgauNaRuAddADT 1NaNavee CO
a o an @ = ydds! A A 14 I @ [ = [
inaduninsenu Tanzunaaden ldavudioineasuouviiau Tuiludiso sy Taslindaanuns
@ 1w X A 2 i a o an @ o P { '
QAFUININD -43.8 keal/mol FUNVAUIN -33.6 keal/mol tHoINAdUATNI N TarizaadADs Pd, 1 111
1 4 3 Y] [ [ ~ =& Y~ 1 1 4 1
nomsueuuai5095D awaaslumsg 2 uazgli 2 Fwaadliimudmemsveuvuiau Tugae
Y o an 1 = [ a ydg A = 1 ad 1
I¥dunsnsenszniglavzunam@ouny CO MalaauuiindnniniinisTloudianassusNno
P o = A 2 2 Ay v ] o o ' P o
Asuou IlFunam@enmuiy Fanan 1auaoAna0INUAINIIINUTLTLHINN0EADUAS VB UNL
= ~ g}/ I o o [ Y ) 49! <
uwaideunauauilu 1.893 A 910 1.895 A uazdwalianuenwuszvesluana CO enawilu

1.151 A 91nau 1.149 A aquaadluaisig 4

' < 1 Ao ' @ a Y 9 (g 4 =
@Eﬂ\i]liﬂ@HJ‘W’U'Jﬂ/]@ﬂl“’iu\‘lﬂTi@'ﬂ“lf“U’Uilﬂmﬂ'luﬂl%‘iﬂlf]ﬁiﬁﬂgﬂﬁﬁm@i (gﬂﬂ 5B) WA
9 A o A o aa 1

{ Y [ (Y] 4 1
ﬂ'lﬁﬁﬂ’hlTﬁ]’l@ﬂgﬁiﬁﬂu"lﬂhﬂ’UNﬁ‘]/l@]'lll’ﬂ‘LN“]J‘L!ﬁ'@ﬂ@@u@]‘iﬂiﬂ1i$ﬂ'ﬂﬁihmﬂ.a CO !Lﬁgjﬁﬂg

Q

a [ A A 4 < @ o = A
!,I,‘WﬁmmEJSJi]Zaﬂﬂ’31iJLlleLLi\‘laQLiJE]SJ‘I/]E]ﬂTi’UEJH"UHWﬂu1IuL‘]Ju FTINTY PIDTNVVISIUDINTIINDSADY

a v o a

= A o ] dy an v A ] 4 A A v [ = o Y
UNAALATUNA U UIUINABDUAINTYIINURNINDATNTUDUNUATH UBDYTIILLUILETI %\‘l“ﬂﬂ‘ﬁﬂ%ﬁ’f)i]

unaIAENNALTIOUATII 810U CO Tatipeainiuan Tagnainumsgasuanaunie -36.7 keal/mol

1 4

A A J A (2 o w ]
910 -48.5 kcal/mol !,11’0111/]@ﬂ1§‘U@1HILH@“LJWTL!LL’EWLllf]ulllil‘ﬂ’f)ﬂﬁﬂ’f)uGII‘HW]LHI‘L!S?HN’Eﬂﬂ‘ll N

Y
=

Y ' J [ { A o
ﬁ'ﬂﬂﬂﬁ%}@\‘iﬂ‘Uﬂ’Nll81333‘Vi’J'l\‘l’f)gﬁ’f)iJﬂﬁ“]J@uﬂ‘ULLWﬁLﬁLa‘c’JNﬁLWNGUu (2.040 8% 2.071 A) LAZANNYI

) e 4
Tuana CO Nduad (1.165 A) aanaaaluasnen 4

M319 4. autan e Insea ez auian 1IN uYeIMIgaTy Tuana CO UUANTI Pd,-CyH,, Az

<3 wa A o o o 1 {
Tursduuaasauiandeandesnumsgasy Tuana CO UUANSI Pd, (317 2)

CO-Pd,-CyoH,, CO-Pd,-Cy,H,,
(31 5A) (31 sB)

1(C-0), A 1.151 (1.149) 1.165 (1.181)

r(C-Pd), A 1.893 (1.895) 2.040, 2.071 (1.923, 1.924)

E,,, kcal/mol -43.8 (-33.6) -36.7 (-48.5)

ad?
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a ) a4 a o ¢ /A o '
31]1’] 5. Tﬂ‘i\‘]ﬁ‘ﬂ\‘]ﬁﬁﬂi%ﬂE)‘U‘ﬂLﬂﬂ"lﬂﬂﬂﬁ@ﬂ%‘ﬂﬂ'liﬂﬂullﬂuﬂﬂhl‘;lfﬂ‘lflgnllfl’iuﬁ
)

Y = @ 4
vuUga (A) agAUIN (B) ﬂjaﬂa‘wmwmamﬂuﬂaﬁmm

Y
v o

Aaaa a @ J Jd @ J
ﬂﬁuusluﬂ’]ﬁﬁﬂ]&l’]ﬂg(]ﬂﬁEJ']'E]'E]ﬂ“lﬂﬂ"lfu"u@\‘]ﬂ’]iﬁﬁ]uuﬁ]u@ﬂll“lfﬂﬂuIawgllwalalaﬂﬂﬂaﬁl@]ﬂi

9 1
1w azdnm Taelduuuiiassdsgii sA asdszneumsgaduineirdeslumsanuluaouas

aaa a [ d Jd Y] [ d d
3. U3eneonBatuvesmivouneuen luauudusunaaRaundane s UUNom U UYNIAU Y
a @ 1 o o a a J o
lumsAnuiauiavesdusanaReunddaod inzAauuEIMeA T UUILIAU TU (Pd,-
< = aaa A o s 4 = g @ A A =
CyoH,y) v1ilumsanunljnsenesnsaduussniiveunousn lag (Co) Fuiluunanumon/asu 'l
I 4 4 {3 a 1 { o o 1
Wumsvoulasenleq (o, Milunuioenii TasvzAnuinszaumsmuIa BALYP/6-31G(d) du
J v a % L L
TanzunaafonazWansu Hay-Wadt Tun1sesuie FeezanuiteauianiInssadauaz auianig
1 Y v
wasnuvesmslszneuFidoumsgadsuinaruluiuaouaia
Y v
TagTuruaeunsnazAnyIN1sgasy Tuanaved CO UUANTI Pd,-CyH,, NINMIgadUZADN
a Y o A A a = <3 a 1 Y
ponF1an 13 49317 6A (0-Pd,-C,H,,) 11199910 dzapBONFIUNVUIABNIRANITgATY Iaa 1YY
@ 4 a Y (Y 1
Tanzadmaes 1Av0oNFRUILEI NI AU ADNUNAIAIABY 2 DYAPUAIBTLULHN 1.867 LAY
2.006 838A501 Tnailo Tuanaved CO UNSITININZINANTAATULUDLADULNAIAIRBUNDGUU AT

[

< o 1A @ A o A = [ o 1w & <
L‘]J‘LWI'Il,lfl"iuﬂlﬂﬂ’)ﬂuﬂﬂﬂﬂ’lu')m]‘lﬂugﬂﬂ 5A Iﬂﬂllwaﬂﬁ'luﬂ'lﬁﬂﬂ“]fﬂlﬂ'lﬂﬂ -19.0 kcal/mol HIILIHU
' @ @ g 1 1 4 a @ @ 4
Jmasnumsgaguiisziaiiesniuilonan1sgasuLL Pd,-CoH,, AGHIADS (-43.8 keal/mol)
4 a v o 1 { a [ J o 1
Lﬁ@\iﬂ']ﬂ!ﬂﬂ!lj\?Wﬁﬂﬂuﬁg’;ﬁ'ﬂ\i CO uaz O ﬁlﬂ’lgﬂuwjjaﬂgﬂﬁﬁlﬁﬂﬁ 1/]111?7}33831/]1\1531431\1@3@@“ C

9
o 1 o o @ [ <
NU Pd EJTJﬂ'J'Iﬁ@ 1.960 L“ﬁﬂﬂﬂ'ﬂ 1.893 9NEATON LATAIINYININUTEUDY CO ﬁuauﬂu 1.142
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@ 4 Y] @ 1 I 3
gaansou wazilo luana CO gNAATUHUTLIzHIN azAal O tag Pd Tugi) 6A Nvze1nAU 1.937
MeUN1.867 Daaason Adaadlugl 6B
A a o Y v 1 o S Y < a Aaaa a v A
e Twana co mamsgadu luuduseTanzadmaosuds nzialjiseroendasiuna il
I ~ @ ] a o = wAa
Wulwanaves co, ngnaadu 13 Tasr1uan12g M 1UTFU (Transition stat, TS) Tasliduiania
Tmaa%’nﬁ’agﬂﬁ 6C LAZANI1Y 5 FI02AoNBONTRULU AN ASdIADS VL a I NN UTEAUoZADY
[l Y
MSUBUVDI CO F19zA0a 1 FNAINUNTLAWNIND 9.2 keal/mol TagInseadwilagiinnwenaniuse C-
I o 1% 1 < [ o w
0,111 1.920 BedATOUILAZ WUTLTEHI1 O,-Pd dzdnoonilY 1.943 LAY 2.135 B9AATON ANEIAL
Y Y A 3 a P s ~ o ' o ¢ o
udr luienganszimailuTuanamiveulasenleq (CO,) Ngnaadusguu Pd,-CyH,, AGAIADT A
naaaluzy 6D Taeliszoen19321919 Pd N1 COMMIND 2.187 BIAATDY LAZAIUIUNAINIUNIQATL
< 4 o Y <
wo41u1aNa CO, VU Pd,-CoyH,, 181111 -41.4 keal/mol w3 otilotivuiuatsnsduaziilu -67.3 keal/mol
% d‘ . @ o 4 [ a Aaan a @ [
auaaslugd 7 Fuwaasanuduiusveandsnulunszurumsinalnseeendadues CO i

2 ' ' A A 9
VYUADUYDYA N NUNYIVD
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519 5. autaniIassafaazduianianadwuuesl§nsereenFnduuss CO UUASI Pd,-

= v w1 1% J 3
C,oH,, 1S ouifieunu@s e Pd, admaei (uaaanaluiady)

O-Pd,-Cy,H,,+ CO  CO-O-Pd,-C,,H,, TS CO,-Pd,-C,,H,,
31/ 6A 31/ 6B 31l 6C 31/ 6D

r(C-0), A 1.138 1.142 (1.144) 1.150 (1.154) 1.186
r(C-Pd), A - 1.196 (1.956) 1.993 (1.954) 2.187
r(C-0,), A - 2.960 (3.040) 1.920 (1.844) 1.209
r(0,Pd), A 1.867, 2.006 1.937, 1.999 1.943, 2,135 -

(1.889 x 2) (1.896, 1.947) (1.980, 2.022)
a(Pd-C-0), A - 176 (176) 178 (172) 90
E,,, kcal/mol -19.0 (-20.0) 9.8 (-3.8) -67.3

ad>

FREBLITEEE .
. ;,3:95.»& E&i{ﬁe : ®
B S e el o teel
_ . RE22000004¢ SRS
) e r e aArar
’ H o8 - DEEEELELPEE
: ] . i EEFE TS
-'. -19.0 .“ & 259
9 B 30888 8e. - -
I
- 8852928828
I, (O B
pe2ssssiass '
RERSEALAS 73
2 e S e S S
O-Pd4-CNT + CO CO-O-Pd4-CNT TS CO2-Pd4-CNT CO2 + Pd4-CNT
y

Reactiom Coordinates

51U 7. uaasmsautiu lvewl§asereondnduves CO UUAITI Pd,-Co,H,,

[ 3’, o < 1w 1 1 aan a U I
AIUUDINMIMUIUITAUDNIANT Pd,-CooH,, dnsnissfnaeneendiaduves co lihilu
@ Jd a I v o § I
co, laa Il TanzunamRounadaoisielumsnaiuasisduauazilaou lihiluTuana co,

1 | (4 o
"lﬁ’awuamﬂuﬂ‘izmumimﬂwawmmmu 25.9 kcal/mol
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4. agdwamsIdy
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1INNSANHINITRATD TanzunaamouadaInosvYUIA 2-5 03ABY (Pd, , n=2-5) VURIND
4 o A Y ~ ax Jd o oA o o
MSVOUVUIAU TULDDHITIAYY (SWNTs) #2831 08UITNINFUANUHUIMUUNTEAUMIAIUIN
o (7 1 14 Y] {
B3LYP/6-31G (d) TaglHunus1aoan1eniouduunng Cy,H,, tnuens ueuyuiaul Tunnumiuae,
1 = @ s A a a 1 14 = J A a =Y
wunzinselanzunamiponndmass Woimzaauurvesnemsueuaziigdiruniowan luling
= U A 2 = @ 14 1 2 = [
nasunilasgisuiioannusssamileineslularzadamesse oz AONUNAIAIAINNA MUV
1 ' (% 4 ' o
VINNIITITENINOZADNUNAIARINNUOZADNAITUOUYDINOUI U 1AZIINNITANEINITYAT
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Tuanavesmsveunouen laaun Tanzunamboundmaesyuia 2-5 ozaoutazUUaITsZNo
1 4 s % Y 1
Pd,-CyoH,, W01 Tianamsveunouen luavzgngaduuuaisilsznou Pd,C,H,, laaniuuTans
= v 4 Y 3 T 4 1 o 9 Y 4
uwaliRsuAamaes (Pd,) uaadliiruimemsveuvau Iuszsieiinligagunisueuneuen-
YA ds! T A =3 = v @ 1 Aaan ) [
st 1A unIuAN sandamsanyiuiuan mlumsisalfisenesasdsznoy Pd,-CyH,, sy
aan a o 4 s - - (%
UR5e100nTIATUYDINS UOUNDUDN THANUIIANTI Pd,-CoH,, HAWITDAANGINUNTZAUVD
aan - y [ @ 1 @ 4 aaa 4 <
Un5e11 18 7 keal/mol iiorfisunudussTavizunaaPenadmaos (Pd,) uazdinseriilu
NIZUIUMIMENAIU 14 25.9 keal/mol MnmamsAny I Idh Idamnsoagylalmsiaudns i
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tlszansamuuamnsarildlasmsdunszd lansuwam@envinaun nliimzaAauurideves
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ABSTRACT

We have studied the adsorption of Pd, (n=2-5) clusters on the
single-walled carbon nanotubes (SWNTs) by means of the B3LYP/6-
31G (d,p) hybrid density functional method. The quantum cluster
model of C,4H,, has been employed for representing the single-
walled carbon nanotubes (SWNTs). Our results showed that the Pd,
clusters remain the same geometry as found in gas phase. These
results imply that the interaction between metal-metal of the Pd,
clusters is stronger than the interaction of the metal-SWNTs. This
also leads to the reduction of the adsorption energies per atom of
palladium clusters on the sidewall of SWNTs with increasing the size
of clusters. Finally, the reactivity of the Pd,-SWNTs has been
investigated by exploring the interaction of their complexes and CO
molecule.

INTRODUCTION

Single-walled carbon nanotubes (SWNTs) have attracted a great
deal of interest due to their unique structural, electrical and
mechanical properties. They have been the focus of many recent
studies on sensor materials, optics, catalysts and nano-electronic
devices. The electronic properties of the SWNTs depend on the
structure and chirality of the nanotubes, resulting in a
semiconducting or metallic nature. However, these properties can
be modified by metal-doping or functionalization of the nanotubes.
Recently, various transition metal atoms have been doped and
decorated on the sidewall of SWNTs to investigate the reactivity and
the characteristic of such complexes as well as to developing novel
techniques for the decoration of SWNTs with metal nanoparticles.
These are of particular interest as the metal atom and metal
nanoparticles-decorated SWNTs exhibit high sensitivity, being able
to detect the presence of gases at concentrations below the order of
parts per million, and high reactivity materials. For example, Rh-
decocorated SWNTs were found to bind strongly with NO, molecule
at low temperature (200K). After some modifications, this material
can be considered as CNT-based sensor for detecting NO, at room
temperature.

METHOD OF CALCULATIONS

All calculations were performed based on the density functional
theory (DFT), employing the Becke’s three-parameter hybrid
exchange functional combined with the Lee, Yang and Parr
correlation functional (B3LYP) method implemented in a Gaussian
03 program. The basis sets used in the calculation were 6-31G(d,p)
for C, capped H and Cu atoms. A quantum cluster model
consisting of 100 carbon atoms of the nanotubes with H atoms
capped at the ends of the fragment were applied to represent
the SWNTs structure, resulting in a C,4,H,, cluster model.
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RESULTS

The adsorption of CO molecule on the Pd, cluster have been
investigated. The calculated adsorption energies per Pd atom (E_,) are
shown in Table 1-3. We found that the adsorption energies of metal
atom decrease as increasing of cluster size. This is due to the strong
interaction between metal-metal of the cluster. This interaction strongly
depends on the metal-CO distance as well as the number of metal
atoms involving the bonding.

Table 1. The structural and energetic properties of CO-Pd; complexes.

E,, (kcal/mol) r(C-0),A r(C-Pd), A r(Pd-Pd), A
-41.01 1.188 2.023  2.023,2.026,2.023
-31.52 1.150 1.865  2.611,2.638, 2.648

Table 2. The structural and energetic properties of CO-Pd, complexes.

E,4 (kcalimol) r(C-O), A r(C-Pd), A r(Pd-Pd), A
-37.21 1.181 1.923,1.924 2.722x4
-33.48 1.149 1.895 2.610,2.678, 2.854
-40.02 1.197 2.026, 2.003, 2.005 2.735x3,2.843x3

Table 3. The structural and energetic properties of CO-Pd; complexes.

E,(kcal/mol) r(C-0),A  r(C-Pd), A r(Pd-Pd), A
1.994,1.994, 2.820, 2.728x2,
Mode A -38.74 1.197 5 026 > B40nD
2.137,2.138,
Mode B -37.00 1204 5 0 4 2.803x4
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