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Title A Theoretical Investigation of Substrate-Enhanced Electroless Deposition of

Metal Nanoparticles on Carbon Nanotubes

Researcher Dr.Chan Inntam
Mentor Prof.Dr.Jumras Limtrakul
Abstract

The adsorption of neutral M, charged M and M, dimers (M = Cu, Ag, Au) on pristine SWNTs as
well as on Stone-Wales and vacancy sites has been studied using a density functional theory at
B3LYP level of calculation. The most favorable adsorption site and geometry relevant to atomic
metal species and metal dimers were identified. Our results for neutral metal atom on the
pristine and defective SWNTs agree very well with previous periodic calculations. The
interaction of metal cations on SWNTs is stronger than that of metal anions and neutral metal
atoms, respectively. This is mainly contributed by the transfer of electron density from metal
species to the nanotubes, counteracted by the Pauli repulsion. Our results are in accordance
with the Mulliken population analysis. The transfer of electron density induces positive charges
of metal species as well as negative charges of carbon atoms of the nanotubes. As far as the
adsorption energy is concerned, the metal species are likely to deposit on the defect site,
particularly on vacancy site, rather than the pristine tube. We also found that the adsorption
energy per atom decreases from metal atom to metal dimers in line with the fact that metal-

metal cohesion dominates over metal-SWNTs interaction.

Keywords: Metal-carbon nanotubes, metal deposition, Stone-Wales, vacancy, dimerization



Fynniaufi MRG5080253

naanssndsené

mﬁ%’mlﬂmamﬁ%%’unuaﬁumgumﬁ%’amnéﬂﬁfmmﬂm:ﬂiwmimsq@uﬁﬂm
(8na.) uazdmnaunauatlauun1IITY (8n7.) lasanuiiulevesnminassguanmiin
siuauuludusnuiuaIaqdne 9lunviiids aneiduveveugmdinuamenIINNINT
q@wﬁﬂm @%ﬁﬁfmmﬂammﬁuagumﬁﬁ'ﬂLLa:&mﬁ‘nmé’aqumwmﬁﬁaﬁuaguuaﬂﬂama
lunsvinTi9aa 3%

;ﬁ%’wamauqm a.03. 3% CRIEEE AKAINGIAIRAT WP INLIRLLNBATENTAS N
= [ v A A R ae 4 LY ° = a ° Ao
WReaazasuLwindaundsne lulassanuiaads TITAVRULAYY UUINLINUMIINNUITY

A a £ Yo o ° Ao
msud lwdywnifedulsgldiaslalunmanuiduassaian
uaﬂﬁnﬂﬁ;ﬁ%‘wamauqmqmﬂﬂuéﬁﬁ@ﬂmﬁwmma@]? wﬁwmé'yqumwﬁ’]ﬁ 7

Hroavuayulunsinuidslunn gdudiod un w nidae

A3.717) Buniuau

PRI LATINTT



W N

Y1)

#1301

wiayU1a39n13 (Executive Summary)
NANTYI98
NARWEN be (output)

NIONWIN

817 MRG5080253

11
23
24



Fynniaufi MRG5080253

wayUlas9n13 (Executive Summary)

o
Falasenis
nwu lny: ﬂ’]i?lmﬂ"]L“?j{'mf]‘]ﬂﬁLﬁEl’JﬁlJﬂ’]iL‘ﬁ&lﬂixaﬂ%ﬂ’w\m’liﬁzamﬂladatj‘,ﬂ’]ﬂu’liuﬂla\‘l
6 a 6
lansunasuawu lufiag
n'nsﬂé'\‘mqu: A Theoretical Investigation of Substrate-Enhanced Electroless Deposition
of Metal Nanoparticles on Carbon Nanotubes
o Qs v 1 Ao o a 1 o '3 .
Fan1un1laIINIT LW NFINA nog nuLLABINIANT InTa1s wag e-mail
a1 Buniudu Fana madriedl aningmaad W InosuguaT T
INIAWY 045-353401-4 ¢id 4108 %38 4114 1NIR15 045-288379
iafa 084-642-0438
E-mail: scchanin@ubu.ac.th, inntam@gmail.com
#121381NN1N15398 Theoretical Study of Metal Nanoparticles Deposition on Carbon

Nanotubes

FruzIAANAwI 2T 41891 @IUe 2 NINGIAN 2550 — 1 WRAINYU 2552
Tyn1N1In19398 wazanad1avalyni
& a6 Y & v a & o A = & Awve
ansvaunluiinigndunuassusnlasininmemaaizimds Wl 1952 uanduniin
o ' Y A v a & A \ a &
Auadiniernale Slijima dninseaastdunouninanulull 1991 lavansuau
wluitduansn lasuanuawlaannindssaandns girwunann thasnnlautfianizan
Nlaalan 1o
af Aa a a
— dnunFwnuasiianulaie g
—  JusaduANNNAAUAINE (tensile strength) 9019 63 GPa 1adanWusz a1
' @ & 2 . . o Y )
mSvanudazazaanlulasiaiaduuuy sp-hybridization  39vinlddlassaie

[ a 6
Asuanw g

- Mﬂ’N&JLLTGLL‘Nﬁ\‘i M&&Jﬂﬁwaﬂﬁﬂﬂiﬂ(ﬂﬁﬁu (elastic modulus) & Gﬁﬁ]‘ﬂi&‘iﬂm 1 TPa

a

° 3 K x @ P & o
- Ll]%"llQGLLTGV]NQ'JWNWRWLL%%@'] 1.3-1 4 g/m WTUWIFANUAMULTIINNE
U
q

q

(specific strength) wa@ﬂummma@; Sannwludatn

: 4 o o , X e
— NauU@lLﬂuvL@mIam (metallic) WREEIINIAIUT  (semiconductor)  Yuagny

o & A € Ad & A &€ A
Tassgsvadasuaww luiag lunsonidulan:  easuaww lufiataziaiy

nuLUwlaInTeLa W uInnI lanena ld 15 naduad S 99 1,000 10



Fynniaufi MRG5080253
& A €& o o o Aa PN ' I P A &
—  asuanmluiniduasinanuTauwna lwiaaiug1iusaztduwawinluiani1ined
anNNUYia lagnasuawuw It g u1InsinInausawlans 6000 Wm/K 9
a Y Qs é 1 1 v
GRIVENERN UUNUNDILAITIRINITOFINIW LG 385 W/m/K
wn A ! & @ & & A ed & o v &
Mnautanlaatawuaziduananuaiuasaisuanw luidtinnaruninlvansuawuw L
a 6 o a Y ] o 1 1 Aaaa
mugﬂmvl,ﬂﬂszzqmmﬁlﬂumﬂiuiaULLazqmmuﬂﬁmmma GIUWIBNIN 11U ML RTEN
(cztalysis) W ludLannIaing  (nanoelectronics) 5&@1@?&@1% (material) N13¥1&981 (drug
delivery) AA3I230 L kT19NN8 (biological labeling and sensing) Wlafing (photonics) #128
& @ . . = o ) = A ° & A o
\iudaya(informative storage) Liludu agd AN INazaINnInnaTuanw Il
1 =3 a a q/g; £2 =1 > % A v 1 6 v c.l'd
atnadudrEnTnwlduuazdasinisdiudy daudasniasinyiaitundanuanizun
TassaFsvasansuanu luidflwmanzaunannazin ld 1t arag19ms n1ssinansuanw
a U &) Q/ ~ = ‘é v =1 tﬂl dl 1 1
IumﬂﬂmﬂumLsﬁumaﬂumsmn’miwLaqa%m6] ’:nmaaumsgﬂmawmsmaﬂma
IuLaqaﬁﬁaomsmm%’uvﬁuuﬁwaaﬂﬁuauuﬂuﬁqﬁﬁau WIANIRIIANTUA LU LT

|

dwdulonanuudungiazdasiimafendenianaunusznitilassaiaanivauulu
Aninuwafuasiinaiun
mm‘%‘”’m%gﬁaﬁ‘*ﬁuuuﬁ’maaﬂﬁuaumiuﬁ’sﬂﬁamamgmﬂmimaﬂam R RIRIRTS R
= 6 a 6 dl' o 2 1 d' s 1 3 ad
memiuaumiumuLwamvlﬂﬂswqﬂmﬁl‘*ﬁ}lumuw 9 lasuanuanlaagnaninemined’
P24 ° =< A @ A ' A
win lapaaninih lu@nsnseudanuvedindsiguas DNA wiamsazauvadlaaaulans
A & A €C Ada A e Aa € = =
vuRrzasnTvenuluiidninfuazldddr3frdegyintsaunsndnsinisazauuny
MMUNINLAZLUULA T LA UL 117 T TWRII U190
2819 IINANNIIRZINVDS baaanlansUnRIvaIATUa kI InATiTad1na thasainlans
a o & A o v A, o eda € ' & A € 1 £ o 8 o A
nazdvuuaiteuinlufifunezdasfiddndifidganiasuaumnlufivdivinuu ldaiia
a a & = A a Aaa A @ & &
maa‘[ammzm@Lﬂuau;mﬂm‘[ummmu"té”tun%m TaoHATun lAAaFILATIZHAITL AW
a 6 Qs s 6 A . A o v v
Tufin1JunaI58950 (substrate) lavizaan loe Aa SiO, maa:wﬂvxmmmmma‘tgmmﬂumaa
lanzofiadq lanaresiauinninéu asha"liﬁ@nwadﬁmwfuazﬂavl,mﬁmﬁ‘umﬂﬁu
Urzdninwlunafineunauwluvedlanalalansasi (substrate) agdiudannauaauuss
ﬁ'aﬂagumﬁaag' JINDIDNTNAVDIAITEITY  (substrate) NHABFNLANIIIATIFIIIULATNNI
dinnIefindrasasueumluiiog aswwneldiuazdlafuanumaiadsdninnlunis
A { o o v o o A =
inaunalusadlanziliafidniadsy (substrate) agdne T9daia1d8NMIANBUTING )5
a:ﬂj"aUa@@hsl"ﬁai'mLLa:L'smlumsﬁﬂmLﬁaaﬁ”’maaﬁmmjmmﬁhmzmmmﬁﬂﬂlﬁ”
Urlominsaiduiugulumaidodudsgeeld igu nssiveumamluvaslanzofialna
A & a ¢ A o en & A o A
UuRIrInsuaum luiiag ihensdSudpwsudfvesarfvaumlufivdldnunzauaiad

ADINT



Fynniaufi MRG5080253

Subsirale

= " a8 9 9 ¢
sUN 1 uaasmsazau (deposition) mmmgmﬂiamllﬂaauuummumwmmwau

UG

a 4 [ [ [} A Aa A
W Tunl TaslA130951 (substrate) ¥IgluMINNLIZANTAINMIALANYOIOYNIA

Tang ' loosu

6. Jagilszava
(7.1) Wadnsna lnnsinNUseenSawlunsazan (deposition) vadlasauvaslanszaumn
a v v a é o v v g:

Tuuuirauwdrsvasarfuenuw luiig Sevinldnuuazdnladsunan nszuInnITURS

o . A A x> a & & A & o & & A [ &

dunbinmanzaniniaituaziiadusasnivauwluiing denudsmaninifanduaizs
& A eda o A o A Y

ansuawnlufitndnylaituniduniindasmsld

(7.2) Wadnmauasnsenvasasuaun luindnulans lesan

(7.3) WaaisasAaNuFRugImNIAUMIAzaY  (deposition) Badlaaaulanzednig Aa Cu,

Ag uaz Au uazlanelaiuas @a Cu, Ag, wae Au, AT 98IANTUaUMN LHRL

ada v

7. suguisIvy
lassmsdaufilunmsfnwudmguiineanunsszan (deposition) 109 tloaanlansunia
v a o a o A ' a
Travasanivawnluitlasardusndoritmaeiianeududsegluglvassumnvadiacans
@ o A o A =< a ad A
wazgniansiiagluzlrasldsunsumaaidminuiannuszainlunsdnm laszdonisn
A o &< A A wa . . A o °
T lwinuiduasshifadnuantiadnd9fa Density Functional Theory (DFT) T4vinmssnualag
L% 6 v =y a A & £ €A v 1 £
ldWarituuny BLYP  wazaSunawninsiuvesdianaseudislusainadedis iwayagiu
(basis  set) WUU 6-31G(d,p) lasawiavasasvanw luitnltansuuaziswinauan
132Nk 60-120 az@ad NIKIWIAVBIATUAL LA ARNNIZ RN A RIA I BRIaan N L Ler
= 1 3; d' a v d‘;‘o =3 1 v Y = L g; Aad o a a v
LN UABADWLIN I@nLwalﬁ’lmomnwumLsaqmavl,ﬂvl,@m 08 a9t BwNITIE L1
Y vo X
Iﬂidﬂ’]i%ﬁ’]&l’]iﬂﬁﬁ;ﬂv[,@@d%
& & =< Al o & A 4
8.1) TutuaauusnidunisansifNoniawianazlassassvasarsuauui luiada

wanzaulumsdnen  lagazawmalassasenldazaasldlngawinliifasamnazlsingm



Fynniaufi MRG5080253

]
= 1

luns@nsunuusslizmaidnigauddinsusasaut@dng gualiauanfuawm lufindsme
Tng 13let
(8.2) BRI LVUIALAZINMINDLABNTNANNZFNINNIUABUNA 8.1 URI¥INMTANEN
s aa 1 % 6 a 6 &
auaInENTEnINdlasiansvasasuanwm luiitinulanzazaauvad Cu Ag  Was Au
Waldnaudiunianisgady aud@nianisniwuazauddnisdianniafindas
{ a ¢:§/ % 1 ¥ 1 ¥ o d
aIdsznauiiadu laga1azm lassasnsuuuns guadszuuinanlasldnisiiwimn
srauaMundas iannuaslfiaaian 13U HF/3-21G - nasnnuudasyinsdnmlu
o Aa v A A a

sraufidanugndasninseiiade |y

A A a A AA A &
(8.3) aNazilSsuifinysluuvratlansifdensazanvaslans losaunufinariveum
luiig dsdudsdasrimsfinsnisgadunianisazas (deposition) vaslansuanlaaan

+ + + - - - a_ v
fla Cu Ag uaz Au 77809 lanzuaulesan Ao Cu Ag uwae Au UnRITNIURIASUa

A &4 & A 9 7 A =2 o
wlufiag Ssvwevasansuanmluiingdlennnn auaaui 8.1 laslums@nsiazdiuin
132AU B3LYP/6-31G(d,p) lavazldwaaglujlaes wasemlunsgadu  (Adsorption
Energy) 284lane loaauudazsiia

= v > 6 a 6 a 6
(8.4) anwuwwilidulunisnisszanvadlanzaasiaasuuiaw Lluuwiia1Tuauwu Luiing
lasmsfinsnsgadunianisazau (deposition) vaslanslawwas fa Cu, Ag, uaz Au,
UBRAI109013 00 Bw lwing wazlunisfnwiazdwimaudfedne g Avzau B3LYP/6-
31G(d,p) lasuanisdnwildazagluzlvaswdsnuluniigady (Adsorption Energy)
yaslanslosanudazsia Nuisantansdasianuasantanisdiannieinduesszuy
(8.5) TIuTINUAZALATIZANAN AIINNIIANBINIRNALIzETUNA LaBlaniznis

= A o o A o & A A o A )

Wisuifuwianunigadunldanniuaeun 8.3 uaz 8.4 iNemadviidemigaduuas
mMInNavadlanslaaan



Fynniaufi MRG5080253

UszaawnnIandsnen

. %@ - WINEANA (M nY) ...a.93. 3157 ﬁunga .........................................................
(mméﬁﬂqw) ...Prof.Dr.Jumras Limtrakul...............coiiiiii e,
S 31011 B80...53 Tl

2. NSN9H

Ul (219138, Wet., 37, A1) . ANFATINNTE TZAU 10,
SIS MAITUAN  AANNAFAT  ARINLRUNBATINTAT ..o
PWHIA ... NTINW.oe, TARIUTHRE ... 10900, .....covioeeeeeeeeeeeeee,
Insdwn ... 01-6926854.................... N385 ......02-9428900 ext. 324.....................
e-mail ......... fscijri@ku.ac.th , Jumras.l@Kku.ac.th....... ..o
3 ‘ﬁ'agli (NLTW)..... 99/16..... . FIUK... ARIALIIYS. ... BUND. . ABWLADT.c.eeeeeeeeereeeeeeeeeeenss
PWAIA ..o NIINWS i TARIUTBHRE ......10900.......ccveeereeeeenn,
INTdne .o 01-6926854.................... 1n389 ......02-9428900 ext. 324.....................
e-mail ............ fscijri@ku.ac.th , Jumras.l@Ku.ac.th.........cccoooii i

4. 1527@n15@n1

4.1 USQURNGIENTT oo VAR, ]0%. .. WRIINGLVOUMA............
AL 012519 et
4.2 Bagnlngan ... VALTINRNS ..o RDNUU.. NRINERENAAR .o
DI 112523
4.3 ﬂ%mﬁty%aﬂmﬂl’] ...... Physical Chemistry .................. 800, ... University of Innsbruck
Yfay......... 52T et
4.4 Postdoctoral ..................... Catalysis ...... University of Karlsruhe, Germany ..............

5. @213 BMNBYIBIY
1. Zeolite Chemistry and Catalysis
2. Physical Chemistry and Nanotechnology

3. Nanobiosystems and Nanoscale Applications



6. N899 (1] 2008-2009)

Titles

Structure and Dynamics of
Water Confined in Single-
Wall Nanotubes

Effect of acidity on the
formation of silica-chitosan
hybrid materials and thermal
conductive property

Potential energy surface and
molecular dynamics
simulation of gold(I) in
liquid nitromethane

Preparation and Characteri-

zation of  Bis(mu-1,2-
diaminoethane) cobalt(II)
Hexavanadate: A Layered
Polyoxovanadate Pillared by
a  Cobalt Coordination
Complex

Reaction Mechanisms of the
Methylation of Ethene with
Methanol and Dimethyl
Ether over H-ZSM-5: An
ONIOM Study

Application of a Crystalli-
zation Kinetics Model to
Simulate the Effect of
Operation  Conditions on
Crystal Profiles and
Calibration Curves

CoMFA and CoMSIA
studies on a new series of
xanthone derivatives against
the oral human epidermoid
carcinoma (KB) cancer cell
line

Effect of the acidic strength
on the vapor phase
Beckmann rearrangement of
cyclohexanone oxime over
the MFI  zeolite: an
embedded ONIOM study
Stable nanoporous alkali
halide polymorphs: a first
principles bottom-up study

Journal Name

Journal of Physical
Chemistry A

Journal of Sol-Gel
Science and
Technology

Journal of Molecular
Liquids

Journal of Chemical
Crystallography

Journal of Physical
Chemistry C
Journal of Polymer

Science B — Polymer
Physics

Monatshefte fur
Chemie
Physical Chemistry

Chemical Physics

Journal of Material

Chemistry

Year

2009

2009

2009

2009

2009

2009

2009

2009

2008

Volume and
Page number
113(10)
2103-2108

51 (2) 146-
152

147
64-70

(1-2)

39 (7) 525
529

113 (16)
6654-6662

41 (9) 866-
876

140 (3) 273-
280-

11 (3) 578-
585

18 (48)
5871-79

Fynniaufi MRG5080253

Authors

Tanin Nanok,
Nongnuch Artrith,
Piboon Pantu, Philippe
A. Bopp, Jumras
Limtrakul

Thongthai Witoon,
Metta Chareonpanich,
Jumras Limtrakul

Natcha Injan, Tuende
Megyes, Tamas
Radnai, Imre Bako,
Szabolcz Balint, Jumras
Limtrakul, Daniel
Spangberg, Micheal
Probst

Bunlawee Yotnoi,
Jumras Limtrakul,
Timothy Prior, Apinpus
Rujiwatra

Thana Maihom, Bundet
Boekfa, Jakkrapan
Sirijaraensre, Tanin
Nanok, Micheal Probst,
Jumras Limtrakul
Siripon
Anantawaraskul,
Punnawit Somnukguan-
dee, Joao B.P. Soares,
Jumras Limtrakul

Ketthip Suphavanich,
Phornphimon Maitarad,
Supa Hannongbua
Pichit Sudta, Sunit
Suksamrarn, Yuthana
Tantirungrotechai,
Jumras Limtrakul
Akkapan Sirijaraensre,
Jumras Limtrakul

Winyoo Sangthong,
Jumras Limtrakul, F.
lllas, S.T. Bromley

Impact
factor
2.871

Impact
factor
1.433

Impact
factor
1.188

Impact
factor
0.574

Impact
factor
3.396

Impact
factor
1.586

Impact
factor
1.426

Impact
factor
4.064

Impact
factor
4.646



10.

11.

12.

13.

14.

15.

16.

17.

18.

Reversible Interconversion
Behavior of Ag Species in
AgHZSM-5: XRD, 1H MAS
NMR, TPR, TPHE, and
Catalytic Studies.

Editorial Introduction to the
Special Issue on Modeling in
Chemical and Biological
Engineering Sciences.
Nanocavity Effects on N,O
Decomposition on Different
Types of Fe-Zeolites (Fe-
FER, Fe-BEA, Fe-ZSM-5
and Fe-FAU): A Combined
Theoretical and
Experimental Study
Calculation of Processes
Relevant  to Reactions
between Nucleic Acids and
Free Electrons

Confinement  Effects on
Adsorption and Diffusion of
Hexane in  Nanoporous
MCM-41 with Different
Pore Sizes: A Molecular
Dynamic Study

Uniformity of Change in
Porous Catalyst Activity
During a Multi-Pulse TAP
Experiment

The Interaction of a Gold
Atom with Carbon Nanohorn
and Carbon Nanotube Tips
and Their Complexes with a
CO Molecule: A First
Principle Calculation

Structures and Mechanisms
of the Carbonyl-ene
Reaction between MOF-11
Encapsulated Formaldehyde
and propylene: An ONIOM

Study

Structure and  Electronic
Properties of "DNA-Gold-
Nanotube"  Systems: A

Quantum Chemical Analysis

Applied Catalysis, A:
General

Chemical Engineering
Communications

Chemical Engineering
Communications

Chemical Engineering
Communications

Chemical Engineering
Communications

Chemical Engineering
Communications

The European
Physical Journal D

Journal of
Chemistry C

Physical

Journal of Molecular
Graphics & Modelling

2008,

2008,

2008,

2008,

2008,

2008,

2008,

2008,

2008,

345(1), 89-
96.

195(11),
1303-1304.

195: 11,
1477-1485.

195: 11,
1371-1381.

195: 11,
1486-1501.

195:11,
1305-1314.

48, 211-219.

112, 10855—
10861.

26, @),
1066-1075.

Fynniaufi MRG5080253

Artit Ausavasukhi,
Suratsawadee
Suwannaran, Jumrus
Limtrakul and Tawan
Sooknoi.

Jumras Limtrakul and
Gregory Yablonsky

Piboon Pantu, Bundet
Boekfa,

Boonruen Sunpetch
and Jumras Limtrakul

Michael Probst, Natcha
Injan, Stephan Denifl,
Fabio Zappa, Ingo
Mahr, Manuel
Beikircher, Sylwia
Ptasinska, Jumras
Limtrakul, Tilman D.
Mark and Paul Scheier
Winyoo Sangthong,
Michael Probst and
Jumras Limtrakul

Yupin Wongnuch,
Phungphai
Phanawadee, Korpong
Hongsri and Jumras
Limtrakul

Pipat Khongpracha,
Michael Probst and
Jumras Limtrakul

Saowapak
Choomwattana, Thana
Maihom, Pipat
Khongpracha, Michael
Probst and Jumras
Limtrakul

Panvipa Pannopard,
Pipat Khongpracha,
Michael Probst and
Jumras Limtrakul

Impact
factor
3.166

Impact
factor
0.450

Impact
factor
0.450

Impact
factor
0.450

Impact
factor
0.450

Impact
factor
0.450

Impact
factor
1.515

Impact
factor
3.396

Impact
factor
1.932



19.

20.

21,

22.

23.

24,

25.

26.

27.

Dissymmetric Carbon
Nanotubes by  Bipolar
Electrochemistry

Structure  and  Reaction

Mechanism of Alkylation of
Phenol with Methanol over
H-FAU Zeolite: An ONIOM
Study

Metastable Dissociation of
Anions Formed by Electron
Attachment

Crystal Structures,
Thermogravimetric and
Magnetic Properties of Four
Organodiamine Templated
Vanadium Oxide Frameworks:
Influences of Diaminoalkane
Templates

Synthesis of Bimodal Porous
Silica from Rice Husk Ash via
Sol-Gel Process using
Chitosan as Template
Controlled purification,
solubilisation and cutting of
carbon nanotubes  using
phosphomolybdic acid

Theoretical Study on
Structures and  Reaction
Mechanisms of Ethylene
Oxide Hydration over H-
ZSM-5: Ethylene Glycol
Formation

On the Dynamical Instability
of Packed-Bed Reactors in
the Presence of Catalyst
Deactivation

Interactions of Amino Acids
with H-ZSM-5 Zeolite: An
Embedded ONIOM Study

Nano Letters

Journal of
Chemistry C

Physical

ChemPhysChem

Journal of Inorganic
and  Organometallic
Polymers and
Materials

Materials Letters

Journal of Materials
Chemistry

Journal  of
Chemistry C

Physical

Computers and
Chemical Engineering

Journal of Molecular
Structure

2008,

2008,

2008,

2008,

2008,

2008,

2008,

2008,

2008,

8, (2), 500-
504.

112, (2),
540-547.

9, (4), 607-
611.

18, (2), 253-
263.

62, (10-11),
1476-1479.

18 (34)
4056-4061.

112
12914-
12920

(33

32(12),
2897-2902

889(1-3),
81-88.
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Chompunuch
Warakulwit, Thi
Nguyen, Jerome
Majimel, Marie-Helene
Delville, Veronique
Lapeyre, Patrick
Garrigue, Valerie
Ravaine, Jumras
Limtrakul and
Alexander Kuhn
Bavornpon Jansang,
Tanin Nanok and
Jumras Limtrakul

Fabio Zappa, Manuel
Beikircher, Andreas
Mauracher, Stephan
Denifl, Michael Probst,
Natcha Injan, Jumras
Limtrakul, Arntraud
Bacher, Olof Echt,
Tilmann D. Maerk, Paul
Scheier, Thomas A.
Field and Karola
Graupner

Thapanon Settheewor-
rarit, Timothy J. Prior,
Santi Meansiri, Jumras
Limtrakul and Apinpus
Rujiwatra

Thongthai Witoon,
Metta Charoenpanich
and Jumras Limtrakul

Chompunuch
Warakulwit, Jérome
Majimel, Marie-Héléne
Delville, Patrick
Garrigue, Jumras
Limtrakul and
Alexander Kuhn
Thana Maihom,
Supawadee
Namuangruk, Tanin
Nanok and Jumras
Limtrakul

Attasak Jaree, Boonlerd
Boonsomlanijit and
Jumras Limtrakul

Bundet Boekfa, Piboon
Pantu and Jumras
Limtrakul

Impact
factor
9.627

Impact
factor
3.396

Impact
factor
3.502

Impact
factor
1.000

Impact
factor
1.625

Impact
factor
4.34

Impact
factor
3.396

Impact
factor
1.238

Impact
factor
1.486
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1. Warakulwit, C.; Bamrungsap, S.; Luksirikul, P.; Khongpracha, P.; Limtrakul, J. Diels-

Alder cycloadditions of single-wall carbon nanotubes with electron-rich dienes

Nanoporous Materials 2005:823-828, Ed.A. Sayari and M. Jaroniec, Elsevier B. V.,

Amsterdam.
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2532-2533 Humboldt Research Fellows The Alexander von Humboldt
Foundation
2537 NRIBAEUIV N aaTuasinalulad UAINENRENBATNENS
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2538 938398 an. Uizdndl 2538 UNNUNBINURULFUUNTIE
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VPNINDRUNBATANRAT
2545 L&J‘ﬁ%%’ﬂmﬂa PNFEWNNBNBINURBLTUUNTIE MUNNUNBINURULFUUNTIE
am. Uszdnl 2545 &M.
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2546 MRl NuATEARIN lunsmanasguang VANANYIRUINHAIFFAS




Fynniaufi MRG5080253

Eﬁdq@ 1) 2546 &1 371mmm§msmw LS

FAINIINAIRASURIINLRULN BATANTAST

T
@ A A

2548 NI NANaIUITLARNUW Tuanssnsunasgiuana UAINNRUNBATNENS
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2548 Rk ﬂmﬂa IMNFEWNNBNBINUFELTUUNTIE AUNNUNBINUFULFUUNTIE
am. Uszdnil 2548 (8M.)

2549 American Chemical Society’s Petroleum Chemistry American Chemical Society, USA
Division Awards (Spring, 2006 ACS Meeting in
Atlanta, GA)

2550 Audiiddn amAnamaas armInenauuios WAINeapuRaa
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(8N7.)
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1. msaagulanzazaas
mﬁ’%’ﬂu@amnnftﬁi‘mqﬂszmﬁl,ﬁaﬁﬂmmuum‘haadmamaué’uﬁmm:awad
asuawmnluinfifelddnmauianisadeng gnuidnsnsuasnsevesezaauaaslansuas
lasauvaslansnuasuanlufiitals Nan1FIFLNLILULTIIaeIuaIATUanw A TLLD
wiatdenfildlunmsdnsnautianislassaonasnediannsaindiuai 5w nsesasuan
aen9tkae 80 a:mauéﬁaLi’lw,mmhaaaﬁﬁmmmm:auﬁtﬂmdmaammgﬂﬁaa WiTatouasns
Alduaziiafildlunisdwimaniaan guesszuulininauinly INMIANHINTQ AT
amaammLL@afuwudﬁamamamamma:gﬂgmﬁuﬁ@‘hLmuw%mmﬁaﬁmuaﬂmaoﬂa
asuaulasazinduasnseNNUazaNaANIUaUYaIYia I Uit 1w 3 avaanalanuLasd
wé’aommsgWﬁ'uﬁvl,ﬁa’mmsﬁ’lmm,l,ﬂu, -40.0 kcal mol’ %oa:mﬁmﬂ’jﬁmsg@sﬁuﬁ@‘mmm
JLWININUDE (bridge  site) wazngluriaasuauunlufiag %aﬁwé’amumsg@sﬁmﬁm -34.9
kcal mol " uaz -22 kcal mol - aNEGU ashdvl,iﬁ@rmﬂﬁg@ﬁffmm@vlaaaumaa‘naaLmemfﬂﬁ
mwmaﬁm‘lumsg}wﬁumnﬂ’jwm‘sgwﬁwaaamaﬂ@slﬁ@hwé’aammsgm%’uﬁmﬂﬂdwao
azaaufld 2 L¥in I@uLm@l"laaangngm%’u"ﬁmﬁqﬂmwammmvﬁ?&"wu’%nmﬁaﬁﬁwama%o
I AASHAIASENLANUIUE 4 pxaouserlATnasnuiEissunnInines
fwmIun1sgaduezaenlanzuuininizasunuitassvaniivanulufindauia 8o
szaaufilataaillanssastrasoazaanlalasiauninua 20 axaay (CgoHao) sRaf T i
LU Stone-Wales(SW) Wzl Vacancy tit wuinigaduezaaunaduaunlasiaiuuy
Stone-Wales 838y V84NaILAIILLNABUATATINNLBZAONANTU UL URIT IV Iriaw iy 2
px@aNUadlaE T IuLuY 7 1RsNEI8TEo: 196 WAz 199 AINWAT uazfIwIsWasowln
nIQaduvaiazaaNNaIued laiviniy -58.3 keal mol” dauﬂﬁ@@%’uuuﬂﬁuaumiuﬁaﬁﬁﬁ
FWiLUL vacancy 1 D2ADNVBINDILAIILYNAATULHHITIVBIN AT DAL INUAL AW
praanansuaniinigllanArvesvaainann LLa:ﬁ]:Lﬁ@é'umﬁ%mﬁ'umﬁ’uauazmauﬁagji
Tnddns 3 a2ANMETZIENITHINNBILAITLANSLAN 183 184 LAz 190 AINLUAT WaNNi
ﬁnﬂ‘wé‘amumi@msﬁ‘uﬁﬁﬂmmvlﬁﬁ?uwudﬁmsﬂsznauﬁLﬁ@ﬁulusxuuf:ﬁwﬁammaﬁmmﬂ‘ﬁq@
#9 -145.8 kcal mol” S’fiuaﬁmn’hmsg@sﬁuuuﬁﬁwLmuﬁvl,&iﬁ@imﬁua:ﬁ@imﬁl,l,uu Stone-
Wales 719 106 uaz 88 kcal mol - @ug"@u
nnmseneisnusutanslanaiusrauianisdiEnnseindvesuuuinaainag
Tassaamiuaum Infinififiuuwacng g #8 CuoHao CeoHao CaoHao W8 CrooHzo NLFIAINNL
W BIASUaU-AN LD VIR0 4 mﬁ@agizij 136-146 W LULNAT s'ﬁuﬂu@hﬁag
izmwﬁ'uﬁ:mi‘uau-m%uammuﬁuﬁuamLLa:v‘\Tuﬁzﬂ"’uaﬂmaa%wamﬁuauimﬁ"avlﬂ

o Q 1 1 = = J 1 o { {
fIRIUTDIT19VDITTAUNKIINY (Energy gap) a:muagﬂwm@madLmumaaoﬁlﬁmﬁ

1"



Fynniaufi MRG5080253

LULUSNRIRTUWIAGING CogHy AWz RenTasinandsnune lndlAssnuuuLdassfitama
Tngjann daiulunsdnsauianulaseiowszmaaiivesarsvewwlufiag lunsdiiaens
fasuansenuozaouaslanssanlduuusIaasamia CoHy, Seilantianslassaiiouas
sutidnediannssfindrasvefiaduaisnuuuuiassfidlessasvmalnguazanansaling

= dld v et a e 1 v = v 1
ﬂ?iﬂﬂ‘]&l’l‘ﬂuﬂ’]’mgﬂﬂ E]x‘]l%iﬁ@]‘ﬂ 19 U?ﬂ%LL@]l’ﬁL’Jﬂ{L%ﬂ'ﬁﬂﬂ‘lﬂﬂ%ﬂ gnan

<1
I

UYU

(n) (D)
3un 1. WULINRBINIAIBUANVBIANTU UM IUATUUY (5,5) VWA CeoHay NRANMI

2.

VURITIULLA ) (N) WU Stone-Wales (SW) (1) kUL Vacancy

Tua13190 1 WLUFAINTAATUDLADNVBINDILAY D4 FIUNUIANI JUBHITI9VB
° & A € o A ° . AR a ° oA o
WUUF1R0IANTU U AT RUUNEILALY (CaoHay) LABATLAUINANENT 4 FuniaNaIny
(Three-fold site, bridge site, On-top site) mﬂmwé'amumsg@sﬁ'uﬁﬁwmmvl,é’fwuiwazmamjao
ﬂaatmwzgﬂ@@sﬁ'uﬁ@‘htmm Three-fold UHRIFIWHENVAIVIANTU WL HOINNANAINWNLET LT
d 1A o o ' . . -1 ° ' '
ﬁﬁg(ﬂﬁa -40.0 kcal mol LatRgUNUA LAY bridge site (-34.9 kcal mol ) wazduniinelura
-1 ¥ o \ o .
(-22 kcal mol ") uaﬂmﬂﬁmvluwum‘sgmmaz@awammmﬁaamaum‘i‘uau (On-top ~site)

mawiamimﬁaamﬂima ﬁ%ﬂx‘lﬁx‘]ﬂﬁi’]']vllj YT t%’]ﬂ%"].lﬂ']i(ﬂ@‘fﬂ LLﬂ@leaaaW?J DINDILAIBUWLIN

@139 1. MIQATUBZABNNBIUAINAIUNRINGAI JUURIT19T84 (5,5) SWCNT 2410 CgoHyg
(Cu-CgoHgo) NANENGI8321 0803 B3LYP/6-31G(d,p): (Cu-C) — T282N9TZRININaILAIND

2rAaNANTUaNYBILULUINNE; BE (Binding Energy) — WA IQATLDZADNNBILAS

Adsorption site
Three-fold Bridge Three-fold® Top” Four-fold

Total Charge,e 0 0 0 - +1

State Doublet Doublet Doublet - Singlet

r(Cu-C), pm 205, 202, 196, 196 202, 213, - 212, 212,
212, 222 213,213

BE (kcal mol)  -40.0 -34.9 -22.6 - -132.3

& Cu atom located inside the SWNTs
& Optimized structure was not found
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ﬁmwéﬁmumig@sﬁuﬁmﬁmndﬁmig@sﬁwaaamaamammﬁﬂunmaﬁondﬂ 2 1 I(?‘IULL@WI
Q/ v é { a a v 1 & a s aa Qs
Vl.aaau%gn@@sﬁuvl’gmdmﬂmwammﬂmﬁwmnmmmwamamﬁmﬂ@aummmﬂ‘u

o U Q { 1 ] ‘1
ANTLAY 4 azAANIIN IR INRINWNLRDLIAIN Aadlan -132.3 keal mol

(n) ()
s 2. 1398319098170 32 NaUNLAAINAWATATLIILAIN Cu NU LULIIAINIIAIaUAN

CeoHzo NUFMBUBAITIUUUGA G (N) Cu- CgoHyo (Stone-Wales (SW)) (B) Cu- CgHag

(Vacancy)

uaﬂmnf:ﬂ'aﬁnmgwﬁ'uamau‘[amuuﬁa%wamum‘haaa CaoHzo T1X61%H Lo
Tas9a9pa9ronsuouAiSdnALuy Stone-Wales(SW) waziu Vacancy ﬂfuuamsl,ugﬂﬁ 1
LLa:a:gﬂﬁnmﬁnmé’umﬁ%mﬁLﬁ@%uﬁ'uamamaﬂam NnHaMIANINA lewuinansseney
Cu-CgoHao azﬁ‘[moa%oﬁmﬁmé’ma@ﬂugﬂﬁ 2 Taelulas9a$9uuy Stone-Wales sinazaau
299INBILAIILAAOUATATLINLZABNANTLOY 2 8LABN F8TTHZHNI 196 WA 199 WINLNAT
wazdinasnuluniigady -58.3 keal mol” s'fiaﬁmmﬁmmﬂﬂ’hmi@ﬂsﬁ'uuuﬁaﬁvlﬁﬁ@imﬁﬁ
anwluaeanusn 18 keal mol ' & wsuasuanm IufintiAddwfiiuuy vacancy inaziinan

ANsUanaAaNUSIIMI BT iane 1l 1 azaauvinlviaTsasrianuilaaan Llatinauas

A1919 2. LI ATIRIIILAZWAIIWUAIENITUIZ N UL AN N WATATLITEWIN Cu NU
o s { o a a v 1 ﬁ U a

LULFI80IN19A18WAN CgoHag ARG MBLBRITI9UL LA g Tedinwaa832idauiT

B3LYP/6-31G(d,p): (Cu-C) — 328NN NNaILAINUasAaNAISUanvaduULiNaay; BE

(Binding Energy) — WA¥I%NIQATUBLABNNDILAS

Parameters Pristine SWCNT Defective SWCNT
CsoHao Stone-Wales Vacancy
(CgoHao) (C79Hz0)
r(Cu-C), pm 205, 202, 212 196, 199 183, 184, 190
BE -40.0 -58.3 -145.8
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ASNNUALAANNDILAILE az@amamaumw:gﬂ@@sﬁhag’u’%nmlﬁmﬁ'uﬁ'uamaum‘?uauﬁ
= . o & . P’ ¥
W11 B9 UENIITERININDILAINUAITUAULKIAT 183 184 WAz 190 WINLNAT HaNIINHAN
% [ { o o & ' ' d 1A ]
waddmmi@@muﬁmmm"l,ﬂuuwumﬁml,aﬁmmnﬁq@ﬁa -145.8 kcal mol  T9L®DEININAT
o =) v { 1 o =3 o =) '1 o %)

@muuummamuﬁmv\uuazﬁm%mmu Stone-Wales 719 106 W&z 88 kcal mol aNu&aU
o = A A a o =i
muﬂsauqwuwaulwaomsﬂsznmmLﬂ@ﬁ]’mms@muLL&@@I%@W?W@V} 2

o a o 1 6
2, ﬂ’]iﬁﬂ‘ﬂ']ﬂ'ﬁ@ﬂ‘ﬁﬂ‘[aﬁzﬂaﬁLLG]\‘J WRLRENDY UntiUIN[aadInaa1uanan1a C,H,,

1) msgwﬁ'uamaﬂammmm BULazNag
HANINLULIIRDIUUIAVDINOAITUAUUUIA 80 A DNULRILI LA LTULUINAAIUUIG
|J A =1 3 a%’ Y o =1 e aa
10 AuAauwIa 100 82@88 (CiooHa0) IWMIANINFIBLazRaNIINR lGINNIANEI8WATAIBVBS
22G 0N IIBULAZAZADNNAIWANINNDZADNNDILAIBNGLY 1ABUULFIIN LT LWAITAN BTN
WU IR (CigoHa0) HaziFWAULL stone-wales (CigoHao) HaZ vacancy (CegHag) 838 laies

nan lanaaslua1en 3

"1319 3. 6]"3LLU?VI"IGI@‘I?G@%/"I\‘]LLE\]Z‘W5&0'1%‘1]a\‘)ﬁ"liﬂizﬂaUﬂLﬁ@%ﬁﬂguﬂiﬁ%ﬁﬁizﬁjﬂd QZWBNIE‘WW

AVULLINNDININAIDUAN CygoHao THAGI 9

Metal Pristine SWNTs Defective SWNTs

Ci00Hag cluster Stone-Wales (Ci90Ha20) Vacancy (CooHyp)

r(M—Cy,)® Cu  203.6,206.2,210.5 196.7,199.0 183.2,185.7, 190.0

Ag  345.3,363.6,365.4 240.5 212.0, 220.6, 220.8

Au 2735 218.5 200.6, 204.1, 210.7
q(e)® Cu  0.27(-0.34,-0.31,0.09)  0.46 (-0.44,-0.43) 0.48 (-0.23,-0.33,-0.28)

Ag  -0.06(0.01,0.01) 0.00 (-0.31) 0.29 (-0.20,-0.19,-0.22)

Au  -0.22(-0.14, 0.06,0.05)  -0.10 (-0.46) 0.58 (-0.36,-036, -0.34)
Euds Cu -40.9 -53.8 -131.3

Ag 05 -4.0 -10.8

Au  -4.0 -15.0 26.3
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TunsgaduunuuuiinaiaaIiuam CroHy WUt naduasuaziiuduwliufiazgnga
o ° , ! & & . . P & o ' A
TUURGIUAUITERINIASUBU-ANTUaY (bridge  site)  luptueNazaaunasazidudiuniiainile
2:ABNVBIANILAU (on-top  site) lauNazAaNVBINBILAIRKILLAABUATAILINLANTLaUDZADN
2897 0NUTILTININDLABNVBITUUAZNEI LALAK LHINNANNLNINBTLITEWING Cu-C 2TFWAT
Q & Q ~a 1 =
ANNENINBEL Ag-C UAZ Au-C TIWUE2 Cu-C 812 204-211 AIALNAT EIUNUB=Uad Ag-C LAz
Au-C 8717 345-365 Uaz 274 RINAT MUEIAL wanNANaINUNMIgaduvatazaaufidInIn
VL@i”ﬁ*’ﬁ’;Uﬁuﬁuwaﬁonmﬂ@nwé’amumsgm%’umaammm W neg Jauriny -40.9 -0.5 uas -
-1 o a a aa { 1 s Y 1
4.0 kcal mol” AUAIAL ANULITIVBIBUATHINNUANGINUHaINNaNuanTalwnsaalaw
dlanasautzninevaasueuLazlanzaznaNNuaAn@ 1INy IunIHhUaINaIuaIdianasauas
d' c.l' et ' 6 v o v A o aa 1 o d'
indaun lddiviaanveunlddrldifaduasisonsznieiuiuiuazazaaunauaiuaaidszauan
(+0.27) §IK0TABNVBILINLAZNBIRUBLANATEUIZ T8 lanTzRININUIRNINIvN IR BUATAIENDN
a £ [% g o o A & . . = @ an d
WNadusauan Uiy nananiusInannuUeIdianasan (Pauli repulsion) ARKadasuaIAIENN
=) J £ { 1 ) =) Q a Q
\eduie lanznrweazaanlawialng 1hu 3w oy uIRaNVasBIanasauTadlansazaaunL
| & & v R o o v A a A A o Aa = .
rieaniuaufazinawlddrsdaildnigaduiialdlidllaiisuiuezaaunlowialdn 1w
nasuad 1Juan
A a a Y . & AA o a & , ) ,
WarlSpuifisunisgadunurieafueunldmiinunudi migaduzedlanzuurie
ATTUAUUY Stone-Wales Uaz vacancy 3zliauiatiusuinninisgaduunriaaniuaud il
° P 'Y {a & = & ' [% o = |
dnil lasanusnWusziifaduiazsuniuaznasnulunmigaduveslanzezasuiaziioini
£ & 1 Q = 1 Q a
e TanvtirasrianSuauLLY Stone-Wales azaaunaiuaIlwsiuNIgaduLviiny -53.8 fila
a 1 = a =3 =) g 1 o A a a a
uaaaaIdalua @awlunTdlued FuuaznaInlgdosInITUABABNA 4.0 LAz -15.0 NlaLARREIAE
lua mudau SKTUNIaduLU vacancy site Uuwuhilanuatisunige ikasnnazaey
@ 1 ) \ & ° P a & P
vadlanzaunsauninidlaglulasiaivasviensuauluduniadnzasanivauinieluas
fiaduasisenuaniveunegsey 9 ldadudins dauaailuztf 3 anlassafafiadivsnudn
- ] a A & ]
ANENINUTZUI Cu-Cy, AAN 183.2, 185.7 Uaz 190.0 ALALNAT TIFUNIIANNENIVBS Au-Cq,,
(200.6, 204.1 @Az 210.7 WINLWAT) UATANENIVEI Ag-Cqr (212.0, 220.6 WAz 220.8 Alniuas)
UENNNANIHIUNIgATUTBIBTABY NBIUAd Huuaznailanriiny -131.3, -26.3, -10.8 fla

LAaaaIdalua mwﬁ’]éﬁ'us?jaﬁﬂ'wmﬂﬂ’hmigwﬁ'uuuémﬁl,mu Stone-Wales D9n31&a9LYIN

2) ms@@]é’j’uLm@"l,aaammmauvlaaaumaammm NULazNad

uanmnmsmiﬁﬂmé’umﬁ%mszijamamaa‘[amﬁ'um%uaumiuﬁ'sﬂuﬁu ETGVL@T
ﬁﬂmé'umﬁ%mszmwLLﬂ@"LaaauLLa:LLauvl,aaaw’uaﬂammmﬁﬁa NOIUAY FUUAZNBINLYIOUN
Iué’&ndnéfw I@]UNﬂﬂqiﬁﬂH’]‘ﬁleﬁLLﬁ@Na%ﬂu@ﬂi’]d‘ﬁl 4 1Lz G]’]TN“?]I 5 IINHWANIINARIAINET?
auﬁuvloﬁ”asha"fi'mLﬁ]u’jwé'umﬁ%mizijaLm@"laaammmaﬂaaammﬁaLLiaﬂ’jwaoamamﬁLﬂu

AV o ' v &
ﬂmmvl,@ﬁﬂﬂ"mauﬁmu
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Adsorption of M species and M, dimers (M=Cu, Ag and Au) on the pristine
and defective single-walled carbon nanotubes (SWNTSs): A density
functional theory (DFT) study

Chan Inntam"" and Jumras Limtrakul>>

'Chemistry Department, Faculty of Science, Ubon Ratchathani University,
Ubon Ratchathani, Thailand 34190
?Laboratory for Computational and Applied Chemistry (LCAC), Chemistry Department,
Faculty of Science, Kasetsart University, Bangkok, Thailand 10900
3Center of Nanotechnology, Kasetsart University, Bangkok, Thailand 10900
*E-mail: scchanin@ubu.ac.th

Abstract

We studied the adsorption of neutral M, charged M and M, dimers (M = Cu, Ag, Au) on
pristine SWNTs as well as on Stone-Wales and vacancy sites using a density functional
theory at B3LYP level of calculation. The most favorable adsorption site and geometry
relevant to atomic metal species and metal dimers were identified. Our results for neutral
metal atom on the pristine and defective SWNTs agree very well with previous periodic
calculations. The interaction of metal cations on SWNTs is stronger than that of metal anions
and neutral metal atoms, respectively. This is mainly contributed by the transfer of electron
density from metal species to the nanotubes, counteracted by the Pauli repulsion. Our results
are in accordance with the Mulliken population analysis. The transfer of electron density
induces positive charges of metal species as well as negative charges of carbon atoms of the
nanotubes. As far as the adsorption energy is concerned, the metal species are likely to
deposit on the defect site, particularly on vacancy site, rather than the pristine tube. We also
found that the adsorption energy per atom decreases from metal atom to metal dimers in line
with the fact that metal-metal cohesion dominates over metal-SWNTs interaction. Finally,
based on calculated interaction energies, dimerization of adsorbed atoms on defect sites is not

particularly favored compared to dimerization on the pristine tube.

Keywords. Metal-carbon nanotubes, metal deposition, Stone-Wales, vacancy, dimerization
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2. Introduction

Single-walled carbon nanotubes (SWNTs)'* have attached a great deal of interests due
to their unique structural, electrical and mechanical properties.”” They have been the focus of
many recent studies such as 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 the semiconducting or metallic in natures. However, these properties
can be modified by metal-doping or functionalization processes of the nanotubes. Recently,
various transition metal atoms have been doped and decorated on the sidewall of SWNTs for
investigating the reactivity and the characteristic of such organometallic complexes®®* as
well as for developing novel techniques of the decoration of SWNTs with metal
nanoparticles.**>® These are of particular interest due to the metal atom and metal
nanoparticles-decorated SWNTs exhibit high sensitivities, being able to detect the presence
of gases at concentrations below the order of parts per million (ppm), and reactivity materials.
For example, Rh-decocorated SWNTs was found to bind strongly with NO, molecule at
200K.*! After some modifications, this material can be considered as CNT-based sensor for
detecting NO; at room temperature.

The interaction between transition metal atoms and SWNTs has been investigated

131820223242 Dyyyroun et. al.* systematically

through experimental and theoretical approaches.
studied the adsorption of 23 transition metal atoms on the perfect (8,0) and 4 transition metal
atoms on perfect (6,6) SWNTs. They found that the interaction of two species depends on the
hybridization between p, of carbon and d orbitals of the transition metals. Also, various kinds
of defects found in the SWNTs, e.g. vacancies, Stone-Wales (SW), dangling bonds and

#-45 can affect the properties of nanotubes and the nature of transition metal

|.46

rehybridization,
adsorption as reported by Yang et. al.™ Theoretically study of Ni atom adsorption on the
perfect and defective (5,5) and (10,0) SWNTs was investigated. They reported that the
presence of defects enhances the interaction between Ni and SWNTs, especially the single
vacancy. Nevertheless, most theoretical studies of SWNTs and transition metal have focused
either on the pristine tube or neutral metal atoms. The interactions of charged metal atom,
both of cation and anion, or even the small metal coinages are still lacking. The fundamental

knowledge based on the interaction of charged metal species and small metal cluster on the

sidewall of SWNTs is crucial. The results can provide an in-depth understanding of the
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nature of transition metal-nanotube interaction for producing metal nanoparticles with
controlled sizes and shapes as well as for fabricating functional nano-devices.

In this article, we study systematically the interactions of neutral metal atom M, metal
M cation and metal M anion (M=Cu, Ag and Au) on the sidewall of (5,5) SWNTs by using a
density functional theory calculation. To elucidate the influence of the defect sites on the
adsorption of such metal species, the study on the pristine and intrinsic defective, vacancy
and Stone-Wales (SW), SWNTs is considered. Also, the adsorption of metal dimers (Cuy,
Ag, and Auy) on such sites is investigated, for inspecting the initial stage of metal deposition
on the sidewall of SWNTs. This study aims to identify preferred adsorption site and
geometries of deposited metal atoms and metal dimers, to explore the nature of the metal-
SWNTs bonding, and to examine the propensity of adsorbed species to aggregate, forming
metal dimers in the presence of vacancy and SW defects on SWNTs. It is believed that a
fundamental understanding obtained by this work is of particular important for fabricating of

hybrid metal-SWNTs materials and for manufacturing of chemical sensors.
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3. Computational Details

In this work, the armchair (5,5) single-walled carbon nanotubes (SWNTs) was
employed for exploring the adsorption of metal atoms and metal dimers. 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 this SWNTs structure, resulting in a CyooHzo cluster
model. The capped H atoms were used for avoiding dangling bonds at the open ends. For the
defective SWNTs, the Stone-Wales (SW) and atomic vacancy defects were generated by
modifying the pristine C;ooHz cluster model. Figure 1 shows a SW defect which creates a
pentagon and heptagon pair by rotating a C-C bond in hexagon by 90° and a vacancy which
one carbon atom of hexagon was removed, consequently yielded a CooHyo cluster model.
After geometry optimizations of such cluster models, they were employed for studying the
adsorptions of metal atoms and metal dimers on the sidewall.

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

7% method implemented in a Gaussian 03*° program.

Parr correlation functional (B3LYP)
The basis sets used in the calculation were 6-31G(d,p) for C, capped H and Cu atoms. For Ag
and Au atoms, we employed the effective core pseudopotential of Hay and Wadt *° which the
relativistic effect of Ag and Au atoms were already taken into account. Also, the spin-
unrestricted DFT calculation was performed for all open-shell systems.

Adsorption energies, E,qs, presented in this study were calculated with respect to the
sum of the corresponding spin-polarized ground-state energy of a free metal species, M; or

M,, in its equilibrium geometry, and the energy of the relaxed cluster models as follows
Eads = E[Ma-SWNTs] — E[SWNTs] — E[M;] (1)

where E[M,-SWNTs] is the total energy of the metal atom (M;) or dimer (M;) adsorbed
on the pristine or defective SWNTs, E[SWNTs] is the total energy of either pristine C;ooHao
or defective SWNTs, E[M,] is the total energy of the corresponding free metal species, M; or
M,. As we focus on a comparison of different metal species deposited on SWNTs as well as
the dimerization of adsorbed metal atoms, the basis set superposition error (BSSE) was
neglected for this study. To inspect the global minimum of adsorption complexes, the

frequency calculation was performed for all complexes.
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4. Results and Discussion

1) Metal dimers. Free dimers Cu,, Agy, Au,, a singlet ground state (12+g) are
characterized by the density functional theory (DFT) calculation. Their experimental bond
lengths’' are 222, 248 (253°*%), 247 pm for Cu,, Ag, and Au,, respectively. The
corresponding experimental dissociation energies (De)' are 23.2, 19.1, 26.5 kcal mol '/atom.
Our calculated bond lengths and dissociation energies of these metal dimers are documented
in Table 1. For Cu, dimer, the bond length is shorter than the experimental value about 20 pm
and consequently shows the overestimated dissociation energies. The calculated bond lengths
of Ag, and Au, with employing the ECP of Hay and Wadt somewhat overestimate the

experimental values reflecting that the underestimated dissociation energies are obtained.

2) Adsorption of neutral metal atoms on the sidewall SWNTSs. In this study, the
adsorptions of neutral Cu, Ag and Au atoms on both of pristine and defective SWNTs, Stone-
Wales (SW) and vacancy sites, were investigated. The various positions of the metal atoms
deposited on the sidewall of SWNTs, c.f. Figure 1, were considered for investigating the most
stable geometry. Figure 1¢ shows the most stable defective SWNTs with a vacancy (CooHzg
cluster) that the structure of CooHy cluster is greatly distorted around the vacancy site. Three
dangling bonds created by a Cg,, removing from the Co9Hyg cluster are not stable and two of
them recombine forming a pentagon-enneagon defect. This result agrees very well with
previous theoretical studies.””*> Our calculated results concerning the most stable
adsorption complex are summarized in Table 2.

For the adsorption on the pristine SWNTs (CoHao cluster), we found that the Cu and
Ag atoms are preferred to adsorb over the C-C bond tilted to the tube axis (bridge site) while
the Au atom adsorbs directly above a surface carbon atom, Cg, (on-top site). The Cu atom
interacts stronger with Cg,, atoms of the hexagon rather than the Ag and Au atoms which the
Cu-Cy,, distances (203.6-210.5 pm) are shorter than those of the Au-Cgy,: (273.5 pm) and the
Ag-Cqyyr, (345.3-365.4 pm). These distances are corresponding with the difference of
calculated adsorption energies, E,gs. The calculated adsorption energies of Cu, Ag and Au
atoms are -40.9, -0.5 and -4.0 kcal mol™, respectively. The different interaction of these three
metal atoms can be explained by the transfer of electron density from metal atom to
nanotubes. From Mulliken population analysis, the Cu atom exhibits the strong positive
charges (+0.27 e) while the Ag and Au atoms are -0.06 and -0.22 e, respectively. Therefore,
there are more electrons transferring from the Cu atom to the nanotubes and results in the

stronger interaction. On the other hand, the Pauli repulsion weakens the interaction between
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the nanotubes and metal atom, particularly for Au atom which atomic size is large. Our
results are in agreement with the previous periodic calculation.”® Durgun et.al. reported the
interaction of Au atom on the sidewall of pristine (6,6) SWNTs to be -6.9 kcal mol”.
Stronger interactions of Au atom were observed by Khongpracha et. al.** which the Au atom
bonded to the tip of single-walled carbon nanohorn (SWNH) and of single-walled carbon
nanotubes (SWNTs). The calculated adsorption energies using PBE functional®’ were
reported to be -10.8 and -16.2 kcal mol for SWNH and SWNTs systems, respectively. The
curvature effect is taken into account for describing the difference of adsorption energies
obtained from various adsorption sites. The interaction of metal atom was found to be even
stronger at the high curvature site of SWNTs.>®

The defective SWNTs, either the Stone-Wales (SW) or the vacancy site, was found to
be the favorable adsorption site rather than on the pristine SWNTSs, based on the calculated
adsorption energies. On the SW defect, the pyramidalization angle of C, plays important
role for binding with metal. 4 The Cu atom interacts with two Cg, atoms which involve the
highest pyramidalization angles with the distances of 196.7 and 199.0 pm ( c.f. Figure 2). The
adsorption energy was calculated to be -53.8 kcal mol™'. For the Ag and Au adsorption
complexes, they adsorb directly above the Cg, atom of the nanotubes with 240.5 and 218.5
pm for Ag-Cg,: and Au-Cq,, distances, respectively. The corresponding adsorption energies
were estimated to be -4.0 and -15.0 kcal mol™', respectively.

Interestingly, the atomic adsorption on the vacancy site of SWNTs, is even stronger
than that of the SW defect for all metal atoms. We observed that the metal atoms prefer to be
adsorbed above a position which a Cg, atom was removed and form bonding with three
nearby Cg,; atoms of the nanotubes. Such Cg, atoms with dangling bond are unstable and
prefer to bond with the metal atom. One can see from Table 2 that the Cu-C, distances are
183.2, 185.7 and 190.0 pm which are shorter than those of the Au-Cg, (200.6, 204.1 and
210.7 pm) and Ag-Cq, (212.0, 220.6 and 220.8 pm). The estimated adsorption energies are in
accordance with the metal-C,; distances. The E,4s of Cu, Ag and Au atoms were found to be
-131.3, -26.3, -10.8 kcal mol™, respectively. These energies are stronger by about twice
compared with the adsorption on the SW defect. Also, the distance of metal atom and the
nanotubes is quite shorter than that value obtained from the SW defect and the pristine
SWNTs. The Mulliken population analysis confirms that the transfer of electrons density
from the metal atom to nearby Cg,; atoms for the defect sites is greater than the pristine tube.
Therefore, we conclude that the metal atoms prefer to adsorb on the defect sites, particularly

on the vacancy, rather than the pristine SWNTs.
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3) Adsorption of charged metal atoms on the sidewall SWNTSs. To describe the
metal particles aggregation procedure such as the electroless deposition on the sidewall of
SWNTs, the interaction of metal cations and metal anions species on the pristine and
defective SWNTs were investigated. The results are listed in Table 3 and Table 4. It
obviously notices that the metal cations and metal anions bind strongly to the sidewall of
SWNTs compared with the neutral metal atoms (Table 2). The most stable configurations of
the adsorption complexes are similar to those of the neutral metal complexes except the
charged Ag and Au atoms deposited on the pristine tube. The charged Ag and Au atoms, both
of metal cations and anions, bind directly on-top the Cg,, atom of the nanotubes. These result
in the shorter distances of charged metal atoms and the Cy,; atom and consequently exhibit
the strong adsorption energies.

For the adsorption of metal cation, we found that the Cu' ion interacts on three Cg,
atoms of the pristine tube with the distances of 200.5, 202.5 and 205.9 pm which are shorter
than those of the neutral Cu complex by about 38 pm. This adsorption complex corresponds
to the stronger adsorption energy of -130.8 kcal mol™. The surface carbon atoms bonded to
the metal cation exhibit the negative charges. Therefore, the interaction of Cu' ion and
negative Cg,r atoms of SWNTs is stronger than that of neutral metal atom. The similar results
are also obtained for the adsorption of Ag” and Au" ions. The Ag” and Au’ ions interact
directly on-top the Cg, atom with the distances of 239.5 and 221.4 pm, respectively. Based
on the adsorption energies, the adsorptions of Ag” and Au" are stronger than those of the
neutral metal complexes. The estimated adsorption energies of Ag" and Au" ions are -62.3
and -102.8 kcal mol™, respectively. For the adsorption on the SW defect, the interactions of
the metal cations are stronger than those on the pristine SWNTs. In this system, the
adsorption complex of Cu" ion is related to the metal ion adsorbed on the bridge site with
strong M-Cg,; bonding (196.6 and 198.3 pm) while the adsorption complexes of Ag" and Au"
ions are similar to the pristine SWNTs. However, the M-Cg, distances are shorter by about 5,
10 and 7 pm for the Cu’, Ag" and Au’ ions, respectively. Consequently, the adsorption
energies are more stable by about 18-22% (Cu': -154.4, Ag": -76.0, Au™: -121.5 kcal mol™).
Stronger interactions of metal cations are obtained for the adsorption on the vacancy site.
From the most stable adsorption complexes, the metal cations lie above the position that a
Csur atom was removed and form bonding with three nearby Cg,; atoms. Compared with the
adsorption complexes on the pristine SWNTs, the M-Cg,; distances are shorter by 17, 27 and
17 pm for Cu’, Ag" and Au’ ions, respectively. Therefore, stronger adsorption energies are

obtained; Cu® (-210.0 kcal mol™"), Ag” (-71.3 kcal mol™) and Au™ (-128.4 kcal mol™). Also,
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the adsorptions of metal cations on the vacancy site are stronger than those of the SW defect
except for Ag™ ion which the E,q is slightly less stable by 4.7 kcal mol™. So, the Cu” ion is
preferred to adsorb on the vacancy site rather than the SW defect and the pristine SWNTs,
respectively. For Ag” and Au" ions, the most favorable site is either the SW site or vacancy
site which is more stable than the pristine tube.

For the adsorption of metal anions on the sidewall of SWNTs, we found that the
adsorption of metal anions on the pristine tube is more stable than the neutral metal atoms but
less stable than the metal cations. Even the Cu’-Cg, distances (195.1 and 195.1 pm) are
shorter than the Cu'-Cg,, the adsorption complex of Cu” ion is less stable due to the influence
of the Cg, atoms bonded to the metal ion. The Cu ion binds with two Cg,; atoms while the
Cu’ ion binds with three Cy, atoms. This also leads to the greater electron density transfer.
The Cg, atoms exhibit less negative charges for the Cu ion complex. For the adsorption of
Ag and Au ions, the M-Cg, distances lengthen by 92 and 20 pm and the weaker adsorption
energies are obtained (Ag: -15.7 and Au™: -8.7 kcal mol™). Moreover, the adsorption on the
SW defect site is more stable rather than the pristine tube. These results are in accordance
with the greater transfer of electron density from the metal anions to the nanotube compared
with the pristine tube. Consequently, the charges of M ions are more positive while the
charges of Cs, atoms are more negative. Compared with the adsorption of metal cations on
the SW defect site, however, the adsorption of the metal anions is less favorable. The similar
results are found for the adsorption on the vacancy site. On the vacancy site, the adsorption of
metal cation is more stable than that of metal anion and neutral metal atom, respectively.
Note that geometry of the adsorption complexes of Cu’ and Cu’ ions on vacancy site are very
close together as well as the charges of metal and Cg, atoms. Therefore, their estimated
adsorption energies are isoenergetic. Unlike the Cu’ ion, the adsorption of Ag” and Au’ ions is
less stable than that of the metal cation species. The can be explained by the longer M-Cgy,

distances and the less amount of electron transfer in each complex.

4) Adsorption of metal dimers on the pristine and defective SWNTSs. In this
section, we studied the adsorption of the Cu,, Ag, and Au, dimers on the pristine and the
defective SWNTs, the Stone-Wales and the vacancy sites. In order to inspect the most
favorable geometry of metal dimer adsorbed on the nanotubes, metal dimer oriented parallel
(mode A) and standing (mode B) to the tube axis were considered as shown in Figure 3 and
Figure 4. The results are listed in Table 5 and Table 6. Combining with the results of the

metal atoms, these can provide us the information concerning a propensity of dimerization on
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the various sites of SWNTs which is expected to be the beginning step for the nanoparticles
deposited on the nanotubes.

On the pristine SWNTs, the adsorption of Cu, dimer in parallel orientation (mode A)
is more stable than that of the standing orientation, mode B. The corresponding adsorption
energies were calculated to be -35.4 and -26.6 kcal mol'/atom for mode A and mode B,
respectively. The adsorption complex in mode A involves the forming of three bonding
between the Cu and Cg, atoms with the distances of 192.2, 200.6 and 215.6 pm. This is
strong interaction and weakens the intramolecular Cu-Cu bond. The electron density of the
Cu-Cu bonding reduces and results in the weakness of such bond. This clearly sees from the
longer Cu-Cu bond (219.7 pm) of adsorption complex, mode A, compared with the gas phase
Cu; (202.4 pm). In contrast to mode A, only one bonding of Cu and Cg,, atom is formed in
the standing orientation, mode B. This adsorption complex is found with the smaller change
in Cu-Cu bond, 210.2 pm. The Mulliken population analysis is also consistent with the results
above. Both of Cu atoms act as electron donor in mode A but only a Cu atom bound to the
Csur does for mode B. For the Ag, and Au, dimers, however, the results are different. On the
pristine SWNTs, the adsorptions of Ag, and Au, dimers prefer to adsorb in the standing
orientation rather than the parallel orientation. These results are ascribed by the Pauli
repulsion of the SWNTs and the Ag, and Au, dimers which is stronger than Cu, dimer
system. The Pauli repulsion is less for the smaller atom as well as the orientation of dimer in
standing mode. However, the Au, dimer binds stronger to the SWNTs than the Ag, dimer
with the estimated adsorption energies of -6.7 kcal mol™/atom (Au,) and -2.0 kcal mol™'/atom
(Agy) for the adsorption in mode B. The distances between Au atom and two Cg, atoms of
the nanotubes (241.3 and 246.6 pm) are shorter than that of adsorption complex of Ag, (276.8
and 282.7 pm). Their M-M bonds slightly lengthen during the adsorption on the nanotubes
compared with the corresponding gas phase. Nevertheless, the adsorptions of the Ag, and
Au, dimers on the pristine SWNTs are less stable than those on the defective sites (see
below).

For the study on defective SWNTs, the adsorption of metal dimers in mode A and
mode B was employed. On the SW defect, the adsorption complex of Cu, was found to be
more stable in mode A rather than in mode B, c.f. Figure 4. The corresponding adsorption
energies were calculated to be -46.0 and -30.7 kcal mol™/atom, respectively. In mode A, two
Cu atoms binds strongly with the Cg, atoms of SWNTs with the distances of 188.3, 196.9
and 213.0 pm and causes the Cu-Cu bonding weaker. Consequently, the Cu-Cu bond
lengthen by 19.3 pm compared with the gas phase Cu, (202.4 pm). For mode B, the
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adsorption of Cu, dimer is less stable due to only one Cu atom bonded with Cg, atoms. As
expected, the longer Cu-Cg,, distances (200.2 and 205.9 pm) are obtained in the adsorption
mode B. In contrast to the adsorption of Cu, dimer, the optimized geometries of Ag, and Au,
adsorbed on the SW defect are obtained only the standing orientation, mode B, although the
various orientations of the dimers were employed. The strong Pauli repulsion in the parallel
orientation of metal dimers probably destabilizes the adsorptions complex. As shown in
Figure 4, the adsorption complex in mode B corresponds to the metal atom adsorbed directly
on-top of one Cg, atom. The Ag-Cy, and Au-Cg, distances are 259.4 and 224.0 pm,
respectively. These results are in accordance with the smaller change in M-M bond length
compared with the gas phase dimers, 0.8 pm for Ag, and 2.3 pm for Au,. The corresponding
adsorption energies were estimated to be -3.8 and -10.6 kcal mol™'/atom for Ag, and Au,,
respectively.

Table 6 shows the results concerning the metal dimers adsorption on the vacancy site,
CooHyg cluster. We found that the metal dimers adsorb stronger on the vacancy site than the
pristine tube and SW defect. The most stable geometry of Cu, and Au, dimers involves one
metal atom of dimer located at the position of missed Cs, interacts greatly with the nearby
Csur atoms of the nanotubes as illustrated in Figure 5. The corresponding adsorption energies
were calculated to be -79.1 and -28.2 kcal mol™'/atom for Cu, and Au, dimers, respectively.
The adsorption on such site affects strongly on the bonding of metal dimer. Compared with
the gas phase dimers, the bond lengths increase significantly by 28.8 and 45.2 pm for Cu-Cu
and Au-Au, respectively. As described above, the electron density of M-M bond decreases
dramatically and causes the metal-metal bond longer. For Ag,, however, the stable adsorption
complex with different orientation was obtained. The Ag, dimer interacts with the Cq,r atom
by one Ag atom and orientate in upright position. The corresponding Ag-Cg,; and Ag-Ag
distances are 220.0 and 264.6 pm, respectively. The adsorption energy of Ag, was estimated
to be -10.8 kcal mol™'/atom. This similar mode of adsorption complex was also found for the
Au, dimer but it is less stable than mode A described above by about 5 kcal mol ' /atom. It is
worth to mention that in this adsorption mode the geometries of metal dimers, specifically
bond length, change slightly with respect to the other adsorption modes due to the upright
orientation of dimers. Note that for the most stable adsorption complexes, electron transfer
from the metal dimers to the SWNTs was found. The metal atom contacted to Cg, atom
exhibits positive charges while the charges of nearby Cg,; atoms are negative.

Finally, we discuss on the crucial stage whether indeed defect sites on SWNTs are

stronger attractors for nucleation than pristine tube. The stability of a dimer M, adsorbed at



A-11 i MRG5080253

any site under inspection (M/SWNTsgj) with respect to two adatoms M, one of them bound
to this site (M;/SWNTs;) and the other attached to a surface of pristine SWNTs site
(Mi/SWNTspist), 1s characterized by the following dimer dissociation energy on a surface site

(per atom).””%

Edis = [E(MM1/SWNTsprisc) + E(M1I/SWNTsgiee) - E(M2/SWNTsgiee) - E(SWNTspis) ]2 (2)

From Table 7, one sees that on the pristine tube Egis is 17-24 kcal molfl/atom, slightly
larger for Au, than for Cu, and Ag,. These values are close to the gas phase values, D.. The
dimer dissociation energies on all sites are not significantly different except for the Au,
adsorbed on the vacancy site. The stability of adsorbed Cu, dimer on any sites decreases as
seen from the depressing of Egis by 5-7 kcal mol '/atom with respect to the gas phase value.
This can be described by the strong interaction of Cu, dimer on the SWNTs which causes the
increasing of Cu-Cu bond length. The different results, however, are found for the adsorption
of Ag, and Au, dimers. They are stabilized on all sites of SWNTs because the Ag, and Au,
dimers which are in upright orientation do not substantially distort from the gas phase
geometry. These are in accordance with the orientation of metal dimer presented in the most
stable geometry. Therefore, the adsorption on the SWNTs stabilizes the gas phase dimer for
Ag, and Au, dimers but destabilizes for Cu, dimer with respect to the gas phase energies.
Thus far, one may speculate that all metal dimers are stable on the sidewall of SWNTs with
respect to dissociation on the surface and do not dissociate to monatomic species. In addition,
the results demonstrate that the propensity for dimerization on pristine sites is virtually the

same as on SW and vacancy sites.
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5. Conclusion

The interactions of metal atom species and metal dimers on the different surfaces of
the single-walled carbon nanotubes (SWNTs) have been studied by means of the density
functional theory (DFT) combined with the quantum cluster model representing the nanotube
structure. We have identified the most favorable adsorption site and geometry of adsorption
complexes as well as dimerization of adsorbed metal atoms.

For the interaction of atomic metal species on the pristine and defective SWNTs, we
found that the metal cation binds stronger than that of the metal anion and the neutral metal
atom, respectively. Such strong binding is mainly contributed by the transfer of electron
density from metal species to the nanotubes, counteracted by the Pauli repulsion. On the
pristine SWNTs, Cu species interacts strongly with the Cg, atoms of the nanotubes while the
Ag and Au species bind directly on-top a Cg, atom. Based on the estimated adsorption
energies, consequently, the adsorption complexes of Cu species are more stable than those of
the Au and Ag species. For the defective SWNTs, they affect the structural and energetic
properties of adsorption complexes in which the metal species are likely to deposit on the
defect sites, on vacancy site in particular, rather than the pristine tube. The adsorption on the
vacancy site is notably stronger than other sites for two reasons. The Pauli repulsion is
reduced and the electron density of the metal species as well as that of a vacancy is easier to
polarize. The Mulliken population analysis confirms qualitatively that the transfer of electron
density from metal to the nanotubes induces the positive charges of metal species as well as
the negative charges of nearby Cs, atoms.

For the adsorption of the metal dimers, similar order of interaction is obtained; Cu, >
Au, > Ag,. The weakness of the metal dimer bonding during the adsorption is mainly due to
the transfer of electron density from the M, bonding to the nanotubes. These effect results in
the increasing of M-M distance. However, such M-M bond does not break down reflecting
that interactions within the metal species are stronger than interactions with the nanotubes.
The effective adsorption energy per atom decreases from atoms to dimers. On various sites of
SWNTs, the adsorption complex of Cu, dimer involves with two Cu atoms interacting on Cgy,
atoms and consequently yielding the strong adsorption energy; -35.4 (pristine tube), -46.0
(SW defect) and -79.1 kcal mol'/atom (vacancy site). In contrast to Cu, dimer, most of
adsorption complexes of Ag, and Au, dimers involve in upright orientation with respect to

the tube axis. This orientation reduces the Pauli repulsion of the dimers and the nanotubes.
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However, the adsorption of Ag, and Au, dimers is weaker than that of Cu, dimer for all sites
of SWNTs.

Based on calculated interaction energies, we conclude that dimerization of adsorbed
atoms on defect sites is not particularly favored compared to dimerization on the pristine
tube. In general, cluster growth is a complicated phenomenon; it is significantly affected by
the type of metal as well as the type of sites on the sidewall SWNTs involved in the very first
stage of the metal nucleation. Therefore, high-level electronic structure calculations of
adequate models are of special importance for providing information on the metal

dimerization processes.
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Table 1. Calculated bond lengths ro(M-M) (pm) and dissociation energies per atom D,
(kcal mol™'/atom) of free M, dimers (M = Cu, Ag, Au).

M, Symmetry  Ground re (M-M) D,
state calc. expt. calc. expt.
Cu, Dah IZ‘fg 202.4 2228 25.6 23.28
Ag, Doy 1Z+g 261.6 2482, 17.4 19.12
253"
Au, Daoh IZ‘fg 256.8 2472 21.8 26.5°

b Refs. 52,53
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Table 2. Calculated parameters (bond lengths in pm, atomic charges in electron and
adsorption energies E,q in kcal mol™) of adsorption complexes formed by neutral metal atom

M at pristine and defective SWNTs.

Metal Pristine SWNTs Defective SWNTs
Ci00Hao cluster Stone-Wales (Cio0Ha0) Vacancy (CooHap)

rM—Cq,)* Cu  203.6,206.2,210.5 196.7,199.0 183.2,185.7,190.0

Ag  345.3,363.6,365.4 240.5 212.0, 220.6, 220.8

Au 2735 218.5 200.6, 204.1, 210.7
q(e)® Cu  0.27(-0.34,-0.31,0.09)  0.46 (-0.44,-0.43) 0.48 (-0.23,-0.33,-0.28)

Ag  -0.06 (0.01,0.01) 0.00 (-0.31) 0.29 (-0.20,-0.19,-0.22)

Au  -0.22(-0.14,0.06, 0.05)  -0.10 (-0.46) 0.58 (-0.36,-036, -0.34)
Eads Cu -40.9 -53.8 -131.3

Ag -0.5 -4.0 -10.8

Au -4.0 -15.0 -26.3

2 The distances of metal atom M and nearby Cg,r atom.
® The charges derived from Mulliken population analysis of metal atom M. Values in

parenthesis are the charges of nearby Cg,, atom.
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Table 3. Calculated parameters (bond lengths in pm, atomic charges in electron and
adsorption energies E,q in kcal mol ™) of adsorption complexes formed by metal cation M at

pristine and defective SWNTs.

Metal Pristine SWNTs Defective SWNTs
CiooHzo cluster Stone-Wales (Cio0H20) ~ Vacancy (Co9Hao)

r(M—Cq,)* Cu’ 200.5,202.5,205.9 196.6, 198.3 183.6, 183.8, 189.9

Ag’ 239.5,278.7 229.1 209.4,210.1,217.3

Au’ 221.4 214.1 200.7,201.2, 209.5
q(e)° Cu" 0.65(-0.35,-0.34,0.09)  0.58 (-0.45, -0.45) 0.54 (-0.25,-0.26,-0.32)

Ag" 0.30(-0.34) 0.26 (-0.39) 0.39 (-0.22.-0.28,-0.33)

Au" 0.05(-0.48) 0.08 (-0.50) 0.68 (-0.36,-0.36,-0.37)
E.gs Cu" -130.8 -154.4 -210.0

Ag’ -62.3 -76.0 -71.3

Au’ -102.8 -121.5 -128.4

& The distances of metal atom M and nearby Cg,, atom.
® The charges derived from Mulliken population analysis of metal atom M. Values in

parenthesis are the charges of nearby Cg,, atom.
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Table 4. Calculated parameters (bond lengths in pm, atomic charges in electron and
adsorption energies E,gs in kcal mol ™) of adsorption complexes formed by metal anion M- at
pristine and defective SWNTs.

Metal  Pristine SWNTs Defective SWNTs

CiooHao cluster Stone-Wales (Co0Ha0) Vacancy (CgoHao)

r(M—C)* Cu 195.1,195.1 196.7, 199.8 181.3, 184.4, 189.9,
Ag  343.0,359.0 236.6 211.8,217.2,220.2
Au 2414 2229 200.5,203.0, 211.7
q(e)" Cu  0.18 (-0.28,-0.28) 0.36 (-0.42,-0.41) 0.37 (-0.25, -0.26, -0.32)
Ag  -0.36(0.02, 0.02) -0.13 (-0.31) 0.14 (-0.19,-0.20, -0.24)
Au -0.48 (-0.26) -0.28 (-0.41) 0.43 (-0.38, -033, -0.36)
= Cu -104.4 -128.2 -209.9
Ag  -158 244 -39.1
Au -87 -17.3 323

2 The distances of metal atom M and nearby Cg,r atom.
® The charges derived from Mulliken population analysis of metal atom M. Values in

parenthesis are the charges of nearby Cg,; atom.
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Table 5. Calculated parameters (bond lengths in pm, atomic charges in electron and
adsorption energies Eqq in kcal mol ™) of adsorption complexes formed by metal dimer M, at

pristine SWNTs.*

Metal Pristine CigoHao
mode A mode B
r(M—C)° Cu 192.2,200.6,215.6 195.0,198.2
Ag  366.2,405.9,415.0,423.6 276.8,282.7
Au  343.0,370.6,389.4,398.3 2413, 246.6

r(M-M)°  Cu 2197 210.2
Ag 2616 261.9
Au 2577 257.3
q(e)° Cu  0.23 (-0.56); 0.18 (-0.33) 0.46 (-0.57, 0.07); -0.34
Ag  -0.04 (0.0); -0.02 (0.0) 0.06 (-0.08,-0.03); -0.19
Au  -0.07(0.00,0.01, 0.03); -0.07 -0.02 (-0.19,-0.10); -0.19
Eads Cu -354 -26.6
Ag 05 2.0
Au 0.8 6.7

% See Figure 3 for the definition of the adsorption modes.

® The distances of metal atom M and nearby Cg,, atom.

° The bond length of metal dimer.

9 The charges derived from Mulliken population analysis of metal atom M. Values in

parenthesis are the charges of nearby Cg,; atom.
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Table 6. Calculated parameters (bond lengths in pm, atomic charges in electron and

adsorption energies Eags in kcal mol™) of adsorption complexes formed by metal dimer M, at

pristine SWNTs.?

Metal Stone-Wales Ci9oHao Vacancy CooHao
mode A mode B mode A mode B
r(M—C)b Cu 188.3,196.9, 200.2, 205.9 191.7, 217.3, 220.8, -
213.0,219.3 181.6, 186.2, 198.4
Ag - 2594 229.2, 207.5, 210.1, 220.0
230.5
Au - 224.0 214.6, 207.1, 208.9, 202.4
201.3
I’(M—M)C Cu 221.7 211.3 231.2 -
Ag - 262.4 272.0 264.6
Au - 259.1 292.0 259.8
q(e)" Cu 022 (-0.50, 0.46 (-0.12, -0.21); 042 (-0.41, 0.10, -
-0.21); 0.30 -0.28 -0.24); 0.36 (-0.21,
(-0.30,-0.13) 0.22)
Ag - 0.04 (-0.18), -0.20 0.17 (-0.38); 0.26 0.05 (-0.26);
(-0.23,-0.26) 0.23
Au - -0.05 (-0.44); -0.20 0.60 (-0.64,-0.36, 0.08 (-0.42);
-0.35); -0.01 -0.20
E.ads Cu -46.0 -30.7 -79.1 -
Ag - -3.8 -0.8 -10.8
Au - -10.6 -28.2 -23.5

% See Figure 3 for the definition of the adsorption modes.
® The distances of metal atom M and nearby Cg,, atom.

° The bond length of metal dimer.

¢ The charges derived from Mulliken population analysis of metal atom M. Values in

parenthesis are the charges of nearby Cg,; atom.
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Table 7. Comparison of adsorption energies (E.qs) of neutral metal atoms and metal dimers
(kcal mol™'/atom) on pristine and defective SWNTs as well as dissociation energies (Egis) of

adsorbed dimers.

Site Metal D EasM)”  Eas(M2)’  Egi(My)’
Pristine tube  Cu 25.6 -40.9 -354 20.1
Ag 17.4 -0.5 -2.0 17.5
Au 21.8 -4.0 -6.7 24.5
SW defect Cu 25.6 -53.8 -46.0 20.0
Ag 17.4 -4.0 -3.8 19.0
Au 21.8 -15.0 -10.6 22.9
Vacancy site Cu 25.6 -131.3 -79.1 18.6
Ag 17.4 -10.8 -10.8 22.6
Au 21.8 -26.3 -28.2 34.9
% Table 1
® Table 2

¢ Table 5 and Table 6
I Egis = [E(M/SWNTSpris0) + E(M1/SWNTsgiie) - E(Ma/SWNTsgii0) - E(SWNTSpist) /2.
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(a)a pristine SWNTs (CjoH20)

(b)a Stone-Wales defect

(c)a vacancy defect (CogHzp)

Figure 1. Sketches of the cluster models of SWNTs: (a) a pristine SWNTs (C;o0Hao), (b) a
Stone-Wales defect (Ci9oHzo), (¢) a vacancy defect (CooHyp).
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(a) the pristine CypoHao
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Figure 2. Adsorption complexes for M (M = Cu, Ag or Au) species deposited on the
pristine C;ooHzo —a; the Stone-Wales C;ooH29 —b and the vacancy Cgo9Hyy -c.
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(a) Cup-CigoHzo complex
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Figure 3. Adsorption complexes for M, (M = Cu, Ag or Au) dimers deposited on the pristine
CiooHyo cluster for adsorption mode A and mode: a- Cu,-CigoHzo complex, b- Agr-CiooHzo
complex, c-Au,- CigoHzo complex.
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(a) Cup-SW complex
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Figure 4. Adsorption complexes for M, (M = Cu, Ag or Au) dimers deposited on the Stone-
Wales (SW) defect for adsorption mode A and mode B: a- Cu,-SW complex, b- Ag,-SW

complex, c- Au,- SW complex.
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(a) Cuy-CooHap complex
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(b) Agr-CooHyo complex
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(c) Aup-CooHyp complex

Figure 5. Adsorption complexes for M, (M = Cu, Ag or Au) dimers deposited on the
vacancy defect (CooHyo cluster) for adsorption mode A and mode: a- Cu,-CooHyp complex,

b- Agr- CooHyo complex, c- Au,- Co9Hap complex.



