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Self-Assembled Monolayers of Triruthenium Clusters:
Preparation, Characterization and Reactivity

WTF=AZERI Ay —D BB LB FREO/ERL,
#?597UE-93V&@ﬁmﬁ)

FNam XABEDEE

In this thesis, preparation, characterization and reactivity of self-assembled monolayers
and multilayers of triruthenium clusters on gold electrode surfaces have been described. The present
results demonstrate that the triruthenium cluster is an eminent building block in the construction of
functional ordered monolayers and multilayers on gold surfaces. Location controlled nanostructures
of the triruthenium clusters provide possibilities to develop nanodevices with novel functions.

In Chapter 1, the general background of the present study has been introduced. Top-down
strategy has approached its limit in nanotechnology. Bottom-up strategy such as self-assembly is a
promising alternative to the top-down strategy. Through self-assembly, various molecular building
blocks can be employed to construct functional nanostructures. Triruthenium clusters are prominent
candidates as building blocks due to their well-known properties including multistep electron
transfer, ligand-substitution in solution, formation of supramolecular structures. Based on the initial
works on the self-assembled monolayer (SAM) of the triruthenium cluster, the objectives of the
present study are given. '

In Chapter 2, experimental aspects have been described in detail. Synthesis procedures of
the triruthenium clusters employed in this study and the construction process of the SAM have been
given. The basic principles of vibrational spectroscopic methods such as infrared reflection
absorption spectroscopy (IRRAS), surface-enhanced infrared absorption spectroscopy (SEIRAS) and
sum-frequency generation (SFG) as well as their applications in electrochemical systems have been
stated. Combination of electrochemistry with in situ vibrational spectroscopy is an effective probing
technique for the study of SAMs. ‘

In Chapter 3, the structure and the oxidation state of the SAM of the triruthenium clusters
have been characterized by using the techniques introduced in Chapter 2. Based on the assignment of
IR absorption peaks in the IRRA spectra of the SAMs, it is concluded that the orientation of the
SAMs is perpendicular to the gold surface. The multistep electron transfer behavior has been

successfully realized in the SAMs. From the charge estimated in the cyclic voltammogram of the
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SAMs, the coverage of the SAM on gold surface is estimated to be 1.0 x 107'° mol/cmz,b which is
relatively lower than the one of the alkanethiolate with similar length on gold surfaces and is
ascribed to the large size of the terminal group. In situ IR and SFG measurements provide detailed

structural information about the CO ligand and the acetate bridges in different oxidation states. The

largest IR peak shift of the CO absorption is observed in the one-electron oxidation of the Ru moiety
in the SAM. This phenomenon confirms the electron localization [Ru;"’""'"] in the triruthenium
cluster on molecular level. For the first time, the electron localization [Ru;;"'"”"] is changed to
electron delocalization state such as [Ru;"l’m']"] and [Ru3w’"l'm] in the other oxidation states as
observed by in situ IR measurement. Absorption bands of the acetate ligands observed from SFG
measurement, which gives absolute vibrational spectra of the acetate ligands in different oxidation
states, also support the conclusion. A tentative model is suggested to explain the IR absorption bands
of the acetate bridges, which are correlated with the electron localization in the cluster.

In Chapter 4, electrochemically controlled reversible CO ligand exchange in the SAM of
the triruthenium cluster has been realized for the first time. The oxidation state of the triruthenium
clusters in the SAM is crucial to the stability of thé CO ligand. One electron oxidation of the SAM
triggers a CO release process, resulting in a CO free SAM; while one electron reduction of the CO
free SAM triggers a CO re-introduction process into the SAM at the original site of the CO. Kinetics
of both, the CO release and coordination, have been evaluated by the electrochemical and in situ IR
measurements. The reaction rates are significantly affected by the solvent and temperature. The
reaction rate decreases greatly with the decreasing temperature, which is an important factor in the
control of the ligand exchange process in the SAM. From the reaction rate constants at varioué
temperatures, the reaction activation energies of both processes have been evaluated. Step-scan IR
technique has been used to probe the possible intermediates with short life-time at low temperature
during the electron transfer process of the Ru cluster moiety in the SAM.

In Chapter 5, immobilization of NO molecule in the monolayer of the triruthenium clusters
has been realized under electrochemical control. Different from the CO ligand, NO favors
[Rus"™""""] rather than [Ru;™"™™"]. Only was the CO bound SAM oxidized to [Rus™™", can NO
binds to the SAM. NO ligand can also bind to a CO free SAM in the state [Ru;""""]. The different
binding ability of NO compared to CO is closely related to the one more electron in NO than CO.

- Upon one electron reduction of the NO bound SAM, the NO ligand can be replaced by CO or
solvent, resulting in ligand exchanges from NO to CO or solvent molecule. The NO bound SAM is
sensitive to the visible light irradiation, which leads to the NO ligand release from the SAM. By
employing all the electrochemically controlled ligands exchanges realized in the study, it is possible
to prepare monolayers comprising mixed ligands. The electrochemically controlled reversible CO,
NO and solvent ligand exchange in the SAM has been realized in the present work for the first time.

In Chapter 6, layer-by-layer multilayer of the triruthenium cluster has also been
constructed through metal-ligand coordination on the template of the self-assembled monolayer of

the triruthenium clusters. The construction process has been characterized by in situ IR spectroscopy.
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In Chapter 7, general conclusions of the thesis have been drawn.
From the present study, the importance of the combination of nanomaterial design,

nanostructure construction, characterization and the final devices fabrication for the successful

applications of molecular building blocks in nanotechnology has been demonstrated.

- 15625 —



Fim X FEDER

£ E BER 0w S
B O # 8 X & % &
B E # B X & X =
B E #H KB B &E = H
Bl & # B AR B — (KEREEFEMLEER)

2w E 4
Self-Assembled Monolayers of Triruthenium Clusters:
Preparation, Characterization and Reactivity

WTF =2 AZH2 5925 —OHCHBL S FIE /R,
T8 V¥—Y a3 Y ROREH)

SREBIEFIT, TENZERSETBE LT TRERD Y, AENETOETBE OHBE L E
ERERBSDETMEEME LTRRIN TV D, 20X S 2D TR EERECEE TN
i, BFBBICHI TERESFL ATV HMICHEETES L L bz, SETBEOBMEY
ZROR LR —BEMEEOBEME O L LTORARHZTE 3, BEEN., HEEGLE
&y, BERBILERREBZ b OLT o LGB KIS AF—DH SR LE S FEGSAM) &
ZREEE SBERE ICEE S ¥, BRACFREEOMIC, £ ORHRIIIIIER L OFAE R4 (SFG)
SRR RV, BREEERIC T 50 TEM - 5 L BEEE A% SERIC T,

REFEIL XY INRR VT VEREILT = 7 MEEDOF A — V55N KL | &£ BIBEREIC SAM
ELTHREL AT =V AP LERDEZBRNETFICLRSEFBBRGL EEBRE THD TESR
Lico VT =9 LAFLEROSBTFBEIGITA, 856 SAM 04 FH#iE & EFREOE(LIZS
WTEDHBRAGHIFIC L VBALENIZ LIz, AT A LEBOETREOEWCLY . BMNF
DEEMERIGERKRE BRBZEZHALMIT L, ZThicES&, BHEEIL, BRIL2HEHHE
IZE Y. S8 SAM DA NR=/V(COVEMLT. —BILEFR(NOYENLF % 7 1TSS F & SAM ~D
WAETIIBBER FIEENCAT O Z LW LTz, 20 X 5 RRERFG IR PSR 5 8k K
LHRD L BORKISNERPOERETERTESLAY v 855, £, BERILFZHHIEIIZL Y,
BOFBUNT =L R —RHO®XEREEZBELTLT =T LY 5AX—DEBEOERER
RICKII LTc, T O DR FERBEISERATHZ LiIck Y, ¥k, BRED CO NO v+
—ORREPHFETE D, DT, BHEZRDFL- NV TREEHBOZHERSBEEL. —hbORMAF
D RISBRIZ OV TR DML & SFG HHIEIC L > TEDBBIF L, KIGIZEED SAM DRF

— 1526 —



WECE ORI, BETREBORELMOELL LUCRIGEEIZ DWW TERMICHRNDERHEK,
29 LI REEO—BEOBRIL, B ABEEO S THIE DT & BiEEREIcKE CRIML

oo T LERBIZS#, ZORRIERFRICERO D L. BEEMHHER Y v —~DR A

LI TE 5, BFERE—FIX. ChOoDBRRERBSME L, EHREE L LTBEPOBLTHY

MR RARIC & O IR HET B = L RFRA TG R L & P, BIE S L CERRIERE)
DEMNERT DI+ HIRBEBRERT IO LHELL,

— 1527 —



