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METAL NANOPARTICLES FUNCTIONALIZED WITH METAL-LIGAND 

COVALENT BONDS 

Xiongwu Kang 

Abstract 

Metal-organic contact has been recognized to play important roles in regulation of 

optical and electronic properties of nanoparticles. In this thesis, significant efforts 

have been devoted into synthesis of ruthenium nanoparticles with various metal-

ligand interfacial linkages and investigation of their electronic and optical properties.  

Ruthenium nanoparticles were prepared by the self-assembly of functional group onto 

bare Ru colloid surface. As to Ru-alkyne nanoparticles, the formation of a Ru-

vinylidene (Ru=C=CH–R) interfacial bonding linkage was confirmed by the specific 

reactivity of the nanoparticles with imine derivatives and olefin at the metal-ligand 

interface, as manifested in NMR, photoluminescence, and electrochemical 

measurements. Interestingly, it was found the electronic coupling coefficient (β) for 

strongly depend upon such metal-ligand interfacial bonding.  

Next, such metal-ligand interfacial bonding was extended to ruthenium-nitrene π 

bonds on ruthenium colloids, which were investigated by XPS. The nanoparticles 

exhibited a 1:1 atomic ratio of nitrogen to sulfur, consistent with that of sulfonyl 

nitrene fragments. In addition, the nanoparticle-bound nitrene moieties behaved 

analogously to azo derivatives, as manifested in UV-vis and fluorescence 

measurements. Further testimony of the formation of Ru=N interfacial linkages was 

 xvii



highlighted in the unique reactivity of the nanoparticles with alkenes by imido 

transfer. 

Extensive conjugation between metal-ligand interfacial bond results in remarkable 

intraparticle charge delocalization on Ru-alkynide nanoparticles, which was 

manipulated by simple chemical reduction or oxidation. Charging of extra electrons 

into the nanoparticle cores led to an electron-rich metal core and hence red-shift of 

the C≡C stretching mode, lower binding energy of sp hybridized C 1s and dimmed 

fluorescence of nanoparticles. Instead, chemical oxidation resulted in the opposite 

impacts on these properties.  

By taking advantage of such extensively conjugated metal-ligand bonding and 

effective intraparticle charge delocalization of ruthenium nanoparticles, Ru=carbene 

nanoparticles functionalized with multiple moieties by olefin metathesis reactions 

was further exploited for metal ion sensing. When the nanoparticles were co-

functionalized with 1-vinylpyrene and 4-vinylbenzo-18-crown-6, upon the binding of 

metal ions into the crown ether cavity, the emission intensity of the nanoparticle 

fluorescence from the conjugation of vinylpyrene was found to diminish, with the 

most significant effects observed with K+ ions. In the case of ruthenium nanoparticles 

co-functionalized with pyrene and histidine derivative moieties through Ru=carbene 

π bonds. The selective complexation of the histidine moiety with transition metal ions 

led to marked diminishment of the emission intensity from conjugation of pyrene. Of 

all the metal ions tested, the impacts were much more drastic with Pb2+, Co2+ and 

Hg2+ than with Li+, K+, Rb+, Mg2+ Ca2+ and Zn2+ ions. These were ascribed to the 

 xviii



selective binding of 18-crown-6 to potassium ions or complexation of histidine 

derivative to transition metal ions, where the metal ions led to polarization of the 

nanoparticle core electrons to the metal surface and hence impeded intraparticle 

charge delocalization.  

Functionalization of semiconductor with metal nanoparticles could be exploited to 

remarkably enhance their photo catalytic performance. Before this exploration, in the 

last chapter, the impacts of the TiO2 nanocrystalline structure on the photocatalytic 

activity were then examined by using the reduction of methylene blue in water. It was 

found that in the presence of anatase and brookite crystalline phase, TiO2 nanotube 

arrays exhibited the highest photo catalytic activity. This is ascribed to synergistic 

coupling of the anatase and brookite crystalline domains, which led to effective 

charge separation upon photoirradiation.  

 xix
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Introduction 
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1.1 Background 

It has been known that bulk metals exhibit continuous conduction and valence bands 

which overlap with each other and thus are good electrical conductors. In contrary, 

metal atoms exhibited only discrete energy levels analogous to those of molecules, 

significantly different from their bulk counterparts. Metal nanoparticles are the 

intermediates between the bulk and atomic forms of such materials and thus expected 

to exhibit novel electronic and optical properties that differentiate them from their 

bulk and atomic counterparts. Because of this, extensive research has been carried out 

in this field, where the first critical step is the preparation of metal nanoparticles with 

controlled dimensions. For instance, the Brust methods [1] have been successfully 

used to synthesize metal nanoparticles with varied size and high monodispersity. 

Thermolytic reduction of ruthenium and platinum salts in propanediol solution has 

also been used to produce the corresponding metal nanoparticles with high 

monodispersity [2]. Dimethylformamide (DMF), as both a solvent and reducing agent, 

has also been used to prepare silver and platinum nanoparticles when heated to high 

temperatures [3, 4].  

In these attempts to synthesize metal nanoparticles, the nanoparticles are found to 

exhibit strong size-dependent physical properties due to the quantum confinement 

effects. Take gold nanoparticles as an example. When they are smaller than 2 nm in 

diameter, the nanoparticles exhibit discrete energy levels [5-7]; and when the 

diameter of the gold nanoparticles is larger than 3 nm, UV-vis spectroscopic 

measurements exhibit a plasmon absorption peak around 510 nm [8, 9]which may 
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shift to a different wavelength position depending on the exact nanoparticles size. 

Due to the quantum confinement effect, single electron transfer has been observed for 

nanoparticles when the thermal energy kT [10] is smaller than the electrostatic energy 

e2/2C, where k is Boltzmann constant, T is temperature, e is the electronic charge and 

C is the capacitance of a single nanoparticle. With a uniform size of the nanoparticles 

and thus unique capacitance, solution electrochemistry measurements exhibit evenly 

spaced voltammetric waves that are ascribed to single electron charging to the 

nanoparticle molecular capacitance [11] In nanoparticle solid films, single electron 

transfer has also been observed [10], which is the prerequisite of the design and 

operation of nanoparticle-based single electron transistors. These electron transfer 

behaviors may be further manipulated by deliberate functionalization of the 

nanoparticles by, for instance, ligand-exchange reactions [12-14].  

With these unique optical and electronic characteristics, the metal nanoparticles have 

been attracting extensive interest in the field of fundamental science as well as 

nanotechnology such as molecular/nano electronics, where the dimensions of the 

electronic circuitries may be further reduced and the performance further improved. It 

has been seen that continuous innovations in science and technology have led to a 

remarkable miniaturization of the size of the electronic circuit units which will soon 

reach the scale of atoms or molecules which and can not be fulfilled by current 

silicon-based semiconductor technology. Further development will thus require novel 

conceptions of electronics. This may be realized and put forward that the individual 

component of electronic circuitries can be built based on nanoparticles, a few 
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molecules, or even single molecules that are embedded between electrodes and 

perform the basic functions of rectification, amplification, storage, etc[15, 16]. 

The benefits of such molecular electronic devices are obvious. For instances, the 

components of electronic circuitries on the nanometer scale promise low costs in 

fabrication, high operation efficiency, especially low power consumption, etc. In 

addition, self assembly allows for specific exploitation of intermolecular interactions 

and recognition that are needed for applications in chemical sensing and switches [17]. 

However, there are at least two major challenges that remain to hinder their massive 

production and applications. One is to attach electrodes to single molecules in a 

reproducible manner, in order to make molecular junctions that can be operated as 

transistors. It has been proved that self-assembly of nanoparticles is a highly 

reproducible process to fabricate molecular junctions. For instance, molecular wires 

based on immunoglobulin G have been bound to two gold nanoparticles, which in 

turn are connected to source and drain electrodes [18]. 

The charge transport of molecular/nano electronic devices has been found to include 

several contributions, such as weak localization [19-21], resonant tunneling [22, 23], 

Coulomb blockades[24-26]  and ballistic electron transport [19, 27, 28]. In these, the 

interfacial contact of the molecular wires on metal electrodes may result in a 

distortion of the electronic structure of the metal electrode and the molecular bridges 

due to the equilibrium of chemical potential throughout the nano-composite system 

and charge carrier injection into the organic molecules. The result of this process is 

that the Fermi level will lie in the intermediate range between the HOMO (Highest 
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occupied molecular orbital) and LUMO (Lowest unoccupied molecular orbital) levels 

of the molecules that connect the electrodes. It has been recognized that this effect 

strongly depends on the electrode materials and the metal-organic interfacial 

connection. Consequently, the metal-organic contact plays critical roles in the 

performance of the device. From the perspective of molecular electronics, this thesis 

is going to attempt to synthesize metal nanoparticles with novel metal-ligand 

interfacial linkages that result in unique physical properties. 

1.2 Metal-organic Contact 

Due to their importance in molecular electronics, metal-organic contacts have been 

extensively investigated on bulk metal surfaces, metal nanoparticles surfaces and 

nanoscale molecular junctions. It has been recognized that the following four factors 

are predominating the charge transfer at the metal-organic interface[29].  

For molecular junctions that are less than 4 nm, the charge transfer is dominated by 

the tunneling mechanism and can be described by )exp(0 LRR β= , where R is 

resistance of the molecular junction, R0 is the contact resistance between the metal 

electrode and the molecular wire, L is the length of molecular wire and 

, a structure-dependent tunneling attenuation factor that reflects the 

energy barrier hight φ and electron effective mass m, with h  being the Plank’s 

constant. When the molecular junction is greater than 4 nm, the hopping mechanism 

will predominate the charge transfer process, 

h2/1)2(2 ϕβ m=

LRR α+= 0 , R is resistance of the 

molecular junction, R0 is the contact resistance between the metal electrode and the 
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molecular wire and L is the length of the molecular wire between the junction. 

)exp(
kT
Ea

∞= αα , is a specific parameter for molecular wire and Ea the activation 

energy related to the hopping process. From the two equations above, it is evident that 

the junction resistance exhibits strong dependence on the contact resistance between 

the metal electrodes and the molecular wires, where the tunneling process especially 

has much greater impacts on the junction resistance than the hopping mechanism [30]. 

Distribution of Fermi electrons on the metal contacts exhibits strong temperature 

dependence, which might modify and complicate the transport behaviors of the 

molecular junction [31]. 

In general, traditional molecular junctions are made with single molecules or thin 

molecular films bridging two macroscopic electrodes or scanning probe tip are used 

to make connection with nanoparticles on self-assembled monolayer on metal 

substrates. In these, there are either physical contacts or covalent bonds between the 

metal electrodes and the organic molecules [32-35]. In the case of physical contacts 

between the molecular termini and the electrodes, a vacuum gap is formed and very 

low current can be recorded. To gain efficient molecular charge transport in such 

molecular junctions, chemical linkages between the metals and the organic molecules 

are required. Thiolates and amines have been investigated as functional groups to 

make chemical bonding between the end of the organic molecules and the electrodes.  

Molecular tunneling junctions have been successfully built by the self-assembly of  

oligoacene thiol or oligoacene dithiol molecules (0.8 nm ~1.5 nm) on metal substrates 
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such as Au, Ag and Pt [36], which serve as one electrode, and metal-coated 

conducting AFM probes as the other electrode to form a junction. It has been 

demonstrated that the contact resistance of the junction with a dithiolated bridge is 

two orders of magnitude lower than that of a monothiolated connection, where the 

former junction has two chemical M-S contacts and the latter has one chemical M-S 

contact and one physical contact instead. This suggests that chemical contacts have 

much higher electronic conductivity than physical contacts. Equally, the tunneling 

attenuation factor β is demonstrated to be 0.2 Ǻ-1 for dithiol and 0.5 Ǻ-1 for monothiol, 

exhibiting strong dependence upon the metal-molecule contacts. In addition, these 

measurements reveal that the contact resistance is remarkably dependent upon the 

metal work function, which may be reduced by 3 orders of magnitude when the work 

function changes from 4.3 eV of Ag to 5.7 eV of Pt [36-38]. In contrast, β is 

independent of the work function of metal, which is ascribed to the charge transfer 

from S to metal and the formation of strong M-S bond dipoles.  

Similar single molecule tunneling junctions have been prepared by breaking the gold 

point contact with a modified STM tip in solution, where the metal-organic contacts 

are realized by the formation of chemical bonds of Au-N [39, 40],  Au-S and Au-P 

[41]. It is shown that Au-P bonds exhibit a higher contact conductance than the other 

two types of chemical bonds, which is accounted for by the stronger bonding of Au-P, 

also the metal surface distortion and the size and shape of lone pair orbital of the 

ligands. In addition, the d states in the sulfides and phosphines offer π channels across 
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the S-M and P-M interfaces and facilitate electron transfer through the tunnel 

junctions.  

However, these functional groups are of weak and polar Lewis acid-base type 

interfacial bonds and predominate the chemical properties and device performance in 

single molecule circuitries [42, 43]. Until recently, metal-carbon single covalent 

bonds have been synthesized on nanoparticles and metal substrate [44-49], where the 

covalent backbone of the molecules are coupled with the metal-carbon covalent 

bonds with any intervening group between the carbon backbone and the metal, and 

thus current is enhanced substantially [49]. Although significant current enhancement 

in such molecular junctions has been observed, compared to that of the metal-organic 

physical contact, those chemical linkages still lack orbital conduit for electrons. The 

formation of Ru=carbene π bond have been reported both on metal substrate and 

nanoparticles [50, 51], where efficient charge transfer is observed through those 

extensive conjugated metal-organic bonding [52], that is, the orbital conduit for 

electrons or holes.  

Therefore in this dissertation, within the context of metal-organic contacts in 

molecular electronics, monodispersed metal nanoparticle with various novel covalent 

bonds will be synthesized and investigated for the first time. The bonding nature of 

the metal-ligand interface will then be examined carefully by employing various 

spectroscopic and electrochemical techniques. For the metal nanoparticles with 

extensively conjugated metal-ligand interfacial linkages, manipulation of intervalence 

8 



charge transfer through metal-organic interface will be studied, and their potential 

application as chemical sensor will be explored.  

1.3 Ruthenium Nanoparticles 

Ruthenium nanoparticles serve as active catalysts for carbon nanotube growth [53]. 

Supported ruthenium nanoparticles exhibit selective reduction of extremely harmful 

pollutants NO [54], where the ruthenium nanoparticles of 5.8 nm in diameter exhibit 

more resistance against O2 poisoning than those of 4.8 nm.  Two-dimensional 

uniform ruthenium nanoparticles arrays, synthesized by a polyol reduction of 

Ru(acac)3 precursors in the presence of poly(vinylpyrrolidone), exhibit strong size 

effects on CO oxidation. With an increase of the metal nanoparticle size from 2 nm to 

6 nm, the catalytic activity in CO oxidation is enhanced by 8 folds, showing 

significant impacts on ruthenium-based CO oxidation[55]. In other studies, 

Ruthenium nanoparticles supported on hydroxyapatite are found to serve as an 

efficient and recyclable catalyst for cis-dihydroxylation and oxidative cleavage of 

alkenes [56]. Well dispersed ruthenium nanoparticles, stabilized in the ionic liquid, 

have been found to catalyze the isotope exchange reaction between 10B enriched 

diborane and natural abundant B10H14 to produce highly 10B enriched decaborane(14) 

products [57]. Thermally reduced Ru nanoparticles exhibit excellent catalytic 

performance for the uncommon hydrogenation of monoaromatics [58], which is 

believed to be related to the intimate interfacial contact between the Ru nanoparticles 

and the carbon support.  
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Not only in catalysis has ruthenium shown excellent performances, but also in 

semiconductor industry, it has been widely investigated as potential gate electrode 

materials. To meet the Moore’s law of rapid performance doubling in integrated 

circuits, appropriate alternative gate electrodes for metal oxide semiconductor field 

effect transistors in nanoscale are needed urgently, which should possess high 

dielectric constant (higher than amorphous SiO2) and be stable in contact with silicon 

at high temperature. Ruthenium metal can readily form hard and highly conductive 

thin films and is recognized as an attractive material for electrodes to meet such needs 

[50]. For instance, the test of p-type Si metal-oxide semiconductor (p-MOS) device 

demonstrated excellent electrical and thermal stability of ruthenium thin films on 

ZrO2 and Zr-silicate substrates [59]. In the case of Ru/HfO2/n-Si metal oxide 

semiconductor (MOS) capacitors, where ruthenium serves as the gate electrode, it is 

approved that the work function of ruthenium (5.02 eV) is appropriate for p type 

metal oxide semiconductor field effect transistors (p-MOSFET) [60]. Decoration of 

ruthenium metal nanoparticles (NPs) leads to enhancement of the field emission 

properties of carbon nanotubes (CNTs), possibly because of the modification of 

electronic structure of nanotubes such as the work functions (WF) and densities of 

state (DOS) and also the passivation of the carbon nanotubes [61].  

Ruthenium show rich chemistry and outstanding importance in electric circuits, 

fundamental research of ruthenium in the form of films or nanoparticles has been 

attracting extensive attention. Currently, the functionalization of ruthenium 

nanoparticles is limited to polymers [55], phosphines [62-65], thiolates [2, 66-68], 
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and amines [69-72]. However, such metal-organic contacts lack efficient charge 

transfer ability to meet the requirement of the molecular electronics. 

Ru nanoparticles of 2.7 nm to 3.2 nm in diameter passivated with Ru-carbon single 

bonds have been synthesized. The electronic conductivity of the self-assembled 

nanoparticle films exhibit metallic temperature dependence behaviors, which is 

ascribed to the strong Ru-C bonding interactions and low contact resistance, with 

extensive spilling of core electrons into organic dielectric facilitating interparticles 

charge transfer [73]. To further enhance the conjugation and charge transfer ability at 

the meal-ligand interface, the classic carbene [51] and N-heterocyclic carbene [74] 

have been used to stabilize ruthenium nanoparticles successfully, the rich chemistry 

of which makes it an attractive material for potential applications in molecular 

electronics. For instance, Ru=carbene dπ orbitals of ruthenium nanoparticles exhibit 

efficient through-bond charge transfer ability. When the ruthenium nanoparticles are 

functionalized with Ru=carbene π bonds tagged with ferrocene moieties, remarkable 

intervalence charge transfer among the ferrocene metal centers is observed. As 

described in electrochemical measurements, ferrocene moieties bound on ruthenium 

nanoparticles exhibit two pairs of redox voltammetric waves [52], corresponding to 

two one-electron redox reactions, instead of one when the conjugation of ferrocene 

molecules is switched off by the insertion of an sp3 hybridized methylene group. It is 

worth noting that such intervalence charge transfer was only observed in metal 

centers bridged through extensively conjugated organic linkers and the formation of 
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metal=cabene double bonds is indispensable on the metal substrate. However, the 

formation of such bonds is only limited to a few metals, including ruthenium.  

Interestingly, macroscopic ruthenium thin film functionalized with vinylferrocene 

molecules exhibits similarly properties [75]. Interestingly, such Ru=carbene 

conjugation also results in unique electronic conductivity behavior: the temperature 

dependence of the nanoparticle conductivity shows a remarkable transition from 

semiconductor behaviors at low temperatures to metallic behaviors at high 

temperatures [76]. Metathesis reactions of Ru=carbene [77-79] with olefin has been 

offering brand new opportunities for further functionalization of ruthenium 

nanoparticles by ligand exchange reactions, through which various functional groups 

have been introduced onto ruthenium nanoparticle surface for potential applications 

such as imaging, sensor, etc. For instance, pyrene moieties functionalized ruthenium 

nanoparticles through Ru=carbene double bonds exhibit emission properties that are 

similar to those of pyrene dimmers bridged by C=C double bonds [80]. Such 

extensive conjugation of pyrene moieties and ruthenium nanoparticles offers efficient 

pathways for electron/energy transfer and consequently, exhibits extremely high 

sensitivity in the detection of nitro aromatic explosives [81]. The current thesis 

research will be a significant extension of this field, focusing on the formation of 

unique covalent bonds and the related charge transfer behaviors at the ruthenium 

metal surfaces. 

1.4 Intervalence Charge Transfer 
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In previous sections, the importance of electron transfer between macroscopic metal 

junctions connected by single molecules or a monolayer of molecules has been 

introduced, which offers a novel approach to continuing shrinkage of semiconducting 

circuits. However, electron transfer through molecular backbones has been 

extensively studied in a more fundamental level, the charge transfer in donor-bridge-

acceptor molecules in solution phase, where localized metal centers with mixed 

valence states serve as a donor or acceptor and the molecular backbone connecting 

the metal centers serve as a bridge. Although the application of a bias between the 

molecular junctions differentiates it from the intramolecular charge transfer, they do 

share extensive features in common and are complementary approaches to understand 

electron transfer in molecular scale.  

Typically, the intramolecular electron transfer is observed in ligand bridged dinuclear 

organometallic compounds {MI(L)n}(BL)MII(L)n}, where M’s are metal centers 

having mixed valence states, BL is  conjugated molecular bridge and L is terminal 

ligands. When the compound is charged with +1, MI and MII will have mixed charge 

states [MI
+MII

0] or [MI
0MII

+], which will change between each other due to the charge 

transfer between the two metal centers. Such charge transfer results in remarkable 

optical absorption typically in the near-infrared region, the parameters from which 

may reveal important information about energy barrier involved in such electron 

transfer. Based on the Marcus theory, Hush proposed a model that correlates the 

optical absorption frequency (ν), reorganizational energy within the inner sphere (λi) 

and outer sphere (λo) and electronic coupling coefficient Hab. Robin and Day [82] 
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proposed criteria to classify the intramolecular charge transfer by the degree of charge 

delocalization or the interaction extent (α) between the donor and acceptor, which is 

strongly dependent upon the structure of molecular bridge. Typically, there are three 

classes of such mixed valence compounds. In the first class, the two metal centers are 

far apart or their interaction is spin forbidden or symmetrical and thus α is close to 0; 

the compounds with α=0.707 are defined as class III; the third class of the compounds 

refers to α between 0 and 0.707.  

Ferrocene is an electrochemical material with fast reaction dynamics and reversibility 

due to its stability, and has been widely used as a metal center in intervalence charge 

transfer systems. Theoretically, ferrocene based dinuclear intervalence charge transfer 

molecule have been investigated extensively, where molecular bridges include 

saturated C-C single bond, multiple conjugated C=C double bonds, multiple C≡C 

triple bonds, aromatic rings and the mixture of some of them. The electronic coupling 

of ferrocene centers and further the effectiveness of intervalence charge transfer have 

been investigated. 

Experimental investigation for ferrocene-based molecules has made significant 

progress at the same time. In the case of biferrocene, although there is no direct 

overlap of the M-M, the π and π* orbitals of the two ferrocene molecules overlap 

with each other extensively and strong intervalence charge transfer results in two 

pairs of voltammetric waves corresponding to two sequential reversible one-electron 

redox reactions of iron metal ions [83]. The potential spacing between the two waves 

signifies the coupling strength between the two metal centers. This model is further 
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investigated by introducing substituents adjacent to the connection of the two 

ferrocene, which results in conformational changes of the biferrocene molecules. It is 

demonstrated that the steric hindrance of the trans conformation of the molecule 

skews the conformation of the molecules and reduces the overlap of the π and π* 

orbitals, thus the coupling strength of the two metal centers become weaker [84]. In 

addition, when the two ferrocene moieties are connected through conjugated bonds, 

the direct overlap of π and π* orbitals between ferrocenes will not be possible. 

Instead, through-bond charge transfer is the primary pathway. For instance, a series of 

biferrocene conjugates through polyenes Fc(CH=CH)nFc with n from 1 to 6 have 

been synthesized and the coupling strength between those ferrocene is investigated 

systematically in the mixed-valence states [85]. It is revealed that the potential 

spacing of the voltammetric waves decreases from 170 mV for n=1 to 100 mV for 

n=3 and the two voltammetric waves are barely resolved when n is greater than 3. 

The electronic coupling over a distance of up to 6 conjugated double bonds decays 

exponentially, in a good agreement with theoretical calculations [86]. More 

complicated molecular structures have been synthesized and factors such as solvents 

and temperature that may modify the intervalence charge transfer have also been 

attempted [87, 88]. However, most of the intervalence charge transfer studies are 

currently based on organometallic complexes. In 1968, Hush predicted that metal 

centers could have effective coupling at the metal electrode/electrolyte interface 

through extensively conjugated bonding between metal electrode and the metal 

centers [89]. Until recently, intervalence charge transfer has been successfully 
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realized experimentally through the synthesis of Ru=carbene double bonds at the 

ruthenium bulk electrode surface and ruthenium nanoparticles [52] [75], where the 

metal core of the nanoparticle serves as the electron/hole conductor. Such 

intervalence charge transfer has offered novel perspectives for further diversifying the 

electronic and optical properties of nanoparticles and their application in molecular 

electronics as chemical sensors and so on. However, such research is still very limited. 

In this thesis, charge delocalization through conjugated Ru-ligand linkage on 

ruthenium nanoparticles will be further investigated to unravel the charge transfer 

mechanism. 

1.5 Dissertation Outline 

The dissertation research described herein primarily focuses on the synthesis of metal 

nanoparticles with various covalent bonds, where the metal-organic contact plays 

significant roles in regulating the electronic and optical properties of nanoparticles 

and the charge transport behavior in molecular electronics. Thereafter, the bonding 

nature of metal-ligands at the metal/ligand interface will be investigated extensively 

by spectroscopic techniques such as UV-vis, photoluminescence, 1H and 13C nuclear 

magnetic resonance (NMR), FT-infrared and X-ray photoelectron spectroscopy (XPS) 

and electrochemical techniques like cyclic voltammetry (CV), and differential pulse 

voltammetry (DPV). The charge transport behaviors of nanoparticles film will be 

studied by dropcasting nanoparticles on interdigitated array (IDA) electrode in a wide 

range of temperature.  
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Within the context of metal nanoparticle surface functionalization by metal/ligand 

bonding and molecular electronics, the rest of the dissertation consists of the 

following chapters: 

In chapter 2, experimental details such as the chemicals used, the methods of 

nanoparticles synthesis, procedures for the functionalization and manipulation of 

nanoparticles and instrumentation will be included. 

In chapter 3, self-assembly of terminal alkyne on ruthenium nanoparticles will be 

reported, where the formation of Ru-vinylidene bonds at the ruthenium-ligands 

interface was approved by spectroscopy and electrochemical methods. 

In chapter 4, a series of ruthenium nanoparticles will be prepared by self-assembly of 

a set of terminal alkynes with various molecular chain lengths that change 

systematically. Base on this, structural, optical and electronic transport properties will 

be characterized in details. 

In chapter 5, ruthenium nanoparticles protected by Ru=Nitrene double bonds have 

been synthesized and the bonding nature of such connection was manifested by XPS, 

through-bond charge transfer and specific reaction with olefin, which were further 

demonstrated by FTIR, photoluminescence, NMR and electrochemistry. 

In chapter 6, alkynide-stabilized ruthenium nanoparticles have been manipulated by 

chemical reduction and oxidation and intraparticle charge delocalization was 

monitored by FTIR, XPS and photoluminescence accordingly, which exhibited 
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significantly opposite phenomenon in comparison with thiolates-protected metal 

nanoparticles. 

In chapter 7 and 8, carbene stabilized ruthenium nanoparticles are functionalized with 

fluorophore and metal ion receptors and intraparticle charge delocalization through 

Ru=Carbene double bond is further examined by complexation or binding of metal 

cations with receptors that bound on ruthenium nanoparticles, which could be 

exploited as potential alkaline or transition metal cation sensors. 

In chapter 9, photocatalytic activity of TiO2 nanotube arrays is examined from the 

view of crystalline phase, which could be further enhanced by functionalization of 

metal nanoparticles that would facilitate electron/hole separation of semiconductor. 

Degradation of Methylene blue will be studied with the catalysis of TiO2 tube array 

which are annealed at different temperatures to achieve various crystalline phase that 

may result in different catalytic performance. 
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2.1 Chemicals Required 

Ruthenium chloride (RuCl3, 99+%, ACROS), 1-octyne (Alfa Aesar, 98%), 1-decyne 

(TCI America), 1-dodecyne (ACROS, 98%), 1-tetradecyne (Wako), 1-hexadecyne 

(Alfa Aesar, 90%),ferrocenecarboxaldehyde (98%, Sigma Aldrich), 1,2-propanediol 

(ACROS), superhydride (LiB(C2H5)3H, 1 M in THF, ACROS), n-butyllithium (n-

BuLi, ACROS), sodium acetate trihydrate (NaAc·3H2O, MC&B), vinylferrocene 

(97%, Sigma-Aldrich), ferrocene carboxaldehyde (98%, Wind River Chemicals), 

tetra-n-butylammonium nitrate (TBANO3, ≥ 99%, Sigma-Aldrich),  tetra-n-

butylammonium perchlorate (TBAP, ≥ 99%, Fluka), 4-dodecylbenzenesulfonyl azide 

(Aldrich), 4-vinylbenzo-18-crown-6 (C18H26O6, 97%, ACROS), lithium perchlorate 

(LiClO4, 99.5%, Fisher Chemical), sodium perchlorate (NaClO4, Fisher Chemical), 

potassium perchlorate (KClO4, Fisher Chemical), rubidium perchlorate (RbClO4, 

Fisher Chemical), magnesium perclorate (Mg(ClO4)2, Aldrich Chemical), calcium 

perclorate (Ca(ClO4)2, Aldrich Chemical), lead(II) perchlorate (Pb(ClO4)2, Acros), 

Cobalt(II) perchlorate (Co(ClO4)2, Aldrich) and mercuric perchlorate (Hg(ClO4)2, 

Aldrich) were all used as received. All solvents were obtained from typical 

commercial sources and used without further treatment. Water was supplied by a 

Barnstead Nanopure water system (18.3 MΩ⋅cm). 

2.2 Particles Synthesis 

2.2.1 Ru-alkyne Nanoparticles 

Ru-alkyne nanoparticles were synthesized by the self-assembly of 1-dodecyne onto 

the surface of “bare” Ru colloids that were prepared by thermolytic reduction of 
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ruthenium chloride (RuCl3) in 1,2-propanediol, according to the procedure reported 

previously [1, 2]. Briefly, 0.28 mmol of RuCl3 and 2 mmol of NaAc were dissolved 

in 200 mL of 1,2-propanediol. The mixed solution was heated to 165 °C for 1 h under 

vigorous stirring. After the colloid solution was cooled down to room temperature, 1-

dodecyne dissolved in toluene with three-fold molar excess as compared to RuCl3 

was added into the solution under magnetic stirring overnight. An intense dark brown 

color was observed in the toluene phase whereas the diol phase became colorless, 

signifying the functionalization of the nanoparticles by the 1-decyne ligands and the 

extraction of the particles from the diol phase to the toluene phase. The toluene phase 

was then collected, dried under reduced pressure, and rinsed extensively by excessive 

methanol. 

2.2.2 Ru-alkynide Nanoparticles 

In a typical reaction [3], to a two-neck round-bottom flask under dry nitrogen 

protection with Schlenk line setup was added 1-alkyne (0.14 mL, 0.94 mmol) and 

THF (5 mL, anhydrous). The solution was cooled to −78 °C (acetone/dry ice bath) 

and stirred prior to the dropwise addition of 2.24 M n-BuLi in hexanes (0.42 mL, 0.96 

mmol). The reaction was allowed to stir for 1 h to prepare 1-alkynyllithium. In a 

separate flask, ruthenium chloride pre-dried under a vacuum oven and THF (30 mL, 

anhydrous) was stirred and cooled to −78 °C. The ruthenium salt solution was added 

to the cooled 1-alkynyllithium solution via cannula, and the resulting mixture was 

allowed to warm to room temperature over a period of 1 h. A 1.0 M solution of 

lithium triethylborohydride in hexanes (5.0 mL, 5.0 mmol) was added dropwise to the 
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reaction mixture, and the resulting solution exhibited an immediate color change from 

dark red to dark brown, signifying the formation of Ru nanoparticles. The resulting 

solution was allowed to stir at room temperature over 3 h. The reaction was cooled 

with an ice−water bath and quenched with Nanopure water. Solvents were then 

removed under reduced pressure with a rotary evaporator. The resulting sample was 

washed several times with copious amounts of ethanol to remove any free ligands and 

other impurities, affording purified nanoparticles (denoted as Ru–C≡C).  

2.2.3 Nitrene Functionalized Ruthenium Nanoparticles 

Nitrene functionalized ruthenium nanoparticles were prepared by following the 

similar procedure, as described in the synthesis of Ru-alkyne nanoparticles[3].  

Briefly, 0.14 mmol of RuCl3 and 80 mg of NaOAc were co-dissolved in 100 mL of 

1,2-propanediol and the mixed solution was heated to 165 °C and thermally refluxed 

for 30 min under vigorous stirring. The solution displayed a dark brown color, 

signifying the formation of ruthenium colloids. These “bare” colloids were then 

subject to nitrene functionalization in the second step. Experimentally, when the 

ruthenium colloid solution was cooled down to 60 °C, 0.52 mmol of 4-

dodecylbenzenesulfonyl azide in 20 mL of sec-butylbenzene was added into the 

solution. After vigorous mixing for 1 h, the ruthenium nanoparticles were extracted 

into the sec-butylbenzene phase, as manifested by the appearance of a dark brown 

color and a colorless propanediol phase. The sec-butylbenzene portion was then 

collected and underwent a second thermal refluxing at 165 °C for 24 h, where nitrene 

radicals were produced from the thermolysis of the azide compounds and bound onto 
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the Ru nanoparticle surface [4]. The solution was allowed to cool down naturally to 

room temperature and the solvents were removed by rotary evaporation. The solids 

were then rinsed with a copious amount of methanol to remove excessive ligands. 

The resulting nanoparticles were denoted as Ru=N, which were stable and readily 

dispersible in various apolar solvents such as methylene chloride, toluene and 

chloroform, but not in polar solvents (e.g., alcohols, acetone, etc). 

2.2.4 Carbene-protected Ruthenium Nanoparticles 

Carbene-stabilized ruthenium nanoparticles were prepared by following the similar 

procedure, as described in the synthesis of Ru-alkyne nanoparticles [3]. Briefly, after 

the “bare” Ru colloids were prepared thermolytically, a toluene solution with a 

calculated amount of octyldiazoacetate (ODA) was added to the colloid solution, 

where carbene fragments were self-assembled onto the Ru nanoparticle surface 

forming Ru=carbene π bonds (and concurrently releasing nitrogen) [5]. The purified 

nanoparticles were referred to as Ru=C8. 

2.3 Instruments 

2.3.1 Spectrometry 

1H and 13C NMR spectroscopic measurements were carried out by using concentrated 

solutions of the nanoparticles in CDCl3 with a Varian Unity 500 MHz NMR 

spectrometer. Thermogravimetric analysis (TGA) was carried out by using a Perkin-

Elmer Pyris 1 instrument at a heating rate of 10 °C/min. UV/Vis spectroscopic studies 

were performed with an ATI Unicam UV4 spectrometer using a 1 cm quartz cuvette 
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with a resolution of 2 nm. Photoluminescence characteristics were examined with a 

PTI fluorospectrometer. FTIR measurements were carried out with a Perkin–Elmer 

FTIR spectrometer (Spectrum One, spectral resolution 4 cm–1); the samples were 

prepared by casting the particle solutions onto a KBr disk. X-ray photoelectron 

spectra (XPS) were recorded with a PHI 5400/XPS instrument equipped with an Al 

Kα source operated at 350 W and at 10−9 Torr. Silicon wafers were sputtered by argon 

ions to remove carbon from the background and used as substrates. The spectra were 

charge-referenced to the Au 4f7/2 peak (83.8 eV) of sputtered gold [1]. 

2.3.2 Microscopy 

The particle core diameter was measured with a JEOL 1200 EX transmission electron 

microscope (TEM) at 80 keV. The samples were prepared by casting a drop of the 

particle solution (~1 mg/mL) in DCM onto a 200-mesh carbon-coated copper grid. 

The particle core diameter was estimated by using ImageJ analysis of the TEM 

micrographs. 

2.3.3 Electrochemistry 

Voltammetric measurements were carried out with a CHI 440 electrochemical 

workstation. A polycrystalline gold disk electrode (sealed in a glass tubing) was used 

as the working electrode. A Ag/AgCl wire and a Pt coil were used as the 

(quasi)reference and counter electrodes, respectively. The gold electrode was first 

polished with alumina slurries of 0.05 μm and then cleansed by sonication in 0.1 M 

HNO3, H2SO4, and Nanopure water successively. Prior to data collection, the 
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electrolyte solution was deaerated by bubbling ultrahigh-purity N2 for at least 20 min 

and blanketed with a nitrogen atmosphere during the entire experimental procedure. 

Note that the potentials were all calibrated against the formal potential of ferrocene 

monomers (Fc+/Fc) in the same electrolyte solution [6]. 

2.3.4 Electronic Conductivity Measurements 

For electronic conductivity measurements, a particle film was formed by dropcasting 

1 μL of a concentrated particle solution in toluene (60 mg/mL) onto an interdigitated 

array (IDA) electrode (25 pairs of gold fingers of 3 mm × 5 μm × 5 μm, from 

ABTECH) [7]. At least 30 min was allowed for solvent evaporation, and the film 

thickness was found to be greater than the height of the IDA fingers. Conductivity 

measurements were then carried out in vacuum (Cryogenic Equipment, JANIS CO) 

with a CHI710 Electrochemical Workstation at different temperatures (Lakeshore 331 

Temperature Controller). The ensemble conductivity (σ) was evaluated by the 

equation ( )( )S
L

R49
1=σ , where R is the ensemble resistance calculated from the slope of 

the I–V curves, L is the IDA electrode interfinger gap (5 μm);  and S is the film cross-

section area approximated by (finger height, 5 μm) × (finger length, 3 mm).  The 

constant (49) reflects that there are totally 49 junctions which are in parallel within 

the IDA chip. 

2.4 Chemicals Synthesis and Nanoparticles Functionalization 

2.4.1 Synthesis of Ferrocenyl Imine.  
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 [[(1-Methylethyl)imino]methyl]ferrocene (Fc-imine) was synthesized by following a 

literature procedure [8]. Briefly, ferrocencarboxaldehyde (5 mmol) reacted with 

isopropylamine (5 mmol) in methanol (22 mL) in the presence of molecular sieves (4 

Å) under argon at room temperature. The reaction was monitored by FTIR. On the 

completion of the reaction, the solvent was removed in vacuo and the imines were 

recrystallized from diethyl ether.  

2.4.2 Synthesis of Pyrene-crown ether conjugate 

Pyrene-crown ether conjugate was obtained via Wittig reaction between 

triphenyl(pyren-1-ylmethyl)phosphonium bromide and 4´-formylbenzo[18-crown-6]. 

Both reactants were synthesized according to previously published procedures [9]. 

2.4.3 Reactivity of Ru-alkyne Nanoparticles.  

In the reactions with Fc-imine, 30 mg of the RuHC12 (1) or RuC12 (2) nanoparticles 

prepared above and 80 mg of Fc-imine were co-dissolved into 50 mL of dry DCM 

under vigorous stirring for 1 day. Upon the completion of the reaction, the solution 

was dried by rotary evaporation and rinsed with ethanol for several times to remove 

excessive free ligands. 

In a separate experiment, pyrene-functionalized ruthenium nanoparticles were 

prepared by mixing the RuHC12 (1) or RuC12 (2) nanoparticles obtained above with 

a calculated amount of 1-vinylpyrene in dichloromethane (DCM) under magnetic 

stirring for 3 days. The solution was then dried, and the sample was washed with 

ethanol to remove excessive vinylpyrene and displaced ligands. 
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2.4.4 Functionalization of Ru=N Nanoparticles with Vinylferrocene 

Ferrocenyl functionalization of the Ru=N nanoparticles was carried out by mixing the 

Ru=N nanoparticles with a calculated amount of vinylferrocene in CH2Cl2 under 

magnetic stirring for three days. The solution was then dried by rotary evaporation 

and the remaining solids were rinsed extensively by methanol to remove excessive 

ligands, affording Ru=N nanoparticles with multiple copies of ferrocenyl moieties. 

The resulting nanoparticles were denoted as Ru=N(Fc). 

2.4.5 Functionalization of Ru=C8 Nanoparticles with Vinylbenzo-18-crown-6 

and 1-vinylpyrene.  

Ru=C8 nanoparticles were functionalized by olefin metathesis reactions with 4-

vinylbenzo-18-crown-6 or a mixture of 4-vinylbenzo-18-crown-6 and 1-vinylpyrene 

or 1-allylpyrene. The resulting functionalized particles were denoted as Ru=CE, 

Ru=VPyCE and Ru=APyCE, respectively. The concentrations of the pyrene and 

crown ether moieties on the Ru nanoparticle surface were determined by 1H NMR 

spectroscopic measurements whereby the organic components were extracted after 

the Ru cores were dissolved by dilute KCN[10] [11]. The integrated peak areas of the 

methyl protons of the original ODA ligands (0.9 ppm), the aromatic protons of  the 

pyrene moieties (8.3 to 7.7 ppm), and the phenyl protons (7.0 to 6.8 ppm) and 

methylene protons (4.2 to 3.6 ppm) of the benzo-18-crown-6 ligands were used to 

calculate their concentrations on the nanoparticle surface.  
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2.4.6 Functionalization of Ru=C8 Nanoparticles with Vinylbenzohistidine and 

1-vinylpyrene 

The nanoparticles were then functionalized by olefin metathesis reactions with a 

mixture of (S)-Methyl 2-(benzyloxycarbonylamino)-3-(1-(2-methoxy-5-vinylphenyl)-

1H-imidazol-4-yl)propanoate (vinylbenzohistidine)[12] and 1-vinylpyrene where the 

histidine and pyrene moieties were both incorporated into the nanoparticle protecting 

monolayer. The resulting particles were denoted as Ru=VPyHis. The concentrations 

of the pyrene, histidine and ODA ligands on the ruthenium nanoparticle surface were 

quantified by 1H NMR measurements where the organic components were extracted 

after the ruthenium cores were dissolved by dilute KCN. Based on the integrated peak 

areas of the protons for pyrene (8.4 to 7.8 ppm), phenyl ring (7.37 to 7.27 ppm), 

imidazole ring (7.68 ppm and 6.99 ppm), and methyl protons (0.9 ppm), the surface 

coverage was estimated to be 5.3%, 10.5% and 84.2%, for the pyrene, 

vinylbenzohistidine, and the original ODA ligands, respectively.  
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Chapter 3 

Alkyne-Functionalized Ruthenium Nanoparticles: Ruthenium-Vinylidene Bonds 

at the Metal-Ligand Interface 

 

 

Reproduced with permission from [Xiongwu Kang, Nathaniel B. Zuckerman, Joseph 

P. Konopelski and Shaowei Chen, “Alkyne-protected ruthenium nanoparticles: 

ruthenium-vinylidene on metal-ligand interface”, Journal of the American Chemical 

Society, 2012,  134, 1412−1415] Copyright [2012] American Chemical Society 
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3.1 Introduction 

Recently, metal-ligand interfacial bonding interactions have been recognized as a 

valuable and powerful parameter that plays an important role in the regulation of the 

nanoparticle material properties. This is rendered possible by the exploitation of 

metal-carbon covalent linkages for nanoparticle surface functionalization. 

Significantly, with conjugated interfacial bonds, extensive intraparticle charge 

delocalization may occur between particle-bound functional moieties, leading to the 

emergence of unprecedented optical and electronic properties. For instance, when 

ferrocenyl moieties are bound onto ruthenium nanoparticle surfaces by Ru=carbene π 

bonds, apparent intervalence charge transfer is observed between the ferrocenyl metal 

centers at mixed valence, as clearly manifested in electrochemical and near-infrared 

spectroscopic measurements[1, 2]. The behaviors are analogous to those observed in 

organometallic complexes with multiple metal centers bridged by conjugated 

linkers[3-8]. Intraparticle charge delocalization has also been observed with 

fluorophores such as pyrene and anthracene that are attached onto the nanoparticle 

surface by similar Ru=carbene π bonds, whereby the particle-bound fluorophores 

exhibit emission characteristics that are consistent with those of their dimeric 

derivatives[9-11]. More recently, we demonstrated that effective intraparticle charge 

delocalization might also be achieved with nanoparticles functionalized by acetylide 

derivatives through the formation of metal-acetylide (M–C≡) dπ linkages[12].  

In these earlier studies, the metal cores have been found to serve as the conducting 

media that facilitate extended conjugation between the particle-bound functional 
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moieties[1]. Therefore, intraparticle charge delocalization can be further manipulated 

by the deliberate variation of the energy structures of nanoparticle core electrons that 

may be afforded by simple chemical redox titration, electrostatic polarization, as well 

as photoirradiation[13-15].  

Recently, we found that stable ruthenium nanoparticles could also be formed by 

the self-assembly of 1-alkyne molecules onto “bare” Ru colloids. This is different 

from those[12]  stabilized by acetylide derivatives (i.e., deprotonated alkynes) by 

virtue of the Ru–C≡ dπ bonds[12], by taking advantage of the isoelectronic character 

of the acetylide moieties with isocyanide. In contrast, the bonding nature of self-

assembled 1-alkynes onto Ru nanoparticle surfaces has remained not well understood. 

This is the primary motivation of the present study. 

It has to be noted that self-assembly of alkynes on metal surfaces has been reported 

previously, although most of these early studies are confined to group IB metals of 

gold, silver, and copper that exhibit a d10 electronic structure. However, the chemical 

nature of the molecular adsorption remains under debate. For instance, Weaver and 

co-workers[16, 17] employed surface-enhanced Raman spectroscopy (SERS) to 

investigate the adsorption of alkynes onto Au and Ag surfaces; and based on the 

frequency shifts of the –C≡C– and ≡C–H vibrations, they argued that the alkynes 

were chemisorbed to the metals by σπ bonding. In this structural model, the overlap 

of a filled π orbital of the alkyne with an empty s orbital of the metal produces the σ 

component, whereas the π component is generated by the overlap of an empty π* 

orbital of the alkyne with a filled metal d orbital. Such σπ bonding dictates that the –
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C≡C– triple bonds adopt a flat configuration on the metal surfaces, so that the π 

orbitals are directed toward the metal surface plane. 

In a more recent study[18], however, Zhang et al. prepared self-assembled 

monolayers of terminal alkynes on gold and proposed an upright orientation of the 

alkynes on the gold surface via an “undetermined” end-on interaction between the 

alkynes and gold, based on electrochemical and infrared spectroscopic measurements. 

Such a configuration was also identified as the most stable mode of adsorption by 

Ford and coworkers[19], where they employed density functional theory to examine 

the adsorption energetics of ethynylbenzene on Au(111) and proposed the formation 

of a vinylidene surface-bound species by a 1,2-hydrogen shift. 

In organometallic chemistry, the reactions of alkynes with transition metal centers 

have been rather extensively studied, where the potential products include π-alkyne, 

hydrido alkynyl, and vinylidene complexes, depending on the metals and the ligand 

environment[20, 21]. The reaction mechanism typically involves an initial step where 

the alkyne molecule binds to the metal center in an η2 configuration. The complex 

can then undergo tautomeric rearrangements to produce hydride alkynyl (C–H 

oxidative addition) and/or vinylidene (1,3–hydrogen shift/l,2–hydrogen shift) 

derivatives. From the energetic point of view, it is generally accepted that the π-

alkyne and vinylidene forms represent the kinetic and thermodynamic products, 

respectively, with the hydrido alkynyl form as an intermediate species[22, 23].  
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Scheme 3.1 Synthesis, functionalization by 1-dodecyne, metathesis reaction with 
olefin and reaction with imido of ruthenium nanoparticles. 
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Therefore, an immediate question arises. In transition-metal nanoparticles stabilized 

by the self-assembly of 1-alkynes, will such a dynamic equilibrium also exist at the  

metal-ligand interface? This will be addressed in the present study by taking 

advantage of the specific reactivity of metal-vinylidene complexes with imine 

derivatives producing a heterocyclic azetidinylidene complex (in fact, this is the 

method of choice to identify metal-vinylidene linkages in organometallic complexes) 

[24]. Ruthenium nanoparticles stabilized by acetylide derivatives[12] will be used as 

a comparative example. Because of the lack of ≡C–H protons, no Ru-vinylidene bond 

is anticipated to form at the nanoparticle interface and thus no reactivity with imine 

derivatives will be observed. 

3.2 Results and Discussion 

Experimentally, as depicted in Scheme 3.1, 1-dodecyne-stabilized ruthenium 

(RuHC12, 1) nanoparticles were used as the illustrating example, which were 

synthesized by the self-assembly of 1-dodecyne onto the surface of “bare” Ru 

colloids that were prepared by thermolytic reduction of ruthenium chloride (RuCl3) in 

1,2-propanediol, according to the procedure reported previously[1, 9, 10, 25]. 

Transmission electron microscopic (TEM) measurements showed that the resulting 

nanoparticles exhibited an average core diameter of 2.12 ± 0.72 nm[25]. The 

synthesis of 1-dodecynide-stabilized ruthenium (RuC12, 2) nanoparticles (dia. 2.55 ± 

0.15 nm) has been described previously[12].  

As mentioned above, if the terminal alkynes are initially anchored onto the Ru 

particle surface by the η2 configuration (which is stable generally at low 

43 



temperatures), it is most likely that the surface bonding mode will be converted 

spontaneously to the vinylidene form (Ru=C=CH–R) at ambient temperature[22, 23]. 

Since the vinylidene moiety reacts specifically with imine derivatives forming a 

heterocyclic azetidinylidene complex[24], one may exploit this unique chemistry for 

nanoparticle surface labeling and functionalization. In the present study, we used a 

ferrocenyl imine as the labeling reagent, as depicted in Scheme 3.1. 

Figure 3.1 shows the 1H NMR spectra of the RuHC12 nanoparticles 1 (A) before 

and (B) after reactions with [[(1-methylethyl)imino]methyl]ferrocene (Fc-imine, 

which was synthesized by following a literature protcol[26]). It can be seen that both 

spectra exhibited a prominent broad peak at 0.9 ppm, which can be assigned to the 

terminal methyl (CH3) protons of the dodecyne molecules, whereas (part of) the 

methylene (CH2) protons can be identified by the peak centered at 1.2 ppm (the peak 

at ca. 2 ppm in curve (A) diminishes drastically after the nanoparticles reacted with 

Fc-iminie, as depicted in curve (B); yet the origin of this peak is not clear at this 

point). Importantly, the absence of sharp features in the NMR spectra indicates that 

the nanoparticle samples are spectroscopically clean, free of any excessive ligands 

(similar behaviors were observed in 13C NMR measurements, Figure 3.2) [1, 9, 10, 

25]. Such a signatory behavior has been observed previously in organically capped 

nanoparticles and used extensively for the evaluation of nanoparticle purity[27].  

A closer examination of these two spectra shows that whereas no other meaningful 

features can be found with the RuHC12 nanoparticles (1) in curve (A) (the peak at 3.5 

ppm is likely due to a trace amount of methanol), there is a broad peak within the  
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Figure 3.1. 1H NMR spectra of the RuHC12 nanoparticles 1 (A) before and (B) after 

reactions with Fc-imine, and (C) the RuC12 nanoparticles 2 after reactions with Fc-

imine. The nanoparticles were all dissolved in CDCl3. 
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Figure 3.2. 13C NMR spectra of the RuHC12 nanoparticles 1 (A) before and (B) after 
reactions with Fc-imine, and (C) the RuC12 nanoparticles 2 after reactions with Fc-
imine. The nanoparticles were all dissolved in CDCl3. The features can all be 
assigned to the carbons of the 1-dodecyne ligands. Note that the methylene carbon 
next to the C≡C moiety (dotted blue box) was expected to be at 18.5 ppm, but not 
observed because of the broadening effect by the nanoparticles. The ferrocenyl 
carbons were not observed, either (expected to be at ca. 67.8 ppm and above), again 
because of the close proximity to the particle core and broadening into baseline. 
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Figure 3.3. 1H NMR spectrum of Fc-imine in CDCl3. Reaction of Fc-imine with 
RuHC12 nanoparticles (1) led to the formation of a heterocyclic adduct (Scheme 3.1). 
Similar to the ferrocenyl protons that exhibit a significant broadening as observed in 
Figure 3.1 (B), the CH and CH3 protons of the isopropyl moiety attached to the 
heterocyclic N (Scheme 3.1), which are anticipated to appear at ca. 3.4 and 1.2 ppm, 
respectively, are most likely broadened into baseline and can not be resolved. 
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range of 3.9 to 4.5 ppm in curve (B) after the nanoparticles reacted with Fc-imine. 

This may be assigned to the ferrocenyl protons (Figure 3.3). Again, the appearance of 

only a broad peak (i.e., no sharp features) in this region suggests that the ferrocenyl 

moiety was indeed successfully incorporated onto the nanoparticle surface (Scheme 

3.1), and no contributions from excessive ferrocenyl monomers. This strongly 

suggests that indeed the alkyne molecules self-assembled onto the Ru nanoparticle 

surface forming a Ru-vinylidene (Ru=C=CH–C10H21) interfacial bonding linkage 

(Scheme 3.1). Because of the close proximity to the nanoparticle cores, the ferrocenyl 

signals were extensively broadened[27], rendering it difficult to have an accurate 

quantification of the loading of ferrocenyl moiety on the nanoparticle surface, 

although it is anticipated to be low because of tight packing of the alkyne molecules 

on the nanoparticle surface. 

In sharp contrast, for the (deprotonated) RuC12 nanoparticles (2), only a 

featureless profile can be seen in the region between 0.5 and 1.5 ppm (again, the 

broad peaks centered at 0.9 and 1.2 ppm are ascribed to the methyl and part of the 

methylene protons, respectively), as depicted in curve (C), clearly indicating the lack 

of reactivity of the nanoparticles towards imine derivatives because of the absence of 

a vinylidene moiety at the metal-ligand interface.  

The successful incorporation of the ferrocenyl moieties onto the RuHC12 

nanoparticles (1) surface is further confirmed in electrochemical measurements. 

Figure 3.4 shows the differential pulse voltammograms (DPVs) of RuHC12 (1, black 

curve) and RuC12 (2, red curve) nanoparticles after reactions with Fc-imine. One can  
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Figure 3.4. Differential pulse voltammograms of the RuHC12 (1) and RuC12 (2) 
nanoparticles after reactions with Fc-imine in CH2Cl2 with 0.1 M TBAP. The 
nanoparticle concentration was 3 mg/mL. Gold electrode surface area 0.51 mm2. DC 
ramp 4 mV/s, pulse amplitude 50 mV, and pulse width 200 ms. The potential was 
calibrated against the formal potential of ferrocene monomers in the same electrolyte 
solution. 
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see that a pair of well-defined voltammetric peaks appear with the RuHC12 

nanoparticles (1) with the formal potential at about +0.13 V vs Fc+/Fc. This is 

ascribed to the redox reactions of ferrocenyl moieties incorporated into the 

nanoparticle surface-protecting layer (Scheme 3.1), Fc+ + e ↔ Fc. The relatively large 

peak splitting (ΔEP  ≈ 70 mV) and the apparent anodic shift of the formal potential as 

compared with that of ferrocene monomers may be accounted for by the surrounding 

of the ferrocenyl moieties by the hydrophobic ligand shell, as the energetically 

unfavorable environment rendered it difficult for the counter ions to reach the 

resulting ferrocenium ions and hence impeded the electron-transfer kinetics[28]. In 

contrast, only a featureless profile can be observed within the same potential range 

with the RuC12 nanoparticles (2) after reactions with Fc-imine, again, indicative of 

the lack of reactivity of the nanoparticles with imine derivatives. 

The nanoparticle photoluminescence characteristics also exhibit marked 

differences with and without Fc-imine labeling. It has been reported that acetylide-

functionalized Ru nanoparticles showed apparent fluorescence with an excitation and 

emission maximum at 360 nm and 440 nm, respectively[12]. This is accounted for by 

the intraparticle charge delocalization between the particle-bound C≡C moieties as a 

result of the conjugated Ru–C≡ interfacial bonding linkage. Consequently, the 

nanoparticle-bound C≡C groups behaved analogously to diacetylene derivatives[12]. 

Similar photoluminescence characteristics can be observed with the as-produced 

RuHC12 nanoparticles (1), as manifested by the black curves in Figure 3.5, 

suggesting conjugated characters in the metal-ligand interfacial bonding interactions. 

50 



λ (nm)

200 250 300 350 400 450 500 550 600 650 700

Fl
uo

re
sc

en
ce

 In
te

ns
ity

0

2000

4000

6000

8000

10000

After
Before

λ (nm)

300 400 500 600 700 800

A
bs

or
ba

nc
e

0.0

.4

.8

1.2

1.6

 
Figure 3.5. Excitation and emission spectra of RuHC12 nanoparticles (1) in CH2Cl2 
before (black curves) and after (red curves) reactions with Fc-imine. The 
corresponding UV-vis absorption spectra were included in the figure inset. The 
nanoparticle concentration was 0.1 mg/ml. 
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 More significantly, upon labeling with Fc-imine, the photoluminescence diminished 

significantly by more than five folds (red curves), although the optical density of the 

RuHC12 nanoparticles (1) remained virtually unchanged before and after reactions 

with Fc-imine, as depicted in the figure inset. This is again consistent with the 

formation of a heterocyclic complex on the nanoparticle surface that converts the Ru- 

vinylidene linkage to a simple Ru=C carbene one (Scheme 3.1), which is inactive in 

fluorescence. 

The experimental results presented above highlight the marked discrepancy of 

metal-ligand interfacial bonding interactions between the RuHC12 (1) and RuC12 (2) 

nanoparticles. Specifically, the acetylide-functionalized RuC12 (2) nanoparticles were 

most likely stabilized by the dπ (Ru–C≡) interfacial bonding interactions between the 

metal cores and the C≡C moieties[12, 13], whereas active tautomerization occurred at 

the metal-ligand interface of the alkyne-stabilized RuHC12 (1) nanoparticles 

involving an equilibrium between the metal-η2-alkyne, hydrido-alkynyl, and metal-

vinylidene interfacial linkages (Scheme 3.1) [29]. Reactions with imine derivatives 

(e.g., ferrocenyl imine) led to an apparent shift of the equilibrium toward the metal-

vinylidene form, which was also favored at ambient temperature[24].  

The difference of the metal-ligand interfacial bonding interactions between the 

RuHC12 (1) and RuC12 (2) nanoparticle is further manifested by the reactivity of the 

nanoparticles with vinyl-terminated derivatives by olefin metathesis reactions[30].  
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Figure 3.6. Excitation and emission spectra of RuHC12 nanoparticles (1) after olefin 
metathesis reactions with 1-vinylpyrene in CH Cl2 2. The nanoparticles concentration is 
0.1 mg/ml. 
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Experimentally, we observed that with a Ru-acetylide (Ru–C≡) interfacial bond, the 

RuC12 (2) nanoparticles might undergo ligand exchange reactions with alkynide 

anions; yet the nanoparticles showed little reactivity with vinyl-terminated 

molecules[12]. In sharp contrast, the RuHC12 (1) nanoparticles could be readily 

functionalized with molecules with a vinyl terminus. We used 1-vinylpyrene as the 

illustrating example in the present study. Figure 3.6 shows the excitation and emission 

spectra of RuHC12 (1) nanoparticles after reactions with 1-vinylpyrene. It can be 

seen that the fluorescence profiles are consistent with those observed with pyrene-

functionalized Ru nanoparticles by Ru=carbene π bonds[9]. Significantly, the 

emission spectrum shows a prominent peak at 492 nm, along with a small one at ca. 

392 nm, which is ascribed to the extended conjugation between the particle-bound 

pyrene moieties that arose from the conjugated metal-ligand interfacial bonding 

interactions such that the pyrene moieties behaved analogously to their dimeric 

counterparts with a conjugated spacer[9]. Again, the successful incorporation of 

vinylpyrene onto the nanoparticle surface further confirms the formation of a Ru-

vinylidene interfacial linkage with the RuHC12 nanoparticles (1).  

3.3 Conclusion 

In summary, stable ruthenium nanoparticles were prepared by the self-assembly of 

alkynes onto the “bare” Ru colloid surfaces by virtue of the formation of Ru-

vinylidene interfacial bonding interactions, as manifested by NMR, electrochemical 

and photoluminescence measurements, in contrast to the (deprotonated) alkynide-

functionalized counterparts that exhibited Ru–C≡ dπ bonds at the metal-ligand 
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interface. Importantly, with this interfacial bond, it is envisaged that the rich 

chemistry[31-34] observed with metal-vinylidine organometallic complexes may be 

exploited for unprecedented functionalization and manipulation of the nanoparticle 

structures and properties.  
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Chapter 4 

Electronic Conductivity of Alkyne-capped Ruthenium Nanoparticles 

 

 

[Xiongwu Kang, Nathaniel B. Zuckerman, Joseph P. Konopelski and Shaowei Chen, 

“Electronic conductivity of alkyne-capped ruthenium nanoparticles”, Nanoscale, 

2012] Reproduced by permission of The Royal Society of Chemistry 
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4.1 Introduction 

A number of studies have demonstrated that the material properties of organically 

capped transition-metal nanoparticles can not only be tuned by the chemical 

nature of the metal cores and organic protecting ligands but also by the metal-

ligand interfacial bonding interactions[1]. For example, when functional moieties 

are bound onto nanoparticle surfaces by conjugated metal-ligand linkages, 

effective intraparticle charge delocalization occurs, leading to the extended 

conjugation between the particle-bound functional groups and hence the 

emergence of novel optical and electronic properties that deviate markedly from 

those of the monomeric forms. This has been manifested by the intervalence 

charge transfer of ruthenium nanoparticles functionalized by ferrocenyl moieties 

with Ru=carbene π bonds or Ru–C≡ dπ linkages[2-4]. The behaviors are 

analogous to those observed in organometallic complexes with multiple metal 

centers bridged by conjugated linkers[5-10]. Intraparticle charge delocalization 

has also been observed with fluorophores such as pyrene and anthracene that are 

attached onto the nanoparticle surface by similar Ru=carbene π bonds, whereby 

the particle-bound fluorophores exhibit emission characteristics that are consistent 

with those of their dimeric derivatives[11-13]. In other studies, using aryl 

diazonium salts as the precursors, transition-metal naoparticles have been 

prepared by the grafting of the aryl radicals onto the metal surface forming metal-

carbon covalent bonds, upon the addition of potent reducing reagents. Largely 

because of the diminishment of the metal-ligand interfacial resistance, the 
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resulting nanoparticles exhibit an apparent enhancement of the electronic 

conductivity, as compared with that of the counterparts passivated by mercapto 

derivatives[14, 15]. As metal-organic linkages are a critical component in 

molecular electronics, it is of fundamental importance to examine the impacts of 

these interfacial bonding interactions on the ensemble charge transport dynamics, 

in particular, in light of the emergence of more diverse metal-ligand bonding 

interactions. This is the primary motivation of the present study. 

Recently we demonstrated that ruthenium nanoparticles could also be passivated 

by the facile self-assembly of terminal alkynes[16], where the metal-ligand 

interfacial interactions involved a dynamic equilibrium between a side-on η2 

configuration and a head-on ruthenium-vinylidene linkage by virtue of a 

tautomeric rearrangement. The unique metal-ligand interfacial bonding 

interactions were manifested by the specific reactivity towards imine derivatives 

as well as olefin metathesis reactions with vinyl-termined functional derivatives. 

In sharp contrast, no such activity was observed with ruthenium nanoparticles 

stabilized by the formation of Ru–C≡ dπ linkages using alkynides (i.e., 

deprotonated alkynes) as the precursors[4]. Nevertheless, both nanoparticles 

exhibited similar photoluminescence properties, largely because of the conjugated 

nature of the metal-ligand interfacial interactions such that the particle-bound 

triple bonds behaved analogously to diacetylene derivatives. 

In the present study, we investigate the interparticle charge transfer chemistry of 

the alkyne-capped ruthenium nanoparticles by measuring the electronic 
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conductivity of the nanoparticle solid films at controlled temperatures. 

Experimentally, ruthenium nanoparticles were prepared by the self-assembly of 

alkyne molecules of different chainlengths (C Hn 2n–2, n = 6, 8, 10, 12, 14, and 16). 

The structures of the resulting nanoparticles were characterized by employing a 

variety of spectroscopic tools, and the electronic conductivity was assessed 

quantitatively by depositing particle films onto an interdigitated array (IDA) 

electrode. The energetic barrier for interparticle charge transfer as well as the 

coupling coefficient (β) were then evaluated. Remarkably, for nanoparticle capped 

with short alkynes (n = 6, 8, and 10), a very small value of β was found at 0.31 Ǻ–

1, whereas for long capping alkynes (n = 12, 14, and 16), β was markedly greater 

at 1.44 Ǻ–1. The former is actually consistent with that observed with electron 

transfer through conjugated barriers, indicating the signficant contributions of the 

conjugated metal-ligand interactions to the ensemble conductivity where extended 

spilling of core electrons facilitates interparticle charge transfer; whereas the latter 

is in good agreement with charge transfer through a saturated aliphatic spacer, 

likely a result of the dominant contribution from the long saturated molecular 

backbone of the ligands.  

4.2 Results and Discussion 

The structures of the alkyne capping ligands were first examined by FTIR 

measurements, as depicted in Figure 4.1. The most significant observation is the 

disappearance of the ≡C–H vibrational stretch at 3314 cm–1, the ≡C–H bend 

overtone at 1255 cm–1 and the ≡C–H bend fundamental at 631 cm–1, all of which  
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Figure 4.1. FTIR spectra of ruthenium nanoparticles capped with varied 1-alkynes. 
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are well-defined with monomeric alkynes[17]. At first glance, this is somewhat 

surprising. In our previous study with ruthenium nanoparticles capped by 

acetylide derivatives[4], we observed the disappearance of these vibrational 

features, because of the deprotonation of the alkyne ligands. Yet, in the present 

study, alkyne molecules were used instead. The fact that these unique infrared 

characteristics were no longer present may be ascribed to the dynamic equilibrium 

between the η2 configuration and vinylidene linkage at the metal-ligand 

interface[16]. In fact, such an observation was also reported in earlier studies of 

the binding of alkynes onto Au and Ag surfaces by surface-enhanced Raman 

spectroscopy (SERS) [18]. Furthermore, the lack of the ≡C–H vibrational 

stretches also confirms that the ruthenium nanoparticles were spectroscopically 

clean without excessive free ligands.  

Another interesting feature is the appearance of multiple peaks in the triple bond 

region (1900 – 2100 cm–1), where all nanoparticle samples exhibited a pair of 

strong peaks at ca. 1950 cm–1 and 1976 cm–1 and a relatively weaker one at 2056 

cm–1. Similar observations were reported with alkynes bound onto Au and Ag 

surfaces by SERS measurements[18]. Note that for monomeric alkynes, the C≡C 

vibrational stretch is typically well-defined with a single peak at 2119 cm–1[17]. 

This marked discrepancy strongly suggests that the alkyne molecules were indeed 

chemically bonded onto the Ru surface, and the decreasing bonding order (lower 

peak wavenumbers) might be attributed to the σπ bonding interactions between 

the triple-bond moieties and the ruthenium metal cores. 

65 



In addition, the packing of the nanoparticles within the solid films may be 

evaluated by the methylene (CH2) vibrational stretches. This is to take advantage 

of the sensitive variation of these vibrational features to the ordering of the alkyl 

chains[19, 20]. For instance, in crystalline polyethylene, the antisymmetric (d–) 

and symmetric (d+) CH  vibrational stretches are observed at 2920 cm–1 
2 and 2850 

cm–1, respectively; whereas in solution, they increase to 2928 cm–1 and 2856 cm–1  .

In the present study, one can see from Figure 4.1 that for ruthenium nanoparticles 

capped with long alkyne molecules (n = 10 to 16), the d– and d+ bands appear at 

2923 cm–1 and 2853 cm–1, respectively; whereas for RuHC8 nanoparticles, they 

increase slightly to 2925 cm–1 and 2856 cm–1, and for RuHC6 nanoparticles, to 

even higher values of 2930 cm–1  and 2874 cm–1. This observation suggests that in 

the nanoparticle solid ensembles, the packing order of the nanoparticle-bound 

alkyne ligands increased with increasing chainlength of the molecules, consistent 

with earlier observations, for instance, with alkanethiolate-protected gold 

nanoparticles[21].  

The coverage of the alkyne ligands on the nanoparticle surface was then 

quantified by TGA measurements. Figure 4.2 shows the weight loss curves of the 

six ruthenium nanoparticles. It can be seen that for all particle samples, the weight 

loss commences at about 150 °C, exhibits an abrupt transition and ends at higher 

temperatures. Table 4.1 lists the transition temperature (Tg, defined by the first-

order derivative of the weight loss curves, Figure 4.3) and organic weight contents 

for the nanoparticles. It can be seen that both the transition temperature and total  
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Figure 4.2. TGA curves of ruthenium nanoparticles capped with varied 1-alkynes. 
Inset shows the variations of the transition temperature (T , ●) and weight loss (○) of g
these nanoparticles with the chainlength (n) of the alkyne ligands (CnH2n–2). 
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Figure 4.3. First-order derivatives of the weight loss curves of the varied 
nanoparticle samples by TGA measurements, from which the transition 
temperature (T ) was determined (and summarized in Table 4. 1). g
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weight loss display a linear increment with the chainlength of the alkyne capping 

ligands, as shown respectively by the filled and open circles in the inset to Figure 

4.2. For instance, when the chainlength of the nanoparticle capping ligands 

increases from n = 6 (1-hexyne) to n = 16 (1-hexadecyne), Tg increases from 213 

°C to 275 °C. This may be ascribed to the enhanced van der Waals interactions 

between the organic capping ligands that improve the thermal stability of the 

nanoparticles. Meanwhile, the organic content increases from 12.5% to 36.3%, 

which was exploited for the quantitative evaluation of the number of alkyne 

ligands on the nanoparticle surface: RuHC6, 65.1; RuHC8, 70.1; RuHC10, 92.7; 

RuHC12, 93.3; RuHC14, 92.4; and RuHC16, 96.0, corresponding to an average 

footprint of the capping ligands of ca. 20 Å2 for RuHC6 and RuH8 and 15 Å2 for 

nanoparticles with longer alkyne ligands (n = 10 to 16), as listed in Table 4.1. 

Such a discrepancy is in agreement with the ligand packing order as manifested in 

the FTIR measurements presented above (Figure 4.1). Note that in the previous 

study where the ruthenium nanoparticles were capped with 1-octynide ligands[4], 

the average footprint of the capping ligands was about 15 Å2. These results 

suggest that the alkyne ligands most probably adopted a “vertical” head-on 

configuration on the ruthenium surface, consistent with the conjugated metal-

ligand interfacial interactions involving ruthenium-vinylidene bonds, as proposed 

earlier[16]. The interfacial bonding interactions were further examined by XPS 

measurements. Figure 4.4 shows the representative XPS survey spectra (black 

curves) of the RuHC12 (bottom spectrum) and Ru=C8 (top spectrum)  
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Figure 4.4. XPS survey spectra of the (bottom) RuHC12 and (top) Ru=C8 
nanoparticles which are deconvoluted to resolve individual components. Black curves 
are the experimental data, red curves are the summation of the fitting peaks (blue, 
magenta, yellow, light blue, and grey curves) plus backgrounds (green curves). 
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nanoparticles, within the binding energy range of 278 and 289 eV. There are two 

well-defined peaks with both nanoparticles. The peak at 280.45 may be ascribed 

to Ru3d5/2, slightly higher than that of metallic ruthenium (which typically 

exhibits two peaks at 280.2 eV and 284.3 eV for the 3d  and 3d5/2 3/2 electrons, 

respectively) [22, 23], suggesting possible electron transfer from Ru to the alkyne 

ligands. For the peak at 284.57 eV, it is most likely due to the combined 

contributions from both Ru3d3/2 and C1s electrons. Note that carbon 1s electrons 

in sp3, sp2 and sp hybridization in general display a binding energy of 285.0 

eV[24], 284.4eV, and 283.5 eV[25-29], respectively. In fact, deconvolution of the 

bottom spectrum yields a peak at 284.36 eV for Ru3d3/2 (magenta curve), 284.94 

eV for sp3 2 C1s (blue curve), 283.79 eV for sp  C1s (light blue curve), and 283.37 

eV for sp C1s (grey curve). These assignments were further confirmed by a 

comparison with the Ru=C8 nanoparticles (top spectrum), where the Ru3d3/2 and 

C1s (sp3 2 and sp ) electrons can be clearly identified and no sp C1s can be resolved, 

as anticipated with the formation of Ru=carbene π bonding linkage at the metal-

ligand interface[30]. Note that in both nanoparticle samples, the curve fittings 

were carried out by fixing the area ratios based on the nanoparticle structure as 

depicted in the figure, and it can be seen that the fittings (peak sum, red curves) 

were in excellent agreement with the expeirmental data (black curves). 

Significantly, the fact that sp, sp2 and sp3 electrons can all be seen with the 

alkyne-capped Ru nanoparticles is again consistent with the structural model 

where tautomeric rearrangements occurred at the metal-ligand interface leading to  
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Figure 4.5. (top) UV-vis absorption and (bottom) photoluminescence spectra of 
alkyne-capped ruthenium nanoparticles in CH Cl . 2 2
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the dynamic formation of a ruthenium-vinylidene (Ru=C=CHC H10 21) interfacial 

linkage[16]. With the conjugated interfacial linkage, the alkyne-capped 

nanoparticles exhibited apparent photoluminescence, although UV-vis 

measurements only showed a featureless exponential decay profile that is 

characteristic of nanosized metal particles (due to the so-called Mie 

scattering)[31], as manifested in Figure 4.5. From the excitation and emission 

spectra of the ruthenium nanoparticles capped by varied 1-alkynes, it can be seen 

that similar to the results reported in our previous study[16], all nanoparticles 

exhibited a well-defined excitation peak at 360 nm and an emission peak at 440 

nm, regardless of the chainlength of the alkyne ligands. This is ascribed to the 

conjugated metal-ligand interfacial interactions that rendered the particle-bound 

triple bonds to behave analogously to diacetylene moieties. In fact, the 

photoluminescence characteristics observed here are consistent with those of 

diactylene derivatives[4].  

The impacts of the conjugated metal-ligand interfacial interactions on the 

electronic conductivity of the nanoparticles were then examined by 

electrochemical measurements with nanoparticle dropcast films. Figure 4.6 shows 

the current-potential  (I–V) profiles at controlled temperatures of solid films of the 

alkyne-capped ruthenium nanoparticles which were prepared by dropcasting 1 μL 

of a 60 mg/ml particle solution in toluene onto an IDA surface. It can be seen that 

within the bias voltage range of –0.8 V to +0.8 V, the I–V curves of all 

nanoparticle samples exhibited clearly linear profiles, suggesting rather efficient  
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Figure 4.6. Current-potential (I-V) curves of solid films of ruthenium nanoparticles 
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Table 4.1. Summary of structural properties of ruthenium nanoparticles capped by 
varied alkynes: weight loss transition temperatures (Tg), organic weight contents, 
numbers of alkyne ligands on the nanoparticle surface, and activation energy (Ea) 
of interparticle charge transfer. 

 

Sample RuHC6 RuHC8 RuHC10 RuHC12 RuHC14 RuHC16

Tg (°C) 213 227 249 262 275 275 
Organic 
weight 

(%) 
12.5 17.1 25.5 29.3 32.4 36.3 

Number 
of ligands 65.1 70.1 92.7 93.3 92.4 96.0 

Ligand 
footprint 

(Å
21.7 20.1 15.2 15.1 15.3 14.7 

2) 
Ea (meV) 69.0  66.6 63.6 67.1 72.3 87.2 
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interparticle charge transfer. Note that the ohmic characters have been observed 

extensively in the assessments of the electronic conductivity of nanoparticle solids, 

where interparticle charge transfer was interpreted on the basis of a thermally 

activated hopping mechanism[14, 15]. In addition, the ensemble currents 

increased with increasing temperature from 200 to 300 K. Such semiconducting 

characteristics are consistent with the composite nature of the nanoparticle 

materials. It should be noted that in nanoparticle solids, the metallic cores are 

embedded within an organic matrix resulting from the intercalation of the surface 

protecting ligands between neighboring particles, and interparticle charge transfer 

occurs by a percolation process that is determined by electron tunneling between 

adjacent metal cores through the organic layers. Thus, the resulting currents 

strongly depend on the physical barrier of the tunneling junction, which is defined 

by the edge-to-edge distance between the nanoparticles and is in general assumed 

to be equal to one fully extended chainlength of the capping ligands (because of 

ligand intercalation). That is, the nanoparticle ensemble conductivity (σ) may be 

expressed by the following equation[32, 33],  

RT
aE

eeo
−−= βδσσ    (1) 

where σο represents the intrinsic electronic conductivity of the nanoparticle films, 

β the electronic coupling coefficient, δ the edge-to-edge interparticle separation, 

Ea the activation energy for interparticle charge transfer, R the gas constant, and T 

the temperature. 
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 Figure 4.7 (A) depicts the variation of the electronic conductivity (σ) of the 

varied nanoparticles within the temperature range of 200 to 300 K. First, it can be 

seen that indeed all nanoparticle samples exhibited a well-defined exponential 

decrease of the ensemble conductivity with increasing reciprocal temperature 

(1/T), consistent with thermally activated interparticle charge transfer (eq. (1)). 

From the linear regressions, the activation energy (Ea) for interparticle charge 

transfer was then estimated (Table 4.1): 69.0 meV, RuHC6; 66.6 meV, RuHC8; 

63.6 meV, RuHC10; 67.1 meV, RuHC12; 72.3 meV, RuHC14; and 87.2 meV, 

RuHC16. One can see that these energetic barriers are actually quite close to each 

other, but markedly lower than those observed with solid films of alkanethiolate-

passivated gold nanoparticles prepared in a similar fashion[34], which may be 

accounted for by the conjugated metal-ligand interfacial linkage that lowers the 

interfacial contact resistance and hence facilitates interparticle charge transfer, in 

comparison with the metal-sulfur bonds. Second, one can see that with increasing 

chainlength (δ) of the capping alkyne ligands, the ensemble conductitivy 

decreases accordingly. For instance, the electronic conductivity of the 

nanoparticles at 270 K can be found at 5.71 mS/m, RuHC6; 3.46 mS/m, RuHC8; 

1.47 mS/m, RuHC10; 0.37 mS/m, RuHC12; 6.82 × 10–3 mS/m, RuHC14; and 1.14 

× 10–4 mS/m, RuHC16. These are about 10 to 14 orders of magnitude lower than 

that of metallic ruthenium (1.41 × 107 S/m at 273 K) [35], which may again be 

ascribed to the composite nature of the nanoparticles.  

  Further comparison can be made by the variation of the nanoparticle conductivity  
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Figure 4.7. (A) Variation of the electronic conductivity of the alkyne-capped 
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–βδat infinite tempeture (σ = σ es o , acquired from the intercepts of the linear 

regressions in panel (A)) with ligand chainlength (δ, estimated by Hyperchem®), 

as shown in panel (B). From equation (1), one would anticipate an exponential 

decay of the nanoparticle electronic conductivity with ligand chainlength 

(δ)[32].Yet from the semilog plot in Figure 4.7 (B), it can be seen that the 

experimental profile actually consists of two linear segments, with two distinctly 

different slopes, which define the electronic coupling coefficients (β). For the 

ruthenium nanoparticles capped by short alkyne ligands (n = 6, 8, and 10), β can 

be estimated to be ca. 0.31 Å–1, whereas for those with long alkynes (n = 12, 14, 

and 16), β = 1.44 Å–1. It should be noted that β is highly dependent on the 

chemical nature of the electron tunneling pathway.  For conjugated spacers, the β  

values are typically in the range of 0.4 to 0.6 Ǻ–1, whereas with saturated linkers, 

β increases to around 1.0 Ǻ–1[36-39]. In other words, the low β observed with the 

nanoparticles capped by short alkynes suggests that the ligand layers actually 

behave analogously to conjugated linkers for interparticle charge transfer. This 

may be ascribed to the conjugated metal-ligand interfacial bonding interactions 

that allows for effective spilling of core electrons into the organic protecting 

layers and thus enhances electronic coupling between neighboring particles. In 

contrast, for nanoparticles capped with long alkyne ligands, this interfacial 

contribution becomes insignificant and the primary barrier to interparticle charge 

transfer arises from the saturated fragments of the molecule backbones, as 
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reflected by the high β value observed above. 

It should be noted that the above analysis was based on the assumption that the 

nanoparticle capping ligands were fully intercalated and hence δ was equal to the 

chainlength of a single molecule. Yet, deviations might appear, especially for long 

alkynes where the high packing order, as manifested above in FTIR and TGA 

measurements, was likely to impede the full intercalation of surface ligands 

between neighboring particles. That is, the large β values observed for n = 12, 14, 

and 16, as compared with that observed previously with saturated spacers (~1.0 Ǻ–

1) [36-39], might be somewhat overestimated, partly due to an underestimation of 

the δ values. On the other hand, for all the nanoparticles to have the same β value 

of 0.31 Å–1, δ would have to be 1.1, 1.7, and 2.0 times that of a single ligand 

chainlength for n = 12, 14, and 16, respectively. This implies little or even zero 

intercalation of the surface ligands for the RuHC14 and RuHC16 nanoparticles. 

Thus, the actual interparticle separation most likely fell in the intermediate range 

between 1× and 2× the molecular chainlength. Further studies by, for instance, 

small-angle x-ray diffraction,40 are desired to unravel these structural details. 

4.3 Conclusion 

Ruthenium nanoparticles were stabilized by the self- assembly of 1-alkyne 

molecules of different chainlength forming a ruthenium-vinylidene interfacial 

linkage through a interfacial tautomeric rearrangement. Multiple vibrational bands 

appeared in the triple-bond region in FTIR measurements, whereas no vibrational 
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features of the terminal ≡C–H were observed. These results suggested that indeed 

the ligands were bound onto the nanoparticle surface. TGA measurements were 

carried out to quantify the number of alkyne ligands on the nanoparticle surface, 

from which the average molecular footprint was estimated to be 15 to 20 Å2, 

consistent with a head-on configuration of the alkyne ligands on the Ru surface. 

The formation of a conjugated metal-ligand interfacial bond was further evidenced 

in XPS and photoluminescence measurements, which was found to facilitate 

interparticle charge transfer. Based on the temperature dependence of the 

nanoparticle electronic conductivity, the energetic barrier was estimated to be ca. 

70 to 90 meV, substantially lower than that observed with solid films of 

alkanethiolate-passivated gold nanoparticles. More interestingly, the electronic 

coupling coefficient β was found to be 0.31 Å–1 for nanoparticles capped with 

short alkynes such as hexyne, octyne and decyne, whereas a much higher values 

(1.44 Å–1)  was observed with those stabilized by long alkynes of dodecyne, 

tetradecyne and hexadecyne. This was attributed to the conjugated interfacial 

bonding linkage that allowed for more extensive spilling of core electrons into the 

organic protecting layer. For short capping ligands, these interfacial contributions 

were significant in enhancing interparticle electronic interactions and hence 

interparticle charge transfer; whereas for long alkyne ligands, the saturated 

aliphatic fragments within the molecular backbones became the dominant spacer 

in interparticle charge transfer. These results further highlight the fundamental 

importance of metal-organic contacts in the manipulation of interfacial charge 
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transfer, a common and yet critical feature in nano/molecular electronics. 
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5.1 Introduction 

Organically capped metal nanoparticles have been attracting intensive research 

interest from both fundamental and technological perspectives, largely because these 

nanomaterials show unique optical and electronic properties that can be readily 

regulated by the chemical nature of the core metals, the organic ligands as well as the 

metal-ligand interfacial bonding interactions[1]. Among these, the last factor has been 

the central subject of a series of recent research, with nanoparticles passivated by 

metal-carbon covalent linkages[2-8]. Note that whereas mercapto derivatives have 

been used as the ligands of choice for surface passivation of metal nanoparticles 

because of the strong affinity of thiol groups to transition metals, recent studies have 

shown that other metal-ligand bonding chemistry may be exploited for further and 

more deliberate functionalization of the nanoparticles, leading to the emergence of 

unprecedented optical and electronic properties[2-8]. For instance, intraparticle 

charge delocalization has been observed with functional groups bound onto 

ruthenium nanoparticle surfaces by ruthenium-carbene (Ru=C) π bonds, ruthenium-

acetylide (Ru–C≡), or ruthenium-vinylidene (Ru=C=CH–) linkages[2, 4], where the 

electrochemical and spectroscopic characteristics are analogous to those of their 

dimeric counterparts with a conjugated spacer, thanks to the conducting metal cores.  

Within this experimental context, one may ask, is it possible to extend the metal-

ligand interfacial bonding interactions to other functional moieties? One intriguing 

candidate is nitrene derivatives. Note that metal-nitrene (M=N) bonds have been 

proposed and/or recognized in a variety of organometallic complexes that are 
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involved in bond-activation reactions (e.g., C-H bond activation, nitrene-exchange or 

-transfer reactions, etc), where the unique reactivity is attributed to the high 

polarizability of the M=N bonds[9-11]. The nitrene moieties can be produced 

effectively by thermal or photo decomposition of the corresponding azide 

compounds[12-15]. For instance, Leinonen et al.[15] reported that p-toluenesulfonyl, 

methylsulfonyl and trimethylsilyl nitrene might be derived by microwave thermal 

activation from the corresponding azides and covalently grafted onto the surface of 

single-walled carbon nanotubes. Furthermore, it was found that whereas an 

appreciable amount of sulfur dioxide might be produced in the decomposition of 

aliphatic sulfonyl azides, very little is observed with arylsulfonyl azides which 

typically decompose in a clean, first-order reaction. This suggests that the stability of 

the nitrene radicals might be markedly enhanced by using aryl precursors[12]. In 

metal-azido complexes, thermal- or light-induced decomposition has also been 

exploited to produce metal-nitrene bonds. For instance, Meyer and coworkers[16] 

reported that controlled decomposition of ruthenium(III) azido(bis-2,2’-bipyridine) 

complexes led to the formation of the corresponding ruthenium-nitrene compounds. It 

is generally believed that the nitrene group is stabilized by the dπ (metal) → 

pπ (nitrene) back-bonding interactions that involve both σ and π components[16].  

Thus, in this study, using an arylsulfonyl azide ligand as the precursor, we 

demonstrated that upon thermal decomposition, the resulting nitrene radicals could be 

readily bound onto “bare” ruthenium colloid surfaces forming ruthenium-nitrene π 

bonds. The conjugated interfacial bonding interactions led to apparent intraparticle   
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Scheme 5.1. Mechanism of synthesis of ruthenium nanoparticles, formation of 
Ru=Nitrene double bonds at the nanoparticles surface and reactivity of Ru-Nitrene 
double bonds with Olefin. 
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charge delocalization, and the nanoparticle-bound nitrene moieties behaved 

analogously to azo derivatives, as manifested in a variety of spectroscopic 

measurements. Interestingly, the resulting nanoparticles also exhibited apparent 

activity in imido transfer with alkene molecules, as highlighted in the cyclic addition 

of vinylferrocene to the Ru=N interfacial linkages by spectroscopic and 

electrochemical measurements. To the best of our knowledge, this is the first report 

ever in the functionalization of transition-metal nanoparticles with metal-nitrene π 

bonds.  

5.2 Results and Discussion 

The bonding interactions between the nitrene moieties and the ruthenium 

nanoparticles were first examined by XPS measurements. Figure 5.1 (A) depicts the 

survey spectrum of Ru=N nanoparticles where the key elements of the nanoparticles 

can be clearly identified, Ru, N, S, O and C. In addition, the high-resolution scans of 

the Ru3d, N1s and S2p electrons are included in panels (B) to (D), respectively. From 

panel (B), one can see that the Ru 3d5/2 and  3d  electrons3/2  of the Ru=N nanoparticles 

exhibited a binding energy of 280.3 eV and 284.4 eV (note that the latter also 

overlaps with the C1s electrons[17-21]), respectively, only ~0.1 eV more positive 

than that observed with metallic ruthenium (typically showing two peaks at 280.2 eV 

and 284.3 eV for the 3d5/2 and 3d3/2 electrons, respectively[22, 23]). This suggests 

little charge transfer between the ruthenium metal cores and the nitrene moieties, 

consistent with the binding energy of the N1s electrons, as depicted in panel (C). It  
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Figure 5.1. (A) Full XPS survey spectrum of Ru=N nanoparticles where all key 
elements of the nanoparticles are identified, and high-resolution scans of (B) Ru3d, 
(C) N1s, and (D) S2p electrons. In panels (C) and (D), black curves are the 
experimental data, red curves are the fit, and green curves are the background. 

92 



can be seen that deconvolution of the N1s spectrum yields only one peak (398.8 eV), 

as highlighted by the good agreement between the experimental data (black curve) 

and the curve fit (red curve), indicating that the nitrogen elements are involved in 

only one chemical state. This is in sharp contrast to the azide moieties (–N=N○+ =N○‒ ) 

where the nitrogen 1s electrons typically exhibit two distinctly different binding 

energies at ca. 400.5 eV and 404.1 eV at an atomic ratio of 2:1, with the smaller peak 

corresponding to the relatively electron-deficient middle nitrogen atom[24].  

Furthermore, such a binding energy of 398.8 eV for the N1s electrons in Ru=N 

nanoparticles is consistent with those observed with pyridine-like nitrogen embeded 

within a graphene matrix (398.2 eV)[25, 26] as well as sp2 nitrogen in metal-

coordinated porphyrin complexes (398.2 ~ 398.5 eV)[27], signifying the covalent and 

conjugated nature of the Ru=N bonding interactions.  

The S2p electrons can be identified with a peak at 167.8 eV, as manifested in panel 

(D). This is 1.0 eV lower than that reported in the literature for sulfonamide moieties 

(–SO2N–, 168.8 eV)[28], possibly because of the highly delocalized Ru=N interfacial 

bonding linkages where extended spilling of core electrons into the ligand shell might 

occur[2, 4]. Significantly, based on the integrated peak areas, the atomic ratio of the S 

and N elements was estimated to be 1.01:1, in sharp contrast to the 1:3 ratio that is 

anticipated from the azide precursor.  

Taken together, the XPS data presented above strongly suggest that indeed the 

azide precursors were thermally decomposed into nitrene fragments[29-31],  which  
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Figure 5.2. 1H NMR spectra in CD2Cl2 of (a) 4-dodecylbenzenesulfonyl azide and (b) 
Ru=NTs nanoparticles. The corresponding 13C NMR spectrum of Ru=NTs 
nanoparticles is included in panel (c). Insets depict the structures of the azide ligand 
as well as the nanoparticle. Letters show the peak assignments of the ligands. Notably, 
the spectral features of the nanoparticles were all markedly broadened, as compared 
with those of the monomeric ligands, indicating that the ligands were indeed bound 
onto the nanoparticle surface and there were no excessive free ligands.  
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were then covalently bound onto the ruthenium nanoparticle surface forming Ru=N π 

bonds (Scheme 5.1). This was further confirmed in 1 13H and C NMR measurements 

(Figure 5.2), where the spectral features of the nanoparticles were all markedly 

broadened, as compared with those of the monomeric ligands, indicating that the 

ligands were indeed bound onto the nanoparticle surface and there were no excessive 

free ligands, consistent with earlier studies of organically capped nanoparticles[32].  

The molecular structures of the nitrene fragments on the nanoparticle surface were 

further investigated by FTIR measurements. Figure 5.3 displays the FTIR spectra of 

the monomeric 4-dodecylbenzenesulfonyl azide ligands (black curve) and the Ru=N 

nanoparticles (red curve). It can be seen that dodecylbenzenesulfonyl azide ligands 

(black curve) and the Ru=N nanoparticles (red curve). It can be seen that the phenyl 

=C‒H stretching vibrations at ca. 3063 and 3028 cm‒1 as well as the ring skeleton 

vibrations between 1400 cm‒1 and 1600 cm‒1 can be clearly identified in both the 

azide monomers and nanoparticles. In addition, three vibrational bands can be seen 

with the azide mononers at 1923 cm‒1, 1801 cm‒1 and 1667 cm‒1. These may be 

assigned to the overtone and/or combination of the out-of-plane ring C–H 

deformations which for disubstituted benzene typically appear between 800 cm‒1 and 

1000 cm ‒ 1 [33]; in contrast, only two peaks are observed with the Ru=N 

nanoparticles at 1979 cm‒1 1, and 1719 cm‒ , likely because the ligands are tightly 

packed on the nanoparticle surface that sterically restricts the ring C–H deformations. 

In fact, the antisymmetric (d–) and symmetric (d+) stretches of the ligand methylene  
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Figure 5.3. FTIR spectra of 4-dodecylbenzenesulfonyl azide monomers (black curve) 
and Ru=N nanoparticles (red curve). 
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(CH ) groups of the dodecyl component exhibited a red-shift from 2929 cm‒1
2  and 

2858 cm‒1 1 1 for the monomeric azide to 2925 cm‒  and 2856 cm‒  for the Ru=N 

nanoparticles, indicating enhanced ordering of the ligands when bound on the Ru 

particle surface as compared with the monomeric counterparts[34].  

The tight packing of the nitrene fragments on the nanoparticle surface may also 

account for the discrepancy of other vibrational characteristics. For instance, the ring 

breathing (δ 1) at ca. 752 cm ‒ring  was substantially weaker with the Ru=N 

nanoparticles than with the monomeric azide. The symmetrical and asymmetrical 

stretches of the sulfonyl (–SO –) moieties can be identified at 1171 cm‒1
2  and 1309 

cm‒1, respectively, for the monomeric azide[35]. Yet, for the nanoparticle sample, 

their intensities diminished drastically, again, likely due to the steric restriction at the 

core-ligand interface.  

The most striking difference between the azide monomers and the Ru=N 

nanoparticles, however, lies in the stretching vibrations of the azide (N3) moieties. For 

the monomers, the asymmetrical vibrations of N3 can be clearly identified by two 

prominent peaks at 2127 cm‒1 1 and 2384 cm‒ [35]. Yet both of these vanished 

completely in the nanoparticle samples, consistent with the efficient decomposition of 

the azide ligands forming nitrene radicals. Note that the azide symmetrical vibration, 

which most likely arises at 1383 cm‒1, overlaps with the skeleton stretching of the 

phenyl ring[35]. Thus, for the monomeric ligands, the peak is very well-defined. Yet, 
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for the Ru=N nanoparticles, one can see a significant diminishment of the peak 

intensity because of the loss of the azide moiety (Figure 5.3). 

Then one major question remains. Can the Ru=N bond be resolved in infrared 

measurements? It should be noted that it remains a challenge to unambiguously 

identify the spectroscopic signatures of the metal-nitrene bonds, although the 

syntheses of metal-nitrene complexes have been reported in the literature, largely 

because of the sensitive dependence of the vibrational frequency on the charge state 

of the metal centers as well as on the substituent groups on the nitrogen atom where 

coupling with other vibraitons within the molecules is possible[36-38]. Of these, the 

ruthenium-nitrene (Ru=N) π bonds have been shown to appear at frequencies ranging 

from 900 cm‒1 to 1300 cm‒1 in various organometallic complexes[10, 39, 40]. For 

instance, Che and coworkers reported the preparation of stable tert-butylimido 

complexes of ruthenium(VI) porphyrins and assigned the IR band at 1232 cm‒1 to the 

RuVI t=NBu  bonding stretch[41]. In another study, they prepared two 

bis(tosyl)imidoruthenium(VI) porphyrin complexes, RuVI(tpp)(NTs)2 and 

RuVI(oep)(NTs)2, with tpp = dianion of 5,10,15,20-tetraphenylporphyrin, oep = 

dianion of 2,3,7,8,12,13,17,18-octaethylporphyrin, and Ts  = tosyl, where the 

asymmetric vibrational band of RuVI=NTs was observed at 914 cm‒1 and 900 cm‒1, 

respectively[39]. In light of these earlier results, it is most likely that the new band 

observed at 1246 cm‒1 with the nanoparticles (red curve) is due to the Ru=N bonds 
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formed at the metal-ligand interface. As mentioned earlier, the Ru=N bond is 

stabilized by back bonding interactions of the metal d electrons to nitrogen, and from  
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Figure 5.4. TGA spectrum (black curve) of Ru=N nanoparticles at a heating rate of 
10 °C/min. The corresponding first-order derivative is also included as the green 
curve. 
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the XPS studies presented above (Figure 5.1), the charge state of ruthenium of the 

nanoparticles is close to that of neutral metal. Therefore, it is reasonable to conclude 

that the Ru=N bonding order and hence vibrational frequency of the nanoparticles 

would be higher than those of the RuVI=N complexes. 

The coverage of nitrene fragments on the nanoparticle surface was then quantified 

by TGA measurements. Figure 5.4 depicts the decrease of the nanoparticle sample 

weight with temperature (black curve), along with the corresponding first-order 

derivative (green curve). One can see that the weight loss of the nanoparticle organic 

components commenced at around 250 °C and ended at around 500 °C, with a total 

weight loss of 44.2%. Based on the Ru core diameter of 2.12 nm, the number of 

nitrene fragments on the nanoparticle surface can be estimated to be ca. 91.7, 

corresponding to an average footprint of 15.4 Ǻ2 for one nitrene ligand. This is 

somewhat greater than that observed with alkyne or alkynide ligands on ruthenium 

nanoparticles[8]. Furthermore, from the first-order derivative of the TG curve in 

Figure 5.4, it can be seen that the transition temperature of the organic weight loss is 

around 414 °C. This is more than 100 °C higher than those observed with ruthenium 

nanoparticles capped by alkyne molecules through ruthenium-vinylidene bonds (< 

300 °C) [8], suggesting that the ruthenium-nitrene π bonds are substantially stronger 

than the ruthenium-carbon π bonds. 

Further studies revealed that the Ru=N nanoparticles exhibited interesting optical 

properties. Figure 5.5 depicts the UV-vis absorption spectra of the azide monomers 

(black curve), Ru=N nanoparticles (red curve), and Ru=C8 nanoparticles (blue  
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Figure 5.5. UV-vis absorption spectra of 4-dodecylbenzenesulfonyl azide monomers 
(black curve), Ru=N nanoparticles (red curve), and Ru=C8 nanoparticles (blue curve) 
in CH Cl2 2. The spectra of Ru=N and Ru=C8 nanoparticles were normalized to their 
respective absorbance at 230 nm and their difference is shown as the green curve 
(right axis). 
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curve). Note that the spectra of Ru=N and Ru=C8 nanoparticles were both normalized 

to their respective absorbance at 230 nm, and their difference is shown as the green 

curve. It can be seen that the azide monomers exhibited three absorption peaks at 238 

nm, 267 nm and 278 nm. The first peak may be ascribed to the π−π* transition of the 

phenyl π electrons, whereas the last two peaks are most likely due to the azide 

moiety[42]. For the Ru=N nanoparticles, in addition to the exponential decay profile 

that is characteristic of nanosized metal nanoparticles (the so-called Mie scattering) 

[43], the phenyl absorption peak remained well-defined with a blue-shift to 230 nm, 

whereas the azide absorption features disappeared, consistent with the decomposition 

of the azide groups forming nitrene derivatives. More interestingly, in comparison 

with the absorption spectrum of the same ruthenium nanoparticles stabilized by 

carbene fragments (Ru=C8), the Ru=N nanoparticles displayed a new broad 

absorption band within the range of 340 nm to 650 nm (with a peak at ca. 375 nm), as 

manifested in the difference spectrum (green curve). Such emergence of new 

electronic energy states with the Ru=N nanoparticles is most likely attributed to 

intraparticle charge delocalization between the nanoparticle-bound nitrene moieties, 

because of the conjugated Ru=N interfacial bonding interactions, such that the nitrene 

moieties behave analogously to azo (‒N=N‒) derivatives. In fact, one may note that 

1,2-dialkyldiazenes (RN=NR) have been found to display a prominent absorption 

band with the peak varied from 340 nm to 380 nm with the chemical structure of the 

aliphatic substituents[44, 45]. Such a behavior has been observed previously with  
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Figure 5.6. Excitation and emission spectra of the Ru=N (black curve) and Ru=N(Fc) 
(red curve) nanoparticles in CH Cl
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other fluorophores (e.g., anthracene, pyrene, etc) bound onto the nanoparticle surface 

by ruthenium-carbene π bonds[6]. In addition, the Ru=N nanoparticles exhibited 

fluorescence characteristics that are similar to those of azoalkanes. The black curves 

of Figure 5.6 show the excitation and emission spectra of the Ru=N nanoparticles, 

where the excitation peak can be identified at 375 nm, consistent with the UV-vis 

spectroscopic measurements (Figure 5.5), and the emssion peak at 467 nm, in 

agreement with those of azoalkanes[46, 47]. It should be noted that no fluorescence 

emission was detected with the azide monomers. Thus, the apparent fluorescence of 

the Ru=N nanoparticles further confirms the effective intraparticle charge 

delocalization between the particle-bound nitrene moieties that was facilitated by the 

conjugated Ru=N π bonds, akin to that observed with ruthenium-carbene, -acetylide, 

or -vinylidene interfacial linkages[2-8].  

The formation of ruthenium-nitrene π bonds at the metal-ligand interface was also 

manifested by the unique reactivity of the Ru=N nanoparticles with vinyl derivatives, 

where imido transfer is anticipated to lead to the cyclic addition of the vinyl moiety to 

the Ru=N linkage, as depicted in Scheme 5.1. Note that imido transfer has been 

observed with ruthenium-imido complexes for the aziridination of varied arenes such 

as styrene, norbornene, indene, etc[10]. In the present study, we used vinylferrocene 

as the probe molecule to highlight the aziridination properties of the Ru=N 

nanoparticles. The successful attachment of the ferrocenyl moieties onto the 

nanoparticle surface was confirmed by varied spectroscopic measurements. Figure 

5.7 depicts the 1H NMR spectrum of the Ru=N(Fc) nanoparticles. First, one can see  
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1Figure 5.7. H NMR spectrum of Ru=N(Fc) nanoparticles in CD Cl2 2. In comparison 
with that of Ru=N nanoparticles (Figure 5.2), there appears a new peak between 3.8 
and 4.5 ppm, which may be assigned to the ferrocenyl protons. Also, the absence of 
any sharp features indicates that the nanoparticles were free of excessive ligands and 
the spectral responses were all due to nanoparticle-bound ligands. 
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that the spectroscopic features of the Ru=N(Fc) nanoparticles were markedly 

broadened, in comparison with those of the corresponding monomeric ligands. This 

observation is similar to that of the as-prepared Ru=N nanoparticles (Figure 5.2), 

where the absence of sharp NMR signals indicates that nanoparticles were free of 

excessive monomeric ligands and the responses were all due to particle-bound 

molecules[2, 4, 5, 48]. Second, in contrast with the Ru=N nanoparticles, the Ru=N(Fc) 

sample exhibited a new (and broad) peak within the range of 3.8 and 4.5 ppm, which 

may be assigned to the particle-bound ferrocenyl protons. 

The particle-bound ferrocenyl moieties were further manifested in electrochemical 

measurements. Figure 5.8 shows the cyclic voltammograms of the Ru=N(Fc) 

nanoparticles in CH Cl2 2 with 0.1 M TBANO3 at varied potential sweep rates (from 10 

to 200 mV/s). It can be seen that within the potential range of +0.2 to +0.6 V (vs 

Ag/AgCl), a pair of prominent peaks appeared with a formal potential (E°’) of +0.40 

V, in contrast to the featureless profile of the Ru=N nanoparticles (not shown); and 

the peak currents increased with the square root of the potential sweep rate, 

suggestive of a diffusion-controlled electron-transfer process. This can be ascribed to 

the 1e reduction-oxidation of nanoparticle-bound ferrocenyl moieties, Fc ↔ Fc+ + e. 

The small peak splitting (ΔEp ≈ 40 mV at 200 mV/s) is consistent with the facile 

electron-transfer kinetics of ferrocenyl derivatives, although in the Ru=N(Fc) 

nanoparticles, the ferrocenyl moieties were buried within the hydrophobic ligand 

shell and the accessibility to counter ions was likely impeded. Importantly, the fact 

that only one pair of voltammetric peaks was observed is consistent with the cyclic  
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Figure 5.8. Cyclic voltammograms of Ru=N(Fc) nanoparticles at a concentration of 
4.2 mg/mL in CH Cl  with 0.1 M TBANO2 2 3 at a gold electrode (surface area 0.43 
mm2). The potential sweep rates are shown in the figure legend. 
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addition of the vinyl moieties with the Ru=N linkage by imido transfer (Scheme 5.1) 

where the ferrocenyl moieties were bound onto the nanoparticle surface by saturated 

bonds. This is in sharp contrast with our previous studies where olefin metathesis 

reactions of vinylferrocene with carbene-functionalized nanoparticles (e.g., Ru=C8) 

led to the covalent attachment of the ferrocenyl moieties onto the particle surface by 

Ru=C π bonds[2]. Consequently, apparent intraparticle charge delocalization occurred, 

where intervalence transfer between the particle-bound ferrocenyl moieties was 

manifested in electrochemical studies with two pairs of voltammetric peaks and in 

near-infrared measurements with a peak emerging at mixed valence, a behavior 

consistent with those of Class II compounds[2].  

Furthermore, with the bonding attachment of vinylferrocene to the ruthenium-

nitrene linkage, the metal-ligand interfacial π bonds are now converted into saturated 

ones (Scheme 5.1), leading to effective diminishment of the nanoparticle 

photoluminescence that arises from the intraparticle charge delocalization between 

the particle-bound nitrene moieties (vide ante). In fact, as shown in Figure 5.6 (red 

curves), the photoluminescence intensity of the Ru=N(Fc) nanoparticles was 

significantly weaker than that of the Ru=N nanoparticles (black curves), although the 

optical density at the excitation wavelength was similar, as depicted in the UV-vis 

absorption measurements (Figure inset). 

5.3 Conclusion 

In this study, nitrene fragments generated from the thermolysis of a sulfonyl azide 

derivative were exploited to functionalize “bare” ruthenium nanoparticles by virtue of 
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the formation of ruthnium-nitrene (Ru=N) π bonds at the metal-ligand interface. XPS 

measurements of the resulting nanoparticles showed that the atomic ratio between 

nitrogen and sulfur was about 1:1, consistent with the formation of nitrene moieties 

from the thermal decomposition of azide precursors, and there was little (net) charge 

transfer between ruthenium and nitrogen, suggesting that the Ru=N linkage was 

mostly covalent in nature. In fact, UV-vis and photoluminescence measurements 

indicated that the nanoparticle-bound nitrene moieties behaved analogously to azo (–

N=N–) derivatives. This is most probably a result of intraparticle charge 

delocalization due to the conjugated Ru=N interfacial bonds, which was detected in 

FTIR measurements with a vibrational band at 1246 cm–1. The formation of Ru=N 

interfacial bonding linkages was further manifested in the unique reactivity of the 

nanoparticles towards alkenes by imido transfer reactions. With vinylferrocene as the 

probe molecules, the cyclic addition of the vinyl moieties to the Ru=N linkages was 

highlighted in varied spectroscopic as well as electrochemical measurements.  

In summary, the results presented above demonstrate, for the first time ever, that 

nitrene chemistry may be readily utilized for the surface functionalization of 

transition-metal nanoparticles. More importantly, the unique chemical reactivity of 

the metal-nitrene bonds may be exploited as an unprecedented platform for further 

and more complicated manipulation of the optical and electronic properties of the 

nanoparticle materials. This will be the focus of on-going work. 
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Chapter 6 

Alkynide-Stabilized Ruthenium Nanoparticles: Manipulation of Intraparticle 

Charge Delocalization by Nanoparticle Charge States 
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6.1 Introduction 

Monolayer-protected transition-metal nanoparticles[1-4] represent a unique family of 

functional nanomaterials where the materials properties can be readily manipulated 

by not only the chemical nature of the metal cores and the organic protecting ligands 

but also the metal-ligand interfacial bonding interactions. The latter is largely 

motivated by recent progress in nanoparticle passivation by metal-carbon covalent 

bonds, where intraparticle charge delocalization may occur as a result of the strong 

metal-carbon interfacial bonding interactions, in sharp contrast to nanoparticles that 

are functionalized by mercapto derivatives. For instance, when ferrocene moieties are 

bound onto a ruthenium nanoparticle surface by Ru-carbene π bonds, effective 

intervalence transfer occurs between the ferrocenyl metal centers at mixed valence, as 

manifested in electrochemical and near-infrared (NIR) spectroscopic measurements 

as well as density functional theory (DFT) calculations[5, 6]. In addition, when 

fluorophores are attached onto the nanoparticle surface by the same conjugated 

linkage, novel emission characteristics emerge that are consistent with those of 

dimeric derivatives with a conjugated spacer[7, 8]. In a more recent study[9], 

effective intraparticle charge delocalization was also observed with ruthenium 

nanoparticles passivated by alkynyl fragments. This is ascribed to the unique 

interfacial bonding interactions (Ru−C≡) formed by ruthenium and sp hybridized 

carbons of the ligands. 

In these studies, the nanoparticle metal cores serve as the conducting media to 

facilitate charge transfer between the functional moieties covalently bound onto the 
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nanoparticle surface. Therefore it is anticipated that the extent of intraparticle 

conjugation may be readily controlled by the nanoparticle charge state. This is the 

primary motivation of the present study. Experimentally, by exploiting the molecular 

capacitor characters of Ru−C≡ nanoparticles, the charge states of the nanoparticles 

were varied by simple chemical reduction or oxidation. The impacts of the 

nanoparticle charge states on the particle optical and electronic properties were then 

carefully examined by Fourier-transformed Infrared (FTIR), X-ray Photoelectron 

spectroscopy (XPS) as well as photoluminescence measurements, in comparison to 

those of the as-prepared nanoparticles. 

The synthetic procedure for the preparation of ruthenium nanoparticles passivated 

by 1-octynyl fragments (Ru-OC) has been detailed previously[9]. TEM measurements 

showed that the nanoparticles exhibited an average core diameter of 2.55 ± 0.15 nm. 

The nanoparticle charge states were then varied by chemical redox reactions[10]. 

Specifically, to render the nanoparticles negatively charged, in a typical reaction, 5 

mg of Ru-OC nanoparticles were dissolved in 1 mL of dichloromethane (DCM), into 

which was added 1 mL of a freshly prepared water solution of NaBH4 (5 mg/mL). 

The mixture was stirred for 30 min and then water was removed. The resulting 

nanoparticles exhibited negative net charges and were denoted as Ru-OCRed. 

Positively charged nanoparticles were prepared in a similar fashion, by mixing the 

nanoparticle solution with an aqueous solution of saturated Ce(SO )4 2 for 30 min. The 

resulting nanoparticles were denoted as Ru-OC . Ox

6.2 Results and Discussion 
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Transition-metal nanoparticles passivated with a low-dielectric organic protecting 

layer have long been known to act as nanoscale molecular capacitors. In fact, based 

on a concentric structural model[11], the nanoparticle capacitance (CMPC) can be 

estimated by , where εd
r

oMPC drC )(4 += επε o is the vacuum permittivity, ε is the 

effective dielectric constant of the organic protecting layer, r is the radius of the metal 

core, and d is the length of the organic protecting ligand. For the octyne-passivated 

ruthenium (Ru-OC) nanoparticles, r = 1.275 nm, d = 0.848 nm (estimated by 

Hyperchem®), ε = 2.6[12]. Thus, the nanoparticle capacitance can be estimated to be 

ca. 0.92 aF. To quantify the change of the nanoparticle charge state after reduction or 

oxidation, we measured the open circuit potentials of the nanoparticles 

electrochemically. It was found that the as-prepared Ru-OC nanoparticles exhibited 

an open circuit potential of +0.140 V (vs Ag/AgCl). After reduction by NaBH4, it 

decreased to +0.024 V, whereas after oxidation by ceric sulfate, it increased to +0.250 

V. This indicated that the reduced nanoparticles (Ru-OCRed) exhibited an average 

charging of 0.67 electron per nanoparticle, whereas the oxidized nanoparticles (Ru-

OC ) were formed by an average discharging of 0.63 electron per nanoparticle. Ox

Interestingly, in spite of these subtle changes of nanoparticle charge states, rather 

drastic impacts were observed on the nanoparticle opto-electronic properties. Figure 

6.1 depicts the FTIR spectra of the nanoparticles before and after reduction or 

oxidation. For the as-prepared Ru-OC nanoparticles, the C≡C stretching band 

appeared at 1965 cm−1 (inset). In comparison to octyne monomers where the C≡C  
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Figure 6.1. IR spectra of Ru-OC nanoparticles before and after reduction and 
oxidation. Inset magnifies the portions enclosed by the dotted box with the C≡C 
vibrational stretch highlighted by the dashed line. 
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stretching bands was observed at 2116 cm−1, this substantial red-shift is ascribed to 

the bonding coordination of the acetylene moieties of the octyne ligands to the Ru 

metal cores[9], where π bonds were formed by the overlap between the dπ orbital or 

the pπdπ hybrid of the Ru metal and the π* orbital of the octynyl sp carbons[13, 14], 

leading to the decrease of the C≡C bonding order.  

Yet, after reduction by NaBH , the C≡C band red-shifted further to 1953 cm−1
4 , 

whereas oxidation by ceric sulfate led to an apparent blue-shift to 1977 cm−1. The 

former suggests a further decrease of the C≡C bonding order whereas in the latter, the 

bonding order was enhanced somewhat. Previously we showed that because of the 

strong Ru−C≡ interfacial bonding interactions, the particle−bound acetylene moieties 

behaved analogously to diacetylene derivatives, −C≡C−C≡C−[9]. Therefore, charging 

of extra electrons (by chemical reduction) into the nanoparticle cores led to an 

electron-rich metal core where back-bonding of metal electrons to the π* orbital of the 

octyne ligands was favored. In other words, the enhanced intraparticle charge 

delocalization further decreased the bonding order of the C≡C moieties and hence 

produced a more pronounced red-shift of the C≡C stretching band. In contrast, 

chemical oxidation (by ceric sulfate) led to depletion of electrons from the metal core, 

resulting in reduced back bonding of the metal d orbitals to the π* orbital of the sp 

hybridized carbon of the octyne ligands. Because of this diminishment of intraparticle 

extended conjugation, the C≡C bonding order increased (that is, the functional 

moieties became more independent) and hence a blue-shift of the stretching band 

energy was recorded[15].  
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The variation of the C≡C bonding order with nanoparticle charge state was also 

manifested in XPS measurements. We focused on the C 1s binding energy which 

entails contributions from both sp and sp3 carbons. By peak deconvolution (Figures 

6.2 and 6.3), regardless of the nanoparticle charge state, the binding energies of the 

sp3 carbons were all identified at 285.2 eV, in agreement with earlier reports[16, 17]. 

This signifies minimal impacts of the metal-ligand interfacial bonding interactions on 

the electronic structure of the alkyl components. However, the C 1s binding energy of 

the sp carbons exhibited a clear variation with the nanoparticle charge state, as shown 

in Figure 6.4. One can see that for the as-prepared Ru-OC nanoparticles, the binding 

energy of the sp carbons appeared at 284.49 eV, whereas after reduction and 

oxidation, the binding energy shifted to 284.36 eV and 284.75 eV, respectively. That 

is, the C 1s binding energy of the sp hybridized carbons decreases in the order of Ru-

OC  > Ru-OC > Ru-OCOx Red, in agreement with the electron accepting (donating) 

characteristics in the Ru-OC  (Ru-OCOx Red) nanoparticles with respect to the as-

prepared Ru-OC nanoparticles[18].  

  Nonetheless, despite the small variation, one may notice that these binding energies 

are all very close to that of sp2 hybridized carbon atoms observed with amorphous 

carbons or carbon nanotubes (~284.4 eV) [17-21], suggesting extended conjugation 

within the nanoparticles as a result of the strong Ru−C≡ interfacial bonding 

interactions. This is consistent with earlier observations that nanoparticle−bound 

ferrocene moieties exhibited intervalence charge transfer, as confirmed by 

voltammetric and near-infrared spectroscopic measurements[9].  
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Figure 6.2. XPS spectra of C1s and Ru3d5/2 and Ru3d3/2 electrons for the Ru-OC 
nanoparticles before and after reduction and oxidation. 
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Figure 6.3. Deconvolution of the C 1s spectra of (a) as-prepared, (b) reduced, and (c) 
oxidized Ru-OC nanoparticles. The binding energy of sp3 hybridized C (green curves) 
was all identified at 285.2 eV, with the remaining components from sp hybridized C 
(blue curves). The summation of these two components (red curves), plus a small 
residual that is represented by the yellow curves, exhibited very good agreement with 
the original experimental data (black curves). 
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The binding energies of the Ru 3d  and Ru 3d5/2 3/2 electrons in the nanoparticle cores 

also exhibited a similar variation with the nanoparticle charge states, which emerged 

as a broad peak centered at 276.87 eV, 276.14 eV, and 275.73 eV for the Ru-OCOx, 

Ru-OC, and Ru-OCRed nanoparticles, respectively (Figure 6.2). From this, one can see 

that charging of additional electrons into the nanoparticles (reduction) decreases the 

binding energies of the Ru d electrons, whereas discharging from the nanoparticles 

(oxidation) leads to an increase of the binding energy, a behavior that is commonly 

observed with ionic species in comparison to their elemental forms[22]. Furthermore, 

one may notice that these binding energies are drastically smaller than those reported 

for metallic Ru (280.2 eV and 284.3 eV for the Ru3d  and Ru3d5/2 3/2 electrons, 

respectively)[23, 24], which again can be attributable to the extended intraparticle 

charge delocalization as a consequence of the strong Ru−C≡ interfacial bonding 

interactions[9].  

With such ready manipulation of the electronic structure of the metal cores as well 

as the organic protecting ligands, the nanoparticle luminescence also exhibited a 

sensitive variation with the nanoparticle charge state. Previously we reported that Ru-

OC nanoparticles exhibited unique photoluminescence, which was accounted for by 

intraparticle charge delocalization as a result of the strong Ru-C≡ interfacial bonding 

interactions[9]. Therefore, the acetylene moieties bound onto the nanoparticles 

surface behaved equivalently to −C≡C−C≡C−. Figure 6.5 shows the excitation and 

emission spectra of the Ru-OC nanoparticles before and after reduction or oxidation,  
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Figure 6.4. XPS spectra of sp hybridized carbons (C 1s electrons) of Ru-OC 

nanoparticles before and after reduction and oxidation. The spectra were obtained by 
deconvolution of the original data where the contributions of sp3 carbons were 
removed (Figures 6.2 and 6.3). 
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Table 6.1. Summary of the excitation (λ ) and emission λex em) peak positions and 
emission intensities (Iem) for the three nanoparticle samples, along with the 
absorbances (A) at λ . ex

 
 [nm]  λex λem [nm] A [a.u.] Iem [a.u.] 

Ru-OC 350 431 0.354 3972 Red

Ru-OC 350 431 0.345 2674 

Ru-OC 347 428 0.345 1820 Ox
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Figure 6.5. Excitation and emission spectra of Ru-OC nanoparticles in 
dichloromethane before and after reduction and oxidation. IPL =photoluminescence 
intensity. Inset : corresponding UV/Vis absorption spectra of the three nanoparticles. 
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Figure 6.6. UV-vis spectra of Ru=VPy before and after reduction and oxidation. 
Besides the exponential decay, all nanoparticles exhibited absorption peaks at 332 nm 
and 348 nm which arose from the nanoparticle-bound pyrene moieties. 
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Figure 6.7. Excitation and emission spectra of Ru=VPy nanoparticles before and 
after reduction and oxidation. Excitation wavelength (λex) was all set at 349 nm, 
and the emission curves all peaked around 485 nm. The solutions were the same as 
those used in Figure 6.6. 
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where peak-shaped profiles are well-defined for all three nanoparticle samples. Table 

6.1 summarizes the corresponding excitation (λex) and emission (λem) peak positions 

and emission intensities (Iem), from which one can see that the as-prepared and 

reduced nanoparticles exhibited essentially identical λ  and λex em whereas the oxidized 

nanoparticles exhibited a small blue shift (~3 nm) of both λ  and λex em. This 

observation is consistent with the results presented above (Figures 6.1 and 6.4) which 

suggests that reduction (oxidation) of the nanoparticles lead to enhanced (decreased) 

intraparticle charge delocalization. Although at this point it is not clear why a (slight) 

red shift of both λ  and λex em for the reduced nanoparticles was not observed, the 

reduced (oxidized) nanoparticles did exhibit a marked enhancement (diminishment) 

of the emission intensity. In fact, the ratio of the emission peak intensity of the three 

nanoparticles can be estimated to be Ru-OC  : Ru-OC : Ru-OCOx Red = 0.68 : 1 : 1.49 

(note the optical absorbances of all three nanoparticles at λex are almost the same, as 

shown in the figure inset and Table 6.1), suggesting that the emission efficiency 

might be enhanced (decreased) by an increase (decrease) of the intraparticle charge 

delocalization. Similar behaviors were observed with pyrene-functionalized 

ruthenium nanoparticles by Ru-carbene π bonds[7, 8] where the emission efficiency 

of the nanoparticle-bound pyrene moieties also decreased in the order of reduced > 

as-prepared > oxidized nanoparticles (Figure 6.6 and 6.7). This is in agreement with 

earlier reports where the quantum yield of π conjugated molecules is found to be 

strongly dependent on the extent of conjugation[25].  
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6.3 Conclusion 

In summary, intraparticle charge delocalization of ruthenium nanoparticles passivated 

by 1-octynyl fragments was found to be readily manipulated by the nanoparticle 

charge state, which was achieved by chemical reduction or oxidation. This is in sharp 

contrast to earlier work with gold nanoparticles passivated by thiol derivatives where 

the impacts of the depletion or injection of core free electrons were essentially 

confined to the metallic cores[26]. In the present study, electrochemical 

measurements suggested that the nanoparticles exhibited a net gain (loss) of 0.6 

electron per particles by NaBH  reduction (Ce(SO )4 4 2 oxidation), leading to decreased 

(enhanced) bonding order of the particle-bound C≡C moieties, as manifested in FTIR 

and XPS measurements. This suggests that the extended conjugation between the 

particle-bound C≡C moieties became weakened (strengthened) when the 

nanoparticles were charged (discharged), which may be accounted for by the fact that 

the nanoparticle metallic cores serve as the conducting media to facilitate intraparticle 

charge delocalization. As a result, the nanoparticle photoluminescence characteristics 

vary accordingly. Whereas the peak position of the emission profiles only exhibits a 

slight variation, the intensity of the reduced nanoparticles was markedly enhanced 

and that of the oxidized nanoparticles exhibited an apparent suppression, in 

comparison to the as-prepared nanoparticles. These results demonstrate that the 

nanoparticle optoelectronic properties may be further manipulated by the nanoparticle 

charge state, by taking advantage of the molecular capacitor characters of the 

particles as well as the strong metal-ligand interfacial bonding interactions. 

131 



6.4 Reference 

1. Brust, M., et al., Synthesis of Thiol-Derivatized Gold Nanoparticles in a 2-Phase 
Liquid-Liquid System. Journal of the Chemical Society-Chemical 
Communications, 1994(7): p. 801-802. 

2. Whetten, R.L., et al., Crystal structures of molecular gold nanocrystal arrays. 
Accounts of Chemical Research, 1999. 32(5): p. 397-406. 

3. Templeton, A.C., M.P. Wuelfing, and R.W. Murray, Monolayer protected cluster 
molecules. Accounts of Chemical Research, 2000. 33(1): p. 27-36. 

4. Shenhar, R. and V.M. Rotello, Nanoparticles: Scaffolds and building blocks. 
Accounts of Chemical Research, 2003. 36(7): p. 549-561. 

5. Chen, W., et al., Nanoparticle-mediated intervalence transfer. Journal of the 
American Chemical Society, 2008. 130(36): p. 12156-12162. 

6. Chen, W., et al., Intervalence transfer of ferrocene moieties adsorbed on 
electrode surfaces by a conjugated linkage. Chemical Physics Letters, 2009. 
471(4-6): p. 283-285. 

7. Chen, W., et al., Pyrene-Functionalized Ruthenium Nanoparticles: Novel 
Fluorescence Characteristics from Intraparticle Extended Conjugation. Journal 
of Physical Chemistry C, 2009. 113(39): p. 16988-16995. 

8. Chen, W., et al., Pyrene-Functionalized Ruthenium Nanoparticles as Effective 
Chemosensors for Nitroaromatic Derivatives. Analytical Chemistry, 2010. 82(2): 
p. 461-465. 

9. Chen, W., et al., Alkyne-Protected Ruthenium Nanoparticles. Journal of Physical 
Chemistry C, 2010: p. asap. 

10. Pietron, J.J., J.F. Hicks, and R.W. Murray, Using electrons stored on quantized 
capacitors in electron transfer reactions. Journal of the American Chemical 
Society, 1999. 121(23): p. 5565-5570. 

11. Chen, S.W., R.W. Murray, and S.W. Feldberg, Quantized capacitance charging 
of monolayer-protected Au clusters. Journal of Physical Chemistry B, 1998. 
102(49): p. 9898-9907. 

12. Lide, D.R., CRC Handbook of Chemistry and Physics. Electronic ed. 2001, Boca 
Raton, FL: CRC Press. xx. 

132 



13. Pruchnik, F.P., Organometallic chemistry of the transition elements. Modern 
inorganic chemistry. 1990, New York: Plenum Press. xvi, 757 p. 

14. Tsutsui, M. and A. Courtney, σ-π Rearrangements of Organotransition Metal 
Compounds. Advances in Organometallic Chemistry, 1977. 16: p. 241-282. 

15. Chen, S.W., 2010: p. x. 

16. Hu, A., et al., Direct synthesis of sp-bonded carbon chains on graphite surface by 
femtosecond laser irradiation. Applied Physics Letters, 2007. 91(13): p. 131906. 

17. Rybachuk, M. and J.M. Bell, Electronic states of trans-polyacetylene, poly(p-
phenylene vinylene) and sp-hybridised carbon species in amorphous 
hydrogenated carbon probed by resonant Raman scattering. Carbon, 2009. 
47(10): p. 2481-2490. 

18. Iucci, G., et al., XPS, NEXAFS and theoretical study of phenylacetylene adsorbed 
on Cu(100). Chemical Physics, 2004. 302(1-3): p. 43-52. 

19. Turgeon, S. and R.W. Paynter, On the determination of carbon sp(2)/sp(3) ratios 
in polystyrene-polyethylene copolymers by photoelectron spectroscopy. Thin 
Solid Films, 2001. 394(1-2): p. 44-48. 

20. Dettlaff-Weglikowska, U., et al., Chemical functionalization of single walled 
carbon nanotubes. Current Applied Physics, 2002. 2(6): p. 497-501. 

21. Siegbahn, K., Electron Spectroscopy for Chemical Analysis (Esca). Philosophical 
Transactions of the Royal Society of London Series a-Mathematical and Physical 
Sciences, 1970. 268(1184): p. 33-&. 

22. Briggs, D. and J.T. Grant, Surface analysis by Auger and x-ray photoelectron 
spectroscopy. 2003, Chichester, West Sussex, U.K.: IM Publications. xi, 899 p. 

23. Chakroune, N., et al., Acetate- and thiol-capped monodisperse ruthenium 
nanoparticles: XPS, XAS, and HRTEM studies. Langmuir, 2005. 21(15): p. 6788-
6796. 

24. Luque, R., et al., Efficient aqueous hydrogenation of biomass platform molecules 
using supported metal nanoparticles on Starbons (R). Chemical Communications, 
2009(35): p. 5305-5307. 

25. Yamaguchi, Y., et al., How the pi conjugation length affects the fluorescence 
emission efficiency. Journal of the American Chemical Society, 2008. 130(42): p. 
13867-13869. 

133 



26. Templeton, A.C., et al., Solvent refractive index and core charge influences on the 
surface plasmon absorbance of alkanethiolate monolayer-protected gold clusters. 
Journal of Physical Chemistry B, 2000. 104(3): p. 564-570. 

 

 

 

134 



 

 

Chapter 7  

Intraparticle Charge Delocalization of Carbene-Functionalized Ruthenium 

Nanoparticles Manipulated by Selective Ion Binding 

Reproduced with permission from [Xiongwu Kang, Wei Chen, Nathaniel Zuckerman, 

Joseph Konopelski and Shaowei Chen, "Intraparticle Charge Delocalization of 

Carbene-Functionalized Ruthenium Nanoparticles Manipulated by Selective Ion 

Binding", Langmuir, 2011, 27, 12636-12641] Copyright [2011] American Chemical 
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7.1 Introduction 

In recent years, surface-engineered metallic nanoparticles have attracted a great deal 

of attention because of their diverse potential applications in catalysis, 

nanoelectronics, photoluminescent devices, data storages, etc. Among these, 

monolayer-protected nanoparticles, in comparison with conventional materials, show 

unique advantages in that their opto-electronic properties can be readily manipulated 

not only by the chemical nature of the metallic cores and the surface functional 

ligands[1-3], but also by the metal-ligand interfacial bonding interactions. The latter 

has recently been manifested in a series of studies where we demonstrated that for 

ruthenium nanoparticles stabilized by metal-carbene π bonds[4] or alkynyl 

fragments[5] apparent intraparticle charge delocalization might occur as a 

consequence of the conjugated metal-ligand interfacial linkages. This unique 

phenomenon was exemplified by the apparent intervalence transfer between particle-

bound ferrocenyl moieties at mixed valence that was attested by electrochemical as 

well as spectroscopic measurements. Such chemistry has also been exploited to 

manipulate the nanoparticle optical properties by incorporating fluorophores (e.g., 

pyrene, anthracene, etc) onto the nanoparticle surface, where the photoluminescence 

characteristics were found to be analogous to those of the corresponding dimers with 

a conjugated chemical bridge[6-8].  

In these studies, intraparticle charge delocalization arose from the effective overlap 

between the dπ orbital or the pπdπ hybrid of the Ru metal and the π* orbital of the 

ligand carbons[9, 10], as well as from the conducting particle cores that served as the 
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chemical linkage in bridging the functional moieties, as manifested in constrained 

density functional theory (CDFT) studies[4, 11, 12]. Within this context, the extent of 

intraparticle charge delocalization was found to be manipulated by the charge state of 

the nanoparticle cores by simple chemical reduction and oxidation, as demonstrated 

in optical and spectroscopic measurements[13].  

Herein, we extend the study of the manipulation of intraparticle charge 

delocalization by selective ion binding with crown ether moieties incorporated onto 

the nanoparticle surface by Ru=carbene π bond.   This is to take advantage of the 

unique characteristics of crown ethers that form stable complexes with selective ions. 

It is envisaged that upon the binding of metal ions into the crown ether cavity, the 

resulting electrostatic charge most likely incudes polarization of the electrons within 

the nanoparticle core that is facililated by the conjugated linkage to the metal surface, 

leading to further deliberate manipulation of intraparticle extended conjugation 

between the particle-bound functional moieties (Scheme 7.1). We will use carbene-

stabilized ruthenium nanoparticles functionalized with pyrene moieties as the 

illustrating examples and examine the fluorescence characteristics of the 

nanoparticles in the presence of varied metal ions. Specifically, as shown in Scheme 

7.1, multiple copies of 4-vinylbenzo-18-crown-6 were incorporated onto the 

nanoparticle surface by olefin metathesis reactions; and among the series of metal 

cations under study (Li+ +, Na , K+, and Mg2+), K+ exhibited the most drastic impacts 

on the fluorescence characteristics of the pyrene-functionalized nanoparticles, 

consistent with the selectivity of the crown ether moiety towards K+ ions. 
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Scheme 7.1. Carbene-stabilized ruthenium nanoparticles functionalized with 
vinylpyrene and 4-vinylbenzo-18-crown-6 moieties. Selective binding of cations to 
the crown cavity may impact the charge delocalization between the pyrene moieties, 
as manifested in fluorescence measurements. 
 

 
Scheme 7.2. Olefin metathesis reactions of carbene-stabilized ruthenium (Ru=C8) 
nanoparticles with vinyl-terminated functional ligands 
 
 
Table 7.1. Concentrations of the crown ether (CE) and pyrene (Py) moieties on the 
ruthenium nanoparticle surface as determined by 1H NMR measurements (Figure 7.1)  

 Ru=CE Ru=VPyCE Ru=APyCE 

ODA 69.6% 48.0% 32.0% 

Py  40.5% 40.0% 

CE 31.4% 11.5% 28.0% 
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7.2 Results and Discussion 

Previously we have demonstrated that when carbene-stabilized ruthenium (Ru=C8) 

nanoparticles were functionalized by olefin metathesis reactions with 1-vinylpyrene, 

the resulting nanoparticles exhibited fluorescence characteristics that were consistent 

with those of pyrene dimers with a conjugated chemical linker (–CH=CH–), 

suggesting effective intraparticle charge delocalization as a consequence of the 

conjugated interfacial linkages; whereas with 1-allylpyrene, the fluorescence profiles 

of the nanoparticles were akin to those of monomeric pyrene, indicative of the switch-

off of extended conjugation between the particle-bound pyrene moieties by the sp3 

carbon spacers[6, 7]. Such a behavior was also observed with the Ru=VPyCE 

nanoparticles in the present study (Scheme 7.2). Figure 7.1 shows the excitation and 

emission spectra of Ru=VPyCE nanoparticles in DMF (black curves). It can be seen 

that the excitation spectra exhibited two major peaks at 284 nm and 350 nm and the 

emission spectra featured three main peaks at 391 nm, 410 nm, and 485 nm, 

consistent with those observed previously with Ru=VPy nanoparticles[6, 7]. This 

suggests that even in the presence of the (benzo)crown ether moieties, effective 

electronic interactions occurred between the pyrene moieties on the nanoparticle 

surface. More interestingly, the fluorescence profiles of the Ru=VPyCE nanoparticles 

exhibited a rather sensitive variation with the addition of varied metal ions: (A) 

LiClO , (B) NaClO , (C) KClO , and (D) Mg(ClO )4 4 4 4 2. For instance, with the addition 

of KClO  (panel C), the emission intensity at 485 nm diminished markedly and  4
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Figure 7.1. Excitation and emission spectra of Ru=VPyCE nanoparticles (2 mL, 0.05 
mg/mL in DMF) with the addition of varied amounts of metal salts in DMF (0.1 M): 
(A) LiClO , (B) NaClO4 4, (C) KClO  and (D) Mg(ClO )4 4 2. The final concentrations of 
the metal ion are listed in the figure legends. The excitation wavelength is all set at 
349 nm. 
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Figure 7.2. Variation of the emission intensity of the Ru=VPyCE nanoparticles with 
the addition of varied metal ions at (A) 392 nm and (B) 484 nm. Data are acquired 
from Figure 7.1 and normalized to those prior to the addition of metal ions. 
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concurrently the emission at shorter wavelengths increased, with an isosbestic point at 

ca. 444 nm. Similar but less drastic effects were observed with the addition of Na+ 

ions (panel B); whereas for Li+ (panel A) and Mg2+ (panel D) ions, the effects were 

even more subtle. Figure 7.2 depicts the variation of the emission peak intensity at (A) 

391 nm and (B) 485 nm with the addition of varied metal salts. It can be seen that at 

10 mM, the fluorescence intensity at 391 nm (panel A) increased by about 20% for K+ 

and 11% for Na+, and remained virtually unchanged for Mg2+ (–2%) and Li+ (–5%). 

At the same time, the intensity at 485 nm (panel B) decreased by about 10% for both 

K+ + and Na , 4% for Li+ and 1% for Mg2+. Overall, these observations suggest that the 

impacts of the metal ions on Ru=VPyCE fluorescenece decrease in the order of K+ > 

Na+ +  > Li ≈ Mg2+. 

It should be noted that the emission peak at 485 nm was characteristic of dimeric 

pyrene moieties that formed as a result of intraparticle extended conjugation, whereas 

the emissions at 391 and 410 nm were mostly of monomeric characters[6, 7]. 

Therefore, the variation of the fluorescence profiles observed above with the 

Ru=VPyCE nanoparticles suggests that intraparticle charge delocalization between 

the pyrene moieties diminished with the addition of metal ions, most likely because of 

the specific binding of the metal ions to the crown ether cavities that led to 

polarization of the nanoparticle core electrons. This is analogous to what we observed 

previously with alkynyl-passivated ruthenium nanoparticles where discharging 

(oxidation) of the nanoparticle cores led to reduced electronic communication 

between the acetylene moieties, and hence enhanced bonding order of the acetylene 
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moieties[13]. In the present study, the binding of metal cations by the crown ether 

cavity on the nanoparticle surface lowered the energy of the nanoparticle core 

electrons through the conjugated vinylbenzo linkage (i.e., through-bond pathway), 

and thus diminished their participation in intraparticle charge delocalization such that 

the particle-bound pyrene moieties behaved increasingly independently, as observed 

experimentally. Furthermore, the fact that K+ ions exhibited the most significant 

impacts on the nanoparticle fluorescence characteristics may be accounted for by the 

selective binding of the crown ether that is dictated by the size of the cavity and the 

ion radius. For 18-crown-6, the crown ether cavity is optimal for potassium ions[14-

16].  

In essence, with the incorporation of crown ether moieties into the nanoparticle 

protecting layer, the specific binding of metal ions may be exploited as an effective 

chemical gate in the regulation of the intraparticle charge delocalization between the 

particle-bound pyrene groups.  

It should be noted that the contribution is minimal from simple electrostatic 

interactions (i.e., through-space pathway) to the regulation of the electronic 

communication between the pyrene moieties on the Ru=VPyCE nanoparticle surface, 

as attested by the control experiment with Ru=APyCE nanoparticles. Figure 7.3 

shows the fluorescence spectra of Ru=APyCE with the addition of K+ ions into the 

solution. It can be seen that the nanoparticle fluorescence profiles remained virtually 

invariant, although the concentration of the crown ether moieties on the nanoparticle  
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Figure 7.3. Fluorescence spectra of Ru=APyCE nanoparticles (2 mL, 0.05 mg/mL in 
DMF) with the addition of varied amounts of KClO4 in DMF (0.1 M). The final 
concentrations of the K+ ion are listed in the figure legends. The excitation 
wavelength is set at 349 nm. 
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1Figure 7.4. H NMR spectra of the Ru=VPyCE, Ru=APyCe, and Ru=CE 

nanoparticles after the nanoparticle cores were dissolved by dilute KCN and the 
organic components were collected for NMR measurements. 
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Figure 7.5. Fluorescence spectra of Ru=CE nanoparticles (2 mL, 0.05 mg/mL in 
DMF) with the addition of varied amounts of metal salts in DMF (0.1 M): (A) LiClO4, 
(B) NaClO , (C) KClO  and (D) Mg(ClO )4 4 4 2. The final concentrations of the metal 
ions are listed in the figure legends. The excitation wavelength is all set at 345 nm. 
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surface (40.0%) was almost the same as that (40.5%) on Ru=VPyCE (Table 7.1 and 

Figure 7.4). Previously we have showed that for Ru=APyCE nanoparticles, the 

insertion of sp3 carbon spacers into the chemical bridge effectively shut off the 

intraparticle electronic communication and hence the nanoparticles exhibited 

fluorescence profiles that were consistent with those of monomeric pyrene[6, 7]. The 

fact that the fluorescence spectra remained unchanged with  the addition of up to 10 

mM of K+ ions strongly suggests that electrostatic interactions alone did not lead to 

apparent enhancement of the nanoparticle fluorescence. That is, the through-space 

pathway is much less effective. 

Furthermore, one may notice that with the co-functionalization of the nanoparticles 

by both pyrene and (benzo)crown ether functional moieties, intraparticle extended 

conjugation may emerge not only between the pyrene groups as observed above in 

Figure 7.1, but also between the (benzo)crown ether groups and between the pyrene 

and (benzo)crown ether moieties. In fact, for ruthenium nanoparticles functionalized 

by (benzo)crown ether alone (i.e., Ru=CE nanoparticles, Table 7.1), apparent 

fluorescence can be observed as well, as depicted in Figure 7.5. It can be seen that the 

excitation spectra exhibit a peak at 345 nm and the emission spectra peak at 392 nm, 

which is attributed to the conjugation between the vinylbenzo moieties bound onto 

the nanoparticle surface leading to the formation of a stilbene-like structure (–C6H4–

CH=CH–C H6 4–). In fact, the fluorescence characteristics are analogous to those 

observed for stilbene derivatives[17, 18].  
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Figure 7.6. Variation of the emission intensity of the Ru=CE nanoparticles with the 
addition of varied metal ions. Data are acquired from Figure 7.5 and normalized to 
those prior to the addition of metal ions. 
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Notably, upon the addition of varied metal ions: (A) LiClO , (B) NaClO4 4, (C) 

KClO , and (D) Mg(ClO )4 4 2, the fluorescence intensity all exhibited an apparent 

increase, as depicted in Figure 7.6. For instance, at 8 mM, the nanoparticle 

fluorescence intensity increased by 36% (K+), 32% (Na+), 34% (Li+), and 27% (Mg2+). 

Again, this may be attributable to the selective binding of metal ions by the crown 

ether moieties. In the absence of metal ions, the fluorescence was partially quenched 

by the transfer of the HOMO electrons of the crown ether moieties to the stilbene 

analogs. Upon the binding of the metal ions to the cavity, the energy of the crown 

ether HOMO electrons was lowered, which impeded the photoinduced electron 

transfer leading to the recovery of the particle fluorescence[19]. In fact, among the 

series of metal ions, K+ ions stood out with the largest increase of the particle 

fluorescence, consistent with the selective binding of K+ ions by the 18-crown-6 

cavities. Thus, one may argue that the enhancement of Ru=VPyCE fluorescence by 

the addition of metal ions, as observed in Figure 7.1, may also include the 

contributions of the extended conjugation between the (benzo)crown ether moieties, 

since the fluorescence profiles overlap extensively. However, from Figure 7.5, it can 

be seen that the fluorescence emission of the Ru=CE nanoparticles is at least an order 

of magnitude weaker than that of Ru=VPyCE nanoparticles (Figure 7.1). This 

indicates that the Ru=VPyCE fluorescence is primarily from the pyrene moieties and 

the enhancement of the particle fluorescence is largely due to the chemical gating 

effect through the binding of metal ions by the crown ether cavity. 
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Figure 7.7. Excitation and emission spectra of pyrene-crown ether conjugate in the 
presence of varied metal ions in DMF: (A) LiClO , (B) NaClO , (C) KClO4 4 4, and (D) 
Mg(ClO4)2. Pyrene-crown ether conjugate solution was prepared in DMF at a 
concentration of 0.092 μM. Metal salts were added from their DMF solutions (0.1 M) 
with the final concentrations denoted as the figure legends. 
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Figure 7.8. Emission spectra of Ru=VPyCE nanoparticles at different excitation 
wavelengths which are depicted in the figure legends. The experimental conditions 
are the same as those in Figure 7.1. 
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With respect to the possible cross-interactions between the particle-bound pyrene 

and (benzo)crown ether moieties, we first investigated the fluorescence properties of 

the pyrene-crown ether conjugate (Chapter 2). As shown in the Figure 7.7, pyrene-

crown ether conjugate exhibited apparent fluorescence characteristics, with a 

prominent excitation peak at 384 nm and an emission peak at 463 nm; and upon the 

introduction of metal ions into the compound solution, the fluorescence intensity 

increased markedly. As mentioned earlier, this may be accounted for by the 

encapsulation of metal ions into the crown ether cavity where the positively charged 

ions raised the oxidation potential of the dialkoxy benzene of the crown and thus 

impeded photoinduced electron transfer to the excited pyrene moieties, as reported 

previously[17, 19-23]. Therefore, we also excited the Ru=VPyCE nanoparticles at 

384 nm and measured the fluorescence emission, where the profiles were largely 

featureless and the intensity was more than one order magnitude lower than that 

observed from the pyrene moieties (Figure 7.8). Again, this indicates that the 

contribution from the conjugation between the pyrene and (benzo)crown ether 

moieties on the nanoparticle surface is minimal to the observed fluorescence profiles 

(Figure 7.1). In essence, the lack of apparent conjugation between the pyrene and 

(benzo)crown ether moieties on the nanoparticle surface implies that intraparticle 

extended conjugation is likely to occur only for functional moieties with similar 

electronic energy structures, which may serve as a fundamental guideline for further 

and more complicated manipulation of the nanoparticle electronic and optical 

properties. 
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7.3 Conclusion 

In this study, by co-functionalization of carbene-stabilized ruthenium nanoparticles 

with pyrene and (benzo)crown ether moieties through Ru=Carbene π bonds, we 

demonstrated that selective ion binding of the crown ether cavity might be exploited 

as an effective chemical gating mechanism to regulate the energy of the nanoparticle 

core electrons and hence the intraparticle extended conjugation between the particle-

bound pyrene moieties, as manifested in fluorescence measurements. The results 

showed that the chemical manipulation was achieved by the through-bond pathway 

whereas the through-space (electrostatic) contribution was minimal. Importantly, the 

electronic energy structure of the functional moieties is a critical factor in determining 

the effectiveness of conjugation between the particle-bound groups.  
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Chapter 8 

Intraparticles Charge Delocalization Manipulated by Selective Complexation of 

Transition-Metal Ions with Histidine 
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Intraparticle Charge Delocalization by Selective Complexation of Transition-Metal 

Ions with Histidine”, Analytical Chemistry, 2012, 84 (4), 2025–2030.] Copyright 
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8.1 Introduction 

Organically capped transition-metal nanoparticles represent a unique class of 

nanoscale composite materials where the material properties may be readily 

manipulated by the chemical nature of the metal cores as well as the structures of the 

surface organic ligands[1-4]. Recently, it has also been found that the metal-ligand 

interfacial bonding interactions can also play a significant role in regulating 

nanoparticle optical and electronic properties. For instance, when ferrocenyl moieties 

are bound onto ruthenium nanoparticle surfaces by ruthenium-carbene (Ru=C) or 

ruthenium-acetylide (Ru-C≡) bonds, apparent intervalence charge transfer occurs 

between the particle-bound ferrocenyl groups, as manifested in electrochemical and 

near-infrared spectroscopic measurements, analogous to conventional ferrocenyl 

oligomers bridged by conjugated chemical linkers[5, 6]. Furthermore, when 

fluorephores such as pyrene or anthracene moieties are attached onto the nanoparticle 

surface by similar interfacial linkages, the photoemission profiles resemble those of 

their dimeric derivatives, again, suggesting effective intraparticle charge 

delocalization by virtue of the conjugated metal-ligand bonds[7, 8].  

Note that the nature of the intraparticle charge transfer through this specific metal-

ligand bonding has been ascribed to the effective overlap between the dπ orbital or the 

pπdπ hybrid of the ruthenium metal and the π* orbital of the ligands[9, 10], as well as 

to the conducting metal cores of the nanoparticles that serve as the chemical linkage 

in bridging the functional moieties, as manifested in constrained density functional 

theory (CDFT) studies[11, 12]. Thus, there are at least two aspects that warrant 
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significant attention here. First, as the particle-bound functional moieties behave 

collectively, electron/energy transfer at part of the surface sites may be propagated 

and/or amplified throughout the entire nanoparticles, leading to enhanced sensing of 

the local chemical environment. This has been demonstrated by the detection of 

nitrophenyl compounds with pyrene-functionalized ruthernium nanoparticles[13]. 

Second, perturbation of the energy of the core electrons may also impact the extent of 

charge delocalization between the functional moieties on the nanoparticle surface. 

This has been exemplified by ruthenium nanoparticles functionalized by alkynide 

derivatives where the extent of conjugation between the particle-bound acetylide 

moieties can be readily varied by the charge state of the nanoparticle cores[14]. In 

addition, with the incorporation of crown ether moieties onto the ruthenium 

nanoparticle surface, the specific binding of certain alkali metal ions leads to apparent 

polarization of the metal core electrons, as reflected in the variation of the 

photoluminescence characteristics of the pyrene moieties[15].  

In the present study, we take advantage of the unique characteristics of histidine 

derivatives in complexation with selective transition-metal ions to extend the study of 

the manipulation of intraparticle charge delocalization. Histidine moieties have long 

been known to bind to metal cations, and such unique properties have been exploited 

for protein separation and structural analysis[16-19]. This is largely due to the 

specific interactions between the imidazole ring and metal ions, where the metal 

center lies in the ring plane along the lone pair electrons of the N3 nitrogen atom[20], 

158 



involving largely π-type  interactions between the ligand and metal ions since 

imidazole is a good π-electron acceptor[16].  

Experimentally, ruthenium nanoparticles will be cofunctionalized with vinylpyrene 

and a vinylbenzohistidine derivative (scheme 8.1), both of which are bound onto the 

nanoparticle surface by ruthenium-carbene (Ru=C) π bonds. The complexation of 

selective metal ions with the histidine ligands is anticipated to induce polarization of 

the ruthenium metal core electrons, which may lead to deliberate manipulation of 

intraparticle extended conjugation between the particle-bound pyrene moieties and 

hence the photoluminescence characteristics, thanks to the π molecular backbone that 

bridges the imidazole ring to the nanoparticle core. The experimental results show 

that whereas virtually no change appears in the nanoparticle photoluminescence upon 

the addition of alkali and alkali-earth metal ions (Li+, K+ +, Rb , Mg2+ 2+ 2+, Ca , and Zn ), 

apparent differences are observed with Hg2+ 2+ 2+, Co and Pb  ions. Additionally, within 

the present experimental context, the nanoparticle photoluminescence exhibits the 

most drastic variation in the presence of Pb2+ ions. Such differentiation and selectivity 

toward transition metal ions may be exploited for the sensitive chemical detection and 

analysis. 

8.2 Results and Discussion 

As mentioned earlier, the incorporation of both the pyrene and benzohistidine ligands 

onto the Ru=C8 nanoparticle surface has been confirmed by 1H NMR measurements 

and their spectroscopic signatures have been used to quantify their respective surface 

concentrations (Chapter 2). The presence of pyrene moieties on the nanoparticle  
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Figure 8.1. UV-vis absorption (dashed curve) and fluorescence (excitation and 
emission, dotted curves) spectra of Ru=VPyHis nanoparticles (0.015 mg/mL in DMF). 
The absorption spectrum (solid curve) of 1-allylpyrene (0.1 mM in DMF) is also 
included. 
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surface is further manifested in UV-vis absorption measurements, as depicted in 

Figure 8.1. One can see that the Ru=VPyHis nanoparticles (dashed curve) exhibited 

an exponential decay profile which is ascribed to the Mie scattering of the nanosized 

Ru metal cores[21]. Additionally, four major absorption peaks can be identified at 

345 nm, 330 nm, 280 nm and 270 nm. These are consistent with those of monomeric 

pyrene, as exemplified by 1-allylpyrene (solid curve), signifying the successful 

attachment of the pyrene moieties onto the nanoparticle surface by olefin metathesis 

reactions (Scheme 8.1). Furthermore, the excitation and emission spectra of the 

nanoparticles (dotted curves) are consistent with those obserbed previously with 1-

vinylpyrene-functionalized ruthenium (Ru=VPy) nanoparticles[7]. The key features 

include a major emission peak centered at 490 nm and two minor ones at 390 and 413 

nm, with a major excitation peak at 350 nm. The former is ascribed to the charge 

delocalization between the particle-bound pyrene moieties such that they behave 

analogously to dimeric pyrene with a conjugated spacer, whereas the latter are 

consistent with monomeric pyrene. 

The variation of these fluorescence signatures upon the addition of metal ions will 

then be examined and exploited for their detection and analysis. It is anticipated that 

the complexation of the imidazole moiety with metal ions incorporates positive 

charges into the nanoparticle surface layer, which may then polarize the core 

electrons and hence impact the intraparticle charge delocalization between the pyrene 

moieties. Scheme 8.2 depicts a possible structure of the metal-histidine complex, 

where the nitrogen (N3) atom in the imidazole ring, along with the nitrogen and  
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Scheme 8.1. Functionalization of carbene-stabilized ruthenium (Ru=C8) 
nanoparticles with vinyl-terminated functional ligands through Olefin metathesis 
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Scheme 8.2. Structural model of the complexation of the vinylbenzohistidine moiety 
with transition metal ions 
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Figure 8.2. Emission spectra of Ru=VPyHis nanoparticles (0.015 mg/mL in DMF) 
with the addition of (A) Li+, (B) K+ + 2+ 2+, (C) Rb , (D) Mg , (E) Ca , (F) Zn2+, (G) Hg2+, 
(H) Co2+, and (I) Pb2+ at different concentrations (specified in figure legends). The 
excitation wavelength is all set at 350 nm. 
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oxygen atoms of the carboxylate moieties plays a significant role in complexation 

with metal ions. This is built upon 1H NMR studies of the interactions between a 

benzohistidine derivative (similar to vinylbenzohistidine) and Pb(ClO )4 2 carried out 

in the Konopelski group (unpublished). Notably, the chemical shift of the carbon 1 

proton in the imidazole ring shows an apparent increase with the increase of the Pb2+ 

concentration upto a Pb2+:ligand ratio of 1.75:1, whereas concurrently the methyl 

protons of carbon 2 exhibit an abrupt decrease from 3.77 to 3.38 at the Pb2+:ligand 

ratio of 1:1, suggesting specific binding of Pb2+ ions with the imidazole moieties. The 

proposed structure is also consistent with literature studies of the coordination 

chemistry of Cd2+ 2+ 2+, Pb , and Hg  with triazole derivatives[22, 23]. In the present 

study, because of the aromaticity in the imidazole ring[16] and hence the conjugated 

molecular backbone that bridges the metal center to the metal core, the nanoparticle 

core electrons will most likely be polarized (Scheme 8.2). This will then impact the 

intraparticle charge delocalization between the particle-bound pyrene moieties, 

leading to a diminishment of the emission at 490 nm and concurrently an 

enhancement at 390 nm[15]. In fact, this is what we observed in experimental 

measurements. 

Figure 8.2 shows the emission spectra of Ru=VPyHis nanoparticles (0.015 mg/ml) in 

DMF with the addition of different concentrations (up to 1.30 mM) of (A) Li+, (B) K+, 

(C) Rb+, (D) Mg2+ 2+, (E) Ca , (F) Zn2+, (G) Hg2+ 2+, (H) Co  and (J) Pb2+, which were 

specified in the figure legends. The excitation wavelengths were all set at 350 nm. It 

can be seen that in the presence of Hg2+ 2+ 2+ 2+ , Co , Cd , and Pb ions, the emission peak 
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intensity at 490 nm shows an apparent decrease with increasing ion concentrations, as 

depicted in panels (G) – (I); whereas the addition of Li+, K+ +, Rb , Mg2+ 2+, Ca , and 

Zn2+ ions led to almost no change of the emission characteristics at 490 nm as 

manifesred in panels (A) to (F). This is most likely due to the specific complexation 

of the imidazole moiety with the Hg2+ 2+ 2+ , Co , and Pb ions (Scheme 8.2), where the 

added positive charge into the nanoparticle protecting layer led to polarization of the 

particle core electrons. This electronic interaction may be facilitated by the 

conjugated molecular backbone that bridges the metal center to the Ru core (Scheme 

8.2), leading to diminishment of the intraparticle charge delocalization between the 

particle-bound pyrene moieties. Consequently, the pyrene moieties exhibited 

increasingly monomeric characters, as manifested in the concurrent increase of the 

emission intensity at 390 nm (more discussion below). Similar variation of the 

nanoparticle fluorescence was observed with ruthenium nanoparticles co-

functionalized by vinylpyrene and vinylbenzocrown ether ligands, where the 

complexation of the crown ether moieties with selected alkaline metal ions led to an 

apparent diminishment of the emission intensity at 490 nm[15].  

In contrast, no such complexation was formed between the histidine moiety and the 

ions of Li+, K+ +, Rb , Mg2+ 2+ 2+, Ca , and Zn , and the emission intensity at 490 nm 

remained virtually unchanged, suggestive of no impact on the intraparticle charge 

delocalization between the particle-bound pyrene moieties. Nevertheless, one may 

note that the emission intensity at 390 nm also depicts an increase with the addition of 

these ions (up to 1.30 mM), in particular with (B) K+ and (F) Zn2+. This is most likely 
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Figure 8.3. Emission spectra of the vinylbenzohistidine compound (1 mM in DMF) 
in the presence of (A) K+, (B) Zn2+ 2+, and (C) Pb  ions at varied concentrations (shown 
as figure legends. The excitation wavelength (λex) is all set at 350 nm. It can be seen 
that a broad emission peak appears at 390 nm and the peak intensity increases with 
increasing concentration of added ions. Insets show the corresponding excitation and 
emission spectra collected at λem = 340 nm and λ  = 302 nm, respectively. ex
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due to the enhanced fluorescence of the benzoimidazole moieties with the addition of 

the metal ions. In fact, as depicted in Figure 8.3, one can see that the monomeric 

vinylbenzohistidine exhibited a well-defined emission peak at 340 nm and two 

excitation peaks at 275 and 302 nm, consistent with the fluorescence characteristics 

of benzoimidazole derivatives[24]. Upon the addition of K+ 2+ 2+, Zn , and Pb  ions, the 

emission intensity exhibited an apparent increase. More importantly, when excited at 

350 nm (same as that for the Ru=VPyHis nanoparticles, Figure 8.2), the solution 

showed a somewhat broard emission peak between 370 and 450 nm and the intensity 

of this emission feature increased with increasing ion concentration. This happens to 

overlap with the emission peak around 390 nm of the Ru=VpyHis nanoparticles. 

Therefore, the enhanced emission around 390 nm observed with the Ru=VPyHis 

nanoparticles upon the addition of varied metal ions might be ascribed to one or both 

of the following two factors: ion-induced enhancement of the fluorescence of the 

benzoimidazole moiety (as in the case of Li+ + +, K , Rb , Mg2+ 2+ 2+, Ca , and Zn  ions); 

and reduced intraparticle charge delocalization between the particle-bound pyrene 

moieties (as in the case of Hg2+ 2+ 2+, Co , and Pb  ions). 

Figure 8.4 shows the variation of the peak intensity at 490 nm with the 

concentrations of the added ions, which are all normalized to that prior to the addition 

of the respective ions. It can be seen that with the addition of 1 mM of Pb2+ 2+, Co , and 

Hg2+ ions, the emission intensity decreases by 11%, 9%, and 6.5%, respectively; 

whereas for the Li+, K+, Rb+, Mg2+ 2+ 2+, Ca , and Zn  ions, the impacts are minimal with 

the diminishment of the emission intensity less than 2%. In other words, within the 
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present experimental context, Pb2+ exhibits the most drastic impacts on the 

nanoparticle fluorescence at 490 nm. 

The experimental results presented above suggest much stronger 

complexation of the histidine moiety with transition metal ions than with alkaline and 

alkaline-earth metal ions. This may be accounted for by the d orbitals of the transition 

metal ions, since the complexation largely involves π-type interactions between the 

ligand and the metal ions[16]. Of these, zinc ion behaved similarly to alkaline and 

alkaline earth metal ions, mostly because of its full 3d shell. Note that the strength of 

complexation is highly dependent on medal-ligand bond length[25, 26], metal-ligand 

bond geometries[27], coordination number[28], as well as oxidation state and ionic 

bonding effect[29]. For instance, the role of carboxylate moiety in the complexation 

with metal ions has been recognized and discussed previously[29]. The spin state and 

John-Teller effect might also play a role in the complexation of histidine and 

transition-metal ions, as observed in iron complexes[30].  

8.3 Conclusion 

In this study, ruthenium nanoparticles were co-functionalized with pyrene and 

histidine moieties by Ru=carbene π bonds. Specific complexation of the histidine 

moiety with selected transition metal ions was exploited as an effective mechanism to 

manipulate the intraparticle charge delocalization between the particle-bound pyrene 

moieties, where the added positive charge into the particle surface layer led to 

effective polarization of the particle core electrons. Within the present experimental 

context, Pb2+ 2+, Co , and Hg2+ ions exhibited the much more significant impacts than 
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alkaline and alkaline-earth ions (Li+, K+, Rb+, Mg2+ 2+ 2+, Ca , and Zn ) on the 

diminishment of the nanoparticle fluorescence at 490 nm, suggesting a decreasing 

order of complexation strength with the histidine moieties. The results are consistent 

with prior literature reports based on conventional metal ion-histidine complexes.  
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Chapter 9 

Photocatalytic Reduction of Methylene Blue by TiO2 Nanotube 

Arrays: Effects of TiO2 Crystalline Phase 
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9.1 Introduction 

Photocatalysis of a chemical reaction at a semiconductor surface entails oxidation by 

the photogenerated holes and reduction by the photogenerated electrons that occur 

simultaneously[1]. Titania, a kind of semiconductor materials with very low cost, 

chemical inertness and photostability[2-4], has attracted extensive attention as one of 

the most promising materials in solar cells and photocatalysis [5-7]. The earliest work 

of photocatalysis of titania was reported in 1921 by Renz [8], where it was found that 

titania turned from white to a dark color under sunlight illumination in the presence of 

an organic compound such as glycerol. Photocatalytic activity of TiO2 was also 

demonstrated by Fujishima and Honda [9] where they used TiO2 for water splitting, 

an important process for solar energy conversion. In addition, Frank and Bard [10, 11] 

showed that the photocatalytic activity of TiO2 might be exploited for the 

decomposition of pollutants under photo irradiation. In these reactions, the 

fundamental mechanisms [12-14] entail the rapid excitation of TiO2 valence electrons 

to the conduction band by absorbing photons with energy larger than the TiO2 

bandgap (~3.0 eV), where the photogenerated electrons (conduction band) and holes 

(valence band) are involved in varied redox reactions. 

Nevertheless, the efficiency of TiO2 photocatalysis is generally rather low. Therefore, 

substantial efforts have been devoted to engineering the TiO2 crystalline and 

morphological structures for the improvement of the photocatalytic activity. One 

effective approach is to fabricate nanotubule arrays of TiO2 by taking advantage of 

the high surface-to-volume ratio, the ready accessibility of the TiO2 surface to 
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reactants and easy release of photoreaction products. A number of synthetic protocols 

have been reported in the literature for the fabrication of TiO2 nanotubes, including 

electrochemical anodic oxidation of titanium metal sheets [15], as well as template-

based atomic layer deposition [16], sol-gel [17], or liquid phase deposition [18-21] 

method. Among these, Grimes and coworkers [15] reported an effective route in 2001 

towards the fabrication of titania nanotube arrays by anodization of a titanium foil in 

fluoride-based electrolyte solutions by using fluoride ions as effective etchants. It has 

been found that the nanotube morphology [22], length and pore size [23], as well as 

the wall thickness [24] might be readily controlled by varied experimental parameters 

such as electrolyte composition, solution pH, as well as electrode voltage [25]. 

Furthermore, postsynthesis thermal annealing offers a powerful route towards the 

manipulation of the TiO2 crystalline characteristics, in particular, transformation from 

one crystalline phase to another as well as control of the size of the nanocrystalline 

grains [26]. Note that titania of both anatase and rutile crystalline phases has been 

found to be photocatalytically active, although it is generally accepted that anatase 

TiO2 exhibits a better performance, largely because of the somewhat higher Fermi 

level and the lower recombination rate of its photogenerated electrons and holes than 

those of the rutile phase [27-30]. In addition, the coexistence of both anatase and 

brookite or rutile crystalline phases has also been found to lead to further 

improvement of the photocatalytic performance, as a consequence of the vectorial 

displacements at the nanoscale junctions between two semiconducting domains that 

further impede the dynamics of electron-hole recombination [31-37]. However, in 
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these earlier studies, the TiO2 samples with a mixture of the crystalline phases were 

mostly prepared by the sol-gel methods in the form of nanoparticles, powders, or thin 

films, and it has remained a challenge to identify optimal experimental conditions for 

the production of TiO2 nanotubes with significant brookite contents. 

In this study, we demonstrate for the first time that brookite crystalline characteristics 

may also be produced in anodized TiO2 nanotube arrays by a deliberate manipulation 

of the thermal annealing conditions. The results show that upon thermal annealing at 

400 o oC to 600 C, the nanotube arrays exhibited clear anatase crystalline 

characteristics, in comparison with the largely amorphous structure of the as-

produced samples. More interestingly, at 470 oC a second phase of brookite 

crystalline features also started to appear which became much better defined at 500 

oC. At higher temperatures (550 oC to 600 oC), the brookite phase disappeared and 

only the anatase phase was found within the TiO2 nanotube arrays. Overall, the 

photocatalytic activity of these thermally annealed TiO2 nanotube arrays, as 

manifested in the photoreduction of methylene blue, displayed a marked 

improvement as compared to that of the amorphous as-prepared sample, and reached 

the maximum with samples that were thermally annealed at 500 oC (with a binary 

mixture of anatase and brookite phases), suggesting the impacts of the synergistic 

interactions between the anatase and brookite crystalline domains on the 

photocatalytic activity. Such a strong correlation demonstrates the significance of 

nanoscale engineering in the manipulation and optimization of the TiO2 structural 

properties and functions. 
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9.2 Results and Discussion 

The surface morphology of the TiO2 nanotube arrays was first characterized by 

scanning electron microscopic (SEM) measurements. Figure 9.1 depicts two 

representative SEM micrographs of a TiO2 nanotube array that was prepared at an 

anodic voltage of 60 V and then thermally annealed at 550 °C for 6 hours. From the 

top view (panel A), one can see that a very dense array of rather uniform tubule 

structures was formed, with a tube density of ca. 7.4 × 1011 cm−2, and the inner 

diameter of the tube was found to be around 100 nm, and tube thickness ca. 35 nm. 

From the side view (panel B), the nanotube exterior surface was rather smooth and 

the length was about 10 μm. 

Whereas variation of the thermal annealing temperature did not lead to 

obvious differences in terms of nanotube dimensions and surface morphologies, the 

crystalline details of the nanotube arrays were found to vary substantially, as 

manifested in powder X-ray diffraction (XRD) measurements. Figure 9.2 shows the 

XRD patterns of the TiO2 nanotube arrays thermally annealed at different 

temperatures from 400 °C to 600 °C, along with that of the as-produced sample. In 

comparison to the standard XRD profiles for anatase, brookite, and rutile TiO2, it can 

be seen that the as-prepared sample exhibited only a featureless profile (curve a), 

suggesting that the nanotubes were mostly amorphous (the several sharp features 

marked with “Al” arose from the aluminum substrate). In contrast, thermal annealing 

at elevated temperatures led to effective transformation of the nanotubes into well-

defined crystalline structures. Specifically, for the nanotube arrays that were  
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(A)

(B) 

 
 
Figure 9.1. Representative SEM micrographs of TiO2 nanotube arrays that were 
prepared by electroanodization at 60 V followed by thermal annealing at 550 °C for 6 
hours. Scale bars are 200 nm in both (A) top view and in (B) side view. 
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Figure 9.2. XRD patterns of (a) the as-prepared TiO2 nanotube arrays as well as those 
that underwent thermal annealing at different temperatures: (b) 400 °C, (c) 430 °C, (d) 
470 °C  (e) 500 °C, (f) 550 °C, and (g) 600 °C. “Al” denotes diffraction features from 
the aluminum substrate, “@” refers to diffraction peaks of anatase TiO2, whereas “B” 
marks those of brookite TiO . 2
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thermally annealed at 400 °C to 430 °C (curves b and c), a series of diffraction peaks 

appeared (marked with “@”), which are all consistent with the diffraction features of 

anatase TiO2 (JCPDS 75-1537): (101), 25.7°; (200), 47.9°; (105), 53.7°; (211), 55.0°; 

(213), 61.9°; (204), 62.8°; (116), 68.3°; (220), 69.7°; and (301), 75.2°. When the 

annealing temperature was increased to 470 °C (curve d), in addition to the anatase 

diffraction features, several diffraction peaks characteristic of the brookite phase also 

started to appear, and they became much better defined at 500 °C (curve e), as 

manifested by the peaks (marked with “B”) at 31.2° and 36.1°, which were ascribed 

to the brookite (121) and (012) crystalline lattices, respectively. In other words, 

within the narrow temperature range of 470 °C to 500 °C, the TiO2 nanotube arrays 

exhibited a binary mixture of anatase and brookite crystalline phases. To the best of 

our knowledge, such an observation has not been reported previously with TiO2 

nanotubes prepared by electroanodization [25]. It should be noted that in most early 

studies where TiO2 exhibited a mixture of crystalline phases, the titania samples were 

mostly thin films, powders, or nanoparticles that were prepared by sol-gel methods 

[31-37]. For instance, Junin et al. [33] prepared TiO2 powders by a sol-gel method 

using titanium tetrachloride and titanium tetraisopropoxide as the precursors. A 

binary mixture of anatase and brookite crystalline phases was found at calcination 

temperatures between 400 and 500 oC. 

Interestingly, with the further increase of the annealing temperature to 550 °C 

and 600 °C, the brookite diffraction features disappeared and the sample again 

exhibited a pure anatase phase, suggesting the back conversion of brookite into 
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anatase rather than further transformation into rutile. This indicates that for the TiO2 

nanotube arrays prepared above, the transformation between anatase and brookite was 

reversible at temperatures up to 600 °C, possibly because of the low activation energy 

(11.9 KJ/mol [26]) for the transformation between these two phases. 

The grain size of the crystalline domains in the TiO2 nanotubes was then 

evaluated quantitatively by the Debye-Scherrer equation, D = Kλ/βcosθ, where D is 

the diameter of the crystalline grain, K = 0.9, λ(Cu-Kα) = 1.54059 Å, and β is the full 

width at half maximum of the selected diffraction peaks. Based on the anatase (101) 

diffraction peaks, the average size of the anatase crystalline domains at different 

annealing temperature was then estimated and listed in Table 9.1. It can be seen that 

the variation of the anatase grain size with annealing temperature is relatively small 

from 400 °C to 600 °C. For instance, the anatase grains decreased somewhat from 

27.4 nm at 400 °C to 21.3 nm at 500 °C, possibly because of the formation of the 

brookite crystalline domains that occurred at 470 °C to 500 °C (based on the brookite 

(121) diffraction peak, the brookite grains were estimated to be about 53.8 nm at 470 

°C and 46.2 nm at 500 °C). At temperatures higher than 500 °C, the brookite phase 

disappeared, and the anatase crystalline grains became slightly larger to 29.6 nm at 

550 °C and 25.7 nm at 600 °C [39]. The small anatase crystalline grains (Table 9.1) 

might also explain why no rutile feature was observed even at 600 °C, as the critical 

size for the transformation into rutile has been found to be > 35 nm [26]. 

The effects of the evolution of the anatase nanocrystalline grains on the 

nanotube photocatalytic activity were then examined by using the reduction of  
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Table 9.1. Average grain size of the anatase (DA) and brookite (D ) phases in TiOB 2 
nanotube arrays that were thermally annealed at different temperatures (T) 
 

T (°C) 400 430 470 500 550 600 

†D

 
† Based on anatase (101) diffraction peak 
‡ Based on brookite (121) diffraction peak 

A (nm) 27.4 22.2 25.0 21.3 29.6 25.7 

‡D  (nm)   53.8 46.2   B
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Figure 9.3. Visible absorption profiles of a methylene blue solution (26 μM in water) 
after being exposed to UV photoirradiation for varied periods of time (shown as 
figure legends) in the presence of a TiO2 nanotube array that was thermally annealed 
at 500 °C for 6 hours. Inset depicts the semilog plot of the variation of the intensity of 
the absorption peak at 665 nm with UV exposure time. Symbols are experimental 
data and line is linear regression. 
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methylene blue as the illustrating example. As methylene blue absorbs very strongly 

in the visible range with two well-defined absorption peaks at 612 nm and 665 nm 

and the reduced form is colorless, the photocatalytic reduction of methylene blue by 

TiO2 may then be monitored by the spectrophotometric method. Mechanistically, it is 

generally proposed that upon UV illumination, electrons are excited from the TiO2 

valence band to the conduction band. The photogenerated electrons may then be 

exploited for reduction of methylene blue. As oxygen is an effective electron 

scavenger, it is important that the reaction media is protected with an inert 

atmosphere of nitrogen. Figure 9.3 (A) depicts the optical absorption profiles of 

methylene blue after the solution was exposed to UV photoirradiation for varied 

periods of time in the presence of a TiO  nanotube array that was annealed at 500 o
2 C 

for 6 h. It can be seen that the absorption features diminish rather quickly upon UV 

photoirradiation, suggesting the effective photocatalytic activity of TiO2 in the 

reduction of methylene blue. Panel (B) shows the semilog plots of the decay of the 

absorption intensity at 665 nm with time. The linearity is consistent with the first-

order reaction of methylene blue reduction [40], and from linear regression the 

pseudo-first-order rate constant was estimated to be 2.42 × 10−2 −1 min . 

The photocatalytic activity of the TiO2 nanotubes annealed at other 

temperatures was evaluated in a similar fashion. Figure 9.4 (A) depicts the decay 

profiles of methylene blue absorption at 665 nm with TiO2 nanotubes that were 

thermally annealed at different temperatures, along with that of the as-prepared 

nanotubes. It can be seen that all annealed samples exhibited apparent enhancement  
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Figure 9.4. (A) Semilog plots of the variation of the intensity of the absorption peak 
at 665 nm with UV exposure time for the photocatalytic reduction of methylene blue 
by TiO2 nanotubes that were thermally annealed at different temperatures (shown as 
figure legends). The experimental conditions were the same as those in Figure 9.3. 
Symbols were experimental data and lines were linear regressions, from which the 
pseudo-first order reaction rate constants (k) were evaluated, as depicted in panel (B). 
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of the photocatalytic activity in the reduction of methylene blue as compared to the 

as-prepared sample. In addition, among the series, the diminishment of the methylene 

blue absorption feature was the fastest for the sample annealed at 500 oC. Panel (B) 

shows the pseudo-first order rate constants (k) that were estimated from linear 

regressions of the dynamics curves in Panel (A). It can be seen that for the as-

prepared sample, k is 2.30 × 10−3 −1 min . It increased markedly to 1.00 × 10−2 −1 min  

and 1.24 × 10−2 −1  min with TiO2 nanotubes thermally annealed at 400 o oC and 430 C, 

respectively. At higher temperatures, the rate constant increased further to 1.70 × 10−2 

min−1 o at 470 C and 2.42 × 10−2 −1 o min at 500 C. Further increase of the thermal 

annealing temperature actually saw a decrease of the reaction rate constant to 9.69 × 

10−3 −1 min  at 550 oC and 1.02 × 10−2 at 600 oC. That is, the maximal photocatalytic 

performance was observed with TiO o nanotubes annealed at 500 C, which coincided  2

with the formation of a binary mixture of anatase and brookite nanocrystalline 

domains [41, 42], as manifested in Figure 9.2. This is most probably because of the 

vectorial displacements of the photogenerated electrons at nanoscale junctions 

between these two semiconducting phases that retard the charge recombination 

process and hence enhance the charge separation efficiency [43, 44]. In fact, 

enhanced photocatalytic performance of TiO2 with a binary mixture of anatase and 

brookite crystalline phases, as compared to that of pure anatase, has been reported in 

a number of studies [44-47].  

Nevertheless, one might also argue that the variation of the photocatalytic 

performance is a consequence of the effective oxide surface area that reaches the 

187 



maximum at 500 oC. However, this is unlikely because an increase of calcination 

temperature typically leads to a monotonic decrease of the TiO2 surface area [33]. 

Additionally, on the basis of Raman spectroscopic measurements (not shown), the 

impact of TiO2 surface functionalities on the photocatalytic activity appears to be 

minimal, as no apparent difference of the Raman spectra was observed among the 

nanotube arrays thermally annealed at different temperatures (400 o oC to 600 C) [48]. 

9.3 Conclusion 

TiO2 nanotube arrays were prepared by anodization of Ti metal sheets and 

characterized by SEM and XRD measurements. SEM study showed that the 

nanotubes formed a rather dense array, and XRD measurements indicated that 

whereas the as-prepared samples were largely amorphous, thermal annealing at 

elevated temperatures (400 o oC to 600 C) led to the effective formation of crystalline 

nanotubes with clear anatase features. Interestingly, at 470 °C, a second crystalline 

phase of brookite features also started to emerge which became better defined at 500 

°C. The presence of a binary mixture of anatase and brookite crystalline phases within 

this narrow range of annealing temperature was found to coincide with the maximal 

photocatalytic activity of the TiO2 nanotubes in the reduction of methylene blue. This 

is accounted for by the vectorial displacements of the photogenerated electrons at 

nanoscale junctions between these two semiconducting phases that retard the charge 

recombination process and hence enhance the charge separation efficiency. This 

study demonstrates the fundamental significance of nanoscale engineering in the 

manipulation of the properties and functions of nanoscale materials. 
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