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MANIPULATION OF NANOPARTICLE ELECTRON TRANSFER

DYNAMICS BY ENGINEERING OF METAL-LIGAND INTERACTION
Limei Chen
ABSTRACT

Nanoparticles represent a novel class of material consisting of hundreds to a
few thousand atoms each, and their physical and chemical properties are significantly
different than the bulk materials. The electronic structure, chemical and optical
properties of nanoparticles can be tuned by the size, shape, surface modification and
interaction with supporting materials, to fulfil the potential specific applications in
catalysis, imaging and electronic devices. In the preparation of nanoparticles,
protecting ligands play a crucial role in the dispersion, size control, and shape control
of particles. Here in this thesis, ligand functionalization of metal nanoparticles and
engineering of carbon nanomaterials were manipulated, and the influence of metal-
organic interaction on the chemical, optical and electrochemical properties of

nanoparticles and their applications in fuel cell electrocatalysis were studied.

Ruthenium nanoparticles protected by ferrocenecarboxylates (RuFCA) were
synthesized. The carboxylate group were bound onto the nanoparticle surface via Ru—
O bonds in a bidentate configuration which is highly polarized, leading to the
diminishment of the electron density of the iron centers and the increase of formal
potential of the ferrocenyl moieties by 120mV in electrochemical measurements. In

addition, galvanic exchange reactions of the RuFCA nanoparticles with Pd(II) followed

XiX



by hydrothermal treatment at 200 °C led to (partial) decarboxylation of the ligands such
that the ferrocenyl moieties were now directly bonded to the metal surface, as
manifested in voltammetric measurements that suggested intervalence charge transfer

between the nanoparticle-bound ferrocene groups.

In a further study, decarboxylation was also found happened at the metal-ligand
interface in the hydrothermal treatment of 2-naphthalenecarboxylate protected
ruthenium nanoparticles at higher temperature 250°C, and the naphthalenyl moieties
became directly bonded to the metal cores, which was confirmed by infrared and X-
ray photoelectron spectroscopic measurements. In comparison with the as-produced
RuCOONA nanoparticles, the decarboxylated nanoparticles (RuNA) exhibited
markedly different optical and electronic properties due to electronic coupling between
the particle-bound naphthalene groups. The intraparticle charge delocalization led to
spilling of nanoparticle core electrons to naphthalene moieties, resulting in the negative

shift of the formal potential.

In addition, the electron-transfer properties of the ruthenium nanoparticles
protected by 1-dodecyne, laurate and 1-dodecanethiol were examined by scanning
tunneling spectroscopic (STS) measurements. Ruthenium-vinylidene (Ru=C=CH-), —
oxygen (Ru-0), and —thiolate (Ru-S) interfacial bonds were formed when protected by
alkyne, carboxylate and thiol ligands, respectively, and the polarization of the
interfacial bonds was found to increase in the order of Ru=C=CH- < Ru-S < Ru-O.

The relatively large nanoparticles (dia. ~ 3 nm) were found to show clearly-defined

Coulomb staircase; and with diminishing particle core dimensions to below 1 nm,
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Coulomb blockade started to emerge. The nanoparticle molecular capacitance and
effective nanoparticle dielectric constants were estimated and the dielectric constants
increased inversely with the nanoparticle core dimensions; and at any given particle
size, the dielectric constants varied with the specific metal-ligand interfacial bonds,

increasing in the order of Ru-S < Ru=C=CH- < Ru-O.

Part of the dissertation research was devoted to carbon nanomaterials. In one of
the study, nitrogen-doped graphene quantum dots (NGQDs) were prepared by a facile
hydrothermal method and incorporated with ruthenium metal ions by exploiting the
unique complexation of selected nitrogen dopants with ruthenium ions. Complexation
of NGQDs with ruthenium ions likely occurred through the pyridinic nitrogen dopants,
leading to the incorporation of multiple metal centers within the conjugated graphitic
C sp2 scaffolds (Ru-NGQDs). Intervalence charge transfer between embedded Ru ions
was studied electrochemically, the Ru-NGQD compounds exhibited two pairs of
voltammetric waves, with a peak spacing of 150 mV, suggesting Class II delocalized
system. Near-infrared spectroscopic measurements demonstrated an absorption band
emerged at ca. 1450 nm at mixed-valence metal charge transfer, by using Ce(SO4); as

the oxidizing reagent.

Covalently crosslinking of GQDs were accomplished by forming ensembles of
a few hundred nanometers in size by McMurry deoxygenation coupling reactions of
peripheral carbonyl functional moieties catalyzed by TiCls and Zn powders in refluxing
THF. Photoluminescence measurements showed that after chemical coupling, the

excitation and emission peaks blue-shifted somewhat and the emission intensity

XX1



increased markedly, likely due to the removal of oxygenated species where quinone-

like species were known to be effective electron-acceptors and emission quenchers.

Metal nanoparticles were also prepared and tuned for the applications as high-
performance catalysts. In one of the research, gold core@silver semishell Janus
nanoparticles were prepared by interfacial chemical etching of Au@Ag core—shell
nanoparticles at the air/water interface. The resulting Janus nanoparticles exhibited an
asymmetrical distribution of silver on the surface of the gold cores. Interestingly, the
Au@Ag semishell Janus nanoparticles exhibited enhanced electrocatalytic activity in
oxygen reduction reactions, as compared to their Au@Ag and Ag@Au core—shell
counterparts, likely due to a synergistic effect between the gold cores and silver
semishells that optimized oxygen binding to the nanoparticle surface. In another
research, cysteine-stabilized Ag—Cu hollow nanoshells are prepared by the co-
reduction of silver nitrate and cupric nitrate with sodium borohydride in the presence
of sodium thiocyanate. When capped with 1-dodecanethiol, the hollow nanoshells
become dispersible in apolar organic solvents and the cavity may be exploited for the
effective phase-transfer of target molecules such as thodamine 6G between water and
organic media. The Ag—Cu nanoshells also show apparent catalytic activity toward the
reduction of 4-nitroaniline by sodium borohydride, a performance that is markedly
better than that of the solid counterparts and comparable to leading results in recent

literature based on relevant metal catalysts.
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Chapter 1

Introduction



1.1 Organically Capped Metal Nanoparticles

Metal nanomaterials represents a novel class of materials since the concept was
first introduced by Paul Ehrlich in 1954, and in late 1960s, Professor Peter Paul Speiser
developed the first nanoparticles for drug delivery purposes.' The convergence of
experimental advances, such as the invention of scanning tunneling microscope and
atomic force microscope in early 1980s, facilitated the fast growth of nanotechnology.
On Oct. 18, 2011, the definition of nanomaterials “A natural, incidental or
manufactured material containing particles, in an unbound state or as an aggregate or
as an agglomerate and where, for 50% or more of the particles in the number size
distribution, one or more external dimensions is in the size range 1 nm — 100 nm” was
adopted by the European commission.” This field attracts growing public awareness,
and it shows tremendous potential implications and feasibility of applications.*” Up to
now, nanoparticles can be found everywhere in daily life, such as energy generation

and storage, medication, automobiles, UV protection and food supplements.

Due to the shrinking size of metal nanomaterials, the surface-to-volume ratio
increases significantly, and the role of the surface increases from minimal in bulk
materials to dominant in small nanoparticles. To saturate surface dangling bonds,
protecting ligands are generally attached to the nanoparticle surface, forming a capping
layer and screening the nanoparticles from the environment. This capping layer and the
metal cores constitute the organically capped metal nanoparticles,® where both of the
metal cores and the protecting organic ligands play an essential role in the

determination of the nanoparticle chemical and physical properties.



The size, shape and composition of the metal cores largely dictate the optical,
electronic and catalytic properties of metal nanoparticles.”"” For example, the UV-vis
absorption spectra of spherical gold nanoparticles within the range of 5 to 100 nm show
a direct relationship between the localized surface plasma resonance and the particle
size.'"* Moreover, when the size of the metal cores diminishes to the (sub)nanometer
regime, the nanoparticles act like quantum dots, with multiple absorption bands in UV-
vis measurements and apparent photoluminescence emissions in the visible range."” In
addition, the optical property of gold nanoparticles can be controlled by the core shapes,
as nanoplates, nanocubes, nanostars and nanorods exhibit distinctly different UV-vis

16-20

profiles. " The catalytic activity of metal nanoparticles is also related to particle shape,
size and composition. In general, the catalytic reactions take place on the surface of the
metal nanoparticles. Therefore, simply increasing the surface area or tuning the surface
chemistry via particle size, shape or alloying can help to optimize the catalytic

21-25

activity. For instance, the oxygen reduction reaction (ORR) activity of Pt surfaces

increases in the order of Pt(100) < Pt(111) = Pt(110), and by adjusting the shape of

Pt nanoparticles, the ORR activity may be manipulated and optimized.”> Moreover, Pt
alloying with late/early transition metals may introduce strain or ligand effects to tune
the d-band center of platinum for optimal oxygen absorption strength.> The plasmonic
effects of bimetallic Ag-Pt nanocages with edgeless features have also been utilized to
suppress the formation of undesired peroxide intermediates in ORR.*® Formation of

core/shell structures, for example, by coating Ag onto the even more inert Au surface,



can also enhance the ORR catalytic activity by about half an order of magnitude in

. 25
comparison to pure Ag surface.

In addition to the different shapes of metal nanoparticles mentioned above,
Janus nanoparticles emerge as a new class of unique materials with asymmetric
structures.”’ In the quest for “smart” materials that can be further engineered and
functionalized, Janus nanomaterials have been attracting increasing attention for

829 Janus particles are named after the Roman god Janus,

directional functionalization.
showing two hemispheres of distinctly different chemical and physical properties. The
significance of Janus particles was addressed in a Nobel lecture entitled “Soft Matter”
in 1991 by Nobel Laureate P. G. de Gennes.*® Janus nanoparticles provide an approach
to combine different properties from different materials such as optical, electronic,
catalytic and magnetic properties. For example, the plasmonic properties of gold
nanoparticles and magnetic properties of FesO4 nanocrystals can be combined in the
formation of binary Janus nanoparticles.’' Moreover, the asymmetric surface chemistry
of Janus nanoparticles may be used as new engineering sites for more complicated
surface modifications, such as the growth of Au-TiO, heterodimers.** Bimetallic Janus
nanoparticles may also enhance the charge transfer of dimer-like metal composites, and
improve the reactivity of metal catalysts.”> For instance, the charge transfer from

platinum to gold has been observed in asymmetric Pt-Au dumbbell-like nanocrystals,

which leads to increased methanol oxidation reaction activity.”

The organic ligands bonded to the metal surface also play a significant role in

the determination of nanoparticle properties. First, the organic molecules can help to



prevent the aggregation of nanoparticles. In general, the ligands provide steric and/or
electrostatic stabilization in maintaining the colloidal state by, for instance, bulky
hydrocarbon tails in non-polar solvents or charged species in aqueous solutions.’*
Second, the metal core size and shape can be tuned by using different kinds of
protecting ligands and manipulation of the concentration ratio with metal precursors.””
% For instance, gold nanoparticles with a precise size control between 3.5 and 10 nm
have been synthesized by using tannic acid together with sodium citrate at controlled
pH, temperature, sodium citrate concentration and gold precursor to seed ratio.”
Moreover, gold nanorods, nanospheres and nanocubes mentioned above can be
obtained with cetrimonium bromide, sodium citrate, and cetrimonium bromide-
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ascorbic acid as capping ligands in the preparation process. Third, the polarity of
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the nanoparticles can be tuned by the organic ligands.”™”” For instance, water-soluble

Au/Ag nanoparticles have been prepared by an organic-aqueous phase transfer method

with amphiphilic oligomers for good biocompatibility.*

PVP-protected gold
nanoparticles in water can also be transferred to organic solvents by ligand exchange

with phenylacetylene for the modulation of the electronic properties.*!

The third factor that will affect properties of organically capped metal
nanoparticles is the metal-ligand interactions. Metal nanoparticles can be protected by
a diverse range of metal—ligand interfacial bonds, such as metal-thiolate (M-S), metal-
carboxylate (M-O), metal—carbon single bonds (M-C), metal—carbene bond (M=C),

and metal—acetylide bonds (M—C=C).**** Among those, mercapto derivatives have

been used extensively as the ligands of choice for nanoparticle surface functionalization



because of the strong affinity of thiol moieties to metal surfaces. Nevertheless, the
metal-carbon conjugated bonds reported in recent years have shown more exciting

- 44-46
properties.

In particular, thanks to the formation of the metal—carbon interfacial
conjugated bonds, charge delocalization occurs due to the dn—pm interactions between
the metal cores and organic ligands, leading to reduced interfacial resistance. For
example, the electrical conductivity of solid films of palladium nanoparticles protected
by biphenyl through the formation of metal—carbon (sp”) covalent bonds exhibit
metallic temperature dependence in the temperature range of 80 to 320 K.*” New
optical, electronic and electrochemical properties may also be introduced by effective
intraparticle charge delocalization between the particle-bound functional groups.**™!
For example, ruthenium nanoparticles protected by 1-vinylpyrene (Ru=VPy) exhibit
two emission bands that are similar to those of dimer counterpart of pyrene, (E)-1,2-
di(pyren-1-yl)ethene, suggesting that the particle-bound pyrene moieties behave
equivalently to pyrene dimers due to the intraparticle charge delocalization through the
conjugated linker by virtue of the Ru=carbene  bonds, while ruthenium nanoparticles
capped with l-allylpyrene (Ru=APy) display only a single emission peak at 392 nm,
consistent with monomeric pyrene derivatives of 1-allylpyrene.” In electrochemical
study, ruthenium nanoparticles functionalized with ferrocenyl moieties through
metal—carbene (M=C) 7 interfacial bonds exhibit two Fc/Fc™ redox peaks with a
potential separation (AE.x) of 204 mV due to the intraparticle delocalization, while only

one pair of redox peaks is observed for ruthenium nanoparticles functionalized with

allylferrocene. In addition, in the study of intraparticle charge transfer, intervalence



charge transfer (IVCT) transitions provides a probe of the activation barrier to electron

transfer and the charge delocalization extent of the system.>
1.2 Intervalence Charge Transfer

IVCT is an electron transfer process (thermal or photoinduced) between donor
and acceptor sites facilitated by the significant electronic coupling through a chemical
bridge. In general, the metal centers in the mixed-valence system act as the donor and
accepter, and a chemical linker acts as the bridge.’> Mixed-valence systems have been
attracting considerable attention since late 1960s. Ru(Il)/Ru(IIl) metal center systems
have played a significant role in the study of IVCT, since the report of the Creutz—
Taube ion, [{Ru(NH:)s}(u-pyz)(Ru(NH3)s)]>" (pyz = pyrazine), in 1973.” In
complexes like this, the effective overlap of the d-electrons in d(m) orbitals of the metal
center with the m-acceptor conjugated ligands allows delocalization of electrons to the
other bridged metal centers. Thus, the change of electron density in the oxidation of
one metal center can be communicated to the second metal ion through the bridging

ligand.>*

The mixed-valence state of a binuclear composite may be generated either
electrochemically or chemically.’® The magnitude of IVCT can be estimated by
spectroscopic and/or electrochemical measurements. As stated in two-state classical
and semi-classical theories, the IVCT transition in a dinuclear mixed-valence system
can be measured by the vibrational transitional absorption band corresponding to the

metal to metal charge transfer (MMCT), while the electronic coupling can be defined



by parameter H,, = (¥,|H|%,). If the two metal centers are far apart (class I), the

electronic coupling is negligible, and no IVCT transition can be observed with H,,= 0.
In the class II regime, the predicted MMCT absorption band width Av,,” is given by eq

(1 1) 52,55
A1’ = [16RTIN(2 V)] (1.1)

where R is the gas constant, 7 is temperature (in K), and v, is the IVCT maximum of
the absorption spectrum. The parameter /" provides a criterion for describing the degree

of electronic coupling by eq (1.2),”
F = ] - Avl/Z(experimemal)/[l6RTln(2vmax)]1/2 =1- AVl/2(expe:rimenta\l)/Av1/20 (1 -2)

where 0 < T" < 0.5 represents localized Class II systems, I' = 0.5 at the Class II-III
transition, and I > 0.5 for delocalized Class III systems. Moreover, in the class Il region,
the electronic coupling parameter H,, = 2.06€ > (VimaxemadV1/2(experimentan)”/ab, Where & is
the molar extinction coefficient and r, is the effective electron transfer distance.” In
electrochemical measurements, the comproportionation constant, K., can also help to
identify the degree of the electronic delocalization. K. describes the stability of the

mixed-valence metal center [M"M"], as shown in eq (1.3),

K¢

[MIIMII] + [MIIIMIII] < Z[M”MI”] (13)

where K. can be measured from the separation between the two redox potentials for the
successive oxidation processes (AE), AG’ = -RTInK. = -nFAE.”*** The higher the AE,
the more stable the mixed valence metal center. In addition, AG” can be affected by the

repulsion of the two similarly charged metal centers linked by the bridging ligand, the



metal-ligand back-bonding interaction and the electronic delocalization.>®

Depending on the extent of electronic coupling, the mixed valence complexes
were categorized by Robin and Day into three classes, class I (uncoupled), class II
(moderately coupled), and class III (strongly coupled), which refer to no interaction or
little interaction between mixed valence systems, moderate delocalized mixed valence
system, and strong delocalized system, respectively. Therefore, studies of the IVCT
transitions help to resolve intraparticle charge transfer if the metal cores are protected
by organic ligands with mixed-valence metal centers with delocalized connection.” In
an early study of ethynylferrocene protected platinum nanoparticles (Pt-C=C-Fc), the
size of the platinum nanoparticles is found to significantly affect the electronic
coupling.* For the 2 nm platinum cores, AE,y is estimated to be 280 mV in the dark or
under UV photoirradiation.* However, for the subnanometer-sized nanoparticles,
which show semiconductor-like characteristics with a bandgap of about 1.0 eV, AE
diminishes to 180 mV in the dark and somewhat higher at 200 mV under UV
photoirradiation.”® Apparently, the former has stronger electronic coupling than the
latter, and the electronic coupling of the latter may be enhanced by UV photoradiation
most likely due to enhanced electrical conductivity of the metal cores as the photon

energy is greater than the nanoparticle core bandgap.
1.3 Carbon Nanomaterials

In addition to metal nanoparticles, non-metal nanomaterials like carbon
nanomaterials have also been attracting extensive attention due to their new optical,

electrical, chemical and electrochemical properties, which lead to extensive



applications in catalysis, electronics, biosensing, biomedicine and photonics.’® Carbon
nanomaterials are a class of low-dimensional materials typically in the range of 1 nm
to 1 um, including zero-dimensional carbon nanodots and fullerene, one dimensional
carbon nanotube/fiber, two-dimensional graphene. Among these, fullerene as the first
member of carbon nanomaterials was discovered about 30 years ago, followed by the
discoveries of carbon nanotubes in 1991 and graphene in 2004.”" Carbon
nanomaterials are mainly composed of sp® carbon atoms forming a conjugated n-
system, and further doping and functionalization may introduce defects like sp> carbons
or heteroatoms (O, N, S, P). Among these carbon nanomaterials, graphene quantum
dots (GQDs) represent a unique class of carbonaceous nanomaterials that exhibit a
much smaller size (<10 nm) and higher concentration of defects. New optical and
electronic properties have been observed for GQDs due to the quantum confinement
effects of the nanoscale m-domains. Weak emissions have been observed with bare
carbon nanomaterials, and strong emissions were found in functionalized carbon
nanomaterials, which are ascribed to small confined conjugated n-domains and defects,
respectively.” Moreover, in comparison with other fluorescent semiconductors, carbon
materials is non-toxic and biocompatible, which is a great advantage for staining and

. . . . 1
imaging of live organisms.

Carbon nanomaterials have also been attracting intensive interest in the
applications as electrocatalysts due to their low costs, high electrical conductivity, high
stability and environment friendliness.®” The electronic properties such as conductivity

of graphene nanomaterials depends strongly on their chemical and atomic structures,
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which can be altered by the manipulation of defect contents and degree of structural
disorders.”’ For instance, heteroatom-doped carbon has been proved experimentally
and theoretically as a promising metal-free electrocatalyst for ORR. In fact, N, P, B, S-
doped or co-doped carbon nanomaterials exhibit improved catalytic reactivity due to
the m-conjugation of electrons in the carbon honeycomb structure and the introduction

of lone pair electrons from the heteroatom dopants.®*%

Furthermore, graphene
derivatives have high surface area that is essential for the dispersion of metal
nanoparticles or metal ions, maximizing the accessible area for electron transfer or
mass transport. In addition, graphene derivatives can be further chemically
functionalized with carbonyl, epoxides or hydroxyl groups that help to immobilize
metal nanoparticles and the stability of the catalysts can be enhanced through strong
metal-support interaction.®” More importantly, the catalytic reactivity of metal
nanoparticles can be further manipulated by the electronic interactions between the
carbon substrates and metal nanoparticles.’> For instance, the ORR activity of platinum
nanoparticles supported on GQDs can be tuned by the modification of defects

concentrations in GQDs, by which the electron transfer from Pt to GQDs can be

optimized for the best oxygen absorption strength.®®

The preparation methods for carbon nanomaterials can be generally classified
into “top-down” and “bottom-up” processes. The former involves exfoliation or
breaking down of graphitic materials via chemical, electrochemical, or metal
intercalation, while the latter is realized by pyrolysis or carbonization of small organic

molecules.” By adjusting the preparation conditions, the size, optical and chemical

11



properties of the carbon nanomaterials can be modified.” For instance, GQDs and its
derivatives have been explored for potential applications in the fields of optoelectronics,

. . 1-73
catalysis, energy generation and storage.”'”’

Moreover, new applications can be
explored by developing effective procedures for the controlled “bottom-up” assembly

of graphene derivatives into large, complicated architectures.’
1.4 Dissertation Outline

The dissertation research described herein are to manipulate the ligand
functionalization of metal nanoparticles, metal core structures and engineering of
carbon nanomaterials to study the influence of metal-organic interactions and metal
core structures on the chemical, optical and electrochemical properties of nanoparticles
and their applications in (electro)catalysis. The structures of the nanoparticles are
studied by AFM (atomic force microscopy) and TEM (transmission electron
microscopy), XPS (X-ray photoelectron spectroscopy), UV-vis, photoluminescence,
proton nuclear magnetic resonance (NMR), FTIR, near infra-red, Raman, and

electrochemical measurements. The dissertation consists of the following chapters:

e Chapter 2, interfacial reactivity of ruthenium nanoparticles protected by
ferrocenecarboxylates.

e Chapter 3, chemical reactivity of naphthalenecarboxylate-protected ruthenium
nanoparticles: intraparticle charge delocalization derived from interfacial
decarboxylation.

e Chapter 4, electron-transfer properties of the ruthenium nanoparticles capped

12



with 1-dodecyne, laurate and 1-dodecanethiol examined by scanning tunneling
spectroscopic (STS) measurements.

e Chapter 5, studies of IVCT between embedded Ru ions bridged by the highly
conductive GQD by near-infrared spectroscopy and cyclic voltammetry
measurements.

e Chapter 6, covalent crosslinking of GQDs forming ensembles of a few hundred
nanometers in size by McMurry deoxygenation coupling reactions.

e Chapter 7, gold core@silver semishell Janus nanoparticles prepared by
interfacial etching for enhanced ORR electrocatalytic activity.

e Chapter 8, cysteine-stabilized Ag—Cu hollow nanoshells for the effective phase-
transfer of target molecules such as rhodamine 6G between water and organic

media and for the catalytic reduction of 4-nitroaniline by sodium borohydride.
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Chapter 2

Interfacial reactivity of ruthenium nanoparticles protected by

ferrocenecarboxylates

Reproduced with permission from (Limei Chen, Yang Song, Peiguang Hu, Christopher
P. Deming, Yan Guo, Shaowei Chen, "Interfacial reactivity of ruthenium nanoparticles
protected by ferrocenecarboxylates", Phys. Chem. Chem. Phys., 2014, 16, 18736.)

Copyright © 2014 The Royal Society of Chemistry.
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2.1 Introduction

Monolayer-protected metal nanoparticles have attracted great interest in diverse
research fields such as catalysis,' energy conversion and storage,” biological and
chemical sensing.’ In these studies, metal-ligand bonding interactions have been found
to play a key role in the determination of the nanoparticle size, structure, stability, and
reactivity.* Whereas mercapto derivatives have been used extensively as the ligands of
choice for nanoparticle surface functionalization because of the strong affinity of the
thiol moiety to metal surfaces, recently a number of studies have been carried out
focusing on the synthesis of metal nanoparticles stabilized by other metal-ligand
interfacial bonds. With the new interfacial chemistry, not only the growth dynamics of
the nanoparticles changes accordingly, but more interestingly the nanoparticle optical
and electronic properties can also be manipulated at an unprecedented level as a result
of the unique bonding interactions between the metal cores and the organic capping
ligands. For instance, alkylamines have been used as capping ligands in the control of
the size and shape of ruthenium nanoparticles because of their strong coordination
bonds. Experimentally it has been observed that the ruthenium particles tend to be
elongated or form rod-like structures thanks to the fast exchange of amine ligands at
the particle surface.” However, in the presence of ionic liquids (e. g., imidazolium-
derived ionic liquids), spherical nanoparticles are obtained as ligand exchange is
inhibited.® Stable metal nanoparticles have also been prepared by taking advantage of
the self-assembly of diazo and acetylene derivatives onto metal nanoparticle surfaces

forming metal—carbene (M=C), —acetylide (M—C=), or —vinylidene (M=C=C) bonds.”
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"' 'With the formation of these conjugated interfacial bonds, extensive intraparticle
charge delocalization occurs between the particle-bound functional moieties, leading
to the emergence of optical and electronic properties that are analogous to those of their

. . - 12-15
dimeric derivatives.

In these studies, ruthenium nanoparticles have been used rather extensively as
the illustrating examples, possibly because of the rich chemistry manifested in relevant
ruthenium complexes.'® Among the methods for the synthesis of ruthenium
nanoparticles, thermolysis is an effective route where Ru(II) precursors are reduced in
alcohols in the presence of acetate salts.'” The resulting ruthenium colloids are
presumed to be stabilized by the acetate ligands, which may be replaced by ligand
exchange with thiols or alkyne ligands.” However, other carboxylate derivatives have
rarely been used,”'®and few studies have focused on the interfacial interactions
between the metal cores and the carboxylate groups. This is the primary motivation of

the present study.

Herein, we used sodium ferrocenecarboxylate as a new type of protecting
ligands for the stabilization of ruthenium nanoparticles by the formation of Ru-O
interfacial bonds, where the ferrocenyl groups were exploited as a molecular probe to
examine the nanoparticle interfacial reactivity. Interestingly, sodium
ferrocenecarboxylate was found to act as a better stabilizer than sodium acetate for
ruthenium nanoparticles. The resulting nanoparticles were then subject to detailed
characterizations by a wide array of spectroscopic and microscopic measurements,

. . . . 1 .
including transmission electron microscopy (TEM), H nuclear magnetic resonance
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(NMR) spectroscopy, ultraviolet-visible (UV-vis) absorption, as well as Fourier-
transformed infrared (FTIR) spectroscopy. The ligands were found to form highly
polarized Ru—O bonds at the metal-ligand interface in a bidentate configuration,” in
consistence with x-ray photoelectron spectroscopic (XPS) measurements which
exhibited a marked increase of the Fe2p binding energy and electrochemical
measurements where the formal potential of the particle-bound ferrocenyl moieties
increased by ca. 120 mV. Notably, the nanoparticles might undergo galvanic exchange
reactions with Pd(II), and after hydrothermal reactions, the resulting nanoparticles
exhibited voltammetric results that suggested intervalence charge transfer between the
ferrocenyl groups on the nanoparticle surface, likely because of palladium-catalyzed
decarboxylation of the surface ligands and the ferrocenyl groups were now directly

bonded to the metal surfaces.

2.2 Experimental Section

Chemicals

Ruthenium chloride (RuCls, 35-40% Ru, ACROS), sodium hydroxide (NaOH,
extra pure, ACROS), 1, 2-propanediol (ACROS), palladium(II) chloride (PdCl,, 59%
Pd, ACROS), hydrochloric acid (HCI, ACS Reagent, Sigma—Aldrich) and
ferrocenecarboxylic acid (FCA, 98+%, Santa Cruz Biotechnology) were 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

MQ cm).
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Preparation of ferrocenecarboxylate-stabilized ruthenium nanoparticles
Ferrocenecarboxylate-stabilized Ru nanoparticles were synthesized by
thermolytic reduction of RuCls in 1,2-propanediol, similar to the preparation of acetate-
stabilized Ru colloids described in previous studies.” Briefly, 0.1 mmol of RuCls, 0.6
mmol of FCA and 0.6 mmol of sodium hydroxide were dissolved in 100 mL of 1, 2-
propanediol. The solution was then heated to 175 °C for 2 h under vigorous stirring.
During the reaction, the color of the solution was found to change from dark orange to
dark brown indicating the formation of Ru nanoparticles. The colloid solution was then
cooled to room temperature and underwent dialysis for 3 d in nanopure water to remove
excessive ligands of FCA and 1,2-propanediol. The solution was then collected and
dried by rotary evaporation, and the solids were rinsed extensively with acetonitrile to
remove residual free ligands. The resulting purified ruthenium nanoparticles were

denoted as RuFCA.

Decarboxylation of RuFCA nanoparticles

The experimental procedure is depicted in Scheme 2.1. A H,PdCly solution was
first prepared by dissolving PdCl, (0.1 mmol) in hydrochloric acid (1 mL) at 50 °C.
When cooled down to room temperature, the solution was added to the RuFCA
nanoparticle solution in 1,3-propanediol for galvanic exchange. After magnetic stirring
for 24 h, the solution was purified by dialysis in nanopure water and rinsing by
acetonitrile to remove excessive free ligands and reaction by-products. The solution
was then added into a Teflon-lined autoclave, which was sealed and placed in an oven

and heated at 200 °C for 4 h. The precipitates were collected and purified by rinsing
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extensively with acetonitrile; and the resulting nanoparticles were referred to as

RuPdFCA.

Characterizations

The particles core diameters were determined by TEM measurements with a
JEOL-F 200 KV field-emission analytical transmission electron microscope. The
samples were prepared by casting a drop of the particle solution in N,N-
dimethylformamide (DMF) onto a 200-mesh holey carbon-coated copper grid. 'H
NMR spectroscopic measurements were carried out by using concentrated solutions of
the nanoparticles in deuterated DMF with a Varian UnityPlus 500 MHz NMR
spectrometer and the absence of any sharp features indicated that the nanoparticles
were free of excessive monomeric ligands. UV-vis spectroscopic studies were
performed with an ATI Unicam UV4 spectrometer using a 10 mm quartz cuvette with
a resolution of 2 nm. FTIR measurements were carried out with a Perkin-Elmer FTIR
spectrometer (Spectrum One, spectral resolution 4 cm™), where the samples were
prepared by casting the particle solutions onto a ZnSe disk. X-Ray photoelectron
spectra (XPS) were recorded with a PHI 5400/XPS instrument equipped with an Al Ka
source operated at 350W and at 10” 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 Si2p peak (93.03 eV).
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Scheme 2.1

Electrochemistry

Voltammetric measurements were carried out with a CHI 440 electrochemical
workstation. A polycrystalline gold disk electrode (sealed in glass tubing) was used as
the working electrode, with a surface area of 0.70 mm”. 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 0.05 um alumina slurries and then cleansed by
sonication in H,SO,4 and nanopure water successively. Note that the potentials were all
calibrated against the formal potential of ferrocene monomers (Fc'/Fc) in the same

electrolyte solution.

2.3 Results and Discussion

Figure 2.1 depicts a representative TEM micrograph of the RuFCA
nanoparticles. It can be seen that the nanoparticles were well dispersed without
apparent aggregation, suggesting effective stabilization of the nanoparticles by the
ferrocenecarboxylate ligands. Statistical analysis based on more than 100 nanoparticles
showed that the nanoparticles were largely within the narrow range of 0.80 to 1.70 nm

in diameter, with a mean value of 1.22 + 0.23 nm, as manifested in the figure inset.
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Figure 2.1 Representative TEM micrograph of RuFCA nanoparticles. The inset shows
the particle core size histogram. The scale bar is 10 nm.

The structures of the RuFCA nanoparticles were then examined by NMR
measurements. Figure 2.2 shows the 'H NMR spectra of RuFCA and monomeric FCA
in deuterated DMF. For the monomeric FCA ligands (black curve), three sharp
multiplets can be identified at 4.75, 4.46 and 4.24 ppm with the ratio of the integrated
peak areas at about a:b:c =1.08:1:2.59. These are consistent with those of the ferrocenyl
ring protons as depicted in the figure inset (the peak at ca 8.0 ppm was from the DMF
solvent and that at 3.5 ppm was due to residual water in the solvent). For the RuFCA
nanoparticles (red curve), however, these three peaks were found to shift somewhat to
4.66, 4.40, and 4.20 ppm, which suggests decreasing electron density (bonding order)

of the ferrocenyl skeleton (vide infra) as compared to that of the monomeric ligands.
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In addition, the peaks were apparently broadened and the ratio of the integrated peak
areas reduced to 0.37:1:1.72. The broadening can be attributed to inhomogeneity of the
magnetic field in the local chemical environments on the ruthenium nanoparticle
surface.”’ The closer the protons are to the metal cores, the stronger the influence is.
Thus the deviation of the ratio of the (a), (b) and (c¢) protons from the expected value
of 1:1:2.5 is most likely due to the varied degrees of signal broadening. In particular,
the apparent underestimation of protons (a) may be accounted for by their close
proximity to the carboxylic acid moieties that are the presumed anchoring sites onto
the nanoparticle surface. Furthermore, the lack of sharp features in the NMR
measurements indicates that the nanoparticles were free of excessive monomeric
ligands. Such a phenomenon has been observed extensively with organically capped
metal nanoparticles, as a result of (1) spin relaxation from dipolar interactions at the
ligand/core interface and (2) spin-spin relaxation broadening caused by particle core

size dispersity.’
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Figure 2.2 1H NMR spectra of (black curve) monomeric FCA and (red curve)
RuFCA nanoparticles in deuterated DMF.

FTIR measurements further confirmed that the FCA ligands were indeed bound
on the nanoparticle surface with the carboxylate moieties symmetrically anchored to
Ru, as depicted in Figure 2.3. For the FCA monomers (black curve), the peaks at 1654
cm™ and 1284 cm™' may be assigned to the C=0 and C—O stretching vibrations of the
carboxyl moieties, respectively; the ferrocenyl ring skeleton (C=C) vibrations can be
found at 1476 and 1400 cm™, along with the cyclopentadienyl C-H vibrational stretch
at about 3095 cm™ and bending vibration at 1161 cm™.*'* Interestingly, when the
ligands were bound onto the ruthenium nanoparticle surface (red curve), the C-O
vibration peaks diminished significantly and the C=0O band red-shifted to 1635 cm™.

This decrease of bonding order might be accounted for by the formation of carboxylate-

like species when the ligands were bound onto the nanoparticle surface in a bidentate
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configuration (Scheme 2.1), because of the strong coupling between C=0 and C-0.>"®
In addition, the ring skeleton vibrations of the ferrocenyl moieties red-shift slightly to
1474 and 1393 cm™. This is consistent with the red-shift of the ferrocenyl ring protons
in NMR measurements as observed in Figure 2.2. Additionally, one may notice that
three small peaks emerged in the region of 1900 to 2100 cm™. These are likely due to
Ru—H vibrational stretches that were formed in the thermolytic synthesis of ruthenium
nanoparticles, where the variation of the vibrational frequencies might be ascribed to

the Ru—H bonds at different surface sites.>**¢
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Figure 2.3 FTIR spectra of FCA monomers (black curve) and RuFCA
nanoparticles (red curve).
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Further structural insights were obtained from XPS measurements. Based on
the XPS survey spectra in Figure 2.4 (A), the elements of C (Ru), O and Fe can be
clearly identified in both FCA monomers and RuFCA nanoparticles (note that the
binding energy of Cls and Ru3d electrons overlaps around 285 eV*’). Yet clear
discrepancy can be seen in high-resolution scans, as manifested in panels (B) to (D)
(black curves are experimental data and color curves are deconvolution fits). For
instance, in panel (B), deconvolution of the XPS profile of the FCA monomers revealed
two peaks at 285.7 (blue curve) and 288.8 eV (yellow curve), which may be assigned
to the ferrocenyl (C=C) and carboxyl (COO) Cls, respectively, and the ratio of the
integrated peak areas is estimated to be 9.3:1, close to 10:1 expected from molecular
structure. For the RuFCA nanoparticles, four peaks were resolved by deconvolution.
Among these the one at 285.4 eV was most likely due to the ferrocenyl ring carbons
(blue curve), the one at 287.6 eV to carbonyl carbon (magenta curve)-the ratio of their
integrated peak areas is also close to 10:1, consistent with the bidentated binding of the
FCA ligands onto the ruthenium nanoparticles surface (scheme 2.1). Additionally, the
pairs at 281.5 (green curve) and 285.6 eV (yellow curve) may be assigned to Ru3d
electrons. It should be noted that in a previous study with alkyne-stabilized ruthenium
nanoparticles, the binding energy of the Ru3d electron was found to be markedly lower
at 280.5 and 284.6 eV.>’ This may be ascribed to the difference of the chemical nature
of the metal-ligand interfacial bonds: in the present study, the attachment of carboxyl
moieties onto the ruthenium nanoparticle surface led to the formation of highly

polarized Ru—O bonds where charge transfer from Ru to O likely occurred, whereas in
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alkyne-stabilized nanoparticles, the ruthenium-vinylidene bonds were mostly covalent
in nature.”” The (partial) interfacial charge transfer in Ru—O might also account for the
small red-shift of both the carboxyl and ferrocenyl Cls electrons in RuFCA

nanoparticles, as compared to those of FCA monomers.
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Figure 2.4 (A) XPS survey spectra of FCA monomers, and RuFCA
nanoparticles. High-resolution scans of the (B) Cls (Ru3d), (C) Ols and (D)
Fe2p electrons are also included, where black curves are the experimental data
and color curves are the corresponding deconvolution fits.

Consistent results were observed in the measurements of the Ols and Fe2p
electrons. As shown in panel (C), for the FCA monomers, two peaks were resolved in
the O1s spectrum at 532.4 (yellow curve) and 532.9 eV (blue curve), corresponding to

the C=0 and C-O oxygen, respectively. In contrast, only one peak is needed to fit the
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data of RuFCA which is centered at 532.6 eV, suggesting that the bonding order
involved was in the intermediate between C=0 and C-O. This is consistent with the
structural configuration where the carboxyl moieties were bound onto the ruthenium
nanoparticle surface in a symmetrical bidentate fashion (Scheme 2.1). Similarly, for
Fe2p electrons that are shown in panel (D), it can be seen that for the FCA monomers,
the Fe(II)2p electrons are well-defined at 709.7 (yellow curve) and 722.8 eV (blue
curve), whereas 710.8 (yellow curve) and 722.6 eV (blue curve) for the RuFCA
nanoparticles. This observation is likely due to the strong polarization of the Ru-O
interfacial bonds that diminishes the electron density of the iron centers in RuFCA, in

good agreement with the NMR and FTIR results presented above.”®

The impacts of surface functionalization by ferrocecarboxylate on the particle
electronic properties were then examined by electrochemical measurements. Figure 2.5
shows the square wave voltammograms (SWV) of the FCA monomers and RuFCA
nanoparticles in DMF with 0.1 M tetra-n-butylammonium perchlorate (TBAP) as the
supporting electrolyte at a gold disk electrode. The FCA monomers (black curves)
exhibited one pair of voltammetric peaks within the potential range of —0.20 to +0.30
V, with the formal potential (E®”) at +0.05 V vs Fc+/Fc. Similar voltammetric features
can be seen with the RuFCA nanoparticles (red curves), with a rather comparable peak
width at half maximum (103 mV and 110 mV for FCA and RuFCA, respectively);
however, the formal potential was found to shift to +0.17 V, 120 mV more positive
than that of FCA monomers. This is consistent with the above XPS results where the

binding energy of the Fe2p electrons of the RuFCA nanoparticles was markedly higher
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than that of FCA monomers, again, because of the highly polarized Ru—O interfacial

bonds that diminished the electron density of the iron centers (Scheme 2.1).
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Figure 2.5 SWVs of FCA monomers and RuFCA nanoparticles acquired at a
gold electrode in 0.1 M tetrabutylammonium perchlorate (TBAP) in DMF.
Electrode surface areca 0.70 mm2, FCA concentration 4.3 mM, RuFCA
nanoparticle concentration 5 mg mL ™', increment of potential 4 mV, amplitude
25 mV and frequency 15 Hz.

Interestingly, when the RuFCA nanoparticles underwent galvanic exchange
reactions with PdCl5~ followed by hydrothermal treatment at 200 °C for 4 h, the
resulting nanoparticles exhibited drastically different voltammetric responses. This is
to take advantage of the spontaneous galvanic exchange reaction of Ru(0) with Pd(II),

as the redox potential of PdCl;™ +2e — Pd +4CI (+0.591 V vs NHE) is more positive
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than that of Ru®" + 2e — Ru (+0.455 V vs NHE),*” where Pd was most likely deposited
on the nanoparticle surface in the form of small clusters (vide infra). It should be noted
that Pd may serve as an effective catalyst for decarboxylation under hydrothermal
conditions.”® Therefore, the resulting RuPdFCA nanoparticles were subjected to
hydrothermal treatment. It was antivipated that the ferrocenyl moieties would be
directly bonded to the metal cores (Scheme 2.1) such that intraparticle charge
delocalization occurred between the particle-bound ferrocenyl moieties. Indeed, as
evidenced by the black curves in Figure 2.6, electrochemical measurements of these
nanoparticles exhibited two pairs of voltammetric peaks within the potential range of
—0.30 to +0.40 V (vs Fct+/Fc), with the formal potentials at +0.190 and —0.072 V, a
behaviour consistent with intervalence charge transfer between the particle-bound
ferrocenyl moieties.® Notably, the potential spacing (AV) of 260 mV between the two
voltammetric peaks is markedly greater than those observed in the previous study (ca.
200 mV) where the ferrocenyl moieties were bound onto the ruthenium nanoparticles
by ruthenium-carbene bonds,® but very comparable to those of conventional
biferrocene derivatives.’'* This is consistent with Class II compounds as defined by
Robin and Day.” In sharp contrast, for the nanoparticles prior to hydrothermal
treatment (red curves), only a single pair of voltammetric peaks appear at +0.20 V,
indicating the lack of effective electronic communication between the ferrocenyl
functional groups on the nanoparticle surface because of insulation by the Ru-O

linkages.
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Figure 2.6 SWVs of RuFCA nanoparticles after galvanic exchange reactions
with Pd(II) followed by hydrothermal treatment at 200 °C for 4 h. Other
experimental conditions the same as those in Figure 2.5.
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Figure 2.7 (A) UV-vis absorption spectra of RuFCA nanoparticles and
RuPdFCA nanoparticles prepared by galvanic exchange reactions of RuFCA
with Pd(II) before and after hydrothermal treatment. The data were normalized
to the respective absorbance at 300 nm. The overlap of the spectra signifies little
variation of the metal cores in the four nanoparticle samples. (B) Representative
TEM micrograph of RuPdFCA nanoparticles after hydrothermal treatment. The
size of the nanoparticles is around 2.5 nm. (C) FTIR spectrum of RuPdFCA
nanoparticles after hydrothermal treatment. (D) 'H NMR of hydrothermally
treated RuPdFCA nanoparticles in deuterated DMF.

Furthermore, there are several aspects that warrant attention here. First, the
RuPdFCA nanoparticles exhibited almost unchanged UV-vis absorption profiles before
and after hydrothermal treatments, which were also consistent with that of the original

RuFCA nanoparticles (Figure 2.7(A)), whereas TEM measurements showed that the
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size of the RuPdFCA nanoparticles increased to about 2.5nm after hydrothermal
treatments (Figure 2.7(B)). Second, in FTIR measurements the C=O vibrational band
at ca. 1639 cm ' remained rather prominent with the hydrothermally treated RuPdFCA
nanoparticles (Figure 2.7(C)), suggesting only partial decarboxylation of the FCA
ligands on the nanoparticles. This is most likely due to the inhomogeneous distribution
of the Pd (cluster) catalysts during galvanic exchange reactions and consistent with
results from XPS measurements. From Figure 2.8, in the full survey spectrum of the
RuPdFCA nanoparticles the Pd3d electrons can be identified at around 340 eV.
However the signals are rather weak, signifying a low Pd concentration (most likely in
the form of small clusters) in the nanoparticles; and the low signals renders it difficult
to have a reliable quantitative assessment of the Pd loading. In addition, deconvolution
of the Cls and Ru3d region yields four peaks at 281.1 eV (Ru3d5/2), 285.3 eV
(Ru3d3/2), 285.2 eV (Cls C=C) and 287.5 eV (C=0 Cls), Note that the ratio of the
integrated peak areas between the C=C and C=0 carbons was now 18.7:1, almost twice
the values observed with the FCA monomers and RuFCA nanoparticles (vide ante).
This suggests that close to 50% of the surface capping ligands were decarboxylated
(Scheme 2.1), a result consistent with the voltammetric data presented in Fig. 2.6. The
direct attachment of the ferrocenyl moieties onto the nanoparticle surface is also
manifested in 1H NMR measurements with a single broad peak at around 4.3 ppm
which may be assigned to the combined contributions of protons (b) and (c) whereas
protons (a) were broadened into baseline (Figure 2.7(D)). Third, for the RuFCA

nanoparticles subject to the same hydrothermal treatment but without galvanic
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exchange reactions with Pd(II), electrochemical measurements exhibited only one pair
of voltammetric peaks, essentially the same as that of the original nanoparticles. This
highlights the important role of Pd in the catalytic decarboxylation of the FCA ligands
on the nanoparticle surface. Fourth, no stable palladium nanoparticles could be
prepared with ferrocenecarboxylate as the capping ligands by the same thermolytic
route. Thus, ligand decarboxylation on monometallic Pd nanoparticles could not be

tested and compared.
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Figure 2.8 (A) XPS survey spectrum of RuPdFCA nanoparticles after
hydrothermal treatment. (B) High-resolution scan of the Cls and Ru3d electrons
where the black curve is the experimental data and color curves are the
deconvolution fits.

2.4 Conclusion

In summary, stable ruthenium nanoparticles were prepared by using
ferrocenecarboxylate as the protecting ligands through the formation of Ru—O bonds
in a bidentate configuration, as evidenced in TEM, FTIR, '"H NMR and XPS
measurements. Notably, the formation of highly polarized Ru—O bonds led to a marked

increase of the Fe2p binding energy as a result of the diminishment of the electron
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density of the ferrocenyl ring skeleton and iron center. Consistent results were obtained
in electrochemical measurements where the formal potential of the particle-bound
ferrocenyl moieties increased by ca. 120 mV as compared to that of the monomeric
ligands. Importantly, the nanoparticles may undergo galvanic exchange reactions with
Pd(Il), leading to effective palladium-catalyzed decarboxylation of the ligands such
that the ferrocenyl groups were now directly bonded to the metal surface. This was
manifested in voltammetric measurements that suggested intervalence charge transfer
between the ferrocenyl groups on the nanoparticle surface. The results presented herein
may be of fundamental significance in the development of new protocols for the

interfacial functionalization and engineering of nanoparticle materials
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Chapter 3

Chemical Reactivity of Naphthalenecarboxylate-Protected Ruthenium
Nanoparticles: Intraparticle Charge Delocalization Derived from Interfacial

Decarboxylation

Reproduced with permission from (Limei Chen, Peiguang Hu, Christopher P. Deming,
Wei Li, Ligui Li, Shaowei Chen, Chemical Reactivity of Naphthalenecarboxylate-
Protected Ruthenium Nanoparticles: Intraparticle Charge Delocalization Derived from
Interfacial Decarboxylation, J. Phys. Chem. C, 2015, 119, 15449.) Copyright © 2015

American Chemical Society.
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3.1 Introduction

Organically capped metal nanoparticles have been attracting extensive interest
because the material properties may be readily controlled by the chemical nature of the
metal cores and the organic protecting ligands as well as their interfacial bonding
interactions.'” In fact, the bonding linkages at the metal-ligand interface have been
observed to impact the nanoparticle dimensions, morphology, and stability. Conversely
metal nanoparticles also have influence on the ligand physical and chemical property,
reactivity, and configuration.*®’ Of these, ruthenium nanoparticles have been
intensively studied due to its stability and affinity to many organic capping ligands,
such as mercapto derivatives, alkylamines, diazo, acetylene, nitrene, and carboxylate

moieties.*” !

For instance, for ruthenium nanoparticles functionalized by acetylene
derivatives, the formation of conjugated metal-ligand n-bonds leads to intraparticle
charge delocalization, and hence, the nanoparticles exhibit new optical/electronic

11-13
These results

characteristics that are analogous to those of diacetylene derivatives.
highlight the significance of interfacial engineering in the manipulation of nanoparticle

materials properties.

Conjugated metal-ligand interfacial bonds may also be produced by exploiting
the unique interfacial reactivity of organic ligands on nanoparticle surfaces. For
instance, we recently observed that alkene derivatives might self-assemble onto
platinum nanoparticle surfaces, forming platinum—vinylidene or —acetylide bonds as a
consequence of platinum-catalyzed dehydrogenation and transformation of the olefin

groups.'* In another study, ruthenium nanoparticles were protected by
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ferrocenecarboxylates, and galvanic exchange reactions with Pd(II) led to the
deposition of a small amount of Pd onto the nanoparticle surface, which catalyzed the
decarboxylation of the organic capping ligands under hydrothermal conditions, such
that the electrochemical profiles of the resulting nanoparticles were similar to those of

. . . 15
biferrocene derivatives.

Results from these studies offer a new, effective protocol for the interfacial
functionalization and engineering of transition-metal nanoparticles. In the present
study, sodium naphthalenecarboxylate was used as a new protecting ligand to
functionalize ruthenium nanoparticles where Ru—O bonds were formed at the metal—
ligand interface; subsequent hydrothermal treatments at elevated temperatures
effectively removed the carboxylate moieties even without the incorporation of Pd
catalysts, such that the naphthalene (NA) moieties were now attached to the metal core
by the Ru—C bonds.” Note that the bond strengths of Ru—O and Ru—C are actually quite
similar, with the former'® around 460 cm™' and the latter'” between 470 and 500 cm™
as determined by Raman spectroscopic measurements. In fact, experimentally, it was
found that hydrothermal treatment did not compromise the nanoparticle stability.
Nevertheless, a drastic deviation was observed of the optical and electronic properties
of the resulting nanoparticles as compared to those of the as-produced nanoparticles,
as evidenced by a red shift of the photoluminescence (PL) emission and a negative shift
of the formal potential of NA groups on the nanoparticle surface. This was ascribed to
effective electronic coupling between the particle-bound NA groups where

nanoparticle core electrons might spill into the organic capping ligands.
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3.2 Experimental Section
Chemicals

Sodium hydroxide (NaOH, extra pure, Acros), sodium bicarbonate (NaHCOs3,
+99%, Fisher Scientific), ruthenium chloride (RuCls, 35-40%Ru, Acros), naphthalene
(NA, ultrapure, National Diagnostics), 2-naphthoic acid (NAA, 99%, Acros), and 1,2-
propanediol (ACROS) were used as received. Solvents were purchased at their highest
purity and used without further treatment. Water was supplied by a Barnstead Nanopure

water system (18.3 MQ-cm).

Synthesis of Naphthalenecarboxylate-Protected Ruthenium (RuCOONA)

Nanoparticles

The synthetic procedure was similar to that used previously for the preparation
of acetate-stabilized Ru par‘[icles.15 In brief, 0.6 mmol of NAA, 0.6 mmol of NaOH,
and 0.1 mmol of RuClswere dissolved in 1,2-propanediol (100 mL), and the solution
was heated at 175 °C for 2 h under magnetic stirring. A rapid change of solution color
was observed from dark orange to dark brown, signifying the formation of Ru
nanoparticles. The solution was then cooled down to room temperature and purified by
dialysis in Nanopure water for 3 days. Rotary evaporation of the resulting solution
produced a solid, which was then rinsed with a copious amount of methanol to remove

excessive free ligands and impurities, affording RuCOONA nanoparticles.

Decarboxylation of RuCOONA Nanoparticles
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A calculated amount of the RuCOONA nanoparticles obtained above was then
dispersed in a mixed solvent of DMF/water (7:1 v:v) and transferred into a polyphenyl
(PPL)-lined autoclave. The sealed autoclave was put in an oven and heated at 250 °C
for 14 h. A precipitate was produced at the bottom of the autoclave that was collected
and rinsed with methanol five times. The purified nanoparticles were denoted as RuNA,
which now became readily dispersible in common organic media, for example,

CH,Cl,, N,N-dimethylformamide (DMF), and tetrahydrofuran (THF).
Characterizations

TEM measurements were carried out with a JEOL-F 200 kV field-emission
analytical transmission electron microscope. In sample preparation, a drop of the
particle solution in DMF was cast onto a 200 mesh holey carbon-coated copper grid.
FTIR spectra were acquired with a PerkinElmer FTIR spectrometer (Spectrum One,
spectral resolution 4 cm™'), with the nanoparticles deposited onto a ZnSe disk. PL
measurements were performed with a PTI fluorospectrometer. UV—vis absorption
spectra were acquired with an ATI Unicam UV4 spectrometer using a 10 mm quartz
cuvette at a resolution of 2 nm. X-ray photoelectron spectra (XPS) were recorded with
a PHI 5400 XPS instrument equipped with an Al K, source operated at 350 W and at
10~ 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 Si 2p

peak (99.03 eV).

Electrochemistry
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Electrochemical measurements were carried out with a CHI 440
electrochemical workstation. A polycrystalline gold disk electrode (sealed in glass
tubing) was used as the working electrode (surface area 0.40 mm?). A Ag/AgCl wire
and a Pt coil were used as the (quasi)reference and counter electrodes, respectively.
Prior to use, the gold electrode was polished with 0.05 um alumina slurries and then
cleansed by sonication in Nanopure water. Note that the potentials were all calibrated
against the formal potential of ferrocene monomers (Fc'/Fc) in the same electrolyte

solution.
3.3 Results and Discussion

The size and morphology of the RuCOONA nanoparticles were first examined
by TEM measurements. From the representative TEM image in Figure 3.1, one can see
good dispersion of the nanoparticles with no obvious agglomeration, signifying
effective stabilization of the nanoparticles by the naphthalenecarboxylate ligands due
to the formation of Ru—O bonds at the metal-ligand interface.” High-resolution TEM
measurements (lower inset) show well-defined lattice fringes of the nanoparticle cores
at an interplanar spacing of 0.23 nm, in good agreement with that of Ru(100) crystalline
planes.'? Furthermore, the nanoparticle cores were found to fall in the narrow range of
0.8-2.2 nm in diameter, where the mean diameter was estimated to be 1.30 = 0.27 nm,
based on statistical analysis of over 120 nanoparticles, as depicted in the core size

histogram (upper inset).
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Figure 3.1 Representative TEM micrograph of RuCOONA nanoparticles. Scale bar =
20 nm. The lower inset is a high-resolution image of a nanoparticle (scale bar = 1 nm),
and the upper inset is the particle core size histogram.

UV-vis absorption measurements were then carried out to examine the
nanoparticle optical properties. For monomeric NAA, four characteristic absorption
bands can be observed at 277, 290, 317, and 329 nm. The first pair might be assigned
to the phenyl ring 1 — 7* electronic transitions, whereas the last two are due to n —
m* transitions of the carboxylic moiety (black curve, Figure 3.2(A))."® These spectral
features remained well-defined even after the NAA monomers were subject to

hydrothermal treatment at 250 °C (red curve) for 14 h, signifying the thermal stability
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of the molecules. In contrast, the RuCOONA nanoparticles (green curve) displayed a
mostly exponential decay profile that is consistent with nanosized ruthenium
colloids,"” along with two small peaks at 270 and 291 nm for the = — 7* transitions of
phenyl ring electrons. The absence of the two n — m* transitions was due to the
bidentate anchoring of the carboxylate groups onto the Ru nanoparticle surface where
the two oxygen atoms of the COO group were now bonded to ruthenium symmetrically
(Scheme 3.1).” After hydrothermal treatments, no obvious change of the absorption
profile was observed with the resulting RuNA nanoparticles (yellow curve); note that

TEM measurements showed an increase of the nanoparticle core size to ~2.5 nm after

hydrothermal treatment (not shown)."
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Figure 3.2 (A) UV—-visible and (B) excitation and emission spectra of RuCOONA and
RuNA nanoparticles in DMF. The spectra of NAA ligands before and after
hydrothermal treatments are also included.

However, marked differences can be seen of the nanoparticle PL properties. As
shown in Figure 3.2(B), one can see that the NAA ligands (black curves) exhibit three
well-defined excitation peaks at 229, 275, and 317 nm, in good agreement with the
UV-vis absorption peaks identified in panel (A), and when excited at 275 nm, a
prominent emission peak can be seen at 353 nm (along with a shoulder at ca. 340 nm),
characteristic of NA derivatives.”’ Note that after hydrothermal treatments, the overall
PL profiles of the NAA monomers (red curves) were rather consistent, where two
excitation peaks (281 and 325 nm) and a single emission peak at 354 nm were seen.
Interestingly, for RuCOONA nanoparticles (green curves), similar PL profiles were
also observed with two excitation peaks at 286 and 327 nm and an emission peak at
355 nm. These results suggest that (i) NAA ligands alone were structurally robust even
after hydrothermal treatments, (ii) the ruthenium nanoparticles were readily

functionalized with the NAA ligands, and (iii) the bonding interactions between the
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metal cores and carboxylate groups of the protecting ligands did not impact the
luminescence property of the NA moieties. However, after the RuCOONA
nanoparticles were hydrothermally treated, the resulting nanoparticles exhibited
drastically different PL profiles (yellow curves). From panel (B), one can see only a
single excitation peak at 322 nm and an emission one at 384 nm, analogous to those of
2,2"-binaphthalene derivatives.”'>> Such an apparent red shift, in comparison with the
results of the as-produced RuCOONA nanoparticles, may be ascribed to (partial)
removal of the carboxylate groups of the NAA ligands and the direct bonding of the
naphthenyl groups to the ruthenium metal nanoparticles (Scheme 3.1). This is in sharp
contrast to our earlier study where interfacial decarboxylation did not occur with pure
ruthenium nanoparticles but only when a trace amount of palladium was incorporated
onto the ruthenium nanoparticle surface by galvanic exchange reactions.'” Yet, one
should note that in the previous study,15 a Teflon-lined autoclave was used, which
limited the hydrothermal temperature to 200 °C, whereas in the present study, a PPL-
lined autoclave was used instead, which allowed an elevated temperature (250 °C) for
hydrothermal treatment. These results suggest that whereas palladium is a well-known
decarboxylation catalyst,”* ruthenium nanoparticles are also able to catalyze the
decarboxylation reaction of particle-bound carboxylate derivatives, but only at a higher

temperature (Scheme 3.1).

Decarboxylation of the NAA ligands at the metal-ligand interface was further
confirmed by FTIR measurements. Figure 3.3 shows the infrared spectra of NAA

monomers, RUCOONA, and RuNA nanoparticles. One can see that the NAA
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monomers (black curve) displayed two vibrational bands at 1685 and 1311 cm ™', which
arose from the carboxylic C=0 and C-O stretches, respectively, and the aromatic C—
H vibrations appeared at 3055 cm ', along with the aromatic ring C=C stretches at 1472
and 1516 cm . Note that the weak bands between 1750 and 2000 cm 'were most
likely due to overtones of the aromatic ring vibrations. In contrast, for RuCOONA
nanoparticles (red curve) where the ligands were bonded to the Ru nanoparticle surface,
the two carboxylic vibrational bands at 1685 and 1311 cm ™' disappeared, and two new
peaks emerged at 1639 and 1405 cm . The latter are actually consistent with those of
carboxylate groups, confirming that the NAA ligands were indeed bonded to the metal
nanoparticle surface in a symmetrical bidentate fashion.'>*® After hydrothermal
treatment (green curve), the vibrational features of the carboxylate groups remained
visible, but the intensity diminished drastically, suggesting (partial) decarboxylation of
the NAA ligands at the metal-ligand interface. In addition, the aromatic C—H vibrations
was found to red shift to below 3000 cm . This might be ascribed to the direct bonding
of the NA moieties onto the nanoparticle surface, leading to intraparticle charge

delocalization between the particle-bound functional groups (Scheme 3.1).°
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Figure 3.3 FTIR spectra of NAA monomers, RuCOONA, and RuNA nanoparticles.

Interfacial decarboxylation of the RuCOONA nanoparticles was also
quantitatively determined by XPS measurements. From Figure 3.4, one can see that for
the as-prepared RuUCOONA nanoparticles (top black curve), two main peaks can be
seen within the range of 278-292 eV. This includes the combined contributions of C
Is and Ru 3d electrons. In fact, deconvolution yields four peaks: the doublet at 280.6
(yellow curve) and 284.4 eV (blue curve) most likely arose from the 3ds; and
3d;.; electrons of metallic ruthenium, respectively, whereas the peak at 285.3 eV
(magenta curve) might be assigned to the C sp” electrons of the phenyl ring carbons
and the one at 289.2 eV (aqua blue curve) to the carboxylate carbon. It should be noted
that similar to ferrocenecarboxylate-stabilized ruthenium nanoparticles reported in the

previous study,' the binding energies of the Ru 3d electrons were somewhat higher
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than those of alkyne-capped ruthenium nanoparticles because the Ru—O bonds were far
more polar than the Ru—C ones.”* In addition, on the basis of the integrated peak areas,
the molar ratio of the COO™ carbon to the phenyl ring carbon was estimated to be 1:7.7,

close to that (1:10) anticipated from the NAA molecular structure.

RuCOONA

278 280 282 284 286 288 290 292

Binding Energy (eV)

Figure 3.4 XPS spectra of the C 1s (Ru 3d) of RuCOONA nanoparticles (top) before
and (bottom) after hydrothermal treatment (RuNA). Experimental data are denoted by
the black curves, and deconvolution fits are represented by the color curves.

After hydrothermal treatment (RuNA, bottom black curve), the Ru 3d electrons
exhibited virtually no change of binding energy at 280.6 (yellow curve) and 284.8 eV
(blue curve), while C sp” red shifted somewhat to 284.8 eV (magenta curve) and

carboxylate C to 288.4 eV (aqua blue curve). The latter might be ascribed to interfacial
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decarboxylation of the NAA ligands catalyzed by the ruthenium nanoparticles such that
the NA moieties were now bonded directly to the nanoparticle surface. In fact, one can
see that the concentration of carboxylate C decreased significantly as the molar ratio of

COO" to C sp” reduced to only 1:27. This indicates that ~63% of the NAA ligands were

indeed decarboxylated by hydrothermal treatment (Scheme 3.1).

The impacts of interfacial decarboxylation of the NAA ligands on the particle
electron-transfer properties were then investigated by voltammetric measurements.
Figure 3.5 depicts the square wave voltammograms (SWYV) of naphathalene,
monomeric NAA, RuCOONA, and RuNA nanoparticles in DMF with 0.1 M tetra-n-
butylammonium perchlorate (TBAP) as the supporting electrolyte. One can see a pair
of voltammetric peaks for the RuCOONA nanoparticles (green curves), and the formal
potential £°’ was estimated to be —3.07 V (versus Fc'/Fc), which is very consistent with
the response observed with NAA monomers (E°' = —3.03 V, red curves) and may be
ascribed to the reversible reduction of NA moieties to monoanionic radicals.”” This
suggests that the bidentate bonding of the NAA ligands onto the ruthenium
nanoparticles did not significantly impact the energy state of the NA moieties, most
probably due to the nonconjugated Ru—O bonds on the nanoparticle surface. Yet, in
comparison with the voltammetric response of monomaeric NA (E°' =—3.23 V, black
curve), one may see an anodic shift of £°’ by about 160 mV, most likely due to the
electron-withdrawing carboxyl moiety that facilitated electroreduction of the NA
moieties. Interestingly, after hydrothermal treatment, the voltammetric peaks of the

resulting RuNA nanoparticles (yellow curves) now appeared at £°' = —3.39 V, more

63



than 300 mV more negative than that of RuCOONA and even 160 mV more negative
than that of monomeric NA. This may be accounted for by the direct bonding of the
NA moieties to the ruthenium nanoparticle surface because of interfacial
decarboxylation of the NAA ligands. Thanks to the low resistance of the Ru—-C
bonds,”® metal core electrons might spill into the organic capping ligands, which would
render the electroreduction of the particle-bound NA moieties to take place at a more
negative potential position.”””® This is consistent with results from the PL
measurements (Figure 3.2), which suggests that the particle-bound functional moieties

behave analogously to the dimeric counterparts.

1.5e-5 1 Naphthalene
— NAA
1.0e-5 - RuCOONA
RuNA
5.0e-6 -
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o \ -
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E (V vs Fc/Fe)

Figure 3.5 SWVs of NA, monomeric NAA, and RuCOONA metal nanoparticles before
and after hydrothermal treatment in DMF with 0.1 M TBAP. The surface area of the
Au disk electrode is 0.40 mm®. The NA concentration is 2 mg/mL, NAA is 3 mg/mL,
RuCOONA is 3 mg/mL, and RuNA is 2 mg/mL. In SWV measurements, the frequency
was 15 Hz, the potential increment was 4 mV, and the amplitude was 25 mV.
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3.4 Conclusion

In this study, ruthenium nanoparticles were functionalized with
naphthalenecarboxylate ligands, forming Ru—O interfacial bonds in a symmetrical
bidentate fashion. Hydrothermal treatment at controlled temperatures resulted in
effective decarboxylation of the surface capping ligands, as evidenced in spectroscopic
and electrochemical measurements. Notably, interfacial decarboxylation led to direct
bonding of the NA group onto the nanoparticle metal cores. Thanks to the low metal—
ligand interfacial resistance, intraparticle charge delocalization occurred between the
particle-bound NA moieties, leading to the appearance of new optical and electronic
properties that were analogous to those of the dimeric counterparts. These results may
offer new fundamental insights into the interfacial functionalization and engineering of

transition-metal nanoparticles.
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Chapter 4

Ruthenium Nanoparticles Stabilized by the Self-Assembly of Acetylene,

Carboxylate, and Thiol

Reproduced with permission from (Yan Guot, Limei Chent, Yang Song, Peiguang Hu,
and Shaowei Chen, "Ruthenium Nanoparticles Stabilized by the Self-Assembly of
Acetylene, Carboxylate, and Thiol", Sci. Adv. Mater., 2014, 6, 1060. ( tequal

contribution)) Copyright © 2014 by American Scientific Publishers.
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4.1 Introduction

Organically capped transition-metal nanoparticles represent a unique class of
functional nanomaterials that exhibit interesting chemical and physical properties and
thus have been attracting a great deal of attention in diverse applications such as
nanoelectronics, catalysis, and sensing.'” Because of their nanocomposite nature, the
material properties of these nanoparticles may be readily manipulated by the chemical
nature of the metal cores, the structures of the surface organic ligands, as well as the
metal-ligand interfacial bonding interactions.*” For instance, ruthenium nanoparticles
display unique and novel optical, electronic and chemical properties when
functionalized with different organic ligands forming various metal-ligand interfacial
bonds.®’ This has been exemplified in the studies of the temperature dependence of
electronic conductivity of aliphatic ligands-capped Ru nanoparticles,® and the catalytic
activity of ionic liquid-stabilized Ru nanoparticles.” In these studies, it is recognized
that the interfacial bonding interactions may impact the electron transfer pathways and
kinetics within and between the nanoparticles. This is akin to the observations of
different electron transport pathways in linear and cyclic conjugated molecules,'™'" as

well as discrepancy of electronic conductivity through a same molecular skeleton but

at different valence states caused by oxidization and reduction.'

In these studies, scanning tunneling microscopy and spectroscopy (STM/S) is
an effective tool to unravel the electron transfer characteristics of individual
nanoparticles of selected sizes and structures. In STS measurements, both Coulomb

blockade and Coulomb staircase phenomena may be observed. Coulomb blockade is
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an electronic phenomenon where the tunneling current is suppressed because the
electron does not have sufficient energy to tunnel through the junctions. The origin of
this phenomenon lies in the fundamental quantization of the electronic charge, and it
occurs in systems with small quantum charge fluctuations. As a result, the redistribution
of junction charges necessarily associated with a current flow can be made only in
quantized units of e (where e is the elementary charge unit). The corresponding
quantized electrostatic charging energy, which for small nanoscale junctions can be
large as compared to other relevant energies related to temperature and bias voltage,
tends to block the current flow."'* Coulomb staircase is a step-like electron-transfer

d."'° First, to observe single electron

feature when two pre-requisites are satisfie
tunneling of an isolated metallic nanoparticle of capacitance (C), the energy associated
with transferring one electron (E. = ¢*/2C) must exceed thermal kinetic energy (ksT).
At room temperature (kg7 = 26 meV), this dictates that the metal nanoparticle size must
be below 10 nm so that the capacitance is on the order of 10™® F. Second, the electrical
contacts to the particles must have tunneling resistance larger than the quantum

resistance (h/4e” ~ 6.5 kQ), in order to suppress quantum fluctuations of the electronic

charge.

The features of Coulomb staircase and Coulomb blockade are critically
dependent on the structure and conformation of the nanoparticles sandwiched between
two conductors (for instance, an STM tip and an electrode substrate forming a double-
barrier tunneling junction). The electron-transfer properties through the junction have

17-19

been found to be influenced by the nanoparticle core sizes and chemical
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environments.”” Yet, to our knowledge, reports have been scarce in the study of the

impacts of metal-organic interfacial contacts on nanoparticle Coulomb staircase.

RuHC12

Scheme 4.1

Therefore, in this study, we investigated the electron transfer behaviors of
ruthenium nanoparticles capped with three different kinds of organic ligands, 1-
dodecyne, sodium laurate and 1-dodecanethiol, forming ruthenium vinylidene
(Ru=C=CH-), ruthenium—oxygen (Ru—0O) and ruthenium—thiolate (Ru—-S) interfacial
bonds (Scheme 1), respectively. XPS measurements suggested increasing polarization
of the order of Ru=C=CH- < Ru-S < Ru-0. STS studies showed apparent Coulomb
staircase and Coulomb blockade features that varied with the size and metal-ligand

interfacial bonds. The results indicate that metal-ligand interfacial contact is indeed an
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important parameter in the design and manipulation of nanoparticle charge transfer

properties.
4.2. Experimental Section
Materials

Ruthenium chloride (RuCls, 99+%, ACROS), 1-dodecyne (ACROS, 98%), 1-
dodecanethiol (Aldrich, 98+%), lauric acid (ACROS, 99.5+%), sodium hydroxide
(NaOH, extra pure), 1,2-propanediol (ACROS), and sodium acetate (NaOAc, MC&B)
were 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 MQ cm).

Dodecyne- and dodecanethiol-capped Ru nanoparticles were synthesized by
following a procedure detailed previously.**' In brief, 0.28 mmol of RuCl; and 2 mmol
of NaOAc were dissolved in 200 mL of 1,2-propanediol. The mixed solution was
heated to 165 °C for 1 h under vigorous stirring, where the solution turned dark brown
signifying the formation of nanometer-sized ruthenium colloids. The solution was then
removed from the heating mantle and cooled to room temperature. A calculated amount
of 1-dodecyne or 1-dodecanethiol in toluene was added to the solution under rigorous
stirring. The toluene phase was found to exhibit a dark brown color whereas the alcohol
phase became colorless, indicating the effective transfer of the nanoparticles into the
toluene phase because of the self-assembly of the dodecyne or dodecanethiol ligands

onto the ruthenium surface. The toluene phase was then collected, dried under rotary
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evaporation and rinsed with a copious amount of methanol to remove excessive ligands,
affording purified nanoparticles that were denoted as RuHC12 and RuSCl12,

respectively.

Laurate-stabilized ruthenium (RuLA) nanoparticles were prepared in a similar
fashion except that sodium acetate was substituted by an equal amount of sodium
laurate in the thermolytic reduction of RuCls in 1,2-propanediol (sodium laurate was
synthesized a prior by mixing a stoichiometric amount of NaOH with lauric acid in
methanol). The resulting nanoparticles were then dialyzed in a dialysis bag (cutoff
molecular weight 2000 Da) for 3 days. The collected solids were found to be soluble
in apolar organic solvents such as CH,Cl,, CHCl;, and THF but not in water or

alcohols.
Characterizations

Proton NMR measurements were carried out with a Varian Unity 500 MHz
NMR spectrometer using concentrated solutions of the nanoparticles in CD,Cl,. The
absence of any sharp spectral features indicated that the nanoparticles were free of
excessive ligands. FTIR measurements were carried out with a Perkin-Elmer FTIR
spectrometer (Spectrum One, spectral resolution 4 cm™) where samples were prepared
by casting the ruthenium nanoparticles onto a ZnSe disk. Thermogravimetric analysis
(TGA) was performed with a Perkin-Elmer Pyris 1 thermogravimetric analyzer under
a constant flow of ultrahigh-purity N> (99.999%) at a heating rate of 10 °C/min.

Transmission electron microscopic (TEM) measurements were carried out whereby
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samples were prepared by casting a drop of the particle solution in dichloromethane
onto a 200-mesh carbon-coated copper grid; and at least three images were acquired
for each sample with a JEOL 1200 EX transmission electron microscope (TEM)
operated at 80 kV. The particle core size was estimated by using ImageJ® analysis of
the TEM micrographs. X-ray photoelectron spectra (XPS) were recorded with a PHI
5400 XPS instrument equipped with an Al Ka source operated at 350 W and at 10~

torr.
STM/STS measurement

STM topographs and I-V curves of the nanoparticles of selected sizes were
acquired with a Molecular Imaging PicoLE scanning probe microscope. Au thin films
supported on mica were supplied from Molecular Imaging Inc. Prior to use, the Au
substrates were subject to UV-ozone (Model 42, Jelight Co.) cleaning for 15 min and
then immersed into an ethanolic solution of 1 mM n-butanethiol to form a self-
assembled monolayer that helped immobilize nanoparticles deposited onto the surface.
The particles were dissolved in dichloromethane and drop-cast onto the Au substrate
using a Hamilton microliter syringe and dried under a gentle stream of nitrogen. A
mechanically cut Pt/Ir tip was used in the STM measurements. A high impedance of
75 M (bias 1.5 V and set point 0.02 nA) was used to prevent tip damaged or capture
of the metal particles. All STM topographic images were recorded in constant current
mode. /- data were collected in the spectroscopy mode where the feedback loop was
turned off. Initially, isolated nanoparticles were located by scanning in a large area

(typically 400 nm x 400 nm), and stable, nondrifting images were then acquired by
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zooming into smaller areas. The nanoparticle dimensions were estimated by the cross
section in STM measurements. At least two hundred I-V data points were collected in
a typical voltage sweep of £2 V. All /-V curves were the averaged results of five

measurements.
4.3 Results and Discussion

In the thermolytic reduction of RuCl; in 1,2-propanediol, the resulting
ruthenium nanoparticles were stabilized by carboxylate derivatives added in the
solution.** Figure 4.1 depicts two representative TEM micrographs of the nanoparticles
synthesized in the presence of (A) sodium acetate and (B) sodium laurate. Statistical
analysis based on more than 300 nanoparticles showed that the average diameters of
the nanoparticles were close, at 1.90 = 0.34 nm and 2.60 + 0.20 nm, respectively. In the
former, with the addition of 1-dodecyne or 1-dodecanethiol, they replaced the acetate
ligands and adsorbed onto the ruthenium nanoparticle surface, forming RuHC12 and
RuSC12 nanoparticles. Thus, in comparison with the RuLA counterparts, the organic
capping ligands were of similar chainlength but there was clear discrepancy of the
metal-ligand interfacial bonds (Scheme 1). This provides a simple structural framework
within which the nanoparticle dielectric properties may be evaluated and compared, as

manifested below.

78



Figure 4.1 Representative TEM micrographs of ruthenium nanoparticles prepared by
thermolysis of RuCls in the presence of (A) sodium acetate and (B) sodium laurate.
Scale bars are both 20 nm.

Consistent results were obtained in STM topographic measurements. Figure 4.2
shows a representative STM topograph of (A) RuHC12, (B) RuLA, and (C) RuSC12
nanoparticles. One can see that all particles exhibited a roughly circular shape with the
topographic diameters largely in the range of 4 to 6 nm. Note that in STM
measurements, the size of the nanoparticles includes the metal cores plus two fully-
extended organic capping ligands. As the chainlengths of the capping ligands are 1.36
nm for 1-dodeyne, 1.51 nm for laurate, and 1.55 nm for 1-dodecanethiol (estimated by
Hyperchem®), the corresponding core diameters can be found to range from 1 to 3 nm,

in good agreement with the TEM results.
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Figure 4.2 STM topographies of (A) RuHC12, (B) RuLA, and (C) RuSCl12
nanoparticles.

The structures of the organic capping ligands were then examined by FTIR
measurements. Figure 4.3 depicts the infrared spectra of the RuHC12, RuLA and
RuSC12 nanoparticles, along with those of the corresponding monomeric ligands. It
can be seen that for all samples, the methyl and methylene vibrational stretches are very
consistent and well-defined at 2957, 2924, and 2854 cm™'. However, there are several
spectral features that are specific to the organic capping ligands and warrant special
attention here. For instance, for the 1-dodecyne ligands the =C—H stretch can be clearly
identified at 3314 cm™ and the C=C stretch at 2119 cm™. Yet both features were absent
for the RuHC12 nanoparticles. This was observed previously and accounted for by the
formation of ruthenium-vinylidene (Ru=C=CH-) conjugated interfacial linkages
through a tautomeric rearrangement process when alkyne ligands were self-assembled

. 23,24
onto ruthenium surfaces.””

In these studies, the three vibrational features within the
range of 1910 and 2090 cm™ were assigned to the vibrational stretches of the particle-

bound acetylene moieties where the red-shift, as compared to that of the monomeric

ligands, was ascribed to intraparticle charge delocalization between the acetylene
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groups because of the formation of conjugated metal-ligand interfacial bonds.>**

However, consistent vibrational features can also be seen with the RuLA and RuSC12
nanoparticles that possessed no acetylene (C=C) moieties. Thus, it is likely that these
spectral features were due to the ruthenium-hydride (Ru-H) vibrations instead, where
the hydrogen was generated from the thermolysis of 1,2-propanediol. In fact, in early
studies of ruthenium hydride complexes® and hydrogen adsorption on CeO,-supported
ruthenium surfaces,*® the Ru-H vibrations were observed within the range of 1850 and
2050 cm™', where the variation of the vibrational frequency was ascribed to adsorption

onto different metal surface sites.
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Figure 4.3 FTIR spectra of RuHC12, RuLA, and RuSC12 nanoparticles, along with
those monomeric 1-dodecyne, sodium laurate, and 1-dodecanethiol.
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With this assignment, the weak vibrational peak at 1847 cm™ is therefore
attributed to the particle-bound acetylene moieties, which is consistent with the
vibrational frequencies of metal-coordinated acetylene molecules.”” The rather
significant red-shift (272 cm™), as compared to that of monomeric 1-dodecyne, may be
explained by the conjugated ruthenium-vinylidene interfacial bonds such that extended

charge delocalization occurred between the particle-bound acetylene moieties.>**

For monomeric sodium laurate, the asymmetric (v,s) and symmetric (vs)
vibrational stretches of the carboxylate moiety can be found at 1562 and 1449 cm™.
Similar features can be observed with the RuL A nanoparticles but with a rather marked
red-shift to 1526 and 1413 cm™, respectively. This is likely due to the adsorption of the
carboxylate moieties onto the Ru nanoparticle surface (Scheme 4.1).*® Note that in a
previous study of anthraquinone-2-carboxylic acid adsorbed on a gold electrode
surface,” it was proposed that the two oxygen atoms of the COO™ group were bonded
to gold symmetrically and the vibrational stretch of the carboxylate moiety also
exhibited an apparent red-shift, as compared to that of the monomeric solids.

Therefore, it is likely that in the RuLA nanoparticles, the laurate ligands also
formed a similar structure with the carboxylate moieties symmetrically bonded to the
Ru surface. Such a structural configuration is in good agreement with the observation
that the nanoparticles were readily soluble in apolar organic solvents like CH,Cl, and
CHCI; but not in water or alcohols. For the RuSC12 nanoparticles, the spectral features

were consistent with those of monomeric 1-dodecanethiol, as reported earlier.’ In these
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nanoparticles, the ligands were bound onto the metal core surface forming Ru—S bonds

(Scheme 4.1).

TGA measurements were then carried out to quantitatively evaluate the
amounts of organic ligands on the Ru nanoparticle surface. As shown in Figure 4.4, the
weight loss of all the nanoparticle samples commenced at about 150 °C, exhibited an
abrupt transition and ended at around 300 °C, with a total weight loss of 20%, 51% and
39% for the RuHC12, RuLA, and RuSC12 nanoparticles, respectively. The results were

consistent with those reported earlier for similar organically capped nanoparticles.’'*
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Figure 4.4 TGA curves of RuHC12, RuL A, and RuSC12 nanoparticles measured under
a N, atmosphere at a heating rate of 10 °C/min.

The difference of the metal-ligand interfacial bonding interactions among these
three nanoparticles was also manifested in XPS measurements. As observed earlier,™*

the binding energy of the Ru3d electrons for the RuHC12 nanoparticles was found at
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280.45 and 284.36 eV, which increased somewhat to 280.98 and 285.62 eV for the
RuSCI12 nanoparticles, and further to 281.49 and 285.82 eV for the RuLA
nanoparticles. Note that in ruthenium nanoparticles capped by acetylene derivatives,
the ruthenium-vinylidene (Ru=C=CH-) interfacial bonds were formed by a tautomeric
rearrangement process, which were mostly covalent in nature.* In contrast, the
interfacial linkages became increasingly polarized in RuSC12 and RuL A nanoparticles,
likely because of partial charge transfer from ruthenium to the anchoring groups of the

organic capping ligands forming Ru—S and Ru—O bonds.

The impacts of the metal-ligand interfacial bonding interactions on the
nanoparticle electron-transfer properties were then evaluated by STS measurements of
individual nanoparticles of selected sizes. Figure 4.5 depicts the /-V profiles (left
panels) and the corresponding derivative (dI/dV, right panels) curves of three
representative nanoparticles of each sample (ai, b;, and c;, with i = 1, 2, and 3): (A)
RuHC12, (B) RuLA, and (C) RuSC12. The respective insets show the topographs of
the nanoparticles for each measurement, from which the topographic radii (r;) as well

as core radii (r) of the nanoparticles were estimated and summarized in Table 4.1.
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Figure 4.5 (left) I-V and (right) corresponding dI/dV derivative curves of (A) RuHC12,
(B) RuLA, and (C) RuSC12 nanoparticles of selected sizes (aj, b;, and ¢;, withi=1, 2,
3). Insets show the respective topographic images of the nanoparticles. In panel (A),
the I-V curve of the Au substrate is also included (yellow curve).

I~V measurements were carried out by parking the Pt/Ir tip over selected
nanoparticles (a;, b;, and c;, with i = 1, 2, and 3) with the feedback loop switched off.
There are several aspects that are common to all samples regardless of the metal-ligand
interfacial bonds. First, it can be seen from Figure 4.5 that for the largest nanoparticles

(a’s, diameter ~ 3 nm) all /-V profiles (green curves) show a series of rather distinctively
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defined step-like features, which are largely evenly separated along the bias axis, in
contrast to the featureless profile acquired with the tip parked onto the gold substrate
surface (yellow curve in panel A). These are the so-called Coulomb staircase that
signifies discrete electron tunneling through selected individual nanoparticles, and the
slight asymmetry of the tunneling currents in the negative and positive bias regions was
ascribed to nonzero residual charge residing on the nanoparticles.” For the RuHC12
nanoparticles (a;, r = 1.54 nm), the average potential spacing (AV) between neighboring
current steps was estimated to be 0.22 V, which increases to 0.26 V for the RuLA
nanoparticles (az, r = 1.84 nm), and 0.30 V for RuSC12 nanoparticles (a3, r = 1.35 nm).
From these, the nanoparticle capacitance (C) may be estimated by C = e/AV to be 0.73

aF, 0.62 aF and 0.53 aF, respectively.

In contrast, for the smallest nanoparticles (c’s, diameter < 1 nm, black curves),
one may notice that whereas the tunneling currents exhibited step-like features at very
negative or positive bias, there was essentially zero conductance in the central region
around zero bias. This is the so-called Coulomb blockade and its appearance has been
ascribed to the emergence of a semiconductor-like bandgap because of the ultrasmall

1634 For instance, the width of the Coulomb blockade

size of the metal nanoparticles.
was estimated to be about 0.94 V for particle ¢; (r = 0.34 nm), which increases to 1.00
V for particle c; (r = 0.29 nm) and further to 1.21 V for particle c; (r = 0.30 nm). From
this gap the electrostatic charging energy (E. = ¢*/2C) may be quantified to be about

0.47 eV, 0.50 eV and 0.61 eV, respectively, and thus the corresponding nanoparticle

capacitance (C) is 0.17 aF (c;), 0.16 aF (c), and 0.13 aF (c3).
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For nanoparticles in the intermediate size range (b’s), both Coulomb blockade
and Coulomb staircase features can be observed, with the potential gaps of Coulomb

blockade smaller than those of particles ¢’s.'®**

Based upon these, the corresponding
nanoparticle capacitance was estimated to be 0.32 aF (b, r = 0.79 nm), 0.55 aF (by, r =

1.24 nm), and 0.26 aF (b3, r = 0.65 nm). These data are summarized in Table 4.1.

Note that for organically capped nanoparticles, the particle capacitance can be

expressed as C =4re,e(r/d)(r+d), where € is the permittivity of free space, ¢ the

dielectric constant of the ligand shell, » the metal core radius, and d the fully extended
chainlength of the organic capping ligands.”® Thus, from this equation, one may
quantify the effective dielectric constant of the nanoparticles, which are listed in Table
4.1. Note that the dielectric constants for bulk 1-dodecyne, sodium laurate, and 1-
dodecanethiol are all very close, at 2.2, 2.3, and 2.0, re:spe:c‘[ivetly.36’3 " Yet from Table
4.1, it can be seen that for the largest nanoparticles (a’s) the calculated dielectric
constants were all very close to their respective bulk values; and the € value exhibited
an apparent increase with shrinking particle dimensions. This is likely because of the
increasing surface curvatures of the nanoparticle cores of diminishing dimensions. The
resulting tilting of the organic capping ligands means that the effective thickness of the
organic capping layers is markedly smaller than the corresponding fully extended chain
length. The tilting is anticipated to be most significant with the laurate ligands because
of the large anchoring moiety (carboxylate, Scheme 4.1). This is consistent with the

largest deviation observed with RuLA (c,), as compared to RuHC12 (¢,) and RuSC12
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(c3). Additional contributions may arise from the effective dielectric constants of the

. . . . . 38.39
metal cores that have been known to increase with decreasing particle core size.”™

Table 4.1 Summary of the topograghic radii (r;), core radii (r), molecular capacitance
(C) and effective dielectric constants (&) of selected nanoparticles.

1, (nm) r (nm) C (aF) £

a 2.90 1.54 0.73 2.00

RuHCI12 b, 2.15 0.79 0.32 2.30
) 1.70 0.34 0.17 3.60

a 2.96 1.45 0.62 1.96

RuLA b, 2.75 1.24 0.55 2.20
c 1.80 0.29 0.16 4.17

a 2.90 1.35 0.53 1.90

RuSC12 bs 2.20 0.65 0.26 2.27
C3 1.88 0.30 0.13 3.26

A close analysis shows that the nanoparticle dielectric constants indeed increase
linearly with the reciprocal of the particle core radius, as depicted in Figure 4.6.
Interestingly, based on the linear regressions, one can see that within the present
experimental context, at any given particle core size, the effective dielectric constant
increases in the order of RuSC12 > RuHC12 > RuL A. Note that in the afore-mentioned
XPS measurements, the polarization of the metal-ligand interfacial bonds was found to
increase in the order of RUHC12 <RuSC12 <RuLA. Thus, the high dielectric constants

observed with RuLA nanoparticles may be ascribed to the highly polarized Ru-O
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bonds; and the fact that the dielectric constant of the RuHC12 nanoparticles was even
higher than that of RuSC12 may be due to the formation of conjugated ruthenium-
vinylidene interfacial bonds that leads to extensive spilling of core electrons into the
organic capping shell and hence enhanced dielectric constants. This further supports
the notion that metal-ligand interfacial bonding contacts play a significant role in the

manipulation of nanoparticle optical and electronic properties.
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Figure 4.6 Variation of nanoparticle dielectric constant (&) with the reciprocal of
particle core size (r). Symbols are experimental data from Table 4.1, and lines are the
corresponding linear regressions.

4.4 Conclusion

In this work, stable ruthenium nanoparticles were prepared by using three types

of organic capping ligands, 1-dodecyne, sodium laurate, and 1-dodecanethiol, forming
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Ru=C=CH-, Ru—O and Ru-S interfacial bonds, respectively. TEM studies showed the
nanoparticles were about 2 nm in diameter and spectroscopic measurements confirmed
the bonding attachments of the organic ligands onto the ruthenium nanoparticle surface.
The electron transfer behaviors of these ruthenium nanoparticles were then studied by
the STS method. In all three samples, for the large nanoparticles (dia. ~ 3 nm) [-V
measurements showed clearly-defined Coulomb staircase features, whereas for small
particles (dia. < 2 nm), Coulomb blockade started to emerge, and enlarged with
diminishing particle core size. Furthermore, based on a concentric structural model, the
effective nanoparticle dielectric constants were estimated from the nanoparticle
capacitance which showed a clear increase with decreasing particle core size, and
within the present experimental context, at any given particle core size, the effective
dielectric constants increased in the order of RuSC12 < RuHC12 < RuLA. This is
somewhat different from the XPS measurements where the polarization of the
interfacial bonds was found to increase in the order of RuUHC12 < RuSC12 < RuLA.
Whereas the high dielectric constants of RuLA nanoparticles may be accounted for by
the highly polarized Ru-O bonds at the metal-ligand interface, the fact that RuHC12
nanoparticles exhibited a higher dielectric constant than RuSC12 was likely due to the
formation of conjugated metal-ligand interfacial bonds in RuHC12 that led to
intraparticle charge delocalization. These results further support the notion that metal-
ligand interafacial bonding interactions play a significant role in manipulating the

nanoparticle material properties.
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Chapter 5

Intervalence Charge Transfer of Ruthenium-Nitrogen Moieties Embedded

within Nitrogen-Doped Graphene Quantum

Reproduced with permission from (Limei Chen, Peiguang Hu, Christopher P. Deming,
Nan Wang, Jia En Lu, and Shaowei Chen. "Intervalence Charge Transfer of
Ruthenium-Nitrogen Moieties Embedded within Nitrogen-Doped Graphene Quantum
Dots", J. Phys. Chem. C, 2016, 120, 13303.) Copyright © 2016 American Chemical

Society.
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5.1 Introduction

Electronic communication between metal centers of mixed-valence complexes
has received significant attention in recent decades.'” Depending on the extent of
electronic coupling, the complexes are classified by Robin and Day into three
categories: Class I (uncoupled), Class II (moderately coupled), and Class III (strongly
coupled), which refer to no or little interaction between metal centers at mixed valence,
partially delocalized mixed-valence system, and fully delocalized system,
respectively.” To date, most studies have focused on organometallic complexes where
multiple metal centers are bridged by conjugated chemical linkers. At mixed valence,
these complexes demonstrate novel photochemical and electrochemical properties that
arise from intervalence charge transfer (IVCT) between the metal centers. The
electrochemical signatures typically entail the appearance of at least two voltammetric
wave, and spectroscopically an apparent absorption band emerges in the visible to near-
infrared (NIR) range. Such a unique character may be exploited for diverse

applications.™®

Among these, ruthenium-based organometallic complexes have been used
rather extensively as the illustrating examples because ruthenium ions are well-known
to form strong coordination bonds with various functional moieties, such as nitrogens
in pyridine and pyrazine. In fact, IVCT has been observed with a number of ruthenium
binuclear complexes with different bridging ligands.”™ For instance, studies of the
formation and dynamics of the pyrazine-bridged dimer of (Ru3O) triruthenium clusters

have shown that electron transfer is fast and delocalization takes place on the sub-100
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fs time scale.” In another study, the rate of intramolecular electron transfer between
Ru(II) and cobalt(IIT) metal centers is found to be dominated by the electronic factors
instead of the nuclear factors.' Additionally, the [(Ru(bpy):)(m-hat)]"" compound
(hat = 1,4,5,8,9,12-hexaazatriphenylene and bpy = 2,2'-bipyridine) has been prepared
and exhibited two pairs of voltammetric peaks that are separated by 220 mV and a NIR
peak at 1250-2850 nm at mixed valence, corresponding to a Class II/III delocalized
system.” In another study, the [(bpy).CIRu(pyz)RuCl(bpy),]’" complex (pyz =
pyrazine) is found to behave as a Class II system, with a potential separation of 120
mV between the two voltammetric peaks and a NIR absorption band at 1300 nm.” IVCT
has also been observed with the meso-[ {Ru(bpy).}* 2(I-ppz)]”* complex (ppz = 4,7-
phenanthrolino[6,5-b]-pyrazine) which exhibits a NIR absorption at 1862 nm and a
potential separation of 224 mV between the voltammetric peaks.* Apparent electronic
coupling has also been observed with the cyclometalated bis-ruthenium complex
bridged by the 2,7-bis-deprotonated form of 1,3,6,8-tetra(pyridin-2-yl)-9-butyl-9H-
carbazole, which exhibits a high potential separation of 250 mV in voltammetric
measurements.'' In these biruthenium complexes, the extent of IVCT is determined by
both the metal centers and the bridging ligands, where the metal-metal charge transfer
(MMCT) is generally believed to follow a through-bond pathway (i.e., through the

4,12

bridging ligands).

Thus, an immediate question arises. Will IVCT occur between metal centers
embedded within a graphene molecular skeleton? In a prior study, graphene oxide (GO)

nanosheets were used as a bridging matrix to study IVCT between ferrocene centers
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connected by the large m—m* conjugated structure of GO, where two pairs of
voltammetric peaks were observed with a peak separation of 515 mV." Significantly,
graphene derivatives are known to be readily doped with various heteroatoms
depending on the synthetic procedures, which may be exploited for the embedment of
metal centers into the conjugated graphitic scaffolds, rendering it possible to study

(long-range) graphene-mediated MMCT.'*"

In fact, nitrogen-doped graphene
derivatives can be readily prepared with the nitrogen dopants in various molecular
configurations such as pyridinic, pyrrolic, graphitic, etc.'®'” Of these, it is most likely
that the pyridinic nitrogens would behave analogously to pyridine derivatives and

chelate with ruthenium ions.?%?!

This will lead to the incorporation of multiple metal
centers within the conjugated C sp” network, where effective electronic communication

most probably takes place ( Scheme 5.1). This is the primary motivation of the present

study.

(]
o

Cl

Scheme 5.1
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Herein, citric acid and urea were used as the precursors to synthesize
luminescent nitrogen-doped graphene quantum dots (NGQDs) by a facile hydrothermal
method, in which urea acted as both the base and the N doping source. Complexation
with ruthenium ions was achieved by thermal refluxing of NGQDs with
RuClz(DMSO)s. The resulting compounds (Ru-NGQDs) showed unique spectroscopic
and electrochemical properties that suggested IVCT between the ruthenium metal

centers at mixed valence.
5.2 Experimental section
Chemicals

Ruthenium chloride (RuCls, 35-40% Ru, Acros), citric acid monohydrate
(99.5%, Acros), urea (99%, Acros), dimethyl sulfoxide (DMSO, 99.7%, Acros),
pyridine (99.8%, EMD Millipore), cerium(IV) sulfate (Ce(SO4),, 94%, Acros), and
potassium nitrate (KNOs;, 99+% Acros) were used as received. Tetra-n-
butylammonium perchlorate (TBAP, 99+%, TCI America) were recrystallized three
times from ethanol prior to use. All solvents were obtained from typical commercial
sources and used without further treatment. Water was supplied by a Barnstead

Nanopure water system (18.3 MQ cm).
Synthesis of Nitrogen-Doped Graphene Quantum Dots (NGQDs)

NGQDs were prepared by adopting a procedure published previously.* In brief,
0.21 g (1 mmol) of citric acid and 0.18 g (3 mmol) of urea were dissolved in 5 mL of

Nanopure water and then transferred into a 20 mL Teflon-lined autoclave. The sealed
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autoclave was then heated at 160 °C in a furnace for 4 h. The resulting solution was
purified by dialysis for 3 days after it was cooled down to room temperature, affording

purified NGQDs.
Synthesis of RuCl,(DMSO)s Complex

As reported in previous studies,”**** RuCl,(DMSO), is a convenient starting
material for the synthesis of various ruthenium complexes. Briefly, 0.3 g of RuCl; was
dissolved in 10 mL of DMSO and refluxed at 189 °C for 15 min. The solution was
found to change to orange-brown rapidly, and addition of excess acetone led to the
precipitation of a yellow power. Further purification was achieved by recrystallization

from hot DMSO, affording the RuCl,(DMSO)compound as a yellow crystal.>
Synthesis of Ru-NGQD Compound

To prepare Ru-NGQD compound, 40 mg of NGQDs and 10 mg of
RuCly(DMSO), prepared above were dissolved in 10 mL of water and thermally
refluxed at 100 °C for 2 h with the solution purged with a continuous flow of nitrogen.
The product was rinsed with a copious amount of ethanol, affording purified Ru-NGQD

compound.
Characterizations

The size and morphology of the NGQD and Ru-NGQD compounds were
examined by TEM measurements with a JEOL-F 200 kV field-emission analytical
transmission electron microscope. Samples were prepared by casting a drop of the

solutions in water onto a 200 mesh holey carbon-coated copper grid and dried under
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ambient conditions. AFM measurements were carried out with a Molecular Imaging
PicoLE SPM instrument. UV—vis absorption spectra were acquired with a PerkinElmer
Lambda 35 UV-vis spectrometer, and NIR spectra were acquired with an Ocean Optics
NIR-512 spectrometer using a 1 cm quartz cuvette. Photoluminescence measurements
were carried out with a PTI fluorospectrometer. FTIR spectra were obtained with a
PerkinElmer FTIR spectrometer (Spectrum One, spectral resolution 4 cm™), where the
samples were prepared by casting the sample solutions onto a ZnSe disk. X-ray
photoelectron spectra (XPS) were recorded with a PHI 5400/XPS instrument equipped
with an Al Ka source operated at 350 W and at 10~° Torr. Silicon wafers were sputtered
by argon ions to remove carbon from the background and used as substrates. The
spectra were referenced to the Si 2p peak (99.03 eV). Raman spectra were acquired

using a Thermo Fisher Scientific DXR Raman Microscope with a 532 nm laser source.
Electrochemistry

Electrochemical measurements were carried out with a CHI 440
electrochemical workstation. A glassy carbon disk electrode with a surface area of 0.78
cm” was used as the working electrode. A Ag/AgCl wire and a Pt coil were used as the
(quasi)reference and counter electrode, respectively. Prior to use, the working
electrodes were polished with 0.5 pm alumina slurries and then cleansed by sonication

in Nanopure water.
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5.3 Results and Discussion

It has been known that hydrothermal treatment of citric acid and urea at
controlled temperatures led to the ready formation of NGQDs.** From panels A and B
of Figure 5.1, one can see that the NGQDs exhibit a roughly spherical morphology with
a narrow size distribution within the range of 1.2-2.7 nm and an average size of 2.0 +
0.4 nm (Figure 5.1 (E)). The NGQDs also display well-defined lattice fringes where
the interplanar spacings of 0.373 and 0.248 nm were consistent with the basal plane
distance of graphite (002) and in-plane lattice distance of graphite (1120) crystalline
planes, respectively.”>***" After complexation with ruthenium ions (Scheme 5.1), the
average size of Ru-NGQDs remained almost invariant at 1.9 + 0.3 nm (Figure 5.1 (F));
yet the distance between the basal planes increased to 0.387 nm while the in-plane
lattice spacing was unchanged at 0.243 nm, as depicted in panels C and D of Figure
5.1. The results imply weakened van der Waals interactions between the basal planes

with the embedment of ruthenium ions into the graphitic planes of NGQDs.*®
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Figure 5.1 Representative HRTEM micrographs and size distribution of (A, B, E)
NGQDs and (C, D, F) Ru-NGQDs. Scale bars all 5 nm. Yellow lines highlight the
lattice fringes of the NGQDs, and the numbers refer to the interplanar distances
between the crystalline planes.
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AFM topographic measurements (Figure 5.2) showed that the thickness of
NGQDs and Ru-NGQDs were both between 0.6 and 1.2 nm, indicating that NGQDs

2729 FTIR measurements showed that the

consisted of three to four layers of graphene.
NGQDs produced in the hydrothermal synthesis actually included a number of
oxygenated species, and there was no marked difference after complexation with
ruthenium ions, as depicted in Figure 5.3: (A) the broad peak centered at ca. 3210 cm™
" is most likely due to the stretching vibrations of O—H moieties; (b) the two bands at
3055 and 2856 cm 'may be ascribed to the sp®and sp’ C-H stretches,
respectively;'” and the peaks at 1707 cm ' can be assigned to C=0, whereas the

multiple bands between 1600 and 1300 cm™ likely arise from C=C (with additional

contributions from C=N) and 1176 cm™' from C-O (and C—N).*>*"!
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Figure 5.2 AFM images of (A) NGQDs and (B) Ru-NGQDs deposited on a mica
substrate. The bottom panels are the topographic height profiles along the yellow lines
in the AFM images.
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Figure 5.3 FTIR spectra of NGQDs and Ru-NGQDs.

The chemical composition and nitrogen configurations of the NGQD and Ru-
NGQD compounds were then examined by XPS measurements. Figure 5.4(A) depicts
the survey spectrum of Ru-NGQDs, where three main peaks can be identified at around
285, 401, and 532 eV, corresponding to the C 1s (Ru 3d), N 1s, and O 1s electrons,
respectively.’” From the high-resolution scan of the C 1s (Ru 3d) electrons in Figure
5.4(B), one can see that deconvolution yields five major components. The doublet at
281.6 eV (yellow curve) and 285.7 eV (blue curve) can be assigned to the Ru 3ds,, and
Ru 3ds); electrons of Ru(Il)—pyridine moieties (Figure 5.4 (E)), respectively, along with
C=C (pink curve, 284.5 eV), C—C/C—N (cyan curve, 285.3 eV), C-O (gray curve, 286.5
eV), and O—-C=0 (dark red curve, 288.3 ¢V).”® Again, this indicates that the NGQDs
were indeed functionalized with a number of oxygenated species and ruthenium ions

were incorporated into the GQD molecular skeleton. Similarly, three subpeaks can be
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identified by deconvolution of the N 1s spectrum in Figure 5.4(C) at 399.3, 400.6, and
402.0 eV, which may be assigned to the pyridinic, pyrrolic, and graphitic N,

3739 Interestingly, in comparison with the original NGQDs (Figure 5.4 (F)),

respectively.
whereas the binding energies of the pyrrolic, and graphitic nitrogens remained virtually
unchanged, the pyridinic nitrogen exhibited a blue-shift of about 0.7 eV. Note that an
increase of 0.4 eV has been observed of the N 1s binding energy upon the formation of
Ru(Il)—polypyridine complexes.* This suggests that ruthenium ions were incorporated
into the NGQDs most probably by the complexation between Ru(Il) and pyridinic
nitrogen,”' leading to apparent polarization of the nitrogen electrons, whereas
complexation interactions with other nitrogen dopants were minimal (Scheme 5.1).
Furthermore, based on the integrated peak areas, the N/C atomic ratio in NGQDs was
estimated to be ca. 0.15:1, among which 57.6% was pyrrolic nitrogen, 27.0% graphitic
nitrogen, and 15.4% pyridinic nitrogen. This corresponds to a Ru:pyridinic N molar
ratio of 1:2.3 (the atomic ratio of Ru:C was ca. 0.01:1), implying incomplete

coordination of the ruthenium metal centers by pyridinic nitrogens (Figure 5.5),

although the exact coordination structure remained unknown at this point.

108



(A) Ots

C1s & Ru3d

100 200 300 400 500 600 700 800 294 292 290 288 286 284 282 280 408 406 404 402 400 398 396

Binding Energy (eV)

Figure 5.4. XPS survey spectrum and the corresponding high-resolution scans of C 1s
(Ru 3d) and N 1s electrons for (A, B, C) Ru-NGQD and (D, E, F) NGQDs. In (B, E),
the black curve is experimental data, and the red curve is the sum of deconvolution fits
(yellow curve for Ru 3d5/2, blue curve for Ru 3d3/2, pink curve for C=C, cyan curve
for C-N/C-C, gray curve for C-0, and dark red curve for O—C=0). In (C, F), the black
curve is experimental data, and red curve is the sum of deconvolution fits (green curve
for the baseline, yellow curve for pyridinic N, blue curve for pyrrolic N, and pink curve
for graphitic N).
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Figure 5.5 XPS spectrum of the Cls and Ru3d electrons of RuCly(Py)s synthesized
from RuCl(DMSO)4. Black curve is the experimental data and colored curves are
deconvolution fits.

The molecular structures of the NGQD and Ru-NGQD compounds were further
examined by Raman measurements. From Figure 5.6, one can see that NGQDs
exhibited two vibrational bands at 1317 and 1587 cm ™', characteristic of the D and G
bands of graphene derivatives.”>*° After complexation with ruthenium ions, these two
bands shifted to 1358 and 1584 cm™'. That is, the G band energy remained virtually
unchanged, whereas the D band energy showed a substantial blue-shift of 41 cm™'. This
is in good agreement with the embedment of cationic ruthenium metal centers into the
graphene skeleton, a behavior analogous to hole doping that has been found to lead to
an increase of the D band frequency of graphene.*” In addition, the ratio of the D and
G band intensity (/p/lg) was found to increase from 0.89 (NGQDs) to 1.02 (Ru-

NGQDs), again consistent with the complexation of ruthenium ions with pyridinic N
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atoms in NGQDs that resulted in structural distortion of the graphene sheets, as
observed in TEM measurements where the distance between the NGQD basal planes

increased (Figure 5.1).

Ru-NGQD
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Figure 5.6. Raman spectra of NGQD and Ru-NGQD compounds. Black curves are
experimental data, and red curves are the sum of deconvolution fits (yellow curves for
the D band, blue curves for the G band, and green curves for the baseline).

The incorporation of ruthenium ions into the NGQD molecular skeleton also
led to marked variations of the optical properties. Figure 5.7(A) depicts the UV-vis
absorption spectra of NGQDs and Ru-NGQDs. Two major absorption bands can be
observed at 235 and 339 nm with the NGQD sample (black curve). Of those, the 235
nm absorption band may be assigned to the m — =n* transition of the C

2 . 14,43
sp” domains,

while the peak at 339 nm is likely due to the n — ©* transition of C=0
bonds as well as the transition of conjugated C—N/C=N."® The absorption profile was

markedly different upon the incorporation of ruthenium metal centers. Specifically, Ru-
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NGQDs (red curve) displayed two absorption peaks at 350 and 407 nm, likely due to
the varied degrees of coordination of the ruthenium metal centers with pyridinic N that
impacted the C—N/C=N transitions—note that RuCl,(Py), also exhibited a well-
defined absorption peak at 405 nm (Figure 5.8(A)). In contrast, with undoped GQDs,
the UV—vis spectra were virtually invariant, suggesting the lack of complexation of
ruthenium ions to the GQDs (Figure 5.8(B)). Additionally, a broad band centered at ca.
576 nm can also be found, which might be ascribed to metal-ligand charge transfer

(MLCT) of the ruthenium—pyridinic N moieties.**
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Figure 5.7 (A) UV—vis absorption and (B) photoluminescence spectra of NGQDs and
Ru-NGQDs in water. The photoluminescence spectra in (B) have been normalized to
the respective absorbance at the excitation wavelength in (A).
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Figure 5.8 (A)UV-vis spectra of RuCl,(DMSO); and RuCly(Py)s in DMF and (B)
undoped GQDs before and after mixing with ruthenium ions in water.

An apparent difference is also observed in photoluminescence
measurements. Figure 5.7(B) shows the excitation and emission spectra of NGQDs and
Ru-NGQDs in water. For NGQDs, the excitation maximum (A¢) can be identified at
350 nm and the corresponding emission maximum (Aem) at 434 nm, suggesting that the
emissions were largely due to the transitions of the C=0 and C-N/C=N moieties."’ The
small peak width (full width at half-maximum = ca. 75 nm) suggests a narrow
distribution of the NGQD size and surface state.* In contrast, one can see that the
excitation and emission maxima of Ru-NGQDs red-shifted to 378 and 437 nm,
respectively. This may be accounted for by the formation of Ru—N bonds that weakened
the electronic transition of C—N/C=N, resulting in a diminishment of the emission
energy.*® Additionally, one can see that the emission intensity of Ru-NGQDs was over
1 order of magnitude lower than that of NGQDs, likely due to the enhanced absorption

of Ru-NGQDs in the range of 400-500 nm, where electron transfer from NGQDs to
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the metal ions led to effective quenching of the photoluminescence.*’ Similar behaviors

were observed with the emission in the red (Figure 5.9).
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Figure 5.9 Photoluminescence emission spectra of NQGD and Ru-NGQD in water at
the excitation wavelength of 570 nm. NGQDs exhibited an emission peak at 603 nm,
which red-shifted slightly to 608 nm with Ru-NGQDs. The emission intensity
diminished by about 50% from NGQDs to Ru-NGQDs.

Significantly, with the embedment of Ru(Il) ions into the conjugated C
sp” graphitic matrix, the Ru-NGQD compounds exhibited effective charge transfer
between the metal centers (i.e., MMCT), as evidenced in NIR spectroscopic and
electrochemical measurements. Figure 5.10 depicts the NIR spectra of Ru-NGQD after
subtraction of the corresponding ones of NGQDs under the otherwise identical
conditions, with the addition of various amounts of Ce(SQO4), that acted as the oxidizing
reagent.*® It can be seen that the optical absorbance in the range of 1200-2200 nm

initially increased with the addition of increasing amounts of Ce(SQOs),, reached a
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maximum when 240 pL of Ce(SO4), was added, and then diminished gradually with a
further increase of the Ce(SO4),amount. Such a dynamic evolution is better illustrated
by the absorption peak at 1450 nm (highlighted by the arrow), as evidenced in Figure
5.10(B), which can be ascribed to the charge transfer between the ruthenium—pyridinic
N moieties at mixed valence, a behavior analogous to IVCT of conventional
biruthenium complexes*" and nanoparticle-mediated IVCT.**** When half of the
Ru(II) centers were oxidized (corresponding to the addition of 240 puL of Ce(SO4)»),
maximal MMCT occurred, and thus the absorbance reached the peak. Here, the
conjugated C sp” scaffolds served as the bridging ligands that allowed effective
electronic communication between the ruthenium metal centers (Scheme 5.1). Note
that the degree of electronic coupling can be quantitatively described by the parameter

I, which is calculated according to the classical two-state theory’
I'=1- AVl/Z(e)(perimental)/ [16RTln2Vmax]l/2=1' AVl/2(experimental)/ AVl/20

where Avipexpay 1S the bandwidth at half-height, R is the gas constant, and T"is the
experimental temperature. From Figure 5.10(A) A, Aviyexpiy Was estimated to be 2087
cm_l, Vinax = 6896 cm_l, and within the present experimental context AV’ =3946 cm™
': thus, T was calculated to be 0.47. This suggests weak to moderate electronic coupling

(0 <T <0.5) in Ru-NGQD and hence a Class II system.”
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Figure 5.10 (A) NIR spectra of Ru-NGQDs with the addition of varied amounts (0—470
ulL) of 0.3 M Ce(SOs); in water after subtraction of the NGQD spectra acquired at the

otherwise identical experimental conditions. Arrow indicates the peak at 1450 nm. (B)
Variation of the absorbance at 1450 nm with the amount of Ce(SOs), added.

Consistent results are obtained in voltammetric measurements. Figure
5.11 depicts the square wave voltammograms (SWVs) of Ru-NGQDs in water
containing 1 M KNOs at a glassy carbon electrode, where a pair of broad peaks can be
found within the potential range of 0 and +0.9 V (vs Ag/AgCl), in contrast to the largely
featureless profiles observed with NGQDs. Interestingly, deconvolution of the Ru-
NGQD voltammetric profiles yields two pairs of peaks, with the formal potentials at
+0.51 and +0.66 V, respectively. These may be ascribed to the redox reactions
involving Ru(IIl) + e — Ru(Il), where IVCT occurred between the ruthenium metal
ions embedded within the same NGQD matrix (Scheme 5.1). In addition, the potential
separation (150 mV) between these two pairs of peaks fell in the range of 120-230 mV
that has been typically observed for Class II complexes involving two or three
ruthenium ion centers.””*>® Notably, the results are in good agreement with those from

NIR spectroscopic measurements (Figure 5.10).
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Figure 5.11 Square wave voltammograms of NGQD (dashed black curve) and Ru-
NGQDs (solid black curve) in water containing 1 M KNOs at a glassy carbon electrode
with a surface area of 0.78 cm?. Increment of potential 2 mV, amplitude 25 mV, and
frequency 15 Hz. Colored curves are the deconvolution fits.

5.4 Conclusion

In this study, nitrogen-doped graphene quantum dots were exploited as a unique
structural scaffold to incorporate ruthenium(Il) ions into the graphitic matrix by the
formation of ruthenium—pyridinic N moieties. The resulting compounds exhibited
markedly different optical and electrochemical properties as compared to the original
NGQDs. Significantly, effective MMCT occurred between the ruthenium metal centers
at mixed valence, where the IVCT properties suggested Class II behaviors due to the
effective bridging of the metal centers by the conjugated C sp” network. The results
highlight the unique applications of graphene scaffolds in facilitating nanoscale charge

transfer.
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Chapter 6

Covalent Crosslinking of Graphene Quantum Dots by McMurry Deoxygenation

Coupling

Reproduced with permission from (Limei Chen, Peiguang Hu, Jia En Lu, Shaowei
Chen, "Covalent Crosslinking of Graphene Quantum Dots by McMurry
Deoxygenation Coupling ", Chem. Asian J., 2017, 12, 973.) Copyright © 2017 Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim.
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6.1 Introduction

Graphene oxide (GO) nanosheets have been attracting extensive research
interest due to their unique optical and electronic properties and potential applications
in diverse areas such as optoelectronics, catalysis, energy generation and storage.'> GO
is generally prepared by chemical (oxidative) exfoliation of bulk graphite and carries a
number of oxygenated functional groups such as carboxyl, carbonyl, hydroxyl, etc,’
which render GO readily dispersible in water and polar organic media and may be
exploited for the anchored deposition of metal and metal oxide nanoparticles forming
functional nanocomposites.”’ Towards this end, it is critical to develop effective
procedures for the controlled, “bottom-up” assembly of graphene derivatives into large,
complicated architectures. In fact, ensembles of GO nanosheets have been prepared by
employing molecular or metal templates, interfacial condensation driven by solvent
evaporation at separated phases, and Langmuir-based techniques.*"® For instance,
DNA molecules have been used for the controlled assembly of GO, and 3D GO
networks have been formed on the metal surfaces (Zn, Fe, Cu, etc.) by a substrate-
assisted reduction and assembly method.*'" GO thin films have also been prepared at
the dimethyl formamide/air interface, while a honeycomb film is formed on a glass
slide by the self-assembly of dimethyldioctadecylammonium bromide-modified
GO.”" Large transparent conducting films have also been produced by Langmuir—
Blodgett assembly of small graphene sheets in a layer-by-layer manner.'’ In these
earlier studies, GO nanosheets were assembled into different architectures mostly

through noncovalent interactions such as electrostatic or van der Waals interactions.
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One immediate question arises. Is it possible to covalently crosslink GO nanosheets
such that mechanically robust ensembles may be produced? This is the primary
motivation of the present study, where controlled assembly of graphene quantum dots
(GQDs) is achieved by exploiting the unique chemical reactivity of the GQD peripheral
oxygenated species.”” Specifically, GQDs are covalently crosslinked by C=C bonds

formed by McMurry deoxygenation coupling of the GQD peripheral carbonyl groups. '®

In the McMurry reaction, aldehydes and ketones are reduced by low-valence
titanium compounds in THF or 1,4-dioxane to afford pinacols and/or olefins in high
yields; and refluxing at elevated temperatures leads to effective deoxygenation of the
reactant molecules to produce olefins (up to 98 % yield)."” For instance, two 2-methyl-
2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one molecules have been coupled to
produce the corresponding alkene by thermal refluxing in THF in the presence of

TiCl, and Zn powders.'®

Notably, GQDs prepared by acid exfoliation of graphite precursors are rich of
oxygen-containing functional groups at the surfaces and edges,” where the carbonyl
groups may be exploited as the active sites for McMurry coupling between GQDs.
Herein, 3D networks of GQDs were obtained via covalent coupling by thermal
refluxing in THF with TiCly and Zn powders as the catalysts (Scheme 6.1). The
structures of the resulting GQD ensembles were carefully examined by various

microscopic and spectroscopic measurements.
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Coupling of GQDs

>
1 4

Scheme 6.1 (A) covalent crossli nking of GQDs by (B) McMurry deoxygenation
coupling reaction.

6.2 Experimental Section

Chemicals

Pitch carbon fibers (Fiber Glast Development Corporation), sodium hydroxide
(NaOH, Fisher Scientific), sodium carbonate (Na,CO3, Fisher Scientific), hydrochloric
acid (HCI, Fisher Scientific), sulfuric acid (H,SOy, Fisher Scientific), nitric acid (HNOs3,
Fisher Scientific), tetrahydrofuran (THF, 99.99%, Fisher Scientific), zinc powder (Zn,
98%, Fisher Science Education), and titanium(I'V) chloride (TiCls, 99.9%, ACROS)
were all used as received. Water was supplied by a Barnstead Nanopure water system

(18.3 MQ cm).

Synthesis of GQDs

GQDs were synthesized by chemical exfoliation of carbon pitch fibers in

6,19

concentrated acids.”~ Experimentally, carbon pitch fibers (0.3 g) were added to a
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mixture of concentrated HNO; (20 mL) and H,SO4 (60 mL) in a round-bottom flask
and sonicated for 2 h to allow for dispersion of the carbon fibers. The solution was then
thermally refluxing at 100 °C for 24 h. After cooling down to room temperature, the
solution was neutralized with dilute NaOH and Na,COs solutions. The mixture was
then placed in a dialysis bag in Nanopure water for 3 d, affording GQDs as the final

product after rotary evaporation, which were dispersible in both water and THF.
GQDs coupling

In a typical coupling reaction,'” 57 uL of TiCly was slowly added to 67 mg of
zinc powders in 6 mL of THF in a 50 mL of flask under magnetic stirring in an ice bath.
The flask was then transferred to an oil bath and refluxed at 66 °C for 2 h, when a black
slurry was obtained in THF. 30 mg of GQDs in 1 mL of THF was then added into the
flask, and after magnetic stirring for 24 h, the product was collected by centrifugation
and washed with a copious amount of THF, rinsed with aqua regia, and dialyzed in
water for 3 d. The final product was denoted as GQDs-CH. A second reaction was
carried out in the same manner except that the amounts of Zn powders and TiCls added
were reduced by half, and the corresponding product was referred to as GQD-CL. Both

of these two samples were dispersible in water, but barely in THF.
Characterization.

The morphology and size of GQDs before and after coupling were characterized
by atomic force microscopic (AFM, Molecular Imaging PicoLE SPM instrument),

dynamic light scattering (DLS, Protein Solution Dynapro temperature controlled
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microsampler) and transmission electron microscopic (TEM, Philips CM300 at 300 kV)
studies. FTIR spectra were obtained with a PerkinElmer FTIR spectrometer (Spectrum
One, spectral resolution 4 cm ' ) where the samples were prepared by casting the
sample solutions onto a ZnSe disk. Raman spectra were acquired with a Delta NU 532
nm Raman spectrometer. X-ray photoelectron spectra (XPS) were recorded with a PHI
5400/XPS instrument equipped with an Al Ko source operated at 350 W and 10~ Torr,
where silicon wafers were sputtered by argon ions to remove carbon from the
background and used as substrates. The spectra were referenced to the Si 2p peak at

99.03 eV.
6.3 Results and Discussion

Experimentally, GQDs were prepared by acid exfoliation of the nanometer-
sized sp°’domains in pitch carbon fibers (see the Supporting Information for details).’
The obtained GQDs were decorated with various oxygenated species, such as epoxy
and carbonyl groups, and are readily dispersible in water and polar organic media.*’
Figure 6.1(A) depicts a representative TEM image of the as-prepared GQDs, where
individual GQDs can be easily recognized, consistent with the good dispersity of the
GQDs in water. Statistical analysis based on more than 100 GQDs showed that the
GQDs exhibited a narrow size distribution, with the majority of the GQDs within the
size range of 3.0 to 5.0nm and an average diameter of 4.3+1.2nm, as depicted in the
inset. Figure 6.1(B) shows the corresponding high-resolution TEM image where well-
defined lattice fringes can be seen with a lattice spacing of 0.21 nm, in good agreement

with the interplanar distance of carbon (1 100).*!
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Figure 6.1 (A)TEM images of GQDs as synthesized from carbon fibers. Inset: size
distribution of GQDs. (B)HRTEM of GQDs. TEM images of (C)GQDs-CL and
(D)GQDs-CH.

Remarkably, after McMurry deoxygenation coupling catalyzed by TiCly and

zinc in refluxing THF,'*'®

significant crosslinking of GQDs occurred. Two samples
were prepared, GQDs-CH and GQDs-CL, where the amount of TiCly and zinc added
was twice as much in the former as in the latter (see the Supporting Information for
details). Both samples remained dispersible in water, but barely in THF. From Figure

6.1(C), one can see that the GQDs-CL sample exhibited the formation of ensembles up

to 300 nm across, and even larger agglomerates can be found with the GQDs-CH
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sample (ca. 600 nm in size, Figure 6.1 (D)). These observations suggest effective
covalent crosslinking of GQDs by the McMurry deoxygenation coupling reaction
(Scheme 6.1(A)).” In this reaction, Ti'' was reduced by metallic Zn to produce low-

" which served as catalysts to facilitate the deoxygenation

valence titanium (Ti" or Ti
of the GQD carbonyl groups and subsequent covalent coupling between the GQDs

(Scheme 6.1 (B)).

AFM and dynamic light scattering (DLS) measurements further confirmed the
coupling of GQDs by McMurry deoxygenation. Figure 6.2 depicts the representative
AFM topographs of the (A;) as-prepared GQDs, (B;) GQDs-CL, and (C;) GQDs-CH,
where individual GQDs and crosslinked ensembles can be readily resolved. Again, this
is consistent with the good dispersity of the samples in water. The corresponding line
scan profiles were included in panels (A), (B), and (C;). One can see that the thickness
of the samples increased markedly in the order of as-prepared GQDs<GQDs-
CL<GQDs-CH. In fact, from the height histogram (Figure 6.2 (A3)), the height of the
as-prepared GQDs was mostly in the range of 0.6 to 1.2 nm, with an average of 1.0+0.4
nm, corresponding to 1 to 4 graphene layers.” In contrast, the heights of both GQDs-
CL and GQDs-CH were markedly greater at 5.0+42.8 nm (Figure 6.2 (B3)) and
17.2+10.5 nm (Figure 6.2 (C3)), respectively. That is, with the addition of an increasing
amount of coupling reagents, the size of the GQD ensembles increased accordingly,
consistent with the TEM results in Figure 6.1. A similar variation was observed in DLS

measurements, where the average hydrodynamic radius (Ry) in water of the as-
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prepared GQDs was estimated to be 20.7nm, which increased drastically to 57.8 nm

for GQDs-CL and 237.2 nm for GQDs-CH.

nm Topography - Trace - Main - Flatten:3rd order nm pm Topography - Trace - Main . Flatterr 3rd order nm Hm

Topography - Trace - Main - Flatten:3rd order nm

10
-12
100 200 300 400 500 600 2 08 08

Topography ve Distance nm Topograohy vs Distance ©nm Tpoggn 12 Ll

o]
] "
20 (Az) 5 /_\ (B;) —~_ (Cg)\
124 34 £ [ / bt m \
08 0 24 / \‘\ 0O 0
./V\‘ 1 / y [
04 i \ i L -
i O L v, A o e _ < | e
0 M/ \/‘/J 0 4 Nt i N
’ 0 I:J ‘;7 ti'l 82! \lI!J |1‘0 |5IU 1(;0 |é0 2!". nm 0 3‘3 4 € & 100 1£0 1"0 160 |é] Zl;J ZZVJ nm 0 ° L] m W ™ N » o » o “ “nm
40 50 40
(A3) (Bs) (Cy)
40
0 304
€ £ H
3
3 3 3 20
° 1.0+ 0.4 nm © 24 50+2.8nm © 17.2£10.5 nm
104 10 10
0l — v 0 - 0
05 10 15 20 25 2 4 6 8 10 12 14 16 10 20 30 40 50
Thickness (nm) Thickness (nm) Thickness (nm)

Figure 6.2 Representative AFM topographs, line scans and height distributions of (A—
A3) GQDs, (B1—B3) GQDs-CL, and (C;-Cs) GQDs-CH.

The chemical structures of the GQDs before and after McMurry coupling were
further examined by FTIR measurements. From Figure 6.3, one can see that the as-
prepared GQDs (black curve) exhibited multiple characteristic peaks at 3428
cm ' (O—H stretch), 1738 cm ™' (C=0 stretch), 1620 cm ™' (aromatic C=C stretch), 1405

cm ' (symmetrical stretch of O-H in COOH), and 1197 and 1046 cm ' (C-O-C

22-25

vibrations). This strongly indicates the formation of oxygen-containing functional

groups such as hydroxyl, carbonyl, carboxyl and epoxy groups in GQDs.” After
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deoxygenation coupling, whereas these vibrational bands remained visible, the
intensity of the oxygenated moieties decreased significantly with respect to that of the
C=C vibration. For instance, the relative intensity of the C=0 vibrational band at 1738
cm ' to that of aromatic C=C vibration at 1620 cm ' was reduced by 40 % for GQDs-
CL and 74 % for GQDs-CH, as compared to that of the as-prepared GQDs. This is
consistent with the effective removal of the C=O groups in McMurry deoxygenation

coupling which was facilitated by increasing loading of the coupling catalysts.

VOo-H

)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'l)

Figure 6.3 FTIR spectra of as-prepared GQDs, GQDs-CL and GQDs-CH.

More quantitative analysis was carried out with XPS measurements. From the
survey spectra in Figure 6.4, one can see that the as-prepared GQDs, GQDs-CL and
GQDs-CH samples all exhibited only two major peaks at around 285 and 532 eV,

corresponding to the binding energies of C 1s and O 1s electrons, respectively. The
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high-resolution scans of the C 1s electrons are depicted in Figure 6.5 (A, By, C;). From
Figure 6.5 (A)), it can be seen that the C 1s spectrum of the as-prepared GQDs can be
deconvoluted into three subpeaks at 284.5 eV, 285.5 eV, and 287.7 eV, which may be
assigned to sp”-hybridized carbon (C=C), sp’-hybridized C (C—0) and carbon in C=0,
respectively.”® This indicates that the GQDs were indeed functionalized with a number
of oxygenated species, as suggested by FTIR measurements (Figure 6.3). For the
GQDs-CL (Figure 6.5 (B;)) and GQDs-CH (Figure 6.5 (C,)) samples, deconvolution
of the C 1s spectra also yielded three subpeaks at similar binding energies. However,
the concentration of the oxidized carbon (C=0) varied markedly from GQDs to GQDs-
CL and GQDs-CH, based on the integrated peak areas. For instance, C=0O accounted
for 15.3 % of the carbon atoms in the as-prepared GQDs, but only 9.8 % in GQDs-CL
and 6.2 % in GQDs-CH; and concurrently, the fraction of sp” C increased from 61.3 %
in GQDs to 64.3 % in GQDs-CL and 71.9 % in GQDs-CH (whereas the contents of
sp> carbons remained almost invariant at 23.5 % for GQDs, 25.8 % for GQDs-CL, and
21.8 % for GQDs-CH). Moreover, the C:O mole ratio increased from 6.5 for as-
prepared GQDs to 10.2 for GQDs-CL and 16.1 for GQDs-CH. These results are highly
consistent with McMurry deoxygenation of the carbonyl moieties and the subsequent

formation of C=C covalent linkages that crosslinked GQDs."®
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Figure 6.4 XPS survey spectra of as-prepared GQDs, GQDs-CL and GQDs-CH, where
O 1s and C 1s electrons are well-defined in all three samples and no other elements
such as Ti (2p, ca. 459.5 eV), Zn (2p, ca. 1021 eV), and Cl (2p, ca. 198 eV) can be seen.
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Figure 6.5 High-resolution XPS scans of the C 1s electrons in (A;) as-prepared GQDs,
(B1) GQDs-CL, and (C;) GQDs-CH. Black curves are experimental data and colored
curves are deconvolution fits and corresponding Raman data (A,, Ba, C»).
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Consistent results were obtained in Raman measurements. As shown in Figure
6.5 (Ay), the three GQDs samples all exhibited a D band at 1351 cm ' and a G band at
1578 cm ™', **?°?7 and the ratio of the two band intensities (Ip/Is) was found to decrease
from 1.44 for GQDs to 1.26 for GQDs-CL and 0.94 for GQDs-CH, due to the removal

of the oxidized carbons (defects) from the GQD molecular skeletons.

Interestingly, the photoluminescence properties of the GQDs also varied after chemical
coupling. For instance, as depicted in Figure 6.6 (B), whereas both the as-produced
GQDs and GQDs-CL exhibited a major excitation peak (4ex) at 368 nm and a
corresponding emission peak (Aem) at 550 nm, Aex and Aem blue-shifted to 360 and 518
nm, respectively, for GQDs-CH. In addition, the photoluminescence intensity
(normalized to respective absorbance at the excitation wavelength, Figure 6.6 (A)) was
markedly enhanced with GQDs-CH as compared to those of as-produced GQDs and
GQDs-CL. This, again, is consistent with the removal of oxygenated species on the
GQD surface where quinone-like species are known to be effective electron acceptors
and emission quenchers.”® A similar blue-shift of the peak position of
photoluminescence emission and enhanced emission intensity has also been observed
with GQDs reduced by sodium borohydride, which is ascribed to the removal of

carbonyl and epoxy groups from the GQD surface.”**’
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Figure 6.6 (A) UV-Vis and (B)Excitation and emission of spectra of as-produced GQDs,
GQDs-CL, and GQDs-CH in water. The photoluminescence intensity has been
normalized to the respective absorbance at the excitation position.

6.4 Conclusion

In summary, a facile method was developed to covalently crosslink small GQDs
of less than 10 nm into large superstructures of hundreds of nanometers in size by
taking advantage of the McMurry deoxygenation reaction for the conversion of ketones
or aldehydes to olefins. Specifically, GQDs prepared by acid exfoliation of carbon
fibers were readily dispersed both in water and THF, and the peripheral carbonyl
moieties provide the active sites for GQD covalent crosslinking catalyzed by TiCl4 and
Zn, as manifested in various microscopic and spectroscopic measurements. The results
may be exploited as a generic, effective strategy for controllable assembly of graphene

oxide and derivatives into more complicated functional architectures.
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Chapter 7

Gold core@silver semishell Janus nanoparticles prepared by interfacial etching

Reproduced with permission from (Limei Chen, Christopher P. Deming, Yi Peng ,
Peiguang Hu, Jake Stofan and Shaowei Chen, "Gold core@silver semishell Janus
nanoparticles prepared by interfacial etching", Nanoscale, 2016, 8, 14565.) Copyright

© 2016 The Royal Society of Chemistry.
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7.1 Introduction

Transition-metal nanoparticles have been attracting significant attention in diverse
research fields, such as (bio)chemical sensing, multifunctional catalysis, and drug delivery,
primarily because of their rich chemical functionality.'” These nanoparticles are generally
formed with a symmetrical shape and composition because of minimization of surface
energy; yet, in the quest for “smart” materials that may be exploited for directional
engineering and functionalization, structurally asymmetrical Janus nanoparticles have

-10
10 Ror

emerged as a unique, new member of the family of functional nanomaterials.
instance, Janus nanoparticles have been prepared based on metal-metal oxide heterodimer
composites such as Au-SiO,, Au-TiO, and Au—Fe;O4 nanoparticles.'' ™ Of these, Au—
TiO, snowman-like Janus nanoparticles have been fabricated by directional growth of
TiO, nanoparticles on gold Janus nanoparticles where one hemisphere is capped with
hydrophilic ligands and the other hydrophobic, and the resulting heterodimers show
apparent photocatalytic activity towards methanol oxidation to formaldehyde, due to
enhanced charge separation of TiO, under photoirradiation by the gold nanoparticles, as
compared to TiO; colloids alone.'? Bimetallic Janus nanoparticles have also been prepared
by asymmetric deposition of a second metal onto the surface of the core materials, forming
a dumb bell or acorn-like structure, or by asymmetrical etching of the shell metal, forming

metal-tipped nanorods.'*"°

For instance, dumbbell-like Ag-tipped Au nanorods have been
prepared by lateral etching of core—shell Au@Ag nanorods and have shown improved

catalytic activity for the reduction of p-nitrophenol due to their specific structure and ligand

effect, as compared to the original nanorods.”” Another method is based on galvanic
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exchange reactions whereby partial replacement of the original core metal with a second
metal is carried out under strict spatial control.''® In another study, AgPd and AuPd dimer
nanostructures are prepared by kinetically controlled nucleation and growth of Ag or Au on
only one facet of cubic Pd nanocrystals by manipulation of various parameters such as
injection rate and capping ligands." Such bimetallic structures endow the nanoparticles with
unique optical and electronic properties, as well as electrocatalytic activity towards, for
instance, the oxygen reduction reaction (ORR), a critical reaction in fuel cell

electrochemistry, as compared to their monometallic counterparts.”*?'

In fact, in a previous
study,'® we prepared bimetallic AgAu Janus nanoparticles by galvanic exchange reactions
of silver nanoparticles with a gold(I)-thiolate complex at the air/water interface, and the
obtained Janus nanoparticles exhibited higher ORR activity than the original Ag
nanoparticles, due to polarized distributions of electrons within the nanoparticles as a result
of partial charge transfer from Ag to Au, although the Au content was only 5 at%. In such
bimetallic nanoparticles, additional contributions to enhanced ORR activity may arise from

1.>** More complicated

surface strain that facilitate oxygen adsorption onto the shell meta
trimetallic Neapolitan nanoparticles have also been prepared by two sequential interfacial

. . 23
galvanic exchange reactions.

In the present study, using Au@Ag core—shell nanoparticles as the starting materials,
we prepared Au@Ag semishell Janus nanoparticles by selective chemical etching of part of
the silver shell. The Au@Ag core—shell nanoparticles were produced by growing a silver
shell onto gold seed nanoparticles and capping by 1-dodecanethiol. When a nanoparticle

monolayer was formed on the water surface of a Langmuir-Blodgett trough, a mixture of
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H,0, and NHj was injected to the water subphase to selectively etch off the bottom half of
the silver shells, leading to the formation of Au@Ag semishell Janus nanoparticles. The
asymmetrical structure of the resulting nanoparticles was characterized by a variety of
microscopy and spectroscopy measurements. Interestingly, the semishell Janus
nanoparticles exhibited enhanced electrocatalytic activity in ORR, as compared with the
original core—shell nanoparticles, suggesting that interfacial engineering provided an
effective way to manipulate and optimize the nanoparticle electronic properties and hence

catalytic performance.
7.2 Experimental Section
Chemicals

Hydrogen tetrachloroauric acid (HAuCly-xH,O) was synthesized by dissolving
ultrahigh-purity gold (99.999%, Johnson Matthey) in freshly prepared aqua regia followed
by crystallization. Silver nitrate (AgNOs, Fisher Scientific), sodium borohydride (NaBHa,
>08%, Acros), sodium citrate dihydrate (Na;C¢HsO7-2H,0, Fisher Scientific), sodium
hydroxide anhydrous (NaOH, Fisher Scientific), L-ascorbic acid (ACS grade, Amresco),
hydrogen peroxide (H,O,, 30% solution, Fisher Scientific), strong ammonia solution (NHs,
Fisher Scientific), 1-dodecanethiol (CH3(CH,);1SH, 96%, Acros), and acetic acid (HOAc,
Glacial, Fisher Scientific) were all used as received without any further purification.
Solvents were purchased at the highest purity available from typical commercial sources
and also used as received. Water was supplied by a Barnstead Nanopure water system (18.3

MQ cm).
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Synthesis of Au@Ag core—shell nanoparticles

In a typical synthesis, citrate-stabilized gold colloids of ca. 5 nm in diameter were
prepared and used as the seed nanoparticles.”* Experimentally, 0.05 mmol of HAuCl, and
0.05 mmol of sodium citrate were dissolved into 100 mL of H>O at room temperature under
magnetic stirring, into which was added dropwise 5 mL of an ice-cold, freshly made
solution of 100 mM NaBH,. The appearance of a dark red color signified the formation of
gold colloids in the solution. Into this seed solution was then added 5 mL of an aqueous
solution containing 0.5 mmol of ascorbic acid and 0.625 mmol of NaOH, followed by the
slow addition of 10 mL of a 10 mM AgNO:; (0.1 mmol) solution over the course of 2 h.*’
The color of the solution was found to change from red to orange and finally to brown, due
to the formation of Au@Ag core—shell nanoparticles. To cap the resulting nanoparticles
with 1-dodecanethiol, in a typical experiment, 3 mL of the as-prepared core—shell
nanoparticle solution was placed in a glass vial, into which was added 50 pL of HOAc. 1
mL of a CHCI; solution containing 50 pL of 1-dodecanethiol was then added to the vial and
the vial was shaken for about 3 min, and the nanoparticles were found to transfer to the
CHCl; phase.”® The organic phase was collected and dried by rotary evaporation and the
obtained solids were rinsed with a copious amount of methanol to remove excess thiol

ligands, affording purified 1-dodecanethiol-capped Au@Ag core—shell nanoparticles.

1-Dodecanethiol-capped Ag@Au core—shell nanoparticles were prepared in a
similar fashion except that silver colloids were first prepared and used as seed particles onto
which a gold shell was grown from HAuCls. The presence of NaOH (solution pH > 10.8)

inhibited the galvanic replacement of Ag colloids by Au(IlI) and facilitated the deposition
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of a gold shell onto the Ag surface, leading to the formation of Ag@Au core—shell

nanoparticles.”’
Preparation of Au@Ag semishell Janus nanoparticles

Au@Ag semishell Janus nanoparticles were prepared by etching off part of the
silver shell from the Au@Ag core—shell nanoparticles using a H;O, + NH3 (1 : 1 mole ratio)

23,28

water solution.” In brief, the monolayer of 1-dodecanethiol-capped Au@Ag core—shell
nanoparticles prepared above was deposited onto the water surface of a Langmuir-Blodgett
trough (NIMA Technology, model 611D). The particle monolayer was then compressed to
a desired surface pressure where the interparticle edge-to-edge separation was maintained
at a value smaller than twice the extended ligand chain length such that the interfacial
mobility of the particles was impeded. At this point, a calculated amount of the H,O, +
NHj; aqueous solution was injected into the water subphase by a Hamilton microliter
syringe, where the silver shells in direct contact with water were etched away, leading to the

formation of Au@Ag semi-shell Janus nanoparticles. The nanoparticles were then collected

for further characterization.
Structural characterization

UV-vis absorption spectra were collected with a PerkinElmer Lambda 35
spectrometer using a 1 cm quartz cuvette. X-ray photoelectron spectra (XPS) were recorded
with a PHI 5400/XPS instrument equipped with an Al K, source operated at 350 W and
10 Torr. The morphology and sizes of the nanoparticles were characterized by

transmission electron microscopy (TEM, Philips CM200 at 200 kV) studies. At least 100
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nanoparticles were measured to obtain a size distribution. For inductively coupled plasma
mass spectrometry (ICP-MS, PerkinElmer Optima 4300DV) measurements, about 25 pg of
the nanoparticles prepared above were dissolved in 1 mL of freshly made aqua regia. The
solution was then diluted by nanopure water to 15 mL. Standard solutions of metal ions
were made at a concentration of 0.5 pg mL™' Ag" and 1.0 pg mL™" Au’* with aqua regia of

the same concentration.
Electrochemistry

Electrochemical studies were carried out in a standard three-electrode cell
connected to a CHI-710 electrochemical workstation, with a Pt foil counter electrode and a
reversible hydrogen electrode (RHE) at room temperature (25 °C). The working electrode
was a rotating ring-disk electrode (RRDE, with a glassy carbon disk and a gold ring). In a
typical measurement, 1 mg of the nanoparticles prepared above, 4 mg of carbon powders,
and 10 puL of a Nafion solution were ultrasonically mixed in 1 mL of toluene. Then 10 pL
of this solution was dropcast onto the glassy-carbon disk (5.61 mm diameter, from Pine
Instruments) with a Hamilton microliter syringe. As soon as the electrode was dried, a dilute
Nafion solution (0.1 wt%, 3 puL) was added onto it, and the electrode was immersed into
electrolyte solutions for voltammetric measurements. The metal loadings on the electrode

were all 10 pg.
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Scheme 7.1

7.3 Results and Discussion

As mentioned above, Au@Ag semishell Janus nanoparticles were prepared by
taking advantage of the selective etching of silver by H,O, + NHj3 using Au@Ag core—shell

nanoparticles as the starting materials.>>*

The structures of the nanoparticles were first
examined by TEM measurements. From panels (A)—+C) in Figure 7.1, one can see that the
Au@Ag core—shell nanoparticles were dispersed very well without apparent agglomeration,
suggesting sufficient stabilization of the nanoparticles by the 1-dodecanethiol ligands. The
formation of a core—shell structure in the metal cores can be clearly seen in the out-of-focus
image in panel (A), as well as in the high-resolution image in panel (C) where the dark-
contrast gold cores are encapsulated by a low-contrast Ag shell. From panel (C), one can
also see that the nanoparticles exhibited well-defined lattice fringes with an interplanar
spacing of 0.232 nm that was consistent with the (111) crystalline planes of both fcc Ag
(PDF card #4-783) and gold (PDF card #4-784). After chemical etching at the air/water
interface by H,O, + NH3, marked differences can be seen. From panel (D), it can be seen

that whereas the majority of the nanoparticles remained well separated, a fraction of the

nanoparticles aggregated into worm-like structures. This is likely due to destabilization of
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the nanoparticles caused by interfacial etching. In addition, the resulting nanoparticles
became structurally asymmetrical with part of the Ag shells removed and part of the gold
cores exposed, as manifested in panel (E), forming Au core@Ag semishell Janus
nanoparticles (Scheme 7.1). Furthermore, statistical analysis based on more than 100
nanoparticles shows that the average size of the original Au@Ag core—shell nanoparticles
is 7.3 = 1.1 nm in diameter, with a Au core of ca. 5.0 nm diameter and a Ag shell of 1.1 nm
in thickness (panel (C)). However, after interfacial etching by H,O, + NHj3, the average
diameter of the resulting semishell nanoparticles diminished to 6.4 + 1.0 nm in diameter, as
depicted in the core-size histograms in panel (F). Notably, the decrease of the nanoparticle
core diameter (0.9 nm) is very close to the thickness of the Ag shell (1.1. nm). Furthermore,
visual inspection showed that the majority (ca. 76%) of the as-produced Au@Ag core—shell
nanoparticles exhibited a symmetrical contrast of the electron density (between Au and Ag),
with an asymmetrical minority (24%). Yet after interfacial etching, the fraction of
symmetrical nanoparticles diminished to 46% whereas the asymmetrical fraction increased
markedly to 54%. These observations are in good agreement with the formation of Au

core@Ag semishell Janus nanoparticles (Scheme 7.1).
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Au@Ag semishell
m— Au@Ag core-shell

Figure 7.1 Representative TEM micrographs of (A)C) Au@Ag core—shell nanoparticles,
and (D)E) Au@Ag semishell nanoparticles. Scale bars are 50 nm in (A) and (B), 5 nm in
(C), 20 nm in (D) and 5 nm in (E). Panel (F) is the particle size histograms of the Au@Ag
core—shell and semishell nanoparticles.

With such a structural evolution, the corresponding nanoparticles exhibit a clear
variation of the optical properties. From Figure 7.2, one can see that the gold colloids (black
curve) exhibit a prominent absorption peak at ca. 515 nm, due to the well-known surface
plasmon resonance, in contrast to that of Ag nanoparticles (red curve) which appeared at
around 394 nm.” For the Au@Ag core—shell nanoparticles (green curve), the absorption
peak became broadened and centered at 440 nm, intermediate between those for Au and Ag

#3033 After interfacial etching forming Au@Ag semishell Janus

nanoparticles;
nanoparticles (blue curve), the center of the absorption peak red-shifted somewhat to 456

nm, most probably because of the exposure of part of the gold cores. In contrast, when the
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chemical etching was carried out with the Au@Ag core—shell nanoparticles mixed with the
etchants (H,O, + NHs) in the same solvents (denoted as “bulk etching” in Figure 7.2,
magenta curve), the resulting nanoparticles showed an absorption maximum at ca. 504 nm,
very close to that of the Au nanoparticles, indicating almost complete removal of the silver

shell from the original Au@Ag nanoparticles.

0.8

Ag nanoparticles

0.6

Au@Ag core-shell nanoparticles

Au@Ag semishell Janus nanoparticles

04 -

Absorbance

0.2 4

0‘0 T T T T
300 400 500 600 700 800

A (nm)

Figure 7.2 UV-vis spectra of Au (black curve), Ag (red curve), Au@Ag core—shell
nanoparticles (green curve), and Au@Ag Janus nanoparticles (blue curve). The spectrum
of Au@Ag core—shell nanoparticles undergoing bulk etching is also included (magenta
curve).

Consistent results were obtained in XPS measurements where the elemental
compositions of the nanoparticles were quantified. Figure 7.3 depicts the high-resolution
scans of the (top panel) Ag 3d and (bottom panel) Au 4f electrons of the Au@Ag core—shell

and semishell Janus nanoparticles. It can be seen that the original Au@Ag core—shell
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nanoparticles exhibited a doublet at 368.0 and 374.0 eV, corresponding to the 3ds, and

: . 34,35
3ds), electrons of metallic silver,”™

whereas the doublet for the Au 4f electrons appears at
83.4 eV and 87.1 eV, consistent with those of metallic gold.® For the semishell Janus
nanoparticles, the binding energies are somewhat higher, at 368.4 and 374.5 eV for Ag 3d
and 83.9 and 87.4 eV for Au 4f. It has been known that the binding energy of the Ag 3d
electrons decreases as the oxidation state increases. For instance, Hoflund and Hazos
observed a decrement of about 0.3 eV from metallic Ag to Ag,O and then to AgO.”" Tbele et
al. also observed a red-shift of ca. 0.4 eV of the Ag 3d binding energy when Au—Ag—Au
trisegment nanorods were treated with H>O,, due to the formation of Ag,0.*® In the present
study, the fact that semishell Janus nanoparticles exhibited higher binding energies (by ca.
0.4 eV) of the Ag 3d electrons than the original Au@Ag core—shell nanoparticles suggested
enhanced charge compensation from Au to Ag,” as partial removal of the Ag shell (i.e.,
higher Au : Ag atomic ratio) meant that silver oxide on the nanoparticle surface would be
more likely to be reduced by electrons contributed from Au, and the reduced oxidation state
led to a higher binding energy of the Ag 3d electrons. Such a charge compensation
mechanism may also account for the increase of the binding energy of the Au 4f electrons,
with additional contributions likely arising from direct adsorption of thiol ligands on the Au

surface upon removal of part of the Ag shell.*
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Figure 7.3 XPS spectra of (A) Ag 3d and (B) Au 4f electrons of Au@Ag core—shell and
semishell Janus nanoparticles. Black curves are experimental data and colored curves are
deconvolution fits.

Furthermore, based on the integrated peak areas of the Ag 3d and Au 4f electrons,
the Ag : Au atomic ratio was estimated to be 2.36 : 1 for the Au@Ag core—shell
nanoparticles, which is consistent with the nanoparticle structures that consisted of a gold
core of ca. 5.0 nm in diameter and a Ag shell of 1.1 nm in thickness, as suggested in TEM
measurements (Figure 7.1); and the Ag : Au atomic ratio decreased to only 1.25 : 1 for the
Au@Ag semishell Janus nanoparticles. Consistent results were obtained in ICP-MS
measurements, where the Ag : Au atomic ratio was estimated to be 2.53 : 1 for the Au@Ag
core—shell nanoparticles, but only 1.41 : 1 for the semishell Janus nanoparticles. In both
measurements, the fact that the nanoparticles lost about 50% of the Ag content suggests that

indeed almost half of the Ag shell was removed by interfacial etching.
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Figure 7.4 XPS spectra of (top) Ag3d and (bottom) Au4f electrons of Ag@Au core-
shell nanoparticles. The Ag3d doublet is at 368.0 and 374.1 eV, whereas the Au4f at
83.4 and 87.0 eV. These are consistent with metallic Ag and Au, respectively. Based
on the integrated peak areas, the Ag:Au atomic ratio was estimated to be 1.61:1.

Note that consistent results were also obtained of the binding energies of the Ag 3d
and Au 4f electrons for the Ag@Au core—shell nanoparticles (Figure 7.4), where the Ag :
Au atomic ratio was found to be very close at 1.61 : 1. This indicates that the Ag@Au core—
shell nanoparticles and Au@Ag semishell Janus nanoparticles may be approximated as
structural isomers. Yet, their electrocatalytic activity towards ORR was markedly different,

as shown below.
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Figure 7.5 (A) ORR polarization curves at 1600 rpm for Ag@Au (black curve), Au@Ag
(red curve) core—shell nanoparticles and Au@Ag Janus nanoparticles (green curve). (B)
RRDE voltammograms of a glassy carbon electron modified with the Au@Ag Janus
nanoparticles in oxygen-saturated 0.1 M NaOH at varied rotation rates (specified in figure
legends). (C) Variation of the number of electron transfers () with electrode potentials for
Ag@Au (black curve), Au@Ag (red curve) core—shell nanoparticles and Au@Ag Janus
nanoparticles (green curve). Data were obtained by using the respective RRDE
voltammograms at 1600 rpm. (D) Tafel plots derived from panel (B) where solid symbols
are the mass activity (Jn,) and empty symbols are specific activity (Js). The loading of metal
nanoparticle catalysts was all 10 pg. The disk potential ramp was 10 mV s and the ring
potential was set at +1.5 V.

Experimentally, the nanoparticles prepared above were first loaded onto the glassy
carbon disk of a rotating ring-disk electrode and subject to repeated potential cycling within

the range of +0.1 V to +1.1 V in a nitrogen saturated 0.1 M NaOH solution until a steady
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voltammogram appeared. The electrocatalytic activity tests were then carried out in the
same solution but saturated with oxygen. Figure 7.5(A) depicts the RDE voltammograms
of a glassy carbon electrode modified with Au@Ag core—shell and semishell Janus
nanoparticles, as well as Ag@Au core—shell nanoparticles at the same loading of 10 pg. It
can be seen that for the Au@Ag Janus nanoparticles, nonzero cathodic currents started to
emerge at about +0.95 V (vs. RHE) and the currents reached a plateau at around +0.60 V.
This performance is markedly better than that of the Au@Ag core—shell nanoparticles
where the onset potential was 40 mV less positive at +0.91 V; whereas the Ag@Au core—
shell nanoparticles displayed the least positive onset potential at +0.77 V. The diffusion-
limited current also decreases in the same order. For instance, at +0.40 V, the current density
was 92 A g for Au@Ag semishell Janus nanoparticles, 80 A g~ for Au@Ag core—shell
nanoparticles, and only 40 A g’ for Ag@Au core—shell nanoparticles. Altogether, these
results indicate that a silver shell is more active in catalyzing ORR than a gold one, and the
activity was even higher with a silver half-shell where both Ag and Au surfaces were
accessible (note that Ag@Au semishell nanoparticles could not be produced as Au was

chemically inert against H,O, and NH3, Figure 7.6).
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Figure 7.6 UV-vis spectra of (top) Ag and (bottom) Au nanoparticles at different time
intervals after the addition of 20 mM H,0, + NHj. Insets show the variation of the
respective surface plasmon resonance (SPR) intensity with reaction time. One can see
that the SPR intensity of the Ag nanoparticles diminished rather quickly, due to
effective etching of the Ag nanoparticles by H,O, + NHj3, whereas the SPR intensity of
the gold nanoparticles remained largely unchanged, because Au nanoparticles were
chemically inert against the H,O, + NHj3 etchants.

Panel (B) depicts the RRDE voltammograms of the Au@Ag semishell Janus
nanoparticles at different electrode rotation rates (from 100 to 2500 rpm). One can see that

the voltammetric currents increased with the increasing electrode rotation rate and the disk
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currents were at least two orders of magnitude higher than those at the ring electrode,
suggesting that only a minimal amount of peroxide intermediates was produced during ORR.
In fact, the number of electron transfers involved in the reduction of one O, molecule on the
nanoparticles was determined by n= 4Ip/(Ip + Ir/N), where Ip and I are disk and ring
currents, respectively. By using the disk and ring currents collected at 1600 rpm as an
example, one can see that within the wide potential range of +0.90 V to +0.10 V,
the n values increased markedly in the order of Ag@Au core shell < Au@Ag core—shell <
Au@Ag semishell nanoparticles, as evidenced in panel (C). For instance, at +0.60 V, the
Au@Ag semishell Janus nanoparticles exhibited the highest n value of 3.98, somewhat
higher than that (3.92) of Au@Ag core—shell nanoparticles, while Ag@Au core—shell
nanoparticles showed the lowest 7 value of 3.53, corresponding to a peroxide yield of 1%,
4% and 23.5%, respectively. This means that oxygen mostly underwent four-electron
reduction at Au@Ag semishell Janus and core—shell nanoparticles, O, + 2H,O + 4e —
40H’, whereas a rather significant number of peroxide species was generated during ORR
on Ag@Au core—shell nanoparticles. Note that the results were highly reproducible and

repeated measurements showed no more than 10% deviation.

The clear discrepancy of the ORR activity among these three nanoparticle catalysts
may be understood within the context of surface accessibility for oxygen adsorption and
reduction. Note that for bimetallic core—shell nanoparticles, the electrocatalytic activity is
mainly determined by the shell materials. Prior studies have shown that a Ag surface
displays better ORR catalytic activity than a gold one because of its stronger oxygen binding

energy.”™ The ORR activity was further enhanced when both Ag and Au surfaces were
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exposed and accessible, likely due to synergistic interactions between the two metals (vide
infra).

Similar behaviors can be observed with the mass-specific kinetic current density
(Jm), as depicted in the Tafel plot of panel (D). It can be seen that the J,,, increased with an
increasingly negative electrode potential. In addition, the activity of the Janus nanopatrticles
is significantly higher than that of the core—shell nanoparticles. For instance, at +0.66
V, Ju for Au@Ag semishell Janus nanoparticles was estimated to be 633 A g ', about 4.8
times that (131 A g ') of Au@Ag core—shell nanoparticles and 45 times that (14 A g ') of
Ag@Au core—shell nanoparticles. Consistent results can also be seen in the comparison of
the corresponding specific activity (J;, which was estimated by normalizing the kinetic

currents against the electrochemical surface area quantified by Pb UPD, Figure 7.7).*** F

or
instance, at +0.66 V, J; for Au@Ag semishell Janus nanoparticles was ca. 23.0 A m 2, about
2.2 times that (10.5 A m %) of Au@Ag core—shell nanoparticles and 13 times that (1.78 A

m ) of Ag@Au core—shell nanoparticles.
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Figure 7.7 Cyclic voltammograms of a glassy carbon electrode modified with Ag@Au
core-shell, Au@Ag core-shell and Au@Ag semishell nanoparticles in 0.05 mM
Pb(OAc), + 0.1 M HCIOy at the sweep rate of 100 mV/s. Catalyst loadings were both
10 pg. The effective electrochemical surface areas as summarized below were
determined by oxygen adsorption on Ag (210 pC/cm* ) and Au (390 pC/cm? ), in which
the Ag oxidation peaks and gold oxide reduction peaks were used to obtain the amount
of charge.

Note that for oxygen electroreduction at nanoparticle catalyst surfaces, the Tafel
slopes are typically found at 60 or 120 mV dec ', where the former corresponds to a pseudo
two-electron reaction as the rate determining step and in the latter, the rate determining step
is the first-electron reduction of oxygen.*® In the present study, linear regressions show that
the slopes are 128 mV dec ', 104 mV dec ' and 119 mV dec™' for Ag@Au core—shell,
Au@Ag core—shell nanoparticles and Au@Ag semishell Janus nanoparticles, respectively,
suggesting that ORR on these three nanoparticle catalysts was all likely limited by the first

electron reduction. Such behaviors have been observed on the Pt or Pt alloy surface,
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suggesting that the catalytic mechanism of ORR on AgAu resembles that on Pt, which
involves O—O bond breaking and adsorption of oxygenate intermediates, but is distinctly
different from that on pure Ag or Au catalysts, where the ORR rate is limited by the

absorption of O, molecules on the metal surface and the first electron transfer.**

Notably, within the context of onset potential, » value, and mass/specific activity,
the electrocatalytic performance of the Au@Ag semishell Janus nanoparticles prepared
above is markedly better than those observed with monometallic Au or Ag nanoparticles of

Lo . 4
similar sizes, %!

and even comparable to that of commercial Pt/C catalysts (except with
a lower mass activity).”> In addition, in comparison with the AuAg alloy nanoparticles
reported in recent literature, the ORR activity of the semishell Janus nanoparticles is also
enhanced. For instance, the onset potential for ORR observed above for the Au@Ag

semishell Janus nanoparticles was at least 30 mV more positive than those for the Au@Ag

bimetallic Janus nanoparticles prepared by interfacial galvanic exchange reactions'® as well

53,54

as for AgAu (bulk) alloy nanoparticles.
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Figure 7.8 Representative TEM micrographs of Ag@Au core-shell nanoparticles. Scale
bars are (A) 20 nm and (B) 5 nm.

It is most likely that the improved performance of the Au@Ag Janus nanoparticles
over Au@Ag or Ag@Au core—shell nanoparticles is due to the partial exposure of the core
metal surface to oxygen absorption. As mentioned earlier, for core—shell nanoparticles, the
catalytic activity is mainly dictated by the shell materials, as the inner cores are
inaccessible®' but may impact the catalytic activity through surface strain, particle size and
shape.” In the present study, these contributions are likely to be minimal as Ag and Au
exhibit almost no lattice mismatch and the three nanoparticles were largely of the same size
and shape (Figure 7.1 and Figure 7.8).”Instead, the remarkable ORR performance observed
with the Au@Ag semishell nanoparticles may be ascribed to the enhanced charge transfer
from Au to Ag,39 as manifested in XPS measurements (Figure 7.3), which inhibited the
formation of (inactive) silver oxide under ORR conditions in alkaline media. This resulted

56,57

in a more reactive Ag surface for ORR than pure Ag,”™" as reflected by a positive shift of

the equilibrium potential for the first electron transfer reaction and a reduced overpotential

and positive shift of the onset potential ™

7.4 Conclusion

In the present study, gold core@Ag semishell Janus nanoparticles were prepared,
for the first time ever, by interfacial etching of Au@Ag core—shell nanoparticles on the
water surface based on the Langmuir method. The asymmetrical nanoparticle structures
were confirmed by TEM, XPS and UV-vis absorption measurements. The resulting

bimetallic Janus nanoparticles exhibited markedly enhanced electrocatalytic activity in
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oxygen reduction, as compared to their Au@Ag and Ag@Au core—shell counterparts,
within the context of onset potential, number of electron transfers, and kinetic current
density. This was likely due to partial charge transfer from Au to Ag that optimized oxygen
adsorption on the metal surfaces. These results further demonstrate the significance of the
interfacial engineering in nanoparticle modification and the impact on their electrocatalytic

activity.
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Chapter 8

Silver-Copper Hollow Nanoshells as Phase-Transfer Reagents and Catalysts in

the Reduction of 4-Nitroaniline

Reproduced with permission from (Limei Chen, Peiguang Hu, Yi Peng, Jia En Lu,
Mauricio D. Rojas-Andrade and Shaowei Chen, "Silver-Copper Hollow Nanoshells as
Phase-Transfer Reagents and Catalysts in the Reduction of 4-Nitroaniline", Part. Part.
Syst. Char., 2017, 1600358). Copyright © 2017 Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.
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8.1 Introduction

In recent decades, transition-metal nanostructures such as nanoparticles,
nanocubes, nanoplates, and nanoshells have been attracting significant interest largely
because of their unique optical and electronic properties and potential applications in
diverse fields ranging from catalysis to drug delivery and chemical/biological sensing.'”
* Among these, hollow nanoshells represent a unique group of functional nanomaterials,
where the materials properties may be deliberately manipulated by the size, shape, shell
thickness, and elemental compositions. Furthermore, with proper surface
functionalization, the hollow nanoshells may be dispersible in a wide range of solvent
media and used for the ready encapsulation and delivery of target molecules.” For
instance, nanoshells of Pt, Ag, Au, and Au—Ag bimetallic alloys have been prepared,
used for drug delivery, and exhibited apparent catalytic activity in a variety of reactions,
as compared to their solid counterparts.”® This is largely ascribed to the high surface
area and porous structure of the metal shells that are presumed to facilitate the catalytic

reactions and mass transport of reaction species.

Several methods have been reported for the synthesis of hollow metal
nanostructures, such as galvanic replacement based on the Kirkendall effect, chemical

etching, and rigid templating.”*"!

With a rigid template, a thin shell structure can be
easily formed and tuned; however, final removal of the template is challenging.'” In the
Kirkendall method, a shell is formed via chemical reactions based on a self-template

process, by which the template diminishes with the formation of a hollow structure.'

For instance, Kado et al. reported a simple, one-pot synthesis of silver nanoshells based
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on nanoscale Kirkendall effect by the sequential addition of NaSCN and NaBH,4 into
an AgNOgsolution.10 The formation mechanism involved the reduction of hardly
soluble AgSCN in the aqueous solution by NaBH4. However, the resulting silver
nanoshells lacked stability in solution because of ready oxidation when exposed to
ambient. This represents a major challenge for further engineering and practical

applications.

In the present study, by adopting the one-pot synthesis method mentioned
above,'” we prepared an Ag—Cu hollow nanoshell, which we believe is the first of its
kind. The bimetallic nanoshells exhibited a rather uniform spherical structure, and were
remarkably stable in solution for months at room temperature, in contrast to the
monometallic Ag counterparts.'® Interestingly, the nanoscale cavity might be exploited
for the encapsulation of selected molecules such as rhodamine 6G (R6G)'* and phase
transfer from water to apolar organic media by deliberate surface functionalization. In
addition, the Ag—Cu nanoshells exhibited enhanced catalytic activity in the reduction
of 4-nitroaniline by NaBHy, as compared to solid Ag—Cu nanoparticles, likely due to
ready accessibility of both the internal and external surfaces in the nanoshells for the

catalytic reactions.
8.2 Experimental Section
Chemicals

Silver nitrate (AgNOs, Fisher Scientific), cupric nitrate (Cu(NOs),-2.5H,0,

Fisher Scientific), sodium thiocyanate (NaSCN, Fisher Science Education), sodium
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borohydride (NaBH4, >98%, ACROS), sodium citrate dihydrate (Na;CsHsO7-2H,0,
Fisher Scientific), R6G (99%, ACROS), 4-nitroaniline (98%, Alfar Aesar), L(+)-
cysteine hydrochloride monohydrate (Cys, MCB), 1-dodecanethiol (C12SH, 96%,
ACROS), and acetic acid (HOAc, Glacial, Fisher Scientific) were all used as received
without any further purification. Solvents were purchased at the highest purity available
from typical commercial sources and used as received. Water was supplied with a

Barnstead Nanopure water system (18.3 MQ cm).
Synthesis of Silver—Copper (Ag—Cu) Hollow Nanoshells

Silver—copper nanoshells were prepared by adopting a synthetic procedure
reported in the literature for the preparation of monometallic Ag nanoshells.'” In brief,
0.5 mL of an aqueous solution of NaSCN (15 x 10> M) was diluted by 20 mL of
Nanopure water to make a homogeneous solution, and separately, 0.3 mL of a
AgNO:; aqueous solution (10 x 107M) and 0.1 mL of a Cu(NOs), solution (10 x 10~
M) (corresponding to an Ag:Cu molar feed ratio of 3:1) were added to 20 mL of
Nanopure water. The NaSCN solution was then slowly added to the metal salt solution
under magnetic stirring for 5 min to generate a blurry solution. Then 5 mL of a freshly
prepared, cold NaBH, solution (1 x 10~ M) was slowly added to the solution under
constant stirring. Once the color of the solution started to turn bright blue (indicating
the formation of Ag—Cu nanoshells), 0.1 mL of an aqueous solution of L(+)-cysteine
(5 x 10 M) was immediately injected into the solution as protecting ligands. Excess
ligands were removed by dialysis in Nanopure water for three days, affording purified

cys-capped Ag—Cu hollow nanoshells.
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As a control, monometallic silver nanoshells were prepared by using the same

procedure'® except that no Cu(NOs), was added into the metal salt solution.

A second control was carried out with silver—copper solid nanoparticles.
Experimentally, 0.75 mL of an AgNO; aqueous solution (10 x 10~ M), 0.25 mL of a
Cu(NO3); solution (10 x 10~ M), and 0.01 mmol of sodium citrate dehydrate were
added into 100 mL of Nanopure water, corresponding to an Ag:Cu molar feed ratio of
3:1; the solution was bubbled with nitrogen for 20 min, into which was then slowly
added 12.5 mL of a freshly prepared, cold NaBH, solution (1 x 10 M). The
appearance of a faint yellow color signified the formation of silver-rich nanoparticles.
The solution was under magnetic stirring for 10 min before 0.25 mL of an aqueous
solution of L(+)-cysteine (5 x 10 M) was added to the solution to stabilize the
nanoparticles. The resulting nanoparticles were then purified by dialysis in Nanopure

water.
Encapsulation of R6G Dye in Ag—Cu Nanoshells

Encapsulation of R6G inside the Ag—Cu nanoshells was carried out as follows.
In a typical experiment, 200 pL of 1 x 10> M R6G was added into 40 mL of the
aqueous solution of the nanoshells. After mixing under magnetic stirring for 4 h, 20
mL of toluene with 200 uL of 1-dodecanethiol was added to the above nanoshell
solution, and the mixture was under magnetic stirring for 2 h. Then, 200 uL of HOAc
was added into the solution. After stirring for another 15 min, the solution was left
standing for 30 min, and the blue nanoshells were found at the water/organic interface.

The nanoshells were then collected and purified with ethanol until the supernatant was
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colorless, which indicated the complete removal of free R6G molecules (and excess
C12SH). The resulting C12SH-capped nanoshells were referred to as Ag—CuC12 (note
that a small number of cysteine ligands remained on the nanoshell surface, as

manifested in FTIR measurements, not shown).
Catalytic Reduction of 4-Nitroaniline by Ag—Cu Nanoshells

The experiment was carried out at room temperature (20 °C). Typically, 0.16
mg of the as-prepared cysteine-capped Ag—Cu nanoshells was dispersed in 14 mL of
Nanopure water, along with 0.01 mmol of 4-nitroaniline. The color of the solution was
found to change from bright blue to green-blue. 0.1 mmol of NaBH, dissolved in 200
puL of ice-cold water was then added as a reducing agent to the solution at room
temperature. The UV—vis spectra of the solution were recorded at selected time
intervals. At the end of the reduction reaction, the green-blue solution became bright
blue again, signifying the full conversion of yellow 4-nitroaniline to colorless 4-
phenylenediamine. To test the recyclability of the Ag—Cu nanoshells, the samples were
collected by centrifugation at 6000 rpm for 15 min at the end of the experiment and
used for repeat measurements under the otherwise identical conditions for a total of
four cycles. Control experiments were carried out with solid Ag—Cu nanoparticles (also

0.16 mg) by using the same experimental procedure.
Structural Characterizations

The morphology and size of the metal nanostructures were characterized by

TEM (Philips CM200 at 200 kV) studies. At least 200 nanoshells were analyzed to
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obtain a size distribution. XRD patterns were acquired with a Rigaku Americas
Miniflex Plus diffractometer using Cu Ko radiation (A = 1.5418 A) within the range of
20 = 10 to 80° at a scan rate of 2° min ' with a 0.01° step size. UV—vis absorption
spectra were collected with a Perkin-Elmer Lambda 35 spectrometer using a 1 cm
quartz cuvette. Photoluminescence spectra were acquired with a PTI fluorescence
spectrophotometer with a 450 W Xe lamp (Fluorolog, Jovin Yvon) and a close-cycle
He cryostat (HC-2, APD Cryogenics). XPS spectra were recorded with a PHI

5400/XPS instrument equipped with an Al Ko source operated at 350 W and 10~ Torr.
8.3 Results and Discussion

Stable Ag—Cu nanoshells were readily prepared by NaBH,4 coreduction of
AgNO; and Cu(NOs); at the Ag:Cu initial feed ratio of 3:1 in the presence of NaSCN,
with cysteine being the capping ligands. The structures were first examined by
transmission electron microscopic (TEM) measurements. From Figure 8.1(A)—(C), one
can see that indeed hollow nanoshells were successfully produced, with a mostly
spherical shape. From the high-resolution TEM image in panel (D), the shells can be
seen to exhibit well-defined lattice fringes, where the interplanar spacing of 0.237 nm
is consistent with that of fcc Ag(111) crystalline planes (PDF card 65-2871), whereas
the 0.253 nm spacing is in agreement with that of CuO(002) (PDF card 44-0706).""7
Interestingly, no lattice fringes were identified for metallic copper, indicating ready
oxidation of copper into CuO in ambient. In addition, one can see that Ag and CuO
formed segregated nanocrystalline domains rather than a homogeneous alloy, most

likely because of their large lattice mismatch.'®>" Statistical analysis based on more
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than 200 nanoshells showed that the outer diameter was averaged to be 57.2 = 11.9 nm,
with a shell thickness of 7.9 + 1.6 nm, as manifested in the size histograms in panels
(E) and (F), respectively, from which the hollow volume ratio was estimated to be ~62%

(V/v%).

%+ 0.253nm
Cuo (002)

L.$ ol s
0.237 nm
Ag (111)

(E) 57.2+11.9 nm|| (F) 7.9+16nmm

30 40 50 60 70 80 5 6 7 8 9 0 1 12
Diameter (nm) Thickness (nm)

Figure 8.1 Representative TEM images of Ag—Cu nanoshells, where the scale bars are
A) 200 nm, B) 100 nm, C) 20 nm, and D) 10 nm. The corresponding histograms of the
nanoshell outer diameter and shell thickness are depicted in panels (E) and (F),
respectively.
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The structures of the nanocomposites were then examined by X-ray diffraction
(XRD) measurements (Figure 8.2). Four major diffraction peaks can be identified at 26
= 38.2°, 44.0°, 64.6°, and 77.2°, where the last three peaks might be ascribed to the
diffraction of Ag (220), Ag (220), and Ag (311) crystalline planes, respectively, and
the first peak likely arose from both Ag (111) and CuO (111). No other diffraction
features were observed from CuO, possibly because of small crystallites or low
crystallinity of CuO. Nonetheless, the XRD results suggest the formation of separate
silver and copper phases, rather than an alloy structure, in the nanoshells. This is

consistent with the results from TEM measurements (Figure 8.1(D)).
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Figure 8.2 XRD patterns of Ag-Cu nanoshells.

Similar hollow structures were observed with monometallic Ag nanoshells that
were prepared in the same manner (Figure 8.3), whereas without the addition of NaSCN,

only solid Ag—Cu nanoparticles (Figure 8.4) were obtained, which were markedly
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smaller with an average diameter of 3.79 + 2.31 nm. Notably, the Ag nanoshells were
found to be rather defective, as compared to the almost continuous shell structures
observed with Ag—Cu nanoshells (Figure 8.1). This disparity may be accounted for by
the formation mechanism of hollow nanostructures based on nanoscale Kirkendall
effect, where the outward diffusion of inner ions and inward diffusion of reducing agent
or the electrons injected by the reducing agent are known to play a significant role in
determining the eventual structure.”' In the synthesis of monometallic Ag nanoshells,
the diffusion and nucleation of silver ions are too fast to form a complete shell.””
However, with the addition of copper ions, the formation of continuous shells might be
facilitated by the slower reduction and nucleation kinetics of copper, because of the
more negative reduction potential. Consequently, reduction and subsequent nucleation
of Cu likely occurred within the gaps between the silver crystalline domains. In such a
reaction mechanism, formation of an Ag structural scaffold is a critical first step.
Experimentally, it was found that when the Ag:Cu feed ratio was changed to 1:1, the
structures of the eventual nanoshells were actually very close to the one prepared above
at 3:1; whereas at a lower feed ratio of 1:3, no nanoshells were formed. This suggests

that the Ag:Cu feed ratio of 3:1 was optimal in the formation of stable nanoshell

structures.
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Figure 8.3 Representative TEM images of silver nanoshells. Scale bars are 20 nm in
(A) and 5 nm in (B).
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Figure 8.4 (A) Representative TEM image of Ag-Cu solid nanoparticles. Scale bar 2
nm. (B) The corresponding core size histogram, and (C) the UV-vis absorption
spectrum in water.

Further structural insights were obtained in X-ray photoelectron spectroscopic

(XPS) measurements where the elemental compositions of the nanoshells were
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quantified. From the survey spectrum of the Ag—Cu nanoshells (Figure 8.5(A)), the Ag
3d and Cu 2p electrons can be readily identified at around 370 and 940 eV, respectively
(along with S 2p at 163 eV and C 1s at 283 eV). The high-resolution scans of the Ag
3d and Cu 2p electrons are depicted in Figure 8.5 (B, C). In panel (B), a doublet can be
identified at 368.2 and 374.2 eV, consistent with the binding energies of the 3ds, and
3d;., electrons of metallic silver (identical to those of monometallic Ag nanoshells,
Figure 8.6),”* whereas the doublet at 934.2 and 954.2 eV in panel (C) may be assigned

to the 2ps, and 2pyy; electrons of Cu(Il),”>°

and the two satellite peaks at higher
binding energies (943.2 and 963.4 eV) suggest the formation of CuO.?’ This is in good
agreement with the results from TEM measurements (Figure 8.1). In addition, based

on the integrated peak areas, the Ag:Cu atomic ratio was calculated to be 3.02:1, almost

identical to the molar feed ratio of the starting materials.
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Figure 8.5 XPS survey (A) and high-resolution XPS spectra of the (B) Ag 3d and (C)

Cu 2p electrons in Ag—CuC12 nanoshells. Black curves are experimental data and
colored curves are deconvolution fits.
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Figure 8.6 (A) High-resolution XPS spectrum of the Ag 3d electrons in Ag nanoshells.
(B) UV-vis absorption spectrum of the Ag nanoshells in water.
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The optical properties of the Au—Cu nanoshells were then studied. From Figure
8.7(A), it can be seen that the as-prepared Ag—Cu nanoshells exhibited a bright-blue
color, with a well-defined absorption peak at 660 nm (red curve, Figure 8.7(B)). This
can be assigned to the dipolar plasmon resonance of the Ag—Cu nanoshells, ** in
contrast to that of solid Ag—Cu nanoparticles (380 nm, Figure 8.4(C) or monometallic
Ag nanoshells (635 nm, Figure 8.6(B))."> Moreover, a small sharp peak (marked by an
asterisk) at 325 nm can be observed, which is corresponding to the antisymmetric
plasmon mode of the nanostructures. Overall, the UV—vis absorption characteristics are

in agreement with those of hollow metal nanostructures. '

R6G
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ﬁ Ag-CuRBG

Ag-CuC12 R6G Ge+7
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Figure 8.7 (A) Photographs of Ag—Cu nanoshells in water, mixture of Ag—Cu
nanoshells and R6G in water, Ag—CuCl12 nanoshells in chloroform, and R6G
encapsulated in Ag—CuC12 nanoshells in chloroform. (B) UV-vis spectra of R6G in
water (black curve), Ag—Cu nanoshells in water (red curve), mixture of R6G and Ag—
Cu nanoshells in water (green curve), R6G encapsulated in Ag—CuC12 nanoshells in
chloroform (yellow curve), and Ag—CuCl12 in chloroform (blue curve). (C)
Photoluminescence spectra of R6G in water (black curve), Ag—Cu and R6G mixture in
water (red curve), and R6G encapsulated in Ag—CuC12 nanoshells in chloroform
(green curve).
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To demonstrate the feasibility of the nanoshells as effective phase-transfer
reagents, R6G dye was used as the illustrating probe (Figure 8.7). When a calculated
amount of R6G was added into the aqueous solution of Ag—Cu nanoshells, in addition
to the peak at 660 nm, a new prominent absorption band emerged at 525 nm, along
with a shoulder at 499 nm (green curve, Figure 8.7 (B)), which arose from the
monomerization and dimerization of R6G molecules in aqueous solution,
respectively.”’ Due to the combined contributions of R6G (pink) and Ag—Cu nanoshells
(blue), the solution color became somewhat darker in blue (Figure 8.7(A)). The
addition of a toluene solution containing 1-dodecanethiol (C12SH) into the above water
solution led to surface functionalization of the nanoshells by the hydrophobic C12SH
ligands (Ag—CuC12) through ligand-exchange reactions, and the nanoshells now
became dispersible in CHCI; with a greenish blue color, bringing along R6G molecules
trapped within the nanoshells to the organic phase (Figure 8.7(A)). The corresponding
UV-vis absorption profile (yellow curve, Figure 8.7 (B)) showed significant
broadening of the dipolar surface plasmon resonance peak which red-shifted
substantially to 700900 nm (a red-shift to 360 nm was also observed with the
antisymmetric plasmon resonance peak). This may be due to the higher refractive index
of CHCl; (1.446) than that of water (1.333)."*%*! Note that without the loading of R6G,
the Ag—CuC12 nanoshells in CHCI; showed a much lighter (bluish gray) color (Figure
8.7(A), although the UV—vis absorption spectrum (blue cure, Figure 8.7(B)) looked

similar.
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The encapsulation of R6G into the Ag—Cu nanoshells was manifested in
photoluminescence measurements. Figure 8.7(C) depicts the excitation and emission
spectra of R6G in water, R6G mixed with Ag—Cu nanoshells in water, and R6G
encapsulated in Ag—CuC12 nanoshells in CHCls. For the R6G solution in water (black
curves), the excitation and emission peaks can be identified at 525 and 549 nm,
respectively (R6G was also marginally soluble in CHCls and exhibited almost identical
peak positions).'* Consistent photoluminescence characteristics were observed when
R6G was added into the Ag—Cu nanoshells solution in water (red curves). Interestingly,
when the Ag—Cu nanoshells were functionalized with C12SH and dispersed in CHCls,
an apparent, though weaker, emission peak appeared at 532 nm at the excitation of 520
nm (green curves), suggesting that indeed R6G was entrapped within the Ag—Cu
nanoshells, despite the absence of the characteristic absorption peaks of R6G at 525
and 499 nm in the UV—vis measurements (yellow curve, Figure 8.7(B)), most probably
because of the low concentration of the nanoshells which contained only a small
amount of R6G. The apparent disparity of the excitation and emission peak positions,
as compared to those of free R6G and R6G mixed with Ag—Cu nanoshells in water,
might be ascribed to the different chemical environments surrounding the R6G

32
molecules.
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Figure 8.8 (A) Photographs at different time intervals during the reduction of 4-
nitroaniline by NaBH4 using Ag—Cu nanoshells as the catalyst. (B) UV—vis spectra of
4-nitroaniline reduced by NaBH4 with Ag—Cu nanoshells as the catalyst at different
reaction times (specified in figure legends), and (C) the corresponding plots of In(Cy/Cy)
versus time, with no catalyst (black circles), Ag—Cu solid nanoparticles (red triangles),

and Ag—Cu hollow nanoshells (green squares).

Table 8.1 Catalytic activity of metal-based catalysts for reduction of 4-nitroaniline (4-

NA) by borohydride.
4-NA: BH, Catalyst Activity Reaction
Catalysts ) References
(mole ratio) | (mg/mol 4-NA) (Sech) time
Au~Cu nanocubes 1:75 N/A 27min 33
on glass slides
Fe;0,/Si0,/Ag 1:10 1.08¢5 200s 34
AuNPs 1:10 650 2.5¢-3 35
AuCu@G-rGO 1:50 392 (Au) 15min (90%) 36
AgCu@G-rGO 1:50 540 (Ag) 15 min (89%) 36
Ag-Cu nanoshells 1:10 14 2.0e-3 21min This study
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Furthermore, the cysteine-capped Ag—Cu nanoshells prepared above exhibited
apparent catalytic activity toward the reduction of (yellow) 4-nitroaniline to (colorless)
4-phenylenediamine by NaBHin water. 4-Phenylenediamine is an important
component in engineering polymers, composites, hair dyes, and rubber antioxidant; and
reduction of 4-nitroaniline to produce 4-phenylenediamine is a commonly used route.™
Because of the marked color difference between the reactant and the product, the
dynamics of this reduction reaction may be readily monitored by UV—vis absorption
measurements. From Figure 8.8(A), one can see that prior to chemical reduction (¢ =0
min), the solution containing 4-nitroaniline and Ag—Cu nanoshells exhibited a dark
green color, due to the combination of blue Ag—Cu nanoshells and yellow 4-nitroaniline,
and with prolonging reaction time, the solution color gradually changed to blue and
eventually resembled that of the Ag—Cu nanoshell solution alone, due to the reduction
of 4-nitroaniline into colorless 4-phenylenediamine. Such an apparent colorimetric
evolution can also be manifested in UV—vis measurements. From Figure 8.8(B), one
can see that at £ = 0 min, the solution exhibited a well-defined absorption band at 380
nm due to the intermolecular charge transfer of 4-nitroaniline.” At prolonging reaction
times, the peak absorbance gradually decreased, and vanished altogether after 21 min;
concurrently, two new absorption bands emerged at 235 and 300 nm, which exhibited
a continuous increase of the peak intensities with reaction time, consistent with the

effective reduction of 4-nitroaniline to 4-phenylenediamine.’*°

By contrast, with
only NaBH4 or with NaBH,4 and Ag—Cu solid nanoparticles, the reaction efficiency was

markedly lower. For instance, after 21 min of reaction, only 10% of 4-nitroaniline was
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reduced with NaBH4 alone, and 55% with NaBH4 and Ag—Cu solid nanoparticles
(Figure 8.9), but for Ag—Cu nanoshells, 100% reduction of 4-nitroaniline was achieved.
In fact, in comparison with results reported in recent literature with metal-based
catalysts for 4-nitroaniline reduction (Table 8.1), the performance of the Ag—Cu
nanoshells is highly comparable, and in some cases even better, despite the use of a
less amount of catalysts and a lower mole ratio of BH 4 to 4-nitroaniline in the present

study.

(A) —— 0 min

— 1 min

Absorbance
N
Absorbance

200 300 400 500 600 200 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 8.9 UV-vis spectra of the reduction of 4-nitroaniline by (A) NaBH, alone and
(B) NaBH4 + Ag-Cu solid nanoparticles. Experimental conditions are the same as those
in Figure 8.8. The peak at 230 nm most likely arose from the n—m* transition of the
phenyl ring electrons. Because of the low catalytic activity of Ag-Cu nanoparticles, this
peak only exhibited a small variation with time. However this peak was not observed
in Figure 8.8(B), likely because of being overshadowed by the steep absorption profile
of the Ag-Cu nanoshells in the UV region (note that Ag-Cu nanoshells are much larger
than the solid nanoparticles).
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Figure 8.10 Conversion of 4-nitroanaline to 4-phenylenediamine after 18 min reduction
(C13/Cyp) in the first, second, third and fourth cycle catalyzed by the same Ag-Cu
nanoshells.

Furthermore, one may notice a drastic blue-shift of the dipolar plasmon
resonance of the Ag—Cu nanoshells during the reaction process (from 665 nm at £ =0
min to 615 nm at = 21 min), along with an apparent increase of the peak absorbance
and narrowing of the absorption band, most likely due to the injection of electrons by
the reducing borohydride radicals in the solution.”’® Such electron accumulation on
the nanoshell surface is critical for the catalytic reduction of 4-nitroaniline in the
solution. This was manifested in the reaction kinetics which was analyzed by the
variation of the peak absorbance at 380 nm with time. Figure 8.8 (C) depicts the
In(Cy/C)y) versus time plot (green squares), where Cy and C; refer to the concentration
(peak absorbance at 380 nm) of 4-nitroaniline at # = 0 and different reaction times,
respectively. The good linearity suggests first-order reaction kinetics, and from the

slope, the rate constant (k") was estimated to 0.12 min ', about three times greater than
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that of Ag—Cu solid nanoparticles (0.04 min™', red triangles) and 12 times that of the

reaction without any catalyst (0.01 min™", black circles).

The recycling of the Ag—Cu nanoshells for the catalytic reduction of 4-
nitroaniline was also tested by collecting the nanoshells by centrifugation at 6000 rpm
for 15 min at the end of the experiment and using the nanoshells for repeat
measurements. The catalytic activity was evaluated and compared for three more times.
From Figure 8.11, it can be seen that the reductive conversion of 4-nitroaniline to 4-
phenylenediamine after 18 min of reaction was 85.4%, 73.9%, 51.0%, and 54.9% for
the first, second, third, and fourth cycle, respectively. This indicates that the Ag—Cu

nanoshells can be easily recycled and reused with a high catalytic activity.

From the results presented above, one can clearly see that the morphologies of
metal nanocrystals played a critical role in the catalytic reduction of 4-nitroaniline,

which entails three major s‘[eps:34’39

(a) borohydride ions (BH4 ) and nitro moieties
chemically adsorb onto the metal surfaces; (b) hydrolysis of BHs leads to effective
electron transfer to the metal surface and further to the nitro groups;* such an electronic
relay mechanism helps overcome the kinetic barrier, and significantly improve the
reaction kinetics;’® and (c) the reduction product 4-phenylenediamine desorbs from the
metal surfaces. In the present study, the markedly higher reaction rate afforded by Ag—
Cu nanoshells was likely due to the ready accessibility of both internal and external

surfaces that facilitated the adsorption of reactant molecules and the accumulation of

electrons injected from reducing reagents for the reduction of the nitro groups.
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8.4 Conclusion

Stable Ag—Cu hollow nanoshells were prepared in aqueous solution by a facile
one-pot process. The nanoscale cavity might be exploited for the encapsulation and
phase transfer of target molecules, as illustrated by organic dye R6G as the molecular
probe. The Ag—Cu nanoshells also exhibited enhanced catalytic activity toward the
NaBHureduction of 4-nitroaniline, as compared to Ag—Cu solid nanoparticles, most
likely due to ready accessibility of both inner and outer surfaces of the nanoshells that
facilitated adsorption and mass transport of the reactant and product molecules and

interfacial electron-transfer dynamics.
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