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CONSPECTUS: Noble metal nanoparticles represent a unique class of functional nanomaterials
with physical and chemical properties that deviate markedly from those of their atomic and bulk
forms. In order to stabilize the nanoparticles and further manipulate the materials properties, surface
functionalization with organic molecules has been utilized as a powerful tool. Among those,
mercapto derivatives have been used extensively as the ligands of choice for nanoparticle surface
functionalization by taking advantage of the strong affinity of thiol moieties to transition metal
surfaces forming (polar) metal—thiolate linkages. Yet, the nanoparticle material properties are
generally discussed within the context of the two structural components, the metal cores and the
organic capping layers, whereas the impacts of the metal—sulfur interfacial bonds are largely ignored
because of the lack of interesting chemistry. In recent years, it has been found that metal
nanoparticles may also be functionalized by stable metal—carbon (or even -nitrogen) covalent |

bonds. Because of the formation of dz—p interactions between the transition-metal nanoparticles R—L—R

and terminal carbon moieties, the interfacial resistance at the metal—ligand interface is markedly

reduced, leading to the emergence of unprecedented optical and electronic properties.

In this Account, we summarize recent progress in the studies of metal nanoparticles functionalized by conjugated metal—ligand
interfacial bonds that include metal—carbene (M=C) and metal—acetylide (M—C=)/metal—vinylidene (M=C=C) bonds.
Such interfacial bonds are readily formed by ligand self-assembly onto nanoparticle metal cores. The resulting nanoparticles
exhibit apparent intraparticle charge delocalization between the particle-bound functional moieties, leading to the emergence of
optical and electronic properties that are analogous to those of their dimeric counterparts, as manifested in spectroscopic and
electrochemical measurements. This is first highlighted by ferrocene-functionalized nanoparticles that exhibit nanoparticle-
mediated intervalence charge transfer (IVCT) among the particle-bound ferrocenyl moieties, as manifested in electrochemical
and spectroscopic measurements. Such intraparticle charge delocalization has also been observed with other functional moieties
such as pyrene and anthracene, where the photoluminescence emissions are consistent with those of their dimeric derivatives.
Importantly, as such electronic communication occurs via a through-bond pathway, it may be readily manipulated by the valence
states of the nanoparticle cores as well as specific binding of selective molecules/ions to the organic capping shells. These
fundamental insights may be exploited for diverse applications, ranging from chemical sensing to (nano)electronics and fuel cell
electrochemistry. Several examples are included, such as sensitive detection of nitroaromatic derivatives, metal cations, and
fluoride anions by fluorophore-functionalized metal nanoparticles, fabrication of nanoparticle-bridged molecular dyads by, for
instance, using nanoparticles cofunctionalized with 4-ethynyl-N,N-diphenyl-aniline (electron donor) and 9-vinylanthracene
(electron acceptor), and enhanced electrocatalytic activity of acetylene derivatives-functionalized metal/alloy nanoparticles for
oxygen reduction reaction by manipulation of the metal core electron density and hence interactions with reaction intermediates.
We conclude this Account with a perspective where inspiration from conventional organometallic chemistry may be exploited for
more complicated nanoparticle surface functionalization through the formation of diverse metal-nonmetal bonds. This is a
unique platform for ready manipulation of nanoparticle properties and applications.
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B INTRODUCTION

covalent bonds can be readily formed by using aryl diazonium

Recently a wide variety of metal—ligand bonds have been
formed and used to functionalize metal nanoparticles,'”
beyond the conventional metal—thiolate (M—S) linkages."’
This is primarily motivated by results from earlier studies of the
adsorption of hydrocarbons on transition-metal surfaces.'"'”
The bonding interactions are generally believed to involve dz—
p7 interactions between the transition metals and the terminal
carbon moieties.”>™"* For instance, metal—carbon (M—C=)

-4 ACS Publications  © 2016 American Chemical Society

2251

as the precursors which exhibit significantly reduced interfacial
resistance, as compared to the M—S counterparts.m_18 Metal—
carbene (M=C) 7 bonds are formed by using diazo derivatives
as the capping ligands,"”** and metal—acetylide (M—C=)/—
vinylidene (M=C=C-) bonds are produced by the self-
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Figure 1. (A) Preparation of Ru=CH-Fc from Ru=C8 nanoparticles by olefin metathesis reaction with vinylferrocene. (B) SWVs of
vinylferrocene monomers (red), Ru=C8, Ru=CH—Fc (sample III), and Ru=CH—CH,—Fc nanoparticles in 0.1 M TBAP in DMF. NIR spectra of
(C) Ru=CH—Fc (sample III) and (D) Ru=CH—CH,—Fc nanoparticles with the addition of varied amounts of 1 mM NOPF, (specificed in figure
legends). Insets show the variation of the absorbance at 1930 nm with the amount of NOPF, added (variations of particle concentrations are
corrected). Adapted with permission from ref 19. Copyright 2008 American Chemical Society.

assembly of acetylene derivatives onto transition-metal
surfaces.”>'%*1=>* More recently, it has been found that olefin
derivatives may also be exploited as new capping ligands for
nanoparticle surface functionalization, as a result of platinum-
catalyzed dehydrogenation, such that the produced acetylene
moieties self-assemble onto the nanoparticle surfaces.”>*® Of
these, the formation of conjugated metal—carbon interfacial
bonds is found to endow the nanoparticles with unprecedented
optical, electronic and electrochemical properties, due to
effective intraparticle charge delocalization among the nano-
particle-bound functional moieties.”'”'**>*"~* Importantly,
this may be readily manipulated by the electronic properties of
the metal cores which serve as part of the chemical bridge for
intraparticle charge transfer.’””' In addition, when multiple
functional moieties are incorporated onto the same nano-
particle surface, specific electronic interactions with selective
molecules/ions may also be exploited as an effective variable in
gating the intraparticle charge transfer,”>™>* a platform that has
the potential for chemical sensing of specific molecules/
ions** and deliberate manipulation of the nanoparticle
electrocatalytic activity in fuel cell electrochemistry.">*~***7~3

In this Account, we will highlight these recent breakthroughs
in the surface functionalization of metal nanoparticles with
conjugated metal—ligand interfacial bonds and the impacts on
intraparticle charge transfer. Interparticle charge transfer has
also been found to vary with the metal-ligand interfacial
bondin§ interactions, which has been summarized in an earlier
review,” and will not be repeated here.
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B INTRAPARTICLE CHARGE DELOCALIZATION

One unique property arising from conjugated metal—ligand
interfacial bonds is nanoparticle-mediated intraparticle charge
delocalization. This is first demonstrated with carbene-capped
nanoparticles, where diazo derivatives self-assemble onto “bare”
metal colloids synthesized by thermolytic reduction of metal
salts in 1,2-propanediol forming M=C 7 bonds,'”*'~* and
the resulting nanoparticles may undergo olefin metathesis
reactions with vinyl derivatives for further surface functionaliza-
tion.”'”'**”*> Experimentally, multiple ferrocene moieties are
incorporated onto a ruthenium nanoparticle surface by olefin
metathesis reactions of carbene-functionalized ruthenium
(Ru=C8) nanoparticles with vinylferrocene (Figure 1A)."
Square wave voltammetric (SWV) measurements'” of the
resulting Ru=CH—Fc nanoparticles (Figure 1B) show two
pairs of voltammetric peaks with the formal potentials (E°’) at
—0.019 and +0.185 V (vs Fc*/Fc), corresponding to a potential
spacing (AE°’) of 0.204 V (which remains rather consistent
with the ferrocene surface coverage varied from 5% to 20%, as
determined by NMR measurements). This is consistent with
ferrocene oligomers bridged by conjugated linkages,*”*” and
suggests that indeed intervalence charge transfer (IVCT)
occurs between the nanoparticle-bound ferrocene moieties
thanks to the conjugated Ru=C interfacial bonds. In contrast,
when allylferrocene is used instead for the olefin metathesis
reaction, only one pair of voltammetric peaks are observed with
the resulting Ru=CH—CH,—Fc nanoparticles, indicating that
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IVCT is effectively switched off by the saturated Csp® spacer, as
IVCT occurs by a through-bond mechanism.**~>' Further
confirmation is obtained in near-infrared (NIR) spectroscopic
measurements. From Figure 1C and D, it can be seen that with
the addition of NOPFy into the Ru=CH—Fc nanoparticle
solution, an absorption peak emerges at around 1930 nm, and
the peak intensity shows a volcano-shaped variation with the
amount of NOPF added. Such a spectroscopic signature has
also been observed with ferrocene oligomers at mixed
valence.***” In sharp contrast, no apparent NIR response is
observed for the Ru=CH—CH,—Fc nanoparticles, indicating
the lack of electronic communication because of the Csp®
spacers. Similar observations are also obtained with ruthenium
nanoparticles passivated by ferrocenyl moieties through Ru—
C= interfacial bonds.*

Intraparticle charge delocalization has also been demon-
strated in the manipulation of nanoparticle optical properties.
For instance, when fluorophores such as pyrene”’ and
anthracene'” are bonded onto ruthenium nanoparticle surfaces
by Ru=C 7 bonds, the nanoparticles exhibit photolumines-
cence emissions that are consistent with those of the dimeric
counterparts, suggesting extended conjugation between the
particle-bound fluorophores. In contrast, with the incorporation
of a saturated carbon spacer, the photoluminescence resembles
those of the fluorophore monomers.

New optical properties have also been observed when metal
nanoparticles are functionalized with acetylide fragments
forming M—C= r bonds." Ruthenium nanoparticles capped
with 1-octynide (Ru—OC) are used as the illustrating example
(Figure 2A inset), which are prepared by superhydride
reduction of RuCl; in the presence of 1-octynyllithium.* In
FTIR measurements, the C=C stretch is found to red-shift to
1936 cm™" from 2119 cm™" observed for 1-octyne monomers
(Figure 2A), which is ascribed to the decreased bonding order
as a result of intraparticle charge delocalization through the
conducting metal cores. In fact, the Ru—OC nanoparticles
exhibit apparent photoluminescence emission (Figure 2B) that
is analogous to that of diacetylene derivatives (—C=C—C=
c-)3?

Similar photoluminescence is observed with (intact) n-
alkynes-capped metal nanoparticles.”'®*"** This is first
demonstrated with ruthenium nanoparticles stabilized by the
self-assembly of 1-dodecyne onto “bare” Ru colloid surface,”"*
which involves the formation of Ru-vinylidene (Ru=C=CH-—
R) interfacial linkages. This is thought to involve a tautomeric
rearrangement process, as confirmed by the specific reactivity of
the nanoparticles with imine derivatives forming a heterocyclic
complex at the metal—ligand interface.” Notably, the resulting
nanoparticles can also undergo olefin metathesis reactions with
vinyl/acetylene-terminated molecules. In sharp contrast, no
such reactivity is observed with 1-dodecynide-stabilized
ruthenium nanoparticles, because of the formation of Ru—
C= dn bonds instead at the metal—ligand interface. The
chemistry has also been extended to other metal nanoparticles
including Pt, Pd, AgAu, AuPd, and so forth,>'®*'=2* where the
effects of metal—carbon interfacial bonds on nanoparticle
electronic and spectroscopic properties have been studied, both
theoretically and experimentally.>”*~>’

For platinum nanoparticles, such metal—ligand interfacial
bonds may also be formed by using olefin derivatives as the
capping ligands,”” as a result of platinum-catalyzed dehydrogen-
ation,””° and the resulting nanoparticles exhibit optical and
electronic properties analogous to the acetylene-capped
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Figure 2. (A) FTIR spectra of l-octyne and Ru-OC nanoparticles.
Inset is a schematic of the Ru-OC nanoparticles. (B) Excitation and
emission spectra of Ru-OC nanoparticles in CH,Cl,, along with those
of the blank solvent. Adapted with permission from ref 4. Copyright
2010 American Chemical Society.

counterparts.”'®*"** X-ray absorption studies show that the

interfacial bonding structure is in the intermediate between
those of Pt—C,, and Pt—C,y,. In a further study with para-
substituted styrene derivatives,”® the chemical reactivity of the
ligands is found to vary with the electron-withdrawing
properties of the para-substituents.

Interfacial reactivity of other ligands has also been exploited
for effective intraparticle charge delocalization.”*’ This has
been demonstrated by nanoparticle-catalyzed decarboxylation
at the metal—ligand interface, leading to direct bonding of
functional moieties onto the nanoparticle surface.

B MANIPULATION OF INTRAPARTICLE CHARGE
TRANSFER

In the above examples, the nanoparticle cores serve as part of
the chemical bridge to facilitate intraparticle charge transfer.
Thus, the electronic properties of the nanoparticle cores may
serve as a critical variable in manipulating the nanoparticle-
mediated electronic communication. Using Ru—OC nano-
particles as an example, we have examined the impacts of the
charge states of nanoparticle cores on intraparticle charge
delocalization.® As the nanoparticles behave as a molecular

capacitor,’’ the charge states can be readily achieved by
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Figure 3. (A) FTIR spectra, (B) XPS spectra of sp-hybridized Cls electrons, and (C) photoluminescence spectra of Ru-OC, Ru-OCp.4 and Ru-
OC, nanoparticles. Inset to (A) magnifies the portions enclosed by the dotted box with the C=C vibrational stretch highlighted by the dashed line.
Inset to (C) shows the corresponding UV—vis absorption spectra of the three nanoparticles in CH,Cl,. Adapted with permission from ref 30.
Copyright 2010 WILEY-VCH.
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chemical reduction (NaBH,)/oxidation (Ce(SO,),).*° For the
reduced sample (Ru—OCpg.) electrochemical measurements
show that on average each nanoparticle gains 0.67 electron,
whereas for the oxidized ones (Ru—OCg,), a loss of 0.63
electron per nanoparticle. Despite the small changes of the
nanoparticle charge states, drastic changes are observed of the
nanoparticle properties. For instance, FTIR measurements
(Figure 3A) show that the C=C stretch appears at 1965 cm™
for the Ru—OC sample, which red-shifts to 1953 cm™ for Ru—
OCp.q but blue-shifts to 1977 cm™ for Ru—OC,. This means
that charging of extra electrons into the metal cores further
enhances the charge delocalization, leading to a decreased
bonding order and red-shift of the C=C bond, while opposite
for chemical oxidation. Consistent results are obtained in XPS
measurements (Figure 3B), where the binding energy of the sp-
hybridized C 1s electrons is found to increase in the order of
Ru—OCpg.q < Ru—OC < Ru—OC,, and in photoluminescence
measurements (Figure 3C) where the emission intensity
increases in the opposite order, Ru—OCg4 > Ru—OC > Ru—
OCp, These observations suggest enhanced intraparticle
charge delocalization by increasing core electronic density.
Nanoparticle core size has also been found to play an
important role.” It is well-known that nanoparticles in the
subnanometer regime become molecule-like with a nonzero
HOMO-LOMO band gap.” This will markedly reduce the
electrical conductivity of the nanoparticle cores and hence
impede nanoparticle-mediated electronic communication; yet
under photoirradiation with photon energy greater than the
nanoparticle bandgap, intraparticle charge delocalization will
occur. This is indeed observed by comparing the spectroscopic
and electrochemical properties of two ethynylferrocene-
functionalized platinum (PteFc) nanoparticles, which are
prepared by ligand exchange reactions of the corresponding
trlphenylphosphme capped Pt nanoparticles with ethynylferro-
cene.”’ One consists of a Pt;, core whereas the other Pt,,,, as
determined by MALDI mass spectroscopy and TEM measure-
ments. UV—vis measurements show that the nanoparticle band
gaps are 1.0 and 0.4 eV, respectively. FTIR measurements show
that the ferrocenyl ring =C—H and Pt=C=C-— stretches
appear at 3113 and 2109 cm™' for the ethynylferrocene
monomers, which red-shift to 3095 and 2060 cm™" for Pt;eF,
and even further to 3092 and 2024 cm™ for Pty ,eFc. This is
attributed to charge delocalization between the particle-bound
ferrocene moieties owing to the conjugated Pt=C=C-
interfacial bonds. The fact that a less pronounced red-shift is
observed with the smaller Pt;jeFc indicates diminished
electronic communication between the ferrocenyl groups due
to the reduced electronic conductivity of the semiconductor-
like metal cores, whereas the larger ones behave analogously to
bulk metal.*” Consistent results are obtained in electrochemical
studies. For the Pt; ,eFc nanoparticles (Figure 4A), two pairs of
voltammetric peaks appear in the dark at E°’ = +0.042 and
+0.32 V (vs Fc"/Fc) with AE® = 280 mV, consistent with
Class II compounds.‘m_51 Under UV irradiation, AE°’ remains
identical at 280 mV. This is because the larger nanoparticles act
like the bulk metal and the electrical conductivity is
independent of UV photoirradiation. In contrast, for the
Pt,peFc nanoparticles (Figure 4B), although two pairs of
voltammetric peaks are also seen in the dark within the same
potential range, the peaks can only be distinguished by
deconvolution, at E°’ = +0.042 and +0.22 V with a much
smaller AE°" of 0.18 V. This signifies reduced intraparticle
charge transfer between the ferrocenyl moieties on the
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Figure 4. SWVs of (A) Pty ,eFc and (B) Pt geFc nanoparticles at a
gold electrode in 0.1 M tetrabutylammonium perchlorate in CH,Cl, in
the dark and under UV irradiation. In panel (B), solid curves are
experimental data and dashed curves are deconvolution fits. Adapted
with permission from ref 31. Copyright 2016 WILEY-VCH.

nanoparticle surface. More interestingly, under UV irradiation
the two pairs of voltammetric peaks now appear at +0.060 and
+0.26 V with AE®’ increased to 0.20 V, as compared with that
(0.18 V) in the dark, suggesting improved electronic
conductivity of the semiconductor-like metal cores that results
in enhanced intraparticle charge transfer between the particle-
bound ferrocenyl moieties. Similar photochemical manipulation
of nanoparticle-mediated IVCT is observed with semiconduct-
ing nanoparticles such as Si and TiO,.*"**

Manipulation of intraparticle charge delocalization may also
be achieved by incorporating multiple functional moieties onto
the nanoparticle surface where selective binding to specific
molecules/ions can be exploited to impact the electronic
density of the nanoparticle cores. For instance, when ruthenium
nanoparticles are cofunctionalized with pyrene and histidine
derivatives through Ru=C 7z bonds (synthesized by olefin
metathesis reactions of Ru==C8 nanoparticles with their vinyl
derivatives, where the surface coverages are estimated by NMR
measurements to be 5.3% and 10.5% for the pyrene and
histidine moieties, respectively) >3 complexation of the histidine
moieties with selective metal ions (e.g,, Hg**, Co’*, and Pb*")
polarizes the nanoparticle core electrons via the z molecular
backbone, leading to diminished intraparticle charge delocaliza-
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tion between the particle-bound pyrene moieties and hence a
clear variation of the photoluminescence emissions, while no
apparent change is observed with other ions such as Li*, K7,
Rb*, Mg*', Ca’*, and Zn®*. Similar behaviors have also been
observed with ruthenium nanoparticles cofunctionalized with
vinylpyrene and vinylbenzo(crown-ether), where the photo-
luminescence intensity is apparently reduced when the crown-
ether moieties bind to selective alkaline metal ions.”” Similarly,
for Pt nanoparticles fully capped with 4-ethynylphenylboronic
acid pinacol ester,” the nanoparticles exhibit a clear, selective
variation of the photoluminescence emission with F~, thanks to
the specific binding affinity of By, to F~, whereas virtually no
change is observed with other (halide) anions.

B IMPACTS ON APPLICATIONS

As demonstrated above, with the formation of conjugated
metal—ligand interfacial linkages, chemical events that occur at
a specific site on the nanoparticle surface may be propagated
and even amplified to the entire nanoparticles, resulting in a
clear variation of the nanoparticle spectroscopic and electro-
chemical properties. This may be exploited as a unique platform
for diverse applications. For instance, the photoluminescence
characteristics of vinylpyrene-functionalized ruthenium (Ru=
VPy, 26.4% surface coverage) nanoparticles have been exploited
as a sensing mechanism for nitroaromatic derivatives.”> Among
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the series of 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene
(2/4-DNT), 2,6-dinitrotoluene (2,6-DNT), nitrobenzene (NB),
and 1-chloro-nitrobenzene (CNB)), TNT causes the most
drastic diminishment of the nanoparticle emission at 390 nm
(Figure SA and B). More importantly, the quenching constants
obtained are also much larger than those reported previously
with luminescence chemosensors based on quantum dots or
conjugated polymers. Furthermore, although similar behaviors
are also observed with the allylpyrene-functionalized counter-
parts (Ru=APy, 22.9% surface coverage), the decay is not as
significant as for Ru=VPy (Figure SC and D), which is
ascribed to intraparticle charge delocalization in Ru=VPy that
improves the electron/energy transfer from the pyrene moieties
to the quencher molecules, similar to the amplification effects
observed with pyrene-based conjugated polymers. This may
enrich the platforms for metal nanoparticle-based chemo-
sensors.”> %

Conjugated metal—ligand interfacial bonds may also be
exploited for the fabrication of nanoparticle-mediated molecular
dyads.””’® Experimentally, decyne-capped Ru nanoparticles
undergo ligand-exchange reactions with 4-ethynyl-N,N-diphe-
nylaniline (EDPA), vinylanthracene (VAN), or both to produce
Ru(EDPA), Ru(VAN), and Ru(EDPA/VAN) nanoparticles
(Figure 6, right panels**). Effective intraparticle charge transfer
is found to occur from EDPA to VAN in Ru(EDPA/VAN)
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(35.8% VAN and 25.2% EDPA) upon UV photoirradiation, as
revealed in photoluminescence measurements where the
emergence of new emissions suggests efficient mixing of the
electronic energy levels of particle-bound triphenylamine and
anthracene moieties. Such photoinduced intraparticle charge
transfer in Ru(EDPA/VAN) nanoparticles is further confirmed
in electrochemical measurements. As shown in Figure 6,
although the Ru(EDPA/VAN) nanoparticles display a single
pair of voltammetric peaks at E°” = +0.91 V in the dark, close to
that of Ru(EDPA) (41% EDPA) nanoparticles, the peaks
almost completely disappear under UV photoirradiation,
whereas for Ru(EDPA) the peak currents diminish by about
half. Note that the voltammetric currents are virtually
unchanged with the EDPA monomers before and after UV
photoirradiation. This may be ascribed to the transfer of
photoexcited electrons from triphenylamine to metal cores and
further to electron-accepting anthracene. That is, UV photo-
irradiation induces depletion of triphenylamine valence
electrons, and consequently diminishes the corresponding
voltammetric currents, in agreement with the photolumines-
cence results. Such a behavior is analogous to molecular dyads
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with conjugated chemical spacers, but different from those built
on noncovalent interactions between organic molecules and
metal nanoparticles.” ="

The conjugated metal—ligand interfacial bonds may also be
exploited to manipulate the electron density of metal
nanoparticles, a critical factor in nanoparticle electrocatalysis.
This has been demonstrated in several recent studies where
metal nanoparticles functionalized with acetylene derivatives
exhibit enhanced electrocatalytic activity toward oxygen
reduction reaction (ORR), a critical process at fuel cell
cathode. These include AgAu,23 AuPd,** and Cu nano-
particles.”” The enhanced ORR activity is partly ascribed to
extended spilling of nanoparticle core electrons into the organic
capping layers as a result of the conjugated metal—ligand
bonds. The subtle diminishment of the core electronic density
leads to optimal binding to oxygen intermediates and hence
enhanced ORR electrocatalytic activity, as manifested by the so-
called volcano plot.””~** This is in line with the rich
manipulation of ORR activity of nanoparticle catalysts by
metal—ligand (substrate) interactions, as demonstrated in

S . 38,83—89
numerous studies in the literature.”
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B CONCLUSIONS AND OUTLOOK

A variety of conjugated metal—ligand interfacial bonds have
been formed for nanoparticle surface functionalization, where
intraparticle charge delocalization occurs between nanoparticle-
bound functional moieties, in contrast to the mercapto-capped
counterparts. This leads to the emergence of new optical and
electronic properties of the nanoparticles. Such an unprece-
dented level of control of the nanoparticles electronic
properties may be exploited for diverse applications such as
chemical sensing, (nano)electronics and electrocatalysis. In fact,
there is a rich variety of metal-nonmetal bonds in organo-
metallic chemistry. It is envisaged that such chemistry may be
adopted for nanoparticle surface functionalization. For instance,
in a prior study’’ we have demonstrated that metal nano-
particles may be functionalized with nitrene fragments using
azide derivatives as the precursors, where new optical and
electronic properties emerge with the formation of metal-
nitrene (M=N) 7 bonds. Relevant research is ongoing.
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