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Alkyne-Stabilized Ruthenium Nanoparticles: Manipulation of
Intraparticle Charge Delocalization by Nanoparticle Charge States**
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Monolayer-protected transition metal nanoparticles! are a
unique family of functional nanomaterials in which the
properties of the materials can be readily manipulated not
only by the chemical nature of the metal cores and the organic
protecting ligands, but also the metal-ligand interfacial
bonding interactions. The latter is largely motivated by
recent progress in nanoparticle passivation by metal-carbon
covalent bonds, where intraparticle charge delocalization may
occur as a result of the strong metal-carbon interfacial
bonding interactions, in sharp contrast to nanoparticles that
are functionalized by mercapto derivatives. For instance,
when ferrocene moieties are bound onto a ruthenium nano-
particle surface by ruthenium-carbene m bonds, effective
intervalence transfer occurs between the ferrocenyl metal
centers at mixed valence, as manifested in electrochemical
and near-infrared (NIR) spectroscopic measurements and
density functional calculations.>®! Furthermore, when fluo-
rophores are attached onto the nanoparticle surface by the
same conjugated linkage, novel emission characteristics
emerge that are consistent with those of dimeric derivatives
with a conjugated spacer.”®! In a more recent study,”
effective intraparticle charge delocalization was also observed
with ruthenium nanoparticles passivated by alkynyl frag-
ments. This result was ascribed to the unique interfacial
bonding interactions (Ru—C=) formed by ruthenium and sp-
hybridized carbon atoms of the ligands.

In these studies, the nanoparticle metal cores serve as the
conducting media to facilitate charge transfer between the
functional moieties covalently bound onto the nanoparticle
surface. Therefore it is anticipated that the extent of intra-
particle conjugation may be readily controlled by the nano-
particle charge state, which is the primary motivation of the
present study. Experimentally, by exploiting the molecular
capacitor characters of Ru—C= nanoparticles, the charge
states of the nanoparticles were varied by simple chemical
reduction or oxidation. The impacts of the nanoparticle
charge states on the particle optical and electronic properties
were then carefully examined by FTIR spectroscopy, X-ray
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photoelectron spectroscopy (XPS), and photoluminescence
measurements, and compared to those of the as-prepared
nanoparticles.

The synthetic procedure for the preparation of ruthenium
nanoparticles passivated by 1-octynyl fragments (Ru-OC) has
been detailed previously.”’» TEM measurements showed that
the nanoparticles exhibited an average core diameter of
(2.55+0.15) nm. The nanoparticle charge states were then
varied by chemical redox reactions."” Specifically, to render
the nanoparticles negatively charged, in a typical reaction,
5Smg of Ru-OC nanoparticles were dissolved in dichloro-
methane (1 mL); a freshly prepared water solution of NaBH,
(1 mL, 5 mgmL™") was then added. The mixture was stirred
for 30 min and then water was removed. The resulting
nanoparticles exhibited negative net charges and were
denoted as Ru-OCg. Positively charged nanoparticles were
prepared in a similar fashion by mixing the nanoparticle
solution with an aqueous solution of saturated Ce(SO,),
for 30 min. The resulting nanoparticles were denoted as
Ru-OC,,.

Transition metal nanoparticles passivated with a low-
dielectric organic protecting layer have long been known to
act as nanoscale molecular capacitors. In fact, based on a
concentric structural model,'! the nanoparticle capacitance
(Cupc) can be estimated by Cype = 4mege(r+d)s, where g, is
the vacuum permittivity, ¢ is the effective dielectric constant
of the organic protecting layer, r is the radius of the metal
core, and d is the length of the organic protecting ligand.
For the octyne-passivated ruthenium (Ru-OC) nanoparticles,
r=1275nm, d=0.848 nm (estimated by Hyperchem), and
£ =2.6." Thus, the nanoparticle capacitance can be estimated
to be about 0.92 aF. To quantify the change of the nano-
particle charge state after reduction or oxidation, we mea-
sured the open circuit potentials of the nanoparticles electro-
chemically. It was found that the as-prepared Ru-OC nano-
particles exhibited an open circuit potential of +0.140 V
(versus Ag/AgCl). After reduction by NaBH,, it decreased to
+0.024 V, whereas after oxidation by ceric sulfate, it
increased to + 0.250 V. This result indicated that the reduced
nanoparticles (Ru-OCp.y) exhibited an average charging of
0.67 electrons per nanoparticle, whereas the oxidized nano-
particles (Ru-OCyg,) were formed by an average discharging
of 0.63 electrons per nanoparticle.

Interestingly, despite these subtle changes of nanoparticle
charge states, rather drastic impacts were observed on the
nanoparticle optoelectronic properties. Figure 1 depicts the
FTIR spectra of the nanoparticles before and after reduction
or oxidation. For the as-prepared Ru-OC nanoparticles, the
C=C stretching band appeared at 1965cm™ (inset). In
comparison to octyne monomers, for which the C=C stretch-
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Figure 1. Transmittance IR spectra of Ru-OC nanoparticles before and
after reduction and oxidation. Inset: magnification of the portions
enclosed by the dotted box; the C=C vibrational stretch is highlighted
by the dashed line.

ing bands was observed at 2116 cm ™, this substantial red-shift
is ascribed to the bonding coordination of the acetylene
moieties of the octyne ligands to the ruthenium metal cores,”’
where 7 bonds were formed by the overlap between the d,
orbital or the p.d, hybrid of the metal and the m* orbital of
the octynyl sp carbon atoms,"*!¥ leading to the decrease of
the C=C bonding order.

After reduction by NaBH, however, the C=C band red-
shifted further to 1953 cm™!, whereas oxidation by ceric
sulfate led to an apparent blue-shift to 1977 cm'. The former
suggests a further decrease of the C=C bonding order,
whereas in the latter, the bonding order was enhanced
somewhat. Previously we showed that because of the strong
Ru—C= interfacial bonding interactions, the particle-bound
acetylene moieties behaved analogously to diacetylene deriv-
atives, -C=C—C=C—") Therefore, charging of extra electrons
(by chemical reduction) into the nanoparticle cores led to an
electron-rich metal core, where back-bonding of metal
electrons to the st* orbital of the octyne ligands was favored.
In other words, the enhanced intraparticle charge delocaliza-
tion further decreased the bonding order of the C=C moieties
and hence produced a more pronounced red-shift of the C=C
stretching band. In contrast, chemical oxidation (by ceric
sulfate) led to depletion of electrons from the metal core,
resulting in reduced back-bonding of the metal d orbitals to
the st* orbital of the sp-hybridized carbon of the octyne
ligands. Because of this diminishment of intraparticle
extended conjugation, the C=C bonding order increased
(that is, the functional moieties became more independent)
and thus a blue-shift of the stretching band energy was
observed.!'”)

The variation of the C=C bonding order with nanoparticle
charge state was also manifested in XPS measurements. We
focused on the Cls binding energy, which consists of
contributions from both sp and sp® carbon atoms. By peak
deconvolution (Supporting Information, Figures S1, S2), and
regardless of the nanoparticle charge state, the binding
energies of the sp’ carbon atoms were all identified at
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285.2 eV, in agreement with earlier reports."®!'”! This result
signifies minimal impacts of the metal-ligand interfacial
bonding interactions on the electronic structure of the alkyl
components. However, the Cls binding energy of the sp
carbons exhibited a clear variation with the nanoparticle
charge state (Figure 2). For the as-prepared Ru-OC nano-
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Figure 2. XPS spectra of sp-hybridized carbon atoms (CTs electrons)
of Ru-OC nanoparticles before and after reduction and oxidation.
BE =binding energy. The spectra were obtained by deconvolution of
the original data, for which the contributions of sp® carbon atoms were
removed (see Supporting Information, Figures S1, S2).

particles, the binding energy of the sp carbon atoms appeared
at 284.49 eV, whereas after reduction and oxidation, the
binding energy shifted to 284.36 eV and 284.75 eV, respec-
tively. That is, the C1s binding energy of the sp-hybridized
carbons decreases in the order of Ru-OCy, > Ru-OC>
Ru-OCg., in agreement with the electron accepting (donat-
ing) characteristics in the Ru-OCp, (Ru-OCg4) nanoparticles
with respect to the as-prepared Ru-OC nanoparticles.!"”
Nonetheless, despite the small variation, it can be seen that
these binding energies are all very close to that of sp*
hybridized carbon atoms observed with amorphous carbon or
carbon nanotubes (ca. 284.4 eV),"! suggesting extended
conjugation within the nanoparticles as a result of the strong
Ru—C= interfacial bonding interactions. This result is con-
sistent with earlier observations that nanoparticle-bound
ferrocene moieties exhibited intervalence charge transfer, as
confirmed by voltammetric and near-infrared spectroscopic
measurements.”!

The binding energies of the Ru3ds, and Ru3d;, electrons
in the nanoparticle cores also exhibited a similar variation
with the nanoparticle charge states, which emerged as a broad
peak centered at 276.87 eV, 276.14 eV, and 275.73 eV for the
Ru-OC,,, Ru-OC, and Ru-OCg 4 nanoparticles, respectively
(Supporting Information, Figure S1). Therefore, adding fur-
ther electrons into the nanoparticles (reduction) decreases
the binding energies of the ruthenium d electrons, whereas
discharging from the nanoparticles (oxidation) leads to an
increase of the binding energy, a behavior that is commonly
observed with ionic species in comparison to their elemental
forms.”?! Furthermore, these binding energies are drastically
smaller than those reported for metallic Ru (280.2 eV and
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284.3eV for the Ru3ds, and Ru3d;, electrons, respec-
tively),?*?l which again can be attributed to the extended
intraparticle charge delocalization as a consequence of the
strong Ru—C= interfacial bonding interactions.”)

With such ready manipulation of the electronic structure
of the metal cores and the organic protecting ligands, the
nanoparticle luminescence also exhibited a sensitive variation
with the nanoparticle charge state. Previously we reported
that Ru-OC nanoparticles exhibited unique photolumines-
cence, which was accounted for by intraparticle charge
delocalization as a result of the strong Ru—C= interfacial
bonding interactions.”) Therefore, the acetylene moieties
bound onto the nanoparticle surface behaved equivalently
to “C=C—C=C-. Figure 3 shows the excitation and emission
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Figure 3. Excitation and emission spectra of Ru-OC nanoparticles in
dichloromethane before and after reduction and oxidation.

I, = photoluminescence intensity. Inset: corresponding UV/Vis absorp-
tion spectra of the three nanoparticles.

spectra of the Ru-OC nanoparticles before and after reduc-
tion or oxidation, where peak-shaped profiles are well-
defined for all three nanoparticle samples. Table 1 summa-
rizes the corresponding excitation (4.,) and emission (A.,)

Table 1: Summary of the excitation (i,) and emission (.,) peak
positions and emission intensities (I, for the three nanoparticle
samples, along with the absorbances (A) at 4.

Ao [nm] A [nm] A lem
Ru-OCgeq 350 431 0.354 3972
Ru-OC 350 431 0.345 2674
Ru-0OCo, 347 428 0.345 1820

peak positions and emission intensities (/,,), from which it
can be seen that the as-prepared and reduced nanoparticles
exhibited essentially identical A, and A, whereas the
oxidized nanoparticles exhibited a small blue shift (ca.
3nm) of both A, and A, This observation is consistent
with the results presented above (Figure1 and 2), which
suggests that reduction (oxidation) of the nanoparticles lead
to enhanced (decreased) intraparticle charge delocalization.
Although at this point it is not clear why a (slight) red shift of
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both 1., and A, for the reduced nanoparticles was not
observed, the reduced (oxidized) nanoparticles did exhibit a
marked enhancement (diminishment) of the emission inten-
sity. In fact, the ratio of the emission peak intensity of the
three nanoparticles can be estimated to be Ru-OCq /Ru-OC/
Ru-OCp;=0.68:1:1.49 (note the optical absorbances of all
three nanoparticles at 4., are almost the same; Figure 3, inset
and Table 1), suggesting that the emission efficiency might be
enhanced (decreased) by an increase (decrease) of the
intraparticle charge delocalization. Similar behaviors were
observed with pyrene-functionalized ruthenium nanoparticles
having ruthenium-carbene m bonds;"® the emission effi-
ciency of the nanoparticle-bound pyrene moieties also
decreased in the order reduced > as-prepared > oxidized
nanoparticles (Supporting Information, Figures S3, S4). This
observation is in agreement with earlier reports, where the
quantum yield of m-conjugated molecules was found to be
strongly dependent on the extent of conjugation.?’!

In summary, intraparticle charge delocalization of ruthe-
nium nanoparticles passivated by 1-octynyl fragments was
readily manipulated by the nanoparticle charge state, which
was achieved by chemical reduction or oxidation. This is in
sharp contrast to earlier work with gold nanoparticles
passivated by thiol derivatives where the impacts of the
depletion or injection of core free electrons were essentially
confined to the metallic cores.”! In the present study,
electrochemical measurements suggested that the nanoparti-
cles exhibited a net gain (loss) of 0.6 electron per particles by
NaBH, reduction (Ce(SO,), oxidation), leading to decreased
(enhanced) bonding order of the particle-bound C=C moi-
eties, as manifested in FTIR and XPS measurements. The
extended conjugation between the particle-bound C=C
moieties appear to be strengthened (weakened) when the
nanoparticles were charged (discharged), which may be
accounted for by the fact that the nanoparticle metallic
cores serve as the conducting media to facilitate intraparticle
charge delocalization. As a result, the nanoparticle photo-
luminescence characteristics vary accordingly. Whereas the
peak position of the emission profiles only exhibits a slight
variation, the intensity of the reduced nanoparticles was
markedly enhanced, and that of the oxidized nanoparticles
showed an apparent suppression relative to the as-prepared
nanoparticles. These results demonstrate that the nanoparti-
cle optoelectronic properties may be further manipulated by
the nanoparticle charge state by taking advantage of the
molecular capacitor characters of the particles and also the
strong metal-ligand interfacial bonding interactions.

Experimental Section

Ruthenium chloride (RuCls, 99 + %, ACROS), superhydride (LiB-
(GH;s);H, 1M in THE, ACROS), 1l-octyne (Alfa Aesar, 98%),
n-butyllithium (nBuLi, ACROS), 1,2-propanediol (ACROS),
sodium acetate trihydrate (NaOAc-3H,0, MC&B), sodium borohy-
dride (NaBH,, 98%, ACROS), ceric sulfate (Ce(SO,), 99%,
ACROS), and extra-dry N,N-dimethylformamide (DMF, 99.8%,
Aldrich) 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
(183 MQcm).
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"H NMR spectroscopic measurements were carried out by using
concentrated solutions of the nanoparticles in CDCI; or CD,Cl, with a
Varian Unity 500 MHz NMR spectrometer. UV/Vis spectroscopic
studies were performed with an ATI Unicam UV4 spectrometer using
a 1 cm quartz cuvette with a resolution of 2 nm. Photoluminescence
characteristics were examined with a PTI fluorospectrometer. FTIR
measurements were carried out with a Perkin—Elmer FTIR spec-
trometer (Spectrum One, spectral resolution 4 cm™'); the samples
were prepared by casting the particle solutions onto a NaCl disk.
X-ray photoelectron spectra (XPS) were recorded with a PHI 5400/
XPS instrument equipped with an Alg, 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 Au4f,, peak (83.8 eV) of sputtered gold.
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