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Abstract Ruthenium nanoparticles (2.06 = 0.46 nm in
diameter) were stabilized by the self-assembly of nitrile
molecules onto the ruthenium colloid surface by virtue of
the formation of Ru—N=C interfacial bonding linkages.
Thermogravimetric analysis showed that there were about
63 nitrile ligands per nanoparticle, corresponding to an
average molecular footprint of 22.4 A% Proton nuclear
magnetic resonance (NMR) studies suggested an end-on
configuration of the nitrile moiety on the metal core sur-
face. Meanwhile, infrared measurements showed that the
C=N stretch red-shifted from 2246 to 1944 cm™' upon
adsorption on the nanoparticle surfaces, as confirmed by
>N isotopic labeling. This apparent red-shift suggests
extensive intraparticle charge delocalization, which was
further manifested by photoluminescence measurements
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of 1-cyanopyrene-functionalized ruthenium nanoparticles
that exhibited a red shift of 40 nm of the emission maxi-
mum, in comparison to that of free monomers. The results
further highlight the significance of metal—organic contacts
in the manipulation of the dynamics of intraparticle charge
transfer and the nanoparticle optical and electronic
properties.
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Introduction

Metal nanoparticles capped with organic monolayers ex-
hibit unique optical and electronic properties and have
found diverse applications in, for instance, molecular elec-
tronics, chemical sensing, and catalysis (Lu and Chen
2012; Zhao et al. 2012). It has been recognized that the
nanoparticle material properties can be readily manipulated
by the chemical nature of the core metal, the organic
capping ligands as well as the metal-organic interfacial
bonds (Hu et al. 2016b; Kang et al. 2010). In early studies,
mercapto derivatives have been used as the ligands of
choice for surface passivation of metal nanoparticles due
to the strong affinity of thiol groups to transition metal
surfaces (Chen et al. 1998). Recent studies have shown
that other metal-organic bonds may exhibit more interest-
ing chemistry, leading to further and more deliberate sur-
face functionalization of the metal nanoparticles. Among
these, formation of metal-carbon (Chen et al. 2008; Chen
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et al. 2010b; Kang et al. 2012b) and metal-nitrogen (Kang
et al. 2012a) covalent bonds has been demonstrated as an
effective tool in the regulation of the optical and electronic
properties of metal nanoparticles (Chen et al. 2008; Chen
et al. 2011; Chen et al. 2010a; Chen et al. 2010b; Chen
et al. 2009; Kang et al. 2012b). For instance, intraparticle
charge delocalization has been observed with ruthenium
nanoparticles functionalized with conjugated metal-carbon
bonds, such as ruthenium-carbene (Ru = C) 7t bonds,
ruthenium-vinylidene (Ru = C = CH-) bonds (Chen
et al. 2008; Chen et al. 2009) and ruthenium-nitrene
(Ru = N) bonds (Kang et al. 2012a), where the electro-
chemical and spectroscopic characteristics of the
nanoparticle-bound organic ligands are analogous to those
of their dimeric counterparts with a conjugated spacer.

Nitrile derivatives possess a terminal C = N moi-
ety that is known to readily adsorb on transition-
metal surfaces, analogous to n-alkynes (Oranskaya
et al. 1970a; Oranskaya et al. 1970b; Oranskaya
et al. 1976; Roev et al. 1958; Tretyakov and
Filimonov 1973). The exact interfacial bonding
modes vary with the metal substrates and typically
involve end-on or side-on interfacial bonding con-
figurations (Leow et al. 2012; Oranskaya et al. 1976;
Steiner et al. 1992). The formation of such interfa-
cial bonds is generally accounted for by the dona-
tion of the nitrogen lone-pair electrons to the metal d
orbitals which leads to an increase of the C = N
vibrational frequency, and concurrently electrons
from the metal substrate may back-donate to the
vacant 7t* orbital of the nitrile group and decrease
the vibrational energy (Oranskaya and Filimonov
1970; Oranskaya et al. 1976). Such unique chemis-
try may be exploited for the deliberate manipulation
of nanoparticle surface functionalization. This is the
primary motivation of the present study.

Herein, we prepared stable nitrile-functionalized
ruthenium nanoparticles by the self-assembly of
nitrile ligands on “bare” ruthenium colloid sur-
faces. Spectroscopic studies based on isotopic '°N
labeling suggested that the nitrile ligands adopted
the end-on configuration on the nanoparticle sur-
face. Interestingly, a significant redshift of the
emission was observed with ruthenium nanoparti-
cles capped with 1-cyanopyrene, in comparison
with the free monomers, suggesting rather effective
intraparticle charge delocalization between the
particle-bound pyrene moieties. To the best of
our knowledge, this is the first of its kind.
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Experimental section
Chemicals

Ruthenium chloride (RuCls, 99%, ACROS), 1,2-
propanediol (99%+, ACROS), sodium acetate
(NaOAc*3H,0, 99.5%, ACROS), 1-dodecanenitrile
(NC12, 98%, Alfa Aesar), 1-pyrenecarboxaldehyde
(98%, Energy), 1-ethynylpyrene (EPy, 96%, Alfa
Aesar), hydroxylamine hydrochloride-lSN (98%,
TRC), dodecyl aldehyde (97%, Energy), hydroxylamine
hydrochloride, zinc oxide, potassium iodide, acetoni-
trile, and sodium thiosulfate were used as received. All
solvents were obtained from typical commercial sources
at their highest purity and used without further treat-
ment. Water was supplied by a Barnstead Nanopure
water system (18.3 M) cm).

Synthesis of 1-dodecanenitrile-'>N (!°NC12)

>NC12 was synthesized by following a protocol report-
ed previously (Kivrak and Zora 2007). In a typical
synthesis, dodecyl aldehyde (1.374 mL, 6.0 mmol), hy-
droxylamine hydrochloride-'’N (542 mg, 7.8 mmol),
ZnO (488 mg, 6 mmol), and KI (996 mg, 6 mmol) were
dissolved in 50 mL of acetonitrile. The reaction mixture
was stirred for 2.5 h at 80 °C before being cooled down
to room temperature. Twelve milliliters of a 5%
Na,03S, aqueous solution was then added into the
reaction mixture, which was stirred gently for 20 min.
Acetonitrile was then removed under reduced pressure,
and 100 mL of ethyl acetate was added to the remaining
aqueous phase for extraction. The organic phase were
collected and washed with water (2 x 100 mL) and dried
over MgSO,. Solvents were then removed under re-
duced pressure to yield purified dodecanenitrile-'"N as
a dark yellow oil, which was denoted as I5SNC12.

Synthesis of 1-cyanopyrene (NPy)

NPy was synthesized by following a protocol reported
in the literature (Kivrak and Zora 2007). In brief, 1-
pyrenecarboxaldehyde (0.69 g, 3.0 mmol), hydroxyl-
amine hydrochloride (271 mg, 3.9 mmol), ZnO
(244 mg, 3 mmol), and KI (498 mg, 3 mmol) were
dissolved in 25 mL of acetonitrile at 82 °C for 2.5 h.
After the solution was cooled down to room tempera-
ture, 12 mL of a 5% Na,03S, aqueous solution was
added into the reaction mixture, which was stirred
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gently for 20 min, and acetonitrile was removed under
reduced pressure by rotary evaporation. The aqueous
phase was extracted with ethyl acetate (100 mL). The
organic phase was washed with water (2 x 100 mL) and
dried over MgSO,. Solvents were then removed under
reduced pressure to yield purified 1-cyanopyrene as
yellow particles.

Synthesis of 1,4-di(pyren-1-yl)buta-1,3-diyne (di-EPy)

Di-EPy was prepared by following a protocol reported
earlier (Uptmoor et al. 2015; Yin et al. 2009). In brief,
tetramethylethylenediamine (41.4 pL, 276 pumol,
20 mol%) and triethylamine (574 uL, 4.14 mmol,
3.0 eq) were dispersed in THF (2.6 mL), into which
were then added EPy (325 mg, 1.38 mmol, 1.0 eq),
NiCl,-6H,0 (17.1 mg, 69.1 pmol, 5 mol%), and copper
iodide (13.2 mg, 69.1 umol, 5 mol%). The mixture was
stirred at room temperature for 20 h, before the solvent
was removed under reduced pressure. The crude prod-
uct was purified by recrystallization, affording purified
di-EPy as a light yellow solid. Mass spectrometric mea-
surements (Fig. S1) showed three peaks at m/z = 451.1,
452.1, and 453.1, consistent with the theoretical values
of the di-EPy molecules with varied isotopic combina-
tions of H and C. The structure was further confirmed by
Fourier transform infrared spectroscopy (FTIR)
(Fig. S2) and NMR (Fig. S3) measurements.

Preparation of ruthenium nanoparticles

The synthetic procedure of organically capped rutheni-
um nanoparticles involved the preparation of ruthenium
colloids by thermolysis of RuCl; in 1,2-propanediol and
self-assembly of organic ligands on the ruthenium nano-
particle surface (Scheme 1), as detailed previously
(Chen et al. 2006). Briefly, 0.28 mmol of RuCl; and
2 mmol of NaOAc were co-dissolved in 100 mL of 1,2-
propanediol, and the solution was heated to 165 °C and
thermally refluxed for 30 min under vigorous stirring.
The appearance of a dark brown solution signified the
formation of ruthenium nanoparticles passivated by so-
dium acetate. The average diameter of the nanoparticles
was 2.06 + 0.46 nm, as determined by TEM measure-
ments (Fig. S4). Once the ruthenium nanoparticle solu-
tion was cooled down to 60 °C, 0.84 mmol of NC12 in
50 mL of toluene was added into the solution. After
vigorous mixing for 3 h, a dark brown color was trans-
ferred from 1,2-propanediol to toluene, indicating the

successful passivation of ruthenium nanoparticles with
organic ligands. The toluene phase was collected, and
the solvents were removed by rotary evaporation. By
adding copious amount of methanol into small amount
of nanoparticle solution in toluene and centrifugation,
the nanoparticles were precipitated, and the supernatant
were discarded. Upon repeating this process for multiple
times, the unbound organic ligands were removed. The
resulting nanoparticles were denoted as RuNC12.
Ruthenium nanoparticles passivated by '"NC12 were
prepared in a similar fashion and referred to as
Ru'""NC12.

To prepare ruthenium nanoparticles functionalized
with 1-cyanopyrene or 1-ethynylpyrene, a mixture of
0.56 mmol NC12 and 0.28 mmol NPy or EPy in 50 mL
of toluene was added into the ruthenium colloid solution
in 1,2-propanediol for passivation and extraction. The
resulting nanoparticles were denoted as RuNPy and
RuEPy, respectively.

Characterization

"H NMR spectroscopic measurements were carried out
by using concentrated solutions of the nanoparticles in
CDCl; with a Bruker 400 MHz NMR spectrometer.
Photoluminescence measurements were conducted with
a Horiba fluorescence spectrometer. FTIR measure-
ments were carried out with a Nicolet FTIR spectrome-
ter, where the samples were prepared by dropcasting the
particle solutions onto a KBr disk. Thermogravimetric
analysis (TGA) was performed with a METTLER in-
strument at a heating rate of 10 °C/min under a nitrogen
atmosphere. X-ray photoelectron spectroscopic (XPS)
data were acquired with a PHI 5400 instrument.

Results and discussion

The RuNC12 nanoparticles were first characterized by
"H NMR measurements. From Fig. 1, one can see that in
comparison to the sharp peaks observed for the free
monomer (top curve), the RuUNC12 nanoparticles (bot-
tom curve) exhibited only three broad peaks at 0.89, 1.2,
and 2.3 ppm, which were assigned to the terminal meth-
yl, methylene protons of the hydrocarbon chains, and
«—CH, protons next to the C = N moiety, respectively.
This suggests that the nitrile ligands were indeed suc-
cessfully bound on the ruthenium nanoparticle surface,
as peak broadening is a spectral feature characteristic of
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Scheme 1 Preparation of RuNC12 nanoparticles

nanoparticle-bound organic ligands, as a result of slow
tumbling of the nanoparticles and diverse binding sites
on the nanoparticle surfaces (e.g., vertices and terraces)
(Chen et al. 2006; Hostetler et al. 1998). Interestingly,
the peak at 2.3 ppm from «—CH, protons remained
well-resolved, though markedly broadened. This sug-
gests that the nitrile ligands most likely adopted the end-
on mode on the nanoparticle surfaces (Scheme 1)
(Michelin et al. 1996; Steiner et al. 1992), such that
the «—CH, groups were situated away from the metal
core, in contrast to the side-on mode where the «—CH,
protons would be too close to the metal core and broad-
ened into baseline (Hostetler et al. 1998).

The coverage of the nitrile ligands on the nanoparti-
cle surface was then quantified by TGA measurements.
Figure 2 depicts the TGA curve of the RuNC12 nano-
particles, which exhibited two major weight losses cen-
tered at 282 and 444 °C, as manifested in the derivative
curve in the figure inset. The first weight loss of 17%
commenced at about 145 °C and ended at around
370 °C, likely due to the removal of the aliphatic frag-
ments by the breakage of the CH,—CN bond. A less
pronounced weight loss of 6% occurred at higher tem-
peratures from ca. 410 to 520 °C, most likely due to the

Fig. 1 "HNMR of (1op) NC12
monomers and (bottom) RuNC12
nanoparticles in CDCl;

removal of the C = N moieties in the form of N,
(Shanahan and Muettertiest 1984). From the weight
losses, it was estimated that there were 63 nitrile ligands
per nanoparticle, corresponding to a molecular footprint
of 22.4 A which is similar to that of acetylene-
functionalized ruthenium nanoparticles of similar size
(Kang and Chen 2012). This is also consistent with the
end-on configuration of the metal-ligand interfacial
bonds, as suggested by NMR measurements (Fig. 1).

FTIR (Griffiths 2007) studies were then carried out to
further examine the interaction of the nitrile group with
ruthenium nanoparticle surfaces. From Fig. 3, one can
see that the C = N stretch appeared at 2246 cm ™" for the
NC12 monomers (black dashed curve), and red-shifted
by 28 to 2218 cm ! for 'SNC12 (dashed red curve),
consistent with the isotopic mass change.

Upon adsorption of the nitrile ligands on the rutheni-
um nanoparticle surfaces, this sharp vibrational band
disappeared; concurrently and a new vibrational band
appeared at 1944 cm ' for RuNC12 (solid black curve)
and 1920 cm ™' for Ru!>NC12 (solid red curve), as
shown in the inset of Fig. 3. This might be ascribed to
the nanoparticle-bound C = N bonds where the red-shift,
as compared to the free monomers, arose from
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Fig. 2 TGA curve of RuNC12 100 -
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intraparticle charge delocalization due to reduced metal-
ligand interfacial resistance, akin to alkyne-capped
nanoparticles (Michelin et al. 1996).

The bonding interactions between the nitrile moieties
and the ruthenium nanoparticles were further examined
by XPS measurements. Figure 4a depicts the spectrum
within the range of 278 and 290 eV, where the peak
(dark yellow curve) at 280.7 eV may be assigned to the
3ds), electrons of metallic ruthenium, with the corre-
sponding 3ds, peak resolved by deconvolution at
284.9 eV (blue curve). Note that these binding energies

150 200 250 300 350 400 450 500 550
T("C)

are 0.5-0.6 eV higher than those of bulk ruthenium
(Chakroune et al. 2005; Luque et al. 2009) and
0.25 eV higher than that observed with Ru nanoparticles
capped with n-alkynes (Kang and Chen 2012). The
remaining two peaks at 284.7 ¢V (magenta curve) and
284.5 eV (cyan curve) may be assigned to sp> and sp.
hybridized C 1 s electrons, almost identical to those of
the nitrile monomers (Fig. S5).

Figure 4b depicts the high-resolution scans of the N
1 s electrons in NC12 and RuNC12 nanoparticles. One
can see that both the NC12 ligands and RuNC12

Fig. 3 FTIR spectra of NC12
(dashed black curve), 5NC12
(dashed red curve), RUNC12
(solid black curve), and
Ru'°NC12 nanoparticles (solid
red curve). The inset is the zoom
in for the absorption band of

C =N bond of RuNC12 and
Ru'°NCI12 nanoparticles
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]
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Fig. 4 High-resolution XPS scans and deconvolution of a Ru3d and Cl1s and b N1 s electrons in RuNC12 nanoparticles. Black curves are

experimental data and colored curves are deconvolution fits

nanoparticles exhibit a single peak (Downs and Tyler
2015), yet the binding energy was markedly higher for
the free ligands (399.3 eV) than for RuNCI12
(397.7 V). Such a negative shift (1.6 eV) ofthe N 1 s
binding energy, in conjunction with the positive shift of
the Ru 3d binding energy observed above, suggests an
effective electron transfer from the ruthenium metal
cores to the nitrile moieties at the metal-ligand interface.
That is, the interfacial bonding interaction is likely dom-
inated by d electrons from the Ru metal core back-
donated to the 7t* orbitals of C = N, rather than the
donation of the N lone-pair electrons to Ru. Similar
behaviors have also been observed with nitrile

adsorption on transition-metal surfaces. For instance,
when 1-heptadecanenitrile was adsorbed on copper,
the N 1 s binding energy was found at 397.5 eV,
1.8 eV lower than that of the nitrile monomers; concur-
rently, the binding energy of Cu 2ps3,, electrons in-
creased by 0.1 to 932.5 eV, relative to 932.4 eV of bulk
copper (Steiner et al. 1992).

The formation of Ru — N = C interfacial bonds
may then be exploited for the manipulation of nano-
particle optical and electronic properties. This is
demonstrated with RuNPy nanoparticles. Figure 5
depicts the excitation and emission spectra of the
NPy monomer and RuNPy nanoparticles in CHCl;.

Fig. 5 Excitation and emission 12
spectra of NPy monomers and
RuNPy nanoparticles in 398nm 438 nm
chloroform 1.0 A
RuNPy
o 081
o
=
-5}
2
% 0.6
=
e
=
—
= 0.4
0.2 1
00 T T T T T T T
250 300 350 400 450 500 550 600
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Interestingly, whereas the overall profiles look sim-
ilar between these two samples, the emission and
excitation maxima of RuNC12 exhibit a clear red-
shift as compared to those of the monomeric li-
gands. For instance, the major excitation and emis-
sion peaks of NC12 monomers can be identified at
360 and 398 nm, respectively, but they appear at
much longer wavelengths of 376 and 438 nm for
RuNC12. This is likely due to intraparticle charge
delocalization between the particle-bound pyrene
groups mediated by the conjugated metal-ligand in-
terfacial bonds, as observed previously with nano-
particles functionalized with metal-carbene or vinyl-
idene bonds (Chen et al. 2009).

Similar behaviors are observed when pyrene moieties
are bound onto the nanoparticle surface by ruthenium-
vinylidene (Ru = C = CH-) linkages, as demonstrated
by the comparison between EPy, di-EPy, and RuEPy
(Fig. S6). Experimentally, the emission maximum of
EPy monomers can be identified at 387 nm, and at
somewhat longer wavelength of 395 nm for RuEPy
nanoparticles (in comparison, di-EPy exhibits an emis-
sion peak at 448 nm due to effective intramolecular
conjugation through the diactylene (—C = C-C = C-)
bridge) (Hu et al. 2016a; Kang et al. 2012b). The fact
that the red-shift (40 nm) of the RuNPy nanoparticle
emission, as compared to NPy monomers, was signifi-
cantly more pronounced than that for RuEPy might
suggest better intraparticle charge delocalization medi-
ated by the Ru—N = C interfacial bond than by
Ru=C=CH-.

Conclusion

In summary, stable ruthenium nanoparticles were pre-
pared by the self-assembly of nitrile molecules on the
nanoparticle surface. '"H NMR and TGA measurements
suggested an end-on configuration of the metal-ligand
interfacial bonds. Consistent results were obtained in
FTIR measurements, in conjunction of >N isotopic
labeling of the nitrile moiety. XPS measurements indi-
cated that the interfacial bonds were likely dominated by
back-donation of Ru 3d electrons to the vacant 7r*
orbital of the nitrile moiety, leading to a marked down-
shift of the N 1 s binding energy, as compared to the free
ligands. Such strong metal-ligand interfacial bonds
allowed for effective intraparticle charge delocalization
between the particle-bound functional moieties, as

manifested in photoluminescence measurements of
pyrene-functionalized ruthenium nanoparticles. These
results expand the toolbox for nanoparticle surface
functionalization and further highlight the fundamental
importance of metal-organic contacts in the manipula-
tion of intraparticle charge transfer and nanoparticle
material properties.
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