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ABSTRACT: Platinum nanoparticles functionalized with 4-ethynylphenylbor-
onic acid pinacol ester (Pt−EPBAPE) were successfully synthesized by a simple
chemical reduction procedure. Because of the formation of conjugated metal−
ligand interfacial linkages, the resulting nanoparticles exhibited apparent
photoluminescence arising from the nanoparticle-bound acetylene moieties that
behaved analogously to diacetylene derivatives. Interestingly, the nanoparticle
photoluminescence was markedly quenched upon the addition of fluoride ions
(F−). In contrast, significantly less or virtually no change was observed with a
variety of other anions such as Cl−, Br−, I−, NO3

−, HSO4
−, H2PO4

−, ClO4
−, BF4

−,
and PF6

−. The high selectivity toward fluoride ion is most probably because of the
strong specific affinity of the boronic acid moiety to fluoride. The formation of
B−F bonds led to the conversion of Bsp2 to Bsp3, as manifested in 11B NMR
measurements, which impacted the intraparticle charge delocalization between
the particle-bound acetylene moieties and hence the nanoparticle photo-
luminescence.

■ INTRODUCTION

Organically capped transition-metal nanoparticles represent a
unique class of functional materials that may be used as novel
building blocks in diverse applications such as nanoelectronics,
catalysis, and chemical and biological sensing.1−5 This is largely
motivated by the ready decoration of the nanoparticle surface
with multiple/diverse functional moieties. In addition, the
electronic interactions between the particle-bound functional
moieties may be deliberately manipulated by the metal−ligand
interfacial bonding interactions, leading to the emergence of
unprecedented optical and electronic properties. In particular, it
has been demonstrated that with conjugated metal−ligand
interfacial bonds, extensive intraparticle charge delocalization
occurs between the nanoparticle-bound functional moieties,
which thus behave analogously to the dimeric counterparts.6−10

For instance, for metal nanoparticles stabilized by the self-
assembly of acetylene derivatives, the nanoparticles exhibit well-
defined photoluminescence that is consistent with that of
diacetylene derivatives.9,11 More importantly, thanks to the
extended conjugation within the nanoparticles, specific
interactions of the nanoparticles with target analytes may lead
to signal propagation/amplification and hence enhanced
detection sensitivity, as manifested in the photoluminescence
detection of nitroaromatics and lead ions (Pb2+) by pyrene-
functionalized ruthenium nanoparticles.12,13 This is the primary
motivation of the present study which is focused on the
sensitive and selective manipulation of nanoparticle photo-
luminescence by deliberate functionalization of platinum

nanoparticles with boronic acid derivatives that react selectively
with fluoride ions (F−).
The specific interactions between fluoride and boronic acid

have been very well-known and used rather extensively for the
development of chemical and biological sensors.14−19 The
general mechanism involves the formation of strong bonding
between fluoride and boron that then leads to an apparent
change of the fluorescence emission characteristics. Such a
sensing architecture may be exploited for the sensitive and
selective manipulation of nanoparticle optoelectronic properties
with deliberate surface chemical functionalization. Within this
context, in the present study, we prepared platinum nano-
particles functionalized with 4-ethynylphenylboronic acid
pinacol ester which exhibited apparent photoluminescence
that was consistent with those of diacetylene derivatives, thanks
to the formation of conjugated Pt−C bonds at the metal−
ligand interface.9,11 The boronic acid moieties served as the
specific binding sites for fluoride ions, which exerted sensitive
impacts on the nanoparticle photoluminescence. Importantly,
the resulting nanoparticles exhibited excellent selectivity and
sensitivity toward fluoride, in comparison with a series of other
anions.

Received: January 10, 2014
Revised: March 10, 2014
Published: April 8, 2014

Article

pubs.acs.org/Langmuir

© 2014 American Chemical Society 5224 dx.doi.org/10.1021/la5001123 | Langmuir 2014, 30, 5224−5229

pubs.acs.org/Langmuir


■ EXPERIMENTAL SECTION
Chemicals. Platinum chloride (PtCl2, 98%, Alfa Aesar), 4-

ethynylphenylboronic acid pinacol ester (EPBAPE, 95%, Sigma-
Aldrich), tetra-n-octylammonium bromide (TOABr, 98%, Cole
Parmer), tetrabutylammonium fluoride (TBAF, 98%, ACROS),
tetrabutylammonium chloride (TBACl, ≥97%, ACROS), tetrabuty-
lammonium bromide (TBABr, ≥98%, ACROS), tetrabutylammonium
iodide (TBAI, ≥98%, ACROS), tetrabutylammonium nitrate
(TBANO3, 97%, ACROS), tetrabutylammonium hydrogen sulfate
(TBAHSO4, 97%, Aldrich), tetrabutylammonium dihydrogen phos-
phate (TBAH2PO4, 99%, Aldrich), tetrabutylammonium perchlorate
(TBAClO4, TCI America), tetrabutylammonium tetrafluoroborate
(TBABF4, ACROS), and tetrabutylammonium hexafluorophosphate
(TBAPF6, 98%, Fluka) 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 MΩ·cm).
Synthesis of Platinum Nanoparticles. In a typical synthesis, 0.1

mmol of PtCl2 were dissolved in a 1 mL concentrated HCl solution at
100 °C for 30 min. The solution was then cooled down to room
temperature, into which was added 3 mL of a toluene solution of
TOABr (0.1 M) under stirring for 1 h. The H2O phase was removed
and the orange toluene phase was washed with H2O five times. The
obtained toluene solution was reduced to 1 mL by blowing N2, and 5
mL of THF as well as 0.3 mmol of EPBAPE was added into the
toluene solution. Ten milligrams of NaBH4 dissolved in 1 mL of ice-
cold H2O was added into the solution dropwise under magnetic
stirring. The appearance of a dark brown color signified the formation
of platinum nanoparticles. The solution was stirred for 2 h before the
solvents were removed by rotary evaporation. The obtained solids
were rinsed with acetonitrile five times, affording purified platinum
nanoparticles functionalized by the self-assembly of EPBAPE onto
platinum surfaces, as depicted in Scheme 1A. The particles were
denoted as Pt−EPBAPE and were found to be readily soluble in
organic media such as dichloromethane and dimethylformamide
(DMF).

Characterizations. The morphology and sizes of the Pt−EPBAPE
nanoparticles were characterized by transmission electron microscopic
(TEM) studies (Philips CM300 at 300 kV). More than 200
nanoparticles were measured to obtain a size histogram. 11B NMR
spectroscopic measurements were carried out by using concentrated
solutions of the nanoparticles in DMF-d6 with a Varian Unity 500
MHz NMR spectrometer. Chemical shifts were referenced to BF3·
OEt2 in CDCl3. FTIR measurements were carried out with a Perkin−
Elmer FTIR spectrometer (Spectrum One, spectral resolution 4
cm−1), where the samples were prepared by casting the particle
solutions onto a ZnSe disk. Photoluminescence (PL) measurements
were carried out with a PTI fluorospectrometer. Typically, 3 mL of a

Pt−EPBAPE nanoparticle solution in DMF at a concentration of 0.01
mg/mL was added into a quartz cuvette. A series of calculated
amounts of tetrabutylammonium salts (with different anions) were
added into the cuvette by a Hamilton microliter syringe and the PL
spectra were collected after thorough mixing of the nanoparticle
solution.

■ RESULTS AND DISCUSSION
Figure 1 depicts a representative TEM micrograph of the Pt−
EPBAPE nanoparticles. It can be seen that the nanoparticles

were very well dispersed without apparent agglomeration,
suggesting sufficient protection of the nanoparticles by the
EPBAPE ligands, as a result of the self-assembly of the
acetylene moieties onto platinum nanoparticle surfaces forming
Pt−C bonds (Scheme 1A).20 High-resolution imaging
showed very well-defined lattice fringes with a spacing of 0.23
nm that are consistent with the (111) crystal planes of fcc Pt, as
manifested in the top figure inset. Additionally, the core size
histogram based on a statistical analysis of more than 200
nanoparticles shows that the majority of the nanoparticles are
in the narrow range of 1.5 to 2.0 nm in diameter with an
average of 1.95 ± 0.43 nm, as depicted in the lower inset.
The successful incorporation of the EPBAPE ligands onto

the platinum nanoparticle surface was further manifested in
FTIR measurements. Figure 2 depicts the FTIR spectra of the
Pt−EPBAPE nanoparticles (black curve) and the monomeric
EPBAPE ligands (red curve). It can be seen that, for the
EPBAPE monomers, the terminal C−H vibrational stretch
can be clearly identified at 3291 cm−1 and the CC stretch at
2108 cm−1. Yet for the Pt−EPBAPE nanoparticles, the band at
3291 cm−1 vanished, suggesting ready cleavage of the C−H
bonds upon the self-assembly of the ligands onto the Pt
nanoparticle surface (this also indicates that the nanoparticles
were free of excessive monomeric ligands). Meanwhile, the C
C stretch was found to red-shift to 2046 cm−1, which may be

Scheme 1
Figure 1. Representative TEM micrograph of Pt−EPBAPE nano-
particles. Scale bar 10 nm. Top inset shows a high-resolution image
where the lattice fringes with a spacing of 0.23 nm can be identified.
Bottom inset shows the corresponding core size histogram.
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ascribed to intraparticle charge delocalization as a result of the
formation of conjugated Pt−C interfacial bonds such that the
particle-bound acetylene moieties behaved analogously to
diacetylene derivatives (−CC−CC−) (additional contri-
butions may arise from the formation of Pt−H bonds on the
nanoparticle surface21,22). Furthermore, whereas the aromatic
=C−H vibrations were rather apparent between 3000 and 3100
cm−1 with the monomeric ligands, no vibrational features were
observed above 3000 cm−1 with the Pt−EPBAPE nanoparticles.

This may also be accounted for by the intraparticle charge
delocalization where the =C−H vibrations red-shifted and
became overlapped with the methyl vibrations (2800−3000
cm−1)―notably, the peak at 2850 cm−1 became substantially
intensified. Similar behaviors have also been observed
previously with nanoparticles functionalized with other
acetylene derivatives.20

Because of extensive intraparticle charge delocalization, the
resulting Pt−EPBAPE nanoparticles exhibited apparent PL
characteristics, akin to diacetylene derivatives.20 As depicted by
the black curves in Figure 3, despite a low concentration of only
0.01 mg/mL in DMF, the Pt−EPBAPE nanoparticles display an
intense well-defined excitation peak at 335 nm and an emission
one at 406 nm. Interestingly, from panel (A), one can see that,
upon the addition of TBAF, the Pt−EPBAPE nanoparticles
exhibited an apparent diminishment of the photoluminescence.
For instance, at a TBAF concentration of 0.67 mM, the PL
intensity of the Pt−EPBAPE nanoparticles decreased by more
than 40%. Similar but much less drastic diminishments were
observed in the presence of TBAH2PO4 and TBAI, as depicted
in panels (B) and (C), respectively. In contrast, virtually no
change of the nanoparticle PL was seen with the addition of
TBABr (panel D) and other tetrabutylammonium salts that
included TBACl, TBANO3, TBAClO4, TBAHSO4, THABF4,
and TBAPF6 (Figure S1 in the Supporting Information). These
observations suggest high sensitivity and selectivity of the
nanoparticle PL to fluoride ions.
Notably, with the addition of a large excess of TBAF, the

emission intensity at 406 nm exhibited further diminishment
and concurrently a new emission peak started to emerge at a

Figure 2. FTIR spectra of EPBAPE monomers (red curve) and Pt−
EPBAPE nanoparticles (black curve).

Figure 3. Excitation and emission spectra of Pt−EPBAPE nanoparticles in the presence of tetrabutylammonium salts at various concentrations up to
0.67 mM (concentration increment 33 μM): (A) TBAF, (B) TBAH2PO4, (C) TBAI, and (D) TBABr. Initial concentration of the nanoparticles was
0.01 mg/mL in DMF.
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longer wavelength position of 460 nm and the intensity
increased accordingly, leading to the appearance of an
isoemission point around 435 nm in the emission profiles
(Figure 4). In a previous study of ratiometric fluorescence

sensing of fluoride ions by an asymmetric bidentate receptor
containing a boronic acid and imidazolium group,19 an
isoemission point was clearly identified at 406 nm in
acetonitrile with the addition of various amounts of fluoride
ions. This may be ascribed to the unique interactions between
fluoride ions and the sp2 B in the boronic acid moieties of Pt−
EPBAPE.18,19,23−27 As shown in Scheme 1A, the B atom of the
EPBAPE ligand possesses an sp2 trigonal planar geometry with
an empty p orbital perpendicular to the plane of the phenyl
ring, allowing the boron atom to be conjugated with the phenyl
carbons and hence involved in the intraparticle charge
delocalization between the particle-bound acetylene moieties.
Note that the boron atoms of such a feature are good electron
receptors (nucleophiles) and the binding of fluoride ions into
the vacant site most likely induces a change of the molecular
geometry and hybridization of the boron atoms to sp3, as
shown in Scheme 1B. The sp3 boron is no longer able to
participate in the conjugation between the particle-bound
phenylacetylene groups, leading to an increase of the energy of
the HOMO level and hence a red shift of the emission peak
position.25,28 In fact, one may notice that, after reactions with
an excess of TBAF, the PL characteristics (exaction and
emission peak energies) of the Pt−EPBAPE nanoparticles
started to resemble those of platinum nanoparticles function-
alized with 4-ethylphenylacetylene (Pt−EPA, Scheme 1C), as
depicted in Figure S2.20

With the addition of TBAH2PO4 and TBAI, whereas the
quenching of the nanoparticle PL was apparent, the origin was
most likely different. These two anions are known to adsorb
rather strongly on platinum surfaces.29,30 Thus, it is most likely
that the diminishment of the nanoparticle PL intensity was due
to partial desorption of EPBAPE ligands from the nanoparticle
surface. In fact, precipitation of nanoparticles was observed with
the addition of a large excess of these anions into the
nanoparticle solution.

The high sensitivity and selectivity of the PL quenching of
the Pt−EPBAPE nanoparticles by F− can be further manifested
by the Stern−Volmer analysis,31

− =
I
I

K1 [A]0
(1)

where I0 and I are the nanoparticle PL intensities in the absence
and presence of quencher A, respectively, [A] is the
concentration of quencher A, and K is the Stern−Volmer
quenching constant. Figure 5 depicts the Stern−Volmer plots

in the presence of various tetrabutylammonium salts at
concentrations up to 0.67 mM. There are at least two aspects
that warrant attention. First, the Pt−EPBAPE nanoparticle
exhibited almost linear diminishment of the photoluminescence
intensity in the low anion concentration regime, and the
quenching constant varies significantly with the specific
quencher, as manifested by the slopes of the Stern−Volmer
plots, which are summarized in Table 1. One can see that the
quenching constant for F− is estimated to be 1.71 × 103 M−1,
more than 3 times that of H2PO4

− (0.53 × 103 M−1), 6 times
that of I− (0.28 × 103 M−1), and about 2 orders of magnitude
greater than those of Br− (0.029 × 103 M−1), Cl− (0.010 × 103

M−1), and ClO4
− (0.008 × 103 M−1). For the rest of the series

(NO3
−, HSO4

−, BF4
−, and PF6

−), the nanoparticle PL was
virtually unchanged, and thus the quenching constant was
essentially zero. Second, the lowest anion concentration that
leads to an observable change of the nanoparticle PL intensity
also varies markedly, which is estimated to be 0.051 mM for F−,
0.12 mM for H2PO4

−, and 0.20 mM for I− (the rest was not
measured as the nanoparticle PL was virtually unchanged).
Taken together, these observations highlight the specific
binding of F− among the series of anions to the boronic acid
moieties (Scheme 1B).
The specific binding of fluoride ions and the boronic acid

moieties was further confirmed by 11B NMR measurements.
Figure 6 shows the 11B NMR spectra of the Pt−EPBAPE
nanoparticles in the (A) absence and (B and C) presence of
various amounts of TBAF in DMF-d6. From curve (A) of the
Pt−EPBAPE nanoparticles alone, a relatively broad peak
centered at ca. 20.9 ppm can be identified, which may be
ascribed to the sp2 B in the boronic acid moieties (the broad

Figure 4. Photoluminescence emission spectra of Pt−EPBAPE
nanoparticles (6 μg/mL in DMF) with the addition of TBAF up to
10.67 mM. Excitation wavelength was set at 335 nm.

Figure 5. Stern−Volmer plots of the photoluminescence emission
intensity of Pt−EPBAPE nanoparticles with the addition of various
amounts of tetrabutylammonium salts.
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feature from 40 to −20 ppm is due to boron residuals in the
NMR glass tubing).18,30,32−35 Upon the addition of TBAF into
the nanoparticle solution, the intensity of this peak diminished,
and concurrently several new spectral features started to appear
within the range of 6.3−2.2 ppm, which might be ascribed to B
sp3, and the intensity became increasingly intensified with the
amount of TBAF added from 42.4 mM in curve (B) to 277.3
mM in curve (C). These behaviors are consistent with the
binding of nucleophilic F− to the empty p orbitals of the boron
center of the boronic acid such that the boron centers now
became sp3 hybridized (Scheme 1B).33,35,36

■ CONCLUSIONS
In this study, platinum nanoparticles functionalized with
ethynylphenylboronic acid panicol ester were synthesized by
taking advantage of the self-assembly of acetylene moieties onto
platinum surfaces forming Pt−C bonds. The resulting
nanoparticles exhibited apparent photoluminescence as a result
of the conjugated metal−ligand interfacial bonds whereby the
particle-bound acetylene moieties behaved analogously to
diacetylene derivatives. Interestingly, the addition of fluoride
ions led to apparent diminishment of the nanoparticle
photoluminescence. This was accounted for by the specific
affinity of fluoride ions to the boronic acid moieties forming
stable B−F bonds that impacted the intraparticle charge
delocalization. In contrast, significantly less or virtually no
change of the nanoparticle photoluminescence was observed
with a series of other anions that included Cl−, Br−, I−, NO3

−,
HSO4

−, H2PO4
−, ClO4

−, BF4
−, and PF6

−, signifying the high
selectivity of the nanoparticles toward fluoride ions. The results
further highlight the significance of deliberate functionalization
of nanoparticle surface in the manipulation of nanoparticle
optical and electronic properties.
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