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Effects of para-substituents of styrene derivatives
on their chemical reactivity on platinum
nanoparticle surfaces†

Peiguang Hu, Limei Chen, Christopher P. Deming, Jia-En Lu, Lewis W. Bonny and
Shaowei Chen*

Stable platinum nanoparticles were successfully prepared by the self-assembly of para-substituted

styrene derivatives onto the platinum surfaces as a result of platinum-catalyzed dehydrogenation and

transformation of the vinyl groups to the acetylene ones, forming platinum–vinylidene/–acetylide inter-

facial bonds. Transmission electron microscopic measurements showed that the nanoparticles were well

dispersed without apparent aggregation, suggesting sufficient protection of the nanoparticles by the

organic capping ligands, and the average core diameter was estimated to be 2.0 ± 0.3 nm, 1.3 ± 0.2 nm,

and 1.1 ± 0.2 nm for the nanoparticles capped with 4-tert-butylstyrene, 4-methoxystyrene, and 4-

(trifluoromethyl)styrene, respectively, as a result of the decreasing rate of dehydrogenation with the

increasing Taft (polar) constant of the para-substituents. Importantly, the resulting nanoparticles exhibited

unique photoluminescence, where an increase of the Hammett constant of the para-substituents corre-

sponded to a blue-shift of the photoluminescence emission, suggesting an enlargement of the HOMO–

LUMO band gap of the nanoparticle-bound acetylene moieties. Furthermore, the resulting nanoparticles

exhibited apparent electrocatalytic activity towards oxygen reduction in acidic media, with the best

performance among the series of samples observed with the 4-tert-butylstyrene-capped nanoparticles

due to an optimal combination of the nanoparticle core size and ligand effects on the bonding inter-

actions between platinum and oxygen species.

Introduction

Organically functionalized transition metal nanoparticles have
been attracting extensive research interests from both funda-
mental and technological perspectives, as their unique optical
and electronic properties can be readily manipulated by the
chemical nature of the metal cores, the protecting ligands, and
the metal–ligand interfacial bonding interactions.1–6 In fact, in
a series of recent studies, a variety of metal–ligand interfacial
bonding interactions have been exploited for nanoparticle
surface functionalization.7–14 Among these, metal–carbene
(MvC) π bonds are formed by the self-assembly of diazo
derivatives on nanoparticle surfaces,9–11 whereas metal–acety-
lide (M–Cu)/–vinylidene (MvCvC) bonds are produced by
taking advantage of the strong affinity of acetylene moieties to
transition-metal surfaces.12–23 With the formation of such con-
jugated bonds at the metal–ligand interface, effective intra-
particle charge delocalization occurs between particle-bound

functional moieties, as manifested in spectroscopic and
electrochemical measurements.16,19–21 Notably, such nano-
particle-mediated electronic communication has been found
to be facilitated by the conducting metal cores and metal–
ligand interfacial linkages, which offers a fundamental frame-
work for further and more complicated manipulation of the
nanoparticle optical/electronic properties.11 For instance, for
alkyne-caped metal nanoparticles, intraparticle charge deloca-
lization between the particle-bound acetylene moieties may be
enhanced (weakened) by the injection (removal) of electrons to
(from) the nanoparticle cores, as a result of the manipulation
of the metal–ligand bonding interactions.16 The metal–ligand
interfacial bonds may also be readily controlled by deliberate
modification of the organic capping ligands with selected
functional moieties that exhibit specific interactions with
certain molecules and ions.21,24,25

More recently, it has been shown that olefin derivatives may
also be exploited as a new kind of capping ligand for the
preparation of stable Pt nanoparticles.22 It was found that the
resulting nanoparticles exhibited photoluminescence in the
visible range, similar to that of Pt nanoparticles functionalized
with acetylene derivatives.15–23 Spectroscopic and electro-
chemical measurements revealed that the nanoparticles might
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involve the formation of platinum–acetylide (Pt–Cu) or Pt–
vinylidene (PtvCvC) interfacial bonds on the Pt nanoparticle
surface, as a result of dehydrogenation and transformation of
the olefin moieties catalyzed by the Pt nanoparticles. Mechan-
istically, the chemical reactivity of the olefin ligands is key to
the success of nanoparticle surface functionalization. This is
the primary motivation for the present study, where we employ
a series of para-substituted styrene derivatives as capping
ligands for platinum nanoparticle surface functionalization,
and examine and compare the chemical reactivity of the
ligands, the optical properties and electrocatalytic activities of
the eventual nanoparticles within the context of the electron-
withdrawing properties of the para-substituents.

It is well-known that within a multi-substituted phenyl ring,
apparent electronic interactions occur between the substituent
moieties, which may be quantified by the Hammett constant
(σ).26–30 For instance, the acidity of benzoic acid increases with
the increasing Hammett constant (electron-withdrawing) of
the para-substituent groups.26,29,30 In fact, for platinum nano-
particles functionalized with para-substituted aliphatic frag-
ments (by using diazonium derivatives as the precursors), we
have observed that the electrocatalytic activity towards oxygen
reduction reaction (ORR) increases markedly with the increas-
ing Hammett constant of the para-substituent groups, which
is ascribed to subtle diminishment of the nanoparticle core
electron density and hence reduced interactions with oxygen
intermediates, as predicted by the so-called volcano plot.28

Herein, three styrene derivatives with different para-substi-
tuent groups, 4-tert-butylstyrene (TBS), 4-methoxystyrene
(MOS), and 4-(trifluoromethyl)styrene (TFMS), were selected as
the protecting ligands for nanoparticle functionalization,
where the corresponding Hammett constant of the para-substi-
tuents varied rather widely, ranging from electron-donating
methoxy (σ = −0.27) and tert-butyl (σ = −0.20) groups to the
electron-withdrawing trifluoromethyl group (σ = +0.54).27

Experimentally, stable nanoparticles were obtained with all
three capping ligands and exhibited clearly defined photo-
luminescence emissions where the peak positions were found
to blue-shift with increasing electron-withdrawing capability of
the para-substituent groups. Moreover, the nanoparticles
exhibited apparent electrocatalytic activity towards ORR in
acidic media, and the best performance among the series was
observed with the TBS-capped nanoparticles, most probably
due to an optimal combination of the nanoparticle core size
and electronic properties of the para-substitution.

Experimental section
Chemicals

Platinum chloride (PtCl2, 99+%, ACROS), sodium acetate trihy-
drate (NaOAc·3H2O, MC&B), sodium carbonate (Na2CO3,
99.5%, ACROS), hydrochloric acid (HCl, 37%, ACROS), 4-tert-
butylstyrene (TBS, 94%, Alfa Aesar), 4-methoxystyrene (MOS,
≥98%, Sigma-Aldrich), and 4-(trifluoromethyl)styrene (TFMS,
96%, Combi-Blocks Inc.) were all used as received. All solvents

were obtained from typical commercial resources at their
highest purity and used without further treatment. Water was
supplied by a Barnstead Nanopure water system (18.3 MΩ cm).

Synthesis of platinum nanoparticles

Styrene derivative functionalized Pt nanoparticles were pre-
pared by adopting the method developed previously.19,22

Briefly, 0.1 mmol of PtCl2 was dissolved in 1 mL of concen-
trated HCl (12.1 M) at 80 °C, and the obtained solution was
neutralized with Na2CO3 and centrifuged to remove undis-
solved salts. The supernatant as well as 1 mmol of NaOAc were
added into 100 mL of 1,2-propanediol. The mixed solution was
heated up to 165 °C under vigorous stirring for 1 h, and the
appearance of a dark brown color signified the formation of
“bare” platinum colloids. Once the colloid solution was cooled
down to 60 °C, 0.3 mmol of a styrene derivative (TBS, MOS, or
TFMS) dissolved in 40 mL of toluene was added (corres-
ponding to a three-fold molar excess of the organic ligands to
PtCl2), and the mixed solution was stirred at 60 °C overnight.
It was found that with the TBS ligands, almost all the nano-
particles were transferred to the toluene phase, whereas only
partial transfer was achieved with the other two ligands. The
toluene phase was collected with a separatory funnel, dried
with rotary evaporation, and rinsed extensively with a copious
amount of acetonitrile (for TBS) or isooctane (for MOS and
TFMS) to remove excess ligands, affording purified nano-
particles which were denoted as PtTBS, PtMOS, and PtTFMS,
respectively.

Characterization

The morphology and size of the nanoparticles were character-
ized by transmission electron microscopic studies (TEM,
Philips CM300, 300 kV). 1H NMR spectroscopic measurements
were carried out with a Varian Unity Inova 500 MHz NMR
spectrometer. UV-vis absorption studies were performed with a
Perkin-Elmer Lambda 35 spectrometer with a resolution of
1 nm using a 1 cm quartz cuvette. Photoluminescence charac-
teristics were examined with a PTI fluorospectrometer. Infra-
red measurements were carried out with a Perkin-Elmer FTIR
spectrometer (Spectrum One, at a resolution of 4 cm−1) where
the samples were prepared by casting the particle solutions
onto a ZnSe disk. Thermogravimetric analysis (TGA) was per-
formed with a Perkin-Elmer Pyris 1 Thermogravimetric Analy-
zer under an ultrahigh-purity N2 (99.999%) flow at a
temperature rate of 10 °C min−1, where the organic contents
(by weight) were estimated to be 13.7% for PtTBS, 18.7% for
PtMOS, and 33.4% for PtTFMS nanoparticles (Fig. S1†). X-ray
photoelectron spectra (XPS) were recorded with a PHI5400
instrument equipped with an Al Kα source operated at 350 W
and at 10−9 Torr. The spectra were referenced to the Si 2p peak
of a silicon substrate.

Electrochemistry

Electrochemical studies were carried out with a CHI710
electrochemical workstation using a Pt counter electrode and a
Ag/AgCl reference electrode at room temperature. Note that the
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Ag/AgCl reference electrode was calibrated against a reversible
hydrogen electrode (RHE), and the results in the present study
were all referred to RHE. The working electrode was a rotating
ring-disk electrode (RRDE, AFE7R9GCAU from Pine Instru-
ment Co.) with a glassy carbon disk (GC, diameter 5.61 mm)
and a gold ring. The collection efficiency (N) was determined
to be 40% by RRDE measurements in 5 mM K4Fe(CN)6 + 0.1 M
KNO3.

31 The RRDE electrode was prepared according to a pro-
cedure proposed by Gloaguen et al.,32 which has also been
adopted in a number of ORR studies.33–38 In a typical experi-
ment, 500 μg of the platinum nanoparticles obtained above
was mixed with 2 mg of XC-72 carbon black (corresponding to
a nanoparticle : carbon mass ratio of 1 : 4) in 500 μL toluene
along with 5 μL of Nafion 117 solution (5 wt%), and dispersed
under sonication. A measured volume (ca. 5 μL) of the catalyst
ink was then dropcast on the freshly polished GC disk of the
RRDE. The solvent was evaporated at room temperature yield-
ing a catalyst loading of ca. 5 μg.

Results and discussion

As mentioned above, functionalization of Pt nanoparticles by
the styrene derivatives was evidenced by the transfer of the
nanoparticles from the alcohol phase to toluene. This was due
to the replacement of the original acetate ligands by the hydro-
phobic styrene derivatives that underwent platinum-catalyzed
dehydrogenation to produce acetylene derivatives and self-
assembled onto the Pt nanoparticle surface forming plati-
num–vinylidene (PtvCvC)/–acetylide (Pt–Cu) interfacial
bonds (Scheme 1).22 Fig. 1 depicts the representative TEM
micrographs of the three styrene derivative-functionalized Pt
nanoparticles. It can be seen that the nanoparticles were all
well separated without apparent aggregation, suggesting
sufficient protection of the nanoparticles by the capping
ligands, due to the apparent chemical reactivity of the olefin
moieties on the Pt nanoparticle surface.22 Interestingly,
whereas the same “bare” platinum colloids (average core dia-
meter 2.8 ± 0.6 nm)19 were used prior to styrene functionali-
zation, the eventual nanoparticles were markedly smaller and
exhibited a clear variation of the core size. From the core histo-
grams (Fig. 1 insets), one can see that the majority of the

Scheme 1

Fig. 1 Representative TEM images of (A) PtTBS, (B) PtMOS, and (C)
PtTFMS. Scale bars are all 10 nm. Insets are the corresponding core size
histograms.
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PtTBS nanoparticles are within the narrow range of 1.7 to
2.3 nm in diameter, with the average diameter at 2.0 ± 0.3 nm.
In contrast, the PtMOS nanoparticles were somewhat smaller,
mostly between 1.0 and 1.5 nm with the average diameter at
1.3 ± 0.2 nm; and the PtTFMS nanoparticles were even smaller
at 1.1 ± 0.2 nm. This suggests a variation of the chemical reac-
tivity of the three styrene derivatives on platinum nanoparticle
surfaces. In fact, previous studies have shown that the rate of
dehydrogenation reactions depends on the polar effect of the
para-substituents, decreasing with the increasing Taft (polar)
constant (σ*).39–41 Of the three styrene derivatives under study,
the Taft constant increases in the order of tert-butyl (σ* =
−0.30) < methoxy (σ* = + 1.81) < trifluoromethyl (σ* = +2.61).
That is, in comparison with simple olefin, the rate of dehydro-
genation would be enhanced with TBS but diminished with
MOS or TFMS. Consequently, dehydrogenation of TBS may
occur on Pt nanoparticles of a wide range of particle core sizes
whereas for MOS and TFMS they were most likely limited to
smaller sizes of the Pt nanoparticles that were more active in
catalyzing dehydrogenation reactions.42–48

The structures of the obtained Pt nanoparticles were then
examined by 1H NMR measurements. Fig. 2 shows the 1H
NMR spectra of the PtTBS (black), PtMOS (red), and PtTFMS
(green) nanoparticles. For PtTBS nanoparticles the phenyl
protons might be identified with the broad peak centered at
7.43 ppm, and the terminal methyl protons at 1.31 ppm. The
fact that only broad features were observed suggests that the
nanoparticles were spectroscopically clean, and free of excess
monomeric ligands9,11,24,49–51 (the sharp peak at ca. 1.60 ppm
was due to residual water). This is consistent with the plati-
num-catalyzed dehydrogenation of the styrene ligands into
acetylene derivatives that then self-assembled onto the nano-
particle surface, such that the close proximity to the nano-
particle core surface rendered the signals of relevant protons
to be broadened into the baseline.9,11,24,49–51 Similar behaviors

can be found with the other two nanoparticle samples: for
PtMOS, the phenyl protons appeared as two broad peaks at
7.33 and 6.96 ppm (due to interactions with the electronegative
oxygen moiety), and the methoxy protons at 3.83 ppm,
whereas for PtTFMS, the phenyl protons can be identified with
the broad peak at 7.69 ppm. It should be noted that the
observed variations of the chemical shifts of the phenyl
protons are consistent with the electron-withdrawing pro-
perties of the para-substituents, as manifested by the corres-
ponding Hammett constants (σ): −0.27 for MOS, −0.20 for
TBS, and +0.54 for TFMS.52 Notably, no olefin protons can be
found, which are anticipated to emerge at ca. 5.22, 5.74, and
6.69 ppm. These observations indicate the successful dehydro-
genation of the terminal vinyl groups of the styrene derivatives
which were then self-assembled onto the platinum nano-
particle surface and that the nanoparticles were indeed free of
excess ligands.

Further structural insights were obtained in FTIR measure-
ments. Fig. 3 depicts the FTIR spectra of the PtTBS (black),
PtMOS (red), and PtTFMS (green) nanoparticles. One can see
that all three nanoparticles exhibited a small vibrational band
at ca. 3068 cm−1, which may be assigned to the phenyl ring
C–H vibrations. Another rather well-defined vibrational band
can be seen at 2039 cm−1 for PtTBS, 2057 cm−1 for PtMOS,
and 2040 and 2084 cm−1 for PtTFMS. This may be ascribed to
the combined contributions of Pt-hydride (Pt–H)53,54 and the
nanoparticle-bound CuC stretches that were formed when the
olefin moieties were dehydrogenated forming acetylene groups
that self-assembled on Pt surfaces19,22 (Scheme 1). This has
been observed previously with alkyne-functionalized tran-
sition-metal nanoparticles where intraparticle charge delocali-
zation due to the conjugated metal–ligand interfacial bonds
led to a marked red shift of the CuC vibrational energy, as
compared to that of monomeric acetylene moieties.17,19

Additional vibrational features include the band near

Fig. 2 1H NMR spectra of PtTBS (black), PtMOS (red), and PtTFMS
(green) nanoparticles in CD2Cl2.

Fig. 3 FTIR spectra of PtTBS (black), PtMOS (red), and PtTFMS (green)
nanoparticles.
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840 cm−1 which most likely arose from the out-of-plane C–H
deformation of para-substituted phenyl rings. For PtMOS, the
C–O–C symmetric stretching can be identified at 1032 cm−1,
while the asymmetric stretching bands appear at 1247 cm−1

along with two shoulders at 1289 cm−1 and 1313 cm−1.55 For
PtTFMS nanoparticles, the C–F asymmetric and symmetric
stretching vibrations can be found at 1128 and 1172 cm−1, as
well as 1327 cm−1 respectively.56 Furthermore, one may see that
no olefin (vC–H) vibrations can be found (>3080 cm−1), signify-
ing that indeed the styrene derivatives underwent dehydrogena-
tion reactions on platinum surfaces forming acetylene moieties
that were bound onto the Pt nanoparticles and the resulting
nanoparticles were free of monomeric ligands (Fig. 2).

The Pt nanoparticles were then characterized by UV-vis
absorption measurements. As depicted in the inset to Fig. 4,
the three nanoparticles exhibited only an exponential decay
profile with decreasing photon energy, characteristic of nano-
sized metal particles (the so-called Mie scattering).57,58

However, the PtMOS (red) and PtTFMS (blue) nanoparticles
showed a much steeper decay than PtTBS (black), consistent
with the smaller dimensions of the former as determined in
TEM measurements (Fig. 1). The photoluminescence charac-
terization was also carried out. As shown in Fig. 4, the PtTBS
(black), PtMOS (red), and PtTFMS (blue) nanoparticles all dis-
played apparent and strong photoluminescence, in contrast to
the featureless profile observed with the “bare” platinum col-
loids (green curves). The observed photoluminescence can be
attributed to the formation of Pt–Cu interfacial bonds as a
result of dehydrogenation of the styrene derivatives such that
the acetylene moieties bound on the surface of Pt nano-
particles acted analogously to diacetylene derivatives (–CuC–
CuC–). Similar behaviors have been observed when 1-octade-
cene was used as the capping ligand.22 In addition, by using
quinine sulphate (1 μM in a 0.05 M H2SO4 solution) as a stan-
dard, the quantum yields were calculated to be at 0.24%,

5.90%, and 3.90% for the PtTBS, PtMOS, and PtTFMS nano-
particles, respectively.59,60 A closer analysis shows that the
photoluminescence characteristics actually varied rather sig-
nificantly with the organic capping ligands. Specifically, one
can see that the excitation and emission maxima were identi-
fied at 380 nm and 455 nm for PtTBS, 385 nm and 475 nm for
PtMOS, and 355 nm and 425 nm for PtTFMS. This suggests
that the effective HOMO–LUMO band gap of the particle-
bound acetylene derivatives decreases in the order of PtTFMS
> PtTBS > PtMOS. Notably, it has been demonstrated that a
decrease (increase) of the HOMO–LUMO band gap can be
induced by the incorporation of electron-donating (-withdraw-
ing) para-substituent groups to elevate (lower) the molecular
HOMO level.61–65 In the present study, the Hammett constants
(σ) increase in the order of methoxy (−0.27) < tert-butyl (−0.20)
< trifluoromethyl (+0.54),26,27 in good agreement with the vari-
ation of the observed nanoparticle photoluminescence emis-
sions. The electronic effects from the organic capping ligands
were also reflected in the XPS measurements (Fig. S2†), where
the binding energies of the Pt 4f electrons increased in the
order of PtMOS < PtTBS < PtTFMS, again, consistent with the
order of the Hammett constants. One may also note that the
nanoparticle core sizes were similar between PtMOS and
PtTFMS (Fig. 1), yet these two nanoparticles exhibited mark-
edly different photoluminescence. This suggests that the core
size played only a negligible role in determining the nano-
particle photoluminescence; instead, the photoluminescence
arose primarily from intraparticle charge delocalization
between the nanoparticle-bound acetylene moieties such that
they behaved analogously to diacetylene derivatives.15–23

The impacts of the para-substituent groups on the nano-
particle electrocatalytic activity towards ORR were then exam-
ined by voltammetric measurements in acidic media. Prior to
ORR tests, the catalyst-modified electrodes were subjected to
an electrochemical activation treatment by rapid potential
cycling (500 mV s−1) between 0 and +1.2 V (vs. RHE) in a nitro-
gen-saturated 0.1 M HClO4 solution until a steady voltammo-
gram was obtained (Fig. S3†). One can see that both PtTBS and
PtTFMS nanoparticles exhibited rather well-defined butterfly
voltammetric features, characteristic of platinum electrode
surfaces;28,66–68 yet no such profiles were observed with the
PtMOS nanoparticles, implying that it was difficult to electro-
chemically remove the MOS ligands. This is somewhat un-
expected and the origin is not fully understood at this point.
One possible explanation is that the strong electron-donating
para-methoxy groups led to enhanced strength of the metal–
ligand interfacial bonds (vide ante).16 Fig. 5(A) depicts the
RRDE voltammograms in an oxygen-saturated 0.1 M HClO4

solution at the rotation rate of 1600 rpm. It can be seen that
when the electrode potential was swept negatively, nonzero
cathodic currents started to emerge for all three samples,
suggesting apparent electrocatalytic activity towards ORR;
however, the voltammetric profiles clearly differed among the
samples. For the PtTBS nanoparticles (black curve), the onset
potential for ORR may be identified at around +1.00 V (vs.
RHE), and the currents reached a plateau at around +0.80 V

Fig. 4 Excitation and emission spectra of PtTBS (black), PtMOS (red),
PtTFMS (blue) nanoparticles in CH2Cl2 and “bare” platinum colloids
(green) in 1,2-propanediol. Inset shows the corresponding UV-vis
absorption spectra of the same nanoparticle solutions in CH2Cl2.
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(vs. RHE). Such a performance is very comparable to that of
commercial Pt/C catalysts.28 For the PtTFMS nanoparticles, the
activity was somewhat lower, where the onset potential was
estimated to be +0.95 V and the current plateau was reached at
potentials more negative than +0.60 V. However, for the PtMOS
nanoparticles, the RRDE voltammograms did not show appar-
ent cathodic currents until the potential was as negative as
+0.80 V, and the current plateau was reached at a far more
negative potential of around +0.20 V. Furthermore, one may
see that the limiting current also varied among the three nano-
particles. For instance, the limiting currents (mass activity) at
+0.20 V and 1600 rpm decrease in the order of PtTFMS (258 A
gPt

−1) ≈ PtTBS (254 A gPt
−1) ≫ PtMOS (96 A gPt

−1). Taken
together, these observations suggest that PtTBS nanoparticles
stood out as the best catalyst among the series of styrene-func-
tionalized platinum nanoparticles towards ORR.

In addition, by setting the ring potential at +1.5 V, collec-
tion experiments were carried out to monitor the amounts of
peroxide intermediates generated during ORR. It can be seen
that for all three samples, the ring currents (IR) were about two
orders of magnitude lower than those at the disk (ID),
suggesting that only minimal amounts of peroxide species
were generated during oxygen reduction. In fact, the number
of electron transfers (n) can be evaluated by the following
equation, n = 4ID/(ID + IR/N).

31,69,70 Using the data obtained at
1600 RPM as an example (panel (A)), the n values were calcu-
lated for the three samples, as shown in panel (B). It is notable
again that the PtTBS nanoparticles exhibited the best ORR per-
formance with the n values above 3.97 within a wide potential
range of +0.10 to +0.90 V, suggesting that oxygen primarily
underwent four-electron reduction to water, O2 + 4H+ + 4e →
2H2O, with negligible amounts of peroxide byproducts.
PtTFMS nanoparticles also exhibited comparable n values
above 3.95 but within a somewhat smaller potential range
from +0.10 to +0.80 V. The PtMOS nanoparticles showed the
lowest ORR activity among the series, with n values about 3.75
but only at potentials more negative than +0.40 V.

The variation of the electrocatalytic activity towards ORR is
further manifested in Koutecky–Levich analysis, where the
kinetic current density (Ik) was estimated by removing the
diffusion-limited currents (IL) from the measured voltam-
metric currents (ID), 1/ID = 1/IL + 1/Ik. From the Tafel plot in
panel (C), one can see that whereas for all three samples the
kinetic current density increased markedly with increasingly
negative electrode potentials, the activity clearly varied among
the samples, decreasing sharply in the order of PtTBS >
PtTFMS ≫ PtMOS. Again, the exceedingly low activity of
PtMOS might be ascribed to the inaccessibility of the nano-
particle surfaces (Fig. S3†). For the other two nanoparticles,
one can see that whereas the para-trifluoromethyl group
exhibited a higher Hammett constant (σ = +0.54) than the tert-
butyl group (σ = −0.20), the activity of PtTBS was actually mark-
edly better than that of PtTFMS. At first glance, this seems to
contradict the results observed earlier with para-substituted
aryl-functionalized platinum (Pt–Ar–R, with R = −CH3, –F, –Cl,
–OF3, and –CF3) nanoparticles,

28 where the ORR activity was

Fig. 5 (A) RRDE voltammograms of a glassy carbon electron modified
with PtTBS, PtMOS and PtTFMS nanoparticles in oxygen-saturated 0.1 M
HClO4 at the rotation rate of 1600 RPM. Potential sweep rate 10 mV s−1.
The nanoparticle loadings were all 5 μg, corresponding to a platinum
mass of 4.31, 4.06, and 3.33 μg, respectively, as determined by TGA
measurements (Fig. S1†). (B) Variation of the number of electron trans-
fers (n) with electrode potentials. Data were calculated from the RRDE
voltammograms in panel (A). (C) Tafel plots of the three nanoparticles.
Data were calculated from the RRDE voltammograms in panel (A).
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found to increase with the increasing Hammett constant of
the para-substituent groups. This was accounted for by the
(subtly) weakened interactions of the platinum catalysts with
oxygen species, as predicted by the so-called volcano plot. Note
that in the prior study,28 the nanoparticles all fell in the
narrow range of core diameters from 1.8 to 2.5 nm. For the
PtTBS nanoparticles that are also within this size range (2.0 ±
0.3 nm in diameter, Fig. 1), the ORR activity actually fit nicely
in the changing trend of the Pt–Ar–R nanoparticle series.28

However, for the PtTFMS sample, the nanoparticle core size
was substantially smaller at 1.1 ± 0.2 nm (Fig. 1), therefore,
although the trifluoromethyl group was more electron-with-
drawing, the ORR activity was markedly lower. This suggests
that the core size effects played a predominant role in the
determination of the nanoparticle ORR activity.71,72 It might
be interpreted by enhanced oxygen adsorption due to the
diminished nanoparticle core size,73,74 as manifested by the
more negative peak potential for the electroreduction of plati-
num oxide, which was +0.67 V for PtTFMS and +0.70 V for
PtTBS (Fig. S3†). For PtTBS nanoparticles, the high ORR
activity among the series may be ascribed to an optimal combi-
nation of the nanoparticle core size and electronic contri-
butions from the para-substitutions of the organic ligands.

Conclusions

In this study, stable platinum nanoparticles were prepared by
using para-substituted styrene derivatives as the capping
ligands, as a result of platinum-catalyzed dehydrogenation and
transformation of the olefin groups to acetylene moieties that
then self-assembled onto the platinum nanoparticle surface
forming platinum–vinylidene/–acetylene interfacial bonds. The
chemical reactivity of the styrene ligands was found to vary
with the Taft (polar) constant of the para-substituents, as
manifested in TEM measurements where the resulting nano-
particles exhibited a clear variation of the core size. FTIR and
NMR spectroscopic measurements confirmed the successful
attachments of the organic ligands onto the nanoparticle
surface. In photoluminescence measurements a marked dis-
crepancy was observed for the excitation/emission peak posi-
tions, suggesting that the HOMO–LUMO band gap of the
nanoparticle-bound acetylene moieties might be enlarged by
electron-withdrawing para-substituents of the capping ligands,
and the photoluminescence emission arose largely from intra-
particle charge delocalization between the particle-bound acety-
lene moieties with negligible contributions from the
nanoparticle cores. Electrochemically the resulting nano-
particles exhibited apparent electrocatalytic activity towards
ORR, with the best performance among the series observed
with the PtTBS nanoparticles, due to an optimal combination
of the nanoparticle core size and para-substitutions of the
capping ligands that manipulated the electronic interactions
between platinum and oxygen species. These results further
highlight the significance of interfacial engineering in the
manipulation of nanoparticle optical and electronic properties.
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