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ABSTRACT: The preparation of colloidal nanoparticles in
alkaline ethylene glycol is a powerful approach for the
preparation of model catalysts and ligand-functionalized
nanoparticles. For these systems the term “unprotected”
nanoparticles has been established because no strongly binding
stabilizers are required to achieve stable colloids. Irrespective
of this fact, the particles must be considered as being covered
by adsorbates, as otherwise the particles would coalesce and precipitate. The identification of these protecting adsorbate species is
however still under debate and is the scope of the present study. “Unprotected” Pt and Ru nanoparticles were characterized by
NMR spectroscopy, which does not evidence the presence of any C−H containing species bound to the particle surface. Instead,
the colloids were found to be covered by CO, as demonstrated by IR spectroscopy. However, analysis of the stretching mode
reveals the presence of a second species. On the basis of the spectroscopic characterization this species is concluded to be OH−,
and it is demonstrated that the applied synthesis route results only in stable colloids if OH− is present within the reaction
mixture. IR spectroscopy reveals that the CO coverage increases as the NaOH concentration used in the precursor solution is
decreased. However, even at the lowest for the synthesis suitable OH− concentration the surface was found to be covered by both
species. Finally, the effect of the OH− concentration on the particle size distribution was studied. The maximum was found to
shift to larger particle diameters as the OH− concentration is lowered which is accompanied by broadening of the size
distribution.

1. INTRODUCTION

Colloidal synthesis methods are a versatile approach for the
preparation of nanoparticles and enable the control of
properties such as the size, shape, and for bimetallic materials
the chemical composition.1−4 Due to their high surface to bulk
ratio such nanostructures are from a thermodynamic
perspective not stable and tend to minimize their free surface
energy by sintering. The typical strategy to achieve stable
colloidal nanoparticles is the use of stabilizers that bind to their
surface, which leads to a reduction of the free surface energy
and shields the particle surface sterically. For catalytic
applications these stabilizers have to be removed because
they block the surface and thus reaction sites. This can often be
a challenging task when strongly binding groups are involved
(e.g., thiols) or if carbonaceous species are formed during
stabilizer removal.5 These limitations exclude the use of various
established colloidal syntheses for model studies in catalysis and
requests for the development of protocols that avoid the use of
any strongly binding stabilizers.6

The above-discussed limitations of colloidal methods for the
preparation of model catalysts can be overcome by a synthesis
strategy named the “polyol approach”. The term covers the

synthesis of particles in alkaline ethylene glycol (EG).7 For Pt,
Ru, and Rh this approach allows for the preparation of particles
in the nanometer regime, without the need for any strongly
stabilizing species (amines, phosphines, or thiols).8 Therefore,
the term “unprotected” was established for nanoparticles
prepared by this approach.8−10

The use of these “unprotected” particles allows for the
preparation of model catalysts without the need for any high-
temperature post treatment that might corrupt the particle size
distribution by sintering.11,12 As a result, aspects such as
support or coverage effects can be studied in a systematic
manner.13,14 Another emerging research field for which
“unprotected” particles are extremely beneficial is the
functionalization of nanoparticles. It has been demonstrated
that organic molecules (ligands) can be bound to “unprotected”
particles in a separate step, while the particle size is
maintained.10,15,16 This enables investigation of the influence
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of the ligand on the particle properties in a systematic manner
because the particle and ligand can be varied independently.
From a physicochemical perspective the term “unprotected”

is clearly misleading. Surface science teaches that clean or
adsorbate-free surfaces can only be generated under UHV
(ultrahigh vacuum) conditions.17 These conditions are clearly
not met by the preparation conditions applied for “unpro-
tected” nanoparticles. Despite the fact the original synthesis
recipe is already 15 years old and used by several groups, the
question how “unprotected” nanoparticles are actually
protected is still under debate. Certainly it would be beneficial
to understand the surface chemistry of the materials for further
developing the alkaline polyol synthesis. So far, the published
work on “unprotected” nanoparticles usually covers mainly
preparative chemical strategies or the analysis of the organic
compounds within the reaction medium.8,18,19 Such experi-
ments do however not allow for probing what is actually bound
to the surface of the particles. The presented work hence
focuses on the characterization of “unprotected“ nanoparticles
by means of spectroscopic methods (NMR and IR) in order to
determine what actually protects “unprotected” nanoparticles.
While in most previous investigations the importance of specific
organic species was discussed, we found spectroscopically no
evidence for the presence of surface-bound C−H containing
species. Instead, IR spectroscopy reveals that “unprotected”
nanoparticles are covered by CO that is diluted by another
adsorbate and proposed to be OH−. It is shown that the
presence of OH− for the synthesis is essential in order to obtain
stable colloids and one key to manipulate the preparation
process.

2. EXPERIMENTAL SECTION
2.1. Material Synthesis. 2.1.1. Synthesis of “Unprotected”

Pt Nanoparticles. For the preparation of “unprotected” Pt
nanoparticles via the standard route applied by us, 0.25 g of
H2PtCl6·H2O (40 wt % metal, ChemPur) was dissolved in 25
mL of ethylene glycol (EG) (99.8%, Sigma-Aldrich) in a 250
mL glass flask. A solution of 0.50 g of NaOH (98.9%, Fisher
Chemical) dissolved in 25 mL of EG was added and the
mixture vigorously stirred at 500 rpm (stir bar length = 2.5 cm)
to ensure proper mixing of the two solutions. For the
preparation of “unprotected” particles with different OH−

concentrations, the NaOH concentration of the EG solution
was adjusted accordingly prior to mixing with the Pt precursor
solution. The term “starting OH− concentration” that is used in
the following refers to the NaOH concentration after mixing
metal precursor and alkaline EG solutions. The flask was
equipped with a reflux condenser, and the precursor solution
was heated to 150 °C using a preheated oil bath. The stirring
rate was maintained at 500 rpm. The yellow solution turned
black after about 5 min indicating the formation of Pt
nanoparticles. The reaction mixture was kept at 150 °C for
1.5 h to ensure complete reduction of the Pt precursor followed
by cooling to ambient temperature.
2.1.2. Synthesis of “Unprotected” Ru Nanoparticles.

“Unprotected” Ru nanoparticles were prepared by exactly the
same procedure as those for the Pt particles (2.1.1), but using
RuCl3·H2O (40−49 wt % metal, Sigma-Aldrich) as precursor.
In order to achieve the same metal concentration as for the Pt
nanoparticle synthesis 0.103 g of RuCl3·H2O was dissolved in
25 mL of EG prior to mixing with alkaline EG.
2.2. Cleaning of “Unprotected” Nanoparticles. For

spectroscopic investigations the as-prepared “unprotected”

nanoparticles have to be cleaned from any nonbinding residues
that may overlap with the spectroscopic features of interest and
weaken their significance. Therefore, the colloids were
precipitated by adding two and eight aliquots of 1 M HCl
(VWR) to Pt and Ru particles, respectively. The precipitated
colloids were isolated by centrifugation; the supernatant solvent
was removed; and the particles were suspended in 1 M HCl.
After centrifuging, the supernatant solvent was again removed,
and the particles were then redispersed in any desired solvent
for the spectroscopic characterization. Application of this
procedure enables for cleaning without causing particle
sintering as previously shown in various studies.8,11,15

2.3. Mass Spectrometry. Electrospray ionization mass
spectrometry (ESI-MS) measurements were performed on a
Bruker Esquire-LC ion trap mass spectrometer. In order to
analyze all organic species that appear within the reaction
mixture, nanoparticles were precipitated by lowering the pH
value as described in section 2.2, and the precipitated particles
were separated from supernatant solvent by centrifugation. The
pH value of the supernatant was subsequently increased into
the strong alkaline regime by adding 1 aliquot of 1 M NaOH.
The sample was then injected into the mass spectrometer via a
syringe pump at a flow rate of 3 μL min−1. Spectra were
recorded in the positive ion mode for 1 min and averaged.

2.4. NMR Spectroscopy. For NMR spectroscopic
investigations the “unprotected” particles were redispersed in
acetone-d6 (euriso-top). Recently, we have investigated the
same nanoparticles as in the present study, but functionalized
with L-proline, using NMR spectroscopy.20 With regard to
these experiments we used a particle concentration of 0.0075
MNPs in the present study because at this concentration
pronounced 1H signals were obtained for L-proline-function-
alized Pt nanoparticles, and that even allowed for resolving the
coupling patterns. In this way a limited sensitivity due to a too
low particle concentration can be excluded. Spectra were
recorded on a Bruker AVANCE NB-360.

2.5. IR Spectroscopy. IR spectra were recorded in ATR
mode on a Thermo-Nicolet Avatar 370 FT-IR spectrometer
with a smart performer ATR unit and a ZnSe crystal plate at a
resolution of 4 cm−1 and taking 48 scans. In order to record
spectra of colloidal nanoparticles the dispersion to be
investigated was simply dropped onto the ATR crystal. For
all colloidal samples pure EG was used as a reference unless
otherwise described. As-prepared samples were studied as
received after preparation. Cleaned colloids were prepared by
precipitating and rinsing as described in sections 2.1 and 2.2,
followed by redispersing in 0.5 aliquots of EG.

2.6. Determination of Particle Size Distributions by
Small-Angle X-ray Scattering (SAXS). Small-angle X-ray
scattering was performed on a SAXSLab instrument installed at
the Niels Bohr Institute of the University of Copenhagen. The
instrument is equipped with a 100XL + microfocus sealed X-ray
tube from Rigaku producing a photon beam with a wavelength
of 1.54 Å. The scattering patterns were recorded with a 2D 300
K Pilatus detector from Dectris. The two-dimensional
scattering data were azimuthally averaged, normalized by the
incident radiation intensity, the sample exposure time, and the
transmission, and corrected for background and detector
inhomogeneities using standard reduction software. The
background measurement was on a pure EG. The radially
averaged intensity I is given as a function of the scattering
vector q = 4π/λ sin(θ), where λ is the wavelength and 2θ the
scattering angle.
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The background-corrected scattering data were fitted with a
model of polydisperse spheres described by a log-normal
distribution. The final intensity expression reads

∫=I q C P q R V R D R R( ) ( , ) ( ) ( )ds
2

(1)

where C is an overall scaling constant; Ps is the sphere form
factor; V is the particle volume; and D is the size distribution.
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The fits are done using a home written MATLAB code
invoking a least-squares X2-minimization to optimize correla-
tion between model and data. Thus, the free parameters in the
model are the radius and variance of the polydisperse size
distribution which are reported below (see Figure 3).

3. RESULTS AND DISCUSSION
As suitable stabilizers for “unprotected” nanoparticles the
following species have been proposed: OH−, ethylene glycol
(EG), glycolate, and acetate (see Scheme 1 for structures and
suitable oxidation pathways for EG),19 the latter two being
suitable oxidation products of EG formed during syn-
thesis.8,18,19 However, no spectroscopic evidence for the
binding of any of these species to “unprotected” nanoparticles
has yet been demonstrated. As the reaction medium consists of
EG and OH−, both may account as suitable stabilizers for the

particles. In order to clarify if glycolate and acetate are possible
protecting species their presence within the reaction mixture
has to be confirmed, first. Therefore, ESI-MS analysis was
performed on the supernatant of the reaction mixture (see
Figure S1). The presence of glycolic acid (structure b in
Scheme 1) as an oxidation product of EG could be confirmed.
Under synthesis conditions the acid will be deprotonated to
glycolate because “unprotected” nanoparticles are prepared in
an alkaline medium (compare section 2.1). Beside glycolic acid
the corresponding aldehyde (structure a in Scheme 1) was
found, which is an intermediate formed during oxidation of EG
via reaction pathway 1 (Scheme 1). In addition, we identified
oxalaldehyde (structure c), which is consistent with a second
oxidation reaction pathway for the EG oxidation (see Scheme
1). The concentration of the final product of the second EG
oxidation pathway (oxalic acid, structure d in Scheme 1) has
previously been determined to be negligible because it readily
decomposes to CO2 and is concluded as being too little to act
as a suitable stabilizer for the particles.19 This conclusion is
supported by our results, as no clear evidence for the presence
of oxalic acid was found by ESI-MS analysis. None of the
discussed and identified EG oxidation pathways (Scheme 1)
lead to the formation of acetate. Furthermore, no indication for
the formation of acetate was obtained by ESI-MS. It hence
seems very unlikely that acetate is stabilizing “unprotected”
nanoparticles.

1H NMR spectroscopy was performed in order to probe if
the particles are stabilized by any C−H containing species. A
prerequisite for obtaining NMR signals from surface-bound
molecules is that either the molecule can rotate on the surface
or it exhibits internal rotational degrees of freedom to ensure
isotropic relaxation of the nuclear magnetization.21 However,
even a more rigid structure like L-proline, which is a five-
membered ring, hence exhibiting only few internal rotational
degrees of freedom, can still be probed by NMR spectrosco-
py.20 In contrast, all three organic candidates (EG, glycolate,
acetate) that have been proposed as stabilizing species and the
oxidation intermediates that have been identified via ESI-MS
(glycolaldehyde, oxalaldehyde) are quite flexible with internal
rotational degrees of freedom. As a result, any of those
compounds should be detectable by 1H NMR spectroscopy,
when being bound to the particles. Surface-bound organic
molecules can easily be distinguished from the corresponding
solvated molecule as the metal core leads to a pronounced
downfield of the protons, related to as the Knight shift.22,23

Recently, we have investigated L-proline-functionalized Pt
nanoparticles prepared from the same “unprotected” Pt colloids
discussed here. The NMR spectra revealed a downfield shift of
0.6 ppm for the protons being closest to the surface.20 As a
result it should be straightforward to identify and distinguish
between the proposed organic compounds being solvated or
surface bound.
The NMR spectrum of “unprotected” Pt nanoparticles

(Figure 1) reveals the presence of two intensive proton signals
at 3.5 and 4.9 ppm (the signal at 2 ppm originates from the
solvent, acetone) that can be related to the CH2 group of EG
and OH protons, respectively. The OH protons can be
attributed to EG residues that could not be removed
completely by sampling rinsing and H2O that was left within
the samples after particle cleaning (see section 2.2). Pure EG
was added to test if the signal discussed as CH2 protons
originates from EG bound to the particle surface or merely
residues that are dissolved in the solvent. The experiment led to

Scheme 1. Oxidation of Ethylene Glycol (EG), Which Is the
Reaction That Delivers the Required Electrons for the
Reduction of the Metal Precursors, Can Proceed via Three
Different Reaction Pathwaysa

aEither one of the hydroxyl groups (pathway 1) or both will be
oxidized (pathway 2). Alternatively, EG can be directly converted to
CO (pathway 3), a reaction that is known to proceed on catalytic
metals like Pt.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b03863
J. Phys. Chem. C XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b03863/suppl_file/jp5b03863_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b03863


an increase of the discussed signal (see Figure S2), confirming
that the obtained EG is dissolved but not bound to the particle
surface. A further detailed analysis of the spectrum shown in
Figure 1a by magnifying revealed two additional proton signals
at 3.8 and 4 ppm (see inset b in Figure 1; the peaks at 3.3 and
3.7 ppm are 13C satellites of the signal at 3.5 ppm). The signal
at 3.8 ppm corresponds to an organic impurity within the
deuterated solvent. With respect to the ESI-MS characterization
the signal at 4 ppm may correspond to glycolaldehyde,
glycolate, or oxalaldehyde (a, b, and c in Scheme 1,
respectively). From the chemical shift and the fact that the
signal shows no coupling pattern but appears as a singlet,
glycolaldehyde and oxalaldehyde can be excluded, and glyoclate
remains as the sole suitable candidate. Adding pure glycolic acid
led to an increase of the signal (see Figure S3). The peak can
hence be related to unbound glycolate, which was probably not
removed completely by sample rinsing, but not to surface-
bound glycolate. Previously, it has been shown that carboxylic
ligands cannot be bound to as-prepared “unprotected” Pt
nanoparticles because their binding energy on Pt is too low.9

This supports our finding that glycolate does not bind to the
particles and is hence not suitable to stabilize “unprotected” Pt
nanoparticles.
The results obtained for “unprotected” Ru nanoparticles

were identical to those of “unprotected” Pt nanoparticles. Two
signals at 3.5 and 4.9 ppm that can be related to unbound EG
and OH and two small signals at 3.8 and 4 ppm that are
assigned to impurities in the deuterated solvent and unbound
glycolic acid. A comparison of “unprotected” Pt and Ru
nanoparticles can be found in Figure S4. The two metals exhibit
different electronic structures and thus cause substantially
different Knight shifts.24 As a consequence, the chemical shifts
of protons that belong to surface-bound species must be
different for the two metal particles. The fact that the chemical
shifts are identical hence further supports the conclusion that
none of these signals can be attributed to particle-bound
species.
In order to explore the presence of any stabilizing species on

the particles that cannot be detected by 1H NMR spectroscopy,
“unprotected” Pt particles, cleaned from residual nonbinding
species (see section 2.2) were investigated by ATR-IR
spectroscopy (black spectrum in Figure 2). The reference

used to record the spectrum of the “unprotected” nanoparticles
was pure EG, as the particles were redispersed in EG for IR
spectroscopic characterization. Due to the applied cleaning
procedure (section 2.2) any dispersion of redispersed
“unprotected” particles usually contains unreproducible
amounts of water residues. A pure EG spectrum does thus
not correctly represent the required reference for the colloids.
For comparison a spectrum of H2O in EG was recorded (blue
spectrum in Figure 2), which demonstrates that most
vibrational bands in the “unprotected” Pt colloid spectrum
(black spectrum in Figure 2) are related to H2O residues. The
blue spectrum was hence scaled and shifted to achieve a better
illustration (see Figure 2) in order to account for the water
residues in the particle dispersion and was then subtracted from
the blue spectrum of the EG redispersed Pt nanoparticles.
The resulting spectrum of the “unprotected” Pt nanoparticles

(red spectrum in Figure 2, transmission values were shifted to
achieve a better illustration) clearly reveals a very pronounced
signal above 2000 cm−1, which is characteristic for linearly
adsorbed CO on Pt. This finding is consistent with the fact that
Pt is suitable to oxidize alcohols to form CO25,26 (see reaction
pathway 3 shown in Scheme 1).19 We conclude that
“unprotected” Pt nanoparticles are mainly covered by adsorbed
CO. In addition two weak bands can be identified at around
1730 and 1830 cm−1. The latter band can be assigned to bridge-
bound CO as previously reported for these particles.27 The
weak band at 1730 cm−1 is characteristic for CO vibrations of
carboxyl groups.28 We hence relate this band to glycolate
residues in the solvent that were not removed completely by

Figure 1. 1H NMR spectrum (360 MHz, 8.4 T, acetone-d6) of
“unprotected” Pt nanoparticles. The inset (b) shows a zoom in the
range from 3.2 to 4.1 ppm.

Figure 2. IR spectra of “unprotected” Pt nanoparticles redispersed in
EG (black) and H2O in EG (blue). In both cases pure EG was applied
as reference. The blue spectrum was subtracted from the black one in
order to account for H2O residues in the redispersed colloids, which
led to the red spectrum.
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particle rinsing (see ESI-MS and 1H NMR spectroscopy results
and discussion above). The spectral range above 3000 cm−1

that is indicative for O−H vibrations seems to reflect the
features of H2O in EG (blue spectrum). These bands may
hence be related to small deviations in the water content of the
sample and the background.
The position of the linearly absorbed CO band depends on

its vicinity. In a full monolayer or larger CO domains the
adsorbed CO is adjacent to other adsorbed CO molecules that
vibrate at the same frequency. This causes their dipoles to
couple with each other which alters the position of the CO
stretching mode. For CO linearly adsorbed on Pt(111) this
effect causes a blue-shift of the CO absorption band by around
35 cm−1.29 If adsorbed CO molecules within larger CO
domains are replaced by a competing adsorbate, the number of
adjacent CO molecules decreases. As a consequence, dipole−
dipole coupling diminishes, and the CO stretching mode shifts
to lower wavenumbers, until all adjacent CO molecules are
replaced. The absorption frequency of such an isolated CO is
related to as the singleton frequency.29 The reduction of
dipole−dipole coupling is however not the only effect a
coadsorbate can have on the position of the CO band. The
presence of coadsorbates can also alter the electronic properties
of Pt which can in turn affect the π-back-donation strength of
the metal to CO. Depending on whether the coadsorbate
donates or withdraws electron density it will enhance or reduce
the π-back-donation strength, respectively, and consequently
induce a shift.
Previously, the position of the CO band of a full CO

monolayer on “unprotected” Pt nanoparticles, prepared by the
discussed recipe and supported on Al2O3 (an inert support that
does not alter the electronic structure of the particles), was
determined to be around 2060 cm−1.27 For as-prepared
“unprotected” Pt nanoparticles, synthesized as described in
section 2.1.1, the position of the CO absorption band appears
at 2026 cm−1. As this value deviates significantly from the value
of a full CO monolayer, we conclude that after synthesis the Pt
nanoparticle surface is not covered exclusively by CO. Instead,
CO must be partially diluted by another surface species that
contributes to the stabilization of the particles. As NMR
spectroscopy did not evidence the presence of C−H containing
surface-bound species, the only remaining candidate of all
proposed stabilizing species is OH−, which has been previously
discussed as the protecting species for Pt nanoparticles
prepared via laser ablation in pure H2O.

30 The presence of
OH− on “unprotected” Pt particles can however neither be
identified nor excluded on the basis of NMR or IR
spectroscopy, as the materials always exhibit residual traces of
H2O.
If the conclusion is correct that “unprotected” Pt nano-

particles prepared by thermal reduction in EG are protected by
CO and OH−, the stability of the resulting colloids should
depend critically on the presence of OH−. In this context it is
important to consider that the initial OH− concentration is not
the same as the final OH− concentration because during the
reduction of the metal precursor protons are formed (see
Scheme 1). We tested various NaOH starting concentrations
(NaOH concentration of the precursor solution before
synthesis, see section 2.1.1) and determined that for a
concentration of 0.01 M H2PtCl6 precursor stable colloids
can only be formed with NaOH starting concentrations that are
within a range of 0.5−0.0625 M. At higher OH− concentrations
no particle formation occurs, whereas at OH− starting

concentrations below 0.0625 M particles are formed, which
are however not stable under the applied synthesis conditions
(T = 150 °C) but form a black precipitate after several minutes.
As the pH scale works only for aqueous media but not for EG,
pH measurements are not valid to probe the OH−

concentration before or after synthesis. Nevertheless the final
OH− concentration can be estimated by taking into account
that for every generated electron a proton must be formed (see
Scheme 1). Using this assumption the final OH− to Ptsurface atom
ratio was calculated. Thereby, a dispersion (fraction of surface
to total number of atoms within the particle) of 96% was taken
into account, as previously estimated for Pt nanoparticles
prepared by the same recipe.15 From the resulting dependence
(see Figure S5) it is estimated that for a starting OH−

concentration of 0.0615 M NaOH all OH− is finally neutralized
after the reaction. This value is close to the lowest OH− starting
concentration that we determined experimentally for the
formation of a stable colloidal dispersion (0.0625 M)
evidencing the importance of OH− to obtain stable colloids
that are stable in EG at 150 °C. For the “unprotected” Ru
nanoparticles the minimum OH− concentration to obtain a
stable colloidal dispersion is expected to be lower because the
Ru (RuCl3) precursor does not contain protons as compared to
the Pt precursor (H2PtCl6) and requires only three electrons
for complete reduction. Taking this into account a starting
OH− concentration of 0.0308 M was determined, at which all
OH− is neutralized by protons formed within the reaction. Our
synthesis tests reveal that down to a OH− starting
concentration of 0.03125 M a stable colloidal dispersion of
“unprotected” Ru can be prepared with RuCl3. These
calculations hence support the hypothesis that not merely
CO but also OH− is needed to form a stable colloidal
dispersion under the applied synthesis conditions.
If “unprotected” nanoparticles are indeed protected by CO

and OH−, the coverage of the two has to depend on the CO/
OH− ratio. It is expected that the OH− coverage increases as
the initial NaOH concentration is increased. Concurrently, the
CO coverage has to decrease. In order to test for this
hypothesis, the CO stretching mode of as-prepared “un-
protected” Pt colloids prepared with various NaOH concen-
trations was probed by IR spectroscopy. The position of the
CO band with respect to the initial OH− concentration and the
final OH−/Ptsurface atom ratio, determined from Figure S5, are
shown in Table 1.
The position of the CO band shifts from 2020 cm−1 for the

highest OH− starting concentration (0.5 M) to higher
wavenumbers, as the OH− concentration is decreased. OH−

Table 1. Starting NaOH Concentration and the
Corresponding Ratio of OH− to Ptsurface atom after Synthesis
Are Showna

starting NaOH
concentration (M)

final ratio of
OH−/Ptsurface atoms

CO band position
(cm−1)

0.5 44.5 2020
0.25 19.1 2026
0.125 6.4 2031
0.09375 3.3 2037
0.078125 1.7 2042
0.0625 0.1 2046

aFurthermore the positions of the CO stretching mode with respect to
the OH− concentration are listed.
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is an electron-donating adsorbate. It may hence increase the
electron density of Pt and in turn enhance the strength of π-
back-donation from Pt to CO. Also, adsorbed OH− may dilute
the surface CO thus reducing dipole−dipole coupling.
Irrespective of which effect is the more dominant, both may
cause the same trend for the CO band to shift to lower
wavenumbers for increasing OH− concentrations. The position
of the CO band of the colloids prepared with the lowest OH−

concentration appears at 2046 cm−1, which is still about 14
cm−1 below the value for a full CO monolayer on these
particles (2060 cm−1).27 This finding indicates that for
“unprotected” Pt nanoparticles prepared with the lowest
suitable OH− concentration the particles are still not fully
covered by CO nor do they exhibit larger domains of adjacent
CO. It thus seems likely that for obtaining stable colloids under
the applied synthesis conditions the particles have to be
covered by OH− and CO. The signal-to-noise ratio for as-
prepared Ru nanoparticles was unfortunately too low to allow
for a meaningful determination of the CO band position. An
explanation is given in the SI.
Finally, the influence of the OH− concentration on the

resulting particle size distribution was investigated by small-
angle X-ray scattering (SAXS). Three representative distribu-
tions are shown in Figure 3, with the OH− concentration
decreasing in the following order: black > red > blue.

The different size distributions reveal that the maximum is
shifted to larger diameters, when the OH− concentration is
decreased, and that the size distributions broaden. This finding
can be explained by the conclusion that the second protecting
species is OH−. As the OH− concentration is lowered the
availability of OH− for the protection of the particles under
synthesis conditions decreases. This means that smaller
particles are less effectively protected, and the probability that
they grow increases. When all OH− is neutralized by protons
formed within the reaction (see Scheme 1) no OH− is left for
the stabilization of the particles. As a consequence, the particles
are no longer stabilized and start to agglomerate to form a black
precipitate.
Our findings demonstrate that varying the NaOH concen-

tration for the synthesis of nanoparticles in EG enables only for

a very limited control over the particle size. In order to further
tune the particle size, one has to work without NaOH. This
however requires the use of a different protecting agent. The
most common strategy is to add poly(vinylpyrrolidone) (PVP)
to EG which enables controlling the size of Pt nanoparticles in
a range of 1−7 nm.31 This however means that the colloids are
no longer related to as “unprotected” because PVP-protected
particles require a thermal or ozone treatment in order to
unveil their entire catalytic surface.32 In the original recipe for
“unprotected” Pt nanoparticles it has been proposed that the
size of “unprotected” Pt nanoparticles can be tuned up to 4 nm
by adding H2O to the reaction medium.8 The applicability of
this approach is however limited by the fact that adding H2O
leads to a substantial loss of the expensive metal as most of the
particles precipitate. Tuning the size of “unprotected” nano-
particles over a broader range than that shown in Figure 3
hence remains a challenging task, and new synthetic ideas will
be needed in order to overcome this limitation.

4. CONCLUSION
Nanoparticles that are related to as “unprotected” because they
are prepared in alkaline EG without use of any strongly binding
stabilizing agent were characterized by NMR and IR spectros-
copy. No evidence for the presence of C−H containing species
was found. Instead, IR spectroscopy revealed the particles to be
covered by CO and a second adsorbate with the latter not
being identifiable spectroscopically. On the basis of the
spectroscopic characterization and synthetic tests with different
NaOH concentrations the coadsorbate is postulated to be
OH−. It was shown that for the applied synthesis conditions (T
= 150 °C in EG) the presence of OH− is essential in order to
obtain stable colloids. The influence of the OH− concentration
on the particle size distribution was probed by SAXS, and the
results evidence that the particle size increases and the
distribution broadens as the OH− concentration is lowered.
Variation of the OH− concentration however enables only for
limited change in particle size. Our next aim is hence to search
for new synthetic ideas in order to achieve a better control over
the particle size for “unprotected” nanoparticles than reported
here.
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