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NMR evidence for energy gap opening in thiol-capped platinum nanoparticles
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When the particle size of a metal is reduced, it is expected that an energy gap will open due to the quantum size
effect. However, the energy gap in platinum (Pt) metal nanoparticles has not been observed directly by nuclear
magnetic resonance (NMR). To investigate the particle size dependence of the electronic state of Pt nanoparticles,
we performed > Pt NMR experiments on thiol-capped Pt nanoparticles with three different average diameters
of less than 3 nm. For the nanoparticles with a diameter of 2.8 nm, we observed usual metallic behavior
with a smaller density of states than that of the bulk Pt. In contrast, the temperature dependence of 1/7T in
nanoparticles less than 2.5 nm in diameter is an activation-energy form above 150 K, which is semiconducting
behavior with an energy gap of the order of 2000 K. The significant decrease in 1/7,7 by more than two orders
of magnitude in the smaller Pt nanoparticles compared to the bulk Pt is attributable to the disappearance of the
density of states at the Fermi energy, which is consistent with the opening of an energy gap. These results indicate
a metal-insulator transition below 2.5 nm in diameter is present in our thiol-capped Pt nanoparticle samples. The
effect of the thiol capping on the electronic structure suggested by the experimental results is also discussed.
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At the nanometer scale in solids, the change in electronic
states due to the reduction in size leads to fascinating physical
properties that are completely different from those of bulk
materials [1]. In metallic nanoparticles, the quantum size ef-
fect, also known as the Kubo effect, predicts that as the size
decreases, the energy levels of the electrons become discrete
due to spatial confinement, and an energy gap opens at the
Fermi level [2,3]. In addition to the quantum size effects,
surface effects are also a very interesting subject, and various
intriguing physical properties emerge in nanosized systems
depending on the capping molecules (ligands) [4,5]. A clear
understanding of the quantum size effect and the surface ef-
fect could open the way for the precise control of nanoscale
properties, leading to a wider range of material applications.

Nuclear magnetic resonance (NMR) is a useful micro-
scopic tool to probe the electronic structure in solids and
has been applied to characterize the properties of metallic
nanoparticles [6-10]. Among the metallic nanoparticles, plat-
inum (*°Pt) is the most studied nucleus because of favorable
NMR properties such as a relatively high natural abundance
(33.8%), its nuclear spin 1/2 that excludes quadrupolar ef-
fects, and a moderately high gyromagnetic ratio. Furthermore,
Pt nanoparticles arguably represent a very important class
of materials because they play important roles in many
catalytic processes [11]. Understanding their electronic prop-
erties is essential for maximizing the catalytic properties of Pt
nanoparticles.

It has been experimentally established that the '*>Pt NMR
spectra of Pt nanoparticles are very broad, depending on the
particle size; the Pt NMR peak corresponding to the bulk
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Pt metal diminishes in intensity as the particle size decreases,
and a surface peak appears around K ~ 0%. These spectral
features are commonly seen in many kinds of Pt nanoparticles
in the literature, including oxide-supported Pt nanoparticles,
Pt cluster compounds surrounded by ligands, and Pt nanopar-
ticles in zeolite matrices [12-23].

Despite many NMR studies of the Pt nanoparticles, the
activated temperature dependence of the nuclear spin-lattice
relaxation rate 1/7; expected from the appearance of an en-
ergy gap has not been observed for the Pt nanoparticles. In
Pt309Phenss* 039, although the authors of Refs. [20,23] did
not observe a gapped behavior in the temperature dependence
of 1/T, they estimated an energy gap indirectly by fitting a
T, relaxation curve to a theoretical model based on a random
matrix approximation. However, there remains an unresolved
inconsistency that their model cannot explain the temperature-
independent '>Pt NMR spectrum. Recently, a '>Pt NMR
study on Pt;3 nanoclusters with an average size of 0.73 nm
covered with trialkyl aluminum ligands showed that T is four
orders magnitude longer than 7; for the bulk Pt [24], indicat-
ing the nonmetallic nature of Pt;3 nanoclusters, although no
temperature dependence of 1/7; was reported. Quite recently,
the anomalous size-dependent magnetic fluctuations found in
Pt nanoparticles coated with polyvinylpyrrolidone (PVP) with
an average diameter larger than 2.5 nm have been interpreted
in relation to the discrete energy levels expected from the
quantum size effect [25]. However, no measurements were
made in the region below 2.5 nm, where the quantum size
effect should be more pronounced.

In this Letter, we examine the quantum size effects by using
195pt NMR measurements on well-characterized, thiol-capped
monodisperse Pt nanoparticles with particle sizes ranging
from 2.8 to 2.1 nm in diameter. The quantum size effects
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FIG. 1. K dependence of 1/T;T for Pt(2.1), Pt(2.5), Pt(2.8), and
the bulk Pt metal at 40 K (a), along with their > Pt NMR spectra (b).

can significantly increase 7; at low temperatures due to a gap,
which has hindered systematic NMR measurements on small
metal nanoparticles so far. Here, a modern NMR spectrometer
enabled us to measure an extremely long 7; in the Pt nanopar-
ticles with an average particle diameter below 3 nm down to
20 K.

Three samples of Pt nanoparticles with average diam-
eters of 2.1 £0.5, 2.5+0.7, and 2.8 = 0.6 nm, hereafter
denoted as Pt(2.1), Pt(2.5), and Pt(2.8), respectively, were
measured. The samples were prepared by chemically reducing
the solution containing H,PtClg and mercaptosuccinic acid
(MSA) [26]. The particle size, controlled by the ratio of
H,PtClg and MSA, was determined by using transmission
electron microscopy (TEM) measurements (see Supplemental
Material [27]). Pt NMR experiments were carried out with
a phase-coherent pulsed spectrometer (Thamway Co., Ltd.)
in 6.5- and 9.4-T superconducting magnets. The Pt NMR
spectra were obtained by a frequency sweep with a spin-echo
pulse sequence in a static magnetic field. The obtained NMR
spectra were corrected for the effect of spin-spin relaxation
time 7, by measuring 7, over the spectra (see Fig. S4 in
the Supplemental Material [27]). 7} was measured with a

saturation method. Typical nuclear magnetization curves are
shown in Fig. 2. We measured the temperature dependence of
T at the peak position with a Knight shift K ~ 0.2%, which
is almost the same position as that of Ref. [23].

Figure 1(a) shows the '"Pt NMR spectra for Pt(2.8),
Pt(2.5), and Pt(2.1) at 40 K. As a reference, Fig. 1 also shows
the 1Pt NMR spectrum of the bulk Pt (99.9% purity and 200
mesh, Kishida Chemical Co., Ltd.) at 40 K. Similar to pre-
vious studies on Pt nanoparticles [12-20,23], the spectra are
broad and the line shape is strongly dependent on the average
particle size. As the particle size is reduced, the intensity near
the bulk Pt position (~—3.5%) gets weaker, while the inten-
sity around K = 0% attributed to the surface Pt atoms gets
greater [20,23,28]. This indicates that the volume fraction of
the thiol-capped nanoparticles with an electronic state similar
to that of the bulk Pt is negligible. The spectrum of Pt(2.5)
is similar to that observed in the metal cluster compound
Pt3p9Phenss* 039 [20,23], and the more symmetric spectrum
of Pt(2.1) is similar to that of the Pt;3 nanoclusters cov-
ered with trialkyl aluminum [24]. Note that our thiol-capped
nanoparticles do not show the spectrum characteristics of Pt
oxides (PtO, near K ~ 1%) found in the oxide-supported Pt
nanoparticles [29], most probably owing to the thiol capping
that avoids surface oxidation.

To examine the density of states at the Fermi energy Ep,
D(EF), that can reflect the existence of an energy gap, we
measured the temperature dependence of 1/7;. For nonmag-
netic materials, 1/77 is a good measure of D(Er)*. In the
bulk Pt, the 7} relaxation curve follows a single exponential
because '°>Pt nuclear spin has a nuclear magnetic moment
of I = 1/2. In the case of nanoparticles, it is expected that
the relaxation curve can be nonsingle exponential because the
relaxation time is determined by the ratio of local densities
of state of the s-electron and the d-electron contributions
and/or the randomness of the particle size in the sample.
However, only a few reports have observed such behavior
possibly due to an ultralong 7; in small nanoparticles [9]. In
this study, we observed obvious two-component behavior with
a longer 77 component than 100 s below 100 K in Pt(2.1).
Figure 2 shows the 77 relaxation curves for Pt(2.8), Pt(2.5),
and Pt(2.1) at K = 0.2% and 40 K, and they exhibit nonsingle
exponentiality at all temperatures. The recovery curves of the
nuclear magnetization M (¢) with ¢ after a saturation pulse are
then fitted successfully with two components of 77, a short T}
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FIG. 2. T, relaxation curves for Pt(2.1), Pt(2.5), and Pt(2.8) at K = 0.2% and 40 K. The dotted and dashed-dotted lines represent the short

and long components of 7}, respectively (see text).
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FIG. 3. Temperature dependence of (T;T)~! for Pt(2.1), Pt(2.5),
and Pt(2.8). The dotted line represents the temperature dependence
of (T;T)~! for the bulk Pt metal, which is cited from Ref. [30]. The
solid lines are fits for the experimental data of the nanoparticles (see
texts in detail).

component, 7is, and a long 7} component, 7j; , as follows:

HE S0 —cop(75) +a -0 (75). ()

Here, the fitting parameter C was treated as temperature inde-
pendent with a value of 0.58 for Pt(2.8), 0.5 for Pt(2.5), and
0.54 for Pt(2.1).

Figure 1(b) shows the K dependence of 1/7;T, which rep-
resents the variations in D(Ef) with respect to K. In Pt(2.8),
the value of 1/T1T around K = —3% is close to that of the
bulk Pt, while 1/T; T decreases with increasing K up to around
K =0%. For Pt(2.5) and Pt(2.1), 1/TT around K = 0%
shows a value more than four orders of magnitude smaller
than that of Pt(2.8), which indicates a significant reduction in
the local D(EF) below the particle diameter of 2.5 nm.

To shed light on the origin of the sudden decrease in 1 /7T,
the temperature dependence of 1/T7T at K ~ 0.2% is shown
in Fig. 3. In Pt(2.8), (1/T1L.T) and (1/T1sT) are one-third
of the bulk value and nearly temperature independent. Note
that for the bulk Pt metal, the temperature dependence of
1/T1T is constant below 300 K [30,31], which is the typical
behavior of the metal. This result indicates the metallic nature
of Pt(2.8) with a reduced D(Er), which is consistent with the
previous measurements on similar particle sizes [32]. In fact,
by calculating the D(EF ) derived from 1/7;T and K according
to the method considering many-body effects in Ref. [32], we
estimated that the D(EF) of s and d electrons is reduced by
about 70% and 35%, respectively, compared to the bulk.
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FIG. 4. Average diameter dependence of (a) the energy gap de-
termined by NMR, Anwmr, and (b) 1/TiT at the lowest temperature
with lines as a guide to the eye.

In contrast, there is a large difference between (1/T1sT)
and (1/T;L.T) in Pt(2.5); the longer component (1/71.7T)
is approximately 1000 times smaller than (1/71s7) at low
temperatures. Furthermore, (1/TsT ) in Pt(2.5) is nearly two
orders of magnitude smaller than that of the bulk Pt, suggest-
ing that D(Er) in Pt(2.5) is much smaller than the bulk Pt.

Notably, 1/T;T of Pt(2.1) and (1/T1.T) of Pt(2.5) in-
creases rapidly on heating, exhibiting semiconductorlike
behavior above 150 K. We attribute the increase in (1/777T)
to an increase in the number of carriers thermally excited
across a gap induced by the quantum size effect. In contrast,
we observe weak metallic behavior in these samples at low
temperatures. This result suggests that the dominant contri-
butions to 77 from the energy bands differ depending on the
temperature range. Namely, 7] relaxation is induced by an
extremely low D(Ef) at low temperature, which originates
from a band faintly overlapping the Fermi level, while the
thermally activated carriers across the energy gap with a larger
D(E) determine 7 at high temperature. In this case, 1/T1T is
given by [33,34]

1 —ANMR 1
— = AT —_ s 2
T exp( 2hsT >+ <T1T>Cm @

where A is a constant and (TILT)CO,M is the remaining metallic
contribution at low temperatures. The fitting results plotted
by the solid lines in Fig. 3 closely reproduce the experi-
mental results. The estimated energy gap Anmr is shown in
Fig. 4(a). Figure 4(a) shows that when the diameter of the
thiol-protected Pt nanoparticles is less than 2.5 nm, a metal-
insulator transition occurs and an energy gap of the order of
2000 K appears.

In the framework of the free-electron model [7], the av-
eraged level spacing & of a given metal nanoparticle may be

estimated as
1 4E
5l = ) = =F . 3
D(Er) 3N

Here, N is the number of valence electrons in a nanoparticle.
Assuming Ep = 8.79 eV expected for the bulk Pt [35] and
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one electron per Pt atom, § was estimated as 251 K (423 K)
for a nanoparticle with a diameter of 2.5 nm (2.1 nm). In
our experiment, we found that Anxvr = 3160 £ 800 K for
Pt(2.5) and 2140 £ 240 K for Pt(2.1) are more than four
times as large as 6. Previous density functional theory (DFT)
calculations with a plane-wave basis set give an energy gap
of approximately 1500 K for a bare 55-atom Pt cluster with a
diameter of 1.2 nm [36], which is the same order of magnitude
as those observed in the present samples. The discrepancy
between Anmr and § is likely to be ascribed to the rough
estimation using Eq. (3) and/or to the Pt-thiol bonding as
described below.

The metal-insulator transition below 2.5 nm in diame-
ter is also indicated from the particle-size dependence of
(1/TT)'/? at the lowest temperatures as shown in Fig. 4(b).
The significant decrease in 1/777T by more than two orders
of magnitude in Pt(2.1) and Pt(2.5) compared to the bulk Pt
is attributable to the disappearance of the D(EF), indicating
a threshold diameter for the appearance of an energy gap
is around 2.5 nm for the present thiol-capped Pt nanoparti-
cles. We emphasize that the measurements using the samples
smaller than the threshold enable us to observe the clear gap
opening and may lead the different size effects than those
reported in Ref. [25] where larger diameter samples were
investigated.

One characteristic found in Pt(2.5) and Pt(2.1) is the
tiny D(Er) below 120 K, as seen in Figs. 3 and 4(b).
The weak-metallic states may originate from an unavoidable
particle-size distribution, which needs further investigation. In
addition, further studies are needed to determine the role of
surrounding capping molecules in the appearance and magni-
tude of the energy gap. Although the effect of thiol capping on
platinum nanoparticles is not fully understood, theoretically

thiol capping may induce a decrease in the D(EF) as reported
in Pd nanoparticles [37], a metal with similar properties to
Pt. This decrease in the D(EF) can increase & as expected
from Eq. (3), which may explain the large Anyvr obtained
in the present experiment. In this connection, the difference
in the capping molecule can be another explanation for the
difference in the energy gaps estimated in Ref. [25] and this
study.

In summary, we report systematic '°>Pt-NMR for three dif-
ferent diameter samples of the thiol-capped Pt nanoparticles
with an average diameter of less than 3 nm. For Pt(2.8), we
observed usual metallic behavior with a smaller density of
states than that of the bulk Pt. In contrast, the temperature
dependence of 1/T;T in Pt(2.1) and Pt(2.5) is an activation-
energy form above 150 K, which is typical in a semiconductor
with an energy gap of the order of 2000 K. The significant
decrease in 1/T1T by more than two orders of magnitude in
Pt(2.1) and Pt(2.5) compared to the bulk Pt is attributable to
the disappearance of the D(EF ), which is consistent with the
opening of an energy gap. These results indicate the metal-
insulator transition below 2.5 nm in diameter is present in
our thiol-capped Pt nanoparticle sample. Our NMR results
are consistent with the prediction of discrete electron-energy
levels from the quantum size effect. Furthermore, through
the change in the density of states at the Fermi level, it is
suggested that thiol capping may be involved in determining
the size of the energy gap.
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