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Quantum size effect on ’Zn-NMR measurements of ZnS nanoparticles
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An unusual nuclear magnetic resonance phenomenon is present to demonstrate the quantum size effect of
ZnS clusters with its length scale properly estimated within 4 nm from the 7Zn-NMR measurements. Strong
quadrupole interaction induced from the quantum size effect is proposed to explain this phenomenon. A simple
calculation of the electric field gradient by direct summation over all lattice points was performed to demon-
strate this size effect phenomenally, and the result is in good agreement with the experimental observation.
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I. INTRODUCTION

Semiconductor clusters of II-VI groups have been the
subjects of interest since the last decade due to their unusual
physical properties.'~” As the size of a semiconductor cluster
approaches the exciton Bohr diameter, its electronic and op-
tical properties, such as band gap or photoluminescent effi-
ciency, vary significantly with their size due to quantum con-
finement arising from energy quantization.®-' Meanwhile,
the thermodynamic properties, such as structure transforma-
tion or activation energy, are also affected dramatically due
to surface effect arising from the large surface-to-volume
ratio.!'=13 Therefore, clear experimental observations of the
quantum size effects have been an important issue to dem-
onstrate the discrepancies of optoelectronic and thermody-
namic properties for materials from bulk to quantum size
regime. For instance, the quantum size effects have been
observed by ultraviolet-visible spectroscopy and powder
x-ray diffraction for nanometer-scale ZnS clusters.'*!7 The
absorption frequency exhibits blueshift and the phase transi-
tion temperature is reduced as the average size of the clusters
decreases. Nuclear magnetic resonance (NMR) spectroscopy
is a powerful tool to probe the electronic structure and envi-
ronment of atoms in solids, and has been applied to charac-
terize the properties of nanometer-scale clusters.'®! Similar
quantum size effects are also demonstrated in nuclei of spin
1/2 systems either via the Knight shift of small metallic
particles or the paramagnetic shift of semiconductor
clusters.29-2* However, there is no NMR observation to dem-
onstrate the quantum size effect for quadrupole nucleus (spin
I>1/2) system yet. Although it is no doubt that the experi-
ments themselves indicate the existence of quantum size ef-
fects, there are insufficient results to precisely determine the
length scale of quantum size with the NMR measurements.>*

In this work, two samples of zinc-blende ZnS nanopar-
ticles from commercial and wet chemical syntheses are char-
acterized by ®’Zn-NMR (spin /=5/2) and powder x-ray dif-
fraction. The conventional quantum confinement effect is
examined by ultraviolet-visible spectroscopy. An unusual
NMR phenomenon in 7Zn-NMR measurements of ZnS
nanoparticles is found. When the average size of ZnS nano-
particles is beyond 100 nm, an isotropic chemical shift
corresponding to the cubic form of ZnS nanoparticles is
observed as expected. However, the signal becomes unde-
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tectable when the average size of ZnS nanoparticles is within
3 nm. We surmise that this unusual phenomenon is induced
from the quantum size effect. Subsequently, as-prepared ZnS
nanoparticles are annealed at different temperatures to gen-
erate different sizes of nanoparticles for examining this as-
sumption experimentally. Structural information and average
particle size are determined along with annealing process,
and the length scale of the quantum size for the ZnS nano-
particle is properly estimated within 4 nm. A simple calcula-
tion of the electric field gradient by direct sum over all lattice
points for the ZnS nanoparticles of different sizes is per-
formed to demonstrate the size effect, which is in good
agreement with the experimental observation.

II. EXPERIMENT

Commercial ZnS nanoparticles were purchased from Al-
drich chemicals and used without further purification. As-
prepared ZnS nanoparticles were synthesized by a chemical
precipitation method at room temperature.>>->® The annealed
ZnS nanoparticle samples were prepared at five different de-
sired temperatures of 300, 400, 500, 600, and 750 °C sepa-
rately. The annealing process was carried out by heating the
as-prepared ZnS nanoparticles at a rate of 3 °C/min under a
controlled argon atmosphere until the final desired tempera-
ture was reached. The samples were held at each desired
temperature for 1 h and then cooled to the room temperature
at a rate of 5 °C/min. The structure and absorption informa-
tion of the ZnS samples were characterized by x-ray diffrac-
tion (XRD), UV, and solid-state NMR. Powder x-ray diffrac-
tion was taken on a Shimadzu R-7000 diffractometer using
Cu K« radiation operating at a scan rate of 2°/min with
40 kV and 30 mA. Diffuse reflectance spectra were taken on
an Ocean Optics S-2000 detector with deuterium lamp and
optical fibers. Solid-state NMR experiments were carried by
a Varian INOVA 300 MHz spectrometer with a Chemagnet-
ics 7.5 mm magic angle spinning probe at room temperature.
The resonance frequency of %Zn in zinc nitride solution was
used as a standard reference. The data were collected using
spin echo sequence with signal averaging of 4096 acquisi-
tions and repetition time of 2 s under magic-angle-spinning
rate at 5 kHz.

III. RESULTS AND DISCUSSION

On the top of Fig. 1, it shows that the /26 diffraction
scans for the commercial and as-prepared ZnS nanoparticles.

©2008 The American Physical Society
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FIG. 1. (Color online) The XRD spectra (top), the diffused re-
flectance spectra (middle), and the ®’Zn-NMR spectra (bottom) of
the ZnS clusters (a) from commercial, and (b) as-prepared from wet
chemical process.

The XRD patterns for both samples appear at about 28.5°,
47.5°, and 56.3° corresponding to the (111), (220), and (311)
planes of zinc-blende structure. However, the linewidth of
each peak for the as-prepared ZnS nanoparticles is much
broader than that of the commercial product implying that
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FIG. 2. (Color online) The XRD spectra of the as-prepared ZnS
clusters annealed at different temperatures: (a) 300, (b) 400, (c) 500,
(d) 600, and (e) 750 °C.

the as-prepared ZnS crystallites are in a smaller average par-
ticle size. Scherrer analysis of the XRD peak broadening
suggests average sizes of 110 and 3 nm for the commercial
and as-prepared ZnS nanoparticles, respectively.?’ In the
middle of Fig. 1, it shows the diffuse reflectance spectra of
the commercial and as-prepared ZnS nanoparticles. Conven-
tional quantum confinement effect is characterized by a blue-
shift in the optical absorption. The absorption wavelength is
shifted from 340 nm for the commercial ZnS nanoparticles
to 300 nm for the as-prepared ZnS nanoparticles. The ab-
sorption has a broadband and its wavelength is longer than
those measured in the solution state due to the aggregation of
the nanoparticles. On the bottom of Fig. I, it shows the
magic-angle-spinning ®’Zn-NMR spectra of the commercial
and as-prepared ZnS nanoparticles. As it is expected, the
commercial ZnS nanoparticles present an isotropic chemical
shift of “’Zn-NMR signal at 382 ppm corresponding to the
cubic structure.33! However, there is no detectable
677n-NMR signal for the as-prepared ZnS nanoparticles syn-
thesized from the wet chemical process. To confirm this un-
usual NMR phenomenon, two more experiments have been
performed on the as-prepared ZnS nanoparticles separately
heated at 60 and 100 °C for 24 h. Both heated ZnS nanopar-
ticles show similar XRD pattern, but none of them presents
any observable “’Zn-NMR signal even with scanning up to
4 MHz range.

It is of interest that the NMR measurements of these ZnS
nanoparticles with the average size within the size of exciton
Bohr diameter exhibit such a different phenomenon. In order
to explicate this size effect and estimate the length scale of
the quantum size on the NMR measurements, five samples of
the as-prepared ZnS nanoparticles were annealed at five dif-
ferent desired temperatures of 300, 400, 500, 600, and
750 °C separately. The XRD patterns and the °’Zn-NMR of
the as-prepared ZnS nanoparticles annealed at different tem-
peratures are shown in Figs. 2 and 3, respectively. The cor-
responding average particle size and their structure informa-
tion during the annealing process are shown in Table I. Most
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FIG. 3. The %"Zn-NMR spectra of the as-prepared ZnS clusters
annealed at different temperatures: (a) 300, (b) 400, (c¢) 500, (d)
600, and (e) 750 °C.

of the particles remain in cubic form with similar average
size within 4 nm when the annealing temperature is below
400 °C, and there is an increase in the average particle size
along with phase transformation from zinc blende to wurtzite
when the annealing temperature is above 500 °C, as shown
in Fig. 2. Generally, the phase transition temperature is
around 1020 °C for the commercial ZnS nanoparticles. In
our case, the as-prepared ZnS nanoparticles exhibit phase
transition from cubic to hexagonal structure around 500 °C.
This phenomenon, with a remarkable temperature reduction
for structure transformation, can be attributed to the surface
effect arising from nanometer-scale particles as expected.
However, some of the as-prepared ZnS nanoparticles still
remain in the cubic form except the average size is increased
to 8 nm after the annealing process, and of course their phase
transition occurs at higher temperature. It can be concluded
that the structure transformation would occur at any tempera-
ture above 500 °C since the annealing process will also in-
crease the average particle size and provide a wide distribu-
tion in particle size. As a result, both the average size of the

TABLE 1. Structure information of ZnS clusters annealed at
different temperatures.

Annealing  Average size XRD 77n-NMR
temp. (°C) (nm) structure (ppm)

300 3 Cubic None

400 4 Cubic None

500 8 Cubic/hexagonal 382, 377, and 365
600 15 Cubic/hexagonal 382, 377, and 365
750 28 Cubic/hexagonal 382, 377, and 365
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particles and the ratio of hexagonal to cubic structure will
increase when the annealing temperature is increased from
500 to 750 °C, as shown in Table I.

Figure 2 also shows that the ZnS nanoparticles mainly
remain in the cubic form with the average size within 4 nm
when the annealing temperature is below 400 °C. It is sup-
posed to observe the chemical shift corresponding to the cu-
bic form in the ’Zn-NMR measurements. However, there is
no detectable ®’Zn-NMR signal until the annealing tempera-
ture reaches 500 °C, as shown in Fig. 3. The ZnS nanopar-
ticles are found in both cubic and hexagonal forms with the
average size over 8 nm when the annealing temperature is
higher than 500 °C. As expected, the chemical shifts corre-
sponding to both the cubic and hexagonal forms are observed
in the ®’Zn-NMR spectra. There are three different Zn sites
shown in the ’Zn-NMR spectra of the ZnS nanoparticles.
The isotropic chemical shifts of 382 and 377 ppm represent
for the cubic structure, and the isotropic chemical shift of
365 ppm represents for the hexagonal structure,
respectively.’®32 These experimental results confirm the ex-
istence of the unusual NMR phenomenon and the quantum
size effect on the NMR measurement. We conclude that this
unusual NMR phenomenon is caused by the quantum size
effect since it is observed within the exciton Bohr diameter
of ZnS only, which would possibly induce strong interaction
at the nucleus site so that the NMR signal is broadened be-
yond the detection limit. As long as the average size of the
nanoparticles is large enough, the quantum size effect is sub-
stantially reduced or even extinguished. As a result, the
77Zn-NMR signals will appear as they are expected. The
NMR intensities for both cubic and hexagonal forms are en-
hanced along with the increase in the average particle size
during the annealing process, and the ratio of cubic form to
hexagonal form is gradually decreased due to the structure
transformation, as they are shown in Figs. 2 and 3.

To explore the insight of the relationship between the par-
ticle size and the quadrupolar interaction, point monopole
model was applied to estimate the electric field gradient
(EFG) at each Zn site since each ZnS nanoparticle can be
treated as a three-dimensional array of point charges. The
components of the EFG tensors are defined as the second
partial spatial derivatives of the classical electrostatic poten-
tial evaluated at a given nuclear site. Choosing a Zn nucleus
as a reference at the origin of the set of crystalline axes xyz,
the EFG components at this Zn nucleus are

0o IV _ e
BT gadB” 4,

2 L()S240). (1)

J
where the subscripts « and S denote the x, y, and z axes;
e{(j) is the electric charge of the jth nucleus; and

30/(/)B1) = i) dap

r;()) ’
where x;(j), v;(j) and z;(j) are the coordinates of the vector
r;(j) between the jth ion and the reference ith nucleus.’3-33
Finally, the EFG tensors are diagonalized to obtain its prin-

cipal components. To demonstrate this size effect on the
¢77n-NMR measurement of ZnS nanoparticles, a series of

S%p() =2 )
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FIG. 4. The calculated electric field gradient at the center of the
spherical zinc-blende ZnS clusters of different sizes.

three-dimensional lattices of point charges were generated
from the x-ray structure3® to represent different sizes of zinc-
blende ZnS spherical nanoparticles. The electric field gradi-
ent of each Zn atom within each ZnS nanoparticle, which can
be correlated to the size of the quadrupole interaction, is
calculated by direct sum over all lattice points. The calcu-
lated electric field gradient of Zn site at the center of the
zinc-blende ZnS spherical nanoparticle for each size is sum-
marized and shown in Fig. 4. The calculation shows that the
electric field gradient around the Zn nucleus at the center of
the ZnS nanoparticle will be reduced more than 3 orders
magnitude when the average particle size increases from
3 to 15 nm, and will converge when the average particle size
is over 30 nm. This result reveals not only the possibility of
the existence of strong quadrupolar interaction when the av-
erage particle size is within the quantum size region but also
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the convergence of the electric field gradient when the aver-
age particle size is large enough, which is in good agreement
with the experimental result as it is shown Fig. 3.

IV. CONCLUSION

In summary, an unusual NMR phenomenon that there is
no detectable ¢’Zn-NMR signal when the average particle
size of ZnS nanoparticles is within 4 nm, and the NMR sig-
nals appear only when the average particle size of ZnS nano-
particles is above 8 nm is observed. This phenomenon is
explained that those ZnS nanoparticles with the average size
within the size of exciton Bohr diameter exhibit substantial
quantum size effect. As a result, the NMR signal is broad-
ened beyond the detection limit. As long as the average size
reaches 8 nm, the size effect is reduced and the NMR signals
appear. Although the length scale of quantum size is not able
to determine precisely due to the distribution of particle size,
the results show definitive evidence that quantum size effect
on %Zn-NMR measurement of ZnS nanoparticle occurs
when the average size is within 4 nm. Furthermore, the elec-
tric field gradients of the Zn nuclear sites in different sizes of
ZnS nanoparticles are calculated with a point monopole
model to demonstrate the size effect on the NMR measure-
ments. It may not be the best method to evaluate the quan-
tum size effect through this point monopole model. How-
ever, the approximation phenomenally provides the
correlation between the EFG and average particle size, which
is in good agreement with the experimental observations.
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