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Abstract

Nanoparticles may contain unusual forms of structural disorder that can substantially modify materials
properties and thus cannot solely be considered as small pieces of bulk material. We have developed a
method to quantify intermediate-range order in 3.4-nanometer-diameter zinc sulfide nanoparticles and show
that structural coherence is lost over distances beyond 2 nanometers. The zinc-sulfur Einstein vibration
frequency in the nanoparticles is substantially higher than that in the bulk zinc sulfide, implying structural
stiffening. This cannot be explained by the observed 1% radial compression and must be primarily due to
inhomogeneous internal strain caused by competing relaxations from an irregular surface. The methods
developed here are generally applicable to the characterization of nanoscale solids, many of which may

exhibit complex disorder and strain.

The electronic properties of
nanoparticles can differ from
those of their corresponding bulk
form due to confinement effects
caused only by their finite size,
and because they are structurally
distinct. Quantum confinement is
the dominant size effect, and has
been well studied (1-6).
Structural deviations in
nanoparticles relative to bulk
material are not well understood
because they are hard to resolve
experimentally (7).
Consequently, theoretical
models of nanoparticles
generally assume they have

bulklike interior structure (8).
Tight-binding calculations that
optimized nanoparticle structure,
and assumed full theoretical
passivation of surface anions,
suggested that surfaces of
nanoparticles relax in a manner
comparable to that of bulk
surfaces (9). However, classical
and quantum molecular
dynamics simulations have
indicated that disorder may
pervade throughout
nanoparticles (10, 11). We
previously showed that
nanoparticles can undergo
substantial transformation in

structure at low temperature,
driven by surface interactions,
indicating that internal strain
depends upon the nature of the
surroundings as well as size (12).
However, a detailed description
of the strain within nanoparticles
has not been experimentally
obtained. We combine pair
distribution function and
extended x-ray absorption fine
structure (EXAFS) analyses to
quantify the structural distortion
within mercaptoethanol-coated
zinc sulfide (ZnS) nanoparticles
and the consequent changes in
lattice dynamics.



Mercaptoethanol-coated ZnS nanopar-
ticles were synthesized using the method of
Vogel et al. (13). Fits to small-angle x-ray
scattering (SAXS) data indicate that the av-
erage diameter is 3.4 nm with a full width at
half maximum (FWHM) of 0.6 nm for the
size distribution (Fig. 1), in close agreement
with the size estimated from ultraviolet-
visible absorption spectroscopy (fig. S1)
(14). High-resolution transmission electron
microscope (HRTEM) data confirm the size
determined by SAXS and show that the nano-
particles are approximately spherical (fig. S2).

We acquired wide-angle x-ray scattering
(WAXS) patterns from powders of bulk ZnS
(sphalerite structure) and mercaptoethanol-
coated ZnS nanoparticles (fig. S3). Although
the WAXS patterns from the nanoparticles
and from the bulk material have peaks in
essentially the same positions (indicating that
they share the same basic structure), the
peaks from the nanoparticles are wider and
less intense. We obtained the real-space in-
teratomic distance correlation functions,
commonly known as pair distribution func-
tions (PDFs), from the WAXS data using
standard methods (/4—17). The PDFs of bulk
ZnS and ZnS nanoparticles are given in Fig.
2A. The PDF reveals interatomic correlations
at much greater distances than can be
achieved by EXAFS (see below) (/8-20). In
contrast to Bragg peak analysis of diffraction
data (21), the PDF additionally uses informa-
tion from total diffuse x-ray scattering.

The nanoparticle PDF approaches zero at
2.0 nm rather than at 3.4 nm, indicating the
presence of structural disorder. A detailed
analysis of the disorder in the nanoparticles
can be made by comparing the observed PDF
to one obtained by truncating the PDF from
bulk ZnS with a real-space curve associated
with a 3.4-nm-diameter sphere (/4, 22). This
operation creates the PDF of “ideal” ZnS
sphalerite nanoparticles, also shown in Fig.
2A, allowing finite particle-size effects on the
diffraction data to be separated from structur-
al effects.
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Fig. 1. Small-angle x-ray scattering (SAXS) data
(circles) from mercaptoethanol-coated ZnS
nanoparticles in aqueous solution. The fit (solid
line) is for polydisperse dilute spheres of aver-
age diameter 3.4 nm and Schultz size distribu-
tion FWHM of 0.6 nm.

The PDF for real ZnS nanoparticles is
distinct from that of ideal nanoparticles in the
following respects: (i) The first-shell PDF
peak intensity, representing Zn-S bonds
throughout the nanoparticles, is lower for real
than for ideal nanoparticles. (ii) PDF peak
intensities at higher correlation distances di-
minish more rapidly in the real nanoparticles.
(iii) PDF peak widths are broader in the real
nanoparticles. (iv) PDF peak positions are
shifted. Observations (i) to (iii) indicate the
presence of two distinct forms of excess static
disorder within the real nanoparticles relative
to bulk sphalerite (Fig. 3, A and B). The low
dependence on temperature of WAXS mea-
surements (fig. S7) indicates that this excess
disorder is structural (i.e., static disorder)
rather than vibrational (i.e., thermal disorder).
The reduction and broadening of all peaks in
the PDF indicate that the random mean
squared displacements about equilibrium po-
sitions (uncorrelated with the positions of
neighboring atoms) are increased (Fig. 3A).
However, this type of disorder broadens all
peaks in the PDF equivalently and cannot

explain the loss of intensity with increasing
interatomic distance. Thus, a second effect is
that strain within the nanoparticle causes cor-
related shifts in the equilibrium positions
themselves, relative to the perfect sphalerite
lattice (Fig. 3B). This effect is cumulative
with increasing interatomic distance and
causes peak intensities in the real nanopar-
ticle PDF to vanish at a correlation length of
about 2.0 nm.

In addition, observation (iv) indicates a
contraction of nanoparticle bond lengths (Fig.
3C). We quantified the lattice contraction and
the two types of disorder by fitting real-space
interatomic correlations from the sphalerite
structure to the experimental PDFs (/4).
From a fit to the bulk sphalerite data (fig. S5),
we obtained the thermal contribution to PDF
peak broadening by fitting the mean squared
relative displacement (MSRD) while ac-
counting empirically for correlated atomic
motion (23). From a fit to the nanoparticle
data that accounted for the nanoparticle size
and incorporated the thermal MSRD value
obtained from the bulk, we obtained two
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Fig. 2. (A) PDFs of bulk ZnS (sphalerite, dashed gray curve), bulk ZnS following truncation by the
shape factor for a 3.4-nm-diameter sphere (gray curve), and mercaptoethanol-coated ZnS nano-
particles of average diameter 3.4 nm (black curve). (B) Theoretical fit (gray curve) to the PDF of ZnS
nanoparticles (black curve), accounting for finite particle size and including the thermal mean
square relative displacement (MSRD) obtained from a fit to the bulk sphalerite data (inset,
diamonds). In addition, the fit includes a static harmonic disorder contribution to the MSRD (inset,
squares) and a short-range order (SRO) parameter (inset, circles). The MSRD contributions broaden
the PDF peaks; the SRO parameter is an intensity scaling factor.
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additional static disorder parameters that
have a dependence on interatomic distance, .
The first parameter is the static MSRD con-
tribution to PDF peak broadening due to ran-
dom displacements about equilibrium posi-
tions. The second is a short-range order
parameter, PSRO (r), where 0 < PSRC =< 1,
that causes the loss of PDF peak intensity due
to the correlated shifts in equilibrium posi-
tions. The best-fit results are given in Fig. 2B.

The static MSRD contribution is shown in
the inset to Fig. 2B. Its form resembles that of
the thermal MSRD (obtained from bulk ZnS)
in that there is less disorder at short correla-
tion lengths. For thermal disorder, this line-
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Fig. 3. Structural modifications in ZnS nanopar-
ticles can be decomposed into two distinct
disorder types, plus lattice contraction. (A)
Random displacement disorder. Individual at-
oms are randomly displaced from sites on a
single lattice. (B) Strain-driven distortion. Local
structure is maintained, but at larger inter-
atomic distances, atoms lie farther from the
positions expected for an undistorted lattice.
(C) Lattice contraction. The shift in PDF peak
positions observed in ZnS nanoparticles is plot-
ted against the positions of the equivalent
peaks in the bulk sphalerite PDF.

shape is due to correlated atomic motion (23).
By analogy, the static disorder is also corre-
lated over short distances.

The best-fit curve PSRC (r) approaches
zero with increasing correlation distance.
This shows that, at larger interatomic distanc-
es, fewer atoms maintain definite structural
relationships relative to other atoms in the
nanoparticle. This finding is consistent with
preservation of short-range order, strong re-
duction in intermediate-range order, and
complete loss of structural coherence at dis-
tances greater than 2 nm (/6).

From the PDF fit, we measured a mean 1%
radial contraction of interatomic correlations in
the real nanoparticles. However, the peak shifts
are more complex, as indicated by a plot of
nanoparticle peak shift versus sphalerite peak
position (Fig. 3C). From studies on a model
nanoparticle subjected to structural modifica-
tions, we can show that simple models for inter-
nal strain can be distinguished by the shifts in the
associated PDF peak positions (fig. S8). Howev-
er, we conclude that the strain within the real
nanoparticles is more complex than that de-
scribed by any of the simple models that we
considered, including uniform, or surface-
weighted, radial strain; linear strain; or the pres-
ence of stacking faults.

The loss of structural coherence and the
inability of simple strain models to describe
peak shifts in PDF data point to the existence
of complex strain fields within the nanopar-
ticles. We infer that the pervasive internal
distortion is due to strain that arises from the
competing attempts of the structurally diverse
terminating surfaces that encompass the
nanoparticles to adopt lower energy configu-
rations. Even with strong chemical passiva-
tion, nanoparticle surfaces are generally non-
stoichiometric [because capping ligands
interact with surface cations or anions only,
e.g. (20)] and incompletely capped [due to
steric limits, e.g. (24)]. The inherent limit of

surface passivation creates structural effects
throughout the nanoparticle interior, despite
the highly crystalline appearance within the
transmission electron micrographs (fig. S2)
or from x-ray diffraction (fig. S3). We antic-
ipate that the observed forms of disorder are
general features of nanoscale solids and will
be especially pronounced where there is min-
imal passivation.

Because internal strain and disorder can
substantially affect materials properties, we
investigated the lattice dynamics of the ZnS
samples. We obtained Zn K-edge EXAFS
spectra between 3 and 500 K from the same
bulk ZnS and ZnS nanoparticles used in the
PDF analysis (Fig. 4A and fig. S9). The
EXAFS spectra from bulk ZnS contain peaks
from long-range structure that are weak or
absent in the spectra from the nanoparticles,
even at low temperature.

We obtained the first-shell (Zn-S) MSRD as
a function of temperature by fitting the data in
Fig. 4A to ZnS scattering paths obtained through
simulation using the FEFF code (/4, 25). In Fig.
4B, the nanoparticle MSRD curve is offset from
that of the bulk, indicating the presence of excess
static disorder in the nanoparticles. The room-
temperature EXAFS and PDF analyses yield
consistent measurements of this excess structural
disorder. First-shell combined thermal and static
MSRDs in bulk and nanoparticles are 5.1 X 1073
A% and 6.4 X 103 A2, respectively, from fits to
the EXAFS data, and 5.0 X 103 A% and 6.6 X
10 A2 from fits to the PDF data.

From Fig. 4B, the amplitudes of vibrations
in bulk ZnS begin to increase rapidly with
temperature at ~70 K, but this increase is not
seen in the nanoparticles until ~130 K. This
indicates structural stiffening in the nanoparticles.

We fitted the temperature response of the
MSRD to a theoretical expression for the
anharmonic Einstein oscillator (74, 26). In
the Einstein model, the Zn-S bonding pair is
considered to vibrate in the center of mass
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Fig. 4. (A) Fourier transform magnitude of k3-weighted Zn K-edge EXAFS spectra of bulk ZnS
(sphalerite) and ZnS nanoparticles as a function of temperature. (B) Temperature dependence of
the first-shell mean square relative displacement (MSRD) obtained from fits to the EXAFS data. The
lines are fits to the first-shell MSRD data using an anharmonic Einstein oscillator model to extract
characteristic vibration frequencies for the two samples. A discussion of the errors in the MSRD
determination is given in the Supporting Online Material (74).
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frame under the influence of the interatomic
potential of the remaining stationary lattice.
The characteristic vibration frequency ob-
tained for bulk ZnS is 7.12 = 1.2 THz. This
valug is consistent with that reported previ-
ously for bulk CdSe (27, 268). In comparison,
the characteristic vibration frequency for the
ZnS nanoparticles is 11.6 = 0.4 THz. Al-
though these values cannot be simply related
to the full phonon dispersion relations for
Zn8S, the trend clearly indicates lattice stiff-
ening. This implies that the heat capacity of
the ZnS lattice, excluding surface-bound spe-
cies, 18 lower in nanoparticles than in equiv-
alent bulk material.

There are several features of the nanopar-
ticles that may be responsible for the lattice
stiffening. First, the FDF analysis indicates
~1% bond length compression. Because
crystalline materials show an increase in vi-
bration frequencies with pressure (away from
phase transitions), the compression will cause
lattice stiffening. However, compression of
this magnitude alone cannot explain the large
increase in vibration frequency. The average
change in bond length provides an incom-
plete picture because disorder within the
nanoparticles leads to a large distribution of
bond lengths, and all deviations from the
equilibrium bond lengths may increase the
vibration frequency. We thus find that struc-
tural disorder is principally responsible for
the lattice stiffening.

In summary, we quantitatively determined
nanoparticle crystallinity and disorder, using
a PDF-based method. We found that the best
description of nanoparticle structure includes
bond length contraction, random disorder,
and a type of disorder characterized by cor-
related atomic displacements. The intemal
disorder is observed despite the presence of
strongly bound surface ligands. We conclude
that even with strong chemical passivation,
surface atoms exist in diverse unsatisfied
bonding environments at the surface that
drive inhomogeneous internal strain. A strik-
ing consequence of the internal disorder is
that the nanoparticles are much stiffer than
expected from the measured bond length con-
traction. Our approach is an important step
toward a realistic description of nanoparticle
structure that includes internal strain, which
i3 likely to be a general feature of nanoscale
solids. Because lattice contraction and disor-
der will separately modify electronic proper-
ties, inclusion of these effects is essential for
accurate nanoparticle calculations.
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For two atoms vibrating in their center of mass frame

in an effective pair potential characterized by spring

constant &, the bond frequency, © = +/k/|., where

w is the reduced mass. For CdSe, 1/n = 1/M, +

29.

/M, (M is the atomic mass of Cd). For CdSe, vegs. =
4.97 THz (27). For ZnS, we obtained vz = 7.12THz.
Theinteratomic force constants for CdSe and 7nS are
expected to be similar. If we assume that & 4o, =

Wigs Wzng
kz.g then - =4/ =068 In fac,
Weng predicted Hodse

Wrgge

Wzng

= [Mans o eoe Hence, the results pre-
obsersed Mocdse

sented here for bulk ZnS and in (27) for bulk CdSe are
in good agreement.
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