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Compressibility of zinc sulfide nanoparticles
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We describe a high-pressure x-ray diffraction (XRD) study of the compressibility of several samples of ZnS
nanoparticles. The nanoparticles were synthesized with a range of sizes and surface chemical treatments in
order to identify the factors that determine nanoparticle compressibility. Refinement of the XRD data revealed
that all ZnS nanoparticles in the nominally cubic (sphalerite) phase exhibited a previously unobserved struc-
tural distortion under ambient conditions that exhibited, in addition, a dependence on pressure. Our results
show that the compressibility of ZnS nanoparticles increases substantially as the particle size decreases, and we
propose an interpretation based upon the available mechanisms of structural compliance in nanoscale vs bulk

materials.
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I. INTRODUCTION

The structure, stability, and chemical properties of mate-
rials can exhibit a strong dependence on particle size when a
material is nanosized. At present, however, the relationships
between the surface strain, interior structure, and the me-
chanical properties of nanoparticles are poorly understood.
There have been many structural studies of the tetrahedrally
coordinated metal-chalcogenide semiconductor nanopar-
ticles, such as CdS, CdSe, and ZnS. Nanoparticles of these
materials exemplify how competing kinetic and thermody-
namic factors during synthesis affect structure. For example,
in the synthesis of ZnS nanoparticles, both nucleation kinet-
ics and surface-ligand interactions can determine whether the
stable bulk phase (the cubic sphalerite structure), the meta-
stable bulk phase (the hexagonal wurtzite structure), or a
mixed-phase polytype structure is obtained.'> Moreover,
with the application of in situ, high-energy x-ray-scattering
methods, we have shown that ZnS nanoparticles generally
contain substantial strain and disorder® and that their interior
structure can be changed through surface interactions.* For
example, water binding can drive a structural transformation
at room temperature; and it is possible to synthesize ~3 nm
ZnS nanoparticles with a large range of interior crystallinity,
correlated with the strength of surface-ligand chemical
interactions.’

The studies described above contributed to a depiction of
nanoparticle structure at ambient pressure. Investigations of
the structure of nanoparticles at high pressure can provide
additional insights into size-dependent changes in phase sta-
bility and mechanical properties. Specifically, relationships
between nanoparticle structure and the energies of nanopar-
ticle bulk and surface can be revealed by pressure-driven
phase transitions.® 8 In studies of CdSe nanoparticles that are
smaller than the critical volume for phase transition, the
wurtzite to rock salt phase-transition pressure increases with
decreasing particle size. This occurs because phase transfor-
mation leads to low-index, low-energy surfaces becoming
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high-index, high-energy surfaces in the high-pressure phase.
The same trend is observed in phase-transformation studies
on ZnS nanoparticles.

There are few investigations of the response of tetrahe-
drally coordinated nanoparticles to pressure away from phase
transitions. High-pressure x-ray-diffraction (XRD) studies
can probe the elastic properties of materials, in particular, for
hydrostatic experimental conditions, the bulk modulus B.
The inverse of a material’s compressibility, B quantifies the
compression that is produced by a uniform external pressure.
To date, studies of the compressibility of ZnS nanoparticles
have disagreed on whether small particle size leads to higher
or lower compressibility relative to the bulk material.>'* In
the study by Pan ef al., 6-nm-diam wurtzite phase ZnS nano-
particles doped with Eu at 1 wt % exhibited a greater com-
pressibility (i.e., a lower B) than bulk ZnS.? In the study by
Qadri et al., 2.8-nm-diam sphalerite ZnS nanoparticles, Mn
doped at 0.5 wt % were more compressible than bulk ZnS.'?
Further work by Qadri et al., however, showed a clear trend
in which the compressibility of PbS nanoparticles (rock salt
structure at ambient pressure) increased with decreasing par-
ticle size.!!

The discrepancies between these findings are probably re-
lated to differences in the detailed structure of the nanopar-
ticles, particularly the presence of impurity atoms. Here we
seek the factors that determine the compressibility of pure
ZnS nanoparticles. We used different synthesis methods to
produce ZnS nanoparticles nominally in the cubic (sphaler-
ite) crystal phase, but differing in size, crystallinity, and sur-
face chemistry. In addition, we study one sample of ~4.8 nm
nanoparticles in the hexagonal (wurtzite) phase.

II. EXPERIMENTAL
A. Nanoparticle synthesis and characterization

Zinc sulfide nanoparticles were synthesized with a variety
of methods resulting in a range of particle sizes, structures,
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and surface coatings. MER: 3.4-nm-diam ZnS nanoparticles
coated in mercaptoethanol (SHCH,CH,OH) were synthe-
sized by combining aqueous solutions of Na,S and ZnCl, at
pH 10.2 in the presence of mercaptoethanol (Ref. 12). WTR:
~4-nm-diam uncoated ZnS nanoparticles in water were ob-
tained by adding dropwise a solution of 4.8 g of Na,S in
200 ml de-ionized (DI) water to 2.7 g of ZnCl, in 300 ml DI
water adjusted to pH 11 with NaOH (Ref. 13). ACE3: ~3-
nm-diam ZnS nanoparticles coated in thioacetamide
(CH;CSNH,) were synthesized by the reaction of 100 ml of
a 0.02M thioacetamide solution with 100 ml of 0.02M zinc
acetate in basic conditions (Ref. 14). ACE6: ~6-nm-diam
ZnS nanoparticles coated in thioacetamide were obtained by
hydrothermally coarsening a portion of sample ACE3 at
100 °C for 48 h. WUR: ~4.8-nm-diam ZnS nanoparticles
with a hexagonal (wurtzite) structure was synthesized by the
reaction of thiourea with zinc chloride in ethylene glycol at
160 °C (Ref. 2).

The particle size was estimated by an XRD peak-width
broadening and checked with high-resolution transmission
electron microscopy (TEM). The samples were dried before
analysis, and the structures of the nanoparticles were deter-
mined with ambient-pressure XRD of the dried powders.

B. Ambient-pressure high-energy wide-angle
x-ray scattering

One nanoparticle sample (MER: 3.4 nm mercaptoethanol-
coated ZnS) was studied with high-energy x-ray scattering.
The goal was to obtain a diffraction pattern that covers a
greater range of reciprocal space to aid in the identification
of a noncubic distortion that was observed in the smallest
samples. A thin (<1 mm) slab of the dried powder was ana-
lyzed on beamline 11-ID-C of the Advanced Photon Source
at the x-ray energy of 93 keV (A=0.13331 A). The two-
dimensional (2D) diffraction image was recorded on a
Mar345 image plate,'” and the data processing and analysis
were performed as described below.

C. High-pressure x-ray-diffraction measurements

The samples were analyzed at high pressure in a
membrane-style diamond anvil cell (DAC; Diacell, UK) with
two independent pressure calibrants: grains of ruby (Cr-
doped corundum, Al,O5) and a single flake of pressed gold
powder. The gold diffraction rings do not overlap the rings
from ZnS and permit the internal DAC pressure to be mea-
sured via changes in the gold unit-cell parameters, without
dismounting the DAC from the beamline. The emission
wavelengths of the optical fluorescence lines of ruby are sen-
sitive to pressure, and the fluorescence-line profile is sensi-
tive to the presence of nonhydrostatic pressure.'®

Stainless-steel gaskets were preindented to 25-30 bars
before electrodrilling a central, 125-um-diam hole and
mounting on one of the pair of aligned diamond anvils. The
sample powder and a few grains of ruby were placed into the
gasket hole. A small gold flake was added near the top or
bottom of the gasket hole, ensuring no overlap with the edge
of the gasket. An ambient-pressure XRD pattern was ac-
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quired for every sample mounted as described above, with-
out a pressure medium or the DAC piston containing the
second diamond.

A drop of a 4:1 mixture of methanol and ethanol was
added to provide a hydrostatic pressure medium. The DAC
was closed before evaporation could occur inside the gasket
hole, the DAC was pressurized immediately to between
6—10 bars external pressure, and the internal pressure was
measured using the ruby fluorescence lines. If at least three
individual ruby grains were found that indicated a hydro-
static pressure in the range 1-3 GPa, the compressibility
measurements began.

The DAC was mounted on beamline 11.3.1 of the Ad-
vanced Light Source and XRD patterns acquired on a 2D
CCD detector (Bruker Platinum 200; 140 mm? active area)
with 17 keV x rays (A=0.729294 A). The DAC was cen-
tered horizontally and vertically relative to the x-ray beam
and centered onto the axis of a rotation stage. The centering
procedure was performed every time the DAC was mounted,
and has been determined to reproduce the distance between
the sample and the detector to within 20 wm. The 11.3.1
beam was collimated to reduce gasket scattering, and the
beamline hutch was air conditioned to reduce temperature
variations. Due to the narrow vertical x-ray beam profile, a
DAC position could usually be found from which a sample
only or a sample plus gold calibrant XRD patterns were ac-
quired. In this way, separate sample and calibrant patterns
were taken at each pressure point. During two ZnS com-
pressibility experiments, a ruby-pressure measurement was
taken at each pressure point to obtain the equation of state of
the gold used in this study. In the other studies, ruby-pressure
measurements were only taken following every increment of
approximately 10 bars of external DAC pressure to check for
hydrostatic conditions. The maximum internal DAC pressure
reached was 12 GPa, at least 3 GPa below any anticipated
phase transitions. In most experimental runs, gasket defor-
mation occurred significantly below this pressure, ending the
run.

The sample-detector distance and the detector tilt were
determined from a refinement of the powder-diffraction pat-
tern of LaBg (NIST) acquired at ambient pressure using the
software FIT2D.!7 A previously determined spatial correction
for distortion at the CCD detector was applied to all XRD
patterns.!® XRD images were binned to 1D scans,!® using a
digital mask to obscure the beamstop and ruby diffraction
spots. Every image was inspected for ruby spots, and the
cumulative mask was used for every image integration be-
fore analysis either with the GSAS XRD refinement package?’
or routines written in the IGOR PRO commercial software.

D. Pressure calibration

Pressure calibration with the ruby internal standard was
performed by finding the emission wavelengths (\, in nm) of
the R; and R, emission lines, obtained from fits of two
pseudo-Voigt peaks to the fluorescence emission spectra. The
pressure P was determined for each peak by the relation P
=(A=Nymp)/0.365. The results for the R, and R, peaks were
averaged. The degree of internal pressure hydrostaticity was
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checked visually by the width and overlap of the R, and R,
peaks.

Pressure calibration with the gold internal standard was
performed by fitting a single cubic a parameter to the 111,
220, and 311 peaks of the gold calibrant, employing a
pseudo-Voigt peak profile. The gold 200 peak frequently
overlapped with a strong gasket-scattering peak, and was dis-
regarded. The literature values for the compressibility and
ambient-pressure unit-cell volume of gold did not agree per-
fectly with the results of the pressure calibration, and so we
used a gold equation of state obtained from our data.

E. XRD sample data analysis
1. Structure refinement

The crystal phases of each nanoparticle sample were veri-
fied with full profile refinement using the GSAS code.? As
described below, lower-symmetry modifications of the bulk
ZnS structures were required to satisfactorily fit the XRD
data.

2. Unit-cell volume vs pressure

Once an acceptable structure was decided upon, analysis
of the XRD compressibility study was performed using rou-
tines written in IGOR PRO. A simulated diffraction pattern was
fitted to the sample data to obtain the variation of the sample
lattice parameter(s) with applied pressure. The single-peak
contribution is

2

AT

— | V(AT
tan@}( 057,

where AT=26,,, ;—20, Ag is an asymmetry parameter, V is
a normalized pseudo-Voigt peak for which the Gaussian-
Lorentzian ratio is given by 7, and the peak width is defined
by o?=U tan® 6+V tan 6+ W, where U, V, and W are nu-
merical parameters. All peak-width and asymmetry param-
eters were required to fit the diffraction patterns from the
smallest nanoparticles.

In addition to the calculated diffraction pattern, a three-
parameter background-scattering curve was fitted. The back-
ground function is based upon the Debye equation for a
single interatomic bond length.?! For the 26 range analyzed,
this function gave better results to the background scattering
from nanoparticle samples than a polynomial function of 26
for the same number of parameters,

IBG(2 0) = offset + 10 SIH(Qr) N
Or

where Q=41r/\ sin(6) and r is an interatomic distance. Typi-
cally, fitted r=2.0-2.3 A, close to the Zn-S bond length in
the cubic and hexagonal forms of ZnS (2.34 A).

A 20 offset is frequently included during the XRD pattern
refinement acquired in Bragg-Brentano geometry with a
scanning detector, but is not physically justified for transmis-
sion geometry with a 2D detector, for which the dominant
positioning errors involve the determination of the beam cen-
ter. When a 26 offset was allowed to vary during an analysis
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of the compression of the ZnS bulk standard, the offset was
found to vary randomly about zero with a root-mean-squared
value of 1073 deg. Thus, no offset was fitted during data
analysis.

3. Equation-of-state fitting

The Birch-Murnaghan equation of state is widely used to
describe the compression of a material in response to an
applied hydrostatic pressure P (Refs. 22 and 23). It is derived
from a Taylor expansion of the strain energy of a continuum
elastic body. To third order in Eulerian strain it is written

e
ugeem i)

where V/V is the ratio of the pressurized to ambient unit-
cell volumes, B is the compressibility, and B’ is the pressure
derivative of the compressibility: B'=dB/dP. As discussed
below, the data quality was not sufficient to permit B’ to be
stably fitted, and hence this parameter was fixed at B’ =4, for
which the equation of state reduces to its second-order form,

Sl -]

The lattice parameters obtained from fits to XRD patterns
from each nanoparticle sample had significant errors associ-
ated with the broad-peak profiles and uncertainty in the exact
nature of the crystal structure. Consequently, the ambient-
volume unit-cell parameter was treated as a free variable
during equation-of-state fitting.

III. RESULTS

A comparison of XRD peak positions for bulk ZnS and
the MER sample of ZnS nanoparticles reveals visually the
presence of a noncubic distortion [Fig. 1(a)]. The dominant
diffraction peaks [indexed as the (111), (220), and (311)
peaks in the sphalerite phase] are not equally shifted with
respect to the corresponding peaks for bulk ZnS. While this
effect is greatest for the MER sample, it was observed in all
nanoparticle samples when refinement of the diffraction data
was performed.

For the sphalerite phase, lower-symmetry subgroups of-
fering an additional degree of freedom are retragonal (a=b
#c; a=B=y=90°) and rhombohedral (a=b=c; a,B,y
#90°).2* As shown in Fig. 1(a), both structures gave a better
fit to the XRD patterns from ZnS nanoparticles. The good-
ness of fit was slightly better for the tetragonal structure,
which was consequently used to obtain the pressure-
dependent equations of state. The distorted MER structure is
compared with sphalerite in Fig. 1(b).

Figure 2 shows an example of the fit to the XRD data for
bulk ZnS at a high pressure point (~8 GPa). The ruby-
emission spectrum obtained for the same pressure point
shows two clearly resolved lines, indicating that the com-
pressibility study was performed under quasihydrostatic con-
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FIG. 1. Determining the best-fit structure for 3-nm-diameter
ZnS nanoparticles with mercaptoethanol coating. (a) Full-profile
XRD refinement of high-energy powder-diffraction data using cu-
bic, rhombohedral, and tetrahedral settings for the sphalerite struc-
ture. The lowest curve is bulk ZnS with perfect cubic sphalerite
structure. As shown by the arrows (top) and the residuals, the prin-
cipal three peaks in the nanoparticle data are not simultaneously fit
by a cubic structure. (b) A comparison of the bulk cubic structure
and the fitted tetragonal distortion. The gray-scale ball-and-stick
model shows the tetragonal structure. The initial cubic structure is
superimposed as black lines. Solid (dashed) lines represent the te-
tragonal (cubic) unit cell. Arrows indicate the directions of the prin-
cipal structural distortions.

ditions. The experimental equation of state fitted to the pres-
sure dependence of the relative unit-cell volume exactly
overlaps that obtained by Desgreniers et al. (Ref. 25), con-
firming that the bulk modulus of bulk ZnS is 79.5+0.9 GPa.
In both cases, B was obtained assuming B'=4.

Figure 2 additionally gives the results for 6.2-nm-diam
ZnS nanoparticles, which exhibit a compressibility that is
indistinguishable from that of bulk ZnS. In contrast, as
shown in Fig. 3, every smaller ZnS nanoparticle is clearly
more compressible than bulk ZnS. Figure 4 gives the results
for a sample of 4.8 nm ZnS nanoparticles nominally in the
hexagonal wurtzite structure. As above, XRD refinement us-
ing the hexagonal setting could not give satisfactory agree-
ment with all peaks, and we fitted the experimental data with
the lower-symmetry orthorhombic space group. The fitted
bulk moduli of all samples are summarized in Table I.

IV. DISCUSSION
A. Ambient structure and stability of nanoparticles

A full description of the structure of nanoparticles should
comprise the underlying crystal phase (determined from full-
profile XRD refinement), degree of interior disorder (esti-
mated from the XRD peak width while accounting for par-
ticle size), and the surface structure (which remains
experimentally inaccessible). There is considerable uncer-
tainty associated with each of these aspects of nanoparticle
structure. For example, one cannot say with confidence that
either the tetragonal or rhombohedral setting is a better rep-
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FIG. 2. The compressibility of bulk cubic (sphalerite) ZnS (top)
and 6.2-nm-diameter “ACE6” ZnS nanoparticles with a nominally
cubic structure (bottom). The left-hand graph shows an example
full-profile fit to the diffraction data. “Au” labels scattering from
internal gold calibrant; “g” labels gasket scattering. Gaps in the
residuals below the data curves indicate regions of masked data
excluded from the fit. The right column shows the equation of state
(EOS) fit (dotted line) to the fitted reduced unit-cell volume (mark-
ers) as a function of pressure. The bulk ZnS EOS, derived from
Desgreniers et al., is shown as a solid line. Inset: Ruby fluorescence
spectrum (markers) and fit for the same pressure as the XRD pattern
on the left.

resentation of the true structure of the nominally cubic nano-
particles. Moreover, it has been shown that the interpretation
of nanoparticle structure using Bragg’s theory of lattice dif-
fraction can be inherently misleading, because finite-particle
size alone can modify the absolute positions of XRD peaks.?
However, the differences between XRD data from ZnS nano-
particles and bulk ZnS cannot be explained by finite-size
effects alone, and we conclude that they represent a true
structural modification. Despite these considerations, the de-
termination of compressibility is weakly dependent upon the
choice of structural model, and more detailed analyses (if
available) would be unlikely to change the principal results
of this study.

During the study of nanoparticles, it is frequently discov-
ered that the structure obtained by a particular synthesis
method is not the thermodynamically most stable one.?” In
such a case, unanticipated phase transitions may occur upon
the application of pressure, and it is well known that com-
pressibility studies in the vicinity of phase transitions may be
inaccurate. For example, one study of wurtzite ZnS nanopar-
ticles observed a transformation to sphalerite that was not
reversible upon decompression.?® A deficiency of the present
study is thus the lack of accurate decompression data, which
helps to verify the stability of the material studied. In almost
every experimental run, deformation of the gasket occurred
at elevated pressure, and the consequent inclusion of gasket
scattering made accurate XRD fitting impossible. However,
in all cases, the XRD patterns after decompression closely
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FIG. 3. The compressibility of three samples of ZnS nanopar-
ticles with a nominally cubic (sphalerite) structure. The nanopar-
ticles differ in their apparent size and surface chemistry. (See Fig. 2
for the legend.)

matched the initial ambient data. Furthermore, no phase tran-
sitions were observed in the pressure range studied. In all
published data,”!%% and in additional studies by our group,
no nominally cubic ZnS nanoparticle sample underwent a
phase transition below 15 GPa.

To summarize, in this work we assume that the nanopar-
ticles studied are in the most stable conformation for their
specific size and surface chemistry. Previous work has shown
the structure of ZnS nanoparticles to be responsive to
changes in surface environment,*> indicating that these ma-
terials are able to adopt a low-energy configuration at room
temperature.

A WUR

Intensity (Arb. Units)
V/Vo

10 15 20 25 30
26 (degrees)

Pressure (GPa)

FIG. 4. The compressibility 4.8-nm-diameter ZnS nanoparticles
with a nominally hexagonal (wurtzite) structure. (See Fig. 2 for the
legend.)
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TABLE 1. Summary of particle size estimated from XRD peak-
width broadening, crystallographic space group, ambient unit-cell
volume (V;), and best-fit compressibility for bulk and nanoscale
ZnS.

Particle Ambient
size Space  tetragonal V;  Compressibility

Sample (nm) group (A3)? (GPa)

Bulk >100 F43m 79.0+0.05 79.5+0.9
ACE6 6.2 14m?2 77.5+0.2 78.3£2.2
WTR 3.8 14m?2 78.3£0.4 71.4+1.0
ACE3 32 14m?2 78.2+£0.5 59.7+£4.6
MER 1.6 14m?2 77.4+0.3 55.1£2.0
WUR 4.8 Cmc2, 66.2+4.7

#The bulk cubic ZnS unit-cell volume is calculated using a tetrag-
onal setting to permit comparison.

B. Structural changes with pressure

In addition to unit-cell compression, we observed changes
in the nanoparticle crystal structure as a function of applied
pressure. The structure of each nanoparticle sample becomes
less cubic with pressure, and this trend is shown in Fig. 5(a)
by plotting the ratio dcypic: etragonal- 1he cubic unit-cell a
parameter is calculated from the unit-cell volume assuming a
cubic structure. The tetragonal a parameter is obtained di-
rectly from the XRD refinement. With the exception of the
MER sample, the trends for all the nominally cubic nanopar-
ticles are very similar.

C. Trends in the compressibility of ZnS nanoparticles

Among the nominally cubic nanoparticles there is an ap-
proximate correlation between their compressibility and their

atetragonaI/ acubic

Pressure (GPa)

FIG. 5. The variation of the noncubic distortion as a function of
pressure. The fitted tetragonal unit-cell volume is used to calculate
the a parameter that would be expected if the particles possessed
perfect cubic symmetry. For perfect cubic symmetry,
Qyetragonal! deubic= 1. Error bars (approximately +0.005 units on the y
axis) are suppressed for clarity.
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FIG. 6. The variation in the bulk modulus of ZnS nanoparticles
with a nominally cubic structure as a function of particle size de-
rived from the Scherrer analysis of the XRD peak widths at ambient
pressure. The errors in the particle size are the standard deviation in
the mean particle size calculated from the (111), (220), and (311)
peaks.

ambient-pressure unit-cell volume. This observation is coun-
terintuitive: these nanoparticles not only exhibit compressed
unit-cell volumes relative to the bulk material under ambient
conditions, but are compressed more rapidly with increasing
pressure.

We also sought the trend in compressibility with particle
size. There are numerous methods of nanoparticle size deter-
mination, including TEM imaging, UV-vis absorption spec-
troscopy, small-angle x-ray scattering (SAXS), and XRD
peak-width broadening. We used the Scherrer method for
estimating the apparent particle size. While it is difficult to
separate the peak-broadening contributions from finite size
and structural disorder, this provided a consistent measure
for all nanoparticles studied. As shown in Fig. 6, there is a
dramatic increase in compressibility when particle diameters
are less than ~6 nm.

D. Relation to previous studies

We previously conducted a combined x-ray scattering and
temperature-dependent  extended x-ray-absorption fine-
structure (TD-EXAFS) study of the sample MER (the same
sample and batch studied here).> We found both considerable
interior disorder and lattice contraction in the ambient-
pressure structure of this ZnS nanoparticle by analysis of the
real-space pair-distribution function (PDF). Furthermore,
these structural modifications were correlated with an in-
crease in the effective Debye-Waller temperature ® for vi-
brations of the Zn-S bond. The same effect has been ob-
served in nanoparticles of CdSe (Ref. 29) and Au,*® and has
been termed contraction-driven stiffening because an in-
creased @, corresponds to a reduction in the amplitudes of
thermal vibrations at a given temperature. It is a great sur-
prise, therefore, to discover that this sample is the most com-
pressible out of all the nanoparticle samples studied here.
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TD-EXAFS probes the dynamic (high-frequency-
weighted) vibrational density of states, and is a measure of
the repulsive force between atom pairs. By contrast, HP-
XRD measures the zero-frequency compliance of a structure
to an isotropic mechanical stress. Bond shortening is not the
only mechanism to achieve volume reduction in a structure;
there are additional modes of structural compliance. For sto-
ichiometric, ordered bulk materials with open framework
structures, bond bending can be an important response to
pressure. Comparisons between amorphous and crystalline
materials of the same stoichiometry reveal the contributions
of a material’s structure to its rigidity. For example, bulk
crystalline quartz (Si0,) exhibits a relatively low bulk modu-
lus that is due to bond bending rather than bond contraction:
individual Si-O bond distances change very little over a large
pressure range.’! The compressibility of bulk amorphous
Si0, is very close to that of the crystalline phase because its
structural response to applied pressure is the same.

An alternative mechanism can occur if a material contains
many defects. The application of pressure could lead to the
expulsion of vacancies, especially for nanoscale materials in
which defects are always close to the surface. Bulk ZnS is
known frequently to be slightly nonstoichiometric.’> Al-
though we do not know the accurate stoichiometry of our
samples, it is plausible that the Zn:S ratio diverges from
unity to a greater extent in ZnS nanoparticles.

In contrast to a structural response based on bond bend-
ing, vacancy elimination would be an irreversible process.
Experimental problems prevented the acquisition of decom-
pression data for most samples, but Fig. 3 shows that the
compression of the MER sample was reversible to within
experimental uncertainty. Furthermore, XRD data were ac-
quired for all samples following complete decompression,
and no differences were observed relative to the initial am-
bient data.

Therefore, we conclude that within ZnS nanoparticles
there are additional structural responses for mechanical com-
pliance than can be tolerated in bulk ZnS. Figure 5 shows
that increasing pressure distorts the nanoparticle structure
further away from the bulk cubic phase, indicating that there
must be bond torsion in addition to bond contraction. We
speculate that the excess compliance of nanoparticles is a
consequence of (i) the lack of long-range stabilizing interac-
tions and (ii) the presence of a nonuniform strain field within
the nanoparticles. Molecular modeling will be required to
visualize both the structure and structural response of nano-
particles.

V. CONCLUSIONS

Small particle size has numerous consequences for the
detailed structure of nanoparticles. We show that small par-
ticle size additionally permits additional modes of structural
response to applied pressure, leading to increased compress-
ibility in ZnS nanoparticles smaller than 6 nm in diameter.
This effect is strongly size dependent, as 6 nm nanoparticles
exhibit a compressibility that is indistinguishable from bulk
ZnS, while smaller particles show up to a 40% reduction in
bulk modulus.
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Considerable work remains to obtain a coherent descrip-
tion of the structure, mechanical, and vibrational properties
of materials in the sub-5-nm-size range. This goal will be
aided by future HP-XRD studies in which the nanoparticle
lattice parameters are determined with sufficient accuracy to
permit the pressure derivative of the compressibility B’ to be
determined.
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