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ABSTRACT: Nanosized zinc sulfides (nano-ZnS) have size-dependent and
tunable physical and chemical properties that make them useful for a variety
of technological applications. For example, structural changes, especially
caused by strain, are pronounced in nano-ZnS < 5 nm in size, the size range
typical of incidental nano-ZnS that form in the environment. Previous
research has shown how natural organic matter impacts the physical
properties of nano-ZnS but was mostly focused on their aggregation state.
However, the specific organic molecules and the type of functional groups
that are most important for controlling the nano-ZnS size and strain remain
unclear. This study examined the size-dependent strain of nano-ZnS
synthesized in the presence of serine, cysteine, glutathione, histidine, and
acetate. Synchrotron total scattering pair distribution function analysis was
used to determine the average crystallite size and strain. Among the di!erent
organic molecules tested, those containing a thiol group were shown to a!ect the particle size and size-induced strain most strongly
when added during synthesis but significantly reduced the particle strain when added to as-formed nano-ZnS. The same e!ects are
useful to understand the properties and behavior of natural nano-ZnS formed as products of microbial activity, for example, in
reducing environments, or of incidental nano-ZnS formed in organic wastes.
KEYWORDS: thiol, pair distribution function, sphalerite, lattice contraction, structure, ZnS

1. INTRODUCTION
Zinc sulfide nanoparticles (nano-ZnS) are of great interest due
to their size-dependent electric and optical properties that can
be tuned for di!erent technological applications.1,2 Nano-ZnS
can also be found in nature, for example, in systems
undergoing sulfate reduction by bacteria3,4 or formed
incidentally in liquid and anaerobically digested zinc-rich
organic waste (OW) used as the agricultural fertilizer.5−8

Nano-ZnS formed in OW are 3−5 nm in size and have been
shown to undergo transformation in days or months in OW or
amended soils.5,7,9 Considering the high concentration of Zn in
OW combined with the amount of OW applied on croplands,
we previously estimated that 440,000 tons of nano-ZnS are
released into the environment each year.10 Sulfur in soil is an
essential macronutrient for plants,11 and its reduction to sulfide
can lead to the immobilization of chalcophile metals (Fe, Cu,
Cd, Hg) through metal sulfide precipitation.12 Zinc also plays a
crucial role in human functioning13 and in plant proteins.14
However, millions of hectares of cropland su!er from Zn
deficiency.15−17 On the other hand, Zn can be toxic for
plants,18 and Zn toxicity in crops can occur in contaminated
soils, for example, in agricultural soils treated with sewage
sludge.19 Considering the high volume of nano-ZnS spread on

soils, understanding their formation and transformation is
crucial to be able to predict zinc and sulfur cycling.
Studies of synthetic nano-ZnS have shown that the particle

size has a significant impact on their chemical properties and
structure. For example, Zhang et al. (2010)20 showed that the
total free surface energy of nano-ZnS was size-dependent at
sizes ranging from 2 to 6 nm, which a!ected their dissolution
rate in an EDTA-containing medium. Gilbert et al. (2004)21
reported that 3.4 nm ZnS undergoes significant structural
strain, as indicated by an average of 1% lattice contraction
compared to that in bulk ZnS. Indeed, Jiang et al. (2001)22
demonstrated in theory that lattice contraction in face-centered
cubic crystals is linked to their size. A size-strain relationship
has already been reported in nano-ZnS (1.5−4 nm)23 and in
analogous systems such as nano-CdSe (2.3−3.7 nm).24 Strain-
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induced lattice contraction is caused by structural stress (the
strength applied at the surface of the particle as a result of size
reduction) and can have significant e!ects on the reactivity of
metallic particles.25−27

Strain has been shown to be a!ected by surface chemistry
and, in particular, by the strength of surface−ligand
interactions.28 It is thus particularly important to take such
interactions into consideration in complex environmental
matrices when studying the environmental fate of nano-ZnS.
Interactions between nano-ZnS and the organic matter have
been observed in situ, for example, in biofilms.3,4,29 In addition,
laboratory studies highlighted the key properties of the organic
matter that a!ect the aggregation state of nano-ZnS.29−33 To
give an example, when present in solution during the first
hours following nano-ZnS precipitation, organic molecules,
including glutamic acid, glycine, glutathione, and cysteine, have
been shown to stabilize nano-ZnS by limiting aggregation.31−33

Finally, surface−ligand interactions involving organic mole-
cules such as histidine, glutathione, and cysteine have been
used to control the size of nano-ZnS photocatalysts.34−37

Although several authors reported the noticeable e!ects of
surface interactions on nano-ZnS structural properties (mostly
size) and aggregation behavior, to the best of our knowledge,
to date, no systematic study has investigated the e!ect of
surface interactions with a variety of environmentally relevant
organic molecules on both particle size and strain.
The aim of this study was thus to examine the size-

dependent structural strain of nano-ZnS synthesized in the
presence of organic molecules. For this end, nano-ZnS in the
presence of serine, cysteine, glutathione, histidine, and acetate
were used to test how di!erent surface interactions impacted
the size and strain. The molecules were chosen specifically to
evaluate the e!ects of the type of the functional group
(carboxyl, thiol, hydroxyl, methyl, and imidazole), steric
hindrance, organic-to-metal(Zn) ratio, and the e!ects of
adding organic matter during or after nano-ZnS synthesis.

2. MATERIALS AND METHODS
2.1. Nano-ZnS Synthesis. A series of nano-ZnS samples

were synthesized in the presence of di!erent organic molecules
(OM) including L-serine (99% purity, Acros Organics), L-
cysteine (>98% purity, VWR), reduced L-glutathione (>98%
purity, VWR), L-histidine (>99% purity, Sigma-Aldrich), and
sodium acetate (>99% purity, Sigma-Aldrich). The resulting
nano-ZnS are hereafter referred to as ZnS_ser, ZnS_cys,
ZnS_GSH, ZnS_hist, and ZnS_ace, respectively. To include
organic molecules, the synthesis method was adapted from
bare nano-ZnS synthesis methods (see Supporting Information
part I for more details).5,7,9,28 To be representative of
environmental conditions, we chose contents with excess S
and organic molecules compared to Zn (a S/Zn molar ratio of
1.2 and an OM/Zn molar ratio of 2), neutral pH (7), and
room temperature (∼25 °C). The final concentration of ZnS
was set at 0.01 M. The samples were prepared in an anoxic
glovebox (N2 atmosphere) using N2-purged ultrapure water.
To prevent variations in pH during synthesis due to the
potential dissociation of the di!erent protonated groups
present in the organic molecules, the syntheses were performed
with 0.07 M HEPES bu!er (>99.5% purity, Sigma-Aldrich) to
obtain a final pH of 7. Briefly, OM and Na2S were dissolved in
separated HEPES bu!er solutions, and ZnCl2 was dissolved in
ultrapure water. The OM solution was mixed with the Zn
solution and finally with the S solution. An additional series of

samples was synthesized with increasing concentrations of
cysteine (ZnS_Cys/Zn_0.2, ZnS_Cys/Zn_0.5, and ZnS_Cys/
Zn_1 for Cys/Zn molar ratios of 0.2, 0.5, and 1). Because of
the lower concentration of cysteine compared to the previous
set of syntheses, the concentration of HEPES was reduced to
0.035 M. For both series of samples, a nano-ZnS with no
organic molecules was synthesized in the same conditions,
referred to hereafter as “control A” and “control B”. The
parameters are summarized in Table S2.
All the sample nano-ZnS suspensions were aged for 30 h at

room temperature in the dark under constant stirring in glass
vials that were sealed in the anoxic glovebox. The samples were
then dialyzed against ultrapure water (MWCO of 1 kDa) to
remove excess salts. The nano-ZnS suspensions were then
freeze-dried and the recovered solids ground to a fine powder
using a mortar and pestle under an anoxic atmosphere for
further characterization.
Finally, the e!ect of adding cysteine after nano-ZnS

formation was tested on a bare nano-ZnS (bare_ZnS_S/
Zn_0.5, synthesis described in Supporting Information part I)
with a Cys/Zn molar ratio of 0.2. The resulting suspension was
analyzed after preparation by total X-ray scattering.

2.2. Total X-ray Scattering. Synchrotron total scattering
measurements were performed on beamline 11-ID-B of the
Advanced Photon Source at the Argonne National Laboratory
(Argonne, IL USA). All the synthesized nano-ZnS samples
were measured as dry powders loaded in 1 mm O.D. Kapton
capillaries. In addition, the bare nano-ZnS (bare_ZnS_S/
Zn_0.5) was characterized immediately after the addition of
deionized water or cysteine solution (a cysteine/Zn molar ratio
of 0.2) directly in the capillary. Total scattering intensities were
recorded using an amorphous silicon-based area detector
(2048 × 2048 pixel, PerkinElmer).38,39 Total X-ray scattering
signals were obtained with an energy of 86.7 keV [λ = 0.143 Å,
monochromator Si(422)], and the distance between the
sample and the detector was 16 cm. A CeO2 crystalline
reference was used for calibration (Figure S2).
Data were optimized using standard methods,40 Fit2D

software41 was used for 2D scattering images, and PDFgetX3
software42 was used for data correction. The background was
removed using the scattering pattern of an empty polyimide
capillary. A q-range from 1.4 to 24.4 Å−1 was used to obtain the
PDF from the Fourier transform of the reduced structure
factor. The structural model for sphalerite (ZnS) was used to
refine the PDF using PDFgui software.43 The following
parameters were refined: scale factor, lattice parameters (a =
b = c), anisotropic displacement parameters (constrained to be
the same value for Zn and S), particle diameter, correlated
atomic motion factor, and Q broad (peak broadening due to
instrumental Q resolution). To avoid correlations between
parameters, the Q broad and the anisotropic atomic motion
factor were never allowed to vary together. Lattice contraction
(%), that is, structural strain, is defined as (anano − abulk)/anano
(referred to hereafter as Δa/a), where anano is the refined
lattice parameter for a nano-ZnS sample and abulk is the lattice
parameter for bulk ZnS (5.4093 Å).44
The weighted residual factor Rw of the refinement is

calculated as follows:
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where w(ri) is a multiplying factor, Gobs(r) the experimental
PDF function, and Gcalc(r) the refined PDF function. To
estimate the uncertainty on each refined structural parameter,
additional fits were performed with di!erent initial values used
for the refined parameters (scale factor, lattice parameters,
anisotropic displacement parameters, particle diameter, corre-
lated atomic motion factor, and Q broad). Four fits were
selected according to two criteria: (i) the values of the refined
parameters were physically consistent and (ii) the quality of
the fit was acceptable (i.e., all PDF peaks considered by
refinement and Rw < 0.3). The values presented in this study
(size, lattice parameter) are the average of the four values
obtained with the four fits, and the error bars represent the
standard deviation for the same four values.
2.3. Small-Angle X-ray Scattering. Small-angle X-ray

scattering (SAXS) experiments were performed on nano-ZnS
powders placed inside a 1 mm Kapton capillary using a
laboratory SAXS beamline (Xeuss 2.0) equipped with a copper
microfocus X-ray source. The counting time was 1 h for each
measurement. The scattering image was recorded on a direct
photon counting 1 M pixels Pilatus camera protected from the
direct X-ray beam by a 3 mm beamstop. The SAXS profiles of
intensity [I(q)] versus scattering vectors (q) were obtained by
radial averaging of the scattered X-ray 2D images as a function
of q, where q = 4πsin θ/λ (λ and 2θ denote the incident
wavelength and the scattering angle, respectively). The
scattering angles were calibrated using a silver behenate
lamellar-like phase that has a well-known d001 repeat distance
of 5.838 nm, thus enabling precise measurement of the
distance between the sample and the detector. The radial
averaged SAXS profiles were further corrected for the
scattering contribution of the empty Kapton capillary and
the electronic background using pySAXS software (https://
pypi.org/project/pySAXS/). The scattering profiles obtained
were typical of powders made of aggregated spheres. The
increase in intensity at the lowest angles observed for the
cysteine-containing sample originated from interparticle
scattering and are not discussed in the present work. We
estimated the nano-ZnS particle size for each powder using the
fit of the intermediate q range of the scattering curve obtained
by a monodisperse sphere model.
2.4. Statistics. The Scikit-posthocs Python package was

used for statistical analysis to compare sizes and lattice
contraction values.45 A Kruskal−Wallis test was used to

compare all the samples (n = 21) according to one parameter
(size or lattice contraction). The four values obtained from the
four di!erent PDF refinements were used for this comparison.
In cases of rejection of the null hypothesis (H0 = all samples
are from the same population), a Conover posthoc test was
used for multiple pairwise comparison with a step-down
method using Bonferroni adjustments. Di!erences were
considered significant for an adjusted p-value < 0.05.

3. RESULTS AND DISCUSSION
Environmentally relevant organic molecules with functional
groups of varying a"nity for Zn (−OH, −COOH, −NH2,
−SH, imidazole) were used to investigate the role of these
interactions in the size and strain of nano-ZnS. In the
following, the structural properties of nano-ZnS synthesized in
the presence of organic molecules are compared with (i) a
control nano-ZnS synthesized in the same conditions with no
organic molecules and with (ii) the set of bare nano-ZnS
represented by the quadratic function for which synthetic
conditions were varied to obtain nano-ZnS of di!erent sizes.
The size−strain relationship obtained for bare nano-ZnS is
presented in Supporting Information, part I. As expected based
on previous literature data, this relationship can be modeled
using a quadratic function.22

3.1. E!ect of Thiol Groups on Size and Strain. Cysteine
was used to assess the impact of thiol groups, which are known
to have a strong a"nity for ZnS surfaces.46 In addition,
cysteine has the highest stability constant with zinc (log K =
9.11)47 compared with other amino acids.
Nano-ZnS was synthesized using an increasing Cys/Zn ratio

from 0.2 to 2 and compared to a control synthesized with no
cysteine (control A). The size−strain relationship is shown in
Figure 1A.
The nano-ZnS synthesized in the presence of cysteine

exhibited both smaller average crystallite domains and higher
strain than the control nano-ZnS. The decrease in the size of
the crystallite domain was accompanied by a decrease in
particle size, as revealed by SAXS (Figure 1B). In addition, for
each particle, the sizes of the crystallite domain and of the
particle were found to be identical within the range of the
refinement error (Figure 1B), strongly suggesting that the
particles formed were made of a single crystal (i.e.,
monocrystalline) and did not have a highly disordered surface
layer and/or internal disorder.

Figure 1. (A) Size−strain relationship of nano-ZnS formed in the presence of cysteine (ZnS_Cys/Zn_0.2, ZnS_Cys/Zn_0.5, ZnS_Cys/Zn_1, and
ZnS_cys synthesized at a Cys/Zn molar ratio of 0.2, 0.5, 1, and 2, respectively) and a control nano-ZnS synthesized in the same conditions but with
no OM (control A). The Cys/Zn molar ratio is given for each dot in (A). Crystallite sizes and strain were obtained from PDF refinement (see
Materials and Methods, Section 2.2); the red dashed line corresponds to the fit of the bare nano-ZnS set of particles shown for the sake of
comparison (described in Supporting Information, part I); (B) crystallite and particle sizes obtained by PDF and SAXS refinements, respectively,
depending on Cys/Zn. The values and error bars are averages and standard deviation of the four values obtained from four di!erent fits of the
experimental PDF function of one particle.
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Interestingly, when cysteine was added in the system at the
beginning of the synthesis, the size−strain properties of the
synthesized nano-ZnS did not vary as a function of the Cys/Zn
ratio in the range 0.2−2. At the lowest Cys/Zn ratio
(ZnS_Cys/Zn_0.2), the estimated coverage of the surface of
the nano-ZnS by cysteine molecules was 40% (Table S4)
which seems su"cient to inhibit particle growth in the same
way as when cysteine was added in excess (ZnS_cys with a
Cys/Zn ratio of 2).
The surface density of thiol−surface interactions depends

not only on the thiol-Zn ratio but also on the size of the thiol
molecule (steric hindrance), which may also a!ect the size−
strain properties of the nano-ZnS formed. In particular, if we
consider environmental conditions, thiol molecules can often
be bigger than cysteine molecules. The biomolecule gluta-
thione (GSH) was chosen to investigate the e!ect of the size of
the organic molecules because it exhibits a thiol and other
functional groups that are similar to cysteine but is significantly
larger than cysteine (307.3 vs 121.2 g mol−1).
Nano-ZnS formed in the presence of GSH at a GSH/Zn

ratio of 2 was found to be slightly bigger than nano-ZnS
formed in the presence of cysteine (22 and 20 Å, for
ZnS_GSH and ZnS_cys, respectively, for an OM/Zn ratio of
2, Figure 2) but based on our reported refinement errors, the
di!erence was not significant. However, ZnS_GSH exhibited a
lattice contraction of −0.28%, significantly lower than ZnS_cys
(−0.44%). Taken together, these two observations suggest that
the presence of GSH during synthesis influenced nano-ZnS
growth but that the e!ects were less marked than with cysteine.
Indeed, the higher steric hindrance for GSH could limit the
number of thiol groups on the surface of nano-ZnS, compared
with that for cysteine. The lesser strain observed with GSH
than with cysteine was in line with the size−strain relationship
observed for bare nano-ZnS, which showed a decrease in strain
with bigger crystallite sizes (see Supporting Information, part
I).
The results described above were obtained with thiol-

bearing molecules that were added during the synthesis of
nano-ZnS and that a!ected both the degree of particle growth
and structural strain. To study the e!ect of thiol functional
groups on lattice contraction independently of its e!ect on
size, the samples of as-prepared bare nano-ZnS (bare_ZnS_S/
Zn_0.5, with a size of 28 Å and a lattice contraction of
−0.46%, synthesized using the bare nano-ZnS method,
Supporting Information part I) were mixed with cysteine.
This bare nano-ZnS sample was chosen because of its small

size and high strain. In Figure 2, the dot corresponding to the
bare nano-ZnS before the addition of cysteine (bare_ZnS_S/
Zn_0.5) fits on the red dashed line representing the bare nano-
ZnS set (described in Figure S6). As shown by the two yellow
dots in Figure 2, adding cysteine after nano-ZnS synthesis did
not significantly alter the size of the nano-ZnS (27 Å);
however, lattice contraction dropped to −0.21%. This suggests
that binding functional groups (e.g., thiol) strongly to the
surface reduces nano-ZnS internal strain and that this e!ect is
independent of particle size. This strain release could be due to
a similar mechanism to that reported by Zhang et al. (2003),48
that is, a decrease in internal energy and an increase in
crystallinity induced by the interaction between water and the
surface of ZnS. However, additional observations with thiols
added after the synthesis are needed to conclude on a
systematic strain release.
The size−strain relationship of the cysteine-coated nano-

ZnS formed in two steps (bare_ZnS_S/Zn_0.5_cys) is in line
with the nano-ZnS formed directly in the presence of cysteine
or GSH (ZnS_cys and ZnS_GSH). In contrast, the nano-ZnS
synthesized with no organic molecules (control B and
bare_ZnS_S/Zn_0.5) are in line with the bare nano-ZnS
size−strain relationship (red dashed line). Interestingly, as
shown in Figure 2, the presence of thiol groups caused the
size−strain relationship to shift to an approximately 1 nm size
smaller than the one of bare nano-ZnS. Indeed, the black
dashed line in Figure 2 corresponds to the red dashed line
(bare nano-ZnS size−strain relationship, Figure S6) o!set by 1
nm. This suggests that thiol-bearing molecules lead to the
formation of smaller nano-ZnS when present before ZnS
precipitation.

3.2. Organic Molecules with No E!ects or Only Slight
E!ects on the Particle Size and Strain. To check if the
cysteine and GSH e!ects on nano-ZnS structural properties
were due to the a"nity of thiol for the surface of ZnS, a set of
nano-ZnS were synthesized in the presence of organic
molecules that are known to have lower a"nities for the
ZnS surface than thiol groups. Serine and histidine were
chosen to study the e!ect of hydroxyl and imidazole functional
groups compared with the e!ect of the thiol functional group
present in cysteine. Indeed, these three molecules have a
similar composition (−COOH and −NH2 groups) except for
the third functional group that varies (−SH, −OH, and
−imidazole groups, Figure 3). Acetate was chosen to
investigate the e!ect of the carboxyl functional group
(−COOH) alone.

Figure 2. Sizes and strains of nano-ZnS formed in the presence of cysteine, glutathione (ZnS_cys and ZnS_GSH), a control nano-ZnS synthesized
in the same conditions but with no OM (control B) and the bare nano-ZnS before and after exposure to cysteine (bare_ZnS_S/Zn_0.5 and
bare_ZnS_S/Zn_0.5_cys) obtained from PDF refinement (see Materials and Methods, Section 2.2). The red and black dashed lines correspond to
the quadratic function that fits the size−strain relationship of the bare nano-ZnS set of particles (Supporting Information, part I) and nano-ZnS
particles formed in the presence of the thiol functional group (i.e., ZnS_cys, ZnS_GSH, bare_ZnS_S/Zn_0.5_cys), respectively. The values and
error bars are averages and standard deviations of the four values obtained from four di!erent fits of the experimental PDF function of one particle.
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The size and strain values of ZnS_ser, ZnS_hist, and
ZnS_ace, the nano-ZnS synthesized in the presence of serine,
histidine, acetate (OM/Zn ratio of 2), and the corresponding
control nano-ZnS synthesized in the same conditions but with
no OM are presented in Figure 3 and Supporting Information
part II.
No significant e!ect on crystallite domain size was observed

for nano-ZnS formed in the presence of serine, acetate, and
histidine (within the range of refinement error). This can be
explained by the fact that the surface interactions of the organic
molecules and nano-ZnS were not strong enough to impact
particle growth.
However, the presence of histidine and acetate reduced the

amount of strain of the as-formed nano-ZnS (−0.25 and
−0.23% for ZnS_hist and ZnS_ace compared to −0.29 and
−0.30% for the control nano-ZnS and ZnS_ser). Molecular
dynamics simulations were used to calculate binding energies
between the surface of ZnS and various organic molecules and
showed that most molecules including serine, acetate, and
histidine bind poorly to the surface of ZnS.46 The histidine
binding energy (3.06 kJ/mol) is slightly higher than that for
serine (1.95 kJ/mol). This suggests that the imidazole group of
histidine has a slightly higher a"nity for the nano-ZnS surface
than for the hydroxide functional group of serine,46 which
could explain the slight decrease in strain. For acetate, the
interaction mechanism is not clear [not considered in
Nawrocki and Cieplak (2014)]46 but may originate from the
hydrophobicity of the −CH3 group in addition to potential
surface a"nity. Indeed, the ZnS surface is mostly hydro-
phobic,46 and the hydrophobic −CH3 extremity of acetate has
been shown to initiate interactions on other hydrophobic
surfaces including gold.49
Nano-ZnS synthesized with serine (ZnS_ser) exhibited

similar crystallite domain size and strain to those of the control
nano-ZnS. This suggests that serine and its functional groups,
−COOH, −OH, and −NH2, have no e!ects on the crystallite
domain size and strain of nano-ZnS. As the thiol group was the
only group that di!ered between cysteine and serine, we
conclude that the interaction between the thiol group of
cysteine and the nano-ZnS surface was responsible for a!ecting
nano-ZnS structural properties. This conclusion is supported
by molecular dynamics simulations that showed a binding
energy of 98 kJ/mol for cysteine on the ZnS (110) surface,

which is 1 to 2 orders of magnitude higher than those for
histidine and serine.46 Such a di!erence can be explained by
the formation of a covalent disulfide bond for cysteine at the
ZnS surface.46
Based on nucleation and growth principles,50 the thiol

binding with Zn or S surface atoms during nano-ZnS
formation could inhibit the growth by blocking growth sites
and consequently favor the formation of smaller nano-ZnS
compared to the cysteine-free system. Also, if the surface
energy decreases as a consequence of thiol binding, the system
is thermodynamically more favorable for smaller crystal sizes
(reduced critical nucleus size) than a cysteine-free system.

3.3. Environmental Implications. Our results support
the results obtained by Zhang et al. (2003),48 showing that the
composition of the medium determines the structure of
nanoparticles through surface interactions. Here, we specifi-
cally investigated the role of di!erent organic functional groups
in nano-ZnS size and strain. These results also represent a step
forward in understanding the formation of other analogous
metallic nanoparticles and their fate in the environment.
Indeed, nano-ZnS can be a model nanoparticle for several
other sulfide metallic particles with a cubic structure that are
formed in anoxic environments or manufactured (e.g., HgS,
CdS).
There is also a critical need to understand the specific

formation of nano-ZnS in the environment. One of the biggest
pools of nano-ZnS formation is Zn-rich organic waste (OW)10
as nano-ZnS are systematically formed either during the
storage of liquid OW or during the anaerobic digestion of solid
and liquid OW.7 Our results revealed the key role of thiol-
containing molecules in nano-ZnS formation. The organic
composition of OW is continuously changing as the organic
matter is broken down into progressively smaller molecules
during the process of digestion.51 Thiols are one of the main
species of sulfur involved in these systems.52 Therefore, thiols
are expected to interact with nano-ZnS either during or after
their formation. For example, if they are present during nano-
ZnS formation, the thiolated molecules in OW could be a
factor explaining the small size of nano-ZnS in OW5,6 or in
other organic-rich matrices such as biofilms.4
The mechanisms controlling the fate of these small nano-

ZnS also need further investigation. Indeed, small nano-ZnS
(3−5 nm) were seen to undergo transformation in soil much
faster (within months)5,9 than their 25−40 nm homologues
(within years).53 The size threshold below which new
properties of the nanomaterial are observed is typically 20−
30 nm.54 These specific nanoscale properties could be related
to size-dependent properties such as lattice contraction,
thermal properties, or interfacial reactivity.54 More specifically,
Huang et al. (2007)55 showed that the e!ect of size on lattice
contraction was significant only in the case of metallic
nanoparticles less than 5 nm in size. Consequently, we
hypothesize that such a size−strain relationship in nano-ZnS
smaller than 5 nm could explain the di!erence in reactivity
between them and their 25−40 nm homologues. Beyond
intrinsic nano-ZnS properties (size, strain, and organic
coating), extrinsic properties (medium composition, e.g., soil
properties) also influence the fate of nano-ZnS. For example,
we recently showed that the dissolution kinetics of nano-ZnS
applied on soil and the availability of released ions (Zn2+) were
controlled by the soil properties (e.g., mineralogy and
texture).9 However, we still need to see if, in such complex
environments, that is, amended soils, the e!ect of intrinsic

Figure 3. Sizes and strains of nano-ZnS formed in the presence of
serine, histidine, acetate (ZnS_ser, ZnS_hist, and ZnS_ace,
respectively); a control nano-ZnS synthesized in the same conditions
but with no OM (control B), obtained from PDF refinement (see
Materials and Methods, Section 2.2). The red dashed line
corresponds to the fit of the bare nano-ZnS set of particles
(Supporting Information, part I) shown for the sake of comparison.
The values and error bars are averages and standard deviations of the
four values obtained from four di!erent fits for the experimental PDF
function of one particle.
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properties plays a more important role in the transformation of
these incidental nano-ZnS than extrinsic properties.
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