
Water-Dispersible Copper Sulfide Nanocrystals via Ligand Exchange
of 1‑Dodecanethiol
Christina H. M. van Oversteeg,†,‡ Freddy E. Oropeza,§ Jan P. Hofmann,§ Emiel J. M. Hensen,§

Petra E. de Jongh,‡ and Celso de Mello Donega*,†

†Condensed Matter and Interfaces, Debye Institute for Nanomaterials Science, Utrecht University, 3508 TA Utrecht, The
Netherlands
‡Inorganic Chemistry and Catalysis, Debye Institute for Nanomaterials Science, Utrecht University, 3508 TA Utrecht, The
Netherlands
§Laboratory of Inorganic Materials Chemistry, Department of Chemical Engineering and Chemistry, Eindhoven University of
Technology, Postbox 513, 5600 MB Eindhoven, The Netherlands

*S Supporting Information

ABSTRACT: In colloidal Cu2−xS nanocrystal synthesis,
thiols are often used as organic ligands and the sulfur source,
as they yield high-quality nanocrystals. However, thiol ligands
on Cu2−xS nanocrystals are difficult to exchange, limiting the
applications of these nanocrystals in photovoltaics, biomedical
sensing, and photocatalysis. Here, we present an effective and
facile procedure to exchange native 1-dodecanethiol on
Cu2−xS nanocrystals by 3-mercaptopropionate, 11-mercap-
toundecanoate, and S2− in formamide under inert atmosphere.
The product hydrophilic Cu2−xS nanocrystals have excellent
colloidal stability in formamide. Furthermore, the size, shape,
and optical properties of the nanocrystals are not significantly
affected by the ligand exchange. Water-dispersible Cu2−xS nanocrystals are easily obtained by precipitation of the nanocrystals
capped by S2−, 3-mercaptopropionate, or 11-mercaptoundecanoate from formamide, followed by redispersion in water.
Interestingly, the ligand exchange rates for Cu2−xS nanocrystals capped with 1-dodecanethiol are observed to depend on the
preparation method, being much slower for Cu2−xS nanocrystals prepared through heating-up than through hot-injection
synthesis protocols. XPS studies reveal that the differences in the ligand exchange rates are due to the surface chemistry of the
Cu2−xS nanocrystals, where the nanocrystals prepared via hot-injection synthesis have a less dense ligand layer due to the
presence of trioctylphosphine oxide during synthesis. A model is proposed that explains the observed differences in the ligand
exchange rates. The facile ligand exchange procedures reported here enable the use of high-quality colloidal Cu2−xS nanocrystals
prepared in the presence of 1-dodecanethiol in various applications.

■ INTRODUCTION

Copper sulfide (Cu2−xS) nanocrystals have attracted increasing
attention in the past decade for their use in various
applications, such as biomedical sensing,1−3 photothermal
therapy,2−4 photovoltaic and plasmonic devices,2,5−8 and
photo- and electrocatalysis.2,5,9,10 Cu2−xS can accommodate
copper vacancies and hence can exist in a variety of
compositions and crystal structures.11 The interest in Cu2−xS
can be understood from its unique optoelectronic properties
that depend on the size, shape, and composition of the
nanocrystals. The material is a p-type semiconductor that has a
stoichiometry dependent, direct band gap ranging from 1.2 eV
for chalcocite (Cu2S) up to 2.0 eV for covellite (CuS).11−13

Furthermore, depending on the composition, Cu2−xS nano-
crystals show a broad absorption in the near-infrared spectral
region. This absorption is related to localized surface plasmon
resonances (LSPR) of the holes in the top of the valence band,

which are introduced in the material by copper vacancies.5−7,12

In addition, Cu2−xS is of interest for various applications due to
its abundance and low toxicity.5,11,14

Due to the dependence of the optical and electronic
properties on nanocrystal size, shape, and composition, the
preparation of monodisperse samples with uniform properties
is of great interest. Colloidal synthesis methods are known to
allow for a high degree of control over the size, shape, and
composition of the nanocrystals.15 For example, nanoplatelets,
nanosheets, nanodisks, and spherical Cu2−xS nanocrystals have
been synthesized with narrow size and shape distribu-
tions.16−22 In colloidal synthesis, nanocrystals are grown in
solution by chemical precipitation reactions of copper and
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sulfur precursors in the presence of organic ligands. The best
known colloidal synthesis technique is hot-injection, in which
the precursors are rapidly injected into a preheated reaction
mixture containing the other reagents. The rapid injection
leads to a high availability of monomers and hence a burst of
nucleation, followed by further growth of the existing nuclei.
Although hot-injection synthesis protocols are well-developed
and can give nanocrystals with a large range of sizes, shapes,
and compositions, they usually only yield a small amount of
product and cannot be easily scaled up, as factors like injection
rate and mass and heat transport become less reproducible for
larger reaction volumes.23 An alternative to the hot-injection
method is the so-called heating-up method, where all reagents
are mixed in a reaction flask and heated to induce nucleation
and growth of the nanocrystals. This method allows for a more
reproducible and scalable synthesis, since factors such as
injection rate and nonideal mixing do not play a role.23

Organic ligands are important during the synthesis as they
allow for the high control over size, shape, and composition of
the nanocrystals by dynamically binding to the nanocrystal
surface.15 Furthermore, after synthesis they prevent aggrega-
tion of the nanocrystals by steric stabilization. These ligands
usually have a polar headgroup coordinating to the nanocrystal
surface atoms through a donor atom (e.g., S, N, O) and a long
apolar hydrocarbon tail that stabilizes the nanocrystals in
apolar solvents.15 Commonly used ligands include phosphines,
amines, and thiols. Though ligands are essential during and
after synthesis, they lead to challenges when using the
nanocrystals in applications. The apolar nature of the
hydrocarbon chain prevents dispersion of the nanocrystals in
water and other polar solvents, limiting their use in, e.g.,
biomedical and photocatalytic applications. Furthermore, the
bulky organic ligands can restrict interparticle conductivity and
can render the nanocrystal surface inaccessible to reactants,
hindering the use of the nanocrystals in optoelectronic,
photovoltaic, and photo- and electrocatalytic applications. As
a consequence, ligand exchange is crucial to obtain colloidal
nanocrystals suitable for a broad range of applications. Various
procedures have been reported for ligand exchange on colloidal
nanocrystals. For example, Nag et al. reported the preparation
of all-inorganic nanocrystals by replacing native organic ligands
with inorganic ions such as S2−, HS−, and OH−.24 Kovalenko
et al. described the stabilization of colloidal nanocrystals in
polar solvents by using molecular metal chalcogenide ligands,
such as Sn2S6

4−.25,26 By a subsequent heating step, the ligands
could be converted into semiconducting phases, realizing
conductive arrays of nanoparticles. Aqueous phase transfers
have also been extensively reported using organic ligands such
as 3-mercaptopropionic acid (MPA),27−33 11-mercaptounde-
canoic acid (MUA),31−35 cysteine,36 and various poly-
mers.37−39

In Cu2−xS nanocrystal synthesis, thiols are often used as
ligands as they give high quality, monodisperse products.40,41

However, no effective ligand exchange procedures have been
reported for Cu2−xS and CuInS2 nanocrystals prepared via
direct synthesis in the presence of thiols.40,42−47 Xie et al.
reported the resistance of CuInS2 nanocrystals obtained with
thiol ligands toward a ligand exchange using MPA.42 Turo et
al. described the resistance of Cu2−xS nanocrystals prepared
with 1-dodecanethiol (DDT) toward ligand exchange
procedures and attributed this to the presence of so-called
crystal-bound thiols, where the thiols occupy high coordination
number sites and are thus strongly bound to the nanocrystal.40

A similar explanation has been given by other groups.43−45

More recently, Gromova et al. reported on the difficulty of
surface functionalization of CuInS2 nanocrystals prepared in
the presence of DDT. They attributed this to the presence of a
ligand double layer on the nanocrystals surface, consisting of
dodecanethiolate ligands and thioether species formed in situ
during the heating-up synthesis in the presence of thiols.46

In this work, we report on ligand exchange procedures for
Cu2−xS nanocrystals prepared by hot-injection and heating-up
synthesis protocols in the presence of DDT. In contrast to the
studies mentioned above,40,42−47 we developed procedures to
replace DDT on Cu2−xS nanocrystals with MPA−, MUA−, or
S2− by performing the ligand exchange procedures under inert
atmosphere in a highly polar solvent (formamide). In addition,
we found that the ligand exchange rates are highly dependent
on both the nature of the replacing ligands (MPA−, MUA−, or
S2−) and on the synthesis method used to produce the Cu2−xS
nanocrystals (viz., hot-injection or heating-up). XPS studies
revealed that the differences observed between the ligand
exchange rates involving nanocrystals prepared by the different
synthesis protocols are due to the surface chemistry of the
nanocrystals, where those synthesized by the heating-up
protocol have a denser native thiolate ligand layer, in
comparison with those prepared by the hot-injection method
in the presence of trioctylphosphine oxide (TOPO). Finally,
we propose a model for ligand exchange on thiolate capped
Cu2−xS nanocrystals that explains the observed differences in
the ligand exchange rates. The ligand exchange protocols
developed in this work present a facile way to achieve water-
dispersible Cu2−xS nanocrystals with, depending on the
replacing ligand, accessible nanocrystal surfaces.

■ RESULTS AND DISCUSSION
Ligand Exchange Procedures on Cu2xS Nanocrystals

Prepared with Thiols. Cu2−xS nanocrystals were synthesized
according to two previously described protocols, where DDT
was used as both sulfur source and ligand (see Experimental
Section for details). In the first method, Cu2−xS nanocrystals
were synthesized using a hot-injection technique. DDT was
injected into a mixture of Cu(I)acetate, trioctylphosphineoxide
(TOPO), and 1-octadecene (ODE).34,48 During this synthesis,
both TOPO and DDT ligands direct the growth of the
nanocrystals.48 These nanocrystals will hereafter be referred to
as HI_DDT/TOPO. Cu2−xS nanocrystals were also synthe-
sized by heating CuSO4·5H2O, DDT, and oleic acid (OA) to
200 °C in a so-called heating-up synthesis.49 These nanocryst-
als will hereafter be referred to as HU_DDT.
To replace the native ligands on the Cu2−xS nanocrystals and

obtain water-dispersible Cu2−xS nanocrystals, ligand exchange
procedures using MPA, MUA, and S2− (either from (NH4)2S
or Na2S) were studied. In a typical ligand exchange reaction a
two-phase system was formed by combining the Cu2−xS
nanocrystals in an apolar solvent (e.g., toluene) with an excess
of the replacing ligand (MPA, MUA, or S2−) in polar solvent
(e.g., water or formamide). The pH of the solutions containing
MUA was increased to 11 using tetramethylammonium
hydroxide (TMAH) in order to deprotonate the carboxylic
acid group, thereby rendering the MUA water-soluble. The
solutions containing S2− were also alkaline as the S2−

undergoes hydrolysis, forming HS− and OH−. In contrast,
the MPA solution has a low pH of 3 at the start of the ligand
exchange experiments. Although not needed for the solubility
of MPA in formamide or water, experiments using MPA were
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also performed at pH 11 to compare the different replacing
ligands under identical conditions. No differences in phase
transfer rate were observed between the MPA experiments
carried out at low and those carried out at high pHs.
Therefore, for the sake of conciseness, only experiments using
MPA at low pH are further discussed.
The success of the ligand exchange was evidenced by

transfer of the Cu2−xS nanocrystals from the apolar to the polar
phase (Supporting Information, Figure S1). Different exper-
imental conditions were studied for the ligand exchange
experiments. First, experiments were performed in air using
water as the polar solvent. Subsequently, experiments were
performed in air, using formamide as the polar solvent. Lastly,
experiments were performed under air-free conditions and
using formamide as the polar solvent. The three different sets
of experiments are discussed in more detail below.
At first, ligand exchange procedures were performed using

water in air, as described elsewhere.24,34 Using this procedure,
ligand exchange using MPA− and S2− (either from (NH4)2S or
Na2S) as the replacing ligands was successful. However, the
colloidal stability of the product nanocrystals was low, and
aggregates formed during the phase transfer process. In
addition, the sample obtained using (NH4)2S turned from
black to blue after several hours, suggesting the formation of
Cu2+−ammonia complexes. Copper has a valency of +1 in the
Cu2−xS nanocrystals, but in the presence of oxygen, part of the
Cu+ ions may be oxidized to Cu2+.40,50 In aqueous solution, the
ammonium ion can dissociate into ammonia and a proton
through NH4

+ (aq) ⇌ NH3 (aq) + H+(aq). In the presence of
NH3(aq), Cu2+ can then form the stable [Cu(NH3)4]

2+

complex that has an intense violet-blue color.51,52 Due to the
instability of the Cu2−xS nanocrystals in the presence of NH3/
NH4

+, (NH4)2S was not used as the S2− source in further
experiments. When using S2− as the replacing ligand, both the
HI_DDT/TOPO and the HU_DDT nanocrystals were
transferred to the polar water phase upon stirring for about
5 h. When MPA was used as the replacing ligand, both the
HI_DDT/TOPO and the HU_DDT nanocrystals were
transferred to the polar aqueous MPA solution upon stirring
overnight. In contrast, when MUA was used as the replacing

ligand, only partial transfer of the HI_DDT/TOPO nano-
crystals was observed upon stirring overnight, while for the
HU_DDT nanocrystals no phase transfer was observed, even
after stirring for 3 days.
As the polarity of the solvent could influence the success of

the ligand exchange by stabilizing charged intermediates, the
ligand exchange was also performed using formamide as the
polar solvent under ambient conditions. Formamide has a
higher polarity (ε = 106) than water (ε = 80).24 However,
upon stirring for several hours, the color of the MUA and Na2S
solution layers changed from colorless to black and then to
violet-blue, while the apolar phase initially containing the
Cu2−xS nanocrystals turned from black to colorless. This
indicates that the Cu2−xS nanocrystals were successfully
transferred to the polar phase but were not stable after the
transfer. The dark blue color again suggests the formation of
Cu2+ complexes, where formamide itself can act as the ligand.
Complex formation between Cu2+ and formamide has been
observed in oxidative and alkaline environments,53 where Cu2+

was leaking into solution from either Cu2S
54 or copper foil55,56

and was quickly coordinated by formamide. The blue color was
also observed when using MPA, but only after storing the
MPA-capped Cu2−xS nanocrystals in formamide for several
days in air. The alkaline nature of the solutions containing
MUA or Na2S when compared to the more acidic MPA
solution when initiating the ligand exchange experiments can
possibly explain the slower complex formation between Cu2+

and formamide observed in MPA solutions.54

To prevent the oxidation of Cu+ to Cu2+ and the rapid
complexation of Cu2+ by formamide, the ligand exchange
experiments using formamide were performed under inert
atmosphere in a nitrogen glovebox (≤6 ppm of O2). We found
that under these conditions the native ligands on the Cu2−xS
nanocrystals could successfully be replaced with all three
ligands (MPA−, MUA−, and S2− from Na2S). Colloidal stability
in the polar formamide was obtained by binding the negatively
charged MPA−, MUA−, and S2− to the nanocrystal surface. The
negative charge of the ligands was confirmed with ζ-potential
measurements. Cu2−xS nanocrystals prepared by hot-injection
synthesis gave ζ-potentials of −44.4 mV, −31.1 mV, and −34.9

Figure 1. TEM images of HI_DDT/TOPO (A) before and (B) after ligand exchange with S2− and (C) corresponding particle size histograms.
TEM images of HU_DDT (D) before and (E) after ligand exchange with S2− and (F) corresponding particle size histograms.
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mV for nanocrystals capped with S2−, MPA−, and MUA−,
respectively (Supporting Information, Figure S2). For the
Cu2−xS nanocrystals prepared by heating-up synthesis, the ζ-
potentials were −31.3 mV, −33.9 mV, and −34.0 mV for
nanocrystals capped with S2−, MPA−, and MUA−, respectively
(Supporting Information, Figure S2). The resulting hydro-
philic nanocrystals have a high colloidal stability and were
stored in formamide inside the glovebox for several months
without losing colloidal stability. To obtain water-dispersible
Cu2−xS nanocrystals, the particles were precipitated using
acetonitrile as antisolvent and isolated by centrifugation,
followed by redispersion in water. When dispersed in water,
slight turbidity developed over time (on a time scale of 10 min
for S2− capped nanocrystals and days for MPA− and MUA−

capped nanocrystals), indicating that the colloidal stability of
the hydrophilic Cu2−xS nanocrystals is lower in water than in
formamide. This difference in colloidal stability is ascribed to
the polarity of the solvent, where the charged nanocrystals are
better stabilized in the highly polar formamide (ε = 106) than
in the less polar water (ε = 80).24

Impact of Ligand Exchange on Nanocrystal Size,
Crystal Structure, and Optical Properties. Figure 1 shows
transmission electron microscopy (TEM) images of the
Cu2−xS nanocrystals before (Figure 1A,D) and after (Figure
1B,E) ligand exchange with S2− in formamide under an inert
atmosphere. The corresponding particle size histograms
(Figure 1C,F) show the size of the Cu2−xS nanocrystals
without the ligand layer. Before ligand exchange, a particle size
of 7.1 ± 0.8 nm was found for the nanocrystals prepared by
hot-injection synthesis, whereas the nanocrystals prepared by
heating-up synthesis had a size of 12.3 ± 1.2 nm. TEM analysis
shows that the size and shape of the nanocrystals were not
significantly affected by exchanging the native DDT ligands by
any of the replacing ligands (see Figure 1 for S2−, and
Supporting Information, Figure S3, for MPA and MUA).
In addition, the TEM images show that the nanocrystals

assembled in organized arrays when dried on the TEM grid
(Figure 1). The separation between the nanocrystals in such an
array can be related to the organic ligands capping the
nanocrystals. The interparticle distance was 1.7 ± 0.2 nm for
both the as-synthesized sample prepared by hot-injection in
the presence of TOPO and by heating-up synthesis without
TOPO. This distance is very similar to the DDT chain length
(viz., 1.8 nm).57 Upon ligand exchange with S2− the
nanocrystals come in very close proximity to each other
(Figure 1B,E). This can be explained by the replacement of 1-
dodecanethiol by the smaller S2−.
The crystal structure of the Cu2−xS nanocrystals before and

after ligand exchange was investigated using X-ray diffraction
(XRD) (Figure 2A). Prior to ligand exchange, the nanocrystals
prepared by both hot-injection and heating-up synthesis can be
identified as chalcocite (Cu1.997−2.0S) or djurleite (Cu1.94S).
Based on the XRD patterns, no distinction can be made
between these two phases. However, as the copper-deficient
djurleite phase is more thermodynamically stable due to its
lower crystallographic symmetry compared to the chalcocite
phase, the nanocrystals are likely in the djurleite phase.8 After
ligand exchange with S2− and phase transfer to formamide, the
Cu2−xS nanocrystals remain in the djurleite phase (Supporting
Information, Figure S4). However, after phase transfer to water
and exposure to air the nanocrystals partially oxidized to a
roxbyite (Cu1.81S) phase (Figure 2). This can be explained by
the formation of copper vacancies under oxygen. In this phase,

the copper atoms in the Cu2−xS nanocrystal remain in the +1
oxidation state, whereas the formal valency of sulfur partially
evolves from −2 to −1.58 This partial oxidation was observed
for both the samples prepared by hot-injection and by heating-
up synthesis when replacing DDT with MUA or MPA using
water as the polar solvent (Supporting Information, Figure S5).
The absorption spectra of the Cu2−xS nanocrystals before

and after ligand exchange with S2− are shown in Figure 2B.
Colloidal Cu2−xS nanocrystals typically show a broad and
featureless absorption with an onset in the visible region,
accompanied by a lower energy tail,6,8,13 which can be ascribed
to the presence of excess holes in the valence band (the so-
called Urbach tail).13 Excess holes (i.e., p-doping) are
commonly observed in Cu-chalcogenide nanocrystals due to
Cu-vacancies and also give rise to a broad absorption band in
the NIR due to localized surface plasmon resonances (LSPR)
that emerge when the density of holes is sufficiently large (i.e.,
when the concentration of Cu-vacancies is sufficiently
high).6,8,13,59 The absorption spectra of the Cu2−xS nanocryst-
als prepared by hot-injection indeed show a clear absorption
onset due to the band-edge absorption transition and a weak
tail toward longer wavelengths. The absorption in the NIR is
negligible, showing that LSPR bands are not present. These
observations imply that the concentration of Cu-vacancies is

Figure 2. (A) X-ray diffractograms of the Cu2−xS nanocrystals before
(HI_DDT/TOPO and HU_DDT) and after ligand exchange
procedures with S2− and phase transfer to water (HI_S2−,
HU_S2−). The dashed lines mark the position of the roxbyite
peaks. (B) Absorption spectra of Cu2−xS nanocrystals before
(HI_DDT/TOPO and HU_DDT) and after ligand exchange with
S2−.
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very low, consistent with the observed crystal structure (Figure
2A). The absorption spectrum after ligand exchange with S2− is
essentially unchanged, indicating that the optical properties of
the Cu2−xS nanocrystals are not affected by the ligand
exchange. The absorption spectrum of the Cu2−xS nanocrystals
prepared by heating-up is quite different, with a broad feature
between 500 and 1000 nm that is not observed in the samples
prepared by hot-injection. This feature cannot be ascribed to
an LSPR band because it occurs at too short wavelengths. In
addition, the spectral position of this feature shifts after the
sample is placed in a sonic bath. Hence, we ascribe this spectral
feature to light scattering due to the presence of nanocrystal
aggregates.6 Importantly, upon ligand exchange with S2−, this
feature is no longer observed in the absorption spectrum,
which shows instead the characteristic absorption of nearly
stoichiometric Cu2−xS nanocrystals, being very similar to that
of the nanocrystals synthesized by hot-injection (Figure 2B).
This is consistent with the fact that no aggregates are observed
after the ligand exchange procedure in either of the samples.
Similar spectra are obtained upon exchange with MUA− and
MPA− (Supporting Information, Figure S6). These observa-
tions confirm that the optical properties of the Cu2−xS
nanocrystals are preserved upon ligand exchange and phase
transfer.
Dependence of the Ligand Exchange Rates on the

Native and Replacing Ligand and Synthesis Method.
The difficulty of ligand exchange on Cu2−xS nanocrystals has
been ascribed to the presence of thiolate ligands at the
nanocrystal surface.40,46 To verify whether other ligands are
easier to replace, the ligand exchange procedures used for
DDT-capped Cu2−xS nanocrystals were also performed on
Cu2−xS nanocrystals capped by oleylamine. Oleylamine is
expected to bind weakly to the Cu2−xS nanocrystal surface,
because it is a relatively hard Lewis base and consequently will
not have a strong interaction with the soft Lewis acid Cu+ in
the Cu2−xS nanocrystal. First, Cu2−xS nanocrystals of ∼7 nm
capped with oleylamine ligands were synthesized (Figure 3A).
Similar to the Cu2−xS nanocrystals prepared with DDT, the
obtained nanocrystals were in a djurleite (Cu1.94S) crystal
phase (Figure 3B).
As expected from their lower binding strength, oleylamine

ligands on the Cu2−xS nanocrystals were rapidly replaced by
MPA−, MUA−, and S2− using the methods described above,
leading to much faster phase transfer than observed for the
DDT-capped Cu2−xS nanocrystals. For example, when
replacing oleylamine for S2− using Na2S in formamide under
inert atmosphere, phase transfer of the Cu2−xS nanocrystals
from toluene to formamide occurred within minutes, while it
took about 1 h for DDT-capped Cu2−xS nanocrystals under the
same conditions. However, whereas the size and shape of the
nanocrystals were well preserved in ligand exchange
procedures using S2− as the replacing ligand on DDT-capped
Cu2−xS nanocrystals (see Figure 1 above), the product
nanocrystals from the oleylamine-capped Cu2−xS nanocrystals
were highly aggregated (Figure 3C). A possible explanation for
this observation is the fast rate of ligand exchange for the
oleylamine-capped Cu2−xS nanocrystals. The fast stripping of
the native ligands during the exchange could lead to an abrupt
destabilization of the nanocrystals if the incoming S2− ligands
cannot provide sufficient charge stabilization of the nanocryst-
als fast enough, causing the nanocrystals to aggregate while at
the interface between the two phases. This hypothesis is
supported by the observation that when the bulkier MUA is

used as the replacing ligand on the oleylamine-capped
nanocrystals, the phase transfer was slower (on the order of
hours) than when using S2− (on the order of minutes) and the
product nanocrystals did preserve their size and shape, with
negligible aggregation (Figure 3D). The negligible aggregation
of the MUA−-capped Cu2−xS nanocrystals can be ascribed to
the ability of MUA− ligands to provide both charge and steric
stabilization, in contrast to S2− ligands. The fast phase transfer
observed for oleylamine-capped Cu2−xS nanocrystals demon-
strates that indeed oleylamine ligands are weakly bound to the
Cu2−xS nanocrystal surface and are thus more easily replaced
than DDT ligands.
The native DDT ligands on the Cu2−xS nanocrystals were

replaced by all three ligands investigated when the ligand
exchange was performed under inert atmosphere using
formamide as polar solvent. However, a significant difference
was observed in the kinetics of the ligand exchange for the
three different replacing ligands. The kinetics of the ligand
exchange was determined by the time it took for Cu2−xS
nanocrystals to transfer from the apolar to the polar phase.
This phase transfer only occurs after a sufficiently large number
of apolar DDT molecules has been exchanged by polar ligands.
The kinetics of the phase transfer process thus reflects the
cumulative rates of a series of individual ligand exchange steps.
The time it takes for phase transfer to occur can then be
directly related to the ligand exchange rates, being shorter for
faster exchange rates. Therefore, we will discuss the kinetics of
the phase transfer in terms of ligand exchange rates. The ligand
exchange was fastest when using S2−. Here, phase transfer of
the Cu2−xS nanocrystals prepared by hot-injection synthesis
was already observed upon stirring for 1 h. In contrast, ligand
exchange was observed only after 2 hours for MPA and only
after 12 hours for MUA. The same trend in ligand exchange
rates with replacing ligand was observed for nanocrystals
prepared by heating-up synthesis. The origin of the difference
in the ligand exchange rates with the replacing ligands is

Figure 3. (A) TEM image and (B) X-ray diffractogram of Cu2−xS
nanocrystals as-synthesized capped with oleylamine. TEM images of
the oleylamine capped Cu2−xS nanocrystals after ligand exchange with
(C) S2− and (D) MUA.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.8b04614
Chem. Mater. 2019, 31, 541−552

545

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b04614/suppl_file/cm8b04614_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.8b04614


discussed in more detail later. Besides the dependence of the
ligand exchange rate on the replacing ligand, we found that the
synthesis method of the Cu2−xS nanocrystals (hot-injection
with TOPO or heating-up without TOPO) also induced
differences in the ligand exchange rates. The observed trend in
all experiments was that the heating-up method gives Cu2−xS
nanocrystals that are more resistant toward ligand exchange
than Cu2−xS nanocrystals prepared by hot-injection synthesis
with TOPO. To better understand this difference, additional
experiments were performed.
A possible factor influencing the success of ligand exchange

could be the formation of superstructures by self-organization
of monodisperse nanocrystals. These superstructures could
hinder the ligand exchange as the nanocrystals that are packed
in the interior of the superlattices are shielded from the
surroundings and thus from the incoming ligands. Besides
single nanocrystals (Figure 1A,D), TEM evidenced the
presence of these superstructures in both the samples prepared
by hot-injection synthesis (Figure 4A) and by heating-up

synthesis. The presence of superstructures in the colloidal
suspensions is verified using dynamic light scattering (DLS),
where hydrodynamic sizes of 1564 ± 316 nm and 932 ± 184
nm were observed for the samples prepared by heating-up and
hot-injection, respectively (Figure 4b). Assuming a DDT chain
length of 1.8 nm,60 the sizes of the Cu2−xS nanocrystals
including ligand layer are ∼16 nm for HU_DDT/TOPO and
∼11 nm for HI_DDT. For both samples, the hydrodynamic
size found by DLS was much larger than the size of the Cu2−xS
nanocrystals including the ligand shell, which indicates that
large nanocrystal superstructures are present in the colloidal
dispersion. The larger size of the superstructures observed for
the sample prepared by heating-up synthesis is attributed to
the larger particle size. As can be seen from the hydrodynamic
size distribution shown in Figure 4b, the large superstructures
were predominant in both samples. Considering that super-
structures were present in both samples, it is unlikely that the
difference in the ligand exchange rates can be ascribed to their
presence.
Another difference between the two samples is the size of

the nanocrystals. Since the bond strength between ligand and
nanocrystal has been reported to be size-dependent by several
groups,61,62 we investigated the influence of the nanocrystal
size on the rate of ligand exchange. To make nanocrystals

similar in size, Cu2−xS nanocrystals with a size of 11 nm were
synthesized using the hot-injection method with TOPO by
allowing for a longer reaction time (Figure 5a). Subsequently,

ligand exchange procedures using MUA in water were
performed. In the ligand exchange experiments discussed
above, the exchange using MUA in water occurred only for the
7 nm Cu2−xS nanocrystals prepared by hot-injection synthesis
in the presence of TOPO, upon stirring overnight. The 12 nm
Cu2−xS nanocrystals prepared by heating-up synthesis did not
transfer to the aqueous phase, even after stirring for 3 days. In
contrast, the 11 nm Cu2−xS nanocrystals prepared by hot-
injection in the presence of TOPO underwent phase transfer
from the apolar to the polar phase upon stirring overnight
(Figure 5b). The ligand exchange rate was thus similar for 7
and 11 nm Cu2−xS nanocrystals prepared by hot-injection
synthesis. This demonstrates that the difference in the ligand
exchange rates cannot be explained by nanocrystal size effects,
nor by the presence of superstructures, and must thus be due
to differences in the surface chemistry of the Cu2−xS
nanocrystals prepared by the two different synthesis methods.

Surface Chemistry of the Cu2−xS Nanocrystals. As
mentioned above, the nanocrystals prepared by hot-injection
were synthesized in the presence of TOPO. TOPO is a widely
used ligand in the synthesis of colloidal semiconductor
nanocrystals, including Cu2−xS and CuInS2, and is generally
assumed to be present as a capping ligand at the nanocrystal
surface after synthesis.34,63−65 Furthermore, Wang et al.
reported a shape controlling effect of TOPO in the synthesis
of Cu2−xS nanocrystals, which was attributed to preferential
binding of TOPO onto (001) crystal facets, thereby facilitating
anisotropic growth.48 The presence of TOPO in combination
with DDT at the surface of the nanocrystals synthesized by
hot-injection could thus influence the ligand exchange rates.
Therefore, we studied the surface species of the Cu2−xS
nanocrystals in more detail by means of X-ray photoelectron
spectroscopy (XPS). Due to the limited escape depth of the
generated photoelectrons, XPS is a surface sensitive technique
and hence will be sensitive to probe the ligand layer around the
nanocrystals and (part of) the Cu2−xS nanocrystals as well.
XPS survey spectra of relevant samples are shown in the

Supporting Information (Figure S7). From the survey scans, it
can be readily observed that none of the phosphorus core lines
are observed in the sample prepared by hot-injection,
indicating the absence of TOPO at the nanocrystal surface
(Supporting Information, Figure S8). In addition, liquid phase
31P NMR was used to study the presence of TOPO bound to

Figure 4. (A) TEM image of a superstructure formed from
monodisperse Cu2−xS nanocrystals prepared by hot-injection syn-
thesis. (B) Hydrodynamic size of Cu2−xS nanocrystals in toluene
prepared by either hot-injection synthesis or heating-up synthesis.
The large hydrodynamic size indicates the presence of nanocrystal
superstructures.

Figure 5. TEM images of Cu2−xS nanocrystals of ∼11 nm prepared by
hot-injection, (A) before and (B) after ligand exchange with MUA in
water.
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the nanocrystal surface in a sample taken directly after
synthesis and of the same sample after washing with a mixture
of methanol and butanol three times (see Experimental Section
for details). Figure 6a shows the 31P NMR spectra of the

unwashed sample and the sample washed three times. In the
unwashed sample, a sharp resonance is present at a chemical
shift of 48 ppm. By using a reference solution of TOPO in
ODE, the resonance at 48 ppm is ascribed to TOPO. Ligands
bound to nanocrystal surfaces typically show broad resonances
due to solvent exclusion from the ligand shell and shorter
relaxation times originating from the restricted mobility of the

ligands when bound to the nanocrystal surface.66−70 Hence,
the sharp resonance observed for the unwashed sample
indicates that after synthesis no significant amount of TOPO
is strongly bound to the nanocrystal surface, but instead
TOPO is present as free ligand in solution. The sample
analyzed after three wash steps shows no resonances in the 31P
NMR spectrum, indicating that washing successfully removed
free TOPO ligands from the nanocrystals dispersion and also
bound TOPO from the nanocrystal surface. The absence of
TOPO species at the nanocrystal surface after synthesis and
washing, in combination with the finding that TOPO acts as a
shape-directing ligand in Cu2−xS nanocrystal synthesis,48

suggests that TOPO binds only weakly and dynamically to
the nanocrystal surface during the synthesis and therefore does
not end up at the nanocrystal surface in the equilibrium
structure formed after synthesis and washing. The weak bond
between TOPO and the nanocrystal surface can be rationalized
in terms of Lewis acid−base interaction.15,24 TOPO binds
through its oxygen lone pair to the Cu+ in the Cu2−xS
nanocrystal. Since oxygen is a hard Lewis base and Cu+ a soft
Lewis acid, the interaction between the two species will be
weak. In contrast, TOPO binds to the surface of, e.g., CuInS2
nanocrystals,63,64 which can be explained by the fact that In3+ is
a strong Lewis acid and will thus bind more strongly to the
strong Lewis base oxygen.
Besides TOPO, acetate was added during the hot-injection

synthesis (as Cu(I)acetate) and hence could be present as a
weakly binding ligand on the Cu2−xS nanocrystals. Addition-
ally, in the heating-up synthesis, oleic acid is used as solvent
and coordinating ligand and can consequently be present in
the sample. To identify the carbon species present in the as-
synthesized samples high-resolution XPS studies on the carbon
1s core line were performed (Figure 6b). In the Cu2−xS
nanocrystals prepared by hot-injection, carbon species can
originate from the thiolate ligands, 1-octadecene, or from
acetate in the copper(I)acetate precursor. For the Cu2−xS
nanocrystals prepared by heating-up, carbon species can
originate either from the thiolate ligands or from oleic acid

Figure 6. (A) 31P NMR spectra of TOPO in ODE (reference) and of
as-synthesized Cu2−xS nanocrystals prepared by hot-injection in the
presence of TOPO and after washing with a methanol/butanol
mixture three times. For the washed sample, even upon zooming in no
31P resonances are observed. (B) XPS spectra of the C 1s region of as-
synthesized Cu2−xS nanocrystals, prepared by hot-injection (top) and
heating-up (bottom) synthesis protocols. The fits of the first and
second carbon components (C1 and C2) are shown in red and blue,
respectively.

Figure 7. XPS of the sulfur 2p region of Cu2−xS nanocrystals before and after ligand exchange with S2− prepared by (A) hot-injection and (B)
heating-up synthesis protocols. The black lines indicate the experimental data. The fits of the first sulfur component are shown in red and orange,
and the fit of the second sulfur component is shown in blue and light blue.
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used in the synthesis. Other solvents and antisolvents used
during the synthesis and washing-up procedures have low
boiling points and consequently will have evaporated in the
ultrahigh vacuum applied during the XPS measurements.
For both samples, C 1s peaks are observed at a binding

energy of 284.8 and 287.0 eV. The peak at a binding energy of
284.8 eV is ascribed to carbon atoms in an aliphatic chain (C−
C) either originating from the thiolate ligands, 1-octadecene,
oleic acid, or adventitious carbon.71−74 The peak at a binding
energy of 287.0 eV is present for both species and is ascribed
to carbon bound to sulfur in thiolates.71 Both the acetate and
oleic acid species will give rise to a C 1s peak originating from
carboxylate species (OCO−) at slightly higher binding
energies in the range of 288.1−289.1 eV.71−75 As no peaks are
present in this region in the C 1s spectrum of both samples, we
conclude that there was no significant amount of acetate or
oleic acid present. Moreover, these results show that both
types of as-synthesized nanocrystals were capped solely by
thiol ligands.
To further investigate the surface of the Cu2−xS nanocrystals,

high-resolution XPS studies on the sulfur 2p core line were
performed (Figure 7). The as-synthesized nanocrystals capped
with the thiol species were compared to the S 2p regions of the
nanocrystals after ligand exchange with S2−. For a single sulfur
component, a set of spin−orbit coupled peaks (2p3/2 and
2p1/2) is expected with an intensity ratio of 1:2 and a spin−
orbit coupling split of ∼1.2 eV. The S 2p regions of the as-
synthesized samples clearly exhibited a second component and
were therefore fitted using two sets of spin−orbit coupled
peaks. In agreement with recent studies,40,71 we ascribe the
component at an S 2p3/2 binding energy of 161.5 eV to sulfur
in the Cu2−xS nanocrystal lattice and possibly crystal-bound
thiolate ligands. In the crystal-bound thiolate ligands, sulfur
atoms are bound into higher coordination sites within the
crystal lattice and hence the binding energy is very similar to
the sulfides in the Cu2−xS nanocrystal.40 The second
component has a higher S 2p3/2 binding energy of 162.4 eV
and hence is ascribed to a sulfur species different from the
sulfur in the Cu2−xS lattice. The identical binding energy of
162.4 eV observed for the second sulfur component in the
samples prepared by different synthesis methods suggests that
the second sulfur component originates from the same sulfur
species in both samples. This second S 2p component can be
ascribed to surface-bound thiolate (i.e., thiolate bound to
surface sites with lower coordination numbers), as described
by Turo et al.40 Other sulfur species possibly associated with
this high binding energy S 2p component are thioethers
forming a ligand double layer, similar to that recently described
by Gromova et al. for CuInS2 nanocrystals prepared by a
heating-up synthesis in the presence of DDT.46

For the Cu2−xS nanocrystals prepared by hot-injection in the
presence of TOPO, the second sulfur component holds 9% of
the total sulfur species, whereas this is 28% for the nanocrystals
prepared by heating-up synthesis in the absence of TOPO.
This suggests a denser layer of surface-bound thiolate species
or thioether species around the nanocrystals prepared by the
heating-up synthesis. Figure 7 (bottom) shows the high-
resolution XPS spectra in the S 2p region of the Cu2−xS
nanocrystals after ligand exchange with S2−. For the nano-
crystals prepared by hot-injection, the S 2p feature is best fitted
with a single set of spin−orbit coupled peaks. Upon ligand
exchange with S2−, the second component originating from the
ligand layer is thus completely removed. In contrast, the

second set of spin−orbit coupled peaks is still clearly present
for the nanocrystals prepared by heating-up, indicating only
partial removal of the surface-bound alkanethiols. The trend of
ligand removal found with XPS studies correlates with the
success and kinetics of the ligand exchange procedures
discussed above, where it was found that DDT molecules on
Cu2−xS nanocrystals prepared by hot-injection in the presence
of TOPO were more easily exchanges by the replacing ligands.

Model for Ligand Exchange on DDT-Capped Cu2−xS
Nanocrystals. Based on the observations above we propose a
model for the ligand exchange that explains the observed
differences in the exchange rates. In the ligand exchange
protocol developed in our work a two layer system is formed in
which the apolar layer contains the Cu2−xS nanocrystals
capped by the native thiolate ligands and the polar formamide
layer contains the replacing negatively charged ligands (MPA−,
MUA−, and S2−) and, later in the process, also the negatively
charged Cu2−xS nanocrystals capped with the replacing ligands.
As the two solvents are immiscible and the replacing ligands
and the charged nanocrystals do not disperse in the apolar
phase, while the nanocrystals with the native DDT ligands do
not disperse in the polar phase, the ligand exchange must
necessarily take place at the interface between the polar and
the apolar layers. The native DDT ligand is bound to the
nanocrystal surface through its sulfur atom that donates an
unshared electron pair and coordinates to the Cu+.15 In the
ligand exchange reactions, the negatively charged replacing
ligand (MPA−, MUA−, and S2−) will coordinate its electron-
rich sulfur species to the Cu+ site on the nanocrystal,24 thereby
weakening the bond between the Cu+ and the donor sulfur
atom of the DDT ligands, which will eventually force the
native thiolate ligand to leave the nanocrystal surface. When
part of the native ligands are exchanged for charged species,
the nanocrystals will be trapped at the interface since they will
become charged (Figure 8). If most native ligands are

Figure 8. Schematic illustration of a ligand exchange of DDT for S2−

and subsequent phase transfer from apolar toluene to polar
formamide. The Cu2−xS nanocrystals prepared by hot-injection
synthesis have a less dense ligand layer than the nanocrystals
prepared by heating-up synthesis due to the removal of TOPO from
the surface of the nanocrystal after synthesis and washing.
Consequently, the nanocrystal surface is more accessible to the
incoming ligands, resulting in a faster ligand exchange. Upon ligand
exchange on nanocrystals prepared by hot-injection synthesis, all
thiolate ligands are removed from the nanocrystal surface. In contrast,
upon ligand exchange on nanocrystals prepared by heating-up
synthesis, some thiolate ligands remain on the surface.
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exchanged for charged replacing ligands, thereby making the
nanocrystal sufficiently negatively charged, the nanocrystal will
transfer to the polar solvent (Figure 8). As described above, we
found that the polarity of the solvent influences the success of
ligand exchange. This can be understood by the good ability of
the highly polar formamide to shield the charged intermedi-
ates. Similarly, the higher stability of the nanocrystals in
solvents with higher polarity (e.g., formamide) results from the
better shielding of the charged nanocrystals.
The observed dependence of the ligand exchange rate on the

incoming ligand (viz., highest for S2−, followed by MPA− and
then MUA−) can be rationalized in terms of the accessibility of
the nanocrystal surface due to variable degrees of steric
hindrance. The hydrophobic ligand layer at the nanocrystal
surface acts as a barrier around the nanocrystal. The small S2−

ions can more easily diffuse through this hydrophobic layer
and reach the surface Cu+ sites, whereas the bulky MUA
molecule cannot easily access the surface sites, which results in
much slower ligand exchange rates. The observed difference in
the ligand exchange rates for the Cu2−xS nanocrystals prepared
by hot-injection or heating-up can be explained by the ligand
layer at the surface of the nanocrystals. Although we cannot
identify the exact nature of the ligand layer, the XPS studies
discussed above indicate a denser layer of thiolate ligands
around Cu2−xS nanocrystals prepared by the heating-up
synthesis, i.e., in the absence of TOPO. The fact that the
native ligand layer is less dense for the nanocrystals prepared
through the hot-injection method can be understood from the
synthesis conditions used. In the hot-injection synthesis,
TOPO is used as a coordinating ligand. As has been shown
by Wang et al. TOPO has a shape directing effect in the
synthesis of Cu2−xS nanocrystals, implying that it dynamically
binds to the nanocrystals surface during its growth.48 The
bulky nature of TOPO will thus prevent the formation of a
dense layer of thiolates around the growing Cu2−xS nanocryst-
als. As shown by the XPS and 31P NMR studies discussed
above, TOPO is no longer present on the Cu2−xS nanocrystals
after the synthesis, implying that it has been removed from the
surface, thereby leaving vacant sites on the nanocrystal surface.
Consequently, the Cu2−xS nanocrystals prepared by hot-
injection synthesis in the presence of TOPO have a less
dense layer of thiolate ligands at the nanocrystal surface than
nanocrystals prepared by the heating-up synthesis. The denser,
hydrophobic native ligand layer at the surface of the
nanocrystals prepared by the heating-up method will make
the surface sites less accessible for the charged incoming
ligands and hence will significantly slow down the ligand
exchange kinetics.
Additionally, Cu2−xS nanocrystals prepared by hot-injection

show a single sulfur species upon ligand exchange with S2−,
indicating that all surface-bound thiolate ligands are removed
from the nanocrystal surface upon ligand exchange. In contrast,
nanocrystals prepared using heating-up synthesis show residual
surface-bound thiolate species at their surface upon ligand
exchange (see Figure 7 and XPS discussion above).
Consequently, the nanocrystals are likely capped with a
combination of remaining thiolate species and sulfides, as is
schematically represented in Figure 8. However, since the
nanocrystals do show colloidal stability in formamide, the
nanocrystal surface is covered by sufficient negatively charged
sulfide anions to stabilize the nanocrystals in formamide.

■ CONCLUSIONS
In this paper we present effective ligand exchange procedures
of DDT on Cu2−xS nanocrystals for MPA−, MUA−, and S2−

from Na2S in formamide under inert atmosphere. The ligand
exchange procedures did not significantly affect the size, shape,
and optical properties of the nanocrystals. The resulting
hydrophilic Cu2−xS nanocrystals have excellent colloidal
stability in formamide. Water-dispersible Cu2−xS nanocrystals
can be easily obtained by precipitation of the nanocrystals,
followed by redispersion in water. In addition, the ligand
exchange rates for DDT-capped Cu2−xS nanocrystals depended
on the preparation method, being much slower for Cu2−xS
nanocrystals prepared by heating-up than by hot-injection
synthesis. XPS studies revealed that the differences in the
ligand exchange rates can be attributed to the surface chemistry
of the Cu2−xS nanocrystals, where nanocrystals prepared by
heating-up synthesis had a denser ligand layer in comparison to
nanocrystals prepared by hot-injection in the presence of
TOPO. The less dense native thiolate ligand layer on the
surface of the nanocrystals prepared by hot-injection originates
from the presence of TOPO during the synthesis, which
prevents the formation of a dense thiolate layer around the
nanocrystals during their growth, thus leaving vacant surface
sites after being removed upon washing after the synthesis. The
dense native thiolate ligand layer makes the nanocrystal surface
less accessible for the charged incoming ligands, hence
significantly slowing down the ligand exchange rates. The
facile ligand exchange procedures developed in our work open
up opportunities for the use of high-quality colloidal Cu2−xS
nanocrystals prepared with thiols in various applications, such
as photo- and electrocatalysis, photothermal therapy, or
solution-processable devices (flexible conductive films, sensors,
solar cells).

■ EXPERIMENTAL SECTION
Materials. Copper(II) sulfate pentahydrate (CuSO4·5H2O,

99.999%), copper(I) acetate (CuAc, 97%), copper(I) chloride
(CuCl, 99.995%), 1-dodecanethiol (DDT, ≥98%), oleic acid (OA,
90%), 1-octadecene (ODE, 90%), trioctylphosphine oxide (TOPO,
99%), oleylamine (OLAM, 70%), sodium sulfide (Na2S), 11-
mercaptoundecanoic acid (MUA, 98%), 3-mercaptopropionic acid
(99%), tetramethylammonium hydroxide pentahydrate (TMAH,
≥97%), formamide (FA, 98%), chloroform, anhydrous toluene,
methanol, butanol, ethanol, hexane, and acetonitrile were purchased
from Sigma-Aldrich. ODE and TOPO were degassed at 120 °C for 3
h prior to use. Formamide was degassed at 120 °C for 2 h prior to use.
All other reagents were used as received.

Synthesis of Colloidal DDT-Capped Cu2−xS Nanocrystals by
the Heating-Up Method. Cu2−xS nanocrystals of 12 nm diameter
were synthesized according to the method described by van der Stam
et al.49 A total of 205 mg (0.8 mmol) of CuSO4·5H2O, 7.5 mL of
DDT, and 6 mL of OA were mixed in a round-bottom flask. The
mixture was gradually heated to 200 °C under nitrogen protection in
a Schlenk line. Subsequently, the solution was kept at 200 °C for 2 h.
After that, the reaction mixture was washed three times by addition of
an excess of methanol and butanol (1:1 ratio), followed by
centrifugation at 2500 rpm for 5 min. The nanocrystals were
redispersed in 10 mL of anhydrous toluene.

Synthesis of Colloidal Cu2−xS Nanocrystals by the Hot-
Injection Method. Cu2−xS nanocrystals of various sizes were
synthesized by adaptation of the method described by Xia et al.34

In a round-bottom flask, 0.13 g (1 mmol) of Cu(I)Ac and 3.6 g (9.3
mmol) of TOPO were added to 20 mL of ODE. First, the mixture
was degassed at 100 °C for 1 h. Subsequently, the flask was purged
with nitrogen, and subsequent steps of the synthesis were performed
under nitrogen flow in a Schlenk line. The reaction mixture was
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heated to 210 °C. At 160 °C, 5 mL of DDT was quickly injected into
the flask. The nanocrystals were allowed to grow for 1 h at 210 °C.
After reaction, the nanocrystals were washed using the method
described above and redispersed in 10 mL of anhydrous toluene.
Synthesis of Colloidal OLAM-Capped Cu2−xS Nanocrystals

by the Heating-Up Method. OLAM-capped Cu2−xS nanocrystals
of 7 nm diameter were synthesized in a Schlenk line under nitrogen
according to a method described by Williamson et al.76 A S-OLAM
precursor solution was prepared by dissolving 1.6 g (50 mmol) of S in
7 mL of OLAM and 3 mL of ODE at 110 °C. The copper precursor
solution was prepared by dissolving 6 g (60 mmol) of CuCl in 42 mL
of OLAM and 18 mL of ODE in a round-bottom flask at 110 °C.
Both precursor solutions were cooled to 50 °C, after which 6 mL of
the S-OLAM precursor was added to the Cu-precursor solution. The
mixture was left stirring at 50 °C for 5 min. Subsequently, the
temperature was increased to 185 °C in 30 min and maintained for 2
h. After that the reaction mixture was cooled using a water bath and
addition of 60 mL of hexane, which also decreased the viscosity of the
mixture. The product was purified by washing with ethanol, followed
by centrifugation at 2500 rpm for 5 min. The Cu2−xS nanocrystals
were redispersed in 75 mL of n-hexane.
Ligand Exchange Using Na2S. The phase transfer procedure

using Na2S was done using an adaptation of a method described by
Nag et al.24 For a typical ligand exchange, 1 mL of Na2S in formamide
or demineralized water (5 mg/mL) was mixed with 1 mL of Cu2−xS
nanocrystals in toluene (∼5 mg/mL). The experiments using
formamide as the polar solvent were also performed under inert
atmosphere in a nitrogen glovebox (≤6 ppm of O2). A biphase was
formed, with the colorless Na2S solution on the bottom and the black
Cu2−xS nanocrystals suspension in toluene on top (Supporting
Information, Figure S1). Upon ligand exchange of the native apolar
ligands to sulfide, the black Cu2−xS nanocrystals transferred to the
polar formamide layer. Subsequently, the apolar layer was removed
and the remaining polar phase containing the Cu2−xS nanocrystals was
washed with toluene to remove the remaining apolar species. The
Cu2−xS nanocrystals were precipitated by adding an excess of
acetonitrile, followed by centrifugation for 2 min at 2000 rpm. The
purified sulfide-capped Cu2−xS nanocrystals were redispersed in 2 mL
of degassed formamide and stored under nitrogen atmosphere.
Ligand Exchange Using MUA or MPA. The phase transfer

procedure using MUA or MPA was based on a method described by
Xia et al.34 A total of 1.4 mmol of MUA or MPA was dissolved in 30
mL of demineralized H2O or formamide. In the case of MUA, TMAH
was added to increase the pH to 11 and deprotonate the MUA. In a
typical ligand exchange, 4 mL of a Cu2−xS nanocrystal suspension in
toluene (∼0.75 mg/L) was mixed with 5.8 mL of the MUA or MPA
solutions. A two-layer system was formed, with the Cu2−xS
nanocrystals in toluene on the bottom and the polar MUA or MPA
solution on top. The experiments using formamide as the polar
solvent were also performed under inert atmosphere in a nitrogen
glovebox (≤6 ppm of O2). The ligand exchange was successful when
upon stirring the black Cu2−xS nanocrystals transferred to the polar
phase. After centrifugation for 1 min at 1000 rpm, the polar layer
containing the Cu2−xS nanocrystals was collected and washed by
adding excess ethanol, followed by centrifugation for 5 min at 3000
rpm. The purified MUA- or MPA-capped Cu2−xS nanocrystals were
redispersed in demineralized water or formamide.
Transmission Electron Microscopy (TEM). Samples for TEM

analysis were prepared by drop-casting the Cu2−xS nanocrystal
suspension on a carbon-coated 200 mesh copper TEM grid. TEM
analysis was performed using a FEI Tecnai-12 microscope operating
at 120 kV or a FEI Technai-20 microscope operating at 200 kV.
X-ray Diffraction (XRD). Samples for XRD analysis were prepared

by precipitating the Cu2−xS nanocrystals with an antisolvent and
subsequently drying the obtained powder under vacuum. The dried
Cu2−xS nanocrystal powder was spread over a Si wafer. XRD
measurements were performed with a Bruker D2 Phaser, equipped
with a Co Kα X-ray source with a wavelength of 1.79026 Å.
ζ-Potential and Dynamic Light Scattering (DLS). ζ-Potential

and DLS measurements were performed on a Zetasizer Nano ZS from

Malvern Instruments using a dip cell with palladium electrodes with 2
mm spacing in a PCS1115 cuvette and a measurement angle of 173°.
Measurements were corrected by the instrument software for solvent
(formamide or toluene), refractive index, temperature, and viscosity.
Measurements were done in the automatic mode and repeated five
times for each sample in order to obtain reliable results.

X-ray Photoelectron Spectroscopy (XPS). Sample preparation
for XPS was done under air-free conditions to prevent oxidation and
chemisorption of CO2 on the samples. Samples were mounted in a
glovebox and transferred into the spectrometer in a vacuum transfer
module. The as-synthesized samples with the original apolar ligands
were drop casted on a clean tantalum sample holder in order to avoid
the influence of carbon tape. Samples after ligand exchange to S2−

were dried under vacuum and stuck onto the tantalum sample holder
as powder using carbon tape. XPS spectra were taken with a Thermo
Scientific K-Alpha spectrometer using a 72 W monochromated Al Kα
source (hν = 1486.6 eV). The X-rays are microfocused at the source
to give a spot size on the sample of 400 μm in diameter. The analyzer
is a double focusing 180° hemisphere with mean radius of 125 mm,
run in constant analyzer energy (CAE) mode. The pass energy was set
to 200 eV for survey scans and 50 eV for high resolution regions. Data
analysis was done using CasaXPS software. Binding energies were
calibrated by setting the lowest energy C 1s peak to 284.8 eV.

31P NMR Spectroscopy. 31P NMR measurements were done on a
reference solution of TOPO in ODE, the Cu2−xS nanocrystal reaction
mixture directly after synthesis and after washing three times. The
reaction mixture and reference solution were both diluted with CDCl3
to a concentration half of the original in order to perform a lock
procedure. The washed sample was dried under vacuum overnight
after the third wash step and subsequently redispersed in CDCl3.
Measurements were performed on an Aligent MRF400 spectrometer
at 25 °C and 161 MHz.
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