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ABSTRACT: The nature of the interface between the
solute and the solvent in a colloidal solution has attracted
attention for a long time. For example, the surface of
colloidal nanocrystals (NCs) is specially designed to impart
colloidal stability in a variety of polar and nonpolar
solvents. This work focuses on a special type of colloids
where the solvent is a molten inorganic salt or organic
ionic liquid. The stability of such colloids is hard to
rationalize because solvents with high density of mobile
charges efficiently screen the electrostatic double-layer
repulsion, and purely ionic molten salts represent an extreme case where the Debye length is only ∼1 Å. We present a
detailed investigation of NC dispersions in molten salts and ionic liquids using small-angle X-ray scattering (SAXS),
atomic pair distribution function (PDF) analysis and molecular dynamics (MD) simulations. Our SAXS analysis confirms
that a wide variety of NCs (Pt, CdSe/CdS, InP, InAs, ZrO2) can be uniformly dispersed in molten salts like AlCl3/NaCl/
KCl (AlCl3/AlCl4

−) and NaSCN/KSCN and in ionic liquids like 1-butyl-3-methylimidazolium halides (BMIM+X−, where
X = Cl, Br, I). By using a combination of PDF analysis and molecular modeling, we demonstrate that the NC surface
induces a solvent restructuring with electrostatic correlations extending an order of magnitude beyond the Debye
screening length. These strong oscillatory ion−ion correlations, which are not accounted by the traditional mechanisms of
steric and electrostatic stabilization of colloids, offer additional insight into solvent−solute interactions and enable
apparently “impossible” colloidal stabilization in highly ionized media.
KEYWORDS: solvent restructuring, colloidal nanocrystals, molten salts, ionic liquids, small-angle X-ray scattering,
X-ray pair distribution function, molecular dynamics simulations

The colloidal state is realized by preventing irreversible
aggregation of solute particles dispersed in a solvent. A
“good” solvent inhibits the aggregation and disperses

particles forming a stable colloidal solution. Traditionally, long
chain hydrocarbons with a surface-binding headgroup have
been employed as ligands to disperse nanocrystals (NCs) in
nonpolar organic solvents.1 The basis for this type of
stabilization (steric) is the minimization of the free energy
associated with the chain-solvent mixing,2 which is accom-
plished by the repulsion of hydrocarbon chains tethered to the
surface of NCs.3 A fundamentally different way to provide
colloidal stability to NCs is through electrostatic effects, where

charged groups are adsorbed on the NCs’ surface and their
charge is balanced by a diffuse cloud of counterions.3 In this
case, a good solvent is one with a high dielectric constant that
can effectively screen the electrostatic attraction between
oppositely charged surface-bound and dispersed ions.2

Combined together, these two mechanisms complement each
other in providing colloidal stability to NCs in a wide variety of
solvents.
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Apart from providing colloidal stability to NCs, solvents also
play a critical role in governing the nucleation and growth
dynamics during NC synthesis.4,5 A wide variety of nanoma-
terials such as semiconductor quantum dots,6 oxide7 and
metal8 nanoparticles can be synthesized in a precise manner in
either organic or aqueous media. However, our ability to
synthesize many hard-to-crystallize inorganic phases in a
nanocrystalline form is limited by the inability of currently
available solvents to reach desired crystallization temper-
atures.9,10 Very few traditional solvents remain liquid and
stable above 400 °C, but many inorganic phases require even
higher temperatures to form and anneal out structural defects.9

The exploration of unconventional solvent systems and
understanding their interaction with the NC surface is
therefore essential for synthetic development of next-
generation inorganic nanomaterials.
Our group recently reported on the formation of colloidal

solutions of NCs dispersed in molten inorganic salts.11 Molten
inorganic salts represent a very attractive class of solvents for
the synthesis and processing of nanomaterials due to their high
temperature stability, wide electrochemical window, stability in
the presence of highly reactive species, the ability to dissolve
many ionic solids not soluble in traditional solvents, and
transparency in a broad range of the electromagnetic
spectrum.11,12 Molten inorganic salts have long been used as
inert or reactive fluxes for solid-state chemistry,13 crystal
growth,14,15 and electrolysis of refractory metals.16,17 Molten
salt fluxes have been explored for the synthesis of nano-
structured oxides, metal alloy NCs,18 and covalent compounds
(metal boride,19 SiC,20 Si,21,22 graphene,23 and carbon
nanotubes24). Colloidal stability is a critical requirement for
precise synthesis and chemical manipulations of nanomaterials
at high temperatures. As we have shown in previous studies,
the ability to engineer interactions between the NC surface and
the molten inorganic salt helps when performing precise
chemical manipulations on the NCs, such as defect annealing
and cation exchanges, while preserving their shape and size
homogeneity.9,25

The stability of NCs in molten inorganic solvents has to be
explained by a mechanism fundamentally different from
traditional steric and electrostatic approaches. A very high
charge density of molten salt results in a Debye screening

length L q k T1/ 4 /D
2

Bπρ ε= (where ρ is the ion concen-
tration per unit volume, q is the unit charge, ε is the dielectric
constant, and kBT is the thermal energy), which is only ∼1 Å.
Such extremely short-ranged screening makes electrostatic
stabilization in the classical sense impossible, while the absence
of long chain ligands on the NC surfaces eliminates the
possibility of steric stabilization. Empirically, we found that
only specific salts with pronounced chemical affinity for the
nanoparticle’s surface were able to impart colloidal stability.11

It was observed that molten salts with ions which were able to
function as X- or Z-type ligands to the nanoparticle surface
were able to stabilize them. Both halides and SCN− are
examples of X-type ligands (Lewis basic) whereas AlCl3
belongs to the category of Z-type ligands (Lewis acidic).
Organic ionic liquids (ILs), a cousin of molten inorganic

salts, were also found to provide colloidal stability to a variety
of inorganic NCs. ILs with pronounced Lewis basicity but
limited steric bulk, such as those belonging to the class of
BMIM+X−, formed stable dispersions of CdSe NCs where X−

= Cl−, Br−, I−, but did not support any colloidal stability when
X− = BF4

− (Lewis Neutral).
Based on the recent direct force−distance measurements

using Surface Force Apparatus, interactions between charged
surfaces in aprotic organic ILs consist of the short-range
oscillatory and long-range electrostatic components.26,27 While
the origin of the long-range repulsion is a subject of active
experimental and theoretical studies,28−30 the short-range
oscillatory interaction is believed to be due to the ion layering
near the surfaces. Experimentally, such structural changes of
ionic solvents next to flat surfaces have been verified by X-ray
reflectivity,31 angle-resolved X-ray photoelectron spectroscopy
(XPS),32 and sum-frequency generation spectroscopy.33

However, these surface sensitive techniques are not suitable
for studying colloidal solutions. Recently X-ray pair distribu-
tion function (PDF) analysis has been successfully applied to
study reorganization of molecular solvents around colloidal
particles34,35 and ILs confined inside carbon nanopores.36

Here, we report an experimental observation of enhanced
layering of ions in the molten salt around colloidal NCs
revealed by the PDF analysis of total X-ray scattering data.
Such restructuring of the solvent is templated by the layer of
surface-bound ions and responsible for the formation of
noninteracting colloids or, in some cases, weakly aggregated
structures that do not precipitate, as evidenced by SAXS
measurements. We believe this work will advance our
understanding of the intermediate range ion correlations in
highly ionized media. Through this work, we also aim to
establish molten salts as versatile solvents for nanomaterials
synthesis and processing, especially at temperatures beyond the
reach of more traditional solvents.9,25

RESULTS AND DISCUSSION
An inorganic molten salt or IL with a pronounced Lewis acidic
or Lewis basic character can be used to colloidally stabilize
NCs of metals (Pt), oxides (ZrO2), and binary semiconductors
(CdSe, InP, InAs). We chose molten eutectics of AlCl3/NaCl/
KCl (AlCl3/AlCl4

−) and NaSCN/KSCN as representatives of
salts with Lewis acidic and Lewis basic character, respectively.
We also studied NC dispersions in BMIM+X− (where X = Cl,
Br, I) ILs which represent the organic analog of inorganic
molten salts. In the case of NaSCN/KSCN molten salt, NCs
were first stripped of their original organic ligands and the
dried NC powders were stirred in the molten salt for several
hours until a uniform dispersion was formed. In the case of
AlCl3/AlCl4

− molten salt and BMIM+X− ILs, NCs could phase
transfer directly from the organic phase after interfacing it with
the respective ionic media. A concentration of ∼1 mg/mL NCs
in molten salts and ILs was used for all experiments, unless
specified otherwise. A complete list of NCs and molten salt
combinations explored in this work is provided in Table S1.
Representative photographs of NC dispersions in ionic
solvents are shown in Figure 1a. The NCs retained their
morphology as evidenced by transmission electron microscopy
(TEM) images taken before and after their dispersion in the
molten salt (Figures 1b, c). Our choice of solvents was
motivated by the following: (i) low melting points (97 °C for
AlCl3/AlCl4

−, 140 °C for NaSCN/KSCN, and ∼73 °C for
BMIM+Cl−) for easy handling; (ii) sufficient transmission of
X-rays for both small-angle X-ray scattering (SAXS) and total
X-ray scattering experiments; and (iii) chemical affinity of the
molten salt to NC surfaces, as previously reported for halide,
halometallate, and SCN− ions.37−39
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A representative SAXS curve of Pt NCs in molten AlCl3/
AlCl4

− is shown in Figure 2a. The SAXS curve for the same Pt
NCs in toluene is shown for comparison. In the case of SAXS
from NCs, it is common to assume that the scattering intensity,
I(q), is a product of two terms (decoupling approximation),
the form factor, F(q), which defines particle shape and size
polydispersity, and the structure factor, S(q), which carries the
information about organization and interactions between NCs:
I(q) = |F(q)|2S(q).40 The fitting of the experimental data
yielded S(q) ∼ 1 for Pt NCs in molten AlCl3/AlCl4

− (Figure
S1), meaning that the scattering is determined by the form
factor only (dilute limit) and particles do not interact with
each other, much like they behave in toluene. The volume size
distributions extracted for the two curves using the form
factors of a sphere nearly overlap suggesting that there was no
ripening of Pt NCs in molten salt (Figure S2).
Dispersions of NCs in NaSCN/KSCN eutectic show

qualitatively similar behavior, forming nonprecipitating colloi-
dal solutions in the melt. However, SAXS measurements show
that NCs in NaSCN/KSCN melt do not form a noninteracting
(dilute limit) colloid but rather a loose network of particles,
here shown for the dispersions of CdSe/CdS core−shell NCs
in NaSCN/KSCN melt. CdSe/CdS core−shells were chosen
for these experiments due to (i) tight size distribution; (ii)

Figure 1. (a) Representative photographs of NC colloids in molten
salts and ionic liquids. (b,c) TEM images of CdSe/CdS NCs (b)
before dispersing in molten NaSCN/KSCN eutectic and (c) after
their recovery from NaSCN/KSCN eutectic and functionalization
with organic ligands.

Figure 2. Characterization of NCs dispersed in different salts and comparison to the same NCs in toluene: (a) SAXS curves for Pt NCs
dispersed in molten AlCl3/AlCl4

− eutectic (red) and the same NCs dispersed in toluene (blue). (b) SAXS curves for CdSe/CdS core−shells
in molten NaSCN/KSCN eutectic (red) and the same NCs dispersed in toluene (blue). (c) SAXS curves of CdSe NCs in BMIM+X− ILs and
toluene (Note: In the case of BMIM+BF4

− solution, the Porod region of CdSe NCs with the intensity decaying as q−4 is obscured due to the
interference from the WAXS of BMIM+BF4

−). The inset shows a successful transfer of CdSe NCs from the top nonpolar phase to Lewis basic
BMIM+Cl− IL and no transfer in the case of Lewis neutral BMIM+BF4

− IL. (d) 1H NMR spectra of oleic acid (gray curve), CdSe NCs capped
with oleic acid in d8-toluene (blue curve) with the assignments of resonances in the inset and diethyl ether extract of digested CdSe NCs
recovered from BMIM+Cl− (red curve) (asterisk (*) indicates residual solvent resonances).

ACS Nano Article

DOI: 10.1021/acsnano.9b01292
ACS Nano XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b01292


good stability at temperatures above 200 °C; and (iii) affinity
of the NC surface to SCN− ions. Figure 2b shows a
representative SAXS curve of core−shell NCs stripped of the
original organic ligands (further referred to as “bare NCs”) and
dispersed in NaSCN/KSCN molten salt. In this case the NCs
interacted with each other resulting in a nonconstant S(q)
across the measured q range (Figure S3). The slope of −1.5
observed for the I(q) curve at q < 4 × 10−2 Å−1 suggests that
the NCs form mass fractal-like aggregates whose dimension
can be inferred from the power law slope.41 A low q slope of
−1.5 corresponds to the fractal dimension of 1.5.42 Fractal
dimensions below 2 suggest formation of the open “wormlike”
secondary structures. The reversible formation of chain
structures has been previously reported for charged par-
ticles.43,44 I(q) for q > 4 × 10−2 Å−1 (Figure 2b) shows the
Bessel function oscillations with the Porod slope of −4, same
as for CdSe/CdS NCs of similar size dispersed in toluene
suggesting the preservation of the spherical shape and size
distribution of NCs in the melt (Table S2). For the NCs
dispersed in the NaSCN/KSCN melt, the average separation
between individual particles can be assessed by Fourier
transforming the structure factor S(q) resulting in the pair
distribution function, PDF-SAS.45 To understand the role of
the molten salt in preserving particle separation, we compared
PDF-SAS of bare CdSe/CdS NCs dispersed in molten
NaSCN/KSCN eutectic at 250 °C with that of an annealed
film of bare NCs (Figure S4). The average interparticle
distance is ∼5 Å for NCs in NaSCN/KSCN melt whereas it
changed from ∼3 Å for same NCs aggregated in-film at room
temperature to ∼0 Å (Table S2) after annealing the film at 250
°C. The average interparticle distance of 5 Å suggests on
average ∼5/3.3 = 1.5 ion pairs of K+-SCN− where 3.3 Å is the
size of K+-SCN− ion-pair derived from the atomic PDF analysis
detailed later in this report (Figure S13a).46 An approximate,
phenomenological theory predicts a secondary free energy
minimum when CdSe/CdS NCs are ∼ 5 Å apart (Figure S5).
Here the NCs have to surmount a potential barrier of at least
an order of magnitude greater than kBT before they can contact
directly. Moreover, CdSe/CdS NCs dispersed in NaSCN/
KSCN melt and heated to 250 °C could be recovered and
redispersed in a nonpolar solvent such as hexane with the help
of organic ligands, while the same NCs annealed at the same
temperature without molten salts could not be redispersed into
a solution. TEM images of these NCs showed a clear evidence
of necking while no necking was observed for the CdSe/CdS
core−shells recovered from the molten NaSCN/KSCN
eutectic (Figure S6).
In addition to molten inorganic salts, SAXS measurements

were carried out on NC dispersions in BMIM+X− ILs. Similar
to molten inorganic salts, BMIM+X− ILs are unlikely to
provide steric or electrostatic stabilization to NC colloids.
However, CdSe NCs form stable noninteracting colloids in
halide containing BMIM+X− (X = Cl, Br, I) ILs. SAXS curves
of CdSe NCs in these ILs show I(q) approaching S(q) (Figure
S7) in the Guinier region at q < 1/Rg, where Rg is the radius of
gyration, 1.7 nm for CdSe NCs, suggesting absence of NC
aggregates (Figure 2c). We further confirmed the absence of
organic ligands on CdSe NCs recovered from their IL
dispersions by carrying out 1H NMR measurements and
comparing them to CdSe NCs capped with oleic acid ligands
(see the Supporting Information for experimental details).
Characteristic resonances corresponding to the oleic acid
ligands were completely absent in the 1H NMR spectrum of

NCs recovered from BMIM+Cl− IL (Figure 2d). Additionally,
the FTIR spectrum of the recovered CdSe NCs resembles that
of the pure BMIM+Cl− IL (Figure S8), thus suggesting
complete removal of the native ligands during the phase
transfer and ruling out steric mode of stabilization. Further, we
observed a universal ∼0.3 nm decrease of the average size of
CdSe NCs in BMIM+X− ILs from the fitting of SAXS curves,
which can be attributed to the removal of bound Cd(oleate)2
from the CdSe NC surface. Although BMIM+BF4

− IL could
not directly transfer CdSe NCs from the nonpolar phase
(Figure 2c, inset), CdSe NCs could first be stripped of their
native oleic acid and suspended in this Lewis neutral IL which
does not contain ions capable of strongly binding to NC
surface. In contrast to halide containing ILs, organic-ligand-free
CdSe NCs in BMIM+BF4

− IL exhibited a rising low q intensity
with the power law slope of −2.1 indicating that they failed to
form a stable colloidal solution (Figure 2c, purple curve, and
Figure S9). This observation demonstrates that absence of the
native organic ligands alone is not sufficient to render particles
stable in ionic media but a strong chemical affinity of the
solvent ions to the NC surface is required to impart colloidal
stability. InAs NCs could also form stable colloidal solutions in
halide containing ILs demonstrating the generality of this
interaction. Similar to the dispersion of CdSe NCs, the SAXS
intensity levels off at q < 1/Rg (Guinier region) and exhibits
S(q) ∼ 1 (Figure S10).
Next, we sought to characterize the chemical nature of the

interaction between the salts and the NCs in more detail. The
vibrational fingerprint of the SCN− ion was used as an
indicator for the nature of chemical bonding of SCN− ions and
the NC surface in molten inorganic salts.39 We measured FTIR
spectra of NCs recovered from molten NaSCN/KSCN
eutectic and compared them to free SCN− ions (Figure 3a).
Free SCN− ion shows a distinct IR absorption band
corresponding to the CN stretch near 2060 cm−1 while
CdSe/CdS NCs recovered from the molten NaSCN/KSCN
showed this feature shifted to 2090 cm−1. This positive shift in
the CN stretching frequency can be attributed to the binding
of the SCN− ion to the surface Cd atoms through the sulfur
atom. A larger shift to 2110 cm−1 was observed for SCN− ions
bound to Pt NCs suggesting stronger CN bond due to
greater π-back bonding of Pt 5d-electrons to the π* molecular
orbitals of SCN− ions.
Similar evidence of chemical bonding could also be observed

for NCs dispersed in ILs, using XPS. For these measurements,
we used InAs NCs dispersed in BMIM+I− as our sample of
choice due to the substantial difference in the binding energy
of In−I and In−As bonds, and the ability to distinguish In−I
bonds from possible In−O bonds which could form during
sample preparation. We compared the In 3d high resolution
XPS spectrum of tri-n-octyl phosphine capped InAs NCs with
that of InAs NCs recovered from BMIM+I− IL. InAs NCs
recovered from BMIM+I− showed a distinct contribution from
In−I bonds whose peak is shifted by 1.1 eV (In 3d5/2 at 445.1
eV), indicating a higher effective oxidation state of In bound to
I than In bound to As (Figure 3b).47 For reference, the In 3d5/2
XPS signal of In2O3 is expected at 443.8 eV and that of
InO(OH) is expected at 444.3 eV.48 These results unequiv-
ocally prove that highly specific chemical interactions exist
between the NC surface and Lewis basic ions in both the
molten inorganic salts and organic ILs, which may be critical
for understanding the colloidal stabilization in these media.
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Any changes in local structure of molten inorganic salts and
ILs induced by the addition of NC solute can be probed
directly with the atomic PDF analysis of the high energy X-ray
scattering patterns. PDFs are extracted by the Fourier
transform of the total X-ray scattering data and can give
information about both short-range order (arrangement of
atoms within molecules, sharp peaks at 1−5 Å) and
intermediate-range order (intermolecular arrangements,
broad oscillations at 3−20 Å) in a liquid sample. This ability
to probe intermediate-range order can give us valuable
information about the solvent layer immediately next to the
NC surface. The compositional diversity in the AlCl3/AlCl4

−

eutectic due to the high vapor pressure of AlCl3 and the
presence of small amounts of Al2Cl7

− and Al3Cl10
− ions

presented a hurdle for the interpretation of PDF data in these
salts.49 Therefore, we focused our attention primarily on the
NaSCN/KSCN eutectic and BMIM+X− ILs. We obtained
scattering data for the pure molten salt, NC powders without
any solvent and, finally, for the NC/salt dispersions. To extract
information about the structure of solvent proximal to the NC
surface (restructured melt), we first subtracted the total
scattering of the pure melt from the NC/salt dispersions
(Figure S11) before the Fourier transform. The difference
curve was further normalized by the atomic form factors of the
elements in the melt rendering the reduced structure factor,
RSF = q[S(q) − 1], which contains element-independent
structural information (Figure S12). The Fourier transform of
the RSF gives us the differential-PDF (d-PDF). Further
subtraction of the contribution from the NC powders results in
a double-differential PDF (dd-PDF). The amplitude of

oscillations (if any) in dd-PDF varied for different NCs and
was found to be dependent on the concentration of NCs in the
melt. We found that dilute samples (∼1 mg/mL) tended to
give most pronounced oscillations. This can be attributed to
two factors (1) dilute samples allowed a more precise
subtraction of the contribution from crystalline nanoparticles
that have higher scattering coefficients as compared to the
amorphous salt matrix and (2) an ∼1 mg/mL concentration
for an ∼4 nm Pt particle corresponds to an interparticle
distance of ∼86 nm in a colloidal solution which is sufficiently
large to negate any interference between the restructured
solvent shells around NCs.
Using this PDF analysis, we see a change in the structure of

the NaSCN/KSCN melt when Pt NCs are present. Any
features in the d-PDF apart from the interatomic distances
inside Pt NCs must be due to restructuring of the solvent
induced by the presence of NCs.34 Indeed, we observed that
the d-PDF of NCs in NaSCN/KSCN melt contains peaks from
the interatomic distances within Pt NCs (Figure 4a,i)
superimposed over damped sinusoidal oscillations of the
intermediate range order (Figure 4a,ii). In the RSF
corresponding to this d-PDF, we observed the appearance of
a first sharp diffraction peak (FSDP) which is distinct from that
of the bulk liquid, with a shift of −0.31 Å−1 relative to the bulk
(Figure S12), and which does not appear in the Pt NC powder.
After subtracting contribution of Pt NCs (Figure 4a,iii), the
resultant dd-PDF contains broad oscillations corresponding to
the restructured melt. In order to fit the intermediate range
order with an exponentially damped sinusoidal function, the
wavelength of the oscillation for the bulk and restructured
NaSCN/KSCN melts was fixed at 3.3 Å which corresponds to
the reported distance between K+ and SCN− ions in KSCN
melt (Figure S13a).46 In a highly ionic environment, the
wavelength of the intermediate range order represents the
physical size of the ion pair.50 The contribution of the Na+-
SCN− distance to the intermediate range order oscillations in
NaSCN/KSCN eutectic mixture is insignificant due to (i)
lower molar concentration (26.3 mol %) of the NaSCN
component; and (ii) smaller X-ray scattering cross-section of
Na+ compared to that of K+ (Figure S13b). The dd-PDF of Pt
NCs in the NaSCN/KSCN melt shows oscillations with a
distinct phase, amplitude, and decay length relative to the
original NaSCN/KSCN melt (Figure 4b). A sharp peak at
∼2.9 Å in the dd-PDF plot for Pt NCs in NaSCN/KSCN melt
likely corresponds to the distance between surface Pt atoms
and S atoms of the chemisorbed sulfide and SCN− ions
forming a dense layer on Pt surface (Figure S13c). The phase
change of the oscillatory component is primarily responsible
for the observed shift in the FSDP of the restructured melt to
smaller q position compared to that of the bulk melt (Figure
S14a). As we show further for NCs in BMIM+Cl− IL, this
change in phase reflects correlations between ions in the melt
and NC surface not present otherwise. An increase in the
amplitude suggests higher local density of K+/Na+ and SCN−

ions near the Pt NC surface than in the bulk. The difference in
the decay length can be more clearly visualized from a
logarithmic plot of the absolute value of G(r) (Figure 4c). The
1/e decay length increases from 3.9 Å in the bulk to 7.5 Å near
the Pt NC surface suggesting that the ion−ion correlations
near the Pt surface are more persistent than the ion−ion
correlations in the bulk melt. This increase in the decay length
is correlated with the observed increase in intensity and
decrease in full width at half of the maximum of the FSDP of

Figure 3. (a) FTIR spectra of Pt, CdSe/CdS NCs recovered from
NaSCN/KSCN melt in comparison with pure NaSCN/KSCN salt.
(b) High resolution XPS spectra of In 3d core region for the
original InAs NCs and InAs NCs recovered from BMIM+I− IL.

ACS Nano Article

DOI: 10.1021/acsnano.9b01292
ACS Nano XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01292/suppl_file/nn9b01292_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b01292


the restructured solvent compared to that of the bulk melt
(Figure S14b). We observed a similar shift in FSDP (Figure
S15) and phase as well as enhancement of the amplitude and
decay length for other NCs, specifically the ZrO2 and InP NCs
in NaSCN/KSCN melt (Figures 4d), showing the generality of
this picture for all classes of NCs. In a control experiment using
toluene as the noninteracting solvent, we observed featureless
dd-PDF (Figure S16), suggesting absence of toluene
restructuring around InP NCs.
We performed a similar PDF analysis for Pt NCs dispersed

in BMIM+Cl− IL (Figure S17). The shift of −0.24 Å−1 in the
FSDP for Pt NCs in the IL as compared to pure IL shows that
BMIM+Cl− restructures around the NCs (Figure S18). The
wavelength of the oscillation is larger for BMIM+Cl− than for
NaSCN/KSCN melt (Figure 5a). This corroborates the fact
that the wavelength represents the physical size of the ion pair.
Compared to the case of the molten inorganic salt, the PDF of
the restructured BMIM+Cl− shows no pronounced change in
the amplitude. However, as in the case of the NaSCN/KSCN
melt, the decay length increases from 3.6 Å for the bulk IL to
4.4 Å for the restructured IL (Figure S19). Faster decay of the
ion−ion correlations and lower ionic density (smaller
oscillation amplitude) near the nanostructured surfaces can
be attributed to the bulkier and less polarizable nature of

BMIM+−Cl− ion pair compared to small inorganic K+/Na+

and SCN− ions. In addition to Pt NCs, CdSe and InP NCs in
BMIM+Cl− IL exhibited dd-PDFs with a distinct phase and
increased decay length (Figure 5b).
MD simulations of NCs in BMIM+Cl− further indicate that

the distinct phase and decay length of the intermediate range
oscillatory components in dd-PDFs originate from the
correlations between the ions and NC surface. Our choice to
study BMIM+Cl− was in part motivated by the availability of
the force fields for this IL, which enabled direct comparison of
experimental data and MD models.51 Unfortunately, we could
not find the force fields and parametrizations for NaSCN and
KSCN molten salts which precluded modeling of that solvent
system. We studied a system consisting of bulk BMIM+Cl− as
well as systems including NCs (see Methods for model
details). Figure 5c shows the simulated PDF of the bulk
BMIM+Cl− which is well matched to the experimental data
obtained from the total X-ray scattering from pure BMIM+Cl−.
The computed partial PDFs suggest that the intermolecular
intermediate range order is dominated by BMIM+−Cl−
correlations (orange curve). We also extracted the density
profiles of BMIM+Cl− normal to the In-terminated (001)
surface of a cubic zinc-blende InP NC. We plot these profiles,
which vary with distance (z) from the NC surface along with

Figure 4. (a) Experimental PDF of Pt NCs in the dry powder, d-PDF of Pt NCs capped with S2− ligands in NaSCN/KSCN after the bulk
liquid PDF subtraction, and dd-PDF after additional subtraction of the NC contribution. (b) dd-PDF of Pt NCs and NaSCN/KSCN melt
curves fitted using the exponentially damped sinusoidal functions (black curves). (c) Logarithmic plot of the curves from panel (b) showing
the difference in the decay lengths between the restructured and bulk melts. (d) Comparison of the dd-PDFs corresponding to the
restructured NaSCN/KSCN melt around ZrO2 and InP NCs (black curves represent the fits).
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experimental dd-PDF, which varies with the radial distance (r)
(Figure 5e). Interestingly, these measurements show a good
match, in particular, between the small-distance large peak (at
1.7 Å), identified from the simulations as the Cl− ion adhered
to the In surface, and the second broad peak (∼4−6 Å),
identified as a layer of BMIM+ ions immediately following the
first Cl− layer. A snapshot of the simulation (Figure 5d) clearly
suggests that Cl− ions form a dense layer on the In-terminated
surface followed by a dense layer of BMIM+ ions before the
density correlations become bulk-like. Recent elemental
analysis of InP NCs with Rutherford backscattering spectros-
copy and XPS suggests that InP NCs are almost 100% In
terminated.52 Hence, there should be little contribution from

the correlations between negatively charged (P terminated)
facets and BMIM+ ions to the total pair distribution function
(Figure S20). The features of this surface-induced density
profile do not change significantly for the different surfaces
presented by InP and CdSe NCs in simulation (Figure S21),
nor for the Pt NCs in experiment (Figure 5a). Thus, the
restructuring of the BMIM+Cl− solvent by a metal rich surface
is robust to changes in the specific composition of the surface.
Further, the restructuring observed in the experiment appears
to consist largely of the order induced normal (z) to the NC
surface.
In a control experiment, we dispersed organic ligand free

CdSe NCs in the Lewis neutral BMIM+BF4
− IL and performed

Figure 5. (a, b) Comparison of the dd-PDFs corresponding to the restructured BMIM+Cl− melt around Pt, CdSe and InP NCs with PDF of
bulk BMIM+Cl− IL (black curves represent the fits). (c) Comparison of the experimental PDF with the simulated radial PDF of the bulk
BMIM+Cl− IL, and contributions from the inter-ion structures of BMIM+−Cl−, BMIM+−BMIM+, and Cl−−Cl−. (d) MD snapshot (zoomed
in view) of BMIM+Cl− in the vicinity of the cubic zinc blende InP NC (In atoms are blue circles; P atoms are red circles). (e) Comparison of
the experimental PDF with the simulated linear PDF in the direction normal to In-rich NC surface, and contributions from the surface-ion
correlations of In-BMIM+, In−Cl−.
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analogous PDF analysis. The RSF obtained after bulk IL
background subtraction contained the diffraction peaks of
CdSe phase only, and there were no signs of the restructured
solvent FSDP (Figure S22). Together with the SAXS results
presented in Figure 2c for CdSe dispersed in BMIM+BF4

−, it is
evident that solvent restructuring around the NC surface
correlates with the observation of colloidal stability of NCs in
highly ionic media. The universal restructuring observed in the
Lewis basic NaSCN/KSCN melt and BMIM+Cl− IL around
various classes of NCs and its absence in the Lewis neutral
BMIM+BF4

− IL support the hypothesis of Zhang et al.11 that
the intermediate-range ionic ordering near the NC interface is
responsible for the colloidal stability. SCN− and Cl− ions are
able to act as X-type ligands which bind to electron deficient
metal rich facets of NCs (Figure 3) and hence form a dense
surface-bound layer (Figure 5d). BF4

− ions, on the other hand,
cannot act as X-type ligands and hence do not form a surface-
bound layer. A layer of negatively charged surface-bound Cl−

in the case of BMIM+Cl− IL and SCN− in the case of NaSCN/
KSCN molten salt in-turn electrostatically templates a charge
density wave consisting of layers of alternating ions with
opposite charges (Figure 5e). Guided by local Coulomb forces,
the charge density wave propagates into the solvent for a
distance greatly exceeding the Debye screening length, which is
limited to one ion layer. These long-range ionic correlations in
molten salts are not predicted by the Debye−Hückel theory
and require accounting for both long-range Coulomb and
short-range molecular interactions.29 The charge density wave
represented by the typical dd-PDF of 4.0 nm Pt NCs in
NaSCN/KSCN melt (Figure 4b) decays to the bulk melt
density at the distance of more than 20 Å away from the Pt
surface. The associated oscillatory potential is only weakly
perturbed by the van der Waals attraction in the interparticle
distance range of 1 Å to 20 Å (Figure 6). As a result, the charge
density wave generated by the NC surface can easily screen the
van der Waals attraction and hence account for the colloidally
stable dispersions in molten salts.

CONCLUSIONS

In conclusion, X-ray PDF analysis and MD simulations provide
evidence for the formation of a layered ionic solvation shell
around NCs dispersed in molten inorganic salts and organic
ionic liquids. The solvation shell has enhanced ion−ion
correlations compared to the ions in the bulk liquid and
extends far beyond the Debye screening length. The solvent
restructuring happens only for those molten salts where ions
are able to function as surface-bound ligands for dispersed
NCs. Interestingly, ions in the NaSCN/KSCN melt exhibit
more dramatic reorganization and increase in the correlation
decay length near the NC surface than ions in the BMIM+Cl−

ionic liquid. SAXS analysis further corroborates that this
solvation shell prevents direct approach of the NCs in various
molten salts, hence rendering stable colloidal solutions. The
charge density wave consisting of the restructured ions
generates an oscillatory potential between NCs and hence
constitutes a fundamentally different mechanism of colloidal
stabilization in addition to the standard electrostatic and steric
mechanisms. We believe that detailed understanding of the NC
solvation in highly ionized media of inorganic melts and ionic
liquids is necessary for the rational design of the colloidal
systems in these unconventional media. The improved design
of the colloidal state in the high temperature inorganic molten
salts can assist development of a variety of hard-to-crystallize
colloidal nanomaterials.

METHODS
Synthesis of NCs Capped with Organic Ligands. All NC

syntheses were performed according to reported protocols using
conventional air-free techniques including Schlenk line and N2-filled
glovebox. Pt NCs (mean size 4.0 ± 0.5 nm),53 zinc-blende CdSe NCs
(mean size 4.6 ± 0.5 nm),54 ZrO2 NCs (mean size 4.0 ± 0.4 nm),55

InAs (mean size 5.0 ± 0.7 nm),56 InP (mean size 4.7 nm ±0.6 nm),57

and CdSe/CdS core−shell QDs (13.1 ± 1.3 nm)58 were used in this
work. Mean sizes were measured from SAXS analysis and verified with
TEM measurements. All manipulations with molten salts and ILs
were performed in a N2-filled glovebox with moisture and oxygen
levels under 0.1 ppm.

Pt NCs in AlCl3/NaCl/KCl. Pt NCs were dispersed in a ternary
mixture of AlCl3/NaCl/KCl (63.5/20/16.5 mol %) through a direct
phase transfer process. In this procedure, a solution of Pt NCs in
anhydrous decane (capped with the original organic ligands, washed
multiple times to remove excess organics) was interfaced with the
molten salt mixture (4:1 vol ratio) in a glass vial. The resulting
mixture was stirred at 120 °C using a Pyrex-glass-coated stir bar until
NCs transferred completely from the upper decane phase to the
molten salt phase. The upper phase was later discarded and fresh
decane was added to the vial. This procedure was repeated several
times to ensure complete removal of organic ligands.

CdSe/CdS and ZrO2 NCs in NaSCN/KSCN. CdSe/CdS core−
shell NCs were stripped of their organic ligands using tetrafluoroboric
acid (HBF4) as described in ref 59. ZrO2 NCs were stripped of their
organic ligands (tri-n-octyl phosphorus oxide) using nitrosonium
tetrafluoroborate powder (NOBF4).

60 Bare NCs form stable colloidal
solutions in dimethylformamide and were precipitated with CH3CN
multiple times and dried as powders. A eutectic mixture of NaSCN/
KSCN (26.3/73.7 mol %) was taken in a vial and heated to 250 °C
until molten. The molten salt was cooled down to room temperature
and ground into fine powder. Bare NC powder was then mixed with
the finally ground eutectic mixture mixed and heated at 250 °C under
stirring (using a Pyrex-glass-coated stir bar) for several hours until a
stable solution was obtained.

Pt and InP NCs in NaSCN/KSCN. InP and Pt NCs were
functionalized with S2− using (NH4)2S dissolved in formamide to
form a stable colloidal solution.61 These NCs were further transferred

Figure 6. Comparison of the van der Waals and oscillatory
potentials for Pt NCs (4.0 nm) interacting through NaSCN/KSCN
melt with the experimental PDF of the restructured solvent around
Pt NCs. “Distance” corresponds to the interparticle separation for
the van der Waals and oscillatory potentials. The oscillatory
potential is estimated using a modified phenomenological
Ginsburg−Landau theory (see the Supporting Information for
details on potential calculations).
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into toluene phase using didodecyldimethylammonium bromide
(DDAB) as the phase transfer agent. This ligand decomposes cleanly
into gaseous products via Hoffman elimination, leaving no organics
behind.62 The toluene phase containing NCs was transferred to a
centrifuge tube, precipitated with ethanol to get rid of excess ligands,
and redispersed in minimal amount of anhydrous toluene. The finally
ground eutectic mixture of NaSCN/KSCN (see above) was combined
with the solution of NCs capped with S2−/DDA+ ion-pair in toluene
and slowly heated at 250 °C under stirring (using the Pyrex-glass-
coated stir bar) for several hours until a stable solution was obtained.
CdSe, InP, and InAs in BMIM+X− ILs (X = Cl, Br, I, BF4). NCs

were dispersed in BMIM+X− through a direct phase transfer process.
In this procedure, a solution of NCs in anhydrous decane was
combined with the respective IL (4:1 vol ratio) in a glass vial. Upon
vigorous stirring at 100 °C (for BMIM+Cl− and BMIM+Br−) and 50
°C (BMIM+I−), NCs gradually transferred into ILs within several
hours, resulting in a colorless decane top phase. The bottom phase of
the IL containing NCs was rinsed with fresh decane and ethyl acetate
several times to get rid of the residual organic ligands. Afterward, a
slightly turbid NC solution in IL was dissolved in CH3CN and NCs
were precipitated and supernatant discarded. The recovered NCs can
be redispered in fresh halide containing BMIM+X−, forming a stable
colloidal solution. Since BF4

− anion is Lewis neutral and hence is not
able to displace the original organic ligands, CdSe NCs were stripped
off their organic ligands using BMIM+Cl− IL as described above. The
recovered CdSe NCs (after dissolution of BMIM+Cl− matrix with
CH3CN) were further combined with BMIM+BF4

− IL (liquid at room
temperature). The resultant mixture failed to form a colloidally stable
solution and remained turbid even after several hours of continuous
stirring.
Characterization Techniques. The TEM images were obtained

using 300 kV FEI Tecnai F30 microscope. FTIR spectra of Pt and
CdSe/CdS NCs recovered from NaSCN/KSCN salt (by dissolving
salt matrix in water) were acquired in the transmission mode using a
NicoletNexus-670 FTIR spectrometer using KBr pellet as a substrate.
XPS measurement was performed on a Kratos Axis Nova
spectrometer using a monochromatic Al Kα source (1486.6 eV). 1H
NMR spectra were recorded at 500 MHz on a Bruker Ultrashield 500
plus spectrometer.
Small Angle X-ray Scattering (SAXS).Molten inorganic salt and

IL samples were prepared by drawing the solution into 1.1 mm outer
diameter (0.1 mm thickness) borosilicate glass capillaries and were
further flame-sealed to avoid exposure to ambient atmosphere. The
concentration for all the samples was ∼1 mg/mL. All SAXS for the
NC dispersions, except for CdSe/CdS core−shell NCs in NaSCN/
KSCN molten salt, were collected at 12-ID-B at the Advanced Photon
Source, Argonne National Laboratory, with the X-ray wavelength of
0.9341 Å. The in situ heating experiments were performed using
Linkam stage. SAXS of CdSe/CdS core−shell NCs in NaSCN/KSCN
molten salt were collected at 9-ID using an X-ray wavelength of
0.6902 Å. Please refer to the Supporting Information for details on
SAXS modeling.
Total X-ray Scattering. Molten inorganic salt and IL samples

were prepared by drawing the solution into 1.1 mm outer diameter
(0.1 mm thickness) borosilicate glass capillaries and were further
flame-sealed to avoid exposure to ambient atmosphere. High energy
X-ray scattering data was collected at 11-ID-B at the Advanced
Photon Source, Argonne National Laboratory, with the X-ray
wavelength of 0.2113 Å. An in situ heating setup63 was used to
melt samples and collect X-ray data for various dispersions of NCs.
KSCN/NaSCN samples were heated to 200 °C and BMIM+Cl− IL
samples were heated to 100 °C to ensure complete melting. The
collected high energy X-ray scattering data was reduced to 1D in
GSAS-II64 using CeO2 powder as a calibrant to determine sample to
detector distance. Please refer to the Supporting Information for
details on PDF extraction and analysis.
Molecular Dynamics Simulations. The BMIM+Cl− IL system

was studied using the CLDP force field for ionic liquids, a time step of
0.5 fs, and a short-ranged pairwise cutoff distance of 12 Å.51 We ran
molecular dynamics simulations using the LAMMPS software

package65 and visualized trajectories using the VMD package.66 The
long-range part of the Coulomb interaction was implemented using
the particle−particle particle−mesh scheme, with relative error of
10−4. Please refer to the Supporting Information for additional
simulation details.
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