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ABSTRACT: We report a facile one-pot synthesis of highly monodisperse
nanoparticles (5—30 nm in diameter, S—10% in standard size distribution) of
various metals and metalloids such as In, Sn, Bi, Sb, Ga, Cu, Zn, and their
alloys (Cu4Sns, Cu,Sb, BiSb,_,, etc.) using inexpensive commercial
precursors. Several of these metals and alloys had not been previously +
obtained in the form of uniform nanoparticles. The proposed reaction

Long-chain-amine
-+
Brensted —
base

M-chloride In-situ

mechanism has been elucidated with multinuclear (*H, “Li, '”Sn) NMR

spectroscopy combined with DFT and molecular dynamics simulations. Metal chloride is reacted with long-chain primary or
secondary amine such as oleylamine and dioctylamine in the presence of a strong Brensted base that deprotonates the amine and
thus promotes the formation of metal long-chain amide. The in situ formed amide is then reduced or thermally decomposed into
corresponding metal nanoparticles. This simple methodology eliminates elaborate preparation, storage, and handling of highly
reactive, moisture and oxygen sensitive molecular precursors of these metals, while providing a compelling quality of

nanomaterials.

Bl INTRODUCTION

Colloidal synthesis of inorganic nanoparticles (NPs), which are
usually crystalline (nanocrystals, NCs), opened access to a
variety of nanomaterials with unprecedented characteristics such
as precise size-tuning in the range of 2—100 nm, narrow size
distributions of just several %, isotropic and anisotropic
shapes,'™” compositional gradients,“’ﬁ’g_10 and core—shell
morphologies.11 Over the last 10—20 years, these nanomaterials
have advanced our understanding and control of the effects of
size-quantization, shape, and surface on fundamental optical,
electronic, magnetic, plasmonic, and catalytic properties.'
Consequently, NPs are now actively 1pursued for applications
in solid-state devices such as solar cells," light-emitting diodes,"?
photodetectors,l4_16 thermoelectrics,"”'® transistors,"®"? and
integrated electronic circuits,”>*! as well as for electrochemical
energy storage”> > and catalysis.”

When a new chemical synthesis of a colloidal nanomaterial is
targeted, the most critical and difficult task is rational selection of
molecular precursors.' ¢ At the early trial-and-error stage
researchers often spend most of their time trying to identify the
best-suited combination of precursors, capping ligands, and
solvents. Besides yielding a highly pure target compound without
undesired side reactions and impurities, compelling precursors
have to provide the ability to independently tune the rate of the
nucleation and growth of NPs and must be soluble in and
nonreactive toward organic solvents (usually high-boiling,
nonpolar), stable at room temperature but reactive at elevated
temperatures, and, very importantly, easily accessible commer-
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cially or via well-documented and simple preparation. Thus far,
most commonly used are M—O bonded precursors (e.g,
carboxylates, alcoholates, or acetylacetonates),””>* organo-
metallic precursors (e.g.,, carbonyl-, alkyl- or cyclopentadienyl
compounds and similar),>**** and M—Si bonded compounds
such as trimethylsilyl derivatives.**

Particularly suitable for obtaining highly reduced materials
such as metallic and metalloid NPs>® are metal—nitrogen bonded
precursors, such as well-known homoleptic metal and metalloid
alkylamides M(NR,),, and silylamides M[N(SiMej,),],. The key
benefits of these amides are the high reactivity of single element—
nitrogen bonds, absence of oxygen atoms (e.g., no risk of metal-
oxide formation), and facile thermal decomposition or reduction
as well as various oxidation and metathesis pathways due to the
polar character of M—N bonds. Alkyl- and silylamides have been
extensively studied from the 1950s and presently are known for
most metals and metalloids.’® Their use for NP synthesis has
been pioneered by Chaudret et al. in the early 2000s (Sn, Fe, Co,
Fe—Co, Fe—Ni, Fe-oxides)**™* and then extended by us and by
others to various materials such as Ga,** Bi,**~** Bi,__Sb_,* Pb,*°
In,*' Sn/Sn0,,**** CuTe,>® InSb,** AgZSe,55 and SnTe>® NPs
(nonexhaustive list). However, an important shortcoming of
metal amides as precursors, rooted in their excellent reactivity, is
that they are extremely air- and moisture-sensitive or even
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flammable and often require elaborate synthesis, isolation, and
handling procedures. Some amides such as Sn(NMe,), and
Bi[N(SiMe;),]; are also highly light sensitive. Those silyl- and
alkylamides which are available commercially as precursors for
atomic layer deposition or chemical vapor deposition are often
exceedingly expensive for colloidal NP synthesis.

Modern synthesis of NCs requires clear understanding of the
precursor-to-NC reaction pathways, high atomic economy, and
facile experimental realization, while providing compelling
quality of the product (uniform and tunable morphologies and
compositions). From the viewpoint of practical chemistry of
nanomaterials, particularly attractive might be a one-pot
synthesis in which the actual metal—nitrogen bonded precursor
is formed in situ. In a number of recent reports, monodisperse
NPs (Bi, Pb, CuTe)>’ ">’ were obtained by combining
LiN(SiMe;), with corresponding metal chloride (or similar
inorganic salt) and reducing agent or chalcogen precursor. These
MCI, + LiN(SiMe;), + [H, O, S, Se] — NPs reactions are often
conducted in the primary amine such as oleylamine, and we
recently became aware that the actual precursor may not
necessarily be M[N(SiMe;),], but a M—oleylamido complex,
M(RNH),.*** The role of LiN(SiMe,), is to act as a base for
(partial) deprotonation of primary amine RNH,, thus promoting
the formation of M(RNH), species (monomeric or oligomeric).

In this work we thought to obtain detailed mechanistic insight
and further elaborate the idea of using metal—oleylamido
complexes, and more generally metal long-chain amides, as in
situ formed, highly reactive metal and metalloid precursors. We
thus propose a generalized, very simple one-pot synthesis
methodology for preparing high-quality inorganic NPs, fully
based on inexpensive commercial precursors. In particular, we
show that n-butyllithium (n-BuLi) provides this shortcut by
promoting the formation of M—oleylamido complexes. Through
the detailed study by multinuclear magnetic resonance ('H, Li,
19Sn NMR) spectroscopy we have traced the Bronsted acid—
base reaction and in situ formation of M—oleylamide species. In
particular, we confirm that the underlying reaction pathway is
identical for both n-BuLi and for LiN(SiMe;), and for other
studied organic bases. The role of the long-chain-amide ligand is
not only to form a reactive M—N bond but also to act as
surfactant right from the early stages of nucleation, as commonly
assumed for the role of long chain carboxylates such as oleate in
the synthesis of carboxylate-capped NPs from metal carboxylates
as precursors.”” We then have synthesized highly monodisperse
NPs (5—30 nm, S—10% standard size distribution) of a variety of
metals and metalloids (In, Sn, Ga, Bi, Sb, Zn, Cu) and their alloys
(Bi,Sb,_,, Cu,Sb, CuySns). Of these materials, highly uniform
colloidal Zn, Cu,Sb, and CusSng NPs have never been reported
before. When in situ formed oleylamide is not sufficiently
reactive, as in the case of Ga, an in situ formed secondary amide
precursor (Ga(IlI)—dioctylamide) can be successfully utilized
for producing highly uniform Ga NPs.

B EXPERIMENTAL SECTION

Chemicals and Solvents. Indium(III) chloride (99.999%, Sigma-
Aldrich), gallium chloride (99.999%, ABCR), bismuth(III) chloride
(99,999%, Sigma-Aldrich), copper(Il) chloride (99.995%, Aldrich),
antimony(III) chloride (99,999%, ABCR), tin(II) chloride (anhydrous,
ABCR), zinc chloride (anhydrous, beads, 99.99%, Sigma-Aldrich),
gallium chloride (99.999%, ABCR), dioctylamine (DOA, 98%, Sigma-
Aldrich), n-butyllithium in heptanes (n-BuLi, 2.7 M, Aldrich), lithium
bis(trimethylsilyl)amide [LiN(SiMe;),, 97%, Sigma-Aldrich], lithium
dimethylamide (LiNMe,, 95%, Sigma-Aldrich), lithium diisopropyla-
mide (LiN(iPr),, 97%, Sigma-Aldrich), oleylamine (OLA, tech., TCI),
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1-dodecanethiol (DT, 98%, Sigma-Aldrich), trioctylphosphine (TOP,
97%, STREM), oleic acid (OA, 90%, Aldrich), lithium triethylborohy-
dride (“superhydride”, LiEt;BH, 1 M in THF, Aldrich), diisobutylalu-
minum hydride solution (DIBAH, 1 M in toluene, Sigma-Aldrich),
octadecene (ODE, 90%, Sigma-Aldrich), dioctylamine (DOA, 98%,
Sigma-Aldrich), toluene (99.9%, Sigma-Aldrich), ethanol (>99.9%,
Scharlau) and dried ethanol (max. 0.01% H,0, VWR Merck), and
toluene (>99.9%, max. 0.005% H,0, VWR Merck) were used as
received. OLA was additionally dried at 100 °C under vacuum.

All syntheses were carried out using Schlenk line under nitrogen
atmosphere; isolation and purification of NPs were carried out in air
(except for Zn NPs). Detailed screening of common reaction
parameters (temperatures, concentrations of reactants) has led to
broad size-tunability for all studied NPs, as extensively illustrated in
Tables S1—S20 in Supporting Information containing all experimental
details and corresponding TEM images.

Synthesis of Indium NPs (n-BuLi based). In a typical synthesis of
22 nm In NPs, dried OLA (13 mL) was mixed with of InCl; (0.028 g,
0.125 mmol) in a SO mL three neck flask, additionally dried under
vacuum (45 min at 100 °C), and heated to 160 °C under nitrogen,
followed by the injection of n-BuLi (3.6 mmol, 1.33 mL, 2.7 M in
heptane) and, 10 s after, by injection of superhydride (0.3 mmol, 0.3 mL,
1 M in THF). In ~10 s, the reaction was quenched by injecting
anhydrous toluene (12 mL) and cooling with an ice—water bath. At 50
°C, dried OA (0.4 mL) was added to displace weakly bound oleylamide/
oleylamine ligand capping. Indium NPs were precipitated by ethanol
(25 mL), separated by centrifugation, redispersed in toluene (S mL)
containing OA (100 L), and then once again precipitated by ethanol
and redispersed in toluene. The size of In NPs can be tuned in 7—22 nm
range by adjusting the concentrations of InCl; and superhydride and by
reaction time.

Synthesis of Bismuth NPs (n-BuLi Based). The same procedure
as for In NPs has been followed, using BiCl;, but without any reducing
agent. Furthermore, drying of BiCl; and OLA was conducted at 60 °C
for only 20 min in order to avoid reduction of Bi.

Synthesis of Sn NPs (n-BuLi Based). The same procedure as for In
NPs has been followed, using SnCl, as precursor and DIBAH as
reducing agent.

Synthesis of Sb NPs (n-BuLi Based). In a typical synthesis of 11
nm Sb NPs, TOP (9 mL) and dried OLA (3 mL) were loaded into S0
mL three neck flask and heated to 160 °C, followed by the injection of n-
BuLi (3.6 mmol, 1.33 mL, 2.7 M in heptane) and, in 10 s, by injection of
SbCl,/toluene solution (0.125 mmol/1 mL). After 30's, the reaction was
quenched by injecting dried toluene (12 mL). Isolation and purification
procedures were analogous to those of In NPs, except for the use of OA/
DT mixture (1:1) as ligands added during the cooling of reaction
mixture.

Synthesis of Copper NPs (n-BuLi Based). The same procedure as
for In NPs has been followed using CuCl, as precursor, but without
addition of reducing agents.

LiN(SiMe;), Based Syntheses of In, Bi, and Cu NPs. The
synthetic procedures were the same as for n-BuLi based syntheses but
replacing n-BuLi by the same molar amount of LiN(SiMe,), (3.6 mmol
dissolved in 2 mL of dried toluene).

Synthesis of Bi,Sb,_, NPs. In a typical synthesis of 12 nm Bi,Sb,_,
NPs, dried OLA (13 mL) was heated in a 50 mL three neck flask to 160
°C under nitrogen, followed by the injection of LIN(iPr), solution (3.6
mmol, i.e. ~0.38 g, in 2 mL of OLA) and, after 60 s, of SbCl/toluene
(0.25 mmol, i.e,, ~0.057 g in 0.5 mL toluene). After another 30 s, BiCl,
(0.25 mmol, i.e. ~0.079 g in 2 mL OLA) was added. The reaction
mixture was held for 15 s, following by the same cooling, isolation, and
purification procedure as described for In NPs.

Synthesis of CugSns NPs. In a typical synthesis of 14 nm Cu4Sng
NPs, dried OLA (13 mL) was mixed with CuCl, (0.080 g, 0.6 mmol) ina
50 mL three neck flask, additionally dried under vacuum (4S min at 120
°C), and heated to 180 °C under nitrogen, followed by the injection of
LiN(iPr), solution (3.6 mmol, i.e. ~0.38 g, in 2 mL of OLA) and, after
30 s, of SnCl, (0.5 mmol, ~0.095 g, in 3 mL OLA). The reaction was
held for 4 h, followed by the same cooling, isolation, and purification
procedure as described for In NPs.
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Synthesis of Cu,Sb NPs. In a typical synthesis of 16 nm Cu,Sb NPs,
dried OLA (13 mL) was mixed with of CuCl, (0.134 g, 1 mmol) in a 50
mL three neck flask, additionally dried under vacuum (4S5 min at 120
°C), and heated to 180 °C under nitrogen, followed by the injection of
LiN(SiMe;), solution (3.6 mmol, i.e., ~0.6 g in 1 mL of toluene) and,
after 30's, of SbCl,/toluene (0.5 mmol, ~0.114 g in 2 mL toluene). The
reaction was held for 4 h, followed by the same cooling, isolation, and
purification procedure as described for In NPs.

Synthesis of Zinc NPs. In a typical synthesis of 27 nm Zn NPs, dried
OLA (13 mL) was mixed with anhydrous ZnCl, (0.068 g, 0.5 mmol),
kept under vacuum at 120 °C for 1 h, and heated to 270 °C under
nitrogen. LiN(SiMe;), (3.6 mmol, 0.6 g) dissolved in dried OLA (2 mL)
was injected at this temperature. After ca. 30—60 s, the solution color
had gradually changed from yellow to dark brown, indicating the
formation of Zn NPs. After additional 2 min of growth, the reaction
mixture was cooled to room-temperature. The purification and isolation
of Zn NPs was carried out in the glovebox using dried toluene and
ethanol, followed by redispersion in toluene. Samples for TEM were
transferred from the glovebox in airtight bags and only briefly exposed to
air during the sample loading into the electron microscope. For
obtaining larger NPs, OLA was replaced with ODE, except for using ca.
2 mL of OLA for dissolving LIN(SiMej),.

Synthesis of Ga NPs. In a typical synthesis of 22 nm Ga NPs, dried
ODE (12 mL) and dried DOA (1.13 mL, 3.75 mmol) were added into a
50 mL three neck flask, kept under vacuum for 60 min at 120 °C under
constant stirring. The temperature of the ODE/DOA mixture was raised
to 250 °C under N,, followed by the injection of the Bu—Li solution (3.6
mmol, 1.33 mL, 2.7 M in heptane). After around 30 s, GaCl, (0.022 g in
0.5 mL of toluene) was injected, inducing the gradual solution color
change from yellow to brown, indicating the formation of Ga NPs. After
another 30 s, the reaction solution was quickly cooled down to room
temperature using air-cooling and a water-ice bath, including injection of
toluene (12 mL, at 150 °C). Then, OA (0.2 mL) was added at 50 °C. Ga
NPs were precipitated by ethanol (25 mL), followed by centrifugation at
6000 rpm for 4 min. Ga NPs was redispersed in toluene (5 mL)
containing OA (0.1 mL) to replace the weakly bound OLA and then
again precipitated by ethanol (S mL) followed by centrifugation at 6000
rpm for 1 min. Finally, Ga NPs were dispersed in toluene.

Characterization. Transmission electron microscopy (TEM)
images were obtained with Philips CM30 TEM microscope operated
at a voltage of 300 kV. Carbon-coated TEM grids from Ted-Pella were
used as substrates. An aberration-corrected HD-2700CS microscope
(Hitachi, cold-field emitter, 200 kV) was used for scanning TEM
(STEM) investigations. Energy dispersive X-ray (EDX) spectroscopy
was performed on Hitachi §-4800 SEM microscope with aluminum as
substrate. X-ray diffraction (XRD) patterns were collected on STOE
STADI P diffractometer. Solution 'H, "Li, and '"°Sn nuclear magnetic
resonance (NMR) spectra were recorded using a Bruker DRX 500
spectrometer. 'H spectra were obtained at room temperature with
locking. The pulse width was set at 10 ys, and the relaxation delay was 1
s. The number of scans used for experiments was 8—100. The NMR
samples were prepared in a S mm tube in a glovebox using C4Dy as
solvent. All spectra were referenced to tetramethylsilane. ‘Li NMR
spectra were obtained at room temperature with locking. The pulse
width was set at 10—30 ps, and the relaxation delay was 0.5—1 s. The
number of scans used for experiments was 128. All 'Li NMR spectra
were referenced to LiCl (0.5 M in D,0). '?Sn NMR spectra were
recorded at room temperature using a pulse width of 10 us and the
relaxation delay of 0.5 s and referenced to Sn(CH;),.

Computational Methodology. Metal-oleylamides were consid-
ered as isolated molecules, whose geometry was optimized at DFT level
by using DMOL? code, as implemented in Materials Studio 6.0. The
exchange-correlation functional and the dispersion contribution, as well
as the effective core-potential and the basis set were set, was reported
elsewhere.”® In addition, the molecular systems were treated as
canonical ensembles (NVT) at different temperatures in the molecular
dynamics simulations. The core electrons were treated using effective
core potentials for In, Sn, and Sb systems, and for Bi all electron
relativistic calculations were done. In fact, because of its large atomic
number, Z = 83, relativistic effects are to be considered for bismuth, as
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recently discussed.®' We use the gradient-corrected functional (GGA)
of PBE type and double numeric polarized basis set (DNP3.5) for the
basis set atomic orbitals, as implemented in DMol®. For OLA and Li—
oleylamide we use the triple numeric polarized basis set TNP3.S. The
dispersion correction of the form CgR™® are accounted into DFT
formalism by using the Grimme scheme® for all systems except
Bi(OAm)s, for which the implementation is not yet available in DMol®
code. The convergence tolerance in the geometry optimization of the
energy, maximum atomic force, and maximum atomic displacement are
set to 1.0 X 107° Ha, 0.001 Ha/A and 0.001 A, respectively.

B RESULTS AND DISCUSSION

On the in Situ Formation of Metal-Oleylamides.
Oleylamine (cis-9-octadecenoic amine, cis-CH;(CH,),CH=
CH(CH,)3sNH,, OLA) is the dominant coordinating solvent in
nanomaterials synthesis.®>~% Being liquid at room temperature
(T, ~ 20 °C), it boils without decomposition at ~360 °C,
providing a broad window for adjusting the reaction temper-
atures. OLA can coordinate and solubilize both lyophilic metal
complexes as well as conventional metal salts such as chlorides.
OLA is usually used as received from common chemical vendors,
without further purification, and is available in several grades
(40—95% in primary amine content). 'H NMR spectra of OLA
from several suppliers (Supporting Information Figure S1) and
after vacuum drying at 100 °C indicate [CH,]:[NH,] ratios of
13—14 (close to theoretical 15) for “70—-95%” OLA (from TCI,
Acros, Aldrich) but a higher ratio of 24 for “40%” OLA (from
TCI). This higher ratio can be attributed to the presence of high-
boiling hydrocarbons, as no other functional groups can be seen
in NMR spectra. In the following all results are presented for
“40%” OLA from TCI (most inexpensive option), as control
experiments with “70%” Aldrich and “95%” TCI products gave
undistinguishable results. We note that standard vacuum
distillation of OLA does not significantly alter the NMR
spectrum.

In a one-pot NP synthesis proposed in this study (Scheme 1),
inexpensive metal chlorides are used as metal precursors and

Scheme 1. Outline of the One-Pot Synthesis of Inorganic NPs
Using in Situ Formed Metal—Oleylamides (X-type ligation)”

+ n-BuLi (base)

R-NH, o]

(Oleylamine)

R-NHLi —2C, M(R-NH)} L. hanoparticles
-LiCl oA

base: n-BulLi, LiN(iPr),, LiN(SiMe,), [H]: (i-Bu,AlH),, LiEtBH
pK, ~50 ~36 ~30

“The formation of metal—olyelamides is promoted by the addition of a
strong organic base. Both oleylamine (L-type ligand) and oleylamide
(X-type ligand) coordinate the NP surface providing colloidal stability.
M = In, Sn, Bi, Sb, Zn, Cu, Ga.

OLA serves as a coordinating solvent and as a source of
oleylamido ligands for the in situ formation of metal—amides.
OLA can coordinate metal atoms or ions either as a neutral
molecule (L-type ligation, e.g amino-complexes) or, more
strongly, as RNH™ anion (X-type ligation, amido-complexes).
For X-type ligation RNH,—as a very weak acid—has to be
deprotonated. We therefore used n-Buli, an inexpensive and
strong base commonly used in organic chemistry, which quickly
and quantitatively converts RNH, into RNHLI, releasing butane
(Scheme 1). Note that although n-BuLi is flammable and should
be handled with care using glovebox and airtight syringes,” it is
considerably safer than tert-BuLi. Its flammability is also lower
when dilute 0.5—1 M solutions in toluene or THF are used. After
deportonation of OLA, metal-oleylamide is then formed by

DOI: 10.1021/cm5045144
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(i) R-NH, +n-BuLi —> RNHLi + n-BuH

(i) R-NH, +LiN(SiMe,), &=—>

RNHLi +HN(SiMe,),

A

-NH,

OLA

LiN(SiMe.),
i HN(SiMe.),
A

Reaction (ii)

B

2.27 ppm
0.97 ppm

\ LiN(SiMe,),
Reaction (ii)

Reaction (i)

AN

Reaction (i)
n-BulLi JN

R
'H chemical shift (ppm)

a4 3 2 1 0 A
“Li chemical shift (ppm)

-2

Figure 1. (top) Acid—base reactions between OLA and n-BuLi or LiIN(SiMe,),. (A)'H NMR and (B) "Li NMR spectra after reactions (i) and (ii).
Experimental OLA:base ratio was 10:1. Reference spectra of pure n-BuLi, OLA, and LiN(SiMej), are also presented here and in Supporting Information
Figure S2 ("H spectrum of LiN(SiMe;),). All samples were diluted in C¢D. To mimic the actual reaction conditions, reactions were carried out at 150
°C. The degree of LiN(SiMe;), — RNHLi conversion was estimated from the amount of released HN(SiMej,),. The solvation with OLA molecules is

not included into chemical formulas.

methathesis reaction between MCIl, and RNHLi. M—oleylamide
species can be stable (Sn, In, no decomposition for at least a
minute) or fully unstable (Bi, Sb, Cu), immediately forming NPs.
Note that OLA itself is a mild reducing agent. For rather stable
amides, the formation of NPs can be induced by injecting
organic-soluble reducing agents such as lithium triethylborohy-
dride, Li[Et,BH] (also known as “super-hydride”), and
diisobutylaluminum hydride (DIBAH), (i-Bu,AlH),. A general
observation is that, due to steric encumbrance, oleyalmides are
generally much less stable than homoleptic silyl- or alkyla-
mides.”® Moderate reaction temperatures of 100—200 °C favor
the spherical shape for NPs of low melting point metals such as
Sn (231 °C), In (157 °C), and Bi (271 °C) or Ga (29.8 °C).
Deprotonation of OLA by n-BuLi (reaction (i) as well as by
weaker but safer amide bases such as LiN(SiMe;), (reaction (ii)
has been carefully followed with 'H and "Li NMR spectra (Figure
1). The basicity of an organic base (R7, RNH™, R,N") is
characterized by the pK, of a corresponding conjugate acid (R-H,
RNH,, R,NH). The higher the pK,, the stronger the proton
acceptor. "H NMR spectra indicate that n-BuLi, being one of the
strongest known bases (pK, ~ 50),°® can quickly and fully
deprotonate OLA via irreversible reaction (i). A more complex
picture is expected and observed for amides as bases. If, for
instance, LiN(SiMe;), is introduced into OLA, at least four
different species may coexist in equilibrium—LiN(SiMe,),,
oleyl-NH,, and oleyl-NHLi, HN(SiMe,), (reaction ii, Figure 1).
All amines are derivatives of NH; (pK, = 35), and their pK, values
span a broad range of 26—38 depending on both their molecular
structure and the environment.*”” Further, Bronsted basicity of
such long-chain amines as OLA had not been reported so far. In
fact, tabulated pK, values are often of very little predictive power,
and it is a combined effect of electronic induction, solvation,
sterics, and molecular aggregations that determines selectivity of
deportonation/lithiation in monoalkylamine/dialkylamine mix-
tures.”®”" Nearly all amides exist in oligomeric forms [ (R,NLi),]
and [(RNHLi),], which may also include neutral amine
molecules for solvation. The possibility of forming such
aggregates or polymers with each Li bridging three anionic
centers is the main driving force for primary amine lithiation.
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Taking these considerations into account, it is not surprising that
a rather weak base LiN(SiMe;), (pK, ~ 26—30, in THF)%"?
establishes an acid—base equilibrium (ii) with OLA, in which ca.
15% of LiN(SiMes,), is converted into RNHLi. As will be shown
below, this degree of deprotonation by LIN(SiMe;), is sufficient
for promoting fast formation of metal—oleylamido species.
Dilakylamides such as lithium diisopropylamide (LiN(iPr),, pK,
~36—37)% show a behavior intermediate between LiN(SiMe,),
and n-BuLi.

LiN(SiMe;), in noncoordinating solvents such as C¢D forms
dimers or tetramers”> "> (§('H) = 0.13 ppm, Supporting
Information Figure S2), whereas with large coordinating
molecule such as OLA a presumably monomeric solvate
LiN(SiMe;),OLA is observed with 5('H) = 0.31 ppm for
—SiMe, protons (Figure 1). Corresponding "Li NMR spectra
(Figure 1B) are also considerably different for noncoordinating
solvent (C4Dy) and in the presence of OLA. In reaction (i) most
of the Li-ions exist as a solvate LiN(SiMe;),OLA, whereas
RNHLi with certain degree of solvation and aggregation74’76
dominates the n-BuLi-based reaction (BuLi:OLA = 1:10). When
excess of n-BuLi is applied (BuLi:OLA molar ratio of 1.25—3), an
N,N-dilithiooleylamine (RNL4,) is formed and all NH, protons
disappear in NMR spectra (Supporting Information Figure S3).

NMR observation of in situ formed metal amides was
conducted for Sn and In, which form sufficiently stable amides
with both silylamide and oleylamide ligands. While the n-BuLi-
based approach is simple and offers purely oleylamido-ligation,
there are two ligands available in LiN(SiMe,),/OLA solution
due to acid—base equilibrium (ii, Figure 1). "H NMR spectra for
stoichiometric reactant ratio reveal complete consumption of
LiN(SiMej),, indicating that Sn*" preferentially binds to RNH™
fully shifting the equilibrium to the (ii) right-hand side. '**Sn
NMR spectra of SnCl,/LiN(SiMe;),/ OLA are identical to those
of SnCl,/n-BuLi/OLA solutions (Figure 2C) and show only one
peak at 62.5 ppm fully confirming the formation of only Sn—
oleylamide in both cases. Controls show '**Sn chemical shifts for
Sn[N(SiMe;),], and SnCl, in OLA at 646 ppm and —420 ppm,
respectively.

DOI: 10.1021/cm5045144
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Figure 2. (A, B) 'H NMR for SnCl,—LiN(SiMe;), and InCl,—
LiN(SiMe,), solutions in OLA (reacted at 150 °C, diluted in C(Dy).
Stoichiometric metal-to-LiN(SiMe;), ratios as well as 10-fold excess of

LiN(SiMe;), were compared. (C) '”Sn NMR spectra of Sn-oleylamide
formed by the action of either LiN(SiMe,), or n-BuLi.

A different scenario is observed for In. At stoichiometric ratios
of InCl; and LiN(SiMe;), (i.e,, 1:3), ca. ~20% of In is converted
into In[N(SiMe;),];. This seemingly subtle difference between
Sn and In has a drastic effect on the NP formation, exemplifying
the importance of mechanistic studies. At this stoichiometric
InCl,-to-LiN(SiMe,), ratio, a bimodal mixture of large (50—100
nm) and small (~10 nm) In NPs can be observed (Supporting
Information Figure S4A). We assume that larger NPs form from
In[N(SiMe,),];, because a very similar outcome of the reaction is
observed by replacing OLA with trioctylphosphine (TOP), in
which only In[N(SiMe,),]; can be formed in situ (Supporting
Information Figure S4B). Small NPs originate from the
reduction of In—oleylamide. The formation of In[N(SiMe,), ],
is fully suppressed only for the large 10-fold excess of
LiN(SiMe;),, because of the larger amount of RNHLi formed.

Insight from DFT and Molecular Dynamics Simula-
tions. As a first step, the geometries of isolated molecules of
metal—oleylamides were optimized at DFT-D level of theory to
get the equilibrium bond lengths and the total energies at T =0
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K. The binding energy (E,, Table 1) of the M—N bonds were
calculated as the mean value of all M—N bonds in the molecule.

Table 1. Bond Lengths (M—N, in A) and Binding Energies
(Eyp, in kJ/mol) of the Metal—Nitrogen Bonds in
Corresponding Oleylamides, Calculated at DFT-D Level of
Theory by Using DMol3 Code at T = 0 K

M-N
M E, d(M—N) d(M—-N) d(M-N) coordination
H 551.66 1.022 H—-N-H angle
105.97°
Li 310.83 1.738 Li—N—H angle
124.09°
In 233.81 2.153 2.127 2.176 trigonal planar
Sn 337.69 2.087 2.086 N—Sn—N angle
91.55°
Sb 31425 2.084 2.095 2.084  trigonal pyramid
Bi  38.11(77.81) 2248 2249 2283 trigonal pyramid

“For comparison, we report the same calculations for M = H.

Interestingly, for Bi(RNH);, treating the Bi core region explicitly
(all electrons) and including the relativistic effects make the total
energy convergent much better without the typical oscillation we
found when the core electrons are treated via an effective core
potential. In addition, as expected, the binding energy of Bi—N
bonds decreases by almost 50% of the nonrelativistic potential of
Bi atom (see the value in brackets, Table 1). The Bi—N energy is
almost 10 times smaller than for other studied molecules.
Another common trend is that M—N bond energies in
oleylamides are considerably smaller than in silylamides (our
earlier study, see ref 26). The (M—N) thermal behavior of
isolated M—oleylamide molecules was assessed via molecular
dynamics simulations of isolated molecules, considered as NVT
ensemble. In agreement with the experiment, all studied
molecules do not undergo thermal decomposition at T = 100
°C, except Bi—oleylamide in which one of the amido ligands
detaches due to homolysis of the Bi—N bond (see comparison of
In and Bi in Figure 3).

In Bi—oleylamide, the Bi—N bonds are thermally activated
before any C—H bond cleavage. The latter is the leading process
of the thermal decomposition of all other M—oleylamides at
temperatures above 200 °C. A large elongation of Sb—N bonds
of about 8% is observed at T = 200 °C, again in good agreement
with reduced stability of this amide. We have not considered Cu
and Zn as their amides are not expected to be monomeric, but
rather polynuclear, as discussed by M. F. Lappert et al.*®

Synthesis of In and Sn NPs: The Case of Stable Amides.
In agreement with the role of In—oleylamide as precursor, size-
tunability in the range of 7—22 nm with the excellent size
distributions not exceeding 5% were obtained for both bases—
LiN(SiMe;), and n-BuLi (Figure 4, synthesis details in
Supporting Information Table S1). For both bases, we obtained
very similar trends in the evolution of the mean In NPs size upon
adjustment of the concentrations of InCl; and superhydride or by
varying the reaction time (Supporting Information Tables S7—
S$12). In particular, higher concentration or longer reaction time
lead to expected increases of NPs size, whereas higher amount of
reducing agent decreases the size, presumably due to higher
nucleating rate producing more nuclei and thus reducing the
amount of precursor stock available for growing each NP. Since
the reaction temperature (150—160 °C) is very close to the
melting point of bulk In (156.6 °C), the NPs are assumed to stay
in liquid form during nucleation and growing, minimizing the
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In-oleylamide

Bi-oleylamide

Figure 3. Two snapshots of the molecular dynamics of In and Bi oleylamides at T = 100 °C (373 K), along with In—N and Bi—N bond distances (in A).
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Figure 4. TEM images of In NPs. (A) and (B) illustrate that the same size tuning range of 7—22 nm can be obtained with n-BuLi and LiN(SiMe, ), bases.
(C) Size histogram for 18 nm In NPs (n-BuLi based); (D) HRTEM image of a single In NP. (E) Low-magnification TEM image of 12 nm In NPs (n-
BuLi based) illustrating high uniformity of In NPs, along with (F) HAADF-STEM image. Synthesis details for each sample are provided in Supporting

Information Table S1.

surface energy in the molten state giving (nearly) perfectly
spherical shape of In NPs. Detailed structural and compositional
characterization using XRD (Supporting Information Figure SS,
with Rietveld refinement for 20 nm In NPs), selected-area
electron diffraction (SEAD, Supporting Information Figure SS),
and energy dispersive X-ray spectroscopy (EDX, Supporting
Information Figure S6) confirm the formation of highly
crystalline and chemically pure tetragonal In NPs (space group
No. 138, I4/mmm, a = b = 0.325, ¢ = 0.494 nm, JCPDF no.
050642). Indium NPs fully crystallize upon cooling to room-
temperature with the mean Scherrer size identical to the one
estimated from TEM. In comparison with previous synthetic
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routes, where organometallic and coordination precursors such
as [In(h’-CH;)]”7 or In(N(SiMe;),);* were utilized, our
method is based on readily commercially available, low-cost
precursors.

In full analogy to In, also Sn NPs can be obtained using n-BuLi
as a base (Figure S), with the reaction time as a main parameter
for tuning the mean particle size. The time evolution of the size
distribution monitored over the period of 30 s to 6 h (Supporting
Information Table S13) shows clear size-focusing until 1.5 h (size
distribution of 4—5%) and defocusing afterward (size distribu-
tion of 15% after 6 h). The focusing regime can be attributed to
the diffusion-controlled growth under high oversaturation by
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Sn NPs
@n-Buli ¢

Figure 5. TEM images of Sn NPs obtained using n-BuLi as reaction
promoter. Detailed information for each sample is provided in
Supporting Information Table S13.

monomers, whereas defocusing can be attributed to Ostwald
ripening at depletion of the monomer concentration.”® The XRD
pattern with Rietveld refinement and SAED (Supporting
Information Figure S7) can be indexed to tetragonal Sn
(known as f3-Sn, space group No. 141, [41/amd, a = b = 0.583,
¢=0.318 nm, JCPDF no. 040673). Upon exposure to air, Sn NPs
are covered with the amorphous layer of SnO,, as confirmed by
solid-state '”Sn NMR spectra (Supporting Information Figure
S$8) and high-resolution HAADF-STEM and bright-field STEM
images (Supporting Information Figure S9).

Case of Unstable Amides: Synthesis of Bi, Sb, Cu, and
Zn NPs. Synthesis of Bi NPs illustrates the high utility of unstable
amides, which decompose without addition of reducing agents.
Similarly to In NPs, both bases—n-BuLi and LiN(SiMe;),—
provide high monodispersity and size-tuning range of 10—21 nm
(Figure 6). In LiN(SiMe;),-based synthesis, size adjustment can
be most conveniently accomplished by varying the reaction
temperature in the 90—150 °C range, while keeping very short
reaction time of ~10 s (after injection of LiN(SiMes),, see details
in Supporting Information Table S2). In n-BuLi based synthesis,
the same size-tuning range can be achieved only through the
combined effect of the growth temperature and reaction time
(Supporting Information Tables S2 and S14). HR-TEM images

%
133008
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Figure 6. TEM images of Bi NPs. (A) and (C) illustrate that the same size tuning range of 10—21 nm ca. be obtained with n-BuLi and LiN(SiMe;),
bases. (B) Size histogram for 13 nm Bi NPs (n-BuLi based). (D) Low-magnification TEM image of from 13 nm sample (n-BuLi based). (E) HRTEM of
a single Bi NP. Synthesis details for each sample are provided in Supporting Information Table S2.
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Figure 7. TEM images of 4, 7, and 13 nm Cu NCs from (A) n-BuLi based and (B) LiN(SiMe;), based synthesis, (C) low-resolution TEM image of the
13 nm sample, and (D) HRTEM image of a single Cu NP. Detailed information for each sample is provided in Supporting Information Table S4.

»
*00 et 1
Sare T 200 nm

Figure 8. (A, B, D, E, F) TEM and SEM (C) images of Zn NPs obtained via LIN(SiMe;),-based approach. The mean size is adjusted in the 20—220 nm
range by the growth temperature and by diluting OLA with ODE (large sizes). (A) Examples of 27 and 43 nm Zn NPs, with lower panel showing low-
resolution image of 27 nm sample. (B, D, E) Examples of ~65 nm and ~220 nm Zn NPs along with (C) SEM image of ~220 nm sample. (D, E)
Hlustrations of Moire fringes formed by stacking two platelet-shaped Zn NPs. (F) High-resolution image from the edge of Zn NP showing ZnO shell
formed immediately upon exposure to air. Detailed information for each sample is provided in Supporting Information Table SS.

(Figure 6E), XRD patterns (for 11 and 20 nm, with Rietveld
refinement, Supporting Information Figure S5), SAED (Sup-
porting Information Figure SS), and EDX pattern (Supporting
Information Figure S6) have confirmed the formation of highly
crystalline, rhombohedral Bi (space group No. 166, R3m, a = b =
0.45S, ¢ = 1.186 nm, JCPDF no. 441246).

Nearly spherical shape can be again attributed to the low
melting point of Bi, which leads to either nucleation in the liquid
form (due to size-dependence of the melting) or enhanced
surface diffusion/surface melting during the growth. Analogously
to Bi, also the 11—19 nm Sb NPs can be synthesized using n-BuLi
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base (Supporting Information Table S15). Sb NPs have a crystal
structure of rhombohedral Sb (space group No. 166, R3m, a = b
= 0.431, ¢ = 1.127 nm, JCPDF no. 350732), as illustrated with
XRD patterns (Supporting Information Figure S7).

The proposed one-pot, oleylamide-based synthesis of
inorganic NPs can be readily extended also to transition metals,
including those of very different electronegativity such as
seminoble 4—14 nm Cu NPs (Figure 7, Supporting Information
Table S19) and 20—200 nm Zn NPs (Figure 8). Both metals
readily form in zero-oxidation state without reducing agents,

pointing to the highly favorable effect of instability of the
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Figure 9. (A) TEM images of 8—20 nm Bi,Sb,_, NPs; (B) HRTEM of a single Bi,Sb,_, NP; (C) low resolution TEM image; and (D) size-histogram for
12 nm sample. Detailed information for each sample is provided in Supporting Information Table S3.
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Figure 10. (A, C) TEM images, (B) size histograms of 14 nm sample, and (D) XRD pattern of CusSns NPs. (E,G) TEM images, (F) size histograms of
16 nm sample, and (H) XRD pattern of Cu,Sb NPs.

intermediate bulky metal oleylamides. We note that this is the Our preliminary results also indicate that an analogous synthetic
first example of highly uniform Zn NPs. Two previous reports procedure is also applicable to a great variety of transition metals
have yielded highly polydisperse, irregularly shaped NPs.””*° such as Fe, Co, Nij, etc.
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Figure 11. (A) TEM images of 13—22 nm Ga NPs synthesized using DOA, with n-BuLi as proton abstractor. (B) High-resolution TEM image
illustrating the lack of crystallinity at ambient conditions and (C) corresponding low-resolution image and (D) size histograms of 22 nm sample.
Detailed information for each sample is provided in Supporting Information Table S6.

The smallest Cu NPs of ~4 nm mean size were obtained in n-
BuLi based synthesis, whereas larger 7—14 nm Cu NPs were
obtained via LiN(SiMe;), approach by adjusting the reaction
temperature and CuCl, concentration (Supporting Information
Table S19). Cu NPs are of high interest due to their catalytic
properties, such as in the electrochemical methanation of CO,,*'
as well as due to their plasmonic properties and high electrical
conductivity. So far, there have been only very few reports on
highly uniform Cu NPs, such as ~50—200 nm nanocubes,®>®
nanowires,**** and 8—14 nm spherical Cu NPs.® The synthesis
proposed here not only is simple but also features a fully oxygen-
free environment that prevents the formation of oxide impurity.
Yet the Cu,O does form upon exposure of Cu NPs to air as can
be seen from XRD patterns (Supporting Information Figure SS)
as well as from the electron diffraction patterns (Supporting
Information Figure SS).

In the synthesis of Zn NPs using LiN(SiMe;), as a base, we
have tested one other approach for controlling the reaction
kinetics—dilution of the OLA with noncoordinating solvent
such as octadecene (ODE). For example, for the synthesis of
large Zn NPs (Figure 8B,D), OLA was used only to dissolve
LiN(SiMe,),, and this solution was injected into ZnCl,/ODE
solution. Hence the amount of OLA was reduced sevenfold. All
Zn NPs are highly crystalline and just like bulk Zn adopt
hexagonal close packed lattice (see XRD pattern in Supporting
Information Figure S11). The largest Zn NPs adopt a hexagonal
shape and are generally too large for high-resolution imaging of
their crystal lattice. Yet many of these hexagons tend to form
vertical stacks. Two hexagons are nearly ideal for observing
rotational Moiré patterns, formed by two overlapping patterns
(Figure 8D,E and Supporting Information Figure S12). The
spacing between Moire fringes (d,,) of these nanoplates along the
[001] viewing direction is determined by the rotation angle
around the {100} direction, as illustratrated in Supporting
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Information Figure S12. For example, the rotation angle between
two hexagons in Figure 8D is 4.2, yielding a d,, of 3.1 nm.

Examples of Binary Alloy NPs: Bi,_,Sb,, CugSn;, and
Cu,Sb. The proposed shortcut synthesis using in situ formed
long-chain alkylamides can be extended to alloys and
compounds, as exemplarily shown here for Bi Sb,_,, CusSns,
and Cu,Sb. Binary 8—20 nm BiSb,_, alloy NPs (Figure 9,
Supporting Information Table S3) with narrow size distributions
(5—10%) were produced via successive reduction of correspond-
ing Bi and Sb chlorides. Such NPs can be of high interest for low-
temperature thermoelectric devices.*” In a typical successive
reduction synthesis, less-reactive precursor (SbCly) is first
reduced to generate the seeds, followed by the injection of a
second chloride (BiCl;) in 10—30 s intervals. The particle size
can be conveniently tuned by the precursor concentration
(Supporting Information Table S16), growth temperature
(Supporting Information Table S17), or reaction time
(Supporting Information Table S18). The compositional
tunability can be illustrated for 15 nm BiygSb,, NPs using
XRD pattern (Supporting Information Figure S10), in which
reflection peaks are shifted to higher 26 angles due to reduction
of the lattice constant by 1.07% with respect to rhombohedral Bi
(corresponding to 20% Sb based on Vegard’s law). Biy sSb, , NPs
are considerably more faceted than pure Bi NPs. Similar to the
synthesis of Bi,_,Sb,, a successive reduction method can also be
used to synthesize CucSng alloy (Figure 10a—d) and Cu,Sb
intermetallic compound (Figure 10e—h), and both of them are of
high interest as anode material for Li-ion or Na-ion
batteries.** ™%

Extension to Secondary Amines: Synthesis of Ga NPs
via Dioctylamine (DOA). Long-chain secondary amines may
also be used as a source of amide ligands for NP synthesis.
Analogously to the OLA case discussed above, n-BuLi can be
quantitatively converted into a secondary amide of Li. Figure 11
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illustrates this chemistry applied for a one-pot synthesis of
monodisperse 13—22 nm Ga NPs, using DOA as a secondary
amine. This example highlights indispensability of secondary
amines when primary amines fail to yield reactive interim amide.
In fact, our initial attempt to obtain Ga NPs using OLA did not
yield Ga NPs due to very low reactivity of Ga—oleylamide, in
good agreement with earlier observations of high thermal
stability of Ga complexes with bulky primary amines.”® Reduced
reactivity of primary amides can be related to their ability and
tendency to oligomerization forming polynuclear amido- or even
imido-complexes.>® This DOA synthesis provides a much
simpler alternative to the recently published method relying on
presynthesized dimeric tris(dimethylamido)gallium,
Ga,(NMe, ). ** Importantly, in the present study and in ref 44
short growth times of <30 s were found to be most essential for
obtaining monodisperse Ga NPs. Longer growth leads to very
fast coalescence of liquid Ga NPs, leading to very broad size
distributions (Supporting Information Table $S20). All synthe-
sized Ga NPs are noncrystalline, presumably liquid at ambient
conditions due to low bulk boiling point of just 29.8 °C and well-
known tendency to supercooling effect (with AT/T,, as high as
0.5). 449192

The noncrystalline nature of Ga NPs can be seen already from
conventional high-resolution TEM images (Figure 11B) and
from the diffuse rings in the electron diffraction patterns
(Supporting Information Figure S13), as well as from the low-
resolution TEM images of NP ensembles (Figures 11C) showing
highly uniform NP-to-substrate contrast, whereas any noticeable
crystallinity of NPs would make some NP darker due to
orientation-dependent diffractional contrast. Liquid Ga NPs may
become uniquely suitable as low-melting-point catalyst for
solution—liquid—solid growth of nanowires,”” in liquid-metal
based plasmonics and phase-change devices”*® and as self-
healing anode material for Li-ion batteries.**

B CONCLUSIONS

We report a facile, one-pot synthesis of highly monodisperse NPs
(5—30 nm, 5—10% standard size distribution) of various metals
and metalloids such as In, Sn, Bi, Sb, Ga, Cu, and Zn, and their
alloys Bi,_,Sb,, Cu4Sng, and Cu,Sb, that relies on the formation
of transient highly reactive metal long-chain amides. All
syntheses utilize only inexpensive commercial precursors. The
proposed reaction mechanism was elucidated and confirmed
with multinuclear ("H, "Li, '”Sn) NMR spectroscopy. Metal
chloride is first reacted with oleylamine in the presence of strong
Bronsted base, such as n-butyllithium, that deprotonates
oleylamine and thus promotes the formation of metal—
oleylamide. We also find that secondary Li-amides such as
LiN(SiMe,),, LiNMe,, and LiN(iPr), in place of n-butyllithium
can be also engaged into Brensted acid—base equilibria with
oleylamine, promoting the formation of metal—oleylamides.
Metal—oleylamide is then reduced or thermally decomposed
into corresponding metal NPs. This simple methodology allows
elimination of elaborate preparation of reactive molecular
precursors of these elements, while providing compelling quality
of nanomaterials. When in situ formed oleylamide is not
sufficiently reactive, as in the case of Ga, an in situ formed
secondary amide precursor (Ga(Ill)—dioctylamide) can be
successfully utilized. Further, this methodology will enable
access to previously unknown nanomaterials, as illustrated here
by the first synthesis of uniform metallic Zn nanoparticles.
There is a considerable analogy to the modern organic
chemistry, with its main trends toward stereoselectivity, atomic
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economy, green chemicals, scalability, and increasingly complex
molecules. Similarly, we show that through the atomistic
understanding of the precursor-to-NC reaction pathway (via
mechanistic experimental study and quantum-chemistry simu-
lations), a general chemical strategy with high atomic economy
and facile experimental design can be realized. In situ generation
of the actual highly reactive precursor that precedes the
formation of the NCs is of fundamental and practical importance
to any NC synthesis, being analogous to the transition state
during the formation of molecules in molecular chemistry.
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Experimental details for all syntheses summarized in tables, TEM
images, XRD, SAED, EDX patterns, Rietveld refinement, 'H
NMR, and "Li NMR spectra are provided. This material is
available free of charge via the Internet at http://pubs.acs.org.
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