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ABSTRACT: We have approached the synthesis of colloidal InAs
nanocrystals (NCs) using amino-As and ligands that are different
from the commonly employed oleylamine (OA). We found that
carboxylic and phosphonic acids led only to oxides, whereas tri-n-
octylphosphine, dioctylamine, or trioctylamine (TOA), when
employed as the sole ligands, yielded InAs NCs with irregular sizes
and a broad size distribution. Instead, various combinations of TOA
and OA delivered InAs NCs with good control over the size
distribution, and the TOA:OA volume ratio of 4:1 generated InAs
tetrapods with arm length of S—6 nm. Contrary to tetrapods of II—
VI materials, which have a zinc-blende core and wurtzite arms, these
NCs are entirely zinc-blende, with arms growing along the (111)
directions. They feature a narrow excitonic peak at ~950 nm in
absorption and a weak photoluminescence emission at 1050 nm. Our calculations indicated that the bandgap of the InAs tetrapods is
mainly governed by the size of their core and not by their arm lengths when these are longer than ~3 nm. Nuclear magnetic
resonance analyses revealed that InAs tetrapods are mostly passivated by OA with only a minor fraction of TOA. Molecular
dynamics simulations showed that OA strongly binds to the (111) facets whereas TOA weakly binds to the edges and corners of the
NCs and their combined use (at high TOA:OA volume ratios) promotes growth along the (111) directions, eventually forming
tetrapods. Our work highlights the use of mixtures of ligands as a means of improving control over InAs NCs size and size
distribution.
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B INTRODUCTION

Near-infrared (NIR) emitting nanocrystals (NCs) are
becoming increasingly attractive for exploitation in several
state-of-the-art applications including solar concentrators,””

availability of such precursor are critical shortcomings for a
viable synthesis of InAs NCs. In recent years there has been a
rapid development of synthesis strategies that utilize alternative
As precursors, with the most promising being As[N(CH,),];

. .. 3 . . 442, s . .67 (amino-As), which is less toxic, less expensive, and more
night vision,” telecommunications,” lasing,” and bioimaging.

. . 32-38 :
From a colloidal synthesis standpoint, the most developed NIR commercially ava11.a ble than TMM-As. . The us.e of amino-
emitting NCs incorporate toxic Pb and Hg elements.*™'° As for the synthesis of InAs NCs requires a reducing agent to

3+ 3— . . :
Consequently, synthesizing alternative NIR NC materials with promote As _).AS. reductlon.. The stren.gth of thls. rec%ucmg
agent plays a significant role in governing the kinetics of

nucleation and growth of the NCs.””™** Currently, the best
reducing agent available is alane N,N-dimethylethylamine
(DMEA-AIH,),*® which however leads to NCs with poorer
optical characteristics than those achieved with TMM-
As 03303839 Typically, the size distribution of InAs NCs is

superior optical properties while also adhering to the EU’s
“Restriction of Hazardous Substances” (RoHS) directives is a
currently pressing, open challenge.''~'® The most promising
NCs to address this are InAs ones because their optical
bandgap can be adjusted from the visible to the whole NIR
range. 2

The synthesis of InAs NCs, akin to that of III-V
semiconductor materials, is a challenging task and is limited
by the choice of suitable pnictide precursors.”’ Currently, the
most widely used As precursors for this purpose include
As[M(CH,;);]; (M = Si or Ge; TMM-As).'%**73? Although
the synthesis routes based on TMM-As have reached maturity,
the inherent toxicity, high cost, and limited commercial
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expressed in terms of the width of their first exciton absorption
peak (measured as half-width at half-maximum, HWHM),
which can be as narrow as 40 meV when employing TMM-As,
while the use of amino-As yields NCs with higher values,
typically above 100 meV.**3%3¢3%3

Additional parameters that affect the synthesis kinetics and
require further investigation include the type of ligands
employed.” The synthesis of amino-As-based InAs NCs
currently relies solely on the use of oleylamine (OA), and
we will refer to NCs prepared in this way as “standard” InAs
NCs.*>*>*%% The motivation of the present work is that, to
date, a comprehensive exploration of alternative surfactants
and their impact on the nucleation and growth of InAs NCs
has not yet been performed. To close this gap, here we started
from a synthesis protocol developed by us in a previous work,
which relies on amino-As, InCl;, ZnCl,, and DMEA-AIH,,*"
and analyzed the effects of different surfactants on the
structural and optical properties of the resulting InAs NCs.
Specifically, we tested oleic acid, octadecylphosphonic acid, tri-
n-octylphosphine (TOP), dioctylamine (DOA), trioctylamine
(TOA), and mixtures of these ligands with OA (Scheme 1).

Scheme 1. Synthesis of InAs NCs with Different
Combinations of Surfactants

TOA:OA=4:1

OA only

Amino-As
DMEA-AIH3
/4

InAs Tetrapods a0°c Tetrahedra

Our findings are the following: (i) carboxylic and phosphonic
acids result in the formation of In,O; and As,O; as a
consequence of their reaction (i.e., condensation) with the
amino groups present in the amino-As precursor. (ii) TOP,
DOA, and TOA, when used as the sole surfactants, lead to
InAs NCs with poor control over their size and shape. (iii) The
combination of TOP or DOA with OA does not significantly
improve the NCs size distribution. (iv) A mixture of TOA with
OA leads to InAs NCs with better control over size and size
distribution. Additionally, at a TOA:OA volume ratio of 4:1
InAs tetrapods are formed, which is a remarkable result as such
shape is very little known for this material.

Our InAs tetrapods are monocrystalline, with core size of
~2.5 nm and arm length of 5—6 nm, and have the cubic zinc-
blende crystal structure with arms growing along the (111)
directions. They have a narrow absorption exciton peak at
~950 nm, with HWHM values as low as 85 meV (among the
lowest reported for InAs NCs) and a photoluminesce (PL)
emission at 1050 nm. The HWHM values are quite low if one
considers that InAs NCs of these sizes should be in the strong
quantum confinement regime where even small variations in
size should result in a very broad absorption peak. Our
calculations indicate that the bandgap energy of InAs tetrapods
is not affected by the length of the arms when they are longer
than ~3 nm. Hence, even with a poor arm length distribution,
the HWHM of InAs tetrapods is narrow if the core size is kept
relatively constant.

Nuclear magnetic resonance (NMR) indicated that the
surface of the tetrapods was mostly passivated by OA, with

only a small fraction of weakly bound TOA. These findings
were rationalized through classical molecular dynamics (MD)
simulations under conditions mimicking the experiments,
which revealed that TOA, given its steric hindrance, binds
weakly to the edges and corners of InAs NCs, while OA tends
to passivate the (111) facets. When employing more TOA
than OA, the surface covered by OA decreases, and this should
allow the NCs to grow along the (111) directions, promoting
the formation of tetrapods.

Overall, our approach, combining experiments and model-
ing, suggests that the use of TOA in conjunction with OA
enables fast monomer access to the surface of InAs NCs, and
this combination of ligands can be exploited to produce larger
NCs. Additionally, a specific ratio of TOA and OA can alter
the reaction kinetics to the point that it promotes the
formation of tetrapod-shaped NCs.

B EXPERIMENTAL SECTION

Materials. Indium(IIT) chloride (InCl;, 99.999%, Sigma-Aldrich),
zinc(II) chloride (ZnCl, 99.999%, Sigma-Aldrich), tris(dimethyl-
amino)arsine (amino-As, 99%, Strem), alane N,N-dimethylethylamine
complex solution (DMEA-AIH;, 0.5 M solution in toluene, Sigma-
Aldrich), triethyloxonium tetrafluoroborate (Et;OBF,, 97%, Sigma-
Aldrich), oleylamine (OA, 98%, Sigma-Aldrich), trioctylamine (TOA,
98%, Sigma-Aldrich), dioctylamine (DOA, 97%, Sigma-Aldrich), tri-n-
octylphosphine (TOP, 97%, Strem), oleic acid (90%, Sigma-Aldrich),
octadecylphosphonic acid (>99%, PCI synthesis), toluene (anhy-
drous, 99.8%, Sigma-Aldrich), ethanol (anhydrous, 99.8%, Sigma-
Aldrich), toluene-dg (anhydrous, 99.6%, Sigma-Aldrich), ethyl acetate
(anhydrous, 99.8%, Sigma-Aldrich), hexane (anhydrous, 95%, Sigma-
Aldrich), and N,N-dimethylformamide (DMF, anhydrous, 99.8%,
Sigma-Aldrich) were used without further purification.

Preparation of the As Precursor. The As precursor was
pregared following a previously reported method by Srivastava et
al.*** In a N,-filled glovebox, 0.2 mmol of amino-As was dissolved in
0.5 mL of degassed oleylamine at 40 °C for S min until no bubbles
further evolved.

Synthesis of InAs Nanocrystals. In a typical synthesis, 0.2 mmol
of InCl;, 1 mmol of ZnCl,, and S mL of the desired ligand (or
combination of ligands; see below) were loaded into a 100 mL three-
necked flask under an inert atmosphere and dried at 120 °C under
vacuum for 1.5 h. The mixture was heated to 240 °C, and then the As
precursor was rapidly injected into the flask, quickly followed by the
injection of 1.2 mL of the DMEA—AIH; toluene solution. The
reaction was then monitored over time (Figures S1—S4 of the
Supporting Information) and was then quenched by removing the
flask from the heating mantle and allowing it to cool down. When the
reaction mixture reached a temperature of 90 °C, the flask was
transferred into a N,-filled glovebox. The NCs were purified by the
addition of toluene and ethanol and precipitated by centrifugation at
4000 rpm for S min. The precipitate was dispersed in toluene and
centrifuged at 4000 rpm for 5 min to remove byproducts. The
supernatant was collected for further characterizations. All the
purification steps were performed under a N, atmosphere. This
synthesis scheme was adopted by employing either (i) only one type
of ligand among OA, DOA, TOA, TOP, oleic acid, and octadecyl-
phosphonic acid (S mL of the desired ligand in each case) or (ii)
combinations of TOP+0OA, DOA+OA, and TOA+OA (with volume
ratios ranging from 1:4 to 4:1, having a total volume of S mL).

Optimization of the InAs Tetrapods Synthesis. In order to
optimize the synthesis of InAs tetrapods, we employed 0.2 mmol of
InCl;, 1 mmol of ZnCl,, and S mL of a TOA:OA mixture (volume
ratio 4:1) which were loaded into a 100 mL three-necked flask under
an inert atmosphere and dried at 120 °C under vacuum for 1.5 h. The
mixture was heated to the desired injection temperature (see below).
The As precursor was then injected into the flask, quickly followed by
the injection of 1.2 mL of a DMEA—AIH; toluene solution. The
reaction was performed at the desired temperature (see below) for 6
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h. The NCs growth was stopped by removing the flask from the
heating mantle and allowing it to cool down. When the reaction
mixture reached a temperature of 90 °C, the flask was transferred into
a N,-filled glovebox. The NCs were washed by the addition of toluene
and ethanol and precipitated by centrifugation at 4000 rpm for 5 min.
The precipitate was dispersed in toluene and centrifuged at 4000 rpm
for S min to remove byproducts. The supernatant was collected for
further characterizations. All of the purification steps were performed
under a N, atmosphere. The optimization of the synthesis occurred
by systematically varying (1) the injection temperature from 160 to
240 °C and (2) the reaction temperature from 240 to 300 °C.

Ligand Stripping Procedure. A ligand stripping procedure was
employed to prepare NC samples for high-resolution transmission
electron microscopy (to avoid the contamination from organic
ligands), and it was performed by following the procedure reported by
Rosen et al.** In a N,-filled glovebox, 0.5 mL of a NC dispersion was
added to 1 mL of hexane in a glass vial, and then 1 mL of a solution of
Et;OBF, in DMF (100 mM) was added into the vial. After shaking
the vial for several seconds, the NCs were transferred from the hexane
into the DMF phase. The NCs dispersed in DMF were precipitated
by the addition of toluene followed by centrifugation at 4000 rpm for
S min. To remove residual organic ligands, the washing procedure was
repeated twice and the resulting NCs were dispersed in DMF.

X-ray Diffraction (XRD). XRD patterns were recorded on a
Malvern-PANalytical third-generation Empyrean X-ray diffractometer,
equipped with a 1.8 kW Cu Ka ceramic X-ray tube, a polycapillary X-
ray lens, and a GaliPIX3D solid state area detector, operating at 40 kV
and 45 mA in 2D mode. Concentrated NC solutions were drop-cast
on a zero-diffraction quartz substrate in the glovebox and then
collected under ambient conditions at room temperature. XRD data
were analyzed by the HighScore Plus 5.1 software from PANalytical.

Transmission Electron Microscopy (TEM). Diluted NC
solutions were drop-cast onto copper TEM grids with an ultrathin
carbon film. Low-resolution TEM images were acquired on a JEOL
JEM-1400Plus microscope with a thermionic gun (W filament)
operated at an acceleration voltage of 120 kV. High-resolution
scanning transmission electron microscopy (HRSTEM) images were
acquired on a probe-corrected ThermoFisher Spectra 300 STEM
operated at 300 kV. Images were acquired on a high-angle annular
dark field (HAADF) detector with a current of 30 pA. Compositional
maps were acquired using Velox, with a probe current of ~200 pA and
rapid rastered scanning. The energy-dispersive X-ray (EDX) signal
was acquired on a Dual-X system comprising two detectors on either
side of the sample, for a total acquisition angle of 1.76 Sr. HAADF
HRSTEM tilt series were acquired by tilting the double tilt sample
holder at —35°, 0° and 35°; the axis of rotation is parallel to the
horizontal line of the images.

Optical Measurements. The absorption spectra were recorded
with a Varian Cary 5000 UV—vis—NIR spectrophotometer. The
samples were prepared with 1 cm path length quartz cuvettes with
airtight screw caps under an inert glovebox. The steady-state PL and
time-resolved PL measurements were performed on a Edinburgh
FLS900 fluorescence spectrometer equipped with an Xe lamp and a
monochromator for steady-state PL excitation and a time-correlated
single photon counting unit coupled with a Edinburgh Instruments
EPL-510 pulsed laser diode (4., = 508.2 nm, pulse width = 177.0 ps)
for time-resolved PL. The PLQY measurements were performed using
the Edinburgh FLS900 fluorescence spectrometer equipped with an
integrating sphere excited at 800 nm using the output of continuous
xenon lamp. All NC solutions were diluted to an optical density of
around 0.15 at 800 nm.

Nuclear Magnetic Resonance (NMR). Samples for NMR
analyses were dissolved in 0.5 mL of toluene-dg and transferred to
5 mm disposable tubes (Bruker). The 'H and nuclear Overhauser
effect spectroscopy (2D 'H—'H NOESY) NMR experiments were
acquired at 298 K by using a Bruker Avance III 600 MHz (600.13
MHz) spectrometer, equipped with a S mm QCI cryoprobe with z
shielded pulsed-field gradient coil. Before acquisitions, the automatic
matching and tuning were run, the homogeneity was optimized, and

the 90° angle was adjusted on each sample tube*' by using Bruker’s
automatic routines.

"H NMR spectra were recorded by accumulating 128 transients,
without dummy scans, with 65536 digit points and an interpulse delay
of 30 s, over a spectral width of 19.84 ppm, centered at 6.175 ppm.
The acquisition time was 2.75 s. An exponential apodization function
of 0.3 Hz was applied to FIDs before the Fourier transform was
applied. Spectra were manually adjusted in the phase and automati-
cally baseline corrected. 2D 'H—'H NOESY experiments were run by
using the pulse sequence noesygppphpp from Bruker’s library.*>*
After 32 dummy scans, 16 transients were accumulated, with 2048
digit points and 256 increments, a mixing time of 300 and 100 ms,
respectively, and a relaxation delay of 2 s, over a spectral width of 9.8
ppm with the offset positioned at 4.9 ppm.

Diffusion NMR studies were performed on a Bruker DRX400
spectrometer (400.13 MHz), equipped with a Bruker S mm BBI Z-
gradient probe head, affording a maximum gradient strength of 53.5
G/cm. All of the spectra were acquired at 300 K. 'H diffusion order
spectroscopy (DOSY) experiments were acquired using a ledbp pulse
sequence (ledbpgp2s of the Bruker library),** using a diffusion time
(A) of 150—200 ms and a total gradient pulse duration () of 3—4
ms. The gradient strength (G) was incremented in 32 steps from S to
95% of its maximum value following a function with a SINE.100
shape.

The following equation describes the intensity decay as a function
of the power of the applied gradient strength G*:

I 2 1) r)z
In —=—-(y6)'D|A — — — — |G
nI (r8) t( 3 5

0

in which I is the observed intensity, I; is the nonattenuated signal
intensity, D, is the diffusion translational coefficient, y is the 'H
gyromagnetic ratio, and 7 is the time between bipolar gradients. We
obtained diffusion coefficients by analyzing the signal intensity decay
as a function of the gradient strength G of at least three different
resonances by using a least-squares linear fitting, from the slope of
which D, can be calculated.

kp Calculations. We used single-band k-p Hamiltonians to
describe noninteracting electron and heavy hole energy band-edge
states of InAs NCs with spherical and tetrahedral symmetry. The
latter symmetry is valid for describing both the quantum dot (with
arm length ~0) and the tetrapod (with arm length >0). We
considered the interaction between the conduction band minimum
and the valence band maximum using the Kane parameter, and we
also incorporated the effect of spin—orbit coupling in the kp
Hamiltonians. To solve the Schrédinger equations of the 1-band
electron and hole, we used the finite element method provided by the
COMSOL 6.1 software. More details on the choice of the parameters
used for modeling are provided in the Supporting Information.

Classical Molecular Dynamics (MD). To prepare the InAs NC
models, we started with an InAs zinc-blende bulk structure (F43m
space group). The bulk structure was cleaved along the In-rich (111)
facets to yield a regular tetrahedron with an edge length of 4.5 nm. We
then removed the vertex tips to expose a small fraction of the As-rich
(111) facets. The resulting InAs NC model was found to be non-
neutral with an In:As ratio of 1.15 (exact stoichiometry InggAs;y),
which was consistent with experimental observations. The height of
the InAs core in the NC was measured to be 4.0 nm. To balance the
charge of the starting InAs NC, we introduced 339 Cl ions, whose
position on the NC surface was determined using classical molecular
dynamics (MD) simulations in the canonical (NVT) ensemble, at
constant number of particles N, temperature T (300 K), and fixed
volume V. Initially, the Cl ions were unbound and randomly placed
inside a cubic simulation box with a side length of 10 nm. We
restrained the positions of the InAs core atoms around their starting
positions during the initial stages of the simulations to ensure gradual
equilibration of the system, until CI ions were bound to the surface.
The simulations were conducted for 100 ps using an integration time
step of 0.5 fs. To improve the sampling of our MD simulations, we
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Table 1. Optical Properties (Exciton Absorption Peak Position and HWHM) of the Samples Prepared with Different Ligands

Volume Ratios

ligands volume ratios (total volume S mL in each synthesis)

0:5 1:4 2:3 3:2 4:1
ligand abs (nm) HWHM (meV) abs (nm) HWHM (meV) abs (nm) HWHM (meV) abs (nm) HWHM (meV) abs (nm) HWHM (meV)
TOP:0A 789 135 789 151 829 156 863 154 780 225
DOA:OA 788 146 822 135 845 133 863 137
TOA:OA 867 109 892 106 920 109 929 110
prepared various Cl-passivated InAs NC models starting from random a
unbound Cl positions.
For the calculations that include the OA:TOA mixture, we initially
performed NVT MD simulations to equilibrate the systems PR

employing toluene as a solvent, followed by a simulation for 50 ns
using an isothermal—isobaric environment (NpT) with a constant
pressure of 1 atm and temperature of 300 K. Toluene was initially
used to facilitate the equilibration of the OA and TOA ligands toward
the NC surface and also to prevent the formation of artificial vacuum
bubbles during the equilibration. After the equilibration step, toluene
was removed from the simulation boxes, as it is known to evaporate
during the hot-injection synthesis. This left OA and TOA acting
simultaneously as both ligands and solvent. For all the OA:TOA ratios
(see Table S1), an equilibration run of 1 ns at NVT conditions was
followed by a production NpT run for 100 ns with an integration time
step of 1 fs.

The simulations performed in this study, along with all others, were
conducted using the GROMACS 2021.3 package.”” The MD
simulations utilized a smooth particle mesh Euler method (SPME)
with beta-Euler splines,46 as well as a 1 nm short-range cutoff, to
compute both the L] and the Coulombic terms. The spacing between
consecutive grid points was set to 1 A. The force-field parameters for
the InAs core and the bound Cl ions were previously fitted by some of
us in a separate study using a combination of Lennard-Jones and
Coulombic terms. The OA and TOA FF parameters were taken using
MATCH," a toolset of program libraries aimed at the assignment of
atom types and force field parameters in organic molecules by
comparison against a data set of chemical fragments. All FF
parameters are given in Table S2.

B RESULTS AND DISCUSSION

At first, we aimed to explore which ligands, other than OA,
could be used to synthesize InAs NCs via the amino-As route.
To this end, we followed our recently reported synthesis
protocol® and substituted OA with various ligands, including
oleic acid, octadecylphosphonic acid, TOP, DOA, or TOA (see
the Experimental Section for details). The use of either oleic
acid or octadecylphosphonic acid led to bulk-like In,0; and
As,O; precipitates, possibly due to the condensation of the
acids with the amines present in the amino-As precursor
(Figure SS). In contrast, TOP, DOA, and TOA resulted in the
formation of InAs NCs with the expected zinc-blende crystal
structure, as confirmed by TEM and XRD (Figure S6), yet
with poor control over the size and size distribution (Figure
S7).

Since TOP, DOA, and TOA led to the formation of InAs
NCs, these ligands were also tested in combination with OA
under the same synthesis scheme. As a reference, we also
prepared “standard” InAs NCs (that is, using solely OA) which
had an absorption peak at ~790 nm with an HWHM of ~135
meV after a reaction time of 1 h (Table 1 and Figure S1). The
combined use of TOP+OA or DOA+OA did not result in
significant variations in terms of NCs size and size distribution
compared with the sole OA (Figures 1, S2, and S3).
Specifically, these ligand combinations delivered slightly larger
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Figure 1. Absorption spectra of InAs NCs made with different
combinations of ligands: (a) TOP+OA (reaction time 1 h), (b) DOA
+OA (reaction time 2 h), (c¢) TOA+OA (reaction time 6 h), and (d)
HWHM values of the corresponding exciton absorption peaks. TEM
images of InAs NCs made with (e) only OA or with TOA:OA volume
ratios of (f) 2:3 and (g) 4:1.

NCs (absorption peak located in the 780—860 nm range) with
a broader size distribution (HWHM up to 225 meV) (Table 1,
Figures 1a,b,d, S2, and S3). In contrast, TOA+OA led to larger
NCs (absorption peak ranging from 865 to 930 nm), with an
improved size distribution (HWHM as low as ~105 meV)
(Table 1, Figures 1c,d and S4). Notably, TOA+OA led to InAs
NCs growing in the size focusing regime for 6 h (i.e., the NCs
grew larger, with the size distribution becoming narrower,
Figure S4), as opposed to all the other cases in which the size
distribution started worsening already after 1—2 h (Figures
S1-S3).

The interesting optical properties of the InAs NCs prepared
with TOA+OA led us to investigate their morphology by
TEM. The addition of TOA to OA did not fundamentally
change the growth mechanism for ratios up to TOA:OA = 2:3,
where a typical tetrahedral shape (Figures lef and S8) is
observed, as commonly seen when employing OA alone.”>**
Higher TOA:OA volume ratios (such as 3:2 and 4:1) delivered
NCs with a branched shape (Figures 1g and S8). The unusual
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nm).

morphology of the NCs obtained with a TOA:OA volume
ratio of 4:1 motivated us to further investigate the synthesis
scheme using such a ratio. We systematically varied both the
temperature at which the As precursor is injected (from 160 to
240 °C) and the reaction temperature (from 240 to 300 °C)
(see Figures S9 and S10). Injecting the As precursor at
moderate temperatures (200 °C) followed by NCs growth at
240 °C (reaction time of 6 h) led to NCs with a sharp exciton
absorption peak at ~950 nm and a HWHM as low as 85 meV,
which is among the narrowest size distributions reported so far
for amino-As-based InAs NCs (Table 1 and Figure 2a).>* The
NCs featured a weak PL peak (PLQY ~ 1%) at 1050 nm with
an average PL lifetime of 9.9 ns (Figures 2a and S11). Such a
sample was composed of NCs with a tetrapod shape (Figure
2b), which, according to XRD, had a cubic zinc-blende InAs
structure (ICSD number 24518) with no XRD peaks
ascribable to the InAs hexagonal phase (ICSD number
190427) (Figure 2c). The TEM analysis of the aliquots
taken at different reaction time intervals revealed that (i) small
(size <3 nm) tetrahedral-shaped NCs form within the first 30
s, (ii) after 1 min part of these NCs evolve into tetrapods with
an average size of 3.5—4.5 nm, and (iii) after 3 min the sample
is mostly composed of tetrapod-shaped NCs (Figure S12). Our
findings are similar to those reported by Kim et al, who
obtained tetrapods of InP, also a III-V semiconductor,
featuring both core and arms in the zinc-blende phase.*”*
High-angle annular dark field (HAADF) scanning trans-
mission electron microscopy (STEM) coupled with energy-
dispersive X-ray (EDX) analysis confirmed that the tetrapods
are made of InAs, with a core size of ~2.5 nm and arm lengths

ranging from S to 6 nm (Figures 2d and S13). The HRSTEM
analysis of individual InAs tetrapods revealed that they are
monocrystalline with the arms growing along the (111)
crystallographic axes and exposing facets parallel to the (110)
crystallographic planes (Figure 2e). The 3D structure of the
InAs tetrapods was confirmed by TEM observations at various
tilts: tilting the TEM grid from —35° to +35° revealed four
clearly visible arms, including the central one of a tetrapod, and
the projection of the central arm changed the most during the
tilt series (Figure 2f).

The present InAs tetrapods feature a surprisingly narrow
exciton absorption peak if one bears in mind that their size is
much smaller than that of the exciton Bohr radius of InAs
(~30—40 nm).19 Under this regime (ie., strong quantum
confinement) one would expect huge changes in absorption
peak position upon small variations of NCs size. Indeed, large
variations in bandgap energies have been observed in previous
works when going from 2.8 nm InAs NCs (absorption peak at
780 nm)’® to 9 nm ones (absorption at 1600 nm).” These
observations are in contrast with (i) the narrow absorption
peak of InAs tetrapods, which instead do not feature a very
narrow size distribution (arm lengths ranging from S to 6 nm),
and (ii) the absorption peak position at “high energy” (~950
nm) of InAs tetrapods despite their overall large size.

To rationalize these apparent contradictions, we performed
k-p calculations on both spherical- and tetrahedral-shaped InAs
tetrapods with symmetric arms of varying lengths (Figure 3a).
Spherical InAs models evidenced, in agreement with the
experimental data, that large variations in bandgap energy are
expected even for small variations of the NCs diameter: the
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Figure 3. (a) Schematic of the InAs NCs shapes used in the k-p
calculations: spherical, tetrahedral (with arm length (L,,,,) equal to 0),
and tetrapod (with L,,, # 0) shapes. (b) Electron (p.) (top) and hole
(pn) (bottom) charge densities corresponding to InAs shapes defined
in panel a. (c) Calculated bandgap energies of spherical InAs NCs as a
function of the core diameter. Blue dots stand for 1-band kp
calculations, and the yellow star represents the experimental value
observed in the work of Zhu et al. (~780 nm).** (d) Contour plot of
the calculated bandgap energies as a function of the arm length L.
The yellow cross shows the bandgap energy observed experimentally
in this work, and the dotted lines provide an indication of the tetrapod

core size at L, ~ 0.

bandgap energy for the NC with diameter of 2.8 nm fits well
with the one experimentally observed in our previous work,*®
and subtle modifications of the NC diameter can lead to a
relatively large bandgap red-shift (Figure 3c). Instead, on InAs
tetrapods we found that (i) the charge density of both the
band-edge electron and hole stays at the center of the
tetrapods (Figure 3b) with a slight leakage of both electrons
and holes into the arms; (ii) the bandgap energy red-shifts by
up to 0.513 eV when moving from the pure tetrahedron (arms
length equals to zero) to a tetrapod with 6 nm arm length
(Figure 3d). Such a red-shift reaches saturation at around 3 nm
of arm length for practically all the diameters of the tetrapod
cores considered (Figure 3d). Overall, our k-p model indicated
that (i) an absorption peak at 950 nm is compatible with InAs
tetrapods having arm length of 5—6 nm and core size of 2.3—
2.4 nm, in agreement with our HRSTEM analysis, and (ii) the
narrow absorption peak experimentally observed for InAs
tetrapods can be attributed to the fact that their bandgap
energy remains insensitive to arm lengths when they are
greater than 3 nm.

To shed light on the formation of InAs tetrapods, we first
investigated their surface passivation via 'H NMR analysis. We
also characterized, for a comparison, “standard” InAs NCs,
made with sole OA. Initially, we studied the interaction of the
ligands with the NCs surface via "H NMR spectroscopy and
then complemented our analysis with NOESY and DOSY
spectroscopies. “Standard” InAs NCs made with sole OA
exhibited one set of proton signals that were broadened and
shifted with respect to those of free OA in the same solvent
(Figure 4a, i and ii). This result suggested that OA was
interacting with the NCs surface (i.e, OA molecules assume
the slow tumbling regime of the NCs). 'H-'H NOESY

confirmed such an interaction by yielding OA NOE cross-
peaks which were positive in the case of pristine OA (Figure
S15) and negative for “standard” InAs NCs (Figure S16).
Indeed, the NOE sign of a ligand is dependent on its rotational
correlation time (7.): when a molecule is either tightly bound
or temporarily interacting with the NC surface (through an in-
and-out exchange process),”' it assumes the slow tumbling
regime of the NCs and its 7, value elongates, causing the sign
of NOE to switch from positive (blue, for free ligands) to
negative (red, for ligands interacting with the NCs). To better
identify the type of interaction between OA and the surface of
“standard” NCs, we employed DOSY. The 2D map (Figure
S17) revealed a translational diffusion coefficient (D,) for OA
equal to 139 ﬂmz/ s, which was close to the calculated value
(through the Stokes—Einstein equation) of 137 ym?/s for NCs
with a core size of 2.8 nm and an OA shell thickness of 2 nm.>>
Such values indicated that 99.8% of OA was bound to the
surface of the NCs (see the Supporting Information).>*>*
Therefore, the peak broadening (Figure 43, i) and the negative
NOE cross-peaks observed for OA (Figure S16) were
attributed to tight binding of OA with the surface of “standard”
NCs, rather than to a weak and temporary interaction.

We then acquired the '"H NMR spectrum of InAs tetrapods
and observed two distinct OA olephynic signals (even though
partially overlapped, Figure S18): one at 5.51 ppm, which was
slightly broadened and shifted at lower fields compared to
pristine OA, and another at 5.55 ppm, which appeared to be
much more broadened and shifted. These 'H spectral features,
together with the evidence of an exchange cross-peak in the
"H—"H NOESY 2D map (vide infra, inset “exchange” in Figure
4b), suggested a slow exchange process occurring between free
(F-OA) and bound (B-OA) OA. Indeed, it must be
remembered that NOESY experiments can reveal not only
the cross-peaks due to NOE but also those caused by an active
exchange process, occurring among couples of resonances, that
leads to the transfer of the spin polarization from bound to free
species, and vice versa.”> Additionally, the diagnostic peak of
TOA, namely, the CH, resonance in the position a to the
nitrogen at 2.43 ppm, was slightly shifted compared to the
corresponding signal of the free ligand at 2.42 ppm, and its line
shape moderately broadened (full width at half-intensity of
16.2 Hz for the NCs compared to 15.9 Hz for the pristine
TOA; see the inset of Figure 4a). To gain insights into the
possible dynamics of the ligands at the surface of InAs
tetrapods, we first analyzed the 2D 'H—'"H NOESY spectrum
of InAs tetrapods in solution, which showed negative (red)
NOE cross-peaks, typical of species with a slow tumbling
regime in solution, for B-OA, F-OA, and TOA (Figure 4b),
even with a shortened mixing time (from 300 to 100 ms, aimed
at minimizing the possible spin diffusion, Figure S19),
suggesting that TOA interacts with the surface of InAs
tetrapods.”* In contrast, the 2D "H—'H NOESY spectrum on
pristine TOA showed positive (blue) NOE cross-peaks (Figure
$20).

The DOSY 2D map showed three distinct D, values for the
B-OA, F-OA, and TOA signals (Figure 4c), equal to 183 um?/
s for B-OA (broad signal at 5.55 ppm), 549 um?®/s for F-OA
(multiplet at 5.51 ppm), and 855 um?/s for TOA (triplet at
2.43 ppm; Figure 4c). The measured D, value of pristine OA
(1111 pum?/s, equal to the literature datum*®) and the D, value
calculated for InAs tetrapods with a size of 10 nm (65.9 um?/
s) indicated that 89% of OA was bound to the NC. At the
same time, the olefin signal of F-OA at 5.51 ppm had a D, (549
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signal.

um?/s) which corresponded to the mean value between that of
the pristine OA and the calculated value without any dynamic
process at the surface (65.9 um?/s), suggesting that the OA
bound to InAs tetrapods underwent a slow exchange with the
small amount of free OA present in solution. Conversely, the
observed D, value for TOA in tetrapods was slightly smaller
than that of a pristine TOA (889 um®/s, Figure S$23),
indicating that such a tertiary amine was only loosely bound to
the NCs surface (the bound fraction of TOA was calculated to
be only 3.5%) and underwent a fast exchange with the majority
of free TOA.

To understand how the presence of TOA and OA affects
InAs NCs growth and eventually leads to the formation of
tetrapods, we performed classical MD simulations. We
prepared a set of simulation boxes filled with one InAs NC,
with stoichiometry InggoAs,¢ passivated by 339 CI™ ions to
maintain the system charge-balanced (Figure Sa, see the
Experimental Section for details on the box preparation) and a
number of OA and TOA molecules to satisfy the desired ratios
(see Table S1). We performed MD simulations following the
approach described in detail in the Experimental Section. The
final MD trajectories were analyzed by computing the radial
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distribution functions (RDFs) between the ligands (OA and
TOA) and the surface of the NC (Figure Sb,c), allowing also
the determination of the number of bound ligands on each
facet and therefore of the ligand densities (ligands per nm?).
The OA and TOA plots display common features at different
concentrations: a sharp and intense OA peak at a distance of
~3.0 A from the surface (Figure Sb) of the NC and a second,
weaker one produced by TOA molecules at ~5.0 A from the
surface (Figure Sc). The RDF peaks reflect the strengths of the
binding interactions between the ligands on the NC surface,
highlighting the presence of two “binding” spheres (Figure
Sd,e): a first one, where OA molecules physically occupy the
empty ligand sites, featuring a strong bond that persists even
after the OA concentration is reduced; a second one, in which
the TOA molecules are dominant, but the peak is very shallow,
indicating a weak bond with the NC surface. The weak binding
of TOA persists also at high TOA concentrations, suggesting
that the steric hindrance provided by the octylic tails of TOA
molecules results in an unfavorable access to the surface. The
integration of the RDF provides an estimate for the number of
ligands present at a given distance from the surface, which in
the first peak turns out to be the actual coordination number to
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the NC surface. In Table S1, we noticed that in the presence of
sole OA (ratio TOA:OA 0:5), about 28% of all OA molecules
available in the simulation box were bound to the NC surface,
the large majority on the (111) facets with a negligible
contribution to the As-rich (111). This corresponds to a ligand
coverage of 4.15 ligands/nm? (Figure Sf) on the (111) facets.
By reducing the OA concentration, the fraction of bound OA
increased up to 77%; however, in absolute terms the number of
OA ligands on the NC surface was reduced, with a ligand
concentration that steadily dropped to 2.83 ligands/nm?
(Figure 5f). In contrast, the total number of TOA ligands
bound to the NC surface was very small, ranging from 0.02
ligands/nm2 for TOA:OA 1:4 to 0.20 ligands/nm2 for the
TOA:OA 4:1.

Overall, the MD simulations were in close agreement with
our NMR analyses and allowed us to infer how classical
tetrahedral- and tetrapod-shaped InAs form. A high OA ligand
density (i.e, TOA:OA < 2:3) corresponds to a strong
stabilization of the (111) facets, which leads to a final
tetrahedral structure. On the other hand, at high TOA:OA
ratios (i.e., 4:1) the OA ligand density on the (111) facets is
halved, indicating a higher instability for these facets, which are
susceptible to grow as arms and transform the NC into a
tetrapod.

B CONCLUSION

In this work, we studied how surfactants different from the
“classical” oleylamine (OA) influence the synthesis of InAs
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nanocrystals (NCs) via the amino-As route. Combinations of
trioctylamine (TOA) and OA were found not only to enable a
good control over the size and size distribution of InAs NCs
but also to form tetrapods when employed in specific ratios
(TOA:OA equal to 4:1). These tetrapods featured a cubic
crystal structure, a core size of ~2.5 nm, and arm lengths of 5—
6 nm (with the arms growing along the (111) directions).
Interestingly, our k-p calculations revealed that the bandgap of
InAs tetrapods is not affected by the length of their arms when
these are longer than ~3 nm. This explains why, even if
featuring a broad size distribution (in terms of arm lengths),
the absorption peak of our InAs tetrapods was narrow
(HWHM of 85 meV, which is among the smallest value
reported for InAs colloidal nanostructures). Our MD
simulations, in agreement with NMR analysis, revealed that
while OA can strongly bind to (111) InAs NC facets, TOA can
only weakly bind to the NCs surface (most likely on the edges
and corners) as a consequence of its steric hindrance.
Therefore, when employing high TOA:OA volume ratios
InAs NCs can grow along the (111) directions eventually
forming tetrapods. Our study provides new insights into the
growth of InAs NCs via the amino-As route. Our results
suggest that a pondered use of combinations of ligands could
be another viable way to grow larger InAs NCs with good
control over their size and size distribution.
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