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ABSTRACT: The reduction of Ge halides in oleylamine (OAm)
provides a simple, yet effective high-yield synthetic route to
germanium nanocrystals (NCs). Significant advances based on this
approach include size control of Ge NCs, Bi doping of Ge NCs, and
synthesis of Ge,_,Sn, alloys. It has been shown that the size of Ge
NCs can be controlled by the ratio of Ge**/Ge*" in the reaction.
Here, we show that finer control of absolute size and crystallinity can
be achieved by the addition of molecular iodine (I,) and bromine
(Br,) to germanium(1I) iodide (Gel,). We also show the presence of
a Ge—amine—iodide complex and production of hydrogen and
ammonia gases as side products of the reduction reaction. All
reactions were carried out by microwave-assisted heating at 250 °C
for 30 min. I, and Br, are shown to oxidize Gel, to Gel, in situ,
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providing good control over size and crystallinity. The kinetics of Br, oxidation of Gel, is slightly different, but both I, and Br,
provide size control of the Ge NCs. The samples are highly crystalline as indicated by powder X-ray diffraction, selected area
electron diffraction, transmission electron microscopy and Raman spectroscopy. Although both I, and Br, improve the
crystallinity of the Ge NCs, I, provides overall higher crystallinity in the NCs compared to Br,. Absorption (UV—vis—NIR)
spectroscopy is consistent with quantum confinement for Ge NCs. The solutions of I,, Gel,, and colloidal Ge NCs were
investigated with Fourier transform infrared and "H NMR spectroscopies and showed no evidence for imine or nitrile
formation. The hydrogen on the amine in OAm is shifted downfield with increasing amounts of I, consistent with a more acidic
ammonium species. Hydrogen and ammonia gases were detected after the reaction by gas chromatography and high-resolution
mass spectrometry. The presence of a Ge—amine—iodide complex was also confirmed with no evidence for a hydrazine-like
species. These results provide an efficient fine-tuning of size and crystallinity of Ge NCs using halogens in addition to the
mixed-valence precursor synthetic protocol previously reported and demonstrate the formation of hydrogen as a reducing agent

in OAm.

1. INTRODUCTION

Over the past 2 decades, colloidal synthesis has developed into
a versatile and powerful method to create inorganic
nanostructures. Solution-based synthetic methods have been
able to deliver control over the nanocrystal (NC) size, shape,
composition, and surface functionality with high precision for
an ever-increasing range of materials.' > Molecular halogens”
and halide ions are shown by several research groups to have
influence on the growth kinetics, morphology control, and
surface functionalization of a variety of semiconductor,” metal
NCs,® and perovskites.7’8 For instance, chlorine has been used
by Pietryga et al. to improve stability and the optical properties
of PbSe NCs by etching out Se surface ions and forming a
PbCl, thin layer on their surfaces.* An understanding of the
chemical mechanism for the synthesis of Ge NCs is of
significant importance. It would allow for the optimization and
design of improved synthetic protocols that produce high-
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quality NCs with tunable size, morphology, composition, and
surface characteristics.

Although significant advancements have been made in the
empirical synthesis of germanium nanocrystals (Ge NCs),
methods to reproducibly control size/morphology and a
mechanistic understanding of growth are not as well developed
as those of Cd- and Pb-based quantum dots. Robust synthetic
methods for controlling size and surface passivation are
required to advance their size- and shape-dependent properties
for applications such as battery anodes™'* and optoelectronic
devices.'"'” With a narrow, bulk band gap of 0.67 eV (at 300
K), Ge is considered to be in the theoretical range of maximum
efficiency for solar cells."” The Ge band gap combined with its
large exciton Bohr radius (ay ~ 24 nm) allows for fine-tuning
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of the band gap over a broad range of NC sizes and allows the
decoupling of thermal and electrical conductivity of these
materials. * Recently, carrier multiplication was observed for
Ge NCs with an average size of 5—6 nm illustrating their
promise for applications in solar cells."®

Precise synthetic control over size, crystallinity, and surface
is an ongoing challenge for Ge NCs, particularly due to the
high crystallization temperature of Ge and its redox
potential.'®'” The reduction of Gel, and Gel, precursors in
high boiling solvents to form Ge-based nanomaterials has been
reported by a number of research groups.'®™>” These reactions
demonstrate control over the size of Ge NCs, but the degree of
crystallinity varies, depending on the temperature, the reducing
agent, and the precursor (Gel, vs. Gel,). Oleylamine (OAm) is
commonly used as a solvent and electronic passivating ligand
in the syntheses24 of metal,”® metal—halide perovskite,%_28
and semiconductor”” > nanomaterials and is known as the
“dominant coordinating solvent in the nanomaterial syn-
thesis”.** > OAm was first identified as an effective reducing
agent for Gel, by Wan and co-workers."" The primary amine
has been demonstrated to play a critical role in the reaction;
however, the detailed mechanism of the reduction reaction is
not known.***’ Utilizing the novel size control strategy first
reported by Neale and co-workers,”® our group developed a
microwave synthesis for the Ge NCs using OAm.>® Although
the synthesis resulted in crystalline nanoparticles at temper-
atures as low as 210 °C, the NCs were observed to suffer from
incomplete surface passivation.”” We have shown that OAm-
capped Ge NCs have surface defects that can be detected by
cyclic voltammetry and removed through hydrazine treatment
and dodecanthiol (DDT) exchange.” The stability of the Ge
NCs increases by exchanging the OAm ligands for DDT, and
their size-dependent band gap was determined using surface
photovoltage spectroscopy.” Recently, our group showed the
nontrivial effect of a binary solvent system, comprised of OAm
and 1-dodecene, on the size control and crystallinity of as-
synthesized Ge NCs. When 1-dodecene is employed with
OAm, it also binds to the surface of Ge. Increased amounts of
1-dodecene over that of OAm lead to larger NCs along with
OAm/1-dodecene ratio-dependent mixed crystallinity of the
Ge NCs.”

The ability to dope Ge NCs with a variety of main group
elements utilizing halide precursors has also been demon-
strated.”’ Doped materials are crucial for applications in
devices where n- or p-type carriers are required. Recently, these
synthetic methods have been extended to Ge,_Sn, alloy
nanomaterials prepared from both metal halide and metal
amide precursors.””~** The Ge,_,Sn, alloying provides band
gap engineering of the nanomaterial as a function of both size
and composition. Although Ge is an indirect band gap
material, the incorporation of Sn into the structure could
lead to a quasi-direct or direct band gap, even for low
compositions of Sn.** Additionally, there is a vast array of
other Ge-based nanomaterials that could be developed with a
better mechanistic understanding of their formation.

Hence, in efforts to provide better control of size and shape
for Ge NCs and its alloys, the effect of halogens, I, and Br,, on
the production of Ge NCs from Gel, is systematically
explored. Insight into the chemical reaction is obtained by
using '"H NMR and high-resolution mass spectrometry
(HRMS) to probe the interaction of Gel, precursor in the
presence of a primary alkylamine (OAm) and the contribution
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of I, to altering the basicity and, consequently, the chemical
environment of the amine proton.

2. EXPERIMENTAL PROCEDURES

2.1. Chemicals. Oleylamine (OAm) (cis-9-octadecen-1-amine
(CAS registry number 112-90-3)) was purchased from Sigma-Aldrich
(>98% primary amine) and TCI America (>40% amine) and was
used after degassing under reduced pressure at 150 °C for a minimum
of 60 min. Germanium(II) iodide (Gel,) was purchased from Prof.
Richard Blair’s laboratory (University of Central Florida)*® and was
characterized by powder X-ray diffraction (PXRD) to be phase-pure
(Supporting Information (SI), Figure S1). Crystalline flakes of
resublimed iodine were obtained from Johnson Matthey Chemicals
Limited (Puratronic quality) and stored under an inert atmosphere.
Bromine (99.5%) was obtained from STREM Chemicals. Gel,,
(99.999%) was purchased from STREM chemicals. Dioctylamine
(DOA) (98%) and trioctylamine (TOA) (98%) were purchased from
Sigma-Aldrich. Methanol, toluene, and acetonitrile were purchased
from Fisher Scientific, purified using a commercial solvent purification
system, and stored in a glovebox under argon.

2.2. Ge NCs Synthesis. All Ge NC syntheses were carried out in a
Discover SP microwave reactor (CEM Corporation) in the dynamic
mode unless otherwise specified. The microwave reactor is calibrated
annually by a CEM technician and the measured temperatures are
within & § °C. A typical synthesis involves the addition of 0.40 mmol
of Gel, (130.6 mg) into a 35 mL microwave reaction tube (purchased
from CEM) followed by the addition of 8 mL (24.3 mmol) of
degassed OAm using a calibrated pipet in an argon-filled glovebox.
Calculated quantities of molecular I, or Br, are added to the
microwave tube as needed (0.00 to 0.40 mmol). The contents of the
microwave tube are sonicated in a water bath until complete
dissolution of the precursor. The dissolution of Gel, results in a
yellow-colored solution. I, or Br, also dissolves easily in OAm.
Depending on the halogen concentration relative to Gel,, a yellow to
the almost colorless solution will form upon sonication. Typical
reaction conditions involve heating the system for 30 min at 250 °C
under the dynamic mode (set maximum power that oscillates to
control the temperature). The dark brown product is isolated without
exposure to ambient conditions by handling in a solvent box under an
argon atmosphere. The NCs are isolated by centrifugation (8500
rpm) for S—10 min with methanol as an antisolvent (the addition of
antisolvent until turbidity point of the mixture) to remove the
unassociated OAm molecules. The colorless supernatant is discarded,
and the brown precipitate is dispersed in about S mL of toluene and is
stored under argon for further characterization. For the control
experiments, Gel,/Gel, in molar ratios in the range of 0.0—1.0 (total
Ge: 0.40 mmol) was added to 8 mL of degassed OAm in a 35 mL
microwave tube. The dissolution of pure Gel, in OAm results in a
colorless solution. The reaction and isolation procedures were similar
to the aforementioned Gel,/halogen protocol.

3. MATERIAL CHARACTERIZATION

Ge NCs and products from the reaction were characterized by
powder X-ray diffraction (PXRD), transmission electron
microscopy (TEM), scanning transmission electron micros-
copy (STEM), energy-dispersive X-ray spectroscopy (EDS),
selected area electron diffraction (SAED), NMR spectroscopy,
Raman spectroscopy, absorption (UV—vis—NIR and Fourier
transform infrared (FTIR)) spectroscopies, high-resolution
mass spectrometry (HRMS), and gas chromatography (GC).

3.1. Powder X-ray Diffraction (PXRD). Powder X-ray
diffraction (PXRD) patterns were collected by drop-casting the
dispersion of Ge NCs in toluene onto a quartz substrate or
silicon (Sis;o) single-crystal zero-background holder. Solvent
evaporation results in a dark brown-colored thin film of the
NCs that was then scanned on a Bruker D8 Advance
diffractometer (Cu Ka, 40 kV, 40 mA). The step size of the
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measurement was 0.02° in the 260 range of 20—75°. The
obtained data were compared to the (04-0545—diamond
cubic Ge) Powder Diffraction File from the International
Center for Diffraction Data database. To estimate the
crystallite size of the NCs, the Scherrer method has been
carried out by fitting (pseudo-Voigt) the (220) reflection
applying the Jade 6.0 software.

3.2. Transmission and Scanning Transmission Elec-
tron Microscopy (TEM/STEM). Samples for both TEM/
STEM were prepared by drop-casting the dilute dispersion of
Ge NCs in toluene onto either lacey carbon supported by a
400 mesh copper grid (Ted Pella) or a holey carbon film
supported by a 300 mesh copper specimen grid (SPI). The
grids were dried completely under an incandescent light or in
an oven overnight to avoid carbon contamination of the
vacuum chamber during electron beam irradiation. The TEM
imaging and selected area electron diffraction (SAED) of the
samples were performed using a JEOL JEM 2S500SE trans-
mission electron microscope (JEOL Ltd. Tokyo, Japan). The
instrument is operated at 200 keV and is equipped with a
Schottky field-emission electron gun (FEG) and a retractable 1
k X 1 k Gatan Multiscan CCD camera (model 794). NCs
obtained from Gel,/Gel, reactions were imaged at 200 keV in
the STEM mode with an aberration-corrected JEOL JEM-
2100F/Cs STEM equipped with Gatan annular dark-field
(ADF) and STEM bright-field detectors. For STEM imaging,
the electron probe convergence semiangle was approximately
23 mrad and the ADF inner detector semiangle was 33 mrad,
hence resulting in medium angle annular dark-field contrast for
which some diffraction contrast cannot be neglected. Both
bright- and dark-field micrographs were collected. The
DigitalMicrograph software provided by Gatan Inc. was used
to collect images. To determine the average particle size and
respective standard deviation, 150—250 individual NCs were
imaged from different sample areas and multiple specimen
grids. Particle sizes were calculated from intensity line profiles
across individual particles in one consistent direction using the
Image J software package. Energy-dispersive X-ray spectrosco-
py mapping (EDS) of the samples was carried out using a
Thermo Corporation EDS spectrometer attached to the JEOL
JEM 2500SE.

3.3. Raman Spectroscopy. Raman spectra were collected
using a Renishaw RM1000 laser Raman microscope (514 nm)
with a motorized stage. Samples were prepared by drop drying
a concentrated solution of Ge NCs in toluene on the Al foil or
Si substrate. To ensure reproducibility, different areas of the
sample were scanned. Experimental data were analyzed using
the Mathematica 11.0.1.0 software.** Experimental spectra
from 100 to 1000 cm™" were fit as the sum of two Lorentzian
functions and a baseline function to obtain the peak position
and full width at half maximum (FWHM), using the following
equation

AlAff . AzAf;

2 Af] 2 2 Afz 2
4[(fl—x)+<2) 4(f2-x)+(2)]
+ base (1)

where A, is the peak height, Af, is the full width at half
maximum (FWHM), f,, is the peak center, and x is the Raman
shift in wavenumbers. The base constant compensates for the
background intensity off-set.

F(x) =
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The analysis of the Raman peaks with the phonon
confinement model employed for Ge nanocrystals was also
investigated. The dispersion relation was employed,

2

2 qr

o(g) = Vo - 43565 {lg| + 0.5766} 2)
where @(0) is the Raman peak position of bulk Ge at room
temperature (301 cm™), q, is the reduced wave vector with q=
(27/a)q,, and a is the lattice parameter of Ge (0.566 nm).*"**
Ge powder (100 mesh, 99.999% metals basis, Alfa Aesar) was
measured as a standard with the Ge—Ge optical phonon at 301
cm™ and FWHM of 10 cm™.

3.4. UV—vis—NIR Spectroscopy. Spectra of diluted
toluene dispersions of the OAm-capped Ge NCs were
obtained at room temperature on a UV-3600 Plus Shimadzu
UV—vis—NIR spectrophotometer, using an optically trans-
parent quartz cuvette with an optical path length of 1 cm. The
spectra were recorded in the range of 300—1600 nm in a dual
beam mode at a medium scan rate and 1.0 nm wavelength
interval. The spectrum of the background absorption of the
same solvent (toluene) was subtracted from the sample
absorption.

3.5. FTIR Spectroscopy. FTIR measurements were carried
out with a Bruker Alpha spectrometer. Toluene dispersion of
samples was dispensed directly onto the attenuated total
reflection-crystal and allowed to air dry.

3.6. NMR Spectroscopy. Samples for 'H and *C NMR
were prepared by evaporating toluene dispersions of Ge NCs
in a vacuum oven at 60 °C and dissolving them in the CDClI;
solvent under an inert atmosphere. 'H and '*C NMR spectra
were obtained at room temperature on a 400 MHz Bruker
Advance IIIHD Nanobay Spectrometer or 600 MHz Varian
VNMRS spectrometer. Chemical shifts were referenced to
residual undeuterated CHCl, (7.26 ppm).

3.7. High-Resolution Mass Spectrometry (HRMS) and
Gas Chromatography (GC). For high-resolution mass
spectrometry (HRMS), dilute toluene dispersions of Ge NCs
were analyzed by flow-injection analysis into a Thermo Fisher
Scientific LTQ_ Orbitrap (San Jose, CA) operated in the
centroid mode. Samples were injected into a mixture of 50%
methanol and 0.1% formic acid/H,O at a flow of 200 yL/min.
Source parameters were 5.5 kV spray voltage, the capillary
temperature of 275 °C, and sheath gas setting of 20. Spectral
data were acquired at a resolution setting of 100,000 FWHM
with the lock mass feature, which typically results in a mass
accuracy <2 ppm.

Qualitative measurement of hydrogen and ammonia gases
was performed on a Varian 3800 GC equipped with a thermal
conductivity detector and a Carboxen 1010 PLOT fused silica
column (30 m X 0.53 mm) (Supelco) using nitrogen
(99.999%, Praxair) as the carrier gas. The GC spectra are
plotted using the plot digitizer software to convert a screenshot
of the spectra (very old GC computer) to the plots of the
scans.

4. RESULTS AND DISCUSSION

4.1. Nanocrystal Synthesis and Characterization.
Microwave-assisted synthesis of Ge NCs using Gel, or mixed
valent Gel,/Gel, as Ge precursors in OAm under air-free
environment was previously developed.*® The work presented
here shows the synthesis of nanocrystals of Ge by the
microwave-assisted reaction of Gel, using halogens (either Br,
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or I,) in OAm. OAm (cis-CH; (CH,),CH=CH
(CH,)¢NH,), a primary unsaturated amine, is a common
solvent and coordinating ligand in the synthesis of nanoma-
terials.”>**>>* 73> OAm is a liquid at room temperature (T,
~ 20 °C) and has a high boiling point (~350 °C); these two
attributes allow for facile isolation of NCs and the ability to
tune the reaction over a wide range of temperatures. In
addition to its solvent role, OAm can act as an electronic
passivating ligand, long-chain surfactant stabilizing NCs
colloids, and mild reducing agent.SO’SI’54

OAm can be purchased with different grades of purity (40—
98% in primary amine content). As previously reported in the
literature,” the [CH,]:[NH,] ratio for 40% OAm is higher,
attributed to the presence of heavier hydrocarbons, compared
to 70—98% primary amine content. In this work, we initially
used 98% OAm for GC and NMR studies to avoid
hydrocarbon impurities that might be present in technical
grade OAm. Since no noticeable difference in microwave
heating of products was observed under consistent reaction
conditions, we employed 40% OAm for the majority of the Ge
NCs syntheses. The reagents in our reaction are the major
contributors to how rapidly the solution reaches the set
temperature since OAm does not efficiently absorb micro-
waves. In addition, we run the reaction under the dynamic
mode (automatic power); as the microwave reactor
approaches the desired temperature, the instrument oscillates
the microwave frequency on and off to not surpass the desired
temperature. Any material containing mobile electric charges,
such as polar molecules or conducting ions in a solvent or
solid, can be heated by means of microwaves. The reagents can
absorb microwaves at a given frequency and temperature
because of the value of the loss tangent, which is the tangent of
the ratio of the dielectric loss divided by the dielectric constant.
The dielectric loss provides the conversion efliciency of the
electromagnetic radiation into heat, and the dielectric constant
corresponds to the polarizability of the molecule in the electric
field>°™>” Gel, has been shown to be a good microwave
absorber.*® In this study, the halogen is always mixed with Gel,
in OAm and provides additional absorption of microwaves that
translate into faster heating of the solution. The effect on
microwave heating rates of increasing the concentration of
each halogen, Br, or I, compared to the reaction of Gel, with
no added halogen is shown in Figure 1. The individual heating
profiles for each concentration of halogen are shown in the
Supporting Information (SI, Figure S2). I, increases the
microwave heating rate relative to that of Br,.

Figure la displays the time required to reach 250 °C for
varying concentrations of Br, and I, (for 0.40 mmol Gel, in
OAm) and shows that both I, and Br, increase the heating rate
of the solution compared to Gel, (black solid line) by itself.
The plot of time to reach 200 °C provides a more quantitative
evaluation of the effect of the halogen on the ramp rate and
consistently shows that iodine containing solutions reach
temperature faster. These results suggest that these halogens
are forming molecular or ionic species in the solution that lead
to better absorption of microwaves.””°"®> The exact
mechanism of heat transfer with microwaves for halogens in
nonabsorbing liquids has not been elucidated, but it can be
speculated that various polar or ionic species can arise such as
H*X™ or RNH;*X".

In all reactions, the Gel, precursor was held constant at 0.40
mmol (consistent with previous experiments),** and only the
halogen concentration was varied. PXRD characterization of
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Figure 1. (a) Temperature profiles for microwave heating of reactions
comprising of constant 0.40 mmol Gel, and varying quantities of I, or
Br, (0.00, 0.05, 0.10, 0.20, and 0.40 mmol) in 8 mL (24.3 mmol) of
OAm (X, stands for halogen). (b) Time required to reach 200 °C
versus halogen amount (0.00, 0.05, 0.10, 0.20, 0.30, and 0.40 mmol)
added to 0.40 mmol Gel, in 8 mL (24.3 mmol) of OAm.

reactions of Gel, with with 0.00 to 0.40 mmol halogen 0.00 to
0.40 mmol halogen indicates the formation of phase-pure cubic
Ge (Figure 2). The observed diffraction signals at 27.3, 45.4,
and 54.5° are assigned to the (111), (220), and (311) lattice
planes of diamond cubic Ge, respectively. The crystallite size
was determined from the broadening of the (220) reflection
based on the Scherrer analysis.63 The (111) reflection was not
used to reduce errors from peak asymmetry and background
removal. Scherrer’s formula is shown as eq 3. Crystallite size, L,
is proportional to X-ray wavelength in nm (4) and crystallite
shape (constant K proportionality factor, normally considered
as 0.94 for spherical crystals with cubic symmetry) and is
inversely proportional to angle (0) and the width of the
diffraction peak at half maximum height (f in radian).
Crystallite size increased gradually from 3.3 to 18 nm as the
quantity of halogen increased (Table 1). Previous work has
demonstrated a similar size relationshig) for Gel,/Gel,
reactions run under similar conditions.”®*® The PXRD
patterns of Ge NCs obtained from Gel,/Gel, as control
reactions are shown in the Supporting Information (Figure S3
and Table S1).

K
P cos O 3)

The TEM images (Figures 3 and 4) indicate the formation of
quasi-spherical NCs. The morphology of NCs is consistent
with that obtained in our previous work using Gel, and Gel, at
lower reaction temperatures.”® The size distribution histo-
grams are calculated for each image. Consistent with the
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Figure 2. PXRD patterns of Ge NCs prepared with varying quantities
of (a) I, and (b) Br, compared to the reference pattern (PDF #04-
0545) showing the (111), (220), (311), (400), and (331) reflections
of cubic Ge.

Table 1. Summary of Crystallite Size for OAm-Capped Ge
NCs Obtained from the Reaction with Constant 0.40 mmol
Gel, Precursor and Increasing Amounts of Halogen or Gel,
(for Gel,/Gel, Reactions, Total Ge Content is Held 0.4
mmol) in OAm at 250 °C

crystallite size (nm)“

mmol halogen I, Br, Gel,

0.00 3.1 +£0.10 3.1 +£0.10 3.1 +0.10
0.05 34 +0.10 3.3 £ 0.10 34 +0.10
0.10 4.0 + 0.10 4.1 £ 0.10 4.7 £ 0.10
0.15 6.6 + 0.10 4.7 + 0.10 9.1 = 0.10
0.20 8.7 + 0.10 5.6 + 0.10 11.7 £+ 0.10
0.30 16.8 + 0.20 8.7 + 0.10 ND

0.40 17.7 £ 0.20 17.2 £ 0.20 ND

“Based on the Scherrer method employing the (220) reflection.

average crystallite size obtained from PXRD patterns, the TEM
images indicate a gradual increase in NC size with the
increasing quantity of I, and Br, (Figures 3 and 4), with size
distributions in the range of 13—20%. The sizes obtained from
TEM images were consistently found to be larger than the
crystallite sizes reported in Table 1. The Scherrer equation has
the tendency to underestimate the actual size of the NCs.**
The differences may be attributed to amorphous character of
the surface and the fact that PXRD is sampling a significantly
larger amount of the material than TEM.®* The crystallite size
tunability achieved via oxidation by I, (Ge®*/Ge*") is in the
range 4—20 nm. Although the uniform distribution of
individual NCs is observed for NCs up to 10 nm in diameter,
the larger NCs are present as agglomerates on the TEM grid
and do not form stable colloidal solutions (Supporting
Information, Figures S4 and S5). The histograms of Ge NCs
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(b) 0.10 mmol (5.7  0.90 nm)

(a) 0.05 mmol (4.7 £ 0.80 nm)

50 nm

(c) 0.15 mmol (9.0 = 1.4 nm) (d) 0.20 mmol (10.5% 2.0 nm)

Figure 3. Size and morphology: TEM images of Ge NCs prepared
with 0.40 mmol and varying quantities of I, (0.05—0.20 mmol). The
average size with the standard deviation is provided along with iodine
quantity at the top of each image.

(a) 0.05 mmol (4.4 £ 0.90 nm) (b) 0.10 mmol (5.4 £ 0.91 nm)

50 nm

(c) 0.15 mmol (6.1 £ 0.81 nm)

(d) 0.20 mmol (8.2 + 1.4 nm)

Figure 4. Size and morphology: TEM images of Ge NCs prepared
with 0.40 mmol and varying quantities of Br, (0.05—0.20 mmol). The
average size with the standard deviation is provided along with iodine
quantity at the top of each image.

diameters and their fit to a Gaussian model are provided in the
Supporting Information (Figures S6 and S7).

Selected area electron diffraction patterns obtained from
OAm-capped Ge NCs synthesized in the presence of halogens
clearly show the crystalline diamond cubic structure of Ge and
increased crystallinity with higher halogen concentration (SI,
Figures S8 and S9). The corresponding diffused ringlike SAED
patterns confirm the polycrystalline nature of Ge NCs. The
measured lattice constant of 3.2 A is consistent with a lattice
spacing of diamond cubic Ge (111) reflection.'""®

Energy-dispersive X-Ray spectroscopy (SI, Figures S10 and
S11) was performed to confirm the NC composition, and Ge,
C, O, and Cu are clearly distinguished. The C and Cu peaks

DOI: 10.1021/acs.chemmater.9b02225
Chem. Mater. 2019, 31, 7510-7521


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02225/suppl_file/cm9b02225_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02225/suppl_file/cm9b02225_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02225/suppl_file/cm9b02225_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02225/suppl_file/cm9b02225_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02225/suppl_file/cm9b02225_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b02225

Chemistry of Materials

are due to the holey and Lacey-carbon TEM grids used to
support the samples. The oxygen signal is attributed to the
oxidation of Ge NCs from the TEM grid preparation.

To validate in situ formation of Gel, we qualitatively
compared the color of the starting mixture (SI, Figure S12).
Gel, and Gel, in OAm are colorless and yellow, respectively.
The addition of I, to Gel, in OAm reduces the color to an
almost colorless solution when the ratio of Gel,/I, increases
from 1:0 to 1:1. Surpassing the stoichiometric amount of I, to
oxidize all Gel, to Gel, results in a reddish solution attributed
to the excess of I, in OAm. Additionally, we compared the
crystallite sizes of NCs reported in Table 1 with the sizes
obtained for NCs prepared by the direct addition of Gel,. The
Gel,/Gel, reactions were carried out at constant Ge
concentration under identical conditions (250 °C, 30 min).
A plot of quantity of the reagent (I, or Gel,) added to Gel,
precursor versus NC size reveals that the effect of I, on NC
size is similar to that of Gel, for lower concentrations;
however, it shows a more dramatic enhancement for higher
Gel, concentrations compared to identical concentrations of I,
(Figure S).

12 = el
v Gel/Gel, v
— 104
E
£ v
-
S 8-
(2]
£ -
s ¢
[
[ -
G, p4
. -
21— ; . ; ;
000 005 010 015  0.20

Relative [Gel ] or [I,]

Figure S. Comparison of the crystallite size of Ge NCs obtained from
two different reaction methods: Gel,/Gel, (blue triangle) and Gel,/
I, (black square).

The TEM images of Ge NCs prepared by control reactions
of Gel,/Gel, and their corresponding histograms are shown in
the Supporting Information, Figure S13. A plot of particle size
versus relative amounts of Gel, or I, provided in the
Supporting Information, Figure S14, displays a similar trend.
The smaller Ge NCs sizes at higher I, concentration compared
to Gel, may be attributed to the faster microwave heating rate
in the case of I, and enhanced nucleation kinetics (SI, Figure
S15).

The crystallinity and successful reduction of Gel, to
elemental Ge for the Ge NCs was investigated with Raman
spectroscopy (Figures 6 and S16). The Ge—Ge optical phonon
for bulk Ge occurs at ~300 cm™.%7%7 A peak at about 300
cm™!, consistent with crystalline Ge, is observed, and an
amorphous Ge peak, expected at 154 and 274—280 cm™, is
not observed.”*”"® There is no evidence for any form of
GeO,.”* The Raman spectra of the smaller sizes show
significant asymmetry in the peak on the low wavelength
side. Peak broadening and shifts to lower energy are known to
occur for nanomaterials due to quantum confinement size
effects and strain at the surface, particularly for covalently
bonded materials.”>”® These effects have also been shown in
the case of Si NCs with different surface terminations.”” To
quantify peak wavelength shifts and broadening, each spectrum
was fit with the sum of two Lorentzian functions and a baseline
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Figure 6. (a) Raman spectra of Ge NCs synthesized from Gel, with
varying I, concentrations (0.0—0.04 mmol). (b) Raman spectra of Ge
NCs synthesized from Gel, with varying Br, concentrations (0.0—
0.40 mmol). As the amount of halogen added to the reaction
increases, there is an increase in the particle size and crystallinity.

function (SI, Figures S17—S19 and Table $2).”*”” The higher
frequency peak is the Ge—Ge phonon mode (Lorentz 1),
representative of the crystalline character of the NCs, and the
shift is attributed to quantum confinement. The anisotropy at a
lower frequency (Lorentz 2) is attributed to quantum
confinement, disorder, and surface bonding and is significant
for crystallite sizes less than 10 nm. The experimental Raman
shift and the full width at half maximum (FWHM) of the
optical phonon and asymmetry peaks of the various samples
have inverse trends, with the FWHM of the peaks decreasing
with the increasing crystallite size (Figure 7). Narrowing of the
main peak of the Ge—Ge optical phonon mode is consistent
with increasing crystallinity and size. No secondary phases
attributed to the strong and Raman active covalent Ge—N
interaction were detected."”®" The low-frequency tail can be
calculated using the phonon confinement model,"”** which
should account for the peak position and width for particles
less than 10 nm. Comparing the peak shift according to an
improved phonon confinement model by Volodin,”® we find
good agreement with the crystallite size of about 3 nm. Above
4 nm, there is a deviation of the shift from that projected from
the model. The asymmetry and the width of the Raman peak
were not well modeled, with the model underestimating the
asymmetry and overestimating the width.

A simpler form of the phonon confinement model that has
been used for the Raman spectra of Ge NPs embedded in
silica®” was employed to determine whether the experimental
data could be better modeled. Similar to the Volodin model,
we find that the optical phonon peak shift does not agree well
with our experimental data for crystallite or particle diameters
less than 4 nm but is reasonable for larger sized particles and
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Figure 7. (a) Raman Shift (cm™) and (b) full width at half maximum
(FWHM) as a function of the crystallite size for NCs synthesized with
varying quantities of I,, Br,, and Gel,. The closed and open symbols
correspond to fitting the crystalline Ge—Ge optical phonon (Lorentz
1) and the asymmetry (Lorentz 2) peaks, respectively.

that the asymmetry is underestimated (see the SI, Figure S20).
The low-frequency tail has been interpreted as arising from
changes in the bond length (small particles have a higher
surface to volume ratio and, therefore, a larger fraction of
uncoordinated surface atoms with shorter bond lengths).””
This induces Raman scattering at lower frequencies and that is
a major component of the tail. With increasing NC size, the tail
shifts to higher frequencies and its intensity decreases. This
interpretation is consistent with the data presented.

Figure 8 shows the peak areas of the optical phonon vs
asymmetry component of the Raman spectra from Ge NCs
synthesized using halogen or Gel, under the same reaction
conditions (SI, Table S2). In general, the percentage of total
peak area from the optical phonon peak increases with the

40

30

n
o

Percent Peak Area (%)

-
o

o

0.00 0.05 0.10
mmol Gel,

0.0

PGy -

0.1
mmol Br,

0.1 0.

; 0.2
mmol |,

Figure 8. Percent peak area of the crystalline Ge—Ge optical phonon
(filled) and asymmetric (hashed) peaks as a function of the amount of
(a) L, (b) Br,, or (c) Gel, added to the reaction.
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particle size consistent with the increasing crystallinity. The
graphs show that both I, and Gel, provide an increasing
optical phonon peak area compared to the asymmetric
component as a function of concentration. At 0.1 mmol of I,
and Gel,, precursors, the Ge NCs crystallite sizes are 4.0 nm vs
4.7 nm, respectively; the crystallite size is controlled by the
microwave (MW) heating rate. As mentioned above, the faster
heating rate gives rise to smaller particles in the case of I,. This
could be the result of localized superheating due to the
enhanced absorption of I, in the MW. Similar to the reactions
of Gel, and Gel,, the reaction ramp rate to 250 °C was
dependent on the amount of I, and Br, added to the reaction,
which indicates that the MW absorption efliciency of the
solution is increasing.’® The trend of increasing area of the
optical phonon mode is not consistent for the Br, reactions,
which is attributed to Br, having a lower MW absorption
efficiency and a slower reaction ramp rate.

The absorbance measurements were carried out in the range
of 300—1600 nm with dilute dispersions of the Ge NCs in
toluene. The plots for Gel,/I, reactions are shown here
(Figure 9a) and for Gel,/Br, and Gel,/Gel, are shown in the

1.04 (a) UV-vis-NIR ——0.00 mmol I,
——0.05 mmol |,
08 ——0.10 mmol |,
~——0.15 mmol |,
8
2 06-
3
o
8 04
o
<
0.2
0.0 4
300 4;0 Sl')o 7&0 9;)0 10’50 1200
10 Wavelength (nm)
—0.00 mmol |, E“ =115eV
~———0.05 mmol |, E' =1.06 eV
0.84 ——0.10 mmol I, E =097eV
——0.15 mmol |, E' =0.82eV
0.6
s
Z
< 0.4
0.24
(b) Tauc Plot
0.0 < T T T
0.5 1.0 15 2.0 25 3.0
Energy (eV)

Figure 9. Optical Characterization: (a) UV—vis—NIR spectra of Ge
NCs prepared with 0.40 mmol Gel, and varying quantities of I,
dispersed in toluene and (b) Tauc plot of the absorption spectra.
Extrapolation of the curve is shown with dashed lines.

SI, Figures S2la and S22a. The absorption spectra are
characterized by a featureless trace until approximately 600
nm. This is consistent with expectations for an indirect band
gap semiconductor. A red shift in the absorption trace from
300 to 600 nm can be observed with increasing NC size.
Similar responses have been previously reported for Ge
NCs.>** Tauc plots (Figures 9b, S21b and S$22b) were
obtained by plotting the square root of the product of
absorbance times energy versus energy. The plot provides an
estimation of the band gap extracted from the onset of the
curve. The band gap values extracted from Figure 9b range
from 1.15 eV (0.0 mmol I,) to 0.82 eV (0.15 mmol I,) for the
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smallest and larger NCs, respectively. The trend obtained for
the band gap values is consistent with the expected quantum
confinement effects in NCs, however these absorption spectra
were not corrected for light scattering. Light scattering would
be more pronounced for larger particles and makes it difficult
to determine the absorption onset.

4.2. Understanding the Role of OAm and |,. The
generally accepted mechanism for the synthesis of Ge NCs in
OAm is that at sufficient temperature there is enough reducing
power in OAm to reduce Ge halides to Ge NCs."" If one
considers the simple correlation of NC size to the reducing
ability of the reagent, then increasing the size of NCs with
increasing halogen could be interpreted as attenuating the
reducing power of the OAm solution and thereby leading to
fewer nucleation events.’””> The complication of both a
reducing solvent and oxidizing halogen reagent makes it
difficult to deconvolute the competing effects, but at low
concentrations, the halogens act in a similar fashion as Gel,
and control size. In addition, the halogens allow for a finer
control of size than that obtained by employing Gel,.

Alkylamides M(NR,), are known to be suitable precursors
to obtain different types of nanomaterials due to the high
reactivity of single-element nitrogen bonds and facile reduction
of those materials attributed to the polar M—N bond.**
Organoamines are typical passivating ligands for NCs owing to
the coordination of the nitrogen head group with the surface
atoms of the NCs.*»** OAm is often chosen as an inexpensive
and commercially available solvent for the synthesis of colloidal
semiconductor NCs because it solubilizes both inorganic and
organometallic precursors, is a mild reducing agent, and has a
high boiling point (bp & 350 °C). It has been reported that
OAm can contribute as an electron donor at high temper-
atures.*” Other high boiling amines, such as dioctylamine (bp
# 297 °C) and trioctylamine (bp =~ 366 °C), were investigated
for the reaction. Dioctylamine (DOA) is able to reduce Gel,
under the reaction conditions used here (MW heating at 250
°C for 30 min); however, even at elevated temperatures,
trioctylamine (TOA) is unsuccessful at producing Ge NCs.
Previous results confirmed the amine to be crucial and ruled
out the carbon—carbon double bond as a contributor in the
reaction,”®** but the inability of a tertiary amine to reduce the
Ge halide precursor suggests that a proton from the amine has
a crucial role in the mechanism of NC formation.

Given that redox chemistry occurs in the reaction, there are
several viable pathways for NC formation. Chen et al. have
proposed that for the reduction of Ag" to form Ag
nanoparticles, OAm is oxidized to either an imine or a nitrile,
based on FTIR characterization, and is mediated by Ag".>’
Mishra et al. also reported observing a very weak band at 2172
cm™! attributing to the formation of nitrile species during the
formation of Ag and Au NPs using hexadecylamine as the
reducing agent and capping ligand.*® They correlated the blue
shift of the observed nitrile band to the end-on coordination of
the nitrile group to the metal atoms. There is evidence for
neither imine, nor nitriles, by FTIR or NMR in our work (see
below and Figure S23). In the FTIR spectra shown in the
Supporting Information, bands around 3005, 1630, 1065, and
966 cm™" correspond to the stretching vibration of =C—H,
scissoring of NH,, bending of NH,, and trans =C—H in-plane
and out-of-plane wagging, respectively (it was reported that the
OAm can undergo cis—trans isomerization during its synthesis
and as-received OAm contains trans isomer up to 43%).”
Neither the stretching band of C=N (2240—2260 cm™"), the
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stretching vibration of =N—-H (3300 cm™'), the C=N
vibration (1660 cm™") nor the =N—H deformation vibration
(1580 cm™) is observed.**” Additionally, previous NMR
studies of Ge NCs do not show imine or nitrile donation to the
NC surface, although it should be noted that NMR is not a
sensitive enough characterization technique to detect trace
amounts of such species.”

Thermodynamically favorable formation of 1:1 complexes
by the mixture of the dilute solutions of iodine and amine in
nonpolar solvents has been known for a long time, and the
resulting turbid solutions are indicative of ionic species
formation.””~"® When solely considering the interaction
between amines and I,, the primary amine could be oxidized
by I, to form iodoamines (RNHI) and in the presence of an
excess of amines, could form air-sensitive substituted hydrazine
complexes, which can also act as reducing agents.”*~”* Control
experiments, in which OAm is either mixed or heated under
MW reaction conditions with I,, do not show evidence for
substituted hydrazine formation. Iodine is considered to act as
a Lewis acid catalyst in these reactions. For the interaction of I,
as a Lewis acid with primary amines (N sp®) as a Lewis base,
the average pKy;, was determined to be 3.0.”” By comparison,
the pK;, for octadecylamine (similar C18 chain primary amine,
but saturated) is determined to be 3.4.'°° The solution
becomes less basic upon the addition of I,, rendering it a less
reducing environment attributed to increased positive
oxidation potential of the solution. The addition of molecular
iodine attenuates the growth kinetics of the Ge NPs
consequently. The iodide ion (I7) is large and polarizable,
resulting in an increase in nucleophilicty in protic solvents, and
its reactivity is characterized by its weak basicity and ability to
be a good leaving group.

To confirm that the addition of I, is necessary, ammonium
iodide (NH,I) or sodium iodide (Nal) was added to the
reactions. Both iodide sources had no effect on the NC size
when MW was heated in OAm with Gel,. The formation of
the ammonium iodide salts as a product is important for the
reaction to proceed. The presence of Ge—amine—iodide
complexes was confirmed by high-resolution mass spectrom-
etry (HRMS). The mass spectra and determined fragments are
shown in the Supporting Information (Figure S24 and Table
S3). The peak with the mass of 518.5638 m/z is attributed to
the dimerization of OAm and the loss of one ammonia
molecule. A peak with the exact mass of 772.3673 amu
corresponds to a Ge—amine—iodide complex (Ge (OAm),I).
Gas chromatography (GC) was used to qualitatively determine
the environment in the headspace of the MW tube (SI, Figures
$25—528). Higher-purity OAm (98%) was initially used for
GC experiments, however when technical grade OAm (40%)
was tested, the results were the same. All reactions involving
Ge iodides or I, or Br, with OAm evolve H, gas. For larger
injections of the headspace, NH; gas was also detected,
confirmed by the injection of pure ammonia gas to the column
as the reference (SI, Figure S26a). The release of NH; is
consistent with the OAm dimerization fragment observed in
HRMS data. To understand how the gas is being formed,
reactions of Gel, alone or in the presence of Br, or I, in OAm
were performed and all show the presence of H, (g). Although
the GC performed in this work is not quantitative, the volume
of the headspace of each reaction vessel injected into the GC
column was held constant. Therefore, higher hydrogen gas
intensity for the reactions carried out with Gel, and I,
compared to Gel, and Br, or Gel, alone, was concluded (SI,
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Figure S27). It was first presumed that halogen cleaves
homolytically and would readily react with the alkene
functional group of OAm through the well-known radical
mechanism. To further separate the reactivity of the two
functional groups of OAm, octylamine (NCgH;,) and 1-
octadecene (C;3H;4) were heated separately with I, and in all
cases, H, was detected (SI, Figure S28). This could be from
the dehydrogenation reaction of the amines. These reactions
are all performed in a closed container so that the H, in the
headspace provides a reducing environment, but it is not clear
if it has a role in the reaction in the solution.”" Tertiary amines
are not able to reduce Gel, at the investigated temperature,
and the presence of hydrogen on the nitrogen or H, (g)
formation seem critical for the successful reduction.

As shown in Figure 10, when I,, Gel,, or Gel, is initially
dissolved in degassed OAm (98%), there is a downfield shift

OAm/Gel,
——— OAm/Gel,
—— OAm/I,
~—— OAm

® o

H 3 2
chemical shift (ppm)

Figure 10. '"H NMR spectra for OAm (98%, degassed, black) and
mixtures of OAm and I, (blue), OAm and Gel, (red), OAm and Gel,
(green). The * indicates the labile protons on nitrogen, NH,, NH;".

for the amine protons and the @ and f methylene protons in
the "H NMR spectra. In all cases, the chemical shift moves
downfleld but the magnitude of the shift is dependent on I7/I,
concentration.”””> These results are consistent with the
interaction of sulfur and octylamine, where the amine protons
shift as a function of sulfur concentration, which is correlated
to the degree of protonation.'”" When I, and OAm are left to
mix overnight, the downfield shifts increase indicating a higher
degree of protonation and a change in the chemical
environment due to interaction with I, (SI, Figure S30).
When OAm and I, are heated together under the same
reaction conditions, the amine protons are assigned to the peak
at 1.86 ppm (2H), and the o and # methylene protons return
to their original chemical shifts. As a function of time, the
chemical shifts will move downfield, but after a heat treatment,
they return close to the original shifts of the solvents. This
indicates that the ammonium complex is participating in the
reaction.

OAm was first considered since it was shown to be a good
solvent, reducing agent, and ligand,?’6 but to probe the role of
the amine protons in the reaction, DOA and TOA were also
investigated. Iodine was left overnight in the presence of OAm,
DOA, or TOA, and room temperature NMR in CDCIl; was
taken on the resulting mixtures. There are characteristic peaks
for the hydrocarbon chains on the various ligands, but for
OAm and DOA, the expected amine protons are not present at
~1.0 ppm, and TOA is a tertiary amine and has no proton on
nitrogen (Figure 11 and Table SS). The NMR showed a
distinct singlet downfield for OAm and DOA, but no difference
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Figure 11. '"H NMR spectra for mixtures of OAm (98%) and I,, DOA
and I,, and TOA and I, after mixing overnight.

for TOA, confirming that the I, interacts more strongly with
the amine protons. The OAm spectrum has one additional
peak at 6.55 ppm, which by integration corresponds to 3H.
This is assigned to the protonated iodoamine RNH;I.
Similarly, the extra peak in the DOA spectrum at 4.98 ppm
corresponds to 2H and is assigned as R,NH,I. This is the
evidence for the ammonium iodide complex formed upon the
dissolution of the precursors in the solution where the amine
and iodine can be considered to be electron donor—acceptor
complexes.'”> The amine protons are also required for the
formation of the Ge—amine—iodide mixed-ligand complexes.

5. CONCLUDING REMARKS

We have demonstrated that halogens (Br, and I,) can be
utilized as a size control agent in the preparation of Ge NCs
and that the reduction of Ge halides in OAm occurs with the
production of hydrogen and the formation of a Ge—amine—
iodide complex. The addition of halogen oxidizes Gel, to Gel,
in situ and provides a finer absolute size control and higher
crystallinity as compared to Gel,/Gel, reactions. Halogens
facilitate the rapid and efficient microwave heating to produce
highly crystalline colloidal nanoparticles. We find that the
presence of hydrogen on amine nitrogen is required for the
formation of Ge NCs. H, and NH; gases were observed to be
generated in reactions of Gel, with amine. I, was shown to
form Ge—amine—iodide complexes in the solution with
primary and secondary amines and to facilitate the formation
of H, gas. NMR and HRMS confirm that ammonium iodide
complexes are present and participate in the mechanism of the
Ge NC formation. No imine or nitrile species were detected by
FTIR and NMR spectroscopy methods suggesting that the
mechanism invoking those species outlined in noble-metal
nanoparticle synthesis is not consistent with the formation of
Ge NCs. These results toward the mechanistic elucidation of
Ge NCs formation in OAm open new routes to a more
extensive study of the role of alkylamine organic ligands in the
synthesis of nanomaterials.
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