Crystallinity and size control of colloidal germanium nanoparticles from or-
ganogermanium halide reagents.
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ABSTRACT: Germanium (Ge) nanoparticles (NPs) are gaining increasing interest due to their properties that arise in the quantum
confinement regime, such as the development of the band structure with changing size. While promising materials, significant chal-
lenges still exist related to the development of synthetic schemes allowing for good control over size and morphology in a single step.
Herein, we investigate a synthetic method that combines sulfur and primary amines to promote the reduction of organometallic Ge(IV)
precursors to form Ge nanoparticles at relatively low temperatures (300°C). We propose a reaction mechanism and examine the
effects of solvents, sulfur concentration, and organogermanium halide precursors. Hydrosulfuric acid (H,S) produced in-situ acts as
the primary reducing species, and we were able to increase the particle size more than two-fold, both by tuning the reaction time and
quantity of sulfur added during the synthesis. We found that we are able to control the crystalline or amorphous nature of the resulting
nanoparticles by choosing different solvents and propose a mechanism for this interaction. The reaction mechanism presented pro-
vides insight into how one can control the resulting particle size, crystallinity, and reaction kinetics. While we demonstrated the

synthesis of Ge nanoparticles, this method can potentially be extended to other members of the group IV family.

Introduction:

Group IV semiconducting materials, such as silicon (Si) and
Ge, are good examples for observing and investigating the size-
dependent properties that arise due to quantum confinement.!-
In their bulk form, group IV materials have an indirect band
gap, but quantum confinement induces electronic perturbations
that force the system to exhibit direct band gap transitions, re-
sulting in excitons displaying optical transitions in the visible
spectral region.>’!% The favorable electronic properties and
narrow band gap of bulk Ge (0.67 eV at a temperature of 300
K),!! coupled with its large Bohr radius (ap = 24 nm)'>'? renders
quantum confinement effects observable at relatively large par-
ticle sizes. This allows exploitation of the effects arising due to
quantum confinement, such as decoupling the thermal and elec-
trical conductivity'*' or tuning light emission!’"!? at relatively
large sizes, making Ge nanoparticles particularly attractive for
many applications, such as bio-imaging and thermoelectric de-
vices, among others.?023

Despite their great promise, there are still several scientific
challenges that need to be addressed before taking advantage of
group IV nanoparticles in new technologies. One key issue re-
volves around finding a synthetic route for these nanomaterials
that provides good control over size and morphology, while
simultaneously being scalable, cost-effective, and environmen-
tally friendly. To this end, solution-based colloidal syntheses

can offer several advantages relative to other methods. Ge, how-
ever, has proven challenging to synthesize colloidally, which
has been largely attributed to its redox potential (Ge™ + 4¢” —
Ge® requires +0.12 V).!! Such a redox potential makes the utili-
zation of either high temperatures or strong reducing agents,
popular choices to form Ge’.!“**-32 These strong conditions gen-
erally make good control over size and crystallinity in one step
difficult to achieve.’*3

Ge NPs have previously been synthesized using a variety of
precursors.!” Among the most common are Ge halides, includ-
ing GeCly, 20538 Gely,””* and Gel,,””*® as well as organoger-
manium precursors such as tetraethyl germane (TEG),” diethyl
germane (DEG),”! and Ge[N(SiMe;),],.%2 Due to the rela-
tively low boiling point of Ge(IV) chlorides and bromides (i.e.
the boiling point of GeCls is 86.55 °C),!! their reduction reac-
tions are limited to low temperatures. This results in the require-
ment of using highly reactive reducing agents, among which
metallic Na,?® NaK alloys,’**® NaBH4,* and LiAlH,** have
been used. Utilizing common hydride reducing agents, such as
LiAlHs, for the reduction of Ge halides also poses hazards rela-
ted to the formation of GeHy as a byproduct, which is an extre-
mely reactive and highly pyrophoric gas. Along with safety
concerns, the development of GeH, gas as a by-product results
in a significant loss of the Ge present,'>?’ limiting the chemical
yield of these synthetic methods. For TEG, DEG, and



Ge[N(SiMe3),], precursors, thermal reduction was previously
used to prepare Ge nanocrystals at elevated temperatures higher
than 300 °C.2%30:32 Reactions involving TEG and DEG were typ-
ically performed in supercritical solvents, well beyond the
range suitable for simple bench-top experiments.*® Most of the
aforementioned studies successfully achieve some properties
such as low temperature, standard benchtop chemistry, and the
use of mostly benign reagents. Nevertheless, most often synthe-
sis performed in presence of strong reducing agents or thermal
decomposition are chosen, here we attempt to show a synthetic
route which specifically not adopt a strong reducing agent as
reagent.

Warner described a colloidal synthesis in which Sulfur (S) is
used to promote the formation of Ge nanocrystals from an or-
ganometallic precursor, triphenylgermanium chloride, at a low
temperature (300 °C) using the primary amines oleylamine
(OAm) or hexadecylamine (HDA) interchangeably.*® This
method has the advantages of utilizing benign reagents, rela-
tively low temperatures, and standard benchtop chemistry. We
intended to use a modified version of this synthetic method as a
springboard for the realization of Ge NPs with controlled prop-
erties.

We investigate the synthesis of Ge nanoparticles from a vari-
ety of organogermanium halide precursors in the presence of
different quantities of S and a variety of solvent/capping agents.
While S and oleylamine have been used in tandem extensively
in nanoparticle synthesis,** we build upon an understanding
of the underlying reaction mechanism through identification of
the reducing agent, understanding its interaction with the me-
tallic precursor, and determining how the concentration and
composition of the reaction monomers affect the resulting prod-
uct. Hard-soft acid-base chemistry is used to predict the reac-
tivity of different organogermanium halides, and their effects
on the reaction kinetics. Ultraviolet-visible (UV-Vis) spectros-
copy measurements have been used to follow the growth dy-
namics and the optical properties of the products, while the mor-
phology of the NPs has been investigated through a series of
characterization techniques, including Raman spectroscopy,
transmission electron microscopy (TEM), and X-ray diffraction
(XRD). Ultimately, we are able to propose a general reaction
mechanism that we manipulate towards control over crystalline
or amorphous morphology alongside size tunability for our Ge
NPs.

Experimental Methods:

All syntheses were carried out in the chemistry laboratory at
the Energy Materials /n-situ Laboratory Berlin (EMIL), jointly
operated by Helmholtz-Zentrum Berlin fiir Materialien und En-
ergie, GmbH (HZB) and the Max-Planck Society (MPG). All
materials were used as received unless otherwise noted. Diphe-
nyl germanium dichloride (Ph,GeCl,) 95%, sulfur (S) > 99.5%,
oleylamine (OAm) 98%, hexadecylamine (HDA) 98%, toluene
(Tol) > 99.5%, chloroform (CHCIl3;) 98%, and methanol
(MeOH) > 99.8% were purchased from Sigma Aldrich. Tri-
phenylgermanium chloride (Ph;GeCl) 99% was obtained from
either Sigma Aldrich or Santa Cruz. Triphenylgermanium bro-
mide (PhsGeBr) 95%, was procured from ABCR.

Synthesis:

All syntheses were conducted under N, atmosphere using
standard Schlenk techniques. For all synthetic procedures, the
chosen capping agent also acted as the primary solvating spe-
cies. Throughout this study, the molar ratio between the Ge pre-

cursor of interest and the different capping agents was kept con-
stant at [Ge:capping agent] = 1:125. The concentration of S, in
the sulfur precursor was chosen such that once the two precur-
sors were added together, the final total Ge to S molar ratio,
[Ge:S], was 1:0.25, 1:0.5, 1:1, or 1:2 as intended.

Germanium precursor preparation (1): A 100 mL three neck
round bottom flask was charged with a mixture of 5.89 x 10
mol of organogermanium halide precursor and 4.48 x 102 mol
of the desired solvent/capping agent (OAm, or HDA as appro-
priate). This solution was then heated to 120 °C and allowed to
stir under nitrogen atmosphere for 30 minutes.

Nuclear Magnetic Resonance (NMR) peak assignments for /
with Ph;GeCl and OAm:

"H-NMR(CDCl; 8 7.26, 500 MHz) o-Ar-H & 7.63-7.61 ppm
(m), m-Ar-H § 7.46-7.40 ppm (m), p-Ar-H 8 7.35-7.31 ppm (t)
HC=CH 5 5.34 ppm (t), R-CHz-N 6 2.67 ppm (t), C=C-CH:z 8
2.00 ppm (q), R-CH2-C-N 6 1.42 ppm (quint), R-(CHz)n-R &
1.38-1.23 ppm (m), R-NH2 & 1.22 ppm (s), R-CH3 6 0.87 ppm
®.

BC-NMR(CDCl; § 77.16, 500 MHz) C=C § 130 ppm, R-C-
N & 42.42, R-C-C-N § 34.05 ppm, C-C=C-C 3§ 27.32-27.02
ppm, C-C-R $ 22.79, C-R 3 14.20 ppm.

Sulfur precursor preparation (2): In a separate 100 mL two
neck round bottom flask equipped with septa, a condenser, and
a stir bar, a mixture of S (between 1.56 x 10 and 1.25x 107
depending on the chosen [Ge:S]) and 3 x 1072 of the same sol-
vent/capping agent used for the production of / (OAm, or HDA
as appropriate) was loaded. This solution was then heated to 180
°C and allowed to stir for 20 minutes under N».

NMR peak assignments for 2 with S and OAm:

"H-NMR(CDCl; § 7.26, 500 MHz) HC=CH § 5.35 ppm (%),
R-CH2-N 6 2.67 ppm (t), C=C-CH: 6 2.01 ppm (q), R-CHz-C-
N 8 1.42 ppm (quint), R-(CH2),-R & 1.38-1.22 ppm (m), R-NHz
8 1.01 (broad), R-CH3 6 0.88 ppm (t).

13C-NMR(CDCl; § 77.16, 500 MHz) C=C & 130 ppm, R-C-
N & 42.42, R-C-C-N § 34.05 ppm, C-C=C-C § 27.32-27.02
ppm, C-C-R §22.79, C-R & 14.20 ppm.

Nanoparticle synthesis: the temperature of / was raised to
280 °C. Once this temperature was reached, 2 was then quickly
injected using a glass syringe, with a subsequent drop in the
vessel temperature of approximately 50 °C. The temperature set
point was increased to 300 °C before the re-establishment of
thermal equilibrium and kept constant at this temperature for 1
hour to allow the components to react. The development of a
dark ring above the surface of the slurry was typically observed
prior to a color change in the bulk of the solution. After the de-
sired reaction time, the final reaction slurry was air cooled to
room temperature prior to purification. Slurry aliquots of about
3.5 mL were transferred to 15 mL centrifuge tubes and dis-
persed with methanol, stirred vigorously, and subsequently
sonicated for a few minutes to ensure good dispersion of the
products prior to centrifuging at 9000 rpm for 15 minutes. After
centrifugation, the supernatant was discarded, the precipitate
was dispersed in toluene or chloroform, and the purification
process was repeated under the same conditions. For the final
step of the purification process, the precipitate was dispersed in
CHCIl; and centrifuged as before, and, if needed, repeated until
the supernatant was clear. The particles were finally dispersed
in~= 3 mL of CHCI; in order to transfer to storage vials, and then




dried on a rotary evaporator at 40 mbar and 45 °C. The dried
materials were stored in a glove box under N, atmosphere.

Yield calculation, the obtained dried product has been
weighted. In order to determine the organic fraction of the ob-
tained product an aliquot of the dried product has been used for
a Thermogravimetric analysis (TGA). The measure has been
carried from 20° to 900°C with a heating ramp of 20°C/min,
followed by an isothermal for 10 min. the whole measurement
has bed executed under flowing nitrogen about 40 ml/min. The
TGA profile shows a mass loss up to 90%, as shown in Figure
S1 in supporting information. The residual mass has been con-
sidered to be 100% Ge. This weight has been converted into
mole and used to calculate the yield. For the syntheses con-
ducted with Ph3GeCl in aratio of [Ge:S] 1:1 for OAm and HDA
were 83% and 86%, respectively.

NMR peak assignments for the crude product from the syn-
thesis conducted with Ph;GeCl, S, and OAm:

"H-NMR(CDCl; & 7.26, 500 MHz) S-Aryl-H § 7.24-7.13
ppm (m), HC=CH & 5.34 ppm (t), S-H 3 3.40 ppm (s), H-(C=S)-
N & 3.33 ppm(t), R-(CHz2),-S 6 2.58 (m), R-CH2-N 6 2.22 ppm
(t), C=C-CH: 6 2.01 ppm (m), R-CH2-C-N § 1.64 ppm (m), R-
(CH2)x-R 8 1.61-1.40 ppm (m), R-CH3 8 0.88 ppm (t).

Characterization:

A Bruker AVANCE III 500 MHz NMR spectrometer was
used to record 'H and 3C NMR spectra at the Core Facility Bi-
oSupraMol at the Freie Universitit Berlin. For all NMR spectra,
CDCl; was used as solvent, with CHCI; used as an internal
standard.

Transmission electron microscopy (TEM) was carried out at
the Bundesanstalt fiir Materialforschung und -priifung (BAM)
in the structure analysis division. Measurements were per-
formed on a Thermo Scientific Talos Arctica 200 kV FEG
TEM. All TEM samples were prepared by drop casting NP dis-
persions in chloroform on 200 mesh copper TEM grids coated
with ultrathin carbon and lacey carbon support films (PLANO,
GmbH). All TEM data analysis was carried out using ImageJ
software.*

Raman measurements were carried out with a Micro-Raman
system LabRam from Dilor with an excitation wavelength of
632.8 nm from a He-Ne laser (laser energy 700 or 70 uW de-
pending on the application of different filters). Raman samples
were prepared by drop casting concentrated NP dispersions in
toluene onto clean microscope slides.

UV-Vis measurements were carried out in the characteriza-
tion lab (SCALA) at EMIL, using an Ocean Optics DH-mini
benchtop spectrometer with a deuterium and halogen light
sources, equipped with a USB4000-XR1-ES detector. All sam-
ples were prepared from dilute solutions in toluene, with meas-
urements performed in quartz cuvettes.

XRD measurements were carried out in the X-Ray CoreLab
at HZB on a Bruker D8 X-ray powder diffractometer (XRD) in

Bragg-Brentano geometry, equipped with a LynxEye detector,
and using Cu K-a,+; radiation. All data have been analyzed with
DiffracEVA software using the ICDD PDF4+ database.

TGA measurement were carried out in the in the characteri-
zation lab (SCALA) at EMIL, using a TGA Q500 and platinum
pans from TA instruments.

Results and discussion:

We first investigated systems with OAm as solvent and dif-
ferent [Ge:S], namely 1:2, 1:1, and 1:0.5. This was done in order
to assess the effect of the reducing agent concentration on the
size of the resulting particles. In our case, the S quantity is re-
lated to the population and production rate of the reducing
agent. According to classical nucleation theory (CNT), we ex-
pected to observe an inverse relationship between the particle
size and the amount of reducing species.**

We used TEM to analyze the morphology of our products,
which can be found in Figure 1 a, b and c. The average diame-
ters for each product, along with the resulting morphology and
nucleation time for each synthesis are summarized in Table 1.
The results are in line with our expectations from CNT, where
the observed average particle size increases with decreasing
amount of reducing agent Averages were taken from 150 NPs,
obtained via a combination of both high magnification pictures
and low magnification overviews, which examples are given in
Figure S2 in Supporting Information. A complete size distribu-
tions are given in Figure S3 in the Supporting Information. We
found that the majority of nanoparticles produced were amor-
phous, in contrast to the expected crystalline morphology. A
first indication of this can be seen in the insets of Figure 1 a, b
and c, where Fast Fourier Transforms (FFTs) of each respective
TEM image are shown. The FFTs show diffuse ring patterns,
which are characteristic of amorphous materials. The amor-
phousness is also supported by the corresponding XRD patterns
provided in Figure 2a. We did find some contribution from crys-
talline particles in the [Ge:S] 1:0.5 sample, shown in Figure 1a,
where the FFT clearly demonstrates crystalline diffraction sig-
nals. The crystal lattice fringes show a lattice constant of 3.2 A,
which is coherent with the (111) spacing of the cubic Ge lat-
tice.!>?’

From the literature, we had expected the formation of primar-
ily crystalline products when using OAm as solvent.** We at-
tribute this discrepancy to differences in the

10 nm HDA [Ge:S] 1:0.25§20 nm  HDA [Ge:5) 1:0.5 f10nm DA [Geis] 131

Figure 1: TEM images of the worked up product from a) OAm
[Ge:S] 1:0.5, b) OAm [Ge:S] 1:1, ¢) OAm [Ge:S] 1:2, d) HDA
[Ge:S] 1:0.25, e) HDA [Ge:S] 1:0.5, and f) HDA [Ge:S] 1:1 syn-
theses. The inset in each image is an FFT of the corresponding
whole image.



Table 1: Summary of the data collected for all the syntheses

Solvent [Ge:S] tnucl (Min) TEM Diamter (nm) Scherrer eqn. Di- Morphology
ameter (nm)
OAm 1:0.5 10 82=+45 - Amorphous (small
crystalline fraction)
OAm 1:1 14 4.6+2.6 - Amorphous
OAm 1:2 21 35+19 - Amorphous
HDA 1:0.25 19 122+3.2 15.9 Crystalline
HDA 1:0.5 84+1.7 9.1 Crystalline
HDA 1:1 4 6.8+2 7 Crystalline

observed nucleation times (tn). We used UV-Vis spectros-
copy to monitor the tn, for each reaction by taking aliquots at
different times. At the time of nucleation, a small shoulder
would develop in the spectra, which we could clearly identify
in the derivative spectrum. An example of this analysis is given
in Figure S4 of the Supporting Information. We expected the
development of an absorption edge feature at longer wave-
length, as predicted by the Brus equation and the effective mass
approximation, but we were unable to observe it. We assume
the lack of this feature is due to a screening effect arising from
the large absorbance cross section of the residual polymer lig-
and, which renders the feature indistinguishable from back-
ground noise. We found significantly longer ty for all samples
synthesized with OAm as the solvent than the immediate nucle-
ation that was expected from the literature.** We found that for
syntheses with OAm, there is a delay in ty With increasing sul-
fur concentration; this is surprising because these are not in line
with what one would expect from CNT. One explanation for
this behavior could relate to a decrease in the diffusion rate of
the reduced species in solution as the S concentration increases.
A significant reduction in the diffusion rate would affect the rate
of nucleation, which could simultaneously delay and hinder the
development of the thermodynamically stable crystalline mor-
phology, in addition to hindering NP growth, thereby producing
smaller NPs. Because the amorphous phase is not the most ther-
modynamically stable structure of Ge, its development indi-
cates in a kinetically driven process. Since the particles reported
herein had a shorter growth period (defined as total reaction
time, minus tn,1), we could expect this to not only affect the size
of the product, but also its crystallinity. Such behavior can be

observed in the product of [Ge:S] 1:0.5, which had the lowest
sulfur concentration, and is the only sample that exhibits the
presence of some larger partially crystalline particles.

We hypothesize that as the particles nucleate, due to the pres-
ence of sulfur, predominantly kinetic dynamics produce the
amorphous products. The geometrical frustration due to their
high curvature at small size prevents the formation of a crystal
structure, resulting in an amorphous nanoparticle where the
frustration is relaxed through isolated defects.*® As the particle
grows, the most stable thermodynamic morphology starts to de-
velop. The volume and surface area both increase, resulting in
a decrease of the curvature of the particle, and an accumulation
of topological defects. Eventually, a critical threshold will be
reached, and further relaxation will take place involving a
mechanism of crystal formation and defect annihilation.***

We later performed syntheses with HDA as the solvent. HDA
is similar to OAm, where both solvents have a long alkyl chain
that is terminated by a primary amine group, but HDA is satu-
rated, whereas OAm has a single double bond. These long-chain
primary amines are often used interchangeably in NP synthesis
due to their similar properties, including their relatively high
boiling points. Because of the similarities in these solvents, we
expected a similar morphology to result.

For the syntheses conducted in HDA, we investigated a
[Ge:S] of 1:0.25, 1:0.5, and 1:1. The products of the HDA syn-
theses were similarly characterized using TEM and XRD, as
shown in Figure 1 d, e and f and Figure 2 b, respectively, and
summarized in Table 1. These results show that the particles
formed in HDA exhibit larger particle sizes and completely

a) (—— OAm [Ge:S] 1:0.5 b) ~ —— HDA [Ge:S] 1:0.25
- —_— (—— OAm [Ge:S] 1:1 — 2] —— HDA [Ge:S] 1:0.5
2 b —— OAm [Ge:S] 1:2 £ = ——HDA [Ge:S] 1:1
£ = i E ) Py
o i =) - = 8 <
g | & T £ < =
< - > <
e L
2 ~—— 2
@ @
= s
g e
.E \\ 'E
° ——— ° '/\&—/\_*’—'\—M_
s R s
® ® A
£ /’—\ﬁ £
= =
[} e S
z —— ] z
T T T T T T
30 40 50 60 30 40 50 60
Angle (Coupled 26/6) Angle (Coupled 26/6)

Figure 2: XRD diffractograms for samples synthetized with different [Ge:S] molar ratios in a) OAm, and b) HDA. The dash
dot lines are the expected position of the Bragg peaks, whit the respective Miller indexes.
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Figure 3: Overlay of normalized Raman spectra for samples syn-
thetized with different [Ge:S] molar ratios in a) OAm, and b) HDA.

crystalline morphology instead of primarily amorphous parti-
cles observed for syntheses in OAm. The diameter of the parti-
cle produced with HDA, thanks to the presence of the diffrac-
tion pattern, has been determined via the Scherrer equation us-
ing the dominant peak of the diffractogram, namely the (111)
diffraction signal. The crystalline products showed a face-cen-
tered cubic diamond crystal structure, with a coherent lattice
constant of 3.2 A, as calculated from the (111) diffraction signal
in the XRD pattern in Figure 2b, in Figure S5 a scale up of Fig-
ure 1 fand the edge of a NPs cluster are shown, to highlight the
presence of crystalline fringes. The tn, observed in HDA are
shorter in comparison with OAm, and they decrease as the sul-
fur concentration increases, as expected from CNT. This re-
sults, in particular the presence of a mixed amorphous and crys-
talline phase in the sample with [Ge:S] 1:0.5, similar to the re-
sults showed by Bernard et. al.,”® points toward a non-trivial ef-
fect of the solvents on growth and crystallinity of germanium
NPs.

Syntheses with HDA and [Ge:S] > 1:1 have been attempted,
with immediate nucleation observed, but no nanoparticles could
be recovered during the work up. This could result from the nu-
clei that are formed being too small to be stable in solution, or
because the nanoparticles were too small to be isolated through
centrifugation.

To confirm the successful reduction of the organogermanium
halide precursors into Ge° species and its crystalline or amor-
phous morphology, Raman spectroscopy was carried out. We
observed the presence of covalent Ge-Ge bonds, as shown in

Figure 3 a and b. Each of the samples produced with OAm has
a wide resonance feature centered at 275 cm!, which is typical
of bonding modes for amorphous Ge.*® The [Ge:S] 1:0.5 sample
also shows a small sharp feature centered at 295 cm’!, which is
due to the covalent bond in crystalline Ge,”' and acts as cross-
confirmation of the nature of the lattice fringes observed in the
TEM images. The products synthesized using HDA clearly
show crystalline features centered at 300 cm™, as expected from
purely crystalline Ge-Ge bonds. We attribute the small shift of
the position of the crystalline peaks in the OAm product to the
difference in size of the corresponding products and the inter-
action of the crystallite in the OAm [Ge:S] 1:0.5 product with
the amorphous phase in which it is embedded.’? The small ani-
sotropy of the peaks observed in the products formed with
HDA, was be attributed to a minor fraction of amorphous phase.

Covalent interactions between Ge and S or nitrogen are
strongly Raman active, making Raman a good method for ex-
ploring the development of any secondary phases under our re-
action conditions We would expect many strong and relevant
features associated with Ge-S or Ge-N Raman active modes to
show up in the regions between 200 and 1100 cm™.%3-%, In Fig-
ure 3 a and b we do not observe any indication of these second-
ary species, but we carried out measurements at higher Raman
shifts in order to further demonstrate that no secondary Ge spe-
cies formed during synthesis. These results are presented in Fig-
ure S6 of the Supporting Information. We did not observe any
relevant features, indicating that our NP products are composed
solely of amorphous or crystalline elemental germanium. This
observation is also supported by the XRD measurements, where
no evidence of signals associated with GeS are found.

Reaction mechanism:

In an effort to explain the development of the different mor-
phologies in our nanoparticle products from mostly similar spe-
cies, we investigated the reaction mechanism via 'H NMR spec-
troscopy, and confirmed the peak assignments via heteronuclear
multiple quantum coherence correlation spectra ('"H '3*C-NMR-
HMQC), the results of which can be found in Figure 4 and Fig-
ure S7 of the Supporting Information, respectively. Through an-
alyzing these spectra and in conjunction with the literature, we
are able to support the reaction mechanism outlined in Scheme
1, and propose the mechanism in Scheme 2. In Figure 4, we
present 'H NMR spectra for pure OAm as reference, the sulfur
precursor outlined in 2, and the crude reaction slurry prior to
purification. For neat OAm, the N-H proton is located at 6 1.20
ppm. An upfield shift of this proton is observed when OAm is
in the presence of S, both in the sulfur precursor (to 6 1.09 ppm)
and in the reaction crude (to & 1.11 ppm), as indicated by the
shift of the black solid square in Figure 4. This is in coherence
with the literature, and is ascribed to the interaction between the
amino group and S, where the nitrogen of the amine induces an
opening of the Sg ring via nucleophilic attack, resulting in the
formation of alkyl ammonium poly-sulfides at room tempera-
ture, as described in Scheme 1 Reaction 2. Upon heating, the
polysulfide ions can react with excess alkyl amine to liberate
H,S according to a variety of progressive condensation reac-
tions (Scheme 1 Reaction 4-6). By placing a piece of PbO
coated paper within the reaction vessel and observing its trans-
formation to PbS by a color change from yellow to black (Fig-
ure S8 in the Supporting Information), we found that these sub-
sequent condensation reactions occur above approximately 100
°C. Control syntheses were also performed that demonstrate
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Figure 4: "H-NMR spectra of (top) pure oleylamine, (middle) the product of 2 (OAm after S addition), and (bottom) the reaction
slurry prior to purification. The small black box highlights changes in the N-H chemical shift. The feature at 5 1.95 ppm is
related to the thioaminoamide, the small triplet at  2.58 ppm is related to the production of the r-poly-OLA. A new triplet at
8 3.33 ppm, corresponds to the a-carbon of a thioamide, while the other singlet at § 3.40 ppm arise from S-H modes

that the production of H,S continues for longer than 2 hours and
30 minutes under our reaction conditions.

The reactions outlined in Scheme 1 Reactions 1-2 and 4-6 are
expected to occur regardless of the aliphatic amine used during
synthesis. However, since we observed differences in the prod-
ucts between OAm and HDA, it is of particular importance to

Scheme 1: Reaction (1). Temperature induced homolytic
breakup of the S-S bond. Reaction (2). Ring opening and
nucleophilic attack by the nitrogen to the Ss ring. Reaction
(3). Radical polymerization of S and an unsaturated ali-
phatic chain. Reaction (4). Thioamide formation. Reaction
(5) and (6) subsequent condensation reactions.
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understand the interaction mechanism between S and unsatu-
rated monomers, as in OAm. The relevant process is known as
vulcanization, which is preceded by the formation of linear di-
radicals from the homolytic breakup of labile S-S bonds.’”*
These sulfur radicals are known for having a high affinity to-
wards double bonds, and because oleylamine possesses a long
alkyl chain with an unsaturated double bond, the oleylamine
and S species can undergo a radical polymerization. This results
in the sulfur di-radicals establishing bridges between oleyla-
mine molecules and cross-linking them, forming what is called
a poly-(oleylamine-random-sulfur) copolymer, or poly-OLA-r-
S, as shown in Scheme 1 Reaction 3.% This product can be ob-
served in the reaction crude by the development of a signal re-
lated to the sulfur precursor and neat OAm. The multiplet at &
2.58 ppm corresponds to the expected signal for protons in po-
sitions a to a C-S bond, which is in accordance with the produc-
tion of the r-poly-OLA polymer. A small analog multiplet cen-
tered at & 2.56 ppm can be found in the NMR spectrum of the
sulfur precursor 2 as shown in Figure S9. Due to the lower tem-
perature at which this solution is prepared, together with the
four time shorter reaction time, the intensity of the feature is so
low to make it almost indistinguishable from the background.

Scheme 2: Reaction (1). Cleavage of the halogen and amine
coordination. Reaction (2). Reduction of Ge*" to Ge?" by
H>S; thiophenol is formed as a by-product. Reaction (3).
Spontaneous disproportionation of Ge?* over 140 °C to Ge’
and Ge*'.

R-NH, —— 4T 5 PhyGe™NHR) C1€ (1)

®
PhsGeCl + )

Ph,Gel! + R—NH; +

®
PhsGe™INHR) + HS ——» ©/SH 7))
-

T>140°C

2Ph,Ge™ Gel® +  pnGe™ (3)



The formation of the poly-OLA-r-S supports our initial hypoth-
esis, where the formation of a polymer hinders the diffusion of
the reduced Ge® species to the Ge nuclei. This product cannot
develop with HDA as a precursor, due to the lack of unsaturated
bonds.

After elucidation of the reducing agent and its observed pro-
duction, we were able to propose a general reaction mechanism
for the reduction process that forms Ge nanoparticles from an
organogermanium chloride precursor, as outlined in Scheme 2.
In Scheme 2 Reaction 1, the cleavage of the chloride leaving
group is demonstrated. Given the presence of a Lewis base as
solvent, the amine can interact with the metallic center via its
lone pairs, which facilitates this halogen cleavage process. We
hypothesize that the spontaneous cleavage of the halogen pre-
cedes the interaction of the Lewis base with the metal center,
due to the coordination sphere of the Ge(IV) containing only
four positions.®” Scheme 2 Reaction2 shows the reduction of
Ge*" to Ge*". After halogen cleavage, the stabilized Ge(IV) spe-
cies interacts with the H,S. Due to the electron configuration of
the H,S and the steric hindrance of species coordinating to Ge,
it is most likely that the H»S interacts with one of the phenyl
groups, which are rendered more electrophilic from bonding
with Ge. We presume that the germanium central atom, partic-
ularly if still directly bound with the halogen, acts as an electron
withdrawing group (EWGQG) activating the meta position of the
phenyl groups for an electrophilic substitution. Such atomic
structure can activate the aromatic rings for an aromatic substi-
tution reaction. The S attacks the phenyl rings, triggering an
electronic rearrangement, which leads to the reduction of the
central germanium. This thereby reduces the Ge only from +4
to +2; this is supported by the observation that thiophenol is
produced as a reaction byproduct. The singlet at 3 3.40 ppm in
Figure 4 can be assigned to the chemical shift of the proton from
the S-H bond in a thiophenol molecule. In Scheme 2 Reaction
3, the disproportionation reaction of Ge?* to Ge’ and Ge** is
shown. The spontaneous disproportionation of Ge** to Ge® and
Ge*" is well known in the literature, and has been reported as a
critical step for the production of Ge’ it is known to occur at
temperatures greater than 140 °C.*!227:61:62 The disproportiona-
tion reaction is the final step of the reduction mechanism, and it
is important to notice that the Ge(IV) species created during this
process can potentially re-enter the reaction mechanism in
Scheme 2 Reaction 2, but with different kinetics.* This mecha-
nism is supported by observed yields in excess of 83%, which
is substantially greater than the otherwise theoretical limit of
50% imposed by the disproportionation reaction. In addition,
we were able to exclude direct thermal decomposition as the
route from Ge*" to Ge® by performing a series of syntheses un-
der the same conditions, but excluding S from the reaction. Dur-
ing the thermal decomposition experiments, we found no indi-
cation of Ge” production, even after extending the reaction time
by 50%, or to 1.5 hours.

The elucidation of the reaction mechanism, in particular un-
derstanding variables such as the reducing agent and its produc-
tion, its interaction with the Ge precursor material, and the
polymerization process of the amine and their role in precursor
stabilization provides us with a parameter toolbox with which
to control the dynamics and kinetics of this system. In particu-
lar, the confirmation of formation of the r-poly-OLA polymer
presents a means for explaining the differences observed in the
products formed with the amines that are typically used inter-
changeably in NP synthesis.

We hypothesize that the discrepancy in behavior between the
syntheses performed in OAm and HDA is related to the for-
mation of the r-poly-OLA polymer, which is absent from HDA
(Scheme 1 Reaction 3). This ultimately affects the diffusion rate
of reduced species to the NP nuclei. This is demonstrated by the
opposite trend of the tn, with increasing sulfur, where nuclea-
tion is delayed when synthesized in OAm (in opposition with
CNT), while it is faster when synthesized in HDA (in agreement
with CNT). Such an effect not only has an impact on the particle
size, but can also alter the relationship between thermodynamic
and kinetic parameters. The Gibbs free energy for nucleation
(AG¥*) can be defined as:

16m

AG*=<
3

))/3/(pIA/xI)2

where vy is the surface free energy, p is the number density of
the crystal phase, and Ap is the difference of chemical potential
between the solid and liquid phases, which increases with in-
creasing supersturation.®® The rate of nucleation can be ex-
pressed in an Arrhenius type equation as:

[ = xe(~DG*/KT)

where K is a numerical kinetic prefactor, k is Boltzmann’s
constant, and T is the absolute temperature.®

In CNT, the interrelationship between v, and Ap are generally
neglected, resulting in the energy barrier always decreasing
with increasing supersaturation. This has been shown to not
hold for large supersaturation.’* The formation of a polymer re-
sulting from the cross linking of S with the unsaturated bond in
OAm will affect the rheological properties of the solution, slow-
ing down the diffusion of reduced monomers, and decreasing
the prefactor «,* furthermore, recent works indicates that poly-
dispersity can greatly affect the nucleation rate based on a de-
velopment in the crystal-fluid interface free energy.* Given the
similarity between the two solvents examined (OAm and
HDA), and the following similarity in thermodynamics for
both, the observed difference in crystallinity must be due to
changes in the kinetic factors arising from the polymer for-
mation, favoring the crystalline thermodynamic product for the
HDA syntheses, as opposed to the kinetically favored amor-
phous phase for OAm.

Organogermanium halide precursor:

The importance played by the organogermanium halide pre-
cursor in the kinetics of the synthesis was also investigated.
Properties such as the ligand binding characteristics of a metal-
lic precursor can have dramatic effects on the kinetics of reduc-
tion. Drastic changes in reaction time, reaction temperature, fi-
nal morphology, and solubility in the solvent can occur depend-
ing on the ligand properties. According to the Lewis Hard Soft
Acid Base (HSAB) theory, Ge is considered a hard Lewis acid,
chloride is an intermediate base, and bromide is a soft base. It
follows that the interaction between Ge and chloride should be
stronger relative to the interaction between Ge and bromide, and
it should therefore be more difficult to dissociate the hard halo-
gen (chloride). In order to have a better understanding of the
role of the organogermanium precursor on the kinetics of the
synthesis, three related Ge monomers were investigated: diphe-
nyl germanium dichloride, triphenyl germanium chloride, and
triphenyl germanium bromide. All reactions were carried out
under similar molar concentrations of Ge precursor to S (or
[Ge:S] 1:1). The reaction conducted with triphenyl germanium



chloride at 300 °C showed visible signs of nucleation at 14
minutes, as discussed above. With triphenyl germanium bro-
mide, faster nucleation times were observed, at 10 minutes.
When the reaction was performed with diphenyl germanium di-
chloride at 300 °C, it failed to produce any nanoparticles. When
the reaction temperature was raised to reflux, nucleation was
eventually observed after approximately 45 minutes, which
demonstrates a significant reduction in reactivity relative to the
other precursors examined. The substitution of a phenyl group
with a chloride in the coordination environment of the Ge pre-
cursor results in a shift of the electron density from the metallic
center to the new chloride. In terms of HSAB theory, the chlo-
ride can be considered a harder base than the aromatic ring due
to its higher electronegativity and lower polarizability. The
chloride therefore establishes a stronger interaction with the Ge
and reduces the reactivity of the dichloride precursor relative to
the mono-halogen precursors. The observed differences in toye
are in line with what is predicted from HSAB theory, and we
can arrange the precursors in a reactivity ladder as follows:

thGeClz < Ph3GCC1 < Ph3GCBI‘

Given the substantial change in the ta, the theoretical rela-
tive weakness of the interaction between the bromide and the
Ge, and the higher temperature required for reduction of the
Ph,GeCl,, it follows that the halogen cleavage process outlined
in Scheme 2 Reaction 1 is the rate determining step for the re-
duction. This reactivity ladder can be useful for the extension
of this synthetic technique to the synthesis of other group IV
compounds.

Conclusions:

In summary, we have investigated the synthesis of Ge NPs
from a variety of organometallic Ge precursors with S in differ-
ent relative molar ratios, and in different primary amines that
play a dual role, acting as both the solvents and capping agents.
We demonstrated the production of almost completely amor-
phous NPs when synthesized in OAm, with diameters ranging
from 3.5-8.2 nm depending on the concentration of the reducing
species. We were able to produce face-centered cubic crystal-
line NPs when using HDA instead of OAm, with diameters
from 7 to 16 nm depending on the sulfur concentration. This
demonstrates the possibility to change the crystalline or amor-
phous nature of the final product based on the solvent used dur-
ing synthesis. The size and crystallinity of the resulting particles
were characterized via TEM, XRD, UV-Vis spectroscopy, and
Raman spectroscopy. In an effort to understand the develop-
ment of the kinetically stabilized or thermodynamic product, we
performed NMR spectroscopy to elucidate the reaction mecha-
nism. From these experiments, we were able to identify H,S as
the reducing agent, and detail its interaction with the organome-
tallic precursor. We also investigated the reaction kinetics and
assigned the halogen cleavage as the rate-limiting step for NP
production. Finally, we were able to produce a reactivity ladder
with different substituents in the coordination environment of
the Ge precursors as can be understood from HSAB theory.

The synthetic route explored in this contribution allows for
control over the size and crystallinity of Ge NPs, and demon-
strates that saturated and unsaturated aliphatic amines cannot be
used interchangeably as high boiling point solvents. The syn-
thetic methods explored in this study are attractive due to their
relatively low-temperature synthesis that uses standard bench-
top chemistry techniques and benign reagents. We believe this
method can be extended to other members of the group (IV),
making this a flexible tool to produce a variety of NPs.
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SYNOPSIS TOC This work details the control of germanium nanoparticle size and crystallinity via colloidal synthesis from
benign reagents. We demonstrate that crystalline particles can be formed with saturated long-chain aliphatic amines as solvent,
whereas amorphous particles are formed with the addition of a single double bond on the carbon chain. We propose a complete
reaction mechanism that can describe these results, and go further to discuss the details of kinetic control.




