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bDepartment of Chemistry, University of California, Davis, Davis, California 95616 (USA).

¢Loker Hydrocarbon Institute, University of Southern California, Los Angeles, California 90089
(USA)

Abstract

As surface ligands play a critical role in the colloidal stability and optoelectronic properties of
semiconductor nanocrystals, we used solution NMR experiments to investigate the surface
coordination chemistry of Ge nanocrystals synthesized by a microwave-assisted reduction of Gel,
in oleylamine. The as-synthesized Ge nanocrystals are coordinated to a fraction of strongly bound
oleylamide ligands (with covalent X-type Ge—~NHR bonds) and a fraction of more weakly bound
(or physisorbed) oleylamine, which readily exchanges with free oleylamine in solution. The
fraction of strongly bound oleylamide ligands increases with increasing synthesis temperature,
which also correlates with better colloidal stability. Thiol and carboxylic acid ligands bind to the
Ge nanocrystal surface only upon heating, suggesting a high kinetic barrier to surface binding.
These incoming ligands do not displace native oleylamide ligands but instead appear to coordinate
to open surface sites, confirming that the as-prepared nanocrystals are not fully passivated. These
findings will allow for a better understanding of the surface chemistry of main group nanocrystals
and the conditions necessary for ligand exchange to ultimately maximize their functionality.
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Comprehensive solution NMR experiments reveal the binding modes of the native ligands to Ge
nanocrystals synthesized via microwave-assisted reduction in oleylamine.

Introduction

Nanocrystals of Ge, a group 1V semiconductor, have been investigated as an alternative to Si
nanocrystals for many years as a result of their superior absorption coefficient, charge
transport capabilities, narrow bulk band gap (0.67 eV at 300 K), and fairly large Bohr
exciton radius (ca. 24 nm), which allows for a size-tunable band gap.12 These collective
properties make Ge nanocrystals appealing for a range of optoelectronic applications,
including bioimaging and solar energy conversion.3- It is well established that the
properties of semiconductor nanocrystals are highly dependent on the surface ligands that
fill out the coordination shell of their surface atoms.5-10 The long-chain aliphatic native
ligands that are typically present from the nanocrystal synthesis (e.g., C18 oleylamine)
impart solution dispersibility in nonpolar organic solvents; however, many potential
applications of Ge nanocrystals require the exchange of such native ligands with new ligands
that will, for example, improve their charge mobility and conductivity in nanocrystal solids,
11 or allow them to be dispersed in polar, biologically relevant media.1?

Beginning with the work of Boyle et al. in 2005,13 synthesizing colloidal Ge nanocrystals by
the high-temperature chemical reduction of Ge(ll) and/or Ge(IV) precursors in long-chain
aliphatic primary amines has become common practice,12-14-16 resulting in nanocrystals
passivated by surface-coordinated amine ligands. While only a few ligand exchange
reactions on these Ge nanocrystals have been reported thus far, it has been demonstrated that
the native primary amine ligands can be at least partially exchanged with thiols,12:17
polyethyleneimine,!! and polysulfides!8 via room temperature exchange reactions. When
colloidal Ge nanocrystals are synthesized by the chemical reduction of Gel, in oleylamine
by microwave heating, instead of conventional heating, the resulting nanocrystals are
similarly supported by surface oleylamine ligands;1%:20 however, it was reported that these
native oleylamine ligands can only be efficiently exchanged with thiols after surface
reduction with hydrazine followed by heating the nanocrystals in neat thiol.1 In order to
rationally design and execute ligand exchange reactions for Ge and other main group
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nanocrystals moving forward, a better understanding of the fundamental coordination
chemistry of the nanocrystal surface must be achieved.

Herein, we use solution NMR spectroscopy to determine the binding mode of the native
oleylamine ligands to Ge nanocrystals synthesized via microwave-assisted reduction. Based
on exchange reactions with various amine/ammonium, thiol, and carboxylic acid ligands, we
posit that the as-synthesized Ge nanocrystals are coordinated to a fraction of strongly bound
oleylamide ligands (with covalent, X-type Ge-NHR bonds) and a fraction of more weakly
bound (or physisorbed) oleylamine. Metal-amide surface ligands have been previously
speculated to support other main group (i.e., In, Ga, Bi, Sb and Sn) nanocrystals prepared by
the reduction of metal amide precursors formed 7 situ;?1:22 and have been experimentally
confirmed in the case of Si nanocrystals;23 however, this provides the first evidence for their
existence in Ge nanocrystals.

Experimental

Chemicals and General Considerations.

All chemicals were used without any further purification, except toluene-ag. Oleylamine
(cis-9-octadecen-1-amine (CAS registry number 112-90-3)) was purchased from TCI
America (>50% amine) and was used after degassing under reduced pressure at 150 °C for a
minimum of 120 min. A IH NMR spectrum of oleylamine after vacuum drying at 150 °C
gives an integrated [CH,]:[NH,] ratio of 14.5, which is very close to the theoretical ratio of
15. This suggests the technical grade oleylamine is fairly pure, as no other functional groups
are observed in the NMR spectrum (Fig. S1t),2! although we cannot rule out the presence of
small amounts of impurities, such as amides and nitroalkanes, that have been previously
reported to be in technical grade oleylamine.24 In addition, a Raman spectrum of the
technical grade oleylamine exhibits two bands in the frequency range of C=C stretches
(~1650 cm™1), suggesting a mixture of cisand transisomers, with an intensity ratio of 5:1
(Fig. S21).24 Germanium(l1) iodide (Gel,) was purchased from Prof. Richard Blair’s
laboratory (University of Central Florida) and was characterized by powder X-ray diffraction
to be phase-pure.25 Methanol, toluene and hexane were purchased from Fisher Scientific,
purified using a commercial solvent purification system, and stored in a glove box under
argon. Toluene-ag (99+%) was purchased from Acros Organics and was freeze-pump-
thawed 3x to degas and prevent particle oxidation. Undec-10-ene-1-amine (95%) was
purchased from Enamine. Undec-10-ene-1-thiol was synthesized according to a procedure
outlined by Knauf et al.26 10-undecenoic acid (99%) was purchased from Alfa Aesar.
Fuming hydrochloric acid (HCI) (37%) was purchased from EMD Millipore. Deuterium
oxide (D,0) (99.6%) was purchased from Cambridge Isotope Laboratories. All syntheses,
purifications, and ligand titrations were performed using air-free techniques.

Ge Nanocrystal Synthesis and Purification.

All Ge nanocrystal syntheses were carried out in a CEM microwave reactor (Discover SP).
A typical synthesis involves the addition of 130.6 mg of Gel, (0.40 mmol) into a 35 mL

TElectronic Supplementary Information (ESI) available. See DOI: 10.1039/x0xx00000x
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microwave reaction tube (purchased from CEM) followed by the addition of 8 mL (24.3
mmol) of degassed oleylamine using a calibrated pipet in an Ar-filled glovebox. The sealed
contents of the microwave tube are sonicated in a water bath until complete dissolution of
the Gel, is achieved. The dissolution of Gel, results in a yellow colored solution. Typical
reaction conditions involve heating the system for 60 min at 210 °C, 230 °C, 250 °C and
270 °C. The dark brown product is isolated in the glove box without exposure to ambient
conditions. The Ge nanocrystals were purified 2 to 4 cycles using methanol as anti-solvent,
and toluene and hexanes as nonpolar solvents by centrifugation (8500 rpm or 10016 rcf) for
5-10 min. The colorless supernatant is discarded, and the brown precipitate is dispersed in
ca. 4 mL of hexanes (~7-10 mg/mL).

Powder X-Ray Diffraction (XRD).

Powder X-ray diffraction (PXRD) patterns were collected by drop-casting the suspension of
Ge nanocrystals in hexane onto a quartz substrate or silicon (Sisyg) single-crystal zero-
background holder. The dark brown thin film upon hexanes evaporation was then scanned on
a Bruker D8 Advance diffractometer (Cu Ka,, 40 kV, 40 mA). The step size of the
measurement was 0.02° in the 26 range 20°-75°. The obtained data were compared to the
(PDF # 04-0545 — cubic Ge) Powder Diffraction File from the International Center for
Diffraction Data (ICDD) database. To determine the crystallite size of the nanocrystals, the
Scherrer method has been performed by fitting (Pseudo-Voigt) the (220) reflection applying
Jade 6.0 software.

Transmission Electron Microscopy (TEM).

Electron-transparent specimens were prepared by drop-casting dilute suspensions of Ge
nanocrystals dispersed in hexanes onto lacy carbon supported by a 400-mesh copper grid
(Ted Pella). The grids were dried overnight under an incandescent lamp followed by oven
drying at 85 °C to minimize any contamination during electron beam irradiation. The TEM
imaging of the samples was performed using a JEOL-JEM 2500SE TEM (JEOL Ltd. Tokyo,
Japan) at the Advanced Materials Characterizations and Testing Laboratory (AMCaT) at the
University of California, Davis. This instrument is operated at 200 kV and is equipped with
a Schottky field-emission electron gun (FEG) and a retractable 1k x 1k Gatan Multiscan
CCD camera (model 794). Digital Micrograph software provided by Gatan Inc. was used to
capture images. To determine the average particle diameter and respective standard
deviation, 200 individual nanocrystals were imaged from different sample areas and multiple
sample grids. Particle sizes were measured from intensity line profiles across individual
particles in one consistent direction using the Image J software package.

Raman Spectroscopy.

Raman of the oleylamine was collected using a Renishaw RM1000 laser Raman microscope
(514 nm) with a motorized stage. Samples were prepared by casting a drop of dried and
degassed technical grade oleylamine on a Si substrate. To ensure reproducibility, different
areas of the sample were scanned. The fitting and intensities of the peaks associated with the
cisand trans C=C stretches, were calculated using the Igor Pro from WaveMetrics software.
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FT-IR Spectroscopy.

FT-IR measurements were carried out with a Bruker Alpha spectrometer. Hexanes
suspensions of Ge nanocrystals were dispensed directly onto the attenuated total reflection
(ATR)-crystal and allowed to air-dry.

Thermogravimetric Analysis (TGA).

TGA measurements were collected on a TA Instruments TGA Q50 instrument, using sample
sizes of ~5 mg in an alumina crucible under flowing nitrogen. Prior to analysis, TGA
samples were prepared by drying hexanes dispersions of oleylamine-capped Ge nanocrystals
under reduced pressure at 60 °C overnight using Schlenk techniques. Then, the powders
were placed in the alumina crucible in a purged nitrogen glove bag under dynamic positive
pressure, sealed in a vial for transportation, and then quickly placed into the instrument to
minimize air exposure and prevent oxidation.

Nuclear Magnetic Resonance Spectroscopy (NMR).

Samples were prepared by evaporating hexanes dispersions on a Schlenk line in a J. Young
NMR tube and redispersing them in 0.7 mL of dried and degassed toluene-ag with 0.3 umol
of a ferrocene standard inside a purged nitrogen glove bag under dynamic positive pressure
to prevent oxidation. Additionally, all new ligands were titrated into the NMR tube in a
nitrogen glove bag under the same air-free conditions. All NMR spectra were collected on a
Varian 600 MHz VNMRS spectrometer with 32 scans, a relaxation delay of 5 s, an
acquisition time of 5.4 s, and a tip angle of 30°, such that the pulse sequence generously
exceeded the vinyl C-H and ferrocene T1 times. T1 data indicate that this should enable
integration fidelity > 95%. The ferrocene peak was referenced to 6 = 4.06 ppm when
residual toluene is referenced. Therefore, all ferrocene peaks were referenced to this value
and normalized for integration. Diffusion ordered NMR spectroscopy (DOSY)
measurements were performed using the Varian Bipolar Pulse Pair Stimulated Echo with
Convection Compensation (Dbppste_cc) sequence. The relaxation delay was set to 30 s, the
acquisition time was set to 5.4 s, and 64 increments were collected with 32 scans each.
Diffusion coefficients were calculated by fitting the Stejskal-Tanner equation to the signal
intensity decay. Further details on this method are presented in the ESIt. The NMR spectra
of the free ligands were collected on a Varian 500 MHz VNMRS spectrometer with 16
scans, a relaxation delay of 5 s, an acquisition time of 5.1 s, and a tip angle of 45°. 2D
1H-13C Heteronuclear Single Quantum Coherence (HSQC) NMR spectra were collected on
a Varian 600 MHz VNMRS spectrometer with 64 scans, 1.5 s relaxation delay, 0.2 s
acquisition time, acquired size of (1352, 256), spectral size of (2048, 2048), and 90° sine
square correction for f1 and f2.

Results and Discussion

The Ge nanocrystals used here were synthesized by the microwave-assisted reduction of
Gel, in oleylamine, without additional ligands or solvents, at a series of reaction
temperatures (i.e., 210, 230, 250, and 270 °C) for 1 h.1:19.27.28 The nanocrystal products all
adopted the expected cubic structure of Ge, as assessed by powder X-ray diffraction, with
nanocrystal sizes that increase with increasing reaction temperature (Figs. S4-S5t). The
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resulting nanocrystals were purified by four dispersion/precipitation cycles with one cycle of
toluene and methanol, followed by three cycles of hexanes and methanol, except for the Ge
nanocrystals synthesized at 210 °C, which were only washed twice because of their
relatively poor colloidal stability. Indeed, we qualitatively observed that suspensions of Ge
nanocrystals synthesized at higher temperatures generally possessed better colloidal
stability. FT-IR spectra of the resulting nanocrystals confirm that oleylamine acts as the
passivating ligand (Fig. S6t).

To better understand the effect that reaction temperature has on colloidal stability, and ligand
binding to the Ge nanocrystals, solution *H NMR spectra were collected from Ge
nanocrystal samples synthesized at 210, 230, 250, and 270 °C. It is observed that the peak
shapes of the resonances associated with the alkenyl protons of the native oleylamine ligands
(6 =5.4-5.7 ppm) asymmetrically broaden with increasing reaction temperature,
accompanied by a downfield shift (Fig. 1). This broadening and downfield shift generally
imply a ligand interaction with the nanocrystal surface.2%:30 Deconvolution of the peaks
associated with the alkenyl protons of oleylamine into two populations of ligand species
(i.e., strongly bound oleylamine at & ~ 5.64 ppm and less strongly bound, or physisorbed,
oleylamine at & ~ 5.59 ppm) is given in Fig. 1. This analysis was repeated at least 5 times
and averaged to return an 18 + 1%, 51 + 2%, and 70 + 2% strongly bound fraction for the
Ge nanocrystals synthesized at 230, 250, and 270 °C, respectively, thereby demonstrating
that the number fraction of strongly bound oleylamine increases with higher synthetic
temperatures. Due to the colloidal instability of the nanocrystals synthesized at 210 °C, the
1H NMR peak intensity is too small to reliably integrate a strongly bound ligand fraction.
Nonetheless, based on a qualitative visual inspection of the chemical shift and peak shape,
there is a larger fraction of free or loosely bound oleylamine present in the suspension of Ge
nanocrystals synthesized at 210 °C. The overall ligand density of native oleylamine for the
most colloidally stable Ge nanocrystals synthesized at 270 °C were calculated using
thermogravimetric analysis to be between 1.3-1.8 oleylamine nm~2 when considering either
just the strongly bound oleylamine or the total oleylamine population, respectively. This
range of oleylamine surface densities is well below that of a theoretical monolayer of 2.8
oleylamine nm~2 calculated for this particle size using an oleylamine footprint of 0.36
nmZ2.31 The low surface coverage is consistent with previously published conclusions based
on property measurements that these Ge nanocrystals are incompletely passivated.!

In order to corroborate the increasing fraction of strongly bound oleylamine for nanocrystals
synthesized at higher temperatures, diffusion ordered NMR spectroscopy (DOSY) was
performed to calculate diffusion coefficients and solvodynamic diameters using the Stokes-
Einstein equation.2® A more detailed explanation of this technique is outlined in the ESIT.
The experimentally determined diffusion coefficients and calculated solvodynamic
diameters are presented in Table 1 and Fig. S3 a—ct, which indicate that all the Ge
nanocrystal suspensions have significantly smaller diffusion coefficients for oleylamine (<
300 um s71) than free oleylamine by itself (887 + 2 pm s71). The smaller oleylamine
diffusion coefficients in the nanocrystal suspensions imply the ligands are interacting with
the Ge nanocrystal surfaces, returning a weighted mean diffusion coefficient between the
bound and unbound states. As such, the calculated solvodynamic diameters are smaller than
the expected diameters because the solvodynamic diameters are calculated using a diffusion
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coefficient that includes both bound and physisorbed/free oleylamine, giving an overall
larger diffusion coefficient for oleylamine than expected for a strictly bound state and,
therefore, a smaller solvodynamic diameter. More importantly, the diffusion coefficients
decrease with increasing synthetic temperature, which reflect and confirm that there is a
higher fraction of strongly bound oleylamine in Ge nanocrystal samples synthesized at
higher temperatures, directly correlating with the better colloidal stability of those
suspensions.

We then shifted our attention to ligand exchange reactions on the Ge nanocrystals, beginning
with a primary alkylamine. If the native oleylamine ligands are bound to the Ge nanocrystal
surface through a dative L-type ligand interaction, it is expected that an incoming primary
amine could displace the native ligand. Undeceneamine was selected for ligand exchange,
because of its spectroscopically distinct vinylic proton resonances that do not overlap with
the internal alkenyl proton resonances of oleylamine.28 This permits the binding of
oleylamine and undeceneamine to be followed concurrently and thereby allows all changes
in ligand binding to be monitored. Upon titrating increasing amounts of the new
undeceneamine ligand into a Ge nanocrystal suspension at room temperature, the peaks
corresponding to the vinylic protons of undeceneamine shift upfield (Fig. 2). This behavior
has previously been attributed to physisorbed, or weakly bound “interdigitated” ligands,33
and as more undeceneamine is introduced, the ratio of free to interdigitated ligand increases
as more amine competes for those physisorbed “sites”. If strongly bound, undeceneamine is
expected to have broad peaks downfield from the free peaks; this is not observed. Upon
titration with undeceneamine, the alkenyl resonances for the less strongly bound oleylamine
also undergo a chemical shift upfield, increasing the separation between the peaks for the
strongly bound and progressively more free oleylamine ligands. For all the Ge nanocrystal
samples synthesized at various temperatures, the broad peak associated with strongly bound
oleylamine does not significantly change shape or intensity upon undeceneamine titration,
implying that the incoming undeceneamine ligands are not displacing the strongly bound
native oleylamine ligands, but rather are only competing for binding with weakly
physisorbed oleylamine. Therefore, undeceneamine does not bind tightly to the nanocrystal
surface and does not ligand exchange with strongly bound oleylamine.

DOSY was performed and diffusion coefficients were calculated for the undeceneamine
titration experiments shown in Fig. 2. The diffusion coefficients for undeceneamine were
calculated to be 768 + 20, 908 + 10, and 963 + 30 um s~1 for the suspensions of Ge
nanocrystals synthesized at 230, 250, and 270 °C, respectively, compared to the diffusion
coefficient of free undeceneamine, which is 1335 + 8 um s~1. The comparatively high
diffusion coefficients for undeceneamine in the nanocrystal suspensions reflect that
undeceneamine is not binding strongly as a ligand to the Ge nanocrystal surface, which
agrees with the TH NMR results. The diffusion coefficients for oleylamine after the
undeceneamine titration were 301 + 10, 232 + 5, and 137 + 4 pm s~1, for the nanocrystals
synthesized at 230, 250, and 270 °C, respectively. The diffusion coefficient and
solvodynamic diameter based on oleylamine changes more with undeceneamine titration for
nanocrystal samples synthesized at lower temperatures, because the fraction of strongly
bound oleylamine is lower (vide supra). Variable-temperature 'H NMR was then performed
on the suspension of Ge nanocrystals synthesized at 270 °C that had been titrated with
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undeceneamine. The variable-temperature 1H NMR showed that at higher temperatures
(e.g., 90 °C), the peaks corresponding to weakly bound oleylamine shift upfield suggesting
less ligand entanglement with the surface upon heating (Fig. S7t). The bound fraction of
oleylamine becomes harder to integrate as the temperature cools; nonetheless, the strongly
bound fraction of oleylamine remains fairly consistent at the various temperatures probed
(Table S1t).

To validate that the amine ligand exchange behavior is not unique to undeceneamine and is
not influenced by the terminal vinylic group, dodecylamine was titrated into a suspension of
Ge nanocrystals synthesized at 250 °C (Fig. S8t). Dodecylamine does not possess
spectroscopically unique NMR peaks that allow for easy integration; however, upon the
titration of dodecylamine, a peak separation and upfield chemical shift of the alkenyl protons
corresponding to weakly bound oleylamine is observed as before. This is consistent with
dodecylamine competing for binding with physisorbed oleylamine. Moreover, the fraction of
strongly bound oleylamine remains statistically unchanged before and after titration with
dodecylamine. Since saturated primary alkylamines also do not exchange the strongly bound
native oleylamine, the vinylic group of undeceneamine is not involved in the ligand
exchange behavior, as expected.

To further probe the nature of the native oleylamine ligand binding,
cetyltrimethylammonium bromide (CTAB) was next introduced in a 'H NMR titration
experiment. Wheeler et al. previously showed that plasma-synthesized, hydride-terminated
Ge nanocrystals that are functionalized with oleylamine result in ionic ligand binding of
oleylammonium cations to a negatively charged Ge surface.3# While undeceneamine and
docecylamine should both be able to displace ionically bound oleylammonium ligands via
proton exchange, we further verified that this binding mode is not operative here through
titration with CTAB, which would also enable ligand exchange of cationic oleylammonium
species if they are present on the nanocrystal surface. Upon titration of CTAB into a
dichloromethane-a, suspension of Ge nanocrystals synthesized at 250 °C, there appears to
be no major changes to the alkenyl resonances of oleylamine; however, this peak (ca. 5.33
ppm) overlaps with the residual solvent peak (ca. 5.32 ppm) (Fig. S9t). Due to this peak
overlap, DOSY was utilized to probe changes in the diffusion coefficient for bound
oleylamine and CTAB. The diffusion coefficient of oleylamine in dichloromethane-ad did
not change significantly upon CTAB titration (i.e., 184 + 5 um s~1 vs. 184 + 8 um s before
and after CTAB titration). Similarly, the diffusion coefficient of CTAB in the titration was
determined to be 842 + 3 pm s1, compared to 841 + 3 pm s~1 for free CTAB in
dichloromethane-a,. Due to the identical diffusion coefficients of CTAB in the presence of
Ge nanocrystals and that of free CTAB, we can conclude that CTAB is not binding to the
nanocrystal surface.

The complete lack of ligand exchange observed for the strongly bound native oleylamine
ligand fraction on the Ge nanocrystal surface with either neutral primary amines or
ammonium cations suggests that neither a dative L-type nor ionic bonding motif are
operative. Instead, this implies that the strongly bound native ligands are binding as
oleylamide, with a covalent X-type Ge-NHR bond, which is calculated to be ca. 60 kcal/
mol.3% Indeed, N-H bond dissociation has been theoretically predicted to occur on
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Ge(100)-2x1 surfaces to give covalent Ge-N bonds,3® which may be occurring during the
microwave-assisted synthesis of these Ge nanocrystals. The generation of Hy has been
experimentally observed during the microwave-assisted reduction of Gel, in oleylamine,2’
which could result from this N—H bond dissociation.

To explore exchange reactions with more acidic ligands, thiols and carboxylic acids were
next titrated into a suspension of Ge nanocrystals synthesized at 250 °C. Thiols have
previously been used as a supporting ligands for Ge nanocrystals to provide colloidal
stability and electronic passivation.! In that work, dodecanethiol was installed on the Ge
nanocrystal synthesis by first reducing off the native ligands with hydrazine and
subsequently heating the nanocrystals at 150 °C in an excess of thiol. Here, undecenethiol
was titrated into a suspension of Ge nanocrystals at room temperature and it was observed
that the alkenyl peaks from oleylamine in the 1H NMR spectrum did not change. Likewise,
the resonances corresponding to the vinylic protons on undecenethiol did not shift upfield
with increasing concentration, as was observed with undeceneamine, and there is no
evidence of undecenethiol binding as an X-type thiolate via proton exchange with
oleylamide (Fig. 3). This implies that at room temperature there is no ligand exchange or
interaction with the Ge nanocrystals. Variable-temperature 'H NMR of the Ge nanocrystal
suspension titrated with undecenethiol revealed a reduction in free undecenethiol with a
concomitant appearance of bound undecenethiol upon heating to 90 °C, as evidenced by
small resonances downfield of the free species (at ca. 5.13 and 5.92 ppm, Fig. 3b). The
amount of undecenethiol that binds is small and therefore integration is approximate;
nonetheless, total binding of undecenethiol is ca. 14% relative to free undecenethiol.
Consistent with this result, after heating the Ge nanocrystal suspension titrated with
undecenethiol at 90 °C for 2 h, two diffusion coefficients were detected for undecenethiol —
72 + 10 um s~1 for bound undecenethiol(ate) and 1051 + 11 pm s~ for free undecenethiol.
The diffusion coefficient for oleylamine remains virtually unchanged after heating the Ge
nanocrystal suspension titrated with undecenethiol, with diffusion coefficients of 146 + 5
and 144 + 5 um s~1 before and after heating, respectively. In combination with 1H NMR,
this suggests that there is a high kinetic barrier for ligand exchange with undecenethiol even
with an exergonic thermodynamic driving force,! and that the incoming thiol ligands may be
occupying uncoordinated surface sites as X-type thiolates (via deprotonation by physisorbed
oleylamine) rather than exchanging oleylamide.

In order to further investigate the ligand exchange processes for Ge nanocrystals, undecenoic
acid was investigated as an even more acidic ligand (Fig. 4). The 1H NMR resonances
corresponding to the vinylic protons of undecenoic acid show a slight upfield chemical shift
with increasing concentration at room temperature, however, the change in chemical shift is
not as dramatic as that observed with the undeceneamine titration. With increasing
concentrations of undecenoic acid, the alkenyl oleylamine peak shifts slightly upfield and a
set of small peaks appear downfield of the free acid (at ca. 5.14 and 5.93 ppm) that
correspond to strongly bound X-type undecenoate. The suspension of titrated Ge
nanocrystals was then heated /n situ, and with increasing temperature, the two peaks
corresponding to strongly bound undecenoate more clearly emerge downfield of their free
species (Fig. 5). After 14 h of heating at 90 °C, ca. 43% of the undecenoic acid present is
bound relative to the free fraction (Table S2t). After heating with titrated undecenoic acid,
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the oleylamine alkenyl peak shape does not change greatly, suggesting that undecenoic acid
also may be primarily binding as X-type undecenoate (via deprotonation by physisorbed
oleylamine) to undercoordinated or available surface sites rather than exchanging the
strongly bound oleylamide species. Diffusion coefficients for undecenoic acid in the Ge
nanocrystal suspension were collected before and after heating to compare ligand binding
(Table 2). The bound undecenoate peaks correspond to a diffusion coefficient of 109 + 6 um
s71, which is much lower than that of free undecenoic acid (945 + 10 um s71), revealing that
undecenoic acid is indeed binding to the Ge nanocrystals upon heating. The diffusion
coefficient of oleylamine actually decreases upon heating the Ge nanocrystal suspension,
implying a slightly higher fraction of oleylamine binding, (i.e., 187 pm s~ vs. 161 ym s1
before and after heating). Again, this demonstrates that the Kinetic barrier to ligand exchange
of the native oleylamide ligands is large, even with highly acidic ligands.

In an effort to explore the effect of stronger acids on oleylamine-capped Ge nanocrystals
synthesized at 250 °C, we attempted to partially strip the strongly bound oleylamide ligands
via HCl titration. Upon the addition of aqueous HCI (1.2 mM) and heating at 80 °C for 4 h,
0.97 mM of the bound oleylamide becomes physisorbed/free. Additionally, the growth of a
sharper peak upfield from the alkenyl protons is observed (Fig. S10t), which can be
attributed to oleylammonium R-NHs* protons (as confirmed by an HSQC spectrum showing
that these protons are not connected to oleyl-based carbon, Fig. S11%). This titration
experiment demonstrates that the strongly bound oleylamide ligands can be removed in the
presence of a strong acid that is able to kinetically access the nanocrystal surface.

Conclusions

In conclusion, we investigated the surface chemistry of Ge nanocrystals synthesized via a
microwave reduction of Gel, in oleylamine at various temperatures. We conclude that the
strongly bound native ligands were oleylamides, possessing a covalent X-type Ge-NHR
bond, and that the fraction of these strongly bound ligands on the surface increased with
increasing synthesis temperatures and translated into more colloidally stable nanocrystal
suspensions. A high kinetic barrier to ligand exchange with thiol and carboxylic acid ligands
exists, and ligand binding is only observed upon heating without the displacement, or
exchange, of a significant amount of the native oleylamide ligands. This confirms that the
Ge nanocrystals, as synthesized, do not possess fully passivated surfaces. The oleylamide
ligands can be stripped from the nanocrystal surface upon addition of HCI. These findings
lead to a better understanding of the surfaces of these Ge nanocrystals, and by extension
other main group nanocrystals postulated to possess M—NHR surface ligands, which will
allow for rational surface modification procedures to maximize nanocrystal functionality for
a given application.
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Refer to Web version on PubMed Central for supplementary material.
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270 °C

250 °C

230 °C

59 58 57 56 55 54 53
O (ppm)

Fig. 1.
Room-temperature 600 MHz *H NMR spectra and fitting of the bound (6 ~ 5.64 ppm) and

physisorbed/free (6 ~ 5.59 ppm) peaks of the alkenyl region that show the peak broadening
and change in chemical shift associated with ligand binding of oleylamine (OAm), which is
more prominent for nanocrystals synthesized at higher temperatures. The *H NMR spectrum
of free oleylamine in toluene-d§ is given for comparison.
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Fig. 2.
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Room-temperature 600 MHz 1H NMR spectra of Ge nanocrystal suspensions in toluene—dg

(7 mg/mL) for samples synthesized at (a) 230 °C, (b) 250 °C, and (c) 270°C. The as-
synthesized nanocrystals are capped with native oleylamine (OAm) ligands and the
suspensions are titrated with increasing amounts of undeceneamine (UAm) (0-62 mM).
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Fig. 3.
(a) Room-temperature 600 MHz 1H NMR spectra of Ge nanocrystal suspension in toluene-

ag (7 mg/mL). The as-synthesized nanocrystals are capped with native oleylamine ligands
and the suspension is titrated with increasing amounts of free undecenethiol (UTh) (0-30
mM). (b) Superimposed room-temperature 1H NMR spectra of the suspension before and
after heating at 90 °C for ca. 15 min, which shows both free (F) and a small fraction of
bound (B) peaks for undecenethiol (6 ~ 5.13 and 5.92 ppm).
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— 0mM  OAm UAc

58 56 54 52 50
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Fig. 4.
Room-temperature 600 MHz 1H NMR spectra of Ge nanocrystal suspension in toluene-ag (7

mg/mL). The as-synthesized nanocrystals are capped with native oleylamine ligands and the
suspension is titrated with increasing amounts of undecenoic acid (UAc) (0-50 mM).

Nanoscale. Author manuscript; available in PMC 2021 January 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Smock et al. Page 17

UAC

. OAm
RT after 90 °C, 10 min
RT

UAc

F

60 58 56 54 52 50
0 (ppm)

Fig. 5.

BOgO MHz IH NMR spectra of 7 mg/mL Ge nanocrystal suspensions capped with oleylamine,
titrated with 50 mM undecenoic acid in toluene-dg at room temperature (black), heated to

90 °C and cooled back to room temperature for ca. 10 min (blue), and heated to 90 °C for 14
h and cooled back to room temperature (purple). The blue and purple spectrum shows the
presence of strongly bound undecenoic acid after cooling (ca. 5.14 and 5.93 ppm
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Summary of Diffusion Coefficients and Calculated Solvodynamic Diameters using DOSY NMR, and

Expected Diameters

Synthetic temperature

Oleylamine diffusion coefficient (um s1)

Calculated solvodynamic diameter

Expected diameter (nm)a

(nm)
free oleylamine 8872
210°C 277 £50 2.8 49-54
230°C 187+ 4 4.2 54-59
250 °C 165+3 4.8 6.0-6.5
270 °C 119+5 6.6 70-75

aExpected diameter = core Ge nanocrystal size from TEM + 1.5-2 nm estimated from oleylamine ligand shell, which is predicted to be about half

of the ligand Iength.32
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