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amines of HMD is a saturated hydrocarbon interior, which should act as an
unreactive hydrophobic barrier between the nanoparticle surface and the highly
oxidative, aqueous synthetic environment. A similar technique to mitigate surface
oxidation was carried out in our lab with n-decane-terminated silicon nanoparticles
(Si NPs), where the surfactant cetyltrimethylammonium bromide (CTAB), was used
as a phase-transfer agent to make the hydrophobic Si NPs water-soluble.28 The
hydrophobic tail of CTAB associated via van der Walls interactions with the decane
on the NP surface, effectively generating a hydrophobic barrier, which protected the
Si NPs from surface oxidation by limiting water access. We hypothesized that the
aliphatic spacer between the terminal amines of HMD would act similarly to protect
the Bi NP surfaces from oxidation, and subsequent dissolution, as was observed in
our earlier synthetic work (see Chapter 2, Section 2.4).

Typically, post-synthetic workup to isolate Bi NPs from a reaction solution
involves repeated centrifugation steps, which usually results in the loss of a large
amount of product through decantation. Additionally, we’'ve observed a greater
extent of particle aggregation with prolonged centrifugation, which led to the
necessity of finding an alternative method of particle isolation. With the HMD route,
workup is made considerably easier. Bi NPs are isolated in a combination
chemical/physical process, where particles are flocculated with the dropwise
addition of a 0.1 M solution of HCIL The flocculate can then be easily isolated by brief
centrifugation, and the particles can subsequently be re-suspended by the dropwise

addition of NaOH.
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Figure 3.2: FTIR surface characterization of Bi NPs synthesized in the presence of HMD.
Spectra are as follows: 1) hexamethylenediamine (HMD); 2) isolated and dried Bi NP
flocculate; 3) dried and isolated insoluble Bix(D-TA), precursor.

Isolating Bi NPs through the above method was thought to occur through the
protonation of the terminal amines of HMD on the particle surface, forming an
ammonium chloride salt. However, FTIR analysis was done to ascertain the chemical
environment on the surface of the particles (Figure 3.2). The spectrum obtained for
the flocculated particles (2) has many of the same features seen in the spectrum
obtained for the Bix(D-TA)y precursor species (3) prior to addition of NaOH, which
suggests that D-TA is the dominant species on the NP surface. However, there also
appear to be weak features of HMD (1) in the spectrum for the NP flocculate in the
methylene (-CH:) stretching region around 2800-2950 cm-l. These observations
support the mechanism for particle isolation depicted in Scheme 3.1, where the

terminal carboxylate groups of D-TA found on the particle surface are protonated

63



through the addition of HCl. Protonation of the carboxylate groups ultimately
decreases the overall surface charge of particles, thereby diminishing their
electrostatic stability and causing the particles to flocculate and fall out of solution.
Additionally, this coincides with the acid/base chemistry of the Bix(D-TA)y
precursor species, where under acidic conditions, the precursor is insoluble, but
increasing the solution pH allows for complete precursor solubility. Further
attempts to analyze the Bi NPs surface were carried out using proton nuclear
magnetic resonance (1H NMR) spectroscopy, however, no information could be
extracted from this analysis, as obtained spectra showed only signals for water and

the deuterated solvent being used.

Colloidal Bi NPs Bi NP Flocculate
000000
Q9 o Q 9o HCl O%
Q Q
O Q@ O Q
9 00 ©
QO Qo Q NaOH

Scheme 3.1 Scheme depicting the method with which Bi NPs synthesized in the presence of

HMD were isolated, using a combination chemical/physical approach.

Regardless of what species may be passivating the Bi NP surfaces, particles

synthesized through this route were found to be highly stable to oxidative
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dissolution during and post synthesis. Bi NPs post-synthesis were found to stay
colloidally stable in DI H20 following isolation for a period of several months.
Eventually, the dark black colloids started to turn gray, likely due to surface
oxidation, which resulted in particles aggregating and settling. However, this
observed stability implies that these Bi NPs can be stored for prolonged periods of
time and used for further applications and analysis.
3.5 Conclusions

To summarize, we report the synthesis of 33.4 + 12.5 nm Bi NPs through
chemical reduction of a Bix(D-TA)y precursor with borane morpholine in the
presence of HMD. HMD was initially thought to be the surface stabilizing species in
the synthesis; however, it was observed by FTIR that the complexing agent, tartrate,
was the predominant species on the particle surfaces. Although tartrate was not the
intended surface species, its presence on the particle surfaces enables high water-
solubility and the possibility for functionalization with other potential surface
ligands. While the resulting Bi NPs may not show morphological uniformity, this
synthesis does provide a low cost and sustainable approach toward aqueous,

colloidally stable Bi NPs.
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Appendix
Supporting Information
Chapter 2 - Additional FTIR Spectra
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Figure S1: Representative FTIR spectrum of Bi NPs synthesized using glucose as the
sole reducing agent, presenting broad absorption features over two different
regions, ranging from 4000 - 2150 cm! and 2000 - 650 cm-! (Chapter 2 Section
2.4.1). Clear absorption bands can be seen at 1720 cm-1, 1535 cm-1, 1308 cm -1, and
1035 cm! within the broadband absorbance in the finger print region, perhaps

indicating the presence of a carboxylate group.
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Figure S2: FTIR spectrum of Bi NPs synthesized in the presence of PEG 300 using
borane morpholine as the reducing agent (Chapter 2 Section 2.4.3). A slight
absorption band from 3500 - 3050 cm™! in correlation with the strong absorption
bands at 2922 cm! and 2852 cm! imply the presence of PEG 300 on the surface of
the crystalline aggregate nanoclusters. Absorption bands at 1446 cm'! and 1367 cm-
1 are also observed, which are consistent with the reference spectrum for PEG 300.
However, additional bands are observed at 1734 cm! and 1558 cm-1, which might

indicate the presence of a carboxylic acid/carboxylate group.
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Figure S3: FTIR spectrum of particle colloid that underwent oxidative dissolution
and regrew through incubation of the dissolved colloid (Chapter 2 Section 2.4.3).
The entire spectrum appears to show broadband absorbance with several distinct
absorption bands at 1539 cm, 1302 cm], and 1027 cm-1, similar to the spectrum

for particles obtained through the route using glucose as the sole reducing agent.
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