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Abstract

As sustainable practices become increasingly relevant in chemistry, and the realm of
nanomaterial synthesis rapidly expands, efforts have been made to develop greener methods
to access these valuable materials with fine control over size, monodispersity, shape and
surface chemistry, while opening access to large-scale syntheses. While high-quality
nanomaterials are presently accessed mostly by solution methods, these are not compatible
with sustainable manufacturing due to large solvent and energy input. This thesis describes a
unique, unprecedented synthesis of select metal-based nanoparticles (NPs) in the solid state
through mechanically-activated spontaneous assembly, without requiring bulk solvents or heat.
We first explore the possibility of accessing bismuth sulfide NPs and found that through this
method of synthesis, highly monodisperse 2 nm nanoparticles formed systematically regardless
of the grinding time, method of grinding, or amount of ligand present. These are the smallest
NPs of bismuth sulfide ever reported, suggesting a distinct mechanism of nucleation and
growth of NPs under solid-state conditions from that of solution-based methods, and therefore
the possibility of accessing novel nanomaterials through this method. By varying the type of
ligand, both organo- and water-suspendable products could be accessed, and the latter showed
a significant radiodensity for their application as contrast agents in Computed Tomography
imaging. We also show that PEGylation of these nanoparticles can be achieved in situ without
additional steps post-synthesis. Next, we explore whether other metal-sulfide nanoparticles can
be accessed via this route and turn to accessing nanoparticles of cadmium sulfide and zinc
sulfide, which have numerous applications in optical-based devices and medical diagnostics.
Once again, highly monodisperse nanoparticles were obtained in both cases (2.8-3.6 nm and
2.4-2.8 nm, respectively), and both showed fluorescent activity in the blue-range indicative of
ultra-small quantum dots. In all cases, the reaction could be linearly scaled-up with ease in a
planetary mill to achieve gram-scale quantities of product. Finally, given the increasing
relevance of PEGylation in nanomedicine and drug development, we explored the possibility of
accessing y-functionalized derivatives in solid-state, eschewing the need for a solvent milieu.

We find that —OTs, -Br, -SH, -NH, and —COOH terminated PEG can be obtained rapidly and in



good to quantitative yields with minimal mechanical input. With these results in mind, we hope
that our promising results establish further research in accessing monodisperse nanomaterials
through mechanochemistry as well as mechanistic elucidation of NP nucleation and growth

under solid-state conditions.



Résumé

Le développement de réactions chimiques dans le cadre de la chimie verte s’accélere,
notamment pour la synthese de nanomatériaux. En plus de I'aspect environnemental, une
grande exigence au niveau de la taille, la monodispersité, la forme géométrique et la surface
chimique de ces matériaux est requise. Tandis que les réactions en phase liquide permettent de
produire des nanomatériaux de haute qualité, I'utilisation de grandes quantités de solvants et
d’apport énergétique limitent leur utilisation dans les procédés de fabrication a grande échelle.
Ainsi, nous avons choisi d’explorer la synthese en phase solide de nanomatériaux.

Ce mémoire décrit la synthése unique et inédite de nanoparticules (NPs) a base de
métaux en phase solide s’assemblant spontanément suite a un apport minimal d’énergie
mécanique, cela sans utiliser de solvant ou de chaleur. Nous avons tout d’abord exploré la
possibilité d’obtenir des NPs de sulfure de bismuth et nous avons obtenu des nanoparticules de
2 nm extrémement monodispersées, indépendamment du temps ou des méthodes de broyage
ou de la quantité de ligand présent. Ce sont les plus petites NPs de sulfure de bismuth
reportées dans la littérature, et les résultats suggerent un mécanisme de nucléation et de
croissance des NPs qui soit distinct des méthodes en phase liquide. Cela ouvre par conséquent
la possibilité d’obtenir de nouveaux nanomatériaux grace a cette méthode. En modifiant le type
de ligand, des produits dispersables dans des solvants organiques ou dans I’eau peuvent étre
obtenus, et ces derniers présentent une radiodensité significative dans leur application en tant
gu’agents de contraste en imagerie tomographique. Nous avons aussi montré que la PEGylation
de ces nanoparticules pouvait étre réalisée in situ sans aucune étape supplémentaire. Par la
suite, nous avons découvert que des nanoparticules de sulfure de cadmium ou de sulfure
pouvaient étre obtenues via cette méthode, qui ont de nombreuses applications en
instrumentation optique et en diagnostic médical. La aussi, des nanoparticules hautement
monodispersées ont été obtenues dans les deux cas (2.8-3.6 et 2.4-2.8 nm respectivement) et
les deux possedent une activité fluorescente dans la gamme du bleu, ce qui est caractéristique
des points quantiques de petite taille. Dans tous les cas, les particules peuvent étre produites a

I’échelle du gramme avec un broyeur planétaire a billes. Finalement, vu I'importance du



PEGylation dans le développement pharmaceutique et nano-médecine, nous avons explore la
possibilité d’accéder les dérivés y-fonctionnalisés a I'état solide, ce qui évite le besoin d’un
milieu liquide. Les PEG termines par —OTs, -Br, -SH, -NH; et —COOH peuvent étre synthétises
sure une échelle de rendement allant de bon a quantitatif utilisant une force mécanique
minimale. Nous espérons que nos résultats prometteurs inciteront a plus de recherches sur la
synthése mécanochimique de nanomatériaux monodispersés, ainsi qu’a I’élucidation du

mécanisme de nucléation et de croissance en phase solide des NP.



To my mother, may she be blessed



“And if you don’t know, now you know”

- Biggie Smalls
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Chapter 1 Introduction

1.1 Definitions and Theoretical Aspects

Mechanochemistry is a field of chemistry concerned with reactions performed by input
of mechanical energy. Recently, it became a promising route to circumvent the need for bulk
solvents and heat-intensive synthetic procedures. The advantages of generating minimal waste
with high atom economy, as well as its environmental soundness make this method particularly
attractive,™” and its ease of scalability also makes it adaptable to industrial uses, provided the
accessibility of equipment.>* Mechanochemistry has found broad application, e.g. in making

metal-based  nanocrystals  (oxides™®, sulfides’®, selenides,”'® etc.), metal-organic

11,12 12,13

frameworks, pharmaceutical co-crystals, as well as in organic transformations™*.

The International Union for Pure and Applied Chemistry (IUPAC) defines a mechano-
chemical reaction as ‘induced by direct absorption of mechanical energy’, e.g. by grinding,
shearing or stretching.’ These processes can be achieved in several ways, for example by mixer
milling (linear grinding) and planetary milling (rotational) but can also be achieved by mortar and

pestle grinding in some cases.'®"’

In the laboratory, one or more balls are used as milling media
to deliver energy to reactants, prompting their comminution and mixing at a set frequency
(usually 25-30 Hz). While a range of ball-to-powder ratios, between 1:1 and 200:1 by weight),
have been investigated in the literature, this value can vary depending on the reaction and is
commonly kept at ~10: 1'**°. Commonly used milling assembly materials are agate, stainless

steel, teflon and tungsten carbide.

Mechanistic pathways of mechanochemical reactions have been proposed and refined

over the past decades. The term 'mechanochemistry' is claimed to have been introduced by W.

Ostwald,?**

and received early recognition when it was shown that grinding can lead to different
results than heating.”> However, mechanistic elucidation of mechanochemical reactions has
proven difficult. Considerations of frictional heating during milling or grinding led to hot spot

18,24

theory”® and the magma-plasma mode as early mechanistic explanations for

mechanochemical transformation. Briefly, the hot-spot theory considers lateral friction between
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two surfaces, predicting that temperature jumps exceeding 1000 K over an area of 1pm? can
be achieved on the nanosecond scale. The magma-plasma model finds that contact between
colliding interfaces can produce local temperatures >103 K, leading to short-lived plasma states.
However, such mechanisms should be taken with reserve, as they should also lead to severe
decomposition which is hardly ever seen in mechanochemical reactions.”® This is especially true
for reactions by gentle grinding in a mortar, milling under mild conditions (e.g. low frequency, or
non-metallic milling assemblies). However, frictional heating could lead to bulk heating of the

reaction vessel, which may promote the reaction.*®?°

It was shown that bulk temperatures can
reach up to 100°C and 200 °C in mixer and planetary mills®’, respectively, but can vary
significantly depending on the amount and type of materials used, jar makeup and size, grinding
method, and milling frequency. A recent Raman spectroscopy study of the reaction between ZnO
and imidazole to form a zeolitic imidazole framework materials ZIF-6 showed little sensitivity to
temperature, but was strongly dependent on the milling frequency, which was assumed to be
proportional to the frequency of reactive collisions between reactant pa rticles?®. However, in situ
powder X-ray diffraction (PXRD) studies of mechanochemical reaction of CdCl, and
cyanoguanidine (cnge) at different temperatures showed a strong temperature dependence of
reactions kinetics.?® Within this context, the physical effects on the precursors should be noted
due to their implications in allowing some mechanochemical reactions to occur. Many processes
in grinding can contribute to the overall reactivity of a solid such as comminution of bulk
materials into smaller sizes and their accompanying increase in surface area, intimate mixing of
reactants, defect formation and amorphization, and frictional heating within the reaction

chamber®?°

. Depending on reaction conditions and the choice of materials used, one or more
processes can be suspected to be involved in mechanochemical reactions, and at this stage ought

to be evaluated on a case-by-case basis.

Mechanical activation is a term coined in 1942 by Smékal, who described it as a process
that increases the reaction potential of a substrate without affecting its chemical composition,
i.e. manifesting through a change in its physical properties.'® This concept was further detailed
to include accumulation of crystal defects, amorphization and formation of metastable

polymorphs, which all lead to enhanced reactivity.’® Lyachov in 1993 regarded mechanical
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activation as mediated by structural relaxation, and presented a relaxation curve of activated
states as a function of time.>** Within this context, BalaZ et al. suggested that one could not
influence the reactivity of solids whose relaxation times are shorter than the characteristic time
of the reaction itself.'® Relaxation processes can include formation of new surfaces, aggregation,
adsorption, and chemical reaction between nearby particles.’’ In the context of chemical
synthesis, milling plays an important role of sequestering products by attrition, exposing fresh

reactant surfaces and allowing the reaction to proceed.***

While mechanochemistry has been used conservatively to define solid-phase reactions, it
does not necessarily exclude the participation of small quantities of solvents within the reaction
medium®. For example, hydrated metal salts can be used in mechanochemical reactions, and
moisture from the atmosphere can also contribute to the overall nature of the reaction®.
Catalytic or substoichiometric amounts of solvent have also been shown to increase, or all-
together allow the reaction of precursors in solid-state®*, affording reactions categorized under
the term Liquid-assisted grinding (LAG)*>. For example, Katritzky and his colleagues in 2005
proposed an Aryl N-thiocarbamoyltriazole as a reaction intermediate in the synthesis of a
thiourea from aniline and bis(1-benzotriazolyl)methanethione, but could not be isolated from
solution due to rapid dissociation into isothiocyanate®. Under solid-state conditions by LAG,
Strukil and his colleagues in 2015 were able to identify this intermediate, isolate it and even
obtain it in quantitative yields®’. This exemplifies that mechanochemistry may open access to
materials that would otherwise be difficult or even unachievable through solvothermal methods,

38,39,36

in which solvation effects direct the reaction to other end-products . Solvation effects have

been sparingly studied within the context of mechanochemical-based nanomaterial synthesis,
but have been investigated for co-crystal formation and metal-organic framework syntheses*>*".
For example, Braga et al. studied the effects of different vapor solvents in accelerating the co-
crystal formation between a ferrocenyl complex ([Fe(nz—C5H4—C5H4N)2]) and pimelic acid, and
observed that the solubility of the reactants in the vapor used played a fundamental role in
accessing different co-crystal polymorphs*. They suggested that this method of “vapor

digestion” creates a solution-like environment on the grain surfaces whereby the reactants

dissolve and the product immediately precipitates out. From this, it suggests that the solvent acts

20



like a catalyst for interaction between solids. Shan and her colleagues also found that solubility
is critical in the acceleration of reaction kinetics in the co-crystal formation between CgHg(COOH);
and 4,7-phenanthroline®. As such, solvation may play an important mechanistic role in accessing

044 On the other hand, it has also been shown that

materials under solid-state conditions
solvent may simply allow a global medium in which the probability of solids ‘seeing one another’
increases by forming mobile surface layers* — given that a reaction between solids is by definition
not homogeneous”® - and in this case would not be dependent on the solubility of the starting
materials within the liquid. Frisci¢ suggested the parameter 77 as a quantitative measure to enable
comparison of mechanochemical, solvent-mediated and solution techniques. The 1 parameter is
defined as the ratio of added liquid volume to the weight of reactants, expressed in uL/mg.45 In

that way, reactions can take place by neat grinding (n = 0 uL/mg), LAG (n = 0 — 1 pL/mg), a
slurrying (7 > 1 pL/mg) or in homogeneous solution (7 > 10 pL/mg)*.

1.2 Mechanical Activation and the Role of Aging

‘Aging’ areaction is a long standing concept in history, but has only recently been investigated
in further detail within a chemistry paradigm. This chemical process is inspired by natural mineral
weathering processes, during which a material slowly reacts with its environment. A relatable
example of aging is rusting of iron when exposed to an oxidative atmosphere. Traditionally, aging
was performed over a 2-3 month period to produce white lead (2 PbCO5 - Pb(OH),) pigment
for oil painting by covering sheets of lead in dung (which evolved CO, overtime) in the presence

of moisture in the air and acetic acid as a catalyst.

From a microscopic perspective, lattice imperfections can allow for reaction of substrates
at their interface. For instance, Prout and Tompkins studied the decomposition of KMnO, and
proposed that line dislocations in this material allowed for reaction and product formation
(indefinite composition, but comprising MnO,) on the crystal surface, causing strain and cracking
of the crystallite, and forming new surfaces in this way*’. However, as a generalized concept, the
time scale in which this process occurs can be long, and assuming no mobile component is

involved or spontaneous decomposition occurs, may not progress homogenously or be impeded
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by product sequestration®®. Aging of solid-state reactions has been shown to be accelerated to
reasonable times by altering mobility within the solid medium®?, for instance by placing reaction

4950 op organic vapor51, which, similar to solvent in LAG, allows

vessels in the presence of water
for increased mass transfer between solid reagents and can contribute to their defect-mediated
interaction. Considering this, a liquid starting material, minimal solvent, intermediate gas

evolution or atmospheric conditions, to name a few, can also contribute this acceleration.

1.3 Accessing Nanomaterials in Solid-State
Nanoparticle research has become increasingly relevant nowadays to resolve gaps in a

55,56,57

number of disciplines, including chemical catalysis®*>***, drug delivery , and medical

>82980 " Their syntheses generally can be categorized into two methods:

diagnostics and imaging
the top-down and bottom-up approach®’. The top-down approach involves the comminution of
bulk materials into micro- and nano-clusters. However, it suffers from a number of limitations in
terms of product quality, as it affords nanoparticles with a broad distribution of size and shape

>®2 It is however successfully used in

and surface defects originating from mechanical wear
applications such as contaminated water remediation®®. The bottom-up approach involves
assembling particles from molecular metal precursors and may happen in the gas phase or in
solution. In the former, a number of techniques have been reported following this scheme, such
as chemical vapour deposition®, e-beam®, thermal®® and non-thermal plasma®. These
techniques are effective at providing a variety of nanomaterials, including binary materials and
pure metals, formed free, or over a broad range of supports. They do however suffer from
limitations, including polydispersity issues and reliance on fairly extreme conditions in terms of
temperature, high vacuum or e-beam dependence. Solution-based (or solvothermal) methods
are so far the most performant in providing fine control over the nanomaterial features. These
methods rely on the use of molecular precursors to the nanomaterial; capping agents to control
seeding, direct nanoparticle growth and finely cap the resulting nanomaterial; reducing agent if
necessary and a solvent. Under a solution-based bottom up approach, atomic units stochastically

associate with one another forming tentative clusters®®. These clusters are inherently unstable,
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and can dissociate back into atomic units, but once they reach a critical radius whereby the bulk
energy released compensates for the increase in surface tension, they can nucleate the growth
of a nanocrystal with thermodynamic incentive (Figure 1.1)°®. Equation 1 describes a classical

mathematical model of the total free energy associated with nanocrystal growth:
AG = 4mr?y — ZTrAG, (1)

where v is the surface energy per unit area for a nanocrystal of radius r, and AG, is the free

energy of the bulk crystal.

+ve

Free Energy, AG

Figure 1. 1. Free energy diagram associated with nanocrystal growth. AG, and AG, are the bulk and
surface free energy of a crowing cluster, respectively. r is the critical radius at which AG,, > AG,. Adapted
from reference 68.

The rate of nucleation can be controlled by several parameters, such as concentration,
temperature and surface free energy.68 The latter depends largely on the choice of ligand used
to cap the growing clusters and hinder their growth, enabling control over the size of resulting
nanoparticles. More crystalline products tend to be obtained at higher temperatures, due to

greater ligand mobility and rectification of defects within the crystal structure.® Solvent provides
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a medium for which thermal energy can distribute uniformly across the system, allowing greater
control over the size, shape, and dispersity of the end product. Typically in such schemes, solvent
is used in large excess to ascertain seeding and growth of nanomaterial takes place while limiting

the probably of collision between two nanoparticle in formation’®"!,

Given the rapid expansion of this field and its application in a number of different
disciplines, efforts have been made to develop more sustainable synthetic methods to access
these high-value materials with fine control over size, monodispersity, shape and surface

chemistry, while opening access to large scale syntheses’*”>"*

. While solvent-based systems are
most convenient in accessing high-quality nanomaterials, the large use of solvents and energy
input limits its use in sustainable manufacturing processes. As such, we decided to explore the
possibility of accessing nanomaterials under mechanochemical conditions that limit the use of
solvent and energy, while opening up the possibility of accessing novel end products. Whereas
the mechanism for co-crystal formation and organic reactions under mechanochemical pathways

75,76,77,78
d

have been more deeply investigate , hanomaterial synthesis, particularly nanoparticles

for our interest, remains more elusive and is usually generalized under the physical

manifestations that grinding inflicts on the starting materials*®’®

. However, this relates more to
products that are accessed under the mechanochemical top-down approach that typically yields
polydisperse in nature and are not up to par with solvothermal methods for accessing high-
quality nanocrystals. On the other hand, accessing monodisperse nanoparticles in the solid state
has been much less explored. Our group reported a novel, scalable method of accessing ultra-
small monodisperse gold nanoparticles by milling.®® By making use of solid amine ligands of
different chain lengths (C;5 — C;g), particles with diameters between 1 nm and 4 nm were
selectively obtained,® depending on ligand choice and amount. The ability to obtain such
surprisingly small NPs can be rationalized in two ways: first, nucleation and growth of
nanocrystals in solution are thermodynamically favorable at low temperatures since the
dissolution of nanoclusters increase drastically with increasing temperature®. High temperatures
are employed in solution-based syntheses to overcome kinetic barriers in the formation of

successful critical nuclei, and in parallel produce nanoparticles that can be nucleated with smaller

radii (res)®. In the solid state, there is limited or no opportunity for dissolution, potentially

24



mitigating this need for high temperatures while allowing for smaller clusters to nucleate
nanoparticle growth. Therefore, while nanocrystal growth and dissolution are known exothermic
processes in solution®, the latter may not be in the solid state. Second, the restricted mobility of
surface-bound ligands and monomer diffusion in the solid state may limit opportunity for
Ostwald ripening, coalescence or oriented attachment of crystallographic planes to occur.
Altogether, this suggests that smaller nanoparticles (nucleated by smaller r.s) may actually be
more favorable under solvent-free conditions when a ligand is employed. Other zero-valent
metal nanoparticles (Au, Pd, Ru, Re, Ag) have been synthesized by our group using lignin as a
reducing agent.®! With these results in mind, our goal was to determine if nanoparticles of binary
metal sulfides could also be synthesized under mechanochemical conditions. Achieving this
would favorably compare with traditional synthetic protocols for nanoparticle synthesis, which
generally involve large amounts of solvents, multistep processing, heat and/or often hazardous
reagents. In the following chapters, we show for the first time that highly monodisperse BiZS381,
ZnS, and CdS nanoparticles can be accessed via a mechanochemical route in the presence of a
capping agent. To the best of our knowledge, the Bi,S; nanoparticles formed are the smallest
ever reported, and advocates the opportunity to access unique nanomaterials in solid-state. The
ease of scalability also makes this process ideal for accessing gram-scale quantities of these

nanomaterials in a highly atom-economical and sustainable fashion.

1.4 Description of the Thesis

Chapter 2 of this Thesis discusses the synthesis of Bi,S; nanoparticles by a mechanical
activation and aging methodology, and their potential use as contrast agents in computed
tomography imaging. In Chapter 3, we show this methodology is adaptable to accessing ZnS and
CdS quantum dots with blue-emitting fluorescent activity. Chapter 4 deals with accessing
poly(ethylene glycol) derivatives in the solid state, which may have significant applications in
interfacing nanomaterials and medicine. Finally, Chapter 5 offers concluding remarks on the work

presented, refinement of the definition of mechanoactivation, and future work.
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Chapter 2 Maechanically activated synthesis of ultrasmall organo- and water-
suspendable Bi,S; nanoparticles and their use as contrast agents in
Computed Tomography imaging

Abstract

Nanosized Bi,S; particles are one of the most promising nanomaterials for biomedical imaging, due to a
unique combination of low toxicity and high electron count of bismuth. However, the study and use of
nano-Bi,S; have been prevented by major synthetic challenges, including sensitivity to air and harsh
solvothermal conditions. Herein, we describe a novel, surprisingly simple pathway, based on solid-state
self-assembly, to access the elusive Bi,S; nanoparticles functionalized with surface ligands that allow
dispersion in either organic or aqueous media. This one-pot, room-temperature synthesis utilizes
mechanical activation in the solid state, either by milling or even manual grinding, to induce the
spontaneous assembly of monodisperse 2 nm diameter nanoparticles applicable for CT imaging in
physiological media. This solvent-free methodology, which utilizes simple and readily available
precursors, provides unprecedented one-step access to monodisperse nano-Bi,Szin multi-gram
amounts, including poly (ethylene glycol)-coated nanoparticles, without the need for controlled

atmospheres or solvothermal treatment.
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2.1. Introduction

The impressive and exciting properties of nanomaterials have made them attractive
candidates for solving some of the most daunting scientific problems in the domains of

energy, health and electronics.”™ In recent years, efforts have been made to find routes to

7

access molecules and materials in a more efficient and sustainable fashion,”” with

particular focus on the reduction of waste and energy input, and the use of safe reagents.®
? Nanoparticle (NP) synthesis is intrinsically complicated by their metastable nature,

necessitating the use of high dilution and capping ligands to achieve uniform sample

10-13

features, e.g. size and shape. These constraints imply that the development of large-

scale syntheses of NPs with well-defined features remains a challenge for low waste and

14-16

energy-efficient synthesis. Recently, however, we demonstrated that low-energy

mechanochemistry can be used to access highly monodisperse gold NPs through galvanic
reduction of HAuCl, in presence of terminal monoalkylamines as capping agents.'® By
employing lignin as a reducing and surface-capping agent, this approach was readily

adapted for the production of supported noble metal (e.g. Au, Ag, Pd, Ru and Re) NPs from

17, 21

their corresponding salts. Whereas solvent-free mechanochemistry has previously

been used to access diverse advanced materials, including supported metal NPs,'” 21%°

30-32

metal oxide, nitride and sulfide NPs,**?° carbon-based NPs, and porous

33-34 35-36

nanocomposites, as well as microporous metal-organic materials, and shows

17-20

significant improvements in atom- and energy-economy. , such work has been largely

based @nsmiRR-s@WAMBERINRCASMFILEA S JhtRYBRIRAGSY-Se Fartking GemsriaHtien

. 37-38
MM RasIASn photoconducting materials®*™, lithium ion batteries***?, solar cells**"

45-46 47-48

4 electrochemical hydrogen storage , and thermoelectric devices .Duetothelarge
atomic number of bismuth and its surprisingly low toxicity in biological systems, Bi,S3 NPs
are also well suited as contrast agents in Computed Tomography (CT) and have shown
equal or superior efficacy compared to currently used iodinated CT compounds.**>!
However, the development of bismuth-based CT contrast agents has been hampered by
synthetic challenges.>®> Hydrothermal methods, which are commonly employed in Bi,Ss

NP syntheses, typically require high temperatures, extended heating period, inert
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atmospheres and copious amounts of solvents in order to access monodisperse

49313334 0 all cases, these approaches lead to the synthesis of

nanomaterials.
nanomaterials readily suspendable in organic solvent, implying that, for any biological or
medicinal application, an extra functionalization step is required to render them water
suspendable. One solvent-free room-temperature synthesis of Bi,S3 NPs has also been
reported by Dutkova et al.?®, and it relies on a top-down approach, using as starting
materials metallic bismuth and sulfur powder under argon atmosphere, affording
polydisperse products.

We now describe a completely novel, surprisingly simple synthesis of Bi,S3 NPs
suitable for CT imaging applications, by quick mechanical activation followed by an aging
period. Remarkably, the whole procedure is performed at room temperature in air,
yielding gram amounts of NPs with well-defined average diameters that can be modulated
between 2 and 8 nm, depending on the reaction conditions. The approach directly yields
NPs capped by either oleylamine (OA) or 6-aminohexanoate (AHA). The OA-modified Bi,S;
NPs are readily suspended in organic solvent, while using AHA gives access to NPs
compatible with aqueous media. In further demonstration of this new, simple technique
for making complex and biologically compatible nanomaterials, we demonstrate a one-
step, solvent-free procedure for the synthesis of Bi,S3 NPs modified by poly(ethylene
glycol)-methyl-ether-amine (MPEG-NH,, M.W. = 5000 g/mol), a polymer typically used to
functionalize bio-targeted agents.49 The methodology was easily scaled-up to generate
grams of NP materials that were suitable as bioimaging contrast agents, as demonstrated
by evaluating the radiodensity of the AHA-capped NPs, as well as their PEGylated

counterparts in physiological buffer medium.

2.2 Results and discussion

2.2.1 Organo-suspendable Bi,S3 nanoparticles

We first explored the possibility to mechanochemically access Bi,Ss NPs by mixer

mill ball milling (MM) of Bi(NOs)s-5H,0 and L-cysteine as sources of bismuth and sulfur,
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respectively, in the presence of oleyamine (OA) as the capping agent. After 90 min milling,

TEM analysis of the resulting pale yellow paste did not reveal any sign of NP formation.

However, it was observed that the sample after milling began to darken without external

manipulation, so we decided to leave it to age in air at room temperature. After 12 hours,

the paste became completely black and was then purified through several washing and

centrifugation cycles (Scheme 2.1). For different experiments, the bismuth-to-sulfur ratio

in all cases was chosen to match the stoichiometry of Bi,S3, while the OA to bismuth

stoichiometric ratio was set to either 5:1 (sample 50A@Bi,S3-90-MM) or 10:1 (sample

100A@Bi,S3-90-MM) (Table 2.1). The resulting materials were readily suspendable in

hexanes and toluene.

o
Bi(NO3)s. 5 H,0O + HS%OH +
NH,

OA, AHA or AHA+mPEG-NH,

OA  CgH
8 17\/\M\/\NH2
3
AHA  NaO
WNHZ
o]
mPEG-NH, HgCO\%/\OT\/NHZ
n

&S

1) Mechanoactivation
(ball milling or manual grinding)

2) Aging 12-24h

Ligand

Scheme 2. 1. Overview of herein developed synthesis of Bi,S3 NPs capped with oleylamine (OA), sodium
6-aminohexanoate (AHA) and poly-(ethylene glycol)-methyl-ether-amine (mPEG-NH2 M.W.=5000 g/mol).

All steps are performed at ambient conditions in air.
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Samples Ligand® Ligand: Milling Milling | Water Mean
xLigand @NP-t-Milling"*° Bismuth time Method® | (uL) diameter
molar ratio (min) (nm)
50A@Bi,S3-90-MM OA 5:1 90 MM - 2.09+0.29
100A@Bi,S;-90-MM OA 10:1 90 MM - 2.08+0.32
50A@Bi,S3-5-MM OA 5:1 5 MM - 2.09+0.31
50A@Bi,S;-GM OA 5:1 N/A® MG - 1.9610.24
50A@Bi,S:-90-PM OA 5:1 90 PM - 1.88+0.27
5AHA@Bi,S3-90-MM° AHA 5:1 90 MM - NA
5AHA@Bi,S3-90-MM>*° AHA 5:1 90 MM 50 7.942.1
10AHA@BI,S3-90-MM>° AHA 10:1 90 MM 50 8.242.3
5AHA@Bi,S3-90-MM"%° AHA 5:1 90 MM 100 7.6+4.0
10AHA@B,S3-90-MM*®° AHA 10:1 90 MM 100 7.8+1.9
5AHA@BI,S5-90-PM AHA 5:1 90 PM 2000° 3.0+0.41
AHAand | 4.5:1and 90 MM 50 2.9+1.2
SAHA&PEG@ Bi,S3-90- mPEG- 0.5:1
MMSO NH,

Table 2. 1. Summary of synthetic parameters and mean particle diameters for resulting Bi,S3 NP samples.
%, OA: oleylamine; AHA: sodium 6-aminohexanoate; mPEG-NH,: poly-(ethylene glycol)-methyl-ether-
amine. . Manual grinding was performed until the reaction mixtures appeared homogenous. ©. MM: mixer
ball milling; PM: planetary ball milling; MG: manual grinding. 4 2 mL water was added to the PM scale-up
vessel, equivalent to 75 ulL of water in the MM procedure.

Purified 50A@Bi,S3-90-MM and 100A@Bi,S3-90-MM samples were first analysed
by X-ray photoelectron spectroscopy (XPS, Figures S2.1 and S2.2, and detailed
characterization in Supplementary Information), which revealed the presence of Bi, S, O,
N, and C. Detection of N confirms the presence of a ligand shell surrounding the NPs. The
appearance of O is attributed to either reaction with atmospheric O, or adsorbed
moisture. No carbonyl peak is observed in the Cls of both samples, confirming the
absence of L-cysteine at the surface of the particles (Figure S2.18). In the two samples,
the Bi4fy,,, Bi4fs;; , Bidds;, and Bi 4ds/,, signals were all consistent with Bi** ions, while the
S2p and S2s signals matched S*. The Bi4f;/; binding energy found at 158.4 eV in all the

samples is ca. 1.0 eV lower than that of Bi203,56 signifying the formation of Bi,S;. The
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integration of Bi4d and S2s signals indicated an average Bi:S atomic ratio between 0.5 and

0.6, thus implying a slight excess of sulfur.
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Figure 2. 1. TEM images and size distribution histograms of OA-capped Bi,S3 NPs: (A1&A2) 50A@Bi,S;-90-
MM (n=250); (B1&B2) 100A@Bi,S3-90-MM (n=250); (C1&C2) 50A@Bi,S;-5-MM (n=250); (D1&D2)
50A@Bi,S3-MG (n=250). Scale bars represent 20 nm.

Structures of 50A@Bi,S3-90-MM and 100A@Bi,S3-90-MM were further analyzed
by transmission electron microscopy (TEM, Figure 2.1-A, -B). In both cases, NPs with
narrow size distributions, independent of the OA:bismuth ratio, were observed. Ratios of
both 5:1 and 10:1 gave NPs with average diameters of 2.09+0.29 nm and 2.08+0.32 nm,
respectively. Overall, these results indicate that our method successfully affords Bi,Ss NPs,

despite the absence of inert atmosphere which is required in most syntheses.*® *°

Next, thermogravimetric analysis (TGA) was performed on samples 50A@Bi,S3-90-
MM and 100A@Bi,;S53-90-MM in order to gain insight into the organic ligand shell.
Increasing the ligand: bismuth stoichiometric ratio during synthesis from 5:1 to 10:1
afforded no significant change in the OA surface coating (Figure S2.3), and the loss of
organic matter upon thermolysis of the final product was very similar in both cases (17.5%

and 17.6% of by weight, respectively). These results indicate that the NP surface is already
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saturated with organic ligand at the 5:1 stoichiometric ratio, and that any additional ligand
will likely be washed away during work up. We also tested the possibility to produce NPs
using a 3:1 stoichiometric ratio of the OA and bismuth, respectively, but these attempts

failed to produce NPs even after 5 days of aging.

Surprisingly, milling time did not have a notable effect on the resulting material,
indicating that the principal role of milling treatment is mechanical activation. For
example, the XPS and TEM analysis results are virtually identical for 50A@Bi,S;-5-MM,
obtained using a milling period of 5 min and featuring NPs of a 2.0940.31 nm mean
diameter, and for 50A@Bi,53-90-MM (2.09+0.29 nm), which was obtained after 90 min
of milling and 12 hours of aging (Figure S2.1 and 2.1-C). To further investigate the ability
to assemble uniform Bi,S; NPs with minimum mechanical activation, we explored manual
grinding (MG), using a mortar and pestle, which generated the sample 50A@Bi,S3-MG. In
this case again, TEM revealed an average NP diameter of 1.96+0.24 nm (Figure 2.1-D), and
XPS showed binding energies similar to those for 50A@Bi,S3-90-MM (Figure S2.1).
Consequently, using OA as the capping agent leads to reproducible assembly of Bi,S; NPs

with a preferred size of ca. 2 nm, as long as intimate mixing is achieved.

PXRD analysis of all samples involving OA, prepared either by milling or manual
grinding revealed only broad, featureless diffractograms (Figure S4), indicating either very
small particle sizes and/or amorphous nature. PXRD patterns of annealed samples

confirmed the absence of Bi,03 in the produced samples (Supplementary information)

Characterization was completed by mass spectrometry, a method previously used

18, 5761 Matrix-assisted laser

in analysis of nanoclusters and small-sized nanocrystals.
desorption ionization-time of flight mass spectroscopy (MALDI-TOF MS) characterization
of Bi,S3 NPs revealed clear fragmentation patterns of Bi and S loss, with peaks separated
by 209.2 and 32.0 units, respectively (Figures 2.2, S2.5, S2.6, Table S2.1), consistent with

the laser beam-induced decomposition of Bi,S3 NPs into Bi, and Bi,S, clusters (n = 3-7, m
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= 1-4). The peaks of highest Bi mass were measured as 1463.6 for all the OA-capped
samples, corresponding to bare Bi; clusters (Table S1). No oxygen species were detected,
validating the formation of Bi,S; under aerobic synthetic conditions. No characteristic

peak could be identified under 627 AMUs (range: 420 ~ 1600 m/z).

Bi
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Figure 2. 2. MALDI-TOF MS measurements for the OA-capped Bi,S; NPs obtained using the mechanically-
activated aging approach. The spectra demonstrate the fragmentation of NPs into Bi, and Bi,S,, clusters (n
=3-7, m = 1-4). Importantly, no oxygen-containing species were detected.

2.2.2 Water-suspendable Bi,S3; nanoparticles

While the NPs produced in presence of OA are readily suspendable in a poorly polar
solvent such as toluene, consistent with the presence of NPs capped with hydrophobic
long chain amine ligands,”* ®* direct functionalization of Bi,S; NPs with water-compatible
ligands would be critical for their use as in vivo injectable contrast agents. In classic
syntheses, an extra phase-transfer reaction step is required to reach such species.*
Consequently, we explored the possibility of synthesizing monodisperse and water-
soluble Bi,S3 NPs by replacing OA with the sodium salt of 6-aminohexanoic acid in the
milling procedure. However, attempts to synthesize such NPs by 90 min milling of
Bi(NO3)3-5H,0, L-cysteine and sodium 6-aminohexanoate (AHA), followed by aging up to

5 days, were not successful. Next, we turned to liquid-assisted grinding (LAG), a technique
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that utilizes catalytic, substoichiometric amounts of liquid to facilitate mechanochemical
transformations.?° Milling in the presence of 50 puL water (sample nAHA@Bi,S3-90-MM>°,
with the AHA:Bi ratios n=5 and 10) provided, after 24 hours aging at room temperature,
highly uniform NPs of 7.6 nm - 8.2 nm in diameter (Figure 2.3, Table 2.1). The XPS spectra
revealed similar binding energies for each element as previously seen for OA-capped NPs
(Figures S2.7 and S2.8). Just like the OA-capped NPs, the as-prepared AHA-functionalized
samples diffracted poorly (Figure S2.9). The amount of water introduced into the reaction
mixture in LAG also did not significantly affect the final NP size, although doubling the

amount of water additive from 50 to 100 pL allowed for a shorter aging time of 12 hours.°

The use of AHA provided larger NPs than with OA, which may be explained by the
relative sizes of the two capping agents, the aliphatic chain of AHA being 3 times shorter
than that in OA. Indeed, the earlier study on mechanosynthesis of gold NPs showed that
longer chain lengths lead to smaller NP sizes,'® due to a more limited access of precursors
to the NP surface protected by larger capping agents. The result suggests that
nanoparticle stabilization models based on micellar arrangements ® cannot be applied for

the reported particles made under mechanochemical conditions.
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Figure 2. 3. TEM images and size distribution histograms of AHA-capped Bi,S; NPs: (A1&2) 5AHA@Bi,S3-
90-MM*° (n=120); (B1&2) S5AHA@Bi,S;-90-MM'® (n=150); (C1&2) 10AHA@Bi,S;-90-MM*® (n=75);

(D1&2) 10AHA@Bi,S;-90-MM'® (n=150); (E1&2) 5AHA/PEG@Bi,S;-90-MM>® (n=250). Scale bars
represent 50 nm.

37



2.2.3 Multigram scale synthesis of OA- and AHA-capped Bi,S3 NPs

The described mechanical activation and aging approach to monodisperse Bi,S;
NPs is readily scalable to multi-gram scales. Both the 50A@Bi,S; and 5AHA@Bi,S3
syntheses were linearly scaled-up (using 2.5 g and 2.0 g of reactant Bi(NOs3)3-5H,0,
respectively) by 90 minutes mechanical activation in a planetary ball mill (PM) operating
at 500 rpm. Sample analysis by TEM demonstrated the formation of uniform NPs of
1.88+0.27 nm and 3.0+0.41 nm in diameter, for 50A@Bi,S3-90-PM and 5AHA@Bi,S3-90-
PM, respectively, after milling and 48 hours aging (Figure S2.10). Switching from a mixer
to a planetary mill resulted in limited size change for OA-derived materials (1.88+0.27 nm
for 50A@Bi,S3-90-PM vs. 2.094+0.29 nm for 50A@Bi,S3-90-MM), while a marked drop in
average NP diameter from 7.9 nm (5AHA@Bi,S3:-90-MM>°) to 3.0 nm (5AHA@Bi,S3-90-
PM) was observed with AHA samples. 1.70 g and 0.936 g of purified product were
obtained for the OA and AHA samples, corresponding to a respective yield in bismuth of
95% and 72% (based on TGA analysis, Figure S2.3 and S2.11). Besides being done in the
absence of hazardous solvents or external heating, these syntheses are also economically
efficient, with the cost for scale-up reactions being approximately 2.61 S CDN per gram of
purified SOA@Bi,S3-90-PM and 4.56 S CDN per gram of purified SAHA@Bi,S3-90-PM (see

Supplementary Information for experimental details and cost analysis).

2.2.4 Synthesis of PEG-functionalized NPs

Finally, we explored another strategy to obtain water-soluble biocompatible Bi,S;
NPs through milling and aging, by direct surface ligand conjugation with

poly(ethylenecglycol) (PEG) polymers. Namely, PEG polymers are often used to make NPs

64-66

pharmaceutically relevant by reducing surface protein adsorption, avoiding NP

recognition by the mononuclear phagocyte system and increasing their circulation time in

64-66

vivo. To afford biocompatible, directly mechanochemically PEGylated Bi,S; NPs, the

amino-terminated polymer mPEG-NH, (M.W.=5000 mg/mol, 10 mol % NH,-content) was
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added into the reaction mixture ahead of a typical AHA-capped Bi,S; NP synthesis. TEM
images (Figure 2.3-E) of the product revealed NPs 3 nm in diameter, which is ca. half the
size of pure AHA-capped Bi,S3 NPs obtained under the same conditions, suggesting that
attachment of the mPEG-NH; hinders NP growth. An infrared analysis of the synthesized
NPs (Figure S2.12) clearly revealed the characteristic adsorption bands of AHA in
S5AHA@BI,53-90-MM>°, while SAHA&PEG@Bi,S3-90-MM"° exhibited all the characteristic
bands of both AHA and mPEG-NH,. We conclude that the synthesized Bi,S; NPs are
stabilized by a composite of mMPEG-NH; and AHA.

2.2.5 Bi;S3 NPs solubility and puCT analysis

In order to establish that ultrasmall Bi,S3 NPs produced by mechanical activation
would be viable as contrast probes for CT imaging, we explored their solubility and
solution uCT contrast generation. Solubility was evaluated in water and phosphate
buffered saline (PBS) solution, a physiologically representative buffer used as a solvent for
NP intravenous injection formulations.®’” For S5AHA@BIi,S3;-90-MM*° and
5AHA&PEG@Bi,S3-90-MM>° saturated suspensions samples in water, the measured
concentrations were 14.8 and 24.3 mM, respectively, and were stable for 2-3 hours. In
PBS, the corresponding values were 74.7 and 74.7 mM respectively. Importantly, the PBS
suspensions were stable for 24 hours and were used to evaluate radiodensity as a function
of concentration. The concentration of bismuth in each suspension was evaluated by ICP
(Figure 2.4, Table S2.2). Two parallel results were collected for each sample, and the mean
concentration of bismuth expressed with corresponding Hounsfield unit (HU) values,
calibrated for each dilution by referencing to air (HU = -1000) and PBS (HU = 0). For both
5AHA&PEG@Bi,S3-90-MM>° and SAHA@BIi,S3:-90-MM>° samples, the concentrated
samples of 0.075 M showed good radiodensity responses, of 1437+0.0 HU and 1335+33.8

49

HU respectively, on par with the best reports in the literature.”” For all explored

concentrations, the HU values for both NPs were very close to the concentration values
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determined by ICP, demonstrating that the herein generated Bi,S;s NPs can be reliably

used as PBS-suspended contrast agents over an order of magnitude of concentrations.
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Figure 2. 4. Experimental radiodensity for the Bi,S; NP samples 5AHA@BI,S;-90-MM*° and
S5AHA&PEG@Bi,S3;-90-MM*°® as a function of bismuth concentration (M) measured by ICP. Error bars
represent standard deviation of the CT value (in Hounsfield Units) for 20 random measurements (circular
regions of 2r = 3.0 mm, 11.1 pixels/mm) about the uCT images of each sample. Opacities of PBS and air
were calibrated to HU = 0 and HU = -1000, respectively. Inset: uCT images of 0.075 M 5AHA@Bi,S3-90-
MM*° and 5SAHA&PEG@Bi,S;-90-MM*° samples with PBS for comparison.

2.3 Conclusions

Mechanical activation enabled unprecedented, solvent-free and room-
temperature assembly of small, monodisperse Bi,S3 NPs from solid reagents. This
operationally simple process enabled the synthesis of a variety of Bi,S;3 NPs, differently
functionalized for suspension in either organic, agueous or physiological media. Thorough
characterization by XPS, TEM, MALDI-TOF and XRD revealed that the pure Bi,S3 NPs with
well-defined, monodisperse sizes, ranging from 2 to 8 nm in diameter were easily
accessed, in contrast to previous mechanochemical techniques that led to NP sizes in the

range 100 nm-300 nm, with a mean crystallite size of 26 nm. *® The effect of the ligand
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nature, the milling duration, the ligand:bismuth ratio and the grinding technique (mixer
milling, planetary milling or manual grinding) were extensively studied, and the use of
planetary milling devices enabled the scale-up to yield multi-gram quantities of each
product. To further distinguish this methodology from those conventionally employed to
generate similar NPs, all syntheses were performed without hazardous solvents, heating,
and in aerobic conditions. This, combined with demonstrated excellent X-ray attenuation
properties of selected NP systems in physiological media, provides a clear illustration how
unconventional, solvent-free approaches can lead to unprecedentedly inexpensive, clean,
as well as materials- and energy-efficient routes to advanced nanomaterials. Future
research will focus on the use of these materials for in vivo applications. In particular, the
behavior of the produced nanoparticles in suspension, potential formation of aggregates
and their ability to cross or not biological barriers will be thoroughly evaluated. While this
method is so far unique for Bi,S3;, we believe it may develop into a novel, more general

pathway to access ultrasmall and monodisperse metal chalcogenides and binary species.
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25 Appendix — Supporting Information

2.5.1 Materials and Methods

Materials: Bi(NOs);-5H,0 (298%), oleylamine (OA, 70%), L-cysteine (97%), and 6-
aminohexanoic acid (298.5%) were purchased from Sigma-Aldrich and used without
further purification. Poly-(ethylene glycol)-methyl-ether-amine (mPEG-NH,, mw=5000
g/mol) was purchased from Lysan Bio. NaOH pellets (297%) were purchased from ACS

Reagents. Water was purified through Milli Q system prior to use.

Mechanochemical experiments: Milling was performed with a Retsch Mixer Mill MM400
(MM) using 10 ml Retsch stainless steel grinding jars (01.462.0236). An agate mortar and
pestle was used for manual grinding (MG). Scale-up syntheses were performed with a
Retsch S100 centrifugal ball mill (PM), using a Retsch 50 ml stainless steel grinding jar
(01.462.0149).

nOA@Bi,S3-m-MM: (n=5 or 10, m = 5 or 90): Bi(NO3)3-5H,0 (0.103 mmol, 50.0 mg), L-
cysteine (0.155 mmol, 18.8 mg) and OA (0.515 mmol, 137.8 mg for n=5; 1.03 mmol, 275.6
mg for n=10) were placed in a 10 mL stainless steel milling jar with a 10 mm stainless steel
ball and milled in a mixer mill (MM) for m minutes at 29.5 Hz. The resulting yellow
mixtures, with the Bi:S:OA stoichiometric ratio of 1:1.5:n, were kept sealed in the milling
jars and aged for 12 hours in ambient conditions. The resulting black paste was then
washed three times with a 3:1:1 v/v mixture of pentane, ethanol, and acetone three times,
and centrifuged at 9000 rpm (5 min) after each wash. The samples were dried under

vacuum overnight.

50A@Bi,S3-MG: Bi(NO3)3-5H,0 (0.103 mmol, 50.0 mg), L-cysteine (0.155 mmol, 18.8 mg)
and OA (0.515 mmol, 137.8 mg) were manually ground (MG) with an agate mortar and
pestle. The yellow paste was then transferred to a closed glass vial, and aged for 12 hours

in ambient conditions. The resulting black pastes, with a Bi:S:OA stoichiometric ratio of
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1:1.5:5, were washed with a 3:1:1 v/v mixture of pentane, ethanol, and acetone three
times, and centrifuged at 9000 rpm (5 min) after each wash. The samples were dried

under vacuum overnight.

50A@Bi,S3-PM: Linear scale-up was performed as follows: Bi(NO3)3-5H,0 (5.15 mmol,
2.50 g), L-cysteine (7.73 mmol, 0.937 g) and OA (25.8 mmol, 6.89 g) were placed in a 50
ml stainless steel jar loaded with two 15 mm, four 10 mm and six 7 mm stainless steel
balls, and milled in a planetary mill (PM) operating at 500 rpm for 90 min. The direction of
jar motion was set to periodically alternate every 30 seconds. The mixture was then aged
in the milling jar for 24 hours and the resulting black paste, with a Bi:S:O0A stoichiometric
ratio of 1:1.5:5, was washed three times with a 3:1:1 v/v mixture of pentane, ethanol, and
acetone, and centrifuged at 9000 rpm (5 min) after each wash. The samples were dried

under vacuum overnight.

Synthesis of sodium 6-aminohexanoate (AHA): 6-aminohexanoic acid (1.52 mmol, 200.0
mg) and NaOH (1.52 mmol, 61.0 mg) were placed in a 10 mL Teflon milling jar with a 10
mm Teflon ball and milled in a mixer mill (MM) for 30 min at 29.5 Hz.. The resulting

powder was used as prepared in the synthesis of N AHA@Bi,S3-90-MM*.

nAHA@Bi,53-90-MM*: (n=5 or 10, x= 50 or 100): Bi(NO3)3-5H,0 (0.154 mmol, 75.0 mg for
n=5; 0.103 mmol, 50 mg for n=10), L-cysteine (0.232 mmol, 28.1 mg for n=5; 0.155 mmol,
18.8 mg for n=10) and AHA (0.773 mmol, 118.4 mg for n=5; and 1.03 mmol, 157.8 mg for
n=10) were placed in a 10 mL stainless steel milling jar along with one stainless steel ball
of 10 mm diameter and x pL of water. The mixture was then milled in a mixer mill (MM)
for 90 minutes at 29.5 Hz. The yellow reaction mixture was then aged for 24 hours in the
jar, and the resulting black product washed twice with water, once with ethanol, and
centrifuged at 9000 rpm (5 min) after each wash. The samples were dried under vacuum

overnight.
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5AHA&PEG@Bi,S3-90-MM>°: Bi(NO3)3-5H,0 (0.0412 mmol, 20.0 mg), L-cysteine (0.0619
mmol, 7.50 mg), AHA (0.186 mmol, 28.50 mg), mPEG-NH, (0.0206 mmol, 103.0 mg) and
50 pL water were placed in a 10 mL stainless steel milling jar along with a stainless steel
ball of 10 mm diameter. The mixture was then milled in a mixer mill (MM) for 90 min at
29.5 Hz. The yellow mixture was then aged for 24 hours in the jar, and the resulting black
product washed twice with water, once with ethanol, and centrifuged at 9000 rpm (5 min)

after each wash. The samples were dried under vacuum overnight.

5AHA@BIi,S3-90-PM: Linear scale-up was performed as follows. First, 6-aminohexanoic
acid (20.6 mmol, 2.70 g) and NaOH pellets (20.6 mmol, 0.825 g) were placed in a 50 ml
stainless steel jar loaded with two 15 mm, four 10 mm and six 7 mm stainless steel balls,
and the mixture milled in a planetary mill (PM) for 30 min, operating at 500 rpm, with the
jar motion M, alternating clockwise-counterclockwise periodically. The produced AHA
that stuck to the sides and lid of the jar were gently scraped off into the middle with the
help of 2 ml of water. Next, Bi(NO3)3:5H,0 (4.12 mmol, 2.00 g) and L-cysteine (6.18 mmol,
0.75 g) were added to the jar, and the mixture was milled for 90 min at 500 rpm, with the
direction of jar rotation alternating periodically. The yellow reaction mixture was then
aged for 24 hours, the resulting black product washed twice with water, once with
ethanol, and centrifuged at 9000 rpm (5 min) after each wash. The samples were dried

under vacuum overnight.

2.5.2 Characterization
Transmission Electron Microscopy (TEM): In order to observe their morphology and size,
OA-capped and AHA-capped samples were dispersed in toluene and water, respectively.
A droplet of the suspension was put onto the Cu grid and subsequently dried under
vacuum overnight. High-resolution TEM images were obtained using a FEI Tecnai G2 F20
Cryo-scanning transmission electron microscope at an acceleration voltage of 200 kV. The
mean sizes of the NPs were obtained by measuring the largest diameters using image)

(data are expressed as mean + standard deviation).
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Powder X-Ray Diffraction (PXRD): The phase and structural analysis of the samples were
carried out using a Bruker D2 Phaser X-Ray Diffractometer equipped with a Cu Ka source

(A=1.54184 A) operating at 30 kV and 10 mA.

X-ray Photoelectron Spectroscopy (XPS): Measurements were performed on a Thermo
Scientific K-Alpha X-Ray photoelectron spectrometer with an excitation source of Al Ka=
1486.6 eV. The binding energies were corrected by referencing the C 1s line to 284.80 eV.
The samples were dried overnight in an Isotemp Vacuum Oven (model 281A) at room

temperature prior to XPS analysis.

Thermogravimetric Analysis (TGA): Surface coating of the nanoparticles was determined
using a TA instruments thermogravimetric analyzer Q500; the samples were heated to
800 °C at a rate of 20 °C/min and the atmosphere was switched from nitrogen to oxygen

at 100 °C.

Electrospray lonization Mass Spectrometry (ESI-MS): Reaction intermediates were
resolved, using a Bruker maXis Impact quadrupole time-of-flight mass spectrometer
equipped with an electrospray ionization source, using sodium formate as a calibration

standard.

Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry (MALDI-
TOF MS): Mass spectra of the OA-capped Bi,S3 NPs were carried out using an Bruker Auto
Flex MALDI-TOF MS, with 2, 5-dihydroxybenzoic acid or dithranol as the matrix. A single
droplet of matrix solution (5-dihydroxybenzoic acid with 1:1 molar ratio acetone-
acetonitrile; dithranol in 1:1 molar ratio dichloromethane-methanol) was spotted onto a
stainless steel target plate and dried at room temperature. Next, the NPs were dispersed
in the acetone-acetonitrile solution, and a drop of the suspension was placed over the

plated matrix. Desorption and ionization of the samples was achieved by irradiation using
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a pulsed nitrogen laser (337 nm, 180 w/pulse, 4 ns pulses). MS were measured with the
laser at 58% full power in positive mode. The accelerating voltage was set at 20 kV. Data
were collected using the Reflex control software and processed with the Bruker Flex

Analysis software.

Micro-CT: The radiodensity of the 5AHA@Bi,5;-90-MM>° and 5AHA&PEG@Bi,S;-90-
MM>° samples as a function of bismuth concentration were evaluated using a SkyScan
1178 high-throughput micro-CT with a source voltage of 50 kV, and source current of 615
MA. Images were taken of the samples at various dilutions in phosphate buffered saline
(PBS), and the CT value, in Hounsfield Units (HU), were obtained by referencing PBS and
air to HU= 0 and HU =-1000, respectively. Water provided an equivalent CT value to that
of PBS.

Inductively Coupled Plasma-Optical Emission Spectra (ICP-OES): Bi,S; NPs’ suspendibility
in water and PBS were evaluated by measuring the bismuth concentration of different
dilutions using a Thermo Scientific iCAP Q ICP-MS equipped with an autosampler. Excess
of each sample were added to 500 pL water or PBS, and well suspended by ultra-
sonicating for 30 min. The suspensions were left idle for 30 min, and then 100 pL was
pipetted from the very top of the suspension into digestion tubes. The suspensions were
digested with 0.5 mL nitric acid (68 wt%) and 0.5 mL H,0, (30 wt%), and the calculated
amount of water or PBS was added to have 10 mL dilute solutions. Dilutions and ICP
analysis were done in duplicate for reproducibility purposes. The average was given as the

final data.

Infrared Spectrometry: An infrared spectra was performed on the samples, 5SAHA@Bi,S3-
90-MM®® and 5AHA&PEG@Bi,S3-90-MM>°, using a PerkinElmer FT-IR spectroscopy 400 (4
cm™ resolution) equipped with GladiATR sampling device (Pike technology) in order to

identify the surface bound ligands.
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2.5.3 Sample annealing, followed by PXRD analysis
PXRD analysis of all samples produced with OA and AHA revealed that no crystalline material was
present in the sample. However, in order to further establish that the samples were solely
composed of Bi;S; and exclude the presence of any Bi,O;, we performed the following
experiments: all OA and AHA-containing samples, after aging, were annealed under vacuum at
275 °C for 6 hours and re-examined by PXRD. As displayed in Figure S11 and S12 for OA and for
AHA, the positions and relative intensities of all X-ray reflections are in excellent agreement with
those expected for the orthorhombic Bi,S; (JCPDS No. 017-0320). All reflections in the X-ray
diffractogram were readily assigned to the known Bi,S; structure, indicating the absence of any
crystalline impurities, notably Bi,O3 NPs, which would have appeared if the original samples had
contained such an impurity, either crystalline or amorphous. The TEM images (Figure S13) of the
annealed sample revealed significant increase in the size of nanoparticles upon annealing, with
lattice fringes of Bi,S; readily visible. Additionally, the annealed sample of 50A@Bi,S;-5-MM was
analyzed by XPS (Figure S14) and was compared to its as-prepared counterparts (Figure 1) to
ascertain the presence of Bi,S; ab initio. No significant binding energy shifts are observed for each
element peak, signifying chemical state of the NP core is not affected by the annealing.
Importantly, there was no difference in binding energies measured by XPS for freshly prepared
and annealed 5AHA@BI,S3-90-MM>® NPs (Figure S15), except for Bi4f spectra in which annealing
induced the appearance of two series of peaks with a splitting of 1.0 eV. While the signal at 159.4
eV is attributed to Bi,Os," likely formed by partial oxidation during annealing process, signal at

158.4 eV corresponds to Bi,Ss, signifying that Bi,S; was formed ab initio.

2.5.4 Synthesis Cost Analysis
50A@B|253-PM

e Bi(NOs)s-5H,0 (298%, Sigma Aldrich): 50.20 $ CAD per 100 g bottle (2.50 g ~ 1.26 $ CAD)

e L-cysteine (97%, Sigma Aldrich): 80.90 $ CAD per 100 g bottle (0.937 g ~ 0.76 S CAD)

e Oleylamine (70%, Sigma Aldrich): 35.00 S CAD per 100 g bottle (6.89 g~ 2.41 S CAD)
4.43 $ CAD / 1.53 gyield; ~ 2.61 $ CAD / g of 50A@Bi,S;-PM

5AHA@Bi,S3-90-PM:
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e Bi(NOs3)3-5H,0 (298%, Sigma Aldrich): 50.20 $ CAD per 100 g bottle (2.0 g~ 1.00 $ CAD)
e L-cysteine (97%, Sigma Aldrich): 80.90 S CAD per 100 g bottle (0.75 g~ 0.61 S CAD)
e 6-aminohexanoic acid (298.5%, Sigma Aldrich): 94.70 S CAD per 100g bottle (2.70 g~ 2.56
$ CAD)
e NaOH pellets (297%, ACS Reagents): 120.00 S CAD per 1 Kg bottle (0.825 g~ 0.10 $ CAD)
4.27 $ CAD / 0.936 g yield; ~ 4.56 $ CAD / g of 5AHA@Bi,S3-90-PM

2.5.5 Additional Figures
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Figure S2. 1. Survey XPS spectra of OA-capped Bi,S; NPs.
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Figure S2. 2. High-resolution XPS spectra of Bi 4f (A), Bi 4d (B) and S 2s (C) of OA-capped Bi,S; NPs.
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Figure S2. 3. TGA of 50A@Bi,53-90-MM (green) and 100A@Bi,S3-90-MM (blue) samples, showing a
17.53% and 17.55% mass loss, respectively.
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Figure S2. 4. PXRD of the OA-capped Bi,S; NPs after 5/90 min mixer ball milling and manual grinding at
5:1 or 10:1 ligand-to-bismuth ratios.
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Figure S2. 5. Expanded window of MALDI-TOF MS spectra for OA-capped Bi,S3 NPs using 5-
dihydroxybenzoic acid as the matrix.

\ 50A@BI,S,-MG
Y ¢ It I

5 il | 50A@BI,S -5-MM
2 T T T T T
I}
=
)J | L 50A@Bi,S,-90-MM
A WA 1 i o - S—
1 l 100A@BI,S,-90-MM
A,
600 800 1000 1200 1400 1600

m/z

Figure S2. 6. Expanded MALDI-TOF MS spectra for OA-capped Bi,S3 NPs using dithranol as the matrix.
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Figure S2. 7. Survey XPS spectra of the 5SAHA@Bi,S3-90-MM>® sample.
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Figure S2. 8. High-resolution XPS spectra of Bi 4f (A), Bi 4d (B) and S 2s (C) of the AHA-capped Bi,S; NP
samples.
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Figure S2. 9. PXRD of the AHA-capped Bi,S; NPs after 90 min mixer ball milling at various ligand-to-bismuth
ratios (5:1 or 10:1) and water contents (50 or 100 pL).
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Figure S2. 10. TEM images and size distribution histograms of scale-up Bi,S; nanoparticles: (A1&2)
50A@Bi,5:-90-PM (n=235); (B1&2) SAHA@Bi,S5-90-PM (n=75).
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Figure S2. 11. TGA of 5SAHA@BIi,S3-90-PM showing a 18.20% mass loss.

5AHA@BI,S,-90-MM*
T T

r

T T T T T T

mPEG-NH,

r T T T T T

5AHA&PEG@ Bi,S,-90-MM™®

3600 3200 2800 2400 2000 1600 1200 800

Wave number(cm™)

Figure S2. 12. Infrared spectra of pure ligands and the corresponding ligand-capped Bi,Ss NPs.



ref.

Ligands | Wavenumber Assignments
(em™)
2883 -CH stretching®
1467 -CH bending®
1341 C-0O-C asymmetric stretching2
mPEG-NH, | 1278, 1059 -CO stretching®
1099 C-0O-C symmetric stretching2
956 -CH out-of-plane bending’
2926, 2853 -C-H stretching *
1650,1625 C=0 stretching *°
1557 COO” asymmetric stretching, overlapped with amine Il #°
AHA 1538 COO” symmetric stretching, overlapped with Amine 11 °
Amine I1 ®
1453 CH, bending deformation *
1386 C-O symmetric stretching of COO™ ®

-CN stretching’

-OH deformation *

Table S2. 1. Corresponding IR stretches and their assignments.
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Figure S2. 13. PXRD of the OA-capped NPs after annealing at 275 °C under vacuum for 6 hours. All peaks
are in good agreement with the orthorhombic crystal structure of Bi,S; (JCPDS No. 017-0320).
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Figure S2. 14. PXRD of the AHA-capped NPs after annealing at 275 °C under vacuum for 6 hours. All peaks
are in good agreement with the orthorhombic crystal structure of Bi,S; (JCPDS No. 017-0320).
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Figure S2. 15. TEM images of 50A@Bi,S3-5-MM annealed at 275 °C under vacuum for 6 hours. High-
resolution TEM image (right) shows lattice fringes of 0.31 nm, corresponding to the (211) plane of

orthorhombic Bi,S; structure.

A |xPs: Bi4f
158.4 eV

163.7 eV

Counts/s

as-prepared 0A@Bi2$3-5-MN
annealed 50A@Bi,S,-5-MM

Counts/s

156 158 160 162 164 16€
Binding energy (eV)

430 440 450 460 470 480
Binding Energy (eV)

C |xps: s 2s

Counts/s

2254 eV

215 220 225 230 235

Binding Energy (eV)

Figure S2. 16. High-resolution XPS spectra of Bi 4f (A), Bi 4d (B) and S 2s (C) of 50A@Bi,S;-5-MM before

(black) and after (red) annealing.
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Figure S2. 17. High-resolution XPS spectra of Bi 4f (A), Bi 4d (B) and S 2s (C) of 5SAHA@Bi,S3-90-MM>°
before (black) and after (red) annealing under vacuum. Solid lines: experimental data; circles and dash
lines: fitting data. Bi 4f spectrum of annealed sample shows two fitting peaks at 158.4 and 159.4 eV, which
are assigned to Bi,S; and Bi,03, respectively. The sample was partially oxidized during annealing.
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Figure S2. 18. High-resolution XPS C1s spectrum of 50A@Bi,S3-90-MM showing absence of C=0 peak.

2.5.6 Supplementary Tables
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5-Dihydroxybenzoic Acid

Dithranol

50A@Bi,S;- | SOA@BI,S;- | 5S0A@BI,S;- | 100A@Bi,S;- | SO0A@BI,S;- | 5S0A@BI,S3- | 50A@Bi,S;- | 100A@Bi,S;-
MG 5-MM 90-MM 90-MM MG 5-MM 90-MM 90-MM
626.957 626.945 626.940 626.948 626.948 626.896 626.980 626.945
658.995 658.991 658.996 659.002 659.016 659.038 659.038 659.008
691.036 690.939 691.041 690.899 691.100 690.939 687.838 836.253
723.062 727.758 723.037 723.037 719.817 836.243 691.107 1045.567
754.992 836.265 836.273 807.041 749.858 868.206 836.353 1077.517
836.270 868.311 868.274 836.253 792.693 1045.483 868.409 1463.903
868.319 1045.464 900.301 863.252 836.304 1077.438 1045.651

900.267 1077.411 932.316 868.284 868.138 1463.753 1077.671

932.278 1109.428 1045.488 886.243 868.364 1110.068

964.295 1141.365 1077.486 900.347 900.485 1463.954

1045.443 1173.548 1109.475 932.304 1045.533 1496.604

1077.429 1318.358 1141.486 1045.465 1077.570

1109.412 1463.627 1173.600 1077.490 1109.479

1141.372 1495.465 1255.064 1109.530 1110.001

1173.389 1286.584 1141.440 1141.691

1205.382 1318.877 1173.460 1463.823

1254.551 1463.624 1254.509 1495.590

1286.534 1495.986 1285.549 1496.005

1318.419 1527.506 1286.482

1463.579 1559.724 1318.475

1495.497 1591.523 1463.583

1527.326 1495.709

1527.750

1527.805

1559.455

Table S2. 2. Peak lists of MALDI-TOF MS spectra in Figure S4 and S5.

Mean Bismuth Mean CT Value (HU) #SD
Concentration (M)

0.0747 1437+0.0
0.0381 1053+20.6

5AHA&PEG@Bi,S;-90- 0.0201 806+7.4
MMm*° 0.0099 633+19.9

0.0050 426+28.7
0.0747 1335+33.8
0.0351 1109+28.1

5AHA@Bi,S;-90-MM*° 0.0181 867+17.0
0.0084 592+31.4

0.0043 374+6.2

Table S2. 3. Experimental radiodensity, bismuth concentration determined by ICP for 5AHA@Bi,5S3-90-
MM*° and 5SAHA&PEG@Bi,S;-90-MM*° samples in PBS buffer.
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Chapter 3 Mechanically-activated assembly of blue-emitting CdS and ZnS
quantum dots

Abstract

Semiconductor nanomaterials have become increasingly relevant to researchers in the domains
of optics, biomedical imaging, and catalysis. Herein we describe a facile mechanically activated
self-assembly of monodisperse ZnS and CdS quantum dots of 2.4-3.6 nm in diameter that
proceeds spontaneously in air with minimal intervention. This method is low-energy consuming,
eschews added solvent, and can be linearly scaled up with ease to afford gram-scale quantities
of both nanomaterials, which is unprecedented in forgoing literature. Both products are blue-
emitting with narrow photoluminescent emissions. The synthesized ZnS nanoparticles have
shown to have stable absorbance and emission shifts for over a month. The mechanism through

which this reaction proceeds is briefly discussed.
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3.1 Introduction

Semiconductor quantum dots have attracted much attention for their unique optical and
electronic properties that are absent in their bulk counterparts™?. An interesting property of
semiconductors is their band gap energy, which is the minimum energy required to excite an
electron from the valence band to a vacant conduction band, and for these materials lie between
that of a metal and insulator. Excitation of an electron creates a hole in the valence band, leading
to an electrostatically bound electron-hole pair known as an exciton®. Exciton relaxation can
result in the emission of a photon in a process known as radiative recombination®. The electron-
hole pair inter-distance is defined by the Bohr radius (rg). If the size of the semiconductor
nanocrystal becomes smaller than rg, the exciton becomes spatially confined, raising its energy,

and leading to quantum confinement, according to the equation:

h?m?
2MR?2

_ nano bulk __
AE, = E,""° — ;7" =

where AEj is the change in band-gap energy, f is the reduced plank constant, M is the effective
mass of the electron-hole pair, and R is the radius of the nanocrystal, assuming a perfect spherez.
From this, we see that the optical and electronic properties of these nanocrystal become
dependent on their size below rg and can be tuned accordingly to absorb and emit at certain
wavelengths reminiscent of discrete electronic transitions. This affords a means to manipulate

their optical properties through varying reaction conditions>.

ZnS and CdS nanoparticles (NP) are among the semiconductor materials studied in this
domain due to their high chemical- and photo-stability?, making them candidates for many
optical based devices™® and medical diagnostic tools’. Furthermore, their emissions can also be
tuned by controlling their shape®, surface chemistry® or introducing metal dopants within the
nanocrystal lattice'®, unlike organic fluorophores, which are more constrained to their nature.
Their high surface area also makes them attractive materials for photocatalysis'’. ZnS is a II-VI
semiconductor that has a wide band gap of 3.72 - 3.77 eV** and a Bohr exciton radius of around

2.5 nm™. It usually exists in two main crystal phases: cubic (spalerite) and hexagonal (wurtzite).

63



CdS has a direct band gap of 2.42 eV with a Bohr exciton radius of about 2.85 nm'**>. Bulk CdS
adopts a hexagonal structure but can exist in a cubic phase when nano-sized**. Their size, shape
and environment are important factors in determining their chemical and physical properties.
For example, as a bulk material, ZnS adopts a cubic structure at room temperature, while being
more stable as hexagonal at temperatures above 1293 K'°. However, the interfacial energy of
nano-sized (< 7nm) cubic ZnS has been suggested to be greater than that of the hexagonal

17,18

phase'”'®, which explains why low-temperature NP syntheses often yield hexagonal products™.

Several preparations of ZnS and CdS nanostructures have been previously

repc)rte(:120,21,11,22,23

. However, their multi-gram syntheses are inherently challenging due to the
protocols employed that would require tedious methods to achieve comparable products to that
of small-scale ones. For example, under the most commonly used hot-injection protocols, major
issues arise in achieving uniform distribution of sulfur and thermal energy across the reaction
mixture (provided the large injected volume, differential mass transfer profiles, and the strong
dependence on temperature throughout the reaction) as well as making reproducible protocols

to avoid polydisperse end-products®**®

. Mechanochemistry has very recently become an
emerging technique at the forefront of nanomaterial synthesis. This method allows the reaction
of molecular precursors in solid state, circumventing the need of a solvent medium and thermal
energy, and accordingly may afford novel materials that may not be accessible under solution-

26,27

based conditions™". In ball milling, mechanical forces prompt the intimate mixing of molecular

2829 since the use of solvent

precursors, allowing reactivity between reactant in the solid phase
and energy is drastically reduced by this method, it would be particularly attractive if it can be

amended to large-scale or industrial syntheses of nanomaterials.

Previously, Balaz et al. and Godocikova et al. were able to prepare ZnS and CdS
nanocrystals via by high-energy ball milling of zinc acetate and sodium sulfide under inert

atmosphere®®?!

. Lu et al. synthesized ZnS nanocrystals by milling zinc acetate and thioacetamide,
followed by thermal reaction at temperatures varying from 100-300 °C*2.  CdyZni,S

nanostructures have also been synthesized by high-energy planetary milling®. However, among
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other mechanochemical procedures, all result in irregular, polydisperse particles. Our group
recently described a facile, mechanically activated synthesis of highly monodisperse bismuth
sulfide nanoparticles®, of sizes ranging from 2 to 8 nm depending on the reaction conditions, in
which the use of stabilizing agent was key in controlling the final NP size. Interestingly the
reaction proceeded via a short mechanoactivation (ball milling for 5 min or grinding by mortar
and pestle) followed by an aging period of 12 to 24 hrs, where the premised-precursors were
allowed to assemble spontaneously to afford the final product. This is inherent of a “bottom-up”
approach, which involves assembling particles from metal precursors in the presence of a capping
agent, and to the best of our knowledge is the first documented case of synthesizing
monodisperse metal calcogenide NPs via this route. We have shown that this method is ideal for
synthesizing uniform products with high atom economy. Herein, we demonstrate the
adaptability of our method to synthesize small, monodisperse ZnS and CdS quantum dots in a
green and simple fashion. The ease of scalability makes this method particularly appealing for
synthesizing gram-scale quantities of these materials. The materials produced were
characterized using high-resolution transmission electron microscopy (HRTEM), X-ray
photoelectron spectroscopy (XPS), powder X-ray diffraction (PXRD), UV-Vis spectroscopy and

photoluminescence spectroscopy (PL-Spec).

3.2  Results and Discussion

To access ZnS and CdS NPs, Zn(NO3), - 6 H,0 or Cd(NO3), - 4 H,0 were ball-milled with
L-cysteine (sulfur source) in a mixer mill (MM), in the presence of oleylamine (OA) as a capping
agent (Scheme 3.1, see supporting information for procedure). After 90 min of milling, the
samples were left to age at room temperature for 24 hours. They were then purified through
several washing and centrifugation cycles. L-cysteine was added in slight excess (~1.2 eq) above
the stoichiometry of ZnS and CdS and the metal-to-OA ratio was set to 5:1 in both cases,
producing the samples OA@ZnS-MM and OA@CdS-MM. The resulting materials could be readily

suspended in hexanes and toluene.
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Q 1) Mechanoactivation (ball milling)
M+ HS/\)kOH + OA
NH, 2) Aging 24h
M Zn(NO3),. 6 H,O

Cd(NO3),. 4 H,0

OA C8H17\/\M\/\NH2

3

Scheme 3. 1. Overview of developed synthesis of CdS and ZnS NPs. M = metal precursor; OA = oleylamine.

3.2.1 OA@CdS-MM Results

HRTEM imaging of OA@CdS-MM were taken to assess their structure and size (Figure
3.1). Small NPs were observed, with a narrow size distribution of 3.6 + 0.31 nm. Clear lattice
fringes could be seen in the sample, and the d-spacing (0.352 nm) is most consistent with the (1
0 0) plane of hexagonal CdS (see inset). The NPs produced are visually spherical in morphology.
EDS was also performed (Figure S3.1), confirming the presence of primarily Cd and S in the

sample.

[~ £ds1100)
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Figure 3. 1. HRTEM image of synthesized OA@CdS-MM. The lattice spacing of 0.352 nm corresponds to
the (1 0 0) plane of hexagonal CdS (see inset).

Purified OA@CdS-MM was further studied by PXRD (Fig. S3.2). Only broad featureless
peaks were observed and no clear assignment could be made. PXRD could not provide conclusive
evidence on the crystallinity of the sample. As seem by TEM, the particles are crystalline, as seen

be clearly visible lattice spacing, but are too small to sufficiently diffract.

Next, the OA@CdS-MM sample was analyzed by X-ray photoelectron spectroscopy (XPS),
which revealed the presence of Cd, S, O, N, and C (Fig S3.3). Detection of N confirms the presence
of the oleylamine ligand at the surface of the NPs. The O 1s peak centered about 531.8 eV can be

ascribed to chemisorbed O, on the XPS copper tape film surface (Fig $3.4)*>. Cd 3d3/2 and
Cd 3d5/2peaks at411.9 eV and 405.1 eV, respectively, are consistent with Cd?* ions in CdS, while

the S 2p signal matched S~ (S 2p3/2: 161.4 eV, S2p %: 162.6 eV)* (Figure 3.2). The integration
of Cd 3d and S 2p signals indicated an average Cd:S atomic ratio of 1.01, signifying roughly
equivalent amounts of Cd and S within the produced nanocrystals. This result reveals a
complementary association of counter ions, even though the sulfur source was added in excess,
validating the strong self-assembly nature of the precursors during the aging process. Given that
the relative amounts of metal to sulfur can disturb the optical properties of the nanocrystals

formed, these results were promising in having produced high-quality nanocrystals.
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Figure 3. 2. XPS of OA@CdS-MM showing Cd 3d (left) and S2p (right) spectra.

UV-Vis and PL spectra of the OA@CdS-MM sample is shown in Figure 3.3. The sample
exhibits an absorption edge at 364 nm that is blue-shifted with respect to bulk CdS", due to
guantum confinement effects within the nanocrystals. A sharp emission peak at 427 nm can be
seen with a full width half-maximum (FWHM) of 68 nm. A fine shoulder centered about 411 nm
and 450 nm can be attributed to surface-defect emissions. The sample reveals an overall Stokes

shift of 83 nm.

Absorbance (a.u)

200 250 300 350 200 450 500 550 0
Wavelength (nm)

Figure 3. 3. UV-Vis (blue) and PL-Spectra (orange) of OA@CdS-MM suspension in hexanes.
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3.2.2 OA@ZnS-MM Results

HRTEM imaging of OA@ZnS-MM were taken to assess their structure and size (Figure 3.4).
Like with Cd, very small NPs were observed, with a narrow size distribution of 2.8 + 0.35 nm.
Clear lattice fringes could be seen in some regions of the sample, and the d-spacing (0.31 nm)
can be ascribed to the (1 1 1) plane of cubic ZnS (see inset). EDS was also performed (Figure S3.5),
confirming the presence of primarily Zn and S in the sample. While low-temperature syntheses
of ZnS tend to produce hexagonal-phase products, the kinetics of nanocrystal nucleation and
growth under solid-state conditions may be different, since these processes may not be
influenced as much by solvation effects in achieving a global energy minimum across the sample.
However, this result may not reflect the totality of the sample, and a mixture of both phases may

have been produced.

Figure 3. 4. HRTEM image of synthesized OA@ZnS-MM. The lattice spacing of 0.31 nm corresponds to the
(1 1 1) plane of cubic ZnS (see inset).
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Purified OA@ZnS-MM was next studied by PXRD (Figure S3.5). Most peaks were too broad
for assessment, and like with Cd, the particle are likely too small to reach a definitive conclusion.
Interestingly, the most defined peak at 2 8 of 28.6 is in agreement with the (1 1 1) plane of cubic

ZnS that is most evident under HRTEM imaging.

The OA@ZnS-MM sample was analyzed by XPS, which revealed the presence of Zn, S, O,
N, and C (Fig S3.7). Detection of N confirms the presence of a ligand shell surrounding the NPs.
The O1s peak centered about 531.9 eV can be ascribed to chemisorbed O, on the XPS copper
tape film surface (Fig 53.8)°°. Zn2p 3/2 and % peaks at 1021.9 eV and 1044.8 eV are consistent
with Zn?* ions in ZnS, while the S2p signal matched S* (S 2p3/2: 161.7 eV; S 2p %: 162.8 eV)**
(Figure 3.5). The integration of Zn 2p and S2p signals indicated an average Zn:S atomic ratio of

1.00, indicating equivalent amounts of Zn and S integrated within the nanocrystals.
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Figure 3. 5. XPS of OA@ZnS-MM showing Zn 2p (left) and S2p (right) spectra.

Next, we decided to study the optical properties of the produced ZnS NPs and the effect
aging has on them. Fig. 6 shows the UV-Vis and PL spectra evolution of the course of aging the
reaction for 24 h, 72 h and 1 month. An absorbance band can be seen at 278 nm with a bulk
exciton emission fixed at 293 nm and a surface emission max centered about 402-404 nm (Table

3.1). All samples have a FWHM of around 85 nm. The absorbance and emission intensities
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gradually increase with aging time from 0.27 a.u and 30 a.u (24 h) to 0.44 a.u and 44 a.u (1

month), respectively.

Since the radius of the NPs is related to its absorbance, this persistence in shift suggest
that magic-sized NPs were formed, that is, particles that undergo nucleation without any further
growth®’. This has been suggested by Kudera and his colleagues to be due to stability of the small
particles formed, which do not re-dissolve and contribute to Oswald ripening of the larger ones’®.
This increase in absorption as a function of reaction time had previously been seen with ‘magic-
sized’ ZnS nanocrystals39 of size ~¥3.5 nm in diameter, though on the scale of minutes under
solvothermal conditions. Interestingly, as shown in Figure 3.6, we the see the evolution on the
time scale of days/weeks. Provided the sample maintains its PL emission shift and breadth over
1 month of bench-top aging, this implies that the NP size is stable for at least this long, without
the need for annealing or high temperature reaction conditions. However, TEM over the course
of a month would need to be performed to confirm this notion. With regard to the slow increase
in absorbance/emission intensity, we believe this is due to the NPs becoming more organized
over time — either increased crystallinity within the lattice and/or increased ligand passivation of
the crystal facets. It is still possible that unreacted precursors are assembling into NPs over this
time scale, thereby increasing the optical response of the sample. However, we would expect
growth of already made particle to supersede this thermodynamically. Nevertheless, it is possible
under solid-state conditions, in which mass transfer is limited, that decreased mobility of surface

ligands may prevent further growth.
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Figure 3. 6. UV-Vis (left) and PL-Spectra (right) of OA@ZnS-MM in hexanes after 24 h (green), 72 h (blue)
and 1 month (red) of aging.

Aging Time | Absorbance Max | Bulk Emission Max | Surface Emission Max
(nm) (nm) (nm)
24 hours 278 293 403
72 hours 278 293 402
1 month 278 293 404

Table 3. 1. Photophysical properties of OA@ZnS-MM samples after 24 h, 72 h and 1 month of aging.

3.2.3 Multigram scale synthesis of OA@ZnS and OA@CdS NPs

Both syntheses were linearly scaled-up (1.5 grams of metal precursor) by 90 minutes of
mechanical grinding using a planetary ball mill (PM) operating at 450 RPM, followed by 12 hours
of aging, yielding the samples OA@ZnS-PM and OA@CdS-PM. TEM analysis showed the
formation of NPs of 2.4 4+ 0.22 nm and 2.8 + 0.31 nm in diameter, respectively, with the same
morphology seen in the MM reactions (Figure 3.7). The smaller diameters obtained can be

accounted for by the increased energy of the planetary mill condition; the aging time of both
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reactions seemed to decrease under PM conditions, most likely indicating the nucleation and
growth of more NPs earlier in the aging process. However, given that the aging was terminated
at half the time compared to the MM reactions, it could be that the PM reactions were aborted

earlier in the nanocrystal growth.

Figure 3. 7. TEM images of OA@ZnS-PM (left) and OA@CdS-PM (right).

3.3 Conclusion

In this paper, we show that precursors can be induced to assemble into nanoparticles
through mechanical activation. Both the CdS and ZnS nanoparticles are fluorescently active and
blue-emitting. In adjunct to our previously reported synthesis of ultra-small monodisperse
bismuth sulfide NPs, we define this method of synthesis as mechanical activation (or
mechanoactivation), whereby the energy supplied by mechanical perturbation stimulates the
spontaneous assembly of these precursors overtime (i.e. aging the reaction), as opposed to the
direct absorption of mechanical energy to surpass associated energy barriers and reach the final
product. The reasons are as follows: (a) the nanoparticles form only after aging and not after
milling; (b) the method of grinding (ball milling, planetary milling or manual grinding) or grinding
time was previously shown to not significantly affect the final product size at similar aging
intervals; (c) changing the amount of ligand was previously shown to not affect the size
distribution of the product obtained and (d), the relative ratios of metal and sulfur in the

produced nanomaterials are equivalent even though the sulfur precursor was added in excess,
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suggesting a complementary association of ions during the aging process. To date, we have

established these results for Bi, Zn and Cd as metals, in the context of the production of sulfide.

The generality of this method for more material still needs to be studied. However, the

advantages of this method are numerous, being solvent-free, low energy consuming,

spontaneous after a small mechanical energy input, and can be linearly scaled up with ease to

gram-scale quantities, which is a feat that proves to be challenging via conventional methods.
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Appendix — Supporting Information

3.5.1 Materials and Methods

Chemicals: Cd(NO3), -4 H,0 (98%), Zn(NO3), - 6 H,O0 (=98%), oleylamine (98%), and L-

cysteine (97%) were purchased from Sigma-Aldrich and used without further purification. All

experiments were performed under atmospheric conditions.
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Mechanochemical experiments: Milling reactions were performed with a Retsch Mixer Mill
MM400 (MM) using 10 ml teflon milling jars loaded with one 10 mm zirconia ball (purchased
from FORM-TECH Scientific). Scale-up syntheses were performed with a Retsch $100 centrifugal

ball mill (PM), using a 50 ml zirconia jar loaded with ten 10 mm zirconia balls (from Retsch).

Synthesis of OA@CdS-MM: 1:1.2:5 molar equivalents of CN (30.0 mg, 0.097 mmol); Cys (14.2
mg, 0.117 mmol) and OA (130.1 mg, 0.486 mmol) were placed in a Teflon milling jar loaded with
a zirconia ball and ground together in a Retsch MM400 for 90 minutes at 30 Hz. After milling, the
mixtures were kept sealed in the jars and left to age for 24 hours. The resulting pastes were
washed with a 3:1:1 v/v solution of hexanes:ethanol:acetone three times and centrifuged at 3500

rpm (5 min) after each wash to obtain the precipitated OA@CdS-MM.

Synthesis of OA@ZnS-MM: 1:1.2:5 molar equivalents of ZN (30 mg, 0.101 mmol); Cys (14.7 mg,
0.121 mmol) and OA (134.9 mg, 0.504 mmol) were placed in a Teflon milling jar loaded with a
zirconia ball and ground together in a Retsch MIM400 for 90 minutes at 30 Hz. After milling, the
mixtures were kept sealed in the jars and left to age for 24 hours. The resulting paste was washed
with a 3:1:1 v/v solution of hexanes:ethanol:acetone three times and centrifuged at 3500 rpm (5

min) after each wash to obtain the precipitated OA@ZnS-MM.

Synthesis of OA@CdS-PM: Linear scale-up was performed as follows: 1:1.2:5 molar equivalents
of CN (1.50 g, 4.86 mmol); Cys (0.707 g, 5.84 mmol) and OA (6.50 g, 24.31 mmol) were placed in
a 50 mL zirconia jar loaded with ten 10 mm zirconia balls and milled at 450 RPM for 90 min. The
direction of jar motion was set to periodically alternate every 30 seconds. After milling, the
mixtures were kept sealed in the zirconia jar and left to age for 12 hours. The resulting pastes
were washed with a 3:1:1 v/v solution of hexanes:ethanol:acetone three time and centrifuged at

3500 rpm (5 min) after each wash to obtain OA@CdS-PM.

Synthesis of OA@ZnS-PM: Linear scale-up was performed as follows: 1:1.2:5 molar equivalents

of ZN (1.50 g, 5.04 mmol), Cys (0.733 g, 6.05 mmol) and OA (6.74 g, 25.21 mmol) were placed in
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a 50 mL zirconia jar loaded with ten 10 mm zirconia balls and milled at 450 RPM for 90 min. The
direction of jar motion was set to periodically alternate every 30 seconds. After milling, the
mixtures were kept sealed in the zirconia jar and left to age for 12 hours. The resulting pastes
were washed with a 3:1:1 v/v solution of hexanes:ethanol:acetone three and centrifuged at 3500

rpm (5 min) after each wash to obtain OA@ZnS-PM.

3.5.2 Characterization
Transmission Electron Microscopy (TEM): In order to observe their morphology and size, all
samples were dispersed in hexanes, placed on a Cu grid and subsequently dried in a desiccator
overnight. High-resolution TEM images were obtained using a FEI Tecnai G2 F20 Cryo-scanning
transmission electron microscope at an acceleration voltage of 200 kV, and equipped with an
AMETEK EDAX detector (for EDS measurements). The mean sizes of the NPs were obtained by

measuring the largest diameters using imagel (data are expressed as mean + standard deviation).

Powder X-Ray Diffraction (PXRD): The phase and structural analysis of the samples were carried
out using a PROTO MANUFACTURING AXRD Benchtop Powder equipped with a Cu Ka source
(A=1.54184 A) operating at 30 kV and 20 mA.

X-ray Photoelectron Spectroscopy (XPS): Measurements were performed on a Thermo Scientific
K-Alpha X-Ray photoelectron spectrometer with an excitation source of Al Ka= 1486.6 eV. The
binding energies were corrected by referencing the C 1s line to 284.80 eV. The samples were

dried overnight under vacuum at room temperature prior to XPS analysis.
UV-VIS Spectroscopy: Measurements were performed using a Varian Cary 300 bio UV-Visible
Spectrophotometer. The samples were dispersed in hexanes and filtered through a 0.22 um

nylon pore filter prior to analysis.

Fluorescence Spectroscopy: Measurements were carried out using a Varian Cary Eclipse

Fluorescence Spectrophotometer operating at 600 V with an excitation slit size of 5nm and an
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emission slit size of 10 nm. The samples were dispersed in hexanes and filtered through a 0.22
um nylon pore prior to analysis. The OA@CdS-MM and OA@ZnS-MM samples were excited with

an incident wavelength of 350 nm and 270 nm, respectively.

3.5.3 Additional Figures
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Figure S3. 1. EDS Spectra of OA@CdS-MM.

S [y

s,
ey i
R\«

y
b

v

‘f"
201 Mv’N“‘!WMW

by
"V‘"‘“’"““‘"”"WW*w‘wmw'”‘““"“‘“/’%ww
"W,
“ﬁ""-"'ww
by
'h\mw-mﬂv&w,w.me

Figure S3. 2. PXRD of OA@CdS-MM post-synthesis.
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Figure S3. 3. XPS survey spectrum of OA@CdS-MM.
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Figure S3. 6. PXRD pattern of OA@ZnS-MM post-synthesis.
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Figure S3. 7. XPS survey spectrum of OA@ZnS-MM.
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Chapter 4 Solid-state mechanochemical w-functionalization of poly (ethylene
glycol)

Abstract

Poly (ethylene glycol) (PEG) is a linear polymer with a wide range of applications in chemical
manufacturing, drug development and nanotechnology. PEG derivatives are being increasingly
used to covalently modify small molecule and peptide drugs, as well as bioactive nanomaterials
in order to improve solubility in biological serum, reduce immunogenicity, and enhance
pharmacokinetic profiles. Herein we present the development of mechanochemical procedures
for PEG functionalization without the need for bulk solvents, offering a cleaner and more
sustainable alternative to the existing solution-based PEG procedures. The herein presented
mechanochemical procedures enable rapid and solvent-free derivatization of PEG with tosyl,
bromide, thiol, carboxylic acid or amine functionalities in good to quantitative yields and with no

polymer chain oligomerization, proving the versatility of the method.
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4.1 Introduction

Poly (ethylene glycol) (PEG) is a linear polyether polymer with highly hydrophilic
properties. Whereas PEG functionalization is restricted to its terminal functionalities,
derivatization of these sites is essential for its use in pharmaceutical and material design.
Specifically, modification of bioactive substrates with PEG is well established in drug
development, and is also becoming important in the purification of proteins and nucleic acids".
Since the first demonstration of PEGylated proteins with altered immunogenicity*?, PEG has
been heavily investigated for affording biologically active molecules with superior

428 A wide variety of modern

pharmacokinetic profiles and increased solubility in aqueous media
PEGylated drugs take advantages of these properties: Mucagen (2004), Cimzia (2008) and
Puricasel (2010) are but a few examples7. On the other end, PEG is also being used to stabilize
nanomaterials, allow their stable suspension in aqueous media, and interface to them with

8910 Basides for its effects on solubility, PEG also creates a hydrodynamic

biological systems.
barrier around the conjugate nanomaterial, allowing for reduced immunogenicity,'* leading to
significant improvements in blood circulation half-lives, decrease in clearance rates, and

121314 " Derivatives of PEG are often used to perform

prolonged pharmacological effects
conjugation reactions on small molecule drugs, proteins, or bioactive nanomaterials'>. Other
methods include chelation or ligand-exchange reactions at metal-based nanomaterials with w-

functionalized PEG polymers®*”8,

The two most common methods for accessing w-functionalized PEG derivatives are
solution-based through either ring-opening polymerization of ethylene oxide unites or
modification of commercially available, parent hydroxyl-terminated PEG'™. The latter route is
milder, more accessible and offers more fine control over the polymer molecular weight.
However, in both cases, the methods for PEG w-functionalization rise concerns in terms of
environmental impact, given that these reactions typically require dilute conditions under inert

1,19,20

atmosphere, warranting large amounts of solvents and time High dilution during

derivatization is a requirement of solvent-based syntheses to avoid unwanted chain lengthening
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caused by intermolecular reactions®. Having in mind the vocal demands of pharmaceutical
industry for the development of cleaner, more efficient synthetic techniques®’, we now explore
the possibility of accessing PEG derivatives in the solid-state. The use of mechanochemistry to
achieve both supramolecular”® and covalent®® synthesis and modification of active
pharmaceutical ingredients (APIs) is an emergent area that was recently reviewed.?® In particular,
solvent-free polymerization methods have been recently developed to access polyimines®,
polylactides?” poly(phenylene vinylene)?® and polyolefins®®. There has been however limited
effort towards the functionalization of premade polymers. Recently, Yan and coworkers used ball

milling to deacetylate chitin to afford chitosan®.

We now provide a proof-of-principle demonstration of mechanochemical w-
functionalization of a-protected methyxo-PEG (mPEG) with -COOH, -OTs, -NH,, -Br, and —SH
functionality, leading to rapidly and cost-effective synthesis of these important derivatives in
good to quantitative yields under aerobic conditions, using methoxypoly(ethylene glycol) of
average molecular weights M, = 750 Da and M,, =2000 Da (mPEG7so and mPEG;q0o, respectively).
We chose these derivatives because of their versatile functionalities for accessible covalent

conjugation onto various substrates and metal-based nanomaterials.

4.2 Results and Discussion

For this study, we focused on the functionalization of mPEG, which allows the simple
mono-functionalization of the polymer, for useful applications to drug development or
nanomaterials. To establish the generality of the method, we used mPEGs of two different,
commercially available molecular weights, n=750 and 2000 Da (mPEG,). In all the examples we
explored in this study, reaction progress was determined 'H-NMR yields, where yields were
determined by integration of peaks attributed to the methylene hydrogens geminal to the w-
functionality of mPEG, namely hydroxyl, for the starting material, and the functionality
introduced in the reaction explained below, for the products. p-Xylene was used as an internal

standard for *H NMR analysis, and the methoxy-end of mPEG (singlet at 3.38 ppm) served to
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confirm conversions. Prudence was given to confirming inter-chain reactions did not occur by

confirming mass balance in all cases.
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Scheme 4. 1. Developed syntheses for accessing: (a) mPEG,-OTs, (b) mPEG,-Br, (c) mPEG,-SH, (d) mPEG,-
COOH, and (e) mPEG,-NH,. mPEG of M, = 750 and 2000 Da were investigated as precursors. All milling
reactions were performed at an operating frequency of 30 Hz.

We first explored the possibility of introducing a p-methylsulfonato (tosyl) moiety at the
termination of mPEG by ball-milling. Namely, the tosyl moieties are known as excellent leaving
groups, making tosylated mPEG (mPEG,-OTs) useful synthons for accessing further PEG
derivatives. For this, we conducted a two-step one-pot reaction involving milling first the mPEG
reactant with a base, followed by addition of p-toluenesulfonyl chloride (TsCl) and further milling

(Scheme 4.1-a, Table 1). mPEG;so was used to survey and optimize the tosylation reaction
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conditions. Milling of only mPEG with TsCl led to a poor conversion of 6 % (Table 4.1, entry 1).

However, addition of 1 equivalent of weak base, such as K,CO3 and N,N-Diisopropylethylamine

(DIPEA) led to *H-NMR vyields of 21 %, and 17% respectively (Table 4.1, entry 2-3). Switching to

NaOH as the base led to a sharp increase of mPEG conversion to 81%. The highest conversions

were obtained by using mPEG, NaOH and TsCl in respective stoichiometric ratios of 1:1.2:1.5

(Table 4.1, entry 4). These conditions functioned similarly to the higher molecular weight

MPEG;000 (Table 4.1, entry 5). In the 'H-NMR spectra of these samples, the triplet of the terminal

methylene moieties in the mPEG starting material at 3.72 ppm is replaced by a new one at 4.15

ppm, consistent with tosylation of the terminal group (Figure 4.1)*°. The functionalization of

mPEG was also corroborated by the observed shift in the *H NMR signals of the tosylate group

protons from 7.92 (2H) and 7.49 (2H) in TsCl to 7.79 and 7.34 ppm, in mPEG-OTs (Figure $4.1)%.

Entry mPEG M.W | base (eq) TsCl (eq) Time (min) 'H-NMR Yield
1 750 | - 1.2 45 6%

2 750 K,CO5(1.0) | 1.2 45 21%

3 750 DIPEA (1.0) | 1.2 45 17%

4 750 NaOH (1.2) | 1.5 15 81%

5 2000 NaOH (1.2) | 1.5 15 80%

Table 4. 1. Surveyed reactions for mechanochemical derivatization of mPEG with tosylate functionality.

TsCl = p-toluenesulfonyl chloride; CEA = chloroethylamine HCl; M.W = molecular weight. All reactions

were ball-milled at an operating frequency of 30 Hz.
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Figure 4. 1. "H-NMR of sample mPEG,q00-OTs (table 1, entry 5) in CDCl; showing mPEG end group shift
after tosylation.

Employing NaOH as a base yielded the best results with both molecular weight (MW)
mPEGs. NaOH is a strong base, thus favoring deprotonation of mPEG over weaker bases to
facilitate subsequent tosylation. The deprotonation step (Scheme 4.1-b) also generates water
locally, which may have led to liquid-assisted grinding (LAG) conditions and facilitated the

313233 3nd allowed the substrates to better interact in situ.

interaction and mobility of substrates
Given that DIPEA did not afford high yields albeit being liquid and having a pK, of 3.02, smaller
than the one of mPEG (pK,=4.5-4.8), it suggests that solvation may play a role in promoting the
reaction. Interestingly TsCl is prone to hydrolysis in presence of water, yet it did not seem to
affect the high reactivity observed with NaOH, likely because the generated, strongly

nucleophilic, alcoholate would react even faster.
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Progress of reactions in entries 4 and 5 in Table 4.1 was probed every 15 minutes at the
second step (Scheme 4.1-a) in order to follow the reaction progress. After 15 minutes milling, the
reaction was complete, as almost identical *H-NMR yields were obtained for up to 75 min milling

for both mPEG750 and mPEGzooo.

Entry Product Time of milling (min) 'H-NMR Yield
1 MPEG7s50-Br 90 58%

2 MPEG;000-Br 90 65%

3 MPEG750-SH 90 48%°

4 MPEG;000-SH 90 69%°

5 MPEG750-COOH 45 99%

6 MPEG;000-COOH 45 90%

7 MPEG750-NH; 45 42%

8 MPEG;000-NH; 45 63%

Table 4. 2. Surveyed reactions of mechanochemical derivatization to afford mPEG-Br, -SH, -COOH and —
NH, derivatives. Reaction conditions: [6-7] mPEG-OTs, LiBr (3 eq); [8-9] mPEG-OTs, NaHS:xH,0 (2 eq
assuming 3 H,0); [10-11] mPEG, DIPEA (0.2 eq), succinic anhydride (1.2 eq); [12-13] mPEG, NaOH (1.2
eq), CEA-HCI/NaOH (1.2 eq). All reactions were ball-milled at an operating frequency of 30 Hz. ®
Corresponding disulfides were also observed as minor side product

The mechanochemically prepared tosylated polymers provide an entry into the synthesis
of other mPEG derivatives by mechanochemistry, through ball milling reaction with additional
nucleophiles. The synthesis of terminally brominated mPEG (mPEG-Br) derivatives achieved by
milling of MPEG-OTs with LiBr (Scheme 4.1-b). Analysis of the milled reaction mixture by 'H NMR
revealed the appearance of a new triplet resonance centered at about 3.45 ppm in CDCls,
consistent with the methylene germinal to Br in mPEG—CH,-Br (Figure $4.2)**°. 'H NMR yields
of 58% and 65% were obtained for reactants mPEG7so and mMPEG,q00, respectively (Table 4.2, entry

1-2). 2D-HSQC was performed to validate terminal bromo functionality showing a cross-peak at
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(*H, *C) = (3.45 ppm, 30.10 ppm) (Figure S4.3). These results are exciting given that PEG
bromination is often performed under harsh conditions either via radical intermediates or using
bromo acyl-halides, which introduces unnecessary ester groups instead of direct bromine

substitution onto the polymer chain*****’,

Next, we explored the thiolation by milling the mPEG-OTs with NaHS-xH,0 for 90 min
(Table 4.2, entry 3-4) as reagent, which afforded 'H NMR conversions of 55% and 78% for Mn =
750 and 2000 Da, respectively. In this reaction, thiol was obtained a major product, with a small
portion of disulfide forming. Yield of 48% -SH + 7% -S-S- and 69% -SH + 9% -S-S- were measured
for Mn = 750 and 2000 Da, respectively. In the 'H NMR spectra, the mPEG-SH was clearly
identified by a triplet at 2.86 ppm, characteristic of methylene hydrogens germinal to thiol, while
the corresponding peak of mPEG-S-S-mPEG appeared as 2.72 ppm (Figure $4.4)*. The formation
of the disulfide derivatives is explained by the reaction being performed under aerobic

conditions®®.

To access mPEG-carboxylate (mPEG-COOH) under milling condition, native mPEG was
reacted directly with succinic anhydride in the presence of catalytic amounts of DIPEA (Scheme
4.1-d; Table 4.2, entry 5-6). Quantitative yields (>99%) of the mPEG750-COOH were obtained after
only 45 min of milling (Figure $4.5)*. The end hydroxyl group of mPEG at 3.72 disappeared and
was replaced by a peak as 4.23 ppm after carboxy- functionalization, further proving that the
reaction was successful. Starting material succinic anhydride featured a singlet at 3.01 ppm, while
the open structure resulting from reaction with mPEG is characterized by two triplets centered
at 2.54 and 2.62 ppm (Figure S4.6)38. The reaction was readily adaptable to mPEG;qqg reactant, in

90% yield according to "H-NMR spectroscopy.

Finally, we explored the possibility of accessing mPEG-NH, polymers by using
chloroethylamine hydrochloride (CEA) as an aminating agent (Scheme 4.1-e). For this purpose,
both mPEG and CEA were reacted separately mechanochemically with NaOH to afford the

deprotonated mPEG and CEA free base, respectively. CEA was milled with NaOH briefly for only
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5 min to avoid polymerization of the free base before reaction with mPEG. The milled products
were then mixed and milled for 45 minutes, leading to a yield of 42% and 63% (for Mn = 750 and
2000 Da, respectively), according to *H NMR spectroscopy (Table 4.2, Entries 7-8). Analysis by *H
NMR revealed a new triplet at 2.98 ppm the methylene hydrogens germinal to NH, (Figure
$4.7)*°°. 2D-HSQC was performed to validate the addition of this functionality at the terminus

of mPEG, showing a cross-peak at (*H, *C) = (3.98 ppm, 43.63 ppm) (Figure 54.8)*%°.

Importantly, in all the samples studied for this reaction, complete mass balance was
obtained, using an external standard and the 'H-NMR signal of the terminal methoxy group of
mMPEG. This allowed to established that unfunctionalized polymers were all recovered after
reaction as unreacted mPEG and not as mPEG dimers resulting from the intermolecular coupling
of two chains. Interestingly, in solvent-based synthesis, dilute conditions are typically required to
avoid intermolecular reactions between chains leading to unwanted chain lengthening during the
derivatization process. Our results show that solvent-free conditions for the post-
functionalization of native PEG is a good avenue to address this limitation of conventional
methods. It may be more favorable to achieve the kinetically-favorable end-products with our
method, whereby the molecular precursors are more likely to diffuse and react in the solid-state
preferentially over inter-chain reactions.”’ This is a particularly appealing aspect of herein
demonstrated transformations, as solvent-based PEG derivatization often require hours for

19,40

completion™"". Finally, our method is advantageous over solvent-based on, as it eliminates the

need for inert atmosphere.

4.3  Concluding Remarks

We have demonstrated the efficient and selective synthesis of various PEG derivatives
rapidly under mechanochemical conditions, without using any bulk solvent. The short times
required to achieve reaction completion (45-90 minutes), combined with excellent selectivity to
avoid reactant oligomerization in the absence of bulk solvent is, to the best of our knowledge,

unprecedented.
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4.5 Appendix - Supporting Information

4.5.1 Materials and Instrumentation

Poly (ethylene glycol) methyl ether (M, - 750 & 2000 Da) (mPEG), p-toluenesulfonyl chloride
(TsCl, = 98%), diisopropylamine (DIPEA, = 99%), succinic anhydride (97%), sodium hydrosulfide
hydrate (NaHS - xH,0), lithium bromide (LiBr, = 99%), chloroethylamine hydrochloride (CEA,
99%) and p-Xylene (anhydrous, = 99%) were purchased from Sigma Aldrich. Sodium hydroxide
pellets (NaOH, 97%) were purchased from ACS reagents. Potassium carbonate (K,CO3 anhydrous,
> 99%) was purchased from EMD Millipore. 10 mL Teflon jars and 10 mm Zr balls were obtained
from FORM-TECH Scientific. The milling reactions were performed using a Retsch Mixer Mill 400
at an operating frequency of 30 Hz. 'H- and 2D-HSQC spectra were recorded using a Bruker AV500
operating at 500 MHz.

4.5.2 Methods

Synthesis of mMPEG750-OTs: 150.0 mg mPEG (M, - 750 g/mol) and 9.6 mg NaOH (1.2 eq) were
loaded in a 10 mL Teflon jar with one 10 mm Zr ball and milled for 30 min at 30 Hz with a drop of
p-xylene as an internal standard. Alternatively, 27.64 mg K,COs (1.0 eq) was added as the base.
57.20 mg TsCl (1.5 eq) was then added to the reaction vessel and milled for 15-45 min at 30 Hz.
The crude product was then dissolved in CDCl; and filtered through a Celite/cotton plug.
'H-NMR: § 7.33 (d, J = 8.1 Hz); 4.14 (t, J = 5.1 Hz)

Synthesis of MPEG300p-OTs: 150.0 mg mPEG (M, - 2000 g/mol) and 3 -4.5 mg NaOH (1.0— 1.5 eq)
were loaded in a 10 mL Teflon jar with one 10 mm Zr ball and milled for 30 min at 30 Hz with a
drop of p-xylene as an internal standard. 21.45 mg TsCl (1.5 eq) was then added to the reaction
vessel and milled for 15-45 min at 30 Hz. The crude product was then dissolved in CDCl; and

filtered through a Celite/cotton plug. 'H-NMR: § 7.34 (d, J = 8.1 Hz); 4.15 (t, J = 4.8 Hz)
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Synthesis of MPEGy50-Br: 150.0 mg PEGyss-OTs and 40.92 mg LiBr (3 eq) were loaded in a 10 mL
Teflon jar with one 10 mm Zr ball and milled for 90 min at 30 Hz with a drop of p-xylene as an
internal standard. The crude product was then dissolved in CDCl;3 and filtered through a
Celite/cotton plug. "H-NMR: § 3.37 (s); 3.47 (t, J = 6.3 Hz); 3.50 (t, J = 5.8 Hz); 3.69 (t, J = 5.8 Hz);
3.80 (t, J = 6.3 Hz).

Synthesis of MPEG;ggo-Br: 150.0 mg PEG,;55-OTs and 18.13 mg LiBr (3 eq) were loaded ina 10 mL
Teflon jar with one 10 mm Zr ball and milled for 90 min at 30 Hz with a drop of p-xylene as an
internal standard. The crude product was then dissolved in CDCl; and filtered through a
Celite/cotton plug. ‘*H-NMR: & 3.36 (s); 3.45 (t, J = 6.3 Hz); 3.79 (t, J = 6.4 Hz). 2D-HSQC: & (3.47,
30.10) corresponding to -O-CH,CH,-Br

Synthesis of MPEG;50-SH: 150.0 mg PEGos5-OTs and 44 mg NaHS - xH, 0 (2 eq assuming 3 H,0)
were loaded in a 10 mL Teflon jar with one 10 mm Zr ball and milled for 90 min at 30 Hz with a
drop of p-xylene as an internal standard. The crude product was then dissolved in CDCl; and
filtered through a Celite/cotton plug. 'H-NMR: & 2.72 (t, J = 6.9 Hz); 2.86 (t, J = 6.8 Hz); 3.35 (s);
3.48 (t,J =5.8 Hz); 3.76 (t, / = 5.9 Hz).

Synthesis of MPEG;g0-SH: 150.0 mg PEG;;55-OTs and 16.5 mg NaHS - xH,0 (2 eq assuming 3
H,0) were loaded in a 10 mL Teflon jar with one 10 mm Zr ball and milled for 90 min at 30 Hz
with a drop of p-xylene as an internal standard. The crude product was then dissolved in CDCl3
and filtered through a Celite/cotton plug. 'H-NMR: § 2.72 (t, J = 6.9 Hz); 2.86 (t, J = 6.7 Hz); 3.36
(s); 3.48 (t,J=5.8 Hz); 3.76 (t, J = 5.8 Hz).

Synthesis of mMPEG75o-COOH: 150.0 mg of mPEG (M, — 750 g/mol), 5.2 mg DIPEA (0.2 eq) and 24.0
mg succinic anhydride (1.2 eq) were loaded in a 10 mL Teflon jar with one 10 mm Zr ball and
milled using a Retsch Mixer Mill 400 in air for 45 min at 30 Hz. A drop of p-xylene was added to

the reaction vessel as an internal standard. The crude product was then dissolved in CDCl; and
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filtered through a Celite/cotton plug. 'H-NMR: § 4.21 (t, J = 4.9 Hz); 2.62 (t, J = 7.0 Hz); 2.54 (t, J
=7.0 Hz)

Synthesis of MPEG300p-COOH: 150.0 mg of mPEG (M, — 750 g/mol), 5.2 mg DIPEA (0.2 eq) and
24.0 mg succinic anhydride (1.2 eq) were loaded in a 10 mL Teflon jar with one 10 mm Zr ball and
milled using a Retsch Mixer Mill 400 in air for 45 min at 30 Hz. A drop of p-xylene was added to
the reaction vessel as an internal standard. The crude product was then dissolved in CDCl; and
filtered through a Celite/cotton plug. 'H-NMR: § 4.21 (t, J = 4.9 Hz); 2.62 (t, J = 7.0 Hz); 2.54 (t, J
=7.0 Hz)

Synthesis of mMPEG750-NH2: 150.0 mg of mPEG (M,, — 750 g/mol) and 9.6 mg NaOH (1.2 eq) were
loaded in a 10 mL Teflon jar with one 10 mm Zr ball and milled for 45 min at 30 Hz. In a separate
jar, 27.84 mg CEA-HCI (1.2 eq) and 9.6 mg NaOH were loaded in a 10 mL Teflon jar with one 10
mm Zr ball and milled for 5 min at 30 Hz. The contents of the first step were added to the second
jar with a drop of p-xylene as an internal standard, and the reaction was milled for 45 min at 30
Hz. The crude product was then dissolved in CDClz and filtered through a Celite/cotton plug. 'H-
NMR: § 2.97 (t, J = 5.6 Hz); 3.35 (s); 3.47 (t, J = 5.9 Hz); 3.75 (t, / = 5.9 Hz).

Synthesis of MPEG;00-NH2: 150.0 mg of mPEG (M, — 750 g/mol) and 3.6 mg NaOH (1.2 eq) were
loaded in a 10 mL Teflon jar with one 10 mm Zr ball and milled for 45 min at 30 Hz. In a separate
jar, 10.44 mg CEA-HCI (1.2 eq) and 3.6 mg NaOH were loaded in a 10 mL Teflon jar with one 10
mm Zr ball and milled for 5 min at 30 Hz. The contents of the first step were added to the second
jar with a drop of p-xylene as an internal standard, and the reaction was milled for 45 min at 30
Hz. The crude product was then dissolved in CDClz and filtered through a Celite/cotton plug. 'H-
NMR: § 2.98 (t, J = 5.6 Hz); 3.35 (s); 3.47 (t, J = 5.9 Hz); 3.76 (t, / = 5.9 Hz). 2D-HSQC: § (2.98,
46.63) corresponding to -O-CH,CH,-NH,

4.5.3 Additional Figures
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Figure S4. 1. Comparison of tosylated PEG (red) and TsCl starting material (blue). Some TsCl starting

material can be seen in the product spectrum.
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Figure S4. 2. 'H-NMR of synthesized mPEG,q00-Br showing appearance of triplet centered at 3.45 ppm
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Chapter 5 Concluding Remarks and Future Work

In Chapter 2 and 3 for this thesis, we have shown that monodisperse metal sulfide
nanoparticles (M = Bi, Cd, Zn) can be induced to spontaneously self-assemble after mechanical
activation. These assemblies are systematically robust and employ nominal solvent (mostly in the

hydrated precursor form) in yielding the final products.

In Chapter 2, we see that varying the amount of ligand used, milling time, and method of
milling systematically failed to affect the size of the final NPs, which is very interesting from an
energetic standpoint in nucleation and growth kinetics. Given that the nanoparticles (NPs)
produced were highly monodisperse in nature and the materials assemble during the aging
process in all cases, it advocates that the bulk of the reaction is not mediated by sporadic
mechanisms such as defect formation or amorphization, which are not uniform processes within
the reaction vessel, would occur during milling, and would yield a more polydisperse product.
That being said, these mechanisms may aid in the dissolution of the precursors into the LAG

solvent where reaction may take place.

Solvent seemed to play a significant role in our systems whereby a catalytic amount of
solvent in situ promoted the assembly pathways of said precursors into NPs. In Chapter 2, the
assembly of AHA@Bi,S3-MM NPs using the solid ligand sodium 6-aminohexanoate was successful
only when small amounts of water were added to the reaction vessel. While this ligand has a high
solubility in water, it would nevertheless saturate the nominal amount added, including from the
hydrated bismuth precursor. It would be reasonable to assume that solvation-desolvation of the
starting materials influenced the reaction pathway. Under previous work using bismuth chloride
- a non-hydrated salt - as a precursor, with oleylamine as a ligand, bismuth sulfide could not be
achieved under milling conditions, supporting the need for solvation of the starting materials in
guestion. However, to confirm this notion, a reaction with bismuth chloride in the presence of
catalytic amounts of water should indicate if indeed water was necessary for this reaction to

proceed, and this would still need to be performed. Through this mechanism, precursors would
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be stimulated to dissociate into molecular units - either by reaching a critical size through
mechanical attrition and/or being appreciably soluble in the liquid introduced — and then allowed
to react in the solvated phase. A metastable suspension would form post-assembly, which can

later desolvate and push the reaction forward in this way".

Using oleylamine as a ligand, we achieved the smallest NPs of Bi,S; ever reported. Very
small NPs were also obtained in Chapter 3 as shown by TEM imaging and their largely blue-shifted
optical properties. Previous work in our group with Au found that ultra-small NPs could be
obtained under complete solid-state conditions®. It is very possible that these assemblies proceed
via a distinct pathway than that of solution-based methods, when in solid-state. However, with
the assumption that solvent is playing a major role, it can be rationalized as such: firstly, the
nominal solvent would be continuously supersaturated allowing smaller critical radii to nucleate
NP growth®. At this stage, NP growth would eventually be impeded by ligand binding to their
surface. However, given that this is performed under solid-state and therefore with reduced
ligand mobility and monomer diffusion in situ, the NPs may cease to grow early on with bias to
kinetic influence. For similar reasons, there may also be limited opportunity for Oswald ripening
or aggregation to occur, which explains their surprisingly stable nature at this size regime. It

would be interesting to see if this method can be adaptable to other binary systems.

Prudence must be taken when defining a mechanochemical reaction that proceeds
through mechanical activation. The definition provided for mechanical activation so far describes
it as a change in the physical properties of a given material that proceeds via four steps:
accumulation of defects, amorphization, formation of metastable intermediaries and chemical
reaction®”. Provided that the mechanochemical processes operate in the theorized fashions
aforementioned, it suggests that mechanical activation plays a role in some cases in allowing
solid-state reactions to occur in situ. Within the context of the herein research presented, these
definitions need to be more specifically defined. The reason is as follows: if structural changes in
the precursors associated with milling are what allow mechanochemical reactions to proceed,

this assumes that reactions that are mainly dependent on intimate mixing of the reagents (for
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example, grinding the reagents gently together using a mortar and pestle) would not fall under
the dogma of mechanical activation. However, given that absorption of mechanical energy takes
place in this case, it should justly so, albeit not in line with theoretical aspects of what makes
mechanical activation pertinent to allowing many solid-state reactions to occur. Regardless of
the time it takes to achieve significant yields, if mechanical input allows the spontaneous reaction
of the starting materials after the grinding is stopped, it seems to nicely fit under the convenient
name of “mechanical activation”, but may not necessarily be a result of introducing physical
anomalies any more than reducing particle size for enough surface lability or spontaneous lattice
failure into molecular constituents (assuming the precursors would otherwise go unreactive in a
heterogeneous ensemble). Aging the reaction after gentle but homogeneous mixing of starting
materials would give a nice indication that it proceeds via this mechanism, if the product can be
obtained in realistic time. Where the reaction can be performed under gentle mortar and pestle
grinding, this alludes to either it being dependent on intimate mixing of the reagents or
intrinsically having low energy barriers that can be overcome by the energy input of manual
grinding, though the latter would suggest it can be performed via thermal input and not
exclusively via a mechanical one. We strongly suspect that under this mechanism - at least within
the context of nanomaterial assembly - a mobile component would be necessary to provide a

lower-energy well where lattice breakdown supersedes particle aggregation.

Empirical evidence from Chapter 2 and ratified by Chapter 3 suggests that the nature of
the ligand used had the most influence on the product size obtained. Interestingly, while the size
of the NPs obtained in Chapter 2 and 3 with oleylamine as a ligand varied depending on the metal
precursor, the standard deviation of the NP sizes did not change significantly between methods.
This may point to uniform ripening of the NPs in the reaction medium, albeit within a longer time
scale. Given the ligands used were in excess in all cases, it may be that the ligand controls the
fate of the reaction by promoting an energy minimum that is uniformly distributed across the
sample. This also endorses the notion that ligand mobility is limited in solid-state, constraining
the system below a certain size regime. Furthermore, all reactions in Chapter 2 and 3 did not

require inert atmospheric conditions, which is not often the case in metal-sulfide syntheses. Once
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again, it is possible that this reaction promotes kinetically favorable products to form, given that

metal oxides are generally the more thermodynamically favorable end product.

PXRD could not identify strongly crystalline regions of the samples in all cases. Typically,
nanocrystals are annealed post-synthesis to afford a more crystalline material. However,
introducing heat to the system could very well affect the structure of the produced material and
was therefore avoided to maintain product integrity in Chapter 3, since CdS and ZnS can adopt
two main crystal forms depending on the reaction conditions and thermal input. Clear lattice
fringes could be seen via TEM in all cases, suggesting that the inconclusive results on the phases
of the materials produced is most likely due to the small NP sizes obtained, leading to broadening

of the PXRD diffractograms.

We define the methods of synthesis presented in Chapter 2 and 3 as part of mechanical
activation, whereby the energy supplied by mechanical perturbation stimulates the spontaneous
assembly of these precursors overtime (i.e. aging the reaction), as opposed to the direct
absorption of mechanical energy to surpass associated energy barriers and reach the final
product. The reasons are as follows: (i) the nanoparticles form only after aging and not after
milling; (ii) the method of grinding (ball milling or manual grinding) or grinding time is shown to
not affect the product integrity (Chapter 2); (iii) changing the amount of ligand is shown to not
affect the size distribution of the product obtained (Chapter 2) and (iv) the relative ratios of metal
and sulfur in the produced nanomaterials are equivalent even though the sulfur precursor was

added in excess, suggesting a complementary association of ions during the aging process.

In the future, we would like to explore different paths. Firstly, given the success of using PEG-NH,
as a ligand in situ, it would be interesting to characterize the product obtained using only PEG-
NH, as a ligand and later determine its efficacy as a contrast agent. The benefits would be
twofold: first, it would develop the notion of PEGylating in situ without the need for coupling or
ligand exchange reactions post synthesis. Varying the PEG:total-ligand ratio may also allow for

general control of NP size obtained, depending on their application of interest. While we chose
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contrast agents for our purposes, the unprecedented size of the NPs obtained and increased
surface-to-volume ratio may provide a superior material for its application that are dependent
on this property. It would also be interesting to determine their optical properties in the UV-
Visible range and determine if they show any quantum confinement effects as well. Regarding
the ZnS and CdS NP syntheses, we would like to explore the possibility of accessing water-soluble
NPs in situ by employing a different ligand. We would also like to determine the quantum yield
of the products for direct comparison with known literature. Finally, it would be interesting to
confirm their bench-top stability presented (suggested from the UV-Vis and photoluminescence

spectroscopy results) through transmission electron microscopy imaging.
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