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ABSTRACT

The solubility of mixed monolayer protected gold nanoparticles was studied. Monolayer
protected metal nanoparticles are attractive materials because of the optical and electronic
properties of their metal cores and because of the surface properties of their ligand coating.
Recently, it was discovered that a mixture of ligands phase separate into ordered domains of
single nanometer or subnanometer width on the surface of metal nanoparticles. The
morphology and length of the ligand domains (which take the form of ripples on the particle
surface) has given these nanoparticles novel properties.

Because monolayer protected nanoparticles can be dissolved and dried many times, they can be
handled and processed in ways not available to other nanomaterials. Understanding the
solubility of mixed monolayer protected metal nanoparticles could help in implementing their
unique new properties. This study demonstrates that the solubility of these particles in organic
solvents cannot be explained only in terms of the composition of the ligand shell. Instead,
solubility is also closely linked to morphology of the ligand shell via relationships between the
size of the solvent molecule and the size of the features in the morphology.

Thesis Supervisor: Francesco Stellacci
Title: Finmeccanica Assistant Professor of Materials Science and Engineering



Table of Contents

ADSETACE. . .ottt ettt et ettt e et e e et e raa e aaas 2
LASt Of FIUIES. .. . euincniiiniiiiit ettt et e e et et e e e et etenanensseseneaneneeenrnananaan 4
ACKNOWIEAZEMENLS. ... .ottt e i et eee e aee e e aaa e 5
Chapter 1. Introductory Remarks. .........cooieiiiiiiiiiiiii e, 6
Chapter 2. Background Information.............oovuiiiiiiiiiiiiiii e, 8
Chapter 3. Experimental Methods
B I MAEFIQLS.....conenene ettt ettt e e anaens 12
3.2 Synthesis of Gold Nanoparticles................c.uueuiuuiieiiiiiiiiiiiiiiieiieiieeneenennnn 12
3.3 Characterization of Gold Nanoparticles..................ccceceiieiiiiiiiininneniiniesiensnnnnena 13
3.4 Preparation Of SOIULIONS..............ocouuiiniiei ittt eee e aae e eraean 13
3.5 Characterization of SOIUBILILY............c..cciuiniiniiiiiiiiii i eaeraeaeeeaaas 14
Chapter 4. Results and Discussion
4.1 Nanoparticle Sizes Evaluated via TEM IMAZIiNg..............ccccevcreeuesereerinenseeessessesaesannens 17
4.2 Ligand Shell Morphology Evaluated via STM Imaging................c.ceceveevercerisesrescersenveens 17
4.3 Solubility of Nanoparticles Coated with OT and MPA.................coueeueveeveecmrvureersvrsuennens 20
4.4 Solubility of Nanoparticles Coated with HT and MUA...................oceveevueeereerueererceerrenanans 22
4.5 Solubility of Nanoparticles Coated with OT and MUA...................oueceeveeveecrreereeaeeeneanens 24
Chapter 5. Conclusions and Future Work.........coooviiiiiiiiiiiiiiiiiiiiiii e, 28
| 20G (5 (5 1 1V OO 30



List of Figures

Figure 1. STM and schematic pictures of mixed monolayer protected nanoparticles.............11
Figure 2. TEM images of mixed monolayer protected metal nanoparticles..........................18
Figure 3. STM images of mixed monolayer protected metal nanoparticles..........................19
Figure 4. Solubility results for nanoparticles with octanethiol/mercaptopropionic acid ligand

11 1=) | S YT 21
Figure 5. Solubility results for nanoparticles with hexanethiol/mercaptoundecanoic acid ligand
1 1) | U 23
Figure 6. Solubility results for nanoparticles with hexanethiol/mercaptoundecanoic acid ligand
1115 | PR 25



ACKNOWLEDGEMENTS

[ express my deepest gratitude to Prof. Francesco Stellacci for his uncommonly faithful support
through two years of research. He is responsible for most all of my knowledge of and interest
in nanoscience and has shown great patience in taking extensive lengths to assure that I can
come away from MIT as a better researcher. I also thank all members of professor Stellacci’s
research group, past and present. Each has at some point encouraged me socially,
academically, or professionally, and all have been available for scores of questions.
Additionally, Benjamin Wunsch deserves thanks for his help with TEM images. Special thanks
are due to Alicia Jackson for her help with STM images and for her research that led to the first
characterization of “rippled” nanoparticles.



Chapter 1. Introductory Remarks

Metal-core nanoparticles are an attractive class of nanoscale materials because of their optical,
electronic, and sensing properties [1]. Metal nanoparticles have shown single electron
transistor behavior and surface plasmon resonance tuning and sensing [2,3]. The Brust-
Schiffrin method has provided a simple way to synthesize gold or silver nanoparticles coated
with a monolayer of thiolated ligands [4,5]. With monolayer-protected metal nanoparticles
(MPMN:s), the ligand shell that coats the particle surface stops the gold nanoparticles from
coalescing, both in solution and in solid state [6]. Furthermore, the organic molecules provide
most of the particles’ surface related properties, including sensing and assembly properties
[1,6,7]. The ligands also provide the particles with solubility. In fact, MPMNs approximate the
behavior of organic molecules. They can be dried and re-dissolved many times and can be
purified via dialysis, chromatography or filtration [7].

Solubility is an important property of these nanoparticles. Soluble nanoparticles can be
processed and handled in ways that are not possible for other nanomaterials. Previous studies
have investigated the solubility of nanoparticles in polar solvents like water [8]. For particles in
polar solvents, the main mechanism that provides stability is the formation of an electrical
double layer. The electrical double layer is less important to the solubility of nanoparticles in
non-polar solvents [8]. Though MPMN solubility in apolar solvents is not well understood, it is
commonly believed that it depends only on the type of molecules in the ligand shell. However,
for the case of monolayer protected silver nanoparticles, studies have shown that factors other
than ligand shell composition, including the Gibbs free energy of interdigitation, must be

considered in determining solubility [9].



A recent study demonstrates that a mixture of thiolated molecules that might normally
phase separate into randomly shaped domains on a flat surface can assemble into ordered
domains on the surface of a nanoparticle. For a mixture of two types of thiol, stripes of
alternating ligand type appear. The stripes, or “ripples,” are as small as 5 A in width and extend
around the circumference of the nanoparticles. Nanoparticles coated with a binary mixture of
thiols are thus a new type of material that is both nanosized and nanostructured. This unique
combination of morphologies has already hinted at some novel materials properties, including
resistance to nonspecific adsorption of proteins [10].

Previous work has shown that the ligand shell morphology also impacts the solubility
of these particles [10]. Indeed, the solubility of “rippled” nanoparticles is not simply function
of ligand shell composition and does not appear to be explicable via a simple Gibbs free energy
of miscibility consideration. Instead, this study shows that there is a close and complex
relationship between solubility and morphology of the ligand shell. The study will attempt to
characterize the solubility of rippled nanoparticles as a function of both ligand shell
composition and ligand shell morphology. A basic knowledge of this relationship could be

fundamental to using mixed ligand coated metal nanoparticles for their novel properties.



Chapter 2. Background Information

Metal, metal-oxide, or semiconductor colloids and nanocrystals are important types of
nanoscale materials. They consist of particles with typical diameters in the range of 1-20 nm.
Due to their small dimensions, nanoparticles have unique properties, including
superparamagnetism, fluorescence with high quantum yields, and low melting points.
Nanoparticles can thus easily be employed in biological labeling and sensing as well as many

other applications involving optical, electronic, or magnetic components on a small scale [6].

A large fraction of the atoms in metal nanoparticles are at the particle surface. Thus,
when a monolayer of thiols is deposited on a nanoparticle surface, there is an intimate
connection between the properties of the monolayer and the properties of the nanoparticle [6].
Self-assembled monolayers (SAMs) are single-molecule layers on surfaces. The molecules in
SAMs consist of an end that can chemically bond to a surface, a molecular backbone, and a
molecular head group that determines the surface properties of the monolayer. The molecules
in an SAM can also provide new properties to the surface that they coat. Monolayer protected
metal nanoparticles (MPMNs) consist of a nanosized metallic core with an SAM its surface.
These particles have properties stemming from the SAM, from the metallic core, and from
combinations of the two. The monolayer coating provides the particles with most surface
properties, including a heavy contribution to determining the solubility of the particles [2, 3, 7,
10].

The Brust-Schiffrin method is a common and simple way to synthesize metallic gold
nanoparticles functionalized with thiols [4,5]. The synthesis reaction can take place in a one-
phase (ethanol) or two-phase (water and organic) system [7,11]. A gold salt (HAuCl,) is

dissolved in the same phase as the ligands that will make the nanoparticle shell. Via the



reaction shown in equation (1), the gold reacts with thiolated ligands to form an intermediate
Au(I)-thiol polymer. A reducing agent (NaBH,) is added, reducing the gold ions according to
equation (2). The gold ions form small clusters that combine with the ligands as they grow.
Once the entire surface of a cluster is coated in ligands, the cluster stops growing. The initial
molar ratio of ligands to gold determines the size of the nanoparticles. Thus, the Brust-
Schriffin method allows for simple control over the core size and ligand nature of MPMNs. A

one to one molar ratio of ligands to gold defines the size of all nanoparticles studied in this

work [6].
AuCly (toluene) + RSH > (--Au'SR--),(polymer) equation (1)
(--Au'SR--),+ BHs © Au,SRy equation (2)

A mixed-ligand SAM can be made either by absorption of ligands from a solution of
two or more types of molecule or by placing an existing monolayer into a solution containing
appropriate molecules not found in the original monolayer [12,18]. Scanning tunneling
microscopy (STM) images have shown that some mixed SAMs have phase-separated regions
containing only one type of molecule. However, these regions are not arranged via any
discernible ordering [12-16].

A variation on the Schiffrin method allows for synthesis of gold nanoparticles coated
with a mixed SAM [9,17]. The MPMNss used in this study employ a mixture of two types of
ligand, one with a hydrophobic head group and one with a hydrophilic head group, and are
created via the former of the two abovementioned methods.

For these binary mixtures of ligands, “ripples” of alternating ligand composition appear
in the ligand shell of the gold nanoparticles. “Ripples” are phase-separated ligand domains that
forms rings around the nanoparticles. The spacing between ligand rings of the same

composition varies one molecular layer at a time as a function of the stoichiometric ratio of



ligand types. The molar ratio between ligand types can also, for especially high or low ratios,
change or eliminate the ordering of domains. The ‘depth’ of the ripples is determined by the
difference in the lengths of the two ligands that form the domains [Figure 1]. The formation of
the ordered domains is also known to depend on the curvature of the surface on which the thiol
mixture assembles. The features in the ligand shell of rippled nanoparticles, which can be of
subnanometer scale, provide the nanoparticles with unique new properties, including novel
solubility results [10].

A simple analysis of the solubility of MPMNs might consider the solubility of the head
groups in the ligand shell as the determining factor in the solubility of the nanoparticle. A
Gibbs free energy of miscibility analysis along these lines can predict that nanoparticle
solubility depends linearly on the amount of one type of head group (and thus ligand) in the
ligand shell. For example, under this analysis, a nanoparticle coated in a binary mixture of
alkyl-terminated ligands and carboxylic acid-terminated ligands would be more soluble in a
hydrophilic solvent with more carboxylic acid head groups in its ligand shell.

However, the spacing between domains on the surface of a rippled nanoparticle is
consistently small enough that it becomes comparable to the size of a solvent molecule.
Solvent molecules may interact directly with the morphology in the ligand shell of rippled
nanoparticles. Indeed, preliminary study of the solubility of rippled nanoparticles in ethanol

has shown a non-linear relationship with ligand shell composition [10].
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Figure 1. a) STM 1mage showing rippies on the surface of a gold nanoparticle coated by &
muixture of octanethiol and mercaptopropronic acid in stoichtometric ratic Z:1 [10]. b) Crosg-
sectior of ta} with a2 nanometer scale bar showing the ripple spacing to be on tne order of | nm
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Chapter 3. Experimental Methods

3.1 Materials

The chemicals used in the synthesis of gold nanoparticles were hydrogen
tetrachloroaurate trihydrate, sodium borohydride, and thiolated ligands (octanethiol (CH3-(
CH;)7-SH, OT), hexanethiol (CH3-( CH;)s-SH, HT), mercaptopropionic acid (HOOC-(CH3)2‘-_ .
SH, MPA), and mercaptoundecanoic acid (HOOC-(CH3)0-SH, MUA)). Octanedithiol was“-‘lr ,
used in the preparation of monolayers of nanoparticles for scanning tunneling micrbscopy.
Gold foil was used as a substrate for assembly of such monolayers. Hydrochloric acid was used
to protonate charged ligands on nanoparticles. Each chemical was purchased from Sigma-
Aldrich and used as received. The solvents used in synthesis, sample preparations, and solution
preparations were acetone, ethanol, toluene, 1-propanol, isopropanol, methanol, acetonitrile,

dichloromethane, and hexanes. Each was purchased from VWR.

3.2 Synthesis of Gold Nanoparticles

Gold nanoparticles were synthesized according to a modified version of Schiffrin’s
method in which the particles are synthesized in one phase, rather than two. 0.9 mmol of
hydrogen tetrachloroaurate (354 mg) were dissolved in 200 ml of ethanol kept at 0 °C. A
mixture of thiols in a fixed molar ratio was added so that the total ligand concentration was
kept at 0.9 mmol. 200 ml of a sodium borohydride (.132 mol/L) ethanol solution were slowly
added dropwise. The solution was left stirring for two hours and then stored in a refrigerator
overnight, during which time a black precipitate formed. The precipitate was separated by

filtration over quantitative paper filter and washed many times with acetone, ethanol and water

12



to remove unreacted ligands or excess sodium borohydride. Typically, ~100 mg of a black
powder were obtained. The powder was stored in a refrigerator. For all nanoparticles, the
ligands consisted of a mixture of an alkyl-terminated thiol and an acid-terminated thiol.
Particles were synthesized with ligand mixtures consisting of OT and MPA, OT and MUA, and
HT and MUA. For each type of mixture, particles were synthesized with ten different moles
acid : moles alkyl ratios (1:20, 1:10, 1:5, 1:2, 1:1, 2:1, 3:1, 5:1, 10:1, and 1:0 (moles acid/moles

alkyl)).

3.3 Preparation of Nanoparticle Solutions

As obtained after synthesis, the nanoparticles were not soluble in organic solvents due
to deprotonation of acid groups by sodium borohydride to form highly polar carboxylate end
groups in the ligand shell. 1 mg of nanoparticles was suspended in ethanol (~2ml) via
sonication. One drop of hydrochloric acid was added to form sodium chloride and reduce the
sodium carboxylate end groups into carboxylic acid. The nanoparticle solution was quickly
dried, forming a crystal on the inner surface of the solution vessel. The dried solid was washed
extensively with deionized water to remove salt precipitates. After removal of water, the
desired solvent (Toluene, ethanol, 1-propanol, isopropanol, or methanol) was added in an
amount that assured a nanoparticle concentration of 1 mg/10 ml solvent. The new solution was
sonicated for fifteen minutes and stirred for three hours. After stirring, the solution was given

one week to settle before further use.

3.4 Characterization of Gold Nanoparticles

13



Morphologies in the nanoparticles’ ligand shells were characterized with STM. A
solution of 1 mg of nanoparticles in 10 ml of an appropriate solvent (usually ethanol or
toluene) was prepared according to a version of the above method without stirring or decanting
time. .1 mg of octanedithiol was added to the solution, which was subsequently sonicated for
an additional two minutes. 1 cm? of gold foil was sonicated in acetone for twenty minutes,
dried, and placed in the nanoparticle and octanedithiol solution overnight. The gold foil was
then given two hours to rinse in ethanol, toluene, dichloromethane, methanol, and acetonitrile.
The monolayer of nanoparticles on the gold was imaged via scanning tunneling microscopy
(STM) with a Digital Instruments Multimode NanoScope 3A scanning probe microscope.
Multiple locations on each sample were imaged with different scan angles, z-limits, and
magnifications. Images were captured with Digital Instruments NanoScope III software,
version 5.12b48.

The core size of the nanoparticles was examined with transmission electron microscopy
(TEM) images obtained using a JEOL 2010 microscope operating at 200 kV. In order to
prepare samples for TEM imaging, the solvent was evaporated from small amounts of
nanoparticle solutions deposited on 200-mesh carbon-coated copper TEM grids (LADD
Research). TEM images were scanned and nanoparticle diameters were measured using NIH’s

ImageJ software.

3.5 Characterization of Nanoparticle Solubility
The solubility of the nanoparticles was evaluated through an optical absorption
spectrum obtained using a Cary SE spectrophotometer (Varian) over a wavelength range of

400-700 nm. The focus of the analysis was the absorption peak at ~520 nm, corresponding to

14



surface plasmon resonance of the nanoparticles in solution. The optical absorption intensity at
the plasmon resonance wavelength is known to be directly proportional to the number of
nanoparticles in solution. This value was thus taken as a measure of the solubility of the

nanoparticles.
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Chapter 4. Results and Discussion

The study is aimed at showing the relationship between the solubility of MPMNs coated with a
binary mixture of ligands and the composition and morphology of the ligand shell of said
MPMN . Therefore, a number of ligand shell variables were considered in synthesizing the
tested nanoparticles. To begin with, the ratio between the number of alkyl-terminated ligands
and the number of acid-terminated ligands was varied between ten values. In this way, the
width of the features in the ordered ligand-shell morphology was varied and ordering itself was
reduced or eliminated at the highest or lowest ligand ratios. Additionally, variation in ligand
composition, regardless of morphology, changes the properties of the nanoparticle surface. In
this case, said variation introduces more or less hydrophilic head groups to the ligand shell.

While the molar ratio between acids and thiols is responsible for many variables in this
study, different combinations of ligands were aiso considered for their impact on the ligand
shell and, by extension, solubility. For one, two classes of rippled nanoparticles were
synthesized, those in which MUA, an acid, represents the longest ligand and those in which
OT, a thiol, represents the longest ligand. Additionally, amongst particles with MUA as the
acid, ten particles were synthesized with OT as the thiol and ten counterpart particles were
synthesized with HT as the thiol. MPMNs coated in HT and MUA have ‘deeper’ ripples than
those coated with OT and MUA because HT is a shorter molecule than OT.

Finally, since the size of the features on the MPMNs may match the size scale of
solvent molecules, size and shape of solvent molecules were considered in the choice of tested
solvents. Nanoparticle solubility in four alcohols (isopropanol, 1-propanol, ethanol, and

methanol) was tested. The alcohols were chosen to represent three different lengths of
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molecule and, in the case of isopropanol, a larger and ‘rounder’ molecule. Toluene solubility
was also tested in order to study nanoparticle solubility in a mostly apolar solvent and compare

results to solubility in the more polar alcohol solvents.

4.1 Nanoparticle Sizes Evaluated via TEM Imaging

TEM was used to evaluate the core size of the nanoparticles. Images were obtained for
seven types of particle and average nanoparticle diameter was calculated for each. The goal in
the evaluation of core sizes is to assure that similar core sizes were present for each type of
nanoparticle. Indeed, the average nanoparticle sizes for each type of particle examined were
7.81nm, 8.02nm, 7.56nm, 9.56nm, 10.05nm, 10.09nm, and 10.20nm [Figure 2]. Given these
similar core sizes across the range of tested samples, size effects can reasonably be eliminated
from discussion comparing solubility results in different samples. Additionally, it may be

assumed that the absorption optical cross-section is the same across the series of nanoparticles.

4.2 Ligand Shell Morphology Evaluated via STM Imaging

STM images were used to make some basic characterizations of ligand shell
morphology in the tested nanoparticles. The goal in the imaging was to verify that ordered
ligand domains could form on the surface of nanoparticles for multiple ligand shell
compositions given a binary ligand mixture of OT and MUA or of HT and MUA. Previous
work has extensively characterized the formation of ripples in ligand shells composed of OT
and MPA. Previous study has also noted the formation of ripples for some particles coated in

MUA and OT or MUA and HT [10]. Images produced for this study have verified the
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Figure 2. a) TEM image of nanoparticles with ligand coating 1 mol HT/ 2 mol MUA and
average nanoparticle diameter of 10.20 nm, b) TEM image of nanoparticles with ligand coating
2 mol HT/ 1 mol MUA and average nanoparticle diameter of 10.09 nm
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Figure 3. a) STM image of gold nanoparticle with ligand coating 1 mol OT/1 mol MUA, b)
STM image of gold nanoparticles with ligand coating 1 mol HT/1 mol MUA, ¢) Cross section
of (b) showing possible ripples with the red markers
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previous characterizations and offer evidence that ripples will form in ligand shells composed
of OT and MUA or of HT and MUA assembled on a gold nanoparticle surface [Figure 3].
Ripples were not likely to form when the percentage of one molecule in the ligand shell far

exceeded the percentage of the other.

4.3 Solubility of Nanoparticles Coated with OT and MPA

For particles coated with a mixture of OT and MPA, the carboxylic acid terminated
molecules were the shorter of the two. When ripples form from OT and MPA, the hydrophilic
component to the ligand shell is thus deeper set in the ligand morphology. For hydrophilic
solvents to dissolve these particles, it would be expected that the solvent molecules would need
to interact with the ripple morphology by reaching into the deeper ligand domains.

Within the scope of this study, the relationship between solubility and ligand shell
morphology in particles coated in OT and MPA is still poorly understood. Solubility results
present a behavior that does not appear to correspond to a relationship with composition or
morphology in any direct way. In fact, the nanoparticles were insoluble or nearly insoluble in
organic solvents for almost all tested ligand shell compositions [Figure 4].

Fourier transform infrared spectroscopy data indicate that hydrochloric acid does not
always successfully protonate the carboxylates on MPA in ligand shells where ordered
domains are apparent. That is, the charged carboxylates on MPA-coated nanoparticles are not
always neutralized during the process described in the methods. The presence of carboxylates
in the ligand shell of OT and MPA coated nanoparticles is likely responsible for their

insolubility in organic solvents. The charge due to carboxylates skews solubility data and

20
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Figure 4. a) Plot of solubility (determined via optical absorbance intensity at plasmon

resonance as described in the methods) of OT/MPA nanoparticles in isopropanol, b) Plot of
solubility of OT/MPA nanoparticles in methanol, ¢) Plot of solubility of OT/MPA
nanoparticles in ethanol, d) Plot of solubility of OT/MPA nanoparticles in propanol, €) Plot of
solubility of OT/MPA nanoparticles in toluene
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makes it difficult to draw conclusions as to the relationship between the solubility of the

nanoparticles and their ligand shell composition and morphology.

4.4 Solubility of Nanoparticles Coated with HT and MUA

As indicated in the background section, a Gibbs free energy of miscibility analysis of
mixed monolayer protected metal nanoparticles leads to the prediction that the solubility of the
nanoparticles depends linearly on ligand shell composition. In the case of particles coated with
HT and MUA, the addition of more MUA to the ligand shell would theoretically result in a
linear increase in the solubility of the particles in a polar solvent such as ethanol. Additionally,
at or below a minimum concentration of MUA in the ligand shell, the nanoparticles would
theoretically be insoluble in ethanol. The inverse behavior would be expected for solubility in
an apolar solvent like toluene.

This expected solubility behavior is not evident. Indeed, ethanol solubility does not
increase monotonically with the addition of MUA to the ligand shell. Instead, ethanol solubility
reaches a peak value for a ligand shell composed of 33.33% MUA. For larger percentages of
MUA, ethanol solubility actually decreases. Rather than a monotonically decreasing solubility
profile with respect to MUA content, ‘oscillatory’ behavior is observed in the case of toluene
solubility. Particles with 66.66% and 33.33% MUA in their ligand shell are highly toluene
soluble while particles with 50% MUA are mostly toluene insoluble. Although particleé with
66.66%, 90.91%, and 100% MUA are insoluble in toluene, particles with 83.33% MUA are
somewhat toluene soluble. Neither toluene nor ethanol solubility behavior was predicted and

neither was explainable within the boundaries of present solubility theories [Figure 5].
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Figure S. a) Plot of solubility (determined via optical absorbance intensity at plasmon
resonance as described in the methods) of HT/MUA nanoparticles in isopropanol, b) Plot of
solubility of HT/MUA nanoparticles in methanol, c) Plot of solubility of HT/MUA
nanoparticles in ethanol, d) Plot of solubility of HT/MUA nanoparticles in propanol, €) Plot of
solubility of HI/MUA nanoparticles in toluene
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In order to better investigate this anomalous behavior in the context of ripple size, the
solubility of HI/MUA particles in a series of alcohols was studied. The particles are almost
insoluble in isopropanol, a molecule that is too bulky to penetrate into the ripples. The
solubility in methanol, a small and highly polar molecule, is almost constant and near zero for
ligand shells containing 50% or less MUA. Methanol solubility somehow increases as more
MUA is present in the ligand shell, showing generally higher values for greater than 50%
MUA in the ligand shell and generally lower values for less than 50% MUA. Non-monotonic
or oscillatory behavior is observed when dissolving the particles in solvents like ethanol or
propanol, which are composed of elongated molecules with a hydrophobic tail and a
hydrophilic head. These molecules are able to penetrate the ripples and their interactions with
them must depend on ripple spacing in relation to the molecular dimensions. As mentioned,
ethanol solubility reaches a peak value for 33.33% MUA coated nanoparticles. Propanol
solubility also reaches a high point for 33.33% MUA ligand composition and follows a pattern
with respect to composition that is roughly similar to the pattern in ethanol solubility. In
general, though, the nanoparticles at any given ligand shell compositions are less soluble in

propanol than in ethanol.

4.5 Solubility of Nanoparticles Coated with OT and MUA

An additional variable that was controlled for this study was the ripple ‘depth,” defined
as the height difference between the long and the short ligands. HT is shorter than OT, particles
covered in OT and MUA were examined alongside HT/MUA patrticles as an example of

‘shallower’ ripples.
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Figure 6. a) Plot of solubility (determined via optical absorbance intensity at plasmon
resonance as described in the methods) of OT/MUA nanoparticles in isopropanol, b) Plot of
solubility of OT/MUA nanoparticles in methanol, ¢) Plot of solubility of OT/MUA
nanoparticles in ethanol, d) Plot of solubility of OT/MUA nanoparticles in propanol, e) Plot of
solubility of OT/MUA nanoparticles in toluene
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For OT and MUA-coated nanoparticles, solubility in isopropanol and in methanol
shows behavior similar to that seen with particles coated in HT and MUA. Isopropanol
solubility is slightly enhanced by the change to OT in the ligand shell, but methanol solubility
maintains the pattern of increasing from nearly zero solubility to moderate solubility as more
MUA is added to the coating [Figure 6].

The behavior of ethanol solubility changes drastically in switching between OT and HT
in the ligand shell. The solubility of OT/MUA nanoparticles in ethanol in fact resembles the
solubility of OT/MUA nanoparticles in isopropanol. Indeed, the ‘oscillations’ in ethanol
solubility seen for HT and MUA ligand shells have been weakened by the transition to
shallower ripples. With HT as the alkyl-terminated ligand, particles coated with 33.33% and
50% MUA are the most soluble in ethanol. With OT replacing HT, analogous particles are
almost insoluble in ethanol. For the case of propanol solubility, the transition from HT to OT
appears to have only a minor impact on the pattern in solubility with respect to composition.
Nonetheless, the propanol solubility of nanoparticles coated with 33.33% MUA does drop
from the high value exhibited for HT/MUA particles. Additionally, as compared to
nanoparticles with deeper ripples, more ligand compositions result in near insolubility in
propanol.

In the case of toluene solubility, the change in ripple depth does not appear to affect the
pattern of solubility behavior for ligand shells with less than 50% MUA. Nanoparticles coated
in 90.91% MUA are completely insoluble in toluene, regardless of the length of the alkyl-
terminated ligand. However, when OT is the alkyl-terminated ligand, toluene dissolves
particles with 50% and 75% MUA ligand shells, but fails to dissolve particles with 66.67% and

83.33% MUA ligand shells. In contrast, when HT is the alkyl-terminated ligand, toluene
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dissolves particles with 66.67% and 83.33% MUA ligand shells, but fails to dissolve particles

with 50% and 75% MUA ligand shells.
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Chapter 5. Conclusions and Future Work

In general, monolayer protected metal nanoparticles have a wide range of potential
applications and attractive properties that are derived from both their metallic core and from
the ligands on their surface. MPMNs have proven to be useful in biological sensing, in self-
assembly, and in nanoscale electronic devices. The innovation of a mixed monolayer protected
metal nanoparticle with ordered ligand domains on its surface represents the development of a
new class of nanoparticle that is both nanosized and nanostructured. The combined properties
of an MPMN and subnanometer scale ‘ripples’ of ligand domains on the MPMN surface have
offered promising results for nevs./ properties and applications, including resistance to the
nonspecific adsorption of proteins [10]. For MPMNSs in general, solubility is a useful property
that offers options for handling and processing that are unique amongst nanomaterials.
Characterizing the solubility of rippled nanoparticles could be fundamental to applying their
novel properties and may help to understand how the ripple morphology contributes to
functionalizing the surface of the nanoparticles.

This study contradicts a common perception in determining that the composition of the
ligand shell of a mixed monolayer protected metal nanoparticle does not alone determine the
solubility of said nanoparticle. Indeed, the addition of more of a hydrophilic head group in the
ligand shell of rippled nanoparticles does not translate to greater solubility in a polar solvent
like ethanol or to lesser solubility in an apolar solvent like toluene. Instead, solubility in some
solvents oscillates with varying ligand composition. The ordered morphology of the ligand
shell appears to be intimately connected to these solubility results. Isopropanol is too large a

solvent molecule to penetrate into the ripples and fails to dissolve most tested nanoparticles.
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Solvents like ethanol and propanol have a hydrophobic tail and a hydrophilic head and can
penetrate into the ripples. The solubility of nanoparticles in these solvents oscillates with ligand
shell composition. Additionally, when one ligand is changed to make the ripples more
‘shallow,’ oscillations in ethanol and propanol solubility are dampened or dissipated. Solubility
in a smaller solvent molecule (methanol) and a larger solvent molecule (isopropanol) is left
virtually unchanged by this alteration in morphology.

Further study should include a more thorough investigation of the solubility of rippled
nanoparticles for which the longest ligand is acid-terminated. A theoretical framework to
explain the solubility of rippled nanoparticles could be innovated as well. Since a Gibbs free
energy of miscibility analysis does not sufficiently explain the oscillatory behavior of some
solubility results, new terms could be added to this formalism to consider some of the factors
brought up in this study, including the interaction between solvent and ligand shell

morphology.
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