UC Santa Cruz
UC Santa Cruz Electronic Theses and Dissertations

Title

Preparation of Amphiphilic Janus Nanoparticles in Studying their Unique Chiroptical
Properties and Enantiomeric Selectivity

Permalink

https://escholarship.org/uc/item/6d4986gw

Author
Lu, Jia En

Publication Date
2019

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6d4986gw
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
SANTA CRUZ

PREPARATION OF AMPHIPHILIC JANUS NANOPARTICLES IN STUDYING
THEIR UNIQUE CHIROPTICAL PROPERTIES AND ENANTIOMERIC
SELECTIVITY

A dissertation submitted in partial satisfaction
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
CHEMISTRY
by
JiaLu
September 2019

The dissertation of Jia Lu

is approved:

Professor Shaowei Chen, Chair

Professor Ilan Benjamin

Professor Yat Li

Quentin Williams

Vice Provost and Dean of Graduate Studies



Copyright @ by
JiaLu
2019



Table of Contents

LIST OF FIGURES ...ttt s e e e saae e s eaae e s naeeen Vi
LIST OF TABLES ... .ottt s Xii
ABSTRACT ..ttt b et sb e e e sne e e n e nnees Xiii
DEDICATION. ...ttt e XVi
ACKNOWLEDGEMENTS ... XVii
Chapter 1 INtrOAUCTION..........cceeieiieceeeeeee ettt e 1
1.1 Noble Metal Nanoparticles and their Optical Properties...........ccccocevenennen. 2
1.2 Janus Nanoparticles: Preparation and Self-assembly ..........cccocevvneninennen. 7
1.3 Chiral nanoparticles and their Origin of Chirality..........c.cccccooenininenennene. 13
1.4 RETEIEINCES ...ttt 20

Chapter 2 Plasmonic circular dichroism of vesicle-like nanostructures by the

template-less self-assembly of achiral Janus nanoparticles..........c.cccocevvevivnnnnnee. 39
2.1 ADSTFACT ...t s 40
2.2 INEFOAUCTION ...t sttt sae b st sae b s 40
2.3 ReSUIS and DISCUSSION .....ccueiruiiieriienieeiieie sttt sttt sttt 43
2.4 CONCIUSION......iiiiiieiiee ettt st et s a et e e es 65
2.5 Experimental SECHION .........oooviiiiiiiececee e 66



2.8 RETEIEIICES ..o ettt e e e e e e e e e et eeeeeesaee e eereaaeeeeaaan 70

Chapter 3 Janus Nanoparticle Emulsions as Chiral Nanoreactors for

Enantiomerically Selective Ligand EXcChange .........ccccocveveveeieccieciecece e 77
UL ADSTIACT ... et 78
3.2 ReSUIS and DISCUSSION .....ccueeiuieieriierieeii ettt ettt ste e s eesaeeeas 78
3.3 EXPerimental SECTION .........ccuiiiiiririreeeeeeee e 95
R R o] (=] =] 00T SRR 96

Chapter 4 Poly(ethylene glycol)-functionalized Janus nanoparticles and the

selective interaction with alkali metal iI0NS..........ccoocevieiiveerieeeee 100
4.1 ADSTFACT....c.eieiececeee ettt sttt s nae et 101
4.2 INTFOTUCTION ..ottt ettt ettt sbe b s 101
4.3 EXPerimental SECHION ........cccoevieieeieeieeeceee et s 104
4.4 ReSUILS aNd diSCUSSION.....ccueruereeeeieiieieieieie e se sttt sae e saeseeseeenens 108
4.5 CONCIUSION ..ottt sttt ettt et st b beseeene e 122
4.6 RETEIENCES ...ttt st sbeene 122

Chapter 5 Chirally Active Janus Cu1.75S-Au Hybrid Nanostructure and its

(@ g To 1 To) 11 - L1 U 129
Bl A ADSIIACT ..o et e e e e e e e e e et e e e e e e ea e e ——raaeeeaaaaan 130
B2 INTFOTUCTION et e e e e e e e et e e e e e e see e e e eeeeenaaaans 130



5.3 EXPEIIMENTAL.....cciiiiieieciecece et 133

5.4 RESUITS AN DISCUSSION ..ot e e e e e e e e e e eeeeeeeeeeeaeeeeaaan 136
B D CONCIUSION. ...t e e e e e e e e et eeeeeesaeaneaeeeeeeeeaaaans 150
BB RETEIENCES ..., 150



LIST OF FIGURES
Chapter 2

Figure 2.1 Representative TEM image of AuC6 nanoparticles. Scale bar 2 nm. Inset is

the core size histogram.

Figure 2.2 TEM images of JNP10 at a concentration of (A) 0.01 mg mL* and (B) 0.15
mg mL ! in water. (C) BE nanoparticles at 0.15 mg mL ! in water. Scale bars are 20
nm in panel (A), and 50 nm in panels (B) and (C). The insets are the schematic

illustrations of (A) JNP, (B) JNP assembly, and (C) BE nanoparticles.

Figure 2.3 'H NMR spectra of AuC6-MPD JNP and BE nanoparticles in CD,Cl.. Based
on the ratio of the integrated peak areas of the terminal CHz and -CHOH-CH.OH
protons (dotted boxes, as highlighted in figure insets), the MPD surface coverage was
estimated to be 17.5 % for JNP1, 28.3 % for JNP4, 61.4 % for JNP10, and 66.0 % for

BE nanoparticles.
Figure 2.4 FTIR spectra of AuC6, AuC6-MPD JNP, BE and AuMPD nanoparticles.

Figure 2.5 Representative AFM topographs of JNP10 nanoparticles at the
concentrations of (a) 0.15 mg/mL and (b) 0.01 mg/mL in water. The bottom panels are

the corresponding height profiles of the line scans in the top panels.

Figure 2.6 (A) UV-vis and (B) CD spectra of JNP, BE and AuMPD nanoparticles at a
concentration of 0.15 mg mL! in water. The dashed curves in (B) are the fitting CD
spectra of a hollow sphere (dia. 50 nm) consisting of Janus nanoparticles (core dia. 1.6
nm) by eqn (17).

Vi



Figure 2.7 UV-vis absorption spectrum of AuC6 nanoparticles in CHCls,

Figure 2.8 CD spectra of JNP10 nanoparticles at various concentrations in water.

Figure 2.9 Transition dipole in an Auxo cluster capped with (A) C6 and (B) MPD. The
excitation energies are 776 and 836 nm, respectively. It can be seen that adding ligands

introduces directionality for the transition dipole moments.

Figure 2.10 Transition of excited state in an Auxo cluster capped with (A) C6 and (B)
MPD. The excited state transitions are visualized from molecular orbitals for the gold
cluster linked with (A) one C6 and (B) one MPD, respectively. Both show that

transitions occur approximately from ligand to gold cluster.

Figure 2.11 Transition dipole moment in an Aux Janus cluster capped with C6 and

MPD.

Figure 2.12 Transition of excited state in an Auzo Janus cluster capped with C6 and

MPD.

Figure 2.13 Absorption spectra with external field applied along the (A) x-axis, (B) y-
axis, and (C) z-axis. From the calculations one can see that the absorbance is higher by

an order of magnitude when the external field is applied along the x-axis (Scheme 1).

Figure 2.14 CD spectra of JNP10 nanoparticles in CHCI3 before and after mixing with
L-alanine, D-alanine, or D,L-alanine in water. Nanoparticle concentration 0.15 mg

mL—1 and alanine concentration 0.1 M.

vii



Chapter 3

Figure 3.1. FTIR of JINPC6-MPD after ligand exchange with D,L-cysteine molecules
for 24 h.

Figure 3.2. (a) NMR spectra of INPC6-MPD in CDCl3 before and after ligand exchange
reaction with D,L-cysteine in water for up to 24 h. Ligands are desorbed by I»
desorption prior to NMR measurements. b) Hydrodynamic radius from DLS
measurement of INPC6-MPD in CHCl3 before and after ligand exchange reaction with
D,L-cysteine in water for up to 24 h. Nanoparticle concentration 0.15 mg/mL.

Figure 3.3. Ligand composition and average hydrodynamic radius of JNPC6-MPD
nanoparticle ensembles after exchange reaction with an enantiomeric mixture of D,L-
cysteine for different periods of time.

Figure 3.4. Representative TEM images of INPC6-MPD Janus nanoparticle ensembles
(a) before and after exchange reaction with Cys for (b) 4 and (c) 24 h. Nanoparticle

concentration of 0.15 mg/mL in CHCI3. Scale bars are (A,B) 50 nm and (C) 20 nm.

Figure 3.5. Representative TEM image of INPC6-MPD nanoparticle ensembles.

Figure 3.6. (a) UV-vis and (b) CD spectra of INPC6-MPD nanoparticles after exchange
reactions with D,L-cysteine for different periods of time. Nanoparticles concentration
of 0.15 mg/mL in CHCla. Inset to panel (b) is the zoom in of the region between 450

and 800 nm.

viii



Figure 3.7. CD absorption spectra of D-Cys, L-Cys, and D,L-Cys at varied
concentrations in water. The bottom panel is the zoom in of the data highlighted by the
dark red box in the top panel within the range of 200 to 250 nm.

Figure 3.8. (top panel) CD spectra of cysteine aqueous solutions at the concentration
of 10 mM but at different enantiomeric excess. Dark green curve is the spectrum for
the cysteine solution (10 mM) after ligand exchange with JNPC6-MPD in CHCIs (1
mg/mL) for 24 h at equal volume (Figure 3.1). (bottom panel) Variation of the
corresponding CD intensity at 206 nm with the percent excess of L-Cys. Circle symbols
are data for the standard solutions, and dark green star is for the cysteine solution after
ligand exchange with JNPC6-MPD in CHCIz for 24 h where the L-Cys excess is

estimated to be ca. 10.2%.

Figure 3.9. TGA curve of AuC6 nanoparticles. The C6 ligand content is estimated to
be 9.4 wt%. In conjunction with results from the *H NMR measurements (Figure 3.1),
the amount of D-Cys incorporated onto the nanoparticle surface after ligand exchange
reaction for 24 h accounts for about 6.7% of cysteine in the original racemic mixture

of D,L-cysteine in water.

Chapter 4

Figure 4.1. TEM images and diameter distributions for (a) AuC6 and (b) AuPEG

nanoparticles.



Figure 4.2. Contact angle measurements in determining hydrophilicity of samples with

different PEG content.

Figure 4.3. (a) FTIR spectra of various nanoparticles, and (b) *H NMR spectra in CDCls
of organic capping ligands (i.e., PEG, and C6) desorbed from the surface of various

nanoparticles by iodine.

Figure 4.4. Hydrodynamic radii of PEGSH ligands and nanoparticles (0.015 mg/mL in
water) upon the addition of (a) Li*, (b) Na*, (c) K", and (d) Rb" at different

concentrations (expressed as the ratio of alkali metal ions to ethylene oxide units).

Figure 4.5. TEM images of (a) JNP1,( b) JNP2, (c) JNP6 and (d) BE upon addition of

Na* at the Na*/EQ ratio of 30. Nanoparticle concentrations all 0.015 mg/mL in water.

Figure 4.6. (a) UV-vis spectra of the series of nanoparticles, and TEM images of (b)
JNP6 and (c) BE nanoparticles. From the TEM images, it can be seen that the
nanoparticles are individually dispersed without apparent agglomeration, in good

agreement with UV-vis absorption profiles.

Figure 4.7. (a) Schematic of alkali metal ions induced self-assembly of PEG-
functionalized Janus nanoparticles. (b) UV-vis absorption spectra of JNP6
nanoparticles in the absence and presence of Li* and Na* at the M*/EO ratio of 30.

Nanoparticle concentration 0.015 mg/mL in water.



Figure 4.8. 'H NMR spectra of (a) PEGSH, (b) AuPEG and (c) JNP6 in the absence
(top curves) and presence of Li* (middle curves) and Na* (bottom curves) in CDsCN

at M*/EO = 30.

Chapter 5

Figure 5.1. AFM topography of Cu17sS (a) and JNP (d) with line scan at the bottom,
TEM of Cui7sS (b) and JNP (e) with diameter distribution (inset) and HR-TEM of

Cu1.75S (c) and HAADF-STEM image of JNP (f).
Figure 5.2. X-ray diffraction patterns of Cuy.75S (red) and JNP (green).
Figure 5.3. XPS measurements of Cu.75S, BE and JNP.

Figure 5.4. UV-vis (a), NIR (b) and CD (c) spectrum of Cu1.7sS (black), BE (red) and

JNP (green) in CHCls.
Figure 5.5. SEM image of JNP (a) and BE (b) in chloroform.

Figure 5.6. UV-vis absorption of AuC6 (black) and its corresponding CD spectrum (red)

in CHCls.
Figure 5.7. DLS measurements of Cuz.7sS, BE and JNP in CHCls.

Figure 5.8. TEM image of etched JNP (a), and the UV-vis (b) and CD (c) absorption
spectra of JNP (black) and etched JNP (red) sample at the concentration of 0.15 mg /

mL (before etching concentration) in CHCls.

Xi



LIST OF TABLES
Chapter 3

Table 3.1. Ligand composition by NMR in CDCIs and averaged hydrodynamic radius
(RH) of JNPC6-MPD nanoparticles after exchange reactions with D,L-cysteine for

different periods of time

Xii



PREPARATION OF AMPHIPHILIC JANUS
NANOPARTICLES IN STUDYING THEIR UNIQUE
CHIROPTICAL PROPERTIES AND ENANTIOMERIC
SELECTIVITY

Jia Lu

ABSTRACT

Janus nanoparticles have been an interesting topic due to their dual functionality
by the segregation of surface ligands, whereas chiral nanostructures have been
attracting extensive interest in recent years primarily because of the unique materials
properties that can be exploited for diverse applications. My research focus was based
on chirality originated from the structural asymmetry of Janus nanoparticles and study
the enantiomeric selectivity of these nanoparticles.

Gold Janus nanoparticles functionalized with hexanethiolates and 3-mercapto-
1,2-propanediol segregated on the two hemispheres, self-assembled into vesicle-like,
hollow nanostructures in both water or organic media, and exhibited apparent
plasmonic circular dichroism (PCD) absorption in the visible range. The PCD signals
were found to become intensified with increasing coverage of the 3-mercapto-1,2-
propanediol ligands on the nanoparticle surface, which was attributed to the dipolar
property of the structurally asymmetrical Janus nanoparticles. Theoretical simulations
based on first principles calculations showed that when the nanoparticle dipoles self-

assembled onto the surface of a hollow sphere, a vertex was formed which gave rise to

xiii



the unique chiral characteristics. The resulting chiral nanoparticle vesicles could be
exploited for the separation of optical enantiomers, as manifested in the selective
identification and separation of D-alanine from the L-isomer.

The enantiomeric selectivity of Janus nanoparticles protected by
hexanethiolates and 3-mercapto-1,2-propanediol was further studied using D,L-
cysteine as the molecular probe. Experimental results demonstrate that D-cysteine was
the preferred enantiomers entrapped within the nanoparticle emulsions, where the
ensuing ligand exchange reaction was initially confined to the hydrophilic face of the
Janus nanoparticles. This suggests that with a deliberate control of the reaction time,
chiral Janus nanoparticles could be readily prepared by ligand exchange reactions even
with a racemic mixture of ligands.

In a different study, gold Janus nanoparticles functionalized with poly(ethylene
glycol) (PEG) ligands hexanethiolates was synthesized. Due to specific interaction of
PEG with alkali metal ions, the Janus nanoparticles exhibited marked conformational
changes forming organized ensembles in the presence of Na* and K*, as manifested in
dynamic light scattering, UV-vis absorption and TEM measurements, whereas no
apparent variation was observed with bulk-exchange nanoparticles where the two types
of capping ligands were homogeneously mixed on the nanoparticle surface or
nanoparticles capped with the PEG ligands alone. The ion complexation was further
probed in NMR measurements. Results from this study indicate that select doping of
alkali metal ions into PEG-functionalized nanoparticles may be used for controlled

assembly of the Janus nanoparticles.
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In addition to Janus nanoparticles with segregated ligands, Janus Cuz.75S-Au
nanostructure was synthesized using Langmuir-Blodgett method at room temperature
through ion exchange of gold atoms onto Cui.7sS nanoparticles. Positive chiroptical
response arose around 600 nm closed to gold SPR absorption region, whereas the
Cu1.75S nanoparticles shown no chiroptical response. Upon etching away the Cus.7sS,
the deposited gold nanostructure shown weak positive chiroptical response at the same
region, indicating chiral origin was due to the asymmetric deposition of gold atoms. In
addition, the chiroptical signal of asymmetric gold nanostructure was enhanced upon

the formation of Cuy.75S-Au hybrid nanostructure.
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Chapter 1

Introduction



1.1 Noble Metal Nanoparticles and their Optical Properties

Noble metal nanoparticles have been studied extensively due to their unique optical
and catalytical properties in comparison to the bulk form 2. In typical, their unique
optical properties can be applied to applications such as biopharmaceutics, electronics
and sensing *°. Under light radiation, the conduction band electron on metal
nanoparticle surface oscillate under resonant conditions, resulting in a surface charge
distribution. The oscillation frequency of electron cloud is characterized by the
restoring forces between positive and negative charges through Coulombic attraction,
which is also known as surface plasmon resonance (SPR). For spherical metal
nanoparticles with a diameter much smaller (~10-100nm) than the wavelength of

incident light, the absorption cross-section of nanoparticle can be calculated as °

1871'f€3/2

Caps(D) = 1 = =2 1)

(2em+eq)2+ed

where f is the volume-filling fraction of metal, ¢, is the surrounding medium dielectric
constant, and &; (real) and &, (imaginary) are the complex dielectric constant of
nanoparticle. For nanoparticles with small ¢, the absorption coefficient is at maximum
when g; = —2¢,,. Due to their strong SPR absorption of noble metal nanoparticles in
the visible region (e.g. 400 nm for Ag and 520 nm for Au) ’, the presence of noble

metal nanoparticles can readily be detected by UV-vis measurements.

In addition, depending on the size and shape of nanoparticles, the SPR absorption can

be easily tuned &°. In classical approaches, the resonance of a metal nanoparticle with



a small diameter in comparison to the wavelength of light, its dielectric function can be

predicted as
1
E=¢€py (1 - ;) (2)
J

where &, is the dielectric function of the surrounding medium and L; is the geometrical

depolarization factor along axis j. For non-spherical nanoparticles with L; = L, < L,
a second absorption peak arose due to the different oscillations along and perpendicular
to the long axis of nanoparticle, which induces the splitting dipole resonances into
longitudinal and transverse absorption modes. As the aspect ratio of the prepared
nanoparticles increases, the longitudinal resonance absorption red shifts (towards the
longer wavelength). For example, there are three different plasmonic modes (e.g.
dipolar, quadrupolar and sextupolar) can be excited for a gold nanorod (I = 500 nm and
d =40 nm) upon interaction with different wavelength (e.g. 2060 nm, 1030 nm and 734

nm, respectively) of light °.

In addition to varying the size and shape of a nanoparticle for tuning its SPR absorption,
the SPR absorption of a nanoparticle can also be tuned by having multiple components
within a nanoparticle, such as the formation of alloy *** and core-shell structures -7,
In general, the SPR absorption of an alloy nanoparticle shifts between the SPR
absorption of the two components. For example, gold and silver alloy nanoparticles
have been studied extensively due to their spontaneous formation of alloy / core-shell

structures and their strong SPR absorption in the visible range, and it is found that the



SPR of the alloy nanoparticle shifts between 400 nm (Ag SPR absorption) and 520 nm

(Au SPR absorption, depending on the composition of gold and silver component 122,

In forming an uniform core-shell nanostructure, there are three general criteria : a)
the atomic radius of the core element is larger or equal to the shell element, b) the bond
dissociation energy Ecorecore 1S higher than Esnenshenr, and c¢) the Paulings
electronegativity of the core is higher than the shell. For example, the adsorption of
metal ion also depends on the lattice spacing of each element 81° Habas and co-
workers ° found 4.08% lattice-mismatch occurs at the Au-Pt interface and 0.7% lattice
mismatch at the Pd-Pt interface, which led to anisotropic growth of Pt@Au (core@shell)
nanostructures. Thus, Fan and co-workers *® concluded that the formation of AU@Ag
and Au@Pd followed the Frank-van der Merwe (layer-by-layer) growth mechanism,
while the formation of Au@Pt followed the Volmer-Weber (colonies) growth

mechanism.

In addition, the deposition of atom can be affected by the injection rate and
concentration of different ingredients. In general, silver ions deposit preferably on gold
{100} facet without the presence of surface ligands %°. At the early stage of deposition,
AgNO; forms double layer around Au seed, with positive Ag* cations and NO3™ anions.
With low ascorbic acid concentration with slow addition rate, the growth of Ag layer
propagates towards the solution on top of the deposited Ag surface. After the deposition
of the first atom, the Au surface becomes positively charged and attracts the double
layer closer to the Au surface, which inhibits the nucleation of Ag on other Au {100}

facets. In contrast, while injecting ascorbic acid rapidly, the pH of solution was

4



decreased rapidly, which enables simultaneous Ag nucleation at multiple sites on Au
seed surface. Thus, with fast injection of ascorbic acid at low concentration, the Ag
grows in colonies on the {100} facets, while a homogenous shell formed with fast

injection of ascorbic acid solution at high concentration.

Interestingly, the morphology and facet of nanoparticles can also be tuned using surface
ligands, such as cetyltrimethylammonium bromide (CTAB) 2122 In typical, the
presence of CTAB slows down the reduction speed of gold ion by forming gold-CTAB
complex 22, thus the resulting AuRus alloy will have an hcp structure while the alloy
forms an fcc structure in the absence of CTAB. In addition, the presence of surface
ligand can also affect the facets 224 and surface morphology of core-shell nanoparticles
21 since the shell growth depends on both the atomic deposition rate and the surface
diffusion rate. When the surface diffusion rate is higher than the atomic deposition, the
deposited atoms re-orientate and form uniform shell layers 2. In contrast, when the
atomic deposition rate is faster than the surface diffusion, the shell has a higher growth
rate at the deposition site forming structures with pointy sharp corners 2>%, This type
of nanoparticles is often referred to as high index facets nanoparticles 2-2, which

shown unique optical properties, such as SPR “hot-spot” at the tip of nanoparticles °.

In addition to hot-spot generation by pointy corners on nanoparticle surfaces, SPR hot-
spots can be generated by directed assembly of individual nanoparticles. Some of the
common methods for directing nanoparticles assembly are the employment of an
external electromagnetic field or light irradiation. For example, magnetic nanoparticles

are useful in water purification because they are easy to be collected by applying an

5



external magnetic field after interacting with the pollutant of interest 312, Furthermore,
the directed assembly of metal nanoparticles can also be achieved by nanoparticle
surface functionalization with different ligands *. For example, one of the common
ways for directing nanoparticles assembly is to functionalize two batches of
nanoparticles, one with donor molecules and the other with receptor molecules, for

light-triggered cross-coupling reactions upon laser irradiation .

While directed nanoparticle assembly often involves the change of chemical state (e.g.
conformation and / or chemical bonding) of surface ligands in responding to the
environment change, self-assembly of nanoparticles is mainly governed by the
chemical interactions between ligands with solvent medium or ligands on the
neighboring nanoparticles. One of the simple ways to self-assemble metal
nanoparticles is done by solvent evaporation. In typical, the nanoparticle solution is
first deposited on a substrate surface; followed by solvent evaporation, the
nanoparticles will self-assemble into a monolayer film after evaporation of solvent 3%,
For example, Yi and co-workers also found that gold nanoparticles protected by
amphiphilic block copolymers (e.g. polystyrene and polyethylene oxide) self-
ensembled into hollow vesicles upon dehydration *, where the morphology of resulting
structure depended upon the root-mean-square end-to-end distance of polystyrene
block to the diameter of the gold nanoparticles. After the formation of a monolayer film,
the SPR absorption of the resulting monolayer redshifts in comparison to individual

nanoparticles, indicating coupling between neighboring nanoparticles *’.



In typical, the coupling of neighboring nanoparticles occurs when the center-to-center
interparticle distance is smaller than five times of the nanoparticle radius and causing
a splitting of the original nanoparticle resonance ¢, and the SPR absorption can be red-
shifted by up to 300 nm in comparison to the individual nanoparticles. In addition, the
redshift of SPR absorption can be controlled by the chain length and conformation of
surface ligands 3°, which longer and more stretched chain length give rises to longer

interparticle distance and resulting in weaker SPR coupling.

One other common way to self-assemble metal nanoparticles is by the synthesis of
amphiphilic Janus nanoparticles, which will be discussed in detail in the next section.
In spontaneous formation of superstructure within a solvent system with mixed solvent
polarity, the self-assembled structure of this type of nanoparticle show high tunability
and stability, which is highly suitable for applications such as biosensing and drug

delivery.

1.2 Janus Nanoparticles: Preparation and Self-assembly

Among the different types of nanoparticles, Janus nanoparticles (JNPs) refers to
nanoparticles composed of two different components on the opposite side of the
nanostructure. JNPs inherit their names from the Romans God Janus, which refers to
nanoparticles that are composed of either different surface ligands or different material
on opposite hemisphere of the same nanoparticle “>#*. The resulting bifunctional Janus

nanoparticles have shown unique chemical % and optical “>** properties.



One simple and inexpensive way to synthesize JNPs in large quantity is through the
adsorption of nanoparticles onto wax surface at the liquid-liquid interface of water and
wax 47 In typical, the as-prepared hydrophobic nanoparticles are first dissolved in
hot wax and mixed with hot water under stirring. As the mixture is cooled down, the
hydrophobic nanoparticles will then adsorb onto the solidified was surface at the liquid-
liquid interface of molten wax and water. The large particulates of solidified wax with
nanoparticles are then filtered from the mixture and re-dispersed into a different solvent
for nanoparticle functionalization at the wax-solvent interface. After the
functionalization, the resulting JNPs are desorbed from the wax surface in chloroform.
This method can produce JNP in a simple fashion with large quantity, while the only

limitation for this method is that it can only be applied to relatively large nanoparticles

45

Similar to the emulsion method using wax and water, JNPs can be prepared using the
masking technique by covering part of the nanoparticle by a thin polymer film 8, In
this method, a monolayer of nanoparticles will first be deposit onto a flat substrate,
followed by the deposition of a thin polymer layer (e.g., PMMA) by spin casting. Part
of the polymer layer will then be removed to expose part of the nanoparticle surface
for functionalization. Finally, the resulting JNPs can be released by the removal of
polymer film. Even though this method involves more steps, it enables the
functionalization of JNPs with ligands that are similar in their chemical and physical
properties (e.g. hydrophilicity). In addition, this method is often used for the

functionalization with polymers onto nanoparticle surfaces. When functionalizing



nanoparticles with long chain polymers, the methods are usually referred to as “grafting
from” and “grafting to” methods “°°!. By definition, the “grafting from” method starts
with the attachment of a monomer initiator followed by the growth of a polymer chain
on the nanoparticle surface, while the “grafting to” method refers to the attachment of
the as-prepared long chain polymer. Grafting from gives higher polymer density while
grafting to gives more uniform distribution of polymer since the polymer is pre-

modified before attached onto nanoparticles °*.

The grafting density of gold nanoparticle-poly(ethylene glycol) conjugates can be
measured by techniques such as thermogravimetric analysis (TGA), analytical
ultracentrifugation analysis (AUC) and total organic carbon analysis (TOC). While
TGA measures the weight difference before and after ligand decomposition, AUC
measures the change in density induced by polymer ligands in comparison with the
highly dense gold core, and the TOC measures the non-purgeable organic carbon
concentration in ppm (mg/L). The mathematical representation for each technique can

be calculated as %2

t%
(w)PcoreinrgoreNA
wt%core 3 (3)
o =
s MWATTE, e
Mshell
o, = —_— 4
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[C]
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where the gold core density (pgore) is 19.6 g/cm?, Na is the Avogadro’s number, [C] is
the non-purgeable organic carbon concentration and 2 is the nanoparticle concentration

in solution.

One other common way for preparing amphiphilic JNP is by interfacial ligand
exchange on a Langmuir-Blodgett trough >*. In typical, the hydrophobic nanoparticles
in organic solution are first deposited on a water subsurface, then a mechanical pressure
will be applied after the evaporation of organic solvent until the interparticle distance
is about 1 — 2 extended ligand length. Finally, the interfacial ligand exchange will
happen at the water-air interface after the injection of a hydrophilic ligand. After the
ligand exchange reaction, the functionalized JNPs will be collected and re-disperse in

a solvent of interest.

Recently, new methods such as in-situ photo-simulation *° and nanoparticle welding ¢
have been developed for the preparation of asymmetric JNPs. For example, Kossak and
coworkers reported a solution phase synthesis of anisotropic and multicomponent
nanostructures through in-situ photo-simulation and reduction of metal-halide
intermediates °. In addition, Huang and coworkers reported a welding-induced one pot
room temperature synthesis of asymmetric Janus Au-Ag2S nanoparticles first through
electrostatic attraction of ligands to bring nanoparticles close to each other, followed
by the desorption of surface ligand (e.g. (2,2,6,6-tetramethylpiperidin-1-yl)oxyl, also

known as TEMPO) .
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Upon functionalizing JNP with different components, they can be used in applications
such as cancer therapy, catalysis and sensing. For example, when JNP is functionalized
with surface ligands with different polarity, the permeability of JNP passing through
membranes can be changed °, thus selectively targeting different organs and / or tumor
sites "8, In addition, when depositing catalysts on one hemisphere of JNP, it can give
rise to active motion of JNP in response to the local concentration change of chemical
environment by having catalytic reaction on one side on the nanoparticle %2, which is
also known as “chemical nanomotors” 5>, The catalytic reaction can be irradiated by
either UV ! or near infrared (NIR) 2 light depending on the structural morphology,
and with or without the presence of a fuel source (e.g., H202) 8. Among different types
of metals, precious metal ions show high activity (Pt?* > Ag* > Pd?* > Au®") with H202
in comparison to magnesium 2. In addition, the direction of catalytic JNP movement
was shown highly directed by self-thermophoresis from the catalytic activity guiding
the nanoparticle to travel in the direction of the chemically inert side, in comparison to
nanoparticles that are fully protected by catalyst move in random direction by

Brownian motion 8.

In contrast to individual JNPs, unique chemical and optical properties can also arise
from self-assembly of JNP into superstructures %>%7. Among different types of Janus
nanoparticles, amphiphilic Janus nanoparticles were studied extensively due to their
self-assembly property, which can be used in drug delivery %, phase transfer catalysis
%5 and sensing “ applications. In addition, studies also showed that the self-assembly

structure of JNP can be tuned by the structural geometry, solution type, pH, temperature

11



and JNP concentration . For example, upon synthesizing JNP composed of poly(tert-
butyl acrylate) and poly(3-(triethoxysilyl)propyl methacrylate) with different ratio ',
researchers found that JNPs with larger size difference between the two hemisphere
result in smaller self-assembly structure with higher curvature, whereas JNPs with
smaller size difference between the two hemisphere tend to form larger multi-layer

structures.

The self-assembly of Janus nanoparticles can be directed by applying an external
magnetic field 3773 changing of solvent system 7 and temperature, tuning the
nanoparticle amphiphilicity and concentration and size, etc. Among different self-
assembled structures, hollow-micelle-like structures were studied extensively, due to
their reversibility of capturing and releasing the molecule of interest within the
assembled structure in different solvent systems 7. Recently, studies have also shown
that JNP protected by achiral ligands self-assembly into micelle-like structures give
rise to chiroptical response, which results in high enantiomeric selectivity %57, In
comparison to nanoparticles with chiral components, the study of chirality of achiral
nanoparticles self-assembly is more attractive, since it does not require an
enantiomerically pure starting material or chiral template. In addition, the chiroptical

response can be tuned by the resulting structure built.
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1.3 Chiral nanoparticles and their Origin of Chirality

Among different areas in studying noble metal nanoparticles, the study of chiral metal
nanoparticles is interesting due to its high enantiomeric selectivity in catalysis and
sensing >7®. In addition, chiral molecules are important biological building blocks (e.g.
DNA, RNA and peptides), the high enantiomeric selectivity of chiral nanoparticles can

play an important role in biopharmaceutics ®.

The chirality of plasmonic nanostructure was first observed upon the interaction
between gold nanoclusters and glutathione molecules ’/, which was attributed to the
delocalization of conduction band electrons of intrinsically chiral small gold cluster (4-
8kDa, <40 Au atoms) structures. DFT calculations further supports that the strong
interaction between metal nanoclusters and thiolate ligands (e.g. SCHs) can influence
the surface electronic properties and even distortion of cluster geometry, thus resulting
in either enhanced intrinsic chirality (e.g. Auzs and Auss) 8 or induced chirality by

dramatic geometry distortion of achiral gold cluster (e.g. Ausg) 9%,

In general, the interaction between light and material can be described in terms of
refractive index and extinction coefficient of the material. Refractive index of a
material is a measure of the reduction of light speed when passing through the material
in comparison to the speed of light in vacuum, where the extinction coefficient
measures the amount of electromagnetic radiation such material scatters and absorbs

which affects the amplitude of the electric field of light &,
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In studying the optical property of chiral structures, the circularly polarized incident
light (CPL) is usually used instead of linearly polarized light. Upon the interaction with
achiral structures, the change in velocity (refractive index) and amplitude (extinction
coefficient) of light is the same for left and right CPL due to structural symmetry.
However, when incident light passes through a chiral structure over time, the change
in velocity and / or amplitude of L- and R-CPL are / is different, depending on the
morphology of material. When the incident light interacts differently with a material’s
refractive index, the polarization vector of L- and R-CPL rotates to different position
over time, thus it gives rise to optical rotation which is also known as optical rotatory
dispersion (ORD). The angle between this new vector position and its original position,

¢, can be expressed as:

r(nt-n")l

¢ == 3)

where | is the path length of the material, and A is the wavelength of light. Depending
on which of the two CPL is absorbed stronger at a specific wavelength, the CD
absorption band can lead to a positive or negative response. In general, chiral material

with difference in refractive index leads to weak chiroptical effects (1076).

On the other hand, if the interaction between incident light and material alters the
change in the amplitude of incident light electric field, the CPL becomes ellipsely
polarized and gives rise to circular dichroism (CD). The ellipticity of a material can be

measured as
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where A~ and At are the amplitudes of R-CPL and L-CPL. The magnitude of
chiroptical effects originates from extinction coefficient are typically about 0.1% in

organic molecules.

Depending on the type of materials, the optical rotation can either be positive (rotating
to the right) or negative (rotating to the left). The variation of the absolute amplitude
of the optical rotation of a given material as a function of incident light wavelength can
be defined as Cotton effect. If the amplitude of optical rotation for a material is positive
at longer wavelength and negative at shorter wavelength, the material possesses a
positive Cotton effect and gives rise to positive CD signal. If the amplitude of optical
rotation of a material is negative at longer wavelength and positive at shorter
wavelength, the material possesses a negative Cotton effect and gives rise to negative
CD signal. The direction and angle of the optical rotation are dependent of the incident

light wavelength.

In organic molecules, chiroptical effects can arise from either intrinsic effect (chiral
center) or secondary chiral effect (e.g. protein or DNA folding) upon inter- and intra-
molecular interactions. For plasmonic metal nanoparticles, the origin of chirality can

be divided into four categories ":
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i Intrinsic chirality arose from asymmetric inorganic core shape (e.g.

helical structure)

ii. Intrinsic chirality arose from asymmetries of inorganic core surface (e.g.

chiral ligand)

iii. Extrinsic chirality of individual particle due to its chiral stabilizer shell

(e.g. chiral molecules in close position with particle)

iv. Extrinsic chirality arose from chiral field effect due to the material’s

high polarizability (e.g. chiral assembly)

Upon interaction with CPL, the electron cloud around a spherical nanoparticle turns
into a spiral, which gives rise to an electric current on the nanoparticle surface as the
propagating electric field of light pushes away the charge 84. This resulting helical
electric current can be referred to as a counter-propagating “plasmonic helix”. Since
spherical nanoparticles are achiral, the plasmonic helix generated upon interaction with
L-CPL and R-CPL will be equal amplitude with opposite sign, and thus cancels out
with each other. For nanoparticles with asymmetric core geometry, the retardation
effect of electron cloud on nanoparticle surface is different in different directions,
which results in different interaction (e.g. hindered or favored) with L- and R-CPL 8-
8 In specific, upon interaction between CPL and helical coil, CPL with the same
handedness as the helical coil was blocked when propagating along the helix axis,

which CPL with opposite handedness was transmitted .
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In preparation of nanostructures with intrinsic chirality (e.g. chiral metal core), a chiral
template or enantiomerically pure chiral molecule is often used, where the chirality of
resulting nanostructure is inherited from the chiral template or molecule used %%,
Recently, Lee and coworkers % reported that the relative location of the amine group
with respect to the thiol group on a cysteine molecule was the determining factor for
synthesizing a chiral helicoid nanostructure by studying the growth mechanism using
HR-TEM. In typical, the relative position of amine and thiol group on L-cysteine results
in a preferential interaction with the {321} planes in the R regions, thus blocking the
growth in the vertical direction on the R regions and leading to a R-S boundary shift to
the S region with asymmetric overgrowth °6°8, The resulting nanoparticle with chiral
surface morphology exhibit high enantiomeric selectivity due to binding preference by
chiral molecules, which can lead to potential application such as enantiomeric selective

catalysis 9%,

Aside from intrinsically chiral nanostructures, chirality of nanostructures can be
induced by the presence of chiral organic molecules in close contact (r « 1) %1%, For
CD signal of chiral molecules that is enhanced by plasmonic material with A,;55mon <
Amor (€.9. Al), the plasmon-induced CD band will be negative and strongest when
U1z I Z (normal dipole orientation) and positive with relative weak signal when p,, 1 Z,

while CD band will be opposite for material possess A,qsmon > Amor (€.9. Au and Ag)

101
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In addition, depending on the concentration and arrangement of the chiral molecule
that is adsorbed on the plasmonic molecule surface, the chiroptical response of the
hybrid system can be different 92192197 At low molecule concentration, the chiroptical
signal is dominated by the energy dissipation within the nanoparticle and give rise to
CD response at the SPR region of the nanoparticle, while CD response is dominated by
the ORD response from the chiral molecule and give rise to enhanced CD signal of the
chiral molecule at its absorption region at high molecule concentration %, At an
intermediate adsorbed molecule concentration, CD spectrum shows a combination of
signals. The chiroptical signal enhancement effect by plasmonic nanostructures enables

the detection of chiral molecules at a much lower concentration 105108.109,

Since chirality is a macroscopic phenomenon that describes the optical response of a
system, the chiroptical response can be arose by the assembly of a collection of achiral
nanoparticles %1% The achiral nano-building blocks within the ensemble can be
composed of either different material '** or same material with different size ** and
shape *2. For identical achiral nano-building blocks, chiroptical response can be arose
when they are assembled into a chiral superstructure 111115 Upon the assembly of
two identical C-shape nanostructures (< 500nm) !, near field CD response was shown
when the interparticle distance is < 350nm, which the chiroptical response was
attributed to the positive maximum signal arose upon the merging of two C-shape
nanostructures in the center of the S-shape structure with two negative signals at each

end of the structure. In addition, identical nanoparticles can also be linked together
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through chiral linkers (e.g. DNA and peptide), forming chiral networks inheriting

chirality from the chiral linkers 16-124,

For chiroptical signal arising from self-assembled and aggregated structures, the
chiroptical response is usually broadened and shifted from its SPR absorption, which
is known as a phenomenon called Duysens flattening 1227, This flattening effect
results from the inhomogeneous size distribution of particulate species in solution with
slight difference in each individual maximum absorption 1%, The degree of flattening

of CD is different from the flattening in its corresponding absorption spectrum 2
AbsG¥sP) = Aps©oD — (2.303a%1% < (0c)? >/2) (6)

The amount of flattening is proportional to the square of extinction coefficient (a), and
the absorption is reduced proportionally relative to a homogeneous solution to the mean

quadratic fluctuation of the local concentration of the absorbing species (dc).

The flattening is usually represented by the flattening coefficient,

(abs) _ AbswsP) (2.303a) ( _ WNar)
Ky T Abs(soh) T 1 2kA2 1 My, ()

And the degree of flattening of a spectrum (B) decreases as the amount of absorbing

material (My,) increases, which can be represented as

g =1 g <] () ®
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Chapter 2
Plasmonic circular dichroism of vesicle-like nanostructures
by the template-less self-assembly of achiral Janus

nanoparticles
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2.1 Abstract

Chiral nanostructures have been attracting extensive interest in recent years primarily
because of the unique materials properties that can be exploited for diverse applications.
In this study, gold Janus nanoparticles, with hexanethiolates and 3-mercapto-1,2-
propanediol segregated on the two hemispheres of the metal cores (dia. 2.7 = 0.4 nm),
self-assembled into vesicle-like, hollow nanostructures in both water and organic
media, and exhibited apparent plasmonic circular dichroism (PCD) absorption in the
visible range. This was in contrast to individual Janus nanoparticles, bulk-exchange
nanoparticles where the two ligands were homogeneously mixed on the nanoparticle
surface, or nanoparticles capped with only one kind of ligand. The PCD signals were
found to become intensified with increasing coverage of the 3-mercapto-1,2-
propanediol ligands on the nanoparticle surface. This was accounted for by the dipolar
property of the structurally asymmetrical Janus nanoparticles, and theoretical
simulations based on first principles calculations showed that when the nanoparticle
dipoles self-assembled onto the surface of a hollow sphere, a vertex was formed which
gave rise to the unique chiral characteristics. The resulting chiral nanoparticle vesicles
could be exploited for the separation of optical enantiomers, as manifested in the

selective identification and separation of D-alanine from the L-isomer.

2.2 Introduction
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In recent years, plasmonic metal nanoparticles have been found to exhibit
unique chiroptical properties, and the nanoscale chirality may be exploited for
enantiomeric sensing and catalysis, as well as development of next-generation
optoelectronic devices.'® Unlike conventional chiral molecules (e.g., peptides,
proteins, and DNA) that typically exhibit circular dichroism (CD) absorption in
the far ultraviolet (UV, 140 — 250 nm) region,*® plasmonic circular dichroism
(PCD) is generally observed in the visible range and can be readily manipulated
by the chemical nature and morphology of the plasmonic nanoparticles.? This
may be due to the formation of intrinsically chiral nanoparticle cores, capping
with chiral organic ligands, as well as arrangements of achiral nanoparticles into
chiral organized ensembles. In the first strategy, chiral templates are generally
used to assist the growth of nanoparticles, where chirality is imprinted onto the
nanoparticle core during the growth process, resulting in the formation of chiral
nanoparticles.® For instance, Shemer et al.” demonstrated that chirality could be
inherited by silver nanoparticles using DNA as templates during nanoparticle
formation, whereas silver nanoparticles that were prepared by NaBH4 reduction
and then underwent ligand exchange reactions with the same DNA ligands did
not show any CD signal in the same wavelength region. The intrinsic chirality of
plasmonic nanoparticles can also arise from a chiral core shape, such as
helical/spiral structures and/or the formation of chiral microfacets on the
nanoparticle surfaces.®2 For achiral plasmonic nanoparticles, PCD can also be

produced by using chiral capping ligands, due to strong dipole (and higher-order)
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interactions between the ligand and nanoparticle core electrons. Upon
interactions with the chiral ligands, the symmetry of the electronic property on
the nanoparticle surface is distorted, leading to different extinction coefficients
between the left- and right-handed circularly polarized light.***® For instance, L-
glutathione-capped gold nanoparticles® and silver nanocubes!’ have been found
to exhibit well-defined PCD signals that coincide with the surface plasmon
resonance (SPR) absorption of the nanoparticles. PCD has also been observed
with chiral molecules entrapped at the core-shell interface of Au@Ag
nanorods.!8

Nanoscale chirality can also be induced by controlled assembly of
nanoparticles into chiral superstructures.'® For instance, PCD has been observed
with gold nanoparticle networks formed by using (chiral) DNA or peptides as
interparticle linkers,?%?! arrangements of gold nanoparticles onto helical
nanofiber templates,???* and layer-by-layer deposition of gold nanoparticles into
twisted chains.?®> Plasmonic chiroptical properties have also been found with
heterodimers of two gold nanoparticles of different sizes (50 nm and 150 nm)
due to the interference between the higher-order and dipolar modes in the
heterodimer pair,2® as well as three-dimensional oligomers of gold nanorods.?’
29

In the present study, we demonstrated that gold Janus nanoparticles (JNPS),
with hydrophobic hexanethiolates (C6) and hydrophilic 3-mercapto-1,2-

propanediol (MPD) ligands segregated on the two hemispheres of the metal
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cores, self-assembled into vesicle-like, hollow nanostructures without the
assistance of any chiral templates/scaffolds, and exhibited apparent PCD
absorption in the visible range. This was accounted for by the dipolar property
of the structurally asymmetrical JNPs arranged on a hollow sphere forming a
vertex, as manifested in theoretical simulations based on first principles
calculations, in sharp contrast with the achiral response observed with individual
JNPs, bulk-exchange nanoparticles with the two ligands homogeneously mixed
on the nanoparticle surface, or nanoparticles capped with only one kind of the
ligands. The unique chiral characteristics of the JNP vesicles can be exploited
for selective binding and phase transfer of optical enantiomers, as manifested in

the effective identification and separation of D-alanine from the L-isomer.

2.3 Results and Discussion

As described previously (and detailed in the Experimental Section),3%-3? the
JNPs were prepared by interfacial ligand exchange reactions of hexanethiolate-
capped gold (AuC6, 2.7 +£ 0.4 nm in diameter, Figure 2.1) nanoparticles with
(racemic) MPD at the air|water interface, exhibiting hydrophobic C6 ligands on
one face and hydrophilic MPD on the other (inset to Figure 2.2A).2 The surface
concentration of MPD was varied by reaction time (1, 4, and 10 h), and
quantitatively evaluated by *H NMR measurements at 17.5 % for JNP1, 28.3 %
for JNP4, and 61.4 % for JNP10, based on the integrated peak areas of the

terminal methyl protons of the C6 ligands and the methoxy protons of the MPD
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ligands (Figure 2.3).%° For the control sample where the ligand exchange
reaction was carried out by simply mixing AuC6 and MPD in THF (BE
nanoparticles, inset to Figure 2.2C), the MPD surface coverage was estimated
to be ca. 66.0%. That is, the JNP10 and BE nanoparticles are akin to structural
isomers with a similar core-ligand composition but a different surface
distribution of the capping ligands. The incorporation of MPD ligands onto the
nanoparticle surfaces was also manifested in FTIR measurements (Figure 2.4),
where the O—H stretch can be found at 3300 — 3200 cm and the C—O vibration

at 1030 cm™1.%0

|
I I I I I

17 22 27 32 37
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Figure 2.1 Representative TEM image of AuC6 nanoparticles. Scale bar 2 nm. Inset is
the core size histogram.
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Figure 2.2 TEM images of JINP10 at a concentration of (A) 0.01 mg mL* and (B) 0.15
mg mL ! in water. (C) BE nanoparticles at 0.15 mg mL ! in water. Scale bars are 20
nm in panel (A), and 50 nm in panels (B) and (C). The insets are the schematic
illustrations of (A) JNP, (B) JNP assembly, and (C) BE nanoparticles.
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Figure 2.3 'H NMR spectra of AuC6-MPD JNP and BE nanoparticles in CD2Cl..
Based on the ratio of the integrated peak areas of the terminal CHs; and -CHOH-
CH20OH protons (dotted boxes, as highlighted in figure insets), the MPD surface
coverage was estimated to be 17.5 % for JNP1, 28.3 % for JNP4, 61.4 % for JNP10,

and 66.0 % for BE nanoparticles.
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Figure 2.4 FTIR spectra of AuC6, AuC6-MPD JNP, BE and AuMPD nanoparticles.

JNPs have been known to behave analogously to amphiphilic surfactant
molecules, and can self-assemble into organized vesicle-like superstructures
both in water and apolar organic solvents such as THF and CHCI3.%234 In fact, in
an earlier study,3* the critical micelle concentration (CMC) of JNPs was found
to be at least three orders of magnitude lower than that of Triton X-100. Such
concentration dependence of the formation of nanoparticle ensembles can be
visually evidenced in TEM measurements. From Figure 2.2A, one can see that
at the concentration of 0.01 mg/mL in water, JNP10 nanoparticles were well
dispersed as individual particles without apparent agglomeration. Yet when the
concentration was increased to 0.15 mg/mL, the nanoparticles can be seen to

form vesicle-like, hollow organized assemblies with lateral dimensions in the
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range of 50 to 200 nm (Figure 2.2B and inset, 2.5A).%2 The variation of the
nanoparticle morphologies can also be manifested in AFM topographic
measurements (Figure 2.5). One may notice that whereas BE nanoparticles also
formed ensemble structures of similar dimensions (Figure 2.2C and 2.5B), the
nanoparticle superstructures are solid rather than hollow. This may be due to the
segregated distribution of the (hydrophobic) C6 and (hydrophilic) MPD ligands
on the JNP surface that rendered it possible for the nanoparticles to arrange into
vesicle-like structures, whereas for the BE nanoparticles, the random mix of the
C6 and MPD ligands made it difficult for the nanoparticles to find an orientation

with a minimal surface energy.
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Figure 2.5 Representative AFM topographs of JNP10 nanoparticles at the
concentrations of (a) 0.15 mg/mL and (b) 0.01 mg/mL in water. The bottom panels are
the corresponding height profiles of the line scans in the top panels.
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The optical properties of the nanoparticles were then examined by UV-vis
absorption measurements. Figure 2.6A depicts the UV-vis spectra of the series of JNP
and BE nanoparticles in water at the concentration of 0.15 mg/mL. One can see that at
this concentration, both JNP (black, red, and green curves) and BE nanoparticles
(yellow curve) showed a broad absorption peak at ca. 610 nm, a marked red-shift of ca.
100 nm as compared to the SPR of the original AuC6 nanoparticles in CHCI3 (Figure
2.7) and AuMPD nanoparticles (blue curve) that were readily dispersed in water, due
to strong interparticle electronic interactions as a result of the formation of nanoparticle

ensembles (Figure 2.2B).3>%
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Figure 2.6 (A) UV-vis and (B) CD spectra of JNP, BE and AuUMPD nanoparticles at a
concentration of 0.15 mg mL ™t in water. The dashed curves in (B) are the fitting CD
spectra of a hollow sphere (dia. 50 nm) consisting of Janus nanoparticles (core dia. 1.6

nm) by eqn (17).
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Figure 2.7 UV-vis absorption spectrum of AuC6 nanoparticles in CHCls,

Interestingly, the three JNP ensembles all exhibited apparent PCD signals at
wavelength greater than 500 nm (Figure 2.6B), with the intensity maxima
matching the corresponding SPR peaks (Figure 2A), and the PCD intensity
increased with increasing MPD coverage on the nanoparticle surface, +2.6 mdeg
for INP1, +9.9 mdeg for JNP4 and +15.2 mdeg for JNP10. This result indicates
that increasing dissymmetry of the distribution of surface capping ligands
facilitates the formation of vesicle-like, hollow nanostructures that are PCD-
active. By contrast, BE nanoparticles, exhibited only a weak PCD signal (ca.
—2.05 mdeg), despite a ligand composition and SPR absorption similar to that of
JNP10, suggesting that solid ensembles of the nanoparticles were PCD-inactive.
This also suggests minimal contributions from the (racemic) MPD ligands to the
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PCD signals of the JNPs, as control experiment with AUMPD nanoparticles
exhibited virtually no PCD signals.

Furthermore, one can see that the PCD intensity of the JNP samples varied
with nanoparticle concentration. As noted earlier, formation of nanoparticle
ensembles occurs only when the JNP concentration reaches a minimum
threshold (i.e., CMC).** Figure 2.8 shows the CD spectra of the JNP10
nanoparticles at varied concentrations in water. It can be seen that at
concentrations below 0.025 mg/mL (yellow, blue and magenta curves), the
nanoparticles exhibited virtually no PCD absorption, most likely because in these
dilute solutions, no nanoparticle ensembles were formed (Figure 1A), and
individual nanoparticles were largely PCD-inactive because of plane symmetry.
Yet at concentrations higher than 0.05 mg/mL, apparent PCD signals started to
emerge and the intensity increased with nanoparticle concentration, indicating
that the nanoparticle concentration was sufficiently high for the formation of
organized assemblies and the ensembles were optically chiral. For instance,
JNP10 nanoparticles showed a broad PCD absorption at 610 nm of +6.1 mdeg at
0.05 mg/mL (green curve), +7.1 mdeg at 0.075 mg/mL (red curve), and +15.2
mdeg at 0.15 mg/mL (black curve).'® Notably, the PCD intensity observed here
with the JNP10 ensembles was ca. 20 times stronger than that of simple
nanoparticle dimers, trimers and tetramers reported in earlier studies.®”*® This
further confirms that the PCD effects were primarily due to the formation of

vesicle-like nanostructures by JNP self-assembly. Furthermore, based on the
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variation of the PCD intensity with nanoparticle concentration, the CMC of the
JNP10 nanoparticles can be estimated to be ca. 0.05 mg/mL (0.86 uM), very

close to that determined previously by Raman measurements.3
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Figure 2.8 CD spectra of JNP10 nanoparticles at various concentrations in water.

To the best of our knowledge, this is the first ever observation of PCD with
hollow nanoparticle ensembles formed by template-less self-assembly. To
unravel the microscopic origin of PCD, we carried out first principles
calculations of a gold JNP capped with C6 and MPD. Because of asymmetrical
distribution of the hydrophobic (C6) and hydrophilic (MPD) ligands, the JNP is
anticipated to exhibit a nonzero dipole. Linear response time-dependent density

functional theory (TD-DFT) simulations of a Auzo cluster capped with either one
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or two ligands indeed show a clear ligand-to-metal cluster transition by
photoexcitations (Figures 2.9-2.12), consistent with results reported
previously.®® This suggests that the segregated distribution of organic capping

ligands introduces directionality in the transition dipole moment of the cluster.

Figure 2.9 Transition dipole in an Auxo cluster capped with (A) C6 and (B) MPD.
The excitation energies are 776 and 836 nm, respectively. It can be seen that adding
ligands introduces directionality for the transition dipole moments.

Figure 2.10 Transition of excited state in an Auzo cluster capped with (A) C6 and (B)
MPD. The excited state transitions are visualized from molecular orbitals for the gold
cluster linked with (A) one C6 and (B) one MPD, respectively. Both show that
transitions occur approximately from ligand to gold cluster.
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Figure 2.11 Transition dipole moment in an Auzo Janus cluster capped with C6 and
MPD.

Figure 2.12 Transition of excited state in an Auzo Janus cluster capped with C6 and
MPD.

We then investigated a more realistic model of the experimental JNPs, as
illustrated in Scheme 1, where an Aui47 cluster (dia. 1.6 nm)* was capped with
11 C6 and 11 MPD ligands. Since many more ligands and excited states are
involved here, we are interested in a more averaged description for the absorption
process. Real time time-dependent density functional tight-binding (TD-DFTB)
simulations were carried out. Fourier transforms of the linear response function
give the absorption spectra for all excitation transitions of interest. The results

(Figure 2.13) show that the absorbance along the x-axis was an order of
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magnitude higher than those along the y- and z-axes. This clearly indicates the
average orientation of the transition dipole moment in this range of the spectra

(Scheme 1).

Scheme 1. Ground-state geometry of a JNP optimized by DFTB calculations, where
an Auis7 core is capped with 11 C6 and 11 MPD ligands on the two opposite
hemispheres.
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Figure 2.13 Absorption spectra with external field applied along the (A) x-axis, (B) y-
axis, and (C) z-axis. From the calculations one can see that the absorbance is higher by
an order of magnitude when the external field is applied along the x-axis (Scheme 1).

57



Thus, the response of a JNP in the visible range can be modelled by an electric
(transition) dipole dm. For a hollow sphere covered by JNPs, the interaction

between any two JNP dipoles is

1
5

[rnzm(dn ' dm) = 3(rpm * dn) (Tpm " d)] 1)

Vam =
nm

where ram is the displacement between particles n and m. The Hamiltonian, H =
ES8mn + Vin, Can be readily diagonalized, and the eigen states can be expressed in

terms of the linear combination of yn for an isolated dipole,

¥, = Zg=1 Cun¥n- (2)
The CD strength (R,) for the u'" state can be calculated from

R, x Re < ¥ |p|¥; >< ¥,Ir X p|¥, > (3)

where ¥y and ¥, represent the ground state and excited states, respectively. Note

that as (¥g|p|yn) o dn, We can express the CD strength as*!

Ru x Zmn Cumc;m(dn ’ [rm X dm]) X Zmn(dn ) [rm X dm]) (4)

Based on the experimental data (Figure 2.2B), we consider a hollow sphere with JNPs
homogeneously distributed on the surface (Scheme 2A). Each Janus particle is

considered as a dipole, and the location of the m™ dipole is

T = (5in0,,c08Q,,, Sinb,,sing,,, cos,)T. 5)
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Scheme 2. Schematic of (A) JNPs on a hollow sphere surface, and the arrangements
of JNP dipoles (represented by black thorns) along the (B) x, (C) y, and (D) z
directions.

At this point, the three orthogonal unit vectors (Scheme 2A) are

sin@,,cosQy, €050,,c05Q, —sing,
o = (SianSinq’m), ﬁm = (cosemsingom>, Pm = ( COSPm, ) (6)
cos0,, —sinb,, 0

and the dipole dm can be expressed as a linear combination of these vectors,

d, = am?‘m + ﬂmam + ym‘lp\m- (7)
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Since the dipoles are uniformly distributed, it is reasonable to assume that the dipoles
exist at both rm and its inversion site, —rm. For —rm, its polar and azimuthal angles are «t

— Om and 7 + @m, respectively. Therefore, at —rm, the local unit vectors are
=P, 00 =0, ®mn=—0n (8)
and the dipole at —rm is
A = —apPm + BnOm — YimPm- 9)
Now we examine the summation in egn (4) and separate the points on a half sphere
from their inversions,
Ry X Yoml[tm - (A X dp) — 7o - (diy X dy) + 1y - (dyy X dy) — 1 - (dy, X dy)

= Z;Lm{[rm X (dm - d;n)] ) (dn-l'd;L)} (10)

where the summation over m and n is limited to the half sphere. Using the relations

—~

me' ?m X ‘/pm =— em (11)

1

Py X 0,
we have
R# x Z;lm{[rm X (dm - d;n)] ’ (dn+d;1)}

=T Z;lm[(an - a;l)f'n + (Bn + ﬁrll)an + (W — yrll)an] “[(Bm — ﬁrln)am -

Ym + VYm)Pm] (12)

From the above expression, it is clear that to have nonzero chirality Ry, the dipoles

cannot be all along #,, and must have components along 8,,, and @,,. If we set am =
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a'm = a, 1.e., the dipoles tend to point either outward or inward, to have a finite R,, the

simplest solutions are fim = f'm = f and ym = y'm =y, where © < ¢'m < 21 and

R, o< —4By Xym[cosB,c0s0,,c08(@n — @) + Sinb,Sinbp, |

= —4By Y m sinb,sind,,. (13)

As sin 0n and sin 6, are always positive, the dipoles along a latitude circle form a
vortex-like structure (Scheme 2B-D). The fixed sign in g and y is due to the slightly

preferred dipolar orientations between adjacent JNPs.

For monofunctionalized AuC6 and AuMPD nanoparticles, the dipole moment
associated with individual nanoparticles is anticipated to be essentially zero; so are the
BE nanoparticles. Yet, for AuC6-MPD JNPs, non-zero nanoparticle dipole arises due
to the asymmetric segregation of the C6 and MPD ligands, and increases with an
increasing number of C6 ligands replaced with MPD on the nanoparticle surface. That
is, the dipole moment increases in the order of JNP1 < JNP4 < JNP10. We will establish
a quantitative relation between the MPD coverage and the nanoparticle dipole moment.
If we arrange the ligands in such a way that the MPD ligands are located in the range

of 6€[0, o] (Scheme 2), the MPD coverage f is then defined as

2mR? fogo sinfd@

1
f " 2mR? f;rsinede - ;(1 - COSQO) (14)

where R is the radius of the nanoparticle. Thus, from the surface coverage f, we can

obtain .. Correspondingly, the C6 ligands will be located in the range of 6€[6o, 7].
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Now if we denote the dipole densities in the MPD region and in the C6 regions as
pm and pc, respectively, the effective dipole moment of the nanoparticle, which is

oriented along the z-axis, is
d = 2mR%e, [, p(8)cosOsinfdo (15)

where p(6) is the dipole density as a function of 8, p(8) = pm for 6€[0, o], and p(d) =
pc for O€[0o, m], with the ligands assumed to be normal to the nanoparticle surface

contributing the cos @ factor in eqn (15). Therefore, we have
d = 2R*(1 — cos26,) (py — Pc)- (16)

This expression indicates that at 6, = 0 or =, i.e., the nanoparticle is fully covered by

only one kind of ligand, d = 0.

For a given dipole distribution, the Hamiltonian H = Edmn + Vmn can then be
diagonalized and the CD spectrum can be computed, according to eqn (4). Due to the
weak interactions between JNPs, we consider a largely random distribution for the
dipole vectors in hollow nanoparticle ensembles, which, however, contains a small
portion of a vertex pattern, as depicted above in Scheme 2B-D. To satisfactorily model
the experimentally observed CD spectra, we consider a three-level system (two
resonant energies). Since the resonant energy E appears only in the diagonal terms in
the Hamiltonian, for a given dipole distribution, the eigen values JE, and functions ¥,
can be obtained by setting E = 0. Then the eigen values of the system are E, = E + JE,

and E, = E + J0E,, where E and E' are the two resonant energies of an isolated
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nanoparticle. In addition, we include the level broadening y and y' for the levels

associated with E and E'. Finally, the CD signal at frequency w is calculated from

CD(w) = =%, Ry[—L— + ———]. (17)

(hw—Ey)%+y?2  (hw—E})?+y'?

Experimentally, in the self-assembly into vesicle-like, hollow nanostructures, the
JNP dipoles are most likely pointed either inward or outward, akin to conventional
vesicles formed by surfactant molecules (Figure 2.2B inset). Therefore, based on egqn
(13), this leads to an effective vertex arrangement of the JNP dipoles on the surface of
a hollow sphere (Scheme 2) and hence the appearance of PCD signals. In fact, the CD
profiles of the three JNP samples can be quantitatively fitted by using egn (17) at E =
1.25eV,E'=1.75¢V,y=0.4eV, and y' = 0.58 ¢V, as manifested by the dashed curves
in Figure 2.6B. Furthermore, from the MPD coverage f in JNP1, JNP4, and JNP10
(Figure 2.3), the nanoparticle dipole moment d can also be quantified, according to
eqn (14), at 0.578, 0.812, and 0.948Do, respectively, where Do is the dipole moment
of a perfect JNP (i.e., exactly 50% each of C6 and MPD). This is consistent with the
enhanced asymmetry (dipole) of the JNPs with an increasing number of polar MPD

ligands incorporated onto the nanoparticle surface.

With such remarkable chirality of the vesicle-like nanostructures of JNPs, the
hollow interiors can be exploited as a nanoscale vehicle for enantioselective
phase transfer of chiral molecules,® leading to ready separation of optical
isomers.*? We used alanine as the illustrating example. Experimentally, JNP10

nanoparticles were dispersed at a concentration of 0.15 mg/mL in CHCIs and
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mixed with aqueous solutions of alanine enantiomers, and the organic
nanoparticle layer was monitored by CD measurements. From Figure 2.14, it
can be seen that JNP10 nanoparticles exhibited a PCD profile in CHCI3z similar
to that in H2O before mixing with alanine (Figures 2.6 and 2.8) with a positive
peak of +13.9 mdeg at 606 nm, suggesting that both vesicle- and reverse vesicle-
like structures of the JNPs followed the same patterns of nanoparticle
organization (black curve, Scheme 2). After mixing with L-Ala in water, CD
measurements of the CHCIs layer showed virtually no change (red curve),
indicating a lack of interactions between the JNP10 nanoparticles and L-Ala
(peak intensity decreased only slightly to +12.9 mdeg). However, mixing with
D-Ala led to a drastic change of the nanoparticle PCD response (green curve),
where the CD peak actually became negative (—8.3 mdeg). It has been known
that a chiral structure is more likely to interact with molecules of opposite
chirality because it provides a better “groove” for the adsorption.*? This implies
that the chirality of the JNP10 nanoparticle ensembles was equivalent to that of
an L enantiomer. In addition, the change of sign of the PCD signals upon
interaction with D-Ala is likely due to the physical confinement of the D-Ala
molecules within the nanoscale hollow interior of the JNP vesicles, such that
they behaved analogously to D-Ala crystals where negative CD absorption is
generally observed and may be enhanced by nanoparticle SPR.*3

Such a unique property can be exploited for the separation of the D and L

enantiomers. In fact, after mixing with a mixture of D- and L-Ala (yellow curve), the
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PCD profile of the nanoparticle layer resembles that with D-Ala alone, displaying a
peak intensity of —4.8 mdeg. This suggests selective interactions of the JNP ensembles

with the D enantiomer but not the L counterpart.
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Figure 2.14 CD spectra of JNP10 nanoparticles in CHCI3 before and after mixing
with L-alanine, D-alanine, or D,L-alanine in water. Nanoparticle concentration 0.15
mg mL—1 and alanine concentration 0.1 M.

2.4 Conclusion

In summary, AuC6-MPD JNPs were prepared by interfacial ligand exchange
reactions of AuC6 nanoparticles with MPD ligands. The resulting JNPs formed
(reverse) vesicle-like organized ensembles in water and apolar organic media at
sufficiently high concentrations, which exhibited apparent PCD absorption. The

PCD intensity was found to increase with increasing nanoparticle concentration.
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This was accounted for by the template-less self-assembly of JNP dipoles into a
vesicle-like, hollow structure, where a dipole vertex was formed, as manifested
in theoretical simulations based on first principles calculations. By contrast, no
PCD signals were observed with individual nanoparticles or solid ensembles
produced with the bulk-exchange counterparts. Remarkably, the Janus
nanoparticle ensembles showed high enantioselectivity towards D-alanine,
rather than the L enantiomer, a unique property that may be exploited for

nanoparticle-based separation of optical isomers and biosensing.**

2.5 Experimental Section

Chemicals. Hydrogen tetrachloroauric acid trihydrate (HAuCl4-3H20, Fisher
Scientific, 99%), tetra-n-octylammonium bromide (TOABr, Alfa Aesar, 98%),
1-hexanethiol (C6SH, Acros, 96%), sodium borohydride (NaBH4, Acros, 99%),
racemic 3-mercapto-1, 2-propanediol (MPD, Aldrich, 95%), L-alanine (L-Ala,
Acros, 99%), D-alanine (D-Ala, Acros, +99%), and D,L-alanine (D,L-Ala,
Acros, 99%) were used as received. All solvents were purchased from
commercial sources at their highest purities and used without further treatment.
Water was supplied by a Barnstead Nanopure water system (18.3 MQ-cm).

Preparation of gold nanoparticles protected by C6SH (AuC6) and MPD
(AuMPD) ligands. AuC6 nanoparticles were synthesized by using the Brust
method.* In a typical reaction, 30 mL of an aqueous HAuUCI4 solution (0.03 M)

was mixed with 20 mL of TOABT in toluene (0.20 M) under vigorous stirring
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for 1 h. The orange organic phase was then collected, into which was injected
150 pL (2.05 mmol) of C6SH with a micropipette (Accumax Pro) under
magnetic stirring, and the solution became colorless. The addition of 24 mL of a
chilled aqueous NaBH4 solution (0.43 M) into the solution led to the rapid
appearance of a dark brown color, indicating the formation of gold nanoparticles.
The reaction mixture was stirred for 4 h before the organic phase was collected,
dried by rotary evaporation, and washed five times with methanol to remove
excess C6SH, phase-transfer catalysts, and reaction byproducts. The resulting
AuC6 nanoparticles exhibited an average core diameter of 2.7 £ 0.4 nm, as
determined by TEM measurements (Figure S1).

AUMPD nanoparticles were prepared in a similar fashion except that an
equivalent amount of MPD was used instead of C6SH.
Preparation of AuC6-MPD Janus nanoparticles (JNPs). The synthesis of
AuC6-MPD Janus nanoparticles has been detailed previously.3%-3? Briefly, the
AuUC6 nanoparticles prepared above were dispersed in toluene and deposited
onto the water surface of a Langmuir-Blodgett trough (NIMA 611D). After
evaporation of the organic solvent, the nanoparticle monolayer was compressed
to a desired surface pressure such that the interparticle spacing was less than
twice the fully extended chain length of the C6SH ligands. A calculated amount
of MPD was then injected into the water subphase using a micropipette to initiate
interfacial ligand exchange reactions. The resulting particles were collected after

various reaction times (i.e., 1, 4, or 10 h) so as to vary the concentration of the
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MPD ligands onto the nanoparticle surface. The nanoparticles were then
collected from the water surface and washed by methanol. The resulting Janus
nanoparticles were referred to as JNP1, JNP4 and JNP10, respectively.

As a control experiment, ligand exchange reactions were also carried out by
simply mixing both the AuC6 nanoparticles and MPD in THF for 10 h, and the
resulting sample was denoted as bulk exchange (BE) nanoparticles.

Phase transfer of alanine by JNPs. In a typical experiment, JNP10 was
dispersed in chloroform at a concentration of 0.15 mg/mL, and alanine (L-Ala,
D-Ala, or D,L-Ala) was dissolved in water at a concentration of 10 mM. The two
solutions were mixed under gentle magnetic stirring for 30 min before an aliquot
of the CHCIs phase was pipetted for CD measurements.

Characterization. Transmission electron microscopy (TEM) studies were
carried out with a Philips CM300 microscope operated at 300 kV, and atomic
force microscopic (AFM) studies were performed with a Molecular Imaging
PicoLE SPM instrument. UV-vis absorption spectra were acquired using a
PerkinEImer Lambda 35 UV/Vis Spectrometer with a 1 cm quartz cuvette. FTIR
measurements were carried out with a PerkinElmer Spectrum One spectrometer.
Proton nuclear magnetic resonance (*H NMR) measurements were conducted
with a Varian Unity 500 MHz spectrometer with the samples dissolved in
deuterated chloroform (CDCI3). Circular dichroism (CD) measurements were

carried out with a JASCO J1500 CD spectrometer using a 1 cm quartz cuvette.
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Computational methods. Two models were used in the calculations, one for a
small cluster where a more accurate theory was applied, and a large cluster to
model the realistic Janus nanoparticle. The small cluster model contained an
Auyo core and two ligands, i.e., one C6 and one MPD. The larger cluster model
contained an Auis47 core capped with eleven C6 and eleven MPD ligands. This
model has approximately the size of the Janus particle used in the experiment.

We performed density function theory (DFT) calculations for the small
cluster. The ground state geometry optimization was performed using the hybrid
B3LYP functional and the 6-31G* basis set for all elements except for gold
atoms where an effective core potential LANL2DZ was used (denoted as
B3LYP/6-31G*-LANL2DZ). To investigate the excited electronic state, we
applied linear response time-dependent DFT (TD-DFT) method at the CAM-
B3LYP/6-31G*-LANL2DZ level of theory. The calculations were carried out
using the Q-Chem 5.0 program package.

For the larger model system, the ground state geometry optimization was
carried out employing the density functional tight-binding (DFTB) approach and
the SK parameters were used as aurog-1-1 in the DFTB+ program. To investigate
electronic excited states, we performed real time TD-DFTB method using the
lodestar program package. Fourier transform was then used to obtain the

absorption spectra.
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Chapter 3
Janus Nanoparticle Emulsions as Chiral Nanoreactors for

Enantiomerically Selective Ligand Exchange
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3.1 Abstract

Janus nanoparticles capped with a hydrophobic and hydrophilic hemisphere of
mercapto ligands can self-assemble into hollow, emulsion-like nanostructures in
controlled media. As the nanoparticle emulsions are chiroptically active exhibiting a
plasmonic circular dichroism absorption in the visible range, they can be exploited as
a unique chiral nanorector by selective encapsulation of D-enantiomer into the water
phase of the water-in-oil emulsions for directional functionalization of the
nanoparticles and endow the resulting nanoparticles with select chirality. This was
demonstrated in the present study with gold Janus nanoparticles functionalized with
(hydrophobic) hexanethiolates and (hydrophilic) 3-mercapto-1,2-propandiol, and D,L-
cysteine was used as the molecular probe. Experimental results demonstrate that D-
cysteine was the preferred enantiomers entrapped within the nanoparticle emulsions,
where the ensuing ligand exchange reaction was initially confined to the hydrophilic
face of the Janus nanoparticles. This suggests that with a deliberate control of the
reaction time, chiral Janus nanoparticles could be readily prepared by ligand exchange

reactions even with a racemic mixture of ligands.

3.2 Results and Discussion

Chiral metal nanoparticles represent a unique family of functional nanomaterials that
has been attracting extensive interest because of their potential applications in diverse
areas, such as sensing and catalysis for a specific enantiomer of interest.!® The
nanoparticle chiroptical properties have been observed to arise from the formation of a
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chiral metal core and/or chiral organic capping ligands. The former can be achieved by
using chiral templates (e.g., amino acids, DNA, etc) to direct the asymmetrical growth
of the nanoparticle cores,®>* such that the resulting nanoparticles inherit the
morphology and handedness from the chiral scaffolds. In the latter, chirality is
produced by capping the nanoparticle cores with enantiomerically pure organic ligands.
Yet, one may ask, is it possible to selectively functionalize nanoparticles with an
enantiomer from a racemic mixture of ligands? This will significantly simplify the
preparation procedure of chiroptically active nanoparticles. Such a deliberate selection
of the organic capping ligands can be achieved by taking advantage of a chiral
nanoreactor. In a previous study,'* we observed that with hydrophobic (hexanethiolate,
C6) ligands on one hemisphere and hydrophilic (3-mercapto-1,2-propandiol, MPD)
ligands on the other, gold Janus nanoparticles (JNPC6-MPD) behaved analogously to
conventional surfactant molecules and could self-assemble into hollow emulsions.
Significantly, the resulting nanoparticle ensembles exhibited positive circular
dichroism absorption in the visible range that corresponded to the surface plasmonic
resonance (SPR) region of the ensemble structures (600 — 800 nm),** which was
accounted for by the vortex arrangements of nanoparticle dipoles on a spherical surface,
in sharp contrast to individual Janus nanoparticles that were achiral. This led to
preferred encapsulation of select enantiomers into the nanoparticle emulsion cavities,

such as D-alanine over L-alanine.'*
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Scheme 3.1. Schematic of enantiomerically selective interfacial ligand exchange of
nanoparticles by encapsulation of an optical enantiomer from a racemic mix of ligands.

Such a unique property may be exploited for controlled functionalization of
nanoparticles with select enantiomers from a racemic mixture, where the nanoparticle
emulsions serve as an enantiomerically selective nanoreactor. In the present study,
cysteine will be used as the illustrating example. Experimentally, INPC6-MPD (core
dia. 2.7 £ 0.4 nm) were prepared by interfacial engineering based on the Langmuir
method, where a monolayer of hexanethiolate-capped gold (AuC6) nanoparticles was
formed on the water surface of a Langmuir-Blodgett trough and underwent ligand
exchange reactions with MPD dispersed in the water subphase (details in the
Experimental Section).’® The obtained JNPC6-MPD nanoparticles were then dispersed
in CHClz at a concentration of 1 mg/mL, and mixed with an equal volume of an aqueous
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solution of D,L-cysteine (Cys, concentration 10 mM), where the Janus nanoparticles
underwent template-less self-assembly into water-in-oil emulsions (Scheme 3.1). As
the Cys ligands were encapsulated within the water phase and in direct contact with the
MPD hemisphere,® ligand exchange reaction would occur, but mostly initiated with
the MPD face. The resulting particles were denoted as JNPC6-MPD/p . Cys. FTIR
measurements show a broad peak between 3500 — 3200 cm™ (O-H stretch), 2950 —
2800 cm™ (sp® C-H), 1725 cm™ (C=0 stretch), and 1065 cm™ (C-O stretch) (Figure
3.1),}" suggesting the successful incorporation of the Cys ligands onto the nanoparticle
surface, and the lack of a vibrational peak at 2550 cm™ indicates the absence of free

thiol ligands (e.g., MPD and cysteine molecules) in the samples.
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Figure 3.1. FTIR of INPC6-MPD after ligand exchange with D,L-cysteine molecules
for 24 h.
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The ligand composition on the nanoparticle surface was then quantified by ‘H
NMR measurements (Figure 3.2a), whereby the ligands were desorbed from the
nanoparticle surface by the addition of iodine. The percent composition of each ligand
(Table 3.1) was calculated based on the integrated peak areas of the terminal methyl
protons of C6 (0.88 ppm), methylene protons of MPD (3.35 ppm), and methine protons
of Cys (4.35 ppm).t” From Figure 3.3, one can see that the as-prepared JNPC6-MPD
nanoparticles consisted of about 52% C6 and 48% MPD ligands. That is, the
hydrophobic and hydrophilic ligands each accounted for roughly half of the capping
ligands on the nanoparticle surface. Within the initial four hours of mixing with D,L-
Cys, one can see that the C6 ligand fraction remained virtually unchanged, whereas
MPD concentration diminished rapidly to only 15.7% and concurrently Cys became
detectable with the concentration increasing accordingly to 29.8%. This suggests that
within this time frame, ligand exchange reaction occurred between the nanoparticles
and Cys ligands, and the reaction was largely confined to the MPD hemispheres. This
can be ascribed to the formation of water-in-oil reverse emulsions by the Janus
nanoparticles, where Cys was encapsulated within the water phase, leading to direct
contact of the MPD hemisphere with the Cys ligands (Scheme 1). These observations
suggest that the Janus nanoparticle emulsions can indeed be exploited as a unique
nanoreactor for directional functionalization of nanoparticles.*® At longer reaction
times, the surface concentrations of both C6 and MPD ligands can be found to diminish

appreciably, suggesting extensive replacements of both types of ligands by the Cys

82



ligands. For instance, after mixing for 24 h, the surface concentration of the C6 ligand

decreased to only 11.5%, MPD to 3.8%, whereas Cys increased to 84.7%.
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Figure 3.2. (&) NMR spectra of JNPC6-MPD in CDCl3z before and after ligand
exchange reaction with D,L-cysteine in water for up to 24 h. Ligands are desorbed by
I> desorption prior to NMR measurements. b) Hydrodynamic radius from DLS
measurement of INPC6-MPD in CHCI3 before and after ligand exchange reaction with
D,L-cysteine in water for up to 24 h. Nanoparticle concentration 0.15 mg/mL.
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Table 3.1. Ligand composition by NMR in CDClIz and averaged hydrodynamic radius
(RH) of JNPC6-MPD nanoparticles after exchange reactions with D,L-cysteine for
different periods of time

Time(h) | C6(%) | MPD (%) | Cys (%) Rn (Nm)
0 52.0 48.0 0.0 2296+ 1.4
1 54.1 36.1 9.8 107.4£85
2 50.4 29.8 19.8 1182 £ 4.8
4 54.5 15.7 29.8 1175+7.1
8 44.9 10.2 44.9 1252 £3.7
12 325 9.3 58.1 162.8+10.5
18 28.7 6.9 64.3 1755+ 10.2
24 115 3.8 84.7 1702 £31.7
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Figure 3.3. Ligand composition and average hydrodynamic radius of JNPC6-MPD
nanoparticle ensembles after exchange reaction with an enantiomeric mixture of D,L-
cysteine for different periods of time.
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Interestingly, the nanoparticle ensemble structures remained largely intact
during the initial four hours of exchange, as manifested in transmission electron
microscopic (TEM) measurements. From Figure 3.4a, one can see that the as-prepared
JNPC6-MPD nanoparticles indeed formed hollow emulsions of up to 500 nm in
diameter (Figure 3.5), as observed previously,** and after four hours of exchange
reactions with Cys, whereas the shape was almost retained, the size did diminish
somewhat (Figure 3.4b). However, at even longer reaction times, the nanoparticle
ensembles appeared to be dismantled (Figure 3.4c). This is consistent with the
variation of the ligand surface concentration (Figure 3.3). In the first four hours of
ligand exchange, the Janus characters of the nanoparticles were maintained except for
a different hydrophilic ligand composition. Thus, the hollow structure of the
nanoparticle emulsions was unchanged. Yet, at prolonged ligand exchange reactions
with Cys, the surface capping ligands of the nanoparticles became dominated with Cys.
The lack of an amphiphilic character of the nanoparticle surface rendered it difficult to
maintain the emulsion arrangement. In fact, one can see that some small, compact
ensembles of nanoparticles were formed instead, because of decreasing solubility of

the resulting nanoparticles in CHCls.
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Figure 3.4. Representative T mges of JPC6-PDJanunanoparticIe ensembles
(a) before and after exchange reaction with Cys for (b) 4 and (c) 24 h. Nanoparticle
concentration of 0.15 mg/mL in CHCIs. Scale bars are (A,B) 50 nm and (C) 20 nm.
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Figure 3.5. Representive TEM image of INPC6-MPD naopaicle ensembles.

Consistent structural insights were obtained in dynamic light scattering (DLS)
measurements (Figure 3.2b). Figure 1 (blue dashed curve) shows the variation of the
hydrodynamic radius (Rn) of the JNPC6-MPD nanoparticles in CHCI3; upon mixing
with Cys in water. It can be seen that prior to mixing with the Cys ligands, the JINPC6-
MPD nanoparticles showed an average hydrodynamic radius of ca. 230 nm, which
decreased significantly to ca. 107 nm after mixing with Cys for 1 h and remained
virtually invariant for up to 4 h. This is most likely due to the partial replacement of

MPD ligands on the nanoparticle surface by Cys where the strong hydrogen bonding
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between Cys of neighboring nanoparticles enhanced packing within the nanoparticle
ensembles.® In fact, one can see that the nanoparticle ensembles became less porous
than the initial ones (Figure 3.4a-b). However, at longer reaction times, the
hydrodynamic radius can be seen to actually increase slowly, although it became
increasingly difficult to form nanoparticle ensembles, as revealed in TEM
measurements (Figure 3.2c). This is likely due to the formation of Au(l)-SR polymeric
complexes as a result of thiol (cysteine) etching of the gold cores (more discussion
below),?%2! as manifested by the dark grey enclosure surrounded by nanoparticles in
Figure 4c.

UV-vis and circular dichroism (CD) measurements were then carried out to
examine the chiroptical response of the nanoparticle ensembles during ligand exchange
reactions with Cys. From Figure 3.6a, one can see that prior to mixing with Cys, the
JNPC6-MPD nanoparticles in CHCIs exhibited a broad absorption peak centered
around 600 nm, consistent with the formation of nanoparticle ensembles where dipolar
coupling between neighboring nanoparticles led to a significant red-shift of the SPR
absorption, as compared to that (510 nm) of individual nanoparticles.* Upon mixing
with Cys for up to 24 h, a significant red-shift of the SPR absorption remained apparent,
in good agreement with results from TEM measurements (Figure 3.4), where
formation of ensembles/aggregates of nanoparticles can be clearly seen. In addition,
after prolonged ligand exchange reaction, a new absorption peak emerged at ca. 370
nm. This likely arose from the combined contributions of interband transitions from

Au 5d% to 6sp as well as ligand-metal charge-transfer transitions of Au(l)-thiolate
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polymeric complexes produced in the presence of excess thiol ligands (Cys), as
observed previously.?%-??

The CD absorption profiles varied accordingly. From Figure 3.6b, it can be
seen that for the JINPC6-MPD nanoparticles, positive CD signals (~ 10 mdeg) appeared
in the wavelength range of 550-800 nm, which was coincidental to the broad SPR
absorption observed in Figure 3.3a. This has been ascribed to plasmonic circular
dichroism (PCD) absorption and accounted for by the vortex arrangement of the
nanoparticle dipoles when they self-assembled onto a spherical surface forming hollow
emulsion-like nanostructures.** Upon mixing with Cys, this PCD absorption actually
changed sign and became slightly intensified with prolonging reaction time (Figure
3.3b inset). In the previous study,** a similar transition was observed when JNPC6-
MPD emulsions were mixed with D,L-alanine and the change of PCD sign was
accounted for by the preferred encapsulation of D-Ala into the emulsion interior
because the nanoparticle emulsions behaved analogously to an L enantiomer. This
suggests that, in the present study, D-Cys was the preferred enantiomers that were
entrapped within the nanoparticle emulsions, and incorporated onto the nanoparticle
surface by interfacial ligand exchange reactions. From these results, one can see that
with a proper control of the reaction time (e.g., 4 h within the present experimental
context), chiral gold Janus nanoparticles could actually be produced due to selective
encapsulation and surface functionalization with the D-Cys ligands, in contrast to

JNPC6-MPD that were achiral.}* That is, the Janus nanoparticle emulsions can be
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exploited as a chiral nanoreactor for selective uptake of a certain enantiomer from a

racemic mixture, leading to controlled chirality of the resulting nanoparticles.
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Figure 3.6. (a) UV-vis and (b) CD spectra of JNPC6-MPD nanoparticles after
exchange reactions with D,L-cysteine for different periods of time. Nanoparticles
concentration of 0.15 mg/mL in CHClz. Inset to panel (b) is the zoom in of the region
between 450 and 800 nm.
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In addition, one can see that a CD response started to appear at 300 — 400 nm
with an apparent positive cotton effect after ligand exchange with Cys for 8 h, and the
absorption became intensified at longer reaction times. It should be noted that this is
completely different from the CD characteristics of free Cys monomers, which only
appear at the far UV region (A < 250 nm) for either enantiomers (Figure 3.7). A similar
response has been observed previously with Au(l)-thiolate polymeric complex formed
by reaction of HAUCI4 with D-Cys.2%2! This further confirms that D-Cys was indeed
the preferred enantiomers that were encapsulated into the nanoparticle emulsions. The
fact that this CD peak only appeared after prolonged ligand exchange reactions with
Cys was due to etching of the gold nanoparticle cores by the Cys ligands producing the
corresponding chiral polymeric complexes, consistent with results obtained from TEM
(Figure 3.4) and UV-vis (Figure 3.6a) measurements. Consistent optical and PCD
responses were observed when enantiomerically pure D-Cys ligands were used (not

shown).
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Figure 3.7. CD absorption spectra of D-Cys, L-Cys, and D,L-Cys at varied
concentrations in water. The bottom panel is the zoom in of the data highlighted by the
dark red box in the top panel within the range of 200 to 250 nm.

With D-Cys preferentially encapsulated by the JNPC6-MPD nanoparticle
ensembles (in CHCIs3) and incorporated onto the nanoparticle surface, L-Cys indeed
was found to be in 10.2% excess in the initially racemic mixture of D,L-Cys in water
after ligand exchange reaction with INPC6-MPD nanoparticles for 24 h (Figure 3.8).

Of the 10.2% D-Cys that was transferred into the organic phase, ca. 6.7% was
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incorporated onto the nanoparticle surface (Figure 3.9), and the rest (3.5%) likely in

the forms of Au(l) complex and free monomers within the nanoparticle emulsions.
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Figure 3.8. (top panel) CD spectra of cysteine agueous solutions at the concentration
of 10 mM but at different enantiomeric excess. Dark green curve is the spectrum for
the cysteine solution (10 mM) after ligand exchange with JINPC6-MPD in CHCI3 (1
mg/mL) for 24 h at equal volume (Figure 3.1). (bottom panel) Variation of the
corresponding CD intensity at 206 nm with the percent excess of L-Cys. Circle symbols
are data for the standard solutions, and dark green star is for the cysteine solution after
ligand exchange with JNPC6-MPD in CHCI3 for 24 h where the L-Cys excess is

10.2%.
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Figure 3.9. TGA curve of AuC6 nanoparticles. The C6 ligand content is estimated to

be 9.4 wt%. In conjunction with results from the *H NMR measurements (Figure 3.1),
the amount of D-Cys incorporated onto the nanoparticle surface after ligand exchange
reaction for 24 h accounts for about 6.7% of cysteine in the original racemic mixture
of D,L-cysteine in water.

In summary, in the present study we demonstrate that as Janus nanoparticle
could self-assemble into hollow, emulsion-like nanostructures that exhibited apparent
PCD characteristics, selective encapsulation of a certain enantiomer from a racemic
mix of ligands can be readily achieved. This suggests that the nanoparticle emulsions
can be exploited as a chiral nanoreactor for directional functionalization of the
nanoparticle surface, leading to the formation of controlled chirality of the (individual)
nanoparticles, as demonstrated in the present study with D,L-cysteine.

Significantly, it has been previously demonstrated that the chirality of
mesophases of achiral monomers can be induced and manipulated by external stimuli,

such as vortex agitation and chiral dopants.?% Such a mechanism may also be
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exploited for a more deliberate control of the chirality of the nanoparticle emulsions
and hence the resulting individual nanoparticles after directional ligand exchange. This

will be pursued in further studies.

3.3 Experimental Section

Chemicals. Hydrogen tetrachloroauric acid trihydrate (HAuCls-3H20, Fisher, 99%),
tetra-n-octylammonium bromide (TOABTr, Alfa Aesar, 98%), 1-hexanethiol (C6SH,
Acros, 96%), sodium borohydride (NaBH4, Acros, 99%), racemic 3-mercaptopropane-
1,2-diol (MPD, Aldrich, 95%), D-cysteine (D-Cys, CHEM-IMPEX INT’L INC.,
99.12%) and L-cysteine (L-Cys, MATHESON COLEMAN & BELL) were used as
received. All solvents used were purchased from commercial sources at their highest
purities and used without further treatment. Water was supplied by a Barnstead
Nanopure water system (18.3 MQ-cm).

Sample preparation. The preparation of INPC6-MPD Janus nanoparticles (average
core diameter 2.7 = 0.4 nm) has been detailed previously.’* For ligand exchange
reaction with D,L-Cys, the as-prepared JNPC6-MPD nanoparticles were dispersed in
CHCIs at a concentration of 1 mg/mL, and a cysteine aqueous solution was prepared at
a concentration of 10 mM (5 mM each for D-Cys and L-Cys). The two solutions were
then mixed under magnetic stirring ligand exchange reactions. An aliquot of the organic
phase was removed at select time intervals for UV-vis and CD measurements. The
nanoparticles were then precipitated by the addition of an excess of methanol and

collected by centrifugation.
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Characterization. TEM images were acquired with a FEI monochromated F20 UT
Tecnai transmission electron microscope operated at 200 kV. UV-vis absorption
spectra were obtained with a PerkinElImer Lambda 35 UV-vis spectrometer, and
circular dichroism (CD) measurements were carried out with a JASCO J1500 CD
spectrometer. FTIR measurements were performed with a PerkinElmer Spectrum One
spectrometer. Proton nuclear magnetic resonance (*H NMR) measurements were
conducted with a Varian Unity 500MHz spectrometer, where the samples were
dissolved in CDCIz and ligands were desorbed from the nanoparticle surface by the
addition of a small amount of iodine. Dynamic light scattering (DLS) measurements
were carried out with a Wyatt DynaPro NanoStar temperature-controlled micro-
sampler at room temperature. Thermogravimetric analysis (TGA) was performed with
a Perkin-Elmer Pyris 1 instrument at the heating rate of 10 °C/min under a nitrogen

atmosphere.
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Chapter 4
Poly(ethylene glycol)-functionalized Janus nanoparticles
and the selective interaction with alkali metal ions
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4.1 Abstract

Gold Janus nanoparticles were prepared by interfacial ligand exchange, with
hydrophilic poly(ethylene glycol) (PEG) ligands on one hemisphere and hydrophobic
hexanethiolates one the other. Due to specific interaction of PEG with alkali metal ions,
the Janus nanoparticles exhibited marked conformational changes forming organized
ensembles in the presence of Na* and K*, as manifested in dynamic light scattering,
UV-vis absorption and transmission electron microscopic measurements, whereas no
apparent variation was observed with bulk-exchange nanoparticles where the two types
of capping ligands were homogeneously mixed on the nanoparticle surface or
nanoparticles capped with the PEG ligands alone. The ion complexation was further
probed in NMR measurements. Results from this study indicate that select doping of
alkali metal ions into PEG-functionalized nanoparticles may be used for controlled

assembly of the Janus nanoparticles.

4.2 Introduction

Poly(ethylene glycol) (PEG) represents a family of functional polymer
materials that have found diverse applications ranging from industrial manufacturing
to medicine . One unique characteristic of PEG is the specific interaction with alkali
metal ions, a behavior analogous to crown ethers that can lead to marked enhancement
of the electrical conductivity 2. In a previous study ’, it has been shown that in the

absence of alkali metal ions, triphenylene derivatives containing two to four units of
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ethylene oxide formed a stable discotic nematic phase (Np) at room temperature, and
underwent a unique phase transition to a stable hexagonal columnar (Coln) phase upon
the addition of alkali metal ions (e.g., Li* and Na*) through ion-dipole interactions,
straightening the randomly coiled and bent PEG chains. Self-assembled monolayers of
PEG grown on metal substrate surfaces can also be affected by the addition of alkali
metal ions &°. In the absence of alkali metal ions, PEG first self-assembles into small
branched dendrite structures with voids at low concentrations on a gold surface; and as
the PEG concentration increases, the PEG grows along the terrace steps of gold, and
finally adapts the six-fold symmetry of Au(111) & Upon the addition of alkali metal
ions, triblock polymers composed of polycaprolactone and poly(ethylene oxide) form
multilayered planar structure, sisal-like structure and spherical aggregates upon the
addition of Li*, Na* and K", respectively °. The aggregation disparity is attributed to
the structural difference of complex formation between the polymer chains and alkali
metal ions of different radii °, thus resulting in different self-ensembled alignment and

crystallization.

In fact, depending on the size of the alkali metal ion and the degree of
polymerization of the PEG chain, the interaction kinetics can vary significantly 2, In
contrast to early proposal of the formation of double helical structures 3, recent studies
have shown that the interaction of PEG with alkali cations actually leads to the
formation of local helical structures, which increases in length with increasing size of
the cation 4. For instance, cyclic PEG with six repeating units has been found to chelate

alkali metal ions of Rb*, K*, Na*, and Li* at 1:1 ratio per nano-cavity (with the highest
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selectivity towards K*), but 2:1 for Cs* due to its larger atomic radius *°. Linear PEG
shows a higher affinity to Li* for chain length shorter than 26 repeat units and higher
affinity to Na* for chain length over 26 repeat units *4. Notably, for cyclic PEG, water-
ion bonding interaction is the major contribution to the formation of stable PEG-ion
complexes, which becomes increasingly dominant with decreasing size of the alkali
metal ion (K* < Na* < Li*), and PEG-ion interactions play only a minor role; by contrast,
for linear PEG, the primary contribution is the PEG-ion interactions, which increases
as the size of the alkali metal ion decreases (K™ < Na* < Li*), due to the higher cohesion
and stability of the PEG-ion complexes when solvated by water . In fact, PEG tends
to favor linear conformation for interaction with alkali metal ions in solution, without

undergoes significant conformational change *’.

Note that in solution phase, the maximum size/conformation of a polymer can
be described by the Flory radius, F = an3/3, where o is the length of each repeating
unit and n is the number of repeating units 8. For PEG-protected nanoparticles in
solution, the conformation of PEG on nanoparticle surfaces is in essence dictated by
the ratio between the Flory radius (F) and the distance between the attachment points
of PEG (D), where PEG exhibits a “mushroom” conformation at low PEG density (D

> F) and “brush” conformation at high PEG density (D <F) °.

Herein, we prepared structurally asymmetrical Janus nanoparticles with
hexanethiolates on one face and PEG thiols on the other, and studied the interactions
of the nanoparticles with alkali metal ions, in comparison with bulk-exchange

nanoparticles where the PEG and hexanethiolate ligands were homogeneously mixed
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on the nanoparticle surface. The results show that the as-prepared Janus nanoparticles
were individually dispersed in water, whereas upon the addition of Na*, formation of
organized ensembles occurred due to enhanced rigidity of the PEG ligands and
amphiphilicity of the nanoparticle structure, in contrast to the bulk-exchange

counterparts.

4.3 Experimental Section

Chemicals. Hydrogen tetrachloroaurate trihydrate (HAuCls-3H.0O, Fisher, 99%), tetra-
n-octylammonium bromide (TOABT, Alfa Aesar, 98%), 1-hexanethiol (C6SH, Acros,
96%), sodium borohydride (NaBHa, Acros, 99%), and poly(ethylene glycol) methyl
ether thiol (PEGSH, Sigma-Aldrich, average Mn = 800) were used as received. All
solvent used were purchased from commercial sources at their highest purities and used
without further treatment. Ultra-pure water was supplied by a Barnstead Nanopure

water system (18.3 MQ-cm).

Preparation of hexanethiolate-protected gold (AuC6) nanoparticles. AuC6
nanoparticles were synthesized by using the Brust method 2°. Typically, 30 mL of an
aqueous HAUCI; solution (0.03 M) was mixed with 20 mL of a toluene solution of
TOABTr (0.20 M) under vigorous stirring for one hour. The organic phase was then
collected, into which 150 pL of C6SH was quickly injected using an Accumax Pro
micropipette. The solution was stirred for 15 min before 24 mL of a freshly prepared,

ice-chilled aqueous NaBH4 solution (0.43 M) was added in a dropwise fashion. The
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solution showed a dark brown color immediately upon the addition of NaBHa,
indicating the formation of gold nanoparticles. The reaction mixture was stirred for an
additional 4 h to reduce the core-size dispersity. The organic phase was then collected
and washed five times with methanol to remove excess hexanethiol, phase-transfer
catalysts, and reaction byproducts. The average core size of the resulting nanoparticles
was determined to be 2.7 £+ 0.4 nm by transmission electron microscopy (TEM)

measurements (Figure 4.1a) 2422,

Preparation of PEG-SH protected gold (AuPEG) nanoparticles. AUPEG
nanoparticles were prepared in a slightly different way. In brief, 30 mL of an aqueous
HAUCI4 solution (0.03 M) was mixed with 20 mL of a toluene solution of TOABT (0.20
M) under vigorous stirring for one hour. The toluene phase was then collected, into
which was added 24 mL of a freshly prepared, chilled aqueous NaBHa solution (0.43
M) in a dropwise manner. The solution was under magnetic stirring for 8 h before the
organic phase was collected and washed at least 3 times with nanopure water. An
aqueous PEGSH solution (0.13 g in 15 mL) was then added into the toluene solution.
After magnetic stirring for 8 h, the aqueous phase exhibited a dark brown color,
signifying successful functionalization of the nanoparticles by the PEGSH ligands. The
aqueous phase was collected and washed at least three times with toluene. TEM
measurements showed that the average core-size of the resulting AUPEG nanoparticles

was 5.6 £ 0.6 nm (Figure 4.1b).
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Figure 4.1. TEM images and diameter distributions for (a) AuC6 and (b) AuPEG
nanoparticles.

Preparation of AuC6-PEG Janus nanoparticles. AuC6-PEG JNPs were prepared by
interfacial engineering based on the Langmuir method, as detailed previously 2%,
Briefly, AuC6 nanoparticles in toluene were deposited in a dropwise fashion onto the
water surface of Langmuir-Blodgett trough (NIMA Technology, model 611D) by using
a Hamilton microliter syringe. After evaporation of the organic solvent, the
nanoparticle monolayer was compressed to a desired surface pressure, where the
interparticle spacing was in the intermediate between one and two fully extended C6SH
ligand chain lengths, in order to limit particle mobility. A calculated amount of PEGSH

was then injected into the water subsurface using a micropipette to allow interfacial
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ligand exchange reactions to take place. The resulting particles were collected after
various reaction times (i.e., 1 h, 2 h, and 6 h) such that a different number of PEGSH
ligands were incorporated onto the nanoparticle surfaces. The resulting JNPs (JNP1,

JNP2 and JNP6) were purified via centrifugation and re-dispersed in chloroform.

As a control experiment, exchange reactions of the AuC6 nanoparticles with
PEGSH were also carried out by mixing a calculated amount of AuC6 nanoparticles
and PEGSH ligands in THF and stirred for 48 h. The solution was then dried under
reduced pressure with a rotary evaporator and excessive ligands were removed by
extensive rinsing with methanol. The resulting particles were denoted as bulk-exchange

(BE) particles.

Characterization. The nanoparticle morphologies and sizes were studied using
transmission electron microscopy (TEM, Philips CM300 at 300 kV). Contact angle
measurements were carried out with a Tantec CAM-PLUS contact angle meter, where
nanoparticle monolayers on the Langmuir-Blodgett trough were transferred by down-
stroke deposition onto a clean glass slide, except for AUPEG that was deposited by
spin-casting. At least ten independent measurements per sample were carried out with
a constant water droplet volume of 5 pL for statistical analyses. UV-vis absorption
measurements were conducted using a PerkinElmer Lambda 35 UV-vis Spectrometer
in a 1 cm quartz cuvette. FTIR spectra were acquired with a PerkinEImer Spectrum
One FTIR Spectrometer. Proton nuclear magnetic resonance measurements were
performed with a Varian Unity 500 MHz spectrometer. Dynamic light scattering (DLS)

measurements were carried out with a Wyatt DynaPro NanoStar temperature-
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controlled micro-sampler. An aliquot (10 pL) of the particle solution (0.015 mg/mL)
was introduced into a sample holder via a 20 uL micropipette. Each sample analysis
consisted of 50 measurements which were averaged and reported in terms of radius

normalized by percent mass.

4.4 Results and discussion

AuC6-PEG Janus nanoparticles were prepared by interfacial ligand exchange
reaction of AuC6 nanoparticles with PEG-SH using Langmuir-Blodgett method for
various reaction times (JNP1, JNP2 and JNP6). The resulting nanoparticles were
collected using down-stroke deposition method onto cleaned glass slides to allow
exposure of the PEG face of the resulting nanoparticles for contact angle measurements.
The average contact angle of each sample was shown in Figure 4.2. The initial AuC6
nanoparticles were highly hydrophobic with an average contact angle of 102.4 + 0.8°,
whereas the AUPEG nanoparticles were mostly hydrophilic with a much lower average
contact angle of 29.2 + 1.4°. These are consistent with results obtained previously with
alkanethiolate-capped gold nanoparticles and poly(ethylene oxide) %2124, For the JNP
nanoparticles, the averaged contact angle values were in the intermediate between 50°
and 70°, and decreased with increasing reaction time of PEG, JNP1 (64.1 £ 1.1°) >
JNP2 (54.9 + 1.0°) > JNP6 (50.7 £ 0.8°). Note that the BE nanoparticles also exhibited

a comparable contact angle of 61.4 + 0.8°.
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Figure 4.2. Contact angle measurements in determining hydrophilicity of samples with
different PEG content.

The incorproation of PEG ligands onto the Janus nanoparticle surface was also
confirmed in FTIR measurements (Figure 4.3a). Specifically, the sp* C—H vibrational
stretches of the C6 ligands can be identified at 2923 cm™ and that of PEG at 2868 cm-
125 1n addition, the C—O stretch of PEG appeared at 1080 cm™ 26, while the absence of
the S—H vibrational stretch at 2550 — 2600 cm™ indicated that the samples were free of
excessive PEG-SH ligands. More quantitative analysis of the ligand surface coverage
was achieved by *H NMR measurements (Figure 4.3b). The peak at 0.88 ppm can be
ascribed to the methyl protons of the C6 ligands, whereas the peak at 3.28 ppm to the
terminal methyl protons of PEG due to deshielding effect from the adjecent oxygen

atoms %. Based on the integrated peak areas of these methyl protons, the mole fraction
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of PEG was estimated to be 14.5% for INP1, 23.7% for JNP2, and 40.8% for JNP6, in

comparison to 52.8% for the BE nanoparticles.
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Figure 4.3. (a) FTIR spectra of various nanoparticles, and (b) *H NMR spectra in
CDCl3 of organic capping ligands (i.e., PEG, and C6) desorbed from the surface of
various nanoparticles by iodine.

Interestingly, upon the addition of alkali metal ions, the nanoparticle structures
exhibited a marked variation, as manifested in DLS measurements. Note that based on
the Flory radius, the PEG ligands most likely adopted the brush conformation on the
Janus nanoparticle surface within the PEG hemisphere, but a mushroom conformation
at the PEG/C6 interface ¥°. From Figure 4.4, it can be seen that the hydrodynamic
radius (Rn) of the JNP6 nanoparticles remained virtually unchanged at around 100 nm
in the presence of Li" and Rb* even at the metal ion/ethylene oxide (M*/EO) ratio of
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150, but increased markedly upon the addition of K*, for instance, to ca. 300 nm at the
K*/EO ratio of 30 and remained largely saturated at higher K* concentrations. More
drastic enhancement of Ry can be seen with the addition of Na*, where Ry was about
400 nm at Na*/EO = 30. Note that for the free PEGSH ligands, the Ry was almost
unchanged (80-100 nm) even with the addition of these four alkali metal ions at M*/EO
= 150, suggesting that the markedly enhanced Ry of JNP6 cannot be accounted for by
metal ion-induced conformational transitions of the PEG fragment. Rather, it is likely
that the binding of select alkali metal ions led to the formation of organized assembly
of the nanoparticles (vide infra). Such a variation of the Ry change can be attributed to
the different “cloud point” effect on the PEG chain upon the addition of different alkali
metal ions 22°, which has been found to decrease in the order of K* > Rb* > Cs*> Na*
> Li* 2%, The fact that Rn remains invariant upon the addition of Li* suggests that the
PEG conformation is mostly insensitive of the PEG-Li interaction ?%; yet upon the
addition of Na" and K*, the significant Ry variations observed indicate drastic structural
change of PEG, where the enhanced rigidity of the PEG segments facilitated the
exposure of the hydrophobic C6 ligands and resulted in the self-assembly of JNP6
forming organized ensembles (Figure 4a) 22223031 |n contrast, due to the large atomic
radius of Rb*, the ions mostly interacted only with the outer portion of the PEG chain
instead of diffusing into the interior, and the resulting conformational change of PEG
was not sufficient to lead to self-assembly of JNP6. In fact, one can see that the BE
nanoparticles, despite a similar PEG surface coverage to that of JNP6 but with ligands

homogeneously mixed on the nanoparticle surface, showed no variation of the R even
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at M*/EO up to 150. Furthermore, JNP1, JNP2 and AuPEG showed rather consistent
R (80-100 nm), and the radii did not change appreciably with the ion concentration
increased to M*/EO = 150. This suggests that (i) the PEG coverage on the nanoparticle
surface did not impact the Ry significantly, and (ii) no organized assembly was formed
for these nanoparticles, likely because low amphiphilicity of JNP1 and JNP2, and

monofunctionalization of AuPEG.
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Figure 4.4. Hydrodynamic radii of PEGSH ligands and nanoparticles (0.015 mg/mL
in water) upon the addition of (a) Li*, (b) Na*, (c¢) K*, and (d) Rb* at different
concentrations (expressed as the ratio of alkali metal ions to ethylene oxide units).
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Consistent results were obtained in TEM measurements. From the TEM
micrographs in Figure 4.5, one can see that after the addition of Na™ at Na*/EO = 30,
JNP1 and JNP2 remained well dispersed without apparent agglomeration (panels a and
b), similar to that with BE nanoparticles (panel d), whereas formation of nanoparticle
ensembles (a few hundred nm across) was apparent with JNP6 nanoparticles (panel c).
It should be noted that in the absence of alkali metal cations, JNP6 nanoparticles were
well dispersed in water without apparent agglomeration (Figure 4.6). This is different
from the behaviors that we observed earlier with JNPs capped with short hydrophilic
ligands (e.g., 3-mercapto-1,2-propanediol), where the nanoparticles were found to self-
assemble into organized ensembles even in the absence of metal ions 22232, Such a
discrepancy suggests that the AuUC6-PEG JNP6 nanoparticles did not exhibit
amphiphilic characters in solution, most likely due to the long, flexible PEG chains that
extended over the C6 hemisphere and limited the exposure of the hydrophobic C6

ligands.
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Figure 4.5. TEM images of (a) JINP1,( b) JNP2, (c) JNP6 and (d) BE upon addition of
Na* at the Na*/EO ratio of 30. Nanoparticle concentrations all 0.015 mg/mL in water.
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Figure 4.6. (a) UV-vis spectra of the series of nanoparticles, and TEM images of (b)
JNP6 and (c) BE nanoparticles. From the TEM images, it can be seen that the
nanoparticles are individually dispersed without apparent agglomeration, in good
agreement with UV-vis absorption profiles.

Such structural variations are schematically depicted in Figure 4.4a. Because
of the long chain legth of the PEG ligands in comparision to C6, the PEG ligands on

as-prepared JNP6 likely adopted a mushroom conformation, especially at the PEG/C6
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interface, thus rendering the nanoparticles individually dispersible in water. Upon the
addition of select alkali metal ions such as Na*, the PEG chains became structurally
rigid ’, which led to exposure of the hydrophobic C6 ligands. The resulting amphiphilic
characters of the nanoparticles allowed self-assembly of the nanoparticles into
organized ensembles, akin to conventional surfactant molecules 212232, |_esser effects
were observed with other metal ions, suggesting insignificant conformational change
of the PEG ligands 2. In fact, results from UV-vis absorption studies (Figure 4.7b and
4.6) show that in the absence of alkali metal ions, the JNP6 nanoparticles exhibited a
surface plasmon resonance (SPR) at ca. 520 nm, characteristic of well dispersed gold
nanoparticles 33; and upon the addition of Na*, the SPR peak can be seen to become
broadened and red-shift to 550 nm, two signatory behaviors of the formation of
nanoparticle ensembles %2, In addition, the relatively small SPR shift of JNP6 (from
520 nm to 550 nm) in comparison to that observed in the previous studies with much
shorter hydrophilic ligands (> 600nm) 2*22 is also in agreement with the formation of
small nanoparticle ensembles, as seen in the TEM images (Figure 4.5¢). By sharp
contrast, no apparent variation was observed for other nanoparticles in the series (i.e.,
JNP1, JNP2, BE, and AUPEG), suggesting the lack of ensemble formation of these

samples, again, in good agreement with the TEM results (Figure 4.5a, b, and d).
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Figure 4.7. (a) Schematic of alkali metal ions induced self-assembly of PEG-
functionalized Janus nanoparticles. (b) UV-vis absorption spectra of JNP6
nanoparticles in the absence and presence of Li* and Na* at the M*/EO ratio of 30.
Nanoparticle concentration 0.015 mg/mL in water.
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The interactions of alkali metal ions with the PEG ligands can also be probed
by the change of chemical shift and peak broadening/splitting in NMR measurements
3438 In general, the chemical shift indicates the interaction strength between different
species, and in the present study, the interaction between PEG and alkali metal ions 3.
On the other hand, the sharpness of NMR peaks can be correlated to the coupling of
neighboring protons, where enhanced dipolar coupling between neighboring protons
leads to broadening and even splitting of a peak signal 3. From Figure 4.8a, one can
see that prior to the addition of alkali metal ions, the PEGSH ligands, AUPEG and JNP6
all show a peak at 3.55 ppm, which can be ascribed to the ethylene protons (-CH2-CHa-
0-) of the PEG chains “°. The appearance of a sharp singlet is most likely due to the
formation of a stable distotic nematic (Np) phase of the long polymer chains at room
temperature ’ and hence chemical equivalence of the ethylene protons due to the fast
proton exchance rate 3. Interestingly, upon the addition of Li* and Na* ions the ethylene
proton peak was broadened, and split into a semi-doublet, indicating chemical
inequivalence of the ethylene protons that most likely arose from the formation of PEG-
ion complexes. This may be ascribed to a phase transition of PEG from its stable Np
phase to hexagonal columnar (Coly) phase 7, which lowered the chain mobility by
electronic attraction between the cations and PEG *!. Similar behaviors have been
observed in previous studies with crown ethers, where upon coordination with alkali
metal ions, the NMR signal of the ethylene protons (3.73 ppm) was found to split into

two sets of signals (3.50/3.78 ppm for Na* and 3.68/3.83 ppm for Li*) %. In the present
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study, the chemical shift of the ethylene protons of PEGSH can be seen to move
downfield to 3.66 ppm and 3.61 ppm upon the addition of Li* and Na*, respectively,
indicating comparable, apparent interaction between PEG and the the ions due to the
formation of PEG-cation complex, where the deshielding effect lowered the electron
density around the ethylene protons of adjacent carbons *°. The slightly smaller shift
for Na* can be correlated to the cloud point effect for the PEG ligands upon the addition
of Na*, where the PEG-Na* complexation was achieved by two neighboring PEG
chains brought together by the cloud point effect, which lessened the deshielding effect
of the PEG protons and reduced the downfield shift. In contrast, the cloud point effect
on the PEGSH ligands in the presence of Li* is minimal (no PEG aggregation, as shown
in Figure 4.4), so the deshielding effect on PEGSH proton is larger due to stronger
interaction between the oxygen on PEGSH (most likely on the same polymer chain)

and Li*.
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Figure 4.8. 'H NMR spectra of (a) PEGSH, (b) AUPEG and (c) JNP6 in the absence
(top curves) and presence of Li* (middle curves) and Na* (bottom curves) in CDsCN
at M*/EO = 30.

Similar behaviors were observed with AUPEG, where the ethylene peaks were
shifted to 3.64 ppm and 3.61 ppm upon the addition of Li* and Na" ions, respectively
(Figure 8b), indicating similar ion binding behaviors between free PEGSH ligands and
those bound onto the AUPEG nanoparticle surface. Nevertheless, one can see that the
splitting of the ethylene protons for AUPEG upon the interaction with Li* became better
defined with a coupling constant of J =5 Hz (which is similar to that of free PEGSH
ligands). This chemical inequivalence of the ethylene proton demonstrated that the
specific binding of Li* ion to the PEG structure brought the ethylene protons closer to
each other by slowing the PEG chain mobility and hence led to apparent dipolar

120



coupling between protons attached on the adjacent carbons “°. By contrast, the peak
splitting was slightly less significant with Na*, likely due to the larger size of Na*
forming larger PEG-cation complex, which results in weaker inter- / intra-molecular
coupling between protons. Furthermore, the high PEG content on AUPEG might also
limit the Na* diffusion into the interior of the PEG capping layer, thus the change of
chain mobility and chemical environment for ethylene proton were not as high as for

the Li*-doped sample.

For NP6, the spiltting was far more prounced (Figure 4.8c). Specifically, upon
the addition of Li*and Na* ions, the ethylene proton peak splits into a broad and well-
defined doublet, at 3.54/3.62 ppm and 3.53/3.60 ppm, with a coupling constant of J =
40 Hz and 35 Hz, respectively. This suggests a much enhanced incorporation of alkali
metal ions forming stable PEG-cation complexes that highly reduced the PEG chain
mobility, thus enhanced the differentiation of the protons on the same methylene carbon,
leading to strong dipolar coupling between protons attached on the same carbon (i.e.,
Ha—H. and Hp—Hy for —O-CHaHa-CHbHb-0-) 738, Unlike the coupling between
protons attached to adjacent carbons, chemical inequivalence of protons on the same
carbon without a chiral center is a strong indication of the formation of an organized
coordination structure with one proton interacting with the metal center while the other
is not (pointing outwards in a crown-ether-like / helical structure) 3. This different
proton positioning resulted in chemical inequivalence which gave rise to the
broadening of the doublet signal. The markedly greater peak broadening and splitting

observed with JNP6, in comparison to AUPEG, can be attributed to the ligand
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segregation on JNP6 that facilitates metal cation incorporation forming stable PEG-
cation complexes, which limits the chain mobility and results in more apparent signal

change.

4.5 Conclusion

In this study, AuC6-PEG Janus nanoparticles with a PEG hemisphere showed
unique binding affinity to alkali metal ions. The as-prepared Janus nanoparticles were
found to be individually dispersed in water, likely due to the much longer PEG ligands
that adopted a mushroom conformation, especially at the PEG/C6 ligand interface.
Upon the addition of select alkali metal ions (e.g., Na*), the formation of PEG-cation
complex led to enhanced rigidity of the PEG ligand chains, and hence exposure of the
hydrophobic C6 hemisphere. The resulting amphiphilic characters rendered the
nanoparticles to self-assemble into organized ensembles, as manifested in DLS and
TEM measurements and further confirmed by NMR measurements. These unique
properties may be exploited for select chemical doping of PEG-functionalized
nanoparticles, controlled assembly of the nanoparticles, as well as chemical sensing of

alkali metal ions.
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Chapter 5
Chirally Active Janus Cui1.7sS-Au Hybrid Nanostructure and
its Origin of Chirality
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5.1 Abstract

Nanostructures with chiral core structure is interesting due to their high enantiomeric
selectivity depending on their chirality. Janus Cui75S-Au nanostructure was
synthesized using Langmuir-Blodgett method at room temperature through ion
exchange of gold atoms onto Cuy.75S nanoparticles. Positive chiroptical response arose
around 600 nm closed to gold SPR absorption region, whereas the Cuy 75S nanoparticles
shown no chiroptical response. TEM images shows deposition of gold on one side of
the copper sulfide, forming Janus hybrid structure. Upon etching away the Cuz 7sS, the
deposited gold nanostructure shown weak positive chiroptical response at the same
region, indicating chiral origin was due to the asymmetric deposition of gold atoms. In
addition, the chiroptical signal of asymmetric gold nanostructure was enhanced upon

the formation of Cuy.75S-Au hybrid nanostructure.

5.2 Introduction

Chiral nanostructures have been studied extensively in the past few decades due to it
unique chiroptical response upon interaction of circularly polarized light (CPL), which
can be applied in potential applications such as catalysis, sensing and optical devices *-
® In typical, chiroptical response of a nanostructure arises at the surface plasmon
resonance (SPR) absorption of the structure ®’. Thus, noble metal nanostructures were
studied extensively due to their strong SPR absorption in the visible range (400 — 800

nm), which can be simply detected by UV-vis spectroscopy and circular dichroism (CD)
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spectroscopy. For example, some areas of interest in studying nanoparticle chirality are:
a) achiral core protected by chiral ligands, b) achiral core and ligand interact with chiral
molecules, c) individual nanoparticles with chiral core and d) achiral nanoparticles

assembled into chiral structures 8.

Among all the chiral nanoparticle systems, nanoparticles with chiral core surface is
interesting because they show exceptional enantiomeric selectivity of synthesizing
product towards one of the two enantiomers by facilitating adsorption for starting
material with specific chirality . In general, the preparation of chiral nanostructures
requires the presence of enantiomerically pure chiral molecules as guiding reagent for
the growth of chiral nanomorphology ®°, which implies that the activity of chiral
nanostructure can be influenced by the chiral molecules. Thus, most studies on
chiroptical response solely coming from the chiral morphology of nanostructures were
done using theoretical calculations, where others studied nanostructures that were
prepared by top-down methods such as laser lithography and chemical deposition of

achiral nanoparticles 1.

In addition, chiroptical response can be originated by having multiple components in a
system or having chiral arrangement of individual components in a system. For
example, bi-metallic dimer structures show chiroptical response at both SPR absorption
regions of metal nanoparticles upon interaction with chiral molecules 2, where other
studies show chiroptical response originates from chiral arrangements of identical
achiral nanostructures made with different materials 2. In general, nanoparticles with

zero- or one-dimensional structure (e.g. spherical and rod) have a surface electron
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distribution symmetry 7. Upon deposition of a different element on one side of the
nanoparticle surface, the symmetry of surface electron distribution will be broken; thus,
chiroptical response can be generated. Previously, Yao et. al synthesized glutathione
protected Au-Pd bimetallic nanocluster and yield chiroptical response between 300 —
500 nm, where the Au-Pd (1-1) sample yield the strongest response with an intense CD
minima at 340 nm and a maxima at 460 nm 4. The chiroptical response was then
confirmed using magnetic circular dichroism spectroscopy (MCD) to be real, and the
origin of the response was attributed to the electronic transitions. However, the origin

of resulting a positive cotton was not fully explained.

Copper as a common abundant noble metal with relatively low cost, its derivative
copper sulfide nanodisks (CuxS, 1 < x < 2) had been studied extensively for its
preparation and potential applications in the past few decades, due to its unique semi-
conducting properties and non-toxic chemical nature *°. Depending on the copper and
sulfur ratio within the structure, the lattice and chemical property of the resulting
copper sulfide can be very different 6. In typical, copper sulfide nanodisks have a
longitude localized surface Plasmon resonance (LSPR) absorption peak in the near
infrared (NIR) region, between 1000 — 1400 nm. This absorption peak is highly
depended on the copper to sulfur ratio, and it is also known as the free hole densities
within the structure ’. This highly tunable NIR absorption peak has very unique optical
properties and can be applied to various sensing and biomedical applications 128,
Furthermore, hybrid nanostructures of M-CuxS (M = Au, Ru, Pt) had been prepared in

the past through phase segregation of elements with addition of sulfur source at high
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temperatures ranging from 130°C to 250°C °2!, Such hybrid nanostructures shown
good catalytic activities towards methanol oxidation %2 and hydrogen evolution 23;
however, the chiroptical properties of such hybrid nanostructures had not been studied

before.

Within this study, CuxS will be used as the starting material for the room temperature
deposition of gold atoms using Langmuir-Blodgett (LB) method. Then, the chiral
origin of Janus CuxS-Au hybrid nanostructure will be studied by measuring the chirality

of individual CuxS and Au components by CD spectroscopy.

5.3 Experimental

Chemicals. Copper (IlI) acetate monohydrate (CuOAc, Alfa Aesar, 98+%),
trioctylphosphine oxide (TOPO, STREM CHEMICALS, 99%), hydrogen
tetrachloroauric acid trihydrate (HAuCls-3H20, Fisher, 99%), 1-octadecene (ODE,
Merck KGaA, 91%), 1-dodecanethiol (DDT, Aldrich, 98%), trioctylphosphine (TOP,
STREM cheicals, 97+%), D-alanine (D-ala, ACROS, 99+%), L-alanine (L-ala,
ACROS, 99%), DL-alanine (DL-ala, ACROS, 99%), D-cysteine (D-cys, CHEM-
IMPEX INT’L INC., 99.12%), and L-cysteine (L-cys, MATHESON COLEMAN &
BELL) were used as received. All solvents used were purchased from commercial
sources at their highest purities and used without further treatment. Water was supplied

by a Barnstead Nanopure water system (18.3 MQ-cm).
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Synthesis of Cu1.75S Nanocrystals. Preparation of Cuy.75S Nanocrystals were done by
mixing CuOAc (0.0488g, 0.244mmol), TOPO (1.00g, 2.59mmol) and ODE (30mL,
93.9mmol) in a three-neck round bottom flask ?4. The mixture was then degassed under
nitrogen bubbling for 30 minutes. The mixture was then heated to 160°C under stirring
in an oil bath, followed by a quick injection of DDT (1mL, 4.17mmol). The mixture
was then heated to 185°C for 3.5 hours. The resulting product was purified by

precipitating in methanol followed by centrifugation and re-dispersing in toluene.

Synthesis of Janus Cu1.75S-Au nanocrystals (JNP). Janus Cu1.75S-Au nanocrystals
were prepared by interfacial engineering using Langmuir-Blodgett (LB) method. In
typical, the Cuz.7sS nanocrystals dispersed in toluene were deposited onto water surface
of LB-trough. After evaporation of toluene, Cuy.75S nanocrystals were compressed to
desired surface pressure forming monolayer with interparticle spacing between one to
two fully extended chain-length of DDT ligands. A calculated amount of HAuUCI,
aqueous solution (0.1M) was then injected into the water phase for interfacial ion
exchange reaction. The resulting Janus nanoparticles were then collected, purified and
re-disperse in chloroform. As a control experiment, ion exchange reaction was also
carried out by simply mixing the Cu1.7sS nanocrystals (in chloroform) and HAuUCI, (in

water), which denoted as bulk exchange (BE) nanoparticles.

Etching of JNP sample. The selective etching process of copper sulfide was carried
out using a previous reported method using TOP %. In typical, the dried JNP was
suspended in toluene at a concentration of 1 mg / mL and transferred into a glove box.

In the glove box, a calculated amount of TOP was then added to the mixture, and the
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vial was withdrawn from the glove box. The mixture was allowed to expose to air for
10 minutes, then resealed and stirred overnight. The resulting particles were purified
by centrifugation in methanol for three times to remove excess TOP, and re-dispersed

in CHCls.

Characterization. Transmission electron microscopy (TEM) images were taken with
the 200kV FEI monochromated F20 UT Tecnai to study the morphology of
nanoparticles. Scanning transmission electron microscopy (STEM) studies were
carried out to study the chemical composing of Janus nanoparticles, using a modified
FEI Titan with double aberration correctors operated at 300kV using. STEM images
were recorded with high angle annular darkfield (HAADF) detector with a convergence
angle of 30 mrad, with a spatial resolution of 0.05 nm. Atomic force microscopic (AFM)
studies were performed with a Molecular Imaging PicoLE SPM instrument. X-ray
spectroscopic data was collected using a Rigaku SmartLab X-ray diffractometer. X-ray
photoelectron spectroscopy (XPS) measurements were carried out by the K-alpha plus
XPS PHI 5400 at Lawrence Berkeley National Laboratory. UV-vis absorption spectra
were acquired using a PerkinElmer Lambda 35 UV/VIS Spectrometer. NIR
spectroscopy measurements were carried out using Ocean Optics NIR256-2.5
spectrometer equipped with halogen light source (HL-2000-FHSA, Mikropack).
Nuclear magnetic resonance (NMR, Bruker 500 MHz) studies were carried out to
quantify ligand percentage composition on nanoparticle surface. Fourier-transformed
infrared (FTIR) measurements were carried out with a PerkinElmer, Spectrum One

spectrometer. Dynamic light scattering (DLS) measurements were carried out with a
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Wyatt DynaPro NanoStar temperature-controlled micro-sampler. CD measurements

were carried out with a JASCO J1500 CD spectrometer.

5.4 Results and Discussion

The as prepared Cuy.7sS nanocrystal has a height of 3.5 nm by AFM (Fig. 5.1a) and
core diameter of 7.2 £ 0.5 nm by TEM (Fig. 5.1b). AFM topography shows a relatively
flat surface of Cu1.7sS, and the fact that the particle height is about one half of its core
diameter indicates possible formation of nanodisk structure. HR-TEM reveals a lattice
spacing of 1.95A, corresponding to the Cus7sS lattice plane of (0160) (Fig. 5.1c).
Previously, the preparation for hybrid structure of M-CuxS (where M can be gold 12,
ruthenium 2%, and platinum 2) were done by phase segregation of elements at high
temperature. In this study, deposition of gold onto Cu1.75S forming Janus structure was
accomplished using LB method at room temperature. In comparison to the flat surface
of Cuy.75S, the Janus Cu1.7sS-Au reveals an uneven surface by AFM topography surface,
where the total height of CuxS about 4 nm (Fig. 5.1d). TEM images show that the
average core diameter of Janus Cu1.75S-Au increased to 8.8 £ 0.8 nm (Fig. 5.1e), which
confirms the growth of gold prefers to be on the side of nanostructure, which also lead
to the uneven surface topography shown in AFM study. HAADF-STEM studies were
carried to further study the structural composition information of Janus Cui75S-Au
nanoparticles. At such high angles, the scattering of electrons becomes incoherent,

which Bragg scattering can be neglected. Thus, the intensity of image contrast is mainly
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contributed from individual atom scattering. Since the scattering cross section of each
atom is directly related to its atomic number, the contrast of image is dependence of
the atomic number of the element, which leading to the strong dependence of chemical
composition of the specimen (Z-contrast). And the intensity dependence is
approximately Z%2 27, The HAADF-STEM image of Cui75S-Au show elements
brighter and dimmer contrast. In this case, the heavier element (Au) has brighter
contrast, while the lighter elements (Cu1.7sS) have dimmer contrast (Fig. 1f). In addition,
lattice spacing of 1.95A and 2.35A correspond to lattice planes of (0160) for Cu1.75S
and (111) for gold, indicating the deposition of gold does not change the original

structure of Cu1.75S.
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Figure 5.1. AFM topography of Cu1.75S (a) and JNP (d) with line scan at the bottom,
TEM of Cui7sS (b) and JNP (e) with diameter distribution (inset) and HR-TEM of
Cuz.7sS (c) and HAADF-STEM image of JNP (f).

XRD studies were carried out to study the overall chemical composition of each sample
(Fig. 5.2). XRD pattern reveals that the as prepared product with a monoclinic structure
of Cu17sS (or CusSs, JCPDS No. 23-0958), with lattice constant of a =53.794, b =
30.90A and ¢ = 13.364, with o = p =y = 90°. The diffraction peaks at 26 = 26.6°, 29.7°,
31.2°, 34.2° 46.8° and 48.9° are corresponding to the lattice planes of (1600), (804),
(1821), (2001), (0160) and (886), respectively. The relatively broad peak patterns are

attributed to the small crystalline size of Cu17sS 2. Upon deposition of gold onto
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Cu1.75S using LB method, three new diffraction peaks arose at 20 = 38.2°, 44.4° and
64.6°. These diffraction peaks reveal cubic gold structure with space group of Fm-3m
(JCPDS No. 01-089-3697), and correspond to lattice planes of (111), (200) and (220),
respectively. The lattice constant for such structure isa=b = ¢ = 1.084, witha =p =1
= 90° In addition, the diffraction peak profile of Cui7sS remains unchanged,

confirming that the deposition of gold onto the surface of Cuy.7sS does not change the

lattice structure of Cuy.7sS.
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Figure 5.2. X-ray diffraction patterns of Cu1.75S (red) and JNP (green).
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XPS analyses were carried out to study the surface composition of each sample (Fig.
5.3). For the as-prepared Cuz.7sS sample, the binding energy of Cu2p is 953.2eV and
933.2eV, corresponding to oxidation state between Cu(l) and Cu(ll) 2°, while S2p3 has
binding energy of 162.4eV and 161.4eV, corresponding to the S 2p12 and S 2ps/2 peaks
30 Upon formation of Au-Cu alloys, both the binding energy of copper and gold will
be lowered as the composition of gold increased *!. For Janus Cuz.75S-Au, the Cu 2p1s2
and Cu 2ps2 peaks shifted to 953.1eV and 933.1eV, indicating reduction of copper
atoms on the surface of JNP. In addition, the binding energy for Au 4f peaks were at
87.4eV and 83.8eV, while Au® binding energy is 84.0eV, can be attributed to the
electron transfer from the semiconducting Cuz.75S to gold. In comparison, the binding
energy of S 2piy» and S 2ps» peaks shifted to 163.2eV and 161.8eV, indicating
oxidation of sulfur atoms on the surface of Cuz.7sS initiates the attachment of gold onto

Cu1.75S, thus forming Janus nanostructure 2.
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Figure 5.3. XPS measurements of Cu1.75S, BE and JNP.
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Optical property of Cu1.75S was carried out using UV-vis and NIR spectroscopy (Fig.
5.4). The exponential decade from 300 — 500 nm in the UV-vis spectrum indicates the
small diameter of Cuy7sS (Fig. 5.4a) 2%, The JNP sample shows similar UV-vis
absorption profile in comparison to Cuz.75S. In contrast, a new shoulder peak at 300 nm
arose for BE sample, along with an SPR absorption peak at 550 nm. The shoulder peak
at 300 nm indicates the increase in nanoparticle diameter, in comparison to the
exponential decade for the as-prepared Cuy.7sS. The SPR peak at 550 nm indicates the
high composition of gold deposited onto the structure, thus leading to the appearance
of gold SPR absorption. Note that there is no gold SPR absorption peak around 520 nm
for JNP sample, possibly due to the amount of gold deposited onto Cus.75S surface is
too low for UV-vis detection. The inset image displays the color of each sample — the
as prepared Cuq.75S displays a dark brown color, indicating small particle size. The JNP
sample displays a lighter brown color, indicating the increased of particle diameter due
to deposition of gold. In contrast, BE sample displays a purple-ish color, indicating
aggregation of the BE sample, most likely due to the large amount of gold deposited
onto the Cux 7S structure. The increased of nanostructure diameters thus lowering their
dispersity in solution. SEM images (Fig. 5.5) of JNP sample shows mostly individual
nanoparticles, whereas BE sample shows aggregates of 200 — 400 nm in diameter. The
large aggregations in BE sample increased the coupling of neighboring nanoparticles,
thus red-shifts the gold SPR absorption to 550 nm in comparison to spherical gold

nanoparticle SPR absorption around 520 nm (Fig. 5.6).
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Figure 5.4. UV-vis (a), NIR (b) and CD (c) spectrum of Cu1.7sS (black), BE (red) and
JNP (green) in CHCla.
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Figure 5.5. SEM image of JNP (a) and BE (b) in chloroform.
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Figure 5.6. UV-vis absorption of AuC6 (black) and its corresponding CD spectrum
(red) in CHCls.

The hydrodynamic radius for the above samples in CHCI3z were carried to study the
nanoparticle assembly property in solution phase (Fig. 5.7). DLS measurements reveal
that the averaged hydrodynamic radius of the as-prepared Cuz 75S is 10.6 nm, indicating
high dispersity of Cui7sS in CHCIs. After interfacial ion exchange reaction, the
averaged hydrodynamic radius of JNP increased to 18.1 nm, indicating the increase of
nanoparticle diameter due to deposition of gold, but the nanoparticles are still highly
dispersed. In contrast, the BE sample shows an averaged hydrodynamic radius of 142.5
nm, indicating aggregation of nanoparticles. The hydrodynamic radius of each sample

is in agreement with the UV-vis and TEM measurements.
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NIR spectra show that the as prepared Cu1.7sS nanocrystal exhibit a broad absorption
peak at 1410 nm, which is attributed to the in-plane longitudinal LSPR absorption mode
(Fig. 5.4b) 7. This absorption peak can be correlated to the free hole density within the
structure, where the intensity of this absorption peak decreases and red-shifts due to the
decreased number of free carrier density within the structure caused by the increased
number of Cu ions as the Cu to S ratio increases from Cuy 1S to Cu,S. The JNP sample
exhibited an LSPR absorption peak at 1300 nm, blue shifted from 1410 nm where
Cuy.75S absorbs. This blue shift of absorption peak for the Cus.75S-Au hybrid material
can be attributed to the change in the overall nanoparticle composition and aspect ratio
change of the nanoparticle, which is consistent with previous finding with a blue shift
of Amax for 100 nm 2. For the BE sample, the disappearance of LSPR absorption in the
NIR region can be due to either the aggregation of nanoparticles or the surface property

changed by the large amount of gold deposition.

Chirality of nanoparticles can be originated from either its chiral metallic core or upon
interaction with chiral ligands on its surface 8. Upon deposition of gold onto the one
side of Cu17sS nanostructure, the surface electronic distribution of JNP becomes
uneven, thus broken the symmetry of the original structure. In studying the chirality
upon formation of Cu1.7sS-Au hybrid structure, CD measurements were carried out in
CHCI3 (Fig. 5.4c). Both Cu1.7sS and BE samples do not show any PCD signal, while
JNP shows a positive PCD signal at 600 nm, despite there is no SPR absorption shown
in the UV-vis spectrum due to the low concentration of gold presented in the overall

structure. Previous studies shown that concentration may cause shifting of CD peak
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position and the symmetry of cotton effect (e.g. only showing positive / negative
response or uneven positive / negative response) due to inter-particle interactions in
solution *. DLS measurement shows a hydrodynamic radius of JNP for 18.1 nm,
indicating JNP sample is highly disperse in chloroform, meaning the red-shift of CD
signal was not attributed to aggregation of JNP or the coupling of neighboring
nanoparticles. In addition, the fact that the chiral response is at 600nm mainly attributed
to the structure of deposited gold is more like a semi-sphere, instead of spherical
nanoparticle. Figure 5.6 displays UV-vis absorption profile of spherical AuC6 and its
corresponding CD spectrum, indicating no chiroptical response of spherical gold
nanoparticles at its SPR absorption region. Since the LSPR absorption of nanoparticle
is heavily depended on its shape, the aspect ratio of 1.66 + 0.29 nm for deposited gold

may red-shift its LSPR absorption peak to 600 nm.

Previously, chiral studies using nanoparticle dimers with two different components
show chiroptical response arise in SPR absorption region of both materials 3. In
contrast, the JNP sample synthesized in this study only show chiroptical response in
the gold SPR absorption region. In studying the origin of chiroptical response in JNP,
the JNP sample was then modify through a selective etching process to remove copper
sulfide from the gold component following a previous established method 2. TEM
image of etched JNP sample (Fig. 5.8a) shows a triangular cone-like structure with
lattice spacing of 2.35 A, indicating gold (111) facet was isolated from the copper
sulfide component. In order to compare the optical profile and chiroptical response of

the two samples with the same amount of gold component, the samples were prepared
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at the concentration of 0.15 mg / mL un-etched nanoparticles. In comparison to the
broad absorption profile of JNP samples throughout the visible region (Fig. 5.8b, black),
the etched sample shows a very weak absorption peak around 600 nm (red). CD
response (Fig. 5.8c) shows etched sample has weak chiroptical response around 600
nm (red), due to the asymmetrical shape of the etched gold nanostructure. However, in
comparison to the chiroptical response of JNP sample (black), the chiroptical response
shown in the etched sample is much weaker. This is a strong indication of the Janus
structure can enhance the chiroptical response due to the uneven electronic distribution

between the segregated copper sulfide and gold components.
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Figure 5.8. TEM image of etched JNP (a), and the UV-vis (b) and CD (c) absorption
spectra of JNP (black) and etched JNP (red) sample at the concentration of 0.15 mg /
mL (before etching concentration) in CHCla.
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5.5 Conclusion

Janus Cu75S-Au hybrid nanostructures were synthesized using LB method at room
temperature. A positive chiroptical response of JNP sample was arose between 600 —
800 nm, within the SPR absorption region of copper and gold. In comparison to the
bulk exchange nanoparticles and as-prepared Cuz 75S showing no chiroptical response,
the chiroptical response can be originated either from the Janus structure or the chiral
deposition of gold atoms. Thus, by chemical etching of Cuy.7sS, the remaining gold
nanostructure showed weak positive chiroptical response further confirms that the
origin of chirality for the Janus hybrid was coming from the asymmetrical deposition
of Au atoms. In addition, the formation of such hybrid structure increased the uneven
distribution of electrons within the structure; thus, enhanced the chiroptical response of

the asymmetrically grew gold nanostructure.
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