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Abstract

Nanomaterials have attracted lots of attention due to their tremendous potential in
extensive fields, ranging from biology, physics, and chemistry to electronics, and
also already proven their superior functionality to conventional materials. The
unique properties of nanomaterials comes from their size, morphology, and
structure, and frequently a ligand shell structure plays a key role in their distinct
behavior and feature since it determines an interaction with environments.

We manipulated gold nanoparticles protected by self-assembled monolayer (SAM)
of mixed ligand molecules, which have shown noticeable characteristics. Thiol-
ended molecules adsorb onto gold surface, resulting in the formation of SAM.
Particularly, two dissimilar ligand molecules undergo a phase-separation on gold
nanoparticle surface, and it leads to an ordered structure, alternating striped-like
domains. This so-called “striped” structure is induced by a competition between
enthalpy and entropy. The longer ligand molecules surrounded by the shorter
molecules gain extra conformation entropy at the expense of enthalpy loss,
generated by the presence of two different molecules in the same interface.

This unique ligand shell structure, i.e. the striped structure, contributes to the
superior properties of our gold nanoparticles. Here we report that the striped gold
nanoparticles, consisting of a hydrophilic and a hydrophobic molecule, can
selectively capture metal ions, of which sensitivity and selectivity are incomparable
to homo-ligand coated nanoparticles and disordered structure nanoparticles. The
interaction between striped gold nanoparticles and metal ions was intensively
demonstrated with various experimental methods, including UV-vis, FT-IR, ITC, zeta
potential, and XPS.

As a part of application, a solid-state metal ion sensor using striped gold
nanoparticles with a different pair of hydrophilic and hydrophobic ligands was
exploited. The change of the conductance was measured upon the interaction with a
particular metal ion, and it exhibited a matchless selectivity and sensitivity. For
example, the conductance of gold nanoparticle film with a specific pair of ligands is
changed remarkably with methymercury ions, but that of other kinds films is not,
and also it shows extremely low detection limit, which is in the unit of aM (10-18M),



corresponding to ~600 methylmercury ions in a 1ml of solution. Furthermore, the
removal methods of toxic metal ion contaminants from water were manipulated
with striped gold nanoparticles, functionalizing with magnetic particles, and also
fabricating them as a metal-ion sponge.

Additionally, it was observed that these striped nanoparticles display a different
ion-capturing behaviour, depending on temperature, which has rarely shown in
other ion-chelating materials. This was induced by the entropy effect of the flexible
hydrophilic ligands on the striped nanoparticles.

Finally, the same ion-capturing behaviour was found in nanoparticles of a different
core material (i.e. silver) with Eu3*ions. This proposed the possibility of the use of
other core materials when this striped nanoparticle was applied in a real life.

Thesis Advisor: Francesco Stellacci



Acknowledgement

Firstly, I would like to acknowledge and thank my advisor, Francesco Stellacci. He is
an energetic, passionate and brilliant scientist, and he was always encouraging and
inspiring me. I was so lucky to be his student. I am very thankful to my committee
professors, Prof. Rubner, Prof. Alexander-Katz, and Prof. Gschwend.

I sincerely appreciate SuUNMIL group members for being kind and great friends. I
really had a great time in the group with them. Particularly, I thank my office-mates
Paulo and Yun for their kind help and being pleasant friends. I am also thankful to
Mauro for his genuine help with smile, to Miao for her patient STM work, and to
Hyewon and Jin-mi for their warm-hearted advice and friendship. Additionally, 1
thank Arum Amy, who gave me a sincere advice when I joined the group. I am very
grateful to my collaborators, Prof. Glotzer and Dr. Hao Jiang at University of
Michigan, Prof. Grzybowski, Dr. Hideyuki Nakanishi and Jiwon Kim at Northwestern
University, Prof. Cleva Ow-Yang at Sabanci University, Prof. Guiducci and Giulia
Cappi at EPFL for their all help and support. Also, I am thankful to Samsung
Scholarship for their financial support during my Ph.D.

I thank my best friends in Korea, Da Eun and Tae-eun, for sharing all memories and
always standing by me, and Minhee for her warm friendship. I also thank Bit-na for
her constant concern and encouragement during my Ph.D. I am very thankful to
KGMSE people at MIT and other Korean friends in Boston, especially to ShinYoung,
Dahyun, Jeong Yun, Sungmin and Uhi Rinn who supported my life during my Ph.D.

Finally, I would like to thank my family. I truly appreciate my parents for their
encouragement, support and endless love throughout my life. Also, I thank my lovely
sister and my little nephew, Dawon, who always makes me smile. I deeply love them
and appreciate for making my life happier. [ appreciated my brother-in-law all the
time, and regret that I could not say how much I did, but believe that he is always
watching us with his smile.



Contents Overview

Chapter 1: Introduction and Background 13

Chapter 2: Investigation of Metal Ion-Capturing by Striped Gold Nanoparticles....... 40

Chapter 3: Metal-lon Sensor Using Striped Gold Nanoparticles ..... 75
Chapter 4: Removal of Metal lons from Water Using Striped Gold Nanoparticles ...84

Chapter 5: Temperature Effect on lon-Capturing ' 95

Chapter 6: Ion-Capturing with a Different Core Material: Eu3+-Binding to Silver

Nanoparticles 106
Chapter 7: Conclusions and Future Work 117
Appendix 124




Table of Contents

1. Introduction and BacKkgroUnd .........mmessmsocsmsssssssssmsssssessessssssss 13
1.1, NaQNOPATHICIES weeerreeeretsmssissssssssssssisssssssssssssssssessess s sssssstssasss s ssssesessssesssssassessssessasoseess 13
1.2. Self-assembled monolayers (SAM) on gold nanoparticles 14
1.3. Phase separation of mixed ligands on gold nanoparticle: striped Structure 16
1.4. Metal ions in environment, biology and engineering 19
1.5. Ion-chelating Materials 21

1.5.1. Concept of ion-chelating ..... 21
1.5.2. Examples of ion-chelating material 22
1.5.3. Theoretical description: thermodynamics and Kinetics........oummmensssene 26
1.5.4. Chelate stability deciding factors 29
1.6. General scope of the work 31
1.7. References 34

2. Investigation of Metal lon-Capturing by Striped Gold Nanoparticles.......ocvurerenens 40
2.1. Introduction......ccevueunee 40
2.2. Preparation of gold nanoparticles 40

2.2.1. Synthesis of striped gold nanoparticles 42
2.2.2. Synthesis of other gold nanoparticles for control experiments............... 43
2.2.3. Purification 44
2.3. Characterization of the prepared gold nanoparticles 45
2.4. Solution based conductivity test 49
2.4.1. Concept of conductivity 49
2.4.2. HT/EGn striped nanoparticles 51
2.4.3. Homo-ligand and disordered structured nanoparticles.........mei 54
2.4.4. Striped nanoparticles with other compositions 56
2.5. Release of captured-metal ions from gold nanoparticles 59
2.6. lon-capturing dependence on the size of gold nanoparticles ......cconceererrrennen. 60
2.7. Characterization of the interaction between gold nanoparticles and metal
ions....... 62
2.7.1. Ultraviolet-visible spectroscopy (UV-Vis).....ceerrreereerrmerreesnes 62
2.7.2. X-ray photoelectron spectroscopy (XPS).. 63
2.7.3. Fourier transform infrared spectroscopy (FT-IR)......... 65
2.7.4. Isothermal titration calorimetry (ITC)... 68
2.7.5. Zeta Potential ({-potential) .69
2.7.6. Transmission electron microscope (TEM) 71
2.8. References............. 72

3. Metal-lon Sensor Using Striped Gold Nanoparticles ................ 75
3.1, INtrOAUCHION oo ssssssssssssss s sssss s sessssssssssssssssresssasssssssses 75
3.2. Preparation of metal-ion sensor. w76
3.3. Measurement of conductance of gold nanoparticle films.. 77



3.3.1. The films of the striped gold nanoparticles 79

3.3.2. The films of homoligand gold nanoparticles 80
3.3.3. Measurement in a blank sample 81
3.4. References .81
. Removal of Metal Ions from Water Using Striped Gold Nanoparticles.......coecurueens 84
4.1. Introduction 84
4.2. Magnetization of gold nanoparticles: composite nanoparticle.......cucumens 85
4.2.1. Magnetic nanoparticles 85
4.2.2. Synthesis of magnetic particles functionalized with gold
nanoparticles 85
4.2.3. Characterization of magnetic nanoparticles functionalized with gold
nanoparticles 87
4.2.4. Removal of metal ions from water 88
4.3. Metal ion sponge 89
4.3.1. Fabrication of metal ion sponge 89
4.3.2. Absorption of metal ions from water 90
4.3.3. Removal of metal ions from an environmental sample 91
4.4. References 92
. Temperature Effect on lon-Capturing 95
5.1. Introduction 95
5.2. Different ion-capturing behavior on conductivity test 96
5.3. Characterization of metal ion-capturing gold nanoparticles at high
temperatures 99
5.3.1. Isothermal titration calorimetry (ITC) 99
5.3.2. Fourier transform infrared spectroscopy (FT-IR) 101
5.4. Transition temperature 102
5.5. References 104

. lon-Capturing with a Different Core Material: Eu3+-Binding to Silver

Nanoparticles 106
6.1. Introduction 106
6.2. Background for lanthanide ionsS ... 106
6.3. Synthesis and characterization of silver nanoparticles 108
6.4. Investigation of the interaction between the striped nanoparticles and Eu3+
ions 109
6.4.1. Conductivity test 109
6.4.2. Ultraviolet-visible spectroscopy (UV-vis) 110
6.4.3. Fluorescence 111
6.5. References 114
. Conclusions and Future Work 117
7.1. Ongoing and Future work .117
7.1.1. Striped gold nanoparticles with various ligand compositions.............. 117
7.1.2. Manipulation of a metal-ion sensor for a real-time monitoring........... 118



7.1.3. Sensor array for detecting multiple ions..............

7.1.4. Modification of the metal 0N SPONGE .....ccccrerenrenrensermersesnessrensessennes
7.1.5. Striped nanoparticles with different core materials

7.1.6. Manipulation of a filter membrane for remediation........ccoooeur....
7.2. Conclusions

7.3. References

-------------

VY1) 5153 1T | . QNN
A.1. Theoretical explanation for ion-capturing by striped nanoparticles
A.2. Supporting materials for metal ion sensor (Chapter 3)

------------

A.2.1. Determination of the detection limit

A.2.2. Reversibility of the sensor

A.2.3. Selectivity upon the exposure to mixed ions.

A.2.4. Application to environmental samples
A.3. References

119
120

. 120

121
121
122

124
124
128

.. 128

129
131
133
135



List of Figures

Figure 1.1. Schematic image of SAM structure............ 15
Figure 1.2. Representation of hexagonal arrangement of thiolates on gold surface 15
Figure 1.3. (a) Worm-like domain formed on a flat gold surface with its schematic
image and simulation result (b) The rippled structure on a gold nanoparticle with its
schematic image and STM image 17
Figure 1.4. (a) The free volume created by the arrangement of dissimilar ligands on
the curved surface (b) The size-range of gold nanoparticle for the rippled structure
(green): for the smaller particle, the bulk phase-separation happens, and for the

larger particle, the worm-like domain forms 18
Figure 1.5. (a) A chemical structure of ethylenediamine and (b) Chelates between
Ni2* and ethylenediamines 22

Figure 1.6. (a) A representation of porphyrin, (b) the complex of porphyrin with
Fe2+ for the formation of heme, (c) the complex of porphyrin with Mg?* for the

formation of chlorophyll 23
Figure 1.7. (a) A chemical structure of EDTA and (b) a chelate of EDTA and a metal
ion 24
Figure 1.8. Examples of crown ethers 26
Figure 1.9. (a) Ligand molecules with various dentates and (b) their binding
constants on the complexation with Ni2+ 29
Figure 1.10. The chemical structure and abbreviation of ligands 33
Figure 1.11. The schematic cartoon of the striped gold nanoparticles composed of
two ligands 34
Figure 2.1. A typical TEM image of gold nanoparticles synthesized by (a) one-phase
method and (b) Stucky method 46
Figure 2.2. TGA curve for gold nanoparticles prepared...... 47
Figure 2.3. A typical STM image of the striped gold nanoparticles (The scale bar is
10 nm.) 49

Figure 2.4. The conductivity test results of various kinds of metal ions with (a)
HT/EG1 striped nanoparticles, (b) HT/EG2 striped nanoparticles, and (c) HT/EG3
striped nanoparticles 52
Figure 2.5. The conductivity test with HT/EG1 striped nanoparticles and the mixed
ions (lithium and cesium ions) 54
Figure 2.6. The result of conductivity test for (a) EG1 homo-nanoparticle, (b) EG2
homo-nanoparticle, and (c) EG3 homo-nanoparticle........ 55
Figure 2.7. The result of conductivity for gold nanoparticles with EG2 and brHT ...56
Figure 2.8. The results of conductivity test for gold nanoparticles consisting of EG2

and different spacing group (a) MHO, (b) AH, (c) OT, and (d) BT 57
Figure 2.9. The results of conductivity test for OT/EG3 striped nanoparticles with
(a) Na*, K*, Cs* and (b) Ca?*, Sr#* 58

Figure 2.10. The change of the conductivity for (a) Zn?* + HT/EG1 particles, Cd?* +
HT/EG2 particles, Cs* + HT/EG3 particles and (b) Zn?*, Cd?*, Cs* without gold



nanoparticles 60
Figure 2.11. TEM images and conductivity test result for corresponding
fractionated HT/EG3 striped particles with a mean diameter of (a) 2.59 + 0.55 nm,
(b) 3.16 £ 0.51 nm, (c) 3.72 + 0.62 nm, (d) 4.14 £ 0.75, and (e) 4.64 £ 0.99 nm.......... 61
Figure 2.12. UV-vis spectra of (a) HT/EG2 nanoparticles before and after adding K*

and (b) HT/EG3 nanoparticles before and after adding methylmercury ........cccooeueenens 62
Figure 2.13. A schematic cartoon of FT-IR with ATR accessary 65
Figure 2.14. FT-IR spectra for (a) HT/EG1 particles, (b) HT/EG2 particles, and (c)
HT/EG3 particles 67
Figure 2.15. ITC results for (a) HT/EG2 particles with K*, (b) HT/EG2 particles with
Cd?+, (c) HT/EG3 particles with Cs*, and (d) HT/EG3 particles with K* .....ccocenrceeeens 68
Figure 2.16. TEM images for (a) HT/EG2 nanoparticles without K* and (b) HT/EG2
nanoparticles with K* 71
Figure 3.1. (a) The cartoon of the scheme and dimension of the sensor device and
(b) side view of the film of the gold nanoparticle 76

Figure 3.2. The j-E dependence for the film of the striped HT/EG3 nanoparticles
before exposure to ions (black circles) and after exposure to ions (colored circles):
(a) in a solution of Zn?* and (b) in a solution of CHzHg* 77
Figure 3.3. The change in conductance for the films of gold nanoparticles upon the
exposure to various metal ions; the sensitivity and selectivity were illustrated......... 79
Figure 4.1. TEM images of (a) Fez03 (100 nm for scale bar), (b) SiOz/ Fe203 (100 nm

for scale bar), and (c) gold nanoparticle/SiOz/ Fe203 (20 nm for scale bar) ................ 87
Figure 4.2. SQUID measurement of (a) Fez03, (b) SiO2/ Fez03, and (c) gold
nanoparticle/SiOz2/ Fe;03 87

Figure 4.3. (a) The picture that the composite particles can be easily removed by a
magnet and (b) the change in conductivity value at each step: (i) the initial value
without Cd?+, (ii) right after adding Cd#*, (iii) after mixing with the composite
particles, followed by that they being removed, and (iv) after the captured Cd2*
being released by heating the solution up to 80 °C 88
Figure 4.4. (a) The schematic representation of manipulating the metal ion sponge
(black: plastic frame, gray: epoxy resin, purple: nanoparticle-pellet, and (b) The

picture of metal ion sponge in a plastic frame 90
Figure 5.1. The result of conductivity test for HT/EG3 striped nanoparticles (a) at
40 °C with K* and Cs*, (b) at 50 °C with K*, (c) at 60 °C with K* 96

Figure 5.2. The result of conductivity test for HT/EG3 striped nanoparticles with (a)
Na*, Ca?*, Fe?*, Zn?*, Cd?*, Ni?*, Cu?* and Co?* at room temperature, (b) Na*, Ca?*,
Fe?*, Zn2+, Cd?*, Ni%*, Cu?* and Co?* at 40 °C and (c) Ca?*, Fe?*, and Cd?* at 50 °C......98
Figure 5.3. ITC results for HT/EG3 particles (a) with Cs* at 40 °C, (b) with Cs* at 60
°C, (c) with K* at 40 °C, (d) with K* at 50 °C, and with K* at 60 °C ..cvvvessresesuserssnne 100
Figure 5.4. FT-IR spectra of HT/EG3 striped particles at varied temperatures..... 102
Figure 5.5. The change in conductivity of K* aqueous solution with and without
HT/EG3 nanoparticles measured by varying the temperature (a) in 5 degrees and
(b) in 3 degrees..... 103
Figure 6.1. A typical TEM image of silver nanoparticles........oicrmmnscnnenns 108
Figure 6.2. The conductivity test upon the addition of Eu3+ ions for (a) OT/EG3

10



striped and EG3 homo-gold nanoparticles and (b) OT/EG3 striped and EG3 homo-

Silver NanoParticles ... 110
Figure 6.3. The change of UV-vis spectra upon the addition of Eu3+ (a) for the
striped silver nanoparticles and (b) for the EG3 homo-silver nanoparticles............. 111

Figure 6.4. Variation of emission intensity of Eu3* on the addition of (a) the striped
silver nanoparticls and (b) the EG3 homo-silver nanoparticles, and (c) the intensity
ratio of the transition of 5Dy to 7F; transition and 5Dy to 7F; transition for both types

of silver nanoparticles 112
Figure 7.1. A schematic representation of a real-time monitoring sensor............... 119
Figure A.1. Molecular simulations of ion trapping; a snapshot from MD simulations
shows that the ion is trapped near the edge of an EGn stripe 124
Figure A.2. The structures and lifetime of the longest-lasting ion-trapping motifs
found in the simulations of the HT/EG2 and HT/EG3 nanoparticles.......cccoueenmmsenenae 125

Figure A.3. Reversibility of the film of the striped nanoparticle (a) I-V characteristic
plots of the film of HT/EG2 particles (i) before no ion binding, (ii) after binding Cd?*
ions, (iii) after releasing Cd?* by putting the film in 80 °C water, and (iv) after re-
binding Cd?* ions, (b) the change in conductance of HT/EG2 striped nanoparticle
film as a function of time from which Cd?2* ions are being released 130
Figure A.4. The film selectivity of HT/EG2 striped particles upon exposure to the
mixture of Cd?* and K+ 132
Figure A.5. Selectivity of the film of HT/EG3 striped nanoparticles on exposure to
ion mixtures and environmental samples 134

11



List of Tables

Table 2.1. Summary for ion-capturing effect: (+) means that each gold nanoparticle

can capture each ion and (-) means that it CanNOt......crmriresniens 53
Table 2.2. XPS analysis for HT/EG1 particles without /with Zn?* and HT/ EG3
particles without /with CHzHg* 64
Table 2.3. Change of zeta potential of HT/EG2 striped nanoparticles in the presence
of various metal ions.......cconvinneen. 70
Table 3.1. The x values for the films of EGn homo-nanoparticles 81
Table A.1. Detection limits for each pair of nanoparticle and metal ion determined
by the two-sample t-test at the 99 % confidence level 129

Table A.2. The film sensitivity upon the exposure to the mixture of metal ions.... 131

12



1. Introductions and Background

1.1. Nanoparticles

Nanoscale materials have been in the center of conceiving and designing new
materials for past decades, having drawn lots of attentions!-6. Generally, they are
referred to as materials in the feature unit of 1~100 nm, encompassing from
quantum dots, nanoparticles, nanowire, nanorods and graphene to carbon
nanotubes. They have a nanometer scale length in at lease one-dimension, and due
to their size, exhibit distinctively different properties from bulk materials, resulting
from the quantum size effect. Their unique electric, optical, thermal and magnetic

properties are determined by the dimensionality.

Nanoparticles belong to zero-dimensional nanomaterials, and includes noble metal
nanoparticles such as gold and silver, oxide nanoparticles such as iron oxide and
silicon oxide, and semiconducting nanoparticles (i.e. quantum dots) such as
cadmium selenide. The unique properties of nanoparticles depend on their core
composition, size, shape, and ligands. With a proper combination of these factors, a

desirable characteristic of nanoparticles can be achieved.

The superior properties of nanometer-sized materials frequently come from their

highly increased ratio of surface area to volume. However, the high surface energy

13



of metal nanoparticles makes them easily aggregated at the same time; hence they

need to be stabilized with capping molecules.

Surface chemistry has been used to stabilize the nanoparticles, promoting a self-
assembly of the nanoparticles in a desired way or preventing them from being
aggregated. The ligand molecules play an important role in the interaction of
nanoparticles with environments surrounding them in the interface. For this reason,
normally the surface of nanoparticles is modified with appropriate molecules in a

purpose of a particular function.

1.2. Self-Assembled Monolayers (SAM) on Gold Nanoparticles

Self-assembled monolayer (SAM) can be spontaneously formed when molecules
ended with functional groups adsorb onto the surface (Figure 1.1)7-12, Typical head
groups used in the formation of SAM are thiols, silanes, and phosphonates. Ligand
molecules tend to anchor to the surface since it decreases the surface energy of the
substrate, and the bond formed between the head group of the ligand and the
substrate is reasonably strong so that it can stabilize the adsorption13. After
anchoring, the tail groups pack quite tightly thanks to van der waals force, which

leads to the decrease in free energy of ligand molecules”.14,

14
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Figure 1.1. Schematic image of SAM structure (Taken from Love, ].C.; Estroff, L. A.; Kriebel, ]. K;

Nuzzo, R. G.; Whitesides, G. M. Chem. Rev. 2005, 105, 1103-1169.)

Figure 1.2. Representation of hexagonal arrangement of thiolates on gold surface: the arrangement
is a (V3xv/3)R30° structure where the sulfur atoms (dark gray circles) are positioned in the 3-fold
hollows of the gold lattice (white circles, a=2.88 A). The light gray circles with the dashed lines
indicate the approximate projected surface area occupied by each alkane chain.(Taken from Love,

].C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G,; Whitesides, G. M. Chem. Rev. 2005, 105, 1103-1169.)
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Especially, thiol-ended ligands can self-assemble on noble metal surfaces such as
gold and silver”-11.12, They form highly ordered monolayers on gold surfaces
(Au(111)). Alkanethiols tend to pack along their chain, which results in a crystalline
and hexagonal arrangement (Figure 1.2). The Au-S bond is quite strong, which is
approximately 40~50 kcal/mol in a level of semi-covalent bond, and it makes the
bond stable in a wide range of temperature and solvents”-1516, The other end groups
can have a variety of functionalities, endowing the surface with different

features!?.18,

1.3. Phase separation of mixed ligands on gold nanoparticle: striped structure

As depicted in the previous section, SAM is spontaneously formed on gold surface
with thiolated ligands. Particularly, an interesting phase separation was observed
when mixed ligands adsorbed onto the surface!?2%. On the gold flat surface, SAMs of
mixed composition undergo phase separation and produce worm-like domains
whose shape is as shown in Figure 1.3(a). When gold nanoparticles are coated with
SAMs composed of two dissimilar ligands, phase-separated thin worm-like domains
(Figure 1.3(b)), termed hereafter ‘striped’ domains, can be found, and the formation
of the striped domains depends on the size mismatch and immiscibility of ligands,

and also size of gold nanoparticle%21,
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Figure 1.3. (a) Worm-like domain formed on a flat gold surface with its schematic image and
simulation result (Taken from Singh, C.; Ghorai, P. K.; Horsch, M. A,; Jackson, A. M.; Larson, R. G;
Stellacci, F.; Glotzer, S. C. Phys. Rev. Lett. 2007, 99, 226106) (b) The striped structure on a gold
nanoparticle with its schematic image and STM cartoon (Taken from Jackson, A. M.; Myerson, ]. W.;

Stellacci, F. Nature Materials 2004, 3, 330-336)

The striped structure is a result of a competition between entropy and enthalpy?'®.
When two dissimilar ligands are self-assembled onto gold nanoparticles, there is a
loss in enthalpy anytime two dissimilar ligands are close, hence a driving force
towards complete ligand separation. However, when one ligand is surrounded by
the dissimilar and shorter ligands, there is an increase in free volume for the extra
length of the ligand, leading to a gain in conformational entropy (Figure 1.4(a)),
compared to a case when the same ligands are close-packed. The balance between
enthalpy loss and entropy gain depends on the characteristics of ligands and the size
of nanoparticles. Particularly, in a certain size-range of nanoparticles (i.e. within a
certain curvature range) and with two dissimilar ligands, the increase of entropy
plays a more significant role in phase-separation, and the striped domain becomes

thermodynamically favored. However, beyond this certain size-range, the enthalpy

17



loss is dominant. As a result, the worm-like domains are formed in larger particle.
On the contrary bulk phase-separation occurs in the smaller particles, called Janus

nanoparticle (Figure 1.4(b))22.

-2

Arbitrary unis

Figure 1.4. (a) The free volume created by the arrangement of dissimilar ligands on the curved
surface (Taken from Singh, C.; Ghorai, P. K.; Horsch, M. A;; Jackson, A. M,; Larson, R. G,; Stellacci, F.;
Glotzer, S. C. Phys. Rev. Lett. 2007, 99, 226106) (b) The size-range of gold nanoparticle for the rippled
structure (green): for the smaller particle, the bulk phase-separation happens, and for the larger
particle, the worm-like domain forms (Taken from Carney, R. P.; DeVries, G. A.; Dubois, C,; Kim, H,;
Kim, ]. Y.; Singh, C.; Ghorai, P. K; Tracy, ]. B; Stiles, R. L.; Murray, R. W,; Glotzer, S. C,; Stellacci, F.

Journal of the American Chemical Society 2007, 130, 798-799)

The ligand shell plays an important role in the interaction with the environment
surrounding nanoparticles; thus, with the ordered structure of mixed ligands, the
striped nanoparticle is expected to show a distinctive property, compared to gold

nanoparticles protected with homo-ligands, as other hetero-structured nano-

18



materials do. For instance, they have shown an enhanced cell-permeability, non-

monotonic solubility as a function of ligands ratio, and atypical interfacial energy?3

25,

1.4. Metal ions in environment, biology and engineering

Metal elements are generally soluble in water, and most of them exist in a form of
positively charged ions in an aqueous solution. They are solvated by water
molecules, and the chemical formula in water is [M(H,0),]**, where the values of n

and z are different, depending on oxidation states of metal ions?26.27,

Such metal ions have a substantial effect in our lives, exiting every field. They are
vital elements in biological system. For example, Na* and K* are crucial elements in
water balance, nerve impulses and controlling fluids over cells?8, and Ca?* ions are a
key component in bones and teeth??3%, Cu?+ is cofactor in an activity of enzymes31.32,
and Zn?* also has a similar effect besides its role in growth and healing33:34. In
addition, Fe?* plays a vital role in carrying oxygen3?, and Co3* is essential in vitamin

B123536, Also, Mg?* greatly contributes to intracellular activity37.

Apart from their roles in human body, in the aspect of science and engineering,
metal elements occupy a large partin a history of materials due to their excellent
mechanical, optical, and electronic properties. For instance, cadmium has been used

in battery and electroplating, and also a major element for quantum dots in
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laboratory3839, Zinc is used as an anti-corrosion agent, battery, and an element of
alloy40-42, In addition, cesium is used in nuclear and isotope applications, along with
petroleum exploration*3. Mercury is used in medicine and laboratory application,

and historically it was used in diverse areas due to their peculiar property 4445,

However, due to their extensive use, a huge amount of metal waste have been
released into environment for a long time*6, Metal pollutants are mainly as a result
of human activities, but they also come from a natural phenomenon. For example,
substantial amount of mercury is emitted into environment by volcanic eruptions+’.
Such metal contaminants cause a serious problem, reversely threatening our lives.
For instance, cadmium caused a serious problem in Japan#8. People consumed rice
constantly, grown up with cadmium-contaminated water, and it brought about bone
softening and kidney failure, which was well known as itai-itai disease. Another
typical example is methylmercury. Passing through an environmental process,
elemental mercury is transformed into an organic form, very frequently into
methylmercury, and it is accumulated in an organism#%5¢, Methylmercury is the
most toxic form of mercury and bioaccumulated through the food chain. Humans are
exposed to methylmercury mostly by the consumption of fish, since 95% of mercury
in fish consists of methylmercury>!52, As increasing the concentration of
methylmercury in fish, it is also necessary to find an appropriate material that can

chelate methylmercury with a higher selectivity.
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1.5. Ion-Chelating Materials

1.5.1. Concept of ion-chelating

Chelation is defined as the formation of coordination bonds between a multidentate
ligand and a single atom, which frequently refers to metal ion, and a chelate is a
chemical compound produced as aresult of a chelation (i.e. a complex of metal ions
and chelating agents)33. For an expanded explanation, a denticity means a number of
atoms in a ligand that can form a bond with a central atom (i.e. metal ion). A
monodentate ligand has one denticity, in which only one bond can be formed with a
metal ion, and a multidentate (or polydentate) ligand have multiple atoms that can
possibly bind to a metal ion. Typically a chelating agent means a ligand molecule
more than two dentates. One of key factors that decide the stability of a complex of a
metal ion and a chelating agent is the denticity of the ligands. Generally polydendate
ligands tend to form a more stable complex than a monodentate or a bidentate
ligand, since they provide metal ions with multiple bonds. Besides the denticity, the
composition of each dentate plays an important role in forming a bond and also
determining the stability. A chelating agent is typically comprised of electron-rich
atoms, such as oxygen, nitrogen, and sulfur, so that they can form a coordination

bond with a metal ion by donating electrons.

Metal ion-chelating is of great importance biologically, environmentally and also

economically. Many biological reactions involve a chelate, and this can be easily
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understood, considering that two thirds of enzyme reactions include metal ion
catalysts, frequently referred as metalloenzymes54. Also, chelates significantly
contribute to oxygen transport and photosynthesis, and they play an important role
in the uptake and the accumulation of metals into plants and microorganisms>5. In
an economic aspect, chelating agents are utilized in various fields such as nutrition
supplements, shampoos, fertilizers, and medicine. Moreover, chelating agents are
used to detoxify heavy metal ions, such as mercury, lead and arsenic, in which they

extract toxic ions from body by forming an inert complex.

1.5.2. Examples of ion-chelating material

a

NH,
HZN/\/

ethylenediamine
H,
C
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H, OHz H, OHzH, HHN  /
2C—N_ | _OH 2C—N._} N —CH 2C—N._ i _.NH,
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Figure 1.5. (a) A chemical structure of ethylenediamine and (b) Chelates between Ni2* and

ethylenediamines

A simple example of a chelating agent is ethylenediamine (Figure 1.5(a)), whichis a

bidentate56:57. One ethylenediamine is able to form two coordination bonds with a
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metal ion, such as Ni?+, via two nitrogen atoms. A Ni?* ion can afford six coordination
bonds, which means that three ethylenediamine molecules can make a complex with
one Ni2*, With one or two ethylenediamine, water molecules are situated in the rest

of vacant places, as shown in Figure 1.5(b).

/

HOOC COOH
Figure 1.6. (a) A representation of porphyrin, (b) the complex of porphyrin with Fe2* for the

formation of heme, (c) the complex of porphyrin with Mg2+ for the formation of chlorophyll

A tetradentate ligand includes triethylenetetramine (commonly known as its
abbreviation, Trien) and many naturally existing macrocyclic rings such as
porphyrin (Figure 1.6(a)). Porphyrin has four nitrogen atoms, and they contribute
to the formation of bonds with a metal ion coordinated in the center of the
porphyrin ring. Porphyrin produces a chelate, heme, as a result of interacting with
Fe2*(Figure 1.6(b))>8. This chelate (heme] is a key component of hemoglobin that
transports oxygen in the body. Another chelate naturally formed by porphyrin is
chlorophyll, which is a green pigment in plants. A porphyrin makes a complex with
Mg?+ ions, which generates chlorophyll that is critical for photosynthesis (Figure

1.6(c))5°. Vitamin B12 is also a biologically important chelate, which results from a
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formation of coordination bonds between Co?+ and a tetradentate chelating agent?®?.

Another common ion-chelating agent is ethylenedimainetetraacetic acid (EDTA)
(Figure 1.7(a))5. It is a hexadentate ligand and can form 4- or 6-bonds with metal
ions thanks to carboxylate and amine groups, which provide EDTA with a high
denticity, functioning as a kind of Lewis base in a complexation with metal ions
(Figure 1.7(b)). EDTA is a versatile and effective ion-chelating material, and can
make a complex with not only main-group ions, but also transition metal ions. EDTA
is familiar to our lives since they are very frequently used in soaps and detergents to

make a complex with Ca?+ and Mg?2* in waters2.

9 4
a i b ?‘*9' 0
HO. 4] _:

h¢ S

N /\/N;\ _N‘:ZP?:;O_

Ho\n) A g\;-&
iy 2]

0 0

Figure 1.7. (a) A chemical structure of EDTA and (b) a chelate of EDTA and a metal ion

One of the famous metal ion chelating materials is crown ether, representing
macrocyclic molecules, which consists of ether groups in a ring (Figure 1.8)63-65,
Most typically, it is comprised of ethyleneoxy group (-CHzCH20-) as a kind of
repeating unit, but it can be other group containing an electron-rich atom such as
nitrogen and sulfur. It was firstly found by Charles Pedersen in 1967 when he

discovered that 18-crown-6, most popular crown ether type, made a strong complex
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with potassium (The first number in crown ether means the number of atoms in a
molecule, and the second number indicates the number of electron-donating atoms,
which is same as the denticity)%6. Afterwards, he contrived many kinds of cyclic
polyethers and presented diverse synthetic method and thermodynamic studies for
their binding properties, leading to the Nobel Prize in 1987. Many kinds of
macrocyclic molecules have been manipulated since crown ethers. They strongly
bind to a specific metal ion situated in the center of the ring by making coordination
bonds. Because the electron-rich atoms such as oxygen tend to be located towards
the center of the ring due to the interaction of metal ions, the interior of the ring is
hydrophilic, whereas the exterior of the ring is hydrophobic. In this reason, crown
ethers are used for phase transfer catalysis since they can dissolve metal ions in
nonpolar solvents. They possess selectivity for a specific cation; for example, 18-

crown-6 has a high affinity for K+, 15-crown-5 for Na*, and 14-crown-4 for Li*.
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Figure 1.8. Examples of crown ethers (Taken from Pedersen, C. ].; ]. Am. Chem. Soc. 1967, 89, 7017-

7036)

1.5.3. Theoretical description: thermodynamics and kinetics

In a thermodynamic approach, the ion-chelating can be interpreted as an interplay
between enthalpy and entropy®’-71. The chelate formation can be expressed as eqn.

(1), where M indicates a metal ion and L refers to a ligand (chelating agent), and this
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reaction involves a change in free energy with an equilibrium constant, K, as

presented in eqn.(2).

K
M™ 4+l oML, (1)

AG = —RTInK = AH —TAS (2)

The complex formation is mainly an enthalpy-driven reaction for both non-cyclic
and cyclic molecules. It has a negative enthalpy change, which displays the extent of
an electronic affinity between a metal ion and a ligand molecule. On the other hand,
the entropy is not so favorable to chelating. In most cases, AS is negative, even
though it is sometimes positive in the case of crown éthers. Consequently, the
comlpexation between metal ions and chelating agents happens only when enthalpy

gain (AH) surpasses entropy loss (TAS).

In a kinetic aspect, the reaction can be split into two steps under the assumption of a

bindentate ligand,

K, K, k, K2
M+L-LoeM--L-LoM--L, whereKl=k—andK2=k— (3)
-1

-2

in which, one dentate forms a coordination with a metal ion firstly, and the other
one does later. Under the steady-state approximation, the kinetic equation can be

expressed as,
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E —_ klkZ[M][LZ] _ klk—Z[MLZ] (4)
dt k_1+k; K_qtks

in which, C represents the concentration of a chelate. The egn. (4) can be re-written

as,
dac
2 = kML) — kg ML) (S)
where k; = k':fj‘ - (formation constant) and k; = ;k_—‘% (dissociation constant).

Under the assumption that a chelate is stable, i.e. k, > k_;,

=k (6)

T k_ytky

kqk_ kyk_
k —_ 1 2 — 1 2 7
7 g _i+ky ks (7)

For the formation constant, it is same as for a monodentate ligand, which means that
a chelating effect, which refers to the enhanced stability of a complex of a metal ion
with a multidentate ligand over a similar monodentate ligand, is less relevant for the
formation since it is same as other ligands. However, the dissociation constant is

highly dependent on a chelating effect.
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1.5.4. Chelate stability deciding factors

There are several factors affecting the stability of a chelate between a cation and a

chelating agent: denticity, geometry and electronic match in the formation of a

chelate.

a 1: ny,

2: HZN/\/NHZ

H
3. HZN/\/"\/\N/\/""Z
H

4: HzN/\/ ~NS \/\NHZ

b

ligand 1 2 3 4
InK 8.12 13.54 13.8 16.4

Figure 1.9. (a) Ligand molecules with various dentates and (b) their binding constants on the

complexation with Niz*

Firstly, the denticity is an important factor as briefly mentioned in the previous
section. It is a general idea that a chelating agent with more than two dentates forms
a more stable complex than a mono-dentate molecule, called a chelate effect. For
example, Ni2* forms a chelate with ethylenediamine, of which mono-dentate version
can be an ammonia molecule, and the formation constant of the complex between

Ni2+ and each molecule is shown in Figure 1.9, in which it is presented that chelating
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ligands form a more stable complex than a mono-dentate ligand. It can be explained
in the aspect of kinetics introduced in the previous section. Comparing the
complexation of a metal ion (M) with one bidentate molecules (Lz) to that with two
mono-dentate molecules (2L), the formation of the second bond (M :-- L) between a
metal ion and a bidentate, represented by k,, is much easier than a binding of the
second mono-dentate molecule to the same metal ion. It is due to an effective
concentration; the second nitrogen is held close to the metal ion via ethylene linking
group. The value of k, is much larger for a bidentate than a mono-dentate, which
leads to a smaller k. In other words, dissociation is much slower as a result of a
chelating effect. Also, the entropy loss is much greater for a binding of the second
mono-dentate molecule than for a second bond formation of a bidentate molecule,
since a second atom in the bidentate molecule is already constrained, whereas a

second mono-dentate molecule is completely unconstrained before binding.

Furthermore, geometry plays a crucial role in the formation of a stable chelate.
Generally it is considered that the more rings can make a more stable complex with
metal ions?2. It is said that a chelate formed by macrocyclic molecule is up to 106
times more stable than that by non-cyclic molecule with a same number of electron-
donating atoms. This is deeply related to the entropy change. The enthalpy change is
similar to each other since it is just related to the bond formation between a metal
ion and a dentate atom regardless of their geometry. However, the coordination
with metal ions requires non-cyclic ligand molecules to sacrifice lots of their degrees

of freedom, whereas there is a minimal structural change of cyclic ligand molecules
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upon the complexation. Also, in the dissociation, oppositely, breaking the first
coordination bond in the complex results in a large distortion of the structure for a
cyclic ligand, while it induces a relatively small conformational change for a non-
cyclic ligand. In a kinetic aspect, this is interpreted as that the activation energy for
the reverse bond-breaking reaction is very high for a cyclic ligand, which indicates
that the value of k_j is very small. This is directly related to a slow dissociation with
a small value of k4. For a more rigid structure such as cryptand with 3-D shape, the
dissociation would be much more difficult, considering a huge deformation upon

breaking the first M --- L bond, and this makes a more stable complexation.

Moreover, an electronic match between a chelating ligand and a metal ion is another
important factor. It can be explained with HSAB (hard and soft acids and bases)
theory, which proposes an idea that soft acids tend to preferentially interact with
soft bases and hard acids with hard bases7374, By the Pearson acid base concept,
“soft” acids and bases refer to species with large size, low charge states and strongly
polarizable, while “hard” acids and bases indicate species with small size, high
charge states and weakly polarizable. According to HSAB theory, for instance, Fe3+

binds to 0% more preferentially than to SZ-.

1.6. General scope of the work

In this work, we combined the structure of well-known crown ether with our

striped nanoparticles for the application of ion-capturing in a variety of fields. With
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a proper combination of two dissimilar ligands, a hydrophilic and a hydrophobic
ligand, it was expected that the striped structure would be formed, which resulted in
an “open cavity” for metal ions by the neighboring hydrophilic ligands, which
mimicked the structure of crown ethers. The hydrophobic ligand played a critical
role in the formation of the ion “pocket” by endowing a space between the
neighboring hydrophilic ligands, which would be impossible for homo-ligand
protected nanoparticles. The chemical structure and abbreviation of ligands used in
our work were summarized in Figure 1.10. Basically, 1-hexanethiol was used as a
hydrophobic and shorter ligand, even though other various ligands were also used
partially, and three kinds of hydrophilic and longer ligands were used, which were
hexanethiols containing ethylene glycol groups: 2-((6-mercaptohexyl)oxy)ethanol
(called EG1), 2-(2-((6-mercaptohexyl)oxy)ethoxy)ethanol (called EG2), 2-(2-(2-((6-
mercaptohexyl)oxy)ethoxy)ethoxy)ethanol (called EG3). They have been used as
one ligand and the number of ethylene glycol groups is varied, comparable to the
change of the ring size of crown ethers. The schematic image of gold nanoparticles
composed of two ligands is shown in Figure 1.11 where the number of ethylene
glycol group contributes to the change of the cavity size, as the ring size of crown
ethers alter. Furthermore, this leads to the change in the electrostatic force between
metal ions. In this way, the ability of the striped gold nanoparticles to bind different
kinds of metal ions were investigated, compared to gold nanoparticles with homo-
ligand and also with other compositions. At first, the fundamental experiments were
performed to elucidate the interaction between the striped nanoparticles and metal

ions, and the engineering manipulation for the application in metal ion sensor and
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remediation was carried out. Furthermore, the temperature dependence of the
metal ion binding was studied in a scientific aspect, and also the potential use of
other core material, except gold, was proposed.
0
HS/\/\/\/ \/\OH
2-((6-mercaptohexyl)oxy)ethanol (EG1)
HS 0

2-(2-((6-mercaptohexyl)oxy)ethoxy)ethanol (EG2)

0 0
I N e P N U g
2-(2-(2-((6-mercaptohexyl)oxy)ethoxy)ethoxy)ethanol (EG3)

Hs/\/\/\

1-hexanethiol (HT)

HS/\/\
1-butanethiol (BT)

" NN N
1-octanethiol (OT)

/\/\/\/OH
HS

6-mercapto-1-hexanol (MHO)

/\/\/\/NHZ
HS

6-amino-1-hexanethiol (AH)

HS

3,4-dimethylhexane-1-thiol (brHT)

Figure 1.10. The chemical structure and abbreviation of ligands
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Figure 1.11. The schematic cartoon of the striped gold nanoparticles composed of two ligands
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2. Investigation of Metal lIon-Capturing by Striped Gold

Nanoparticles

2.1.Introduction

It was expected that the hydrophilic ligands containing ethylene glycol group (EGn)
on gold nanoparticle surface could form an “open” cavity so that they could interact
with various kinds of metal ions. In this process, the striped structure could play an
important role in trapping metal ions by providing an extra space, unlike homo-
ligand nanoparticles. Under these assumptions, preliminary experiments were
performed to confirm the ion-trapping ability of striped gold nanoparticles. In this
chapter, the fundamental procedure to prepare striped gold nanoparticles and their
characterization tools are introduced, and also a series of experimental methods to

verify the interaction between striped nanoparticles and metal ions are presented.

2.2, Preparation of gold nanoparticles

Gold nanoparticles are synthesized by reducing gold salts in liquid phase as other

metal nanoparticles do. Various methods for gold nanoparticles protected by

thiolate molecules have been studied. Typically they can be categorized into two

groups: the ligand exchange method and the direct synthesis method.
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For a long time, gold nanoparticles have been synthesized by being stabilized by
sodium citrate (NazC3Hs0(C00)3), which was firstly developed by Turkevich in
19511, Generally, larger gold nanoparticles were produced in a diameter of 10~20
nm, but quite mono-dispersed. In the reaction, chlorauric acid (HAuCls) is reduced
by citrate ions, which also act as a capping agent of nanoparticles. The citrate ions

can be replaced with a stronger agent such as thiolate.

The direct synthesis methods were developed by Schiffrin and Brust, where gold
salts in the presence of thiolate ligands are reduced by an agent (commonly sodium
borohydride)?-4. They could be categorized into two types, depending on the
reaction phase: one is two-phase method, which includes aqueous and organic
phase, and the other is one-phase method conducted in ethanol. Both methods give
a poly-dispersed nanoparticles in a range of 1~7 nm, and the average particle size

can be adjusted by the ratio of gold to ligands, the reduction rate, ligand structures.

Also, recently Stucky and co-workers reported another method with different gold
salts, resulting in mono-dispersed nanoparticless. On the contrary to the previous
methods that have used strong reducing agents such as sodium borohydride and
lithium borohydride, the Stucky method uses a weak reducing agent (amine-borane
complex). This plays a key role in making mono-disperse nanoparticles, since a slow
reducing process leads to a controlled growth of nanoparticles. The different
reducing ability can be confirmed through a color change upon the addition of the

reducing agents. For the one-phase synthesis, where the strong reducing agent such
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as sodium borohydride is used, an abrupt color change is observed from yellow to
black or dark red only with several drops, which means that gold ions are reduced
very rapidly. However, for the Stucky synthesis with the weak reducing agent (i.e.
amine-borane complexes), the color of the gold solution alters slowly from colorless

to brown, red to dark purple, showing a relatively slow reducing rate.

2.2.1. Synthesis of striped gold nanoparticles

In this work, one-phase and modified-stucky methods were used for the synthesis of
the striped gold nanoparticles. One-phase methods can be applied more generally,
regardless of specific types of ligands, at the expense of a wide-range of size
distribution. On the contrary, Stucky method gives mono-dispersed particles, but it
requires a solvent and a reaction temperature to be tuned by ligands used, to geta

desirable size and ligand ratio of nanoparticles.

In the one-phase method in ethanol, 0.45 mmol of HAuCl4-3H20 was dissolved in
40m)] of ethanol, followed by the addition of 0.45 mmol of thiol mixtures. After 20
minutes of stirring, 5Smmol of NaBH4 in 75 ml of ethanol was slowly added drop-
wise in 50 minutes, and then kept stirring for additional 3 hours. After completing
the reaction, diethyl ether was added into the flask, and the mixture was stored in

fridge overnight to precipitate nanoparticles.

In the modified Stucky method, 0.45 mmol of AuPPh3Cl was mixed with 0.45 mmol
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of thiol mixture in 40 ml of chloroform/DMF (1/1) co-solvent, and 5 mmol of tert-
butylamine-borane complex was added. The reactant was heated to 55 2C and
stirred for 1 hour. After cooling to room temperature, 50 ml of chloroform was

added to precipitate out gold nanoparticles.

2.2.2. Synthesis of other gold nanoparticles for control experiments

For control experiments, two kinds of gold nanoparticles were synthesized: one is
nanoparticles protected by homo-ligand, i.e. EG ligand, and the other is
nanoparticles with a disordered structure. In our previous work, it was reported
that the disordered structure was formed when there are some branches (methyl
functional groups) in alkanethiols by disturbing an ordered assembly?’, and it
certainly did not show a superior property of the striped nanoparticles. Both types
of gold nanoparticles were produced via one-phase method, and it was
demonstrated that both nanoparticles had a similar size distribution with the

striped nanoparticles.

Homo-ligand nanoparticles were produced by using only EGn ligands, instead of the
mixture of ligands, and the disordered structure nanoparticles were prepared with
the mixture of 3,4-dimethylhexane-1-thiol (brHT), which is the branched form of
hexanethiol, and EG2 ligand. Branched form of 1-hexanethiol (3,4-dimethylhexane-
1-thiol) was synthesized with a slight modification of the scheme and different

starting materials of the literature”8. The ligand ratio of the disordered structured
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nanoparticles was also confirmed via NMR.

2.2.3. Purification

The synthesized gold nanoparticles need to be purified before used to remove
impurities such as reactants and residual solvents. The typical methods are
centrifugation, vacuum filtration, and dialysis. Here, centrifugation and vacuum
filtration were used ir the modified-Stucky method and one-phase synthesis,

respectively.

The centrifugation is most commonly used in the synthesis of metal nanoparticles,
not only in gold nanoparticles. After the completion of reaction, gold nanoparticles
were precipitated with the addition of poor solvent and centrifugation. This poor
solvent should be chosen carefully so that it can wash out the impurities, but keep
gold nanoparticles from aggregating. In our work, chloroform was used, which can
dissolve all unreacted starting materials, but precipitate gold nanoparticles. After
one-run of centrifuge, by pouring off the supernatants, which include the impurities,
and then adding poor solvent, gold nanoparticles were able to be re-dispersed. The
solution was centrifuged, and the supernatants were removed again. This step
needs to be repeated a few times more, to ensure a complete removal of impurities.
Finally, the collected gold nanoparticles were dried under the vacuum overnight to

get rid of the residual chloroform.
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The vacuum filtration is another method for the purification of gold nanoparticles,
but it is widely used in various chemical reaction steps. A poor solvent was added
into the reactant, following the completion of the reaction, and the solution was kept
in the fridge overnight to let gold nanoparticles precipitated. In our work, diethyl
ether was used, after solubility test with several kinds of common solvents. The
solution was filtered through a filter paper under the vacuum, followed by washing
with a few different solvents to dissolve out impurities and reagents. Here, copious
amount of ethyl alcohol and also some water were used, followed by acetone in the
final step. Lastly, gold nanoparticles on the filter paper were dried under the

vacuum, and scraped out from the filter paper, resulting in black solid power.

2.3. Characterization of the prepared gold nanoparticles

Basically, the obtained gold nanoparticles were analyzed with transmission electron
microscopy (TEM), nuclear magnetic resonance (NMR), and thermogravimetric
analysis (TGA), to get the size distribution, the ligand composition, and the organic
amount of gold nanoparticles, respectively. Also, scanning tunneling microscopy

(STM) was used to observe the striped structure on gold nanoparticles.

TEM is the most direct method used for the analysis of the core size of metal
nanoparticles. A TEM sample was prepared by drop-casting gold nanoparticles
dispersed in methanol, and measured after evaporating methanol. The typical TEM

image of striped gold nanoparticles is shown in Figure 2.1. Figure 2.1(a) and 2.1(b)
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represent the distributions of gold nanoparticles synthesized by one-phase method
and Stucky-method, respectively. As expected, gold nanoparticles synthesized by

Stucky method have a narrower size distribution.

Figure 2.1. A typical TEM image of gold nanoparticles synthesized by (a) one-phase method (the

scale bar is 100 nm), and (b) Stucky method (the scale bar is 50 nm)

NMR is also an excellent tool to analyze the ligand shell of nanoparticles. The
presence of a sharp peak on the spectrum of nanoparticles implies unreacted free
thiols, which is related to the purity of nanoparticles. Furthermore, it can provide
the actual ligand ratio on nanoparticles, which could be different from the synthetic
ratio. For a precise peak analysis, the gold core was decomposed by adding a small
amount of iodine, before measurement, which liberates the adsorbed thiols. The
actual composition on nanoparticle surface was calculated with characteristic peaks
of each thiol, and in our case, the actual ratio was fairly consistent with the synthetic
one. In all NMR analysis, deuterated DMSO (approximately 0.7~1.0 ml) was used as

a solvent, and 15~20 mg of nanoparticles were used for measurement.
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TGA is one of the most common tools to analyze the organic amount of a certain
materials. TGA measurement was performed after confirming the absence of
impurities such as unreacted free thiols and residual gold salts with NMR, and the
actual amount of each thiol was determined, combining with the composition data
from NMR. According to TGA measurement, in which approximately 5 mg of
nanoparticles were used and the temperature was raised in the rate of 5 °C/min
from 25 °C to 800 °C, the ligand molecules consist of 20 w% in gold nanoparticles, as

shown in Figure 2.2.

Welght Percent (%)

75

200 400 600 800
Temperature (°C)

Figure 2.2. TGA curve for HT/EG2 gold nanoparticles prepared

STM can visualize the structure of a sample surface by detecting tunneling currents
between a conductive sample and a metallic tip®. The tunneling current is varied as
the metallic tip scans across the sample surface, attributing to the changes in the
height of the surface or the chemical functionality. In other words, the ligand
structure can be mapped with a feedback of the tunneling current. For this reason,

STM is regarded as the most direct way to confirm the striped structure!0-12, The
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sample was prepared on gold mica substrate by ligand exchange. The gold mica was
immersed in 5SmM of 1-butanethiol solution overnight, followed by incubating in
5mM of 1,9-nonanedithiol solution for an hour for a ligand exchange. The gold mica
was rinsed with ethanol sufficiently after each incubation step to remove free thiols.
Finally, it was immersed in the striped nanoparticle solution overnight and rinsed
with a copious amount of methanol and ethanol. The sample was stored in
nitrogen-filled vial by the measurement. The typical STM image of the striped gold
nanoparticles is shown in Figure 2.3 (The STM measurement was done by Dr. Miao
Yu.). Only HT/EG2 gold nanoparticles were imaged via STM here, and it was
assumed that gold nanoparticles with other ligand combinations, such as HT/EG1,
HT/EG3 and OT/EG3 were striped. Due to their flexibility of EGn ligands, compared
to the ligand consisting of only carbon chains, it was particularly tricky and hard to
get a STM image; hence, we only focused on HT/EG2 nanoparticles. The STM
experiments were performed at room temperature in air using a Veeco Multimode
Scanning Probe Microscopy in an acoustic chamber sitting on a vibration damping
table. Mechanically- cut platinum-iridium STM tips were used. All images were
collected with a tunneling current of 25-100 pA and an applied bias of 800-1500

mV. The width of stripes was 1.3+0.1 nm.
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Figure 2.3. A typical STM image of the striped gold nanoparticles (HT/EG2 nanoparticles for this

image) (The scale baris 10 nm.)

2.4. Solution based conductivity test

2.4.1. Concept of conductivity

The conductivity of an electrolyte solution is an index to measure its ability to
conduct electricity. It is frequently used to determine the amount of ions in a
solution in both industrial and engineering fields. The SI unit of the conductivity is
siemens per meter (S/m), and pS/cm is often used. One siemens correspond to the
reciprocal of one ohm, which can be easily understood, considering that the

conductance is the reciprocal of resistance. The conductivity of an electrolyte
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solution is determined by measuring the resistance of the solution using a
conductivity meter, where two electrodes are separated by a fixed distance,
commonly 1 cm!3. Many kinds of conductivity meters are commercially available,

also providing automatic temperature correction function.

In this work, basically the conductivity measurement gold nanoparticles in the
aqueous solution is carried out to examine if the striped gold nanoparticles can
make a complex with different kinds of metal ions, as crown ethers do. Generally,
gold nanoparticles were dispersed in water (in the concentration of 1mg/2.5ml),
and the change of conductivity was measured by adding the aliquot of a particular
ion solution in each step, and chloride ions or bromide ions are used as counter-
ions. The increase of conductivity was expected in the case of that gold
nanoparticles were not able to capture the added metal ions, whereas a plateau
region would be observed, where the conductivity would not increase upon the
addition of the aliquots of metal ion solution, in the event of ion-trapping.
Specifically, when gold nanoparticles capture a certain kind of ions, the added ions
cannot contribute to the increase of conductivity, since they are stuck in ligand
moieties of gold nanoparticles, which results in the plateau region on the plot of the
conductivity. We expect that this plateau region would be observed until a
stoichiometric point is reached. The stoichiometric point was estimated on the basis
of the relative amount of EGn ligands, assuming that two EGn ligands would interact
with one ion like crown ether. The amount of each aliquot was very small (in the

unit of micro-liter), compared to that of gold nanoparticle solution (in the unit of
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milliliter); hence, the aliquots themselves, without ions, do not affect the
conductivity, that is, they do not dilute the solution. The results of conductivity test
of various gold nanoparticles were shown in the following sections, and each
measurement was done at least three times, leading to each plot by their average

values with standard deviations, represented by error bars.

2.4.2. HT/EGn striped nanoparticles

In the beginning, one kind of metal ion was added in a certain kind of gold
nanoparticle solution, and the conductivity was measured in each step. For example,
the aliquot of KCl solution was added in the aqueous HT/EG2 gold nanoparticle
solution, and the change of conductivity was investigated. The results of the
conductivity test for three kinds of the striped nanoparticles with various metal ions
are illustrated in Figure 2.4, and summarized in Table 2.1, where plus (+) sign
indicates that the there was an interaction between each nanoparticle and metal ion

and minus (-) sign means that there was not.
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Figure 2.4. The conductivity test results of various kinds of metal ions with (a) HT/EG1 striped
nanoparticles, (b) HT/EG2 striped nanoparticles, and (c) HT/EG3 striped nanoparticles; each
measurement was done at least three times, leading to each plot by their average values with

standard deviations, represented by error bars.
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HT/EG1 AuNP

HT/EG2 AuNP

HT/EG3 AuNP

Li

+

Na

+

+

K

Rb

Cs

Ca

Cu(ll)

Fe(I1)

Fe(ll)

Zn

cr(iin)

Ni

Cd

CH;Hg

Table 2.1. Summary for ion-capturing effect: (+) means that each gold nanoparticle can capture each

ion and (-) means that it cannot.

In addition, to prove that striped nanoparticles can selectively absorb specific ions,
conductivity test were carried out with mixture of ions. Based on the above
conductivity result, the HT/EG1 gold nanoparticles can capture lithium ions, but not
cesium ions. The conductivity was measured by adding lithium and cesium ion
solutions alternatively by 10 pl of aliquot (Figure 2.5). When adding lithium ion
solutions, the conductivity did not change, but when cesium ion solutions were
added, the conductivity increased. This phenomenon continued until total 40 pl of

lithium ion solutions were added, which was the stoichiometric point of HT/EG1
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nanoparticles and lithium ions pair, and this point is consistent with the result of
Figure 2.4. With this result, it is shown that these striped gold nanoparticles can

capture a certain ion selectively even in the presence of other ions.

0 Li(1) Cs(1) Li(2) Cs(2)Li(3) Cs(3) Li(4) Cs(4) Li(5)Cs(5)

Figure 2.5. The conductivity test with HT/EG1 striped nanoparticles and the mixed ions (lithium and
cesium ions): a black dot is the initial value before adding ion solutions, and each yellow dot
represents the value after adding 10 pl of lithium ion solution and each blue dot represents the value
after adding 10 pl of cesium ion solution; the measurement was done five three times, resulting in the

plot by their average value with the standard deviation, represented by the error bar.

2.4.3. Homo-ligand and disordered structured nanoparticles

A couple of control experiments were required to support that this selective ion-

capturing behavior is originated from the striped structure of mixed ligands on gold

nanoparticle surface.
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Firstly, gold nanoparticles coated with just homoligands were tested, i.e. gold
nanoparticle with just EG1 ligand (call EG1 homo-nanoparticle), one with just EG2
ligand (call EG2 homo-nanoparticle), and one with just EG3 ligand (call EG3 homo-
nanoparticle), using sodium, potassium and calcium ions (Figure 2.6). On the result,
it was shown that the conductivity increased continuously by adding ion solutions,
demonstrating that gold nanoparticles protected entirely by homoligands were not

able to capture any those ions.
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Figure 2.6. The result of conductivity test for (a) EG1 homo-nanoparticle, (b) EG2 homo-
nanoparticle, and (c) EG3 homo-nanoparticle; each measurement was done at least three times,

leading to each plot by their average values with standard deviations, represented by error bars.

Also, the disordered structure nanoparticles consisting of brHT and EG2 ligands
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were tested, and the result of the conductivity test for brHT/EG2 gold nanoparticle
was shown in Figure 2.7, and there was no binding effect for this disordered gold
nanoparticles, whereas HT/EG2 gold nanoparticles can make a complex with
sodium and potassium ions. This can be another indication that the ordered striped

structure greatly contributes to the selective ion-capturing.

Ac (pSlcm)
s
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Figure 2.7. The result of the conductivity for gold nanoparticles with EG2 and brHT; each
measurement was done at least three times, leading to each plot by their average values with

standard deviations, represented by error bars.

2.4.4. Striped nanoparticles with other compositions

Based on the results of HT/EGn nanoparticles, it can be deduced that it would be
possible to capture more different kinds of metal ions with different combination of
ligands pairs on the striped nanoparticles. In this aspect, the hydrophobic ligand (i.e.

HT) was replaced with other ligands to assess the ion-capturing behavior.

The gold nanoparticles with other spacing ligands, substituting HT, were also

synthesized, and the conductivity test has been done to see the effect of this ligand
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on the capturing ability. Mainly, two types of ligands were used, one with a
hydrophilic head such as 6-mercapto-1-hexanol (MHO) and 6-amino-1-hexanethiol
(AH), and the other with the same aliphatic hydrocarbon chains but in a slightly
different length such as 1-octanethiol (OT) and 1-butanethiol (BT). The experiments
with first group were done to check influence of the ligand property and that of the

second group were done to demonstrate the effect of the length.
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Figure 2.8. The results of conductivity test for gold nanoparticles consisting of EG2 and different
spacing group (a) MHO, (b) AH, (c) OT, and (d) BT; each measurement was done at least three times,

leading to each plot by their average values with standard deviations, represented by error bars.

Gold nanoparticles composed of each spacing group and EG2 ligand were
synthesized and the conductivity tests were done, the results are shown in Figure

2.8. Remarkably, there was no capturing effect for all four gold nanoparticles, unlike
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the fact that HT/EG2 gold nanoparticles can capture sodium and potassium ions.
This displays that the spacing group also plays a crucial role in forming the striped

structure and capturing ions.

More interestingly, when OT pairs with EG3 ligands, it shows a distinguished effect
(Figure 2.9). Gold nanoparticles with OT and EG3 ligands no longer captured cesium
ions, as HT/EG3 gold nanoparticles did, but they are able to make a complex with
potassium, calcium and strontium ions. It is noteworthy that any HT/EGn
naoparticles were not able to capture calcium ions, since this also presents the
possibility that more diverse ions could be selectively captured by altering the

ligand group in the striped nanoparticles.
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Figure 2.9. The results of conductivity test for 0T/EG3 striped nanoparticles with (a) Na*, K*, Cs* and
(b) Ca?*, Sr2+; each measurement was done at least three times, leading to each plot by their average

values with standard deviations, represented by error bars.
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2.5. Release of captured-metal ions from gold nanoparticles

It is also important to release the captured ions from nanoparticles. The influence of
temperature on the ion-capturing mechanism was examined to manipulate a
method to release ions. Thé initial conductivity of each striped nanoparticle solution
was measured, and then the stoichiometric amount of zinc, cadmium, cesium ions,
which was deduced from the conductivity test in the previous section, was added
into each HT/EGn nanoparticle solutions, i.e. zinc ions into HT/EG1 nanoparticles,
cadmium ions to HT/EG2 nanoparticles, and cesium ions to HT/EG3 nanoparticles.
Then, the solution was cooled down to 0 °C, and the conductivity was measured
again. Moreover, the solution was also heated to 80 °C, and the conductivity was
measured at room temperature in the same way. It is shown that the conductivity
was increased when the temperature was raised to 80 °C, without further addition
of ion solution, as shown in Figure 2.10(a). This means that the captured ions were
released from the cavity of gold nanoparticles, induced by the increase of entropic
contribution of ligands due to high temperature. This ion-releasing phenomenon by

high temperature was also observed in crown ether!,

Furthermore, when the temperature was lowered to 0 2C, the conductivity was
reduced again, indicating that the released ions have been captured again by gold
nanoparticles. This procedure has been repeated three times, proving that the ion-
capturing mechanism depends on temperature and it is also reversible. To

demonstrate that this conductivity change was caused by the ion capturing and
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releasing process, not just thermal effect!5-17, the same test has been done without
gold nanoparticles. In Figure 2.10(b), the conductivity slightly altered during the
temperature-regulating procedure, but the amount of change is ignorable, compared

to the result of the system with gold nanoparticles.
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Figure 2.10. The change of the conductivity for (a) Zn2* + HT/EG1 particles, Cd?* + HT/EG2 particles,

Cs*+ HT/EG3 particles and (b) Zn2*, Cd2+, Cs* without gold nanoparticles

2.6. lon-capturing dependence on the size of gold nanoparticles

Here, the effect of the size of the striped gold nanoparticles on ion-capturing was
examined. In our previous study, it was demonstrated that the striped nanoparticles
could be formed only within a certain size range of gold nanoparticles, which was
predicted due to the curvature effect, as explained in Chapter 18, In the similar

context, the ion-trapping behavior was investigated with a different size of

nanoparticles.

Recently, we proved that gold nanoparticles could be fractionated by their size via

ultra-centrifuge!®. The HT/EG3 gold nanoparticles were fractionated and divided
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into five different batches, and each TEM image was shown in Figure 2.11. The mean
diameter was calculated by counting at least 300 particles per batch, and it was
distributed from 2.59 nm to 4.64 nm by approximately increasing 0.5 nm. The
conductivity test was performed for each batch with Cs* ions, and the result was
illustrated in Figure 2.11 with the corresponding TEM images. All bathes of particles
were able to trap Cs+ ions similarly, except the smallest one, which fell into the
range of Janus particles according to our previous work. Janus particles can be
interpreted as a half of EG3 homo-nanoparticles, and in such context this

conductivity test result would be reasonable.
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Figure 2.11. TEM images and conductivity test result for corresponding fractionated HT /EG3 striped
particles with a mean diameter of (a) 2.59 £ 0.55 nm (the scale bar of inset is 25 nm), (b) 3.16 £ 0.51
nm, (¢) 3.72 + 0.62 nm, (d) 4.14 £ 0.75, and (e) 4.64 £ 0.99 nm; the amount of ions added was

normalized so that it represents the ions per 1 mg of nanoparticles.
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2.7. Characterization of the interaction between gold nanoparticles and metal

ions

A series of spectroscopic measurements were performed to verify the interaction
between the striped nanoparticles and metal ions, and the details of each

experiment are introduced in each section.

2.7.1. Ultraviolet-visible spectroscopy (UV-vis)

UV-vis spectroscopy has been widely used to analyze metal nanoparticles since it is
a very useful tool to evaluate the solubility of nanoparticles in a solution, and also
the size and aggregation of nanoparticles?21, Gold nanoparticle has its own

plasmon resonance characteristic peak around 520 nm, and any other factors could

affect the absorption spectrum.
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Figure 2.12. UV-vis spectra of (a) HT/EG2 nanoparticles before and after adding K*

and (b) HT/EG3 nanoparticles before and after adding methylmercury
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Here, UV-vis measurement was conducted to quickly see the effect of metal ions
captured on the absorption spectrum of nanoparticles. The nanoparticle samples
were measured in aqueous solutions first, and a stoichiometric amount of the
corresponding metal ions were added and stirred for a while, followed by the
measurement (Figure 2.12). As shown in the spectra, the plasmon resonance peak
for both striped nanoparticles was red-shifted on the addition of the ions, implying
that each nanoparticle forms a complex with ions. For non-captured ions in

nanoparticle solution, no shift in plasmon resonance peak was observed.

2.7.2. X-ray photoelectron spectroscopy (XPS)

XPS is a typical spectroscopic technique for a quantitative surface analysis?2. When
irradiating X-ray onto a material, it can measure the kinetic energy and number of
electrons escaping from the surface. From the obtained spectra, the information

about elemental composition can be acquired. Here we used XPS for a quantitative

analysis of the captured metal ions per gold nanoparticle.

Prior to the complex of gold nanoparticle and metal ions, the pure gold
nanoparticles were analyzed. The amount of each element was obtained from XPS
spectra, and the results were shown in Table 2.2. It was revealed that less sulfur was
detected, which was caused by the fact that sulfur is very closed to the surface and

shielded by outer elements; hence the actual sulfur amount assumed was adjusted
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based on the quantities of other measured elements and the composition of

molecules, as shown in Table 2.2.

Conc.at% Cl1s 01s S2p Au 4f Nais Cl2p B1is
HT/EG1 AuNP 39.25 7.1 5.23 12.25 10.2 28.1 1.7
HT/EG1 AuNP + Zn?* 58.55 19.7] 1.95 14.9 0 0 1.37
HT/EG3 AuNP 44.55 14.8 4.24 13.15 6.55 17.65 2.9
HT/EG3 AuNP+ CH Hg* 30.4 60.1 0.22 2.0 0.9 6.1 0.24

Table 2.2. XPS analysis for HT/EG1 particles without /with Zn?* and HT/EG3 particles without /with

CH3zHg*

Firstly, HT/EG1 gold nanoparticles capturing Zn?* ions were analyzed. The sufficient
amount of ZnCl; was added into HT/EG1 nanoparticle aqueous solution, and the
solution was stirred for 30 min to make sure the formation of the complex of gold
nanoparticles and Zn2* ions. The solution was washed with Millipore water three
times by centrifuging to get rid of the un-captured free Zn2* ions. After the final run
of centrifuge, the solid part was separated, and dried under the vacuum before
analysis, and also the liquid part, i.e. water used for washing, was collected
separately for analysis. Prior to the analysis of the solid part, the liquid part was
analyzed via ion chromatography, and no Zn?* ions were found, which means that
the un-captured free Zn?* ions were completely removed. The solid part, i.e. gold
nanoparticles containing Zn2* ions, was analyzed with XPS. The sulfur amount was
adjusted in the same way as for the pure nanoparticles, and the each elemental
quantity is shown in Table 2.2. From the quantitative analysis, it was demonstrated
that the ratio of EG1 ligands to Zn2* ions was ~3.4, and we were able to deduce that
one Zn?* jon was captured by every 3~4 EG; ligands, implying the formation of

three- dimensional shape just like cryptand.
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Secondly, HT/EG3 gold nanoparticles capturing CHsHg* were analyzed. The sample
was prepared in a different way from the previous HT/EG1 gold nanoparticles
containing Zn?*, since the solubility of CHz3HgCl in water is very low, whereas ZnCl:
is highly soluble in water. HT/EG3 gold nanoparticles were dispersed in water,
mixing with CH3zHgCl for a while. The un-captured CHzHgCl was separated from the
resulting solution using 0.2 um pore-size of syringe filter. The filtered solution was
analyzed, and the result was shown in Table 2.2, after the adjustment. The ratio of
EGs ligands to CH3Hg* was ~2, which means that one CHsHg* was captured by every

2 EG3 ligands, presumably forming crown ether shape.

2.7.3. Fourier transform infrared spectroscopy (FT-IR)

Sample in contact
with evanescent wave

To Detector

N Y

Beam Crystal

Figure 2.13. A schematic cartoon of FT-IR with ATR accessary (Taken from FT-IR spectroscopy

technical note on www.perkinelmer.com)

FT-IR is one of the most widely used methods with NMR to get information about
organic materials23. In this work, the structure of ligand molecules, especially EG
ligands, on the gold nanoparticle surface was interpreted via FT-IR measurement.
Each striped gold nanoparticle was measured in the powder, using ATR (Attenuated

Total Reflectance) accessary, which enables the monitoring of the sample in-situ?+25,
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Specifically, the infrared beam is directed onto a crystal, where a totally internal
reflection occurs, and changed upon contacting with a sample (gold nanoparticle in
our experiment). The altered beam exits the other end of the crystal and comes to
the detector (Figure 2.13). In this case, a direct contact with ATR crystal is required

for a sample.

The pure gold nanoparticles were measured first, and they were collected, followed
by the complexation with the corresponding metal ions. The ion-captured
nanoparticles were prepared in the same way with XPS samples described in the

previous section. The resulting spectra are shown in Figure 2.14.

Firstly, the alkyl chains are in all trans-crystalline states, suggested by the peaks at
2918 cm-! (asymmetric alkyl CH stretching) and 2851 cm-! (symmetric alkyl CH
strefching)26v27. Some samples tended to show the peaks in a slightly lower or higher
wavenumber region than 2918 cm-!, which indicated the highest degree of
crystallinity or a slightly higher gauche content. Furthermore, EG parts are in the
helix structure, indicated by the peaks at 1458 cm! for CHz scissoring, 1349 cm-! for
CH2 wagging, 1247 cm! for CH2 twisting, and 1116 cm for the strong skeletal -C-0-
C- stretching, which is caused by the alternating trans and gauche structure; -0-C-C-
O- prefers trans-gauche-trans conformation?26. However, interestingly this kind of
helix structure was not shown with shorter EG ligands in the literature2é. According
to the literature, for instance, EG2 and EG4 parts have trans-states like alkyl chains

when they form SAM on a flat gold surface, whereas EG6 display a helix structure.
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However, in the striped particles, the spectra indicate the presence of an oriented
and crystalline, helical EG phase. In addition, according to the literature, it is said
that this helical phase is disturbed at high temperature (approximately 60 °C~70
°(C), and the helical structure turns into amorphous phase?6. It was assumed that our

ion-releasing effect observed at 80 °C was related to this conformational change.

—— HT/EG, NP after
—— HI/EG, NP+ Zn
—— HI/EG, NP before

—— HT/EG, NPater ¢

Absorbance (a.w.)

1600 1400 1200 1000 00 600 1600 1400 1200 1000 800 &0
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Figure 2.14. FT-IR spectra for (a) HT/EG1 particles, (b) HT/EG2 particles, and (c) HT/EG3 particles:
the black plot for each nanoparticle as synthesized, the red plot for the complex of each nanoparticle

and the corresponding ion, and the blue plot for each nanoparticle after releasing the captured ions

Generally, the peaks from 1500 cm! to 750 cm! were attributed to the motions of -
C-C- and -C-0-, and it was shown that two major peaks disappeared after the
complexation with metal ions, indicating that there was a change in the motions of
two bonds as a result of ion-binding by ethylene glycol groups. Also, all peaks were
recovered to the original state after the captured ions were released by putting
them in hot water, and this verified that the ligand structure was restored and the

ion-capturing and releasing process would be reversible.
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2.7.4. Isothermal titration calorimetry (ITC)
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Figure 2.15. ITC results for (a) HT/EG2 particles with K*: N=0.9974, K=1.508x106(+1.2x10%), AH=-
69.846 kJ/mol, AS=-118.902 ] /mol*K, (b) HT/EG2 particles with Cd?*: N=0.982,
K=2.75x106(£3.09x105), AH=-83.916 k]/mol, AS=-161.7 ] /mol*K, (c) HT/EG3 particles with Cs*:
N=1.007, K=1.933x106(+1.56x105), AH=-89.586 k] /mol, AS=-183.834 ]/mol*K, and (d) HT/EG3
particles with K*: No particular change was observed; the standard deviation of the bonding
constants was calculated in the process of fitting with the collected values under conditions that

optimize precision?®,

Calorimetric techniques such as differential scanning calorimetry (DSC) and
isothermal titration calorimetry (ITC) have been a powerful tool to get thermo-
analytical data. While DSC measures the difference of heat needed to increase the
temperature of a sample with a well-known heat capacity of a reference, ITC
measures the heat change of a reaction at a constant temperature. In ITC
experiment, the reaction is generated by titrating the reactant into the sample cell,
and the heat change (exothermic or endothermic) induced by the reaction between

the injected reactant and the sample solution is monitored from the beginning of the
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experiment??, ITC makes it possible to directly characterize thermodynamic
parameters, such as AH, AS, AG, and K, and the stoichiometric ratio of two reactants

in the formation of the complex with a high sensitivity in a single experiment30-32,

In this work, ITC measurement was used to obtain the thermodynamic parameters
in ion-capturing and also the stoichiometric ratio of each EG ligand and metal ions.
The striped nanoparticle aqueous solution was placed in the sample cell, and each
metal ion solution was injected into the cell 20~30 times. The results were
illustrated in Figure 2.15, and as expected, all measurement showed a negative
entropy change. For HT/EG2 striped particles, the binding constants with K* and
Cd?* were similar, although they presented a slightly higher affinity with Cd2+.
Moreover, there was little heat change for HT/EG3 particles with K*, and such a very
small amount of heat could be induced by the dilution when the ion solution was

injected to the sample cell.

2.7.5. Zeta potential ({-potential)

{-potential is a standard to judge the stability in colloidal system, referring to
electrokinetic potential3334, It represents an electric charge in the interfacial double
layer. Typically it is said that nanoparticles with {-potential value greater than 25
mV or less than -25 mV stay stable in solution due to an electrostatic repulsion.
When Z-potential value is low, attractive force prevails repulsion, and particles

would be aggregated. Unmodified metal particles tend to have a negative charge in
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the solution, and {-potential value is varied, depending on capping ligands. With a
neutral ligand, the surface charge is shielded, which leads to the lower {-potential,

like our nanoparticles.

HT/EG,NP | HI/EG,NP+Na | HT/EG,NP+K | HT/EG,NP+Cs
1 -33.44 -28.93 21.44 -31.55
2 -35.60 -28,25 -17.21 -33.02
3 -34.07 -29.80 -2031 -32.34
4 -34.95 -28.04 -17.44 -33.31
5 -33.25 -28.85 -18.6 -28.96
6 -32.46 -29.95 -18.28 -33.01
7 -32.15 -31.49 -20.78 -32.02
8 -32.68 -28.49 -19.30 -34.04
avg | -33.58+1.22 -29.2311.14 -19.171.56 -32.28+1.55

Table 2.3. Change of zeta potential of HT/EG2 striped nanoparticles in the presence of various metal

ions

Here {-potential was used to indirectly determine the interaction between the
striped nanoparticles and metal ions. It was anticipated that the value of {-potential
would be invariable when there is no interaction between the nanoparticles and
metal ions, while it would be changing when the nanoparticles captured metal ions.
The gold nanoparticle samples for {-potential measurement were prepared in
Millipore water, and the stoichiometric amount of each metal ion was added into the
solution. The measurement was performed in a high-precision mode, where the

average value of total measurements (8 measurements here) was obtained. Table
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2.3 presents the results of {-potential measurement for the striped HT/EG:
nanoparticles with three different kinds of metal ions (Na*, K*, and Cs*). The value
of {-potential for the nanoparticles themselves was approximately -33.58 mV, which
could be classified as a stable state, and it was changed to less negative with the
binding ion (K*), compared to the values with the non-binding ions (Na* and Cs*).
This implied that there was a significant interaction between nanoparticles and K+,
whereas Na* and Cs* were not. In the conductivity test, HT/EG2 striped particles
showed an affinity for Na*, although it was weaker than that for K*. This was also
consistent with Z-potential result, which exhibited a small change with Na*, whereas

it rarely changed with Cs*.

2.7.6. Transmission electron microscope (TEM)

Figure 2.16. TEM images for (a) HT/EG2 nanoparticles without K* and (b) HT/EG2 nanoparticles

with K+
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TEM images were taken for the striped nanoparticles with and without metal ions.
HT/EG2 gold nanoparticles were dispersed in water, obtaining the sample without
potassium firstly, and the stoichiometric amount of potassium slat was added into
the solution, stirring for 30 minutes. The second sample was acquired, and TEM
sample was prepared as described in the previous section. The images were shown
in Figure 2.16. The average diameter before K*-binding was 4.770+0.863 nm and
that after K*-binding was 4.715+0.950 nm. From these results, it was verified that

there was no remarkable change in nanoparticle morphologies.
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3. Metal-Ion Sensor Using Striped Gold Nanoparticles

3.1. Introduction

It is very critical to detect the amount of toxic metal ions in an extremely low limit in
water or other environmental samples, considering that they could induce a lethal
effect with a fairly small quantity due to their bioaccumulative property!-3, as
described in Chapter 1. Various methods have been attempted with this purpose,
which includes spectroscopic methods such as atomic absorption spectroscopy
(AA)*5 and inductively coupled plasma spectroscopy (ICP)é7, optical methods such
as colorimetric8? or fluorescence-based assay!%11 and systems based on surface
plasmon resonance!213 or surface-enhanced Raman scattering!41>, and
electrochemical methods!617. However, most of these methods require a
complicated chemistry, using a sophisticated macrocyclic molecule for selectivity, or
elaborate measurement procedure. Particularly, only several methods have been
reported for methylmercury in a very low detection limit, due to a lack of an

appropriate material that can capture it.

Based on the results of Chapter 2, we exploited a solid-state metal ion sensor, using
striped gold nanoparticles. The sensor device was obtained by depositing striped

nanoparticles between electrodes, and the conductance change of gold nanoparticle
film was measured upon the exposure to metal ions. The supramolecular pockets in

the striped nanoparticles enable the selective ion-capturing, and this makes the
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conductance of the film of nanoparticles changes noticeably by comprising an

enhanced conductive paths. The details are discussed in the following sections.

3.2. Preparation of metal-ion sensor

—®

(» Striped Nanoparticle
e 1,14-tetradecanedithiol Au Electrode

30 nm

Figure 3.1. (a) The cartoon of the scheme and dimension of the sensor device and (b) side view of

the film of the gold nanoparticle

The striped gold nanoparticles were prepared as depicted in Chapter 2, using the
modified Stucky method, and dispersed in methanol (in a concentration of 2 mM of
gold atoms). To fabricate the sensor device, gold electrodes with 30 nm-thickness
and 5 mm-length were sputtered onto a glass substrate using a shadow mask, and
the typical gap between two electrodes was 50 pm wide and 5 mm long. A 3 pl of
gold nanoparticle solution was drop-casted onto the substrate and dried for 2 days
under the vacuum, followed by a cross-linking step of gold nanoparticles to prevent
them from dissolving out in water. The cross-linking was performed by dipping the
film into a 5 mM of 1,14-tetradecanedithiol solution in toluene for 40 minutes, and
rinsed with a copious amount of toluene, dried in vacuum for 2 days. These steps

resulted in a 150 nm-thick nanoparticle film approximately, which was determined
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by profilometry, and the number of gold nanoparticles between two electrodes was
roughly in the order of 1011, The schematic cartoon of the sensor is shown in Figure

=

3.3. Measurement of conductance of gold nanoparticle films

The prepared electrodes were connected to an electrometer with high precision
(Keithley 6517) placed in a home-made Faraday cage to measure the conductance of
the film, and the measurements were conducted at room temperature. The films
were immersed in 2 ml of metal ion solutions (chloride counter-ions) in Millipore
water for 2 minutes, ranging from 1mM to 1zM to measure the detection limit. The
films were sufficiently washed with Millipore water after immersion so that the free

ions could be completely removed, and then dried under nitrogen environment.
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Figure 3.2. The j-E dependence for the film of the striped HT/EG3 nanoparticles before exposure to
ions (black circles) and after exposure to ions (colored circles): (a) in a solution of Zn?* and (b) ina

solution of CH3Hg*
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The current density (j) was measured by changing the applied filed (E) within a
range of -20 kVm-! to 20 kVm! for all kinds of nanoparticle films and ions, and the j-
E dependence in the given range was ohmic. Prior to dipping into the ion solutions,
the conductivities of the striped gold nanoparticle films (Gbefore) were ~2x10-4 Q-1m-
1, This is close to the value previously reported for a film of gold nanoparticles
protected with thiolate with a similar thickness. The conductivities of the striped
nanoparticle films upon the exposure to metal ion solutions (Gaser) Wwere measured.
The conductivity increased when a certain kind of metal ions were captured by gold
nanoparticles, whereas it did not change when the ions were not captured. For
example, when the film of the striped HT/EG3 gold nanoparticles was exposed to
Zn?*, there was no noticeable change of conductivity; however, it changed
significantly whén exposed to CH3Hg*, as shown in Figure 3.2. The change of the
conductivity for three kinds of the striped gold nanoparticles on the exposure to
various metal ions was measured, indicated as the ratio of the conductivities of the
nanoparticle film (X= Gater / Obefore), and also the detection limits were evaluated for
interactive pair of nanoparticle and ions, as summarized in Figure 3.3. The
conductance change was measured in the decrement of concentrations until the
ratio of the conductivities was close to the unity, and the detection limit was
determined via two sample t-test with x values of two different concentrations at 99%

confidence level, as described in Appendix.

78



NP Types
@ AuNP covered with HT/EG; SAMs

B AuNP covered with HT/EG; SAMs
X AuNP covered with HT/EG, SAMs

a ‘. b 100
100: ® CHiHg' é ; 1 mM 5
J e cs
¥, © CHaHg' Control N
s Cs" Control L] %
€ 10 L] 6 10
w-.t 8 - ¥
69
£ . L4 g . 3
6 I $ :
o= 3 é I Y 1
=2 N ? Q i W > 1' ,,,; - o020 8 0 % ~ — ST
¥ L]
TT I T T T rrrrrrrrrrrrrrrro1 T T T T 1 I’l |‘| |‘ |+ |+ l‘ I‘ I" |+
L E SR S ) + 4 _ + = =
0% 10?2 10" 0% 10° 10t de v g A =L L 2982, %% Sg
Concentration (M) ~N ) O O oo oI f’i - g
RN
z
:
c d
N m cd” T 1mM =
2 @ K 4
0 Cd**Control
10+ + £10 ®
§ K'Control §
o ¢ o
5 54
~ ¢ 3 . __g 1
U% bi n o 4 |
2 T L@ rp 2 : fI]
I I ; - ] am @ e T -
=< 1 + ..+. ——— T =14 - L ! g i s O T
TT T T T T T T T Tt rrrrrrrrnrl * I+I+I+I’I+\‘l+l+ I‘I‘I‘T—l‘l‘l T 1
+ o A =
w0 10" 10" 107 10° w0t 2 8% c 203 ZF 0 2 'SL 5‘“8 “‘ %* g
Concentration (M) Fi®onNzTEO o =X b1
Cs o i g
e f
10+ 10
J z z d 1mMm
ML x 1 z
5 Zn"" Control 54
-é 4 Na’ Control ' g 4 f
2
L=} I LI
5 x
£ 2 % 2 4
0 SR f o ¥
I * I : % ox % 3
=i1{ o T — HEEESEEE, i
. TT T 11T :I T : TITTITTrT 11T T1 711 v T T T T T T T T“ T T T T T T T T 1 s
A 20 2 E) 4 = d LA At et vd tstete A4 BB
10 10% 10" 10” 10? 10 E Ng Yo Ng Vo 2 Ny ¥ S g S &
Concentration (M) 000 o6°°xa E«» %g T Z NS 2%
O Os g g

Figure 3.3. The change in conductance for the films of gold nanoparticles upon the exposure to

various metal ions; the sensitivity and selectivity were illustrated.

3.3.1. The films of the striped gold nanoparticles

Firstly, the film of the striped HT/EG3 gold nanoparticles were tested, which made a
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complex with Cs* and CHzHg* in the earlier result of Chapter 2. Upon the exposure to
a variety of metal ions, it exhibited a significant conductance change with CH3Hg*
and also with Cs* and Hg?*, as consistent with the solution-based conductivity test in
Chapter 2. Remarkably, the HT/EG3 striped particles were able to detect CH3Hg* by
an atto-molar (10-18 M) unit, and this corresponds to ~600 CHzHg* ions in 1 ml of
solution. The x value increased as the concentration of CHsHg* was increasing, and it
attained ~75 at 0.1 mM of CHzHg*. Additionally, the detection limit of Cs* was 0.1
HM (Figure 3.3(a) and (b)). The film of HT/EG2 striped nanoparticles also displayed
a notable conductance change with Cd?* and K*. Specifically, it detected Cd?* up to 1
pM and showed x=24.7 at 1mM. Also, it was able to detect K* with x=10.2 at ImM
and with 1 pM limit, and it detected Ag+ with x=2.86 at 1ImM. However, it did not
noticeably bind other kinds of ions as shown in Figure 3.3(c) and (d). Finally, it was
revealed that the film of HT/EG1 striped nanoparticles detected Zn2+ with x=6.51,
Na* with x=2.72, and Ag* x=5.00 at 1mM, which was less selective than the film of

other striped particles (Figure 3.3(e) and (f)).

3.3.2. The films of homoligand gold nanoparticles

The change of the conductivities for the nanoparticles coated with only EGn ligands
was measured as it was done in the solution-based conductivity measurement. The
measurement was performed for a pair of each EGn homo-nanoparticle and the

corresponding ions, and the result was summarized in Table 3.1. The concentration

of ion solutions was 1mM, except CHzHg*, which was 0.1 mM. As shown in Table 3.1,
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most of x values were close to unity, no bigger than 1.5, which means that there was

no particular ion-binding for the homo-nanoparticles.

EG3 homo-AuNPs EG2 homo-AuNPs EG1 homo-AuNPs
CHzHg* 1.260 + 0.365
Cs* 1.449 +0.420
Cdz 1.351+0.061
K* 1.369 + 0.239
In2+ 1.000 + 0.002
Na+ 0.975+0.215

Table 3.1. The x values for the films of EGn homo-nanoparticles

3.3.3. Measurement in a blank sample

One control experiment was conducted to prove that the resulting x values were
attributed to the ion binding, not caused by any water effect or drying process. The
films of the striped nanoparticles were washed with Millipore water, not containing
any ions, and dried. No significant change of conductance was observed for any films;
for example, for the film of HT/EG2 nanoparticles, x=1.011+0.029 after one

wash/dry cycle and x=1.013+0.031 after ten wash/dry cycles).
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4. Removal of Metal Ions from Water Using Striped Gold

Nanoparticles

4.1. Introduction

Along with the detection of the metal ions in samples, it is also necessary to remove
such toxic metal ion pollutants from environments2, Several million tons of heavy
metals, such as mercury, cadmium and lead, are discharged into environments every
year as a result of human activities3-6. There have been lots of efforts into the
remediation of soil and water contaminated by metals, since the metal pollutants
have a crucial effect on human health, as discussed in Chapter 1. Typically, the
remediation method for water includes precipitation with chemicals?, use of
absorbents89, ion-exchange resins??, column1l, and filtration with membrane12.13,
However, the precipitation with chemicals results in a large amount of secondary
waste, and the use of ion-exchange resins is limited to the solutions of low
concentrations. Additionally, the filtration is not effective when a large volume of
water needs to be processed. Therefore, it is required to properly utjlize metal ion
absorbent, overcoming those shortcomings. Mostly metal-adsorbent materials were
manipulated in a variety of ways in the aspect of their efficiency. They can be used
by themselves as sorbents, and also incorporated into filtration or membrane, and

column.
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For this purpose, two kinds of methods were devised in our work, utilizing these
ion-selective gold nanoparticles: magnetic removal by functionalizing gold
nanoparticles with magnetic nanoparticle and metal ion sponge made up of gold
nanoparticles. Thanks to our striped nanoparticles, they were expected to have an
excellent selectivity, and they would be usable in water and also in environmental

samples. Also they would not discharge a secondary waste.

4.2. Magnetization of gold nanoparticles: composite nanoparticle

4.2.1. Magnetic Nanoparticles

Magnetic nanoparticles, such as iron oxide (Fe304 and Fez03), iron, nickel, and cobalt
nanoparticles, have been of great interest in various fields for decades, including
biomedicinel415, magnetic resonance imaging (MRI)1617, data storagel8, and also
environmental remediation?1920, With their diverse applications, synthetic methods
and properties are well studied. By utilizing their superparamagnetic property, it
was expected that it would be an excellent candidate for a remediation method

when they were incorporated into our ion-selective striped nanoparticles.

4.2.2. Synthesis of magnetic nanoparticles functionalized with gold

nanoparticles
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Fez03 nanoparticles were synthesized as described in the literature?!. The entire
procedure was carried out under an argon atmosphere. 1.52 mmol of Fe(CO)s was
added into 10 mL of octyl ether in the presence of 4.56 mmol of oleic acid at 100 °C.
The reactant was heated up to 280~290 °C under reflux for 1 hour. In this process,
the color change was observed, resulting in black solution. The solution was cooled
down to room temperature, and 4.56 mmol of (CH3)3NO was added into the mixture,
followed by heating up to 130 °C, and it was kept at that temperature for 2 hours.
After 2 hours, the temperature was raised again, refluxing for 1 hour. Finally, the
reactant was cooled down to room temperature. The synthesized nanoparticles was
precipitated by pouring ethanol, and purified by centrifuging with ethanol. They
were dried under the vacuum overnight. The obtained nanoparticles were well-

dispersed in hydrophobic solvents such as hexane and toluene.

To enhance the compatibility of magnetic particles in hydrophilic solvents, they
were coated with silica, which also facilitates to have functionality on the surface.
These core-shell structured silica-magnetic nanoparticles have been reported with
several methods, and here the silica shell was synthesized by reverse
microemulsion, following the literature2223, 80 ml of magnetic nanoparticles
dispersed in cyclohexane (in a concentration of 0.4 mg/ml) were added into 440 ml
of cyclohexane solution containing 35 g of polyoxyethylene(5)nonylphenyl ether
(Igepal CO-520). The mixture was stirred for 30 minutes, followed by the addition of
3.5 ml of ammonium hydroxide. Finally, 1 ml of tetraethylorthosilicate (TEOS) was

added, and the mixture was stirred for 2 days at room temperature. 400 ml of
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ethanol was added into the solution, which made the resulting silica-magnetic
nanoparticles (SiOz2/Fe;03) precipitated out. The nanoparticles were collected by

centrifuging, washed with ethanol three times, and dried under the vacuum

overnight.

4.2.3. Characterization of magnetic nanoparticles functionalized with gold

nanoparticles

Figure 4.1. TEM images of (a) Fez03 (100 nm for scale bar), (b) Si02/ Fez03 (100 nm for scale bar),

and (c) gold nanoparticle/Si0z/ Fe;03 (20 nm for scale bar)
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Figure 4.2. SQUID measurement of (a) Fez03, (b) SiOz/ Fez0s, and (c) gold nanoparticle/Si0z/ Fe;03

In each synthetic step, the morphology was examined by TEM, as shown in Figure

4.1, and the silica coating and functionalization of gold nanoparticles were observed.
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Furthermore, SQUID measurement was performed to investigate the magnetic
property of the particles (Figure 4.2). The resulting particles had no hysteresis,

indicating their superparamagnetic properties.

4.2.4. Removal of metal ions from water

Figure 4.3. (a) The picture that the composite particles can be easily removed by a magnet and (b)
the change in conductivity value at each step: (i) the initial value without Cd2+, (ii) right after adding
Cd2+, (iii) after mixing with the composite particles, followed by that they being removed, and (iv)

after the captured Cd?* being released by heating the solution up to 80 °C

The prepared composite nanoparticles were dispersed in Millipore water and
collected by a magnet, as shown in Figure 4.3(a). The conductivity was measured at
first (the value indicated by (i) in Figure 4.3(b)), and cadmium ions were added into
the solution, followed by the conductivity measurement again (the value indicated
by (ii) in Figure4.3(b)). The conductivity increased as a result of the addition of
cadmium ions. The composite nanoparticles were released from the magnet, and
stirred for a while to give a sufficient time to mix with the ions. The nanoparticles

were removed by the magnet, and the conductivity of the solution was measured
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(the value indicated by (iii) in Figure 4.3(b)). The conductivity value was down to
mostly the initial value. From the change of the conductivity, it was inferred that the
composite nanoparticles were able to get rid of most of cadmium ions from aqueous

solution.

Also, the composite nanoparticles containing cadmium ions were re-dispersed again,
and the temperature of the solution was raised to 80 °C. As described in Chapter 2,
the captured metal ions can be released from the striped gold nanoparticles. The
dispersed nanoparticles were re-collected by the magnet at 80 °C, and the
conductivity was measured again after the temperature was recovered to room
temperature (the value indicated by (iv) in Figure 4.3(b)). It was shown that the
conductivity was increased again, implying that the captured cadmium ions were

released into the solution as a result of the entropic effect at high temperature.

4.3. Metal ion sponge

4.3.1. Fabrication of metal ion sponge

As for another remediation method, a small disk-shape pellet consisting of the

striped nanoparticles was contrived. This pellet consisting of a certain kind of the

striped nanoparticles was expected to function as a metal ion “sponge” when it was

immersed in water contaminated by a specific type of metal ion such as
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methylmercury and cadmium, by absorbing them. With this method, the striped

gold nanoparticle itself can function as an absorbent.

The metal ion sponge was produced in a similar way to prepare a pellet of FT-IR
sample. 60 mg of gold nanoparticles was fabricated in the pellet presser under the
pressure of 6000 psi for 2 minutes. According to the previous literature, it was
confirmed that the nanoparticles would not be affected under the high pressure2*25,
The resulting pellet made up of gold nanoparticles was cross-linked by dipping it in
2 ml of 1,9-nonanedithiol for 2 hours to preventing them from dissolving out in
water, and it was placed in a plastic frame with epoxy glue, as shown in Figure

4.4(a).

a b
— —

Figure 4.4. (a) The schematic representation of manipulating the metal ion sponge (black: plastic
frame, gray: epoxy resin, purple: nanoparticle-pellet, and (b) The picture of metal ion sponge in a

plastic frame

4.3.2. Absorption of metal ions from water

The prepared metal ion sponge was placed in aqueous solution containing a certain
concentration of cadmium ions. The conductivity of the solution was measured prior

to putting the metal ion sponge for a reference value. The solution was stirred for a
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while to improve the absorbing efficiency. The metal ion sponge was taken out from
the solution, and the conductivity was measured again, as indicated in Figure 4.4(b).
The conductivity decreased to some extent, displaying that some amount of

cadmium ions in the solution was absorbed by the metal ion sponge.

4.3.3. Removal of metal ions from an environmental sample

In the following step, it was applied to an environmental sample. The lake sediment
was collected from Lake Geneva, and two samples were taken in a same condition.
Only one sample was spiked with a known concentration of cadmium ions. The
initial concentration of the cadmium was determined by following the real
concentration of other cadmium-contaminated lake, Empire Lake located in Kansas,
which was monitored by USGS (the United States Geological Survey). Two sponge
consisting of the same HT/EG2 striped nanoparticles were placed into each
sediment sample: one is native sediment and the other is Cd%*-spiked sample (in a
concentration of 87.2 ppm). The samples with the nanoparticle-pellet were shaken
for 1 hour. Each pellet was taken from the sediment sample, and put in 25 ml of hot
water (approximately 80 °C). The hot water was collected for ICP measurement.
Under our hypothesis, a certain amount of Cd?* would be detected, since it would be
released from the péllet into hot water, if the pellet absorbed some amount of CdZ*
from the sediment sample, proving that amount of Cd2* was reduced in the sediment
by the effect of the metal ion sponge. From ICP, no Cd?* was found in the pellet

sample from the native sediment, whereas 5.89 ppm of Cd?* was detected that from
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Cd?*-spiked sediment. It obviously indicated that the nanoparticle-pellet was able to
absorb Cd?* jons from the environmental sample, which presented the potential use

in an effective remediation.

As shown in the result of both the conductivity test and ICP, the removal efficiency
of the metal ion sponge is not as good as that of the composite particle in the
previous section (Chapter 4.2). It can be deduced that it was caused by the
difference of surface area exposed to water. For the composite nanoparticles, the
gold nanoparticles attached to the magnetic particles were completely exposed to
water, leading to high surface area with metal ions in water. However, in the case of
this metal ion sponge, the surface area is smaller, which requires more time for
metal ions to be diffused into the nanoparticle-pellet. Despite of that, certainly it can
function as a kind of metal ion “sponge” in water by simply putting it into water;
therefore, with a slight engineering modification, it is expected that it can excellently

act as a metal ion sponge.
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5. Temperature Effect on Ion-Capturing

5.1. Introduction

In the earlier work, it was observed that the captured metal ions were released from
gold nanoparticles at 80 °C, as described in Chapter 2. Presumably, it is caused by
the change of entropic contribution to free energy, accompanied by the increased
temperature. In this context, it was assumed that the change of the temperature
would be a key factor to alter the kinetics in ion-capturing mechanism. Accordingly,
it was expected that a different ion-capturing behavior could be observed in a

different temperature.

In thermodynamic studies on the complexation of crown ethers and metal ions, it is
said that the enthalpy plays a key role in the free energy and the entropy is
negligible!-3. Hence, when binding constants of different types of crown ethers were
compared, mostly only enthalpy was regarded as an important parameter*. This is
attributed to the rigidity of macrocyclic rings, where the change of the entropy

would not be noticeable.

However, in our system the ion-capturing parts (i.e. EGn ligands) are quite flexible,
unlike the rigid crown ethers56. This property would lead to a pronounced entropy
change upon a complexation with metal ions, and also upon the temperature

change.
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This experiment was focused on HT/EG3 striped particle, and it was tested with
various kinds of metal ions at different temperatures. The conductivity test result
presented a different ion-capturing behavior according to the temperature, and it
was commensurate with the following ITC results. Furthermore, FT-IR
measurement supported that the change in the ion-capturing behavior was not
induced by the modification in ligand-shell structure accompanied by the

temperature.

5.2. Different ion-capturing behavior on conductivity test
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Figure 5.1. The result of conductivity test for HT/EG3 striped nanoparticles (a) at 40 °C with K* and
Cs*, (b) at 50 °C with K*, (c) at 60 °C with K*; each measurement was done at least three times,

resulting in the plots using their average values with the standard deviations, represented by error

bars.
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Conductivity tests similar to the ones described in Chapter 2 were performed at
various temperatures; the striped nanoparticle solution was placed in an oil bath to

maintain a certain temperature. The results were shown in Figure 5.1

Firstly, HT /EG3 striped particles were tested with K* and Cs* at 40 °C, and it was
found that less Cs* was captured by the nanoparticles, compared to at room
temperature. More interestingly, a certain amount of K* started to be trapped by
HT/EG3 striped nanoparticles after adding some aliquots of K* solutions, as shown
in Figure 5.1(a). The plateau region was observed in the middle of the plot, unlike
other ordinary plots, where it was spotted from the beginning. To determine that
this was caused by time or concentration, the conductivity was measured again with
a sufficient interval between measurements (more than 12 hours). The change in
the conductivity behaved similarly, even though it had a quite long time interval,
which implied that this was not the time issue, but the concentration issue. In other
words, at 40°C, the HT/EG3 striped particles are able to trap K+ ions only in the
presence of some amount of K+ ions. A similar phenomenon was observed at 50 °C,
as shown in Figure 5.1(b); the plateau region was moved to the right slightly,
requiring a higher concentration of K+ to be bound. However, no capturing was

found at 60 °C (Figure 5.1(c)).

In the similar way, other kinds of metal ions such as Na*, Ca?*, Fe?*, Zn?*, Cd?*, Ni?*,

Cu?* and Co?* were tested at elevated temperatures (Figure 5.2). Na*, Zn?*, Ni?*, CuZ*
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and Co?* were bound to HT/EG3 striped particles neither at room temperature nor
at the elevated temperatures. On the contrary, Ca2*, Fe2*, and Cd?* displayed a
different behavior at the elevated temperatures. None of them were trapped by
HT/EG3 striped particles at room temperature, but Ca2* and Fe?* were captured at
40°C from the beginning, although they required a longer time to be stabilized, and
Cd2?* started to be captured after some amount of them were added, just as K*. At 50
°C, this capturing was significantly alleviated for Fe?* and Cd?*, while no binding was

observed for Ca?+.
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Figure 5.2. The result of conductivity test for HT/EG3 striped nanoparticles with (a) Na*, CaZ*, Fe?",
Zn2+, Cd2+, Ni2*, Cu2* and Co?* at room temperature, (b) Na+, Ca?*, Fe?*, Zn2+, Cd?*, Ni2*, Cu?* and Co?* at
40 °C and (c) Ca?*, Fe?+, and Cd2* at 50 °C; each measurement was done at least three times, resulting

in the plots using their average values with the standard deviations, represented by error bars.
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In summary, the ion-capturing clearly have shown a different behavior at the
elevated temperatures for our striped nanoparticles, even though it was just focused
on the case of HT/EG3 particles. Also, each case with different metal ions took on a
different aspect, signifying that the subtle difference in the electrostatic interaction
determines the ion-binding, coming with the entropic effect at varying

temperatures.

5.3. Characterization of metal ion-capturing gold nanoparticles at high

temperatures

5.3.1. Isothermal titration calorimetry (ITC)

In a similar way as depicted in Chapter 2, ITC measurements were conducted at
elevated temperatures to acquire the thermodynamic parameters at different
temperatures. Basically, they were performed in a same protocol, except the
temperature. We focused on the analysis of HT/EG3 striped particles with K* and

Cs* ions, and the results are illustrated in Figure 5.3.

Firstly, when the parameters with Cs* at 40 °C are compared to those at room

temperature, clearly the stoichiometric ratio decreased, indicating less Cs* was
captured at 40°C than at room temperature, which is quite consistent with the
conductivity test. Also, the enthalpy changes were fairly similar, whereas more

entropy was sacrificed at 40°C, and the binding constant was remarkably lowered at
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40 °C. No significant Cs*-binding was found at 60 °C.
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Figure 5.3. ITC results for HT/EG3 particles (a) with Cs* at 40 °C: N=0.210, K=1.94x105(+1.69x10%),
AH=-89.376 k] /mol, AS=-197.4 ] /mol*K, (b) with Cs* at 60 °C: no particular change, (c) with K* at 40
°C: N=0.891, K=1.05x106(+5.00x105), AH=-40.333 k] /mol, AS=-13.58 ] /mol*K, (d) with K* at 50 °C:
N=0.704, K=2.92x106(+1.41x106), AH=-46.074 k] /mol, AS=-30.324 ] /mol*K, and with (&) K* at 60 °C:

no particular change

For HT/EG3 particles with K+, the heat change was observed in the reaction only

after passing by several injections both at 40 °C and 50 °C, which is commensurate

100



with the conductivity test in the previous section. The thermodynamic parameters
and the stoichiometric ratios were similar for both cases; however, all values were
lower than the complex of HT/EG2 particles and K* at room temperature, which was

presented in Chapter 2. Also, no K*-capturing was observed at 60 °C.

5.3.2. Fourier transform infrared spectroscopy (FT-IR)

To verify that the change of the ion-capturing behavior with varying temperatures
was not induced by transforming the pattern of the ligands shell, FT-IR
measurement was carried out in the liquid state by varying the temperature (Figure
5.4). The measurement was achieved in a similar way as depicted in Chapter 2,
using ATR accessary, but the sample trough plate was connected to a temperature
controller (with £0.1°C accuracy). For background measurement, water solution
without nanoparticles was used first at each temperature. Initially, HT/EG3 aqueous
solution was measured at room temperature and also at higher temperatures (at 40
°C and at 50 °C). There was no substantial change in the spectra, especially in the
region of the motions for -C-C- and -C-0-, and it was still same after recovering to
room temperature. Therefore, it was concluded that there was no change in the
ligand shell structure up to 50 °C and the change in ion-capturing behavior was not

caused by any change in the ligand shell.
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Figure 5.4. FT-IR spectra of HT/EG3 striped particles at varied temperatures

5.4. Transition temperature

According to the conductivity test in the previous section, HT/EG3 striped particles
were able to trap K+ ions only at elevated temperatures, but not at room
temperatures. This K+-capturing was observed in a range of 40 °C ~50 °C; hence, it
was assumed that there would be a kind of transition temperature between room

temperature and 40 °C.

To confirm the presence of the transition point, HT/EG3 striped nanoparticles were
mixed with a stoichiometric amount of K+ at room temperature, and the
conductivity was measured at each step upon raising the temperature by 5 degree.
30 minutes were given between each measurement for equilibrium after reaching a

target temperature, and the result was represented in Figure 5.5(a). It was shown
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that the conductivity of the control sample (i.e. only K+ without nanoparticles)
linearly increased, which was induced by the thermal effect on the conductivity;
however, for the sample with HT/EG3 nanoparticles, this increasing pattern was
ceased around 30 °C, and suddenly the conductivity value plunged. This implied that
a certain amount of K+ ions freely existed was bound to HT/EG3 nanoparticles at
the corresponding temperature range, accompanying the decreased in the
conductivity. The conductivity value increased again afterwards as a result of the

thermal effect. This suggested that there would be a transition point around 30~35

°C.
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Figure 5.5. The change in conductivity of K* aqueous solution with and without HT/EG3

nanoparticles measured by varying the temperature (a) in 5 degrees and (b) in 3 degrees

To find this transition temperature, the conductivity test was carried out in a more
elaborated scale. The change in conductivity was investigated, varying the
temperature from 25 °C to 40 °C by 3 degrees in each step (indicated with open

circles in Figure 5.5(b)). The control experiment without nanoparticles was also
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carried out to examine the thermal effect, and it was demonstrated that the
conductivity increased linearly by temperature in the presence of only metal ions
(indicated with triangles in Figure 5.5(b}). In Figure 5.5(b), the conductivity value
reduced twice: firstly between 31 °C and 34 °C, and secondly between 34 °C and 37
°C. The drop in the conductivity was more noticeable in the former range than the
latter one; hence it was deduced that the transition point would exist around 34 °C.
The conductivity was measured again by reducing the temperature from 40 °C to 25
°C with the same solution after it reached 40 °C (indicated with closed circles in
Figure 5.5(b)). A similar phenomenon was observed in an opposite way; the
conductivity decreased at the beginning by lowering the temperature, and it
escalated in the same temperature ranges. This also indicated the presence of the

transition temperature.
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6. Ion-Capturing with a Different Core Material: Eu3+-Binding to

Silver Nanoparticles

6.1. Introduction

Theoretically, the striped structure was originated from the nature of two ligands
and the curvature of nanoparticle (i.e. the size of nanoparticle)!. Hence, with an
appropriate end-group functionality, which can be adsorbed onto a specific core
material, we expect that the striped structure can be formed on a surface of a
different metal nanoparticle. Here, silver nanoparticles were produced in the same
way as gold nanoparticles, and their ion-capturing ability was investigated with

optically active ions.

6.2. Background for lanthanide ions

Recently optically active lanthanide ions have attracted lots of interest because of
their potential applications in light emitting diode (LED)?, optical signal amplifier,
laser3#, fluoroimmunoassay>#¢, and probes in biochemistry?8. This is attributed by
their unique optical properties, compared to other luminophores such as
semiconductor nanoparticles and organic dye molecule; they have a large Stokes
shift, long emission lifetime in the unit of milli-seconds, narrow emission bands, and
higher color purity. Furthermore, lanthanide ions display multiple emissions,

induced by several electronic transitions. Their excitation and emission spectra are
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very sensitive to specific structural properties of ligands around them, which makes
them highly promising tool for obtaining structural information. For this reason,
lanthanide ions, especially Eu3* and Th3+, are considered as a good candidate in

diverse applications®.

To materialize them, it is critical to find a ligand, which is compatible with those
metal ions, and also appropriate coordination chemistry is required for selectivity. It
is known that lanthanide ions rarely interact with purely neutral ligands in an
aqueous solution, since they are regarded as “hard” acids in the Pearson
classification. The negatively charged oxygen atoms are included in the binding sites
so that they can compete with water molecules. Also, even when these lanthanide
ions bind to neutral molecules, they are in the form of very complicated multi-

dentate structure.

It is well known that metal nanoparticles such as gold nanoparticle and silver
nanoparticle change the optical properties of luminophore when it exists nearby1¢-
15, Specifically, it depends on the distance between nanoparticles and luminophore,
and the fluorescence could be enhanced or quenched under the influence of
nanoparticles as shown in many studies?>16, In this work, the change of the
luminescent property of europium ions under the interaction of the striped

nanoparticles was examined.
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6.3. Synthesis and characterization of silver nanoparticles

Figure 6.1. A typical TEM image of silver nanoparticles (The scale bar is 50 nm.)

In the preparation??, a thiol mixture (0.45 mmol) of OT and EG3 in the ratio of 1:3
was added into a solution of AgNO3 (0.9 mmol) in ethanol, and kept stirring for 20
min. A 80 ml of saturated NaBH4 (0.125 M) solution was added into the reactant
drop-wise under vigorous stirring for 1h, and the reaction mixture was left for
additional 2 h with stirring to complete the reaction. The resulting solution was
purified by filtering and washing with copious amount of ethanol. The size
distribution and morphology for the obtained silver nanoparticles were
characterized by a transmission electron microscope (TEM), and a typical TEM
image of silver nanoparticles are shown in Figure 6.1, and the average core size of
silver nanoparticles is about 3.50 nm (+0.73 nm). The ligand ratio of the resulting

silver nanoparticles was confirmed by NMR.
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Also, silver nanoparticles coated with only EG3 ligands (EG3 homo-nanoparticles)
were synthesized for a control experiment in the same way, and showed a similar

size distribution with the striped silver nanoparticles.

6.4. Investigation of the interaction between the striped nanoparticles and

: Eu3+

6.4.1. Conductivity test

The conductivity test was performed with an aqueous gold and silver nanoparticle |
solution in a similar way as described in Chapter 2, by adding an aliquot of EuCls to
it. Prior to the silver nanoparticles, the striped gold nanoparticles with a same
ligand composition was tested (Figure 6.2(a)). The conductivity was not increased
at the beginning of the addition, indicating that Eu3* ions were captured by the
nanoparticles. However, it increased linearly for homo-nanoparticles from the
beginning as Eu3+ aliquots were added, implying no interaction between the

nanoparticles and Eu3*.

The same conductivity test was carried out with the silver nanoparticles. Figure
6.2(b) shows the change of conductivity of silver nanoparticle solutions on the
addition of Eu3+, displaying different patterns for the striped silver nanoparticles

and the homo-nanoparticles. Upon the addition of EuCls into silver nanoparticle
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solutions, the conductivity of the striped silver nanoparticles did not increase for a
while, showing a plateau region, whereas that of the homo-nanoparticles increased
linearly from the beginning. This conductivity result for silver nanoparticles was
exactly consistent with for gold nanoparticles, and we assumed that silver
nanoparticles would behave similarly with gold nanoparticles, forming the striped

structure with the same ligand composition.
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Figure 6.2. The conductivity test upon the addition of Eu3+ ions for (a) OT/EG3 striped and EG3
homo-gold nanoparticles and (b) OT/EG3 striped and EG3 homo- silver nanoparticles; each
measurement was done at least three times, resulting in the plots using their average values with the

standard deviations, represented by error bars.

6.4.2. Ultraviolet-visible spectroscopy (UV-vis)

UV-vis measurement was performed with silver nanoparticles in the same way as
illustrated in Chapter 2. The absorption spectra also displayed a similar
phenomenon as gold nanoparticles (Figure 6.3). A characteristic band was observed

around 400 nm for the striped silver nanoparticles, corresponding to the surface
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plasmon absorption of silver nanoparticles, and it was slightly red-shifted in the
presence of Eu3+, attributed to the interaction between the striped silver

nanoparticles and Eu3*. However, no spectral change was observed for the homo-

nanoparticles.
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Figure 6.3. The change of UV-vis spectra upon the addition of Eu3* (a) for the striped silver
nanoparticles and (b) for the EG3 homo-silver nanoparticles (the solid lines: only silver nanoparticles

without Eu3+, the dot lines: silver nanoparticles with Eu3+)

6.4.3. Fluorescence

The effect of silver nanoparticles on the emission intensity of Eu3* was presented in
Figure 6.4. All emission spectra were obtained with an excitation wavelength at 394

nm, which is the strongest absorption peak of EuCls.

Generally, there are five major emission peaks for Eu3+, radiating from the non-
degenerate Do to 7Fjlevels (J=0, 1, 2, 3, 4)1%18, Among them, two peaks arising from

the transitions to ’F; and 7F; are stronger than others, and regarded as important.
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Obviously, two major emission peaks were observed at 592 nm and 617 nm,
corresponding to the transition of 5Do to 7F1 and 5Dy to 7F2, respectively. The >Do to
7F1 transition is induced by magnetic dipole one. The intensity of this transition is
influenced by the crystal field strength upon Eu3+, but not easily affected by the
ligand environment. On the other hand, the Do to 7F transition is attributed by
electric dipole characteristics, which is highly sensitive to its detailed feature of the
ligand environment in the vicinity of Eu3+. For this reason, the intensity ratio
between 5Dy to 7F; transition and 5Dy to 7F1 transition is considered as a very useful
tool to determine the coordination environment of Eu3+ due to the hypersensitive

property of 5Dy to 7F transition!0.19.20,
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Figure 6.4. Variation of emission intensity of Eu3* on the addition of (a) the striped silver
nanoparticls and (b) the EG3 homo-silver nanoparticles, and (c) the intensity ratio of the transition of

5Dy to 7F2 transition and 5Dg to 7F; transition for both types of silver nanoparticles
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In Figure 6.4(a) and 6.4(b), it is shown that for both the striped and homo-
nanoparticles, the fluorescence intensities of Eu3* were reduced upon the addition
of silver nanoparticles. However, the decreasing patterns were clearly different,
comparing the intensity ratios between 5Dy to 7F; transition (ED) and Do to 7F1
transition (MD), as shown in Figure 6.4(c). The ratio value for the homo-
nanoparticles was quite constant, ranging from 0.18 to 0.19, whereas it was
increased from 0.19 up to 0.38 in case of the striped silver nanoparticles. This
implies that the coordination structure around Eu3* was changed by the influence of
the striped silver nanoparticles nearby, specifically by the interaction with ligands
on silver nanoparticles. It can be deduced that silver nanoparticles themselves did
not cause the change of the intensity ratio, since it was constant for the homo-
nanoparticles, and also it was reported that there was no remarkable change in the
ratio only by the presence of silver nanoparticles in the previous work by Hayakawa
et al. Therefore, it can be concluded that the increase in the intensity ratio was
caused by the interaction with EG3 ligands on the striped nanoparticles, which
results in altering the ligand field around Eu3+. Unlike the homo-nanoparticles, the
striped nanoparticles can provide Eu3* ions with an open cavity to be captured with
an alternating ligand structure thanks to its characteristic structure. Specifically, the

electric-dipole and magnetic dipole transition rate can be described as?9,

1 8n2vle? [(nz +2

W(ED) = = )" 1] rcep)

mce3
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1 8n?vie? 3
—n°f(MD),

TEQ

respectively, where g, is the dielectric constant in vacuum, v is the frequency of an

electronic transition, e is the electronic quantity of electron, m is the mass of

electron, c is the velocity of light, n is the refractive index of the media, and f(ED)

and f(MD) indicate the oscillator strength of the electric-dipole and magnetic-

dipole transitions, respectively. It can be assumed that the electric-dipole transition

rate was increased by the change of f(ED), caused by the interaction between EG3

ligands on the striped nanoparticles and Eu3+.
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7. Conclusions and Future Work

7.1. Ongoing and Future Work

7.1.1. Striped gold nanoparticles with various ligand compositions

As briefly depicted in Chapter 2, the striped gold nanoparticles with different ligand
compositions have different affinities toward metal ions. We have changed only
hydrophobic ligands by replacing them with a longer or shorter length of aliphatic
carbons and simply altering the other end group to amine or hydroxyl group, which
led to a different ion-capturing behavior with a slight modification. For example,
calcium ions were captured by OT/EG3 gold nanoparticles, even though not by any
HT/EGn nanoparticles. Also, potassium jions were not captured by HT/EG2 gold
nanoparticles when the end group of HT ligand was replaced with amine or
hydroxyl groups. These imply the change of an electrostatic interaction,
accompanied by altering the ligands. Therefore, with other ligands compositions, it
would be possible to distinguish more various ions using the striped gold
nanoparticles. For future work, both of two ligands can be replaced with other types
of ligands. For example, HT ligand can be substituted with more hydrophobic group
such as bezenethiol or other aliphatic hydrocarbon thiols. In addition, EG ligand can
be also replaced by other ligands including amine groups, as crown ethers have also
cyclic polyamine types. With more various ligands pairs, we can enhance the

selectivity towards different ions using the striped gold nanoparticles.
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7.1.2, Manipulation of a metal-ion sensor for a real-time monitoring

Although our existing sensor device is able to effectively function on the
environmental samples, it is vulnerable to a real-time measurement, since the
dehydration process is required for a measurement. For the more practical use of
the sensor, the system needs to be modified so that it can be directly used for a

solution sample.

We have been trying to micro-fabricated chips for a real-time monitoring of metal
ion concentration, using striped gold nanoparticles, by adopting the microfluidic
system!2. Specifically, several kinds of platinum electrodes with different sizes and
gaps, ranging from 20nm to 100 nm, were patterned on a Pyrex substrate. The
electrodes were covered with a 40 pm layer of SU8 so that we could identify the
surface area of the electrodes exposed to nanoparticles. The striped gold
nanoparticles were drop-casted onto the substrate and cross-linked to prevent them
from dissolving out in water. Finally, an ad hoc microfluidics was built, and the
system was connected to a syringe pump and a reservoir to allow a real-time
measurement (Figure 7.1). By flushing different kinds of aqueous ion solutions
through the microfluidics, the current change upon the flow of ions will be
measured, and it is expected that the interaction of the striped gold nanoparticles
with metal ions would change the current. Even though more optimization process

will be required to observe a remarkable change depending on the concentration, it
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is highly optimistic to fabricate the real-time monitoring sensor, and it will be a very

powerful tool to determine the amount of metal ions in a real life.

b

Figure 7.1. A schematic representation of a real-time monitoring sensor: (a) the picture of a chip
with several electrodes, (b) gold nanoparticles between the electrodes, and (c) the set-up for

measurement.

7.1.3. Sensor array for detecting multiple ions

With these several kinds of nanoparticles, it will be possible to fabricate a sensor
array to detect the presence or even an approximate concentration of metal ions.
There have been lots of reports regarding various sensor arrays that can detect
explosives, DNA or organic compounds, using a mechanical, colorimetric or
electronic signal (called “artificial nose”)3-6. In a similar way, each striped

nanoparticle can be manipulated to be array-based device and function as a metal-
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ion sensor, since each nanoparticle would have a different affinity towards each ion,
resulting in a different signal. Therefore, it will be able to perform an excellent
sensor for metal ions, combining with a real-time monitoring function described in

the previous section.

7.1.4. Modification of the metal ion sponge

In Chapter 4, it was described that the metal ion-absorbing sponge made up of the
striped gold nanoparticles was able to get rid of a substantial amount of toxic ions
from water and also sediment. However, it was not so satisfactory since the
nanoparticles did not fulfill its function perfectly. In other words, the metal ions
would have been completely absorbed by gold nanoparticles if the metal ion sponge
had performed its function more effectively. As mentioned in Chapter 4, it was
regarded as an engineering problem, and it will be able to be improved, fulfilling a
mechanical property so that it can serve as an excellent metal ion absorbent,

resulting in a more efficient remediation.

7.1.5. Striped nanoparticles with different core materials

This will make it possible to produce a cheaper metal ion sensor and also metal ion
sponge in the case of that it is actually used in a real life. As described in Chapter 6, it
would be highly possible to prepare the striped nanoparticles with a different core

material if the ligand molecules have an appropriate well-adsorbing functional
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group. Even though our metal ion sensor and sponge were re-usable, it will be more

economical if we can manipulate them with different cheaper core materials.

7.1.6. Manipulation of a filter membrane for remediation

As for another remediation method, a filter membrane consisting of the striped gold
nanoparticles can be a very promising tool. In Chapter 4, the metal ion sponge made
up of the gold nanoparticles was introduced, successfully removing some of metal
ions as an absorbent. In a similar way, a filter membrane with the gold nanoparticles
can be fabricated by incorporating into a porous material’8, and by simply flowing
water contaminated by metal ions through the filter membrane, it will be able to

successfully play a role in water purification.

7.2. Conclusion

We have demonstrated that various kinds of metal ions could be selectively
captured by striped gold nanoparticles. Through the solution-based conductivity
tests, it was firstly illustrated that a certain metal ion made a complex with a specific
type of striped nanoparticles with a proper pair of ligands, and those interactions

were characterized by a series of spectroscopic experiments.

Based on the fundamental results, we successfully exploited the solid-state metal

ions sensor using striped gold nanoparticles with an unprecedented detection limit,
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especially for methylmercury and cadmium. Also, it was proven that it has a strong
possibility for the use in a real-life, exhibiting the excellent methylmercury detection
of environmental samples such as a tap water, lake sample, and fish sample.
Furthermore, our striped gold nanoparticles were able to perform the remediation
of metal ions from water and sediment by incorporating into magnetic

nanoparticles or by being fabricated into a pellet, functioning as a metal ion sponge.

In addition, it was observed that the ion-capturing by striped gold nanoparticles
displayed a different behavior, depending on the temperature, which was induced
by a higher contribution of entropy to free energy. This kind of phenomenon was
not shown in the rigid structure of macrocyclic rings; however, it would be possible

for our striped nanoparticles due to the flexibility of the ion-capturing moiety.

Finally, the possibility of the formation of the striped structure with a different core
material was presented with silver nanoparticle by particularly investigating the

effect of the striped silver nanoparticles on luminescent properties of Eu3* ions.
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Appendix

A.1. Theoretical explanation for ion-capturing by striped nanoparticles

(Done by Dr. Hao Jiang from Prof. Sharon Glotzer group at University of Michigan)

Figure A.1. Molecular simulations of ion trapping; a snapshot from MD simulations shows that the

ion is trapped near the edge of an EGn stripe

The striped nanoparticles exhibit a great selectivity without a classical rigid-like
structure, which would be classically regarded as a good and selective ion-chelating
structure. To understand this phenomenon, molecular dynamics simulations were
performed on HT/EGn monolayers, as illustrated in Figure A.1. The system was
constructed with a flay layer of the ligands at the center of the simulation box filled
with water molecules and metal ions, and the ligands were assembled in the spacing
of 0.45 nm, which was commensurate with the experimental spacing observed in
STM. Three different kinds of system were studied: an EG2 homo-system, a mixed
HT/EG2 system, and a HT/EG3 mixed system. Also, for both the HT/EG2 and

HT/EG3 systems, EGn ligands comprised 75 % and HT ligands did 25 % of the

124



ligands, forming the stripes of alternating components.
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Figure A.2. The structures and lifetime of the longest-lasting ion-trapping motifs found in the
simulations of the HT/EG; and HT/EGs nanoparticles: the trapped K* and Cs* ions are represented by
yellow and green balls, respectively. The EGn ligand is represented using multi-colored sticks with
the cyan and red portions respectively representing the carbon and oxygen atoms. All hydrogen

atoms in the ligands are hidden from all views.

In the overall simulation, it was shown that the metal ion had a tendency to bind at
the edges of the EGn stripes with the ethylene glycol units bending over the
neighboring HT molecules and encaging around the ions, as depicted in Figure A.1.
Specifically, upon introduction of ions in the systems the simulations showed that

the EG2 homo-SAMs had no substantial binding, while the HT/EG2 monolayer had
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significant binding for K* but much smaller binding for Cs*. Furthermore, it was
demonstrated that the HT/EG3 monolayer bound more Cs* than K*, as
experimentally observed. The binding happened by a mechanism that involves the
ethylene glycol units near the border with the HT molecules to bend over the latter,
and, upon the presence of an incoming ion, collaboratively form a cage enclosing the
ion. It was observed that the binding resembled a cryptand for the most part
involved two EGn molecules. Once formed, the cryptand-like structural part was
able to persist for a certain amount of time, effectively trapping the captured ion
inside the motif. It was found in the simulations that the stability of these motifs in
both the EG2/HT and EG3/HT monolayers significantly depended on the specie of
the ion being trapped. As depicted in Figure A.2, the longest-lasting K*-binding motif
had a lifetime larger than 50 ns in the EGz/HT monolayer, being still stable at the
time the simulation ends, whereas the Cs*binding motifs could persist no longer
than 3 ns. The relative order of stability of the K*- and Cs*-binding motifs changed in
the EG3/HT monolayer, with the lifetime being about 16 ns and >50 ns for the most

stable K*-and Cs*trapping motifs, respectively.

The stability of the ion-capturing motif can be understood in terms of the change of
free energy associated with the formation of the motif and the binding of the ion to
the motif. Such free energy change is dominated by three competing factors. The
first one is the energetic gains coming from the attractive electrostatic interactions
between the captured ion and the oxygen atoms in the EG units constructing the

motif, which stabilizes the motif. The second and third factors, both destabilize the
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motif, are the loss of the entropic degrees of freedom associated with the
localization of the ion inside the motif, and that with the reduction of the motions of
the head groups of the EGn ligands forming the motif, which are otherwise able to
wag freely at the empty space above the neighboring HT domain. The motif is stable
when the energetic gain exceeds the total loss of entropy, as in the case where a K+
ion is trapped by the motif formed with 4 EG units (4-EG motif, shown in Figure
A.2(a)) in the EG2/HT monolayer. The stability changes if, instead of a K* ion, a Cs*
ion is trapped inside the 4-EG motif, as shown in Figure A.2 (b). Cs* ion is larger in
size, costing more entropic loss if localized. Moreover, the energetic gain from ion
binding would be similar for K* ion and for Cs* ion because they have the same
electric charge. The combination of these factors results in a net increase of free
energy, rendering the 4-EG motif less stable when the ion trapped inside changes

from K* to Cs*.

The situation is different with motifs formed by EG3 ligands in the EG3/HT
monolayer. Since EG3 ligands have one more EG unit in each head group, they are
capable to form larger motifs. When a Cs* ion is trapped, all EG units in the head
groups are utilized to form a large motif (6-EG motif, shown in Figure A.2(d))
encaging the Cs* ion. The 6-EG motif provides more rooms than does the 4-EG
motifs formed in the EG2/HT monolayer, effectively reducing the entropic cost of
confining the Cs* ion. At the same time, in the 6-EG motif there are more EG units
interacting closely with the bound Cs* ion, increasing the energetic gain. As a result,

the Cs*-trapping motif in the EG3/HT monolayer is much more stable than that in

127



the EG2/HT monolayer. When a K* ion is trapped in the EG3/HT monolayer, only
the two outmost EG units in each head group of the EG3 ligands are utilized to
construct a motif (4-EG motif, shown in Figure A.2 (c)), which highly resembles the
ones formed by the EG: ligands in the EG2/HT monolayer. However, compared to
the case in the EG2Z/HT monolayer, the formation of such motif in the EG3/HT
monolayer gives rise to more entropic penalty, with the extra penalty arising from
the reduction of the motions of the extra EG units that are in the same EG3 ligands
and coupled with the motifs. Consequently, the stability of the K*-trapping motif is

largely reduced in the EG3/HT monolayer.

The analysis above shows that the formation of the ion-trapping motifs is a key
mechanism for the observed selective ion trapping phenomena. We note that this
mechanism is very sensitive to local molecular environment rather that global
order. Hence particles with a random mixture of HT and EG, molecules should show

similar binding ability but lower selectivity.

A.2. Supporting Materials for Metal lon Sensor (Chapter 3)

(Taken from Cho, E. S,; Kim, ].; Nakanishi, H.; Jiang, H.; Tejerina, B.; Yu, M,;
Patashinski, A. Z.; Glotzer, S.; Stellacci, F.; Grzybowski, B.A.“ Nature Materials 2012,

11, 978-985)

A.2.1. Determination of the detection limit
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A two-sample t-test was performed to find out the detection limit of each pair of
nanoparticle and metal ion, using y values (i.e. the ratio of the conductance of the
film, ¥ = 04fter/Opefore) for two different concentrations of each metal ion solution,
at 99% confidence level; hence, the detection limit was determined as p-value was

larger than 0.01. The resuilt was summarized in Table A.1.

NP:Cation Type | Two sample | ¢-statistics p-value detection limit
HT/EG3:CHsHg* | 10-4M, 10-7’M | 434.1527 |0 10-18M
107M, 10M | 40.01132 | 0
10-8M, 10-12M | 54.4155 0
10-12M, 10-1°M | 21.90244 |0
10-1°M, 10-18M | 3.08378 0.003
10-18M, 10-2'M | 2.0318 0.029
HT/EG3:Cs* 103M,10°M | 2.404701 | 0.013 10-M
10-M, 10-°M 1.044072 | 0.142
10-°M, 10-12M | 0.780784 | 0.164
HT/EG2:Cd2* 10-3M, 10-°M 10.14517 |0 10-12M
10-°M, 10°M | 3.73495 0
10-°M, 10-12M | 2.826025 | 0.005
10-12M, 10-15M | -0.03359 | 0.5
10-1°M, 10-18M | 1.7713 0.043
HT/EGz:K* 103M, 10°M | 25.89332 |0 10-12M
10-°M, 10-M | 4.05654 0
10-°M, 10°M | 6.806372 | 0O
10-°M, 10-12M | 4.781077 | 0
HT/EG1:Zn2* 103M, 10M | 6.819308 |0 10°M
10-M, 10°M | 3.29275 0.002
10°M, 10-12M | 1.178061 | 0.121
10-12M, 10-15M | 1.441561 | 0.088
HT/EGi:Na* 10-3M, 10M | 5.376975 |0 10-°M
10-M, 10-°M 1.133184 | 0.142

Table A.1. Detection limits for each pair of nanoparticle and metal ion determined by the two-

sample t-test at the 99 % confidence level

A.2.2. Reversibility of the sensor

A sensor to be utilized practically as needs to be reversible. As illustrated in Chapter
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2, the striped nanoparticles released the capture ions at high temperature (80 °C) as
a result of the entropic effect. Therefore, we were able to assume that the captured
ions would be released from the nanoparticle film on the sensor and the

conductance of the sensor would be recovered to its initial value.

The conductance values of the films before and after ion-capturing, also after ion-
releasing and re-capturing were examined. The metal ion release was accomplished
by immersing the nanoparticle films in 80 °C water for 2~3 hours. It was observed
that there was no change in the integrity of the film during this immersing
procedure. The obtained results were shown in Figure A.3(a), and it was observed
that the conductivities returned to their initial values before ion binding after
releasing ions. We could conclude that the films were reversible and the

conductance change was only dependent on ion binding.

-9 —— before catio i 3 lon released at 80C water
a 25x10™ —— after ca‘:;n gac;ﬁ:rn':;ng b ® Current measured at 1V
—— release of cations
20 — recapturing cations 2 ® *
g 15+ g
- 10 = el
10 g_
5 7] »
0 4
0 20 40 60 0 2000 4000 6000 800010000
t (sec) t (sec)

Figure A.3. Reversibility of the film of the striped nanoparticle (a) I-V characteristic plots of the film
of HT/EG2 particles (i) before no ion binding, (ii) after binding Cd?* ions, (iii) after releasing Cd* by
putting the film in 80 °C water, and (iv) after re-binding Cd?* ions, (b) the change in conductance of

HT/EG2 striped nanoparticle film as a function of time from which Cd?* ions are being released
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Furthermore, the ion releasing from the film was examined in the aspect of kinetics
(Figure A.3(b)). The conductance was measured as a function of time, and it took
approximately 3 hours to recover to its initial value. The ion-releasing in the
nanoparticle film took longer than that in the nanoparticle solution, and we
assumed that it was attributed to the difference in their states; the nanoparticles in
solutions would be more easily affected by the temperature since they had larger
surface area exposed to hot water and also were not cross-linked each other, which

meant they were less restrained.

A.2.3. Selectivity upon the exposure to mixed ions

Xbinding Xnon-binding xm ixture

HT/EG3 AuNPs | x%+=1.600 + 0.512 xNav=(0.888 + 0.165 | xCs+/Nar=1.,671 + 0.389

HT/EG2 AuNPs | xCdz+=2.859 + 0.858 | xn2+=1.170 £ 0.182 | y¢d2+/7n2+= 2373 + 1.238

HT/EG1 AuNPs | xZn2+=2.337 £ 0.716 | xCd2+= 1,105 % 0.125 | y?n2+/Cd2+= 2 406x 0.383

Table A.2. The film sensitivity upon the exposure to the mixture of metal ions

As briefly discussed in Chapter 2, it is essential that the sensor has a superior
selectivity, along with an excellent sensitivity. The selectivity of the film of the
striped nanoparticles was evaluated upon the exposure to the mixture of ions. Each
nanoparticle film was immersed in the mixture of a binding ion and a non-binding
ion, and y valued was investigated in each case. The result was described in Table

A.2. Specifically, for the film of HT/EG3 striped nanoparticles with Cs* ions, the x
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value was not substantially influenced by the presence of Na* ions, and similarly for
the film of HT/EG2 nanoparticles, the change of the conductivity caused by Cd?* was
subtle in the presence of supplementary Zn?*. Also, in reverse the presence of Cd**
did not largely affect the x value of HT/EG1 nanoparticles by Zn?*. These results
confirms that the solid-state sensor displays an outstanding selectivity in presence
of other non-binding ions, and also the x value is not influenced by the change of the

ionic strength of the solution, resulting from non-binding ions.
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Figure A.4. The film selectivity of HT/EG2 striped particles upon exposure to the mixture of Cd?* and

K+

However, the selectivity would decrease when the film of the nanoparticles are
exposed to the mixture of the binding ions. This problem is not significant for the
film of HT/EG3 particles, of which x value for CHsHg* is considerably larger than
that for Cs* or Hg?*, whereas it becomes tricky for the films of HT/EG1 and HT/EG2
nanoparticles. For example, the signals of HT/EG2 gold nanoparticles from K* and

Cd2* were quite similar to that from the mixture of two of them, as demonstrated in
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Figure A.4. It was not surprising, nevertheless, since the binding constants for K*
and Cd?* against HT/EG2 nanoparticles were similar as illustrated in Chapter 2 from
ITC measurement; therefore, it was predictable that the binding to HT/EG2
nanoparticles would be competitive when they were in the same solution. However,
it seems different when closely observed, since the x values from the mixture K* and
Cd?* in a series of measurements were very similar to those from pure Cd?*. From
this result, it was deduced that K* and Cd?* would be captured to different sites on
HT/EG2 nanoparticles and Cd?* would tend to be bound more selectively in a more

ordered site.

A.2.4. Application to environmental samples

As described in the previous section, the film of HT/EG3 striped nanoparticles
would present a superior selectivity, especially for CH3Hg?*, in the presence of the
mixed ions. Also, considering that the detection of CHzHg* is of paramount

importance, it was certainly worth testing it in real environmental samples.

Three kinds of environmental samples were tested with our solid-state sensor to
determine the concentration of CHsHg*: tap water, lake water, and fish sample. Prior
to the sample preparation, all glasswares were cleaned with HCl solutions at 65 °C
and washed with Millipore water sufficiently to prevent other contaminations. Tap
water was used as obtained, and lake water was collected from Lake Michigan. Fish

samples were acquired from the USGS (the United States Geological Survey), which
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was approximately 10 mg of lyophilized mosquito fish from Everglades National
Park, and the fish sample was prepared by following the protocol of USGS. The

result was illustrated in Figure A.5.

1“_]-: 'Y C|-'3Hg+
{ % Lake Michigan (wm from ref. 38)}
w Lake Michigan spiked 4
¢ Tap water 57
A Fish (wm from USGS) 3
— 104 @ Fishblank spiked 4
o 3 r
x i_(ﬂ-lis‘.work) h/
:(miswom) ’ffé
1'— }_—5—} Emm W } (reference samples)
10 10® 10" 10 10" 10° 10° 10°
. +
Concentration CH,Hg" [M]

Figure A.5. Selectivity of the film of HT/EG3 striped nanoparticles on exposure to ion mixtures and

environmental samples

Firstly, the calibration curve (marked with red symbol) was drawn from the
measurements of standard solution samples (i.e. the solution of the known CHzHg*
concentration in Millipore water), followed by the second order polynomial fit.
Green symbols correspond to the values from fish samples and blue symbols are
from the values from Lake Michigan samples. For both cases, open symbols
correspond to the sample spiked with a known CH3Hg* concentration. The resulting
value from Lake Michigan sample was direc_tly compared to the one from the
literatures, which tested the same sample, i.e. Lake Michigan, and the obtained

concentration from fish sample was compared to the value decided by USGS.
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For the lake water, the concentration of CHzHg* from our measurement was 5.9 fM
with a range of 0.35~43.3 fM, and the reported value from the literature was 5~210
fM1, Also, the amount of CHsHg* for the fish sample was 3.81 pM with a range of
1.62~8.19 pM, and the reference value obtained from USGS was 3.58 pM. Both
measurements gave the values in an excellent agreement with the reference ones,
implying that the film of the striped nanoparticles will be a highly promising tool in
areal life to determine the concentration of toxic ions. The concentration of CHsHg*

in the tap water was 27.7 aM with a range of 4.5~138 aM, which is very low.

Furthermore, it was demonstrated that the x values from the environmental
samples spiked with known concentrations of CHsHg* fell onto the calibration
curves, which means that there is no background interference from other elements
in the environmental samples. More importantly, our measurement was conducted
quite straightforwardly, compared to other methods, which require tedious sample

preparation procedures.
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