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ABSTRACT OF THE DISSERTATION 

 
ALD-Functionalized Plasmonic Nantennas: 

Towards a Platform for Single-Molecule Studies of Photocatalysis 
 

By 
 

Zhongyue Luan 
 

Doctor of Philosophy in Materials Science and Engineering 
 

 University of California, Irvine, 2019 
 

Professor Matt Law, Chair 
 
 
 

In the recent push toward single molecule spectroscopy and photochemistry, plasmonic 

nanostructures have emerged as an attractive and experimentally tractable design. We 

have developed a versatile experimental platform based on plasmonic core-shell 

nanocrystal dimers (termed nantenna) using colloidal assembly and atomic layer 

deposition (ALD) to achieve functional, stable structures for single-molecule time-resolved 

studies of charge transfer reactions and chemical transformations important in 

(photo)electrocatalysis and plasmon-driven chemistry. 

The steady-state SERS study has been performed on two platforms as a proof-of-concept: 

Platform I consists of Ag/TiO2/N719/TiO2; Platform II consists of Au/TiO2/DBDT/Al2O3. 

Later, we explored the reversible assembly of citrate-capped Au NCs and hexa(ethylene 

glycol) dithiol (HEGDT). The dithiol-triggered polymerization of the Au NCs results in 

complete precipitation of the NCs in a short time. However, we have shown that by 

injecting an appropriate oxidizing reagent into the solution, we can oxidize the dithiols to 

disulfonic acids, resulting in the destruction of the dithiol linkers and complete 



xiii 
 

depolymerization of the Au NCs to re-form a stable colloidal solution of individual Au NCs. 

We have studied the polymerization and depolymerization process with a suite of methods 

(optical absorption spectroscopy, FT-IR, DLS, SAXS, XPS, TEM, NMR, mass spectrometry, 

zeta potential, and pH measurements) to establish details of the chemistry and learn how 

to arrest the polymerization reaction, with a goal of a stable colloidal suspension of dimers.  

Lastly, we investigated a facile synthesis of 100% dimers by triggering the surface thiol-

ene click reaction under plasmonic heating around dimers. The PEGylated maleimides and 

acrylates are identified as the most effective reagent to passivate the dithiol-triggered 

aggregation through NMR kinetics study and click reaction in Au NCs suspension. The 

initial study of illuminating Au NCs monomers at different wavelengths demonstrates the 

plasmonic heating effect successfully. 
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1 Introduction 

 

1.1 Localized Surface Plasmon Resonance (LSPR) 

 

1.1.1 Plasmons, Localized Plasmons, and Nantennas 

Plasmons are quantization of plasma oscillation which contains collective oscillations of 

the free electron gas1,2. In analogy to the plasma (ionized gas3,4), surface plasmon (SP) can 

be treated as coherent displacement of the electron cloud from their equilibrium positions 

induced by light waves traveling at the interface of metal and dielectrics under a specific 

condition in solid materials5,6. Plasmons can propagate along with the interface when the 

wave vector of the incoming light is nearly parallel to the metal surface due to the strong 

coupling between electromagnetic (EM) wave and free electron gas (Figure 1.1 A top). In 

this case, the propagating surface plasmons like water waves are defined as surface 

plasmon polaritons (SPP). On the contrary, the plasmons cannot propagate within a 

metallic nanocrystal (NC) when the size of the NC is much smaller than the wavelength of 

incoming light (Figure 1.1 B). In this case, the polarized conductive electrons that are 

“trapped” around the NCs are defined as localized surface plasmons (LSP). The negatively 

charged electrons collectively oscillate around the positively charged nucleus (protons) in 

response to ligh via simple Coulomb attraction2,5,6. This is similar to a wired antenna 

working in receiving mode to convert EM waves at radio frequency to oscillating electric 

current7,8. Thus, metallic NCs that exhibit such properties colloquially termed nano-

antenna (abbreviated as nantenna). The NCs can also act like a nano-emitter in analogy to 

the antennas in transmission mode. 
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Figure 1.1 Illustration of bulk and surface plasmons. 

(A) Bulk plasmons excited by electron wave (bottom) and SPP excited by the evanescent 

wave (top). (B) LSPR of Au NCs excited by light, (C) Harmonic oscillator approximation of 

the LSPR in Au NCs. Reproduced with permission from ref 25. © IOP Publishing. 

 

1.1.2 Factors Affecting Plasmonic Properties 

Models have been developed to gain a conceptual understanding of factors influencing 

the LSPR. The simple damped harmonic oscillators (HOs) approximation has been 

employed successfully to explain the redshift of the near field properties (extinction, 

scattering, and absorption) peak comparing to the far field properties (spatial and intensity 

distribution of the EM field enhancements)9,10,11 peak. In this model, the electrons 

collectively oscillate as a dipole in resonance with the electric field of the EM wave (Figure 

1.1 C). To employ the HO approximation, the electron density is treated as mass, and the 

Coulomb force between electrons and nucleus corresponds to the spring constant9,10,11. In 
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1908, Gustav Mie solved Maxwell’s equations and described the scattering, absorption, and 

extinction of light by spherical particles much smaller than the wavelength of light12. The 

widely accepted LSPR extinction 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 and scattering 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 cross-section of NCs derived from 

Mie theory are shown below:  

 

Equation 1 Relationship between extinction, scattering, and absorption cross-section13. 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 + 𝜎𝜎𝑠𝑠𝑎𝑎𝑠𝑠 

 

Equation 2 The complex metal dielectric constant. 

𝜀𝜀̃ = 𝜀𝜀1(𝜆𝜆) + 𝑖𝑖𝜀𝜀2(𝜆𝜆) 

 

Equation 3 Extinction cross-section of a spherical particle14. 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 =
18𝜋𝜋𝜀𝜀𝑚𝑚

3 2⁄ 𝑉𝑉
𝜆𝜆

 
𝜀𝜀2(𝜆𝜆)

[𝜀𝜀1(𝜆𝜆) + 2𝜀𝜀𝑚𝑚]2 + 𝜀𝜀2(𝜆𝜆)2 

 

Equation 4 Scattering cross-section of a spherical particle14 

𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 =
32𝜋𝜋4𝜀𝜀𝑚𝑚2 𝑉𝑉2

𝜆𝜆4
 

[𝜀𝜀1(𝜆𝜆) − 𝜀𝜀𝑚𝑚]2 + 𝜀𝜀2(𝜆𝜆)2

[𝜀𝜀1(𝜆𝜆) + 2𝜀𝜀𝑚𝑚]2 + 𝜀𝜀2(𝜆𝜆)2 

 

where 𝜆𝜆 is the light wavelength, 𝜀𝜀𝑚𝑚 is the real part of the dielectric constant of the medium 

(assuming the medium does not absorb light), 𝑉𝑉 is the volume of the particle. The complex 

metal dielectric constant follows Equation 2. The absorption cross-section 𝜎𝜎𝑠𝑠𝑎𝑎𝑠𝑠 can be 

derived from Equation 1. From the equations above, it is obvious that: 
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1. The far-field plasmonic property of the material (any dielectric “scatterer”) 

fundamentally depends on its 𝜀𝜀̃. Also, it changes with the incident light as the 𝜀𝜀̃ is frequency 

dependent. The polarization direction of light plays another important role when 

discussing anisotropic shape particles. 

2. 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒, 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠, and 𝜎𝜎𝑠𝑠𝑎𝑎𝑠𝑠 increase linearly with 𝑉𝑉. It is hard to distinguish small objects from a 

background of large objects due to the rapid scaling of 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 with respect to 𝑎𝑎6 (𝑎𝑎 is the 

radius of the spherical particle). 

3. The LSPR peaks when 𝜀𝜀1(𝜆𝜆) = −2𝜀𝜀𝑚𝑚 (Fröhlich condition15,16). Clearly, the peak position 

of the LSPR depends on the medium 𝜀𝜀𝑚𝑚 as well. In this thesis, the predicted peak position 

(524 nm, Figure 5.1, right) is very close to the experimentally observed peak position (527 

nm, Figure 4.7 b) of 24 nm Au NCs. 

4. While 𝜀𝜀1(𝜆𝜆) defines the LSPR peak frequency, 𝜀𝜀2(𝜆𝜆) defines the peak width (broadening) 

as a damping term due to the processes including radiative damping10,17,18, electron-

electron/phonon/defect scattering19,20,21, and metal heating losses22,23,24,25. Particularly, 

the heating losses mechanism of the plasmon damping (decay) is used in this study to 

selective trigger the passivation reactions on NC dimers (section 5.1).  

The optical properties of nanoparticles can be predicted well based on the above 

equations. For example, assuming the Au and Ag nanoparticle have the same size, shape, 

and surrounding environment. To satisfy the Fröhlich condition (𝜀𝜀1𝐴𝐴𝐴𝐴 = 𝜀𝜀1𝐴𝐴𝐴𝐴 = −2𝜀𝜀𝑚𝑚), the 

LSPR wavelength of Ag is always blue-shifted relative to Au due to the real part of their 

dielectric constant (Figure 1.2 a). In addition, Au suffers higher loss than Ag (𝜀𝜀2𝐴𝐴𝐴𝐴 is higher 

than 𝜀𝜀2𝐴𝐴𝐴𝐴) due to the interband transition that occurs near the LSPR peak region, which 

results in the decay of the surface plasmons into electron-hole pairs. Whereas the 
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frequency that allows the interband transition in Ag is higher than the its screened plasmon 

frequency26. The extinction spectrum of Au NCs (Figure 3.1 b) shows a clear increase below 

450 nm compared to Ag NCs (Figure 3.6 b), due to this interband transition. However, Au 

NCs are more widely used than Ag NCs due to its higher biological and chemical 

compatibility. Our early work showed even brief (less than 10 seconds) UV/Ozone 

treatment or transition metal ion exposure significantly altered the shape of Ag NCs (Figure 

3.5). In addition, SERS signal of N719 decayed nearly exponentially over time from Ag NC 

clusters which might be an indication of instability of the structure (Figure 3.3). On the 

contrary, Au NCs exhibit great stability in strong oxidizing environments or under laser 

illumination. 1 hour of continueoues ozone bubbling or 2 mW/cm2 laser illumination at the 

LSPR peak frequency did not change the NCs at all based on the extinction spectrum. 

 

Figure 1.2 Complex dielectric constant of Au and Ag. 

(a) Real and (b) imaginary parts of the complex dielectric constant of Au (upper curves) 

and Ag (lowers curves). Reprinted with permission from ref 14. © 2011, American 

Chemical Society. 
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As development of Mie theory, Richard Gans27 took the three dimensions of spheroidal 

particles into consideration in 1912. The absorption cross-section 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 is then modified to 

Equation 5 for a prolate spheroid which is obtained by rotating ellipse along one of the long 

axis A (short axis B = C < A). Here, 𝜔𝜔 is the frequency of the light, 𝑐𝑐 is the speed of the light, 

𝑃𝑃𝑗𝑗  is the depolarization factors, 𝑅𝑅 is the aspect ratio. The anisotropic shape of the particle 

eventually leads to the anisotropic depolarization factors which result in two LSPR peaks. 

The transverse plasmon mode from B and C axis plus the longitudinal plasmon mode from 

A axis consist of the absorption cross-section of the spheroidal particle. Equation 5 reveals 

the importance impact of the aspect ratio on the plasmonic properties of the materials. 

Other factors that affect the plasmonic protreptics such as absorbing dielectric medium28, 

plexcitons29, surface chemistry30, temperature31, quantum effect32, and plasmon coupling33 

are not discussed here. The effect of plasmon coupling in nanoparticle dimer is discussed in 

section 1.3.2. 

 

Equation 5 Absorption cross-section of spheroidal particle14. 
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1.1.3 Methods to Study LSPR Modes 

One can derive the red-shift of the longitudinal plasmon peak concerning a larger aspect 

ratio from Equation 5. In the case of NC aggregation, we observed the same red-shift as the 

aggregates grew larger (Figure 3.2 and Figure 3.7). While Equation 5 is intuitive to show the 

impact of shape/aspect ratio, it is hard to apply the same method to analyze more 

complicated structures. Instead, numerical methods such as the finite difference time 

domain (FDTD) simulation34,35,36, the discrete dipole approximation (DDA)37,38,39, and the 

finite element method (FEM)40,41 have been used to predict the optical properties of NCs42. 

FDTD simulation of the extinction cross-section of Au NC dimer with different inter-NC 

spacing (Figure 5.1) has been used as guidance to selectively pump the longitudinal 

plasmon mode of dimers in this study (section 5.1). 

On the other hand, the simple optical extinction (UV-Vis) spectrum has been used widely 

to probe the LSPR of NCs colloidal suspension. While the extinction spectrum provides a 

semi-quantitative in situ approach to trace the NCs in the solution, it is an ensemble 

measurement which contains all possible plasmon modes from particles rotating in all 

directions. Thanks to recent advances in electron microscopy, electron energy loss 

spectroscopy43,44 (EELS), energy filtered TEM45,46 (EFTEM), and cathodoluminescence 

spectroscopy (CL)47,48, we can now image plasmons directly the single particle limit. Figure 

1.3 a and b compare the extinction spectrum of Ag nanocube (35 nm) solution made during 

this study and ensemble EELS spectrum of single Ag nanocube (100 nm) acquired at two 

tilting angles and 5 locations under vacuum in the electron microscope49.  
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Figure 1.3 Comparison of experimental and numerical studies of Ag nanocubes. 

(a) Extinction spectrum of 35 nm Ag nanocube made in our lab. (b) Nonnegative matrix 

factorization (NMF) spectral components weighted based on the value at the blue dot in the 

inset (100 nm Ag nanocube). Five components α, β, γ, δ, and ε are assigned to the 

unprocessed spectrum (blue dots). Ag volume plasmon is assigned as the black area. The 

grey line consists of zero loss peak (ZLP) tail, contamination, and low energy diploe loss. 

The black line is the sum of all components. (c) 3D tomographic reconstruction of the LSPR 

components from EELS mapping. DDA simulation of line spectra starts from the face of Ag 

nanocube in the vacuum (d) and on the silicon nitride substrate (e). (f) Scheme of the 

hybridization plasmon modes induced by the substrate. Reprinted by permission from 

Springer Nature Customer Service Centre GmbH: Nature, Ref 49, © 2013. 
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The overall shape of the two spectrums are quite similar despite the shift in LSPR peak  

due to different particle sizes and 𝜀𝜀𝑚𝑚. In addition, the EELS spectrums taken at different 

locations on a Ag nanocube contain location information of individual plasmon modes 

which make precise plasmon 3D reconstruction possible (Figure 1.3 c). The complementary 

DDA simulation further reveals the origin of the proximal component (close to the 

substrate) and distal component (away from substrate) of the plasmon modes (Figure 1.3 

d-f).  

 

1.2 Applications of LSPR 

 

1.2.1 Optical Extinction 

From the above discussion, the optical properties (especially the LSPR peak position) of 

NCs are sensitive to the medium (𝜀𝜀𝑚𝑚). Alternatnion of the environment or attaching 

molecules on the surface may alter the LSPR significantly. This give rise to a whole field of 

optical sensing applications for gaseous molecules50,51. In this study, we observed the LSPR 

peak of Au NCs shifted immediately upon carbon monoxide or ozone bubbling into the 

solution (Figure 1.4 c). With a spectrometer capable of measuring small spectral shifts on 

the order of 10-3 nm, inert gas sensing can be achieved with fast response52 (Figure 1.1 d). 

While the absorption cross-section 𝜎𝜎𝑠𝑠𝑎𝑎𝑠𝑠 scales with 𝑎𝑎3 (Equation 5), the scattering cross-

section 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 scales with 𝑎𝑎6 (Equation 4). A 40 nm Au NC scatters 4-5 order of magnitude 

more light than the light emission form a typical dye53. Combining other unique properties 

including high surface-to-volume ratio, easy synthesis and functionalization, 

biocompatibility, photostability, chemical stability, low luminescence, and LSPR rapid 
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relaxation, Au NCs are ideal for labeling and imaging cells54, DNA55, and proteins56,57,58 

(Figure 1.4 b). Unlike other imaging techniques which require complicated system design, 

expensive optical components, and complex image processing, imaging of highly efficient 

“scatterers” only requires a simple dark field condenser which collects scattered light at 

high angles59 (Figure 1.4 a).  

 

Figure 1.4 Imaging and sensing applications using LSPR. 

(a) Scheme of the typical dark-field imaging/spectroscopy setup. (b) Dark-field image of 

HaCaT noncancerous cells decorated with Au NCs conjugated to anti-EGFR. (c) Extinction 

spectrum of Au NCs solution treated with O3 or CO for 5 minutes. (d) (top) HR-LSPR gas 

sensing setups with lamp, flow cell, Ag NCs on substrate, spectrometer, and gas dosing 

system. (bottom) Change of LSPR peak position of Ag NCs versus time after treating with 

He, Ar, or N2. (a) Reprinted from Ref 59, © 2014, with permission from Elsevier. (b) 

Reprinted with permission from ref 54. © 2005, American Chemical Society. (d) Reprinted 

with permission from ref 52. © 2010, American Chemical Society. 
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1.2.2 Local-field Enhancement 

From the simple damped harmonic oscillator (HO) approximation, the collective 

oscillation of electrons (plasmons) is driven by the incoming EM wave. Thus, the frequency 

of the plasmon is close to the EM wave (driving force) which in turn leads to significant 

enhancement of the EM field locally around the particle due to the plasmon resonance60 

(Figure 1.5). The particles act like “nano lenses”, which amplify the incoming light. The 

enhancement of various optical effects has been studied, such as absorption at visible/IR 

region 61, 62, photoluminescence 63 , 64, fluorescence 65 , 66, Raman scattering 67 , 68, optical 

force69,70, and other nonlinear optical phenomena71,72. Notably, the surface-enhanced 

Raman spectroscopy (SERS) which will be used to conduct single-molecule studies of 

photocatalysis in our research is discussed in the following section in details. 

 

 

Figure 1.5 Scheme of the LSPR and FEM simulation of electric field enhancement. 

Reprinted by permission from Springer Nature Customer Service Centre GmbH: 

Plasmonics, Ref 60, © 2016. 
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1.3 Surface-enhanced Raman spectroscopy (SERS) 

 

1.3.1 Enhancement Mechanism 

While the exact enchantment mechanism is still under debate especially the “chemical 

enhancement” due to charge transfer between molecule and metal73,74, it is generally 

believed the enhancement mechanism that contributes most to the signal is a two-step 

process (Figure 1.6) related to the local electric field75. Step 1, the LSPR of the nantennas 

which has received EM waves at a frequency of 𝜔𝜔0 are excited. In return, the exited dipolar 

plasmon (dipole of the particle) radiates light as dipolar radiation. The radiation is 

coherent with the excited field, thus constructive or destructive interference occurs which 

results in a spatial distribution of the EM field enhancement76. Step 2, the induced dipole of 

the molecules and the dipole of the particle are mutually excited at a frequency of 𝜔𝜔𝑅𝑅. The 

SERS enhancement factor 𝐺𝐺(𝜔𝜔) is proportional to the square of the ratio between the local 

electric field with and without particle (𝐸𝐸𝑙𝑙𝑙𝑙𝑠𝑠(𝜔𝜔)/𝐸𝐸0(𝜔𝜔)). The total enhancement factor 𝐺𝐺 

from step 1 and 2 is expressed in Equation 6. Note, the above model of simple spherical 

particle dimer provides a pictorial description of the enhancement mechanism. Numerical 

methods mentioned in section 1.1.3 are needed to describe more complicated system 

considering factors such as the vectorial nature of the fields76 and the hybridization of 

different plasmon modes77. 

 

Equation 6 SERS enhancement factor78. 

𝐺𝐺 = 𝐺𝐺1(𝜔𝜔0)𝐺𝐺2(𝜔𝜔𝑅𝑅) =
|𝐸𝐸𝑙𝑙𝑙𝑙𝑠𝑠(𝜔𝜔0)|2|𝐸𝐸𝑙𝑙𝑙𝑙𝑠𝑠(𝜔𝜔𝑅𝑅)|2

|𝐸𝐸0(𝜔𝜔0)|2|𝐸𝐸0(𝜔𝜔𝑅𝑅)|2 ≈
|𝐸𝐸𝑙𝑙𝑙𝑙𝑠𝑠(𝜔𝜔𝑅𝑅)|4

|𝐸𝐸0(𝜔𝜔0)|4  
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Figure 1.6 Scheme of SERS enhancement mechanism. 

Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nature 

Reviews Materials, Ref 78, © 2016 

 

1.3.2 Larger Enhancement toward Single Molecule SERS 

From the discussion above, the strong local electric field induced by LSPR enhances both 

incoming EM waves and outgoing Raman scattered light. The fact that the Raman 

enhancement factor (EF) is the 4th power of the electric field enhancement further 

amplifies the effect. This enables a new field of single-molecule Raman spectroscopy which 

otherwise would be impossible due to the extremely low signal 79. However, the 

enhancement from single nanoparticle wasn’t large enough to see signals from the single 

molecule during the early stage of SERS study. Thus, most studies used small clusters to 



14 
 

boost the chance of finding molecules residing in the junction (“hotspots”)80,81. Structures 

with more defined geometry were developed with top-down or bottom-up methods82 , 

which will be discussed in the next section. 

In order to assemble the structure with larger EF rationally, it is vital to understand the 

origin and factors that contribute to the electric field enhancement within the junction first. 

Starting from a single particle, the factors that impact the plasmonic properties discussed 

in section 1.1.2 play an important role here as well. Fundamentally, the enhancement 

depends on the complex dielectric constant of the material. Other than the highly effective 

Ag, Au and Cu, studies have shown that other metals such as Li, Na, K, In, Pt, Fe, Co, Ni, Ru, 

Pd, Al, and certain alloys also present weak LSPR upon excitation83. Besides, SERS intensity 

(electric field enhancement) at the area with higher curvature is much higher due to the 

“lightning rod” effect and suppressed interband transition at a higher wavelength84 . As a 

result, synthesis methods for non-spherical particles with a sharp edge or corner have been 

developed. Figure 1.7 a-b compared the electric field enhancement of Ag sphere versus 

cube. The calculated EF at 0.5 nm above the surface along the edge of a cube is 400 times 

higher than that fo a sphere85. Another important consideration is the polarization 

dependence of the EF in both single asymmetric particle and particle assembly. The most 

significant EF of cube structure is achieved when the polarization is along the face diagonal 

direction86 (Figure 1.7 c, top role).  
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Figure 1.7 Dependence of SERS enhancement. 

DDA calculated electric field distribution of (a) d = 35 nm Ag sphere and (b) 38 nm Ag cube 

with 514 nm excitation. Red arrow indicates the light polarization direction. (c) SERS EF of 

4-MBT on d = 100 nm Ag cube monomer or dimer with 514 nm excitation. Black arrow 

indicates the light polarization direction with respect to the SEM image. Scheme of induced 

dipole moments coupling in metal nanoparticle dimer excited by light polarized in parallel 

(d) and perpendicular (e) direction to the dimer’s main symmetry axis. (f) Calculated87 EF 

of d = 200 nm Ag sphere dimer with 514.5 nm excitation polarized along the main axis at 

location A and B. (g) EF distribution of d = 60 nm Au sphere dimer with 559 nm excitation 

polarized along the main axis. (a-b) Reprinted with permission from ref 85. © 2009, 

American Chemical Society. (c) Reprinted from ref 86, © 2009, with permission from 

Elsevier. (d-f) Reproduced with permission from ref 88. © 2011 SPIE. (g) Republished with 

permission of Royal Society of Chemistry, from ref 95. © the Owner Societies 2008. 
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Even though single asymmetric particle exhibits promising plasmonic properties 

already, coupling them into dimer further improves the EF by order of magnitude higher. 

When the polarization direction of light matches the longitudinal axis of the dimer, EF 

reaches 107 in face-to-face and corner-to-face geometry (Figure 1.7 c). Based on the simple 

damped harmonic oscillators (HOs) approximation, the Coulomb attraction force between 

free electrons and nucleus in each particle in the dimer is either increased (Figure 1.7 d) or 

decreased (Figure 1.7 e) by its neighbor2,88. Thus, we could expect a blue shift of transverse 

plasmon mode excited by light polarized perpendicular to the longitudinal axis. Similarly, a 

red shift of the longitudinal plasmon mode is expected. In general, the smaller the gap, the 

higher the EF (Figure 1.7 f) while it cannot increases without a limit due to the quantum 

effects such as coherent quantum tunneling at sub-nm scale89,90. Typically, dimer consists 

of aspherical particles91,92 or other sophisticated structures93,94 that designed particularly 

for SERS exhibit even higher EFs. Another factor that hasn’t been considered so far is the 

spatial distribution of EF in the junction area. Figure 1.7 g shows that the highest EF around 

108 is only limited to a volume of about 2 nm3 between two 60 nm Au spheres95. The EF 

decreases an order of magnitude even 1 nm away from this area. It is tricky to ensure 

molecule loading into the right space though only one molecule is needed for SERS. Thus, 

dimer consists of cubes with face-to-face configuration is better than dimer with spheres 

due to the increased junction area. 
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1.4 Assemble of Nantennas 

 

1.4.1 Controllable Aggregation towards NC Dimers 

The demonstration of stable alkanethiolate-capped colloidal gold nanocrystals by Brust 

et al.96 launched a wave of research on surface functionalization strategies to control the 

assembly of plasmonic metal nanocrystals (NCs)97,98,99,100,101,102. Schemes that enable NC 

aggregation with fine control of the aggregate size distribution are important for the 

application of plasmonic NCs. The random assembly of NCs with poor size distribution 

without proper design would not lead to better SERS substrates. The simplest and in many 

ways most important aggregate is the NC dimer. Despite its simplicity, the deterministic 

fabrication of NC dimers has proven a tremendous challenge, and no method has yet been 

developed for the quantitative conversion of a dispersion of individual colloidal NCs into 

NC dimers. The two main approaches for assembling colloidal NC dimers are asymmetric 

functionalization and arrested aggregation.  

The former approach utilizes assembly at solid-liquid103,104,105,106,107 or liquid-liquid 

interfaces108, 109 to break symmetry and selectively make dimers, but processing is 

complicated, and dimer yields are usually low. Arrested aggregation involves stopping the 

NC aggregation process at an early stage of polymerization in order to produce a dispersion 

of NC oligomers that contains a high percentage of dimers. This is typically achieved by 

using dilute reactants to ensure slow polymerization and/or terminating the 

polymerization by encapsulating the NCs with polymers 110 , 111 , 112 , 113 , 114 , 115 , 116 , 

silica 117 , 118 , 119 , 120 , 121 , or phospholipids 122 , 123 . Aggregation initiators include 

DNA 124 , 125 , 126 , 127 , biotin-streptavidin 128 , 129 , amide bond formation 130 , 131 , dithiol 
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linkers132, 133, 134,135, 136, 137,138, 139, 140,141, 142, 143, salt144, 145, 146,147, poor solvents148,149, and 

neutral non-bridging ligands150, 151, 152. Since NC aggregation inevitably results in a 

distribution of aggregate sizes (monomers, dimers, and higher oligomers), post-fabrication 

separation is often used to enrich the dimer content153,154,155. In addition to asymmetric 

functionalization and arrested aggregation (bottom-up strategy), several types of novel 

lithography (top-down strategy) have also been used to make NC dimers for SERS 

studies156,157,158. 

 

1.4.2 Reversible Aggregation 

While exploring routes to the deterministic fabrication of colloidal Au NC dimers, we 

accidentally discovered that precipitates of Au NCs covalently cross-linked by dithiols159 

could be completely depolymerized and redispersed in water by brief exposure to ozone. 

Ozone has been previously used to induce reversible shifts of the LSPR of Au 

NCs264,265,266,267 and to oxidize organic ligands from colloidal and surface-supported Au 

NCs160,161. Reversibility is interesting because it allows for dynamic tuning of the 

aggregates, real-time response to stimuli, resetting of the NC assembly to its initial state, 

and reuse of the NCs. Reversible NC aggregation has been demonstrated using the full 

gamut of non-covalent interactions, including hydrogen bonding, solvophobicity, 

electrostatic and van der Waals forces, and π-effects.  

Reversible assembly schemes have been based on biomolecular recognition of 

DNA162,163,164,165,166,167,168, aptamer-analyte169,170,171, antibody-antigen172,173, and protein-

substrate complexes 174 , 175 , 176 , 177 , stimuli-responsive polymer coatings triggered by 

pH 178 , 179 , 180 , 181 , 182 , 183 , temperature 184 , 185 , 186 , 187 , 188 , light 189 , 190 , 191 , solvent 
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polarity192, 193, 194, 195, and solution composition196, hydrogen bonding between small 

molecules 197 , 198 , 199 , 200 , 201 , 202 , metal ion complexation 203 , 204 , 205 , 206 , 207 , host-guest 

chemistry208,209,210,211,212, charge-transfer complex formation213, control of electrostatic 

stabilization by ionic strength214, temperature215, photoisomerization of azobenzene-

functionalized ligands 216 , 217 , 218 , 219 , 220 , and partial exchange with non-bridging 

ligands 221 , 222 , 223 , 224 , 225 , 226 , 227 , and light-driven thermophoresis 228  and plasmofluidic 

trapping229.  

In contrast, there are few examples of reversible aggregation of metal NCs cross-linked 

with covalent bonds. He et al. employed photodimerization and photocleavage of a 

coumarin-functionalized thiol ligand to achieve the reversible covalent cross-linking of Au 

NCs230. Guarise and co-workers used a dithiol linker with a chemically cleavable ester 

backbone to depolymerize aggregates of Au NCs231. Displacement of multidentate thioether 

linkers by monothiols was shown by Lim et al. to result in disassembly of Au NC 

aggregates232. Current approaches rely on specialized or relatively weak covalent linkers. A 

general method for reversible self-assembly of covalently cross-linked Au NCs has not been 

demonstrated. 

 

1.5 Scope of This Work 

The goal of this work is to study space-time limited single-molecule dynamics of charge 

transfer reactions and chemical transformations important in (photo)electrocatalysis. ALD-

functionalized plasmonic nantennas (Figure 1.8) can be a powerful platform for single-

molecule SERS movie making, offering sufficient signal enhancement for single-molecule 

spectroscopy, reasonable control of geometry and layer thicknesses, a wide selection of 
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core/shell materials and molecules, and enhanced system stability with simple fabrication. 

The short-term focus is on platform development, and the proof-of-concept study using 

ALD coated stochastic NC dimers loaded with SERS reporters (DBDT) and Grätzel cell233 

dyes (N719). Synthesis, cleaning, and ALD of TiO2/Al2O3 of the Ag and Au NCs will be 

addressed and monitored using UV-Vis, SEM, TEM, STEM, EELS, XPS, and ISS. The SERS 

activity of the platforms after molecule loading are verified by home build Raman 

spectrometer.  

 

 The mid-term focus is to achieve high yield and controllable dimerization of NCs using 

Raman silent dithiol linker. n-alkanedithiol, biphenyl-4-4’-dithiol (DBDT) and 

Hexa(ethylene glycol) dithiol (HEGDT) were explored as the chemical linker to trigger the 

dimerization of citrate-capped Au NCs. Meanwhile, the termination of the active bonding 

ligand (-SH) via oxidants such as ozone and H2O2 will be studied to stop/reverse the 

unwanted aggregation. UV-Vis, DLS, NTA, SAXS, and TEM are involved in monitoring the 

linking reaction kinetics in terms of aggregate sizes. In addition, pH, NMR, MS, and zeta 

potential measurement will reveal the reaction mechanism as well as the surface state of 

 

Figure 1.8 Scheme of ALD-functionalized plasmonic nantennas. 
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the particles before and after oxidation. Particularly, TEM with cryo/cooling holder will be 

used to monitor the “true” gap distance at the hotspots without electron beam induced 

particle deformation. Raman spectroscopy of the linker and reporter molecules loaded at 

the hotspots will also prove the versatility of the platform for future single molecule studies 

of photocatalysis. 

Finally, we will explore a new assemble method toward yielding 100% dimers from Au 

NC monomers by combing thiol-ene click reaction and selective plasmonic local heating.  
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2 Materials and Methods 

 

2.1 Materials 

 

All chemicals were used as received unless otherwise noted. 18.2 MΩ water (Milli-Q 

Gradient) was used throughout the study. Hydrogen tetrachloroaurate(III) trihydrate 

(HAuCl4•3H2O, 99.99%) was purchased from Alfa Aesar. Trisodium citrate dihydrate 

(≥99.8%) was purchased from MP Biomedical. Hexa(ethylene glycol) dithiol (HEGDT, 

>97%), 2,2'-(ethylenedioxy)diethanethiol (EDD, 95%), pentaerythritol tetrakis(3-

mercaptopropionate) (PTM, 95%), 1,3-propanedithiol (Pro, 99%), 1,4-butanedithiol (But, 

97%), 1,5-pentanedithiol (Pen, 96%), 1,6-hexanedithiol (Hex, 99.5%), sodium hydroxide 

(NaOH, 97%), 3-mercaptopropionic acid (MPA, 99%), 1-thioglycerol (TG, ≥97%), 

thioglycolic acid, (TGA, ≥98%), 2-mercaptoethanol (ME, ≥99.0%), 11-mercaptoundecanoic 

acid (MUDA, 95%), 16-mercaptohexadecanoic acid (MHDA, 99%), 3-(trimethylsilyl)-1-

propanesulfonic acid sodium salt (DSS sodium salt, 97%), biphenyl-4,4'-dithiol (DBDT, 

95%), poly(ethylene glycol) (PEG, average Mn 400), anhydrous ethanol (>99.5%), 

deuterium oxide (D2O, 99.9 atom % D), sodium sulfide (Na2S, >99.99%, anhydrous), zinc 

chloride (ZnCl2, >98%), cobalt(II) chloride hexahydrate (CoCl2•6H2O, 98%), manganese(II) 

chloride (MnCl2, >99%), iron(II) chloride (FeCl2, 98%), iron(III) chloride (FeCl3, >99.99%), 

chromium(II) chloride (CrCl2, 95%), nickel(II) chloride (NiCl2, 98%), copper(I) chloride 

(CuCl, >99.99%), copper(II) chloride (CuCl2, 97%), sodium borohydride (NaBH4, 99%), 

tert-butylamine (TBA, ≥99.5%), 4-aminothiophenol (4-AMT, 97%), polyvinylpyrrolidone 

(PVP, average Mn 55k), silver trifluoroacetate (>99.99%), titanium(IV) chloride (TiCl4, 
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99.9%), trimethylaluminum (TMA, 97%), hydrogen peroxide solution (H2O2, ultratrace 

analysis), sodium iodide (NaI, >99%), iodine (I2, ≥99.99%), sodium chloride (NaCl, ≥99%), 

acetone (≥99.5%), acetonitrile (ACN, 99.8%), maleimide (MI, 99%), 6-maleimidohexanoic 

acid (MCA, 90%), n-(2-hydroxyethyl)maleimide (HEMI, 97%), di(ethylene glycol) ethyl 

ether acrylate (DEE, ≥90%), 3-sulfopropyl acrylate potassium salt (SAC), and gold 

nanoparticles (30 nm, PDI<0.2, citrate buffered) were purchased from Sigma Aldrich. 

Hexa(ethylene glycol) monothiol (HEGMT, 98%) was purchased from BroadPharm. 

Tetrahydrofuran (THF, 99.9%) and ethylene glycol (EG, >99%) were purchased from Acros 

Organics. Oxygen (>99.993%), argon (>99.999%), and nitrogen (>99.999%) were 

purchased from Praxair. Fresh aqua regia was prepared by mixing hydrochloric acid (HCl, 

36.5-38.0%, ACS grade, J.T.Baker) and nitric acid (HNO3, 69.0-70.0%, ACS grade, J.T.Baker) 

in a molar ratio of 3:1. Nitric acid (TraceMetal grade, Fisher Scientific) was double distilled 

for ICP-MS. Methanol (LC-MS grade) and formic acid (90%)  were purchased from 

J.T.Baker. mPEG-Mal350 (PEGMI350, 97%), mPEG-Mal1K (PEGMI2k, 97%), and mPEG-

Mal2K (PEGMI2k, 97%) were purchased from Biochempeg. Cis-diisothiocyanato-bis(2,2’-

bipyridyl-4,4’-dicarboxylato) ruthenium(II) bis(tetrabutylammonium) (N719) was 

purchased from SOLARONIX. Carbon monoxide (CO, 99.9%) was purchased from 

Matheson. 
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2.2 Preparation of the Nantennas Platform 

 

2.2.1 Ag NCs Synthesis and Cleaning 

The synthesis was modified from the well-known procedure published in 2007234. All of 

the glassware and stir bars that in contact with reactants needed to be washed in HCl first 

and completely dried. In general, 5 mL EG was first heated in a 25 mL round bottom flask at 

150 °C for 1 hour to remove water. Meanwhile, the following four EG solutions were 

prepared: 3 mM of Na2S (dehydrated in the lab), 3 mM of HCl, 20 mg/mL of PVP, and 282 

mM of silver trifluoroacetate. While the EG was stirring, 95 µL of Na2S solution was quickly 

injected with a pipette. After 2 min, 750 µL of HCl, and 1.25 mL of PVP solution were added 

in the same fashion. 2 min later, 400 µL of silver trifluoroacetate was finally added. The 

reaction was quenched in an ice bath for 2 min when the right color (Figure 2.1) showed up 

(usually took 15-30 min). 

 

 

Figure 2.1 The color change of the Ag NCs synthesis over time. 

 

There was no exact reaction time due to the extreme sensitivity of the reaction kinetics 

to the error in weighing. In addition, the silver trifluoroacetate is light sensitive, and Na2S is 

air/moisture sensitive. Adjusting the second reaction according to the color change in the 
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first one is usually needed. The as-synthesized Ag NCs was transferred to a centrifuge tube 

(Corning Model 430921) with 50 mL of acetone followed by 4400 rpm centrifugation for 5 

minutes. The supernatant was discarded then the Ag NCs were resuspended in 50 mL room 

temperature or 80 °C water followed by another four wash at 12000 rpm for 15 min. The 

as-made Ag NCs were resuspended in ethanol then stored in the fridge. 

To further remove the surface PVP, Ag NCs dried on Si substrate (University Wafer ID 

2654) was soaked in 5 mL of 75 µM transition metal (Zn(II), Co(II), Mn(II), Fe(II), Cr(II), 

Ni(II), Cu(I, II)) chloride ethanol solution for 5 minutes then cleaned with ethanol and 

dried. We also tried 10 to 60 seconds of UV-Ozone treatment of dried Ag NCs with our 

home build setup. In addition, the Si substrate loaded with as-made Ag NCs was submerged 

in 5 mL of NaBH4/TBA (NaBH4 : TBA : H2O = 0.38 mg : 4 mL : 1 mL)235 for 30 minutes then 

cleaned with ethanol and dried. Similarly, the substrate was soaked in 2 mg/mL of 4-AMT 

aqueous solution for 24 hours to promote the exchange of PVP236. 

 

2.2.2 Au NCs Synthesis and Cleaning 

Citrate-capped gold nanocrystals (NCs) were synthesized using a sequential injection 

method237 , as shown in Figure 2.2. Briefly, 1 mL of a 25 mM aqueous solution of 

HAuCl4•3H2O was added by pipette to 150 mL of 2.2 mM aqueous trisodium citrate 

dihydrate in a 250 mL round bottom flask under 1000 rpm stirring at 100 °C. The solution 

color changed from yellow to dark blue, then light red. After a reaction time of 15 minutes, 

the solution was cooled to 90°C, and 1 mL of 60 mM aqueous trisodium citrate dihydrate 

was injected into the flask, followed by 1 mL of a 25 mM aqueous solution of HAuCl4•3H2O 

two minutes later. This sequential injection of the two precursors was repeated 14 times 
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(at 30 minutes intervals) at 90°C to increase the NC diameter. Finally, the reaction was 

quenched with an ice bath, and the NC dispersion was stored without purification at 2-8°C. 

Amicon® Centrifugal Filter Units (UFC905024, MWCO 50k) was used to further clean the 

as-made Au NCs (Figure 2.3 left). Briefly, 12 mL of Au NCs was filled to the filter device 

followed by 2000 rpm centrifugation for 30 minutes in a fixed angle rotor (Eppendorf 

Model F-34-6-38) centrifuge (Eppendorf Model 5804). Water was then added to the device 

to resuspend the concentrated NCs collected at the bottom of the unit. The above 

procedure was repeated multiple times until the desired cleanliness was reached. Note, 12 

mL of 0.1 M NaOH solution was passed through the filter three times to clean the protective 

glycerin layer before using the device. Water was needed to keep the regenerated cellulose 

filter wet after using the device. Similarly, MACROSEP Advance Centrifugal Devices with 

MWCO 30k (MAP030C36) or 10k (MAP010C36) polyethersulfone filter from Pall 

Corporation was used. 

 

Figure 2.2 Scheme of the seeded growth of Au NPs.  

Reprinted with permission from ref 237. © 2011 American Chemical Society. 
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Amicon® Stirred Cell (UFSC20001, 200 mL) was tested for NCs cleaning as well. The cell 

was first assembled by placing the regenerated cellulose membrane (Biomax® 

Ultrafiltration Membrane, MWCO 30k) or the customized polycarbonate membrane 

(Sterlitech, 0.01 Micron, 63.5 mm) into the membrane holder on the base. Then, the cell 

body was screwed into the base with a stir bar inserted. The cap was oriented, sealed, and 

locked after loading 150 mL of Au NCs solution followed by pressurizing the cell with 60 

psi of Ar. 140 mL of water was added when the Au NCs solution was concentrated down to 

10 mL under 350 rpm stir.  

  

Figure 2.3 Scheme of the Amicon® Centrifugal Filter Units (left) and Stirred Cells (right). 

 

2.2.3 Atomic Layer Deposition (ALD) 

Atomic Layer Deposition (ALD) is a deposition method that allows atomic layer by 

atomic layer growth of materials enabled by the sequential pulsing of reactant A and B with 

the purging of the by-product in between as illustrated in Figure 2.4238. In this study, TiO2 

or Al2O3 were deposited on the surface of Au or Ag NCs by reacting TiCl4 or TMA (reactant 

A) with freeze-pump-thaw degassed water (reactant B).  
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NCs was first dried on a lacey carbon copper grid (Ted Pella, 01824), silicon grid with 

silicon nitride support film (Ted Pella, 21569-10), or Si substrate. The ALD chamber was 

then pumped down below 80 mtorr after loading the sample on the copper plate. For one 

atomic layer (cycle) deposition of TiO2 at 75 °C, TiCl4 (reactant A) was pulsed (step #1) for 

40 ms followed by 30 seconds purging (step #2). Then H2O (reactant B) was pulsed (step 

#3) for 15 ms, followed by 30 seconds purging (step #4). The total number of cycles was 

determined by the thickness needed. Similarly, Al2O3 deposition was done with 40 ms (step 

#1), 20 seconds (step #2), 30 ms (step #3), and 30 seconds (step #4) at 75 °C. In general, 

the growth rate was ~1.1 Å/cycle. 

 

Figure 2.4 Scheme of one ALD cycle. 

Reprinted from ref 238, with the permission of AIP Publishing. © 2005 American Institute 

of Physics. 
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2.2.4 Molecule Loading 

2 nm of amorphous TiO2 was grown by ALD on cleaned Ag NCs dried on a proper 

substrate. N719 was loaded by soaking the substrate with Ag/TiO2 NCs in 0.5 mM of N719 

ACN solution for 24 hours. Later on, the ACN cleaned Ag/TiO2/N719 structure was 

protected by another 20 nm TiO2 using ALD. The final configuration of the platform I with 

N719 is illustrated in Figure 2.5 (left). 

 

 

Figure 2.5 Configuration of the complete platform after molecule loading. 

(left) Platform I of Ag/TiO2/N719/TiO2. (right) Platform II of Au/TiO2/DBDT/Al2O3. 

 

Similar to platform I, DBDT was loaded by soaking the substrate with Au/TiO2 NCs in 5 

mM of DBDT THF solution for 1 hour. 10 nm of Al2O3 was finally deposited via ALD after 

thorough cleaning of the Au/TiO2/DBDT NCs with THF to remove residue DBDT. The final 

configuration of the platform II with DBDT is illustrated in Figure 2.5 (right). On the other 

hand, Au NCs cross-linked by HEGDT (H) was loaded with DBDT (D) by co-addition or step-
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by-step method (Figure 2.6) for the Raman study at Laser Spectroscopy Labs. In the co-

addition method, 0.1 mL of 10 mM HEGDT aqueous solution, 0.02 mL of 5 mM DBDT THF 

solution, and 1.13 mL of H2O were added to 0.75 mL of as-made Au NCs solution. Five 

droplets of the above solution containing both HEGDT and DBDT were dried on Si 

substrate minutes later then thoroughly washed by THF and H2O. In the step-by-step 

method, 0.1 mL of 10 mM HEGDT aqueous solution, and 1.15 mL of H2O was added to 0.75 

mL of as-made Au NCs solution first. Five droplets of the above solution containing only 

HEGDT were dried on Si substrate after 5 minutes then washed by H2O. The substrate was 

socked in 5 mM of DBDT THF solution for 30 minutes, followed by THF washing. Substrates 

from both methods were dried under vacuum for 30 minutes. 

 

 

Figure 2.6 Scheme of loading DBDT on HEGDT cross-linked Au NCs. 

(left) Co-addition method. (right) Step-by-step method. 
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2.3 Dithiol-mediated Aggregation 

 

2.3.1 Alkane Dithiols 

In a glass vial at room temperature, 1 mM of 1,3-propanedithiol (Pro), 1,4-butanedithiol 

(But), 1,5-pentanedithiol (Pen), and 1,6-hexanedithiol (Hex) ethanol stock solution were 

prepared and stored inside the N2 glovebox to avoid disulfide formation. 150 µL of 1 mM 

alkane dithiol ethanol solution, 300 µL of Ag NCs ethanol solution, and 1050 µL of ethanol 

were mixed to initiate the aggregation (final [dithiol] = 100 µM). On the other hand, alkane 

dithiols were diluted with ethanol first to 1 mL at a concentration of 1000 µM, 200 µM, and 

40 µM. Then the above 1 mL stock solution was added to 1 mL of commercial Au NCs 

aqueous solution from Sigma Aldrich. 

 

2.3.2 Hexa(ethylene glycol) Dithiol and Other Dithiols 

In a glass vial at room temperature, 1 mL of the as-made Au NCs suspension was diluted 

with 0-999 µL of water. Then, 1-1000 µL of a 10 mM aqueous solution of HEGDT was added 

to the vial to yield a total volume of 2 mL. Final [HEGDT]/[NC] ratios were 2,000 to 

2,000,000. Similarly, 10 mM aqueous solution of 2,2'-(ethylenedioxy)diethanethiol (EDD), 

pentaerythritol tetrakis(3-mercaptopropionate) (PTM), or 10 mM ethanol solution of 1,6-

hexanedithiol (Hex) were added to as-made Au NCs solution with final [thiol]/[NC] = 4,000. 

To achieve [HEGDT]/[NC] < 2,000, regular 10 mM HEGDT stock solution was first diluted 

100 times to make a 100 µM stock solution. Then, the 100 µM stock solution was further 

diluted to 10, 8, 6, 4, 2, 1 µM respectively. Finally, 1 mL of the diluted solution was added to 
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1 mL of as-made Au NCs. This method avoided using a small volume in each step, which 

gave much better control of the final [HEGDT]. 

 

2.4 Redispersion and Termination of the Aggregation 

 

2.4.1 Ozone-mediated Redispersion 

To redisperse the aggregated/precipitated NCs, the output of an ozone generator (Enaly 

Model 5000BF) fed with oxygen gas was bubbled at 0.2 L/min into an open glass vial with 

aggregated/precipitated NCs for 5 minutes under sonication (Branson Model 1510) at 

room temperature (unless otherwise noted). Steady-state ozone concentrations in the gas 

stream and solution were estimated to be at least 1 mM and 350 µM, respectively. The vial 

was then sparged with argon at 0.2 L/min for 1 minute to remove the residual ozone, 

capped, and stored in ambient light at room temperature (unless otherwise noted). Since 

ozonation of high concentrations of HEGDT (i.e., [HEGDT]/[NC] ≥ 1,000,000) lowers the pH 

enough to dissolve the NCs, 10 µL (20 µL) of a 1 M aqueous solution of NaOH was added to 

samples with [HEGDT]/[NC] = 1,000,000 (2,000,000) to adjust the pH to ~12 before 

ozonation. 

 

2.4.2 Monothiol-mediated Redispersion 

To attempt redispersion of the precipitated NCs by thiol self-exchange, a large excess of a 

monothiol ([monothiol]/[NC] = 4,000,000) was added to the supernatant of hard-crashed 

NC precipitates prepared as described above (using [HEGDT]/[NC] = 4,000). Monothiol 

additions were 200 µL of 100 mM of HEGMT in water, MPA in water, MUDA in ethanol, or 
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MHDA in ethanol. After adding the monothiol, the vial was tightly sealed and gently shaken 

for 1 minute, then stored for seven days at room temperature or sonicated for 12 hours at 

75 °C. MHDA and MUDA formed emulsions in water, so these samples were passed through 

0.2 μm PTFE syringe filters (28145-495, VWR) prior to acquiring optical extinction 

spectrum. 

 

2.4.3 Monothiol-mediated Disulfurization                                                                                                                                                                                              

3-mercaptopropionic acid (MPA), 1-thioglycerol (TG), thioglycolic acid, (TGA), and 2-

mercaptoethanol (ME) aqueous solution were chosen to react with HEGDT forming 

disulfide under NaI/H2O2 or I2 catalyzing to terminate the aggregation process. First, 0.1 

mL of 10 mM HEGDT aqueous solution was mixed with 1 mL of as-made Au NCs diluted by 

699 µL of H2O. Immediately, 0.1 mL of 10 mM monothiol, 1 µL of 10 mM NaI, and 0.1 mL of 

10 mM H2O2 were added to the above solution. Similarly, 10 µL of 1 mM I2 aqueous solution 

can be added instead of NaI/H2O2 mixture. The final ratio of reactant are [HEGDT] : 

[monothiol] : [NaI] : [H2O2] = 1 : 1 : 0.01 : 1 or [HEGDT] : [monothiol] : [I2]  = 1 : 1 : 0.01239. 

The effect of individual components (monothiol or catalyst) on the HEGDT mediated Au 

NCs aggregation reaction was studied as well following the ratio above. The total volume of 

the solution in the vial was 2 mL throughout the study by varying H2O volume. 

 

2.4.4 Thiol-ene Click Reaction 

20 mM of aqueous stock solution of six types of maleimides (MI, MCA, HEMI, PEGMI350, 

PEGMI1k, PEGMI2k) and two types of acrylates (DEE, SAC) were made first and stored in 

the fridge. “X” is used to represent certain maleimides or acrylates in the following text. The 
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total volume of the solution was 2 mL adjusted by adding H2O ([HEGDT] = 10 µM, pH = 6-

7). The vial was kept at room temperature under normal room light. These conditions 

applied to all experiments during the study unless otherwise noted. The pH of the MCA 

stock solution was pre-adjusted to 6-7 to keep reaction condition consistent. First, the 

control experiments to test the compatibility of X with Au NCs solution were done by 

adding 1 mL of the above 10 mM stock solution to 1 mL of as-made Au NCs (without 

HEGDT). Next, three methods of mixing were employed to gain a comprehensive 

understanding of the click reaction between X and HEGDT in Au NCs solution. Method A 

mixed the diluted Au NCs solution with HEGDT first then X was added after 10 seconds. 

Method B mixed the diluted Au NCs solution with X first then HEGDT was added after 1 

minute. Method C mixed X and HEGDT first then the diluted Au NCs solution was added 

after one day. In total, 480 experiments were designed to test eight types of X using three 

methods at four different [NC] (50%, 40%, 30%, and 20% of the as-made Au NCs) with five 

different [X] (10 µM, 20 µM, 200 µM, 2 mM, and 10 mM).  

It was time-consuming to track the extinction spectrum at each condition. Thus, the 

following qualitative method which determined the effect of click reaction on the 

aggregation rate by comparing the color change of the (X + HEGDT + Au NCs) solution with 

a reference solution (HEGDT + Au NCs) after 30 minutes of the reaction was employed. 

Figure 2.7 provides an example. The red color was used to represent the reaction (top row, 

X + HEGDT + Au) that went faster than the reference (middle row, HEGDT + Au NCs). On 

the other hand, the blue color represented reaction that went slower (bottom row). Finally, 

the color was tabulated into Table 3 by different reaction conditions. 
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Figure 2.7 Example of the method used to track click reaction in Au NCs solution. 

 

2.5 Morphological and Elemental Characterization 

 

2.5.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was performed on FEI Magellan 400 XHR SEM or 

TESCAN GAIA-3 XMH operating at 10 keV and 50 pA. SEM samples were prepared by 

pipetting droplets of NC suspension onto lacey carbon copper grid (Ted Pella, 01824), 

silicon grid with silicon nitride support film (Ted Pella, 21569-10) or Si substrate, 

respectively. After 10 seconds, the droplet was blown off the grid/substrate with a stream 

of argon to avoid the artificial formation of NC clusters during slow drying. ALD of TiO2 or 

Al2O3, as well as molecule loading, was performed directly on the TEM grid or Si substrate 

with NCs. Besides, Au NCs coated filamentous fungus was filtered and washed on filter 

paper (Whatman, 1001-125) with H2O then dried under vacuum. The filter paper loaded 

with the fungus was then cut and clipped on the PELCO low profile SEMClipTM (Ted Pella, 

16111-55) for imaging. 
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2.5.2 Transmission Electron Microscopy (TEM) 

Conventional transmission electron microscopy (TEM) imaging was performed on JEOL 

2800 or JEOL JEM-2100F at 200 keV, JEM-ARM300F at 300 or 80 keV with Gatan TEM 

Analytical Holders using Gatan GIF Quantum detector. Gatan Cooling In-Situ Holder 

(cooling-EM) was also used to image NCs at -170 °C monitored by Gatan Cold Stage 

Controller (SmartSet Model 900) to minimize beam induced particle merging. The sample 

preparation for regular and cooling-EM was similar to SEM except for Cryogenic Electron 

Microscopy (cryo-EM). Briefly, Quantifoil® TEM grid (Ted Pella, 657-200-CU) was first glow 

discharged in Low Vacuum Coater (Leica, EM ACE200) for 30 seconds to improve wetting. 

The grid was then quickly transferred to Automatic Plunge Freezer (Leica, EM GP) followed 

by injecting 3 μL of Au NCs aqueous solution. After blotting extra solution with filter paper 

(Whatman, 1001-125), the grid was inserted into liquid nitrogen cooled liquid propane 

(Bernzomatic). Finally, the sample was transferred to Gatan Cryo-Transfer Holder under 

liquid nitrogen. Low dose mode which separating the area being recoded and focused was 

used for cryo-EM imaging. The grid was retrieved after warming up the Cooling or Cryo 

holder in Turbo Pumping Station (Gatan Model 655). In general, small aperture, large spot 

size, and spread beam were preferred during imaging to reduce beam effect further.  

 

2.5.3 Scanning Transmission Electron Microscopy (STEM) 

Scanning transmission electron microscopy (STEM) dark field (DF), bright field (BF), and 

secondary electron (SE) imaging was performed on JEOL 2800 at 200 keV, and JEM-

ARM300F at 300 or 80 keV with Gatan TEM Analytical Holders using Gatan or JEOL 

DF/BF/SE detector. Cooling or Cryo STEM were performed following the same sample 
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preparation procedure as TEM. All sample holders were cleaned by O2/Ar plasma in the 

Advanced Plasma System (Gatan, Model 950) to remove hydrocarbon contaminants before 

loading sample grid.  

 

2.5.4 Energy-Dispersive X-ray Spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy (EDS) elemental mapping was done after STEM 

imaging on JEOL 2800 at 200 keV with dual large angle Silicon Drift Detectors (SDD). 

Spectrum fitting and mapping were performed using Pathfinder X-ray Microanalysis 

Software (Thermo Scientific). For sample preparation, Al2O3 was deposited on Au NCs via 

ALD directly on the silicon grid with silicon nitride support film. 

 

2.5.5 Electron Energy Loss Spectroscopy (EELS) 

Electron energy loss spectroscopy (EELS) elemental mapping and its corresponding 

high-angle annular dark-field imaging (HAADF) were done on FEI Image Corrected Titan3™ 

G2 60-300 S/TEM. Spectrum fitting and mapping were performed using Gatan Microscopy 

Suite® (GMS) software. Cleaned Ag NCs were dried on lacey carbon copper grid then 

shipped air free (Kurt J. Lesker, FN-0275S) to Nanjing University, China for EELS. 

 

2.5.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) data of the S 2p and Au 4f regions were acquired 

with a Kratos AXIS Supra spectrometer using monochromatic Al Kα radiation at an X-ray 

power of 225 W and 40 eV pass energy (5 sweeps, 0.05 eV step size, and 500 ms dwell 

time). Samples were prepared by drop casting NCs onto O2 plasma-cleaned Si substrates 
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(Zepto, Diener Electronics), rinsing thoroughly with water, and drying under a stream of 

nitrogen. All spectrum were charge corrected using the Au 4f 7/2 peak at 84.0 eV. The S 2p 

region was fitted using CasaXPS (Casa Software Ltd) software with spin-orbit doublets at 

an intensity ratio of 2:1 (2p 3/2 : 2p 1/2), a binding energy difference of 1.2 eV, a single 

peak width, and Shirley background subtraction240,241.  

 

2.5.7 Ion Scattering Spectroscopy (ISS) 

Ion scattering spectroscopy (ISS) was acquired after XPS on Kratos AXIS Supra using 

positive He ion beam. Surface atoms of the Ag NCs were probed according to the energy 

loss of the He ion due to the elastic collision. We identified C, O, Na, Cl, and Ag on the 

surface. 

 

2.5.8 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

The Au NC concentration was determined by inductively coupled plasma mass 

spectrometry (ICP-MS). Known volumes of Au NC suspension were added to fresh aqua 

regia, diluted with double-distilled nitric acid as needed, and immediately measured on a 

Nu AttoM ES HR-ICP-MS spectrometer using the low-resolution peak jump method with 15 

cycles of 500 sweeps and 500 μs dwells per peak. A noble metals standard (VHG Labs 

SM40-100) was used to construct a calibration curve, and an internal standard (VHG Labs 

LIS3-100) was used to correct for drift and matrix-related artifacts. Based on the measured 

Au concentration of 0.41 mg/L and the known size of the NCs (from TEM images), we find 

[NC] = 4.99 nM in the as-made Au NC suspension. Control experiments performed on the 

supernatant of centrifuged NC suspensions showed that the dissolved Au concentration 
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was below the ICP-MS detection limit, meaning that effectively all of the Au atoms are 

contained in the NCs, with negligible unreacted Au precursor in these samples. 

 

2.6 Optical and Molecular Characterization 

 

2.6.1 Ultraviolet-visible Spectroscopy (UV-Vis) 

Optical extinction spectrum (λ = 400-800 nm) were acquired in quartz cuvettes 

(Spectrocell Model R-4010) on a PerkinElmer Lambda 950 spectrophotometer. The 

concentration of dissolved ozone was quantified using the X1A1 to 1B2 transition at 260 nm 

(ε = 2992 M-1 cm-1)242. Reference beam attenuation was used in the UV-Vis to ensure the 

high absorbance (4-5) peak around 525 nm was measured accurately. This method 

sacrifices the accuracy and increases the noise level at the low absorbance (<0.5) area. 

Control experiments showed that the reference beam attenuation method did not change 

the spectrum shape or main figures. It only altered the noise level. 

 

2.6.2 Fourier-transform Infrared Spectroscopy (FTIR) 

Attenuated total reflectance (ATR) FTIR spectrum was acquired with a Nicolet 6700 

FTIR spectrometer equipped with a GladiATR diamond ATR module (Pike Technologies) 

using 128 scans at a resolution of 4 cm-1. Samples were prepared by centrifuging as-made 

Au NC suspensions, discarding the supernatant, cleaning the NCs four times in ethanol to 

remove free citrate and other species present in the reaction solution, and drying a droplet 

of the purified Au NC suspension on the ATR crystal (Figure 2.8). In situ HEGDT or citrate 

treatments were performed by flooding samples on the ATR crystal with 1 mL of 10 mM 
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aqueous HEGDT or 1 M aqueous trisodium citrate for 1 hour, wicking away the liquid, 

flooding with 1 mL of water for 30 minutes, and finally wicking away the water and drying 

the sample in a stream of nitrogen. 

 

Figure 2.8 Scheme of HEGDT (yellow) replaces surface trisodium citrate (red) on ATR. 

The light coming from the IR source bounces multiple times at the interface between the 

diamond crystal and Au NCs. Evanescent wave extended into the Au NCs carries the 

information of molecular vibrational states to the detector. 

 

2.6.3 Raman spectroscopy 

Raman spectrum of Ag/TiO2/N719/TiO2 (platform I) was acquired in a backscattering 

geometry with 532 nm CW diode laser excitation (~70 µW/µm2), 5-10 s exposure, and 5-

10 accumulations. The sample was first imaged under SEM to determine the position of 

dimers, trimers, and clusters then overlapped with the map (left, Figure 2.9) captured 

under an inverted optical microscope (Olympus Model IX71, NA = 0.65) using 

backscattered light. The backscattered SERS signal was first separated from the Rayleigh 
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light with notch filters (Semrock, 1 : 106 extinction ratio) then dispersed and acquired on a 

CCD camera (Andor Model V401-BV)243. 

Raman spectrum of pure HEGDT, DBDT, and HEGDT cross-linked Au NCs were acquired 

on Renishaw inVia™ Confocal Raman Microscope with 532 nm continuous waveform (CW) 

excitation (10% power), 10 exposure per second, and 5 accumulations. Samples were 

prepared by drop casting HEGDT- or DBDT-treated NCs onto plasma-cleaned Si substrates, 

followed by rinsing with copious water or THF, respectively, and drying in a stream of 

nitrogen. Reference films of HEGDT and DBDT were prepared by drop casting 10 mM of 

HEGDT or 5 mM of DBDT solutions in water and THF, respectively. 

During both Raman experiments, only signals from the substrates (Si3N4 or Si) was 

identified (no molecular lines) if the laser was moved away from the NCs.  

 

 

Figure 2.9 Photo of NC assembly under optical microscopes. 

(left) Overlapping SEM image and backscattered light map of dimer, trimer, and cluster of 

Ag/TiO2/719/TiO2 on Si3N4 support film. (right) Bright field image of Au/HEGDT/DBDT 

cluster on Si substrate. 
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2.6.4 Nuclear Magnetic Resonance Spectroscopy (NMR) 

1H NMR data were collected in pure D2O or a 1:1 H2O/D2O mixture in precision NMR 

tubes (Wilmad Model 528-PP-7) using a Bruker DRX500 spectrometer (500 MHz, BBO 

probe) with 16 scans at a delay time of 20 seconds. The absolute concentration of citrate 

was determined with an internal reference (DSS sodium salt). The pulsed field gradient 

technique was used to suppress the H2O signal. NMR peak position was predicted using 

ChemDraw software from PerkinElmer. Peak position calibration, background subtraction, 

and phase correction were done using Mnova software from Mestrelab Research. 

 

2.6.5 Mass Spectroscopy (MS) 

Mass spectrometry data were acquired on a Waters LCT Premier TOF mass spectrometer 

using electrospray ionization and an MCP detector operating in positive ion mode. The 10 

mM of HEGDT or HEGDS aqueous solution was diluted to 10 µM with methanol before 

injection. PEG served as the internal reference. 

 

2.7 Particle Size and Surface Charge Analysis 

 

2.7.1 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) was performed on Malvern Zetasizer Nano to monitor the 

hydrodynamic diameter of Au NCs change over time after adding HEGDT. Similar to UV-Vis 

experiment, 10 uL of 10 mM HEGDT was added to diluted 10 nm Au NCs aqueous solution 

in a disposable cuvette (BRAND, 759071D). Measurement was done every 5 minutes with 

10 runs (10 seconds per run) in the Zetasizer. The sample was taken out and gently shaken 
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immediately after the acquisition to ensure room temperature, and room light condition 

was maintained. 

 

2.7.2 Nanoparticle Tracking Analysis (NTA) 

Nanoparticle tracking analysis (NTA) was used as a complementary technique to verify 

the [NC] calculated using ICP-MS.  As-made Au NCs solution was diluted 1,000 times and 

injected at 1 mL per 30 seconds flow rate into Malvern NanoSight NS300. Videos of NCs 

undergoing Browne motion and aggregation were captured for 60 seconds and 

automatically processed in the NTA software. 

 

2.7.3 Small-angle X-ray Scattering (SAXS) 

Solution small-angle X-ray scattering (SAXS) measurements of as-made and ozone-

redispersed Au NC suspensions were performed at Beamline 7.3.3 of the Advanced Light 

Source (ALS) at Lawrence Berkeley National Laboratory using monochromatic X-rays (λ = 

1.24 Å, 10 keV) with an energy bandwidth of 1%. Samples were measured in transmission 

geometry in 1 mm diameter quartz capillaries (Hampton Research). 2D SAXS patterns were 

collected on a Dectris Pilatus 2M detector at a sample-detector distance of 3504.75 mm as 

calibrated by a silver behenate standard in a quartz capillary. Signal was collected for 120 s. 

The Nika software package244 in Igor Pro was used to integrate azimuthally (25-75°) the 

SAXS patterns. Particle size distribution fitting was performed with the IPG/TNNLS fitting 

routine in Irena assuming a spherical NC shape. Several measurements were conducted 

across the length of the capillary to verify sample uniformity. 
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2.7.4 pH Measurement 

pH measurements were made on stirred samples every 3 seconds using a calibrated pH 

meter (Oakton Model PC2700) at room temperature. Buffer solutions of pH 7.00, 4.01, and 

10.01 from Oakton were used for calibration. Data were acquired after the pH reading 

stable for more than 2 minutes.  

 

2.7.5 Zeta Potential Measurement 

Zeta potential and mobility of as made, cleaned, HEGDT cross-linked, and ozone 

redispersed Au NCs were measured in Malvern Zetasizer Nano. A special cuvette DTS1070 

(Malvern) with electrode was flushed with ethanol then H2O before filling the sample. 

 

2.8 Finite-difference Time-domain (FDTD) simulations 

 

The FDTD simulations were done using commercial software (Lumerical FDTD 

solutions). The total-field scattered field (TFSF) source was employed in the simulations of 

all the dimers, and the plane wave was injected from the top of the dimer. Inside FDTD 

software the gold dielectric constants were interpolated from Johnson and Christy245.  

Two detectors were used to detect scattered and absorbed light, one detector was placed 

outside the TFSF source to measure the scattering cross sections, and another placed inside 

the TFSF source to measure the absorption cross section. A perfectly matched layer (PML) 

was used as the boundaries to absorb the scattered light and reduce the probable 

interference with the reflected light off the boundaries.  
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3 ALD-Functionalized Plasmonic Nantennas  

 

In this chapter, our effort to build platforms consist of plasmonic core-shell (metal-

semiconductor) nantennas using colloidal synthesis and atomic layer deposition (ALD) is 

summarized. Platform I of Ag/TiO2/N719/TiO2 and platform II of Au/TiO2/DBDT/Al2O3 

were constructed by stochastic assemble and ALD. We verified the precise geometry and 

Raman activity of these structures using SEM/TEM and spectrometers, respectively. Our 

initial attempt to control the nantennas assemble via alkane dithiol is discussed as well. 

 

3.1 Platform I - Ag/TiO2/N719/TiO2 

 

3.1.1 Stochastic Assembly of Ag NCs 

The synthesis234 involving silver trifluoroacetate (Ag source), PVP (capping reagent), and 

HCl (etching reagent) yielded Ag NCs with an average diameter of 35 nm. The transparent 

yellow suspension (Figure 3.1 a) of Ag NCs washed and redispersed in ethanol was used for 

the following study. The extinction spectrum of the as-made Ag NCs (Figure 3.1 b) shows a 

distinct LSPR peak at 440.2 nm and two small shoulders at 350.0 and 378.2 nm, which 

agrees well with literature246,247. The small shoulders originate from the truncated cube, 

which enables two extra dipole resonance246. Drop casting the Ag NCs solution on the TEM 

grid or Si substrate resulted in the stochastic formation of dimers (Figure 3.1 d) with an 

undefined gap distance. 2 nm TiO2 layer was then constructed via atomic layer deposition 

(ALD) followed by N719 sensitizing. We did not observe significant shape or size change in 

the TEM images (Figure 3.1 e) after any step of the process. Finally, 20 nm of TiO2 (Figure 



46 
 

3.1 f) was coated via ALD to act as a heat sink and protect the structure from melting under 

laser illumination. The Ag NCs can be stochastically assembled and functionalized despite 

the presence of residue PVP capping layer. ALD of other oxides such as Al2O3 or sensitizing 

with other molecules such as DBDT following the above procedure were also successful 

done. The thickness of the oxide layer can be tuned easily by varying the number of ALD 

cycle comparing to the solution process248.  

 

 

Figure 3.1 Procedure for assembling platform I - Ag/TiO2/N719/TiO2. 

(a) The recipe234 and photo of as-made Ag NCs ethanol solution. (b) Extinction spectrum 

and (c) TEM image of as-made Ag NCs. (d) Stochastically formed dimer by drying Ag NCs 

solution on a TEM grid. (e) Dimer after ALD of 2 nm TiO2. (f) Dimer after sensitizing with 

N719 and ALD of 20 nm TiO2. 
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3.1.2 Alkane Dithiol-mediated Assembly of Ag NCs 

Dithiols have been widely used to link the plasmonic NCs for SERS study249,250. The 

simplest short chain alkane dithiols, including 1,3-propanedithiol (Pro), 1,4-butanedithiol 

(But), 1,5-pentanedithiol (Pen), and 1,6-hexanedithiol (Hex) were first selected to assemble 

the Ag NCs in our study. The assembling process was monitored using the extinction 

spectrum and scanning electron microscopy (SEM). Upon addition of alkane dithiol longer 

than three carbon chain, the main plasmon peak around 440 nm immediately decreased 

(Figure 3.2 b-d). Meanwhile, a broad shoulder started to rise at around 650 nm due to the 

development of new plasmon modes. The decrease in the main peak gradually slowed 

down in 60 minutes with the shoulder redshifted. SEM (Figure 3.2 b’-d’) images show the 

Ag NCs fall entirely out of the solution and form large aggregates containing hundreds to 

thousands of NC monomer.  

On the contrary, the spectrum of the shortest 1,3-propanedithiol treated Ag NCs does not 

show the significant change (Figure 3.2 a) in 60 minutes, which indicates the NCs are still 

well dispersed in the ethanol solution. Meanwhile, we only find monomers, dimers, and 

small clusters (less than 10 NCs together) in the SEM image (Figure 3.2 a’) of sample made 

by drying the reaction solution after 60 minutes. The effective assemble of NCs using long 

chain alkane dithiol agrees with literature251 while the unexpected result from the short 

chain dithiol indicates the length of the linker plays a vital role in the process. Later on, we 

attribute the length dependency to the surface capping reagent PVP. The simple alkane 

dithiols did not alter the shape or size of the Ag NCs while linking them together. The 

compatibility of alkane dithiols with Ag NCs make it a good candidate for the future study 

of controlled assembly.  



48 
 

 

3.1.3 Raman Activity of Platform I 

We then compared the Raman activity of Platform I (made by stochastic assemble) with 

the bulk N719 using our home build spectrometer setup. The peak positions of bulk N719 

in Figure 3.3 a agree with literature well248,252,253. Briefly, the three strongest resonance at 

1473, 1540, and 1606 cm-1 are attributed to the C=N and C=C stretching on the bipyridine 

rings. In comparison, the two most intense peaks from N719 loaded on Ag/TiO2 shifts to 

higher wave number, which may indicate the interaction between the excited N719 and 

 

Figure 3.2 Alkane dithiol-mediated assembly of Ag NCs. 

(a-d) Time series of optical extinction spectrum after adding alkane dithiol ethanol solution 

to the Ag NCs ethanol solution. (a’-d’) Corresponding SEM images of the Ag NCs after alkane 

dithiol treatment. The molecular structure of 1,3-propanedithiolis is shown under (a’). 
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TiO2. At relatively low excitation intensity (25 µW/µm2), molecules experience the field 

intense enough such that the molecular signal losses within a few minutes (Figure 3.3 b) 

even with the 20 nm TiO2 overcoating protection. The signal decay may cause by thermal 

induced changes to the nantenna structure, migration of the dye molecules out of the hot 

spot over the course of the experiment, or plasmon-driven decomposition of the dye 

molecules by the intense electric local field or high local temperature. 

 

Figure 3.3 Raman spectrum of platform I cluster. 

(a) Comparison of Raman response of bulk N719 and SERS response of 

Ag/TiO2/N719/TiO2. (b) Change of SERS signal of Ag/TiO2/N719/TiO2 over time. 
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3.1.4 Surface PVP Removal 

Upon carefully checking the surface of the thoroughly washed Ag NCs via high-resolution 

TEM, we identified a 2-5 nm capping layer (Figure 3.4 a). This thin overcoat could explain 

why only long alkane dithiols cross-link Ag NCs effectively. Furthermore, it may prevent the 

direct attaching of the interesting molecules onto the Ag surface. Thus, we need to identify 

then remove this unwanted layer.  

 

Figure 3.4 Identify the surface capping PVP layer on Ag NCs. 

(a) The TEM image of the ~2 nm capping layer around Ag NCs after extensive washing. (b) 

Comparison of the N 1s region of the Ag NCs, PVP powder, and clean Ag thin film in XPS. (c) 

HADDF image and (d) EELS mapping of the same Ag NC show a Ag core with C rich shell. 
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The x-ray photoelectron spectroscopy (XPS) of high concentration Ag NCs dried on Si 

substrate shows an extra peak at 400.8 eV comparing to the pure Ag reference (Figure 3.4 

b).  This peak is close to the N 1s peak at 401.3 eV of the pure PVP powder sample. The 

slightly right shift of the peak might be due to the metal-ligand interaction. High-resolution 

electron energy loss spectroscopy (EELS) mapping (Figure 3.4 d) further reveals that the 

capping layer is carbon rich. Combining the evidence from XPS and EELS, we conclude that 

the PVP presents on the surface of Ag NCs.   

Transition metal ions have shown a strong affinity to PVP to form small polymer-metal 

complexes254 thus have the potential to “unzip” PVP from the Ag surface. We then 

evaluated the effect of high concentration transition metal chloride (Zn(II), Co(II), Mn(II), 

Fe(II), Cr(II), Ni(II), Cu(I, II)) ethanol solution treatment on the surface PVP. A series of SEM 

images in Figure 3.5 a show that Mn(II), Fe(II), Cr(II), Ni(II), and Cu(I, II) ions etch the Ag 

cubes in different degrees. This might occur due to the simple redox reaction between Ag0 

and metal cation based on the positive cell potential255. On the contrary, The cube structure 

maintained after Zn(II) and Co(II) treatment while the PVP layer was still existing upon 

checking the high-resolution TEM images. UV-Ozone treatment has been proved to be 

useful to remove the PVP layer on palladium nanocubes256. However, it significantly altered 

the shape of the Ag nanocubes immediately upon exposure (Figure 3.5 c). Other methods 

reported in the literature such as NaBH4/tert-butylamine257 , or 4-aminothiophenol258 

treatment were tried, yet no successful removal of PVP has been found. The most 

promising way is the simple hot water washing of NCs at 80 °C (increase the solubility of 

PVP) on the filter paper. Upon intensive washing with at least 500 mL of water, the 

thickness of the PVP layer on some of the cubes was reduced down to 0.5 nm (Figure 3.5 b). 
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The stubborn residue PVP layer and low chemical resistance of the Ag NCs drive us to move 

on cleaner and robust Au NCs later on. 

 

Figure 3.5 Efforts to remove PVP from Ag NCs surface. 

(a) SEM image of Ag NCs treated with different transition metal ion ethanol solution. TEM 

images of Ag NCs after hot water wash (b) or UV-Ozone treatment (c). 

 

3.2 Platform II - Au/TiO2/DBDT/Al2O3 

 

3.2.1 Stochastic Assembly of Au NCs 

Commercially available citrated capped Au NCs were chosen as the second building block 

for Platform II. Although the SERS enhancement factor (EF) of Au NCs won’t be as 

significant as the Ag nanocubes259, the Au NCs with only citrate ligand on the surface 



53 
 

enables better control of the aggregation kinetics. The Au NCs from Sigma-Aldrich has a 

polydispersity index (PDI) less than 0.2, an average diameter of  35 nm, and an absorbance 

peak at 524.1 nm (Figure 3.6 b). The stochastic nantennas building procedure is similar to 

planform I except for the use of DBDT as the sensitizer and 10 nm of Al2O3 as the final 

protection layer. The bridge between Au NC dimer in Figure 3.6 d is induced by strong 

electron beam during imaging, which will be discussed in section 4.1.4. 

 

 

Figure 3.6 Procedure for assembling platform II - Au/TiO2/DBDT/Al2O3. 

(a) Photo and properties of Au NCs aqueous solution from Sigma Aldrich. (b) Extinction 

spectrum and (c) TEM image of Au NCs. (d) Stochastically formed dimer by drying Au NCs 

solution on a TEM grid. (e) Dimer after ALD of 2 nm TiO2. (f) Dimer after sensitizing with 

DBDT and ALD of 10 nm Al2O3. 
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3.2.2 Alkane Dithiol-mediated Assembly of Au NCs 

The yield of desiring structures (dimers, trimers, and mall clusters) in the randomly drop 

casted sample is less than ~3% without any control. For this project, a controllable way of 

assembling NCs is appreciated. With cleaner surface compare to the Ag NCs, chemical 

linkers which form a strong covalent bond with Au NCs can be applied similarly. In the past, 

Raman active dithiol molecules containing benzene rings were selected to act as both linker 

and reporter260,261. On the other hand, Raman silent linker is needed in this study to build a 

“silent platform” to serve the study of Raman active molecules in the future. Similar to the 

Ag NCs, simple alkane dithiols were chosen to start.  

The optical extinction spectrum (Figure 3.7 a-d) of the Au NCs aqueous solution were 

monitored after adding different dithiols at different concentrations. Similar to the 

spectrum change of Ag NCs, a shoulder peak around 650 nm is developed in 1 hour with 

100 and 500 µM of 1,5-pentanedithiol (Pen), and 1,6-hexanedithiol (Hex). We attribute this 

to the development of longitudinal plasmon mode due to the NC aggregation. The data 

shows a trend that the longer the carbon chain, the more effective the cross-linking.  

However, the degree of aggregation is much lower than Ag NCs even at [dithiol] = 500 

µM, which might occur due to the low [NC] (1.8x1011 NCs/mL). More importantly, the 

kinetics of the reaction was not reproducible. Multiple environmental factors that might 

influence the aggregation process (temperature, light, and atmosphere) have been carefully 

controlled while none of these factors show significant impact on the aggregation rate. We 

found that Sigma Aldrich added a proprietary surfactant in addition to the sodium citrate to 

further stabilize the Au NCs. To gain better control of the solution content, we decided to 

synthesize our own Au NCs. 
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On the other hand, the simple alkane dithiols are soluble in organic solvent only. This 

makes it hard to judge the actual concentration of dithiols in aqueous Au NCs solution. Also, 

the mixture of ethanol and H2O further complicates the solvent system. Thus, a water-

soluble dithiol HEGDT was chosen to continue the study. 

 

 

Figure 3.7 Alkane dithiol-mediated assembly of Au NCs. 

(a-d) Time series of optical extinction spectrum of the commercial Au NCs aqueous solution 

after adding alkane dithiol ethanol solution. The final dithiol concentrations are 20, 100, 

and 500 µM. 
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3.2.3 Raman Activity of Platform II 

The Raman activity of Platform II (made by stochastic assemble) versus bulk DBDT were 

determined with the same setup. The peak positions of bulk DBDT and DBDT on platform II 

(Figure 3.8) agree with literature well260. Briefly, the three strongest peaks at 1084, 1276, 

and 1591 cm-1 are attributed to the C-S, C-C, and C=C stretch coupled to C-C stretch. ~25 

dimers were examined while no detectable SERS was observed, which might be due to the 

low coverage of DBDT within the junction limited by its affinity to TiO2. The probability of 

finding the molecules residing in the hotspot increases with the total number of junctions. 

Thus NC clusters have a better chance to be SERS active. 

 

 

Figure 3.8 Raman spectrum of platform II cluster. 
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4 Reversible Aggregation of Au NCs 

 

In the previous chapter, we have demonstrated the Ag and Au NCs can be effectively 

coated by ALD (TiO2 or Al2O3). As a proof of concept, we build the platform I with randomly 

aggregated Ag NCs aiming to study the well-known photoinduced electron transfer from 

ruthenium dye N719 into TiO2. Similarly, the Raman reporter DBDT has been loaded and 

tested on TiO2 coated Au NCs to demonstrate the versatility of our platform. The initial 

study of controllable aggregation of Ag or Au NCs using alkane dithiols shows promising 

results with challenges. 

In this chapter, our attempt to control the aggregation of Au NCs triggered by the 

addition of Raman-silent dithiol linkers is discussed. We select hexa(ethylene glycol) dithiol 

(HEGDT), a water-soluble dithiol with a weak Raman cross section. We then attempt to 

arrest the aggregation for yielding a suspension of colloidal aggregates with a relatively 

high percentage of dimers by rapidly oxidizing the free thiols with ozone (Figure 4.1). We 

found that ozone is very active on selectively oxidizing the dithiols to disulfonic acids, 

resulting in the destruction of the dithiol linkers and complete depolymerization of NC 

aggregates to re-form a stable colloidal solution of individual Au NCs. NMR and pH data 

confirms that disulfonate is the primary ozonation product of dithiol. This chapter 

summarizes our understanding of the aggregation-deaggregation cycle, which enable us to 

exert more control over the process. 
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Figure 4.1 Scheme of controllable aggregation of Au NCs using HEGDT and ozone. 

Addition of excess dithiol triggers the large-scale cross-linking of colloidal Au NCs in water, 

resulting in rapid cross-linking of NC-dithiolate polymer. Subsequent ozone bubbling 

selectively oxidizes the free thiol and stop aggregation to yield a high percentage of dimers. 

 

4.1 HEGDT-mediated Assemble of Au NCs 

 

4.1.1 Formation of NC-dithiolate Polymer 

We monitored the aggregation of the 10 nm as-made Au NCs after mixing with 50 µM 

HEGDT using optical extinction spectroscopy (UV-Vis) and dynamic light scattering (DLS). 

Figure 4.2 a shows the intensity of the plasmon peak at ~521 nm decreases while a broad 

peak grows at longer wavelength upon adding HEGDT. This behavior is a characteristic of 

the formation of colloidal NC aggregates. The growth of the hydrodynamic diameter of the 

NCs aggregates from ~16 to 560 nm over 120 minutes monitored by DLS (Figure 4.3 b) 
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agrees with the UV-Vis result. After ~150 minutes, the original ruby red NC solution turned 

colorless with a powdery black precipitate rested on the bottom and sides of the vial. 

 

Figure 4.2 HEGDT-mediated aggregation of Au NCs.  

Time series of optical extinction spectrum (a) and hydrodynamic diameter (b) of the 10 nm 

Au NCs after adding aqueous hexa(ethylene glycol) dithiol (HEGDT). 

 

The effectiveness of HEGDT acting as a linker was first verified using 10 nm Au NCs. 

Later on, 23.8 ± 4.2 nm (diameter) citrate-capped Au NCs were synthesis and used 

throughout the study since it was easier to image larger particles in both SEM and optical 

microscopes (backscattered configuration). In addition to the NCs, the reaction solution 

contains 2.65 mM free citrate ion, 4.19 mM Cl-, 9.81 mM Na+, 0.29 mM acetone, 0.05 mM 

acetic acid, and probably various undetected organic and inorganic species, all at pH 6.0 

(total ionic strength of ~14 mM). Details of determining the solution components can be 

found in section 4.9. The molar ratio of HEGDT to NCs in this experiment ([HEGDT]/[NC] = 
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4000) was large enough to quickly and completely precipitate the NCs (a “hard crash” of 

the NCs). The formation of larger clusters over time after adding HEGDT was confirmed by 

TEM images (Figure 4.3). 

 

 

Figure 4.3 Time series of TEM images showing the aggregation process of 24 nm Au NCs. 

Labels indicate the time after HEGDT addition (0 min is the control sample without dithiol). 

The samples were prepared using a technique that minimizes the artificial formation of 

clusters during the drying of the solution on the TEM grid. 
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4.1.2 Raman Activity of the linked NCs 

HEGDT was the main focus of this study because oligo ethylene glycol dithiols are water 

soluble, short, and have small Raman scattering cross sections compare to Raman active 

molecule like biphenyl-4,4’-dithiol (DBDT) (Figure 4.4 a), making them suitable Raman-

silent linkers for the fabrication of high-performance SERS dimer nantenna. Addition of 

HEGDT to a suspension of Au NCs results in rapid precipitation of a NC-dithiolate polymer. 

This polymer shows a nearly featureless Raman spectrum. In comparison, samples 

prepared in the presence of Raman reporter molecules such as DBDT exhibits strong peaks 

in SERS spectrum, indicating that reporter molecules readily find adsorption sites within 

the hot spots (Figure 4.4 b). Thus, these HEGDT-linked Au NCs are promising for single-

molecule SERS studies. 

 

 

Figure 4.4 Comparison of Raman and SER activity of HEGDT and DBDT.  

Raman spectrum of (a) HEGDT or DBDT molecules and (b) as-made Au NCs cross-linked by 

HEGDT or DBDT on the Si substrate. (c) Au NCs are cross-linked by HEGDT first then load 

with DBDT using co-absorption or step-by-step methods. 
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Furthermore, the NC-dithiolate polymer soaked in DBDT solution (step-by-step method) 

or HEGDT/DBDT co-treated (co-absorption method) Au NCs exhibit the same strong SERS 

signal (Figure 4.4 c). This indicates the existence of available binding sites for reporter 

molecules after HEGDT cross-linking. Upon thorough washing after loading NC-dithiolate 

polymer with DBDT, no Raman signal (Figure 4.4 c, green line) from either HEGDT or DBDT 

can be found when moving the laser away from the NC clusters. Besides, the ratio between 

the three most intense peaks of the bulk DBDT (see the assignment in section 3.2.3) 

changes compare to the DBDT loaded on Au NCs. Both pieces of evidence indicate the 

Raman signal comes from the molecule bonded to Au NCs, not the free molecule. Note, 

forming a chemical bond with NCs is not necessary for the nantennas to work. 10% of laser 

power was selected when acquiring the spectrum to avoid damaging the structure or 

molecule. At 15% laser power, signal loss becomes evident during the acquisition.  

 

4.1.3 ALD compatibility of the linked NCs 

The HEGDT cross-linked NCs were dried on Si3N4 TEM grid then loaded into ALD 

chamber. We tested alumina deposition at relatively low temperature (35 °C) to protect the 

structure. EDS mapping of the coated NCs (Figure 4.5) show Al and O rich shell with Au and 

S rich core. This confirms the compatibility of the HEGDT linked/covered NCs with the ALD 

process. Meanwhile, the low-temperature deposition preserves the HEGDT on the NC 

surface. Thus, the nantennas built by HEGDT cross-linking should exhibit similar Raman 

activity after ALD coating compares to platform I and II. 
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Figure 4.5 EDS mapping of HEGDT cross-linked Au NCs with Al2O3 ALD coating. 

 

4.1.4 Gap Distance Measurement 

Distance between the NCs significantly changes the Raman enhancement factor262,263. 

Thus, rational tuning of the distance using molecular linkers with different lengths is 

critical. More importantly, measuring the gap distance accurately is vital prior to tune it as 

the difference in molecule lengths fall into sub-nm scale. However, the inter-NC spacing 

cannot be measured accurately due to the e-beam induced expanding/merging under 
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normal operation condition. Figure 4.6 top series and Figure 3.6 d are examples of gap 

fusion (in less than 10 seconds) when operating the electron microscope at 200 keV and 

room temperature. We employed cryo/cooling-TEM with low keV condition to image 

dimers and other plasmonic assemblies with minimal beam-induced sample damage 

(Figure 4.6 bottom series). Combining small CL aperture, large spot size, LN2 cooling, low 

keV, and imaging at low magnification, we determined the inter-NC spacing of HEGDT 

linked NCs to be 5.5 ± 1 Å. The short distance implies a tilt angle of 75-80 degrees between 

HEGDT and NC as the S-S distance of HEGDT is 19.8 Å. In other words, the molecules are 

almost lying flat on the Au surface. 

 

Figure 4.6 Beam effect on NC dimer. 

(Top series) gap fusion in less than 10 seconds at 200 keV normal imaging mode. (Bottom 

series) Gap “stable” at 60 keV with LN2 cooling for 5 minutes. However, the dimer fuses 

when further zoom in. 
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4.2 Ozone-mediated Redispersion of Au NCs 

 

The water-soluble HEGDT can effectively start the cross-linking of Au NCs while an 

inhibitor is needed to stop the aggregation to yield a high percentage of dimers. Ozone was 

introduced in our study to selective oxidize the active dithiol linker and “quench” the 

reaction to produce stable colloidal dimer solution. Surprisingly, we found that ozone 

oxidized not only the free dithiol but also the linker dithiolate between NCs, which resulted 

in nearly complete dissociation the NC-dithiolate polymer (Figure 4.7 a). 

The Au NC precipitates slowly redispersed after brief exposure to ozone (Figure 4.7 c). 

Samples were bubbled with an ozone/oxygen mixture under sonication for five minutes, 

sparged with argon without sonication for one minute to remove the ozone and allowed to 

stand in ambient conditions at room temperature (see more details in section 2.4.1). 

Within a minute of adding ozone, all of the black solids was consumed, and the colorless 

solution turned dark blue, then gradually deep ruby red over several days (Figure 4.7 c). 

After ~7 days, the solution spectrum (peak position 528.5 ± 0.04 nm, peak width 53.2 meV) 

closely matched the spectrum of the original NC dispersion (peak position 526.9 ± 0.05 nm, 

peak width 49.3 meV) before the addition of HEGDT. This is strong evidence that ozonation 

completely redisperses the precipitates to form a sol of individual Au NCs with only a small 

fraction of dimers and larger aggregates. 
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Figure 4.7 Redispersion of dithiol linked Au NC precipitates with ozone. 

(a) The reaction scheme explored in this paper. Addition of excess dithiol triggers the large-

scale cross-linking of colloidal Au NCs in water, resulting in rapid precipitation of a NC-

dithiolate polymer. Subsequent ozone bubbling depolymerizes and completely redisperses 

the NCs. (b) Time series of optical extinction spectrum after adding aqueous hexa(ethylene 

glycol) dithiol (HEGDT) to the NC suspension ([HEGDT]/[NC] = 4000). The molecular 

structure of HEGDT is shown in the inset. (c) Spectral time series upon ozonation of the 

precipitated NC-HEGDT polymer using 5 min of ozone bubbling with sonication followed 

by a 1 min argon sparge at room temperature. 

 

4.2.1 NC Size and Morphology 

TEM images confirmed the redispersion of the NC precipitates (Figure 4.8 a). Size 

histograms compiled from the TEM images (>500 NCs were measured) of samples before 

the addition of HEGDT and seven days after ozonation show that the average NC diameter 

and diameter distribution increased slightly from 23.8 ± 4.2 nm to 24.7 ± 7.4 nm. Solution 

small-angle X-ray scattering (SAXS) measurements gave very similar results (21.6 ± 3.9 nm 

and 22.7 ± 4.9 nm; see Figure 4.8 d).  
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Figure 4.8 NC size change during and after ozone-mediate redispersion. 

(a) A time series of TEM images showing the redispersion process upon ozonation of NC-HEGDT 

precipitates. Labels indicate the time after ozonation. (b-c) Typical higher-magnification images 

of the NCs (b) before the addition of HEGDT and (c) 7 days after ozonation. (d) Size histograms 

of the NCs before the addition of HEGDT and 7 days after ozonation, as determined by TEM 

(>500 NCs) and colloidal small-angle X-ray scattering (SAXS).  
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The images and histograms show that the size and shape of most of the NCs are nearly 

unchanged after one precipitation-redispersion cycle. The average diameter and standard 

deviation are listed. However, a small number of NCs does grow in size (visible as a tail in 

the size distributions), probably as a result of the occasional metallic fusion of neighboring 

NCs within the precipitates (Figure 4.8 b-c). The red arrows highlight several larger NCs in 

each type of sample. Most of these large NCs appear to be strongly fused dimers of the 

smaller NCs. Our finding of insignificant etching and oxidation of Au NCs by brief ozone 

treatment is consistent with previous reports264,265. The NC sols are indefinitely stable after 

ozonation and showed minimal additional spectral changes after more than one year of 

storage in ambient light at room temperature. All samples were prepared using a technique 

that minimizes the artificial formation of clusters during drying of the solution on the TEM 

grid (see section 2.5.1 for details). 

 

4.2.2 [HEGDT] to [NC] ratio 

We next evaluated the effect of different [HEGDT]-to-[NC] ratio surface coverages on the 

NC polymerization and depolymerization reactions. We tested [HEGDT]-to-[NC] ratios of 

2000k, 1000k, 500k, 250k, 125k, 50k, 25k, 10k, 4000, 2000, 1600, 1200, 800, 400, and 200 

for comparison. The [HEGDT]/[NC] ratio has a large effect on the extent and speed of NC 

aggregation and redispersion. Very low ratios (<1000) cause no measurable aggregation 

(insignificant spectral changes even days after mixing). Ratios of ~1000-2800 resulted in 

the increasingly large aggregation but no precipitation. Ozonation of these samples one day 

after HEGDT treatment caused an immediate redshift of the plasmon peak from 524 nm to 

533 nm and slow recovery to the original, pre-HEGDT spectrum in ~3 hours, indicating 
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complete redispersion of the colloidal aggregates into individual NCs. Control experiments 

show that this fast redshift and slow recovery are caused by adsorption and desorption of 

ozone on the surface of the NCs264,265,266,267,268 rather than the redispersion itself. The 

redispersion is probably quite fast (minutes or less) because the aggregates are small and 

have relatively low coverage of HEGDT linkers at this low [HEGDT]/[NC] ratio.  

 

Figure 4.9 Aggregation and redispersion of different [HEGDT]-to-[NC] ratio. 

(a-c) Time series of optical extinction spectrum after adding aqueous hexa(ethylene glycol) 

dithiol (HEGDT) to the NC suspension ([HEGDT]/[NC] = 2k, 200k, 2000k). (d-f) Spectral 

time series upon ozonation of the precipitated NC-dithiolate polymer with 5 min of ozone 

bubbling followed by a 1 min argon sparge and with sonication at room temperature. 
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Figure 4.9 shows three sets of the representative extinction spectrums. Only small 

aggregates were formed at [HEGDT]/[NC] = 2,000 from TEM (not shown here) which 

resulted in small change of the spectrum (Figure 4.9 a).  

Complete polymerization (aggregation) was achieved when [HEGDT]/[NC] ≥ 4k (Figure 

4.7 b, Figure 4.9 b-c). We reason that (1) dithiols absorb to NCs and (2) NCs link to each 

other are the two steps for polymerization. The driving force for the first step should be 

very large due to the large S-Au binding energy, whereas the second step is the rate-

limiting step. The linking probability is related to HEGDT surface coverage. The NCs are 

less “sticky” when the surface coverage is very high (2000k) due to the limited number of 

active binding sites (bare Au atoms plus free thiol) which results in slow polymerization 

over three days (Figure 4.9 c) rather than hours (Figure 4.7 b, Figure 4.9 b). The slower 

polymerization at higher HEGDT concentration also rules out the cross-linking mechanism 

by forming disulfide between NCs. Lesser binding sites also lead to a lower density of cross-

links, which results in full redispersion of the aggregates (Figure 2d, 2f) within 5 minutes. 

pH adjustment was needed before ozonation for 2000k sample to neutralize the high 

concentration hexa(ethylene glycol) disulfonic acid (HEGDS) formed during ozonation. 

Rapid redispersion can still be achieved by ozonation of 2000k precipitates washed by 

ultrapure water at pH ~ 12.  The slow redispersion at 4k to 200k after removing ozone 

suggests that the rate of redispersion is not only limited to the density of cross-links 

holding the NC polymer together. Efforts have been made to determine the redispersion 

mechanism and control the redispersion rate in section 4.9. Figure 4.10 illustrates the 

dependence of the rates of NC aggregation and redispersion on [HEGDT]/[NC]. 
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Figure 4.10 [HEGDT]/[NC] impact on the NC aggregation and redispersion rate. 

Trends are deduced from the extinction spectrum. At both small and large ratios, 

aggregation is slow and redispersion is fast because the NCs have either a little coverage of 

linkers (at small ratios) or empty binding sites (at large ratios) and can form only a low 

density of cross-links. In contrast, aggregation is fast and redispersion is slow at 

intermediate ratios where more equal coverages of HEGDT and empty binding sites 

promote a high cross-link density. Inset are models of three Au NCs with increasing HEGDT 

coverage (green spheres) at higher values of [HEGDT]/[NC]. The blue color bar above the 

graph shows the amount of NC precipitation versus [HEGDT]/[NC] four days after HEGDT 

addition. 
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4.3 Aggregation Mechanism 

 

4.3.1 Surface Ligand Displacement 

We used attenuated total reflectance FTIR spectroscopy to determine whether HEGDT 

displaces citrate from the surface of our Au NCs. While thiols are generally believed to 

adsorb more strongly than citrate to colloidal Au NCs in water, the thiol-citrate surface 

exchange equilibrium constant is unknown, making it difficult to estimate the relative 

surface coverage of thiol and citrate during their competitive adsorption under different 

experimental conditions. We note that our observation of facile desorption of citrate in 

pure water is at odds with Park and Shumaker-Parry269,270, who found significant retention 

of adsorbed citrate after rinsing Au NCs with water at pH ~10.  Citrate is quite insoluble in 

ethanol, whereas it is extremely soluble in water. Our use of water as solvent (enabled by 

the high water solubility of HEGDT) should favor citrate displacement by thiols (i.e., ligand 

exchange rather than co-adsorption). Indeed, the ATR-FTIR data show that adsorbed 

citrate is easily removed by a brief rinse in pure water or treatment with aqueous HEGDT 

(Figure 4.11 a). Once adsorbed, HEGDT is firmly bound to the NCs and cannot be removed 

by prolonged rinsing in water or citrate solution (Figure 4.11 b-c). We conclude that HEGDT 

easily displaces citrate from the surface of Au NCs in water and the associated equilibrium 

constant is probably very large. The strong peak in the HEGDT spectrum at 1100 cm-1 is 

from C-O (ether) stretching. This adsorbed HEGDT can be removed by rinsing the sample in 

ozone-saturated water, leaving a flat and featureless FTIR spectrum (not shown). This 

latter result also indicates that HEGDS (the main product of HEGDT ozonolysis) is only 

weakly bound to the NCs and easily washed away by water. 
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Figure 4.11 HEGDT displacement of citrate on Au NCs. 

(a) The attenuated total reflectance FTIR spectrum of citrate-capped Au NCs cleaned by 

four cycles of centrifugation and washing in pure ethanol then deposited onto the ATR 

crystal from a concentrated aqueous suspension. (red trace) The NCs dried on the ATR 

crystal. (blue trace) The same NC sample after rinsing with 1 mL ultrapure ethanol on the 

ATR crystal. (orange trace) The same sample after rinsing with 1 mL of ultrapure water. 

The citrate is mostly removed. (gray trace) The sample after a second water rinse. The 

citrate is totally removed. (black trace) A trisodium citrate reference spectrum. (b) ATR-

FTIR data for the same type of NC sample as in (a) after drying on the ATR crystal (red 

trace), rinsing with 1 mL of 10 mM aqueous HEGDT (purple trace), and subsequently 

rinsing with ultrapure water once (orange trace) and twice (gray trace). (c) ATR-FTIR data 

for the same type of NC sample as in (b) after drying on the ATR crystal (red trace) , rinsing 

with 1 mL of 10 mM aqueous HEGDT (purple trace), rinsing with 1 mL of ultrapure water 

(orange trace), rinsing with 1 mL of 1 M trisodium citrate aqueous solution (cyan trace), 

and subsequently rinsing with ultrapure water for 30 minutes twice (dark green trace).  
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4.3.2 Surface Bonded to Unbonded Thiol Ratio 

Despite the importance of the surface coverage of HEGDT, the exact percentage is hard to 

estimate due to the unknown mole fractions of bridging, dangling, and looped or flat 

HEGDT molecules within the NC polymer. XPS studies of the S 2p region with different 

[HEGDT]/[NC] (Figure 4.12 a, Table S1) show the unbonded thiol concentration increases 

with [HEGDT]. The unbonded thiol is over 50% at [HEGDT]/[NC] = 2000k, which indicates 

the presence of free HEGDT molecule on the NC surface.  

 

Figure 4.12 Surface bonded to unbonded thiol Ratio. 

XPS of NC-HEGDT precipitates ([HEGDT]/[NC] = 2k, 200k, 2000k) (a) S 2p region and (b) 

Au 4f region. See section 2.5.6 for peak fitting method. 
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Table 1 S 2p region fitting and quantification results. 

[HEGDT]/[NC]   Unbonded Thiol Bonded Thiol Bonded Thiol 
S1 S2 S3 

4k eV 165.14  163.94  163.29  162.09  162.20  161.00  
Area % 25.23  68.61  6.17  

200k eV 164.92  163.72  163.21  162.01  162.25  161.05  
Area % 31.30  63.06  5.64  

2000k eV 164.92  163.72  163.14  161.94  162.41  161.21  
Area % 66.51  25.12  8.36  

 

4.3.3 HEGMT Control Experiment 

Control experiments with hexa(ethylene glycol) monothiol (HEGMT), which only contain 

one thiol (active linking group) were conducted to confirm the linking mechanism of Au-S 

bond formation further. Figure 4.13 of adding HEGDT to Au NCs solution at [HEGMT]/[NC] 

of 2000, 4000, 40k, and 400k shows little NC aggregation and no precipitation even three 

days after mixing. This suggests that HEGDT-induced aggregation results mainly from 

covalent cross-linking of the NCs rather than changes in NC surface charge, ligand 

hydrophobicity, or other factors. Note, the spectrum started to have a noticeable difference 

after seven days. The NCs began to precipitate over one month may be due to the 

esterification between -OH on the HEGMT and -COOH on citrate271. 

Due to strong covalent cross-linking by HEGDT, these NC precipitates could not be 

redispersed by any combination of prolonged sonication and heating (up to 100°C) in 

water (at any pH) or common organic solvents. However, the precipitates can be 

redispersed to some degree when adding monothiol to the supernatant due to the thiol 

self-exchange reaction (discussed in section 4.8). 
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Figure 4.13 Optical extinction spectrum of Au NC before and after adding HEGMT.  

The structure of HEGMT is shown in the inset. The NCs remain in suspension and show no 

signs of aggregation over three days. 
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4.4 Redispersion Mechanism 

 

4.4.1 Oxidation Product of HEGDT 

Nuclear magnetic resonance (NMR), mass spectrometry, and pH measurements were 

used to determine the basic chemistry of the ozone-mediated depolymerization of HEGDT-

linked NC precipitates. Given that ozone is a strong oxidant (E° = 2.08 V255), we reasoned 

that our brief ozone treatment would quickly oxidize the thiol/thiolate functional groups to 

sulfonic acids (RSO3H). Since sulfonates have much weaker binding than thiols to 

gold272,273, we expected the NC polymer should lose its cross-linking and fall apart. 

However, redispersion of the resulting NC monomers and oligomers might require some 

means of promoting their colloidal stability in water. We presumed that the NCs would be 

charge stabilized by citrate ions that survived the ozone treatment (discussed in section 

4.4.2 and 4.9). In principle, adsorption of disulfonate ions could also assist NC redispersion. 

We used NMR and mass spectrometry to determine the products of HEGDT ozonolysis. 

The 1H NMR spectrum of HEGDT in D2O (Figure 4.14 a) shows the expected α-methylene 

triplet at 2.72 ppm, the β-methylene triplet at 3.67 ppm, and the ethylene glycol backbone 

at 3.69 ppm, in good agreement with the reference spectrum.274 Ozonation of this solution 

converts HEGDT to products with a very similar NMR spectrum. The corresponding 

electrospray ionization mass spectrum (Figure 4.15) exhibits the expected peaks for 

hexa(ethylene glycol) disulfonic acid (with [6+H]+ at m/z 411, [6+Na]+ at m/z 433, and 

[6+K]+ at m/z 449) and various further oxidation product (Figure 4.15 molecule 1-5) from 

breaking the backbone or end group275,276. 
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Figure 4.14 Determination of the products of HEGDT oxidation by ozone. 

(a) 1H NMR spectra of a 10 mM solution of HEGDT in D2O after 1, 5, and 10 minutes of 

ozonation. All peaks agree with HEGDT (before ozonation) or hexa(ethylene glycol) 

disulfonic acid (after ozonation). Structures of both molecules are inset in the figure. (b) pH 

versus time during ozonation of various concentrations of HEGDT in water. (c) Measured 

pH after 10 minutes of ozonation versus the pH expected if ozone oxidizes HEGDT to two 

equivalents of a strong acid (e.g., HEGDS). The dashed line is a guide to the eye. 
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Other organic oxidation products such as sulfinic acids (RSO2H), sulfenic acids (RSOH), 

or disulfides were not found. Therefore, we assign the main ozonation product to be 

hexa(ethylene glycol) disulfonic acid (HEGDS) in the NMR spectrum, as labeled in Figure 

4.14 a. Quantitative NMR showed a 9% decrease in the ethylene glycol backbone peak area. 

The α-methylene and β-methylene triplet peak shifted downfield, and the area with respect 

to the backbone decreased over 10 min ozonation. These observations are in good 

agreement with the mass spectrum. Qualitative tests with barium ion revealed that sulfate 

is one of the minor final oxidation products of thiol. 

Further evidence for the formation of disulfonic acid comes from pH measurements of 

ozonated solutions of HEGDT in pure water (Figure 4.14 b-c). The pH change during 

ozonation is useful for distinguishing between possible dithiol oxidation products because 

aliphatic sulfonic acids are strong acids in water (pKa < 0)277,278, whereas sulfinic and 

sulfenic acids are weak acids (typical pKa values of ~2 and 10-12, respectively)279,280 and 

other possible products (e.g., the cyclic bis(disulfide) and bis(thiosulfonate) dimers) are 

nonacidic. Sulfinic and sulfenic acids tend to be unstable oxidation intermediates and 

therefore unlikely final products of ozonation. Immediately upon adding ozone to the 

solution, we observed a rapid decrease in pH to the value expected if HEGDT was converted 

to two equivalents of a strong acid (Figure 4.14 b-c). Control experiments without HEGDT 

showed only a small and slow pH drop might be due to the dissolving of CO2 in the 

atmosphere. These data confirm that the primary product of HEGDT ozonation is HEGDS. 
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Figure 4.15 Mass spectrum assignment of HEGDT after 10 minutes of ozonation. 
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4.4.2 Survival Citrate Concentration 

We next determined that the depolymerized NCs redisperse because they are charge 

stabilized by citrate ions. Quantitative NMR281 using an internal standard (DSS sodium salt) 

shows that >98.8% of the free citrate initially present in the solution survives the 5 min 

ozone treatment to facilitate NC redispersion (Figure 4.16). The quantitative NMR method 

was first verified by plotting determined [citrate] versus known [citrate]. Linear fits of the 

data (dashed lines) in Figure 4.16 shows that the citrate concentration decreases by about 

1.2% per minute of O3 bubbling at these conditions. Zeta potential of the redispersed Au 

NCs (-38.4 mV) was 1.3 mV lower than the as-made Au NCs (-37.1 mV). This indicates the 

RSO3- may also help to stabilize the NCs.  

 

 

Figure 4.16 The [citrate] in the redispersed Au NCs as a function of ozonation time.  
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4.4.3 Solution Ozone Concentration 

The ozone concentration is determined from the maximum intensity of the Hartley 

Band242 at 260 nm, assuming ε260 = 2992 M-1 cm-1. The ozone concentration reaches 340-

360 μM with or without Au NCs after 5 minutes bubbling. The continuous pumping of 

gaseous ozone (>1 mM in the gas phase, estimated using manufacturer test result) ensured 

the dissolved ozone was enough to oxidize HEGDT completely at any concentration. The 

argon sparge is effective at flushing the dissolved ozone out of the solution in less than 1 

minute. Thus, we assume the dissolved gas composition of the solution remains unchanged 

after argon purging. 

 

 

Figure 4.17 Determine the dissolved ozone concentration. 

UV optical extinction spectra (200-350 nm) of (a) ultrapure water, (b) Au NCs, and (c) NC-

HEGDT precipitates before adding ozone (red curves), immediately after 5 minutes of 

ozone bubbling (blue curves), and after 5 minutes of ozone and then 1 minute of argon 

bubbling (green curves). 
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4.5 Repeatability of the Reversible Aggregation 

 

The aggregation-deaggregation cycle can be repeated multiple times by adding new 

dithiol to the redispersed NCs to trigger a new round of aggregation. However, more NCs 

grew (Figure 4.18 b-c) due to the occasional metallic fusion of neighboring NCs over more 

cycles, which lead to a significant decrease and broaden of the LSPR (Figure 4.18 a). 

 

 

Figure 4.18 Repeatability of the NC aggregation-redispersion cycle. 

(a) Extinction spectra for a sample subjected to five cycles of HEGDT-induced precipitation 

(“hard crashes”) and ozone-induced redispersion. Each spectrum was taken 7 days after 

ozonation. [HEGDT]/[NC] = 4k. (b) A typical TEM image of the NCs suspension after the 5th 

redispersion. (b) A Typical SEM image of the NCs precipitates after the 5th redispersion. 

Zoom-in image of fused NCs is shown in the inset. 
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4.6 Other Dithiols Redispersion 

 

Ozone-mediated redispersion works well with a wide variety of dithiol linkers. HEGDT 

was the main focus of this study because oligo ethylene glycol dithiols are water soluble, 

short, and have small Raman scattering cross sections compare to Raman active molecule 

like biphenyl-4,4’-dithiol (DBDT) (Figure 4.4), making them suitable Raman-silent linkers 

for the fabrication of high-performance SERS dimer nanoantenna (discussed in section 

4.1.2). Our use of HEGDT was inspired by early papers showing that monothiolated glycols 

yield stable water-soluble Au NCs282,283,284,285. However, all other dithiols that we tested 

worked just as well to some degree as HEGDT, including tetra(ethylene glycol) dithiol, 2,2’-

(ethylenedioxy)diethanethiol, pentaerythritol tetrakis(3-mercaptopropionate), and 1,6-

hexanedithiol  (Figure 4.19). We anticipate that in addition to the small molecule dithiols 

explored here, ozone will also remove thiolated (bio)polymers from the surface of Au NCs. 

 

Figure 4.19 Ozone-mediated redispersion of other di/tetra thiols cross-linked Au NCs.  

Extinction spectra 5 minutes, 1 day, and 67 days after ozonation of NC precipitates made by 

(a) 2,2’-(ethylenedioxy)diethanethiol, (b) pentaerythritol tetrakis(3-mercaptopropionate), 

and (c) 1,6-hexanedithiol. In all experiments, [di/tetrathiol]/[Au] = 4000.  
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4.7 Sterilization of Au NC solution by Ozone 

 

While monitoring the stability of the as made and ozone redispersed NCs solution over 

several months at room temperature under room light, we observed the growth of a 

filamentous fungus286 in the as made Au NCs solution which lead to the precipitation of NCs 

after 2 months. On the contrary, ozone redispersed or treated as made NCs show no growth 

of such fungus over at least two years when sealed properly. Some gravitational 

stratification of the NCs has occurred, but they remain fully suspended – mild shaking of 

the vial results in complete homogenization of the suspension.  

 

Figure 4.20 Ozone sterilization prevents the growth of fungus in the Au NC suspension.  

(a) (upper left) Optical image of a suspension of as-made Au NCs stored in ambient 

conditions for two months. A raft of filamentous fungus is visible floating in the liquid. 

(bottom) An optical microscope image shows that the filaments are coated in shells of gold. 

(upper right) Optical image of a suspension of ozonated Au NCs stored in ambient 

conditions for two months. No fungus is visible. (b) SEM image of the filaments. (c) High-

magnification SEM image of a cracked filament, showing a thick coating of Au NCs 

surrounding an organic or hollow core. 
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4.8 Monothiol-mediated Redispersion of Au NCs 

 

We evaluated an alternative, ozone-free approach to depolymerizing dithiolate-linked 

metal NCs by exchanging the dithiols with monothiols. We reasoned that it should be 

possible to unzip the NC polymers simply by displacing HEGDT with a large excess of an 

appropriate monothiol287,288.  NC precipitates made with [HEGDT]/[NC] = 4000 were   

incubated in solutions of monothiol with [monothiol]/[NC] ratios up to 7.3 × 105.   

The best results were obtained using high concentrations (1.8 mM) of aqueous 

hexa(ethylene glycol) monothiol (HOCH2CH2(OCH2CH2)5SH), which gave stable red 

solutions with ~80% NC redispersion after 12 hours sonication at 75 °C (Figure 4.21). 

Water-ethanol mixtures containing 11-mercaptoundecanoic acid (MUDA) or 16-

mercaptohexadecanoic acid (MHDA) dissolved smaller amounts of the precipitate to yield 

pink solutions. Note that MHDA and MUDA were dissolved in ethanol and formed an 

emulsion upon injection into the aqueous supernatant, so the MHDA- and MUDA-treated 

samples were passed through 250 nm pore size syringe filter to minimize light scattering 

prior to measurement. An unknown number of large NC aggregates were removed from 

these samples as a result of the filtering. Therefore, the spectra of the MHDA and MUDA 

samples have an artificially small low-energy absorption tail and actually contain more NC 

aggregates than the data suggest. Incubation in aqueous 3-mercaptopropionic acid gave no 

NC redispersion.  

We verified that citrate-capped NCs treated with a large excess of any of these 

monothiols ([monothiol]/[NC] = 7.3 × 105) remained stable in water, suggesting that the 

poor degree of redispersion is due to an inability of the monothiol to infiltrate and 
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dissociate the precipitates rather than to peptize the liberated NCs.  Although our 

monothiol trials are by no means exhaustive, it seems that ozonation is a more effective 

and general method for completely reversing the assembly of covalently cross-linked Au 

NC precipitates. 

 

 

Figure 4.21 Redispersion of NC-HEGDT precipitates using the monothiol exchange.  

(a) Typical extinction spectra after adding 9.1 mM HEGMT, mercaptopropionic acid (MPA), 

16-mercaptohexadecanoic acid (MHDA), or 11-mercaptoundecanoic acid (MUDA) to the 

supernatant of a NC-HEGDT precipitate, sonicating for 5 minutes, sparging with argon for 1 

minute, and storing unstirred for 7 days at room temperature (all without ozone). The 

temperature and time mimic the conditions used for ozone-induced redispersion. (b) 

Spectra after addition of the various monothiols and sonication for 12 hours at 75°C (no 

ozone). These temperature and sonication conditions are much more extreme than the 

conditions used for ozonation. In all experiments, [monothiol]/[HEGDT] = 1000. 

 



88 
 

4.9 Tuning the Redispersion Speed 

 

The ozone-induced redispersion process was proved to be significantly more 

complicated than anticipated. We found that the redispersion is surprisingly slow (6-7 

days) at middle [HEGDT]/[NC], whereas we expected the NCs to redisperse very quickly 

(seconds to minutes) once the dithiol linkers were oxidized while this is only true at low 

and high [HEGDT]/[NC]. Temperature, sonication, vortexing, stirring, ozonation time, light, 

ionic strength, and pH had minimal effect on the rate of redispersion. We also found that 

the process was equally slow regardless of the stage of aggregation at which the ozonation 

was performed. This is counterintuitive given that it should be easier to depolymerize 

small colloidal oligomers formed at the early stage of aggregation than macroscopic 

polymers precipitate formed in the end.  

We then evaluated redispersion in different solutions by thoroughly rinsing batches of 

NC-HEGDT precipitates ([HEGDT]/[NC] = 4k) with pure water, followed by adding a 

supernatant of known composition and bubbling ozone in the normal way to find out which 

component (Table 2) in the solution could be responsible for the slow redispersion. We 

found that the NCs incompletely redisperse in pure water and 0.1-10 mM solutions of NaCl 

to form deep blue, stable suspensions of NC aggregates (Figure 4.22 a-b) immediately upon 

ozonation. However, these NCs redisperse better to stable suspensions of NCs with a 

minimum number of small clusters upon addition of mM levels of trisodium citrate to the 

solutions. We observed similarly good NC redispersion in mM solutions of citrate and even 

better redispersion in solutions containing both mM citrate and salt (Figure 4.22 c-d). 

However, the redispersion speed went down significantly when both citrate and NaCl 
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presented comparing to citrate alone. We generally find that complete redispersion of 

ozonated NC precipitates occurs when the citrate-to-NC molar ratio is higher than ~103.  

 

Table 2 Composition of the redispersion solution. 

The speciation of citrate (A3-, AH2-, AH2-, and AH3) is calculated using HySS software289. [Cl-] 

and [Na+] are determined according to the precursors added during the Au NCs synthesis. 

SO42- is identified by adding BaCl2 to form BaSO4 precipitates. The [NC] determined by ICP-

MS has been checked by nanoparticle tracking analysis (NTA). 

Au NCs Citrate A3- AH2- AH2- AH3 Cl- Na+ 
2.5 nM 2.65 mM  0.51 mM 1.97 mM 0.17 mM 0.36 µM 4.19 mM  9.80 mM  
ICP-MS NMR Calc289 Calc289 Calc289 Calc289 Calc Calc 

  
H+ SO42- HEGDS HEGDT Ozone Acetone Acetic acid Formic acid 

1 µM pM - nM <10 µM 0 µM 0 µM 0.29 mM  55.5 µM <0.36 µM 
pH BaCl2 NMR NMR UV-Vis NMR NMR NMR 

 

     Interestingly, no redispersion occurred at all in mM solutions of HEGDS (adjusted to pH 

6), suggesting that the disulfonate actively prevents separation of the NCs (Figure 4.22 f). 

Possibly HEGDS provides strong enough cross-linking to hold the NCs together in the 

absence of better ligands such as citrate. Our results show that citrate is the primary 

peptizing agent in this system and that co-adsorption of chloride probably enhances the 

dispersibility and stability of the NCs.   

Other than redispersing the clean NC-HEGDT precipitates, we also carried out the 

aggregation-redispersion cycle with the cleaned as made Au NCs (see section 2.2.2 for the 

cleaning method). Increasing the ionic strength of the cleaned Au NCs solution (decreasing 

the Debye length of NCs) by adding NaCl was needed to initiate the aggregation mediated 
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by HEGDT. On the other hand, we studied morphology and linker density differences 

between the NC-HEGDT precipitates formed at different [HEGDT]/[NC] using TEM and 

differential scanning calorimetry (DSC). Results of these experiments are still under 

debate. 

 

 

Figure 4.22 Clean NC-HEGDT precipitates redispersion. 

Time series of optical extinction spectrum after ozonation of cleaned NC-HEGDT 

precipitates with (a) H2O, (b) 8.38 mM NaCl, (c) 2.65 mM Citrate, (d) 8.38 mM NaCl + 2.65 

mM Citrate, (e) supernatant of as-made Au NCs, and (f) 1.4 mM HEGDS as the supernatant. 
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5 Controllable Aggregation towards 100% Dimer 

 

HEGDT has been proved as an excellent linker to initiate the Au NCs aggregation. We 

attempted to arrest the aggregation process for yielding suspensions of colloidal 

aggregates with a relatively high percentage of dimers by rapidly oxidizing free thiols using 

a chemical trigger. Our attempt using ozone nearly completely dissociate the precipitates 

or small clusters. Controlled dosing of the chemical trigger is needed to avoid the unwanted 

linker oxidation. Addition of ozone saturated H2O or using an alternative oxidant H2O2 was 

explored while both ozone and H2O2 decomposed over time, which made it hard to 

determine the exact dosage. In addition, we explored the possibility to use disulfide 

formation between HEGDT and monothiol (catalyzed by sodium iodide/H2O2 or iodine) to 

stop the aggregation. Our target is to achieve a 3-5% of dimers as higher dimer fractions 

are unlikely given the statistical nature of this chemistry. We may then isolate and purify 

these stable dimers using gel electrophoresis to make stable solutions of pure dimers. 

The arrested precipitation approach described above is a significant advance in the 

rational fabrication of colloidal dimers, but this approach results unavoidably in a 

distribution of NC oligomers. Purification to isolate dimers wastes more than 95% 

monomers and other clusters in the solution. We reasoned that it should be possible to use 

the unique plasmonic properties of dimers to convert suspensions of pure monomers to 

suspensions of pure dimers in a one-pot reaction. In this chapter, our latest efforts on 

selective plasmonic heating of dimers to trigger passivating surface reaction towards 100% 

yield of dimers is summarized. 
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5.1 Plasmon-driven NC dimerization 

 

Current methods to achieve a high percentage of the dimer in solution were reviewed in 

section 1.4.1. The actual yield of the dimer is usually less than 5% considering the starting 

number of monomers in these methods though the final solution contains 100% dimer. 

Differential centrifugation and gel electrophoresis are the two most commonly used 

methods to separate dimers based on their mass, volume, or charge. On the contrary, we 

aim to use its optical (plasmonic) property to synthesize dimer in one step with a higher 

yield (>95%) in the original monomer solution rather than physically separating them. 

FDTD simulation of two 24 nm Au NCs with a 5 Å gap in water shows its distinct extinction 

cross section (Figure 5.1) comparing to the monomer. Both monomer and dimer absorb 

around 525 nm while only dimer absorbs at 640 nm strongly (~150x to monomer) due to 

its longitudinal plasmon mode under unpolarized light illumination. 

 

 

Figure 5.1 Extinction cross section of NC dimer versus monomer by FDTD simulation. 
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When illuminating the Au NCs solution with a red laser (640 nm), only dimers formed by 

HEGDT cross-linking could absorb the light strongly by exciting the longitudinal LSPR290. 

Subsequently, the excited plasmon loss energy through various scattering processes and 

eventually transferring its energy to the local environment in 100 ps to 10 ns291 , which 

causes significant local heating around the dimer. The HEGDT cross-linking reaction should 

then yield only dimers if the passivating surface reaction can be triggered by the local 

heating to prevent further aggregation (Figure 5.2). The efficient and straightforward thiol-

ene reaction is selected to passivate the active free thiols on the dimer surface in the 

following study. We would first prove the principle in the dark by identifying thiol-ene 

reactions that stop the NC aggregation and keep the NCs indefinitely suspended. Then the 

reaction rate (temperature dependence) will be determined and adapted to meet a 

condition such that the reaction is very slow in the dark and only occur around dimers 

excited by a laser. At last, we will run the process under laser excitation of the longitudinal 

mode of the NC dimer to achieve quantitative production of dimers. 

 

 

Figure 5.2 Scheme of the plasmon-driven NC dimerization. 
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5.2 Thiol-ene Click Reactions 

 

Inspired by the well-studied bioconjugation reaction 292  “thiol-maleimide click 

chemistry293”, we selected maleimides and acrylates to passivate the surface thiol activated 

by plasmonic heating on the dimer. Thiol-ene click reaction through thiol-Michael addition 

pathway is a reaction between thiol and alkene to produce thioether. This reaction is 

widely used in the molecule and material synthesis294 (Figure 5.3) given its high yield, high 

rate, and high selectivity character due to the strong thermodynamic driving force295.  

 

 

Figure 5.3 Scheme and application of thiol-ene (thiol-Michael addition) reaction. 

Reprinted with permission from ref 296. © 2014 American Chemical Society. 
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The scheme and applications of the thiol-Michael addition reaction are presented in 

Figure 5.3. The reaction mechanism is as follow. Briefly, a basic catalyst B deprotonates the 

RSH to generate BH+ and RS- first. Then the nucleophilic thiolate anion RS- attacks the 

electrophilic β-carbon (due to the electron withdrawing group -EWG) on the C=C bond. 

Finally, the basic intermediate anion extracts a proton from the BH+ and yields the thiol-

Michael addition product along with the regeneration of base catalyst B. 

 

5.2.1 Selection of Enes 

    Only certain enes that fulfill the all requirements have the potential to passivate thiols 

considering the reaction environment and condition. First, the molecule must be soluble in 

water. Second, it cannot facilitate the aggregation of Au NCs by altering the pH/ionic 

strength of the solution or having an active functional group that binds to Au strongly. 

Third, the reaction rate needs to be slow enough in the dark, and fast enough when 

promoted by the local heat. In principle, the more electron deficient the C=C bond (the 

stronger the -EWG), the more reactive the enes towards thiol-ene reaction296. Thus, 

maleimide reacts the fastest, followed by fumarate, maleate, acrylate/acrylamide, 

acrylonitrile, crotonate, cinnamate, and methacrylate/methacrylamide296. Maleimide (MI), 

6-maleimidohexanoic acid (MCA), n-(2-hydroxyethyl)maleimide (HEMI), mPEG-Mal350 

(PEGMI350), mPEG-Mal1K (PEGMI1k), mPEG-Mal2K (PEGMI2k), di(ethylene glycol) ethyl 

ether acrylate (DEE), and 3-sulfopropyl acrylate potassium salt (SAC) were selected for the 

initial study (Figure 5.4) based on the above rules. 
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Figure 5.4 Molecular structure and abbreviation of the selected enes and thiol-enes. 

 

5.2.2 Determine Reaction Kinetics 

The click reactions between HEGDT and maleimides/acrylates (“X” will be used to 

represent all enes in the following text) were verified by quantitative NMR. Figure 5.6 gives 

examples of HEGDT reacting with MI or DEE at a 1 : 2 molar ratio to produce HEGMI or 

HEGDEE. The dramatic shift and decrease of the peaks representing protons (colored H in 

Figure 5.6) on the C=C bond were used as evidence to confirm the click reactions. In all 

cases, we ran NMR ~30 minutes after mixing 20 mM of X and 10 mM of HEGDT. Thus, the 

reaction rate of different X and HEGDT at room temperature can be qualitatively compared. 

MI, HEMI, and MCA react fastest with HEGDT followed by PEGMI350, PEGMI1k, DEE, SAC, 

and PEGMI2k. This result is consistent with the reactivity prediction based on the electron 

deficiency of the C=C in section 5.2.1. We also find out that the longer the carbon/EG chain, 
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the slower the reaction. More quantitative NMR studies are needed to determine the rate 

constant and activation energy of X + HEGDT reaction in the future. 

 

Figure 5.5 Quantitative NMR study of thiol-ene click reaction. 

1H NMR spectrum of 10 mM HEGDT, 20 mM of (a) MI or (b) DEE in D2O, a mixture of 

HEGDT with MI or DEE after 30 minutes. Structure of the molecule is inserted in the figure. 

Protons shift the most during thiol-ene click reaction are marked with color. 
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5.2.3 Thiol-ene Reaction in Au NCs solution 

X and HEGDT were added to the Au NCs solution to test the effect of thiol-ene reaction on 

the aggregation process. Four variables were tested, including the type of X, [NC], and [X] 

using three methods (discussed in section 2.4.4). All other conditions, including the total 

volume of the solution, [HEGDT], pH, and temperature are kept the same. Any 

concentration (µM to mM) of X alone did not change the Au NCs in the solution. In Table 3, 

red color means adding X speed up the aggregation of Au NCs. On the other hand, blue color 

means adding X slow down the aggregation, and white color means the X does not impact 

the aggregation speed. Ideally, the most active maleimides should stop aggregation 

effectively. However, only long-chain maleimides can slow down the HEGDT cross-linking 

under certain conditions (blue color). This indicates the N in the maleimides might be able 

to link NCs as well. Thus, a long “tail” is needed to isolate the N to reduce its activity.  

We can choose the conditions that have white (no impact) or blue color (slow down) for 

the future study involving laser illumination. In summary, none of the X stops aggregation 

completely when adding after HEGDT (method A). PEGMI350, PEGMI1k, PEGMI2k, HEMI, 

and SAC stop aggregation almost completely when adding to NC solution before HEGDT 

(method B) or mixing with HEGDT before adding to NC solution (method C). More 

importantly, long chain maleimides and acrylates slow down or show no impact on the 

aggregation rate using method A, thus promising for the following study. After all, X should 

stop the aggregation only under local plasmonic heating, not at room temperature. 

However, it should at least not facilitate the aggregation. 
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Table 3 Summary of thiol-ene reaction in Au NC solution. 

 

 

5.3 Future Experiment Setup 

We machined a cuvette holder and assembled the setup (Figure 5.6 b) for the following 

study involving laser illumination. The setup consists of the cuvette holder with water 

supply, mini stir plate (Thermo Scientific, Cimarec-i), chiller (Grant Instruments, LT ecocool 

150), epoxy tip thermocouple (OMEGA, 5TC-PVC-E-24-180), temperature controller (J-KEM 

Scientific, The Quad), broadband LED light source (Thorlabs, MBB1L3), and fiber 

spectrometer (Ocean Optics, USB4000-UV-VIS). The incoming laser was spread (Figure 5.6 

a) through a lens (Thorlabs, LA1951-D-N-BK7) to illuminate the whole front window of the 

cuvette containing the Au NCs solution.  

To test the setup and our hypothesis of plasmonic heating, we illuminated the as-made 

NCs solution at two different wavelengths in the cuvette. We propose that dimers absorb 

~150x stronger than monomers at its longitudinal plasmon peak based on the FDTD 

simulation in section 5.1. While we cannot prove it directly by pumping the longitudinal 

plasmon mode of pure dimers versus monomers and monitoring the solution temperature 
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since we don’t have a solution containing 100% dimer. On the other hand, we can test this 

idea by pumping the monomers at its LSPR peak versus where it absorbs weakly.  

Thus, we pumped the as-made Au NCs solution at 530 nm (peak ~527 nm) or 650 nm 

(where dimers absorb not monomers) for 1 hour at 2 mW/cm2 average laser power (200 fs 

per pulse, 80 MHz rep rate). Later, the temperature of the solution pumped at 530 nm 

raised from 19 °C to 50 °C while the 650 nm remained unchanged. In addition, the 

extinction spectrum of Au NCs before and after illumination remained unchanged at both 

wavelengths. The result of the preliminary experiment shows the wavelength-dependent 

on the plasmonic heating.  

 

 

Figure 5.6 Experiment setup with laser illumination. 

(a) Front view of the setup shows the expanded laser illuminating the front window of the 

cuvette holder. (b) Top view of the cuvette holder with temperature control, solution 

temperature monitor, stir, and in-situ real-time extinction spectrum monitor functions. 
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6 Summary and Conclusions 

In this study, we developed two nantennas platforms by stochastically assembly of NCs 

and atomic layer deposition (ALD) towards steady-state and time-resolved SERS study of 

important chemical transformation and charge injection in photocatalysis processes. 

Homemade Ag NCs followed the well-established procedure234, and commercial Au NCs 

were selected as the building block of the nantennas. We built the platform I of 

Ag/TiO2/N719/TiO2 to perform a proof-of-concept study of charge transfer from dye 

molecules to semiconductor metal oxide. Preliminary steady-state SERS spectra of N719 

adsorbed onto ~2 nm thick TiO2 coatings on unlinked “dimers” (formed stochastically 

during drying rather than deliberately via chemical linkage) showed an electronic Raman 

continuum, suggesting enhanced Raman scattering by the LSPR. Similarly, platform II of 

Au/TiO2/DBDT/Al2O3 was built and verified by steady-state SERS to show the versatility of 

our core/shell/molecule platform. 

Use of the chemically linked NC dimers will significantly increase the throughput of the 

spectroscopy, which is necessary to perform the desired time-resolved studies of charge 

injection at the single-molecule level. The initial attempt of controllable dimerization using 

simple alkane dithiols revealed the importance of the solubility/length/concentration of 

the dithiol and surface cleanness/chemical resistance of the NCs. We attempted to remove 

the PVP on Ag NCs using various chemical treatment and physical methods while could not 

eliminate it completely. The proprietary surfactant found on the commercial Au NCs drove 

us to synthesize the “simple” citrate-capped Au NCs in our lab for the following controllable 

aggregation study.  
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The first stage of the “controllable” effort was made to select the right chemical linker to 

trigger the aggregation process. HEGDT, which has been selected for the entire study, 

exhibits excellence water solubility and relatively low Raman response. The redshift of the 

surface plasmon peak of Au NCs was observed immediately upon addition of HEGDT 

followed by the formation of NC-dithiolate polymer. Micron-scale NC-HEGDT precipitates 

with more than thousands of particles stacked together were observed at the bottom of the 

vial and confirmed via TEM after 3 hrs. This NC-dithiolate polymer showed a nearly 

featureless Raman spectrum and compatible with Al2O3 ALD process. On the other hand, 

samples prepared in the presence of Raman reporter molecules such as biphenyl-4-4’-

dithiol (DBDT) exhibited strong SERS spectra, indicating that reporter molecules readily 

found adsorption sites within the hot spots. Thus, these HEGDT-linked Au NCs are 

promising for single-molecule SERS studies. We have developed cryo/cooling-TEM as a 

method to image dimers and other plasmonic assemblies with minimal beam-induced 

sample damage. Commonly seen electron beam effect (local heat) make accurate gap 

distance measurement impossible as the particles expand and merge with each other (gap 

fusion) upon illumination. Our method involves cooling/cryo holder combining with large 

spot size, and small condenser lens aperture can resolve the problem, which allows 

accurate measurement of inter-NC spacing (5.5 ± 1 Å for the HEGDT linked dimers).   

The second stage of the project requires a stopping reagent which pauses the 

aggregation process when the yield of dimers is the highest. After exploring disulfide 

formation with iodine and NaI/H2O2 catalysts, we found that ozone was very effective at 

selectively oxidizing the dithiols to disulfonic acids resulting in the destruction of the 

dithiol linkers and complete redispersion of the Au NCs to back to monomers in the 
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solution. We have studied the aggregation and redispersion process with optical 

absorption spectroscopy, FT-IR, DLS, SAXS, XPS, TEM, NMR, mass spectrometry, zeta 

potential, and pH measurements to prove our hypothesis and establish the chemistry. The 

goal is to oxidize only the free thiol groups while preserving the bound thiolates, thereby 

stop the polymerization reaction and yielding a stable solution of dimers (and other small 

oligomers) that can be cast onto surfaces to serve as SERS nantenna.  

NMR and pH data proved that disulfonate is the major product of ozonation. TEM 

showed that the NC size and shape were nearly unaffected by ozonation. [HEGDT] to [NC] 

ratio was proved to govern the aggregation and redispersion speed by changing the 

effective linking sites. Redispersion occurs as long as the concentration of the peptizing 

agent (citrate in this case) is sufficiently high. The aggregation-deaggregation cycle worked 

with all of the dithiol linkers tested and can be repeated multiple times while the loss of 

NCs or alteration of NC size or shape were observed over more cycles. Redispersion by the 

exchange of dithiols with monothiols proved to be less effective and less clean than 

ozonation. Selective linker oxidation is a general way to reverse the aggregation of 

covalently linked Au NCs. However, redispersion became fast (seconds) albeit incomplete 

when carried out in pure water or solutions of trisodium citrate without NaCl, instead of 

the original NC reaction solution. Due to the complex composition of the reaction solution, 

we have not yet determined why the clean NC-HEGDT precipitates redispersion is either 

slow and complete or fast and incomplete. This mystery illustrates the “simple” ozone-

mediated redispersion of the NC-HEGDT precipitates needs more in-depth investigations. 

Finally, we explored the possibility of synthesis dimers at 100% yield in one step by 

selectively triggering the surface passivating reaction under local plasmonic heating. The 
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PEGylated maleimides and acrylates were identified as the most active species to slow 

down or stop dithiol-induced aggregation possibly via the thiol-ene click reaction. Pumping 

the Au NCs at 530 nm increased the temperature to 50°C due to plasmonic heating while no 

temperature increased at 650 nm. Combining the targeted laser illumination of only dimers 

and rational tuning of the aggregation based on the rate constants determined by NMR, we 

are moving towards synthesizing 100% dimers in the near future. 
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