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Gold nanoparticles (AuNPs) are nano-order particles composed of gold atoms. AuNPs exhibit distinct
properties from those of bulk gold and individual atoms. One of these properties is localized surface plasmon
resonance (LSPR), which causes light absorption at specific wavelengths. The optical properties of AuNPs
can be adjusted based on their assembly state. Compared to isotropic AuNPs, such as spherical AuNPs,
anisotropic AuNPs show unique plasmonic properties. Specifically, gold nanorods (AuNRs), which are rod-
shaped AuNPs, possess a characteristic property: their optical properties vary with the angle of irradiated light
relative to the AuNRs. Therefore, establishing a technique to control the orientation of AuNRs maximizes their
potential of the characteristic and offers the framework for flexible control of anisotropic nanomaterials
through a bottom-up approach. Recently, several studies have reported the orientation control of AuNRs
dispersed in solution. However, concerns of particle aggregation over time and under varying environmental
conditions exist. Once irreversible aggregation and precipitation occur, the LSPR property diminishes.
Therefore, there is a need to create a system where aggregation is not a concern. One approach involves
immobilizing AuNPs on a solid substrate, preventing inter-particle aggregation. Although there are several
methods to fix the orientation of AuNRSs on a solid substrate, dynamic orientation control of AuNRs on a solid
substrate is still challenging due to strong binding of AuNRs and inflexibility of a solid substrate.

In this study, I focused on polymer brushes as a material to achieve dynamic orientation control of AuNRs
on a solid substrate. A polymer brush is a material in which one end of a linear polymer is fixed to the material
surface. Since linear polymers flexibly change their structure in response to the external environment, polymer
brushes can be regarded as a material capable of nanoscale structural changes on a solid substrate. Therefore,
I investigated a method to control the orientation of AuNRs using polymer brushes, aiming at dynamic
plasmon control of AuNRs on a solid substrate.

In Chapter 1, the properties of AuNPs and AuNRs are introduced, previous studies on the orientation
control of AuNRs are presented, and the advantages of polymer brushes in orientation control are mentioned.

In Chapter 2, I fabricated double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) brushes and
established a method for orientation control by changing the interaction between DNA and AuNRs (Fig. 1,
top). AuNRs modified with pH-responsive cationic molecules were fabricated and adsorbed on the DNA
brushes through electrostatic interaction. The AuNRs adsorbed vertically on the substrate along with the DNA.
In low pH condition, which increases the amount of positive charge on the AuNR surface and increases the
strength of the electrostatic interaction between the AuNRs and DNA, the AuNRs was strongly adsorbed onto
the DNA brushes and the AuNRs were tilted. This orientation change was reversible, and the behavior of the
orientation change is different between ssDNA and dsDNA. This result indicates that polymer rigidity and
anion density are important in controlling the AuNR orientation by using electrostatic interaction strength.
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AuNRs in ssDNA brushes were
Fig. 1 Orientation change of AuNRs with DNA brush changed in response to NaCl

concentration. The relationship between the calculated thickness of the ssDNA brushes and the AuNR
orientation was investigated by measuring the extinction spectra of the AuNRs under various conditions,
varying the DNA length, AuNR length, the salt concentration and salt type. I found that the AuNRs are
vertically oriented when the DNA brush thickness exceeds the length of the AuNR long axis, and the AuNRs
begin to tilt when the brush thickness becomes below the length of the long axis, and the tilt angle of the
AuNRs reaches maximum when the brush thickness is approximately half the length of the AuNR long axis.
The tilt angle was changed from 0° to nearly 90°. These results indicate that the brush-thickness based AuUNR
orientation change can be generalized by the factors of the AuNRS' length and brush thickness.

_ In Chapter 4, I used synthetic polymer
- = brushes to control the AuNR orientation (Fig.
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Fig. 2. Fabrication of synthetic polymer brush (PSS brush) for length of each linear chain of synthetic
alignment of AuNRs and their orientation Change with polymer brushes varied, but when cationic

structural change of the polymer brushes AuNRs were dropped onto the PSS brushes,
the AuNRs were vertically oriented as in DNA brushes. When shrinkage of the brush was induced by the
addition of salt or organic solvent, the AuNRs were tilted. This dynamic change occurred reversibly. These
results indicate that orientation change of AuNRs is possible in synthetic polymer brushes.

In Chapter 5, I summarize the results of this thesis from Chapters 2 to 4.

In summary, I have proposed a method for dynamic control in the orientation of AuNRs using polymer
brushes. The results of this study demonstrate the applicability of polymer brushes for controlling the
orientation of anisotropic nanoparticles and provide new guidelines for controlling assembly of anisotropic
nanoparticles and their plasmonic properties.



