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ABSTRACT OF THE DISSERTATION  

 

MOLECULE DESIGN AND SURFACE FUNCTIONALIZATION STUDY OF 

METAL-OXIDE SEMICONDUCTORS 

By YUAN CHEN 

Dissertation Director:  

Professor Elena Galoppini 

Metal-oxide semiconductor materials have found application in numerous fields such as 

photo-electronics, catalysis, and sensing. The interfaces between semiconductor materials 

and bio-, organic molecules used to functionalize the semiconductor materials have 

attracted considerable attention. It is necessary to better understand and improve the surface 

chemistry of semiconductor materials in order to develop a new generation of functional 

devices with excellent performance.  

In the first project of this thesis, which is chapter B, we present an efficient 

functionalization and characterization method for MgxZn1-xO (4%<x<5%) nanorod 

(abbreviated MZOnano) films. FTIR microscopic imaging, was employed, for the first time, 

to visualize the binding distribution of organic molecules on a large area (µm scale) of 

semiconductor films. The influence of various parameters including solvent, concentration, 

binding time, and morphology of MZOnano film on the binding of 11-azidoundecanoic acid 
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on MZOnano film were investigated. The stability of the functionalized MZOnano film to 

etching and solvents was also evaluated.  

In chapter C, a stepwise functionalization method was developed to bind hexadecyl 

alkynated folic acid (HAFA), which has a high affinity to the cancer cell biomarker-folate 

binding protein. The binding methodology involved two steps.  Step A, binding with 11-

azidoundecanoic acid, which was fully studied by FTIR microscopic imaging, and Step B, 

immobilization of HAFA via copper-catalyzed azide-alkyne click reaction (CuAAC). The 

surface click reaction between functionalized MZOnano film and HAFA was monitored by 

FTIR microscopic imaging and fluorescence spectroscopy. The resulting MZOnano film was 

bound with a bio-reactive HAFA layer that could be used in biosensing. This stepwise 

method was successfully applied in the functionalization of MZOnano-modified quartz 

crystal microbalance (QCM) and MZOnano-modified thin film transistor (TFT), leading to 

QCM- and TFT- based biosensors with high sensitivity. The sensing of a folate-binding 

protein is still in progress. 

In the second project of this thesis, that is chapter D, we describe an innovative design of 

the organic molecules that will be used to functionalize semiconductor materials for 

renewable energy projects. For example, in a dye-sensitized solar cell (DSSC), the electron 

transfer between sensitizer molecule and semiconductor surface is the key step that might 

be affected by the energy level alignment between sensitizer molecule and semiconductor 

surface. This energy level alignment is directly related to the properties of the sensitizer 

molecule. In this thesis, we introduce a dipole containing bridge into the sensitizer to tune 

the energy alignment between sensitizer and semiconductor-TiO2, using oligopeptides 
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made of Ŭ-aminoisobutyric acid (Aib). The synthesis and optical characterization of 

sensitizer molecules combing such dipole bridge with di-tert-butyl-perylene (DTBPe) and 

zinc tetraphenylporphyrin (ZnTPP) chromophores are reported in this thesis. The element 

composition and occupied and unoccupied electronic structure (particularly the HOMOs 

and LUMOs energy) of ZnTPP-(Aib)6-COOH were probed by a combination of X-ray and 

Ultraviolet photoemission spectroscopies (XPS and UPS). The binding study of these 

sensitizers on TiO2 film and the energy level alignment study are still in progress. 
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Metal oxide semiconductors, such as ZnO, MgxZn1-xO (4%<x<5%) (MZO), TiO2, that can 

be grown in a diversity of nanostructures on a variety of substrates and functionalized with 

molecular compounds of varying complexity, have attracted extensive attention, both 

theoretically and experimentally, in the photo-electronics, catalytical, and sensing fields. 

There are many approaches to improve the performance of devices made by these 

semiconductor materials: precise control of the chemical and physical properties of the 

semiconductors, innovative design of the bound molecules and effective modification 

methods. We are particularly interested in the study of the interface of semiconductor 

materials, specifically in the ability to control the surface functionalization at the molecular 

level.  

To do that, it is necessary to control and characterize the binding. The development of 

surface modification methodology and the ability to design the next generation of 

functional devices largely depends on these sbilities. 

Metal oxide semiconductors ZnO/MZO are excellent platform for biosensors, because are 

multifunctional, form highly ordered nanostructures, are biocompatible, and can be made 

optically transparent and conductive, piezoelectric, or ferromagnetic through doping. 

ZnO/MZO-based biochemical sensors can be developed through functionalization of 

ZnO/MZO with bio-, organic molecules. The sensitivity and selectively of biosensor 

largely depend on the precise control of the interfacial chemistry between   molecule and 

ZnO/MZO films, which is possible by practical surface characterization technique. 
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Metal oxide semiconductors ZnO/TiO2, which are low cost, non-toxic, photostable and 

wide band gap (3.2 eV), are also ideal materials for dye-sensitized solar cells (DSSCs). As 

the developing of renewable energy appears to be the most feasible solution to global 

warming and fossil fuel exhaustion, improving the efficiency of solar cells is one of the 

major goals of modern science and engineering. There are many aspects may affect the 

efficiency of solar cells, such as the light harvesting ability, charge transportation and 

recombination, and electron injection from sensitizer to semiconductor. The electron 

injection from sensitizer to semiconductor is highly dependent upon the energy level 

alignment of the sensitizer/ semiconductor interface. An interesting concept is that through 

precise design of the sensitizer molecule, the energy level alignment of the sensitizer/ 

semiconductor interface can be tuned.  

This thesis encompasses two projects sharing the common interest in semiconductor 

functionalization methods. The first project focus on the developing of novel 

characterization technique to study the surface and interface chemistry of metal oxide 

semiconductors and the generating of efficient surface modification methodology. The 

second project emphasis on the preparation of novel functional molecules that can bring 

semiconductor innovative properties after modification.   

In chapter A, a combined introduction of the both projects is presented with a description 

of FTIR microscopic imaging, stepwise functionalization, ñclickò reaction methods, and 

role of permanent dipoles at interface. Chapter B and Chapter C focuse on the first project. 

The use of FTIR microscopic imaging in the functionalization study of MZO with 

bifunctional molecule was discussed in chapter B. Optimized functionalization parameters 
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were established. MZO-based biosensor utilizing quartz crystal microbalance (QCM) and 

thin film transistor (TFT) as substrates were prepared by stepwise functionalization 

method. The results and discussion of the functionalization and characterization work are 

presented in chapter C. Chapter D focuses on the second project, the synthesis and 

characterization of modular sensitizers. The binding of these modular sensitizers on TiO2 

surfaces and spectroscopic studies of the sensitizer molecules were described. Chapter E is 

a summary and outlines future work.
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A.1 FTIR microscopic imaging 

Fourier transform infrared (FTIR) spectroscopy is one of the established analytical 

techniques that has been applied in research and applied sciences with a very long history. 

Since the first discovery of IR in the electromagnetic spectrum about two centuries ago, 

FTIR spectroscopy has been employed in medicine, chemistry, astronomy, material 

science, and many other disciplines1-6. In particularly, FTIR microscopic imaging has 

emerged as a very powerful method that has attracted significant attention7-11. Like 

traditional FTIR spectroscopy, there are four types modes that can be used in FTIR 

microscopic imaging: transmission, reflection, transflection, and attenuated total reflection 

(ATR)12.  

A typical FTIR microscopic imaging involves the integration of an interferometer and a 

large number of mercury cadmium telluride (MCT). FTIR microscopic imager works 

similar to a standard interferometer with a single detector, but, instead of acquiring the 

signal of a single detector, it acquires the signal of a number of detectors. An FTIR 

microscopic image can be obtained with a single detector or with a linear array of 

individual detectors or with a highly sensitive focal plane array (FPA) detectors, which was 

invented by Lewis and Levin in 199513. The detector element is also called ñpixelsò, each 

pixel contains an entire FTIR spectrum. The linear array detectors contain 16×1 to 256 ×1 

detector element, it can capture an image of a small sized sample area rapidly. The spatial 

resolution of the FTIR microscopic image was directly determined by the size of pixels. 

The time frame was determined by the size of sample area of interest, the size of pixel, and 

the number of detectors in a linear array or FPA.  
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After mapping of sample of interest and data processing, a FTIR microscopic image is 

generated. In the image, the intensity (color) of pixels taken at a certain wavelength reflect 

the interaction of IR radiation with the chemical analyzed at the same sample area, 

generally speaking, the amount of chemicals. There is a correlation between image and 

visible information that helps to locate the mapping area. 

FTIR microscopic imaging instruments are commercially available, however, the 

application is largely limited to biophysics studies14-16. The capability of FTIR microscopic 

imaging to provide detailed images make it particularly attractve in the imaging of 

biological samples such as skin surface. FTIR microscopic imaging was successfully 

applied in the study of the drug diffusion through heterogeneous sample, such as human 

skin17. The understanding of the penetration of drugs through the skin will be of great 

helpful in designing efficient reagent that can assist the drug delivery through skin18,19.  

FTIR microscopic imaging was also shown to be useful in the analysis and chemical 

monitoring of fingerprints20, 21. Oils and skin can be visualized easily when using 

appropriate vibrational modes.  

FTIR microscopic imaging, with high spatial resolution and different fields of view, has 

been applied in pharmaceutical industry22, to probe the distribution of different ingredients 

in a tablet/capsule manufactured in a pharmaceutical formulation process23.  

Although FTIR microscopic imaging has not been previously used in the study of metal 

oxide semiconductor surfaces, its intrinsic benefits that can generate chemical information 

of different areas of one sample at the microscopic level guarantee its feasibility of 

obtaining spatially resolved images from semiconductor films. The ability to image the 
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semiconductor films should prove to be a powerful and invaluable tool towards the in-

depth understanding of the interaction between molecules and semiconductors and allow 

optimization of functionalization methods. 

A.2 Stepwise functionalization 

In this thesis, the purpose of developing practical analytical technique to study the 

modification process on semiconductor material with molecules is to design and develop 

innovative surface modification methods toward a new generation of biosensors with high 

selectivity and sensitivity. In the biosensing application, biomolecules need to be 

immobilized on the semiconductor surface to enable sensing a simple immobilization 

method to attach biomolecules onto semiconductor surface is non-covalent physical 

adsorption, via hydrogen bonds, Van der Waals force, ionic forces, and hydrophobic 

forces24. For example, due to the high isoelectric point of ZnO, biomolecules with low 

isoelectric point can be physically immobilized onto this semiconductor material25-28. 

Although physical adsorption is simple, the interaction between adsorbents and 

semiconductor is weak and non-specific and does not lead to a highly ordered layer. 

In covalent binding approaches, whether one step or the step-wise, the binding strength and 

uniformity is largely improved compared to physical adsorption (Fig. A-1).  
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Fig. A-1 Two methods for covalent binding of biomolecules to metal oxide semiconductor surface 

One-step functionalization with bulky biomolecules often results in low surface 

immobilization coverage. whereas stepwise functionalization significantly improves the 

surface coverage. This was demonstrated by Galoppini and coworkers, developed a 

stepwise functionalization method using a bifunctional linker29-31. In this method (Fig. A-

2), anchor-linker-end group linkers were attached onto the ZnO films, resulting a functional 

layer that can immobilize DNA with fluorescence tag in the second step.  

 

Fig. A-2 ZnO nanotips stepwise surface modification via two routes, route A: thiol-disulfide exchange 
reaction and route B: NBS-ester hydrolysis. Adapted with permission from [31] 

There are a large number of functional groups that can be used as anchoring groups, 

including carboxylic acids and derivatives, phosphonic acid, alkylthiols, and silanes. 
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Alkylthiols, are frequently used in the functionalization of Au and CdS, and all others bind 

to metal oxide semiconductors.  

Carboxylic acid group is the most effective and common anchoring group for metal oxide 

semiconductors, mainly through the bidentate chelating and bridging modes (Fig. A-3)32, 

As confirmed by FTIR measurements showing characteristic carboxylate bands at 1540 

and 1480 cm-1.  

 

Fig. A-3 Binding modes between carboxylic acid group and a metal oxide semiconductor surface 

Phosphonic acid group is an effective anchoring group for TiO2 and other oxides. Zhou 

and coworkers demonstrated the stepwise functionalization of an array of In2O3 nanowires 

by 4-(1,4-dihydroxybenzene)butyl phosphonic acid (HQ-PA), to immobilize single-strand 

DNA (Fig. A-4)33. However, Phosphonic acid is a very strong acid (pKa1=2.2), and ZnO 

will be easily etched to form zincate salt34-36.  

 

Fig. A-4 The binding of HQ-PA on In2O3 nanowires, after electrochemical oxidation (step i), after 
immobilization of thiol-terminated DNA (step ii), and after attaching of complementary DNA 
strand (step iii). Adapted with permission from [33] 
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There are also reports of binding of trichloro silanes onto metal oxide semiconductors. For 

instance, Corso and coworkers successfully functionalized planar ZnO surface with two 

different silane molecules and use this functionalized ZnO surface to immobilize an 

antibody (Fig.A-5)37. However, trichlorosilane solution are very acidic (pH~0.5-1), and not 

suitable for ZnO.  

 

Fig. A-5 The immobilization scheme of covalent binding of antibodies to the ZnO surface using (3-
glycidyloxypropyl)trimethoxysilane. Adapted with permission from [37] 

The linker units in bifunctional linkers assist the formation of ordered layer through closely 

packing, and the distance between the semiconductor surface and end groups will affect 

other properties (such as fluorescence).   

A reactive end group is needed in the stepwise functionalization process and its selection 

largely depends on the type of reaction needed in the second step, and on limitations 

imposed by surface chemistry on nanostructured materials. The functionalization method 

needs to be highly efficient, use mild conditions and surface compatible reagents. Click 

reaction (see next section) is, to date, the most successful reaction that was used in the 

stepwise functionalization of nanostructured metal oxide semiconductors.  The classical 
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click reaction is the CuI-catalyzed Huisgen cyclization reaction between a terminus alkyne 

and an azide. Both the azide or the terminus alkyne can serve as end groups in the 

bifunctional linker. 

A.3 Click chemistry 

ñclick chemistryò refers to a series of reactions with high yield, high rate, high selectivity, 

and high (bio-)orthogonality. Click reactions can tolerate a wide range of temperature, 

solvent and pH values, and employ mild, and environmentally friendly reaction conditions. 

The surface modification with various type of click reaction is illustrated in Fig. A-638. The 

term ñclick reactionsò was first introduced by Sharpless39. There are several reasons why 

click reactions is suitable for surface stepwise functionalization of nanostructured metal 

oxide semiconductors.  

 

Fig. A-6 The schematic representation of click reactions on surfaces. Adapted with permission from [38] 
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(1) Numerous types of reactions such as 1,3-dipolar cycloadditions, ring opening reactions, 

Diels Alder reactions, additions to carbon-carbon bonds or non-aldol carbonyl 

chemistry can be employed. Therefore, a variety of functional groups that can be 

employed as end groups. The scope of click reaction is quickly expanding. For example, 

the newly developed photoclick reaction by using light to activate reaction have proven 

to be very successful and useful in the patterning of surfaces40-42. 

(2) Click reactions are regioselective, proceed in high yield, and with mild reaction 

conditions. Most click reactions can be carried out in water at moderate temperatures 

and neutral pH, in conditions that are compatible with biomolecules.  

(3)   Click reactions are highly selective orthogonal reactions. Because tolerate a broad 

range of solvents, reagents, and other functional groups. The orthogonality of click 

reaction largely eliminates the possibility of producing by-product, and it is 

advantageous for surface chemistry in which purification steps are limited39. 

(4) Recently, there is a great effort on developing click reactivity on surfaces, with a 

significant increase in papers reporting surface modification via click chemistry. The 

development of new surface click reactions could expand surface science applications 

dramatically.  

Although the scope of ñclick reactionsò is getting wider, Cu-catalyzed Azide-Alkyne Click 

reaction (CuAAC), first reported by Sharpless and Meldal43-45,  remains the prototype click 

reaction and is considered the óidealô click reaction. CuAAC is the [3+2] cycloaddition, 

catalyzed by copper (I), between an azide and a terminus alkyne to form a disubstituted 

1,2,3-triazole ring. Unlike the original version of azide-alkyne click reaction that was 

reported by Huisgen in 196346, which utilize heat to activate the reaction and result in a 



- 10 - 
 

 

mixture products of 1,5- and 1,4- substituted 1,2,3-triazole, the use of metal salts, originally 

copper (I), results in high regioselectivity, high yields and lower reaction temperatures (Fig. 

A-7). 

 

Fig. A-7 The original Huisgen reaction and CuAAC 

Except for Cu catalysts, other metal salts including ruthenium (RuAAC), gold (AuAAC), 

nickel (NiAAC), lanthanide salt (LnAAC), zinc (ZnAAC), iridium (IrAAC), and silver 

(AgAAC) are employed as catalysts. Numerous papers about the click reaction using these 

catalysts have been reported47, 48. Metal free click chemistry was also developed for surface 

chemistry. Ring strain from cyclic alkyne or substitution of alkynes with electro 

withdrawing groups can promote the click reaction in the absence of metal catalyst49. Light 

irradiation was employed to photo initiate click reaction50.  

Surfaces can be functionalized by either azides or alkynes, followed by click with 

biomolecules substituted with the other click functional group. The best results are usually 

obtained when the surface is functionalized with the alkyne, because this prevents cross 

coupling of terminus alkynes in solution phase in the presence of copper (I). However, the 

immobilization of azides on surfaces offers tremendous advantages, such as the use of two 

unique spectroscopic handles, IR and X-ray photoelectron spectrum, to monitor the 

reaction progress, and the cross-coupling side reaction product of terminus alkynes can be 
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easily removed. In summary, both azides or alkynes can be immobilized on surfaces, 

depending on the reaction conditions. 

A.4 Molecular design of sensitizers for metal oxide surfaces 

The electron transfer processes taking place at the molecular light absorbers/wide-band-

gap metal oxide semiconductor interface is a key step in solar energy conversion systems 

such as dye sensitized solar cells (DSSC)51, 52. A schematic of the electron transfer from a 

photo-excited sensitizer to colloidal TiO2 in a DSSC device is shown in Fig. A-8. Upon 

light irradiation, sensitizer is excited, followed by injection of an electron into the 

conducting band of TiO2, leaving the sensitizer in its oxidized state. 

 

Fig. A-8 (a, left) Schematic overview of the light irradiation and electron injection process in a DSSC and 
(b, right) Simple energy level diagram of HOMO-LUMO of sensitizer and CB of semiconductor. 

This type of electron transfer process is called Heterogeneous Electron Transfer (HET). 

Heterogeneous electron transfer continues to be the object of numerous experimental and 

theoretical studies.  

HET directly depends on the energy levels at the sensitizer/metal oxide interface. The 

excited state (LUMO) level of the sensitizer should be higher in energy than the conduction 
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band edge of TiO2, so that an efficient electron transfer from the sensitizer to the conduction 

band (CB) of the TiO2 can occur.  

The control and understanding of the factors that affect energy level alignment at 

sensitizer/semiconductor has attracted considerable attention recently. Numerous papers 

have reported the importance of surface dipoles at organic/metal, organic/organic, 

organic/inorganic, hybrid interfaces53-55. The surface dipole layer can be formed right at 

the interface through charge transfer across the interface, or by other types of 

rearrangement of electronic charge56, 57. Band bending and level shifts due to dipoles at the 

interfaces were observed 58. For instance, Campbell and coworkers demonstrated the 

possibility of using dipole self-assembled monolayers (SAMs) to tune the electron transfer 

between metal/polymer interfaces59, 60. Thiol adsorbates on Ag and Cu electrodes were 

employed as SAMs and the dipole orientation was changed via substitution pattern of 

fluorine groups. Thiol adsorbates form well oriented, dense monolayers on these metal 

surface. After binding a layer of SAMs with opposite dipole orientation to the metal 

surface, a polymer film was deposited, and the electrostatic potentials were studied using 

a Kelvin probe. The electrical measurements indicate the changing of surface potentials 

and effective work function of the metal substrates after adding of built-in potentials due 

to dipoles. Schematic energy level diagrams of metal/polymer interfaces are shown in Fig. 

A-9. The energy difference between the metal Fermi energy and LUMO of polymer was 

changed accordingly when the opposite dipole was introduced.  
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Fig. A-9 Schematic energy level diagram of meta/polymer interfaces: (a) untreated interface. (b) insertion 
of a dipole layer pointing to metal surface and (c) insertion of a dipole layer pointing from metal 
surface. Adapted with permission from [57] 

Campbellôs work pointed to a promising approach to control and improve the charge 

transfer in metal/polymer interfaces that could be extended to other interfaces, including 

metal oxide semiconductors. 

This was pursued by Galoppini and coworkers, who synthesized Zinc 

tetraphenylporphyrins (ZnTPP) containing a dipole with different orientations61-63. The 

ZnTPP compounds bearing a isophthalic acid group covalently binds onto metal-oxide 

semiconductors such ZnO. The intramolecular dipole was created by introducing electron 

accepting (NO3) and electron donating (NMe2) groups in the para position to each other in 

the bridge part, as shown in Fig. A-10 a.  Thus, a pair of chromophores with reversed built-

in dipole was synthesized. The incorporation of this built-in dipole introduced an 

electrostatic potential to the organic/inorganic interface, the HOMO and LUMO level of 

the ZnTPP compounds were shifted by 100 eV. The reversal of the dipole orientation 

resulted in a reversal of shift direction by the same amount as illustrated in Fig. A-10 b.  
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Fig. A-10 (a) Molecular structure of ZnTPP compounds used in this study. (b) Schematic diagram of how a 
dipole in a linker shifts the energy level of a ZnTPP compounds with respect to the CB edge of 
semiconductor. Adapted with permission from [60] 

UV photoemission spectroscopy was employed in the study of the molecular energy levels 

of the chromophore bound to ZnO (110). The introduction of the built-in dipole didnôt 

affect the HOMO-LUMO gap of the chromophore; however, the level alignment could be 

shifted as predicted by 200 eV.  

The most important aspect of the molecular design is the dipole bridge. A dipole bridge 

should precisely allow to vary the dipole moment and should be well-aligned along the 

molecular axis. Finally, the dipole bridge should not be chromophoric or influence the 

HOMO-LUMO gap of the chromophores. Based on these requirements, we proposed Aib-

containing peptides as the ideal model of dipole bridge.    
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A.5 Aib-homopeptides 

Ŭ-Aminoisobutyric acid (Aib) is found in microbial proteins. The tetra-substitution at the 

CŬ position largely restricted the possible rotations about the C- CŬ and N- CŬ bonds64. And 

stabilizes the protein structure65. Due to the severe restriction at backbone torsional angles, 

Aib-containing peptides have a high tendency to form 310-helical structures, even in short 

peptides (ι4 residues). A variety of theoretical and experimental studies have focused on 

the study of Aib homopeptides. As Aib homopeptides favor the formation of single 

crystals, X-ray diffraction (XRD) analysis was proven to be an efficient tool to study the 

helix structure66. Fig. A-11 shows the 310-helical structure of a protected (Aib)10. A 

hydrogen bonding pattern characteristic of 310-helical structure with an intramolecular 

bonding between the carbonyl group in residue i and the hidrogen from the amide group of 

residue i+3.    

 

Fig. A- 11 The 310-helical structure of para-bromobenzoyl-(Aib)10.- tert-butoxy in the crystal state. Adapted 
with permission from [64] 

One of the most important properties of helical peptides is their strong dipole pointing from 

N-terminus to C-terminus along the peptide axis (4.5 D per additional residue). The use of 
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dipole peptide as the molecular bridge between a donor (D) and an acceptor (A) and the 

study of the influence of this peptide dipole on electron transfer rate between D and A are 

widely documented67.  

Oligopeptides made by L-alanine (Ala) which form Ŭ-helix structure and (Aib)n Which 

form 310-helix, were employed in electron transfer studies68-71. The dipole pointing from 

N-terminus to C-terminus generate an electric field along the helix axis, and the orientation 

of this electric field significantly affects the electron transfer rate between D and A attached 

to either side of the peptide67. Moreover, the peptide dipole moment was proven to be 

useful in exploring the mechanism of long-range electron transfer in proteins and on the 

surface of electrodes72. In the latter study, a ferrocene moiety was selected as the electron 

donor, and gold electrode was used as the electron acceptor73. Studies revealed that the 

long-range electron transfers along the peptide molecule follows a hopping mechanism, 

where the amide group of the peptide serves as hopping site (Fig. A-12)68, 73. The step of 

electron transfer through helix peptide chain determines the overall electron transfer rate, 

so that the length of the peptide chain can significantly alter the electron transfer rate. 

 

Fig. A-12 Schematic diagram for the long-range electron transfer from the ferrocene moiety to gold 
surface through a helix peptide by a hopping mechanism. Adapted with permission from [65] 
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Helical peptide also found application in tuning the electroactive moietyôs redox 

potentials74-77. For instance, Garbuio and coworkers synthesized a pair of fullerene-

peptide-nitroxide radical compounds with reversed dipole moment at the linker (Fig. A-

13)77. Electrochemical analysis indicated that the orientation of the peptide dipole moment 

can significantly affect optical, magnetic and redox properties77.  

 

Fig. A-13 Fullerene-peptide-radical system with reversed dipole direction and the redox behavior. 
Adapted with permission from [77] 

Numerous structural studies and experiments about the application of 310-helical Aib-

homopeptides elucidate the following advantages of (Aib)n over other peptides including 

Ŭ-helical (Aib)n. 

(1) (Aib)n homopeptides tend to be stiff due to severe conformational restrictions78.  

(2)  The 310-helical structure is robust and is retained on surfaces79. 

(3) Aib is a non-chiral amino acid, further simplify the synthesis and purification 

process. 

(4) The dipole orientation of (Aib)n homopeptide is aligned with the D-peptide-A axis. 

(5) A single helical turn in (Aib)n homopeptides requires 3 amino acid residues. 

Theoretical study indicates the addition of each Aib unit result in an increase of 4.5 
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D in dipole moment. The dipole moment and molecular length of (Aib)n 

homopeptide can be tuned by changing the Aib unit containing in the peptide.  

(6) The dipole reversal can be attained by switching the position of D and A with 

respect to the peptide N- and C- terminus.   
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Chapter B: Surface modification of 

nanostructured ZnO/MZO fil ms and 

characterization by FTIR microscopic imaging 
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B.1 Introduction 

The interest in ZnO semiconductor materials goes back many decades80-83. Due to its direct 

wide band gap (3.3 eV)84, redox properties85, multifunctionality and biocompatibility86, 87, 

following modification through interaction with organic or bio-molecules, ZnO 

semiconductor materials find application for optoelectronics88-90, catalysts91, 92, and 

biosensing devices93-95. A prerequisite that is necessary for practical applications of ZnO 

semiconductor materials is the ability to control and characterize the modification of ZnO 

surfaces96. Which is the focus of the work presented in this chapter. 

One of the advantages of ZnO is that it can be grown in a rich variety of nanostructures97-

99. Among them, the nanorod morphology is particularly attractive due to the ordered, 

vertical alignment and the high surface-to-volume ratio that can ensure a maximized 

binding of organic or bio-molecules on ZnO semiconductor materials100, 101. ZnO nanorods 

can be grown on a variety kinds of substrates, including transparent or conductive, and 

growth techniques include sol-gel method102, pulsed-laser deposition (PLD)103, molecular-

beam epitaxy (MBE)104, and metal-organic chemical-vapor deposition (MOCVD)105. 

Metal-organic chemical-vapor deposition (MOCVD), the method used in this thesis, 

produces high-quality films with excellent morphology control and ability to dope or alloy 

with metals or semiconductors, with great control of the composition80.  

The applications of ZnO nanorod (ZnOnano) films are largely limited by the need to control 

pH (4<pH<9) to avoid etching and formation of zincate salts34-36. To solve this problem, 

Luôs group has developed a ternary nanostructured material MgxZn1-xO (4%<x<5%) 

(termed MZOnano in this thesis) as it possesses all the intrinsic properties of ZnOnano but 
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shows increased resistance to acids and bases31, 106. The improved resistance of MZOnano 

to acids including carboxylic acids, which are commonly used to covalently bind 

compounds to ZnO, was evidenced by FESEM images of ZnOnano and MZOnano after 

reacting with 11-azidoundecanoic acid and alkynated folic, both discussed in this thesis 

(chapter B and C, respectively). 

FESEM images (Fig. B-1, top (c)) shows that the nanorod morphology was destroyed after 

exposure to a 10 mM solution of alkynated folic acid (pKa= 3.7). No noticeable etching, 

however was found for MZOnano films.  

 

 

Fig.B-1 Top: FESEM images of MOCVD-grown ZnOnano film (a) before, (b) after reacting with 10 mM 11-
azidoundecanoic acid solution (solvent: 1:2 ethanol/1-butanol) for 17h at r.t, and (c). after 
reacting with 10 mM alkynated folic acid solution (solvent: dimethyl sulfoxide); bottom: FESEM 
images of MOCVD-grown MZOnano film (a) before, (b) after reacting with 10 mM 11-
azidoundecanoic acid solution (solvent: 1:2 ethanol/1-butanol) for 17h at r.t, and (c). after 
reacting with 10 mM aklkynated folic acid solution (solvent: dimethyl sulfoxide) 

Vertically aligned, highly crystalline MZOnano used in our study was grown on sapphire by 

MOCVD by the Lu group as described in the Experimental Section B.3 and the FESEM of 

a typical film is shown in Fig. B-2. Nanorods are 20-40 nm wide and ~ 900 nm long. 
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Fig.B-2 FESEM images of ~0.9 ˃Ƴ-thick MOCVD-grown MZOnano film on sapphire (a) top view, (b) side view  

Herein, we describe the modification of the MZOnano films as shown in Fig. B-2 with a 

bifunctional linker molecule: 11-azidoundecanoic acid, N3-(CH2)10-COOH (1), by the 

droplet method described in the Appendix (Fig. 0-10).  

The COOH group is one of the most common anchor group used to form covalent bonds 

between organic or inorganic molecules and metal oxide semiconductor materials30. 

Through this modification method, a closely packed, homogeneous, and reactive organic 

molecular layer can be often obtained. In this case the presence of a second functional 

group, the azido group, at the end of the linker chain allows further reactivity through click 

chemistry.  

The FTIR microscopic imaging technique, which is widely used in biophysics studies14,107, 

108,109,110, was for the first time employed in this MZO surface modification study. C-plane 

sapphire (430 mm) was selected as the substrate because it is IR transparant111. The FTIR 

spectral range was limited to the 1400-4000 cm-1 region, because sapphire has an intense 

absorption below the 1400 cm-1 region. Previously, FT-IR-ATR was used to characterize 

the reactive layer on semiconductor surfaces by our group29 and others112-114. However, the 

intensity was often low as the films are only 0.5 micrometer thick, and these substrates 
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were often destroyed while collecting data. Also binding on one film at different positions 

may greatly differ as shown in Fig. B-3, three FTIR spectra obtained at different location 

on MZOnano film after the binding with 11-azidoundecanoic acid, show different binding. 

In summary, FT-IR-ATR does not provide information of the binding distribution on a 

large area of the film. FTIR spectroscopic imaging, which is a well-established method for 

the chemical identification and for visualizing the distribution of certain substances in 

complex environments, is a suitable tool for our research. The size of the pixel used in our 

study is 6.25Ĭ6.25 ɛm2, images ranging from 39 ɛm2 to cm2 scale can be obtained. 

 

Fig. B-3 FT-IR-ATR spectra of different detection areas on MZOnano film after binding with 11-
azidoundecanoic acid (solvent: 1:2 ethanol/1-butanol) for 17 hours at r.t 

Experimental conditions that may affect the binding of 11-azidoundecanoic acid (1) on 

MZOnano film can be probed by FTIR microscopic imaging. The same film can be imaged 

before and after each step of the functionalization process, and binding on the same scan 

area can be monitored. These results allow us to improve the binding method and pave the 

road for a reproducible approach to prepare robust, homogenous organic layers on MZOnano 

films that are ready for further reactivity. 
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B.2 Study of modification of ZnO/MZO nanostructured film by 

FTIR microscopic imaging 

Scheme B-1 illustrates the functionalization of MZOnano films with 11-azidoundecanoic 

acid (1). The bifunctional linker (1) binds onto MZOnano films through the COOH group, 

leaving an azido functional group available for the click reaction with other molecules.  

 

Scheme B-1 Scheme of the functionalization of MZOnano films 

Each step of the functionalization process illustrated in scheme B-1 was monitored by FTIR 

microscopic imaging. Fig. B-4 shows the IR spectra of neat 1 and of the MZOnano film after 

binding of 1 (referred to 1/MZO). Typically, upon binding, the COOH group forms 

carboxylate bonds as in Fig. A-3 in chapter A, leading to the following changes: the 

carbonyl stretching band (ɜas(C=O)) at 1706 cm-1 and the broad OH stretching band (ɜas(O-

H)) over the 3300-2500 cm-1 region disappear, and new bands at 1540 and 1480 cm-1 

emerge indicating that 1 is covalently bound onto MZOnano film. The bands of the C-H 

stretching region (ɜas (CH2) at ~2925 cm-1 for neat 1 and 2930 cm-1 for 1/MZO, ɜs (CH2) at 

~2854 cm-1 for neat 1 and 2848 cm-1 for 1/MZO) were observed on both neat 1 and 1/MZO, 

as expected. The azido group of 1 has a characteristic asymmetric stretching band 
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(ɜas(N=N=N)) at 2096 cm-1, which is present in the spectrum of MZOnano film after binding 

of 1 with a slight blue-shift to 2130 cm-1. In conclusion, in our case both the carboxylate 

moiety band and azido band served as useful IR tags.  

The spectral shifts upon binding and presence of shoulders in the main azido band that we 

have observed in this experiment, deserve a comment.  We suspect that these changes and 

the presence of shoulders likely arise from differences in local environments, both in the 

neat sample of 1 and on 1/MZOnano. Regarding to the presence of shoulders, based on the 

NMR spectra (see Appendix Fig. 0-11 and 0-12) we do not attribute them to the presence 

of an impurity. 

 

Fig. B-4 FTIR spectra of (a) neat 1 and (b) 1/  MZOnano. Adapted with permission from [127] 

Generally, nine different areas (200Ĭ200 ɛm2) were selected from each MZOnano film to be 

analyzed as schematically illustrated in Fig. B-5. FTIR images were obtained by integrating 

the area under two selected bands of interest, specifically, the carboxylate moiety 

(ɜas(O
···C···O) at 1564-1480 cm-1) and azido (ɜas(N=N=N) at 2212-2064 cm-1) bands. In 
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both cases, baseline correction was applied. The detection limit was set based on a signal 

to noise ratio of 3 which is typical for this type of measurement. Regions below the 

detection limit were displayed in white. The limit of scale bar is ° STD. By using this FTIR 

microscopic imaging, we were able to probe the following parameters: solvent and 

concentration of 1 solution, binding time, and morphology of MZOnano films. The stability 

of functionalized MZOnano film was also evaluated. 

 
Fig. B-5 Schematic representation of how images are reported:  selected areas in a MZOnano film and 

corresponding FTIR image grid. 

B.2.1 Solvent effect 

Alcohols are frequently used in the binding of organic molecules and biomolecules on 

metal-oxide semiconductor films, since they are good organic solvents for molecules that 

contain polar groups, including the carboxylic acid group115, 116. Previously, we reported 

that the binding of 1 in 1:2 ethanol/1-butanol solution on ZnOnano film was successful, but 

we noticed that the binding was not always homogeneous29. In this thesis work, the same 

qualitative observation was made for the MZOnano films. One possible explanation for the 

non-homogeneous binding is that protic solvents (ethanol, 1-butanol) may displace the 

bound carboxylic acid group117. To prove our hypothesis and optimize binding, we used a 

polar, non-protic solvent: 3-methoxypropionitrile (CH3O(CH2)2CN, 3-MPN) to prepare the 

binding solution of 1. 


