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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 MgxZnixO (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 (um 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



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-TiO., using oligopeptides



made of a-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)s-COOH were probed by a combination of X-ray and
Ultraviolet photoemission spectroscopies (XPS and UPS). The binding study of these

sensitizers on TiO> 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), TiO, 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 shilities.

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, “click” 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

XXX



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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Chapter A: General introduction



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 disciplines'®. In particularly, FTIR microscopic imaging has
emerged as a very powerful method that has attracted significant attention’l. 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)2,

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 19953, The detector element is also called “pixels”, each
pixel contains an entire FTIR spectrum. The linear array detectors contain 16x1 to 256 x1
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 studies'**¢. 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
skin'’. 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 skin82°,

FTIR microscopic imaging was also shown to be useful in the analysis and chemical
monitoring of fingerprints?®® 2. Qils 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 industry??, to probe the distribution of different ingredients

in a tablet/capsule manufactured in a pharmaceutical formulation process?.

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
forces?. For example, due to the high isoelectric point of ZnO, biomolecules with low
isoelectric point can be physically immobilized onto this semiconductor material®>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).



One-step functionalization = biomolecule
A /\ =anchoring group

Metal oxide A / : / o =end group
. ——
semiconductor
D = linker units

Step-wise functionalization

Metal oxide /_) / ' /—>/ : /
semiconductor

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 linker?®1, 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.
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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)%,
As confirmed by FTIR measurements showing characteristic carboxylate bands at 1540

and 1480 cm™.

0 _
Z2N oM
LM —%
O Oo—M
Bidentate Bidentate
chelating bridging

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

Phosphonic acid group is an effective anchoring group for TiO, 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 immaobilize single-strand
DNA (Fig. A-4)*. However, Phosphonic acid is a very strong acid (pKa1=2.2), and ZnO

will be easily etched to form zincate salt*2¢.

H OH 0] H OH HO OH
330 mV HS-DNA Dye-DNA’
b — ——
-200 mV " iii
|
HQ-PA Q-PA

Fig. A-4 The binding of HQ-PA on In203 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)*". However, trichlorosilane solution are very acidic (pH~0.5-1), and not

suitable for ZnO.
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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 Cu'-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

“click chemistry” 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-6%. The
term “click reactions” was first introduced by Sharpless®°. There are several reasons why
click reactions is suitable for surface stepwise functionalization of nanostructured metal

oxide semiconductors.

/ CLICK REACTIONS
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Linker Spatiotemporal control
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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 surfaces*-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 limited®®.

(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 “click reactions” is getting wider, Cu-catalyzed Azide-Alkyne Click
reaction (CUAAC), first reported by Sharpless and Meldal***, remains the prototype click
reaction and is considered the ‘ideal’ click reaction. CUAAC is the [3+2] cycloaddition,
catalyzed by copper (1), 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 1963%, which utilize heat to activate the reaction and result in a
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mixture products of 1,5- and 1,4- substituted 1,2,3-triazole, the use of metal salts, originally

copper (1), results in high regioselectivity, high yields and lower reaction temperatures (Fig.

A-7).
3 3
. N_
‘ heat R4 N‘\NZ 4NN 2
R-N; + R-—=—H ~ \N/1 + \N1
5 N R”5 R
R
1,4-substitution 1,5-substitution
3
cu' R4 N,
R-N, + R-—=—H \N,NZ
5 1
R

1,4-substitution

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 reported*” 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 catalyst*®. Light
irradiation was employed to photo initiate click reaction®.

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)>! %2, A schematic of the electron transfer from a
photo-excited sensitizer to colloidal TiO, 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 TiO, leaving the sensitizer in its oxidized state.

a - | : b
Substrate ;
TiO, )
TiO,
hv film
Sensitizer
; Injection
Covalent bond { g‘ ~—. LUMO g*
£
Sensitizer HOMO

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 TiO», so that an efficient electron transfer from the sensitizer to the conduction

band (CB) of the TiO- 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 interfaces®°. 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 charge®® ®’. Band bending and level shifts due to dipoles at the
interfaces were observed *8. For instance, Campbell and coworkers demonstrated the
possibility of using dipole self-assembled monolayers (SAMs) to tune the electron transfer
between metal/polymer interfaces®® . 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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1 nm

Metal SAM Polymer

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]

Campbell’s 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 orientations®-%3. 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 (NMe>) 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 didn’t
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.



-15-

A.5 Aib-homopeptides

a-Aminoisobutyric acid (Aib) is found in microbial proteins. The tetra-substitution at the
C* position largely restricted the possible rotations about the C- C* and N- C* bonds®. And
stabilizes the protein structure®®. Due to the severe restriction at backbone torsional angles,
Aib-containing peptides have a high tendency to form 3i0-helical structures, even in short
peptides (>4 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 structure®®. Fig. A-11 shows the 3io-helical structure of a protected (Aib)io. A
hydrogen bonding pattern characteristic of 3i0-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)1o.- 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 documented®’.

Oligopeptides made by L-alanine (Ala) which form a-helix structure and (Aib), Which
form 310-helix, were employed in electron transfer studies®®"*. 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 peptide®’. 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 electrodes’?. In the latter study, a ferrocene moiety was selected as the electron
donor, and gold electrode was used as the electron acceptor’. 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)% 7. 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.
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gold sulfur amide group ferrocene

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 moiety’s redox
potentials’*"’. For instance, Garbuio and coworkers synthesized a pair of fullerene-
peptide-nitroxide radical compounds with reversed dipole moment at the linker (Fig. A-
13)"". Electrochemical analysis indicated that the orientation of the peptide dipole moment

can significantly affect optical, magnetic and redox properties’’.

O S, ) =)

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

a-helical (Aib)n.

(1) (Aib), homopeptides tend to be stiff due to severe conformational restrictions’®.

(2) The 31o-helical structure is robust and is retained on surfaces’®.

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

(4) The dipole orientation of (Aib), 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),
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 films and

characterization by FTIR microscopic imaging
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B.1 Introduction

The interest in ZnO semiconductor materials goes back many decades®-#. Due to its direct
wide band gap (3.3 eV)®, redox properties®®, multifunctionality and biocompatibility8® 87,
following modification through interaction with organic or bio-molecules, ZnO
semiconductor materials find application for optoelectronics®®®, catalysts® 2, and
biosensing devices®*. A prerequisite that is necessary for practical applications of ZnO
semiconductor materials is the ability to control and characterize the modification of ZnO

surfaces®. 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 nanostructures®”
% 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 materials*®® 1%, ZnO nanorods
can be grown on a variety kinds of substrates, including transparent or conductive, and
growth techniques include sol-gel method®?, pulsed-laser deposition (PLD)%, molecular-
beam epitaxy (MBE)!®, and metal-organic chemical-vapor deposition (MOCVD),
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 composition®.

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 salts®* ¢, To solve this problem,
Lu’s group has developed a ternary nanostructured material MgxZni1xO (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 bases®" 1%, 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.

ol >
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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 pm-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, Ns-(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 materials.
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 studies'4%":
108,109,110 '\vas for the first time employed in this MZO surface modification study. C-plane
sapphire (430 um) was selected as the substrate because it is IR transparant'!. The FTIR
spectral range was limited to the 1400-4000 cm region, because sapphire has an intense
absorption below the 1400 cm region. Previously, FT-IR-ATR was used to characterize
the reactive layer on semiconductor surfaces by our group?® and others!*?-*14 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 6.25%6.25 pm?, images ranging from 39 pm?to cm? scale can be obtained.

01 Detection spots
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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.

i click
: v chemistry
\ N3
N3 N A IR
probe
1
C
HoOC o= g
’ MPN or
MZOnano film EtOH/MeOH 1/Mzonano

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 (vas(C=0)) at 1706 cm™ and the broad OH stretching band (vas(O-
H)) over the 3300-2500 cm™ region disappear, and new bands at 1540 and 1480 cm™
emerge indicating that 1 is covalently bound onto MZOnano film. The bands of the C-H
stretching region (vas (CH2) at ~2925 cm™ for neat 1 and 2930 cm™ for 1/MZO, vs (CH>) at
~2854 cm! for neat 1 and 2848 cm™* for 1/MZ0O) 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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(vas(N=N=N)) at 2096 cm*, which is present in the spectrum of MZOnano film after binding
of 1 with a slight blue-shift to 2130 cm™. 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.
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Fig. B-4 FTIR spectra of (a) neat 1 and (b) 1/ MZOnano. Adapted with permission from [127]

Generally, nine different areas (200x200 um?) 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
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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.
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g —— Aread4 Area5 Areab
4

6
Area Area Area7 Area8 Area9

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 group®> '8, 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 homogeneous?. 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 group!’. To prove our hypothesis and optimize binding, we used a
polar, non-protic solvent: 3-methoxypropionitrile (CH3O(CH2).CN, 3-MPN) to prepare the

binding solution of 1.
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FTIR images of 1/ MZOnano films prepared by using 10 mM 1 solution in 1:2 ethanol/1-
butanol and 10 mM 1 solution in 3-MPN are shown in Fig. B-6. The images were collected
after 17 hours binding time. To minimize any differences that may introduced by
morphology or other differences between the samples used for this solvent effect study, the
experiments were carried out on the same MZOnano film, which was cut in half. The spatial
distribution of 1 on MZOnano film was evaluated by mapping the azido band (2212-2064

cm™) or carboxylate band (1564-1480 cm™).

By comparing the FTIR images of 1/MZO films formed using these two solvents (Fig. B-
6 (a) vs Fig. B-6 (b)), we observed that the surface coverage of 1 on MZOnano films bound
from 3-MPN was significantly higher, suggesting that protic solvents such as alcohols can

compete with 1 during the binding or replace the bound molecules of 1 on MZOnano films.

(i) -
Fig. B-6 FTIR Images of the integra
carboxylate region 1564-1480 cm™ (+ STD) of MZOnano films after binding with (a) 10 mM 1
solution (solvent: 1:2 ethanol/1-butanol) and (b) 10 mM 1 solution (solvent: 3-MPN). The data
were collected after 17 h binding. Adapted with permission from [127]
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A comparison between FTIR images of the integrated area of the N3 band and the
carboxylate band (Fig. B-6 (i) vs Fig. B-6 (ii)) showed an identical spatial distribution of
both functional groups, indicating that 1 is covalently bound not physisorbed onto the
surface of MZOnano films. These results were consistently observed for several samples and
were reproducible. For simplicity, in our following discussion, only the FTIR images of
integrated area of the azido band will be presented, and the data for the COOH band are

reported in Appendix.

B.2.2 Time dependence

The FTIR images of the binding study of 1 at different binding times are shown in Fig. B-
7. A relatively fast binding rate at the early stage (up to 5 hours) was observed, and no
significant binding of 1 was observed after one day. The maximum coverage of 1 on

MZOnano film was obtained after binding for 22 hours.

FTIR images of the integrated area of azido band of two areas on MZOnano film at early
binding time (up to 3.5 hours) are shown in Fig.B-8. The binding is observed to occur in
small, isolated areas (um scale). These islands expanded over time, and finally merged
together to attain a fully covered molecular layer. This suggests that molecules may
promote binding, almost acting as “seeds”, possibly through hydrophobic interactions

between the long, saturated alkyl chains of 1.



-29.-

Oh 0.5h  1.5h  3.5h 5.5h 20 22h 24h 64h

; l.* g I,_, :
HIR ¥ & \
¢ R

LB L L

s B

 / N -
A I,
R SRR IR

.'o.) o
ORI T E W

.
I' U 1.00um

Fig. B-7 Top: Images of the integrated band area of 2212-2064cm region (+ STD) of MZOnano films before
and after binding with a 10 mM 1 in 3-MPN solution over time. Bottom: FESEM image of the
MZOnano film used in the experiments (before binding) (left) and enlarged selected area (right).
(Scale: 5 um left, 1 pm right). Adapted with permission from [127]

FTIR images of fully covered MZOnano film showed, however, an uneven distribution of 1
0N MZOnano (Fig. B-7). FESEM images of the pristine MZOnano film indicate that contains
areas with vertically oriented, closely packed, uniform nanorods, and also areas with non-
uniform morphology. The heterogeneous growth of the film may result in an uneven
binding of 1. The relationship between binding homogeneity and film morphology is
discussed below.
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Fig. B-8 Images of the integrated band area of the azido region 2212-2064cm ! (+ STD) of two areas after
binding with 10 mM 1 in 3-MPN as function of time. Adapted with permission from [127]
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B.2.3 Morphology effect
To probe the influence of areas with non-uniform morphology on the binding process, three
different morphologies were identified by FESEM, and the binding of 1 on areas contain
these morphologies were studied by FTIR microscopic imaging. The first morphology is

the sharp nanotips. Fig. B-9 shows side-by-side the FESEM images and FTIR images of

an area containing sharp nanotips (area inside the dark circle). Fig. B-8 shows that, at early
binding stage (up to 2 hours), no detectable binding was observed. However, the images in
Fig. B-9 suggest that 1 prefers to bind onto the areas consisting of uniform nanorod that is
the area outside the dark circle. A possible explanation is that the hydrophilicity/wettability
of nanorod and nanotip morphologies are different!!8, leading to the different performance

of them on binding.
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Fig. B-9 (a)-(c): SEM images at different scales of sharp nanotips morphology before binding, and (d) a visible

micrograph (before binding, 200x200 um?) taken of the same area from which FTIR images were
acquired as a function of binding time (bottom). (e) FTIR images of the integrated band area, 2212-

2064 cm™ (£ STD) of area 1 after binding with 10 mM 1 in 3-MPN as function of time. Adapted with
permission from [127]

The binding of 1 to nanorods that grow in different orientations was also probed by FTIR

microscopic imaging (Fig. B-10). The FESEM and FTIR data suggest that binding is
preferred in the areas where the nanorods are not vertically aligned but grow with different

orientations (areas in the rectangule, along the vertical “ridge” feature in the FESEM). By
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comparing the FTIR images in Fig. B-9 and B-10 at the same binding time (for instance at
1 h), we found that binding is much faster in the latter. A possible explanation is that
different binding energies of different exposed facets of MZO nanorods impact the binding

119

process. At low doping level of Mg (4%<x<5%), the crystal structure of MgxZnixO is

Wurtzite, the same as that of ZnO'?°, Fig. B-11 shows the crystal faces at the two side and

one top facets of Wurtzite ZnO*?*,

(a) (b) (c)

Fig. B-10 (a)-(c): SEM images at different scales of nanorods grown in different orientation type
morphology (before binding, top) and (d) a visible micrograph (before binding, 200x200 pm?)
taken of the same area from which FTIR images were acquired as a function of binding time
(bottom). (e) FTIR images of the integrated band area of 2212-2064 cm™ (+ STD) of area 2 after
binding with 10 mM 1 in 3-MPN as function of time. Adapted with permission from [127]
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6 [10-10)

Fig. B-11 Crystal structure of Wurtzite ZnO. Adapted with permission from [127]

Finally, we probed the influence of different growth densities (Fig, B-12). No clear

relationship between binding preference and such morphology was found, based on the
FTIR images shown in Fig. B-12. The packing of nanorods does not appear to affect the

binding of 1 on MZOnano film.
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Fig. B-12 (a)-(b): SEM images at different scales of nanorods with different growth density type
morphology (before binding, top) and (c) a visible micrograph (before binding, 200x200 pm?)
taken of the same area from which FTIR images were acquired as a function of binding time
(bottom). (d) FTIR images of the integrated band area of 2212-2064 cm™ (+ STD) of area 3 after
binding with 10 mM 1 in 3-MPN as function of time.

1

In conclusion, FTIR images collected in areas comprised of morphologies, that are
different from vertically aligned densely packed nanorods, morphology can significantly
influence the distribution and rate of binding, possibly due to differences in binding energy

and hydrophilicity of these areas!??.

B.2.4 Concentration effect
The binding of MZOnano film with three different concentrations (10, 40 and 100 mM) of
1 in 3-MPN were studied by FTIR microscopic imaging. Fig. B-13 (top) shows the FTIR
images of MZOnano films after binding with a 10 mM 3-MPN solution. No significant
binding was observed for about 11 hours. A full coverage of 1 on MZOnano film was

obtained after longer binding times (48 hours).

The binding rate was accelerated dramatically by using a more concentrated 1 solution (40
mM) (Fig. B-13, middle). Binding onto MZOnano film started at 1.5 hours, and a fully
covered MZOnano film was obtained after 18 hours. However, a ten-fold increase in the

concentration of 1 (100 mM) sharply decreased the binding rate (Fig. B-13, bottom). No
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binding was observed for up to 15 hours. A fully covered and very homogeneous MZOnano

film was obtained at 18 hours.

We propose that inter-molecular hydrogen bonding between molecules of 1 in 100 mM 3-
MPN solution could be responsible for this effect. High concentrations will promote strong
C=0"H-0 hydrogen bonding (Fig. B-14) or formation of carboxylate, thereby, inhibiting

the binding at short binding times.
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Fig. B-13 FTIR images of the integrated band area of 2212-2064cm™ region (+ STD) of MZOnano films before
and after binding with a 10 mM 1 in 3-MPN solution, 40 mM 1 in 3-MPN solution, and 100 mM 1
in 3-MPN solution over time.
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Fig. B-14 Proposed intermolecular hydrogen-bonding structures of 1 in 100 mM solutions of 1

NMR spectroscopy has been widely used as a powerful tool to obtain detailed information

of hydrogen bonding, both inter- and intra- molecular'?® 124, Here, *C NMR measurements
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were used to probe the formation of inter-molecular hydrogen bonding in concentrated
solutions of 1. Solutions of 1 varying in concentration (10 mM, 40 mM, and 100mM) were
prepared using CDCIz (polar and aprotic NMR solvent) and the carbonyl region is shown
in Fig. B-15. A consistent shift to lower fields was observed as the concentration increased
from 10 mM to 100 mM, suggesting the formation of hydrogen bonding. The formation of
hydrogen bonding between the oxygen of carbonyl group and hydrogen from hydroxide
group can lower the electron density around the carbon atom of the carbonyl group, hence

lead to the shifting to lower fields.
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Fig. B-15 Carbonyl region of the 3CNMR spectra of 1 in CDCls: (a) 10 mM, (b) 40 mM, and (c) 100 mM

B.2.5 Stability test
The stability of functionalized MZOnano films to solvents and temperature was also
evaluated. The binding distribution and intensity of FTIR image of functionalized MZOnano
film after immersion in neat polar aprotic solvent 3-MPN at r.t and 40 °C for 24 hours
resembles that of functionalized MZOnano film before immersion, indicating little to no

desorption (Fig. B-16). Our conclusion is that once the film is functionalized with a
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lipophilic layer in 3-MPN solution, it becomes chemically stable in aprotic solvent

environment.
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Fig. B-16 Images of the integrated band area of 2212-2064cm™ (+ STD) of a MZOnano film (a) after 22h
binding with 1, (b) after immersion of such functionalized film in 3-MPN solution at r.t for 24 h,
and (c) after immersion of such functionalized film in 3-MPN solution at 40 °C for 24 h

The stability of the same 1/MZOnano film in EtOH was also tested. At room temperature,
the 1/MZOnano film was stable (Fig. B-17, b), however, at 40 °C, within 4 h, a significant
desorption of 1 from MZOnano film was observed (Fig. B-17, ¢). At 24 h, the film was fully
stripped of 1, indicating that desorption of 1/ MZOnano film occurs readily in a protic solvent
and at high temperature (40 °C). This is consistent with the “competing effect” of protic
solvent that we proposed earlier in this chapter. The binding of carboxylic acid on metal-
oxide semiconductor is proposed to have high equilibrium binding constants (2x10° to
3x10° M1)116.125.126 Increasing temperature can promote both the binding and desorption

processes, but since the solvent is present in large excess, it may bind onto MZOnano film.
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Fig. B-17 Images of the integrated band area of 2212-2064cm™ (+ STD) of a MZOnano film (a) after 22h
binding with 1 and (b) after immersion of such functionalized film in ethanol solution at r.t for 24
h, (c) after immersion of such functionalized film in ethanol solution at 40 °C for 4 h, and (d) after
immersion of such functionalized film in ethanol solution at 40 °C for 24 h
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The FESEM image of MZOnano film after all treatments during stability test was shown in
Appendix Fig. 0-8, indicating that the surface of the MZOnano film is still intact.

After fully stripping 1 from MZOnano film by immersing 1/MZOnano film in EtOH at 40°C
for 24 h, this film was bound with 10 mM solution of 1 in 3-MPN for 22h. FTIR images
indicates the binding of 1 on MZOnano film is comparable to that on 1/MZOnano before the
stability study (compare Fig.B-18, b with Fig. B-16, a), suggesting that it is possible to “re-

use” MZOnano f| I mSs.
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Fig. B-18 Images of the integrated band area of 2212-2064cm™ (+ STD) of a functionalized MZOnano film (a)
after immersed in ethanol solution at 40 °C for 24 h, (b) after 22h binding with 10 mM 1 (solvent:
3-MPN)

B. 3 Conclusions

MZOnano (MgxZn1xO (4%<x<5%) nanorod) films were grown by MOCVD and
functionalized with a bifunctional linker, 11-azidoundecanoic acid (1). The improved
resistant to etching of MZOnano compared to ZnOnano Was evidenced by FESEM images
taken of MZOnano film and ZnOnano film after reacting with 11-azidoundecanoic acid and
alkynated folic acid (pKa= 3.7). The binding process was characterized by FTIR
microscopic imaging. Both the bound carboxylate moiety and the azido end-group served
as IR probes to monitor the distribution of 11-azidoundecanoic acid bound on the films.
Changing in the C=0 region indicate that 11-azidoundecanoic acid binds onto MZOnano

film via the carboxylic acid group. Factors that may affect binding were also probed: time,
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morphology of nanorod film, solvent and concentration of the binding solution. We found
that protic solvents, such as alcohols, can compete with 11-azidoundecanoic acid during
binding and largely decrease the amount of bound linker. By using a polar, non-protic
solvent such as 3-methoxypropionitrile, the coverage of bound linker on the film was
dramatically improved. We also found that the binding of linker onto MZOnano film occurs
at first in small islands (um-scale), then expand to form a fully covered layer after 22 h.
Areas of the MZOnano With uneven growth of the nanorod film influence the binding rate
and molecular layer homogeneity dramatically. The concentration of binding solution also
has a great influence on the binding rate and homogeneity. The stability of functionalized
films to temperature and solvents was evaluated, indicating that functionalized films are

very stable.

B. 4 Experimental section

General. All the following solvents and reagents were used as received from commercial
sources: 3-methoxypropionitrile (MPN) (99%, Sigma Aldrich,), 1-butanol (>99.4%, Sigma
Aldrich,), ethyl alcohol (>99.5%, Sigma Aldrich), N,N-dimethylformamide (anhydrous,
99.8%, Sigma Aldrich), dichloromethane (> 99.5%, Sigma Aldrich), 11-bromoundecanoic
acid (99%, Sigma Aldrich), and sodium azide (99%, Sigma Aldrich). The reactions were
performed under N2 gas and in oven-dried glassware.

Methods. *H and 3C nuclear magnetic resonance (NMR) spectra were collected on a
Varian NMR spectrometer operating at 599.714 Hz for 'H and 150.812 Hz for 3C.
Chemical shifts () are reported relative to the central line of the solvent for CDCls, 6 7.26
ppm for *H and § 77.16 ppm for 13C, and spin-spin coupling constants (J) are reported in

Hz. The Fourier transform infrared (FTIR) spectrum in Fig. B-4 (red line) was collected on
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a Thermo Electron Corporation Nicolet 6700 FTIR utilizing the SMART MIRacle-single
bounce ATR accessory (ZnSe crystal, with 128 scans and spectral resolution of 8 cm™). A
liquid cell with CaF, windows and 0.164 mm path length was used. Field emission
scanning electron microscopy (FESEM) images were collected on a Hitachi S4800.

Synthesis of 11-azidoundecanoic acid (1)?% %", Sodium azide (0.50 g, 7.7 mmol) was
added to a solution of 11-bromoundecanoic acid (1.00 g, 3.8 mmol) in DMF (5 ml) while
stirring. The reaction mixture was heated at 80 °C for 3 h, then diluted with CH2Cl; (25
ml), and washed by gently stirring with diluted (0.1 N) aqueous HCI solution. The organic
layer was dried over Na,SO4 and the solvent was evaporated in vacuo to yield 1 as a pale-
yellow oil (0.70 g, 3.1 mmol, 80%). *H NMR (CDCls) 610.08 (br, 1H), 3.26 (t, J=7.2,2
H), 2.35 (t, J = 7.8, 2 H), 1.66-1.57 (m, 4H), 1.39-1.29 (m, 12H).3C NMR (CDCl3) 6
180.26, 51.38, 34.31, 29.68, 29.59, 29.48, 29.41, 29.32, 29.13, 26.99, 24.95. (see Appendix

Fig. 0-10 and 0-11). CAUTION: organic azides and sodium azide may decompose

explosively. Azide waste should not come in contact with concentrated acids or metals.

MZOnano films growth*?, MZOnano films were grown on C-plane sapphire (c-Al.O3) (Saint-
Gobain Crystals, 430 um, (0001)) substrates using Metal Organic Chemical Vapor
Deposition (MOCVD) at 450-500 °C. Diethylzinc (DEZn) (Rohm and Haas, 99.999%),
bis-(methyl-cyclopentadienyl) magnesium (MCp2Mg) (Rohm and Haas, 99.999%) and
ultra-high purity (99.999%) oxygen gas were used as the Zn and Mg metalorganic source
and oxidizer, respectively. Ultra-high purity (99.999%) argon was used as the carrier gas.
The thicknesses of MZOnano films used in this work ranged from 0.50-1.0 um. Mg
composition x in MgxZn1xO was kept in 4-5% for all films, and it was estimated using

optical transmission spectroscopy. The transmission spectra of ZnO (0% Mg) and
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Mgo.05Zno.950 films were obtained at room temperature by the using of Beckman DU 530
UV-visible spectrometer, as shown in Fig. B-21. Based on the transmission data, the
absorption coefficient o can be calculated using Beer’s law. The bandgap values for
MgxZn1-xO films were determined by plotting the absorption coefficients, o2, as a

function of the photo energy (hv) and by fitting these curves to the equation a =

A*(hv — Eg)l/ 2, where A* is a frequency-independent constant; the results are shown in

Fig. B-22. Based on the absorption coefficient spectra, we determined the bandgap for the

ZNnOnano film to be 3.25 eV, and that for the MZOnano film with 5% Mg to be 3.33 eV.
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Fig. B-19 Transmission UV-vis spectra of ZnOnano and MZOnano film (aquired by Dr. Pavel lvanoff Reyes
from Dr. Lui’s group)
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Fig. B-22 Absorption spectra of ZnO and MZO film (aquired by Dr. Pavel lvanoff Reyes from Dr. Lui’s
group)

Binding of 11-azidoundecanoic acid onto MZOnano film (droplet method, Appendix
Fig. 0-12). A small volume (5 drops) of a 10 mM solution of 1 (either 2:1 1-butanol/ethanol
or 3-methoxypropionitrile) was deposited onto a pristine MZOnano film grown on a sapphire
substrate placed flat in a glass Petri dish, which was then sealed to prevent evaporation.
After reacting for the indicated period of time (between 0.5 hours to about 2 days, see
section B.2), the film was thoroughly rinsed with neat solvent to remove weakly bound or
physisorbed molecules, and then dried under gentle nitrogen flow.

FTIR Microscopic Imaging and Data Analysis'* 27, FTIR microscopic images of
MZOnano films were collected with a Perkin-Elmer Spotlight 300 system (Perkin Elmer
Life and Analytical Science, Inc., Waltham, MA) in the transmission mode with an
essentially linear array (16x1) of mercury-cadmium-telluride (MCT) detector elements.
Imaging size was 200x200 um?. Images were collected with a 6.25x6.25 um? pixel size
and 32 scans at a spectral resolution of 8 cm™, corresponding to 32x32 pixel images.
Visible micrographs were obtained with the optical microscope integrated into the

Spotlight 300 system. FTIR microscopic images were generated from FTIR spectral data
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using ISys 3.1 software (Malvern Instruments, UK). Image planes of integrated band area
were produced after linear baselines were applied in spectral regions of interest. The scale
bar is color coded and selected to display the corresponding integrated area (+STD) above
the detection limit to highlight differences upon treatments. The films used in our study
were fixed onto a plate by clipper prior to data acquisition. Small shifts may occur during

this process, resulting in small (~ um scale) shifts of the images obtained.
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Chapter C: Stepwise functionalization of MZO

nanostructured film for biosensors
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C.1 Introduction

The using of FTIR microscopic imaging brings us in-depth understanding of the
modification process and enabling the optimization of this process. This molecular level
control of surface functionalization will helps developing stepwise functionalization
method of MZOnano film to enable a new generation of biosensors with high selectivity,

sensitivity, and multi-modal operation.

Scheme. C-1 shows the stepwise functionalization of MZOnano film. In Step A, a
bifunctional linker molecule (1) was bound onto the MZOnano film through carboxylic acid
group, leaving a reactive azido functional group layer. This step was fully studied by FTIR
microscopic imaging (see Chapter B). In Step B, hexadecyl alkynated folic acid (HAFA)
was immobilized onto the MZOnano film through click reaction with the reactive azido
layer. This step was also studied by FTIR microscopic imaging and is described in this

chapter.

The Cu (1) catalyzed azide-alkyne Huisgen cycloaddition reaction (CuUAAC) is the
prototype click reaction (Scheme C-2)* 12131 (Click reactions are regio- and
stereospecific, biorthogonal, do not produce byproducts, and are intensely studied due to
their utility in the modifications of surfaces with biomolecules®. The functionalization of
surface by click reaction has been reported in the fields of electronics, catalysis, solar

energy, sensing, and medicine®? 13,
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Scheme C-2 The copper catalyzed azide-alkyne Huisgen cycloaddition reaction

Hexadecyl alkynated folic acid (HAFA) is a synthetic derivative of folic acid. Folic acid
(vitamin Bo), is an important component of nucleic acids that is needed for the methylation
of DNA, proteins and lipids*3**%, Folic acid has a very high affinity (Ks= 0.1-10 nM) to
folate receptors and for this reason is widely used as a biomarker in the detection and
diagnosis of breast, ovarian and kidney cancer!3-140, Folate receptors (especially Folate
receptor a) are cysteine-rich cell-surface glycoproteins that are expressed in high levels in

cancer cells. The interaction between folic acid and folate receptor follows endocytosis.
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Folic acid derivative

Fig. C-1 Structure of Folate receptor a react with folic acid. Adapted with permission from [134]

Although the functions of folic acid are widely documented and well understood?41-43,
there is the need for the study of folic acid-based biosensors. In our study, a folic acid
derivative was immobilized onto MZOnano Substrate via CUAAC, which is a much more
specific and strong interaction compared to most other reported immobilization methods
such as 7- interactions'®. The covalent attachment of folic acid allows precise control of
the immobilization process and results in a stable bio-reactive layer suitable for biosensing

applications.

In a proof-of-concept experiment, a MZOnano- modified quarz crystal microbalance (QCM)
biosensor functionalized with 11-azidoundecanoic acid (1) and HAFA via click reaction.
The MZOnano- QCM, fabricated by Dr. Yicheng Lu’s group, consists of a conventional
QCM with a ~400 nm MZOnano layer directly grown on its sensing surface, as shown in

Fig. C-2.

QCMM4146 js a high-resolution, low cost, simple mass sensing technique that is based on
the piezoelectric effect. It has a wide detection capability that can be used to detect a single
monolayer, and it is suitable to be used in a bio-environment. The integration of

nanostructured MZO, which is also a piezoelectric material, and a conventional QCM
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results in a surface-modified QCM with much enhanced sensitivity'*’. The binding of 1
and immobilization of HAFA on MZOnano- QCM was confirmed by the corresponding
frequency change. The sensing of Folate receptor a by the as fabricated MZOnano- QCM is
still in progress.

MZO nanostructures

(b)

Au top electrode
I cm

Au bottom electrode

Fig. C-2 Image (a) and schematic side image (b) of MZOnano- QCM (taken by Dr. Pavel Ivanoff Reyes from
Dr. Lu’s group)

The modification of thin film transistor (TFT) with the sensing layer (HAFA) by stepwise
functionalization towards TFT-based biosensors is also described in this chapter. TFT is a
kind of field-effect transistor made by depositing a thin layer of active semiconductor, a
dielectric layer and metallic contacts over the glass substrate (Fig. C-3). Since its first
production in 1962 by Weimer at the RCA laboratories’*®1%0 TFTs have gained
considerable attention as electronic devices'®**** and due to their low power consumption,
low cost, and biocompatibility, TFTs are used in biosensing®*®>*®". TFT are particularly

useful in the detection of analyte with limited amount, for example, in the in-vivo

biomolecule detection®8,

There is a large range of semiconductor materials that can be employed in TFT fabrication,
including GaN, amorphous silicon, polycrystalline silicon, SiC, and ZnO. Recently, Lu and
coworkers developed a novel MZO based TFT built on a transparent glass substrate!®%-161,

The doping of Mg into ZnO to form the ternary oxide as the TFT channel increases its low
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pH resistance, and increases its stability by reducing the oxygen vacancies density of the

semiconductor material.

The modification of MZOnano- TFT with linker 1 is discussed in this chapter, and

subsequent binding of HAFA and the sensing of Folate receptor a are still in progress.

2 cm

Fig. C-3 Schematic and top image of MZOnano- TFT (taken by Dr. Pavel Ivanoff Reyes from Dr. Lu’s group)

C.2 Synthesis of HAFA

The synthesis of HAFA is shown in scheme C-3. In the first step, folic acid was coupled
with propargylamine to react carboxylic acid (1) to form amide in the presence of coupling
reagents 1-(3-dimethyl-aminopropyl)-3-ethylcarbodiimide hydrochloride (EDCHCI)/N-
hydroxysuccinimide. In this way, it was introduced the alkyne group that can react with

the azido-terminated MZOnano film surface via CUAAC.

In the second step, carboxylic acid group (2) was reacted with 1-hexadecylamine. The
blocking of this carboxylic aid group is important. Firstly, the introduction of this long
alkyl chain improves the solubility of the folic acid derivative in organic solvents.
Secondly, the protection of this carboxylic acid group will prevent it from replacing the
linker molecules on functionalized MZOnano films. Thirdly, amidification of this carboxylic
acid group will reduce the acidity of this compound, helping to preserve the nanorod

morphology.
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Scheme C-3 Synthesis of HAFA

Fig. C-4 shows the ATR-FTIR spectrum of HAFA. The FTIR spectrum of HAFA did not
overlap with that of azide-terminated MZOnano film at the azide region and N-H stretching
band region. There is overlapping between FTIR spectra of bands at amide | and 1l region
of HAFA and bands at carboxylate moiety region of azide-terminated MZOnano film (Fig.
B-4). In our FTIR imaging study, the amide I and Il region and carboxylate moiety region

cannot be used as IR probes.
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Fig. C-4 ATR-FTIR spectrum of HAFA
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C.3 Study of the immobilization of HAFA on azido-

functionalized MZOnano films by FTIR microscopic imaging

HAFA was immobilized on azido-terminated MZOnano film via surface CUAAC*: 4 162,
The experimental set-up is shown in Fig C-17. In most conditions, CUAAC is catalyzed by
Cu' generated in-situ from Cu'' salts. A well-established protocol involves the use of copper
sulfate as the copper source and, the reducing reagent, sodium ascorbate, which is a water
soluble, mild, and biocompatible. Recently, the use of tris(2-carboxyethyl)phosphine
(TCEP) as an efficient reducing reagent was reported'®3-1%, To prevent the reducing agent
from reducing Cu' to copper metal, a copper-stabilizing agent, typically a coordinating
ligand, is needed. Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) was used as

the stabilizing agent of Cu' and prevents disproportionation and oxidation.

Copper byproducts that may be produced in CUAAC, include copper metal and Cu', which
are cytotoxic. To avoid possible contamination of copper byproducts, MZOnano film was
placed faced down when immersing in HAFA solution during immobilization. After the
immobilization step, the functionalized films were thoroughly rinsed by neat solvents to

remove any copper byproduct left on the film surface.

C.3.1 Control experiment 1 (stability of azido-functionalized MZOnano
films in THF)

Prior to the surface CUAAC with HAFA, the stability of azido-terminated MZOnano films
in tetrahydrofuran (THF) solution, which is the solvent used in immobilization of HAFA,
is studied by FTIR microscopic imaging. MZOnano film was first bind with 1, then
immersed in THF solution while shaking on an incubator shaker at 150 rpm for 25min.

FTIR images (Fig. C-5) of azido-functionalized MZOnano film before and after immersion
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in THF, clearly show that there is partial desorption of 1 from the MZOnao film. The
corresponding FTIR spectra shown in Fig. C-6 also indicate this trend. It is very important

to control the immobilization time to avoid the desorption of 1.

(a) (b) (c)

Pristine MZO-nano film Functionalized by linker After rinsing in THF

— | -

T 1 JI7 T 1

Fig. C-5 Images of the integrated band area of the azido region 2212-2064cm ! (+ STD) of (a) pristine
MZOnano film, (b) after binding with linker, (c) and after immersing in THF for 25 min under shaking
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Fig. C-6 FTIR spectra of azido-functionalized MZOnano film before (blue line) and after (red line) immersion
in THF for 25 min under shaking

C.3.2 Control experiment 2 (physisorption of HAFA on MZOnano
films)

To study the possible physisorption of HAFA on MZOnano film, pristine MZOnano film was
immersed in 20 mM HAFA (CuSO4/TBTA/TCEP) THF solution while shaking on an
incubator shaker at 150 rpm for 15 min. The FTIR image integrated at N-H stretching
region shown in Fig.C-7 and the corresponding FTIR spectrum (Fig.C-8, red line) possess

all the characteristic bands of HAFA (N-H stretching, C-H stretching, C=0 stretching and
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N-H bending), indicating the physisorption of HAFA on MZOnano film. By immersing the
film in pure THF solution under shaking for 10 min, all the physiosorbed HAFA can be
rinsed out (Fig. C-7, Fig. C-8 blue line). Therefore, in our following surface CUAAC

studies, all films were rinsed by THF solution for 10 min each time after immobilization.

(a) (b) (c)

Prinstine MZO-nano film  Immersed in HAFA After rinsing with THF

20

1 ‘ L 1 1 1 |

Fig. C-7 Physisorption experiment. Images of the integrated band area of the N-H stretching region 3460-
2988 cm ! (+ STD) of (a) pristine MZOnano film, (b) after immersed in HAFA (CuSO4/TBTA/TCEP) THF
solution under shaking for 15 min, (c) and after rinsing with THF for 10 min
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Fig. C-8 FTIR spectra of pristine MZOnano film after (a, red line) immersing in 20 mM HAFA
(CuSO4/TBTA/TCEP) THF solution under shaking for 15 min (red line), and after rinsing with THF for
10 min (b, blue line)
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C.3.3 Immobilization of HAFA on azido-terminated MZOnano films
The immobilization of HAFA on azido-terminated MZOnano film was studied by FTIR
microscopic imaging. Fig. C-9 shows a typical FTIR spectrum of azido-terminated
MZOnano film before (black line) and after immobilization with HAFA after 5 min (blue
line) and after 15 min (red line). Films were thoroughly rinsed by neat THF to remove any
physisorbed HAFA. Upon immobilization, new band at 3300 cm™ which was assigned to
N-H stretching band (v(N-H)) of HAFA emerged, and its intensity increased with longer
immobilization times. Also, the bands of C=0 stretching mode (v(C=0)) at 1684 cm™ and
N-H bending mode (y(N-H)) at 1608 cm™ appear, indicating that HAFA was immobilized
onto MZOnano film. The bands of the C-H stretching region (vas (CH2) at ~2930 cm™?, vs
(CH2) at ~2848 cm™) remained unaltered. A consistent decreasing of azido band
(vas(N=N=N) at 2130 cm™* was observed, indicating reaction with alkyne group of HAFA
to form the triazole ring. The disappearance of the azido band was observed after reaction

with HAFA for 15 min. As the C=0O stretching and N-H bending bands from the

1480 cm™ assigned to 1 on MZOnano film, assignment of individual bands was not possible,

whereas the azido and N-H stretching bands could be used as probes.
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Fig. C-9 FTIR spectra of azido-terminated MZOnano film before (a, black line) and after immobilization with
HAFA for 5 min (b, blue line) and 15 min (c, red line)

Fig. C-10 is the image of integrated band area of azido region of azido-terminated MZOnano
film at different immobilization time. A fully reacted MZOnano film with HAFA was

obtained after immobilization for 15 min, before desorption of 1 may occur.

(a) (b) () (d)
Pristine MZO- Functionalized Immobilization of Immobilization of
nano film with 1 HAFA for 5 min HAFA for 15 min
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Fig. C-10 Images of the integrated band area of the azide region 2212-2064 cm ! (£ STD) of (a) pristine
MZOnano film, (b) after binding with 1, (c) after immobilization of HAFA (CuSO4/TBTA/TCEP) THF
solution with shaking for 5 min, and (d) 15 min, respectively

The images of integrated band area of N-H stretching region shown in Fig. C-11 indicate
that HAFA was fully immobilized onto azido-terminated MZOnano film via surface CUAAC

within 15 min.
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(a) (b) () (d)
Pristine MZO- Functionalized Immobilization of Immobilization of

nano film with 1 HAFA for S min HAFA for 15 min
o i — - l

Fig. C-11 Images of the integrated band area of the N-H stretching region 3460-2988 cm ! (+ STD) of (a)
pristine MZOnano film, (b) after binding with 1, (c) after immobilization of HAFA
(CuSO4/TBTA/TCEP) THF solution with shaking for 5 min, and (d) 15 min

In conclusion, the immobilization study by FTIR microscopic images, together with
stability and physisorption studies, confirm that HAFA can be successfully covalently

immobilized onto the MZOnano film via surface CUAAC.

C.4 Study of immobilization of HAFA on functionalized

MZOnano film by Fluorescence spectroscopy

The stepwise functionalization of MZOnano film was also studied by monitoring the
fluorescence emission of HAFA. Folic acid derivatives are used as fluorescent probes in
bioimaging and analysis®®-1%8, The UV-vis absorption and fluorescence emission spectra

of HAFA are shown in Fig. C-12.
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Fig. C-12 Normalized absorption (left, black, solid line) and emission (right, red, dotted line) spectra of
HAFA in methanol. Aex=369 nm

As shown in Fig. C-12, HAFA exhibits two bands centered at 278 nm and 369 nm
respectively in the absorption spectrum, and an intense band at 471nm and a shoulder band

at 492 nm in the emission spectrum (Aex=369 nm).

After surface CUAAC, upon excitation at 369 nm, the MZOnano film was fluorescent as
shown in Fig. C-13. The fluorescence emission spectrum of MZOnano film after HAFA
immobilization resembles that of free HAFA in solution, indicating that HAFA was

successfully immobilized onto MZOnano film.
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Fig. C-13 Fluorescence spectra of HAFA in methanol (a, green, dotted line), MZOnano film before (b, black,
solid line), after binding with 1 (c, blue, solid line), and after immobilization of HAFA (d, red,
dash line). Aex=369 nm

C.5 Preparation of MZOnano-QCM based biosensor

The work of this section was carried out in collaboration with Dr. Yicheng Lu’s group at
Rutgers University-New Brunswick. The stepwise functionalization method was applied
to prepare a folic acid-modified MZOnano-QCM biosensor. QCM measures the change in
resonance frequency of the quartz crystal resonator that detects the binding of molecules
at the surface of the acoustic resonator. The operating frequency of the MZOnano-QCM is
9.9096 MHz. The characterization and testing of the devices were conducted using an HP
8573D Network Analyzer (Agilent Technologies, Palo Alto, CA). The acoustic impedance
transmission (Z21(f)) spectrum of the device was automatically measured and digitally
stored for each step of the functionalization processes. These signals were analyzed by
extracting the peak frequency shifts experienced by the device relative to their starting

frequency due to the accumulation of mass on the sensing surface. According to
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Sauerbrey'®, the frequency shift of the impedance spectrum is directly proportional to the
mass accumulation on the sensing electrode of the QCM by the expression:

D_f:—zf0 Dm
fo v, r,A4 1)

Where Af is the frequency shift, f o is the operating frequency of the device, vy and pq are

the acoustic velocity and mass density of the AT-cut quartz layer respectively, A is the

sensing area of the top electrode, and Am is the accumulated mass on the sensing electrode.

MZOnano-QCM was modified by stepwise functionalization with 1 (step A) and HAFA
(step B) for 5 minutes and 15 minutes. The acoustic impedance spectra of the sensors were
measured using a HP8753D Network Analyzer after each functionalization steps. The
frequency of the acoustic impedance spectra of MZOnano-QCM before and after these two

steps were recorded and are reported in Fig. C-14.

Folic Acid Click Reaction on MZOnanoQCM
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Fig. C-14 Acoustic impedance spectra (Ohms) of MZOnano-QCM before (black dots), after binding with 1 for
22 h (step A, red aquares), and after immobilization of HAFA for 5 min (step B, green triangles)
and 15 min (step B, blue triangles) (taken by Dr. Pavel Ivanoff Reyes from Dr. Lu’s group)
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A consistent decrease of frequency was observed after step A and B, indicating the loading
of 1 and HAFA respectively, on the MZOnano-QCM. The change of frequency AF were

calculated and are listed in Table C-1.

Table C-1 Frequency shifts of MZOnano-QCM after each chemical step.

AF (KHz) AF (KHz) AF (KHz)
Step A Step B (5 min) Step C (15 min)
MZOnano-
QCM 7.6 3.0 65.5

As the mass loading on the QCM can be determined directly from the shift in its resonant
frequency and its mass sensitivity, we can calculate the sensitivity of this fabricated

MZOnano-QCM sensor. The sensitivity (S) is given by the formula

WEVES
f, L Am (€2)

The device was then calibrated for detection by adding to the sensor 2 pL of calibration
liquid with known mass density of 20 pg/mL, which yielded a frequency shift of 0.3 kHz
due to mass loading. The device sensitivity of 154.817 cm?/g was calculated using Equation

C-2.

C.6 Preparation of MZOnano-TFT based biosensor

The work of this section was carried out in collaboration with Dr. Yicheng Lu’s group at
Rutgers University-New Brunswick. MZOnano-TFT was fabricated and modified by 1. In a

TFT device, the type of bio-organic molecules bound on the detection area and the interface
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between the molecules and device surface greatly influence the electrical performance
because they affect the carrier transport. The Ips (Current between drain and scource)-Ves
(Potential between gate and source) transfer characteristics of a MZOnano-TFT were
measured using an HP-4156C with an HP-41501b Pulse Generator. The transfer

characteristics of an MZOnano-TFT before and after step A were recorded and are reported

in Fig. C-15.

Drain Current (A)
=
.Im
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Bare sensing pad
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Linker on MZO modified pad
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Bottom Gate Voltage (V)

Fig. C-15 The Ips-Ves transfer characteristics of an MZOnano-TFT before and after linker binding (taken by
Guangyuan Li from Dr. Lu’s group)

The linear region within the dashed box was zoomed in and is displayed in Fig. C-16.
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Fig. C-16 Zoomed in linear region of transfer characteristics of an MZOnano-TFT before and after linker
binding (taken by Guangyuan Li from Dr. Lu’s group)

A sharp decrease of drain current was observed after step A. The change of current was

calculated and it is listed in Table C-2.

Table C-2 Summarized the Drain currency shifts of MZOnano-TFT after each chemical step.

Drain current (A)

x10®
Au pad 8.92
MZOnano-TFT 8.89
MZOvano-TFT after step A 0.904

This decrease in drain current indicates the introduction of surface electrostatic potential

0N MZOnano-TFT surface via the binding with 11-azidoundecanoic acid.
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C.7 Conclusions

MZOnano film was functionalized by 11-azidoundecanoic acid (discussed in last chapter)
and, by click chemistry, with HAFA (hexadecyl alkynated folic acid). The substitution of
folic acid with an alkyne group (carboxylic acid (1)) and a long aliphatic chain (carboxylic
acid (2)) via amide formation, allowed to carry out click chemistry, enhanced solubility,
reduced the acidity and blocked the carboxylic acid group from directly bind onto MZOnano
film. HAFA was immobilized onto the MZOnano film bearing a reactive azido layer through
CUAAC by an immersion method. This surface click reaction was monitored by FTIR
microscopic imaging. Two control experiments were performed to study the stability of
azido-functionalized MZOnano film in THF and the physisorption of HAFA on MZOnano
film. Physisorption of HAFA on pristine MZOnano film was observed, however this can be
fully rinsed out by THF, and an appropriate reacting time (15 min) was determined.
Fluorescence spectroscopy was also used to characterize the click immobilization process.
Following this stepwise functionalization method, folic acid-modified MZOnano-QCM
biosensors were fabricated. The loading of 1l-azidoundecanoic acid and HAFA on
MZOnano-QCM during each step resulted in a change in resonance frequency of the quartz
crystal resonator. Due to the very high affinity (Kq= 0.1-10 nM) to of folic acid derivatives
to folate receptors, this folic acid-modified MZOnano-QCM biosensors can be used to detect
folate receptors which accumulated in cancer cells, and this sensing work is still in
progress. We are also attempting the fabrication of folic acid-modified MZOnano-TFT. In
replacing of QCM with TFT as the sensing matrix may increase the sensitivity of sensor

devices and expand the using of such biosensor in in-vivo detection.
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C.8 Experimental section

General. All the following solvents and reagents were used as received from commercial
sources: 3-methoxypropionitrile (MPN) (99%, Sigma Aldrich), propargylamine (98%,
Sigma Aldrich), dimethyl sulfoxide (>99.5%, Sigma Aldrich), N,N-dimethylformamide
(anhydrous, 99.8%, Sigma Aldrich), dichloromethane (> 99.5%, Sigma Aldrich), 11-
bromoundecanoic acid (99%, Sigma Aldrich), folic acid (>97%, Sigma Aldrich), N-
hydrosuccinimide (98%, Sigma Aldrich),1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC'HCI, BioXtra, Sigma-Aldrich), 1-Hexadecylamine (98%, Sigma
Aldrich), Copper sulfate (anhydrous, >99.99%, Sigma Aldrich), Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP, powder, Sigma Aldrich), Tris[(1-benzyl-
1H-1,2,3-triazol-4-yl)methyl]amine (TBTA, 97%, Sigma Aldrich), sodium azide (>99.5%,
Sigma Aldrich), quartz crystal microbalance (QCM, GAMRY instruments), incubator
shaker (New Brunswick Innova 4000). The reactions were performed under N2 gas and in
oven-dried glassware. *H and *C nuclear magnetic resonance (NMR) spectra were
collected on a Varian NMR spectrometer operating at 599.714 Hz for *H and 150.812 Hz
for 13C. Chemical shifts (o) are reported relative to the central line of the solvent: CDCl3
(8 7.27 ppm for *H and § 77.27 ppm for **C) and DMSO (5 2.50 ppm for H and & 39.52
ppm for 3C), and spin-spin coupling constants (J) are reported in Hz. The Fourier
transform infrared (FTIR) spectrum in Fig. C-4 was collected on a Thermo Electron
Corporation Nicolet 6700 FTIR utilizing the SMART MIRacle-single bounce ATR
accessory (ZnSe crystal, with 128 scans and spectral resolution of 8 cm™). Field emission
scanning electron microscopy (FESEM) images were collected on a Hitachi S4800. ESI

spectra were collected on an Apex-ultra 70 hybrid Fourier transform mass spectrometer
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(Bruker Daltonics). Fluorescence emission spectra were collected on a Varian Cary-
Eclipse. The films were placed diagonally at a 45° angle in a 1 cm cuvette in air while
recording the spectra. UV-vis absorbance spectra were collected at room temperature on a
Varian Cary 500 spectrophotometer.

Synthesis of 11-azidoundecanoic acid (1) and Binding of 11-azidoundecanoic acid (1)
onto MZOnane film (droplet method), see chapter B

Synthesis of alkynated folic acid (AFA. I1): Folic acid (1.0 g, 2.2 mmol) was dissolved
in DMF (15 ml) and cooled with an ice bath. N-hydroxysuccinimide (0.26 g, 2.5 mmol)
and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) (0.44 g, 2.5
mmol) were added in one portion, and the resulting mixture was stirred while cold (ice
bath) for 30 min. Propargylamine (0.14 g, 2.3 mmol) was dissolved in DMF (5 ml) and the
solution was added to the folic acid solution in one portion. The reaction mixture was
warmed to room temperature and stirred for 24 h, then poured into water (100 ml) and
stirred for 30 min to form orange precipitate. The mixture was vacuum filtered (filtration
of the fine precipitated required several hours) to remove water soluble reagents such as
EDC urea, the solid was collected, washed with acetone, and dried in high vacuum to yield
AFA as a yellow orange solid (0.80 g, 1.8 mmol, 81%). *HNMR (DMSO-ds) & 11.43 (s,
1H, -CONHCNNHy>), 8.64 (s, 1H, PtC7H), 8.27 (br, 1H, -CONHCHCOOHCH?2), 8.14 (t,
1H, NHCH,CCH), 8.01 (t, 1H, CH2-NH-Ph), 7.64-7.66 (d, 2H, Ph-C2H and Ph-C6H), 6.92
(s, 2H, NH>), 6.63-6.65 (d, 2H, Ph-C3H and Ph-C5H), 4.48-4.49 (d, 2H, PtCs-CH2NH-Ph),
4.25-4.33 (m, 1H, -CONHCHCOOH), 3.81-3.83 (d, 2H, -CONH-CH.CCH), 3.06 (s, 1H, -
CONH-CH,CCH), 2.19-2.32 (m, 2H, -CHCH.CH,), 1.90-2.04 (m, 2H, -CHCH,CHy).

HRMS (ESI): calculated for C22H23NgOs, 479.1786 [M+H]*; found: 479.1800 [M+H]*
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Synthesis of hexadecyl alkynated folic acid (HAFA, 111): Alkynated folic acid (3.5 g,
7.3 mmol) was dissolved in DMF (38 ml) and cooled in water/ice bath. N-
hydroxysuccimide (1.8 g, 14.6 mmol) and EDC (3 g, 14.6 mmol) were added, and the
resulting mixture was stirred in the ice bath for 30 min. 1-Hexadecylamine (3.5 g, 14.6
mmol) was dissolved in DMF (19 ml) and the solution was added to the alkynated folic
acid solution. The mixture was warmed to room temperature and stirred for 24 h, then
poured into water (300 ml) and stirred for 30 min to form orange precipitate. The mixture
was filtered overnight to remove water soluble reagents such as EDC urea, the filtrate was
washed with acetone, acetonitrile, and dried under high vacuum to remove all the solvents
to yield HAFA as an orange solid (3.9 g, 5.7 mmol, 78%). *HNMR (DMSO-ds) 5 11.42
(s, 1H, -CONHCNNHy), 8.64 (s, 1H, PtC7H), 8.25-8.27 (d, 2H, -CONHCHCOOHCH: and
-CONHCHCHz), 8.02 (t, 1H, NHCH2CCH), 7.76 (t, 1H, CH2-NH-Ph), 7.65-7.66 (d, 2H,
Ph-C2H and Ph-C6H), 6.92 (s, 2H, NHz), 6.63-6.64 (d, 2H, Ph-C3H and Ph-C5H), 4.48 (s,
2H, PtC6-CH,NH-Ph), 4.31-4.27 (m, 1H, -CONHCHCONH), 3.81-3.83 (d, 2H, -CONH-
CH2CCH), 3.05 (s, 1H, -CONH-CH,CCH), 2.75 (s, 2H, -CONHCH,CHy), 2.08-2.29 (m,
2H, -CHCH,CHy), 1.84-1.96 (m, 2H, -CHCH,CHy), 1.36 (s, 2H, -CONHCH,CHy), 1.23
(s, 26H, -CONHCH2CH2(CH2)13), 0.85 (s, 3H, -CONHCH2CH2(CH2)13CH3). HRMS

. calculated for CzsHs5NoO4K, . + ;o Touna: . +
(ESI): calculated for CagHssNeO4K, 740.4009 [M+K]*; found: 740.4330 [M+K]*

Immobilization of hexadecyl alkynated folic acid (HAFA) onto azido-terminated
MZOnano film 21, To a 10 ml 20 mM hexadecyl alkynated folic acid (HAFA) solution in
freshly distilled THF in a glass dish were added CuSO4-TBTA (1:1) ligand complex (0.5
ml of a 20 mM stock solution in H.O/DMSO/t-BuOH 4:3:1) and

tris(carboxyethyl)phosphine (TCEP, 0.5 ml of a 20 mM stock solution in DI water). The
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azido-functionalized MZO film was immersed suspended face-down in this solution,
which was continuously gently shaken on an incubator shaker at 150 rpm for indicated
time (5 or 15 min respectively) at room temperature. The films were thoroughly rinsed with
THF and ethanol to remove weakly bound or physisorbed molecules and dried under gentle

nitrogen flow.

Immersion method

holder

Film
Placed face-down

shaking

Fig. C-17 Schematic of immersing method

Preparation of MZOnano film modified QCM device.

Procedure courtesy of Dr. Yicheng Lu’s lab.

The MZOnano-QCM comprises of a standard quartz crystal microbalance (QCM) coated
with MZO nanorods on the sensing electrode. The standard QCM consists of a
piezoelectric AT-cut quartz layer that has a thickness of 166.8 um which is sandwiched
between two 100 nm gold electrodes. The sensing area of the top electrode was 0.2047
cm?. The MZO nanorods were grown directly on the top electrode of the standard QCM
(International Crystal Manufacturers, Inc.) using metal organic chemical vapor deposition
(MOCVD) wusing Diethylzinc (DEZn), bio-(methyl-cyclopentadienyl) magnesium
(MCp2Mg) and ultra-high purity (99.999%) oxygen gas were used as the Zn metalorganic
source, Mg metalorganic source and oxidizer, respectively. The film thickness was

controlled as ~400 nm and the temperature was maintained at 450°C-500°C. The Mg
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concentration is optimized to be at 4-5% through Mg/Zn ratio of the precursors. By using
ultraviolet (UV) illumination the surface wettability of MZO nanorod film surface can be
controlled to attain a hydrophilic surface. Making the nano-sensing area super-hydrophilic
significantly decreases the liquid sample consumption. In this work, the MZOnano-QCM
was exposed under UV radiation (Modal 66002, Oriel Optics, Stratford CT) for 10 minutes
to make the nano-sensing area super-hydrophilic. The resulting device is the MZOnano-
QCM with morphology and wettability controlled sensing surface. The FESEM image of

the MZO nanorod film is shown in Fig. C-18

Fig. C-18 FESEM image of MZOnano-QCM

Stepwise functionalization of MZOnano film modified QCM. The Stepwise
functionalization of MZOnano-QCM follows the general procedure described in the section
of functionalization of MZOnano film: binding of 11-azidoundecanoic acid onto MZOnano
film in chapter B, and immobilization of hexadecyl alkynated folic acid (HAFA) onto
azido-terminated MZOnano film in chapter C, respectively.

Preparation of MZOnano film modified TFT device (DGTFT)

Procedure courtesy of Dr. Yicheng Lu’s lab.
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To prepare the thin film transistor (TFT) bearing a layer of MZO nanorods, firstly, a 50 nm
thick Cr layer was deposited and patterned to form the bottom gate electrode (b in Fig. C-
3) on a glass substrate (a in Fig. C-3), Followed by the deposition of a layer of 100 nm
thick SiO2 (c in Fig. C-3) on the top of Cr bottom gate as the gate insulator layer using
plasma enhanced chemical vapor deposition (PECVD). A 40 nm Mgo.03Zno.97O channel
layer with a 5 nm MgO interface modification layer (d in Fig. C-3), were grown using
metal organic chemical vapor deposition (MOCVD) at 40 °C, resulting in the formation of
a Si02/MgO/MZO structure. The MgO modification layer was used as a barrier to prevent
the Zn ions diffuse to the dielectric layer®™® 0. Diethylzinc (DEZn), bio-(methyl-
cyclopentadienyl) magnesium (MCp2Mg) and ultra-high purity (99.999%) oxygen gas
were used as the Zn metalorganic source, Mg metalorganic source and oxidizer,
respectively. The active measurement area was wet etched and fixed at a width/length
(W/L) =160 pum/15 um. The source and drain contacts are formed with Ti (85 nm)/Au (35
nm)/Ti (5 nm) by a normal lift-off process. Then a 70 nm thick top SiO. dielectric layer
was deposited by PECVD again (e in Fig. C-3). Then, a 150 nm thick Al layer was
deposited by electron beam evaporation as the top gate electrode (f in Fig. C-3) and then
patterned. Finally, VIA openings were made using diluted buffered oxide etch.

Stepwise functionalization of MZOnano film modified TFT. The Stepwise
functionalization of MZOnano-TFT follows the general procedure described in the section
of functionalization of MZOnano film: binding of 11-azidoundecanoic acid onto MZOnano

film in chapter B, and immobilization of hexadecyl alkynated folic acid (HAFA) onto

azido-terminated MZOnano film in chapter C, respectively.
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FTIR Microscopic Imaging and Data Analysis’*. FTIR microscopic images of MZOnano
films were collected with a Perkin-Elmer Spotlight 300 system (Perkin Elmer Life and
Analytical Science, Inc., Waltham, MA) in the transmission mode with an essentially linear
array (16x1) of mercury-cadmium-telluride (MCT) detector elements. Imaging size was
200x200 um?. Images were collected with a 6.25x6.25 um? pixel size and 32 scans at a
spectral resolution of 8cm™, corresponding to 32x32 pixel images. Visible micrographs
were obtained with the optical microscope integrated into the Spotlight 300 system. FTIR
microscopic images were generated from FTIR spectral data using ISys 3.1 software
(Malvern Instruments, UK). Image planes of integrated band area were produced after
linear baselines were applied in spectral regions of interest. The scale bar is color coded
and selected to display the corresponding integrated area (+STD) above the detection limit
to highlight differences upon treatments. The films used in our study were fixed onto a
plate prior to data acquisition. Small shifts may occur during this process, resulting in small

(~ um scale) shifts of the images obtained.
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Chapter D: Dipole-bridge design for
chromophore-bridge-anchor at semiconductor

surfaces
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D.1 Introduction

As briefly described in chapter A, the study of the interfacial dipole effect on the energy
level alignment between photo-excited sensitizer molecules and semiconductor such as
colloidal TiO; is interest for photovoltaics and photocatalytis®®® (Fig. D-1). In this chapter,
we describe a new approach to dipole bridge design for sensitizers, there characterization

and binding studies.

Due to the presence of N to C permanent, Aib-peptides have been used to introduce dipole
moments in solution*’? and on gold electrodes’®. In this chapter, we present the synthesis

of the Aib-peptide (Z-(Aib)e-OtBu, Z (Cbz): carboxybenzyl, Fig.D-1) as the dipole linker.

Semiconductor
D Ay
‘\/I\/J
Chromophore [/L Q
Linker N J‘\\. -
% dipole linker
& =
N-terminal C-terminal
I
""" ched) OtBu
Protecting group for NH Protecting group for COOH

Fig.D-1 Design of dipole peptide (Z-(Aib)s-OtBu) and chromophores
The Aib-peptide linker was protected at both N-terminus and C-terminus prior to reaction

with the chromophores, as illustrated in Fig.D-2, The (Aib)a-peptide has a dipole pointing
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from N-terminus to C-terminus which arises from the helical conformation’’. The
conformation was confirmed by the study of its characteristic H-bonding®® 174176, The
dipole moment of the Aib-peptide depends on the number of Aib units employed. In our

study, six Aib units were used to ensure a strong enough dipole (~ 18 D).

For coupling to chromophores, Z-(Aib)e-OtBu was firstly deprotected at either the N-
terminus or the C-terminus (Fig. D-2). Chromophores were coupled to the Aib-peptide at
the deprotected terminus through amide bond formation. The other terminus was converted
to carboxylic acid group, which is a typical anchoring group to metal-oxide

semiconductors.

N- termlnus C-terminus

Deprotection of N-temV yeprotectlon of C-terminus

S :

Reaction site _ _
Chromophore Chromophore Reaction site

o 0 0 : 3

Fig.D-2 Two forms of the deprotection of Z-(Aib)s-OtBu releasing C- and N- reaction sites

For the purpose of sensitizer design, di-tert-butyl-perylene (DTBPe) and zinc
tetraphenylporphyrin (ZnTPP) were selected as the chromophore head group. Fig.D-3

shows the target sensitizers that were synthesized.
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Fig.D-3 Chemical structures of the target perylene-based and porphyrin-based sensitizers with reversed
dipoles
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C-) leads to the formation of a pair of sensitizers with opposite built-in dipole moments in

the linker unit.

The synthesis and characterization of these four sensitizers in solution and on surfaces are

described in this chapter.

D.2 Synthesis and conformational study of (Aib)n peptides

Aib (a-Aminoisobutyric acid) is a non-natural amino acid. Unlike peptides made by L-
alanine (Ala) which form a-helix structure, (Aib), peptides form 310-helix that requires less
residues per turn. Aib is a non-chiral amino acid, will not produce racemic mixtures, further
simplify the synthesis and purification process. The presence of two methyl groups at the
C% position imposes a steric hindrance that makes the coupling of Aib-peptides inherently

complicated’’. Due to the difficulty of coupling two Aib, the solid-phase peptide synthesis
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of Aib containing peptide always result in unsatisfactory yields. To improve the coupling
efficiency, an Aib dipeptide (Fmoc-Aib-Aib-OH) was pre-synthesized and employed'®,
Other reports point to the use of Fmoc amino acid fluorides as coupling reagent®’®. Finally,
microwave irradiation was also employed in the solid-phase peptide synthesis with
improved reaction yield, purity and reduced reaction time®-182, However, such methods,
either require extra steps, or non-practical reaction conditions. In our study, we selected
liquid-phase peptide synthesis to prepare the target (Aib)s peptide. Scheme D-1 illustrates
the reaction scheme towards the target (Aib), compound. The synthesis follows classical

peptide synthesis methodologies 183185,
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Scheme D-1 Synthesis of Z-(Aib)s-OtBu

The synthesis of Z-(Aib)e-OtBu starts with the coupling of two Aib amino acids that are

protected at either N-terminus or C-terminus. The N-protecting group (carboxybenzyl,
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Cbz, Z) is a commonly used amine protecting group that can be easily deprotected by
catalytic hydrogenation with Pd/H in methanol. The C-protecting group (tert-butyl ester,
OtBu) is readily deprotected by treatment with trifluoroacetic acid (TFA). Following
deprotection, the carboxylic acid group was activated with the 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDCHCI)/1-hydroxy-7-
azabenzotriazole (HOAT) method®. 4-Methylmorpholine (NMM) was used as the
organic base. The Z-(Aib),-OtBu synthesized in the first step was deprotected at the N-
terminus and further coupled with N-protected Aib amino acid to form Z-(Aib)s-OtBu. The
synthesis (from Z-(Aib)z-OtBu to Z-(Aib)s-OtBu) involves a “segment condensation”.
During the segment condensation process, an Aibz oxazolone was obtained by treatment
of Z-(Aib)s-OtBu with 1-(3-dimethyl-aminopropyl)-3-ethylcarbodiimide hydrochloride in
CH3CN resulting in an Aibs protected at the N-terminus. The Aibs oxazolone protected at
N-terminus was then coupled with Aibs deprotected at the N-terminus to form the final
product Z-(Aib)s-OtBu, protected at both ends. The yield of the first (1 to 2 in Scheme D-
1) and second (2 to 3 in Scheme D-1) Aib coupling steps are 87% and 89% respectively,

and the yield of “segment condensation” (3 to 4 in Scheme D-1) is 77%.

The backbone angle of an (Aib)x is hindered, resulting in an extremely strong tendency of
(Aib), to form helical structures®. A variety of studies were conducted on the helical
structures of (Aib)n indicates that they tend to form a regular 310-helical structure, while the
a-helical structure is more favored with (Ala), or with few Aib residues in a longer
peptide®®. The difference between an o-helical structure and 3io-helical structure is
illustrated in Fig.D-4. The 310-helix exhibits intramolecular hydrogen bonding between the

carbonyl group in residue i and the nitrogen of an amide group in residue i+37% 1 and 3
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residues are required to form a turn in a 3io-helix, with an angle of 120° between
consecutive residues and a 1.93-2.0 A pitch (Fig. D-4 (a)). The a-helical structure exhibits
intramolecular hydrogen bonding between the carbonyl group in residue i and the nitrogen
of an amide group in residue i+4, which means 3.6 residues are required per turn’, resulting

in an angle of 100° between consecutive residues and a pitch of 1.5 A (Fig. D-4 (b)). In

summary, the 310-helix is narrower, more rigid and more elongated.

4

1.5A4
#2100°

Canonical 3(10) helix Canonical a-helix

Fig.D-4 Canonical helical conformations of a-helical structure (left) and 310-helical structure (right). Side
views (top) and views along the axis of a helix (bottom). Dotted lines indicate hydrogen bonds
between atoms in the backbone of peptide. Adapted with permission from [175]

Infrared spectroscopy can also be employed for structure determination of peptides®’. The
strengths of the bond vibrations in a molecule directly determined by the structure of the
molecule, and the formination of hydrogen-bonding can clearly change the strengths of the
bond vibration. In our study, we explore the IR experiments of amide-lI (mainly the
stretching vibration of C=0), amide-1l1 (mainly the bending vibration of N-H) and N-H

stretching modes, which are characteristic of 310-helical structure, to determine the (Aib)n
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secondary structure. The concentration of (Aib), solutions prepared were 5mM to exclude

the presence of intermolecular hydrogen-bonding.
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Fig.D-5 Infrared spectra in the 1420-1780 cm region for Z-(Aib).-OtBu, Z-(Aib)3-OtBu and Z-(Aib)s-OtBu in
CHCl3 (5mM)

Three (Aib)n (n=2, 3, and 6) were studied by FTIR. Fig.D-5 shows the FTIR spectra in the
region covering the C=0 amide-I mode and the N-H bending/C-N stretching amide Il
modes. The amide-1 mode, which arises mainly from the C=0 stretching vibration, only
depends on the secondary structure of backbone and therefore is most commonly used for
secondary structure analysis. The downshift of amide-1 frequency from Z-(Aib).-OtBu to
Z-(Aib)e-OtBu (2-10 cm™) indicates the formation of intramolecular hydrogen-bonding.

The relative intensity of the lower frequency band increases as more H-bonds form*®’.

The amide-Il1 mode, mainly arise from the C-N stretching and N-H bending, vibrational
modes which are connected through a 310-helical C=0~H-N hydrogen bond and involve

the significant motion of these atoms!®, For Z-(Aib)s-OtBu, two amide-1l bands were
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observed, at 1498 and 1528 cm™ respectively. The higher frequency band was assigned to
the hydrogen-bonded amide-1l modes. The relative intensity of these two bands is
determined by the number of Aib residues in the peptide chain. The spectrum of Z-(Aib).-
OtBu indicates that the first two N-H groups at N-terminus were not involved in the
intramolecular hydrogen bonding. The appearance of a shoulder band at ~ 1525 cm™ shows
that the intramolecular hydrogen bonding is starting from the third N-H groups at N-
terminus with the urethan carbonyl group as a hydrogen bond acceptor. The blue shift of
amide-11 modes together with the intensity change indicate that Z-(Aib)s-OtBu adopt the

310-helical conformatione8.

| — +3

©\/O H i “”‘H pi H i @]
TR TR YOK
0 *‘ R lo H o H 0o

Aib(1)
Aib(2)
Aib(3)

Fig.D-6 The i=i+3 hydrogen bonding between the third N-H groups at N-terminus and the urethan
carbonyl group of Z-(Aib)s-OtBu
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Fig.D-7 Infrared spectra in the region 3250-3550 cm* for the (Aib)» peptides (Z-(Aib)2-OtBu, Z-(Aib)s-OtBu
and Z-(Aib)s-OtBu) in CHCls (5mM)
The IR region at 3250-3550 cm™ which is assigned to the N-H stretching modes was also
investigated. The band at 3330-3400 cm™ region was assigned to the NH group
incorporated into H-bonded network®. The band at 3420-3440 cm™ region correspond to
the free NH stretching'®. Fig.D-7 shows an almost constant intensity of the free NH
stretching band, and a sharp increase in intensity of the NH stretching band related to

hydrogen-bond as the peptide chain increase from Aib> to Aibe. A red shift as n increases

was also observed. This suggest the strong hydrogen-bonding formed in Z-(Aib)s-OtBu.
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Fig.D-8 'HNMR of Z-(Aib)s-OtBu in CDCls (a, bottom), and 4:5 (CD3)>SO (DMSO-Ds)/CDCls (b, top)

'HNMR (1D and 2D) is widely used to study the secondary structure of peptides'®®-1%2, The
introduction Aib residues into the peptide sequence largely restrictes the number of
conformations that the peptide can adopt. Fig. D-6 shows the effect of changing solvent on
the chemical shifts of the NH and benzyl protons in the Z-(Aib)s-OtBu. In the bottom
spectrum (in CDCIl3), the resonances at 6 5.53 (H-a) and 6.34 (H-b) were assigned to the
hydrogens of the first and second amide from the N-terminus. When adding H-bond
accepting solvent like DMSO-Ds to a poor H-bond accepting solvent like CDCls (Fig.D-8,
top), large downfield shifts of these two NH were observed, while the other four NH

resonances were left much less affected. The change in chemical shift values of the NH
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indicate that the first two amide protons (H-a and H-b) from the N-terminus were solvent-
exposed hydrogens that were not involved in hydrogen bonding, while other four amide
proton were solvent-shielded hydrogens involved in hydrogen bonding network%. This is

consistent with the 310-helical model which involve i—i+3 hydrogen bonding (Fig. D-9).

Fig.D-9 The 3'%helical model for Z-(Aib)s-OtBu

Other characterization methods including 2D NMR (NOESY, ROESY) and circular
dichroism (CD) are also employed in the studying of the helix structure of (Aib)n, this

part of work is still in progress.

D.3 Surface binding study of (Aib)n peptide

Nanostructured TiO; thin films'®1% (see experimental section) were prepared and used
for the binding study of (Aib)n. Because of its potentially higher conduction band edge
energy and lower recombination rate of electron-hole pairs, TiO2, with a band gap of 3.2
ev, is widely used in photovoltaic devices, such as dye-sensitized solar cells, inorganic
solid-state solar cells, quantum dot-sensitized solar cells, polymer-inorganic hybrid solar

cells, and perovskite solar cells®® 1919 The physical and chemical properties of TiO2
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nanocrystals are affected by numerous factors such as the size, morphology, shape, and
surface properties. To enhance the reaction at the interface between TiO2 and reactant, it is
important to maximize the surface of TiO2. Nanoscale particles have a very high surface-

to-volume ratio, making them an excellent candidate for binding study?®.

Carboxylic acid was proven to be an efficient functional group that covalently bind onto
semiconductor films. Prior to binding, the (Aib)n (Z-(Aib)e-OtBu) was deprotected from
the C-terminus, leaving a free carboxylic acid group as the anchoring group to TiO2

(Scheme D-2).

TFA, CH,Cl,
(0] (0] 0] 15h’ t (0] (0] o]

Scheme D-2 Deprotection at the C-terminus of Z-(Aib)s-OtBu

The proposed binding of TiO> thin films with Z-(Aib)s-OH is illustrated in Scheme D-3.

In the schematic, Z-(Aib)e-OH is shown binding to TiO- thin film through the COOH group.
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Scheme D-3 Proposed binding of TiO: thin films with Z-(Aib)s-OH
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The binding process was monitored by IR microscopic imaging. IR spectra of pristine TiO,

neat Z-(Aib)e-OH and Z-(Aib)s-OH/TiO2 are shown in Fig. D-9 to illustrate the spectral

changes that take place upon binding.
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Fig.D-10 FTIR-ATR spectrum of neat Z-(Aib)s-OH (top, blue line) and representative FTIR spectrum (one
pixel) of pristine TiO2 (bottom, black line) and Z-(Aib)s-OH/TiO2 (bottom, red line)

The characteristic bands of NH stretching (v(N-H)) at 3288 cm™, carbonyl stretching

(v(C=0)) at 1708, 1652 cm™, and NH bending modes (y(N-H)) at 1529, 1508 cm™ of free

Z-(Aib)e-OH are preserve after binding onto TiO> film. A broadening effect of these band

were observed, and dramatic decrease of intensity due to poor binding of Z-(Aib)s-OH on

TiO; film. The area under 1700-1490 cm™ was integrated, corresponding IR image was

displayed in Fig. D-11. The IR image together with the FTIR spectra indicate that Z-(Aib)s-

OH was bound on TiOz films.

TiO,  Z-(Aib)s-COOH/TIO,
5t _"..(A J
AL -

Fig.D-11 FTIR image of the integrated band area of the region 1700-1490 cm™ (£STD) of pristine TiO: (left)

and Z-(Aib)s-OH/TiO2 (right)
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D.4 Synthesis and spectroscopic investigation of Perylene-

peptide sensitizers

The synthesis of Perylene-peptide sensitizers (Fig. D-12 and D-13) involves firstly either
the deprotection of the N-terminus of Z-(Aib)s-OtBu to release the free amine that can react
with di-tert butyl perylene benzoic acid (DTBPe-benzoic acid), or the deprotection of C-
terminus of Z-(Aib)s-OtBu to release carboxylic acid groups that can react with di-tert
butyl perylene aniline (DTBPe-aniline). DTBPe-benzoic acid and DTBPe-aniline were

synthesized by Dr. Hao Fan and Ryan Harmer in our group.

The coupling between NH-(Aib)e-OtBu and DTBPe-benzoic acid to DTBPe-CONH-
(Aib)e-OtBu(+-) (6) follows general peptide coupling method (Fig. D-12). 1-
[Bis(dimethylamino) methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (HATU) was used as a very efficient coupling reagent?®!. Removal
of the -OtBu protecting group leads to the formation of final product DTBPe-CONH-

(Aib)s-OH(+-) (7) with a carboxylic acid anchor group.
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Fig.D-12 Synthesis of DTBPe-CONH-(Aib)s-OH(+-) (7)

Due to the poor reactivity of amine which was directly attached to a phenyl ring,
Tetramethylfluoroformamidinium hexafluorophosphate (TFFH) was employed to prompt
the coupling between Z-(Aib)e-OH and DTBPe-aniline. TFFH is an in situ coupling reagent
that can readily convert the carboxylic acid group of Z-(Aib)s-OH to the corresponding
acyl fluoride in the presence of base (4-methylmorpholine (NMM))2°% 203 Acyl fluorides
have proven to be highly effective at coupling amino acids with poor reactivity or hindered
amino acids such as Aib. The coupling product was deprotected at the N-terminus, then the

linker tert-butyl hydrogen succinate was attached. After the hydrolysis of the tert-butyl
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ester, the final product DTBPe-NHCO-(Aib)s-succinate-OH(-+) (11) was obtained (Fig.
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Fig.D-13 Synthesis of DTBPe- NHCO (Aib)s-succinate-OH(-+) (11)

The normalized absorption and emission spectra of DTBPe-CONH-(Aib)s-OH(+-) (7) and
DTBPe-benzoic acid were collected and are shown in Fig. D-14. Both the absorption and
emission spectra of 7 and DTBPe-benzoic acid are nearly identical except for a slight blue
shift of about 2 nm after the introducing of dipole peptide bridge. Introducing of a dipole

bridge to perylene compound has no significant influence on its electronic properties.
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Fig.D-14 Normalized absorption (left) and emission (right) spectra of DTBPe-CONH-(Aib)e-OH(+-) (7) and
DTBPe-benzoic acid in methanol. Aex=446 nm

D.5 Synthesis and spectroscopic investigation of Porphyrin-

peptide sensitizers

The synthesis of Porphyrin-peptide sensitizers (Fig. D-15 and D-16, ZnTPP-CONH-
(Aib)s-OH(+-) (15) and ZnTPP-NHCO-(Aib)e-succinate-OH(-+) (19)) followed the same
procedures used for that of Perylene-peptide sensitizers as shown in Fig. D-15 and D-16.
ZnTPP-aniline and ZnTPP-carboxylic acid were synthesized from starting material:

ZnTPP-aniline and ZnTPP-iodophenyl.
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Fig.D-15 Synthesis of ZnTPP-CONH-(Aib)s-OH(+-) (15)
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Fig.D-16 Synthesis of ZnTPP-NHCO-(Aib)s-succinate-OH(-+) (19)

The absorption and emission spectra of ZnTPP-CONH-(Aib)e-OtBu(+-) (14) and ZnTPP-
benzoic acid (13) were collected and was shown in Fig. D-17. The absorption spectra of
these two compounds are nearly identical, while the emission spectra of ZnTPP-CONH-
(Aib)e-OtBu(+-) (14) has a 4 nm blue-shift at the Q(0,0) band and 2 nm at Q(1,0) band
respectively, indicating no significant influence on electronic properties of ZnTPP after

attaching the dipole bridge.
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Fig.D-17 Normalized absorption (left) and emission (right) spectra of ZnTPP-CONH-(Aib)e-OtBu(+-) (14)
and ZnTPP-benzoic acid (13) in methanol. Aex=421 nm

The element composition and the HOMOs and LUMOs energy of ZnTPP-CONH-(Aib)s-
OH(+-) (15) were probed by a combination of X-ray and Ultraviolet photoemission
spectroscopies (XPS and UPS) by our collaborator Dr. Sylvie Rangan from Dr. Bartynski’s
group. A solid sample of ZnTPP-CONH-(Aib)e-OH(+-) was prepared by solvent
evaporation of a few drops of a ZnTPP-CONH-(Aib)e-OH(+-) (15) solution in acetonitrile

from a custom-made copper sample holder (Fig. D-18).

Fig.D-18 Home-made flat bottom copper sample holder for XPS and UPS measurements (prepared by Dr.
Sylvie Rangan from Dr. Bartynski’s group)



-90-

Fig. D-19 displays the XPS spectrum taken the deposited ZnTPP-CONH-(Aib)s-OH(+-)
(15). The corresponding element composition measured through XPS (Table D-1) matches

the calculated data.
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Fig.D-19 XPS spectrum of ZnTPP-CONH-(Aib)s-OH(+-) (15) (aquired by Dr. Sylvie Rangan from Dr.
Bartynski’s group)

Table D-1. Measured XPS and calculated element composition of ZnTPP-CONH-(Aib)e-OH(+-) (14)

Element C 0 N Zn
Measured 73.6% 10.4% 15.0% 1.0%
Calculated 78.4% 11.4% 9.1% 1.1%

UPS was used to probe the occupied state (HOMO) of the compound. In UPS, ultraviolet
photons are used to excite electrons at the highest occupied molecular orbital in the
compound. The source of monochromatic UV light was a He discharge lamp. The UPS
measurements and the density of state (DOS) of ZnTPP-CONH-(Aib)s-OH(+-) (15) are

shown in Fig. D-20. The UPS of ZnTPP-CONH-(Aib)s-OH(+-) (15) possessed a strong
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and well-defined occupied electronic structure (HOMO), which was in reasonable

agreement with the calculated density of state (DOS).
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Fig.D-20 UPS spectrums and calculated DOS of ZnTPP-CONH-(Aib)s-OH(+-) (15) (aquired by Dr. Sylvie
Rangan from Dr. Bartynski’s group)

D.6 Conclusions

Z-(Aib)e-OtBu was synthesized and fully characterized. Its secondary helix structure
resulting from intramolecular H-bonding that leading to the formation of dipole pointing
from N-terminus to C-terminus was confirmed by NMR and FTIR. Additional
characterizations including circular dichroism (CD), 2D HNMR (COSY, ROESY,
NOESY) are in progress. The binding of Z-(Aib)s-OH to TiO> thin films through the

COOH group was carried out.

A pair of perylene-peptides sensitizers (DTBPe-CONH-(Aib)s-OH(+-) (6) and DTBPe-
NHCO-(Aib)s-succinate-OH(-+) (10)) with opposite dipole directions were synthesized.
The synthetic routes involve the deprotection of either the N-terminus or C-terminus of Z-
(Aib)e-OtBu, respectively, to release the free amine or carboxylic acid reacting sites

followed by the coupling with di-tert butyl perylene benzoic acid (DTBPe-benzoic acid)
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or di-tert butyl perylene aniline (DTBPe-aniline), respectively, via classic amidation
processes. Following the same methodologies, a pair of porphyrin-peptides sensitizers
(ZnTPP-CONH-(Aib)e-OH(+-) (14) and ZnTPP-NHCO-(Aib)s-succinate-OH(-+) (18))
were synthesized. The absorption and emission spectra of 6, 10, 14, and 18 indicate that
the linker has no significant influence on the electronic properties of the chromophoric unit.
The electronic and photophysical properties of these compounds are still being
investigated. The UPS study of ZnTPP-CONH-(Aib)s-OH(+-) (14) indicate that ZnTPP-
CONH-(Aib)e-OH(+-) (14) possesses a strong and well-defined occupied electronic

structure (HOMO), a promising result for the proposed surface studies.

D.7 Experimental section

General.

Materials: All the following solvents and reagents were used as received from commercial
sources: N-benzyloxycarbonyl-2-aminoisobutyric acid (Z-Aib-OH, 97%, Combi Block),
1-[Bis(dimethylamino) methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (HATU, 97%, Sigma-Aldrich ), N,N-Diisopropylethylamine (DIEA,
99.5%, Sigma-Aldrich), Tetramethylfluoroformamidinium hexafluorophosphate (TFFH,
Sigma-Aldrich), 1-(3-dimethyl-aminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC'HCI, BioXtra, Sigma-Aldrich), 1-hydroxy-7-azabenzotriazole (HOAT, 98%, Sigma-
Aldrich), 4-methylmorpholine (NMM, >99.5%, Sigma-Aldrich), 2-Aminoisobutyric acid
t-butyl ester (H-Aib-OtBu, 98%, Combi Block), Trifluoroacetic acid (TFA, 99%, Sigma-
Aldrich), 10% Palladium on activated charcoal(10% Pd/C, Sigma-Aldrich), tert-butyl
hydrogen succinate (97%, Sigma-Aldrich), Zinc acetate (Zn(OAc)2, 99.99%, Sigma-

Aldrich), Sodium sulfate anhydrous (Na>SOa, Sigma-Aldrich), Lithium hydroxide
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monohydrate (LIOHH20, 99.995%, Sigma-Aldrich), Sodium bicarbonate (NaHCOs3,
>99.7%, Sigma-Aldrich), Ammonium chloride (NH4Cl, 99.998%, Sigma-Aldrich),
Potassium bisulfate (KHSOs, Sigma-Aldrich), Acetonitrile (anhydrous, 99.8%, Sigma-
Aldrich), N,N-dimethylformamide (anhydrous, 99.8%, Sigma-Aldrich), Dichloromethane
(anhydrous, >99.8%, Sigma-Aldrich), Methanol (anhydrous, Sigma-Aldrich), Ethyl
acetate (anhydrous, 99.8%, Sigma-Aldrich), Diethyl ether (anhydrous, >99.0%, Sigma-
Aldrich), Ti-Nanoxide (T/SP, ~18 wt%, Solaronix), Silica gel (porosity: 60A, particle size:
40-63um, surface area: 500-600 m?/g, Sorbtech), Sephadex (LH-20, GE Healthcare), TLC
silica gel 60 F2s4 plates (Aluminum TLC plate, silica gel coated, EMD Millipore), Hexane
was freshly glass distilled from hexane (Pharmco Aaper, ACS grade), Tetrahydrofuran
(THF) was freshly distilled over sodium and benzophenone from THF (Pharmco Aaper,

glassed distilled), The reactions were performed under N2 gas and in oven-dried glassware.

Methods: *H and 3C nuclear magnetic resonance (NMR) spectra were collected on a
Varian NMR spectrometer operating at 599.714 Hz for *H and 150.812 Hz for 3C.
Chemical shifts (d) are reported relative to the central line of the solvent: CDCl3 (6 7.27
ppm for *H and & 77.27 ppm for 3C), CDsOD (& 3.31, 4.78 ppm for 'H and & 49.15 ppm
for 3C), DMSO-ds (5 2.5 ppm for *H and & 39.51 ppm for $3C), and spin-spin coupling
constants (J) are reported in Hz. ESI spectra were collected on an Apex-ultra 70 hybrid
Fourier transform mass spectrometer (Bruker Daltonics). The Fourier transform infrared
(FTIR) spectrum in Fig. D-5 and D-7 were collected on a Thermo Electron Corporation
Nicolet 6700 FTIR with 128 scans and spectral resolution of 8 cm™, cells with CaF,
windows were used (pathway length 0.0164 mm). UV-vis absorbance spectra were

collected at room temperature on a Varian Cary 500 spectrophotometer. Fluorescence
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emission spectra were collected on a VARIAN CARY-Eclipse. X-ray and ultraviolet
photoemission spectroscopy measurements were performed in a single ultrahigh vacuum
system in the Bartynski group. He lia line, at 40.8 eV, corresponds to the transition between
the 2p to 1s state in the singly ionized He atoms. All the yields are calculated based on

theoretical yield, not based on recovered starting materials.

TiOz2 films growth. Nanocrystalline titanium dioxide film was prepared by doctor blade
techniques. The TiO. nanoparticle paste was purchased from Solaronix. This highly
dispersed and concentrated (~18 wt%) Titania nanoparticle paste with a 15~20 nm anatase
Titania particle size is good for the deposition of transparent active mesoporous films. Fig.

D-21 shows the preparation of Nanostructured TiO> thin film.

TiO,
TiO, paste Ti0, paste Annealing at nanoparticle
Sapphire film _doctor blade,, | 450°_C for 30min b

Fig.D-21 Steps of Nanostructured TiO thin film preparation

Briefly, the TiO2 nanoparticle paste was coated on double-polished C-plane sapphire (c-
Al>03) (Saint-Gobain Crystals, 430 um, (0001)) substrate by slot-coating (doctor blade)
method. The use of double-polished C-sapphire as the substrate makes the study of these
films by FTIR microscopic imaging possible. The using of different preparation methods
and annealing temperature has a great influence on the performance of nanostructured TiO-
thin film and also the photovoltaic devices prepared from that?®. In our study, the coated
film was then annealed at 450°C for 30 min to remove all the solvents and organic binder
such as terpineol by evaporation or burning, leaving a sintered film with a high surface

area.
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Synthesis.

Z-(Aib)2-OtBu (2)”°: To a stirring solution of Z-Aib-OH (4.5 g,19 mmol) in anhydrous
DCM (38 ml) at room temperature was added EDCHCI (1-(3-dimethyl-aminopropyl)-3-
ethylcarbodiimide hydrochloride, 3.65 g, 19 mmol), HOAT (1-hydroxy-7-
azabenzotriazole, 2.6 g, 19 mmol), NMM (4-methylmorpholine, 2.9 ml, 19 mmol), the
solution was stirred for 20 min to activate the acid. Then, H-Aib-OtBu (3.0 g, 19 mmol)
was added, stirred for 16h at room temperature under N2. The solution remains colorless
and clear. The reaction was diluted with ethyl acetate (100 ml), then washed with sat.
NH4ClI (aqg, 2x80 ml), sat. NaHCO3 (aqg, 2x80 ml), DI water (80 ml), brine (80 ml). The
organic layer was dried over Na;SO4 and the solvent was removed in vacuum, the crude
was purified by column chromatography (20%-50% EtOAc/Hexanes) to give Z-(Aib)z-
OtBu as white solid in 87% yield (6.4 g). *H NMR (CDCls) 6 7.35-7.31 (m, 5H), 6.91 (brs,
1H), 5.40 (brs, 1H), 5.09 (s, 2H), 1.53 (s, 6H), 1.50 (s, 6H), 1.45 (s, 9H). 3C NMR (CDCl3)
0 174.00, 173.25, 155.09, 136.54, 128.65, 128.25, 128.18, 81.69, 66.70, 57.04, 56.96,
27.96, 25.51, 24.28. HRMS (ESI): calculated for C2oH3oN20OsNa, 401.2047 [M+Na]*;

found: 401.2060 [M+Na]*

Z-(Aib)3-OtBu (3): Z-(Aib).-OtBu (5.5 g, 14 mmol) was dissolved in anhydrous methanol
(90 ml) and 10% Pd/C (20 mg) was added slowly to the solution, turned the solution to
black color. After purged with N2 and evacuated under vacuum, a Hz balloon was carefully
fitted to the reaction vessel and the reaction stirred vigorously for 16 h at room temperature.
The H2 balloon was removed and the solution was filtered through a Celite bed. The solvent
was removed in vacuum to afford the free amine (NH2-(Aib)2-OtBu) as a gummy solid,

which was directly used for the next reaction without purification. Z-Aib-OH (2.8 g, 12
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mmol), EDC'HCI (2.73 g, 14 mmol), HOAT (1.93 g, 14 mmol) and NMM (2.2 ml, 14
mmol) were dissolved in anhydrous DCM (50 ml) and stirred for 20 min at room
temperature under N2. NH2-(Aib)2-OtBu was dissolved in anhydrous DCM (20 ml), then
added dropwise. The reaction was stirred for 16 h under N2 at room temperature. The
solution remains colorless and clear. The solvent was evaporated in vacuum and the crude
residue was redissolved in ethyl acetate (100 ml), washed with sat. NH4ClI (ag, 2x80 ml),
sat. NaHCO:s (ag, 2x80 ml), DI water (80 ml), brine (80 ml). The organic layer was dried
over Na>SOa. The solvent was removed in vacuum. Purified by column chromatography
(50%-70% EtOAc/Hexanes) to give Z-(Aib)s-OtBu as white solid in 89% vyield (5.8 g). 'H
NMR (CDCl3) 6 7.40-7.37 (m, 5H), 7.10 (brs, 1H), 6.52 (brs, 1H), 5.20 (brs, 1H), 5.13 (s,
2H), 1.51 (s, 6H), 1.50 (s, 6H), 1.48 (s, 6H), 1.47 (s, 9H). 13C NMR (CDCls) 5 173.89,
173.05, 172.81, 155.45, 136.22, 128.81, 128.57, 128.30, 80.87, 67.15, 57.38, 56.92, 56.61,
28.02, 25.54, 25.34, 24.63. HRMS (ESI): calculated for CzsH37N3OeNa, 486.2575

[M+Na]*; found: 486.2593 [M+Na]*

Z-(Aib)3-OH (4): To a stirring solution of Z-(Aib)s-OtBu (3.1 g, 6.7 mmol) in anhydrous
DCM (70 ml), 70 ml TFA (Trifluoroacetic acid) was added. The solution was stirred for
1.5h at room temperature. The solution remains colorless and clear. The solvent was
evaporated and the remaining traces of TFA were removed by adding anhydrous diethyl
ether (3x30 ml) and evaporation in vacuum. The crude product was recrystallized from
anhydrous diethyl ether to give Z-(Aib)s-OH as a white solid in 87% yield (2.4g). *H NMR
(CD30D) § 7.73 (brs, 1H), 7.63 (brs, 1H), 7.38-7.29 (m, 5H), 5.12 (s, 2H), 1.45 (s, 6H),

1.39 (s, 6H), 1.36 (s, 6H).3C NMR (CDsOD) o 178.44, 176.42, 176.26, 157.82, 138.41,
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129.60, 129.09, 128.84, 67.53, 57.74, 57.63, 57.09, 25.35, 25.34, 25.22. HRMS (ESI):

calculated for C2oH29N30sNa, 430.1949 [M+Na]*; found: 430.1969 [M+Na]*

Z-(Aib)s-OtBu (5): Z-(Aib)3-OtBu (2.4 g, 5.2 mmol) was dissolved in anhydrous methanol
(70 ml) and 10% Pd/C (50mg) was added slowly to the solution, turned the solution to
black color. After purged with N2 and evacuated under vacuum, a Hz balloon was carefully
fitted to the reaction vessel and stirred for 16 h at room temperature. The H» balloon was
removed and the solution was filtered through a Celite bed. The solvent was removed in
vacuum to afford free amine (NH2-(Aib)3-OtBu) as a gummy solid, which was directly
used for the next reaction without purification. To a solution of Z-(Aib)3-OH (2.4 mg, 5.2
mmol) in anhydrous acetonitrile (3 ml), cooled to 0°C, EDC'HCI (1 g, 5.2 mmol) was
added, and stirred at room temperature for 30 min. The solvent was evaporated in vacuum
and the oily residue was dissolved in ethyl acetate (200 ml), then washed with 10% KHSO4
(200 ml). The organic layer was dried over Na>SO4 and the solvent was removed in
vacuum. The oily residue was dissolved in 60 ml anhydrous acetonitrile. To this solution,
NH:-(Aib)3-OtBu in 70 ml anhydrous acetonitrile was added. The solution remains
colorless and clear. After stirring for 3 days at 80°C under reflux under N2, the solvent was
evaporated in vacuum under reduced pressure. The crude residue was purified by column
chromatography (50%-75% EtOAc/Hexanes) to give Z-(Aib)s-OtBu as white solid in 77%
yield (2.99). H NMR (CDCls) 6 7.46 (brs, 1H), 7.43-7.34 (m, 7H), 7.25 (brs, 1H), 6.31
(brs, 1H), 5.31 (brs, 1H), 5.12 (s, 2H), 1.51 (s, 6H), 1.48 (s, 6H), 1.47 (s, 12H), 1.44 (s,
6H), 1.44 (s, 9H).23C NMR (CDCls) § 174.99, 174.19, 174.12, 174.04, 173.80, 156.01,

136.19, 128.68, 128.56, 128.16, 79.71, 67.33, 57.24, 56.83, 56.73, 56.61, 56.46, 56.02,
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27.91, 2550, 25.42, 25.22, 25.07, 24.96, 24.87. HRMS (ESI): calculated for

CssHssNsOgNa, 741.4157 [M+Na]™; found: 741.4111 [M+Na]*

DTBPe-CONH-(Aib)s-OtBu(+-) (6): Z-(Aib)s-OtBu (54 mg, 0.075 mmol) was dissolved
in anhydrous methanol (1 ml) and 10% Pd/C (2 mg) was added slowly to the solution,
turned the solution to black color. After purged with N> and evacuated under vacuum, a H»
balloon was carefully fitted to the reaction vessel and the solution was stirred for 16 h at
room temperature. The Hz balloon was removed and the solution was filtered through a
Celite bed. The solvent was removed in vacuum to afford free amine (NH2-(Aib)s-OtBu)
as a gummy solid, which was directly used in the next reaction without purification. To an
ice-cold solution of DTBPe-benzoic acid (36 mg, 0.075 mmol) in anhydrous DCM (2 ml),
HATU (29 mg, 0.075 mmol) and DIEA (0.02 ml, 0.075 mmol) were added, and stirred 10
min at room temperature under N2. NH2-(Aib)s-OtBu in anhydrous DCM (2 ml) was added.
The resulting solution was heated to reflux for 4 days with stirring under N2. The solvent
was evaporated in vacuum and the crude residue was redissolved in ethyl acetate (40 ml),
washed with 10% KHSO4 (25 ml), DI water (25 ml), 5% NaHCO3 (25 ml), DI water (25
ml). The organic layer was dried over Na,SO4 and the solvent was removed in vacuum.
The crude residue was purified by column chromatography (50%-80% EtOAc/Hexanes)
to give DTBPe-CONH-(Aib)s-OtBu(+-) as a dark-green solid in 30% yield (22 mg). H
NMR (CDCls) § 8.28-8.25 (m, 4H), 7.97 (d, J= 12 Hz, 2H), 7.77 (brs, 1H), 7.68-7.64 (m,
5H), 7.62 (brs, 1H), 7.45-7.40 (m, 3H), 7.36 (brs, 1H), 6.88 (brs, 1H), 6.49 (brs, 1H), 1.65
(s, 6H), 1.61 (s, 6H), 1.56 (s, 6H), 1.53 (s, 18H), 1.49 (s, 24H), 1.46 (s, 6H), 1.44 (s, 9H).13C
NMR (CDCls) 6 174.34, 173.95, 167.97, 149.48, 149.43, 135.95, 138.09, 134.92, 132.93,

132.31, 132.21, 131.84, 130.82, 130.53, 130.30, 129.70, 127.90, 127.55, 127.01, 125.43,
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125.24,124.14,124.01, 120.41, 119.68, 118.96, 118.79, 57.78, 57.19, 57.09, 57.02, 56.91,
56.33, 35.24, 31.58, 31.20, 28.47, 25.13. HRMS (ESI): calculated for Cs3HgsNeOs,

1051.6272 [M+H]*; found:1052.0343 [M+H]"*

DTBPe-CONH-(Aib)s-OH(+-) (7): To a stirred solution of DTBPe-CONH-(Aib)e-
OtBu(+-) (20 mg, 0.02 mmol) in anhydrous DCM (0.2 ml), 0.2 ml TFA was added. The
solution was stirred for 3h at room temperature. The solution was dark green and clear. The
solvent was evaporated and the remaining traces of TFA were removed by adding
anhydrous diethyl ether (3x30 ml) and evaporation in vacuum. The crude product was
recrystalized from anhydrous diethyl ether to give DTBPe-CONH-(Aib)s-OH(+-) as a
white solid in 74% yield (14 mg). *H NMR (CD3OD) § 8.56 (brs, 1H), 8.38-8.34 (m, 3H),
8.12 (d, J= 6 Hz, 2H), 8.04 (brs, 1H), 7.98 (brs, 1H), 7.90 (brs, 1H), 7.72-7.70 (m, 3H),
7.67-7.64 (m, 3H), 7.48-7.45 (m, 2H), 7.40-7.39 (m, 2H), 5.13 (brs, 1H), 1.61 (s, 6H), 1.57
(s, 6H), 1.51-1.49 (m, 30H), 1.47 (s, 6H), 1.44 (s, 6H). HRMS (ESI): calculated for

Cs9H7sN60g, 10017.5468 [M+H]*; found: 1017.5470 [M+H]*

Z-(Aib)s-OH (8): To a stirred solution of Z-(Aib)s-OtBu (1.4 g, 2.0 mmol) in anhydrous
DCM (20 ml), 20 ml TFA was added. The solution was stirred for 1.5h at room
temperature. The solution remains colorless and clear. The solvent was evaporated and the
remaining traces of TFA were removed by adding anhydrous diethyl ether (3x30 ml) and
evaporation in vacuum. The crude product was recrystallized from anhydrous diethyl ether
to give Z-(Aib)s-OH as a white solid in 89% yield (1.2g). *H NMR (DMSO) ¢ 8.25 (brs,
1H), 7.83 (brs, 1H), 7.67 (brs, 1H), 7.55 (brs, 1H), 7.39-7.29 (m, 6H), 7.24 (brs, 1H), 5.09
(s, 2H), 1.33-1.32 (m, 24H), 1.27 (s, 6H), 1.26 (s, 6H).23C NMR (DMSO) 6 175.57, 175.14,

175.07, 174.90, 173.44, 155.81, 137.15, 128.35, 127.74, 127.27, 65.56, 55.99, 55.93,
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55.87, 55.76, 55.69, 54.58, 25.03, 24.89, 24.69, 24.68, 24.38. HRMS (ESI): calculated for

C32Hs50NsOgNa, 685.3531 [M+Na]™; found: 685.3511 [M+Na]*

Z-(Aib)s-CONH-DTBPe(+-) (9)%®: To a stirring solution of Z-(Aib)s-OH (60 mg, 0.09
mmol) in anhydrous DMF (2 ml) at 0°C, DTBPe-aniline (42 mg, 0.09 mmol), NMM (0.04
ml, 0.09 mmol) and TFFH (24 mg, 0.09 mmol) were added. The solution is dark green and
clear. The reaction mixture was stirred for 3 days at room temperature under N2 and solvent
was evaporated in vacuum. The crude residue was subjected to preparative TLC (SiOo,
60% EtOAc/Hexanes) and Saphadex (DCM) to give Z-(Aib)e-CONH-DTBPe(+-) as a
dark-green solid in 40% yield (40 mg). *H NMR (CDCls) § 9.30 (brs, 1H), 8.25-8.22 (m,
3H), 8.09 (d, J=6 Hz, 2H), 7.83 (d, 1H), 7.68 (brs, 1H), 7.64 (brs, 1H), 7.62 (m, 2H), 7.59
(brs, 1H), 7.49 (brs, 1H), 7.49-7.41 (m, 4H), 7.37-7.35 (m, 5H), 6.41 (brs, 1H), 5.36 (brs,
1H), 5.12 (s, 2H), 1.68 (s, 6H), 1.55 (s, 6H), 1.54 (s, 6H), 1.48 (s, 18H), 1.47 (s, 6H), 1.46
(s, 6H), 1.35 (s, 6H).13C NMR (CDCls) 6 207.02, 175.84, 175.02, 174.46, 174.39, 174.03,
173.93, 155.85, 149.04, 148.99, 135.94, 135.39, 134.68, 133.25, 131.53, 130.80, 130.44,
130.11, 129.39, 128.77, 128.73, 128.19, 127.53, 119.97, 119.93, 119.65, 118.25, 118.01,
67.59, 57.64, 57.27, 56.99, 56.79, 56.75, 56.53, 53.44, 34.95, 31.35, 30.95. HRMS (ESI):

calculated for CesHg1N7OgNa, 1122.6039 [M+Na]*; found: 1122.6022 [M+Na]"

DTBPe-NHCO-(Aib)s-succinate-OtBu(-+) (10)"°: Z-(Aib)s-CONH-DTBPe(+-) (30 mg,
0.027 mmol) was dissolved in anhydrous methanol (1 ml) and 10% Pd/C (5 mg) was added
slowly to the solution, turned the solution to black color. After purged with N. and
evacuated under vacuum, a H> balloon was carefully fitted to the reaction vessel and the
solution was stirred for 16 h at room temperature. The H> balloon was removed and the

solution was filtered through a Celite bed. The solvent was removed in vacuum to afford
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free amine (NH2-(Aib)e-CONH-DTBPe(+-)) as a gummy solid, which was directly used
for the next reaction without purification. To an ice-cold solution of tert-butyl hydrogen
succinate (7 mg, 0.027 mmol) in anhydrous DCM (2 ml), HOAt (6 mg, 0.027 mmol) and
EDCHCI (6 mg, 0.027 mmol) were added, followed by the adding of NH.-(Aib)s-CONH-
DTBPe(+-) and DIEA (0.015 mg, 0.027 mmol). The solution is dark green and clear. The
reaction mixture was stirred for 5 days at room temperature under N2 and the solvent was
evaporated in vacuum. The crude residue was purified by column chromatography (75%-
100% EtOAc/Hexanes) and Sephadex (DCM) to give DTBPe-NHCO-(Aib)s-succinate-
OtBu(-+) as a dark-green solid in 82% yield (25 mg).*H NMR (CDClz) § 9.32 (brs, 1H),
8.25-8.22 (m, 3H), 8.09 (d, J= 12 Hz, 2H), 7.84 (d, J= 6 Hz, 1H), 7.72 (brs, 1H), 7.68 (brs,
1H), 7.63-7.62 (m, 2H), 7.46-7.41 (m, 4H), 7.35 (brs, 1H), 6.99 (brs, 1H), 6.50 (brs, 1H),
2.62 (t, 2H), 2.37 (t, 2H), 1.67 (s, 6H), 1.56 (s, 6H), 1.55 (s, 6H), 1.48 (s, 18H), 1.47 (s,
6H), 1.46 (s, 6H), 1.44 (s, 15H).13C NMR (CDCls) 6 176.07, 175.40, 175.01, 174.61,
174.46, 174.21, 172.94, 72.69, 149.05, 149.00, 140.05, 135.41, 134.69, 131.54,
130.78,130.12, 128.74, 128.14, 127.54, 126.19, 125.32, 119.95, 119.93, 119.64, 118.26,
118.02, 81.35, 57.62, 56.96, 56.94, 56.78, 56.74, 56.67, 34.95, 31.34, 29.71, 28.72, 28.22,
25.05. HRMS (ESI): calculated for CesHs7N7O9Na, 1144.6457 [M+ Na]*; found:

1144.6497 [M+ Na]*

DTBPe-NHCO-(Aib)s-succinate-OH(-+) (11): To a stirring solution of DTBPe-NHCO-
(Aib)e-succinate-OtBu(-+) (25 mg, 0.022 mmol) in anhydrous DCM (0.4 ml), 0.4 ml TFA
was added. The solution was stirred for 3h at room temperature. The solution is dark green-
black and clear. The solvent was evaporated and the remaining traces of TFA were

removed by adding anhydrous diethyl ether (3x30 ml) and evaporation in vacuum. The
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crude product was recrystalized from anhydrous diethyl ether to give DTBPe-NHCO-
(Aib)s-succinate-OH(-+) as a dark-green solid in 76% yield (18 mg). *H NMR (CD3s0D) 6
9.42 (brs, 1H), 8.35-8.30 (m, 3H), 8.02 (brs, 1H), 7.98-7.96 (m, 2H), 7.95 (brs, 1H), 7.78
(brs, 1H), 7.71 (brs, 1H), 7.69-7.67 (m, 2H), 7.47-7.43 (m, 5H), 7.35-7.33 (m, 3H), 6.91
(brs, 1H), 2.64 (t, 2H), 2.50 (t, 2H), 1.55 (s, 6H), 1.52 (s, 6H), 1.51 (s, 6H), 1.49 (d, 18H),
1.48 (s, 6H), 1.48 (s, 6H). HRMS (ESI): calculated for Ces2H7sN7OgNa, 1088.5831 [M+

Na]*; found: 1088.5826 [M+ Na]*

Zinc tetraphenylporphyrin methyl benzoate (ZnTPP-COOMe) (12): A mixture of the
(SM, triethyl amine (2eq), PddppfCI2(0.05eq)), in CH30OH (1g sm vs 10mL ch3oh) was
heated at 120°C with stirring in an autoclave under carbon monoxide (500psi) for 20 h.
After cooling to room temperature, the reaction mixture was filtered, and the solvent was
evaporated in vacuum, then the crude wasisolated by column chromatography. The
desired product was obtained in 63% yield. *H NMR (CDCls) ¢ 8.97-8.96 (m, 6H), 8.89
(d, 2H), 8.39 (d, J= 6 Hz, 2H), 8.31 (d, J= 6 Hz, 2H), 8.23-8.22 (m, 6H), 7.78-7.74 (m,

9H), 4.06 (s, 3H).

Zinc tetraphenylporphyrin benzoic acid (ZnTPP-COOH) (13): To a stirring solution
of ZnTPP-COOMe (220 mg, 0.29 mmol) in 1:1:3 H,O/CH3OH/THF (11 ml), LiOH.H20
(36 mg, 0.87 mmol) was added. The solution was stirred at room temperature for 2h. The
solvents were evaporated in vacuum and the crude residue was redissolved in DI H2O (10
ml), then washed with methyl tert-butyl ether (10 mix2). Acidified to PH=1~2 by 1N HCI
aqueous solution then extracted by ethyl acetate (20 mIx3). The organic phase was washed
with DI H20 (20 ml) and brine (20 ml), dried over Na.SOs and the solvent was removed

in vacuum. The crude residue was purified by column chromatography (DCM) to give
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ZnTPP-COOH as a dark-purple solid in 100% yield (220 mg).*H NMR (CDCls) & 8.99-
8.96 (m, 6H), 8.92 (d, 2H), 8.53 (d, J= 6 Hz, 2H), 8.38 (d, J= 6 Hz, 2H), 8.24-8.22 (m, 6H),
7.79-7.75 (m, 9H). 3C NMR (CDCls) 6 150.57, 150.48, 150.39, 149.68, 142.84, 134.75,
134.58, 132.55, 132.35, 132.28, 131.63, 128.56, 127.74, 126.75, 121.76, 121.56, 119.51.

HRMS (ESI): calculated for C4sH2sN4O2Zn, 720.1498 [M]; found: 720.1479 [M]

ZnTPP-CONH--(Aib)s-OtBu(+-) (14): Z-(Aib)s-OtBu (210 mg, 0.29 mmol) was
dissolved in anhydrous methanol (4 ml) and 10% Pd/C (10 mg) was added slowly to the
solution, turned the solution to black color. After purged with N2 and evacuated under
vacuum, a Hz balloon was carefully fitted to the reaction vessel and the solution was stirred
for 16 h at room temperature. The Hz balloon was removed and the solution was filtered
through a Celite bed. The solvent was removed in vacuum to afford free amine (NH2-
(Aib)s-OtBu) as a gummy solid, which was directly used for the next reaction without
purification. To an ice-cold solution of ZnTPP-COOH (220 mg, 0.29 mmol) in anhydrous
DCM (6 ml), HATU (110 mg, 0.29 mmol) and DIEA (0.08 ml, 0.29 mmol) were added,
and stirred for 10 min under N2. NH2-(Aib)s-OtBu in anhydrous DCM (2 ml) was added.
The resulting solution was heated to reflux for 5 days under N2 with stirring. The solution
was dark purple and clear. The solvent was evaporated to dryness under reduced pressure
and the crude residue was redissolved in ethyl acetate (40 ml), then washed with 10%
KHSO4 (25 ml), DI water (25 ml), 5% NaHCO3 (25 ml), DI water (25 ml). The organic
layer was dried over Na>SO4 and the solvent was removed in vacuum. The crude residue
was purified by column chromatography (0-30% EtOAc/DCM) to give ZnTPP-CONH-
(Aib)s-OtBu(+-) as a dark-purple solid in 99% yield (380 mg).*H NMR (CDCls) J 8.96-

8.95 (m, 6H), 8.92-8.91 (m, 2H), 8.36 (d, J= 12 Hz, 2H), 8.29 (d, 2H), 8.23-8.20 (m, 6H),
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8.02 (brs, 1H), 7.87 (brs, 1H), 7.85 (brs, 1H), 7.77- 7.71 (m, 9H), 7.57 (brs, 2H), 1.73 (s,
6H), 1.61 (s, 6H), 1.55 (s, 6H), 1.53 (s, 6H), 1.52 (s, 6H), 1.49 (s, 6H), 1.45 (s, 9H). 13C
NMR (CDClz) ¢ 175.82, 175.06, 174.93, 174.77, 174.60, 171.27, 168.48, 150.49, 150.42,
150.31, 149.75, 147.38, 142.87, 134.85, 134.53, 132.39, 132.34, 132.27, 132.20, 131.66,
127.66, 126.68, 125.87, 121.63, 121.42, 119.49, 57.78, 56.99, 56.93, 56.89, 56.80, 56.37,
28.04, 25.11. HRMS (ESI): calculated for C73H79N100sZn, 1287.5368 [M+ H]"; found:

1287.5347 [M+ H]*

ZnTPP-CONH-(Aib)s-OH(+-) (15): To a stirring solution of ZnTPP-CONH-(Aib)s-
OtBu(+-) (150 mg, 0.12 mmol) in anhydrous DCM (1.5 ml), 1.5 ml TFA was added. The
solution was stirred for 3h at room temperature. The solution was dark purple and clear.
The solvent was evaporated and the remaining traces of TFA were removed by adding
anhydrous diethyl ether (3x30 ml) and evaporation in vacuum. The crude product was
recrystalized from anhydrous diethyl ether to give ZnTPP-CONH-(Aib)s-OH(+-) as a dark-
purple solid in 75% yield (108 mg).*H NMR (CDCls) ¢ 8.93-8.91 (m, 6H), 8.87 (d, J= 6
Hz, 2H), 8.62 (brs, 1H), 8.54 (brs, 1H), 8.28 (d, 2H), 8.23-8.19 (m, 6H), 8.10 (brs, 1H),
8.02 (brs, 2H), 7.96 (brs, 2H), 7.83 (brs, 1H), 7.76- 7.72 (m, 9H), 7.49 (brs, 1H), 1.68 (s,
6H), 1.58 (s, 6H), 1.55 (s, 6H), 1.53 (s, 6H), 1.51 (s, 6H), 1.50 (s, 6H). 3C NMR (CDCl3)
0177.26,177.00, 176.15, 175.68, 175.19, 168.69, 150.45, 150.38, 150.26, 149.74, 143.05,
134.69, 134.55, 132.24, 132.18, 132.12, 131.59, 127.59, 126.64, 126.61, 125.98, 121.48,
121.26, 119.51, 65.90, 58.10, 57.66, 57.28, 56.96, 56.87, 56.85, 25.46, 25.14. HRMS

(ESI): calculated for CegH71N100sZn, 1231.4742 [M+H]"; found: 1231.4725 [M+H]*

Zinc  tetraphenylporphyrin  aniline  (ZnTPP-NH2)  (16)'"':  4-(10,15,20-

triphenylporphyrin-5-yl)aniline (200 mg, 0.24 mmol) was dissolved in DCM (53 ml) and
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the solution was purged with N2 for 10 min. Zn(OAc). (67 mg, 0.36 mmol) was firstly
dissolved in methanol (13 ml) and then added to above solution and stirred for 16 h under
N2 at room temperature. The solution was dark purple and clear. The solvent was
evaporated to dryness under reduced pressure and the crude residue was redissolved in
DCM (60 ml), then washed with 5% NaHCO3 (40 mIx3) and DI water (40 ml). The organic
layer was dried over MgSO4 and the solvent was removed in vacuum. Purified by column
chromatography (DCM) to give ZnTPP-NH: as a dark-purple solid in 94% yield (200 mg).
IH NMR (DMSO-ds) 5 8.89 (d, J= 6 Hz, 2H), 8.73-8.71 (m, 6H), 8.16-8.14 (m, 6H), 7.81-
7.76 (m, 11H), 6.95 (d, J= 12 Hz, 2H), 5.45 (brs, 2H). 3C NMR (DMSO-ds) 6 159.56,
158.74, 158.67, 158.50, 152.36, 144.74, 143.65, 141.50, 140.96, 140.84, 140.64, 136.90,
136.07, 131.56, 129.55, 129.18, 121.74, 40.18. HRMS (ESI): calculated for C44H29NsZn,

691.1714 [M]; found: 691.1691 [M]

Z-(Aib)e-CONH-ZNTPP(+-) (17): To a stirring solution of Z-(Aib)e-OH (190 mg, 0.29
mmol) in anhydrous DMF (7.5 ml) at 0°C, ZnTPP-aniline (200 mg, 0.29 mmol), NMM
(0.15 ml, 0.29 mmol) and TFFH (80 mg, 0.29 mmol) were added. The solution was dark
purple and clear. The reaction mixture was stirred for 5 days under N2 at room temperature
and the solvent was evaporated in vacuum. The crude residue was subjected to preparative
TLC (SiO2, 50% EtOAc/Hexanes) and Saphadex (DCM) to give Z-(Aib)se-CONH-
ZnTPP(+-) as a dark-purple solid in 26% yield (100 mg).*H NMR (CDsOD) ¢ 9.64 (brs,
1H), 8.91 (d, J= 6 Hz, 2H, ), 8.83-8.81 (m, 6H), 8.22-8.19 (m, 9H), 8.15 (d, 2H), 8.06 (d,
2H), 8.00 (brs, 1H), 7.77- 7.75 (m, 11H), 7.38- 7.35 (m, 5H), 5.12 (s, 2H), 1.74 (s, 6H),
1.59 (s, 6H), 1.58 (s, 6H), 1.43 (s, 6H), 1.42 (s, 6H), 1.36 (s, 6H). *C NMR (CDs0D) ¢

178.18, 177.68, 177.23, 177.11, 176.57, 157.94, 151.63, 151.42, 151.38, 151.36, 144.96,
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140.42, 139.86, 138.70, 135.74, 135.62, 132.58, 132.48, 132.40, 129.58, 129.04, 128.59,
128.36, 127.44, 121.77, 121.70, 121.63, 119.55, 67.65, 66.89, 59.03, 58.25, 57.68, 30.66,
25.58, 25.22, 15.43. HRMS (ESI): calculated for C76H77N1:0sZnNa, 1358.5140 [M+Na]*;

found: 1358.5192 [M+Na]*

ZnTPP-NHCO-(Aib)s-succinate-OtBu(-+) (18): Z-(Aib)e-CONH-ZNnTPP(+-) (30 mg,
0.022 mmol) was dissolved in anhydrous methanol (1 ml) and 10% Pd/C (5 mg) was added
slowly to the solution, turned the solution to black color. After purged with N> and
evacuated under vacuum, a H balloon was carefully fitted to the reaction vessel and the
solution was stirred for 3 days at room temperature. The H> balloon was removed and the
solution was filtered through a Celite bed. The solvent wa removed in vacuum to afford
free amine (NH2-(Aib)s-CONH-ZNnTPP(+-)) as a gummy solid, which was directly used for
the next reaction without purification. To an ice-cold solution of tert-butyl hydrogen
succinate 6 mg, 0.022 mmol) in anhydrous DCM (2 ml), HOAt (4 mg, 0.022 mmol) and
EDC'HCI (6 mg, 0.022 mmol) were added, followed by the adding of NH2-(Aib)s-CONH-
ZnTPP(+-) and DIEA (0.15 mg, 0.027 mmol). The solution was dark purple and clear. The
reaction mixture was stirred for 6 days under N2 at room temperature and the solvent was
evaporated in vacuum. The crude residue was purified by column chromatography (75%-
100% EtOAc/Hexanes) and Saphadex (DCM) to give ZnTPP-NHCO-(Aib)e-succinate-
OtBu(-+) as a dark-purple solid in 57% yield (18 mg). *H NMR (CDCls) 6 9.55 (brs, 1H),
9.01 (d, J= 6 Hz, 2H), 8.90 (m, 6H), 8.64 (d, J= 6 Hz, 2H), 8.32 (brs, 1H), 8.19-8.18 (m,
6H), 8.10 (d, J= 12 Hz, 2H), 7.93 (brs, 1H), 7.81 (brs, 1H), 7.79 (brs, 1H), 7.72- 7.70 (m,
11H), 2.38 (t, 2H), 2.17 (t, 2H), 1.73 (s, 6H), 1.61 (s, 6H), 1.60 (s, 6H), 1.50 (s, 6H), 1.47

(s, 6H), 1.44 (s, 15H).
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ZnTPP-NHCO-(Aib)s-succinate-OH(-+) (19): To a stirring solution of ZnTPP-NHCO-
(Aib)e-succinate-OtBu(-+) (18 mg, 0.013 mmol) in anhydrous DCM (0.4 ml), 0.4 ml TFA
was added. The solution was stirred for 3h at room temperature. The solution was dark
purple and clear. The solvent was evaporated and the remaining traces of TFA were
removed by adding anhydrous diethyl ether (3x30 ml) and evaporation in vacuum. The
crude product was recrystalized from anhydrous diethyl ether to give ZnTPP-NHCO-
(Aib)s-succinate-OH(-+) as a dark-purple solid in 72% yield (13 mg). *H NMR (CDsOD)
5 9.66 (brs, 1H), 8.91 (d, J= 6 Hz, 2H), 8.83-8.82 (m, 6H), 8.43 (brs, 1H), 8.22-8.24 (m,
8H), 8.20-8.19 (d, J= 6 Hz, 2H), 8.15 (m, 1H), 8.09-7.98 (m, 1H), 7.87 (brs, 1H), 7.78-
7.75 (m, 11H), 2.28 (t, 2H), 2.20 (t, 2H), 1.75 (s, 6H), 1.61 (s, 6H), 1.60 (s, 6H), 1.52 (s,
6H), 1.46 (s, 6H), 1.44 (s, 6H). HRMS (ESI): calculated for C72HzN110eZn, 1302.5113

[M+H]; found: 1302.5121 [M+H]*

D.7.3 Binding of Z-(Aib)s-OH onto TiO2 film (droplet method). A small volume (5
drops) of a 2 mM solution of Z-(Aib)s-OH (solvent: CH3CN) was deposited onto a pristine
TiO> film grown on a sapphire substrate placed flat in a glass Petri dish, which was then
sealed to prevent evaporation. After reacting for 1 day, the film was thoroughly rinsed with
neat solvent to remove weakly bound or physisorbed molecules, and then dried under
gentle nitrogen flow.

D.7.4 FTIR Microscopic Imaging and Data Analysis'?’. FTIR microscopic images of
TiO> films were collected with a Perkin-Elmer Spotlight 300 system (Perkin Elmer Life
and Analytical Science, Inc., Waltham, MA) in the transmission mode with an essentially
linear array (16x1) of mercury-cadmium-telluride (MCT) detector elements. Imaging size

was 100x100 pm?. Images were collected with a 6.25x6.25 um? pixel size and 32 scans at
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a spectral resolution of 8cm™, corresponding to 16x16 pixel images. Visible micrographs
were obtained with the optical microscope integrated into the Spotlight 300 system. FTIR
microscopic images were generated from FTIR spectral data using ISys 3.1 software
(Malvern Instruments, UK). Image planes of integrated band area were produced after
linear baselines were applied in spectral regions of interest. The scale bar is color coded
and selected to display the corresponding integrated area (+STD) above the detection limit

to highlight differences upon treatments.
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Chapter E: Summary
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The need to improve the final performance of devices made by metal-oxide semiconductor
materials functionalized with molecules requires the precise control of the
molecule/semiconductor interface. Efficient modification methods and characterization
techniques are necessary to achieve this goal. The innovative design of molecules that
functionalize the metal-oxide semiconductor materials can also affect the performance of

the devices prepared. This thesis addressed both topics, as summarized below.

The functionalization of MgxZn1xO (4%<x<5%) (MZOnano) film with bifunctional linker
molecule- 11-azidoundecanoic acid (1) and the binding studies of the films by FTIR
microscopic imaging are discussed in Chapter B. The improved acid resistance by using
MZOnano instead of ZnOnano Was confirmed by FESEM images of films before and after
binding with bifunctional linker 11-azidoundecanoci acid (1) and hexadecyl alkynated folic
acid (HAFA). 1 was bound on MZOnano films via droplet method. By using FTIR
microscopic imaging, the influence of reaction conditions on the binding performance was
investigated. It is found that the protic solvent such as ethanol or butanol can also bind onto
MZOnano film, whereas by using polar, aprotic solvents 3- methoxypropionitrile (3-MPN),
this competing effect can be eliminated, resulting in a functionalized film with much higher
coverage. The binding of 10 mM solution of 1 in 3-MPN solvent starts at small areas that
expand with the binding time, suggesting that bound 1 can induce further binding due to
hydrophobic interactions. A fully covered molecular layer can be obtained after 22 hours
binding. The influence of film morphology on binding was studied on three different
morphologies. It was found that nanotip morphology disfavors binding, areas with nanorod
grown in different directions favor binding, and that the packing density of nanorods does

not affect the binding. The morphology, and concentration of the binding solution can also
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influence the binding rate. When the concentration was increased to 40 mM, the binding
rate increased significantly, resulting in a fully covered film within 18 hours. However,
further increasing the concentration to 100 mM will dramatically decrease the binding rate
but result in a highly homogenous layer due to intermolecular hydrogen bonding between
1 molecule in solution as proven by the >*CNMR spectra. The stability of functionalized
films to solvents and temperature was probed: films were stable to aprotic solvents at room
temperature and at elevated temperature up to 40 °C and to protic solvents at room

temperature. Desorption of bound 1 was observed in protic solvents at 40 °C.

In chapter C, the 1/MZOnano films were further functionalized, in a stepwise approach, with
hexadecyl alkynated folic acid (HAFA), a biomolecule with a high affinity to folate binding
protein, and a biomarker of cancer cells. HAFA was synthesized via two steps amidation
reactions. The introduction of the alkyne functional group allows CuUAAC click chemistry,
whereas the hexadecyl long chain increases solubility, improves acid and basic resistance,
and prevents direct binding of HAFA to MZOnano film. The stepwise binding involved two
steps: step A, 1 binding; step B, HAFA immobilization via CUAAC. In the binding method
developed in this work, the functionalized MZOnano film was placed face-down when
immersing in the HAFA solution to avoid the possible contamination of copper byproducts.
FTIR spectra of functionalized MZOnano film before and after immobilization of HAFA
were thoroughly analyzed. The FTIR microscopic imaging study of step B revealed that
after 15 min, the azide functional layer on the MZOnano surface fully reacted with HAFA.
Fluorescence spectroscopy was also used to probe the immobilization process, indicating
that HAFA was successful immobilized onto MZOnano film. Two control experiments were

conducted to exclude the possibility of physisorption of HAFA on MZOnano film to test
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conditions leading to desorption of 1. This stepwise method was successfully applied in
the modification of the sensitive devices: a MZOnano- modified quarz crystal microbalance
(QCM) and a MZOnano- modified thin film transistor (TFT). The acoustic impedance
spectra of the MZOnano- modified QCM before and after step A and B were measured. The
frequency change due to the mass loading at each step was as expected. The folic acid-
modified MZOnano- based QCM biosensor can be used in further sensing study of folate
binding protein. The preparation of folic acid-modified MZOnano- based TFT biosensor
follows similar procedures. The conductivity of MZOnano- modified TFT before and after

each step was measured and changed as expected.

In the last chapter of this thesis, the need of an ideal model of the dipole bridge for energy
level alignment studies was described. Z-(Aib)es-OtBu was selected as the dipole bridge,
and its synthesis and characterization are reported. The synthesis of Z-(Aib)s-OtBu
followed classical peptide synthesis methodologies. *H NMR, 3C NMR, and ESI were
used to characterize the products. The helical structure is a key property of Aib-peptides
as it directly relates to the formation of the intrinsic dipole pointing from the N-terminus
to C-terminus in the peptide chain. Aib-peptides are known to form 3'°-helical structure
via intramolecular H-bonding between the carbonyl group in residue i and the hydrogen of
an amide group in residue i+3. FTIR of Z-(Aib),-OtBu (n=2, 3, 6) was used to study the
hydrogen bonding network. By monitoring changes in the amide-1, amide-11 and N-H
stretching bands. *H NMR was employed to study hydrogen bonding. By monitoring
changes in chemical shifts of two solvent-exposed hydrogens in CDClIs (a poor hydrogen
bonding accepting solvent). FTIR spectra and images indicate a weak binding of Z-(Aib)e-

OH on nanostructured TiO> films. Zinc tetraphenyl porphyrin (ZnTPP) and di-tert butyl
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perylene (DTBPe) derivatives were employed as ideal modal of chromophores then
attached to the N or C end of (Aib), peptides. Four compounds were synthesized and fully
characterized by *H NMR, *C NMR, UV-Vis, fluorescence and ESI (DTBPe-CONH-
(Aib)s-OH(+-), DTBPe-NHCO-(Aib)e-succinate-OH(-+), ZnTPP-CONH-(Aib)s-OH(+-),
ZnTPP-NHCO-(Aib)e-succinate-OH(-+)). Each pair was comprised of two compounds
with same chromophoric head but opposite dipole orientation. The influence of the built-
in dipole on the electrical property of moieties and how it affects the level alignment after

binding onto ZnO/ TiO> film are under investigation.
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FTIR
ATR
MCT
FPA
CuAAC

DSSC
HET
HOMO
LUMO

CB
XRD
MOCVD
ZnOnano
MZOnano
FESEM
3-MPN
NMR
ESI
STD
HAFA
QCM

TFT

List of Abbreviations

Fourier transform infrared

Attenuated total reflection

Mercury cadmium telluride

Focal plane array

Cu-catalyzed Azide-Alkyne Click reaction

Dye sensitized solar cells
Heterogeneous electron transfer
Highest occupied molecular orbital

Lowest unoccupied molecular orbital
Conduction band

X-ray diffraction

Metal-organic chemical-vapor deposition
ZnO nanorod

MgxZn1.xO nanorod (4%<x<5%)

Field emission scanning electron microscopy

3-methoxypropionitrile
Nuclear magnetic resonance
Electrospray ionization
Standard deviation

Hexadecyl alkynated folic acid
Quarz crystal microbalance

Thin film transistor
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Aib
DTBPe
ZnTPP
XPS
UPS

Ips

Vs
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a-aminoisobutyric acid
di-tert-butyl-perylene

Zinc tetraphenylporphyrin

X-ray photoemission spectroscopy
Ultraviolet photoemission spectroscopy
Current between drain and scource

Potential between gate and source
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Table of acronyms, full names, and chemical structures of reagents

Acronyms Full name Chemical structure
DCM Dichloromethane CHCl
EDC-HCI 1-(3-dimethyl-aminopropyl)-3- EHs Necon. orfic
Ethylcarbodiimide hydrochloride HaC™ T
TFA Trifluoroacetic acid i
HO™ “CF,
HOAT 1-Hydroxy-7-azabenzotriazole Y
g NI\OH
NMM 4-Methylmorpholine N b
/
EtOAc Ethyl acetate CH3COOCH,CHj3
TFFH Tetramethylfluoroformamidinium N
hexafluorophosphate F_+<}q _ PRe
/
DMF N,N-Dimethylformamide )‘L
H N/
|
DIEA N,N-Diisopropylethylamine
propylethy PSR
N
1-[Bis(dimethylamino) methylene]-1H-1,2,3- \)N\/
triazolo[4,5-b]pyridinium 3-oxid A~ NN PR
HATU N
hexafluorophosphate S,
Fmoc Fluorenylmethyl oxycarbonyl
Z (Chz) Carboxybenzyl
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Fig. 0-1 Images of the integrated band area of 1564-1480 cm ! region (£ STD) of MZOnano films before and
after binding with 10 mM 11-azidoundecanoic acid in 3-MPN solution over time. Adapted with

permission from [127]
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Fig. 0-2 Images of the integrated band area of the azido region 1564-1480 cm ! (+ STD) of two areas after
binding with 10 mM 1 in 3-MPN as function of time. Adapted with permission from [127]
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Fig. 0-3 Visible micrograph (before binding, 200x200 um?) taken of nanorods grown in different
orientation type morphology from which FTIR images were acquired as a function of binding time.
FTIR images of the integrated band area, 1564-1480 cm™ (+ STD) of area 1after binding with 10

mM 1 in 3-MPN solution as function of time. Adapted with permission from [127]
i5
1

Fig. 0-4 Visible micrograph (before binding, 200200 um?) taken of nanorods grown in different
orientation type morphology from which FTIR images were acquired as a function of binding time
(bottom). FTIR images of the integrated band area, 1564-1480 cm™ (+ STD) of area 1after binding
with 10 mM 1 in 3-MPN solution as function of time. Adapted with permission from [127]
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Fig. 0-5 Visible micrograph (before binding, 200x200 um?) taken of nanorods with different growth
density type morphology from which FTIR images were acquired as a function of binding time
(bottom). FTIR images of the integrated band area, 1564-1480 cm™ (+ STD) of area l1after binding
with 10 mM 1 in 3-MPN solution as function of time. Adapted with permission from [127]
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Fig. 0-6 Images of the integrated band area of 1564-1480 cm™ (+ STD) of a MZOnano film (a) after 22h

binding with 1, (b) after immersion of such functionalized film in 3-MPN solution at r.t for 24 h,
and (c) after immersion of such functionalized film in 3-MPN solution at 40 °C for 24 h

a b C d

» , Y
™ = - .
foNy * g e > wt * »
4 o A -t
& h . l’ >
- La 7 2 BT y ‘
e —

— 1

Fig. 0-7 Images of the integrated band area of 1564-1480 cm™ (+ STD) of @ MZOnano film (a) after 22h
binding with 1 and (b) after immersion of such functionalized film in ethanol solution at r.t for 24
h, (c) after immersion of such functionalized film in ethanol solution at 40 °C for 4 h, and (d) after
immersion of such functionalized film in ethanol solution at 40 °C for 24 h
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Fig. 0-8 Images of the integrated band area of 1564-1480 cm™ (+ STD) of a functionalized MZOnano film (a)
after immersed in ethanol solution at 40 °C for 24 h, (b) after 22h binding with 10 mM 1 (solvent:
3-MPN)
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Fig. 0-9 FESEM image of MZOnano film after immersing in EtOH at 40 °C for 24 h

Fig. 0-10 Droplet method
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Fig. 0-15 *H NMR of Ill in DMSO-ds

T

‘ 740.4330
M+K~

T

T e A T i

=
e 2 sam.aTe st 4m
| . o1 vz 20 e e mTe
. Ry
1200
1000
o
o
3 Ty "y ) ) e ma

Fig. 0-16 ESI-MS spectra (top) and simulated (bottom) of 1l
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Fig. 0-27 3C NMR of 5 in CDCls
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Fig. 0-49 'H NMR of 14 in CDCls

- 165 -

|

./

|

€Lz

prrl: 8 8

A I .

bLL| SET &

SLL| 6 T~ 9

T4 4R & 112

L1 €51 %
oLt st &
74 R o 2T
07’8 2
02’8 o
ozs| D R
18y g1 1= ———F 609

s

£2'8

67'8

628

seef §-3 % 8 .

W Ul =6
168t —r:] &
I

LT .
268" IZ‘B L. 48
68 zz'8 o
56.8 56'8: Jottg =
56'8) 56'8 0T
56'8 568 00'%
96'8 56'8: 96T
96’8 96" _]9 Sg

™
aNTNTN
QNNgIN

75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05 -1.0 -15
f1 (ppm)

1.5 11.0 105 100 95 90 85 80



- 166 -

LL b
b0'82 EEEE
L€°95 LTS
08°951 Le9sy |
ol 12
el g605) = 5F
8/'1C 66'95’ ‘ s
€200 91" L4 _ N
6b'6T1 BLLS™ T | 3
dgrad | | I —
€9 TZT{
£8'STT1 .
! 89921 -
a8yl | .
> 99'IET —
02'ZET
i S FTET
br PEZET )
Ao BETEN]
i ES'HET]
0{.(1 S8'VET
o (8'THT]
xz 8e'LbT —
D-ezf: Sfﬁl‘-"-[]: ;
1€°0ST{
o 20sT § 8 8 8 . :
o-{f 6t°05T- [4 A t40Y - 8
A 85°89T 89'9ZT : -
\ oy ———
AT 99 Lel } - R —
09bC1 Ly — —
LLBLY o cEl &
: ESPEL - g
E6'LT
90°S4T 59"’5‘? E F
SL°6bT s
1€°0ST 3
e 05T — le
65°0ST ;

Fig. 0-50 3C NMR of 14 in CDCls

T T T T
-0 20 -30 40 -50

o

B0 70D & 50 40 30 3 10

100 90
1 {ppm)

160 150 140 130 120 110

120 180 170

240 Z30 220 210 200



-167 -

Intens.

5
x10 823.6265

1.5

1.0

0.5

0.0-
500

Fig. 0-51 ESI-MS spectra of 14

[1309.5190 [M+Nal'|

05_08_18_ES|_pos_zZnTPP_Aib6_Otbu_000001.d; +MS

1309.5190
2681.9396
1943.3885
2239.8012
WL e Ly L _.LuhlL J u " Lol N —
1000 1500 2000 2500 m/z



0S'T
18°1T
€S°T
SS'T
8G°'T
89°T1
€0ad 9T’L

- 168 -

5 (4892
o Ll
2
o €L'L
2 €L'L
vLL
ZT c/'/

88'8

SL'L

Iz SLL
9Lt

ZT 9LL
20'8
20'8
61'8
0z's
0z's
0781

178
12°8;
1281
T8
€78
LT'8
8Z'8
98'8
[8'8]
16'8]
26'8

76'8]
£6'8

£6'8

e t—
S——

Fig. 0-52 'H NMR of 15 in CDCls

g T R N QO NN O G
f1 (ppm)

O YT

THY v ™ N O NN OV O

115 110 105 100 95 90 85 80 75 70 65 60 55 S50 45 40 35 30 25 20

-1.0 -15

1.0 05 00

-0.5

L5

f1 (ppm)



- 169 -

L a5l

9b'ST
58'95
/895
96°95;
8' LS
99°/6;
0T°85;
06'S9
€190 91" L4
1S°6TT 3
97121 —
8b'1Z1 '
86'SZT
19°9Z1 B
$9'9Z1 ™
6S°LZ1 1
6S'TET
a4
8T'ZET
b TET
SSHET §§§§§§§E°
69VET 97121 [
SO'ERT 86'SZT, 3 '8 =
FLBFT 19971 P ' ;___q
9Z'0ST #9971 g ;
8£°0ST ag*gzr[r ! - -
SH0ST ereet] [ . -
OEN | T -
et GSPET o g =
et 69bET | o<
. GO EPT -
00°LLT s Ao g
. ] T -
9T LLT o700 : 4;
8E°0ST X - le
GH 05T =
89°GLT” G{ =

Fig. 0-53 *3C NMR of 15 in CDCl3

-0 -20 -30 40 -50

0

BO 70 &) 30 40 30 20 10

)

o0

1
f

240 230 230 210 200 190 180 170 150 150 140 130 120 110 EIIJ




-170 -

Intens.
x108

795.5962

D_
500

Fig. 0-54 ESI-MS spectra of 15

1000

1231.4725

1231. 4725 [M+H]]

1817.7495
.“ " PP .L‘L.

05_08_18_ESI_pos_ZnTPP_Aib6_OH_000001.d: +MS|

2681.9393

1500

A
2000 2500 miz



-171-

T
&
f1 (ppm

]
SO =
g.: h%::—g a Qf—r@%%%.? - — -—g-g';
69 < 4y
6’9 ga'gfl ~ |
96'9’9/°/ - . — ™ 8T
LLL B - ) | f9ETE
L . B 1 7 trg::;
| £: 5 - 5
b1 - " — 7 0%
9/ ag}.g [ [R _
LL Lgy-al _/
8 — 1=
(ify =T A
18478 5=
P81/ g “
SI'E%E-Q:W =% bZ|9,
98 gg'g: :
/'8 Kk
2L'8 .
€18 =
88'8) —==% L0]9,
68'8 ,‘% oole”

Fig. 0-55 'H NMR of 16 in DMSO-ds

5

)

)

8

9

10

11

12

13

14

15

16



8T°0v—

=3 4 ol
YW UV UV

+1000

-0

+~-1000

Fig. 0-56 **C NMR of 16 in DMSO-ds

155 150 145 140 135 130 125 120
f1 (ppm)

160

-172 -

100 %0 80 70 60 40 30 20

130

150

190 180

10

50

110
f1 (ppm)

160 140 120

170

200

210

220



-173 -

Gundlach_avenoso_ZnTPP_NH2 80 (1.203) TOF MS FD+
100~ ea1.1em 159
... 691.1691 [M]
- oS 1583
051658
5071887
705.1833
Oqorsagrerapraragpearrperroperr ooy TrErEprEEa ettt At gttt prr g rr et e e [T
200 400 600 1000 1200 1400 1600 1800

Fig. 0-57 ESI-MS spectra of 16



HSe L)
ZF T 9ET T~
P I
gs'1| €1
65T
BT _
acsp tee] 82l
z'['gl 65T

SE'L
9EL
8e’L

[l )

_,_,.._
|

-174 -

LIl
2
8o

1.5

“F1 (ppm)

— .

=] }szz
87’

|

C )
-n_:-tvl\-. | S —

e

iy

1
LN
o
ol
oy
e

a9l’f
LLL
I= 00’8

C qS0's

< brg
(@]

- 18

>2|:O oo
618 —
ZT 0z'8
0Z's

Tz 128
:X#o 1’8

ZT ¢é'8
o €78
:§< 198

=0 gg'gfl 0]

06°81
<:§ oot

Fo6—

Fig. 0-58 *H NMR of 17 in CDsOD

ge'd

- 76'T

-L0 -L5

25 20 15

45 40

75 70 65 &0 &S

10 o5 00 -05

35 3.0

50
f1 {ppmy)

115 1.0 105 100 %5 %50 &5 &0



-175 -

i 488 .
f [ [
ﬁl. s
£9°LS J B
89°/6- =
58 /5" J lge
r I E
£0'85°, - gi
67’85’ ¥
i _ —
€065 — [ 8
} -y
IZ D —
0£'8€T ;f—:: E
EE'EEI'§ = B 8 o :}'( —
rad % O -
96T } 9 i:
9£'TST]  £5°9LT- S5 0%
EE'IEIJN tla = -
ZF' 16T 1T /T~ _‘5" Fe_ >f‘3
€9'1ST €T LLT] = .8 Tz
p6LST| oz /LT I rEE ok
£9°9/T] 89°LLT '-“1 =
ITLLT I 13 =0
ezt grest ot
89'LLT t g d
8T'8/T" s

Fig. 0-59 *C NMR of 17 in CDsOD

-20 -30 40 -5

80 70 &0 0 40 30 20

140 130 1200 110 100

240 330 220 210 200 190 180 170 160

-10

0

10

90
11 {ppm)

150



Intens.
x108

1.257

1.001

0.751

0.50+

0.257

-176 -

0.00-

500

718.4503

1017.5474

[1358.5192 [M+Na]* |
1368.5251

1000 1500

Fig. 0-60 ESI-MS spectra of 17

1842.0118 2170.8413

05_08_18_ESI_pos_Z_Aib6_ZnTPP_000001.d: +MS

2681.9391

2000 2500 m/z



-177 -

iy

0e'e
TEE

Linker-alb&-ZnTPP-R-041618
STANDARD PROTON PARAMETERS
i
o

Fig. 0-61 'H NMR of 18 in CDCls

Ll L

Bl
ey
b
[
oe's
=g L
=G

T
115 1i0 105 100 9.5

1.5

-1.0

0.0 5

id 05

1.5

2.0

2.5

30

35

4.0

50 45

1 (ppm}

6.0

7.5

9.0



-178 -

7 _'jIO
tzwv

8b

\ s

81

r10

12 A SN
91—
143 SN

Fig. 0-62 'H NMR of 19 in CD:OD

19°1T

0
o583
~— ~—
Y

™~
4
I

— 9,7 @ gkO O gy
f1(ppm) |

9.5

e o
_45) 4
-{:6 .
7 €6
5
e i i (£
S i l 2z
’; » 3 9T
a"\‘g —= § 98,
| - 61
1 T} ST
§ 1z
b
L 09
=50

T T O T OO T

-0.5

05

1.5 1.0

20

25

70 65 60 55 50 45 40 35
f1 (ppm)

75

80

N a ¥
95 90 85

105 10.0



-179 -

Intensj 12405057 05_08_18_ESI_pos_HO_Linker_Aib6_zZnTPP_000001.d: +MS
x10 .

5 611.3404

4.

3_

[1302. 5152 [M+H]"]
2_
1 .
2034.8144 2689.9920
918.4723
1842.0106
1584.7834
500 1500 2000 2500 m/z

Fig. 0-63 ESI-MS spectra of 19



