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ABSTRACT 

 

 Understanding the orientation of small organic acid modifiers on metal oxide 

electrodes is important in advancing the field of organic photovoltaics (OPVs).  In this 

work, the orientation of a group of these small organic acid modifiers will be investigated 

on indium zinc oxide (IZO).  Polarization modulation-infrared reflectance-absorbance 

spectroscopy (PM-IRRAS) is the primary technique used to determine these orientations.  

In order to determine orientations from PM-IRRAS data, other chemical and physical 

properties of the modifiers, such as density and surface coverage, must be experimentally 

determined.  Neutral buoyancy is used to determine the density of the modifiers, while X-

ray photoelectron spectroscopy (XPS) is used to estimate surface coverage of these 

modifiers on IZO.  These techniques are also used to determine binding mode of these 

modifiers on IZO.  The tilt angles (θ) were found to be 50 ± 3°, 64 ± 2°, and 43 ± 3° for 

F5BnPA, F5BnCA, and F5BnHA, respectively, meaning that the phenyl ring in F5BnHA is 

more perpendicular to the surface while the phenyl ring in F5BnCA more parallel to the 

surface.  All three modifiers were also found to bind to IZO in a bidentate manner.  In 

contrast, F5BnSA etches away significant portions of the IZO substrate. 
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Chapter 1 

INTRODUCTION 

 

 The demand for alternative energy sources is increasing due to the threat of a 

depleting oil supply and the increasing effect of global warming.  The U.S. Energy 

Information Administration projects that the worldwide energy consumption will increase 

by 56%
1
, prompting the need for additional energy source to meet such an energy 

demand.  One option is harvesting solar energy through the use of photovoltaics.  Most 

common photovoltaics today are made from silicon, with a reported maximum efficiency 

of 25%.
2
  While the efficiency of these devices is high, manufacturing costs are 

financially and energetically also high.  There are also some practical drawbacks, such as 

the rigid nature of crystalline silicon which limits the processing capabilities of the 

material.  The ideal replacement material would be something that is as efficient as 

crystalline silicon, if not more, and is easy to process and less expensive.  Such an 

alternative could be photovoltaic devices based on organic molecules; commonly referred 

to as organic photovoltaics (OPVs). 

 The SunShot Initiative was announced in 2011 by the U.S. Department of Energy 

in an effort “to make the abundant solar energy resources in the United States more 

affordable and accessible for Americans.”
3
  As part of this initiative, there is a goal to 

lower the cost of efficiency for photovoltaics, which includes OPVs, from $0.11/kWh (as 

of 2013) to $0.06/kWh.
4
  This cost of efficiency is broken down into three parts: module, 

balance of systems, and power electronics.  The component of this cost related to the 

“module” is dependent on the expenses to build and run the device, so the ideal materials 
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used in OPVs should be cheap and relatively efficient.  This component has decreased by 

75% over the first 3 years of the initiative due to increased efficiencies of devices and a 

decreased cost and of organic materials.  Heliatek currently reports that the maximum 

efficiency of one of these technologies as 12% as of 2013, with a goal of 15% by 2015.
5
   

With the bright outlook of the OPV field and advancements in OPV development, OPVs 

seem to be a viable solution to the energy problem. 

 Figure 1.1 shows a simplified band diagram of the most basic type of OPV 

architecture, the planar heterojunction (PHJ), which implements two organic materials 

deposited one on top of the other.  Energy production begins with the absorption of a 

photon (#1) in the donor layer, which in turn forms an exciton, an electron-hole pair 

bound by Coulombic forces.  Donor molecules, like poly(3-hexylthiophene-2,5-diyl) 

(P3HT) and phthalocyanines (PCs) have band gaps around 2 eV and  usually have some 

degree of conjugation.
6
  This degree of conjugation allows for delocalization of the 

exciton, making diffusion to the donor-acceptor interface (#2) easier, where the charges 

separate (#3) and the electron is then transferred from the lowest unoccupied molecular 

orbital (LUMO) of the donor to the LUMO of the acceptor (#4) leaving the hole in the 

highest occupied molecular orbital (HOMO) of the donor.  Common acceptor layer 

materials usually have a high electronegativity so as to accept the electron from the 

donor.  Such molecules are C60 and phenyl-C61-butyric acid methyl ester (PCBM), which 

is a derivative of C60 that is easier to process due to the presence of an ester functionality.  

The LUMO of the acceptor should be slightly lower than that of the donor to make the 

transfer of electrons thermodynamically favored.  
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Figure 1.1.  Energy level diagram of a PHJ OPV and the fundamental steps in the 

photovoltaic process.  The arrow represents a photon of solar radiation. 
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The final step is the collection of charges (#5), the electron and hole, at their respective 

electrodes, cathode for electrons and anode for holes.  Energy alignment is also important 

for this step, as the Fermi energy (EF) of the metal cathode should be slightly lower than 

the LUMO of the acceptor to facilitate the collection of electrons.  Consequently, the 

Fermi energy of the transparent conducting oxide (TCO) anode, should be slightly higher 

than the HOMO of the donor, since it is thermodynamically favorable for holes to be in a 

higher energy level. 

 The overall efficiency of the device is a product of all of the individual 

efficiencies of the previously mentioned processes.  One of the most prevalent sources of 

efficiency loss is charge recombination, which is when the hole and electron in the 

exciton recombine before they are collected at their respective electrodes.  This 

recombination can occur when the energy levels aren’t properly aligned or if the 

diffusion lengths are too long.  The diffusion length issue has been improved slightly by 

the development of bulk heterojunction active layers, in which the donor and acceptor are 

blended into one layer instead of discrete layers.
7
  This active layer architecture increases 

the interfacial surface area between the donor and acceptor materials, which decreases 

diffusion lengths and decreases the likelihood of exciton recombination. 

 Another interface that causes issues with device efficiency is the TCO-donor 

interface.  The TCO is primarily a metal oxide which isn’t as compatible with the organic 

based donor material.  This leads to discrete regions of donor material on the surface of 

the electrode instead of a more uniform film.  With small islands of donor-TCO 

interfaces the total area for charge collection is reduced, which lowers the efficiency of 



14 
 

the device.  To help solve this problem, the electrode can be modified using a monolayer 

of small organic acids. 

 It has been shown by Beaumont et al. that modifying the ITO electrode in a 

copper phthalocyanine (CuPc)/C60 planar heterojunction OPV with a 4-fluoro-benzoic 

acid self-assembled monolayers (SAMs) increases the efficiency of the device (η) by 

about 150%.
8
  These researchers also investigated the effects of various functional groups 

as well as a variety of acid linkers with all of the modifiers increasing the efficiency of 

the device to some extent; complete results of their experiments are tabulated in Table 

1.1.  They believe this result is due to a combination of several factors, including 

increased wettability of the donor material onto the TCO as well as tuning the work 

function (Φ) of the electrode to better align with the HOMO of the donor, ~ 5.0 eV for 

CuPc.  Improving the wettability of the donor on the TCO is important, because it 

provides for better contact between the two layers which in turn allows for more charge 

collection events to occur.  However, the more important effect of electrode modification 

is the ability to tune the work function of the electrode, which allows for greater energy 

level alignment between the ITO and the CuPc in the active layer, making hole collection 

more favorable.  The device with the 4-chlorobenzoic acid SAM had the best efficiency 

(3.25 ± 0.28%) which can be explained by the energy level alignment between the 

modified ITO electrode (Φ = 5.02 eV) and the HOMO of the donor (CuPc, EHOMO ≈ 5.0 

eV), being the most well aligned amongst the devices analyzed.  With this level of 

tunability, an increased variety of active layer materials can be used, which might 

improve the efficiency of future devices. 
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Table 1.1.  Summary of values obtained from work completed by Beaumont et al.
8
 

IZO Surface Treatment Φ (eV)
a 

η (%) 

Benzoic acid SAM 4.68 ± 0.01 2.41 ± 0.40 

Phenylphosphonic acid SAM 4.71 ± 0.01 1.64 ± 0.34 

UV-O3 4.80 ± 0.05 1.32 ± 0.31 

4-bromo benzoic acid SAM 4.88 ± 0.01 2.72 ± 0.39 

4-chloro benzoic acid SAM 5.02 ± 0.01 3.25 ± 0.28 

4-fluoro benzoic acid SAM 5.05 ± 0.01 2.74 ± 0.45 

4-bromo phenylphosphonic acid SAM 5.14 ± 0.01 2.70 ± 0.29 

4-chloro phenylphosphonic acid SAM 5.16 ± 0.01 2.60 ± 0.40 
  Work functions of treated ITO electrodes were determined via Kelvin Probe   

  measurements. 
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 Kronik and Shapira reported the following equation (equation 1.1) to estimate the 

change in work function (ΔΦ) of a surface after addition of a surface dipole
9
: 

∆Φ =
𝑛∙𝑒∙𝜇𝑚𝑜𝑙∙cos(𝜃)

𝜀0∙𝜀
       [1.1] 

where n is the molecular density of the surface species, e is the charge of an electron, µmol 

is the dipole moment of the surface species, θ is the angle of the dipole moment with 

respect to the surface normal, and ε0 and ε are the vacuum permittivity and dielectric 

constant, respectively.
9
  The numerator contains some parameters of interest, since there 

is some degree of experimental control over these parameters, with the exception of e.  

The molecular density (n) is directly related to the surface coverage of the species on the 

surface and can be controlled by changing how the species binds to the surface, such as 

changing the linking moiety.  Since the acid linkers will bind differently based on their 

interactions with the oxide, using different acids could affect the coverage of the 

modifier.  The overall dipole moment of the surface species (µmol) can be expressed as a 

combination of the dipole moments of the linker moiety and the functional group, which 

can be altered by using different linker and functional groups or by altering the chemical 

nature of certain functional groups (i.e. fluorination).  The angle of the dipole moment 

with respect to the surface normal (θ) can be controlled through the linker group and how 

it binds to the surface as well as through the interactions of the modifiers if they are 

adsorbed to the surface. 

 The primary goal of this research is to investigate the effect of different linker 

groups on the binding mode, surface coverage, and orientation of the modifiers on a 

device relevant metal oxide, indium zinc oxide (IZO).  Since about 2008, IZO has been 
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considered as an alternative to the more commonly used indium tin oxide (ITO) due to its 

cheaper cost and increased stability under high-temperature fabrication processes while 

maintaining similar optical and electrical properties.
10

  The modifiers used here were 

synthesized in collaboration with Dr. O’Neil Smith of the Marder Research Group at 

Georgia Tech and can be seen in Figure 1.2. 

 Gliboff et al.
11

 and Sang et al.
12

 have investigated the orientation and order of a 

variety of phosphonic acids on IZO using near edge X-ray absorbance fine structure 

(NEXAFS), polarization modulation infrared reflectance absorbance spectroscopy (PM-

IRRAS), and density functional theory (DFT) calculations.
11

  Data from these three 

independent approaches results in nearly identical orientations of these modifiers.  

Additionally, PM-IRRAS can provide insight into the binding modes of the modifiers on 

the IZO. 

 PM-IRRAS is a technique that has been used to analyze the orientation of various 

molecules including rhamnolipids
13

 and polymer chains
14

 at the air-water interface as 

well as various organic species on metals
15, 16

, including SAMs of alkanethiols on gold.
17

  

Since PM-IRRAS is a vibrational spectroscopy technique, it can also provide insight into 

how these modifiers bind to the surface through analysis of the binding moiety 

vibrational modes in the acquired spectra. 

 As mentioned by Buffeteau et al., the s-component of the radiation has no surface 

electric field as shown in Figure 1.3, which means virtually no surface absorption of s-

polarized light.
18
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Figure 1.2.  Pentafluorobenzyl acid modifiers investigated in this work.  

Pentafluorobenzyl groups with phosphonic acid (F5BnPA), carboxylic acid (F5BnCA), 

hydroxamic acid (F5BnHA), and sulfonic acid (F5BnSA) linker moieties. 



 
 

 

 

 

Figure 1.3:  Schematic of geometry of an IRRAS experiment showing the orientation of the p and s components of the EM radiation. 

 

1
9
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By modulating the light, the sensitivity of the absorbance on the surface from the p-

polarized light can be increased.  The PM-IRRAS signal is expressed as the normalized 

spectral intensity described in equation 1.2, described by Buffeteau et al.
18

 

(
∆𝐼(𝑑)

𝛴𝐼(𝑑)
)
𝑛𝑜𝑟𝑚

=
(
∆𝐼(𝑑)

𝛴𝐼(𝑑)
)
𝑒𝑥𝑝

(
∆𝐼(0)

𝛴𝐼(0)
)
𝑒𝑥𝑝

=

𝐽2(𝜑0)𝑔[𝛾𝐼𝑝(𝑑)−𝐼𝑠(𝑑)]

𝛾𝐼𝑝(𝑑)+𝐼𝑠(𝑑)

𝐽2(𝜑0)𝑔[𝛾𝐼𝑝(0)−𝐼𝑠(0)]

𝛾𝐼𝑝(0)+𝐼𝑠(0)

= 1 +
2𝛾𝜌

1−𝛾2𝜌2
𝐴(𝑑)𝑝𝑠𝑒𝑢    [1.2] 

In equation 1.2, [ΔI(d)/ΣI(d)]exp is the ratio of demodulated (difference) PM-IRRAS 

signal over the non-demodulated raw signal for a monolayer of thickness d, 

[ΔI(0)/ΣI(0)]exp is the same value for a bare (i.e. no monolayer) reflective substrate 

(usually a gold-coated glass slide).  By normalizing the monolayer signal over the bare 

substrate, the PM-IRRAS signal of the monolayer can be isolated.  The PM-IRRAS 

signal can be expanded to contain the following parameters: Ip and Is are the intensities of 

reflected p- and s-polarized light (respectively), J2(φ0) is the second-order Bessel 

function, g is defined as G+/G- which is the ratio of overall gain for the two channels of 

the demodulator, γ is defined as Cp/Cs which is the ratio of the overall optoelectronic 

responses for p- and s-polarizations which is based on the experimental setup, ρ is the 

ratio of the reflected intensities of p-polarized light to s-polarized light on a bare substrate 

Ip(0)/Is(0), and A(d)pseu is the pseudo-absorption spectrum which can be defined as 1-

Ip(d)/Ip(0). 

 Using equation 1.2, a derivation can be performed to yield an expression that 

relates the spectral intensity to absorbance, which gives a surface IR absorption spectrum.  

This derivation was reported by Jiang, and the result is seen in equation 1.3.
19
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𝐴(𝑑) = 0.217 (
1−𝛾2𝜌2

𝛾𝜌
) [(

∆𝐼(𝑑)

𝛴𝐼(𝑑)
)
𝑛𝑜𝑟𝑚

− 1]         [1.3] 

This equation can be simplified by making some assumptions about γ and ρ for organic 

monolayers on gold substrates.  For such systems, ρ ≈ 0.95 at 1000 cm
-1

 with very little 

variation over the rest of the mid-IR spectrum and γ ≈ 1.
20

  These two assumptions yield 

equation 1.4, a simpler form of equation 1.3. 

𝐴(𝑑) = 0.0223 [(
∆𝐼(𝑑)

𝛴𝐼(𝑑)
)
𝑛𝑜𝑟𝑚

− 1]                          [1.4] 

This equation can easily be used to convert normalized PM-IRRAS intensities into 

absorbance spectra for future data analysis. 

 With absorbance spectra generated from PM-IRRAS intensities, the orientation of 

the modifiers can be determined.  Hansen
21

 and McIntyre
22

 show that in an anisotropic 

electric field, like the field present in a PM-IRRAS experiment as mentioned by 

Buffeteau et al.
18

, the integrated absorbance of a vibrational mode whose transition dipole 

is oriented along the surface normal is three times greater than the integrated intensity of 

the same mode in an isotropic arrangement of similar thickness and molecular density.  

This relationship is expressed in equation 1.5, where θ is the angle between the transition 

dipole and the surface normal, Afilm is the integrated absorbance for a monolayer, and 

Asimulated is the integrated absorbance for an isotropic layer of modifier. 

𝑐𝑜𝑠2 𝜃 =
𝐴𝑓𝑖𝑙𝑚

3∙𝐴𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑
                                           [1.5] 
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Afilm can be taken from the PM-IRRAS data once processed using equation 1.4; however, 

since experimentally generating an isotropic monolayer is not possible, the spectral data 

needed for Asimulated must be mathematically simulated. 

 Complex refractive indices for various systems, from organic thin films
23

 to 

polymers
24

, have been extracted from traditional IR transmission data in the past using a 

Kramers-Kronig analysis.  By isolating the optical constants for a specific system and 

combining them with the optical constants for a certain substrate (i.e. gold on glass) over 

a specific spectral region, a reflectance based IR spectrum of an isotropic layer of 

thickness d can be generated.  The system for which the spectrum is simulated must 

chemically model the surface layer to accurately capture all of the relevant vibrational 

modes.  In this work, this model system is identified by isolating the various deprotonated 

forms of the acid modifier via titration and comparing the transmission IR spectra of 

these forms to the surface spectrum of the modifier on IZO. 

 When simulating these spectra, the transmission IR data needs to be corrected for 

molar concentration of the modifier in the pellet.  Once the simulated spectrum is 

generated, it needs to be corrected for surface coverage and molecular density to produce 

a spectrum that can be used in equation 1.5.  Surface coverage values were determined 

using XPS and density is determined via a neutral buoyancy method.  Details of these 

procedures can be found in Chapter 3.  By using equation 1.5, the orientation of certain 

dipole moments can be calculated which can provide insight into how the molecule is 

oriented on the surface, usually through the tilt angle (θ) of the benzyl ring with respect to 

the surface normal.  More complicated orientation angles, such as the twist of the ring 
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(φ), can be calculated using geometry.  Binding modes of the modifiers can be 

determined through analysis of the vibrational modes present in the spectrum. 

 Combining these two sets of results can provide insight into how these modifiers 

bind and orient themselves onto IZO.  By comparing the determined angles binding 

modes with device data, the effect of different acid linkers on OPV performance can be 

determined.  The modifier that yields the most efficient device can be further investigated 

to try an advance the OPV field. 

 The goals of this research are to determine the molecular orientations and binding 

modes for each of the modifiers presented in this work by determining the following 

parameters: 

 Identifying the appropriate chemical model for the modifier monolayer. 

 Determining the density of the modifiers in their appropriate chemical form. 

 Estimating the surface coverage of these modifiers on IZO. 
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Chapter 2 

EXPERIMENTAL 

 

Instrumentation 

Polarization Modulation Infrared Reflection Absorption (PM-IRRAS) and Transmission 

IR Spectroscopy 

 PM-IRRAS spectra were acquired using a Nicolet Nexus 670 Fourier Transform 

Infrared Spectrometer (ThermoElectron Instruments, Madison, WI), modulated by a zinc 

selenide photoelastic modulator (Hinds Instruments Inc., Hillsboro, OR) at 50 kHz and 

then demodulated by a synchronous sampling demodulator (GWC Instruments, Madison, 

WI) and focused on a mercury-cadmium-telluride (MCT) detector cooled with liquid 

nitrogen.  The external optical layout used in IRRAS and PM-IRRAS spectral 

acquisitions and a sample compartment were contained in an external Table Optical 

Module (ThermoElectron Instruments, Madison, WI).  Figure 2.1 shows a block diagram 

of a PM-IRRAS instrument.  Transmission IR spectra were acquired on the same 

instrument.  Parameters for these experiments are tabulated in Table 2.1. 
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Figure 2.1:  Basic layout of the PM-IRRAS instrument.  Key features include: a) the IR 

radiation from a commercial FT-IR spectrometer, coupled to an atmospheric controlled 

box (TOM Box) which contains b) the photoelastic modulator (PEM) which modulates 

the p- and s-components of the IR radiation, c) the sample holder set at a grazing angle of 

80°, and d) the MCT detector. 
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Table 2.1:  Experimental parameters for IR spectral acquisition 

Parameters PM-IRRAS Transmission 

Number of Scans 4096 512 

Resolution (cm
-1

) 4 4 

Apodization Happ-Genzel Happ-Genzel 

PEM center 𝜈 (cm
-1

) 1300 N/A
1
 

1
There is no center PEM frequency for transmission experiments, because the radiation isn’t modulated. 

 

X-Ray Photoelectron Spectroscopy (XPS) 

 X-ray photoelectron spectra were acquired on a Kratos 165 Ultra Axis 

Photoelectron Spectrometer (Shimadzu) located in the Laboratory for Electron 

Spectroscopy and Surface Analysis (LESSA) at the University of Arizona.  This system 

has a base pressure of 9 x 10
-9

 torr.  The x-rays used for excitation were Al Kα (1486 eV) 

with a FWHM of 0.43 eV.  The emitted photoelectrons were analyzed in a hemispherical 

analyzer.  Table 2.2 displays acquisition parameters for both survey and quantitative 

spectra. 

 

pH Measurements 

 A ThermoElectron Instruments Orion 4Star pH electrode was used to perform 

titrations on the surface modifiers.  It was calibrated using buffers at pH 4, 7, and 10. 
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Table 2.2:  Acquisition parameters for XPS data 

Parameter Survey Spectrum Quantitative Spectrum 

Gain Current (mA) 10 10 

Anode Voltage (kV) 15 15 

Pass Energy (eV) 120 20 

Dwell Time (ms) 100 300 

Sweeps 1 2 

 

Plasma Cleaner 

 A Harrick (Ithaca, NY) plasma cleaner (model PDC-32G) was used to clean IZO 

substrates prior to monolayer formation.  IZO substrates were exposed to a 400 mtorr O2 

plasma for 10 min. 

 

Sonicator 

 Branson Ultrasonics (Danbury, CT) sonicators (model numbers 1210 and 2800) 

were used to clean substrates prior to monolayer formation. 
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Atomic Absorption Spectrometer 

 A Thermo Scientific (Waltham, MA) atomic absorption spectrometer, model iCE 

3300, was used to acquire atomic absorbance measurements to determine [Zn
2+

].  A 50 

mm titanium Universal Finned burner was used to produce a flame of air and acetylene at 

a flow rate of 1.3 L/min to yield a temperature of approx. 2500 °C; the air:fuel ratio was 

optimized by the software.   

 

Materials 

 Pentafluorobenzyl phosphonic acid (F5BnPA), pentafluorobenzyl carboxylic acid 

(F5BnCA), pentafluorobenzyl hydroxamic acid (F5BnHA), and pentafluorobenzyl 

sulfonic acid (F5BnSA) were synthesized by Dr. O’Neil Smith from Prof. Seth R. 

Marder’s group at the Georgia Institute of Technology (Atlanta, GA).  FT-IR grade KBr 

from Alfa Aesar (Ward Hill, MA) was used to make pellets for transmission experiments.  

These materials were stored in a desiccator until use.  Absolute (200 proof) ethanol from 

Decon Laboratories Inc. (King of Prussia, PA), ACS-grade acetone from Fisher Scientific 

(Fair Lawn, NJ), and a concentrated commercial detergent, Liquinox from Alconox 

(White Plains, NY), were purchased from the campus storeroom.  A dilute solution (~1% 

v/v) of Liquinox was prepared from the concentrated solution of Liquinox diluted with 

ultrapure water.  Ultrapure water (>18 MΩ resistivity and <8 ppb organic content) was 

acquired from a Milli-Q UV Plus purification system (Millipore Corporation, Billerica, 

MA).  Reagent grade (≥99.5%) dichloromethane (DCM) and dibromomethane (DBM) 
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from Sigma Aldrich (St. Louis, MO) were obtained from the McGrath Research Group 

(Tucson, AZ).  KOH pellets and 70% HNO3 were purchased from Avantor Performance 

Materials (Center Valley, PA).  All chemicals were used as received. 

Au on glass substrates were purchased from Evaporated Metal Films (Ithaca, NY) 

and were prepared with a 50 Å Ti bonding layer and 100 nm of Au.  10 nm of IZO was 

sputtered onto these substrates from a 80:20 (w/w %) In2O3:ZnO target at the National 

Renewable Energy Laboratory (NREL, Golden, CO) by Dr. Joseph Berry.  These films 

have been characterized by Schalnat et al.
1
 for surface roughness and film.  Using atomic 

force microscopy (AFM), the films were found to be conformal with the substrate with 

root mean square (rms) roughness on the order of that of the Au substrate (1.5 nm).  

Thicknesses were determined using ellipsometry to be 12.1 nm, slightly thicker than the 

reported 10 nm. 

 

Procedures 

Substrate Preparation 

 The IZO/Au/glass substrates were cut into 0.5” x 0.5” squares, sonicated in dilute 

(~1% v/v) Liquinox for 5 min and rinsed thoroughly with deionized water.  The 

substrates were then sonicated in acetone and ethanol for 5 min each and then dried with 

a stream of N2.  These sonicating steps help remove organic content that might have 

settled on the substrate during shipping and storage.  To remove the remaining organic 
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contamination, the substrates were cleaned in an O2 plasma (400 mtorr) for 10 min.  The 

substrates were then placed in the appropriate solutions for modification. 

 

SAM Formation on IZO 

 Solutions of the modifiers were made to be 10 mM in 3 mL of ethanol.  Since the 

sulfonate salt displayed a very low solubility in neat ethanol, a 1:1 (v/v) solution of 

ethanol:water was used to dissolve this modifier.  Substrates are allowed to react in these 

solutions for 1 week at room temperature.  At the end of the SAM formation period, the 

substrates are removed and sonicated in fresh ethanol for 5 min to remove any aggregates 

and ensure that only a monolayer is on the substrate.  The substrates are dried with a 

stream of N2 prior to analysis. 

 

Titration and Isolation of Modifier Forms 

 Solutions of the modifiers were titrated to understand their acid-base behavior as 

well as to fabricate and isolate the different base forms of the modifiers as their 

potassium salts to identify the appropriate chemical model for the surface spectral data; 

reasons are covered in greater detail in Chapter 3.  Titrations were carried out on 

F5BnPA, F5BnCA, and F5BnHA.  Solutions of these modifiers were at 10 mM in 5 mL 

with ethanol.  Two pellets of potassium hydroxide (KOH) were dissolved in 20 mL of 

water and the concentration of the solution was determined by titrating against a 
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previously standardized potassium hydrogen phthalate solution; the KOH titrant solution 

made in this manner was determined to have a concentration of 0.17 M. 

 The salts of the base forms of the modifiers are isolated by adjusting the pH of a 

10 mM solution of the neutral modifiers to the appropriate value.  For the basic forms (-1 

and -2, if diprotic), the pH of the modifier solution is adjusted to a value just beyond the 

appropriate equivalence point.  The solvent is evaporated off by heating the vial on a 

hotplate, and the vial is placed in a vacuum oven overnight at 675 mm Hg of vacuum and 

70°C to thoroughly dry the sample.  The solid samples are allowed to cool before 

analysis. 

 

Metal Complexes of Modifiers 

 As described in Chapter 3, the hydroxamic acid titrations yielded forms that 

didn’t match the observed surface spectra, so zinc-hydroxamate complexes were 

synthesized according to the following procedure.  Complexes were formed from 5 mg of 

fully protonated F5BnHA dissolved in 5 mL of water at pH ≈ 13 with potassium 

hydroxide; the resulting solution has a F5BnHA concentration of ~4 mM.  A 10 mM 

solution of ZnSO4 is prepared in water at pH ≈ 2 .  At this acidic pH, most of the zinc is 

solution is free Zn
2+

.  The ZnSO4 solution was added in 100µL aliquots into the F5BnHA 

solution with light stirring; a total volume of 1000 µL is added.  A solid-white precipitate 

forms after each addition and the solution is chilled in an ice bath for 15 min to isolate 

more of the product.  The water is carefully drained from the vial, so as not to lose any of 
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the solid product, and refilled with cold pH = 13 water to wash the product.  After two 

washes, the product is placed in a vacuum oven overnight at 675 mm Hg and at 70°C to 

thoroughly dry the product. 

 

Zn-Hydroxamate Complex Purity Determination 

 The purity of the Zn-hydroxamate complex was determined by measuring the 

[Zn
2+

] in the solution after the complex is formed to figure out how much Zn
2+

 went into 

forming the complex.  The complex was formed as described above but with 1,000 µL of 

a higher concentration Zn
2+

 solution added so that there will be an excess of Zn
2+

 in 

solution that can be detected.  The solutions and washes were collected and then adjusted 

with HNO3 to yield a solution of 3% HNO3 to match matrices with the standard solutions.  

Standards of 1ppm, 5ppm, and 10ppm were prepared as well as a 3% HNO3 blank.  

Solutions were run on the instrument with 3 readings being acquired per solution.  The 

concentration of Zn
2+

 in the solution obtained after the complexation is determined, and 

from that the ratio of HA: Zn
2+

 can be calculated. 

 

Modifier Density Determination 

Densities of the modifiers and their salts are determined via neutral buoyancy, 

whose procedure is outlined here; for greater detail, refer to Chapter 3.  A small amount 

of the solid modifier (<0.5 mg) is placed in a vial with a 1:1 (v/v) solution of 

DCM:DBM.  If the modifier is floating in the solution, the material is less dense than the 
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solution so DCM is added to make the solution less dense.  Likewise, if the modifier is on 

the bottom of the solution the solution is less dense than the modifier and DBM is added 

to make the solution denser.  The appropriate solvent is added until the modifier is resting 

in the middle of the solution, at this point the density of the solution is approximately 

equal to that of the modifier.  The density of the solution is calculated by taking a known 

volume, through a syringe, of the resulting solution and measuring the mass of that 

volume on a balance in triplicate. 

 

KBr Pellet Formation 

 KBr and the modifier are dried in the vacuum oven at 675 mm Hg, 70°C, for 12 h 

prior to use.  Once cooled room temperature, a 0.2% (w/w) mixture of modifier in KBr is 

prepared and ground using a mortar and pestle for 15 min.  50 mg of the mixture are 

added to the 0.312 in dia pellet press and the pellet is pressed, by using wrenches to 

tighten bolts, for 5 min.  The spectrum is acquired and after spectral acquisition, the 

thickness of the pellet is measured using calipers, with a precision 1 x 10
-4

 in. 

 

Surface Coverage Estimation with XPS 

 The procedure for estimating the surface coverage of the modifiers using XPS is 

outlined here; the details are covered in Chapter 3. 
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 Samples of the modifier on IZO as well as tridecafluorooctyl phosphonic acid 

(F13OPA) on IZO were prepared as described above.  Survey spectra between binding 

energies of 0 and 1200 eV were first obtained.  Higher resolution spectra that were 

quantitatively analyzed were acquired.  Experimental parameters are tabulated in Table 

2.2. 

 Integrated peak intensities from the F1s and the combined In3d3/2 In 3d5/2 signals 

for both F13OPA and the modifier are determined using the Vision software.  Shirley 

baselining was used for the In 3d peaks while linear baselining was used for F 1s peak.  

The determined integrated intensities were then used in equation 3.4 to determine 

modifier surface coverage.   

 

Spectral Simulation 

 Simulated spectral data used in Equation 1.5 is generated using a Kramers-Kronig 

transformation of data from a transmission IR experiment.  This transformation is 

performed in an Excel document.  In this document, the transmission data is processed 

using equations 2.1 and 2.2 to yield the optical constants for the modifier. 

𝐼

𝐼𝑜
= 𝑒4𝜋𝑘′𝑑𝑧𝜈         [2.1] 

∆𝑛(𝜈𝑖) = 𝑛(𝜈𝑖) − 𝑛(∞) =
2

𝜋
𝑃 ∫

𝜈𝑘(𝜈)

𝜈2−𝜈𝑖
2 𝑑𝜈

∞

0
            [2.2] 
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 The transmission spectrum is pasted into the spreadsheet, where the absorbances 

are converted into ln(I/Io) values, for ultimate use in equation 2.1.  The thickness of the 

pressed KBr pellet, usually measured in inches by calipers, is converted in centimeters.  

The density, molecular weight, and mass used of the modifier as well as the density and 

mass of KBr are all entered into specific fields so they can be used to calculate the 

correction factor.  Equation 2.1 contains the attenuation factor for the modifier at its 

concentration in the pellet [k’(ν)], but the simulated spectrum uses the attenuation factor 

of bulk modifier [k(ν)].  Therefore, the correction factor seen in equation 2.3 must be 

used multiplying k’(ν) by this factor to yield k(ν). 

𝐶𝑜

𝐶
=

𝜌𝑠𝑎𝑙𝑡
𝑀𝑊𝑠𝑎𝑙𝑡
𝑚𝑠𝑎𝑙𝑡

𝑀𝑊𝑠𝑎𝑙𝑡
𝑚𝑠𝑎𝑙𝑡
𝜌𝑠𝑎𝑙𝑡

 + 
𝑚𝐾𝐵𝑟
𝜌𝐾𝐵𝑟

              [2.3] 

Where Co (in units of mol/mL) is the bulk concentration of the modifier and is expressed 

by the density of the modifier (ρsalt) and the molecular weight of the modifier (MWsalt).  

The concentration of the modifier in the pellet (C, in units of mol/mL) is expressed by the 

mass of the modifier used to make the KBr/modifier mixture (msalt), the molecular weight 

of the modifier (MWsalt), the density of the modifier (ρsalt), the mass of the KBr used to 

make the KBr/modifier mixture, and the density of KBr (ρKBr). 

 The corrected attenuation factors are transposed into a second sheet where the 

integrand of equation 2.2 is evaluated using the attenuation constants at various 

wavenumbers, that wavenumber the attenuation constant refers to, and the first 

wavenumber in the spectrum.  These integrands are calculated for each wavenumber 
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across the spectrum and then totaled as a way of calculating the integral.  The other parts 

of equation 2.2, (
2

𝜋
𝑃)where P = 2*h (h being the resolution of the spectrum, in this case 

1.93 cm
-1

) are combined with the integral to calculate the change in refractive index (Δn).  

This value of Δn is combined with the refractive index of the modifier, values tabulated 

in Table 2.3 to yield a complete index of refraction to generate a simulated spectrum. 

 The optical constants (k and n) for the modifier are both compiled into a third 

sheet along with the optical constants for the substrate, gold in this case; optical constants 

for gold are tabulated in Table 2.3.  The spreadsheet is then saved and submitted to 

MatLAB for spectral simulation. 

 

Table 2.3:  Optical constants for materials used in this work 

Material 

Index of Refraction for 

bulk material (n) 

Attenuation Constant for 

bulk material (k) 

F5BnPA 1.474 Calculated 

F5BnCA 1.454 Calculated 

F5BnHA 1.48 Calculated 

F5BnSA N/A N/A 

Au 

7.66563 (650 to 2850 cm
-1

) 

2.0212 (2850 to 4000 cm
-1

) 

43.663 (650 to 2850 cm
-1

) 

21.08 (2850 to 4000 cm
-1

) 
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 In MatLAB, the spreadsheet mentioned earlier is uploaded and simulated using 

two MatLAB files.  In one file, the height of the monolayer must be enter, so it can be 

used as a path length for the simulation.  This height for F5BnPA and F5BnCA was 4.8 Å, 

which is the determined height of a F5BnPA molecule from crystal data.  This height was 

used for F5BnCA as a first approximation.  For F5BnHA, this height was 10.5 Å, which 

was determined from Chem3D as a first approximation. 

 

Peak Fitting 

 Integrated peak area values used in equation 1.5 are fit in Origin.  The peaks in 

the PM-IRRAS data are fit using Gaussians while the simulated spectrum peaks are fit 

with mixed Gaussian and Lorentzian peaks to a correlation of ≥0.99.  The PM-IRRAS 

data are treated with pure Gaussian peaks due to the chemical nature of the surface 

heterogeneity, while the simulated data has more contribution from instrumental effects 

due to the transmission geometry, in addition to the surface heterogeneity and must be fit 

with a mix of Gaussian and Lorentzian shapes. 

 

Etching Quantification by ICP-MS 

 Etching of the IZO substrates by F5BnSA is quantified using ICP-MS, and the 

procedure for analysis is as follows.  Two IZO/Au slides are placed in separate 10 mM 

F5BnSA solutions for 24 h.  The slides are removed and the resulting solutions are 

combined and the solvent evaporated off.  The resulting product is digested in 2.5 mL of 
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conc. HNO3 while heated at 50°C for 15 min.  Afterwards, the solution is diluted to a 

final acid content of 5% (v/v).  A method blank is prepared by treating conc. HNO3 with 

the same procedure used on the sample, while a reagent blank was prepared by just taking 

conc. HNO3 from the bottle.  These analyses were performed by the Arizona Laboratory 

for Emerging Contaminants (ALEC) at the University of Arizona.  
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Chapter 3 

BINDING MODES AND ORIENTAION OF 

PENTAFLUOROBENZYL ACID MODIFIERS ON 

INDIUM ZINC OXIDE 

 

 This chapter will outline the steps needed to determine the molecular orientation 

of a series of acid modifiers on IZO.  In order to calculate orientations of the modifiers on 

IZO, several experiments must be conducted.  Equation 1.5 is used to determine the tilt 

angle of a transition dipole moment using the integrated absorbance from the monolayer 

(Afilm) from processed PM-IRRAS data and that of an isotropic monolayer that is 

mathematically simulated from the appropriate transmission spectrum.  The series of 

experiments required for such an analysis will be detailed in the framework of 

pentafluorobenzyl phosphonic acid (F5BnPA), since this acid linker was studied by Sang 

previously et al.
1
 

Pentafluorobenzyl Phosphonic Acid on IZO 

 This section will provide details of the processes involved in determining the 

binding modes and orientation of F5BnPA on IZO. 

PM-IRRAS 

 The process starts by analyzing the PM-IRRAS data from the modifier 

monolayer. After the data are processed using equations presented in Chapter 1, the 

vibrational modes present in the spectrum are identified to try and provide insight into the 
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binding modes of the modifier.  The modes associated with the phosphonic acid moiety 

shift slightly depending on the protonation state of the acid.
2
  Due to these changes, all 

three protonation states must be isolated and their spectra compared to the PM-IRRAS 

data from the monolayer to determine which chemical form of the modifier is the best 

chemical model or models for the monolayer on the surface. 

 In order to isolate these various chemical forms of the modifier, a titration of the 

modifier must be performed to understand the acid-base properties of the molecule.  This 

titration is performed in ethanol with a KOH titrant, because the SAM of F5BnPA is 

formed from a solution of F5BnPA in ethanol.  From the titration curve, seen in Figure 

3.1, the pKa values for F5BnPA were determined to be 4.77 and 10.30.  These are higher 

than reported values for 2-fluorophenyl phosphonic acid which were 2.84 and 7.99.
3
  

Factors that could contribute to these differences are the inductive effect of the five F 

atoms,  while another can be the solvent effect of the ethanol, since those titrations were 

performed in 50% ethanol instead of the 100% ethanol used in this work.  With the acid-

base behavior characterized, the different protonation forms of the acid can be isolated by 

adjusting the pH to a value slightly past the equivalence point, so about 9 for the 

monobasic form and 13 for the dibasic form, and isolating the corresponding K
+
 salts.  

Once adjusted to the appropriate pH, the solvent is removed by evaporation and pellets of 

a 0.2 % (w/w) mixture of the modifier salt and KBr are made.  Transmission IR spectra 

of these salts are then acquired.  The resulting spectra are seen in Figure 3.2 and the peak 

frequencies and assignments are tabulated in Table 3.1. 
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Figure 3.1.  F5BnPA titration done in ethanol with aqueous KOH. 
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Figure 3.2.  Spectral data for F5BnPA.  a), b), and c) are KBr transmission spectra from F5BnPA in its neutral acid, monobasic, and 

dibasic forms, respectively, d) the experimental PM-IRRA spectrum, and e) the simulated spectrum for the F5BnPA
-
 monolayer on 

IZO. 
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Table 3.1.  Peak frequencies and assignments for F5BnPA spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Frequency (cm
-1

) 

Assignment F5BnPA 
F5BnPA

- 

(K
+
) 

F5BnPA
2- 

(K
+
) 

F5BnPA 

Simulated 

F5BnPA 

on IZO 

ν19b 1505 1505 1497 1508 1508 

ν19a 1528 1524 1522 1527 1529 

ν20a 973 973 968 982 978 

ν7a 1128 1129 1122 1131 1131 

ν8a 1659 1657 1659 1658 1659 

δ(PO-H) 940 932  933 911 

νas(PO2-H) 1030 1025  1035 1012 

 1076  1076   

   1098 1104 1099 

 1169 1170 1174 1174  

 1203 1221 1215 1220  

ν(P=O) 1263 1244  1244 1266 

 1315 1311 1306 1310  

 1408 1413  1413  
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 The ring modes ν7a, ν8a, ν19a, ν19b, and ν20a are clearly visible in all spectra at 

around 1130, 1660, 1530, 1500, and 970 cm
-1

, respectively, as tabulated in Table 3.1.  

The transition dipole moment changes for some of these modes are illustrated in Figure 

3.3. 

 Analysis of the IR spectra, confirms the predominantly bidentate binding motif 

determined by Sang et al.
4
  The key peaks of interest in determining binding mode are the 

ν(P=O), δ(P‒O‒H), and the νas(PO2‒H), since these modes are associated with the acid 

linker moiety and can reveal the protonation state and potential binding motif.  The 

ν(P=O) for the acid form is at 1263 cm
-1

 and shifts to 1244 cm
-1

 in the monobasic form 

due to resonance stabilization.  The surface spectrum exhibits this mode at 1246 cm
-1

, 

closest to the monobasic form, suggesting that this is probably the predominant chemical 

form of the P=O bond in the surface monolayer.  Also of importance are the δ(P‒O‒H) 

and νas(PO2‒H), which are present in the acid and monobasic forms at ~935 and 1025 cm
-

1
, respectively, but are not seen in the dibasic form because the last proton is removed.  

The surface spectrum exhibits are the δ(P‒O‒H) and νas(PO2‒H) modes, albeit at weaker 

intensities, because the transition dipoles are nearly parallel to the surface, at peak 

frequencies closer to those of the acid and monobasic forms.  This observation suggests 

that the dibasic form is probably not the appropriate chemical form and that the binding 

mode for the monobasic form involves a free -OH.  Since the acid form was removed 

from consideration since the ν(P=O) mode doesn’t appear at the appropriate frequency, 

the monobasic form is concluded to be the predominant chemical model for the F5BnPA 

monolayer. 



 
 
 

 

 

      ν19a           ν19b        ν8a 

Figure 3.3.  Transition dipole moments for the ν19a , ν19b, and ν8a ring modes of F5BnPA.  Green spheres represent F atoms, while 

blue spheres are C atoms. 

4
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However, there could be some dibasic contribution to the model since it can’t be 

completely ruled out because some of the vibrational modes on the IZO surface have 

dipole moments are parallel to the surface, making their presence nearly impossible to 

verify.  With a predominantly monobasic model, a bidentate binding mode between O‒

P=O and a metal center on the IZO surface with one remaining free –OH seems to be the 

most likely scenario. 

 

Spectral Simulations 

 As previously mentioned, in order to determine the orientation of a transition 

dipole moment from PM-IRRAS data, a spectrum of an isotropic monolayer of the 

modifier of equivalent thickness must be in hand.  As there is no experimental way to 

form an isotropic monolayer on the surface, these spectra must be simulated using 

spectral data from a transmission experiment on a sample of appropriate chemical form 

of known thickness and concentration and the following equations. 

𝐼

𝐼𝑜
= 𝑒4𝜋𝑘′𝑑𝑧𝜈           [3.1] 

∆𝑛(𝜈𝑖) = 𝑛(𝜈𝑖) − 𝑛(∞) =
2

𝜋
𝑃 ∫

𝜈𝑘(𝜈)

𝜈2−𝜈𝑖
2 𝑑𝜈

∞

0
            [3.2] 

In equation 3.1, I/Io can be obtained from the transmission experiment through the 

previously mentioned KBr pellet, of thickness dz (in cm).  By taking I/Io at individual 

frequencies (ν, in cm
-1

), the attenuation constant [k’(ν)] can be calculated.  However, 

[k’(ν)] is for the material diluted in KBr and the attenuation constant for the pure material 
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[k (ν)] is needed for equation 3.2 using the correction factor Co/C, where Co and C are the 

molar concentrations of the pure material and the material in the KBr pellet, respectively, 

in mol/cm
3
.  Both concentrations require that the densities of the KBr and the modifier be 

known for calculation.  The density of KBr
5
 is 2.74 g/cm

3
, but since the correct chemical 

forms of these modifiers are not commercially available, their densities must be 

determined experimentally.  These experiments are covered in the section below on 

Neutral Buoyancy.  With an attenuation factor k(ν) determined from the transmission 

spectrum for the bulk material, the refractive indices n(ν) can be calculated using the 

integral in equation 3.2 and a Kramers-Kronig transformation. 

 Combining the calculated n(ν) and k(ν) values for the modifier and the known 

values for the IZO/Au, a spectrum for an isotropic monolayer of equivalent thickness can 

be generated using MatLAB.  For this simulation, the thickness of the monolayer must be 

known since the effective path length of the absorbance measurement can be calculated 

from this thickness.  In work by Sang et al.
1, 4

, this thickness is 4.8 x 10
-8

 cm for F5BnPA 

and with the 80° angle of incidence for the radiation and the double pass through the 

monolayer, the effective path length is the monolayer thickness multiplied by cos(80°) 

and multiplied by two, or 55 x 10
-8

 cm.  The resulting spectrum is of a layer with the 

thickness of the modifier-monolayer film of interest but of bulk concentration with 

isotropic molecules.  Since the concentration of the modifier on the surface in the PM-

IRRAS acquired spectrum is not equivalent to that in the bulk, these simulated spectra 

need to be corrected using the following correction factor, Cfilm/Cbulk, where Cfilm is the 

molar concentration (in mol/cm
3
) of the modifier on the surface (=Γ/d where Γ is the 

surface coverage in mol/cm
2
 and d is the modifier film thickness in cm) and Cbulk is the 
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molar concentration of the bulk modifier (determined from the bulk material density).  To 

calculate Cfilm, the surface coverage (Γ) of these molecules must be known.  This is 

difficult to determine given the unique nature of the IZO substrate and novelty of the 

modifiers and will be discussed in the section below on Surface Coverage Estimation 

using XPS.  With the corrected simulated spectrum in hand, the orientation of the 

transition dipole moments can be determined, as outlined in the section below on 

Orientation Calculation. 

 

Neutral Buoyancy 

 The densities of the chemical models for these surface modifiers, their respective 

salts or complexes, must be known for the calculation of surface modifier orientation. 

These values were determined here using the neutral buoyancy method.  Neutral 

buoyancy is defined as the point at which the buoyant force supplied by a medium is 

equal to the weight of an object in that medium; therefore, the object is neither sinking 

nor floating.  This buoyant force is equal to the weight of the volume of the medium that 

is displaced by the object and is proportional to the medium’s density.  In other words, 

when the density of the medium is equal to the density of the object, neutral buoyancy 

has been achieved.  This principle has been used previously to determine the density of 

novel salts.
6
 

 For this work, the medium must be a completely miscible two-solvent system that 

is unable to dissolve the material, the modifier in its appropriate form in this case.  It is 

important that the modifier does not dissolve in the solvent system, as this method 
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requires the modifier to be in its solid form to work.  The solvents used must also be 

miscible so that a homogenous solution of a discrete density is created.  The two solvents 

chosen should, when in their pure form, have densities that cover the anticipated range of 

modifier densities.  For these reasons, dichloromethane (DCM) and dibromomethane 

(DBM) were chosen, because the acid modifiers and their salts have a low solubility in 

these solvents, they are completely miscible with each other, and their pure densities 

(1.33 g/mL
7
 and 2.50 g/mL

8
 for DCM and DBM, respectively) provide a range sufficient 

to cover the anticipated modifier densities.  A 1:1 mix of these two solvents is often used 

as a starting solution because it provides room to increase and decrease the density if 

needed. 

 If the modifier is floating on top of the solvent mixture, the buoyant force of the 

mixture is greater than the weight of the modifier (i.e. the mixture density is greater than 

that of the modifier) and thus needs to be reduced.  To lower the buoyant force, the 

density of the mixture must also be lowered; this is accomplished by adding some of the 

lower density solvent, DCM in this case.  Similarly, if the modifier is at the bottom of the 

solvent mixture, the buoyant force is too weak to push against the weight of the modifier 

and needs to be increased by adding some of the higher density solvent. 

 Once neutral buoyancy is obtained, the density of the resulting mixture is 

determined by recording the mass of a known volume of the mixture.  The results for the 

F5BnPA modifier forms were 1.9 ± 0.1, 1.9 ± 0.4, 1.9 ± 0.1 g/mL for the neutral acid, 

monobasic, and dibasic, forms respectively. 
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Surface Coverage Estimation using XPS 

 Values of modifier surface coverage on IZO are needed to correct spectral 

simulations from bulk concentration to a concentration proportional to the surface 

coverage.  In this work, these values are estimated using XPS by comparing integrated 

intensities to those of a modifier with known surface coverage.  In this work, the ratio of 

F atoms in the modifier to the In in the IZO is used as a quantitative indicator of surface 

coverage, as described in equation 3.3: 

𝛤 ∝
𝑁𝐹

𝑁𝐼𝑛
= (

𝐼𝐹

𝐼𝐼𝑛
) (

1

𝑛
) (

𝑇𝐼𝑛𝐷𝐼𝑛𝜎𝐼𝑛𝐿𝐼𝑛𝜆𝐼𝑛

𝑇𝐹𝐷𝐹𝜎𝐹𝐿𝐹𝜆𝐹
)         [3.3] 

where Γ is the surface coverage (in mol/cm
2
), N is the number of atoms sampled, I is the 

integrated intensity (in cps∙eV) of the XPS peak, n is the number of F atoms on one 

molecule of the modifier, T is the transmission efficiency of the analyzer at the kinetic 

(KE) of the photoelectrons detected, D is the detector efficiency at the KE of the 

photoelectrons detected, σ is the photoionization cross-section of the atom at the 

excitation energy, L is a geometric term accounting for incident and collection angles, 

and λ is the inelastic mean free path of the photoelectrons at their given KE; the 

subscripts correspond to the atom to which the parameter belongs. 

 As it is difficult to know accurately all of these parameters, ratios of equation 3.3 

between a system of known atomic ratio and the unknown system, like a metal oxide of 

known ratio to one of unknown ratio, are often used to cancel out most parameters.
9
  By 

using a modifier of similar chemical nature (i.e. chemically similar F atoms) with a 

known surface coverage, the F:In ratio for the unknown modifier and this standard can be 
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taken and all of the common parameters can be cancelled, yielding equation 3.4 where 

the subscripts correspond to the modifier of unknown coverage (modifier) and the 

standard of known coverage (standard). 

𝛤𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑟

𝛤𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
=

(
𝐼
𝐹, 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑟

𝐼
𝐼𝑛,  𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑟

)×
1

𝑛𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑟

(
𝐼
𝐹, 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝐼𝐼𝑛,   𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
)×

1

𝑛𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

     [3.4] 

 Several assumptions must be made to entirely cancel the instrument parameters.  

One of them is that the XPS signal from F is due only to modifier bound to the surface, 

and not of any aggregated material, and when normalized based on the number of F 

atoms on the molecule (5 for F5BnPA and 13 F13OPA), transforms the signal into the 

number of molecules sampled.  The geometric term, L, cancels out, because the 

experimental setup is constant for each acquisition.  Since all of the atoms sampled are 

nearly identical, σ is the same and the corresponding photo-electrons have equivalent 

energies, so that the analyzer efficiency, T, and detector efficiency, D, are equivalent.  

Finally, since the location of the F atoms is on the surface and the In atoms are sampled 

from the near-surface region of the oxide substrate in each case, λ is constant for each 

atom.  With the assumptions, all of the parameters for the atoms cancel when the ratio is 

taken.  One last assumption is that the In composition in the oxide is constant throughout 

one 1 in x 3 in slide which means that the number of In atoms sampled is also constant 

between samples.  The reference monolayer used in this work is 1H,1H,2H,2H-

tridecafluorooctanephosphonic acid (F13OPA).  It has a surface coverage on Au of 4.9 x 

10
-10

 mol/cm
2
, as determined by contact angle measurements

10
.  The XPS survey spectra 

for F13OPA and F5BnPA on IZO are shown in Figure 3.4, while Figure 3.5 shows the 



 

 

 

 

Figure 3.4.  XPS survey spectra: a) for F13OPA monolayer on IZO and b) for F5BnPA monolayer on IZO.  Note the F 1s peaks around 

689 eV and the In 3d3/2 and 3d5/2 peaks at 452 and 444 eV, respectively.  

a) 

b) 
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a) 

Figure 3.5.  XPS high resolution spectra for: a) the F 1s peak and b) the In 3d3/2 and 3d5/2 peaks from F13OPA monolayer on IZO 

used with F5BnPA and c) the F 1s peak and d) the In 3d3/2 and 3d5/2 peaks from F5BnPA monolayer on IZO. 

a) b) 

c) d) 
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high resolution XPS spectra for the F 1s and In 3d peaks for both monolayers.  The 

integrated intensities for the F 1s and the combined In 3d3/2 and 3d5/2 peaks for F13OPA 

monolayers were found to be 12,299 ± 770 cps∙eV and 43,474 ± 2,541 cps∙eV, 

respectively, while the same values for the F5BnPA monolayers were 1,804 ± 113 cps∙eV 

and 42,567 ± 2,487 cps∙eV, respectively.  It makes sense that the integrated intensities for 

the In 3d peaks should be similar between samples, because the monolayers were formed 

on substrates taken from the same slide, which is assumed to have homogeneous In 

content.  Using these integrated intensities and equation 3.4, the estimated surface 

coverage for F5BnPA using F13OPA as the reference was found to be 1.9 (± 0.1) x 10
-10

 

mol/cm
2
. 

 

Orientation Calculation 

 The integrated absorbance values of certain peaks in the PM-IRRAS and surface 

area-corrected simulated spectra are needed in order to calculate the orientations of 

transition dipole moments using equation 1.5.  The vibrational modes to be used to 

calculate the orientation of the phenyl ring in F5BnPA will be the ν19a and ν19b modes, 

because the transition dipole moments for these modes are along the ring axis and 

perpendicular to it.  The average integrated absorbance values for the ν19a and ν19b bands 

taken from the PM-IRRAS data are 0.031 ± 0.002 and 0.009 ± 0.001 a.u., respectively, 

while the same values from the simulated spectra are 0.022 ± 0.003 and 0.021 ± 0.001 

a.u., respectively.  Using these integrated absorbance values in equation 1.5 leads to 

calculation of tilt angles of the dipole moments for the ν19a (along the phenyl ring axis) 
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and ν19b (perpendicular to the phenyl ring axis) modes of 46 ± 4° and 67 ± 1°, 

respectively.  These two experimentally determined angles can be used to calculate other 

angles of interest for these molecules, as described next. 

 The orientation of the modifier is defined by three angles, the tilt angle of the ring 

axis from the surface normal (θ), the twist of the ring about the ring axis (φ), and the tilt 

angle of the ring normal relative to the surface normal (α); these are identified in Figure 

3.6.  Since the transition dipole moment for the ν19a ring mode runs along the carbon-

phenyl bond and the tilt angle is described along that same bond, θ can be directly 

calculated by using the angle of the ν19a ring mode, as calculated from equation 1.5.  

Unfortunately, φ and α aren’t described by a single vibrational dipole moment 

orientation, so a combination of the ν19a and ν19b vibrational modes and geometric 

relationships are used to extract those angles.  For this calculation, the angles of the ν19a 

and ν19b vibrational dipole moments with respect to the surface normal are designated as 

θ and β, respectively. 

 To calculate φ and α, the phenyl ring is cut in half along the ring axis and is 

placed in a unit cell based on an X, Y, Z coordinate system as shown in Figure 3.7.  In 

this configuration, the X-Y plane is parallel to the surface and the Z-axis is perpendicular 

to the surface.  This half of the ring is oriented such that the plane ABDH shows the ring 

with a tilt angle equal to θ and φ = 0° and line segment BD bisects the ring.  If the ring 

has a twist greater than 0° (φ > 0°) around line segment BD, plane ABDH will rotate up 

into plane CBDG, which intersects the edges at C’ and G’.  In these planes, the axis of 

the dipole moments for ν19a and ν19b are along line segments BD and BC, respectively. 
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Figure 3.6.  Orientation graphic for F5BnPA on IZO.  Green spheres represent F atoms, 

blue spheres are C, gray spheres are H, red spheres are O, and the purple sphere is P. 
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Figure 3.7.  Orientation of half a phenyl ring in a unit cell.  
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 In order to get a twist angle (φ) between plane ABDH and CBDG, triangle C’FE 

is created such that ∠C’FE = φ and line segment FE is parallel to AB and perpendicular 

to BD.  As seen in Figure 3.7, φ can be affected by both θ and β, so accounting for these 

angles is required to calculate φ.  To calculate φ, at least two of the sides of triangle C’FE 

must be known, and since EF is parallel to and in the same plane as AB, EF has a length 

of 1 and therefore either C’F or C’E needs to be known.  Determining the length of C’F is 

probably the best choice, since it is also a line in triangle C’BF, which can be solved with 

the information already in hand. 

 Discussed next is how φ can be calculated using a unit cell with prior knowledge 

of θ and β.  The Cartesian coordinates of the points involved must be known so the 

distances between them can be calculated.  Since points A and B are on vertices of the 

unit cube, their coordinates are straight forward; A (0, 0, 0) and B (1, 0, 0).  Other points 

are along the edges and need another method to determine their coordinates.  One method 

is to use trigonometry for a right triangle with a side of known length and a second 

known angle.  This method can be used to determine a number of line segment lengths, 

from which some coordinates can be deduced.  For point D, a triangle using the angle 

complementary to θ, which is 44°, can be used to determine the coordinates of D from 

line segment DI.  For example, with the side adjacent to the angle as well as the angle 

known, the tangent of the angle can be used to calculate the lengths of those segments. 

∠DBI is 44° which means that lengths of line segment DI is 0.839, respectively.  Since 

point A is the origin and C’ lies on the Z-axis, the coordinates for C are (0, 0, 0.384); 

similarly, I is (1, 1, 0) and D extends up from the Z axis such that D is (1, 1, 0.839). 
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To solve triangle C’BF containing ∠C’FE, which is equivalent to φ, ∠CBF must 

be known.  Since D and F are on the same line, ∠C’BF = ∠C’BD, and since all of the 

coordinates in triangle C’BD are known, the distances can be calculated and using the 

cosine theorem, ∠C’BD can be calculated.  The lengths of line segments C’B and BD can 

be calculated using the cosine relationship and triangles C’BA and DBI, and are found to 

be 1.071 and 1.305, respectively.  Line segment C’D can be calculated using the 

Cartesian distance formula and is determined to be 1.486.  With all of the line segments 

in triangle CBD now known, the cosine theorem can be used to calculate ∠CBD, which is 

76.7°.  Remembering that ∠CBF = ∠CBD, line segment CF can be calculated using the 

sine relationship on triangle CBF and is 1.042. 

 The last line segment to be determined in triangle C’FE is C’E, which can be 

calculated from triangle C’AE.  C’A is already known, and since ABEF is a 

parallelogram AE = BF, which can be calculated using the cosine relationship in triangle 

CBF; BF and therefore AE are 0.247.  The cosine theorem can be used on triangle CEA 

to calculate the length of CE, which is 0.294.  Now that all sides of triangle CFE are 

known, the twist angle (φ) can be calculated using the cosine theorem, and it is 17°. 

 To calculate the angle of the ring normal relative to the surface normal, vector 𝐴𝑂⃗⃗⃗⃗  ⃗ 

is created such that it is perpendicular to the ring plane C’BDG’ and intersects the plane 

at point O, designated as (X, Y, Z).  Since vectors 𝐹𝐶′⃗⃗ ⃗⃗ ⃗⃗  ⃗ and 𝐵𝐷⃗⃗⃗⃗⃗⃗  are both on plane CBDG, 

they are both perpendicular to vector 𝐴𝑂⃗⃗⃗⃗  ⃗.  Therefore, the dot products between 𝐹𝐶′⃗⃗ ⃗⃗ ⃗⃗  ⃗ or 

𝐵𝐷⃗⃗⃗⃗⃗⃗  with 𝐴𝑂⃗⃗⃗⃗  ⃗ will equal 0.  This allows for X and Y coordinates for vector 𝐴𝑂⃗⃗⃗⃗  ⃗ to be put in 

terms of Z, simplifying the coordinates.  Also knowing that the dot product between two 
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vectors is equal to the magnitudes multiplied together along with the cosine of the angle 

between them, if a vector describing the surface normal (i.e. Z-axis), this relationship can 

be used to extract the angle of the ring normal (𝐴𝑂⃗⃗⃗⃗  ⃗) to the surface normal.  This angle, α, 

was found to be 47°.  

 Using the monobasic form as the chemical model for the monolayer of F5BnPA, 

the orientation is determined from two PM-IRRAS surface spectra and five simulated 

spectra (generated from five KBr transmission spectra), and the results are seen in Figure 

3.8.  (NOTE: The errors shown with the angles are experimental standard 

deviations of the values, not the range of angles of the F5BnPA population.)  The tilt 

angle (θ) determined in this way is 46 ± 4°, while the ring twist (φ) is 17 ± 1°.  The 

angles are similar to although slightly lower than those of 58 ± 3° and 33 ± 3° reported by 

Sang et al.
4
  These angles might be lower than those reported by Sang due to treatment of 

the simulated data.  A smaller tilt angle could mean smaller integrated absorbance values 

from the simulated data, which could arise from a smaller surface coverage and/or a 

smaller density of the monobasic modifier.  The small difference in coverage could arise 

from differences in the properties of the IZO substrates.  The substrates used in the work 

by Sang were sputtered from a 70:30 In2O3:ZnO target, while the substrates used in this 

work were sputtered from an 80:20 In2O3:ZnO target.  This difference in targets could 

result in films of slightly different In/Zn surface ratios or different surface roughness, 

which could change slightly the surface coverage of the modifier on the oxide.  The 

smaller density affects the correction factor for the conversion from transmission to 

simulated data.  Regardless of the exact source of this difference, the values are close and 

are also close to the orientations reported for this molecule on the basis of NEXAFS
1
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Figure 3.8.  Orientation of F5BnPA on IZO from analysis of the PM-IRRAS.  Green 

spheres represent F atoms, blue spheres are C atoms, gray spheres are H atoms, red 

spheres are O atoms, and the purple sphere is a P atom. 
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experiments and DFT calculations
1
 on similar but not identical oxide substrates.  These 

angles determined for F5BnPA also suggest a bidentate binding mode as well, because a 

tridentate binding mode would result in a greater tilt angle, which isn’t seen in the results. 
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Pentafluorobenzyl Carboxylic Acid on IZO 

The second acid linker investigated in this work is the pentafluorobenzyl 

carboxylic acid (F5BnCA).  This acid is gaining traction as a potential alternative to other 

organic acid-based modifiers.
11

  This modifier has been shown to bind in both 

monodentate and bidentate fashion, depending on the oxide.  Schematics of these binding 

motifs are shown in Figure 3.9.  Examples previously studied are AgO and Al2O3 where 

the carboxylic acid-based SAMs are found to bind in a bidentate
11

 and monodentate
12

 

manner, respectively.  In both cases, the neutral acid is deprotonated which means that 

the base form of the modifier will most likely be the correct chemical model in this case. 

 Since the carboxylic acid is monoprotic, there are only two forms to consider for 

choice of the chemical model; the neutral acid and base forms.  The result of the F5BnCA 

titration with aqueous KOH in ethanol is seen in Figure 3.10.  From the titration curve, 

the pKa value was determined to be 6.55.  This value is higher than that of 

monofluorinated benzoic acid, which can range from 3.27-4.14 depending on the position 

of the fluorine.
13

  The reason the F5BnCA value is higher is again due to the fact that 

additional fluorine atoms create more of an inductive effect, making the proton harder to 

remove.  The density for monobasic F5BnCA was found to be 2.0 ± 0.1 g/mL; however, a 

density for neutral F5BnCA wasn’t determined, since the monobasic form is expected to 

be the model, as noted above. 

 It would be expected that the carboxylic acid would be in the basic form on the 

surface because of the proposed binding motifs presented below, and this is a more 

favorable binding structure, since the negative charge can resonate between the oxygen 



 

 

 

 

 

Figure 3.9.  Schematics of: a) monodentate, b) bridging bidentate, and c) chelating bidentate binding motifs for carboxylic acids. 
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Figure 3.10.  F5BnCA titration with aqueous KOH in ethanol. 
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atoms and the metal center they complex.  Interpretation of the IR spectra, seen in Figure 

3.11, certainly seems to support this claim.  The ring modes ν7a, ν8a, ν19a, ν19b, and ν20a are 

clearly visible in all spectra at around 1130, 1660, 1530, 1500, and 980 cm
-1

, 

respectively, as tabulated in Table 3.2.  The conclusive modes for determining bidentate 

binding are the ν(C=O), νs(O=C‒O
-
), and νas(O=C‒O

-
).  The ν(C=O) at 1716 cm

-1
 is only 

seen in the spectrum from the neutral acid; after deprotonation the carbonyl resonance 

between the oxygen atoms leads to a greater intensity in the νs(O=C‒O
-
), and νas(O=C‒O

-

) bands at 1380 cm
-1

 and 1576 cm
-1

, respectively.  The surface spectrum clearly shows 

the lack of a ν(C=O) band and the presence of the νs(O=C‒O
-
) at 1397 cm

-1
, indicates a 

bidentate binding mode.  The νas(O=C‒O
-
) band is not present in the PM-IRRA spectrum, 

because the transition dipole is largely parallel to the surface, and thus, will not be visible 

in this experiment. 

 The frequencies of these carboxylate vibrational bands, specifically the difference 

between the modes [Δν = νas(O=C‒O
-
) - νs(O=C‒O

-
)], can also provide insight into the 

specific type of binding.
14

  Nakamoto
15

 has reported that a comparison of Δν for the 

sodium complex (ΔνNa) to Δν for a second complexed metal (Δνcomplex) can be used to 

determine the nature of the binding in the complex of the second metal; using the 

following relationships: 

ΔνNa > Δνcomplex indicates bidentate chelating bonding        [3.5] 

ΔνNa = Δνcomplex indicates bidentate bridging bonding        [3.6] 

ΔνNa < Δνcomplex indicates monodentate bonding        [3.7]



 

 

 

 

 

 

 

 

 

 

 

Figure 3.11.  Spectral data for F5BnCA.  IR transmission spectra of the a) neutral acid and b) monobasic forms of F5BnCA as KBr 

pellets; c) PM-IRRA spectrum from F5BnCA monolayer on IZO, and d) simulated spectrum of isotropic monolayer.  
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Table 3.2.  Peak frequencies and assignments for F5BnCA spectra.  Assignments based 

on work by Papageorgiou et al.
16

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Frequency (cm
-1

) 

Assignment F5BnCA 
F5BnCA

- 

(K
+
) 

F5BnCA 

Simulated 

F5BnCA on 

IZO 

ν19b 1510 1500 1506 1508 

ν19a 1525 1529 1532 1526 

ν20a 985 981 985 980 

ν7a 1128 1129 1131 1129 

ν8a 1661 1660 1661 1660 

 916 910 911 918 

  926 928  

ν(C‒F) 1016 1009 1012 1018 

 1038 1030 1031  

  1198 1200  

 1241    

 1308 1313 1313 1317 

νs(O=C‒O
-
)  1380 1392 1397 

 1413    

 1428    

νas(O=C‒O
-
)  1576 1585  

  1606 1609 1608 

ν(C=O) 1716    
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A couple of small alterations will be made to use these relationships for the F5BnCA data.  

First, the counter cation in the KBr transmission experiments here is K
+
 instead of Na

+
.  

Since ΔνNa reported by Papageorgiou et al. is 192 cm
-1

 and the ΔνK in this work is 196 

cm
-1

, it is assumed that K
+
 acts in a similar manner to that of Na

+
 and can be used as the 

comparison value.  The second assumption imposed here is that, even though the 

νas(O=C‒O
-
) band is not visible in the PM-IRRA spectrum, it would appear at the same 

frequency as in the simulated spectrum or be shifted by the same amount as the νs(O=C‒

O
-
).  This assumption is less certain; however, it provides a starting point for use of these 

relationships, and even if the mode at 1608 cm
-1

 is νas(O=C‒O
-
) the results of these 

relationships about to be discussed will stay true.  Therefore, using these assumptions 

allows one to see that Δνcomplex is 179 cm
-1

 which is smaller than ΔνK suggesting chelating 

bidentate binding coordination to the surface.  Such bidentate binding most likely 

involves In atoms, since the surface is known to be predominately In (>90%) as reported 

by Sang and Schalnat.
1
 

 To correct the simulated spectral data, surface coverage was estimated by XPS, 

and survey spectra for F13OPA and F5BnCA on IZO are seen in Figure 3.12.  The high 

resolution spectra for the F 1s and In 3d peaks for F13OPA and F5BnCA on IZO are seen 

in Figure 3.13.  The integrated intensities for the F 1s and the combined In 3d3/2 and 3d5/2 

peaks for F13OPA monolayers were found to be 12,947 ± 810 cps∙eV and 45,762 ± 2,674 

cps∙eV, respectively, while the same values for the F5BnCA monolayers were 4,114 ± 

257 cps∙eV and 49,067 ± 1,006 cps∙eV, respectively.  The integrated intensities for the In 

3d peaks are again similar between these samples, as well as those from the F5BnPA 

measurements, indicating that the In content is consistent throughout the samples. 



 

 

 

 

Figure 3.12.  XPS survey spectrum for: a) F13OPA monolayer on IZO b) F5BnCA monolayer on IZO.  Note the F 1s peaks around 689 

eV and the In 3d3/2 and 3d5/2 peaks at 452 and 444 eV, respectively. 
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a) 
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688.0 eV 

451.9 eV 

444.4 eV 

Figure 3.13.  XPS high resolution spectra for:  a)  the F 1s peak and b) the In 3d3/2 and 3d5/2 peaks from F13OPA monolayer on IZO 

used with F5BnPA and c) the F 1s peak and d) the In 3d3/2 and 3d5/2 peaks from F5BnCA monolayer on IZO. 

a) b) 

c) d) 
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Using these integrated intensities and equation 3.4, the estimated surface coverage for 

F5BnCA using F13OPA as the reference was found to be 3.8 ± 0.1 x 10
-10

 mol/cm
2
, about 

twice as dense as the F5BnPA monolayer. 

 With the basic form used as the chemical model, the orientation is determined 

from two PM-IRRA surface spectra and five simulated spectra (generated from five KBr 

transmission spectra).  The simulated spectra were generated using a monolayer thickness 

of 4.8 x 10
-8

 cm, the same as for F5BnPA, to a first approximation.  The average 

integrated absorbance values for the ν19a and ν19b bands taken from the PM-IRRAS data 

are 0.015 ± 0.001 and 0.018 ± 0.001 a.u., respectively, while the same values from the 

simulated spectra are 0.024 ± 0.006 and 0.026 ± 0.006 a.u., respectively.  Using these 

integrated absorbance values in equation 1.5 leads to calculation of tilt angles for the ν19a 

(along the phenyl ring axis) and ν19b (perpendicular to the phenyl ring axis) transition 

dipole moments of 61 ± 2° and 59 ± 4°, respectively, from which values for φ and α were 

determined to be 27 ± 3° and 39 ± 4°.  The average orientation determined for F5BnHA 

on IZO is shown in the chemical structure in Figure 3.14. 

 The results are consistent with a bidentate binding mode, as the tilt angle (θ) is 61 

± 2°, which is greater than that for F5BnPA modifier.  This difference is rationalized on 

the basis of the carboxylate group preferring to be largely perpendicular to the surface in 

its bidentate binding.  This can be further understood by considering the angle of the 

methylene carbon-carboxylate carbon bond, which is in the plane of the carboxylate 

group.  The methylene carbon has a tetrahedral geometry, which means that the average 

bond angle is 109.5°, and one can see that this angle, plus the tilt angle of the ring and  
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Figure 3.14.  Orientation of F5BnCA on IZO from analysis of the PM-IRRAS.  Green 

spheres represent F atoms, blue spheres are C atoms, gray spheres are H atoms, and red 

spheres are O atoms. 
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also the carboxylate should equal 180°.  Since the tilt angle of the ring and the angle 

around the methylene carbon are known, simply subtracting these two angles from 180° 

will yield the tilt of the carboxylate, which is found to be 10 ± 2° from surface normal, or 

very nearly perpendicular to the surface.  There is also a much greater ring twist (φ) in 

the carboxylic acid modifier than for F5BnPA, with F5BnCA exhibiting a twist of 27 ± 3°. 
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Pentafluorobenzyl Hydroxamic Acid on IZO 

 The third modifier investigated in this work is pentafluorobenzyl hydroxamic acid 

(F5BnHA).  Hydroxamic acids have been used in the past as complexing agents for 

numerous metals
17-20

 and are believed to be stronger chelating agents than carboxylic 

acids due to their wider binding pocket.
21

  The titration data, shown in Figure 3.15 

demonstrates that the pKa is 11.1, which is higher than the reported value of 8.88 for 

benzohydroxamic acid.
22

  The inductive effect from the F atoms leads to this higher pKa 

value. 

 Although hydroxamic acids can bind metals in a monodentate fashion,
21

 as seen 

in Figure 3.16, they tend to form bidentate complexes and have also shown the ability to 

tautomerize into the imine form.
23

  Figure 3.16 also shows the proposed bidentate binding 

motif for the hydroxamic acid.  Analyzing the spectral data, seen in Figure 3.17 (with the 

vibrational assignments in Table 3.3), it appears that the spectrum of the potassium 

hydroxamate salt (Figure 3.17b) is a poor match to the PM-IRRA surface spectrum.  This 

can be seen from the absence of a band at 1592 cm
-1

 from the monobasic salt in the 

surface spectrum.  The mode is assigned to be δ(N‒H) of the H trans to the carbonyl after 

deprotonation.
24

  While the amine H is usually is deprotonated, Higgins et al. report that 

the potassium salts of hydroxamic acids shift the negative charge to the alcohol O.
24

  The 

lack of a ν(C=O) around 1632 cm
-1

 in the surface spectrum indicates that there is also a 

poor match to the neutral acid form.  These spectral discrepancies suggest that the IZO 

surface form of F5BnHA may be the tautomerized imine form. 
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Figure 3.15.  F5BnHA titration with aqueous KOH in ethanol. 
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Figure 3.16.  Schematic of a) monodentate binding as reported by Folkers et al.
21

, and b) the bidentate binding motif. 
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Figure 3.17.  Spectral data for F5BnHA.  IR transmission spectra in KBr of the a) the F5BnHA neutral acid form, b) F5BnHA 

monobasic form, and c) Zn
2+

-complex of F5BnHA; d) PM-IRRAS data for F5BnHA on IZO, e) simulated spectrum of an isotropic 

monolayer of F5BnHA. 
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Table 3.3:  Peak frequencies and assignments for F5BnHA spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Frequency (cm
-1

) 

Assignment F5BnHA 
F5BnHA

- 

(K
+
) 

Zn
2+

-

F5BnHA 

Complex 

F5BnHA 

Simulated 

F5BnHA 

on IZO 

ν19b 1507 1503 1507 1507 1510 

ν19a 1532 1528 1524 1526 1528 

ν20a 988 976 975 975 966 

ν7a 1133 1128 1129 1129 1131 

ν8a 1659 1657 1657 1656 1659 

 904 906 908 909 907 

  927    

ν(C‒F) 1002 1007 1012 1012 1011 

 1079 1069 1086 1088  

  1175   1184 

   1200 1201  

   1400 1401 1396 

   1539 1540  

δ(N‒H)
24

  1592    

ν(C=N)
24 

  1618 1618 1616 

ν(C=O)
24

 1632     
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 To generate a metal complex as the basis for an IR spectrum of an appropriate 

chemical model, an acidic solution of Zn
2+

 was titrated into a basic solution of F5BnHA 

at 80°C.  The Zn
2+

 solution is acidified to ensure that free Zn
2+

 is available (i.e. no zinc 

hydroxide complexes are formed), and the F5BnHA is made basic to deprotonate the acid 

in an effort to facilitate tautomerization.  The proposed reaction and binding motif for this 

complex is seen in Figure 3.18.  The spectrum of the resulting metal complex (Figure 

3.17c) is a closer match to the PM-IRRA surface spectrum than the potassium 

hydroxamate.  The ν(C=N) band that appears around 1618 cm
-1

 is the key match in this 

comparison, as it does not appear in the spectra of either the neutral or monobasic forms, 

but does appear as a weak band in the surface spectrum.  These spectral similarities lead 

to the complex being selected as the appropriate chemical model. 

 The complex between Zn
2+

 and HA was characterized by atomic absorption 

spectroscopy to determine the HA:Zn
2+

 ratio.  The characterization was performed as 

described in Chapter 2.  The approach used is to weigh out a known amount of F5BnHA, 

add a slight excess of Zn
2+

 to drive the complex formation reaction in a 2:1 HA:Zn
2+

 ratio 

to complexation resulting in  solid product that precipitates our of solution, and measure 

the residual Zn
2+

 in solution.  For this experiment, 5.5 mg (2.28 x 10
-5

 moles) of F5BnHA 

was used.  Based on an anticipated 2:1 HA:Zn
2+

, 1.14 x 10
-5

 moles of Zn
2+

 should be 

needed for complete reaction to (HA)2Zn
2+

.  Then, 1,000 µL of 18.7 mM Zn
2+

 (1.87 x 10
-

5
 moles) was added to form the complex.  Assuming the complex forms with 100% yield 

at a 2:1 HA:Zn
2+

 ratio, 7.3 x 10
-6

 moles of Zn
2+

 should remain unreacted in solution.  The 

solution is diluted to a final volume of 100 mL, such that the resulting concentration of 



 

 

 

 

 

 

Figure 3.18.  Proposed reaction scheme for metal complexation from tautomeric form of F5BnHA. 
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Zn
2+

 would be 4.77 ppm.  A calibration curve was prepared from Zn
2+

 standards of 1, 5, 

and 10 ppm.  The unreacted Zn
2+

 concentration in the residual solution was determined 

be 4.94 ppm.  From this value, the HA:Zn
2+

 ratio is calculated and to be 2.05, indicating 

that the complex produced has the expected ligand:metal and is pure. 

 The densities for the different hydroxamic acid chemical forms were determined 

to be, 1.8 ± 0.1, 2.1 ± 0.3, 2.1 ± 0.1 g/mL for the neutral acid, monobasic, and Zn
2+

-

complex, respectively.  The surface coverage used to correct the simulated spectrum was 

estimated by XPS and survey spectra for F13OPA and F5BnHA on IZO are seen in Figure 

3.19.  The quantitative spectra for the F 1s and In 3d peaks for F13OPA and F5BnHA on 

IZO are seen in Figure 3.20. The integrated intensities for the F 1s and the combined In 

3d3/2 and 3d5/2 peaks for F13OPA monolayers were found to be 8,300 ± 519 cps∙eV and 

36,068 ± 1,720 cps∙eV, respectively, while the same values for the F5BnHA monolayers 

were 2,059 ± 75 cps∙eV and 36,656 ± 831 cps∙eV, respectively.  A careful look at the Zn 

peaks in this data show that the Zn in the F5BnHA modified substrate appears to be 

lower.  Exporting the both survey spectra into Origin, the Zn 2p1/2 and 2p3/2 peaks are 

fitted with mixed Gaussian and Lorentzian shapes.  The total area (combined areas of the 

2p1/2 and 2p3/2 peaks) for the F5BnHA and F13OPA modified substrates was found to be 

5,102 cps∙eV and 6,990 cps∙eV, respectively.  The In:Zn of each film can provide insight 

into the quality of the film and the [In:Zn]HA:[In:Zn]OPA (the In:Zn for the HA modified 

surface ratioed to the In:Zn for the OPA modified surface) compares the film quality 

between the two surfaces.  Ideally, [In:Zn]HA:[In:Zn]OPA would be 1 indicating that the 

films are equivalent after modification, but [In:Zn]HA:[In:Zn]OPA is actually 1.39 for this 



 

 

 

 

Figure 3.19.  XPS survey spectrum for: a)  F13OPA monolayer on IZO b) F5BnHA monolayer on IZO.  Note the F 1s peaks around 

689 eV and the In 3d3/2 and 3d5/2 peaks at 452 and 444 eV, respectively. 
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b) 
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Figure 3.20.  XPS high resolution spectra for: a) the F 1s peak and b) the In 3d3/2 and 3d5/2 peaks from F13OPA monolayer on IZO 

used with F5BnHA and c) the F 1s peak and d) the In 3d3/2 and 3d5/2 peaks from F5BnHA monolayer on IZO. 

a) b) 

c) d) 
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data, indicating that there is an artificially greater amount of In located at the surface.  

The raised amount of In at the surface would result in a lower surface coverage because 

one would be sampling more In in the HA modified film rather than the OPA modified 

film.  So if one multiplies the coverage they get from equation 3.4 with this 1.39 factor, a 

more accurate coverage can be calculated, and for F5BnHA on IZO that coverage is 4.2 

(± 0.1) x 10
-10

 mol/cm
2
, which is greater than both the F5BnPA and F5BnCA monolayer 

densities. 

 Based on the structures of other hydroxamate complexes reported in the 

literature
17-20, 24

 the proposed bidentate binding motif of the hydroxamic acid involves 

bonding of the alcohol and carbonyl O atoms to the surface.  This makes C=N bond 

largely parallel to the surface, and therefore, its vibrational signature would be predicited 

to be very weak in the PM-IRRAS spectrum based on surface selection rules.  This 

situation makes confirmation of the tautomerization from the IR data difficult.  However, 

when the metal complex is used as the chemical model, the orientation extracted from the 

data is consistent with that of a bidentate binding motif. 

 The simulated spectrum used to determine the orientation of F5BnHA was 

generated using a thickness for the HA monolayer of 10.5 x 10
-8

 cm, generated from 

Chem3D.  When correcting the simulated spectrum using Cfilm/Cbulk, the appropriate 

molar mass of the (F5BnHA)2Zn needs to be used, and since the model used is a 2:1 

F5BnHA:Zn complex is 543.39 g/mol. 

 The average integrated absorbance values for the ν19a and ν19b bands taken from 

the PM-IRRAS data are 0.015 ± 0.001 and 0.010 ± 0.004 a.u., respectively, while the 
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same values from the simulated spectrum are 0.0069 ± 0.0011 and 0.0058 ± 0.0006 a.u., 

respectively.  Using these integrated absorbance values in equation 1.5 leads to 

calculation of tilt angles for the ν19a (along the phenyl ring axis) and ν19b (perpendicular to 

the phenyl ring axis) transition dipole moments of 30 ± 7° and 40 ± 12°, respectively, 

from which values for φ and α were determined to be 32 ± 14° and 66 ± 6.°  The average 

orientation determined for F5BnHA on IZO is shown in the chemical structure in Figure 

3.21. 

 The tilt angle of 30 ± 7° is the lowest of the three modifiers investigated and is 

reasonable for a bidentate binding motif.  Just as the tilt of the carboxylate was calculated 

to help understand the binding motif of F5BnCA, the C=N bond angle can be calculated 

as well.  With the proposed tautomerization, the geometry around the imidic C would be 

trigonal planar, which usually has an average bond angle of about 120° but the double 

bond slightly repels the other bonds increasing the angle between the methylene carbon, 

imidic carbon, and nitrogen to be closer to 125°
25

; the methylene carbon would still have 

an average bond angle of 109.5°.  Using these two known bond angles and the ring tilt 

angle, the angle of the C=N bond is determined to be 85 ± 7° from the surface normal, or 

essentially parallel. 
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Figure 3.21.  Proposed orientation for F5BnHA on IZO from analysis of the PM-IRRAS.  

Green spheres represent F atoms, black spheres are C atoms, the blue sphere is an N 

atom, gray spheres are H atoms, and red spheres are O atoms. 
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Pentafluorobenzyl Sulfonic Acid on IZO 

 The sulfonic acid modifier F5BnSA was provided in its basic form as the sodium 

salt, so a titration was not needed to isolate the basic product.  Sulfonic acids have been 

reported to bind to one metal oxide, Fe2O3, through the deprotonated O atom.
26

 

 The IR data for F5BnSA are displayed in Figure 3.22, along with a PM-IRRA 

spectrum for F5BnHA after 1 h of deposition for comparison (since the F5BnHA 

monolayer forms quickly).  This comparison is needed, because there are visible signs of 

significant etching from the sulfonic acid modified substrate, as can be seen in Figure 

3.23.  This etching removes IZO from the gold slide, and little sulfonic acid actually 

binds to the gold surface itself.  The ring modes ν19a and ν19b are weak in intensity, 

although some of the sulfonic acid modes, including the νs(SO3
-
) and νas(SO3

-
) at 1055 

and 1152 cm
-1

, respectively, are visible in the surface spectrum.  Other bands are 

tabulated in Table 3.4. 

 To quantify how much IZO is being etched by the sulfonate salt, the solutions 

used to form the F5BnSA SAMs from two IZO slides were collected and analyzed for Zn 

and In content via ICP-MS.  This solution was treated with HNO3 and prepared to a final 

concentration of 5% HNO3, and was compared against two quality control solutions.  The 

method blank was 5% HNO3 prepared in exactly the same way as the sample (as 

described in Chapter 2), while a reagent blank was prepared by just making a 5% HNO3 

solution and running it.  The results are displayed in Table 3.5, including the values from 

the F5BnSA etching solutions, reagent, and method blanks. 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22.  Spectral data for F5BnSA.  a) IR transmission spectrum as a KBr pellet of the F5BnSA
-
 Na

+
 salt, and PM-IRRAS data 

from IZO surface modified with b) F5BnHA for 1 h (as comparison) and c) F5BnSA 142 h of modification, respectively. 
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Table 3.4:  Peak frequencies and assignments for F5BnSA spectra.  Sulfonic acid modes 

assigned using work by Nersasian and Johnson.
27

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Frequency (cm
-1

) 

Chemical System F5BnSA
-
(Na

+
) 

ν19b 1506 

ν19a 1531 

ν20a 980 

ν7a 1132 

ν8a 1653 

 993 

νs(SO3
-
) 1055 

νas(SO3
-
) 1182 

 1205 

 1275 
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Figure 3.23.  Photograph of an IZO on Au slide after 6 h exposure in a 10 mM F5BnSA in 

ethanol solution.  The etched area is the region that is lighter in color from the exposed 

Au substrate. 
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Table 3.5:  ICP-MS for IZO etching from F5BnSA. 

Sample [Zn] (µg/L) [In] (µg/L) 

Reagent Blank 38.10 0.05 

Method Blank 16.39 0.01 

Etched IZO Slides 54.39 88.93 
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Using these values and the known geometric area of the slides used a roughness factor, 

defined as the ratio of actual surface area to geometric area, of 1.45 to correct for surface 

roughness (this value is for ITO on gold reported by Carolus et al.
28

), IZO thickness (10 

nm), IZO density (7.14 g/cm
3
), and the estimated IZO composition of the film 

(In2O3:ZnO, 80:20), a percentage of metal etched away can be estimated.  If all IZO is 

etched, the concentrations of the In and Zn in the resulting solution would be 413 and 100 

µg/L, respectively.  The concentration of In and Zn etched from the substrate is 

determined by taking the concentration of In and Zn in the etching solutions and 

subtracting the concentrations of the In and Zn in the method blank solution.  These 

concentrations are determined to be 88.92 and 38 µg/L for In and Zn, respectively.  

Taking these concentrations and dividing them by the concentrations from etching of the 

entire IZO layer produces the fraction of the oxide that is etched.  The results indicate 

that 38% of the Zn and 22% of the In were etched away after 24 h of F5BnSA exposure. 

 With a significant fraction of the oxide removed and the resulting weak spectral 

intensities, it is difficult to extract any orientation information.  Due to the difficulty in 

determining the orientation, the density of F5BnSA
-
 Na

+
 was not determined nor was the 

F5BnSA surface coverage determined because of this etching. 

 The most significant result of using the sulfonic acid to modify IZO is the 

significant etching of the oxide that it causes.  Since this modifier etches the oxide, it is 

unlikely that sulfonic acid modifiers will be suitable for IZO-based devices. 
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Conclusions 

 Orientations for F5BnPA, F5BnCA, and F5BnHA were determined through 

analysis of PM-IRRAS data.  The tilt angles (θ) were found to be 46 ± 3°, 61 ± 2°, and 30 

± 7° for F5BnPA, F5BnCA, and F5BnHA, respectively, meaning that the phenyl ring in 

F5BnHA is more perpendicular to the surface while the phenyl ring in F5BnCA more 

parallel to the surface.  All three modifiers were also found to bind to IZO in a bidentate 

manner.  In contrast, F5BnSA etches away significant portions of the IZO substrate. 
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Chapter 4 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

 Binding modes and orientations were determined for pentafluorobenzyl 

phosphonic acid (F5BnPA), pentafluorobenzyl carboxylic acid (F5BnCA), and 

pentafluorobenzyl hydroxamic acid (F5BnHA) on IZO.  These results couldn’t be 

calculated for pentafluorobenzyl sulfonic acid (F5BnSA) due to the modifier etching 

significant amounts of the IZO from the substrate.  The extent of this etching was 

evaluated by analyzing the In and Zn content via ICP-MS in the modifier solution after 

SAM formation.  It revealed that after 24 h, one third of the Zn and one fifth of the In was 

etched from the surface. 

 The results for neutral buoyancy, XPS, and titrations experiments are tabulated in 

Table 4.1, while a summary of the orientational results that were experimentally 

determined are tabulated in Table 4.2 and the orientations are seen in Figure 4.1.  All 

three modifiers bind to IZO in a bidentate manner with the phosphonic acid binding only 

between the O‒P=O atoms with a free O‒H.  The carboxylic acid modifier binds to 

through the carboxylate group, which results in the benzyl ring being more parallel to the 

surface compared to the phosphonic acid modifier. 
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Table 4.1:  Density, surface coverage, and pKa values for acid modifiers and their 

respective salts.  Counter ion in parentheses. 

Modifiers ρ (g/mL) Γ (mol/cm
2
) pKa 

F5BnPA 1.9 ± 0.1 

1.9 ± 0.1 x 10
-10

 4.77, 10.30 F5BnPA
-
 (K

+
) 1.9 ± 0.4 

F5BnPA
2-

 (K
+
) 1.9 ± 0.1 

F5BnCA N/A 

3.8 ± 0.1 x 10
-10

 6.55 

F5BnCA
- 
(K

+
) 2.0 ± 0.1 

F5BnHA 1.8 ± 0.1 

4.2 ± 0.1 x 10
-10

 11.07 F5BnHA
- 
(K

+
) 2.1 ± 0.3 

Zn-F5BnHA 2.1 ± 0.1 

F5BnSA
- 
(Na

+
) N/A N/A N/A 
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Table 4.2:  Summary of experimentally determined orientations in this work. 

Category F5BnPA F5BnCA F5BnHA F5BnSA 

Binding Mode bidentate bidentate bidentate N/A 

Tilt Angle 

(θ) 
46 ± 4° 61 ± 2° 30 ± 7° N/A 

Ring Normal 

(α) 
47 ± 3° 39 ± 4° 66 ± 6° N/A 

Twist Angle 

(φ) 
17 ± 1° 27 ± 3° 32 ± 14° N/A 

 



 

 

 

 

 

Figure 4.1:  Summary of orientations of F5BnPA, F5BnCA, and F5BnHA from the PM-IRRAS data.  

 

1
0
4
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The hydroxamic acid was shown to have tautomerized into the imino form on the surface; 

this leads to a phenyl ring that is more upright compared to the phosphonic and 

carboxylic acids.  With these different ring orientations, this group of modifiers could 

provide a certain degree of energetic tunability in OPVs.  Since the phenyl ring in 

F5BnHA is standing most upright, its predicted to change the work function the most 

because the projection of the dipole moment is the largest and according to equation 1.1, 

the change in work function is directly proportional to the magnitude of the dipole 

moment.  However, since the sulfonic acid modifier etches significant portions of the 

IZO, it is not useful for future modifiers. 

 

Future directions 

Since one of the main ideas behind this work is modifying the transparent 

conductive oxide (TCO) for better electronic tunability, measuring the effect of these 

different modifiers on device performance would be a viable data set to have to determine 

the correlation, if any, between the tilt angle of the benzyl ring and the device efficiency. 

With the wide variety of transparent conductive oxides (TCOs) in devices, 

understanding how these modifiers bind and orient themselves on the surface is 

important.  A possible TCO is a hybrid between two common oxides IZO and ITO called 

IZTO.  Conducting experiments to determine the orientations of these modifiers on such 

alternative oxides could be of interest to see the effects of the oxides on the orientations 

and binding modes. 
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The weakest area of this work is the determination of the surface coverage of 

these modifiers on the metal oxide.  Some of the assumptions made when using XPS 

might not be entirely valid.  The calculation assumes that the same number of In atoms 

sampled is constant between samples.  With substrates cut from the same “parent” slide, 

throughout which the composition of the IZO is believed to be homogenous, the IZO 

should be similar between samples.  When using modifiers with the same acid linker, the 

binding strength and any etching that occur are probably comparable.  This is the case 

between the standard used (F13OPA) and the phosphonic acid modifier (F5BnPA), so the 

assumptions are probably most valid between these two.  However, when the acid linker 

is different than the reference system, these assumptions might become invalid, as the 

binding strength and/or etching degree between the two acids are most likely different.  

While only the sulfonic acid showed significant etching, the other modifiers may modify 

the surface composition of the oxide to a small extent, and the assumptions made in the 

XPS calculations do not account for these changes.  This XPS method is also only valid if 

there is a reference system on the oxide to compare to, and since the other oxides of 

interest are hybrids that are either new or uncharacterized, there are no reference systems 

for comparison. 

The ideal method would be one that could determine surface coverage of any type 

of modifier on any type of oxide without the use of a reference system.  Such a method 

could be quantitative IR.  It has been demonstrated that the surface coverage of a weakly 

adsorbed species on silica can be determined via quantitative IR spectroscopy.  For this 

method to work, the molar absorptivity of one of the vibrational modes, preferably one of 

the more intense ones, would need to be known; the ring modes ν19a and ν19b are good 
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candidates.  This is accomplished by performing a Beer’s Law analysis using KBr pellets 

with different concentrations of the modifier.  The other piece of information required for 

this method is the surface area of the oxide.  While a Brunauer–Emmett–Teller (BET) 

analysis can determine the surface area of the oxide, obtaining the oxide in bulk form is 

not always as easy.  Since the oxide is sputtered onto the gold substrate, it may be 

possible to sputter a significant amount of the oxide onto some surface and then isolate it 

from that surface by some means.  With the molar absorptivity of the vibrational mode(s) 

and surface area of the oxide known, equation 4.1 can be used to determine the surface 

coverage of the modifier. 

Γ=n/S              [4.1] 

where Γ is the surface coverage of the modifier on the oxide, in mol/cm
2
, n is the number 

of moles of the modifier on the surface, and S is the surface area of the oxide, in cm
2
.  

Since the number of modifier molecules on the oxide can be determined directly from the 

spectroscopy, with the use of Beer’s Law and the surface area of the oxide, one should be 

able to be determined coverage regardless of the type of oxide.  This method should be a 

viable alternative to calculating surface coverage. 
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