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Abstract 

Tannins and humic substances commonly referred to as natural organic matter 

(NOM), constitute an important component of natural water and soil systems. These 

species contain numerous phenol and carboxyl functional groups whose reactivity is 

strongly dependent on both the quantity and location of these moieties on the aromatic 

ring. In the realistic environmental conditions, both phenolic and carboxylic functional 

groups are adsorbed on a variety of colloidal metal oxide surfaces. Unfortunately, due to 

the complexity of humic-based substances, experimental data involving mineral-humate 

interactions are difficult to interpret.  

Here, we aim to develop a more detailed understanding of mineral-NOM 

interactions in aquatic systems, using self-assembled monolayers (SAMs) of simple 

organic acids having functional groups similar to those found in humic substances. SAMs 

of 4-(12-mercaptododecyl)benzene-1,2-diol (o-hydroxyphenol-terminated), 5-(12-

mercaptododecyl)benzene-1,3-diol (m-hydroxyphenol-terminated), bis(11-thioundecyl) 

hydrogen phosphate (monoprotic phosphate) and 11-thioundecyl dihydrogen phosphate 

(diprotic phosphate) were prepared and deposited on a Au(111) surface. The composition 

of elements present on the surface were determined by X-ray Photoelectron Spectroscopy 

(XPS) and the orientation of monolayers on the Au(111) surface was explored by 

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR)  

Chemical force spectrometry has been used to determine the surface pKa of the 

monolayers and further used to explore the role of phenolic groups in the surface 

complexation of NOM by monitoring adhesion forces between iron and aluminum oxide 
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sample and hydroxyphenol-terminated Atomic Force Microscopy (AFM) modified tip. 

The results are discussed in the context of hydrogen bonding between corresponding 

species. The system in which there are multiple hydroxyl groups ortho to the carboxylic 

groups or adjacent to one another on the benzene ring results in significantly different 

force-distance profiles when interacting with the hydroxyphenol tip. 

 



 
 
 

iii 

Dedication 

 

 

 

 

 

 

 

Amni Zulaikha binti Zul Aktha 

 

The nur of my eyes  



 
 
 

iv 

Acknowledgements 

-All these years of PhD studies are full of such gifts- 

This dissertation would not have been possible without the guidance and the help of 

several individuals who in one way or another contributed and extended their valuable 

assistance in the preparation and completion of this study. First and foremost I offer my 

sincerest gratitude to my supervisor, Dr Horton, for his supervision, advice, and guidance 

from the very early stage of this research as well as giving me extraordinary experiences 

throughout the work. Thanks for your knowledge, patience and allowing me the room to 

work on my own way. I am indebted to him more than he knows. 

I would also like to gratefully acknowledge the support of some very special 

individuals. They helped me immensely by giving me encouragement and friendship. 

Thanks to Dr Loock and Dr Macartney as my research committee members and advisors. 

Thanks for the encouragement, insightful comments and your guide throughout this 

research. Many thanks to Dr Ruiyao Wang, who taught and introduced me to X-ray 

Photoelectron (XPS), Dr Sauriol Francois for NMR, Dr Liu and Jian Wang for AFM. 

All my lab buddies in Horton’s group who made our lab a convivial place to 

work. In particular, I would like to thank Dr Sun (Peiling) for her friendship and help in 

the past four years. Thanks to Muhammad Hanif and Rubaiyat Arjumand, who inspired 

me in research and life through our interactions during the long hours in the lab. Thank 

you to my colleagues who shared all happiness and sadness during this study. Sabiqah 



 
 
 

v 

Tuan Anuar, Dr Azrilawani Ahmad, Dr Norfazila Che Mat, and Maisarah; you guy’s 

rocks!  

The generous financial support from Ministry of Higher Education Malaysia 

(MOHE) and Malaysia University of Terengganu (UMT) are greatly appreciated. Thanks 

for granted me the scholarship. Without their support, my ambition to study abroad can 

hardly be realized. Besides, I would like to acknowledge Natural Sciences and 

Engineering Research Council (NSERC) as my research was supported in part by them. I 

give my deepest expression of love and appreciation to my husband, Zul Aktha for the 

encouragement that you gave and the sacrifices you made during this graduate program. 

Thank you for the support and always believe in me. 

 For my family, who offered me unconditional love and emotional support, 

throughout the course of this thesis, thanks for everything. This thesis is especially 

dedicated to the memory of my late mom, Zaridah Dollah who lost her battle to multiple 

sclerosis. No words are sufficient to describe your contribution to my life. I owe every bit 

of my existence to you, ma. May Allah s.w.t. grants you a jannah. Al-Fatihah. 

 



 
 
 

vi 

Statement of Originality 

I hereby certify that all of the work described within this thesis is the original work of the 

author carried out under the guidance and supervision of Prof. Horton. Dr. Steven 

Dickson assisted me with the synthesis of the Compound 1 [4-(12-

mercaptododecylbenzene)-1,2-diol]. Dr. Iraklii Ebralidze synthesized the Compound 2 

[5-(12-mercaptododecylbenzene)-1,3-diol] and the Compound 4 [bis(11-

thioundecyl)hydrogen phosphate]. Compound 3 (11-thioundecyl dihydrogen phosphate) 

were first synthesized by Dr. David Kreller from Horton group. Any published (or 

unpublished) ideas and/or techniques from the work of others are fully acknowledged in 

accordance with the standard referencing practices. 

 

(Alyza Azzura Abd. Rahman Azmi) 

 

(June, 2013) 



 
 
 

vii 

Table of Contents 

Abstract ................................................................................................................................ i!
Dedication .......................................................................................................................... iii!
Acknowledgements ............................................................................................................ iv!
Statement of Originality ..................................................................................................... vi 
Table of Contents………………………………………………………………………..viii 
List of Figures……………………………………………………………………………xii 
List of Tables……………………………………………………………………………xxi 
List of Abbreviations, symbols and units………………………………………………xxii 
 
 
Chapter 1: Introduction ................................................................................................... 1 
 
Chapter 2: Literature Review .......................................................................................... 6!
2.1 Phosphate in environmental aquatic systems ................................................................ 6!
2.2 Natural organic matter in aquatic environment ............................................................ 9!
2.3 Natural occurrence of iron oxide and aluminum oxide in soil environment .............. 15!
2.4 Surface properties of iron and aluminum (hydr)oxide ................................................ 17!
2.5 Coagulation by metal salts .......................................................................................... 21!
2.6 Wastewater treatment process ..................................................................................... 25!
2.7 Competitive adsorption of phosphate with humic-based organic compounds on the 

surface of hydrous iron and aluminum oxides ........................................................... 26!
2.8 Self-assembled monolayers ........................................................................................ 30!
2.9 Surface Characterization Techniques ......................................................................... 36!

2.9.1 X-ray Photoelectron Spectroscopy ................................................................... 36!
2.9.2 Attenuated Total Reflection Infrared (ATR-IR) Spectroscopy ........................ 39!
2.9.3 Water contact angle measurement .................................................................... 43!
2.9.4 Atomic Force Microscopy ................................................................................ 45!

2.10 Surface Forces ........................................................................................................... 57!
2.10.1 Sources of Interfacial Charge ......................................................................... 57!
2.10.2 Derjaguin, Landau, Verwey and Overbeek (DLVO) theory .......................... 60!
2.10.3 Non DLVO theory .......................................................................................... 64!
2.10.4 Hydrogen and ionic hydrogen bonding .......................................................... 67!

 
 
Chapter 3: Characterization of hydroxyphenol-terminated alkanethiol self-
assembled monolayers: Interaction with phosphate by chemical force spectrometry
........................................................................................................................................... 69!
3.1 Introduction ................................................................................................................. 69!
3.2 Methodology ............................................................................................................... 70!

3.2.1 Synthesis of 4-(12-mercaptododecylbenzene)-1,2-diol and 5-(12- 
mercaptododecyl)benzene-1,3-diol ........................................................................... 70!
3.2.2 Synthesis of 11-thioundecyl dihydrogen phosphate ......................................... 75!
3.2.3 Synthesis of bis(11-thioundecyl)hydrogen phosphate ...................................... 75!



 
 
 

viii 

3.2.4 Preparation of self-assembled monolayer on AFM tips and samples .............. 77!
3.2.5 Infrared Spectroscopy ....................................................................................... 78!
3.2.6 X-ray Photoelectron Spectroscopy ................................................................... 78!
3.2.7 Chemical Force Titration .................................................................................. 78!
3.2.8 AFM tip calibration .......................................................................................... 81!

3.3 Results and Discussion ............................................................................................... 82!
3.3.1 Attenuated Total Reflectance Infrared (ATR-IR) Spectroscopy ...................... 82!
3.3.2 X-ray Photoelectron Spectroscopy (XPS) ........................................................ 90!
3.3.3 Determination of surface pKa by chemical force spectrometry ........................ 96!
3.3.4 Chemical force titration of hydroxyphenol alkanethiol isomer versus 
monoprotic phosphate monolayer ........................................................................... 109!
3.3.5 Chemical force titration of hydroxyphenol alkanethiol isomer versus diprotic 
phosphate monolayer ............................................................................................... 114!

3.4 Summary ................................................................................................................... 120 
 

Chapter 4: Hydroxyphenol adhesive interactions with iron and aluminum oxide 
colloids modified with phosphate ................................................................................ 122!
4.1 Introduction ............................................................................................................... 122!
4.2 Methodology ............................................................................................................. 123!

4.2.1 Unmodified FeO(OH) colloids ....................................................................... 123!
4.2.2 Unmodified AlO(OH) colloids ....................................................................... 124!
4.2.3 The preparation of co-precipitate FeO(OH) or AlO(OH) colloids with organic 
acids ......................................................................................................................... 124!
4.2.4 The preparation of post-precipitate FeO(OH) or AlO(OH) colloids with organic 
acids ......................................................................................................................... 124!
4.2.5 The preparation of co-precipitate FeO(OH) or AlO(OH) colloids with 
phosphate ................................................................................................................. 125!
4.2.6 The preparation of post-precipitate FeO(OH) or AlO(OH) colloids with 
phosphate ................................................................................................................. 125!
4.2.7 The deposition of colloidal particles on mica substrate ................................. 126!
4.2.8 Surface topography by AFM .......................................................................... 126!

4.3 Results and discussion .............................................................................................. 127!
4.3.1 Characterization of iron and aluminum oxide colloids by XPS ..................... 127!
4.3.2 Topography image of iron oxide colloids ....................................................... 133!
4.3.3 CFT of unmodified Fe and Al oxide colloids ................................................. 133!
4.3.4 CFT of hydroxyphenol-terminated AFM tip against iron and aluminum oxide 
colloids modified with phosphate. ........................................................................... 145!

4.4 Summary ................................................................................................................... 153 
 

Chapter 5: Hydroxyphenol adhesive interactions with iron and aluminum oxide 
colloids modified with organic acids ........................................................................... 155!
5.1 Introduction ............................................................................................................... 155!
5.2 Results and discussion .............................................................................................. 158!



 
 
 

ix 

5.2.1 CFT of m-hydroxyphenol-terminated tip with iron and aluminum oxide 
colloids modified with 3,4,5-trihydroxybenzoic acid .............................................. 158!
5.2.2 CFT of o-hydroxyphenol-terminated tip with iron and aluminum oxide colloids 
modified with trihydroxybenzoic acid isomers ....................................................... 162!
5.2.3 CFT of hydroxyphenol-terminated tip with iron and aluminum oxide colloids 
modified with tannic acid ........................................................................................ 187!

5.3 Summary ................................................................................................................... 195!
 
 
Chapter 6: Conclusion and Future Directions ........................................................... 198!
6.1 Conclusion ................................................................................................................ 198!
6.2 Future Directions ...................................................................................................... 203!
  
 
References…………………...…………………………………………………………205 
 
 
Appendices……………………………………………………………………...…...…211 
  



 
 
 

x 

List of Figures 
 
Figure 2.1: The pentavalent ortho-phosphoric acid structure with ∡ OH-P=O is 112°and 
∡ HO-P-OH is 106°.26 ........................................................................................................ 6 
 
Figure 2.2: Speciation of orthophosphate ions (expressed as mole fraction of total P) in 
solution as a function of pH.28 ............................................................................................ 7 
 
Figure 2.3: Chemical structure of humic acid proposed showing a wide range of 
functional groups such as phenolic OH groups, quinone structure and carboxylic groups 
variously placed on aromatic rings. 32,34,35 ........................................................................ 10 
 
Figure 2.4: The proposed ligand exchange mechanism between protonated metal surfaces 
with carboxylic functional group of humic substances involved the formation of inner 
sphere metal complex.20 .................................................................................................... 13 
 
Figure 2.5: Structure of the DHBAs employed in the study by Guan et al.39 .................. 14 
 
Figure 2.6: a) The crystal structure and b) “Ball-and-stick” drawing showing the atomic 
structure of goethite. 41,42 .................................................................................................. 16 
 
Figure 2.7: a) The crystal structure and b) “Ball-and-stick” drawing showing the atomic 
structure of gibbsite.42,43 .................................................................................................... 17 
 
Figure 2.8 Iron oxide surface showing three types of surface hydroxyl groups: hydroxo, 
µ-hydroxo and µ3-hydroxo.46 ............................................................................................ 18 
 
Figure 2.9: Schematic mechanism of protonation and deprotonation for each surface 
hydroxyl groups: Type A (hydroxo) and B (µ3-hydroxo) hydroxyl groups.48 .................. 19 
 
Figure 2.10: Schematic mechanism of ligand exchange reaction involved in Type A 
(hydroxo) hydroxyl groups. .............................................................................................. 20 
 
Figure 2.11: The representation of double layer charge distribution of colloidal particle in 
water.51 .............................................................................................................................. 22 
 
Figure 2.12: Schematic of the 2-step phosphate sorption process to iron oxide surfaces.21

........................................................................................................................................... 24 
 
Figure 2.13 Possible molecular configuration of phosphate adsorption on iron oxide. 
Panels a., b., and c. illustrated the complexation of phosphate molecules in monodentate, 
mononuclear bidentate and binuclear bidentate configurations. ....................................... 25 
 
Figure 2.14: Coagulation process in wastewater treatment plant. .................................... 25!



 
 
 

xi 

Figure 2.15: The chemical structure of di- and trihydroxybenzoic acid isomers used to 
study the role of phenolic functional groups to the iron and aluminum oxide surface. .... 28 
 
Figure 2.16: The chemical structure of tannic acid represent more complicated model 
used in this study. .............................................................................................................. 29 
 
Figure 2.17: Schematic diagram of self-assembly of thiols on Au (111). This process 
involves the immersion of substrate in the thiol solution, a) initial adsorption, b) the 
transition of lying down phase to standing up phase and c) is the complete SAM 
formation. .......................................................................................................................... 32 
 
Figure 2.18: Schematic diagram of thiol molecules.70 ...................................................... 32 
 
Figure 2.19: a) The representation of (√3 x √3)R30° lattice structure with hexagonal 
close-packing arrangement, b) is the tilt angle, θt of alkanethiol chain relative to the 
surface normal. .................................................................................................................. 34 
 
Figure 2.20: The chemical structures of a) 3- and 4-(mercaptododecyloxy)phenol and b) 
3- and 4-(mercaptododecyl)phenol used to prepare monolayer on Au (111).79,80 ............ 35 
 
Figure 2.21: Schematic of photoelectric process. An incident photon is absorbed and 
photoelectron is emitted.85 ................................................................................................ 37 
 
Figure 2.22: Schematic of inelastic electron scattering, initial energy KE0, tries to escape 
the solid starting at different depths: KE4 < KE3 < KE2 < KE1 < KE0.82 .......................... 38 
 
Figure 2.23: The mean free path of electrons, λ in different solids as a function of KE of 
the electrons.86 ................................................................................................................... 39 
 
Figure 2.24: Schematic diagram of internal reflections through a high refractive index 
medium to produce evanescent wave in ATR-IR spectroscopy. ...................................... 40 
 
Figure 2.25: Schematic illustration of the metal selection rules: only the vibration 
perpendicular to the metal is enhanced by its image.87 ..................................................... 42 
 
Figure 2.26: Schematic of water droplet contact angle measurement based on the balance 
of three surface tensions as described in Young’s equation. ............................................ 44 
 
Figure 2.27: Schematic diagram showing the operating principles of the AFM.94 .......... 46 
 
Figure 2.28: SEM image of the Au-Cr coated AFM tip used in this study (a), and the 
schematic diagram of three tips on cantilever provided by manufacturer (b).95 ............... 47 
 
Figure 2.29: Schematic diagram of force measurement: AFM tip is brought into and out 
of contact with the sample surface. the deflection of the tip is plotted against the 



 
 
 

xii 

displacement of the sample to obtained a force distance curve. The pink and red lines 
represent the approach and retraction curve. .................................................................... 51 
 
Figure 2.30: Schematic illustration of comparison between force measurements ............ 53 
 
Figure 2.31: CFT experimental arrangement: An AFM tip and a flat substrate are 
modified with SAMs, and adhesive force is measured directly as a function of pH. 94 ... 54 
 
Figure 2.32: Comparison of force titration curve of phosphonic acid-terminated tip and 
surface at a) high (10-1 M) and b) low ionic strength (10-4 M).13 ..................................... 57 
 
Figure 2.33: Schematic representation of the solid-solution interface illustrating the 
adsorption planes and the associated charge densities.33 .................................................. 59 
 
Figure 2.34: Potential versus distance for a surface potential of ψ0=50 mV at different 
electrolyte concentration.99 ............................................................................................... 60 
 
Figure 2.35: Schematic energy versus distance profiles for a DLVO interaction.100 ....... 61 
 
Figure 2.36: Schematic figure of the structure of simple liquid confined between two 
walls. ................................................................................................................................. 66 
 
Figure 3.1: SAMs of 4-(12-mercaptododecyl)-1,2-diol (o-hydroxyphenol-terminated) (1), 
5-(12-mercaptododecyl)-1,3-diol (m-hydroxyphenol-terminated) (2), bis(11-thioundecyl) 
hydrogen phosphate (monoprotic phosphate) (3) and 11-thioundecyl dihydrogen 
phosphate (diprotic phosphate) (4). .................................................................................. 70 
 
Figure 3.2: The synthesis started from two types of molecules: a) R1=R2=CH3-O-, R3=H; 
and b) R1=R3=CH3-O-, R2=H. As a result, two types of molecules were synthesized: 1: 
R1

”=R2
”=HO-, R3

”=H.; and 2: R1
”=R3

”= HO-, R2
”=H. ...................................................... 71 

 
Figure 3.3: Chemical structure of 11-thioundecyl dihydrogen phosphate, compound 3 .. 75 
 
Figure 3.4: The synthesis of bis(11-thioundecyl)hydrogen phosphate, compound 4. ...... 75 
 
Figure 3.5: a) The CFT basic set up with the presence of unbuffered solution at the 
interface, b) an example of force titration profile obtained, c) a typical histogram of 
measured force and d) force distance curves measured at different pH value. ................. 80 
 
Figure 3.6: A representative SEM image of cantilevers. The results of cantilever 
geometry measurements were used for determination of a spring constant for each 
cantilever by Cleveland method. ....................................................................................... 81 
 
Figure 3.7a: Infrared spectra of 4-(12-mercaptododecyl)benzene-1,2-diol The red traces 
at the top are the ATR-IR spectra of the SAM, and black traces at the bottom are the 



 
 
 

xiii 

transmission IR spectra of the thiol in KBr. The water contact angle value is shown on 
the top right of the figure. ................................................................................................. 85 
 
Figure 3.7b: Infrared spectra of 5-(12-mercaptododecyl)benzene-1,3-diol The red traces 
at the top are the ATR-IR spectra of the SAM, and black traces at the bottom are the 
transmission IR spectra IR spectra of the thiol in KBr. The water contact angle value is 
shown on the top right of the figure…………………………………………...…………86 
 
Figure 3.7c: Infrared spectra of bis-(11-thioundecyl)hydrogen phosphate The red traces at 
the top are the ATR-IR spectra of the SAM, and black traces at the bottom are the 
transmission IR spectra IR spectra of the thiol in KBr. The water contact angle value is 
shown on the top right of the figure……………………………………………………...88 
 
Figure 3.7d:Infrared spectra of 11-thioundecyl dihydrogen phosphate. The red traces at 
the top are the ATR-IR spectra of the SAM, and black traces at the bottom are the 
transmission IR spectra IR spectra of the thiol in KBr. The water contact angle value is 
shown on the top right of the figure……………………………………………………...89 
 
Figure 3.8: Representative of XP spectra of: C 1s, O 1s, and S 2p for 2- and 3-
hydroxyphenol terminated alkanethiol on the Au-coated mica substrate. The black line 
shows the experimental data, while the blue line is the overall fitted spectrum. .............. 94 
 
Figure 3.9: Representative of XP spectra of: C 1s, O 1s, and S 2p for monoprotic and 
diprotic phosphate-terminated alkanethiol on the Au-coated mica substrate. The black 
line shows the experimental data, while the blue line is the overall fitted spectrum. ....... 95 
 
Figure 3.10: Force titration curve of Au-coated AFM tip and Au-coated substrate at 
different pH solutions. ...................................................................................................... 97 
 
Figure 3.11: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
9.0 and (c) representative force-displacement curves of o-hydroxyphenol terminated tip 
and substrate at different pH conditions. .......................................................................... 99 
 
Figure 3.12: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
9.5 and (c) representative force-displacement curves of m-hydroxyphenol terminated tip 
and substrate at different pH conditions. ........................................................................ 100 
 
Figure 3.13: Schematic representation of the proposed interactions of o-hydroxyphenol 
terminal modified tip and substrate at different pH values. ............................................ 103 
 
Figure 3.14: The distribution diagram for 4-(12-mercaptododecyl)benzene-1,2-diol (o-
hydroxyphenol), and 5-(mercaptododecyl)benzene-1,3-diol (m-hydroxyphenol) systems, 
both which were adsorbed on the Au-coated mica substrates as a self assembled 
monolayer, for which pK1/2= 9.0 and 9.5. ....................................................................... 103 
 



 
 
 

xiv 

Figure 3.15: (a) Force titration curve and (b) the schematic representation of the proposed 
interactions of monoprotic phosphate-terminal modified tip and substrate at different pH 
values. ............................................................................................................................. 105 
 
Figure 3.16: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
5.0 and (c) representative force-displacement curves of diprotic phosphate terminated tip 
and substrate at different pH conditions. ........................................................................ 107 
 
Figure 3.17: Schematic representation of the proposed interactions of diprotic phosphate-
terminal modified tip and substrate at different pH values. ............................................ 108 
 
Figure 3.18: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
7.0 and (c) representative force-displacement curves of o-hydroxyphenol-terminated tip 
vs. monoprotic phosphate-terminated substrate at different pH conditions. .................. 111 
 
Figure 3.19: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
7.0 and (c) representative force-displacement curves of m-hydroxyphenol-terminated tip 
vs. monoprotic phosphate-terminated substrate at different pH conditions. .................. 112 
 
Figure 3.20a: Schematic representation of the proposed interactions of o-hydroxyphenol 
terminated modified tip versus monoprotic phosphate-terminated modified substrate at 
different pH values. ......................................................................................................... 113 
 
Figure 3.20b: Schematic representation of the proposed interactions of m-hydroxyphenol 
terminated modified tip versus monoprotic phosphate-terminated modified substrate at 
different pH values……………………………………………………………………...113 
 
Figure 3.21: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
5.0 and (c) representative force-displacement curves of o-hydroxyphenol-terminated tip 
vs. diprotic phosphate-terminated substrate at different pH conditions. ........................ 116 
 
Figure 3.22: (a) Force titration curve, (b) histogram showing distribution of forces at ph 
10.0 and (c) representative force-displacement curves of m-hydroxyphenol-terminated tip 
vs. diprotic phosphate-terminated substrate at different pH conditions. ........................ 117 
 
Figure 3.23a: Schematic representation of the proposed interactions of o-hydroxyphenol 
terminated modified tip versus diprotic phosphate-terminated modified substrate at 
different pH values. ......................................................................................................... 118 
 
Figure 3.23b: Schematic representation of the proposed interactions of m-hydroxyphenol 
terminated modified tip versus diprotic phosphate-terminated modified substrate at 
different pH values…………………………………………………….………………..119 
 

 



 
 
 

xv 

Figure 4.1: XP spectra of survey scan (0 eV-1000 eV), Fe 2p, C 1s and O 1s of 
unmodified iron oxide colloids deposited on mica substrate. ......................................... 128 
 
Figure 4.2: XP spectra of survey scan (0 eV-1000 eV), Al 2p, C 1s and O 1s of 
unmodified aluminum oxide colloids deposited on mica substrate. ............................... 129 
 
Figure 4.3: AFM image of the iron oxide colloids (2.5 µm x 2.5 µm) deposited on the 
mica substrate. ................................................................................................................. 133 
 
Figure 4.4: a) Force titration curve of o-hydroxyphenol-terminated tip against unmodified 
FeO(OH) colloids, b) force distribution histogram at pH 8.5, from low to high pH (blue) 
and high to low pH (red). ................................................................................................ 137 
 
Figure 4.5: Force titration curve of m-hydroxyphenol-terminated tip against unmodified 
FeO(OH) colloids, b) force distribution histogram at pH 9.5, from low to high pH (blue) 
and high to low pH (red). ................................................................................................ 138 
 
Figure 4.6: Schematic representation of the proposed interactions of o-hydroxyphenol 
terminated modified tip versus unmodified FeO(OH) colloids substrate at different pH.
......................................................................................................................................... 139 
 
Figure 4.7: Schematic representation of the proposed interactions of m-hydroxyphenol 
terminated modified tip versus unmodified FeO(OH) colloids substrate at different pH 
values. ............................................................................................................................. 140!
Figure 4.8: Force titration curve of o-hydroxyphenol-terminated tip against unmodified 
AlO(OH) colloids, b) force distribution histogram at pH 10, from low to high pH (blue) 
and high to low pH (red). ................................................................................................ 141 
 
Figure 4.9: Schematic representation of the proposed interactions of o-hydroxyphenol 
terminated modified tip versus unmodified AlO(OH) colloids substrate at different pH 
values. ............................................................................................................................. 142 
 
Figure 4.10: Force titration curve of m-hydroxyphenol-terminated tip against unmodified 
AlO(OH) colloids, b) force distribution histogram at pH 10, from low to high pH (blue) 
and high to low pH (red). ................................................................................................ 143 
 
Figure 4.11: Schematic representation of the proposed interactions of m-hydroxyphenol 
terminated modified tip versus unmodified AlO(OH) colloids substrate at different pH 
values. ............................................................................................................................. 144 
 
Figure 4.12: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with aluminum oxide 
colloids co-precipitated with phosphate. ......................................................................... 147 
 



 
 
 

xvi 

Figure 4.13: Schematic representation of the proposed interactions between o-
hydroxyphenol-terminal modified tip and AlO(OH) colloids modified with phosphate at 
different pH values. ......................................................................................................... 148 
 
Figure 4.14: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between m-hydroxyphenol-terminated AFM tip with iron oxide colloids 
a)co-precipitated and b) post-precipitated with phosphate. ............................................ 151 
 
Figure 4.15: Schematic representation of the proposed interactions between m-
hydroxyphenol-terminal modified tip and FeO(OH) colloids modified with a) co-
precipitated and b) post-precipitated with phosphate at different pH values .................. 152 
 
Figure 5.1: The representative of modification of iron and aluminum colloidal oxides: co-
precipitated and post-precipitated methods. ................................................................... 157 
 
Figure 5.2 Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between m-hydroxyphenol-terminated AFM tip with iron oxide colloids 
(a) co-precipitated and (b) post-precipitated with 3,4,5-THBA. .................................... 160 
 
Figure 5.3: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between m-hydroxyphenol-terminated AFM tip with aluminum oxide 
colloids (a) co-precipitated and (b) post-precipitated with 3,4,5-THBA. ....................... 161 
 
Figure 5.4: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with iron oxide colloids 
(a) co-precipitated and (b) post-precipitated with 2,4,6-THBA. .................................... 165 
 
Figure 5.5: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with aluminum oxide 
colloids (a) co-precipitated and (b) post-precipitated with 2,4,6-THBA. ....................... 166 
 
Figure 5.6: Schematic representation of the proposed interactions between o-
hydroxyphenol-terminal modified tip and FeO(OH) colloids modified with 2,4,6-THBA 
at different pH conditions. .............................................................................................. 167 
 
Figure 5.7: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with iron oxide colloids 
(a) co-precipitated and (b) post-precipitated with 3,4,5-THBA. .................................... 172 
 
Figure 5.8: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with aluminum oxide 
colloids (a) co-precipitated and (b) post-precipitated with 3,4,5-THBA. ....................... 173 
 



 
 
 

xvii 

Figure 5.9: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with a) iron oxide and b) 
aluminum oxide colloids. ................................................................................................ 174 
 
Figure 5.10: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with iron oxide colloids 
(a) co-precipitated and (b) post-precipitated with 2,3,4-THBA. .................................... 178 
 
Figure 5.11: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with aluminum oxide 
colloids (a) co-precipitated and (b) post-precipitated with 2,3,4-THBA. ....................... 179 
 
Figure 5.12: Schematic representation of the proposed interactions of o-hydroxyphenol-
terminated modified tip versus a) co-precipitated and b) post-precipitated FeO(OH) 
colloids modified with 2,3,4-THBA substrate at different pH conditions. ..................... 180 
 
Figure 5.13: Schematic representation of the proposed interactions of o-hydroxyphenol-
terminated modified tip versus AlO(OH) colloids modified with 2,3,4-THBA substrate at 
different pH conditions. .................................................................................................. 181 
 
Figure 5.14: The chemical structure and pKa values of 3,5-DHBA. These pKa values were 
taken from Guan et al.39 .................................................................................................. 182!
Figure 5.15: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with iron oxide colloids 
(a) co-precipitated and (b) post-precipitated with 3,5-DHBA. ....................................... 185!
Figure 5.16: Schematic representation of the proposed interactions of o-hydroxyphenol-
terminated modified tip versus FeO(OH) colloids modified with 3,5-DHBA at different 
pH conditions. ................................................................................................................. 186 
 
Figure 5.17: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with post-precipitated iron 
oxide colloids with tannic acid. Inset is XP spectra of C 1s peaks for blank and after 24 
hours exposure to pH 12 solution. .................................................................................. 190 
 
Figure 5.18: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with post-precipitated 
aluminum oxide colloids with tannic acid. ..................................................................... 191 
 
Figure 5.19: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between m-hydroxyphenol-terminated AFM tip with post-precipitated 
iron oxide colloids with tannic acid. ............................................................................... 192 
 
Figure 5.20a: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between m-hydroxyphenol-terminated AFM tip with co-precipitated 
aluminum oxide colloids with tannic acid. ..................................................................... 193!



 
 
 

xviii 

Figure 5.20b: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between m-hydroxyphenol-terminated AFM tip with aluminum oxide 
colloids post-precipitated with tannic acid……………………………………………..194 



 
 
 

xix 

List of Tables 

Table 2.1: Mean elemental content and mole ratio of soil humic acids from all around the 
world.33 .............................................................................................................................. 11 
 
Table 2.2: Mean total acidity and functional group content of soil humic acids collected 
from around the world.33 ................................................................................................... 12 
 
Table 2.3: IRE materials commonly used in ATR-IR application.87 ................................ 41 
 
Table 2.4: Tip parameters from manufacturer. ................................................................. 47 
 
Table 3.1: Peak assignments of monolayers 1-4 formed on Au-coated mica substrate. .. 90 
 
Table 3.2: Summary of XP spectra for monolayer 1 and 2. ............................................. 94 
 
Table 3.3: Summary of XP spectra for monolayer 3 and 4. ............................................. 95 
 
Table 4.1: Experimental XPS peak positions of Fe 2p, C 1s, O 1s, P 2p and peak area 
ratios for various iron oxide colloids. ............................................................................. 132 
 
Table 5.1: Chemical structure and pKa values of the trihydroxybenzoic acids used in this 
study. The pKa values are taken from Evanko et al.19, Hidber et al.136 and Studart et al.137

......................................................................................................................................... 156!
 
 
 
 
 

 

 

 

 

 



 
 
 

xx 

List of Abbreviations, symbols and units 

a Contact radius of the drop 
AH Hamaker constant 
AFM Atomic force microscopy 
Al(H2O)6

3+ Hexaaqualuminum (III) ion 
ATP Adenosine triphosphate 
ATR-IR Attenuated total reflectance infrared 
BOD Biological oxygen demand 
ci The concentration of ions present in liquid 
Cvdw The overall van der Waals constant 
CFS Chemical force spectrometry 
CFT Chemical force titration 
COOH Carboxylic 
d depth 
DLVO Derjaguin-Landau-Verwey-Overbeek 
DHBA Dihydroxybenzoic acid 
DNA Deoxyribonucleic acid 
dp Depth of penetration 
E Electric field 
EB Binding energy  
EKE Kinetic energy of ejected electron 
EDL Electrical double layer 
EPL Effective pathlength 
ESCA Electron spectroscopy for chemical analysis 
F Faraday’s constant 
F Force 
fhb The strength of the neutral hydrogen bond 
FA Fulvic acid 
Fe(H2O)6

3+ Hexaaquairon (III) ion 
FeO(OH) Iron (hydr)oxide 
FTIR Fourier transform infrared spectroscopy 
GA Gallic acid 
h height 
HA Humic acid 
Hu Humin 
I0 Intensity of electrons 
IMFP Inelastic Mean Free Path 
IRE Internal reflection element 



 
 
 

xxi 

IS Ionic strength 
IUPAC International Union of Pure and Applied Chemistry 
JKR Johnson-Kendall-Roberts 
k Spring constant of the cantilever 
kBT Thermal energy at room temperature 
KE Kinetic energy 
kHz kiloHertz 
l length 
m The relative strength of ionic hydrogen bond to the neutral bond 
N Number of reflections 
n21 Ratio of the refractive index of the sample to the ATR crystal 
nm nanometer 
NMR Nuclear magnetic resonance 
NOM Natural organic matter 
pH∞ pH of the bulk solution 
pHsurf pH at the surface 
pKa Acid dissociation constant 
Pzc Point of zero charge 
qH The number of moles of adsorbed proton concentration 
qOH The number of moles of adsorbed hydroxide concentration 
R Gas constant, 8.3144 J mol-1K-1 
R Radius 
RAIRS Reflection-absorption infrared spectroscopy 
RNA Ribonucleic acid 
rpm Revolutions per minute 
S Specific surface area 
Si3N4 Silicon nitride 
SAMs Self-assembled monolayers 
STM Scanning tunneling microscopy 
T temperature 
t thickness 
TA Tannic acid 
THBA Trihydroxybenzoic acid 
UHV Ultrahigh vacuum 
uind Induced dipole moment 
vdW Van der Waals 
w width 
wvdw The total van der Waals interaction potential 
XPS X-ray photoelectron spectroscopy 



 
 
 

xxii 

zi The valences of the ions present in liquid 
α-FeO(OH) Goethite 
γ-Al(OH)3 Gibbsite 
ζ Zeta potential 
Å Armstrong 
-CH3 Methyl 
-CF3 Trifluoromethyl 
φ Spectrometer work function 
λ Inelastic mean free path length 
λ Wavelength of infrared radiation 
α Polarizability 
αc Critical angle 
θi Angle of incidence 
θ Contact angle 
γLV Interfacial tension of liquid-vapor 
γSV Interfacial tension of solid-vapor 
γSL Interfacial tension of solid-liquid 
γS Surface energy of the sample 
γT Surface energy of the tip 
γST Surface energy of the sample-tip 
µ1 Dipole moment 
µm Micrometer 
Ψ Electrical surface potential 
β The degree of ionization of the surface 
σp The net total particle charge 
σO The permanent structural charge density 
σH The net proton charge density 
σis The surface density of an innersphere complex charge 
σos The surface density of an outersphere complex charge 
σin The intrinsic charge density 
κ Debye length 
ε The dielectric constant of the dispersing liquid 
ε0 The permittivity of vacuum 
ΦT The total force between the colloidal particles 
ΦA The van der Waals force 
ΦR The electrical double layer force 
ρA The molecular density of molecule A 
ρB The molecular density of molecule B 
  



 1 

Chapter 1 

 
Introduction 

 

The element of phosphorus (P), generally in the form of phosphates (PO4
3-), is an 

essential macronutrient,1-3 and crucial element for the growth of plants and other living 

organisms. Phosphates have a predominant role in cellular metabolism as adenosine 

triphosphate (ATP) and are an important part of many structural and biochemically 

functional components.4 Adequate phosphorus availability for plants stimulates early 

plant growth and hastens maturity. Dissolved phosphate is usually present in low 

concentration since phosphate solubility is controlled by other cations within soil. 

Phosphate ions generally react by combining with metal ions in the soil such as calcium 

(Ca2+), magnesium (Mg2+) or aluminum (Al3+) and forming compounds that are insoluble 

and unavailable to plants. For that reason, fertilizer is usually applied to increase 

available phosphate. 

In the absence of human intervention, the concentration of free phosphate species 

in undisturbed natural water, like those in soil systems, is usually low. However, due to 

mismanagement of the soil phosphate, over fertilization, the release of untreated sewage 

and industrial wastes, and the weathering of rocks, the concentration of phosphate in 

lakes and wetlands naturally increases over time and results in accumulations of 

phosphate in water bodies. Consequently, it poses a threat to water quality, and leads to 

environmental problems such as eutrophication of surface water.5,6 Ecosystems are 

particularly sensitive to the changes in the concentrations of the limiting phosphate since 
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it can stimulate algae growth, leading to plankton blooms, which produce noxious tastes 

and odors in water and disrupt aquatic ecology. As a result, the biological oxygen 

demand (BOD) of the water is increased, and dissolved oxygen available for aquatic 

organisms is decreases, leading to the death of aquatic animals and plants who consume 

oxygen. 

Natural organic matter (NOM), which is defined as a heterogeneous mixture of 

components varying in size and composition, is also present in waterbodies.7 

Hydrophobic NOM, which consists primarily of humic and fulvic acid (humic 

substances) is also suggested to play a major role in controlling the behavior of metals in 

the environment. Adsorbed NOM can dominate the surface properties of mineral particles 

and can have significant effects on colloidal stability and on particle-pollutant 

interactions. Humic substances, which are present in water and soil, have functional 

groups that are capable of acting as ligands in forming complexes with metal ions. 

Though the composition of humic material is not fully understood at present, 

researchers8-10 have concluded that two major functional groups, phenols and carboxylic 

acids, dominate the ligand-exchange interaction with active sites on mineral surfaces. 

Mineral particles in many surfaces aquatic systems exhibit negative surface charge9,10 as 

a result of the sorption of humic substances. As these acidic functional groups are 

adsorbed to minerals at low pH, this sorption behavior is similar to other inorganic 

anions, particularly phosphate.    

Competitive interaction between phosphate and NOM for the same sorption sites 

on mineral surfaces are well investigated. Phosphate shows a relatively strong affinity for 

metal oxides surfaces, especially iron (Fe) and aluminum (Al) oxides.  In the presence of 
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adsorbed NOM, adsorption competition occurred as both NOM and phosphate are 

negatively charged. The adsorption of NOM to the mineral surfaces may increase the 

negative electric potential near the mineral surface, altering the surface charge, zeta 

potential, and colloidal stability of the oxide. Since phosphate is very sensitive to the 

changes of the oxide surfaces, the overall affinity of phosphate anions to the metal 

surface might be decreased in the presence of NOM, resulting in a decreased phosphate 

adsorption.11 There are a few factors influencing the competitive adsorption of NOM and 

phosphate such as pH conditions and ionic strength. Details will be discussed later in this 

chapter. A full understanding of the role of carboxyl and hydroxyl groups in NOM 

adsorption is still incomplete due to the complexity of humic-based substances in the 

aquatic environment. Most researchers attribute NOM adsorption to surface coordination 

with carboxylic/phenolic functional groups of organic matter exchanging with oxide 

surface hydroxyl groups under acidic pH conditions. Unfortunately, due to the lack 

understanding of structural and chemical behavior of the complex humic substances, 

experimental data involving mineral-humate interactions are difficult to interpret. Thus, 

experiments with simple organic acids having functional groups similar to those found in 

humic substances are essential for a better understanding of mineral-NOM interactions in 

aquatic systems.   

In this thesis, I report on a systematic study of the role of the configuration 

(number and position) of phenolic and carboxylate groups on the aromatic ring have on 

adsorption and reactivity of simple humic-type molecules with iron and aluminum oxide 

surfaces. Competition of these species with phosphate for adsorption sites is also 

explored. A systematic force spectrometry study of interactions between molecular 
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groups based on the use of chemical force spectrometry (CFS) is carried out. CFS is a 

technique capable of providing information about intermolecular interaction at the 

nanometer scale with the chemical identity of the probe is controlled by covalently 

linking a self-assembled monolayer (SAM) terminating in a distinct functional group to 

the tip surface. Force measurements can be conducted in a liquid medium; thus, ‘force 

titration’ in which tip-substrate adhesion is monitored as a function of pH can be used to 

determine and map the surface ionization state (pK1/2) of the terminal functionalities.12-15 

As phenolic and phosphate are both ionizable in the pH range of 2 to 12, the interactions 

taking place on the surfaces is expected to be dominated by acid-base chemistry, 

particularly ionic hydrogen bonding. 

In Chapter 3, a fundamental study of some phenol SAMs is carried out. AFM tips 

and Au-coated mica substrates are chemically modified with a series of hydroxyphenol-

terminated alkanethiols, and the adhesion interaction between tip and surface are 

observed as a function of pH. The compound 4-(12-mercaptododecyl) benzene-1,2-diol 

(o-hydroxyphenol-terminated), and 5-(12-mercaptododecyl) benzene-1,3-diol (m-

hydroxyphenol-terminated), were synthesized and subsequently deposited by formation 

of self-assembled monolayer on a Au-coated mica film. The SAMs were characterized 

using standard surface analytical methods such as x-ray photoelectron spectroscopy 

(XPS), attenuated total reflectance infrared spectroscopy (ATR-IR), and water contact 

angle measurements. The influence of intermolecular and intramolecular H-bonding 

within the SAMs is emphasized. 

Chemical force titration experiments are continued in Chapter 4 with 

hydroxyphenol-terminated AFM tips against iron and aluminum oxide colloids substrates 
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in the region of pH 2 to 12. We chose iron and aluminum oxide colloids as an absorbent 

because these two metal oxides are important components in soil systems and the most 

widely used coagulants for the removal of phosphate content in wastewater treatment 

systems. Fe and Al oxide colloids were then modified with phosphate, gallic acid (GA) 

and its isomers, and tannic acid (TA) to simulate the naturally occurring adsorption 

process of NOM fraction and phosphate to mineral surfaces in aquatic system.9,16-18 The 

modification of colloidal surface has been done with two different approaches: co- and 

post-precipitated methods, which resulted in variation on surface loading of modifying 

reagents. Overall, higher surface loading is observed in co-precipitated method, as 

confirmed by XPS. 

In chapter 5, the focus is on CFT studies by monitoring adhesion forces between 

hydroxyphenol-terminated tip against Fe and Al oxide colloids surfaces modified with 

trihydroxybenzoic acids (THBAs). THBAs represent relatively simple models of humic-

based organic compounds with both phenolic and benzoic groups present on the aromatic 

ring. The arguments focus on how the location of carboxylic and phenolic functional 

groups may influence the adsorption of organic acids by governing the type of ligand that 

controls the surface complexation reaction.19,20 As one group, either COOH or phenol are 

bound to the colloidal surfaces, the second group is exposed at the interface to form ionic 

H-bonding interaction with the tip at low or high pH regions.  
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Chapter 2 

 

Literature Review 
 

2.1 Phosphate in environmental aquatic systems 

 
Phosphorus is a key macronutrient necessary for plants and making up about 

0.2% of a plant’s dry weight.21-23 It is an essential part of nucleoproteins in the cell 

nuclei, which carry the inheritance characteristic of living organisms. Phosphorus has 

roles in cell division, root growth and in hastening plant maturity as it has predominant 

role in cellular metabolism as ATP. Phosphate-to-phosphate ester bonds in ATP are 

organisms major energy storage and energy transfer bonds. It also is an important part of 

biochemically functional components, such as in deoxyribonucleic acid (DNA) and 

ribonucleic acid (RNA). 

Phosphorus only occurs as the oxide in the simplest pentavalent form with 

maximum thermodynamic stability in soil solution: orthophosphate,24,25 as shown in 

Figure 2.1.  

 

 

 

 

 Figure 2.1: The pentavalent ortho-phosphoric acid structure with ∡ OH-P=O is 112°and 
∡ HO-P-OH is 106°.26 

 

Phosphorus 

and the deterioration that results (degree of weathering, biotic activity, 
erosion, leaching). P contents are very varied. Soils on calcareous mediums 
that are rich in apatite can contain high percentages of total P in not very 
wet climates. On the other hand, acid soils that developed on granitic rocks 
with low P contents, also present low P contents in their natural state. 

Chemical analysis first has to destroy the matrix (inorganic and 
organic) in order to solubilize the fixed or occluded forms which are 
mainly insoluble (like some calcium, iron or aluminium phosphates) and 
which correspond to medium and long-term soil reserves.  

Mineralization can be accomplished (i) using a wet process e.g. an acid 
attack in oxidizing medium to avoid loss of forms of phosphorus which 
could appear in the reducing medium, (ii) using dry methods e.g. alkaline 
fusion in oxygenated furnace followed by an acid attack of the products 
of fusion. 

 
 

Fig. 29.1. Pentavalent ortho-
phosphoric acid 
(left): 
H3P 4!H2PO4

–! 
HPO4

2–
4
3– 

Pyrophosphoric 
acid H4P2O7 (right).  

 
Phosphorus has five valence electrons and forms almost only covalent 

bonds. In the fundamental state there are three p orbitals, each filled by 
only one electron. This corresponds to an electronic distribution of 
spherical symmetry and a great energy of ionization. Phosphorus often 
forms covalent compounds. Free enthalpies of the different oxidation 
states in solution at pH0 show that the molecules are relatively unstable 
and can be transformed. Hydrolysis results in maximum oxidation giving 
ortho-phosphoric acid, the pentavalent form of phosphorus with 
maximum thermodynamic stability. It thus provides the basis for the 
majority of chemical titrations (Fig. 29.1). 

29.2.2 Wet Mineralization for Total Analyses 

Principle 

Wet mineralization procedures for total analysis (cf. Sect. 31.2 of Chap. 
31) can be used for analysis of total P. However, if the only analysis 
required is total phosphorus, the procedures can be simplified. The soil is 

!PO
O

795
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Ortho-phosphoric acid exhibits various degrees of protonation depending on aqueous pH 

as shown in equation 2.1 to 2.3. 27 

H!PO!! aq + !H!O! l ⇌ !H!O!! aq + !H!PO!!! aq !!!!!!!K! = 7.1!x!10!!             [2.1] 

H!PO!!! aq + !H!O! l ⇌ !H!O!! aq + !HPO!!!! aq !!!!!K! = 6.3!x!10!!             [2.2] 

HPO!!!! aq + !H!O! l ⇌ !H!O!!! aq + !PO!!!! aq !!!!!!!!K! = 2.1!x!10!!"!          [2.3]   

 
As shown in the speciation distribution curve in Figure 2.2, phosphate ions are 

derived from the dissociation of orthophosphoric acid, which is characterized by three 

pKa values. In the domain of pH that is relevant to most soils, H2PO4
- and HPO4

2- are the 

dominant orthophosphate ions, and the activity of the two ions is about equal at pH 7.2. 

Much of the work discussed in this thesis, the predominant species will be H2PO4
-. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2: Speciation of orthophosphate ions (expressed as mole fraction of total P) in 
solution as a function of pH.28 
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Phosphates, which are added in agricultural operations, are the major nutrient of 

concern in water pollution. The sources of phosphate contamination in the environment 

include natural and human input, such as the industrial municipal wastewater discharges, 

runoff from fertilized farmland, failing household wastewater discharge, including septic 

systems and commercial cleaning preparation. Phosphates exert their greatest ecological 

influence by increasing eutrophication, which can be defined as an overabundance of 

nutrients in water and the stimulation of the growth of unwanted aquatic organisms such 

as algae and phytoplankton.29 Consequently, stimulation of the growth of these aquatic 

species disrupts normal functioning of the ecosystem, causing a variety of problems such 

as decreases of water clarity, light penetration and lack of oxygen needed for aquatic 

animal to survive. When the plants or algae die and decay, their decomposition leads 

consumption of oxygen, causing carbon dioxide to be released and creating an anoxic and 

mildly acidic environment. 

Large quantities of phosphate present in wastewater are one of the main causes of 

eutrophication that negatively affects natural water bodies. The wastewater treatment 

industry presently uses several methods to remove phosphate, such as precipitation with 

iron and alum salts. In both cases, removal affected by converting the phosphate ions in 

wastewater into a solid fraction.30 This technique is claimed to be reliable, and capable of 

removing up to 90-95% of the phosphorus present at a reasonable cost.22 
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2.2 Natural organic matter in aquatic environment 

 
Organic matter in the environment can be divided into two classes of compounds: 

non-humic material and humic substances. Humic substances constitute a major fraction 

(≈65%) of soil organic matter and 45% of surface water organic matter and are possibly 

the most abundant of naturally occurring organic macromolecules on the earth.31 They 

arise from the chemical and biological degradation of plant and animal residue and also 

from synthetic activities of microorganisms. Humic substances are dark coloured, acidic, 

predominantly aromatic, hydrophilic, chemically complex material that range in 

molecular weights from a few hundred to several thousands. These materials can be 

divided into three main fractions: 

 
a. Humic acid (HA): Insoluble under acidic condition, but soluble in dilute alkali. 

b. Fulvic acid (FA): Humic fraction, which is soluble in both alkali and acid 

solution. 

c. Humin (Hu): Humic fraction that is insoluble in water at all pH values. 

 
The chemical structures and reactions of humic materials have been the subject of 

extensive research for over 200 years, yet are still not fully understood. Based on a 

pyrolysis study, Schulten and Schnitzer32 have proposed a structure of humic acid with a 

molecular mass of 5539.7 and an empirical formula of C308H328O90N5 as shown in Figure 

2.3. This proposed structure contains numerous oxygen-bearing structures and functional 

groups such as carboxyls, phenolics and alcoholic hydroxyls, ketones, ester and ether as 

well as a small number of N-bearing structures such as pyrrole and pyridine. These 
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groups are hydrophilic and involved in the interaction with inorganic ions from the 

aqueous phase.33 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Chemical structure of humic acid proposed showing a wide range of 
functional groups such as phenolic OH groups, quinone structure and carboxylic groups 
variously placed on aromatic rings. 32,34,35 
 

Humic substances are compositionally unique relative to the environmental 

conditions in which they form. However, based on the statistical evaluation by Cronan 

and Aiken36, the mean chemical compositions (concentration of C, H, O, N and S) and 

the mole ratios (O/C and H/C) of humic acid of soils collected from around the world are 
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statistically similar. The summary of mean elemental content of humic acid is shown in 

Table 2.1. 

 
Table 2.1: Mean elemental content and mole ratio of soil humic acids from all around the 
world.33 
 

Component Humic acid 

Mean (g kg-1) Range (g kg-1) 
C 662 536-587 
H 47 32-62 
O 355 328-383 
N 32 8-43 
S 8 1-15 

 

The major functional groups in humic substances are oxygen containing, 

including carboxyls, alcoholic and phenolic hydroxyls and methoxyls (Table 2.2). On 

average, humic substances contain approximately equal numbers of carboxyl and 

phenolic groups. However, the abundances of alcoholic-OH and carbonyl groups are also 

highly significant.33 The location of functional groups in humic substances describes a 

few important reactions with which humic substances are involved. For example, the 

presence of these functional groups enable specific reaction of humic substances with 

inorganic elements or act as a complexing agent for metal ions in soil-water systems.27 
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Table 2.2: Mean total acidity and functional group content of soil humic acids collected 
from around the world.33 
 

Functional group Humic acid 
Mean (mol kg-1) Range (mol kg-1) 

Total acidity 67 56-89 
Carboxyl 36 15-57 

Phenolic-OH 39 21-57 
Alcoholic-OH 26 2-49 

Carbonyl 29 1-56 
Methoxyl 6 3-8 

 

 Humic substances sorb to mineral surfaces containing hydroxylated Al or Fe sites 

and can significantly change chemical properties of soil and aquatic environment. The 

sorption mechanism is difficult to determine because of the heterogeneity of humic 

substances and complex effects related to the molecular size.20 The major mechanisms by 

which humic substances adsorb onto mineral surfaces have been proposed to involve 

anion exchange, ligand-exchange surface complexation, hydrophobic interaction, 

hydrogen bonding and cation bridging. However, the ligand exchange mechanism 

between surface-coordinated OH and H2O from Fe and Al oxides and COOH/OH 

functional groups is favoured by a number of researchers.7,10,37,38 

A detailed description of ligand exchange mechanisms has been discussed by 

Murphy et al.20 as shown in Figure 2.4. The first step of this reaction is a surface 

ionization reaction, which takes place depending on the pH of solution. Protonation of 

surface hydroxyls is enhanced under acidic conditions as shown in step 1. The humic 

carboxyl groups may then form an outer-sphere surface complex with the protonated 

hydroxyl group (Step 2). Ligand exchange occurs in the final step, yielding a stable inner-

sphere complex (Step 3). 



 13 

 
 

 

 

 

 

 

 

 
Figure 2.4: The proposed ligand exchange mechanism between protonated metal surfaces 
with carboxylic functional group of humic substances involved the formation of inner 
sphere metal complex.20 

 

As the COOH and phenolic groups in NOM molecules are considered to dominate 

NOM adsorption behaviors, considerable efforts have been expended on the 

determination of the type of ligands involved in surface complexation between NOM and 

metal oxide surfaces.9,39 Some studies have been carried out to investigate the effect of 

phenolic groups on NOM adsorption by employing smaller and well-characterized 

organic acids bearing phenolic groups over a wide range of experimental conditions. 

Guan et al.39 explored the adsorption of a series of dihydroxybenzoic acids 

(DHBAs) on aluminum hydroxide using ATR-FTIR spectroscopy to elucidate the role of 

phenolic groups in NOM adsorption (Figure 2.5). From this study, they observed that the 

general pattern for NOM adsorption onto aluminum hydroxide was more consistent with 

the organic acids binding to the surface through the carboxylic acid group than those 

binding through the phenolic group. However, the involvement of phenolic groups in the 
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complexation increased with increasing pH, as the deprotonation of phenolic groups was 

greater at higher pH. The presence of phenolic groups increased the electron density of 

the COOH groups and enhanced the inner-sphere complexation of the COOH groups 

with aluminum hydroxide. 

 

 

 

Figure 2.5: Structure of the DHBAs employed in the study by Guan et al.39 
 

Evanko and Dzombak19 found similar adsorption behavior for the aromatic 

organic acid containing phenolic functional groups at various positions relative to the 

carboxylic groups. The adsorptions of these groups are relatively weak compared to the 

carboxylic series functional groups but increase with increasing pH. Interestingly, the 

result also indicates that the relative position of the phenolic functional groups influences 

sorption to a greater degree than the number of phenolic groups. 

 The series of organic acid compounds with a similar trend of sorption behavior 

can be summarized into two classes. The first class consists of phenolic compounds 

containing at least two adjacent phenolic groups on the benzene ring. The adsorption of 

this group is maximized at pH 5-7, at which the surface complexation can be formed in 

two ways: the single carboxylic group or from the two adjacent phenolic groups. The 

second class consists of organic acid compounds with one phenolic group in the ortho 

position relative to the carboxylic groups and with none of the phenolic groups is 
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adjacent to one another. Sorption of these compounds is maximized at the low pH region 

(pH 3-4) and decreases as pH increases. In this case, surface complexes are formed 

between Fe atoms with the adjacent carboxylic and phenolic functional groups. 

 

2.3 Natural occurrence of iron oxide and aluminum oxide in soil environment 

 
Iron (Fe) and aluminum (Al) are the most important oxides as they can be found 

in a great abundance in soil clays. Iron can be found in two oxidation states, Fe(II) and 

Fe(III). In anaerobic systems, iron atoms in the silicate structures exist predominantly in 

the divalent oxidation state, Fe(II). Due to the extremely low solubility of Fe(III) over the 

normal range of soil pH values, mineral weathering processes release Fe(III) as the oxide 

through a combined oxidative-hydrolytic reaction as shown in the two step process in 

Equation 2.4 and 2.5  

 
Step 1: Mineral hydrolysis: 

Fe!SiO!! s + !4H! → 2Fe!!! aq + !H!SiO!! aq                                                      [2.4] 

 

Step 2: Oxidation of Fe2+ and the precipitation of FeIIIOOH (goethite): 

2Fe!!! aq + !
!O!! g + !3H!O!! l → 2FeOOH! s + !4H!!(aq)                              [2.5] 

 

 

Goethite is the most frequently occurring form of iron oxide in soils with the greatest 

thermodynamic stability under most soil conditions. The most basic composition of 

goethite is α-FeOOH. It forms an orthorhombic unit cell with a=0.4608 nm, b=0.9956 nm 
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and c=0.3021 nm. The crystal structure of goethite was first determined by Goldsztaub 40 

using x-ray diffraction photographics techniques. Yang et al.41 reported the first structure 

refinement of goethite using single-crystal x-ray diffraction. Based on this report, the 

goethite structure is described as a slightly distorted hexagonal close-packed O-atom 

arrangement with each Fe atom is surrounded by three O2- and three OH- to give 

FeO3(OH)3 octahedra. 

a.               b. 

 

 

 

 

 

Figure 2.6: a) The crystal structure and b) “Ball-and-stick” drawing showing the atomic 
structure of goethite. 41,42 
 

 Gibbsite, (γ-Al(OH)3) is by far the most ubiquitous crystalline Al hydroxide in the 

soil environment. The structure of gibbsite consists of stack edge-sharing dioctahedral 

sheets of Al(OH)3 held together by hydrogen bonds. In this octahedral structure, 

aluminum ions are distributed in hexagonal rings, and each aluminum in the interior 

shares six hydroxyls with three other aluminum ions. Each hydroxyl is coordinated to two 

aluminum ions. The crystal and ‘ball-and-stick’ of the atomic structure of gibbsite is 

shown in Figure 2.7. 



 17 

a.                                                                                          b. 

 

 

 

 

 

 

 

 

 

Figure 2.7: a) The crystal structure and b) “Ball-and-stick” drawing showing the atomic 
structure of gibbsite.42,43 

 

2.4 Surface properties of iron and aluminum (hydr)oxide 

 
The surface reactivity of the solid phase in soils derives from the chemical 

behavior of surface functional groups in soil mineral. The most abundant and most 

reactive surface functional group in soil mineral is the hydroxyl moiety exposed on the 

surface of a mineral.33,42 The reactivity of metal oxide surfaces strongly depends on the 

number and types of hydroxyl moieties present at the solid-solution interface, which can 

interact with solution species through Brønsted-Lewis acid base reactions or through the 

ligand exchange.44 

Generally, well-defined goethite crystal surfaces contain three types of hydroxyl 

groups. The standard IUPAC nomenclature was used to labelled all surface sites: A, B, 

and C as shown in Figure 2.8. Type A (hydroxo) groups consist of a surface hydroxyl 

coordinated to one Fe3+ cation in the bulk structure. Each type B (µ3-hydroxo) surface 
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hydroxyl is coordinated to three Fe3+ cations exposed on the surface. Type C (µ-hydroxo) 

surface hydroxyls are coordinated to two Fe3+ cations. Only the type A groups are capable 

of participating in ligand exchange, while the type B and C hydroxyl groups can form 

hydrogen bonds with the adsorbing ligand. This model was confirmed by an infrared 

study of the surface hydroxyl groups of goethite by Russell et al.45 Type A hydroxyl 

groups absorb at 3486 cm-1. However, this band disappeared when the surface was 

treated with H3PO4, proving that phosphate replaces these hydroxyls. The hydrogen 

bonding interaction between phosphate and type B or C takes place, resulting in new 

bands appearing at 3671 cm-1 and 3646 cm-1.45 

 
 

 

 

 

 

 

Figure 2.8 Iron oxide surface showing three types of surface hydroxyl groups: hydroxo, 
µ-hydroxo and µ3-hydroxo.46 
 

Owing to differences in the numbers of underlying Fe atoms that are coordinated 

to the surface functional groups, the acidity and reactivity of the different types of 

hydroxyl groups vary from one another. Generally, the acidity of the oxide surface is 

influenced by charge established by the dissociation of the surface hydroxyl groups at 

toward either model is their reliance on electrostatic arguments.
It is well known that charge-size relationships are not good
indicators of hydrolysis behavior (Brown et al., 1985; Henry et
al., 1992). This is especially true for trivalent ions, including
ferric iron, trivalent chromium, and aluminum, which form
important classes of oxide minerals in soils. Electrostatic mod-
els may be useful for explaining gross differences in the proton
affinities of oxide functional groups coordinated by cations of
different charge (i.e., the difference between the affinity of an
¢Si2O surface site and an ¢Al2O surface site (see Nortier et al.,
1997). Given the failure of the electrostatic arguments on the
mononuclear hydrolysis reactions as discussed above, it is not
clear that electrostatic models can be used to predict the relative
proton affinities for surface functional groups having coordi-
nating metal ions of the same charge (i.e., ¢Fe3O and ¢Al3O
sites). Furthermore, given the failure of the electrostatic models
to explain why, for example, the first hydrolysis constant of the
larger Fe3! is lower than the smaller Al3! one might question
whether an electrostatic model would be capable of recovering
the differences in acidity for FeOH2 and Fe3OH sites.
Rustad et al. (1999) demonstrated previously that density

functional electronic structure calculations (Parr and Yang,
1989; Kohn et al., 1996) are capable of correlating the relative
acidities of a wide variety of trivalent ions. The electronic
structural reasons behind the existence of such a correlation are
complex, and appear to involve several factors. Acidities do not
correlate with Mulliken charges, HOMO–LUMO gaps, OH
vibrational frequencies or geometrical parameters. All nature
cares about is the outcome of her (exact) solution of the
Schrödinger equation before and after the hydrolysis reaction.
It is convenient if other, more tangible criteria can be used to

understand the outcome, but, in this case of hydrolysis reac-
tions for trivalent metals, it unfortunately does not appear that
such an understanding can be achieved from a less fundamental
but more intuitive perspective. Nevertheless, the proton binding
energies to hexa-aquo clusters correlate extremely well with
solution pKa. Therefore, it is reasonable to extend these cal-
culations to investigate the relative acidities of (Al, Cr, Fe)
!3-hydroxo functional groups on a representative trimeric clus-
ter. We emphasize strongly that the ab initio method is cur-
rently the only method available which can be used to attempt
such an analysis. Empirical methods (Baes and Mesmer, 1976;
Barnum, 1983; Brown et al., 1985) are not easily extendable to
the problem of predicting simple proton loss from polynuclear
species in a manner that is decoupled from the free energy of
condensation.

3. METHODS

The density functional calculations were carried out using the Gauss-
ian94 code (Frisch et al., 1995). Structures were optimized at the local
level using the correlation functional of Vosko, Wilk, and Nusair
(Vosko et al., 1980) and the exchange functional of Slater (Slater, 1951;
1972a; 1972b). Nonlocal energies were calculated using the local
structures with Becke’s exchange functional (Becke, 1988) and Per-
dew’s correlation functional (Perdew, 1986). For mononuclear gas-
phase hydrolysis reactions, this procedure yields energies nearly iden-
tical to those calculated using the computationally more expensive
B3LYP exchange–correlation functional [Becke’s 1993 exchange
functional (Becke, 1993) and the correlational functional of Lee, Yang,
and Parr (Lee et al., 1988)] for structure optimization (Rustad et al.,
1999). The calculations were done with the DZVP2 basis set (Godbout
et al., 1992).
The cluster chosen to represent the !3-hydroxo functional group,

shown in Figure 2,, is a trimeric M(III)3(OH)7(H2O)62! cluster having

Fig. 1. Hypothetical termination of an iron oxyhydroxide surface showing hydroxo, !-hydroxo and !3-hydroxo
functional groups.

1676 J. R. Rustad, D. A. Dixon, and A. R. Felmy
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various pH of the soil solution. The lower the positive charge at the surface, the easier it 

is to adsorb protons.47 

The µ-hydroxo group is relatively inert because the coordination environment is 

complete, while type B (µ3-hydroxo) can undergo deprotonation more easily due to the 

large amount of cation charge (3 Fe3+ ions) associated with the hydroxyl groups. Type A 

site can act both as proton donor and acceptor (amphoteric)48 with the value of pKa,1 

between 4.2 to 7.1 and a pKa,2 from 9.0-11.0 (Figure 2.9).33 It is also reported that iron 

oxides exhibit a point of zero charge (pzc) value in the pH range of 6 to 10. Thus, at pH’s 

< pHpzc, the Fe(O)OH2
+ groups predominate on the surface. As the pH increases, the 

deprotonation reaction occurs, and the surface gains a net negative charge to form 

Fe(O)O- groups. At near neutral pH, the positive and negative charges are equal.  

 

 

 
 

 
 

 
 

 
 

Figure 2.9: Schematic mechanism of protonation and deprotonation for each surface 
hydroxyl groups: Type A (hydroxo) and B (µ3-hydroxo) hydroxyl groups.48 

 

Turning to aluminum oxide, gibbsite shows two types of surface hydroxyl groups, 

which are singly (Type A) and doubly coordinated (Type C).  The gibbsite exhibits both 
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planar and edge surfaces. The edge surface consists of an equal number of type A and C 

(-AlOH and –Al2OH) surface sites, while the planar surface consists of only type C 

surface hydroxyls. However, the hydroxyl groups bound to Lewis acid sites on the edge 

of the plane perpendicular to the basal plane are more reactive. The hydroxyl group 

associated with these sites can form inner-sphere surface complexes with a proton at low 

pH or with a hydroxide anion at high pH values. 

Surface hydroxyl groups play an important role in the anion adsorption on metal 

oxides. The most investigated inorganic ligand is phosphate as it adsorbs specifically on 

iron oxide and strongly affects its availability to plants. The general mechanism of ligand 

exchange is shown in the schematic diagram in Figure 2.10. Generally, the oxygen donor 

atom of the hydroxyl group can interact with protons, and the underlying metal ion act as 

a Lewis acid and exchanges the OH group for other ligands.   

 

 
 
 
 
 
 
 
 
 
 

Figure 2.10: Schematic mechanism of ligand exchange reaction involved in Type A 
(hydroxo) hydroxyl groups.  
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2.5 Coagulation by metal salts 

 
Coagulation is one of the most important techniques used in water treatment. 

Coagulation with metal salt addition can achieve 80 to 95% total phosphorus removal. 

This technique also offers advantages such as inexpensive materials, and control 

requirements are fairly simple and straightforward.49 In general, coagulation is a process 

where colloidal particles initially present in wastewater are combined into larger 

agglomerates and finally can be separated through flocculation or filtration methods. The 

sizes of the components involved in coagulation can vary from the soluble fraction (< 10 

Å), up to the colloidal particle in diameter. Coagulation is directed towards the colloid 

fraction, which gives wastewater its turbidity.50 

The stability of the colloids in wastewater is related to the electrical charges 

carried by the individual particles. The colloidal particle is negatively charged, and thus 

able to attract a cloud of positive counter ions around it due to electrostatic forces. This 

first inner layer of charges formed is referred to as the Stern layer, with the thickness of a 

single hydrated ionic layer. Additional counter ions also accumulate next to the Stern 

layer, which form an outer layer known as the diffuse layer. The potential at the point 

where the Stern layer ends and the diffuse layer begins is known as zeta potential (ζ). 

Figure 2.11 shows the double layer charge distribution, Stern layer, and the zeta potential. 
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Figure 2.11: The representation of double layer charge distribution of colloidal particle in 
water.51 

 

Iron oxide colloids and aluminum oxide colloids are the most widely used 

chemical coagulant in wastewater treatment systems. Initially, when added to water, 

aqueous Al(III) and Fe(III) salts are dissociated to their respective trivalent ions, Al3+ and 

Fe3+, which hydrate to form the hexaaqualuminum (III) ion, Al(H2O)6
3+ and  

hexaaquairon (III) ion, Fe(H2O)6
3+ as shown in equation 2.6 to 2.7: 

Fe!! + 6H!O! ⇌ !Fe(H!O)!!!                                                                                      [2.6] 

Al!! + 6H!O! ⇌ Al(H!O)!!!                                                                                        [2.7] 

  
When the water is sufficiently alkaline, Al(H2O)6

3+ and Fe(H2O)6
3+ undergo a series of 

rapid hydrolytic reactions to form soluble monomeric and polymeric species as well as 

solid Al(OH)3 as shown in equation 2.8 to 2.13.49 

 

 

  35 

 

 

Figure 2.10 The surface of negatively charged particle, the zeta potential ([), the Stern layer and 

the electrical double layer. 

        In addition, the distribution of ions and potential in the diffuse layer obeys the Poisson-

Boltzmann equation (PBE):[105] 
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in which \ is the electrical potential, o
in is the number density of ions of valence iz , k is the 

Boltzmann constant, T is the absolute temperature, 0H is the permittivity of vacuum, H is the 

dielectric constant of component i, e is the elementary charge.  The external electrical field is 

inconsequential compared to the EDL field unless it is extremely high. [77] 
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Fe(H!O)!!! aq + !H!O! l ⇌ Fe(H!O)! OH !!! aq + !H!O!!(aq)                        [2.8] 

Fe(H!O)!(OH)!!! aq + !H!O! l ⇌ Fe(H!O)!(OH)!!! aq + !H!O!!(aq)              [2.9] 

Fe(H!O)!(OH)!!! aq + !H!O! l ⇌ Fe(H!O)!(OH)!! s + !H!O!!(aq)                 [2.10] 

Al(H!O)!!!! aq + !H!O! l ⇌ Al(H!O)!(OH)!!! aq + !H!O!!(aq)                      [2.11] 

Al(H!O)!(OH)!!! aq + !H!O! l ⇌ Al(H!O)!(OH)!!! aq + !H!O!!(aq)             [2.12] 

Al(H!O)!(OH)!!! aq + !H!O! l ⇌ Al(H!O)!(OH)!! s + !H!O!!(aq)                 [2.13] 

 

The soil and geological science literature have shown that hydrous aluminum 

oxides are capable of binding phosphates in soil.5,52 Studies of phosphate sorption to 

mineral surfaces suggests the 2-step sorption process as shown in Figure 2.12.21 At short 

exposure times, (Region A), adsorption of phosphate to the mineral surface is fast and 

dominated by a ligand exchange reaction in which hydroxyl groups on mineral surfaces 

are replaced by PO4
3-. This is followed by a slow uptake region (Region B), associated 

with solid-state diffusion of phosphate into the interior mineral phases and leaves the 

fresh surface to continue the phosphate adsorption process. As a result, more hydrous 

mineral oxide is finally converted to hydroxyphosphate species. The slower reaction in 

this region is expected to take up to days or even months. 
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Figure 2.12: Schematic of the 2-step phosphate sorption process to iron oxide surfaces.21 

 

The interaction between mineral surfaces, particularly Fe- and Al- oxide with 

phosphate determines the mobility of phosphate in soil and aquatic system. Phosphate 

may bind on mineral surfaces with a variety of configurations, including monodentate-

mononuclear, bidentate-mononuclear, or bidentate-binuclear configurations (Figure 

2.13).33 Zheng et al. examined phosphate adsorption by mesoporous γ-alumina surfaces 

using in situ ATR-FTIR spectroscopy and suggested a monodentate inner-sphere 

complex was the primary sorption mechanism at pH 4.52 At higher pH values, a surface 

complex with bidentate configuration is favoured. The trivalent aluminum and iron 

species exhibit similar efficiency of phosphate adsorption behaviour, but aluminum-based 

coagulants are more favoured as lower doses are required compared to ferric-based 

coagulant. In addition, the presence of sulphate or chloride in ferric-based coagulants 

increases the corrosivity.53 

 

2004, and many others). Sorption and desorption of P
compounds can exert significant influence on dissolved P
concentrations, and thus P bioavailability. Iron (oxy-
hydr)oxides (hereafter, Feox) have a particularly high capac-
ity to sorb P (e.g., Strauss et al., 1997; Torrent et al., 1992;
Khare et al., 2004). Feox in suspended particulate matter or
bottom sediments can remove P from natural waters via
sorption, rendering it unavailable for biological uptake.
Reductive dissolution of Feox in suboxic or anoxic environ-
ments will liberate associated P to solution (e.g., Froelich
et al., 1979; Burdige, 2006; Slomp et al., 1996a). Desorption
from particle surfaces is another avenue for sorbed P com-
pounds to enter the solution phase, and once again become
available to primary producers. Thus, Feox can act as either
a source or a sink of P in aquatic systems (e.g. Froelich, 1988;
Fox, 1990; Slomp et al., 1996a,b; Chitraker et al., 2006).

Numerous studies have examined sorption of phosphate
onto marine and freshwater sediments (e.g., Rodel et al.,
1977; Slomp et al., 1996a,b, 1998; Sundareshwar and
Morris, 1999) and Feox (e.g., Bolan et al., 1985; Parfitt,
1989; Strauss et al., 1997). Sorption and desorption pro-
cesses are believed to bu!er phosphate concentration in riv-
ers (Mayer and Gloss, 1980; Froelich, 1988) and estuaries
(Pomeroy et al., 1965; Fox et al., 1985). There is a volumi-
nous soil science literature on phosphate sorption onto soils
and soil minerals (e.g., Frossard et al., 1995; McGechan
and Lewis, 2002). Fewer studies have explored dissolved or-
ganic P (DOP) sorption, and these have focused exclusively
on terrestrial soil (e.g., Frossard et al., 1995; Leytem et al.,
2002; Berg and Joern, 2006) or freshwater (Rodel et al.,
1977) systems. While studies of P sorption onto soils can
be instructive when considering similar processes in marine
systems, they are not directly relevant because of the pro-
foundly di!erent ionic strength and pH of soils versus mar-
ine systems. We are unaware of any studies that examine
DOP sorption or desorption onto Feox in marine systems.

The 2-step model for phosphate sorption onto mineral
surfaces, widely accepted by the soil science community, de-
scribes the process of phosphate sorption onto Feox as con-
sisting of a fast initial uptake onto mineral surfaces, taking
place over the course of minutes, followed by a slow reac-
tion, lasting for days or even months (Barrow, 1978;
Strauss et al., 1997; McGechan and Lewis, 2002; Luengo
et al., 2006). The fast reaction is dominated by ligand ex-
change in which hydroxyl groups or water molecules on
(oxyhydr)oxide surfaces are replaced by PO3!

4 anions (Fig
1, Region A) (Parfitt, 1978; Torrent et al., 1992). This first
reaction, step 1 of the 2-step process, is assumed to be
reversible, allowing for the release of sorbed P to solution
if environmental conditions favor desorption (McGechan
and Lewis, 2002). Step 1 continues in parallel with step 2
as long as conditions favor P sorption. The slower reaction,
step 2, represents solid-state di!usion of phosphate into the
interior of Fe phases (Fig 1, Region B) (Barrow, 1983;
Torrent et al., 1992; McGechan and Lewis, 2002). This
second reaction, induced in response to the concentration
gradient set up by the initial sorption that occurred in step
1, is largely irreversible (however, see Lookman et al.,
1995). The amount of sorbed P available for desorption is
therefore influenced by the length of time that Feox is

exposed to dissolved P, in an environment in which
sorption is favorable, prior to being exposed to conditions
that favor desorption (Munns and Fox, 1976; Froelich
1988).

Froelich (1988) introduced the 2-step model to the aqua-
tic geochemistry community, and several studies of marine
systems have observed phosphate sorption behavior that is
empirically consistent with it (e.g., Millero et al., 2001;
McGlathery et al., 1994; Vidal, 1994). There is emerging
consensus that this model is appropriate for marine sys-
tems, but the rigorous evaluation that has been carried
out for soils has yet to be undertaken for marine systems.
We are unaware of any studies that examine whether the
2-step model applies to sorption of DOP.

This study reports on experiments that examine the
sorption and desorption characteristics of several DOP
compounds onto/o! of Feox in artificial seawater; parallel
experiments were run using phosphate as a control com-
pound. Equilibrium conditions of sorption reactions and
kinetic uptake of P compounds were examined. Desorption
experiments were executed after both short- and long-term
pre-sorption treatments.

Fig. 1. Schematic of the 2-step sorption process. Initial rapid
removal of P from solution is caused by uptake onto solid-phase
surfaces (region A). Step-2 is characterized by slower removal of P
from solution, as surface sorption sites are made available only
upon solid-state di!usion of surface-sorbed P into the interior of
solid particles; this second stage of P removal lasts from days to
weeks, or months. Note that steps-1 and -2 can be regarded as a
continuum, as both can occur simultaneously (McGechan and
Lewis, 2002). Opinions di!er about the extent to which P deposited
at depth below the particle surface is irreversibly bound (e.g., see
Lookman et al., 1995; McGechan and Lewis, 2002 for soil
desorption studies). Long-term P-desorption behavior under
marine conditions has not been characterized and may be quite
distinct from that observed in soils. Furthermore, extent and timing
of desorption would likely be di!erent for seawater suspended
particles versus ocean bottom sediments. Formation of secondary
P minerals from P that has migrated into particle interiors during
step-2, including P co-precipitated with Feox, are assumed to
represent irreversibly-bound P.

4096 K.C. Ruttenberg, D.J. Sulak / Geochimica et Cosmochimica Acta 75 (2011) 4095–4112
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Figure 2.13 Possible molecular configuration of phosphate adsorption on iron oxide. 
Panels a., b., and c. illustrated the complexation of phosphate molecules in monodentate, 
mononuclear bidentate and binuclear bidentate configurations. 

 

2.6 Wastewater treatment process 

 

Coagulants can be added to wastewater treatment plant at three points: before the 

primary tank (co-precipitation), into the aeration tank (simultaneous precipitation), or 

after the final tank (post-precipitation) as shown in Figure 2.14. Each point has the pro 

and cons; for example the addition of coagulant at the final tank is capable of removing 

up to 95% orthophosphate residues, but there is a danger that solids can be carried over 

into the final effluent. On the other hand, co-precipitate method can increases BOD 

removal up to 70%, however, it requires higher chemical coagulant doses, and therefore 

has higher operational costs. 

 

 

 

Figure 2.14: Coagulation process in wastewater treatment plant. 

Co-precipitation 
Simultaneous 
precipitation Post-precipitation 

Primary Aeration tank Secondary 
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In this study, two methods of colloid modification have been used to mimic the 

addition of coagulant in water treatment plant: co-precipitate and post-precipitate 

methods. The previous XPS study from our group also shows that colloids formed using 

the co-precipitation method have higher surface loading than the colloids formed using 

the post-precipitation method.51 

 

2.7 Competitive adsorption of phosphate with humic-based organic compounds on 
the surface of hydrous iron and aluminum oxides 

 
The behavior of phosphate and natural organic matter (NOM) in soil and aqueous 

media is widely known to strongly influence their association with surfaces of colloidal 

iron and aluminum oxide particles. Competitive adsorption occurs between phosphate 

and organic species for similar binding sites at mineral surfaces. It has been shown in 

numerous studies that phosphate does not adsorb as effectively to an inorganic surface at 

which organic material is bound as it does to an otherwise unmodified mineral 

surface.11,17,54 Adsorbed humic-substances profoundly alter the surface charge, zeta 

potential, and colloidal stability of the oxide. The competitive adsorption of phosphate 

with natural organic matter may also have important consequences for the sedimentation 

and movement of these species in such environments as agricultural and forest soil, and 

wastewater treatment system. 

Soil organic matter contains a variety of functional groups that may reside at the 

solid-solution interface. The most common functional groups in organic matter are 

carboxyl, phenolic-OH and carbonyl groups. These groups may develop pH-dependent 
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charge, which occurs either through protonation or deprotonation reaction. Organic 

molecules may: 

a. Specifically sorb to soil minerals, competing with phosphate for sorption sites. 

b. Complex with surface-bound aluminum or iron to form soluble organic-metal 

compounds substituting for, and releasing, previously sorbed phosphates. 

c. Sorb to soil particles at nonspecific sorption sites, increasing the surface negative 

charge of the particle and resulting in reduced electrostatic attraction of phosphate to 

the soil surface. 

 
An understanding of the role of carboxyl and hydroxyl groups in NOM adsorption 

is still incomplete due to the complexity of humic-based substances in aquatic 

environments. However, a few studies have shown that the most important mechanism 

for removal of NOM in the process of enhanced coagulation using ferric or aluminum salt 

as a coagulant is thought to be adsorption onto floc surfaces.2,55,56 Some researchers have 

stated that organic compounds with at least two functional groups (COOH and/or -OH 

groups) principally in the ortho position are preferentially removed by coagulation-

flocculation and adsorption, with different amounts of aluminum and ferric salts.39,57,58 A 

better understanding of the interaction between the functional groups of NOM and 

iron/aluminum hydroxide may lead to determination of optimal dosage and operational 

conditions of the enhanced coagulation process. 

In this study, the adsorption of a series of di- and trihydroxybenzoic acid (DHBA 

and THBA) (Figure 2.15), with a different numbers and position of phenolic groups in 

the phenyl ring, on hydrous iron/aluminum oxide is investigated in terms of surface 
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chemistry. The technique called chemical force spectrometry has been used to verify the 

role of phenolic groups in the surface complexation of NOM by monitoring adhesion 

forces between iron oxide sample and AFM modified tip. THBA is a subunit of complex 

humic acid with both phenolic and benzoic groups. The benzoic group of gallic acid has a 

pKa of 4.3757,59 and the phenolic groups have a first pKa of 8.94 and a second pKa of 

11.83.19 Under normal soil solution condition, these functional groups are negatively 

charged and have a strong affinity to the metal oxide. 

 

 

 

 

Figure 2.15: The chemical structure of di- and trihydroxybenzoic acid isomers used to 
study the role of phenolic functional groups to the iron and aluminum oxide surface. 
 

Tannic acid (Figure 2.16) is well characterized and contains the same functional 

groups—carboxylic and phenolic- as found in the humic material that forms the largest 

component of dissolved organic material in wastewater. It represents a more complex 

model to study the interactions between the humic based organic compound and hydrous 

iron and aluminum oxides than GA. 
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Figure 2.16: The chemical structure of tannic acid represent more complicated model 
used in this study. 

 

The competitive adsorption of NOM and phosphate is dependent both on pH and 

ionic strength. For example, a study by Antelo et al.11 of the humic acid on soils 

adsorption in the absence of phosphate obtained Langmuir-type isotherms, which were 

interpreted to indicate a strong affinity of the humic acid molecules to the mineral 

surface. In addition, the adsorption decreased with increasing pH. The goethite mineral 

surface had a point of zero charge (pzc) at 9.3, while humic acid is negatively charged at 

all pH values. At pH values greater than the pzc value, the goethite surface is negatively 

charged, and electrostatic repulsion dominates the interaction. Thus, almost negligible 

adsorption is observed at high pH.  

Previous work from our group also shows that, upon the adsorption of GA or TA, 

the pzc value of FeO(OH) colloids was shifted to lower pH values, ranging from 5.5 to 

4.0.60 This indicates the adsorption of negatively charged GA or TA should increase the 
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negative electric potential near at the surface. If phosphate is present in this system, the 

affinity of phosphate anions for the mineral surface is decreased, resulting in a decreased 

phosphate adsorption. In addition, Simeoni et al.61 concluded the steric effects also are 

important factors that affect the phosphate adsorption in the presence of adsorbed NOM. 

NOM molecules, as has been discussed, are of relatively large size; thus it is possible that 

the surface is blocked by NOM molecules, decreasing the availability of the mineral 

surface for phosphate adsorption.  

 

2.8  Self-assembled monolayers 

 
Self-assembled monolayers (SAMs) can be defined as ordered molecular 

assemblies that are formed spontaneously by the adsorption of a surfactant with a specific 

affinity of its headgroup to a substrate.62 Over the last fifteen years, self-assembly 

techniques have witnessed tremendous growth of interest including fundamental and 

practical applications. By taking advantage of uniform and close-packed films on the 

metal surface, SAMs provide an insulating layer, which is an ideal model to study the 

inhibition of metal corrosion.63 Self-assembly techniques have also been used widely in 

sensor, lubrication, adhesion studies, electrooptic devices, as well as biological 

research.64-66 

Among the known SAMs, thiols on Au (111) are one of the most studied systems. 

They have been immensely popular ever since they were first reported in 1983 by Nuzzo 

and Allara.67 Thiol SAMs offer advantages such as high stability, and relatively simple 

preparation. The SAMs can be prepared in two ways: the solution phase and gas phase 
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process. However, the solution phase is more favored as it is easily accessible in 

laboratory and lower cost. As shown in Figure 2.17, in principle the simple immersion of 

a clean, flat Au substrate in a relatively dilute organic solvent (10-3 M) containing thiol 

molecules for approximately 6 to 24 hours will produce a well-ordered monolayer. Au is 

an inert metal that almost uniquely does not form an oxide layer. Moreover, a wide 

variety of functional groups in both alkyl chain and terminal groups can be used, which 

allows surfaces with specific properties to be produced.68 From the chemical point of 

view, sulfur is attached to the Au surface through a Au-S bonding mechanism, which is 

known to be sufficiently strong and stable, with the bond energies around 201 kJ mol-1.63 

In this process, two distinct adsorption kinetics can be observed: the fast step, 

which takes place in minutes, with 80 to 90% coverage, followed by a slow step with the 

time scale of hours to days, allowing the orientation of the molecular backbone. The 

monolayers are generally well-ordered within 10 to 20 h of exposure to the solution.66,69 

SAM formation also can be characterized by the structural phase transition. At the 

beginning of the process, the SAM structure is characterized by the alkyl chain lying 

parallel to the Au surface. This behavior is known as the “lying-down” phase, 

corresponding to a low SAM coverage. As the immersion time increases, an upright 

phase is achieved, associated with the crystallization of the alkyl chain to form a 

monolayer with a greater coverage. 
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Figure 2.17: Schematic diagram of self-assembly of thiols on Au (111). This process 
involves the immersion of substrate in the thiol solution, a) initial adsorption, b) the 
transition of lying down phase to standing up phase and c) is the complete SAM 
formation. 

 

The SAMs basic unit can be divided into three different parts: a head group, 

molecular backbone and a terminal group, as shown in Figure 2.18.  

 

 

 

 

 

 

Figure 2.18: Schematic diagram of thiol molecules.70 
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The head groups in thiol molecules are responsible for the interaction and 

chemical bonding with the Au surface. The chemisorption process of thiol on gold 

surfaces yields the gold thiolate (R-S) species. The formation of SAMs may be 

considered formally as an oxidative addition of the S-H bond to the gold surface. During 

this process, the alkanethiols adsorb on the gold and lose the thiol hydrogen. The CnS-Au 

bond is predominantly covalent, and has slightly polar character. The adsorption 

chemistry is simplified in Equation 2.14: 

R− SH+ !Au!! ⟶ RS! − Au! + !
!H! + !Au

!!!!                                                     [2.14] 

 
The backbone unit of a thiol monolayer is usually a simple alkyl chain (CnH2n+1). 

It plays an important role in determining the stability and also the ordering of structure in 

SAMs. The long alkyl chains form a densely packed, crystalline or liquid-like monolayer 

due to the strong intermolecular van der Waals forces between the alkyl chains. In 

general, SAMs with alkyl chain length between 8 to 12 has a higher degree of order 

compared to short alkyl chain.71-73 

The molecular arrangements of alkanethiol SAMs on Au (111) have been 

investigated using electron diffraction techiques, and alkanethiolate molecules exhibit a 

(√3 x √3)R30° structure when chemisorbed on Au (111). In this structure, the sulfur 

atoms in alkanethiolates were located at the 3-fold-hollow sites of the Au (111) surface 

and formed a hexagonal close-packing arrangement (Figure 2.19a).  

FTIR studies also demonstrated that the alkyl chains in SAMs on the Au (111) 

surface is normally tilted ∼ 30° from the surface of normal.74 The spacing of the sulfur 

bound to the gold is about 5 Å, larger than the ideal distance needed to maximize the van 
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der Waals interaction between the alkyl chains in a close packed layer, which is about 4.6 

Å. As a result, a natural tilt develops from the surface of normal to maximize the 

molecular interactions between carbon chains as they pack into the crystalline monolayer 

(Figure 2.19b). 

 

Figure 2.19: a) The representation of (√3 x √3)R30° lattice structure with hexagonal 
close-packing arrangement, b) is the tilt angle, θt of alkanethiol chain relative to the 
surface normal.  
 

SAMs provide a unique system by simply modifying the terminal moieties. The 

presence of different functionality at the chain terminus altered the chemical properties of 

the interface, which can be used in variety of applications such as adhesion, lubrication 

and biological studies.75-77 Commonly used surface terminal groups in hydrophobic film 

include nonpolar methyl (-CH3) or trifluoromethyl (-CF3) groups, while hydrophilic 

terminal groups with high wettability include alcohol (-OH) or carboxylic acid groups (-

COOH).78 The size of terminal moieties influenced the backbone orientation on the Au 

surfaces. The small terminal groups do not disrupt alkyl chain packing. However, bulky 
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Figure 27: Constant-current STM topograph of an octanethiol monolayer on Au(111)

which shows a c(4 x 2) superlattice of a qu R3033 )( overlay structure [68].

From the theoretical calculations for alkanethiolate on the Au(111) [77-80], it has been

concluded that the angle between gold and the S-C bond is about 180° if the the S atom is sp

hybridized and about 104° if the S atom is sp3 hybridized [81].
Z

Y

X

4t

Figure 28: The tilt angle Ĭt of the alkanethiol chain relative to the surface normal [71].

a. b. 
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head groups such as aromatic rings have been demonstrated to reduce the density of 

packing of the chain, and prevent the molecules from aligning.  

The presence of polar functional groups such as hydroxyl and carboxylic moieties 

in the aromatic ring have been demonstrated to decrease the surface energy and influence 

the ability of the molecules to organized within monolayer. In particular, Taylor et al.79 

and Cavadas et al.80 have studied the role of the orientation of the terminal group on 

interfacial properties. The isomeric 3- and 4-(mercaptododecyloxy)phenol and 3- and 4-

(mercaptododecyl)phenol (Figure 2.20) were self-assembled on Au (111) surface and 

characterized by reflection-absorption infrared spectroscopy (RAIRS) and contact angle 

measurements. In both cases, the decrease of absorbance intensity of the methylene 

stretch modes in IR spectra suggest that the hydroxyl group plays a significant role in 

establishing the intermolecular interaction that contributes to the orientation of the 

benzene ring. The lower surface energy observed in the 3-isomer monolayer suggests that 

the hydroxyl groups are less accessible for interaction at the interface, leaving the 

benzene ring largely parallel to the surface. 

 

 
 
 
 
 

 

Figure 2.20: The chemical structures of a) 3- and 4-(mercaptododecyloxy)phenol and b) 
3- and 4-(mercaptododecyl)phenol used to prepare monolayer on Au (111).79,80 
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2.9 Surface Characterization Techniques 

 
2.9.1 X-ray Photoelectron Spectroscopy 
 

Basic principles and theory 
 

X-ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopy 

for Chemical Analysis (ESCA), was first developed by Kai Seigbahn and his research 

group in the mid 1960s.81 1n 1981, Seigbahn was awarded with Nobel Prize in Physics 

for the contribution and development of high-resolution electron spectroscopy. Today, 

XPS has matured into one of the most powerful and valuable methods of surface analysis 

currently available. 

The XPS technique is based on the photoelectric effect in which the binding 

energy of a core level electron is overcome by the energy of an impinging soft x-ray 

photon under ultrahigh vacuum (UHV) conditions (Figure 2.21). The most commonly 

employed x-ray sources are Al Kα or Mg Kα radiation with energies of 1486.6 eV and 

1256.6 eV.82 The photons penetrate the surface to a depth of approximately 1 µm. 

Photoelectrons with sufficient kinetic energy are able to escape and are ejected from the 

surface, before being collected by an electron spectrometer.83 The Einstein relation 

governing the interaction of a photon with a core level can be described as equation 2.15:  

E!" = hυ− E! − ϕ!"#$                                                                                               [2.15] 
 

 
where EKE corresponds to the kinetic energy of ejected photoelectron, hυ is the 

characteristic energy of the incident X-ray photon, EB is the binding energy of the core 
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level electron, and φ is the spectrometer work function. Core electrons are held in their 

orbitals by characteristic binding energies depending on nuclear charge and size.84 Thus, 

XPS provides elemental specificity of the elements present as the peaks in XPS spectrum 

appear at distinct binding energy values. 

 

 

 

 

 

 

 
 

 
Figure 2.21: Schematic of photoelectric process. An incident photon is absorbed and 
photoelectron is emitted.85 
 

XPS is considered as a surface sensitive technique as photoelectrons may be 

inelastically scattered as they travel from within the surface to the spectrometer. Inelastic 

scattering can be defined as a fundamental scattering process, in which the kinetic energy 

(KE) of incident electron is not conserved. Most of the inelastic scattering is due to 

excitations of valence-band electrons with the low-energy in the range of 50-2000 eV. 

The scattering process is shown in Figure 2.22. Photoelectrons ejected near the surface 

have a greater probability to escape unscattered and hence to appear as XPS peaks. On 
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the other hand, electrons from deep within the material have a greater probability of 

being scattered.85 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.22: Schematic of inelastic electron scattering, initial energy KE0, tries to escape 
the solid starting at different depths: KE4 < KE3 < KE2 < KE1 < KE0.82 

 

The intensity of signal from the XPS line of a particular element is exponentially 

decreases with depth given by equation 2.16: 

I = ! I!e!!/!                                                                                                                  [2.16] 

 
where, I0 is the intensity of electrons originating at depth d, and λ is called the inelastic 

mean free path length, which is the distance where 1/e of the electrons in a beam suffered 

an inelastic collision. Empirical relationships between λ and KE of electron for different 

metals are plotted in Figure 2.23. 
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Figure 2.23: The mean free path of electrons, λ in different solids as a function of KE of 
the electrons.86 

 

2.9.2 Attenuated Total Reflection Infrared (ATR-IR) Spectroscopy 
 

Infrared spectroscopy technique is a well-established, powerful and non-

destructive technique that can provide information about chemical bonding of the 

molecules. As the technology has progressed for the last 50 years, the combination of 

infrared spectroscopy with the reflectance theories was introduced. A large number of 

methods and accessories have been developed, including specular, diffuse and internal 

reflectance. These techniques are useful particularly for the analysis of organic thin film 

adsorbed on metallic surfaces. 

The phenomenon of internal reflection, first reported in the 1960s, occurs when 

the radiant energy incident from the spectrometer is directed to those materials with high 

refractive index at certain angles. The critical angle, αc, is a function of the refractive 

C.J. Corcoran et al. / Journal of Power Sources 195 (2010) 7856–7879 7859

Fig. 2. The mean free path of electrons in different solids as a function of the kinetic
energy of the electrons. Ref. [44] (with permission).

scattered as they escape across the surface to be detected by the
spectrometer [31,41,42]. Thus photoelectrons that are created at
or near the surface will have a smaller possibility for inelastic col-
lisions before they exit the sample while electrons that are created
deep within the material have a much greater probability of being
scattered. The important parameter to determine the depth that is
sampled by XPS is the inelastic mean free path, IMFP; the distance
where 1/e of the electrons in a beam have suffered an inelastic col-
lision [43]. The curve of IMFP as a function of the electron energy for
several different metals, see Fig. 2 taken from Ref. [44], shows that
the mean free path is not strongly dependent on the material, but
that it is strongly dependent on the electron energy–with the short-
est IMFP of !5 Å at !50–100 eV electron energy. Thus, it is possible
to tune the surface sensitivity of a measurement by using photon
energies of 50–100 eV above the BE of a given core-level [45]; how-
ever, this tuning requires the use of synchrotron radiation. Further,
to probe more of the surface in XPS experiments, one may vary
the angle with respect to the surface at which the electrons are
detected; electrons exiting along the surface normal may come
from a deeper distance within the bulk, while electrons at grazing-
emission angles come mostly from the upper surface layers [19].

A problem of special importance for XPS from condensed sys-
tems arises from the background of electrons that have suffered
inelastic losses. Electrons that have undergone inelastic losses will
have a lower kinetic energy and, hence from Eq. (1b), will appear
to have been ejected from states with a higher BE. In particular, the
background can give misleading information about the intensity of
electrons ejected from more strongly bound final states. In order to
have a more accurate representation of the XPS spectrum, the con-
tribution of the inelastically scattered electrons can be removed by
subtracting an estimate of the background due to these scattered
electrons. One method for estimating the background comes from
Shirley [46] and another method comes from Tougaard [47,48].
While a detailed analysis of these background subtraction meth-
ods is beyond the scope of this review, we present in Fig. 3 an XPS
spectrum showing the importance of this correction [46]. The fig-
ure shows two photoelectron spectra for the valence band of Au;
the upper spectrum is before and the lower spectrum is after back-
ground removal. In the uncorrected spectrum, the high BE limit
(low channel number) is !8000 counts greater than the low BE
limit at EF. Once the background correction is made, the two limits
are at the same number of counts. An important point to note is that
the background corrections are significant; in this case, it is !25%
of the intensity maxima. Furthermore, the corrections are not quite
unique and depend, to a greater or lesser extent, on the choice of
parameters chosen for the subtraction.

A representative XPS scan over 1 keV BE is shown in Fig. 4 for
a submonolayer of Pt spontaneously deposited on a Rh(1 1 1) sin-
gle crystal; this spectrum was taken with our electrochemical XPS

Fig. 3. XPS spectra of the gold valence bands before and after corrections for back-
ground and scattering. In the raw, uncorrected spectrum, the high BE limit (low
channel number) is !8000 counts greater than the low BE limit at EF. Upon correc-
tion, the two limits are at the same number of counts. Ref. [46] (with permission).

system [49]. There is clearly a large uncorrected background of
low kinetic energy. The importance (and the need) of background
subtraction to permit quantitative analysis of spectral intensities
is clear. This figure shows two of the three observable properties
of XPS: the BE and the Irel. The doublet at !300 eV is the spin-
orbit split 3d3/2 and 3d5/2 peaks, where the 3d3/2 is !10 eV higher
in BE than the 3d5/2. To a first approximation, neglecting many-
body effects, the relative intensities of the XPS peaks within a given
sub-shell are given by the number of electrons in the ionized sub-
shell [50,51]. Thus, the Irel of the 3d5/2 and 3d3/2 should be 3:2.
Between different sub-shells and different shells, the photoelectric
cross-section depends strongly on the particular shell, which, in
addition to the occupation of the shell, determines the Irel of XPS
peaks. Furthermore, these cross-sections also depend on the pho-
ton energy [52,53]. In particular, the tabulation of cross-sections
by Yeh and Lindau [53] provides an excellent guide to lines that
may be readily measured for the XPS of particular elements. For
the theoretical determination of Irel, the sudden approximation, SA,

Fig. 4. A wide-range XPS spectrum of platinum spontaneously deposited on
rhodium(1 1 1). Listed are the Pt 4f (!70 eV), Rh 3d (!300 eV), Rh 3p (!500 eV),
and Rh 3s (!630 eV). Because such a small amount of Pt is present, Pt 4d (!320 eV),
4p (!520 and !610 eV), and 4s (!725 eV) peaks are difficult to observe. The Pt 4d
peaks are mixed into the Rh 3d peaks making differentiation between the two sets
of peaks difficult. Ref. [49].
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indices of the sample and crystal, and can be defined by equation 2.17. If the angle of 

incidence is larger than the critical angle, infrared light undergoes total reflection. 

θ! = sin!!(!n2n1)                                                                                                            [2.17] 

 
In the case of attenuated-total reflectance infrared (ATR-IR), an evanescent wave 

is produced when each internal reflected radiation penetrated and adsorbed by the sample 

that is placed in direct contact with the internal reflection element (IRE). The evanescent 

wave will be attenuated as the sample absorbs energy in the infrared region, and then exit 

at the opposite end of the crystal to the detector in the IR spectrometer. The system then 

generates an infrared spectrum. The principle of the ATR-IR spectroscopy, which 

involves sample interaction with evanescent wave, is illustrated in Figure 2.24.  

 

 
 
 
 
 
 
 

Figure 2.24: Schematic diagram of internal reflections through a high refractive index 
medium to produce evanescent wave in ATR-IR spectroscopy. 

 

The infrared spectrum obtained from the ATR-IR experiments depends on two 

important factors: the IRE crystal material, and the depth of penetration. The IRE crystal 

material defines its refractive index and the infrared transmission range as shown in 

Table 2.3. By increasing the refractive index, the critical angle is decreased, which affects 

the efficiency of the penetration depth of infrared radiation. The evanescent wave has a 
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limited penetration depth in the range of 0.5-1 µm. Thus, increasing the refractive index 

of IRE material will decrease the absorbance of the spectrum. 

 

Table 2.3: IRE materials commonly used in ATR-IR application.87 

Material Refractive Index 
(1000 cm-1) 

Spectral 
Range 

(1000 cm-1) 
Zinc selenide 2.4 20000-650 
Germanium 4.0 5500-870 

Cadmium telluride (CdTe) 2.65 10000-450 
Zinc sulfide (ZnS) 2.2 17000-950 

Diamond 2.4 45000-2500; 
1650-<200 

 

The absorbance of infrared radiation also depends on the depth of penetration, dp of the 

infrared beam into the sample. In ATR-IR spectroscopy, the effective pathlength, EPL is 

calculated as: 

EPL = Nd!!                           [2.18] 

 
where N is the number of reflections and dp is the penetration depth per reflection. The 

depth of penetration can be defined as the distance from the crystal-sample interface 

where the intensity of the evanescent wave decays to 1/e of its original value. It is 

calculated by:  

d! = λ

2πn1(sin2θ−n212)
1
2
          [2.19] 

 
 

where λ is the wavelength of the infrared radiation, n21 is the ratio of the refractive index 

of the sample to the ATR crystal, and θ is the angle of incidence. Depending on the 
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experimental conditions, typical dp values ranges from about 0.5-5 µm. If θ is increased, 

the value of dp will be decreased, and as a result the EPL value and absorbance of the 

infrared spectrum will be decreased. 

 In this study, the reflectance infrared technique has been used to characterize the 

monolayers formed on the Au surface. Owing to the surface dipole selection rules, this 

technique allows us to determine the orientation of the molecules on the Au (111) 

substrate. On metal surfaces, all dynamic dipoles parallel to the surface are repressed by 

its image due to the screening effects of the free electron in the substrate (Figure 2.25). 

Meanwhile, vibrational modes that are aligned perpendicular to the surface normal will 

appear with enhanced intensity. 

 

 
 
 
 
 
 
 

 
 

 
 

 
Figure 2.25: Schematic illustration of the metal selection rules: only the vibration 
perpendicular to the metal is enhanced by its image.87 
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2.9.3 Water contact angle measurement 
 

Contact angle can be geometrically defined as the angle formed by the 

intersection of the two planes tangent to the liquid and solid surfaces at the perimeter of 

contact between the two phases and the third surrounding phase, which will be air or 

vapor.88,89 In this technique, a drop of liquid is placed on a solid surface, and the liquid 

will either spread or remain as a discrete drop on the surface (Figure 2.26). The 

quantitative measurement of the contact angle, θ by determining solid-vapor and solid-

liquid interface will determine the wettability of the surface. Young’s equation relates the 

contact angle to the interfacial tension of the liquid-vapor, solid-vapor and solid-liquid 

(γLV, γSV and γSL) as shown in equation 2.20:78 

 

γ!"! cos θ = !γ!" − !γ!"                                                                                             [2.20] 

 

If the interfacial tension of the solid surface is higher than the solid-liquid 

interface (γSV > γSL), the contact angle is smaller than 90°, the surface is wetted by the 

liquid, which is commonly referred to as a hydrophilic surface. However, if the solid-

liquid interface is energetically less favorable than the solid surface (γSv < γSL), the 

contact angle exceeds 90°, a non-wetting phenomenon is observed, referred to as a 

hydrophobic surface. 
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Figure 2.26: Schematic of water droplet contact angle measurement based on the balance 
of three surface tensions as described in Young’s equation.  

 

The most common direct methods of measuring the contact angle are by 

observing a sessile drop profile at the point of contact with solid surface. This procedure 

offers two advantages: only small quantities of the liquid are required, and small solid 

surface can be used. For small drops, hydrostatic effects are negligible. Thus, contact 

angle can be calculated from the height, h and contact radius of the drop, a as shown in 

Figure 2.25. The obtained parameters are then used to determine the contact angle using 

equation 2.21: 

 

tan! !2= h
a                                                                                                                    [2.21] 
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2.9.4   Atomic Force Microscopy 
 

Basic Principle in Topography Measurement 

 
Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) are 

two basic types of scanning probe microscopy that are able to create detailed three-

dimensional images of surfaces with atomic resolution. STM was invented by G. Binnig 

and H. Rohrer in the early 1980s.90 In this technique, the magnitude of the tunneling 

current between a probe tip and the atoms of the substrate is monitored. Therefore, STM 

samples must be electrically conducting. This limitation led to the development of AFM, 

which can image surface topography of both insulating and conductive samples.91 In 

general, the interaction force between the tip and the surfaces is measured on the order of 

1µN or less. Thus, AFM studies can be divided into two general modes: imaging mode 

and force spectrometry, the later allowing the study of inter- and intramolecular 

forces.92,93 AFM offers high spatial resolution (on the order of µm to nm), can be 

operated under ambient conditions, and usually does not require any special sample 

preparation. However, the surfaces to be examined must be relatively flat. 

The principal of AFM operation is shown in Figure 2.27. AFM measures the 

vertical deflection of the cantilever with a picometer resolution. In this system, the probe 

is brought into contact with sample and a laser beam is reflected from the reverse side of 

the cantilever onto a photodetector. The most common photodetector is a quadrant 

photodiode, with a vertical and horizontal line dividing the photodiode into four parts (A, 

B, C, D) as shown in Figure 2.26. The difference in deflection signal detected between 
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A+B versus C+D is measured, allowing detection of lateral or torsional bending of the 

cantilever. Torsional bending may be measured using the A+C and B+D signals. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.27: Schematic diagram showing the operating principles of the AFM.94  

 

The instrument consists of three major component: the probe, piezoelectric 

scanner and feedback system.93 The probe consists of a cantilever with an attached sharp 

tip at its free end and is used to probe the interactions with the sample surface. The most 

common commercially manufactured probe material is silicon (Si) or silicon nitride 

(Si3N4) with a rectangular or triangular shape. The upper surface of the cantilever is 

typically coated with a thin reflective surface, such as Au and Al. The AFM tip used in 

this study was pyramidal shape Au-Cr coated silicon tip (CSC38/Cr-Au, Mikromasch, 

USA). Both tip and cantilever are coated with Cr and Au, with layer thickness of ∼ 25 

nm. The tip radius with the coating is less than 8 nm, and full tip cone angle is less than 
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sample mounted on a piezoelectric scanner that con-
trols the sample position in all three spatial dimensions
(Figure 1(a)). An AFM possesses several key advan-
tages for probing forces on the small scale using the
microscope’s cantilever as a miniature force sensing
spring. First, piezoelectric scanners allows angstrom-
level vertical resolution of the probe tip position that
is necessary to study these interactions on the rele-
vant length scales. Second, the sharpness of the probe
tip makes it a truly local probe, giving researchers
the ability to address interactions close to the sin-
gle molecule level. Third, miniaturized microfabricated
AFM cantilevers (Albrecht et al ., 1990) provide the
low stiffness probes necessary to measure molecular
interactions. Characteristic potential energy gradients
of intermolecular interactions range from 10!12N to
10!7N (Israelachvili, 1992), which corresponds to the
range of useful spring constants of 0.01–1 N/m, given
the typical AFM deflection range of 0.1–100 nm. For-
tunately, this range of spring constants overlaps very

well with the range of springs constants available for
commercial AFM probes today.

From the point of view of force measuring, an AFM
can be described as a simple system that consists of two
elastic elements connected in series (Figure 1(b)). One
of these elements correspond to an intermolecular bond,
and another to the cantilever spring or, as often is com-
mon in the biological interactions measurements, to a
combination of the stiffness of the AFM cantilever and
the stiffness of polymer linkers that attach the interact-
ing species to the probe and sample surfaces (in those
cases, the probing spring can no longer be described by
a harmonic Hookean potential, but instead corresponds
roughly to a semiharmonic potential; for detailed dis-
cussion see (Sulchek et al ., 2007)). In a typical mea-
surement, the piezo scanner stretches this construct
until the chemical bond ruptures. For a serial connec-
tion, the force acting on the cantilever spring is equal
to the force acting on the bond, therefore the cantilever
deflection at the rupture point can provide an accurate

Fig 1. Measuring interaction forces with AFM cantilevers. (a) Basic configuration of an AFM. (b) A diagram of the force spectroscopy
experiment showing the two main elements: a chemical bond and a loading spring. Insets show the potentials of the bond and the spring.
(c) A representative force vs. distance curve showing approach and retraction traces. The magnitude of the larger jump in the force vs.
the distance curve measured the rupture (adhesion) force. This figure is available in colour online at www.interscience.wiley.com/SCA.
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40°. Figure 2.28 shows the SEM image and schematic drawing of three tips on cantilever 

from the manufacturer. Table 2.4 indicates the spring constant and the size of each 

cantilever on the AFM tip used in this study. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.28: SEM image of the Au-Cr coated AFM tip used in this study (a), and the 
schematic diagram of three tips on cantilever provided by manufacturer (b).95 

 

Table 2.4: Tip parameters from manufacturer. 

 
Au series 

cantilevers 
Spring constant,  

N/m 
Resonant Frequency, 

 kHz 
Length 
l±5, 
µm 

Width 
w±3, 
µm 

 

Thickness 
t±0.3, 

µm 
 

min typical max min typical max 

A 0.02 0.08 0.2 14 20 28 250  
35 

 
1.0 B 0.01 0.03 0.08 7 10 14 350 

C 0.01 0.05 0.1 9.5 14 19 300 
 

The AFM can be operated in several imaging modes depending on the distance of 

separation between tip and surface atoms. Three common modes usually used are: 

noncontact, contact and tapping mode. These operation modes are related to the Lennard-

Jones potential, which describe the interaction between two neutral atoms as attractive 

force in the form of –A/r6 and repulsive force in the form of +B/r12. In the noncontact 

5

P R O B E  C H I P  S P E C I F I C AT I O N S

HQ:NSC/CSC 1-lever

Cantilever material   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   n-type silicon
Tip shape .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . pyramidal
Tip height .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  12 - 18 µm

Series: 14, 15, 16, 17, 18, 19

Series: 35, 36

Series: 37, 38

HQ:CSC 3-lever

Cantilever material   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   n-type silicon 
Tip shape .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . pyramidal
Tip height .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  12 - 18 µm

HQ:NSC 3-lever

Cantilever material   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   n-type silicon 
Tip shape .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . pyramidal
Tip height .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  12 - 18 µm

Series: 37, 38 Tipless

Series: 35,36 Tipless

Series: XSC11

HQ: 4-lever

Cantilever material   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   n-type silicon 
Tip shape .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .pyramidal
Tip height .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  12 - 18 µm

HQ: NSC Tipless 3-lever

Cantilever material   .  .  .  .  .  .  .  .  .  .  .  .  .  .  . n-type silicon 

HQ: CSC Tipless 3-lever

Cantilever material   .  .  .  .  .  .  .  .  .  .  .  .  .  .  . n-type silicon 

a. b. 

A" B"

C"
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mode, the tip of the cantilever is kept far from the sample, and the force between the 

probe and sample is attractive. 

When the AFM operates in contact mode, the tip is placed in mechanical contact 

with the sample surface. Under these conditions, repulsive forces dominate and tip 

deflection is kept constant during scanning using a feedback loop. Repulsive forces are 

typically on the order of 10-9 N. This repulsive force is usually used as the feedback 

parameter to obtain AFM images at a molecular scale. The repulsive force is measured by 

monitoring the deflection of the cantilever, as this is proportional to the force (F) on the 

tip, consistent with Hooke’s law: 

F = k. x                                                                                                                         [2.22] 

 
where k is the spring constant of the cantilever. However, as the tip is permanently in 

contact with the surface while scanning, a shear force can be generated, which may lead 

to the destruction of sample surfaces, particularly soft samples. 

Tapping mode is known as an intermediate regime between contact and 

noncontact modes. The probe is set to oscillate at amplitude in the range of 20 nm to 200 

nm, and the tip makes contact with the sample surface for a short duration in each 

oscillation. The oscillation amplitude of cantilever is maintained by a feedback loop, and 

the feedback signal to the piezoelectric is recorded as a topographic image. This 

operation mode offers several advantages, such as reducing lateral forces that may cause 

damage to the surface during scanning process. Thus, this mode is useful for imaging soft 

materials and biological samples. 
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Chemical Force Spectrometry 
 

AFM can be used to determine the dependence of the interaction forces on the 

probe tip and sample surface. The pioneering work of Ducker et al. in 199196 

demonstrated that AFM can be used to probe the colloidal forces between two surfaces. 

These experiments measured the forces between a silica sphere, which was glued to an 

AFM cantilever and silica surface. They were measured under varying conditions of 

solution pH and electrolyte concentration. The Derjaguin-Landau-Verwey-Overbeek 

(DLVO) model was used to explain the electric double layer forces. Since then, force 

measurements using AFM have been employed to examine a wide variety of systems 

including adhesion, wetting, and protein folding at the nanoscopic scale.  

As the tip of the cantilever is brought into contact with a surface, a force curve is 

generated, which describes the cantilever deflection as a function of distance.97 A typical 

force distance curve is illustrated in Figure 2.29. The curve cycle can be divided into two 

parts: approach (pink line) and retraction curve (red line). At the beginning of the 

approach curve, the tip and sample are separated at a large distance, and the cantilever 

remains in an equilibrium state. As the probe comes into close proximity with the 

cantilever, various long- and short-range attractive forces cause interaction between tip 

and sample, causing the cantilever to deflect downwards. Once the total force gradient of 

the tip is greater than the normal cantilever spring constant, the tip jumps into contact 

with the sample surface. This phenomenon is called snap-to-contact. Then, the tip is 

driven deeper into the sample and experiences repulsive forces, deflecting upwards. Due 

to the snap-to-contact effect, the shape of approach curve does not directly follow an 
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idealized van der Waals potential well and information about the approach cycle well 

depth is lost. 

During the retraction cycle, the tip and sample begin to separate. If there is an 

adhesion between the tip and sample, then an attractive force is observed until a critical 

force is reached. The spring constant of the cantilever overcomes by the adhesion forces, 

and the tip suddenly breaks away from the surface. This phenomenon is usually referred 

as the pull-of-point. Finally, the tip completely loses contact with the surface and returns 

back to its starting equilibrium position.  
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Figure 2.29: Schematic diagram of force measurement: AFM tip is brought into and out of contact with the sample surface. the 
deflection of the tip is plotted against the displacement of the sample to obtained a force distance curve. The pink and red lines 
represent the approach and retraction curve. 
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Chemical force spectrometry (CFS) has been introduced as a new AFM mode of 

operation for probing various intermolecular force interactions, such as van der Waals, 

hydrogen-bonding or electrostatic charge interaction between the tip and sample surfaces 

The basis of this technique is that the adhesion forces between tip and surface is probed 

with a well-defined chemical composition. Modification of AFM tip can be accomplished 

by using SAMs terminated with specific organic functional groups. In principle, the 

magnitude of intermolecular interaction can be obtained directly from the force curve 

measurement. The finite force necessary to retract tip free from the sample surface 

corresponds to the adhesive force between the tip and sample.  

Force measurement can be made on high-energy interfaces, such as carboxylic 

(COOH) and phenolic (-OH) groups. The characterizations of these polar groups are 

impossible in conventional contact-angle measurements because of the complete wetting. 

In addition, the CFS approach can be conducted in liquid environment conditions, which 

can eliminate capillary effect of residual water films on the surface. Indeed, under most 

circumstances, CFS must be performed in solutions; otherwise capillary effects will 

dominate and obscure any forces due to tip-sample interactions. However, the adhesion 

force measured in liquid conditions is defined by solid-liquid surface free energies of 

solvated functional groups. Figure 2.30 shows a schematic illustration of tip-surface 

interaction under different environment conditions. 
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Figure 2.30: Schematic illustration of comparison between force measurements  

conducted in a) liquid environment, and b) ambient air showing capillary effect.98 

 

Chemical Force Titrations 
 

An extension of CFS, the chemical force titration (CFT) technique, is one in 

which the tip-sample interaction is monitored as a function of solution pH. Force pH 

titrations allow the determination of ionization state of functional groups on the 

interacting surfaces, which reflect their degree of ionization and the surface free energy. 

The acid-base chemistry of ionizable functional groups at interfaces is important for 

several system including colloids, polymer, as well as biological systems. This technique 

is widely used to provide an understanding of most biological processes at the molecular 

level. The basic principle of measuring force interactions is shown in Figure 2.31. The tip 

and surface are modified with monolayers, with a headgroup that provides the chemical 

    

P1: ARK/SDA/MKV P2: SDA/PLB QC: SDA

June 5, 1997 12:24 Annual Reviews AR034-12

CHEMICAL FORCE MICROSCOPY 387

Figure 4 Comparison between force measurements in ultrahigh vacuum, liquids, and ambient
air. Interactions under high vacuum conditions are determined by solid surface free energies (A).
Pulling apart the surfaces under liquid will result in their solvation upon separation. The magnitude
of the adhesion force is defined by solid-liquid surface free energies (B). Experiments conducted
under ambient conditions reflect wetability of the surfaces, since predominant interaction is the
result of capillary forces (C).

way, because it is difficult to exclude or account for the presence of adsorbed
vapor on high-energy surfaces.
The capillary effect can be eliminated by conducting experiments in liq-

uid instead of air (51, 52). Adhesion force measurements with both surfaces
immersed in liquid will reflect the interplay between surface free energies of
solvated functional groups. Aqueous solution studies are especially important

a. 

b. 



 54 

functionality of the two surfaces. These surfaces are brought into contact in buffer 

solution. 

 

 

 

 

 

Figure 2.31: CFT experimental arrangement: An AFM tip and a flat substrate are 
modified with SAMs, and adhesive force is measured directly as a function of pH. 94 

 

In this study, the chemical adhesion between hydroxyphenol-terminated AFM tip 

and substrate has been monitored as a function of pH, which permits the pK1/2 of the 

surface to be determined. The formation of the strong ionic hydrogen bonds between tip 

and sample has been used to explain the force titration behavior in this experiment. 

According to the Henderson-Hasselbalch equation: 

pH = pKa+ log [A
−]

[HA]                                                                                            [2.23] 

 
for any acid, when the pH of solution equals to the solution pKa, half of the acid group 

will be deprotonated. When the pKa of the two species involved is closely matched, an 

ionic hydrogen bond is proposed and has been measured in some cases to be 10 to 30 

times stronger than normal hydrogen bonds. Thus, the pH at which the strongest adhesion 

force occurred should correspond to the surface pK1/2, that is the bulk pH at which 

exactly half the surface sites are deprotonated. The behaviors of ionizable functional 

98 SCANNING Vol. 30, 2 (2008)

measure of the rupture force. In practice, the measure-
ment involves operating the AFM instrument in a “force
curve” cycle (Figure 1(c)) where the scanner repeatedly
brings the probe tip in and out of contact with the sur-
face. Bond rupture causes a sharp jump in the cantilever
deflection and the magnitude of this jump in the force
curve corresponds to the rupture force value.

Chemical Force Microscopy

Despite the conceptual simplicity of a force curve
measurement, the utility of the standard AFM setup
for measuring specific forces is severely limited by
the unknown chemical composition of the AFM tip.
Standard silicon and silicon nitride probes present a
poorly defined chemical interface and more often than
not pick up contaminations during the measurements.
A concept of CFM, introduced by Lieber and cowork-
ers (Noy et al ., 1995), replaces this poorly charac-
terized interface with a well-defined system produced
by deliberate functionalization of the tip and sample
surfaces (Figure 2). These modifications in effect trans-
form AFM from a tool for measuring ill-defined interac-
tions of silicon probes with surfaces into a tool for mea-
suring specific chemical interactions. Careful design of
the probe coating also prevents contaminations, con-
trols the number of interacting molecules, and even sep-
arates different types of interaction. Researchers have
used chemically modified AFM probes for a number
of applications including adhesion and friction mea-
surements, as well as high-resolution imaging. CFM
progress and key results have been the subject of sev-
eral detailed reviews (Noy et al ., 1997; Vezenov et al .,
2005; Noy et al ., 2007), therefore I will not repeat them
here.

What does a CFM experiment measure? A naı̈ve
point of view attributes the measured rupture force to
the maximum gradient of the intermolecular interaction
potential; however, it is easy to point out the flaws of
this approach: (i) it does not include any energy dis-
sipation effects, and (ii) it does not take into account

any thermal fluctuations. Indeed, even the early CFM
measurements provided strong hints that this approach
was not entirely accurate. For example, interaction
forces measured by two different research groups using
probe tips and samples modified with COOH chemical
functionalities differed almost by an order of magni-
tude, 2.3 nN (Noy et al ., 1995)vs. 0.27 nN (Sinniah
et al ., 1996). The interpretation of the CFM exper-
iments based on the Johnson, Kendall, and Roberts
model of interfacial contact mechanics(Johnson et al .,
1971) has put CFM on a solid quantitative footing (Noy
et al ., 1997) and revealed how rupture forces scale with
the probe size and tip-sample contact area for these
experiments (Skulason and Frisbie, 2000; Skulason and
Frisbie, 2002). Puzzlingly, in the case of the two stud-
ies mentioned previously even accounting for the dif-
ferences in reported probe radii was not sufficient to
explain the differences in the measured rupture forces.

To understand these effects, we first need to notice
that even a sophisticated contact mechanics model does
not take into account the two factors mentioned in
the previous paragraph: energy dissipation and ther-
mal fluctuations. To understand the key role played by
these two parameters in determining the experimentally
measured rupture forces, we need to consider the basic
physics of the bond rupture under an external loading
force.

Pulling on a Chemical Bond with a Spring: A
Physical Chemist’s View

An ideal AFM experiments would measure an equi-
librium force profile, which is a derivative of a one-
dimensional slice of the potential energy surface along
a reaction coordinate defined by the pulling direction.
In the simplest case, we can represent the tip-sample
interaction with a single-well potential, and assume a
parabolic potential of a Hookean spring for the can-
tilever (Figure 3). The overall potential of the system,
which determines equilibrium position of the cantilever,
is then a sum of these two potentials (Figure 3). A
simple analysis shows that depending on the cantilever

Fig 2. Basic principle of measuring intermolecular interactions using CFM. A probe tip of the AFM and a sample surface are modified
with known chemical functionalities (typically using monolayers of long-chain organic molecules) to create a well-defined interaction
in the tip-sample junction during the force measurement. This figure is available in colour online at www.interscience.wiley.com/SCA.
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groups on the surface are different compared to their behavior free in solution. Several 

factors contribute to these differences: 

a. A low dielectric permittivity of an adjacent hydrocarbon region. 

b. Less degree of freedom for the immobilized species. 

c. An excess electrostatic free energy of the supporting substrate. 

d. Changes in dielectric constant surrounding charged surface. 

 

In general, the pH at the surface (pHsurf) is related to the pH of the bulk solution 

(pH∞) by the following equation: 

pH!"#$ = pH! + ! ψ
2.303RT/F                                                                                   [2.24] 

 
where ψ is the surface potential, R is the ideal gas constant, T is the absolute temperature 

and F is the Faraday constant. The pKa of the surface groups, pKa,surf, is related to the 

degree of ionization of the surface, β and the solution pH∞ by: 

log β
1−β = !pH! + !

ψ
2.303RT/F − pKa!"#$                   [2.25] 

 

The electrostatic correction term arising from the surface potential is generally small and 

negligible. It can be in the range of 0.1 to 0.5 pH units. Thus, it is relatively accurate to 

define a pK1/2 as the bulk solution (pH∞) at which half of the groups are ionized, and:  

log β
1−β = pH! − pK!/!           [2.26] 

 
The effect of ionic strength (IS) on the force measurement has also been reported 

in the literature. The first examples of CFTs at high ionic strength (10-2 M) were 
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performed using a carboxylic acid functionalized tip and surface. From the experiment, a 

sigmoidal step in the force titration curve was observed at a pKa value of 5.5. A similar 

shape of CFT curves was observed for diprotic phosphate, PO(OH)2-modified tips and 

surfaces as shown in Figure 2.32a.13 This shape can be explained in terms of the effects 

of the formation of an electric double layer at the surface of the SAM when the terminal 

groups are ionized. Under this condition, the formation of hydrogen bonds, which 

generally dominate the hydrogen bonding interaction between tip and surface are 

prevented. The comparison of titration curve at the low IS is given in 2.32b. Clearly, two 

peaks are obtained which corresponds to the pKa of the first group PO(OH)-O- at pH 4.5 

and followed by the second pKa at pH 8.4. 

At high IS, the Johnson-Kendall-Roberts (JKR) theory was used to define the 

surface pKa. The adhesion force between ionized tip and surface is given as: 

F!" = 3
2 πR(γ!! + γ! + γ!")          [2.27] 

 
where γs and γt are the surface free energies of the tip and sample and γst is the interfacial 

free energy of the two contacting surfaces. According to this model, the maximum 

adhesion force occurs when hydrogen bonding dominates the interaction between two 

neutral surfaces, and minimum adhesion force obtains when both surfaces are completely 

ionized. It can be simplified as equation 2.28:  

F!/! = (12)(F!" max + !F!" min )                                                                           [2.28] 

 

Therefore, the surface pKa is given as midpoint of the step (halfway) between the 

maximum and minimum adhesion. 
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Figure 2.32: Comparison of force titration curve of phosphonic acid-terminated tip and 
surface at a) high (10-1 M) and b) low ionic strength (10-4 M).13 

 

2.10 Surface Forces 

 
2.10.1 Sources of Interfacial Charge 
 

Most solid surfaces in contact with water or aqueous solution are found to 

develop an electrical charge. This electric charge may develop at the interfaces by several 

mechanisms such as direct ionization of surface groups, substitution of surface ions, 

specific ion adsorption or from differential ion solubility phenomena. In this study, most 

of the surface charges are introduced from ionization of surface groups. The metal oxide 

surfaces (Al and Fe) are usually negatively charged in water due to the dissociation of the 

proton from a surface hydroxyl group: 

−OH → −O! + H!            [2.29] 

 

The net total particle charge, σp, is the surface charge density that arises from all the 

surface charge components: 

KBr pellet at 2923 and 2850 cm-1, respectively.25 Snyder et al.26

demonstrated that the peak positions of CH2 stretching modes
are sensitive indicators of the degree of packing of the polyeth-
ylene chains. In our sample, according to their analyses, the peak
positions imply that the alkyl chains exhibit quite a high packing
density similar to that of a monolayer of decanethiol. The
disappearance of !(PdO) at 1140 cm-1 in the SAM spectrum
compared with the KBr measurement suggests that the head-
groups form an ordered layer in which the phosphonyl group is
possibly involved in intramonolayer hydrogen bonding. We
tentatively propose a model for the SAM structure in which one
of the hydroxyl groups is in the plane of the SAM and is involved
in in-plane hydrogen bonding with a phosphonyl group, and the
other lies out of the plane of the monolayer. The form of the force
titration curves can be explained well using this model but further
detailed characterization of this novel SAM is required and is
presently underway.

Figure 2 shows the force (deflection) titration curves obtained
using tip and substrate both modified with the phosphonic acid
SAM in buffers of low (10-4 M) (a) and high (10-1 M) (b) ionic
strength. At low ionic strength, the force titration curve consists
of two peaks at pH 4.5 and pH 8.4. However, at higher ionic

strength, the force titration curve takes the form of two monotonic
steps to lower adhesion as the pH is increased.

In the case of the low ionic strength force titration (Figure
2a), the curve can be explained in terms of hydrogen bonding
and electrostatic repulsion as shown in Figure 3.

At the low pH values, uncharged PO(OH)2 groups dominate
both the tip and substrate and the finite adhesion in this region
can be attributed to hydrogen bonding between the two out-of-
plane hydroxyl groups (Figure 3a).7,27 The in-plane groups may
experience some competition between forming intra- and inter-
monolayer hydrogen bonds when the tip contacts the substrate,
but it is likely that the out-of-plane groups dominate the adhesion
at this pH. Large distortions of the SAM structure upon contact
of the two surfaces would lead to exposure of the hydrophobic
alkyl chains. This would lead to strong hydrophobic forces, which
would dominate the interaction of the two surfaces,1 and we do
not observe such an effect. The low-pH peak corresponds to the
ionization of the out-of-plane hydroxyl groups, and the increase
in measured adhesion under low ionic strength conditions is
probably due to the formation of stronger hydrogen bonds
between neutral OH groups and negatively charged O- deproto-
nated species (Figure 3b). We assume that the peak in the
adhesion force in Figure 2a at pH 4.5 corresponds to the point
where 50% of the out-of-plane groups are ionized since this would
be expected to maximize the number of stronger hydrogen bonds
formed between tip and sample. The position of this peak therefore
corresponds to the pKa of the first group. As the pH increases
beyond pH 4.5, more than 50% of the groups become ionized, the
number of out-of-plane OH groups is reduced, and fewer of the
bonds can form. The electrostatic repulsion between the ionized
groups on tip and sample must also contribute to the reduction
in the measured adhesion.

As the pH is increased further, the in-plane OH group is
deprotonated. The rise in measured adhesion must be due to a
few even stronger bonds between neutral groups on one surface

(26) Snyder, R. G.; Maroncelli, M.; Strauss, H. L.; Halknark, C. A. J. Phys. Chem.
1986, 90, 5623-5630.

(27) Van der Vegte, E. W.; Hadziioannou, G. J. Phys. Chem. B 1997, 101, 9563-
9569.

Figure 2. Force titration curve of 11-thioundecyl-1-phosphonic acid
modified tip and substrate in phosphate buffer at ionic strengths: (a)
10-4 and (b) 10-1 M.

Figure 3. Schematic representation of the proposed interactions
of 11-thioundecyl-1-phosphonic acid modified tip and substrate in
10-4 M phosphate buffer at different pH values: (a) 3, (b) 4.5, (c)
and (d) 12.
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KBr pellet at 2923 and 2850 cm-1, respectively.25 Snyder et al.26

demonstrated that the peak positions of CH2 stretching modes
are sensitive indicators of the degree of packing of the polyeth-
ylene chains. In our sample, according to their analyses, the peak
positions imply that the alkyl chains exhibit quite a high packing
density similar to that of a monolayer of decanethiol. The
disappearance of !(PdO) at 1140 cm-1 in the SAM spectrum
compared with the KBr measurement suggests that the head-
groups form an ordered layer in which the phosphonyl group is
possibly involved in intramonolayer hydrogen bonding. We
tentatively propose a model for the SAM structure in which one
of the hydroxyl groups is in the plane of the SAM and is involved
in in-plane hydrogen bonding with a phosphonyl group, and the
other lies out of the plane of the monolayer. The form of the force
titration curves can be explained well using this model but further
detailed characterization of this novel SAM is required and is
presently underway.

Figure 2 shows the force (deflection) titration curves obtained
using tip and substrate both modified with the phosphonic acid
SAM in buffers of low (10-4 M) (a) and high (10-1 M) (b) ionic
strength. At low ionic strength, the force titration curve consists
of two peaks at pH 4.5 and pH 8.4. However, at higher ionic

strength, the force titration curve takes the form of two monotonic
steps to lower adhesion as the pH is increased.

In the case of the low ionic strength force titration (Figure
2a), the curve can be explained in terms of hydrogen bonding
and electrostatic repulsion as shown in Figure 3.

At the low pH values, uncharged PO(OH)2 groups dominate
both the tip and substrate and the finite adhesion in this region
can be attributed to hydrogen bonding between the two out-of-
plane hydroxyl groups (Figure 3a).7,27 The in-plane groups may
experience some competition between forming intra- and inter-
monolayer hydrogen bonds when the tip contacts the substrate,
but it is likely that the out-of-plane groups dominate the adhesion
at this pH. Large distortions of the SAM structure upon contact
of the two surfaces would lead to exposure of the hydrophobic
alkyl chains. This would lead to strong hydrophobic forces, which
would dominate the interaction of the two surfaces,1 and we do
not observe such an effect. The low-pH peak corresponds to the
ionization of the out-of-plane hydroxyl groups, and the increase
in measured adhesion under low ionic strength conditions is
probably due to the formation of stronger hydrogen bonds
between neutral OH groups and negatively charged O- deproto-
nated species (Figure 3b). We assume that the peak in the
adhesion force in Figure 2a at pH 4.5 corresponds to the point
where 50% of the out-of-plane groups are ionized since this would
be expected to maximize the number of stronger hydrogen bonds
formed between tip and sample. The position of this peak therefore
corresponds to the pKa of the first group. As the pH increases
beyond pH 4.5, more than 50% of the groups become ionized, the
number of out-of-plane OH groups is reduced, and fewer of the
bonds can form. The electrostatic repulsion between the ionized
groups on tip and sample must also contribute to the reduction
in the measured adhesion.

As the pH is increased further, the in-plane OH group is
deprotonated. The rise in measured adhesion must be due to a
few even stronger bonds between neutral groups on one surface
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Figure 2. Force titration curve of 11-thioundecyl-1-phosphonic acid
modified tip and substrate in phosphate buffer at ionic strengths: (a)
10-4 and (b) 10-1 M.

Figure 3. Schematic representation of the proposed interactions
of 11-thioundecyl-1-phosphonic acid modified tip and substrate in
10-4 M phosphate buffer at different pH values: (a) 3, (b) 4.5, (c)
and (d) 12.

1976 Analytical Chemistry, Vol. 72, No. 9, May 1, 2000
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σ! = σ! + σ! + σ!" + σ!"                          [2.30] 

 
where σo is the permanent structural charge density, σH is net proton charge density, σis or 

σos is the surface density of an inner or outersphere complex charge. The value of σo is 

always negative and cannot be modified by the environment. The value for σH is 

essentially pH-dependent and can be defined as the difference between the number of 

moles of adsorbed proton concentration, (qH) and of adsorbed hydroxide concentration, 

(qOH) at the specific surface area, (S): 

σ! =
F(qH−qOH)

S               [2.31] 

 
The intrinsic charge density can be defined as:  

σ!" = (σ! + σ!)               [2.32] 
 
 Specifically adsorbed molecules such as HPO4

2-, COOH and phenolic-OH reside 

in the inner-sphere plane of the mineral and form inner-sphere surface complexes with 

negative charge. Thus, the value of σis is negative in the case of phosphate adsorption. 

Meanwhile, the nonspecific adsorption of molecules such as Ca2+ and SO4
2-, which held 

at the surface as outer-sphere surface complexes reside in the outersphere plane.33 The 

mineral surface-solution interface reaction can be summarized in Figure 2.33. 
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Figure 2.33: Schematic representation of the solid-solution interface illustrating the 
adsorption planes and the associated charge densities.33 

 

Surface charges cause an electric field, which may attract counter ions. The 

counter ions bind directly to the surface and neutralize the surface charges. The layer of 

surface charges and counter ions is called the electrical double layer (EDL). The 

representation of double layer charge distribution of colloidal particle in water has been 

discussed earlier. According to the Debye-Huckel approximation, the electrical potential 

in the solution (ψ) surrounding the surface falls off exponentially with the distance (z) 

from the surface: 

ψ = ψ! exp −κz             [2.33] 

 
where κ is commonly referred as Debye length. Thus, at the distance of 1/κ from a 

charged surface, the potential has fallen off by a factor of 1/e. Figure 2.34 illustrates 

several features of the diffuse EDL at different electrolyte concentration. The thickness of  
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the EDL is inversely proportional to the concentration of electrolyte in the system, where 

the decrease of potential becomes steeper with increasing electrolyte concentration.  

 

 

 

 

 

 
 

Figure 2.34: Potential versus distance for a surface potential of ψ0=50 mV at different 
electrolyte concentration.99 

 

The double layer thickness, 1/κ can be defined as: 

!
! =

!!!!!"
!! !!! !!!

!/!
                         [2.34] 

 
where ε0 is the permittivity of vacuum, ε is the dielectric constant of the dispersing liquid, 

F is Faraday’s constant, R is the gas constant, ci, and zi are the concentrations and 

valences of the ions present in liquid. 

 

2.10.2 Derjaguin, Landau, Verwey and Overbeek (DLVO) theory 
 

DLVO theory was developed during 1940s to explain the aggregation of aqueous 

dispersion quantitatively.99 This theory is based on the assumption that the total force 

(ΦT) between the colloidal particles is obtained by two forces: van der Waals (vdW) (ΦA) 
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and electrical double layer (ΦR) between them. vdW forces promote coagulation while 

double layer forces stabilize dispersions. These forces are referred to as DLVO forces.  

Φ! = Φ! +Φ!               [2.35] 
 

The vdW attraction potential, electrostatic repulsion potential and the combination 

of the two opposite potentials as a function of distance from the surface of a spherical 

particle is shown in Figure 2.35. In general, both vdW and electrostatic repulsion 

potential are reduced to zero at the very large distances. A very weak attraction at large 

distances, which is called the secondary energy minimum while a strong attraction is 

observed at short distance (primary energy minimum). 

 
 

 

 

 

 

 

 

Figure 2.35: Schematic energy versus distance profiles for a DLVO interaction.100  
 

The van der Waals force between two colloidal particles can be obtained by 

summing all the interactions between atomic and molecular dipole in the particles. Three 

types of interactions can be involved in the total van der Waals interaction: dipole-dipole 

(orientational or Keesom), dipole-induced dipole (induced or Debye) and dispersion 
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(London) interactions. The total van der Waals interaction potential, wvdw (r) can be 

written as: 

w!"# r = −Cvdw
r6 !           [2.36] 

 
where Cvdw is the overall van der Waals constant for which: 

C!"!#$ = C!"#$%& + C!"# + C!"#$          [2.37] 

 
Dipole-dipole interaction will be developed if two polar molecules with the dipole 

moment, µ1 and µ2, attract and oriented to the respect of each other at a distance, D. The 

interaction energy for the two dipoles is given as: 

W = − Corient
D6

= !12!22
3 4πε0 2kBTD6

           [2.38] 

 
where kBT=4.12 x 10-21 J, which is referred as to thermal energy at the room temperature. 

 

A dipole-induced dipole interaction is developed when a molecule with a 

permanent dipole moment interacts with polarizable molecule, resulting in an induced 

dipole is being created in the nonpolar molecule. The interaction energy between polar 

and nonpolar molecules is due to an attraction between the permanent and induced dipole 

can be expressed by: 

W = − Cind
D6

= − !2α
4πε0 2!D6

           [2.39] 

 
Here, α is referred to as polarizability, which is defined by the strength of the induced 

dipole moment, uind acquired in an electric field, E: 

u!"# = αE             [2.40] 
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The van der Waals force between two surfaces can be calculated by two different 

approaches: the microscopic and macroscopic. In the microscopic approach, the free 

energy of attraction per unit area (w) separated by a distance, D is approximated by: 

w = − AH
12πD2

             [2.41] 

 
where AH is defined as Hamaker constant: 

A! = π!C!"!!!!            [2.42] 

 
ρA and ρB is the molecular density of molecule A and B. 

 

For the sphere of the radius, R and a flat planar substrate, the potential energy and force is 

given by: 

W = −AH!6D                            [2.43] 

 

F = −AH!
6D2

             [2.44] 

 
The Hamaker constant for the Au-Au interaction are mentioned in literature to be 

quite large. It has been measured to be on order of 25 to 40 x 10-20 J in aqueous 

solution.101 However, modification of both surfaces with long-chain SAMs reduced the 

magnitude of the Au-Au interaction and gives only small contribution to the overall 

adhesion force measured between the AFM tip and substrate.14 

The macroscopic theory developed by Lifshitz neglects the discrete atomic 

structure and the solids are treated as continuous materials.99 The Hamaker constant for 
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the interaction of two media (1 and 2) across a third medium is expressed as equation 

below: 

A! = 3
4 !!T

ε1−ε3
ε1+ε3

ε2−ε3
ε2+ε3 + 3h

4π
ε1 iv −ε3(iv)
ε1 iv +ε3(iv)

ε2 iv −ε3(iv)
ε2 iv +ε3(iv) dv∞

!1            [2.45] 

 
The first term contains static dielectric permittivities of the three media ε1, ε2 and 

ε3. It represents zero-frequency energy of the van der Waals interaction, which including 

Keesom and Debye energy. ε1 (iv), ε2 (iv) and ε3 (iv) are dielectric permittivities at 

imaginary frequencies (iv) and v1= 2πkBT/h, which equal to 3.9 x 1013 Hz at 25 °C. The 

second term gives the dispersion energy, including the London energy contribution. 

 

2.10.3 Non DLVO theory 
 

DLVO theory successfully described the force interaction between two solid 

surfaces in a fluid medium at a large separation. However, at surface separations 

approaching molecular dimensions, additional forces, referred to as non-DLVO forces, 

overlap with DLVO forces. Non-DLVO theory includes all the interactions, which cannot 

be explained by the conventional DLVO theory, such as solvation, hydration and 

hydrophobic forces. 

 
 
Solvation forces 
 

Solvation forces exist due to surface-solvent interactions. They arise mainly due 

to the ordering of the solvent molecules into discrete layers between the surfaces in a 

highly restricted space. The pressure between two walls surfaces, in the presence of 

solvent molecules is relates to the density value of molecules next to the walls, ρS and the 
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density value depends on the distance between the walls. The contact wall theorem states 

that the force per unit area, f as: 

f = !!T ρ! D − ρ! ∞                                  [2.46] 

 
where ρS(∞) is the bulk liquid density, and ρS(D) is the liquid density between two walls 

at distance, D apart.  

The schematic figure of molecular ordering shown in Figure 2.36 shows the force 

fluctuations, with the periodic length corresponds to the thickness of each layer. The 

density of the liquid at the walls decreases with the function of distance and resulting in a 

steep decreasing of solvation forces. Any attractive interaction between the wall and 

liquid molecules leads to a denser packing of molecules at the walls, an thus higher 

density and stronger solvation interaction is observed again. Solvation forces is described 

by an exponentially decaying cosine function of the form: 

f x = f!. cos 2πx
d0 . e−

x
x0           [2.47] 

where f is the force per unit area, f0 is the force extrapolated to x=0, d0 is the layer 

thickness, and x0 is the characteristic decay length. 
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Figure 2.36: Schematic figure of the structure of simple liquid confined between two 
walls. 

 

Hydrophobic forces 
 

The hydrophobic interaction can be described as a strong attraction between 

nonpolar (hydrophobic) molecules and surface in water, which results in an increase in 

free energy.100 Two types of the attractions have been discussed in the literature: long, 

and short-range interactions. The long-range forces are measurable at separation 

distances up to 100 nm. The short-range forces decay exponentially with a decay length 

of typically 1-2 nm. It is attributed to a change in the water structure when the two 

surfaces approach each other. The hydrophobic force varies with separation by the 

following exponential decay law: 

 
!
!!

= !−C3. e −δ/λ3               [2.48] 
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where C3  is a constant and λ3 is the decay length. Hydrophobic interaction plays a crucial 

role in biological systems, including membrane structure, stability and protein folding.102 

 

Steric forces 
 

Steric interactions are interaction caused by macromolecules such as polymers. 

The force obtained can be either repulsive or attractive. When the two surfaces approach 

each other the outer segments begin to overlap, and they encounter a repulsion force. The 

repulsive force is developed due to the unfavourable entropy that occurs due to the 

confinement of the chains trapped between the surfaces of the particles. The force 

between surfaces is also determined by the quality of the solvent. The force tends to be 

repulsive in a good solvent as the polymers are completely soluble. Meanwhile, in a bad 

solvent, the polymer segments attract each other and the coil tends to shrink.  

 

2.10.4 Hydrogen and ionic hydrogen bonding 
 

Hydrogen bonding describes a weak electrostatic dipole-dipole interaction 

between a hydrogen atom and an electronegative atom such as oxygen, to the lone pair 

electron of the electronegative atoms. Depending on the strength of the interaction, 

hydrogen bonds can be classified into two major groups: weak bonds and strong 

hydrogen bonds. Hydrogen bond energies in the gas phase lie between 10 to 40 kJ mol-1, 

which makes them stronger than a typical van der Waals bond (∼ 1 kJ mol-1) but still 

much weaker than covalent bonds (∼ 500 kJ mol-1).100 
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Ionic hydrogen bonding can be defined as an anion-dipole interaction with the 

bond strength thirty times more than normal hydrogen bonds. It forms specifically when 

there is a deficiency of electron density in the donor group or an excess of the electron 

density in the acceptor group, for example, Ō-H.103 

!! + !∗! → !!! ∙ !!∗           [2.49] 

!!! + !∗ → !!! ∙ !∗           [2.50] 

 
 The bond strength of anionic OH…O- was measured to be ∼ 30 kJmol-1. It 

therefore seems reasonable to assume that the increase in adhesion force that we observe 

in this study is due to the formation of ionic hydrogen bonds between the two SAMs. 

 Noy12,98 and Smith14 have proposed a simple model to expressed the total 

adhesion force between tip and substrate based on the formation of weak and strong 

hydrogen bonds: 

F! = !Nf!" m 2×10α

1+10α 2 + ! 1
1+10α 2          [2.51] 

 
where α=pH-pK1/2, N is the total number of the chemical groups in the contact area, fhb is 

the strength of the neutral hydrogen bond and m is the relative strength of ionic hydrogen 

bond to the neutral bond. 
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Chapter 3 

 

Characterization of hydroxyphenol-terminated alkanethiol self-
assembled monolayers: Interactions with phosphate by chemical force 

spectrometry 

 

3.1 Introduction 
 

In this chapter, I aim to develop a more detailed understanding of mineral-NOM-

phosphate interactions in aquatic systems, using self-assembled monolayers (SAMs) of 

simple organic acids having functional groups similar to those found in humic 

substances. The SAM-based results outlined here are important since they will be used in 

interpreting later chemical force spectrometry experiments involving more complex 

colloidal samples. SAMs of ortho-, meta-hydroxyphenol, diprotic- and monoprotic-

phosphate termini as shown in Figure 3.1, were prepared and characterized using surface 

analysis methods such as ATR-IR, XPS and water contact angle measurements.  

Chemical force spectrometry (CFS) has been used to investigate chemical 

interactions between the modified AFM tip and substrate. In a chemical force titration 

experiment, the adhesive forces between AFM tip and sample substrates are measured 

directly as a function of pH in which both the tip and substrate are immersed.60,104 We 

first determined the surface acid dissociation constant, pKa of each monolayer, and then 

measured the interactive adhesion forces between hydroxyphenol terminated AFM tip 

against phosphate-terminated sample substrate. The observations are discussed in the 

context of hydrogen bonding and electrostatic repulsion interaction between 
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corresponding species. The surface ordering and orientation of the phenol species also 

has a significant effect on intermolecular interactions within the monolayers and has 

consequence to the availability of the phenolic hydroxyl groups at the interface when 

reacting with phosphates. 

 

 

 

 

 

 

 

Figure 3.1: SAMs of 4-(12-mercaptododecyl)-1,2-diol (o-hydroxyphenol-terminated) (1), 
5-(12-mercaptododecyl)-1,3-diol (m-hydroxyphenol-terminated) (2), bis(11-thioundecyl) 
hydrogen phosphate (monoprotic phosphate) (3) and 11-thioundecyl dihydrogen 
phosphate (diprotic phosphate) (4). 

 

3.2 Methodology 
 

3.2.1 Synthesis of 4-(12-mercaptododecylbenzene)-1,2-diol and 5-(12- 
mercaptododecyl)benzene-1,3-diol 

 

The ortho- and meta-hydroxyphenol-terminated dodecanethiols were synthesized 

by modified procedures of Shamsipur et al.105 (Figure 3.2). Briefly, the halogen-lithium 

exchange reaction was carried out with 1-bromo-3,4-dimethoxybenzene, followed by 

coupling with 1,12-dibromododecane to establish the –CH2- linkage. Formation of 

thiolate-terminated hydrocarbon linker was performed by further reaction with potassium 

Au Au Au Au 

1 2 3 4 
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thioacetate and followed by removal of the methyl protecting group to form the hydroxyl 

groups. The thiol was then synthesized by trans-thioesterification of the corresponding 

thioester with ethanol to result in a spectroscopically clean final product. Complete 

spectroscopic characterization data is found in Appendix 1 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 3.2: The synthesis started from two types of molecules: a) R1=R2=CH3-O-, R3=H; 
and b) R1=R3=CH3-O-, R2=H. As a result, two types of molecules were synthesized: 1: 
R1

”=R2
”=HO-, R3

”=H.; and 2: R1
”=R3

”= HO-, R2
”=H. 
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Compound 1a, 2a: 

 

A solution of n-butyllithium (1.7 M in hexane, 7.7 mmol) was slowly added to a 

cold (-78 °C) and vigorously stirred solution of the corresponding 1-bromo-3,4-

dimethoxy benzene (1 .519 g, 7.0 mmol) in dry tetrahydrofuran (THF) (25 ml) under 

argon. The mixture was stirred for additional 60 min at -78 °C and then transferred 

dropwise under argon to a cold (0 °C) solution of 1,12-dibromododecane (6.8 g, 20.7 

mmol) in dry THF (10 ml). The reaction mixture was allowed to stir for 3 hours at 0 °C 

then it was warmed up to room temperature and left overnight. The product was diluted 

with 50 ml of dichloromethane, poured into 25 ml of saturated NH4Cl solution and 

washed with brine (30 ml). The solution was extracted with CH2Cl2 (3 x 20 ml), and the 

organic phase was washed with water and dried over MgSO4. The solvent was evaporated 

in vacuum, and the residue was purified by column chromatography on silica gel. As an 

eluent, 90:10 hexane: ethylacetate mixture was used for 1a; 80:20 hexane: 

dichloromethane mixture was used for 2a. Isolated yields: 1a (colorless oil) 556 mg (3.9 

mmol), 57%; 2a (colorless oil) 792 mg (2.0 mmol), 29%.  
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Compound 1b, 2b: 

 

 

 
Potassium thioacetate (0.912 g, 8.0 mmol) was added to a solution of 1a, 2a (1.54 

g, 4.0 mmol) in acetone (45 ml). The reaction mixture was heated to reflux for 6 hours. 

The precipitate was filtered off and the solvent was evaporated in vacuum. Then toluene 

(30 ml) and distilled water (15 ml) were added to the liquid yellow residue under stirring. 

After separation, the organic phase was washed with distilled water (2 x 10 ml), dried 

over MgSO4, filtered and concentrated. The products 1b or 2b were used for the next step 

without further purification. Yield of 1b is 245 mg, (3.28 mmol), 82 %. Yield of 2b is 203 

mg, (3.16 mmol), 79 %. 

 

Compound 1c, 2c: 

 
 

 

 

 
Compound 1b or 2b (203 mg, 3.16 mmol) was dissolved in the dry methylene chloride 

(35 ml) under argon and cooled down to -78 °C. A solution of BBr3 (1.0 M in CH2Cl2, 15 

ml, 15 mmol) was added dropwise to the cold solution of 1b, 2b under argon flow. The 

mixture was stirred at -78 °C for 30 minutes and then it was allowed to warm up to room 

O

O Br10

O

O S10 CH3

O

CH3COS-K+

acetone
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temperature and stirred for additional 2 hours. Then the solution was poured into 25 ml of 

saturated NH4Cl solution and the organic phase was extracted with CH2Cl2 (3 x 25 ml), 

washed with water (3 x 25 ml) (an emulsion forms), and dried over MgSO4. The solvent 

was removed in vacuum, and the residue was purified by column chromatography on 

silica gel. As an eluent, 70:30 hexane: diethyl ether mixture was used for 1c; 70:30 

hexane: ethyl acetate mixture was used for 2c. Isolated yields: 1c 857 mg (2.43 mmol), 

77%; 2c 668 mg (1.90 mmol), 60%. 

 

Final product, compound 1 and 2: 

 

 

 
Potassium carbonate (0. 524 g, 3.8 mmol) was added under argon to a solution of 

compound 1c, 2c (0.668 g, 1.9 mmol) in absolute ethanol (40 ml). The suspension was 

stirred at room temperature under argon for 20 minutes, followed by refluxing under 

argon for 12 h. The solvent was removed in vacuum to give white precipitate. Then, 

water (20 ml) and saturated ammonium chloride (30 ml) were added and the organic 

product was extracted by dichloromethane (3 x 25 ml). The organic phase was washed 

with distilled water (3 x 30 ml) and dried over MgSO4. Evaporation of the solvent results 

in pure product as a white powder. Isolated yields: 1: 0.371 g (1.2 mmol), 63%; 2: 0.342 

g (1.1 mmol), 58%. 
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3.2.2 Synthesis of 11-thioundecyl dihydrogen phosphate 
 

Synthesis of monoprotic phosphate (Figure 3.3) was carried out according to the 

published method by Nakashima et al.106 Complete spectroscopic characterization data is 

found in Appendix 2. 

 

 

Figure 3.3: Chemical structure of 11-thioundecyl dihydrogen phosphate, compound 3 

 

3.2.3 Synthesis of bis(11-thioundecyl)hydrogen phosphate 
 

The synthesis of diprotic phosphate (compound 4) was carried out according to 

the published method by Zhang et al.13 The route is presented in Figure 3.4. Complete 

spectroscopic characterization data is found in Appendix 3. 

 

 

 

 

 

 

 

 

 

Figure 3.4: The synthesis of bis(11-thioundecyl)hydrogen phosphate, compound 4. 

CH3COCH3 CH3COS-K+ 

PCl3 THF 

K2CO3 CH3OH 
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Compound 4a: 

 

 
 

Potassium thioacetate (0.799 g, 7.0 mmol) was added to a solution of 11-

bromoundecan-1-ol (1.507 g, 6.0 mmol) in acetone (50 ml). The reaction mixture was 

heated to reflux for 3.5 hours. The precipitate was filtered off and the solvent was 

evaporated in vacuum. The residue was purified by column chromatography on silica gel; 

90:10 chloroform: methanol mixture was used as an eluent. Yield 4a: 1.450 g (5.77 

mmol), 96 %.  

 

Compound 4b: 

 

 

 
Anhydrous triethylamine (1.18 ml, 8.49 mmol) was dropwise added to a cold (0 

ºC) stirred solution of phosphorus oxychloride (0.679 ml, 7.29 mmol) in anhydrous THF 

(20 ml) under argon. The resulting mixture was stirred for 10 min until a precipitate 

appeared. Then a solution of compound 4a (1.353 g, 5.5 mmol) in anhydrous THF (5 ml) 

was added dropwise to the reaction. The cooling bath was removed and the reaction was 

stirred at room temperature for 180 min. Then 50 ml of deionized water was added and 

the reaction mixture was left overnight. Then it was extracted by ether (3 x 150 ml). The 
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organic extract was dried over MgSO4. The solvent was evaporated in vacuum to give 

compound 4b in 1.550 g (4.75 mmol), 86% yield. 

 

Final product, compound 4: 

 

 

 
Compound 4b (1.500 g, 4.6 mmol) was dissolved in absolute methanol (120 ml) 

and charged with potassium carbonate (3.036 g, 22 mmol). The suspension was stirred at 

room temperature under argon for 20 minutes, followed by refluxing under argon for 4 h. 

The solvent was removed in vacuum to give brown oil. Then, water (20 ml) and saturated 

ammonium chloride (30 ml) were added and the pH was adjusted to 2 by addition of 

concentrated HCl. The organic product was extracted by ether (3 x 20 ml) and 

chloroform (3 x 20 ml). The combined organic phase was dried over MgSO4. 

Evaporation of the solvent results in pure product as a yellow powder. Isolated yield of 4 

is 0.610 g (2.1 mmol), 46%.  

 

3.2.4 Preparation of self-assembled monolayer on AFM tips and samples 
 

Self-assembled monolayers were prepared by immersion of the gold substrates in 

a 1 mM solution of the corresponding compound in ethanol for 24 h at room temperature. 

The modified tips and substrate were rinsed with absolute ethanol and deionized water 

and dried with a stream of N2 before use. 
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3.2.5 Infrared Spectroscopy 
 

IR data were acquired for compounds 1-4 in a KBr disk in transmission mode 

while ATR-FTIR data were acquired for compounds 1-4, as the SAM-modified gold-

coated mica using a ThermoFischer Nicolet 6700 with ATR diamond crystal. A gold-

coated mica slide was used as the blank sample as the spectral background for SAM 

modified gold-coated mica slide. 

 

3.2.6 X-ray Photoelectron Spectroscopy 
 

The XPS experiments were conducted using a Thermo Instruments Microlab 

310F surface analysis system (Hastings, UK), using Mg Kα radiation (1253.6 eV), with a 

20 mA current and 15 kV voltages. A consistent take off angle is used for all XPS 

experiments, which is 15° relative to the surface normal. The pressure was kept below 1 x 

10-9 Torr during data acquisition. The obtained peaks were calibrated with the respect to 

the binding energy of the Au 4f line set at binding energy of 84.0 eV. Curve fitting of the 

XPS spectra was conducted using Avantage software, using Shirley background 

subtraction. 

 

3.2.7  Chemical Force Titration 
 

The AFM tips that were modified with compound 1-4 for measuring adhesion 

forces were Cr-Au coated silicon tips (CSC38/Cr-Au, MikroMasch, USA). The 

substrates were gold-coated mica substrates (Georg Albert PVD, Germany). AFM force-
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distance curves were acquired using a PicoSPM (Molecular Imaging, Tempe, AZ), and a 

Nanoscope IIE controller (Digital Instruments, Santa Barbara, CA).  

All force-distance curves were obtained under freshly prepared unbuffered NaOH 

or HCl solutions of pH ranging from 2 to 12. The unbuffered pH solutions are low ionic 

strength solutions (10-3 M) except pH 2 and pH 12, which were of higher ionic strengths 

(10-2 M). Unbuffered solutions were employed in order to avoid potential competitive 

adsorption effects of buffer ions from solution on the probe-substrate interactions. This 

experiment has been conducted as quickly as possible and the solutions were changed 

frequently to minimize the possibility that the pH would change due to adsorption of 

atmospheric CO2. With the tip and sample in place, the system was flushed with the 

appropriate pH solution and adhesion measurements were made.  

The adhesive force between the tip and sample was obtained from the average of 

adhesive well depth of 200-300 force distance curves at each pH value. The same tip was 

used to acquire all the data points within a single force titration curve. To assure the 

reproducibility of data, each experiment has been conducted twice, from low to high pH 

value and high to low pH value. The adhesive force between the tip and substrate also 

was re-measured several times between the same tip and different surface sites. The 

whole set of experiment were also repeated at least twice using a different tip and sample. 

The overall magnitudes of adhesive interactions show variations of approximately 20% 

presumably due to differences in tip radius, which affected the tip-sample contact area 

and hence the number of tip–sample bonds formed and the measured adhesive force. 
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Figure 3.5a shows the CFT basic set up with the presence of unbuffered solution 

at the interface. An example of force titration curve is shown in Figure 3.5b with the 

average deflection at each pH was obtained from the mean of each data set and the error 

derived from the standard deviation. The histogram (Figure 3.5c) shows the number of 

observations made of a particular range of force values, with the solid line represents best 

fits to a Gaussian distribution. A typical force distance curves at different pH values is 

shown in Figure 3.5d. 

Figure 3.5: a) The CFT basic set up with the presence of unbuffered solution at the 
interface, b) an example of force titration profile obtained, c) a typical histogram of 
measured force and d) force distance curves measured at different pH value. 
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measure of the rupture force. In practice, the measure-
ment involves operating the AFM instrument in a “force
curve” cycle (Figure 1(c)) where the scanner repeatedly
brings the probe tip in and out of contact with the sur-
face. Bond rupture causes a sharp jump in the cantilever
deflection and the magnitude of this jump in the force
curve corresponds to the rupture force value.

Chemical Force Microscopy

Despite the conceptual simplicity of a force curve
measurement, the utility of the standard AFM setup
for measuring specific forces is severely limited by
the unknown chemical composition of the AFM tip.
Standard silicon and silicon nitride probes present a
poorly defined chemical interface and more often than
not pick up contaminations during the measurements.
A concept of CFM, introduced by Lieber and cowork-
ers (Noy et al ., 1995), replaces this poorly charac-
terized interface with a well-defined system produced
by deliberate functionalization of the tip and sample
surfaces (Figure 2). These modifications in effect trans-
form AFM from a tool for measuring ill-defined interac-
tions of silicon probes with surfaces into a tool for mea-
suring specific chemical interactions. Careful design of
the probe coating also prevents contaminations, con-
trols the number of interacting molecules, and even sep-
arates different types of interaction. Researchers have
used chemically modified AFM probes for a number
of applications including adhesion and friction mea-
surements, as well as high-resolution imaging. CFM
progress and key results have been the subject of sev-
eral detailed reviews (Noy et al ., 1997; Vezenov et al .,
2005; Noy et al ., 2007), therefore I will not repeat them
here.

What does a CFM experiment measure? A naı̈ve
point of view attributes the measured rupture force to
the maximum gradient of the intermolecular interaction
potential; however, it is easy to point out the flaws of
this approach: (i) it does not include any energy dis-
sipation effects, and (ii) it does not take into account

any thermal fluctuations. Indeed, even the early CFM
measurements provided strong hints that this approach
was not entirely accurate. For example, interaction
forces measured by two different research groups using
probe tips and samples modified with COOH chemical
functionalities differed almost by an order of magni-
tude, 2.3 nN (Noy et al ., 1995)vs. 0.27 nN (Sinniah
et al ., 1996). The interpretation of the CFM exper-
iments based on the Johnson, Kendall, and Roberts
model of interfacial contact mechanics(Johnson et al .,
1971) has put CFM on a solid quantitative footing (Noy
et al ., 1997) and revealed how rupture forces scale with
the probe size and tip-sample contact area for these
experiments (Skulason and Frisbie, 2000; Skulason and
Frisbie, 2002). Puzzlingly, in the case of the two stud-
ies mentioned previously even accounting for the dif-
ferences in reported probe radii was not sufficient to
explain the differences in the measured rupture forces.

To understand these effects, we first need to notice
that even a sophisticated contact mechanics model does
not take into account the two factors mentioned in
the previous paragraph: energy dissipation and ther-
mal fluctuations. To understand the key role played by
these two parameters in determining the experimentally
measured rupture forces, we need to consider the basic
physics of the bond rupture under an external loading
force.

Pulling on a Chemical Bond with a Spring: A
Physical Chemist’s View

An ideal AFM experiments would measure an equi-
librium force profile, which is a derivative of a one-
dimensional slice of the potential energy surface along
a reaction coordinate defined by the pulling direction.
In the simplest case, we can represent the tip-sample
interaction with a single-well potential, and assume a
parabolic potential of a Hookean spring for the can-
tilever (Figure 3). The overall potential of the system,
which determines equilibrium position of the cantilever,
is then a sum of these two potentials (Figure 3). A
simple analysis shows that depending on the cantilever

Fig 2. Basic principle of measuring intermolecular interactions using CFM. A probe tip of the AFM and a sample surface are modified
with known chemical functionalities (typically using monolayers of long-chain organic molecules) to create a well-defined interaction
in the tip-sample junction during the force measurement. This figure is available in colour online at www.interscience.wiley.com/SCA.
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3.2.8 AFM tip calibration 
 

The cantilever used in this AFM work was calibrated using the method described 

by Cleveland et al.107 This method is dependent on the plan view of the dimension and 

the properties of the cantilever materials.108,109 The main formula is: 

k = 2w(πlυ)! ρ3
E . υ = t

2π
ρ
E                 [3.1] 

 
where w, l and t correspond to width, length and thickness of the cantilever, respectively. 

ρ and E are the density and Young’s modulus of the lever, respectively. The width and 

length were measured in scanning electron microscope (SEM) as shown in Figure 3.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: A representative SEM image of cantilevers. The results of cantilever 
geometry measurements were used for determination of a spring constant for each 
cantilever by Cleveland method. 
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The mean of spring constant for cantilever B measured is almost 50% higher than 

the reported value from manufacturer, which is 0.03 Nm-1.95 The presence of thin-coated 

layer of Au on the cantilever may increase the uncertainties of E and ρ, which can be as 

much as 30% higher than original value.69 

 

3.3 Results and Discussion 
 

3.3.1 Attenuated Total Reflectance Infrared (ATR-IR) Spectroscopy 
 

The degree of order and orientation of the monolayers were explored by 

comparing the standard IR transmission spectrum of the bulk and the ATR-FTIR 

spectrum of the same compound absorbed on Au-coated mica substrate in the region of 

900-3500 cm-1 as shown in Figure 3.7a to 3.7d. Spectra a, b, c, d refers to the phenol 

compounds (1 and 2) and phosphate compounds (3 and 4), respectively. The black 

spectra at the bottom are the transmission spectrum of the corresponding compound in 

KBr, and the red spectra at the top are the ATR-IR of each SAM. 

The characteristic absorption peak corresponding to the thiol S-H stretching 

vibration (υ(S-H) is observed in all the transmission spectra at ∼ 2570 cm-1, but is absent 

in the ATR spectrum of the SAMs. The disappearance of υ(S-H), marked as * in Figure 

3.7 is generally attributed to the formation of the gold-sulfur bond in the system, and is 

strong evidence that SAM molecules are covalently linked to the gold surface. 

A characteristic feature of IR spectra of molecules assembled on a metal substrate 

is that only the vibrations with a component of the transition dipole moment aligned 

perpendicular to the surface plane can interact with the incident light and contribute to the 
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infrared spectrum.110,111 Therefore, a comparison of relative intensities of the various 

adsorption bands in the transmission and ATR spectra allows us to make some qualitative 

conclusions regarding the orientation of the self-assembled molecules on the surface.  

First, consider the SAMs 1 and 2, terminated with hydroxyphenol, in Figure 3.7a 

and 3.7b. The relative intensities of C-H stretching in the phenol SAMs (2927 cm-1 and 

2852 cm-1) remain unchanged when compared with the transmission spectra. This is 

consistent with a relatively disordered, low packing density of the SAM, presumably due 

to the bulky nature of the phenol end group.  

The OH stretching vibrations for both phenols appear as a broad band centered at 

3300-3400 cm-1. The intensity and position of the corresponding band remains relatively 

unchanged between the transmission and ATR spectra of the m-hydroxyphenol (Figure 

3.7b). By contrast, it is shifted to higher wavenumber in the ATR of the o-hydroxyphenol 

(Figure 3.7a). OH stretching peaks at 3360 cm-1 are usually assigned to hydrogen-bonded 

OH groups, while bands contributing to the shoulder near 3500 cm-1 are usually assigned 

to a free OH stretching mode.112 Thus, the shift to higher wavenumber in the monolayer 

of o-hydroxyphenol suggests that the OH groups do not participate in a significant degree 

of intermolecular hydrogen bonding. By contrast, the m-hydroxyphenol retains a 

significant degree of intermolecular H-bonding between molecules within the monolayer. 

The differing degree of intermolecular H-bonding between the hydroxyl groups in the 

two SAMs also suggest that we should observe differences in surface polarity and surface 

energies between the two.79,80 The o-hydroxyphenol SAM should be much more 

hydrophilic, as the OH groups become more accessible for interaction with the adjacent 

aqueous phase. Indeed, the o-hydroxyphenol SAM has a lower contact angle value, 
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31±2°, than was found for the m-hydroxyphenol SAM: 42±1°. By comparison, the 

reported contact angle value for the SAM of a similar m-hydroxyphenol compound, 6-

mercaptohexyloxy-1,3-dihydroxybenzene monolayer assemblies on gold was 50°.113 

The C=C stretching of the phenol ring appears as several bands in the 1400–1650 

cm-1 region. A single peak is observed in the region of 1615 cm-1 for the o-

hydroxyphenol SAM, 1, but is split into two peaks in the m-hydroxyphenol species, 2: at 

1633 cm-1and 1605 cm-1. To better understand this behavior, a frequency calculation of 

the optimized structures of 1 and 2 was performed using Gaussian (B3LYP, 6-311G+). 

The results demonstrated that in the m-hydroxyphenol case, the C=C stretching vibration 

1633 cm-1 occurs in a direction perpendicular to that for the peak at 1605 cm-1 (Fig 3.7b). 

If the benzene ring lies upright on the surface, the 1605 cm-1 peak should increase in 

intensity relative to that at 1633 cm-1 in the reflectance spectrum, as is indeed observed. 

This observation supports the presence of strong intermolecular H-bonding at the surface 

of the m-hydroxyphenol SAM since in an upright geometry the -OH groups are directed 

towards one another at the surface, facilitating H-bonding interactions. 
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Figure 3.7a: Infrared spectra of 4-(12-mercaptododecyl)benzene-1,2-diol The red traces at the top are the ATR-IR spectra of the 
SAM, and black traces at the bottom are the transmission IR spectra of the thiol in KBr. The water contact angle value is shown on 
the top right of the figure. 
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Figure 3.7b: Infrared spectra of 5-(12-mercaptododecyl)benzene-1,3-diol The red traces at the top are the ATR-IR spectra of the 
SAM, and black traces at the bottom are the transmission IR spectra of the thiol in KBr. The water contact angle value is shown on 
the top right of the figure. 
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In the case of phosphate-terminated monolayer (compound 3 and 4), a significant 

decrease of the C-H stretching intensities for the ATR spectra relative to those in the 

transmission spectra observed for both monoprotic and diprotic phosphates (2929 cm-1 

and 2846 cm-1) as shown in Figure 3.7c and 3.7d. This suggests that the C-H bonds in 

alkyl phosphate SAMs are oriented parallel to the surface.110 This will occur if the alkyl 

chains in both alkyl phosphate monolayers are well packed on the surface and the mean 

molecular tilt angle that characterizes the alignment of the SAM with the respect to the 

surface normal should be relatively small.114 Peak assignments are summarized in Table 

3.1. 

The stretching vibration of the hydroxyl group of the O=P-OH moiety exhibits a 

broad band centered at 1600–1700 cm-1. The intensity of this band in the ATR spectrum 

is attenuated for the monoprotic phosphate SAM. This suggests that the OH group of the 

monoprotic phosphate SAM is preferentially aligned parallel to the surface. The 

corresponding bands for the diprotic phosphate, spectrum d, are weak and difficult to 

interpret. However, the relative attenuation of the P=O bond stretch at 1211 cm-1 is 

significant for the diprotic phosphate, again suggesting an alignment parallel to the 

surface. Regardless of their geometry, the OH groups of both SAMs appear to remain 

available for H-bonding with the adjacent aqueous phase: the water contact angle for the 

monoprotic SAM was 40±1°, while that of the diprotic phosphate was 25±2°. 
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Figure 3.7c: Infrared spectra of bis-(11-thioundecyl)hydrogen phosphate The red traces at the top are the ATR-IR spectra of the 
SAM, and black traces at the bottom are the transmission IR spectra of the thiol in KBr. The water contact angle value is shown on 
the top right of the figure. 
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Figure 3.7d: Infrared spectra of 11-thioundecyl dihydrogen phosphate. The red traces at the top are the ATR-IR spectra of the SAM, 
and black traces at the bottom are the transmission IR spectra of the thiol in KBr. The water contact angle value is shown on the top 
right of the figure. 
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Table 3.1: Peak assignments of monolayers 1-4 formed on Au-coated mica substrate. 
 
Frequency (cm-1) Peak assignments 

1615 C=C aromatic ring stretching vibration 
1527 C=C aromatic ring stretching vibration  
1442 C=C aromatic ring stretching vibration  
1366 OH in-plane bend 
1267 

1100-1050 
Phenolic C-C-O asymmetric stretch 
P-O-C stretching vibration 

1112 C-O stretch 
954 -C-H bending 

 

3.3.2  X-ray Photoelectron Spectroscopy (XPS) 
 

X-ray photoelectron spectra of compounds 1 to 4 adsorbed on the gold-coated 

mica substrate were acquired from binding energy regions containing peak arising from 

all elements that should be present on the sample, which are C 1s, O 1s, S 2p, and Au 4f 

as shown in Figure 3.8 and 3.9. A survey scan in the region of 0 to 1000 eV indicated that 

no other elements were present on the surface.  

The chemical shift value of photoelectron binding energy is a very sensitive 

technique to differentiate various chemical binding environments of the specific 

elements.76 In the case of monolayers 1 and 2, the C 1s spectra (Fig. 3.8) can be fitted by 

assumption of two atomic species with binding energies of 286.2 eV (aromatic carbon) 

and 284.9 eV (aliphatic carbon of the alkyl chain).115 The area ratio of aromatic to 

aliphatic carbon is consistent with the 1:2 stoichiometric ratio.  

A single C 1s species at binding energy of 284.9 eV, corresponding to aliphatic 

chain, predominates in phosphate monolayers 3 and 4. The low intensity shoulder at 
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286.4 eV may be assigned to the C atom adjacent to O in the C-OP linkage. The area 

ratio of these two peaks is consistent with 1:10 stoichiometry. 

 The O 1s spectra of phenol compounds 1 and 2 appear as a broad peak centered at 

533.3 eV. The O 1s peaks of phosphate compound 3 and 4 can be deconvoluted as 

described by Spori et al., using three contributions assigned to C-O-P at 532.8 eV, P-O-H 

at 531.4 eV, and P=O at 530.8 eV.72 The relative intensities of these three species are 

consistent with their overall stoichiometry.  

 The S 2p peaks are found at ∼162.2 eV in all monolayers 1 to 4. They may be fit 

to the typical 2p! ! and 2p! !spin-orbital splitting pattern. No oxidized sulfur species, 

which reported to be at binding energy of 166-168 eV, were detected. Nor were any 

peaks corresponding to free thiol, which are reported to appear at 164.0 eV observed, 

indicating the absence of physisorption on the Au surface or, for the monoprotic species, 

the presence of any free alkyl chain unbound to the Au surface.116 For all surfaces 

studied, the sulfur signal intensity was lower than expected from stoichiometry, as 

summarized in Table 3.2a and 3.2b. This finding may be attributed to the attenuation of 

electrons emitted from buried layers by inelastic scattering of the S 2p photoelectrons 

within the SAM monolayer above, which prevents escape from the surface and leads to a 

lower detected intensity. 

The phosphorus signal observed in monolayer 3 and 4 was fitted as a single peak 

with a binding energy at 131.5 eV, indicating that the phosphate groups were successfully 

introduced on the surface of Au. 

 The S attenuation allows an estimate of SAM thickness to be made. The Au 4d 

signal attenuation may be used in the following relationship: 
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t = (−λ cos θ) ln Is
I0               [3.2] 

 

where: 

t= The thickness of the overlayer 

λ= Inelastic mean free path (IMFP) of Au 4d! ! (335 eV) and Au 4d! ! (353 eV). This 

was determined using the NIST Standard Reference Database 82.117 

θ= The takeoff angle (here 15°) 

Is= The substrate Au 4d signal intensity after deposition of the SAM 

I0= The substrate Au 4d signal intensity before deposition of the SAM 

 

 The thickness of the phenol SAMs, compound 1 and 2, were found to be 0.77 nm 

and 0.74 nm, respectively. The phenols molecular length was calculated by Gaussian 

software to be 2.62 nm. The decreases of monolayer thickness indicates that the phenols 

SAMs formed on the Au(111) surface are tilted to the certain degree from the surface 

normal. We observed a thickness of 1.4 nm for the monoprotic phosphate species, 3, 

while that of the diprotic phosphate, 4, is 0.92 nm. The latter is consistent with the chain 

length of the free molecule (1.78 nm), and with the infrared results that suggest a dense-

packed, ordered layer. The monolayer thickness for monoprotic phosphate is larger than 

expected. Monoalkyl thiols are known to adsorb onto the gold surface in an initial 

disordered phase followed by rearrangement into a ‘‘upright’’ phase that results in highly 

ordered two-dimensional structures.  

The deposition process of compounds that contain two thiol groups, such as in the 

monoprotic phosphate here, remains unclear. One obvious possibility is that at least some 
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of the monoprotic species are attached to the Au surface through a single thiol linkage, 

with the other projecting upright. However, the results of ATR-IR (absence of S-H peak 

at 2570 cm-1 in ATR spectrum) as well as by the results of XPS (absence of S-H peak at 

164 eV) are inconsistent with this observation. In addition, the contact angle of the 

monoprotic phosphate, as noted earlier, is 40 ± 1°, significantly lower than reported for 

thiol-terminated SAMs (∼ 92°).118  
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Figure 3.8: Representative of XP spectra of: C 1s, O 1s, and S 2p for 2- and 3-hydroxyphenol terminated alkanethiol on the Au-
coated mica substrate. The black line shows the experimental data, while the blue line is the overall fitted spectrum. 
 

Table 3.2: Summary of XP spectra for monolayer 1 and 2. 

 

 

 

 

 Binding energy (eV) C/S ratio Thickness 
(nm)!

 C 1s O 1s S 2p Theoretical Experimental 

Compound 1 284.9, 286.4 533.3 162.5, 163.2 18/1 22/1 0.77 

Compound 2 284.2, 286.5 533.6 162.7, 163.6 18/1 19.1/1 0.74 

C 1s O 1s S 2p 

Binding Energy (eV) 

290 285 280 540 535 530 525 170 165 160 155 

1. 

2. 
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Figure 3.9: Representative of XP spectra of: C 1s, O 1s, and S 2p for monoprotic and diprotic phosphate-terminated alkanethiol on 
the Au-coated mica substrate. The black line shows the experimental data, while the blue line is the overall fitted spectrum. 

 
Table 3.3: Summary of XP spectra for monolayer 3 and 4.  

 
  Binding energy (eV) C/S ratio Thickness (nm) 

 C 1s O 1s S 2p P 2p Theoretical Experimental  

Sample 3 284.9, 286.4 532.8, 531.4, 530.8 162.5, 163.5 131.5 11/1 11/1 1.39 

Sample 4 284.8, 286.5 532.7, 533.2, 530.7  162.6, 162.1 131.2 11/1 12/1 0.92 

 

C 1s O 1s S 2p P 2p 

Binding energy (eV) 
290 285 280 540 535 530 525 170 165 160 155 135 130 125 

Binding energy (eV) 

3. 

4. 
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3.3.3 Determination of surface pKa by chemical force spectrometry  
 

Phenolic groups are one of the ionizable species within NOM, and their ionization 

state plays a critical role in determining the binding interaction with iron and aluminum 

oxide colloids.70,119,120 Our first fundamental interest in this study is to determine the 

surface dissociation properties of the monolayers, specifically pK1/2 value using chemical 

force spectrometry (CFS). Surface pKa value can be defined as the bulk solution pH value 

at which the functional groups at the interface are half-ionized.121  

Using this technique, the force-distance curves that represent the variation of tip-

cantilever deflections were obtained as approach, contact and retraction cycles, which has 

been discussed earlier in Chapter 2. Generally, the point where the tip retracts from the 

sample on the retraction curve is known as the pull-off point.94,122 The difference between 

the pull-off point and zero-point deflection corresponds to the adhesion force between the 

tip and the sample. 

The ionic strength of solution can strongly affect the force titration data. High 

ionic strength can lead to a collapse of the electrical double layer at the surface, and 

reduce the adhesive interactions observed.14 For this reason, ionic strength was kept 

constant, and relatively low, 10-3 M at all pH values, excepting those at the extremes of 

pH 2 and 12. In addition, to ensure that comparable data were obtained from different pH 

solutions, one tip was used throughout one set of force titration experiments. 

Furthermore, all experiments were conducted twice using the same tip and sample: 

running from low to high, and then high to low pH values to ensure reproducibility. The 

reproducible data indicates no degradation of the SAM layer occurred over the course of 

the experiment. By plotting the adhesion force versus the pH value, we obtained the force 
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curve profiles of corresponding species, with each datapoint representing a mean value of 

200-300 individual force measurements and the error bars representing the standard 

deviation. 

When the interaction energy between two SAM-modified surfaces is considered, 

it is necessary to consider any contributions from the attractive van der Waals interaction 

between the two underlying metal surfaces. The Au-Au interaction has been measured to 

have high energy, 1mN/m in aqueous solutions.123 Therefore, the interaction between Au-

coated AFM-tip and Au-coated mica substrate was first determined. Figure 3.10 shows 

that the adhesion forces observed are very large (~ 60 nN), and relatively constant up to a 

pH of 8, and then dropped off sharply at high pH values.  

  

 

 

 

 

 

 

 

 

Figure 3.10: Force titration curve of Au-coated AFM tip and Au-coated substrate at 
different pH solutions. 
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Au alone, and at some pH values are much lower in magnitude than those observed in 

Figure 3.10. The presence of the long alkyl spacer groups on the SAMs must be sufficient 

to reduce the Au-Au interactions. Therefore, it has been assumed that the Au-Au 

interaction is a negligible contribution in the discussion of the force titration for the 

SAM-coated AFM tip and sample. 

The general form of Henderson-Hasselbalch equation states that: 

pH = pK! + log!" [A−]
[HA]                      [3.3] 

 
When the molar concentration of acid and its conjugate base are equal, then the 

pH is equal to the pKa of the solution.124 At this point, half of the acid on the tip and 

surface is partially deprotonated and strong adhesion force will be observed. The model 

that we have used to explain this behavior incorporates the formation of strong ionic 

hydrogen bonds between the tip and sample. Previous workers have shown that ionic 

hydrogen bonds are about 30 times stronger than normal hydrogen bonding.121,125,126 

Thus, the pH at which the strongest adhesion force occurred should correspond to the 

surface pK1/2 of the corresponding species. The surface pK1/2 can be defined as the bulk 

pH at which exactly half the surface sites are deprotonated. 

Figure 3.11a and 3.12a show the adhesive force as a function of pH between AFM 

tip and sample both terminated with a SAM of the o- and m-hydroxyphenol. A histogram 

showing the distribution of force observed, and some typical force-displacement curves 

are shown in part c, respectively of these figures.  
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Figure 3.11: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
9.0 and (c) representative force-displacement curves of o-hydroxyphenol terminated tip 
and substrate at different pH conditions. 

0 

20 

40 

60 

80 

100 

120 

0 

0.18 

0.36 

0.54 

0.72 

0.9 

1.08 

0 5 10 15 20 25 30 

C
ou

nt
s 

Force (nN) 

20#nN#

i#
ii#

iii#

i.  pH#4#
ii.  pH#8#
iii.  pH#9#

i.#

ii# i.  pH#4#
ii.  pH#8#
iii.  pH#9#

15#nN#

ii.#

i#

iii#

120 

100 

  80 

  60 

  40 

  20 

0 
39.2       39.4       39.6       39.8       40.0       40.4      40.4 

0 

20 

40 

60 

80 

100 

120 

140 

0#

0.12#

0.24#

0.36#

0.48#

0.6#

0.72#

0.84#

44.5 45.5 46.5 47.5 48.5 

C
ou

nt
s 

Force (nN) 

120 

100 

  80 

  60 

  40 

  20 

  0  
46.0       46.2       46.4       46.8       47.0       47.2      47.4 

b.# c.#
pH#9.0#

pH#9.0#

a.#

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

1 3 5 7 9 11 13 

Fo
rc

e 
(n

N
) 

pH 

2 to 12 12 to 2 



 100 

 

Figure 3.12: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
9.5 and (c) representative force-displacement curves of m-hydroxyphenol terminated tip 
and substrate at different pH conditions. 
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Force titration profiles for both hydroxyphenol isomers show a large maximum in 

the adhesive force at high pH: 9.0 for o-hydroxyphenol and 9.5 for m-hydroxyphenol. 

The o-hydroxyphenol curve also shows a significant interaction at lower pH. These 

values correspond to the pK1/2 of the hydroxyphenol moieties of the SAMs formed on the 

Au surface. At this point, half of the HO-Ph-OH moieties on the tip and sample substrate 

are expected to be in the deprotonated form, HO-Ph-O-, as shown in Figure 3.13. Under 

these conditions, ionic hydrogen bonds between surface deprotonated O- sites and neutral 

OH groups are most likely to form and lead to the maximum adhesion force in the range 

of pH 9 to 10. 

As there is a limited ability of the solvent to shield charged species at the 

interface, we should also observe an upward shift in the surface pKa, and hence surface 

pK1/2, relative to that for the corresponding surface bound species. Intermolecular H-

bonding between molecules in the SAM will also have the effect of shifting the measured 

surface pK1/2. The pKa of solution phase o-hydroxyphenol is 9.12 while that of m-

hydroxyphenol is 9.15.127 As may be determined from the maximum in the force titration 

profile, the pK1/2 of the o-hydroxyphenol SAM is 9.0, very similar to the solution phase 

value, indicating that a limited degree of intermolecular H-bonding takes place; the 

surface-bound species are readily solvated. This is consistent with the IR data, which 

suggested a disordered and relatively low density of molecules on the surface. By 

contrast, the pK1/2 of the m-hydroxyphenol, at 9.5, is shifted some 0.4 pH units upwards 

from the solution phase value. This would be consistent with the evidence for increased 

intermolecular H-bonding observed in the IR and contact angle experiments for this 

species. 
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Weak adhesion forces are observed in the lower and higher pH regions. Beyond 

the pK1/2 value (pH 11-12), electrostatic O-…O-
 interactions become more significant 

(Figure 3.12). At this point, majority of the OH groups on the surface are ionized, which 

leads to an electrostatic repulsive interaction between functionalized tip and surface. 

Weak adhesive interactions were also observed at low pH values (pH 2-6). These 

interactions presumably arise from weaker neutral hydrogen bonding, OH…OH, between 

tip and sample. In the case of m-hydroxyphenol, the adhesion force observed at the low 

pH region is almost negligible. Thus, the degree of adhesive interaction seen at low pH is 

an indication of the degree of intermolecular H-bonding taking place at the surface.  

For comparison, the previous force titration curve using SAM of 4-(12-

mercaptododecyl)phenol (monoprotic phenol) obtained from our group showed even 

larger interaction forces in the low pH region.51 The o-hydroxyphenol and monoprotic 

phenol SAM show a similar behavior on the surface: they have more OH sites available 

at the interface and undergo more H-bonding interactions between tip and sample, 

leading to higher adhesive interactions in the low pH region. On the other hand, the m-

hydroxyphenol SAM undergoes a higher degree of intermolecular H-bonding within the 

layer, and only a few OH sites are available for H-bonding interactions when the tip and 

sample come into contact. 
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Figure 3.13: Schematic representation of the proposed interactions of o-hydroxyphenol 
terminal modified tip and substrate at different pH values. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: The distribution diagram for 4-(12-mercaptododecyl)benzene-1,2-diol (o-
hydroxyphenol), and 5-(mercaptododecyl)benzene-1,3-diol (m-hydroxyphenol) systems, 
both which were adsorbed on the Au-coated mica substrates as a self assembled 
monolayer, for which pK1/2= 9.0 and 9.5. 
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The force titration profile for a tip and sample terminated with monoprotic 

phosphate SAMs has been previously reported, and has one maximum at a pH of 5.0, 

corresponding to the surface pK1/2 of this species (Figure 3.15a). As shown in Figure 

3.14b, at the pH of 5.0, half of the OH groups are deprotonated, and ionic H-bonding 

interaction are formed between partially negative charge on the tip and the sample. As a 

result, a strong adhesion force is observed in this pH region. The measured pK1/2 value is 

shifted from the solution phase value by about 1.5 pH units, consistent with a high degree 

of intermolecular H-bonding at the surface.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 (cont’d) 
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Figure 3.15: (a) Force titration curve and (b) the schematic representation of the proposed 
interactions of monoprotic phosphate-terminal modified tip and substrate at different pH 
values. 
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 As shown in Figure 3.17, in the region of pH 2-3, both PO(OH)2 groups on tip and 

surface are fully protonated, and the resulting adhesion force can be attributed to the 

formation of hydrogen bonding between two surfaces. A weak adhesion force interaction 

at pH 12 indicates that both surfaces are fully deprotonated, and negatively charged. As a 

result, electrostatic static repulsion may dominate the interaction between tip and surface, 

and the adhesion force falls toward zero. 

The force titration curve exhibits two peaks at pH 5.0 and 9.0, which correspond 

to the first and second pK1/2 of the PO(OH)2 SAM. At pH 5.0, half of the OH groups are 

deprotonated and lead to the ionic hydrogen bonding interactions between tip and 

surface. This observation is consistent with provides reports in the literature such as 

Zhang et al.13 and Smith et al.14 who claimed that the surface pKa value of phosphonic 

acid SAMs to be at pH 4.6 and pH 8.4. Both values are shifted significantly upwards 

from those for the solution phase analogue methoxyphosphate ester of 1.8 and 6.3128 

consistent with the large degree of H-bonding and high density ordering within the 

monolayer as indicated by the infrared data. 
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Figure 3.16: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
5.0 and (c) representative force-displacement curves of diprotic phosphate terminated tip 
and substrate at different pH conditions. 
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Figure 3.17: Schematic representation of the proposed interactions of diprotic phosphate-
terminal modified tip and substrate at different pH values. 

 

 

 

 

 

 

0 

0.5 

1 

2 3 4 5 6 7 8 9 10 11 12 

Fr
ac

tio
n 

pH 



 109 

3.3.4 Chemical force titration of hydroxyphenol alkanethiol isomer versus 
monoprotic phosphate monolayer 
 

Inorganic anions such as phosphate (PO4
3-) and organic matter are well known to 

have a relatively strong affinity for mineral surfaces.  Adsorption of humic substances 

result in negatively charged mineral surface, blocking the mineral surface, and thereby 

reducing the sorption of phosphate.9,11,19,59 Therefore, to obtain a better understanding of 

the surface-bound behaviour between hydroxyl groups and phosphate, we continued our 

study by performing pH-dependent adhesion force measurements in a mixed system, 

namely between hydroxyphenol-functionalized AFM tips and monoprotic phosphate-

functionalized substrates. 

Figure 3.18a and Figure 3.19a show force titration curves obtained with a 

monoprotic phosphate functionalized substrate and tips functionalized by o-

hydroxyphenol and m-hydroxyphenol, respectively. A histogram showing the distribution 

of forces observed, and some typical force-displacement curves are shown in part c, 

respectively of these figures. The force titration curves are very similar to one another, 

and can be interpreted in terms of H-bonding interactions, as summarized in Figure 3.20a 

and 3.20b.   

A small adhesion force, approximately 1-3 nN is observed in the case of o- and m-

hydroxyphenol-terminated tips at pH 2-4. In these pH regions, both tip and sample are 

fully protonated, and a weak hydrogen bonding dominates the interaction between tip and 

surface. At pH 5.0, the surface pK1/2 of the phosphate SAM, 50 % of the OH groups on 

the surface are deprotonated, while the tip is remains uncharged. We observed a strong 

and broad adhesion force in this region, maximizing at pH 7 in both cases. This is 
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consistent with the normal and ionic hydrogen bonding interaction takes place when the 

tip and sample come into contact. This ionic H-bonding regime persists up to pH 9.0, at 

which point the surface pK1/2 of the phenol is reached, and both tip and sample become 

negatively charged and the interactions become repulsive, leading to a reduction in the 

adhesive interactions. The fall-off occurred at lower pH for the o-hydroxyphenol, as this 

species was observed to have a lower pK1/2 (9.0) compared to m-hydroxyphenol (9.5) 

 While the pK1/2 values of o- and m-hydroxyphenol terminated tips are similar to 

one another (9.0 vs. 9.5), the overall magnitude of force interactions differ significantly 

between the phenols. This can be explained by steric factors: the hydroxyl groups of m-

hydroxyphenol are less available for the interactions with phosphate, and as a result, 

hydrogen bond formation is more difficult. As the o-hydroxyphenol has less 

intermolecular H-bonding within the layer, OH groups become more accessible at the 

interface and the hydrogen bond formation is easier. This explanation is in a good 

agreement with the infrared results and with the force titration curves of diprotic 

phosphate-functionalized surfaces (SAM 4) discussed next.  
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Figure 3.18: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
7.0 and (c) representative force-displacement curves of o-hydroxyphenol-terminated tip 
vs. monoprotic phosphate-terminated substrate at different pH conditions. 
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Figure 3.19: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
7.0 and (c) representative force-displacement curves of m-hydroxyphenol-terminated tip 
vs. monoprotic phosphate-terminated substrate at different pH conditions. 
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Figure 3.20a: Schematic representation of the proposed interactions of o-hydroxyphenol 
terminated modified tip versus monoprotic phosphate-terminated modified substrate at 
different pH values. 

 

Figure 3.20b: Schematic representation of the proposed interactions of m-hydroxyphenol 
terminated modified tip versus monoprotic phosphate-terminated modified substrate at 
different pH values. 
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3.3.5 Chemical force titration of hydroxyphenol alkanethiol isomer versus diprotic 
phosphate monolayer 
 

The force titration curves for o- and m-hydroxyphenol-functionalized tip against 

diprotic phosphate-terminated surfaces are shown in Figure 3.21a and 3.22a. A histogram 

showing the distribution of force observed, and some typical force-displacement curves 

are shown in part c, respectively of these figures. Again, the chemical force titration 

curves can be interpreted in terms of H-bonding interactions between the modified tips 

and surfaces. 

As shown in Figure 3.23a, both tip and sample are fully protonated in the low pH 

region (pH 2-3). A weak H-bonding dominating the interaction between the tip and 

sample, leading to a small adhesion force observed in these pH regions. As we move 

further until pH 5.0, we reached the first pK1/2 of the diprotic phosphate. The surface is 

becomes partially deprotonated, while the phenol tip remains protonated.  Here, ionic H-

bonding may take place between tip and sample, which is consistent with the increases of 

adhesion force, maximizing at pH 5.0. The adhesive force interaction is gradually 

decreased as we move upward to higher pH value. At this point, we considered the 

phosphate moiety to have completely undergone the first deprotonation step. Thus, the 

drop in the adhesion force is consistent with fewer ionic H-bonds formed between the tip 

and sample. The second pK1/2 of phosphate SAM, and the pK1/2 of o-hydroxyphenol 

SAM are quite similar, at approximately of pH 9.0. A significant shoulder is observed in 

the region of pH 8 to 10 indicating that ionic H-bonding once again takes place. The 

adhesion force interaction falls toward zero in the region of pH 11 to 12. This is 

consistent with the model in which both tip and sample begin to deprotonate further, 
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leading to an increase in electrostatic repulsion as the surfaces become negatively 

charged. 

While the position of the two peaks for the interaction of o- and m-hydroxyphenol 

with the diprotic phosphate are very similar, their relative intensities are not. The force 

titration curve demonstrates the opposite trend in the case of m-hydroxyphenol 

terminated tip. The strongest adhesion force is observed in the pH 9.0 region. This 

suggests that the orientation of the phenolic hydroxyl groups on the surface may play an 

important role to the phenol-phosphate interactions. We previously reported in the ATR-

IR data that m-hydroxyphenol SAM undergoes greater intermolecular H-bonding within 

the layer, compared to the o-hydroxyphenol SAM. Thus, the strong interaction at pH 5.0 

observed in the case of o-hydroxyphenol is understandable as more OH groups are 

available at the interface. By contrast, most of OH groups of the m-hydroxyphenol 

moiety are involved in intermolecular hydrogen bonding that should compete with the 

formation of ionic H-bonds at pH 5 to 7 (Figure 3.23b). Also, OH groups of the m-

hydroxyphenol moiety are sterically less accessible, resulting in significantly lower 

adhesion force (~ 10 nN). 

However, as the pH is increased to 9.0, the m-hydroxyphenol layer begins to 

undergo deprotonation, and the intermolecular H-bonds are disrupted. This allows strong 

ionic H-bonding between the phenol and phosphate to take place in the relatively narrow 

pH window about pH 9–10 (maximum force ~30 nN), before the phenol becomes fully 

deprotonated and the interactions falls off due to electrostatic repulsion. 
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Figure 3.21: (a) Force titration curve, (b) histogram showing distribution of forces at pH 
5.0 and (c) representative force-displacement curves of o-hydroxyphenol-terminated tip 
vs. diprotic phosphate-terminated substrate at different pH conditions. 
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Figure 3.22: (a) Force titration curve, (b) histogram showing distribution of forces at ph 
10.0 and (c) representative force-displacement curves of m-hydroxyphenol-terminated tip 
vs. diprotic phosphate-terminated substrate at different pH conditions. 
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Figure 3.23a: Schematic representation of the proposed interactions of o-hydroxyphenol 
terminated modified tip versus diprotic phosphate-terminated modified substrate at 
different pH values. 
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Figure 3.23b: Schematic representation of the proposed interactions of m-hydroxyphenol 
terminated modified tip versus diprotic phosphate-terminated modified substrate at 
different pH values. 
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3.4 Summary 
 

In order to better understand phosphate/phenol interactions taking place within 

natural organic matter in soil and water systems, a series of model SAM were developed 

and fully characterized. SAMs of bis(11-thioundecyl) hydrogen phosphate and 11-

thioundecyl dihydrogen phosphate on Au (111) surface were used as monoprotic and 

diprotic phosphates, respectively. SAMs of 4-(12-mercaptododecyl)benzene-1,2-diol and 

5-(12-mercaptododecyl)benzene-1,3-diol on Au (111) surface were utilized as o- and m-

hydroxyphenol model systems found in natural organic matter.  

The orientation of SAMs on the Au (111) surface was determined by ATR-IR. It 

suggest that both monoprotic and diprotic phosphate-terminated SAMs form well-ordered 

layers on the surfaces, and undergo a high degree of intermolecular H-bonding 

interaction within the monolayer. On the other hand, phenol SAMs form relatively 

disordered and less densely packed layers, due to the bulky nature of the phenol end 

group. The m-hydroxyphenol SAMs also demonstrates evidence for intermolecular H-

bonding, due to the relative orientation of the OH groups, which face one another. This is 

supported by a higher contact angle value compared to o-hydroxyphenol, which proved 

that the surface of m-hydroxyphenol SAMs is more hydrophobic as most of the OH 

groups are involved in intermolecular H-bonding within the monolayers and become less 

accessible at the interface. 

Chemical force titration of all four species against one another were used to 

determine the surface pK1/2 value of each SAM. The surface pK1/2 of o-hydroxyphenol 

and m-hydroxyphenol terminated SAMs was determined to be at pH 9.0 and 9.5. In the 

case of o-hydroxyphenol, this value is similar to the solution phase species value, 
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demonstrating a lower packing density and higher solvation effect. However, for the m-

hydroxyphenol SAM, the surface pK1/2 is shifted upwards from the solution phase value 

indicates a higher degree of intermolecular H-bonding taking place at the surface. The 

surface pK1/2 of monoprotic (pH 5.0) and diprotic (pH 5.0 and 9.0) are shifted higher than 

the corresponding solution phase species. This is consistent with the limited degree of 

solvation effect as the surface is more densely packed. 

Similar force titration curves were found in the mixed system of o- and m-

hydroxyphenol terminated tip against monoprotic phosphate. However, the magnitude of 

m-hydroxyphenol terminated tip is almost two times lower compared to the o-

hydroxyphenol indicates the location of OH group at the interface plays an important role 

in the phenols-phosphate interactions. 

Force titration curves for the mixed system of o- and m-hydroxyphenol terminated 

tip against diprotic phosphate surface show opposite trends to one another. The strongest 

adhesion force for o-hydroxyphenol was approximately 30 nN centered at pH 5.0. By 

contrast, the relative intensity of the peak for m-hydroxyphenol is three times lower at pH 

5.0, and the interaction are more significant at pH 10. This behavior again reflects the 

importance of steric factors and intermolecular H-bonding as a result the availability of 

the phenolic hydroxyl groups on the interface when reacting with phosphates. 
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Chapter 4 

 

Hydroxyphenol adhesive interactions with iron and aluminum oxide 
colloids modified with phosphate  

 

4.1 Introduction  
 

As discussed earlier in Chapter 2, metal oxides and particularly iron and aluminum 

oxides, are the most abundant minerals in natural systems and play the major role in the 

formation, structure and strength of aggregates in soils.10 These processes are strongly 

dependent on the surface properties of the colloidal oxides, the heterogeneous, pH-

dependent charged sites can be formed on surface hydroxyls (Fe-OH or Al-OH). 

Protonation of surface hydroxyls is enhanced under acidic conditions while their 

deprotonation is promoted in alkaline solutions. The interaction that dominates these 

active hydroxyl sites at the mineral-water interface is surface complexation with 

deprotonated functional groups of NOM. 

To explore the role of the reactive hydroxyl groups on metal oxide surfaces, this 

chapter is focused on monitoring adhesion forces between an iron or aluminum oxide 

sample and an o- or m-hydroxyphenol-terminated AFM tip, as a function of pH. These 

metal oxides were employed in this study, as they are one of the most commonly used 

coagulants for organic matter or phosphate removal in a wastewater treatment plant. XPS 

was used to determine the surface composition of colloidal particles prepared in this 

experiment.  
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To advance our understanding of metal-NOM interactions in aquatic systems, we 

then continued our study with more complex systems. The surface of iron and aluminum 

oxide were modified with a series of molecules such as di- and trihydroxybenzoic acids, 

tannic acid and phosphate. We investigated two colloidal preparation methods: co-

precipitation and post-precipitation. In the co-precipitate method, the modifying reagent 

was added prior the formation of colloids; the modifying reagent was added after the 

formation of colloids in case of the post-precipitate method. The surface loading of the 

molecules on the colloidal surfaces of both co- and post precipitated methods is 

confirmed by XPS. The discussion is focused here on the ionic H-bonding and 

electrostatic repulsive interaction involved between the tip and the surface. The adhesive 

force interactions between the tip and modified-colloidal surface are discussed in detail in 

Chapter 5.  

 

4.2 Methodology 
 

4.2.1 Unmodified FeO(OH) colloids 
 

Ferric chloride solution (50 µl, 41% w/v) was added by micropipette to 1 L of 

distilled water to form a solution of Fe3+ (7.0 ppm, pH=2 to 3). The pH was monitored 

and adjusted to pH 6.0 using 0.5 M NaHCO3 solutions. The solid reddish-brown 

FeO(OH) particles that precipitated from solution were allowed to age for 20 minutes in 

solution with 300 rpm stirring, and then settled for 10 minutes. 

 
 

 



 124 

4.2.2 Unmodified AlO(OH) colloids 
 

Aluminum chloride solution (1.26 x 10-1 M, 1 ml, Aldrich) was added by 

micropipette into distilled water (1 L) to form a solution of Al3+ (7.0 ppm, pH= 3 to 4). 

The pH of the solution was adjusted to pH 6.0 using 0.5 M NaHCO3 with 300 rpm 

stirring. After the white AlO(OH) colloids precipitated from solution, the solution was 

continuously stirred for 20 minutes to age, settled for 10 minutes, and then collected by 

filtration. 

 

4.2.3 The preparation of co-precipitate FeO(OH) or AlO(OH) colloids with organic 
acids 

 

Various trihydroxybenzoic acids (2.205x10-2 M, 1 ml) or tannic acid (2.205x10-2 

M, 1 ml) were added by micropipette into distilled water (1 L). Ferric chloride solution 

(50 µl, 41% w/v) or aluminum chloride solution (1.26x10-1 M, 1 ml) were then added 

into the solution of organic acid (pH=2 to 4) to form a dark-purple blue colored solution. 

The molar ratio of (organic acid): (Fe or Al) was set to 0.175:1. The pH of the solution 

was adjusted to pH 6.0 using 0.5 M NaHCO3 with 300 rpm stirring. After the dark 

purple-blue FeO(OH) or AlO(OH) colloids precipitated, the solution was continuously 

stirred for 20 minutes to age, settled for 10 minutes and then collected by filtration. 

 

4.2.4  The preparation of post-precipitate FeO(OH) or AlO(OH) colloids with 
organic acids 

 
To prepare post-precipitated colloids, trihydroxybenzoic (2.205x10-2 M, 1 ml) or 

tannic acid (2.205x10-2 M, 1 ml) were added to the previously-prepared colloidal 
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particles in 1 L solution. The color of colloids changes to dark-purple after adding in 

organic acids. Then the solution with a molar ratio of (organic acid): (Fe or Al) = 0.175:1 

was continuously stirred for 20 minutes to age, settled for 10 minutes, and collected by 

filtration. 

 

4.2.5  The preparation of co-precipitate FeO(OH) or AlO(OH) colloids with 
phosphate 

 

NaH2PO4 (8.842x10-1 M, 1 ml, Aldrich), was added by micropipette into distilled 

water (1 L), then ferric chloride solution (50 µl, 41%) or aluminum chloride solution 

(1.26x10-1 M, 1 ml) was added (pH=3 to 4). The molar ratio of P:Fe or P:Al was set to 

7:1. The pH of the solution was adjusted to 6.0 using 0.5 M NaHCO3 with 300 rpm 

stirring. After the reddish-brown FeO(OH) colloids or the yellow-white AlO(OH) 

colloids precipitated, the solution was continuously stirred for 20 minutes to age, settled 

for 10 minutes and then collected by filtration. 

 

4.2.6  The preparation of post-precipitate FeO(OH) or AlO(OH) colloids with 
phosphate 

 

To prepare post-precipitated colloids with phosphate, NaH2PO4 (8.842x10-1 M, 1 

ml) was added into the prepared colloidal particles into 1 L solution using the procedure 

described above. Then the solution with a molar ratio of P:Fe or P:Al = 7:1 was 

continuously stirred for 20 minutes to age, settled for 10 minutes, and collected by 

filtration. 
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4.2.7  The deposition of colloidal particles on mica substrate 
 

To prepare the sample of colloidal particles used in the CFM work, the particles 

were evenly deposited on a flat mica substrate. First, mica was placed on a filter paper 

(Whatman 50, Fisher, Particle retention: > 2.7 µm) in the filter. Then, a concentrated 

slurry of colloidal particles, which was prepared by carefully decanting about 3/4 of the 

solution layer above the precipitation layer, was transferred into the filter. After the 

aqueous phase was completely removed, the colloidal particles were collected and left in 

the air to dry for 24 hours. This procedure was repeated several times to obtain an evenly 

deposited colloidal sample. 

 

4.2.8 Surface topography by AFM 
 

AFM images were acquired in the tapping-mode using a Veeco multimode 

instrument equipped with a Nanoscope IIE controller (Digital Instruments, Santa Barbara, 

CA) under ambient conditions. The Si cantilevers, which were terminated with standard 

Si3N4 tips were used. The tip radius is in the range of 5-6 nm and resonance frequencies 

ranging between 200 to 400 kHz. Height and phase shift data were simultaneously 

recorded, as a function of both cantilever oscillation amplitude (Ao) and set point ratio 

rsp=Asp/Ao. 
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4.3 Results and discussion 
 

4.3.1 Characterization of iron and aluminum oxide colloids by XPS 
 

The chemical compositions of colloidal particles present prepared in this study 

were characterized using XPS. Figure 4.1 and 4.2 show XPS spectra of Fe 2p, Al 2p, C 1s 

and O 1s for unmodified iron and aluminum oxide colloids. Also, we observed the 

presence of small quantities of Si 2p at binding energy of 101.0 eV, presumably 

contributed from the mica substrate. A low-resolution survey proved the absence of any 

contaminant present on the colloidal surfaces.  

The Fe 2p spectrum exhibits two species at 710.0 eV and 723.7 eV, consistent 

with the typical spin-orbital splitting of 2p3/2 and 2p1/2. The Al 2p peak was obtained at 

74.3 eV. Furthermore, the biding energy of Fe 2p3/2 and Al 2p3/2 is consistent with the 

value reported by Suzuki et al.129 and Levin et al.130 proving the formation of Fe and Al 

in the +3 oxidation state. The O 1s peak for both iron and aluminum oxide colloids can 

be fitted by one atomic species at 530.5 eV. This peak may be assigned to oxygen bound 

to the Fe atom (Fe-O) in iron oxide colloidal component. In addition, we also expected 

the contribution of CO3
2- anion introduced by NaHCO3, which used to adjust the pH 

value in the colloids preparations. The C 1s peaks at binding energy of 283.6 eV and 

287.3 eV indicate the contribution of CO3
2- and also the presence of residual 

carbonaceous matter introduced from carbon contamination on the colloidal surfaces. 

The atomic ratio of O:Fe/Al is determined to be 3.2:1, which is slightly higher 

than the stoichiometric value of 2:1. The increase of the ratio is again might due to the 

increases of O atom composition arise from CO3
2- anion.  
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Figure 4.1: XP spectra of survey scan (0 eV-1000 eV), Fe 2p, C 1s and O 1s of 
unmodified iron oxide colloids deposited on mica substrate. 
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Figure 4.2: XP spectra of survey scan (0 eV-1000 eV), Al 2p, C 1s and O 1s of 
unmodified aluminum oxide colloids deposited on mica substrate. 

 

We also investigated further the layered structure and the surface loading of 

modifying reagents on the iron and aluminum oxide colloids substrate prepared in this 

study. The summarized peak position, area, atomic ratio of C:Fe and O:Fe and the 

thickness of each colloids are shown in Table 4.1.  

Generally, the XPS Fe 2p3/2 and Fe 2p1/2 peaks are observed at binding energy of 

710.1 eV and 723.7 eV. The intensity of this peak was reduced in the case of co-

precipitated compared to post-precipitated method. Note that in the co-precipitated 

method, the modifying reagents were added to the FeCl3 solution before the formation of 
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colloid particles. Thus, we would expect the adsorptions of these compounds are higher 

and lead to the increases of surface loading on the iron oxide colloids surface. The 

decreases of Fe 2p peak intensities are consistent with the Fe 2p signals being attenuated 

by inelastic scattering within the overlayers as the Fe atoms are located below the surface. 

Indeed, this is consistent with the larger C:Fe or O:Fe atomic ratio in all cases of co-

precipitated organic acids on iron oxide colloids. While the contribution of carbon 

contamination and CO3
2- anions from NaHCO3 was inevitable, these results still 

supported our argument of the surface loading of modifying reagents on the colloidal 

surface. Overall, co-precipitated method show higher degree of additive deposition 

adsorbed on the iron oxide surface compared to post-precipitated method.  

The thickness, t, of the colloids deposited on the mica substrate is also calculated 

using the equation mentioned in Chapter 3: 

t = (−λ cos θ) ln Is
I0

                                                                                                   [4.1] 

 
 with the inelastic scattering mean free path (IMFP) value, λ, for the Fe and Al is 1.12 

and 2.12 nm, respectively.131 Io is the Fe 2p or Al 2p peak area of the unmodified Fe/Al 

oxides, and Is is the peak area of the Fe 2p or Al 2p of modified Fe/Al oxides with 

phosphate, di- and trihydroxybenzoic acids or tannic acid. 

 

The thickness of overlayers formed on the mica support are also consistent with 

the colloid precipitation methods. The thickness of co-precipitated iron oxide colloids 

with trihydroxybenzoic acids were calculated to be approximately ~ 0.75 nm. By contrast, 

the overall overlayers thickness of post-precipitated iron oxide colloids with 
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trihydroxybenzoic acids decreased approximately by a factor of two compared to the co-

precipitated method.  The overlayers thickness of TA deposited on the iron oxide colloids 

surface were significantly higher than trihydroxybenzoic acids. Considering that the 

chemical structure of TA is larger than that of THBAs, the increase of the overlayer 

thickness may indicates that TA was successfully deposited on the iron oxide surface.  
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Table 4.1: Experimental XPS peak positions of Fe 2p, C 1s, O 1s, P 2p and peak area ratios for various iron oxide colloids. 
 

Sample Modification 
method 

Fe 2p C 1s O 1s P 2p C:Fe O:Fe Thickness, nm 

Phosphate 
Co-precipitated 709.6 283.6 530.7 132.2 3.04 8.14 0.66 

Post-precipitated 710.2 284.3 530.6 131.4 0.98 3.93 0.21 

2,4,6-THBA 
Co-precipitated 710.1 283.8 530.5 

N/A 
3.87 5.36 0.77 

Post-precipitated 710.0 284.7 530.1 1.24 4.73 0.26 

3,4,5-THBA 
Co-precipitated 710.4 284.0 530.7 

N/A 
4.02 6.21 0.81 

Post-precipitated 710.2 284.6 530.8 1.89 4.46 0.32 

2,3,4-THBA 
Co-precipitated 710.1 283.8 530.4 

N/A 
3.66 4.79 0.72 

Post-precipitated 710.5 284.4 530.9 1.15 3.57 0.35 

3,5-DHBA 
Co-precipitated 710.3 284.6 530.7 

N/A 
2.75 3.61 0.63 

Post-precipitated 710.0 285.1 530.8 0.62 2.48 0.22 

Tannic acid 
Co-precipitated 709.8 284.1 530.8 

N/A 
15.37 12.23 2.12 

Post-precipitated 710.2 284.6 531.1 10.86 9.47 1.56 
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4.3.2 Topography image of iron oxide colloids  
 

A typical AFM topographical image of iron oxide particles deposited on the mica 

substrate in this study is shown in Figure 4.3. The surface is shown to exhibit a 

continuous amorphous layer. This is consistent with our previous work using x-ray 

diffraction analysis has demonstrated that the particles were completely amorphous.104 It 

also demonstrated that the mica substrate used for the chemical force titration experiment 

is fully coated with the colloidal particles. 

 

 

  

 

 

 

Figure 4.3: AFM image of the iron oxide colloids (2.5 µm x 2.5 µm) deposited on the 
mica substrate. 

 

4.3.3 CFT of unmodified Fe and Al oxide colloids 
 

Figure 4.4 and 4.5 show two sets of force titration curves for o- and m-

hydroxyphenol-terminated AFM tip against bare iron oxide colloids. To ensure 

reproducibility that indicates there were no degradation of functional groups on the tip 

and sample in the pH region examined, we titrated the surface both from low to high and 

high to low pH. In chapter 3, the surface pK1/2 of the o- and m-hydroxyphenol terminated 
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SAM were reported to be at pH 9.0 and 9.5, respectively. Given that the surface pKa of 

both phenols are so similar, we should expect a similar trend in the force titration curve in 

both cases when interacting with unmodified iron oxide. Indeed, a similar maximum 

adhesion force of approximately ~ 15 nN was observed in the high pH region (pH 8 to 

10). A significant shoulder also obtained in the both cases at the lower region, with the 

maximum adhesion force of about 4 nN. However, the main peak is broader in the case of 

the m-hydroxyphenol-terminated tip (Figure 4.5). 

The adhesive interaction between the hydroxyphenol-modified tip and iron oxide 

colloids surface can be explained in terms of H-bonding and electrostatic repulsion 

interactions. As discussed earlier in Chapter 2, the surface of crystalline forms of iron 

oxide such as goethite present at the solid-solution interface has three distinct surface 

hydroxyl groups: type A, B and C, depending on the coordination to the iron atoms. For 

type A, oxygen is bound to a single iron atom, while oxygen is bound to multiple iron 

atoms in the case of type B and C. The B and C sites have pKa value to lying in the range 

of 8.05 to 9.79.47,132 When the pH< pKas, these sites form positively charged surfaces, 

and neutral at pH>pKas. Type A is amphoteric, and may exist as Fe(O)OH2
+, Fe(O)OH or 

Fe(O)O-, depending on the pH. The first pKa of A site is lie in the range of 4.1 to 7.09 

and the second pKa is in the range of 8-10.33,47 

As shown in Figure 4.6, in the range of pH 2-3, iron oxide substrate is protonated 

and formed positively charged surface. As the tip is neutral, ionic H-bonding interactions 

may form between the surfaces. Ionic H-bonding therefore accounts for the adhesion 

forces observed at lower pH. At pH 4 to 7, which is the first surface pKa of the site A of 

iron oxide, the surface undergoes a deprotonation reaction, leaving the A-site uncharged. 
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While the B and C sites are remain positively charged and contribute to ionic H-bonding 

interactions, the adhesive force observed is relatively weaker than previous region, 

presumably as fewer ionic H-bonds are available to form between protonated surfaces.  

As we move further to the higher pH values (> pH 8.5), we reached the surface 

pKa of the o-hydroxyphenol SAMs, at pH 9.0. In this case, the phenol tip is deprotonated. 

The second pKa of A-site and the pKa of B and C sites also occur in this pH region. If the 

tip deprotonates at a pH below the pKa of the substrate, then the tip will be negatively 

charged, while the substrate will be positively charged, leading to a strong electrostatic 

interaction between the two. Alternatively, if the pKa of the substrate is less than that of 

the tip, it will deprotonate at a pH lower than that of the tip, and weaker ionic H-bond 

form between the negatively-charged A-sites of the substrate and neutral tip. The 

relatively large adhesive interactions that are observed suggest that the former is the case 

here, with electrostatic interactions dominating. However, the narrower width of the peak 

in the force titration curve of o-hydroxyphenol suggests that the pKa (9.0) of this species 

is more closely matched to the average pKa of the three sites on the iron oxide colloid. 

The force titration curves of unmodified AlO(OH) colloids using o- and m-

hydroxyphenol-modified tips are shown in Figure 4.8 and 4.9. The crystalline versions of 

aluminum oxide, such as gibbsite have two types of hydroxyl moieties present at the 

solid-water interface: Type A and C, which represent monodentate (AlOH) and bidentate, 

(Al2OH) surface hydroxyls groups. Both A and C sites of the aluminum oxide exhibit a 

similar pKa values as surface hydroxyls of iron oxide. The amphoteric A-site has pKa1,2 at 

4.1 to 7.1 and 8 to 10, while the pKa of B-site is lies in the range 8 to 10. 
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The general trend of the both force titration curves is relatively similar to those of 

the iron oxide colloids, with the strongest adhesive interaction occuring at a pH 9 to 10 

(~7 nN). In these regions, the maximum interaction begins in the pH range at which the 

tip (pKa of 9.0 to 9.5) and A-site hydroxyl groups (pKa2 of 8-10) has partially 

deprotonated and ionic H-bonding take place between the surfaces. A second broad peak 

is observed at the lower regions of pH 3-5 indicates that ionic H-bonds again formed 

between protonated surface (pKa1 of 4 to 7) and uncharged phenols SAM on the tip. 

Above a pH of 11, we expect the adhesive interaction to fall off rapidly as both tip and 

sample are fully deprotonated and a repulsive interaction arises between the negatively 

charged surfaces.  
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Figure 4.4: a) Force titration curve of o-hydroxyphenol-terminated tip against unmodified 
FeO(OH) colloids, b) force distribution histogram at pH 8.5, from low to high pH (blue) 
and high to low pH (red). 
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Figure 4.5: Force titration curve of m-hydroxyphenol-terminated tip against unmodified 
FeO(OH) colloids, b) force distribution histogram at pH 9.5, from low to high pH (blue) 
and high to low pH (red). 
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Figure 4.6: Schematic representation of the proposed interactions of o-hydroxyphenol terminated modified tip versus unmodified 
FeO(OH) colloids substrate at different pH. 
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Figure 4.7: Schematic representation of the proposed interactions of m-hydroxyphenol terminated modified tip versus unmodified 
FeO(OH) colloids substrate at different pH values. 

0 

0.5 

1 

2 3 4 5 6 7 8 9 10 11 12 

Fr
ac

tio
n 

pH 



 141 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Force titration curve of o-hydroxyphenol-terminated tip against unmodified 
AlO(OH) colloids, b) force distribution histogram at pH 10, from low to high pH (blue) 
and high to low pH (red). 
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Figure 4.9: Schematic representation of the proposed interactions of o-hydroxyphenol terminated modified tip versus unmodified 
AlO(OH) colloids substrate at different pH values. 
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Figure 4.10: Force titration curve of m-hydroxyphenol-terminated tip against unmodified 
AlO(OH) colloids, b) force distribution histogram at pH 10, from low to high pH (blue) 
and high to low pH (red). 
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Figure 4.11: Schematic representation of the proposed interactions of m-hydroxyphenol terminated modified tip versus unmodified 
AlO(OH) colloids substrate at different pH values. 
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4.3.4 CFT of hydroxyphenol-terminated AFM tip against iron and aluminum oxide 
colloids modified with phosphate. 

 

Figure 4.12 shows the force titration curves of the o-hydroxyphenol-terminated tip 

against co-precipitated AlO(OH) colloids modified with phosphate. The strongest 

adhesion force is observed in a broad pH range of 5-10 with the maximum force 

magnitude approximately ~ 6 nN. Minimal (< 0.5 nN) adhesion forces were observed at 

all pH values on the AlO(OH) surface post-precipitated with phosphate, while no 

adhesive interactions were observed on the FeO(OH) colloids, regardless of preparation 

method. 

Adsorption of phosphate onto variable charge mineral surfaces is dominated by a 

ligand exchange reaction to form inner-sphere complexes at pH 3 to 7.5.133 Indeed, Arai 

et al.133 interpreted the experimental IR frequencies of phosphate on ferrihydrite at pH 

7.5 as a deprotonated bidentate complex. This conclusion is also supported by quantum 

mechanical calculations by Kwon et al.134 who found a good agreement between 

calculated and experimental frequencies, suggesting phosphate-iron hydroxides can form 

a deprotonated bidentate complex at pH 4-6. In contrast, Zheng et al.52 proposed the 

sorption of phosphate onto γ-alumina is governed by both formation of monodentate and 

bidentate complexes over broad pH regions of 4-9.52 

Based on this argument, we can suggest that the broad peak obtained in this study 

is consistent with both monodentate and bidentate phosphate formed on the surface of 

aluminum hydroxide. If the surface complexation is mainly dominated by bidentate 

phosphates, we would expect to see a narrower adhesion force peak centered at pH 7 as 

discussed earlier in chapter 3 (Figure 3.18: o-hydroxyphenol versus bidentate phosphate 
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SAM). In addition, no adhesive interaction is recorded at high pH value (pH 9) as the 

monoprotic phosphates SAM are fully deprotonated and electrostatic repulsive 

interactions take place at the surface. However, a significant adhesive force is observed in 

the high pH region (Figure 4.12), which therefore suggests the presence of monodentate 

phosphate complexes at the colloidal surface interacting with OH groups on the tip. 

Figure 4.13 summarizes the interaction between o-hydroxyphenol-terminated tip 

against AlO(OH) colloids surface modified with phosphate as a function of pH. The 

broad adhesion force obtained in the region of pH 5 to 10 is consistent with deprotonation 

of OH groups in mono- and diprotic phosphate. As the first pKa of these groups was 

determined in the previous chapter to be at pH 5.0, at this point, we would expect the OH 

groups on the surface to be partially deprotonated and exhibit a negatively charged 

surface. The strong ionic H-bonding interaction that takes place is consistent with the 

increases of adhesion force started at pH 5. At pH 6-8, monoprotic phosphate and the first 

OH groups of diprotic phosphate are completely deionized, leading to stronger adhesive 

interaction formed between O-…HO species at the interface.  

In the region of pH 9-10, we reach the pKa value of o-hydroxyphenol SAM, and 

half of the OH groups on the phenols moiety on the tip are deprotonated. In addition, OH 

groups in diprotic phosphates also undergo the second deprotonation reaction, as the 

second pKa also lies at pH 9.0. Thus, ionic H-bonds may dominate the tip-sample 

interactions. However, the force magnitude obtained in these regions is half that 

compared to pH 5-8 due to the fact that fewer H-bonds can be formed and electrostatic 

repulsive interactions from the two negatively charged surfaces, which contribute to the 

reduction in the measured adhesion. Finally, in the further titration, the adhesion force is 



 147 

falls toward zero as majority of the surface OH groups on the tip and sample are 

deprotonated, leading to a net repulsive force between both surfaces. 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.12: Chemical force titration curves showing the tip-sample adhesive force as a 
function of pH between o-hydroxyphenol-terminated AFM tip with aluminum oxide 
colloids co-precipitated with phosphate. 
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Figure 4.13: Schematic representation of the proposed interactions between o-
hydroxyphenol-terminal modified tip and AlO(OH) colloids modified with phosphate at 
different pH values. 
 

Figure 4.14a and 4.14b show the force titration curves between m-hydroxyphenol-

terminated tip against FeO(OH) colloids co- and post-precipitated with phosphate. In the 

case of the co-precipitated colloid, a broad adhesion force is recorded in the region of pH 

pH 2-4 pH 5-8 

pH 9-10 pH > 11 
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5 to 10, with maximum force magnitude approximately ~ 9 nN. A small shoulder peak is 

observed at low pH region (pH 2 to 4) while the adhesive interaction is fall towards zero 

under extreme basic conditions. In contrast, on the post-precipitated colloid, the strongest 

force interactions is recorded at narrower pH regions (pH 8 to 10), maximizes at ~ 13 nN. 

In addition, the adhesive interaction at low pH regions is twice lower that at high pH 

values. This opposite trend proved the effect of colloid precipitation methods to the 

adsorption of phosphate anions on the colloidal surface. 

In the case of high surface coverage of phosphate, we propose that a mixture of 

two phosphate complexes are present at the iron oxide surface, with one species 

coordinated as a monodentate mononuclear and the second species as bidentate, mono or 

binuclear. Figure 4.15 summarizes the tip-sample interaction as a function of pH. At the 

beginning of the graph, the adhesive interactions is weak as both mono and diprotic 

phosphates are protonated and normal H-bonding dominates the interaction between 

OH…OH species at the tip and sample interface. In the previous chapter, we determined 

the surface pKa of phosphates SAM to be at pH 5.0 and second pKa at pH 9.0. At this 

point, half of the OH groups of phosphate moieties are deprotonated and carry negative 

charged. Thus, in these mixed P-iron complexes systems, the strong adhesion force 

measured at pH 5 is consistent with the formation of ionic H-bonding interactions 

between partially negatively charged sample and protonated OH groups on the tip. 

Beyond pH 5, we would expect the hydroxyl groups on the mono and diprotic phosphates 

are completely deprotonated and contributed to ionic H-bonding interactions. This is 

consistent with the increasing of adhesion forces in the region of pH 6-8. At pH 9-10, at 

the surface pKa of phenols SAM, and the second pKa of monoprotic phosphates, half of 
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the OH groups on the tip and sample undergo deprotonation reaction. As a result, fewer 

OH groups are available at the interface for the interactions with the sample surface, 

leading to the decreases of adhesion force in the region of pH 9-10. At pH 11-12, beyond 

the large maximum in the force titration data, we see a drop-off in the adhesive 

interactions. In this region, the majority of the OH groups on the tip and surface are 

ionized, and electrostatic repulsive interaction takes place between both surfaces. 

 However, the force titration curve for the low phosphate loading is relatively 

similar to the force curve obtained for the m-hydroxyphenol SAMs against diprotic 

SAMs (Figure 3.22, chapter 3). This indicates the adsorption of diprotic phosphate is 

more significant compared to monoprotic phosphate on the iron oxide colloids. Arai et 

al.133 studied the effects of loading level on P adsorption complexes using ATR-IR. They 

concluded that monodentate or bidentate phosphate dominates the adsorption to the iron 

surface by formation of inner-sphere complexes. In addition, outer-sphere surface 

complexes formed at positively charged surface hydroxyl groups through H-bonding 

interaction. Thus, the strongest adhesion force recorded in the region of pH 8 to 10 is 

consistent with formation of ionic H-bonding between O-…HO species as both the tip and 

the surface are partially deprotonated. No force interaction is obtained in the extreme 

basic conditions as both surfaces exhibit negatively charged species, and electrostatic 

repulsive dominates the interaction at the interface. 
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Figure 4.14: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between m-hydroxyphenol-
terminated AFM tip with iron oxide colloids a)co-precipitated and b) post-precipitated with phosphate. 
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Figure 4.15: Schematic representation of the proposed interactions between m-hydroxyphenol-terminal modified tip and FeO(OH) 
colloids modified with a) co-precipitated and b) post-precipitated with phosphate at different pH values 
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4.4 Summary 

 

In this chapter, we explored the adhesive interactions of between o- and m-

hydroxyphenol terminated AFM tips and iron and aluminum oxide colloidal surfaces. In 

the case of unmodified colloids, we can conclude that: 

a. The overall trend of force titration curves obtained between o-hydroxyphenol 

terminated tip with FeO(OH) colloids is consistent with type A sites dominating 

the H-bonding interactions. The contribution of B- and C-sites are relatively 

unimportant as they exhibit positively charged or neutral species over the pH 

range examined, and contribute to the weak H-bonding at the interface. 

b. A broader adhesive interaction was obtained when the iron and aluminum surface 

is titrated with m-hydroxyphenol terminated tip. As the surface pKa of m-

hydroxyphenol SAM is not as closely matched to that of the colloids, a wider 

range of ionic hydrogen bonding interaction can be formed between O-…HO 

species a the interface. 

 
As phosphates have a relatively strong affinity for mineral surfaces and control 

the transportation and bioavailability of many anions, it is important to understand the 

adhesive force interactions that shaped the adsorption mechanisms on colloidal surfaces. 

The chemical force titration studies between hydroxyphenols tip against FeO(OH) and 

AlO(OH) colloids modified with phosphate lead to the following conclusions: 

a. The adhesion forces recorded for the co- and post-precipitated phosphate on iron 

oxide colloids are small. This indicates phosphate anion blocked the reactive 
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surface sites on the colloidal surface and prevents any interactions with the 

phenols tip. 

b. In the case of co-precipitated AlO(OH) colloids modified with phosphate, the 

strongest adhesion force is observed in a broad pH range of 5-10, suggesting the 

adsorption mechanism to the colloids surface is governed by a mixture of both 

monodentate and bidentate phosphate complexes. 

c. The force titration curves between m-hydroxyphenol-terminated tip against 

FeO(OH) colloids modified with phosphate are strongly dependent on the method 

of colloid preparation. Both monodentate and bidentate phosphate binding occurs 

in the case of high surface loading, while the adsorption in the monodentate 

configuration of diprotic phosphate is more significant at low surface loading. 
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Chapter 5 

 

Hydroxyphenol adhesive interactions with iron and aluminum oxide 
colloids modified with organic acids  

 

5.1 Introduction 
 

In the previous chapter, we explored the charge heterogeneity of the hydroxyl 

groups at the mineral-water interface of iron and aluminum oxide colloids, using 

chemical force titration. The variations in adhesion interactions with hydroxyphenol 

species as a function of pH arise primarily from the differences in the different number 

types of hydroxyl moieties present at the colloidal surface. Here, we apply these colloidal 

particles to investigate the effects of NOM adsorption by monitoring adhesion force. 

To elucidate the role of phenolic groups in NOM-mineral interactions, we 

established a systematic study of the sorption of smaller and well-characterized 

molecules containing the functional groups present in humic acids (carboxylic and 

phenolic groups) in differing stereoconfigurations, and over a wide range of pH 

conditions. Three simple organic acids were selected for this study: 3,4,5-

trihydroxybenzoic acid (3,4,5-THBA), 2,3,4- trihydroxybenzoic acid (2,3,4-THBA) and 

2,4,6-trihydroxybenzoic acid (2,4,6-THBA). The structure and various pKa values for 

these species are shown in Table 5.1. The acidity constant (pKa) of these compounds 

exhibit different values as a result of the phenolic functional groups arrangement on the 

benzene ring. These differences are likely to impart different adsorption properties, which 

can be compared to those of natural organic substances.9,135 In addition, tannic acid 
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(Figure 2.15), which contains subunits of trihydroxybenzoic acid, was used to represent a 

more complex system.  

 

Table 5.1: Chemical structure and pKa values of the trihydroxybenzoic acids used in this 
study. The pKa values are taken from Evanko et al.19, Hidber et al.136 and Studart et al.137 

 
Compound Structural Formula pKa 

3,4,5-trihydroxybenzoic acid 
 (gallic acid) 
3,4,5-THBA 

 

 
 
 
 
 
 
 

4.37 

8.94 

11.83 

> 14 

2,3,4-trihydroxybenzoic acid 
2,3,4-THBA 

 
 
 

 

 

3.13 

8.97 

12.68 

> 14 

2,4,6-trihydroxybenzoic acid 
2,4,6-THBA 

 

 

 
 
 
 

 

1.40 

8.80 

12.90 

> 14 

 

A graphical summary of the various iron and aluminum oxide colloid substrates 

used in the force titration experiments is shown in Figure 5.1. The detailed procedures of 

colloid preparation were outlined earlier in Chapter 4. Generally, the colloids were 

synthesized at room temperature by hydrolysis of ferric chloride and aluminum chloride. 

 

Two general types of modification procedure were carried out: post-precipitated colloids, 

in which the modifying reagent was added after the colloids had precipitated and aged for 
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20 minutes, or co-precipitated colloids, in which the modifying reagent was added 

simultaneously with ferric chloride or aluminum chloride to solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: The representative of modification of iron and aluminum colloidal oxides: co-
precipitated and post-precipitated methods. 
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5.2 Results and discussion 
 

5.2.1 CFT of m-hydroxyphenol-terminated tip with iron and aluminum oxide 
colloids modified with 3,4,5-trihydroxybenzoic acid 

 

I will first discuss the results of the adhesive interactions between a m-

hydroxyphenol-terminated AFM tip with Fe and Al oxide colloids modified with 3,4,5-

THBA (gallic acid). The force titration curves are shown in Figure 5.2 and 5.3. A broad 

peak is observed in the pH 6 to 9 region for both co- and post-precipitated AlO(OH), and 

for the co-precipitated FeO(OH) colloid. However, the force titration curve for post-

precipitated FeO(OH) colloid surface exhibits a narrower peak, centered at pH 9. 

As discussed previously in Chapter 3, the m-hydroxyphenol SAM bound to the 

Au surface undergoes higher degree of intermolecular H-bonding interactions within the 

layers compared to o-hydroxyphenol SAM. As a result, fewer OH sites are available for 

the H-bonding interactions when the tip and sample come into contact.138 In addition, the 

orientations of the OH groups of m-hydroxyphenol are sterically less available for 

interaction at the interface. Thus the relatively pH-independent interactions observed in 

this study between m-hydroxyphenol tip against Fe and Al colloids modified with gallic 

acid may be dominated by hydrophobic effects of aromatic ring on the AFM tip. Also, 

the surface roughness of the colloidal particles prepared, which is greater than of the flat 

surface, also influenced the adhesion force measured. This is consistent with a relatively 

lower overall magnitude of adhesion forces (~3 to 9 nN) compared to the previous 

titrations on the flat surface, indicating a heterogeneous and disordered structure of 

colloidal surfaces which leads to the lower tip-sample adhesive interactions. 139,140  
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As the force titration curves of m-hydroxyphenol SAM against the colloidal 

particles give limited information of organic acid-colloidal interactions, we chose to 

discontinue our CFT experiments with the m-hydroxyphenol tip and focused instead on 

the o-hydroxyphenol modified AFM tip. As more OH groups in o-hydroxyphenol 

moieties are available at the interface, we expect a stronger H-bonding interaction takes 

place between COOH or phenolic-OH groups on the colloidal surface with OH groups on 

the tip. 
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Figure 5.2 Chemical force titration curves showing the tip-sample adhesive force as a function of pH between m-hydroxyphenol-
terminated AFM tip with iron oxide colloids (a) co-precipitated and (b) post-precipitated with 3,4,5-THBA. 
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Figure 5.3: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between m-hydroxyphenol-
terminated AFM tip with aluminum oxide colloids (a) co-precipitated and (b) post-precipitated with 3,4,5-THBA. 
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5.2.2 CFT of o-hydroxyphenol-terminated tip with iron and aluminum oxide 
colloids modified with trihydroxybenzoic acid isomers 
 

The chemical force titration curves of o-hydroxyphenol-terminated tip against 

FeO(OH) and AlO(OH) colloids modified with various THBAs are shown in Figures 5.4 

to 5.11. Generally, the curves exhibit a significant peak at either low (pH 3-5) or high 

(pH>9) regions depending on which groups of organic acids (carboxylic or phenol) are 

available to interact with the OH groups on the AFM tip. The general pattern for the 

NOM adsorption onto metal oxide surfaces is consistent with carboxylic groups 

dominating the tip-substrate if a peak is observed at low pH, while phenolic groups 

dominate if a peak is observed at high pH.20,38,70,141 Thus, the peaks observed in this study 

may explain the geometry involved in the complexation reaction at the colloidal surfaces. 

The functional groups that do not bind to the colloids are exposed at the interface and 

govern the H-bonding interactions when the tip is in contact with the colloidal surface. 

Here, first to be discussed is the adhesive interactions between o-hydroxyphenol 

tip with the iron and aluminum(hydr)oxide colloids modified with 2,4,6-THBA. A similar 

trend is observed for FeO(OH) and AlO(OH) colloids. The strongest adhesion forces 

were recorded at the high pH regions (pH 9 to 11), with the force magnitude of about ~ 8 

to 16 nN. In addition, negligible forces were observed in the lower pH region. No 

significant difference was observed between the two methods of colloid preparation. 

It is widely accepted that the ligand exchange reaction between functional groups 

of NOM and surface OH groups is related to their first pKa value.16,57,136,142 The lower the 

pKa value, the more organic acid is bound through COOH groups to the metal surface. 

This is consistent with our finding for the adsorption of 2,4,6-THBA. This compound 
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exhibits the first pKa of 1.40 and is the most acidic compound amongst the THBAs used 

in this study. This is because the position of the phenol functional groups substituted on 

benzene ring influences the acidity of the benzoic acid site. In 2,4,6-THBA, the phenol 

groups lie both ortho and para relative to the benzoate, and this are strongly electron 

withdrawing increasing the acidity of the carboxyl groups, thereby favoring the metal-

carboxylate complexation reaction.143 Chelate formation involving a carboxylate oxygen 

atom and ortho-phenolic-oxygen is also important for the adsorption of the organic acids 

at acidic pH. 19,39 Some studies have concluded that the presence of a second negatively 

charged oxygen adjacent to the carboxylic group favors a bidentate complexation with 

the metal surfaces. For example, salicylic acid is able to bind to the metal ion through O- 

and COO- groups to form bidentate ligand.144  

Figure 5.6 summarizes the adhesive force interaction between o-hydroxyphenol-

terminated tip and FeO(OH) colloidal substrate at varying pH conditions. The interaction 

with AlO(OH) colloids is expected to show a similar behavior as FeO(OH) colloids, and 

is omitted here. At low pH values (pH 2 to 8), we observe a small adhesion force 

interaction between both tip and sample surface. In these regions, both surfaces are 

protonated, and lead to normal H-bonding between OH groups at the interface. The 

adhesion force interaction gradually increases as we move further to the region of pH 9 to 

10. The pKa value of the o-hydroxyphenol SAM was obtained earlier (Chapter 3), and 

determined to be at pH 9.0. At this pH, half of the OH groups on the tip are deprotonated. 

As the free OH groups on the colloid begin to deprotonate at this pH (second pKa of 

8.97), strong ionic H-bonding may form and dominate the interaction between the 

surfaces.  
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Under extreme basic conditions (pH >11), we would expect the tip to be fully 

deprotonated. The surface of FeO(OH) will also exhibit a strong negatively charge as the 

remaining phenolic group of 2,4,6-THBA undergo deprotonation (third pKa of 12.68) at 

high pH conditions. Depending on the type of ligand coordination formed to the Fe 

atoms, either metal-carboxylation or chelate formation, the surface may form ionic H-

bond or electrostatic repulsive interactions at the interface. As shown in Figure 5.6, in the 

case of the COOH groups dominating the interaction with the colloidal oxide, the OH 

group is exposed at the interface and available for the ionic H-bonding with the 

negatively charged tip. By contrast, if the molecule is bound to the colloid surface 

through chelate formation, electrostatic repulsive interaction is appear to be relatively 

important in dominating the interaction at the interface, and responsible for the drop of 

adhesive interaction at high pH regions.  
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Figure 5.4: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between o-hydroxyphenol-
terminated AFM tip with iron oxide colloids (a) co-precipitated and (b) post-precipitated with 2,4,6-THBA. 
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Figure 5.5: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between o-hydroxyphenol-
terminated AFM tip with aluminum oxide colloids (a) co-precipitated and (b) post-precipitated with 2,4,6-THBA. 
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Figure 5.6: Schematic representation of the proposed interactions between o-hydroxyphenol-terminal modified tip and FeO(OH) 
colloids modified with 2,4,6-THBA at different pH conditions. 
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Figure 5.7 shows the force titration curves of o-hydroxyphenol tip against 

FeO(OH) colloids reacted with 3,4,5-THBA (gallic acid, GA). The maximum adhesion 

force is observed at low pH values (pH 3 to 7), with the adhesion magnitude of about ~ 9-

14 nN. In addition, we also observed a similar trend of force titration curves for co- and 

post-precipitated colloid with GA. On the other hand, the force titration profiles for 

AlO(OH) colloids modified with GA (Figure 5.8) shows the strongest adhesive 

interactions in both cases of co- and post-precipitated colloids to be present at higher pH 

regions (pH 7 to 10), maximizing at ~ 14 nN. There is also a significant shoulder appears 

at pH 3 to 6 in the post-precipitated case (Figure 5.8b). 

3,4,5-THBA exhibits two important features that control the complexation of 

organic acids to the metal oxide surfaces. The first is the presence of COOH functional 

groups that are not adjacent to phenolic OH groups on the benzene ring. In this case, 

several studies135,144-146 concluded that the ligand exchange reaction between organic acid 

and metal oxide surface is more favorable through COOH groups under low pH 

conditions. The carboxylate group of 3,4,5-THBAs exhibit a pKa value of 4.37. While not 

as acidic as in 2,4,6-THBA, it is still accessible for the ligand exchange with the surface 

OH groups at the metal interface. Furthermore, the absence of OH groups in the ortho 

position of the benzene ring is expected to enhance the adsorption of gallic acid through 

COOH groups as the steric configuration prevents the occurrence of unfavorable 

electrostatic repulsion between the carboxylate ion and the colloidal surface.137 

The second important feature of 3,4,5-THBA for the complexation reaction is the 

presence of two phenolic groups adjacent to each other at the benzene ring. Pommerenk 

et al., 2005142 McBride et al.147 and Guan et al.39 reported the involvement of the two 
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phenolic groups, ortho to one another increased the complexation with increasing pH. Gu 

et al.148 compared the adsorption of catechol and resorcinol to the goethite surface. He 

found that the adsorption of catechol on iron oxide increased as pH increased, whereas 

the adsorption of resorcinol was insignificant over the wide pH range of 2 to 12. In fact, 

the maximum adsorption of catechol occurred at pH 9.5, which is equivalent to the pKa of 

catechol (pKa=9.34). Therefore, the complexation of 3,4,5-THBA to the oxide surface 

might occur through two different modes: carboxylate-metal complexation 

(COOH…Fe/Al) or a bidentate phenol complex (OH/OH…Fe/Al). 

The force titration curves show that for the FeO(OH) colloids modified with 

3,4,5-THBA, the complexation reaction is controlled by the two phenolic oxygen atoms, 

which bind to the OH groups at the colloidal surface, leaving the carboxylate groups 

exposed at the interface to form a H-bonding interaction with the AFM-modified tip. As 

shown in the proposed schematic diagram of phenols tip-FeO(OH) colloids sample 

interactions (Figure 5.9a), at pH 2-3, both surfaces are uncharged, and weak H-bonds 

may dominate the interactions when the tip is brought into contact with colloidal sample. 

When we move further to the higher pH values (pH 4-7), we reach the pKa value of 

COOH groups, which as noted in Table 5.1 is at 4.37. In this case, we would expect the 

COOH groups on the colloidal surface to be dissociated and form a negatively charged 

surface. As the OH groups on the hydroxyphenol moieties are remain uncharged in these 

regions, strong ionic H-bonding interactions may dominate the interaction between COO-

…HO species at the interface.  

We also observed that the force titration profile of FeO(OH) colloids prepared by 

post-precipitate method shows a broader peak in the region of pH 4-7. Note that in the 
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post-precipitate method, organic acids were added to the solution after the formation of 

the colloidal particle, and proved by XPS to have lower surface loading compared to co-

precipitate method.51 Thus, we might expect in the region of pH 4-7, some of the Fe-

OH2
+ species are remain exposed at the surface and contribute to the ionic H-bonding 

interactions. At pH values beyond 9.0, the pKa of the phenol tip, electrostatic repulsion 

(O-…O-) between the deprotonated tip and sample leads to a fall off in adhesive 

interactions. 

 Fe and Al are expected to coordinate to the organic acids at the colloidal surfaces 

by similar mechanism as the chemistry of complexation by these two metals in solution is 

very similar.33,147,149 However, here we observed an opposite trend of force titration 

curves for AlO(OH) compared to the FeO(OH) colloids. This suggests that a different 

adsorption mode governs the complexation reaction with the Al oxide colloids. In fact, 

the strongest adhesion force recorded at higher pH values (pH 7-10) indicates that the 

COOH groups dominate the ligand exchange reaction with the surface OH groups, 

exposing phenolic OH groups at the interface. These are then available to form H-

bonding interactions with the hydroxyphenol moiety on the tip. We again observed a 

significant shoulder at low pH region for the post-precipitation Al oxide colloids, which 

can be explained by the formation ionic H-bonds between unreacted Al colloids or by the 

mixture of COOH functional groups exposed on the colloids surface. 

 A summary of proposed schematic representation of adhesive force interaction 

between o-hydroxyphenol terminated tip and AlO(OH) colloids reacted with 3,4,5-THBA 

is shown in Figure 5.9b. Again, the chemical force titration curves can be interpreted in 

term of H-bonding interactions. The strongest adhesion force observed in the region of 
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pH 7 to 10 is consistent with the formation ionic H-bonding interactions between both 

surfaces. o-Hydroxyphenol SAM with the surface pKa of 9.0, appears to be partially 

deprotonated in this region. In addition, OH groups of gallic acid have the first pKa at 

8.94, and also exhibit partially negatively charged on the colloidal surface. Strong ionic 

H-bonds may formed between PhOH-O-…HO-(OH)2Ph, consistent with the strongest 

adhesion force observed centered at pH 9.0. Beyond this point, at the high pH range, we 

observed a rapid fall-off in adhesive force interactions, as both the tip and substrate are 

deprotonated and electrostatic repulsive interactions is taking place between both 

negatively charged surfaces. Under acidic pH conditions, both surfaces remain 

uncharged, and normal H-bonding dominates the interactions between OH…OH species 

at the interface. 
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Figure 5.7: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between o-hydroxyphenol-
terminated AFM tip with iron oxide colloids (a) co-precipitated and (b) post-precipitated with 3,4,5-THBA. 
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Figure 5.8: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between o-hydroxyphenol-
terminated AFM tip with aluminum oxide colloids (a) co-precipitated and (b) post-precipitated with 3,4,5-THBA. 
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Figure 5.9: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between o-hydroxyphenol-
terminated AFM tip with a) iron oxide and b) aluminum oxide colloids. 
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The force titration curves of o-hydroxyphenol tip against FeO(OH) colloids 

modified with 2,3,4-THBA are shown in Figure 5.10. Changes in the trend of curve 

profiles where in this case, associated with the colloidal precipitation method. In the case 

of the co-precipitated species, the strongest adhesion force is recorded in the region of pH 

2 to 5, with the maximum magnitude approximately 9 nN. A small shoulder is obtained 

in the pH range of 7-10, while adhesive interaction at high pH is negligible. On the other 

hand, for the post-precipitated method, the strongest adhesion force of 12 nN is obtained 

under basic conditions (pH 7-10). The adhesion force fall towards zero in the region of 

pH 11-12 and pH 2-6. In the case of the AlO(OH) colloids, the preparation method does 

not significantly effect the force titration profiles. We obtained a similar trend of force 

titration curves, for both co- and post-precipitated method, with the strongest adhesion 

force is obtained at pH 10-11, maximizing at ~16 nN. 

2,3,4-THBA exhibits a combination feature of the previously discovered organic 

acids 3,4,5-THBA and 2,4,6-THBA: COOH groups lie ortho to OH, and the OH groups 

lie ortho to one another. As discussed earlier, aromatic carboxylic groups generally 

dominate the adsorption mechanism on the metal hydroxide surfaces. However, the 

involvement of ortho-phenolic groups respective to the COOH group makes the 

interaction between COOH and metal surfaces stronger. The presence of phenolic-OH 

groups increased the electron density of the carboxylic groups and strengthens the 

dissociation of carboxylic group (pKa of 3.31 in Table 5.1). As a result, the interactions 

between carboxylate and metal surfaces are enhanced under these conditions. Also, ortho 

phenolic group allows the formation of a chelate complex by coordination of both groups 

to the surface Fe or Al atoms. Such a chelate complex including both functional groups is 
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not possible in the case of 3,4,5-THBA as its complexation behavior is mainly governed 

by either the carboxyl groups alone or two phenolic groups. 

Carboxylic groups appear to govern the ligand adsorption of 2,3,4-THBA to the 

AlO(OH) surface. The proposed schematic representation of adhesive interaction 

between o-hydroxyphenol modified tip and colloidal surfaces is shown in Figure 5.13. 

The strongest adhesion force is observed in the range of pKa value of both o-

hydroxyphenol SAM on the tip and 2,3,4-THBA on the colloidal surface (pKa ~ 9.0). At 

this point, the tip is partially deprotonated while the colloidal surface is undergoes their 

first deprotonation step. Thus, under this condition, half of the hydroxyl groups on tip and 

sample are negatively charged, leading to the strong ionic H-bonding interactions at the 

interface, consistent with the maximum adhesion force obtained in this region.  

In the case of post-precipitated AlO(OH) colloids, a shoulder with the force 

magnitude of 3-5 nN is obtained at lower pH values. This suggests the presence of 

unreacted Al-OH2
+ at the surface, resulting from poor organic loading on the aluminum 

oxide colloids surface, and accessible at the interface for the ionic H-bonding interactions 

with protonated OH groups on the tip. However, that this peak is not observed for the co-

precipitated method, indicates weak H-bonding interactions take place between both 

uncharged tip and sample, consistent with a small adhesion force obtained in Figure 

5.11a. The adhesion force decreased rapidly at pH 11 to 12 indicates the electrostatic 

repulsive interaction takes place at the two negatively charged surfaces. However, in the 

case of co-precipitated AlO(OH) colloids, we observed a relatively strong adhesive 

interactions between the tip and sample at extreme basic conditions. As the OH groups of 

2,3,4-THBA exhibits the pKa values at pH > 13, in the region of pH 11 to 12, we would 
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expect the OH groups are remain uncharged and contribute to the ionic H-bonding 

interactions with negatively charged tip. The drop of adhesive force interaction is more 

significant in the case of low organic acid loading as more unreacted Al-OH groups 

exposed at the surface. At pH 11 to 12, these unreacted Al-OH groups are fully 

deprotonated and formed negatively charges species. Thus, the formation of ionic H-

bonding between OH groups phenols tip and organic acid on the substrate are prevented 

and overcome by electrostatic repulsive between O-…O-Al species.  

In the case of co-precipitated FeO(OH) colloids, the phenolic groups appear to 

control the complexation reaction, leaving carboxylic groups to dominate ionic H-

bonding interactions with the tip. Carboxylic groups with the pKa value of 3.13 become 

deprotonated and exhibit a negatively charged surface. As the pKa value of the phenols 

tip lies at pH 9.0, thus, the OH groups are remains neutral under acidic conditions. As a 

result, ionic H-bonding interactions dominate the interaction between both surfaces. 

When we move further to the pH 7 to 10, we observed a small shoulder peak with the 

force magnitude of about 2 nN. The decreases of force interaction observed in this pH 

range are due to the reduction in the number of neutral OH groups available on the 

phenols SAM as the pKa value (9.0) is reached. As a result, formation of ionic H-bonds is 

reduced, consistent with the lower adhesion force observed in this region. As the pH 

increased further  (pH > 11), majority of the OH groups of hydroxyphenol-terminated 

SAM and COOH groups on colloidal surface are ionized, leading to a net repulsive force 

between the tip and sample, and the adhesion falls toward zero. 
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Figure 5.10: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between o-hydroxyphenol-
terminated AFM tip with iron oxide colloids (a) co-precipitated and (b) post-precipitated with 2,3,4-THBA. 
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Figure 5.11: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between o-hydroxyphenol-
terminated AFM tip with aluminum oxide colloids (a) co-precipitated and (b) post-precipitated with 2,3,4-THBA. 
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Figure 5.12: Schematic representation of the proposed interactions of o-hydroxyphenol-terminated modified tip versus a) co-
precipitated and b) post-precipitated FeO(OH) colloids modified with 2,3,4-THBA substrate at different pH conditions. 
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Figure 5.13: Schematic representation of the proposed interactions of o-hydroxyphenol-terminated modified tip versus AlO(OH) 
colloids modified with 2,3,4-THBA substrate at different pH conditions. 
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To confirm our understanding of the role of phenolic functional groups to the 

NOM adsorption on metal oxide surfaces, we studied the adsorption behavior between a 

FeO(OH) colloidal system modified with 3,5-dihydroxybenzoic acid (3,5-DHBA). 3,5-

DHBA represents a simpler organic acid model that exhibits fewer of the features present 

in the THBAs discussed previously. It carries one COOH group and two OH groups on 

the benzene ring, but none of hydroxyl groups are adjacent to each other and neither of 

them is ortho to the carboxylic group. The chemical structure and pKa values of 3,5-

DHBA are shown in Figure 5.14. Note that the pKa value of the COOH group is shifted 

to the higher pH value compared to DHBA isomers in which the OH lies ortho the 

COOH. Resonance effects result in these electron-withdrawing substituents attracting 

fewer electrons, and weaken the acidity of carboxylic group and make the dissociation of 

COOH group more difficult. 

 

 

 

 

Figure 5.14: The chemical structure and pKa values of 3,5-DHBA. These pKa values were 
taken from Guan et al.39 

 

The chemical force titration curves between o-hydroxyphenol terminated AFM tip 

against FeO(OH) colloids modified with 3,5-DHBA is shown in Figure 5.15. Generally, 

both curves show a similar trend: the strongest adhesion force is observed in the high pH 

region (pH 8 -10) with the force magnitude approximately of 15 nN. In the case of co-
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precipitated method, the adhesive force interactions at pH 2 to 7 are negligible. However, 

a broad shoulder peak is obtained in these pH regions for the post-precipitated method 

indicates strong H-bonding interactions take place between the phenols tip and colloidal 

substrate. In addition, the adhesive force interaction fall towards zero at pH 11 to 12 in 

both force titration curves. 

Arnaud and Georges (2000)145 stated that when phenolic groups are not close to 

carboxylic groups, the second dissociation of OH functional group is expected to have no 

effects on the complexation. Therefore, complexation reaction to the metal surfaces is 

expected to govern mainly through COOH groups. Evanko and Dzombak (1998)19 

compared the sorption behavior of NOM and concluded that organic acids having 

carboxylic or phenolic groups in ortho position are more reactive and able to form chelate 

complexes, while the molecules with single groups, meta or para substitutions are 

relatively weak and tend to adsorbed through COOH groups. This is consistent with our 

finding which the adsorption of 3,4-DHBA on the FeO(OH) surface is dominated by 

COOH groups, leaving the OH groups exposed at the interface and available for the H-

bonding interactions with the phenolic groups on the tip. 

Figure 5.16a shown the schematic representation of proposed interactions 

between o-hydroxyphenol terminated tip and colloidal sample prepared by the co-

precipitated method. At low pH values (pH 2-7), both tip and sample are protonated, and 

weak H-bonding interactions take place between both surfaces, consistent with the 

negligible adhesion force recorded in these regions. The strongest adhesion force is 

observed exactly in the region of surface pKa of OH groups on the tip (pKa = 9.0) and the 

first pKa of OH groups of 3,5-DHBA on the colloidal surface (pKa = 9.90). At this point, 
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both tip and sample are partially deprotonated and allows ionic H-bond dominating the 

interactions at the interface. As we move further to the pH 11 to 12, the force interactions 

decreased rapidly as both tip and sample begin deprotonate further, and electrostatic 

repulsive interactions is increased as the surface becomes negatively charged. 

The force titration curve for the post-precipitated FeO(OH) colloids with 3,5-

DHBA (Figure 5.15b) shows a significantly broad peak in the range of pH 2 to 7, 

maximizes at 6 nN. This peak indicates the lower surface loading of organic acids and 

unreacted Fe-OH2
+ remains present at the surface and contributes to the H-bonding 

interactions with the OH groups of phenols SAM on the tip. Note that we also observed a 

relatively similar force titration curve trend in the case of 3,4,5-THBA modified 

FeO(OH) colloids (Figure 5.8b). As the adsorption of organic acids to the metal surface is 

correlated to their pKa,1 values, adsorption of both 3,4-DHBA and 3,4,5-THBA should be 

comparable as they exhibit relatively similar pKa,1 values (4.08 and 4.37). These organic 

acids exhibit the same feature, which is the absence of ortho phenolic groups that 

influence the acidity of COOH groups in the benzene ring. As the pKa value of COOH 

group increases, the affinity of COOH groups to the metal oxide is decreased. As a result, 

fewer organic acids are adsorbed to the metal oxide surfaces, consistent with our finding 

where the adhesive interaction at acidic region is presumably controlled by protonated 

Fe-OH2
+ ion exposed at the surface. 
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Figure 5.15: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between o-hydroxyphenol-
terminated AFM tip with iron oxide colloids (a) co-precipitated and (b) post-precipitated with 3,5-DHBA. 
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Figure 5.16: Schematic representation of the proposed interactions of o-hydroxyphenol-terminated modified tip versus FeO(OH) 
colloids modified with 3,5-DHBA at different pH conditions. 
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5.2.3 CFT of hydroxyphenol-terminated tip with iron and aluminum oxide colloids 
modified with tannic acid 

 

Figure 5.17 and Figure 5.18 show the force titration profiles of o-hydroxyphenol 

terminated tip against iron and aluminum oxide colloids modified with tannic acid. 

Tannic acid consists of a series of five digalloyl units attached to a glucose ring via ester 

linkages, representing a more complex organic acid structure in our CFT study.60 Tannic 

acid also carries functional groups similar to the simpler organic acids discussed 

previously, with phenolic and carboxylic groups expected to dominate the interactions 

with colloidal surfaces. 

Several studies concluded that the adsorption behavior of organic acids are 

strongly depends on their molecular weight. Generally, the higher molecular weight and 

higher aromatic fractions of NOM, the higher the adsorption affinities for mineral 

surface.7,142 This might occur due to the greater number of COOH and phenolic groups 

that can form bond with the oxide surface in the ligand exchange reaction. In addition, 

several studies also suggest that the higher aromaticity degree of organic acids, 

hydrophobic effects could significantly contribute to the interactions with mineral 

surfaces. As TA is considered a relatively large molecule, the adhesive force interaction 

between phenols SAM on the tip with COOH or OH functional groups on colloidal 

particle at the interface is more complicated as it involved the combination of H-bonding 

and hydrophobic interactions. 

The force titration profiles for the o-hydroxyphenol terminated tip against post-

precipitate-TA modified FeO(OH) (Figure 5.17) are consistent with the adsorption being 

governed by the mixture of COOH and phenolic functional groups. A broad peak 

observed at low pH values suggests the formation of ionic H-bonding interactions 
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between partially deprotonated COOH groups on the surface with protonated OH groups 

of hydroxyphenol layer. In addition, the second peak recorded in the region of pH 8 to 10 

is consistent with the interaction between partially negative charged OH groups on the tip 

and the surface, leading to a strong ionic H-bonding. However, the adhesive force 

interaction between phenols and post-pecipitated AlO(OH) colloids take place in a 

narrower pH window. We obtained a single peak with a magnitude of 4 nN in the pH 2 to 

6 region, demonstrating the formation of ionic H-bonding interactions between COO-

…HO species. Under this condition, the tip remains uncharged and the colloidal surface 

exhibits negative charge as dissociation of COOH groups lie at pH 4.31. However, we do 

not observe any adhesive interaction in the case of co-precipitated methods for both 

colloidal surfaces. As the surface loading of TA in co-precipitated method is much higher 

compared to post-precipitated method, we would expect more TA species are adsorbed 

on the colloidal surface. The degree of aromaticity is expected to increase, and 

hydrophobic effects may takes place at the interface and overcome any adhesive force 

interaction between both surfaces. Note that in the second trial from high to low pH, the 

adhesion force gradually decreased and almost no interaction was observed at low pH 

values. Changes at the colloid surface at high pH have been observed by acquiring XP 

spectra of colloid surface exposed to pH 12 solutions for 24 hours. XP spectra (inset in 

Figure 5.17) show that the C 1s peak for C=O has decreased and demonstrates that an 

exposure to high pH solution degrades any benzoate groups on the colloid surface. As 

these benzoate groups, with a pKa of about 4.3, presumably should dominate H-bonding 

interactions at low pH, their degradation on the colloid surface is consistent with the loss 

of adhesive interaction upon exposure to high pH solutions.  
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 The adhesive force interaction using m-hydroxyphenol terminated tips is more 

difficult to interpret. Broad peaks observed for the all pH range examined in both Fe and 

Al oxide colloidal surfaces (Figure 5.19 and 5.20) might contribute from hydrophobic 

interactions obtained from both surfaces. Overall, no single force titration profiles of TA 

mimicked the adsorption of simple organic acid to Fe or Al surfaces well. Thus, we 

concluded that this observation is certainly indicative of the complex nature of TA 

containing numerous organic compounds with widely functional groups and acid-base 

properties. 
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Figure 5.17: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between o-hydroxyphenol-
terminated AFM tip with post-precipitated iron oxide colloids with tannic acid. Inset is XP spectra of C 1s peaks for blank and after 
24 hours exposure to pH 12 solution. 
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Figure 5.18: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between o-hydroxyphenol-
terminated AFM tip with post-precipitated aluminum oxide colloids with tannic acid. 
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Figure 5.19: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between m-hydroxyphenol-
terminated AFM tip with post-precipitated iron oxide colloids with tannic acid. 
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Figure 5.20a: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between m-hydroxyphenol-
terminated AFM tip with co-precipitated aluminum oxide colloids with tannic acid. 
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Figure 5.20b: Chemical force titration curves showing the tip-sample adhesive force as a function of pH between m-hydroxyphenol-
terminated AFM tip with aluminum oxide colloids post-precipitated with tannic acid. 
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5.3 Summary 
 

Modification of the iron and aluminum oxide surfaces with simple organic acids has 

provided valuable insights of the mineral-NOM interactions in realistic aquatic systems. 

As the carboxylic and phenolic functional groups in NOM molecules are considered to 

dominate NOM adsorption behavior, our study attempted to explore the type of ligands 

involved in surface complexation between NOM and metal oxide surfaces. In addition, 

we also explored the effect of phenolic groups configuration on the aromatic ring to the 

ligand exchange reaction. Three trihydroxybenzoic acids and one dihydroxybenzoic acid 

with different functional groups features were used as modifying reagents adsorbed on 

the surface of iron and aluminum oxide colloids and the CFT studies show a variety of 

force titration trends obtained for different compounds. The results can be summarized as 

follows: 

a. The chemical force titration profiles for a m-hydroxyphenol terminated AFM tip 

against FeO(OH) colloids are controlled by hydrophobic interactions between 

both surfaces. Compared to an o-hydroxyphenol terminated AFM tip, m-

hydroxyphenol is a poor probe for exploring H-bonding affects in these systems. 

b. The force titration profiles of 2,4,6-THBA modified Fe and Al oxide surfaces 

show similar trends, with COOH groups governing the interaction with the metal 

surfaces, leaving OH groups exposed at the interface to form ionic H-bonds with 

the o-hydroxyphenol tip at high pH. Chelate formation involving the carboxylate 

oxygen atom and the ortho-phenolic-oxygen was also important for the adsorption 

of 2,4,6-THBAs on Fe and Al oxide colloids. 
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c. Modification of the Fe an Al oxide surfaces with 3,4,5-THBA (gallic acid) 

demonstrates an opposite trend of force titration curves. In the case of Fe oxide 

colloids, the chelate formation through two phenolic groups is more favorable 

compared to the complexation of COOH groups. The absence of OH groups 

adjacent to the COOH groups resulted in decreasing of acidity strength, and 

affinity of COOH groups to the metal surfaces decreased. For the Al oxide 

colloids, the ligand-exchange mechanism is controlled by COOH groups, 

consistent with the strongest adhesion force recorded at pH 7-10 as OH groups are 

exposed at the interface. 

d. The adsorptions of 2,3,4-THBA to the Fe and Al colloidal surfaces are more 

consistent with the carboxylic groups governing the ligand exchange reaction. 

The phenolic groups control the complexation reaction in co-precipitated 

FeO(OH) colloids, leaving carboxylic groups to dominate ionic H-bonding 

interactions with the tip. 2,3,4- THBA carries both types of ligands features: the 

presence of COOH groups adjacent to the OH groups, and there are also three 

phenolic groups ortho to one another on the benzene ring. 

e. The adsorption of 3,5-DHBA on the FeO(OH) surface is dominated by COOH 

groups, and leave the OH groups exposed at the interface and available for the H-

bonding interactions with the phenolic groups on the tip, consistent with the 

strongest adhesion force observed in the high pH region. 

f. The adhesive force interaction between a phenol SAM on the tip with COOH or 

OH functional groups on TA-modified colloidal particle at the interface is more 



 197 

complicated as it involved the combination of H-bonding and hydrophobic 

interactions. 
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Chapter 6 

 

Conclusion and Future Directions 
 

6.1 Conclusion 
 

In this thesis, I have explored the role of phenolic functional groups in the 

interaction of natural organic matter (NOM) with metal hydroxide surfaces, particularly 

iron and aluminum oxide colloids. The chemical force spectrometry technique has been 

used successfully to monitor adhesive interaction at the solid-liquid interface and to 

describe the mechanism of NOM and phosphate adsorption onto mineral surfaces. The 

discussion of force titration profiles from the experiments is focused on the formation of 

hydrogen bonding or electrostatic repulsive interactions between two surfaces. The CFT 

studies in this thesis can be divided into three different parts based on different sample 

surfaces. 

 In Chapter 3, we focused our CFT study to determine the interaction between 

phenolic groups with phosphate using self-assembled monolayers (SAMs). 4-(12- 

mercaptododecyl) benzene-1,2-diol (o-hydroxyphenol), 5-(12-mercaptododecyl)benzene-

1,3-diol (m-hydroxyphenol), bis(11-thioundecyl) hydrogen phosphate (monoprotic 

phosphate), and 11-thioundecyl dihydrogen phosphate (diprotic phosphate) were 

prepared on a Au(111) surface. The chemical compositions of monolayer obtained on the 

surface were determined by X-ray photoelectron spectroscopy (XPS), and water contact 

angle measurements were conducted to determine the wetting properties for each 

monolayer. The ATR-IR studies successfully described the orientation of monolayer on 
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the Au (111) surface. The data suggested that the phosphate SAMs form well-ordered 

layers on the surfaces, and undergo a high degree of intermolecular H-bonding. The 

phenol SAMs, by contrast, form disordered, less densely-packed layers; however, the m-

hydroxyphenol SAM demonstrates evidence for intermolecular H-bonding, presumably 

due to the relative orientation of the OH groups, which face one another. CFT 

experiments of all four species against one another were conducted to determine the 

surface pKa of each SAM. The surface pKa values of o- and m-hydroxyphenol SAM were 

determined to be at pH 9.0 and 9.5, and similar to that of the solution phase species. This 

is consistent with the lower degree of packing and higher solvation of phenols SAM. The 

surface pKa of monoprotic phosphate was determined to be at pH 9.0, while diprotic 

phosphate exhibits two surface pKa values at pH 5.0 and 9.0.  

Chemical force titration curves between mixed layers (o- or m-hydroxyphenol 

terminated tip with monoprotic phosphate terminated surface) both appear as a broad 

peak centered at pH 7. The intensity of this peak in case of o-hydroxyphenol is almost 

two times higher than that of m-hydroxyphenol, suggesting the location of the OH groups 

play the key role in the hydroxyphenol-phosphate interactions. Force titration curves of 

o- and m-hydroxyphenol terminated tip against diprotic phosphate terminated surface 

show two peaks at pH 5-6 and 9-10, with the opposite trend for both tip, respectively. 

The strongest adhesion force is recorded at pH 5 for the o-hydroxyphenol terminated 

SAM, while for the m-hydroxyphenol SAM, the adhesive interactions were more 

significant at pH 10. This is again support the importance of intermolecular H-bonding 

and steric factor of the SAM that influence the availability of phenolic groups to interact 

with phosphates at the interface. 
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In Chapter 4, we explored the role of reactive hydroxyl groups on metal oxide 

surfaces by monitoring adhesive interactions between o- and m-hydroxyphenol 

terminated AFM tip against iron and aluminum(hydr)oxide colloids surfaces. The force 

titration curves of o- and m-hydroxyphenol with both types of colloids show a similar 

trend with the adhesion forces largest at high pH (8 to 10), consistent with the type A 

amphoteric site dominating the ionic H-bonding interactions. The adhesive interaction 

between m-hydroxyphenol terminated tip and colloidal surface takes place in a wider pH 

range as the pKa of m-hydroxyphenol was shifted to the higher pH value (9.5), compared 

to o-hydroxyphenol SAM (pH 9.0).  

The adhesive interaction between the phenol terminated tips and phosphate-

modified colloidal surfaces proved that a mixture of two phosphate complexes, which are 

monodentate and bidentate species, existed at both colloidal surfaces. The force titration 

curves exhibit a broad adhesive interaction in the region of pH 5 to 10. As the surface 

pKa of phenols and phosphates also lie in this pH range, strong ionic H-bonding 

dominated the interaction between both surfaces. However, in the case of co-precipitated 

iron oxide colloids with phosphate, the adsorption of monoprotic phosphate species is 

more significant compared to diprotic phosphate species. A narrower peak was observed 

in the region of pH 8 to 10, consistent with formation of ionic H-bonding between O-

…HO species, as both the tip and the surface are partially deprotonated. The drop-off in 

adhesive interaction at low pH region is related to the formation of weak H-bonds 

between protonated tip and sample. 

In chapter 5, we focused our CFT experiments on colloidal systems modified with 

simple trihydroxybenzoic acids. Each organic acid consists of different functional group 



 201 

characteristics that govern the adsorption mechanisms at the colloidal surfaces. In the 

case of m-hydroxyphenol terminated tip, we observed a broad peak along the pH 2 to 12 

with lower force magnitude. This reflects the influence of the orientation of OH groups of 

m-hydroxyphenol SAM, which is sterically less available for the interactions at the 

interface. The force titration profiles of o-hydroxyphenol terminated tip against 

trihydroxybenzoic acids give much clearer information regarding the involvement of 

ligands in the complexation reaction at the colloidal surfaces. Generally, we can conclude 

that the adsorption of organic acids are dominated by COOH groups. However, the 

presence of OH groups, ortho to one another or ortho to the COOH group in the benzene 

ring enhanced the COOH-metal complexation reaction and chelate formation. In the case 

of 2,4,6-THBA modified iron and aluminum oxide colloids, we observed a similar trend 

of force titration curves with COOH groups dominating the adsorption with colloidal 

surface and leave OH groups exposed at the interface to form ionic H-bonding interaction 

with the OH groups on the tip.  

We also observed a similar force titration curve for aluminum oxide colloids 

precipitated with 3,4,5-THBA, proving that the complexation reaction was favored by 

COOH functional groups. However, the force titration curves for iron oxide colloids 

precipitated with the same organic acid show an opposite behavior. The strongest 

adhesion force was recorded at lower pH region (pH 3-7), demonstrating that phenolic 

groups dominated the complexation of 3,4,5-THBA with iron oxide surface. As COOH 

groups were exposed at the colloidal surface and negatively charged, ionic H-bonding 

interaction took place between COO-…HO species on tip and sample. This different 

adsorption ability was strongly influenced by the position of hydroxyl groups on the 



 202 

aromatic ring. We concluded that the absence of OH group ortho to the COOH group did 

not give any significant effect to the COOH-metal complexation, however, the 

involvement of two phenolic group adjacent to one another enhanced the chelate 

formation at high pH values, consistent with varieties of trend for force titration profiles 

obtained in this experiments. 

2,3,4-THBA exhibits a combination feature of 2,4,6-THBA and 3,4,5-THBA: 

with the presence of OH group ortho to COOH group and at least 2 OH groups are 

adjacent to one another on the aromatic ring. The force titration curves obtained using 

2,3,4-THBA show a variety of functional groups governed the ligand exchange reaction 

with colloidal surfaces. The force titration curves for aluminum oxide colloids followed a 

typical trend of organic acid adsorption with COOH groups governed the interaction with 

surface hydroxyl groups. In contrast, different concentrations of 2,3,4-THBAs on the iron 

oxide colloids surface demonstrated that both COOH and phenolic groups were able to 

dominate the complexation. 

To demonstrate the influence of phenolic functional groups to the NOM 

adsorption on metal oxide surfaces, we performed CFT studies using 3,5-DHBA as an 

adsorbent on the iron oxide colloids. As the functional group characteristics of this 

organic acid are different from those that are discussed previously, the adsorption of 3,5-

DHBAs were occurred mainly through COOH functional groups. The phenolic groups 

were exposed at the surface and undergone deprotonation step at high pH region (pH 8 to 

10) and formed ionic H-bonding with the phenols tip. This is consistent with the force 

titration curves obtained, where the strongest adhesion force took place under basic 

conditions. In addition, the force titration curves of TA were more complicated and 



 203 

difficult to interpret as it involved the combination of H-bonding and hydrophobic 

interactions.  

 

6.2 Future Directions 

 

Our CFT studies have provided significant information regarding the role of 

carboxylic and phenolic functional groups of organic acids, and their interaction with 

colloidal oxide surfaces. In the future, several CFT experiments can be carried out to 

complement our CFT studies for the NOM-mineral interactions. First, our colloidal 

preparation method, which is co- and post-precipitated method, is focused on addition of 

a single modifying reagent on each sample preparation. We already obtained a solid 

understanding of acids or phosphate-colloidal interactions in this study. Generally, 

carboxylic groups dominate the adsorption at low pH, while phenolic groups control the 

adsorption at high pH. As both phosphate and NOM exhibit negatively charged surfaces 

and may compete for the similar binding on mineral surfaces, it is useful to continue our 

CFT experiments to study the effect of simultaneous adsorption of two substances (acid 

and phosphate) to the iron and aluminum oxide colloids.  

Second, in this present study, our conclusion of complexation reaction of organic acids to 

the iron and aluminum oxide colloids are solely based on CFT experiments. In order to 

investigate the configuration of complexes formed on the colloidal surfaces, one could 

perform ATR-IR spectroscopy and XPS studies to confirm the binding of organic ligands 

to the Fe or Al at different pH conditions. Here, we would expect to obtained varieties of 

changes in ATR-IR spectra depending on the dissociation of functional groups on the 
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colloidal surfaces. For example, we would see a drop of peaks in the regions on 1600-

1400 cm-1 in acidic region as these peaks are assigned to carboxylic moieties. Also, if we 

increase the pH to the basic region, we would see the disappearance of the vibrations of 

COOH groups, particularly (υas C=O) and C-OH bending at 1700   cm-1 or 1319 cm-1. 

This indicates the deprotonation of COOH group to give COO- species. In addition, XPS 

analysis can provide further evidence. 
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Appendix 1 

1H and 13C NMR assignment of 4-(12-mercaptododecyl)benzene-1,2-diol and 5-(12-
mercaptododecyl)benzene-1,3-diol. 
 

Compound 1a, 2a: 
 
4-(12-bromododecyl)-1,2-dimethoxybenzene, 1a. 1H NMR (CDCl3) δ: 6.72-6.82 (m, 3H, 
aryl), 3.89 (s, 3H, OCH3), 3.88 (s, 3H, OCH3), 3.43 (t, 2H, CH2-Br), 2.57 (t, 2H, CH2-Ar), 
1.87 (q, 2H, CH2-CH2Br), 1.61 (m, 2H, CH2-CH2Ar), 1.2-1.5 (m, 16H, alkyl). 13C NMR 
(100 MHz, CDCl3) δ: 148.7 (s, Cq, CAr-OMe), 147.0 (s, Cq, CAr-OMe), 135.6 (s, Cq, CAr-
R), 120.1 (s, CAr), 111.7 (s, CAr), 111.1 (s, CAr), 55.93 (s, CH3-O-), 55.81 (s, CH3-O-), 
35.6, 34.1, 32.9, 31.8, 29.62, 29.61, 29.54, 29.54, 29.45, 29.35, 28.78, 28.19. For 
C20H33BrO2 mass calculated: 384.1664, ES-MS (m/z) : 385.17 [M + H]+. 
 
1-(12-bromododecyl)-3,5-dimethoxybenzene, 2a. 1H NMR (CDCl3) δ: 6.41 (m, br, 2H, 
Ar), 6.36 (m, br, Ar), 3.81 (s, 6H, CH3-O-), 3.43 (t, J = 6.7 Hz, 2H, CH2-Br), 2.60 (t, J = 
7.3 Hz, 2H, -CH2-Ar), 1.89 (m, br, 2H), 1.66 (m, br, 2H), 1.34 (m, br, 16H). 13C{1H} 
NMR (CDCl3) δ: 160.59 (s, Cq, (x2), CAr-OMe), 145.17 (s, Cq, CAr-R), 106.33 (s, (x2), 
CAr), 97.40 (s, CAr), 54.97(s, (x2), CH3-O-), 36.21 (s, -CH2-Ar), 33.71, 32.76, 31.20, 
29.45, 29.36, 29.26(x4), 28.69, 28.09. For C20H33BrO2 mass calculated: 384.1664, ES-
MS (m/z) : 385.17 [M + H]+.  
 
 
Compound 1b, 2b: 
 

12-(3,4-dimethoxyphenyl)dodecyl ethanethioate, 1b 1H NMR (CDCl3) δ:  6.72-6.82 (m, 
3H, aryl), 3.90 (s, 3H, -OCH3), 3.88 (s, 3H, -OCH3), 2.88 (t, 2H, -CH2-Ar), 2.57 (t, 2H, -
CH2-S-), 2.34 (s, 3H, -SCOCH3), 1.58 (m, 4H, -CH2CH2Ar and -CH2CH2S-), 1.2-1.4 (m, 
16H, alkyl). 13C NMR (100 MHz, CDCl3) δ:  195.05 (s, Cq, C=O), 147.70 (s, Cq, CAr-
OMe), 145.96 (s, Cq, CAr-OMe), 134.63 (s, Cq, CAr-R), 119.09 (s, CAr), 110.74 (s, CAr), 
110.13(s, CAr), 54.90 (s, CH3-O-), 54.77 (s, CH3-O-), 34.57, 30.71, 29.62, 28.59, 28.57, 
28.54, 28.51, 28.45, 28.31, 28.14, 28.10, 27.80.  For C22H36O3S mass calculated: 
380.5844, ES-MS (m/z): 380.24 [M]+. 

 
12-(3,5-dimethoxyphenyl)dodecyl ethanethioate, 2b. 1H NMR (CDCl3) δ: 6.37 (m, br, 
2H, Ar), 6.31 (m, br, Ar), 3.80 (s, 6H, CH3-O-), 2.88 (t, J = 7.3 Hz, 2H, CH2-S), 2.56 (t, J 
= 7.5 Hz, 2H, -CH2-Ar), 2.34 (s, 3H, CH3-C=O), 1.60 (m, 4H), 1.27 (m, 16H). 13C{1H} 
NMR (CDCl3) δ: 196.67 (s, Cq, C=O), 161.35 (s, Cq, (x2), CAr-OMe), 146.05 (s, Cq, CAr-
R), 107.15 (s, (x2), CAr), 98.22 (s, CAr), 55.87(s, (x2), CH3-O-), 36.98 (s, -CH2-Ar), 
31.94, 31.27, 30.28, 30.22, 30.18 (s, x3), 30.13, 30.01, 29.83, 29.73, 29.49. For 
C22H36O3S mass calculated: 380.5844, ES-MS (m/z): 380.24 [M]+. 
Compound 1c, 3c: 
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12-(3,4-dihydroxyphenyl)dodecyl ethanethioate, 1c. 1H NMR (CDCl3) δ: 6.79 (d, 1H, 
aryl), 6.73  (s, 1H, aryl), 6.63 (d, 1H, aryl), 5.28 (s, br, 1H, -OH), 5.12 (s, br, 1H, -OH), 
2.89 (t, 2H, -CH2-Ar), 2.51 (t, 2H, -CH2-S-), 2.36 (s, 3H, -SCOCH3), 1.58 (m, 4H, -CH2-
CH2Ar and -CH2-CH2S-), 1.2-1.4 (m, 16H, alkyl). 13C NMR (100 MHz, CDCl3) δ: 196.80 
(s, Cq, C=O), 143.39 (s, Cq, CAr-OMe), 141.28 (s, Cq, CAr-OMe), 136.18 (s, Cq, CAr-R), 
120.73 (s, CAr), 115.46(s, CAr), 115.15(s, CAr), 35.22, 31.52, 30.67, 29.46 (s, x 3), 29.43, 
29.38, 29.24, 29.09, 29.05, 28.81. For C20H32O3S mass calculated: 352.5313, ES-MS 
(m/z): 352.21[M]+. 
 
12-(3,5-dihydroxyphenyl)dodecyl ethanethioate, 2c. 1H NMR (CDCl3) δ: 6.37 (m, br, 3H, 
Ar), 2.95 (t, J = 7.2 Hz, 2H, CH2-S), 2.53 (t, J = 7.4 Hz, 2H, CH2-Ar), 2.42 (s, 3H, CH3-
C=O), 1.64 (m, 4H), 1.35 (m, 16H). 13C{1H} NMR (CDCl3) δ: 199.00 (s, Cq, C=O), 
157.48 (s, Cq, (x2), C-OH), 146.50 (s, Cq, CAr-R), 108.57 (s, (x2), CAr), 101.08 (s, CAr), 
36.57(s, -CH2-Ar), 31.72, 31.21, 30.15, 30.00 (s, x7), 29.75, 29.45. For C20H32O3S mass 
calculated: 352.5313, ES-MS (m/z): 380.24 [M]+ 352.21[M]+. 
 
 
Final product, 1 and 2: 

4-(12-mercaptododecyl)benzene-1,2-diol, 1. 1H NMR(CDCl3) δ: 6.79 (d, J = 7.9 Hz, 1H, 
Ar), 6.66 (s, 1H, Ar), 6.55 (dd, J = 5.8 Hz, J = 2.0 Hz 1H, Ar), 5.39 (s, br, 2H, OH), 2.52 
(m, br, 4H), 1.62 (m, br, 4H), 1.36 (m, br, 2H), 1.27 (m, br, 14H). 13C{1H} NMR (CDCl3) 
δ: 143.32 (s, Cq, CAr-OH), 141.18 (s, Cq, CAr-OH), 136.18 (s, Cq, CAr-R), 120.70 (s, CAr), 
115.45 (s, CAr), 115.16 (s, CAr), 35.21 (s, -CH2-Ar), 34.00, 31.56, 29.56, 29.52, 29.46, 
29.19(s, x3), 29.03, 28.35, 24.64. For C18H30O2S mass calculated: 310.4946, ES-MS 
(m/z): 310.20 [M]+. Anal. Calc: C, 69.63%; H, 9.74%. Found:C, 69.45%; H, 9.80%.  
 
5-(12-mercaptododecyl)benzene-1,3-diol, 2. 1H NMR (CDCl3) δ: 6.26 (d, J = 2.2 Hz, 2H, 
Ar), 6.18 (t, J = 2.1 Hz, 1H, Ar), 4.81 (s, br, 2H, OH), 2.50 (m, br, 4H), 1.60 (m, br, 4H), 
1.27 (m, br, 16H). 13C{1H} NMR (DMSO-d6) δ: 158.13 (s, Cq, (x2), C-OH), 144.17 (s, 
Cq, CAr-R), 106.27 (s, (x2), CAr), 99.93 (s, CAr), 35.30(s, -CH2-Ar), 33.39, 30.69, 29.00 (s, 
x5), 28.68, 28.49, 27.74, 23.75. For C18H30O2S mass calculated: 310.4946, ES-MS (m/z): 
310.20 [M]+. Anal. Calc: C, 69.63%; H, 9.74%. Found:C, 69.62%; H, 9.81%. 
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Appendix 2 

1H and 13C NMR assignment of bis(11-thioundecyl)phosphate. 

 
Final product, 3: 
 
bis (11-thioundecyl)phosphate, 3. 1H NMR (CDCl3) 4.02 (t, J = 6.7 Hz, 2H, PO-CH2-
), 4.00 (t, J = 6.7 Hz, 2H, PO-CH2-), 2.52 (t, J = 7.5 Hz, 2H, S-CH2-), 2.50 (t, J = 7.5 Hz, 
2H, S-CH2-), 1.70-1.56 (m, br, 8H), 1.26 (m, br, 28H). 31P NMR (CDCl3) δ: 2.81. Anal. 
Calc for C22H47O4PS2: C, 56.14%; H, 10.06%. Found: C, 56.04%; H, 10.12%. 
 

 

Appendix 3 

1H and 13C NMR assignment of bis(11-thioundecyl)hydrogen phosphate 

 
Compound 4a: 
 
S-(11-hydroxyundecyl) ethanethioate, 4a: 1H NMR (CDCl3) d: 3.60 (t, J = 6.6 Hz, 
2H), 2.84 (t, J = 7.4 Hz, 2H, S-CH2), 2.30 (s, 3H, CH3), 1.71 (s, 1H, OH), 1.53 (m, 4H), 
1.32-1.24 (m, br, 14H). 13C{1H} NMR (CDCl3) d: 196.11 (s, Cq, C=O), 62.87 (s, C-
OH), 32.69, 30.55 (s, CH3), 29.46, 29.38 (s, x3), 29.32 (s, x2), 29.06, 29.00, 28.71, 
25.65(CH2-S). C13H26O2S: C, 63.37%; H, 10.64%. Found:C, 63.32%; H, 10.72%. 
 
 
Compound 4b: 
 
S-[11-(phosphonooxy)undecyl] ethanethioate, 4b. 1H NMR (CDCl3) d: 8.66 (s, br, 2H, 
OH), 4.00(m, 2H),  2.85 (t, J = 7.3 Hz, 2H, S-CH2), 2.32 (s, 3H, CH3),  1.65 (m, 2H), 
1.53 (m, 2H), 1.34-1.23 (m, br, 14H). 13C{1H} NMR (CDCl3) d: 196.33 (s, Cq, 
C=O), 67.97 (s, C-OP), 30.58 (s, CH3), 30.12, 30.05, 29.43 (s, x3), 29.39, 29.12, 29.05, 
28.75, 25.50 (s, CH2-S). 31P{1H} NMR (CDCl3) d: 2.29. Anal. Calc for C13H27O5SP: C, 
47.84%; H, 8.34%. Found:C, 47.82%; H, 8.37%. 
 
 
Compound 4 (Final product): 
 
11-thioundecyl dihydrogen phosphate, 4. 1H NMR (CDCl3) d: 10.607 (s, br, 2H, OH), 
4.04 (m, 2H),  2.85-2.50 (m, br, 2H, S-CH2),  1.68 (m, 2H), 1.59 (m, 2H), 1.36-1.23 (m, 
br, 14H). 13C{1H} NMR (CDCl3) d: 68.68 (s, C-OP), 34.35 (s, CH2-S), 30.36, 29.71 (s, 
x2), 29.54, 29.38 (s, x2), 28.99, 28.69, 25.60 (s, CH2-S). 31P{1H} NMR (CDCl3) d: 3.18. 
Anal. Calc for C11H25O4SP: C, 46.46%; H, 8.86%. Found:C, 46.40%; H, 8.90%.


