
New Jersey Institute of Technology New Jersey Institute of Technology 

Digital Commons @ NJIT Digital Commons @ NJIT 

Dissertations Electronic Theses and Dissertations 

Spring 5-31-2014 

Kinetic analysis of thiol oxidation to study the effects of Kinetic analysis of thiol oxidation to study the effects of 

fluorinated groups on metal phthalocyanine catalysts fluorinated groups on metal phthalocyanine catalysts 

Nellone Eze Reid 
New Jersey Institute of Technology 

Follow this and additional works at: https://digitalcommons.njit.edu/dissertations 

 Part of the Chemical Engineering Commons 

Recommended Citation Recommended Citation 
Reid, Nellone Eze, "Kinetic analysis of thiol oxidation to study the effects of fluorinated groups on metal 
phthalocyanine catalysts" (2014). Dissertations. 163. 
https://digitalcommons.njit.edu/dissertations/163 

This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at Digital 
Commons @ NJIT. It has been accepted for inclusion in Dissertations by an authorized administrator of Digital 
Commons @ NJIT. For more information, please contact digitalcommons@njit.edu. 

https://digitalcommons.njit.edu/
https://digitalcommons.njit.edu/dissertations
https://digitalcommons.njit.edu/etd
https://digitalcommons.njit.edu/dissertations?utm_source=digitalcommons.njit.edu%2Fdissertations%2F163&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/240?utm_source=digitalcommons.njit.edu%2Fdissertations%2F163&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/dissertations/163?utm_source=digitalcommons.njit.edu%2Fdissertations%2F163&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@njit.edu


 
Copyright Warning & Restrictions 

 
 

The copyright law of the United States (Title 17, United 
States Code) governs the making of photocopies or other 

reproductions of copyrighted material. 
 

Under certain conditions specified in the law, libraries and 
archives are authorized to furnish a photocopy or other 

reproduction. One of these specified conditions is that the 
photocopy or reproduction is not to be “used for any 

purpose other than private study, scholarship, or research.” 
If a, user makes a request for, or later uses, a photocopy or 
reproduction for purposes in excess of “fair use” that user 

may be liable for copyright infringement, 
 

This institution reserves the right to refuse to accept a 
copying order if, in its judgment, fulfillment of the order 

would involve violation of copyright law. 
 

Please Note:  The author retains the copyright while the 
New Jersey Institute of Technology reserves the right to 

distribute this thesis or dissertation 
 
 

Printing note: If you do not wish to print this page, then select  
“Pages from: first page # to: last page #”  on the print dialog screen 

 



 

 

 
 

 
 
 
 
 
 
 
 
 
The Van Houten library has removed some of the 
personal information and all signatures from the 
approval page and biographical sketches of theses 
and dissertations in order to protect the identity of 
NJIT graduates and faculty.  
 



ABSTRACT 

KINETIC ANALYSIS OF THIOL OXIDATION TO STUDY THE EFFECTS OF 

FLUORINATED GROUPS ON METAL PHTHALOCYANINE CATALYSTS 

 

by 

Nellone Eze Reid 

The oxidation of thiol (RSH) to disulfide (RSSR) is important biologically and 

industrially.  Corrosive and malodorous thiols exist as contaminants in wastewater 

discharge from mining facilities, pulp and paper mills, tanneries, and oil refineries.  The 

elimination of thiols from petroleum products is necessary for even cleaner fuels.  Thiols 

in gas products can also inhibit catalyst activity for some downstream processes. 

Experiments and mechanistic kinetic studies were conducted for the aerobic 

oxidation of 2-mercaptoethanol (2-ME) and 4-fluorobenzenethiol (4-FBT) catalyzed by 

cobalt phthalocyanines: H16PcCo, F16PcCo, and F64PcCo, each exhibiting a metal center 

subject to increasing Lewis acidity and steric hindrance.  The experiments were 

performed in a reaction-limited,  isothermal, bench-scale, semi-batch reactor, with thiol 

concentrations measured using GC/FID.  Conversions of 2-ME to 2-hydroxyethyl 

disulfide and 4-FBT to 4-fluorophenyl disulfide in excess of 90% are achieved.   

Kinetic analyses suggest that the substrate binding and electron transfer are 

directly related to the Lewis acidity and steric bulkiness of catalyst molecules.  Radical 

expulsion seems to be related to steric bulkiness.  Substrate binding was found to be the 

slow step for thiol oxidations catalyzed by H16PcCo.  The rate determining step for thiol 

oxidations, catalyzed by F16PcCo and F64PcCo, is the expulsion of the thiyl (RS
•
) radical 

from the catalyst molecule.  Catalytic models show that the radical coupling to form the 

disulfide (RSSR) product occurs in solution, outside the catalyst cavity. 
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If you can keep your head when all about you    

    Are losing theirs and blaming it on you,    

If you can trust yourself when all men doubt you, 

    But make allowance for their doubting too;    

If you can wait and not be tired by waiting, 

    Or being lied about, don’t deal in lies, 

Or being hated, don’t give way to hating, 

    And yet don’t look too good, nor talk too wise: 

 

If you can dream—and not make dreams your master;    

    If you can think—and not make thoughts your aim;    

If you can meet with Triumph and Disaster 

    And treat those two impostors just the same;    

If you can bear to hear the truth you’ve spoken 

    Twisted by knaves to make a trap for fools, 

Or watch the things you gave your life to, broken, 

    And stoop and build ’em up with worn-out tools: 

 

If you can make one heap of all your winnings 

    And risk it on one turn of pitch-and-toss, 

And lose, and start again at your beginnings 

    And never breathe a word about your loss; 

If you can force your heart and nerve and sinew 

    To serve your turn long after they are gone,    

And so hold on when there is nothing in you 

    Except the Will which says to them: ‘Hold on!’ 

 

If you can talk with crowds and keep your virtue,    

    Or walk with Kings—nor lose the common touch, 

If neither foes nor loving friends can hurt you, 

    If all men count with you, but none too much; 

If you can fill the unforgiving minute 

    With sixty seconds’ worth of distance run,    

Yours is the Earth and everything that’s in it,    

    And—which is more—you’ll be a Man, my son! 

 

(Rudyard Kipling, If) 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

Catalysis-based chemical synthesis accounts for 60% of today’s chemical products and 

90% of current chemical processes.
1
  This has motivated the present work to investigate 

“green” catalytic processes.  For example, catalytic oxidation using air as a “green” 

oxidant functioning at less severe conditions than conventional processes would save 

energy.   Natural enzymes, such as Cytochrome P-450, inspire this goal.  Cytochrome P-

450 enzymes are largely responsible for drug metabolism and bio-activation.
2 

 These 

mono-oxygenase reactions insert an oxygen atom from O2 while producing the 

byproduct, water.  “Green” industrial oxidation catalysts should display similarly high 

conversion efficiencies and selectivity, be robust in the harsh environment of free 

radicals, ions, and oxygenated species, yet differ by not requiring reducing equivalents 

for oxidations that may occur via different mechanisms.   

This study focuses on the electronic and steric properties of new classes of 

aerobic oxidation catalysts, which are organically based and chemically resistant to the 

activated oxygen species they produce.  The reaction chosen is the biologically related 

radical auto-oxidation of thiols, an environmentally important reaction ultimately used to 

reduce the sulfur level in fuels.  

Novel phthalocyanine catalysts are designed to promote this ecologically 

beneficial aerobic auto-oxidation of thiols (mercaptans).   These catalysts are believed to 

exhibit high solubility in organic solutions and exceptional stability toward oxidative 

degradation.
3
  New catalysts are free of C-H bonds, and are partly fluoroalkylated with 



 2 

enzyme-like active sites.  Fluorine substituents cause the metal center to not only be more 

Lewis acidic, but to also be protected sterically by larger substituents on the molecule 

scaffold.
3
  Kinetic analyses of mercaptan oxidations, in the presence of catalysts with 

varying structures, will allow for greater understanding of electronic and steric effects. 

 

1.2 Auto-Oxidations of Thiols 

The oxidation of thiol (RSH) to disulfide (RSSR) is important biologically
4
 and 

industrially.
5
  Corrosive and malodorous thiols exist as contaminants in wastewater 

discharge from mining facilities, pulp and paper mills, tanneries, and oil refineries.
6
  For 

example, refinery streams such as catalytic cracker naphtha can contain thiols at hundreds 

of parts-per-million (by weight).  Auto-oxidation is a preferred means of thiol removal 

here instead of hydrotreating since the latter process can diminish desirable naphtha 

qualities such as octane number.   The elimination of thiols from petroleum products is 

necessary as the pressure grows to produce cleaner fuels.  Due to its corrosive nature, 

thiol presence in gas products may also inhibit catalyst activity for some downstream 

processes.
7
 

The Merox (mercaptan oxidation) process, developed by UOP in 1959, is used to 

convert mercaptans (thiols) to disulfides via aerobic and peroxide-induced coupling via,  

Net Reaction:    4RSH + O2  2RSSR + 2H2O 

for which transition homogeneous metallo-based phthalocyanine catalysts (PcM’s) were 

found to be quite effective.
8
  

The oxidation involves three reactions.
9
  The process begins with the elementary 

reaction (Eq. 1.1), where a mercaptan is near-instantaneously transformed into mercaptan 

thiolate ion (RS
-
) to be used in the next, non-elementary reaction (Eq. 1.2).  This first 



 3 

reaction occurs because the RSH is essentially a weak acid.  The mechanism defining 

Equation 1.2 is primarily catalytic – the main focus of this study, though a minor, non-Pc 

parallel pathway exists. The second non-elementary reaction is also non-catalytic (Eq. 

1.3), and occurs via the hydrogen peroxide produced in the first non-elementary reaction 

(Eq. 1.2).  Both contribute to mercaptan conversion and must be considered when 

calculating the rate of mercaptan consumption. 

4RSH + 4HO
-
  4RS

-
 + 4H2O (elementary)    (1.1) 

2RS
-
 + 2H2O +O2  RSSR + H2O2 + 2HO

- 
(non-elementary) (1.2) 

H2O2 + 2RS
-
  RSSR + 2HO

-
 (non-elementary)   (1.3) 

Thiols studied in the current work include 2-mercaptoethanol (pKa~9.64) and 4-

fluorobenzenethiol (pKa~6.4).  The larger, 4-fluorobenzenethiol thiol is also more acidic.  

These thiols were chosen for comparison purposes to further elucidate steric and 

electronic affects. 

a.   b.   

Figure 1.1 (a) 2-Mercaptoethanol (2-ME), (b) 4-Fluorobenzenethiol (4-FBT). 

 

1.3 Phthalocyanines 

Metal-centered phthalocyanines (PcM) are catalysts often used for redox reactions; e.g., 

sulphonated derivatives of M = Cobalt as catalysts for the Merox process.
7  

This process 

is widely used in petroleum refineries to remove mercaptans from various distillate 

streams.  The structure of the phthalocyanine catalyst mimics porphyrin enzymes.  In 

porphyrin enzymes, the nitrogen atoms work to bind a metal to the center of the 



 4 

molecule, while the surrounding scaffold assists in thermal and chemical stability.
2
  The 

PcM's are good candidates as mercaptan oxidation catalysts.  The metal atom is the 

catalytic site, while the Pc structure around the metal atom can be tailored to enhance 

catalytic activity while improving catalyst lifetime.  

Deactivation and aggregation of phthalocyanines are other issues that must be 

considered in newly designed catalysts.  The C-H bonds on unsubstituted cobalt(II) 

phthalocyanines, H16PcCo (Figure 1.2a)
10

, are susceptible to attack from the radicals 

produced in the aerobic oxidation which they catalyze.
11

  Electrophillic substitution, 

where an electrophile reacts with the benzene ring to yield a substituted molecule, is also 

a likely degradation mechanism.   

In order to discourage free radical attack, hydrogen atoms are replaced with 

fluorine, resulting in the cobalt(II) hexadecafluorophthalocyanine, F16PcCo (Figure 

1.2b).
12

 The electron-withdrawing fluorine groups cause the macrocyclic molecule to 

become electron poor, and consequently decreases the likelihood of electrophillic attack.  

However, the addition of electron withdrawing fluorine groups now enhance the 

possibility of nucleophillic attack which might also result in undesired displacement of an 

aromatic fluorine.
12

  In addition, F16PcCo molecules are shown to exhibit a large amount 

of aggregation (dimerization) due to their flat structure.
13

  Dimerization leads to a 

decrease in available active sites, and subsequently a reduction in catalytic activity.  

Fluorine and fluoroalkylated substituents on the phthalocyanine cause its metal 

center to be electron-poor, thus potentially enhancing its catalytic oxidation capability, 

while also serving to protect the phthalocyanine itself from oxidative destruction.
14

   

Novel catalysts were designed by Gorun et al.,
3
 where  the fluorine groups of F16PcCo 

were selectively replaced with perfluoropropyl groups, C3F7.  For example, the bulky 
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cobalt(II) 1,4,8,11,15,18,22,25-octafluoro-2,3,9,10,16,17,23,24 octakis-perfluoro-

phthalocyanine, F64PcCo (Figure 1.2c)
3
 molecule is robust and has the ability to resist 

degradation.
14

  The substitution of hydrogen with fluorine atoms and aliphatic fluorine 

groups results in less radical attacks, while the more electron deficient molecule also 

resists electrophillic attacks.  

 

Figure 1.2 a-H16PcCo,
10

, b-F16PcCo,
12

 c-RfPcCo, where Rf = C3F7.
3
 

The bulky aliphatic fluorine groups of the C3F7 sterically hinder nucleophillic 

attack on aromatic fluorine groups, as well as preventing π-π stacking (dimerization) both 

in solution
15

 and in the solid-state.
16,17 

 In addition to enhancing phthalocyanine solubility 

in organic solvents
14

, this thesis claims that fluoroalkylated groups affect steric hindrance 

of the molecule and electron deficiency of its metal center, which in turn protects the 

molecule from degradation and has a significant effect on mercaptan reaction rates.   

Although cobalt(II) phthalocyanines are the most active, stable, and cost effective 

catalysts for the MEROX reaction, they were known to exhibit poor solubility in organic 

solutions.
18-20

  The kinetic effects of replacing the peripheral H atoms of H16PcCo with F 

atoms to yield F16PcCo, are unknown.  Nor are the consequences of replacing peripheral 

F atoms of F16PcCo with perfluoropropyl (C3F7) groups as with F64PcCo known.   

Recent studies by Tyapochkin et al.
21

 and Ganguly et al.
22

 show kinetics of thiol 

oxidation by air in aqueous medium in the presence of 4, 4’, 4”, 4’’’ – cobalt(II) 
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tetrasulfophthalocyanine and cobalt(II) phthalocyanine sulfonamide, respectively.  Both 

papers reveal that thiol oxidation follows a kinetic rate law similar to Michaelis-Menten.  

Neither of the derived models explicitly claims to include parallel thiol oxidation via 

reaction-derived H2O2.   However, H2O2 has been shown to play a significant role in the 

oxidation of thiols.
23-28 

 

1.4 Goal of the Project 

This project sought to further understand the advantages offered by organic chemistry in 

fine-tuning the steric and electronic properties of materials to be used as catalysts via 

kinetic analyses of mercaptan oxidation reactions. 

The studied catalytic reaction is homogeneous in nature.  In the reactor set-up 

used for the homogeneous catalytic system in this study, gas phase oxygen must be 

transferred to the liquid phase, where the reaction takes place.  The consideration of mass 

transfer rate across a gas-liquid boundary is imperative for multi-phase systems.  

Measures were taken to minimize effects, which might be caused by mass-transfer, on 

quantitative kinetic data. 

This dissertation reports on experimental and kinetic modeling studies of 2-

mercaptoethanol and 4-fluorobenzenthiol oxidations in an organic solution, catalyzed by 

cobalt phthalocyanines, including those substituted with F atoms and C3F7 

groups.  Several reaction parameters were considered, including catalyst concentration, 

and O2 gas phase content.  The rate-determining step was identified.  Kinetic analyses 

conducted in this study extracted parameters via catalytic modeling.  This quantitative 

and qualitative study provided insight into the relationship between the modified 

phthalocyanine structures and design limitations.  It was shown how the manipulation of 
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the structure of perfluorinated phthalocyanine catalysts impacts their oxidative reactivity 

toward mercaptans, while providing an understanding about reaction rates and kinetic 

constants.  

Although this study concentrated on a specific industrial catalytic reaction, 

applications of peripherally substituted phthalocyanines include photosensitizers for 

photodynamic therapy of cancer,
29–31

 materials for electrophotography, inkjet printing, 

semiconductors, chemical sensors and electrochromic devices,
11,32,33 nanotechnology

33 

and nonlinear optics.
34 

 Most of these applications arise from the electronic effects.  

Elucidation of both electronic and steric factors involved in catalytic processes could lead 

to the design of new catalysts with unconventional properties.  
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CHAPTER 2 

REACTIONS, MECHANISMS & MODELS 

 

2.1 Overall Thiol Reaction 

The oxidation of thiols involves a set of complex (parallel and consecutive) reactions 

(Figure 2.1).  The process starts with the elementary acid/base reaction (Eq. 2.1), where 

the thiol (RSH) is near-instantaneously transformed into thiolate (RS
-
) ions, the active 

reagent.
35

   Next, the thiolate reacts with dissolved O2, to produce the disulfide (RSSR) 

product and H2O2, while regenerating two hydroxide (OH
-
) ions (Eq. 2.2).

36
  This non-

elementary reaction occurs both catalytically and non-catalytically (non-Pc).  The final 

non-elementary reaction (Eq. 2.3) utilizes the H2O2 produced in Equation 2.2 to 

transform another pair of thiolate molecules to a second disulfide, as well as regenerating 

a second pair of hydroxide molecules.  Non-elementary reaction Equations 2.2 and 2.3 

both contribute to thiol conversion and must be considered when calculating the rate of 

mercaptan consumption.
23

 

4RSH + 4OH
-
  4RS

-
 + 4H2O (elementary)  (2.1) 

2RS
-
 +  2H2O + O2  RSSR + H2O2 + 2OH

-
 (non-elementary) (2.2) 

H2O2 + 2RS
-
  RSSR + 2OH

-
 (non-elementary) (2.3) 

The net overall reaction for the above steps is: 4RSH + O2  2RSSR +2H2O 

As non-Pc pathways to RSH oxidation exist, it is important to estimate their 

relative contribution to RSH conversion since catalytic pathways are the primary focus of 

this study.   



 9 

 

Figure 2.1 Overall mechanism for thiol oxidation. The ra depends on choice of pathway, 

non-Pc vs catalytic and choice of rate-determining step.  The rb is provided by Giles et 

al.
23

 
 

 

2.2 Oxygen-Induced Reaction 

2.2.1 Hydroxide-Catalyzed Mechanism 

The activation of O2, necessary for oxidation reactions, is represented above by Equation 

2.2.  Loas et al.
37

 observed that, in the absence of Pc catalyst, aerobic oxidation of 2-

mercaptoethanol (2-ME) and 4-fluorobenzenethiol (4-FBT) still occurs, but to a 

significantly smaller extent. Little is published on the kinetics of the direct, non-catalyzed 

oxidation of these thiols by O2 in solution.It is important consider the mechanism of 

action, and determine the rate model defining the non-catalyzed oxidation of the studied 

thiols, 2-ME and 4-FBT. 

A likely mechanism, inspired by experimental results from Wallace et al.
36

 is shown 

below: 

RS
-
 + O2  RSO2

-
 (slow)     (2.2a) 

RS
-
 + RSO2

-
  RSSR+ O2

2-     
(2.2b) 

O2
2- 

+ 2H2O  H2O2 + 2OH
-     

(2.2c) 

Via H2O2 (rb)

2RSH + H2O2  2H2O + RSSR 

Via O2 (ra)
2RSH + O2 H2O2 + RSSR 

Total Stochiometry
4RSH + O2  2H2O + 2RSSR 

Non-Catalytic

Catalytic




d[RSH]

dt
 ra  rb

2RSH

2RSH
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Equation 2.2a involves a thiolate reacting with dissolved oxygen to form a 

sulfoxide (RSO2
-
) intermediate.  The sulfoxide intermediate then goes on to react with 

another thiolate molecule, forming a disulfide and peroxide ion in Equation 2.2b.  

Finally, in Equation 2c, the peroxide ion reacts with water to form hydrogen peroxide and 

regenerate two hydroxide molecules.  Reactions 2.2b and 2.2c, which involve the 

sulfoxide and peroxide intermediates, respectively, are both considered to be relatively 

fast.  Reaction 2.2a is assumed to be the rate-determining step.  However, this assumption 

will be tested against experimental data. 

The above follows a general acid/base chemistry, where there is an equilibrium 

involving the addition of a base to the substrate followed by a slow reaction of the 

complex.
38

  The kinetics of thiol oxidations in the presence of hydroxide is studied as a 

basis for understanding the Merox process. 

 

2.2.2 Catalytic Mechanism 

The oxygen involved in catalytic thiol oxidation can also be activated catalytically.  

Metallo-phthalocyanine catalysts were found to be the most promising for thiol 

oxidations.
8
  The macrocyclic structures of phthalocyanine catalysts are similar to that of 

porphyrins, a natural occurring group of organic compounds that help in the formation of 

important substances in the body such as hemoglobin.
11 

 Suggested potential mechanisms 

were based on the proposed, evidenced, and generally accepted mechanism of 

cytochrome P-450.
39

  This well-understood mono-oxygenase enzyme mechanism (Figure 

2.2) involves the insertion of one atom of oxygen into an organic substrate (RH) to form 

an oxygenated organic (ROH), while the other oxygen atom is reduced to water.  Other 

borrowed concepts included its cyclic mechanism, metal center, reduction/oxidation of 



 11 

the metal active site, binding substrate, and expulsion of a product.  There were many 

different options in terms of viable mechanisms.  The goal was to produce a likely 

mechanism that would help elucidate the effects of substituted perfluoropropyl groups by 

deriving models based on assumptions about each proposed mechanism and finally, 

determining which models were consistent with observed oxidation data. 

 

Figure 2.2 Catalytic cycle for cytochrome P-450 aerobic oxidations.
39

 

Two possible mechanisms describing homogeneous metallo-phthalocyanine 

catalyzed oxidation of thiols were established.  The mechanisms were inspired by the 

above cytochrome P-450 mechanism, as well as assumptions proposed by Loas.
14

  Each 

mechanism begins with the formation of thiolate, and the subsequent insertion of the 

thiolate into the metal center of the catalyst.  Mechanism A explored the possibility of 

thiyl radical (RS
•
) being expelled once formed in the catalyst cavity, and forming the 

disulfide product (RSSR) in solution (outside the cavity).  Mechanism B sought to test 
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the likelihood of the disulfide product being formed within the catalyst cavity.  

Figure 2.3 is an illustration of the proposed 10-step Mechanism A, where RSSR 

forms outside the catalyst molecule.  After the RS
-
 is formed (step i, independent of the 

catalyst), the substrate RS
-
 attaches to the metal center (step ii), which is then reduced 

[Co(II) to Co(I) in this case, step iii].  Then, dissolved O2 attaches to the metal center 

(step iv), accepting the electron from the metal “wire” (step v), with Co(I) oxidizing back 

to Co(II).  The RS
•
 leaves the catalyst for coupling with another RS

•
 to form RSSR in 

solution (step vi).   

After step vi, the cycle essentially repeats itself (steps vii-x) with insertion of 

another RS
-
.  One can assume, once the Co(II) is regenerated from Co(I), that the second 

RS
-
 is equally likely to coordinate to PcCo(II) as to PcCo(II)…O2

-
.  The thiolate is simply 

looking for a metal center in the appropriate oxidation state.  Therefore, the cycle in 

Figure 2.3 can be simplified to three summary steps (Figure 2.4).  Steps ii and iii are 

combined, assuming that thiolate immediately transfers an electron to the metal center as 

it enters the catalyst cavity and attaches to the metal center.  Steps iv and v are combined, 

assuming the O2 withdraws an electron as it attaches to the metal center. 
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Figure 2.3 Proposed mechanism A for the aerobic oxidation of thiols catalyzed by cobalt 

phthalocyanines, assuming thiyl radical-radical coupling to form disulfide product in 

solution (outside catalyst molecule).   

 

Figure 2.4 Simplified mechanism (effective steps) for the aerobic oxidation of thiols 

catalyzed by cobalt phthalocyanines, assuming thiyl radical-radical coupling in solution. 

 

An alternative 9-step catalytic cycle, Mechanism B (Figure 2.5), was also 

considered.  Here, the RS
•
 remains bound to the metal center as another thiolate attaches 

to the metal center (step vi).  The thiolate transfers an electron to the metal center, 

Elementary Steps

i. 2RSH + 2OH-
 2RS- + 2H2O

ii. RS
-
+ PcCo(II)RS

-
…PcCo(II)

iii. RS
-
…PcCo(II)RS



…PcCo(I)

iv. RS…PcCo(I)+O2RS…PcCo(I)…O2

v. RS


…PcCo(I)…O2RS


…PcCo(II)…O2
-

vi. RS…PcCo(II)…O2
-
RS+PcCo(II)…O2

-

Above steps repeated

R-S O2
2-

i. 2RSH + 2OH-
2RS- + 2H2O

CoPTS

2

RS-

R-S  

O2
-

R-S  

O2
-

3 4
R-S  

O2

1. 2RSH + 2OH-
2RS- + 2H2O
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forming the second thiyl radical (step vii).  As the disulfide is formed in the catalyst 

cavity, the reduced metal center transfers an electron to the attached superoxide (  
 )  

(step viii).  Finally, the RSSR formed by thiyl radical-radical combination is expelled 

from the catalyst, along with the peroxide ion (  
  )  (step ix).  As above, this cycle can 

be simplified to a sequence of essential steps, shown by Figure 2.6.  Once again, electron 

transfer steps were assumed to occur simultaneously with its attaching/detaching 

counterpart. 

Figure 2.5 Proposed mechanism B, for the aerobic oxidation of thiols catalyzed by cobalt 

phthalocyanines, assuming thiyl radical-radical coupling to form disulfide product inside 

the catalyst cavity. 
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Figure 2.6 Simplified mechanism (effective steps) for the aerobic oxidation of thiols 

catalyzed by cobalt phthalocyanines, assuming thiyl radical-radical coupling in catalyst 

cavity. 

 

2.3 Hydrogen Peroxide Induced Mechanism 

Hydrogen peroxide has been shown to play a significant role in the oxidation of         

thiols.
23-28 

 Equation 2.3 shows that the above, catalytic or non-Pc mechanism, is followed 

by further thiol oxidation via H2O2, which cannot be ignored.
  

As shown in the non-Pc 

mechanism, peroxide ion is formed and reacts with water (Equation 2.2c), to produce 

hydrogen peroxide and regenerate two hydroxide ions.  Similarly, in the proposed 

catalytic mechanism, the activated oxygen leaves the catalyst molecule as a peroxide ion 

O2
2-

.  This was then assumed to rapidly react with two H2O to yield H2O2 according to   

O2
2-

 + 2H2O  H2O2 + 2OH
-
.
14

 

Giles et al.
23

 spectrophotometrically determined rates for the non-Pc oxidation of 

2-mercaptoethanol as a function of thiol and H2O2 concentrations in an aqueous medium 

under nitrogen.  Giles et al.
23

 suggested that, as H2O2 is produced, it causes the fast 

consumption of the second pair of RS
-
.   The intermediate H2O2 consumes two more RS

-
, 

thus restoring the OH
-
 used up to form the RS

-
.  Giles et al.

23
 provide a mechanism for 

this peroxide-induced RSH consumption. 

RS
-
 + H2O2  RSOH + OH

- 
(slow)   (2.3a) 

RS
-
 + RSOH  RSSR +OH

-    
(2.3b) 
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Within this two-step sequence, step 2.3a, production of a sulfenic acid, is the likely slow 

step
23

, with a derived rate for RS
-
 consumption by H2O2:   

  ]][[2 2222
RSHOHkr OHRSH     (2.4) 

Giles defined 
22OHk =k2K1[OH

-
]/[H2O].

23
  Further analysis was done to determine the 

relevance of this hydrogen peroxide induced reaction to the conditions of interest in this 

study.  The reaction under Giles’ conditions occurs in the order of seconds.  The thiol 

oxidation via H2O2 was considered relatively fast, and was very important for model 

development.  This assumption was tested by comparing reaction rates and kinetics of 

hydrogen peroxide induced reaction with catalytic and non-Pc reaction pathways.  

Equation 2.4, proven by Giles et al.,
23

 provided a functioning model included in the 

derivation of catalytic and non-Pc models in the present study.   

Although different catalysts were used in the study, the reaction rate in solution 

via H2O2 should not change.  Using the rate equation provided by Giles et al.,
23

 kinetic 

parameters were  determined under given experimental conditions.  An additional 

mercaptan conversion experiment was also conducted, in the absence of both oxygen and 

catalyst.  This anaerobic experiment supported the claim of the relevance of hydrogen 

peroxide in the consumption of mercaptan specific for the proposed system. 

 

2.4 Model Derivation 

Kinetic models for catalytic and non-Pc mercaptan oxidations were based on a set of 

complex reactions. The overall stoichiometry for mercaptan oxidation is shown in 

Equation 2.5: 

4RSH + O2  2H2O + 4RSSR   (2.5) 
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As shown in Figure 2.1, the complete reaction can be broken up into two non-

elementary reactions for either oxygen-induced (catalytic or non-Pc) or hydrogen 

peroxide-induced cases.   

a. 2RSH + O2 H2O2 + RSSR (via O2) 

b. 2RSH + H2O2  2H2O + RSSR (via H2O2) 

The first reaction involves two thiol species interacting with oxygen to form a 

disulfide and hydrogen peroxide.  The peroxide then continues to react with another pair 

of thiol molecules to form the second disulfide and water.  Equation 2.6 represents the 

total reaction rate and is the sum of reactions rates via activated oxygen (ra) and hydrogen 

peroxide (rb). 

    (2.6) 

where ]][[2 2222
RSHOHkr OHb  originates from the model derived by Giles et al.

23
 

(Equation 2.4).  The concentration of hydrogen peroxide concentration is unknown.  

Because the concentration of H2O2 is involved in both reactions a and b, ra must also be 

found. 

The full derivation of the following case can be found in Appendix B.  

Considering the non-Pc case, Equation 2.2a was assumed as slow, while other steps were 

considered relatively fast. This assumption was used in derivation of the non-Pc thiol 

oxidation model. 

  
]][[2][

][

]][[2
2

2

212 RSHOkRSH
OH

OHOKk
r appa 



  (2.7)
   

where K1 is the equilibrium constant representing conversion of RSH to RS
-
 and k2 is the 

rate constant representing the binding of thiolate to O2.
 
 

ba rr
dt

RSHd


][
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Assuming at standard conditions,the rate of hydrogen peroxide production occurs very 

rapidly, 

        (2.8) 

Plugging in Equations 2.4 and 2.7 to the above (Eq. 2.8), and making the pseudo steady-

state hypothesis, the concentration of hydrogen peroxide can now be estimated for this 

specific case. 

   (2.9) 

The total thiol consumption can now be determined for the non-Pc case, assuming step 2 

in the non-Pc mechanism is the rate-determining step and combining Equations 2.5, 2.7, 

and 2.9. 

      (2.10) 

Similarly, models assuming various mechanisms and rate-determining steps were 

derived for both catalytic and non-Pc cases, where one step is considered slow or rate-

determining, while others are considered to be in fast equilibrium.  The algorithm for 

further derivations is as follows: 

1. Determine ra, by assuming a rate-determining step for the mechanism of interest 

2. Plug ra and rb into Equation 2.8, and solve for estimated [H2O2], assuming PSSH 

3. Plug [H2O2] into Equation 2.4, to solve for rb 

4. Plug values of ra and rb into Equation 2.6 to determine the total rate of thiol consumption. 

Appendices A thru K provide detailed derivations of all models tested against observed 

thiol concentration versus time oxidation data.   

Table 2.1 shows models for the proposed Hydroxide-catalyzed (nonPc) 

mechanism, and the two possible catalytic mechanisms.  Parameters ,  and  depended 



d[H2O2]

dt
 ra  rb  0

22
][][ 222 OHapp kOkOH 

]][[4
][

2 RSHOk
dt

RSHd
app



 19 

on choice of rate-determining step.   Mechanism A assumed radical-radical coupling to 

form the disulfide product occurs in solution (outside catalyst cavity), while mechanism 

B explored the possibility that the disulfide may be formed in the cavity of the catalyst.   

Mechanism A and the form of proposed models II and III are similar to that found in 

Ganguly et al.
40

 and Tyapochkin et al.
21

 Models were fitted to experimental data using a 

nonlinear regression computational program.  Criteria for the choosing the correct model 

include: positive rate constants relatively large r
2
 values; small 95% confidence values, 

relative to corresponding parameter;; models and constants which are chemically and 

physically logical; models and constants which are consistent with literature where 

available. 
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Table 2.1 Proposed Models and Elementary Steps of Possible Pc-catalyzed and 

Hydroxide-Catalyzed Mechanisms 

Model Steps 

Model Steps 

Model Steps 

Model Steps 

2   RS
-
 + RSOH ←→ RSSR +OH

- Fast N/A

Hydrogen Peroxide-induced mechanism
23

Elementary Reaction  (Rate-determining step) Rate Form 

1 RS
-
 + H2O2 ←→ RSOH + OH

- Slow

VIII 5

Non-Catalytic Mechanism

Mechanism A - Radical-radical combination to form disulfde occurs in solution

V 2

VI 3

VII 4

II 2

III 3

IV 1

I 1

Rate Form 

RS
·
 …PcCo(I) + O2 ←→ RS

·
 …PcCo(II)…O2

-

RS
-
 + PcCo(II) ←→ RS

·
 …PcCo(I)

Elementary Reaction  (Rate-determining step)

Substrate binding, where 

radical-radical coupling occurs 

in solution

Electron transfer from metal 

center to O2, where radical-

radical coupling occurs in 

RSSR …PcCo(II)…O2
2- 

←→ RSSR + PcCo(II) + O2
2-

RS
-
  + RS

·
 …PcCo(II)…O2

-
 ←→ RS

·
 RS

·
 …PcCo(I)…O2

-

RS
·
 RS

·
 …PcCo(I)…O2

- 
←→ RSSR …PcCo(II)…O2

2-

RS
·
 …PcCo(I) + O2 ←→ RS

·
 …PcCo(II)…O2

-

Electron transfer from metal 

center to O2, where radical-

radical coupling occurs in 

2nd substrate binding, where 

radical-radical coupling occurs 

in catalyst cavity
Electron transfer from metal 

center to O2
-
, where radical-

radical coupling occurs in 

Disulfide product expulsion, 

where radical-radical coupling 

occurs in catalyst cavity

1st substrate binding, where 

radical-radical coupling occurs 

in catalyst cavity

Elementary Reaction  (Rate-determining step)

RS
-
 + PcCo(II)  ←→ RS

·
 …PcCo(I)

RS
·
 …PcCo(II)…O2

- 
←→ RS

·
 + PcCo(II)…O2

-

Radical expulsion, where 

radical-radical coupling occurs 

in solution

Mechanism B - Radical-radical combination to form disulfide occurs in catalyst cavity

Rate Form 

*2RSH + 2OH
-
 ←→ 2RS

- 
+ 2H2O: Initial Step: Shared by all mechanisms

RS
-
 + RSO2

-
 ←→ RSSR + O2

2-

RS
-
 + O2 ←→ RSO2

- 1st thiolate binding to O2

2nd thiolate binding to RSO2
-

Rate Form Elementary Reaction  (Rate-determining step)

nonPcI 1

nonPcII 2

2

2

][][1

][4

RSHRSH

RSH
rVIII








][1

][4

RSH

RSH
rII








][]/[1

][4

RSHRSH

RSH
rIV








][]/[1

][4

RSHRSH

RSH
rV








2

2

][][1

][4

RSHRSH

RSH
rVII








][1

][4 2

RSH

RSH
rVI








][1

][4

RSH

RSH
rIII








2

2 ]][[4 RSHOkr appnonPcII 

]][[4 2 RSHOkr appnonPcI 

]][[2 222222
RSHOHkr OHOH 

][4 RSHrI 
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CHAPTER 3 

EXPERIMENTAL MATERIALS AND METHODS 

 

3.1 Experimental Conditions 

3.1.1 Materials 

The thiols tested were 99.0% 2-mercaptoethanol (Sigma-Aldrich) and 98.0% 4-

fluorobenzenethiol (Sigma-Aldrich).  Other chemical compounds used in thiol oxidation 

experiments include NaOH (Sigma-Aldrich); H2O2 ~ 50 wt. % in H2O (Sigma-Aldrich); 

2-hydroxyethyl disulfide (Sigma-Aldrich); 99.9% Purified Stabilized tetrahydrofuran 

(THF) (Acros Organics).  The 2-mercaptoethol, 2-mercaptoethanol solutions, NaOH 

solutions, H2O2 solutions and 2-hydroxyethyl disulfide were stored in a lab refrigerator.  

The 4-fluorobenzenethiol and 4-fluorobenzenethiol solutions were stored under an 

evacuated and inert gas filled storage container (Lab Conco, 5530000). 

Catalysts used for thiol oxidations included H16PcCo (TCI America, GCO!-

MASF) and F16PcCo (Sigma-Aldrich, 446645-1G), both purchased and used as received 

(no modification, i.e. added to silica support) from the vendors; and F64PcCo, prepared 

and purified according to published literature procedures,
3,17

 and provided under research 

subcontract by S. Gorun (currently at Seton Hall University, Chemistry Department, 

South Orange, NJ).  Catalyst solutions were prepared via ultrasonic mixing in amounts 

specified in Section 3.1.2 in a 50ml glass Erlenmeyer flask (Pyrex USA).  The 50ml 

solutions were then added to 200 ml of THF, shaken, and stored in a 250 ml glass bottle 

(Wheaton USA).  Catalyst solutions were stored in the refrigerator.  

Gases used in reactions and GC analysis (see Section 3.3) included zero grade 

compressed hydrogen (Airgas); zero grade compressed helium (Airgas); zero grade 
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compressed air (Airgas); zero grade compressed nitrogen (Airgas); 99.999% compressed 

oxygen (Airgas); 5.0002% +/- 2% compressed oxygen, balance nitrogen (Airgas).   Gas 

flow into the reactor and GC were measured with a soap film flow meter (1-10-100 ml, 

Hewlett Packard, 0101-0113).  

 

3.1.2 Aerobic Oxidation Experiments 

Thiol oxidation experiments were designed to replicate prevalent mercaptan levels in 

industrial processes
41

 and recent laboratory studies.
14

  Standard initial concentrations of 

chemical compounds used include 140 mmol/L of thiol (0.50 ml 2-mercaptoethanol, 0.75 

ml 4-fluorobenzenethiol) loaded with a 5ml gas-tight syringe (Hamilton, 1002); 0.0105 

mmol/L of catalyst (H16PcCo ~ 0.3 mg, F16PcCo ~ 0.45 mg, F64PcCo ~ 0.93 mg); 2.58 

mmol/L of NaOH prepared as a 0.25 wt. % aqueous solution (~1.0 ml); and 50mL of 

THF in an agitated semi-batch 100 mL glass reactor. The reaction solution, including 

catalyst, was an entirely homogeneous, single-phase liquid.   The catalysts, as purchased 

or delivered, were solid powders.  Required amounts were weighed out with an analytical 

balance.   

 

3.1.3 Reactor Set-Up 

Figure 3.1 shows a schematic for the reactor experimental set-up.  The reaction vessel 

used was a magnetically stirred (Stirrer dimensions: L: 3” x D: 0.3”, Fisher) 100 mL 

glass jar (Pyrex USA, 1395) with a screw top fitted with gas-tight valves.  One fitting was 

used as an access port for liquid sample withdrawal by 25l gas-tight syringe (25s/2”2, 

Hamilton, 80230), equipped with 7” needle (22s GA RN, Hamilton, 7804-02).  The 

elongated needle was required for sample (5 l) extraction.  The same fitting was used to 
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purge the reactor vessel with gas concentrations specific for the experiment of interest.  A 

Teflon
©

-coated thermocouple (Omega, P12C40) was inserted into the liquid.  A custom-

machined right-angle Teflon
©

 baffle was fitted onto the thermocouple to break up liquid 

swirl and enhance gas/liquid contacting.  With enhanced mixing, the reactor was operated 

at an agitation rate (1800 rpm) such that observed thiol consumption vs. time was 

independent of this rate as shown by Figure 3.2.  The reactor temperature was held at   

22° C in a circulated constant-temperature bath (Polyscience, 807181), while total 

absolute pressure of 101 kPa was actively manually maintained, and was monitored by a 

voltage output pressure transducer (Omega, PX309-100A5V).   A Cryocool (Neslab 

Instruments, Inc., CC6DF) was used to cool the circulating bath for experiments held 

constant at temperatures lower than room temperature.  A partial pressure of O2 existed 

above the liquid to replenish O2 consumed by reaction in the liquid.   

 

 

Figure 3.1 Schematic of experimental set-up.  A: 100 ml glass vessel; B: Baffle; C: Port 

used for injection and extraction; D: Temperature Probe; E: Pressure Transducer; F: 

Injector/Extraction valve; G: Needle valve; H: Gas inlet valve; I: Magnetic Stirrer.  
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Figure 3.2  Total oxidation of 2-Mercapotethanol, catalyzed by F16PcCo under air, at 

varying stirring speeds. 

 

 

 

3.2  Inert Atmosphere Techniques 

4-Fluorobenzenethiol was chosen as an alternate thiol to observe the effects of using a 

larger and more Lewis acidic molecule in terms of steric bulkiness and acidity, 

respectively.  Unfortunately, 4-fluorobenzenethiol is found to be very reactive in air.  

Due to its sensitivity in air, 4-fluorobenzenethiol solutions were prepared and 

handled in an Atmosbag (Sigma-Aldrich, Z530212-1EA), purged and filled with 

Nitrogen.  Solutions were also stored in an evacuated container filled with Nitrogen.    

  

3.3 Gas Chromatograph Analysis 

Thiol concentrations were measured using a Hewlett-Packard 5890 Gas Chromatograph 

with flame ionization detector (FID).  A number of tests were conducted in order to find 

the optimum column and GC conditions for thiol oxidation experiments.  The most 

effective column for 2-mercaptoethanol and 4-fluorobenzenetihol analyses was found to 
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be a Zebron ZB-WaxPlus column (30m x 0.53mm x 1 mm-Phenomenex, 240261).  The 

GC conditions were: FID air ~200 cc/min and H2 ~25 cc/min; carrier He ~30 cc/min (all 

zero grade); injector/detector temperature: 250 °C; oven temperature program: starts at 65 

°C (2-ME oxidations) or 85 °C (4-FBT oxidations), increases at a rate of 10 °C/min. to 

150 °C.  Range and attenuation were set at 5 and 0, respectively.  Five microliter samples 

of the reaction mixture were withdrawn from the reactor, with 1 L injected using a 

gastight syringe through an on-column, split-less injector.  All data responses were 

monitored, collected and analyzed with Logger Pro 3 (Vernier Software & Technology) 

on a Dell Dimension 2400 2.8 GHz 512 MB RAM 200 GB Hard Drive Desktop. 

Figure 3.3 shows the GC response for a 71.0 mmol/L solution of 2-

mercaptoethanol.  The GC response shows good separation between THF (first) and 2-

mercaptoethanol (second) peaks.  

Figure 3.3 Typical GC response for 71.0 mmol/L solution of 2-mercaptoethanol under 

specified GC conditions. 

 

Table 3.1 shows peak areas for repeated 71.0 mmol/L sample injections, in order 

to test for instrument precision.  Analytical uncertainty or the relative standard deviation 
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(RSD) was calculated as +/- 1.84% and can be applied to all injected samples.     

Table 3.1. GC Peak Areas and Statistics From Repeated GC Injections of 71.0 mmol/L 

Solution of 2-Mercaptoethanol Under the Specified GC Conditions 
Peak 1 Peak 2 Peak 3 Average (%) Stand Dev. % RSD 

7.08 6.92 7.23 7.06 +/- 0.13 +/- 1.84 

 

Before each sample was injected, the syringes were rinsed with THF, and then 

rinsed with portions of the current sample.  Known concentration standards were 

analyzed at the start of each experimental session.   

Small amounts of catalyst necessarily existed in each of the injected reactor 

samples, which might have led to further reactivity within the GC column.  However, 

repeated experiments show GC peak areas of initial (time  0) thoil concentration 

equivalent to calibration injections where no catalyst was present.  This suggests that any 

injected catalyst at the specified range of this study did not affect GC analysis of thiol 

concentrations. 

Standards were tested before each set of thiol oxidations in order to calibrate the 

GC peak response.  Finding the peak area response for a set of standards with known 

concentrations gives a linear relationship between peak area and thiol concentration.  The 

linear relationship was then used to calculate thiol concentration of unknown samples.  

Figure 3.4 shows an example of 2-mercaptoethanol standards.  
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Figure 3.4 Example of GC peak response of 2-mercaptoethanol 14.2, 42.6, 72.0 and 

127.8 mmol/L standards used for calibration.  

 

In addition, an overall uncertainty was estimated.  All elements of the 

experimental procedure were considered, including 2-ME, NaOH and THF 

measurements, temperature and pressure control, instrumental (GC) error and errors 

involved in sample extraction and injection.  Figure 3.5 shows F16PcCo catalyzed 

oxidations of 2-ME in the presence of 5% O2 gaseous composition conducted on three 

days: 8/29/13, 9/9/13 and 9/17/13.  Considering measurements taken at similar reaction 

times, an error of RSD = +/- 7% was calculated.  The above calculation is considered for 

all experiments conducted in this study.   
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Figure 3.5 Repeated F16PcCo catalyzed oxidation of 2-ME under 5% gaseous O2. 

 

  

Table 3.2 Observed Conversion of 2-ME catalyzed F16PcCo for repeated Runs at ~ 1.08h 

 
Conv. 1  (%) Conv. 2  (%) Conv. 3 (%) Average (%) Stand Dev. % RSD 

23.0 21.0 20.0 21.3 +/- 1.53 +/- 7 
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CHAPTER 4 

 

BENCH SCALE OXIDATION OF 2-MERCAPTOETHANOL 

 

4.1 Introduction 

Experiments and kinetic analyses were conducted to elucidate the mechanism of action 

for the fluorinated, metal-centered, phthalocyanine (Pc)-catalyzed oxidation of thiols.  

Fluorine and fluoro-alkylated substituents on the phthalocyanine molecules cause its 

metal center to be electron-poor, thus potentially enhancing its catalytic oxidation 

capability, while also serving to protect the phthalocyanine itself from oxidative 

destruction.
14

  The oxidations of 2-mercaptoethanol (2-ME) in the presence of 

commercial phthalocyanines (H16PcCo, F16PcCo), as well as a non-commercial 

phthalocyanine (F64PcCo), were conducted in a small, bench-scale reactor.  

In this study, 2-ME oxidation is seen to involve parallel and consecutive 

reactions.  Thiol oxidation begins with the conversion of thiol to thiolate by OH
-
.
35

  The 

thiolate is then oxidized in a catalytic sequence inspired by cytochrome P-450.
39

  This 

yields hydrogen peroxide, which then converts more thiolate in a simple, non-Pc 

pathway.  Direct consumption of thiolate via dissolved O2 was also studied, with no Pc 

catalyst present.  In all thiolate conversion pathways, OH
-
 was regenerated.  The OH

-
 can 

be considered a catalyst, as per Moore and Pearson
38

 since any thiol oxidation cannot 

begin without RS
-
 produced from RSH by OH

-
.  But the emphasis of this study was Pc-

catalysis. The overall oxidation stoichiometry for the thiol aerobic oxidation is:  

4 RSH + O2 2 RSSR + 2 H2O.   

Loas et al.
37

 observed that, in the absence of Pc catalyst, aerobic oxidation of RSH 

still occurs, but to a significantly smaller extent.  Little is published on the kinetics of the 
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direct, solely “hydroxide-catalyzed” thiol oxidation by O2 in solution. This study also 

reports on recent experimental and kinetic modeling studies of the hydroxide-catalyzed 

oxidation of 2-mercaptoethanol (2-ME) at 22 
o
C and one atmosphere absolute pressure. 

   

4.2 Hydroxide-Catalyzed Oxidation of 2-Mercaptoethanol 

A likely elementary mechanism for non-Pc oxidation of 2-ME, inspired by Wallace and 

Schriesheim
36

 is presented in Appendix A.  Appendices B and C provide detailed 

derivations of proposed non-Pc models, Equations 4.1 and 4.2, respectively.  

  First Order  (4.1) 

where   

2

2 ]][[4
][

RSHOk
dt

RSHd
app  Second Order  (4.2) 

where  

The hydroxide-catalyzed RSH oxidation pathway begins with the fast acid-base 

equilibrium to produce thiolate ion (RS
-
), which is the active reagent.

35
 The rate-

determining step was assumed to be the coupling of RS
-
 to O2, while the other steps were 

in a fast equilibria.   

Figure 4.1 presents 2-ME (in THF) conversion data vs time for oxidation under 

pure O2 in the presence of NaOH at 22 °C and 1 atm, while Table 4.1 provides numerical 

values for regressed parameters of assumed 1
st
 and 2

nd
 order models.  Conversion (%) is 

calculated as: ([   ]  [   ])    [   ] .  The preferred fit, based on the relatively 

larger r
2
 value, is first order in 2-ME.  Leitao et al.

42
 conducted similar non-catalytic 

2

[ ]
4 [ ][ ]app

d RSH
k O RSH

dt
 

][

][

2

12

OH

OHKk
ka p p





2

2

22

123

][

][

OH

OHKKk
k a p p







 31 

experiments, where the kinetics of N-butyl mercaptan (in n-heptane) oxidation with air in 

the presence of NaOH solution was studied, at 25 °C and 6 atm, stirred at 6000 

rpm.  Their results were also fitted to a first order model relative to thiolate ion RS
-
.  

Figure 4.1 1
st
 order and 2

nd
 order fits of hydroxide-catalyzed oxidation of 2-ME under 

pure O2 at 1 atm and 22 C in the presence of 2.58 mmol/L of NaOH.   

 

 

Table 4.1  Numerical Value and Statistics of Rate Parameter, kapp, for 1
st
 and 2

nd
 Order in 

[RSH], Hydroxide-Catalyzed Rate Models at Varying Concentration of NaOH in Initial 

Reaction Solution  

 

NaOH (mmol/L) Model kapp(liter/mmole-hr) r
2
 

1.65 
1

st
 Order 4.70E-03 0.956 

2
nd

 Order 4.90E-05 0.930 

2.58 
1

st
 Order 6.50E-05 0.966 

2
nd

 Order 7.00E-05 0.942 

5.17 
1

st
 Order 1.20E-02 0.986 

2
nd

 Order 1.45E-04 0.947 

 

Based on the first order kinetics, the kinetic parameter, kapp, suggests that the 

hydroxide-catalyzed oxidation of thiols is directly proportional to NaOH concentration.  

Experiments were conducted at additional concentrations of NaOH.  Solutions of 0.16% 
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wt./wt. and 0.5% wt./wt. aq. of NaOH were prepared and used in the initial reaction 

solution.  Table 4.1 also gives regressed values for 1
st
 and 2

nd
 order fits of these 

additional experiments.  The preferred rate for supplemental experiments is also first 

order in 2-ME, as shown by Figure 4.2.  Figure 4.3 shows kapp has a linear dependency on 

NaOH concentration, as predicted by the 1
st
 order model.  

 

Figure 4.2 Experimental and fitted models of oxidation of 2-ME in 1.65, 2.58 and 5.17 

mmol/L NaOH under pure O2 at 1 atm and 22 C.  Experimental and fitted model of 

oxidation of 2-ME with H2O2 (stoichiometric mixture with 2-ME) under pure N2 at 1 

atm,22 C, and NaOH = 2.58 mmol/L. Initial 2-ME concentration = 140 mmole/L in all 

cases.   
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Figure 4.3 Regressed value of kinetic parameter, kapp, as it relates to NaOH 

concentration.  

 

Giles et al.
23

 suggest that, as reaction intermediate H2O2 is produced, it causes the 

fast consumption of the second pair of RS
-
 -- even faster than oxidation by O2.  As a test, 

the current experiment was repeated with a N2 blanket (no O2), and H2O2 as the oxidizing 

agent (initial concentration 76 mmol/L) with an approximately stoichiometric amount of 

2-ME at 140 mmole/liter, the baseline 2-ME initial concentration in this study.     

Under these stoichiometric conditions, and based on the rate determining step that 

is first order in each of RSH and H2O2, as shown in Equation 2.4:  

    (2.4) 

the RSH conversion data were fitted to a second order form for thiol conversion vs time, 

according to the integrated form of Equation 2.4, [   ]  
[   ] 

        [   ] 
, as shown in 

Figure 4.2.  The resulting regression yields 
22OHk = 0.52 liter/mmole-hr.  By direct 

comparison, 
22OHk >> kapp=6.58x10

-3 
liter/mmol-hr.  This suggests that, during oxidation 
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of 2-ME under O2, the intermediate H2O2 is created and consumed as the overall reaction 

progresses, implying that the rate of the overall process is controlled by the original O2 

coupling.  The above was applied in the derivation of non-Pc models, presented in 

Appendices B and C.  

The slope from the regression in Figure 4.3 was used to estimate the k2 from the 

H2O2 mechanism.  Knowing the pKa of 2-ME (pKa = 9.64) and H2O (pKa = 15.7) for the 

initial acid/base reaction involving 2-ME and OH
-
, K1 was estimated as K1=10

-9.643
/10

-

15.7
=1.14x10

6
.  The [H2O]=1100 mmol/L.   The dissolved [O2]=8.02 mmol/L, based on 

the constant O2 gas pressure and Henry’s Law constant=99.5 atm-L/mol at 22 
o
C.

43,44
  

The slope of Figure 4.3 provided a means of solving for k2.  The rate constant for the 

slow step of RS
-
 coupling with dissolved O2 is k2=1.93x10

-6
 liter/mmole-hr at 22 

o
C.  The 

above follows a general acid/base chemistry, where there is an equilibrium involving the 

addition of a base to the substrate followed by a slow reaction of the complex.
38

   

 

4.3 Pc-Catalyzed Oxidation of 2-Mercaptoethanol  

4.3.1 Experimental Data 

Oxidations of 2-ME under pure O2 were observed for the studied Pc catalysts, as shown 

in Figure 4.4.  Conversion due to the non-Pc (i.e. hydroxide, but no Pc) mechanism was 

considered in all catalytic oxidations.  While GC analysis provided the means to calculate 

total 2-ME conversion with time, analysis from Section 4.2 allows one to solve for 2-ME 

conversion via the non-Pc pathway at time, t.  The total observed conversion minus 

conversion due to the non-Pc pathway gives conversion due to the Pc-catalytic 

mechanism.  The above calculation was done for all catalytic data.  

Among the three catalysts, F64PcCo shows the fastest conversion, followed by 
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H16PcCo, then F16PcCo.  Loas
14

 claimed these catalysts under very similar reaction 

conditions exhibited structural stability exceeding 90% for 2-ME oxidations in the range 

of reaction times. 

 
Figure 4.4 Observed thiol conversion for the catalytic oxidation of 2-ME under pure O2, 

in the presence of 2.58 mmol/L NaOH at 22 C and 1 atm.  Dashed lines added for 

clarity. 

 

Because of their unique extended, often flat or near-flat structure, phthalocyanines 

are subject to dimerization caused by π- π bonding, which is an equilibrium process.  The 

dimerization leads to a decrease in available active sites, thus a reduction in effective 

catalyst concentration.  Loas studied the effects of dimerization on a variety of 

fluorinated zinc(II) phthalocyanines.
14

  Assuming dimerization is independent of the 

active metal center, the fraction of monomer, fm, within solutions containing H16PcCo, 

F16PcCo, and F64PcCo actually available for catalytic activity is taken as 0.85, 0.33 and 

0.80, respectively, based on the Loas
14

 data.   As will be seen later, the reaction rate is 

directly proportional to the effective catalyst concentration, which can be taken as 

fm[Cat]T, where [Cat]T is the total initial catalyst concentration.  Therefore, the observed 
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reaction times were adjusted for the estimated active monomer catalyst concentrations by 

multiplying these times by fm to show a corrected time (TIME’).  All kinetic data will 

thus be presented as functions of TIME’ in order to better represent the true kinetic 

effects of fluorine groups on phthalocyanines. 

Figure 4.5 shows the corrected data from the baseline catalytic runs first shown in 

Figure 4.4.  Among the three catalysts, F64PcCo shows the fastest conversion, followed 

by F16PcCo, then H16PcCo – potentially a more natural progression.  The switch in 

perceived reaction velocity between F16PcCo and H16PcCo suggests that the dimerization 

effect is significant.  The relative order shown in Figure 4.5 suggests that steric hindrance 

might play an important role.  The F64PcCo has the most steric hindrance due to its bulky 

substituents, followed by F16PcCo due to its fluorine atoms, as opposed to the hydrogen 

atoms surrounding the H16PcCo.  Based on Figure 4.5, the mechanistic step most closely 

related to steric hindrance might be rate-determining.        

Figure 4.5 Catalytic oxidation of 2-ME under pure O2, in the presence of 2.58 mmol/L 

NaOH at 22 C, 1 atm. corrected for dimerization effects.  Hypothetical H2O2 induced 

oxidation of 2-ME done under pure N2 at 22 C and 1 atm. Dashed lines added for clarity. 
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Hydrogen peroxide has been shown to play a significant role in the oxidation of 

thiols.
23-28

  Therefore, in order to focus on the impact of Pc catalyst structure, account 

was  taken of the contribution of H2O2, formed as an intermediate in the thiol oxidation, 

to the total RSH consumption.  Figure 4.5 also shows the hypothetical oxidation of 2-ME 

in the absence of O2 (nitrogen blanket) in the presence of H2O2.  The conversion of 2-ME 

via to H2O2, was calculated from Equation 2.4.  

    (2.4) 

with hypothetical amounts of H2O2 equal to that of what would be the O2 concentration, 

calculated by Henry’s law (8.02 mmol/L) and 
22OHk =0.52 liter/mmol-hr as calculated in 

Section 4.2.  Like the O2 experiments, where the O2 partial pressure was held constant, 

the dissolved H2O2 concentration in this calculation was also taken as constant.  The 

result was that the observed oxidation of 2-ME occurs faster via H2O2 when compared to 

any of the studied catalysts.  Also, if oxidation of 2-ME via H2O2 contained the rate-

determining step, there would be no change in rates between H16PcCo, F16PcCo and 

F64PcCo catalysts.  These observations are essential when deriving models for catalytic 

consumption of thiols, as total thiol consumption is equal to the sum of consumption via 

catalytic and non-Pc mechanisms, as well as consumption via H2O2.  

Figures 4.6 thru 4.8 show oxidation of 2-mercaptoethanol under various O2 gas 

phase partial pressures, as catalyzed by H16PcCo, F16PcCo and F64PcCo, respectively – 

all with times corrected for the estimated dimerization.  The H16PcCo case shows little, if 

any, dependence on O2, while F16PcCo and F64PcCo have greater dependencies on O2.  

These O2 dependencies were reflected in the variation of the kinetic parameters of 

derived models (Table 2.1) associated with each catalyst.  Recognizing the correct rate-

determining step and subsequent reaction model for each catalyst provided insight to the 

2 2 2 22 [ ][ ]RSH H Or k H O RSH 
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behavior of these catalytic reactions. 

 

Figure 4.6 Experimental data for H16PcCo catalyzed oxidation of 2-ME under pure O2, 

air, and diluted O2 (5% O2, balance N2), in the presence of 2.58 mmol/L NaOH at 22 C, 

1 atm.   

 

 

Figure 4.7 Experimental data for F16PcCo catalyzed oxidation of 2-ME under pure O2, 

air and diluted O2 (5% O2, balance N2), in the presence of 2.58 mmol/L NaOH at 22 C 

and 1 atm.  
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Figure 4.8 Experimental data for F64PcCo catalyzed oxidation of 2-ME under pure O2, 

air and diluted O2 (5% O2, balance N2), in the presence of 2.58 mmol/L NaOH at 22 C 

and 1 atm.  

 

 

4.3.2 Identification of Preferred Rate Model 

Based on the mechanisms and models fully derived in Appendices D thru K, H16PcCo 

(Figure 4.6), F16PcCo (Figure 4.7) and F64PcCo (Figure 4.8) oxidation data were fitted to 

rate expressions.  Table 4.2 thru 4.4 show the numerical values of α, β and γ for all 

developed catalytic models as seen in Table 2.1.  Criteria for the choosing the correct 

(best) model include: positive rate constants; relatively large r
2
 values; small 95% 

confidence values, relative to corresponding parameter; models and constants which are 

chemically and physically logical; and models and constants which are consistent with 

available literature.   Kinetic parameters should converge on positive unique numerical 

values.  Models which do not converge are rejected.   Red values indicate cause of model 

rejection.  As will be discussed shortly, rate forms II and III best fit F16PcCo and F64PcCo 

catalyzed oxidations of 2-ME, while form I fits the H16PcCo data better.   
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Table 4.2  Numerical Values for Lumped Kinetic Parameters (Models I-VIII of Table 

2.1) for Catalytic (H16PcCo, F16PcCo, F64PcCo) Oxidations of 2-ME Under 5% Gas 

Phase O2 Composition, in the Presence of 2.58 mmol/L NaOH at 22 C and 1 atm.     

*Represents Relatively Large 95% Confidence Values  
H16PcCO Oxidation of 2-ME at 5% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.22 0.26 

DOES NOT 

CONVERGE 

DOES NOT 

CONVERGE 

0.03 

 - 0.001 .005* 

 - - .0006* 

r
2
 0.987 0.99 0.994 

F16PcCO Oxidation of 2-ME at 5% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.052 0.010 0.12 0.0004 0.0001 

 - -0.003 202 -0.01 -0.03 

 - - -0.01 - 5.12E-05 

r
2
 0.926 0.970 0.969 0.97 0.971 

F64PcCO Oxidation of 2-ME at 5% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.03 0.01 0.009 0.0005 0.252 

 - -0.002 -4.57 -0.003 21.2 

 - - -0.002 - -0.05 

r
2
 0.947 0.967 0.959 0.959 0.959 

 

 

 

Table 4.3  Numerical Values for Lumped Kinetic Parameters (Models I-VIII of Table 

2.1) for Catalytic (H16PcCo, F16PcCo, F64PcCo) Oxidations of 2-ME Under 21% Gas 

Phase O2 Composition, in the Presence of 2.58 mmol/L NaOH at 22 C and 1 atm.  

* Represents Relatively Large 95% Confidence Values  
H16PcCO Oxidation of 2-ME at 21% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.22 0.31 0.16 

DOES NOT 

CONVERGE 

DOES NOT 

CONVERGE 

 - 0.003 -3.56 

 - - -0.0005 

r
2
 0.975 0.992 0.997 

F16PcCO Oxidation of 2-ME at 21% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.12 0.11 0.4* 

DOES NOT 

CONVERGE 

0.01* 

 - 0.0002 41.6* 0.02* 

 - - 0.01* 0.0002* 

r
2
 0.951 0.951 0.951 0.951 

F64PcCO Oxidation of 2-ME at 21% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.252 0.731 1.12* 

DOES NOT 

CONVERGE 

0.22* 

 - 0.012 4.99* 0.20* 

 - - 0.02* 0.004* 

r
2
 0.921 0.997 0.997 0.998 
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Table 4.4  Numerical Values for Lumped Kinetic Parameters (Models I-VIII of Table 

2.1) for Catalytic (H16PcCo, F16PcCo, F64PcCo) Oxidations of 2-ME Under 100% Gas 

Phase O2 Composition, in the Presence of 2.58 mmol/L NaOH at 22 C and 1 atm.  

* Represents Relatively Large 95% Confidence Values   
H16PcCO Oxidation of 2-ME at 100% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.168 0.146 

DOES NOT 

CONVERGE 

0.04* 0.006 

 - -0.0006 0.19* -0.03 

 - - - 0.0002 

r
2
 0.982 0.983 0.984 0.986 

F16PcCO Oxidation of 2-ME at 100% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.29 0.55 0.38 

DOES NOT 

CONVERGE 

DOES NOT 

CONVERGE 

 - 0.005 -3.96 

 - - 0.002 

r
2
 0.943 0.965 0.965 

F64PcCO Oxidation of 2-ME at 100% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.49 1.15 0.96 

DOES NOT 

CONVERGE 

DOES NOT 

CONVERGE 

 - 0.008 -1.76 

 - - 0.006 

r
2
 0.955 0.993 0.993 

 

 Studying Tables 4.2-4.4, there were some cases where multiple models might 

adequately fit the same data set.  For example, rate forms I, II and III provide good fits 

for H16PcCo oxidations at 100% O2 compositions.   

A further look into models I, II and III was required for discernment between the 

models. Equations 4.3, 4.4 and 4.5 represent expanded forms of models I, II and III, 

respectively, based on Figure 2.3.  These models are derived in Appendices D, E and F. 

]])[/[]/[][(4 212 RSHOHCatOHKkr TI


   

(4.3) 
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Where 
IIITCatOOHOHKKKk  ]][])[/[]([ 221234

, 

IIIOKOHOHKK  ])[1])(/[]([ 23212
 

Conversion from RSH to RS
-
 is represented by the equilibrium constant K1.  

Substrate RS
-
 binding to Co(II), and reduction of Co(II) to Co(I), is represented by either 

K2 (an equilibrium constant) or k2 (a rate constant) and should be related to Lewis acidity.  

The attachment of dissolved O2, and electron transfer from the metal center to 

coordinated O2, is represented by either K3 (an equilibrium constant) or k3 (a rate 

constant) and should also be related to the Lewis acidity of the metal center.  The rate 

constant k4 expulsion of RS
•
 from the metal center and should be related to steric 

hindrance.  Quantitative analysis was then performed to better choose the correct rate-

model and understand the dependence of kinetic parameters on phthalocyanine structure.  

 

4.3.3 Quantitative Estimation of Kinetic Rate and Equilibrium Constants for 

Phthalocyanines (H16PcCo) 

 

Figure 4.6 shows little to no dependence on oxygen concentration by oxidations 

catalyzed by H16PcCo.  Unlike Equations 4.4 and 4.5, O2 concentration does not appear 

in Equation 4.3.  Substrate binding and reduction of the Co(II) to Co(I) should be 

relatively slow for the less Lewis acidic H16PcCo  molecule.  Model I, which assumes 

substrate binding is the rate-determining step, best fits data from H16PcCo catalyzed 

oxidations of 2-ME for all oxygen compositions as shown by Figures 4.9.  Table 4.5 

shows values of αI at various gaseous O2 compositions.   

The slight drop in αI might be due to degradation of H16PcCo at higher dissolved 

O2 concentrations.  Loas
14

 discussed possible degradation pathways, one of which is via 

electrophilic substitution.  In presence of pure O2, RSH may begin to prematurely convert 
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to RS
-
.  The insufficiently Lewis acidic H16PcCo might not rapidly oxidize the surplus 

RS
-
 substrate, which may then turn to attack the H16PcCo, decreasing the effective 

catalyst concentration.  Only considering low O2 compositions, where H16PcCo is less 

susceptible to degradation, kinetic parameters can be estimated αI = 0.22 h
-1

.  Where K1, 

[OH
-
], [H2O] and [Cat]T are known, one can solve for the rate constant k2 = 7.2E-3 

liter/mmol-hr. 

 
Figure 4.9 Experimental data and model fit, based on model I, for H16PcCo catalyzed 

oxidation of 2-ME under pure O2, air, and diluted O2 (5% O2, balance N2), in the 

presence of 2.58 mmol/L NaOH at 22 °C, 1 atm.   

 

 

 

Table 4.5 Rate Constant αI for H16PcCo Catalyzed Oxidation of 2-ME Under Pure O2, 

Air, and Diluted O2 (5% O2, balance N2), in the Presence of 2.58 mmol/L NaOH at 22 

°C, 1 atm.   

 

H16PcCo 5% O2 21% O2 100% O2 

αI 0.22 0.22 0.17 
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4.3.4 Qualitative Observations of Fluorinated Cobalt(II) Phthalocyanines (F16PcCo 

& F64PcCo) 

 

The structural modifications from H16PcCo to F16PcCo and F64PcCo were so significant, 

that it provided 2-ME oxidations via F16PcCo and F64PcCo catalysts an alternate rate-

determining step.  Figures 4.10 thru 4.11 graphically represent data, and model II/III fits 

for F16PcCo and F64PcCo catalyzed oxidations of 2-ME under pure O2, air, and diluted O2 

(5% O2, balance N2) at 22 °C, 1 atm.    

Tables 4.2-4.4 suggest rate form II/III best fit F16PcCo and F64PcCo catalyzed 

oxidations of 2-ME.  Figures 4.7 and 4.8 show a clear dependence of O2 concentration for 

oxidations catalyzed by F16PcCo and F64PcCo, respectively.  A more thorough analysis 

was necessary to confirm whether either rate model II or III is correct.    

Parameters K1 and K2 are found in rate forms II (Equation 4.4) and III (Equation 

4.5).  The additional F atoms increase the Lewis acidity, thereby likely making F16PcCo 

and F64PcCo better “oxidizers” than H16PcCo.  Due to the increasing large number of F 

atoms, F16PcCo and F64PcCo oxidations might exhibit fast substrate binding and 

reduction of the metal center, relative to H16PcCo.  The effect is significant enough that 

substrate binding is no longer the slow or rate-determining step for oxidations involving 

F16PcCo and F64PcCo.   

As a closer inspection was done on models II (Equation 4.4) and III (Equation 

4.5), the attachment of dissolved O2, and electron transfer from the metal center to 

coordinated O2, is represented by either K3 (an equilibrium constant) or k3 (a rate 

constant).  Equilibrium constant K3 was assumed to be small for F16PcCo thiol oxidations 

due to the electronegativity of the F atoms.  The F64PcCo, with a largely electron 

deficient metal center due to all the F atoms,  will likely have an even lower K3 or k3 
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because of its relatively high Lewis acidity.  

Finally, k4 represents the rate constant for the expulsion of RS
•
 from the metal 

center.  Bulky fluorinated groups surrounding F64PcCo might cause this value to be large.  

By contrast, there is much less bulkiness to accelerate expulsion of the radical from the 

flat, open F16PcCo molecule.  

 
Figure 4.10 Experimental data and model fit, based on model II/II for F16PcCo catalyzed 

oxidation of 2-ME under O2, air and diluted O2 (5% O2, balance N2), in the presence of 

2.58 mmol/L NaOH at 22 °C, 1 atm.  
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Figure 4.11 Experimental data and model fit, based on models II/III. for F64PcCo 

catalyzed oxidation of 2-ME under O2, air and diluted O2 (5% O2, balance N2), in the 

presence of 2.58 mmol/L NaOH at 22 °C, 1 atm.  

 

4.3.5 Quantitative Estimation of Kinetic Rate and Equilibrium Constants for 

Fluorinated Cobalt(II) Phthalocyanines (F16PcCo & F64PcCo) 

 

The studied thiol oxidation required the diffusion of gaseous O2 into the liquid phase 

where the reaction proceeds.  In order to acquire accurate chemical kinetic data, it was 

necessary to minimize mass transfer effects via effective reactor design.  A baffle was 

added to the reactor vessel used in these kinetic studies in order to break up the reaction 

solution bulk swirl.  However, an interphase (gas-to-liquid) mass transfer resistance 

might still occur for sufficiently fast catalytic reaction cases.  Mass transfer effects were 

likely not significant for H16PcCo oxidations of 2-ME because there was little to no 

dependence on O2. 

This issue for faster, fluorinated phthalocyanine catalysts can be more easily 

examined using initial rates because the chemical kinetic rate expression can often be 

simplified.  At time  0, when [RSH] was relatively large, Equation 4.4 reduces to:  
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         (4.6) 

Similarly, Equation 4.5 reduces to:   

         (4.7) 

Figure 4.12 shows the observed initial rates for thiol consumption using F16PcCo 

and F64PcCo catalysts as a function of dissolved oxygen concentration.  The dissolved 

oxygen concentrations were estimated using Henry’s constant
43,44 

at 22 
o
C and 1 atm, and 

the experimental O2 partial pressure, which considers that the solvent THF exerts a 

considerable vapor pressure.
48

  

 Equation 4.6 suggests linearity with oxygen concentration related to initial rates 

with a y-intercept of 0.  Neither of the relationships in Figure 4.12 exhibits this linear 

trend, suggesting model II (Equations 4.4 and 4.6) does not accurately represent 2-

mercaptoethanol oxidations catalyzed by F16PcCo and F64PcCo. 

 
Figure 4.12 Initial rate of F16PcCo and F64PcCo catalyzed oxidations in various dissolved 

oxygen concentrations, in the presence of 2.58 mmol/L NaOH at 22
o 
C, 1 atm. 
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then given to the mass transfer of O2 from gas to liquid phase.  The mass transfer driving 

force is equal to the difference between the partial pressure of gaseous O2 above the 

liquid )(
2Op  and dissolved O2 concentration in the liquid [O2], written in partial pressure 

units:   

 )][( 22
HOpkr OmMT       (4.8) 

where km is a mass transfer coefficient, and H is the Henry’s law constant.
43,44

  Equating 

the mass transfer rates and initial chemical rates, initial O2 concentrations in the liquid 

can be estimated.  

 Equilibrium constant K3 was assumed to be small for F16PcCo thiol oxidations due 

to the electronegativity of the F atoms; hence, in Equation 4.7, 1>>K3[O2]0. In these 

cases, equating Equations 4.7 (simplified) and 4.8 resulted in an estimated initial [O2]0 for 

the F16PcCo cases:    

    
Tm

Om

PcCoF
CatKkHk

pk
O

][4
][

34

.02
2

16 
    (4.9) 

Substituting Equation 4.9 into Equation 4.7 to eliminate [O2]o provided an alternate 

equation for the initial rate of reaction, in terms of catalyst concentration.   

   
Tm

OmT

III
CatKkHk

pkCatKk
r

][4

][4

34

34 2

0 
     (4.10) 

 

Equation 4.10 suggested an experiment to test initial rates vs catalyst 

concentration at constant oxygen partial pressure.  The reciprocal of Equation 4.10 

provides a linearized form, in which the y-intercept yields an estimate of the mass 

transfer coefficient, km. 
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Figure 4.13 Initial rate of F16PcCo catalyzed oxidation in pure oxygen as a function of 

catalyst amount, in the presence of 2.58 mmol/L NaOH at 22 
o
C and 1 atm.  

 

    (4.11) 

 Initial rate versus catalyst concentration data were obtained for F16PcCo-catalyzed 
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which the amount of F16PcCo catalyst was varied.  Initial rates vs effective catalyst 

concentration data are shown in Figure 4.13.  The initial rates remain fairly linear with 

catalyst concentration up to approximately 0.025 mmol/L, after which a fall-off occurs. 

The initial rate is effectively independent of catalyst concentration above 0.025 

mmole/liter. 

 Bartholomew and Farrauto
45

 describe that a catalytic reaction is kinetically 

controlled when limited by the amount of catalyst, as evidenced by the initial rate linear 

with catalyst concentration up to a point.   At larger catalyst concentrations, the reaction 
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limiting.  This results in a leveling off of the initial rate, as shown in Figure 4.13. 

 These data were regressed according to Equation 4.11, with the result shown in 

Figure 4.14.  From the y-intercept, the mass transfer coefficient was estimated:  km=5000 

mmol/liter-h-atm.  This mass transfer coefficient is assumed to system dependent, and 

therefore applicable to all the catalytic cases in this study at the constant agitation rate 

that was used.    

 For the reactor set-up used in this study, mass transfer resistance appears to have a 

significant effect at initial rate of approximately 2300 mmol/L-hr.  Figure 4.12 shows 

initial reaction rates for F16PcCo and F64PcCo catalyzed oxidations of 2-ME fall well 

below this mass transfer resistance threshold.  Recalling Figure 4.5, oxidations involving 

H16PcCo are slower than those catalyzed by fluorinated phthalocyanines.  These 

observations confirm that 2-ME oxidations, catalyzed by H16PcCo, F16PcCo and F64PcCo 

are purely reaction limited.    
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Figure 4.14 Inverse initial rate of F16PcCo catalyzed oxidation in pure oxygen as a 

function of inverse catalyst amount, in the presence of 2.58 mmol/L NaOH at 22 
o
C and 1 

atm.  

 

 With a mass transfer coefficient available, the values of parameters K3 and k4 for 

F16PcCo and F64PcCo catalysts can be estimated by applying Equation 4.12, the 

reciprocal of Equation 4.7, to initial rate versus [O2] data, collected at 5%, 21%, and 
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     (4.12) 

 A trial-and-error procedure is used since the [O2]0 might possibly be lower than 

Henry’s Law would predict due to the potential mass transfer resistance issues.  For a 

given O2 partial pressure, Henry’s law
43,44

 provides an estimate of [O2] at initial time.  

Then, a plot of the data according to Equation 4.12 provides estimates for k4 and K3.  

Figure 4.15 provides inverse initial rates as a function of dissolved oxygen, as calculated 

from the above trial and error procedure.   The Matlab program used for this calculation 

can be found in Appendices L and M for F16PcCo and F64PcCo, respectively.  
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Figure 4.15 Inverse initial rate of F16PcCo and F64PcCo catalyzed oxidations as a 

function. of inverse dissolved oxygen concentration, considering mass transfer effects, in 

the presence of 2.58 mmol/L NaOH at 22 
o
C and O2 partial pressure = 1 atm.  

 

 Table 4.6 shows values for K3 and k4, and estimated concentrations of dissolved O2 

for F16PcCo and F64PcCo catalyzed 2-ME oxidations.  Knowing the pKa of 2-ME (pKa = 

9.643) and H2O (pKa = 15.7) for the initial acid/base reaction involving 2-ME and OH
-
, 

K1 was estimated as K1=10
-9.643

/10
-15.7

=1.14x10
6
.  The kinetic parameter describing 

substrate binding, K2, is determined by fitting known values of K1, K3, and k4 to complete 

data sets of F16PcCo and F64PcCo 2-ME oxidations, which will be discussed very shortly. 

 

 

 

 

 

 

 

 

 

 

  

R² = 0.999 

R² = 0.995 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

-4
0
0
0
*
[C

a
t]

T
/r

0
 (

h
) 

1/[O2] (L/mmol) 

F16PcCo

F64PcCo



 53 

Table 4.6  Kinetic Parameters and Dissolved [O2] for  F16PcCo and F64PcCo Catalyzed 

Oxidations of 2-Mercaptoethanol, Derived from Model III Initial Rates of F16PcCo, 

F64PcCo, Oxidations of 2-ME Under Various Gas Phase O2 Initial Concentrations, in the 

Presence of 2.58 mmol/L NaOH at 22 °C, 1 atm.,Where  y=-4000*[Cat]T/r0 (h) 

 

CatT (mmol/L) 
km (mmol/L-

h-atm) 

H (L-

atm/mmol) 
H2O (mmol/L) 

OH- 

(mmol/L) 
K1  

0.01 5000 0.10 1.10E+03 2.58 1.14E+06  
F16PcCo fm 0.33     

-r0   (mmol/L-h) y (h) 
[O2] 

(mmol/L) 
[1/O2] (L/mmol) k4 (1/h) 

K3 

(L/mmol) 
K2 (L/mmol) 

100 0.42 0.40 2.50 8.0E+03 1.19 8.00E-07 

210 0.20 1.70 0.58    

310 0.14 8.02 0.12    

F64PcCo fm 0.80     

-r0   (mmol/L-h) y (h) 
[O2] 

(mmol/L) 
[1/O2] (L/mmol) k4 (1/h) 

K3 

(L/mmol) 
K2 (L/mmol) 

100 0.42 0.40 2.50 1.73E+04 0.19 3.46E-06 

210 0.20 1.70 0.58    

310 0.14 8.02 0.12    

 

 

 

4.3.6 Quantification of Mass Transfer Effects via Liquid Oxygen Concentration 

Analysis   

 

Potential mass transfer resistance (Equation 4.8) is also considered when estimating [O2], 

the oxygen content in the reaction liquid.  Concentration of oxygen in the reaction liquid 

is calculated by setting Equations 4.5 and 4.8 equal.  The accepted solution provided an 

estimated concentration of oxygen in the reaction liquid as a function of time.  Alpha and 

beta values as functions of time and estimated K2, K3 and k4 values were also observed. 

 Equation 4.13 represents model III (derived in Appendix F) in terms of thiol 

conversion, X.  Table 4.7 represents model III, where tm is the model-calculated reaction 

time with estimated values of K2, K3 and k4 for 2-ME conversion vs experimental TIME’ 

data.  Equation 4.14 is the integrated form of Equation 4.13 used to fit 2-ME conversion 

vs TIME’ data.     

    (4.13) 
)1(][1
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



4

)1(log][ 100 XXRSH
tm


   (4.14) 

 

Table 4.7 shows little to no change in concentration of oxygen in the reaction 

liquid, as well as calculated  and  values based on Equation 4.5.  Figure 4.16 is a 

graphical representation of the fits provided by Table 4.7.  The dissolved oxygen 

concentration at 22 °C and 1 atm for 100% O2 composition is 8.02 mmol/L.
43,44 

 Table 

4.7 shows no more than a 2% drop from predicted liquid concentration to that calculated 

when considering mass transfer issues.  This suggested that the dissolved O2 is effectively 

constant, and provided more support that mass transfer limitations for 100% gaseous O2 

oxidant is insignificant.   

It is worthwhile to note that the experimental catalyst concentration was 0.01 

mmole/L.  For F16PcCo, the effective concentration is 0.01fm = 0.0033 mmole/L.   This 

value is at the low range of Figure 4.15, suggesting that a mass transfer resistance for 

F16PcCo with pure O2 as the oxidant is trivial.   
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Table 4.7  Rate Model III Parameters as a Function of Time and Fit of F16PcCo and 

F64PcCo Catalyzed Oxidations of 2-ME Under 100% O2 (dissolved [O2] Concentration as 

Predicted by Henry’s Law
43,44

 = 8.02 mmol/L), in the Presence of 2.58 mmol/L NaOH at 

22 °C, 1 atm.  See Figure 4.16 

F16PcCO Oxidation of 2-ME at 100% O2 Concentration 

t' (h) [RSH] (mmol/L) [O2] (mmol/L)  (1/h)  (L/mmol) tm (h) X(%) 

0.00 140.4 8.06 1.73 0.02 0.00 0.00 

0.16 84.1 8.07 1.73 0.02 0.22 36.9 

0.20 74.2 8.07 1.73 0.02 0.26 43.2 

0.29 66.9 8.08 1.73 0.02 0.29 46.6 

0.33 58.9 8.08 1.73 0.02 0.32 51.6 

0.39 48.6 8.08 1.73 0.02 0.37 57.9 

0.43 28.8 8.10 1.74 0.02 0.46 71.1 

0.50 25.9 8.10 1.74 0.02 0.48 71.9 

0.54 14.4 8.11 1.74 0.02 0.55 79.3 

F64PcCO Oxidation of 2-ME at 100% O2 Concentration 

t' (h) [RSH] (mmol/L) [O2]  (mmol/L)  (1/h) (L/mmol) tm (h) X(%) 

0.00 140.0 8.02 2.56 0.02 0.00 0.00 

0.09 95.0 8.03 2.57 0.02 0.12 30.3 

0.19 70.6 8.04 2.57 0.02 0.19 45.9 

0.29 33.0 8.07 2.58 0.02 0.30 70.7 

0.40 8.65 8.11 2.59 0.02 0.41 86.0 

 

 

 

 
Figure 4.16 Experimental data and model fits for F16PcCo and F64PcCo catalyzed 

oxidation of 2-ME under pure O2, in the presence of 2.58 mmol/L NaOH at 22 C, 1 atm.   
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The rate model III and the rate and equilibrium constants found in Table 4.7 

adequately described F16PcCo and F64PcCo catalyzed oxidations of 2-ME under pure O2 

at 1 atm total pressure and 22 C.  Of course,  the effective partial pressure of O2 is 

subject to the total pressure in which the reaction vessel is held, the purity of O2 mixture 

used, as well as the vapor pressure of THF at 22 C (~0.19 atm).
48

  When pure O2 was 

used as the oxidant, its partial pressure of oxygen is 0.8 atm at 22 
o
C.      

For less than pure O2 cases, when N2 was present in the oxidant gas, the impact of 

the THF vapor pressure was more important.  The THF vapor pressure is sensitive to 

temperature and the method of calculation.
48

  When air was the oxidant, at 22 C, the 

partial pressure of gaseous O2 is 0.17 atm.  When the 5% O2 oxidant was used, the O2 

partial pressure in the reactor above the liquid was a very small 0.04 atm!  The catalytic 

oxidations were very sensitive to partial pressure of O2 above the liquid.  These values 

suggested that small errors in temperature control might significantly impact the available 

O2 partial pressure.   

Tables 4.8 and 4.9 provide model III parameters, fitted to 2-ME conversion vs 

TIME’ data, at 21% O2 and 5% O2, respectively.  Figures 4.17 and 4.18 are graphical 

representations of Tables 4.7 and 4.8, respectively. Tables 4.7 and 4.8 also present 

estimated dissolved [O2] for F16PcCo and F64PcCo catalyzed 2-ME oxidations with time.  

The calculated [O2] values were generally comparable to that predicted by Henry’s law in 

some cases, which suggests mass transfer resistance had minimal effect in this system.  In 

some cases, the estimated dissolved [O2] deviated from the Henry’s law-based value in a 

somewhat random way.  This was insufficient cause to claim any mass transfer resistance 

and supports the observation that catalytic initial rates were below the threshold of mass 

transfer resistance.       
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Table 4.8 Rate Model III Parameters as a Function of Time and Fit of F16PcCo and 

F64PcCo Catalyzed Oxidations of 2-ME Under 21% O2 (dissolved [O2] Concentration as 

Predicted by Henry’s Law
43,44

 = 1.70 mmol/L), in the Presence of 2.58 mmol/L NaOH at 

22 °C, 1 atm 

F16PcCO Oxidation of 2-ME at 21% O2 Concentration 

t' (h) [RSH] (mmol/L) [O2]  (mmol/L)  (1/h) (L/mmol) tm (h) X(%) 

0.00 140.4 1.08 0.23 0.005 0.00 0.00 

0.12 113.3 1.08 0.23 0.005 0.24 18.6 

0.17 104.6 1.08 0.23 0.005 0.32 24.6 

0.24 109.5 1.08 0.23 0.005 0.28 20.8 

0.35 102.8 1.08 0.23 0.005 0.34 25.1 

0.46 76.0 1.09 0.23 0.005 0.62 43.8 

0.57 92.4 1.08 0.23 0.005 0.44 31.5 

0.68 72.5 1.09 0.23 0.005 0.66 45.4 

0.79 59.7 1.09 0.23 0.005 0.82 54.1 

0.90 45.1 1.09 0.23 0.005 1.02 64.0 

1.01 54.6 1.09 0.23 0.005 0.89 56.9 

1.13 38.4 1.09 0.23 0.005 1.13 68.0 

1.27 32.2 1.10 0.23 0.005 1.24 71.8 

1.46 26.4 1.10 0.24 0.005 1.37 75.3 

F64PcCO Oxidation of 2-ME at  21% O2 Concentration 

t' (h) [RSH] (mmol/L) [O2]  (mmol/L)  (1/h)  (L/mmol) tm (h) X(%) 

0.00 140.4 2.36 0.75 0.01 0.00 0.00 

0.17 105.5 2.37 0.76 0.01 0.19 23.9 

0.28 88.4 2.37 0.76 0.01 0.29 35.7 

0.37 70.4 2.37 0.76 0.01 0.41 48.2 

0.47 55.9 2.38 0.76 0.01 0.50 58.1 

0.56 38.9 2.38 0.76 0.01 0.63 70.0 

0.65 32.1 2.39 0.76 0.01 0.68 74.3 

0.75 17.3 2.40 0.77 0.01 0.84 84.6 

0.85 10.7 2.40 0.77 0.01 0.93 88.8 
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Table 4.9 Rate Model III Parameters as a Function of Time and Fit of F16PcCo and 

F64PcCo Catalyzed Oxidations of 2-ME Under 5% O2 (dissolved [O2] Concentration as 

Predicted by Henry’s Law
43,44

 = 0.40 mmol/L), in the Presence of 2.58 mmol/L NaOH at 

22 °C, 1 atm 

F16PcCO Oxidation of 2-ME at 5% O2 Concentration 

t' (h) [RSH] (mmol/L) [O2]  (mmol/L) (1/h) (L/mmol) tm (h) X(%) 

0.00 140.4 0.44 0.09 0.003 0.00 0.00 

0.11 126.5 0.44 0.09 0.003 0.23 9.54 

0.22 117.5 0.44 0.09 0.003 0.39 15.8 

0.33 111.0 0.44 0.09 0.003 0.52 20.4 

0.77 88.5 0.44 0.09 0.003 0.97 36.0 

0.94 90.3 0.44 0.09 0.003 0.93 34.5 

1.09 83.3 0.44 0.10 0.003 1.08 39.3 

1.17 84.9 0.44 0.10 0.003 1.05 38.2 

F64PcCO Oxidation of 2-ME at  5% O2 Concentration 

t' (h) [RSH] (mmol/L) [O2]  (mmol/L) (1/h) (L/mmol) tm (h) X(%) 

0.00 140.4 0.29 0.09 0.01 0.00 0.00 

0.03 131.0 0.29 0.09 0.01 0.31 6.39 

0.32 121.9 0.29 0.09 0.01 0.63 12.6 

0.51 119.3 0.29 0.09 0.01 0.72 14.3 

0.75 112.8 0.29 0.09 0.01 0.95 18.7 

0.92 108.3 0.29 0.09 0.01 1.12 21.7 

0.96 98.4 0.29 0.09 0.01 1.48 28.7 

1.25 94.8 0.29 0.09 0.01 1.62 31.0 

1.43 88.9 0.30 0.09 0.01 1.84 35.0 
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Figure 4.17 Experimental data and model fits for F16PcCo and F64PcCo catalyzed 

oxidation of 2-ME under air, in the presence of 2.58 mmol/L NaOH at 22 C, 1 atm.   

 

 

 

 
Figure 4.18 Experimental data and model fits for F16PcCo and F64PcCo catalyzed 

oxidation of 2-ME under diluted O2 (5% O2, balance N2), in the presence of 2.58 mmol/L 

NaOH  at 22 C, 1 atm.   
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4.3.7 Correlation of Kinetic Parameters to Phthalocyanine Structure 

Table 4.5 shows the values K2, K3 and k4, as they relate to the F16PcCo and F64PcCo 

catalysts.  Lewis acidity increases mainly due to the number and positioning of fluorine 

and fluoroalkylated groups.  F16PcCo has a larger number of aromatic fluorine groups 

that cause the structure to have more electron withdrawing capabilities.  However, the 

aromatic fluorine groups also exhibit -back bonding, where a small amount of electrons 

are simultaneously donated into the metal center.
46,47

  On the other hand, aliphatic 

fluorine groups, which surround the F64PcCo molecule, do not exhibit this phenomenon.  

With that said, Lewis acidity increases as we progress for H16PcCo to F16PcCo to 

F64PcCo. 

 According to Tables 4.2-4.4 and Figure 4.9, model I accurately describes 

H16PcCo catalyzed oxidations of 2-ME.  The least Lewis acidic molecule of the studied 

catalysts had substrate binding as the slow step, indicating H16PcCo is a relatively weak 

oxidizer.   

According to Table 4.5, Lewis acidity directly affects K2 (substrate binding) and 

K3 (electron transfer from metal center to coordinated oxygen).  As Lewis acidity 

increases (F16PcCo F64PcCo), the phthalocyanine becomes a stronger oxidizer and 

increases the value of K2.  Lewis acidity is directly proportional to the electron deficiency 

of the metal center, decreasing its willingness to “give-up” an electron.  This is shown in 

the decrease in the value of K3 as Lewis acidity increases (F16PcCo F64PcCo). 

 The metal center of the phthalocyanine becomes more sterically bulky as we 

evolve from H16PcCo to F16PcCo to F64PcCo, due to the size and number of fluorine and 

fluoro-alkyl groups.  This steric bulkiness causes faster acceleration of product, formed in 

the catalyst cavity.  This phenomenon is consistent with the increase in the value of k4 
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(expulsion of thiyl radical) as steric bulkiness increases (F16PcCo F64PcCo). 

 

4.4 Conclusions 

In the absence of Pc, but with NaOH, the RSH was consumed by direct reaction with 

dissolved O2.  The non-Pc oxidation (i.e. non-Pc) of thiol was slow when compared to Pc 

catalytic reactions, but was still considered in the kinetic analyses.  Purely peroxide-

induced oxidations with no O2 present and stoichiometric initial concentrations of 2-ME 

and H2O2 showed the peroxide (H2O2) reaction was fast relative to oxygen-induced 

reactions.  Non-Pc oxidation of 2-mercaptoethanol was described by a reaction rate that is 

first order in thiol concentration and first order in dissolved O2 as typical for acid/base 

catalysis.  The rate-determining step is the coupling of RS
-
 to O2, while the rate constant 

was calculated as k2=1.93x10
-6

 liter/mmol-h. 

Phthalocyanine catalysts subject to dimerization present a reduced effective 

catalyst concentration that can significantly impact the perceived rate of aerobic thiol 

oxidations.  Experimental thiol conversion data were corrected for such aggregation.  

This calculation led to a more accurate, and fairer, subsequent kinetic analyses and 

Conversion vs “Corrected Time” data.   

A trial-and-error procedure that incorporates the mass transfer resistance effects, 

and using initial rates, provided a means to estimate kinetic parameters.  These estimated 

kinetic parameters, from initial rate data, also generated fit to the entire range of 2-ME 

conversion vs. time data.  An important result was that mass transfer resistances were not 

present for 2-ME oxidations under the conditions of this study.   

The rates of substrate binding and electron transfer are directly related to the 

Lewis acidity of catalyst molecules.  Substrate binding is directly related to Lewis 
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acidity.  Substrate binding is found to be the slow step for the insufficiently Lewis acidic 

H16PcCo.  The additional fluorine groups adequately changes the structure of the 

phthalocyanine catalyst, in that the rate-determining step for catalyzed 2-ME oxidations 

is also changed.  The more Lewis acidic F64PcCo has the greatest K2 value, followed by 

F16PcCo.  Similar observations are made for the electron transfer from metal center to 

coordinated O2 (K3).  The more Lewis acidic molecule exhibits lower K3 values. 

Thiyl expulsion (k4) has a direct correlation to steric hindrance.  The less 

sterically hindered catalyst molecule F16PcCo has a lower k4 value and slowest reaction 

rate.  While, the most sterically hindered, F64PcCo, has the largest k4 value and fastest 

reaction rate.    The rate-determining step for aerobic 2-mercaptoethanol oxidations, 

catalyzed by F16PcCo and F64PcCo, is this expulsion of the thiyl radical from the catalyst 

molecule. 
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CHAPTER 5 

BENCH SCALE OXIDATION OF 4-FLUOROBENZENTHIOL  

 

5.1 Introduction 

Experiments and kinetic analyses were conducted to elucidate the mechanism of action 

for 4-fluorobenzenthiol (4-FBT) oxidations via fluorinated, metal-centered, 

phthalocyanine catalysts, H16PcCo, F16PcCo, and F64PcCo.  Experiments were done 

under similar conditions to those carried out with 2-mercaptoethanol (2-ME).  4-

Fluorobenzenethiol was chosen as an alternate thiol to observe the effects of a larger and 

less basic reagent that is believed to be more reactive (see Figure 1.1).  Investigation and 

comparison of the two structurally different thiols provided better understanding of the 

significance of steric bulkiness and Lewis acidity in the design of novel catalysts.  

Kinetic analysis sought to quantitatively observe these effects by understanding the rate-

determining step and kinetic parameter trends based on structure.   

It is hypothesized that in the oxidation of 4-FBT, catalyzed by H16PcCo, F16PcCo, 

and F64PcCo, the expulsion of the thiol radical from the catalyst is the rate-determining 

step, with the disulfide (RSSR) product formed outside of the catalyst cavity. However, 

this expulsion will be accelerated by the size of the 4-FBT thiyl radical. 

The discussion below provides quantitative data and analysis, which further 

revealed correlations between not only catalyst but also thiol structure with kinetics of 

thiol oxidations.   
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5.2 Special Experimental Considerations 

Oxidations of 4-fluorobenzenethiol (142 mmol/L) in the presence of 0.25 wt.% aq. NaOH 

(2.58 mmol/L) were conducted at various gas phase oxygen compositions (5%, 21% and 

100%) at 22 ⁰C and 1 atm.  Oxidations were catalyzed by 0.0105mmol/L of commercial 

phthalocyanines (H16PcCo, F16PcCo), as well as a novel phthalocyanine (F64PcCo).  

Experiments were conducted in a small (50 ml), bench-scale reactor.  The only product 

formed is 4-fluorophenyl disulfide.
14

 

Unfortunately, 4-fluorobenzenethiol was found to be highly reactive in air.
50

   Due 

to this sensitivity, 4-fluorobenzenethiol solutions were prepared and handled in an 

Atmosbag (Sigma-Aldrich), purged and filled with Nitrogen.  Solutions containing 4-

fluorobenzenethiol were also stored in a reinforced box, which was evacuated, then filled 

with Nitrogen.     

 

5.3 Hydroxide-Catalyzed Oxidation of 4-Fluorobenzenthiol  

A mechanism describing 4-Fluorobenzenthiol conversion in the absence of Pc-catalyst 

should first be understood.  This “non-Pc” RSH oxidation pathway begins with the fast 

acid-base equilibrium to produce thiolate ion (RS
-
), which is the active reagent.

35 
  The 

rate-determining step was assumed to be the coupling of RS
-
 to O2, with the other steps 

were in a fast equilibria.  Appendix A presents this mechanism, inspired by Wallace and 

Schriesheim,
36

  while Appendices B and C provide detailed derivations of proposed non-

Pc models, which are Equations 5.1 and 5.2, respectively.  Both possible rate forms are 

tested against experimental data. 
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Figure 5.1 1
st
 order and 2

nd
 order fits of hydroxide-catalyzed oxidation of 4-FBT under 

pure O2, in the presence of 2.58 mmol/L NaOH at 1 atm and 22 C. 
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Table 5.1 Numerical Value and Statistics of Rate parameter, kapp, for 1
st
 and 2

nd
 order 

Hydroxide-Catalyzed Rate Models for 4-FBT and 2-ME (for comparison) Oxidations 

Under Pure O2, in the Presence of 2.58 mmol/L NaOH at 22 
o
C and 1 atm (kapp has the 

units of L/mmol/h for 1
st
 order model and (L/mmol/h)

2
 for 2

nd
 order model; values for 2-

ME are taken from Table 4.1)   

 

 

 

 

 

The first order regression for 4-FBT is statistically preferred, as shown in Table 

5.1.  The data fitted to the first order model yields kapp = 0.022 L/mmol-h at 22 
o
C.  Other 

concentrations were estimated: [OH
-
] = 2.58 mmol/L and [H2O] = 1072 mmol/L.  

Knowing the pKa of 4-FBT (pKa = 6.54) and H2O (pKa = 15.7) for the initial acid/base 

reaction involving 4-FBT and OH
-
, K1 was estimated as K1=10

-6.54
/10

-15.7 
= 1.45E+09.  

The dissolved [O2] = 8.10 mmol/L, based on the constant O2 gas pressure and Henry’s 

Law constant = 99.54 atm-L/mol at 22 
o
C.

43, 44
  The rate constant k2 = 2.45E-04  h

-1
 at   

22 
o
C was calculated  for the rate determining step involving the 4-FBT thiolate coupling 

with O2 in solution.  The above follows a general acid/base chemistry, where there is an 

equilibrium involving the addition of a base to the substrate followed by a slow reaction 

of the complex.
38

 

 Figure 5.2 presents experimental data for both 2-ME and 4-FBT thiol conversion 

with time under pure O2 with NaOH serving as the sole “catalyst.”  Immediately, there 

was an observed difference in rates of oxidation between the two thiols.  The 4-FBT has a 

smaller pKa value (6.54) compared to 2-ME (9.64), indicating it is more acidic. The 

larger, less basic, 4-FBT molecule reacts at a far greater rate.  As a more acidic molecule, 

4-FBT has a larger K1 value than 2-ME (K1,4-FBT=1.45E+09 >> K1,2-ME=1.14E+06), 

which means more 4-FBT thiolate is being produced at a faster rate.  With a higher 

Thiol Model kapp r
2
 

2-ME 
1

st
 Order 6.50E-03 0.966 

2
nd

 Order 7.00E-05 0.942 

4-FBT 
1

st
 Order 2.24E-02 0.965 

2
nd

 Order 2.00E-04 0.890 
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concentration of active reagent, one would expect an overall faster reaction rate.  

Thereby, the basicity of the thiol molecule is directly related to the reaction rate of the 

oxidation, in which it is involved.  Also, pure liquid 4-FBT is very sensitive to air, and 

might break down to its thiolate even in the presence of O2, even in the absence of 

NaOH.  This would result in an even faster increase in concentration of the active thiolate 

reagent concentration.   

 

 
Figure 5.2 Non-Pc oxidation of 4-FBT and non-Pc oxidation of 2-ME under pure O2, in 

the presence of 2.58 mmol/L NaOH at 1 atm and 22 C. 

 

Hydrogen peroxide has been shown to play a significant role in the oxidation of 

thiols.
23-28

  It has been observed that the oxidation of 2-ME occurs significantly faster via 

H2O2 when compared to non-Pc (Figure 4.2) or any of the studied catalysts (Figure 4.4).  

One can assume from the above observations that the reaction of intermediate H2O2 with 

4-FBT is similarly faster than the oxidation by O2 via the phthalocyanine catalysts. As 
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with the 2-ME kinetic modeling, the result is that any derived rate of 4-FBT Pc-catalyzed 

oxidation by O2 was doubled to account for the H2O2 contribution.  

5.4 Pc-Catalyzed Oxidation of 4-Flourobenzenethiol  

5.4.1 Experimental Data 

As with the 2-ME work in Chapter 4, the above “non-Pc” analysis was taken into 

consideration when studying Pc-Catalyzed oxidations of 4-FBT.  While GC analysis 

provides the means to calculate total 4-FBT conversion with time, analysis from Section 

5.3 allows one to solve for 4-FBT conversion via the non-Pc pathway at time, t.  The total 

observed conversion minus conversion due to the non-Pc pathway gives conversion due 

to the Pc-catalytic mechanism.  In addition to this correction, all 4-FBT conversion vs t 

data have also been corrected for dimerization effects, as described in Chapter 4, 

calculated by Loas
14

, where the effective percentage of monomer present is assumed to 

be 85%, 35% and 80% for H16PcCo, F16PcCo and F64PcCo, respectively.  The figures 

which follow describing Pc-catalyzed 4-FBT oxidation were so corrected.   

 

5.4.2 Qualitative Observations of Unsubstituted Cobalt(II) Phthalocyanine – 

(H16PcCo)  

 

Figure 5.3 presents H16PcCo oxidations of 2-ME and 4-FBT oxidations.  As discussed in 

Chapter 4, 2-ME oxidation via H16PcCo appears to be zero order in dissolved [O2].   

However, 4-FBT oxidations in the presence of H16PcCo appeared to be dependent on 

dissolved [O2].  In fact, the more dissolved [O2] present in solution, the lower the extent 

of reaction for 4-FBT oxidations catalyzed by H16PcCo.  Recall that Chapter 1 addressed 

the inspiration for fluorinated phthalocyanine catalysts – that the C-H bonds surrounding 

the H16PcCo scaffold are susceptible to various forms of chemical attack.  The 4-FBT 
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thiolate (RS
-
) is a much stronger electrophile and might attack the C-H bonds of H16PcCo 

more readily than its 2-ME counterpart.   

Recalling Section 5.2, pure 4-FBT is very reactive in air.  In the absence of 

solvent, a potential reaction mechanism begins with attachment and removal of protons 

from RSH by O2 on the surface and dissolved in the pure liquid 4-FBT.  The resulting 

RS
-
 then reacts with other O2 as the oxidation proceeds unassisted.  Now, in the presence 

of higher O2 concentrations, assisted by hydroxide, the thiolate RS
-
 may be formed at 

rates and concentrations that the insufficiently Lewis acidic H16PcCo catalyst cannot 

handle. This leads to an abundance of the electrophilic 4-FBT thiolate in solution, which 

might in turn attack the C-H bonds surrounding H16PcCo.  The result is a loss of catalytic 

activity because of a loss of active catalyst.   

Due to the above, kinetic analysis of H16PcCo catalyzed oxidations of 4-FBT 

would provide inconclusive results.  However, these observations reflect the importance 

of protecting the phthalocyanine catalyst from degrading agents, such as electrophiles, 

nucleophiles, and radicals.    Such is the inspiration for the fluorinated Pc’s wherein the 

C-F bonds of F16PcCo and F64PcCo are more survivable in the presence of a reactive 

thiolate.   
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Figure 5.3 H16PcCo Catalyzed oxidation of 2-ME and 4-FBT under pure O2, air, and 

diluted O2 (5% O2, balance N2), in the presence of 2.58 mmol/L NaOH at 22 C and 1 

atm. 

 

5.4.3 Qualitative Observations of Fluorinated Cobalt(II) Phthalocyanines – (F16PcCo 

& F64PcCo)  

 

Most 4-Flourobenzenethiol oxidations involving F16PcCo and F64PcCo exhibited faster 

reaction rates than that of 2-ME under the same conditions, such as O2 partial pressure, as 

shown by Figures 5.4 and 5.5.  The larger 4-FBT molecule may facilitate the expulsion of 

its thiyl (RS
•
) radical more readily than 2-ME, assuming this remains the slow step in the 

Pc-catalyzed pathway.  In 100% gaseous O2, in the presence of F64PcCo catalyst, 2-ME 

and 4-FBT exhibited comparable reaction rates.  This is likely due to counteracting 

effects of the steric bulk of the thiols.  For example, substrate binding is facilitated by the 

smaller size of 2-ME, while radical expulsion is accelerated by the larger 4-FBT.  Either 

way, the true mechanism and effects were quantitatively explained by determining the 

slow step and estimating kinetic parameters.       
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Figure 5.4 F16PcCo Catalyzed oxidation of 2-ME and 4-FBT under pure O2, air, and 

diluted O2 (5% O2, balance N2), in the presence of 2.58 mmol/L NaOH at 22 C and 1 

atm. 
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Figure 5.5 F64PcCo Catalyzed oxidation of 2-ME and 4-FBT under pure O2, air, and 

diluted O2 (5% O2, balance N2), in the presence of 2.58 mmol/L NaOH at 22 C and 1 

atm. 

5.4.4 Identification of Preferred Rate Model for Fluorinated Cobalt(II) 

Phthalocyanines – (F16PcCo & F64PcCo)  

 

Models I-VIII were previously derived in Appendices D thru K.  Models were fitted to 

experimental data by nonlinear regression. Criteria for choosing the correct model 

include: positive rate constants; relatively large r
2
 values; small 95% confidence values, 

relative to corresponding parameter; models and constants which are chemically and 

physically logical; and models and constants which are consistent with literature, when 

such comparisons are possible.  Tables 5.2 thru 5.4 provide kinetic parameters of derived 

models (Figure 2.1) fitted to 4-FBT data at various O2 partial pressures for F16PcCo and 

F64PcCo catalysis.  

Models I, II, and III provided the best fits for 4-FBT oxidation via F16PcCo and 

F64PcCo catalysts.  Once again, a further look into models I, II, and III was required for 

discernment between the models.  Equations 4.3, 4.4, and 4.5 are expanded forms of 

models I, II and III, respectively, based on Figure 2.1.  These models were derived in 

Appendices D, E, and F. 

]])[/[]/[][(4 212 RSHOHCatOHKkr TI


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IT OHCatOHKk  ]/[]/[][ 212
 

]])[/[]([1

][]][])[/[]([4

212

22123

RSHOHOHKK

RSHCatOOHOHKKk
r T

II 




   (4.4) 

Where 
IITCatOOHOHKKk  ]][])[/[]([ 22123

, 
IIOHOHKK  ])/[]([ 212

   

]])[[1])(/[]([1

][]][])[/[]([4

23212

221234

RSHOKOHOHKK

RSHCatOOHOHKKKk
r T

III






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Where IIITCatOOHOHKKKk  ]][])[/[]([ 221234 , 
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IIIOKOHOHKK  ])[1])(/[]([ 23212
 

Conversion from RSH to RS
-
 is represented by the equilibrium constant K1.  

Substrate RS
-
 binding to Co(II), and reduction of Co(II) to Co(I), is represented by either 

K2 (an equilibrium constant) or k2 (a rate constant), and is directly related to the Lewis 

acidity of the metal center.  The attachment of dissolved O2, and electron transfer from 

the metal center to coordinated O2, is represented by either K3 (an equilibrium constant) 

or k3 (a rate constant).  The rate constant k4 represents the rate constant for the expulsion 

of RS
•
 thiyl radical from the metal center.   

Equation 4.3 (Model I) was  immediately eliminated as a possibility for F16PcCo 

and F64PcCo catalysis of 4-FBT.  Figures 5.4 and 5.5 show a definite dependence of 

reaction rate on dissolved [O2].  Rate Model I has no such dependence.  Quantitative 

analysis was then  performed, focusing on models II and III, to better choose the correct 

rate-model and understand the dependence of kinetic parameters on phthalocyanine 

structure.  Figures 5.6 and 5.7 are graphical representations of model II/III fitted F16PcCo 

and F64PcCo catalyzed oxidations 4-FBT at various dissolved [O2], respectively.     
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Table 5.2 Numerical Values for Lumped KineticParameters (Models I-VIII of Table 2.1) 

for Catalytic (F16PcCo and F64PcCo) Oxidations of 4-FBT Under 5% Gas Phase O2 

Composition, in the Presence of 2.58 mmol/L NaOH at 22 C and 1 atm. * Represents 

Relatively Large 95% Confidence Value  
F16PcCO Oxidation of 2-ME at 5% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.82 0.22 0.003 

DOES NOT 

CONVERGE 

DOES NOT 

CONVERGE 

 - 0.0013 -22.6 

 - - -0.0018 

r
2
 0.972 0.972 0.977 

F64PcCO Oxidation of 2-ME at 5% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.0698 0.16 8.78 4.00E-04 1.75E-04 

 - 0.0008 12320 -0.015 -0.036 

 - - -0.62 - 6.41E-05 

r
2
 0.833 0.943 0.946 0.947 0.959 

 

 
     

 

 

 

Table 5.3 Numerical Values for Lumped Kinetic Parameters (Models I-VIII of Table 2.1) 

for Catalytic (F16PcCo and F64PcCo) Oxidations of 4-FBT Under 21% Gas Phase O2 

Composition, in the Presence of 2.58 mmol/L NaOH at 22 C and 1 atm. *Represents 

Relatively Large 95% Confidence Value  
F16PcCO Oxidation of 2-ME at 21% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.29 1.05 

DOES NOT 

CONVERGE 

DOES NOT 

CONVERGE 

0.018 

 - 0.0074 -0.044 

 - - 4.00E-04 

r
2
 0.987 0.998 0.997 

F64PcCO Oxidation of 2-ME at 21% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.31 0.73 0.33* 

DOES NOT 

CONVERGE 

0.66* 

 - 0.012 0.49* 2.04* 

 - - 3.00E-04* 6.00E-04* 

r
2
 0.998 0.998 0.998 0.998 
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Table 5.4 Numerical Values for Lumped Kinetic Parameters (Models I-VIII of Table 2.1) 

for Catalytic (F16PcCo and F64PcCo) Oxidations of 4-FBT Under 100% Gas Phase O2 

Composition, in the Presence of 2.58 mmol/L NaOH at 22 C and 1 atm. * Represents 

Relatively Large 95% Confidence Value  
F16PcCO Oxidation of 2-ME at 100% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.41 0.986 

DOES NOT 

CONVERGE 

DOES NOT 

CONVERGE 

0.012 

 - 0.0006 -0.038 

 - - 1.89E-04 

r
2
 0.997 0.997 0.998 

F64PcCO Oxidation of 2-ME at 100% O2 Concentration 

Model  I II/III IV/V VI VII/VIII 

 0.39 0.54 

DOES NOT 

CONVERGE 

DOES NOT 

CONVERGE 

0.0034 

 - 0.0018 -0.052 

 - - 1.55E-04 

r
2
 0.997 0.999 0.996 

 

 
  

 

 

 
 

 

      

 
Figure 5.6 Experimental data and model fits, based on model II/II for F16PcCo catalyzed 

oxidation of 4-FBT under O2, air and diluted O2 (5% O2, balance N2), in the presence of 

2.58 mmol/L NaOH at 22 °C, 1 atm.  
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Figure 5.7 Experimental data and model fits, based on models II/III. for F64PcCo 

catalyzed oxidation of 2-ME under O2, air and diluted O2 (5% O2, balance N2), in the 

presence of 2.58 mmol/L NaOH at 22 °C, 1 atm.  

 

5.4.5 Quantitative Estimation of Kinetic Rate and Equilibrium Constants for 

Fluorinated Cobalt(II) Phthalocyanines (F16PcCo & F64PcCo) 

 

Similarly to kinetic analysis of 2-ME oxidations found in Section 4.3.5, initial rates were 

examined in order to decide on the correct rate model.  Recalling that Equations 4.4 and 

4.5 can be reduced to initial rates, where the thiol concentration is large.  

    TII CatOkr ][][4 0230
      (4.6) 

  023

0234

][11

][][4
0 OK

CatOKk
r T

III



     

(4.7) 

Figure 5.8 provided initial rate data as a function of dissolved oxygen concentration as 

estimated by Henry’s law
43,44

 at 1 atm and 22 C.  Equation 4.6 suggest initial rate is 

linear with dissolved oxygen concentration with a y-intercept of zero.  Figure 5.8 implies 

that Equation 4.6, or rate model II, does not represent the correct rate-determining step 

for 4-FBT oxidations via F16PcCo or F64PcCo catalysts.
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Figure 5.8 Initial rates of F16PcCo and F64PcCo catalyzed oxidations as a function of 

liquid oxygen concentration, estimated by Henry’s constant
43,44

 in the presence of 2.58 

mmol/L NaOH at 22
o 
C and 1 atm. 

 

Figure 4.13 presented initial rate vs. catalyst amount data, in which a mass 

transfer resistance begins to occur for oxidations occurring faster than ~2300 mmol/L-h.  

It can be argued that this threshold rate for a mass transfer resistance is characteristic of 

the reactor used in this study.  Initial rates of studied 4-FBT oxidations, found in Figure 

5.8, are below the mass transfer resistance threshold, suggesting all data studied are not 

limited by mass transfer effects. 

Similarly to the trial-and-error procedure used in Section 4.3.5, the reciprocal of 

Equation 4.7 was applied to inverse reaction rate vs. inverse dissolved [O2] data for 4-

FBT oxidations catalyzed by F16PcCo and F64PcCo.  The Matlab program used for this 

calculation can be found in Appendices N and O for F16PcCo and F64PcCo, respectively. 

The consequence of claiming negligible mass transfer resistance is that the dissolved [O2] 

was  estimated from Henry’s Law, based on O2 partial pressure and reactor temperature.   
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Figure 5.9 Inverse initial rate of F16PcCo and F64PcCo catalyzed oxidations of 4-FBT as 

a function of inverse dissolved oxygen concentration, in the presence of 2.58 mmol/L 

NaOH at 22 
o
C and O2 partial pressure = 1 atm. 

 

Table 4.5 shows values for K3 and k4, and concentrations of dissolved O2 based on 

Henry’s Law for F16PcCo and F64PcCo catalyzed 2-ME oxidations.  Knowing the pKa of 

4-FBT (pKa = 6.54) and H2O (pKa = 15.7) for the initial acid/base reaction involving 2-

ME and OH
-
, K1 was estimated as K1=10

-6.54
/10

-15.7 
= 1.45x10

9
.  The kinetic parameter 

describing substrate binding, K2, was determined by fitting to complete data sets after 

values of K1, K3, and k4 for F16PcCo and F64PcCo 4-FBT oxidations were known.   
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Table 5.5 Kinetic Parameters and Dissolved [O2] for  F16PcCo and F64PcCo Catalyzed 

Oxidations of 4-Fluorobenzenethiol, Derived from Model III Initial Rates of F16PcCo, 

F64PcCo, Oxidations of 4-FBT Under Various Gas Phase O2 Initial Concentrations, in the 

Presence of 2.58 mmol/L NaOH at 22 °C, 1 atm.,where  y=-4000*[Cat]T/r0 (h) 

CatT (mmol/L) 
km (mmol/L-

h-atm) 

H                  

(L-atm/mmol) 

H2O 

(mmol/L) 
OH- (mmol/L) K1 

 

0.01 5000 0.10 1.10E+03 2.58 1.45E+09  
F16PcCo fm 0.33     

-r0   (mmol/L-

h) 
y (h) 

[O2] 

(mmol/L) 

[1/O2] 

(L/mmol) 
k4 (1/h) K3 (L/mmol) 

K2 

(L/mmol) 

96.0 0.44 0.40 2.50 9.93E+03 0.76 8.63E-10 

222 0.19 1.70 0.58    

376 0.11 8.02 0.12    

F64PcCo fm 0.80     

-r0   (mmol/L-

h) 
y (h) 

[O2] 

(mmol/L) 

[1/O2] 

(L/mmol) 
k4 (1/h) K3 (L/mmol) 

K2 

(L/mmol) 

67.7 0.62 0.40 2.50 1.83E+04 0.29 6.95E-10 

287 0.15 1.70 0.58    

364 0.12 8.02 0.12    

 

5.5 Catalytic Factors Affecting Thiol Oxidation Kinetics 

5.5.1 Correlation of Kinetic Parameters to Thiol and Catalyst Structure 

Two effects are in play when transitioning from the F16PcCo to the bulky fluorinated 

F64PcCo molecule.  These effects include steric hindrance and Lewis acidity.  Choice of 

thiol may also result in some unexpected kinetic conclusions.  Studying trends of 

quantitative data provided by Table 5.6 should elucidate the true effects of both catalyst 

and thiol structure.   

 

Table 5.6 Kinetic Parameters of 2-ME and 4-FBT Oxidations Catalyzed by F16PcCo and 

F64PcCo Catalysts 

 
Catalyst/Thiol K2 (L/mmol) K3 (L/mmol) k4 (1/h) 

F16PcCo/2-ME 8.00E-07 1.19 8.00E+03 

F64PcCo/2-ME 3.46E-06 0.19 1.73E+04 

F16PcCo/4-FBT 8.63E-10 0.76 9.93E+03 

F64PcCo/4-FBT 6.95E-10 0.29 1.83E+04 
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5.5.2 Catalyst Stability 

The transition from 2-mercaptoethanol to 4-fluorobenzenethiol has various kinetic 

consequences.  It is imperative to understand possible outcomes in changing thiols 

regarding steric bulkiness and Lewis acidity, as mentioned previously.  The catalyst 

stability in the presence of a more aggressive thiolate is also important.   

Section 5.4.2 discusses the likely degradation of H16PcCo as a result of 

electrophilic substitution.  The 4-FBT thiol rapidly converts into its active thiolate, 

particularly in oxygen rich solutions.  The electronegative fluorine and aromatic 

resonance afforded by the benzene ring add to the electrophilicity of the thiolate, which 

increases its likelihood of replacing a perimeter H surrounding the H16PcCo molecule.  

Unfortunately, kinetic analysis of 4-FBT oxidation data involving H16PcCo was not 

possible due to the perceived lack of catalyst stability.  In future work, independent 

verification by an analytical method such as ultraviolet/visible (uv/vis) spectroscopy 

might be used to quantify the remaining H16PcCo.   

Returning to the inspiration of fluorinated phthalocyanine catalysts, the above 

mechanism of deactivation does not occur for F16PcCo and F64PcCo catalyzed oxidations 

of 4-FBT.  The C-F bonds on the perimeters of these molecules appear to be immune to 

the more aggressive electrophilic 4-FBT thiolate than the 2-ME thiolate.  

 

5.5.3 Steric Bulkiness & Lewis Acidity 

Steric bulkiness typically increases as the number of fluorine atoms increase from 

F16PcCo to F64PcCo catalysts.  The rate of substrate binding may decrease with 

increasing steric bulkiness because of difficulty to reach the metal center, and may be 

reflected in the K2 values.  
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 The effects Lewis acidity of the catalyst molecule may be observed in both 

substrate binding (K2) and electron transfer from catalyst center to coordinated O2 (K3).  

Greater Lewis acidity causes a catalyst to be a better “oxidizer,” increasing the rate of 

substrate binding.  Meanwhile, an increased Lewis acidic molecule holds on to electrons 

more tightly, decreasing the rate of which it gives up an electron. 

Thiyl radical expulsion may increase as steric bulkiness increases because the 

additional fluorine atoms might quicken the ejection of these radicals once formed.  On 

the other hand, the bulky fluorinated groups may hinder the same expulsion in which it 

accelerates.  Rate of thiyl product expulsion may be affected in various ways due to the 

size of 4-FBT.  These effects can be revealed by studying values of k4. 

 

5.5.3.1 Substrate Binding and Electron Transfer to Metal Center (K2). The parameter 

describing substrate binding (K2) increases as we change from F16PcCo to F64PcCo for 

the smaller 2-ME thiolate, consistent with the greater electronegativity of 64 F atoms.  

The K2 for the larger 4-FBT thiolate slightly decreases.   Although F64PcCo is a better 

“oxidizer” than the F16PcCo molecule, the bulkiness of the F64PcCo molecule may hinder 

the binding of the larger 4-FBT substrate.  F16PcCo has a more open structure allowing 

for facilitated substrate binding.    

Substrate binding and electron transfer to the metal center, as described by K2, 

reflects how readily the PcCo(II) oxidizes the chosen thiolate. The values of K2 are 

considerably lower for 4-FBT oxidation when compared to 2-ME as seen by the 

comparison in Table 5.6.   The Lewis acidic, fluorinated phthalocyanines, oxidized the 

more basic 2-ME thiol faster than 4-FBT.  The aromatic resonance of the benzene ring 
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and attached F of 4-FBT strongly holds on to its electrons, and the attachment and 

electron transfer from thiol to metal center is less favorable.   

 

5.5.3.2 Lewis Acidity (K3). Lewis acidity is important when studying the rate of 

electron transfer from the metal center to the coordinated O2, defined by K3.  There is an 

increase in electron deficiency from F16PcCo to F64PcCo.  F64PcCo yields lower K3 

values, indicating the slowest rate of electron transfer, confirming that F64PcCo is the 

more Lewis acidic catalyst. 

Similar observations were made earlier for 2-ME cases (Section 4.3.6).  There is 

no significant correlation when comparing K3 values of 2-ME with that of 4-FBT.  This is 

likely because electron transfer from metal center to coordinated O2 is just that, an issue 

dealing with the metal center of catalyst and coordinated O2.  This is an internal matter, in 

which choice of thiol has little relevance.    

 

5.5.4 Expulsion of Thiyl Radical from Catalyst Cavity (k4) 

As established in the 2-ME studies, the thiyl radical wants to escape the catalyst cavity.  

The greater amount of inherent cavity bulkiness, the faster the rate of radical expulsion 

due to steric hindrance.  This continues to hold true for 4-FBT oxidation as shown by 

Table 5.6, k4-F16PcCo << k4-F64PcCo.   

When comparing kinetic parameters of 2-ME and 4-FBT oxidations, k4 is 

accelerated for all cases.  Although K2 values for 4-FBT oxidations are four orders of 

magnitude lower than that of 2-ME, Figures 5.4 and 5.5 show conversion of 4-FBT are 

generally faster than 2-ME.  This compliments the large effect k4 has on thiol oxidations 

via fluorinated catalysts, further suggesting thiyl radical expulsion is rate-determining.   
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5.6 Conclusions 

Substrate binding increases with the readiness of the thiolate to give up an electron.  

Higher basicity results in more rapid substrate binding.  In the case of a larger thiol (4-

FBT), the rate of substrate binding is slowed down by a sterically bulky catalyst 

(F64PcCo).  Lewis acidity continues to be reflected in the rate of electron transfer from 

metal center to the coordinated oxygen.  In addition, this electron transfer was found to 

be an internal issue and is not significantly affected by the chosen thiol. 

As with 2-mercaptoethanol, the rate-determining step for 4-fluorobenzenethiol 

oxidations was shown to be the expulsion of thiyl radical from the catalyst cavity.  The 

expulsion of the 4-FBT thiyl radical increases as steric bulkiness of the catalyst increases. 

Using 4-fluorobenzenethiol affects the kinetics due to its increased acidity and 

size, as well as stability of the particular catalysts.  The H16PcCo catalyst is not 

adequately protected against the highly reactive 4-FBT molecule.  Meanwhile, the 

fluorine atoms surrounding F16PcCo and F64PcCo not only provide improved kinetics, but 

also shield the catalyst molecule from hostile deactivation agents.     
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CHAPTER 6 

SUPPLEMENTARY CATALYTIC THIOL OXIDATION EXPERIMENTS 

 

6.1 Effects of Initial Hydroxide Concentration on Catalytic Oxidations 

Sodium hydroxide (NaOH) is added as a necessary precursor in all phthalocyanine (Pc) 

catalyzed oxidations of thiols.  Section 4.2 discussed the “nonPc” oxidation of 2-ME, 

catalyzed solely by NaOH.  Theoretical analysis, supported by experimental data, showed 

that the rate of hydroxide-catalyzed (non-Pc) oxidation of 2-ME by O2 has a linear 

dependence with NaOH.  These observations were not shared with Pc-catalyzed 

oxidations.  This may be explained through studying and understanding kinetic rate 

models and further scrutiny of possible stability issues.   

Figures 6.1 thru 6.3 present experimental 2-ME conversion data, corrected for the 

non-Pc contribution to total conversion, at varying concentrations of NaOH, catalyzed by 

H16PcCo, F16PcCo, and F64PcCo, respectively.  There were negligible differences in these 

catalytic oxidations as the initial NaOH concentration changes.  A relative uncertainty 

RSD = +/- 7% were added to figures in this chapter when claiming statistically 

insignificant variation in data.   
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Figure 6.1 H16PcCo catalyzed oxidation of 2-ME in 1.65 and 2.58 mmol/L NaOH under 

pure O2 at 1 atm and 22 C. RSD=+/- 7%. 

 

 

 

Figure 6.2 F16PcCo catalyzed oxidation of 2-ME in 1.65 and 2.58 mmol/L NaOH under 

pure O2 at 1 atm and 22 C. RSD=+/- 7% 
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Figure 6.3 F64PcCo catalyzed oxidation of 2-ME in 1.65 and 2.58 mmol/L NaOH under 

pure O2 at 1 atm and 22 C. RSD=+/- 7% 

 

Recall that NaOH was added to the initial solution to convert thiol (RSH) to 

thiolate (RS
-
), which is the active reagent.  Although NaOH is consumed in the 

preliminary step, it is regenerated in both O2-induced and H2O2-induced non-elementary 

reactions, as shown by Equations 2.2 and 2.3, respectively. The NaOH concentration in 

the reaction solution is essentially constant.  This process occurs via a catalytic cycle 

(Figure 2.3), which contains the rate-determining step for catalytic oxidations of thiols.  

This rate-determining step dominates the rate of thiol consumption as well as the rate of 

hydroxide regeneration. 

Although to a lesser extent than 4-FBT cases, a stability study performed by 

Loas
14

 showed H16PcCo stability decreases with time for 2-ME oxidations.  This issue of 

stability may be exacerbated with an increase in NaOH concentration.  As more NaOH is 

added, there is an increase in [RS
-
] due to the K1 acid/base reaction.  As mentioned in 

Chapter 4, an increase in [RS
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] may also increase the likelihood of electrophilic 
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substitution in which the thiolate may attack the C-H bonds surrounding the H16PcCo 

catalyst.  Loas also mentioned possible mechanisms of deactivation include nucleophilic 

(OH
-
) and radical (H2O2) degradation pathways.

14
  These factors may all cause a minimal 

change in observed reaction rates when altering NaOH concentration.  In others words, 

increasing NaOH accelerates the reaction rate according to the model invokes 

deactivation causing a decrease in effective catalyst concentration and subsequent 

reduction in reaction rate according to the model.  

On the other hand, the rate model describing F16PcCo and F64PcCo thiol 

oxidations contains the variable [OH
-
] in both the numerator and denominator.  The 

dependence on [OH
-
] essentially cancels out as shown by the weak impact of NaOH in 

Figure 6.2 (F16PcCo) and Figure 6.3 (F64PcCo).  The apparent nullification of [OH
-
] 

supports earlier assumptions in analysis using initial rate data which suggested >>1 

early in thiol oxidations. 

]])[[1])(/[]([1

][]][])[/[]([4

23212

221234

RSHOKOHOHKK

RSHCatOOHOHKKKk
r T

III







   (4.5) 

Where 
IIITCatOOHOHKKKk  ]][])[/[]([ 221234

, 

IIIOKOHOHKK  ])[1])(/[]([ 23212  

Sensitivity tests were conducted for F16PcCo and F64PcCo catalyzed oxidations of 

2-ME at arbitrary [OH
-
] values based on the above model.  Figures 6.4 and 6.5 are the 

calculated rates vs thiol concentration based on equation 4.5 and kinetic parameters found 

in Table 4.6.  Even if the NaOH concentration is increased by 500%, there is only an 

increase of ~33% in rate of thiol consumption.  The insignificant impact of changing 

NaOH seen in Figures 6.2 and 6.3 and the quantitative observations of Figures 6.4 and 
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6.5 supported rate model III as the correct form for thiol oxidations catalyzed by F16PcCo 

and F64PcCo. 

 

Figure 6.4 Rate vs 2-ME concentration under pure O2 at 1 atm and 22 C based on rate 

model III and F16PcCo kinetic parameters at hypothetical values of NaOH concentration.  

 

 

 

Figure 6.5 Rate vs 2-ME concentration under pure O2 at 1 atm and 22 C based on rate 

model III and F64PcCo kinetic parameters at hypothetical values of NaOH concentration.  
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6.2 Stability of Fluorinated Phthalocyanine Catalyst 

Supplementary experiments were conducted on the unsubstituted (H16PcCo) and 

perfluoroalkylated (F64PcCo) phthalocyanine to observe their stability.  After the 

completion of the baseline catalytic run loaded with 140mmol/L 2-ME, 0.0105mmol/L 

catalyst and 2.58mmol/L NaOH in 50ml of THF, an additional 7.2 mmol of 2-ME 

(original amount added to solution) was reloaded to the reaction solution.  Completion of 

catalytic oxidation was detected when 2-ME concentration went to nearly zero.  This 

final concentration was noted in order to calculate the total concentration of 2-ME 

initially present after 7.2 mmol of 2-ME was added.  Conversions are based on the 

calculated initial concentrations of baseline or reloaded experiments.  Liquid samples 

were extracted as usual after 2-ME was reloaded.  Less stable catalysts were expected to 

have a decreased conversion for the reloaded case.  

Figures 6.6 and 6.7 present 2-ME conversion data, corrected for the non-Pc 

contribution, showing the baseline and “reloaded” experiments.  The “reloaded” 

conversion was based on the initial 2-ME concentration of the reloaded solution.   The 2-

ME oxidation involving H16PcCo plateaus quickly at a conversion of ~45% in the 

“reloaded” experiment.   F64PcCo-catalyzed experiments also level off at ~55% when 

limited thiol is reloaded.   

Turnover number (TON)
51

 is defined as the maximum number of molecules of 

substrate that a catalyst can convert to product per catalytic site.  The turnover frequency 

(TOF) is the maximum number of substrate molecules converted to product per site per 

second.  TON and TOF were calculated by observing the total amount of 2-ME converted 

in original and reloaded experiments as well as the total time in Figures 6.6 and 6.7.  The 

TON and TOF are accepted indicators of catalyst productivity and stability.   
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In the current cases, the TON was estimated as 14600 mmol-RSH/mmol-Pc and 

17850 mmol-RSH/mmol-Pc for H16PcCo and F64PcCo, respectively.  The corresponding 

TOF for H16PcCo and F64PcCo oxidations of 2-ME are 2.93 mmol-RSH/mmol-Pc/s and 

5.51 mmol-RSH/mmol-Pc/s.  This suggests that F64PcCo is a superior catalyst in its 

ability to convert more thiol per amount of catalyst and a faster rate.  The above 

observation coincides with Loas
14

 where F64PcCo is shown to be far more stable than the 

H16PcCo catalyst. 

Figure 6.6 Baseline H16PcCo catalyzed oxidation of 140 mmol/L 2-ME in 2.58 mmol/L 

NaOH under pure O2 at 1 atm and 22 C.  Reaction is reloaded with 7 mmol/L of 2-ME 

added to initial reaction solution after baseline experiment reaches near 100% 2-ME 

conversion. RSD=+/- 7%. 
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Figure 6.7 Baseline F64PcCo catalyzed oxidation of 140 mmol/L 2-ME in 2.58 mmol/L 

NaOH under pure O2 at 1 atm and 22 C.  Reaction is reloaded with 7 mmol/L of 2-ME 

added to initial reaction solution after baseline experiment reaches near 100% 2-ME 

conversion.  RSD=+/- 7% 

 

6.3 Inhibitory Effects Caused by Production of Disulfide in Catalytic Oxidations 

A set of experiments was conducted to test if the generation of disulfide product would 

inhibit the reaction rate of catalyzed thiol oxidations.  Recall that the overall oxidation 
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Figure 6.8 Baseline H16PcCo catalyzed oxidation of 140 mmol/L 2-ME in 2.58 mmol/L 

NaOH under pure O2 at 1 atm and 22 C.  Reaction is repeated with 80mmol/L of 2-

Hydroexyethyl Disulfide added to initial reaction solution. RSD=+/- 7%. 

 

 

 
Figure 6.9 Baseline F16PcCo catalyzed oxidation of 140 mmol/L 2-ME in 2.58 mmol/L 

NaOH under pure O2 at 1 atm and 22 C.  Reaction is repeated with 80mmol/L of 2-

Hydroexyethyl Disulfide added to initial reaction solution.  RSD=+/- 7%. 
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Figure 6.10 Baseline F64PcCo catalyzed oxidation of 140 mmol/L 2-ME in 2.58 mmol/L 

NaOH under pure O2 at 1 atm and 22 C.  Reaction is repeated with 80mmol/L of 2-

Hydroexyethyl Disulfide added to initial reaction solution.  RSD=+/- 7%. 
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6.4 Temperature-Dependent Phthalocyanine Catalyzed Oxidation of 2-ME 

Temperature experiments were conducted on phthalocyanine catalyzed oxidations of 2-

mercaptoethanol (2-ME) to elucidate the effects of change in temperature on kinetic 

parameters.  2-ME was oxidized catalytically via H16PcCo and F16PcCo under various 

oxygen concentrations and temperatures.  At this point in this study, no F64PcCo 

remained for additional experiments.   

Experimental conditions were similar to those used in prior experiments where 

pressure is held constant at 1 atm; initial thiol, NaOH and catalyst concentrations are 140 

mmol/L, 2.58 mmol/L and 0.0105 mmol/L, respectively.  Temperatures were held 

constant at 10 ºC, 15.5 ºC and 21 ºC using a “cold finger” in the circulating water bath.  

Temperatures in the reactor are held at +/- 2 ºC of the desired T. 

 

 
Figure 6.11  Initial rates of  H16PcCo catalyzed oxidation of 140 mmol/L 2-ME in 2.58 

mmol/L NaOH under various gaseous O2 compositions held at1 atm and  various constant 

reaction temperatures. 
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Figure 6.12  Initial rates of  F16PcCo catalyzed oxidation of 140 mmol/L 2-ME in 2.58 

mmol/L NaOH under various gaseous O2 compositions held at1 atm and  various constant 

reaction temperatures. 

 

Figures 6.11 and 6.12 present observed initial rates as functions of temperature.  
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Table 6.1 shows kinetic parameters K2, K3 and k4, for F16PcCo oxidations at 

various temperatures calculated similarly to the trial-and-error procedure found in Section 

4.3.5.  Matlab codes for the above calculations can be found in Appendices L, P and Q.  

Substrate binding (K2) occurs at a faster rate as temperature increases.  The rise in 

temperature causes an increase in random diffusion and particle movement in the 

solution.  Substrate binding is thereby facilitated by an increase in temperature.  Similar 

observations are made for thiyl expulsion (k4).  However, electron transfer (K3) does not 

seem to be affected by temperature.   

Table 6.1 Kinetic Parameters as a Function of Reaction Temperature 

F16PcCo 
-r0(mmol/L-hr)  

5% O2 

-r0(mmol/L-hr) 

21% O2 

r0(mmol/L-hr)  

100% O2 

K2 

(L/mmol) 

K3 

(L/mmol) 

k4 

(L/mmol) 

10 
o
C 48.2 82.3 146 4.83E-08 1.37 3221 

15.5 
o
C 43.4 66.9 215 6.50E-08 1.06 3410 

21 
o
C 100 209 310 8.00E-07 1.19 8018 

 

  

6.5 Conclusions 

The above experiments provide supplemental information to the kinetic studies of thiol 

oxidations catalyzed by H16PcCo, F16PcCo, and F64PcCo up to this point. The 

observations were interpreted in view of the preferred kinetic models supported in 

Chapters 4 for thiol 2-ME.  First, although a NaOH concentration term appears in all 

catalytic rate models for 2-ME oxidation, the data here show little, if any, dependence on 

NaOH for the catalytic reactions.  The rate-determining step, found in the catalytic cycle, 

controls other essential non-catalytic mechanisms in the range of studied NaOH 

concentrations.  These mechanisms include the consumption and regeneration of 

hydroxide as well as H2O2 production.  There are likely stability issues involving 
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H16PcCo catalyzed thiol oxidations.  However, the weak dependence of NaOH on 

F16PcCo and F64PcCo catalyzed thiol oxidation supports the choice of rate model III and 

the conclusion that the rate-determining step is the expulsion of the thiyl radical from the 

catalyst cavity  

Second, the catalyzed oxidation rates are effectively independent of disulfide 

[RSSR], which is consistent with the preferred model from Chapter 4. There are no 

inhibitory effects caused by the production of the disulfide product.  

 The F64PcCo catalyst is the superior catalyst when compared to H16PcCo and 

F16PcCo.  Not only does F64PcCo exhibit lower dimerization than F16PcCo, but its 

Turnover Number and Turnover Frequency were shown to be greater than those for 

H16PcCo.   

 Finally, catalyzed initial rates rise rapidly with temperature.  This suggests a 

reaction-limited kinetic regime.  Catalytic steps dependent on motion of involved 

reactants (K2) and products (k4) are directly related to temperature of reaction, while the 

internal step (K3) simply depends on Lewis acidity of the catalyst molecule. 
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CHAPTER 7 

SUMMARY & SUGGESTIONS 

 

The study quantitatively presented correlations of kinetic parameters in the absence and 

presence of phthalocyanine catalysts.   

In the absence of Pc, but with NaOH, both 2-ME and 4-FBT consumption is 

described by a 1
st
 order model.  NonPc oxidation of 2-ME is linear with NaOH as the 

model suggests.  Further studies would call for similar experiments to test the linearity of 

4-FBT with NaOH concentration.  Results should be similar to that of 2-ME oxidations.  

4-FBT reacts at a greater rate than 2-ME in the absence of Pc catalysts, likely due to the 

greater tendency 4-FBT to give up a proton.  Even in pure liquid, exposed to air, O2 

reacts at the surface, leaving RS
-
 or RS.  The more sensitive thiol is believed to break 

down into its thiolate form, even in the absence of NaOH.  NMR tests should be able to 

identify the state of thiol with time under various conditions.  During nonPc oxidations, 

assisted by NaOH, concentration of thiolate is greater for 4-FBT oxidations, accelerating 

the rate of oxidation.  The rate constant for nonPc oxidations are k2=1.93x10
-6

 

liter/mmol-h and k2 = 2.45E-04  for 2-ME and 4-FBT oxidations, respectively. 

An investigation of H2O2-induced oxidation of 2-ME was also performed.  Purely 

H2O2-induced oxidations were found to be sufficiently faster than both nonPc and Pc 

catalyzed oxidations.  Although assumed to follow a similar trend, further studies can be 

conducted to experimentally test H2O2-induced oxidation of 4-FBT and other complex 

thiols. 
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The rates of substrate binding and electron transfer are directly related to the 

Lewis acidity of catalyst molecules.  Substrate binding is found to be the slow step for the 

insufficiently Lewis acidic H16PcCo when studying 2-ME oxidations.  Some stability 

issues appeared in the presence pure O2.  On the other hand, in the presence of 4-FBT, 

H16PcCo had trouble with stability for all gaseous O2 compositions.  The H16PcCo 

catalyst is not adequately protected against the highly reactive 4-FBT molecule.  

Meanwhile, the fluorine atoms surrounding F16PcCo and F64PcCo not only provide 

improved kinetics, but also shield the catalyst molecule from hostile deactivation agents.     

Further studies would suggest to quantitatively observe the chemical resistance of 

H16PcCo, F16PcCo F64PcCo and identify likely degradation pathways.  Past stability 

studies
14

 may not have sufficiently accounted for mass transfer effects of their reaction 

system.  In terms of stability, the time scale for degradation may have been inaccurate 

because less O2 than what was predicted to be present in reaction solution.  However, in a 

mass transfer resistance free system, the presence of degrading species are higher (due to 

larger dissolved O2 concentration), leaving catalysts more susceptible to such attack.  

The Lewis acidity of a catalyst can be increased to the point in which its rate 

determining step is altered, as seen with fluorinated phthalocyanine catalysts.  The rate-

determining step for F16PcCo and F64PcCo oxidations of 2-ME and 4-FBT is the radical 

expulsion of thiyl from the catalyst cavity.  There is a direct correlation between substrate 

binding (K2) and Lewis acidity; electron transfer from metal center to coordinated O2 

(K3) and Lewis acidity; and expulsion of thiyl radical (k4) and steric bulkiness.  These 

relationships hold true despite thiol chosen.  However, substrate binding is decelerated, 

while radical expulsion is accelerated in the presence of larger thiols due to steric 
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hindrance.  The use of other phthalocyanine derivatives and complex thiols, in terms of 

size and acidity, may serve to strengthen the claims made by this dissertation. 

Catalytic steps dependent on reactants (K2) and products (k4) are directly related 

to temperature of reaction, while the internal step (K3) might simply depend on Lewis 

acidity of the catalyst molecule.  Similar experiments may be conducted in the presence 

of less volatile solvent, i.e. water.  Although H2O will not supply as much solubility as 

THF, using water as a solvent would be advantageous in comparing kinetic parameters to 

more realistic industrial systems and provide better control temperature dependent 

experiments. 

In conclusion, the consequences of manipulating chemical properties of industrial 

phthalocyanine molecules are better understood and can now be applied to the 

development of novel catalysts, which can be used in a variety of applications.  
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APPENDIX A 

REACTION MECHANISMS 

Appendix A shows literature and proposed mechanisms for non-catalytic, phthalocyanine 

catalyzed, and hydrogen peroxide induced oxidation of thiols.   This section also provides 

key equations to be used in derivation of reaction models.  

Total Thiol Oxidation 

Overall Stoichiometry: 4RSH + O2  2H2O + 2RSSR 

a.  2RSH + O2 H2O2 + RSSR (via O2)   multi-step  

b.  2RSH + H2O2  2H2O + RSSR (via H2O2)  multi-step 

Thiol consumption occurs via the above set of complex (parallel and consecutive) 

reactions: 

ba rr
dt

RSHd


][
     (A.1) 

where ra and rb represent the rates of multi-step reactions a and b above, which will be 

written in terms of RSH consumption via O2and H2O2, respectively.  In this study, 

consumption of RSH via O2 occurs via both a non-catalytic path (minor) and a catalytic 

(phthalocyanine) path (dominant). Each pathway consumes two of the four RSH noted in 

the overall stoichiometry. Each pathways produces H2O2 as a reactive intermediate that 

consumes the remaining two RSH of the overall four. Both paths require OH
-
 to generate 

the thiolate (RS
-
) from thiol (RSH).   
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Proposed Non-Catalytic Mechanism 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. RS
-
 + O2  RSO2

-
 

3. RS
-
 + RSO2

-
  RSSR+ O2

2-
 

4. O2
2- 

+ 2H2O  H2O2 + 2OH
-
 

The above pathway is kinetically analyzed in Appendix B.   

Proposed Catalytic Mechanism A 

Coupling of thiyl (RS•) radicals occurs in solution, outside of the catalyst cavity. 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. RS
-
 + PcCo(II)  RS

•
…PcCo(I) 

3. O2 + RS
•
…PcCo(I)  RS

•
…PcCo(II)…O2

-
 

4. RS
•
…PcCo(II)…O2

-
  RS

• 
+ PcCo(II)…O2

-
 

5. RS
•
 + RS

•
  RSSR 

For simplification purposes in derivations of mechanism A models, let A=RS
-
, B=O2, 

S=PcCo(II)=PcCo(II)…O2
-
, DS1=RS

•
…PcCo(I), DS2=RS

•
…PcCo(II)…O2

-
, D=RS

•
 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. A + S  DS1 

3. B + DS1  DS2 

4. DS2  D + S 

5. D + D  RSSR 
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Proposed Catalytic Mechanism B 

Coupling of thiyl (RS•) radicals occurs inside of the catalyst cavity. 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. RS
-
 + PcCo(II)  RS

•
…PcCo(I) 

3. O2 + RS
•
…PcCo(I)  RS

•
…PcCo(II)…O2

-
 

4. RS
-
 + RS

•
…PcCo(II)…O2

-
  RS

•
RS

•
…PcCo(I)…O2

-
 

5. RS
•
RS

•
…PcCo(I)…O2

-
  RSSR…PcCo(II)…O2

2-
  

6. RSSR…PcCo(II)…O2
2-

  RSSR + PcCo(II) + O2
2-

  

For simplification purposes in the derivation of mechanism B models, let A=RS
-
, B=O2, 

C=O2
2-

, D=RSSR, S=PcCo(II), DS1=RS
•
…PcCo(I), DS2=RS

•
…PcCo(II)…O2

-
, 

DS3=RSSR…PcCo(I)…O2
-
, DS4=RSSR…PcCo(II)…O2

2-
 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. A + S  DS1 

3. B + DS1  DS2 

4. A + DS2  DS3 

5. DS3  DS4 

6. DS4  D + C + S 

Initial Acid/Base Reaction 

The initial reaction, which transforms the thiol into thiolate, is in fast equilibrium 

and can be used to solve for thiolate concentration: 

1 1 1 2[ ][ ] [ ][ ]r k RSH OH k RS H O 

       (A.2) 

1

2

[ ][ ]
[ ]

[ ]

K RSH OH
RS

H O


        (A.3) 
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where 
1 1 1K k k  and 

1 1 0r k   since k1 assumed large due to “fast equilibrium’ for 

this step.  

Hydrogen Peroxide Induced Reaction Mechanism 

The kinetics for the consumption of RSH by intermediate H2O2 (denoted as reaction b) 

are found in the literature
23

 where the reaction via H2O2 has a set of elementary 

equations: 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. RS
-
 + H2O2  RSOH + OH

-   
(slow) 

3. RS
-
 + RSOH  RSSR +OH

- 
 

Net: 2RSH + H2O2  RSSR + 2H2O
   

 

Step 2 is shown to be the rate-determining step and a model is provided: 

  ]][[
)[

22

22

22
OHRSk

dt

OHd
OH

b









    (A.4) 

 

Substituting the Equation A.3 result into A.4 yields: 

 ]][[
][

][)[
22

2

122 22 OHRSH
OH

OHKk

dt

OHd OH

b











    (A.5) 

By the net stoichiometry noted above, the thiol consumption rate for this stage is: 

  ]][[
][

][2
22

2

122 OHRSH
OH

OHKk
r

OH

b



    (A.6) 

The amount of hydrogen peroxide available at a given time is a function of its rate of 

production by the oxygen-induced reaction pathways (catalytic and non-catalytic) and its 

rate of consumption in the secondary thiol reaction pathway just shown.  Utilizing the 

pseudo-steady state hypothesis, [H2O2] can be estimate through the following sequence:   
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

d[H2O2]

dt
 0    (PSSH)   (A.7) 



d[H2O2]

dt
 ra  rb  0     (A.7a) 



ra  rb       (A.8) 

]][[ 2222
OHRSHkr OHa      (A.9) 

 
][

][

22

22
RSHk

r
OH

OH

a     (A.10) 

Equation A.10 can be used to estimate the concentration of hydrogen peroxide specific to 

ra, which depends on the choice of the non-catalytic or catalytic rate-determining pathway 

for the reaction of RSH with O2.   
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APPENDIX B 

NON-CATALYTIC MODEL I 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. RS
-
 + O2  RSO2

-   
slow 

3. RS
-
 + RSO2

-
  RSSR+ O2

2-
 

4. O2
2- 

+ 2H2O  H2O2 + 2OH
-
 

Net: 2RSH + O2  RSSR + 2H2O
   

 

Appendix B derives kinetics for the non-catalytic oxidation of RS
- 
by dissolved O2, called 

nonPc Model I, which assumes that step 2 (thiolate reacting with oxygen to form 

sulfoxide intermediate) in the non-catalytic mechanism is the rate-determining step.   

Assuming step 2 is the rate-determining step and only the forward reaction is considered, 

the non-catalytic oxidation of thiol as a function of thiolate and oxygen concentrations 

via oxygen-induced reaction can be written: 

 ]][[
][

22

2 ORSk
dt

Od      (B.1) 

Plugging in the value of thiolate, equation A.3, the thiol consumption in terms of thiol 

concentration, can be found:   

 ]][[
][

2

2 ORSHk
dt

Od
app     (B.2) 

where .  
][

][

2

12

OH

OHKk
kapp



  

Considering the net stoichiometry for this stage, the rate of thiol consumption is:  

]][[2 2ORSHkr appa      (B.3) 

From equation A.8, 
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 ]][[2 2ORSHkrr appba     (B.4) 

Combining equation B.4 with equation A.1, the thiol consumption in terms of the total 

rate of thiol consumption, can be found:   

  ]][[4
][

2ORSHk
dt

RSHd
app    (B.5) 

Using Equation B.3, the concentration of hydrogen peroxide, is estimated from A.10: 

  

22

][
][

2

22

OH

app

k

Ok
OH       (B.6) 

Equation B.5 can be used to estimate the concentration of hydrogen peroxide specific for 

the non-catalytic reaction of RS
- 
with dissolved O2.   
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APPENDIX C 

NON-CATALYTIC MODEL II 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. RS
-
 + O2   RSO2

- 
 

3. RS
-
 + RSO2

-
  RSSR+ O2

2-  
slow 

4. O2
2- 

+ 2H2O  H2O2 + 2OH
-
 

5. Net: 2RSH + O2  RSSR + 2H2O
   

 

Appendix C, derives nonPc Model II, which assumes step 3 above (thiolate reacting with 

sulfoxide intermediate to form disulfide product and superoxide) in the non-catalytic 

mechanism is the rate-determining step.   

Assuming step 3 is the rate-determining step and only the forward reaction is considered: 

 ]][[
][

233

2  RSORSkr
dt

Od
    (C.1) 

For [RSO2
-
], assume step 2 is in fast equilibrium: 



r2  k2[RS
][O2]k2[RSO2

]   (C.2) 

2 2 2[ ] [ ][ ]RSO K RS O       (C.3) 

where 



K2 
k2

k2
and 



r2
k2

 0  

Substituting Equation C.3 into C.1 yields the non-catalytic oxidation of thiol as a function 

of thiolate and oxygen concentrations via oxygen-induced reaction can be written: 

2

223

2 ]][[
][  RSOKk

dt

Od
    (C.4) 

Using Equation A.3 for thiolate, the rate of thiol consumption for this stage is:    
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2

2

2 ]][[
][

RSHOk
dt

Od
app      (C.5) 

where 
2 2

3 2 1

2

2

K [ ]

[ ]
app

k K OH
k

H O



  

Considering the net stoichiometry for this stage, the rate of thiol consumption is:  

2

2 ]][[2 RSHOkr appa      (C.6) 

From equation A.8: 

2

2 ]][[2 RSHOkrr appba     (C.7) 

Combining equation C.7 with equation A.1, the thiol consumption in terms of the total 

rate of thiol consumption, can be found:   

2

2 ]][[4
][

RSHOk
dt

RSHd
app     (C.8) 

The concentration of hydrogen peroxide is estimated using equations A.10 and C.6: 

 

22

]][[
][

2

22

OH

a p p

k

RSHOk
OH      (C.9) 
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APPENDIX D 

CATALYTIC MODEL I 

1. RSH + OH
-
  RS

-
 + H2O times 2 

2. A + S  DS1   slow 

3. B + DS1  DS2 

4. DS2  D + S 

Net:  RS- + O2  RS
•
 + O2

-
   (see Note below)  

5. D + D  RSSR 

The above mechanism is consistent with Figure 2.3 within Chapter 2.  For mechanism A 

models, the following abbreviations are used: A=RS
-
, B=O2, S=PcCo(II)=PcCo(II)…O2

-
, 

DS1=RS
•
…PcCo(I), DS2=RS

•
…PcCo(II)…O2

-
, D=RS

•
 

Note:  It was stated in Section 2.2.2 that attachment of a second RS
- 
to the catalyst 

site PcCo(II)…O2
-
 is probably equally likely as attachment of the first RS

-
 to site 

PcCo(II).  Therefore, the derived rate expression based on the above simplified 

mechanism should be doubled.  This doubling will be done when the derivation is 

complete later in this section.   

Appendix D derives Pc Model I, which assumes step 2 (thiolate binding and transferring 

an electron to metal center of phthalocyanine) in the proposed catalytic mechanism A, 

where radical-radical coupling to form disulfide occurs in solution outside of the Pc 

catalyst molecule, is the rate-determining step. 

Assuming step 2 is the rate-determining step and only the forward reaction is considered: 

]][[
][

22

2 SAkr
dt

Od
     (D.1) 
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Must do a catalyst balance to find [S], the “concentration” of vacant catalyst sites:  

[S]T = [S] + [DS1] + [DS2] 

where [S]T = concentration of total sites.  For [DS2], assume step 4 is in fast equilibrium: 



r4 k4[DS2]k4[D][S]     (D.2) 



[DS2] 
[D][S]

K4

      (D.3) 

where 



K4 
k4

k4
and 



r4
k4

 0  

For [DS1], assume step 3 is in fast equilibrium: 



r3 k3[B][DS1]k3[DS2]0   (D.4) 



[DS1] 
[DS2]

K3[B]


[D][S]

K4K3[B]
      (D.5) 

where 



K3 
k3

k3
  

Plugging the above back into the catalyst balance, [S] can be found: 



[S]T  [S]
[D][S]

K4K3[B]


[D][S]

K4

   (D.6) 















1
][

1][
1

][
][

34 BKK

D

S
S T      (D.7) 

Catalytic oxidation of thiol as a function of thiolate, oxygen and catalyst concentrations 

via oxygen-induced reaction can be written: 








 



][
11

][
1

]][[][

3
4

22

BKK

D

SAk

dt

Od T     (D.8) 

This rate now should be doubled to account for the second RS
- 
as discussed in the Note 

earlier in this section; i.e. the RS
-
 attaching to the site PcCo(II)…O2

-
.  
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






 



][
11

][
1

]][[2

3
4

2

BKK

D

SAk
r T

a
    (D.9) 

 From equation A.8: 








 



][
11

][
1

]][[2

3
4

2

BKK

D

SAk
rr T

ba
   (D.10) 

Finally, the two RS
- 
consumed by the intermediate H2O2 must be accounted for.  The total 

thiol consumption can now be found by combining equations A.1 and D.10:   

2

34

[ ] 4 [ ][ ]

[ ] 11 1
[ ]

Td RSH k A S

Ddt
K BK

 
   
 

 or 
2

3 24

[ ] 4 [ ][ ]

[ ] 11 1
[ ]

Td RSH k RS Cat

RSdt
K OK




 

   
 

 (D.11) 

Assuming RS
•
 is rapidly consumed (step 5 above) with a very favorable equilibrium, it 

concentration is small and thereby, short-lived in solution [RS
•
]  0.  This gives:   

2

[ ]
4 [ ][ ]T

d RSH
k RS Cat

dt

      (D.12) 

Plugging in the value of thiolate from Equation A.3, can be found:   

[ ]
4 [ ]

d RSH
RSH

dt
       (D.13) 

where 2 1

2

[ ][ ]

[ ]

Tk K OH Cat

H O




  

Concentration of hydrogen peroxide, is calculated from equations A.10 and D.9: 

 


















 



][
11

][
1][

]][[

3
4

2

22

22 BKK

D
RSHk

SAk
OH

OH

T   (D.14) 

Using the assumption [RS
•
]  0 as above and plugging in appropriate values Equation 

D.13 simplifies to: 
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22

22

OHk
OH


    (D.15) 
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APPENDIX E 

CATALYTIC MODEL II 

1. RSH + OH
-
  RS

-
 + H2O times 2 

2. A + S   DS1    

3. B + DS1  DS2   slow 

4. DS2  D + S 

Net:  RS- + O2  RS
•
 + O2

-
     

5. D + D  RSSR 

Note:  The nomenclature here is consistent with that used for Catalytic Model I.   

Appendix E derives Pc Model II, which assumes step 3 (oxygen attachment and the 

transferring of an electron to the oxygen from the metal center of phthalocyanine) in the 

proposed catalytic mechanism A, where radical-radical coupling to form disulfide occurs 

in solution away from the catalyst molecule, is the rate-determining step. 

Assuming step 3 is the rate-determining step and only the forward reaction is considered: 

]][[
][

133

2 DSBkr
dt

Od
     (E.1) 

For [DS1], assume step 2 is in fast equilibrium: 



r2  k2[A][S]k2[DS1]     (E.2) 



[DS1] K2[A][S]      (E.3) 

where 



K2 
k2

k2
and 



r2
k2

 0  



ra  k3K2[B][A][S]     (E.4) 

Must do a catalyst balance to find [S]: [S]T = [S] + [DS1] + [DS2]    

For [DS2], assume step 4 is in fast equilibrium: 
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

r4 k4[DS2]k4[D][S]    (E.5) 



[DS2] 
[D][S]

K4

     (E.6) 

where 



K4 
k4

k4
and 



r4
k4

 0  

Plugging the above back into the catalyst balance, [S] can be found: 



[S]T  [S]K2[A][S]
[D][S]

K4

  (E.7) 



[S] 
[S]T

1K2[A]
[D]

K4

     (E.8) 

Catalytic oxidation of thiol as a function of thiolate, oxygen and catalyst concentrations 

via oxygen-induced reaction can be written: 

4

2

232

][
][1

]][][[][

K

D
AK

SBAKk

dt

Od T



     (E.9) 

This rate now should be doubled to account for the second RS
- 
as discussed in the Note 

earlier in Appendix D earlier; i.e. the RS
-
 attaching to the site PcCo(II)…O2

-
.  

4

2

23

][
][1

]][][[2

K

D
AK

SBAKk
r T

a



     (E.10) 

From equation A.8: 

4

2

23

][
][1

]][][[2

K

D
AK

SBAKk
rr T

ba



     (E.11) 

Finally, the two RS- consumed by the intermediate H2O2 must be accounted for.  The 

total thiol consumption can now be found by combining equations A.1 and E.11:   
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3 2

2

4

[ ] 4 [ ][ ][ ]

[ ]
1 [ ]

Td RSH k K A B S

Ddt K A
K

 

 

 or 3 2 2

2

4

[ ] 4 [ ][ ][ ]

[ ]
1 [ ]

Td RSH k K RS O Cat

RSdt
K RS

K






 

 

 (E.12) 

Assuming RS
•
 is rapidly consumed (step 5 above) with a very favorable equilibrium, it 

concentration is small and thereby, short-lived in solution [RS
•
]  0.  This gives:   

3 2 2

2

[ ] 4 [ ][ ][ ]

1 [ ]

Td RSH k K RS O Cat

dt K RS




 


    (E.13) 

Plugging in the value of thiolate, A.3, the total thiol consumption in terms of thiol 

concentration, can be found:   

[ ] 4 [ ]

1 [ ]

d RSH RSH

dt RSH




 


    (E.14) 

 where 3 2 1 2

2

[ ][ ][ ]

[ ]

Tk K K OH O Cat

H O




 , and 2 1

2

[ ]

[ ]

K K OH

H O




  

Concentration of hydrogen peroxide is estimated from equations A.10 and E.10: 















4

2

23

22

][
][1][

]][][[

22 K

D
AKRSHk

SBAKk
OH

OH

T    (E.14) 

Using the assumption [RS
•
]  0 as above and plugging in appropriate values, Equation 

E.14 simplifies to: 

 ][1
22

22
RSHk

OH
OH 




     (E.15) 
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APPENDIX F 

CATALYTIC MODEL III 

1. RSH + OH
-
  RS

-
 + H2O times 2 

2. A + S   DS1    

3. B + DS1  DS2    

4. DS2   D + S    slow  

Net:  RS- + O2  RS
•
 + O2

-
     

5. D + D  RSSR 

Note:  The nomenclature here is consistent with that used for Catalytic Model I.   

Appendix F, derives Pc Model III, which assumes step 4 (expulsion of RS
•
 radical from 

the metal center of phthalocyanine) in the proposed catalytic mechanism A, where 

radical-radical coupling to form disulfide occurs in solution, is the rate-determining step. 

Assuming step 4 is the rate-determining step and only the forward reaction is considered: 

][
][

244

2 DSkr
dt

Od
     (F.1) 

For [DS2], assume step 3 is in fast equilibrium: 



r3  k3[B][DS1]k3[DS2]    (F.2) 



[DS2]K3[B][DS1]     (F.3) 

where 



K3 
k3

k3  
and 



r3
k3

 0  

For [DS1], assume step 2 is in fast equilibrium: 



r2  k2[A][S]k2[DS1]    (F.4)  

where 



K2 
k2

k2
and 



r2
k2

 0  
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

[DS1] K2[A][S]      (F.5) 

Combing equations F.1, F.3 and F.5: 

]][][[
][

234

2 SABKKk
dt

Od
     (F.6) 

Must do a catalyst balance to find [S]: 

[S]T = [S] + [DS1] + [DS2]     

Plugging the above back into the catalyst balance, [S] can be found: 



[S]T [S]K2[A][S]K3K2[A][B][S]  (F.7) 



[S] 
[S]T

1K2[A]K3K2[B][A]
   (F.8) 

Catalytic oxidation of thiol as a function of thiolate, oxygen and catalyst concentrations 

via oxygen-induced reaction can be written: 

])[1]([1

]][][[][

232

2342

BKKAK

SABKKk

dt

Od T


    (F.9) 

This rate now should be doubled to account for the second RS
-
 as discussed in the Note in 

Appendix D earlier; i.e. the RS
-
 attaching to the site PcCo(II)…O2

-
.   

])[1]([1

]][][[2

232

234

BKKAK

SABKKk
r T

a


    (F.10) 

From equation A.8: 

])[1]([1

]][][[2

232

234

BKKAK

SABKKk
rr T

ba


    (F.11) 

Finally, the two RS
- 
consumed by the intermediate H2O2 must be accounted for.  The total 

thiol consumption can now be found by combining equations A.1 and F.11:   

4 3 2

2 3

[ ] 4 [ ][ ][ ]

1 [ ](1 [ ])

Td RSH k K K B A S

dt K A K B
 

 
 or 4 3 2 2

2 3 2

[ ] 4 [ ][ ][ ]

1 [ ](1 [ ])

Td RSH k K K O RS Cat

dt K RS K O




 

   
 (F.12) 



 120 

Plugging in the value of thiolate, A.3, the total thiol consumption in terms of thiol 

concentration, can be found:       

 [ ] 4 [ ]

1 [ ]

d RSH RSH

dt RSH




 


    (F.13) 

 where 4 3 2 1 2

2

[ ][ ][ ]

[ ]

Tk K K K OH O Cat

H O




 , and 2 1 3 2

2

[ ](1 [ ])

[ ]

K K OH K O

H O


 
  

Concentration of hydrogen peroxide, is calculated from equation A.10 and F.10:  

 ])[1]([1][

]][][[
][

232

234

22

22
BKKAKRSHk

SABKKk
OH

OH

T


   (F.14) 

plugging in appropriate values which can also be written as: 

 ][1
][

22

22
RSHk

OH
OH 




    (F.15) 
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APPENDIX G 

CATALYTIC MODEL IV 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. A + S  DS1   slow 

3. B + DS1  DS2 

4. A + DS2  DS3 

5. DS3  DS4 

6. DS4  D + C + S 

Net:  2RS- + O2  RSSR + O2
2-

     

The above mechanism is consistent with Figure 2.4 within Chapter 2.  For simplification 

purposes in the derivation of mechanism B models, let A=RS
-
, B=O2, C=O2

2-
, D=RSSR, 

S=PcCo(II), DS1=RS
•
…PcCo(I), DS2=RS

•
…PcCo(II)…O2

-
, DS3=RSSR…PcCo(I)…O2

-
, 

DS4=RSSR…PcCo(II)…O2
2-

 

Appendix G derives Pc Model IV, which assumes step 2 (thiolate binding and 

transferring an electron to metal center of phthalocyanine) in the proposed catalytic 

mechanism B, where radical-radical coupling to form disulfide occurs within the catalyst 

cavity, is the rate-determining step.   

For simplification purposes, from A.3, let [RS
-
]=[A]=k

*
[X], where [X]=[RSH] and 

* 1

2

[ ]

[ ]

K OH
k

H O




 

Assuming step 2 is the rate-determining step and only the forward reaction is considered: 

]][[
][

22
2 SAkr

dt

Od
     (G.1) 
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Must do a catalyst balance to find [S]:
        

[S]T = [S] + [DS1] + [DS2]+ [DS3]+ [DS4]
 

For [DS4], assume step 6 is in fast equilibrium: 

6 6 4 6[ ] [ ][ ][ ]r k DS k D C S      (G.2) 



[DS4 ] 
[D][C][S]

K6

      (G.3) 

where 



K6 
k6

k6
and 



r6
k6

 0  

For [DS3], assume step 5 is in fast equilibrium: 



r5  k5[DS3]k5[DS4]    (G.4) 



[DS3] 
[DS4 ]

K5


[D][C][S]

K6K5

    (G.5) 

where 



K5 
k5

k5
and 



r5
k5

 0  

For [DS2], assume step 4 is in fast equilibrium: 



r4 k4[A][DS2]k4[DS3]    (G.6) 



[DS2] 
[DS3]

K4[A]


[D][C][S]

K6K5K4k
*[X]

   (G.7) 

where 



K4 
k4

k4
and 



r4
k4

 0  

For [DS1], assume step 3 is in fast equilibrium: 



r3 k3[B][DS1]k3[DS2]0  (G.8) 



[DS2] 
[DS2]

K3[B]


[D][C][S]

K6K5K4K3k
*[B][X]

   (G.9) 

where 



K3 
k3

k3
and 



r3
k3

 0  

Plugging the above back into the catalyst balance, [S] can be found: 
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

[S]T  [S] 1
[D][C]

K6

1
1

K5


1

K5K4k
*[X]


1

K5K4K3k
*[B][X]



















  (G.10) 



[S] 
[S]T

1
[D][C]

K6

1
1

K5


1

K5K4k
*[X]


1

K5K4K3k
*[B][X]



















   (G.11) 

From total thiol oxidation stoichiometry: 

2
][ 0 RSHRSH

RSSR


  or 



[D] 
[X0][X]

2
    



[S] 
[S]T

1
[X0][C](11/K5)

2K6


[X0][C](11/K3[B])

2K6K5K4k
*[X]


[X][C](11/K5)

2K6


[C](11/K3[B])

2K6K5K4k
*









 (G.12) 

Catalytic oxidation of thiol as a function of thiolate, oxygen and catalyst concentrations 

via oxygen-induced reaction can be written from G.1 using G.12: 







 








6

5

*

456

30

22

2

)/11](][[

][2

])[/11](][[
'

]][[][

K

KCX

XkKKK

BKCX
k

SAk

dt

Od T   (G.13) 







 








'2

)/11](][[

]['2

])[/11](][[
1

]][[)'/(][

6

5

*

456

30

*

22

kK

KCX

XkkKKK

BKCX

SXkkk

dt

Od T    (G.14) 

 

where



k'1
[X0][C](11/K5)

2K6


[C](11/K3[B])

2K6K5K4k
*

1
[RSH0][O2

2](11/K5)

2K6


[O2

2](11/K3[O2])

2K6K5K4k
*  

   

This rate was written based on the consumption of one dissolved O2.  As the net 

stoichiometry above shows, two RS
-
 are consumed.   
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





 








'2

)/11](][[

]['2

])[/11](][[
1

]][[)'/(2
 

6

5

*

456

30

*

2

kK

KCX

XkkKKK

BKCX

SXkkk
r T

a
  (G.15) 

From equation A.8: 







 








'2

)/11](][[

]['2

])[/11](][[
1

]][[)'/(2

6

5

*

456

30

*

2

kK

KCX

XkkKKK

BKCX

SXkkk
rr T

ba
  (G.16) 

Finally, the two RS- consumed by the intermediate H2O2 must be accounted for.  The 

total thiol consumption can now be found by combining equations A.1 and G.16:   




d[RSH]

dt


4(k2 /k')k*[X][S]T

1
[X0][C](11/K3[B])

2K6K5K4k'k
*[X]


[X][C](11/K5)

2K6k'







  

(G.17) 




d[RSH]

dt


4[RSH]

1


[RSH]
 [RSH]

   (G.18) 

where



  (k2 /k')k*[Cat]T , and



 
[RSH0][O2

2](11/K3[O2])

2K6K5K4k'k
*

 and 



 
[O2

2 ](11/K5)

2K6k '
 

Concentration of hydrogen peroxide, is calculated from equation A.10 and G.14: 
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APPENDIX H 

CATALYTIC MODEL V 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. A + S  DS1   slow 

3. B + DS1  DS2 

4. A + DS2  DS3 

5. DS3  DS4 

6. DS4  D + C + S 

Net:  2RS- + O2  RSSR + O2
2-

  

The above mechanism is consistent with Figure 2.4 within Chapter 2.  For simplification 

purposes in the derivation of mechanism B models, let A=RS
-
, B=O2, C=O2

2-
, D=RSSR, 

S=PcCo(II), DS1=RS
•
…PcCo(I), DS2=RS

•
…PcCo(II)…O2

-
, DS3=RSSR…PcCo(I)…O2

-
, 

DS4=RSSR…PcCo(II)…O2
2-

 

Appendix H, derives Pc Model V, which assumes step 3 (oxygen attachment and the 

transferring of an electron to the oxygen from the metal center of phthalocyanine) in the 

proposed catalytic mechanism B, where radical-radical coupling to form disulfide occurs 

within the catalyst cavity, is the rate-determining step. 

For simplification purposes, from A.9, let [RS
-
]=[A]=k

*
[X], where [X]=[RSH] and 



k* 
K1[OH]

[H2O]  

Assuming step 3 is the rate-determining step and only the forward reaction is considered: 

]][[
][

133

2 DSBkr
dt

Od
     (H.1) 
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For [DS1], assume step 2 is in fast equilibrium: 



r2  k2[A][S]k2[DS1]    (H.2) 



[DS1] K2[A][S]      (H.3) 

where 



K2 
k2

k2
and 



r2
k2

 0  

]][][[
][

23

2 SABKk
dt

Od
     (H.4) 

Must do a catalyst balance to find [S]:
 

[S]T = [S] + [DS1] + [DS2]+ [DS3]+ [DS4] 

For [DS4], assume step 6 is in fast equilibrium: 



r6 k6[B][DS4]k6[D][C][S]   (H.5) 



[DS4 ] 
[D][C][S]

K6

      (H.6) 

where 



K6 
k6

k6
and 



r6
k6

 0  

For [DS3], assume step 5 is in fast equilibrium: 



r5  k5[DS3]k5[DS4]    (H.7) 



[DS3] 
[DS4 ]

K5


[D][C][S]

K6K5

    (H.8) 

where 



K5 
k5

k5
and 



r5
k5

 0  

For [DS2], assume step 4 is in fast equilibrium: 



r4 k4[A][DS2]k4[DS3]    (H.9) 



[DS2] 
[DS3]

K4[A]


[D][C][S]

K6K5K4k
*[X]

   (H.10) 

where 



K4 
k4

k4
and 



r4
k4

 0  
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Plugging the above back into the catalyst balance, [S] can be found: 



[S]T  [S] 1K2[A]
[D][C]

K6

1
1

K5


1

K5K4k
*[X]


















  (H.11) 



[S] 
[S]T

1K2k
*[X]

[D][C]

K6

1
1

K5


1

K5K4k
*[X]




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


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


   (H.12) 

From total thiol oxidation stoichiometry: 

2
][ 0 RSHRSH
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
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[D] 
[X0][X]

2
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[S] 
[S]T

1K2k
*[X]

[X0][C](11/K5)

2K6


[X0][C]

2K6K5K4k
*[X]


[C]

2K6K5K4k
*


[X][C](11/K5)

2K6







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 (H.13) 

Catalytic oxidation of thiol as a function of thiolate, oxygen and catalyst concentrations 

via oxygen-induced reaction can be written from H.4: 
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where



k'1
[X0][C](11/K5)

2K6


[C]

2K6K5K4k
*
1

[RSH0][O2

2](11/K5)

2K6


[O2

2]

2K6K5K4k
*   

This rate was written based on the consumption of one dissolved O2.  As the net 

stoichiometry above shows, two RS
-
 are consumed.   
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From equation A.8: 
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Finally, the two RS
-
 consumed by the intermediate H2O2 must be accounted for.  The 

total thiol consumption can now be found by combining equations A.1 and H.17:   
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where



 
k3K2

k'








k*[O2][Cat]T , 



 
[RSH0][O2

2]

2K6K5K4k
*k'

 and 



 
K2k

*

k'


[O2

2](11/K5)

2K6k'
 

 

 

Concentration of hydrogen peroxide, is calculated from equation A.10 and H.16: 
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CATALYTIC MODEL VI 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. A + S  DS1   slow 

3. B + DS1  DS2 

4. A + DS2  DS3 

5. DS3  DS4 

6. DS4  D + C + S 

Net:  2RS- + O2  RSSR + O2
2-

  

The above mechanism is consistent with Figure 2.4 within Chapter 2.  For simplification 

purposes in the derivation of mechanism B models, let A=RS
-
, B=O2, C=O2

2-
, D=RSSR, 

S=PcCo(II), DS1=RS
•
…PcCo(I), DS2=RS

•
…PcCo(II)…O2

-
, DS3=RSSR…PcCo(I)…O2

-
, 

DS4=RSSR…PcCo(II)…O2
2-

 

Appendix I, derives Pc Model VI, which assumes step 4 (2
nd

 thiolate binding and 

transferring an electron to metal center of phthalocyanine) in the proposed catalytic 

mechanism B, where radical-radical coupling to form disulfide occurs within the catalyst 

cavity, is the rate-determining step. 

For simplification purposes, from A.9, let [RS
-
]=[A]=k

*
[X], where [X]=[RSH] and 



k* 
K1[OH]

[H2O]  

Assuming step 4 is the rate-determining step and only the forward reaction is considered: 

]][[
][

244

2 DSAkr
dt

Od
      (I.1) 

For [DS2], assume step 3 is in fast equilibrium: 
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

r3 k3[B][DS1]k3[DS2]0  (I.2) 



[DS2]K3[B][DS1]      (I.3) 

where 



K3 
k3

k3
  

For [DS1], assume step 2 is in fast equilibrium: 



r2  k2[A][S]k2[DS1]    (I.4) 



[DS1] K2[A][S]      (I.5) 

where 



K2 
k2

k2
and 



r2
k2

 0
 

Combing equations I.1, I.3 and I.5: 

][]][[
][ 2

234

2 SABKKk
dt

Od
    (I.6) 

Must do a catalyst balance to find [S]:
 

[S]T = [S] + [DS1] + [DS2]+ [DS3]+ [DS4] 

For [DS4], assume step 6 is in fast equilibrium: 



r6 k6[B][DS4]k6[D][C][S]   (I.7) 



[DS4 ] 
[D][C][S]

K6

      (I.8) 

where 



K6 
k6

k6
and 



r6
k6

 0  

For [DS3], assume step 5 is in fast equilibrium: 



r5  k5[DS3]k5[DS4]    (I.9) 



[DS3] 
[DS4 ]

K5


[D][C][S]

K6K5

    (I.10) 

where 



K5 
k5

k5
and 



r5
k5

 0  

Plugging the above back into the catalyst balance, [S] can be found: 
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

[S]T  [S] 1K2[A]K3K2[B][A]
[D][C]

K6

1
1

K5



















  (I.11) 
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   (I.12) 

From total thiol oxidation stoichiometry: 
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  I.13) 

Catalytic oxidation of thiol as a function of thiolate, oxygen and catalyst concentrations 

via oxygen-induced reaction can be written from I.6: 
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where



k'1
[X0][C]

2K6

1
1

K5









1

[RSH0][O2

2]

2K6

1
1

K5









  

This rate was written based on the consumption of one dissolved O2.  As the net 

stoichiometry above shows, two RS
-
 are consumed.   
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From equation A.8: 
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Finally, the two RS- consumed by the intermediate H2O2 must be accounted for.  The 

total thiol consumption can now be found by combining equations A.1 and I.17:   
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Concentration of hydrogen peroxide, is calculated from equation A.10 and I.16: 
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APPENDIX J 

CATALYTIC MODEL VII 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. A + S  DS1   slow 

3. B + DS1  DS2 

4. A + DS2  DS3 

5. DS3  DS4 

6. DS4  D + C + S 

Net:  2RS- + O2  RSSR + O2
2-

  

The above mechanism is consistent with Figure 2.4 within Chapter 2.  For simplification 

purposes in the derivation of mechanism B models, let A=RS
-
, B=O2, C=O2

2-
, D=RSSR, 

S=PcCo(II), DS1=RS
•
…PcCo(I), DS2=RS

•
…PcCo(II)…O2

-
, DS3=RSSR…PcCo(I)…O2

-
, 

DS4=RSSR…PcCo(II)…O2
2-

. 

Appendix J, derives Pc Model VII, which assumes step 5 (electron transfer from metal 

center of phthalocyanine center to attached peroxide) in the proposed catalytic 

mechanism B, where radical-radical coupling to form disulfide occurs within the catalyst 

cavity, is the rate-determining step. 

For simplification purposes, from A.9, let [RS
-
]=[A]=k

*
[X], where [X]=[RSH] and 



k* 
K1[OH]

[H2O]  

Assuming step 5 is the rate-determining step and only the forward reaction is considered: 

][
][

355

2 DSkr
dt

Od
     (J.1) 
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For [DS3], assume step 4 is in fast equilibrium: 



r4 k4[A][DS2]k4[DS3]    (J.2) 



[DS3]K4[A][DS2]     (J.3) 

where 



K4 
k4

k4
and 



r4
k4

 0  

For [DS2], assume step 3 is in fast equilibrium: 



r3 k3[B][DS1]k3[DS2]0  (J.4) 



[DS2]K3[B][DS1]      (J.5) 

where 



K3 
k3

k3
  

For [DS1], assume step 2 is in fast equilibrium: 



r2  k2[A][S]k2[DS1]    (J.6) 



[DS1] K2[A][S]      (J.7) 

where 



K2 
k2

k2
and 



r2
k2

 0  

Combining equations J.1, J.3, J.5 and J.7: 

][]][[
][ 2

2345

2 SABKKKk
dt

Od
    (J.8) 

Must do a catalyst balance to find [S]:
 

[S]T = [S] + [DS1] + [DS2]+ [DS3]+ [DS4] 

For [DS4], assume step 6 is in fast equilibrium: 



r6 k6[B][DS4]k6[D][C][S]   (J.9) 



[DS4 ] 
[D][C][S]

K6

     (J.10) 

where 



K6 
k6

k6
and 



r6
k6

 0  
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Plugging the above back into the catalyst balance, [S] can be found: 



[S]T [S] 1K2[A]K3K2[B][A]K4K3K2[B][A]2 
[D][C]

K6









 (J.11) 



[S] 
[S]T

1K2(1K3[B])k*[X]K4K3K2k
*2[B][X]2 

[D][C]

K6









 (J.12) 

From total thiol oxidation stoichiometry: 

2
][ 0 RSHRSH
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

  or 


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[X0][X]

2
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*2[B][X]2 
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
[X][C]
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

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 (J.13) 

Catalytic oxidation of thiol as a function of thiolate, oxygen and catalyst concentrations 

via oxygen-induced reaction can be written from J.6: 



ra 
k5K4K3K2[B][A]2[S]T

1
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 (J.14) 
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  (J.15) 

where



k'1
[X0][C]

K6

1
[RSH0][O2

2 ]

K6

  

This rate was written based on the consumption of one dissolved O2.  As the net 

stoichiometry above shows, two RS
-
 are consumed.   
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From equation A.8: 
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Finally, the two RS
-
 consumed by the intermediate H2O2 must be accounted for.  The 

total thiol consumption can now be found by combining equations A.1 and J.17:   
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


d[RSH]

dt


2[RSH]2

1[RSH][RSH]2
    (J.19) 

where



  k5K4K3K2 /k' k*2[O2][Cat]T ,



  K2(1K3[O2])
[O2

2]

K6










k*

k'
and



 
K4K3K2k

*2[O2]

k'
 

Concentration of hydrogen peroxide, is calculated from equation A.10 and J.16: 
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 137 

APPENDIX K 

CATALYTIC MODEL VIII 

1. RSH + OH
-
  RS

-
 + H2O  times 2 

2. A + S  DS1   slow 

3. B + DS1  DS2 

4. A + DS2  DS3 

5. DS3  DS4 

6. DS4  D + C + S 

Net:  2RS- + O2  RSSR + O2
2-

  

The above mechanism is consistent with Figure 2.4 within Chapter 2.  For simplification 

purposes in the derivation of mechanism B models, let A=RS
-
, B=O2, C=O2

2-
, D=RSSR, 

S=PcCo(II), DS1=RS
•
…PcCo(I), DS2=RS

•
…PcCo(II)…O2

-
, DS3=RSSR…PcCo(I)…O2

-
, 

DS4=RSSR…PcCo(II)…O2
2-

. 

Appendix K, derives Pc Model VIII, which assumes step 6 (expulsion of RS
•
 radical from 

the metal center of phthalocyanine) in the proposed catalytic mechanism B, where 

radical-radical coupling to form disulfide occurs within the catalyst cavity, is the rate-

determining step. 

For simplification purposes, from A.9, let [RS
-
]=[A]=k

*
[X], where [X]=[RSH] and 



k* 
K1[OH]

[H2O]  

Assuming step 6 is the rate-determining step and only the forward reaction is considered: 

][
][

466

2 DSkr
dt

Od
     (K.1) 
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For [DS4], assume step 5 is in fast equilibrium: 



r5  k5[DS3]k5[DS4]    (K.2) 



[DS4 ] K5[DS3]     (K.3) 

where 



K5 
k5

k5
and 



r5
k5

 0  

For [DS3], assume step 4 is in fast equilibrium: 



r4 k4[A][DS2]k4[DS3]    (K.4) 



[DS3]K4[A][DS2]     (K.5) 

where 



K4 
k4

k4
and 



r4
k4

 0  

For [DS2], assume step 3 is in fast equilibrium: 



r3 k3[B][DS1]k3[DS2]0  (K.6) 



[DS2]K3[B][DS1]

   
   (K.7) 

where 



K3 
k3

k3
  

For [DS1], assume step 2 is in fast equilibrium: 



r2  k2[A][S]k2[DS1]   (K.8) 



[DS1] K2[A][S]     (K.9) 

where 



K2 
k2

k2
and 



r2
k2

 0  

Combining equation K.1, K.3, K.5, K7 and K.9: 

][]][[
][ 2

23456

2 SABKKKKk
dt

Od
    (K.10) 

Must do a catalyst balance to find [S]:
 

[S]T = [S] + [DS1] + [DS2]+ [DS3]+ [DS4] 

Plugging the above back into the catalyst balance, [S] can be found: 
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

[S]T  [S] 1K2[A]K3K2[B][A]K4K3K2[B][A]2 K5K4K3K2[B][A]2  (K.11) 



[S] 
[S]T

1 1K3[B] K2k
*[X] 1K5 K4K3K2[B]k*2[X]2 

  (K.12) 

Catalytic oxidation of thiol as a function of thiolate, oxygen and catalyst concentrations 

via oxygen-induced reaction can be written from K.6: 
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This rate was written based on the consumption of one dissolved O2.  As the net 

stoichiometry above shows, two RS
-
 are consumed.   
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From equation A.8: 
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Finally, the two RS
-
 consumed by the intermediate H2O2 must be accounted for.  The 

total thiol consumption can now be found by combining equations A.1 and K.15:   
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Concentration of hydrogen peroxide, is calculated from equation A.10 and K.14: 
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APPENDIX L 

KINETIC PARAMETERS FOR F16PcCo CATALYZED OXIDATION OF 2-

MERCAPTOETHANOL 

The Matlab code below calculates quantitative values for K3 and k4 for F16PcCo 

catalyzed oxidation of 2-mercaptoethanol from initial rate data under 5%, 21% and 100% 

O2 mixtures.   The code assumes model III defines catalytic thiol oxidations and uses 

alpha and beta values from the 100% O2 case at 22 C and 1atm. 

Ccat=0.0105; H=0.0995; km=5000; COH=2.58; CH2O=1100; K1=1.14e+6; pO2=0.8; 

r5=100; r21=210; r100=310; 

dm=[1;0]; 

db=[0;1]; 

Co2guess100=8.02; 

Co2guess21=0.21*Co2guess100; Co2guess5=0.05*Co2guess100; 

x=[Co2guess5^-1, Co2guess21^-1, Co2guess100^-1]; 

y=4*Ccat*[r5^-1,r21^-1,r100^-1]; 

p=polyfit(x,y,1); 

m=p*dm; 

b=p*db; 

k4=1/b 

K3=1/(m*k4) 
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APPENDIX M 

KINETIC PARAMETERS FOR F64PcCo CATALYZED OXIDATION OF 2-

MERCAPTOETHANOL 

The Matlab code below calculates quantitative values for K3 and k4 for F64PcCo 

catalyzed oxidation of 2-mercaptoethanol from initial rate data under 5%, 21% and 100% 

O2 mixtures.   The code assumes model III defines catalytic thiol oxidations and uses 

alpha and beta values from the 100% O2 case at 22 C and 1atm. 

Ccat=0.0105; H=0.0995; km=5000; COH=2.58; CH2O=1100; K1=1.14e+6; pO2=0.8; 

r5=44.5; r21=179; r100=326; 

dm=[1;0]; 

db=[0;1]; 

Co2guess100=8.02; 

Co2guess21=0.21*Co2guess100; Co2guess5=0.05*Co2guess100; 

x=[Co2guess5^-1, Co2guess21^-1, Co2guess100^-1]; 

y=4*Ccat*[r5^-1,r21^-1,r100^-1]; 

p=polyfit(x,y,1); 

m=p*dm; 

b=p*db; 

k4=1/b 

K3=1/(m*k4) 
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APPENDIX N 

KINETIC PARAMETERS FOR F16PcCo CATALYZED OXIDATION OF 4-

FLUOROBENZENTHIOL  

The Matlab code below calculates quantitative values for K3 and k4 for F16PcCo 

catalyzed oxidation of 4-fluorobenzenethiol from initial rate data under 5%, 21% and 

100% O2 mixtures.   The code assumes model III defines catalytic thiol oxidations and 

uses alpha and beta values from the 100% O2 case at 22 C and 1atm. 

Ccat=0.0105; H=0.0995; km=5000; COH=2.58; CH2O=1100; K1=1.45E+9;  

pO2=0.8; 

r5=96.0; r21=222; r100=376; 

dm=[1;0]; 

db=[0;1]; 

Co2guess100=8.02; 

Co2guess21=0.21*Co2guess100; Co2guess5=0.05*Co2guess100; 

x=[Co2guess5^-1, Co2guess21^-1, Co2guess100^-1]; 

y=4*Ccat*[r5^-1,r21^-1,r100^-1]; 

p=polyfit(x,y,1); 

m=p*dm; 

b=p*db; 

k4=1/b 

K3=1/(m*k4) 

A=K3*H; B=H+(4*k4*K3*Ccat/km)-pO2*K3; C=-pO2; 

Co2New100P=(-B+((B^2)-4*A*C)^0.5)/(2*A) 

Co2New100N=(-B-((B^2)-4*A*C)^0.5)/(2*A) 
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APPENDIX O 

KINETIC PARAMETERS FOR F64PcCo CATALYZED OXIDATION OF 4-

FLUOROBENZENTHIOL  

The Matlab code below calculates quantitative values for K3 and k4 for F64PcCo 

catalyzed oxidation of 4-fluorobenzenethiol from initial rate data under 5%, 21% and 

100% O2 mixtures.   The code assumes model III defines catalytic thiol oxidations and 

uses alpha and beta values from the 100% O2 case at 22 C and 1atm. 

Ccat=0.0105; H=0.0995; km=5000; COH=2.58; CH2O=1100; K1=1.45E+9;  

pO2=0.8; 

r5=67.7; r21=287; r100=364; 

dm=[1;0]; 

db=[0;1]; 

Co2guess100=8.02; 

Co2guess21=0.21*Co2guess100; Co2guess5=0.05*Co2guess100; 

x=[Co2guess5^-1, Co2guess21^-1, Co2guess100^-1]; 

y=4*Ccat*[r5^-1,r21^-1,r100^-1]; 

p=polyfit(x,y,1); 

m=p*dm; 

b=p*db; 

k4=1/b 

K3=1/(m*k4) 

A=K3*H; B=H+(4*k4*K3*Ccat/km)-pO2*K3; C=-pO2; 

Co2New100P=(-B+((B^2)-4*A*C)^0.5)/(2*A) 

Co2New100N=(-B-((B^2)-4*A*C)^0.5)/(2*A) 
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APPENDIX P 

KINETIC PARAMETERS FOR F16PcCo CATALYZED OXIDATION OF 2-

MERCAPTOETHANOL AT 10 C. 

The Matlab code below calculates quantitative values for K3 and k4 for F16PcCo 

catalyzed oxidation of 2-mercaptoethanol from initial rate data under 5%, 21% and 100% 

O2 mixtures.   The code assumes model III defines catalytic thiol oxidations and uses 

alpha and beta values from the 100% O2 case at 10 C and 1atm. 

Ccat=0.0105; H=0.0995; km=5000; COH=2.58; CH2O=1100; K1=1.14e+6; pO2=0.8; 

r5=48.2; r21=82.3; r100=146; 

dm=[1;0]; 

db=[0;1]; 

Co2guess100=8.02; 

Co2guess21=0.21*Co2guess100; Co2guess5=0.05*Co2guess100; 

x=[Co2guess5^-1, Co2guess21^-1, Co2guess100^-1]; 

y=4*Ccat*[r5^-1,r21^-1,r100^-1]; 

p=polyfit(x,y,1); 

m=p*dm; 

b=p*db; 

k4=1/b 

K3=1/(m*k4) 
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APPENDIX Q 

KINETIC PARAMETERS FOR F16PcCo CATALYZED OXIDATION OF 2-

MERCAPTOETHANOL 15 C. 

The Matlab code below calculates quantitative values for K3 and k4 for F16PcCo 

catalyzed oxidation of 2-mercaptoethanol from initial rate data under 5%, 21% and 100% 

O2 mixtures.   The code assumes model III defines catalytic thiol oxidations and uses 

alpha and beta values from the 100% O2 case at 15 C and 1atm. 

Ccat=0.0105; H=0.0995; km=5000; COH=2.58; CH2O=1100; K1=1.14e+6; pO2=0.8; 

r5=43.4; r21=66.9; r100=215; 

dm=[1;0]; 

db=[0;1]; 

Co2guess100=8.02; 

Co2guess21=0.21*Co2guess100; Co2guess5=0.05*Co2guess100; 

x=[Co2guess5^-1, Co2guess21^-1, Co2guess100^-1]; 

y=4*Ccat*[r5^-1,r21^-1,r100^-1]; 

p=polyfit(x,y,1); 

m=p*dm; 

b=p*db; 

k4=1/b 

K3=1/(m*k4) 
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