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Abstract 

The investigations in this thesis deal with two types of very different 

oxidations. The first study follows our groups' discovery of a new and unusual class 

of antioxidants, where the actual antioxidant is, paradoxically, a carbon-centered 

radical. The radical precursors are dimer molecules that, upon heating, dissociate 

to form two persistent carbon-centered free radicals, unreactive towards oxygen. 

These radicals act as chain-breaking antioxidants by rapidly reacting with peroxyl 

radicals that participate in propagation of autoxidation chain reactions. The solvent 

effects on antioxidant activity of one of these antioxidants, the HP-136 dimer, has 

been assessed in a range of solvents of varying hydrogen bond accepting ability, by 

the Inhibited Oxygen Uptake (IOU) method. The HP-136 dimer was found to show 

far less solvent effect on antioxidant activity than a representative phenolic 

antioxidant. 

In the second part of the thesis, the process of copper nanoparticle (CuNP) 

oxidation is explored, with a goal of developing new strategies for CuNP stabilization 

under air. It was found that CuNP oxidize to form Cu2+ as the major product, in a 

process that involves oxygen uptake. L-ascorbic acid was found to be a sacrificial 

stabilizer of CuNP, and a mechanism of CuNP stabilization by ascorbic acid is 

proposed. 
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Introduction 

1.1 Studies of Oxidations 

Oxidation reactions are all around us - yellowing of many materials such as 

paper, combustion, and cellular respiration of living organisms are just some 

examples of the diverse processes involving oxidations. A reaction is defined as 

being oxidation-reduction, or "redox", if any element undergoes a change in 

oxidation number during the course of the reaction1. The oxidation number refers to 

an element's oxidation state: if the number increases, the element is oxidized, and 

if it decreases - the element is reduced. Often, but not always, redox reactions 

involve electron transfer, where an element that loses electrons is oxidized, and one 

that gains electrons is reduced. In organic chemistry, one could also look at redox 

reactions from the point of view of hydrogen- and oxygen-atom content. Usually, 

oxidation of an organic molecule corresponds to increasing its oxygen content or 

decreasing its hydrogen content1 (Scheme 1.1). The opposite is usually true for a 

reduction process. 

H H 0 0 
R - C - H - lQl - R - C - O H - [0 ] - R - C - H - [Q] - R - C - O H 

' [H] « [H] [H] 
M n 

Lowest Highest 
oxidation oxidation 

state state 

Scheme 1.1 General degrees of oxidation of organic molecules. 

2 



Introduction 

Unaided oxidation by O2 is slow because of its unusual electronic 

configuration. In its normal, unexcited energy state - the ground state - dioxygen 

exists as a triplet, whereas most molecules in their ground states are singlets. 

Hund's rule explains this phenomenon - ground state 0 2 has two degenerate 

molecular orbitals that are half-occupied in which the electrons arrange in parallel 

spins. As a result O2 is paramagnetic, as illustrated by the Molecular Orbital 

diagram of ground state dioxygen in Scheme 1.2. In the Lewis structure, ground-

state molecular oxygen can be simplistically drawn as a biradical2,3. 

a* 
,31* A ^ 

2p l i l ± / ' " \ i l l ± 

^ J L ' ' a 

2s 

1s 

Scheme 1.2 Molecular Orbital diagram of ground state 02 . Note that this molecule 
has a triplet electronic configuration. 

In fact, if 0 2 did not exhibit this unusual property, we would not exist, because 

dioxygen in its singlet state is highly reactive with other singlet-state molecules, and 

so living organisms would be oxidized very quickly. For triplet dioxygen, on the 

other hand, reactions with singlet-state molecules are spin-forbidden, and therefore 

ground state O2 is much less reactive with other singlet-state molecules. However, 
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Introduction 

ground state O2 is usually very reactive with molecules in their doublet state, such 

as radicals. Radical reactions are often closely linked to the 02-incorporating 

oxidations. 

In oxidations involving reactions with molecular oxygen, monitoring the 

uptake of O2 gas provides a convenient tool for measuring oxidation rates and rate 

constants. The instrument employed in this thesis is the Oxygen Uptake Apparatus. 

In this work, measuring oxygen uptake was a central technique for studying two very 

different types of oxidations. 

At first, the very well established Inhibited Oxygen Uptake (IOU) method was 

used to study antioxidant activity of a novel antioxidant, the HP-136 dimer. This 

study is presented in Chapter 2. The oxygen uptake apparatus is traditionally used 

in the analyses of antioxidant activity of compounds, since monitoring oxygen 

uptake is the most direct method of assessing antioxidant activity, although the 

method is relatively time-consuming. 

The second type of oxidation studied was that of copper nanoparticles 

(CuNP), which is presented in Chapter 3. For the oxygen uptake apparatus, this is 

a novel application for the instrument, and it was quite exciting to see the adaptation 

of the traditional instrumentation, that has been used for decades, for newly 

emerging applications, such as nanochemistry. 
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Introduction 

1.2 Oxygen Uptake Apparatus 

The oxygen uptake apparatus was a gift to the Scaiano group from Dr. Ross 

Barclay of Mount Allison University (New Brunswick), a renowned chemist in the 

field of radical chemistry. Dr. Barclay built this apparatus himself, in the late 1970's. 

The instrument works by sensing the difference in pressure between two 

cells - a sample and a reference. Hollow springs connect the two cells to a 

pressure transducer, which is the key element of the instrument (Figure 1.1). The 

transducer consists of two chambers separated from each other by a metal 

membrane. The hollow springs connect each cell to one of the chambers. If the 

pressure in the chambers (and cells) is not the same, the membrane bends, and 

thus detects this pressure difference. This slight change in shape is, in turn, 

converted to an electrical output signal, in volts (V). 

To run an experiment, the desired reaction is set up in the sample cell. In 

general, the composition of the sample and reference cells must be identical, except 

for one distinguishing parameter, such as the presence of initiator (present in 

sample cell, but not reference). For example, if an oxidation reaction is taking place, 

oxygen is being consumed only in the sample cell, thus creating the pressure 

difference being measured by the instrument. 

The electrical signal from the pressure transducer is translated to a chart 

recorder pen. Essentially, the data output is the chart recorder pen writing on paper. 

5 
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Two parameters control the data output; the speed of the recording, and the 

sensitivity. The speed refers to how fast the paper moves - typically 12 cm/h for my 

experiments. The sensitivity of signal detection can be as high as 1 volt per scale 

(V/scale). The scale is the width of the chart recorder paper (25 cm). Depending on 

the experiment, the sensitivity of the apparatus may need to vary. In most of my 

experiments, a sensitivity of 5 V/scale is used. Thanks to our laboratory technician, 

Michel Grenier, the oxygen uptake data is also recorded digitally. Michel wrote a 

program using Labview 8.5 software, and connected the computer to the apparatus 

through a Data Acquisition System (DAQ), purchased from National Instruments, 

such that the data output is collected on the computer in real time. This was of 

invaluable help, which saved hours (maybe days) of experimental data processing! 

Prior to this, a ruler had to be used. Although the data is collected on a computer, I 

still found it very useful to also record the experiment with the chart recorder, for 

quick analysis, record-keeping and estimation purposes. 

It is important to remember that the kinetic data obtained by this method is 

relative, since all the pressure difference measurements of the sample reaction are 

done relative to the reference cell pressure. 

Alternate techniques for detecting changes in oxygen partial pressure include 

fluorescent sensors. For example, the FOXY probes, manufactured by Ocean 

Optics, use fluorescence of Ruthenium (Ru) complexes to measure partial pressure 

of oxygen gas7. They work by exciting the Ru probe with LED light and measuring 

6 



introduction 

Ru fluorescence quenching, which relates to the concentration of oxygen. If oxygen 

is present, Ru fluorescence is quenched faster. These probes are, however, mostly 

designed for measurements in aqueous solutions, and are not suitable for our 

experiments. 

There are a number of details to address in our oxygen uptake experiments. 

It is essential to keep the temperature very uniform throughout the experiment 

because variations in temperature lead to large fluctuations in the pressure 

detected. For this reason, the apparatus hosts a large waterbath in which the cells 

are kept, with insulating walls and a stirrer. The desired water temperature is set 

manually and is maintained with a very sensitive (± 5 millidegree Celsius, m°C) 

automatic temperature controller. The cells in the waterbath are attached to a 
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Introduction 

vigorous shaker, ensuring that the diffusion rate of gas throughout the sample is 

fast, and is never a rate-limiting factor. Also, the cells are especially designed, and 

have a splashguard (Appendix). Prior to an experiment, the apparatus should be 

vacuumed down, to ensure that no solvent has condensed in the hollow tubing 

leading from the cells to the transducer. Once clean, equilibration with solvent 

should be done overnight to allow solvent vapour to diffuse throughout the hollow 

tubing to the tranducer chambers. The next morning, a baseline and pressure 

check should be performed to make sure the apparatus is working properly. There 

are two knobs on top of the apparatus - one controls whether the system is closed 

or open to surroundings, and the other controls the connection between the 

reference and sample cell environments. During an experiment, the cells are 

isolated from each other, and the system is closed to the surroundings. Further 

details are found in the Experimental Details section. 

Before any experiments can be performed, however, a calibration factor for 

the cells must be determined. 
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1.3 Determination of Calibration Factor for Sample Cell 

To be able to measure the moles of gas consumed or released in a reaction, it 

is necessary to be able to convert the electrical output of the instrument into moles 

of gas. Each particular cell used in the apparatus has a unique calibration factor, 

since each one has a unique volume, and therefore, the sensing of the pressure 

transducer will vary from cell to cell. 

The basic principle for determining the calibration factor is to initiate an 

autoxidation with a known rate and detect the consumption of oxygen with the 

oxygen uptake apparatus. Remember that what is actually detected is the electrical 

signal from the change in shape of the pressure transducer membrane as the 

pressure of the sample cell changes with respect to the reference cell. Thus, we are 

seeking a conversion factor from electrical units (volts, V) to amount of gas (moles, 

mol), in this case oxygen. 

We initiated an autoxidation reaction where the oxygen consumed could be 

calculated using equation (1): 

4 2 A KlRH}Rr m 
dt (2kf2 K ' 

where d[02]/dt is the rate of oxygen consumption, kp and kt are rate constants for 

propagation and termination, respectively, [RH] is the concentration of the 

autoxidizing substrate and Rj is the rate of initiation. To use this equation, a suitable 
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Introduction 

substrate must be chosen for which the kp and kt are known, and for our 

experiments we chose the very well-established styrene autoxidation. In this case, 

the reaction was initiated with AIBN in pure styrene4, which has kp of 41 M"1s"1, and 

kt of 4.2 x 107 M"1s"1. Thus, the only parameter that we do not know from equation 

(1) is Ri. A correction for N2 evolution from AIBN was made. However, since AIBN 

is required only for initiation of chain reaction, after which the chain propagation 

continues independently, only a small amount of AIBN is used. Therefore, the N2 

produced was found to be negligible when compared to the levels of oxygen uptake. 

To measure Ri, we inhibited the autoxidation reaction by injecting a vitamin E 

analogue, PMHC (2,2,5,7,8-pentamethyl-6-hydroxychroman), which has a known 

stoichiometric factor, n=2. Injection of PMHC yields an oxygen uptake curve with a 

very well defined inhibition period, x. The inhibition period is the time required for 

the antioxidant to be consumed. During this time the rate of oxygen uptake 

decreases, and, once the antioxidant is used up, the autoxidation rate returns to the 

uninhibited level. One can think of this experiment as a free radical titration where 

PHMC is consumed by propagating peroxyl radicals. R\ is then determined using 

the relationship in equations (2): 

R n[PMHC] (2) 

r 

We then compared our measured Ri to a theoretical value which was 

obtained from equation (3), where e is the efficiency of initiation (e=0.64 for AIBN), 
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and ki is the rate constant of initiation for AIBN, and is determined from the 

Arrhenius equation (4): 

Rt = 2ek,[AIBN] (3) 

_Ea_ 
= Ae RT (4) 

In equation (4), A is the pre-exponential factor (1.58 x 1015s"1) and Ea is the 

activation energy (30.8 kcal/mol)5. R and T are the ideal gas constant and 

temperature in Kelvin, respectively. As expected, the measured Rj was in good 

agreement with the values calculated from equation 3. 

With the obtained Rj, all the information is now available to calculate d[C>2]/dt, 

which yields oxygen uptake rate in concentration units in time, M/s, and it is 

necessary to take into account the volume of the reaction mixture for an answer in 

moles of O2 consumed per second (mol/s). 

The uninhibited autoxidation plot from the oxygen uptake apparatus exhibits 

a straight line, with rate of voltage change, dV/dt, as the slope. All that is left to 

obtain the calibration factor is to equate dV/dt with the d(mol C>2)/dt. The calibration 

factor calculated for two cells are given in Table 1.1. 

11 



Introduction 

Table 1.1 Calibration factors obtained by IOU method with styrene autoxidation at 
30°C. Values based on three trials (± one standard deviation). 

Cell Calibration Factor 

Engraved "S" 6.99 x 10"7 ± 0.09 moles 0 2 / V 

Engraved "iii" 5.33 x 10'7 ± 0.18 moles 0 2 / V 

Note that the calibration factor is for a particular cell only, and each cell used 

should be calibrated individually. The calibrated cell is used on the sample side, 

only, since the data output is achieved from the sample cell (i.e. the chart recorder 

responds to the changes in the sample cell). Of course, the reference cell plays a 

very important role, as well, and changing the reference cell would affect the data 

output. For this reason, sets of experiments are performed with the same set of 

cells. In this case, all the experiments discussed in Chapter 2 were run using cell 

"S", and a corresponding reference cell. The experiments discussed in Chapter 3 

use the cell engraved "iii", and a corresponding reference cell. 

Once calibrated, it is possible to reliably measure variations of oxygen 

pressure corresponding to less than 0.1 pinoles of 02 . In the following chapters, the 

application of oxygen uptake measurements will be used to investigate the 

antioxidant activity of "radically different antioxidants" (Chapter 2) and to study the 

oxidation of "naked" copper nanoparticles (Chapter 3). 
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1.4 Experimental Details 

The following sections describe the oxygen uptake apparatus in considerable 

detail, possibly more than usually described in a thesis. I have done so to provide a 

permanent record of the procedures, since this "home made" instrument has no 

manual. The format closely follows that of the journal Nature Procedures. 

1.4.1 Instrumental Parts 

Labview 8.5 software program, 100 jaL, 500 (xL and 1 ml_ gas-tight glass 

syringes with Teflon Luer lock (Hamilton), rubber septa (Sigma-Aldrich), 10 ml_ 

volumetric flasks, glass vials, poly(tetrafluoroethylene) (PTFE) tubing, oxygen 

uptake cells (see Appendix), vacuum pump (V-500 Buchi Vac), steel needles (22 

gauge). Parts for 02 uptake apparatus: 

i. Variable reluctance differential pressure transducer, DP15TL (Validyne). 

AC output. 

ii. Universal transducer indicator, CD12 (Validyne). DC output. 

iii. Temperature controller, PTC-41 (Tronac Inc.) 

1.4.2 Oxygen Uptake Apparatus Controls 

There are two knobs on the top of the oxygen uptake apparatus, and each 

knob can either be in the "open" or "closed" position. A green knob controls the 

connection between the reference side and sample side of the chamber that is 
13 
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separated by the pressure transducer. When the green knob is in the "open" (or 

"balance") position, the passage is open, and so the pressures between the sample 

and reference sides are equalized. If the green knob is in the "closed" (or 

"measure") position, the sample and reference sides are isolated from each other, 

and can have different pressures. The red knob controls the passage leading from 

the reference side of the chamber to the external environment. In the "open" (or 

"evacuate") position, the system is in contact with the outside environment. In the 

"closed" (or "measure") position, the system is isolated. 

In general, the apparatus should be in the neutral arrangement as much as 

possible, where the system is fully open. In other words, both knobs should be 

"open" ("balance" and "evacuate" positions). In this way, the apparatus cannot be 

broken. This position should be kept while performing any manipulations with the 

apparatus (during injections, while removing or inserting cells, when vacuuming 

down, etc.). 

The apparatus is set to "measure" (i.e. both knobs are "closed") when both 

cells have the desired contents and are ready to be measured. To start the 

experiment, first close the system to the surroundings (i.e. close the red knob to 

"measure" position). Then, separate the reference and sample sides by closing the 

green knob to "measure" position. 
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To stop the experiment, first balance the pressure on both sides of the 

transducer chamber (open green knob to "balance" position), and then open the 

system to surroundings (open red knob to "evacuate" position). 

The order for turning the knobs is important to avoid breaking the instrument. 

Basically, the logic is that you want to separate (and after to equalize) the sample 

and reference sides while the whole system is closed to the surroundings. The 

following is one possible scenario for breaking the instrument. For example, if there 

is a big pressure difference between the sample side and the surroundings, then 

opening the system to the surroundings before balancing the chambers could cause 

the delicate membrane in the pressure transducer to snap. 

1.4.3 Temperature Control - Water Bath 

The water level should be high enough to cover the glass outlets to the 

hollow green tubing that leads to the pressure transducer chamber. A stirrer in the 

waterbath ensures homogeneity of the temperature throughout the waterbath, and 

should be kept on all the time (except when attaching or removing cells). 

The temperature of the waterbath is adjusted by manually adding hot and 

cold water, and monitored with a regular thermometer. Once the desired 

temperature is set, an electronic temperature controller is turned on to maintain the 

temperature. "Coarse" and then "fine" control knobs are used to set the temperature 

sensor. Temperature fluctuations are extremely small - the temperature sensor 
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detects ± 5 m°C deviations. Thus, the waterbath temperature, as well as the 

temperature of reaction, is kept very uniform. 

1.4.4 Loading Cells and Injecting Sample. 

First, attach the cell to the glass cell holder (that leads to hollow tubing and 

pressure transducer). Place a small amount of vacuum grease on the cell, and 

secure with metal springs. Then, place the cell into the waterbath and fix to the 

shaker (Appendix). 

For injections into cells, use a syringe with a needle made of PTFE tubing. 

Ensure no bubbles are present in the tubing. With the apparatus balanced and 

evacuated (both green and red knobs set to "open" position), open the red stopcock 

and insert the PTFE needle from the top, until it touches the bottom of the cell. 

Inject the syringe contents into the cell. 

1.4.5 Vacuuming Down Apparatus 

The apparatus should be pumped down whenever the solvent system is 

changed, when the apparatus has not been used for a long time, and when lowering 

the waterbath temperature. This is done to ensure no trace solvents are present 

inside. The steps to pumping down are6: 

i. Open the green and red valves ("balance" and "evacuate" positions). 
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ii. Load dry, clean cells on apparatus and support them far enough out of 

the waterbath that the joint from the cell to apparatus is completely out 

of the water. The red stopcocks above the cells should be closed. 

iii. Attach rubber tubing from the vacuum pump to the pumpdown needle 

valve (located on top of the apparatus, attached to line coming out of the 

transducer). Make sure the needle valve is closed. 

iv. Switch on pump. Make sure the pressure is low enough (1 mm Hg or 

lower). 

v. Very slowly and carefully start opening the needle valve connected to 

the transducer. While doing this, keep your eye on the demodulator 

indicator and on the chart recorder pen. It should displace quickly, then 

return to its original position slowly. If it does not return to the original 

position, there is a serious blockage, or the knobs have not been fully 

open and the membrane in the transducer has been damaged. 

vi. Pump down the apparatus for at least 3 hours (or overnight). 

vii. When finished, close the needle valve. Turn off and remove the 

vacuum pump. 

viii. To release the vacuum, open the needle valve very slowly, once again 

watching the demodulator indicator and chart recorder pen. The pen 
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will displace quickly and return to original position. It is important to open 

the needle valve gradually, until the needle no longer displaces. 

1.4.6 Apparatus Equilibration and Baseline 

The apparatus must be equilibrated to allow solvent vapours to diffuse 

throughout the hollow tubes to the pressure transducer. Since the tubes are thin, 

and diffusion distance quite large, this process takes several hours, and, to be sure, 

is done overnight. Simply, cells containing pure solvent, or solvent mixture, are 

loaded, and left overnight, with shaking. Prior to each experiment, a baseline must 

be recorded, to ensure that the pressure between the sample and reference cells is 

equivalent. Usually, for baseline measurements, the chart recorder is run at the 

most sensitive setting - 1 V/scale. A slight drift is acceptable. 

1.4.7 Pressure Check 

The pressure check is performed after running a baseline, prior to starting the 

experimental runs, to ensure that the apparatus is functioning properly, and that it is 

airtight. Particularly, it is done to verify that the calibration factor corresponds to the 

measured one. Essentially, the pressure check is another, but less sophisticated, 

way to determine the calibration factor. For the pressure check, the cells are loaded 

into the waterbath, and are either clean and dry, or contain identical volumes of pure 

solvent. Use a clean, empty 100 \iL syringe to remove/inject fixed volumes of air 

into the cell in the following manner: 
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i. Load cells. 

ii. Pierce the syringe needle through the rubber stopper on the cell 

holders. 

iii. Set both knobs are set to "measure" (first red, then green). The system 

is now closed to the surroundings and the sample and reference 

environments separated. 

iv. Set the sensitivity of the apparatus to 5 V/scale. 

v. Open the red stopcock leading to the sample cell. 

vi. Remove a fixed volume of gas from the cell (eg: 70 |xL). The chart 

recorder pen will move a fixed amount, and should be stable. If the 

needle starts moving back before you move the syringe plunger, the 

rubber septum is likely not airtight, and should be changed. 

vii. Move the chart recorder paper a little bit to mark the spot that the 

syringe reached. 

viii. Inject the air from the syringe back into the cell. The chart recorder pen 

will move back to its original position. Mark this spot as well, by moving 

the chart recorder paper slightly. 

ix. Repeat steps v-vii several times. The pen should move precisely to the 

same position each time the same volume is removed/re-injected. 
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x. Also, repeat several times by injecting other volumes. For example, I 

usually inject 3x70 jxL, 3x50 jaL, and 3x30 \iL. 

To calculate the calibration factor, use a ruler to measure the distance that the pen 

moves when a volume of air is injected. Calculate the calibration factor using the 

equations below: 

Volts = (length) x (sensitivity) h- (scale) (5) 

PV moles of 02 = (6) 

„ . „ moles of 02 Calibration t actor = (t) 
Volts 

where equation (6) is the ideal gas law. For example, if the length that the pen 

travels is 19.3 cm when 70 jaL of air is injected at 30°C, the calibration factor is 7.29 

x 10"7 mol O2 / V, by the following calculations: 

Volts = (19.3 cm) x (5 V/scale) (25 cm/scale) 

(101.35 kPa)(0.00007 L) 
moles of 02 = 

(8.314 JK mol )(303.15 K) 

1.4.8 Calibration Factor Determination using Styrene Autoxidation 

AIBN (final concentration -42 mM) was injected to initiate autoxidation of 2 

mL styrene in the sample cell, at 30°C. The reference cell contained pure 2 ml_ 

styrene. Constant, uninhibited oxygen uptake rate was measured, resulting in a 
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straight line. The autoxidation was inhibited by injecting 30 jxL stock solution of 

PMHC for a final sample concentration of ~7 [aM. Oxygen uptake rate was 

measured to yield a curve, with a clearly defined inhibition period. The intersection 

of trendlines from the inhibited and uninhibited regions of the curve indicates the 

inhibition period, x (Figure 1.2). Two additional trials were done by performing 

consecutive PMHC injections after the PMHC was consumed and the oxygen 

uptake rate returned to the uninhibited levels. 
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Figure 1.2 Oxygen uptake curve from AlBN-initiated autoxidation of styrene inhibited 
by ~7 |iM PMHC. Inhibition period (x) is the intersection of the trendlines 
from inhibited (pink) and uninhibited (yellow) regions. 
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1.5 Appendix 

App. Figure 1.1 Setup of the oxygen uptake apparatus. Notice the cells in the 
water bath (left) and red/green control knobs (right). 
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App. Figure 1.2 Cells designed for the oxygen uptake experiments (drawing 
received from Ross Barclay, Mount Allison University, N.B.) 
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App. Figure 1.3 Diagram of segment of oxygen uptake apparatus to which the 
cells are attached, and through which sample injections are performed. 
Note that the glass capillary leading to the right is attached to hollow 
springs that lead to the pressure transducer compartment, (drawing 
received from Ross Barclay, Mount Allison University, N.B.) 
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2.1 Autoxidation Process 

Degradation of various materials, including biological systems, is often a 

result of oxidative damage caused by free radical reactions1. Even a small amount 

of free radicals can lead to widespread harmful effects, since radicals are able to 

initiate self-propagating chain reactions. The presence of free radicals therefore 

leads to an amplification of the degradation process. In an oxygen-containing 

environment, such as air, the propagating chain reaction often involves a step in 

which O2 is consumed; this is referred to as an autoxidation2 (Scheme 2.1). 

R * R O O * 

ROOH 

Scheme 2.1 Chain propagation cycle in the autoxidation of substrate (RH) 

When a free radical is generated by an initiation reaction - thermal, 

photochemical, enzymatic, or other - it can react with surrounding molecules. This 

radical often rapidly reacts with molecular oxygen to form a peroxyl radical. At this 

point, the peroxyl radical reacts with another surrounding molecule to form a radical 
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ready for reaction with O2. The resulting radical continues the propagation cycle. 

Thus, one molecule of dioxygen is consumed during each propagation cycle as 

shown in Scheme 2.1. 

In the absence of antioxidants, autoxidation termination reactions involve the 

reaction of two peroxyl radicals leading to non-radical products1,3. Note that while 

this termination removes two radicals from the environment, the initiation reaction 

usually leads to the formation of two radicals. 

Autoxidations can be retarded by the addition of antioxidants. The 

antioxidant provides an additional termination pathway for the radicals involved in 

propagation, thus inhibiting the rate of autoxidation ( Scheme 2.2). Reaction 

with the antioxidant usually leads to radicals that cannot propagate the oxidation 

chain and, eventually, to non-radical products. 

non-radical products 

Scheme 2.2 Autoxidation termination pathways 
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2.2 Common Antioxidants - Mechanism of Phenolic Chain-

Breaking Antioxidants 

Free radicals and reactive oxygen species (ROS) are constantly being 

generated in our surroundings. The ROS generally originate from molecular oxygen 

that has not been fully reduced to water. Most of these species are unstable 

radicals; superoxide (02"»), hydroperoxyl (HOO*), peroxyl (ROO*), alkoxyl (RO*), 

and hydroxyl (HO*). The notable exceptions are singlet oxygen and hydrogen 

peroxide. The excited form of dioxygen - singlet oxygen (102) - is unstable, but is 

not a free radical. Hydrogen peroxide (H202) is also considered an ROS, although 

"pre-ROS" is a more accurate description - it is a stable compound that can easily 

generate ROS. 

The free radicals and ROS can react with, and damage, various substrates. 

In a living organism, for example, these "substrates" are biologically vital molecules 

such as DNA, lipids, and proteins, where alterations can disrupt signaling pathways 

and ultimately lead to detrimental effects. It should be mentioned that ROS are also 

a byproduct of normal cell metabolism and play a role in well-functioning cell 

signaling4,5. However, disturbance of this delicate balance, where a large excess of 

ROS are created, can be harmful. In fact, free radical reactions play an important 

role in various pathological conditions and have been invoked in the process of 

ageing. To combat the damaging free radicals and ROS, nature has evolved 
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antioxidant strategies that convert harmful free radicals into less reactive, benign 

species. 

There are many different types of antioxidants encountered in nature. A large 

number of them are enzymes found inside the cells. Some, such as transferrin, 

lactoferrin and ferritin, prevent the formation of radicals and ROS by sequestering 

iron. Other enzymes convert ROS, mostly superoxide and hydrogen peroxide, into 

unreactive forms6"8. Superoxide dismutase, catalase and glutathione peroxidase 

are examples of enzymatic antioxidants. If all else fails, the radical reactions must 

be stopped directly. This can be done by another type of protective molecules called 

chain-breaking antioxidants. These molecules provide another line of defense 

against oxidative stress; they inhibit the autoxidation cycle after it has been initiated. 

Apart from biological systems, chain-breaking antioxidants are also widely 

used in industry. They are common additives in creams, food, etc., and are added 

to various materials, such as plastics, to prevent their degradation due to thermal or 

photochemical oxidation. 

Chain-breaking antioxidants hinder the propagation cycle by reacting with 

peroxyl radicals to give products that do not participate in the propagation reaction, 

thus stopping further oxidative damage. This means that, for the inhibition of 

autoxidation, one of the key characteristics of a chain-breaking antioxidant is their 

fast reaction with peroxyl radicals. Another important feature of a good antioxidant is 

its lack of reactivity and the lack of reactivity of its intermediate radicals toward 
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molecular oxygen. If the antioxidant radical reacted with oxygen, the resulting 

peroxyl radical would simply continue the autoxidation reaction. Common chain-

breaking antioxidants that fit these criteria are phenolic molecules, with a-tocopherol 

(Vitamin E) being one of the most efficient examples2 - its rate constant of inhibition, 

kinh, is approximately 3.2 x 106 M"1s"1 (Scheme 2.3). 

BHT 

Major component in Vitamin E Water-soluble Vitamin E analogue Additive in food, cosmetics, etc. 
widely used in research 

Scheme 2.3 Examples of phenolic chain-breaking antioxidants 

a- tocopherol Trolox ® 

These phenolic antioxidants stop peroxyl radicals by transferring a hydrogen 

atom to generate a phenoxyl radical2,9 (Equation 2.1): 

ROO* + Ar-OH k|nh » ROOH + Ar-0« 
phenoxyl 

radical 

Ar-O • + 02 X * slow / no reaction 

Equation 2.1 

Note that the resulting antioxidant-derived phenoxyl radical is rather 

persistent, and unreactive towards oxygen, in accordance with the required criteria. 
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If the phenoxyl radical reacted with oxygen, it would simply continue the 

autoxidation cycle as is the case for some hydroquinone-derived phenoxyl 

radicals10. Ideally, the resulting phenoxyl radical will trap another peroxyl radical. 

Therefore, a single phenolic antioxidant molecule is able to trap two peroxyl radicals 

(stoichiometric factor, n = 2). 

Phenolic antioxidants do have a major disadvantage. Due to the presence of 

an O-H bond, common phenolic antioxidants tend to be very sensitive to solvent 

effects. This effect is due to the phenol's ability to interact with the solvent through 

hydrogen bonding, thus lowering the phenol's hydrogen-atom donating ability 

(Scheme 2.4). As a result, the antioxidant activity in hydrogen-bond accepting (HBA) 

solvents dramatically decreases. This phenomenon has been thoroughly 

investigated by Ingold, Scaiano and others9'11,12. 

R O O # ^ R O o h + A r - O 
Ar-OH 

+ Solv i 

Ar-OH—Solv 
ROO • slow / no reaction 

Scheme 2.4 Effect of hydrogen-bond accepting solvents {Solv) on common 
phenolic antioxidant activity. 
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2.3 Criteria for Reducing Radical Reactivity towards Oxygen 

As already mentioned, in order to be a good antioxidant, a molecule must be 

a good hydrogen donor, while producing a radical that cannot participate in the 

propagation of autoxidation13. 

Hydrogen donors that yield carbon-centered radicals are rarely good 

antioxidants since most carbon-centered free radicals react rapidly with oxygen, 

often at rates approaching diffusion control. The result would be another peroxyl 

radical that can further propagate the oxidation chain rather than terminate it14. For 

example, 1,4-cyclohexadiene is a poor antioxidant even though it is a good 

hydrogen atom donor15. 

One of the exceptions is a molecule called Irganox HP-136®, which is a 

lactone commercialized by CIBA and sold as an antioxidant for industrial 

applications: 

HP-136 monomer 

33 



Solvent-Independent Antioxidant Activity of HP-136 Dimer 

This molecule has long been of research interest in the Scaiano lab. Initially, 

Scaiano became curious by how such a structure could act as an antioxidant. 

Results of laser flash photolysis (LFP) studies demonstrated that the HP-136 

carbon-centered radical displays highly reduced reactivity towards oxygen13. 

Moreover, the 2-coumaranone backbone was found to be an important structural 

component for reducing reactivity of lactone-derived radicals. In the case of carbon-

centered radicals, "reduced reactivity" refers to no reactivity with oxygen on a 100 |JS 

time scale. These findings were surprising and very interesting because previously, 

steric hindrance and electron derealization through resonance were thought to be 

the major factors contributing to decreased radical reactivity. Through further 

investigations, and also by analyzing known unreactive carbon-centered radicals, 

Scaiano and colleagues proposed five criteria that control the reactivity of carbon-

centered radicals with molecular oxygen15: 

i. Benzylic resonance effects 

ii. Steric effects 

iii. Favourable stereoelectronic effects 

iv. Unpaired spin derealization on heteroatoms 

v. Electron withdrawing effects 
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Note that these criteria are in no specific order of importance - certain factors may 

be essential in one molecule, but insignificant in another. Some examples of 

carbon-centered radicals unreactive towards oxygen are shown in Scheme 2.5. 

2-coumaranone 
radical 

Scheme 2.5 Examples of carbon-centered radicals with reduced reactivity towards 
molecular oxygen. 

Radicals become more stable if electrons are delocalized on aromatic rings by 

resonance. The 9-phenylfluorenyl molecule, which has reduced reactivity to oxygen, 

is one example where this effect plays a large role in radical stabilization15. Bulky 

substituents that hinder access to the radical site could also contribute to radical 

stabilization, as is the case for perchlorodiphenylmethyl and some related 

compounds described by Ballester16. As Scaiano and co-workers showed, some 

carbon-centered radicals with rather simple structures, where steric effects are not 

significant, also have reduced reactivity towards oxygen15. In the case of 2-
35 
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coumaranone and its derivatives, for example, the presence of a lactone ring leads 

to forced planarity and better electron derealization. Importantly, this achieves spin 

derealization on oxygen, which provides some oxygen-centered radical character 

and also contributes to stabilization. Finally, electron withdrawing effects can also 

influence radical reactivity towards oxygen. When electron withdrawing groups are 

added to a molecule, the radical site becomes more electrophilic, and therefore less 

reactive towards molecular oxygen, which is also electrophilic. For example, 

diphenylmethyl radical reacts rapidly with oxygen, but diphenylacetonitrile radical 

shows reduced reactivity17. 

In the HP-136 radical, all of the five criteria are present, explaining why this 

radical is especially unreactive towards oxygen. 
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2.4 Radically Different Antioxidant Dimers 

When I arrived in the Scaiano group, I began working with the HP-136 dimer. 

Not long before I joined the group, a fellow graduate student, Mathieu Frenette 

(Ph.D. 2008), synthesized and characterized the HP-136 dimer, as well as other 

similar dimers17. He discovered that these dimer molecules show antioxidant 

activity. The actual antioxidants in this system are the carbon-centered HP-136 

radicals. As discussed previously, these radicals have highly reduced reactivity with 

oxygen (Scheme 2.6, reaction 2), and for this reason they instead prefer to react 

with each other to form head-to-head dimers held together by atypically weak 

carbon-carbon bonds. These radicals do, however, react quickly with peroxyl 

radicals (Scheme 2.6, reaction 3). The discovery of compounds where carbon-

centered radicals are the active antioxidant species constitute a new class of 

antioxidants we call "Radically Different Antioxidants". 

In solution, these dimers are present in thermal equilibrium with their radicals, 

and under usual experimental conditions this equilibrium strongly favours the dimer 

form - more than 99% of the compound is in its dimer form18 (Scheme 2.6, reaction 

1). However, if the dimer concentration is increased, a higher percentage of the 

radical form would be expected due to the equilibrium shift according to Le 

Chatelier's principle. The bond dissociation energies (BDE) of the dimers of these 

systems have been found to lie between 23 and 26 kcal/mol17. These bonds are 

much weaker when compared to typical C-C BDE values of -83 kcal/mol19. While 
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the dimers have weak C-C bonds, we describe them as having "dynamic stability" 

through constant dissociation to the carbon-centered radicals, and re-association of 

the latter, in remarkably well-behaved equilibria17. 

The goal of my work was to study the antioxidant properties of one of these 

carbon-centered radical dimers. The HP-136 dimer was chosen because, in 

addition to being a commercially important compound, it was the best behaved from 

HP-136 dimer 

o2 

ROO« 
k ~ 3 x 10 8 M " V 1 

HP-136 radical 

s low/no reaction 

[1] 

[2] 

[3] 

Scheme 2.6 Dynamic stability of HP-136 dimer in solution [1], and 
reactivities of the HP-136 radical with dioxygen [2] and peroxyl radicals [3]. 
Previously reported thermodynamic properties and rate constant are 
shown20. 

38 



Solvent-Independent Antioxidant Activity of HP-136 Dimer 

the other structurally related dimers. In particular, I studied the effect of solvent on 

antioxidant activity of HP-136 dimer. In contrast to common phenolic antioxidants 

that exhibit strongly solvent-dependent antioxidant activity, the HP-136 radical 

cannot hydrogen bond at its reactive site and is thus expected to exhibit little or no 

solvent-dependence on its antioxidant activity. 

To test this idea, the antioxidant activity of HP-136 dimer was measured in a 

range of solvents that have a variety of hydrogen-bond acceptor (HBA) activities, 

using the Inhibited Oxygen Uptake method21"23 (vide infra). The solvents were 

chosen according to a p2
H scale that was developed by Abraham and colleagues24. 

The scale is based on log(K) values for hydrogen bond complexation of a series of 

bases against a number of reference acids, and covers a range of 0.00 to 1.00, 

where non-HBA solvents such as alkanes are given 0.00, and a very strong H-bond 

acceptor, hydromethylphosphoric triamide (HMPA), is given 1.00. This scale was 

determined for bases in dilute solutions, but it is also widely used in the literature for 

comparison of solvent basicity9,10 - the scale in bulk solutions is in most cases very 

similar to that of dilute solutions25, but it is important to keep in mind that it may be 

different in some cases. Nevertheless, the p2
H scale is the most extensive 

hydrogen-bond basicity scale available, and is suitable for relative solvent effect 

determination. 

Chain-breaking antioxidants whose activity is also solvent-independent would 

address a major problem with regards to standard phenolic antioxidants. They may 
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have a significant advantage over common phenolic antioxidants in industrial 

applications involving polar environments where phenolic antioxidants are the least 

effective9. 
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2.5 Inhibited Oxygen Uptake Method 

The Inhibited Oxygen Uptake (IOU) method is the most direct technique for 

assessing the antioxidant activity of a compound, since it directly measures the 

amount of oxygen consumed during autoxidation reactions. In this work, the IOU 

method was used to determine the antioxidant activity of HP-136 dimer, as well as 

to test the effect of solvents on its performance as an antioxidant. The effect of 

solvent on the antioxidant activity of a representative phenolic antioxidant, 4-

methoxyphenol, was also measured for comparison. 

The experiment is similar to the cell calibration experiment discussed in the 

Introduction (Chapter 1). The idea is to set up an autoxidation reaction in the sample 

cell, while the reference cell contains all the same ingredients, minus the radical 

initiator, to ensure identical pressure between the cells prior to initiation. The system 

in these experiments once again uses styrene as the autoxidizable substrate 

(Scheme 2.8). Note that the product of styrene oxidation is a co-polymer of styrene 

and dioxygen. However, there are several important distinctions - in these 

experiments, we are using a mixture of solvent and styrene substrate, instead of 

pure styrene. We are also comparing two antioxidants - 4-methoxyphenol and HP-

136 dimer, and are using PMHC (2,2,5,7,8-pentamethyl-6-hydroxychroman) for 

stoichiometric factor determination (Scheme 2.7). 
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HC 

HO 

PMHC 4-methoxyphenol 

Scheme 2.7 The phenolic antioxidants used in our experiments. 

In the experiments, a mixture of solvent and ~2.6 M styrene is first 

equilibrated overnight at 30°C. The autoxidation begins once a radical azo-initiator 

(AIBN or V-601, depending on solubility) is injected only into the sample cell to a 

final concentration of ~18 mM (see Experimental section for further details). 

The uninhibited autoxidation reaction is recorded by measuring the rate of 

oxygen uptake. Next, an antioxidant is injected, resulting in inhibition of the 

autoxidation, thus the observed rate of oxygen uptake decreases. This inhibition 

period continues until all of the antioxidant is consumed, at which point the 

autoxidation rate returns to the uninhibited levels. The inhibition period (t), defined 

as the time necessary to consume the antioxidant, is estimated from the intercept of 

inhibited and uninhibited rates of oxygen uptake in the resulting oxygen uptake 

curves, similar to that described in section 1.4.8 (Figure 1.2). 
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Initiation 

R ru I 30°C / 0 2 / _ 

I N R -N2 \ \ 

R = CN (AIBN) or COOCH3 (V-601) 

e = fraction of radicals that escape solvent cage 

Propagation 

= ROO \ y ' 

Antioxidant Termination 

k P K > h ] 

kinh [antioxidant] non-radical 
R O ° ' " products 

Scheme 2.8 Autoxidation system used in our experiments. Note that the length of 
"R" grows by one "monomer + 0 2 " unit during each cycle. 

The kinetic parameter representing the antioxidant activity of a compound is 

the rate constant of inhibition, k i n h (Scheme 2.8), which describes how efficiently the 

compound can react with and trap peroxyl radicals. The oxygen uptake curves 

allow us to estimate k i n h using the rate expression in equation (5), and its integrated 

form, equation (6): 

[dm] M ^ ( 5 ) 

I dt L nkmh\AH\ 

A[02],=-^[RH]lna-t/r) (6) 
kinh 
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where t is time; [RH] is the concentration of the substrate, styrene; Ri is the rate of 

initiation of autoxidation; n is the stoichiometric factor; [AH] is the concentration of 

antioxidant; kp is the propagation rate constant (41 M 'V 1 for styrene26 at 30 °C); and 

x is the inhibition period. From equation (6), a plot of A[C>2] vs -ln(1 - t/x) gives a 

straight line with the slope (kp/k inh)[RH], from which k i n h can be calculated, provided 

a substrate with a known kp is used, such as styrene. 

However, the IOU method for measuring k i n h requires that there be a 

significant number of propagation cycles during the inhibition period, so that there is 

a measurable competition between the propagation and inhibition reactions. The 

parameter for checking the number of propagation cycles is chain length, since 

during each propagation cycle one styrene molecule is added to the chain. Chain 

length, v, is defined as the rate of propagation (or, the rate of O2 uptake) divided by 

the rate of initiation, as shown in equation (7): 

v ^ i - d m i d ^ J R , (7) 

R=rAPMHC\ 
T 

A chain length > 4 is considered sufficient for k i n h determination using the IOU 

method. Recall from Chapter 1 that PMHC is a Vitamin E analogue that is also 

known to trap two peroxyl radicals, i.e., n = 2. However, in the weaker HBA solvents 

PMHC is too strong an antioxidant to reliably measure kinh (i.e., chain length is often 

< 4). For this reason, a weaker antioxidant, 4-methoxyphenol, whose kinh values 
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could be measured more reliably, was employed for comparative purposes (Scheme 

2.7). PMHC was, however, required to determine the rate of initiation of 

autoxidation, Rj, and to calculate stoichiometric factors, n, using equation (8). 
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2.6 Results and Discussion 

We measured the oxygen uptake kinetics for the autoxidation of styrene in 

solvents of varying polarity to study the solvent effect on three antioxidants' 

performance. The goal was to demonstrate minor solvent effects on the antioxidant 

activity for a representative "radically different antioxidant", HP-136 dimer, and 

compare this to the dramatic solvent effects expected for a typical phenolic 

antioxidant, 4-methoxyphenol. In each system, we also measured the oxygen 

inhibition due to PMHC, an effective and well-behaved antioxidant based on the 

structure of Vitamin E's main component. The oxygen uptake data are presented in 

Figure 2.1 with the uninhibited oxygen uptake curve (no antioxidant) and with 

PMHC, 4-methoxyphenol, or HP-136 dimer acting as the chain-breaking antioxidant. 

The analysis of the oxygen uptake data is done, when possible, using the 

integrated oxygen uptake kinetics according to equation (6). According to this 

equation, a plot of A[02] vs -ln(1-t/r) should yield a slope equal to kp[RH]/kinh, and 

this data is shown for HP-136 dimer in different solvents (section 2.6.1). 

The tabulated results are presented in Table 2.1 - the treatment of the 

oxygen uptake data to obtain inhibition rate constants is described in section 2.6.1. 

A graph summarizing the results is displayed in Figure 2.2. 
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See figure caption on the next page. 

P (F) rr-Butanol 
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Figure 2.1 (previous page) Representative oxygen uptake curves for the different 
solvents tested. Autoxidation of styrene, ~2.6 M, in (A) chlorobenzene, (B) 
toluene, (C) anisole, (D) ethanol, (E) acetonitrile and (F) n-butanol , initiated 
with AIBN or V-601, - 18 mM, at 30°C. Curve a: uninhibited oxygen uptake. 
Curve b: inhibited by HP-136 dimer, -4.6, 7.7, or 9.1 pM. Curve c: inhibited 
by 4-methoxyphenol, ~4.6 pM in toluene, anisole and chlorobenzene; ~13 
pM in acetonitrile; - 18 jiM in butanol. Curve d: inhibited by PMHC, -4 .6 pM. 
Dashed lines indicate equilibration period of the system. 

As hypothesized, the HP-136 dimer exhibits little to no solvent effect on its 

antioxidant activity, whereas 4-methoxyphenol shows a large solvent effect. With 

increasing HBA activity of the solvent, the kinh values for 4-methoxyphenol decrease 

markedly, while the antioxidant activity of the HP-136 dimer are almost invariant, 

indicating that the antioxidant activity of the HP-136 dimer is not reduced with 

variations in the HBA activity of the solvent. 

Table 2.1 Solvent Effects on Kinetic Data for Inhibition of Styrene Autoxidation at 
30°C. 

HP-136 dimer 4-methoxyphenol PMHC 

solvent h" n 
kjnh 

(io4 M V ) n 
u a 
•»inh 

(io4 MV) kinh 
(IO4 MV) 

chlorobenzene 0.09 0.89 61 ± 10 2.27 37 ± 10 289 ± 39 

toluene 0.14 1.20 75 ±28 2.65 33 ± 2 225 ± 50 

anisole 0.26 1.47 45 ± 10 3.10 13.1 ±0.8 174 ± 1 

ethanol 0.44 1.18 73 ±21 n/a (4.8)6 50 ± 1 

acetonitrile 0.44 0.94 113 ±39 n/a 1.7 ±0.3 59 ± 2 

n-butanol 0.45 0.89 124 ±63 n/a 4.7 ±2.6 121 ±41 
a For solvents ethanol, acetonitrile and n-butanol, no clear inhibition period was observed when 

using 4-methoxyphenol as an antioxidant. Higher antioxidant concentrations and a slightly different 
kinetic treatment were used to obtain kinh 

b This rate constant was found to vary from experiment to experiment and should only be regarded 
as an estimate. 
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Figure 2.2 Solvent effects on antioxidant activities (kinh) of HP-136 dimer, 4-
methoxyphenol and PMHC. Hydrogen-bond accepting abilities of solvents 
are described by their Abraham factors, p2

H (chlorobenzene = 0.09, toluene 
= 0.14, anisole = 0.26, ethanol = 0.44, acetonitrile = 0.44, n-butanol = 0.45). 
Error bars ± 1 standard deviation. 

Representative oxygen uptake curves obtained in different solvents are 

displayed in Figure 2.1. These traces clearly show the difference in solvent effects 

on the antioxidant behaviour of HP-136 dimer and 4-methoxyphenol. In non-polar, 

non-HBA solvents, such as chlorobenzene (p2
H=0.09) and toluene ((32

H=0.14), both 

compounds give a well-defined inhibition period, and thus have significant 

antioxidant activity. However, in stronger HBA solvents, acetonitrile (p2
H=0.44) and 

n-butanol (p2
H=0.45), 4-methoxyphenol shows no well-defined inhibition period 

although the rate of oxidation is lower than in the absence of any antioxidant. In 

other words, in acetonitrile and n-butanol 4-methoxyphenol becomes an 
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autoxidation retarder, rather than an inhibitor. HP-136 dimer, on the other hand, 

shows a well-defined inhibition period in all solvents. 

Another HBA solvent tested was ethanol (P2H=0.44). As in the other solvents, 

the HP-136 dimer showed a well-defined inhibition period. For 4-methoxyphenol, 

however, the results in this solvent were found to vary from experiment to 

experiment, and should be regarded as a rough estimate. The irreproducibility is 

likely a result of the large vapor pressure associated with ethanol. This leads to 

poor precision in the pressure measurements used to quantify oxygen consumption. 

In an intermediate HBA solvent, anisole (p2
H=0.26), the inhibition period for 

HP-136 dimer is visible, while for 4-methoxyphenol it becomes more difficult to 

identify. For some experiments (such as the one shown in Figure 2.1 C), its 

inhibition period could still be obtained, while for others, it was basically a straight 

line, similar to the acetonitrile and n-butanol traces (data not shown). Thus, 4-

methoxyphenol in anisole conveniently illustrates the intermediate nature of solvent 

effect in an intermediate HBA solvent. 

As previously mentioned, PMHC was used to estimate Rj using equation (8), 

which was then used to calculate the stoichiometric factors of HP-136 dimer and 4-

methoxyphenol. Reliable PMHC kinh estimates, however, are difficult to obtain with 

our system, since PMHC is too good of an antioxidant. In other words, there is 

insufficient competition between antioxidant termination (kinh[antioxidant]) and 

autoxidation (kp[styrene]). Nevertheless, for some traces, the chain length was 
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satisfactory (v > 4), and kinh could be estimated for PMHC. These are shown in 

Figure 2.2, although the results are from only two or three experiments. Small 

sample sizes also explain the large variability in the errors seen in Table 2.1. As 

HBA properties of the solvent increase, the PMHC shows a similar trend to 4-

methoxyphenol - the solvent reduces the phenolic antioxidants' activity. When 

comparing the PMHC and HP-136 dimer, the results are very exciting. As 

previously mentioned, PMHC is a vitamin E analogue, and vitamin E is known to be 

one of the most efficient chain-breaking antioxidants2. It is remarkable that HP-136 

dimer, a member of the "radically different" class of antioxidants, is able to match 

the antioxidant activity of a vitamin E analogue in HBA solvents. 

The stoichiometric factor, n, is calculated using equation (8) and measured 

Ri. In all experiments, the stoichiometric factor for the HP-136 dimer in a styrene 

autoxidation is consistently lower than to the 2.0 expected on the basis of two 

radicals formed from each dimer molecule. It should be noted that during cumene 

(isopropylbenzene) autoxidation, n=2 for the HP-136 dimer, suggesting that the 

reduction of stoichiometric factor observed in the styrene system is specific to 

changing the substrate. Frenette et al. suggested a possible explanation for the low 

stoichiometric factor in styrene18. The HP-136 radical could react with the 

poly(peroxystyrene), which is formed during the autoxidation. In particular, the HP-

136 radical could either attack at the peroxide bond or abstract a benzylic hydrogen, 

generating reactive alkoxyl radicals that would propagate the autoxidation (Scheme 

2.9). 
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poly(peroxystyrene) can initiate 
autoxidation 

A O 

poly(peroxystyrene) can initiate 
autoxidation 

Scheme 2.9 Suggested explanation for n<2 for HP-136 dimer. A* refers to HP-136 
radical18. 

In the case of 4-methoxyphenol, values of n greater than two are observed, and are 

likely due to the formation of secondary antioxidants during oxidation of this 

compound (Scheme 2.10). This can result when peroxyl radicals react at the ortho 

position, although reaction at the para position is preferred1. 
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O O OH 

regenerated 
antioxidant 

Scheme 2.10 Secondary antioxidant formation from 4-methoxyphenol. Reaction at 
the ortho positions can lead to n>2. 

It is interesting to observe that in acetonitrile the inhibition period of HP-136 

dimer appears to be, in fact, slightly better defined than in non-HBA solvents, such 

as chlorobenzene. The obtained k i n h is also higher in acetonitrile (113 ± 39 x 104 M" 

V 1 ) compared to k^h measured in chlorobenzene (61 ± 10 x 104 M"V1). An 

explanation for this increase in antioxidant activity would be a higher degree of 

dissociation of the HP-136 dimer in acetonitrile. Recall that in solution this dimer is 

present in a dynamic equilibrium with its radical form (Scheme 2.6, reaction 1). 

Through UV-visible absorbance studies, it has been estimated that, at 30°C in 

chlorobenzene, the equilibrium strongly favours the dimer form, and only -0.08% of 

the dimer is dissociated into radicals20. A similar experiment was conducted in 

acetonitrile to see if in this solvent the equilibrium behaviour of HP-136 dimer is 

different, and is more shifted towards the dissociated form. A higher concentration 
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of the radical form, which is the actual antioxidant, would explain the higher 

antioxidant activity of HP-136 dimer in acetonitrile. The UV-vis experiments did not 

detect an increase in dissociation of the HP-136 dimer in acetonitrile compared to 

chlorobenzene (data not shown). 

Other experiments done that involve the HP-136 dimer were 1H-NMR at 

various temperatures, ranging from +20 to -36°C (data not shown). The preliminary 

results suggest that compared to room temperature, the HP-136 dimer adapts 

different conformations at lower temperatures due to slowing down of rotations, 

however further studies are required. 

In conclusion, the HP-136 dimer was found to retain full antioxidant activity in 

HBA solvents. This valuable property could give the newly-discovered "radically 

different antioxidants" a significant advantage in various industrial applications over 

traditional phenolic antioxidants that lack this feature. 
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2.6.1 Kinetic Treatments for kinh Determination 

For traces with defined inhibition periods (HP-136 dimer and PMHC), the 

usual kinetic treatment according to equation [6] was performed. An example of the 

graph obtained is shown in Figure 2.3. 

<D 
TO 
Q. 
10 

0.4 
_L _L 

0.8 1.2 

-ln(1 -t/x) 
1.6 

Figure 2.3 Linear fit of HP-136 dimer kinetic data according to equation [6] in (A) 
chlorobenzene, (B) toluene, (C) anisole, (D) ethanol, (E) acetonitrile and (F) 
n-butanol. 
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For the HP-136 dimer, consider that during the inhibition period, most 

termination reactions are the trapping of peroxyl radicals by HP-136* according to 

the following mechanism: 

A ° 2 
(HP-136)2 . - 2 HP-136* no reaction 

K e q 

R 0 0 . + HP-136-

In the kinetic treatment of this system, the kinh were derived from the point of view of 

dimer concentrations (instead of persistent radical concentrations which are subject 

to uncertainties). Therefore the formal termination rate equation is derived for the 

more practical reaction shown below: 

» ROO- + (HP-136,, J S ! L . " o n - r a ^ l 

where k i n h is the apparent inhibition rate constant and n is the number of peroxyl 

radicals trapped per dimer. This approach allows us to compare the obtained rate 

constants with those of typical phenolic antioxidants. It should be noted, however, 

that the radical concentration is not directly proportional with the dimer 

concentration, but has the relationship: 

[HP -136*] = (Keq[HP -136 dimer])111 (9) 

For this reason, the apparent k j n h will increase at lower dimer concentrations and 

decrease at higher concentrations. This effect is visible in Figure 2.3, where the 
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linear fits are done on downward curving traces. For consistency, we tried to keep 

the concentration of the dimer antioxidant approximately constant in each solvent. 

A different kinetic treatment was required for experiments where no clear 

inhibition period is obtained. Such was the case for 4-methoxyphenol in more polar 

solvents (acetonitrile, n-butanol and ethanol). To determine k i n h in these solvents, 

the differential rate expression (equation (5b)) could be used, since all parameters 

are known, except kinh- The 4-methoxyphenol concentrations used in this case were 

higher than in the experiments with defined inhibition periods, because 4-

methoxyphenol now acts as an autoxidation retarder, rather than an antioxidant. 

High concentrations are required to ensure a constant rate of oxygen uptake that 

has been reduced due to the presence of the retarder. 

fd[Q2]} kp[styrene]Rj 
I dt J inh nkinh[4 - methoxyphenol] 

In this kinetic treatment we are still assuming, as is done in the usual treatment, that 

the majority of termination steps occur via reaction of a peroxyl radical and the 

antioxidant (retarder). This treatment will overestimate k i n h as it assumes all 

termination steps occur by antioxidant and does not account for the peroxyl radical 

recombination. 
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2.7 Experimental Details 

2.7.1 Materials 

Initiator azo-bis(isobutyronitrile), AIBN (Sigma, 98%), was used after re-

crystallization from a dichloromethane/n-hexane/ethanol solvent mixture and stored 

at 4°C. Initiator dimethyl 2,2-azobis(isobutyrate), V-601 (Wako), was stored at 4°C 

and used as received. CIBA Irganox HP-136® (HP-136 monomer) was a gift from 

CIBA and used as received. Antioxidant 2,2,5,7,8-pentamethyl-6-chromanol, PMHC 

(Sigma, 97%), was used after further purification by re-crystallization from n-

hexane/dichloromethane. 4-methoxyphenol (Sigma, 99%) was used as received. 

Styrene (Sigma, 99%) was distilled to remove stabilizers by bulb-to-bulb vacuum 

distillation and filtered through a silica column (or aluminum oxide). Solvents 

chlorobenzene (Sigma, HPLC grade), toluene (Sigma, HPLC grade), acetonitrile 

(Fisher, HPLC grade) and ethanol, 99%, were used directly. Anisole (Sigma, 99%) 

and n-butanol (Omnisolv, 99%) were filtered through a silica column prior to use. 

2.7.2 HP-136 Dimer Synthesis 

A saturated solution of HP-136 monomer (2.22 g, 6.3 mmol) was prepared in 

approximately 100 mL of 2,2,4-trimethylpentane (Sigma, HPLC grade), and 

sonicated for -15 minutes to aid solubilization in a Branson 1210 sonicator. The 

dimerization was started using -0.25 eq. of TEMPO radical (0.25 g, 1.6 mmol) (Alfa 

Aesar, 98%). The reaction was stirred overnight in the dark under slow oxygen 
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purging through sintered glass. Upon addition of TEMPO radical, the solution 

changed colour from clear to translucent orange. However, approximately 10 

minutes after TEMPO addition, the characteristic orange colour of TEMPO radical 

disappears, indicating that the reaction is underway. The next morning, the solution 

is orange once again, indicating completion of reaction, and white crystals of HP-

136 dimer are present in the reaction flask. The HP-136 dimer was purified by 

suction filtration, yielding 1.39 g. For further purification, the product was left 

overnight under vacuum to sublimate the residual TEMPO radical, and then re-

crystallized in acetonitrile/dichloromethane for a final yield of 1.03 g (46 % yield). 

The 1H and 13C NMR matched those previously reported17. 

2.7.3 Inhibited Oxygen Uptake Experiments 

The apparatus was prepared as described in section 1.4: the waterbath was 

set to 30°C, the apparatus vacuumed down, and equilibrated overnight with a 

mixture of solvent and -2.6 M styrene (reference cell = 1.4 mL solvent + 0.6 mL 

styrene; sample cell = 1.3 mL solvent + 0.6 mL styrene). Stock solutions were 

prepared according to Table 2.2 on the day of the experiment. Stock A solutions 

were usually prepared in glass vials, and stock B were made in 10 mL volumetric 

flasks. 
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Table 2.2 Preparation of Stock Solutions for IOU Experiments 

Compound 
Desired 

Mass 
(g) 

Solvent3 

Volume of 
Solvent to 
Stock A 

(mL) 

Volume of 
Stock A to 
Stock Bb 

(HL) 

Approx. 
Cone. 

Stock B 

Volume of 
Stock B 
Injected 

CktL) 

AIBN 0.0600 C T An Ac B 1 N/A 0.36 M 100* 

V-601 0.0840 TAn E 1 N/A 0.36 M 100° 

PMHC 0.0343 C T An E Ac B 10 200 0.31 mM 30 

HP-136 dimer 0.0446 C° T 10 500 0.32 mM 30 or 60 

4-MeO-phenol 
0.0400 C T An 10 100 0.32 mM 30 

4-MeO-phenol 
0.0400 E Ac B 10 400 1.30 mM 30 

a C = chlorobenzene, T = toluene, An = anisole, E = ethanol, Ac = acetonitrile, B = n-butanol 
" To make Stock B, Stock A is diluted to final volume of 10 mL in a volumetric flask 
c Due to solubility issues, C was used to dissolve HP-136 dimer for experiments in An, E, Ac 
and B 
d Inject only into sample cell 

The next morning, radical azo-initiator (AIBN or V-601, depending on 

solubility) was injected only into the sample cell to a final concentration of -18 mM, 

using a 100 jxL syringe. The resulting uninhibited autoxidation reaction was 

recorded by measuring the oxygen uptake rate, both by the computer and the chart 

recorder (5 V/scale). Next, the PMHC control (-4.6 jxM) was injected into both the 

reference and sample cells and recorded in the same way to yield an oxygen uptake 

curve with a defined inhibition period. After the PMHC was consumed and the 

oxygen uptake rate returned to the uninhibited level, subsequent injections of other 
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antioxidants can be done. Usually, the sequence of injections was PMHC, HP-136 

dimer (two or three trials), and 4-methoxyphenol. Concentrations injected were -4.6 

piM, -7.1 (iM or -9.1 fxM for HP-136 dimer, and -4.6 f*M, -13.2 |wM, or 18 nM for 4-

methoxyphenol, depending on experiment. 
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Appendix 

App. Table 2.1 Oxygen uptake data for all experiments used in Figure 2.2 for HP-136 
dimer (A), 4-methoxyphenol (B) and PMHC (C). 

HP-136 dimer Results Summary 

Kp styrene (M s)A -1 = 41 

HP-136 dimer 
•a te Solvent 8," Ri Ri Run # n Kinh/Kp Kinh/Kp -Kinh -Kinh 

(Ms-1) (x E-09 Ms-1) (x E03) (x E04) 

18-Jan-08 chlorobenzene 0.09 2.45E-09 2.45 1 0.73 1.16E+04 11.6 4.77E+05 47.7 
18-Jan-08 chlorobenzene 0.09 2.45E-09 2.45 2 0.77 1.81E+04 18.1 7.436+05 74.3 
5-Mar-08 chlorobenzene 0.09 2.21 E-09 2.21 1 0.99 1.50E+04 15.0 6.16E+05 61.6 
5-Mar-08 chlorobenzene 0.09 2.21 E-09 2.21 2 0.78 1.50E+04 15.0 6.15E+05 61.5 
3-Apr-08 chlorobenzene 0.09 2.40E-09 2.40 1 1.18 1.52E+04 15.2 6.25E+05 62.5 
22-Jul-08 chlorobenzene 0.09 2.10E-09 2.10 1 0.88 1.22E+04 12.2 4.98E+05 49.8 
22-Jul-08 chlorobenzene 0.09 2.05E-09 2.05 2 0.88 1.70E+04 17.0 6.95E+05 69.5 

1-Apr-08 toluene 0.14 2.15E-09 2.15 1 1.21 1.83E+04 18.3 7.51 E+05 75.1 
8-Apr-08 toluene 0.14 2.41 E-09 2.41 1 1.17 1.71E+04 17.1 7.02E+05 70.2 

8-Apr-08 toluene 0.14 2.41 E-09 2.41 2 1.20 1.04E+04 10.4 4.27E+05 42.7 
8-Apr-08 toluene 0.14 2.41E-09 2.41 3 1.21 2.70E+04 27.0 1.11E+06 110.8 

18-Mar-08 anisole 0.26 1.93E-09 1.93 2 1.78 4.59E+04 45.9 1.88E+06 188.1 
15-Apr-08 anisole 0.26 2.59E-09 2.59 1 1.31 8.29E+03 8.3 3.40E+05 34.0 
15-Apr-08 anisole 0.26 2.59E-09 2.59 2 1.31 9.55E+03 9.6 3.92E+05 39.2 

15-Apr-09 anisole 0.26 2.33E-09 2.33 1 1.15 1.41E+04 14.1 5.79E+05 57.9 

15-Ap r-09 anisole 0.26 2.27E-09 2.27 2 1.01 1.18E+04 11.8 4.83E+05 48.3 

4-Mar-08 acetonitrile 0.44 2.28E-09 2.28 1 1.01 3.39E+04 33.9 1.39E+06 139.1 
4-Mar-08 acetonitrile 0.44 2.28E-09 2.28 2 0.78 3.04E+04 30.4 1.25E+06 124.5 
4-Mar-08 acetonitrile 0.44 2.28E-09 2.28 3 1.00 3.81 E+04 38.1 1.56E+06 156.3 
11 -Mar-08 acetonitrile 0.44 2.20E-09 2.20 1 0.78 2.30E+04 23.0 9.41 E+05 94.1 
12-Mar-08 acetonitrile 0.44 2.35E-09 2.35 1 0.82 1.69E+04 16.9 6.93E+05 69.3 
6-May-08 acetonitrile 0.44 2.27E-09 2.27 1 1.01 4.37E+04 43.7 1.79E+06 179.3 
6-Mav-08 acetonitrile 0.44 2.21 E-09 2.21 2 0.99 2.18E+04 21.8 8.94E+05 89.4 
25-JUI-08 acetonitrile 0.44 2.33 E-09 2.33 1 1.04 1.67E+04 16.7 6.86E+05 68.6 
25-Jul-08 acetonitrile 0.44 2.27E-09 2.27 2 1.06 2.23E+04 22.3 9.16E+05 91.6 

26-Mar-08 ethanol 0.44 2.71 E-09 2.71 1 1.23 1.80E+04 18.0 7.36E+05 73.6 
26-Mar-08 ethanol 0.44 2.71 E-09 2.71 2 1.25 1.25E+04 12.5 5.12E+05 51.2 
29-Apr-08 ethanol 0.44 2.77E-09 2.77 1 1.05 2.28E+04 22.8 9.37E+05 93.7 

15-Feb-08 butanol 0.45 1.94E-09 1.94 1 0.79 1.61 E+04 16.1 6.59E+05 65.9 
21-Feb-08 butanol 0.45 1,91 E-09 1.91 1 0.80 2.21 E+04 22.1 9.04E+0S 90.4 
21-Feb-08 butanol 0.45 1.91 E-09 1.91 2 0.63 1.49E+04 14.9 6.12E+05 61.2 
21-Feb-08 butanol 0.45 1.91 E-09 1.91 3 0.54 1.54E+04 15.4 6.33E+05 63.3 
17-Mar-09 butanol 0.45 2.1 E-09 2.10 1 1.04 3.62E+04 36.2 1.48E+06 148.4 
17-Mar-09 butanol 0.45 2.07E-09 2.07 2 0.97 3.55E+04 35.5 1.46E+06 145.6 
25-Mar-09 butanol 0.45 2.99E-09 2.99 1 1.19 4.47E+04 44.7 1.83E+06 183.4 
25-Mar-09 butanol 0.45 2.95E-09 2.95 2 1.13 5.62E+04 56.2 2.30E+06 230.3 

HP-136 dimer 
Solvent b2H Mean ± St. dev Mean ± St. dev 

n of n Kinh (x E04) of Kinh 
Chlorobenzene 0.09 0.89 0.16 61.0 9.6 
Toluene 0.14 1.20 0.02 74.7 27.9 
Anisole 0.26 1.20 0.14 44.8 10.5 
Acetonitrile 0.44 0.94 0.12 112.5 39.3 
Ethanol 0.44 1.18 0.11 72.8 21.2 
n-Butanol 0.45 0.89 0.23 123.6 63.2 

removed outlier 

62 



Solvent-Independent Antioxidant Activity of HP-136 Dimer 

(B) 

4-Methoxyphenol Results Summary 

Kp styrene (M s)A -1 = 41 

4-Methoxy Dhenol 
Date Solvent R H 

P2 Ri 
(Ms-1) 

Ri 
(x E-09 Ms-1) 

Run # n Kinh/Kp Kinh/Kp 
(x E03) 

-Kinh -Kinh 
(x E04) 

5-Mar-08 chlorobenzene 0.09 2.21222E-09 2.21 3 2.11 1.19E+04 11.92 4.89E+05 48.88 
3-Apr-08 chlorobenzene 0.09 2.40E-09 2.40 2 2.48 7.30E+03 7.30 2.99E+05 29.92 
22-Jul-08 chlorobenzene 0.09 2.02E-09 2.02 3 2.22 7.73E+03 7.73 3.17E+05 31.68 

1 -Apr-08 toluene 0.14 2.15287E-09 2.15 2 2.78 7.73E+03 7.73 3.17E+05 31.70 
8-Apr-08 toluene 0.14 2.41274E-09 2.41 4 2.51 8.46E+03 8.46 3.47E+05 34.69 

18-Mar-08 anisole 0.26 1.92734E-09 1.93 1 3.04E+03 3.04 1.25E+05 12.48 
15-Apr-08 anisole 0.26 2.59174E-09 2.59 3 3.10 3.33E+03 3.33 1.36E+05 13.65 
15-Apr-09 anisole 0.26 2.23558E-09 2.24 3 1.65 8.57E+03 8.57 3.51 E+05 35.13 

11 -Mar-08 acetonitrile 0.44 2.20E-09 2.20 2 5.49E+02 0.55 2.25E+04 2.25 
11-Mar-08 acetonitrile 0.44 2.20E-09 2.20 3 - 4.38E+02 0.44 1.80E+04 1.80 
12-Mar-08 acetonitrile 0.44 2.34901 E-09 2.35 2 - 3.61 E+02 0.36 1.48E+04 1.48 
6-May-08 acetonitrile 0.44 2.15247E-09 2.15 3 - 3.80E+02 0.38 1.56E+04 1.56 
25-Jul-08 acetonitrile 0.44 2.22264E-09 2.22 3 - 3.39E+02 0.34 1.39E+04 1.39 

26-Mar-08 ethanol 0.44 2.70877E-09 2.71 3 1.18E+03 1.18 4.83E+04 4.83 

17-Mar-09 butanol 0.45 2.03696E-09 2.04 3 7.18E+02 0.72 2.94E+04 2.94 
25-Mar-09 butanol 0.45 2.90468E-09 2.90 3 - 1.60E+03 1.60 6.56E+04 6.56 

4-methoxyphenol 
Solvent b2H Mean ± St. dev of n Mean ± St. dev 

n Kinh (x E04) of Kinh 
Chlorobenzene 0.09 2.27 0.19 36.8 10.5 
Toluene 0.14 2.65 0.19 33.2 2.1 
Anisole 0.26 3.10 n/a 13.1 0.8 
Acetonitrile 0.44 n/a n/a 1.7 0.3 
Ethanol 0.44 n/a n/a 4.8 n/a 
n-Butanol 0.45 n/a n/a 4.7 2.6 
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(C) 

PMHC Results Summary 

Kp styrene (M s)A -1 = 41 

Date Solvent Initiator 
P2" 

-Kinh -Kinh 
(x E04) 

5-Mar-08 chlorobenzene AIBN 0.09 3.26E+06 326.0 
3-Apr-08 chlorobenzene AIBN 0.09 2.94E+06 294.0 
22-Jul-08 chlorobenzene AIBN 0.09 2.48E+06 248.0 

1 -Apr-08 toluene AIBN 0.14 2.60E+06 260.0 
8-Apr-08 toluene V-601 0.14 1.90E+06 190.0 

18-Mar-08 anisole AIBN 0.26 1.73E+06 173.0 
15-Apr-08 anisole V-601 0.26 1.75E+06 175.0 
15-Apr-09 anisole V-601 0.26 2.03E+06 203.0 

11 -Mar-08 acetonitrile AIBN 0.44 6.01 E+05 60.1 
25-Jul-08 acetonitrile AIBN 0.44 5.79E+05 57.9 

26-Mar-08 ethanol V-601 0.44 4.92E+05 49.2 
29-Apr-08 ethanol V-601 0.44 5.04E+05 50.4 

15-Feb-08 butanol AIBN 0.45 7.59E+05 75.9 
25-Mar-09 butanol AIBN 0.45 1.31E+06 131.0 
25-Mar-09 butanol AIBN 0.45 1.56E+06 156.0 

21-Feb-08 butanol AIBN 0.45 n/a n/a 
17-Mar-09 butanol AIBN 0.45 n/a n/a 

Solvent b2H Mean ± St. dev 
Kinh (x E04) of Kinh 

Chlorobenzene 0.09 289.3 39.2 
Toluene 0.14 225.0 49.5 
Anisole 0.26 183.7 16.8 
Acetonitrile 0.44 59.0 1.6 
Ethanol 0.44 49.8 0.8 
n-Butanol 0.45 121.0 41.0 
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3.1 Introduction to Nanoparticles 

In the past decade there has been an explosion of research interest in the 

field of nanomaterials. In particular, metal nanoparticles have received much 

attention due to their diverse potential applications, stemming from the special 

properties that arise when a bulk metal is reduced in size to nanoscale particles, 

generally ranging from 1 nm to 100 nm in diameter1,2. 

Many of these special properties are a result of very high surface area-to-

volume ratios of nanoparticles, which cause significant surface energy instability. 

This leads to melting point depletion and higher reactivity than that of the same bulk 

material1,3. For example, the melting point of 1 nm gold and copper nanoparticles is 

less than 1000 K, compared to much higher bulk gold4 (1337 K) and copper5 (1358 

K) melting temperatures. 

Some noble-metal nanoparticles also exhibit unique optical effects, such as 

the Surface Plasmon Resonance (SPR) band. The SPR is caused by the coherent 

oscillation of the conduction band electrons that interact with an electromagnetic 

field1. When the coherent electron motion in the nanoparticle is in resonance with 

the electromagnetic field, an SPR absorption band is detected. The SPR absorption 

depends on the size, shape, and surrounding medium of the nanoparticles. For 

example, spherical gold nanoparticles, ~10 nm in diameter, have a maximum SPR 

absorption at -520 nm in water6. 
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Applications for metal nanoparticles are very diverse, ranging from 

electronics and biotechnology to diagnostic imaging and materials science7"9. For 

example, gold nanoparticles are used in biosensors for diagnosing lung cancer from 

exhaled breath10,11. Silver nanoparticles are added to fabrics to make clothing, 

socks, and hospital sheets with antibacterial properties12. Taking advantage of their 

melting point decrease, nanoparticle inks can be produced to print conductive 

patterns for electronic devices13. The high surface area-to-volume ratio and 

increased reactivity of nanoparticles also make them the subject of strong interest in 

the field of catalysis2,14. 

Copper nanoparticles (CuNP) are attracting increasing attention due to their 

potential applications in electronic and optical devices13,15,16, where they could be 

used as a substitute for gold and silver, which would lead to considerable cost 

reductions. Other important uses for CuNP lie in the field of catalysis14,17,18. 

At the present time, the main limitation for using CuNP is their instability 

under air due to oxidation. One way to prevent CuNP oxidation is to add stabilizers, 

such as polyvinylpyrrolidone (PVP)19. However, since relatively high stabilizer 

concentrations are required, the stabilizer may potentially interfere with the 

chemistry of CuNP through steric hindrance. Therefore, other approaches for 

preventing CuNP oxidation are desirable. 

Detailed understanding of this oxidative process is necessary in developing 

strategies for CuNP stabilization. We used techniques such as UV-visible 
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spectroscopy, oxygen uptake measurements and electron paramagnetic resonance 

(EPR) spectroscopy to gain insight into the mechanism of CuNP oxidation. 

This was a collaborative project within our group, and thus some of the 

experiments discussed were performed by a post-doctoral fellow, Dr. Natalia 

Pacioni, and by an Honour's project student who I co-supervised, Nathalie 

Presseau20. 
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3.2 Photochemical Synthesis of CuNP 

A variety of approaches have been developed for CuNP synthesis. Most of 

them are chemical reduction methods of copper salts by hydrazine21 or sodium 

borohydride22, in the presence of stabilizers19, or surfactants that form micelles22 or 

that act as capping agents. 

Being primarily a photochemistry laboratory group, we have used a 

photochemical route for the synthesis of CuNP. This method was first developed for 

the preparation of gold nanoparticles6 (AuNP), and recently has been successfully 

adapted for aqueous CuNP synthesis by Dr. Natalia Pacioni23. The key feature of 

this technique is photogeneration of the reducing species through UV light 

irradiation of a precursor species. A family of compounds called Irgacures proved to 

be suitable for this task (Scheme 3.1). Upon irradiation with UV light, these 

compounds undergo Norrish type I cleavage to generate active reducing agents -

the lrgacure-2959 (I-2959) yields ketyl radicals, whereas the lrgacure-907 (I-907) 

produces a-amino alkyl radicals, which have even stronger reducing power. A 

variety of Irgacures can be obtained from CIBA, and the Irgacure of choice, as well 

as the type of UV light and the copper salt used, depends on the experimental 

conditions and the desired effect. 
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O o ^ O 
OH 

1-2959 1-907 

Scheme 3.1 Irgacures used as precursors of reducing species for CuNP synthesis. 

For example, I-907 is soluble in organic solvents and is used in the Scaiano 

group for CuNP synthesis in organic media, particularly acetonitrile. The I-2959 is 

soluble in water, and is suitable for aqueous CuNP synthesis. Varying the 

wavelength of irradiation changes the properties of the nanoparticles. For example, 

UVB irradiation (300 nm lamps), where Irgacures absorb most strongly, leads to 

very rapid CuNP synthesis, but greater size variability. Irradiating with UVA light 

(350 nm), where the Irgacures just start absorbing, leads to slower but more 

controlled CuNP synthesis, creating more monodisperse nanoparticles. 

Monodispersity is a desirable feature for nanoparticles. The key to achieving 

monodispersity is the ability to separate the nucleation and growth steps, such that 

nucleation occurs quickly at the beginning, and is then followed by the particle 

growth24. Various factors controlling CuNP synthesis have been studied in the 

Scaiano group. In particular, the effects of counter-ions of the copper (II) precursor 

salts on the growth rate and dispersity of the nanoparticles have recently been 
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analyzed23. It was indeed found that the counter-ions greatly influence the CuNP 

formation. For example, synthesis from CUSO4 produces uniform spherical CuNP, 

while using CuCh as a precursor leads to rapid, but more polydisperse CuNP. The 

results in the presence of chloride ions are particularly interesting because they 

suggest a catalytic mechanism for CuNP formation by CI", in which nucleation and 

growth steps are less separated. Overall, numerous factors can be used to control 

CuNP synthesis. This photochemical method for nanoparticle preparation is 

advantageous because it uses mild reaction environments (room temperature, 

atmospheric pressure), and also provides an additional degree of spatial and 

temporal control of the synthesis through variations in irradiation conditions. 

For the experiments discussed in this chapter, aqueous CuNP are used. 

Copper sulfate ( C U S O 4 ) is the nanoparticle precursor because it has been found to 

yield nanoparticles of highest monodispersity and shape uniformity. The synthesis is 

performed under argon at room temperature with 30-minute UVA irradiation period 

(Experimental Section). 

In the case of these CuNP, we used 1-2959 in a reaction displayed in Scheme 

3.2. The generated ketyl radical is then able to reduce Cu2+ to Cu+. Eventually, Cu+ 

reduces to Cu° either through disproportionation reactions or with the help of 

another ketyl radical. The Cu° then undergo nucleation, followed by growth, which 

leads to the formation of CuNP. 
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J ^ + H* + Cu+ 

Cu+ + C u + ^ — C u ° + Cu2+ 

OH( 

^ V ? ^ J ^ + H+ + Cu° 

Cu° 
Nucleation 
& Growth 

CuNP 

Scheme 3.2 Photochemical route to the synthesis of CuNP. 

During this reaction, the sample undergoes a colour change from clear to 

opaque reddish-brown. The resulting CuNP were mainly characterized by UV-

visible spectroscopy, where the characteristic SPR band is detected at 575 nm 

(Figure 3.1). The absorption below -360 nm is due to the I-2959. Sometimes, 

during nanoparticle synthesis, the absorption at higher wavelengths (>700 nm) 

increases as well. This may be attributed to scattering due to nanoparticle shape 

and size variation, and also to copper oxide formation on the nanoparticle surface25. 

For these CuNP, however, the residual high-wavelength absorbance is usually quite 

low. The resulting nanoparticles are generally spherical and quite monodisperse, 

with an average size of 8.2 ± 0.1 nm, as can be seen by SEM imaging (Figure 3.2). 
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Figure 3.1 UV-visible absorbance of CuNP synthesized from 0.66 mM CuS04 and 
1.3 mM I-2959 in water at room temperature after 30 minute UVA (350 nm) 
irradiation. 
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Figure 3.2 (A) SEM image of CuNP synthesized from CuS04 precursor. Scale bar is 
100 nm; (B) Histogram indicating average particle size of 8.2 ± 0.1 nm, 
calculated for 478 nanoparticles. 
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3.3 CuNP Instability under Air 

As previously mentioned, the major challenge in CuNP applications is their 

oxidative degradation under air. The goal of the studies discussed in this chapter is 

to gain insight into the mechanism of CuNP oxidation, which would help in 

developing new approaches for CuNP stabilization. 

In the absence of oxygen, the CuNP are stable for weeks. Upon exposure to 

air, however, they quickly oxidize, as seen by the disappearance of the SPR peak in 

the UV-visible absorbance spectra (Figure 3.3). Under these conditions, oxidation 

takes at least two hours. In this experiment, the CuNP sample in a cuvette 

containing a small magnetic stirring bar, was opened to air and the absorbance was 

JS 

| 0.4 

0.2 

0.8 

0 
400 500 600 700 800 900 1000 

Wavelength (nm) 

Figure 3.3 UV-visible absorbance spectra of CuNP upon exposure to air. 
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measured during the indicated intervals. The subsequent question arises about the 

nature of CuNP oxidation, namely - is oxygen being consumed, or is it being used 

in some form of electron transfer mechanism? 

To test this, we have turned to the oxygen uptake apparatus, and were able 

to successfully detect oxygen consumption by CuNP. We have determined the 

oxygen uptake rate to be up to 8.9 ^M/min, with a total O2 consumption of 196 ^M. 

The oxidation was complete in approximately 22 minutes. In this experiment, CuNP 

were prepared as described above, by irradiating 0.66 mM CUSO4 and 1.3 mM I-

2959 with UVA light for 30 minutes. For the oxygen uptake measurements, a 2 mL 

aliquot of the resulting CuNP solution was injected into an empty sample cell of the 

oxygen uptake apparatus, and an oxygen uptake curve was obtained (Figure 3.4). 

The reference cell contained 2 mL of water and was always maintained in the 

presence of air. A control experiment was always performed to account for the fact 

that the reference cell was under air, whereas the CuNP solution was opened to air 

just before injection into the sample cell (Experimental Section, Figure 3.16). For 

the control, 2 mL of de-aerated water was injected into the sample cell, and the 

slope of this resulting curve was subtracted from the subsequent runs, done on the 

same day. 

77 



Oxidation of Copper Nanoparticles: Kinetic and Mechanistic Investigations 

0 10 20 30 40 50 60 70 
Time (min) 

Figure 3.4 An example of an oxygen uptake curve for CuNP oxidation at 30°C. 

The results are quite different when the oxidation is followed by monitoring 

SPR depletion with UV-visible absorbance. In that case, the CuNP oxidation takes 

a much longer time - approximately 3 hours (Figure 3.5). This discrepancy is 

attributed to the difference in sample stirring when using these instruments. With 

the UV-visible spectrometer, a small magnetic stirring bar is used, while the oxygen 

uptake apparatus is set up to provide constant vigorous stirring of the whole sample, 

thus constantly replenishing the oxygen supply in the solution. An experiment was 

performed to illustrate the dependence of stirring on oxidation time, where the 

sample cuvette was manually shaken between traces, leading to faster CuNP 

oxidation (Figure 3.6). 
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time, min 
Figure 3.5 UV-visible absorbance of CuNP oxidation over time, monitored at 575 nm, in 

the absence and presence of air at 30°C. 
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Figure 3.6 Increase of oxidation rate of CuNP with more vigorous stirring. Absorbance 
monitored at 575 nm. 
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3.4 Where do the CuNP go? 

Visually, during CuNP oxidation, the sample undergoes a colour change from 

reddish-brown to clear, translucent. In the event of metal oxide formation, one 

would expect to see a red precipitate for cuprous oxide (Cu20) or a black precipitate 

for cupric oxide (CuO). Another oxidation product, CuOH, is known to absorb at 

-470 nm26. This peak is not detectable in our experiments because the scattering 

from the CuNP SPR absorbance obstructs this region of the spectrum (Figure 3.7A). 

However, the CuOH formation is not expected at the low pH that results from the I-

2959 reaction in our experiments26,27. Since no precipitate is observed, metal 

oxides are likely not formed, and the oxidation product is probably the reversion to 

Cu2+. 

To clarify this hypothesis, studies using Electron Paramagnetic Resonance 

spectroscopy (EPR) were performed. Copper has two common oxidation states - a 

less stable copper (I), Cu+, and a more stable copper (II), Cu2+. The electronic 

configuration of Cu+ is a filled, d10, shell with no unpaired electrons, and is thus 

undetectable by EPR. The Cu2+, on the other hand, has a d9 electron configuration, 

and therefore shows an EPR signal. 

The experiment was to see if, under our experimental conditions, we could 

track the Cu2+ throughout the CuNP formation and oxidation process. The results of 

one such experiment are displayed in Figure 3.7. Prior to irradiation of the 
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Wavelength (nm) 

[ml] 

Figure 3.7 UV-visible absorbance (A), and EPR (B) spectra of 0.66 mM CuS04 + 1.3 mM 
I-2959 reaction mixture; non-irradiated (blue), after 30 min UVA (red), after 
30 min UVA followed by 30 min 0 2 purging (green). All spectra recorded at 
room temperature under argon. 

nanoparticle reaction mixture, the CuS04 signal can be readily detected (blue). 

With UVA irradiation, the EPR signal diminishes as the copper is reduced to form 

CuNP (red). Although the signal is greatly reduced, it does not entirely disappear, 
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indicating incomplete conversion to Cu°, i.e. the presence of some residual Cu2+ 

after the CuNP formation is finished. The CuNP were then oxidized by purging with 

oxygen gas for 30 minutes, during which time the solution changed colour from 

reddish-brown to clear, indicating degradation of the nanoparticles. The sample 

was then re-purged with argon for 30 minutes before obtaining the UV-visible 

absorbance and EPR traces (green). The UV-visible absorbance shows absence of 

CuNP, and the shift to high absorbance below -400 nm is due to the 1-2959 

photodegradation products. The EPR shows regeneration of the Cu2+ signal, 

indicating that the CuNP oxidation product is indeed Cu2+. 

We estimated the residual Cu2+ concentration by integrating the Cu2+ signal 

of the precursor solution and the remaining signal once the CuNP have been 

formed. In particular, we integrated the EPR signal of the non-irradiated sample, for 

which the Cu2+ concentration is known to be 0.66 mM (integrated signal intensity = 

202.86, blue trace in Figure 3.7). We then integrated the signal in the CuNP sample 

(integrated signal intensity = 1.53, red trace in Figure 3.7), and calculated the 

residual Cu2+ concentration by cross-multiplication. Thus, assuming a direct 

relationship between the signal intensity and concentration, the estimated residual 

Cu2+ was found to be 0.005 mM. However, this result was not reproducible, and 

there are several explanations for this. Partially, it may be due to the variable nature 

of nanoparticle formation, where every nanoparticle batch is slightly different. The 

other cause for the variability appears to be experimental. We are using a highly 

dielectric solvent (water): dielectric solvents can absorb microwaves, causing the 
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sample to overheat if a regular EPR tube is used. We must use a special "flat cell" 

when running EPR experiments in dielectric solvents. This cell is very thin (0.3 

mm), thus reducing the pathlength of microwaves through the sample, thereby 

preventing sample overheating. The difficulty with this special cell is that its position 

is not fixed inside the EPR cavity, and once the cell is removed (as it must be when 

changing samples), it is hard to replace the cell into exactly the same position. 

Small changes in cell positioning can sometimes lead to quite large changes in the 

EPR signal. Ideally, another cell that fits precisely into a fixed position in the EPR 

cavity should be obtained. Then, it will be possible to confirm the acquired results. 

It would also be interesting to run a standard curve with various Cu2+ concentrations 

and ensure the expected linear relationship with the Cu2+ EPR signal. 

To obtain the g-value for the Cu2+ signal in our reaction mixture, we used a 

manganese (Mn) standard for EPR. The standard is a white Mn powder in a sealed 

glass tube that is inserted into the instrument along with the sample, so that a 

spectrum with both signals is obtained. In EPR, Mn shows six sharp, distinct peaks. 

Since each peak has a known position (g-value), any one of the six can be used as 

a reference for determining the g-value of the signal in one's sample. The g-value 

for the Cu2+ signal in our experiments was found to be 2.212, which is quite high. 

This g-value is comparable to those reported for other copper (II) compounds in 

solution at room temperature28. 
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3.5 Ascorbic Acid for CuNP stabilization 

To try and prevent the CuNP oxidation reaction, we decided to employ 

molecules that are known to do so - antioxidants. Since we are working in an 

aqueous system, such was the antioxidant of choice, as well. One of the first 

common water-soluble small-molecule antioxidants that comes to mind is L-ascorbic 

acid (Vitamin C). L-ascorbic acid is an important antioxidant in vivo, where it plays a 

role in various biological processes, such as Vitamin E recycling29. L-ascorbic acid 

oxidation has been studied for many decades30'31, and is known to proceed via a 

two-step process, donating electrons until finally resulting in dehydroascorbate32 

(Scheme 3.3). In addition, it is well known to reduce transition metal complexes30. 
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Scheme 3.3 Oxidation of L-ascorbic acid. 
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This excellent reducing ability has also made ascorbic acid useful in 

nanoparticle preparation methods, particularly for silver and gold, where it is used as 

the reducing agent33 34. 

Addition of ascorbic acid to CuNP indeed results in slowing down the CuNP 

oxidation - the oxidation is not stopped, but rather an induction period is 

established. The UV-visible absorbance results show that the CuNP are oxidized in 

3 hours without ascorbic acid, whereas addition of 1 mM ascorbic acid extends 

CuNP existence to over 6 hours. In this experiment, the SPR band was monitored 

by UV-visible absorbance in the absence and in the presence of 1 mM ascorbic acid 

(Figure 3.8). It was also found that CuNP oxidation is slowed down at lower 

temperatures (results not shown). 

We also studied the effect of ascorbic acid on CuNP with EPR spectroscopy 

(Figure 3.9). In this experiment, 1 mM ascorbic acid was added to CuNP in the 

absence of oxygen, and the residual Cu2+ signal that is present in the CuNP solution 

was monitored over time by EPR. The first measurement was taken 6 minutes after 

ascorbic acid addition because this was the time it took to transfer the sample into 

the EPR cell, and move it from the glovebox into the EPR instrument. 

Subsequently, measurements were taken every 15 or 30 minutes, up to 90 min (that 

is, 96 minutes after ascorbic acid addition). Throughout this time, a decrease in the 

residual Cu2+ signal, and therefore in Cu2+ concentration, was observed. These 

results suggest that, in a de-aerated solution, ascorbic acid reacts with Cu2+, and 
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most likely reduces it to Cu+ (vide infra). An increase in Cu+ concentration could 

lead to a higher probability of Cu+disproportionation to Cu°. This means that, in the 

presence of oxygen, ascorbic acid could be stabilizing CuNP by favouring formation 

of more Cu° that could attach to existing CuNP, thus slowing down CuNP oxidation. 

It is important to note that the EPR cell was not moved during this period, thereby 

eliminating the possibility of changing signal while re-positioning the cell. 

o 1 1 1 1 
0 100 200 300 400 500 

time, min 

Figure 3.8 Effect of 1 mM ascorbic acid on oxidation of CuNP under air at 30°C. 
Monitoring absorbance at X = 575 nm. 
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Figure 3.9 (A) EPR of CuNP monitored over time after addition of 1 mM ascorbic acid 
in absence of oxygen at room temperature. CuNP were prepared by 30 min 
UVA irradiation of aqueous solution of 0.66 mM CuS04 and 1.3 mM I-2959; 
(B) Expansion of residual Cu2+ signal region. Arrows indicate trend 
observed. Inset: Normalized EPR signal intensity at 300 mT vs. time after 
ascorbic acid addition. 
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We also wanted to see if the oxygen uptake of CuNP would decrease in the 

presence of ascorbic acid, as well. Surprisingly, the oxygen consumption was 

instead found to dramatically increase after the addition of ascorbic acid (Figure 

3.10). The rate of oxygen uptake of CuNP together with 1 mM ascorbic acid was 

found to be -122 fxM CVmin, which is a greater than 15 fold increase from the 

oxidation rate of just CuNP. The oxidation was complete in - 8 minutes, resulting in 

a total consumption of -975 jxM 02 . The oxygen uptake results together with the 

UV-visible results in Figure 3.8 are an indication that ascorbic acid is a sacrificial 

Time (min) 

Figure 3.10 Oxygen uptake of CuNP sample in the presence of 1 mM ascorbic acid 
at 30° C. 
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stabilizer of CuNP, and that the addition of CuNP initiates a catalytic cycle that 

consumes molecular oxygen. 

These oxygen uptake results also suggest a catalytic mechanism for ascorbic 

acid oxidation. The question now became - could the CuNP be the catalyzing 

species, making this ascorbic acid oxidation reaction an example of nanoparticle 

catalysis? 
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3.6 Catalysis of ascorbic acid oxidation 

It has been well established that copper (II), along with iron (III), is a catalyst 

of ascorbic acid oxidation35"37. Do CuNP also have this capability, and if so, how 

efficient are they? To our knowledge, the role of nanoparticles in this reaction has 

not been previously investigated. 

Several oxygen uptake experiments, exploring the properties of ascorbic acid 

oxidation with CuNP and Cu2+ were performed. The results from oxygen uptake 

experiments comparing only CuNP, CuNP with 1 mM ascorbic acid, and precursor 

reaction mixture without irradiation (i.e. containing 0.66 mM CuS04 and 1.3 mM I-

2959) are displayed in Figure 3.11. From these curves it is evident that Cu2+ is 

faster at catalyzing ascorbic acid oxidation compared to the CuNP solution. 

However, it is important to keep in mind that the concentration of CuNP produced 

from this precursor solution is much less than 0.66 mM. Notice that the total amount 

of oxygen uptaken in the case of CuNP + 1 mM ascorbic acid (blue trace) is higher 

than that of Cu2+ + 1 mM ascorbic acid (black trace) roughly by the amount due to 

CuNP oxidation (green trace). 
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Figure 3.11 Oxygen uptake of CuNP in the absence and presence of 1 mM ascorbic 
acid, and of non-irradiated precursor reaction mixture in the presence of 1 
mM ascorbic acid. Reaction temperature is 30°C. 

Other studies of this reaction were conducted, in which ascorbic acid 

concentration was varied in the presence of CuNP (Figure 3.12). In another study, 

the ascorbic acid concentration was kept constant, while the copper sulfate 

concentrations differed (Figure 3.13). These results show that the amount of 

oxygen uptaken is dependent on the amount of ascorbic acid present, and the rate 

of oxygen uptake depends on the amount of copper (II) present. 

The question still remained of whether CuNP are able to catalyze ascorbic 

acid oxidation, as a proof of concept of photochemically synthesized, unprotected 

nanoparticle catalysis. Or, alternatively, is there enough of the residual Cu2+ 

present in the CuNP to account for the catalytic oxidation observed? From the EPR 
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Figure 3.12 CuNP with varying ascorbic acid concentrations in water at 30°C. 
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Figure 3.13 Varying copper sulfate concentrations with 1.3 mM i-2959 and 1 mM 
ascorbic acid in water at 30°C. 
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results previously discussed (section 3.4, Figure 3.7), it is tempting to conclude that 

CuNP are responsible in part for the catalysis, because a Cu2+ concentration of 

0.005 mM is too low to entirely account for the observed catalytic reaction. 

However, the major challenge is to reliably measure the residual Cu2+ concentration. 

Since the amount of residual Cu2+ is quite variable in each CuNP synthesis, 

we performed an EPR experiment together with oxygen uptake. The idea was to 

first quantify the residual Cu2+ of a CuNP batch, and then use these particular 

nanoparticles in an oxygen uptake experiment with 1 mM ascorbic acid. Then, redo 

the experiment, again with 1 mM ascorbic acid, but now prepare a Cu2+ sample 

containing the same Cu2+ concentration as the "residual concentration" predicted by 

EPR. The goal is to clarify if, when using CuNP, the catalysis observed is due to the 

nanoparticles, or merely to the residual Cu2+ present. From Figure 3.14 we see 

that the simulated residual Cu2+, which in this experiment was found to be 0.076 

mM, is enough to catalyze ascorbic acid oxidation, and the catalysis is actually 

faster than when CuNP are used. However, in this experiment, the EPR cell had to 

be moved between acquisitions, and although care was taken to replace it into the 

same position, the signal could have been altered, and perhaps the 0.076 mM 

residual Cu2+ concentration measured is higher than the actual value. Therefore, 

more experiments are needed to determine the final answer to this question. In 

particular, we must ensure a reliable determination of the residual Cu2+ 

concentration. Nevertheless, these results suggest that when CuNP are used, the 

ascorbic acid oxidation observed is likely due to the presence of residual Cu2+. 
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Figure 3.14 Oxygen uptake of samples containing 1 mM ascorbic acid and either 
CuNP, or a simulated concentration of residual Cu2+ (0.076 mM CuS04), as 
determined by EPR. 
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3.7 Is Cu+ present as an intermediate? 

For studying CuNP oxidation, another important step is to determine whether, 

on the way to Cu2+, the CuNP go through a Cu+ intermediate. As mentioned earlier, 

copper (I) is a much less stable species than copper (II). One of the ways to detect 

copper (I) is by trapping it. For this purpose, we used Neocuproine, a compound 

that binds specifically to Cu+ and forms a very stable complex. The resulting 

complex is bright yellow with a maximum absorption at 450 nm, and is readily 

detected by UV-visible absorbance spectroscopy (Scheme 3.4). 

Scheme 3.4 Neocuproine complexes readily with Cu+ with Xmax~ 450 nm 

We conducted an experiment, where neocuproine was added to CuNP when 

they were just opened to air, and monitored over time by UV-visible spectroscopy. 

During the CuNP oxidation (seen by decrease of the SPR band at 575 nm), the 

neocuproine complex could easily be detected (growth of absorbance at 450 nm), 

thereby proving the presence of Cu+ during the CuNP oxidation reaction (Figure 

3.15). 
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We also found that addition of ascorbic acid to copper sulfate in the absence 

of oxygen leads to formation of copper (I), which is indicated by the neocuproine 

complex detected when neocuproine is present in the reaction mixture (data not 

shown). No neocuproine complex is detected if ascorbic acid is not added. 

300 400 500 600 700 

Wavelength (nm) 

0 min 
0.8 min 
8.2 min 
16.4 min 
24 min 
30 min 

800 900 

Figure 3.15 UV-visible absorbance of CuNP oxidation in the presence of 
neocuproine. Note a decrease at 575 nm (CuNP SPR band) and an increase 
at 450 nm (neocuproine-Cu* complex). Absorbance was monitored at 30 s 
intervals for 30 min. Select traces are shown for clarity. 
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3.8 Conclusions 

CuNP are unstable in the presence of oxygen, and readily oxidize to form 

Cu2+ as one of the products, with Cu+ as one of the intermediates present. Addition 

of L-ascorbic acid slows down CuNP oxidation, thus extending the lifetime of CuNP. 

Although ascorbic acid stabilizes CuNP, it itself is oxidized. Thus, ascorbic acid is a 

sacrificial stabilizer of CuNP. Based on literature30,36'37 and our results, we propose 

a mechanism of CuNP stabilization by ascorbic acid, where ascorbic acid plays a 

role of reducing Cu2+ back to Cu+, thereby facilitating the disproportionation reaction 

to form more Cu°. Essentially, the CuNP oxidation is counteracted by additional 

formation of Cu°, which may be able to bind to existing CuNP. In this way, the 

lifetime of CuNP is extended, while ascorbic acid is sacrificed. The Cu2+ in this 

scenario catalyzes the oxidation of ascorbic acid, which is consistent with our 

results. 

+ h 2 O 2 
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3.9 Experimental Details 

3.9.1 Materials 

All materials were purchased from Sigma-Aldrich, except where indicated 

otherwise. Copper (II) sulfate (CuS04) and L-ascorbic acid were used as received. 

lrgacure-2959 (I-2959) was a gift from CIBA and was purified by recrystallization in 

ethyl acetate. All water used was millipore with room temperature resistivity of 18.2 

MQ, obtained from a Milli-Q ultrapure water purification system from Millipore. 

For stock solution preparation, -10 mM CuS04 and ~10 mM ascorbic acid 

solutions were prepared without difficulty due to easy solubilization in water. The I-

2959 stock (-10 mM) was prepared in a volumetric flask and heated for - 1 hour in a 

waterbath at ~50-60°C (while stirring with a magnetic stirbar) to aid dissolution, but 

avoid thermal degradation. Also, the I-2959 solution was stored wrapped in 

aluminum foil to avoid photodegradation. All stock solutions were stored at room 

temperature. The ascorbic acid solution was prepared fresh each time and kept 

wrapped in aluminum foil. 

Rubber septa and PTFE tubing (20 gauge) was obtained from Sigma-Aldrich, 

syringes (Hamilton), quartz cuvettes with a neck (1 cm pathlength), fused quartz 

EPR flat cell (0.3 mm pathlength), EPR manganese reference (Mn2+/MnO, Jeol 

Co.), UVA lamps (350 nm, Luzchem), photoreactor (Luzchem). 
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3.9.2 Copper Nanoparticle Synthesis 

The reaction mixture was prepared from stock solutions for a final 

composition of 0.66 mM CuS04 and 1.3 mM I-2959 in water. Aliquots of the 

reaction mixture (3 mL) were placed into quartz cuvettes on which a rubber septum 

can be fitted, and purged with argon for 30 minutes. To avoid reactions of the 

purging metal needle with the sample, PTFE tubing was attached to the needle, 

such that only the tubing came in contact with the reaction mixture. Samples were 

placed into a marry-go-round carousel to ensure uniform exposure, and irradiated in 

a photoreactor with 12-14 UVA lamps for 30 minutes (beforehand, the photoreactor 

lamps were warmed up for 30 minutes). 

For experiments with ascorbic acid, the CuNP were prepared with less water, 

so that the volume would be 3 mL after addition of the required amount of ascorbic 

acid stock solution. For example, for 1 mM ascorbic acid experiments, usual 

amounts of CuS04 and I-2959 were used, but water was added for a final sample 

volume of 2.7 mL (instead of 3 mL). Thus, the CuNP were synthesized with slightly 

higher concentrations; >0.66 mM CuS04 and >1.3 mM I-2959. The concentrations 

are corrected after 0.3 mL ascorbic acid stock solution (10 mM) is added, for a final 

concentration of 1 mM ascorbic acid in 3 mL CuNP. 

3.9.3 Copper Nanoparticle Characterization 

The synthesis of CuNP was verified using UV-visible Spectroscopy. A water 

baseline (under air) was first obtained. The spectrum of the de-aerated reaction 
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mixture prior to, as well as after irradiation was obtained, in the same quartz cuvette 

used for irradiation. The spectra from 300 - 900 nm were usually acquired. CuNP 

formation is indicated by an SPR peak around 575 nm. 

CuNP were also characterized by SEM23 (Field Emission Scanning Electron 

Microscope: Jeol, JSM-7500F). Approximately 50 |j,L of CuNP sample was dropped 

on a carbon-coated copper grid (400 mesh), and placed under vacuum overnight to 

evaporate the solvent and remove organic matter. 

3.9.4 Monitoring CuNP oxidation by UV-visible absorbance 

The samples were exposed to air upon removal of the septum from the 

cuvette, and a small magnetic stirring bar was added to help oxygen diffusion in the 

solution. The UV-visible absorbance spectra were obtained in the 400 - 900 nm 

range. The CuNP oxidation was followed by monitoring the decrease in absorbance 

of the SPR band, near 575 nm. The experiments were performed in the absence, 

as well as in the presence, of 1 mM ascorbic acid20. 

3.9.5 Monitoring oxidation with Oxygen Uptake Apparatus 

A typical experiment was done as described below. Cells containing 2 mL 

water were loaded onto the apparatus and equilibrated overnight at 30°C. After 

performing the pressure check and running the baseline, a control experiment was 

done with argon-purged water, to account for the pressure change sensed by the 

apparatus due to argon gas. Water was purged in a cuvette in the same way as the 
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sample during CuNP synthesis, and equilibrated to 30°C in a waterbath for 5 

minutes prior to injection. The sample cell was emptied, dried, and 2 mL of the 

argon-purged water injected into the sample cell using a syringe and PTFE needle. 

To mark the time of injection, the chart recorder needle was moved by changing the 

"R-balance" on the transducer indicator. The cell was re-loaded, and the curve was 

measured after ~1 minute. The resulting curve (Figure 3.16) typically shows a 

sharp change in the beginning, where the system is not yet equilibrated (this lasts 

~4 minutes). As the environment in the cell stabilizes, the curve becomes flat, with 

a slight drift due to argon gas, which is present in the sample cell, but not the 

reference cell. The slope of this control curve was subtracted from the subsequent 

sample runs, done on the same day. 

For the CuNP measurements, the cuvette with the nanoparticles was 

equilibrated to 30°C in a waterbath for 5 minutes prior to injection. The sample cell 

was again removed, emptied, dried, and 2 mL of CuNP were injected into the 

sample cell. The oxygen uptake curve was obtained in the same way as described 

for the control experiment. 
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Figure 3.16 Oxygen uptake analysis of CuNP. Pink and blue designate the linear 
regions used to determine the time of oxidation completion (crossing point 
of the trendlines). Inset: de-aerated water control; the pink indicates linear 
region chosen to calculate drift due to argon in the sample cell. 

For CuNP experiments with ascorbic acid, a stock solution of ascorbic acid 

was purged with argon for -30 minutes, and equilibrated to 30°C as described 

above. Ascorbic acid was injected into the CuNP (usually to a final ascorbic acid 

concentration of 1 mM, section 3.9.2) right before starting the oxygen uptake 

experiments. 
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3.9.6 EPR spectroscopy of Copper (II) 

The EPR measurements were performed with a JEOL FA-100 X-Band EPR 

spectrometer (Jeol USA, Peabody, MA). The samples were run in a 0.3 mm fused 

quartz flat cell (Jeol Co.), at room temperature, and in the absence of oxygen. 

Typical experiments were done as follows. Nanoparticle precursor solution (0.66 

mM CuS04, 1.3 mM I-2959 in water, final volume 6 mL) was prepared in a glass 

vial, then split into two quartz cuvettes (3 mL in each), and purged with argon for 30 

minutes as previously described. One cuvette was irradiated to prepare CuNP, 

while the other was used to run the EPR spectrum of the precursor solution. EPR 

spectra were also obtained for the CuNP sample and for the same CuNP sample 

after it was purged with O2 for 30 minutes followed by re-purging with Ar for 30 

minutes. 

To maintain the sample under inert atmosphere, the sample was transferred 

to the EPR quartz flat cell in a glovebox (LC Technology Solutions Inc.), and sealed 

with a rubber septum. The EPR spectra were obtained at a frequency of -9413 

MHz. The acquisition parameters were the same for all analyzed samples: Power = 

5 mW, Mod. Frequency = 100 kHz, Mod. Width = 1.0 mT, Time constant = 0.03 sec, 

and Sweep Time = 4 min. Usually, 3 accumulations were obtained. 

When using the Mn standard, the Mn peak intensity was chosen to be 500 

units. 

For the experiment with CuNP and ascorbic acid ( 
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Figure 3.9), non-irradiated and CuNP runs were obtained as described 

above. For ascorbic acid addition (performed in the glovebox), 50 [xL of 20 mM 

ascorbic acid was added to 1 mL CuNP. The sample was transferred to the EPR 

flat cell, removed from the glovebox, and EPR measurement taken as quickly as 

possible. Runs were acquired at 6, 36, 51, 66 and 96 minutes after ascorbic acid 

addition. EPR acquisition conditions were the same as above, except single 

accumulations were obtained at each time. 

3.9.7 Copper (I) detection with Neocuproine 

A neocuproine stock solution, 1.62 mg/mL (ca. 0.26 mM), was prepared in 

ethanol. Milli-Q water (1.4 mL) and the 0.26 mM neocuproine stock (100 \iL) were 

added to a 1x1 cm quartz cuvette. 

To this, 1.5 mL CuNP solution was added and the absorbance spectra was 

recorded at 30 s intervals for 30 min from 300-900 nm range. An increase of 

absorbance at 450 was observed over time. 
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Two very different types of oxidations were investigated in this thesis. The 

first study involved organic oxidations. Specifically, solvent effects on antioxidant 

activity of a novel antioxidant, the HP-136 dimer, were assessed. The second 

project included an example of an inorganic oxidation reaction. The purpose of this 

study was to gain insight into the mechanism of copper nanoparticle (CuNP) 

oxidation process in order to develop strategies for CuNP stabilization under air. 

The common theme of both projects was that the oxidation reactions in both 

cases consume molecular oxygen. This provided an opportunity to use the oxygen 

uptake apparatus as a key technique for studying these reactions. The oxygen 

uptake apparatus is a highly sensitive instrument for monitoring oxygen 

consumption, based on detecting changes in pressure as the reaction proceeds. 

In the case of HP-136 dimer antioxidant, the oxygen uptake apparatus was 

employed in its traditional manner. We used the very well-established Inhibited 

Oxygen Uptake (IOU) method for assessing antioxidant activity. 

On the other hand, using the oxygen uptake apparatus to study nanoparticle 

properties is something that has not been previously done. Monitoring CuNP 

oxidation thus constitutes a novel use of this instrument. Since then, I have helped 

to design oxygen uptake experiments for other projects involving nanoparticle 

research in the Scaiano group. Overall, it is a pleasure to see the oxygen uptake 
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apparatus conquering new frontiers in research. For example, we performed an 

experiment with a fellow graduate student, Kathy McGilvray, whose project deals 

with gold nanoparticles (AuNP). In this experiment, AuNP were prepared by 

irradiating a gold precursor salt and hydrogen peroxide (H202) solution with UVA 

light (Figure 4.1). In this case, the synthesis was performed directly in the oxygen 

uptake apparatus, with UVA irradiation through a glass window present in the body 

of the instrument. Evolution of 0 2 was detected, and thus a hypothesized 

mechanism was confirmed. In an alternative experiment, performed with another 

graduate student, Kevin Stamplekoskie, whose research involves silver nanoparticle 

(AgNP) synthesis with light-emitting diodes (LED), the oxygen uptake apparatus 

was used to detect carbon dioxide evolution as trisodium citrate reduces AgNP in 

the presence of 405 nm LEDs: 

o o o 

OH 
hv = 405 nm 

O A A A 0~ + C 0 2 + 2e" + H+ 

1 o 
o 

trisodium citrate 
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Rx time (sec) 

Figure 4.1 Oxygen uptake curve obtained from AuNP synthesis by UVA (350 nm) 
irradiation of 3 mM H202 and 0.33 mM HAuCU in water at 30°C. Different 
coloured regions of the curve indicate linear regions chosen to estimate the 
rates of 0 2 evolution during the different times of this reaction, as it 
proceeds. 
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4.1 HP-136 Dimer shows Solvent-Independent Antioxidant Activity 

In chapter two of this thesis, properties of one of our newly discovered 

"radically different antioxidants", the HP-136 dimer, were investigated. This new 

class of chain-breaking antioxidants is very unusual because the active antioxidant 

species are persistent carbon-centered radicals, whereas common chain-breaking 

antioxidants have a phenolic structure. 

The IOU method was used to determine the antioxidant activity of the HP-136 

dimer in a range of solvents with varying H-bond accepting (HBA) abilities. The HP-

136 dimer was found to be far less sensitive to solvent effects on antioxidant activity 

than a representative phenolic antioxidant, 4-methoxyphenol. In contrast to 4-

methoxyphenol, the HP-136 dimer retains full antioxidant activity in HBA solvents. 

This solvent-independence may provide the HP-136 dimer with an important 

advantage over common phenolic antioxidants in industrial applications involving 

polarity changes of the reaction environment. Another useful characteristic of such 

dimers is that they are thermally activated, which should make them even better 

antioxidants at higher operating temperatures. 
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4.2 CuNP Oxidation and Stabilization 

Chapter three of this thesis describes the findings concerning CuNP 

oxidation. CuNP have a variety of potential applications, however instability under 

air is a major challenge in using CuNP at this time. The purpose of this project was 

to study the mechanism of CuNP oxidation in order to develop strategies for their 

stabilization. 

The results show that under air, the CuNP oxidize within 3 hours, but the time 

is significantly faster with vigorous shaking. During the oxidation reaction, the CuNP 

were shown to form Cu2+ as the main product, with Cu+ as one of the intermediates 

present. 

We also discovered that addition of L-ascorbic acid slowed down CuNP 

oxidation to ~6 hours. At the same time, the ascorbic acid is itself oxidized, and 

thus acts as a sacrificial stabilizer of CuNP. Our results also show that ascorbic 

acid reduces Cu2+. We propose a mechanism of CuNP stabilization in which 

ascorbic acid reduces Cu2+ to Cu+, thereby facilitating the disproportionation 

reaction of Cu+ to form more Cu°. The resulting Cu° may then bind to existing 

CuNP, thus extending their lifetime. 
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4.3 Future Directions 

For the project involving the HP-136 dimer, it would be interesting to test its 

antioxidant activity at higher temperatures, perhaps at 40 or 50°C. Since these 

types of dimers are thermally activated, increasing the temperature would shift the 

equilibrium such that more dimer is present in its radical form. The observed 

antioxidant activity should therefore increase at higher temperatures. 

It would also be of interest to perform more variable-temperature NMR 

experiments to see if there are certain conformations that the dimer prefers to adapt 

in solution at lower temperatures. 

The HP-136 dimer and other similar dimers studied are insoluble in water. It 

would be interesting to modify the HP-136 dimer structure to make it soluble in 

water, to allow studies of its properties in aqueous systems. This would also open 

up the possibility to test the toxicity of these dimers in cells, and to assess their 

effect on living organisms. 

For the CuNP oxidation project, a range of other antioxidants should be 

tested to see if they would help to stabilize CuNP. 

It is also desirable to verify whether CuNP catalyze the ascorbic acid 

concentration, or whether residual Cu2+ present in the CuNP is the only species 

responsible. For the Cu2+ EPR measurements, a new flat cell should be acquired, 

which can be precisely repositioned into the EPR cavity during sample changes. It 
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would then be possible to obtain a standard curve with varying Cu2+ concentrations, 

which would allow very accurate determination of residual Cu2+ concentrations in 

CuNP solutions. If we know the residual copper (II) concentration, we could run 

oxygen uptake experiments in conjunction with the EPR experiment. The 

experiment would be similar to the one described at the end of chapter 3 of this 

thesis. 

After CuNP stabilization is successful, an important avenue for the CuNP 

project would be to explore CuNP as catalysts of various reactions. Since we are a 

photochemistry laboratory, it would be advantageous to find a suitable 

photocatalytic reaction involving CuNP. 

Also, it would be interesting to try to put CuNP on supports for catalysis, to 

see if placing the CuNP on these supports would aid in CuNP stabilization. 
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