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While the first Electron Paramagnetic Resonance (EPR) studies regarding the effects of oxidation on the structure and stability of carbon radicals
date back to the early 1980s the focus of these early papers primarily characterized the changes to the structures under extremely harsh
conditions (pH or temperature)1 3. Itis also known that paramagnetlc molecular oxygen undergoes a Heisenberg spin exchange interaction with
stable radicals that extremely broadens the EPR S|gnal Recently, we reported interesting results where this interaction of molecular oxygen
with a certain part of the existing stable radical structure can be reversibly affected simply by flowing a diamagnetic gas through the carbon
samples at STP’. As flows of He, CO,, and N3 had a similar effect these interactions occur at the surface area of the macropore system.

This manuscript highlights the experimental techniques, work-up, and analysis towards affecting the existing stable radical nature in the carbon
structures. It is hoped that it will help towards further development and understanding of these interactions in the community at large.

Video Link

The video component of this article can be found at http://www.jove.com/video/51548/

Introduction

Substrates of varying (Wt%) ratlos of C/H/O atoms present different types and concentrations of stable radicals that are detectable via Electron
Paramagnetic Resonance (EPR) These radicals depend on the structure of the macromolecules and are highly influenced by their aromatic
nature. The EPR spectrum of coal radicals is characterized by a single broad resonance. In such cases, only the g-value, the line width and the
spin concentration can be obtained. The g-values of EPR spectra can be used to determine whether a radical is carbon-centered or oxygen-

centered. The basic equation for the electron Zeeman interaction E=hv=g.f.B, o defines the g-value, where h is the Planck constant, v is

the constant mw frequency applied in the experiment, By is the resonance magnetic field and (3, is the Bohr magneton. For free electrons the
g-value is 2.00232. Variations in the g-value from the 2.00232 are related to magnetic interactions involving the orbital angular momentum of
the unpaired electron and its chemical enV|ronment Organic radicals usually have g-values close to the free electron g, which depends on the
location of the free radical in the organic matrix>®'°. Carbon-centered radicals have g-values that are close to the free electron g-value 2.0023.
Carbon-centered radicals with an adjacent oxygen atom have higher g-values in the range of 2.003-2.004, while oxygen centered radicals have
g-values that are >2.004. The g-value of 2.0034-2.0039 is characterlstlc for carbon-centered radicals in a nearby oxygen heteroatom that results
in increased g-values over that of purely carbon-centered radicals""°. Line-width is governed by the spin-lattice relaxation process. Therefore,
an interaction between adjacent radlcals or between a radical and paramagnetic oxygen results in a decrease in the spin lattice relaxation time,
and hence, an increase in the line-width**®

Stopped flow experiments with EPR detection allow the observation of time-dependent changes in the amplitude of an EPR signal at a distinct
field value during the interaction of two phases by time sweep acquisition (kinetic display). The result of such a measurement is a rate constant
for the formation, decay or conversion of a paramagnetic species. The procedure is analogous to the well-established case of stopped flow
operation with optical detection in which a time-dependence of the optical absorption at a distinct wavelength is observed. Typically stopped flow
experiments are conducted in a liquid state as radicals that are not EPR detected in liquid state due to short relaxation time T4, as e.g. hydroxyl
(OHx) or superoxide (O,’) cannot be studied directly by EPR-stopped flow techniques. It is, however, possible to study the spin-adducts of these
radicals W|th mtrones yielding nitroxide-type radicals (spin-traps), as they are EPR-active and their kinetics can be monitored also by stopped
flow EPR®

The method of measurement of rates of chemical reactions using fast-flow gaseous techniques with EPR detection has also previously been
established'®?. In essence, the method depends on the measurement, by EPR, of the concentration of a reactant as a function of distance (and
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thus at a constant velocity, the time) over which the reactant has been in contact with a reactive gas in the flow tube. Conditions whereby the
concentration of the reactive gas is approximately constant are usually employed so that the measured decay is pseudo first order.

In the current work, a simple gas flow setup was implemented and a constant flow of gas was introduced to the surface of the solid carbon
substrate.

With the method detailed in the current work we succeeded in achieving interesting results where this interaction of molecular oxygen with a
certain part of the existing stable radical structure can be reversibly affected simply by flowing a diamagnetic gas through the carbon samples at
STP. As a result of this method the removal of the interacting paramagnetic gas uncovers a new radical surface with a g value, which is closer to
that of a free electron.

1. Preparing Carbon Samples

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

Grind the carbon samples to the desired fraction size (here, coal samples were ground to a fraction size of between 74-250 mm).
During the grinding process the grinder should be held in a regulated environment (AC cooled to 20 °C). Additionally, purging the grinder
chamber with a flow of nitrogen gas prior to grinding minimizes oxidation at this stage.

Transfer the carbon samples to sealable canisters and replace the air atmosphere with nitrogen. Keep the samples in a temperature
regulated room (AC cooled to 20 °C).

Prepare the carbon samples for EPR measurements by heating the carbon samples under an inert environment in the vacuum oven. (In
order to remove the adsorbed water in the system.)

Place each of the samples in an open glass vial inside the vacuum oven (Figure 1A).

Close the vacuum oven door and replace atmosphere in the chamber with nitrogen or argon, then heat to 60 °C.

Hold these conditions for 24 hr.

Turn off the oven and allow the temperature to reach room temperature. Then, open the oven and remove the sample vials.

Stopper the sample vials with rubber septa and an aluminum cap (Figure 1B).

. Use a vacuum system (Figure 1C) to remove all traces of oxygen.

. Connect the vial to the system and seal valves 1-5.

. Turn on the vacuum pump and pressure gauges.

. Open valve 1 and wait till the monitors show a vacuum of ~0.1 mbar.

. Make sure leakage is minimal by closing valve 1 and counting to 30. If the increase in pressure is not more than 3 mbar than the seal of the

system is sufficient.

Open valve 2 and remove the atmosphere in the vial — wait till the pressure returns to the initial pressure value determined in step 1.14 and
again test for leakage.

If multiple vials are being done at the same time (valves 2-4) then repeat step 1.15 for each valve.

After achieving a vacuum and effectively purging the vials of the remaining atmosphere, replace the atmosphere with a desired gas.

Close valve 1 and immediately open valve 5 and allow the pressure to reach 0.5 atm.

Close valve 5 and open valve 1 to remove the gas, and wait until return to the starting vacuum valve (purge 1).

Close valve 1 and immediately open valve 5 and allow the pressure to reach 0.5 atm.

Close valve 5, open valve 1 to remove the gas and wait until return to the starting vacuum valve (purge 2).

Close valve 1 and immediately open valve 5, and allow the pressure to reach 1.0 atm, then close valve 5.

Close valve 2 and remove the vial by gently pulling downward and removing the needle.

After removing the vial open valve 1 and purge the gas from the vacuum system.

Before turning off the vacuum pump open valve 2 to allow air into the system and simultaneously turn off the pump (this prevents a backflow
of the oil).

2. Loading EPR 3 mm Quartz Tubes

SO hrWN =

Rinse the EPR tube with ethanol and dry with N,.

Remove the aluminum seal from the desired coal sample.

Gently turn the open end of the EPR tube into the vial filled with the carbon sample.

Depress and turn the EPR tube, then gently tap until the sample has evenly dispersed at the bottom.
Fill the tube in this manner up to a length of at least 1.5 cm.

Seal the tip of the tube with rubber Teflon putty of about 0.5-1.0 cm length of putty (Figure 2A).

3. Setting Up the Flow System

o

2

Insert the quartz tube into the EPR resonator, make sure that the section of the EPR tube filled with the coal is filling the entire resonator
cavity.

The EPR measurements reported here were conducted at room temperature 292-297 K.

Set up a tank with the desired flow gas (N,, CO,, He) make sure there are 2 operation valves in order to control the flow (Figure 2B).
Connect a rubber tubing to the tank. Ensure that the length reaches the tip of the EPR quartz tube with enough pull so as not to put strain on
the quartz tube.

Connect a flow controller to the rubber tubing to monitor gas flow.

Insert the tube through the rubber Teflon putty by using a small gauge needle.
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7. Insert the needle until it is in close proximity (about 3-4 cm above the coal surface) to the sample but far enough away from the sample so as
not to affect the magnetic field (Figure 2C).

8. Leave flow off (turn on flow ONLY after tuning).

9. Poke a hole in the rubber putty to release the outflow gas.

4. EPR Measurement

1. Turn on the EPR spectrometer.

2. Tune with no gas flow. Open the microwave tuning panel, locate the dip at 33.0 dB power, and use auto tune for obtaining the best tuning
conditions..

3. Set the microwave power to 2.0 mW, at this power there is no saturation.

4. Open 2D experiment, as a function of magnetic field and time.

5. Set the parameters of the experiment as follows:

Microwave power = 2.0 mW

Modulation amplitude = 1.0 G

Time constant = 60 msec

Sweep width = 100 G

Delay = 120 sec

No. of points for a field sweep scan = 1024

No. of points as a function of time = 50

6. Start measurement cycle.

Turn on gas flow.

8. After the sample has reached equilibrium and there is no further change in the EPR line shape, at these parameters after about 25 CW-EPR
spectra that were measured with 120 sec delay between them, stop the gas flow. Expose the sample to an air atmosphere and continue with
the measurements until 50 spectra are obtained, or until equilibrium is reached. There is no need to tune again after stopping the gas flow.
The measurement is continuing automatically, with 120 sec delay between each CW-EPR spectrum.

9. If equilibrium is reached at a slower rate, increase the number of points as a function of time.

10. If equilibrium is reached at much faster rate, decrease the delay time between each scan.

N

5. Data Analysis

1. Simulate each EPR field sweep spectrum using the easyspin toolbox implemented on MATLAB?, Take two species into account, where for
each species the g-value, the line width, and the extent of contribution to the EPR spectrum is fitted by writing the program file as follows:

clear, clf, clc

% Load experimental file

expdata= load('t0s.txt');

%Define spin system of species one

SysC.g = 2.004;

SysC.lwpp =0.62;

%Define experiment parameters for species one
Exp.mwFreq = 9.85764; %in GHz
Exp.Range=[347 357];  %in mT
Exp.Harmonic=1;

%calculate CW EPR spectrum for species one
[Bx,specX] = pepper(SysC,Exp);

%Define spin system of species two

SysC2.g = 2.0028;
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SysC2.lwpp =0.145;

%Define experimental parameters for species two
Exp2.mwFreq = 9.85764;

Exp2.Range=[347 357];

Exp2.Harmonic=1;

%calculate CW EPR spectrum for species two
[Bx2,specX2] = pepper(SysC2,Exp2);

x=0:0.1:1;

% combine the spectrum of the two species.
spectot=1.0*specX+0.0*specX2;

%plotting the experimental and simulated spectra.

Bx*10,spectot,expdata(:,1),expdata(:,2));

Representative Results

When preforming the EPR experiments on various coal samples, as a function of the exposure time to a diamagnetic gas flow it was noted

that during the gas flow, a second species at g~2.0028 appeared. This g-value is close to the value of a free electron and consistent with
unsubstituted aliphatic carbon centered radicals. However, the total spin concentration for each sample remained constant within our
experimental error (+10%). Figure 3A presents two scans: 0 sec and 1,900 sec after the coal sample had been exposed to CO, gas (HA). The
EPR spectrum at 1,900 sec is characterized by two species. One at g=2.004 with a line width of 5.5 G, and a second species, which is much
narrower at g=2.0028, with a line width of 2.0 G. For HA, it was found that the rate of formation of this second species is ~500 sec (Figure

3B). However, the rate of formation of this second radical species is different for each coal sample, and was found to be within the range of
100-5,000 sec. Interesting, the extent of the formation of this second species, after stabilization is similar for all coal samples, and was evaluated
as ~4-5% relative to the initial spin concentration. Whereas, the rest of the spins corresponds to either g~2.003-2.0032, carbon centered radicals
(BA, SA), or g~2.004 (carbon centered radical with an adjacent oxygen atom). The different g-values of the dominant radical species in each
sample is dependent on the nature of the coal, as was reported before®. After the gas flow was stopped, and the coal samples were exposed

to air at aerobic conditions, during this time, the system went back to equilibrium, each coal sample with its own kinetics. Since, the kinetics of
the formation of this second species for each coal sample is different, it should indicate on the sample's pores area and the surface functional
groups. In order to better characterize these functional groups, other techniques such as BET and NMR are required to supplement the EPR
data.
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Figure 1. A. Vacuum oven for drying the samples. B. Sample vials. C. A custom made vacuum system. Please click here to view a larger version
of this figure.

Figure 2. A. EPR quartz tube filled with carbon and closed with Teflon putty. Needles were inserted to allow gas flow. B. Gas system connected
to the EPR quartz tube. C. The EPR quartz tube inside the high sensitivity probehead resonator. Please click here to view a larger version of this
figure.
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Figure 3. A. EPR spectra (solid lines) and simulations (dashed lines) of HA sample at aerobic conditions, 298 K, t=0 sec, and after been
exposed to CO,, for 1,900 sec. B. The formation of the second radical species in HA due to an interaction with CO,. Reproduced by permission
of Green et al.

Surface oxidation of carbon materials is of significant industrial and academic interest. The effects of carbon substrate oxidation have been
characterized with a wide range of analytical techniques including EPR. When investigating the interaction of molecular oxygen with carbon
substrate such as coal which has a propensity to undergo oxidation (hence its main utilization as an energy resource) sample preparation and
storage is extremely important.

Our samples are coal substrates that have been transported oversea in large cargo holds for the utilization in the energy industry. Even though
the samples due undergo some oxidation during transport we attempt to hinder further oxidation by subsequently storing them under N, and in a
chilled area. As the samples adsorb water from the air prior to conducting measurements samples must always be dried under a vacuum at 60
°C for 24 hr.

While the method of measurement is straightforward the conditions and type of measurement had yet to have been reported prior to our work’.
It is important to ensure that the samples are properly dried, and to calibrate the gas flow and pressure at the gas-solid interface in order to
enable accurate estimation of the kinetics. In this resgect more sophisticated setups such as those previously experimented with for gas flow
experiments can be adapted to enhance our results™ %2,

In order to ensure that the equilibrium is indeed reached, a sealed EPR tube with a carbon sample under vacuum or nitrogen environment must
also be examined in order to determine the two limits cases. Careful manipulation of the setup, repetition of the experiment at various gas flow
rates, does indeed lead to reproducible results.
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It was found that the tuning conditions in the EPR spectrometer is not affected by the flow rate of the gas and the nature of the gas. The
preparation of the coal samples step is critical, in order to remove absorbed water from the carbon substrates. Adsorbed water on the coal
samples can dramatically affect the tuning conditions in the EPR spectrometer and reduce the signal to noise ratio. The method described here
is good for evaluating oxidation rates on carbon samples and to characterize the nature of radicals and paramagnetic species in the samples.

It is thus possible with this simple method to determine the interaction of a gaseous environment on the solid substrate and see the effect on
the radical species and nature in the substrate. In order to get more information on the coal samples, such as pore sizes, compositions, surface
functional groups, other techniques such as elemental analysis, gas chromatography, NMR, BET, and FTIR are supplemented. The method
described here as might have a future applications in the development of cheap ultra-sensitive oxygen gas sensors, as well as a probe for
determining the activity of active carbon scrubbers.
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