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Charcoals prepared from certain tropical woods contain stable paramagnetic centers, and these have been
characterized by EPR spectroscopy in the absence and presence of oxygen. The EPR-detectable spin density
has been determined, as has been the temperature- and frequency-dependence of the oxygen broadening of
the EPR signal, which is orders of magnitude larger than that observed with other materials, such as lithium
phthalocyanine. Three Lorentzian components are required to fit the char EPR spectrum in the presence of
oxygen, and the oxygen-dependence of the line width, intensity, and resonance position of the three components
have been quantified. These results and the properties of porous carbonaceous materials are used to develop
a model to explain the effect of oxygen on the char EPR spectral properties. The model is based on oxygen
adsorption on the char surface according to a Langmuir isotherm and a dipolar interaction between the
paramagnetic adsorbed gas and the charcoal spins. The three EPR components are correlated with the three
known classes (sizes) of pores in charcoal, with the largest line broadening attributed to dipolar relaxation of
spins in micropores, which have a larger specific surface area and a higher concentration of adsorbed oxygen.
An attenuated, but similar, EPR response to oxygen by chars when they are immersed in aqueous solution is
attributed to water competition with oxygen for adsorption on the char surface.

Introduction

The quantitative measurement of oxygen levels in living tissue
has important clinical and research applications, and EPR
oximetry has considerable potential for these measurements.
This technique requires a material with EPR-detectable para-
magnetic centers1 and involves a concentration-dependent
perturbation of the EPR spectral properties by oxygen (3Σg

groundstate). A number of molecular radicals (e.g., nitroxyl and
triarylmethyl) and materials with paramagnetic centers, including
certain carbon blacks, coals, charcoals, and crystals of lithium
phthalocyanine (LiPc), have been studied for their potential as
probes for EPR oximetry. The EPR spectra of nitroxyl or
triarylmethyl radicals in aqueous solution typically exhibit∼0.5
mG/µM broadening by dissolved oxygen. However, certain
charcoals prepared from tropical hardwoods by means of
controlled pyrolysis2 contain EPR-detectable species that can
exhibit 50-100 mG/µM broadening by dissolved oxygen, and
this response is even larger in the gas phase.

Successful implementation of in vivo EPR oximetry requires
the development of oxygen-sensitive paramagnetic materials
with optimized properties. Currently, LiPc and related com-
pounds are widely used, but there are several criteria (sensitivity,
stability, reversibility, selectivity, etc.) that need to be optimized
for specific applications of EPR oximetry. In particular, there

is a need for materials with increased sensitivity to oxygen at
low levels found in tumors and at higher levels found in the
brain. To rationally develop these materials requires an under-
standing of the physical basis and mechanism of oxygen effects
on the char paramagnetic centers. Further, this understanding
may help to improve the analysis of in vivo data by incorporat-
ing physical principles into the spectral model.

Charcoals have certain physical properties that are relevant
to their interaction with gases. They are highly porous materials,
as seen in scanning electron micrographs of samples prepared
from tropical hardwoods (Figure 5 in ref 2), with a specific
surface area that is inversely proportional to the pore diameter.
Charcoal pores are generally classified by their diameter into
three sizes, macropores (>50 nm), mesopores (50-2 nm), and
micropores (<2 nm).3 In addition, they are hydrophobic
materials with poor water penetration, particularly into smaller
pores. Finally, chars are known for their ability to adsorb gases
on their large surface area.

In this study, several measurements have been made of the
effect of oxygen on the EPR spectral properties of wood
charcoals. These include quantifying the concentration of spins
and determining the temperature- and frequency-dependence of
the EPR spectrum. Three components are required to fit the
O2-broadened EPR spectrum of the chars, and the oxygen
dependence of the line width, intensity, and resonance position
of the three components have been measured.

A model, which is based on the properties of charcoals and
EPR relaxation mechanisms and which starts with a Langmuir
isotherm for O2 adsorption, has been developed and evaluated
with these data. The experimental results are consistent with a
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dipolar interaction between adsorbed O2 and the char spins, and
the three EPR spectral components correlate with the three
classes (sizes) of pores that have different specific surface areas.
EPR line broadening in these materials, therefore, appears to
correlate with char surface area and the concentration of
adsorbed oxygen.

Experimental Section

Wood Charcoals. Charcoals made of metopium (M) and
violacea (V) tropical woods were synthesized according to a
previously described methodology.4 The properties of the
charcoal depend on the starting material but are also strongly
affected by the temperature and time of heating and by the gas
atmosphere in the furnace. Samples were heated in a flowing
gas mixture of 20% NH3 in N2 or 20% CH4 in N2 with the
temperature increasing at a rate of 10°C per hour to a maximum
of 595°C, which was maintained for 2 h. After cooling, sizing,
and washing (agitation in water) to remove ultrafine material,
the chars were reheated at 620°C for 2 h in the 20% CH4 in N2

gas mixture. Samples are indicated by the heating and reheating
gas (e.g., V(a/m) is violacea heated in ammonia and reheated
in methane).

Density of the chars was estimated by measuring the volume
of samples of known mass. Samples were immersed in a small
amount of water in a glass capillary with i.d.) 1.83 ( 0.05
mm, and the mass of the char and water was determined. The
char was then dried in an oven at 100°C, cooled, and weighed.
Finally, the volume of the char was determined from the mass
and volume of the water. The density of the chars was
consistently found to be approximately, but slightly greater than,
that of water, 1 g/cm3. This value is somewhat smaller than the
2.2 g/cm3 reported for peltogyne charcoal5 and may reflect an
overestimation of the char volume by the inability of water to
penetrate the smaller pores.

An estimate of the average thickness of the walls of the pores
was made by dividing the specific volume of the char,∼1 cm3/
g, by its surface area, 6× 102 m2/g.6 This leads to an average
value of 20-30 Å for the wall thickness. However, nonuniform
thickness, with thinner walls in the more porous regions, is
expected.

EPR Measurements.EPR measurements were obtained on
a Varian X-band EPR spectrometer equipped with a temperature
controller and a home-built L-band EPR spectrometer.7 Stability
of the spectrometers was verified with a stable reference sample.
Measurements were made on∼0.5 mg samples of charcoal
placed in oxygen-permeable i.d.) 0.8 mm Teflon tubing (Zeus,
Raritan, NJ). The oxygen was varied with a continuous gas flow
using different commercially supplied mixtures (Airgas, Bell-
mawr, NJ) consisting of 0, 0.5, 1, 2, 5, 10, 15, 21, and 26%
oxygen in nitrogen ((0.02% precision). Measurements of the
charcoal in water involved filling the Teflon tube containing
the sample with water, whereupon it took about 1 h to reach
equilibrium. In addition to oxygen concentrations used in the
gas phase measurements, samples immersed in water were also
measured in 100% oxygen. Spectra were typically collected at
25, 37, and 58°C and were acquired with low incident
microwave power to avoid saturation broadening and a modula-
tion frequency of 100 kHz (24 kHz at L-band). For each
spectrum, the modulation amplitude was set to<10% of the
observed peak-to-peak line width (LWpp) and the scan range
was set to 10-20 times LWpp, depending on the signal-to-noise
ratio. From 3-10 separate EPR spectra were collected for each
set of conditions, and the mean and standard error of the
measured parameters were estimated. A reference sample

consisting of a freshly prepared aqueous solution of TEMPONE,
4-oxo-2,2,6,6,-tetramethylpiperidine-d18-1-15N-oxyl (Cambridge
Isotopes, Andover, MA), was used to determine the EPR-
detectable spin density of charcoal samples.

EPR spectra were analyzed with EWVoigt software (Scien-
tific Software Services, Bloomington, IL). The spectra were
fitted with two or three centers (components), where the position,
intensity (double integral), and line width from each component,
as well as the relative percentage of absorption and dispersion
of the signal, were adjustable fitting parameters. Analysis was
performed separately on each set of data, and the average of
three characteristic values, the line width, intensity, and
resonance position (gvalue), are reported for each component.

Results

The X-band EPR spectrum of charcoal samples at ambient
temperature in the absence of oxygen is a Lorentzian signal
only a few tenths of a gauss wide, with LWpp that depends to
some extent on the wood and synthesis conditions. Although
the identity of the paramagnetic moiety or moieties is not known,
the spectral properties are consistent with anS) 1/2 spin system.
The concentration of EPR-detectable centers in the charcoals
was determined both in a nitrogen gas atmosphere and immersed
in anaerobic water, and found to be 2- 5 × 1017 cm-3 (3-8
× 10-4 M).

At low oxygen levels (<1%), a fit of the char EPR spectrum
requires two Lorentzian components (two centers fitting) with
different line widths and intensities but a similarg value. Both
components are broadened by oxygen, but the wider component
is always broadened to a larger extent, which is consistent with
previous observations.8

Figure 1 shows the superimposed X-band and L-band EPR
spectra of violacea charcoal in a 10% oxygen atmosphere at
room temperature. These spectra demonstrate that the resonance
frequency does not affect the line shape.

EPR measurements at higher oxygen levels require three
Lorentzian components to accurately fit the data, and a detailed
study was conducted exclusively at X-band because of instru-
mentally limited sweep width and lower signal-to-noise with
the L-band spectrometer. Figure 2 shows a representative 10
°C EPR spectrum of V(m/m) in 26% oxygen, its fit with three
Lorentzian lines (three centers fitting), and the low residual
indicating the goodness of the fit. Therefore, all spectra of
charcoal samples in gas phase withg0.5% O2 were fitted using
three centers, which are designated the narrow, medium, and
wide components. Charcoal samples immersed in water exhibit
similar EPR spectra that also require three Lorentzian compo-

Figure 1. Ambient temperature X-band (black, wider sweep) and
L-band (gray) EPR spectra of violacea (V(m/m)) charcoal in a 10%
O2 atmosphere.
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nents, but the line widths are somewhat narrower than those in
air for the same oxygen level.

Figure 3 shows the effect of oxygen on the EPR line width
of V(m/m) samples at three temperatures (25.2, 37.0, and
57.8 °C), presented as line broadening (∆LW) LWpp(O2) -
LWpp(N2)) of the narrow, medium, and wide components
derived from three centers fitting of the EPR spectra. As a
reference point, the line width of the wide component is found
to be ∼100 G in air (21% O2) at 37 °C. In all cases, it is
observed that the line widths of all three components initially
increase with increasing pO2 and then level off, suggesting
saturation in the order narrow< medium< wide. It is also

important to note that the line widths in the lower pO2

(unsaturated) regime decrease with increasing temperature,
whereas the asymptotic limits approached at higher pO2

(saturation values) appear to be nearly temperature independent.
The intensity of the EPR signal is proportional to the number

of EPR-detectable spins in the charcoal sample and should not
depend on the oxygen level. Although this is true for the total
signal intensity (Figure 4), there is a significant decrease in the
intensities of the narrow and medium components and a
corresponding increase in the intensity of the wide component
with increasing oxygen. As shown in Figure 4, the wide
component becomes about 85% of the total signal at 26%
oxygen, whereas the medium component decreases to about
14%. Despite the fact that the narrow component is less than
1% of the total signal atg21% O2, it has the largest amplitude
and defines the peak-to-peak line width of the spectrum, as seen
in Figure 2. Similar results are found when the charcoals are
placed in water, but higher O2 levels are required to achieve
the same intensity percentages.

Spectral deconvolution and fitting of the individual compo-
nents allows the effect of oxygen on the EPR resonance position
to be determined for each component. Although there is some
uncertainty in the absoluteg values of the individual compo-
nents, the relativeg values can be determined with some
confidence. As shown in Figure 5, an increase in oxygen results
in significant shifts to largerg values by the medium and wide
components, relative to the narrow component. Shifts in the
resonance positions of the spectral components when the char
is immersed in aqueous solution are insignificant at<26% O2,
although sizable shifts for V(m/m) are found in water at 100%
O2 (Cmedium- Cnarrow ) -4.40 G;Cwide - Cnarrow ) -28.0 G).

Figure 2. Three component fitting of the 10°C X-band EPR spectrum
of V(m/m) charcoal in a 26% O2 atmosphere; (A) experimental
spectrum, (B) three best fit components, and (C) residual after
subtraction of the three best fit components from the experimental
spectrum.

Figure 3. Effect of oxygen on EPR line broadening,∆LW )
LWpp(O2) - LWpp(N2), of the narrow (squares), medium (triangles),
and wide (circles) components from fitting of the EPR spectra of V(m/
m) charcoal at (A) 25.2, (B) 37.0, and (C) 57.8°C. Solid lines are the
results from fitting with eq 9.

Figure 4. Effect of oxygen on the 57.0°C total EPR signal intensity
(SI total) of V(m/m) charcoal, relative to the intensity at 0% pO2, and
the relative signal intensity percentages of the medium (SI M) and wide
(SI W) components.

Figure 5. Effect of oxygen on the resonance position at X-band,
indicated by a shift of the center field (C, in Gauss) of the medium
(m) and wide (w) components relative to the narrow (n) component,
Cm - Cn andCw - Cn, respectively, for V(m/m) charcoal at 37.0°C.
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Charcoals exhibit a lower sensitivity to oxygen when they
are immersed in water than when they are surrounded by oxygen
in the gas phase, and the initial slope of the line broadening
(∆LWpp/%O2) can be used to quantify this decrease in sensitiv-
ity. Table 1 shows the ratio of this value in the gas phase to
that in water for different charcoals. Surprisingly, these data
suggest that, despite the fact that all samples were reheated in
the same methane atmosphere, materials originally made in an
ammonia atmosphere have a lower sensitivity to oxygen in an
aqueous environment.

Discussion

In this study, several different types of EPR spectral data,
and other physical measurements, have been made on charcoals
prepared from violacea and metopium tropical hardwoods to
evaluate the mechanism for their spectral response to oxygen.
Although most of these measurements involved varying the
oxygen in the gas phase, some have involved varying oxygen
in the gas surrounding a water solution containing the char. This
situation, which more closely mimics the biological condition,
gives results that are similar to those found in the gas phase,
although shifted to somewhat higher O2 levels. Since these
charcoals have some of the largest observed increases in EPR
line width upon exposure to oxygen, they may be uniquely suited
as probes for in vivo EPR oximetry. However, to optimize this
potential, it is important to understand the physical nature of
the interaction of oxygen with the paramagnetic centers in these
materials.

Another study has measured the effect of oxygen on the EPR
spectral properties of charcoals prepared from peltogyne tropical
hardwood and developed a model for this interaction.5 A spin
density of 5× 1019 g-1 was measured for the peltogyne samples,
which should result in a significant intrinsic dipolar interaction
between the spins and a predicted dipolar-broadened EPR line
width of ∼10 G. Since the experimental line width in the
absence of oxygen was only a few tenths of a gauss, the model
started with an intrinsic exchange interaction between the char
spins that led to the observed narrow EPR signal. The spin
density of the violacea and metopium charcoals used in this
study, however, is 2 orders of magnitude smaller, and the spin
concentration is low enough that dipolar interaction between
the char spins is negligible. Therefore, there is no need to invoke
an intrinsic exchange interaction between the charcoal spins in
these samples.

Building on the physical properties of charcoals, particularly
their highly porous structure and their known adsorption of
gases, a model for the effect of oxygen on their EPR signals is
proposed. Since electronic relaxation, and thus the EPR spectral
properties, of a paramagnetic species can be perturbed by
another paramagnet through dipole-dipole interaction and/or
Heisenberg exchange interaction, it is important to determine
the origin of this spin-spin interaction. The temperature
dependence of the oxygen-induced EPR line broadening (Figure
3), as well as its magnitude, establishes that this is predominantly
a dipolar interaction between the charcoal spins and the
paramagnetic O2 molecules (Appendices A and B). With this
fundamental property established, a model is developed for the

interaction of oxygen with the charcoal spins, followed by a
critical evaluation of its ability to explain the experimental data.

Development of the Model.Adsorption/Desorption of Gases
on the Charcoal Surface.Wood charcoals are well-known to
be extremely porous materials. By a widely accepted classifica-
tion, pores in activated carbonaceous materials are categorized
by size into macropores (>50 nm), mesopores (2-50 nm), and
micropores (<2 nm).3 The porosity of chars, however, depends
on the parameters of their synthesis, especially the temperature
of carbonization.9 Of relevance to this study, the charring
temperature, along with other factors (heating profile and
duration, gas atmosphere), also significantly affects the con-
centration of paramagnetic species in the char and their
sensitivity to oxygen.10 Because of their porous nature, charcoals
have a high surface area that, depending on the material, has
been found to be as large as 800 m2/g.3

A well-known feature of charcoals is their physical adsorption
of gases. In the simplest case, adsorption/desorption processes
can be described by the Langmuir isotherm. Following Adam-
son,11 the equilibrium concentration of oxygen adsorbed on a
charcoal surface is

where, in SI units, [O2]ads is the concentration of adsorbed
oxygen (molecules/kg),τ is the average surface residence time
of an oxygen molecule,σ is the area occupied on the surface
by one adsorbed oxygen molecule,Na is Avogadro’s number,
P is the partial pressure of oxygen in the gas phase,M ) 0.032
kg/mol is the molar mass of the oxygen molecule,R is the
universal gas constant,T is the absolute temperature, andS is
the specific surface area of the char (m2/kg). Rearranging eq 1
gives the concentration of adsorbed oxygen as a Langmuir
isotherm

where B ) S/σ and b ) τσNa/(2πMRT)1/2. Although the
Langmuir relationship has several simplifying assumptions and
real adsorption/desorption processes are often more complex,
this is a reasonable starting point.

Further development of this model involves the assumptions
thatτ ) τ0 exp(Q/RT), whereQ is the energy of gas desorption,
τ0 ≈ 10-13 s is the vibration period of the O2 molecule, andσ
for an oxygen molecule is similar to the value for a nitrogen
molecule, 16.2× 10-20 m2. Charcoals are known to have a
relatively small energy of interaction with adsorbed molecules.
Vartapetyan et al.6,12studied charcoals synthesized from tropical
hardwoods, similar to those in this study, and reported surface
areas ofS ) 550-650 m2/g and desorption energies ofQ )
29.6-30.4 kJ/mol for nitrogen molecules at 77 K. This allows
an estimation ofτ ≈ 20 ns for oxygen molecules at 310 K.
Using these values forσ andτ, S) 6.0× 105 m2/kg, and eq 2,
it is possible to predict that charcoal in equilibrium with air
(21% O2) at 310 K and standard atmospheric pressure has a
surface concentration of adsorbed oxygen of [O2]ads ≈ 2.4 ×
1024 molecules/kg. The associated Langmuir parameters areB
) 3.7 × 1024 kg-1 andb ) 8.6 × 10-5 Pa-1.

EPR Line Broadening.It is proposed here that the remarkable
increase in EPR line width originates from a high oxygen
concentration on the charcoal surface near the paramagnetic
centers. This is supported by the fact that the line width
broadening approaches an asymptotic limit at high pO2 (Figure

TABLE 1: Ratio of the Initial Slope of the Line Width in
the Gas Phase to the Initial Slope of the Line Width in
Water for Different Charcoals at 37 °C

chars M(a/m) M(m/m) V(a/m) V(m/m)

ratio 9.8 7.4 11.3 5.7

[O2]
ads1

τ
)

σNaP

x2πMRT
(Sσ - [O2]

ads) (1)

[O2]
ads) B

bP
1 + bP

(2)

EPR Signals from Wood Charcoals J. Phys. Chem. B, Vol. 111, No. 46, 200713319



3), consistent with eq 2 and saturation in the Langmuir isotherm
description. It is assumed that the charcoal spins do not interact,
which is reasonable if they are homogeneously distributed at
low concentration, and this appears to be a valid assumption
for these samples, based on the spin density measurements.

As indicated by the decrease in EPR line broadening by
oxygen as the temperature increases in the low pO2 regime
(Figure 3, and Appendices A and B), there is predominantly a
dipolar interaction between the charcoal spins (S ) 1/2) and
adsorbed oxygen (S ) 1). To further develop this model, two
limits for the EPR line broadening by oxygen need to be
considered: inhomogeneous broadening and homogeneous
broadening.

Inhomogeneous Line Broadening.If the residence time of
an oxygen molecule adsorbed on the surface of the char is long
and its relaxation time is also long, then dipole-dipole
interaction between two unlike spins,I andS, can be described
by inhomogeneous broadening, which is given by statistical
theory13

whereγ is the gyromagnetic ratio for the spins,p is Planck’s
constant, andNS is the spin density of oxygen molecules. The
method of moments gives a similar formula13

The experimentally measured peak-to-peak line width for
inhomogeneous line broadening is then predicted to be

where, in cgs units,A ) 4.9 × 10-20 G cm3 for a random
distribution andA ) 5.4× 10-20 G cm3 for a regular distribution
of S ) 1/2 paramagnetic centers on a lattice. This formula has
been verified experimentally in solids and irradiated solids14,15

and in frozen glass solutions of metal ions in the concentration
range from 7.6× 1018 to 1.1 × 1021 cm-3 (0.013-1.8 M).16

Kobayashi, et al.17 used the same approach to explain EPR line
broadening by O2 in activated carbon fibers, which are mi-
croporous materials having many features common to charcoals.
In these cases, molecular oxygen (S) 1) requires the correction
factor [S(S+ 1)]1/2 in eq 5.13

Homogeneous Line Broadening.If T1 (andT2) of O2 adsorbed
on charcoal is short and the adsorbed oxygen diffuses rapidly,
then another limit is more appropriate. In such a “motional-
narrowing” limit, homogeneous line broadening needs to be
considered.13,18 The complete expression is given by Freed18

but only the case of very short O2 relaxation, i.e.,|ω0T1,O2| <
1, is considered here

where the approximationJ(ω0) ≈ J(0) for the spectral density
function is valid in this limit. If the diffusion correlation time
(Appendix A) is assumed to be similar to the average surface
residence time of the oxygen molecules (i.e.,τ ≈ 20 nsec), then
O2 spin relaxation is dominant, (i.e.,τ/T1 ≈ 2 × 103.1) and
J(0) simplifies to the relationship18 (see Appendix A)

Finally, the line broadening in Gauss (cgs units) is

where [O2]ads is the concentration (molecules/cm3) of oxygen
adsorbed on the charcoal surface,d is the distance (cm) of
closest approach between oxygen molecules and the charcoal
spins, andT1,O2 is the oxygen relaxation time (s).

Evaluation of the Model. Effect of Oxygen on the char EPR
Line Width.Using eq 5 and [O2]ads ≈ 2.4 × 1021 molecules/g
of charcoal, which is estimated for standard atmospheric
conditions (21% O2), a line broadening of∼200 G can be
estimated. This value compares rather well with the experimental
value of∆LWpp ≈ 100 G for the wide component of the char
EPR spectrum in air. However, the applicability of eq 5 needs
to be considered.

To determine the appropriate physical model requires knowl-
edge of the time scale of the observed phenomenon. In this case,
three time scales need to be considered, the residence time of
oxygen molecules on the char surface, the inverse of the char-
oxygen spin-spin dipolar interaction,19 and the oxygen relax-
ation time. The surface residence time of oxygen on chars is
estimated to beτ ≈ 20 ns, which is appropriate for physisorbed
O2 because the surface diffusion mechanism is expected to
involve desorption and readsorption. The oxygen spin-lattice
relaxation time,T1,O2, was measured in water and several other
solutions by Teng, et al.20 using proton spin-lattice relaxation,
and found to be approximately 7.5 ps and practically indepen-
dent of solvent and viscosity. Such a short relaxation time results
in a very broad EPR line width forS ) 1 oxygen and is the
reason why an EPR spectrum of oxygen dissolved in fluids has
never been reported. Also,T1,O2 is much shorter than the period
of the Larmor precession, which is 0.1 and 0.8 ns for X- and
L-band EPR, respectively, further justifying the assumption
J(ω0) ≈ J(0) in eq 6.

Equations 3-5 represent the static limit and inhomogeneous
broadening and are appropriate only if the spin relaxant, O2,
has a relatively longT1, compared to its dipolar interaction with
the char spins, and O2 diffusion on the char is very slow. The
T1 for adsorbed O2 is expected to be comparable, at least in
order of magnitude, to values measured in solution by Teng, et
al.,20 and thus, eq 8 is more appropriate than eq 5. As a first
approximation, it is assumed thatT1 for O2 adsorbed on the
char is 7.5 ps and thatT1 andd are (nearly) constant within the
range of experimental temperatures. Using accepted values for
the various parameters, the estimated equilibrium concentration
of oxygen on the char surface ([O2]ads≈ 2.4× 1021 molecules/
g), the char density (∼1 g/cm3) and eq 8, it can be estimated
that d ≈ 2.5 Å for the observed∼100 G broadening of the
wide component. This value ofd, which is in the range of van
der Waals contact, suggests that char spins are located primarily
on or near the surface, resulting in close contact with adsorbed
O2. However, a somewhat larger value ofd would be obtained
if T1 for adsorbed O2 is longer than it is for freely diffusing O2
in solution or if the value of [O2]ads is larger than estimated.
The latter is likely to be the case because of the low value that
was determined for the average char density and it may be
especially true for micropores that are associated with the wide
spectral component (see below).

∆LWpp ) 32π
9

γI
2γSp2

[O2]
ads

d3
T1,O2

)

7.8× 10-32
[O2]

ads

d3
T1,O2

(8)

δI ) 2π2

3x3
γIγSpNS = 3.8γIγSpNS (3)

δI ) 5.3γIγSpNS (4)

∆LWpp ) A[O2]
ads (5)

T2,I
-1 ) 8π

3
γI

2γS
2p2S(S+ 1)J(0) (6)

J(0) ) 2
3

NS

d3
T1,O2

(7)

13320 J. Phys. Chem. B, Vol. 111, No. 46, 2007 Grinberg et al.



The combination of eqs 2 and 8 gives the following
relationship for line broadening with this model:

whereC ) (7.82 × 10-32 T1,O2/d3)(S/σ)b and b is defined in
connection with eq 2. The numerical values of these parameters
at 37 °C (310 K), using SI units of Pa for pressure, areC )
0.948× 10-2 G/Pa andb ) 8.6 × 10-5 Pa-1.

The solid lines in Figure 3 show the result of fitting the
experimental data with eq 9, and the best fit parameters for the
three components at the three temperatures are given in Table
2. Considering the simplifications, assumptions and approxima-
tions of the model, there is reasonably good agreement between
the predicted and the experimental values ofC andb, particularly
those of the wide component.

Results of this fitting show the significant effect of temper-
ature on the model parameters, as expected. The decrease in
the values ofC andb with increasing temperature is consistent
with the decrease inτ as the temperature increases. The
temperature dependence ofb allows an estimation of the energy
of O2 desorption,Q, which is given in Table 3 for the three
components. TheC/b ratio is proportional to surface area,S,
andT1,O2 according to eq 9. If, as considered below, it is assumed
thatT1,O2 is similar for the different components, then the ratio
of the pore surface areas,Sm/Sn and Sw/Sn, can be estimated
from the ratio of the average values ofC/b for each component.
Table 3 includes these surface area ratios, as estimated from
the parameters obtained from fits of the EPR data and this
model.

Based on 77 K N2 adsorption isotherms, it has been reported
that charcoals made from peltogyne wood under a range of
similar conditions (600-660°C heating under different gases)
have total surface areas and mesopore surface areas of 550-
680 and 6-20 m2/g, respectively, and a gas desorption energy
of Q ) 26-38 kJ/mol.6 The Table 3 values ofQ for O2, which
are derived from 25 to 58°C EPR data, are in good agreement
with N2 values for similar charcoals, and estimates of the pore
surface area ratios that are derived from this model are also
reasonably consistent with reported surface areas, considering
the uncertainty and approximations. Thus, estimates from this
analysis further support the correlation of narrow, medium, and

wide EPR components with the paramagnetic centers located
in macropores, mesopores and micropores, respectively.

Effect of Oxygen on the Char EPR Signal Intensity.To explain
the observed variation in signal intensity of the three components
with increasing pO2, it is assumed that the charcoal spins are
randomly distributed on, or just below, the surface of the pore
walls and that the number of charcoal spins located in the
different pores is proportional to the pore surface area, mi-
cropores> mesopores> macropores, as indicated in Figure 6.
Further, the Langmuir binding isotherm requires that the
concentration of adsorbed oxygen depends on the surface area,
as well as the oxygen partial pressure.

Two limits of pO2 are considered. At low oxygen levels, all
char spins have a dipolar interaction with a similar low
concentration of surface adsorbed oxygen. In this limit, the EPR
spectrum should be insensitive to the pore structure and all
charcoal spins would contribute to the narrow component. At
higher oxygen levels, there will be a larger amount of adsorbed
oxygen in regions of the char with higher specific surface area,
resulting in a greater dipolar interaction with the spins located
in the micropores. According to eq 2, pores with a smaller
surface area will have a lower concentration of adsorbed oxygen
than pores with a larger surface area. It is observed (Figure 3)
that the line width of the narrow EPR component reaches a
plateau at∼5% O2, suggesting that this is the pO2 at which
spins in the macropores achieve a maximum dipolar interaction
with surface adsorbed oxygen. As pO2 increases, the amount
of oxygen that is adsorbed in the char that contains pores with
a larger surface area increases, as does the dipolar interaction
with spins in these volumes of the char. The data in Figure 4
suggest that about 1%, 14%, and∼ 85% of the spins are located
in the charcoal containing macropores, mesopores, and mi-
cropores, respectively.

A number of factors can affect the interaction between
charcoal spins and oxygen molecules. Teng and Bryant21

measured the paramagnetic contributions of freely diffusing
oxygen to the proton spin-lattice relaxation of the enzyme
ribonuclease A in solution. They found several regions of the
protein where oxygen enhancement of the relaxation rate is quite
large. Recently Teng et al.22 have suggested that perturbation
of the proton spin-lattice relaxation by freely diffusing oxygen
provides a direct measure of solvent accessibility to the protein
surface. Since the electron relaxation time is much shorter than
electron-nuclear coupling correlation times, the proton spin
relaxation rates appear to correlate with the local oxygen
concentration. Extending this to charcoals, broadening of the
char EPR line width by adsorbed oxygen may be analogous to

TABLE 2: Best Fit Values of the eq 9 ParametersCx and
bx, where x Indicates the Narrow (n), Medium (m), and
Wide (w) Components of the EPR Spectra of V(m/m)
Samples, at Different Temperatures

parameter 25.2°C 37.0°C 57.8°C
Cn×102, G/Pa 1.26 0.43 0.37
Cm×102, G/Pa 1.51 0.64 0.45
Cw×102, G/Pa 2.47 0.85 0.76
bn×105, Pa-1 149.0 48.8 39.7
bm×105, Pa-1 38.8 13.2 6.7
bw×105, Pa-1 15.0 3.1 2.4
Cn/bn, G 8.5 8.9 9.4
Cm/bm, G 38.9 48.5 67.2
Cw/bw, G 165.2 276.4 311.1

TABLE 3: Energy of Oxygen Desorption, Q, (mean( SD)
and the Ratio of the Average Value ofC/b for the Medium
and Wide EPR Components to the AverageC/b Value for
the Narrow Component of V(m/m)

component Q, kJ/mol (Cx/bx)/(Cn/bn) (∝ Sx/Sn)

narrow 29.7( 17.3 1.0
medium 41.4( 11.4 5.7( 1.3
wide 41.0( 25.0 27.9( 7.4

∆LWpp ) C
P

1 + bP
(9)

Figure 6. Representation of char cross sections from regions with
macropores (a), mesopores (b), and micropores (c), with EPR-detectable
char species indicated by X’s.
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the paramagnetic O2 contributions to nuclear spin-lattice
relaxation in proteins. Thus, the different pore sizes in wood
charcoals appear to correlate with different oxygen accessibility
to the charcoal spins and can explain the effect of oxygen on
the relative signal intensity and line width of the components
of the EPR signal.

Effect of Oxygen on the g Value of the Char EPR Signal.
There are two plausible explanations for the shift in resonance
conditions with increasing oxygen. A reversible oxygen-induced
change in the structure of the charcoal paramagnetic centers
could alter theg value. More likely, however, this is a dynamic
frequency shift (DFS),13 for which homogeneity of line broad-
ening is an important parameter. If spin relaxation is dominated
by theT1 of O2, then EPR measurements at different frequencies
could evaluate whether the change in resonance position as a
function of O2 is due to a DFS. Unfortunately, the short field
sweep of our L-band spectrometer does not allow accurate
measurement of field shifts at higher oxygen concentrations,
but high field EPR measurements may provide data to evaluate
whether there is a DFS.

Temperature Dependence of the Char EPR Line Broadening.
The results forQ in Table 3, where the residence time of oxygen
on the char surface is given byτ ) τ0 exp(Q/RT), are consistent
with previously measured desorption rates, as already noted.
This provides the correct temperature dependence predicted by
this model based on dipolar interactions, whereas Heisenberg
exchange interaction (Appendix B) between adsorbed oxygen
and the char spins does not. Another potentially temperature-
dependent factor in this model isT1,O2, which has a proportional
relationship withC/b. The increase inC/b between 25.2 and
57.8 °C (10%, 73%, and 92% for narrow, medium, and wide
pores, respectively) may be due to an increase inT1,O2, in which
case the O2 relaxation may depend somewhat on the nature of
the pore, which is certainly worthy of further study.

Comparison of the Effect of Oxygen in the Gas and Aqueous
Phases.The decrease in oxygen sensitivity of the chars when
they are immersed in water can be explained by a simple model
that is valid for dilute solutions and is based on the partitioning
of oxygen between a bulk solution and an interface phase11

The equilibrium constant for this process is

where a is the activity of H2O or O2 in solution, and the activities
of the adsorbed species are given by their mole fractions,NO2

a

and NH2O
a . The concentration of oxygen adsorbed on the

charcoal from the water phase is

where f ) f ′ exp(-∆H/RT) ) K/aH2O, ns is the moles of
adsorption sites per kilogram and∆H ) ∆HO2 - ∆HH2O is the
difference between the enthalpies of adsorption of O2 and H2O.
The ratio of the initial slope in the gas phase to the initial slope
in water (Table 1) can be interpreted as the ratio of the activities
of O2 and H2O in the adsorption layer of the charcoal. In other
words, the charcoal spins sense the oxygen concentration

adsorbed on the surface, not in bulk solution. The temperature
dependence of the initial slope of O2-induced line broadening
in water allows an estimation of the value∆H ≈ -7.6 kJ/mol.
Although this is only an approximate value, it indicates
additional insight that can be obtained from this model.

Further Tests of the Model. Analysis of the EPR spectra
of charcoals includes fitting the signal intensity, line width, and
resonance position of two or three components. Since this model
correlates oxygen binding by a Langmuir isotherm to dipolar
line broadening by the adsorbed oxygen, one test of the model
would involve simulation of the EPR line broadening using only
[O2]ads from the Langmuir relationship as a fit parameter. In
addition, experiments involving competition with large inert
molecules capable of clogging the micropores should prefer-
entially affect the broadest component, since it is attributed to
spins located in the micropores where there is the largest surface
area density and the most adsorbed oxygen.

Although the analysis with eq 9 has several assumptions and
simplifications, a key feature of the model is the short oxygen
T1, which results in a bona fide relaxation mechanism leading
to homogeneous broadening of the char EPR spectrum. There-
fore, the degree of homogeneity of the broadening is an
important issue, which could be addressed with spin-echo
measurements. Also a more general theory that bridges the gap
between statistical theory (e.g., eq 3) and the motionally
narrowed limit (e.g., eq 6), such as that developed by Nevzorov
and Freed,19 might refine this model further. Finally, although
the temperature dependence and magnitude of the EPR line
broadening is consistent with a dominant dipolar interaction,
contributions from Heisenberg spin exchange between O2 and
the char spins should be considered and could be included in a
more advanced model, as discussed in Appendix B.

Comparison with Other Models. Other studies have mea-
sured the EPR spectral properties of paramagnetic centers in
wood charcoals and other carbonaceous materials, and one has
proposed a mechanism for line broadening of the EPR signal
from peltogyne wood and fructose chars by oxygen.5 Although
some of the reported effects of oxygen on the peltogyne EPR
spectrum (e.g., two Lorentzian components at low oxygen, line
broadening, and intensity shift to the broader component at
higher oxygen levels) are qualitatively similar to those found
here, there are significant differences that motivated the
development of a different model. In particular, the spin density
of the peltogyne char was reported to be 2 orders of magnitude
larger than that found here for violecea and metopium chars.
This high spin density, along with the narrow line in the absence
of oxygen, suggested an intrinsic exchange interaction between
the peltogyne char spins, which was perturbed and eventually
dominated by a dipolar interaction with the adsorbed oxygen.
This model of Atsarkin et al.5 is not consistent with oxygen
effects on the char EPR spectra found in this study, although it
may be appropriate for chars with higher spin density and an
intrinsic interaction between the paramagnetic centers.

In the model developed here, different spectral components
are associated with char spins located in pores of different size,
and, therefore, surface area density, and the magnitude of the
line broadening is associated with the amount of oxygen
adsorbed near the char spin. An alternate model could be based
on the interaction of adsorbed oxygen with char spins at different
depths from the surface; the broadest component, which has
the highest intensity, would be spins located closest to the
surface and narrower components would be spins located further
from the surface, which would have a weaker dipolar interaction
with adsorbed oxygen. Whether there is evidence for three

O2(O2 in water)
w + H2O

a
(adsorbed water)h

O2(adsorbed O2)
a + H2O

w
(water in solution) (10)

K )
NO2

a aH2O

NH2O
a aO2

(11)

[O2
a] )

nsNa f [O2]

1 + f [O2]
(12)
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distinct depth components or experimental data that could
distinguish this alternate model from the current model is
unclear.

Summary

The EPR spectral properties of paramagnetic centers in
charcoals from tropical hardwoods have been characterized in
the presence of different levels of oxygen. While a single
Lorentzian will adequately fit the signal in the absence of
oxygen, two and ultimately three Lorentzian components are
required to fit the spectrum with increasing oxygen. These three
components have different line widths, intensities, and resonance
frequencies that vary with oxygen. The overall O2-broadened
EPR spectrum has the same line shape at different microwave
frequencies, and the line broadening decreases with increasing
temperature. Finally, the same oxygen effects on the char EPR
properties are found when the chars are immersed in water,
although higher levels of oxygen are required to elicit the same
magnitude of the effects.

A model, based on the highly porous nature of charcoal and
its ability to adsorb gases, is developed to explain the experi-
mental results. The Langmuir isotherm is used to quantify O2

adsorption on the char surface from the gas phase or from
oxygen dissolved in water. This results in dipolar interaction
between adsorbed O2 and the char paramagnetic centers, which
broadens the char EPR spectrum that is now composed of three
spectral components. The three components required to fit the
O2-broadened EPR spectrum are correlated with three classes
of charcoal pores, with the narrow, medium, and wide compo-
nents originating from spins in macropores, mesopores, and
micropores, respectively. Oxygen-dependence of the EPR line
width and intensity of the three components indicates that the
number of char spins and the amount of oxygen that can be
adsorbed correlate with the pore surface area density, macropores
< mesopores< micropores. Finally, the relative activities of
surface-bound water and oxygen attenuate the adsorption of
oxygen and lower the oxygen sensitivity of chars when they
are dissolved in water.
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Appendix A: Dipole-Dipole Interactions

Dipole-dipole interaction between two unlike spins,I and
S, involved in isotropic random motion results in homogeneous
broadening in the motional narrowing regime. This describes
the interaction of char radicals (I) with oxygen molecules (S)
that diffuse along the char surface with a residence time that is
comparable to, or greater than, their spin relaxation time. In
this case, line-broadening is given by13

where

The line broadening is then given by

The relevantJ(ω) expressions are given by Freed,18 but here,
partly for the sake of simplicity, we consider the case of very
short O2 relaxation, i.e., |ω0T1,O2| <1. Equation A3 then
simplifies to

where the spectral densityJ(0) (J(ω0) ≈ J(0) in this limit) is
given by

whereD is the O2 diffusion coefficient on the char,d is the
distance of closest approach of O2 to a spin on the char, andτ
) d2/D is a correlation time.

If we assume that O2 relaxation is dominant (i.e.,τ/T1
S . 1),

thenJ(0) simplifies to

Appendix B: Spin Exchange

We have emphasized a relaxation mechanism based on
dipole-dipole interaction between char radicals and oxygen
molecules, but Heisenberg spin exchange (HE) is also an
important spin relaxation mechanism.23,24 HE is a mechanism
that requires contact or collisions between a char radical and
an oxygen molecule and is a short range interaction, unlike
dipolar interactions that have a longer range. Thus, unlike dipolar
interactions, it will be ineffective as a source of inhomogeneous
broadening in the limit of solids with little or no motion. In
the presence of O2 diffusion (or desorption and readsorption)
on the char surface, it becomes a viable broadening mechanism.
However, HE typically yields a homogeneous broadening that
increases substantially with increasing temperature, whereas
the observed broadening decreases with temperature (cf. Table
2 and Figure 6). Such a temperature dependence is charac-
teristic of the well-known behavior of dipole-dipole inter-
actions,13,18,19,23,24,25and this is why the latter is emphasized
here.

Nevertheless, it is appropriate to briefly comment on the
potential relevance of HE to the present study. An expression
for the homogeneous line broadening in the case of shortT1,O2

is given in a convenient form by24

T2,I
-1 ) γI

2γS
2pS(S+ 1){1

6
J(0)(0) + 1

24
J(0)(ωI - ωS) +

3
4
J(1)(ωI) + 3

2
J(1)(ωS) + 3

8
J(2)(ωI + ωS)} (A1)

J(0)(0) ) 48π
15

J(0) ) 16π
5

6J(0) (A2)

J(1)(ωS) ) 8π
15

J(ωS)

J(2)(ωS + ωI) ) 32π
15

J(ωS + ωI)

T2,I
-1 ) 4π

15
γI

2γS
2p2S(S+ 1){2J(0)+ 1

2
J(ωI - ωS) +

3
2
J(ωI) + 3J(ωS) + 3J(ωI + ωS)} (A3)

T2,I
-1 ) 8π

3
γI

2γS
2p2S(S+ 1)J(0) (A4)

J(0) ) 8
27

NS

dD[ 1 + 1/4(τ/T1
S)1/2

1 + (τ/T1
S)1/2 + 4/9(τ/T1

S) + 1/9(τ/T1
S)3/2] (A5)

J(0) ) 2
3

NS

d3
T1

S (A6)

∆LWHE ) AKHE[O2]
ads (B1)
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where

and

with d andD defined in Appendix A, andpA, which indicates
the probability of exchange per collision, given by

where

Here J is the exchange interaction between the spins of a
colliding O2 and char spin, andτc is the mean interaction time
that, in a diffusion model,23 is given byτc ) τ/6, with τ defined
in Appendix A. For reasonable values23,24 of J, τc, andT1,O2,
one readily estimates thatpA ≈ 1 corresponds to “strong HE”,
for which eq B1 gives

Let us first consider the limiting case of unsaturated O2

adsorption, (i.e., bP, 1 in eq 2). Then [O2]ads ∝ (τ/T1/2) so
∆LW ∝ T-1/2 or practically temperature independent over 25-
58 °C. Next, we consider the limiting case of saturated O2

adsorption, (i.e., bP. 1 in eq 2). Then [O2]ads∝ T-1/2, so ∆LW
∝ (τT1/2)-1 which, predicts an increase in line width with
increasing temperature. (Both are contrary to the experimental
results which include these limits.)

However, it is reasonable to suppose that HE broadening does
make some contribution to the line width of the char spins. Thus,
for τ ∼ 20 ns, we estimate thatD ) d2/τ ∼ 3 × 10-8 cm2/s,
using d ∼ 2.5 × 10-8 cm. This gives∆LWHE ∼ 1.5 G,
compared to the value of∼100 G for dipole-dipole interaction
with this value ofd (see the main text). Thus, this estimate of
∆LWHE is too small to account for the experimental results.

These estimates, suggesting a much greater role for dipole-
dipole interactions, are similar to those from studies on lipid
membranes, where dipole-dipole effects dominate at lower
temperatures and Heisenberg exchange dominates at higher
temperatures.25 Although this estimate for∆LWHE indicates a
minor contribution, further study is warranted to distinguish
between the relative contributions of longer range dipole-dipole
and short-range HE interactions.
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