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The mechanism of oxygen response in several newly synthe- 1. EXPERIMENTAL

sized oxygen-sensitive chars was studied with the use of EPR spec-

troscopy. The results suggest that the compounds contain two basic Samples of chars were produced by a highly controlled lov
types of paramagnetic centers (PC). The change in oxygen concen-  temperature pyrolysis of carbonaceous materials, obtained fr
tration leads to a mutual and reversible transformation of PCs in  various kinds of woods, by charring undep How. The sam-
chars, which is reflected in EPR parameters. The adsorbed molec-  ples were heated at an increasing rate 6fCl@er hour with
ular oxygen progressively disturbs the wave functions of the PCs a maximum temperature ranging from 420 to @20Prepara-
and so breaks the Heisenberg exchange between them. ALhigh oXy- ;1 tachniques included digitally programmed temperature pr
gen concentration, the 2D dipole-dipole interaction between PCs at files, ball milling, and size separation by microsieving. Details c

the surface comes into play and determines the EPR lineshape. A X i
suggested model quantitatively describes the evolution of the basic char synthesis are described elsewhB/6). The most accurate

EPR parameters of each PC as a function of oxygen concentra- Mmeasurements were performed on Peltogyne, the exotic So

tion.  © 2001 Academic Press American hardwood, and fructose chars. Other hardwoods a
Key Words: electron paramagnetic resonance (EPR); spin-spin ~ Softwoods listed in Refs5( 6), such as Red Cedar and starch
interaction; surface; chars; oximetry. were also studied.

EPR measurements were performed on a Bruker EPR X-ba
spectrometer (ER-200, 9.7 GHz) at room temperature (295 K
I. INTRODUCTION The samples of dry chars were placed in a quartz tube and ev

uated to a pressure of:2 10-2 Torr? Spectra then were taken

The development of more sensitive, highly localized, noning pressures between the lowest value and atmosphere. Su
vasivein vivo measurement techniques for molecular oxygesrocedure enabled us to study the evolution of the EPR spectri
concentrations is important because of the central role that @ an 0, concentration range covering five orders of magnituds
plays in a variety of normal and pathological processes in ceftfe absolute concentrations of the PCs were determined frc
and tissues( 2). The effect of molecular oxygen on the EPRhe area under the EPR absorption line by double integrati

linewidth of paramagnetic centers (PC) present in carbon ch@fsine derivative signal. A reference sample (MgO : Mn) wa
was revealed in the 196083, @). This effect, by which molecular ;sed for calibration.

oxygen broadens the EPR line in a reversible and reproducible
manner, has become the basis for EPR oximetry. I1l. RESULTS
A low-temperature pyrolysis process was recently developed
atthe lllinois EPR Research Center for the production of a classat atmospheric pressure, all the studied chars demonstr:
of carbon-based chars for use in EPR magnetic resonance oxigigilar EPR lineshape, consisting of a narrow central part (tt
try (5, 6). The carbons are chemically stable and biologicallyeak-to-peak linewidthHg, ~ 10 G) and wide wings extended
inert, and have reduced detection limits for molecular oxygejut to hundreds of gauss. After evacuation, &k, value de-
by several orders of magnitude over the most sensitive existingases down to a few tenths of gauss, whereas the amplitt
methods. of the EPR signal increases several orders of magnitude, due
Despite intensive EPR investigations in such systems, the @bntraction of the broad wings (Fig. 1). These transformatior
gin of the PC and the mechanism of their oxygen response afeéhe EPR spectra were found to be reversible with changes
not yet clear. The objective of this paper is to suggest a n@Xygen concentration. The characteristic time of approachir

possible mechanism of oxygen response in newly synthesizfd steady state was less than 1 s. The whole PC concentrati
chars.

2 Throughout this paper we will use Mol/l units for oxygen concentration
1To whom correspondence should be addressed. Fax: (7095)203-844King into account that the atmospheric air pressure of 760 Torr correspond:
E-mail: demidov@mail.cplire.ru. oxygen concentration = 9.38 x 10-2 Mol/I.
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Let us consider the oxygen behavior of EPR parameters i
more detail. Figure 2 shows the basic parameters fitted for ea
component contributing to the experimental EPR line: (a) inte
grated intensities, which are proportional to the concentratio
of the corresponding PC, and (b) transverse relaxation Time
which is characteristic of the corresponding linewidth (the the
oretical expressions fof, are given in the next section). One
can see from Fig. 2a that the increase of oxygen concentratic
results in a monotonic decrease of the concentration of cente
type B, which form the narrower EPR line component. At the
sametime, the concentration of typeenters monotonically in-
creases. This behavior suggests thaially the center® have
2ol LN ‘ ] no oxygen in their nearest neighborhood, while the centers
3440 3460 3480 3500 3520 have. As the concentration increases, oxygen molecules en
sites near the paramagnetic centBrghus transforming them
to centersA. As a result the fraction of radicals having neigh-

FIG.1. EPR spectra of “Peltogyne” char ak2L0~2 Torr (narrow line) and - boring oxygen (centers of typ&) increases progressively, while
760 Torr (b_roadlin_e). Note the scale change for the magnitude_ofthe narrowlil_ﬁﬁe concentration of cente® decreases. It should be empha-
Inset: the distantwing ofthe spectrum at760 Torrandthe pestﬂtusmg Lorentzgéﬁed that over the whole range of the oxygen concentration tr
(dashed curve) and 2D dipolar (solid curve) approximations (see the text). . . .

total amount of the radical${+ B) remains constant. This fact
supports a model in which there istvautual transformatiorof
as determined from the area of the EPR absorption, was foundlifferent types of paramagnetic species. Note that the oxyge
be constant within the whole range of oxygen content variatiobehavior of EPR parameters is reversible with a short characte
In particular, a PC concentration aff4< 10'° g~ was measured istic time not exceeding 1 s, thus suggesting a physical natui
in chars produced from Peltogyne. Qualitatively, the evoluticof char—oxygen interactions.
of the EPR spectrum caused by oxygen was similar for all newly The char samples studied in the present work are porous m
synthesized chars described in Refs.6), and the “Peltogyne” terials. On can suggest that tAeenters are situated in the pores
sample was selected in this work in order to illustrate genem@ntaining adsorbed oxygen, whereas Bheenters occupy the
trends of char oxygen behavior. oxygen-free pores. So the influence of the oxygen molecule

Figure 1 demonstrates typical evolution of the EPR spectrum
of chars with changes of oxygen concentration. A simple anal-
ysis shows that generally the EPR lineshape cannot be approx- . . . B ,
imated by either a single Lorentzian or Gaussian curve. In a 10° — ”“10 . 1? 1? 10 10
cordance with Ref.§) two superimposed Lorentzian lines are c . cecccnmice
needed to fit the spectra at low concentration of oxygen. Each 3
the lines corresponds to a different kind of PC in chars: cente @
A form the broader EPR component, while cent®rorm the
narrower one. The fitting procedure results in a good appro> ‘g
mation of the lineshape (the residual is at the level of noise in tl §
experiment) within the @concentration changed from&10~7
to 3 x 103 Mol/l, and a simple two-site exchange model be F !
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At O, concentrations higher than>310-2 Mol/l, the EPR = 10'F
lineshape changes, and a simple superposition of two Lorentz 2
lines no longer can be used to approximate the spectrum. T - 10°F 3
inset in Fig. 1 shows that at the oxygen concentration the lirt ; T RV R UUTI RN RN §
10° 10° 10" 10° 10*

wings fall off much slower than those for a two-Lorentzian su

perposition. Thus not only does broadening of the EPR lir 0O,. Mi

occur, but also a substantial change in the lineshape at oxygen

concentrations abovex310-3 Mol/l. We suggest that this trans-_ IiIG. 2. Trle dependencies of the fitting par_amgters of_the E_PR spectrur

formation is due to the crossover from the regime of e)((:r]al,@]é:}‘_Peltogyne char on the oxygen concentration in ambient air. Open an
. . ; : . id symbols correspond t and B components of the spectrum, respec-

narrowing to dipolar broadening of the EPR line. A theoreticglely. Dashed and dotted lines represent the asymptotic behavieratfhigh

basis is presented in Section IV. oxygen concentration (see the text).
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on the A spin system is more pronounced than on Biene, value exceeds the dipolar linewidth by two orders of magnituc
the latter being separated from the oxygen molecules by panmed can reach £0G, a figure which is in good agreement with
walls (at least tens adrigstroms). As the oxygen concentratiord evaluated from static susceptability measuremedjts (
increases, some more accessible pores can be filledAirgtg Relatively high oxygen concentrations{& x 10-3 Mol/l).
aresult,T; starts to decrease for both kinds of centers, whereggthis amount, the EPR lineshape cannot be described by a
the AandB populations begin to change only at higherlues, perposition of Lorentzians. This transformation can be caus:

when oxygen enters other pores, see Figs. 2a, 2b. by increasing d—d interactions, both between the PCs themsel
and between PCs and paramagnetic oxygen molecules. Howe
IV. DISCUSSION in the case of a 3-dimensional (3D) PC distribution, such tran

i 3 formation should not change the Lorentzian lineshape, whic

Low oxygen concentration (3 x 10™ Mol/l). If we as- s characteristic of both exchange narrowing and dipolar broa
sume a homogeneous distribution of PC in chars, one can eagihing in a magnetically dilute syster®)( The existence of the
estimate that with the given PC concentratier(x 10°9™")  gistant EPR wings, which fall off slower than the Lorentziar
the magnetic dipole—dipole (d—d) broadening of the EPR linges can be explained by a 2D distribution of the PCs on tl
must be about 10 G. Consequently the EPR linewidth of &4 syrface. A high surface area (abotit tt8/g) typical of the
few tenths of gauss, which is experimentally observed at IQ¥,5rs under studyLQ) favors such a distribution.
oxygen pressures, is due to electron—electron Heisenberg exrpe transformation of Lorentzian lineshape to a dipolar on
change narrowing. The purely Lorentzian lineshape typical gfith oxygen concentration increase indicates that the inequ:
the exchange-narrowed EPR spec8ai¢ observed (Fig. 1). ity [2a] becomes progressively invalid, and finally turnsite:
The existence of antiferromagnetic exchange in similar SY§ ~ 10 G. This suggests that adsorbed paramagnetic oxyg
tems has already been demonstrated experimengllijtvas  mpjecules disturb the PCs electron wave function, thus leadi
also suggested that the exchange process between paramagpeligiecrease of the exchange interaction between the PCs. /

species can be affected by molecular oxygen (superexchangg)it, the exchange narrowing breaks down and the 2D dipo
even atsmall oxygen concentrations. However, if superexchanggcnanism dominates.

through labile oxygen were important, evacuation of the sampleTne Epr lineshape in magnetically dilute d—d systems c:
should lead to EPR broadening due to the removal of 0xyggR gescribed by statistical theory with the use of the Anders
needed for the superexchange. This was not observed expgigel (1. It was recently shown by Fel'dman and Lacelle

mentally (see Fig. 2), suggesting that Heisenberg exchange @6y that the free induction decay (FID) in such systems wit
curs directly between PCs, without oxygen molecules as 'm%rrbitrary dimensionalitD = 1, 2, or 3 of the PC distribution

mediaries. . . . has the form
At low oxygen concentrations the EPR linewidth, strongly

narrowed by the exchange interaction can be estimated by the t) = S(0) . exp(—t /T,)°/3 3

formula @) S(t) = S(0) - exp(-t/T2)~"". (3]
M The EPR absorption lineshape is related to the FID through tl

Sex A -2 [1] Fourier transformatiors). In particular case oD = 3 one gets

J the well-known Lorentzian

whereM; is the second moment of the line caused by d—d inter- 1 T

action andJ is the exchange integral. Equation [1] is valid only if gu(é) = 1T eT)R [4]

the exchange integrdl is much larger than the d—d interactions 2

between PCs:

where$ is the frequency shift from the center of the line. The
12 analytical expression for the EPR lineshape in the case of a .
J > My [2a] distribution is not available. The analysis shows that the di
tant wings atD = 2 fall off as§~%3, that is, slower than the
In magnetically diluted solids\1; is related to the dipolar half- | orentzian wings. We successfully used the 2D dipolar linesha
width of the EPR line§), to fit our experimental EPR spectra at an oxygen concentrati
of ¢ > 3 x 103 Mol/l (see inset in Fig. 1). Thus, using the su-
Mz ~ adq, [2b] perposition of two Lorentzians at low oxygen concentration ar
the superposition of two 2D dipolar—dipolar lines at higher cor
wherex is an energy determined by the d—d interaction betweeantration we fitted the experimental EPR spectra in the wha
nearest PCs. Sincg characterizes the d—d interactions at eange of the oxygen concentrations, with a precision equal
mean distance, then obviouslys> §4. Hence in a diluted system, the signal-to-noise of the spectra.
le/2 > 84 (see, forexample, Re®)). Combining Egs.[2a]Jand  The peak-to-peak EPR linewidth derivatigéd,, for both
[2b] one can conclude that at the lowest€ncentration, thd Lorentzian and 2D dipolar lineshapes is related to Tae
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parameter for both Lorentzian and 2D dipolar lineshapes, exchange between them. As a result, the EPR linewidth tends
increase to the value determined by magnetic 2D dipole—dipol

SHpp(Lorentz)= 1.155(/T,)~* [5] interaction. o
L Finally, it should be noted that most applications of the char:
§Hpp(2D) = 0.398( T2) ~, [6] areintheliquid phase (aqueous biological media). The results

the present study are consistent with the data obtained previou:s
wherey is the gyromagnetic ratio. One can see from Egs. [%) aqueous char suspensioB} (urther investigation including
and [6] that at a giveil value, the dipolar 2D line has a sharpetetailed analysis of the EPR lineshape in aqueous systems is
central part and more intense distant wings than the Lorentzigogress.
one.

The theoretical formula foT, value caused by d—d interac- V. CONCLUSION

tions in a dilute 2D system was obtained in R&R)( However,
only a perpendicular orientation of the external magnetic field The model is suggested to explain the molecular oxygen cor
relative to the plane containing PCs was considered. In our cagétration effect on the evolution of the EPR spectrum of newl
of powdered chars, an averaging must be performed over siththesized carbon-based chars. The following points form th
random orientations of the char surfaces. After averaging ovssis of the model:
all angles between the surface and the external magnetidfield

the following formula was obtained, 1. The paramagnetic organic free radicals in chars form twi

types of paramagnetic centers, differing by their distance to th
adsorbed oxygen molecules. Each type of PC can be charact
3/2 p2y—1 - . o . .

T, = (4.65n;5 h%) [7] ized by its own oxygen sensitivity and EPR linewidth.

2. At small oxygen concentration up to03x 10~> Mol/I
wheren,p is the PCs surface density, ahds the Plank cons- the EPR linewidth in chars is much narrower than that ob
tant. More detailed theoretical consideration is published elsssrved at atmospheric oxygen concentration. Intensive Heise
where (3). berg electron—electron spin exchange interaction between tl

Utilizing Eg. [7] one can estimat&, value in chars under radicals themselves is responsible for such an extremely narrc
study. Using experimental data for the “Peltogyne” sample—PEPR linewidth.
concentration, # x 10'° g~1; density, 2.2 g/cm?®; surface area, 3. With increasing oxygen concentration, the paramagneti
100 nf/g—one getsi,p = 4.75 x 1083 cm™2 andT, = 2.0 x  oxygen molecules startto break up the radical-radical exchang
1079 s. This calculated’, value is in good agreement with thewhich leads to EPR line broadening. When the oxygen excee«
experimental data for centeBsin Fig. 2b. As the concentration 3.0 x 10~ Mol/l, the 2D dipole—dipole interactions between the
of oxygen increases and exchange narrowing between PCpaiamagnetic centers come into play. This results in broadenir
char disappears, tie value asymptotically tends to®<10°s. as well as changes in the EPR line shape.
Thus in accordance with the suggested model, the transversé. Over the whole range of oxygen concentration, the tote
relaxation at > 3 x 102 Mol/l is due to 2D d—d interactions amount of PCs remains constant, as measured by the integra
between the free radicals. intensity of the experimental EPR line. This fact supports ¢

Transverse relaxation of centefs enriched with oxygen, model in which there is a mutual transformation of different
could be governed by d—d interactions not only between the Pigpes of paramagnetic species. The oxygen behavior of all EP
themselves, but also with the nearby Molecules, which are parameters is reversible.
known to have orbital magnetic moments. Corresponding PC
transverse relaxation rate progressively increases upon raising ACKNOWLEDGMENTS
the oxygen concentration, and finally follows the law
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