
Molecular Diffusion and DNP Enhancement
in Aqueous Char Suspensions

B. M. Odintsov,*,‡,§,¶,1 R. L. Belford,*,† P. J. Ceroke,*,‡ Z. Sh. Idiyatullin,§ R. S. Kashaev,§
I. V. Kuriashkin,*,‡ V. S. Rukhlov,¶ A. N. Temnikov,§ and R. B. Clarkson*,‡,1

* Illinois Research EPR Center,†Department of Chemistry, and‡Department of Veterinary Clinical Medicine, University of Illinois, 190 MSB,
506 S. Mathews, Urbana, Illinois 61801; and§State Technological University and¶Zavoiski Physical-Technical Institute,

Russian Academy of Sciences, Kazan, 420029, Russia

Received February 4, 1998; revised September 9, 1998

The heterogeneous 1H dynamic nuclear polarization (DNP)
effect is studied at low magnetic fields for a system consisting of
several newly synthesized carbon chars suspended in water. By
using Fourier Transform pulsed-field-gradient spin–echo NMR
spectroscopy, several different self-diffusion coefficients have been
observed in aqueous char suspensions, corresponding to regions of
differing water mobility in the porous structure. Proton spin–
lattice relaxation data generally confirm the results of molecular
diffusion measurements. Through utilization of the Torrey model,
the influence of “cage effects” on DNP enhancement in porous
media is discussed. Results suggest that short-range nuclear–elec-
tronic interactions in pores have a dominant effect on DNP en-
hancement in char suspensions. © 1998 Academic Press
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INTRODUCTION

An understanding of molecular motion and spin dynamics in
porous structures is of central importance to research concern-
ing heterogeneous catalysis, fluid penetration of engineering
plastics and ceramics, and biological perfusion. Because of the
confining influence of pore boundaries on molecular motion,
this motion contains a signature characteristic of pore morphol-
ogy. Studies of molecular diffusion and relaxation processes in
paramagnetic porous materials provide valuable information
about surface relaxivity and spin dynamics at the solid–liquid
interface (1–3).

Over the past two decades, many different magnetic reso-
nance methods have been used in studies of paramagnetic
centers in carbonaceous solids as well as in studies of the
surface diffusion of solvents adsorbed on charcoals (2–8). By
means of an EPR technique, it was established that the un-
paired electrons responsible for the electron paramagnetism of
chars presumably represent stable free organic radicals created
during the heat-treatment carbonization procedure. Surface dif-
fusion of different solvents adsorbed on charcoals has already

been the subject of NMR relaxation studies (4–6). An NMR
chemical shift technique also has been applied to study the
molecules adsorbed on charcoal and silica gel (7, 8). Recently,
self-diffusion coefficients in porous media by different kinds of
pulsed-field-gradient (PFG) NMR have been the object of
intensive theoretical and experimental studies (9–13). In spite
of significant progress in these studies, the electronic structure
of char paramagnetic centers and the process of free radical
formation during carbonization, as well as the nature of hyper-
fine interactions on the surface of chars, are not yet fully
understood.

During the past few years there has been a new interest in
paramagnetic carbon systems for biomedical applications (14).
Recently (15, 16) we demonstrated the possibility of using char
microparticles as a new type of contrast agent in dynamic
nuclear polarization (DNP) imaging and DNP oximetry. The
efficiency of these contrast agents is determined mainly by the
magnitude of the DNP enhancement in polarized nuclei.

The use of the nuclear–electron Overhauser effect to polar-
ize nuclei in both liquids and solids via DNP is a well-known
phenomenon (17). Studies of DNP already have demonstrated
the possibility of obtaining detailed information on the char-
acter of intermolecular hyperfine interactions and molecular
motion in both liquids and solids (17–20). DNP is especially
effective when other methods of detecting very weak scalar
intermolecular coupling, such as direct observation of hyper-
fine structure in EPR and chemical shift measurements in
NMR, are ineffective due to line broadening (21).

In general, the unpaired electron spins used to dynamically
polarize the nuclei are distributed uniformly throughout the
bulk of the sample. In several cases, DNP can be produced in
a liquid by pumping with microwave radiation in resonance
with paramagnetic centers near the solid–liquid interface (20).
There are only a few reported experimental studies of solid–
liquid DNP transfer between sublevels in magnetic spin sys-
tems consisting of species with different gyromagnetic ratios
(22, 23). Most of these have described the dominant “solid-
state” DNP effect due to pure dipole–dipole intermolecular
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interactions, such as those observed between free radical labels
immobilized on a surface and solvent protons (22).

We recently reported (24) the first observation of solid–
liquid electron spin density transfer in an aqueous system
consisting of hardwood chars suspended in water by using an
1H pulsed DNP technique at a low magnetic field. Proton DNP
enhancement has been seen for aqueous suspensions of several
newly synthesized types of chars, where both positive and
negative Overhauser effects were detected in different samples
(24–26). The magnitudes of the observed NMR absorption as
well as emission of water protons in different char suspensions
are an order of magnitude less than the theoretical maximum
for pure scalar and pure dipolar coupling, respectively. Possi-
ble reasons for this lower DNP enhancement can be found in
the details of molecular diffusion and spin dynamics in para-
magnetic porous media. In this work we experimentally ana-
lyze the heterogeneous DNP effect in several chars suspended
in water by using several magnetic resonance techniques.

EXPERIMENTAL

Pulsed DNP at Low Magnetic Field

In contrast to traditional NMR and EPR spectroscopy, where
chemical (structural) utility is improved at high magnetic fields
due to the increase of resolution in the spectrum with fre-
quency, the effectiveness of relaxation phenomena, such as
DNP, has a more complicated field dependence (17–20). Low
magnetic fields are of special interest in liquid and multiple-
phase DNP applications, because it is in such fields that cross-
relaxation spectral density functions have the highest values.
DNP often is able to look at the intermolecular events that
bring about the coupling between electron and nuclear spins,
and can examine the structural and motion features that govern
the interaction. For this purpose, lower magnetic fields, or a
range of fields at which data can be obtained, provide the
richest information.

The measurements of DNP enhancements of water protons
in char suspensions were carried out under the following con-
ditions: nI 5 vI/2p 5 0.5 MHz, B0 5 117.5 G; theelectron
resonance frequency wasnS 5 328.8 MHz. A portable NMR
relaxometer (27) was modified and used to detect the polarized
NMR signal. A synchronizing pulse from the NMR relaxom-
eter (Fig. 1) activates the delay generator, which provides the
delay time between the EPR-pumping pulse and NMR pulse
sequences. At the same time, the delay generator creates a
rectangular pulse that modulates the amplitude of a Hewlett–
Packard 8647A signal generator, which is the source of the
EPR resonance frequency. This RF pulse is then amplified by
a Henry Radio power amplifier. A spiral delay line (helix) was
used to enhance the EPR saturating field. A two-channel
Hewlett–Packard 54600A digital oscilloscope was used to pro-
vide display and averaging of the NMR signal amplitude
(channel 1) and for measurement of the voltage on a high-

frequency diode (channel 2), which is proportional to the EPR
saturation field amplitude,B1S, inside the EPR helix. The
proportionality coefficient between the voltage andB1S was
determined in separate experiments with a 1 mM aqueous
solution of Fremy’s salt K2[NO(SO3)2] of known electronic
relaxation times (21). We used the pulse sequence described in
Fig. 1, where the EPR saturating pulse, NMR pulse sequence,
and signal acquisition period were separated in time. The
period of the EPR saturating pulses can be chosen to avoid
microwave heating of the sample. Details of the experimental
apparatus are described elsewhere (21).

Following Solomon (28), one can determine a quantitative
expression for the time dependence of NMR magnetization^Iz&
in coupled nuclear–electron system

d^I z&/dt 5 2@~^I z& 2 I 0! 1 j f ~^Sz& 2 S0!#/T1n, [1]

wherej is the nuclear–electron coupling parameter.I0 andS0

represent the equilibrium nuclear and electronic magnetization,
respectively. The leakage factor for nuclear spins in homoge-
neous solutions of paramagnetic ions and free radicals is usu-
ally calculated by the formula (17)

f 5 1 2 T1/T1~0!, [2]

whereT1 and T1(0) are the experimentally obtained nuclear
spin–lattice relaxation times in a solution and pure solvent,
respectively.

For many systems, it can be assumed that on the scale of
nuclear relaxation times, electronic relaxation happens in-
stantly. This assumption gives us the initial conditions for the
integration of Eq. [1]. For a two-pulse Hahn NMR sequence
generated after an EPR pumping pulse, the master equation
describing the relative amplitude enhancementA of the nuclear

FIG. 1. Time sequence of EPR and NMR pulses in a low-field DNP
experiment, where the EPR saturation, NMR pulses, and signal acquisition
period are separated in time.
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spin echo signalV derived from a polarized sample can be
obtained from [1],

A 5 @V 2 V0#/V0 5 AmaxZ@1 2 exp~2tp/T1!#exp~2td/T1!,

[3]

whereV0 is the amplitude of the nonpolarized echo,tp is the
duration of the EPR saturation pulse, andtd is the delay time
between EPR andp/2 NMR pulses (see Fig. 1). Parameter
Amax is defined as

Amax 5 2j fgs/g I, [4]

whereugs/gIu 5 660 for protons.
The valueZ 5 (S0 2 ^Sz&)/S0 in [3] is the EPR saturation

parameter, which depends on the EPR line shape. For the
simplest case of a single Lorentzian EPR line, saturated in the
center,

Z 5 gs
2B1S

2 tS
2/~1 1 gs

2B1S
2 tS

2!, [5]

wheretS 5 (T1ST2S)
1/ 2. In this case, the reciprocal value of

the NMR enhancement,A21, depends linearly upon the square
of the reciprocal of the EPR saturating field amplitude,B1S

22.
The slope of the graph of this dependence is determined by the
product of electron relaxation timesT1ST2S. In the case of an
inhomogeneous EPR line, this dependence becomes more
complicated (16). Note that there are no adjustable parameters
in expressions [2]–[5].

ParametersAmax andj in [3] were found experimentally by
extrapolating a plot ofA21[1 2 exp(2tp/T1n)]exp(2td/T1n)
vsB1S

22 to zero ofB1S
22 according to Eq. [5]. The leakage factor,

f, was obtained by measuringT1 and T1(0) by formula [2].
According to [3], the spin–lattice relaxation timeT1 can be
measured in two ways—by changing either the polarization
time tp or the delay timetd between the EPR pulse and the
NMR pulse sequence. Both methods were utilized in these
experiments. It should be emphasized that in low-field DNP
experiments, the volumetrically averaged DNP parameters
usually are measured, as is shown in Table 1. The major source
of error in the DNP/NMR experiment at low magnetic fields
arises from the inaccuracy in measuring the nonpolarized NMR
signal intensity,V0; by utilizing the averaging options of a HP

54600A oscilloscope, the relative experimental error was de-
creased to 5%.

Pulsed-Field-Gradient Spin–Echo NMR Spectroscopy

PFG NMR has attracted renewed attention as a probe of
microscopic but volumetrically averaged properties of materi-
als (10–13). This method is one of the best tools for measuring
the time-dependent diffusion coefficient (10). The measure-
ment is nondestructive and does not involve the introduction of
chemical or isotopic tracers (11). The theoretical foundation of
this method is based on the dependence of the spin–echo
amplitude on the external magnetic field gradient valueg
(29–32). The quantitative relationship between spin–echo am-
plitude attenuation and self-diffusion coefficientD is given by
the well-known equation (11)

ln~ AG/A0! 5 2k2tdiffD, [6]

where AG is the spin–echo signal amplitude andA0 is the
amplitude with no gradients,k 5 ggd, whereg is the gyro-
magnetic ratio of the nucleus,d is the gradient pulse duration,
and the diffusion time,tdiff 5 (t 2 d/3), is afunction of the
duration of the applied gradient as well as the separation
between the diffusion-sensitive gradient pair,t. Equation [6]
gives us the possibility to determine the self-diffusion coeffi-
cient D by changingg, d, or t values, because the molecular
diffusion process causes a proportional decrease of the spin–
echo signal amplitude. If a series of experiments are performed
where onlyg is varied incrementally, then the slope of a linear
plot of ln(AG/A0) vs k2tdiff can be used to calculate the
self-diffusion coefficient,D, for freely diffusing molecules.
Thus in a simple monocomponent dilute solution, a plot of
ln( AG/A0) vsk2 is a straight line. The slope of the graph of this
dependence is determined by the self-diffusion coefficient.
When several different types of molecules with different self-
diffusion coefficients are present in solution, the data often can
be deconvoluted by means of multicomponent mixture analy-
sis, resulting in values ofDi for each component in the system.
In this case the function ln(AG/A0) is a combination of several
lines with the slopes determined by the corresponding diffusion
coefficients (13). One can use traditional graphical analysis,
with consecutive subtraction of diffusive components from the
total curve, to determine eachDi present in the data.

The measurement of self-diffusion coefficients of water mol-
ecules in char suspensions was performed at room temperature
with a modified Tesla-BS-567A high-resolution NMR spec-
trometer operated at a Larmor1H frequency of 100 MHz and
equipped with a Fourier transform accessory. The spectrometer
was modified with two self-shielded gradient Helmholtz coils
that can achieve a maximum gradient strength of 50 G/cm. We
used the pulse sequence described in Fig. 2, where the gradi-
ents are turned off during the RF pulses and the signal acqui-
sition period. The standard relaxation Hahn pulse sequence

TABLE 1
Experimental DNP Data in Aqueous Chars Suspensions

at Magnetic Field 117.5 G

N Material T1
av(s) Amax

1 Hardwood 0.28 0.01 120 0.3
2 Starch 0.31 0.01 224 0.3
3 Fructose 0.49 0.02 265 2.1
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program was modified to introduce the gradient pulses as well
as a delayt between the end of the second RF pulse and the
start of data accumulation, the delay being equal to the time
between the two of pulses as shown in Fig. 2. The right half of
the spin–echo signal was Fourier transformed and analyzed.
The FT-PFG NMR technique allows one to increase the mea-
surement accuracy (11). Experiments were performed by vary-
ing the gradient strengthg and keeping the gradient widthd
and all other timing parameters constant. Typically the values
d 5 8 ms andt 5 30 ms were used for the width of the gradient
pulse and time interval between Hahnp/2 andp RF pulses,
respectively. It should be noted that only diffusion components
which are not completely relaxed within the time interval 2t
can be analyzed. Experimental error of self-diffusion measure-
ments did not exceed 5%.

NMR Relaxometry

Spin–lattice relaxation timesT1
i of water protons in char

suspensions were measured by an NMR relaxometer NMR-
07PC, which is a modification of the previous model described
in (33). Special software has been created to account for
multi-exponential relaxation, in which the relaxation (echo–
decay) curve was described as a sum of several components
A(t)/A(0) 5 PiFi(t) with the corresponding weighting coef-
ficientsPi. The exponential form of each componentFi(t) 5
exp(2t/T1) was used. To avoid the possible influence of
slightly nonexponential time dependencies ofFi(t), only the
initial part of each component was used, with the consecutive
subtraction of the most slowly relaxingFi(t)-components from
the total curve. Relaxation times and relative intensitiesPi of
each component were determined by linear least squares anal-
ysis. The dynamic range of the relaxation measurement fol-
lowed the decay of the echo out to 1/50 of its initial amplitude.
Experiments were carried out at room temperature at a proton
resonance frequency of 6 MHz. The pulse sequence (p/2–t–
p /2–t–p) was used. Data were averaged over 50 acquisitions
with a recycling delay of 10 s to avoid saturation. Experimental
error of relaxation time measurements did not exceed 5%.

Samples

Samples of chars used in this work were produced by a
thermal treatment of carbonaceous materials, obtained from
various kinds of woods (e.g., hardwoods, softwoods), starch,
and fructose, by charring under an H2 and CH4 flow. Not only
do the properties of chars depend upon the nature of the
starting material, they also are strongly affected by thermal
treatment (both the temperatures and the times of heating) and
the gas atmosphere in which the thermal treatment is carried
out. The samples were heated at the rate of 10°C/h according
to a preselected heat-treatment profile, with a maximum tem-
perature ranging from 420 to 720°C. Preparation techniques
included digitally programmed temperature profiles, ball mill-
ing, and size separation by microsieving. A particle size of
about 450mm was used in these experiments. The samples
were suspended in water and then bubbled with pure helium for
15 min to reduce the concentration of dissolved oxygen in the
solvent. A concentration of 0.64 g/cm3 of char suspended in
water was used. The EPR spectra of chars in water at room
temperature consisted of single, nearly Lorenzian lines, with
peak-to-peak line widths of about 1.0 G, and a typical free
radical g-factor close to the free electron value of 2.0023.
Experimental details of char synthesis are described elsewhere
(16, 34).

RESULTS AND DISCUSSION

In this study, the proton DNP enhancement of water mole-
cules was observed in aqueous suspensions of several newly
synthesized types of chars, where both positive and negative
Overhauser effects were detected in different samples. Table 1
shows DNP parameters and proton spin–lattice relaxation
timesT1 for chars suspended in water with different nuclear–
electron interactions. Negative DNP enhancement was ob-
served in fructose char suspensions as a result of the dominant
dipolar–dipolar (through space) hyperfine interactions at the
solid–liquid interface. Positive DNP enhancement was ob-
served in several hardwood char suspensions, which is strong
evidence for a short-range contact hyperfine interaction at the
solid–liquid interface (17–20). This coupling leads to electron
delocalization from paramagnetic centers on the char surface to
water protons in the solvent, since the contact interaction
demands that there be a nonzero value for the electronic wave
function at the nucleus (17). In accordance with (2) and (3), the
linear dependence of positive DNP enhancementA21 on
B1s22 was observed in hardwood char suspensions (Fig. 3a),
indicating the homogeneous nature of EPR line broadening in
the chars. Good linearity also was observed in samples that
demonstrated a negative enhancement (Fig. 3b).

A strong temperature dependence of the DNP enhancement
was observed in aqueous suspensions of hardwood chars (Fig.
4a). With increasing temperature, the sign of the water proton
DNP enhancement in several hardwood char suspensions

FIG. 2. The pulsed-field-gradient spin–echo pulse sequence used to measure
diffusion in char suspensions. In our experiments,d 5 8 ms andt 5 30 ms, and
the strength of applied gradientg pulse was varied as explained in the text.
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changed (Fig. 4b) from negative (NMR emission of polarized
proton signal) to positive (NMR absorption), indicating a
change in the relative contributions from exchange (scalar) and
dipole–dipole nuclear–electron coupling (25). The increase in
scalar polarization with temperature suggests the possibility of
exchange processes at the solid–liquid interface. A model of
molecular migration at the solid–liquid interface was con-
structed in our work (25) to account for these observations.
Correlation of experimental and theoretical results has been
achieved through consideration of the proton–electron spin
dipole–dipole interaction and of chemical exchange of solvent
molecules.

In contrast to hardwood chars, the negative DNP enhance-
ment in fructose char suspensions was practically temperature
independent (Fig. 4c), suggesting that the frequency dispersion
(17–20) is negligible in these systems and the “white spec-
trum” condition is realized in the frequency region under
investigation. The temperature independence of the DNP en-
hancement in fructose char suspensions also reflects the dom-
inant dipole–dipole type of hyperfine interaction at the solid–
liquid interface, since the change in temperature does not lead
to a change in the balance between dipole–dipole and scalar
solid–liquid interactions, as in the case of hardwood char
suspensions (Figs. 4a and 4b).

A DNP control experiment was run in which the char par-
ticles were filtered out of the water solution. No DNP enhance-
ment was detected in the filtered water. This indicates that the
chars were not dissolving and that no solvated molecules were
giving rise to DNP. Only solid–liquid hyperfine interactions
with water, chemisorbed on the large char particles containing
unpaired electrons, are important and give rise to DNP effect in
these systems.

The magnitudes of the observed positive and negative DNP
enhancements in char suspensions (Table 1) are an order of
magnitude less than the theoretical maximum of pure scalar
1330 (scalar relaxation of Abragam’s Type II) and pure dipo-
lar 2330 coupling, respectively. One possible reason for this
lower enhancement is a delicate balance between dipole–di-

pole and scalar solid–liquid interactions in these systems. The
importance of this mechanism was analyzed in our work (25).
It was shown that the effectiveness of this mechanism critically
depends on temperature. However, the change in temperature
in fructose char suspensions does not lead to a change in the
balance between dipole–dipole and scalar solid–liquid interac-
tions, as in the case of hardwood char suspensions (Fig. 4c).

Another important mechanism is the possible influence on
the value of DNP enhancement of a gradual transition from the
pure “liquid” DNP effect to the pure “solid-state” effect at (vs

6 vI). One expects to find this transition when the correlation
time of liquid motion goes from values much shorter to values
much longer than the transverse electron relaxation timeT2S,
although more detailed criteria (36–38) also involve T1S.
Heisenberg electron–electron spin exchange at the surface of
chars, where the concentration of paramagnetic centers is high,
can be considered as a modulation mechanism (in addition to
thermal molecular motion) for DNP phenomenon at the solid–
liquid interface and may affect the DNP enhancement in char
suspensions. The intensity of electron spin exchange can in-
fluence the gradual transition from the pure “liquid” DNP
effect to the pure “solid effect” in such paramagnetic multiple-
phase systems. The maximum value of polarization in the
intermediate situation lacks the symmetry inDv of the “liquid”
effects (Dv 5 0) (17). However, in all investigated compounds
the maximum DNP enhancement was achieved with the mi-
crowave frequency centered on the EPR line, indicating that
the dynamic polarization occurs through the Overhauser mech-
anism, as opposed to “solid-state” effect (17, 18, 35).

The self-diffusion coefficientsD for aqueous char suspen-
sions have been measured by using the FT-PFG NMR tech-
nique. Typical raw PFG data are shown in Fig. 5. The near-
linear dependence of ln(Ag/A0) on the gradient strengthg was
observed in fructose char suspensions. This is an important
feature of the data, as it indicates that the water molecules are
largely undergoing unbounded diffusion in this kind of char
system. This observation may be the result of the hydrophobic

FIG. 3. Plots of experimental EPR saturation for hardwood (a) and fruc-
tose (b) chars suspended in water atT 5 3008K. From best straight lines fitted
to the data, theAmax values have been found (Table 1).

FIG. 4. Temperature dependence of DNP enhancements of water protons
in an aqueous suspensions of chars with different initial charring materials
(atmosphere of charring): (a) hardwood (H2), (b) hardwood (CH4), and (c)
fructose (H2) at B1S 5 0, 1 G,tp 5 0.5 s,td 5 4 ms.
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character of fructose char surfaces, which would favor fast
translational diffusion, with highD values, for water near the
solid–liquid interface. The low porosity of fructose chars also
may contribute to the effect. It should be noted that the hydro-
phobic character of fructose char is in good agreement with the
dominant dipole–dipole (through space) type of solid–liquid
hyperfine interactions which leads to negative DNP enhance-
ment in these char suspensions (Table 1).

In contrast to fructose char suspensions, the data obtained
from hardwood chars show the effects of pores on the PFG-
NMR diffusion measurements, as seen in Fig. 5. The observa-
tion suggests the hydrophilic character of these chars surface
with developed porous structure. Hydrophilic character would
promote the short-distance contact hyperfine coupling at the
solid–liquid interface, which leads to electron delocalization
from paramagnetic centers on the char surface to water protons
and to positive DNP enhancement in hardwood char suspen-
sions (Table 1). The maximumD0 5 2 3 1025 cm2/s value
obtained in all investigated compounds correlates with the
diffusion coefficient in pure water at 30°C (D 5 2.553 1025

cm2/s) and can be attributed to the molecules in bulk water
(volumeV0 in Fig. 6). A minimumDs 5 0.063 1025 cm2/s
value was observed in hardwood char suspensions (Table 2),
which indicates strong bonding of water molecules with the
surface of chars and can be attributed to the fluid molecules in
the remainder of the surface layer (volumeVS in Fig. 6) with
a mobility less than 1/30 that of molecules in bulk water.

Proton spin–lattice relaxation data generally confirm the
results of molecular diffusion measurements. The longestT1

0 (1
s) can be attributed to the relaxation time of the “bulk” water
(volumeV0 in Fig. 6) and corresponds to the high molecular
mobility in this area with maximum diffusion coefficientD0

(Table 2). Middle values forT1
s (0.3–0.4 s) can be attributed to

the envelope of water molecules (volumeVS in Fig. 6) having
contact with the “bulk” water and exhibiting diffusion coeffi-
cient DS. The shortest relaxation timesT1

p (30–50 ms) corre-
spond to the water molecules in the vicinity of paramagnetic
centers mainly in pore space (volumeVP in Fig. 6), where they
strongly interact with the free radicals on the surface of the
char and undergo multiple collisions with the paramagnetic
walls in a porous cage.

Unbounded molecular diffusion in fructose char suspensions
leads to fast molecular motion near the surface–liquid inter-
face, which results in a long relaxation time. Intensive molec-
ular motion initiates fast exchange between “surface” and
“bulk” water and gives us the averaged relaxation timeT1

0 5
T1

S 5 1.2 s (Table 2), which is comparable toT1 in pure water.
Analyzing the results of Table 2, one can find that in hardwood
char suspensions the fraction of water molecules in pore space
is equal to 8.2% as compared to only to 2% in fructose char,
suggesting an essential difference in the porous structure of
these chars.

Following Torrey (39), let an amount of fluid with volumeV
be bounded by a porous solid (Fig. 6). The surface of the solid
contains a number of paramagnetic centers which are in reso-
nance with a microwave power source. We denote byVP the
volume occupied by fluid molecules in pores in the immediate
vicinity of these centers and byVS (which is part ofV) the
volume occupied by fluid molecules in the remainder of the
surface layer. The nuclei inVp as well as inVS are flipped at
a given rate by the external microwave power through the
Overhauser effect with the characteristic relaxation timesT1

P

andT1
S, respectively. Some flipped nuclei escape to the volume

V0 before they are relaxed, where they are exposed to ordinary
relaxation, characterized by the relaxation timeT1

0.
The following equation has been derived (38) for the exper-

imentally observed (volumetrically average) spin–lattice relax-
ation timeT1

av of the fluid in the porous media:

~T1
av!21 5 ~T1

0!21 1 ~VS/V!/~T1
S 1 tS! 1 ~VP/V!/~T1

p 1 tp!;

[7]

heretS andtp are the residence times of molecules enteringVS

FIG. 5. Typical raw PFG-NMR data. Plot of ln(AG/A0) vs k 5 ggd, for
different chars saturated with water. The squares are data obtained from water
diffusing in hardwood char suspensions and clearly illustrate the effects of
restriction on the PFG-NMR diffusion experiment. The circles are data taken
from water in fructose suspensions under the same experimental conditions
and represents the curve for unrestricted diffusion.

FIG. 6. Schematic illustrating the effect of restricting boundaries on water
diffusion and relaxation measurements in char suspensions.
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andVP, respectively. Through use of the equation for nuclear
relaxation with diffusion (39), the following formula was ob-
tained in (38) for the nuclear leakage factorf in porous media:

f 5 @1 1 VS~T1
P 1 tp!/Vp~T1

S 1 tS! 1 ~T1
P 1 tp!/VPT1

0#21;

[8]

here we assumedV 5 1. In the case ofT1
P !T1

0 the leakage
factor f, as well as the DNP enhancement, depends mainly
on the relative efficiency of proton relaxation in volumesVs

and VP:

f 5 @1 1 VS~T1
P 1 tp!/VP~T1

S 1 tS!#21. [9]

Thus one obtains the full Overhauser effect if the relaxation in
VP dominates and the inequality

Vs/~T1
S 1 tS! ! Vp/~T1

P 1 tp! [10]

is satisfied. If relaxation inVS dominates, one finds a reduced
effect. Figure 7 shows the dependence of the DNP enhance-
ment valueA on the efficiency of proton relaxation in the two
different zonesVS and Vp for a fructose char suspension in
accordance with Eqs. [3] and [8].

Using Eqs. [7]–[8] one can estimate the residence times of
water molecules in pore spaceVP according to the formula

tp 5 VpT1
av/f 2 T1

P

tS 5 VST1
avT1

0/@T1
0~1 2 f ! 2 T1

av# 2 T1
S. [11]

Assume that the pure dipole– dipole type of hyperfine
interaction is present in fructose char suspensions and
that the nuclear– electron coupling parameterj in [4] is
equal to its theoretical valuej 5 10.5. Then, the lower-
than-expected experimental value of the DNP enhance-
ment can be understood theoretically by a smaller leakage
factor in porous media. Using DNP and relaxation data
from Tables 1 and 2, and calculating the leakage factor
value asf theor 5 Amax/330 5 0.2, one can estimate from
[11] the residence times in theVP andVS zones. Calculations
give tp 5 9 ms andtS 5 24 ms for fructose char suspen-
sions.

Figure 8 shows the dependence of the leakage factorf
on the residence timestp and tS in fructose char suspen-
sions. It follows from Fig. 8 that thef value (and as a result
the value of DNP enhancement) in char suspensions depends
mainly on the residence timetp of water molecules in pore
space. Increasingtp leads to a decrease of the DNP effect in
porous media. In other words, if the exchange of water

TABLE 2
Self-Diffusion Coefficients and NMR Relaxation Data in Aqueous Char Suspensions

N Material
D0 3 105

(cm2/s)
Ds 3 105

(cm2/s)
V0

(%)
Vs

(%)
Vp

(%)
T1

0

(s)
T1

s

(s)
T1

P

(s)

1 Hardwood 1.6 0.06 7.8 84 8.2 0.9 0.32 0.033
0.2 0.006 0.4 2 0.4 0.06 0.02 0.02

2 Starch 1.75 0.1 7.9 89 3.1 1.02 0.35 0.048
0.2 0.01 0.4 2 0.6 0.06 0.02 0.02

3 Fructose 1.96 0.2 98 2 2.0 1.2 0.06 0.04
0.2 0.001

FIG. 7. The dependence of DNP enhancement valueA on the efficiency
of proton relaxation in two different zonesVS and Vp for fructose char
suspensions.

FIG. 8. The dependence of leakage factorf on the sticking time values of
tp andtS for fructose char suspensions.
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molecules betweenVP and VS zones is blocked and the
inequality

tp . VP~T1
S 1 tS!/VS 2 T1

P [12]

is satisfied, one obtains a reduced DNP effect in accordance
with Eq. [10]. This “cage effect” obviously will increase with
increasing tortuosity of the pore structure. On the other hand,
increasing the pore volumeVP, leads to an increased leakage
factor and larger DNP effect in char suspensions (Fig. 9).
Relaxation processes in the pore space (T1

P) and in the remain-
der of the surface layer (T1

S) have an opposite influence on
DNP enhancement (Fig. 10). A decrease of the relaxation time
T1

P in the porous space is the main influence responsible for the
increase of the DNP effect. At the same time, shorterT1

P allows
one to use a shorter EPR saturation pulse in DNP experiments,
in accordance with Eq. [3].

CONCLUSIONS

The main DNP processes in char suspensions occur in pores,
and the short-range nuclear–electronic interactions in pores
have a dominant effect on DNP enhancement. Long-range
interactions associated with other (nuclear and electron–nu-
clear) relaxation processes at the remainder of the surface layer
have a small or even negligible effect. As a result, the value of
the DNP enhancement in char suspensions will increase under
the following conditions:

1. with a decrease of the pore size and tortuosity of pore
structure, which leads to a decrease of the residence timetp in
the pore space, and as a result, to more intensive exchange of
strongly polarized nuclei in pores with nuclei in the bulk
solvent;

2. with increase in pore volumeVP, compared with the
volumeVS in the remainder of the surface layer;

3. with a decrease in the spin–lattice relaxation timeT1
P in

the pore space; it should be noted that the shortening ofT1
P

allows the use of a shorter EPR saturation pulse in DNP

experiments (tp in Eq. [3]), which is especially important in
conducting materials to avoid the microwave heating of the
sample.

Thus the synthesis of chars with developed porous structure
and small pore size, low tortuosity, and fast spin–lattice relax-
ation in the pore space leads to an increase of the DNP effect
in char suspensions.

In spite of the good agreement between this model and our
experimental data, there still remains a question regarding the
possibility that differences in surface chemistry between chars
of the different composition could account for some of the
effects we attribute to porosity. In a previous study (25), we
measured the values ofEh, the Arrhenius activation energy for
water desorption, in hardwood, softwood, and starch chars.
This parameter is a direct reflection of the water/char chemis-
try, and it is nearly identical (60.5 kcal/mol) for these systems,
suggesting very similar surface chemistry. Yet the softwood
and starch chars do not demonstrate the same temperature
dependencies for DNP enhancements as does the hardwood
char. This observation leads us to state that differences in
porosity of the chars must play a critical role in the DNP effect.
Of course, surface chemistry also can be important, and future
research is aimed at a clearer understanding of the interplay of
structure and chemistry in these complex systems.
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