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The heterogeneous *H 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

been the subject of NMR relaxation studigs-€). An NMR
chemical shift technique also has been applied to study th
molecules adsorbed on charcoal and silica ge8(. Recently,
self-diffusion coefficients in porous media by different kinds of
pulsed-field-gradient (PFG) NMR have been the object o
intensive theoretical and experimental studi@si3. In spite

of significant progress in these studies, the electronic structur
of char paramagnetic centers and the process of free radic
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 |
paramagnetic carbon systems for biomedical applicatibds (
Recently (5, 16 we demonstrated the possibility of using char
microparticles as a new type of contrast agent in dynami
nuclear polarization (DNP) imaging and DNP oximetry. The

An understanding of molecular motion and spin dynamics ﬁ.]‘ficiency of these contrast agents is determined mainly by th

porous structures is of central importance to research conc
ing heterogeneous catalysis, fluid penetration of engineering
plastics and ceramics, and biological perfusion. Because of th
confining influence of pore boundaries on molecular motio

ermggnitude of the DNP enhancement in polarized nuclei.

The use of the nuclear—electron Overhauser effect to pola
g nuclei in both liquids and solids via DNP is a well-known
Rhenomenonl(?). Studies of DNP already have demonstrated

this motion contains a signature characteristic of pore morph8i€ POssibility of obtaining detailed information on the char-

ogy. Studies of molecular diffusion and relaxation processesd

pter of intermolecular hyperfine interactions and molecula

paramagnetic porous materials provide valuable informatigfPtion in both liquids and solidsly—2Q. DNP is especially

about surface relaxivity and spin dynamics at the solid—liqut

interface (-3).

gffective when other methods of detecting very weak scala
intermolecular coupling, such as direct observation of hyper

Over the past two decades, many different magnetic redfte structure in EPR and chemical shift measurements i
nance methods have been used in studies of paramagnfitR. are ineffective due to line broadeninglj.

centers in carbonaceous solids as well as in studies of thdn general, the unpaired electron spins used to dynamicall
surface diffusion of solvents adsorbed on charca2isg). By polarize the nuclei are distributed uniformly throughout the
means of an EPR technique, it was established that the @Ik of the sample. In several cases, DNP can be produced
paired electrons responsible for the electron paramagnetisnfofduid by pumping with microwave radiation in resonance
chars presumably represent stable free organic radicals credYéh paramagnetic centers near the solid—liquid interfa. (
during the heat-treatment carbonization procedure. Surface difiere are only a few reported experimental studies of solid-
fusion of different solvents adsorbed on charcoals has alredfigid DNP transfer between sublevels in magnetic spin sys
tems consisting of species with different gyromagnetic ratios

1To whom correspondence should be addressed. Fax: (217) 333-8d682, 23. Most of these have deS(.:ribed the do_minant “solid-
E-mail: bodintso@uiuc.edu; clarkson@uiuc.edu. state” DNP effect due to pure dipole—dipole intermolecular
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@nteracfci_ons, such as those observed between free radical labels Synchropulses NMR Data

immobilized on a surface and solvent proto@2)( Acquisition
We recently reported2f) the first observation of solid— J/\ w2 n

liquid electron spin density transfer in an aqueous system I

consisting of hardwood chars suspended in water by using an

1H pulsed DNP technique at a low magnetic field. Proton DNP EPR EPR

enhancement has been seen for aqueous suspensions of severfll |Pumping Pumping RF Echo

newly synthesized types of chars, where both positive and

negative Overhauser effects were detected in different samples

(24-29. The magnitudes of the observed NMR absorption as t

well as emission of water protons in different char suspensions > | | "

are an order of magnitude less than the theoretical maximum * 4 oo T T

for pure scalar and pure dipolar coupling, respectively. Possi- Trep

ble reasons for this lower DNP enhancement can be found in ] . § ses in & low-field

the details of molecular diffusion and spin dynamics in para-~'C: 1- Time sequence of EPR and NMR pulses in a low-field DNP
. . . . experiment, where the EPR saturation, NMR pulses, and signal acquisitio

magnetic porous media. In this work we experimentally angz oy are separated in time.

lyze the heterogeneous DNP effect in several chars suspended

in water by using several magnetic resonance techniques.
frequency diode (channel 2), which is proportional to the EPF

EXPERIMENTAL saturation field amplitudeB, s, inside the EPR helix. The
proportionality coefficient between the voltage aBgs was
Pulsed DNP at Low Magnetic Field determined in separate experimentshwdég 1 mM aqueous

. solution of Fremy's salt KINO(SG;),] of known electronic
In contrast to traditional NMR and EPR spectroscopy, Whefg v ation timesZ1). We used the pulse sequence described it

chemical (st_ructural) utility is improvgd at high magnetic_ fieldgig_ 1, where the EPR saturating pulse, NMR pulse sequenc
due to the increase of resolution in the spectrum with frep g signal acquisition period were separated in time. Th

quency, the effectiveness of relaxation phenomena, such@siog of the EPR saturating pulses can be chosen to avo
DNP, has a more complicated field dependerice-29. LOW  icrowave heating of the sample. Details of the experimenta

magnetic fields are _of special inte_re_st_in quuid_and mUItipleaipparatus are described elsewhe®.(
phase DNP applications, because it is in such fields that crossFOMOng Solomon 28), one can determine a quantitative

relaxation spectral density functions have the highest Valu%?tpression for the time dependence of NMR magnetization
DNP often is able to look at the intermolecular events that coupled nuclear—electron system

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 ~ dI/dt= —[({1) = lo) + §F(S) — SV Tw,  [1]
range of fields at which data can be obtained, provide the

richest information. where¢ is the nuclear—electron coupling parametgrand S,
~ The measurements of DNP enhancements of water protgggresent the equilibrium nuclear and electronic magnetizatior
in char suspensions were carried out under the following cospectively. The leakage factor for nuclear spins in homoge

ditions: v, = w/2m = 0.5 MHz, B, = 117.5 G; theelectron neous solutions of paramagnetic ions and free radicals is us!
resonance frequency wag = 328.8 MHz. A portable NMR  aly calculated by the formulalQ)

relaxometer27) 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 createshareT, and T,(0) are the experimentally obtained nuclear
rectangular pulse that modulates the amplitude of a Hewletpin—lattice relaxation times in a solution and pure solvent
Packard 8647A signal generator, which is the source of thespectively.

EPR resonance frequency. This RF pulse is then amplified byFor many systems, it can be assumed that on the scale
a Henry Radio power amplifier. A spiral delay line (helix) wasuclear relaxation times, electronic relaxation happens in
used to enhance the EPR saturating field. A two-chanrstantly. This assumption gives us the initial conditions for the
Hewlett—Packard 54600A digital oscilloscope was used to priotegration of Eqg. [1]. For a two-pulse Hahn NMR sequence
vide display and averaging of the NMR signal amplitudgenerated after an EPR pumping pulse, the master equatit
(channel 1) and for measurement of the voltage on a higtescribing the relative amplitude enhancenfenf the nuclear

f=1-T,/T,0), [2]
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TABLE 1 54600A oscilloscope, the relative experimental error was de
Experimental DNP Data in Aqueous Chars Suspensions creased to 5%.
at Magnetic Field 117.5 G

Pulsed-Field-Gradient Spin—Echo NMR Spectroscopy

N Material T31s) Anax

PFG NMR has attracted renewed attention as a probe ¢
L Hardwood 028 0.01 +20 03 microscopic but volumetrically averaged properties of materi:
2 Starch 0.31 0.01 -24 03 : . i
3 Fructose 049 0.02 _g5 21 als(0-13. This method is one of the best tools for measuring

the time-dependent diffusion coefficientQj. The measure-
ment is nondestructive and does not involve the introduction o
chemical or isotopic tracerd {). The theoretical foundation of
Shis method is based on the dependence of the spin—ect
amplitude on the external magnetic field gradient vatue
(29-329. The quantitative relationship between spin—echo am
A= [V = VollVo= AnaZ[1 — exp( =7/ Ty) Jexp( =74/ Ty), plitude attenuation and self-diffusion coefficidntis given by
[3] the well-known equation1(l)

spin echo signaV derived from a polarized sample can b
obtained from [1],

whereV,, is the amplitude of the nonpolarized echy,is the IN(Ag/A) = —K?tgqD, [6]
duration of the EPR saturation pulse, ands the delay time

between EPR andr/2 NMR pulses (see Fig. 1). Paramete\g\,hereAG is the spin—echo signal amplitude aAq is the

Amax IS defined as amplitude with no gradient = ygs, wherey is the gyro-
magnetic ratio of the nucleus,is the gradient pulse duration,
Amax = —ETydm, [4]  and the diffusion timety; = (r — 8/3), is afunction of the
duration of the applied gradient as well as the separatiol
where|yd| = 660 for protons. between the diffusion-sensitive gradient pairEquation [6]

The valueZ = (S — (S))/S in [3] is the EPR saturation gives us the possibility to determine the self-diffusion coeffi-
parameter, which depends on the EPR line shape. For #éntD by changingg, 8, or  values, because the molecular
simplest case of a single Lorentzian EPR line, saturated in iligfusion process causes a proportional decrease of the spir
center, echo signal amplitude. If a series of experiments are performe

where onlyg is varied incrementally, then the slope of a linear
Z = yiBistd (1 + y3iBisr3), [5] plot of IN(Ag/A,) Vs K2ty can be used to calculate the
self-diffusion coefficient,D, for freely diffusing molecules.
whererg = (T,sTo9 2 In this case, the reciprocal value ofThus in a simple monocomponent dilute solution, a plot of
the NMR enhancemenf %, depends linearly upon the squarén( Ac/A,) vsk? is a straight line. The slope of the graph of this
of the reciprocal of the EPR saturating field amplituBgZ. dependence is determined by the self-diffusion coefficient
The slope of the graph of this dependence is determined by ihvaen several different types of molecules with different self-
product of electron relaxation timés sT,s In the case of an diffusion coefficients are present in solution, the data often cal
inhomogeneous EPR line, this dependence becomes mioeedeconvoluted by means of multicomponent mixture analy
complicated {6). Note that there are no adjustable parametesss, resulting in values db' for each component in the system.
in expressions [2]-[5]. In this case the function Ii{c/A,) is a combination of several

Parameterd\ ., and & in [3] were found experimentally by lines with the slopes determined by the corresponding diffusior
extrapolating a plot oA~ [1 — exp(— T/ T1)]exp(—74/ T,  coefficients 13). One can use traditional graphical analysis,
vs B;Z to zero ofB;Z according to Eq. [5]. The leakage factorwith consecutive subtraction of diffusive components from the
f, was obtained by measurinfy, and T,(0) by formula [2]. total curve, to determine eadd present in the data.
According to [3], the spin—lattice relaxation timi, can be  The measurement of self-diffusion coefficients of water mol-
measured in two ways—by changing either the polarizati@tules in char suspensions was performed at room temperatt
time 7, or the delay timery between the EPR pulse and thevith a modified Tesla-BS-567A high-resolution NMR spec-
NMR pulse sequence. Both methods were utilized in thesemeter operated at a Larmdd frequency of 100 MHz and
experiments. It should be emphasized that in low-field DN&quipped with a Fourier transform accessory. The spectromet
experiments, the volumetrically averaged DNP parametersis modified with two self-shielded gradient Helmholtz coils
usually are measured, as is shown in Table 1. The major soutitat can achieve a maximum gradient strength of 50 G/cm. W
of error in the DNP/NMR experiment at low magnetic fieldsised the pulse sequence described in Fig. 2, where the gra
arises from the inaccuracy in measuring the nonpolarized NMfRts are turned off during the RF pulses and the signal acqu
signal intensityV,,; by utilizing the averaging options of a HPsition period. The standard relaxation Hahn pulse sequenc
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/2 T Acquisition Samples
RF RF Samples of chars used in this work were produced by
P PR thermal treatment of carbonaceous materials, obtained fro
— g — - g Echo various kinds of woods (e.g., hardwoods, softwoods), starct
Field Field and fructose, by charring under anp Bhd CH, flow. Not only
Gradient Gradient ¢ do the properties of chars depend upon the nature of th

starting material, they also are strongly affected by therma

> treatment (both the temperatures and the times of heating) at

the gas atmosphere in which the thermal treatment is carrie

FIG. 2. The pulsed-field-gradient spin—echo pulse sequence used to meagyi® The samples were heated at the rate of 10°C/h accordir
diffusion in char suspensions. In our experimefits; 8 ms andr = 30 ms, and ’ | dh fil ith .

the strength of applied gradiegtpulse was varied as explained in the text. to a prese eCt? eat-treatment profile, with a r_naX|mum_tem

perature ranging from 420 to 720°C. Preparation technique

included digitally programmed temperature profiles, ball mill-

program was modified to introduce the gradient pulses as i, and gize separatiog .by rr]nicrosievin_g. A partir(]:Ie size |°1
as a delayr between the end of the second RF pulse and tﬁQOUt 45 urg v(\j/e_\s use m(;t ﬁse ;"Xg;”rc;‘er.‘f- T ehs?mp ?‘
start of data accumulation, the delay being equal to the ti|E"e suspendedin waterand t en bubble with pure he um K
between the two of pulses as shown in Fig. 2. The right half min to reduce the concentration of dissolved oxygen in the

. . . 8 lvent. A concentration of 0.64 g/énof char suspended in
the spin—echo signal was Fourier transformed and analyzév%ter was used. The EPR spectra of chars in water at rool

The FT-PFG NMR technique allows one to increase the mea- : . o .

. temperature consisted of single, nearly Lorenzian lines, witl
surement accuracyLl). Experiments were performed by vary- cak-to-neak line widths of about 1.0 G. and a tvpical free
ing the gradient strength and keeping the gradient widih P P i ’ yp

- : radical g-factor close to the free electron value of 2.0023.
and all other timing parameters constant. Typically the valu xperimental details of char synthesis are described elsewhe
& = 8 ms andr = 30 ms were used for the width of the gradien b y

o 16, 34.
pulse and time interval between Hak2 and 7 RF pulses, 4
respectively. It should be noted that only diffusion components

l< 1 >l T
& -

which are not completely relaxed within the time interval 2 RESULTS AND DISCUSSION
can be analyzed. Experimental error of self-diffusion measure-
ments did not exceed 5%. In this study, the proton DNP enhancement of water mole

cules was observed in agqueous suspensions of several nev

synthesized types of chars, where both positive and negati
NMR Relaxometry Overhauser effects were detected in different samples. Table
. . . . ; , shows DNP parameters and proton spin-lattice relaxatio

Spin-lattice relaxation times; of water protons in char {inesT, for chars suspended in water with different nuclear—

suspensions were measured by an NMR relaxometer NMBeciron interactions. Negative DNP enhancement was ol
07PC, which is a modification of the previous model describefye in fructose char suspensions as a result of the domina
in (33). Special software has been created to account fgholar—dipolar (through space) hyperfine interactions at the
multi-exponential relaxation, in which the relaxation (eChosolid—liquid interface. Positive DNP enhancement was ob
decay) curve was described as a sum of several compon&lg/ed in several hardwood char suspensions, which is stror
A(t)/A(0) = P;F;(t) with the corresponding weighting coef-eyidence for a short-range contact hyperfine interaction at th
ficientsP;. The exponential form of each componén(t) =  solid-liquid interface 17—20. This coupling leads to electron
exp(—t/T;) was used. To avoid the possible influence afelocalization from paramagnetic centers on the char surface:
slightly nonexponential time dependenciesFft), only the water protons in the solvent, since the contact interactior
initial part of each component was used, with the consecutiy@mands that there be a nonzero value for the electronic wa
subtraction of the most slowly relaxirig(t)-components from function at the nucleusl{). In accordance with2) and @), the
the total curve. Relaxation times and relative intensiBe®f linear dependence of positive DNP enhancemant: on
each component were determined by linear least squares apal- , was observed in hardwood char suspensions (Fig. 3a
ysis. The dynamic range of the relaxation measurement fitdicating the homogeneous nature of EPR line broadening i
lowed the decay of the echo out to 1/50 of its initial amplitudehe chars. Good linearity also was observed in samples th:
Experiments were carried out at room temperature at a proigemonstrated a negative enhancement (Fig. 3b).
resonance frequency of 6 MHz. The pulse sequem¢2—{— A strong temperature dependence of the DNP enhanceme
7 [2—r—mr) was used. Data were averaged over 50 acquisitionas observed in aqueous suspensions of hardwood chars (F
with a recycling delay of 10 s to avoid saturation. Experimentdh). With increasing temperature, the sign of the water proto
error of relaxation time measurements did not exceed 5%. DNP enhancement in several hardwood char suspensiol
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changed (Fig. 4b) from negative (NMR emission of polarized -

proton signal) to positive (NMR absorption), indicating a 407 ._,.

change in the relative contributions from exchange (scalar) and 5 (a.)._ ..

dipole—dipole nuclear—electron couplingdf. The increase in © 20 oo omET °

scalar polarization with temperature suggests the possibility of e .®

S £ ®) o-0®

exchange processes at the solid—liquid interface. A model of < 0 lgeo—mo—oT —

molecular migration at the solid—liquid interface was con- 300 320 340 360 T°K
) . 20 ]

structed in our work Z5) to account for these observations.

Correlation of experimental and theoretical results has been -40 4

achieved through consideration of the proton—electron spin 60 | ©

dipole—dipole interaction and of chemical exchange of solvent A--A A -A-A ... 4. A AL

molecules. -80

In contrast to hardwood chars, the negative DNP enhanceFIG. 4. Temperature dependence of DNP enhancements of water protor
ment in fructose char suspensions was practically temperaﬂrj\rén aqueous suspe_nsions of chars with different initial charring material
independent (Fig. 4c), suggesting that the frequency dispersjgijiosphere of charring): (a) hardwoodJH(b) hardwood (CH), and (c)

. . . s ructose (H) atB,s= 0,1 G, 7, = 0.5 s,7y = 4 ms.

(17-20 is negligible in these systems and the “white spec- i
trum” condition is realized in the frequency region under

investigation. The temperature independence of the DNP gmle and scalar solid-liquid interactions in these systems. Th
hancement in fructose char suspensions also reflects the danportance of this mechanism was analyzed in our wasj.(
inant dipole—dipole type of hyperfine interaction at the solidtwas shown that the effectiveness of this mechanism critically
liquid interface, since the change in temperature does not ledgpends on temperature. However, the change in temperatt
to a change in the balance between dipole—dipole and scafafructose char suspensions does not lead to a change in tl
solid—liquid interactions, as in the case of hardwood chhalance between dipole—dipole and scalar solid-liquid interac
suspensions (Figs. 4a and 4b). tions, as in the case of hardwood char suspensions (Fig. 4c

A DNP control experiment was run in which the char par- Another important mechanism is the possible influence ol
ticles were filtered out of the water solution. No DNP enhancé#ie value of DNP enhancement of a gradual transition from th
ment was detected in the filtered water. This indicates that tpere “liquid” DNP effect to the pure “solid-state” effect aiy
chars were not dissolving and that no solvated molecules wetraw,). One expects to find this transition when the correlation
giving rise to DNP. Only solid-liquid hyperfine interactiongime of liquid motion goes from values much shorter to values
with water, chemisorbed on the large char particles containinguch longer than the transverse electron relaxation fige
unpaired electrons, are important and give rise to DNP effectafthough more detailed criteria3§—39 also involve T,q
these systems. Heisenberg electron—electron spin exchange at the surface

The magnitudes of the observed positive and negative DNRars, where the concentration of paramagnetic centers is hig
enhancements in char suspensions (Table 1) are an ordecasf be considered as a modulation mechanism (in addition t
magnitude less than the theoretical maximum of pure scathermal molecular motion) for DNP phenomenon at the solid-
+330 (scalar relaxation of Abragam’s Type Il) and pure dipdiquid interface and may affect the DNP enhancement in cha
lar —330 coupling, respectively. One possible reason for thisispensions. The intensity of electron spin exchange can i
lower enhancement is a delicate balance between dipole—ftlience 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
0.08 - a o intermediate situation lacks the symmetryim of the “liquid”
oo —® T ¢ effects Aw = 0) (17). However, in all investigated compounds
the maximum DNP enhancement was achieved with the mi
0.04 - crowave frequency centered on the EPR line, indicating tha
the dynamic polarization occurs through the Overhauser mecl
anism, as opposed to “solid-state” effet( 18, 33.
—— : The self-diffusion coefficient® for agueous char suspen-
5 10 15 20 sions have been measured by using the FT-PFG NMR tect
2 G2 nigue. Typical raw PFG data are shown in Fig. 5. The near
linear dependence of IA(/A,) on the gradient strengthwas
“““““ observed in fructose char suspensions. This is an importal
FIG. 3. Plots of experimental EPR saturation for hardwood (a) and fru(f-ea'[ure of the data, as it indicates that the water molecules a

tose (b) chars suspended in wateTat 300°K. From best straight lines fitted 1argely undergoing unbounded diffusion in this kind of char
to the data, thé\,, ,, values have been found (Table 1). system. This observation may be the result of the hydrophobi

0.00

A[1-exp(-t/T, )], a.u.

0.04 Wy b
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character of fructose char surfaces, which would favor fast
translational diffusion, with higlb 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-

Bulk Water , |V, T,°

Surface Layer !
0.°f Restricied Molecules | VS, TS, 15

phobic character of fructose char is in good agreement with the N

dominant dipole—dipole (through space) type of solid—liquid -

hyperfine interactions which leads to negative DNP enhance- Pore | .-

ment in these char suspensions (Table 1). Space '\: V2T, 0
In contrast to fructose char suspensions, the data obtained Rsast

from hardwood chars show the effects of pores on the PFG- . . - .
. . . . FIG. 6. Schematic illustrating the effect of restricting boundaries on water

NMR diffusion measureme_nts, as seen in Fig. 5. The Obser\éﬁfusion and relaxation measurements in char suspensions.

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, envelope of water molecules (volui&in Fig. 6) having
solid-liquid interface, which leads to electron delocalizatiog,niact with the “bulk” water and exhibiting diffusion coeffi-
from paramagnetic centers on the char surface to water protefisht DS The shortest relaxation timé® (30-50 ms) corre-
and to positive DNP enhancement in hardwood char suspgng to the water molecules in the vicinity of paramagnetic
sions (Table 1). The maximul® = 2 X 10" ° cnf/s value congers mainly in pore space (volunBin Fig. 6), where they
obtained in all investigated compounds correlates Wltp R ongly interact with the free radicals on the surface of the
diffusion coefficient in pure water at 30°@(= 2.55X 10°*  ¢har and undergo multiple collisions with the paramagnetic
cn?/s) and can be attributed to the molecules in bulk watgfalls in a porous cage.

0 I i i I S = 75 - . - .
(volume V? in Fig. 6). A minimumD® = 0.06 X 10°°¢¥/S  ynhounded molecular diffusion in fructose char suspension
value was observed in hardwood char suspensions (Table|Z}gs to fast molecular motion near the surface—liquid inter
which indicates strong bonding of water molecules with thg e which results in a long relaxation time. Intensive molec
surface of chars and can be attributed to the fluid molecules jpi; motion initiates fast exchange between “surface” anc

the remainder of the surface layer (voluiv@in Fig. 6) with “bulk” water and gives us the averaged relaxation tifje=

a mobility Iess than 1/30 that_of molecules in bulk waFer. TS = 1.2 s (Table 2), which is comparableTg in pure water.
Proton spin—lattice relaxation data generally confirm thg

el nalyzing the results of Table 2, one can find that in hardwooc
results of molecular diffusion measurements. The lonGRL g suspensions the fraction of water molecules in pore spa
S) can be attributed to the relaxation time of the “bulk” wat

A - 85 equal to 8.2% as compared to only to 2% in fructose char
(volume V™ in Fig. 6) and corresponds to the high _mOIegmaéuggesting an essential difference in the porous structure
mobility in this area with maximum diffusion coefficie®” hase chars.

(Table 2). Middle values fof$ (0.3—0.4 s) can be attributed to Following Torrey @9), let an amount of fluid with volum¥
be bounded by a porous solid (Fig. 6). The surface of the solif
contains a humber of paramagnetic centers which are in res
0 % nance with a microwave power source. We denoté/Byhe
Q

volume occupied by fluid molecules in pores in the immediate
vicinity of these centers and by® (which is part ofV) the

-

2@ volume occupied by fluid molecules in the remainder of the

3] < surface layer. The nuclei i as well as inv® are flipped at
O a given rate by the external microwave power through the

-4 4 6 Bo._ Hardwood Overhauser effect with the characteristic relaxation timgs

o O g. a andT3, respectively. Some flipped nuclei escape to the volum

51 oL VO before they are relaxed, where they are exposed to ordinal

@ Fructose o relaxation, characterized by the relaxation tifiie

o ‘ , , ‘ j The following equation has been derivedB) for the exper-

0 50 100 150 200 250 300 imentally observed (volumetrically average) spin—lattice relax:

K'x 104, sicm? ation timeT3" of the fluid in the porous media:

In(AglAo)

-6

FIG. 5. Typical raw PFG-NMR data. Plot of If{c/A,) vsk = ygd, for _ _
different chars saturated with water. The squares ;r/e gata obtained from watef 11 ) L= (T) 1+ (VTS + 79 + (VIV)I(TE + 7°);
diffusing in hardwood char suspensions and clearly illustrate the effects of
restriction on the PFG-NMR diffusion experiment. The circles are data taken [7]
from water in fructose suspensions under the same experimental conditions
and represents the curve for unrestricted diffusion. herer® and7” are the residence times of molecules ente¥ifig
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TABLE 2
Self-Diffusion Coefficients and NMR Relaxation Data in Aqueous Char Suspensions
D° X 10° DS x 1P Ve Vs VP T TS T
N Material (cmé/s) (cm?/s) (%) (%) (%) (s) (s) (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

andV*, respectively. Through use of the equation for nuclear Using Egs. [7]-[8] one can estimate the residence times ¢
relaxation with diffusion 89), the following formula was ob- water molecules in pore spad according to the formula
tained in @8) for the nuclear leakage factbin porous media:

™= VWPTaf — TP
S = VSTTY[TO1 — f) — T2 — TS, [11]

f=[1+VT]+ P)V(T? + 5 + (T] + )/VPTI]
(8]

here we assumed = 1. In the case ol <T{ the leakage Assume that the pure dipole—dipole type of hyperfine
factor f, as well as the DNP enhancement, depends maiiyeraction is present in fructose char suspensions an
on the relative efficiency of proton relaxation in volumés that the nuclear—electron coupling paramegein [4] is
and V"™ equal to its theoretical valué = +0.5. Then, the lower-

than-expected experimental value of the DNP enhance

f=[1+ V(TP + P)IVA(TS+ 9] L [0] ment can be understood theoretically by a smaller leakag

factor in porous media. Using DNP and relaxation dats
Thus one obtains the full Overhauser effect if the relaxation [P Tables 1 and 2, and calculating the leakage facto
VP dominates and the inequality value asfth,?Or = Amag330 = 0.2, one can estimate .from

[11] the residence times in th& andV® zones. Calculations
give ™ = 9 ms andr®> = 24 ms for fructose char suspen-
sions.

Figure 8 shows the dependence of the leakage faictor
is satisfied. If relaxation i'v® dominates, one finds a reducegyn the residence time# and 5 in fructose char suspen-
effect. Figure 7 shows the dependence of the DNP enhanggsns. It follows from Fig. 8 that thévalue (and as a result
ment valueA on the ef‘fiCiency of prOton relaxation in the tWOthe Value Of DNP enhancement) in Char Suspensions depen
different zonesv® and VP for a fructose char suspension inmainly on the residence time of water molecules in pore
accordance with Egs. [3] and [8]. space. Increasing’ leads to a decrease of the DNP effect in

porous media. In other words, if the exchange of watel

VEI(TS + 79) < VPI(TE + 7°) [10]

FIG. 7. The dependence of DNP enhancement va#luen the efficiency
of proton relaxation in two different zonegS and VP for fructose char FIG. 8. The dependence of leakage factan the sticking time values of
suspensions. ™ and 7° for fructose char suspensions.
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molecules betweerv” and V° zones is blocked and the
inequality

> V(TS + 79)/IVS — TF [12]

is satisfied, one obtains a reduced DNP effect in accordance

with Eg. [10]. This “cage effect” obviously will increase with

increasing tortuosity of the pore structure. On the other hand,

increasing the pore volume®, leads to an increased leakage

factor and larger DNP effect in char suspensions (Fig. 9).

Relaxation processes in the pore spabg énd in the remain- £ 10. Influence of the nuclear relaxation time values in pore spakk (

der of the surface layerTf) have an opposite influence onand in the remainder of the surface lay@®) on nuclear leakage factérin

DNP enhancement (Fig. 10). A decrease of the relaxation tirfnectose char suspensions.

TY in the porous space is the main influence responsible for the

increase of the DNP effect. At the same time, shoFtgallows

one to use a shorter EPR saturation pulse in DNP experimemsperiments £, in Eq. [3]), which is especially important in

in accordance with Eq. [3]. conducting materials to avoid the microwave heating of the
sample.

CONCLUSIONS Thus the synthesis of chars with developed porous structut

The main DNP processes in char suspensions occur in po%%gnsmiugofrslzeégvlézg:cgnghai‘rr:gr;fstesg'fnt;llstgﬁpr(z;;
and the short-range nuclear—electronic interactions in por g P P

have a dominant effect on DNP enhancement. Long-ran' %%hgr if:i?iﬂ:logzd agreement between this model and ot
interactions associated with other (nuclear and electron—nu- P 9 gre . ; .
erimental data, there still remains a question regarding th

clear) relaxation processes at the remainder of the surface I3 ssibility that differences in surface chemistry between char
have a small or even negligible effect. As a result, the value Y - y
IIhe different composition could account for some of the

the DNP enhancement in char suspensions will increase und . . X
. e effects we attribute to porosity. In a previous stu@p)( we
the following conditions:

measured the values Bf, the Arrhenius activation energy for
1. with a decrease of the pore size and tortuosity of poweater desorption, in hardwood, softwood, and starch chars
structure, which leads to a decrease of the residencedtliime This parameter is a direct reflection of the water/char chemis
the pore space, and as a result, to more intensive exchangegfand it is nearly identical£0.5 kcal/mol) for these systems,
strongly polarized nuclei in pores with nuclei in the bullsuggesting very similar surface chemistry. Yet the softwooc

solvent; and starch chars do not demonstrate the same temperatt
2. with increase in pore volume®, compared with the dependencies for DNP enhancements as does the hardwo
volume V= in the remainder of the surface layer; char. This observation leads us to state that differences i

3. with a decrease in the spin—lattice relaxation tifén  porosity of the chars must play a critical role in the DNP effect.
the pore space; it should be noted that the shortening;of Of course, surface chemistry also can be important, and futu
allows the use of a shorter EPR saturation pulse in DNBsearch is aimed at a clearer understanding of the interplay

structure and chemistry in these complex systems.
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