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FOREWORD 

The A D V A N C E S IN CHEMISTRY SERIES was founded in 1949 by 

the American Chemical Society as an outlet for symposia and 
collections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented 
because their papers would be distributed among several jour
nals or not published at all. 

Papers are reviewed critically according to ACS editorial 
standards and receive the careful attention and processing 
characteristic of ACS publications. Volumes in the A D V A N C E S 
IN CHEMISTRY SERIES maintain the integrity of the symposia 
on which they are based; however, verbatim reproductions of 
previously published papers are not accepted. Papers may 
include reports of research as well as reviews, because symposia 
my embrace both types of presentation. 
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PREFACE 

T H E G R E A T L Y EXPANDING R O L E of magnetic resonance techniques in the 
characterization of carbonaceous solids over the past two decades has sig
nificantly enhanced our fundamental understanding of the structure of 
these materials. NMR spectroscopy of solids has matured to the point 
that the experimental parameters obtained are fairly well understood, and 
thus the usefulness of the method as an analytical structural tool is being 
pursued vigorously. Developments in the field of electron paramagnetic 
resonance (EPR) spectroscopy have led to novel pulse experiments that 
are providing new, quantitative information on nuclei in the vicinity of 
free electrons and on the properties of the free electrons themselves. 

The symposium upon which this book is based was designed to foster 
research on new magnetic resonance techniques, and the focus was on a 
common, homogeneous set of carbonaceous samples, the Argonne Prem
ium coals. The symposium provided a timely forum on the fundamental 
structural implications of magnetic resonance studies on this unique suite 
of samples and presented the opportunity for evaluating and comparing 
different techniques for the analysis of complex carbonaceous fuels. 

This volume is divided into several sections: The first section is com
posed of seven invited chapters on experimental techniques in magnetic 
resonance. This overview section is followed by two sections containing 
25 contributed papers from the symposium in the areas of NMR and EPR 
spectroscopy. A conclusion chapter summarizes the results and offers a 
good overview of the relevant issues regarding analysis of carbonaceous 
solids by magnetic resonance methods. 

The seven overview chapters on magnetic resonance techniques pro
vide comprehensive reviews and useful detailed information on experimen
tal methods in NMR and EPR spectroscopy of solids. The topics include 
quantitative aspects of carbon and multipulse proton NMR spectroscopy, 
spectral enhancement with dynamic nuclear polarization, pulsed electron-
nuclear double resonance (ENDOR) and electron spin-relaxation studies, 
and experiments performed at high frequencies and at very high tempera
tures. 

The chapters in this volume that were selected from the symposium 
present new measurements and results together with a critical evaluation 
of other relevant work on magnetic resonance spectroscopy of carbona
ceous solids. In many instances, the experiments are quite novel. 

xiii 
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Contributions in the area of NMR spectroscopy explore quantitative 
issues in carbon and proton spectroscopy, new signal-enhancement tech
niques, ultrafast magic-angle spinning methods, and the use of relaxation 
measurements to probe the physical structure of coal at the microscopic 
level. 

New techniques in EPR spectroscopy, particularly electron spin-echo 
(ESE) and pulsed ENDOR spectroscopy, give new insights into the car
bon radical environment. Several chapters explore the nature of the car
bon radicals by using analyses of EPR line shapes and ESE relaxation 
times. Other contributions deal with structure changes induced by oxida
tion, thermolysis, or solvent swelling, and the use of the anisotropic chem
ical-shift tensors and the implementation of multivariate statistical ana
lyses of relaxation data to expand our understanding of coal structure. 
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participants, Debbie Vervack for much help in organizing the conference 
and for editorial assistance, and to Julie Poudrier Skinner, Cheryl Shanks, 
and M . Joan Comstock at ACS books who were actively involved in many 
of the details and decisions that have made this volume become a reality. 
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Hokkaido University 
Sapporo 060 Japan 

October 28, 1991 
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1 

Quantitation in 13C NMR Spectroscopy 
of Carbonaceous Solids 

Robert A. Wind1, Gary E. Maciel2, and Robert E. Botto3 

1Chemagnetics, Inc., 2555 Midpoint Drive, Fort Collins, CO 80525 
2Department of Chemistry, Colorado State University, Fort 
Collins, CO 80523 
3Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

This chapter provides an overview of the fundamental issues 
concerning quantitation in 13C NMR spectroscopy of carbo
naceous solids. General factors governing quantitation in 
solid-state 13C NMR spectroscopy (such as sample hetero
geneity, the presence of unpaired electron spins, interference 
of proton decoupling by molecular motion, magic-angle 
spinning (MAS) effects, and implementation of the proper 
recycle-delay time) are discussed together with those factors 
that play a major role in cross-polarization (CP) experi
ments (Hartmann—Hahn match, proton spin-locking cross
-polarization spin dynamics, and interference of cross
-polarization from MAS). Technical aspects and require
ments of the solid-state 13C NMR experiment are outlined, 
and effective strategies to obtain the most reliable results are 
presented. 

THE POTENTIAL USE OF SOLID-STATE 1 3 C NMR spectroscopy for the 
characterization of carbonaceous solids such as coal, the determination of 
the various functional groups, and the study of fossil-fuel conversion 
processes has been recognized for more than three decades. Numerous 
investigations have been reported in the literature, and several reviews 
have appeared (1-6). With the advent of 1 H decoupling (7), cross-polar-

0065-2393/93/0229-0003$07.00/0 
© 1993 American Chemical Society 
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4 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

ization (CP) (S), and magic-angle spinning (MAS) (9), which have made it 
possible to obtain high-resolution 1 3 C NMR spectra in solids in a rela
tively short measuring time, C P - M A S techniques have been applied 
extensively in coal research (2-6, 10-16). In fact, 1 3 C C P - M A S NMR 
spectroscopy has become one of the most widely used methods to investi
gate coal. However, concern has been growing over the past decade about 
the quantitativeness of CP-MAS spectroscopy for coal analyses. In the 
very first 1 3 C CP NMR study of coal, VanderHart and Retcofsky (10) 
estimated that only ~50% of the total carbon spins could be detected via 
this technique. Since then the issue of quantitation in NMR analyses of 
coal and related materials has been the topic of much debate (10, 12, 15, 
17-25). Although the quantity of observable carbons for coals and their 
individual organic constituents (macérais) have been shown to vary widely, 
the general consensus is that for reasons that can be related to both 
specific coal properties and the applied NMR techniques, a substantial 
fraction of the carbons is not observed. 

In principle, two NMR techniques can be used to measure 1 3 C spec
tra in coal; these are the CP experiment mentioned and the conventional 
single-pulse (SP) experiment, consisting of the simple 90° pulse-acquisi-
tion-recycle-delay sequence. Figure 1 shows the radio frequency (rf) 
pulse sequences employed in SP and CP, as well as the time constants and 
time delays involved in both experiments. In this chapter, sources that can 
limit the quantitative information in 1 3 C NMR spectroscopy in coal will 
be reviewed, and possible remedies will be given to improve the situation. 
We shall discriminate between limiting factors that play a role in solid-
state 1 3 C NMR spectroscopy generally, and limiting factors that occur 
when CP is employed. 

General Factors Governing Quantitation in Solid-State C 
NMR Spectroscopy 

In both SP and CP it is assumed that, during the 1 3 C signal acquisition, 
the protons are decoupled from the carbons via irradiation with a strong rf 
field at the proton Larmor frequency, and the MAS is applied to remove 
the chemical-shift anisotropics. The following factors can influence the 
quantitativeness of the 1 3 C spectra: 

1. sample heterogeneity 
2. unpaired electrons 
3. interference from molecular motions on *H decoupling 
4. magic-angle spinning 
5. recycle delay 
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1. WIND ET AL. Quantitation in 1 3 C NMR Spectroscopy 5 

<»/2)x 

CP 

Figure 1. The single-pulse (SP) and cross-polarization (CP) experi
ments, where Tj^is the 13C Zeeman relaxation time, is the 1H 
Zeeman relaxation time, Tlp is the 1H rotating-frame relaxation 
time, TCH is the 1H—13C polarization-transfer time, tcp is the match
ing time, ta is the acquisition time, Xd is the recycle delay time, and 
ω1Η and wlc are the amplitudes of the rf fields applied at the 1H and 
the13C Larmor frequencies, respectively. 

Sample Heterogeneity. Coal is one of the most complex carbo
naceous materials known. It is by nature an extremely heterogeneous 
solid composed of a number of distinct organic phases termed macérais 
and, to a lesser extent, an inorganic mineral phase. Each maceral and 
mineral phase exhibits a unique set of physical and chemical properties 
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6 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

that contribute to the overall behavior of coal. The macérais typically 
range in size from micrometers upward, and pure bands up to meters thick 
commonly can be found in coal seams. Consequently, maceral dimensions 
are sufficiently large to suggest that nuclear spin diffusion across maceral 
boundaries should be incomplete on the NMR time scale, typically on the 
order of 10-20 and 100-200 Â in the limits of proton relaxation in the 
rotating frame and laboratory frame, respectively. This incomplete spin 
diffusion means that nuclei within different maceral phases can act as iso
lated spin reservoirs with very different magnetic properties. 

Additional factors must be considered as well. Individual macérais 
may be in intimate association with inorganic minerals, some of which may 
contain paramagnetic ions. Moreover, the macérais themselves may con
tain different concentrations of organic free radicals and thus cause relaxa
tion time differences that ultimately govern the evolution of magnetization 
within these isolated domains. The presence of paramagnetic centers 
allows the possibility that significant portions of the carbons are suffi
ciently broadened or shifted outside the spectral range to render them 
invisible in the NMR experiment. Moreover, variations in free radical 
content among these isolated phases can lead to serious distortions in car
bon signal measured for the entire coal sample. 

Thus, complexities in the organic, inorganic, and physical structures 
of coal limit the quantitative reliability of solid-state a i C NMR measure
ments. In a previous investigation (24) on a well-characterized set of 
maceral concentrates, we had found that individual macérais exhibit 
unique carbon polarization profiles in CP contact-time experiments. Car
bon spin-counting experiments established that the percentage of invisible 
carbons varies greatly among different macérais and can be correlated to 
the free radical concentration directly. This experimental bias in the 
NMR signal response of macérais implied that carbon aromaticities of 
whole coals are underestimated regardless of the pulse sequence 
employed, SP or CP. 

The inherent limitations associated with measuring a complex solid 
such as coal are unavoidable. However, a fundamental understanding of 
these complexities is necessary to establish confidence limits of the meas
urements so that meaningful parameters can be obtained from the data. 

Unpaired Electrons. By nature coal contains a large amount of 
unpaired electrons that are present either in the form of paramagnetic 
inorganic ions associated with detrital or precipitated mineral matter or as 
organic free radicals (i). For 1 3 C nuclei located in the vicinity of these 
electrons, the electron- 1 3C interactions, which are in general either dipo
lar or scalar, can become so large that the corresponding resonance lines 
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1. WIND ET AL. Quantitation in 1 3 C NMR Spectroscopy 7 

become very broad or are even shifted completely out of the 1 3 C spectral 
region. This event will give rise to carbons in a sample that are not 
observed and whose number will increase with increasing unpaired elec
tron concentration, Ν. The percentages of undetected carbons are 
expected to be especially large in higher rank coals, where NQ values are 
high (2, 2). Moreover, these effects may also be large in low-rank coals 
that contain reasonably high levels of paramagnetic metal ions associated 
with the organic structures (26). 

To estimate the percentage of undetected carbons, we first consider 
solids containing fixed paramagnetic centers. For such a system, a radius 
R around each electron can be defined as the average radius of influence 
of an electron. Radius R can be approximated by 4/3(KNQR3) = 1 (27). It 
follows that if carbons inside some radius b around the electrons are not 
detected, then the percentage of carbons not observed, %Cj , is given by 

%Qoss = 4 / 3 (*^) χ 100 = 4/3(nb3NE) x 100 (1) 
4 / 3 ( π Λ 3 ) ' V } W 

From a study of a resinite sample that had been doped with variable 
amounts of the stable radical l,3-bis(diphenylene)-2-phenylallyl (BDPA) 
(25), it can be deduced that % C j o s s is approximately given by 

% C l 0 S S « 5 χ 10~1 9iV e (2) 

It follows from equations 1 and 2 that carbons inside a radius of ~10 Â 
around an electron are not detected. 

The question arises whether eq 2 can be used also to estimate the 
carbon percentage not observed in coal. The unpaired electrons are 
present mainly in the aromatic regions of coal (15). This feature suggests 
that the signal losses should occur mainly for the aromatic carbons. In 
fact, some work (28) supports this viewpoint. Selective reduction of the 
free radicals in a subbituminous coal with Sml 2 brought about a signifi
cant increase in the percentage of carbons observable by NMR spectros
copy. The spectrum of the treated coal exhibited about 15% higher 
aromatic carbon content than the untreated sample and showed more 
intense absorptions for nonprotonated carbons in the aromatic region. 

The observed broadening of a 1 3 C line depends on both the 
electron- 1 3C interactions and the electron—electron interactions. This 
relationship can be understood as follows: The electron-electron interac
tions, which can be either electron-electron spin-exchange interactions 
(29), electron-electron dipolar interactions, or both, contain terms pro-

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

00
1

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



8 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

portional to Κφ+^ίΓ. + ST{S+.), where Κ is a measure of the strength of 
these interactions and S{ and Sj are spin operators to two electrons i and j. 
As a result, electron-electron flip-flop transitions occur at a rate of the 
order of K, which reduces the lifetime, r, of an electron spin in a given 
state (r ~ K"1). Hence the electron spin operator fluctuates in time, and 
this fluctuation can partly or completely average out the local field arising 
from the e l ec tron ic interactions, if Κ is comparable to or larger than 
this local field in absence of electron flip-flops. If we define the local field 
arising from electron- 1 3C interactions as ωΏ then under the condition K2 

> > a;L

2, the observed broadening, wm, is given by the approximation (30): 

um « WL

2T « wL

2K"1 « wL K2 » <JJL

2 (3) 

It follows that if the electrons are "self-decoupling" from the 1 3 C nuclei 
via the electron flip-flop mechanisms described, a reduction occurs in the 
broadenings of the 1 3 C lines, hence in the percentage of undetected car
bons. 

Moreover, the electron flip-flop transition rate depends on the 
unpaired electron spin concentration, Ne In solids containing a large 
amount of unpaired electrons (typically Ne> 6 χ 1 0 1 9 cm""3), the electron 
spin-exchange interactions become so large that exchange-narrowing 
effects are observed in the electron spin resonance (ESR) lines (15, 31, 
32). Given that the ESR line width in absence of exchange effects is of 
the order of 30 MHz (15), τ must be much smaller than 5 χ 10~ 9 s. In 
this case, it is expected that even carbons located at a distance consider
ably smaller than 10 Â from the electrons can be observed, and the result 
is a percentage of nonobservable carbon that is smaller than that predicted 
by eq 2. This result is in accordance with the results obtained for a fusin-
ite sample (24), where JV = 2.3 χ 10 2 0 cm"3 Equation 2 would predict a 
loss of 100%, whereas the observed value was "only" 57%. It also 
explains the nonlinearity seen in the plot of % C j o s s versus the electron 
spin concentration for a resinite sample that had been doped with increas
ing amounts of the stable organic free radical BDPA (25). Figure 2 shows 
that the linear relationship between % C j 0 S S and Ne breaks down at con
centrations higher than ~ 6 χ 10 1 9 spins/g. Thereafter, increasing the spin 
concentration has a less pronounced effect on loss of signal. In fact, extra
polating the high concentration line to NG of the fusinite sample yields a 
predicted loss of about 60%, which is very close to the value observed. 

For coals with Ne values smaller than ~ 6 χ 1 0 1 9 cm"3, the unpaired 
electrons behave more or less as fixed paramagnetic centers (15). Conse
quently, the electron spin-exchange interactions can be neglected, and only 
the electron-electron dipolar couplings have to be taken into account. 
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1. WIND ET AL. Quantitation in 13C NMR Spectroscopy 9 

The flip-flop transition rates arising from these interactions depend on the 
electron concentration and can be estimated from the following formula 
(33): 

Κ « 0.9le

2TiNe « 3 χ 10-lsNe (4) 

where NQ is equal to the spin concentration per cubic centimeter, 7 e is the 
electron magnetogyric ratio, and Ti is the Planck constant divided by 2π. 

As an example, we consider the case that Nc = 2 χ 10 1 9 cm"3. Then, 
according to eq 4, Κ « 6 χ 106 s"1. Obviously this rate is not sufficiently 
large to average out local fields of tens of megahertz, as experienced by 
1 3 C nuclei in the immediate vicinity of the unpaired electrons, but it is 
capable of reducing the smaller local fields at the carbon sites more 
remote from the electrons. In fact, this local field reduction explains why 
1 3 C nuclei at a distance of 10 Â from an electron can be observed at all. 
It can easily be calculated that the local field these nuclei are experiencing 
from the electron in absence of electron flip-flops, ων is about 6 χ 104 

s"1. Hence the width of the corresponding 1 3 C line would be about 10 
kHz, which would make these carbons almost undetectable. However, as 

50-1 

N e X I 0 r d Spins/gram 

Figure 2. Variation in %Clms in a SP experiment on a resinite sam
ple with increasing BDPA radical concentration. 
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10 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

Κ becomes much larger than ωΏ line-narrowing occurs. In our example, 
according to eq 3 the observed broadening, ωΌ is 6 χ 102 s"1, or 100 Hz 
only, a value that indeed makes these carbons observable. Hence, for 
coals with NQ < 6 χ 10 1 9 c m - 3 , eq 2 provides a reasonable estimate of the 
percentage of undetected carbons. For an anthracite coal, where Ne = 6 
χ 10 1 9 c m - 3 , eq 2 predicts a loss of 30%, comparable to the observed 
value of 20% (15). 

The signal losses due to the presence of unpaired electrons in coal 
can be investigated by the use of an NMR standard. If the coal is mixed 
with a known amount of an internal reference material, the 1 3 C intensities 
can be compared and the amount of undetected carbons in the coal can be 
determined. A suitable standard developed for this purpose is tetrakis-
(trimethylsilyl)silane (TKS) (34). This compound meets several important 
criteria for its use as a reference standard. It exhibits a resonance that is 
quantitative, narrow (~2 Hz), and distinct. It is also grindable, nonvola
tile, and chemically inert, with a high solubility in a wide range of organic 
solvents so it can be removed easily from the sample under investigation. 
In addition, it displays a chemical shift at 3.5 ppm, which is well outside 
the typical chemical-shift range of most organic molecular solids and 
which is independent of magnetic field strength, and it has favorable relax
ation properties and cross-polarization dynamics for use in CP and SP 
experiments. 

Another very promising standard has been developed (55), namely, 
bi(yclo[3.2.1]-4-pyrrolidino-AT-methyl-8-octanone triflate, in which the car-
bonyl group is 97% 1 3 C enriched. The isotopically enriched carbonyl car
bon produces a fairly narrow (1.5-ppm) line at 217 ppm, which is usually 
outside of the spectrum of a coal. 

Of course, the use of a standard provides information only about the 
total amount of undetected carbons in coal, and not whether these are 
aromatic or aliphatic carbons. In view of previous free radical quenching 
experiments (28), the best estimate is to assign most of the undetected 
carbons as being aromatic. 

A second approach to investigate signal loss involves direct measure
ment of Ne by electron paramagnetic resonance (EPR) spectroscopy. 
Using this information, one can solve eq 2 to estimate the loss in carbon 
signal for coals with NQ < 6 χ 10 1 9 spins/cm3. 

Perhaps the best strategy to deal with the adverse effects of free radi
cals is to remove them by special chemical treatment. For instance, selec
tive chemical quenching of free radicals in a subbituminous coal with 
samarium iodide in tetrahydrofuran greatly reduced % C j o s s from 42% to 
15% (28). Preliminary experiments using this reducing agent suggest that 
the judicious application of SP methods combined with pretreatment of 
the coal can be used effectively for improving the quantitative reliability of 
solid-state 1 3 C NMR measurements. 
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1. WIND ET AL. Quantitation in 1 3 C NMR Spectroscopy 11 

A second intriguing possibility to remove the effects of radicals 
involves decoupling of the electron spins. The experiment would consist 
of decoupling electron spins from the carbons via irradiation with strong 
field at the electron Larmor frequency. However, experimentally this 
method is difficult to realize, and so far no attempt has been reported in 
the literature. 

Interference from Molecular Motions on H Decoupling. 
Irradiation with a strong rf field with an amplitude ω 1 Η at the proton Lar
mor frequency during 13C-signal acquisition removes the broadenings of 
the 1 3 C lines arising from proton-carbon dipolar interactions. The dipo
lar term responsible for the broadening is equal to άΙβζ, where d is an 
amplitude depending on the magnitude and orientation of the 
proton-carbon vector and J and Sz are carbon and proton spin operators, 
respectively. The rf irradiation generates a time dependence in Sz, which 
oscillates with a frequency wm. Hence, if ω1Η is large compared to d, the 
broadening is averaged out. In practice, ωιη must also be large compared 
to the strength of the proton-proton dipolar coupling in order to get effi
cient decoupling (7). If a solid has molecular motions with frequencies 
comparable to ω1Β/2π (typically on the order of 40-80 kHz), then d 
becomes time-dependent as well. In this case, interferences between d(t) 
and SJt) (where t is time) can result in time-independent carbon-proton 
interactions and thereby cause severe broadening of the 1 3 C lines and 
hence apparent signal losses (36, 37). Whether this phenomenon occurs 
in coal has not yet been investigated extensively. For a bituminous coal, 
no change in the 1 3 C intensity was found when ω 1 Η/2ττ was varied from 40 
to 82 kHz (24), but obviously more work is needed before more definite 
conclusions can be drawn. 

Magic-Angle Spinning. Although magic-angle spinning has been 
widely used to remove the chemical-shift anisotropics (CSAs), the applica
tion of MAS can give rise to two problems that can affect the quantitative 
character of the 1 3 C spectra: (1) spinning sidebands and (2) interference 
between MAS and molecular motions. 

Spinning Sidebands. If the MAS frequency, ωχ, is small compared to 
the CSAs, spinning sidebands (SSB) will occur in the spectra. This result 
is especially the case for the aromatic 1 3 C nuclei, which typically have CSA 
values on the order of ~150 ppm. This condition can make quantitative 
interpretation of the spectra difficult, because of an overlap of spinning 
sidebands corresponding to aromatic resonances with resonances originat
ing from aliphatic carbons. Although methods have been developed to 
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12 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

suppress spinning sidebands (38-40% the quantitative character of the 
spectra, corrected in this way, is uncertain (25). Therefore, it is advisable 
to measure the 1 3 C spectra under conditions where spinning sidebands are 
avoided altogether. To achieve this condition, the spinning frequency has 
to be chosen equal to or greater than the largest CSA. For instance, for a 
1 3 C Larmor frequency of 25 MHz, the spinning frequency should be >3.8 
kHz. Another possibility of avoiding spinning sidebands is the application 
of the magic-angle hopping (ΜΑΗ) technique, in which instead of a con
tinuous rotation, a three-step rotation "hopping" of the sample is applied 
over an angle of 120°, around an axis aligned along the magic angle (41, 
42). The disadvantages of ΜΑΗ are the rather poor sensitivity and the 
fact that the 1 3 C relaxation times need to be rather long to obtain quanti
tative results. This condition is not always fulfilled in coal, especially in 
lower rank coals with an oxygen percentage larger than ~10% (dry, 
mineral-matter free or dmmf) (15, 26). 

Interference Between MAS and Molecular Motions. If molecular 
motions in a coal make the CSA patterns time-dependent, and if these 
motions occur at frequencies comparable to the MAS frequency, then 
broadening effects arise as a result of an interference between the two 
time-dependencies (36, 43). This effect is analogous to the interference 
between molecular motions and the *H decoupling field (vide supra). 
Because aromatic carbons possess the largest CSA values, interference 
between CSA and MAS will primarily influence the aromatic intensities in 
the 1 3 C coal spectrum. Indeed, a decrease in the apparent aromaticity has 
been observed at higher MAS frequencies, and this observation indicates a 
loss in the aromatic signal at larger spinning speeds (15, 25, 44). Whether 
this effect is due to the interference between MAS and molecular motions 
is not certain, because these results have been obtained via 1 H - 1 3 C CP 
measurements. In CP, signal losses can occur also because of a modula
tion of the 1 H - 1 3 C coupling, induced by MAS (see the later section MAS 
Modulation of r c H ) . Nevertheless, it seems advisable to measure spectra 
at different spinning frequencies (preferably while avoiding spinning side
bands at all frequencies) in order to investigate possible interference 
effects, even when performing a SP experiment. Also, Μ Α Η might be use
ful in this case, keeping in mind the constraints of this method already 
mentioned. 

Recycle Delay. The value chosen for the time delay between suc
cessive experiments, td (see Figure 1), depends on the type of experiment 
that is used. In CP, t& has to be chosen large compared to the *H 
spin-lattice relaxation time, T^, which is easy to realize, as T 1

H in coal is 
relatively short [hundreds of milliseconds or less (15)]. However, in SP t& 
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1. WIND ET AL. Quantitation in 15C NMR Spectroscopy 13 

must be chosen much larger than the 1 3 C spin-lattice relaxation time, 
Tt

c, which in higher rank coals can be very long [tens of seconds or more 
in degassed coals (15)]. This condition means that td must be made very 
long in order for the carbon magnetization to recover to its full thermal 
equilibrium value during the recycle delay. In this respect, due to the lack 
of spin diffusion among the 1 3 C nuclei, often a distribution of 7^° values 
is observed (45); this possibility imposes a requirement that an extremely 
long value of td must be employed. 

To illustrate this need for a long value of td, we consider the case of 
single-exponential relaxation and the case of a distribution of relaxation 
times, in which the overall relaxation is governed by exp[-(AT) ] (28) 
where A T is "apparent" relaxation time defined as Τχ = r%/ln 2, where 
is the time it takes for the carbon magnetization to relax to one-half its 
thermal equilibrium value. Then, in order for the carbon magnetization to 
attain 99% of this thermal equilibrium value after the recycle delay, td 

must be 4.67^ in an exponential relaxation, whereas td = 31Tt is required 
in a distribution of relaxation times. Given that 1 3 C 7̂  values in coal have 
been measured as long as 45 s (75), td must be chosen to be at least 1400 
s! Thus, the SP experiment is very time-consuming. A possibility to 
decrease td is to expose the coal to air. Such exposure reduces the 1 H 
relaxation time by a factor of 2-4 (75, 46), and it was recently shown that 
1 3 C relaxation times are also reduced by an appreciable amount (see 
Chapter 18). However, the usefulness of this approach has still to be 
established. 

Factors Governing Quantitation in Cross-Polarization 
Experiments 

As already mentioned, almost all 1 3 C studies in coal have been carried out 
with the CP technique. The advantages of CP over the traditional SP 
method are the substantial gain in sensitivity (a theoretical maximum 
enhancement factor of 4), which is possible by transfer of magnetization 
from the abundant proton spins to the rare carbon spins, and the ability to 
repeat the experiment on the time frame of the proton spin-lattice relaxa
tion times, which are generally much shorter than those of carbons. How
ever, the CP method poses some potential hazards with regard to its quan
titative reliability owing to the complex, time-dependent evolution of the 
carbon magnetization. Indeed, many different CP experiments are needed 
to investigate and establish the quantitative character of the 1 3 C spectra. 
In fact, this need for many experiments can make the total experiment as 
time-consuming as, or even more time-consuming than, the standard SP 
experiment. The reason is that several factors can influence the quantita-
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14 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

tiveness of 1 3 C spectra obtained via CP; factors that do not play a role in a 
SP experiment. 

Hartmann—Hahn Matching Condition. In a CP experiment 
without MAS or combined with low-speed MAS, the polarization-transfer 
time, T C H , which determines the build-up of the 1 3 C magnetization during 
CP (Figure 1), becomes minimal when the Hartmann-Hahn condition is 
fulfilled, that is, when ω1(Ζ = wm (8). Even a slight misadjustment of this 
condition can result in a decrease of the apparent carbon aromaticity (24, 
46). The reason is that a large fraction of the aromatic 1 3 C nuclei have 
r C H values that are considerably larger than those corresponding to the 
aliphatic carbons (15, 16, 24), and signal intensity losses due to a 
"mismatch" are larger for 1 3 C nuclei with larger T C H values because of the 
nonhomogeneous spin temperature of the rare spins (47). Therefore, a 
precise adjustment of the Hartmann-Hahn condition is required to avoid 
signal losses, especially those of aromatic carbons. 

MAS Modulation of Tç^. Magic-angle spinning causes a time-
modulation in the 1 3 C - X H interactions. As a result, when the MAS fre
quency, ωΓ, is comparable to or larger than the local fields that the 1 3 C 
nuclei experience from the protons, this modulation causes an increase 
from the minimum value of Tcu at the Hartmann-Hahn condition, wlc = 
ω 1 Η . New minima occur in a plot of TCR versus wlc (for fixed ω 1 Η ) ; these 
minima occur at w l c = wm ± ηω (η = 1, 2,...) (48, 49). Moreover, the 
changes in the "matching curve" under the influence of MAS depend on 
the T C H value (48). In this instance, the matching curve is defined as the 
1 3 C signal observed after a certain matching time, i c p , as a function of the 
off-set frequency, o> lc - ω 1 Η . In general, a decrease in 1 3 C intensity for 
increasing ωτ values is observed, with a larger decrease for 1 3 C nuclei with 
larger J C H values. For instance, in Torlon, a poly(amide—imide) manufac
tured by Amoco, spinning at a frequency of 6 kHz reduced the 1 3 C intensi
ties of carbons located at one, two, and three bonds away from the nearest 
proton by 3, 20, and 40%, respectively (48). Hence, it follows that even 
moderate spinning frequencies can reduce carbon intensities considerably. 
In coal, the aromatic i 3 C nuclei have, on the average, larger T C H values 
than the aliphatic carbons. This difference might explain the substantial 
decreases in the aromatic carbon intensities that have been observed when 
spinning was increased from about 4 to 8 kHz (15, 25, 43). Another possi
ble explanation of this signal loss is interference effects between MAS and 
molecular motions, as discussed previously. At present this issue has not 
been fully resolved. 
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1. WIND ET AL. Quantitation in 13C NMR Spectroscopy 15 

The time modulation of the C - H coupling during CP may be avoided 
by applying Μ Α Η in the place of MAS (41, 43), by changing the spinning 
axis during CP (50), or by applying a so-called stop-and-go (STAG) exper
iment, where the spinning is stopped during CP (51). 

Spin-Locking A H Magnetization. To avoid losses in *H mag
netization, hence subsequent losses in the 1 3 C signal after CP, the entire 
proton magnetization must be spin-locked along the rf field, um. For this 
reason, ω 1 Η has to be large compared to the local fields that the protons 
experience from each other. If the spin-locking field is insufficient, signal 
losses occur as a result of two factors: (1) protons that experience local 
fields larger than ω 1 Η dephase during the spin-locking period, and (2) a 
single spin temperature is established between the system characterized by 
the proton polarization along the spin-lock field and the proton dipolar 
system (52). The latter phenomenon results in a net *H magnetization 
given by Af H = ^ H O ^ I H ^ I H + ^ 2) - 1> where Mm is the magnetization 
at thermal equilibrium and D is the local field. Hence, M H becomes 
smaller than Mm as ω 1 Η approaches D. 

Figure 3 shows the decay of the *H magnetization along a spin-lock 
field, ω1Η/2π, of 43 kHz, measured via X H NMR spectroscopy. The rapid 

o . o i I 1 1 1 1 ι I ι I ι I 
1 2 3 4 5 

t(ms) 

Figure 3. 1H rotating-frame relaxation curve of a low-volatile 
bituminous coal measured directly via 2HNMR spectroscopy. In this 
experiment ω1Η/2π = 43 kHz. 
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16 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

decay of the magnetization during the first 100 μδ can be ascribed to the 
effects just described. For this spin-lock field, the loss in the proton mag
netization is about 15%. This result means that a similar loss can be 
expected in the 1 3 C signal after CP. 

The loss in proton magnetization can be minimized by using a larger 
lock field. Although systematic investigations (19, 24) have demonstrated 
that varying the proton decoupling field between 40 and 82 kHz had negli
gible effects on the signal-to-noise (S/N) ratios of coal spectra or on the 
derived aromaticity values, preliminary results (53) indicate that using 
ω 1 Η / 2 π in excess of 80 kHz increases the signal, due to coal carbons, signi
ficantly. 

Cross-Polarization Spin Dynamics. The quantitative aspects 
in CP associated with the nonideal behavior of J C H and Tlp (spin-lattice 
relaxation time in the rotating reference frame) has been a topic of major 
concern in coal investigations employing this technique. In this regard, 
problems arise because the matching time, ÎQ», should be large compared 
to the 1 3 ΰ - χ Η polarization-transfer time, T C H , in order to obtain the fuU 
1 3 C magnetization. On the other hand, iCp should be smaU in order to 
prevent serious signal losses due to the ^ H relaxation in the rotating 
frame, characterized by Tlp (see Figure 1). In a typical coal, a distribution 
of T C H values results from the different 1 3 C - 1 H distances and motions 
present in the coal. Tlp can be very short for some coals, so that tŒ can
not be made longer than about 1-2 ms. The interplay between these two 
competing relaxation pathways ultimately governs the success of a CP 
experiment for quantitative analysis and requires that the condition J C H 

<< r c p << Tt must be fulfilled fairly rigorously. Experimentally deter
mined values of T C H are 25—50 μδ for rigid, protonated carbons and on 
the order of 1 ms or more for nonprotonated carbons (54). Furthermore, 
aliphatic and aromatic carbons in coal often exhibit different Tlp constants 
(19, 20, 55). Estimated values of Τχ in coals are found in the range of 
0.5-15 ms (10,15,19, 20, 55-57). 

Therefore, a major problem is that the condition T C H < < Tlp is only 
marginally satisfied for certain carbons with the results that these com
ponents achieve only partial polarization or none at all. This possibility is 
usually investigated by means of a variable contact-time experiment, in 
which the intensity of the 1 3 C signal is observed as a function of i c p . Fig
ure 4 shows the result of a typical experiment for aliphatic and aromatic 
carbons in a low-volatile bituminous coal, with volatile material (VM) = 
19.9%, C = 90.2%, and Η = 4.6% (dmmf). MAS is avoided in this case 
in order to avoid the problems mentioned in previous sections. In Figure 
4, the aliphatic carbon intensity has been multiplied by 9.6, so that the ali
phatic and aromatic curves coincide for tcp > 3 ms. The increase in the 
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1. WIND ET AL. Quantitation in 1 3 C NMR Spectroscopy 17 

(A.υ.) 

50 

J ι I ι I ι I 

Figure 4. Aromatic (·) and aliphatic (o) C intensities of a low-
volatile bituminous coal as a function of the matching time, Xcp. 
The aliphatic signal intensity has been multiplied by a factor of 9.6. 
In this experiment ω1ΗΙ2π = ω1€/2π = 43 kHz. 

T C H effects, whereas the 1 3 C intensities for short * c p values is due to 
decrease in these intensities for larger values of i c p is due to Tlp effects. 
Similar variable-rcp curves have been observed in many other coals (2-6, 
15, 24, 25). Usually, the experimental data have been analyzed with the 
assumption that the time dependence in the 1 3 C magnetization, MQ(t), is 
given by (58) 

Mc(t) = 
4 M 0 

i-tch/t lp 

*CP 
exp 

{~T1P\ 
-exp (5) 

In eq 5, MQ is the thermal equilibrium value of the 1 3 C magnetiza
tion. The effect of the 1 3 C spin-lattice relaxation in the rotating frame 
has been neglected, an approach that is usually justified in coal. By using 
the experimental variable-icp curves, Tlp is determined from the long-term 
behavior of Mc(t) and TCR from the short-term behavior. Then, using eq 
5, M0 can be calculated and compared with the value obtained from a 
standard sample. Finally, the weight percentage of the carbon detected via 
CP can be determined and compared with the weight percentage obtained 
via ultimate analysis. 
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18 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

By using this type of an analysis, the following results have been 
found: 

1. The aliphatic and aromatic 1 3 C nuclei manifest single, but different, 
T C H values. 

2. The X H rotating-frame relaxation is exponential; Tlp of aromatic 
protons is generally greater than Tlp of aliphatic protons. 

3. Only a fraction of the carbons is observed in CP, considerably less 
than is found in a SP experiment. 

The third result has been explained by inefficient carbon polarization 
of more slowly polarizing carbons in samples that contain fairly high con
centrations of free radicals, in which Tlp relaxation times are shortened 
through their interaction with paramagnetic centers via spin diffusion. An 
additional 30-40% of the carbons were not observed with CP (24). The 
same interpretation was invoked to explain results from dynamic nuclear 
polarization (DNP) "back-match" experiments, where 40% of the aromat
ic carbons in a mid-volatile bituminous (MVB) coal were found to have 
long T C H and were not observed in the usual CP experiments (59). Direct 
measurements of Tt in coals also indicate that 23-50% of the protons re
lax too quickly to allow CP of all carbon nuclei (59, 60). In point of fact, 
the foregoing conclusions are not completely accurate because the analyt
ical approaches provide an oversimplified picture of the relaxation phe
nomena in these systems. 

To illustrate this situation, we first consider the proton rotating-
frame relaxation results given in Figure 3. Even neglecting the initial 
drop-off in magnetization during the first 100 μδ, the relaxation is indeed 
nonexponential. During the first few milliseconds, the decrease in the X H 
magnetization is much larger than is predicted by the long-term relaxation 
behavior, which approaches an exponential decay. This large decrease 
means that the loss in 1 3 C magnetization during the first few milliseconds 
would be much larger than the loss predicted by eq 5. In other words, if 
the correction of magnetization for Tlp effects as illustrated by Figure 4 
had been analyzed directly via 1 H NMR spectroscopy, much larger values 
of MQ would have been obtained from the calculation. This situation is 
illustrated in Figure 5, in which the solid curves 1, 2, and 3 have been cal
culated for different values of T C H , assuming that the protons interacting 
with the 1 3 C nuclei are relaxing according to Figure 3 (again neglecting 
the initial drop-off) and assuming an exponential CP factor of 1 — exp 
( - i c p / r C H ) . For simplicity, M0 has been taken as unity. The dashed 
curves 4, 5, and 6 are obtained by substituting the parameters indicated by 
the solid curves into eq 5. Incorrect values of T C H , TlfP and M 0 are 
obtained, although for longer values of r Œ the overall behavior of the 
dashed curves is close to that of the "exact" solid curves. The apparent 
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3 Γ

Ι 2 3 4 5 

Figure 5, 13C variable-tcp experiment. The solid curves (1, 2, and 
3) were calculated from an assumed exponential CP factor (1 — 
e^P(—^CP^CH^ us^nS the 1H rotating-frame relaxation data given in 
Figure 3. Curve 1: TCH =0.3 ms; curve 2: TCH =0.7 ms; curve 
3: TCH = 1.3 ms, Mco = 1. Dashed curves (4, 5, and 6): calcu
lated with eq 5. Curve 4: TCH = 0.18 ms, Tlfi = 2.5 ms, MCQ = 
0.72; curve 5: TCH = 0.40 ms, Tlp = 3.1 ms, Mco = 0.61; curve 6: 
TCH = 0.70 ms, Tlp = 3.7 ms, Mco = 0.52 (curve 6 coincides com
pletely with curve 3). 

values of MQ are considerably lower than unity, and therefore the analysis 
of the data by eq 5 results in an underestimation of the fraction of 
observed carbons. 

The foregoing results suggest that the correct procedure for analyzing 
the variable-rcp experiment might be to use the X H rotating-frame relaxa
tion results obtained directly via 1 H NMR spectroscopy. However, even 
this procedure is not entirely suitable because the aromatic and aliphatic 
protons of the coal exhibit different overall Tlp relaxation behavior (19, 
20, 24). This issue can be investigated by again measuring Tt via CP with 
a fixed value of i c p and a variable delay period, tv prior to CP; during tt 

only the wm field is applied (see Figure 6a). The disadvantages of this 
procedure are that proton relaxation also occurs during i c p , and that the 
relaxation behavior is not measured during this time. However, the loss of 
magnetization can be minimized by using a small tQ? value. The X H 
rotating-frame relaxation curve obtained in this manner is shown for the 
aliphatic and aromatic protons in the low-volatile bituminous coal in Fig
ure 6b, where tc? = 60 s. The intensities of the aromatic and aliphatic 
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20 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

carbons are adjusted so that they appear equal for tx « 3 ms. The 
aromatic protons relax faster than the aliphatic protons, and this observa
tion is in accordance with the results of a previous investigation (61) that 
indicated that the X H rotating-frame relaxation is governed by coal organic 
radicals that are located mainly in the aromatic regions (15). 

On the other hand, this finding is in complete disagreement with pre
vious observations (19, 20, 24) that variable-icp experiments have shown 
(Tlp) aromatic protons > (Tlp) aliphatic protons. The reason for this dis-

I ι I ι I 1 1 « L 
1 2 3 4 5 

( t i + * σ ) ( Β β ) ' 

Figure 6. a: The pulse sequence used in the variable-tj experiment, 
b: Aromatic (·) and aliphatic (o) 1 3 C intensities of a low-volatile 
bituminous coal as a function of (tj + tcp) for t̂ p = 60 μ& Solid 
curve: 1Hrotating-frame relaxation measured via^HNMRspectros
copy. The aliphatic signal has been multiplied by a factor of 3.2. In 
this experiment ω1ΗΙ2π = <W1CI2K = 43 kHz. 
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crepancy is the occurrence of nonprotonated carbons with large T C H 

values («1 .3 ms) that comprise a major fraction of the coal aromatic car
bons. Using tc? = 60 μ$ selectively attenuates their contribution to the 
time-dependent behavior of Mc(t) for tc? values <2.5 ms. This attenua
tion causes an apparent decrease in the overall relaxation rate and more 
accurately reflects proton relaxation in the rotating frame. 

A complete analysis of all results shown in the Figures 3, 4, and 6b 
demonstrated that the CP dynamics of the aliphatic carbons can be charac
terized by two T C H time constants, and that of the aromatic carbons by as 
many as three TCH time constants. Thus, the interplay between Tcu and 
Tlp leads to complicated results, and many different experiments ( 1 H 
rotating-frame relaxation measured via X H NMR spectroscopy, variable-icp 

experiments, and variable-^ experiments) are needed to extract the proper 
quantitative information. 

The analyses of both the variable-icp and variable-^ experiments 
indicated that the percentage of detected carbons is much larger than that 
estimated from an analysis of only the variable-icp data by means of eq 5. 
In fact, using this comprehensive analysis method to characterize CP spin 
dynamics, we conclude that the observable percentage of carbons meas
ured via CP and SP are comparable. This conclusion means that the gen
eral consensus that a larger fraction of the carbons is too remote from 
protons to be polarized via CP is incorrect. Rather, loss of signal 
observed in conventional CP experiments is simply a matter of relaxation 
effects. 

The influence of can be decreased by applying larger rf fields. 
With larger rf fields, the^H rotating-frame relaxation becomes longer and 
has more exponential character; thus the quantitative reliability of the 
measurements is improved. 

Summary and Conclusions 

Table I summarizes the various factors that can influence the quantitative 
character of 1 3 C spectra of coal as well as the remedies to improve the 
analysis. On the basis of experience from previous work, the following 
experimental conditions are recommended for the most reliable results. 

1. The X H lock field, ω 1 Η , should be chosen as large as possible (e.g., 
ω1Η/2π > 60 kHz). The use of large ω 1 Η is especially advantageous 
in CP experiments where signal losses from X H dephasing effects are 
minimized as a result of longer X H rotating-frame relaxation times. 
Moreover, slight increases in the resolution of the 1 3 C spectra of 
coal have been observed when the decoupling field was increased 
from 45 to 90 kHz or higher. Preferably, 1 3 C spectra should be 
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22 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

Table I. Factors limiting Quantitation in 1 3 C Single-Pulse 
and Cross-Polarization Experiments and Possible Remedies 

Limiting Factor Possible Remedies 

Both types of experiment 

Unpaired electrons 

Interference between molecular motions 
and the 1 H decoupling field, u)m 

Spinning sidebands due to insufficiently 
fast MAS 

Interference between molecular motions 
and MAS 

Single-pulse experiments 

1 3 C spin-lattice relaxation time, J l z

c 

1. Remove electrons 
by chemical treatment 

2. Measure Ne via ESR 
spectroscopy and estimate loss 
in aromatic carbons from eq 2 

Measure spectra at different ωίΚ 

fields, e.g., 60 < um/2w < 100 kHz 

1. Use low external magnetic 
field (BQ < 2.3 T) 

2. Use magic-angle hopping 

1. Measure spectra at different 
MAS speeds 

2. Use magic-angle hopping 

1. Use long recycle delays 
2. Reduce J l z

c by exposing 
coal to air 

Cross-polarization experiments 

Hartmann-Hahn condition 

Modulation of C - H coupling 
due to MAS 

Dephasing of 1 H magnetization 
during CP 

Interplay between Ύχ and T C H 

Precisely adjust the condition 
W I H = w i c 

1. Use low MAS frequencies 
(< 4 kHz) 

2. Use stop-and-go experiment 
3. Use magic-angle hopping 
Use large *H rf field during CP 

(ω1Η/2ττ > 60 kHz) 

1. Measure Tlp via *H NMR 
spectroscopy 

2. Measure Tlp via variable i c p , 
tx experiments 

3. Use % - 1 3 C nuclear solid effect 
4. Use ^ - ^ C RF DNP-CP 

NOTE: In all experiments, an N M R intensity standard should be used. 
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obtained with a few values of wm in order to investigate possible 
interference effects. 

2. The MAS frequency should be taken as low as possible, preferably 
3-4 kHz, which is sufficiently large to minimize the occurrence of 
spinning sidebands in the 1 3 C spectra. Consequently, it is preferable 
to perform the 1 3 C experiments in a small external field, that is, 
1.4-2.3 T, where correspondingly smaller spinning speeds and large-
sample volume can be used. Measuring spectra at lower external 
field strengths does not result in a decreased spectral resolution; its 
only disadvantage is the lower sensitivity. Recently developed large-
volume spinners are capable of spinning volumes up to 6 cm 3 at 2.5 
kHz (62); hence the NMR sensitivity is increased dramatically. In 
addition, the influence of MAS during CP matching may be mini
mized by either changing the spinning axis during tQ? or applying a 
S T A G experiment. Furthermore, the experiment should be per
formed at a few MAS frequencies to investigate possible interference 
effects. 

3. A large spectral width should be used for the detection of the 1 3 C 
spectra (50 kHz or more). This approach facilitates measurement of 
1 3 C resonances that are broadened by the presence of unpaired elec
trons or from interference effects. 

4. A standard sample should be mixed with the coal sample to deter
mine the percentage of observable carbons. An excellent reference 
standard is tetrakis(trimethylsilyl)silane (TKS) (34) or the triflate 
compound already mentioned (55), although a simple standard like 
hexamethylbenzene has proven to be very useful (24). In CP experi
ments, observed carbon signal intensities for these standards must be 
corrected for TQH and Tlf> effects. 

A major concern is the selection of the appropriate pulse sequence, 
either SP or CP, to obtain the most quantitative 1 3 C spectra. Comparing 
the two methods from previous work found in the literature, we conclude 
that the SP technique is by far preferable for the quantitative characteriza
tion of carbonaceous solids, including coals. In fact, the time has come to 
abandon CP altogether for quantitative studies. However, this technique 
may be used for a qualitative survey when sensitivity is an issue or when 
more detailed knowledge of the coal structure is desired, for example, to 
confirm the presence of different molecular structures that are in low 
abundance or to determine the distribution of carbon-proton distances 
and relaxation times for various carbons and protons. Useful CP results 
can be achieved by applying the variable-rcp and variable-^ experiments 
described herein. However, no rigorous analysis can describe in detail all 
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24 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

processes occurring during CP, so that qualitative information can be 
expected at best. 

The main disadvantage of the SP technique is the long recycle delay 
required between successive pulses. However, for lower rank coals (typi
cally with Ο > 10%) the 1 3 C Zeeman relaxation time, T l z

c , is rather short 
(on the order of several seconds) (26) and Tlz

c in higher-rank coals can 
be decreased by exposing the coal to air. This step, together with the pos
sibility of using large-volume rotors, makes the SP experiment very feasi
ble. The remaining factor limiting the quantitativeness in SP experiments 
is the broadening effects due to the unpaired electrons. However, espe
cially for lower rank coals in which the electron concentrations are typi
cally lower than about 3 χ 10 1 9 cm - 3 , the maximum intensity loss to be 
expected is probably not more than 10-15%. In samples in which the 
presence of free radicals poses a problem, the judicious application of SP 
methods combined with pretreatment of the coal with an appropriate radi
cal quenching agent, such as samarium iodide (28), can be used effectively 
for improving the quantitative reliability of the measurements. 

Finally, in other Χ Η - 1 3 0 polarization-transfer techniques, part of the 
problems arising in CP can be circumvented. These other approaches are 
polarization transfer via the nuclear solid effect (NSE) (63, 64) and polari
zation transfer via rotating-frame (RF) DNP-CP (65, 66). In both 
instances, dephasing of the protons via Tlp processes is avoided. These 
experiments are discussed in greater detail in Chapter 10. 
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1H NMR Spectroscopy 

Approaches for Carbonaceous Solids 

Gary E. Maciel1, Charles E. Bronnimann2, and Cynthia F. Ridenour 

Department of Chemistry, Colorado State University, Fort 
Collins, CO 80523 

This chapter provides an introduction and overview of the 
1H CRAMPS (combined rotation and multiple-pulse spec
troscopy) technique as applied to carbonaceous solids, pri
marily coal The basic nature and characteristics of the 
CRAMPS experiment are explained. Its applications to 
coal, oil shale, kerogen, humic acid, and fulvic acid are 
described. Some of the technical characteristics and require
ments of the 1H CRAMPS experiment are outlined. Direc
tions for future 1H CRAMPS applications to carbonaceous 
solids are discussed. 

JL\S AN APPROACH FOR CHARACTERIZING CARBONACEOUS sam
ples, including solids, NMR spectroscopy has a history of more than 30 
years. Even before the implementation of magic-angle spinning (MAS) 
(1-3) in the study of carbonaceous solids, 1 3 C techniques showed promise, 
and i 3 C MAS techniques of various types have assumed a very important 
role in the study of a wide range of carbonaceous solids (see Chapter 1 in 
this volume). 

Most carbonaceous solids contain substantial quantities of hydrogen, 

so X H NMR techniques also have been of interest for many years. How-

corresponding author 
2Current address: Chemagnetics, Inc., 2555 Midpoint Drive, Fort Collins, CO 
80525 
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28 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

ever, because of the combination of a large nuclear magnetic moment and 
a large natural abundance (nearly 100%), *H NMR techniques for solids 
must overcome the effects of the strong 1 H - 1 H dipolar interactions (4-6), 
for which the Hamiltonian (the zeroth-order term) is shown in equation 1 
for a collection of η protons. 

# D ( 0 ) = ς Σ W * li - 3I^j) (!) 
i<jj=l 

where 

(3cos 2 % - 1) 

and I; and I. are the ith and jfh protons, r» is the magnitude of the inter-
nuclear vector (r»), θ^. is the angle between r» and the static magnetic 
field (BQ), and 7 is the magnetogyric ratio of a proton. Resulting from 
these strong 1 H - 1 H dipolar interactions are 1 H - 1 H spin-spin flip-flops, 
which have important consequences in the overall nuclear spin behavior of 
protons. Analogous complications are avoided in 1 3 C NMR spectroscopy 
because of 1 3 C s low natural abundance. 

In the absence of suitable techniques for eliminating the effects of 
1 H - 1 H dipolar interactions, *H NMR spectra of typical carbonaceous 
solids consist of very broad bands. Sufficiently rapid MAS can average the 
1 H - 1 H dipolar interactions, but MAS speeds in excess of what is currently 
available (~27 kHz) are required to adequately narrow the peaks due to 
protons in proton-rich parts of an organic structure, especially in 
methylene groups (7). Consequently, until a few years ago, *H NMR stud
ies of carbonaceous solids were largely limited to wide-line studies or 
low-resolution relaxation experiments. Such studies have provided valu
able insights into the mobilities and phases involved in coal structure 
(8-10). 

For many carbonaceous solids, like typical coals, the 6» values in eq 1 
can be very large, for example, 50 kHz for a geminal hydrogen pair (as in a 
C H 2 group). Hence, magic-angle spinning would be useful as a routine 
high-resolution *H technique only if very high MAS speeds, for example, 
40-50 kHz, could be obtained. In 1968, Haeberlen and Waugh (11) 
reoriented the attention of the NMR community away from thoughts of 
mechanically averaging 1 H - 1 H dipole-dipole effects to averaging in spin 
space via a multiple-pulse approach. In this approach (12), the influence 
of the homonuclear dipole-dipole interaction on the evolution of the nu-

h = 
2*2 7ZB 

2r~3 
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clear spin magnetization over an entire cycle of pulses is compensated by 
the effects of the short, strong pulses (with precisely adjusted durations, 
spacings, and phases). If one simultaneously spins the sample about the 
magic angle, then chemical-shift anisotropy (CSA) and inhomogeneous 
heteronuclear dipolar interactions are averaged, so sharp peaks can be 
obtained. This combination of multiple-pulse and MAS line narrowing 
was introduced by Schnabel et al. (13) and by Gerstein and co-workers 
(14, 15), who coined the acronym CRAMPS (for combined rotation and 
multiple-pulse spectroscopy). 

Figure 1 shows the strategy of the 1 H CRAMPS approach (5). The 
approach was applied first to coals by Gerstein (16), whose early 60-MHz 
results were viewed in most quarters with unwarranted disappointment. 
Later, Rosenberger and colleagues (17, 18) obtained what seemed to be 
somewhat more promising results at 270 MHz on European coals, which 
often consist of less complex structural mixtures and, hence, display more 
attractive fine structure. In the earlier work from the Gerstein laboratory, 
the apparent "resolution" was limited by the nature of the sample and not 
by the technique or its implementation. 

The H CRAMPS Experiment for Carbonaceous Solids: 
An Overview 

The ancestor of all the multiple-pulse homonuclear dipolar line-narrowing 
techniques on which current *H CRAMPS experiments are based is the 
W A H U H A method (12), shown in Figure 2. (WAHUHA, M R E V , and 
BR are acronyms created from the surnames of the originators of the 
methods.) The shorthand notation for this cycle of four 90° pulses of difj 
ferent phases is (XY) (YX), where the letters indicate phases (X 
representing a 90°_ x pulse) and the parentheses enclose symbols for pulses 
separated by the time 2r (with the cycle time, r , equal to 6r). Other 
multiple-pulse sequences used frequently in 1 H CRAMPS experiments are 
the M R E V - 8 sequence, j[XY) (YX) (XY) (YX) (19-21), and the BR-24 
sequence, (XY) (YX) (XY) (YX) (YX) (XY) (YX) (YX) (XY) (YX) 
(XY) (XY) (22). 

Figure 3 shows the effects of the two line-narrowing techniques, MAS 
and multiple-pulse (BR-24), separately and together in *H NMR experi
ments on monoethyl fumarate (5). Figure 3b shows that relatively little 
line-narrowing is achieved by only MAS at the relatively low MAS speed 
of the CRAMPS experiment (2-3 kHz in the cases shown here). The 
application of only BR-24 in the absence of MAS (Figure 3c) eliminates 
the 1 H - 1 H dipolar broadening and leaves patterns made up of inhomo
geneous broadening effects [principally CSA, with contributions likely 
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The single 1 H resonance of a solid, 
broadened by 1 H- 1 H dipolar inter
actions and CSA interactions. 

multiple-pulse 

{(I I 11 11 11 I i 11 11 
ot the dipolar 

line narrowing 

I 11 11 )nTdelay-}m 
interaction 

τ 

moderate-speed magic-angle spinning 

/ 
0 

0 

CRAMPS MAS + Multiple Pulse 

Figure 1. Diagram of the 1H CRAMPS strategy, where η is the 
number of BR—24 cycles in each spectral acquisition and m is the 
number of repetitions of spectral acquisition. 
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90.χ 90 γ 90. γ 90 χ 

/ \ 

•χ U il II 
0̂ Τ 2Τ 4Τ 5Τ 6Tj 

< Χ > 

Figure 2. The WAHUHA multiple-pulse homonuclear dipolar line-
narrowing sequence, showing the total cycle time TC = 6r. In our 
experiments the pulse width is approximately 1.2 μ5·, r is 2—4 ps, and 
the asterisk is a data-acquisition point. 

I 1 1 1 1 I 1 1 1 1 I ' 1 1 1 I 1 1 ' ' I 
20 10 0 -10 -20 PPM 

Figure 3. 187-MHz 1H NMR spectra of monoethyl fumarate: (a) 
single pulse, no MAS; (b) single pulse with 2-kHz MAS; (c) BR-24 
multiple pulse with no MAS; (d) combination of BR-24 and MAS, 
that is, CRAMPS. (Reproduced with permission from reference 6. 
Copyright 1990 Academic Press.) 
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32 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

from bulk susceptibility effects (6)]; such effects can largely be eliminated 
by MAS. Thus, in the CRAMPS spectrum (Figure 3d), a level of resolu
tion that is useful in chemical applications is achieved. 

Figure 4a shows the X H CRAMPS spectrum of citric acid as a 
powdered crystalline material. The level of resolution in that sample is 
representative of what is achievable for powdered, crystalline samples of a 

J—ι—τ—τ—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—Γ" 
15 10 5 0 - 5 

PPM 

Figure 4. 187-MHz 1H CRAMPS spectra of powdered (a) citric acid 
and (b) durene. (Reproduced with permission from reference 6. 
Copyright 1990 Academic Press.) 
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pure organic substance, although the line widths usually obtained on 
aromatic compounds are typically somewhat larger than for aliphatic com
pounds (e.g., Figure 4b); these line widths primarily reflect the effects of 
large anisotropies of magnetic susceptibility in the aromatic compounds. 

The apparent resolution of *H CRAMPS spectra of typical coals, oil 
shales, and humic or fulvic acids is much lower. Figure 5 shows the X H 
CRAMPS spectra of three Argonne Premium coals at two different static 
magnetic field strengths corresponding to 187- and 360-MHz proton reso
nance frequencies. One general characteristic that is obvious from the *H 
CRAMPS spectra of these coals is that they each consist primarily of two 
broad contributions, a band associated with protons attached to aromatic 
carbons (centered at about 7-8 ppm) and a band due to protons attached 
to aliphatic carbons (centered at about 2-3 ppm). This situation is analo
gous to the 1 3 C MAS spectra of coals (see Chapter 1), which consist pri
marily of a band due to sp2 carbons (roughly 150-110 ppm) and a band 
due to sp3 carbons (roughly 0-80 ppm), although the separation between 
the two bands is cleaner (essentially base-line separation) in the 1 3 C case 
than in the *H case. In both cases, the breadth of the lines is due to inho-
mogeneous effects, primarily a dispersion of isotropic chemical shifts, with 
a contribution due to anisotropic bulk susceptibility effects. The magni
tude of the latter effect should be the same for the *H and 1 3 C cases, but 
it has a more dramatic effect on the overall aromatic-versus-aliphatic 
separation in the X H case because of the smaller range of *H chemical 
shifts than for 1 3 C . 

Another pattern is seen in Figure 5 by comparing the 187- with the 
360-MHz spectra for the same coal: The *H CRAMPS spectra are not 
substantially improved by increasing the static magnetic field strength. 
This result is what one expects for the situation in which the peak widths 

187 MHz 360 MHz 

I , , , , ι ι 1 1 r 
15.0 10.0 5.0 0.0 -5.0 15.0 10.0 5.0 0.0 -5.0 

PPM PPM 

Figure 5. 1H CRAMPS spectra of Argonne Premium coals: 187 
MHz (left) (29) and 360 MHz (right). 
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34 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

are determined primarily by inhomogeneous effects, rather than homogen
eous effects such as residual 1 H - 1 H dipolar broadening. The kind of *H 
CRAMPS performance demonstrated on model systems, as in Figures 2 
and 3, demonstrates that residual 1 H - 1 H dipolar effects should not be sig
nificant contributions to the peak widths observed in the spectra shown in 
Figure 5. 

Figure 6 shows representative 1 H CRAMPS spectra of a humic acid 
(23), a fulvic acid (23), an oil shale (24), and its kerogen concentrate (24). 
The humic and fulvic acids show somewhat more fine structure than for a 
coal, with relatively distinct contributions from various O H groups. The 

20.0 15.0 10.0 5.0 0.0 - 5 . 0 - 1 0 . 0 - 1 5 . 0 
PPM 

Figure 6. 187-MHz *H CRAMPS spectra of (A) Minnesota peat 
(Rice Lake) humic acid (23), (B) Mattole soil fulvic acid (23), (C) 
Colorado oil shale, and (D) kerogen concentrate of Colorado oil 
shale (24). 
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kerogen concentrate spectrum, although showing a much greater aliphatic 
proton content than that of a typical coal, displays roughly comparable 
resolution characteristics. The spectrum of the corresponding raw oil 
shale is somewhat "inferior" in terms of apparent overall line width. This 
property may be due to the very large quantity of inorganic "matrix" in oil 
shale, which contains substantial quantities of paramagnetic (and even fer
romagnetic) centers, and these can yield large line-broadening effects. 

Another interesting pattern that is often observed in the *H 
CRAMPS spectrum of coal (25, 26) is the effect of saturation with perdeu-
teropyridine (27-29). Figure 7 shows this effect. Comparing the spectra 
of unadulterated (diy) coals with the spectrum of the corresponding coal 
saturated with C 5 D 5 N illustrates the improved level of resolution typically 
obtained. This effect may be partially due to some degree of susceptibility 
averaging, for example, when pyridine molecules fill voids in the coal 
structure and partially mobilize locally anisotropic moieties. There should 
be a reduction in line width due to partial mobilization of certain struc
tural moieties in coal caused by pyridine saturation; although this postu
lated partial mobilization should not significantly reduce residual 1 H - 1 H 
dipolar interactions (which we believe are minimal even without C 5 D 5 N 
saturation), it could reduce the spread of isotropic chemical shifts by par
tially averaging disparate chemical shifts that are frozen into the system in 
the absence of mobilization by C 5 D 5 N and average anisotropic magnetic 
susceptibilities. Saturation with C 5 D 5 N also has a substantial effect on oil 
shale or kerogen spectra (24). 

The issue of molecular-level mobility in carbonaceous solids is amen
able to study via time-domain *H CRAMPS experiments. A variety of 
relaxation techniques that are direct carryovers from liquid-sample NMR 

Dry C 5 D 5 N-Saturated 

Figure 7. 187-MHz 2H CRAMPS spectra of dry and C5D$N-
saturated Argonne Premium coals (29). 
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36 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

spectroscopy or from 1 3 C cross-polarization (CP)-MAS NMR spectros
copy have been employed (30). One of the most useful of these, especially 
for studying issues of molecular mobility, is a 1 H - 1 H dipolar-dephasing *H 
CRAMPS technique that is directly analogous to the well-known 1 H - 1 3 C 
dipolar-dephasing technique in 1 3 C C P - M A S NMR spectroscopy. In the 
*H CRAMPS version (30), for which the pulse sequence is shown in Fig
ure 8A, a dephasing period (i, with a "refocusing" π pulse in the middle) 
is inserted between the initial w/2 pulse that places % magnetization in 
the transverse plane and initiation of the BR—24 sequence that is used for 
high-resolution (CRAMPS) detection. During this t period, the magneti
zation due to those protons that experience strong resultant 1 H - 1 H dipo
lar interactions is strongly attenuated for t greater than about 20-30 ps. 
The 1 H - 1 H dipolar interactions of protons in those structural moieties 
that experience rapid motion are strongly attenuated by the motion, and 
this attenuation is reflected in slower dephasing in the *H CRAMPS 
dipolar-dephasing experiment. The dipolar-dephasing behavior of each 
peak in the X H CRAMPS spectrum (especially for C5D5N-saturated sam
ples) can often be analyzed in terms of eq 2 (27-29) 

M(t) = S ^ e x P H 2 / 2 r L ) + Σ bj QXPH/T2bj) (2) 

which includes both Gaussian and Lorentzian terms. In eq 2, M(t) 
represents the transverse *H magnetization after a dephasing period f, a. is 
the fraction of proton magnetization dephasing according to the Gaussian 
time constant Γ^. , and bj is the fraction of proton magnetization dephas
ing according to the Lorentzian parameter T^. The Gaussian terms 
describe the more rapid dephasing, which is associated with the more rigid 
macromolecular component(s) of the sample, and the Lorentzian terms 
describe less rapid dephasing, which is associated with the more mobile 
structural components in the sample. This technique has been applied 
successfully to examine the relationship between chemical structure and 
mobility in Premium coals and their pyridine extracts and residues 
(27-29). Figure 8B shows typical 1 H CRAMPS dipolar-dephasing 
behavior of a subbituminous coal. This technique is also useful in studies 
of oil shales and kerogens (24). 

Details of the 1H CRAMPS Experiment 

Choice of Pulse Sequence. The pulse sequences most often 
used in CRAMPS are derived from the solid-echo (2), which is essentially 
the first half of the W A H U H A sequence shown in Figure 2. The most 
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π / 2 π 

A t/2 t/2 BR-24 

dipolar dephasing proton dipolar interaction 

period removed 
t 

Β 

' ϊ * I ι I i i ι i J ι ι t 

20 10 0 -10 PPh 

Figure 8. A; 1H-1H dipolar-dephasing sequence with CRAMPS 
detection. B: Application of the 1H CRAMPS dipolar-dephasing 
sequence to a subbituminous Polish coal (27), showing the effect of 
dipolar-dephasing time (τ) on the spectrum of a C^D^N-saturated 
sample, with the untreated coal spectrum for comparison (21). 
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popular of these sequences are, in order of complexity, the W A H U H A 
sequence (12), M R E V - 8 (19-21), and BR-24 (22). Windowless 
sequences (31) and those based on time reversal (32, 33) are of more lim
ited use in obtaining high-resolution *H spectra and are not discussed 
here. 

Pulse sequences can be evaluated according to (1) the ease with 
which one can obtain efficient homonuclear dipolar decoupling, (2) their 
chemical-shift scaling factor, and (3) the bandwidth achieved. The more 
complex pulse sequences are generally easier to implement and achieve 
more complete decoupling. However, these improvements are achieved at 
the cost of larger cycle times and smaller scaling factors (i.e., a larger 
degree of scaling). 

Factors influencing the ease of implementation of a given pulse 
sequence are the radio frequency (rf) power and pulse-switching speed 
requirements and sensitivity to pulse imperfection. The size of the 
chemical-shift scaling factor determines the extent to which homogeneous 
line-broadening mechanisms, such as molecular motion, will degrade reso
lution. The overall effectiveness of a pulse sequence with a smaller scaling 
factor will be more severely affected by homogeneous broadening than 
that of a sequence with less severe scaling. The bandwidth of a pulse 
sequence is determined by its cycle time. Longer cycles have correspond
ingly smaller bandwidths and should therefore be limited to spectra with 
small frequency widths. Furthermore, the relatively low data-acquisition 
rate of longer cycles seriously reduces their effective sensitivity (signal-to-
noise ratio, S/N) relative to shorter cycles. This reduction occurs because 
one cannot use an audio filter width matched to the bandwidth of the 
pulse sequence. Filters must instead be set to a frequency width of 
approximately r"1 in order to avoid saturation by the pulse train. Com
pensating for poor sensitivity by simply averaging for very long times may 
not be a good idea because spectral resolution can be degraded if the 
spectrometer is unstable over the long term. 

The W A H U H A sequence contains two solid-echo pulse groups. The 
chemical-shift scaling factor of this sequence is 0.575, the maximum possi
ble. The W A H U H A cycle time (6r) is the shortest cycle time possible for 
a sequence based on the solid echo; thus W A H U H A has the largest data-
acquisition rate and bandwidth of the three common sequences. On the 
other hand, W A H U H A is the least efficient in removing homonuclear 
dipolar coupling. It is frequently stated that the W A H U H A sequence fails 
because it does not properly average the dipolar interaction (ΗΌ) even to 
zeroth order in the case of finite pulse width. In fact, the pulse width can 
be adjusted according to the duty factor of the cycle to remove (34). 
With the proper pulse width, W A H U H A will null both ΗΌ^> and ΗΌ<Μ 
[the latter by virtue of reflection symmetry (4)]. 

The main difficulty of W A H U H A is in its intolerance of pulse imper
fections, especially rf inhomogeneity and the antisymmetric phase transi-
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ent. These pulse errors result in a residual homonuclear dipolar line 
width that is proportional to r. The phase transient can be reduced by re
ducing probe and transmitter Qs, which increases power demands. The rf 
homogeneity can be improved by reducing the sample volume, but at the 
cost of lower sensitivity. The line-broadening effects of both types of error 
term can be minimized by minimizing r. In practice, the ultimate resolu
tion available from W A H U H A is on the order of 2-4 ppm. 

M R E V - 8 combines two W A H U H A cycles to reduce sensitivity to 
both rf inhomogeneity and phase transient errors. M R E V - 8 also removes 
i f D ( ° ) in the case of finite 90° pulses and thus makes setup slightly easier. 
The M R E V - 8 cycle time is 12r, yielding half the data-acquisition rate and 
bandwidth of W A H U H A . The data-acquisition rate of M R E V - 8 can 
easily be doubled by sampling each W A H U H A subcycle once. Oversam-
pling does not increase the spectral width because sampling more than 
once per cycle introduces artifacts that will appear at the cycle frequency 
(35). The scaling factor of M R E V - 8 is 0.475, slightly worse than that of 
W A H U H A . 

In a well-tuned spectrometer, the principal source of broadening for 
M R E V - 8 is the second-order dipole term, ΗΌ^2\ The line-broadening 
contribution due to ΗΌ^ is proportional to τ and can thus be reduced by 
decreasing r. Experimentally we find that r values of 2.0-2.5 JUS are suffi
cient to eliminate the effects of (6). Operation at τ = 2 μ$ places 
great demands on receiver recovery, transmitter power, and on the probe. 

BR-24 was derived from M R E V - 8 by using the principle of pulse-
cycle decoupling (22), which, loosely stated, is as follows: If pulse cycles 
are combined in the right way, their zeroth-order and first-order average 
Hamiltonians add to each other. In BR-24, three M R E V - 8 cycles are 
combined to remove ΗΌ^2\ while the compound cycle retains the favor
able error-compensation characteristics of M R E V - 8 . BR-24 should thus 
achieve efficient dipolar narrowing at longer τ values than does M R E V - 8 . 
Experimentally, r values of 3.0—3.5 ps are found to be adequate (6). This 
increased dipolar line-narrowing efficiency comes at the expense of a long 
cycle time (36r) and a scaling factor of 0.375. It is easy to increase the 
data-acquisition rate of BR-24 by sampling twice per BR-24 cycle. 

Choice of Static Magnetic Field Strength. Many considera
tions are involved in selecting the optimal static magnetic field strength 
for *H CRAMPS experiments. Apparently, in principle, the experiment 
can only improve by going to higher magnetic fields, but a number of 
technical problems make high-field CRAMPS very difficult at this time. 

The main advantages of increasing the magnetic field strength are 
that the sensitivity and resolution of CRAMPS spectra should improve. 
Homogeneous contributions to the line width, including contributions 
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from pulse imperfections and dipolar broadening, both homonuclear and 
heteronuclear, are typically independent of the magnetic field strength or 
are actually reduced at increased fields. Thus, the effect of dipolar 
broadening on spectral resolution should become smaller relative to the 
chemical-shift dispersion at higher magnetic fields. The benefits of 
increased sensitivity are also important, both in terms of lowering the limit 
of detection of % CRAMPS, which is currently on the order to 
10~2—10~3 wt% hydrogen, and in terms of reducing overall experiment 
times. 

CRAMPS experiments are currently being performed successfully at 
proton Larmor frequencies up to 400 MHz. Several challenges are 
involved in going beyond this frequency. With solenoid coils and tradi
tional circuit geometries, it is difficult to achieve intense and highly homo
geneous rf fields at higher frequencies. Up to now, short pulse widths 
have been obtained by reducing the coil volume. The homogeneous 
volume of the coil is thus also reduced, and this lower volume requires the 
use of smaller sample sizes. Most likely, future progress will involve 
alternate-coil geometries and matching methods. 

Higher magnetic fields require larger spectral bandwidths and MAS 
rates. On the other hand, multiple-pulse sequences have limited 
bandwidths and perform best at low MAS rates. Multiple-pulse sequences 
efficiently decouple over only a limited frequency width (6, 36). For 
BR-24 the usable frequency width is usually greater than the bandwidth, 
but W A H U H A and M R E V - 8 do not effect homonuclear decoupling effi
ciently over their full bandwidths (6, 20-22). In our hands, BR-24 is the 
most sensitive of these three pulse sequences to interference from MAS. 
Because of its small bandwidth and sensitivity to MAS speed, BR-24 will 
probably be inferior to MREV-8 at 400 MHz and higher, in spite of the 
relatively poor response of M R E V - 8 to large offsets. 

Another likely disadvantage of increasing the static magnetic field 
without limit is in the area of spin-lattice relaxation. The proton 
spin-lattice relaxation time, Γ 1

Η , usually increases as the field strength 
increases, a result requiring larger repetition delays and canceling (at least 
partially) the higher-field sensitivity advantage. 

Choice of Operating Parameters. The CRAMPS experiment 
involves a great deal of parameter variation. Preparation pulses, receiver 
phase, pulse width, cycle time, offset (magnitude and sign), and MAS rate 
should all be treated as parameters that can be varied for optimization of 
the CRAMPS spectrum. Coals and oil shales provide an excellent oppor
tunity to fully exercise this flexibility. 

The proper selection of receiver phase and the phase and width of 
the preparation pulse is important in avoiding the pedestal signal that 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

00
2

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



2. MACIEL ET AL. 1H NMR Spectroscopy for Carbonaceous Solids 41 

arises from magnetization that is prepared parallel to the effective field of 
the multiple-pulse train (4, 6). If the pedestal is broad, as it will be if 
there is significant homogeneous broadening, it can interfere with the 
spectrum and destroy quantitation. The aromatic signals of coals and 
shales are particularly prone to distortion by the pedestal. If the pedestal 
cannot be removed, then the offset must be increased to the point where 
the pedestal does not overlap with the spectrum, often at the cost of 
degraded performance in the aliphatic region because of the enhanced 
offset for this region of the coal or oil shale spectrum (assuming the car
rier frequency is on the low-shielding side of the spectrum). Prescriptions 
exist for removing the pedestal (4, 6), but for geochemical samples our 
experience is that these prescriptions just serve as a starting point for 
trial-and-error optimization. 

The time r (Figure 2) should be set to the largest value for which 
homonuclear decoupling is still adequate in order to allow maximum 
receiver recovery before sampling and to reduce the effects of pulse imper
fections. For the same reasons, pulse widths should be kept to a 
minimum. 

The optimum offset and the MAS rate are strongly coupled parame
ters. The averaging process of MAS couples with pulse errors to produce 
"rotor frequency lines" at multiples of the spinning rate (37). If spectral 
intensity overlaps a rotor frequency line, then severe distortion can result. 
Often the distortion is not immediately obvious, so one must vary the 
spinning rate and verify that the spectrum does not depend on the spin
ning rate. If spectral intensity is essentially continuous across the X H spec
tral width of interest, as it normally is with geochemical samples, then it is 
usually advisable, especially at lower fields, to spin fast enough to set the 
first rotor frequency line outside the spectrum and accept a slight loss of 
resolution due to rapid MAS. Also, one must be alert to folded-in spin
ning sidebands. These are often not easy to characterize by using only 
BR-24, but a quick measurement with M R E V - 8 (for which the sidebands 
are less likely to be folded in) will usually identify them. Many shales and 
high-rank coals cannot be run with BR-24 because of their large 
spinning-sideband patterns. 

The Water Problem. The presence of water in coals is a problem 
in the sense that the unequivocal characterization of the water resonance 
in the X H CRAMPS spectrum of an untreated coal remains elusive. 
Water, as defined by other chemical analyses, must be present in coals, 
sometimes at relatively high concentrations. Until we are better able to 
identify water, the quantitation of structural types in coal will be uncertain 
in proportion to the amount of water present. If water in coal is either 
very tightly bound or extremely mobile, then it should make a distinct con-
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tribution to the 2 H CRAMPS spectrum, as a sharp peak if it is extremely 
mobile, or possibly, as a broad peak if water is tightly bound and if a wide 
range of static environments (e.g., hydrogen-bonding situations) is present. 
A sharp, liquidlike peak is not observed in the X H CRAMPS spectrum, 
even after a short dephasing interval. If water in coal manifests mobility 
with a correlation time comparable to the period of the multiple-pulse 
cycle, then a broad, perhaps undetected, resonance may result. MAS-only 
and low-temperature experiments may help to characterize this issue. Ή 
CRAMPS spectra of Premium coals that have been saturated with 
pyridine-d5 indeed reveal a small liquidlike water peak that corresponds to 
1-5% of the total hydrogen content (27, 28). Measurements made on 
treated samples give only lower limits for the water content of coals. 

Directions for Further Progress 

Perhaps the most exciting recent development in CRAMPS spectroscopy 
is the ready availability of variable-temperature capabilities. One can now 
readily reach temperatures of -160 to +250 °C in the X H CRAMPS exper
iment. When coupled with dephasing or with measurements of Γ χ 

(representing relaxation under the influence of a multiple-pulse train) 
(35), variable-temperature CRAMPS should be a powerful new tool in the 
study of structure and dynamics in coals and other material. It appears 
that temperatures as high as 500 °C will soon be practical. 

Significant advances in X H imaging have occurred recently with the 
use of multiple-pulse methods (39-41). A spatial resolution of better 
than 100 μιη for a 1-cm3 sample has been achieved. The potential resolu
tion of solids X H imaging is much higher, being ultimately limited by 
molecular motion, which can presumably be reduced at low temperature 
or by other line-broadening influences (e.g., unpaired electrons). Applica
tions of multiple-pulse imaging methods to coals are already under way 
(42). 
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Solid Materials Research with NMR 
and Dynamic Nuclear Polarization 
Spectroscopy 

Robert A. Wind 1, Russ Lewis2, Herman Lock2, and Gary E . Maciel2 

1Chemagnetics, Inc., 2555 Midpoint Drive, Fort 
Collins, CO 80525 
2Department of Chemistry, Colorado State University, Fort 
Collins, CO 80523 

In solids containing both magnetic nuclei and unpaired elec
trons, the nuclear NMR signal can be enhanced via irradia
tion at or near the electron Larmor frequency to yield the 
dynamic nuclear polarization (DNP) effect. DNP combined 
with modern solid-state NMR spectroscopy can be used to 
study properties of materials that could not be investigated 
by NMR spectroscopy alone, such as the dynamics of the 
unpaired electrons, molecular structures in the vicinity of the 
unpaired electrons, and the presence of small amounts of 
nuclei. In this chapter a review of the various mechanisms 
that can determine the DNP enhancement is given, and 
applications of the DNP NMR technique are shown in coal, 
undoped trans-polyacetylene, (fluoranthenyl) 2PF6, a ceramic 
fiber, and a vapor-deposited diamond. 

RjLARIZATION TRANSFER between the electron and nuclear spin sys
tems can be obtained in solids containing both magnetic nuclei and 
unpaired electrons via irradiation at or near the electron Larmor fre
quency. The result is an enhanced nuclear polarization and, henceforth, 
an enhanced NMR signal. This effect is called dynamic nuclear polariza
tion (DNP) (1-4). DNP is an old technique, and the first DNP experi-

0065-2393/93/0229-0045S06.00/0 
© 1993 American Chemical Society 
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46 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

ment dates as early as 1953 (5). In the earlier days of magnetic resonance, 
DNP was applied mainly at low temperatures in high-energy physics, 
where it was used for the production of polarized targets or to study mag
netic ordering at extremely low spin temperatures. During the past 
decade, however, other applications have been developed in which DNP 
was combined with modern solid-state NMR techniques such as cross-
polarization-magic-angle spinning (CP-MAS) and two-dimensional (2D) 
NMR spectroscopy (6—8). 

DNP NMR spectroscopy can be applied successfully in a large variety 
of solid materials in which unpaired electrons occur naturally, in materials 
that contain paramagnetic impurities, or in materials in which unpaired 
electrons have been embedded by doping the solid with a suitable agent. 
Examples of materials in which unpaired electrons occur naturally are fos
sil fuels and carbonaceous chars containing ττ-type organic radicals (9,10); 
amorphous materials in which unpaired electrons occur in the form of 
fixed dangling bonds (11); and undoped tfms-polyacetylene containing 
mobile dangling bonds, the so-called "solitons" (12, 13). Examples of 
materials containing paramagnetic impurities are natural and artificial dia
monds (14), and examples of doped materials are doped polymers (15) and 
organic conductors (16). 

In this chapter a review of applications of DNP NMR spectroscopy in 
solid materials research will be given. First, a brief description of the DNP 
phenomenon will be given. The conditions under which a noticeable DNP 
enhancement can be expected will be discussed, and the loss in NMR sig
nal due to the presence of the unpaired electrons will be addressed. Appli
cations of DNP NMR spectroscopy will be given, and representative illus
trations of these applications will be shown. Finally, future developments 
of DNP NMR spectroscopy will be discussed. 

Theory 

Overview of Dynamic Nuclear Polarization. Extensive re
views of the different mechanisms that can dominate in a DNP experiment 
are given in references 1-4, 7, and 15. Here we confine ourselves to a 
treatment of the main features of these mechanisms. Moreover, we re
strict ourselves to DNP of nuclear spin-% systems, and we assume that the 
spin diffusion among the nuclei is fast enough to average out possible 
differences in enhancement factors. The kind of DNP experiment that can 
be applied, the magnitude of the nuclear polarization enhancement, and 
the circumstances under which the maximal enhancement occurs depend 
on the nature and time dependence of the electron-nuclear interaction 
term Hen. If Hcn contains time-independent terms, the nuclear polariza
tion enhancement can arise from three DNP mechanisms: the solid-state 
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3. WIND ET AL. NMR & DNP Spectroscopy 47 

effect, the direct thermal mixing effect, and the indirect thermal mixing 
effect. For these effects the enhancement of the nuclear polarization 
minus unity, Ε - 1, as a function of the frequency of the microwave field, 
ω, is antisymmetrical about the electron Larmor frequency wQ. We assume 
that the nuclear Larmor frequency, ω η , is larger than the electron spin 
resonance (ESR) line width, we

%. Then the solid-state effect gives a 
maximum when ω « wQ ± ω β , the direct thermal mixing effect becomes 
maximal when ω « ω 6 ± we

%, and the nuclear polarization enhancement 
due to the indirect thermal mixing effect becomes optimal when ω = ω ± 
ω 1 ? with u)G„ < ω, < ω . V % 1 η 

If Hm contains time-dependent terms with frequencies comparable to 
ω 6 , an Overhauser effect is observed (17). Then the enhancement curve, 
(Ε - 1) as a function of the microwave offset frequency, ω - we, which 
reflects the (saturated) ESR line shape, is often symmetrical about o>e, and 
(Ε - 1) becomes maximal when ω = we In Figure 1 characteristic DNP 
enhancement curves are given for the four DNP mechanisms mentioned. 

In theory the DNP enhancement can be very large, of the order of 
ω ( / ω η o r m o r e > ^ u t i n practice the observed enhancement is often consid
erably less. To investigate this issue, in the following sections theoretical 
expressions of the DNP enhancement factors will be given for static and 
time-dependent electron-nuclear interactions. 

Figure I. Frequency dependence of the various DNP effects: curve 
1, solid-state effect; curve 2, indirect thermal mixing effect; curve 3, 
direct thermalf^ge<^£ψ%$$(γMauser effect. 

Library 
1155 16th St.. N.W. 

Washington O.C. 20036 
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48 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

DNP Due to Static Electron—Nuclear Interactions. Usu
ally the overall enhancement due to both the solid-state and thermal mix
ing effects becomes maximal for ω « ω& ± ω β , and the maximal enhance
ment factor is the same as that found for the solid-state effect alone (7). 
Therefore we shall confine ourselves to the the solid-state effect, which 
arises because the static nonsecular electron-nuclear dipolar interactions 
produce small admixtures of the unperturbed electron—nuclear product 
wave functions. As a result, irradiation with a frequency near wQ ± ωη 

leads to nonzero transition probabilities, the so-called "forbidden" transi
tions, ^ ( ω ) , where electron and nuclear spins flip simultaneously. For 
electron—nuclear pairs with an interelectron—nuclear distance r, irradia
tion with a frequency ω equal to, for example, ω& — ωη, results in a nuclear 
polarization enhancement, (E — 1)̂ , given by (7) 

( h Wz« ' 7a 20 , n

2 * Wz« 7n U 

In eq 1, Wz

n is the nuclear Zeeman relaxation rate; 7 e and ηη are the elec
tron and nuclear magnetogyric ratios, respectively; wlc = 7 e # l e ; Hle is the 
amplitude of the microwave field; g(u) is the normalized ESR line-shape 
function; d(r) = 7 e7 n7^~ 3 is a measure of the local field an electron and a 
nucleus are experiencing from each other; and W~(0) and g(0) are the 
maximum values of W^(w) and g(w), respectively. For simplicity, in eq 1 
the angular dependence in the electron—nuclear interactions has been 
replaced by its averaged value. 

In fact an electron is surrounded by many nuclei at different distances 
r, a condition that, according to eq 1, generally results in a distribution of 
enhancement factors. For nuclei undergoing rapid spin diffusion, the 
differences in enhancement factors are averaged out, and the result is a 
single enhancement factor for all nuclei. To calculate this enhancement, 
we define two radii around each electron: a radius R that is related to the 
average distance between the electrons via (4/3)(nR3Ne) = 1, where Ne is 
the number of electrons per unit volume, and a radius b such that for 
nuclei at distances r < b, the local fields these nuclei are experiencing 
from the electrons are so large that these nuclei do not contribute to the 
bulk NMR signal. Then for a homogeneous distribution of the nuclei, the 
average enhancement can be calculated by integrating eq 1 over the 
volume between the spheres with radii b and R. The result is 

#e W l e

2g(0) he I 

In 
(2) 
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3. WIND ET AL. NMR & DNP Spectroscopy 49 

It follows that the radius b is an important parameter, because not only it 
is one of the key parameters determining the enhancement, but it also 
determines the percentage of nuclei not observed as a result of the pres
ence of the unpaired electrons. (The latter issue is discussed in more 
detail in Chapter 1.) To investigate the value of b, we first assume that 
Hm is completely static. Then the local field that a nucleus is experienc
ing from an electron, wL(r), is of the order of %(7 e 7 n Br~ 3 ) . Then the 
value of b can be estimated by requiring that uL(b) is approximately equal 
to the line width of the NMR line in the absence of the electrons, ω\: 

72 

y 7 e 7 n ^ - 3 = 1/2 (3) 

In reality Hm is time-dependent, even in the absence of molecular 
motions. This property is mainly due to fluctuations in the electron spin 
operator, which occur as a result of electron-electron dipolar or spin-
exchange interactions (I). Both interactions give rise to electron-electron 
flip-flop transitions, resulting in local fields at the nuclear sites that are 
fluctuating with the inverse electron-electron flip-flop time, r f f

_ 1 . Usu
ally the solid-state effect is observed in solids containing a relatively small 
amount of unpaired electrons (typically <10 2 0 cm - 3 ) . Then the average 
distance between the unpaired electrons is so large that the spin-exchange 
interactions, which rapidly decrease for increasing distances (IS), can be 
ignored. Then T f f is caused mainly by electronic dipolar interactions. In 
this case T f f is approximately given by (1) 

Iff" 1 = 0.97e27iJVe = 3 χ l ( T 1 3 i V e (4) 

where Ne is in reciprocal cubic centimeters. It follows from the motional-
averaging theory of Anderson and Weiss (19) that if Tff is so small that 
w L

2 r f f

2 < < 1, the local field becomes partially averaged out, and that the 
resulting time-averaged field, is given by 

"a(r) = * L 2 ( r ) r f f (5) 

Hence for nuclei close to the electrons, where w L

2 r f f

2 >> 1, the local 
field remains unaltered, but for more remote nuclei, for which wL is 
decreased to such an extent that ^ L

2 T f f

2 < < 1, the static field is reduced 
to wa, given by eq 5. As a consequence, if ωΆ becomes comparable to ω η

% 

for nuclei at such a distance b from an electron that the condition 
c u L

2 ( è ) T f f < < 1 is valid, the radius b can be estimated from 
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= « L 2 ( * ) ï f f = \(lelJi)2b^T& = ω \ / 2 (6) 

Compared with the static case, eq 4, estimation with eq 6 results in a 
reduced value of b and, consequently, in an increased value of the DNP 
enhancement factor (see eq 2). An example is X H DNP in polystyrene, 
doped with the stable radical l,3-bis(diphenylene)-2-phenylallyl (BDPA). 
The following values for the different parameters occurring in equations 2, 
4, and 6 were obtained (75): ωη « 105 s"1, NQ = 1.6 χ 10 1 9 cm"3, WZ

H 

= 1.4 s"1, g(0) = 5.7 χ 10"9 s, lflG = ω ΐ 6Αγ 6 = 0.7 G, (ωΗ/2ττ) = 60 MHz. 
Under these conditions a maximum enhancement of 59 was observed. By 
using the expressions just derived, equations 2, 4, and 6 yield the following 
values: 

1. If the influence of Tfi on the value of the local field is ignored, then 
b = 13.6 χ 10~8 cm, and (EH - l)s = 8.9. 

2. Equation 4 predicts a value for T f f of 2 χ 10"7 s. Then according to 
eq 6, b = 7.1 χ 10~1 8 cm, resulting in an enhancement factor, (Eu -
l)s, of 62. 

We conclude that incorporation of electron-electron flip-flop transitions 
on the time-averaged values of the electron-nuclear interactions leads to 
an enhancement factor that is much closer to the experimental results 
than that obtained without taking this effect into account. 

By combining equations 2, 4, and 6, the following expression for the 
DNP enhancement due to the static electron-nuclear interactions is 
obtained for a microwave frequency ω = ω β — ω η : 

,π η _ — K I W / 2 ω ΐ 6 ν ι / 2 ) 1 / 2 ( Α ί 6 ) 3 / 2 £ ( 0 ) „ 
( Ε - 1 ) , - 3.74 ^ 2 • ^ Λ (7) 

Equation 7 can be used to calculate the enhancement factors expected in 
practice, depending on the specific values of the various parameters. The 
best results can be expected in a small external field, for a large microwave 
power, a broad NMR line, a narrow ESR line, a large electron concentra
tion, and a small nuclear Zeeman relaxation rate (even in the presence of 
the unpaired electrons). For protons, typical values for which a noticeable 
enhancement factor can be obtained are H0 < 1.4 χ 104 G, ω^η^ > 0.3 
G, > 105 s"1, Ne > 10 1 8 cm"3, g(0) >"3 χ 10"9 s, and < 1 s"1. 
However, the combination of these values, rather than the individual 
values, determines the enhancement factor, and a large enhancement fac
tor can be obtained under completely different conditions. 
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The Overhauser Enhancement. As already mentioned, the 
Overhauser effect is caused by electron-nuclear hyperfine interactions 
that are time-dependent on a time scale comparable to cu e

_ 1 , which is typi
cally of the order of 10 - 1 1 to 10""12 s. This time dependence can occur in 
the amplitude of the interaction term (as occurs, e.g., in liquids and 
materials containing conducting electrons), or it can arise from fluctua
tions in the electron spin operator as a result of electron-electron interac
tions (see the previous section). For electron-electron interactions, the 
electron-electron flip-flop time due to the electronic dipolar interactions 
can be ignored, as T f f is much larger than W~x for realistic values of the 
electron concentration NQ (see eq 4). 

However, the situation is different for the electron-electron spin-
exchange interactions, because strong exchange couplings can result in 
flip-flop times as short as 10~1 3 to 10 - 1 4 s (1,18). Besides being necessary 
for the Overhauser effect, this fast time dependence in the electron-nu
clear interactions as an important consequence, which is that a much 
larger fraction of the nuclei is observed via NMR spectroscopy than in the 
static interactions just discussed. In fact, in many cases the flip-flop time 
is so short that even for nuclei directly bonded to the molecules contain
ing the unpaired electrons, for which the amplitude of the hyperfine field 
can be several megahertz or more (20), the time-averaged hyperfine 
interaction is equal to or less than ω11^. Then 100% of the nuclei are 
observed. In the following we shall assume this condition to be true. 

For electron-nuclear pairs, the maximum Overhauser enhancement, 
(E - l ) o v , obtained under the condition ω = ω , is given by (21) 

(E - l ) o v = 1 [a2(r) - d\r)] • ^ ± • S • (8) 
W 7. ι Λ 

In eq 8, a(r) is the magnitude of the scalar interaction; Ι(ω, τ) is the spec
tral density function characterizing the time dependence in the 
electron—nuclear interactions; and S is the saturation factor given by S = 
W(W + W^y1, where W = πω 1 ε

2 #(0) is the allowed transition probability 
induced by the microwave irradiation and We is the electron Zeeman 
relaxation rate. The other parameters in eq 8 have the same meaning as 
those in eq 1. 

When the electrons are surrounded by many nuclei at different dis
tances, the procedure to calculate the average Overhauser enhancement is 
different from that used for the calculation of the solid-state enhancement. 
The reason is that, unlike for the solid-state effect, for the Overhauser 
effect the nuclei directly attached to the molecules containing the 
unpaired electrons are also observed, and these nuclei experience by far 
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the largest hyperfine fields [this is especially true for the scalar interac
tions, which decrease rapidly with increasing distance (18)]. Therefore we 
assume that the Overhauser enhancement is caused mainly by these hyper
fine interactions, and that polarization of the other nuclei in the material 
is enhanced via spin diffusion among the nuclei. Then the average 
Overhauser enhancement is given by 

1 xNePe

2 /(ctfe,r) he I 
(E - l ) o v = j · [a2(n) - d2(rx)] · -jjrr · S · — — (9) 

In eq 9, χ represents the amount of nuclei interacting directly with an elec
tron, Nn is the nuclear concentration, and rx is the shortest distance 
between an electron and a nucleus. The parameter p e denotes the elec
tron density near the molecular sites and has been introduced to account 
for the possibility that the electrons are delocalized over the molecules, a 
condition resulting in a value of pe less than unity. 

Equation 9 can be used to predict the Overhauser enhancement in a 
solid. An example is the *H Overhauser enhancement in a cellulosic char 
(22). The char was prepared by pyrolyzing cellulose at 600 °C under an 
inert atmosphere for several hours. During the pyrolysis, radicals are 
formed as a result of bond ruptures. 1 3 C NMR spectroscopy revealed that 
the char is highly aromatic, which means that ττ-type organic radicals are 
created, where the π electrons are stabilized on aromatic macromolecules 
of sufficient size. Hyperfine interactions between unpaired electrons 
present in 7r-orbitals and in-plane aromatic protons have been observed of 
the order of 10 MHz (23, 24). This observation has been explained 
theoretically by McConnell (25) by considering the hyperfine interaction 
between a proton and a unpaired electron delocalized in the ττ-orbital of a 
benzene ring. Consistent results were found by assuming that the electron 
spin density at the carbon site to which the proton is bonded, p e, is 0.1. 
We shall adopt these results and take the scalar interaction, pea(rt), as 
2TT107 « 6 χ 107 s"1. By using p e = 0.1, the dipolar interaction strength, 
PQd(r^), is found to be ~3 χ 107 s"1 « %p^a(r^), in good agreement with 
other results obtained in systems where the unpaired electron is occupying 
a pz-orbital (26). The other parameters occurring in eq 9 have been deter
mined via continuous-wave ESR, *H NMR, and 1 3 C NMR spectroscopy. 
The- results are as follows: χ = 1.5, Ne = 1.4 χ 1020 cm"3, NH = 1.2 χ 
1022 cm"3, τ = 6 χ 10"11 s, Wz

n = 45 s"1, S = 0.9. Then, assuming a 
Lorentzian spectral density function, 

J(we, τ) = 2τ(1 + ω/τ 2)" 1 

eq 9 predicts an Overhauser enhancement of 81, whereas experimentally 
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an enhancement of 50 has been measured. In view of all the uncertainties 
the agreement is satisfactory. 

Applications of DNP NMR Spectroscopy 

Both the DNP enhancement curves and the NMR spectra enhanced via 
DNP can be used to obtain detailed and often unique information about 
the chemical and physical properties of solid materials, such as 

• the structures of the bulk of the materials and the vicinity of the 
unpaired electrons 

• the location and dynamics of the unpaired electrons. 

In this section representative illustrations of these various applications will 
be given. The experiments that will be described have been performed in 
an external field of 14 kG, corresponding to an electron Larmor frequency 
of 40 GHz and nuclear Larmor frequencies of 60 MHz for protons, 15 
MHz for 1 3 C nuclei, and 12 MHz for ^9Si nuclei. An elaborate description 
of the experimental setup is given in reference 6. The microwave power 
was provided by a 10-W Varian klystron (VKA-7010D). In the DNP 
NMR probe, the microwave irradiation is obtained by means of a horn 
antenna positioned in front of the NMR coil. The amplitude of the 
microwave field, Hld> is estimated to be 0.3-0.5 G. All measurements 
were performed at room temperature. 

The DNP Enhancement Curves, The symmetrical or antisym-
metrical character of the DNP curve provides information about the 
time-dependence in the electron-nuclear interactions of Figure 1. This 
difference in symmetry makes it possible to determine whether both types 
of interactions are present, and if so, to separate the respective enhance
ment curves. This feature is especially true for nuclei that have large mag-
netogyric ratios ( 7 ) like protons, for which the maximum enhancement 
due to the static interactions is shifted farther away from the centrum of 
the enhancement curve, than for nuclei with small 7. 

This ability to separate the enhancement curves is illustrated in Fig
ure 2, which shows the X H and 1 3 C DNP enhancement curves of a low-
volatile bituminous coal. The a H DNP curve, Figure 2a, consists of both a 
symmetric and an antisymmetric part, a result indicating that both static 
and rapidly fluctuating electron-proton interactions occur, despite the fact 
that the aromatic free radicals in coal are long-lived with a low mobility. 
This result can be explained by assuming that a distribution of electron 
spin-exchange exists in the coal as a result of a distribution in distances 
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(a) (fa) 

Figure 2 DNP enhancement curves obtained in a low-volatile 
bituminous coal (a) 1H DNP curves: curve 1, symmetric part; 
curve 2, antisymmetric part; curve 3, overall enhancement; dots, 
experimental (b) 13C DNP curve. 

between the unpaired electrons and the derealizations of the electrons 
(27). For the major part of the unpaired electrons, the exchange frequen
cies are so small that the electron-proton interactions can be considered 
to be static, whereas a fraction of the unpaired electrons is submitted to 
strong spin-exchange interactions, a condition resulting in time-dependent 
electron-proton interactions. Even if the fraction of electron-proton 
interactions is small, 1% or less, it gives rise to a noticeable Overhauser 
effect, so that DNP is a powerful tool to detect small amounts of rapidly 
spin-exchanging unpaired electrons. 

The 1 3 C DNP curve, Figure 2b, is antisymmetric within measuring 
error. This property is probably due to both the much larger enhance
ment resulting from the static electron-carbon carbon interactions (7), 
which is overshadowing the relatively small Overhauser enhancement, and 
the relatively small 1 3 C Larmor frequency, which renders the separation 
between the symmetrical and antisymmetrical enhancement curves more 
difficult. 

DNP and NMR Spectroscopy. The nuclear polarization en
hancement via DNP will increase the NMR sensitivity. This property can 
be used to reduce the measuring time of an experiment or to measure 
small amounts of a certain nuclear species. This ability is especially 
important for rare-spin NMR spectroscopy, where the sensitivity is usually 
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low, even after application of other polarization-transfer techniques like 
abundant-spin-to-rare-spin cross polarization (CP) (28). An example of 
such a sensitivity increase via DNP is given in Figure 3, in which 1 3 C spec
tra of the low-volatile bituminous coal are shown. Figure 3a shows the 
1 3 C coal spectrum obtained via 1 H - 1 3 C CP, and Figure 3b shows the so-
called 1 3 C DNP-CP spectrum. In DNP-CP, the 1 3 C polarization is 
indirectly enhanced via DNP: First the X H polarization is increased via 
DNP, and then the enhanced *Η polarization is transferred to the 1 3 C 
nuclei via CP. The advantage of this method is that the proton system is 
enhanced uniformly as a result of the fast spin diffusion among these 
nuclei, and this enhancement, after CP, results in a uniform enhancement 
of the 1 3 C polarization as well. Figure 3 illustrates that for this particular 
coal the use of DNP reduces the measuring time of a 1 3 C spectrum from 
3.3 h to 1 min, a result that indicates the possibility of using DNP NMR 
spectroscopy to control, for example, coal burning processes. 

400 200 0 -200 
PPM 

Figure 3. 1 3 C spectrum of a low-volatile bituminous coal, obtained 
via different methods: (a) 1H-13C CP; number of acquisitions, 
20,000; recycle delay, 0.6 s; measuring time, 3.3 h; and (b) 1H—13C 
DNP-CP; number of acquisitions, 100; recycle delay, 0.6 s; measur
ing time, 1 min. (Reproduced with permission pom reference 8. 
Copyright 1991 Marcel Dekker.) 
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DNP can be used also to enhance the rare-spin polarization directly. 
This enhancement can be achieved by applying the microwave irradiation 
under the condition for which the rare-spin polarization enhancement 
becomes maximal, and observing the rare-spin NMR signal via a simple 
π/2 pulse. This approach has been called the DNP-single-pulse 
(DNP-SP) experiment. The difference between DNP of abundant and 
rare spins is that, if a distribution of enhancement factors exists, for rare 
spins this distribution is in general not averaged out because of the slow 
spin diffusion among these nuclei. As a consequence, in a DNP-SP 
experiment the various peaks in the rare-spin spectrum can be enhanced 
differently, depending on the strengths of the various electron-nuclear 
interactions. 

Compared to DNP-CP the disadvantage of the DNP-SP method is 
that the spectral distortions that may occur render a quantitative interpre
tation of the results difficult. Still, DNP-SP spectroscopy is very useful 
for obtaining additional information about the sample: 

1. As in general the DNP enhancement factors of the rare spins close 
to the unpaired electrons are larger than those more remote, 
DNP-SP spectroscopy provides information about the molecular 
structure in the vicinity of the unpaired electrons. This feature is 
illustrated in Figure 4, which shows the 1 3 C spectra of the low-
volatile bituminous coal obtained via DNP-CP (Figure 4a) and 
DNP-SP (Figure 4b) spectroscopy. It follows that in the DNP-SP 
experiment mainly the aromatic carbons are observed, a result con
firming the generally accepted picture that the unpaired electrons 
are located in the aromatic structures of the coal. 

2. DNP-SP spectroscopy can be used to determine electron-density 
distributions. An example of this possibility is the organic conductor 
(fluoranthenyl)2PF6. At room temperature this material behaves as 
a metal, where the conduction electrons are moving more or less 
freely parallel to the molecular stacks (29). The electron mobility is 
so large that in this sample only an Overhauser effect is observed 
(16). The average *H DNP enhancement is positive, which means 
that the positive enhancement due to the electron-proton scalar 
interactions are dominating the negative enhancement due to the 
electron-proton dipolar interactions, (cf. eq 9). As a consequence, 
the overall enhancement of the 1 3 C DNP-CP-MAS* spectrum is 
positive as well, and Figure 5a shows the result of this experiment. 
Completely different results are obtained in the 1 3 C DNP-SP-MAS 
experiment (Figure 5b). Here some lines are enhanced positively 
and some negatively, whereas for other lines the DNP enhancement 
is so small that they are not observed at all. This result is due to the 
distribution of the electron density over the fluoranthenyl molecules, 
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AROMATIC 

ALIPHATIC 

AROMATIC 

ALIPHATIC 

400 200 •200 
PPM 

Figure 4. 1 3 C spectrum of a low-volatile bituminous coal, obtained 
via different methods: (a) DNP-CP and (b) DNP-SP. (Repro
duced with permission from reference 8. Copyright 1991 Marcel 
Dekker.) 

Figure 5. 13C spectra of (fluoranthen-
yl)2PF6, obtained via different meth
ods: (a) LH-loC DNP-CP-MAS 
and (b) 13C DNP-SP-MAS. (Repro
duced with permission from reference 
8. Copyright 1991 Marcel Dekker.) 
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which is different at the different sites of the carbons, and which 
results in different ratios of the electron-carbon scalar and dipolar 
interactions. Hence, DNP-SP-MAS experiments can be used to 
determine the electron density at the sites of the chemically different 
carbons. 

In rare-spin DNP-SP experiments in solids containing both abundant 
and rare-spin species, an interesting effect, called the three-spin effect, 
may occur (30). During the microwave irradiation, both the abundant-
spin and rare-spin polarizations are enhanced via DNP, and the enhanced 
polarization of the abundant spins can be transferred to that of the rare 
spins via the nuclear Overhauser effect (NOE) if the relaxation of the rare 
spins is caused by interactions between the rare and abundant spins. If the 
three-spin effect occurs, the rare-spin spectrum obtained via DNP-SP will 
be determined by a combination of direct DNP and indirect D N P - N O E . 
These two effects can be separated by keeping the abundant-spin polariza
tion equal to its thermal equilibrium value during the microwave irradia
tion. This condition can be achieved by a partial saturation of the abun
dant spins. No three-spin effect has been observed in the two DNP-SP 
examples given here, a finding that indicates that other mechanisms, 
presumably electron—nuclear interactions, are dominating in the rare-spin 
relaxation. 

Finally, in materials containing rare-spin nuclei only, DNP-SP-MAS 
is obviously the only method that can be applied. Examples of this class 
of solids are ceramics and vapor-deposited diamonds. Ceramics can be 
prepared by pyrolysis of various organosilicon polymers; this technique has 
certain advantages over conventional techniques, such as the ability to 
prepare specific ceramic shapes, lower processing temperatures, and larger 
purities (31). During the pyrolysis, unpaired electrons occur as a result of 
band ruptures, which can be used for DNP. 

Figure 6 shows the 2 9 S i and 1 3 C DNP-SP-MAS spectra of a S i - N - C 
fiber derived form hydridopolysilazane (HPZ). A detailed discussion of 
the results will be published elsewhere; here we confine ourselves to 
remarking that for both types of nuclei, large DNP enhancements were 
obtained (several hundred), and this result makes it possible to measure 
rare-spin spectra with a good signal-to-noise ratio in a relatively short 
time. This ability is especially important for the 1 3 C nuclei, as the carbon 
weight percentage in this fiber is small, only 10%. 

The development of diamonds by chemical vapor deposition has 
attracted much attention because of the unique properties of these materi
als (32). Still, the mechanisms determining the diamond nucleation and 
growth are not well understood. D N P - N M R spectroscopy might be one 
of the tools that can be applied to improve this situation. During the di
amond formation, unpaired electrons are generated, presumably in the 
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100 0 -100 -200 
PPM 

400 200 0 - 200 

PPM 

Figure 6. Rare-spin spectra of a Si—N—C ceramic fiber derived from 
hydridopofysilazane measured via DNP—SP—MAS: (a) 29Si spec
trum; number of acquisitions, 16; recycle delay, 80 s; and (b) 1 3 C 
spectrum; number of acquisitions, 4000; recycle delay, 5 s. 

form of dangling bonds, and this situation makes 1 3 C D N P - N M R spec
troscopy feasible. Indeed large DNP enhancement factors have been 
observed, of the order of 300 in a chemically vapor-deposited diamond. 

Figure 7 shows the 1 3 C DNP-SP-MAS spectrum of this diamond. A 
detailed study of this and other results obtained in this material will be 
published elsewhere; here we restrict ourselves to remarking that after 
only 200 scans a spectrum with an excellent signal-to-noise ratio is 
obtained, and this spectrum makes it possible to distinguish two types of 
carbon, the main diamond peak at 35 ppm, and a weak shoulder at about 
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Figure 7. 13C spectrum of a vapor-deposited diamond obtained via 
DNP-SP-MAS; number of scans, 200; recycle delay, 60 s. 

28 ppm, attributed to carbon—proton impurities. The exact nature of 
these impurities and the role they play in the diamond properties are cur
rently under investigation. 

Conclusions 

The use of DNP NMR spectroscopy in solid materials research is mani
fold: 

1. DNP can significantly enhance the NMR signals, and this enhance
ment makes it possible to detect small concentrations of nuclei, to 
shorten data-measuring times by several orders of magnitude, and to 
examine solids containing rare spins only, in which the relaxation 
times can be very long. 

2. The mechanism of DNP can provide valuable information about the 
microscopies of a system, such as the mobility of the electrons and 
the electron spin-exchange rates. 
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3. Selective DNP enhancement can be a very powerful tool in investi
gating molecular structures in the vicinity of the unpaired electrons 
and electron density distributions. 

4. DNP NMR spectroscopy can be applied to study a rich variety of 
solids, including fossil fuels, charred materials, and solid materials 
that are in the focus of modern materials science, like organic con
ductors, ceramics, and vapor-deposited diamonds. 

Furthermore, still other applications of DNP NMR spectroscopy are pos
sible. Examples are the determination of Knight shifts (16); spin-imaging 
of DNP-enhanced regions (33); the study of interfaces (30, 34), doping 
effects, and radiation damage; and DNP NMR spectroscopy at variable 
temperatures and/or pressures. Also, recently, new electron—nuclear 
polarization techniques have been developed, such as DNP in the nuclear 
rotating frame (35, 36) and the N O V E L technique, the electron-nuclear 
analog of cross polarization (37). 

Finally, under certain conditions much larger DNP enhancement fac
tors have been observed than discussed in this chapter. For instance, 
using an oversized cavity instead of a horn antenna, a *Η DNP enhance
ment factor of 260 was measured in a doped polymer (15), and recently a 
*Η DNP enhancement of 104 was reported (38) in the photoexcited triplet 
state of pentacene. All these developments will enhance the viability of 
DNP NMR spectroscopy considerably, and it is to be expected that in the 
near future exciting new applications of this technique in the area of 
materials science will be reported. 
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Advances in Electron Nuclear Double 
Resonance Spectroscopy 

Hans Thomann and Marcelino Bernardo 

Corporate Research Laboratory, Exxon Research and Engineering 
Company, Annandale, NJ 08801 

The introduction of pulsed techniques has significantly 
enhanced the versatility of electron nuclear double reso
nance (ENDOR) spectroscopy. In pulsed ENDOR experi
ments, short, intense microwave and radio frequency (rf) 
pulses are used to induce electron paramagnetic resonance 
(EPR) and NMR transitions on time scales short with re
spect to the electron and nuclear spin relaxation times. 
EPR detection of both spin-population transfer and coher
ence transfer among the nuclear hyperfine sublevels is then 
possible. In contrast to the conventional experiments using 
continuous-wave (CW) irradiation, ENDOR spectra record
ed by pulsed population-transfer techniques are not sensitive 
to the ratio of the electron and nuclear spin relaxation rates. 
Consequently, pulsed ENDOR experiments are expected to 
be more widely applicable than CW experiments. Pulsed 
techniques further offer the possibility for greater sensitivity, 
enhanced spectral resolution, and for completely new types 
of double resonance experiments. 

E L E C T R O N N U C L E A R D O U B L E R E S O N A N C E (ENDOR) spectroscopy 
(1) is a well-established technique in which NMR transitions are detected 
via electron paramagnetic resonance (EPR) transitions. The primaxy 
application of ENDOR experiments is the measurement of hyperfine and 
quadrupole couplings of paramagnetically shifted nuclei (2, 3). The E N -

0065-2393/93/0229-0065$07.50/0 
© 1993 American Chemical Society 
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66 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

DOR experiment offers roughly 3 orders of magnitude greater sensitivity 
over direct NMR detection. Compared to the EPR experiment, both 
greater spectral resolution and spectral simplification are obtained in the 
E N D O R experiment (4). The enhanced spectral information is a direct 
consequence of the quantum selection rules in the ENDOR experiment. 

In the ENDOR spectrum, a one-to-one correspondence exists 
between the number of coupled inequivalent nuclei and the number of 
ENDOR transitions observed. This feature is in contrast to the EPR 
spectrum in which the number of transitions observed is a multiplicative 
function of the number of inequivalent nuclei. For Ν equivalent protons, 
(Ν + 1) lines appear in the EPR spectrum, but (M + 1)(N + 1) lines are 
expected for M sets of Ν equivalent protons. In contrast, only M pairs of 
lines are expected in the ENDOR spectrum. 

This spectral simplification is particularly significant in the study of 
conjugated organic radicals in which the derealization of the paramag
netic electron over the molecule results in hyperfine coupling with many 
nuclei, especially protons (5). A striking example of this property is evi
dent in the spectra of the relatively simple organic doublet radical, the tri-
phenylmethyl radical. With one set of three equivalent protons and two 
sets of six equivalent protons, 196 lines are expected in the EPR spectrum, 
and only three pairs of lines are expected (and observed) in the ENDOR 
spectrum. In EPR spectra of organic ττ-radical molecules in the solid 
state, the individual hyperfine transitions are usually no longer resolved, 
and only the envelope of many transitions is observed. Such an EPR line 
is referred to as "inhomogeneously broadened". Inhomogeneously broad
ened EPR lines offer perhaps the most pronounced examples of the en
hanced information content obtained in the ENDOR experiment (1-4). 

The conventional continuous-wave ENDOR experiment, hereafter 
referred to as CW ENDOR, is a double resonance experiment in which 
NMR and EPR transitions are continuously irradiated. The success of the 
CW ENDOR experiment has been well-documented. The development of 
pulsed ENDOR methodology requires some motivation, especially in light 
of the increased cost and complexity of the instrumentation required for 
the pulsed experiments. The CW ENDOR signal intensity is a complex 
function of the induced electron and nuclear spin transition rates and the 
intrinsic spin relaxation rates. In fact, the CW ENDOR experiment is 
often only successful over a narrow temperature range or may not be pos
sible at all because of unfavorable relaxation rates (2, 3, 5, 6). In pulsed 
E N D O R experiments, the NMR and EPR transitions are excited by 
microwave and radio frequency (rf) pulses in which the pulse widths are 
short compared to the intrinsic spin relaxation times. Consequently, the 
pulsed ENDOR signal is not sensitive to the detailed balance of the elec
tron and nuclear spin relaxation rates. This characteristic is one of the 
major advantages of the pulsed ENDOR experiment. 
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The second important advantage of the pulsed ENDOR experiment 
is that completely new types of experiments become possible using pulsed 
excitation. These include the EPR detection of nuclear hyperfine sublevel 
coherence phenomena as well as multiple-resonance experiments in which 
two EPR and/or two NMR transitions are excited. Although the multiple 
experiments are also possible using CW excitation (3), greater versatility is 
possible with pulsed technology. 

A single crystal of irradiated malonic acid serves as a convenient 
model sample we will use to demonstrate many of the pulsed ENDOR 
techniques. The electron spin-echo (ESE) spectrum of the irradiated 
malonic acid crystal at an arbitrary orientation is shown in Figure 1. This 
spectrum is recorded by plotting the electron spin-echo intensity with a 
fixed refocusing delay time as a function of the applied magnetic field. 
The doublet splitting arises from the hyperfine coupling of the unpaired 
electron in the carbon /^-orbital with the α-proton of the C H fragment of 
the malonic acid radical molecule, -CH(COOH) 2 . The strongly coupled 
α-proton can to a very good approximation be treated as an isolated S = 
% I = % spin system (7). Many additional lines arising from the hyperfine 
coupling with the carboxyl protons and with protons on neighboring mol-

3240 3260 3280 3300 3320 
Magnetic Field (Gauss) 

Figure 1. ESE-detected EPR absorption spectrum for the irradiated 
malonic acid radical at an arbitrary crystal orientation. Experimen
tal conditions: 9.162 GHz; microwave pulse widths, 0.50 and 0.10 
ps for π/2 and w pulses; 100 echo samples per magnetic field value; 
magnetic field resolution, 256 points/104.3 G; pulse sequence repeti
tion rate, 500 Hz; Ί, 80 Κ 
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68 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

ecules in the crystal are resolved in the ENDOR spectrum. These weaker 
hyperfine splittings are not resolved in the EPR spectrum but do contrib
ute to the inhomogeneous broadening of the doublet. 

Bask Concepts 

The ENDOR signal is the EPR signal observed with a finite rf field. The 
relative ENDOR enhancement, Δ χ Ε Ν Ο Ο Κ , or simply Δ χ , is defined from 
the change in the EPR signal due to the NMR transitions induced by the 
rf excitation: 

Δ χ = ΔχΕΝοοκ = XESR (rf > 0) - XESR (rf = 0) (1) 

where x E S R identifies the paramagnetic susceptibility detected in the EPR 
experiment. This susceptibility is known as the ENDOR enhancement 
because usually X E N D O R > 0. The absolute ENDOR enhancement factor 
can be determined from Δ χ / χ (rf = 0). 

Most E N D O R experiments can be understood by considering only 
the first-order interactions describing the magnetic coupling of an S = % 
electron to an J = Ht nucleus. Additional simplifications assumed include 
an isotropic g-value and an isotropic hyperfine interaction, A, also known 
as the Fermi contact coupling. We further assume that the hyperfine 
interaction is small, so that second-order hyperfine terms (of order 
h2A2/gefieB0) are negligible. (Here g e is the Lande g factor, /3e is the Bohr 
magneton, BQ is the externally applied magnetic field, known as the Zee-
man field, and h is the Planck constant.) These assumptions lead to the 
simplified Hamiltonian (8); 

jH0 = vQSz - ujz + ASZIZ (2) 

where z/e = gefiJB0/h and un = gnfinB0/h are the electron and nuclear Lar
mor frequencies, respectively; Sz is the electron spin polarization operator; 
and I z is the nuclear spin polarization operator. The negative sign for the 
nuclear Zeeman term (i.e., ujz) accounts for the fact that the electron and 
proton are of opposite charge. The Hamiltonian (eq 2) is applicable in 
the high-field limit in which the applied magnetic field is sufficiently large 
so that the electron, 5, and nucleus, J, are separately quantized along the 
applied magnetic field direction. This condition is equivalent to stipulat
ing that Mj and Ms are good quantum numbers. Equation 2 will not quan
titatively describe the ENDOR spectrum of the α-proton hyperfine cou-
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pling of the irradiated malonic acid radical, but it will nevertheless be ade
quate to illustrate most pulse schemes described in this chapter. 

In the high-temperature limit, g^QBQ/kT < < 1, and the spin eigen
values, E/h(M^Mj), in hertz, are given by 

f(MsMi) = veMs - unMj + AMsMj (3) 

Ε is the energy of the spin eigenstates as defined by eq 3. The ordering of 
the spin energy levels depends on the relative magnitudes of hA and hvn 

and on the sign of A. For an α-proton on a C - H fragment, A < 0 (7, 8). 
This value corresponds to a negative spin density on the proton, which is 
in turn a consequence of spin polarization. The spin energy level diagram 
for A < 0, \A 112 < vn, and g > 0 is shown in Figure 2. For easy refer
ence, the spin eigenstates are labeled in order of increasing energy as El, 
E2, E3, and E4. The splitting of the electron Zeeman interaction by the 
nuclear Zeeman and hyperfine interactions produces the "sublevels" El 
and El in the lower electron spin manifold and the sublevels E3 and E4 in 
the upper manifold. In the high-temperature, high-field limit, the equilib
rium spin populations are Ρ χ ~ P2 ~ (1 + 5/2) and P3 ~ P 4 ~ (1 - 612), 
where 6 = g^^B^/kT. The sublevel population, Ρ , corresponds to the 
nuclear spin polarization in sublevel En. The polarization due to the 
nuclear Zeeman and hyperfine interactions is negligible compared to the 
electronic part. 

EPR and NMR transitions are represented by the Hamiltonian term: 
ωtSx and ω^χ, where ω χ = gJJJB^h, ω2 = gnfinB2/h, and Βχ and B2 are the 
magnitudes of the microwave and rf magnetic fields, respectively. The 
allowed EPR transition frequencies are i / ±

E P R = vQ ± A/2, and the al-

+1/2 . 

-1/2 

+1/2 

Τ -E4 

ω (NMR) 

E3 

(EPR) 

-E2 

-1/2 , 

Figure 2. Energy level diagram for a 
four-level system. -1/2 

Cup (NMR) 

E1 
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70 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

lowed NMR transition frequencies are Z / ± N M R = „ ± jifi. NMR trans
itions that are detected via the EPR transition are referred to as E N D O R 
transitions. In the present example with vn > A/2, peaks in the ENDOR 
spectrum occur at I/ ±ENDOR = ± A/2. When vn < A/2, the ENDOR 
peaks occur at i / ±

E N D O R = A/2 ± vn. 
In the E N D O R experiment, microwave and rf magnetic fields are 

applied to induce EPR and NMR transitions. In the CW ENDOR experi
ment, the intensity of a partially saturated EPR transition is recorded as a 
function of an applied rf magnetic field while sweeping the rf frequency. 
The magnitude of the ENDOR enhancement depends on the ability to 
saturate the EPR and NMR transitions and on the relation between the 
electron and nuclear relaxation rates. The EPR transition must be at least 
partially saturated, but the NMR transition, that is, transitions between 
the nuclear hyperfine sublevels, must be strongly saturated. From the 
Bloch equations, it is readily shown that the condition for partially satu
rating the EPR transition is u^T^T^ ~ 1, and the condition for strongly 
saturating the NMR transition is ω 2

2 Γ 1 η Γ 2 η >> 1 (9). (T le is the elec
tron spin-lattice relaxation time, is the electron phase memory (or 
spin—spin) relaxation time, Γ 1 η is the nuclear spin—lattice relaxation time, 
and Γ 2 η is the nuclear spin-spin relaxation time.) Because r l e

- 1 >> 
Tln-\ strong E N D O R signals requires the use of strong rf fields to drive 
the NMR transitions. This criterion naturally suggests the use of pulsed 
excitation because ωλ~2 « r i e J 2 e and w2

2 << TlnT2n for coherent 
pulsed excitation of the EPR and NMR transitions, respectively. 

Pulse Schemes 

Pulse sequences varying in the pulses applied to both the EPR and the 
NMR transitions have been proposed and demonstrated for pulsed E N 
DOR experiments (10-12). It is instructive to distinguish between pulsed 
E N D O R experiments in which the rf pulse(s) are applied when the elec
tron spin magnetization in the rotating frame, M^y(t), is finite in contrast 
to experiments in which M (t) = 0. In general experiments in which 
M^y(t) = 0 are more difficult because M (t) decays with a time constant 
Tm, and the longitudinal magnetization, M (t), decays with a time con
stant, r i e , which is generally much longer than Γ . Here we will focus 
exclusively on pulsed ENDOR experiments in which the rf pulse(s) are 
applied when M^y(t) = 0 because these have been applied to carbonaceous 
solids. 

To simplify the discussion in the following sections, the microwave 
and rf pulses will generally be considered selective; that is, only one 
allowed transition is excited. A microwave, ω 1 , or rf, ω2, pulse of duration 
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fp results in a rotation angle flf = wf^ for ι = 1 or 2. When θ = π, the two 
spin eigenstates involved have interchanged their spin populations. Α π~ 
pulse will denote a selective π pulse between spin eigenstates i and j. In 
practice, usually more than one transition is excited, and pulses are not 
necessarily selective. 

Adopting the nomenclature in the NMR literature, pulse sequences 
for ENDOR experiments can be generically divided into preparation, sub-
level mixing, evolution, and detection periods. A sublevel polarization is 
created in the preparation period. With the exception of the stimulated-
echo ENDOR pulse sequence, this sublevel polarization is accomplished 
by a selective π pulse on an EPR transition, such as the π 1 4 pulse in Fig
ure 2. This pulse creates a nonequilibrium spin population between these 
eigenstates: Ρχ ~ (1 - 8/2) and P 4 ~ (1 + 812). Prior to the pulse, P 1 4 = 
+5, and after the pulse, P 1 4 = —8. Although no net electron or nuclear 
polarization is created, it is convenient to describe the action of the π14 

pulse as creating a sublevel polarization. 
The action of the sublevel mixing pulses is to transfer the polariza

tion created in the preparation period. The details of this transfer depend 
on the type of experiment performed. During this time period, the longi
tudinal electron spin magnetization, MJt), is finite, but M (t) = 0. The 
rf pulses modulate MJt) by directly manipulating the nuclear sublevel 
populations or indirectly by manipulating nuclear sublevel coherence. The 
mixing period may or may not include an evolution period in which free 
precession occurs again, depending on the type of experiment performed. 
In practice, evolution times are never zero because a finite time delay is 
required between the sublevel mixing and detection pulses. 

The detection period comprises microwave pulses excite one or 
several EPR transitions. The ENDOR effect is usually detected by creat
ing an M^y(t) signal as a readout of MJt). With the exception of the 
stimulated-echo ENDOR scheme, a two-pulse electron spin echo is used 
in the detection period. 

EPR-Detected Sublevel Population Transfer 

The selective irradiation of an EPR transition in which only a subset of all 
possible EPR transitions is excited necessarily creates a polarization 
among the nuclear spin sublevels in the two electron spin manifolds. This 
polarization can be manipulated by pulsed rf irradiation. The most simple 
type of manipulation consists of the transfer of sublevel polarization 
among the nuclear hyperfine sublevels. Pulse sequences for creating and 
detecting this sublevel population transfer are described in this section. 
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Rabi Oscillations. The nutation of the sublevel magnetization 
about the rf magnetic field driving the NMR transition described by Rabi 
(13) can be detected in an ENDOR experiment using the pulse sequence 
shown in Figure 3 (14). Referring to Figure 2, suppose a microwave 
preparation pulse, 7r14, is applied to create a sublevel polarization among 
sublevels E3 and E4. In the sublevel mixing period, an rf pulse of magni
tude B2 resonant with the E3—E4 sublevels is applied for duration i p / . 
This rf pulse induces a nutation of the magnetization arising from these 
sublevels by an angle θ2 = where ω2 = €η^2. (e takes into account 
the enhancement of the magnitude of the rf field due to the hyperfine 
interaction. For a Hamiltonian considering only isotropic hyperfine inter
actions, e = |1 + m^i/un\, where m s = ±% for s = %. ηη is the nuclear 
gyromagnetic ratio: ηη = g n £ n . ) The nutation of this sublevel magnetiza
tion can be detected as an amplitude modulation of an electron spin echo 
formed in the detection period. The echo amplitude will oscillate with a 
periodicity proportional to cos (ω 2 ί ρ / ) . The nutation can be induced by 
either varying the magnitude of B2 or the pulse length, t r 

Rabi oscillations are a direct measure of the ENDOR enhancement 
factor. Rabi oscillations recorded by varying the pulse length at constant 
rf power for two lines in the ENDOR spectrum of irradiated malonic acid 
are shown in Figure 4. To separate the sublevel Rabi oscillations from 
the loss of the sublevel polarization due to the electron spin-lattice relax
ation, the pulse sequence is repeated with no rf power applied on alter
nate pulse-sequence iterations. With approximately 1 kW of transmitter 
power, the rf π pulse width was 6.0 and 3.4 μ$ at 7.32 and 31.29 MHz, 
respectively. These values are representative. The particular values ob
tained will depend on the details of the experimental setup. 

Davies ENDOR. In 1974 Davies (15) proposed a pulsed E N D O R 
experiment that is the pulsed analog of the conventional CW ENDOR 
experiment. This pulsed E N D O R is accomplished by using the pulse 
sequence of Figure 3 with i p held to a constant value. Conceptually, both 
the CW and Davies experiments are similar: The NMR signal is detected 
indirectly from the difference in the EPR signal intensity observed when 
the applied rf magnetic field is resonant with an NMR transition. In the 
typical CW E N D O R experiment, an EPR transition is continuously 
excited by using CW irradiation of sufficient intensity to drive the transi
tion into saturation. In the Davies ENDOR experiment, this saturation is 
accomplished with pulsed excitation. The essential concept is that the 
microwave pulse width must be short compared to the time required for 
the resonant spins to dissipate the absorbed energy. Under ideal condi
tions, this process corresponds to an "inversion" of the equilibrium spin 
population. 
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κ π/2 π 

EPR 

73 

NMR 
+ + 9-

Figure 3. Pulse sequence for detecting sublevel Rabi oscillations and 
Davies ENDOR 

ι 1 1 1 1 1 
5 10 15 20 25 30 

tp (μβ) 

Figure 4. Sublevel Rabi oscillations detected for the irradiated 
malonic acid radical at rf frequencies of 7.32 (A) and 21.29 (B) 
MHz. 

In the CW ENDOR experiment, the ENDOR signal is detected as 
the change in the saturated EPR signal intensity. For an ENDOR effect 
to be observed, the rate of rf-induced NMR transitions must therefore 
compete with the rate of microwave-induced EPR transitions. If these 
transition rates are not competitive, no ENDOR signal will be observed. 
This condition is in fact the reason CW ENDOR experiments often fail: 
The required rf magnetic field intensities in the CW ENDOR experiment 
are difficult to achieve. Often the temperature is used as an experimental 
parameter and is chosen so that the ratios of EPR and NMR transition 
rates are optimized to obtain the maximum CW ENDOR signal. This 
approach takes advantage of the fact that the electron and nuclear spin 
relaxation rates usually have different temperature dependences. 
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The large rf magnetic field intensities are much more easily achieved 
by using pulsed excitation, as in the Davies ENDOR experiment. The 
essential condition is that the rf pulse width must be short compared to 
the time required for either the resonant electron or nuclear spins to dissi
pate their absorbed energy. When this condition is satisfied, the ENDOR 
signal is (to first order) independent of the details of either the electron 
or nuclear spin dynamics. This independence has the important conse
quence that the pulsed ENDOR signal is no longer a sensitive function of 
temperature. This feature is in contrast to the CW ENDOR experiment, 
which is often successful only over a narrow temperature range. 

The ENDOR signal is detected as a change in the EPR transition 
intensity. In principle, any method of detecting the EPR transition inten
sity could be used, including CW detection or detection of the free induc
tion decay (FID) following single pulse excitation. In practice it is con
venient to monitor the EPR transition intensity by using an electron spin 
echo formed by two microwave pulses. The Davies ENDOR spectrum is 
then recorded by plotting the intensity of the electron spin-echo signal 
created by the second and third microwave pulses as a function of the rf 
frequency. The rf frequency is incremented (or decremented) on succes
sive pulse-sequence iterations. 

An ENDOR spectrum for a single crystal of irradiated malonic acid 
at an arbitrary orientation recorded by using the Davies pulse sequence is 
shown in Figure 5. The transitions near 6 and 30 MHz are the two NMR 
transitions arising from the hyperfine coupling to the α-proton in the two 
electron spin manifolds. The transitions near 12 and 16 MHz arise from 
the hyperfine coupling to the carboxyl protons. The transitions centered 
about the proton Larmor frequency at approximately 14 MHz arise from 
the weakly coupled protons most likely on neighboring malonic acid 
molecules. 

The ENDOR susceptibility in the pulsed ENDOR experiments can 
be readily measured. In the example in Figure 5, the ENDOR enhance
ment is approximately 25% of the ESE intensity. As is obvious from Fig
ure 5, the enhancement varies across the ENDOR spectrum. 

The relative intensities of the ENDOR transitions are a function of 
pulse conditions, particularly the microwave-inversion pulse bandwidth in 
the preparation period and the rf pulse in the mixing period. Using a 
microwave pulse in the preparation period with a large bandwidth, that is, 
a short, intense pulse, will suppress the intensities of ENDOR transitions 
from weakly coupled nuclei. Conversely, a preparation microwave pulse 
with a narrow bandwidth enhances the sensitivity toward the observation 
of weak hyperfine couplings. This enhancement arises because in an inho
mogeneously broadened EPR line, the preparation pulse "burns a hole" 
with an approximate width of Δ ω χ = 27r/ip. This hole is sometimes 
referred to as a spin-alignment hole because no differential nuclear sub-
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15 20 
Frequency (MHz) 

Figure 5. Davies ENDOR spectrum for an arbitrary orientation of 
an irradiated single crystal of malonic acid Experimental condi
tions; pulse repetition rate, 100 Hz; rf sweep widths, (A) 1—31 MHz, 
(B) 11-17 MHz; sweep resolutions, (A) 0.1 MHz, (B) 0.023 MHz; rf 
pulse widths, (A) 5.0 ps, (B) 10.0 ps; microwave frequency, 9.125 
GHz; microwave pulse width, 0.20 ps; magnetic field, 3248.5 G; % 
80 Κ 
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level spin polarization is produced for NMR sublevels with hyperfine cou
plings Aj < Αων 

The mixing pulse bandwidth ultimately limits the resolution obtained 
in the ENDOR spectrum. No ENDOR lines of width <2ft , where t is 
the mixing pulse width, can be resolved in the spectrum. Greater spectral 
resolution can readily be obtained by using softer (longer and lower 
power) rf pulses and by concomitantly increasing the resolution of rf 
sweep. This effect is demonstrated in Figure 5B where a portion of the 
ENDOR spectrum was recorded under conditions to give higher spectral 
resolution. However, the increased spectral resolution is obtained at the 
expense of a lower sensitivity, which translates into a longer data-
acquisition time. 

Mims ENDOR. The spin-alignment hole created in the Davies or 
CW ENDOR experiment can be avoided by using a pulsed ENDOR 
scheme, shown in Figure 6, based on the three pulse-stimulated electron 
spin-echo sequence as first proposed and demonstrated by Mims in 1965 
(id). An rf pulse is applied during the time ί χ between the second and 
third microwave pulses of the stimulated-echo pulse sequence. The E N 
DOR spectrum is recorded by monitoring the stimulated-echo intensity at 
time following the third microwave pulse as a function of the rf frequency. 
When the rf frequency is resonant with an NMR transition, the nuclear 
spin flip-shifts the local magnetic field at the electron. This flip-shift 
causes a shift in the precession frequency of the electron, which is 
observed as a reduction in the intensity of the stimulated echo. 

Mims (16, 17) has given a simple physical description of the 
stimulated-echo ENDOR effect under the condition that the bandwidth of 
the microwave pulse is smaller than the EPR line width. This condition is 
generally the case in pulsed EPR spectroscopy of inhomogeneously 
broadened EPR lines. The first two microwave pulses burn a hole in the 
EPR line on which a serrated pattern of longitudinal magnetization is 
imposed. The formation of this magnetization pattern can be understood 

π/2 π/2 

EPR 

π/2 

- Α 

π 

NMR 

Figure 6. Stimulated-echo ENDOR, also known as Mims ENDOR, 
pulse sequence. 
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by considering the Fourier transform for a pair of rectangular pulses of 
finite width, t separated by time r. The overall width of the hole burned 
into the EPR line is determined by the inverse of the microwave-pulse 
width, and the minima in the serrated pattern of Μζ(ω) are separated by 
2m/r, where η is a positive integer. The nuclear spin flips induced by the 
rf pulse effectively transfer magnetization within this serrated pattern of 
magnetization. This transferred magnetization tends to bleach out the ser
rated pattern imposed on Μζ(ω), which in turn results in a reduction of 
the stimulated-echo amplitude. "Blind spots" in which no reduction in the 
stimulated-echo amplitude, that is, ENDOR effect, are obtained for values 
of the hyperfine coupling A = 2im/r. 

The stimulated-echo ENDOR spectra recorded for the irradiated 
malonic acid radical is shown in Figure 7A. Mims ENDOR is particularly 

11.2 12.0 12.8 13.6 14.4 15.2 

rf (MHz) 
16.0 16.8 17.6 

Figure 7. A: Mims ENDOR spectrum of irradiated malonic acid 
radical at an arbitrary crystal orientation. Experimental conditions: 
microwave frequency, 9.465 GHz; microwave pulse width, 0.10 ps; r, 
0.50 ps; rf sweep width, 11—18 MHz; rf pulse width, 50 ps. B: 
Davies ENDOR under the same experimental conditions as in part 
A. 
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sensitive to small hyperfine couplings when longer, lower power rf pulses 
are used. The spectrum in Figure 7A was recorded by using the same 
experimental conditions as the Davies ENDOR spectrum in Figure 7B. 
ENDOR transitions from weakly coupled nuclei are significantly enhanced 
in the stimulated-echo ENDOR spectrum relative to the Davies spectrum. 
On the other hand, the Davies spectrum is not complicated with the blind 
spots introduced by the τ suppression effect. 

Electron Nuclear Electron Triple Resonance. Electron nu
clear electron triple resonance is an extension of the electron nuclear dou
ble resonance technique in which the preparation and detection pulses are 
resonant with different EPR transitions (18, 19). This condition imposes 
an additional selection rule on transitions in the triple resonance spec
trum. The electron nuclear electron triple resonance experiment is quite 
distinct from the electron nuclear nuclear triple resonance experiment 
(20). In the electron nuclear nuclear triple resonance experiment, which is 
also referred to as double ENDOR (21), the same EPR transition is 
involved in the preparation and detection periods, but two separate 
nuclear hyperfine transitions are pumped by using two rf irradiation fields. 
The double ENDOR experiment has been implemented in the pulsed 
mode but will not be discussed here (12, 22). 

The pulse sequence for the pulsed electron nuclear electron experi
ment is shown in Figure 8 (19). Because two EPR transitions are involved 
as well as one NMR transition, this experiment can also be referred to as 
an E L D O R - E N D O R experiment by analogy to the electron electron dou
ble resonance (ELDOR) experiment. Two types of triple resonance 
experiments are possible with this pulse sequence. The first is a hyperfine 
selective (HS)-ENDOR, which has the advantage of generating selective 
ENDOR spectra for nuclei with a specified hyperfine coupling. In HS-

π 

EPR: ox 

π/2 π 

EPR: coS2 

π 

NMR: ω, 

Figure 8. Pulse sequence for the electron nuclear electron triple reso
nance experiment. 
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ENDOR spectra, overlapping ENDOR lines arising from inequivalent 
nuclei are resolved directly without recourse to data-manipulation tech
niques. The second type of experiment is a method for generating EPR 
spectra composed of selected hyperfine sublevel transitions. This experi
ment effectively produces a subspectrum of the EPR spectrum and is 
therefore known as sublevel EPR spectroscopy. Sublevel EPR spectros
copy has the advantage of unambiguously assigning the hyperfine coupling 
from a single ENDOR line. An alternative method for implementing the 
HS-ENDOR and sublevel EPR experiments is to rapidly jump the Zee-
man magnetic field between the microwave preparation and readout 
pulses in pulsed ENDOR experiments. 

Hyperfine Selective (HS) ENDOR. In the HS-ENDOR experiment, 
the preparation, wsv and detection, ω$2, EPR frequencies are selected so 
that their difference, denoted as Δ , is equal to the hyperfine splitting, A, 
that separates these EPR transitions. The HS-ENDOR spectrum is gen
erated by plotting the intensity of the EPR signal in the detection period 
while stepping the frequency, ωρ of the rf pulse on successive pulse-
sequence iterations. This method is analogous to the procedure for the 
Davies ENDOR experiment. However, in contrast to that experiment, in 
the HS-ENDOR experiment, a sublevel polarization transfer is detected 
only for those nuclei for which A = Δ . When A does not equal Δ , no 
sublevel polarization transfer is observed. Consequently, in the HS-EN
DOR spectrum, the electron spin-echo intensity detects a decrease in the 
sublevel spin population. This result is in contrast to the ENDOR experi
ment, in which the echo intensity detects the enhancement of the sublevel 
spin population. Transitions in the HS-ENDOR spectrum therefore have 
the appearance of an "emission" line rather than an "absorption" line as 
observed in the ENDOR spectrum. 

HS-ENDOR spectra for the irradiated malonic acid radical are 
shown in Figure 9. The full ENDOR spectrum observed at this arbitrary 
orientation of the malonic acid single crystal is shown in Figure 9 A The 
spectrum in Figure 9B is obtained when Δ = 38.6 MHz. This frequency 
difference corresponds to the separation of the strong doublet observed in 
the EPR (or ESE-detected EPR) spectrum. The doublet arises from the 
hyperfine coupling of the carbon 7r-radical with the α-proton of the C H 
fragment of the malonic acid radical, *CH(COOH) 2 . No other proton 
hyperfine lines are observed in this HS-ENDOR spectrum. The HS-EN
DOR spectrum in Figure 9C is obtained when Δ = 5.17 MHz. This fre
quency difference corresponds to the hyperfine coupling with the carboxyl 
protons. The transitions from the α-protons and the more weakly coupled 
protons near the nuclear Larmor frequency arise from finite pulse 
bandwidth effects and the excitation of forbidden transitions. 
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Figure 9. Davies ENDOR (A) and HS-ENDOR (B-C) spectra of 
irradiated malonic acid crystal. Experimental conditions: prepara
tion frequency i/, 9.1600 GHz; t (π), 0.40 ps; detection frequency 

9.1600 GHz; B^ 3259.3 G; spin echo % 0.35 t (rf) = 5.00 
ps; pulse-sequence iteration delay, 5 ms; rf increment, 0.1 MHz; 30 
echoes sampled per point; 10 sweeps; X 85 Κ Β: Hyperfine selec
tive ENDOR with up = 9.1214 GHz. All other conditions were the 
same as in part A except that Xp(rf) was 4.00 ps. C: Hyperfine 
selective ENDOR with up = 9.1547 GHz. All other conditions were 
the same as in part A except thatx (rf) was 8.70 ps. (Reproduced 
with permission from reference 12. Copyright 1990.) 

Sublevel EPR Spectroscopy. Each HS-ENDOR spectrum preselects 
ENDOR transitions from those nuclei with A = Δ . When more than one 
hyperfine transition is possible in each electron spin manifold, each HS-
ENDOR spectrum is composed of sublevel (hyperfine) transitions from 
those nuclei with a preselected hyperfine coupling determined by Δ = A{, 
where Ai is the hyperfine coupling for the ith nucleus. Each HS-ENDOR 
spectrum is therefore a slice of a two-dimensional (2D) ENDOR spectrum 
in which one axis corresponds to the sublevel mixing frequency, as in the 
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standard ENDOR experiment, and the other axis corresponds to the 
difference frequency, Δ . In this 2D-ENDOR plot, the conventional E N 
DOR spectrum corresponds to the spectrum along the Δ = 0 axis. It is 
the "inverted" image of the projection on to the Δ = 0 axis of all HS-EN
DOR spectra recorded for Δ > 0. 

With the pulse sequence shown in Figure 8, it is possible to generate 
an EPR spectrum arising only from EPR transitions connected to the 
hyperfine sublevels resonant with the rf pulse. This step is accomplished 
by setting the rf pulse to irradiate a preselected ENDOR line and sweep
ing the difference frequency Δ between the excitation frequencies in the 
preparation and detection periods on successive pulse iterations. The 
spectrum recorded in this manner corresponds to a spectral slice parallel 
to the Δ-axis in the 2D-ENDOR plot described. A transition along the 
Δ-axis will be observed when Δ / = Α.. The transition j is a direct measure 
of the hyperfine coupling associated with the ENDOR transition irradi
ated by the rf pulse. Additional transitions along Δ may be observed from 
the excitation of forbidden transitions (discussed later). 

Experimentally, it is convenient to isolate the sublevel polarization 
transfer by taking the difference of the EPR susceptibility obtained by 
switching the rf pulse (in Figure 8) on and off on alternate pulse itera
tions. The plot of the susceptibility difference against Δ generates a plot 
of the sublevel saturation transfer. 

Sublevel EPR spectra for the irradiated malonic acid single crystal 
are shown in Figure 10. The spectra in Figures 10A-10C were obtained 
with rf irradiation at 7.32, 31.33, and 16.33 MHz, respectively. The strong 
side-hole peak at -38.6 MHz identifies this value as the hyperfine cou
pling for the ENDOR lines at 7.32 and 31.33 MHz. This hyperfine cou
pling is immediately evident from a single sublevel EPR spectrum, either 
Figure 10A or 10B. The assignment of the hyperfine coupling does not 
depend on a rigorous analysis of the ENDOR spectrum such as whether 
the E N D O R lines are shifted by second-order hyperfine interactions. The 
other two side-hole peaks in Figures 10A and 10B arise from the excita
tion of forbidden EPR transitions. In Figure 10C, the microwave excita
tion pulse in the preparation period overlaps the side-hole peak at 5.17 
MHz. This overlap determines the intensity of the weakly coupled pro
tons in the HS-ENDOR spectrum. 

EPR-Detected Sublevel Coherence 

When the excitation pulses are short compared to the electron and 
nuclear spin relaxation times, sublevel coherence phenomena can be 
detected in pulsed ENDOR experiments. As is well-known in NMR spec
troscopy, a transient nuclear spin magnetization response M (t), known 
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I — : 1 1 Τ 

Ο 20 40 60 
Δ (MHz) 

Figure 10. EPR subspectra of irradiated malonic acid A: 7.32 
MHz; \(rf), 5.60 ps. B: 31.3 MHz; tp(rf), 3.40 ps. C: 
16.31 MHz; tp(rf), 8.70 ps. All other experimental conditions were 
the same as for Figure 9 except that the step increment was 0.75 
MHz, and 100 data points. (Reproduced with permission from refer
ence 12. Copyright 1990.) 

as the free induction decay (FID), can be observed following the applica
tion of an rf pulse resonant with the NMR transition. In NMR spectros
copy, the FID is detected and Fourier transformed to give the NMR spec
trum. A wide spectrum of rf pulse sequences have been developed for 
manipulating the evolution of the magnetization. Many of these methods 
for creating and detecting nuclear spin coherence are also possible in EN
DOR spectroscopy. Several are illustrated in the next section. 

Sublevel Free Induction Decay. FID signals from hyperfine 
sublevels can be created simply by applying an rf pulse that is resonant 
with the NMR transition of the sublevel. However, the free precession 
signal cannot be directly observed in the EPR spectrometer because it is 
nominally at the rf frequency while the spectrometer receiver is tuned to 
the microwave frequency range typical of EPR transitions. The FID signal 
must be encoded on to an EPR transition in order to be detected. This 
encoding can be accomplished by converting the sublevel FID signal into a 
population difference by using a second rf pulse as proposed by Hofer et 
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π/2 π 

EPR 

NMR 

π/2 π/2 

L 

fïgwre 12. Pulse sequence for EPR detection of sublevel FID. 

al. (23). In the ideal case, both rf pulses are π/2 pulses. The pulse se
quence is shown in Figure 11. The sublevel FID is detected point by point 
during the evolution period, tv by incrementing tx on successive iterations 
of the pulse sequence. The sublevel population difference is detected as 
an amplitude modulation of the electron spin echo in the detection 
period. 

EPR-detected FID waveforms recorded for the 14.42-MHz line in the 
ENDOR spectrum of an arbitrary orientation of a single crystal of irradi
ated malonic acid are shown in Figure 12A. (The ENDOR spectrum for 
this orientation of the crystal is shown as an inset in Figure 16.) Both the 
in-phase and phase-quadrature sublevel FID signals can be detected with 
appropriate phase-cycling schemes. The in-phase sublevel FID signal 
(upper trace in Figure 12A) can be detected by using rf pulses with the 
same phase. The phase-quadrature sublevel FID signal (lower trace in 
Figure 11A) is detected by phase shifting the second rf pulse by π/2 with 
respect to the first rf pulse. Additional phase cycling is used to cancel the 
overall electron spin-lattice magnetization recovery during the tx evolu
tion period. This canceling is achieved by phase cycling the second rf 
pulse by π on alternate pulse-sequence iterations. Thus, rf pulses with 
relative phases of 0, π/2, π, and 3π/2 (or -π /2 ) are required for the EPR 
detection of the complete quadrature sublevel FID waveforms. Additional 
phase cycling of the microwave pulses is used to eliminate any unwanted 
microwave or rf interference signals other than the electron spin echo in 
the detection period. 

The complex Fourier transform (FT) spectrum corresponding to the 
FID waveforms shown in Figure 12A is shown in Figure 12B. The E N 
DOR line at 14.42 MHz is a single relatively narrow line that does not 
exhibit any fine structure (as shown in the inset in Figure 16). However, 
the sublevel FID ENDOR spectrum in Figure 12B reveals that it is actu
ally composed of two and possibly three ENDOR transitions. The struc
ture on the weaker line near +50 kHz could conceivably arise from hyper
fine anisotropy effects but more likely arises from the overlap of two par
tially resolved sublevel transitions. The observation of a three-quantum 
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Frequency (KHz) 

Figure 12. A: In-phase and phase-quadrature sublevel FID signals 
observed with the rf frequency irradiating the ENDOR line at 14.42 
MHz. Experimental conditions were the same as in Figure 5 except 
the following: rf pulse width, 2.50 ps; increments, 0.20 ps. B: 
Complex FT spectrum obtained from the FID signals in part A. 
(Reproduced with permission from reference 12. Copyright 1990.) 
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transition in the multiple-quantum ENDOR spectrum for the 14.42-MHz 
ENDOR line (discussed in the next section) suggests that the occurrence 
of overlapped sublevel transitions is the correct interpretation. 

Sublevel Spin Echoes. The pulse sequence in Figure 11 can be 
easily amended to form sublevel spin echoes, as shown in Figure 13 (23). 
Spin echoes from the hyperfine sublevels can be created by adding a 
refocusing pulse between the two π/2 rf pulses to form a simple Hahn 
spin-echo sequence, π/2 - τη - π - τη - S(2rn), where τη is the free preces
sion evolution period during which nuclear coherence will evolve. The 
sublevel coherence is again converted to a population difference by the 
third rf pulse, which is applied coincident with the sublevel spin echo. 
The population difference is then observed as an amplitude modulation of 
the electron spin echo in the detection period. 

NMR spin echoes from the nuclear hyperfine sublevels can be 
observed by sweeping the evolution time, tv through rn starting from tt < 
τη. Two sublevel spin echoes for the ENDOR line at 30.19 MHz observed 
for τη = 5.0 and 20 ps are shown in the inset in Figure 14. Phase cycling 
is used to eliminate unwanted signals arising from nonideal pulse condi
tions and to cancel the overall loss of sublevel polarization arising from 
the loss of electron spin magnetization during the tx period. The open cir
cles in the inset figure indicate the correspondence of the amplitude of 
these two spin echoes to the echo envelope-decay function. The entire 
sublevel spin-echo envelope decay, recorded as a function of rn with tt -
rn, is shown in Figure 14. The small dots correspond to the echo ampli
tudes measured for a given r. The least-squares fit to a single exponential 
and the residuals of the fit are also shown. The decay of the nuclear spin 
echo intensity, described by the spin-spin relaxation time, T2n, has the 
value of nominally 60 ps, indicating a homogeneous line width of order 16 
kHz. 

π/2 π 

EPR 

NMR 

π/2 π π/2 

ΜΗ 

Figure 13. Pulse sequence for EPR detection of the sublevel spin 
echo. 
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0 100 200 300 400 500 600 
2τ(μεθθ) 

Figure 14. The sublevel spin-echo envelope decay recorded with t2 = 
r n along with the fit to a single ex oonential and the residuals of the 
fit. Experimental conditions were he same as in Figure 5 except the 
following: rf frequency, 30.19 MHz; rf pulse width, 2.50 ps for α π/2 
pulse. Two sublevel spin echoes observed for r n = 5.0 and 20.0 ps 
are shown in the inset. 

Multiple-Quantum ENDOR. One limitation of ENDOR spec
troscopy is that the ENDOR line intensities are generally not propor
tional to the number of nuclei contributing to the ENDOR transition (24, 
25). Thus it is not possible to determine from the relative line intensities 
alone the number of equivalent nuclei corresponding to each type of ine
quivalent nucleus. In CW ENDOR spectroscopy, it is possible to partially 
restore the proportionality by using nonsaturating NMR rf fields (24, 25). 
However, this approach often fails because of the low ENDOR suscepti
bility obtained when using nonsaturating rf fields. The sensitivity can be 
improved by using an extension of the ENDOR experiment, the electron 
nuclear nuclear triple resonance experiment (26). This experiment is a 
more successful approach, but it is experimentally complex (27), and it is 
not generally applicable in solids where electron-nuclear cross-relaxation 
mechanisms can rapidly transfer energy among lines in the ENDOR spec-
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trum (20). The situation is improved but not completely eliminated in the 
pulsed versions of the ENDOR and electron nuclear nuclear triple reso
nance experiments (28). 

Multiple-quantum (MQ) ENDOR spectroscopy provides another 
approach to counting the number of nuclei that contribute to an ENDOR 
line (29). Multiple-quantum coherences from sublevel transitions in EN
DOR spectroscopy can be detected by the phase-incrementing method 
used in solid-state NMR spectroscopy to observe multiple-quantum NMR 
transitions (30, 31). The implementation of this pulse sequence in pulsed 
ENDOR spectroscopy is shown in Figure 15. Multiple-quantum orders 
are separated on the basis of their phase accumulation during the tx pre
cession period following excitation of a sublevel transition by an rf pulse. 
An nth-order coherence will accumulate phase θ = ηωΐχ for an evolution 
time tv For example, a double-quantum coherence will accumulate twice 
the phase of a single-quantum coherence in a given evolution time tv The 
higher order coherences are detected by incrementing the phase r of the 
second rf pulse in steps between 0 < τ < 2π on successive pulse-sequence 
iterations. Analogous to the detection of the sublevel FIDs or spin 
echoes, an rf pulse converts the sublevel free precession signal into a sub-
level population difference at time tv The nth-order sublevel coherence 
induces an nth-order modulation in the population difference over a 
periodicity of 2 radians. The modulation of the sublevel population differ
ence is detected as an amplitude of the electron spin echo formed in the 
detection period of the pulse sequence. Thus the MQ-ENDOR waveform 
is recorded by monitoring the intensity of the electron spin echo as a func
tion of the relative phase r of the two rf pulses. The MQ-ENDOR spec
trum is then obtained by cosine Fourier transformation of this waveform. 
Multiple-quantum coherences occurring within a spectral bandwidth of 
approximately 2ω 1 will be observed in the MQ-ENDOR spectrum. 

The MQ-ENDOR spectrum obtained for the 14.42-MHz line in the 
ENDOR spectrum of an arbitrary orientation of an irradiated malonic 
acid crystal is shown in Figure 16. A portion of the ENDOR spectrum 

π/2 π 

EPR 

NMR 

(π/2)φ π/2 

Figure 15. Pulse sequence for multiple-quantum ENDOR 
experiment. 
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4 8 12 
number of quanta, Aml 

Figure 16. MQ-ENDOR spectrum for obtained for the irradiation of 
the 14.42-MHz line in the ENDOR spectrum of the single crystal of 
the irradiated malonic acid radical. The Davies ENDOR spectrum 
is shown in the inset. Experimental conditions were the same as in 
Figure 5 except the following: rf pulse width, 2.50 ps; resolution, 
π/Δτ = 16; data collected over r = 16π. (Reproduced with permis
sion from reference 12. Copyright 1990.) 

with the 14.42-MHz line denoted by an arrow is shown as an insert. The 
14.42-MHz line appears to be composed of only a single transition in the 
ENDOR spectrum. However, the three-quantum coherence observed in 
the MQ-ENDOR spectrum indicates that it is actually composed of at 
least three transitions. Three ENDOR lines are also observed in the sub-
level FID ENDOR spectrum shown in Figure 12, which was recorded at 
the same crystal orientation as for Figure 16. These combined results 
indicate that the three-quantum coherence arises from three slightly ine
quivalent NMR transitions that give rise to the inhomogeneous broaden
ing of the ENDOR line at 14.42 MHz. The 33-kHz line width of the lines 
in the sublevel FID ENDOR spectrum suggests that these lines are also 
inhomogeneously broadened because the homogeneous line width deter
mined directly from the value of T^ measured by sublevel spin echoes is 
on the order of 16 to 20 kHz. 
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Future of Pulsed Techniques 

Pulsed technology has significantly extended the original scope of both 
EPR and ENDOR spectroscopies and is presently in a period of rapid 
evolution. New areas of applications will emerge as the versatility of this 
spectroscopic technique is expanded. Developments in the field of pulsed 
EPR spectroscopy will also likely affect future developments in pulsed 
ENDOR spectroscopy. 
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5 

Strategies for Measurement of Electron 
Spin Relaxation 

Michael K. Bowman 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

Pulsed electron paramagnetic resonance spectroscopy pre
sents an opportunity for measuring both the relaxation and 
the spectra of electron spin systems. Spectra and relaxation 
probe two very different aspects of the spin system. Howev
er, the lack of recognizable features on most relaxation 
curves makes the analysis and interpretation of relaxation 
experiments difficult. Some of the strategies for design and 
interpretation of relaxation experiments are discussed. 

SPIN SYSTEMS can be viewed in two very different ways. The electron 
paramagnetic resonance (EPR) field-swept (or Fourier transform) spec
trum is the most common view, showing absorption or dispersion as a 
function of the resonance condition. The less common view is that of the 
relaxation or the dynamics of the EPR system. These are not equivalent 
ways of viewing a spin system. They probe very different aspects of the 
spin Hamiltonian and the physical sample. 

As a rule, the static parts of the spin Hamiltonian determine EPR 
spectra. Thus, the structure of the free radical dictates the appearance of 
the EPR spectrum. Consequently, spectra are useful for identifying and 
quantifying free radicals even if the spin Hamiltonian is not completely 
understood. Relaxation, on the other hand, results from dynamic ele
ments of the spin Hamiltonian and depends on both the free radical and 
its environment. Although knowledge of the relaxation rates of a spin sys
tem has some utility for setting the optimal conditions in EPR or other 
magnetic resonance experiments, detailed interpretation of the relaxation 
rates requires additional information. 

0065-2393/93/0229-0091$06.00/0 
© 1993 American Chemical Society 
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92 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Relaxation of a spin system is the change from an initial nonequilib-
rium state to a state closer to equilibrium. An EPR signal that changes 
monotonically as relaxation proceeds monitors the relaxation. An individ
ual relaxation curve is much less distinctive than an individual spectrum. 
Spin relaxation is often a first-order kinetic decay with an exponential 
relaxation curve, so that one relaxation curve looks very much like any 
other aside from the time scales involved. Determining the physical cause 
of that relaxation from a single relaxation curve is almost impossible. In 
contrast, the features in a spectrum often indicate the presence of hyper
fine splittings, different radicals, spectroscopic g-faetor anisotropy, etc. 

This chapter points out some of the issues involved in a relaxation 
study using pulsed EPR spectroscopy. The experiment, the sample, and 
the data analysis affect the relaxation measurement, and their role in the 
experimental design is discussed. Next, the discussion considers how 
experimental relaxation curves can be parameterized for analysis. Finally, 
some major types of relaxation experiments in pulsed EPR spectroscopy 
are mentioned. 

The aim of this discussion is not to prescribe a methodology to be 
followed in making relaxation measurements. Experimental electron spin 
relaxation is such a poorly explored field that such a global prescription is 
impossible. Rather, I present some of the issues that should be faced 
before and during relaxation experiments. The experimenter's task is to 
resolve the problems in the context of each experiment. Satisfactory 
answers cannot always be made to all the questions before measurements 
start. Some of the critical information simply is not available then. A few 
trial runs and perhaps a redesign of the experiment may be required 
before an interprétable set of measurements can be taken. 

The discussion is in the context of relaxation measurements on dilute 
electron-spin systems in solids. "Spins" and "radicals" are used inter
changeably to refer to paramagnetic centers. The scope of the discussion 
is intended to illustrate rather than be comprehensive. 

Background 

Before proceeding, two distinctions are needed to make the discussion 
easier. The first distinction is between what are called, for want of better 
names, "true" and "apparent" relaxation. True relaxation is the continu
ous, irreversible evolution of a nonequilibrium spin system toward equilib
rium. It occurs spontaneously from the initially prepared state and is not 
driven by the experimental measurement. Examples of true relaxation are 
spin-spin (T^ and spin-lattice (7 )̂ relaxation (as defined in the Bloch 
equations) (1, 2). In contrast, apparent relaxation is anything that is not 
true relaxation but has the appearance of a relaxation curve. 
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5. BOWMAN Strategies for Measurement of Electron Spin Relaxation 93 

Consider an experimental signal that monotonically approaches zero 
(or some constant level) during an experiment. The signal can have the 
shape of a relaxation curve without the spin system spontaneously 
approaching equilibrium. The free induction signal from a strongly inho
mogeneously broadened line appears to decay with a characteristic time 
T 2 *. The apparent T2* relaxation is reversible, and the free induction sig
nal is recovered by applying a refocusing pulse to generate a spin echo. 

The measurement process itself can even drive the signal decay. Such 
is the case when the Carr-Purcell experiment is performed with improp
erly adjusted pulses. The echo amplitudes rapidly decrease during the 
experiment. However, this apparent relaxation does not occur without the 
pulses and, at least in principle, could be reversed by carefully crafted 
pulses. 

The second distinction is between the relaxation mechanism and the 
relaxation process. "Mechanism" refers to the coupling that leads to 
transfer of energy between the spin and its environment. "Process" 
characterizes the type of motion that exchanges energy with the spin sys
tem. These definitions are intended to parallel the usage of these terms in 
spin-lattice relaxation in solids (3). For instance, g-factor anisotropy 
(dependence of resonant frequency of the free radical on its orientation 
with respect to the applied magnetic field) can be the mechanism produc
ing relaxation during the process of rotational diffusion. These are two 
distinct elements of relaxation that should be regarded separately. 

In general, a relaxation measurement can be sensitive to several 
mechanisms and several processes and may involve mixtures of both true 
and apparent relaxation. The separation of these factors is challenging, 
but successful unweaving of the relaxation provides a very detailed view of 
the spin system and the sample. Failure to untangle all the contributions 
to relaxation can give results that are not merely incorrect, but also 
dangerously misleading. 

Design of a Relaxation Study 

Three aspects of a relaxation experiment need to be considered very care
fully to have interprétable results: 

1. the pulse sequence and experimental conditions in the measurement, 
which determine what properties of the spin system contribute to 
the relaxation curves 

2. the relation between the detected signal and the spectrum of the 
radicals in the sample 

3. the relaxation mechanisms and processes involved 
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94 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

These considerations can be posed as a series of three questions: 

1. What property of the spin system is measured? 

2. From what species in the sample does the signal arise? 

3. How can the different mechanisms and processes be separated? 

Pulse Sequence. The observable quantity in pulsed EPR experi
ments is usually the expectation value (denoted by <>) of the χ com
ponent of magnetization in the rotating frame (<SX>) or more generally 
<S + > (where the step-up operator S + = S x + /Sy), although <SZ> has 
been used (4, 5). This limitation is not great because almost any other 
spin quantity, S?, can be converted into S + by one or more microwave 
pulses. The time evolution of S 7 can be measured in a stroboscopic 
fashion by allowing it to evolve or relax for a time t as S?, then converting 
it to an observable quantity for measurement, and then repeating the 
process for the next value of t. 

This strategy becomes complicated when, for a given pulse sequence, 
more than one S ? contributes to <S + >. For example, two microwave 
pulses applied to the simplest spin system described by the Bloch equa
tions generate three different signals. Part of the S z present at the second 
pulse becomes an inversion-recovery signal and reflects the spin-lattice 
relaxation that took place between the two pulses. Part of the S + magne
tization created by the first pulse is refocused and generates a spin echo, 
sensitive to spin—spin relaxation. Some of the S + magnetization from the 
first pulse is unaffected by the second pulse and continues the original free 
induction decay (FID), affected by spin-spin relaxation and by inhomo-
geneous broadening. 

Even in this simple example, three superimposed signals appear, 
sensitive to combinations of Tv Γ 2 , and Γ 2 *. Only Τχ and T2 represent 
true relaxation; Γ 2 * is an apparent relaxation. With spin systems that do 
not obey the simple Bloch equations, the situation is even more compli
cated. The unwanted signals can be avoided only if it is realized that 
several signals are potentially present. It is necessary to be aware of every 
signal that can be generated in the experiment. 

Both the inversion-recovery and the FID signals can be suppressed in 
the example by making the second pulse have a turning angle of exactly 
Unfortunately, turning angle depends on frequency offset in the EPR 
spectrum and on the position within the sample if the microwave magnetic 
field is inhomogeneous. A better strategy is to use the dependence of the 
phase of the individual signals on the phase of the microwave pulses. For 
the example, the phase of the FID depends on the phase of the first 
microwave pulse as φν The spin-echo signal depends on the pulse phases 
of both pulses as —φ1 + 2<£2, and the inversion-recovery signal goes as <f>2. 
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5. BOWMAN Strategies for Measurement of Electron Spin Relaxation 95 

A cycle of phases that causes any two of these signals to sum to zero can 
be generated. Phase cycling is a powerful means of selecting the one 
desired signal in an experiment (5-7). 

Another useful means of separating signals is to make the measure
ment in a time window where the unwanted signals have negligible inten
sity. Apparent relaxation can be manipulated to make some signals vanish 
when the measurement is taken. For example, an external magnetic field 
gradient enhances the apparent decay of the FID and decreases the ampli
tude of the inversion-recovery signal, leaving only the spin echo. If these 
strategies fail to isolate the desired signal, a different pulse sequence 
might be better suited for the measurement. 

Detection and the Spectrum. Every EPR spectrum is a dis
torted representation of the spin system. The normal first-derivative spec
trum from a continuous-wave (CW) spectrometer emphasizes the sides of 
spectra where the absorption is changing most rapidly. The position in 
the EPR spectrum with the strongest absorption has zero intensity in the 
first-derivative spectrum. The turning points in an anisotropic spin system 
stand out at the expense of other orientations, and the narrowest lines 
appear stronger than they are. The intensity of the EPR signal depends 
on line width, AB, as AB~2 for the first derivative and Δ 2 Γ 3 for the 
second derivative, etc. Although these properties are well known, it is not 
uncommon for a very broad signal to go unnoticed in the presence of a 
very narrow signal containing an extremely small fraction of the spins. 
Consequently, the narrow signal is assumed to characterize all the spins in 
the sample rather than a minor fraction. 

Pulsed EPR spectroscopy has similar biases that affect relaxation 
measurements. A pulsed EPR signal comes from a limited spectral win
dow. The width and shape of that window are determined by the interac
tion of three things: the portion of the spectrum excited, the spectral 
response function of the spectrometer, and the processing of the signal. 
Relaxation measurements can be affected, in addition, by spins lying out
side this window or making a minor contribution to the signal within the 
window. 

The portion of the spectrum excited in a pulse sequence depends on 
the width and turning angle of the pulses and on the pulse sequence itself 
(d). Generally, the shorter the pulses, the wider the spectral range excited. 
The greater the number of pulses, the narrower the spectral range. The 
calculation of the spectral range excited in a simple spin system is a 
straightforward if somewhat tedious exercise using the formalism of Jaynes 
(8) and Bloom (9). As a rule, the half-width at half-height for spectral 
excitation is 0.1 - 1 χ Τ~λ (in frequency), where Tp is the microwave 
pulse width (in time) for a square pulse (6). 
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The microwave resonator used in almost all experiments acts as a 
tuned filter, accepting EPR frequencies within its bandwidth and rejecting 
those outside (10). Normally, the portion of the EPR spectrum excited is 
much smaller than the bandwidth of the resonator, because either the 
pulses are wide or they are stretched by the quality factor, g, of the reso
nator. This filtering effect is negligible unless the frequency of the 
microwave pulses is offset from the resonator frequency. 

The largest factor in determining what is observed in a pulsed EPR 
experiment is the signal processing. Spin echoes and FIDs contain spec
tral information that appears upon Fourier transformation (6). If an 
experiment records the FID or the echo shape, then the Fourier transform 
spectrum is a good means to visualize what was excited by the pulses and 
passed by the resonator. From such a spectrum, a particular line or spec
tral feature can be measured and its relaxation followed cleanly. Two 
drawbacks to this approach are the following: 

1. A single point in the Fourier transform spectrum comprises a frac
tion of the total signal intensity, and unless the line is integrated, the 
signal-to-noise ratio (S/N) suffers. 

2. Recording the full echo or FID shape for each time delay for each 
relaxation curve generates much data to be stored and processed. 

For these reasons, the echo or FID is often sampled by using a boxcar 
integrator or similar device. The boxcar gate is a filter with a response 
function. In a spectrometer with coherent detection (most recent spec
trometers), the boxcar response function can be obtained by Fourier 
transformation of the boxcar gate with respect to the center of the echo or 
the origin of the FID. When a very narrow boxcar gate sits at the center 
of the echo, the boxcar response is flat and the output is proportional to 
the integral of the EPR spectrum excited. On the other hand, a gate of 
finite duration, Tb, has a frequency (ω) response function (l/ω) sin (<*>Tb) 
and is sensitive to signals near the microwave-pulse frequency. In the 
limit of a very broad gate, this response function becomes a delta function 
at the microwave frequency, and only radicals exactly in resonance are 
recorded (11). 

Careful adjustment of the EPR resonance condition, microwave pulse 
width, and position of the boxcar gate provides great control over what is 
measured in a pulsed EPR experiment while simultaneously reducing the 
volume of data to be stored and processed. Interpretation of relaxation 
experiments requires understanding both the response function and the 
EPR spectrum of the sample. 

A pulsed experiment gives a response proportional to the EPR 
absorption spectrum at that frequency in the absence of any relaxation. In 
a pulse sequence designed to measure relaxation of some spin operator, 
for example, Sx, Sz, or S + , which we shall denote S?, the relaxation is fol-
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5. BOWMAN Strategies for Measurement of Electron Spin Relaxation 97 

lowed as a time interval is incremented. Yet, during the remainder of the 
experiment, spin relaxation still takes place, attenuating the pulsed EPR 
signal. If several species are present, each is attenuated differently if their 
relaxation properties differ. As in CW EPR spectroscopy, not all spins in 
the sample are observable under the same sample and spectrometer condi
tions. As the relaxation properties of the spins change, for example, with 
temperature, the signal amplitudes change. It is not unusual in frozen 
aqueous samples for an intense, very broad spectrum (often blamed on Fe 
or Mn ions) to grow in and dominate pulsed EPR measurements as the 
sample temperature drops below 20 K. If the change in species detected 
goes unnoticed, spurious relaxation behavior can be reported. 

Interpretation of Relaxation. Understanding the relaxation is 
the most difficult part of a relaxation study. Even when the measurements 
are perfect and relaxation of <S 7> for a single spin species is measured 
with high accuracy, assignment of relaxation processes and mechanisms is 
problematic. The relaxation is occurring along several independent, paral
lel pathways with different rates and is producing a single relaxation curve 
usually with only two parameters: the decay rate and the amplitude. 
Unfortunately, the single decay rate can be matched by almost any relaxa
tion process and mechanism provided the sample parameters that enter 
the relaxation model are not accurately known. The problem is not "gar
bage in, garbage out", because a good measurement and a valid model can 
still yield "garbage" if the model is inappropriate for that measurement. 
Some models can easily be eliminated from consideration. For instance, a 
relaxation process involving unrestrained motion of radicals in a liquid is 
inappropriate for the relaxation of immobilized radicals in a solid. Still, 
that condition leaves many plausible models to explain the relaxation in 
that solid. 

Fortunately, the different relaxation processes have a different depen
dence of the relaxation rate on, for example, temperature and EPR fre
quency, but the different mechanisms depend differently on isotopic com
position, hyperfine line, concentration, viscosity, etc. Varying these 
parameters can eliminate some relaxation models from consideration. 
Rarely can a relaxation model be proven correct, but a model should be 
reasonable and consistent with the data and the sample. 

The Sample 

Most solids studied by pulsed EPR spectroscopy are magnetically dilute 
single crystals, polycrystalline powders, or disordered glasses. In all three 
types of samples, the spins are never identical or homogeneous and can 
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exhibit a distribution of relaxation behaviors. In powders and glasses, the 
radicals have many different orientations with respect to the applied mag
netic field. Because many relaxation mechanisms involve anisotropic cou
plings that depend on the orientation of the spin system in the magnetic 
field, the relaxation curves are often sums of many exponentials in 
powders and glasses or show an orientation dependence in single crystals. 

Free radical sites in a glass do not have identical potential fields like 
the sites in a crystal. A distribution of radical conformations or structures 
may occur in glasses, effectively a set of similar but different spin systems. 
Although it is tempting to think that the radical and the glassy matrix 
around it adopt a unique configuration, a dispersion of structures and 
interactions is likely. 

More subtle differences make spins nonidentical even if they have the 
same physical structure and orientation. Nuclear spins with significant 
hyperfine interaction can affect electron relaxation and produce popula
tions of nonequivalent radicals (at least on the time scale of the nuclear 
7 )̂. Also, all dilute spin systems have different populations distinguished 
by the local dipolar fields. Those fields arise from nearby nuclear spins or 
the more distant electron spins of the radicals. Furthermore, even a com
pletely random distribution of radicals has regions with high local concen
tration and regions of low local concentration. Thus there is always some 
inequivalence between radicals in the sample that may manifest itself as a 
distribution of relaxation rates and result in nonexponential relaxation. 

The nonexponential shape of the relaxation curve may aid in discov
ering the mechanisms and processes responsible for spin relaxation. For 
example, cross-relaxation to a rapidly relaxing center has a characteristic 
exp (-kl^) dependence (k characterizes the rate and Τ is time) (3,12,13). 
Also, the dependence (or independence) of spin relaxation on orientation 
can serve as another criterion for choosing between possible relaxation 
models. 

One danger of having several inequivalent radical species in the same 
sample is that they lead to the subtle and unintentional selection of a non-
representative subpopulation of spins. A relaxation measurement can 
involve long delays between pulses during which extensive relaxation 
occurs. For instance, an electron dipolar field measurement using a 
stimulated echo sequence with a large interpulse spacing can allow exten
sive spin-lattice relaxation during the sequence. If that sample has a dis
tribution of Τχ values, radicals with long Ίχ values are preferentially 
selected. If, as one might expect, the dipolar field is correlated with Tv 

the measured dipolar field will not represent most radicals in the sample. 
Ichikawa and Yoshida (14) showed that selection of radicals based on Τχ 

can produce strong resolution enhancement in field-swept spectra from 
the alkyl radical in 7-irradiated w-hexane single crystals. The implication 
is that the radicals with large inhomogeneous broadening have shorter T1 
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values. In heterogeneous samples such as coal, careful consideration must 
be given to the possibility that relaxation measurements select non-
representative populations of radicals. 

Data Analysis 

The raw data from a relaxation study consist of sets of relaxation curves 
recorded under different experimental conditions. These must be reduced 
to a set of rate parameters for comparison to predictions from various 
relaxation models. If the relaxation curves are pure exponential decays or 
the sum of a few exponentials, many methods can be used to extract the 
rate parameters from the relaxation curves. The task becomes more diffi
cult if the relaxation curves are nonexponential because of a continuous 
distribution of relaxation rates. We want to characterize the decay by an 
easily obtained parameter, but we also want to compare that parameter 
with the predictions of relaxation models. In this respect, the time it takes 
for the signal to fall to 1/e of its initial value (or the half-life) is a poor 
choice if the initial value can not be observed because of spectrometer 
dead time. 

Direct calculation of the theoretical relaxation curve as <exp 
[-k(...)t]>^ j (where <>^ . denotes the appropriate average over orien
tation, spectral position, radical, etc.) for the distribution of relaxation 
rates k(...) and fitting it to the experimental relaxation curve is time con
suming. Sometimes the averaged theoretical decay function has a simple 
analytical form as in the cross-relaxation example mentioned, so that the 
analytical form can be fit to the data, but usually it does not. A power 
series or polynomial expansion of the averaged theoretical decay may not 
converge to a constant at long times like the experimental curves. How
ever, the cumulant expansion, a mathematical technique popularized by 
Kubo (15), does provide a simple means of parameterizing the averaged, 
theoretical relaxation curve for the purpose of rapid fitting. The cumulant 
expansion has the desirable properties of excellent convergence from the 
start of relaxation out to some well-defined point in the decay. The 
expansion also can be made to converge to zero at long times. 

The cumulant expansion in the present example is 

<exp [-*(...)*]>(...) = exp £ 
oo 

(1) 
n=l nl 

where Kn(k) is the nth cumulant of k(...). The cumulants are closely 
related to the moments, μβ) = <lé(k)>, y of the distribution of rates 
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k(...). The first three cumulants are (16) 

κχ = μι (2a) 
«2 = M2 + M i 2 ( 2 b) 
«3 = 1*3 - M2Mi + 2 μ ι 3 (2c) 

Often fc(...) can be broken into the product of two factors, v(.) · /(..). 
The z/(.) is an overall relaxation velocity or speed factor depending, for 
example, on temperature and varying from one experimental curve to 
another. The/(..) is a geometric factor that depends on, for example, rad
ical orientation and local spin concentration, but is the same for a set of 
relaxation curves. Then equation 1 can be written as 

<exp [-fc(...)i]>w = < e x p [ - K . ) / ( » X ] > ( . . ) = e x P 
~ Kn(f>ntn 

Si n ' 
(3) 

where the K(J) are the cumulants of /(..). Convergence of this cumulant 
expansion to a constant is ensured if the power series in the exponential is 
truncated after a term with Kn(f) < 0. As more terms are included before 
truncation, the approximation is valid to progressively longer times. 

The cumulant expansion for a single mechanism and process contains 
only one adjustable parameter, v, for fitting an experimental curve. After 
an initial calculation of the cumulants, curve fitting is very rapid. The 
variation of the ν values with temperature, isotopic composition, etc. pro
vides a criterion for discriminating between the possible relaxation mech
anisms and processes. 

Relaxation Experiments 

We now turn to a discussion of relaxation measurements that can be made 
in solids. The concepts will be kept simple so that the subtle points can 
be delineated clearly. Three experiments—inversion recovery, two-pulse 
spin echo, and the "2 + 1" experiment of Kurshev et al. (17)—are exam
ined. These are by no means the best experiments for any particular 
measurement, but they illustrate the considerations involved in assigning 
relaxation processes and mechanisms. It is assumed that precautions are 
made to isolate the one response from the pulse sequence that is desired. 

Inversion Recovery. Inversion-recovery or saturation-recovery ex
periments were one of the first to be tried in pulsed EPR spectroscopy 
(18, 19). The concept is quite simple. The spin system is inverted or sat-

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

00
5

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



5. BOWMAN Strategies for Measurement of Electron Spin Relaxation 101 

urated, or at least the populations of the spin levels are perturbed from 
Boltzmann equilibrium values. The EPR signal is then monitored by 
using the FID from a second pulse as the populations relax to equilibrium 
by transferring energy to and from the lattice. Hence the desired process 
is spin-lattice relaxation or the Τχ in the Bloch equations. 

But what actually happens in the experiment? Saturation or inver
sion is experimentally achievable only over a finite frequency range. This 
feature is known as "burning a hole" in the spectrum and is an apt 
description. The hole may be much wider or much narrower than the 
EPR spectrum. An EPR signal is used to monitor relaxation. That EPR 
signal is from a finite observation window, which can be wider or narrower 
than the hole burned in the spectrum. The relaxation curve is the reap
pearance of the EPR signal within that window, ideally by spin-lattice 
relaxation processes. But the experiment is sensitive to anything that 
changes the EPR signal in the observation window. It can include cross-
relaxation of a spin in the window with an unperturbed spin outside of the 
window. Spectral diffusion, the diffusion in frequency space of the EPR 
frequency of an unsaturated spin outside the window, carries signal into 
the observation window so that the hole gets shallower but wider. Many 
processes can increase the signal within the observation window at the 
expense of signal outside the window, none of which are spin-lattice 
relaxation. If two spin species (even exchange-coupled pairs) have dif
ferent spin—lattice relaxation rates, the slower relaxing species can recover 
by cross-relaxation with the faster relaxing one. 

Fortunately, some processes are experimentally distinguishable. If 
the hole can be broadened so the entire EPR spectrum is inverted or 
saturated, spectral diffusion and cross-relaxation are reduced or eliminated 
because there are no longer any unperturbed spins outside the observation 
window. 

Another strategy is to enlarge the observation window and note any 
changes inside or outside the hole. If the hole gets wider, spectral diffu
sion is taking place. If the entire spectrum outside the hole decreases, 
cross-relaxation may be occurring and the integrated intensity of the entire 
spectrum will recover with Τχ (if there is only one radical species). 

When we understand how these other processes interfere with the 
inversion-recovery experiment, diagnostic tests for their presence can be 
designed. For instance, long and short saturation pulses can be used to 
burn holes with different shapes into the spectrum. The Τχ will not 
change, but the influence of competing relaxation processes on the meas
ured relaxation curves may change. No spin—lattice relaxation study is 
complete without a thorough check for interfering processes. 

Two-Pulse Spin Echo. The two-pulse, or Hahn, spin echo uses 
one pulse to convert S z into S + , which then precesses about the applied 
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magnetic field with an amplitude (or phase) of exp ( - * ω Ε Ρ Κ Γ ) within the 
plane normal to the magnetic field. After a time r, a second pulse is 
applied that, in principle, "refoeuses" the magnetization. The pulse is 
supposed to perform a phase conjugation on the spins so that a particular 
spin with phase of exp (-i^Emr) before the pulse is left with a phase of 
exp (+^ E p R r) . The spin precesses with the same EPR frequency and at 
time 2T has a phase of exp (+^ E P R r) exp (-*"^EPRr) = 1. Because all 
spins have the same phase independent of w E P R , the sample has a nonzero 
<S + >, and the echo appears. Any process that destroys the phase of the 
spin, a T2 process, decreases the echo and thus produces a decay curve. 

Other ways of decreasing the echo amplitude cannot be called T2 in 
the sense of the Bloch equations. We have assumed that ω Ε ρ κ remains 
constant during the measurement. If it is not constant, then a phase error 
builds up and prevents the perfect refocusing of the spins. The spectral 
diffusion discussed earlier is one process that attenuates the echo. 
Depending on the speed and the amplitude of the changes in EPR fre
quency caused by spectral diffusion, the two-pulse echo can exhibit a 
variety of nonexponential decays (20, 21). 

The second microwave pulse itself may also be responsible for a 
change in w E p R . The microwave pulse can act on all electron spins in the 
sample. If it flips two spins located near each other in the sample, then it 
also changes the dipolar interaction that each one feels and thereby 
changes the EPR frequency. Because this type of spectral diffusion occurs 
instantly at the second microwave pulse, it is called instantaneous diffu
sion. The effect of instantaneous diffusion can be modulated by changing 
the turning angle (strength) of the second microwave pulse. If the pulse 
flips only a few spins in the sample, there is still an echo (from those spins 
that are flipped), but the total dipolar field does not change much, and 
instantaneous diffusion is suppressed (20, 21). This is an apparent relaxa
tion driven by the second microwave pulse. 

The microwave pulse can also excite the "forbidden" spin-flip transi
tions in solids whereby an electron spin and a nuclear spin coupled to it 
are flipped. When the second pulse excites a spin-flip transition, the EPR 
frequency changes by an amount related to the hyperfine coupling. This 
change produces a periodic interference with the refocusing of the echo 
and results in electron spin-echo envelope modulation (ESEEM) (22—25). 
Depending on the distribution of hyperfine couplings involved, the 
E S E E M can look like an apparent relaxation decay or a periodic modula
tion of the echo amplitude. The E S E E M does depend on the amplitude 
or width of the second microwave pulse and can be partially suppressed by 
using long pulses. 

The "2 + 1" Sequence. The "2 + 1" sequence (17) consists of 
three microwave pulses. Two of the pulses generate a spin echo that is 
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detected. The time between those two pulses is not varied, in contrast to 
the two-pulse echo experiment just discussed. This means that the echo 
always has a constant degree of attenuation from the T2 decay and from 
the ESEEM. A relaxation curve is generated by sweeping in time a third 
microwave pulse (the "+1" pulse) between the other two. The important 
point in this experiment is that except for very weak, long pulses, none of 
the spins detected in the echo were flipped by the pulse. Conse
quently, the echo from the detected spins can change only as a result of 
other spins flipped by the "+1" pulse. Normally, this sequence measures 
only changes in the dipolar field seen by the detected spins and caused by 
the pulse acting on the nearby spins. The echo is used only to 
report on what happens to the other spins that do not contribute to the 
echo. This point is subtle, but it is the key to understanding the experi
ment. The spins that are detected in the echo are excited only by the two 
echo-forming pulses, which are not varied during a measurement. There
fore, the echo must remain constant during the experiment unless there is 
communication (a dipolar interaction) between the echo-forming spins 
and the spins pumped by the "4-1" pulse. 

The change in position of the "+1" pulse means that the change in 
dipolar field (or instantaneous diffusion) occurs at a different point in the 
dephasing and rephasing of the echo. Consequently, the echo amplitude 
changes as the "+1" pulse is moved in the interval between the two echo-
forming pulses. Because the amplitude changes or relaxation is driven by 
the pulse, this experiment is an example of apparent relaxation. 
Although this experiment has not been used extensively, it finally offers a 
very clean way of measuring dipolar fields in solids without complications 
from Γ 2 , spectral diffusion, or E S E E M . 

One more point should be considered in its application. The echo is 
detected after a considerable amount of decay has taken place (in order to 
maximize the "2 + 1" relaxation amplitude). If the sample contains spins 
with a distribution of T2 values or spectral diffusion rates, the tendency 
will be to select the spins with the slowest relaxation. This select popula
tion may not be representative of the dipolar fields in the rest of the spin 
system. 

Conclusion 

Relaxation studies can provide a unique view of spin systems and the 
solids that contain them. The growing availability of pulsed EPR spec
trometers places relaxation measurements within the realm of possibility 
for more and more researchers. Compared to CW EPR spectroscopy, 
relaxation measurements are subject to a new set of considerations, limita
tions, and pitfalls that must be addressed. The same critical evaluation of 
experimental data and procedures that is made for other experimental 
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techniques must also be made for EPR relaxation measurements. This 
discussion has tried to present some of the issues to be encountered. 
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Multifrequency Electron Paramagnetic 
Resonance Spectroscopy 
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at Urbana-Champaign, Urbana, IL 61801 

Over the past decade, the advantages of performing electron 
paramagnetic resonance (EPR) experiments outside of the 
standard 9- to 35-GHz range have become increasingly 
exploited For example, low-frequency (<9 GHz) EPR 
experiments may lead to increased spectral resolution or 
enhance features due to "forbidden" transitions. High
-frequency (>35 GHz) experiments also may result in 
enhanced resolution or allow for more accurate determina
tions of zero-field splittings in high-spin systems or details of 
motion not observable at lower frequencies. The selective 
review presented here emphasizes applications of low- and 
high-frequency EPR spectroscopy with special emphasis on 
multifrequency applications in coal research. 

MIL RESONANCE PHENOMENON such as electron paramagnetic reso
nance (EPR) is not restricted to a particular frequency, but can be accom
plished at any field-frequency combination that satisfies the resonance 
condition. However, for a great many years this flexibility largely went 
unexploited. During the development of EPR spectroscopy, the early 
literature contained many descriptions of spectrometer systems operating 
outside the 9- to 35-GHz range (1-8). However, practical considerations, 
including good sensitivity, the convenience of using 3-cm wavelength radi
ation and magnetic fields of a few thousand gauss, and the availability of 

0065-2393/93/0229-0107$09.00/0 
© 1993 American Chemical Society 
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108 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

equipment as a result of wartime technology, quickly made X-band (9—10 
GHz) the frequency of choice. With the advent of high-quality commer
cial EPR spectrometers, practitioners of the technique virtually ignored 
the existence of frequencies outside the X-band (and to a far lesser extent, 
Q-band [34-36 GHz]) range. 

But recently, stimulated by new technology and new motivations, the 
development of spectrometer systems outside this range, both high and 
low, is undergoing a renaissance. This chapter is a selective review of 
these developments, especially those of the past decade. Multifrequency 
EPR spectroscopy can be very useful for samples ranging from liquids and 
frozen solutions to single crystals. However, we focus our attention here 
on studies of polycrystalline and amorphous samples, including organic 
and inorganic species often found in coal, which demonstrate some unique 
advantages of utilizing EPR spectroscopy at very low and very high fre
quencies. 

Low-Frequency EPR Spectroscopy 

In this section, we discuss the utility of low-frequency (sub-X-band) EPR 
spectroscopy in the solid state as a part of the multifrequency approach. 
Although the discussion of factors influencing the spectra will be general, 
copper complexes will be most commonly employed as examples, because 
these complexes have accounted for many of the applications of low-
frequency EPR spectroscopy to date. 

The consequences and benefits of using low-frequency EPR spectros
copy will be discussed in five sections. First, we investigate how frequency 
plays a part in determining the line width and line shape of a given sam
ple. Second, we show the influence of state mixing as a cause of break
down in the high-field selection rules and how this leads to the appear
ance of "forbidden" (AMS = 1, Δ Μ 7 Φ 0, where Ms and Mj are the mag
netic quantum numbers for electronic and nuclear spins, respectively) 
transitions. This discussion also will include examples of low-frequency 
pulsed EPR spectroscopy, where more extensive state mixing at lower fre
quencies gives rise to deeper electron spin-echo envelope modulation 
(ESEEM) from coal. Third, low frequency will be discussed in the context 
of a multifrequency approach for the determination of spin Hamiltonian 
parameters from spectral simulation via computer. A fourth section will 
describe developments in instrumentation and analysis that have made 
sub-X-band frequencies a practical extension of the multifrequency 
domain. Finally, we call attention to an important low-frequency special 
technique, zero-field (frequency-swept) EPR spectroscopy, in the fifth sec
tion. 
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Line-Shape and Line-Width Considerations. As the frequen
cy decreases, the electron Zeeman splitting diminishes, and anisotropic g-
matrix components collapse toward a common center. 

This effect is observed in Figure 1, where a powder spectrum of 
bis(2,4-pentanedionato)palladium(II) [6 3Cu-Pd(acac)2 (acac is acetylace-

Figure 1. EPR spectra of63Cu doped into 65Cu—Pd(acac)2 powder 
at various frequencies. Field values are indicated for the beginning 
and end of the scan in gauss (IT — 104 G) on each spectrum. All 
spectra were run at approximately 100 Κ with appropriate settings of 
power and modulation amplitude. Spectrum Ε required time averag
ing. Frequencies: A} 34.7803 GHz; B, 9.3760 GHz; Q 2.3899 GHz; 
D, 1.3931 GHz; and E, 560.4 MHz. Spectra A, B, and D were run 
at the Illinois ESR Research Center. Spectra C and Ε were run at 
the National Biomedical ESR Center in Milwaukee, WI. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

00
6

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 
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tonate)] is shown at frequencies ranging from 600 MHz to Q-band. A sys
tem with a small g-anisotropy may be simplified and appear nearly isotrop
ic when the frequency becomes low. This result may make it easier to de
termine field-independent effects such as the hyperfine couplings. When 
the spectrometer frequency becomes so low that the hyperfine splittings at 
zero field exceed the spectrometer frequency, features will be lost, just as 
the large electronic zero-field splittings from S > 1/2 systems may pre
clude the observation of certain transitions. This condition occurs in Fig
ure 2, where a VO(acac)2 solution spectrum is compared at X-band and at 
600 MHz. A simple, isotropic eight-line pattern is expected from the S = 
1/2, J = 7/2 motionally averaged system. At X-band this pattern is ob
served, but at 600 MHz only three lines appear. This result at 600 MHz is 
a consequence of the large zero-field hyperfine splitting in this compound. 
At zero field, the system consists of two levels, F = 4 and F = 3 (where F 
= S + I , S + / - 1 , . . . ;S and J are electronic and nuclear spin quantum 
numbers, respectively), split by 4AlSQ/h (AlSQ is the isotropic hyperfine 
coupling factor and h is the Planck constant), or about 1200 MHz, which 
is twice the spectrometer frequency! 

Small variations in local-site geometry may cause inhomogeneous line 
broadening associated with a distribution of g-factors, commonly called g 
strain. A similar effect is observed with the A values (A strain, where A is 
the hyperfine coupling factor). The g strain causes an increase in line 
width with increasing frequency. Therefore, resolution, as defined by the 
number of spectral features that can actually be distinguished, may actually 
improve with a decrease in frequency. Abdrakhmanov and Ivanova (9) 
have taken advantage of this line narrowing at 1.2 GHz for the determina
tion of nuclear quadrupole couplings in an alkali silicate glass containing 
1% copper oxide. 

Froncisz and Hyde (10) have found that line widths of the Ml = —3/2 
and —1/2 hyperfine lines in the g parallel region of square-planar copper 
complexes are frequency-dependent and go through a minimum at fre
quency ranges of 6-8 and 1-3 GHz, respectively. Froncisz et al. (11) 
exploited this phenomenon, which is caused by a correlation between A 
and g strains, to determine the number of nitrogen donor atoms bound to 
copper in complexes such as Cu transferrin. An S-band (2-4 GHz) spec
trum of this compound, displayed in Figure 3, clearly shows a triplet of 
peaks on the Mj = -1/2 transition in the g parallel region, indicating the 
attachment of a single nitrogen to copper. This statement could not be 
made unambiguously on the basis of X-band data alone. 

Line widths in coal show a frequency dependence that may be useful 
in understanding coal structure. In a recent multifrequency EPR study (9, 
35, and 140 GHz), Bresgunov et al. (12) showed that the line width of an 
Argonne Premium coal sample increased in a nonlinear fashion, as 
predicted by a model that included both unresolved nuclear hyperfine cou-
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plings and random g dispersion. In another study, Clarkson et al. (13) 
showed that the line width of evacuated samples of fusinite, measured at 1, 
9, 35, 96, and 250 GHz, displayed no change between 1 and 9 GHz, fol
lowed by a linear increase in Δ Β (the peak-to-peak line width in the 
first-derivative EPR spectrum), indicative of the spin-exchange narrowing 
condition (eq 1) that dominates the line shape in this maceral (13). 

fl 

Β 

FIELD (GAUSS) 

Figure 2. Room-temperature, solution EPR spectra of VO(acac)2 

dissolved in a 1:1 mixture of toluene and chloroform showing loss of 
hyperfine transitions at very low frequency. Field values are indi
cated for the beginning and end of the scan in gauss on each spec
trum. Frequencies: A, 9.7645 GHz; and B, 594.8 MHz. Spectrum 
A was run at the Illinois EPR Research Center; Β was run at the 
National Biomedical ESR Center. 
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1 1 1 1 1 I M 
0.04 0.06 0.08 0.1 

TESLA 

Figure 3. S-band spectrum (2.295 GHz) of dicupric transferrin 
ennched in 63Cu, recorded in frozen solution at 100 Κ (Reproduced 
with permission from reference 11. Copyright 1982.) 

Vn}» \ g i - gj I fieB0 (l) 

where 1/τ~ is the rate of exchange between species i and j; gt and g. are the 
g-factors of species / and j, respectively; β& is the Bohr magneton; and BQ 

is the static magnetic field intensity. When the inequality is obeyed, a sin
gle, narrow resonance line at the mean g value l/2(gz. + g) is observed, 
and it reduces the line-width effect of variations in the g values of species 
contributing to the EPR resonance. Above 9 GHz, the exchange interac
tion is not strong enough to fully satisfy the inequality in eq 1, and g 
dispersion begins to manifest itself in an increase in line width that is 
linear in BQ, as seen in Figure 4. 
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Figure 4. EPR line width (&pp) offusinite as a function of frequency 
from 1 to 250 GHz. (a) Semilogarithmic plot illustrating the onset 
of line broadening above 9 GHz. (b) Conventional plot demonstrat
ing linear dependence of Β on frequency (or BQ). 250-GHz data 
were obtained at Cornell University, courtesy of Jack Freed. 
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State Mixing. The spin Hamiltonian for an EPR active system 
with a single spin (S = 1/2) and a nonzero nuclear moment (J ψ 0) is 
given in eq 2: 

H = &S · g · B 0 + S - A - I -

+ QD 
3 

I z - (2) 

where S is the electronic spin angular momentum vector (matrix); g is the 
matrix of g factors; BQ is the static magnetic field vector; A is the matrix of 
A values, or hyperfine coupling matrix; I is the nuclear spin angular 
momentum vector; gn is the nuclear g factor (gyromagnetic ratio); β is 
the nuclear magneton; and successive terms represent the electronic Zee-
man interaction, the electron-nuclear hyperfine interaction, the nuclear 
Zeeman interaction, and the nuclear quadrupole interaction (QD = 
3Pzz/2, where P z z is the largest element of the diagonalized nuclear quad
rupole coupling tensor), which is nonzero only for those systems in which 
I > 1/2. 

State mixing can become significant when the interactions 
represented by two or more of these terms become of similar magnitude 
(14). The zero-field terms (electron-nuclear hyperfine and nuclear quad
rupole) are invariant for a given system, so the mixing may be adjusted 
through variation of the field-dependent terms (electron and nuclear Zee-
man) by obtaining spectra at different field or frequency values. 

Table I compares the magnitudes of the spin Hamiltonian terms at 
selected field values, using parameters typical of a square-planar copper 
complex. At fields corresponding to low frequencies, the electron Zeeman 
interaction becomes comparable to the hyperfine interaction along the 
parallel axis of the crystallite. In this case, there is mixing of the elec
tronic states; that is, each state with Ms = +1/2 also contains a small 
component that has M s = -1/2 and vice versa. Although 
electron-nuclear hyperfine interactions in coal are not this strong [typical 
proton hyperfine couplings are in the range A/h = 0.1-30 MHz (15)], 
state mixing is much more pronounced at lower field-frequency values. 

Altman (16) has done spectral simulations of a powder EPR spec
trum using parameters for a typical square-planar copper complex in 
which the total intensity is compared to the forbidden intensity as a func
tion of frequency. The results are compared at 8.0 and 1.0 GHz in Figure 
5. The spectrum at 8.0 GHz is essentially that of the primary transitions 
only, whereas at 1.0 GHz some features are solely due to nonprimary 
intensity. In this example, the nuclear quadrupole coupling has been set to 
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Table I. Spin Hamiltonian Terms at Various Fields 

Field (T) 

0.02 630 570 0.2 
0.05 600 1400 0.6 
0.10 3100 2900 1.2 
0.32 10,100 9200 3.6 
1.25 39,400 35,900 10.4 

N O T E : Al l values are given in megahertz. In all cases, A Jh = 
500 Μ Η ζ , ^ / Λ = 70 MHz, and QD/h = 15 MHz. The data 
were generated from the following parameters, typical of a 
square-planar copper(II) complex: g» = 2.25, gi = 2.05, and 
gn = 1.4804. 

zero, which is not normally a condition typical of copper complexes. Had 
the quadrupole coupling been nonzero, it would have increased the inten
sity of the forbidden spectrum at both frequencies. 

Electron state mixing is derived from the perpendicular component 
of the (z ) hyperfine matrix in an anisotropic system as follows. Consider 
the spin Hamiltonian with B0 along the principal axis in an approximately 
uniaxial system. Without writing the nuclear Zeeman and quadrupole 
terms, we have 

H = gJeSzB0 + AnSzIz + A±(SXIX + SyJy) (3) 

Consider the final term to be a perturbation on the rest of the system. 
Rewriting it in terms of the raising and lowering operators, S + , S_, I + , 
and I_, then applying perturbation theory, we find that the first-order 
correction to a state | —1/2, Mj> is given by 

1(1 + 1) - ML(ML - 1) 
V ; \%Μτ-1> (4) 

Ε (%, Μι - 1) - £ ( - % , Μι) 

This correction increases as the difference in energy between the two 
states (i.e., the field-frequency) decreases. The effect has been used by 
Rothenberger, et al. (17) in a novel experiment with B0 11 B1 (x is the 
oscillating magnetic field vector) at L-band (1-2 GHz) as a means to 
determine nuclear quadrupole coupling in the spectra of a copper powder, 
6 3Cu-Pd(acac) 2. The low field-frequency serves, as shown, to mix into 
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Figure 5. Comparison of simulated EPR spectra at (A) 8.0 and (B) 
1.0 GHz. Each spectrum shows both the total intensity (dashed line) 
and the forbidden intensity (solid line) on the same scale. The spin 
Hamiltonian parameters were those of an idealized uniaxial system 
with no nuclear quadrupole interaction and g., = 2.25, ĝ  = 2.05, 
Ay/h = -540 MHz, and AA/h = -84 MHz. At 8.0 GHz, none of 
the features are due mostly to nonprimary intensity, but at 1.0 GHz 
one feature is due solely to forbidden intensity. 

each state a portion of the state in the other electron-spin manifold in 
which the nuclear state differs by one unit of angular momentum. The 
parallel oscillating field (BQ 11 Bt) alters the selection rules such that, 
along the ζ axis, the only allowed transitions are those in which no net 
change in angular momentum results. In this way, it connects exactly 
those states that have been mixed by electron-state mixing at low field. 
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Under these conditions, the secondary transitions, those with Δ Μ 8 = ± 1 , 
AMl = +1, are rigorously allowed and can be observed directly. The 
nuclear quadrupole coupling information can be extracted directly from 
the resulting spectrum. 

Enhanced state mixing at low field-frequency values also creates 
deeper electron spin-echo envelope modulation (ESEEM) in electron 
spin-echo experiments (IS). The E S E E M effect results when pulsed 
microwave fields create coherences between one spin state and two others 
that differ in M p for example, coherences between | —1/2, 1/2 > and states 
11/2, 1/2 >, and 11/2, -1/2 > in an S = 1/2,1 = 1/2 system. These two 
"branching transitions" lead to a modulation of the spin-echo amplitude 
as a function of interpulse spacing, and an analysis of the E S E E M pattern 
can reveal details of weaker electron—nuclear coupling. State mixing 
increases the probability that forbidden transitions involving Δ Μ 8 = ± 1 
and AMj = +1 can occur. Enhancement of E S E E M depth at lower 
field-frequency values has been reported (18) in coals; this enhancement 
allows a more detailed examination of very weak hyperfine interactions, as 
illustrated in Figure 6. 

Spectral Simulation. Computer simulation is one of the most 
powerful and useful methods for extracting spin Hamiltonian parameters 
from EPR spectra. For complicated systems, such as transition metal 
complexes in disordered (powder or frozen solution) states, simulation via 
computer may be the only practical means of analyzing the data. The EPR 
spectra of organic radicals in coal never exhibit the magnitude of g mdA 
anisotropics seen in transition metal systems, but the need for spectral 
simulation is just as great, particularly in light of the usually heterogene
ous nature of the samples. In the simulation process, parameters of the 
spin Hamiltonian are extracted from the line shape by varying trial param
eters until the simulation matches the actual spectrum. Unfortunately, the 
process does not always guarantee that the parameters that provide the 
match are necessarily correct. A higher level of confidence may be 
achieved by taking spectra, and simulating, at more than one frequency. 
The basic effects of frequency on EPR spectra are those that might be 
expected. The field-dependent terms should dominate at high frequency, 
and the field-independent terms should become more important at low 
frequency. That is, usually the g-matrix will be best determined from 
simulation at as high a frequency as is practical (e.g., 35 GHz or higher), 
and the hyperfine and quadrupole coupling will be better revealed at lower 
frequency. 

In addition, there are less obvious and predictable effects. As the fre
quency is varied, certain features may reinforce or cancel each other. For-
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bidden transitions may take on or lose intensity, with consequences as 
minor as a subtle change in shape or intensity of a feature or as dramatic 
as the appearance or loss of a peak. Off-axis extrema may develop and 
add "extra" lines to the spectrum (19). Slight x-y anisotropy in the g- or 
v4-matrices or noncoincidence between the major axes of the g- and A-
matrices may severely complicate the perpendicular region. Multiple 
species with slightly different g- and ^-matrices may superimpose spectral 
features. In these circumstances a multifrequency analysis will often be the 
most useful. Ideally, the best final set of experimental parameters results 
from selecting each variable from a simulation that is most sensitive to 
that variable. 

Instrumentation and Methodology. Although the instrumen
tation requirements at low frequency differ little from those at X-band, 
and in some respects are simpler, developments during the past decade 
have made low frequency a highly practical part of a multifrequency EPR 
analysis. Perhaps the most significant is novel microwave resonator 
design, particularly the development of the loop-gap resonator as a 
replacement for the more conventional cavity resonator. Cavity size is a 
primary concern at low frequencies: The dimensions of conventional cavi
ties are on the order of the source wavelength. Such dimensions are per
fectly acceptable at X-band, where the wavelength is a convenient 3 cm. 
However, setting up a rectangular T E 1 0 2 mode cavity at a frequency of 1 
GHz would require dimensions of nearly 30 cm! (TE denotes transverse 
electric, and 102 refers to a particular standing wave pattern, as defined, 
e.g., by Poole in reference 20.) Abdrakhmanov and Ivanova (9) addressed 
this problem and proposed several possible solutions. 

However, the most attractive alternative to date has been the loop-
gap resonator, such as that shown in Figure 7 (22). It has been described 
as a simple inductive—capacitive resonant circuit consisting of a conductive 
cylindrical loop cut by one or more longitudinal slots (22). The dimen
sions of these devices can be small compared to the wavelength, and they 
can be adjusted by using the proper materials. Hyde and Froncisz at the 
National Biomedical ESR Center in Milwaukee, Wisconsin, developed a 
series of loop-gap resonators covering the range from <1 to 4 GHz, each 
with a sample access hole that will accommodate a standard 4-mm diame
ter X-band EPR tube. Thus, the same sample easily can be examined over 
a range of frequencies spanning a factor of 20. 

A second factor in going to low frequencies is the need for improved 
signal-to-noise (S/N) ratios, because sensitivity is scaled as (frequency/*, 
where η is between 1/2 and 9/2, depending on the conditions (20). 
Because of its small size, the loop-gap resonator is characterized by a high 
filling factor and high energy density, both of which improve sensitivity. 
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Figure 7. The loop-gap resonator showing the principal components 
(a, loop; b, gap; c, shield; and d, inductive coupler) and the critical 
dimensions (X, resonator length; r, resonator radius; R, total radius; 
t, gap separation; and W, wall thickness). The microwave (B2) field 
in the loop is parallel to the axis of the loop. (Reproduced with per
mission from reference 20. Copyright 1982.) 

With the use of these resonators, Hyde and Froncisz (23) constructed an 
S-band spectrometer that has sensitivity comparable to an X-band instru
ment, and Clarkson et al. (18) built a pulsed S-band instrument with good 
performance characteristics. Other means of increasing sensitivity have 
included the use of GaAs F E T (field-effect transistor) amplification of the 
microwave signal and the use of computers in data collection for time-
averaging purposes. 

Just as there exist special considerations in collecting data at low fre
quencies, so also do there exist considerations in analyzing the data, in 
particular, via computer simulation. In constructing the simulation, the 
standard practice is to calculate the energy levels for a system at a given 
magnetic field. In contrast, what is wanted for comparison to experimen
tal data is a simulation calculating the magnetic field values corresponding 
to a particular energy (i.e., spectrometer frequency). At X-band or above, 
this conversion poses little problem, because the relationship between 
field and frequency is essentially linear. At low frequency, however, this 
assumption is no longer valid. Problems arise when field-independent 
terms, such as the hyperfine, become on the same order as the electron 
Zeeman interaction. (The same problem results at high frequency in 
high-spin compounds with large electronic zero-field splittings.) 

Altman (16), using computer simulations with parameters from typi
cal square-planar copper complexes, showed that minor distortions begin 
to occur in simulated features farthest from the field position at which the 
spin Hamiltonian was diagonalized, when working at a frequency of about 
4.0 GHz. These distortions become significant at about 2.0 GHz, particu-
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larly in the perpendicular region. At 1.0 GHz, the entire simulation, 
except for those areas close to the value at which the diagonalization took 
place, bears little resemblance to that theoretically predicted. 

Belford et al. (24) proposed two solutions to this problem. One solu
tion, the eigenfield approach, is an exact method for obtaining the desired 
transition fields directly at any value of frequency. It involves diagonaliza
tion of an η2 χ η2 matrix where η is the number of basis states of the sys
tem. Its only disadvantage is the large amount of computation that is 
required to obtain powder-type spectra. An alternative, which takes less 
computer time by 1 or more orders of magnitude, is a frequency-shift per
turbation technique (24). This technique has been shown to be adequate 
for the simulation of spectra with hyperfine couplings spanning a spectral 
width of >500 G at a spectrometer frequency of 0.9 GHz. This technique 
is illustrated in Figure 8, where a spectrum simulated with the frequency-
shift perturbation taken to fourth order is compared to the same simula
tion taken only to first order. 

Zero-Field EPR Spectroscopy. A technique related to the low-
frequency EPR methods just discussed is zero-field EPR spectroscopy. In 
this technique, spectra are obtained not by scanning the applied magnetic 
field at a fixed frequency, but by scanning the frequency at zero applied 
field. (In practice, a small Zeeman-modulation field is typically used for 
detection purposes.) As noted in a review of zero-field EPR spectroscopy 
(25), frequencies have been scanned over octave bandwidths up to 8 GHz 
and over waveguide bandwidths up to 40 GHz and higher. The technique 
is sensitive only to the field-independent nuclear and electron fine struc
ture terms in the spin Hamiltonian, so it is a valuable method for measur
ing these zero-field interactions. The frequency sweep range must, of 
course, correspond to energies appropriate to the zero-field interactions of 
interest. For example, low-frequency scan ranges (0.8-2 GHz) have been 
used to measure nuclear hyperfine and quadrupole spin Hamiltonian 
parameters in polycrystalline samples of the vanadyl ion ( V 0 2 + ) doped 
into a series of Tutton salts (26, 27); higher frequencies (1-8 GHz) were 
used to measure electron and nuclear zero-field interactions in M n 2 + -
doped Tutton salts (S = 5/2, / = 5/2) (28). The comprehensive review by 
Bramley and Strach (25) presents a detailed discussion of zero-field EPR 
applications and methods. 

High-Frequency EPR Spectroscopy 

As described in the preceding section, radio frequency, L-band (1-2 GHz), 
and S-band (2-4 GHz) EPR spectroscopy can often provide an attractive 
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Figure 8. Computer simulations for a powder system at 0.9 GHz 
using the typical square-planar copper(II) parameters from Table I. 
The solid-line simulation results from taking the frequency-shift-
perturbation routine to first order only. In the dashed-line simula
tion, the routine is taken to fourth order. Although the line shapes in 
the fourth-order simulation may be unfamiliar, their veracity has 
been demonstrated by exploring the effects of choice of field at which 
the Hamiltonian is diagonalized. The line shape near the field of 
diagonalization agrees with that generated by the fourth-order correc
tion. 

complement to the standard "middle-frequency" X- and Q-band experi
ments. In this section we discuss applications of high-frequency EPR 
spectroscopy, where high frequencies are considered to be those well 
above 35 GHz. At these frequencies, loosely referred to as "millimeter 
waves", the field-dependent Zeeman terms in the S = 1/2 spin Hamil
tonian described earlier (eq 2) will dominate the field-independent terms. 
As a consequence, the increased Zeeman splittings will result in field-
expanded spectra and can, in many instances, lead to better spectral reso-
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lution. The spectra will often be simple and interprétable without the aid 
of computer simulations. 

High-frequency EPR spectroscopy can also be used to good advan
tage for the study of high-spin (5 > 1/2) systems, where single-ion zero-
field splitting (ZFS) energies are often the dominant terms in the spin 
Hamiltonian. By increasing the frequency to the point where the elec
tronic Zeeman term is a substantial perturbation of the ZFS term, or even 
to the point where the terms are similar in magnitude, the ZFS energies 
can be determined more accurately. 

High-frequency EPR spectroscopy is especially useful in studying coal 
and other fossil fuels. In these materials, spin-orbit coupling between an 
unpaired electron and heteroatoms such as oxygen and sulfur contributes 
to a small anisotropy in the g-matrix, which manifests itself only as line 
broadening at lower frequencies, but which sometimes can be resolved at 
higher frequencies to provide a direct, nondestructive route for the study 
of organic sulfur and oxygen species. Our discussion of some advantages 
and limitations of high-frequency EPR spectroscopy will be divided into 
three sections: (1) applications due to enhanced spectral resolution, (2) 
determinations of high-spin zero field splittings, and (3) high-frequency 
instrumentation. 

Increased Resolution. Perhaps the most obvious reason to use 
high-frequency EPR spectroscopy is to take advantage of the potential for 
increased spectral resolution. Assuming that the resonance line widths do 
not increase significantly at higher frequencies, then for simple systems we 
expect a linear resolution enhancement with field of features whose posi
tions are determined by electronic or nuclear Zeeman terms. Similar rea
soning has led NMR spectroscopists to the limits of superconducting mag
net technology (11.4 Τ and higher) in search of increased resolution and 
the simplified spectral interpretation that results. Lebedev and co-work
ers, working at 150 GHz, led the way in the application of high-frequency 
techniques to chemical systems, and most of their work has been included 
in comprehensive reviews (29, 30). 

We will provide here brief, representative examples of the use of 
high-field EPR spectroscopy for the more accurate determination of g-
matrix components, for spectral separation of free radicals with very simi
lar g values, and for a more direct and informative analysis of molecular 
motion effects on free radical spectra. 

Numerous demonstrations of the increased resolution found at 
higher frequencies have been provided by the groups of Lebedev and 
Tsvetkov (29-33). For this work, they used a home-built EPR spectrome
ter of fairly conventional design; it employs a reflection cavity, field modu-

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

00
6

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 
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lation, a reference arm, and homodyne detection. One of their examples, 
a comparison of the 10- and 150-GHz spectra for a nitroxide radical in 
frozen solution, is shown in Figure 9. Each of the canonical g-matrix com
ponents is resolved, and this resolution provides a straightforward and 
direct measurement of the spin Hamiltonian values (gx = 2.0089(1), g = 
2.0062(1), g z = 2.0024(1), AJ(g^ ( 1 4N) = 3.1 mT, where the g- a n i 
matrices are assumed to be coincident, the x-axis is directed along the 
N - O bond vector, and the z-axis is in the plane of the N - O pi-bond). 
The lowest frequency at which such a direct measurement could be made 
is approximately 35 GHz. Although at lower frequencies the g-matrix 
components can be determined from single-crystal experiments, the high-
frequency approach is more generally applicable. 

k Gauss 

50.7 50.8 50.9 51.0 

Figure 9. Comparison of (a) 150- and (b) 10-GHz EPR spectra for 
a nitroxide free radical in frozen toluene. In part a, resonances due 
to a spectral standard (Mn2+ in MgO) are indicated by asterisk In 
part b, resonances due to the perpendicular g-matrix components are 
unresolved in the central feature. (1 Τ = 10 kG). (Reproduced with 
permission from reference 30. Copyright 1985.) 
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6. BELFORD & CLARKSON Multifrequency EPR Spectroscopy 125 

High-frequency resolution enhancement is possible only if the line 
widths do not increase dramatically with frequency, that is, when the con
tribution of g-strain broadening to the line widths is small (10). The 
groups of Lebedev (29) and of Môbius (34) demonstrated that for organic 
free radicals, g-strain broadening is not necessarily a limitation. Paramag
netic transition metal centers, with larger g-matrix anisotropics and gen
eral sensitivity to environment, are, however, more likely to exhibit g-
strain broadening. Certainly if such effects are apparent at X- or Q-band 
frequencies, little or no resolution enhancement would be expected at 
higher frequencies. 

The use of the increased resolution at high frequency to separate the 
spectra of free radicals with very similar g values has been demonstrated 
by several groups (29, 34-40). Figure 10 illustrates spectra at 10 and 150 
GHz for a mixture of two similar nitroxide radicals (30). In this example, 
the isotropic g-value difference between the two radicals is 2.40 χ 10~4. 
Similar resolution gains have been seen in solid mixtures; the technique is 
particularly useful for separating weak spectral features that would other
wise be buried in the complicated patterns often seen for solid-state mix
tures. 

The work of Retcofsky (41) was the first to show that valuable infor
mation about the structure of organic radicals in coal could be obtained by 
a careful study of the g values calculated from EPR spectra. However, 
spectra from bituminous coals and anthracite usually displayed only one 
inhomogeneously broadened resonance; thus, data on g values were lim
ited to a single value for each sample. Retcofsky showed that correlations 
existed between measured g values and heteroatom concentrations in dif
ferent samples, and thereby established the link between measured g 
values and maceral structure. Retcofsky et al. (42) also demonstrated the 
importance of performing the EPR measurements at different frequencies 
in a study that considered the magnetic-field dependence of EPR line 
widths in a Pittsburgh (Bruceton) coal. They showed that the line width 
in this coal was not due in any appreciable way to a distribution of g 
values from many different radical species, but rather it was the result of 
unresolved hyperfine structure. In other studies at X- and Q-bands on 
asphaltenes from North American tar sands (43) and on oil shales (44), 
distributions of g values leading to field-dependent line widths were 
observed, and these observations provided evidence both for the differ
ences in radical content and distribution in coals and other fossil-fuel 
sources, and for the importance of performing EPR spectroscopy at 
several frequencies as a means to study spectral features with magnetic-
field (Zeeman) dependencies. 

Recently, instruments operating at 96 and 140 GHz have been 
employed to investigate resolution enhancement in coals. Clarkson and 
co-workers (45, 46) developed a W-band (96 GHz) instrument to study the 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

00
6

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



126 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

10 GHz 150 GHz 

R1 R2 

Figure 10. Comparison of 10- and 150-GHz EPR spectra for a solu
tion mixture of radicals Rl and R2. (Reproduced with permission 
from reference 30. Copyright 1985.) 

effects of heteroatoms (O and S) on the EPR spectra of Illinois and 
Argonne Premium coals. They studied macérais separated from a whole 
coal by density-gradient centrifugation (DGC) and showed a significant 
variation in EPR line shape with maceral type and organic sulfur content, 
as shown in Figure 11. Good correlation between sulfur content and line 
shape was achieved by means of a simple, two-species model. These stud
ies also demonstrated the great sensitivity to oxygen exhibited by inertin-
ites, which contribute spin-exchange narrowed signals to the overall spec
tra of many coals. 
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•1200 ! • ι 1 • ' 
33420 33520 33620 33720 

MAGNETIC FIELD (GAUSS) 

1 . I ι I 1 I 

33420 33520 33620 33720 

MAGNETIC FIELD (GAUSS) 

Figure 11. 96-GHz (W-band) EPR spectra of two macérais 
separated by DGC from an Illinois No. 6 coal: a, vitnnite (2.6% S); 
and b, sporinite (3.9% S). 
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Lebedev and co-workers (12) examined Argonne Premium coal sam
ples at 140 GHz and observed excellent sensitivity of the spectra to pas
sage effects. They also saw effects of oxygen on the EPR line shapes. 
These two sets of studies suggest that in many coals, g-strain broadening 
does increase EPR line widths as a function of magnetic field, but not in a 
simple linear fashion, and not at a rate fast enough to seriously detract 
from resolution improvements brought about by higher fields. Recently, 
experiments comparing 95- and 250-GHz spectra of a separated vitrinite 
indicate that even greater spectral resolution can be achieved by yet higher 
field strengths, as seen in Figure 12 (47). 

Lebedev and co-workers (29, 48-50) have provided another interest
ing application of 150-GHz EPR spectroscopy in their studies of molecu
lar motions. For instance, they examined several nitroxides in liquid 
paraffin over a temperature range of 220 to 340 Κ (48). Because of the 
ability to easily distinguish the three g-matrix components at this fre
quency, they were able to investigate anisotropic rotations of the free rad-

Figure 12. Comparison of EPR spectra of vitrinite separated by 
DGCfrom an Illinois No. 6 coal taken at 95 and 250 GHz. 
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6. BELFORD & CLARKSON Multifrequency EPR Spectroscopy 129 

icals by observing anisotropic line broadening as a function of tempera
ture. Ultimately, they were able to correlate these anisotropics to molecu
lar geometries. More examples of molecular motion studies are provided 
in other articles of Lebedev and co-workers (29, 49, 50). 

Zero-Field Splitting. For high-spin systems (S > 1/2) the dipolar 
interaction between unpaired electrons results in an additional term (ffss) 
that must be added to the spin Hamiltonian given earlier (eq 1). This 
zero-field splitting (ZFS) term, 

Hss = S r D S (5) 

(where D is the ZFS matrix) can be fairly large in comparison to the other 
terms in the spin Hamiltonian. In eq 5 the trace of D is zero. The diago
nal elements are usually designated in terms of two independent parame
ters D and E, in which case eq 5 can be written as: 

Hss = D(SZ

2 - S2/3) + E(SX

2 - Sy

2) (6) 

The actual zero-field splitting is twice the value of D. In high-spin Fe(III) 
and Mn(III) compounds this splitting may be as great as 10-25 cm"1. A 
whole class of compounds of biological interest has ZFS parameters much 
larger than the customary X- and Q-band frequencies. They include 
derivatives of hemoproteins (e.g., myoglobin and hemoglobin) and transi
tion metal porphyrins, in addition to many inorganic high-spin transition 
metal compounds. When the probing microwave frequency is less than 
the ZFS, D and Ε cannot be measured directly. For very large zero-field 
cases only the transition between M s = +1/2 and M s = -1/2 is allowed. 
The zero-field parameters can be estimated only from second-order effects. 
One way to do this estimation is to measure the shift in the effective g-
factor (ge) as a function of the magnetic field. The following perturbation 
approximation formula can be used to determine g^ and D: 

g±e = 3g±[l ~ 2(gJeBj2D)2] (7) 

The observed "g shift" will be greater at higher magnetic fields (i.e., higher 
frequencies), and will thus allow for a more accurate determination of the 
spin Hamiltonian parameters. Alpert et al. (51) used this method to 
measure D for methemoglobin. They used a transmission EPR spectrome
ter and employed a 70-GHz klystron and a series of backward wave oscil-
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lators (carcinotrons) to cover a very broad frequency range (70-400 GHz). 
The fitting of their data to eq 7 over this range led to a value D/hc = 10.7 
(2) cm - 1 . Even using the 400-GHz frequency, they were unable to excite a 
transition to directly measure the zero-field splitting 2D. 

Higher-frequency experiments can provide direct measurements of 
the ZFS spin Hamiltonian parameters. Brackett et al. (52) excited zero-
field transitions in transmission spectra of a series of Fe(III) and Mn(III) 
compounds by using a Fourier transform infrared technique. These meas
urements were made by employing a Michelson interferometer to record a 
Fourier transform spectrum while stepping the field of a superconducting 
magnet. The source in the experiments was the Rayleigh-Jeans region 
(0-900 GHz) of the black-body spectrum of a high-pressure mercury arc 
lamp. Because of the low power of the source, a liquid-helium-cooled 
bolometer detector was necessary. Because of the nature of the experi
ment, essentially a continuous range of frequency and magnetic fields was 
available. With this spectrometer, zero-field splittings ranging from D/hc 
= 1 c m - 1 through 16 c m - 1 were probed. Champion and Sievers (53) used 
a similar spectrometer to prove the low-lying electronic states of high-spin 
(5 = 2) ferrous iron in deoxymyoglobin and deoxyhemoglobin. 

Lasers provide another means for obtaining the high frequencies 
required to cause direct transitions between the zero-field split levels. In 
collaboration with Robert Wagner at the Naval Research Laboratory, we 
have used several far-IR gas lasers (158 and 337 GHz) in a transmission 
EPR experiment to examine the zero-field splittings in a number of high-
spin iron compounds. The spectrometer, which makes use of a sweeping 
superconducting magnet (14 T), is outlined in Figure 13; it is similar to a 
previously described system used by Wagner and White (54) to study the 
EPR of metal centers in semiconductors. Our experiments, performed at 
~4.2 K, made use of neither a sample cavity nor field modulation 
methods. Even so, the combination of low temperature and high fre
quency allowed us to record spectra in single scans. A sample spectrum of 
cytochrome c oxidase is illustrated in Figure 14. 

Instrumentation. As noted in the preceding sections, high-fre
quency EPR spectra have been obtained on a variety of experimental set
ups, ranging from broad-band, transmission spectrometers to high-sensitiv
ity, reflection-cavity instruments that resemble in design the standard com
mercial X-band EPR spectrometers. In the following paragraphs, we focus 
on a few of the technical problems that are encountered when construct
ing a high-sensitivity, high-frequency EPR spectrometer. 

Owing to the increased use of millimeter waves in military radar and 
communications, it is presently possible to purchase as catalog items near-
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LIGHT G U I D E 

131 

F A R IR L A S E R 

C 0 2 L A S E R 

P O W E R 
S U P P L Y 

B O X - B O X -
C A R C A R 

T R I G G E R 

Figure 13. Block schematic for the Wagner far-IR spectrometer 
(Naval Research Laboratory, Washington, DC). 

ly all of the waveguide components necessary to build a high-frequency 
EPR bridge, particularly up to 140 GHz; some components are available 
up to 220 GHz. However, significant differences exist between low-
frequency and high-frequency waveguides and components. The most 
important practical difference is the increased attenuation and insertion 
loss encountered at higher frequencies. This problem is so severe that 
Môbius, and co-workers (34) estimated an overall 90% power loss 
(source-to-cavity) in their 94-GHz (W-band) spectrometer. A substantial 
portion of the overall loss occurs in long, straight waveguide sections (-4 
dB/m for the commercial WR-10 waveguide at 94 GHz). Môbius made 
use of oversized Q-band guide (-0.6 dB/m at 94 GHz) to minimize these 
attenuation losses. 
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One solution to overcome the large losses is to use a relatively high-
power source; klystrons and backward wave oscillators have been the stan
dard power sources above 90 GHz. Lower noise solid-state Gunn oscilla
tor sources (50-80 mW) have, however, been used effectively in ~70-GHz 
(V-band) spectrometers where attenuation losses are somewhat less signif
icant (55). Above 90 GHz, commercially available GaAs Gunn oscillators 
are presently limited in power (e.g., <60 mW at 94 GHz), although advan
ces in InP oscillator technology will undoubtedly increase this value. 
Solid-state sources may yet be practical above 90 GHz; commercial IM-
PATT oscillators and amplifiers can presently deliver >200 mW of power 
at 94 GHz. Our experience working at 96 GHz is that a solid-state source 
is excellent for studying most coal samples, but it has somewhat less than 
optimum power for certain special cases, for which klystron sources are 
available. 

The absolute sensitivity of an EPR spectrometer is proportional to 
the frequency raised to some power ranging between 1/2 and 9/2, depend
ing upon the experimental conditions (22). For instance, an improvement 
in sensitivity from 2 χ 10 1 0 spins/G at X-band to 5 χ 109 spins/G at Q-
band has been reported (29). (The sensitivity is specified in terms of the 
number of spins required to give a S/N ratio of unity when a microwave 
power of 1 mW is incident on the cavity and the recorder integrating time 
is 1 s. Dividing this number by the line width in gauss yields the units of 
spins per gauss.) One indication of the sensitivity of higher frequency 
spectrometers is that much of the experimental data has been obtained 
without the use of a sample cavity. Peter (6), for example, reported a sen
sitivity of 2 χ 10 1 4 spins/G at 75 GHz using a transmission spectrometer 
and backward wave oscillator source. This number is fairly typical for 
spectrometers without a cavity. 

High-sensitivity work at high frequencies, however, requires the use 
of a sample cavity. For example, absolute sensitivities of 5 χ 10 1 1 spins/G 
at 70 GHz (56), 1 χ 109 spins/G at 94 GHz (34), and 4 χ 107 spins/G at 
150 GHz (29) have been reported for spectrometers employing cavities. 
These sensitivities are limited largely by sample size and shape considera
tions; the difficulty is in designing a high-Q cavity that does not overly 
degrade upon sample loading. Among the designs that have been 
attempted so far are standard T E o n cavities (29, 45, 56) and Fabry-Perot 
resonators (34, 57, 58). (TE denotes transverse electric, and 011 refers to 
a particular standing wave pattern) For all of these resonators, sample 
volumes are necessarily small. Lebedev's group, for example, uses 0.7-mm 
diameter tubes for solids, glasses, and nonaqueous solutions, and 0.2-mm 
diameter tubes for aqueous solutions, all in conjunction with a T E 0 1 1 

cylindrical cavity (29). 
Room-temperature aqueous solutions can be studied at high frequen

cies. In fact, the imaginary (absorptive) component of the dielectric con-
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stant of water at room temperature goes through a broad maximum in the 
range of 10-35 GHz and drops off by a factor of 2.5 at 100 GHz (59). 
Notably, Lebedev and co-workers (29), after having tried a number of 
resonator types, apparently favor the standard, single-mode cylindrical cav
ity. An attractive alternative to these cavities may be the loop-gap resona
tor that has been put to such good use at very low frequencies. Froncisz 
et al. (60) described a 35-GHz loop-gap resonator. Conceivably, one 
might extend extend some version of this design to even higher frequen
cies. Table II lists the reported sensitivities of many of the high-frequency, 
high-sensitivity instruments currently in operation. 

The applied magnetic field is another important design consideration. 
The field-sweep linearity, homogeneity, and reproducibility all play clear 
roles in the final resolution and accuracy of any high-field spectrometer. 
Up to about 75 GHz, large but fairly conventional iron-core electromag
nets can be used. At higher frequencies, however, a field-swept supercon
ducting magnet is probably the best alternative. Although superconduct
ing solenoids are typically thought of as operating in the constant-field 
(persistent) mode, several groups demonstrated (58, 61, 62) that they can 
be used quite effectively in the field-sweep mode for high-resolution EPR 
spectroscopy. When operating in this mode, if the magnetic-field resolu
tion of a 100-GHz spectrometer is to equal that of a 10-GHz spectrome
ter, then the relative field regulation at the higher frequency (higher field) 
must be an order of magnitude better than the regulation at the lower fre
quency. In short, the importance of the magnet and its field sweep are not 
to be underestimated. The field is typically swept by ramping the current 
in the main superconducting solenoid. Lebedev and co-workers use a Hall 
effect probe for field regulation and internal spectral standards for calibra
tion. Môbius and co-workers utilize a pick-up coil to obtain linear field 
sweeps and current regulation for setting the field. Commercial field-
swept superconducting magnets are also available. Oxford Instruments, 
for instance, has constructed such magnets for broad-band NMR applica
tions. 

Conclusions 

We have provided here a number of examples of uses of low- and high-
frequency EPR experiments. Despite the clear utility of the multifre
quency approach, practical obstacles stand in the way of making such an 
approach universally routine. Among these are the technical difficulties 
associated with assembling several spectrometers that operate over a wide 
range of frequencies. Economic obstacles also exist. In particular, the 
cost of equipment (sources, waveguide components, superconducting mag-
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net, etc.) required to set up a high-frequency EPR spectrometer is no 
small matter. 

One response to these practical difficulties has been to establish 
national-international EPR research centers, such as the National 
Biomedical ESR Center at the Medical College of Wisconsin 
(Milwaukee), where there is access to both pulsed and continuous-wave 
(CW) spectrometers operating at several frequencies. The Illinois EPR 
Research Center at the University of Illinois, funded by the National Insti
tutes of Health Division of Research Resources, is another such center 
and has CW spectrometers operating between 1 and 96 GHz and a 2-4-
GHz pulsed instrument. However, certain individual research groups, for 
example, Freed's at Cornell [250-GHz spectrometer (63)], Robert's at 
Grenoble (64), and others cited by Eaton and Eaton in a review (as yet 
unpublished), have successfully produced these special instruments. 
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The applications of in situ electron spin resonance (ESR) 
and NMR spectroscopic methods to study thermally induced 
transformations of coals and related materials are ad
dressed. Brief background statements are given on the un
derlying principles, and the focus is on the particular meth
odologies developed at Hokkaido University and CSIRO 
during the past decade. Designs of both high-temperature 
and high-temperature—high-pressure ESR and NMR probes 
and spectrometer configurations for their use are outlined. 
The high-temperature in situ ESR technique is illustrated by 
its application to Argonne Premium coals. Applications of 
NMR techniques to derive chemical-shift information on 
coal and pitch materials during pyrolysis and liquefaction 
processes, and techniques that monitor molecular dynamics 
during pyrolysis are presented Monitoring molecular dy
namics is demonstrated to be an effective method of thermal 
analysis. 

J L H E R M A L L Y I N D U C E D C H A N G E S in coals and related materials can 
be studied in situ by adapting electron spin resonance ( E S R ) and nuclear 

0065-2393/93/0229-0139$09.50/0 
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140 M A G N E T O RESONANCE O F CARBONACEOUS SOLIDS 

magnetic resonance (NMR) spectroscopic methods. The thermal transfor
mation of coal and other organic solids by pyrolysis—carbonization, 
combustion, or liquefaction can be investigated by equilibrium methods 
whereby the properties of the original and product materials at different 
stages of the process are assessed. An advantage of this approach is that 
measurement time is not a constraint to obtaining precise and detailed 
data. However, in situ or "reaction time" methods of observation are 
required to measure transient, nonequilibrium intermediate states that 
occur in these processes. Phenomena of particular significance for coal 
include thermally induced free radical reactions (1-4) and the so-called 
"thermoplastic" state obtained in the early stages of pyrolytic decomposi
tion of some coals of bituminous rank (5). An in situ measurement tech
nique is an effective method of thermal analysis if it has adequate time 
resolution to detect transient phenomena and thereby to monitor physical 
transitions and chemical changes in real time. 

A range of established thermal analysis techniques has been used to 
study coal materials and their reactions. These techniques are based on a 
variety of measurements, including some that sense heat flow [differential 
scanning calorimetry (DSC) and differential thermal analysis (DTA)], 
changes in mass [thermogravimetric analysis (TGA)], and changes in 
dimension [thermomechanical analysis (TMA)]. Other in situ measure
ment techniques involve analysis of evolved products and include such 
methods as evolved gas analysis (EGA), combined gas chroma-
tography-mass spectrometry (GCMS), and emission and adsorption 
Fourier transform infrared spectroscopy. 

The adaptation of magnetic resonance spectroscopy techniques for in 
situ or reaction time studies at elevated temperatures is made difficult by 
the complexity of the measurement procedures and the uncertain time 
resolution that it is possible to achieve. An effective method of NMR 
thermal analysis requires that the detected parameters that reflect the phy
sical and chemical properties of the substance be recorded and monitored 
as a function of temperature or time as the substance is subjected to a 
controlled heating program. Ideally the measurement should be instan
taneous in order to capture the information. The extent to which this 
measurement can be adequately approximated in practice depends on the 
rate of change associated with the phenomenon of interest and the time 
necessary for the magnetic resonance measurements to be completed. The 
rate of measurement can be limited by the inherent and therefore chang
ing nature of the specimen; therefore, close attention must be given to the 
procedures of measurement. 

High-Temperature ESR Methods 

The Spectral Parameters of ESR Spectroscopy. ESR spec
troscopy, sometimes called electron paramagnetic resonance (EPR) spec-
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troscopy, is a means of detecting direct transitions between electron Zee-
man levels. The phenomenon of electron spin resonance is observed only 
for atomic or molecular systems having net electron spin angular momen
tum, that is, materials containing one or more unpaired electrons. Materi
als that meet this criterion include organic free radicals, molecules in their 
triplet states, some types of charge-transfer complexes, transition metal 
ions, semiconductors, metals, inorganic molecules such as oxygen that con
tain partially filled molecular orbitals, and crystals having certain point 
defects. 

The initiation of chemical changes in organic substances by thermal 
energy, gamma irradiation, and mechanical forces usually involves the gen
eration of free radicals. The formation of free radicals in such reactions is 
due to homolytic scission of a single covalent bond between two different 
atoms as follows: 

A - Β -> Α· + B-

Detection of an unpaired electron, as in a free radical, can provide impor
tant information about the pathways of reactions that have already 
occurred or are in progress. Typical free radical reactions are chain reac
tions that occur in three steps: (1) formation; (2) propagation including 
atom transfer, addition, rearrangement, and fragmentation reactions; and 
(3) termination including combination of two radicals and disproportiona-
tion. 

7r-radicals are long-lived, having lifetimes of several minutes or 
greater, in contrast to the transient, short-lived (i.e., highly reactive) 
nature of σ-radicals. π-radicals occur typically in aromatic or conjugated 
molecules in which all the electrons occupy sp-type orbitals. The π-
electron orbitals in such molecules overlap to form molecular orbitals with 
a discrete band of energy levels that can be described as linear combina
tions of the aromatic 2p orbitals. This derealization of the unpaired elec
tron results in the stabilization of the ττ-radical. Hence -̂-radicals are 
readily detected in conventional (equilibrium) ESR spectroscopy, and σ-
radicals are generally difficult to detect. Therefore, the much greater 
capability of in situ ESR spectroscopy to detect short-lived σ-radicals is of 
great advantage in studies of coal reactivity. 

The three most useful parameters that can be extracted from ESR 
spectra are the spectral intensity, g value, and spectral line width; these 
parameters provide information on spin concentration, spin types, and the 
molecular environment. Other parameters, such as the electron relaxation 
times, can sometimes be measured or estimated, but have had only limited 
use in coal research (3, 6). 

Since the first successful ESR experiments in 1945, many investiga
tions on coal structure and reactivity have been made with commercially 
available ESR spectrometers. The aspects of ESR spectrometry necessary 
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for a basic understanding of its applications in coal research are discussed 
in several excellent treatises (1-3). 

High-Temperature ESR Spectroscopy. Ingram et al. (4) and 
Ubersfeld et al. (7) were the first to detect stable free radicals in coal by 
ESR measurements. Since then, many ESR studies on carbonaceous 
materials such as kerogen, coal, pitch, and their derivatives have been con
ducted, and the signal parameters of the naturally formed free radicals 
have been used for coal rank determination. The ESR parameters of spin 
concentration, spectral line width, and g value have provided details of 
coal structure and of coal utilization reactions such as extraction with sol
vent, liquefaction, and gasification (3, 8). 

The detection of thermally formed free radicals in heated coal was 
reported earlier (2—4). However, these studies were of samples heat-
treated outside the ESR cavity prior to measurements at room tempera
ture. The information obtained in such measurements is limited because 
transient radicals quenched during the course of sample preparation are 
not observed. 

More recently the usefulness and importance of ESR in in situ high-
temperature spectroscopy have been recognized and adopted by several 
investigators (9—11) because of its capability of monitoring thermally gen
erated free radicals as they are formed. 

Extensive studies at the Faculty of Engineering Laboratory, Hok
kaido University, using in situ high-temperature ESR spectroscopy are 
directed at a better understanding of the chemistry of free radicals in coal 
materials (12-15). 

High-Temperature—High-Pressure ESR Methods. Realiza
tion of the potential of in situ ESR spectroscopy to study coal pyrolysis 
and liquefaction reactions requires the availability of high-temperature or 
pressure-regulated ESR instrumentation. However, commercially avail
able ESR cavities have a limited temperature range (<773 K) and no 
pressure-regulation capability. Petrakis and Grandy (8) developed high-
temperature-high-pressure apparatus to meet this need. 

The design described by Petrakis and Grandy (8) to allow combined 
high-temperature and high-pressure operations is largely a combination of 
aspects of previous designs for separate high-pressure and high-tempera
ture apparatus. This apparatus is basically a water-cooled Cu-Be alloy 
pressure vessel with an X-band cylindrical T E o n brass cavity inside; details 
of its design are described in the figures and photographs of reference 8. 
(TE means transverse electric wave. T E / m n shows the vibration modes of 
the microwave.) The design pressure of 73.8 MPa and the temperature 
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capability of 753 Κ were selected because they are typical of coal liquefac
tion processes. Although built primarily for the study of free radicals in 
coal liquefaction, this cavity system could be used to investigate a variety 
of problems such as reactions on catalyst surfaces. 

A range of apparatus for high-pressure-high-temperature in situ 
ESR spectroscopy has been developed successfully at Hokkaido (13). A 
sample pressure vessel consisting of a quartz capillary tube, open at one 
end and connected to a high-pressure line, is shown in Figure 1. Figure 2 
illustrates a water-cooled high-temperature ESR probe with a rectangular 
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X-band T E 1 0 3 cavity, and Figure 3 presents an integrated high-
temperature—high-pressure ESR assembly. ESR spectra are recorded by 
using these probes with a Varian E109 X-band spectrometer equipped 
with an Echo Electronics cylindrical or rectangular high-temperature cav
ity. Experiments are conducted at a frequency of 9.35 GHz and a modula
tion of 100 kHz provided by the modulation unit supplied with the Varian 
spectrometer. A microwave power of 30 db is used throughout most 
measurements. About 20 mg of sample is mounted in a 4-mm o.d. quartz 
tube and inserted directly into the high-temperature cavity. For atmos
pheric measurements all runs are carried out in a flow of nitrogen gas 
(kept at a constant flow rate) and at heating rates of 2-10 K/min. 

The sample heater made of a Pt-plated silica tube is located outside 
of the sample tube, as shown in Figure 3. For measurements at high pres
sures the pressure vessel is inserted into the heater. The measurement 
procedures are similar to those at atmospheric conditions. 

pressure gauge 

sample tube 

Mi 

spectrometer 

klystron 

computer 

ι 1 
magnet 

Hi 

Pt heater 

cavity 

ι, 
magnet 

thermocouple 

temperature 
controller 

power μ 
supply 

cylinder 

Figure 3. Assembly of high-temperature—high-pressure ESR apparatus. 
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Various heating rates in the range of 2-15 K/min were investigated, 
and a rate of 10 K/min was selected for routine measurements satisfying 
the objectives of our coal studies. In these experiments ESR spectra are 
recorded at 25-K intervals up to a maximum temperature of 973 K. Thus 
the number of readings taken over any period of time depends on the 
heating rate selected. The spectra are recorded in a scan time of 7.5 s, and 
the spin concentration is computed on-line with a Hewlett—Packard com
puter system. 

Spin concentrations measured at room temperature are calculated by 
reference to two secondary standards (an evacuated and a sealed coal sam
ple) and a pitch sample. The two standards are in turn calibrated against 
diphenylpicrylhydrazyl (DPPH). For measurements of samples at elevated 
temperatures, corrections are made for the Boltzmann effect and for 
weight loss. 

These in situ methods to study thermal reactions of coals not only 
allow transient effects to be detected but can also provide information on 
the kinetics of the reactions from the dependence of the measured spin 
concentrations on heating rate. They also enable the study of smaller coal 
specimens because of the many η easurements that are made on a given 
sample. 

Pyrolysis Studies on Pristine and Oxidized Coals. The use
fulness of in situ high-temperature ESR spectroscopy can be illustrated 
with reference to a recent study of the pyrolysis of the Argonne Premium 
coal samples (16). 

Pristine Coal Figure 4 shows the general profile of spin concentra
tion, Ν, as a function of temperature for seven Argonne Premium coals 
whose carbon rank ranges from 75% C (No. 1) to 87% C (No. 7). These 
temperature dependences for the five lowest rank coals, from a lignite 
(No. 1) to a high-volatile bituminous (HVB, No. 5), behave similarly and 
show a single peak value in Ν. 

The two highest rank coals, a H V B (No. 6) and a medium-volatile 
bituminous (MVB) (No. 7), exhibit a second peak in Ns at lower tempera
tures. This result has been reported in earlier studies (17, 18); however, 
the temperatures of 623 and 648 Κ of the first peak for the two coals in 
this study are higher. The value of the second peak in Ν and the tem
perature at which this peak is observed are referred to here as R3 and T3, 
respectively. Figure 5 plots the relation between T3 and the carbon con
tent of these pristine coals. As coal rank increases, T3 increases, except 
that a plateau value of ~823 Κ is maintained for all the H V B coals. In 
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Figure 4. Temperature dependence of radical concentration (NJ of 
pristine Argonne Premium coals. 
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1155 IBth St., N.W. 
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873 h 

*4 
823 h 

773 h 

80 90 

Carbon % 

100 

Figure 5. T 5 of Argonne coals as function of rank (numbers are 
defined in Figure 4). 

Figure 6 R3 is seen to correlate closely with the hydrogen index [the 
remaining hydrocarbon generation potential (19)], a result suggesting that 
hydrocarbon generation from coal proceeds via free radical reactions. 

Oxidized Coal. In Figure 7, the effects of 10 days of weathering on 
the lignite (No. 1) and 2 months of weathering on the M V B No. 7 coal 
are illustrated by comparison of the iV^-versus-temperature plots of the 
weathered and pristine coals. A further peak value of Ν is observed at 
450 Κ for the lignite and at 525 Κ for the M V B No. 7 coal; this peak can 
be attributed to the weathering. 

The sensitivity of radical formation to the presence of oxygen during 
heating of coal is illustrated in Figure 8. Here the dependences of Ns 

versus temperature of samples of the weathered M V B No. 7 coal when 
heated in the presence of air and of nitrogen are compared. Three major 
effects are present: (1) the peak value of Ν initiated by weathering be-
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50 

4 

Hydrogen index, mg HC/g TOC 

Figure 6. The second peak of free radical concentration (R3) of 
Argonne coals versus hydrogen index (hydrogen index was quoted 
from reference 19). 

comes more pronounced, (2) the two peak values in NS that characterize 
the pristine coal cannot be resolved, and (3) the presence of oxygen 
enhances the onset of radical generation and increases the free radical 
production. These results suggest that weathering may be responsible for 
the existence of the lower temperature peak values of NS of the higher 
rank (Nos. 6 and 7) pristine coals. In the detailed study of the tempera
ture dependence of Ν of coal No. 7 oxidized at 473 Κ over 8 days, the 
lower temperature peak value of free radical concentration in the pristine 
coal was quenched after 1 h of oxidation. Also, as the time of oxidation 
proceeds, radical enhancement increases, and the process of radical gen
eration is shifted to lower temperatures. 

High-Temperature NMR Methods 

Background. High-temperature and high-temperature-high-pres
sure NMR applications have embraced both inorganic and organic materi
als. The method of probe heating to attain the high experimental tem
peratures has usually been electric resistive, but recently methods of in
ductive (20) and infrared irradiation (21) heating have been used, and tern-
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Figure 7. Temperature dependence of N g of pristine and weathered 
lignite and MVB coal 
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Figure 8. Temperature dependence ofNs of MVB (No. 7) weathered 
coal in nitrogen and air atmospheres. 

peratures as high as 1400 Κ have been achieved (22). These high tem
peratures have been required to study mostly inorganic substances, includ
ing solid and liquid metals, minerals, glasses, and other semiconductor 
materials. In these applications many resonances have been probed, for 
example, *Η (23, 24), 7 7Se (25), 5 1 V and 5 9 C o (22, 26), 21M (27), 2 9 S i 
(28-30), 9Be (31), 2 3 N a (21, 29), 1 7 0 (32), and 3 9 K (35). These high-
temperature studies of inorganic material have been concerned invariably 
with elucidation of structures and molecular dynamics and not thermal 
degradation processes. 

Organic materials, for which 1 H and 1 3 C NMRs are probed, are much 
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less thermally stable than inorganic substances, and temperatures as high 
as ~800 Κ are of main interest. This temperature range allows for the 
important thermophysical and thermochemical transformations of organic 
materials, including pyrolytic decomposition and formation of carbonized 
residues, to be investigated. 

Studies of Carbonaceous Materials at Hokkaido Univer
sity. High-temperature NMR studies of the thermal transformation of 
carbonaceous materials at the Faculty of Engineering, Hokkaido Univer
sity, in Japan have been concerned with polymer (34-37), pitch (38—46), 
and coal (38, 47-49) materials. The work has extended to the develop
ment and use of both atmospheric high-temperature (38) and high-
pressure—high-temperature (35, 50) techniques in both *H and 1 3 C (35, 43, 
50) NMR investigations. 

An outline of the design and operation of a high-temperature probe 
for *H NMR spectroscopy is shown in Figure 9 (38). This probe has a 

Magnetic field 

Entrance for 
flowing gas 

Beit for 
flowing gas 

Capillary tube 

Asbestos 

Quartz sample tube 

Heater 

Quartz tube 

Sample 

Detector coil 

Thermocouple 

Figure 9. Outline schematic of a high-temperature 1H NMR probe 
and flowing gas system. (Reproduced with permission from reference 
38. Copyright 1979 Pergamon Press PLC.) 
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temperature capability to 823 Κ and operates in the pulsed mode at 36.4 
MHz. It allows for specimen heating at different rates and the simultane
ous recording of NMR spectra. 

The design of a water-cooled high-pressure-high-temperature probe 
for high-resolution 1 3 C NMR operation in the ranges of 0.1 to 100 MPa of 
pressure and 293 to 823 Κ of temperature is shown in Figure 10 (50). Re-

Figure 10. High-temperature—high-pressure 13C NMR probe incor
porating a heater internal to the pressure vessel. A, thermocouple; B, 
titanium alloy vessel; C, copper sealing washer; D, quartz wool; E, 
heater; F, rf coil; G, Teflon scaling cone; and Hf Teflon tube. 
(Reproduced with permission from reference 50. Copyright 1983 
Academic Press.) 
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sistive heating that is internal to the pressure vessel is used for the probe. 
To minimize the loss of spectral resolution through field inhomogeneity 
and other effects caused by the heater current, the resistance heater is 
noninductively wound, and a method of digital switching for alternating 
applications of the radio frequency (rf) pulses and the heater current is 
used. 

Figure 11 is the block diagram of an NMR spectrometer system for 
high-pressure-high-temperature 1 3 C NMR experiments that incorporates 
this probe (50). This system is based on a Bruker SXP-100 high-power 
pulsed spectrometer and a 60-mm gap J E O L 3H high-resolution elec
tromagnet and operates at a resonance frequency of 9.6 MHz for 1 3 C 
NMR measurements. The design of a similar spectrometer system for *H 
NMR operation that has also been described (36) includes an externally 
heated pressure vessel. 

An emphasis has been to obtain chemical resolution from the NMR 
spectra. In studies of pitch, *H NMR spectra that have been obtained 
quantitatively resolve the aliphatic and aromatic moieties. The tempera-

RF Power AmpLJ 
J 9.6MHzC-13 i 

pt Pulse Gate 
I Programmer | 

"j Computer j 
! System 2 

Η SXP 4-100 » 
ι Spectrometer j 
L _______ 

Figure 11. Block diagram of a high-temperature—high-pressure 
NMR system. (Reproduced with permission from reference 
Copyright 1983 Academic Press.) 

13c 
50. 
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ture (38, 41, 44-46) and time (39, 40) dependences of aromatization 
processes in the course of pitch pyrolysis thus obtained have been related 
to mesophase formation (39, 40, 42). The more recent demonstration of 
in situ high-temperature i 3 C NMR spectra of mesophase pitch (43) has 
revealed much greater detail in the chemical-shift patterns that possibly 
distinguish aromatic structures distributed between ordered mesophase 
and isotropic pitch phases. In another study (47), hydrogen-transfer reac
tions in heated mixtures of donor oils and pitch precursors such as ace-
naphthylene were investigated by observing shifts in the 1 H NMR spectra. 

Miyazawa et al. (38) recorded *Η NMR spectra of several coals and 
coal extracts during heating under flowing nitrogen at 5 K/min to tempera
tures above 673 K. The temperature dependence of the line width, AH, of 
these unresolved spectra was obtained. Some of these earlier results 
obtained during heating of a subbituminous Taiheiyo coal (77% C) are 
shown in Figure 12. For a brown coal AH decreased to a minimum near 
600 Κ and then rapidly increased, whereas a similar decrease in ΔίΓ for a 
bituminous coal occurred at higher temperatures, reaching a minimum 
near 670 K. 

This procedure was used by Yokono et al. (47) to investigate a wider 
range of pristine and laboratory oxidized coals. They showed that a well-
defined minimum in the temperature dependence of AH occurred for 

473K 

673K 

Figure 12. 1H NMR spectra obtained during heating of a subbitumi
nous Taiheiyo coal (77% C). (Reproduced with permission from 
reference 38. Copyright 1979 Pergamon Press PLC.) 
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bituminous coals and related it to the thermoplastic phenomenon as meas
ured by Gieseler plastometry. They also were able to show that the 
molecular mobility responsible for the initial line narrowing is reduced by 
extensive oxidation of the coal. Yokono et al. (48) demonstrated the util
ity of high-pressure-high-temperature 1 H NMR spectroscopy to study coal 
liquefaction under autogenous conditions. This work illustrated how 
changes in the resolution of the aliphatic and aromatic bands of the 1 H 
NMR spectra relate to the nature of the liquefaction slurry and hence can 
be used to evaluate the efficacy of solvents and catalysts (Figure 13). 

Studies of Carbonaceous Materials at CSIRO. High-tem
perature NMR studies of carbonaceous materials at CSIRO, North Ryde, 
Australia, have been of 1 H NMR applications at atmospheric pressure. 
The emphasis has been to develop this high-temperature NMR methodol
ogy as an effective technique of thermal analysis. 

In that time resolution of measurement is of paramount importance 
for effective thermal analysis, the NMR procedure most adaptable for ap-

433K 

593K 

658K ~ 

673K-

708K 

763K 
J I 
300 Hz 

Figure 13. 1HNMR spectra of coal-tetrahydroquinoline with (right) 
and without (left) ZnCl2 catalyst under autogenous heating condi
tions. (Reproduced with permission from reference 49. Copyright 
1986 Butterworth—Heinemann Ltd. ) 
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plication to organic solid materials is that of simple "undeeoupled" pulsed 
*Η NMR spectroscopy. The abundance of protons in organic materials 
and the high relative sensitivity of the proton resonance provide an ade
quate signal-to-noise ratio to minimize the signal averaging, and hence the 
time, necessary for a given measurement. Furthermore, this form of NMR 
spectroscopy is highly appropriate for studies of the molecular structure 
and molecular dynamics of condensed organic substances, as distinct from 
studies of chemical composition and structure. 

Whereas a number of designs of NMR probes and apparatus for 
high-temperature NMR spectroscopy of various forms have been demon
strated successfully, few efforts have been made to refine procedures for 
dynamic operation, that is, the ability to accurately control measurement 
in the course of changing conditions of probe and specimen. Measure
ment difficulties arise because of both the continually changing nature of 
the substance (which is in fact a component of the resonant circuit) under 
study and also the properties of the NMR probe circuit. Factors that 
influence the probe circuit are (1) changes in the dielectric properties of 
the specimen and (2) the direct temperature effects on the rf coil resis
tance and other electrical properties of the resonant probe. Thus close 
attention must be given to the mechanical, electrical, and structural design 
of the probe. 

To obtain adequate and reproducible NMR measurements under 
thermal analysis conditions it is necessary to control and regulate the fol
lowing: 

1. the temperature and uniformity of temperature over the sample 
volume as it is heated according to a predetermined temperature 
regime 

2. the rf pulse energy and pulse repetition rate necessary to achieve the 
required level(s) of resonance saturation 

3. the applied magnetic field to ensure the resonance condition 

4. adjustments of the power matching and resonance tuning of the 
probe circuit 

5. the interval between individual NMR measurements and their dura
tion and therefore the extent of signal averaging 

The first requirement is met in the design of the high-temperature 
probe. Several successful designs based on feedback-controlled direct 
current (dc) heated furnaces have been described (51—53). The construc
tion of one of these furnaces is illustrated in Figure 14. In these designs 
care has been taken to minimize coupling between the tuned rf and fur
nace heating coils and to achieve accurate temperature regulation and 
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Sample space 

Silica tubes 

Non-inductive 
heater winding 

Section A-A 

Figure 14. The mechanical design of the furnace for a 1H NMR 
high-temperature probe. (Reproduced with permission from reference 
52. Copyright 1988 Academic Press.) 

close uniformity of temperature over the sample volume. The furnace 
probe is enclosed in a brass water-cooled jacket to maintain ambient tem
peratures adjacent to the magnet probe caps (Figure 15). Undeeoupled Χ Η 
NMR signals of solid materials decay rapidly; therefore, minimum "dead 
time" of the rf tuned circuit after rf pulsing is desirable. Dead-time 
periods of less than 6 ps are achieved with circuit Q (quality factor) values 
as high as 20 by using a tapped series-tuned circuit (51) and duplexing 
techniques [introduced by Lowe and Tarr (54)] effected by crossed diodes 
and quarter-wave transmission lines. 

Requirements 2—5 can be achieved adequately by manual spectrome-
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Thermocouple 

Water 

Heater 

Figure 15. 1H NMR high-temperature probe incorporating high-
temperature furnace and water-cooled jacket 

ter adjustments performed by an experienced operator of an appropriately 
appointed spectrometer system. Studies (52) of the pyrolysis behavior of 
coals and other carbonaceous materials have been made by using such a 
system centered on a Bruker SXP-100 high-power spectrometer operating 
at 60 MHz and interfaced to a data-logging computer. However, manual 
operation in thermal analysis experiments is tedious and also limits the 
attainable time resolution. Full computer control of the features listed 
enables automated operation and an effective method of proton magnetic 
resonance thermal analysis (PMRTA). This goal has been achieved and 
adapted to low-field magnetic resonance spectrometers such as the Bruker 
Minispec. Such an instrument is described in a patent specification (53). 
An operational description of this PMRTA instrument is given in Figure 
16, and a schematic of its operations in a pyrolysis experiment is given in 
Figure 17. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

00
7

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



160 M A G N E T I C RESONANCE O F CARBONACEOUS SOLIDS 
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Figure 16. Block diagram of a PMRTA instrument adapted from a 
Bruker Minispec 120 spectrometer. 
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The block diagram in Figure 16 outlines the main components of the 
spectrometer (Bruker Minispec 120) interconnections to the additional 
hardware and functions required for thermal analysis operation. These 
additions include the high-temperature probe-duplexer assembly and 
associated sample temperature-control electronics as well as a "master" 
computer (IBM PC type) for data acquisition and processing and for con
trol of the hardware functions of digital rf pulse-width adjustment, rf 
probe tuning, magnetic field adjustment, temperature control, and NMR 
signal digitization. Master computer control of the Bruker Minispec set
tings is through an RS232 interface. Different pulse sequences necessary 
for P M R T A setting up and measurement are encoded in an experiment 
definition module (EDM) laboratory R O M (read-only memory) set and 
are loaded on master computer command to the Minispec console. 

A detailed outline of PMRTA methodology is given in reference 52. 
For a typical P M R T A experiment (Figure 17), ~500 mg of powdered and 
predried specimen is contained in an open glass tube under flowing dry 
nitrogen gas. Experiments are conducted either during uniform heating at 
rates up to 20 K/min or under isothermal conditions after the specimen 
has been bought to temperature by uniform or "shock" heating. The 
two-pulse 90°x-r-90°y solid-echo sequence (55) is used preferably to gen
erate the 1 H NMR transverse relaxation signal I(t) because of its advan
tage over a single-pulse stimulation in reducing the loss of initial signal 
information due to the dead-time effect, which is significant for rigid solid 
materials. 

The 1 H NMR signals so generated are recorded by signal averaging at 
an appropriate rate within a period of 30—60 s at regular intervals during 
the course of the experiment. The appropriate rate is set to avoid satura
tion effects and is assessed in situ by estimation of the spin-lattice relaxa
tion rate, which will change with the thermally induced changes in the 
molecular properties of the specimen. The extent of signal averaging and 
hence interval of measurement are influenced by this changing 
spin-lattice rate and the deterioration in signal-to-noise (S/N) ratio as the 
temperature is increased. This deterioration in S/N of the NMR measure
ment is caused by the temperature dependence of both the macroscopic 
proton magnetization (Curie's law) and the response (Q) of the NMR 
detection circuit. Typically the S/N of ~30:1 at room temperature of a 
500-mg coal specimen containing ~2 χ 20 2 2 protons will reduce to ~2:1 
at 800 Κ because of this temperature sensitivity together with pyrolysis 
loss from the sample, whereas the spin—lattice limited signal averaging 
rate will vary by a factor of perhaps 5-10. 

"Correction" for those temperature sensitivity effects that are exter
nal to the molecular properties of the specimen is achieved by calibration 
against the temperature dependence of the a H NMR signal amplitude of a 
thermally stable char specimen. This calibration allows direct comparison 
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of the amplitudes of the 1 H NMR signals obtained over a range of tem
peratures between 290 and 875 Κ 

Stacked plots of 1 H NMR signals recorded in P M R T A pyrolysis 
experiments under uniform and isothermal heating conditions are shown 
in Figures 18 and 19, respectively. 

The data shown in Figure 18 are of a highly thermoplastic bitumi
nous coal heated under pyrolysis conditions at 4 K/min to 875 K. Much 
qualitative information is apparent from these raw data. In particular, the 
pyrolytic decomposition evidenced by the decrease in initial signal ampli
tude 1(0) above ~700 Κ and the thermoplastic event shown by the rapid 
increase and decrease in the lifetimes of the X H NMR signals between 
~620 and 750 Κ are well-defined. Parameters that can be derived from 
these data, when plotted as functions of temperature, are pyrograms 
descriptive of the thermal-transformation properties of the specimen. 

The initial signal amplitude corrected for external temperature effects 
1(0) is in most instances (56) closely proportional to the hydrogen content 
of the specimen. Therefore the 1(0) or hydrogen-loss pyrogram plotted in 
Figure 20 is akin to that of a weight-loss pyrogram in thermogravimetric 

0 20 40 60 80 100 

Time (ps) 

Figure 18. A stacked plot of 1H NMR signals obtained during a 
pyrolysis thermal analysis experiment of a thermoplastic bituminous 
coal at a uniform heating rate of 4 K/min. 
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Time (JJS) 

Figure 19. A stacked plot of 1H NMR signals obtained during a 
maturation thermal analysis experiment of a pitch at 673 Κ (Repro
duced with permission from reference 52. Copyright 1988 Academic 
Press.) 

analysis (TGA). The differential of this pyrogram, also plotted in Figure 
20, gives the temperature rate of pyrolysis loss from the specimen that is 
seen to be a maximum for this coal at —725 K. 

In many applications the relatively slowly relaxing tail of the 1 H 
NMR signals can be closely approximated by exponential functions im(t) 
with apparent transverse relaxation time constants typical of mobile 
molecular structures, and the difference signal, ir(t) = I(t) — im(t), is 
rapidly decaying and Gaussian-like, typical of rigid-like molecular struc
tures (57). This separation of the *H NMR signals into components per
mits hydrogen-weighted "mobile" and "rigid" fractions of the molecular 
structure to be defined. Such a parameter, the "mobile" remaining hydro
gen as a percentage fraction of the initial hydrogen content of the speci
men, m r, is plotted in Figure 21. This pyrogram clearly delineates the 
temperature region of thermoplasticity of this bituminous coal and shows 
that at ~710 Κ a maximum of ~60% of the hydrogen initially contained in 
the coal sample exists in a mobile or "thermoplastic" molecular lattice. 

The variations apparent in the X H NMR signals during heating (Fig
ure 18) are manifestations of their sensitivity to the thermally induced 
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Temperature (K) 

Figure 20. 1(0) or hydrogen-loss pyrogram derived from the PMRTA 
data for a thermoplastic bituminous coal shown in Figure 18. The 
differential of this pyrogram is also shown. 

changes in the molecular dynamics of the coal sample. A type of parame
ter highly effective in "capturing" this sensitivity is that calculated as an 
empirical (and truncated) second moment Μ2ψ of the frequency domain 
spectrum G(v) obtained by Fourier transformation of I(t): 

Up 

j i?G{u) du 

M1Tu = Μ1Τ{ντ) = (1) 

/ G(y) du 
0 

where ι/ and vT are frequencies specified relative to the resonance fre
quency. The value of M21v is very sensitive to the molecular dynamics 
and also sensitive to the concentration and distribution of protons and 
other magnetic species (i.e., unpaired electrons) in the molecular lattice 
(58). For a material of stable composition M 2 T i / (for u > 16 kHz) is a 
maximum when the molecular lattice is rigid and decreases rapidly with 
onset of molecular motions with reorientation rates greater than ~10 5 

Hz—rates sufficient to effectively "motionally narrow" proton dipolar 
magnetic interactions. 
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400 m 800 
Temperature (K) 

Figure 21. m r or "rigid-remaining hydrogen" pyrogram derived from 
the PMRTA data for a thermoplastic bituminous coal shown in Fig
ure 18. The differential form of this pyrogram is also shown. 

Because Μ 2 χ ι / is computed as an integral function of the measured 
signal, it is representative of the total specimen and also subject to lesser 
experimental scatter than "curve-fitting" parameters such as mT defined 
previously. The significance of equation 1 and the truncation frequency 
used to define M 2 T z / are discussed by Sakurovs et al. in Chapter 11. We 
stress here the valuable information content inherent in this Μ2Ίν param
eter: It characterizes a material according to features of it structural 
(hydrogen distribution) and molecular dynamic properties. 

The Μ2Ίμ values calculated for a truncation frequency of 16 kHz 
(M2 T16) are plotted versus temperature in Figure 22. Again the thermo
plastic nature of the coal is clearly delineated by this M 2 T 16 pyrogram, 
which can be used to characterize the coal accordingly (59). Also of sig
nificance is the information content of the secondary parameters that can 
be read from this pyrogram and its temperature derivative. A number of 
the secondary parameters are illustrated in Figure 22. These are 

• TM 2 T(min), the temperature of the minimum value of M 2 T16; 
• TM2T16(max—), the temperature of maximum rate of decrease of 

M 2 T 16; 
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400 600 800 
Temperature (K) 

Figure 22. 1H NMR pyrogram of the second-moment parameter 
M2J16 from analysis of a thermoplastic bituminous coal. The dif
ferential form of the pyrogram is plotted, and important secondary 
parameters are indicated. Definitions of useful secondary parameters 
are indicated by the letters A, B, and C (temperatures) and D, G, 
and Η ( M 2 T / 6 values) that can be used to characterize the coal and 
predict property values as shown in Table I. 

• rM2T16(max+), the temperature of maximum rate of increase of 

2T > 
• M 2 T 16 values at selected temperatures. 

These parameters have proven to be particularly useful for the characteri
zation of coal materials (60). 

A database of *H NMR thermal analysis and conventional analytical 
and other test data for a representative selection of Australian coals has 
been established (60). One- or two-parameter correlations between the 
1 H NMR and conventional coal test data have been computed. Examples 
of useful correlations that have been established in this way are (1) 
between rM 2 T(min) and the maximum vitrinite reflectance Ry m a x shown in 
Figure 23 and (2) between a linear combination of r M 2 T l è ( m a x + ) and 
M 2 1 40 at 640 Κ and the Hardgrove grindability index (HGI) shown in Fig
ure 24. Correlations established from this database constitute a powerful 
predictive tool to characterize Australian coals. Thus a wide range of 
characteristics used to specify coals can be estimated to a useful degree of 
accuracy by using only the data generated in a standard 1H NMR thermal 
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Ι * ι 1 ι Ι ι I ι I 

0.6 0.8 1.0 1.2 1.4 
Rv.max 

Figure 23. Correlation between the PMRTA parameter T ^ j J é 
(min) and the maximum vitrinite reflectance ̂ \maxfor a représenta-
tive selection of Australian bituminous coals. 

100 

H G I -PMRTA Prediction 

Figure 24. Correlation between the Hardgrove grindability index 
(HGI) and a linear combination of the PMRTA parameters M2J40 
at 640 Κ and TM2J{max+) for a representative selection of Aus
tralian coals. 
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Table I. Comparison of Coal Property Values 
of a High-Volatile Bituminous Coal Predicted from PMRTA 

and Conventional Methods of Analysis 

PMRTA Standard Actual 
Property" Prediction Error Value 

Carbon content (% daf) 83.8 0.8% 83.4 
Hydrogen content (% daf) 5.57 0.14% 5.59 

Moisture content (% ad) 2.6 0.7% 2.9 
Volatile matter (% daf) 38.9 1.5% 39.5 
Specific energy (MJ/kg, daf) 34.77 0.3 MJ/kg 34.64 
Crucible swelling number 6.0 1.5 7.0 
Gray-King coke type G4 2 G4 
Hardgrove grindability index 57 6 54 

* v , m a x ( a l l ™ t r i n i t e ) ( % ) 0.73 0.06% 0.73 
Vitrinite content (% mmf) 71 10% 69 

Gieseler plastometry 
Softening temperature (°C) 384 9° 380 
log (maximum fluidity, ddpm) 2.67 0.6 units 2.78 
Temperature of maximum 

fluidity (°C) 435 7° 430 
Solidification temperature (°C) 466 7° 460 

Audibert-Arnu dilatometry 
Softening temperature (°C) 382 12° 375 
Temperature of maximum 

contraction (°C) 425 12° 425 
Temperature of maximum 

dilation (°C) 459 7° 460 
Α ABBREVIATIONS: daf, diy, ash-free basis; mmf, mineral-matter free; 
and ddpm, dial divisions per minute. 

analysis experiment. Table I compares the conventionally measured and 
PMRTA predicted values for such a range of characteristics of a high-
volatile bituminous coal. Also listed are the standard errors for the indivi
dual predictions. 

% NMR data measured during isothermal heat treatment of a 
material such as these shown in Figure 19 for a pitch specimen can be pa
rameterized similarly to the nonisothermal data (61, 62). The time depen
dence of these parameters for a range of heat-treatment temperatures 
together with the corresponding nonisothermal pyrograms for a range of 
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heating rates comprise a data set suitable for detailed kinetic modeling. 
The pyrolysis of an oil shale kerogen has been modeled by using this 
approach. 
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Diffusion-Coupled Relaxation 
and the Submicroscopic Structure 
of Bituminous Coals 

Wesley A. Barton, Leo J . Lynch, David S. Webster, and Greg Simms 

Commonwealth Scientific and Industrial Research Organisation (CSIRO), 
Division of Coal and Energy Technology, P.O. Box 136, North Ryde, New 
South Wales 2113, Australia 

The applicability of a novel approach to modeling the 
diffusion-coupled spin—lattice relaxation of magnetization in 
heterogeneous organic solids for resolving microdomain 
structure in solvent-swollen coals is examined Three NMR 
selective-excitation experiments, one of them new, are con
sidered Methods based on existing theory for heat conduc
tion in solids are outlined for analyzing the data obtained by 
these selective excitation techniques for particular two-phase 
systems in terms of the morphological and intrinsic relaxa
tion properties of the separate phases. 1H NMR results for 
pyridine-swollen bituminous vitrinites show that these mate
rials contain very small domains of solvent-destabilized and 
rigid-lattice molecular structures and that magnetization 
transfer between protons in these two phases is rapid com
pared to the intrinsic spin—lattice relaxation processes. 

Ε MOLECULAR STRUCTURE AND PROPERTIES of bituminous coals 
have been investigated extensively with 1 H NMR techniques (1—3). In 
particular, the effects of swelling coals in specific solvents on their *H 
NMR spin-spin relaxation behavior have provided valuable insights into 
the molecular conformation and stability of coals (4—7). 

0065-2393/93/0229-0175$07.25/0 
© 1993 American Chemical Society 
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*H NMR transverse-magnetization signals measured at ambient tem
peratures for bituminous coals swollen by nucleophilic solvents, such as 
pyridine, which destabilize polar interactions contributing to the confor
mational stability of the molecular lattice (8), show that up to ~60% of 
the coal molecular structures can be sufficiently destabilized to become 
mobile (4, 5, 9). Thus, at least 40% of the coal hydrogen remains in rigid 
molecular structures and is characterized by an NMR signal component 
that is similar to the signal for the corresponding dry coal. This result 
requires the existence in the coals of regions (or domains) that are exten
sive on the molecular scale (i.e., at least an order of magnitude greater 
than chemical-bond lengths) and that are apparently impervious to these 
solvents. Optical studies of thin sections of bituminous vitrinite by Bren
ner (10, 11) have demonstrated that pyridine saturation swells the coal 
conformally and at the same time relaxes natural optical anisotropy. 
These results indicate that the domains that are impervious to the pyridine 
must be small on the scale of optical wavelengths (i.e., <1 μχα). 

We therefore have a two-phase concept of bituminous coal molecular 
structure: (1) regions in which molecular rigidity is stabilized by polar 
interactions and thus are susceptible to penetration and destabilization to 
a "rubbery" or mobile state by polar solvents and (2) regions that are 
impervious and therefore remain as a stable, rigid molecular lattice in the 
presence of such solvents. The 1 H NMR transverse-magnetization signal 
resolves these phases so that their extent can be estimated. However, the 
distribution of the material constituting these different phases is unclear. 

In a heterogeneous or multiphase system such as coal, the observed 
*H NMR relaxation behavior will be a linear combination of the behavior 
of the separate phases only when a negligible exchange of magnetization 
occurs between the phases on the time scale of the measurement. Under 
this condition, the time constants of the observed relaxation process 
represent the intrinsic relaxation behavior of the separate phases. For 
both dry bituminous coals and those swollen with deuterated solvents, this 
situation generally applies to proton spin-spin relaxation, which occurs 
on a time scale of ~ 1 0 - 5 — 1 ( Γ 3 s (4, 5, 9), but not to the spin-lattice 
relaxation process, which is characterized by times of ^ÎCT 1 s (2). For 
coals swollen by saturation with deuterated pyridine, two "mobile" hydro
gen populations with significantly different mobilities and a "rigid" hydro
gen population can be distinguished from the X H NMR transverse magnet
ization signals (5, 9). However, the observed proton spin-lattice relaxa
tion behavior of the different molecular phases resolved by the *H NMR 
spin—spin relaxation of solvent-swollen coals is likely to differ greatly from 
the intrinsic relaxation behavior because of the averaging effects of spin 
and molecular diffusion and also because of magnetization exchange 
between the phases. 

This chapter discusses theoretical models and associated NMR exper
imental techniques, including some novel approaches, whereby diffusion-
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8. BARTON ET AL. Diffusion- Coupled Relaxation 111 

coupled spin-lattice relaxation behavior of heterogeneous organic solids 
can be resolved, and the size and dispersion of the separate domains, in 
principle, can be determined. Because many parameters require definition 
in such models, extensive experimental data are necessary. NMR experi
ments that involve selective excitation of the spin systems of the different 
phases allow this data requirement to be achieved. These experiments are 
possible when the separate phases in a heterogeneous material give rise to 
distinct components in the transverse-magnetization signal, so that the 
Zeeman magnetization in these phases can be established at different lev
els of saturation. The subsequent relaxation behavior is modified by mag
netization exchange between the domains of the separate phases via spin 
and molecular diffusion. The theories provide models by which the data 
obtained can be analyzed in terms of the intrinsic spin-lattice relaxation 
and morphological properties of the phases and the magnetic coupling 
between them. 

The selective excitation techniques described here are derived from 
those developed by Edzes and Samulski (12) and by Goldman and Shen 
(13) to investigate two-phase systems in which the spin-spin relaxation 
times, T 2 R and Γ 2 Μ , for the two phases (rigid and mobile) are distinctly 
different, that is, T 2 R << Γ 2 Μ . 

In the Edzes and Samulski experiment, a "soft" inversion pulse (i.e., 
with a length i p such that T2R < t < < T2M) is used to prepare the spin 
populations, characterized by these different spin-spin relaxation times, at 
different initial Zeeman magnetizations. The two spin populations subse
quently relax via spin-lattice relaxation and concomitant cross-relaxation 
of the Zeeman magnetization between the two phases. Within each of the 
two phases of the material, spin or molecular diffusion is assumed to 
rapidly establish a uniform magnetization density at all times in the relaxa
tion process. In this case, the relaxation process is theoretically described 
by a twin exponential behavior of the reduced magnetization of each spin 
population. The Edzes and Samulski experiment, in principle, enables the 
intrinsic spin-lattice relaxation rates for the two phases and the rates of 
cross-relaxation between the phases to be estimated. 

In the Goldman-Shen experiment, two 90° pulses separated by a 
time tx such that T 2 R < t x « T2M are used to establish different levels of 
Zeeman magnetization in the two spin populations, and the effects of 
magnetization diffusion between the two phases, preferably in the absence 
of significant spin-lattice relaxation, are monitored. The data are 
analyzed according to a model of magnetization diffusion between the 
discrete phases analogous to heat diffusion between phases Of a material 
in a thermal conduction experiment. Free diffusion of the magnetization 
(i.e., not limited by domain boundaries) usually is assumed to occur in at 
least one of the two phases. The Goldman-Shen experiment, aided by 
independent estimations of certain intrinsic parameters, is intended to 
provide information about domain sizes. 
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178 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Both the Edzes and Samulski and the Goldman-Shen experiments 
(and related experiments based on the same concept) have been applied 
extensively to the elucidation of the intrinsic proton-relaxation behavior 
and the domain morphology of the separate phases in hydrated macro-
molecular systems (e.g., collagen and keratin) (12,14-16) and heterogene
ous polymers (17—23). One investigation of domain structures in a coal 
vitrain by means of the Goldman-Shen technique has been reported (18). 
Efforts have also been made to directly analyze the effects of magnetiza
tion diffusion on the spin-lattice relaxation processes of the spin popula
tions (24). 

In the following sections, advances made in the theory to model the 
diffusion-coupled relaxation of magnetization after its selective saturation 
in the separate phase domains of a material are outlined and novel experi
mental techniques and methods for analyzing the data thereby obtained 
are considered. Some results for pyridine-swollen bituminous vitrinites 
will be presented to illustrate the applicability of such selective excitation 
techniques for defining coal structures at the molecular and submicroscop-
ic levels. 

Basic Concepts. A direct correspondence can be established be
tween the magnetic parameters of a material in which magnetization diffu
sion occurs and the heat parameters of the analogous thermal-diffusion 
problem. This correspondence allows the considerable body of theoretical 
results available from analysis of heat conduction in solids to be trans
ferred to the magnetic case. 

The macroscopic Zeeman magnetization, M , can be considered to be 
analogous to the thermal parameter of heat content, Q. For a region A in 
which the spin density, p, and magnetic dipole moment, μ, are constant, 

where the integration is over the entire volume of the region, and the 
Zeeman magnetization density ν is the magnetic analogue of temperature. 
For a population of Ν spins in an applied magnetic field, 

Theory 

region A 

Μ = ρμ j v(x, y, z, t) dA (1) 

ν = 
N+ -N-

N (2) 
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8. BARTON ET AL. Diffusion-Coupled Relaxation 179 

is the excess spin fraction aligned parallel to the field. The Zeeman mag
netization density, v, and hence M can have both positive and negative 
values. Al l relevant magnetic parameters and their thermal analogues are 
listed in Table I. 

Thus mathematical expressions derived in modeling two-phase heat-
conduction problems can be readily translated to the analysis of magnetic 
diffusion-coupled relaxation. 

A phase is considered to behave as either a "spin fluid" or a "spin 
solid", depending on whether isomagnetic conditions can be achieved 
instantaneously. In a rigid organic solid with small domains, magnetization 
diffusion is usually sufficiently rapid for the spin fluid description to be an 
adequate approximation. Isomagnetic conditions in phase domains are 
also induced by rapid spin-lattice relaxation. The magnetization of a 
spin-fluid phase is given by 

M fluid = Νμν (3) 

In a phase that behaves as a spin solid, diffusion processes are either 
restricted or free, depending on whether they are affected by the bound
aries of the medium. In a finite domain, free diffusion occurs for times 
insufficient to allow a quantity of magnetization introduced at the center 
of the domain to reach a boundary. 

The boundary impedance H* (Table I) is an inverse measure of the 
degree of magnetic contact between domains of the two phases. If the 
domains are in perfect contact (H* = 0), no discontinuity in the magneti
zation density occurs at the boundary. 

Table I. Correspondence Between Magnetic and Thermal Parameters 

Magnetic Parameter Symbol Thermal Parameter Symbol 

Macroscopic Zeeman 
magnetization M Heat content Q 

Spin density Ρ Mass density P* 
Dipole moment μ Specific heat c 

Domain length L Dimension L 

Diffusion coefficient Κ Diffusivity D 

Boundary impedance H* Contact resistance H 

Zeeman magnetization 
density ν Temperature Τ 
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180 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Macroscopic Two-Phase Lamellar System. The microdo
mains of each phase are considered to exist in a repeating lamellar config
uration (Figure 1) and to have either identical lengths L or a Gaussian 
distribution of lengths. In the Gaussian distribution, L is the average do
main length. 

When such a macroscopic system is at equilibrium in an applied mag
netic field, its spin-spin relaxation behavior following a "hard" excitation 
pulse (i.e., t < < J 2 R ) will delineate the phase populations if magnetiza
tion exchange is slow compared to the spin-spin relaxation rates. From 
eq 1, the observed macroscopic magnetization of each phase is given by 

M = pS Σ 
i=l 

(4) 

where the subscript i refers to the ith microdomain, the summation is over 
the n microdomains of the phase (assumed to be the same for both 
phases), and S is their cross-sectional area. Therefore, the initial ampli
tudes, Αχ and A2, of the components corresponding to the two phases in 
the transverse-magnetization signal are in the ratio 

A2 

Σ P u L u v u 
i=l (5) 

i = l 

Figure 1. The macroscopic two-phase lamellar model with a distri
bution of domain lengths in each of the two phases (denoted by 1 
and 2). 
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8. BARTON ET AL. Diffusion-Coupled Relaxation 181 

If the spin densities, plf and p .̂, and the magnetization densities, ν 
v̂ ., are independent of i and νχ - v2, this ratio becomes 

and 

A2 P2L2 (6) 

where L 1 and L 2 are the average domain lengths in the two phases. 

Conservative Diffusion Regimes. A conservative system is one 
in which no significant spin-lattice relaxation occurs during the diffusion 
process. In this case, the magnetization density, v, within a domain is 
described by the diffusion equation 

and Κ is the spin or molecular diffusion coefficient. Equation 7 states that 
the magnetization flux at a point in the domain is proportional to the 
magnetization density gradient at that point. 

Nonconservative Diffusion Regimes. In a nonconservative 
system, spin-lattice relaxation can be regarded as a point source or sink 
phenomenon that provides the ability to control both the localized pro
duction and loss of magnetization within a domain and the magnetization 
density at the boundaries of an adjoining domain. For diffusion in a 
domain that contains localized point sources or sinks, the diffusion equa
tion becomes 

dv(x, y, z, t) 

dv(x, y, z, t) 
dt 

v(x, y, z, t) (?) 

where 

dt 

= KV2\ v(x, y, z, i) - R v(xy y, z, t) - v(x, y, z, 00) (8) 

where R is the intrinsic spin-lattice relaxation rate. 
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182 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

Reduced Two-Phase Model. For diffusion in a conservative 
two-phase system with a macroscopic configuration as shown in Figure 1, 
the magnetization-density distribution in each domain will always be sym
metric about the center of the domain. Therefore, in the diffusion 
analysis a "unit cell" made up of two half domains, one from each phase, 
can be considered. The boundaries of the unit cell occur at the center 
Unes of the domains at which the gradient of the magnetization density is 
zero. This boundary condition is the magnetic analogue of an insulated 
boundaiy. Extensive quantities in the two-phase system are related to 
quantities in an average unit cell by the factor 2n where η is the number of 
domains in each phase. 

Experimental Techniques 

In this section, three types of selective saturation experiments for investigation of 
diffusion-coupled relaxation in, and the morphology of, two-phase systems are 
considered. Soft excitation pulses (i.e., ones for which T2R < t < < T 2 M ) will be 
identified in the following discussions. 

Edzes and Samulski Experiment The selective saturation method 
devised by Edzes and Samulski (12) uses the pulse sequence: 

180°, (softH-900^ 

where χ denotes the phase of the pulses in the rotating frame and t is the evolu
tion time prior to the final detection pulse, to establish different initial levels of 
Zeeman magnetization in two spin populations distinguished by different 
spin-spin relaxation rates. To determine the intrinsic spin-lattice relaxation 
rates for the two phases and the rates of cross-relaxation between them, at least 
two different initial magnetizations are required. These different initial magneti
zations are achieved by varying the radiofrequency (rf) amplitude and hence the 
length, i p , of the 180° soft pulse. 

An alternative method of producing different initial levels of magnetization 
in each of the two phases is to use the Goldman-Shen pulse sequence (13): 

9 0 V i a - 9 0 V ' - 9 0 ° , 

together with a modification of this sequence (hereafter referred to as the modi
fied Goldman-Shen sequence): 
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in which the phases of the second and third pulses have been reversed. In a given 
experiment, the selection time, tv is normally fixed at a value that exceeds the 
decay time of the signal component with the shorter spin-spin relaxation time. 

For all three pulse sequences just described, the effects of spin or molecular 
diffusion and spin-lattice relaxation in the two-phase system are monitored by 
varying the evolution time t prior to the final detection pulse. 

Dynamic Diffusion Experiments* These experiments involve the 
measurement of variations in the magnetization density over times for which the 
total Zeeman magnetization of the system also changes. One way of achieving a 
time-varying magnetization density is to induce spin-lattice relaxation by perturb
ing the magnetization from its value in equilibrium with the applied magnetic 
field. Selective saturation techniques allow this perturbation to be achieved in es
sentially only one of the two phases. 

Spatial variations in the magnetization density of a phase domain due to, for 
instance, diffusion into or out of the domain, are reduced by the spin-lattice 
relaxation process so that for sufficiently rapid relaxation the magnetization den
sity is approximately uniform throughout the domain. If good magnetic contact 
exists between the phase domains, this magnetization density is applied to the 
boundaries of adjoining domains of the second phase. 

The particular technique required to selectively activate the spin-lattice 
relaxation depends on the relative rates of spin-spin relaxation and the intrinsic 
spin-lattice relaxation rates of the spin populations in the two phases. For the 
following discussion, the faster spin-spin relaxation is assumed to occur in phase 
1. If the intrinsic spin-lattice relaxation rate in phase 1 is rapid compared to that 
for phase 2, the Goldman-Shen pulse sequence is used to establish approximately 
the initial (i.e., t = 0) Zeeman magnetization-density conditions 

This situation produces spin-lattice relaxation of rate Rx in phase 1 and thus a 
time-dependent magnetization density given by 

If perfect magnetic contact occurs between the phase domains, the magnetization 
density at the boundaries of phase 2 is also given by eq 10. 

For intrinsic spin-lattice relaxation that is slow in phase 1 compared to that 
in phase 2, the modified Goldman-Shen pulse sequence is used to align the mag
netization vector of phase 2 antiparallel to the applied field. This alignment 

v2(0) = v2(oo) Vl(0) = 0 (9) 

vi(0 = V!(oo) 1 - Ο φ ( - Λ ι 0 (10) 
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184 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

induces a maximum rate of change of magnetization density in phase 2 due to 
spin-lattice relaxation of rate RT For perfect contact between the phase 
domains, the time-dependent boundary condition 

is applied to the magnetization density in phase 1. 
If there is a nonzero boundary impedance between the domains of the two 

phases, the boundary magnetization density for the phase with slower intrinsic 
spin-lattice relaxation also depends on the degree of contact between the phase 
domains. 

Conservative Diffusion Experiment. The Goldman-Shen pulse 
sequence can be used to generate an approximately conservative diffusion regime 
in which negligible spin-lattice relaxation occurs during the diffusion process 
(18). This condition can be tested by monitoring the constancy of the total initial 
signal amplitude over the range of evolution times t used in the experiment. In 
the phase with the slower spin-spin relaxation, the second pulse in the 
Goldman-Shen sequence restores the magnetization density almost to the value 
corresponding to equilibrium with the applied field so that subsequent 
spin-lattice relaxation is minimal. The time during which the conservative diffu
sion approximation is valid is limited by the effects of spin-lattice relaxation in 
the second phase. Therefore, such diffusion experiments are most useful for 
materials in which this second phase has slow intrinsic spin-lattice relaxation. 

At evolution times sufficiently short to avoid significant spin-lattice relaxa
tion effects, the free diffusion approximation is more likely to be valid, particu
larly in the phase with the slower spin or molecular diffusion. 

Methods of Data Analysis 

The mathematical expressions describing the magnetization density pro
duced in the phases by the selective saturation experiments outlined in the 
preceding sections are presented in the following sections together with 
methods by which parameters relating to the relaxation and structural 
properties of these phases can be extracted. 

v 2(0 = v2(0) 2 exp (-2*20 " 1 (11) 

Edzes and Samulski Analysis. Combined data obtained from 
the Goldman-Shen and the modified Goldman-Shen pulse sequences for 
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a number of evolution times t can be analyzed in the same way as data 
produced by the Edzes and Samulski experiment. 

Edzes and Samulski (12) considered the reduced magnetization 

Μίοο-Μ$) 
m m = —m- (12) 

of each spin population i of a two-phase system where Mfi) is the Zee-
man magnetization and MioQ is its equilibrium value. If a uniform magne
tization distribution is rapidly established within each phase at all times in 
the spin-lattice relaxation process, then this process is described by the 
coupled differential equations 

dmi(i) 
= -Rim^t) - kxmx(f) + kxm2(t) (13) dt 

àm2(t) 
at 

= -R2m2(t) - k2m2(t) + k2mx(t) (14) 

where Rt and i? 2 are the intrinsic spin—lattice relaxation rates of the two 
spin populations (labeled 1 and 2), and kx and k2 are cross-relaxation rates 
related by the dynamic equilibrium condition 

Nxkx = N2k2 (15) 

where Nt and N2 are the spin populations of the two phases. 
The general solution of these differential equations is a twin 

exponential mode of decay for the phase magnetizations, that is, 

tf*i(0 = C! + exp (-i? + i) + Ct~ exp (-R~~t) (16) 

m2(t) = C 2

+ exp (-R+t) + C2~ exp (-R't) (17) 

where 

2R± = Rt + R2 + kt + k2 

± \(RX - R2 + kx - k2f + 4^2] 1 / 2 (18) 
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186 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

and 

Ci= 
±mt(0) Rt -R + mi(0)-m 2 (0) 

(19) 

and similarly for C ^ . 
The preceding analysis in terms of intrinsic and cross-relaxation rates 

can also be carried out in terms of magnetization diffusion between two 
spin fluid phases with a contact impedance, H*, between them and 
spin—lattice relaxation in each phase (Figure 2). For this diffusion 
analysis, the differential equation for phase 1 magnetization is 

àMt(t) 

di 
Mx(t) - M l c 

1 
if* vi(0 - v 2(i) (20) 

which can be expressed in the form 

àMx(t) 

di -RA Mt(t) - M l o o 

1 
ΝχμΗ* 

Mt(t) - ^M2(t) (21) 

Η 

CO 
Ό 
c 
Ο 
η 
Ό φ <*-* as 

C 

Fluid Fluid 

μ μ 
N1 N2 

v 2 

Ri R2 

CO 
"D 
C 
D 
O 
13 

T3 
Φ 

as 

CO 

c 

Figure 2. Reduced two-phase model of a spin-fluid system with con
tact impedance H * between the phase domains and spin—lattice 
relaxation rates R^ and R 2 in the two phases. 
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by using eq 3. In terms of the reduced magnetization m1(i), eq 21 
becomes 

' = -Ritnx(t) —-mt(t) + L^rm2(t) (22) 

which is equivalent to eq 13 if 

_1_ 
* i = ( 2 3) 

The corresponding analysis for phase 2 magnetization yields 

k2 = - 1 — (24) 
Ν2μΗ* 

The reduced-magnetization relaxation curves may be obtained from 
the measured transverse-magnetization signals by two methods. The first 
method, described by Edzes and Samulski (12), involves separation of the 
components corresponding to the two phases in each signal by curve-
fitting of the signal. The second method uses a multiwindow technique to 
select data from two windows, one immediately after the final (detection) 
pulse dead time and the other after the signal component with the shorter 
spin-spin relaxation time has completely decayed. 

Twin exponential fits to the reduced-magnetization relaxation data 
according to eqs 16 and 17 yield, in principle, the intrinsic spin-lattice 
relaxation rates and the cross-relaxation rates for the two phases. 

Dynamic Diffusion Analysis. Duhamel (25) developed a 
theorem that can be used to determine the temperature distribution as a 
function of time in a solid slab, initially at a known temperature, whose 
surfaces are subjected to a time-varying temperature. This theorem can 
readily be adapted to describe the magnetization density in a domain of 
dimension L whose boundaries are subjected to a time-varying magnetiza
tion density v(t) and thus to determine the quantity of magnetization that 
diffuses into the domain in the absence of significant spin-lattice relaxa
tion in the corresponding phase of the material. 

Consider a spin-solid phase (phase 1) with zero initial magnetization 
density in perfect contact with an external spin-fluid phase (phase 2) 
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188 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

whose uniform magnetization density is assumed to have a time variation 
of the form 

v2(0 = v2(0) 2 exp (-R2't) - 1 (25) 

where the rate i? 2' is determined by the combined effects of spin-lattice 
relaxation and magnetization diffusion (Figure 3). This situation is analo
gous to the second dynamic diffusion case considered previously. The aver
age magnetization density of phase 1 can be deduced from the analysis of 
the corresponding heat-conduction case (25) and is given by 

vi(0 = 8 ν 2 ( 0 ) * 1 / Ζ , 1

2 Σ 
m odd 

exp {-R2't) - exp (-m V ^ i / L x
2 ) j 

m 

exp ( - m 2 A t ( / L j 2 ) - 1 
m V ^ / L a 2 

(26) 

The expression for ν χ ( ί ) (eq 26) can be simplified by assuming that 
iP'K^L2 > > R2% which is valid unless the domain dimension L 1 or the 

H * = 0 H*= 0 

Phase with 
magnetization 
density V2<t) 

Phase with 
magnetization 
density V2<t) 

L i 

Figure 3. Model of a spin-solid phase in perfect contact with an 
external phase with magnetization density 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

00
8

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



8. BARTON ET AL. Diffusion-Coupled Relaxation 189 

observed magnetization relaxation rate R2 is very large. Then, at times t 
for which only the m = 1 term in the sum 

Σ 
m odd 

exp (-wVuCxi/Lx 2 )! 

m 
! A i /Li 

is significant, 

vi(0 = 
8v2(0) 

π2 

^(2exp ( - i ? 2 V)- l ) 
exp(-iriK1t/L1

2) (27) 

By using eq 25 for the magnetization density of phase 2, the difference in 
magnetization density between the two phases is 

vi(0 - v2(f) = -^v2(0)exp(-*2K1t/L1

2) (28) 

A plot of v^t) - v2(t) versus time t can then be used to extract the 
ratio KXIL^. When phase 1 consists of a uniform rigid lattice, the spin-
diffusion coefficient, Kv can be estimated from (18) 

0.2 (29) 

where T2R is the spin-spin relaxation time. Then the domain dimension 
Lt can be estimated by using the preceding analysis. 

A result similar to eq 28 can also be derived for the dynamic-
diffusion situation in which a spin-solid phase (phase 2) with initial mag
netization density v2(0) = v2(oo) is in perfect contact with an external 
spin-fluid phase (phase 1) whose uniform magnetization density has a time 
variation of the form given by eq 10. In this case, the ratio K2IL2 can be 
evaluated. 

Conservative Diffusion Analysis. Consider diffusion in a 
spin-solid phase (phase 2) that is in perfect contact with a spin-fluid phase 
(phase 1) (fluid by virtue of its very rapid spin diffusion). In a typical 
example, the spin-fluid phase would consist of rigid lattice domains, and 
the spin-solid phase would correspond to mobile molecular structures (see 
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190 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

also the "Theory" section). The initial magnetization densities generated 
by the Goldman-Shen pulse sequence are v1(0) = 0 and v2(0) ~ v2(oo). 
In the conservative diffusion regime, the magnetization density in the 
spin-fluid phase is given by (25) 

vi(0 = vi(eq) 1 - exp 
λ 2 γ 2 
Pi L\ 

erfc P2 
PiL) 

- ^ 1 / 2 , 1 / 2 (30) 

where erfc is the error function complement and v1(eq) is the final equi
librium magnetization density of the phase in the absence of spin-lattice 
relaxation. This result has also been derived from the spin-diffusion equa
tion (eq 7) by Cheung and Gerstein (75). 

For evolution times t « (4p{L2)l(itp2K^), eq 30 may be written 
in the form 

vi(0 = va(eq) (31) 

where 

C = 
r l / 2 

PiL: 
ΡΦ\ 

(32) 

can be estimated by using eq 6. Equation 31 corresponds to the free-
diffusion approximation in the spin-solid phase (Figure 4). Hence the 
ratio X " 2

1 / 2 / L 2 can be calculated from the initial gradient of a plot of vt(t) 
against t112. If the domain dimension, L 2 , of the spin-solid phase has 
already been estimated, this conservative diffusion experiment allows the 
spin-diffusion coefficient of this phase to be calculated. In previous appli
cations of this experiment to semicrystalline polymers and other materials 
(17,18, 20), indirect estimates of K2 were used to provide values of L 2 . 

Application of Selective-Saturation Experiments to 
Bituminous Coals 

The three types of selective saturation experiments described in the pre
ceding sections were carried out at room temperature on protons in vit-
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H* = 0 

w 
CO Fluid Solid 

"Ό 
C 

O μ μ 
JÛ 
"U 
Φ Pi P 2 κ 2 

JCO 
3 
CO v 2 

C 

« L 2 

Figure 4. Model of a spin-fluid phase in perfect contact with a spin-
solid phase in which free diffusion occurs. 

Table II. Selected Properties of the Bituminous Vitrinites Investigated 

Coal Seam C H Ο Vitrinite 

Maceral Analysis 

Liptinite Inertinite 
Mobilized 

Η 

Lithgow 82.4 5.76 9.0 79 8 13 32 

Borehole 84.1 5.68 7.4 84 4 12 42 

Bulli 85.2 5.46 7.0 79 3 18 29 

NOTE: All values are given as percentages. Percent C, H , and Ο are given on a 
dry, ash-free basis; the values for the maceral analysis are given as volume percent, 
mineral-matter free; and the mobilized Η is the proportion of hydrogen in coal 
structures that is mobilized by imbibed pyridine. 

rinite-rieh specimens of three bituminous coals that had been soaked in 
excess deuterated pyridine in sealed ampules for at least 18 months. 
Selected analytical and NMR data for these coals are shown in Table II. 

Edzes and Samulski Approach. Data for this type of experi
ment were acquired by the alternative method, described in the "Experi
mental Techniques" section, that uses the Goldman-Shen and modified 
Goldman-Shen pulse sequences. A selection time (tt) of 60 ps was 
chosen because it allows complete dephasing of transverse magnetization 
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192 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

to occur in rigid-lattice domains but relatively little dephasing of the mag
netization associated with mobile molecular structures. Because the signals 
thereby produced could not be easily separated into two well-defined com
ponents, reduced-magnetization relaxation curves were obtained by using 
the multiwindow technique referred to previously. By using windows 
immediately after the detection-pulse dead time and after the rigid-lattice 
signal component has completely decayed, reduced-magnetization values 
approximating those for the total proton population and for protons in 
mobile molecular structures, respectively, were deduced. Whereas the 
reduced-magnetization relaxation data for the mobile proton population 
can be satisfactorily fitted by a twin exponential curve, the relaxation of 
the magnetization of the total proton population during the 200-ms time 
interval considered is approximately described by single exponential 
behavior (Figure 5). Analysis of the Edzes and Samulski experiment out
lined in a previous section of this chapter indicates that single exponential 

0.0 0.1 

t (s) 

0.2 

Figure 5a. Reduced proton-magnetization relaxation data for the 
mobile phase (o) and the total material (x) in pyridine-swollen 
Borehole vitrinite. The data were obtained from Goldman—Shen 
experiments, and the solid lines represent exponential fits to the data 
as described in the text. 
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8. BARTON ET AL. Diffusion-Coupled Relaxation 193 

relaxation of the total reduced magnetization occurs when the intrinsic 
spin-lattice relaxation rates of the two proton populations are identical. 

Values obtained from this analysis for the rates of cross-relaxation 
(k) between the two phases distinguished (i.e., molecular structures desta
bilized by pyridine and those that remain as a rigid molecular lattice) are 
an order of magnitude greater than those for the intrinsic spin-lattice 
relaxation rates (R)9 which are indeed similar for both phases and compar
able to the average spin-lattice relaxation rates determined for the dry 
coals (2) (Table III). This similarity among the relaxation rates probably 
arises from the fact that proton relaxation in vitrinites is predominantly 
due to unpaired electrons rather than to molecular motions (2, 26). How
ever, large uncertainties exist in the values calculated for the intrinsic 
spin-lattice relaxation rates, particularly for the rigid molecular phase for 
which the average relaxation rates measured for the dry coals may provide 
more accurate values. 
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194 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

Table III. Proton Relaxation Rates Estimated from Selective 
Saturation Experiments and for the Dry Coals 

R R R k k 
Coal Seam (rigid) (mobile) (dry coal) (rigid) (mobile) 

Lithgow 2 8 4.0 21 66 

Borehole <1 10 5.7 27 58 

Bulli 1 5 3.4 20 81 

N O T E : All values are given in inverse seconds (s A). 

Although the results shown, for example, in Figure 5 demonstrate the 
occurrence of rapid magnetization diffusion between the two phases in 
bituminous vitrinites, the reduced magnetizations of these two phases do 
not become equivalent as a result of this cross-relaxation process. This 
behavior is also illustrated in Figure 6, which shows the reduced-
magnetization data for rigid and mobile proton populations in the Bulli 
vitrinite estimated from approximate two-component fits to the signals 
generated in a Goldman-Shen experiment. This nonequivalence of the 
reduced magnetizations of the two phases is a consequence of the similar
ity of the intrinsic spin-lattice relaxation rates. When the intrinsic spin-
lattice relaxation rate for the mobile phase is appreciably greater than that 
for the rigid phase, the reduced magnetizations of the two phases will con
verge and become equivalent as observed in studies of hydrated biological 
systems (12,15) and shown in Figure 7 for hydrated keratin. 

Dynamic Diffusion Experiments. To deduce information about 
phase-domain sizes from application of Duhamel's theorem to the analysis 
of magnetization data obtained in dynamic-diffusion experiments, spin-
lattice relaxation must be rapid in one phase relative to that in the other 
and the first phase must behave as a spin fluid. Such behavior occurs for 
protons in hydrated keratin in a modified Goldman-Shen experiment 
(Figure 7). In this material, the intrinsic spin-lattice relaxation of pro
tons in the mobile phase is much faster than that in the rigid phase 
(largely due to the difference in average molecular mobility), and the rapid 
translational motions of water molecules in the mobile phase allow it to 
be treated as a spin fluid. The dimensions of the rigid phase domains in 
hydrated keratin have been estimated to be ~200 nm (15). 

In the bituminous vitrinite-deuterated-pyridine systems studied here, 
plots of In [v1(r)-v2( i)l ve*sus time t (see eq 28) are distinctly nonlinear 
for data obtained from both the Goldman-Shen and the modified Gold-
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t (S) 

Figure 6. Reduced proton-magnetization relaxation data obtained 
from a Goldman-Shen experiment for the mobile (o) and rigid (χ) 
phases in pyridine-swollen Bulli vitrinite. The solid lines represent 
twin exponential fits to the data. 

t (ms) 

Figure 7. Reduced proton-magnetization relaxation data obtained 
from a modified Goldman—Shen experiment for the mobile (o) and 
rigid (x) phases in a hydrated keratin at 270 Κ The solid lines 
represent twin exponential fits to the data. 
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196 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

man-Shen experiments. This behavior shows that at least one of the 
assumptions made in the Duhamel analysis of dynamic-diffusion experi
ments is not applicable to these coal-solvent systems and hence is con
sistent with the finding that the intrinsic spin-lattice relaxation rates of 
protons in the separate phases are not substantially different (Table III). 
Furthermore, because the mobile phase in these coal—solvent systems con
sists largely of coal structures undergoing reorientational rather than 
translational motions, it is not expected to behave as a spin-fluid phase 
with a uniform magnetization density. 

A n alternative approach is to consider pyridine-swollen coals to be 
comprised of more than two phases (perhaps three as indicated by the *Η 
NMR transverse-magnetization signals). Although this assumption would 
increase the number of parameters to be defined, extensions of the selec
tive saturation techniques described here can, in principle, provide infor
mation about the dispersion of domain sizes in a multiphase system (15). 

Conservative Diffusion Experiment Results from a Goldman-
Shen experiment in which the evolution times t were sufficiently short that 
spin-lattice relaxation effects were negligible are shown in Figure 8. Signi
ficant recovery of the rigid-phase magnetization occurs before spin—lattice 
relaxation becomes evident, and this recovery is consistent with cross-
relaxation rates between the two phases being much greater than the 
intrinsic spin-lattice relaxation rates (Table III). Although the smaller 
times t in the data set are also sufficiently short for the free-diffusion 
approximation (eq 31) to be valid for the pyridine-destabilized phase, the 
nonlinearity of the plot indicates that this behavior does not occur over 
the entire range of evolution times used. There is excellent agreement 
between the values of the ratio K2

,2IL2 for the pyridine-destabilized 
phase in this vitrinite obtained from the initial gradient of the plot in Fig
ure 8 and from a fit to all the data by using eq 30. These values (~24 
s~1/2) and those for the other two vitrinites investigated (~30-40 s~1/2) 
are higher than the corresponding results (~14 s~1/2) obtained by Cheung 
and Gerstein (18) for a Kentucky vitrain (whose *Η NMR signal showed a 
significant, slowly decaying component without the addition of a solvent to 
the coal). 

Information about average domain sizes in solvent-swollen bitumi
nous coals can be deduced from these values of the ratio K^2/L2. In the 
preceding analysis of data from a conservative diffusion experiment, mag
netic diffusion was assumed to be more rapid in the rigid phase, that is, Kt 

> K2. The nature of the rigid-phase magnetization recovery (Figure 8) is 
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Figure 8. Recovery of the proton magnetization as a function oft112 

(evolution time) in the rigid phase of pyridine-swollen Borehole 
vitrinite. The data were obtained from a conservative diffusion 
experiment, and the solid line represents the best fit to the data by eq 
30. 

consistent with this assumption (18), which is also reasonable in the 
absence of rapid translational diffusion of coal molecules in the solvent-
destabilized phase. Thus, with Kt estimated from eq 29 to be 8 χ 1 ( Π 1 2 

cm 2 s _ 1 , the upper limit for L 2 is ~1 nm, and for Lt (the average rigid 
domain size) the upper limit is ~4 nm (from eq 6). 

These calculations indicate that phase domains in pyridine-swollen 
coals have dimensions that are close to the lower end of the molecular 
scale. Such small domain lengths are consistent with the rapid cross-
relaxation between the two phases as illustrated in Figures 5 and 6. How
ever, the domain lengths calculated from the one-dimensional lamellar-
model analysis used here correspond to the shortest of the three dimen
sions of actual domains (18), and the other two length parameters may be 
much greater. 
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Conclusions 

1. A direct correspondence exists between magnetic and thermal pa
rameters, thereby providing the framework within which a wide 
variety of selective saturation experiments appropriate for the study 
of microdomain structure in organic solids such as coals can be anal
yzed by reference to existing theory for heat conduction in solids. 

2. Application of this approach to the reduced-magnetization analysis 
of data produced by an Edzes and Samulski type experiment on a 
two-phase system establishes relationships between the cross-relaxa
tion rates and the boundary impedance between domains of the two 
phases. 

3. X H NMR experiments on pyridine-swollen bituminous vitrinites 
demonstrate the occurrence of rapid magnetization transfer between 
protons in solvent-destabilized and rigid-lattice molecular structures 
and indicate that these two types of structure exist in domains whose 
smallest dimensions are no larger than a few nanometers. 

4. The intrinsic spin-lattice relaxation rates for the separate phases 
identified in these coals by solvent destabilization and 1 H NMR 
spin—spin relaxation are similar and are an order of magnitude less 
than the rate of magnetization transfer between these phases. 
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13C NMR Spectroscopy of Pyridine 
and Alkylpyridines Sorbed onto Coal 

Anthony M. Vassallo 

Division of Coal Technology, Commonwealth Scientific and Industrial 
Research Organization, P.O. Box 136, North Ryde, New South Wales, 
2113, Australia 

Heterocyclic compounds such as pyridine and alkylpyridines 
sorbed onto coals can be examined by cross-polarization 
(CP) nuclear magnetic resonance (NMR) techniques in 
which signals from both the coal and the pyridine are seen. 
The addition of one methyl group to pyridine has little effect 
on the intensity of the observed spectrum, but two methyl 
groups show a decreased signal intensity of the pyridine car
bons, especially for the 2,5-substitution pattern. Larger alkyl 
groups result in a much-reduced signal intensity for the 
sorbed molecule. In the case of pyridine sorption of the 
coals studied, those coals with carbon contents greater than 
85% showed the weakest pyridine signals in the CP spec
trum. A proposed model for the pyridine bonding is one in 
which surface-immobilized molecules are bonded to a 
number of additional pyridine molecules. These bonded 
molecules constitute the bulk of the CP pyridine signal 
observed in the spectrum. 

V^OAL-SOLVENT INTERACTIONS ARE IMPORTANT in studies of the 
macromolecular structure of coal (1). In particular, these interactions are 
evident when certain solvents (e.g., pyridine) cause swelling of the coal 
structure. Those solvents that cause a large degree of swelling disrupt 
hydrogen bonding in the coal and allow the macromolecular network to 
expand to the limits allowed by the covalent cross-links (2). The degree of 

0065-2393/93/0229-0201$06.00/0 
© 1993 American Chemical Society 
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202 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

solvent swelling is not easily related to any one parameter of a solvent 
such as polarity because many highly polar solvents do not appreciably 
swell coal. For polymers, maximum swelling occurs when the solubility 
parameter, 5, of the solvent is equal to that of the polymer, and this fact 
has been applied to coal, although there are many limitations (3). 

Pyridine bonds to the coal surface through the lone pair of electrons 
on the nitrogen atom, probably to acidic sites such as carboxylic and 
hydroxyl groups. Indeed, pyridine has been used to titrate hydroxyl groups 
in coals (low in carboxylic acid groups), and it was suggested (I) that one 
pyridine molecule bonds to each hydroxyl group. Alkylation of hydroxyl 
groups prevents pyridine bonding but does not affect the degree of solvent 
swelling (4) because the amount of swelling is a consequence of the extent 
of covalent cross-linking once hydrogen-bonded interactions are removed. 

Pyridine bonded to the coal surface is greatly immobilized compared 
to free (liquid) pyridine. As a consequence of this immobilization, solid-
state NMR techniques can be used to probe this bound pyridine. These 
techniques have been applied to pyridine bound to silica-alumina (5, <5), 
alumina (7-10), silica-gel (II), and zeolites (12) and have also recently 
been applied to coal (13-15). NMR techniques are useful for studying 
sorbed molecules because the hindered motion of the molecules influences 
many aspects of their NMR behavior, particularly relaxation. In addition, 
for molecules such as pyridine, enrichment of the magnetically active 
nuclei ( 1 3 C or 1 5 N) greatly increases sensitivity. This increased sensitivity 
enables the detection of very low surface coverages without excessive scan 
time. 

Maciel and co-workers (J) have used magic-angle spinning (MAS) 
and cross-polarization (CP) solid-state NMR spectroscopy to study the 
type of bonding that occurs between pyridine and silica-alumina. They 
were able to show that at low surface coverages (~0.2 monolayers) Lewis 
acid-base complexes dominate, and at higher surface coverage hydrogen 
bonding is the dominant interaction. In coals, the surface sites are likely 
to be much less acidic than those of silica-alumina; however, Ripmeester 
and co-workers (15) showed that strongly acidic sites in oxidized coals are 
capable of protonating sorbed pyridine. These workers used 15N-labeled 
pyridine and CP NMR spectroscopy with MAS. In the work reported in 
this chapter, CP NMR spectroscopy was used to study the sorption of 
pyridine and alkylated pyridines onto a selection of coals. In particular, 
the effects of coal rank and alkyl substitution of the pyridine on the sorp
tion behavior were examined. 

Experimental Details 

The elemental analyses of the coals used in this work are shown in Table I. In a 
typical experiment, approximately 300 mg (accurately weighed) of dry, finely 
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crushed (<100 μηι) coal was placed in a 10-mm-diameter glass tube, and pyridine 
or another solvent was added to give a solvent-to-coal ratio of approximately 0.4, 
which should ensure an excess of pyridine over that which is bonded to the coal 
surface. For example, assuming a C 0 2 surface area of 100 m2/g of coal, the 
amount of pyridine that would theoretically cover the coal surface, if bound 
through the nitrogen and free to rotate, would be ~40 mg/g. Even allowing for 
surface-area increases due to solvent swelling, the maximum theoretical coverage 
would still be far less than the amount of pyridine added. In practice there would 
be fewer available bonding sites than the theoretical maximum. The actual ratios 
used are given in Table I. The tube was then capped, and the sample was allowed 
to equilibrate overnight, except for one experiment in which the NMR spectra 
were obtained as soon as possible after solvent addition. 

1 3 C NMR spectra were obtained on a Bruker CXP300 spectrometer operat
ing at 75.6 MHz. CP (16) and Bloch-decay techniques were used to obtain the 
spectra. MAS was not used. For the CP experiments, a 1-ms contact time was 
used, and 5 s was allowed between pulses. In the Bloch-decay experiments, a sin
gle pulse of 7 JLÎS (90°) was used, and 60 s was allowed between pulses. In both 
cases the free induction decay (FID) was collected in the presence of high-power 
proton decoupling. An additional broad resonance to higher field of the pyridine 
was reported in earlier experiments (27), but this resonance was artifactual. 

1 3 C spin-lattice relaxation times, Tv were measured by using the pulse 
sequence of Torchia (18), and Γ 1 ρ

Η values were measured by using standard pulse 
sequences (29). 

Results and Discussion 

Comparison of Bloch-Decay and CP Spectra. The CP pulse 
sequence should not readily generate signals from mobile, liquidlike 
molecules because the transfer of spin magnetization depends on strong 
proton-carbon dipolar coupling. In solution, rapid tumbling of the mole
cules results in a weak average dipolar coupling, and cross-polarization is 
ineffective. In practice, if the CP pulse sequence is used on liquid pyri
dine, a signal that arises from residual magnetization left in the x-y plane 
after the carbon pulse may be observed. The use of phase alternation on 
the initial proton pulse and in data acquisition is usually sufficient to can
cel this residual signal after a few scans. Simple Bloch-decay experiments 
should detect all carbons, whether mobile or not, if sufficient time is 
allowed between pulses for all carbons to relax. The CP and Bloch-decay 
spectra of Liddell coal mixed with pyridine are shown in Figure 1. The 
pyridine signals (three peaks between 125 and 150 ppm) are much more 
intense in the Bloch-decay spectrum than in the CP spectrum. Even 
allowing for a moderate degree of signal loss due to Γ χ

 H in the CP spec
trum, this result shows that some of the pyridine added to the coal is liq-
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206 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

uidlike and is in excess of that which is bonded to the coal and observable 
with CP techniques. The chemical-shift values of the pyridine peaks in 
both the Bloch-decay spectrum and the CP spectrum are close to those 
reported for neat pyridine (124,136, and 150 ppm, [20]). Protonated pyri
dine has resonances at 129,142, and 148 ppm and so can be distinguished 
from the free base. 

MAS and high-power proton decoupling remove line broadening that 
arises from chemical-shift anisotropy (CSA) and proton dipolar coupling, 
respectively. In the absence of MAS, CSA is likely to be a major cause of 
line broadening for rigid or immobilized molecules. Indeed, the aromatic 
resonances of the coal are broadened by such a mechanism, and the ali
phatic resonances are not and thus are not greatly narrowed by MAS. The 
observation of relatively narrow lines for the pyridine resonances indicates 
that the CSA of the pyridine carbons is largely removed by motion. Other 
workers (21) have shown that aromatic molecules chemically bound to a 
surface still exhibit broad resonances that are similar to powder patterns in 
the absence of MAS, even though rapid reorientation around one or more 
axes is occurring. This observation, in combination with the chemical-shift 
data, indicates that the pyridine resonances observed under the conditions 
used here do not arise from those molecules directly bonded to the coal 
surface. 

The effect of time on the CP signal intensity has been studied by 
measuring the total signal area at regular time intervals after pyridine 
addition. It is conceivable that the immobilization of pyridine is diffusion 
controlled and that the signal from cross-polarized pyridine would increase 
with time up to the natural limit. The results shown in Figure 2 demon
strate that after 800 s the signal intensity of the coal-pyridine mixture is 
reasonably constant, and no changes were observed in additional experi-

200 400 600 
Time (sec) 

800 1000 1200 

Figure 2. Effect of time on the CP signal intensity of pyridine sorbed 
onto Liddell coal. 
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9. VASSALLO 1 3 C NMR Spectroscopy of Pyridine & Alkylpyridines 207 

ments after many days or weeks. Apparently the immobilization of pyri
dine occurs quite rapidly, and this result is consistent with the observation 
that swelling of thin sections of coal is complete within 60 s (22). 

Effect of Temperature. NMR studies of pyridine sorbed onto 
silica-alumina (5) have shown that the CP signal of the pyridine changes 
in intensity and shape with decreasing temperature. Similar variable-
temperature experiments (except without MAS) have been performed on 
pyridine-Rosewood coal mixtures, and the results are shown in Figure 3. 
As the temperature is lowered, the resonances from the cross-polarizable 
pyridine decrease in intensity and broaden somewhat, and the signal from 
the 7 carbon shows the strongest effect. This result is similar to that 
observed for the pyridine-silica-alumina system (5). The broadening of 
the resonances in the coal-pyridine system can arise from a number of 
effects. First, in the absence of MAS, CSA is not spun out. As the tem
perature is lowered and the motional averaging of CSA becomes less 
effective, the resonances may broaden toward their static value. Another 
mechanism that may cause broadening is the reduction in effective proton 
decoupling caused by motion at the same frequency as the decoupling field 
(25). Furthermore, line broadening can result from a decrease in the 
chemical-exchange rates between different sites of the pyridine. Any of 
these mechanisms may contribute to the observed line broadening, and 
further work is needed to establish their relative contributions. The 
observation of a stronger effect for the 7 carbon may indicate that a com
ponent of motion is the rotation of the molecule about its C 2 axis; this 
motion results in a type of "magic-angle spinning" for the a and β carbons 
but not for the 7 carbon (24). 

Effect of Coal Rank. The effect of coal rank on the CP signal of 
sorbed pyridine was investigated by measuring the coal-pyridine spectrum 
of a number of coals ranging in carbon content (dry, ash-free) from 69.0 to 
87.3%. These spectra are shown in Figure 4, arranged in order of decreas
ing carbon content. On the basis of the intensity of the pyridine signals, 
the two highest rank coals (Tongarra and Wongawilli) appear to interact 
with pyridine in a very different manner than the other, lower rank coals. 
The amount of pyridine added to these two coals (Table I) is similar to 
that added to the other coals, but very little of this pyridine is seen by CP 
techniques under the conditions of this study. Bloch-decay experiments 
(not shown) reveal, as expected, large pyridine resonances as well as coal 
signals. Possible explanations of this behavior are given in the following 
sections. 

Alkyl- Substituted Pyridines. The lone pair of electrons on the 
nitrogen in pyridine is an obvious means of bonding to acidic sites. In 
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ι ι 1 ι ι 
400 200 0 

Chemical shift, S (ppm) 

Figure 3. Effect of temperature on cross-polarizable pyridine sorbed 
onto Rosewood coal 

view of the expected role of nitrogen in the interaction of pyridine with 
coal, a series of alkylpyridines was used in similar experiments to deter
mine whether steric hindrance of the nitrogen or of the molecule in gen
eral would affect the observed CP behavior of the solvent. The alkylpyr
idines included 2-, 3-, and 4-methylpyridine (picolines); 3,5-and 2,6-di-
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400 200 0 
Chemical shift, δ (ppm) 

Figure 4. Cross-polanzation of pyridine sorbed onto various coals. 
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210 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

methylpyridine (lutidines); 2-ethylpyridine; and 4-fôrf-butylpyridine. The 
CP spectra of these alkylpyridines sorbed onto Liddell coal are shown in 
Figures 5a and 5b. The substitution of a single methyl group onto the 
pyridine ring does not appear to greatly alter the intensity of the reso
nances. The addition of two methyl groups to the pyridine ring causes a 
decrease in signal intensity, especially for the 3,5-dimethylpyridine. If 
steric hindrance of the nitrogen were effective in decreasing the 
coal-solvent interaction, then the strongest effect should be observed with 
the 2,6-isomer, which is not the case. The spectrum of 2-ethylpyridine 
sorbed onto Liddell coal shows an even weaker signal, and the substitution 
of a bulky terf-butyl group onto the pyridine molecule results in an even 
weaker signal from both the ring and side-chain carbons. Unfortunately, 
simple correlations between CP signal intensity and sorbed molecule 
motion cannot be made because the observed signal will be influenced by 
a number of processes, such as the type of motion (e.g., vibrational or 
rotational) and its frequency and degree of anisotropy. Nevertheless, the 
observation that 3,5-dimethylpyridine behaves differently than 2,6-
dimethylpyridine indicates that the position of the substituents relative to 
the nitrogen atom influences the type of bonding between the pyridine 
molecule and coal. 

Relaxation Behavior of Sorbed Pyridine. Relaxation meas
urements are a means of interpreting motion on the NMR time scale. In 
the absence of other effects, motion with frequency components at the 
Larmor frequency will provide an efficient means of spin relaxation 
through the lattice, and this is termed spin—lattice relaxation, Tv The Tfo 
of the protonated ring carbons of pyridine and alkylpyridines sorbed onto 
Liddell coal were measured to determine whether carbon-relaxation meas
urements are useful in studying this type of interaction. Because the 
coal-pyridine system includes unbound "liquid" pyridine, the pulse se
quence used for Τχ measurement must discriminate between free and 
cross-polarizable solvent. The pulse sequence of Torchia (18) achieves 
this discrimination by canceling unwanted signals from the free solvent. 
Because of the overlap of pyridine resonances with the broad aromatic 
band of the coal, estimation of the base line for measurement of the inten
sity of the pyridine signal is somewhat subjective. This base-line estima
tion will introduce some error, but the measurements are believed to be 
accurate to ±10%. The T 1

c values for pyridine and alkylpyridines sorbed 
onto Liddell coal are given in Table II. The T 1

c values for pyridine 
sorbed onto other coals are as follows: 

• Morwell, 70 ms 
• Rosewood, 151 ms 
• Myuna, 232 ms 
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I ι 1 ι I 

400 200 0 

Chemical shift, δ (ppm) 

Figure 5a. Cross-polarization of pyridine and picolines sorbed onto 
Liddell coal. 
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3,5 dimethylpyridine 

400 200 

Chemical shift, δ (ppm) 

Figure 5b. Cross-polarization of dimethylpyridine, ethylpyridine, and 
tert-butylpyridine sorbed onto Liddell coal. 
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Table II. Tt

c Values of Cross-Polarized Pyridine 
and Alkylpyridines Sorbed onto Liddell Coal 

Molecule T / (ms) 

Pyridine 394 
2-Methylpyridine 249 
3-Methylpyridine 170 
4-Methylpyridine 278 
2,6-Dimethylpyridine 256 
3,5-Dimethylpyridine nd" 
2-Ethylpyridine 224 
4-ferf-Butylpyridine 2380 

N O T E : r a

c values (in milliseconds) were measured 
for a carbons except where the position was 
substituted, in which case the nearest unsubstituted 
carbon was chosen. Tt differences between different 
unsubstituted ring carbons were not large. 
and means not determined. 

The α-carbon T1 of the sorbed pyridine increases with increasing coal 
carbon content within the range of the four coals studied here. The addi
tion of alkyl substituents, except for ferf-butyl, appears, not unexpectedly, 
to decrease the Tv The very long Tt of the ierf-butylpyridine indicates a 
significantly different type of motion compared to the other molecules. A 
plot of 1/Tt versus the percent C in the coal (Figure 6) demonstrates the 
almost linear relationship between the observed relaxation rate of pyridine 
and the carbon content of these coals. The interpretation of this relation
ship is complicated by a number of factors. The observed relaxation rate 
will depend on the relative contribution of many different relaxation 
processes, which may include dipole-dipole relaxation (with coupling to 
protons or unpaired spins), spin-rotation relaxation, chemical-shift aniso-
tropy, and scalar relaxation. Coal contains significant amounts of unpaired 
spins (on the order of 10 1 9 spins per gram [25]), and relaxation due to 
coupling with these spins (or to paramagnetic adsorbed oxygen) may be 
the dominant mode. The Γ α

Η in coals with carbon contents less than 85% 
is predominantly determined by this mechanism (26). However, 
values in coal are considerably longer (27), and coupling to carbon in coal 
is much less effective than coupling to protons. The extent of relaxation 
due to unpaired spins affecting the sorbed pyridine should be further 
decreased by the pyridine's remoteness to these spins. Moreover, the con
centration of unpaired spins in coal tends to increase with rank (25), and 
the effect would be more rapid relaxation of sorbed pyridine with increas-
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ing coal carbon content if this mechanism were dominant. As Figure 6 
demonstrates, the observed relaxation rate decreases rather than increases 
with coal rank. Additional experiments at different magnetic fields will 
help in determining the sources of relaxation, and these experiments are 
currently under way. 

Implications for Structure of Sorbed Pyridine. Previous 
work (1) has supported the concept that pyridine bonds to coal surfaces 
through the interaction of the lone pair of electrons on the nitrogen with 
hydroxyl or carboxyl groups on the coal. In the techniques used here, 
surface-bound pyridine would probably not be readily evident in the spec
tra because of the low relative concentration of pyridine ( on the basis of 
surface-area calculations, the ratio of pyridine carbon to coal carbon 
would be <0.04) and the broadness of the resonance in the absence of 
MAS. The pyridine resonances that we observed with CP techniques must 
arise from immobilized pyridine in excess of surface- (monolayer)-bound 
molecules. This immobilization may arise from pyridine-pyridine hydro
gen bonding, which results in additional layers of pyridine molecules, or 
pyridine trapped and immobilized in pores, or both. The latter process, 
immobilization in pores, has been studied in zeolites, and one case (28) 
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demonstrated that as the pore size became larger, the of the trapped 
tetramethylammonium ion decreased. Unfortunately, the pore-size distri
butions of the coals used in this work have not been measured; however, 
the average pore size should decrease with increasing carbon content. If 
this were the case, the coal-pyridine system shows the opposite behavior 
to the zeolite system. The observation that 3,5-dimethylpyridine has a 
weaker CP signal than 2,6-dimethylpyridine (Figure 5) supports the theory 
that much of the observable pyridine arises from a "piggyback" type of 
bonding to the surface-bound layer, because the 3,5-substitution would 
interfere with this type of bonding. The very weak signal from the tert-
butylpyridine is also consistent with this manner of bonding, but the bulky 
rerf-butyl group may also inhibit access of the pyridine molecule to surface 
sites, with similar results. As shown in Figure 4, the spectra of the two 
coals with the highest carbon content did not have much of a CP pyridine 
signal. This result is consistent with the proposed "piggyback" mechanism 
because of the expected lower hydroxyl content and pore size of these 
coals in comparison with the other coals. 
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Distortion-Free 13C NMR Spectroscopy 
in Coal 

1H Rotating-Frame Dynamic Nuclear Polarization 
and 1H-13C Cross-Polarization 

Robert A. Wind1 

Department of Chemistry, Colorado State University, Fort 
Collins, CO 80523 

A 1H-13C cross-polarization (CP) experiment is described 
in which the 1H magnetization, used in CP, is obtained via 
dynamic nuclear polarization (DNP) in the proton rotating 
frame (RF DNP). This experiment can be carried out in 
coal and other solids containing unpaired electrons. In this 
so-called RF DNP—CP experiment, interplay effects between 
the 1H—13C polarization-transfer times and the 1H rotating
-frame relaxation time are avoided; thus 13C spectral distor
tions due to these effects are prevented Moreover, multiple
-contact RF DNP—CP experiments are possible, and these 
experiments reduce the measuring time of a 13C spectrum. 
An application of the RF DNP—CP technique in a low
-volatile bituminous coal is given. 

S l N C E THE INTRODUCTION of 1 H decoupling (I), cross polarization 
(CP) (2) and magic-angle spinning (MAS) (3), which made it possible to 
obtain high-resolution 1 3 C NMR spectra in solids in a relatively short 

1 Current address: Chemagnetics, Inc., 2555 Midpoint Drive, Fort Collins, CO 
80525 
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218 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

measuring time, these techniques have been applied extensively in coal 
research (4—7 and references cited therein). However, even in the very 
first article about 1 3 C CP NMR spectroscopy in coal (8) the authors 
reported that only 50% of the total amount of carbon atoms could be 
detected with this technique, and since then the issue of quantitative infor
mation that can be obtained from the 1 3 C spectra has been the topic of 
much debate (9-16). One of the major factors that can influence the 
quantitative aspects in CP is the interplay between J C H and Τχ during 
CP, where T C H is the 1 H - 1 3 C polarization-transfer time governing the 
buildup of the 1 3 C polarization, and Τχ is the 1 H - 1 3 C rotating-frame 
polarization time characterizing the decay of the *H polarization toward 
zero. When T C H and Tlp are of the same order of magnitude, the 1 3 C 
magnetization is decreased (17). Moreover, when there is a distribution 
of T C H values resulting from different 1 3 C - 1 H distances and molecular 
motions, distorted 1 3 C spectra are obtained (18). In coal, different T C H 

values varying from tens of microseconds to more than a millisecond have 
been observed (14), and Tlp values of a millisecond or less have been 
reported (13, 14), and thus distorted 1 3 C CP spectra can indeed be expec
ted. Moreover, in many coals a distribution of Tlp values is observed as 
well (13, 14). This distribution makes an analysis of the CP results very 
complicated as it requires, among other things, a detailed knowledge of 
the distribution of the Tlfi values over the aliphatic and aromatic pro
tons. Therefore, at best the 1 3 C CP spectra can provide such qualitative 
information as the presence of different molecular fractions in coal. 

The problem in CP associated with the interplay between J C H and 
Tlp arises from the fact that for the proton system during CP, a nonsta-
tionary situation exists, in which the *H magnetization, which is usually 
equal to the thermal equilibrium magnetization corresponding to the 
external field, BQ, is spin-locked along a radio frequency (rf) field, applied 
at the *H Larmor frequency, with an amplitude, 2?R, much smaller than 
BQ. This nonstationary situation causes the *H magnetization to decay to 
zero. Hence, the problem in CP arising from this decay could be avoided 
if the 1 H magnetization along J8R could be made stationary. Then the 
matching time, f c p , during which CP occurs could have an arbitrary length, 
allowing all 1 3 C nuclei to polarize fully and resulting in undistorted 1 3 C 
spectra. In a standard CP experiment, this result is impossible to achieve. 

In this chapter, an alternative CP method is described in which a sta
tionary *H magnetization along BR is indeed obtained. This method 
makes use of the unpaired electrons that are present in coal by nature and 
generates this stationary magnetization via dynamic nuclear polarization 
(DNP). The principle of this technique and the application of this method 
in a low-volatile bituminous (LVB) coal are described in the following 
sections. 
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Dynamic Nuclear Polarization 

In solids containing both magnetic nuclei and unpaired electrons, the 
nuclear magnetization can be enhanced by irradiating at or near the elec
tron Larmor frequency, cue, yielding the DNP effect (19, 20). Traditionally, 
the nuclear magnetization aligned along BQ in the laboratory frame is 
enhanced via DNP. This effect will be called laboratory-frame DNP (LF 
DNP). In L F DNP, after the onset of the irradiation the nuclear magneti
zation reaches a stationary value, M H L , in a time governed by the nuclear 
Zeeman relaxation time. Figure la shows the X H L F DNP enhancement 
factor minus unity, EL - 1, of an L V B coal (volatile matter = 19.8%, C = 
90.2%, and H = 4.6% dry, mineral-matter free [dmmf]) as a function of 
the microwave offset frequency, (ω - œQ), for BQ = 1.4 T. Here EL is 
defined as 

Μτπ 

In eq 1, ( M H L ) Q is the laboratory-frame thermal-equilibrium magneti
zation in the absence of microwave irradiation. An elaborate description 
of L F DNP is given in the references (19, 20). Here we confine ourselves 
to remarking that the observed enhancement curve, (EL — 1) versus (ω — 
ω&) (Figure la, curve 1), can be decomposed into an antisymmetrical curve 
(curve 2) governed by static electron—proton interactions, and a symmetri
cal curve (curve 3) originating from time-dependent electron-proton 
interactions. 

DNP can also be obtained in the nuclear rotating frame (21, 22). 
This rotating-frame DNP will be called R F DNP. In R F DNP, a simul
taneous irradiation is applied of a microwave field with a frequency near 
ω 6 and a strong rf field with an amplitude i? R and a frequency equal to the 
nuclear Larmor frequency. This irradiation results in a nuclear magnetiza
tion, M H R , aligned along in the nuclear rotating frame, which becomes 
stationary in a time determined mainly by the nuclear rotating-frame 
relaxation time. Figure lb shows the X H R F DNP enhancement factor, 
ER, of the L V B coal as a function of ω - uQ for BR = 1.4 mT. Here ER is 
defined as 
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Compared to the L F DNP results, the following observations can be 
made: 

1. In R F DNP, the observed enhancement curve is completely antisym-
metrical, which means that in R F DNP the enhancement is due to 
static electron—proton interactions only. 
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2. In R F DNP, the maximal magnetization is a factor 2.7x smaller than 
the laboratory-frame thermal equilibrium magnetization and a factor 
40 χ smaller than the maximal magnetization obtained via L F DNP. 

However, despite this relatively small value of M H R , R F DNP pro
vides some major advantages. First, MHR remains stationary along BR as 
long as the simultaneous irradiation of the microwave field and the rf field 
is applied. Hence, if X H R F DNP is followed by 1 H - 1 3 C CP, M H R will 
remain constant during the polarization transfer, provided that the J5R 

field is not altered during CP. This condition means that in this so-called 
R F DNP-CP experiment the interplay between Tcu and Tlf> is avoided. 
Second, if during the 1 3 C signal acquisition the magnitude of the *H 
decoupling field is kept equal to BR as well, M H R will still be present after 
the signal acquisition. This result opens the possibility of applying 
multiple-contact CP strategies, where the next CP experiment is applied 
immediately after the 1 3 C signal acquisition. Finally, in R F DNP M H R 

becomes stationary after a few times Tlfi. Hence, even when multiple-
contact R F DNP-CP experiments cannot be used (e.g., because of heating 
problems of the probe or the sample or because BR had to be changed 
during the signal acquisition), the recycle delay can be made very short in 
an R F DNP-CP experiment (i.e., milliseconds), and the measuring time of 
such an experiment is reduced considerably. 

The RF DNP-CP Experiment 

The experimental setup has been described elsewhere (20, 23). The exter
nal magnetic field was 1.4 T, which corresponds to a *H Larmor frequency 
of 60 MHz, a 1 3 C Larmor frequency of 15 MHz, and an electron Larmor 
frequency of 40 GHz. A 10-W Varian fixed-frequency klystron, which pro
vides a microwave field with an amplitude of about 0.03 mT, was used as a 
microwave source. The BR field was 1.4 mT throughout the R F DNP-CP 
experiment. Figure 2 shows the pulse sequence employed in the R F 
DNP-CP experiment. The microwave irradiation was applied continuously 
at an offset frequency (ω - wQ)/2w = -15 MHz, for which the *H R F DNP 
enhancement is maximal (see Figure lb). 

The main difference between R F DNP-CP and a standard CP experi
ment is that the a H 90° pulse, employed in the latter experiment to spin-
lock the laboratory-frame *H magnetization along BR, is replaced by an rf 
irradiation during a time, tv During tv the *H magnetization, M H R , 
builds up along BR. The value of tx must be a few times greater than Tlp 

in order for M H R to become stationary (for the L V B coal, Tlfi = 3 ms, 
and a tt value of 6 ms was used). Between CP and the 1 3 C signal acquisi
tion, the 1 3 C magnetization is flipped alternatively along the +z and —z 
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J 

R 

Figure 2. The pulse sequence for the RF DNP-CP experiment. 

axes via a (90°) and a (90°)^ pulse, respectively, followed by a short delay 
time t2 (10 ms), followed by another (90°)^ pulse, which brings the 1 3 C 
magnetization alternatively about the +x and -x axes. This sequence pro
duces a spin—temperature alternation for the 1 3 C signal, and this alterna
tion together with an add-subtract routine eliminates rf transient effects. 

In a standard CP experiment this elimination is achieved by alternat
ing the 1 H spin-temperature, that is by spin-locking the X H magnetization 
alternatively parallel or antiparallel to BR. However, in R F DNP-CP 
spectroscopy this procedure is not possible because the X H magnetization 
will always be directed parallel to BR. 

A two-contact R F DNP-CP experiment was performed in which the 
*H decoupling field, applied during the first 1 3 C signal acquisition time, i a , 
is used to generate the *H magnetization along BR, which is employed in 
the second X H - 1 3 C polarization transfer (ta = tx = 6 ms). Between the 
two-contact R F DNP-CP sequences, a recycle delay, i d , of 0.2 s was 
applied to prevent overheating of the probe and the sample. 
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a b 

223 

c d 

- 1 1 1 1 1 1 1 I I I 
300 200 100 0 -100 300 200 100 0 -100 

PPM PPM 

Figure 3. 13C spectra of an LVB coal obtained via RF DNP-CP (a, 
b) and standard CP (c, d) experiments. The matching times, tcp, 
were 1 ms (a, c) and 5 ms (b, d), respectively. (Reproduced with 
permission from reference 22. Copyright 1990.) 

Results and Discussion 

Figure 3 shows 1 3 C spectra of the L V B coal. These spectra were obtained 
via R F DNP-CP (Figures 3a and 3b) and standard CP (Figures 3c and 3d) 
NMR spectroscopy (in the latter experiment, the *H magnetization, prior 
to CP, was increased by using L F DNP in order to enhance the 1 3 C sensi
tivity as in ref. 14). The spectra were obtained for two values of the 
matching time tc?: 1 ms (Figures 3a and 3c) and 5 ms (Figures 3b and 
3d). In these experiments, MAS was avoided in order to prevent possible 
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spectral distortions due to sample rotation (14,16). Under this condition, 
the 1 3 C spectra consist of overlapping chemical-shift anisotropy (CSA) 
patterns, and the narrower CSA pattern, peaking at about 40 ppm, reflects 
the presence of aliphatic carbons, whereas the broad CSA pattern with a 
maximum at about 160 ppm is due to aromatic 1 3 C nuclei. 

The following results can be deduced from Figure 3: 

1. In the standard CP experiment, the 1 3 C signal intensity observed 
after r c p = 5 ms is considerably less than that observed after f c p = 1 
ms, a result reflecting the short *H Tlp value in this coal. In R F 
DNP-CP the 1 3 C signal intensities observed after the 1- and 5-ms 
matching times are about the same; this result means that 1 H Tlp 

effects are eliminated in this experiment (the small decrease in the 
1 3 C signal intensity after a matching time of 5 ms is due to 1 3 C Tlp 

effects). 

2. The 1 3 C aromaticity observed via R F DNP-CP spectroscopy for tc? 

= 5 ms is larger than that observed after tc? = 1 ms. This result 
means that a part of the aromatic 1 3 C nuclei are cross-polarizing 
with a polarization-transfer time, J C H , of the order of a millisecond 
or more, a result indicating that interplay effects between X H Tlp and 
T C H play an important role in the standard CP experiment. 

3. In the 1 3 C spectra observed via R F DNP-CP spectroscopy, shoul
ders are observed at about -50 ppm; these shoulders are not present 
in the spectra obtained via standard CP. These shoulders probably 
reflect the high-shielding limit of the CSA patterns corresponding to 
condensed aromatic 1 3 C nuclei such as bridge carbons in polycyclic 
aromatic compounds (10). These aromatic 1 3 C nuclei are nonpro-
tonated, and the corresponding T C H values are long. Hence, in a 
standard CP experiment the 1 3 C signal intensity due to these nuclei 
is seriously suppressed as a result of the interplay between T C H and 
*H Tlp, which explains why these shoulders are not observed in the 
CP experiment. 

In conclusion, the R F DNP-CP interference effects between J C H and 
*H T. are avoided; thus distortion-free 1 3 C spectra can be measured in 
coal. In this method, signal losses during CP due to *H Tlp effects are 
avoided so that f c p can be made as long as is needed for all the 1 3 C nuclei 
to polarize completely. The only restriction is that for long tc? values sig
nal losses occur as a result of the 1 3 C rotating-frame relaxation effects, but 
this is not a serious constraint because in coals the 1 3 C rotating-frame 
relaxation time is considerably longer than that of the protons (14). 

Finally, the following remarks can be made: 
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1. It follows from Figures 3a and 3c that the apparent 1 3 C aromaticity 
obtained via a standard CP experiment for i c p = 1 ms is approxi
mately equal to that measured by means of R F DNP-CP spectros
copy. This result should be considered as a coincidence, and many 
different CP experiments (e.g., variable and fixed ÎQ» and a variable 
delay prior to CP) are needed in order to obtain a better estimate of 
the quantitative character of the 1 3 C CP spectra. (This issue will be 
discussed in detail in a separate paper.) 

2. Although the 1 3 C spectra obtained by means of R F DNP-CP spec
troscopy provide more quantitative information about, for example, 
the amount of different molecular groups present in coal than a 
standard CP experiment, still other factors, such as the broadening 
effects due to the presence of the unpaired electrons, can limit the 
quantitative integrity of the 1 3 C spectra (14—16). This issue will also 
be addressed in a separate publication. 

3. When the *H rotating-frame relaxation is fast, a distribution of 
relaxation times may arise as a result of insufficiently rapid spin dif
fusion among the protons (24). Such a distribution has been 
observed in many coals (13, 14). If this situation occurs, the R F 
DNP-CP technique will provide undistorted 1 3 C spectra only if the 
1 H rotating-frame relaxation is determined completely by the 
electron-proton interactions. For example, if for a part of the pro
tons the relaxation is determined by 1 H - 1 H dipolar interactions, the 
R F DNP enhancement factor for these protons is suppressed, which 
results, after CP, in a reduction of the intensity of the 1 3 C nuclei 
cross-polarizing with these protons. However, for many coals of dif
ferent ranks, the electron—proton interactions are indeed the dom
inant mechanism for X H Tlp (25), and this restriction probably does 
not impose serious consequences for the applicability of the R F 
DNP-CP approach. Moreover, in low-rank coals and large BR 

fields, the Ή rotating-frame relaxation times increase and can 
become so large that spin diffusion is capable of averaging out the 
relaxation rates. In this case, undistorted 1 3 C R F DNP-CP spectra 
will be obtained regardless of the origin of the 1 H rotating-frame 
relaxation. 

4. Substantial *H R F DNP enhancement factors have also been 
observed in coals of considerably lower rank than the low-volatile 
bituminous coal discussed in this chapter. Hence, the R F DNP-CP 
technique should be applicable to coals of many different ranks. 

5. The *H R F DNP enhancement factors can be enlarged by employing 
larger BR fields or microwave fields than have been used in the ex-
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periments discussed previously. Preliminary experiments indicate that 
it should be possible to obtain M H R values comparable to the lab
oratory-frame thermal equilibrium magnetization, (AfH L) . If this 
can be achieved, the number of scans necessary to obtain a * 3 C spec
trum with a good signal-to-noise ratio (100,000 in the experiment 
shown in Figures 3a and 3b) can be reduced substantially. A probe 
capable of handling a continuous irradiation of an rf field at the pro
ton Larmor frequency with an amplitude BR of at least 2 mT is 
under construction. If this probe can be achieved, it will enable 
researchers to perform multiple-contact R F DNP-CP experiments, 
which will reduce the measuring time of a 1 3 C R F DNP-CP spec
trum from the 2.8 h it took to obtain each of the spectra shown in 
Figures 3a and 3b to a few minutes. Hence, R F DNP-CP opens the 
possibility of a fast characterization of coal by means of 1 3 C NMR 
spectroscopy. 
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Proton Magnetic Resonance Thermal 
Analysis of Argonne Premium Coals 

Richard Sakurovs, Leo J. Lynch, and Wesley A. Barton 

Commonwealth Scientific and Industrial Research Organisation (CSIRO), 
Division of Coal and Energy Technology, P.O. Box 136, North Ryde, New 
South Wales 2113, Australia 

The eight Argonne Premium coals were examined by using 
proton magnetic resonance thermal analysis (PMRTA). A 
new empirical parameter that is related to the second 
moment of the truncated frequency spectrum of the NMR 
signal is described and is used to quantify the fusion 
behavior of coal. The two lowest rank Argonne coals show 
the same fusion behavior as Australian brown coals of com-
parable atomic H—C ratios. The temperatures at which 
fusion of the Argonne bituminous coals occurs are not sig
nificantly different from those of Australian coals of the 
same carbon content. However, the clear relationship found 
between the fusibility of Australian bituminous coals and 
hydrogen content is not observed for the Argonne coals. 
The enhanced fusibility of some of the Argonne Premium 
coals as compared to Australian coals with the same hydro
gen content may be due to the higher sulfur content of those 
Argonne coals. 

i H E PHYSICAL AND CHEMICAL TRANSFORMATIONS that a coal 
undergoes when heated determine its utility as a fuel or a feedstock for 
the manufacture of cokes, carbons, and other products. The study of these 
transformations is complicated by the natural variability and heterogeneity 
of coals. Variability and heterogeneity ultimately depend on the type and 

0065-2393/93/0229-0229S06.75/0 
© 1993 American Chemical Society 
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density of covalent and noncovalent interactions that contribute to the sta
bility of these solid materials. Thermal analysis methods with adequate 
time resolution allow in situ monitoring of transient intermediate states of 
a material. The information gathered by these methods can be used to 
specify the kinetics of, and identify the important metamorphic events in, 
the transformation of the material under investigation. The thermoplastic 
state attained by bituminous coals during heating to pyrolysis conditions is 
an important example of a transient intermediate state that determines the 
behavior of the pyrolysis residue in subsequent processing. 

A method of proton magnetic resonance thermal analysis (PMRTA) 
has been developed in our laboratory to investigate thermal transforma
tions in coal materials (1). The undeeoupled proton magnetic resonance, 
which can simply be recorded as a time-domain transient or transverse-
magnetization signal, is sensitive to the molecular structure and dynamics 
of organic solids. The influence of structure on the resonance signal 
occurs via the static magnetic interactions of the protons that are dom
inated by the short-range proton-proton dipolar fields. The molecular 
dynamics influence the proton magnetic resonance signal by decoupling 
this static dipolar interaction when molecular reorientations occur at a 
frequency equivalent to the strength of this interaction. Thus molecular 
reorientations on a time scale of <10 ps will affect the NMR signal; as the 
motional decoupling increases, so does the lifetime of the transverse-
magnetization signal. The ability to perform the NMR measurements in 
situ during heating to pyrolysis temperatures and at a sufficient time reso
lution to monitor transient phenomena constitutes the technique of 
PMRTA. P M R T A has been applied to studies of the thermoplastic 
phenomenon of bituminous coals (2), to the pyrolysis of brown coals (5), 
and to surveys of Australian coals (4-6). These studies involved correla
tion analyses of the parameters derived from the PMRTA data with a wide 
range of chemical, proximate, pétrographie, and carbonization test data on 
eastern Australian coals and both bituminous and subbituminous brown 
coals. A number of strong single- and two-factor correlations were 
obtained, and the results enable the Australian coal resource to be 
represented in a classification space such that an unknown coal's proper
ties can be predicted in a comprehensive fashion and with a useful degree 
of accuracy from the PMRTA data (6, 7). 

This study concerns PMRTA characterization of the eight Argonne 
Premium coals. The results are discussed in terms of the thermal-
transformation properties revealed, and the data provided allow these 
North American coals to be compared with the well-characterized set of 
the mostly Permian Australian coals. 
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Experimental Details 

The analytical data for the Argonne Premium samples were taken from Vorres 
(8). These eight coals are each largely composed of vitrinite, but there are con
siderable quantities of inertinite in all of the coals and significant amounts of lip-
tinite in four of them (Table I). The reference set of 130 Australian coals have 
been characterized by proximate, ultimate, and maceral analyses according to the 
corresponding Australian standards (9-11). 

For PMRTA experiments, coals were first crushed to pass a 0.25-mm sieve 
and washed in dilute hydrochloric acid at 60 °C for 1 h to remove any iron(II) 
carbonate. Iron(II) carbonate decomposes during pyrolysis to form magnetically 
ordered magnetite, which can interfere with NMR measurements (12). The 
resulting specimens were stored under nitrogen at -18 °C. Subsamples (~0.2 g) 
were dried overnight at 105 °C under nitrogen immediately prior to being 
analyzed by PMRTA. 

The experimental design and procedure of the PMRTA experiment are dis
cussed in Chapter 7, and only a brief outline will be given here. The solid echo 
pulse sequence (90°x-T-90°y) was used to generate a *H NMR transverse-
magnetization signal that closely approximates the free induction decay (FID) 
produced by a single 90° pulse (13, 14). The pulse separation, r, was set to 6 μ$, 
the minimum value for which the echo peak was not obscured by the dead time 
of the spectrometer after the second pulse. The solid echo signal I(t) was 
recorded at regular intervals (~2 min) while the sample was being heated at a rate 
of 4 °C/min under nonoxidizing conditions from room temperature through the 
region of main pyrolysis to a maximum temperature of ~600 °c. 

Results and Data Analysis 

The shape of the transverse-magnetization signal is determined by the 
magnetic interactions between the protons of the sample material and the 
extent to which these interactions are decoupled by molecular motions. In 
particular, the signal from heterogeneous specimens such as partially fused 
coals consists of components that include 

• short-lived (the characteristic time constant, T2, is ~ 16-24 ps for 
coals) Gaussian-like components from hydrogen in structures in which 
molecular reorientations occur on a time scale of >10 ps (termed 
immobile or rigid-lattice structures) 

• relatively long-lived (T2 is ~100-1000 ps for coals), exponential-like 
components from hydrogen in structures in which the molecular 
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reorientations occur on a time scale of <10 /xs (termed mobile struc
tures) 

The amplitude contributions of these components at zero time (i.e., 
at the peak of the solid echo) to the total signal 1(0) are directly propor
tional to the hydrogen populations of the corresponding structures, 
whether they are mobile or rigid. The raw PMRTA data for the eight 
Argonne Premium coals, in the form of stacked plots of the X H NMR 
transverse-magnetization signals I(t)9 are adequately represented by the 
data sets for four of the coals: Wyodak-Anderson, Illinois No. 6, Blind 
Canyon, and Pocahontas No. 3 (Figures la-Id). At low temperatures, the 
signals decay relatively rapidly, as would be expected for solid organic 
materials. With increasing temperature, depending on the coal, an 
increasing fraction of the signals becomes relatively long-lived, providing 
direct evidence that molecular mobility is being thermally activated in 
parts of the structure. At even higher temperatures, both the contribution 
of this mobile fraction and the total signal amplitude 1(0) are reduced as 
hydrogen-containing volatile substances are evolved. At ~600 °C, the sig
nals of the residual char or semicoke are reduced in amplitude and are 
relatively short-lived, a result that is characteristic of rigid solids with low 
H contents. 

Generally, the *H NMR signals obtained for coals are not well fitted 
by the sum of one exponential component and one Gaussian component. 
No doubt this result is due to the fact that coal is heterogeneous at the 
molecular level, and thus the hydrogen in a given coal produces a number 
of signal components with a range of time constants. Therefore parame
ters that embody the shape of the whole signal are to be preferred. 

One such approach to quantifying the X H NMR signal I(t) is to 
obtain a frequency-domain spectrum G(u) by Fourier transformation and 
then calculate the second moment, M2 of that spectrum. The second 
moment captures the sensitivity of the NMR signal to the static magnetic 
interactions experienced by the resonant nuclei and can thus provide valu
able information about the molecular dynamics and the concentration and 
distribution of spin species in the material (15). As properly defined in 
terms of an infinite integral over frequency, M2 is a linear parameter in 
that its value for a spectrum composed of several components will be the 
population-weighted average of the values for the individual components. 
However, this parameter has the disadvantage that for the Lorentzian line 
shape arising from the transformation of a signal containing an exponen
tially decaying component, the infinite integral diverges (15). This diffi
culty has been avoided by truncating the integration at a convenient finite 
frequency uv giving a truncated second moment Μ2Ύ(νΎ) defined as (16) 
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τ 
/i?G{v) Αν 

Mzr(^) - ±- (1) 

0 

where u and ι / χ are specified relative to the resonance frequency. A diffi
culty with the M 2 T(z/ T) parameter so defined is that for a spectrum con
taining several different components, the overall Μ2Ί(ι/Ί) is not neces
sarily a weighted average of the values for the individual components. 
This nonlinearity limits the usefulness of Μ2Ί(ι/τ) in describing interac
tions within heterogeneous systems such as coals. 

If, however, an empirical approach is adopted and the parameter 
M 2 T ( i / T ) is defined as 

$i?G(v)&v 
Mzr(^) = ^ (2) 

jG(y) di/ 
ο 

where the denominator is equivalent to the initial amplitude 1(0) of the 
corresponding time-domain signal, then Μ2Ί(νΎ) has the desirable proper
ties of being both finite and linear. The M 2 T ( i / T ) parameter thus defined 
is not equivalent to the second moment of the frequency spectrum trun
cated at ι/τ (which is given by eq 1). In the following discussion, M 2 T ( i / T ) 
refers to the empirical parameter defined according to eq 2. 

Because Μ 2 Τ ( ι / χ ) is calculated by integration of the frequency spec
trum, it is less affected by random and systematic errors than parameters 
obtained by fitting the time-domain signal. Typical random errors in the 
determination of Μ2Ί(νΊ) for coals at truncation frequencies of 40 kHz or 
less are 0.3% of the "rigid" Μ2Ί(νΎ) value. Larger errors occur at higher 
truncation frequencies because of the increasing contribution to M 2 T ( i / T ) 
from random noise in the time-domain signal. This is another reason why 
it is necessary, in practice, to truncate the integration at a suitable finite 
frequency. 

M 2 T ( i / T ) values for a series of analytical functions with characteristic 
time constants similar to those of components in typical *H NMR signals 
obtained for coals are listed in Table II for three truncation frequency 
values. Factors influencing M 2 T ( i / T ) for a typical heated coal, whose 1 H 
NMR signal usually can be approximated by the sum of Gaussian compo-
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Table Π. Μ2Ύ(ι/Ύ) Values Calculated According to Equation 2 for Various 
Analytical Functions with Characteristic Time Constants Typical of 

Components in 1 H NMR Signals Obtained for Coals 

Time 
Decay Shape Constant (l2) M 2 J 5 M2I16 M2J40 

Gaussian 
(exp Η / Γ 2 ] 2 ) 14 2.03 50.84 231.81 (exp Η / Γ 2 ] 2 ) 

16 2.30 53.35 189.04 
18 2.56 54.60 153.69 
20 2.82 54.71 125.91 
22 3.06 53.87 104.48 
24 3.29 52.24 87.90 

Exponential 
(exp H / T J ) 50 3.66 23.56 71.40 (exp H / T J ) 

100 3.03 13.84 38.06 
1000 0.48 1.60 4.03 

Exponential plus 
Gaussian 100 (50%) 2.92 34.27 81.98 

+ 20 (50%) 

Typical coals 
(room temp.) 2.3-2.7 48-55 150-190 

Typical coals 
(425 °C) 

Typical coals 
(425 °C) 2.4-3.2 23-54 50-130 

N O T E : The values of T2 are given in microseconds, and the values of 
M2T are given in kilohertz squared. 

nents attributed to a rigid fraction of the coal structure and exponentially 
decaying components attributed to the mobilized fraction, are 

• the extent to which the molecular structure is mobilized by fusion or 
other thermally activated processes and thus the proportion of the 
NMR signal with a slow exponential-type decay 

• the degree of mobility of the mobile structures, which is reflected in 
the time constants of any exponential decays 

• the hydrogen density of the rigid material and the local density of 
unpaired electrons (12), which can affect the time constants of the 
Gaussian-like decays. 

Table II shows that M 2 T 5 (i.e., i / T = 5 kHz) increases appreciably 
with the time constant of the Gaussian component over the range of 
Gaussian time constants associated with coals (16-24 /zs) but is not very 
sensitive to the proportion of the signal due to short-lived exponential 
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11. SAKUROVS E T A L . Proton Magnetic Resonance Thermal Analysis 241 

components. Because for typical coals the time constant of the Gaussian
like component becomes longer with increasing temperature, due in part 
to thermal expansion of the coal (which increases interproton distances 
and hence reduces their magnetic interactions), M 2 T 5 is observed to 
increase steadily with temperature for most coals (Figure 2). In contrast, 
M 2 1 40 decreases with increasing time constant of the Gaussian component 
(Table II) and thus steadily decreases as a coal is heated (Figure 2). 

M 2 T 16 is insensitive to the time constants of the Gaussian-like com
ponents corresponding to immobile structures in coals (Table II) but is 
more sensitive than either M 2 T 5 or M 2 1 40 to the fraction of hydrogen 
associated with mobile structures (Table II and Figure 2). Because of this 
sensitivity to the extent of molecular mobility, the value of M 2 T 16 provides 
a more appropriate measure of the extent to which the molecular lattice 
of a coal has been mobilized by thermal destabilization. For materials 
whose X H NMR signals have typical Gaussian time constants different 
from those for coals, the sensitivity of these M 2 T(z/T) parameters to molec
ular mobility and hydrogen density will be different. 

Plots of M 2 T 16 values versus temperature are smoothed by a cubic 
spline fit to provide the characteristic M 2 T 16 pyrograms of the coal spec

ie Q. 
Ε 
Φ 
+-* 

Ε 
ο 
ο 

CO 

120 

à 80 
Ι— 
CM 

40 
CM 

- νΊ = 5kHz 

Vj - 16kHz 

-
\ \ /vj =40 kHz 

ι ι 1 1 I ι 1 
0 200 400 600 

Temperature (°C) 

Figure 2. Plot of the variations of Μ2Ί{ντ) with temperature at 
truncation frequencies of 5, 16, and 40 kHz, expressed as a percen
tage of the values at room temperature, for Illinois No. 6 coal 
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imens. The pyrograms for the eight Argonne Premium coals are plotted 
in Figures 3—5. Secondary parameters derived from these pyrograms are 

1. the minimum value of M 2 T 16 reached during the pyrolysis and 
referred to as the maximum fusion ox fusibility of the coal; 

2. the temperature of maximum extent of molecular mobility (i.e., that 
at which the minimum M 2 T 16 value occurs); 

3. the temperature at which M 2 T 16 decreases most rapidly (termed the 
PMRTA fusion temperature); and 

4. the temperature at which M 2 T 16 increases most rapidly (termed the 
PMRTA solidification temperature). 

Parameters 3 and 4 are obtained from the derivative of M2T16 with 
respect to temperature. These four parameters describe the thermoplasti-
city of bituminous coal in a fashion analogous to the standard parameters 
obtained from Gieseler plastometry (10). The definitions and values of 
these parameters are illustrated for the Upper Freeport coal in Figure 5. 
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Discussion 

The P M R T A data identify two of the Argonne coals (Wyodak-Anderson 
and Beulah-Zap lignite) as nonthermoplastic coals of lower than bitumi
nous rank and the other six coals as having the thermoplastic character 
typical of bituminous coals. As such, these results are consistent with the 
American Society for Testing and Materials (ASTM) classifications and 
carbon ranks of these coals except perhaps for the Illinois No. 6 coal, 
which has a high sulfur content (see the "Bituminous Coals" section). 

Subbituminous Coals. The stacked plot of the X H NMR trans
verse-magnetization signals of the Wyodak-Anderson subbituminous coal 
in Figure la is qualitatively similar to that of the Beulah—Zap lignite, and 
the data for both coals fit the class of behaviors that includes the tertiary 
Victorian brown coals of Australia (3). The slow decrease in M 2 T 16 with 
increasing temperature shown by the pyrograms of these two lowest rank 
Argonne Premium coals (Figure 3) prior to significant loss of volatile 
material is characteristic of that found for the Australian brown coals 
examined by PMRTA (3). 
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0 200 400 600 
Temperature (°C) 

Figure 5. Μ2Ί16 pyrograms for Pittsburgh No. 8 (PITT), Upper 
Freeport (UF) and Pocahontas No. 3 (POC) coals. Definitions of 
secondary parameters derived from M2T16 pyrograms are illustrated 
for Upper Freeport coal: A, PMRTA fusion temperature; B, PMRTA 
temperature of minimum M2J16 (maximum fusion); C, PMRTA 
solidification temperature; and D, minimum M2J16 (maximum 
fusion). 

This decrease in M 2 T 16 reflects the increase in the lifetime of the 
NMR signals, 1(f) that is apparent in the stacked plot of Figure la and 
that, in the case of the Victorian brown coals, has been demonstrated to 
be the consequence of the thermally activated mobilization of a "waxy" 
component material with a high H - C ratio, which can be extracted under 
relatively mild conditions (17). Indeed, a strong correlation exists between 
the extent to which this mobilization occurs and both the H - C ratio of 
the coals and the amount of extractable material. The correspondence 
between the extent of mobilization as revealed by the PMRTA data and 
the H - C value holds for the Beulah-Zap and Wyodak-Anderson coals. 
This correspondence is shown in the plot of the minimum M 2 T 16 value 
versus H - C ratio in Figure 6, which includes these data with those of the 
set of Australian subbituminous and brown coals. Correspondingly, these 
P M R T A data predict a greater extractable component (17) for the 
Wyodak-Anderson coal (~11%) than for the Beulah-Zap lignite (~7%). 
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0.6 0.8 1.0 
Atomic H/C 

Figure 6. Plot of minimum M2J16 vs. atomic H-C ratio for Aus
tralian (o) and Argonne (·) subbituminous and brown coals. The 
abbreviations are the same as those used in Table I. 

The profile of the initial signal amplitude, 1(0), with increasing tem
perature, which is delineated in the stacked plot diagrams, indicates the 
onset and progress of loss of volatile material from the coal specimen. 
This profile is exemplified by the Wyodak-Anderson coal data shown in 
Figure la, and onset of significant volatile material loss coincides with the 
onset of loss of molecular mobility of the heated material. Thus this loss 
of material, at least initially, can be attributed to volatilization of the 
mobilized component of the coal. 

The residues of the extracted Australian brown coals are considered 
to be lignin-derived materials (17) and were found by PMRTA to be non-
fusible on heating to pyrolysis conditions (3). This infusibility is indicative 
of a highly cross-linked macromolecular nature, and therefore this materi
al is, by inference, the precursor of the char formed in the pyrolysis of 
these low-rank coals. 

The considerable degree of molecular mobility attained by these coals 
when heated as revealed by P M R T A must be reconciled with their known 
lack of thermoplastic behavior. The fact that these coals do not flow when 
subjected to shear at any stage during heating to pyrolysis conditions as, 
for example, in the Gieseler plastometer test, can be explained if the fusi
ble "waxy" material is dispersed in an infusible macromolecular matrix. 
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Bituminous Coals. The thermoplastic character of the six bitumi
nous Argonne coals is apparent from the increase in lifetime of their 
NMR signals (e.g., Figures lb-Id) and hence in their molecular mobility 
as the temperature approaches 400 °C. This effect is clearly delineated in 
each of the six M 2 T 16 pyrograms derived from these data (Figures 4 and 
5). PMRTA studies (2) have demonstrated that the onset of this mobili
zation of bituminous coal structure is heating-rate independent and that 
the process involves thermal destabilization of relatively weak physical 
interactions rather than scission of covalent bonds between the molecular 
units. The mobilization process is therefore considered to be a fusion or 
physical melting. 

The Cretaceous Blind Canyon coal is distinguished from the other 
bituminous Argonne coals in that its PMRTA data reveal two stages of 
molecular mobilization. The gradual reduction in M 2 T 16 at temperatures 
below that of the thermoplastic fusion is somewhat akin to the mobiliza
tion of the subbituminous coals but occurs at higher temperatures. 
Experience in the application of PMRTA points to the probability that 
this first-stage mobilization is of the aliphatic-rich regions of the coal 
structure, with contributions from both liptinite and vitrinite macérais. 
Indeed, statistical analyses of PMRTA data of Australian coals (6) have 
demonstrated that the "average" liptinites of the lower rank bituminous 
coals (80-85% carbon) exhibit significant molecular mobility above ~200 
°C. The Blind Canyon coal has a relatively high atomic H - C ratio of 0.85 
and a carbon aromaticity (estimated from 1 3 C NMR spectroscopy) of 0.64 
(18) but contains only 5% liptinite. These properties imply that the 
vitrinite in this coal contains a relatively large proportion of aliphatic or 
hydroaromatic structures for a coal of its carbon rank. However, the Car
boniferous Lewiston-Stockton coal, which contains 12% liptinite, shows 
little evidence of fusion below ~300 °C. Therefore, the liptinite in this 
coal has greater thermal stability than that found for the average liptinite 
in the Australian coals of similar carbon content (6) and thus may fuse in 
a temperature interval similar to that of its vitrinite counterpart. 

The relationships between the values of the P M R T A and Gieseler 
parameters defining thermoplasticity that were established for the exten
sive suite of Australian bituminous coals (7) are followed by the Argonne 
coals for which plastometry data are available (Table I). There are good 
correlations between the P M R T A and Gieseler parameters defining the 
temperatures of maximum extent of fusion and maximum Gieseler fluidity 
and the temperatures of PMRTA and Gieseler solidification, respectively; 
a poor correlation of the PMRTA maximum fusion and Gieseler max
imum fluidity parameters; and no apparent correlation between the 
PMRTA fusion and Gieseler softening temperatures. 

The temperature at which the fusion of a bituminous coal reaches a 
maximum increases with increasing carbon content of the coal (19). The 
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relationship for the Australian bituminous coals is followed and extended 
by the Argonne bituminous coals (Figure 7). PMRTA fusibility is found 
to correlate reasonably well with hydrogen content for Australian bitumi
nous coals (4). The plot of minimum M 2 T 16 against hydrogen content for 
the Australian and Argonne bituminous coals (Figure 8) shows that the 
linear relationship found for the Australian coals is not obeyed by the 
Argonne Premium coals. The Argonne coals in general are significantly 
more fusible than Australian coals of comparable hydrogen content, and 
the correlation between minimum M 2 T 16 and hydrogen content is also far 
weaker for the Argonne coals than for the Australian coals. In particular, 
the two highly thermoplastic coals, Upper Freeport and Pittsburgh No. 8, 
show major deviations from the behavior of Australian coals. These 
observations suggest a major systematic difference between the fusibility, 
and hence the underlying molecular properties, of these two groups of 
coals. 

One other difference between the two groups of coals is the relatively 
high sulfur contents of the Argonne coals. Three of the eight Argonne 
coals have total sulfur contents of greater than 2% (Table I), and all three 
have anomalously high fusibility for their hydrogen content. Only two of 

O 500 

Carbon content (daf,%) 
Figure 7. Plot of the temperature of minimum M2T16 vs. carbon 
content for Australian (o) and Argonne (·) bituminous coals. The 
abbreviations are the same as those used in Table I. 
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the 110 Australian bituminous coals examined have total sulfur contents 
greater than 2% (Figure 8) and, of these two, the one with the higher 
total sulfur content (4.5%, dried basis) has anomalously high fusibility for 
its hydrogen content. These results suggest that some interaction between 
sulfur-containing materials and the rest of the coal has occurred, either 
during the time that the coal was thermoplastic or during the coalification 
process. However, the magnitude of the increase in fusibility is not simply 
proportional to sulfur content because, of the Argonne coals with >2% 
sulfur, the one richest in both organic and pyritic sulfur (Illinois No. 6) 
shows the smallest deviation from the trend established by the low-sulfur 
Australian coals. If the high sulfur content does increase fusibility, then 
pyritic sulfur is responsible because the Upper Freeport coal, which shows 
marked deviation from the fusibility trend of the low-sulfur Australian 
coals, does not have an unusually high organic sulfur content (see Table I 
and Figure 8). Any chemical interaction between sulfur-containing 
materials and the coal that enhances the fusibility is unlikely to involve 
elemental sulfur as an intermediate because addition of elemental sulfur 
to bituminous coals reduces their fusibility (20) and impairs their coking 
performance (21). 

50 
CM 

Ν 

X 

J£ 

CO 

ε 

Ε 
Έ 

40 

30 

20 

roc-* o%g 

U F — · 
• - P I T T 

4.0 4.5 5.0 5.5 6.0 6.5 
Hydrogen content (daf,%) 

Figure 8. Plot of minimum M2T16 vs. hydrogen content for Aus
tralian (o) and Argonne (·) bituminous coals. The abbreviations 
are the same as those used in Table I. The results for the two high-
sulfur Australian coals are indicated by x. 
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Enhancement of fusibility of coal by sulfur-containing materials does 
not explain the relatively high fusibility of Pocahontas No. 3 coal for its 
hydrogen content as compared to the Australian coals (Figure 8), and thus 
another reason must be sought in this case. Differences between the Ar
gonne Carboniferous and Cretaceous and Australian Permian bituminous 
coals may stem from the very different origins of these two groups of coals 
(22, 23). The Carboniferous Laurasian coals were deposited in moist, 
warm, swampy conditions, whereas Permian Gondwana coals were deposi
ted in relatively cooler and far more seasonal conditions—possibly freez
ing winters in some cases. 

These differences in source material and depositional environment 
are known to have affected the maceral composition of the coals formed 
from them. Permian Gondwana coals are generally richer in macérais 
from the relatively infusible inertinite group than the Carboniferous Lau
rasian coals (23). Some properties of the inertinites contained in these two 
groups of coals are also different (23, 24). Substantial portions of the 
inertinites of Gondwana coals soften and become integrated with the rest 
of the coke matrix on heating, whereas inertinites from Carboniferous 
coals are less fusible on heating (24). The inertinites from Gondwana 
coals are generally more fluorescent than their Laurasian counterparts for 
a given reflectance (23). There are also systematic differences in the free 
radical concentrations of Gondwana and Laurasian coals (25). Therefore, 
the relationships of fusibility properties with other properties of the coals 
might be expected to show systematic differences. Perhaps the first ques
tion asked in comparisons between coals obtained from different con
tinents should not be "Is there a systematic difference in the properties of 
these coals?", but rather "In view of the fact that these coals were formed 
under very different conditions in different geological ages from different 
precursor plant materials, why are their properties so similar?" 

Summary 

The thermal-transformation behavior during heating to pyrolysis tempera
tures of each of the Argonne Premium coals, as determined by PMRTA, 
was detailed. The two subbituminous Argonne coals, Beulah-Zap lignite 
and Wyodak-Anderson, have thermal-transformation properties that are 
similar to Australian coals of the same atomic H - C ratio. 

The Argonne coals of bituminous rank have characteristic tempera
tures describing their fusibility that are similar to Australian bituminous 
coals of the same carbon content. The relationships between the results 
from Gieseler plastometry and P M R T A for the Argonne coals are similar 
to those obtained for Australian coals. 

The strong relationship between hydrogen content and fusibility that 
is observed for Australian bituminous coals is not followed by Argonne 
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coals. Three of the four Argonne coals with greater fusibility for their 
hydrogen content than expected from the relationship found for Aus
tralian coals have high sulfur contents, although other differences between 
the coals that could explain their different fusibilities may occur. 

An empirical NMR parameter similar to the second moment of the 
truncated frequency spectrum has been defined, and it, unlike previous 
definitions, is both finite and linear. The truncation frequency can be 
chosen so that this parameter is sensitive primarily to the extent of molec
ular mobility of a coallike material. 
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Multivariate Statistical Analysis 
and Pattern Recognition 

Principal-Component Analysis of Coal Solid-State 
NMR Relaxation Times 

David E. Axelson1 

NMR Technologies, Inc., Advanced Technology Center, 9650—20 Avenue, 
Edmonton, Alberta T6N 1G1, Canada 

Applications of multivariate statistical analysis are intro
duced by using a suite of 18 Canadian coals, ranging in 
rank from lignite to semi-anthracite. These samples were 
characterized by conventional proximate and ultimate analy
ses, as well as by numerous solid-state NMR relaxation 
times (proton rotating-frame spin—lattice relaxation, cross
-polarization relaxation, and dipolar-dephasing relaxation). 
The purpose is to introduce a different approach to the 
analysis of such data and to determine whether the concept 
of rank as defined by more classical measurements (reflec
tance, percent carbon) can be compared to NMR-derived 
parameters in some systematic way. 

V-X3ALS AND THEIR DERIVATIVES are widely studied and used in com
mercial endeavors, but much of the work involved in optimizing coal-
related processes involves costly, labor-intensive, trial-and-error experi
mentation. Many conventional testing protocols may not be sufficiently 

1 Current address: Petroleum Recovery Institute, 3512 33rd Street, NW, Calgary, 
Alberta T2L 2A6, Canada 

0065-2393/93/0229-0253$06.00/0 
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accurate to allow proper identification of the most appropriate processing 
conditions because of complex synergistic and antagonistic interactions 
among the various components. This problem arises, in part, from the 
lack of explicit and unambiguous structure-property relationships that 
relate chemical structure to processability. 

The development of sophisticated instrumental tools to define com
plex chemical characterization problems has not necessarily been accom
panied by a corresponding general appreciation of the need for more 
sophisticated methods of data analysis. Problems arise from the acquisi
tion of massive amounts of data that are not effectively interpreted or 
incorporated into proper mechanistic descriptions and predictive models 
of the system(s) under investigation. In complex systems, significant pat
terns or correlations are not always evident when the data are measured 
one variable at a time. Interactions among measured chemical variables 
tend to obscure the data. The need for multivariate techniques is 
apparent. 

The newly emerging discipline of chemometrics, that is, the applica
tion of statistical analytical and pattern-recognition techniques to chemical 
problems, has begun to address this "information overload" problem 
(1-25). 

The first step in the application of these techniques, which can be 
denoted as exploratory data analysis, is designed to uncover three main 
aspects of the data: 

1. anomalous samples or measurements 
2. significant relationships among the measured variables 
3. significant relationships or groupings among the samples 

The second step, applied pattern recognition, tests the strength of 
these basic relationships and other presumed relationships by developing 
classification-prediction models and determining the accuracy of these 
models. Principal-component-analysis (PCA) and factor-analysis (FA) 
techniques will be briefly discussed in this regard. 

The purpose of this chapter is not to dwell on the intricacies of the 
mathematical methods themselves, but rather to illustrate, in a somewhat 
simplistic manner, the possible merits of this method of analysis. The phil
osophical significance of such calculations must also be addressed. PCA is 
a mathematical manipulation rather than a strict statistical procedure; it 
belongs to that category of techniques, including cluster analysis, in which 
utility is judged by performance and not by theoretical considerations (4). 
Other considerations are 

1. There may be many meaningful groupings, not necessarily only one 
"right" answer. 
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2. A single classification may give a distorted view of a multifaceted 
data set. 

3. The context of the problem is important. 

4. The same classification may be achieved in several different ways. 

5. A variety of analytical techniques may be needed to show meaningful 
groupings. 

These analyses are primarily exploratory devices wherein the classifi
cations (or clusters) are not interesting in themselves, but rather are 
interesting for what inferences and new insights can be deduced about the 
structure of the data. For instance, the calculation may indicate relation
ships or principles that were previously unnoticed. 

One recent application involved 1 3 C cross-polarization magic-angle 
spinning NMR (CP-MAS) chemical shifts obtained from an extensive 
series of peat size fractions (5). When combined with the PCA and FA, 
the NMR data could be used to complement or replace classical analytical 
methods for the determination of the degree of decomposition in these 
materials. Additional qualitative and quantitative insights into the origins 
of the mechanism(s) of degradation were gained by this approach. 

Although these techniques are of general utility, this discussion will 
focus on the applications of PCA and F A to coal in general, and to 
NMR-derived measurements in particular. When combined with extensive 
spectroscopic characterization, and with physical, mechanical, or process-
related test data, other general benefits of applying this approach include 

• establishing a comprehensive database for ongoing fundamental studies 

• establishing the utility of NMR (and non-NMR) analyses for these fun
damental studies and quantifying the relationships among various test 
methods 

• minimizing laboratory testing and material requirements, and enabling 
significant reduction in the time required to optimize conditions 

• monitoring chemical changes (e.g., degradation) due to long-term 
storage, exposure to light or heat, mechanical degradation, or proces
sing conditions, and being more readily able to assess the nature and 
extent of synergistic and antagonistic interactions 

• determining mechanisms, because a testing program would be based on 
a fundamental knowledge of chemical structure 

• being able to correlate NMR data with other analytical techniques that 
can be brought into use to further minimize testing procedures 
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• extending correlations to untested formulations or situations through 
the development of predictive models and classification procedures 

Another benefit of these calculation methods is that PCA—FA analy
ses allow the determination of the number of significant components in a 
complex system. With NMR chemical-shift data as the input, the NMR 
spectra of these components may be obtained without having to resort to 
physical separations (which may not be feasible anyway). 

Bivariate Correlations 

Although the primary emphasis of this chapter involves multivariate sta
tistical analysis, selected bivariate plots for NMR-derived data versus a 
variety of conventional, commonly measured parameters are presented for 
comparison. The correlations discussed in this chapter may not neces
sarily be extended to coals derived from other sources and geological con
ditions. 

A plot of reflectance versus percent carbon is shown in Figure 1 (the 
correlation coefficient was 0.916). Proton rotating-frame spin-lattice 
relaxation times for the aromatic carbons exhibit a much lower correlation 
with aromaticity (not shown, correlation coefficient (r): -0.541). The 
aromatic carbon dipolar-dephasing relaxation times (Lorentzian com
ponent only) are shown plotted against percent carbon in Figure 2 (r = 
0.923). Correlation coefficients between cross-polarization relaxation 
times and reflectance or percent carbon are much lower, with \r\ < 0.3. 
In all cases, both the aromatic and aliphatic carbon relaxation-time corre
lations with various parameters were very similar, a result that indicates 
comparable basic structural features. Trends are not expected to be linear 
in nature, and both monotonie and nonmonotonic trends have been 
observed when dealing with NMR data and coal structure. 

Principal-Component Analysis (PCA) 

P C A consists of a linear transformation of m original variables to m new 
variables, where each new variable is a linear combination of the old. The 
process is done in a fashion that requires that each new variable accounts 
for, successively, as much of the total variance as possible. When m new 
variables have been computed, all of the original variance will be 
accounted for. 

Two major steps must be considered in these analyses. First, the 
PCA itself, which can be generally described as eigenanalysis, is a pro-
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Reflectance 

60 65 70 75 80 85 90 95 100 

% Carbon 
Figure 1. Reflectance vs. percent carbon. 

500 

400 H 

300 
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l o o H 

75 80 85 90 95 100 

% Carbon 
Figure 2. Aromatic carbon dipolar-dephasing (Lorentzian decay) 
times (T2iar) vs. percent carbon. 
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cedure by which the best, mutually independent axes (dimensions) that 
describe the data set are selected. These axes are the so-called factors or 
principal components (PCs). The PC's are nothing more than the eigen
vectors of a variance-covariance matrix (a standardized variance-covari-
ance matrix is just the correlation-coefficient matrix). 

The utility of constructing a new set of axes to describe the data is 
that most of the total variance (information) in the data set may be con
centrated into a few derived variables. The process can be viewed as pro
jecting the original data from a multidimensional representation into two 
dimensions. As with any projection, information is lost; but this technique 
maximizes the retention of information and quantifies the amount of 
information contained within each projection. For most chemical systems 
80-90% of the total information can be depicted in fewer than half a 
dozen plots (4). 

The second step is interpreting the principal components or factors. 
This step is done by examining the contribution that each of the original 
variables makes to the linear combination describing the factor axis. 
These contributions are called the factor loadings. When several variables 
have large loadings on a factor, the variables may be considered to be 
associated. From this association, chemical or physical interactions may 
be inferred, and these interactions may then be interpreted in a mechanis
tic sense. 

As noted, the major analytical tool to be considered in this study is 
1 3 C solid-state NMR spectroscopy. The variables discussed include cross-
polarization relaxation times, dipolar-dephasing relaxation, proton rotat
ing-frame spin—lattice relaxation, and aromaticity measurements (24, 25). 
Ultimate- and proximate-analysis data are also considered (24, 25). 

Before performing the analysis, the form of the data to be analyzed 
must be considered. A collection of data can be converted to standardized, 
or unitless, form by subtracting from each observation the mean of the 
data set and dividing by the standard deviation. The new, transformed 
variables will then have a mean of 0 and a variance of 1. This procedure 
is useful if the distribution of one variable is to be compared to that of 
another variable when the two variables are expressed in different units of 
measurement. 

Standardization may have a tremendous influence on the structure of 
the variance-covariance matrix and consequently on the results of the 
analysis. In many instances, there is no alternative but to standardize the 
data, because the raw (or unstandardized) matrix of variances and covari-
ances contains such a mixture of measurement units that logical interpre
tation would be impossible. In other problems, measurement units are 
consistent across all variables, and there seems to be no good reason to 
standardize. In the present case, the correlation-coefficient matrix was 
used for the calculations because many different units and magnitudes of 
numbers were in the data set. Table I summarizes the data used for the 
present analysis. 
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Eigenvalues and Eigenvectors. Consider an example involving 
the analysis of several NMR-derived parameters on a series of coals rang
ing in rank from lignite to semi-anthracite. Here, m variables (NMR 
parameters) are measured on a collection of η objects (coals), where m is 
5 (number of columns) and η is 16 (number of rows). The variables stud
ied were as follows: 

1. Γ 1 ρ

Η a l (in milliseconds, aliphatic component, longest decay, proton 
rotating-frame spin-lattice relaxation time) 

2. a r (in milliseconds, aromatic component, longest decay) 

3. / (aromaticity) 

4. r 2 1

a r (in microseconds, aromatic component, dipolar-dephasing 
relaxation time, Lorentzian component) 

5. T 2 1

a l (in microseconds, aliphatic component, Lorentzian component) 

Because data representing different units and relative magnitudes are 
being compared, an m χ m matrix of standardized variances and covari-
ances (i.e., the correlation-coefficient matrix, Table II) is computed. By no 
means do these variables constitute the only ones that could be used for 
this analysis. They were chosen as much to illustrate the procedures 
involved in the calculations as for their relevance to the problem at hand. 
In those cases in which the relative importance of the variables or the 
nature of the interactions among the variables is not known, then the 
analysis would begin with a calculation using all available data. Guided by 
the results of such a preliminary analysis, the problem would then be 
reduced to the most relevant variables. 

The elements in an m χ m matrix can be regarded as defining points 
lying on an m-dimensional ellipsoid. The eigenvectors of the matrix yield 
the principal axes of the ellipsoid, and the eigenvalues represent the 
lengths of the principal axes. The PCA method is used to find these axes 
and measure their magnitudes. Tables III and IV show the m eigenvectors 
and m eigenvalues, respectively. Because a variance-covariance matrix is 
always symmetrical, these m eigenvectors will be orthogonal, or oriented at 
right angles, to each other. 

The total variance in our data set can be defined as the sum of the 
individual variances. Because these variances are located along the diago
nal of the variance-covariance matrix, this sum is equivalent to finding the 
trace of the matrix. In this example, the total variance is 5.0. The sum of 
the eigenvalues of a matrix is equal to the trace of the matrix, so the total 
of the five eigenvalues is equal to 5.0. These eigenvalues represent the 
lengths of the principal axes. Therefore, the principal axes also represent 
the total variance of the data set, and each accounts for an amount of the 
total variance equal to the eigenvalue divided by the trace. The first prin-
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m 1 2 3 4 5 

1 1.0 0.79 -0.53 -0.61 -0.36 

2 0.79 1.0 -0.54 -0.56 -0.59 

3 -0.53 -0.54 1.0 0.77 0.26 

4 -0.61 -0.56 0.77 1.0 0.35 

5 -0.36 -0.59 0.26 0.35 1.0 

Table II. Correlation-Coefficient Matrix from PC Analysis 

Variable 
ψ Hal 

τ Har 
Âlp 
/a 
HP ar l2\ 
^21 

N O T E : 1 through 5 are the eigenvectors. 

Table III. Eigenvectors from PC Analysis 

Variable 
τ Hal 

Τ H ar 
Âlfi 

/a 
τ ar 
J21 
T al 
I21 

N O T E : 1 through 4 are the eigenvectors. 

m i 2 3 4 

1 0.47 -0.01 0.64 -0.22 

2 0.49 -0.28 0.32 0.35 

3 -0.44 -0.49 0.33 -0.60 

4 -0.47 -0.37 0.30 0.66 

5 -0.34 0.73 0.51 0.06 

Table IV. Eigenvalues from PC Analysis 

Principal 
Component Eigenvalue 

Percent 
of Trace 

Cumulative 
Percent of Trace 

1 3.19 63.9 63.9 
2 0.88 17.5 81.4 
3 0.55 11.0 92.4 
4 0.24 4.8 97.2 
5 0.14 2.8 100.0 

cipal axis contains 3.19/5.00 or approximately 64% of the total variance, 
and the second principal axis represents 0.87/5.00 or approximately 18% 
of the total variance. In other words, if the variation in this data set is 
measured along the first principal axis, 2/3 of the total variation is 
represented in the observations. At least one principal axis will usually be 
more efficient (in terms of accounting for total variance) than any of the 
original variables. On the other hand, at least one of the axes must be less 
efficient than any of the original variables. 

From these data we can focus on the first and second principal com
ponents, because together they account for approximately 81% of the total 
variance in the data set. Again, in more complex problems involving doz-
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ens of variables half a dozen PCs may have to be retained for considera
tion. Given that the problem lends itself to PCA or F A through the fact 
that numerous variables are (highly) correlated, even in this situation the 
complexity of the problem and the subsequent interpretation^) will have 
been considerably reduced. 

Scores and Loadings. In Table V, each original observation has 
been converted into what is called a score by projecting the observation 
onto the principal axes. This projection also provides a convenient meth
od for visualizing the data for the purposes of interpretation. 

The elements of the eigenvectors that are used to compute the scores 
of observations are called loadings. The loadings are nothing more than 
the coefficients of the linear equation that the eigenvector defines. There
fore eigenvector 1 (PCI) is comprised of the elements 0.47, 0.49, -0.44, 
-0.47, and -0.34, corresponding to variables 1 through 5, respectively. A 
loading plot yields information about the importance of each variable to 
the interpretation of the PC and about the relationship among variables in 
that PC. A variable's contribution to a PC is directly proportional to the 
square of the loading. The distance of a variable to the origin along a PC 
is a quantitative measure of the importance of that variable in the PC. 
Variables grouped together contain the same information in the PC. 

Figure 3 is a loading plot of the data for the first (PCI) and second 
(PC2) principal components. The T^-related variables yield positive 
loadings, and the remaining variables have negative correlations with the 
loadings in PCI. The major contributor to PC2 is the aliphatic dipolar-
dephasing relaxation time. 

Figure 4 is a score plot derived from the NMR data in Table V. The 
samples are numbered from 1 through 18, the higher numbers being asso
ciated with the coals of higher rank. The relatively large number of lower 
rank coals leads to greater scatter in these plots; this scatter also reflects 
the diversity of composition and structure characterizing these materials. 
Based on the NMR results, such plots graphically illustrate the relation
ships among the samples. For instance, lignite 1 bears a stronger correla
tion to subC 3 than to lignite 2. The highest rank samples form a cluster 
to the far left side of the plot, and the lower rank samples are found on 
the right side. As can be seen in the loading plots, this basic separation is 
due to some factor(s) in PCI. The bivariate plots shown previously indi
cated that some relaxation parameters were highly correlated with conven
tional measures of rank. This same information is reflected in the score 
plots, but in a manner that invites further deliberation on the nature of 
the relationships among the samples. The score-plot technique may be 
particularly useful when considering both NMR data and process-related 
information. 
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Table V. Score Plot 

Sample 
Number PCI PC2 

1 1.43 1.43 
2 1.89 -0.45 
3 0.74 0.32 
4 -0.036 -0.09 
7 0.49 0.96 
8 1.409 -0.42 
9 0.51 0.01 
10 -0.917 -0.51 
11 1.50 0.03 
12 -0.14 2.24 
13 0.15 -0.56 
14 1.27 -0.97 
15 1.26 -1.05 
16 -1.88 -1.26 
17 -3.77 -0.32 
18 -3.90 0.63 

1 2 3 4 5 

H i Eigenvector 1 fvWsl Eigenvector 2 

Figure 3. Loading plot for NMR PCA. The coefficients of both 
eigenvectors 1 and 2 are plotted from data in Table III. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
2

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



264 M A G N E T O RESONANCE O F CARBONACEOUS SOLIDS 

PC2 

El 

12 

El 

18 

1 

7 
El 

3 
9 s 11 

Β El 

m 4 
17 B 

_ 10 
0 16 

1 1 1 1 1 1 1 

β 8 H 2 H 

1 3 §14 
15 

1 1 ! 

- 4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 

PCI 

Figure 4. Score plot for PCA involving only NMR parameters 
(column 1 vs. column 2 in Table V). 

Q-Mode Factor Analysis. A form of factor analysis in which the 
roles of the samples and variables are reversed is called Q-mode analysis. 
Rather than investigating interrelationships between variables, Q-mode 
analysis is concerned with interrelationships between samples. The objec
tives of Q-mode analysis are much the same as the objectives of cluster 
analysis: to arrange a suite of samples into a meaningful order so the rela
tionship between one sample and another may be deduced (4). The first 
step in Q-mode analysis is to create an η χ η matrix of similarities 
between samples. The measure of similarity may be the correlation coeffi
cient or some other measure, provided the similarity coefficient does not 
exceed the range ± 1 . 

Q-mode factor analysis consists of finding the principal axes of an n-
dimensional hyperellipsoid that is defined by the interrelationships 
between η sample vectors. After the η χ η matrix of similarities has been 
computed, the principal axes are determined. This determination is done 
by extracting the eigenvectors and eigenvalues. Because only a few factors 
will be retained, it may be unnecessary to extract all possible eigenvalues. 
The factors may be considered to represent "idealized" end members of 
the sample suite, and the samples themselves may be regarded as "mix
tures" of these idealized extreme samples. 

The results of these calculations are shown in Figures 5 and 6 for the 
NMR-derived data and the conventional data, respectively. The factor 
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PC2 

0.725 

0.715 

265 

0.705 

0.695 

0.685 

0.685 0.725 

Figure 5. Q-mode factor-analysis results for the NMR-derived data 
set. The loadings for the first two factors are plotted with respect to 
one another. 

PC2 

0.825 

0.725 

0.625 0.725 0.825 

PCI 

Figure 6. Q-mode factor-analysis results for conventional coal 
parameters. The loadings for the first two factors are plotted with 
respect to one another. 
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loadings for the first two factors have been plotted against one another. 
For both the NMR- and conventional-parameter-derived plots, the end 
members are the low-rank (lignite) sample and the high-rank (low-volatile 
bituminous, semi-anthracite) samples, with the remaining data spread 
across the whole range between these samples. 

The NMR data provide a greater degree of discrimination among the 
samples than the normal variables usually chosen to characterize coal 
rank. For example, samples 3 and 4 are indistinguishable in the coal-
parameter-derived plot, but they are quite well separated in the NMR-
derived plot because their NMR parameters vary more than the values 
obtained from ultimate and proximate analyses. 

The relevance of these observations lies primarily in the relationship 
of this plot to real-life, practical considerations. These considerations 
might include the relative ability of these coals to be modified by various 
low-rank-coal-upgrading processes or the response of the coals to carboni
zation, liquefaction, or gasification processes. Thus, if the measured NMR 
relaxation times accurately reflect systematic differences in structure or 
composition that are not reflected as accurately by such traditional vari
ables as reflectance and elemental composition, more valuable (and 
predictive) correlations between processability and NMR-derived parame
ters may be generated. The present analysis has established that a good 
correlation exists between coal rank and NMR relaxation times in this 
suite of samples; however, the results shown in Figure 5 could not be 
derived from the more traditional bivariate correlations with the NMR 
values. 
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Structural Parameters of Argonne Coal 
Samples 

Solid-State 13C NMR Spectroscopy 

Yoshio Adachi and Minora Nakamizo 

Government Industrial Research Institute, Kyushu, Shuku-machi 
Tosu-shi Saga-ken 841, Japan 

Solid-state 13C NMR spectroscopy was applied to the struc
tural characterization of the Argonne standard coal samples. 
The apparent ratio of quaternary to tertiary aromatic car
bons was determined by using combined dipolar-dephasing 
and cross-polarization—magic-angle spinning (CP—MAS) 
NMR experiments. By using the apparent ratio and the 
value of the fraction of aromatic carbon, several parameters 
can be obtained on the average chemical structure of coals. 
Among the Argonne samples, a low-volatile bituminous coal 
consists of approximately four aromatic rings with a few eth
yl groups as alkyl substituents. High-volatile bituminous 
coals are composed of two aromatic rings with approxi
mately two propyl groups and one hydroxyl group as substit
uents. Both the subbituminous and lignite coals have 
approximately four aromatic rings with approximately three 
pentyl groups and two oxygen-containing substituent groups, 
such as hydroxyl or carboxyl groups. 

SoLID-STATE HIGH-RESOLUTION NMR SPECTROSCOPY can be per
formed by using cross-polarization (CP) and magic-angle spinning (MAS) 
(1). On the CP—MAS NMR spectra of solid carbonaceous fuels, aromatic 

0065-2393/93/0229-0269$06.00/0 
© 1993 American Chemical Society 
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270 M A G N E T O RESONANCE O F CARBONACEOUS SOLIDS 

and aliphatic absorption bands can be observed separately (2-4). Two 
problems are associated with the reliability of the quantitative measure
ments of aromaticity of coal by CP—MAS spectroscopy. One problem is 
the difference in the rate of polarization transfer from X H to 1 3 C spins 
between aromatic and aliphatic carbons during CP (5—8). Therefore, the 
selection of contact time for CP is very important for a precise determina
tion of aromatic- and aliphatic-carbon contents. Another problem arises 
from spinning side bands (SSB) of aromatic bands with high-field meas
urement of coals because SSB overlap with aliphatic bands. The TOSS 
(total suppression of side bands) pulse sequence is a powerful technique 
for reducing the intensity of SSB, but careful treatments of instrumental 
factors are needed when the signal intensity of a TOSS spectrum is dis
cussed (9-13). In spite of these problems, detailed chemical structures of 
coals have been investigated by using the analysis of carbon functional 
groups (14-18) and the dipolar-dephasing (DD) technique (19-25). 

In this chapter, the structural parameters of eight coals from the 
Argonne National Laboratory Premium Coal Sample Program were deter
mined by using conventional 1 3 C NMR spectroscopy and DD. 

Experimental Details 

Eight of the coals from the Premium Coal Sample Program at Argonne National 
Laboratory were used in this study. The elemental analyses of the Argonne coals 
were published previously (26). 

Solid-state 1 3 C NMR spectra were obtained on a Brucker AC-200 NMR 
spectrometer with a double air-bearing CP-MAS probe head and *H and 1 3 C 
high-power amplifiers. A sample was packed in a ceramic capsule, and the cap
sule was spun at rates of 3 and 4 kHz. The acquisition parameters for all spectra 
were as follows: 2-ms CP contact time, 1024-2048 accumulations with a 4-s 
repetition time, 3.5-MS 90° *H pulse width, 31.25-kHz spectral width, 2048 data 
points, and 50-Hz line broadening. The contact time of 2 ms was chosen for an 
accurate determination of the fraction of aromatic carbon, / a , in the solid-state 
measurements. The / a value determined from the solution spectrum of coal-tar 
pitch in chloroform-d was nearly equal to that of the same sample measured in 
the solid state with the 2-ms contact time. Chemical shifts were calibrated with 
respect to tetramethylsilane using glycine as a secondary standard. 

The/ a values of the coal samples were calculated from the integrated inten
sities of aromatic bands and associated SSB in conventional CP-MAS spectra 
that were obtained with a 3-kHz spinning rate. The contents of aliphatic carbons 
in C, CH, CH^, and C H 3 groups were also calculated with a 3-kHz spinning rate. 
The contents of carboxyl, oxygenated, alkyl-substituted, and protonated and 
bridgehead aromatic carbons were calculated from the integrated intensities of the 
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aromatic bands of conventional CP-MAS spectra obtained with a 4-kHz spinning 
rate. 

Fourier transform infrared (FUR) spectra of coal samples were measured on 
a Digilab FTS-60 system. 

Results and Discussion 

1 3 C NMR Spectra of Coals. The 1 3 C NMR spectra of the mi
nois No. 6 coal used in this study are shown in Figure 1 with two different 
spinning rates, 3 and 4 kHz. Each spectrum is composed of aromatic 
(90-165 ppm) and aliphatic (0-50 ppm) bands. In the conventional 
C P - M A S spectra, several SSB appear, and one of the side bands overlaps 
completely with the aliphatic bands in the spectrum obtained with a 4-kHz 
spinning rate. The intensity ratios of aliphatic to aromatic bands obtained 

3kHz spinning 4kHz spinning 

Ar-Ar & ArH 

Aromatic Aliphatic Aromatic Aliphatic 

300 200 100 0 ^ 300 200 100 0 
ppm ppm 

Figure 1. 50-MHz 13C NMR spectra obtained with different spinning 
rates of Illinois No. 6 coal 
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with the TOSS sequence are always smaller than those obtained with the 
conventional CP—MAS measurements irrespective of the spinning rates 
used. Because the SSB cannot be completely eliminated even if the TOSS 
sequence is employed, the unextinguished SSB overlap partly with the 
absorption bands of the carboxyl (165-190 ppm) and ether (50-90 ppm) 
carbons at a spinning rate of 3 kHz and with those of the carbonyl 
(190-210 ppm) carbons at 4 kHz (16,18). 

In the conventional C P - M A S measurements with a 3-kHz spinning 
rate on Illinois No. 6 coal, the aliphatic bands around 30 ppm can be 
observed separately from the SSB. One shoulder band observed in the 
3-25-ppm region of aliphatic band in Figure la is assigned to methyl car
bons. In the spectrum obtained with a 4-kHz spinning rate, the carboxyl-
carbon (-COO) signal is observed at 180 ppm as shown in Figure lb. In 
the aromatic band, there are two shoulders; the shoulder band at approxi
mately 155 ppm is assigned to the oxygenated aromatic carbons, A r - O , 
such as phenol (17). The second shoulder band in the region of 135-148 
ppm is assigned to the alkyl-substituted aromatic carbons, A r - R . Aro
matic bands around 127 ppm are assigned to the aromatic protonated 
(Ar-H) and bridgehead (Ar-Ar) carbons (18). 

In Table I, the carbon distributions of the Argonne coal samples are 
shown. These distributions were obtained from integrated intensities of 
the conventional C P - M A S spectra without curve-fitting techniques. Car
bonyl and ether carbons, which may exist to a slight extent, were ignored 
because their absorption bands overlapped with the SSB in the C P - M A S 
spectra. Discounting the carbonyl and ether carbons does not seem to 
cause serious errors in the estimation of the aromatic-carbon contents. 

Table I. Carbon Distributions of Argonne Coal Samples 
by Conventional CP-MAS Spectroscopy 

C, 
Ar-H CH, 

and and 
Coal -COO Ar-O Ar-Al Ar-Ar CH2 CH3 

Pocahontas 0.834 0.8 2.3 14.0 66.2 7.4 9.2 
Upper Freeport 0.767 0.1 2.4 12.8 61.4 13.0 10.2 
Stockton 0.723 1.4 4.7 14.0 52.2 19.3 8.4 
Pittsburgh 0.703 0.9 5.3 14.9 49.2 19.2 10.5 
Illinois No. 6 0.673 1.1 4.4 13.6 48.3 23.7 9.0 
Blind Canyon 0.610 1.6 5.9 10.9 42.6 28.2 10.8 
Wyodak 0.613 3.8 7.0 10.1 40.4 29.9 8.8 
Beulah-Zap 0.692 4.7 6.2 11.3 47.0 22.9 7.9 

N O T E : All values are given as percents. 
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The contents of carboxyl and oxygen-substituted aromatic carbons de
crease with increasing / (Table I). However, the content of methyl car
bons does not vary greatly among the coal samples studied. The values 
listed in Table I were used in the calculation of structural parameters of 
coals. 

Dipolar Dephasing. In Figure 2, DD spectra are shown for Illi
nois No. 6 coal. The spinning rate was 3 kHz, and the delay time, tv was 
<120 μ 8 . The intensity of the aliphatic-carbon signal decreases more 
rapidly than the intensity of the aromatic-carbon signal with increasing tv 

In the aliphatic region, the intensity of methyl-carbon signal in the 3—25-
ppm range decreases more slowly than that of other aliphatic carbons. In 
the aromatic region, the signal intensity of substituted aromatic carbons 
(135—165 ppm) decreases more slowly than that of the protonated and 
bridgehead aromatic carbons around 127 ppm as is evident in Figure 2 
from D D spectra taken at delay times longer than 70 μ$. The signal inten
sities of the SSB decrease more slowly than the intensities of the main 
aromatic bands. The results indicate that the chemical-shift anisotropy of 
the quaternary aromatic carbons is larger than that of the tertiary aromatic 
carbons. In the spectra that were obtained with long t^s, a part of the 
secondary SSB overlaps with the aliphatic bands, and the contribution of 
the SSB to the intensity of the aliphatic-carbon signal increases with tv 

In Figure 3, the signal intensities of aromatic carbons in the model 
compound 1-methylfluorene are plotted against the square of tv The 
intensities of the tertiary-carbon signals and the quaternary-carbon signals 
in the aromatic region decay as a second-order exponential of tv Simi
larly, in the aliphatic region the signal intensities of methyl and methylene 
carbons also decay as a second-order exponential of tv 

The ratio of quaternary to tertiary aromatic carbons was obtained 
from a plot of the second-order exponential decay as shown in Figure 4. 
In Table II, the ratio of quaternary to tertiary aromatic carbons, /Q/x a r*; 
the ratio of aliphatic primary and quaternary carbons to secondary and 
tertiary carbons, / P Q / s x

a l ; and the decay constants, T D D are shown. The 
aromatic/ Q / T

a r * values of Wyodak and Beulah-Zap coals are markedly 
larger than those of other coals. The decay constant of aromatic quater
nary carbons, T D D ( Q ) , has a tendency to increase in high-rank coals. 
There is no remarkable difference in the decay constants of aromatic terti
ary carbons, ΤΌΌ(Τ), among the coal samples studied. The values of 
/ P Q / S T

a l and the decay constants of aliphatic carbons, T D D ( P Q ) and 
r D D ( S T ) , may include errors to some extent because a part of the secon
dary SSB overlaps with the aliphatic bands, and the contribution of the 
SSB to the integrated intensity of aliphatic carbons increases with increas
ing u as shown in Figure 2. 
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MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

Chemical Shift in ppm 

Figure 2. Dipolar-dephasing spectra of Illinois No. 6 coal. The dif
ferent delay times are noted on the figure. 
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0.1 

quaternary carbon 

tertiary carbon 

10 20 30 40x10* 

Figure 3. Plot of the signal intensities of the aromatic carbons in I -
methylfluorene as a function of the square of the delay time. 

100 

CO 
c 
Φ 

m 
c 
ο» 
35 

Figure 4. Plot of the signal intensity of aromatic carbons in Illinois 
No. 6 coal as a function of the square of the delay time. 

Structural Parameters of Argonne Coal Samples. The 
structural parameters of the coals were obtained according to the method 
proposed by Ollivier and Gerstein (27). As indicated in the previous sec
tion, the ratios of quaternary to tertiary aromatic carbons, / Q / T

a r * , for 
Wyodak and Beulah-Zap coals were large compared to the other coals 
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Table II. Results of Dipolar-Dephasing Experiments on Argonne Coal Samples 

Coal f ar* 
lQIT 

f al 
lPQIST V 0 

Pocahontas 1.30 134.8 29.4 0.51 191.0 23.1 
Upper Freeport 1.05 119.0 33.0 0.70 81.2 27.7 
Stockton 0.82 135.0 35.2 0.38 70.0 32.1 
Pittsburgh 1.33 105.7 29.6 0.34 91.3 33.0 
Illinois No. 6 0.99 101.5 35.8 0.23 86.6 34.7 
Blind Canyon 1.71 90.8 39.0 0.79 73.7 39.8 
Wyodak 3.69 77.6 33.5 0.46 65.3 32.1 
Beulah-Zap 2.65 77.3 32.1 0.34 71.1 33.3 

N O T E : The decay constants, ΤΌΌ, are given in microseconds. 

examined. This result can be partly ascribed to an overlapping of the 
earboxyl-carbon band with that of the aromatic quaternary carbons 
because of the high content of carboxyl groups in these two coals. The 
aromatic carbons in the coal samples consist of protonated carbons, sub
stituted carbons, and bridgehead carbons. Therefore, the true rat io , / Q / T

a r , 
of the quaternary aromatic carbons to tertiary aromatic carbons must be 
corrected for the overlapping carboxyl-carbon band as follows: 

fo/rM = /o /r a r * - (1) 

where C c and C p

a r express the numbers of carboxyl carbons and protonat
ed aromatic carbons, respectively. The C c / C p

a r value can be obtained 
from the following equation. 

Cc 
C P

a r 

/a 

l - / a 
Η al 

H* 
(2) 

where C 3 1 is the number of aromatic carbons. The ratio of aliphatic to 
aromatic hydrogens, H^ltF*, was obtained from the absorption-intensity 
ratio of aliphatic to aromatic C - H stretching vibrations, DJD&T, in the 
range of 2750-3100 c m - 1 in the FTIR spectra of the coal samples as 
expressed in eq 3 (28). 

*al 

D> 
(3) 

The ratio of extinction coefficients of aromatic to aliphatic C - H absorp
tion bands, ear/ea l, is assumed to be 0.5 in most cases (28, 29). 
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The substitution coefficient, i? s , was obtained from the aromatic 
bands of the C P - M A S spectra that were obtained with a 4-kHz spinning 
rate. If the ratio of the substituted aromatic carbons to the protonated 
and bridgehead aromatic carbons is defined as / s / P B

a r , Rs can be deter
mined by using the following equation. 

C s

a 

+ C s

a r = 
i + / W r a 

2 + / q / r a r + 
(4) 

/s/PB3 

where 

C s

a r 

Λ / Ρ Β 3 Γ = C p a r + c ir ( 5) 

where C B

a r and C s

a r are the number of bridgehead and substituted 
aromatic carbons, respectively. 

The ratio / S / p B

a r , can be calculated from the intensity ratio of the 
aromatic shoulder band (135-165 ppm) to the aromatic band (95-135 
ppm). Because the band of the carboxyl-substituted aromatic carbons over
laps with those of the protonated and bridgehead aromatic carbons, the 
intensity of the aromatic carbons must be corrected for the overlapping of 
both bands. In this case, the contribution of the aliphatic carboxyl group 
to the intensity of the aromatic carbons was assumed to be negligible. 

In Table III, the structural parameters that were obtained from the 
lozenge model of Ollivier and Gerstein (27) are shown for the Argonne 
coal samples. The number of rings, NR, for the Argonne coal samples is 
not large, ranging from 1.6 to 4.4. The number of substitution, n, is 
2.3—6.3. The average chain length of aliphatic carbons, n a l , was obtained 
from the intensity ratio of all the aliphatic carbons to the methyl carbons 
and is 1.8-4.4. 

A low-volatile bituminous coal (Pocahontas) consists of approxi
mately four aromatic rings with a few ethyl groups as alkyl substituents. A 
medium-volatile bituminous coal (Upper Freeport) consists of approxi
mately three rings with a few substituent ethyl or propyl groups. Three 
high-volatile bituminous coals (Illinois No. 6, Pittsburgh, and Stockton) 
are composed of two aromatic rings with two propyl groups and one 
hydroxyl group. Wyodak subbituminous coal consists of approximately 
four aromatic rings and three pentyl, two hydroxyl, and one carboxyl 
groups. Beulah—Zap lignite has approximately three aromatic rings with 
two or three pentyl, hydroxyl, and carboxyl groups. 
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Table III. Structural Parameters of Argonne Coal Samples 

Coal * ar f ar 
lS/PB R 5 η 

Pocahontas 1.27 0.26 0.32 3.6 3.1 1.8 
Upper Freeport 1.04 0.25 0.29 3.0 2.6 2.3 
Stockton 0.73 0.40 0.33 1.6 2.3 3.3 
Pittsburgh 1.24 0.44 0.41 2.4 3.3 2.8 
Illinois No. 6 0.88 0.40 0.35 1.8 2.6 3.6 
Blind Canyon 1.46 0.45 0.43 2.7 3.7 3.6 
Wyodak 3.17 0.57 0.60 4.4 6.3 4.4 
Beulah—Zap 2.10 0.53 0.52 3.3 4.8 3.9 

Conclusion 

Structural characterization of the Argonne standard coal samples was 
made by using a combined technique of conventional C P - M A S NMR 
spectroscopy and DD. Most of the Argonne coal samples consist of con
densed aromatic compounds with two to four benzene rings and a few 
alkyl substituents ranging from ethyl to pentyl groups. Some bituminous 
coals have oxygen-containing substituents such as hydroxyl and carboxyl 
groups. These results are approximately in good agreement with those 
from Solum et al. (25). 
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Feeds and residues from coal liquefaction processes under a 
variety of conditions were studied by using solid-state 13C 
NMR spectroscopy and other analytical methods. The 
conversion yields were found to be dependent not only on 
the aliphatic content of the feed coal but also on the 
aromatic hydrogen content and possibly on the presence of 
other heteroatoms such as sulfur. The high aromatic hydro
gen content observed in Illinois No. 6 coal suggested a rela
tively low degree of aromatic condensation in this coal. 
Residues from high-conversion runs were found to contain 
more aliphatic (fewer aromatic) carbons than those from 
low-conversion runs. This result was attributed to methyl 
groups and hydroaromatic structures produced by pyrolysis 
and subsequent hydrogenation at peripheral aromatic car
bons. 

V^ONVENTIONAL COAL LIQUEFACTION PROCESSES involve the par
tial breakdown of large complex coal structures into smaller molecules. 
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The degradative process, which is primarily thermal in nature, is normally 
achieved in the presence of high-pressure molecular hydrogen and a donor 
solvent. The reaction of coal in hydrogen donor solvents such as 1,2,3,4-
tetrahydronaphthalene (Tetralin) at elevated temperature and pressure 
produces gas and liquid products and leaves residual solid matter. 

The generally accepted mechanism for coal liquefactions was first 
described by Curran et al. (1, 2) in 1966. The mechanism involves a free 
radical process. The reaction is initiated by the thermal cleavage of C—C 
bonds to form small coal radicals. Some of these radicals are stabilized by 
abstraction of hydrogen from Tetralin to form stable small molecules that 
are liquid or that are soluble in common organic solvents such as toluene. 
The donor molecule is subsequently hydrogenated by molecular hydrogen, 
and the liquefaction process continues in a cyclic manner. This mechan
ism has since been expanded upon by several other investigators (3-5). 

Most of the current knowledge of coal-liquefaction chemistry has 
been derived from studies of model compounds as well as the analysis of 
fluid conversion products under various process conditions. For example, 
the mechanisms of hydrogen transfer from Tetralin to coal and coal prod
ucts were studied in 1982 by using deuterated Tetralin and NMR spectros
copy (6). However, little attention has been given to the study of residues 
from coal liquefaction to elucidate a possible mechanistic pathway or pro
cess chemistry. One of the reasons for this lack of attention has been the 
absence of appropriate analytical methods for the structural characteriza
tion of carbonaceous solids. Since the late 1970s, advances in high-
resolution solid-state 1 3 C NMR spectroscopy have made it possible to 
obtain structural information from insoluble carbonaceous solids. Resi
dues from retorting oil shales have been studied with solid-state 1 3 C NMR 
spectroscopy, and the oil yields have been correlated to the original kero
gen organic structure (7-9). The previous study on residue samples from 
the coal-liquefaction process was performed by Wilson et al. on Liddell 
coal (10,11). 

The objectives of this study were, first, to identify some of the chemi
cal structural factors that resulted in high conversions and, second, to 
learn the liquefaction mechanisms by studying residues with high-
resolution solid-state NMR spectroscopy. 

Experimental Details 

Coal Samples. Three coal samples were used in this study. Wyodak-An
derson and Illinois No. 6 coals were obtained from the Argonne Premium Coal 
Sample Program. Highvale coal was obtained from the Alberta Research Council 
Coal Sample Bank. All three samples (~100 mesh size) were dried at 105 °C 
before use. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
4

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



14. C Y R & EGIEBOR Characterization of Coal Liquefaction Residues 283 

Hydrogénation Process. Liquefaction experiments were performed 
under nitrogen, hydrogen, and methane gas pressures in a small stainless steel 
batch tubing bomb reactor (10-mm i.d., 10 cm long). Approximately 2 g of coal 
and 3 mL of Tetralin were used. An Fe 2 O s catalyst (10 wt% of coal) was used for 
some experiments. The initial gas pressure at room temperature was 6.95 MPa 
(~1000 psi). The reactor was quickly heated to 450 °C and was kept at this tem
perature for 1 h with vertical agitation. After the reaction, the gases were col
lected for analysis, and the condensed products were extracted in 200 mL of 
toluene for 48 h in a Soxhlet apparatus. Toluene was evaporated, and the weight 
of the residue was used to calculate the conversion yield. 

C NMR Spectroscopy. Cross-polarization-magic-angle spinning 
(CP-MAS) 1 3 C NMR spectra of samples were measured with a Bruker CXP-200 
spectrometer operating at 50.3 MHz. The contact time was 1 ms, the proton 90° 
pulse was 6 μ$, and the repetition time was 1 s. For dipolar-dephasing (DD) 
spectra, a 40-/JS delay was used as before (22). To collect free induction decay 
(FID) signals, 1024 data points were used, and the data were zero-filled to 8192 
data points before Fourier transformation. The sample was spun at approxi
mately 4.5 kHz in a cylindrical (7-mm i.d.) sapphire rotor with a cap and a tur
bine made of a homopolymer of chlorotrifluoroethene (Kel-F). A Doty Scien
tific probe was used. For most of samples, 4000 transients were sufficient to 
obtain a good signal-to-noise ratio. Apparent aromaticities, / a , were obtained 
from the integral of the aromatic peak between 90 and 165 ppm and associated 
spinning side bands (SSB) assuming that the SSB on both sides of the peak were 
equal in size (15). The reproducibility of the/a values was confirmed by measur
ing one sample (treated Illinois No. 6 coal under N 2 gas) at various spinning rates 
(3.7-4.5 kHz). The/ a values ranged from 81.8 to 83.1%. 

Thermal Analysis. The moisture content, volatile matter (VM), fixed 
carbon (FC), and ash in the sample were determined by using a Du Pont thermal 
gravimetric analyzer model 951 equipped with a data station. The heating rate 
was 100 °C/min. Samples were heated to approximately 950 °C in nitrogen gas 
and held at this temperature for 5 min. The ash content was obtained by subse
quently introducing oxygen gas to burn the remaining organic materials. 

Elemental Analysis. Carbon, hydrogen, and nitrogen were analyzed in 
the Microanalytical Laboratory, Chemistry Department, University of Alberta, 
using a Perkin-Elmer 240B CHN analyzer. Total sulfur contents were obtained 
with a LECO model SC-132 sulfur determinator. The pyritic sulfur data were 
obtained from the Users Handbook for the Argonne Premium Coal Sample Pro
gram (14). 
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Results and Discussion 

Feed Coals. The rank and other chemical properties of the feed 
coals are shown in Table I. Illinois No. 6 coal had the highest ash con
tent, and Wyodak-Anderson coal had the lowest. The fixed-carbon con
tent for the feed coals varied from 53.8% (Wyodak-Anderson) to 60.0% 
(Highvale). The H - C ratio for Highvale coal was the lowest of the three 
coals studied; Wyodak-Anderson and Illinois No. 6 coals showed signifi
cantly higher H - C ratios than Highvale coal. Wyodak-Anderson and 
Highvale coal samples had significantly lower total and pyritic sulfur con
tents when compared to Illinois No. 6 coal. This result is in agreement 
with the high ash content observed for Illinois No. 6 coal. The apparent 
carbon aromaticity data indicated that Highvale coal contained the 
greatest amount of aromatic carbon (0.69), and Wyodak-Anderson coal 
had the least (0.59). 

Stack plots of 1 3 C C P - M A S and DD NMR spectra of feed coals are 
shown in Figure 1. Only nonprotonated carbons and carbons in very 
mobile side groups were detected in the DD spectra. The aliphatic carbon 
content varied among the samples. Wyodak-Anderson coal had the 
greatest amount and Highvale coal had the least amount of aliphatic car
bons. The spectra of all three feed coals show the presence of some car
bons directly associated with oxygen. The peaks at approximately 180 ppm 
are due to carboxyl carbons. Absorption signals centered around 145 and 
155 ppm are due to aromatic carbons directly bonded to oxygens. If 

Table I. Data on Feed Coals 

Property Wyodak-Anderson Highvale Illinois No. 6 

ASTM* rank subbituminous subbituminous bituminous 
Ash 5.2 11.6 13.1 
FC* 53.8 60.0 57.2 
V M C 46.2 40.0 42.6 
H - C ratio 0.85 0.71 0.85 
Ο 20.8 20.2 10.9 
Total S 0.8 0.4 6.4 
FeS2 0.1 trace 5.5 

/a 0.59 0.69 0.67 
Aliphatic C 39 28 32 

N O T E : All values, except for H - C ratio and/a, are given as percents. 
α American Society for Testing and Materials. 
*Tixed carbon. 
cVolatile material. 
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J I I I 1 1 ι ι 1 · i 1 

200 100 0 ppm 200 100 0 ppm 

Figure 2. 13C CP-MAS and DD NMR spectra of feed coals: (a) 
Wyodak-Anderson CP-MAS, (b) Highvale CP-MAS, (c) Illinois 
No. 6 CP-MAS, (d) Wyodak-Anderson DD, (e) Highvale DD, and 
(f) Illinois No. 6DD. 

the oxygen is in the form of a free phenolic group, the aromatic carbons 
absorb at approximately 148 ppm, but if the oxygen is ether-linked, the 
aromatic carbon resonance shifts slightly downfield to approximately 152 
ppm (25). Apparently, the relative quantities of aromatic carbons associ
ated with oxygens (obtained from the signals between 140 and 160 ppm) 
do not vary among the three feed coals. The signals from a carbons in ali
phatic alcohols are normally observed between 60 and 80 ppm, but the 
presence of these peaks was not obvious except in the spectrum of the 
Highvale coal, which showed some indication of the presence of this 
group. Carbonyl carbons normally appear at approximately 200 ppm (26), 
but their presence could not be confirmed because of overlapping SSB. 

Residues from Liquefaction under N 2 Gas. In the present 
study, the three different coals were first processed under inert nitrogen 
gas. Without hydrogen gas to regenerate the donor solvent Tetralin, the 
extent of conversion of coal to liquid and gaseous products is limited by 
the available hydrogen from Tetralin only. Figure 2 shows the C P - M A S 
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I I I 1 1 1 

200 100 0 ppm 
Figure 2. 13C CP-MAS (a) and DD (b) NMR spectra of the residue 
from Highvale coal. 

and DD spectra of the residue sample from Highvale coal after liquefac
tion under nitrogen. A high aromatic carbon content characterizes the 
residue spectrum. A comparison of the residue spectra with the spectra of 
the feed coal shows that the following types of carbons have disappeared 
during the liquefaction process under nitrogen: 

• most of the aliphatic carbons (0-40 ppm) 
• some protonated aromatic carbons (100-128 ppm) 
• most of aromatic carbons directly bonded to oxygen (140—160 ppm) 
• most of carboxyl carbons (~180 ppm) 

The remaining aliphatic-carbon peaks were very small and were observed 
in the chemical-shift range of 5-45 ppm. The DD spectra of the residues 
indicated that these small peaks were due to the methyl carbon directly 
bonded to aromatic carbons and possibly due to hydroaromatic carbons 
(17). The same types of methyl groups have also been detected in the 
organic residue deposited on the surface of spent catalysts from hydropro-
cessing of heavy oils at 360-400 °C (IS, 19). 

The half-height line widths of the aromatic carbon peaks centered at 
approximately 128 ppm varied among coal samples. The broadening of 
the peaks may be due to paramagnetic iron in the sample. Illinois No. 6 
coal showed the greatest line broadening, and this broadening was in 
agreement with the highest content of pyritic sulfur. 
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The percent yield, aromaticity, and fixed carbon data for residues 
from liquefaction experiments under nitrogen, hydrogen, and methane are 
listed in Table II. The solid yields were calculated from the weights of the 
residue on a dry, ash-free (daf) basis, and the total conversion to gases and 
toluene-soluble compounds is 100 minus the solid yield. Under nitrogen, 
Illinois No. 6 coal gave the highest conversion and Highvale coal gave the 
lowest. 

Because the aliphatic portions of coal and of other carbonaceous 
solids are believed to be more easily pyrolyzed under liquefaction condi
tions, a positive correlation between the aliphatic content and the total 
conversion under similar reaction conditions would be expected. For 
example, the oil yield from oil shale has been found to be linearly depen
dent on the aliphatic carbon content (7f 8). In the present study, although 
the aromaticity values show a substantial increase in the residue samples 
when compared to the feed coal, the total conversion does not seem to 
depend on only the aliphatic carbon content but also on the amount of 
fixed carbon in the feed coal. This observation indicates that other struc
tural properties of coal are also important factors in liquefaction conver
sion. 

Illinois No. 6 coal, which gave the highest conversion, contained the 
greatest amount of organic and inorganic sulfur. The presence of sulfur is 
difficult to detect with 1 3 C NMR spectroscopy, but if sulfur or thio-ether 

Table II. Liquefaction Data 

Feed Coal Gas Catalyst 
Solid 

Yield (%)a 

Fixed 
fa Carbon (%)a 

Wyodak-Anderson N 2 no 36.3 0.87 74.4 
H 2 no 35.7 0.88 79.9 
H 2 

yes 26.2 0.84 76.3 
C H 4 no 25.3 0.83 80.3 
C H 4 yes 42.7 0.87 76.8 

Highvale N 2 no 46.7 0.91 77.8 
H 2 no 42.1 0.88 77.2 
H 2 yes 47.3 0.92 80.4 
C H 4 no 46.4 0.89 74.2 
C H 4 yes 54.8 0.91 80.0 

Illinois No. 6 N 2 no 25.6 0.84 72.2 
H 2 no 24.0 0.82 72.0 
H 2 yes 31.5 0.83 71.5 
C H 4 no 30.1 0.81 71.2 
C H 4 yes 27.5 0.77 70.2 

eDry ash-free basis. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
4

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



288 M A G N E T O RESONANCE O F CARBONACEOUS SOLIDS 

linkages are present in coal, these may be more easily broken during pyro
lysis than C - C linkages. Furthermore, the high pyrite and ash contents of 
Illinois No. 6 coal may have contributed to the high conversion as a result 
of catalytic activity. 

Although the apparent carbon aromaticity may not represent the true 
carbon aromaticity of coal (20, 21), the variations of fa values among simi
lar samples should be comparable as long as the spectral conditions are 
kept constant. 

If the pyrolysis did not cause aromatization of aliphatic carbons origi
nally present in feed coals, approximate amounts of lost aromatic and ali
phatic carbons can be calculated. The remaining aromatic carbons can be 
obtained by multiplying the solid yield (as a fraction of the original feed 
coal) by the apparent aromaticity value, / , of the residue. Such data are 
shown in Table III for liquefaction experiments under nitrogen. The 
results clearly show that Illinois No. 6 coal lost many more aromatic car
bons than the other two feed coals. The aliphatic content of feed coal was 
not a single factor affecting the conversion yield. The presence of 
aromatic structures that are easily pyrolyzed to small molecules seems to 
contribute significantly to the high conversion yield of coal. 

From the preceding discussion, this question arises: "What is the 
difference in the aromatic structure of Illinois No. 6 coal as compared to 
the other two coals?" In the following discussion, we will attempt to 
answer this question. 

The H - C ratio of the aromatic portion can be calculated if the ali
phatic hydrogen content in coal can be estimated. We assumed that the 
average aliphatic carbons were methylene carbons (22), and therefore the 
average H - C ratio in aliphatic portions is 2. The H - C ratios from the 
elemental analysis and the carbon aromaticity data provide the original 
distribution of hydrogens between aliphatic and aromatic structures. In 
this calculation, contributions from phenolic and carboxylic hydrogens 
were assumed to be negligible. Results for the aromatic H - C ratios are 
shown in Table IV. Even if the assumptions that ( H - C ) a l = 2 and / a = 
C 7100 are not absolutely correct, a clear trend can be observed. In Illi-

Table III. Aromatic Carbon Distribution 

Aromatic Carbon" 
Coal Solid Yield Feed Residue Remaining Lost 

Wyodak-Anderson 0.363 59 87 32 27 

Highvale 0.467 69 91 42 27 

Illinois No. 6 0.256 67 84 22 46 
aThe number given is the number of aromatic carbons per every hundred carbons. 
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Table IV. Hydrogen Distribution in Coals 

Coal C b 
H J 

Wyodak-Anderson 85 39 78 1 0.12 
Residue 56 11 22 34 0.39 

Highvale 71 28 56 15 0.22 
Residue 54 7 14 40 0.44 

Illinois No. 6 85 32 64 21 0.31 
Residue 59 13 26 33 0.39 

N O T E : All values are given per 100 carbon atoms. The subscript 
abbreviations are as follows: tot, total; al, aliphatic; and ar, aromatic. 
^Values obtained from H - C ratios in Table I. 
h Values obtained by using the following equation: 100 — / a — % 
carboxyl carbon. 
cValues obtained by multiplying the aliphatic carbon value by 2. 
^Values obtained by subtracting H a l from H t o t . 

nois No. 6 coal, more aromatic carbons are protonated than in the other 
two feed coals. This observation suggests that a greater availability of pro
tonated aromatic carbons is a factor contributing to the high conversion of 
aromatic carbons. Many condensed aromatic moieties are probably linked 
through simple C - C bonds, methylene bridges, ether bonds, and thio-
ether bonds in the coal chemical structure (25). If each of the aromatic 
moieties is less condensed and smaller, a higher H - C ratio would be 
expected when more peripheral aromatic carbons are available. The data 
in Table IV suggest that the degree of aromatic condensation in Illinois 
No. 6 coal is lower than in the other two coals. The abundance of small 
aromatic units leads to greater production of small fragments by pyrolysis 
and to high conversion. 

The H - C ratios in the aromatic structures in the process residues 
were also calculated, and the results are shown in Table IV. Interestingly, 
the ratios of the residues are greater than those of the feed coal for all 
three samples. This observation suggests that some hydrogénation of peri
pheral carbons of condensed aromatic structures, which constitute the 
bulk of the residue, occurs during liquefaction. 

Residues from Process under H 2 and C H 4 Gases. All 
three feed coals were also processed under hydrogen or methane gas with 
and without a catalyst. These liquefaction experiments were performed to 
study the relationship between the chemical characteristics of the uncon
verted residue and the conversion yield under different conditions. The 
yield, the aromaticity, and the fixed carbon content of the residue derived 
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from liquefaction experiments in hydrogen and methane are listed in 
Table II. 

The residues obtained from the liquefaction experiment with a 
catalyst were ferromagnetic, and more than six sets of SSB were observed 
after overnight scanning. Hence, the ferromagnetic iron had to be 
removed before analysis. These residues were extracted overnight in a 
10% HC1 solution at room temperature, filtered, washed, and dried at 85 
°C. The extraction procedure had to be repeated three times before the 
effect of the ferromagnetic iron became negligible. Feed coal and some 
residue samples obtained from the processes without catalysts were also 
extracted in a 10% HC1 solution to study the effect of the acid on organic 
materials. NMR spectra obtained before and after the extraction were 
compared, and no detectable differences were observed for any of the resi
due samples. Therefore, the organic matter was not altered by washing 
with a 10% HC1 solution at room temperature. The measured / value for 
Illinois No. 6 coal after extraction was larger by 0.03 than that measured 
before extraction. Line broadening due to the relatively high iron content 
of this coal before extraction probably caused the slightly smaller apparent 
carbon aromaticity (24). The / value after the extraction was used for Illi
nois No. 6 feed coal. No changes were observed in the spectra of the 
other two feed coals. 

Figure 3 presents a plot of apparent carbon aromaticities versus fixed 
carbon contents for all samples, including residues and feed coals. A good 
correlation is clearly indicated irrespective of the sample source. This 

sol ι 1 1 1 
SO 60 70 80 90 

Fixed Carbon 
Figure 3. Plot of apparent carbon aromaticity vs. fixed carbon con
tent. 
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result is in agreement with many previous studies (13, 25—29), and it con
firms that fixed carbons are generally highly aromatic. 

Figure 4 shows a plot of aromaticities versus solid yields for all the 
residue samples. A good correlation is also indicated here, regardless of 
the nature of the feed coal or the process condition. A lower aromaticity 
value was observed for the residues with higher conversion (i.e., low solid 
yield). This result is contrary to earlier observations with coal hydrogéna
tion residues (10, 11). The process that resulted in high conversions left 
residues with low aromaticity because nonvolatile fixed carbons are highly 
aromatic. However, this low aromaticity can be attributed to the hydrogé
nation of more condensed aromatic structures and to the creation of more 
directly bonded methyl groups during coal liquefaction for higher-yield 
experiments. In addition to the pyrolysis of aliphatic chains linking large 
aromatic moieties, direct hydrogénation of these large aromatic structures 
also occurs during coal liquefaction. Such hydrogénation reactions should 
lead to the formation of hydroaromatic and naphthenic groups that are 
subsequently pyrolyzed to increase the liquefaction conversion. The expla
nation for the relative increase of aliphatic carbons with increasing conver
sion may be given by the proposed simplified mechanism of pyrolysis and 
hydrogénation of peripheral aromatic carbons shown in Scheme I. As the 
peripheral carbons in condensed aromatic clusters become hydrogenated, 
hydroaromatic structures that are susceptible to pyrolysis are formed. 
Subsequent breakage of the aliphatic C - C bonds within the hydroaromatic 
structures leads to the formation of methyl groups that are directly bonded 
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Scheme L Proposed coal liquefaction mechanism. 

to aromatic compounds. Other aliphatic chains that are formed in this 
process can then be removed by dealkylation. 

Conclusions 

The results of this study show that solid-state 1 3 C NMR spectroscopy can 
provide a better understanding of the chemical structure of feed coals and 
their liquefaction residues as well as of the liquefaction process chemistry 
and mechanism. On the basis of the results presented in this chapter, the 
following conclusions can be made: 

1. The conversion yield of a given coal under a given liquefaction con
dition is a function of several chemical characteristics of the coal: 
the aliphatic carbon content, the aromatic H - C ratio (or the average 
size of the condensed aromatic structures), and possibly the sulfur 
content. 

2. A majority of the aliphatic carbons and most of the functional 
groups involving oxygen were lost during the liquefaction process, a 
result that left residues with very high carbon aromaticities. 

3. A high conversion was associated with low carbon aromaticity in the 
residue. This association indicated that in addition to thermal pyrol-
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ysis of C - C bonds, direct hydrogénation of condensed aromatic 
structures was the important process in coal liquefaction. 
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1H NMR Spectroscopy and Spin—Lattice 
Relaxation of Argonne Premium Coals 

Kikuko Hayamizu, Shigenobu Hayashi, Kunio Kamiya, and Mitsutaka 
Kawamura 

National Chemical Laboratory, Tsukuba, Ibaraki 305, Japan 

Solid-state 1H NMR spectra and spin—lattice relaxation 
times (T1) are reported for eight Argonne Premium coals 
that were prepared under several different conditions. Meas
urements were performed on pristine coals, degassed and 
dried samples, dried coal samples stored in capped vials for 
about 1 year, and coals treated with two different acids, HCl 
and HF—HCl. In general, nonexponential relaxation curves 
were analyzed by fitting the data to two exponential decay 
constants. With acid treatment, an increase in T1 was 
observed for the coals with carbon contents of less than 
77%, and a decrease was observed for the higher rank coals. 
Electron spin resonance (ESR) measurements were per
formed on coals with and without acid treatment to assess 
the 1H spin—lattice relaxation mechanisms. The important 
1H NMR relaxation mechanism in lignite and subbitumi-
nous coals is due to the presence of paramagnetic metal 
ions, whereas that in bituminous coals is due to organic free 
radicals. The effects of various treatments on the 1H NMR 
spectra and the T1 values of coals are discussed. 

ONE OF THE MOST POWERFUL METHODS for characterizing the 
gross molecular structures and molecular motions in organic solids is X H 
NMR spectroscopy. A great number of NMR studies of the structure of 
coal have been published during the past two decades (1-12). The most 

0065-2393/93/0229-0295$06.00/0 
© 1993 American Chemical Society 
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296 M A G N E T O RESONANCE OF CARBONACEOUS SOLIDS 

important mechanism for proton spin-lattice relaxation in coals is as
sumed to be due to the effects induced by inherent organic free radicals 
and paramagnetic metal ions or by paramagnetic oxygen gas that is intro
duced into fresh coals. The correlation between the *H relaxation times 
and the organic free radicals has been widely acknowledged, and relation
ships have been found between the unpaired-electron spin density and the 
proton Τχ for bituminous and higher rank coals. However, a clear inter
pretation of proton relaxation has not been forthcoming, especially in the 
lower rank coals. 

To assess the effects of paramagnetic ions on the relaxation times, we 
measured the *H NMR parameters before and after metal ions were 
removed from the coals by acid treatment. Two different acid-treated 
samples were prepared for each of the eight Argonne Premium coals. 
Four additional samples were prepared from these coals for analysis (i.e., 
fresh, degassed, dried, and aged and dried samples for each coal). Insights 
into the relaxation mechanisms were obtained by comparing the *H NMR 
spectra and spin-lattice relaxation times (Γ χ ) for these six differently 
treated samples of each coal. 

For the measurement of *H NMR spectra, removal of moisture is 
another important problem. In this chapter, using samples prepared 
under various conditions, the effects of H 2 Ô on *H spectra are discussed. 
To complement the X H NMR results, electron spin resonance (ESR) spec
tra were recorded for the aged and dried samples and for the acid-treated 
and dried samples. 

Experimental Details 

The eight coals used in this study were obtained from the Premium Coal Sample 
Program at Argonne National Laboratory. Six samples were prepared for each 
Argonne Premium coal. Sample A for each coal was prepared by opening the 
ampules and rapidly transferring a sample to a 10-mm NMR sample tube, which 
was immediately capped. The Τχ measurements of these samples were carried out 
within 1 h. Β samples were prepared by pumping out air while cooling the sam
ple in liquid nitrogen before sealing. C samples were dried at 110 °C under 
vacuum for more than 8 h before sealing. D samples were prepared from coals 
stored in capped bottles for about 1 year before drying at 110 °C. Samples Ε and 
F were prepared by treating sample D coals with HC1 and HF-HC1, respectively, 
prior to drying at 110 °C. 

The acid-treated coals were prepared according to the following procedures: 
About 2 g of coal (sample D) was refluxed in 50 mL of 10% HC1 at 100 °C for 4 
h. The sample was washed well with water and dried at 60 °C under vacuum for 
about 24 h, producing sample E. The amount of iron removed was determined by 
calorimetric analysis of the combined solutions. Sample F was prepared from 
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about 1.2 g of sample E. The coal was suspended in 10 mL of an aqueous solu
tion consisting of 47.5% HF, 2.5% HC1, and 50% H 2 0 by volume and was then 
heated at 50 °C for 4 h. The HF-HCl-treated coal was filtered, washed with 
H 2 0 , and dried. 

The *H NMR spectra were observed at the resonance frequency of 90 MHz 
on a Bruker CXP-100 spectrometer. The spin-lattice relaxation times were 
obtained by the usual 180°-r-90° pulse sequence. The width of the 90° pulse 
was 2.6 /JS. The free induction decays (FIDs) were accumulated 32 times for each 
successive interval time, r, between 180° and 90° pulses. When the relaxation 
curves demonstrated single exponential behavior, more than six τ values were 
employed in the analysis. More than 20 different rvalues were utilized to analyze 
curves with two-component relaxation behavior. Fourier transformed spectra 
were obtained by using a spectral width of 125 kHz. 

Proton relaxation times were calculated by using a nonlinear least-squares 
analysis according to eq 1: 

Μ0—Μ(τ) , —τ, 
w U = Ν Σ Cj exp (1) M0 Tn 

where MQ is the magnetization at equilibrium, M(r) is the magnetization at time r, 
Cj is the magnetization fraction characterized by 7^ for the component /, and Ν is 
the normalization factor. The average relaxation time, T l a , was obtained accord
ing to eq 2: 

τ - = Σ τ ί (2) 
1 l a 1 l j 

ESR spectra were observed with a JEOL JER-RE spectrometer. 

Results and Discussion 

Proton NMR spectra of A (fresh), Β (degassed), and C (dried) samples are 
shown for North Dakota Beulah-Zap (ND), Utah Blind Canyon (UT), 
and Pocahontas No. 3 (POC) coals in Figures 1, 2, and 3, respectively. The 
H 2 0 contents of fresh ND, UT, and POC coals are 32, 4.6, and 0.65%, 
respectively (13). 

Spectra of the A and Β samples of the ND coal in Figure 1 exhibit 
very sharp resonances that are assumed to originate from H 2 0 . Increasing 
the vertical scale in these spectra reveals a broader component that can be 
attributed to protons of the coal. The line width of the water resonance 
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a) 
ND 

\ * - 1.3 khz 

Figure I. 1H NMR spectra of (a) A (fresh), (b) Β (degassed), and 
(c) C (dried) samples ofBeulah—Zap North Dakota (ND) coal 

in sample A is 1.3 kHz, and that in sample Β is 1.1 kHz. The water reso
nances in these coals appear at higher field than the resonance for an 
aqueous solution of 5% CuS0 4 . The *H resonance of sample A is upfield 
of that of sample Β by about 12 ppm, and the latter resonance is upfield 
of a 5% CuS0 4 solution by about 15 ppm. The degassing procedure used 
in the preparation of sample Β may have lead to a significant loss of H 2 0 , 
together with the loss of various trapped gases. However, the intense 
H 2 0 signal observed in sample Β suggests that a significant amount of 
t ^ O remains in the sample after degassing. 
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Figure 2 1H NMR spectra of (a) A (fresh), (b) B (degassed), and 
(c) C (dried) samples of Blind Canyon Utah (UT) coal. 

Figure 3. 1H NMR spectra of (a) A (fresh), (b) Β (degassed), and 
(c) C (dried) samples of Pocahontas No. 3 (POC) coal 
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The significantly broad resonance in the spectrum of sample C shown 
in Figure lc can be attributed to protons in the coal. Moreover, this pat
tern does not change for samples D, E , and F. In fact, *H spectra are 
remarkably similar for all Argonne Premium coal samples that have been 
thoroughly dried. 

Similar behavior was observed in samples A, B, and C of the 
Wyodak-Anderson (WY) and Illinois No. 6 (IL) coals, whose H 2 0 con
tents are 28 and 8.0%, respectively. The spectra of W Y and ND coal sam
ples are nearly the same. Although the IL coal contains less H 2 0 than 
the W Y and ND coals, the spectra of samples A and Β exhibit sharp reso
nances with line widths of 1.8 and 1.3 kHz, respectively. Also, the H 2 0 
signal in sample A's spectrum appears at higher field than that of B. 
Differences observed in proton line widths and chemical shifts of samples 
A and Β may originate from exchange effects between "free" and "bound" 
water, which may be altered upon evacuation of the coals. 

Proton spectra for the U T (Blind Canyon) coal in Figures 2a and 2b 
show the typical pattern for mobile H 2 0 ; the line widths of the narrow 
components in samples A and Β of this coal are 2.2 and 2.5 kHz, respec
tively. The narrow resonances in the spectra of samples A and Β of the 
Lewiston-Stockton (WV) coal, which has less H 2 0 content (2.4%) than 
U T (4.6%), are less intense and are characterized by considerably broader 
line widths of 3.9 and 5.1 kHz, respectively. For Pittsburgh No. 8 (PITT), 
which has an H 2 0 content of 1.65%, the narrow resonance in samples A 
and Β is proportionately smaller, and the line widths are too broad to be 
determined by simple first-order analysis. 

In summary, the line widths of the narrow H 2 0 resonances increase 
with increasing carbon content of the coal. This trend parallels a decrease 
in H 2 0 content. Moreover, chemical-shift differences observed between 
samples A and Β for all coals are about 12 ppm, and the narrow H 2 0 sig
nal of sample A always appears at higher field. 

The vapor pressure of water is reduced by the degassing procedure. 
Thus, exchange effects between free and bound water cannot be neglected, 
and the corresponding line widths of the water resonances depend on the 
H 2 0 content of the coal. Also, the shifts of water to higher field in A 
samples relative to Β samples for UT, WV, and PITT coals are probably 
due to exchange effects. However, more detailed experiments are neces
sary to elucidate these phenomena in greater detail, including analyses of 
the ratios of free and bound water, mobility of the water, macro- and 
micropore structures of coal, etc. 

The three spectra of POC (Pocahontas No. 3) in Figure 3 are 
remarkably similar; however, the narrow component is observed in sample 
A only. The spectra of Upper Freeport coal (UF) show similar behavior. 
Simple comparison of the spectra of samples A and Β suggests that the 
moisture in U F and POC, which presumably is present as free water, was 
lost upon evacuating the samples. 
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The line widths at half-height for the dried coals (C samples) are 
plotted against carbon contents in Figure 4. An increase in the line width 
of the coal-proton signal is observed with increasing carbon content. 
Although it is not certain whether trace amounts of tightly bound H 2 0 
remain in the dried samples, a H NMR spectra appear to be devoid of sig
nals due to mobile protons. The lower rank coals, ND and WY, exhibit 
significantly narrower line widths. Possible reasons for the reduction in 
line width in these coals include a greater abundance of mobile side 
chains, weaker network structures due to smaller aromatic rings, and the 
presence of chemically bound water. 

The *Η spin-lattice relaxation times (Tt) and the relative fractions of 
each component were calculated from eq 1. Most of the relaxation data 
were analyzed by the sum of two exponential decay constants, but a few 
could be analyzed as single exponential relaxation decay. Results for W Y 
(Wyodak-Anderson), WV (Lewiston-Stockton), and U F (Upper Free-
port) are shown in Figures 5, 6, and 7, respectively. In these figures, the 
areas of the open circles express the relative fractions of the components 
normalized to unity. 

Al l W Y samples exhibit two-component spin—lattice relaxation as 
shown in Figure 5. The fractional amplitudes of longer Τχ components 
are generally greater than those with shorter I^s, except for sample A in 
which the component fractions are nearly equal. Because the water con
tent of the W Y coal is 28%, proton relaxation in samples A and Β origi
nates from H 2 0 . Because the ratios of the two relaxation components are 
similar for samples A, B, and C (dried), the relaxation mechanisms of 

3 5-

Ο Ο 

! 3 ° - ο 
> ° ο 
φ c ZI 

I 1 1 « 1 ^ 
70 80 90 

Cabon(% MAF) 
Figure 4. Plot of line widths of dried Argonne Premium coals (C 
samples) vs. percent carbon. 
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Figure 5. 1Η relaxation times of the six differently prepared samples 
of the Wyodak-Anderson (WY) coal The areas of the open circles 
correspond to the relative amplitudes of the components. 

these samples must be similar. The somewhat shorter Tt for sample D 
(aged, stored in a bottle) may be due to mild oxidation of this sample, 
which may lead to an increase in free radical content (6). With acid treat
ment, the Τχ values become much longer for both components. The Tt 

values of the longer component are similar (ca. 800 ms) for the two acid-
treated samples, and an increase in Τχ is apparent for the shorter com
ponent with additional HF-HC1 treatment. Similar behavior was ob
tained for the ND (Beulah-Zap) lignite. 

In Figure 6, the 1 H relaxation behavior of the W V (Lewiston-Stock-
ton) coal is shown. A single exponential decay in proton magnetization is 
observed for sample B. Samples A and Β contain considerable H 2 0 , 
which is clearly shown in the proton spectra. Dried samples exhibit a 
two-component decay. The weighted-average value of T l a , calculated by 
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Figure 6. 1H relaxation times of the six differently prepared samples 
of the Lewiston—Stockton (WV) coal. The areas of the open circles 
correspond to the relative amplitudes of the components. 

using eq 2, of sample C equals the Τχ value of sample Β within experimen
tal error. Thus, translational diffusion of water molecules inside the coal 
may play a role in averaging Tt of sample Β to a single time constant. 
The T1 value for sample D, which had been stored in a capped vial, was 
decreased. Acid treatment changes the relaxation behavior little, a result 
indicating that the relaxation is not governed by the presence of paramag
netic metal cations because the iron contents of samples Ε and F are sig
nificantly reduced compared to that of sample C. The PITT (Pittsburgh 
No. 8) samples show relaxation behavior that is similar to that for the WV 
coal. 

The Tt relaxation results for U F coal samples are shown in Figure 7. 
Samples A, C, and D exhibit single exponential decay of proton magneti
zation, and Samples Β, E , and F can be analyzed for two components. 
After degassing, the long Τχ components increase significantly. On the 
other hand, acid treatment induces a shortening of the Τχ relaxation of 
both components. Clearly, 1 H relaxation in the dried coal is not governed 
by the paramagnetic metal ions. However, treating WV coal with acids 
may have caused some degradation in coal structure, resulting in an 
increased free radical content. 

In Figure 8, the proton Τχ relaxation times of dried Argonne Premi
um coals (C samples) are plotted against carbon content. In this figure, 
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I oood 

Figure 7. 1H relaxation times of the six differently prepared samples 
of the Upper Freeport (UF) coal. The areas of the open circles 
correspond to the relative amplitudes of the components. 

the areas of the circles (total area normalized to unity) are proportional to 
the relative amplitudes of the Τχ components. In general, the longer Τχ 

components always have the greater amplitudes for all coals, and the ratio 
of long-to-short Τχ components increases with carbon content of the coal. 
The U T and U F coals exhibit single exponential Tt decay. Wind et al. 
(II) reported similar results on coals dried at ambient temperature under 
high vacuum. They observed the *H relaxation curves for eight Argonne 
Premium coals and five other coals at 60 and 187 MHz and analyzed their 
data by assuming two relaxation components in the same way as the 
present study. Although the drying procedures are quite different, our 
results obtained at 90 MHz and their results at 60 MHz agree well within 
experimental error, including the Τχ values and the relative amplitudes of 
the Tt components. A difference is seen for U T coal only, for which they 
observed a two-component Tt decay. 

The average Tu values of samples A (fresh), Β (degassed), and C 
(dried) are plotted against the carbon content of the coals in Figure 9. 
When the Tt values are compared for the various samples of the same 
coal, generally sample A has the shortest Tv and sample C has the longest 
Tv Because the degassing procedure (sample B) was carried out at 
liquid-nitrogen temperature, the loss of moisture is not expected to be 
great. The differences in the Τχ values of samples A and Β are mainly 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
5

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



15. HAYAMIZU ET A L 1H NMR Spectroscopy & Spin-Lattice Relaxation 305 

2 0 0 0 -

1000-

500 

200-1 
w 

E 100-

5 0 -

2 0 -

I O 

ND WY 

o o 

o 
O 

IL 

o 
PITT 

WV or 

UF 

o 
POC 

0 

UT 

o 

75 80 85 
Carbon(% MAF) 

90 

Figure 8. Plot of relaxation times for dried Argonne Premium coals 
(C samples) vs. percent carbon. The areas of open circles correspond 
to the relative amplitudes of the components. 

due to the effect of some water removal as a function of overall water con
tent of the coals, which is consistent with observations in the X H spectra 
discussed previously. After drying, however, the *Η spectra of the C sam
ples do not exhibit a narrow resonance that can be attributed to water. 
Although we are unsure whether tightly bound water remains in these 
dried coals, it is certain that the observed increase of T l a from sample A 
to sample C is induced by the removal of mobile H 2 0 . The r l a values for 
dried Argonne Premium coals can be classified in three groups: 

1. lignite (ND) and subbituminous (WY) coals with the shortest r l a 

values (10-20 ms) 

2. high-volatile bituminous coals (IL, UT, WV, and PITT) with inter
mediate T l a values (140-160 ms) 

3. medium- and low-volatile bituminous coals (UF and POC) with the 
longest r l a values (730-780 ms). 
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Figure 9. Plots of the average Tla values vs. percent carbon for 
samples A (fresh, A), Β (degassed, Π), and C (dried, ·). 

Similarly, T l a values of the dried and acid-treated coal samples can be 
plotted against the coal carbon content (Figure 10). As expected, large 
increases in Ίχ values for ND and WY coals occur after the acid treat
ment. Clearly the dominant relaxation mechanism for these coals is 
electron-nuclear interactions involving paramagnetic metal ions, which 
are subsequently removed by acid treatment. Iron was always detected in 
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l O O O H 
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Figure 10. Plots of the average Ύ1α values vs. percent carbon for 
samples C (dried, 9), Ε (HCl treated, A), and F (HCl-HF treated, 

the filtrates from the first acid-treatment step for all coals, but none was 
detected after subsequent treatments with H C l - H F . Because the Fe con
tents of samples Ε and F are similar, the increase of r l a for sample F of 
these two coals may be caused by other paramagnetic metals such as Mn, 
Ni, Cu, or V (13). 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
5

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



308 M A G N E T I C RESONANCE O F CARBONACEOUS SOLIDS 

For the six higher rank coals, T l a values become shorter after acid 
treatment. Because the content of Fe and other paramagnetic metal ions 
decreases upon acid washing, the contribution of paramagnetic ions to the 
relaxation mechanism is unimportant in higher rank coals. 

To confirm these observations concerning the *H spin-lattice relaxa
tion mechanisms, ESR spectra were measured for aged and dried (same as 
sample D, but not sealed) and acid-treated and dried (same as sample F, 
but not sealed) coal samples. Area intensities of the sharp ESR peaks 
were estimated as shown in Figure 11. For ND and W Y coals, a small 
decrease in spin density was observed after the acid treatment, and the T l a 

values increased greatly, as shown in Figure 10. Therefore, the *H relaxa
tion times of ND and W Y coals are determined by magnetic interactions 
with paramagnetic metal ions. The other Argonne Premium coals show an 
increase in spin density and a decrease in the Tt values after acid treat
ment. This result indicates that the main relaxation mechanism involves 

3 0 - ESR 
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Figure IL Variation in the ESR free radical spin densities before 
(O) and after (Π) acid treatment 
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the organic free radicals in these higher rank coals. For the IL coal, how
ever, a large increase in spin density was observed after acid treatment, 
whereas T l a values remained nearly the same. This result suggests both 
paramagnetic metal ions and organic free radicals are effective for 1 H 
relaxation in the IL coal. The increases in radical population with acid 
treatment in the high-rank coals could be due to changes in the coal struc
ture. 

Two factors determine 1 H relaxation: (1) the type of magnetic 
interaction and (2) the degree of molecular mobility. The higher rank 
coals tend to be more homogeneous and are highly aromatic. Although 
the spin densities of the organic radicals in these coals are slightly larger 
than those of the lower rank coals, the molecular structure is more rigid. 
This rigidity results in the longer relaxation times of the dried U F and 
POC coals. However, when the two high-rank coals are demineralized, 
their free radical contents increase considerably, and the 1 H relaxation is 
dominated by magnetic interactions with the free-electron spins. 

Because 1 H spin—lattice relaxation can be analyzed into two com
ponents for most of the samples under study, a multiple-phase coal struc
ture model can be considered. Because similar changes in the Tt values of 
these components occur with sample preparation, the major relaxation 
mechanism may be the result of their different molecular mobilities. It 
has been proposed (14) that coal is a three-dimensional macromolecular 
network that forms a "rigid" structure containing macro- and micropores, 
where many smaller "mobile" molecules exist. This model is consistent 
with our results for higher rank coals. Because *H relaxation times for 
H 2 0 are similar to those for coal protons (for the lower rank coals), coal 
structure, as well as the roles of water and paramagnetic ions, must be 
considered to explain the results obtained for the lower rank coals. 
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High-Field NMR Studies of Argonne 
Premium Coals 

Jiangzhi Hu, Liyun Li, and Chaohui Ye1 

Laboratory of Magnetic Resonance and Atomic and Molecular Physics, 
Wuhan Institute of Physics, Academia Sinica, Wuhan 430071, Peoples 
Republic of China 

Seven Argonne Premium coals were studied by cross-polar
ization (CP)—combined rotation and multiple-pulse spec
troscopy (CRAMPS) in a 9.4-T magnetic field. The appar
ent carbon aromaticities of the coals obtained at high field 
via static CP spectra agreed well with those measured at low 
field, that is, 2.3 T. A detailed discussion of the spectral dis
tortion in the total suppression of sidebands (TOSS) experi
ment at low spinning rates is given. The experimental evi
dence presented in this chapter shows that static CP meas
urements are promising for coal studies. 

SoLID-STATE NMR TECHNIQUES such as cross polarization (CP) and 
magic-angle spinning (MAS) (1), combined rotation and multiple-pulse 
spectroscopy (CRAMPS) (2), and dynamic nuclear polarization (DNP) (3) 
have been useful tools for the study of solid fossil fuels. These studies 
have been continually carried out in a relatively low, generally below 4.7 
T, magnetic field because NMR measurements of solid fossil-fuel samples 
in a high field do not gain much in resolution, as would be expected for 
liquids. Moreover, in a higher magnetic field, a faster sample-spinning 
rate would be required to meet the so-called rapid-rotation condition (4) 
in order to prevent spinning sidebands (SSB). Therefore, a minimum rate 

1 Corresponding author 

0065-2393/93/0229-0311$06.00/0 
© 1993 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
6

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 
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of 8 kHz at 4.7 Τ and 16 kHz at 9.4 Τ is required for MAS studies of coals 
in order to prevent the first SSB of the aromatic carbons from overlapping 
the resonances of the aliphatic carbons. These higher spinning rates have 
not been routinely accessible. Extensive efforts to obtain higher spinning 
rates have been made, and the fastest rate, about 23 kHz, was achieved 
recently (5). In addition, MAS probe suppliers (e.g., Doty Scientific, 
Columbia, SC and Chemagnetics, Fort Collins, CO) currently provide 
MAS probes that can spin at 10 kHz. 

An attractive feature of the high-field experiment is its high sensi
tivity. The NMR signal-to-noise ratio increases with the 7/4 power of the 
field strength (6). For example, the sensitivity at 9.4 Τ is nearly 17 times 
larger than that at 1.9 T; the latter case involves an 80-MHz proton 
resonant frequency. In other words, a time-saving factor of 280 would be 
gained by obtaining the measurements at 9.4 Τ rather than that at 1.9 T, 
because the signal-to-noise ratio is proportional to the square of the 
signal-accumulation numbers. 

The apparent 1 3 C aromaticities obtained from cross polarization with 
magic-angle spinning (CP-MAS) spectroscopy are apparently smaller than 
those obtained from CP experiments (7, 8). This result is partially because 
MAS eliminates some weakly dipolar couplings so that the CP mechanism 
is partially broken in the process. The aromatic portions of coals contain 
more carbons that are remote from protons than do the aliphatic portions; 
therefore, MAS reduces the apparent aromaticity in comparison with 
static CP measurements. Conducting NMR studies of coal at high field 
with a static-CP approach would be expected to result in an increased 
detection sensitivity without spinning problems. 

We report here the measurements of seven Argonne Premium coals 
in a 9.4-T magnetic field via CP, CP-MAS, and CRAMPS techniques. 
Dipolar dephasing (DD) was also used to extract structural parameters. 
The 1 3 C aromaticities that we obtained in the CP experiment agreed well 
with those obtained at 2.3 Τ by the Utah group (9) using CP-MAS. How
ever, the aromaticities obtained with the CP—MAS experiment are signifi
cantly smaller than those obtained with CP measurements at high field, 
and this difference is due to spectral distortion in the total suppression of 
sidebands (TOSS) technique (10). The distortion will be discussed in this 
chapter. 

Experimental Details 

The seven coal samples were obtained from the Argonne Premium Coal Sample 
Program. All of the coal samples were packed into rotors in a nitrogen environ
ment, and the experimental measurements were performed immediately. The CP, 
CP-MAS, and CRAMPS spectra were obtained with a Bruker MSL-400 spec
trometer with a proton frequency of 400.13 MHz and a 1 3 C frequency of 100.63 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
6

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



16. Hu ET AL. High-Field NMR Studies of Argonne Premium Coals 313 

MHz. The MAS rate was approximately 4 kHz, and the TOSS sequence was used 
to eliminate SSB. The 90° pulse width was 4 ŝ, and the proton-decoupling 
strength was 64 kHz in both the CP and CP-MAS experiments. In the CRAMPS 
experiments, the 90° pulse width was 1.95 μ% and the MREV-8 homonuclear-
decoupling sequence described in ref. 11 was used. (MREV is an acronym 
created from the surnames of the originators of the method.) The contact time 
for the CP and CP-MAS experiments was 1 ms. 

We carried out the 1 3 C CP-MAS experiments and extracted the structural 
parameters of the coals in a manner similar to that described by Solum et al. (9), 
and the same symbols that they used are also presented in this chapter for con
venient comparison. 

Results and Discussion 

The static CP 1 3 C spectra were obtained within 10 min with a reasonable 
signal-noise ratio at 9.4-T high-field measurements. The static CP aroma-
ticities were obtained by digital subtraction of the spectrum from a stan
dard sample. The standard sample had been carefully studied at a lower 
field, and its aromaticity was 0.86. The digital-subtraction procedure was 
first described by Wind et al. (7). In Figure 1, such a measurement is 
shown. The 1 3 C spectrum of an Argonne Premium coal (top) was digitally 
added to the standard spectrum in an inverse-phase mode (middle), and 
the result is a difference spectrum (bottom). The apparent aromaticity 
(the fraction of aromatic carbons, / a) can then be easily calculated from 
the following equation: 

Λ = [fa(0)(S - Β - A) + B]/S (1) 

where /a(0) is the aromaticity of the standard sample, S is the spectral 
integration of the sample to be measured, Β is the spectral integration of 
the difference of the aromatic portions, and A is the integration of the 
difference of the aliphatic portions. 

Figure 2 shows the stack plot of the 1 3 C CP spectra of the seven 
coals. The aromaticities of these coals as determined by CP-MAS-TOSS 
and CP measurements only are listed in Table I. The relevant values 
obtained by the Utah group (9) are also included in the table for com
parison. The carbon structural parameters that were obtained with the 
heteronuclear-dephasing and variable-contact-time experiments are shown 
in Table II. 

The proton aromaticities of coals are generally obtained from their 
CRAMPS spectra, which are digitally decomposed into aromatic and ali
phatic portions. Figure 3 shows a stack plot of the CRAMPS spectra of 
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τ 1 1 ι ι 1 1 1 1 — 

300 200 100 0 
(ppm) 

Figure 1. The aromaticity-extraction process using the CP spectrum. 
The 13C static CP spectrum of a coal (top) was added to the 
inverse-phase spectrum of the standard sample (middle) to obtain a 
difference spectrum (bottom). Spectral integration was then used to 
determine aromaticity. 

the seven coals. Their resulting proton aromaticities i f a (CRAMPS) are 
listed in Table III. Determination of proton aromaticities of coals by digi
tal decomposition of the CRAMPS spectrum is very tricky and can be 
fraught with errors because the proton spectra of coals are usually poorly 
resolved. However, the proton aromaticities, can be roughly estimated, as 
ffa*, by using the carbon structural parameters in Table II and the follow
ing equation: 

H** = / a

H / | / a

H + 3/ a l* + 2/ a l

H + Kfzl°] (2) 

where Κ is a parameter between 1 and 3 depending on the structure of 
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501 
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301 

601 

202 

200 
PPM 

0 

Figure 2. 13C CP NMR spectra of the seven Argonne Premium 
coals. The spectra are stacked from high aromaticity (top) to low 
aromaticity (bottom). The numbers are sample numbers; they are 
explained in Table I. 

coal, if a* is the hydrogen aromaticity from carbon NMR spectra,/a

H is the 
fraction of protonated aromatic carbon, / a l

H is the fraction of methine or 
methylene carbon, / a l * is the fraction of methyl or nonprotonated carbon, 
a n d / a l ° is the fraction of carbon bonded to oxygen. We set the value of Κ 
at 1.5. The ΗΛ* values of the seven coals are also presented in Table III. 

1 3 C aromaticity is an important parameter for the characterization of 
coal structure. Many investigations have been undertaken to determine / a 

via 1 3 C NMR spectroscopy and to relate this parameter to the coal rank. 
The quantitative accuracy of the measured aromaticity value has long been 
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Table I. Apparent Aromaticities of the Argonne Premium Coals 

Sample CP-MAS- CP-MAS, 
No. Coal Rank TOSS CP low field0 

501 Pocahontas No. 3 LVB 0.77 0.86 0.86 
101 Upper Freeport MVB 0.66 0.80 0.81 
701 Lewiston-Stockton HVB 0.63 0.74 0.75 
401 Pittsburgh No. 8 HVB 0.61 0.72 0.72 
301 Illinois No. 6 HVB 0.60 0.70 0.72 
601 Blind Canyon HVB 0.53 0.67 0.65 
202 Wyodak-Anderson SB 0.58 0.65 0.63 
801 North Dakota L 0.60 0.65 0.61 

N O T E : The error estimate for/a determination via CP was ±0.03. 
ABBREVIATIONS : LVB, low-volatile bituminous; MVB, mid-volatile 
bituminous; HVB, high-volatile bituminous; SB, subbituminous; and L, 
lignite, 
flThese/a values were obtained from reference 9. 

Table II. Carbon-Structure Distribution Parameters 
of the Argonne Premium Coals 

Sample hi f H 

hi lal f 0 

lal 
501 0 0.35 0.51 0.03 0.12 0.36 0.14 0.08 0.10 0.0 
101 0 0.33 0.47 0.05 0.15 0.27 0.20 0.08 0.10 0.02 
701 0 0.28 0.46 0.07 0.13 0.26 0.26 0.14 0.11 0.01 
401 0 0.27 0.45 0.07 0.14 0.24 0.28 0.14 0.11 0.03 
301 0.01 0.21 0.48 0.08 0.12 0.28 0.30 0.15 0.12 0.03 
601 0.01 0.23 0.43 0.09 0.13 0.21 0.33 0.18 0.13 0.02 
202 0.04 0.18 0.43 0.10 0.18 0.15 0.35 0.22 0.10 0.02 

N O T E : The error estimates are as follows: / / and/ a

s, ± 0 . 0 1 ; / a l

H and/al*, 0.02; 
/ a C J a V a

N , / a

B , / a l , a n d / / , ±0.03. 
ABBREVIATIONS: / a

c , fraction of aromatic carbon;/a

N, fraction of nonprotonat-
ed, aromatic carbon; / a

p , fraction of phenolic or phenolic ether carbon; / a

s , 
fraction of alkylated aromatic carbon; / a

B , fraction of aromatic bridgehead carbon, 
and/ a

H, fraction of aliphatic carbon. 

a subject of debate (13). Significant errors can arise in the measurements 
of aromaticity by C P - M A S 1 3 C NMR spectroscopy due to spin dynamics 
in coals in the rotating frame where the CP processes that occur at the 
aromatic and aliphatic portions are inhomogeneous. In addition, the para
magnetic centers in coals create unequal relaxation effects on the spins of 
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j 1 f r -
10 0 

PP-H 

Figure 3. 1H CRAMPS NMR spectra of the seven Argonne Premium 
coals. The series sequence of the stack plot is the same as that in 
Figure 2. 

the aromatic and aliphatic portions, and the concentration of the para
magnetic centers varies with coal rank. 

As shown in Table I, the aromaticities obtained by CP only at 9.4 Τ 
are comparable to those obtained at 2.3 Τ (9). However, the C P - M A S -
TOSS values are much lower. As mentioned by Snape et al. (13), and 
Botto and Axelson (14), in some cases the values of aromaticity obtained 
with the TOSS sequence are almost identical to those obtained at a low 
magnetic field without TOSS. In our case, the significant differences be-

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
6

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



318 M A G N E T O RESONANCE OF CARBONACEOUS SOLIDS 

Table III. Proton Aromaticity 
of the Argonne Premium Coals 

Sample (CRAMPS) (CP-MAS) 

501 0.55 ± 0.04 0.48 ± 0.08 
101 0.45 ± 0.03 0.39 ± 0.05 
701 0.42 ± 0.04 0.30 ± 0.05 
401 0.40 ± 0.04 0.28 ± 0.04 
301 0.33 ± 0.06 0.22 ± 0.03 
601 0.27 ± 0.03 0.22 ± 0.03 
202 0.26 ± 0.03 0.23 ± 0.03 

tween CP and C P - M A S - T O S S aromaticities are mainly due to the spec
tral distortion that is inherent in the TOSS technique when a low spinning 
rate is used. We will discuss some of our analytical results in the following 
paragraphs. 

The TOSS sequence (10) can, in principal, partially restore the spec
tral intensity of centerbands. Olejniczak et al. (15) determined that the 
loss of the centerband intensity occurs when the spinning speed is slow 
with respect to the chemical-shift anisotropy. Recently, Raleigh et al. (16) 
discussed the sideband suppression experiment. We (17) discussed the 
intensities of spinning sidebands for inhomogeneous interactions in rotat
ing solids via rotating echoes. Similarly, the centerband intensity can be 
calculated as a function of the ratio of chemical anisotropy wQS to spinning 
rate ωχ. The calculations will not be discussed in detail here; however, the 
equation that describes the restoration of centerband intensity with the 
TOSS sequence by the rotating-echo intensity ratio IT(0)/I0(0) is as fol
lows: 

2π π 
Σ Ζ άΊ Ζ J-2i(A)Ji(B) exp [ί21(φ2 - φι)] sin β άβ 

i T W _ / ο ο ( 

/ο(0) 2 π π U 

J *ϊ J I Σ 4 (B)J-2k(A) exp [i2fc(fc - Φι)] I 2 sin β άβ 
0 0 k 

In eq 3, Ι τ ( 0 ) is the intensity of the centerband under the TOSS experi
ment, and 70(0) is the centerband intensity under MAS only. The variable 
/ is the Bessel function of the first kind, and all the parameters in equa
tion 3 were defined in reference 17. The integrations represent powder 
averaging over the whole spin system, the powder molecules having ran
dom orientation in space with an equal probability in each unit solid 
angle. 
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τ 1 1 1 1 1 

IT CO) 

O0o5/U0r 
Figure 4. The intensity of the centerband vs. the ratio between chem
ical anisotropy and spinning rate. The values of η are as follows: 0, 
solid line; 0.5, dashed line; 1, dotted line. 

In Figure 4, plots of IT(0), 70(0), and IT(0)/I0(0) versus ω^δΙωγ, with 
respect to various asymmetric parameters, rç, are shown. The relative 
intensity of the centerband /Q(0) drops rapidly when the relative inverse 
spinning rate, ω0δ/ωτ, increases, that is, when the spinning rate decreases. 
However, J0(0) is always positive when ω0δ/ωτ changes. On the other 
hand, 7T(0) (the centerband intensity with TOSS) decreases more slowly 
than J0(0) does when ω0δ/ωτ is less than 4. This means that the TOSS 
sequence restores to some extent the centerband intensity in comparison 
with the MAS spectrum. The effect has been predicted in the original ar-
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tide (10). The value of JT(0) becomes negative when ω0δ/ωτ reaches a 
point between 4 and 6 with respect to the value of η. This condition 
makes the use of the TOSS approach very critical, especially for coal stud
ies when the static magnetic field is high and the spinning rate is relatively 
low. 

In order to visualize the complicated TOSS restoration function in 
regard to MAS, the curves of JT(0)/I0(0) versus ω0δ/ωτ are shown in Fig
ure 4. The ratio increases, a result indicating that the TOSS spectral res
toration of the centerband occurs only at a relatively high spinning rate 
(i.e., the safest region for spectral restoration by TOSS is that in which 
ω 0 ί /ω Γ is less than 3). Beyond this region when the spinning rate is lower, 
the ratio exhibits a funny behavior. Therefore, severe spectral distortion 
will appear for those samples that cover a wide range of chemical shifts. 
The matter is complicated even more by the dependence of the chemical 
shift on the asymmetric parameter. 

In our study, ω0δ/ωτ is less than 4 for the aromatic portions of coal 
when ω Γ = 4 kHz at 9.4-T high field, and the aromatic portions of the coal 
do not meet the spectral-restoration condition, but the aliphatic ones do. 
As a result, the apparent aromaticities obtained from the TOSS measure
ments appear substantially lower than those obtained from static CP. 

We conclude that the ratio of ω0δ/ωτ equal to 3 represents a criterion 
of magnetic-field strength and spinning rate for the quantitative use of 
TOSS. The requirements of a high spinning rate to alleviate the TOSS 
spectral distortion may create a problem because a faster spinning rate 
eliminates the CP mechanism to a greater extent and hence also affects 
the measured aromaticity. In summary, from the evidence presented in this 
chapter, we suggest that a combination of a static CP experiment with a 
high magnetic-field strength be used for aromaticity measurements of 
coals. 

The carbon-structure distribution parameters listed in Table II were 
also determined in a manner similar to that described by Solum et al. (9), 
and the symbols that they used are also presented for convenient com
parison. In our C P - M A S - T O S S data extraction, the intensity ratio of the 
aromatic portion to the aliphatic portion was corrected in accordance with 
the static CP experiments. Therefore, the intense distortion from the 
TOSS approach in a high magnetic field was eliminated. The results listed 
in Table II are comparable to those of Solum et al. (9), and this fact again 
supports our static CP experiments in a high magnetic field. 

The proton aromaticities, i î a , obtained from the CRAMPS spectra 
are comparable to the if a* values (estimated by the carbon parameters 
with eq 2, as shown in Table III). Hence, eq 2 may provide a means to 
indirectly measure proton aromaticity. However, more relevant compari
sons should be done with the estimation approach because of the usually 
tricky decomposition of the CRAMPS spectrum, as mentioned previously. 
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DNP (18) has been proven to be a powerful approach for the study 
of coal. DNP enhances the NMR signal by irradiating at or near the elec
tron Larmor frequency, and this aspect of DNP makes the measurements 
in a low magnetic field much easier. DNP measurements also provide 
useful information on electronic structures in solid coals. A homemade 82 
MHz-54 GHz DNP spectrometer was recently developed in our labora
tory. In Figure 5, the 1 3 C spectra of an anthracite with an aromaticity of 
0.95 are shown. With a sample volume of 0.1 mL, the 1 3 C CP spectrum 
(bottom trace) was obtained with 26,000 scans in approximately 7.3 h with 
a 1-s recycling time. Because the proton signal had been enhanced by 
DNP, the 1 3 C DNP-CP spectrum (middle trace) required only 1000 scans 
and approximately 14 min, and a slightly better signal-to-noise ratio was 
obtained. The 1 3 C signal can also be directly enhanced by DNP. The 1 3 C 

, f 1 , . , 1 1 1 1 
3 0 0 2 0 0 100 0 

PPM 

Figure 5. 13C spectra obtained with a 1.9-T magnetic field of an 
anthracite. The aliphatic portion in the spectrum was largely missed 
because the paramagnetic centers were mainly situated near the 
aromatic portions in the solid coal. 
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DNP spectrum (top trace) was obtained with 12 scans in 6 min with a 
recycling time of 30 s. The substantial difference between the DNP and 
DNP-CP spectra reveals that there are more unpaired electrons located 
near the aromatic portions of the coal because the enhancement of the 
aromatic portion was much greater than that of the aliphatic portion. We 
are currently studying the Argonne Premium Coals with DNP. 
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Solid-State 13C NMR Studies on Coal 
and Coal Oxidation 

J. Anthony MacPhee1, Hiroyuki Kawashima2, Yasumasa Yamashita2, 
and Yoshio Yamada2 

1CANMET Energy Research Laboratories, c/o 555 Booth Street, Ottawa, 
Ontario, Κ1Α 0G1, Canada 
2National Institute for Resources and Environment, Onogawa 16—3, 
Tsukuba, Ibaraki 305, Japan 

Conventional and dipolar-dephasing 13C NMR spectra with 
cross-polarization and magic-angle spinning (CP—MAS) 
were recorded for the eight Argonne Premium coal samples 
at 300 MHz using a Bruker AC 300 spectrometer with 4
-kHz sample spinning Measured apparent aromaticities 
correlate well with the atomic H/C ratio (r = 0.96). Cer
tain of these coals were subjected to oxidation in air at 100 
°C for 168 h. For the fresh coals, the aromatic carbons 
exhibit a two-component (Gaussian—Lorentzian) decay in 
the dipolar dephasing experiment. The oxidized coals, in the 
range of dipolar dephasing delays investigated, exhibit only a 
Gaussian decay. Aliphatic carbons of both fresh and oxi
dized coals exhibit only a single Gaussian component. This 
behavior is explained in terms of the increased radical con
centration in the oxidized coals. Studies of the dipolar de-
phasing behavior of model aromatic compounds (e.g., anth
racene and naphthalene) were carried out, and the results of 
these help to interpret the results obtained for oxidized coals. 

JLHE SYSTEMATIC STUDY OF COAL STRUCTURE and chemistry has, in 
the past, been thwarted by the difficulty of obtaining representative and 

This chapter not subject to U.S. copyright 
Published 1993 American Chemical Society 
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pristine samples upon which to perform experiments. Results obtained in 
one laboratory often prove difficult to verify in another because of the 
unavailability of identical samples. The laudable effort of the Argonne 
Premium Sample Bank has changed this situation and will undoubtedly 
allow a qualitative step forward in coal science in the coming decade. 

We studied the eight Argonne Premium coal samples by means of 
1 3 C cross-polarization—magic-angle spinning (CP-MAS) solid-state NMR 
spectroscopy with several objectives in mind. The first was to assess the 
aromaticity data obtained at high field (300 MHz) and moderate sample 
spinning rate (4 kHz) to allow comparisons with data from other labora
tories both under rigorously identical conditions and at higher spinning 
rates. Our second objective was to examine, within the limits imposed by 
these conditions, the dipolar-dephasing behavior of these coals; and the 
third objective was to examine oxidized samples of some of these coals in 
order to gain some information on the mechanism of coal oxidation. 
There remain many caveats concerning the interpretation of 1 3 C CP—MAS 
solid-state NMR spectra of coals (2). A consensus will undoubtedly be 
long in coming. 

Experimental Details 

Coal Samples. The coal samples used were the eight samples provided by 
the Argonne Premium Coal Sample Program. These samples were provided as 
100-mesh powders and were examined without further crushing. Care was taken 
with the fresh samples to avoid undue exposure to air by running the spectra as 
quickly as possible after opening the sample vials. Four samples were subjected 
to oxidation at 100 °C for 168 h. The analytical data for the oxidized samples as 
well as data relevant to the fresh coals are presented in Table I. Complete analyt
ical data are available for the Argonne Premium coal samples elsewhere (2) and 
will not be included here. 

Model Compounds. In addition to the coal samples, the dipolar-de
phasing behavior of two model compounds, anthracene and naphthalene, was in
vestigated in order to aid in the interpretation of the results for the coals. 
Because impurities seem to play a role in the relaxation behavior of such com
pounds, ultrapure samples of zone-refined compounds, obtained from the Tokyo 
Kasei Kogyo Co. Ltd., were used. Oxidized samples of anthracene and naphtha
lene were prepared by heating the samples in a sealed tube with air at 100 °C for 
168 h. Spectra were obtained with a contact time of 2 ms, a repeat time of 120 s, 
and an accumulation of 100 scans. 
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Table I. Analytical Data for Coal Samples 

Coal Coal Spins/g 
No. Name Ca Ha Ob (χ 1019) 

101 fr Upper Freeport 85.50 4.70 5.70 2.6 
101 ox 82.33 4.43 8.57 4.1 

202 fr Wyodak-Anderson 75.01 5.35 19.28 3.8 
202 ox 66.22 3.67 28.09 1.0 

301 fr Illinois No. 6 77.67 5.00 11.27 2.9 
301 ox 69.26 4.03 18.92 1.3 

501 fr Pocahontas No. 3 91.05 4.44 3.44 3.9 
501 ox 87.18 3.98 7.04 8.5 

N O T E : All values are given as moisture- and ash-free (MAF) 
weight percents. A B B R E V I A T I O N S : fr, fresh; and ox, oxidized. 
aC and H analyses for the fresh eoals were obtained from the 
Argonne Premium Coal Sample Program User's Handbook. 
b Al l Ο analyses were determined directly. 

Electron Spin Resonance Experiments. Electron spin resonance 
(ESR) experiments were carried out at room temperature with a JEOL JES-
FE1X spectrometer. Spin concentrations were measured in vacuo, and 1,1-di-
phenyl-2-picrylhydrazyl (DPPH) was used as a calibrant. 

NMR Experiments. The 1 3 C CP-MAS solid-state NMR spectra were 
measured on a Bruker AC 300 spectrometer at 75.46 MHz. A Bruker double air-
bearing-magic-angle-spinning solid-state probe was used. Ceramic spinners with 
an internal volume of ~250 mL were used at a spinning rate of ~4 kHz. For the 
CP experiments, the following operating parameters were used: a spectral width 
of 30 kHz, a 90° proton pulse of 5 #s, an acquisition time of 30 ms, a pulse 
repetition time of 4 s, and an accumulation of 1000 scans. The interferogram was 
multiplied by a sinebell window function, supplied by Bruker software, before 
Fourier transformation of the data. (The sinebell window function is an exponen
tial function to remove the noise of NMR signals.) Apparent aromaticities, / a ' , 
were determined by using integrated signal intensities for aromatic and aliphatic 
carbons. For purposes of integration, the base line was corrected by using stan
dard software provided by Bruker. The treatment of spinning side bands (SSB) is 
a bit more involved and is discussed in detail in the following section. Variable-
contact-time experiments were carried out with contact times between 0.5 and 5 
ms. Hartmann-Hahn conditions and the magic angle were adjusted with a gly
cine sample. 
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Dipolar-dephasing experiments were carried out by using the pulse sequence 
of Alia and Lipmaa, with a 180° pulse on each nucleus in the middle of the 
dipolar-dephasing period in order to remove linear-phase distortion (J ) . This 
dipolar-dephasing period is of particular importance at the low spinning rates 
used in this study. Dipolar-dephasing times up to 80 μ$ were used with a contact 
time of 2 ms and a repeat time of 3 s. We considered it unreliable, under the 
present circumstances, to use dipolar-dephasing times longer than ~80 μ$ because 
of the difficulty of establishing a base line for integration. 

Results and Discussion 

Aromaticity Determination. Calculating the aromaticity of a 
coal from a 1 3 C C P - M A S spectrum in the presence of significant side 
bands is not a trivial matter, as is shown in Figure la, where the spectrum 
of coal 501 is given. Slow spinning (4 kHz) and high field (300 MHz) pro
duce large SSBs, and the result is a loss of intensity of the peak 
corresponding to sp2 carbons. The integrated intensity of these side bands 
must be determined and added to the intensity of the sp2 carbon band. To 
obtain the intensity of the sp3 band, any intensity arising from the overlap
ping sp2 SSB must be subtracted. These values are then used to obtain 
the apparent aromaticity, / \ The manner in which this is done depends 
on the how the side bands are distributed with respect to the main peak 
from which they are derived, but a priori, this is not known; therefore 
model compounds must be observed. The 1 3 C C P - M A S NMR spectrum 
of anthracene is shown in Figure lb. The anthracene bands are labeled a, 
b, c, d, and e. In the coal spectrum (Figure la) all of these peaks can be 
integrated except that corresponding to sideband e. Because the intensi
ties of peaks a and e are approximately equal in the anthracene spectrum, 
we have chosen to calculate the apparent aromaticity, / a ' , assuming this to 
be the case for coal. In another study (4), the authors opted to correct for 
SSB in a slightly different manner based on the side-band distribution of 
coronene. Their method gives slightly higher aromaticities because they 
assume that SSBs d and e are equivalent in the coal spectrum. To check 
the validity of our approach we have obtained a single spectrum at 100 
MHz with a 4-kHz spinning rate in which the SSBs were not a problem. 
For coal 301 at a cross-polarization time of 5 ms, we obtained an / a ' value 
of 0.69 (this value is consistent with the data shown in Figure 3a). The/ a ' 
values obtained in this way are reproducible to <0.02. 

Cross-Polarization Times. Spectra corresponding to cross-
polarization times from 0.5 to 5 ms were recorded for all eight fresh coals 
and for the four oxidized samples prepared for this study. The variations 
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of integrated intensities for the aromatic and aliphatic peaks of two fresh 
and the corresponding oxidized coals are shown in Figure 2. The max
imum in aliphatic intensity does not, in general, correspond to the max
imum in aromatic intensity. Because the aromaticity is determined at a 
particular cross-polarization value, this difference in maxima creates the 
problem of choosing a meaningful cross-polarization time for a given set 
of spectral parameters. These difficulties have recently been discussed in 
some detail without arriving at a consensus (5). 

The cross-polarization dynamics are a function of polarization-
transfer times ( T C H ) and the spin relaxation in the rotating frame of the 

b Tcp Tcp 

Figure 2. Typical plots of integrated intensity (arbitrary units) vs. 
cross-polarization time (milliseconds) for fresh (a) and oxidized (100 
°Cy 168 h in air) (b) coals. 
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proton reservoir (Tlp

H). The aliphatic and aromatic intensity data may be 
approximated (6) by the product of two exponential functions: 

Mt = M 0 exp ( - i c p / J l p

H ) [ l - exp (btcv/Tcn)] (1) 

where M{ is an observed intensity, MQ is the initial amplitude for the car
bon polarization, and b = 1 - T^/T^. 

For all samples the value of can be determined by fitting an 
exponential decay to the tail of the magnetization curve, where only Γ χ ^ Η 

is operating. This value is then substituted into eq 1 as a constant, and 
the equation is then solved for the remaining parameters. The cross-
polarization data reported here do not allow an accurate determination of 
T C H for all the coals examined because in some cases the maximum value 
of the magnetization occurs at t values shorter than 0.5 ms. Table II 
lists the values for T C H and that were calculated from the data 
shown in Figure 2. 

Table II. Values for Polarization-Transfer (J C H ) 
and Proton Rotating-Frame Spin—Lattice Relaxation 

( Γ 1 ρ

Η ) Times Calculated from Equation 1 

Aromatic Aliphatic 

Coal 
No. llp 

τ Η 
llp 

101 fr 6.62 0.377 6.74 0.236 
101 ox 3.79 0.251 3.73 — 

202 fr 3.18 0.437 3.92 — 

202 ox 5.06 0.341 4.61 — 

301 fr 5.20 0.417 4.78 0.185 
301 ox 13.01 0.280 7.65 0.135 

401 fr 7.55 0.371 6.40 0.200 

501 fr 10.80 0.286 6.09 0.740 
501 ox 3.85 — 2.21 — 

601 fr 5.12 0.417 4.12 0.282 

701 fr 4.85 0.372 4.75 1.09 

801 fr 4.12 0.357 3.49 0.077 

N O T E : All values are given in milliseconds. 
A B B R E V I A T I O N S : fr, fresh; and ox, oxidized. 
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Aromaticities. In Figure 3a, the / ' values for the eight Argonne 
samples are given as a function of cross-polarization time; similar data for 
the oxidized coal samples are shown in Figure 3b. Some scatter in the 
data is evident. This scatter is probably due to the combination of high 
field (300 MHz) and relatively slow spinning rate (4 kHz) used in this 
study. Arbitrarily, we chose to consider the aromaticities of the coals at a 
cross-polarization time of 2 ms. This time is near the point of maximum 
aromatic signal intensity for virtually all of the samples. These aromaticity 
values are given in Table III along with analytical parameters that are use
ful for the correlation of these data. 

Coals consist of different pétrographie constituents (vitrinite, exinite, 
inertinite) known as macérais. Maceral aromaticity decreases in the order 
inertinite > vitrinite > exinite (7), and the overall aromaticity as meas-

Figure 3a. Relationship between aromaticity and cross-polarization 
times (milliseconds) for the fresh coals. 
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Figure 3a. Continued Relationship between aromaticity and cross-
polarization times (milliseconds) for the fresh coals. 

ured here need not necessarily reflect coal rank. The overall aromaticity is 
the weighted average of the individual maceral aromaticities, which are 
unknown in this case. Nevertheless, a plot of aromaticity versus the H/C 
ratio yields a good straight line (Figure 4), a result indicating that one 
maceral (e.g., vitrinite) predominates in these coals. The straight line 
shown in Figure 4 was calculated for the fresh coals only. For comparison 
purposes the four oxidized coals are plotted as well. The points 
corresponding to three of the oxidized coals follow the correlation estab
lished for the fresh coals; that is, the increase in / ' with oxidation is 
accompanied by a corresponding decrease in atomic H/C ratio. For one of 
the coals, Wyodak-Anderson (202), the data point is significantly below 
the line because the Wyodak-Anderson coal has a higher level of oxida
tion than the other three higher rank coals. Apparently changes in aro-
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Figure 3b. Relationship between aromaticity and cross-polarization 
times (milliseconds) for coals oxidized at 100 °C for 168 h in air. 

maticity cannot generally be used to detect small changes in the degree of 
oxidation of coals. A classical plot (8) of H/C versus O/C ratios (Figure 5) 
seems to be more useful in detecting the oxidized coals in a suite of fresh 
and oxidized coals. Correlation of / ' with volatile matter is less successful 
than the correlation with the H/C ratio (correlation coefficient r = 0.88) 
mainly because of the low-rank coals in the series, and correlation with 
the O/C ratio exhibits considerable scatter (R = 0.64). Multiple correla
tions with combinations of the parameters shown in Table III do not lead 
to statistically significant improvements over the correlation shown in Fig
ure 4. 
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Table III. Apparent Aromaticity and Compositional 
Data Used in Correlations 

Coal OIC VM 
No. V H/C (x 100) (daf)a 

101 fr 0.775 0.655 6.6 31.62 
101 ox 0.830 0.631 7.7 14.37 

202 fr 0.588 0.850 18.0 49.03 
202 ox 0.681 0.621 29.9 24.09 

301 fr 0.662 0.767 13.1 47.39 
301 ox 0.729 0.663 19.6 21.46 

401 fr 0.702 0.762 8.0 41.67 

501 fr 0.844 0.581 2.3 19.53 
501 ox 0.868 0.546 6.0 12.71 

601 fi- 0.592 0.850 10.8 48.11 

TOl fr 0.709 0.758 8.9 37.64 

801 fr 0.709 0.789 20.9 49.78 

ABBREVIATIONS: 

^Volatile matter 
free basis. 

fr, fresh; and ox, 
(VM) is given on 

oxidized, 
a dry, ash-

0.9 

0.8 Η 

0.6 Η 

0.5 

1 

• \ f a = t .375 - 0.9014( H / C ) 

r = 0.96 

• f â (ox) 

0.5 0.6 0.7 

H / C 

0.8 0.9 

Figure 4. Relationship between aromaticity and H/C ratio for fresh 
and oxidized coals. The straight line corresponds to fresh coals only. 
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0.9 

• • Q fr 

H/C 1 

0.8 H 

0.7 H 

0.6 H 

0.5 

• ΟΧ 

4 

0.00 0.10 0.20 0.30 

O/C 
Figure 5. H/C ratio vs. O/C ratio for fresh and oxidized coals. The 
curve is traced for only the fresh coals. 

Dipolar Dephasing. Dipolar-dephasing techniques permit, in 
principle, a discrimination between different types of carbons. For 
aromatic carbons, protonated and nonprotonated centers can be dis
tinguished, and for aliphatic carbons, a distinction can be made between 
quaternary carbons, rotating methyls, and other highly mobile carbons and 
rigid methyls, methines, and methylenes (9). For coals the situation is not 
quite as clear as for model compounds. The aromatic component of coals 
exhibits a rapid (Gaussian) decay followed by a slower (Lorentzian) pro
cess (10, 11). The aliphatic component apparently exhibits only Gaussian 
decay for the delay times used in this study and elsewhere, and as a result 
scant structural information can be obtained. Dipolar-dephasing experi
ments were performed on all of the fresh coals and on the four oxidized 
coals (101, 202, 301, and 501). The results for two of the fresh coals (202 
and 501) and the corresponding oxidized coals are shown graphically in 
Figures 6a and 6b, respectively. 

The estimation of the fraction of aromatic carbon that is protonated 
(fa

a'H) is accomplished in an approximate way by using a single dipolar-
dephasing delay during which the signal corresponding to protonated car
bon is assumed to have disappeared while that corresponding to nonpro
tonated carbon remains. A more rigorous, and much more time-
consuming, way of calculating / a

a ' H is by extrapolating the lines 
corresponding to the slower process (Lorentzian) in Figure 6a to zero 
time (12). These values are given in Table IV except for cases in which 
the extrapolated value is equal to or higher than the total aromatic inten
sity. 
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Figure 6a. Plot of In (I) vs. tDD

2 (microseconds squared) for the ali
phatic and aromatic portions of coals 202 and 501 in fresh states. 

This approach is valid for model compounds (9) and is assumed to be 
valid for coals. We were interested in a comparison of the relative 
amounts of protonated to nonprotonated aromatic carbons as a function 
of oxidation. Such structural information would have a bearing on the 
reaction mechanism. Surprisingly, for three of the oxidized coals studied, 
the slow relaxation process appears to be absent for aromatic carbons up 
to the δΟ-μβ limit on dipolar-dephasing delays. This result means that a 
new rapid-relaxation mechanism becomes available to nonprotonated car
bons after oxidation. It may also mean that so-called fresh coals may not 
behave like the model compounds in dipolar dephasing. 

Tougne et al. (13) cast doubt on the validity of the dipolar-dephasing 
approach to the determination of the ratio of protonated to nonpro
tonated carbons. Even for model compounds (e.g., naphthalene and 
anthracene, among others) the fraction of nonprotonated carbons could 
not be estimated. Our work on the oxidized coals has prompted us to con
sider the effect of mild oxidation on the dipolar-dephasing characteristics 
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of naphthalene and anthracene. We obtained high purity samples of 
zone-refined compounds, and the samples were oxidized as indicated in 
the experimental section. The dipolar-dephasing results are shown in Fig
ure 7 for the fresh and oxidized samples. The results parallel those for 
fresh and oxidized coals, that is, a two-process relaxation for the fresh 
samples and a single-process relaxation for the oxidized ones. The two-
process relaxation allows an estimation of the nonprotonated carbon atom 
fraction for these compounds. For anthracene a value of 0.26 (theoretical 
0.29) was obtained, and for naphthalene a value of 0.24 (theoretical 0.20) 
was obtained. Presumably the high purity of our samples made this estima
tion possible because after only slight oxidation the rapid-relaxation pro
cess dominates. The fresh and oxidized samples were examined by using 
Fourier transform infrared (FTIR) spectroscopy, which failed to show any 
detectable differences, a result that indicates that the oxidation was very 
slight. 

Apparently, the examination of coal samples with dipolar-dephasing 
techniques may not be generally valid. Free radical concentration can have 
an important effect on the measurement of aromaticity (14). Therefore 
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Table IV. Gaussian and Lorentzian Decays for Aromatic and Aliphatic 
Carbons and the Fraction of Protonated Aromatic Carbons 

Coal 
No. (ar, Gaussian) 

T 2 ' 
(ar, Lorentzian) 

y 
(al, Gaussian) 

f α,Η 
a 

101 fr 38.9 94.9 34.5 0.19 
101 ox 32.0 63.6 27.2 0.19 

202 fr 32.8 80.1 33.9 0.34 
202 ox 43.2 —- 34.3 — 

301 fr 38.6 85.8 33.2 0.13 
301 ox 44.3 — 34.6 — 

401 fr 42.0 205.2 34.4 0.46 

501 fr 40.0 54.4 41.4 — 

501 ox 46.9 — 42.9 — 

601fr 40.9 50.4 33.3 — 

701fr 40.1 147.5 35.0 0.46 

801 fr 42.3 110.2 32.3 0.33 

NOTE: Values of T2 are given in microseconds and refer to 
Gaussian and Lorentzian decays for aromatic (ar) carbons and to 
Gaussian decays for aliphatic (al) carbons. The / a

a , H values are the 
fraction of protonated aromatic carbons. ABBREVIATIONS : fr, 
fresh; and ox, oxidized. 

we measured the free radical concentrations of the four pairs of fresh and 
oxidized coals considered in this study. The results of this analysis are 
given in Table I. The magnitude of the spin concentrations agrees with 
previously reported values (15). For two of the coals, 101 (Upper 
Freeport) and 501 (Pocahontas No. 3), an approximately two-fold increase 
in radical concentration occurs with oxidation. For the other two coals, 
202 (Wyodak-Anderson) and 301 (Illinois No. 6), which are lower in 
rank, radical concentration decreases with oxidation. Our previous work 
(15) indicated that early stages of coal oxidation are associated with 
increased concentrations of free radicals and that the free radical concen
tration decreases at more advanced stages of oxidation; the same 
phenomenon probably occurred in this study. The higher rank coals (101 
and 501), which are less reactive to oxidation, are oxidized to a lesser 
extent than the lower rank coals (202 and 301) under similar reaction con
ditions. The oxygen data reported in Table I bear this out. For all of the 
coal samples, however, the free radical concentration is relatively high. 
The influence of such high free radical concentrations on dipolar relaxa
tion in both pristine and oxidized coals is an important point that needs 
further clarification. 
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Figure 7. Dipolar-dephasing behavior of zone-refined anthracene 
and naphthalene before and after mild oxidation. 

Summary 

The aromaticities of the Argonne Premium coal samples were investigated 
by using 1 3 C C P - M A S NMR spectroscopy at high field (300 MHz) and 
moderate spinning rate (4 kHz). The aromaticity results are dependent on 
the set of instrumental parameters as well as on the manner in which the 
SSB are taken into account. The aromaticities are rank dependent; they 
correlated with atomic H/C values for the relatively wide range of coal 
ranks in this suite of samples. Results of dipolar-dephasing experiments 
on these coals were as expected, but for the oxidized coals the aromatic 
carbons exhibit a single relaxation process. Studies of model compounds 
indicate that this behavior may be due to changes in free radical concen
tration and could invalidate quantitative results because all coals contain 
high concentrations of free radicals. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
7

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



17. M A C P H E E E T A L Solid-State 1 3 C NMR Studies 339 

Acknowledgments 

J. A. MacPhee would like to thank the Japanese Agency of Industrial Sci
ence and Technology for the award of a fellowship tenable at the National 
Research Institute for Pollution and Resources (now the National Insti
tute for Resources and Environment), Tsukuba, Japan, in November and 
December 1988. He also thanks the staff of the National Research Insti
tute for Pollution and Resources for their warm welcome and the climate 
of scientific excellence that they provided. 

References 

1. Davidson, R. M. Nuclear Magnetic Resonance Studies of Coal; IEA Coal 
Research, Report No. ICTIS/TR32, January 1986. 

2. Vorres, K. S. Energy Fuels 1990, 4, 420-426. 
3. Alla, M.; Lipmaa, E. Chem. Phys. Lett. 1979, 37, 260. 
4. Ito, O.; Akiho, S.; Nozawa, T.; Hatano, M.; Iino, M. Fuel 1989, 68, 

335-340. 
5. Snape, C. E.; Axelson, D. E.; Botto, R. E.; Delpuesch, J. J.; Tekely, P.; Ger

stein, B. C.; Pruski, M.; Maciel, G. E.; Wilson, M. A. Fuel 1989, 68, 
547-560. 

6. Botto, R. E.; Wilson, R.; Winans, R. E. Energy Fuels 1987, 1, 173-181. 
7. Pugmire, R. J.; Woolfenden, W. R.; Mayne, C. L.; Karas, J.; Grant, D. M. In 

Chemistry and Characterization of Coal Macerals; Winans, R. E.; Crelling, J. 
C., Eds.; ACS Symposium Series 252; American Chemical Society: Washing
ton, DC, 1984; pp 79-97. 

8. Van Krevelen, D. W. Coal; Elsevier: Amsterdam, Netherlands, 1961. 
9. Alemany, L. B.; Grant, D. M.; Alger, T. D.; Pugmire, R. J. J. Am. Chem. 

Soc. 1983, 105, 6697-6704. 
10. Theriault, Y.; Axelson, D. E. Fuel 1988, 67, 62-66. 
11. Axelson, D. E. Solid State Nuclear Magnetic Resonance of Fossil Fuels: An 

Experimental Approach; Multiscience: Montreal, Canada, 1985. 
12. Wilson, Μ. Α.; Pugmire, R. J.; Karas, J.; Alemany, L. B.; Woolfenden, W. 

R.; Grant, D. M. Anal. Chem. 1984, 2, 933-943. 
13. Tougne, P.; Sfihi, H.; Legrand, A. P. Proc. Int. Conf. Carbon (University of 

Newcastle upon Tyne, Sept. 18-23, 1988); IOP: Bristol, United Kingdom, 
1988; pp 352-354, 525-527. 

14. Muntean, J. V.; Stock, L. M.; Botto, R. E. Energy Fuels 1988, 2, 108-110. 
15. Ripmeester, J. Α.; Couture, C.; MacPhee, J. A.; Nandi, Β. N. Fuel 1984, 63, 

522-524. 

R E C E I V E D for review June 8, 1990. A C C E P T E D revised manuscript July 15,1991. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
7

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



18 

Measurement of Spin—Lattice 
Relaxation in Argonne Premium Coal 
Samples 

Chihji Tsiao and Robert E. Botto1 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

Eight Argonne Premium coals and three weathered Argonne 
coal samples were investigated by using 13C cross-polariza
tion—magic-angle spinning (CP—MAS) NMR spectroscopy. 
Proton and carbon spin—lattice relaxation measurements 
were performed on each coal. The carbon spin-lattice 
relaxation time, T1C; the carbon spin—lattice relaxation time 
in the rotating frame, T1ρC; and the proton spin—lattice 
relaxation time in the rotating frame, T1ρH, are reported for 
aromatic and aliphatic carbons of the 11 coal samples. In 
general, the proton and carbon spin—lattice relaxation data 
can be evaluated as the sum of two exponential decays. The 
longer components of carbon relaxation times in the labora
tory and rotating reference frames vary in a systematic way 
with coal rank as expressed by percent carbon. The trends 
can be explained in terms of motional properties of the 
coals and the presence of paramagnetic species. Marked 
changes in the relaxation parameters have been observed 
between pristine and weathered coals. Reduction in proton 
T1ρ values upon weathering is shown to have an adverse 
effect on quantitation with CP. 

1Corresponding author 

0065-2393/93/0229-0341$06.00/0 
© 1993 American Chemical Society 
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THE COMPLEX MOLECULAR DYNAMICS in synthetic polymers has 
been studied extensively with NMR spectroscopy during the past decade 
(1—5). However, such investigations of coals have been limited. Work in 
this area has been hampered by the complex nature of coal. Interpreta
tion of nuclear relaxation, which underlies the study of molecular motion, 
is complicated by the existence of discrete heterogeneous domains in coals 
and by relatively large quantities of paramagnetic centers that are present 
either in the form of paramagnetic inorganic ions or as organic free radi
cals. 

To date, an overwhelming majority of papers dealing with relaxation 
measurements on coals has focused on the study of *H NMR spin-lattice 
relaxation times both in laboratory (Γ χ ) and rotating (Tlp) reference 
frames. Early *H NMR measurements (6-9) indicated that proton 7ys 
(7\H) in coals can display either single exponential or nonexponential 
relaxation behavior. The observation by Yokono et al. (8) that Γ χ

Η varied 
linearly with the square root of resonance frequency for several bitumi
nous coals was consistent with diffusion-limited relaxation to paramagnetic 
centers. Webster and Lynch (10), Ripmeester et al. (11), and Wind et al. 
(12) later demonstrated similar behavior for a wide variety of evacuated 
coal samples. The work indicated that spin—lattice relaxation may be a 
fundamental property of coals themselves and independent of either their 
oxygen or moisture content. In two specific papers (12, 13) the authors 
independently proposed that proton relaxation in bituminous coals was 
influenced by differences in molecular mobilities rather than by the rela
tive concentrations of paramagnetic species. 

A difficulty with the interpretation of spin—lattice relaxation of abun
dant proton spins in coals rests with the ability to separate molecular-
mobility contributions from magnetization spin diffusion to paramagnetic 
centers within different phase (maceral) boundaries. Two thorough inves
tigations of a H NMR spin-lattice relaxation in coals by Barton and Lynch 
(14) and Wind et al. (15) attempted to address this issue. The authors 
independently concluded that simple correlations of proton relaxation 
with other coal parameters are not easily realized. The presence of resid
ual amounts of molecular oxygen in evacuated samples and the effects of 
different concentrations of unpaired electrons within different domains in 
coals were thought to have a profound, yet undeterminable, influence on 
the relaxation times. Solum et al. (16) reported proton relaxation data for 
eight Argonne Premium coals and three oxidized coals and showed that 
oxidized samples have shorter Γ χ

Η values. 
The problems are not confined to Γ χ

Η measurements. Dudley and 
Fyfe (17) discussed proton Tlp values for a pitch and three Canadian 
coals, and they emphasized the effects of paramagnetics, including oxygen, 
on their experimental results. Earlier studies performed in our laboratory 
indicated a general trend, but a lack of any definitive correlation, between 
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Tlp

H values and radical concentrations for a series of "more homogene
ous" maceral concentrates (IS). We concluded that Γ ^ Η values in 
macérais are clearly complicated by having two competing mechanisms for 
relaxation, molecular motion and heterogeneous spin diffusion to 
paramagnetic centers, and without any knowledge of the relative contribu
tions of each to the overall relaxation times in the individual samples, any 
meaningful interpretation of the data would be impossible. For a homo
geneous resinite sample doped with increasing amounts of a stable organic 
radical, however, an excellent correlation between Γ 1 / ?

Η and radical con
centration could be established (19). 

In contrast with proton relaxation, relatively little work has been 
done on the measurement of 1 3 Ç relaxation times in coals. Sullivan and 
Maciel (20, 21) studied 1 3 C spin—lattice relaxation in a bituminous coal 
from the Powhatan No. 5 mine. They found that the aromatic resonances 
in this sample decayed with a single time constant, and the aliphatic reso
nances could be separated into two distinct regions that had markedly dif
ferent time constants for decay. Differences observed in the J 1

c values 
for different spectral regions were interpreted in terms of molecular 
motion, although the contribution of free radicals to spin relaxation is 
important as well. Botto and Axelson (22) investigated the effect of 
static-field strength on the T 1

c relaxation parameters of five Argonne 
Premium coals and five Canadian coals and correlated the relaxation times 
with various coal properties. 

In this chapter, we present the first comprehensive study of 
laboratory- and rotating-frame 1 3 C and X H spin-lattice relaxation times 
(Tfi Tlp

c

y and Γ 1 ρ

Η ) in coals. This study emphasized the suite of 
Argonne Premium coals in their pristine state and three intentionally 
weathered samples. Details of the investigation were directed to the issue 
of establishing a relationship between the relaxation data and structural 
and motional properties of the various coals. 

Experimental Details 

All of the coal samples were obtained from the Argonne Premium Coal Sample 
(APCS) Program. Table I presents the origin, rank, and elemental composition 
(weight percent) of the coals. In order to avoid exposure to oxygen, the coals 
were dried and transferred into sealed NMR rotors in a nitrogen-filled glove box. 
Weathered samples of APCS Nos. 2, 3, and 8 were prepared by exposing the coals 
to the atmosphere at ambient temperature for several months. 

Solid-state 1 3 C cross-polarization-magic-angle spinning (CP-MAS) spectra 
were recorded at 2.3 Τ (25.18 MHz for 1 3C) with a Bruker CXP-100 spectrometer 
in the pulse Fourier transform mode with quadrature phase detection. The 
ceramic sample spinners had an internal volume of 250 #L and were spun at a 
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Table I. Argonne Premium Coal Samples and Their Compositions 

APCS 
No. Coal Rank C H Ο ^org 
1 Upper Freeport MVB 85.50 4.70 7.51 0.74 
2 Wyodak-Anderson SB 75.01 5.35 18.02 0.47 
3 Illinois No. 6 HVB 77.67 5.00 13.51 2.38 
4 Pittsburgh No. 8 HVB 83.20 5.32 8.83 0.89 
5 Pocahontas No. 3 LVB 91.05 4.44 2.47 0.50 
6 Blind Canyon HVB 80.69 5.76 11.58 0.37 
7 Lewiston—Stockton HVB 82.58 5.25 9.83 0.65 
8 Beulah-Zap L 72.94 4.83 20.34 0.70 

NOTE: The values for C, H, O, and organic S are given as weight 
percents. 
ABBREVIATIONS : LVB, low-volatile bituminous; MVB, medium-volatile 
bituminous; HVB, high-volatile bituminous; SB, subbituminous; and L, 
lignite. 
SOURCE: Reproduced from reference 23. Copyright 1990. 

rate of 4 kHz. Each spectrum used for Τχ measurement was a total accumulation 
of 400-1000 transients with a recycle delay of 2 s. The 1 3 C chemical shifts were 
referenced to tetramethylsilane (TMS) by using tetrakis(trimethylsilyl)silane 
(TKS) as the secondary reference (24). 

The 1 3 C spin-lattice relaxation times were measured with CP-MAS by 
using the Ύχ pulse sequence described previously by Torchia (25). The pulse 
sequences used for 7^ c and Γ 1 ρ

Η measurements are illustrated in Figure 1 
(26-28). In both cases, the protons were allowed to come to thermal equilibrium 
with the lattice prior to spin-locking along the y axis in the rotating frame by 
using a 90° pulse from the radio frequency (rf) field (56 kHz). In the J l p

c experi
ment shown in Figure la, the proton rf field was turned off immediately following 
a matched Hartmann-Hahn generation of a carbon polarization. During the 
variable delay period, free induction decays (FIDs) representing carbon magneti
zation held in the rotating frame were acquired and Fourier transformed. In the 
Γ 1 ρ

Η experiment shown in Figure lb, the proton magnetization was spin-locked 
during a variable delay period prior to the contact period during which carbon 
polarization was established. In this case, variation in carbon magnetization was 
used to monitor the decay of proton magnetization held in the rotating frame as a 
function of delay time. 

Results and Discussion 

Carbon Γ- Relaxation. For carbonaceous solids placed in a 
static magnetic field, the alignment of carbon magnetic moments gives rise 
to a net macroscopic magnetization M t whose value is MQ when the nu-
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1 

345 

Η 
(90)x 

Spin Lock 

Decouple 

13 
Contact 

Time 
IVariable 
I Delay 

J 

Acquire FID 

( b ) 

Η 
(90)x 

Variable 
Delay 

Acquire FID 

( a ) 

Figure 1. Pulse sequences for (a) TJp

c and (b) Tjf1 measurements. 

clear moments and the molecular lattice are in thermal equilibrium. A 
characteristic time constant, or carbon spin-lattice relaxation time ( J ^ 0 ) , 

governs the restoration of magnetization MQ for individual carbon iso-
chromats within the sample when the equilibrium condition is perturbed 
by an external rf field. 
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Recovery of magnetization Μχ with time r for the carbons in coal 
samples appears to be more complex. Integrated signal intensities for 
aromatic and aliphatic resonances were fitted with a Simplix algorithm 
(29) to the sum of two exponential decays by the following equation: 

Mt/M0 = AL exp ( - r /T 1 > L ) + As exp (-r /r l f S ) + Ac (1) 

where AL and As are the fractional amplitudes for long (Tt L ) and short 
( J 1 S ) relaxation time constants, respectively, and Ac is the amplitude-
correction factor. These parameters are extracted from the data by means 
of a nonlinear least-squares fitting procedure, which is applied in the fol
lowing manner. Initially, an exponential fit is made to the more slowly 
decaying part of the data. With T1L held constant in eq 1, a second 
exponential decay is fit by using the entire data set. Parameters obtained 
from the individual fits are then optimized by allowing the initial values 
obtained for Τχ L, Τχ s , Au and As to vary such that the sum of the 
squared deviations between data points and the fitted curve is minimized. 
Relaxation times determined in this manner are estimated to be accurate 
to within ±15%. 

The 1 3 C spin-lattice relaxation times and fractional amplitudes for 
the aromatic and aliphatic resonances in Argonne coals and weathered 
Argonne coal samples are summarized in Table II. The weighted-average 
spin-lattice relaxation time, r x

w , where 

(r 1)w" 1 = A^T^y1 + As(TliSrl (2) 

is defined to characterize the average relaxation behavior. The calculated 
T x

w values are also presented in Table II. The relaxation times of the 
aromatic carbons are consistently longer than the relaxation times of the 
corresponding aliphatic carbons in a given sample, with the exception of 
Beulah-Zap lignite (APCS No. 8). Values for the aromatic carbons fall 
within two distinct ranges: 1.8-20.9 s for the long Tt

c components and 
0.3—8.9 s for the short r x

c components. 
Ranges for the corresponding two components of aliphatic Tt

c values 
are 1.0-4.6 s and 0.1-0.6 s, respectively. The shorter relaxation times of 
the aliphatic carbons compared with aromatic carbons may reflect their 
greater molecular mobility. The Tt

c values of the three weathered coals 
are shorter as a result of paramagnetic molecular oxygen that is intro
duced. The values rejported here are similar to those reported previously 
(22). The higher Tt* values observed for some coals, in particular the 
Upper Freeport sample, may be the result of careful handling of the fresh 
coal samples. 
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Table II. Carbon Tt and 7\ w Relaxation Times 
of Aromatic and Aliphatic Resonances in Coals 

Aromatic Resonances Aliphatic Resonances 
APCS 
No. 

Long Tj 
Component 

Short T2 

Component T W 
Long Ύ2 

Component 
Short Tj 

Component τ w 
A i 

1 20.9 (49.1%) 2.8 (50.9%) 4.9 2.7 (52.1%) 0.5 (47.9%) 0.9 

2 2.9 (44.7%) 
2.0 (62.5%) 

0.6 (53.3%) 
0.5 (37.5%) 

1.0 1.3 (34.6%) 
0.8 (45.9%) 

0.3 (65.4%) 
0.3 (54.1%) 

0.4 

3 8.9 (66.0%) 
4.6 (65.9%) 

3.0 (34.0%) 
1.0 (34.1%) 

5.3 2.6 (100%) 
1.4 — 

2.6 

4 20.0 (17.2%) 8.9 (82.8%) 9.9 4.2 (100%) — 4.2 

5 8.9 (45.3%) 1.7 (54.7%) 2.7 1.0 (48.6%) 0.6 (51.4%) 0.7 

6 20.5 (38.3%) 1.8 (61.7%) 2.7 4.6 (35.8%) 0.3 (64.2%) 0.4 

7 11.4 (80.3%) 1.6 (19.7%) 5.2 1.3 (68.9%) 0.2 (31.1%) 0.5 

8 1.8 (41.6%) 
1.1 (35.9%) 

0.3 (58.4%) 
0.7 (64.1%) 

0.4 1.8 (51,4%) 
1.8 (41.0%) 

0.1 (48.6%) 
0.1 (59.0%) 

0.2 

NOTE: Relaxation times are given in seconds, and the fractional amplitudes are in 
parentheses. Where two values are listed, the second value is that of the 
weathered coal sample. 

Plots of long T 1

c components of aromatic and aliphatic carbons 
versus coal rank as indicated by percent carbon (see Figures 2 and 3) show 
an initial increase in J 1

c up to a maximum value of approximately 
81-85% carbon, followed by a decrease. A regular trend is observed for 
the suite of coals, with the exception of the Lewiston-Stockton sample, 
whose Tt

c values typically lie off the correlation lines by a wide margin. 
The deviation may be due, at least in part, to the high contents of inertin
ite and liptinite macérais present in the Lewiston-Stockton coal compared 
with other Argonne coals, which have high vitrinite contents (>85%). 
Figure 4 shows the plots of the weighted-average carbon spin—lattice 
relaxation times (^ w ) as a function of coal rank. Although significantly 
greater scatter is observed in these plots, the trends with rank are similar 
to those found for long J 1

c components. 
The observation of multicomponent magnetization decays in macro

molecular systems has generally been attributed to a distribution of relaxa
tion times. Such T 1

c distributions are common in the 1 3 C spectra of 
solids (27, 30). The distributions arise because of different spatial orienta
tions of carbon-hydrogen dipoles in a solid relative to the static magnetic 
field, and they are observable as a result of the inherent isolation of the 
rare carbon spins. In the case of coals, two additional factors may influ-

American Chemical Society 
Library 

1155 16th St. N.W. 
Washington. DC 20036 
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25-, 

0 + - 1 1 1 1 1 
70 75 SO 85 90 95 

Coal Rank (2C) 

Figure 2. Plots of the long T i

c components vs. coal rank for 
aromatic resonances of coals: ·, pristine samples; Π, weathered 
samples. 

ence this distribution as well. Variations in the levels of paramagnetic 
species and maceral compositions may affect the 7^° distributions in an 
unpredictable manner. No obvious trends are observed for the variation 
in relative amplitudes of the long and short T 1

c components with rank, 
contrary to earlier observations (22). Furthermore, the shorter T 1

c com
ponents of both aromatic and aliphatic carbons generally show a poorer 
correlation with rank, leading to the large scatter found when the values 
of T 2

W are plotted against carbon content for the coals. This poor corre
lation would suggest that factors such as unpaired electrons are manifest 
in shorter Γ χ

€ components to a greater degree and that these factors could 
mask a real influence of molecular mobility. Conversely, the long Τχ com
ponents are less affected by paramagnetic species, and hence provide 
better estimates of molecular structure. 

Previous variable-field carbon relaxation experiments (22) on coals 
spanning a wider range of carbon contents than those investigated here 
support the foregoing conclusions. The ratios of the long 7̂  values at 
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S i 

y- i 1 1 1 1 1 
70 75 80 85 90 95 

Coal Rank CAO 

Figure 3. Plots of the long T2

C components vs. coal rank for ali
phatic resonances of coals: ·, pristine samples; Π, weathered sam
ples. 

4.7 and 2.3 Τ for subbituminous through low-volatile bituminous coals are 
on the order expected (1.7-5.1) for a square dependence on field, as in 
the case of motional effects contributing to the relaxation processes. No 
such dependence, however, could be discerned for the short components 
of the decays or for T 1

c values of two lignite coal samples whose 
relaxation times were clearly dominated by the presence of high concentra
tions of paramagnetic metal ions chelated to oxygen functionalities. 

Distinct maxima seen in the plots of the more slowly relaxing T 1

c 

components and T x

w values against rank show a parallel with several 
other methods of analysis. Proton spin-lattice relaxation times measured 
independently by Barton and Lynch (14), Wind et al. (15), and Yokono 
and Sanada (31) for coals varying widely in origin show evidence of a 
broad maximum in the 85-90% carbon range. The carbon and proton 
relaxation data are consistent with established relationships between coal 
structural properties and the degree of maturation and reflect the major 
changes that occur during coal evolution. 
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Coal is a cross-linked, three-dimensional macromolecular network. 
Data from solvent swelling of coal (32, 33) and stress-strain measure
ments (34, 35) have been used to obtain information about the elastic 
modulus of the macromolecular network. This modulus can then be used 
to calculate the average molecular weight between cross-links, M c , a 
parameter that can be directly correlated with molecular mobility of the 
network. The shape of the curves of elastic modulus (34) or solvent swel
ling (32) plotted against coal rank resembles those plots obtained from 

data. The elastic constants show similar behavior to Tt

c as a function 
of rank with a relative maximum at 85% carbon and a relative minimum 
around 90% carbon. At greater values than 95% carbon the modulus 
rises sharply, a result that is consistent with the development of more 
graphitelike structures. A higher value of the modulus thus corresponds 
to a maximum in the cross-link density of the coals, and the results are in 
good agreement with the T 1

c results, which indicate that the lowest 
molecular mobility occurs at the highest cross-link density. Apparently, the 
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cross-link density increases with increasing coal rank up to the medium-
volatile bituminous (MVB) stage and subsequently decreases through the 
low-volatile bituminous (LVB) stage until rapid graphitization occurs at 
higher rank. 

Carbon T~ Relaxation. In their pioneering work on glassy poly
mers, Schaefer et al. (27) pointed out the utility of Τλ measurements for 
probing molecular dynamics as a potential source of information on the 
mechanical and physical properties of polymers on the molecular level. 
Later, VanderHart and Garroway (36) outlined the complications that 
are involved in extracting molecular-motion information from Tlp experi
ments. Both spin-spin and spin-lattice relaxation processes are known to 
contribute to carbon Tlp. For highly crystalline materials, spin-spin 
processes (mutual spin flips between spin-locked protons and carbons) are 
usually dominant, and the Tlp

c values do not adequately describe the 
molecular dynamics of the system. For most glassy and amorphous 
materials, however, in which strong 1 H - 1 H static dipolar interactions are 
negligible because of molecular motion, large interproton distances, or 
some combination of these, Tlp is largely spin-lattice in character and can 
be interpreted in terms of localized segmental motions in the tens of 
kilohertzes frequency range (37). 

The Tlp values of aromatic and aliphatic carbons in Argonne Premi
um coals and three weathered Argonne coals are presented in Table III. 
The data were evaluated by using the two-component fitting procedure 
that was described previously. For aromatic carbons, Tlp

c values range 
from 75 to 155 ms for the longer components and from 15 to 105 ms for 
the shorter components. The corresponding values for the aliphatic car
bons are considerably shorter: 22-52 ms for the long components and 
9-34 ms for the short components. Tlp

c values of weathered versus pris
tine samples show some interesting trends: relaxation times of the 
aromatic carbons in weathered coals are longer by a factor generally 
greater than 2, and those of the aliphatic carbons are approximately the 
same. Clear deviations from ideal exponential behavior of the magnetiza
tion decay are observed in most cases. Nonexponential behavior may be 
interpreted as distributions of relaxation times due to the heterogeneity of 
the local environment. 

Plots of the aromatic and aliphatic Tlp

c values (long components) 
against coal rank are shown in Figures 5 and 6. The general shapes of the 
curves resemble those obtained previously for the J 1

C values, with one 
notable difference. The Tlp

c values increase with increasing rank until 
80% carbon content and then remain constant thereafter; no decrease is 
seen for the higher rank coals and hence no definitive maxima are 
observed. 
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Table III. Carbon Τχ Relaxation Times 
of Aromatic and Aliphatic Resonances in Coals 

Aromatic Resonances Aliphatic Resonances 

APCS 
No. 

LongTlp 

Component 
Short Ί1ρ 

Component 
Long Tlp 

Component 
Short Tlp 

Component 

1 151 (55.3%) 69 (44.7%) 48 34 

2 76 (75.2%) 19 (24.8%) 25 17 
172 (69.9%) 24 (30.1%) 24 — 

3 100 (64.3%) 88 (35.7%) 33 28 
187 (84.2%) 99 (15.8%) 30 — 

4 150 (60.8%) 106 (39.2%) 44 28 

5 141 (50.7%) 66 (49.3%) 52 20 

6 156 (25.0%) 61 (75.0%) 50 (19.7%) 20 (80.3%) 

7 125 (61.7%) 46 (38.3%) 50 (52.7%) 16 (47.3%) 

8 80 (64.1%) 15 (35.9%) 22 (31.2%) 9 (68.8%) 
150 (61.9%) 51 (38.1%) 23 — 

N O T E : Relaxation times are given in milliseconds, and fractional 
amplitudes are in parentheses. Where two values are listed, the 
second value is that of the weathered coal sample. Values of 
aliphatic resonances reported for APCS Nos. 1-5 correspond to 
single exponential decay constants for methylene (~30 ppm) and 
methyl (~20 ppm) resonances, respectively. 

As discussed previously, the interpretation of Tlp

c data can be com
plicated by the fact that spin-spin cross-relaxation processes as well as 
rotating-frame spin—lattice processes may contribute to the relaxation. 
Evidence to support the dominance of spin—lattice contributions to Tlp

c 

is given in Table IV, which shows the dependence of Tlp

c as a function of 
the rotating-frame field, Bv for a weathered Illinois No. 6 coal (APCS No. 
3). A square dependence of Tlp

c on the Βχ field occurs for the long com
ponents of aromatic carbons and the aliphatic carbons in the coal, as 
would be expected in the case of the domination of Tlp processes by 
molecular motion. If in fact spin-spin interactions were to dominate the 
relaxation, then an exponential dependence on the B1 field would be 
expected (38). 

The foregoing arguments reinforce the notion that changes observed 
in Tlp

c for the coals provide insight into differences in macromolecular 
chain dynamics within the local environment of individual carbons. In-
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200 π 

^ 1 1 1 1 1 ! 

70 75 80 85 90 95 

Coal Rank CdO 

Figure 5. Plots of the long Tlfi

c components vs. coal rank for 
aromatic resonances of coals: ·, pristine samples; weathered 
samples. 

creases in the relaxation times as a function of rank reflect decreases in 
molecular mobilities of the coal macromolecular networks. Changes 
observed upon coal weathering suggest decreases in molecular mobility as 
well. Moreover, weathering effects seem to be confined to the aromatic 
structures in coal, where large decreases in molecular mobility are 
observed. Oxidation of aromatic structures enhances their electron 
donor-acceptor properties. The increase in strength of the noncovalent 
interactions within the macromolecular network might, in fact, explain loss 
of mobility of aromatic structures with weathering. Negligible changes in 
Tlfi

c of the aliphatic carbons suggest that chain motions of the aliphatic 
structures are largely unaffected by weathering. 

Differences in J 1

c and Ίχ~ values and their trends with rank and 
weathering are informative. The magnitudes of these two characterizations 
of mobility reflect, among other things, differences in the time scales for 
segmental motion within the macromolecular network. We propose that 
the decreases in T 1

c values observed with weathering and in the higher 
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Table IV. Dependence of T%p

c on B% Field 
for Weathered Illinois No. 6 Coal (APCS No. 3) 

B 7 
(kHz) 

Aromatic Carbon Component 
Aliphatic 
Carbon 

B 7 
(kHz) Long Short 

Aliphatic 
Carbon 

67 264 101 41 
56 187 99 29 

45 133 86 22 
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rank coals can be related to the presence of paramagnetic species. In 
weathered coals, introduction of molecular oxygen and its rapid transla-
tional diffusion throughout the solid matrix provides an effective pathway 
for relaxation. In coals of higher rank, the development of free radicals in 
large polycyclic aromatic arrays would extend the effects of free radicals 
over larger distances and thus facilitate rapid relaxation of a greater frac
tion of carbons. Dissimilar behavior of the two relaxation time constants 
emphasizes that 7^° is complicated by having two competing mechanisms 
for relaxation, and in the absence of a priori knowledge of the relative 
contributions from motional and paramagnetic processes, Tt

c is 
apparently less reliable as a parameter for molecular structure. 

Proton Relaxation. Because proton Tx relaxation times were 
measured indirecfly via the decay of 1 3 C magnetization, only those protons 
affecting the observable carbon magnetization are actually measured. The 

H values of aromatic and aliphatic carbons in the Argonne Premium 
coals and three weathered Argonne coal samples are presented in Table 
V. The decay of magnetization of the aromatic carbons is nonexponential, 

Table V. Proton Tt Relaxation Times 
of Aromatic and Aliphatic Resonances in Coals 

APCS 
No. 

LongTlp 

Component 
Short Tlf) 

Component 

Methylene 
Resonances 
(~30ppm) 

Methyl 
Resonances 
(~20ppm) 

1 15 (37.3%) 4.4 (62.3%) 5.8 7.2 

2 19 (27.9%) 2.3 (72.1%) 6.1 — 
5.0 6.2 — 

3 19 (44.7%) 2.7 (55.3%) 5.5 4.9 
4.1 5.1 — 

4 15 (34.4%) 4.3 (65.6%) 6.4 5.7 

5 16 (29.0%) 3.4 (71.0%) 3.3 4.5 

6 22 (19.0%) 2.9 (81.0%) 5.6 2.9 

7 20 (38.3%) 1.4 (61.7%) 2.0 — 

8 3.7 3.0 — 
4.0 2.8 — 

N O T E : Relaxation times are given in milliseconds, and fractional 
amplitudes are in parentheses. Where two values are listed, the 
second value is that of the weathered coal sample. 
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Figure 7. 13C CP—MAS spectra of pristine (top) and weathered 
(bottom) samples of Illinois No. 6 coal (APCS No. 3). 

and the proton Τχ values fall into two distinct ranges: 15-22 ms for the 
long components and 1.4-4.4 ms for the short components, with the 
exception of the Beulah-Zap lignite, which has an extremely short 7̂  H 

value of 3.7 ms. The fact that the lignite coal exhibits a significantly 
shorter 7^H than the other coals implies that paramagnetic species play a 
major role. Previous studies (22) have indicated that significant amounts 
(>101 9 spins/g) of F e 3 + species are chelated to oxygen-rich aromatic struc
tures in this coal. 

Relaxation of the aliphatic resonances appears to follow exponential 
behavior. Aliphatic 7̂  values are markedly shorter than those of the 
aromatic carbons: 2.0—6.1 ms for the methylene region and 2.9-7.2 for 
the methyl region. Apparently there is no correlation between either the 
aromatic or aliphatic Τχ

 H values and rank. 
Weathering of the Wyodak-Anderson subbituminous and Illinois No. 

6 bituminous coals causes substantial reduction of aromatic 7̂  H values. 
Presumably the effect is due to the introduction of paramagnetic oxygen 
or to the creation of paramagnetic sites in the sample during the weather
ing process. However, the aliphatic 7̂  H values are largely unaffected by 
weathering. 
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More importantly, weathering of the samples appears to have an 
adverse effect on the analytical outcome of the CP experiment, as indi
cated by the spectra shown in Figure 7. A reduction in carbon aromaticity 
(jfa) of 0.05 units is observed in the spectrum of the weathered coal sam
ple, corresponding to a decrease in aromaticity of about 7%. Closer 
inspection of the two spectra reveals a narrowing of the aromatic reso
nance band for the weathered coal with a concomitant loss of signal inten
sity in the shoulders appearing at 145 and 155 ppm. This change 
corresponds to the specific loss of carbon resonances for the more slowly 
cross-polarizing C-substituted and O-substituted aromatic carbons in the 
weathered sample brought about as a result of the large decrease in 
aromatic 7̂  H values. 

The foregoing results point to the need for careful handling of coal 
samples prior to NMR analysis. Reduction in 7 ^ H values as a result of 
weathering may cause intensity distortions in C P - M A S spectra, a result 
leading to an underestimation of carbon aromaticity values. Indeed, 
weathering effects as a result of poor sample handling may be responsible 
for the discrepancies in the literature regarding carbon aromaticities of 
similar coals. 
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Quantitation of Protons in the Argonne 
Premium Coals by Solid-State 1H NMR 
Spectroscopy 

Luisita dela Rosa, Marek Pruski, Bernard Gerstein1 

Institute for Physical Research and Technology and Department 
of Chemistry, Iowa State University, Ames, IA 50011 

Quantitation of protons and moisture in the eight coals 
from the Argonne Premium Coal Sample Program was per
formed by using 1H NMR spectroscopy. The solid echo was 
used to determine the true line shape of the on-resonance 
1H free induction decay (FID). A superposition of Gaus
sian and Lorentzian decay functions adequately described 
the FID of dry coals. The Gaussian fraction corresponds to 
rigid protons in the macrostructure of coal. The Lorentzian 
fraction is attributed to fragments in the coal exhibiting hin
dered molecular mobility. For wet coals, an additional 
slowly decaying Lorentzian fraction must be added to the 
description of the FID. Identification of the species respon
sible for the longest decay was made by liquid-state NMR 
spectroscopy of the condensate obtained by heating the sam
ple at 100 °C under static vacuum, and high-resolution 
solid-state 1H NMR spectra of the coals were obtained 
before and after removing the volatile matter at 100 °C. 
The NMR quantitation results compared favorably with the 
results that were obtained by chemical and thermogravi-
metric analyses. 

1Corresponding author 

0065-2393/93/0229-0359$06.00/0 
© 1993 American Chemical Society 
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360 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

THE ASSAY OF HYDROGEN by the American Society for Testing and 
Materials (ASTM) procedure D 3178 and of moisture by A S T M pro
cedure D 3173 in samples of coal is carried out under carefully controlled 
conditions (i). 

Because setting up and complying with the requirements of these 
procedures are tedious and time-consuming tasks, alternative procedures, 
which most laboratories could perform, are used instead. A fast, analytical 
procedure for determining the concentration of organic hydrogen in the 
coal matrix uses an elemental analyzer. However, this analytical method 
requires very small (<10 mg) samples and may not reflect the inherent 
heterogeneity of coal. The usual routine moisture analysis used by most 
laboratories is an indirect determination by mass loss upon heating the 
sample for 1 h at 107 ± 3 °C in a drying oven. Unfortunately, a number 
of possible sources of errors exist with this method. The loss of mass due 
to the desorption of gases such as C H 4 and CO is negligible (2), but the 
loss of C02 due to decarboxylation at temperatures as low as 60 °C, espe
cially for low-rank coals (3), may be significant and thus may result in an 
overestimation of the moisture concentration. On the other hand, when 
the heating is not carried out in an inert atmosphere, oxidation (4) taking 
place during the drying period will result in underestimating the value of 
the moisture reported. A serious drawback of this procedure is the read-
sorption of moisture in the desiccator during the cooling process (5). 

An isotope-dilution technique was reported (6) in which l s O -
enriched water added to the coal sample was allowed to exchange with the 
natural abundance water, and the isotope ratio was then analyzed by mass 
spectrometry. This technique is time-consuming because equilibration 
requires 16 h before the exchange is deemed to be complete. The main 
source of error in this technique results from the assumption that the only 
exchangeable oxygen present in the coal is that bound in water. 

Pulsed NMR spectroscopy offers an alternative analytical technique 
for the analysis of hydrogen and moisture in coals. This method is fast 
and is not subject to the errors of the aforementioned methods. Quantita
tive elemental analysis by NMR spectroscopy relies on the simple propor
tionality between the observed signal intensity and the number of spins 
present in the sample. The initial value of the free induction decay (FID) 
of the resonant protons observed after a transient radio frequency (rf) 
pulse excitation can be used as a quantitative measure of the total hydro
gen concentration in coals (7). Because the decay characterized by con
stants of the order of 10 ps contributes significantly to the *H NMR in 
coals, the pulse width used should be <T2/4 (T2 is the spin-spin relaxa
tion time), and the recovery time of the NMR receiver should be of the 
order of the pulse width. The relative concentration of protons in the 
sample could be determined by a sample-transfer method if the coal sam-
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19. D E L A ROSA ET AL. Quantitation of Protons in the Argonne Coals 361 

pie and the calibration standard were exposed to the same homogeneous 
rf field and the measurements were made under the same experimental 
conditions. A plot of the logarithm of the signal amplitude versus the 
square of time, r, was used to extrapolate the FID to t = 0. 

Using pulsed NMR spectroscopy, Lynch and Webster (8) studied 
water associated with brown coal and showed that the observed FID of the 
protons of coal samples not containing free water could always be resolved 
into two components: (1) a rapidly relaxing component that was attrib
uted to organic hydrogen atoms and to chemisorbed water and (2) a slowly 
relaxing component attributed to physisorbed water. 

Riley (9) investigated the suitability of a commercial 20-MHz 
pulsed-NMR spectrometer for routine total hydrogen and moisture deter
mination in coals. Instead of measuring the initial amplitude of the FID, 
the amplitudes at 14 and 70 /zs after the pulse were measured to deter
mine the total hydrogen and moisture concentrations, respectively. For 
quantitation, a calibration curve containing corresponding amplitudes 
measured for reference coals was used. The reproducibility of the results 
obtained was good. 

Cutmore et al. (10) investigated the possibility of using NMR spec
troscopy for routine on-line analysis of water in coals by studying the 
effect of rank, particle size, and sample dimensions using Ή NMR at pro
ton resonance frequencies ranging from 6.5 to 60 MHz and found that the 
NMR results were independent of these factors. 

In a study by Graebert and Michel (11) *H NMR spectroscopy was 
used for quantitative measurements of protons in a series of German 
brown coals. The water contents determined in this study compared favor
ably with the results obtained using thermogravimetry, near-infrared spec
troscopy, and titration. 

Using *H NMR spectroscopy as a technique for quantitation of 
hydrogen and moisture in coals implies that (1) all of the protons in the 
sample are observed by NMR, (2) the time dependence of the FID near t 
= 0 is known, and (3) the physical meaning of the different components of 
the FID is well understood. The validity of these assumptions will be 
examined in this chapter, using the Argonne Premium coals, by determin
ing the "true" line shape of the whole FID using the solid echo, 
mathematical analysis of the full FID, and spin counting. 

Experimental Details 

The coals used in this study are from the Argonne Premium Coal Sample Pro
gram and are listed in Table I, where the coal identification number, seam, and 
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rank are given. Only a partial list of the results of proximate and ultimate anal
yses performed in the laboratory of Commercial Testing and Engineering, Lom
bard, Illinois, are included in the table (12). Moisture concentration was deter
mined by mass loss upon heating the sample in a convection oven at 105 °C and 
40% relative humidity. Hydrogen concentration was estimated by using an ele
mental analyzer (Engelke, G., Commercial Testing and Engineering, Inc., personal 
communication, 1989). 

The samples, prepared under humid nitrogen atmosphere, were obtained in 
brown glass ampules. Each ampule was opened in a glove box with a dry helium 
atmosphere; subsequently 50-100 mg of each coal were transferred from the 
ampules to preweighed 5-mm (o.d.) NMR tubes in less than 2 min. The tubes 
were sealed to preserve the samples and weighed. A reference water sample of 
the same geometry was prepared for 1 H spin counting. The sample lengths were 
approximately 50% of the length of the NMR coil. 

All measurements were carried out at room temperature. A home-built 
solid-state NMR spectrometer operating at the 1 H resonance frequency of 100.06 
MHz was used for line-shape and solid-echo determination. A proton-free probe 
was used to avoid background absorption. A Nicolet 2090 ΠΙΑ digital oscillo
scope recorded 2048 data points using a 0.5-̂ s dwell time. The combined probe 
ringdown and receiver deadtime were 6.5 #s. 

Before line-shape determination, the longitudinal relaxation times, Tv were 
measured by using the inversion-recovery pulse sequence. The 100-point data set 
for each coal was analyzed by nonlinear least-squares fitting. The longer of the 
two Τχ constants extracted was used for the determination of the repetition rate 
for data averaging. A 90° pulse width of 1.0 μ$ was chosen for line-shape meas
urements. The method of spin temperature inversion on alternate pulses, with 
the subtraction of alternate scans in the averaging process (15), was necessary to 
eliminate base-line distortions from the NMR signal. The solid echo was pro
duced by the pulse sequence 90χ°-τ-90°, with r = 30 ŝ. Twenty scans were col
lected in each of the NMR experiments. 

The 1 H NMR combined rotation and multiple pulse decoupled (CRAMPS) 
spectra for the as-received and vacuum-dried coal samples were measured by using 
a Bruker MSL 300 spectrometer. The samples were spun in an alumina rotor at 
~3.5 kHz, and the MREV-8 multipulse sequence (as described in ref. 14) used 
90° pulses with widths of 1.5 μβ. Free radical concentrations were determined by 
using a Bruker ER2000-SRC electron spin spectrometer at a frequency of 9.77 
GHz. The coals (~20 mg) were air-dried and placed in 2-mm quartz tubes. 

Thermogravimetric analyses (TGA) of the Argonne Premium coals were car
ried out using a Perkin-Elmer 7 series thermal analyzer system with argon as the 
purge gas. Approximately 50 mg of each coal was transferred to the platinum 
sample cup. The temperature was ramped from 40 to 110 °C at a rate of 1 
°C/min and then held at 110 °C for 30 min. 
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364 M A G N E T O RESONANCE O F CARBONACEOUS SOLIDS 

Results 

The Solid Echo. To measure the number of spins (protons) in a 
sample using NMR spectroscopy, the initial amplitude of the FID signal 
that occurs at the center of the 90° pulse must be known. However, in a 
single-pulse experiment, the first few microseconds of the protons' 
response to a transient rf pulse is always obscured by the probe ringdown 
and receiver deadtime. This loss of information cannot be completely 
eliminated, but it can be minimized by using a low-Q probe and a fast-
recovery receiver. The solid echo (25), produced by the pulse sequence 
90° χ -τ-90°^ with the shortest possible pulse separation, makes it possible 
to circumvent the problem (11, Id). As was shown by Boden et al. (15), 
in solids in which dipolar interactions dominate the spectra an echo is 
formed following the 90 ο

χ -τ -90°^ sequence at t = τ after the second pulse. 
The r dependence of the solid-echo amplitude, which results from the 
heteronuclear dipolar interactions (in systems containing two dipolar-
coupled spin 1/2 species) or the interpair homonuclear dipolar interac
tions (in systems of loosely coupled spin 1/2 pairs), was not the subject of 
the present study. However, the decay of the solid echo for a fixed and 
sufficiently short τ is primarily due to the homonuclear dipolar interac
tions. Therefore, in coals, in which the proton-proton dipolar interac
tions dominate the X H NMR line shape, analysis of the signal following 
the top of the solid echo can be used to estimate the short-time behavior 
of the FID. 

The solid-echo measurements were made by using the pulse separa
tion r = 30 μ§. Nonlinear least-squares fitting of the echo decay was per
formed by using either the Gaussian or the Lorentzian term alone or a 
superposition of Gaussian and Lorentzian terms: 

AQ(t) = ^o(O) exp 
τ 

-0.5 t 
TIG 

(i) 

and 

Ah(t) = Ah(0) exp 
T2L 

(2) 

where AQ(t) and Ah(t) are the amplitudes at time t, with t = 0 at the top 
of an echo, and T2G and T 2 L are the transverse relaxation times of the 
Gaussian and Lorentzian components, respectively. 

The analysis proved that the echoes of most of the coals in the set 
could be described by the superposition of a Gaussian and two Lorentzian 
forms. For coal 501, a low-volatile bituminous (LVB) coal, the superposi-
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tion of two Gaussian forms described the echo best; for coal 101, a me
dium-volatile bituminous (MVB) coal, however, the superposition of 
Gaussian and Lorentzian forms was a better fit. 

Only the types of line shapes found from this experiment were used 
in the analysis of the FID of the coals. Although the decay constants 
describing the solid echo agreed well with those obtained later from the 
analysis of the FID, the relative fractions of Gaussian and Lorentzian 
decays, as calculated from the solid echo, changed as a function of r, 
perhaps because of the differences in the mobilities of these fractions. 

Components of the FID. The same fitting routine was used in 
the computer analysis of the on-resonance FID of the studied coals. In 
Figure 1, the experimentally observed X H NMR signal and the nonlinear 

TIME <UŜ  

Figure 1. The numerical nonlinear least-squares fit of the 2H FID of 
Argonne Premium coal No. 202. The experimental data points are 
denoted by open circles, (a) Lorentzian decay with T2L = 435 μ ;̂ 
(b) Lorentzian decay with T2L = 29 μ5; (c) Gaussian decay with 
T2G = 12.6 μ?; (d) the superposition of curves a, b, and c; (e) 
numerical fit with one Gaussian and one Lorentzian decay function; 
and (f) numerical fit with two Gaussian and one Lorentzian decay 
Junction. Insets A and Β are expansions of the initial portion of the 
FID. 
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least-squares fit are shown for coal 202. A slowly decaying component can 
be well fitted with a Lorentzian form (see eq 2) by analyzing the tail of the 
FID starting 200 ps after the excitation. Here the contribution from the 
shorter decays is negligible (see Figure 1, curve a). Subsequently, the con
tribution from the long decay was subtracted from the total FID, and the 
data were further analyzed for the shorter decays by using superpositions 
of Gaussian and Lorentzian forms as found from the analysis of the solid 
echo (Figure 1, curves b and c). The resulting decay constants and the 
corresponding fractions of the FID are compiled in Table II. 

The superposition of the three functions (curves a, b, and c) is shown 
in Figure 1 as curve d. Curve d was compared with the fits for which 
Gaussian and Lorentzian decay functions (curve e) or two Gaussian and 
one Lorentzian decay functions (curve f) were used. Curve e does not 
match the experimental points in the middle of the decay. However, both 
curves d and f describe well the known portion of the FID, and only by the 
use of the solid echo could an unambiguous choice of the fitting functions 
be made. Also, because of the negligible intensity of the slowly decaying 
signal, the three-component decomposition of the FID could not be suc
cessfully performed for coals 501 and 101. For these two coals only two-
component fits could be used. 

Table Π. H FID Parameters for the Argonne Premium Coals 

T 2 Fraction of Component 
Coal 
No. Fasta Medium Slow Fast Medium Slow 

501 12.7 52(4)* — 0.969 0.031* — 

101 12.6 52(4)* — 0.939 0.061* — 

401 12.5 28(8) 63(1) 0.912 0.016 0.072 

701 12.4 22(1) 76(1) 0.850 0.089 0.061 

601 12.2 24(2) 188(2) 0.777 0.138 0.084 

301 12.3 37(3) 298(2) 0.778 0.065 0.157 

202 12.6 29(1) 435(1) 0.447 0.085 0.468 

801 12.7 29(1) 407(1) 0.364 0.092 0.544 
û Average standard deviation was 0.04. 
* Parameters were obtained by using the superposition of only two 
functions. 
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Spin Counting. The absolute number of proton spins in coals was 
found by comparing the extrapolated initial intensity of the FID to that of 
the reference sample that was measured several times during the course of 
the experiment. The results of the spin counting are presented in Table 
III where the total spin concentration per 1 g of sample, Nv the concen
tration of spins exhibiting short and medium T2 values, Nc, and the con
centration of spins with the longest T2 values, iVw, are given. From the 
proximate and ultimate analyses results of Table I, the total concentration 
of hydrogen atoms, the concentration of organic hydrogen atoms, and the 
concentration of hydrogen atoms in water present in the coal samples 
were calculated and are listed in Table III. Table III also gives the ratio of 
the proton spin counting results obtained by NMR spectroscopy to the 
corresponding numbers of hydrogen atoms calculated from the proximate 
and ultimate analyses of the Argonne Premium coals. In addition, the free 
radical concentrations as measured by electron spin resonance (ESR) 
spectroscopy are listed in Table III. The results of NMR measurements 
from Table III were used to calculate the weight-percent concentrations of 
the corresponding hydrogens in coals, which are listed in Table IV. The 
total weight loss (in percent) of the samples during T G A is also listed in 
Table IV. 

Table ΙΠ. Hydrogen and Free Radical Concentrations of Argonne Premium Coals 

Coal 
No. 

NMR Analysis0 Chemical Analysis0 Ratiob 

Coal 
No. N r NT N c 

N r 

ESR Anafysisc 

Ne 
501 2.47 — — 2.55 2.51 0.043 97 — — 1.5 

101 2.52 — — 2.48 2.41 0.074 102 — — 1.3 

401 2.91 2.70 0.21 2.95 2.84 0.11 99 95 (191) 1.4 

701 2.57 2.41 0.16 2.63 2.47 0.16 98 98 100 2.2 

601 3.55 3.25 0.30 3.44 3.13 0.31 103 104 97 1.8 

301 2.75 2.32 0.43 2.85 2.40 0.45 97 97 96 1.1 

202 3.58 1.92 1.66 3.97 2.09 1.88 90 92 88 1.7 

801 3.44 1.57 1.87 3.92 1.76 2.13 88 89 87 1.5 
ax KT 2 2/gofcoal. 
b Values are given as the ratio of Ν χ 100 from NMR analysis divided by Ν from chemical 
analysis. 
CESR analysis was used to measure free radical concentration, χ 10~19/cm"3 (dry, mineral-
matter free). 
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Table IV. Weight-Percent Concentration of Water and Organic 
Hydrogen in the Argonne Premium Coals 

H20 Organic H 

Coal 
No. 

NMR 
Analysis 

Proximate 
Analysis TGA 

NMR 
Analyst 

Ultimate 
Analysis0 

501 — 0.65 0.84 4.00 4.20 

101 — 1.13 1.18 3.97 4.03 

401 3.13 1.65 1.95 4.55 4.75 

701 2.35 2.42 2.87 4.03 4.13 

601 4.46 4.63 5.05 5.44 5.24 

301 6.46 7.97 7.80 3.88 3.88 

202 25.05 28.09 27.11 3.21 3.50 

801 27.99 32.24 33.83 2.63 2.95 

a Weight percent of organic hydrogen is determined with 
ultimate analysis as follows: (H [percent, dry] χ 100)/(100 -
H 2 0 [percent]). 

Discussion 

The Components of the FED. The analysis of the FID showed 
that a minimum of three components were present in most of the coals 
studied. The term minimum is used to indicate that two-component fits 
are usually not sufficient to fit the data. Assuming an arbitrary number of 
components to the decay, however, is not productive for understanding 
their nature. 

The slowly decaying component of the FID corresponding to protons 
with high isotropic rotational mobilities suggests their complete detach
ment from the rigid coal framework. Any mobile water (moisture) present 
in coals would contribute to this component. Additional experiments 
indicated no significant contributions to the slowly relaxing component 
from other proton-containing species in the sample. First, the Fourier 
transform spectra of all the coals studied show only one narrow peak that 
has the same chemical shift as water (Figure 2). The height of the peak 
increased and its width decreased for the lower rank, wet coals. Second, 
the identity of the slowly decaying component was established for selected 
coals (202 and 801) by dry distillation of ~1.5 g of the coal under vacuum 
at 100 °C. Under these conditions, 3 h of evacuation was sufficient to 
completely remove the mobile species from the coal. A distillate, col-
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lected in a liquid nitrogen trap, exhibited at room temperature an NMR 
spectrum identical to that of liquid water. No other peaks were present in 
the distillate spectrum. A small fraction of distillate, however, instantane
ously evaporated upon the removal of the liquid nitrogen bath prior to the 
NMR experiment. Earlier studies by mass spectrometric analysis showed 
that the only gases evolved from a fresh sample of Illinois No. 6 coal upon 
outgassing at a pressure of 10""6 torr (1.33 χ 10~4 Pa) at room tempera
ture were H 2 0 and C 0 2 (17). The intensities of the rapidly decaying com
ponents of the FID remained unchanged after the aforementioned treat
ment. Also, no detectable hydrogen-containing species besides water were 
found in our laboratory by using the T G A of the samples. 

A further confirming identification of water as the material present 
before distillation is found in the X H NMR CRAMPS spectra of the coals. 
The CRAMPS spectrum of protons in coal 202 before distillation is shown 
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370 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

in Figure 3a. A major peak is present at ~5 ppm, (the position charac
teristic of protons in water) with a shoulder near 7 ppm. Upfield at 2 
ppm is a peak identified with the aliphatic portion of hydrogen in the coal. 
After vacuum-drying, the peak centered at 5 ppm disappeared, leaving 
peaks at 2 and 7.5 ppm (see Figure 3b), identified with aliphatic and 
aromatic protons, respectively. Thus, the slowly decaying component of 
the FID represents water, which in coals is mostly physisorbed and 
trapped in the microcapillary pores (18). 

The CRAMPS technique has been used previously to probe chemical 
functionalities of hydrogen in coals (14,19, 20). We will report the results 
of high-resolution solid-state NMR spectroscopy of 1 3 C and a H in the 
Argonne Premium coals at a later date. 

a 

b 

• 1 , I . . . . ι . . . . I I . 

20 10 0 -10 

PPM FROM TMS 
Figure 3. 1H CRAMPS spectra of Argonne Premium coal No. 202: 
(a) as received and (b) vacuum-dried at 100 °C. 
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As indicated earlier, the rest of the FID, representing the "dry" coal, 
was fitted with the superposition of Gaussian (T2G ~ 12 μδ) and 
Lorentzian (T2h ~ 20-40 μ$) decay functions (Table II). An analysis of 
these two components was described for a series of coals of different ranks 
in studies by Jurkiewicz et al. (21) and Kamienski et al. (22). Theory (23) 
predicts that for spin systems with strongly coupled protons in the rigid-
lattice limit and for a correlation time of motion r c > > T 2 , the transverse 
relaxation of protons immediately following a transient excitation can be 
approximated by a Gaussian function. The rapidly decaying component of 
the FID, therefore, describes the response of the protons in the rigid 
macrostructure of coal (e.g., protons attached to polynuclear aromatic 
rings). Because only 35-60% of protons in Argonne Premium coals are 
aromatic (as calculated from the CRAMPS spectra of the diy coals), the 
macrostructure contains nonaromatic protons that are also "rigid", such as 
protons in a polyadamantane type of structure (24). Thus, the high frac
tion of the Gaussian component reflects the rigidity of the macromolecu
lar structure of coal. The average interproton distance corresponding to 
the values of T2G in these samples is ~0.18 nm. 

The Lorentzian portion of the decay with the medium T2 represents 
protons for which anisotropic motion with r c < 10"~5 s exists. Although 
some intramolecular mobility, such as the rotation of methyl groups, is 
expected in coals, it was proposed (21, 22) that this component represents 
molecules detached from the rigid macromolecular network. Strongly 
bound water may contribute partially to this signal, so the results con
tained in the present work may be viewed as a lower limit of the total 
water content. 

Quantitative Measurements. As is evident from Figures 4 and 
5, which illustrate the results of Tables III and IV, there is a very good 
agreement between the results of hydrogen spin counting by NMR spec
troscopy and the hydrogen concentrations obtained via chemical analyses. 
Only for coals 202 and 801 did the results of the two methods differ by 
more than 5%. The repeatability of the results obtained by NMR spec
troscopy was excellent in our experiments. Five determinations of the ini
tial amplitude of the same sample had a deviation of only 0.5%, and the 
determination of the initial amplitude of the FID for five different 80-mg 
samples of the same coal had a deviation of ~4%. The error estimates for 
the results of the proximate analysis of moisture and the ultimate analysis 
for hydrogen were not available. 

A comparison of the fraction iV"w/iVT as calculated from NMR data 
and from the proximate analyses for six Argonne coals is shown in Figure 
4a. Good agreement exists between the two quantities for most of the 
coals, and the agreement improved as the moisture content increased 
(especially for coals 202 and 801) despite the discrepancies in the concen-
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0 0.25 0 .5 0.75 1 

N W / N T (NMR) 

Figure 4a. The correlation of the results for moisture analysis by 
NMR and by mass loss upon heating of the sample: The plot of 
N w / N r from NMR spectroscopy vs. NW/NT from proximate analysis. 

trations of hydrogen, iV w , and ΝΊ determined by the two methods for these 
coals. A similar correlation is presented in Figure 4b, where the weight-
percent concentration of the moisture determined from NMR spectros
copy is compared with the results of the proximate and T G A analyses (see 
also Table IV). Some discrepancies in the results are evident, especially 
for coals 202 and 801. Because the concentrations of carbonyl groups (25) 
and oxygen are highest in coals 202 and 801, the results of the proximate 
and T G A analyses for moisture reported for these two coals may be 
overestimated because of decarboxylation at temperatures above 60 °C. 
As was mentioned previously for coals 501 and 101, which have the lowest 
moisture contents of 0.65 and 1.13%, respectively, the three-component 
deconvolution of the FID could not be performed. For these two coals, 
the signals from water are included in the medium components of the 
decays, which consequently have extended T2 values (~52 ps). 

A similar comparison for the organic hydrogen content of the coal is 
illustrated in Figures 5a and 5b. Again, the fraction NJNT calculated 
from NMR data showed very good agreement with the corresponding ulti
mate analysis data. However, the weight-percent concentrations of hydro-
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ο 

*S 0 5 10 15 20 25 30 35 

Weight % Moisture (NMR) 

Figure 4b. The plot of the weight percent of moisture determined by 
NMR spectroscopy vs. that obtained from proximate (O) and ulti
mate (*) analyses. 

gen as inferred from NMR data are lower (<10%) than the results of the 
elemental analysis (see also Table IV). A possible source of systematic loss 
of the NMR signal is the broadening of the resonance line by the dipolar 
interaction between protons and unpaired electrons present in organic 
free radicals in coals. The maximum number of protons made "invisible" 
by the presence of unpaired electrons can be estimated by using the con
centration of the free radicals determined by ESR spectroscopy (see Table 
III). Assuming the diffusion barrier describing the diffusion of spin polari
zation to be ~0.8 nm (26) and assuming a uniform distribution of protons 
and isolated unpaired electrons in the coal, 3-6% of protons in the coals 
were subject to a proton—electron dipolar interaction that would move 
their resonances beyond observation. Because of the heterogeneity of 
coal, a nonuniform distribution of free radicals is likely, and this nonuni
form distribution would thus decrease the estimate of proton content. 
However, no correlation exists between the concentration of the free radi
cals in the coals as determined by ESR spectroscopy and the difference 
observed between the two methods of analysis. 
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Ν < / Ν τ (NMR) 

Figure 5a. The plot of N c / N r obtained by NMR spectroscopy vs. 
N c / N r obtained by ultimate analysis. 

Conclusions 

Solid-echo experiments allow the determination of line shapes and initial 
intensities of X H NMR in Argonne Premium coals. A superposition of 
Gaussian (F 2 ~ 12 ps) and Lorentzian (T2 ~ 20-40 ps) terms adequately 
described the on-resonance FID of the organic protons in coals. The 
Gaussian fraction corresponds to rigid protons in the macrostructure of 
coal. The Lorentzian fraction is ascribed to protons that belong to frag
ments of the coal framework exhibiting some molecular mobility. For wet 
coals (>2% moisture content), an additional slowly decaying Lorentzian 
function must be added to the description of the FID. 

The intensities obtained by NMR spectroscopy were compared with 
concentrations of hydrogen and water obtained via chemical and T G A 
analyses. Despite the shortcomings of all three methods, the results were 
in very good agreement. The advantages of NMR spectroscopy are (1) the 
simplicity of the analysis in which not only the concentrations but also the 
mobilities of all types of protons in the sample can be analyzed simultane
ously and (2) the possibility of using NMR spectroscopy for on-line meas
urements where large numbers of samples with considerable volumes are 
analyzed. The development of a portable X H NMR spectrometer could 
combine these advantages with capability of on-site measurement. 
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1 2 3 4 5 6 7 

Weight % H (NMR) 

Figure 5b. The plot of the weight percent of organic hydrogen in 
coals obtained from NMR spectroscopy vs. that obtained from ulti
mate analysis. 

Acknowledgments 

We thank Dieter Michel for helpful discussions and Terry King for the use 
of the Perkin-Elmer thermogravimetric analyzer. The Institute for Physi
cal Research and Technology is supported by the U.S. Department of En
ergy (Basic Energy Sciences Program, Chemical Science Division) under 
Contract No. W-7405-Eng-82. 

References 

1. Gould, G.; Visman, J. In Coal Handbook; Meyers, R. Α., Ed.; Marcel 
Dekker: New York, 1981; Chapter 2. 

2. Melton, C. E.; Giardini, A. A. Fuel 1976, 55, 155. 
3. Allardice, D. J.; Evans, D. G. Fuel 1971, 50, 201. 
4. Gethner, J. S. Appl. Spectrosc. 1987, 41, 60. 
5. Belcher, R.; Spooner, C. E. Fuel 1947, 26, 55. 
6. Finseth, D. ACS Div. Fuel Chem. Prepr. 1987, 32(4), 260. 
7. Gerstein, B. C.; Pembleton, R. G. Anal. Chem. 1977, 49, 75. 
8. Lynch, L. J.; Webster, D. S. Fuel 1979, 58, 429. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
9

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



376 MAGNETIC RESONANCE OF CARBONACEOUS SOUDS 

9. Riley, J. T. Am. Lab. (Fairfield, Conn.) 1983, 15(8), 17. 
10. Cutmore, N. G.; Sowerby, B. D.; Lynch, L. J.; Webster, D. S. Fuel 1986, 65, 

34. 
11. Graebert, R.; Michel, D. Fuel 1990, 69, 826. 
12. Vorres, K. S. Energy Fuels 1990, 4, 420. 
13. Stejskal, E. O.; Schaefer, J. J. Magn. Reson. 1975, 18, 560. 
14. Gerstein, B. C. Philos. Trans. R. Soc. London 1981, A299, 521. 
15. Boden, N.; Gibb, M.; Levine, Y. K.; Mortimer, M. J. Magn. Reson. 1974, 16, 

471. 
16. Lynch, L. J.; Sakurovs, R.; Barton, W. A. Fuel 1986, 65, 1108. 
17. Fuller, E. L. In Coal Structure; Gorbaty, M. L.; Ouchi, K., Eds.; American 

Chemical Society: Washington, DC, 1981; Chapter 19. 
18. Allardice, D. J.; Evans, D. G. Fuel 1971, 50, 236. 
19. Jurkiewicz, Α.; Bronnimann, C. E.; Maciel, G. E. Fuel 1989, 68, 871. 
20. Derbyshire, F.; Marzec, Α.; Schulten, H.; Wilson, M.; Davis, A.; Tekely, P.; 

Delpuech, J.; Jurkiewicz, Α.; Bronnimann, C.; Wind, R.; Maciel, G.; 
Narayan, R.; Bartle, K.; Snape, C. Fuel 1989, 68, 1091. 

21. Jurkiewicz, A.; Marzec, A.; Pislewski, N. Fuel 1982, 61, 647. 
22. Kamienski, B.; Pruski, M.; Gerstein, B. C.; Given, P. H. Energy Fuels 1987, 

1, 45. 
23. Abragam, A. The Principles of Nuclear Magnetism; Clarendon: Oxford, Eng

land, 1961. 
24. Davidson, R. M. "Molecular Structure of Coal"; Report No. ICTIS/TR 08; 

IEA Coal Research: London, 1980. 
25. Solum, M. S.; Pugmire, R. J.; Grant, D. M. Energy Fuels 1989, 3, 187. 
26. Wind, R. Α.; Jurkiewicz, A.; Maciel, G. A. Fuel 1989, 68, 1189. 

RECEIVED for review June 8, 1990. ACCEPTED revised manuscript December 21, 
1990. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

01
9

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



20 

Bloch-Decay and Cross-Polarization— 
Magic-Angle Spinning 13C NMR Study 
of the Argonne Premium Coals 

Effects of High-Speed Spinning 

James A. Franz and John C. Linehan 

Battelle Northwest, P.O. Box 999, Richland, WA 99352 

Block-decay and variable-contact-time 13C cross-polariza
tion-magic-angle spinning (CP—MAS) NMR data at a 
spinning rate of 13 kHz are presented for the Argonne Pre
mium coals. High-field (7.05 T, 75 MHz, 13-kHz MAS) 
aromaticities are in satisfactory agreement with low-field 
CP-MAS (2.3 T, 25 MHz, 4-kHz MAS) results, with the ex
ception of the high oxygen containing Wyodak-Anderson 
coal. Bloch-decay aromaticities obtained at 13-kHz MAS 
agree with CP-MAS results at 25 MHz (4-kHz MAS) for 
all of the bituminous coals, but CP—MAS gives significantly 
lower aromaticities than Bloch decay for the lignite (Beu-
lah—Zap) and subbituminous (Wyodak-Anderson) coals. 
A Bloch-decay and variable-contact-time CP—MAS study of 
the ratios of protonated, nonprotonated, and isolated aro
matic carbons of acenaphthene revealed small systematic er
rors for individual carbon intensities, but satisfactory aver
age relative intensities for different structural groups. High
-speed MAS leads to measured aromaticities within 3—5% of 
those measured by low-speed MAS for medium- and high
-rank coals. However, significant errors in CP—MAS aroma-

0065-2393/93/0229-0377$07.00/0 
© 1993 American Chemical Society 
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ticities of low-rank coals, together with the failure to detect 
an appreciable fraction of oxygenated and quaternary car-
bons, suggest that Bloch decay is the method of choice for 
determination of structural distributions. Sources of disa
greement between Bloch decay and CP—MAS aromaticities 
for Wyodak-Anderson and Beulah-Zap coals are dis
cussed. 

IE COMBINED USE of magic-angle spinning (MAS), high-power dipo
lar decoupling, and polarization transfer in 1 3 C cross-polarization-magic-
angle-spinning (CP-MAS) solid-state NMR spectroscopy provided the 
first effective tool for statistical determination of the structure of coal 
(1-9). CP—MAS 1 3 C NMR spectroscopy has since been applied to the 
characterization of a wide range of coals, macérais, and organic geochemi
cal materials (10-22). The large sensitivity gain provided by the C P - M A S 
method compared to the Bloch-decay method has led to the examination 
of the quantitative limitations of C P - M A S for determination of coal 
structure, in view of the special problems of structural heterogeneity and 
mobility and the free radical content of coal. 

The quantitative reliability of 1 3 C C P - M A S NMR spectroscopy for 
measurement of ratios of categories of organic structure has been defined 
in model-compound studies (23, 24) and in careful comparisons of Bloch-
decay and C P - M A S results for whole coals and macérais (25, 26). The 
mechanisms by which molecular motion affects polarization transfer and 
dipolar decoupling were discussed in a useful essay by Earl (22). Finally, 
spin-counting studies (12, 25—27) revealed the amount of carbon in coals 
rendered undetectable by paramagnetic centers. The quantitative reliabil
ity of 1 3 C C P - M A S NMR spectroscopy for the determination of coal 
structure has been reviewed (25) and debated (28). 

In this study, we determined carbon aromaticities and structural dis
tributions of the Argonne Premium coals by Bloch-decay and by ultra-
high-speed C P - M A S NMR spectroscopy. The ultrahigh-speed C P - M A S 
and Bloch-decay results are compared with conventional-spinning-speed 
CP—MAS data to evaluate the level of additional error introduced by ul
trahigh-speed MAS. 

The conventional model for growth of magnetization during a CP 
contact period is given by eqs 1 and 2 (29, 30) 

M(t) = Μ(0)λ -1 1 - exp 
- A i 

^ C H 
exp τ Η (1) 

where 
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λ = 1 + ^ C H Ten 
Τ c τ Η « 1 -

* CH 
τ η (2) 

M(0) is the maximum equilibrium magnetization of the 1 3 C system in con
tact with the X H system in the absence of relaxation processes, t is the 
cross-polarization contact time (seconds), 1/TCU is the cross-polarization 
rate during the contact period, Γ ^ Η is the proton spin-lattice relaxation 
time in the rotating frame, 7̂  c is the carbon rotating-frame relaxation 
time, and M(t) is the resulting time-dependent carbon magnetization. 

Successful quantitation of structural bands in amorphous mixtures 
such as coal requires that all individual carbons of a mixture be polarized 
before significant carbon or proton rotating-frame relaxation occurs and 
that 7̂  " values be sufficiently uniform such that the decay portion of the 
contact-time curve reflects the composite magnetization, M(0), of each 
structural category in the sample. Although the requirement for success
ful quantitative measurements, Tlp

c > Tlp > > T C H , holds for ideal non-
mobile model compounds lacking carbon atoms isolated from protons, a 
number of simple organic compounds provide notorious examples where 
Γ 1 ρ

Η < T C H (23, 24). The inequality Tlp

c > Tlp

K » Tcn and the 
requirement that values of Γ ^ Η fall in a narrow range are likely to be only 
partially met with coals. Nevertheless, assuming Tlp

c > Γ ^ Η >> T C H , 
eq 1 reduces to eq 3, and a composite 2̂  H is determined from the decay 
portion of a variable-contact-time experiment (eqs 4 and 5). 

M(t) = M(0) 

M(t) = M(0) 

exp 
-t 

exp τ η 

exp exp τ η 

1ηΜ(ί) = 1ηΜ(0) -

- exp 
^ C H 

(3) 

(4) 

(5) 

In current practice (25), a portion of the variable-contact-time curve is fit 
to eq 3 by using the value of Γ ^ Η determined according to eqs 4 and 5 to 
obtain the composite magnetization, M(0) and a composite CP ( Γ 0 Η ) time 
for a spectral region. This approach yields aromaticities that occasionally 
agree with Bloch-decay results for well-behaved mid- to high-rank coals, 
but more typically are a few percent lower than Bloch-decay aromaticities 
for coals and macérais (25, 26). The weakness of eqs 1 and 2 as a statisti
cal model for coal is revealed by their inability to model the entire contact 
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380 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

curve of a coal. These equations also neglect treatment of dipolar oscilla
tion, which is observed in most coal contact curves. 

High-Speed Spinning and CP-MAS Quantitation 

Observation of 1 3 C at high fields requires spinning at sufficiently high 
speeds (e.g., 13-kHz MAS for detection of carbon at 75-MHz) to eliminate 
overlap of residual spinning sidebands of the aromatic carbons over the 
aliphatic band in the spectra of complex mixtures. Commercially available 
probes spin 5-mm sample rotors at up to 15 kHz with air, and spinning 
speeds up to 23 kHz have been reported for small rotors (31). The 
achievement of true high-speed spinning would seem to have solved the 
problem of obtaining high-field C P - M A S 1 3 C NMR spectra. However, 
Wind et al. (32) concluded that the modulation of the Hartmann-Hahn 
mismatch curve caused by high-speed MAS leads to distortions in peak 
intensities for protonated versus nonprotonated carbons. Figure 1A shows 
a 13-kHz MAS Hartmann-Hahn mismatch curve for the Lewiston-Stock
ton coal, which illustrates the effects of spinning at speeds approaching 
the proton—proton dipolar interaction. This phenomenon was first 
demonstrated for adamantane by Stejskal et al. (33). Amplitude-modula
tion of ff I S, the time-dependent Hamiltonian describing polarization trans-

70 

60 

A 5 ° 
R 40 
Ε 
A 30 

20 

10 

/Acts s y 

Λ Λ 
.· \static Match 34 KHz \ 

/ \ 4 / ° ° ° . 
•P' °N, 

ι ι ι 1 I I 

0 10 20 30 40 50 60 

0) /2π (KHz) 
1H 

Figure 1A. Hartmann-Hahn matching curve of Lewiston-Stockton 
coal determined at 13-kHz MAS with a contact time 200 ps. The 
decoupler field (ω1Η) was varied at a constant carbon field (ω13€/2π 
= 34 kHz). Variable-contact-time data were collected at ω1Η/2π = 
21 kHz in this study unless otherwise indicated Closed circles are 
aromatic carbon intensities, and open circles are aliphatic intensities. 
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2 5 y · NS Match (f) 

20 + 

15 

/ 

Figure IB. Hartmann-Hahn curve at 13-kHz MAS for 4,4'-
dimethoxybibenzyl with u)13C/2w = 54 kHz while varying ω1Η/2π 
from 20 to 74 kHz. Solid circles are carbon C (see structure 1 on 
page 382), and open circles are carbon A. 

fer from the abundant to the rare spin reservoir, results in polarization-
transfer peaks at / ( ± ω Γ ) and / (±2ω Γ ) and suppression of polarization 
transfer at the static (nonspinning) match, / (33, 34). The carbon contact 
power at the nonspinning Hartmann-Hahn match is given in frequency 
units by / ; / (±o ; r ) and / (±2w r ) are the first and second pairs of modulation 
maxima in the Hartmann-Hahn matching curve, with a spinning rate of 
ωτ/2π. The peaks at ±ωχ and ±2ωτ result from amplitude modulation by 
rotation of C - H internuclear vectors at ωτ. 

At spinning speeds that are comparable to or larger than the proton 
line width in the rotating frame, the frequency modulation of Hlv the 
Hamiltonian for interaction between pairs of protons, results in frequency 
modulation of the rate of H - H mutual spin flips. This modulation is 
imposed on the amplitude-modulation (AM) bands at / ( ± ω Γ ) and / (±2ω Γ ) 
and restores intensity at the static match, / . This modulation leads to a 
smaller number of modulation sidebands than with low-speed spinning, 
and these modulation sidebands lie outside of the proton line width (7). 
This technique requires an offset of the carbon or proton channel power 
from the static match (f) to achieve optimal polarization-transfer rates. 
From available theoretical treatments of the polarization rate in the pres
ence of MAS (34), it is not readily apparent that high-speed spinning will 
affect the ultimate equilibrium magnetization transferred to carbon in the 
absence of relaxation. 
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In the study of Wind et al. (52), a sample of the polymer Torlon (a 
poly(amide—imide) manufactured by Amoco) was examined at 1.4 Τ and 
at MAS speeds of 2.5, 7.3,11.3, and 15.6 kHz at a single contact time of 2 
ms as a function of the Hartmann-Hahn mismatch. The 1 3 C spectrum of 
Torlon shows a carbonyl band (159 ppm) and partially resolved nonpro
tonated (134 ppm) and protonated (125 ppm) aromatic carbon bands. 
The ratios of protonated to nonprotonated aromatic 1 3 C nuclei, which 
were equal in intensity at 2.5-kHz MAS, appeared with different intensi
ties at the higher MAS speeds. At the/(±o;r) and/(±2o;r) mismatch max
ima, nonprotonated intensities were emphasized, whereas at the static 
match, protonated carbon intensities were emphasized. The widths of the 
nonprotonated modulation peaks were narrower than the protonated 
peaks. From these observations, Wind et al. (32) concluded that quantita
tive results could not be straightforwardly obtained with high-speed MAS. 
The effects described by Wind can be seen in Figure IB for 4,4'-
dimethoxybibenzyl (structure 1). 

D C F 

With a carbon matching power of 54 kHz, the proton contact power 
is varied from 20 to 74 kHz with a 1.5-ms contact time at 13-kHz MAS. 
The intensities of one of the carbons ortho to the methoxy group (filled 
circles, 110 ppm, carbon C) are compared to the nonprotonated oxygen-
substituted aromatic carbon at 158 ppm (carbon A). The protonated 
aromatic carbon has greater intensity at / (nonspinning match), but the 
intensities invert at the / - ωχ = 41 kHz peak and are about equal in 
intensity at the/ - 2ωχ and / + ωχ peaks. 

The results of Wind et al. (32) show that polarization-transfer rates 
vary for protonated and nonprotonated carbons at different modulation 
maxima in a single-contact-time experiment. The key question that 
remains to be addressed for coals and model compounds is whether high
speed spinning will affect the equilibrium magnetization achieved in a 
variable-contact-time experiment for protonated versus nonprotonated 
carbons within a modulation maximum. For coals, polarization transfer 
will also be affected by molecular motion, dielectric effects of ionic 
domains, and inorganic and organic paramagnetic species. 

Thus, in this study Bloch-decay and high-speed C P - M A S data were 
collected for the Argonne Premium coals for comparison with a complete 
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recent study of the Argonne coals by Solum et al. (35). Bloch-decay and 
variable-contact-time C P - M A S results for acenaphthene, which possesses 
a selection of protonated aliphatic, protonated aromatic, nonprotonated 
aromatic, and isolated nonprotonated aromatic carbons, were examined to 
reveal the magnitude of distortions in carbon intensities induced by high
speed MAS. Acenaphthene provides examples of nonprotonated aromatic 
carbons (D and F in structure 2) and isolated nonprotonated aromatic car
bon (carbon Ε in structure 2). 4,4'-Dimethoxybibenzyl was examined to 
determine the effects of contact power on carbon intensities and rotating-
frame relaxation. 

Experimental Details 

Coals. The eight Argonne Premium coals used in this study were obtained 
from the Argonne Premium Coal Sample Program. The vials were opened under 
nitrogen, dried under vacuum (at 100 °C and 0.05 mm Hg for 4-8 h), and loaded 
into sample rotors in a nitrogen glove bag. Beulah-Zap and Wyodak-Anderson 
coals were also dried for 8- and 24-h periods, with no resulting difference in spec
troscopic behavior. The samples were spun with nitrogen gas. 

CP—MAS Experiments. 1 3 C NMR experiments were carried out with a 
Varian VXR-300 instrument using Doty Scientific, Inc., high-speed CP-MAS 
probes. The rotors were 5-mm silicon nitride cylinders with Vespel polymer end 
caps, packed with 75-80 mg of coal. Most CP-MAS experiments were run with 
a 21-kHz proton field, corresponding to the spinning modulation maximum at 13 
kHz below the nonspinning match at 34 kHz. CP-MAS spectra were obtained by 
using a 4.5-/xs, 90° proton pulse with 74-kHz dipolar decoupling gated on during 
free induction decay (FID) acquisition. The coals were initially examined with 
relaxation delays of 2, 5, 10, and 20 s at fixed contact times of 400 #s. An 
increase in aromaticity of 5-7% was observed from 2 to 5 s, with no change 
between 5 and 10 s for all coals except Pocahontas No. 3, which showed a slight 
increase between 10 and 15 s. A 5-s recycle delay was then used in variable-
contact-time CP-MAS experiments for all coals except Pocahontas No. 3, which 
was examined with a 20-s relaxation delay. Contact-time curves were determined 
for 15-23 values between 10 μ$ and 35 ms. The areas of the aromatic sidebands, 

Β 
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384 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

amounting to typically 4% of the center band, were added to the aromatic 
integral. Hartmann-Hahn matching curves were checked for each of the coals to 
allow careful match of the carbon and proton fields. After most of the data of 
this study were collected, the original ~100-W broadband pulse amplifier was 
augmented with a 300-W American Microwave Technology linear broadband 
pulse amplifier. This amplifier provided variable power and a significantly 
improved pulse shape, an important requirement for ultrahigh-speed CP-MAS 
experiments. Acenaphthene, 4,4'-dimethoxybibenzyl, and several coals were 
examined at higher proton and carbon matching fields to examine the effects of 
higher power levels and improved carbon pulse shape on carbon ratios, coal 
aromaticities, and ΤΛ

 H values. 
1 lo 

Bloch-Decay Experiments. In Bloch-decay experiments, 450-850 tran
sients were collected by using a 4.5-ps (90°) carbon pulse, 74-kHz dipolar decou
pling field gated on during FID acquisition, and a 200-s relaxation delay. For all 
experiments, 64-ms acquisition times with a 100-kHz spectral window were 
employed. Under Bloch-decay conditions, the rotor caps and/or probe com
ponents contributed about 20% of the total signal, and this contribution was 
corrected by careful FID subtractions. 

Bloch-Decay, CP-MAS, and T± Characterization of Acenaph
thene. Carbon spin-lattice relaxation times (Tt) were determined by the 
inversion-recovery method, using a 400-s recycle time with 74-kHz dipolar decou
pling during acquisition. Bloch-decay spectra were acquired by using a 400-s 
delay at 13-kHz MAS. Variable-contact-time CP-MAS spectra were acquired by 
using a 60-s recycle delay because of long proton spin-lattice relaxation times 
(Tj11). The unprotonated aromatic carbons (D, E, and F) (see structure 2) exhib
ited only modest dipolar oscillation and gave values of TCH, M(0), and Γ 1 ρ

Η , using 
method Β (see the "Results" section), in good agreement with values calculated 
by the simplex-fit of all data between 10 ps and 20 ms in which M(0), Γ 1 ρ

Η , and 
T C H were varied with J l p

c held constant at 10 s. The protonated aromatic (A, B, 
and C) and aliphatic (G) carbons exhibited pronounced dipolar oscillation. The 
contact data were therefore edited to remove points between 150 ps and 3 ms 
before simplex fit to eq 1. 

Results 

The carbon magnetization, M(0) and the Γ 1 ρ

Η values were extracted from 
contact data by two procedures: 
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• Method A: Least-squares analysis of a semilog plot of spectral inten
sity versus time (e.g., eq 5) of contact data greater than ~3 ms pro
vided Tlp

H and M(0). 

• Method B: The contact curve was edited to remove points between 
150 μ$ and 3 ms. A four-parameter simplex program was used to fit 
the contact data to eq 1 using Γ ^ Η fixed at the value found in method 
A and Tlp

c fixed at 10 s. Values of TQU and M(0) are obtained from 
the simplex treatment. Examples of simplex fits using method Β are 
shown in Figure 2 (dotted lines). Values of M(0) from sp2 (aromatic 
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Figure 2. Contact curves for Lewïston-Stockton and Upper Freeport 
coals. Dotted lines are simplex fits of the data to eq 1, excluding 
data between 200 μ? and 3 ms (method B). 
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386 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

plus carbonyl) and aliphatic spectral regions were combined to esti
mate aromaticities, / a = M(0) a r/(M(0) a r + M(0)a l), where ar and al 
denote aromatic and aliphatic portions, respectively. 

Table I presents Τχ

 H values determined by method A and T C H 

values obtained from method B. Errors in T C H and H are ± 3 0 /zs and 
±0 .4 ms (1σ), respectively. Table II provides chemical-shift distributions 
from the integration of Bloch-decay spectra. Table III presents chemical-
shift distributions from C P - M A S data generated by integrating the spec
tral region at the maximum of the aromatic or aliphatic contact array, 
respectively. The aromatic and aliphatic integral distributions were then 
scaled to agree with method-Α aromaticities. Because different functional 
groups evolve at different rates across the spectrum, this method, which 
was also used in the study by Solum et al. (35), introduces error into the 
distributions. However, the experimental time to acquire sufficient sig
nal-to-noise ratios for measurement of the evolution of the smaller region
al integrals, such as those of the carboxyl and aryl ether carbon regions, 
was prohibitive, being longer than the time required for the preferred 
Bloch-decay experiment. 

Discussion 

Time Dependence of Magnetization Growth and Decay. 
Representative contact time curves are shown for Lewiston-Stockton and 
Pennsylvania Upper Freeport coals in Figure 2. The decay portions of the 
contact curves gave excellent fits to simple exponential decays for all of 
the Argonne Premium coals. The calculated curves for the aromatic 
regions (dotted lines, Figures 2A and 2C) result in values of M(0) about 
20% greater than the maximum observed experimental magnetization. 
Aromatic and aliphatic 7̂  H values were consistently lower than values 
reported by Solum et al. (55). The lower Τχ

 H values observed here were 
suspected to be in part due to the relatively low proton field (21 kHz, 
corresponding to the 13-kHz mismatch dictated by the then-available car
bon field of 34 kHz) compared to the 40-kHz matched carbon and proton 
fields employed by Solum et al. (35). However, a proton contact field of 
47 kHz (34-kHz carbon field) gave similar aromaticities (see Figures 3 and 
4) for the Argonne Premium coals. The degree to which the extrapolated 
values of M(0) for the aromatic carbons from method A exceed the 
observed spectral intensities may reflect (1) the delayed growth of more 
slowly polarizing carbons and (2) excursions from the optimal 
Hartmann-Hahn match due to observe amplifier pulse droop. For exam
ple, the amplitude of the 75-MHz carbon (observe) pulse produced by the 
Varian 100-W amplifier was found to decrease ("droop") by approximately 
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PENN UPPER FREEPORT 

I I I I I 1 I I I I I 1 1 I I I I I I I 1 I I 1 ι 
200 150 100 50 0 PPM 

Figure 3. Bloch-decay spectrum (fa = 80.2%) and CP-MAS spectra 
(f = 78%) for Upper Freeport coal at 21- and 47-kHz proton con
tact fields. Aromaticities agree to within 1% at the two mismatch 
maxima. 

1% per millisecond. Pulse droop has the effect of decreasing the spectral 
intensity at contact times appreciably longer than the contact time used in 
measurement of the Hartmann-Hahn match maximum. Thus, excursion 
from the Hartmann-Hahn match will result in an apparent shorter Γ 1 ρ

Η 

value. 
To the extent that the first situation holds and Γ 1 ρ

Η values are uni
form and sufficiently long, the exponential decay will allow satisfactory 
determination of M(0). The effects of higher contact fields (and improved 
pulse shape) were examined in more detail for the Lewiston-Stockton and 
Wyodak-Anderson coals. When contact fields (carbon/proton) were in-
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ι ι ι I ι ι ι ι ι ι ι ι ι I ι ι ι ι ι ι ι ι ι ι ι 
200 150 100 50 0 PPM 

Figure 4. Block-decay spectrum (fa = 76%) and CP—MAS spectra 
(fa = 53%) of Wyodak-Anderson coal at 21- and 47-kHz proton 
contact fields. The growth of the carboxyl region around 177 ppm 
between 21 and 47 kHz is evident. 

creased from 34/21 kHz (100-W observe amplifier) to 67/54 kHz (300-W 
observe amplifier), T^2* values of the Lewiston—Stockton coal increased 
only slightly, from 6.2 to 6.8 ms, and Tt^al values increased from 6.3 to 
8.6 ms. The aromaticity decreased from 77 to 72% for the Lewis-
ton—Stockton coal. The variable-contact-time data gave a better fit to eqs 
1 and 2, and the value of M(0) only slightly exceeded (by less than 5%) the 
maximum value of the aromatic contact curve. This result suggests that 
the higher aromaticity at the lower power level may be partially due to 
small excursions from the optimal Hartmann-Hahn match as a function 
of contact time. For the Wyodak-Anderson coal, however, identical 
aromaticity and Τχ

 H values were observed by using either the 100-W 
pulse amplifier or tne 300-W amplifier, the latter providing higher contact 
power levels and an improved pulse shape. A rather intense dipolar oscil-
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392 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

lation (36) was observed for directly protonated carbons of coals and indi
vidual compounds (Figure 2D). 

Comparison of Bloch-Decay, 75-MHz-13-kHz, and 25-
MHz—4-kHz Results. Table I provides a summary of aromaticities 
determined by Bloch decay, by 75-MHz-13-kHz variable-contact C P -
MAS data analyzed by methods A and Β and the average of A and B, and, 
for comparison, the 25-MHz-4-kHz C P - M A S results of Solum et al. (35). 
(The quantities in megahertz and kilohertz are the magnetic field and 
spinning rate, respectively.) 

Table I reveals that the Bloch-decay aromaticities of the six bitumi
nous coals agree within experimental error with the 4-kHz C P - M A S 
aromaticities determined by Solum et al. (55). The 13-kHz MAS results 
determined at 21-kHz proton and 34-kHz carbon fields agree within exper
imental error with Bloch-decay results for five of the six bituminous coals. 
The 13-kHz MAS results are 6% higher than the Bloch-decay results for 
Pittsburgh No. 8 coal, a result somewhat beyond the range of experimental 
error. The error may be due in part to a low Tt

 H value caused by excur
sions from the Hartmann-Hahn match, which leads to an overestimate 
of M(0) a r in method A. Our Γ 1 ρ

Η values for the Argonne Premium coals 
are uniformly lower than those of Solum et al. (35) and were not appreci
ably changed by operating at significantly higher proton and carbon con
tact fields. By contrast, Τχ

 H values were a strong function of the strength 
of the proton matching field for model compounds (see acenaphthene and 
4,4'-dimethoxybibenzyl results in the following section). Although 
C P - M A S aromaticities at both low-speed and high-speed MAS for the 
majority of bituminous coals are in satisfactory agreement with Bloch-
decay results, the 13-kHz MAS results for lignite and subbituminous coals 
show significant disagreement. The Bloch-decay results determined in this 
laboratory also suggest that the C P - M A S (with 4-kHz MAS) results of 
Solum et al. (35) for Beulah-Zap and Wyodak-Anderson coals are also 
low. 

Figure 3 compares Bloch-decay and C P - M A S results at proton con
tact fields of 21 and 47 kHz for Pennsylvania Upper Freeport coal. The 
two C P - M A S spectra shown were collected at a contact time of 0.4 ms, 
which is typically the point of maximum intensity on the aromatic contact 
curves for the coals. The two C P - M A S aromaticities are identical. Care
ful examination of the Bloch-decay spectrum reveals higher substituted 
aromatic structures around 140 ppm balanced by an increase in methyl 
carbons relative to the methylenes compared to the C P - M A S spectra. The 
Upper Freeport coal serves as an example of a relatively well-behaved 
medium-rank coal showing nearly identical aromaticities and very similar 
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structural distributions. Regional structural distributions from CP—MAS 
and Bloch-decay measurements agree within 2-3% for Illinois No. 6, Lew-
iston-Stockton, Pennsylvania Upper Freeport, and Pocahontas No. 3 
coals. 

The Bloch-decay results from the lignite and subbituminous coals 
stand in stark contrast to C P - M A S results. The aromaticity of subbitumi
nous Wyodak-Anderson coal is 24% lower by C P - M A S at 75 MHz-13 
kHz than by Bloch decay. The 25-MHz-4-kHz value reported by Solum et 
al. (35) is 13% lower than the Bloch-decay result. Figure 4 shows 
C P - M A S and Bloch-decay results at 21- and 41-kHz proton fields for the 
Wyodak-Anderson coal. The much higher aromaticity and significantly 
greater carboxyl content obtained by Bloch decay is readily apparent. 

Careful examination of the carboxyl region at 177 ppm shows an 
increase in the carboxyl band on going from 21- to 47-kHz proton fields 
(Figure 4). Detectable increases in aromatic C - O , bridgehead, and 
alkylated aromatic regions around 155, 145, and >130 ppm are also 
apparent. The observation of identical aromaticities at the different 
power levels, in spite of the appreciably greater amounts of additional oxy
genated and quaternary aromatic structures, illustrates the insensitivity of 
the aromaticity parameter to structural detail. The 13-kHz C P - M A S 
aromaticity of the Beulah-Zap lignite is in agreement with the results of 
Solum et al. (35); however, the Bloch-decay result shows 13% higher 
aromaticity. For both Wyodak-Anderson and Beulah-Zap coals, about 
50% more carboxyl carbon is detected by Bloch decay than in the 
C P - M A S results (Tables II and III). Although carboxylie acid groups are 
readily detected in crystalline organic compounds by C P - M A S NMR 
spectroscopy at high-field and high-speed MAS, a substantial fraction of 
carboxyl groups and phenol-aryl ether carbons are not detected in coal by 
CP—MAS NMR spectroscopy with high-speed MAS. In Wyodak-Ander
son coal, all categories of aromatic carbons are higher in the Bloch-decay 
spectrum. Oxygen-substituted and aromatic carbons (165-145 ppm) are 
present to fully threefold greater extent in the Bloch-decay spectrum. 

Several causes of the large C P - M A S aromaticity errors for Wyo
dak-Anderson and Beulah-Zap coals are plausible. First, the presence of 
aqueous or mineral domains could lead to local radiofrequency (rf) inho-
mogeneity. This inhomogeneity would tend to reduce the intensity of 
nonprotonated-carbon signal because the widths of nonprotonated carbon 
matching peaks are narrower than those of protonated carbons. This 
effect would be much more evident with high-speed MAS than with con
ventional MAS speeds because the Hartmann-Hahn match is much more 
sensitive at high MAS speeds. Arguing against this view is the observation 
that extensive drying led to no differences in aromaticity for Wyodak-An
derson and Beulah-Zap coals. 
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394 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Second, selective rotational motion of aromatic rings may be a 
feature of low-rank coals. If the low-rank coals are viewed as a predom
inately aliphatic network substituted with small pendant aromatic groups, 
greater rotational mobility would select against polarization transfer to 
aromatic carbons. Third, the packing characteristics of low-rank coals may 
simply lead to quaternary carbons, which are more isolated from neighbor
ing C - H bonds, a feature leading to much longer T C H values for nonpro-
tonated structures. This effect would be exacerbated by the lower 7̂  H 

values for the low-rank coals. Comparing the chemical-shift distributions 
in Table II with those in Table III for the Wyodak-Anderson coal shows 
that all classes of aromatic structures increase with Bloch decay, but the 
largest relative increases are in the carboxyl and quaternary phenolic 
regions rather than in the protonated aromatic regions. 

Finally, the unique effect of high-speed spinning may be to reduce 
the intensity of the protonated aromatic carbons relative to nonprotonated 
aromatic carbons and protonated aliphatic carbons at the / - ωτ match. 
This effect is apparent for 4,4'-dimethoxybibenzyl (see Figure IB) and is 
the effect reported for Torlon by Wind (32). However, this pattern was 
not observed for acenaphthene (see next section), and further study of 
model compounds is required. Again, Wyodak-Anderson coal displays 
the largest relative changes in quaternary aromatic carbons, a result that 
seems to indicate that the high-speed-spinning effects in suppression of 
protonated aromatic carbons at the/ - ωχ match are small. 

The reasonably satisfactory agreement between high-speed and low-
speed MAS aromaticities for the majority of medium- to high-rank coals 
suggests that the increase in distortion of protonated versus nonpro
tonated spectral intensities introduced by high-speed MAS compared to 
conventional (4 kHz) MAS is low, if aromaticity is used as the (somewhat 
crude) measure of statistical structure. The sources of errors for low-rank 
coals remain the subject of further study. 

Comparison of CP-MAS and Bloch-Deeay Results for 
Acenaphthene and CP-MAS Results for 4,4'-Dimethoxybi-
benzyl. To determine if the distortions in carbon intensities reported by 
Wind (32) for a single contact time persist in studies of the evolution of 
carbon intensities in a variable-contact-time study, we examined several 
organic compounds. Acenaphthene was somewhat difficult to examine 
because of long ^(H) values, which dictated a 60-s recycle time in the 
C P - M A S experiment. However, acenaphthene provides examples of ali
phatic protonated and nonprotonated aromatic carbons and a quaternary 
carbon removed by two bonds from the nearest C - H bond (see structure 
2). As shown in Table IV, Τχ values range from about 30 s for protonated 
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aliphatic carbons to greater than 100 s for the buried quaternary carbon 
(carbon E). The methylene carbon (G) polarizes at about twice the rate 
of the aromatic methines, as expected. Buried quaternary carbon Ε exhib
its the slowest polarization rate. The standard relative errors (percent 
standard relative error = 100 χ [(/experimental _ jtheoiy^o.5. j i s t h e 

absorption intensity; η = 12 atoms) in integrated intensities compared to 
theory are as follows: Bloch decay, 5.8%; and CP-MAS, 7.9%. The stan
dard relative errors in carbon intensities for this compound are compar
able to errors reported by Alemany et al. (23, 24) for crystalline organic 
molecules at lower field, low-speed MAS. 

Figure 5 shows the pronounced dipolar oscillation of methylene G, 
and the well-behaved evolution of the signal of buried carbon E . The 
scatter in intensities of protonated carbons is somewhat larger than unpro-

•1-4 
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3 6 9 12 

Contact Tirne/ms 

15 

Figure 5. Contact curves for carbons E (one carbon) (O) and G 
(two carbons) (A) of acenaphthene determined with a proton con
tact field of 21 kHz. The ratio of G:E is 2.12:1 (6% error). See 
Table IV. 
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Table V. Contact-Power Dependence of Carbon Intensities and Γ ^ Η 

Relaxation Times for 4,4'-Dimethoxybibenzyl 

Contact Power Contact Power 
54 kHz (13C), 41 kHz (XH) 67 kHz (13C)f 54 kHz (2H) 

Carbon 
Chemical 

Shift M(0) 
τ Η 
(ms) M(0) 

Τ Η 
Llp 
(ms) 

A 158 1.0 19.7 1.0 27.2 
B* 117 0.75 23.4 0.89 24.6 
Ca 110 0.73 21.6 0.81 26.9 
D 42 0.89 22.5 1.07 24.9 
Ε 56 0.90 21.2 0.99 28.5 

NOTE: Carbons F and G (130 ppm) were unresolved and partially overlapped the 
broad, low-intensity signal of H centered at 137 ppm, a result precluding Γ 1 / ?

Η 

measurements. 
aAssignments may be reversed. A single peak at 113 ppm is observed in solution. 

tonated carbons, but shows no consistent trend by comparison with 
nonprotonated carbons. The variations in the Bloch-decay carbon intensi
ties in Table IV and their similarity in magnitude to C P - M A S errors is a 
very interesting, and reproducible, result. This result is not caused by vio
lation of Tv but the cause of the deviations is unknown. 

The variation in carbon intensities and rotating-frame relaxation rates 
are shown for 4,4'-dimethoxybibenzyl in Table V. Values of Γ 1 ρ

Η increase 
with increased contact power levels. The lower value of the protonated 
aromatic carbon intensity (carbon B) compared to the quaternary aromatic 
carbon intensity (carbon A) is similar to the single-contact-time result at 
the single contact time / - ωτ maximum of the Hartmann-Hahn curve 
(Figure IB). Thus, although acenaphthene does not show a consistent 
pattern of reduced protonated aromatic intensity relative to the quaternary 
aromatic peaks, 4,4'-dimethoxybibenzyl shows a pattern of intensities simi
lar to Wind's results (32) for the Torlon polymer. As shown in Table V, 
the errors in carbon-intensity ratios appear to decrease at higher power 
levels. In Table V, the aromatic carbons ortho to the alkyl linkage (car
bons F and G) were not included because F and G were insufficiently 
resolved. Carbon H , which polarizes to only a small extent, was also 
broadened by motional effects, a result causing it to exhibit inadequate 
signal-to-noise ratio for Γ ^ Η determination. Carbon H , which appears to 
suffer from a long J C H , is a typical structural type that is lost in high
speed C P - M A S NMR of low-rank coals. 
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Conclusions 

Variable-contact-time C P - M A S 1 3 C NMR spectroscopy at very high speed 
MAS can be used to characterize medium- to high-rank coals with aroma
ticities within a few percent of Bloch decay. The agreement in aromaticity 
between Bloch-decay and some of the C P - M A S results is somewhat for
tuitous because an agreement in aromaticity may occur in spite of appreci
able differences in structure. Low-rank, high-oxygen-containing coals, 
however, show significantly diminished aromaticities. Results from 
acenaphthene suggest that distortions caused by high-speed spinning on 
polarization transfer of the ratios of protonated to nonprotonated carbons 
tend to average out, yielding ratios of protonated to nonprotonated car
bons that are in agreement with the structure. The magnitude of 
C P - M A S errors observed with acenaphthene are not large enough to 
account for errors in aromaticity observed for low-rank coals. 

Other possible causes of low C P - M A S aromaticities for Wyo
dak-Anderson and Beulah-Zap coals include the attenuation of polariza
tion transfer due to structural features leading to selective motion of 
aromatic rings, to the isolation of quaternary carbons from protons, or to 
severe dielectric effects of mineral or aqueous regions. As to the latter 
effect, residual water is not believed to be a cause of reduced aromaticities 
for Beulah-Zap and Wyodak-Anderson coals; the coals were dried for 
various lengths of time up to 24 h and exhibited reproducibly low aromati
cities. Finally, although the enhanced sensitivity of the C P - M A S method 
will continue to make it important for semiquantitative measurements of 
relative changes in coal structure, neither high-speed-spinning CP—MAS 
nor conventional-spinning-speed CP—MAS appears to be useful as a quan
titative tool for low-rank coals and humic materials. For these materials, 
Bloch decay is the method of choice. 
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High-Resolution 1H NMR Studies 
of Argonne Premium Coals 

Antoni Jurkiewicz1, Charles E. Bronnimann, and Gary E. Maciel2 

Department of Chemistry, Colorado State University, Fort 
Collins, CO 80523 

Proton combined rotation and multiple-pulse spectroscopy 
(CRAMPS) studies were performed on untreated and 
pyridine-treated samples of seven Argonne Premium coals. 
The proton CRAMPS spectrum of an untreated sample usu
ally consists of two substantially overlapping peaks, an ali
phatic peak and an aromatic peak In the spectrum of a 
sample saturated with perdeuteropyridine, the aliphatic and 
aromatic peaks are better resolved, and more spectral and 
structural details can be elucidated The addition of pyri
dine can dramatically change the structural or dynamic 
characteristics of a coal. In a proton CRAMPS dipolar
-dephasing experiment on an untreated coal, the protons of 
aliphatic moieties relax faster than those attached to 
aromatic rings. In pyridine-treated samples, the dynamics 
are far more complicated and vary within each sample. The 
spectral resolution increases with increasing dephasing inter
val. Peaks due to protons belonging to heterocyclic nitrogen 
and sulfur compounds were identified. A correlation be
tween the chemical shift of the aliphatic peak and the hy
drogen/carbon ratio was found for 19 coal samples. 

xOn leave from the Institute of Coal Chemistry, Polish Academy of Sciences, 
44-100 Gliwice, ul. 1 Maja 62, Poland 
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402 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

Ε LINE-BROADENING EFFECT associated with spin-spin (T^) relax
ation due to magnetic dipole—dipole interactions has limited the use of 
solid-state 1 H NMR spectroscopy for coal-structure studies. The usual lack 
of resolution in the proton NMR spectra of coals has permitted the struc
tural interpretation of the data only in a very gross sense, with relatively 
small emphasis on structural details. The proton combined rotation and 
multiple-pulse spectroscopy (CRAMPS) technique now provides the capa
bility of obtaining high-resolution 1 H spectra of solids by means of 
multiple-pulse dipolar averaging combined with magic-angle spinning 
(MAS) (1-5). This technique typically permits the observation of two 
main peaks in the *H CRAMPS spectrum of an untreated coal, an ali
phatic peak and an aromatic peak (6, 7). 

Our previous proton CRAMPS studies of the Utah Blind Canyon Ar
gonne Premium coal (No. 601) (2) and a Polish coal (WK22) (3) demon
strated the dramatic improvement in spectral resolution often achieved by 
saturating a coal sample with perdeuteropyridine. The resulting spectral 
resolution was not the same for these two coals, a result suggesting that 
spectral resolution could vary substantially with the identity and properties 
of a coal. The phenomena responsible for the enhancement of spectral 
resolution of a coal due to saturation with perdeuteropyridine are not well 
understood at this time. One of the reasons for enhancement may be the 
anisotropic bulk-susceptibility effect (5). 

Pyridine has a great influence not only on the 1 H spectral resolution, 
but also on the dynamics in coal. This phenomenon has been observed 
previously by using wide-line X H NMR spectroscopy (8—12). 

In our previous *Η CRAMPS studies (8, 9), we found that a dipolar-
dephasing experiment is extremely useful for investigating the dynamics of 
molecular and macromolecular parts of coal. In this experiment, a 
dephasing period is inserted between the initial 90° preparation pulse and 
the beginning of detection under multiple-pulse dipolar averaging. During 
the dephasing period, the dipolar interactions between protons, which 
largely govern the behavior of the proton magnetization, are modulated by 
molecular motion. Therefore, this method is useful for studying the 
nature of the 1 H - 1 H dipolar interaction and the effects of molecular 
motion on this interaction. The molecular and macromolecular phases of 
coal manifest different molecular and segmental dynamics because of 
differences in the number and types of cross-links, size of molecules, local 
symmetry, steric conditions, etc. Therefore a variety of motional behaviors 
are observed for different chemical functionalities in coal. 

Experimental Details 

These studies were performed on seven Argonne Premium coal samples. The 
ultimate analyses (13) for all the Argonne samples are presented in Table I. 
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Table I. Ultimate Analyses of the Argonne Premium Coal Samples 

Number Coal C H Ν Ο S 

101 Upper Freeport 88.08 4.84 1.60 4.72 0.76 
202 Wyodak-Anderson 76.04 5.42 1.13 16.90 0.48 
301 Illinois No. 6 80.73 5.20 1.43 10.11 2.47 
401 Pittsburgh No. 8 84.95 5.43 1.68 6.90 0.91 
501 Pocahontas No. 3 91.81 4.48 1.34 1.66 0.51 
701 Lewiston-Stockton 85.47 5.44 1.61 6.68 0.67 
801 Beulah—Zap 74.05 4.90 1.17 19.13 0.71 

N O T E : Al l values are given as percents on a dry, mineral-matter free 
basis. 
S O U R C E : Data are taken from reference 13. 

Analogous studies on the Argonne Premium coal No. 601 (Blind Canyon) were 
reported previously (8). All coal samples were dried at ambient temperature 
overnight at a pressure of 3 χ 10~3 torr (0.40 Pa). Pyridine-^ (99.5% perdeu-
teropyridine from MSD Isotopes) was added to each coal in a ratio of 2:1 (weight 
ratio of pyridine to coal). Each sample was then sealed under vacuum in a 5-mm 
glass tube, which forms the chamber of the MAS device. The CRAMPS experi
ments were performed at a proton Larmor frequency of 187 MHz on a modified 
NT-200 spectrometer (5). Spectra were obtained by using the BR-24 pulse 
sequence (14) with r = 3 #s. A single 180° pulse, placed midway in the dephasing 
interval, was used to suppress chemical-shift effects during the dephasing period. 
MAS speeds were 2.2-3.0 kHz. 

Results 

The proton CRAMPS spectra of the untreated premium coals, including 
the previously reported Blind Canyon coal, are shown in Figure 1. Gen
erally, the spectrum of each coal consists of two peaks, an "aliphatic" peak 
(due to protons attached to sp3 carbons) and an "aromatic" peak (due to 
protons attached to aromatic rings). The chemical shift of the aliphatic 
peak is centered around 1 ppm, and that for the aromatic peak is centered 
at about 6.8 ppm. However, for the Pocahontas No. 3 coal the aliphatic 
peak is shifted toward lower shielding, with a maximum at about 3.2 ppm. 
The line widths for coals with higher carbon contents (Pocahontas No. 3 
and Upper Freeport) are larger than those for other coals. Small rotor 
lines (5) can be observed in the spectra of those two coals. The eight 1 H 
spectra in Figure 1 are fairly typical CRAMPS spectra of untreated coals, 
and these spectra yield the partial resolution of broad aromatic and ali
phatic peaks. 
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15.0 10.0 5.0 0.0 -5.0 
PPM 

Figure 1. Proton CRAMPS spectra of untreated coals: (A) Beu-
lah—Zap, (B) Wyodak-Anderson, (C) Illinois No. 6, (D) Pittsburgh 
No. 8, (E) Lewiston—Stockton, (F) Upper Freeport, (G) Pocahontas 
No. 3, and (H) Blind Canyon. 

The effect that perdeuteropyridine saturation has on the CRAMPS 
spectra is shown for the same coals in Figure 2. The enhanced resolution 
in most cases makes it possible to observe far more spectral detail. The 
spectrum of Beulah-Zap coal (Figure 2A) displays three aliphatic peaks 
at 1.25, 1.8, and 3.4 ppm; the aromatic peak still shows only one max
imum, which is centered at 6.6 ppm. The spectrum of the Wyodak-An
derson coal (Figure 2B) shows less resolution in the aliphatic band than 
that of the Beulah-Zap coal; nevertheless, two aliphatic peaks, at 1.1 and 
1.9 ppm, are recognizable, and the peak at 1.9 ppm is broad. The aromat
ic pattern in the X H CRAMPS spectrum of the Wyodak-Anderson coal 
has only one maximum, at 6.7 ppm. 

The saturation of Illinois No. 6 coal with perdeuteropyridine (Figure 
2C) made it possible to observe six different peaks in the *H CRAMPS 
spectrum. Distinct aliphatic peaks are present at 1.1 and 2 ppm and aro-
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15.0 10.0 5.0 0.0 -5.0 
PPM 

Figure 2. Proton CRAMPS spectra of pyridine-saturated coals: (A) 
Beulah-Zap, (B) Wyodak-Anderson, (C) Illinois No. 6, (D) Pitts
burgh No. 8, (E) Lewiston-Stockton, (F) Upper Freeport, (G) 
Pocahontas No. 3, and (H) Blind Canyon. 

matic peaks at 6.8 and 8.1 ppm. An aliphatic shoulder occurs at about 3.5 
ppm; at 5.2 ppm is a residual water signal, which may be due partly to the 
added pyridine. 

The X H CRAMPS spectrum of Pittsburgh No. 8 coal (Figure 2D) 
displays very clearly resolved aliphatic peaks at 0.9 and 1.8 ppm and two 
aromatic peaks at 6.8 and 8.2 ppm. A broad aliphatic shoulder at about 
3.5 ppm can also be seen. 

The *H CRAMPS spectrum of high-volatile bituminous (HVB) Lew
iston-Stockton coal shows an aliphatic peak centered at 1.1 ppm and a 
second, broad aliphatic peak centered at about 1.7 ppm. The aromatic sig
nal is centered at 6.6 ppm. 

The *H CRAMPS spectra of the Upper Freeport and Pocahontas No. 
3 coals (Figures 2F and 2G, respectively) both show broad, poorly re-
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solved patterns. Nevertheless, it is possible to recognize in the spectrum 
of Upper Freeport coal aliphatic peaks at 1.4 and 2.5 ppm and aromatic 
peaks at 6.9 and 8.1 ppm; the water peak is evident at 4.9 ppm. The aro
matic signal of the Pocahontas No. 3 coal spectrum is better resolved than 
the aliphatic pattern. Aromatic peaks occur at 6.9 and 8.2 ppm, but the 
aliphatic pattern shows only one broad peak. The water resonance at 4.9 
ppm is also evident. The previously reported X H CRAMPS spectrum of 
the Utah Blind Canyon coal (Figure 2H) shows two aliphatic peaks at 0.9 
and 1.7 ppm and three aromatic peaks centered at about 6.9, 8.1, and 9 
ppm. 

Dipolar-dephasing was performed on all of the untreated samples. 
The spectra for untreated Wyodak-Anderson subbituminous (SB) coal are 
presented in Figure 3 in terms of absolute intensities (Figure 3B) and in 
terms of an intensity scaled arbitrarily for convenient visual evaluation 
(Figure 3A). Figure 3B clearly shows that the spectra decay quickly under 
dephasing; after a 30-/*s dephasing time the signal has almost disappeared. 
As is also obvious, the aliphatic peak relaxes faster than the aromatic 
peak. Dipolar-dephasing experiments on the other untreated premium 
coals yielded similar decay patterns. 

The dipolar-dephasing experiment provides far more interesting re
sults on the pyridine-saturated coals than on untreated coals. The results 
of this experiment for perdeuteropyridine-treated Beulah-Zap lignite (L) 
are presented in Figure 4. In contrast to the results obtained on the 
untreated coals, an aliphatic peak in the pyridine-treated sample survives 

Figure 3. 1H CRAMPS dipolar-dephasing results for the untreated 
Wyodak-Anderson coal sample with dephasing periods of 0, 20, and 
30 μΐ. A, arbitrarily scaled intensity; and B, absolute intensity. 
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A B 

τ 1 Γ 
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Figure 4. Proton CRAMPS dipolar-dephasing results for pyridine-
saturated Beulah-Zap sample with dephasing periods of 0, 50, and 
1000 ps. A, arbitrarily scaled intensity; and B, absolute intensity. 

even after 1000 ps of dipolar-dephasing. A reasonable interpretation of 
this behavior is that this peak is due to a methyl group terminating an ali
phatic chain. The other two aliphatic peaks are strongly attenuated after a 
50-μ8 dephasing time. Similar decay behaviors are observed for Wyo
dak-Anderson SB coal (Figures 5A and 5B) and Lewiston-Stockton coal 
(Figures 5C and 5D). The sharp aliphatic peaks due to the methyl groups 
in these cases relax more slowly, and the second, broad aliphatic peak 
relaxes faster in each of these two coals. 

The dipolar-dephasing behaviors of the Illinois No. 6 and Pittsburgh 
No. 8 coals are not very similar to the behavior of the other coals, as can 
be seen in Figures 6A and 6B and Figures 6C and 6D, respectively. 
Within the spectrum of each of these two coals, the various peaks decay 
with relatively similar rates; for example, the methyl-group magnetization 
déphasés with roughly the same rate as does the magnetization of the 
other aliphatic structures. In both cases, the spectrum is essentially the 
same after 50- and 400-̂ s dephasing times. Dipolar-dephasing is slower in 
the Pittsburgh No. 8 coal than in the Illinois No. 6 coal. 

The medium-volatile bituminous (MVB) Upper Freeport coal and 
the low-volatile bituminous (LVB) Pocahontas No. 3 coal display rapid 
dipolar-dephasing decays in spite of the presence of pyridine, as shown in 
Figures 7A and 7B and Figures 7C and 7D, respectively. After a 50-μ8 
dephasing time, little intensity persists. In the Upper Freeport coal, both 
of the aliphatic peaks decay with approximately the same rate, and the ali-
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Figure 5. Proton CRAMPS dipolar-dephasing results for pyridine-
saturated samples of Wyodak-Anderson SB coal (A, arbitrary scal
ing; and B, absolute intensity) and Lewiston—Stockton coal (C, arbi
trary scaling; and D, absolute intensity). The dipolar-dephasing 
periods were 0, 50, and 400 ps. 

phatic peaks of this spectrum decay faster than the aromatic peaks. The 
same behavior pattern is observed in the untreated coal. In the pyridine-
saturated Pocahontas No. 3 coal, the aromatic and aliphatic resonances 
decay with approximately the same time constant. The slowest decaying 
magnetization for these coals is that of water (because it is a fluid). Even 
in these two coals with very broad aliphatic and aromatic bands, a signifi
cant improvement in spectral resolution with increasing dephasing time 
can be seen. 
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sTo 0T0 -8.0 θΤθ ÔTo - θ ! θ 
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Figure 6. Proton CRAMPS dipolar-dephasing results for pyridine-
saturated samples of Illinois No. 6 coal (A, arbitrary scaling; B, 
absolute intensity) and Pittsburgh No. 8 coal (Q arbitrary scaling; D, 
absolute intensity). The dipolar-dephasing periods were 0, 50, and 
400 ps. 

Discussion 

a H CRAMPS spectral resolution is generally enhanced for coals by treat
ment with perdeuteropyridine. The best resolution was obtained for Illi
nois No. 6 and Pittsburgh No. 8 coals. Both of these are H V B coals. 
Pyridine treatment is also very effective for Beulah-Zap lignite and Wyo
dak-Anderson SB coal. The improvement of spectral resolution is less 
dramatic for M V B Upper Freeport and L V B Pocahontas No. 3 samples. 
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Β 

20.0 10.0 0.0 
PPM 

20.0 10.0 0.0 
PPM 

Figure 7. Proton CRAMPS dipolar-dephasing results for pyridine-
saturated samples of Upper Freeport coal (A, arbitrary scaling; B, 
absolute intensity) and Pocahontas No. 3 coal (C, arbitrary scaling; 
D, absolute intensity). The dipolar-dephasing periods were 0, 20, 
and 50 μ& 

Among the coals of this study, these last two coals have the highest carbon 
contents and largest aromaticities (15). However, the Pittsburgh No. 8 
coal, which has an aromaticity that is similar to that of the Upper Free-
port coal, showed much better spectral resolution enhancement. There
fore, the extent to which the spectral resolution characteristics depend on 
coal aromaticity is unclear. 
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We have not found a correlation between a coal's unpaired electron 
spin concentration and resolution enhancement by pyridine treatment. 
The available data on the maceral content and mineral matter content of 
the Premium coals (13) give no indication of a simple relationship 
between these properties and the spectral resolution observed in this 
study. However, the present study is based on too small a number of sam
ples to warrant strong conclusions about these topics. Nevertheless, it is 
reasonable to suggest that L V B coals with high carbon contents will have 
poor CRAMPS spectral resolution, and pyridine saturation is not very 
effective in improving it. For other coals, pyridine treatment is more 
effective, and the resulting spectral resolution allows greater elucidation of 
structural detail. 

For all samples, with the exception of Pocahontas No. 3, a relatively 
sharp aliphatic peak was observed. The chemical shift of this aliphatic 
peak varies from sample to sample within the range of 0.9-1.4 ppm. This 
range corresponds to methyl groups that are β, η, or further removed from 
an aromatic ring (16, 17) and to paraffinic C H 3 groups. The second ali
phatic peak is broader, and its chemical shift is more difficult to specify. 
Nevertheless, we can conclude that the chemical shift of this band varies 
from sample to sample over the range of 1.7-2.5 ppm. This chemical-shift 
range is characteristic of C H 3 groups that are a or β to an aromatic ring, 
of C H 2 groups β to aromatic rings, or of alicyclie or paraffinic C H 2 

groups. For the Beulah-Zap lignite, a broad pattern centered around 3.4 
ppm was observed. A shoulder with the same chemical shift is also notice
able in the spectra of Illinois No. 6 and Pittsburgh No. 8 H V B coals. This 
resonance can be associated with ring-joining methylene bridges; aliphatic 
0 - C H 2 groups; indene C H 2 groups; and with C H 3 , C H 2 , and C H groups 
a to aromatic rings. 

The broad resonance pattern with its center between 6.5 and 7.0 ppm 
in all the spectra of this study is characteristic of aromatic hydrogen. This 
spectral region may also include some phenolic O H hydrogens. The 
8.2-8.4-ppm spectral region is in the chemical-shift range characteristic of 
heterocyclic aromatic structures. A distinct peak or shoulder is not 
observed at 8.2-8.4 ppm for all the samples of this study; such features 
appear most distinctly in the spectra of Illinois No. 6 and Pittsburgh No. 8 
coals. The *H CRAMPS spectra of these two coals have particularly well-
resolved aromatic peaks after pyridine treatment. The spectra of these two 
coals also show the highest degree of mobility (i.e., slowest dephasing) 
among the coals studied (Figure 6). Resolution of the peak at 8.2-8.4 
ppm in these two coals may therefore simply be the result of the greater 
overall resolution in their CRAMPS spectra that is afforded by efficient 
swelling of these coals. Nevertheless, a correlation may exist between the 
intensity of the shoulder at 8.2-8.4 ppm and the sum AT (%) of sulfur 
content (As, %) and nitrogen content (AN, %) given in Table I. This 
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parameter, ΑΎ (%) = AN (%) + As (%), has the following values for the 
samples of this study: 

• Illinois No. 6, 3.9% 
• Pocahontas No. 3,1.85% 
• Pittsburgh No. 8, 2.79% 
• Upper Freeport, 2.36% 
• Lewiston-Stockton, 2.28% 
• Blind Canyon, 1.96% 
• Wyodak-Anderson, 1.61% 
• Beulah-Zap, 1.88% 

Only for the two coals with the highest Ατ values is a distinct 8.2-8.4-ppm 
peak observed, and for coals with smaller AT values, a clearly defined 
feature at 8.2-8.4 ppm is not detected. (An exception may be Pocahontas 
No. 3.) This correlation supports the view that the 8.2-8.4-ppm spectral 
feature originates in the nitrogen and sulfur compounds in coal. 

In the dipolar-dephasing experiment, the degree of spectral resolu
tion often changes with the dephasing time. When the dephasing interval 
is increased, the line width typically becomes smaller, and resolution is 
thereby enhanced. The more mobile components of the coal structure are 
better resolved at longer dephasing times. The largest effect of this kind 
was observed for the Pocahontas No. 3, Upper Freeport, Beulah-Zap, 
Wyodak-Anderson, and Lewiston-Stockton coals. For the Illinois No. 6 
and Pittsburgh No. 8 coals, the effect of increasing the dephasing time on 
spectral resolution is small. Of course, the structures in these two coals 
are mobilized to the greatest degree by pyridine treatment (vide supra), 
hence they should, and do, show the best resolution in the total spectrum, 
with or without dephasing. In the Lewiston-Stockton sample, the 8.2-
ppm peak is observed in the spectrum obtained after a 400-/JS dephasing 
time. However, there is no clear evidence of this peak in the dipolar-
dephased spectra with the same dephasing time interval for the Wyo
dak-Anderson SB coal or the Beulah-Zap lignite, but these two samples 
have low nitrogen and sulfur contents. 

As mentioned previously, the aliphatic-proton magnetization relaxes 
faster than the aromatic-proton magnetization in untreated coals. In most 
of the pyridine-saturated samples, the aliphatic magnetization relaxes 
more slowly than or approximately with the same rate as the aromatic 
magnetization. The dephasing time constants (inverse rate constants) 
depend on the distance between pairs of protons and their relative 
motions. The distances between aromatic protons are typically larger than 
those between aliphatic protons. Therefore, for relatively rigid structures 
the aliphatic protons would be expected to relax (dephase) faster than aro
matic protons. This conclusion is consistent with the dipolar-dephasing 
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results described in preceding sections for nontreated coals. After satura
tion of the sample with perdeuteropyridine, the coal becomes swollen, and 
the structure acquires much more freedom of motion; and as a result the 
proton magnetization accordingly decays more slowly. Hence, the dipo
lar-dephasing experiment shows that the influence of pyridine saturation 
on the motion of the aliphatic and aromatic protons is not the same. The 
aliphatic protons are in structures that are apparently less resistant to 
becoming mobilized by pyridine treatment than are the structures contain
ing aromatic protons. This behavior raises the following question: Why 
are the structures containing aliphatic protons easier to mobilize than 
those containing aromatic protons? 

To discuss this problem, we will consider and contrast the dephasing 
experiment, under conditions of perdeuteropyridine saturation, for the 
protons of a methyl group and those of other aliphatic structures. In the 
Beulah-Zap, Wyodak-Anderson, and Lewiston-Stockton coals, the 
methyl-group protons relax slower than protons of aromatic structures. 
The 1.8- or 3.3-ppm magnetization still déphasés faster than the aromatic 
magnetization for these coals. Pyridine has a much greater effect on 
methyl group relaxation than on methylene group relaxation for all of the 
coals except Illinois No. 6 and Pittsburgh No. 8. In these two samples, all 
structures relax at similar rates. This more uniform behavior is the 
behavior that would be expected in the extensive rotational averaging of 
intramolecular dipolar couplings throughout the entire coal structure. In 
the limit of complete rotational averaging of dipolar interactions, as, for 
example, in the well-known case of adamantane, local features of the dipo
lar decay are removed, and all structures relax according to intermolecular 
dipolar interactions with the surrounding matrix. Another regime, in 
which none of the aliphatic components seem to be mobilized by pyridine 
saturation, is represented by the Upper Freeport coal, in which both ali
phatic components relax faster than the aromatic protons. 

Because of its size, shape, and symmetry, a methyl group needs only a 
small activation energy to rotate about its local C 3 axis (18,19). Addition
ally, the C 3 axis can in many cases also rotate relative to the remainder of 
a large molecule. The effect of pyridine is most probably to make this last 
kind of motion more facile. The correlation time of this motion should 
depend on the location of the methyl group in the structures; for example, 
the C 3 axis of a methyl group terminating a long aliphatic chain will have 
more freedom of motion than if it were attached at the a position on a 
large polycondensed aromatic ring system. 

The Beulah-Zap, Wyodak-Anderson, and Lewiston-Stockton coals 
have low aromaticities (12). Hence, the methyl groups in these coals are 
probably connected mainly to ring-attached aliphatic chains at positions 
relatively far from the aromatic ring. In this kind of structure, the C H 3 -
containing moiety should be easily mobilized by pyridine swelling. In 
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coals with higher aromaticities, the methyl groups should terminate 
shorter aliphatic chains or be attached directly to aromatic rings; therefore 
they may be more difficult to mobilize with solvent addition. The other 
aliphatic protons (e.g., in paraffinic methylene groups or alicyclic moi
eties), because of their geometry, may have significantly less freedom of 
motion; they should require a higher activation energy for motion. There
fore, pyridine is less effective in mobilizing them than is the case for 
methyl protons (8, 9). Aromatic protons situated in aromatic clusters, 
which may be connected by methylene cross-links, have limited freedom of 
movement, and therefore they are also relatively difficult to mobilize by 
pyridine treatment. 

As mentioned previously, the chemical-shift maximum of the ali
phatic peak of untreated Pocahontas No. 3 coal has a very different value 
(3.2 ppm) than is observed for a coal with a low carbon content (1.5 ppm). 
This observation stimulated us to look for some correlation between this 
pattern and other coal properties, for example, carbon content, H/C ratio, 
aromaticity, or volatile matter. Unfortunately, on the basis of only eight 
coals (including the previously studied Blind Canyon coal), we did not find 
a reasonable correlation. On the other hand, it can be misleading to draw 
conclusions about correlations in coals on the basis of studying only a few 
samples. For that reason we extended our effort to a broader set of sam
ples. Accordingly, potential correlations with the chemical-shift position 
of the maximum of the aliphatic peak were explored for a total of 19 coals 
by including 11 Polish coals. The relevant *H chemical-shift data for the 
additional 11 coals are included in Table II. The attempted correlations 
between the chemical-shift and other coal parameters are presented in 
Figure 8. 

Very poor correlation was found between carbon content and the 
chemical-shift parameter (Figure 8A); nevertheless, the coals with the 
highest carbon contents have the largest chemical shifts, £ A , and samples 
with the lowest carbon contents can be expected to have small aliphatic-
proton chemical shifts. The correlation between coal aromaticity (fa) and 
δΑ (Figure 8B) is also weak; however, for a high-aromaticity coal, the 
chemical shift of the aliphatic resonance is generally larger than for low-
aromaticity coals. For coals with low-volatile matter, δΑ is large and typi
cally increases with increasing volatile matter (Figure 8C). The best corre
lation was found between the aliphatic chemical shift and the H/C ratio 
(Figure 8D). For a small H/C ratio, the largest £ A value is observed, and 
for a large H/C ratio, δΑ is smaller. This result is consistent with the view 
that, when the H/C ratio increases, protons of the aliphatic structures of 
coal are on the average closer to aromatic rings; that is, the aliphatic 
chains attached to aromatic rings are shorter. For example, the chemical 
shift of protons of a methylene group attached directly to an aromatic ring 
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Table II. The Chemical-Shift Position 
(δ Λ of the Maximum in the Aliphatic Peak 
of H CRAMPS Spectra of Untreated Coals 

Number Coal (ppm) 

101 Upper Freeport 1.8 
202 Wyodak-Anderson 1.5 
301 Illinois No. 6 1.6 
401 Pittsburgh No. 8 1.8 
501 Pocahontas No. 3 3.2 
601 Blind Canyon 1.4 
701 Lewiston-Stockton 1.7 
801 Beulah-Zap 1.5 
WK13 Polish 3.0 
WK14 Polish 1.8 
WK22 Polish 1.7 
WK25 Polish 2.1 
WK26 Polish 1.9 
WK30 Polish 2.5 
WK31 Polish 2.3 
WK32 Polish 1.7 
WK35 Polish 1.9 
WK36 Polish 1.8 
WK37 Polish 2.0 

N O T E : The analytical data for the 
Argonne Premium coals are listed in 
Table I. The data for the Polish coals 
are taken from reference 15. 

is in the range of 3-5 ppm. Also the proton chemical shift of a methyl or 
methylene group in an aliphatic chain attached on an aromatic ring in
creases when the group is placed closer to the ring. 

Conclusions 

Saturation of the coal sample with perdeuteropyridine enhances the pro
ton CRAMPS spectral resolution of coal. The magnitude of this effect is 
not the same for all Argonne Premium coal samples. Low-volatile coals 
with high carbon content have poor spectral resolution, and pyridine treat
ment is not very effective for resolution enhancement. For other coals, 
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Figure 8. Correlation between the chemical-shift position of the 
maximum in the aliphatic peak for untreated coals and (A) carbon 
content, (B) carbon aromaticity, (C) volatile matter, (D) H/C ratio 
for both the Argonne Premium coals and 11 Polish coals. Points for 
the Argonne Premium coals are marked with an x. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

02
1

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



21. JURKIEWICZ ET AL. High-Resolution 2H NMR Studies 417 

pyridine treatment is very effective, and the enhanced spectral resolution 
yields more structural detail. 

In an untreated coal sample, the aliphatic protons decay in the dipo
lar-dephasing experiment significantly faster than aromatic protons. Pyri
dine saturation dramatically changes the dynamics of coal structure. The 
largest dynamic influence pyridine has is on methyl groups. In the 
pyridine-treated samples, the protons of methyl groups relax more slowly 
than those of aromatic moieties for the Wyodak-Anderson, Beulah-Zap, 
Upper Freeport, and Lewiston-Stockton coals. For the pyridine-saturated 
Illinois No. 6 and Pittsburgh No. 8 coals, all protons relax with approxi
mately the same rate. 

For samples with high sulfur and nitrogen contents, a peak or 
shoulder at 8.2 ppm is observed. A correlation was found between the 
chemical-shift position of the intensity maximum of the aliphatic peak and 
the H/C ratio. The chemical shift of the aliphatic peak tends to have a 
larger value for a sample with a larger H/C ratio. 
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Measurement of 13C Chemical-Shift 
Anisotropy in Coal 

Anita M. Orendt1, Mark S. Solum1, Naresh K. Sethi1,3, Craig D. Hughes1, 
Ronald J. Pugmire2,4, and David M. Grant1 

1Department of Chemistry and 2Department of Fuels Engineering, 
University of Utah, Salt Lake City, UT 84112 

The methods available in NMR spectroscopy to obtain the 
principal values of the chemical-shift tensor are discussed. 
Applications to coal and to compounds with model struc
tures that might be important in coal are presented. The 
composition of aromatic carbons in coal as determined by 
chemical-shift powder patterns is compared to results ob
tained by cross-polarization with magic-angle spinning and 
dipolar dephasing. 

Γ \ NUMBER OF TECHNIQUES in NMR spectroscopy can be used to 
obtain chemical-shift anisotropy (CSA) information from solid samples. 
In this chapter, the various methods will be described, along with the 
application of some of the techniques to both coal and substituted polycy-
clic aromatic compounds whose structures may be important in under
standing the structure of coal. The various experimental methods will be 
discussed in terms of the 1 3 C chemical shift even though the techniques 
can be applied to any nuclei. The methods for obtaining the CSA include 
measurement and analysis of the static powder line shape (1), analysis of 
the variable-angle sample-spinning line shapes (2, 5), and analysis of the 
intensity pattern obtained from spinning at the magic angle at a rotation 

3Current address: Amoco Corporation, P.O. Box 400, Naperville IL 60566 
4 Corresponding author 

0065-2393/93/0229-0419$06.25/0 
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420 M A G N E T O RESONANCE O F CARBONACEOUS SOLIDS 

rate less than the width of the anisotropy (4, 5). Techniques that require 
more elaborate equipment and control over the orientation of the sample 
with respect to the magnetic field include the magic-angle hopping experi
ment (6) and the dynamic angle spinning technique (7, 8). In both of 
these two-dimensional (2-D) experiments, the orientation of the sample is 
changed during each scan. A related experiment is the stop-and-go tech
nique (9) in which the sample rotation rate is rapidly changed from a sta
tionary state to a high spinning rate during each scan. Another technique 
for studying the CSA involves spinning at the magic angle and using 
radio-frequency (rf) pulses to regain the CSA information that is averaged 
by the spinning (10). Finally, the application of a 2-D chemical-shift-
chemical-shift correlation technique (11) to coal samples will be discussed. 

Information Available from Chemical-Shift Anisotropy 

The CSA is a reflection of the interaction of the electronic environment of 
the nuclei with the external magnetic field. Depending on the orientation 
of a given molecule in the field, a different value of the chemical shift is 
observed. If the sample simultaneously exists in all possible orientations 
(i.e., a random powder sample), a superposition of all the possible shift 
values for the nuclei in the molecule is observed. This pattern is the so-
called powder pattern. The frequencies obtained from the break points or 
discontinuities of the powder pattern are the principal values of the chem
ical-shift tensor (i). For a nucleus (e.g., 1 3 C ) that is in an anisotropic 
environment, three distinct values are observed, and these values corres
pond to the three elements (61V S22, and £ 3 3 ) found when the chemical-
shift tensor is diagonal. From the study of a single crystal, both the prin
cipal values of the shift tensor and their orientation in the molecular 
framework can be determined (I). Single-crystal studies of aromatic com
pounds show that £ 3 3 is always perpendicular to the plane of the aromatic 
ring (12,13), and its value in the aliphatic region reflects its independence 
of the π system. The other two tensor components, Sn and S22, are 
oriented in the plane of the aromatic system. Theoretical studies have 
placed δη nearly perpendicular to the C—C bond with the largest π-bond 
character in a number of polycondensed aromatic hydrocarbons (14). 

In most of the experimental methods to be described, only the aro
matic region of the coal spectrum will be analyzed. For convenience, the 
aromatic carbons in coal can be grouped into four categories: protonated, 
substituted (having an alkyl carbon substituent), phenolic (having an oxy
gen substituent), and bridgehead or condensed. In Figure 1, ideal line 
shapes for the four types of carbons are shown. These ideal line shapes 
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a 

b 

c 

d 

1 ι I ι Ι ι I ι 
300 200 100 0 -50 

ppm from TMS 

Figure 1. Ideal tensor patterns for the four types of aromatic carbons 
in coal: (a) protonated, (b) alkyl substituted, (c) condensed, and (d) 
phenolic. 

were obtained by tabulating literature values for the shift tensor com
ponents for aromatic carbons in simple organic compounds (15—20) meas
ured by a variety of methods (including the variable-angle sample spinning 
results from this laboratory). These results are presented in Table I. 
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422 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Table I. Average Chemical-Shift Tensor Values for Aromatic Carbons 

Carbon Type hi δ22 833 ^ave 

Protonated (73) 
Substituted (32) 
Phenolic (33) 
Condensed (10) 

209 ± 21 
223 ± 8 
219 ± 17 
206 ± 6 

138 ± 14 
160 ± 17 
163 ± 9 
193 ± 7 

15 ± 10 
18 ± 8 
69 ± 5 
- 4 ± 11 

121 ± 11 
134 ± 7 
150 ± 7 
131 ± 5 

N O T E : The numbers in parentheses following the carbon type are 
the number of measurements considered in the analysis. All 
values are given in parts per million. 

For protonated aromatic carbons, a highly asymmetric tensor with an 
isotropic chemical shift of 121 ppm relative to tetramethylsilane (IMS) is 
expected. The substituted aromatic carbons have an average isotropic 
chemical shift of 134 ppm, and the phenolic aromatic carbons have an 
average isotropic chemical shift of 150 ppm. The downfield isotropic shift 
observed due to the electronegativity of oxygen is almost entirely due to 
the shift in the value of 53 3. Furthermore, the principal values of both 
substituted and phenolic carbons are slightly less asymmetric than that of 
the protonated carbons (i.e., the difference between 6n and δ22 is smaller 
in both cases than is observed for the protonated carbons). For the con
densed aromatic carbons, an average isotropic chemical shift of 131 ppm is 
observed, with a shift tensor that is nearly axially symmetric (Sn « δ22) 
due to the local symmetry (approaching C 3 ) in the plane of the molecule 
at the bridgehead carbons. 

Experimental Methods 

Static Powder Samples. The most straightforward experimental method 
to obtain the chemical-shift information in a solid is to take the 1 3 C spectrum 
under static conditions (i). The powder sample contains all orientations with 
respect to the magnetic field and as such gives a broad line shape from which the 
principal values of the chemical-shift tensor can be obtained. Experimentally, 
either a simple Fourier transform (FT) experiment with high-power 1 H decou
pling to remove the 1 H - 1 H and the 1 H - 1 3 C dipolar interactions or a cross-
polarization (CP) experiment (21) with 1 H decoupling can be performed. The 
cross-polarization technique is generally used because of the fourfold enhance
ment in the 1 3 C signal that can be realized. 

In Figure 2, a static powder pattern for 1,2,3,6,7,8-hexahydropyrene, along 
with its best simplex fit of the aromatic region using the POWDER method (22), 
is shown. The principal values of the shift tensor obtained from this spectrum 
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1 
240 120 0 p p m 

Figure 2. Static line shape with best fit of aromatic region for 
1,2,3,6,7,8-hexahydropyrene. Part A indicates the pattern for the sub
stituted aromatic carbons, Β indicates the pattern for the bridgehead 
or condensed carbons, and C indicates the pattern for the protonated 
aromatic carbons. (Reproduced from reference 23. Copyright 1987 
American Chemical Society.) 

are given in Table II. Ibis example clearly illustrates the limitations of the tech
nique. The upfield components of the aromatic carbon shift tensors are often 
obscured by the signal from any aliphatic carbons in the sample. With samples 
that have many carbons with similar isotropic chemical shifts, determining the 
break points becomes very difficult. A practical limit for this experiment is two or 
three aromatic tensors. 

Earlier work on the analysis of static powder patterns from coal samples by 
Wemmer et al. (15) used a set of data from aromatic carbons in a large number of 
compounds to derive ideal line shapes for aromatic, condensed aromatic, alkoxy, 
and aliphatic carbons. Static coal spectra were then fit to obtain the composition 
in terms of these four predetermined tensors. 
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In the work presented here, no assumptions were made about the value of 
the tensor components of the various types of aromatic carbons. Because of the 
problem of overlap of the aromatic σ33 component and the aliphatic carbon ten
sor patterns, this technique is useful only on coals whose aromaticities are high 
(i.e., greater than 95%). In these cases, the small amount of aliphatic signal, 
when spread over its C S A , will usually be lost in the base-line noise. A represen
tative static spectrum of a coal sample, PSOC-1468, is shown along with the 
results of the simplex fit in Figure 3. The improvement in the fit in going from a 
single tensor to two tensors is evident from the comparison of Figures 3a and 3b. 
The sum of squares between the experimental and simulated spectrum, which is 
the measure of the goodness of the fit, improved from 0.200 to 0.062. The 
single-tensor fit gave components at 199, 175, and - 9 ppm, for an average of 122 
ppm; the results of the two-tensor fit are given in Table III. In the spectral-fitting 
routine, all of the tensor components, as well as the relative amounts of each type 
of carbon, were allowed to vary. The results obtained to date on anthracite coals 
studied in this laboratory are summarized in Table III. Given the inherent errors 
associated with the experiment, the correlation with the elemental analysis data 
(atomic H / C ratio) is remarkably good. The tensor components in these three 
coals are remarkably similar to those given in Table I for model compounds, even 
though no assumptions about the components were made in the fitting process. 

Variable-Angle Sample Spinning. The technique of variable-angle sam
ple spinning (VASS) (2, 3), spinning at an angle other than the magic angle, has 
been shown to be very useful in the study of model compounds and appears to be 
useful for the study of coal. The expression that governs the averaging of the 
C S A line shape during rapid spinning (spinning speeds greater than the C S A ) is 
given in eq 1. 

In this equation, a and β are two of the Euler angles relating the principal axis 
system (PAS) of the chemical-shift tensor to the spinner frame; διν δ^, and δ33 

are the principal values of the chemical-shift tensor; 6{ is the average or isotropic 
chemical shift; and WQ = -ηΒ0, where BQ is the magnetic field and η is the 
gyromagnetic ratio. For Θ, the angle the spinning axis makes with respect to the 
magnetic field, such that (3 cos2 θ - 1) = 0 (i.e., at the magic angle), this expres
sion reduces to the isotropic chemical shift, δ{. For angles less than the magic 
angle, a partially averaged and scaled powder pattern is obtained, whereas for 
angles greater than the magic angle the pattern is inverted as well as scaled. Ex-

W($9 α , β) = W0 l) (*33 - ή 

(1) 
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Tpble II. Tensor Components for Aromatic Carbons 
in 1,2,3,6,7,8-Hexahydropyrene 

Carbon Aromatic 
Type hi S22 833 δ 

ave 
Carbons (%) 

Protonated 225 128 22 125 40 

Substituted 231 168 9 136 40 
Condensed 203 197 -6 131 20 

c 

b 

a 

- J I ι I ι I ι I ι I ι L _ i I I L 
400 300 200 100 0 -100 -200 -300 

ppm from TMS 

Figure 3. Static line shape with best fit for PS OC-1468 coal: (a) 
best single-tensor fit, (b) best two-tensor fit, and (c) individual 
unbroadened tensor patterns in b scaled by percentages obtained in 
the fit 
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perimentally, five spectra are generally recorded: one at the magic angle, two at 
larger angles, and two at smaller angles. Each of the four spectra recorded off 
from the magic angle have their own distinctive line shape; they are not just 
scaled versions of the same line shape. The four off-angle spectra can then be fit 
simultaneously with the isotropic chemical shifts locked to the values obtained 
from the spectrum at the magic angle. 

VASS removes some of the difficulties associated with the analysis of static 
powder patterns. By both the partial averaging of the CSA and the inversion at 
angles larger than the magic angle this technique removes the overlap observed 
between the aromatic and aliphatic powder patterns, thereby allowing the analysis 
of samples with substantial aliphatic components. Less time is required to obtain 
a spectrum with a satisfactory signal-to-noise ratio because of the scaling of the 
CSA. Because of the number of spectra that are being fit and the different line 
shapes, the limitation of the number of aromatic carbon tensors that can be 
analyzed (relative to a static powder pattern) increases to about four or five. This 
condition still restricts the study of model polycondensed aromatic hydrocarbons 
to those that are symmetrically substituted. The results of applying this method 
to several model compounds are given in Table IV. The set of VASS spectra for 

Table IV. Tensor Components for Model Compounds 

Carbon 
Type hi S22 S33 8ave 

Aromatic 
Carbons (%) 

1,2,3,6,7,8-Hexahydropyrene 
Protonated 225 128 22 125 40 
Substituted 231 168 9 136 40 
Condensed 203 197 -6 131 20 

Pyracene 
Protonated 209 142 19 124 40 
Substituted 226 166 36 142 40 
Condensed 202 192 24 139 20 

1,4,7,8-Tetramethylnaphthalene 
Protonated 235 123 32 130 40 
Substituted 231 161 14 135 40 
Condensed 204 202 1 135 20 

9,9,10,10-Tetramethyl-9,10-
dihydroanthracene 

Protonated 229 147 7 128 33 
Substituted 224 143 17 128 33 
Condensed 219 186 20 142 33 
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1,2,3,6,7,8-hexahydropyrene along with the simulations are shown in Figure 4. A 
comparison of Figures 2 and 4 shows the advantages of the VASS technique as 
compared to the analysis of static powder patterns. 

This technique has also been applied to several coals, with the results shown 
in Table V. The aromaticities given in the table are from variable-contact-time 
cross-polarization-magic-angle spinning (CP-MAS) experiments. A representa
tive set of two VASS spectra along with the best fit is shown in Figure 5. The fit
ting of the spectra is complicated because of the lack of clear break points. 
Hence, no unique solution to the simplex fitting routine is possible (i.e., many 
local minima exit or occur on the surface). Many of the solutions could be elim
inated by the fact that the fitted values for the shift tensor components and iso-

150 100 50 0 ppm 

Figure 4. VASS spectra of 1,2,3,6,7,8-hexahydropyrene with best fits. 
(Reproduced from reference 23. Copyright 1987American Chemical 
Society.) 
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Table V. Tensor Components and Population Factors for Coals 
Obtained by VASS 

Total Carbons (%) 

Carbon Type 6n 622 S33 ^ave VASS dda 

Illinois No. 6 (72% aromatic)** 
Protonated 204 142 32 126 27 26 
Substituted 231 161 46 146 18 18 
Condensed 212 184 -9 129 22 22 
Phenolic 215 155 80 150 5 6 

Upper Freeport (81% aromatic)^ 
Protonated 208 141 20 123 28 28 
Substituted 217 158 33 136 21 20 
Condensed 203 189 -11 127 30 29 
Phenolic 229 159 71 153 2 2 

Pocahontas No. 3 (86% aromatic)0 

Protonated 215 145 20 127 33 33 
Substituted 220 162 31 138 17 17 
Condensed 203 191 -10 128 34 34 
Phenolic 225 158 73 152 2 2 

Aldwarke Silkstone Fusinite (88% aromatic)0 

Protonated 223 149 17 130 34 34 
Substituted 231 161 46 146 6 
Condensed 204 192 -30 122 48 
Phenolic — — — — 0 

^Percentages were obtained from dipolar-dephasing experiments. 
^Percent aromatic and percent dd values were taken from ref. 25. 
c Percent aromatic carbon and percent protonated aromatic carbon 
values were taken from ref. 26. 

tropic shift values were quite different from those observed in model compounds 
and in the anthracite coals. Other solutions could be eliminated because the per
centages of the protonated and nonprotonated shielding tensors were obviously 
wrong, the tensor components were not in the expected range, or the sum of 
squares was lowered by adding extensive broadening in the simulation. By using 
information from CP-MAS and dipolar-dephasing studies on the percentage of 
the aromatic carbons that are protonated as a starting point (but not a locking 
point) in the fitting process, a reasonable solution was obtained for each of the 
coals. Therefore, by using information obtained from CP-MAS and dipolar-
dephasing experiments, the VASS technique yields principal values of the shift 
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0 = 43.6 

0=68.7 

ι ι ι ι ι 
200 150 100 50 0 

ppm from TMS 
Figure 5. VASS spectra of Pocahontas No. 3 coal with best fits. 

tensor for the aromatic carbons in coal that are consistent with those observed in 
model compounds. 

Slow Magic-Angle Spinning. If the rate of spinning at the magic angle 
is much less than the CSA, the resulting spectrum will be a narrow line at the iso
tropic chemical shift with sidebands spaced at integer numbers of the spinning 
frequency for the width of the CSA (4, 5). Analysis of the peak intensities of this 
sideband pattern yields the principal values of the shielding tensor. The analysis 
procedure depends on a careful measurement of the sideband intensities and the 
use of a reasonably complex mathematical analysis; thus this procedure has been 
used only in relatively few cases. In addition, this procedure requires a constant 
spinning speed (i.e., ±10 Hz) during the entire experiment; if the spinning speed 
varies, the line widths of the sidebands are increased, and the peak intensities 
become less reliable. If a compound contains more than about three inequivalent 
carbons with isotropic shifts in the same region, the complexity of the spectrum 
increases, and it becomes difficult to determine the connectivity between the cen
tral peak and its associated sidebands. Morgan and Newman (20) used this 
approach to obtain the tensor components of a series of 12 benzene compounds 
with oxygenated substituents. One group has extended this technique to a 2-D 
method (27) in which the various sideband patterns are separated, as discussed in 
the next section. 

The slow-spinning method was applied to the study of several Australian 
coals by Burgar and co-workers (28, 29). In this work, average tensor components 
for three types of aromatic carbons (protonated, substituted, and bridgehead) 
taken from the work of Wemmer et al. (15) were used, and the percentage com
position was varied to obtain the best fit. The percentage of aliphatic and alkoxy 
carbons were also determined with a reported accuracy of 5%. 
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Chemical- Shift-Chemical- Shift Correlation Spectroscopy. A 
new technique for measuring 1 3 C chemical-shift tensors in powdered solid samples 
has great potential for providing new information about coals and similar materi
als. This technique is a modification of the well-known 2-D exchange NMR 
experiment (30, 31) in which the sample is rapidly reoriented by 90° along an axis 
perpendicular to the magnetic field, BQ, during the mixing time of a 2-D experi
ment. The spectra have projections onto the two chemical-shift axes, which are 
the conventional powder 1 3 C solid-state chemical-shift spectra, in each of the two 
orientations of the sample relative to the external field. The complete spectrum, 
however, contains more detailed, correlative information about the orientational 
distribution of 1 3 C atoms in the sample, and as such, offers the capability to 
characterize order in partially ordered samples (32), a task that is difficult to 
accomplish from the measurement of a normal powder pattern. Another great 
potential of this technique is the ability to sort overlapping chemical-shift pat
terns and to make unequivocal connections between the principal values of a 
given chemical-shift tensor in powdered polycrystalline samples. 

As mentioned previously, a powder has randomly distributed 1 3 C atoms, so 
the chemical-shift patterns in any orientation with the external field are identical. 
This random orientation gives a 2-D spectrum that is symmetrical across its diago
nal. The unique representation of chemical-shift tensors in this experiment 
allows all of the principal values of one tensor to be measured by connecting 
peaks in the spectrum in triangular (for axially symmetric shift tensors) or hexago
nal (for general shift tensors) patterns, as shown in Figures 6a and 6b. A 
molecule in the first orientation, Ft, that gives rise to a signal at δψ must after a 
90° sample rotation, give a signal at ^ in F2. A 90° rotation likewise can take a 
molecule that gives a signal at δί in Fl to an orientation that gives a signal at 
either δ ̂  or $r These relationships lead to the triangular pattern observed for an 
axially symmetric tensor as shown in Figure 6a. For an asymmetric tensor, a 90° 
sample rotation must take one principal value into the remaining two com
ponents, leading to the hexagonal pattern shown in Figure 6b. In both cases, 
molecules oriented such that their signals are between the principal values give 
rise to the intensity in the center of the triangle or hexagon. Each unique chemi
cal-shift tensor in the sample has its own unique hexagonal or triangular pattern, 
and the added spectral space and inherent redundancy of the second frequency 
dimension permits good resolution of different tensors in cases where conven
tional one-dimensional (1-D) spectroscopy might fail. 

The ability of this technique to sort overlapping chemical-shift patterns in 
coal samples is demonstrated in Figures 7a and 7b for Upper Freeport and 
Pocahontas No. 3 coals (Argonne Premium coal samples), respectively. In a con
ventional 1-D static solid-state spectrum of coal, a large degree of overlap 
between aromatic and aliphatic signals occurs, whereas in the 2-D chemical-
shift-chemical-shift correlation spectrum, the two regions are completely separat
ed. This separation allows for an accurate determination of the aromaticity from 
a non-MAS spectrum. The calculated aromaticities from the 2-D spectra are 0.78 
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φ = peaks 

— = ridges 
22 

F2 
33 

Figure 6a. Ideal shielding patterns obtained in the 2-D chemical-
shift—chemical-shift experiment for the asymmetric tensor. Here and 
in Figure 6b, the peaks, marked by ; are the principal values of the 
chemical-shielding tensor. 

for Upper Freeport and 0.87 for Pocahontas No. 3 coals, results that are in good 
agreement with the CP-MAS results of 0.81 and 0.86, respectively (25). In addi
tion, the line shapes of the aromatic and aliphatic regions show a distribution of 
chemical-shift patterns, and a model-dependent estimate of this distribution 
should be possible. Efforts are also underway to determine if any ordering infor
mation can be obtained from spectra recorded on samples that have been 
preserved in their original bedded form. 
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Figure 6b. Ideal shielding patterns obtained in the 2-D chemical-
shift—chemical-shift experiment for the axially symmetric tensor. 

Magic-Angle Hopping, Stop-and-Go, and Dynamic Angle Spin
ning. These three techniques all share the feature of separating the CSA infor
mation of the individual inequivalent carbons. In addition, the mechanical 
aspects of the experiments are very demanding. The methods of magic-angle hop
ping (ΜΑΗ) (6) and dynamic angle spinning (DAS) (7, 8) both require that the 
sample be reoriented with respect to the magnetic field. The stop-and-go 
(STAG) method (9) requires that the sample be taken from a high spinning speed 
to rest during each acquisition. In the ΜΑΗ experiment, discrete jumps are made 
between three orientations, which are related to each other by 120° rotations 
about the magic angle, with equal time being spent at each orientation. In the 
DAS experiment, the rapidly spinning sample is reoriented from the magic angle 
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h—100 

—300 200 100 0 -100 

l_J I I I L 
Figure 7a. Equal-intensity contour plot of the 2-D chemical-
shift—chemical-shift spectrum of the Upper Freeport coal sample. 
Here and in Figure 7b, chemical-shift scales are in parts per million 
(ppm) from TMS. 

to any other angle; the choice of the second angle determines the degree of scal
ing observed in the tensor patterns obtained in the second dimension. Finally, in 
the STAG sequence the experiment is done under stationary conditions except 
during the detection period. The major problem with all three of the techniques 
is the mechanical difficulties encountered in moving the sample (either stop-and-
start or reorienting a spinning sample) in a very short period of time. In addition, 
all three methods require much more time for acquisition than any of the 1-D 
methods in order to get reasonable signal-to-noise ratios in the slices of the 2-D 
plot. DAS probes that promise reorientation times in the neighborhood of 20 ms 
are now commercially available. 
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100 

—300 200 100 0 -100 
_ J I I I L 

Figure 7b. Equal-intensity contour plot of the 2-D chemical-
shift—chemical-shift spectrum of the Pocahontas No. 3 Argonne 
Premium coal sample. 

All of these experiments give the same result in the final spectrum. The 2-D 
spectra have the MAS spectrum of the isotropic chemical shift in one dimension, 
and the second dimension contains all the anisotropic information in the form of 
separated powder patterns, which may or may not be scaled. This separation in 
the second dimension removes the limitation of the number of inequivalent car
bons that can be studied. If the carbon has an isotropic chemical shift that can 
be resolved from all the other isotropic shifts, the powder pattern in the second 
dimension will be of only one carbon. Therefore, these techniques will definitely 
be powerful tools in the study of more complicated and less symmetrical model 
compounds. An example of the power of the DAS technique in resolving a large 
number of tensor patterns is shown in Figure 8 (8). In this spectrum of cholic 
acid, 14 carbons have isotropic chemical shifts between 10 and 50 ppm, and all 
are completely separated in the slices of the 2-D plot. 
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1 1 1 1 

75 5 0 25 0 

ppm from TMS 

Figure 8. Results of a DAS experiment on cholic acid The structure 
of cholic acid is shown at the top of the figure, the slices of the 2-D 
plot of each carbon are shown in the middle of the figure, and the 
MAS spectrum is shown at the bottom. (Reproduced with permis
sion from reference 8. Copyright 1985.) 
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The value of these techniques for the study of the coal has yet to be seen. 
The short carbon Tx (spin-lattice relaxation time) reported in coals (33) make a 
short reorientation time a necessity. In addition, because the inequivalent car
bons are not resolved, what information can be obtained from the overlapping 
carbons contained in the slices in the second dimension and how difficult the 
analysis of these slices may be remain to be seen. 

Magic-Angle Spinning with Synchronous Application of Radio-
frequency Pulses. This method retrieves the CSA information from a MAS 
experiment by the application of a train of w pulses that are synchronized with 
the sample rotation, a technique first introduced by Lippmaa and co-workers (10). 
This type of experiment is very sensitive to pulse imperfections. Since its intro
duction, several groups have made modifications to minimize the effects of pulse 
imperfections (34) and to extend the method into a 2-D technique (35). Tycko et 
al. (36) modified the basic method to render the intensities of the CSA patterns 
obtained in the second dimension undistorted, making it easier to obtain reliable 
tensor components. 

To date, no work on coal has been reported. This method does not suffer 
from the problem of relaxation as do the methods discussed in the previous sec
tion. However, the questions concerning the time required for acquisition and 
the interpretation of the slices in the second dimension still remain. 

Summary and Conclusions 

A number of techniques exist for the determination of the CSA in solids. 
The choice of a method is often limited by the availability of the necessary 
equipment and by the difficulty of the experiment in terms of the required 
pulse sequences and the mechanical aspects of sample spinning and 
reorientation. Furthermore, the complexity of the compound can rule out 
some experiments because of the complexity of the resultant spectrum. 

From the limited number of coal samples on which the tensor infor
mation has been obtained, several conclusions can be reached. The shift 
values obtained (both tensor components and isotropic chemical shifts) 
are consistent with those obtained in the substituted polycyclic aromatic 
compounds that are often used as model compounds. The majority of the 
results are within one standard deviation of the average taken from aro
matic carbons in a large number of compounds. In addition, the break
down of the aromatic carbons into the four classes outlined in the first 
section as determined by both static or VASS line-shape analysis is con
sistent with the results of both dipolar-dephasing experiments and elemen
tal analysis. 
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The study of the CSA in coal has several advantages over doing only 
the more common C P - M A S experiments. Most obviously, the three prin
cipal values that provide additional information on the electronic environ
ment of the nucleus are determined instead of only the average of these 
three values, that is, the isotropic chemical shift. The information on the 
percentages of bridgehead and phenolic aromatic carbons obtained from 
the fitting of the chemical-shift pattern may be more reliable than those 
obtained from C P - M A S and dipolar-dephasing experiments in which all 
of the intensity in a specific frequency range is assumed to be due to a cer
tain type of aromatic carbon. 

Finally, the 2-D techniques that separate the individual static or 
scaled line shapes are very powerful tools and have the potential of being 
extremely useful. The usefulness of DAS for the study of complex com
pounds has already been demonstrated (8). The full potential of this 
method, as well as the other 2-D techniques, in the study of coal still 
remains to be explored. The 2-D chemical-shift-chemical-shift correlation 
method may also prove to be a valuable tool in the study of coal. Refine
ments of the experimental procedure are currently under study. 
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2-mm Band and X-Band Electron Spin 
Resonance and Electron Spin-Echo 
Investigations of Some Carbonaceous 
Materials 

Yuri D. Tsvetkov, Sergei A. Dzuba1, and Victor I. Gulin 

Institute of Chemical Kinetics and Combustion, Russian Academy 
of Science, Siberian Branch, Novosibirsk, 630090, Russia 

Argonne Premium coal samples were studied by using 2-mm 
band and X-band continuous-wave electron spin resonance 
(CW ESR) and X-band electron spin-echo (ESE) spectros
copy. The line widths and g factors (Lande' g factor, spec
troscopic splitting factor) were determined. The correlation 
between and the carbon content in coal sam
ples was established. Paramagnetic centers in coals could 
be attributed to radicals with partial redistribution of spin 
density from polycyclic π-system to peroxide-type structures. 
The degree of this redistribution depends on the degree of 
carbonization. Phase relaxation times, T2, for these coals 
were determined by using ESE spectroscopy. 

THE ELECTRON SPIN RESONANCE (ESR) SPECTRA of natural coals 
consist of singlet lines with widths from 0.1 to 10 G and with a g factor 
(Lande g factor, spectroscopic splitting factor) close to that of a free elec
tron. High-resolution ESR spectroscopic methods are veiy important in 
interpreting these spectra because the latter have no hyperfine structure or 
other characteristic properties. 

1 Corresponding author 

0065-2393/93/0229-0443$06.00/0 
© 1993 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

02
3

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 
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Experimental Details 

We studied the natural coals with a 2-mm band continuous-wave (CW) spectrom
eter (1) and an X-band Bruker ESP-300 spectrometer. Electron spin-echo experi
ments were made with the spectrometer described by Salikhov et al. (2). 

The g factors were measured by using standard samples containing M n 2 + 

ions in MgO and the l,l-diphenyl-2-picrylhydrazyl (DPPH) samples. The concen
tration of the paramagnetic particles was determined by using single crystals of 
CuCl 2 · 2H 20 as a reference. The coal sample measurements that were obtained 
with the X-band ESP-300 spectrometer were compared with standard samples by 
using a double resonator. For the 2-mm band measurements, the MgO powder 
was placed in the resonator together with a sample. ESR spectra were obtained 
at room temperature (X-band) and at 200 Κ (2-mm band). The internal diameter 
of the sample tube was 3 mm for the X-band measurements and 0.4 mm for the 
2-mm band measurements. 

The coals were provided by K. S. Vorres (Argonne National Laboratory) 
within the framework of the Argonne Premium Coal Sample Program. Eight 
samples were supplied by different mines, and these samples included lignite and 
bituminous coals with different degrees of volatility and with other well-known 
properties described by Vorres (3) (Table I). In Table I, the samples are listed in 
order of increasing carbon content (degree of carbonization). The order in which 
the samples were supplied by the Argonne Program (3) is also indicated. 

The coal samples were finely dispersed powders held in an inert nitrogen 
atmosphere in sealed glass tubes. The coals were studied in open air both immedi
ately after (type A samples) and more than an hour after (type Β samples) open
ing the tube. 

Results and Discussion 

The ESR spectra of the A samples at both bands are represented by two 
overlapping lines, one narrow and one broad (Figure 1). The narrow line 
vanishes with time after exposure to air. This phenomenon is known as 
the oxygen effect (4). The loss of the narrow line is accompanied by a 
broadening of the wide line in the Β samples. For example, the width of 
the broad line of sample 7, on transition from A to Β type, changes from 
3.5 to 5.8 G at the X-band and from 5.3 to 10.8 G at the 2-mm band. The 
line widths for the Β samples are listed in Table II. The g factors of the 
broad line measured at the X-band at room temperature are shown in 
Table III for the Β samples. These results indicate that the g factor in
creases with the decreasing degree of carbonization of the coal. 

The shape of the broad lines at the X-band was nearly symmetric for 
all of the Β samples (Figure 2a). Transition to the 2-mm band changes 
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446 

2 mm 

MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

X-band 

20 6 10 6 

Figure 1. ESR spectra of sample 7 at 2-mm band and X-band ob
tained just after exposure to air. 

Table II. Paramagnetic Center Concentrations, Line Widths, 
and Phase Relaxation Times for Β Samples 

Sample 
No. 

[R] 
x l 0 r l 8 (g-l) 

X-band 
AH (G) 

2-mm 
AH (G) 

T 2 
O ) 

1 3.4 6.4 a 1.3 
2 3.9 6.6 — 1.0 
3 4.2 6.8 — 0.69 
4 8.5 7.3 — 0.60 
5 8.3 3.56,6.3 5.3* 0.66 
6 8.2 6.1 14 0.73 
7 8.4 3.5*, 5.8 5.36,10.8 0.69 
8 11.0 5.2 14.4 0.64 

aDash indicates asymmetrical lines. 
^Results obtained just after exposure to air (A samples). 

the situation completely (Figures 2b, 2c, and 2d). Β samples with a low 
degree of carbonization display a noticeable axial anisotropy of their g fac
tors in the 2-mm band ESR spectra. The experimental values for g y and gL 

are given in Table III. 
The following correlation may be made from the data in Table III: 

the smaller the degree of carbonization, the greater the value. The 
value of g^ is also dependent on the degree of carbonization, but to a les-
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23. TSVETKOV ET AL. ESR & ESE Investigations 447 

Table III. g Factor Values for B Samples 

Sample X-band 2-mm 2-mm feu " « ι ) 
No. g k h l/3(g|, + 2 g i) x lO 4 

1 2.0035 2.00290 2.00503 2.00361 21.2 
2 2.0035 2.00290 2.00490 2.00357 20 
3 2.0030 2.00260 2.00400 2.00307 14 
4 2.0031 2.00261 2.00371 2.00298 11 
5 2.0028 2.00261 a — <5 
6 2.0027 2.00261 — — <5 
7 2.00285 2.00259 — — <5 
8 2.0028 2.00267 — — <5 

aDash indicates that measurements are impossible (see Figure 2d). 

X-band 

9 
10 G 

2 mm 

Figure 2 ESR spectra of sample 2 at X-band (a) and of samples 2 
(b), 4 (c) and 6 (d) at 2-mm band The spectra were obtained from 
samples that had been exposed to air for more than an hour. 
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448 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

ser extent The 2-mm and X-band ESR data are in fair agreement if the 
g-factor isotropic values in both cases are compared: 

giso = + 2g±) (1) 

Thus, in the X-band ESR spectra the increase in the g factor of poorly 
carbonized coals is related to the increase of the g ̂  value. 

These data are in good agreement with the hypothesis that the para
magnetic centers in highly carbonized coals are practically fully localized 
in a carbon-containing polycyclic π system. The g factors of such centers 
(denoted here by π) are 2.0027 ± 0.0001 (5). This polycyclic π system oc
curs in the highly carbonized coals (samples 5-8). The increase in g-fac-
tor values for coals with a low degree of carbonization (samples 1—4) 
could result from the presence of oxygen (see Table I) in our system. In
deed, from Table III it follows that g y > g r This relation holds for radi
cals of a peroxide type R 0 2 (5), for which gL = 2.002-2.010 and g y = 
2.03-2.04. We think that the g factors determined in this work may be at
tributed to a partial redistribution of spin density from π to a peroxide 
structure π€>2. Assuming χ to be the spin density of R 0 2 , and 1 - χ that 
of π in the π02 structure, the g-tensor in this redistribution changes in 
proportion to spin density fractions on the structures of both types: 

g*02 = g*(l " X) + *gR02 (2) 

For sample 1, the χ value will be approximately 0.1. 
Table II also provides the values of the phase relaxation times, Γ 2 , of 

the paramagnetic centers. The T2 values were determined at room tem
perature by analyzing the decay of the two-pulse ESE signal. The kinetics 
of this decay can be described by an exponential dependence, exp 
(-2r/T 2), where r is the time between two pulses. A lower degree of car
bonization results in higher T2 values. In this case, the effect may be 
assigned to the influence of the concentration of the paramagnetic centers 
on T2 (Table II) via dipole-dipole interactions between the different spins 
(2). As shown in Table II, the concentration of paramagnetic centers in
creases with the degree of carbonization. 

We have also tried to measure the spin-lattice relaxation times (Γ χ ) 
in these samples by using the saturating pulse followed by observation of 
the ESE signal recovery (2). However, the recovery times appeared to be 
comparable with the time resolution of this technique (on the order of a 
microsecond). It seems that in this case Tt and T2 are almost the same. 
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Electron Spin Resonance, Electron 
Nuclear Double Resonance, 
and Electron Spin-Echo Spectroscopic 
Studies of Argonne Premium Coals 

Xinhua Chen, Hugh McManus, and Larry Kevan1 

Department of Chemistry, University of Houston, 
Houston, TX 77204-5641 

Six coals provided by the Argonne Premium Coal Sample 
Program were studied by using electron spin resonance 
(ESR) and electron spin-echo (ESE) spectroscopy, and five 
of these coals were studied by using electron nuclear double 
resonance (ENDOR) spectroscopy. Measurements were 
conducted at various temperatures. Sample pretreatment 
was done by exposing to air, evacuating at room tempera
ture, or evacuating at 673 Κ. Spin concentrations, g values, 
and relaxation parameters were all affected by the pretreat-
ments. The average radius of the unpaired-electron wave 
function was determined from proton-matrix ENDOR re
sults. ESE spectra show that 13C and 1H nuclei have signi
ficant interactions with the unpaired electrons in some coals. 

ELECTRON MAGNETIC RESONANCE SPECTROSCOPY has proven to 
be a powerful means of studying paramagnetic species in coal (1-10). 
Conventional continuous-wave (CW) electron spin resonance (ESR) can 

1 Corresponding author 

0065~2393/93/0229-0451$06.00/0 
© 1993 American Chemical Society 
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452 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

be used to determine the geometrical and electronic structure and the 
concentration of the paramagnetic species in coal. An ESR spectrum of 
coal shows a convolution of a number of unresolved hyperfine structures. 
The insufficient resolving power of ESR spectroscopy does not permit a 
determination of the identity of the interacting nuclei or of the hyperfine 
coupling. Resolution enhancement can be achieved by electron nuclear 
double resonance (ENDOR) spectroscopy (11). Analysis of matrix EN
DOR line widths in solids gives the distance between the paramagnetic 
species and the interacting nuclei. The pulsed-electron-magnetic-reso-
nance method, electron spin-echo (ESE) spectroscopy, also provides high 
sensitivity for probing weak hyperfine interactions. Analysis of the echo 
decay provides a direct determination of electron-spin-relaxation parame
ters (12), and simulation of the echo-modulation pattern yields the iden
tity and number of interacting nuclei as well as the interaction distances 
(13). In the present study, ESR and ESE spectroscopy were employed in 
investigating six selected coals from the Argonne Premium Coal Sample 
Program, and ENDOR spectroscopy was employed in studying five of 
these coals. 

Experimental Details 

Coal samples were provided by the Argonne Premium Coal Sample Program. 
These coals were collected from freshly exposed seams and were stored under 
nitrogen under carefully controlled conditions with minimum exposure to air. 
The coals as received had been sieved to 100 mesh and sealed under nitrogen. 
The coal names and the abbreviation codes are listed in the following table in 
order of decreasing coal rank. 

Name Rank Code 

Pocahontas No. 3 seam from Virginia LVB POC 
Blind Canyon seam from Utah HVB UT 
Pittsburgh No. 8 seam from Pennsylvania HVB PITT 
Illinois No. 6 seam from Illinois HVB IL 
Wyodak-Anderson seam from Wyoming SB WY 
Beulah-Zap seam from North Dakota L ND 

NOTE: The order of decreasing carbon content is POC > UT ~ 
PITT > IL - N D > WY > N D . 
ABBREVIATIONS: LVB, low-volatile bituminous; HVB, high-volatile 
bituminous; SB, subbituminous; and L, lignite. 
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24. CHEN ET AL. ESR, ENDOR, & ESE Spectroscopic Studies 453 

Approximately 5 mg of coal was transferred to 2-mm i.d. χ 3-mm o.d. Su-
prasil quartz tubes in a glove box under a nitrogen atmosphere. The three pre-
treatments used to prepare individual samples from each coal were (1) exposing 
the coal to air overnight and sealing in air; (2) evacuating the coal at room tem
perature (RT) overnight with a final residual pressure of approximately 1 χ 10~5 

torr (1.33 mPa) and sealing under vacuum; and (3) evacuating at RT, heating 
under vacuum to 673 Κ for ~2 h, and sealing under vacuum. 

ESR spectra were recorded at RT, 77 K, and 4 Κ with a Bruker ESP 300 
ESR spectrometer operating at X-band (9 GHz) with 100-kHz magnetic-field 
modulation. The microwave frequency and the magnetic field were monitored 
with a Hewlett-Packard 5350B frequency counter and a Bruker ER035 gaussme-
ter, respectively. The g values of the samples were measured by using 1,1-diphen-
yl-2-picrylhydrazyl (DPPH) as a standard with g = 2.0036, and the spin concentra
tions were determined by comparing the sample results with a Bruker strong-pitch 
reference containing 3 χ 1015 spins/cm. 

ENDOR spectra were recorded at RT and at 150 Κ with the ESP 300 ESR 
spectrometer interfaced with a Bruker ENDOR unit. Frequency modulation was 
performed without magnetic-field modulation, and the result was a first-derivative 
presentation of the ENDOR spectra. Typical experimental conditions were as 
follows: microwave power, 2 mW; microwave frequency, 9.46 GHz; radio-
frequency power, 100 W; frequency modulation, 12.5 kHz; and modulation depth, 
158 kHz. For low-temperature ENDOR experiments, a Bruker ER411 variable-
temperature unit was used. 

ESE spectra were recorded at RT, 77 K, and 4 Κ with a home-built X-band 
ESE spectrometer (14). Both two- and three-pulse experiments were performed. 
In the two-pulse experiments, pulse widths of 26 and 52 ns were used to generate 
90°-r-180° pulse sequences where r is the interpulse time. In the three-pulse 
experiments, three 26-ns pulses were used to generate 90°-τ-90°-Γ-90° pulse 
sequences, and the phase sequence {(0 0 0) + ( Ϊ Γ 7 Γ Ο ) } - { ( 7 Γ 7 Γ 7 Γ ) + (0 0 7 Γ ) } 

was employed for successive pulse sequences to eliminate two-pulse interferences 
(25). 

Results and Discussion 

ESR Spectroscopy. The ESR spectra of the studied coals can be 
categorized into two groups: type-1 spectra, in which both narrow and 
broad components can be seen; and type-2 spectra, in which only a broad 
signal can be seen. The narrow component and the broad signal have 
peak-to-peak line widths of ~1 G and -3-11 G, respectively. 

The ESR results of all coal samples are sumarized in Table I, and an 
example of the ESR spectra from PITT coal is shown in Figure 1. The 
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20 G 

( α ) A I R 

(b) R T E V A C 

(c) 6 7 3 K E V A C 

t 
g = 2.0030 

Figure 1. ESR spectra recorded at 77 K for PITT coal after different 
sample treatments. The sharp component disappears in c. 

g values of all samples range from 2.0023 to 2.0046. ND coal samples 
have higher g values. Generally, the g value increases with decreasing rank 
and carbon content and increasing heteroatom (mainly oxygen) content, a 
result that was reported previously (3). PITT (in air and R T evacuation), 
POC (in air, measured at 77 and 4 K), and IL coals have type-1 ESR spec
tra as described previously, and the other coals have type-2 ESR spectra. 
This observation is confirmed by the line widths listed in Table I. Gen
erally, a specific coal gave only one type of spectrum, independent of sam
ple preparation and measuring temperature, with the following two excep
tions: (1) Evacuation at 673 Κ made the IL coal spectrum change from 
type-1 to type-2; and (2) POC coal (in air) gives a type-2 spectrum when 
measured at RT, but it gives type-1 spectra when measured at 4 and 77 K. 
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We characterized the line shapes by using the ratio of negative to 
positive slopes of the derivative line shapes with positive phase at low 
field as a parameter; see Table I. The slope ratio is 2.2 for Gaussian lines 
and 4.0 for Lorentzian lines (16). However, for most samples the deter
mined ratios were even greater than 4.0. This situation resulted from the 
overlap of two or more components in the spectra. Even when only one 
broad signal occurred in type-2 spectra, the slope ratios for most spectra 
were still much greater than 4.0, a result suggesting that the type-2 spectra 
also consisted of two or more components. 

Spin concentrations increased by 2 to 10 times after the samples were 
evacuated at 673 Κ The mechanism for this increase has not been deter
mined. 

ENDOR Spectroscopy. The ENDOR response was recorded for 
five coals (excluding WY) with the three different pretreatments and with 
the magnetic field fixed at the center of the ESR line. In prior work, the 
strongest ENDOR signal from IL coal occurred at 150 Κ (7f 8). In all 
cases, the line shape was predominantly Gaussian. The full width at half 
height (FWHH) of the absorption line was determined from the peak-to-
peak width of the first-derivative line assuming a Gaussian line shape. 
The signal intensity was 20-30% stronger at 150 Κ than at RT. The ND 
sample gave no ENDOR response. For the IL, PITT, and U T samples, 
the ENDOR signal observed after pretreatment evacuation at R T was 
about an order of magnitude stronger than the ENDOR signals of samples 
prepared in air. Of the samples evacuated at 673 K, only the IL and POC 
coals gave ENDOR signals, and these signals were observed only at 150 K. 
Thus the ENDOR intensity is very sensitive to the pretreatment condi
tions. Table II gives a summary of the ENDOR results for all the coal 
samples. 

The matrix ENDOR line shapes were analyzed by using a model 
developed by Hyde et al. (17) and the procedures of Helbert et al. (18). 
The expression for the line shape can be written as: 

π oo 

/(") = *rJ! COS4 

0 δ 

(1) 

where a is the half width at half height of the nuclear-spin-packet line 
shape. The lower limit for the integration over r, δ , represents the dis-
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tance from the unpaired electron that the "matrix" nuclei begin. The 
angle θ is between the applied magnetic field and the radial vector, r, 
between the electron and the nucleus; ν is the frequency offset from the 
center of the ENDOR line; Ν is a constant that affects the magnitude, but 
not the shape, of the ENDOR line; and q = (δττ2)""1 7 e 7 N A(3 cos θ - 1). 
The magnetogyric ratios of the electron and nucleus are 7 e and 7 N , respec
tively, and h is Planck's constant. Equation 1 was numerically integrated 
on a D E C V A X computer. The equation contains two parameters: δ and 
a. The parameter a was chosen to be 100 kHz (17,18), and δ varied from 
3 to 10 À For each value of δ, a simulated ENDOR line, f(v), was 
obtained. From this line, a F W H H was determined, and the F W H H was 
then plotted as a function of 5. This plot was used to determine a value of 
δ for each of the experimental ENDOR lines obtained from the coal sam
ples. The results of this analysis are given in Table II. The unpaired-
electron radius is approximately 4 À As the carbon content decreases, 
this radius may decrease slightly. The results for the POC coal indicate a 
radius smaller than 4 À 

ESE Spectroscopy. Two- and three-pulse ESE experiments were 
carried out at RT, 77 K, and 4 Κ on the six coal samples. ESE spectra 
were obtained from most samples. The ESE parameters are summarized 
in Table III. Some examples of ESE spectra are shown in Figures 2-4. 
The measured phase-memory times, Γ , from two-pulse ESE experiments 
range from 0.08 to 0.47 μ$. The Tm values reported previously (6) were 
0.23 /zs for natural PITT coal and 0.25 /zs for heat-treated PITT coal; 
those results compare with 0.22 and 0.14 ps, respectively, in this study. 
The small discrepancy may be attributed to differences in the original sam
ple preparation, because the coals used in this study were collected under 
controlled conditions that were established for the Argonne Premium 
Coal Program. From the three-pulse ESE spectra, Tv the time required 
for the echo to decay to e~x of its original intensity, was measured. 
Values of Ίχ range from 0.5 μ% to greater than 5 μ% the upper limit of the 
time sweep used in the ESE experiments. The echo-decay time, Tv can be 
identified approximately as the spin-lattice relaxation time. The phase-
memory time, Γ , is related to the spin—spin relaxation time Γ 2 , but in 
solids Tm is longer than the true Τχ In general, both Tm and Τχ decrease 
after 673-K evacuation. Apparently, Tm is longer for lower rank coals. 
This result may reflect an instantaneous-diffusion contribution to Tm in 
higher rank coals. 

Nuclear-modulation patterns in the ESE signals provide information 
on the interacting nuclei. Modulations from X H were observed in most 
two-pulse ESE signals, and both 2 H and 1 3 C modulations were observed in 
some three-pulse ESE signals (Figure 4). Modulations from 1 3 C in 
natural abundance were observed in IL coal in this study, as previously re-
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τ , /IS 

Figure 2. Two-pulse ESE spectra recorded at 4 Κ showing slow 
decay (Tm = 0.32 ps) for IL coal (a) and fast decay (Tm = 0.08 
ps)for UTcoal (b). 

τ , μ% 
Figure 3. Two-pulse ESE spectra at 4 Κ showing differences in 
modulation depth. No modulation is visible in a, and 1H modulation 
is indicated by arrows in b. 
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I I I I I L 
0 1 2 3 4 5 

Figure 4. Three-pulse ESE spectra, (a) IL coal evacuated at RT 
and measured at 77 Κ The peaks show 1H modulation, (b) UT 
coal evacuated at RT and measured at 4 Κ The peaks show 1H 
modulation, and the arrows indicate superimposed *3C modulation, 
(c) ND coal exposed to air and measured at 4 Κ shows rapid decay 
(T^O.Hps). 

ported (19). However, the 1 3 C modulation depth was greater in U T coal 
than in IL coal. The 1 3 C modulation must also be present in the two-
pulse ESE signals, but apparently the modulation is not clearly observable 
with the available signal-to-noise ratio. The low signal-to-noise ratio also 
precluded meaningful Fourier transformation and computer simulation. 
Although the number of nuclei interacting with the paramagnetic centers 
and the interaction distance have not been quantified into a possible 
molecular environment for the paramagnetic centers, the observed modu
lation patterns do indicate the presence of 1 H and 1 3 C nuclei within 5—6 Â 
of the paramagnetic centers in these coals. 
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Summary 

A major goal of this study was to provide comparative electron-magnetic-
resonance data for a variety of magnetic parameters of the well-character
ized coals in the Argonne Premium Coal Program. These parameters are 
reported with reference to well-defined measurement conditions and a 
minimum of experimental data post-treatment. These are the most com
prehensive ENDOR and ESE data on a variety of coals to date. The sum
mary of magnetic-resonance parameters should be useful for evaluating 
the effects of the controlled-collection and -storage conditions of coals 
under the Argonne Premium Coal Program. These data can serve as 
benchmarks for other laboratories. To try to delineate any unique molecu
lar structure and molecular environment for the paramagnetic centers in 
such coals would be premature at this stage. 
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Electron Paramagnetic Resonance 
Spin-Probe Studies of Porosity 
in Solvent-Swelled Coal 
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An electron paramagnetic resonance (EPR) spin-probe 
method was used to examine the changes in the size and 
number distribunon of the accessible regions in five Argonne 
Premium coal samples as a function of rank upon swelling 
with the solvents toluene, nitrobenzene, and pyridine. As the 
basicity of the solvent increased (from that of toluene to that 
of pyridine), the number and length of the cylindrical pores 
increased with decreasing coal rank The number of cylin
drical pores also increased with oxygen content (with de
creasing rank), a result suggesting a destruction of the hy
drogen-bond network upon swelling with pyridine. 

A HE PORE STRUCTURE AND SWELLING PROPERTIES OF COALS 
have been studied in order to gain a better understanding of coal struc
ture. Studies of surface area, pore-size distribution, pore volume, and 
even pore shape have been performed in order to understand the surface 
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468 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

properties of coals (1). Additionally, studies of coal—solvent interactions 
and the resulting changes in the pore structure of coals have been per
formed (2—6). As a complement to solvent-swelling studies, experiments 
have been carried out to determine how guest molecules diffuse into coal 
as it swells (7, 8). These studies not only lead to a better understanding of 
coal structure, but they are also important for understanding coal liquefac
tion and how liquefaction catalysts gain access to coal. 

Coal consists of cross-linked macromolecular subunits. Cross-links 
consist of aliphatic bridges as well as hydrogen bonds. Cross-link density 
appears to increase with coal rank. Although not completely understood, 
the solvent swelling of coal apparently occurs via two mechanisms. Non-
polar solvents such as toluene appear to swell coal by solvating molecules 
trapped within the pore structure. However, nonpolar solvents are not 
capable of disrupting the cross-links in coal and consequently cannot gain 
access to molecules trapped deep inside the coal particle. Thus, nonpolar 
solvents are not good swelling solvents for coal. 

Hydrogen bonds are very important in cross-linking coal macromole
cules (7). Polar, hydrogen-bonding solvents such as pyridine appear to 
replace the coal-coal hydrogen bonds with coal-solvent hydrogen bonds. 
This replacement decreases the cross-link density of the coal, a phenome
non that allows the coal to swell (8). Furthermore, the ability of a solvent 
to swell coal is related to its pKb (7). 

Hydrogen bonding in coal is most likely due to oxygen functionalities 
within the coal (9). Because oxygen content decreases with rank and 
cross-link density increases with rank, the cross-links in higher ranked 
coals must be primarily aliphatic bridges. Nonpolar swelling solvents have 
very limited access to the interior of the coal because of the high cross
link density, and hydrogen-bonding solvents have no means of reducing 
the cross-link density. Consequently, solvents are less able to swell high-
rank coals. 

Until the early part of the last decade, electron paramagnetic reso
nance (EPR) spectroscopy was used primarily to study the concentration 
of free radicals in coal and to determine g values. However, in 1981 Sil
bernagel et al. (10) showed the possibility of diffusing nitroxide spin 
probes into the coal structure and observing the probes by EPR spectros
copy. 4-Hydro^-2,2,6,6-tetramethylpiperidinoxyl (TEMPOL, structure 1) 
was placed in a hexane solution and diffused into either Wyodak or Illi
nois No. 6 coal. The broadening and reduction of the nitroxide spin-
probe EPR signal was associated with the diffusion of the T E M P O L 
molecules into the coal matrix. The results of this experiment suggested 
that surface absorption and diffusion of spin probes into coal was possible. 

The aforementioned method was expanded in our laboratory (11), 
and EPR studies of doped Alabama (12), Pennsylvania State University 
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OH 

1 

Coal Research Section (PSOC) (4), and Argonne (2, 3) Premium coals 
were performed. From these EPR studies, the relative accessibility of 
different-size spin probes to the pore structure of coals in the presence of 
a swelling solvent can be estimated. Nitroxide spin probes with different 
sizes and shapes were diffused into various coal samples that were swelled 
with toluene (an intermediate swelling solvent), benzene, and pyridine. 
Untrapped probe molecules were removed with a nonswelling wash sol
vent such as cyclohexane. Relative pore shapes and size distributions were 
then determined from the EPR spin probes trapped within the coal 
matrix. 

More recently, the results of an EPR spin-probe study (2) showed 
that the relative number distribution of acidic functionalities measured by 
the spin-probe method is linearly related to the ratio of phenolic to alkyl 
- O H groups determined by diffuse reflectance infrared (DRIFT) measure
ments (13). Thus the relative number distribution of acidic functionalities 
can be measured by the spin-probe method. In addition, the predicted in
crease in elongated voids in Pittsburgh No. 8 (Argonne Premium coal 
sample [APCS] No. 4) upon swelling with pyridine was confirmed (2). 
This confirmation showed that pore-size distribution can be estimated by 
using the spin-probe method. An electron nuclear double resonance (EN
DOR) study (14) of five nitroxide spin-probe-doped Argonne Premium 
coal samples was used to identify matrix protons in the coal, the protons 
of the nitroxide spin probe, and the interaction of the surrounding 
matrix-coal protons with the nitroxide spin probes. 

In this study, the variation in the size and number of cylindrical pores 
was measured as a function of both rank and the degree of swelling for 
selected Argonne Premium coal samples in which the percent carbon (dry, 
mineral-matter-free [dmmf]) values vary from 74.05% (Beulah-Zap) to 
91.81% (Pocahontas No. 3). Toluene, nitrobenzene, and pyridine were 
used as swelling solvents, and cyclohexane was used as the wash solvent. 
Our results extend earlier work (2) and were confirmed by independent 
small-angle neutron scattering (SANS) (5, 6) and DRIFT studies (13). 
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470 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Experimental Details 

Five Argonne Premium coal samples (100 mesh) were used: 

APCS 
Number Name Rank 

3 Illinois No. 6 HVB 
4 Pittsburgh No. 8 MVB 
5 Pocahontas No. 3 LVB 
6 Utah Blind Canyon HVB 
8 Beulah-Zap L 

ABBREVIATIONS: LVB, low-volatile bituminous; MVB, mid-
volatile bituminous; HVB, high-volatile bituminous; and L, 
lignite. 

The coal samples were doped with nitroxide spin probes by using a pro
cedure that was found to be optimal and that was reported previously (2). A 30-
mg sample of coal under an argon atmosphere was mixed with 2 mL of a 10~3 M 
toluene, nitrobenzene, or pyridine spin-probe solution. The mixture was heated 
in an oil bath at 50-60 °C and was stirred for 18 h. The mixture was then fil
tered, and the solid residue was dried for 2 h at room temperature and 10 - 1 torr 
(13.3 Pa). The dried coal was washed with 3 mL of dry cyclohexane for 3 min to 
remove any spin probe that was attached to the exterior of the coal or that was in 
pores or accessible regions too large to trap the probe. The mixture was filtered, 
washed with 5 mL of cyclohexane, and vacuum dried at room temperature for 0.5 
h. After drying, 10 mg of the sample was placed in an EPR tube and evacuated 
for 0.5 h at 5 χ 10~3 torr (0.67 Pa) and sealed. During the entire procedure, the 
doped coal was exposed to air for only a few minutes. 

A swelling temperature of 50-60 °C was optimal, because in that tempera
ture range the swelling probes did not decay and a swelling equilibrium was 
reached after 12 h (2). The spin concentration of the undoped coal was not stud
ied as a function of solvent. The samples were stored under liquid nitrogen until 
the EPR spectra were recorded. 

To determine the nitroxide-radical spin concentration for a particular sam
ple, the area under only the low-field peak (z component of the nitrogen hyper-
fine coupling) of the spin-probe-doped-coal EPR spectrum was measured. The 
nitroxide-radical concentration could not be determined by integrating the entire 
EPR spectrum of the doped-coal sample because the radical concentration of the 
undoped coal is typically 10-100 times greater than the nitroxide radical concen
tration. The typical error in measuring radical concentration by EPR spectrosco
py is 10-20% under the most ideal conditions (the system here is far from ideal), 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

02
5

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



25. SPEARS ET AL. EPR Spin-Probe Studies of Porosity All 

and the error in determining the radical concentration in the undoped coal sam
ple would exceed (up to a factor of 10) the spin-probe concentration. Further
more, determining a base line for the low-field peak is difficult, so typical EPR 
integration programs fail. This difficulty was solved by using the Kurta tablet 
digitizer interfaced to an IBM PC AT microcomputer and Sigma Scan software 
(Jandel Scientific Corp.) that was designed for determining irregular areas. 

The total area of the spin-probe EPR spectrum was compared to the area of 
the EPR spectrum of the Cr(III) intensity standard (SRM-2601) from the 
National Bureau of Standards, and an absolute spin concentration could then be 
determined by using methods described previously (2). The fraction of the total 
nitroxide spectral area measured (typically 10%) was established by determining 
the area under the low-field EPR peak of a frozen toluene or pyridine solution 
containing a 1 mM concentration of the same spin probe. To reduce integration 
errors, the spectra were integrated three times and then averaged. 

The compositions of the undoped Argonne Premium coals are given in 
Table I. The following spin probes were used in this study: 

• V, 4-octadecanoylamino-2,2,6,6-tetramethylpiperidinoxyl 
• X, 4-amino-2,2,6,6-tetramethylpiperidinoxyl-4-pyridinecarboxaldimine 
• XII, 4-hexylamino-2,2,6,6-tetramethylpiperidinoxyl 
• XIII, 4-nonylamino-2,2,6,6-tetramethylpiperidinoxyl 

Spin probes Χ, XII, XIII, and V are made up of 4-, 6-, 9-, and 15-carbon chains, 
respectively, attached to the same nitroxyl-radical substituent (see structures on 
page 473). Spin probes I-IX were defined previously (5), and the numbering sys
tem for spin probes I-XIII used in our previous papers is maintained here for 
consistency. 

EPR powder spectra were recorded on a Varian E-12 continuous-wave 
(CW) EPR spectrometer at room temperature. The magnetic fields were cali
brated by using a Bruker ER035M NMR gaussmeter, and the microwave fre
quency was measured with a Hewlett—Packard 5246L frequency counter. 

Results and Discussion 

In Figure 1, the radical concentration of coals swelled with toluene solu
tions of spin probes V, Χ, XII, and XIII is shown as a function of carbon 
content. The radical concentration of doped coals swelled with toluene 
showed a similar dependence with carbon content for probes I, II, and V 
(2). Thus, although there are differences in spin-probe radical concentra
tion as a function of percent carbon, the radical concentration decreases 
with rank until a level of 85% carbon and then levels off or increases. For 
spin probe X, the smallest probe for which results are reported here, the 
radical concentration decreased from 15.4 χ 10 1 7 spins/g at 74.05% carbon 
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H-N 

473 

XII 

NH(CH2)5CH3 

χ 

0 ^ r ^ ^ N H ( C H 2 ) 8 C H 3 

XIII 

(dmmf) (APCS No. 8) to 1.0 χ 10 1 7 spins/g at 84.95% carbon (APCS No. 
4) and then increased to 3.0 χ 10 1 7 spins/g at 91.81% carbon (APCS No. 
5) . Similar behavior was noticed by Goslar for a toluene solution of spin 
probe II, which is a probe very similar in structure to X. 

Spin probes XII, XIII, and V have similar shapes and differ from 
each other primarily in length. Spin probe XII is slightly longer than spin 
probe X. For coals doped with XII, the radical concentration decreased 
rapidly from 16.5 χ 10 ί ? spins/g at 74.05% carbon (APCS No. 8) to 3.2 χ 
10 1 7 spins/g at 81.3% carbon (APCS No. 6), then decreased much more 
slowly to 0.5 χ 10 1 7 spins/g at 91.81% carbon (APCS No. 5). 

For coals doped with the two largest spin probes studied, XIII and V, 
the radical concentration decreased with percent carbon. For example, the 
concentration of XIII decreased linearly from 11.1 χ 10 1 7 to 1.4 χ 10 1 7 

spins/g, and the radical concentration of V decreased from 1.5 χ 10 1 7 to 
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70 75 80 85 90 95 

Percent Carbon, dmmf 

Figure 1. Nitroxide radical concentration vs. percent carbon for 
APCS Nos. 3, 4, 5, 6, and 8 swelled with a toluene solution of spin 
probes Χ, XII, XIII, and V. 

0.3 χ 101 7 spins/g over the range of coals studied. Upon swelling with 
toluene, apparently fewer pores can accommodate spin probe V than can 
accommodate spin probe XIII. 

In general, the carbon content of coal increases with rank (15). Fig
ure 1 shows that for all spin probes studied, the nitroxide-radical concen
tration decreased with carbon content and, consequently, with rank. This 
result indicates that as the rank of the coal samples increases, the degree 
of swelling will be lower, and fewer areas will be accessible to the spin 
probes. 

In Figure 2, the concentration of nitroxide radicals within the pores 
of the coal swelled with nitrobenzene solutions of different spin probes is 
shown as a function of oxygen content. As noted earlier, the nitroxide-
radical concentrations of doped coals that were swelled with polar solvents 
seems to relate to percent oxygen rather than to percent carbon. Nitro
benzene is a stronger swelling solvent than toluene and thus causes a 
larger change in the pore structure. Consequently, the spin-probe concen
trations are different for coals swelled in nitrobenzene. The nitroxide-
radical concentration of coals doped with spin probe X increased from 
0.10 χ 10 1 7 spins/g at 1.66% oxygen (dmmf) (APCS No. 5) to 3.0 χ 10 1 7 
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30 

0 5 10 15 20 

Percent Oxygen, dmmf 

Figure 2. Nitroxide radical concentration vs. percent oxygen for 
APCS Nos. 3, 4, 5, 6, and 8 swelled with a nitrobenzene solution of 
spin probes Χ, XII, XIII, and V. 

spins/g at 10.88% oxygen (APCS No. 6) and then levels off. Coals doped 
with spin probe XII behave in a similar manner. The concentration of 
nitroxide radicals within the pores of the coal increased from 0.1 χ 10 1 7 

spins/g at 1.66% oxygen (APCS No. 5) to 3.9 χ 10 1 7 spins/g at 10.11% 
oxygen (APCS No. 3) and then decreased slightly to 3.1 χ 10 1 7 spins/g at 
19.13% oxygen (APCS No. 8). 

Of the two largest spin probes studied with nitrobenzene, the coals 
doped with XIII had the highest nitroxide-radical concentrations, and 
coals doped with V had the lowest nitroxide-radical concentrations. For 
coals doped with XIII, the radical concentration increased from 0.6 χ 10 1 7 

spins/g at 1.66% oxygen (APCS No. 5) to 9.0 χ 10 1 7 spins/g at 10.88% 
oxygen (APCS No. 6) then increased to 26 χ 10 1 7 spins/g at 19.13% oxy
gen (APCS No. 8). The nitroxide-radical concentration in coals doped 
with V increased from 0.3 χ 10 1 7 to only 1.3 χ 10 1 7 spins/g over the range 
of coals studied. Like toluene, nitrobenzene did not swell the coals suffi
ciently to accommodate spin probe V. 

In Figure 3, the nitroxide-radical concentration in coals swelled with 
pyridine solutions of different spin probes is shown as a function of oxy
gen content. Pyridine is a much stronger swelling solvent than either toi-
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20 

Percent Oxygen, dmmf 

Figure 3. Nitroxide radical concentration vs. percent oxygen for 
APCS Nos. 3, 4, 5, 6, and 8 swelled with a pyridine solution of spin 
probes Χ, XII, XIII, and V. 

uene or nitrobenzene, and the behavior of the spin probes is considerably 
different than in coals swelled by either of the two latter solvents. Of the 
spin probes studied, coals doped with either the largest (V) or the smallest 
(X) spin probe showed the highest nitroxide-radical concentrations. For 
coals doped with X, the nitroxide-radical concentration linearly increased 
from 0.2 χ 10 1 7 to 13 χ 10 1 7 spins/g over the range studied. For coals 
doped with V, the nitroxide radical concentration increased from 0.3 χ 
10*7 to 11 χ 10 1 7 spins/g over the range of coals examined. Pyridine 
opens up the pore structure large enough that even the large probe (V) 
can be trapped before pyridine is removed. The reasoning behind the 
seemingly unusual behavior of spin probe X will be discussed in more 
detail later. For coals doped with XII and XIII, the nitroxide radical con
centration increased from 0.3 and 0.4 χ 10 1 7 to 2.5 and 2.6 χ 10 1 7 spins/g, 
respectively, over the range of coals studied. 

Figures 2 and 3 show the spin-probe content of coals swelled with 
nitrobenzene and pyridine, respectively, as a function of oxygen content. 
Oxygen content decreases with rank. For all solvent systems and all spin 
probes studied, the nitroxide radical concentration decreased with decreas
ing oxygen content and, consequently, with increasing rank. Again, this 
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indicates that the ability of the solvent to swell the coal and open areas of 
accessibility for the spin probes decreases with rank. 

One further interesting observation from Figures 1—3 is that for the 
highest ranked coals the nitroxide radical concentration changes very little 
regardless of probe or swelling solvent. This result confirms that in higher 
ranked coals cross-linking consists of covalent bonds rather than hydrogen 
bonds. 

The ability of solvents to swell coals and open areas of accessibility is 
strongly dependent upon coal rank. This observation leads to the ques
tion of how the pore structure changes with swelling within a given coal 
rank. By using SANS measurements of Pittsburgh No. 8 coal, Winans 
and Thiyagarajan (6) determined that pores in unswelled coal are spheri
cal, and that pores in coal swelled by pyridine are elongated, needlelike 
voids. Goslar and Kispert (2) confirmed their result by using a spin-probe 
study. The five Argonne coals used in the study by Goslar and Kispert (2) 
were swelled in toluene or pyridine using either a spherical or cylindrical 
probe. The results are shown in Table 3 of reference 2. Toluene mildly 
swells the coal and should change the pore structure only minimally. 
Mildly swelled coals doped with the spherical probe (I) contained signifi
cant radical concentrations, a result indicating that a significant number of 
spherically shaped pores were present (2). However, for severely swelled 
coals (i.e., those swelled with pyridine), the radical concentration of coals 
doped with I was very small, a result indicating that spherically shaped 
pores had all but disappeared. 

On the other hand, coals doped with the cylindrically shaped probe 
(II) and swelled with toluene had significant radical concentrations. Swel
ling with pyridine slightly decreased radical concentrations in APCS Nos. 8 
and 5, and in the three high-volatile bituminous (HVB) coals (APCS Nos. 
3, 4, and 6) radical concentration was significantly increased. This result 
shows that in severely swelled coals the pores become cylindrical. 

Several questions immediately arise: 

• Upon learning the shape of pores in swelled coals, can the size of 
these pores be further defined? 

• How does the pore structure of coal change when solvents with inter
mediate swelling ability are used? 

• How does the size distribution of the pores change as the coal is 
swelled? 

• How does the shape of the pores change with swelling? 

To answer these questions, the five Argonne Premium Coal samples de
scribed in the "Experimental Details" section were swelled with either 
toluene, nitrobenzene, or pyridine and were labeled with three spin probes 
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478 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

(XII, XIII, and V) that are similar in shape and width but that differ in 
length. Toluene has an electron donor number of 0.1, the electron donor 
number of nitrobenzene is 4.4, and that of pyridine is 33.1. The electron 
donor number has been used (15) as a measure of coal swelling ability, 
although the variation in size and shape among various solvents makes the 
correlation a poor one (7). A better measure of swelling ability is the 
basicity of the solvent and the solvent's ability to break hydrogen bonds. 

In Figure 4, the radical concentration in the labeled coals is shown as 
a function of spin probe length for coals swelled with toluene. For the 
toluene system, spin probe XII results in the highest radical concentra
tions of the five Argonne coals. As the probe size increased, the probe 
concentration decreased. Toluene, a poor swelling solvent, has a limited 
capacity to open areas of accessibility to spin probes. The pores are 
elongated only slightly, and larger spin probes had difficulty entering the 
coals. 

In Figures 5 and 6, the radical concentration in the labeled coals is 
shown as a function of spin probe length for coals swelled with nitroben
zene and pyridine, respectively. In Figure 5, the maximum spin concentra
tion at the probe length corresponds to that of spin probe XIII. This 

20 

ω 15 
c 

^ 10 

\ 
\ 

ν 

M B e u l a h - Z a p 
- O — Illinois No. 6 

Blind Canyon 
Ο - Pittsburgh No.8 

- O — Pocahontas 

"• ι ι Β 
10 15 20 

Spin Probe Length, # of Atoms 

Figure 4. Nitroxide radical concentration for five coals swelled with 
a toluene—spin probe solution vs. spin probe length. 
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Figure 5. Nitroxide radical concentration for five coals swelled with 
a nitrobenzene—spin probe solution vs. spin probe length. 
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probe was the right size to be trapped within the pore structure of the 
swelled coal without being removed by the cyclohexane wash, as 
apparently happened to the smaller probes. However, nitrobenzene is 
only a moderate swelling solvent, and larger probes such as V have diffi
culty gaining access to the interior of the coal. On the other hand, there 
is no apparent maximum in Figure 6; the largest spin probe studied (V) 
had the highest concentration of all the spin probes. Pyridine, the best 
swelling solvent studied, opens up the pore structure of the coals to the 
greatest extent. Large spin probes such as V have easy access to the inte
rior of the coal, and small spin probes are easily washed out. These results 
lead to two additional questions: 

• How large a spin probe can be readily introduced into pyridine-swelled 
coals? 

• What effects do solvents with even larger electron donor numbers have 
on the pore structure of coals? 

Our hope is that these questions will be answered in a later study. 
Spin probe X has a different structure than the other three spin 

probes studied. Spin probe X is shorter in length and, because of its steric 
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Figure 6. Nitroxide radical concentration for five coals swelled with 
a pyridine—spin probe solution vs. spin probe length. 

25 

rigidity, less bulky than spin probe XII, the smallest of the other three 
probes studied. In Table II, the nitroxide radical concentration is shown 
as a function of the swelling solvent for Argonne coals labeled with spin 
probe X. The radical concentration passes through a minimum when 
nitrobenzene is used as the swelling solvent. Both toluene- and pyridine-
swelled coals retain significant amounts of probe X within the pore struc
ture. This phenomenon is supported by data from earlier work (2). In 
toluene-swelled coals, the pore structure is opened up only slightly, and 
the result is that small cylindrical probes are trapped. Coal also contains 
a micropore system that is too small to be accessed by these probes when 
the coal is only mildly swelled. Nitrobenzene opens up areas of accessibil
ity large enough to prevent retention of X and XII (Figure 4), but does 
not significantly open the micropore system. Pyridine, however, is a much 
stronger swelling solvent than either toluene or nitrobenzene. Pyridine 
apparently not only opens areas of accessibility large enough for spin 
probes like V, but also opens the micropore system enough to allow 
access by X. Thus the coal swelling process undergoes several stages. 
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Table II. Nitroxide-Radical Concentration for Coals Swelled 
with Solutions of Spin Probe X and Various Swelling Solvents 

APCS 
Number Coal Toluene Nitrobenzene Pyridine 

8 Beulah-Zap 15.4 4.6 13.2 
3 Illinois No. 6 7.0 3.4 5.0 
6 Blind Canyon 7.1 — 9.4 
4 Pittsburgh No. 8 1.0 2.6 5.4 
5 Pocahontas No. 3 3.0 0.1 0.20 

N O T E : Concentrations are given in spins per gram χ 1 0 . 

Conclusions 

In conclusion, the use of spin probes with swelling solvents is a convenient 
method with which to increase understanding of the pore structure of 
coals and how the pore structure changes in the presence of swelling sol
vents. As coal swells, the pores become cylindrical and elongated. As the 
severity of the swelling solvent is increased, the pores become larger until 
even the micropore system opens up to allow access to fairly large 
molecules. Regardless of the severity of the swelling solvent, the pore 
structure of high-rank coals changes very little. Finally, a spin-probe EPR 
spectroscopic study can be used to observe changes in coal structure as 
solvents of different donor or swelling strength are used. 
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Dynamic In Situ 9-GHz Electron 
Paramagnetic Resonance Studies 
of Argonne Premium Coal Samples 

H. A. Buckmaster and Jadwiga Kudynska 

Department of Physics and Astronomy, The University of Calgary, 
Calgary, Alberta, T2N 1N4, Canada 

This chapter describes the preliminary determination of the 
spectroscopic parameters and a0d0 Argand diagrams at 20 
°C for as-received, dried, and moisture-saturated samples of 
the eight Argonne Premium coals using 9-GHz continuous
-wave electron paramagnetic resonance (CW EPR) spectros
copy. The Argand line-shape diagrams characterize these 
coals according to rank. The low-temperature oxidation of 
as-received, dried, and moisture-saturated samples of the 
Wyodak-Anderson subbituminous and Blind Canyon high
-volatile bituminous coals were studied by using dynamic, in 
situ 9-GHz CW EPR spectroscopy. The spectroscopic pa
rameter changes below 100 °C are due primarily to one free 
radical species, and those above 100 °C are due to the other 
species and attain broad maxima near 120 °C. Exposure to 
nitrogen causes the maximum spin concentration to occur at 
a lower temperature in the dry Wyodak-Anderson coal but 
nitrogen exposure has the opposite effect in the Blind Can
yon coal, a result suggesting that storage of coals in nitrogen 
may have altered the chemical properties of the Wyo
dak-Anderson coal. 

MOST CONTINUOUS-WAVE electron paramagnetic resonance (CW 
EPR) measurements have been performed on coal samples that have been 

0065-2393/93/0229-0483$07.00/0 
© 1993 American Chemical Society 
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484 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

contained in evacuated and sealed containers. The objective was to 
remove the air and water from the sample to avoid contamination effects, 
with particular emphasis on the presence of oxygen (1-5). Recently, 
Buckmaster, Kudynska, and co-workers (6—9) have performed exploratory 
studies of selected Alberta coals; these studies were directed to an assess
ment of the feasibility of using CW EPR spectroscopy to determine the 
susceptibility of Alberta coals to spontaneous combustion. A methodol
ogy was developed to study the low-temperature oxidation processes in 
these coals at temperatures below 250 °C to determine those factors that 
might play an important role in the sequence of events leading to spon
taneous combustion. 

The industrial importance of this knowledge is self-evident. For con
trolled low-temperature oxidation, the relative total spin concentration in
creases by a factor of 6 between 25 and 100 °C for a sample of a subbi-
tuminous (SB) coal but by a factor of only 2 for a sample of a high-
volatile bituminous (HVB) coal, and the presence of air is essential for 
these changes to occur (6). Demineralization of the H V B coal sample 
reduced the relative total spin concentration increase in this temperature 
interval by 25% (7). A study of the exinite-depleted and -enhanced as well 
as the intact samples of an H V B coal revealed that the low-temperature 
process occurred in the vitrinite maceral, if the contribution of the inertin-
ite maceral to the change in the relative total spin concentration was 
assumed to be either negligible or temperature independent (8). 

The role of moisture content in the H V B sample was also investi
gated. The moisture content is the most important factor determining the 
maximum percentage increase in the relative total spin concentration (9). 

As a result of this experience, we decided to repeat the same type of 
measurement methodology on samples of the eight Argonne Premium 
coals. Preliminary measurements were made on all eight samples. In 
addition, comprehensive measurements have been completed on samples 
of SB (Wyodak-Anderson) and H V B (Blind Canyon) coals. These two 
coals were selected because their physical and chemical properties were 
similar to those of the Alberta coals that have been studied previously 
(6-9). This chapter describes the results of those measurements. 

Experimental Details 

Sample Preparation. The sealed glass vials containing the samples were 
opened in a small, dry-argon-atmosphere glove box. Each vial was divided into 
three equal parts, which were then placed in a miniature desiccator jar. The sam
ple tube assembly described in the next section was loaded with 50 mg of the as-
received sample. This assembly was then removed from the glove box and insert
ed into the tapered ground-glass joint in the high-sample-temperature resonant 
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cavity glassware. The glove box was prepared for another sample transfer when 
the first EPR measurement sequence was completed. Samples of the Wyo
dak-Anderson, Pocahontas No. 3, and Blind Canyon Argonne Premium coals 
were measured on the day that the vials were opened. All eight coals were then 
measured 4 days later. All of the coals had dehydrated slightly when these latter 
measurements were made because the glove box contained dry argon. 

The glove box also contained two larger desiccators. One, which contained 
phosphorus pentoxide, was used to dry one fraction of each sample, and the 
other, which contained a saturated potassium sulfate solution, was used to 
moisture-saturate another fraction of each sample. Experience indicated that 3 
days was sufficient time for the samples to attain their new states of moisture 
equilibria. 

The physical and chemical characterization of the eight Argonne Premium 
coals samples have been studied by many researchers and have been summarized 
elsewhere and in the references therein (10). 

CW EPR Measurements. The 9-GHz CW EPR spectrometer used syn
chronous demodulation at the microwave and magnetic-field modulation frequen
cies (10 kHz). A Stanford Research SR 530 lock-in amplifier was used at 10 kHz 
because it could be operated under computer control via an IEEE-488 bus. The 
EPR data acquisition was controlled by a Zenith Z-158 computer, and the data 
sets were transferred to a SUN 3/160 workstation for analysis. Software was de
veloped to facilitate the calculation of the CW EPR spectral parameters and for 
the creation and plotting of the radial-difference atftQ Argand diagrams 
(RDAQÎÎQAD). (The Fourier absorption component is aQ; the Fourier dispersion 
component is d0.) 

The relative total spin concentration, N(T), at temperature Τ was calculated 
by double integration of the first Fourier absorption coefficient, av The value of 
aQ was calculated by single integration of av and d0 was obtained from aQ by 
using a Hubert transform (6). No attempt was made to determine the absolute 
spin concentration because this study was concerned with only relative changes in 
the total spin concentration. The values and their errors in the spectral parame
ters were determined by repeating the computer spectral analysis 10 times. The 
errors were confirmed independently by repeating the low-temperature oxidation 
experiment with new samples of the same coal. 

The following values were obtained: the spectroscopic splitting error, Ag, = 
±0.00002; the error in effective line width at half maximum amplitude, Δ(ΔΖ? 1 / 2), 
= ±10 μΤ; and the error in relative spin concentration, ΔΛΓΓ β 1/#Γ β 1, = 0.05. 

The cylindrical TE0 U-mode Bruker ER 4114 MT high-sample-temperature 
9-GHz resonant cavity was used with a new, laboratory-designed sample-
temperature controller that incorporated the Bruker B-TC 80115 power supply 
used previously. This controller features direct sample-temperature measurement, 
1-K accuracy, long-term temperature stability of ~0.1 K, temperature-set-point 
repeatability of ~0.1 K, very fast temperature-response time (a few seconds for a 
5-K set-point change), and near-critical damping response. 
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The EPR measurements were made in constant temperature-time incre
ments to ensure that all measurement sequences had the same thermal "history" 
and to enable those measurement sequences on the same sample source to be 
repeated and compared reliably (II). A special sample holder that was designed 
permitted various gases to flow through the sample at a rate of 200 mL/min and 
enabled the temperature of the sample to regulate the temperature controller 
feedback loop. The total elapsed time between setting the temperature and the 
end of recording the EPR spectrum at each temperature was 15 min. Measure
ments were made in 5 °C steps from 25 to 150 °C and in 20 °C steps from 150 to 
250 °C. At each temperature, the 50-mg sample, of which 35 mg was inside the 
resonant cavity, was exposed to either 15 min of dry air flow or 5 min of dry air 
flow followed by 10 min of dry nitrogen flow. The EPR spectrum was recorded 
during the last 5 min of either sequence. 

Radial-Difference aQd0 Argand Diagrams* The measurement of 
R D A Q ^ Q A D is a very sensitive diagrammatic technique that can be used to deter
mine the nature of the magnetic resonance line-shape distortion (12). This tech
nique is based on the fact that the graph of aQ as a function of dQ is a circle for a 
Lorentzian line-shaped resonance. This graph is called an a^dQ Argand diagram 
( A ^ Q A D ) . Tlie presence of a distortion mechanism will cause the graph to devi
ate from a circle, and the details of this deviation are characteristic of the 
mechanism. Buckmaster and Duczmal (12) modeled the effect of two overlapping 
resonances under two conditions, and Shams Esfandabadi (II) has studied experi
mentally the effect of modulation broadening. A method of increasing the sensi
tivity of this diagrammatic technique is to modify the A Q ^ Q A D obtained from 
experimental data by subtracting the A ^ Q A E ) for a Lorentzian line shape (i.e., a 
circle) normalized to the maximum amplitude. The new graph is referred to as a 
radial-difference α^φΑΟ (RDa^QAD). The changes in these RDfl^gAD graphs 
with temperature can be used to determine the portion of the resonance that has 
changed. This information can be interpreted in terms of a two-resonance model, 
and this interpretation is known as the Larsen-Marzec model for a coal (13-15). 

In an independent study (II), the RDa^QAD was reproduced with an accu
racy better than ~5%, but only when the output noise from the microwave syn
chronous demodulator was accurately minimized by extremely careful adjustment 
of the microwave reference power phase into this demodulator when the sample 
resonant cavity was critically coupled and precisely tuned. The necessary use 
of magnetic-field modulation to display the Fourier coefficients (usually at) 
of the resonance also modulation-broadens this resonance. Consequently, the 
R D U Q ^ Q A D for a modulation-broadened Lorentzian line-shape resonance exhibits 
a characteristic symmetric shape. This component can be eliminated by subtract
ing the RDa^oAD obtained at one temperature from that obtained at the next 
higher temperature. This approach assumes that the line-width change is suffi
ciently small to be neglected in this temperature interval. The data analysis in 
this chapter makes use of these incremental RDa^QADs. 
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Results 

20 °C Measurements of the Eight Argonne Premium Coal 
Samples. Table I gives the 20 °C, 9-GHz CW EPR effective g-factor, 
effective peak-to-peak line width AB , effective line width at half max
imum amplitude Δ 2 ? 1 / 2 , relative peak-fo-peak amplitude ̂ 4pp, and relative 
total spin concentration NM for samples of the Wyodak-Anderson SB, 
Blind Canyon H V B and Pocahontas No. 3 low-volatile bituminous (LVB) 
Argonne Premium coals (202, 601, and 501), respectively, that were meas
ured within 10 min of their sealed glass vials being opened (AR—F). It 
also gives the values of these parameters when these samples were remeas-
ured 4 days later (AR-S). The samples were at a higher relative humidity 
when stored in the flame-sealed vials than after they were opened and 
stored in diy argon. The effective g-faetors all increased by 0.02% in the 4 
days, Δ Β ρ ρ and Δ 2 ? 1 / 2 both increased in Pocahontas No. 3 (LVB) and 
Blind Canyon (HVB) but decreased in the Wyodak-Anderson (SB) coal. 
The relative peak-to-peak amplitude, ^4pp, increased in the Wyodak-An
derson and Blind Canyon coals but decreased in the Pocahontas No. 3 
coal. The relative total spin concentration, NTGL, increased in all three of 
these coals. The ratios of the values of Δ Β 1 / 2 to those for Δ Β are sig
nificantly larger than those that would have been obtained tor a pure 
Lorentzian line shape (1.15), and the ratio increases with the rank of the 
coal. These measurements support the hypothesis that the resonances 
observed for coals are the composite of two, and in some cases three, 
overlapping resonances (13-15) and that the overlap decreases with rank. 

Table I. CW EPR Spectral Parameters at 20 °C 
for Samples of Three Argonne Premium Coals 

Δ Β „ „ 
EP 

Δ Β 2 / 2 
Sample" Seamb Rank g-factor (mf) (mT) 

202 F W A SB 2.00298 0.78 1.22 0.03 0.214 
202 S 2.00351 0.76 1.19 0.04 0.263 

601 F BC HVB 2.00269 0.58 1.03 0.03 0.127 
601 S 2.00316 0.74 1.17 0.05 0.341 

501F POC L V B 2.00244 0.31 0.65 0.14 0.192 
501 S 2.00284 0.41 0.85 0.09 0.264 

a The sample designation refers to the Argonne Premium coal sample 
number, and F and S indicate as-received samples and as-received samples 
that have been stored 4 days under argon, respectively. 
6 ABBREVIATIONS: WA, Wyodak-Anderson; BC, Blind Canyon; and POC, 
Pocahontas No. 3. 
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Figures 1-3 show graphs of the CW EPR αχ spectra for A R - F and 
A R - S samples of these three Argonne coals (a) and the corresponding 
RDfl 0d 0ADs (b) for these spectra. The changes in the spectral parameters 
given in Table I can be correlated with the changes shown in Figure 3a. 
The line shape of the Wyodak-Anderson SB (Argonne 202) coal was not 
effected by storage, but it has significant symmetric distortion. This result 
shows that the relative number of free radicals in each species was not 
affected by drying due to storage. The line shape of the Blind Canyon 
H V B (Argonne 601) coal becomes more symmetric upon storage, and the 
low-field half becomes less distorted. The number of free radicals in the 
high-field (lower g-factor) species decreased as a result of drying due to 
storage. The line shape of the Pocahontas No. 3 L V B (Argonne 501) coal 
also becomes more symmetric upon storage. The distortion is probably 
due to three rather than two free radical species, and the result of drying 
due to storage is a decrease in the relative number of free radicals in the 
intermediate g-factor species. 

Table II lists the effective g-factor, Δ 5 1 / 2 , and iSTrd at 20 °C for sam
ples of the eight Argonne Premium coals (in increasing rank order) as 
received stored 4 days (AR-S), moisture saturated (MS), and dried (D). 
The values of these parameters are in good agreement with those reported 
previously (16, 17). The measurements reported in this chapter were 
obtained with the samples exposed to dry air and in various states of 
hydration. Both Δ 2 ? 1 / 2 and Nrel increase dramatically in the Beulah-Zap 
lignite (L) (Argonne 801) and Wyodak-Anderson SB (Argonne 202) sam
ples when they are dried, and these parameters change the least in the 
Pocahontas No. 3 L V B (Argonne 501) sample. The intermediate-rank 
samples are intermediate in this effect. Moisture-saturation caused the 
inverse behavior: Nrcl increases as the rank increases, and Δ Β 1 / 2 decreases 
as the rank increases, with the exception of the H V B (Argonne 601) sam
ple. The effective g-factor is a linear function of the carbon content of the 
coal sample and is in agreement with the well-known decreasing relation
ship (16,17). The effects of drying and moisture-saturation do not change 
this relationship, but the slope is less for the latter than for the former. 

Figures 4-7 show the RDu 0dQADs for as-received (AR-S), 
moisture-saturated (MS), and dried (D) samples of the eight Argonne 
Premium coals. The RDa 0d QADs for the lignite and subbituminous coals 
given in Figure 4 are similar because the effect of drying and moisture 
saturation is very small and the distortion is greater on the low-magnetic-
field side of the resonance, which implies that the spin concentration in 
the high-field component is less than the spin concentration in the low-
field component, that is, N(gnF) < N(gL F). 

The diagrams for the four H V B coals can be divided into two groups 
of two. The diagrams in Figure 5 for the Illinois No. 6 and Pittsburgh No. 
8 H V B coals are similar although the low-magnetic-field distortion is great-
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BUCKMASTER & KUDYNSKA In Situ 9-GHz EPR Studies 

Figure 1. Graphs of the 20 °C CW EPR ^ spectra (a) and 
RDdLQd0AD (b) for as-received (dashed line) and as-received stored 4 
days under argon (solid line) samples of Wyodak-Anderson SB coal 
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Figure 2. Graphs of the 20 °C CW EPR a 2 spectra (a) and 
RDaL0dQAD (b) for as-received (dashed line) and as-received stored 4 
days under argon (solid line) samples of Blind Canyon HVB coal 
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BUCKMASTER & KUDYNSKA In Situ 9-GHz EPR Studies 491 

Figure 3. Graphs of the 20 °C CW EPR a i spectra (a) and 
RDa0dQAD (b) for as-received (dashed line) and as-received stored 4 
days under argon (solid line) samples of Pocahontas No. 3 coal. 
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BUCKMASTER & KUDYNSKA In Situ 9-GHz EPR Studies 
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Figure 4. Graphs of the 20 °C 9-GHz RD^à^s for as-received 
(solid line), moisture-saturated (dashed line), and dried (dotted line) 
samples of Beulah-Zap lignite (a) and Wyodak-Anderson SB (b) 
coals. 
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Figure 5. Graphs of the 20 °C 9-GHz RD^agADs for as-received 
(solid line), moisture-saturated (dashed line), and dried (dotted line) 
samples of Illinois No. 6 HVB (a) and Pittsburgh No. 8 HVB (b) 
coals. 
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Figure 6. Graphs of the 20 °C 9-GHz RD2L0aQADs for as-received 
(solid line), moisture-saturated (dashed line), and dried (dotted line) 
samples of Blind Canyon HVB (a) and Lewiston-Stockton HVB (b) 
coals. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

02
6

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



-0.04 I ο : . . ι . • » • I » ' I 

0 90 180 270 360 

Angle 
Figure 7. Graphs of the 20 °C 9-GHz RD^UQADS for as-received 
(solid line), moisture-saturated (dashed line), and dried (dotted line) 
samples of Upper Freeport MVB (a) and Pocahontas No. 3 LVB (b) 
coals. 
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26. BUCKMASTER & KUDYNSKA In Situ 9-GHz EPR Studies 497 

er in the former, particularly in the as-received sample. In this case three 
rather than two free radical species may be present. The diagrams in Fig
ure 6 for the Blind Canyon and Lewiston-Stockton H V B coals are also 
very similar, with the distortion slightly greater on the low-magnetic-field 
side of the resonance except when the Blind Canyon sample was dried, a 
result that implies that N(gLF) < iST(gHF). The diagrams in Figure 7 for 
the Upper-Freeport M V B and Pocahontas No. 3 L V B coals are very simi
lar, and the distortions may also indicate the existence of three rather than 
two free radical species (6). The rank of coal correlates with the shape of 
the RD^d^AD and hence with the relative proportions and number of 
different free radical species present. The measured line shapes from 
which the RDfl 0d 0ADs are derived are not very sensitive indicators of this 
structure because the deviations from a pure Lorentzian line shape are 
generally very small. 

Low-Temperature Oxidation Studies. Samples of both the Wy
odak-Anderson SB (Argonne 202) and Blind Canyon H V B (Argonne 
601) coals were studied as received with air and air—nitrogen flow as well 
as dried and moisture-saturated with air-nitrogen flow. 

Figures 8a and 8b are graphs of the effective g-factor as a function of 
the temperature from 20 to 250 °C for the SB (Argonne 202) and H V B 
(Argonne 601) coal samples, respectively. The effective g-factor for the 
dried samples of both coals exhibits a monotonie decrease with increasing 
temperature. This behavior was also observed in the Alberta SB and H V B 
coal samples studied previously under the same experimental regime (6y 

9). As expected, the values of the effective g-factor for the SB coal 
(Argonne 202) samples exceed those for the H V B coal samples under the 
same conditions. 

Figures 9a and 9b are graphs of the effective line width ( Δ Β 1 / 2 ) as a 
function of the temperature from 20 to 250 °C for these same two SB and 
H V B coal samples, respectively. The behavior of the SB coal samples is 
distinctly different from that of the H V B coal samples. Initially the line 
widths for the SB coal samples that are subjected to various treatments 
decrease at about the same rate until a critical temperature is reached. 
The critical temperature is 70 °C for the as-received sample with 
air-nitrogen flow, 85 °C for the as-received sample with air flow, and 90 
°C for the moisture-saturated sample, and the critical temperature 
decreased monotonically up to 250 °C for the dried sample. The line 
widths for the H V B coal samples subjected to various treatments in
creased to attain a broad maxima centered at 120 °C before decreasing, 
except for the dried sample. This line-width behavior is similar to that 
observed for Alberta H V B coal samples (6, 9). The line-width behavior of 
the Alberta SB samples mirrors that for the Alberta H V B samples except 
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502 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

that the 20 °C value of the SB coal sample was 10% less than that for the 
H V B coal sample. This behavioral difference is an indicator that the 
lower rank Argonne coals were affected by their storage in a nitrogen 
atmosphere. 

Figures 10a and 10b are graphs of the relative total spin concentra
tion (Nrel) as a function of the temperature for these same two SB and 
H V B coal samples, respectively. The behavior is, in general, similar to 
that for the effective line width. The as-received SB coal sample that was 
subjected to air-nitrogen treatment exhibited the largest percent increase 
in iV r e l , and the increase started at the lowest temperature (70 °C). Com
parison of the Nrel values for the as-received SB coal samples that were 
subjected to air and air-nitrogen treatment leads to the conclusion that 
the storage of the Argonne Premium coal samples under nitrogen appears 
to have played a significant role in determining the low-temperature oxi
dation properties of this lower rank coal. 

Storage of the Blind Canyon H V B coal sample in nitrogen appears to 
have suppressed the number of free radical spins created when the as-
received sample was treated with air—nitrogen rather than air by a factor 
of greater than 2 at all temperatures up to 150 °C and shifted the max
imum from 120 to 135 °C. The opposite effect was observed in the Wyo
dak-Anderson SB coal sample for which the suppression below 70 °C is 
replaced by a rapid creation of free radical spins that attains a maximum 
at 100 °C of the same value as that attained with air treatment at 120 °C. 
The susceptibility of this SB coal to combust spontaneously may have been 
altered by nitrogen storage. 

These results should be compared with those that were obtained with 
comparable SB and H V B Alberta coals (6, 9), which were prepared and 
stored under argon rather than nitrogen. These samples always had lower 
Nrel when treated with nitrogen flow after air than those treated with only 
air flow. This result implied that some of the oxygen absorbed on the sur
face of the coal samples was flushed out by the nitrogen flow treatment. 
The interpretation of the changes in the effective g-factor, effective line 
width, and relative total spin concentration with temperature is facilitated 
by the use of incremental R D ^ o A D s (11) because these diagrams reveal 
the relative changes in the line shape and hence of the two or more free 
radical species involved. Further discussion of the application of this 
line-shape analysis technique is beyond the scope of this chapter. 

Conclusions 

The 20 °C CW EPR spectral parameters for the eight Argonne Premium 
coals exhibit properties that are similar to those reported in the literature 
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for coals of comparable rank, carbon content, and atomic H - C ratio (2, 
16-18). The RDfl 0d 0ADs reveal information concerning the line shape 
that has not been reported previously. Other workers (19, 20) have 
attempted to correlate various spectral parameters with the carbon con
tent; however, their approach assumed that the line shape was symmetric. 
The measurements reported in this chapter demonstrate clearly that this 
assumption is incorrect. Coals of similar rank exhibit similar line shapes as 
analyzed by using their RDfl 0d 0ADs. The sensitivity to moisture has been 
found to vary with rank in a complex fashion, and the relative contribu
tions of the free radical species present in different ranks varies both in 
character and the number of species present. A more precise analysis 
must await the development of a methodology for the quantitative analysis 
of RDa 0 d 0 ADs. 

Definitive conclusions cannot easily be drawn from the preliminary 
low-temperature oxidation studies of the samples of the Wyodak-Ander
son SB and Blind Canyon H V B Argonne Premium coals reported in this 
chapter because the behavior of the effective g-factor, Δ Β 1 / 2 , and Nrel as a 
function of temperature for the various sample states is distinctly different 
from that observed in comparable Alberta coals (6, 9). Consequently, 
further measurement sequences are required to determine the reasons for 
these differences. The method of sample preparation and storage may be 
the basic cause for these differences. Apparently, the storage of the 
Argonne Premium coal samples in a nitrogen atmosphere caused at least 
the lower rank samples to change their free radical content and nature. 
This result implies that there must exist reactions involving nitrogen that 
occur at 20 °C in moist, lower rank coals. 

The CW EPR measurements and RD^d^AD analysis reported in 
this chapter indicate that the eight Argonne Premium coals were well 
chosen and have extremely interesting chemical properties. The decision 
to prepare and store the samples of these coals in a nitrogen atmosphere 
may have had unexpected consequences that are revealed only when low-
temperature oxidation studies, such as those reported in this chapter, are 
attempted. The value of using RDa0<20ADs for line-shape analysis has 
also been demonstrated. 
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Electron Magnetic Resonance 
of Standard Coal Samples at Multiple 
Microwave Frequencies 

R. B. Clarkson, Wei Wang, D. R. Brown, H. C. Crookham, 
and R. L. Belford 

Department of Chemistry and Illinois EPR Research Center, University 
of Illinois, Urbana, IL 61801 

The naturally occurring unpaired electrons in coal provide a 
unique route for the nondestructive study of coal structure. 
Electron paramagnetic resonance (EPR), electron—nuclear 
double resonance (ENDOR), dynamic nuclear polarization 
(DNP), and electron spin-echo (ESE) techniques use the 
paramagnetic spins as probes of their environment, and the 
spins provide information about their immediate chemical 
surroundings as well as about the nature of more distant 
regions in the coal. In the context of an ongoing program in 
our laboratory to better determine the structure and bonding 
in the organic (maceral) components of whole coals (in
cluding Argonne Premium coal samples), coal extracts, and 
model coal systems by electron magnetic resonance methods 
(EPR, ENDOR, ESE), we have begun a multifrequency 
EMR study of coal, with the frequency range spanning nearly 
2 orders of magnitude (2—250 GHz), to improve our under
standing of the complex magnetic interactions present in the 
coal material and the origin of these effects in molecular 
structure and bonding. With this approach, we are develop
ing methods for the elucidation of atomic and molecular 
structure in coal and other complex, disordered materials. 

0065-2393/93/0229-0507$06.50/0 
© 1993 American Chemical Society 
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508 MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

IVIumFREQUENCY E L E C T R O N M A G N E T I C R E S O N A N C E (EMR) 
spectroscopy is the method of making E M R measurements [e.g., electron 
paramagnetic resonance (EPR), electron-nuclear double resonance 
(ENDOR), and electron spin-echo (ESE)] on the same material at several 
substantially different microwave frequencies. Previous applications of 
this approach to EPR spectroscopy of coal have demonstrated its effec
tiveness, even over a modest two-frequency range (9.5 and 35 GHz) (J-2), 
and the entire subject was reviewed in 1987 by Belford et al. (5). Multifre-
quency studies of complex systems often can facilitate reliable interpreta
tions of structure, bonding, and magnetic interactions that would other
wise remain uncertain or impossible to analyze in single-frequency experi
ments. An examination of the principal terms of the spin Hamiltonian 
provides a useful starting point for understanding the utility of multifre-
quency experiments. 

The spin Hamiltonian, Hs, can be written as the sum of electronic 
(He) and nuclear (ifn) spin operators, 

Hs = He + Hn (1) 

in which 

He = + I μΒ I B 0 · g e · S (2) 

where the spin angular momentum 5 = 1/2, μ Β is the Bohr magneton, B Q 

is the external magnetic field vector, g is the matrix of g factors, S is the 
electronic spin angular momentum vector (matrix), and 

Hn = " g n U n l Β 0 · Ι + S ' A I (3) 

where the nuclear spin quantum number J = 1/2, μη is the nuclear magne
ton, I is the nuclear spin angular momentum vector (matrix), and A 
represents the hyperfine interaction matrix. The first term in each part of 
Hs describes the Zeeman interaction (electronic or nuclear) and is charac
terized by a dependence on B Q and expressions containing g-factors. The 
second term in Hn describes the hyperfine interactions between electrons 
and nuclei. 

Information on structure and bonding is contained in both the Zee-
man and hyperfine interactions, which together form the basis for an ex-
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27. CLARKSON ET A L EMR at Multiple Microwave Frequencies 509 

perimentally observed E M R spectrum. Because of the complexity of the 
spectra of disordered, heterogeneous systems such as coal, analyzing or 
unambiguously interpreting the data can be very difficult. For example, 
the EPR line widths of coal spectra can include contributions from g-
anisotropy and hyperfine interactions, and determining the relative impor
tance of each contribution is usually difficult. 

In this case, one would like to "switch off' the hyperfine interaction 
for one observation and then compare the resulting spectrum with a con
ventional one containing both Zeeman and hyperfine terms in order to 
separate the two contributions. Magic-angle spinning (MAS) attempts to 
do just this, for example, by averaging away the dipolar portion of Ιχ · I 2 

interactions in NMR spectroscopy, and other NMR techniques address 
different portions of Hs to simplify spectra. 

Unfortunately, the much more rapid electronic relaxation rates exhib
ited by paramagnetic systems have thus far made it impossible to apply 
techniques such as MAS to E M R spectroscopy. What is needed for E M R 
spectroscopy is a method for varying the importance of the terms in the 
spin Hamiltonian. This method must not depend critically on relaxation 
rates—a goal that the multifrequency approach accomplishes. 

By applying EPR, ENDOR, or ESE techniques at different micro
wave frequencies (and hence in different BQ ranges), Zeeman interactions 
can be emphasized or de-emphasized relative to hyperfine terms, allowing 
a more critical evaluation of many spectral effects, including g-dispersion 
(EPR) (4); nuclear Larmor frequencies and orientation selection 
(ENDOR) (5); echo-envelope modulation depth (6); orientation selection 
(7-8); exact cancellation (ESE) (9); and relaxation rates (seen in all 
methods). For example, Figure 1 shows EPR spectra taken at three dif
ferent frequencies of an Illinois No. 6 coal (4). As g-dispersion increases 
with 2?0, a low-field shoulder appears. In this example, important chemi
cal information contained in the electronic Zeeman term could be 
revealed only at higher frequencies. Figure 2 also demonstrates the poten
tial utility of the multifrequency approach. Here, the electron spin-echo 
envelope modulation (ESEEM) from the same Illinois coal is shown at 
two frequencies. The depth of the E S E E M pattern is greater at lower fre
quencies because of a reduction in the energy separation between elec
tronic spin states and a corresponding increase in the transition probabil
ity of the nearly forbidden (electron—nuclear spin-flip) transitions. 

In this chapter, we review our very high-frequency (VHF) (96 and 
250 GHz) EPR work (4, 10) and report new low-frequency (3 GHz) 
pulsed EPR results on Argonne Premium coal samples. Related ongoing 
work in our laboratory includes multifrequency ENDOR spectroscopy of 
coal. 
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510 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Figure 1. Dependence of EPR spectra of a powdered Illinois coal 
sample upon microwave frequency of the spectrometer. The mag
netic field scale is centered at a value corresponding to g = 2.003 for 
each frequency. The frequencies are designated as microwave bands: 
X = 9.5 GHz, Q = 35 GHz, and W = 94 GHz. 

Figure 2. ESEEM time-domain patterns from a powdered Illinois 
coal sample taken at 3-GHz (---), and 9.4-GHz (—) microwave fre
quencies. (Reproduced from reference 6. Copyright 1989 American 
Chemical Society.) 
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27. CLARKSON ET AL. EMR at Multiple Microwave Frequencies 511 

Experimental Details 

Samples of coal from the Argonne Premium Coal Sample Program were received 
in sealed glass ampules under nitrogen. The compositions of these eight samples 
have been reported (11). For EPR spectroscopy at 96 GHz (VHF EPR), the 
ampules were opened in air just prior to taking the spectra. Samples were loaded 
into 0.5-mm i.d. capillary tubes and placed in the cavity of the spectrometer. 
The W-band (96 GHz) instrument has been described elsewhere (4). Field 
strengths were measured with an NMR gaussmeter (Metrolab model 2025), and 
frequencies were monitored with a digital frequency counter (EIP model 578). A 
variety of sharp, solution-phase samples were used as g-markers. 

A sample of Herrin No. 6 (essentially the same as Illinois No. 6) coal from 
the Illinois Coal Basin Sample Program (ICBSP No. 1, Southern Illinois Univer
sity Registry No. 1822) was separated by density-gradient centrifiigation prior to 
study, and vitrinite, sporinite, and fusinite maceral fractions were analyzed before 
taking EPR spectra. The analysis data for these samples are given in Table I. 

The maceral composition of the Herrin No. 6 coal was determined to be 
87% vitrinite, 4.4% liptinite, and 8.6% inertinite. The separated vitrinite from 
this coal was also studied on a 250-GHz spectrometer built by Lynch et al. at 
Cornell University (12). 

Model compounds (perylene, dibenzothiophene, and dibenzofuran) were 
prepared as cation radicals either by adsorbing the materials as gases onto an 
activated silica-alumina catalyst (Houdry M-46) (15) or by UV-irradiating boric 
acid glasses containing the compounds in 10-50-mM concentrations. Lower con
centrations would, in some cases, be required to obtain the highest spectral reso
lution. 

Samples for the ESE study were evacuated for 24 h at room temperature 
and at pressures of <10~4 torr (1333 mPa) in 5-mm thin-walled NMR tubes. The 

Table I. Elemental and Proximate Data for 
Herrin No. 6 Coal 

Sample C H Ν S Ο 

Whole coal 76.86 4.86 1.29 3.27 13.70 

Vitrinite 75.68 5.25 1.41 2.59 11.57 

Sporinite 76.18 5.90 1.11 3.87 12.94 

Fusinite 79.61 4.24 1.35 2.03 12.77 

N O T E : All values are given as percents on a dry, 
ash-free basis. 
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512 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

samples then were sealed in the glass tubes. The S-band (2-4 GHz) ESE spec
trometer used in the study has been described previously (6). 

Results and Discussion 

Very High-Frequency EPR Spectroscopy. Figures 3a-3h 
show room-temperature W-band spectra of all eight Argonne Premium 
coal samples (APCS). The samples show a considerable range of line 
shapes; in some cases, these line shapes have features not seen at lower 
field strengths. Because of our special interest in high-sulfur Illinois coals, 
we begin the analysis of these spectra with an Illinois No. 6 coal (APCS 
3). Many of the points that are considered in this analysis should be 
applicable to the interpretation of the V H F EPR spectra of other coals. 

The most prominent features of the W-band spectrum of the Illinois 
No. 6 coal, in addition to the largest peak, include a low-field shoulder 
and a broad, weak, high-field wing. 

To determine whether these features are characteristic of a particular 
maceral, W-band spectra were taken of vitrinite, sporinite, and fusinite 
components separated from the Herrin No. 6 coal sample (SIU No. 1822, 
which is analogous to the Argonne Premium Illinois No. 6 coal sample) by 
the density-gradient centrifugation method. Spectra of the three separated 
macérais are shown in Figures 4a—4c. These spectra clearly show substan
tial spectral variation with maceral type, and we will consider each maceral 
in turn. 

The fusinite signal in Figure 4c is quite different from the other two 
macérais' spectra, and thus it must reflect a dominant interaction that is 
not as important in the other components. This interaction is usually 
assumed to be electron spin exchange, which results in a narrowing of the 
resonance line (1, 14). We have tested this hypothesis by performing S-
band pulsed-EPR measurements on the fusinite. The result was a free 
induction decay (FID), as shown in Figure 5. The observation of an FID, 
combined with the absence of echoes, lends strong support for the spin-
exchange model, particularly because the maceral contains almost as much 
hydrogen (4.24%) as the vitrinite and sporinite, which give strong spin 
echoes and proton E S E E M . Fourier transformation of the FID yields a 
frequency-domain spectrum with a line width nearly identical to that 
observed in the continuous-wave (CW) EPR spectrum at 3, 9, and 96 
GHz, a result that is again in agreement with the prediction of a line 
width independent of BQ for exchange narrowing in the limit Be>> BQ or 
BQ<< BQ> whereBe is the exchange field (1). 

The simplest assumption is that the vitrinite spectrum in Figure 4a is 
due to a single paramagnetic species and that the spectrum can be simu-
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Figure 3. W-band (94-GHz) EPR spectra of eight Argonne Premium 
coal samples (APCS). First-derivative presentation. The field span 
(abscissa) for each spectrum is 200 G (= 0.02 T) centered at 33,600 
G (3.36 Τ). Part a: APCS 1, Upper Freeport, Pennsylvania, coal. 
Part b: APCS 2, Wyodak-Anderson, Wyoming, coal. Continued on 
next page. 
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Figure 3. Continued. Part c: APCS 3, Illinois No. 6 coal. Part d: 
APCS 4, Pittsburgh (No. 8), Pennsylvania, coal. 
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Figure 3. Continued. Part e; APCS 5, Pocahontas No. 3, Virginia 
coal. Part f; APCS 6, Blind Canyon, Utah, coal Continued on 
next page. 
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Figure 3. Continued. Part g: APCS 7, Lewiston-Stockton, West 
Virginia, coal. Part h: APCS 8, Beulah-Zap, North Dakota, coal. 
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Figure 4. W-band (94-GHz) EPR spectra of powders of three 
macérais separated from an Illinois No. 6 coal (SIU No. 1822). 
Part a: vitrinite. Part b: sporinite. Continued on next page. 
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Figure 4. Continued. Part c: fusinite. 
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Figure 5. Free-induction decay (FID) after a single π/2 S-band 
microwave pulse applied to fusinite separated from Illinois (Herrin) 
No. 6 (SIU No. 1822). (Reproduced with permission from reference 
10. Copyright 1990 Butterworth.) 
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lated with an anisotropic g-matrix and suitable line-width or line-shape 
parameters. 

This simulation has been done, and the quite reasonable result is 
shown in Figure 6 for gt = 2.0023, g2 = 2.00274, and g 3 = 2.0042. Other 
chemical and spectroscopic evidence strongly suggests that this EPR spec
trum is the result of contributions from two or more radical species with 
different heteroatom compositions, so this simulation is useful for identi
fying the g-factors of the main features of the spectrum, but it should not 
be viewed as implying that the single-species model is correct. To confirm 
that the low-field peak in this spectrum is a part of an anisotropic line 
shape (as opposed to a partially resolved symmetric peak), a spectrum of 
the separated vitrinite was obtained at 250 GHz in the laboratory of Jack 
Freed at Cornell University. Figure 7 shows a comparison of the 96- and 
250-GHz spectra and confirms that the low-field peak is indeed asym
metric and thus part of one or more overlapping anisotropic spectra. 

Comparison of vitrinite and sporinite spectra (Figures 4a and 4b) 
illustrates the difficulties of the simple model because features with identi
cal g-factors appear with different intensities in the two systems, a result 
suggesting the unequal contribution of two or more spectral components. 

I 1 1 1 1 I • 1 I ι 1 1 1 > 1 

33500 33600 
Magnetic Field (Gauss) 

Figure 6. Experimental (—) compared with simulated (---) W-band 
(94-GHz) EPR spectrum of separated vitrinite maceral. (Repro
duced with permission from reference 10. Copyright 1990 Butter-
worth.) 
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Figure 7. EPR spectra at two high microwave frequencies of a 
vitrinite maceral separated from Illinois No. 6 coal sample. (Repro
duced with permission from reference 10. Copyright 1990.) 

The lower two g-factors (gt and g^ of the vitrinite are, in fact, the same as 
those observed for many different conjugated aromatic radicals, and which 
were predicted theoretically by Stone (15). It is tempting to see the spec
trum as a composite formed from pure hydrocarbon and heteroatomic rad
ical contributions. In all probability, the low-field shoulder in this spec
trum is associated with heteroatomic radicals because spin-orbit (SO) cou
pling to sulfur (or oxygen) is the most likely mechanism to account for the 
higher value of g 3. The rather poor low-field fit of the single-species 
simulation then could be a reflection of this composite character. Clearly, 
this issue of spectral and sample heterogeneity is of utmost importance for 
the correct interpretation of EPR spectra of fossil fuels, even when the 
fuels are well-separated and purified, and we presently are working on 
several approaches designed to shed more light on the problem. 

Deviations of g-factors (g-shifts) from the free-electron value (2.0023) 
and direction-dependence in g-factors (g-anisotropies) result from admix
ture of the orbital angular momentum (and therefore the magnetic 
moment) into the spin angular momentum to augment (or diminish) the 
spin-only Zeeman splitting. 

An unpaired electron in an orbital that includes some p, d, or / char
acter on atom A is subjected to a SO coupling interaction characteristic of 
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that particular atomic orbital, and that interaction mixes excited-state spin 
orbitals into the ground-state spin orbitals Φα and Φ*. As a rule, organic 
radicals that contain sulfur atoms display particularly strong g-shifts and 
g-anisotropies for the following reasons: 

• Generally, 2p oxygen-atom orbitals are much more effective at SO cou
pling than carbon-atom orbitals, and 3p (or 3p-3d hybrid) sulfur-atom 
orbitals are a great deal more effective than oxygen. Moreover, sulfur 
heteroatoms in an aromatic π-system radical tend to trap the electron 
spin density more than oxygen heteroatoms, thus enhancing the intrin
sic relative effectiveness of sulfur atoms in causing g-shifts. 

• The g-anisotropies arise because the excited-state orbitals that are 
mixed into the ground-state semi-occupied molecular orbitals have 
directional properties. 

• The g-shifts may be positive or negative depending on the type of 
excited state that SO coupling mixes into the ground state; χ ^ 1 — χ 1 ^ 2 

and χ ° Φ 1 - χ 1 Φ ° transitions cause g-shifts of opposite sign. 

One promising avenue of investigation involves comparing W-band 
EPR spectra from coal with spectra obtained from model compounds 
believed to typify organic structures in coal. Figure 8a shows a spectrum 
from perylene cation radicals together with a preliminary theoretical simu
lation. The simulation used g 1 = 2.0024, g 2 = 2.0030, and g 3 = 2.0032; 
proton hyperfine values that were obtained experimentally by ENDOR 
spectroscopy (13); and spin-packet line widths that were determined by 
electron spin-echo measurements. Figure 8b shows the perylene radical 
cation spectrum superimposed on a vitrinite W-band spectrum to illustrate 
how a portion of the coal resonance line shape might originate from con
jugated aromatic hydrocarbon radicals containing no heteroatoms. 

Figure 9a shows a W-band spectrum of dibenzothiophene cation radi
cals together with a preliminary theoretical simulation (gt = 2.0016, g 2 = 
2.0054, and g 3 = 2.0106). The effect of SO coupling with sulfur is seen in 
the higher g-factors and much more asymmetric line shapes. Attar and 
Dupuis (16) reported that thiophenes are the most abundant form of 
organic sulfur in Illinois coals (thiophenic sulfur, 58%; A r - S - A r , 20%; 
R - S - R , 18%; A r - S H , 15%; R - S H , 7%); thus this model compound 
should give an indication of the sulfur-related effects that can be expected. 

Because conjugated aromatic compounds are the predominant struc
tural types for organic sulfur in the Illinois coal and because unpaired 
electrons are expected to be most abundant (and stable) in such chemical 
environments, it seems likely that EPR spectra of coal will strongly reflect 
the derealization of electrons. This condition implies that a very small 
number of sulfur (or oxygen) atoms can exert a large effect on spectral 
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Figure 8. Part a; W-band (94-GHz) EPR spectrum (—) ofperylene 
radical cation compared with simulation (—) using anisotropic g e 

matrix and proton hyperfine matrices. Part b: W-band (94-GHz) 
EPR spectrum ofperylene radical cation (---) compared with that of 
vitrinite (—). (Reproduced with permission from reference 10. 
Copyright 1990.) 
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Figure 9. Part a: W-band (94-GHz) EPR spectrum (—) of diben-
zothiophene radical cation compared with simulation (---) using 
anisotropic g e matrix. Part b: W-band (94-GHz) EPR spectrum 
(—) of vitrinite compared with composite spectrum of perylene and 
dibenzothiophene radical cations (---). (Reproduced with permis
sion from reference 10. Copyright 1990.) 
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line shapes, a phenomenon making this technique uniquely sensitive to 
heteroatoms with larger SO coupling constants (A). Because the effect of a 
sulfur atom on g-factors decreases as an electron is delocalized over a 
larger number of carbon atoms (and the S - C ratio falls), the precise line 
shapes from sulfur in coal will depend on the size of the aromatic struc
tures as well as on the type of bonding. This fact represents another 
opportunity for the nondestructive analysis of high-sulfur coals by W-band 
EPR spectroscopy, because it may be possible to model the spectra in 
order to get more detailed chemical information about the forms of 
organic sulfur that are present. To illustrate this concept, Figure 9b shows 
a W-band spectrum of vitrinite. Superimposed on it is a composite spec
trum constructed by adding the spectrum from perylene radical cation and 
a portion of that from dibenzothiophene radical cation. 

Although the agreement between the data and the construct is not 
perfect, a comparison does suggest that molecular forms like those of 
perylene and dibenzothiophene are contributing to the experimental spec
trum, even though it is not likely that either of these species, as isolated 
structures, is a major component of coal. In the future, we hope to use 
spectral-addition methods in a more quantitative way to gain a better 
understanding of the molecular structure of the organic components of 
coal, including organic sulfur. 

Low-Frequency Pulsed EPR Spectroscopy. Pulsed S-band 
(2-4 GHz) EPR spectroscopy was performed on all eight Argonne Premi
um coals. By means of a two-pulse (0/2 - Θ) sequence, the phase-memory 
time TM of the spin echo from each sample was studied at 100 Κ as a 
function of magnetic field (2?0), pulse duration, and turning angle (Θ). Fig
ure 10 shows the two-pulse echo envelope from the Upper Freeport coal, 
together with a best fit assuming a single, exponential decay of the form 

J(2r) = I ο e~2TlTM (4) 

Generally, there is in these data considerable nonexponential charac
ter to the first part of the decay curves, a factor that reduces the reliability 
of exponential fits employing a single time constant Γ Μ . When the 
microwave pulse power is reduced so that the length of a π pulse is about 
170 ns, the E S E E M effect disappears in two-pulse decay curves, and in 
most samples an almost perfect exponential decay is obtained with a time 
constant that is somewhat longer than the Γ Μ observed for shorter, more 
powerful pulses (when strong E S E E M is observed). Also, when θ is 
reduced to values well below π, the apparent TM values in many samples 
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M I C R O S E C O N D S 

Figure 10. Two-pulse S-band electron spin-echo envelope (with 
ESEEM) of the Upper Freeport coal sample (APCS 1), together with 
a best-fit single exponential curve. TM = 626 ns, B o = 1436 G, and 
θ = % 40 ns. 

(particularly in APCS 1, 3, 4, and 5) increase. This latter effect is much 
more pronounced when short, strong pulses are used. 

Thomann et al. (17) have published pulsed EPR data taken at X-
band (9.5 GHz) on isolated vitrinite macérais from a variety of Pennsyl
vania State University (PSOC) coals. They point out that TM in coal can 
be a function of several contributing mechanisms, including spin-lattice 
relaxation, hyperfine interactions, and local spin dipole effects (e.g., 
instantaneous diffusion). At 9.5 GHz and with the duration of a pulse set 
at about 40 ns (and then reducing θ in successive experiments), they found 
that instantaneous diffusion makes a very significant contribution to TM. 
Our data also demonstrate a θ dependence to Γ Μ , a result indicating the 
presence of instantaneous diffusion as a contributing mechanism at lower 
frequencies in Argonne Premium coals. This effect is most pronounced in 
the highest rank Argonne Premium coals, in which higher spin densities 
are found and in which local spin dipole effects should be strongest. 

Performing pulsed EPR measurements at 3 GHz instead of 9.5 GHz 
increases the importance of hyperfine interactions relative to electronic 
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Zeeman terms. This phenomenon was clearly seen in Figure 2, where a 
comparison was made between E S E E M patterns obtained at 3 and 9.5 
GHz. The enhanced probability of the "forbidden" spin transitions at 3 
GHz causes hyperfine interactions to play a much more significant role as 
a contributing mechanism for phase-coherence decay at this lower field. 
This enhanced probability is seen in the nonexponential character of ini
tial echo-decay curves when short, hard microwave pulses are used to 
excite a wide band of branching transitions. Increasing pulse lengths (and 
reducing microwave power) narrows the bandwidth of the experiment until 
no branching transitions are excited and E S E E M disappears. Then the 
echo-decay curves are, in most cases, well fitted by single exponential func
tions. Thus, it seems likely that low-frequency (generally, multifrequency) 
E S E experiments will prove veiy useful for characterizing weak average 
hyperfine and local spin dipole fields in whole coals. 

One should keep the previously mentioned concerns about the 
nonexponential character of echo-decay curves firmly in mind when exam
ining Table II, which reports T M values for six of the eight Argonne Pre
mium coal samples, measured at S-band (4 GHz, in this instance). Signifi
cant magnetic-field (BQ) dependence was observed in many samples, so 

Table IL Electron Spin-Echo 
Decay Times, Γ Μ , for 

Argonne Premium Coals 

Argonne Field T M 
Sample (G) (ns) 

1 1436 626 
1 1449 821 
1 1434 681 
3 1434 534 
3 1440 563 
4 1440 525 
4 1450 665 
5 1442 493 
5 1452 394 
6 1432 378 
6 1437 402 
6 1442 379 
6 1447 352 
8 1398 341 
8 1416 297 
8 1436 281 
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data at several field points are given for each sample. The fact that TM 

varies with 2?o, and not in the same way for all samples, may arise from 
structure-related phenomena, such as field selection of subspecies in these 
heterogeneous whole coals. We observe a less consistent correlation of 
phase-memory time with rank of coal than the X-band results of Thomann 
et al. (17) revealed. However, their work was performed on carefully 
separated vitrinite macérais (in air), and the measurements reported here 
pertain to evacuated samples of Argonne Premium whole coals. The same 
general range of Γ Μ values was observed in both studies. Clearly, consid
erably more information on separated macérais (from these coals) and 
model compound data would be useful. 
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Novel Characterization of Argonne 
Premium Coals with Electron Donors 
or Acceptors by Electron Paramagnetic 
Resonance Spectroscopy 

T. Keneko, M . Sasaki, T. Yokono, and Yuzo Sanada1 

Faculty of Engineering, Hokkaido University, Sapporo, 060, Japan 

Noncovalent interaction in coal molecular structure has 
been studied with respect to radical concentration of 
charge-transfer complexes between coal and electron donor 
or acceptor molecules. The forms of the charge-transfer 
complexes of coal—iodine and coal—7,7,8,8-tetracyanoquino-
dimethane (TCNQ) systems are quite different. TCNQ inter
acts with oxygen-containing functional groups, and iodine 
associates with aromatic rings. 

VX>ALS ARE COVALENTLY CROSS-LINKED macromolecular networks. 
In addition to the covalent bonds, noncovalent interactions play important 
structural roles. The role of noncovalent-bond interactions in coal struc
ture has been discussed by Larsen et al. (i). The noncovalent interactions 
serve as virtual cross-links that help to hold the network together. They 
also bind potentially soluble fragments to the network and thus inhibit 
dissolution of the fragments. 

Several types of noncovalent interactions occur, and their relative 
population and importance changes with coal rank. Three different types 
of specific noncovalent interactions are important to coal structure. These 

1 Corresponding author 

0065-2393/93/0229-0529$06.00/0 
© 1993 American Chemical Society 
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are, in order of decreasing magnitude, ionic bonds, hydrogen bonds, and 
aromatic—aromatic interactions. 

The interactions of electron acceptors and donors (Lewis acids and 
bases) form 1:1 or nil molecular compounds ranging from loose com
plexes to stable compounds. The theory was proposed originally by Mul-
liken and Person (2) and involves resonance between nonbond structures 
(A-B) and dative structures ( A + - B " ) , where A is an acceptor atom, mol
ecule, or ion, and Β is a donor atom, molecule, or ion. Extensive investi
gations have been done by Akamatsu et al. (3) on complexes between 
polycyclic aromatic hydrocarbons and halogens. They found that molecu
lar complexes of polycyclic aromatic hydrocarbons with bromine or iodine 
behave as typical semiconductors (3). A chemical fractionation method 
for pitches, in terms of charge-transfer fractionation, was developed by 
Zander et al. (4—6). Aromatic molecules in pitch form charge-transfer 
complexes with electron acceptors such as picric acid, iodine, or hydrogen 
chloride. The complexes are sufficiently stable to allow isolation. 

The amount of iodine taken up from aqueous solution by coal varies 
with ranK as expressed by carbon content (dry, ash-free basis) (7). The 
fact that the amounts of iodine taken up exceed accepted surface-area 
values suggests that strong interactions, such as the formation of charge-
transfer complexes, occur between iodine and coal molecules. We have 
established (8) a good correlation between the radical concentration of 
polynuclear aromatic hydrocarbon-iodine complexes and the ring-com
pactness factor. The larger the ring condensation of the aromatic hydro
carbon is, the higher becomes the spin-concentration value in the complex. 

The purpose of this study is to clarify the noncovalent interaction in 
coal molecular structure with respect to radical concentrations of charge-
transfer complexes between coal and election donor or acceptor mole
cules. 

Experimental Details 

For the most part, the coals tested were Argonne Premium Coal Samples kindly 
supplied by K. S. Vorres of the Argonne National Laboratory. The analytical 
data of the samples are shown elsewhere (9). Iodine and 7,7,8,8-tetracyanoquino-
dimethane (TCNQ) were selected as electron acceptors. These chemicals were 
supplied by Wako Chemical Co. (purity >95%) and used without further purifica
tion. Triethylphosphine oxide (TEPO), which was selected as an electron donor, 
was supplied by ICN Co. and was used without further purification. 

A known amount of guest substances dissolved in chloroform or benzene 
was added to the coal. The suspensions were placed in an ultrasonic bath for 10 
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min and stirred for 1 h at 20 °C. The solvent was then evaporated away, and the 
coals were stored in a vacuum oven at 20 °C overnight. 

The solvents used to dissolve and penetrate the guest molecules into coal 
particles were chloroform and benzene. These solvents are not absolutely neutral 
in terms of electron donor-acceptor interaction. Despite the remarkable differ
ences in the extent of electron-donating and -accepting abilities of the solvents, 
the solvents had no effect on the spin concentration of the Argonne coal samples, 
and therefore, no special attention was paid to the solvent effects. 

Samples were degassed at 1.33 χ 10~2 Pa and sealed in electron paramag
netic resonance (EPR) glass tubes. EPR spectra were obtained with a Varian 
model E109 spectrometer. Measurements of the electron-spin concentration of 
the reference standard, l,l-diphenyl-2-picrylhydrazyl (DPPH), were found to be 
reproducible to within 2%. 

Results and Discussion 

EPR Spectral Shape. Figure 1 illustrates spectra obtained for 
Beulah-Zap lignite and Blind Canyon high-volatile bituminous coals and 
their complexes. The spectra of the Beulah-Zap lignite complexes with 
iodine or TEPO consist of one broad line. The spectrum of the complex 
between Beulah-Zap lignite and TCNQ shows two distinct lines, one nar
row and the other broad. The spectra recorded for Blind Canyon and its 
complexes each consist of one broad line. The resolved spectra that result 
from interactions between guest electron-acceptor or guest donor mole
cules and special sites on aromatic host molecules, as illustrated in Figure 
1, give some insight into the molecular structure of coal. 

Retcofsky et al. (10) have studied the signals from two fundamental 
macérais, vitrinite and fusinite, separated from various coals. The EPR 
line obtained for vitrinite was broader than that for fusinite. On the other 
hand, the structural model of bituminous coal recently proposed by Kovac 
and Larsen (11,12) is very well adapted to the interpretation of the EPR 
signals. Their model involves a small molecular (M) phase and a macro
molecular (MM) phase. The M M phase forms a three-dimensional skele
ton that consists of macromolecular fragments connected by cross-bonds. 
The M phase is distributed in the pores or on the edges of the M M phase. 
Analysis of the relaxation times indicated that the paramagnetic centers 
related to the narrow line are attached to the latticed macromolecular 
phase M M , and the paramagnetic centers related to the broad line are dis
tributed throughout the molecular phase M (13). 

The peak-to-peak line width, àH , of coal increases with addition of 
electron-acceptor molecules. A broad line is due to an increase in the M 
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phase in coal. The electron-acceptor molecule, such as iodine or TCNQ, 
attacks noncovalent bonds in coal. The intermolecular association of non
covalent bonds is broken by electron-acceptor molecules. The interaction 
between the coal molecule and the electron-acceptor molecule probably 
results in the increase in the M phase of coal. The appearance of a nar
row component for the Beulah-Zap-TCNQ system might be due to dif
ferent interactions such as a single electron transfer from coal to the 
TCNQ molecule. This question must be clarified with further measure
ments of g values and relaxation times. 

Spin Concentration in Coal and Coal Complexes. In Fig
ure 2a, the absolute values of spin concentration, J Q , for the coal and for 
the coal complexes, JT, as a function of carbon content (rank) of coal are 
given. Good correlations were obtained between I and rank. Although the 
values of J of pristine coals were kept almost constant over the whole 
range of rank, a remarkable increase in the I values was recognized for 
high-rank coals with the addition of iodine as a dopant. On the other 
hand, the / values of the TEPO-coal-complex series were slightly 
decreased, as was expected. The values of J for the TCNQ-coal-complex 
series also increased with decreasing rank, as shown in Figure 2b. TCNQ 
as a dopant plays a particularly important role for low-rank coals. 

The results shown in Figure 2 can be explained by taking into 
account the fact that aromatic molecules are electron donors and aroma
ticity and oxygen-containing functional groups change with coal rank. Fig
ure 3 shows the relationship between the spin-concentration difference 
before and after the addition of guests, I - J 0 , and coal rank. For iodine 
as a guest, the difference in spin concentration is mostly positive. On the 
other hand, the spin concentration of coal decreases with the addition of 
TEPO because the TEPO molecule has typical electron-donor characteris
tics. 

The relationship between the spin-concentration difference before 
and after the addition of iodine, J - J o , and H / C (atomic ratio) of coal can 
be depicted as in Figure 4. The value of / — J is closely related to the 
H / C value of the parent coal. For TCNQ as a guest, no relationship was 
found between the value of J - J Q and the H / C value of the parent coal. 

Zander (6) reported that the equilibrium [aromatic donor + acceptor 
4 = ± charge-transfer complex] is governed by the first ionization potential, 

Ip, of the aromatic donor. The free energy of formation of the complexes 
as a measure of their thermodynamic stability (14) increases with decreas
ing ionization potential of the aromatic donors. The electron acceptor in 
this case was tetracyanoethylene. If the value of J - / is a function of the 
thermodynamic stability of the complexes with iodine or TEPO (7), then 
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c o a l rank ( C % ) 

Figure 3. A plot of the difference in spin concentration of coal with 
and without guest molecules vs. rank. 

the higher the value of / — J Q , the greater the magnitude of the aromat
ic-aromatic interaction in the coal molecular structure. 

In TCNQ, the value of J - J decreases monotonically with the 
increase in rank, although TCNQ is a molecule with behavior like an elec
tron acceptor, such as iodine. As shown in Figure 5, an approximately 
linear relationship exists between the value of I -1 and the O / C atomic 
ratio of coal. Our interpretation is that the TCNQ molecule goes to the 
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H / C 

Figure 4. Relationship between the value of I — I and the H/C 
ratio for the coal—iodine system. 

sites associated with oxygen-containing functional groups that are able to 
form hydrogen bonds and interacts with these particular sites. The result 
of this interaction is the change in spin concentration of coal molecules. 
The different mechanisms of interaction between coal and TCNQ or 
iodine may be supported by the fact that the Beulah-Zap lignite-TCNQ 
system shows a spectrum consisting of two distinct lines, but the iodine 
system has a single broad line. 

The importance of hydrogen bonding in coal structure is one of the 
first insights to result from the consideration of the macrostructure of 
coals (75). However, almost nothing is known about the intrinsic nature 
of hydrogen bonds in coal structure. When the mechanisms of interaction 
between coal molecules and TCNQ are elucidated, the strength and popu
lation of the hydrogen bonding will be solved. By using a Fourier trans-
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0.02 0.10 0.20 

O / C 
Figure 5. Relationship between the value of I - IQ and the O/C 
ratio for the coal-TCNQ system. 

form infrared (FTIR) technique to observe the shift of the vibration fre
quencies, we hope to elucidate the energetics of interactions between 
several polynuclear aromatic hydrocarbons and guests. 

Conclusions 

The forms of charge-transfer complexes of coal-TCNQ and coal-iodine 
are quite different. TCNQ interacts with oxygen-containing functional 
groups, and iodine interacts with aromatic rings. The study of guest and 
host interactions using EPR techniques will provide insight into the non-
covalent interactions in coal molecular structure. 
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Electron Paramagnetic Resonance 
and Electron Spin-Echo Spectroscopy 
of Argonne Premium Coals 

Bernard G. Silbernagel, L. A. Gebhard, Marcelino Bernardo, 
and H. Thomann 

Corporate Research, Exxon Research and Engineering Company, Route 
22 East, Annandale, NJ 08801 

The series of Argonne Premium coals was examined by 
using electron paramagnetic resonance (EPR) and electron 
spin-echo (ESE) techniques. EPR measurements indicate 
the presence of both carbon radical species and transition 
metal ions, principally iron and manganese, in the samples. 
The carbon radical densities and the ease of saturation of 
the radical signal do not increase with increasing coal rank, 
as was observed in previous studies of demineralized, iso
lated coal macerals. ESE techniques discriminate between 
the narrow (inertinitic) and broad (vitrinitic) components of 
the carbon radical signal, and the line widths and relaxation 
rates have been determined for both components. Instan
taneous diffusion was observed for all bituminous coals but 
not for the lignite coal. The data suggest that transition 
metal species significantly affect the carbon radical reso
nance properties of these coals. 

V ^ A R E F U L SELECTION AND EXTENSIVE DOCUMENTATION (1) have 
made the Argonne Premium coals a benchmark for the future study of 
coals. This chapter presents a comprehensive survey of electron paramag
netic resonance (EPR) properties of the Argonne Premium coals. The 
results discussed here pertain to the "as received" coals, that is, before any 

0065-2393/93/0229-0539$06.25/0 
© 1993 American Chemical Society 
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540 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

other treatment. The properties of these materials are compared with 
previous results obtained on isolated coal macérais that were demineral-
ized and separated by density-gradient centrifugation techniques (2). EPR 
studies of those isolated vitrinite macérais revealed a systematic variation 
of the resonance properties with increasing coal rank (?). Subsequent 
electron spin-echo (ESE) studies of the same samples demonstrated that 
these variations were associated with an increase in the carbon radical 
density and, for vitrinite macérais with carbon contents exceeding 82%, 
the onset of local order of the aromatic molecules serving as hosts for the 
carbon radicals (4). One goal of this study was to determine if a similar 
systematic behavior occurs for the Argonne Premium coals. A second 
goal was to identify the resonance properties of individual maceral types 
in these coal samples in which the macérais occur as a mixture. 

Electron Magnetic Resonance Properties 

Although EPR spectroscopy has a venerable history in coal science (5), 
E S E spectroscopy is a much more recent technique (6). This section 
describes the parameters of the paramagnetic species that can be deter
mined by the two techniques and indicates their interrelationship. 

EPR Spectroscopy. In EPR spectroscopy, the sample is exposed 
to a continuous, relatively weak microwave field, and the absorption of 
microwave energy is observed as the strength of an external magnetic field 
is varied. The resonance position, the magnetic field strength required to 
produce absorption of microwave energy at a given frequency, is usually 
defined in terms of the g-value: g = hi/Jp^I0, where h is Planck's con
stant, uQ is the Larmor frequency, μ Β is the Bohr magneton, and HQ is the 
external magnetic field. 

The width of the line, expressed in terms of the full width of the 
microwave absorption at half maximum, ΔΗ1/2, or the splitting between 
the maxima of the absorption derivative, Δ Η ρ ρ , and the shape of the line, 
which can be described in terms of the ratio, ΑΗ1/2/ΑΗ^ are important 
parameters that are determined by the chemical and physical homogeneity, 
the physical state, and the molecular and spin dynamics. A general discus
sion of this topic is given in Chapter 30. In addition, the number of 
paramagnetic species in the sample can be determined by integrating the 
microwave absorption. The carbon radical density is defined as the number 
of radicals per gram of carbon in the sample. In most coals, these radical 
densities are ~10 1 8 -10 1 9 spins per gram of carbon. The response of the 
paramagnetic species to the applied microwave field can be determined by 
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measuring the strength of the microwave absorption as a function of 
applied microwave field strength (7). At low microwave power, the 
absorption is proportional to the field strength, which by definition is pro
portional to the square root of the applied microwave power. At higher 
powers, this response becomes sublinear as the microwave field equili
brates populations in the spin states of the paramagnetic species, a 
phenomenon known as saturation. 

One means of quantifying the saturation process is to plot the 
absorption intensity, J, divided by the square root of the power: I/(P) 1 / 2. 
In the linear region this ratio is constant, and it falls off at higher Ρ 
values. The power needed to accomplish significant saturation is defined 
by the quantity P 1 / 2 , the value of the microwave power for which J/(P) 1 / 2 

= 0.5. 

ESE Spectroscopy. In ESE spectroscopy, the transient response 
to a short, intense ρμΐββ of microwave power is observed. This pulse 
prepares a predefined microscopic magnetization and imposes a phase 
coherence on the ensemble of carbon radical spins. As described in detail 
in the classic paper on the topic (S), the Fourier transform of the evolving 
magnetization after the application of a π 12 pulse (which tips the magneti
zation by 90° from the direction of the applied field) is equivalent to the 
microwave absorption obtained by EPR techniques. The return of the 
applied magnetization to equilibrium is called electron spin—lattice relaxa
tion and occurs at a rate defined as 1 / Γ 1 Ε . Loss of phase memory in the 
system occurs at a rate 1 / Γ Μ , which is related to spin-spin interactions 
(described by a rate of and instantaneous-diffusion effects (9), the 
latter arising from changes in the local field resulting from tipping of the 
magnetization during the application of the microwave pulse. ( Γ Μ is the 
phase memory decay time, and T2 is the spin-spin relaxation time.) As 
demonstrated in ref. 9, these processes can be described as 

— = — + A < s m 2 - > (1) 
*M *2 2 

where θ is the angle through which the magnetization is tipped by the 
microwave pulse, and A is a measure of the local dipolar field strength. 
The ability to determine the relaxation parameters 1 / Γ Μ , 1/Γ 2 , and 1/Tm 

is a key strength of the ESE technique. These data are related to the EPR 
microwave saturation experiments because 

[l + aPT1ET2yl (2) 
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Preparation and Properties 

Sealed ampules of each of the Argonne Premium coals were kept in a 
nitrogen dry box. Portions of each sample were transferred to 4-mm 
quartz EPR tubes while in the box, and a pump-out valve was attached to 
the EPR tube before removing it from the dry box to ensure no contact 
with the atmosphere. The sample-filled EPR tubes were then transferred 
to a vacuum line and were subjected to a series of evacuation and backfil
ling steps before being sealed in a partial pressure of helium gas. The 
details of the evacuation process are important because the as-received 
coal samples have an appreciable amount of water in the coal pores. We 
have used proton NMR spectroscopy to estimate the amount of residual 
water in the pores after this evacuation process. In the most extreme case, 
the Beulah-Zap lignite, the water content was ~5 wt%. For most of the 
other samples, the water content is <1 wt%. 

EPR Observations 

Carbon Radical EPR Spectroscopy. The carbon radical signal 
for five of the eight samples consists of a superposition of a broad (~6-7 
G) component and a narrow (<1 G) one, which have previously been 
associated with vitrinite and inertinite macérais, respectively (3, 4). An 
example, the Upper Freeport coal, is shown in Figure 1. In each case, the 
broader signal is the major component; the relative intensities of the two 
signals are shown in Table I. The g-values for the narrow components are 
~2.0027, and the g-values for the broader components vary from 2.0031 to 
2.0033 for the low-rank coals to 2.0028 for coals of higher rank. This 
behavior is consistent with the variations previously observed for isolated 
macérais (3). As seen in Table I, the radical densities vary widely from 
10 1 8 to lO1^ in a manner that does not track with increasing coal rank and 
that is even more pronounced than in the isolated maceral studies (3). 
The microwave-saturation response for both the narrow and broad com
ponents is shown in Figures 2a and 2b. In these figures, I/(P)1/2 is plotted 
as a function of the reduced parameter, P/P1/2> s o ^at the form of the 
variation can be compared for each of the samples. The saturation-
response curves are significantly broader for the broad signal than for the 
narrow ones, a result suggesting a distribution of radical types in the 
vitrinitic macérais. In fact, the response for the narrow component falls 
quite close to the idealized Bloch model of eq 2 (7). 

Two ways in which the present saturation data differ dramatically 
from previous observations on the isolated macérais are (1) there is little 
correlation between P m and coal rank for the broad component (in con-
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trast to the isolated vitrinite case where PLJ2 increased nearly monotoni-
cally with coal rank), and (2) the magnitudes of P1/2 differ substantially 
from the isolated maceral cases. For isolated vitrinite macérais, practically 
all subbituminous coal samples had P1/2 ~ 1 mW, with increases to levels 
of 50-70 mW for the highest rank macérais (low-volatile bituminous) in 
the survey. Here the lignite and subbituminous samples have P 1 / 2 ~ 
10-20 mW, a result suggesting the presence of additional relaxation 
mechanisms. The situation is more perplexing for the high-rank coals, 
especially the low-volatile bituminous sample (Pocahontas No. 3), for 
which P1/2 = 3 mW. This anomalously low value, coupled with the low 
radical density of the sample, suggests that not all of the carbon radicals 
are observed in the ESR spectrum. 

Transition Metal EPR Spectroscopy. In addition to the car
bon radical signals, prominent signals from transition metal species were 
observed. Examples for three of the coals are shown in Figures 3a-3c. 
Although the signals are all observable at room temperature, the data in 
Figure 3 were taken at 4.8 K, where relaxation effects are less and the 
lines are significantly narrower. Three species are obvious. A six-fold sig
nal in the vicinity of g = 2 can be attributed to M n 2 + , most likely as a 
substitutional impurity in carbonate minerals. In fact, the M n 2 + EPR 
intensity roughly correlates with the level of calcite in the samples as given 
in réf. 1. Two additional signals occur at lower fields, which by the Lar-
mor equation g = hv Ιμ^Ι > would correspond to g-values of 4.2 and 5.7 
and are typical of a number of iron ion species commonly encountered in 
minerals. Although g-values and line shapes can provide information 
about the valence and site symmetry of the ion, they can not provide 
unambiguous information about the chemical compound in which the ion 
occurs. The relative peak intensities, inferred from peak heights of the 
4.8-K spectra, are presented in Table II. Wide variations occur in the three 
types of transition metal peaks from sample to sample. 

Especially striking are the large amounts of the g = 4.2 iron species 
in the Beulah-Zap lignite, a very likely cause for the high P1/2 values in 
that sample. As seen in Table II, the saturation properties do not obvi
ously correlate with a specific paramagnetic type. 

Electron Spin-Echo Properties 

As mentioned previously, ESE experiments can distinguish between the 
sources of broadening and relaxation for carbon radicals. In addition, 
ESE can discriminate between the radicals in the narrow and broad EPR 
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548 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Figure 3. The transition metal EPR signals seen in (a) Pocahontas 
No. 3, (b) Blind Canyon, and (c) Wyodak—Anderson coals. 
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550 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

lines because of their different resonance properties. The broad EPR line 
exhibits strong inhomogeneous broadening, and the free induction decay 
(FID) of this line falls rapidly to zero. By contrast, the narrow line is 
nearly homogeneously broadened, and its FID decays much more slowly. 
Therefore the line-shape and relaxation properties of the narrow line can 
be probed by observing the FID at times long enough that the the contri
bution from the broad signal has already decayed. Conversely, the strong 
inhomogeneous broadening found in the broad line can be capitalized 
upon by forming a spin echo (10) and determining 1 / Γ Μ and 1/Tm for 
that component from the echo measurements because the nearly homo
geneous line will not form a spin echo. 

Narrow-line Results. As shown in Figure 4, taking the complex 
Fourier transform of the narrow-component FID yields the absorption 
spectrum. The derivative is obtained by digitally differentiating the 
absorption. Resulting values of the half-width Δ ω 1 / 2 and Δ ω ρ ρ for the 
five samples containing a narrow component are shown in Table III. The 
magnitudes of the widths are in good agreement with the corresponding 
EPR values. The form of the line shape can be inferred by examining the 
ratio Δα^/Δω . For a Gaussian line shape this ratio should be 1.18 (2 In 
2), and for a Lorentzian line shape it would be y/~3 (11). For the higher 
rank coals, the ratio lies quite close to the Lorentzian limit, and the ratio 
increases in the lower rank coals. This increased ratio reflects a distribu
tion of radical types. Similar results were obtained from previous analyses 
of the EPR spectra of inertinites in isolated macérais (3). 

As shown in Figure 5, the spin-lattice relaxation can be determined 
by measuring the inversion recovery of the FID. The resulting data are fit 
to a two-exponential recoveiy model; the data and the residuals from the 
fitting process are shown in the figure. The longer relaxation times are 
the true spin-lattice relaxation times, Γ 1 Ε . The shorter relaxation times 
may indicate the presence of additional radical types, but are more likely 
the result of cross-relaxation phenomena. These relaxation values are 
summarized in Table IV. Qualitatively, the short Γ 1 Ε values are con
sistent with the higher P1/2 values observed for the narrow-line component 
as compared to the broad-line component. 

Broad-Line Results. Decay of the spin echo as a function of 
echo-pulse spacing is used to trace the loss of phase memory. As men
tioned in the preceding section, this phase-memory loss can occur for two 
reasons: loss of phase memory from spin-spin coupling (the usual T2 

process) and instantaneous-difftision effects associated with the applica
tion of the refocusing pulse that forms the spin echo. These two processes 
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MAGNETO RESONANCE OF CARBONACEOUS SOLIDS 

Table III. Fourier Transform Line Widths for 
the Narrow Carbon-Radical Component 

Coal Rank 
Αω1/2 
(MHz) 

Δω„„ 
PP 

(MHz) Αω1/2/Αωρρ 

Pocahontas No. 3 L V B 2.2 1.4 1.6 
Upper Freeport M V B 2.2 1.2 1.8 
Pittsburgh No. 8 H V B 3.5 1.8 1.9 
Lewiston-Stockton H V B 3.1 1.5 2.1 
Blind Canyon HVB — — — 
Illinois No. 6 H V B 3.2 1.2 2.7 
Wyodak-Anderson SB — — — 
Beulah—Zap L — — — 

ABBREVIATIONS : LVB, low-volatile bituminous; MVB, medium-
volatile bituminous; HVB, high-volatile bituminous; SB, 
subbituminous; and L, lignite. 

Table IV. Spin—Lattice Relaxation of the 
Narrow Carbon-Radical Component 

Τ A 
Lle 

Τ· Β 
Lle 

Coal Rank (V) (με) I 

Pocahontas No. 3 L V B 0.93 6.54 0.09 
Upper Freeport M V B 0.50 1.92 0.50 
Pittsburgh No. 8 H V B 0.59 1.93 0.56 
Lewiston-Stockton H V B 0.52 2.12 0.55 
Blind Canyon H V B — — 
Illinois No. 6 H V B 0.56 7.17 0.11 
Wyodak-Anderson SB — — — 
Beulah—Zap L — — — 
N O T E : A two-component recovery is observed, with 
characteristic times T l e

A and T l e

B , and an intensity ratio 
(I) of the two components. 
ABBREVIATIONS : LVB, low-volatile bituminous; MVB, 
medium-volatile bituminous; HVB, high-volatile 
bituminous; SB, subbituminous; and L, lignite. 
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π π /2 

553 

μλ pulses 

receiver 
signal 

boxcar 
gate 

— t — . 

r 

Figure 5. The measurements for the narrow component using FID 
inversion recovery. 

can be differentiated by examining the variation of the echo decay for 
pulses of different tipping angles, β1 = ΊΗ^, where 7 is the gyromagnetic 
factor of the spin, Ht is the microwave field strength, and tj is the width 
of the ith pulse. The instantaneous-diffusion effect is a maximum for θ = 
180°. 
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554 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Figure 6 shows the results for the high-rank Pocahontas No. 3 low-
volatile bituminous coal and for the low-rank Beulah—Zap lignite. The 
instantaneous-diffusion effect is clearly evident for the high-rank coal and 
not observable for the lignite. A plot of the ratio of 1 / Γ Μ [θ = 
90° ] / (1 /Γ Μ ) [θ = 29°] is shown in Figure 7. With the exception of the 

0 1 2 3 4 
τ (με) 

Beulah-Zap (lignite) 

0 1 2 3 4 

τ (lis) 

Figure 6. Probing instantaneous diffusion by using microwave pulses 
of different tipping angles. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

02
9

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



29. SILBERNAGEL ET A L EPR & ESE Spectroscopy 555 

Lewiston-Stockton coal, which has a peculiar maceral mixture, the other 
coals group into three categories: (1) low- and medium-volatile bitumi
nous coals, with strong instantaneous diffusion; (2) high-volatile bitumi
nous coals, with intermediate instantaneous diffusion; and (3) the low-
rank coals, in which the instantaneous-diffusion effect is either small or 
absent. This trend is qualitatively consistent with the trend previously 
observed for isolated vitrinite coal macérais: The magnitude of the 
instantaneous-diffusion effect decreases with increasing rank for bitumi
nous vitrains. However, the magnitude of the intrinsic phase-memoiy loss, 
1 / T M L , defined as the limit 1 /Γ Μ (0) as 0 —• 0, does not scale with the spin 
density, in contrast to the result seen for the isolated macérais. 
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556 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Spin-lattice relaxation can be measured by using the three-pulse 
sequence shown in Figure 8. The results are again fit with a two-
exponential model (the residuals from the fit are also seen in Figure 8), 
and the values for 1 / Γ 1 Ε are presented in Table V. Clearly, the magnitude 
of 1 / Γ 1 Ε is much smaller than for the narrow line, and the components 

π π/2 π 

μλ pulses 

receiver 
signal 

Y—XT 

boxcar 
gate 

τ 1 1 1 1 1 Γ 

0 800 1600 2400 
t + 2τ (μβ) 

Figure 8. Spin-echo inversion-recovery technique to measure Ύ1Ε for 
the broad carbon radical component. 
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Table V. Spin-Lattice Relaxation of the Broad 
Carbon-Radical Component 

nr A 
lle 

τ Β 
Lle 

I Coal Rank f/XiJ (p) I 

Pocahontas No. 3 L V B 70 304 0.87 
Upper Freeport M V B 116 517 2.13 
Pittsburgh No. 8 H V B 47 136 0.53 
Lewiston-Stockton H V B 94 423 1.36 
Blind Canyon H V B 102 354 0.49 
Illinois No. 6 H V B 66 271 1.46 
Wyodak-Anderson SB 33 156 0.53 
Beulah-Zap L 28 182 0.29 

N O T E : A two-component recovery is observed, with 
characteristic times T l e

A and T l e

B , and an intensity ratio 
(I) of the two components. 
ABBREVIATIONS : LVB, low-volatile bituminous; MVB, 
medium-volatile bituminous; HVB, high-volatile 
bituminous; SB, subbituminous; and L, lignite. 

are comparably represented. On the basis of the magnitudes, we propose 
that relaxation occurs in two stages: a cross-relaxation step, which is 
responsible for the short-term recovery, followed by an approach to equi
librium with the spins at a common spin temperature (11). The short 
relaxation times for the low-rank coals are particularly apparent and are 
consistent with the high values of P1/2 measured by saturation EPR spec
troscopy. 

Conclusions 

These EPR and ESE measurements provide a consistent picture of the 
Argonne Premium coals. EPR properties such as g-values, line widths, 
and line shapes are consistent with the changes in chemistry expected for 
coals of varying rank and are in agreement with previous observations on 
isolated coal macérais (3). Carbon radical densities vary widely and do not 
track rank, but previous isolated maceral observations suggest that such 
variability might be expected. The major departures from earlier work are 
in the behavior of the relaxation-related phenomena: microwave satura
tion and transient relaxation measurements. 
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For the isolated macérais, both the phase-memory decay and the 
spin-lattice relaxation were well fit by single exponential functions. The 
necessity for two exponential fits in the present case suggests a greater 
chemical and physical heterogeneity of the samples. Second, the magni
tudes of the relaxation rates and Plj2 values are significantly different than 
they were for the isolated macérais. Although the values of l / r M L are 
comparable to those observed previously, no values of l/T1E comparable 
to the rapid rates observed for the high-rank macérais are seen here. 
Conversely, the low-rank coals have significantly higher rates than previ
ously observed. Both of these results and the comparatively low value of 
the measured paramagnetic spin density could be explained by invoking 
enhancement of the relaxation process by paramagnetic impurities. For 
the low-rank coals, this paramagnetic impurity effect is manifested as an 
increase in 1 / Γ 1 Ε . For the high-rank coals, the relaxation can be so strong 
that the absorptions are no longer observable. This result would imply 
that we are seeing some nontypical components of the coal. The test of 
this hypothesis will rest in examination of demineralized and ion-ex
changed samples of the Argonne Premium coals. [Note added in proof: 
This speculation has, in fact, been confirmed (12)]. 
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Company, Route 22 East, Annandale, NJ 08801 

Pulsed electron nuclear double resonance (ENDOR) studies 
on eight Argonne Premium coals are reported in this chap-
ter. The coal samples were selected from the ranks of lignite 
to low-volatile bituminous. Two types of proton ENDOR 
signals were observed for all eight coal samples: a matrix 
line and local ENDOR lines. This result is in contrast to 
previous studies using conventional continuous-wave (CW) 
ENDOR techniques in which the matrix proton line dom
inated the spectra. Experimental conditions for recording of 
pulsed ENDOR spectra of coals are discussed. Local EN
DOR proton hyperfine couplings of up to 20 MHz were 
observed, but no resolved structure was apparent in the EN
DOR spectra. The magnitude of these couplings is con
sistent with that expected for aromatic protons on polynu-
clear aromatic (PNA) carbon radicals. The larger hyperfine 
couplings are enhanced in ENDOR spectra recorded at 
higher g-values as expected for PNA radicals with hetero
-atoms, most likely oxygen or sulfur. 

A L L COALS CONTAIN a substantial concentration of carbon-based free 
radicals (1, 2). Radical densities measured by electron paramagnetic reso
nance (EPR) spectroscopy are typically between 10 1 8 and 10 2 0 spins per 

0065-2393/93/0229-0561$06.00/0 
© 1993 American Chemical Society 
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562 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

gram of carbon for bituminous coals. These radicals are believed to be a 
direct consequence of the coalification process. One plausible explanation 
for their stability over geologic time is that the unpaired electron is 
resonance-stablized in polynuclear aromatic (PNA) molecules. PNA radi
cals are relatively inert toward chemical transformation. This resonance 
stabilization could also account for the stability of these PNA radicals dur
ing high-temperature conversion processing. 

The PNA radical type and the relative distribution of types are 
believed to be a function of coal rank and maceral type (5). PNA radicals 
therefore provide a convenient method for the molecular classification of 
coals. Pulsed EPR evidence that has been obtained suggests that the PNA 
radical molecules are randomly distributed throughout the macromolecu
lar structure of coal (4). Correlations between EPR parameters and 
conversion yields have also been established in studies of coal liquefaction 
(2). These combined results support the thesis that the study of the struc
tural types and the relative distribution of these PNA radical molecules 
provides a natural probe of the complex three-dimensional macromolecu
lar structure of aromatic and aliphatic hydrocarbons that together com
prise the heterogeneous material known as coal. 

In principle, it should be possible to identify the chemical structure 
of the PNA radical molecules from the analysis of the EPR spectrum. In 
practice, only a single inhomogeneously broadened EPR line with no 
hyperfine structure is observed for most coals. The overlap of the EPR 
spectra from the many PNA radicals in a whole coal, each with slightly dif
ferent g-values and hyperfine splittings, results in a net broadening of the 
EPR spectrum. Additional line broadening may arise from the anisotropic 
hyperfine interactions expected from protons on the PNA radical mole
cules. The situation is improved in studies of isolated coal macérais, for 
which the absorption line width, line shape, g-value, and microwave-pow
er-saturation properties are all correlated with coal rank and maceral type 
(5). However, no hyperfine structure is observed even for the isolated 
coal macérais. 

Electron nuclear double resonance (ENDOR) spectroscopy is a well-
established method for obtaining high-resolution spectra of nuclear hyper
fine transitions (5). The ENDOR spectrum is a spectrum of NMR transi
tions detected via an EPR transition. NMR transitions from all nuclei 
that are magnetically coupled to the unpaired electron can contribute to 
the ENDOR spectrum. ENDOR experiments are particularly informative 
in cases where no hyperfine structure is apparent in the EPR spectrum. 

For a two-spin system composed of an S = 1/2 electron coupled to 
an J = 1/2 nucleus with hyperfine coupling A, the allowed EPR transition 
frequencies are i / ±

E P R = i/Q ± A/2, and the allowed NMR transi
tion frequencies are i / ±

N M R = ι/η ± A/2 (6). For carbon radicals typically 
encountered in coals, vn > A/2, where vn = gnfinBQ/h is the nuclear Lar-
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mor frequency, g n is the nuclear g-value, βη is the nuclear Bohr magneton, 
BQ is the applied magnetic field strength, and h is Planck's constant In 
this case, second-order hyperfine perturbation corrections (on the order of 
h2A2/ge0eBo) to the energy levels can be neglected so that the two E N 
DOR transitions are observed at v± = ι/η ± A/2 for each inequivalent 
nucleus. In contrast to EPR spectroscopy, additional splittings or addi
tional E N D O R lines are not observed for multiple sets of equivalent 
nuclei (7). This condition results in a greatly simplified spectrum because 
there is a one-to-one correspondence between each inequivalent nucleus 
and a pair of E N D O R lines. 

Several previous ENDOR studies of coals have been reported (2, 
8-11). The pulsed ENDOR studies of the Argonne Premium coals (APC) 
reported here were motivated by two considerations. First, the APC sam
ples have a known and controlled sample history (12). The samples were 
selected to encompass a wide spectrum of coal types and properties. 
Many basic sample properties, densities, chemical composition, etc., have 
been documented (12). An aliquot of each coal sample was distributed to 
a participating research group for subsequent spectroscopic study. This 
protocol is in sharp contrast to most previous studies of coals in which the 
sample history was usually unknown. Comparison and synthesis of data 
from different laboratories was therefore usually not possible. 

This study also was motivated by the recent developments in pulsed 
E N D O R techniques (13, 14, see also Chapter 4). Pulsed ENDOR tech
niques offer significant performance enhancements compared to the con
ventional, continuous-wave (CW) ENDOR experiment. These enhance
ments include greater sensitivity, higher spectral resolution, and the elimi
nation of the dependence of the ENDOR signal on the detailed balance of 
the electron and nuclear spin relaxation rates. The latter is particularly 
significant because transitions in the CW ENDOR experiments are often 
not observed because of unfavorable relaxation rates. 

Experimental Details 

The pulsed ENDOR techniques used in the study of the APC samples are dis
cussed in detail in Chapter 4. The APC samples were transferred from the sealed 
vial in which they were received to 4-mm EPR tubes in a dry box under an argon 
atmosphere. The tubes were evacuated to approximately 10~3 torr (0.13 Pa) and 
sealed. Samples were vacuum-pumped only briefly to minimize the potential 
removal of adsorbed fluids or gases from the coal matrix. Samples were stored in 
the sealed EPR tubes at room temperature. 

The pulsed analog of the CW ENDOR experiment (15) is the Davies EN
DOR experiment (16). As discussed in more detail in Chapter 4, the Davies EN-
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564 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

DOR experiment consists of a pulse sequence in which a microwave pulse is 
applied to an EPR transition followed by a radiofrequency (rf) pulse applied to 
an NMR transition. The effect of the rf pulse (i.e., the ENDOR signal) is then 
detected as a change in the EPR transition intensity. It is convenient to monitor 
the EPR transition intensity by using an electron spin echo formed by two 
microwave pulses. The Davies ENDOR spectrum is then recorded by plotting the 
intensity of the electron spin-echo signal created by the final two microwave 
pulses as a function of the rf frequency. The rf frequency is stepped on successive 
pulse-sequence iterations. 

Results 

Davies ENDOR spectra of Illinois No. 6 coal, recorded at 298 and 85 K, 
are shown in Figures la and lb, respectively. The spectra shown are the 

1 8 16 24 
Frequency (MHz) 

Figure 1. Davies ENDOR spectra for Illinois No. 6 (HVB) coal 
recorded at (a) Τ = 298 Κ and (b) Τ = 85 Κ Other conditions are 
as follows: microwave frequency, 9.160 GHz; magnetic field 
strength, 3269.2 G; microwave preparation (π) pulse width, 0.40 ps; 
rf pulse width, 17.0 ps; resolution, 0.1 MHz/point; 30 echoes sampled 
per point; and 50 sweeps. The inset shows the overlay of the two 
spectra for the expanded region of the spectrum. 
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electron spin-echo (ESE) intensity plotted as a function of the frequency 
of the rf pulse. The most intense peak in Figure 1 is centered at 13.89 
MHz, which is close to the proton nuclear Larmor frequency, un = 
gnfinB0/h = 13.918 MHz, calculated for a field of 3269.2 G. The 200-ppm 
difference between these values arises from the difference between the 
gaussmeter reading of the magnetic field and the true magnetic field at the 
sample. The peaks at approximately 1 MHz above and below the proton 
matrix line are a consequence of the pulse widths used to record these 
spectra. This feature is discussed further in following sections (see Figure 
2). 

The spectra are composed of two components, a superposition of 
matrix and local ENDOR signals. The matrix proton ENDOR signal 
arises from protons that sustain only a weak dipolar (hyperfine) interac
tion with the paramagnetic electron. Such interactions arise predom
inantly from protons on molecules in the host lattice other than the mole
cule supporting the paramagnetic electron. The local proton ENDOR sig
nals arise from those protons that have both a Fermi contact as well as an 
anisotropic hyperfine interaction. These interactions arise from protons, 
most likely on the molecule hosting the paramagnetic electron, having a 
finite unpaired electron spin density. In the solid state, the local ENDOR 
line may arise from both isotropic and anisotropic hyperfine interactions. 

For ν ή > | i / n ± 1| MHz, the local ENDOR signal smoothly and 
continuously decreases in intensity with increasing and decreasing fre
quency. On the high-frequency side, the ENDOR signal is still above the 
noise level at 24 MHz (i.e., at least 10 MHz above the proton Larmor fre
quency). This ENDOR signal intensity means that protons with hyperfine 
couplings of 20 MHz are observed in the present spectra. For a 20-MHz 
coupling, a finite ENDOR signal intensity should be observed at 4 MHz 
(i.e., 10 MHz below the proton Larmor frequency). However, the E N 
DOR signal appears to approach the noise level at roughly 7 MHz under 
the experimental conditions used to record the spectra in Figure 1. Care
ful examination also reveals that the ENDOR line shapes are not com
pletely symmetric about the proton Larmor frequency. This asymmetry is 
a function of the experimental rf conditions. The intensity of the ENDOR 
signal at low rf frequency can be increased by using longer rf pulses. How
ever, this increase has the effect of suppressing the ENDOR signal at 
higher rf frequency. This effect arises from the frequency-dependent nuta
tion angle of the sublevel magnetization (see Chapter 4). 

Careful consideration of the experimental conditions is required for a 
quantitative interpretation of the pulsed ENDOR spectra. The experi
mental conditions used for recording each ENDOR spectrum are given in 
the figure captions. We will demonstrate the effects of some important 
experimental parameters on the ENDOR spectrum observed. We will dis-
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τ 1 Γ 
8 16 24 

Frequency (MHz) 

Figure 2. Davies ENDOR spectra for Illinois No. 6 (HVB) coal 
recorded for variable preparation-pulse bandwidths. Inversion pulse 
widths and relative transmitter attenuation levels are (a) 0.10 ps, 4.5 
dB; (b) 0.20 ps, 16.0 dB; (c) 0.40 ps, 23.0 dB; (d) 0.60 ps, 25.0 dB; 
and (e) 0.80 ps, 27.0 dB. Other conditions were Τ = 100 Κ; 
microwave frequency, 9.335 GHz; magnetic field strength, 3335.8 G; 
rf mixing-pulse width, 6.75 ps; resolution: 0.117 MHz/point; 10 
echoes sampled per point; and four sweeps. 

cuss in detail the significance of the temperature at which the spectra are 
recorded, the effect of the microwave pulse width used to excite the EPR 
spectrum, and the dependence of the ENDOR spectra on the Zeeman 
magnetic field value selected. We will also discuss the importance of the 
delay time, r, between the two microwave pulses used to detect the EPR 
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signal; the effect of the pulse sequence repetition rate, r R

- 1 ; and the effect 
of the width of the rf pulse. 

The temperature is often a critical parameter in CW E N D O R experi
ments. In the CW ENDOR experiment, the ENDOR signal is detected as 
the change in the saturated EPR signal intensity as a function of applied rf 
magnetic field. For an ENDOR effect to be observed, the rate of induced 
NMR transitions must therefore compete with the rate of induced EPR 
transitions. This "rate-equality" condition requires large rf field intensi
ties. If the rate of rf-induced NMR transitions is not comparable to the 
rate of induced EPR transitions, no CW ENDOR signal is observed; and 
this is in fact the reason CW ENDOR experiments often fail: The 
required rf magnetic field intensities in the CW ENDOR experiment are 
difficult to achieve. Often the temperature is used as an experimental 
parameter. Generally, the nuclear and electron spin—lattice relaxation 
rates do not have the same temperature dependence. The temperature is 
empirically adjusted so that the ratios of EPR and NMR transition rates 
are optimized to obtain the maximum CW ENDOR signal. 

Perhaps one of the most important aspects of the Davies E N D O R 
experiment is the decoupling of the ENDOR signal from the ratio of the 
electron and nuclear spin-relaxation rates. This decoupling has the conse
quence that temperature is not a critical parameter in pulsed E N D O R ex
periment. In order to observe a Davies ENDOR signal, the electron spin 
phase-memoiy and electron spin-lattice relaxation times must only be suf
ficiently long that an electron spin echo can be observed. This condition 
is in sharp contrast to the CW ENDOR experiment in which it is not 
uncommon for ENDOR signals to be observed over only a narrow tem
perature range. 

This decoupling of the Davies ENDOR signal from the spin dynamics 
has the important consequence that, in the absence of mechanisms that 
dynamically average hyperfine couplings, the ENDOR line shape remains 
independent of temperature. This temperature independence is illustrated 
in Figure 1 for a sample of Illinois No. 6 coal. The Davies ENDOR spec
trum in Figure la was recorded at 298 K, and the spectrum in Figure lb 
was recorded at 85 K. The inset shows an overlap for the portion of the 
spectra above 16 MHz with the vertical axis expanded. The line shapes for 
the two spectra are identical. The only direct manifestation of the effect 
of the temperature is in the magnitude of the observed ENDOR enhance
ment, Δ χ / χ , where χ is the EPR susceptibility. This result is primarily a 
consequence of the temperature dependence of the electronic spin 
Boltzmann factor. The nuclear spin Boltzmann factor makes a negligible 
contribution to the ENDOR enhancement. In order to compare the 
enhancement factors for the local ENDOR signals, the enhancements are 
measured at i / n ± 1 MHz. At 298 Κ, Δ χ / χ = 0.10, and at 80 Κ, Δ χ / χ = 
0.23. The latter value is within experimental error equal to the factor of 2 
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568 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

increase expected from the Boltzmann factor. This result can be con
trasted with the CW ENDOR results on bituminous coals for which no 
local ENDOR signals are observed at either temperature (8-11). 

The optimum time delay between the Davies ENDOR pulse 
sequence iterations, r R , is a complex function of the spin-relaxation 
mechanisms that restore thermodynamic spin equilibrium. To avoid possi
ble complications arising from rapid passage effects, r R > > Τχ e f f , where 
Tt e f f is the characteristic time for the dissipation of absorbed microwave 
e n e r g y . Rapid-passage effects (17), which can occur when r R < Tt e f f , can 
result in distortions of spectral line shapes and even in shifts of tlie posi
tion of the ENDOR line. Passage effects are particularly pronounced if 
the rf sweep rate exceeds the spin-lattice relaxation rates. For data 
reported in this chapter, r R = 10 ms, which is at least 20 times longer than 
the longest spin-lattice relaxation time (measured by spin-echo detection 
of the EPR signal following spin population inversion induced by a f 
pulse). 

The delay time between the two microwave pulses that form the elec
tron spin echo in the detection period, r E S E , was not a significant experi
mental variable. In principle, ENDOR spectra recorded at variable r E S E 

values could provide the opportunity for discrimination among paramag
netic radical types characterized by different phase-memory decay times, 
Γ Μ . TM-selective ENDOR spectroscopy may be particularly useful if the 
EPR spectra from individual radical types overlap (i.e., have the same g-
value). However, in the present study of the APC whole coal samples, no 
TM selectivity was observed. 

The important effect of the width of the microwave pulse used to 
excite the EPR spectrum is illustrated in Figure 2. Al l of the spectra in 
Figure 2 were recorded under identical conditions, as described in the fig
ure caption, except for the variable widths and relative power levels of the 
microwave pulses. The microwave power levels were adjusted to maintain 
the nominal π pulse condition for varying pulse widths. The Davies E N 
DOR spectra in Figures 2a-2e correspond to a progressively smaller frac
tion of the spins excited in the EPR spectrum. This property has an effect 
on the structure in the ENDOR spectrum near the proton Larmor fre
quency. This effect can be understood from the following discussion. 

In an inhomogeneously broadened EPR absorption line, the 
microwave preparation pulse burns a hole with a width of Δ ω χ ~ ί^~ι(π). 
This hole is sometimes referred to as a "spin-alignment hole" because no 
differential nuclear sublevel spin polarization is produced for sublevels 
with hyperfine couplings Aj < Αων The spin-alignment hole is related to 
the phenomenon of microwave-power suppression of weak hyperfine cou
plings observed in CW ENDOR spectroscopy (5). The polarization 
transfer caused by the rf pulse in the Davies ENDOR experiment 
corresponds to the filling in of the spin-alignment hole by transfer of mag-
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netization from outside the saturated region in the EPR spectrum. To 
observe weak hyperfine couplings a very narrow saturation hole must be 
created in the EPR spectrum. Thus a low-power, wide pulse favors the 
observation of weak hyperfine couplings. Conversely, high-power, short-
pulse conditions optimize the observation of large hyperfine couplings, 
albeit at the expense of sacrificing sensitivity toward weak couplings. In 
fact, this phenomenon can be used to discriminate between overlapping 
E N D O R signals if the overlapping signals arise from nuclei sustaining 
weak and strong hyperfine interactions (18). 

A compromise must be made between experimental conditions that 
optimize the sensitivity for larger hyperfine couplings while minimizing 
the suppression of weak couplings. Fortunately, the microwave-pulse exci
tation bandwidth effects are well defined and can be readily selected so 
that Aj > Αων where A. is the smallest hyperfine coupling of interest. 
For comparative ENDOR results on the Argonne Premium coal samples 
described in this chapter, a preparation pulse width of 0.40 ps was chosen 
as a compromise between optimizing the sensitivity to larger hyperfine 
couplings and minimizing the suppression of weak couplings. 

The microwave pulse width effect complicates the identification of 
the matrix and local ENDOR lines for small values of the hyperfine cou
pling. Evidence that these two types of signals are in fact observed is 
derived from the following. First, the intensity of the narrow ENDOR 
line at i / n attributed to the matrix proton line exhibits a different power 
dependence than the local ENDOR signal. The matrix line is observed 
even when microwave preparation pulse conditions are used that corres
pond to the largest Δ ω 1 bandwidths. Second, the intensity of the matrix 
E N D O R signal exhibits a different temperature dependence than the local 
E N D O R signal. As shown in Figure 1, the relative intensity of the peak 
at 13.89 MHz (i/n) compared to the peaks at 12.90 MHz (u_) or 14.90 
MHz (u+) is larger at 80 Κ than at 298 K. 

These results suggest that the matrix and local ENDOR signals may 
be governed by different spin dynamics mechanisms. This difference is 
presumably due to the different spin relaxation mechanisms of the protons 
associated with the matrix and local proton ENDOR couplings. Thus the 
matrix and local ENDOR enhancements arising from weakly coupled 
nuclei may be spectroscopically distinguished by their different spin-relaxa
tion mechanisms. 

As a working hypothesis, we adopt the model that proton-matrix E N 
DOR lines arise from weak dipolar hyperfine interactions with no Fermi 
contact coupling (7), and local ENDOR lines have finite Fermi contact 
couplings. The interactions of protons sustaining no or only a small reso
nance frequency shift from the hyperfine interaction should be dominated 
by the dipolar magnetic field arising from the abundance of protons in 
typical bituminous coal samples. Protons sustaining progressively larger 
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resonance frequency offsets should be progressively detuned from other 
protons. The spin dynamics of these frequency-shifted protons is expected 
to be dominated by the spin dynamics of the paramagnetic electron. 

One method to test these anticipated trends in the NMR spin dynam
ics of protons sustaining strong and weak hyperfine interactions is to 
directly measure the NMR relaxation rates. Nuclear sublevel (i.e., NMR) 
proton spin-spin relaxation times, Γ 2 η , values were measured at i / r f = i/n 

± 1 MHz. The pulse sequence for measuring the nuclear sublevel proton 
Γ 2 η values has been discussed in greater detail in Chapter 4. Briefly, the 
NMR spin echo is created by using a Hahn spin-echo pulse sequence, 
7r/2-r n-7r-r n-S(2r n), with selective NMR pulses determined by the rf fre
quency, 1/^ The enhanced sensitivity necessary to observe the limited 
number of nuclei that may contribute at a selected rf frequency is achieved 
by the non-Boltzmann nuclear-spin polarization created by the EPR 
preparation (π) pulse. The nuclear coherence created by the NMR π/2 
pulse freely precesses during time r n and is stationary in the reference 
frame precessing at the angular frequency o;rf. The nuclear coherence is 
refocused at time 2rn and converted to a sublevel population difference by 
a third rf pulse applied at time 2rn. This population difference is then 
observed as an amplitude modulation of the electron spin echo in the 
detection period. 

Nuclear sublevel spin echoes can be observed by sweeping the evolu
tion time, tv through r n starting from tx < r , as shown in Figure 3a. 
Phase-cycling the third rf pulse by w cancels any electron-magnetization 
recovery that may occur during the tx period. A representative nuclear 
spin-echo decay curve, recorded by sweeping r n with tx = r n , is shown in 
Figure 3b. The least-squares fit to a double exponential and the residual 
of the fit are also shown. All NMR sublevel spin-echo decay curves fit 
well to double exponentials, as indicated from the residuals in the 
representative data in Figure 3b. The T2n values are the time constants 
for the more slowly relaxing component. The faster relaxing components, 
which had time constants in the range of 1.6-3.3 ps, are probably due to 
incomplete cancellation of the nuclear free induction decays (FIDs). 

Nuclear sublevel Γ 2 η values of 32.9, 13.3, and 29.3 ŝ were obtained 
with i / r f = 13.00, 13.89, and 14.78 MHz, respectively, for the Pocahontas 
No. 3 (LVB) coal. The T2n value of 13.3 ps obtained with i / r f = vn (the 
proton Larmor frequency) is very close to spin-spin dephasing values 
(Γ 2 *) measured directly by NMR spectroscopy. Gerstein et al. (19) 
reported F 2 * = 10 ps measured from the decay of the FID by proton 
NMR spectroscopy at 56.5 MHz for the Pocahontas coal. Similar dephas
ing times for bituminous coals have been reported by Barton and Lynch 
using two-pulse NMR techniques (20). Carbon-proton dipolar-dephasing 
times of 16 and 20 ps have been reported for the Pocahontas coal sample 
(21). These values were measured from the decay of the carbon magneti-
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10 20 30 40 50 
ti (μδβο) 

25 50 75 100 125 
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Figure 3. EPR detection of NMR spin echo on nuclear sublevels. 
Part a: Traces of NMR sublevel spin echoes for Pocahontas No. 3 
(LVB) coal for two values of the refocusing delay time (NMR 
tp(n/2) = 3.58ps, = 14.78 MHz, other experimental conditions 
were the same as in Figure 2). Part b: Nuclear sublevel spin-echo 
amplitude-decay waveform obtained with = 13.00 MHz. Least-
squares double exponential fit and residuals of the fit are also shown. 

zation and are therefore an upper limit for the proton dipolar-dephasing 
times. In these measurements, the proton dephasing time is attributed to 
the weighted average of the proton homonuclear dipolar interactions, 
which are the dominant mechanism for proton spin-spin relaxation. This 
interaction is proportional to the inverse cube of the sum of interproton 
distances. For naphthalene, the second moment in the rigid-lattice limit 
calculated by taking into account all protons within 6 Â of a single proton 
on a given naphthalene molecule leads to a damping constant, inferred 
from the second moment, of 12.3 ps (19). 
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The close agreement between the nuclear sublevel T2n value meas
ured by pulsed ENDOR spectroscopy with i / r f = vn and the proton 
dephasing times measured directly by NMR spectroscopy suggests that the 
dominant mechanism for proton dephasing for protons that are dipole-
coupled to the electron is still the proton dipolar interaction. Local-field 
fluctuations associated with the hyperfine interaction apparently make a 
negligible contribution to the proton Γ 2 η , a conclusion that is in agree
ment with the conclusions of Barton and Lynch (20) and Gerstein et al. 
(19). The T2n values at i / r f = i/n ± 1 MHz are almost 3 times longer than 
at i / r f = i / n . This result is expected if the proton dipole interaction is the 
dominant mechanism for dephasing. The spectral density of spin states 
arising from protons decreases as | i / r f - vn | > 0, so that a smaller number 
of protons is available to contribute to the proton dipolar interaction. On 
the basis of these results, the proton T2n values can be used to distinguish 
between protons that contribute to matrix and local ENDOR lines. Pro
tons that contribute to the matrix ENDOR line are characterized by 
nuclear sublevel T2n values that are comparable to the proton spin-spin 
relaxation times measured directly by NMR spectroscopy. 

Comparison of the Lorentzian line width of 23.9 kHz calculated from 
T2n with the measured line width of 230 kHz (see following section) indi
cates that the ENDOR line is inhomogeneously broadened. One source 
of line broadening in the Davies ENDOR experiment is the finite 
bandwidth of the rf pulse. In the experiments reported here, this resolu
tion limit is 0.12 MHz. If the ENDOR lines are inhomogeneously 
broadened, higher resolution may be obtained by using a more narrow 
excitation pulse bandwidth. However, longer rf pulses could introduce 
complications arising from spin dynamics similar to those encountered in 
CW ENDOR experiments. 

The spectral resolution limit imposed by the bandwidth of the rf 
pulse can be obviated entirely by direct detection of the nuclear sublevel 
FID. This detection can be accomplished via a pulse sequence proposed 
by Mehring et al. (22). This pulse sequence is discussed in detail in 
Chapter 4. In the preparation period, an FID from a nuclear sublevel is 
created by a π/2 pulse whose frequency is resonant with the selected NMR 
transition. This nuclear coherence is detected point by point during the 
evolution period, tv by conversion to a population difference by the action 
of a second π/2 pulse. The population difference is detected as an 
amplitude-modulation of the electron spin echo in the detection period. 

The line widths observed at 13.89 and 14.90 MHz are Δω1/2 = 230 
and 620 kHz, respectively. Significantly, no additional structure is discern
ible in the NMR sublevel complex Fourier transform (FT) spectra (Figure 
4). These line widths are significantly broader than the line widths (<40 
kHz) expected from the proton homonuclear dipole coupling. The larger 
line width observed at 14.90 MHz is consistent with the increased broad-
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Figure 4. Complex FT sublevel spectra measured by electron spin-
echo detection of the FID using rf frequencies of (a) 13.89 and (b) 
14.90 MHz. For α, = 4.30 ps, and for b, = 3.50 
ps. Increment in tj = 0.10 ps, and 261 data points were collected 
for in-phase and phase-quadrature FIDs. Figure 1 caption gives for 
other experimental conditions. 

ening expected for protons that are more strongly shifted from i/n by the 
larger hyperfine interaction. In fact, the line width in the spectrum 
observed at i / r f = 14.90 MHz is close to the excitation bandwidth limit of 
the rf pulse. The proton T2n values, 13.3 and 29.3 ps measured at 13.89 
and 14.90 MHz, respectively, indicate that the NMR lines are inhomo-
geneously broadened, a result that is consistent with the distribution of 
NMR resonance frequencies expected from the hyperfine interaction. 

Having established the methodology for pulsed ENDOR experiments 
on carbonaceous samples, we can now explore the manner in which the 
spectra of the coal samples depend on the rank of the coal. Representa
tive Davies ENDOR spectra for several APC samples are shown in Figure 
5. Al l spectra were recorded at g = 2.0023 and Γ = 80 K. The only signif-
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Frequency (MHz) 

Figure 5. Comparative Davies ENDOR spectra for selected Argonne 
Premium coals. Experimental conditions: microwave frequency, 
9.160 GHz for a-c and 9.050 GHz for d; magnetic field, 3268.7 G 
(a—c) and 3229.3 G (d); microwave preparation (π) pulse, 0.40 ps 
(a—d); rf mixing pulse, 17.0 (a—d); resolution, 0.1 MHz/point; 
temperature, 100 Κ (a-c) and 1.68 Κ (d); Number of echoes sam
pled per point, 30 (a—c) and 2 (d); and number of sweeps: (a) 40, 
(b) 14, (c) 26, and (d) 16. For spectrum d, a very broad signal com
ponent was digitally removed using a polynomial fit. 

icant change in spectra for the bituminous, subbituminous (not shown), 
and lignite coals is the relative intensity of the matrix line relative to the 
local ENDOR enhancements. The relative intensity of the matrix proton 
line increases with decreasing rank. This result can be rationalized if we 
assume that the matrix line arises predominantly from the weak dipole cou-
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pling to protons on aliphatic portions of the hydrocarbon structures. This 
assumption is consistent with the widely held view that the aromaticity of 
coal increases with rank (1). 

The magnitude of the ENDOR enhancement varied widely among 
the samples. Values of Δ χ / χ as low as 0.04 were observed for Pittsburgh 
No. 8 (HVB or high-volatile bituminous) and as high as 0.23 were 
observed for Illinois No. 6 (HVB) and Upper Freeport (MVB or medi
um-volatile bituminous) coals. No simple correlation of coal rank with 
EPR parameters (e.g., radical density) or ESE parameters ( Γ 1 β or 7^) 
could be identified. The magnitude of the enhancements is probably 
strongly dependent on the mineral content, especially organically com-
plexed transition metals. The largest enhancements were observed for 
those samples in which the relative intensities of the Fe peaks at g = 4.2 
and 5.7 in the EPR spectrum were lowest (see Chapter 29). 

An expanded region of the ENDOR spectra obtained for the bitumi
nous coals is shown in Figure 6. These spectra were recorded under identi-

H 1 1 
16 20 24 

Frequency (MHz) 

Figure 6. Expanded region of the Davies ENDOR spectrum for 
several bituminous Argonne Premium coals. The captions to Figures 
2 and 4 give experimental conditions. 
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cal experimental conditions. With the exception of the Lewiston-Stock
ton (HVB) coal, there is no measurable change in the ENDOR line 
shapes in the higher frequency range of the ENDOR spectra. The larger 
enhancements between 17 and 21 MHz observed for the Lewiston-Stock
ton coal are most likely associated with the significantly higher exinite 
maceral content of this coal. The Wyodak-Anderson subbituminous and 
Beulah-Zap lignite coals also appear to have a different ENDOR line-
shape profile at higher rf frequency, but a more quantitative comparison is 
difficult to make at this time. ENDOR spectra were difficult to obtain for 
these samples because of extremely small enhancement factors. This prob
lem is likely due to the high concentration of minerals, which is consistent 
with the strong iron signals in the EPR spectra. 

Discussion 

This chapter reports results of the first pulsed ENDOR study of the car
bon radicals in coals. Two overlapping carbon radical lines are observed 
at g = 2 in most of the A P C samples. A narrow line, attributed to inert-
initic fractions, is observed in all but the Blind Canyon (HVB), 
Wyodak-Anderson (SB), and Beulah—Zap (L) coals. This narrow line is 
characterized by comparatively short electron T l e values ( T l e < 7.2 s), and 
homogeneous narrow line widths ( Δ ω 1 / 2 < 3.5 MHz, determined from the 
FID-detected complex F T EPR spectrum). No nuclear sublevel polariza
tion can be created in a homogeneous EPR line or when Δ ω 1 / 2 < Αων 

Nuclear sublevel polarization is also difficult to detect if T l e < fp(i>rf)-
Under the present experimental conditions, the inertinitic component of 
the coal is not likely to contribute to the ENDOR spectra. 

The ENDOR data presented in this chapter most likely arise from 
the broad resonance line centered at g = 2 in the EPR spectrum. This 
resonance arises from the carbon radicals in the vitrain fraction of the 
coal. The most significant findings of this preliminary study are 

1. Both matrix and local ENDOR enhancements are observed. 
2. Large proton hyperfine couplings, at least up to 20 MHz are 

observed. 
3. Well-resolved ENDOR peaks are not observed. 

As discussed in Chapter 29, resonance absorption lines from several types 
of paramagnetic species are observed in the EPR spectra of the APC. 

The correlations between the carbon radical EPR parameters and 
coal rank and maceral types found in previous EPR studies of demineral-
ized and isolated coal macérais were not observed in EPR studies of the 
APC samples. Magnetic transition metals can increase the electron spin 
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relaxation rates of the carbon radicals; the result is smaller ENDOR en
hancement factors in the pulsed ENDOR experiment. In CW ENDOR 
spectroscopy, this reduction in the ENDOR enhancement factors is more 
severe and may partly account for the vanishingly small enhancement fac
tors for strongly coupled protons. 

In most previously reported CW ENDOR studies of whole coals, a 
strong proton matrix line dominated the spectrum. However, in a CW 
ENDOR study reported by Retcofsky et al. (2), well-resolved hyperfine 
lines were reported for Adaville (subbituminous, type A, 76.3% C), Pitts
burgh (HVB, type A, 82.6% C), and Pocahontas No. 4 (LVB or low-
volatile bituminous, 90.4% C) coals. From four to seven discrete hyper
fine coupling constants between the range of 1.1 and 27.4 MHz were 
reported. The results of the present study are consistent with the magni
tudes of the coupling constants reported by Retcofsky et al. (2). However, 
no discrete ENDOR lines were observed in the present study. In the 
pulsed E N D O R spectra, the proton enhancement is maximum at the pro
ton Larmor frequency and monotonically decreases with both increasing 
or decreasing rf frequency. Contamination by oxygen has been proposed 
as a possible mechanism for broadening of lines. Oxygen contamination is 
known to enhance both the electron and nuclear relaxation rates (10). 
Oxygen contamination is extremely unlikely to account for the absence of 
resolved ENDOR lines in the present study. The coal samples were main
tained under an argon atmosphere, and the electron spin relaxation rates 
are much longer than expected for oxygen-exposed samples. 

In CW ENDOR spectroscopy, discrete ENDOR lines corresponding 
to the principal values of the hyperfine tensor can be observed in pow
dered samples of organic π radicals if I^""1 < < T+~\ where Tjf1 is the 
spectral diffusion rate (23, 24). If TO~"X >> Tle~\ powder-type ENDOR 
spectra are observed with no resolved structure. In the pulsed ENDOR 
experiment, discrete ENDOR lines can be observed if ΤΏ~ι « tm « 
T l e

_ 1 , where t is the sublevel mixing time during which sublevel polariza
tion transfer occurs (see Chapter 4). Discrete ENDOR lines are probably 
not observed in the present spectra of coals because each spectrum arises 
from a large distribution of molecular types with a wide range of hyperfine 
couplings. Given the chemical and physical heterogeneity of whole coals, 
this conclusion is certainly not unreasonable. Comparison of the powder 
ENDOR line shapes (see Figure 6) indicates either that the average size of 
the core of the host aromatic molecules does not change over the rank 
range studied (carbon content from 78 to 91%) or that the present level of 
sensitivity and resolution is not sufficient to detect the shifts in hyperfine 
couplings associated with the redistribution of spin densities resulting 
from changes in average aromatic core size. Future experiments on de-
mineralized or isolated macérais should provide insight on whether these 
results are due to the intrinsic complexity of the coal or whether the spec-
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tral resolution is presently limited by some other mechanism such as the 
broadening and relaxation effects due to minerals. However, the sensi
tivity of the ENDOR line shape to the presence of a different maceral 
type observed for the Lewiston-Stockton coal suggests that the former 
interpretation is correct. 

The E N D O R data presented here provide direct evidence that the 
unpaired electrons in coals are stabilized on polynuclear aromatic (PNA) 
structures as originally postulated more than 30 years ago (1). This postu
lation is also consistent with the conclusions from a large number of EPR 
(2, 3, 25) and NMR (19, 26) studies and with the chemical and physical 
trends observed with coal rank (1). The magnitudes of the hyperfine cou
pling constants observed in the present study are consistent with the cou
plings expected for aromatic protons. Isotropic hyperfine couplings of 
17.4 MHz have been observed in solution ENDOR studies of the aromatic 
protons in phenylalenyl radicals (27). Assuming the usual α-proton hyper
fine anisotropy (6), this could give rise to anisotropic couplings of up to 
26 MHz. Thus, these data provide direct evidence for paramagnetic PNA 
radicals, a conclusion that is consistent with the conclusions of Retcofsky 
et al. (2). However, we also find evidence that PNA radicals with hetero-
atoms, most likely oxygen or sulfur, contribute to the spectrum. This evi
dence is derived from the increased ENDOR enhancements observed for 
the larger hyperfine couplings (see Figure 7) obtained when recording the 
ENDOR spectrum at higher g values. 

ENDOR spectra of Pocahontas No. 3 (LVB) coal, recorded at g = 
2.0026 and 2.0091, but with otherwise identical conditions to the other 
coals studied, are shown in Figures 7a and 7b, respectively. An expanded 
region of the high-frequency part of the spectrum is shown as an inset. 
Significantly stronger enhancements are observed at higher frequencies in 
the ENDOR spectrum recorded at g = 2.0091. The stronger enhance
ments are consistent with the g-value selectivity of aromatic free radicals 
with oxygen and sulfur heteroatoms in the polyaromatic ring system. This 
result is consistent with the EPR g-value shifts that have been correlated 
with the oxygen and sulfur content of vitrains. Additional evidence for 
paramagnetic PNAs with heteroatoms is derived from the g-shifted absorp
tion observed by very high frequency EPR spectroscopy (28). 

The present results provide insight into the type of chemistry associ
ated with changes in coal rank. The decrease in the relative intensity of 
the matrix ENDOR line with increasing coal rank (from 78 to 91% C) is 
consistent with the expected progressive loss of aliphatic protons. Com
bined with the observation that the powder ENDOR line shapes do not 
change with rank over this same rank range, these data suggest that 
dealkylation and aromatic ring association, but not ring fusion, occur. 
More quantitative analysis of these chemical effects and trends will be 
deferred to studies of demineralized and ion-exchanged samples. 
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Frequency (MHz) 

Figure 7. Davies ENDOR spectra for Pocahontas No. 3 (LVB) coal 
at two g values. Experimental conditions: microwave frequency, 
9.075 GHz; 10 echoes sampled per point; Τ = 4.20 Κ; and number 
of sweeps, 4 at g = 2.0026, 6 at g = 2.0091. Other experimental 
conditions were the same as in Figure 1. 
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Temperature Dependence 
of the Electron Paramagnetic Resonance 
Intensity of Whole Coals 

The Search for Triplet States 
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The electron paramagnetic resonance intensity of coal as a 
function of temperature was investigated to determine the 
contribution of triplet-state species. The importance of con
sidering the intensity behavior over an extended range of 
temperature without regard to a particular choice of energy 
separation, J, between the singlet and triplet states, is em
phasized. Data collected on a wide variety of whole coals 
with a nitrogen gas-flow variable-temperature apparatus 
show a highly linear intensity versus reciprocal temperature 
relationship, in agreement with the Curie law, but with a 
nonzero intercept. To remove any ambiguity from these 
results, a closed-cycle refrigeration system was employed to 
collect data down to approximately 10 K. Non-Curie law be-
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havior results at the very lowest temperatures have been 
attributed to experimental problems involving thermal con
tact, not to the presence of triplet states. Even if the 
reported effects were actually a consequence of triplet states 
caused by charge-transfer interactions, these interactions 
would have to be so small (J < 10 cm-1) as to be insignifi
cant to the chemistry of the system. 

D E S P I T E E X T E N S I V E S C I E N T I F I C S T U D Y arising from its obvious 
economic importance, coal remains a very difficult material to understand. 
The origin of the electron paramagnetic resonance (EPR) signal in coal is 
no exception to this statement. Early EPR studies interpreted the signal, 
at least in most coals, to be due to organic free radicals (1-3). However, 
soon afterward, it was proposed (4) that donor-acceptor complexes were 
present in coals and could be responsible for this signal. Studies of 
petroleum-derived products by Yen (5, 6) lent support to this view. How
ever, Retcofsky et al. (7, 8) subsequently pointed out that no evidence 
existed for such interactions in coals and argued that isolated doublet-state 
radicals (S = 1/2), primarily aromatic in nature, were responsible for the 
signal. Duber and Wieckowski (9) announced that triplet states (5 = 1) 
were responsible for the broad component of their EPR signal, and that 
this conclusion was consistent with a model of donor-acceptor complexes 
in coal put forth in a solvent-extraction study by Marzec et al. (10). 

On the other hand, an electron spin-echo study by Doetschman and 
Mustafi (11) indicated that, on the basis of the pulse duration required to 
generate a maximum spin-echo signal, the radical involved was likely to 
have doublet spin multiplicity. Castellano et al. (12) have shown, via a 
detailed statistical analysis, that within reasonable error limits the EPR 
signals of fractionated coal-derived residues obey the Curie law exactly and 
can be accounted for by purely doublet-state radicals. 

The existence or absence of donor-acceptor complexes in coal is a 
matter of fundamental importance to questions involving coal structure. 
Unfortunately, selected papers from these conflicting EPR studies are 
often called upon as evidence to support one view or the other. These 
selective arguments only spread the confusion. Therefore, the purpose of 
the study reported here was to make a careful examination of the EPR 
evidence regarding this question by using a wide variety of commonly 
available coal samples and including data collected over an extended tem
perature range. A particular emphasis is placed on discussion of limita
tions of the experiment and the methods of interpreting the data. 

The vast majority of previous work involved studies of EPR intensity, 
J, versus temperature, T. The conclusions as to the origin of the signal 
were largely based on whether this relationship obeyed the Curie law, 
which governs spin systems in the doublet state: 
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(1) 

where C is a collection of fundamental constants, and it is assumed that 
the temperature is not too close to absolute zero (easily satisfied above 
helium temperatures for EPR spectroscopy). For the doublet-state spin 
system, a plot of J versus 1/Γ would be described by a linear fit through 
the origin, a plot of I versus Γ would be described by a hyperbola, and a 
plot of IT versus Γ would be described by a constant. 

If the EPR signal were instead due to donor-acceptor interactions 
between nonradical constituents, such interactions would result in the for
mation of a coupled system containing a singlet state and a triplet state. 
For ground singlet-state systems having accessible triplet states and the 
same spin density as in the aforementioned doublet case (same concentra
tion of spin-producing moieties), the EPR intensity is given by (13,14) 

where / is the energy separation between singlet and triplet states, and k is 
Boltzmann's constant. In eq 2, / can be either positive or negative. When 
/ is positive, the singlet state lies below the triplet state; when / is nega
tive, the triplet state lies below the singlet state. 

To demonstrate the salient characteristics of eq 2 without recourse to 
a particular choice of the I parameter, we introduce a new variable, oc, 

and we develop the following new functions, f(a) and g(a), which behave 
analogously to the intensity, I, and the intensity-temperature product, IT, 
respectively: 

C 4 
(2) 

Τ exp( / /£F) + 3 

(3) 

f(a) = a 
(4) exp(a) + 3 

1 
(5) exp(a) + 3 

These new "intensities" are reported in arbitrary units, so constants of 
proportionality are neglected. The functions on the right of eqs 4 and 5 
are shown in Figure 1. When plotted versus 1/a (Figure la), they depict 
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J>0 

0.25 

H 0.20 

0.15 
!«·> 

fr 
Φ 

0.10 

1 0.05 

a ( P r ° P t o "0 

Figure 1. Theoretical plots depicting the arbitrary intensity function 
a/[exp (a) + 3] and the arbitrary intensity—temperature product 
function II[exp (a) + 3] vs. reduced temperature (1/a = kT/J) for 
an interacting singlet—triplet system with the energy splitting J. Plot a 
is for the case where J > 0. The intensity fonction in a always goes 
through a maximum at the designated point a = 1.603.... 
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J<0 

I ι ι ι I 
0.0 0.5 1.0 1.5 

- of (prop, to T) 

Figure 1. Continued. Plot b is for the case where J < ft 

the ease in which / > 0, and when plotted versus -1/a (Figure lb), they 
depict the case in which / < 0. The abscissa represents a reduced tem
perature; that is, specifying a particular value of I also specifies a linear 
temperature scale. 

When J < 0, eq 2 and the plots of Figure 1 are very similar to the 
trends defined by the Curie law. This result is not unexpected, for at low 
temperatures the only difference is the presence of an additional degen
erate transition. As the temperature is increased, the intensity decreases 
in both cases as the spin populations equalize. Therefore a ground triplet 
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586 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

state would be difficult to distinguish from a doublet state solely by ob
serving J versus Τ behavior. Fortunately, this possibility has already been 
addressed and ruled unlikely by electron spin-echo spectroscopy (11). We 
shall therefore confine further discussions to the existence of / > 0 inter
actions. 

Because Figure 1 is plotted against the function, it is useful to gauge 
some sense of scale for the possible interactions described. By differen
tiating f(a) with respect to α in eq 4 and setting to zero, the extremum in 
Figure la can be located: 

(exp(a) + 3) - aexp(a) = 0 

a = 1.603... (6) 

The second derivative reveals that this point always represents a maximum 
of the function. Therefore, a charge-transfer complex will have a maximum 
EPR intensity at the temperature 

Τ = — - — (7) 
1.603& k ; 

In the classic model of a charge-transfer interaction, the lowest energy 
state of a molecular complex consisting of a neutral donor, D, and a neu
tral acceptor, A, is a singlet state [DA]. The first excited state is a 
"dative" state [D + A~] formed by the transfer of an electron from D to A 
The "free" ions D + and A"" would each then have one unpaired electron. 
These electrons could then interact to form a diamagnetic singlet state (S 
= 0) and a nearby paramagnetic triplet state (S = 1). 

The diagram in Figure 1 is based on an analysis of spin population. 
Therefore, the energy splitting in question would be that between the 
ground state and the first available triplet state. These charge-transfer 
interactions are commonly observed in the UV-visible region from 15,000 
to 30,000 cm - 1 . Here, the maximum in Figure 1 defines a temperature in 
the range of tens of thousands of degrees. Room temperature would be 
represented by 1/a values much less than 0.1, at which the intensity is 
negligible. Although such interactions represent valid examples of 
charge-transfer interactions, these triplet states are clearly not populated 
to any extent at normal temperatures. This study was not intended to in
vestigate the existence of charge-transfer interactions in coal, but rather 
their contribution to the EPR signal. Charge-transfer interactions of this 
type, whether they exist in coal or not, would have no effect on the EPR 
signal. 
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31. ROTHENBERGER ET AL. Temperature & EPR Intensity 587 

For charge-transfer interactions to play an important role in the EPR 
spectrum of coal at normal temperatures, they would have to be of a type 
in which the dative, or ionic state [D+A"*], formed the ground state of the 
complex. Complexes of this type would result from the interaction of 
strong donors and strong acceptors, and were first investigated by Kainer 
and co-workers (13,14). 

In this case, the / splitting in Figure 1 is that between the singlet and 
triplet states formed by the interaction of the two ionic species. To pro
vide a maximum contribution to the EPR signal near ambient tempera
tures, / would be in the range of a few hundred cm"1 (J = 334 c m - 1 for a 
maximum at 300 K). An example of such a complex and its magnetic 
behavior is given in the references (15,16). 

Experimental Details 

Preparation of Samples for Nitrogen-Flow Intensity versus Tem
perature Studies. Samples were obtained from the Argonne Premium Coal 
Sample Program (17). The sample ampules, which had been sealed under nitro
gen, were opened in a nitrogen-filled glove bag. A small, approximately 10-mm, 
plug of each sample was placed in a 4-mm o.d. quartz EPR tube that had been 
fitted with a standard taper joint. Sample plugs were kept short to minimize the 
development of a temperature gradient across the length of the sample during the 
variable-temperature experiment. The remainder of the coal sample was trans
ferred to a glass vial that was tightly sealed with a Teflon-lined cap. These vials 
were then stored together in a desiccator under nitrogen for future sampling. 

Upon opening the dry bag, the EPR tube with sample was immediately 
transferred to a vacuum line. The time from opening the bag to evacuation of the 
sample was less than 30 s. The samples were evacuated until an ionization gauge 
downstream of the sample read less than 2 χ 10"7 torr (2.7 χ 10~5 Pa). The sam
ples were usually left on the line for several days, although the minimum pressure 
reading could be reached in 1-2 days. While on the vacuum line, sample tubes 
were flame-sealed with a torch. 

Preparation of Samples for Spin-Concentration Measurements. 
Samples were drawn from the vials containing the unused portions of the Ar
gonne coals from the I versus Τ experiment. Again, all sample handling was done 
inside a nitrogen-filled glove bag, except for the final movement to the vacuum 
line. Samples were degassed, and the tubes were flame sealed as before. The 
mass of sample removed from the vial was recorded along with the change in 
mass of the tube (parts) before and after sample preparation to obtain the mass of 
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588 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

sample lost during evacuation. The sample plugs were made long enough (30 
mm) to completely fill the sample cavity. 

Mounting of Samples on Closed-Cycle Refrigerator Unit 1,1-
Diphenyl-2-picrylhydrazyl (DPPH) was obtained from Eastman Chemicals and 
purified by recrystallization from a chloroform-cyclohexane solution. A fresh 
vial of an Argonne Premium coal, analytical sample 1 (Pennsylvania Upper Free-
port Coal), was opened for this experiment. To provide adequate thermal contact 
to the extension tip of the refrigeration unit (vide infra), the DPPH was dissolved 
in Duco cement and a drop of this mixture was glued to the tip. The coal powder 
was also attached to the tip using the same cement. In this case, the coal did not 
dissolve, but rather formed a pasty mixture, which was then applied to the tip. 

Instrumentation and Software. A Varian model E-112 spectrometer 
equipped with a field-frequency lock, a model E-102 (X-band) microwave bridge, 
and a model E-232 dual sample cavity were used in this study. The microwave 
frequency was measured with an EiP model 350D high-frequency counter. The 
magnetic field strength and the field scan were calibrated with potassium nitroso-
disulfonate (Fremy's salt) in an aqueous sodium carbonate solution on the day of 
each run. A g-value of 2.00550 for the Fremy's salt was assumed for the field cali
bration, and the hyperfine splitting was taken to be 1.3 mT for the scan calibra
tion. 

In all measurements, the sample was subjected to a 100-kHz magnetic field 
modulation and the reference, usually another coal sample, was modulated at 100 
kHz. Saturation behavior was apparent in all spectra in which both broad- and 
narrow-line components were observed. All samples, except the Wyodak-Ander
son coal, were run at the 0.01-mW microwave power setting (at the bridge), the 
lowest reliable power available with our bridge. Overmodulation (modulation 
amplitude of 2-3 G peak-to-peak [pp]) was employed to improve the signal-to-
noise (S/N) ratio and to deemphasize the sharp component in many of the sample 
spectra. Although this overmodulation resulted in distortion of the spectral line 
shape, the measured intensities were unaffected. All instrumental parameters 
were held constant during the course of the run, except for sample gain, which 
was changed once (at the midpoint temperature) to make better use of the 
dynamic range of the digitizer. 

The spectra were recorded in 100-G sweeps as a series of 4096 data points 
by a Compaq Deskpro 386 computer equipped with a Metrabyte AIO20 data-
acquisition board, with data acquisition and processing software developed in this 
laboratory (by Sprecher and Rothenberger). Intensities were obtained by a dou
ble integration of the first-derivative EPR signal. The intensity obtained for each 
sample spectrum was compared against the intensity obtained for the reference 
spectrum run simultaneously with the sample. The intensity of the reference was 
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31. ROTHENBERGER ET AL. Temperature & EPR Intensity 589 

calibrated daily in a separate measurement. In that calibration, the reference 
intensity was compared against the intensity of a standard sample of DPPH in sil
ica, known to contain 6.31 χ 10~6 mol of DPPH per gram of silica when pre
pared. The intensities were reported by the software in units of spins per gram. 
This unit is inappropriate for variable-temperature measurements, because it 
implies equal temperature and common origin between sample and reference. 
For this reason, the intensity data in the I versus Τ results are reported in arbi
trary intensity units. 

Nitrogen-Flow Variable-Temperature Measurements. Both halves 
of the cavity were subjected to a stream of nitrogen gas. The reference-half 
stream was used merely to ensure a constant-temperature environment for the ref
erence sample throughout the J versus Γ run. The sample-half gas stream was 
controlled by a Union Carbide FM-4550 mass flowmeter, cooled in liquid nitro
gen, and then reheated by a Varian variable-temperature controller. The set 
points were calibrated with a copper-constantin thermocouple embedded in an 
EPR tube filled with alumina. In a separate calibration run, this tube was put 
through the same sequence of set points in the same order as the I versus Τ run 
for the coal samples. 

Hie thermocouple voltages (FLUKE model 893A differential voltmeter) 
were converted to temperatures by using values from National Bureau of Stan
dards (NBS) tables. The thermocouple itself was checked against the liquid-
nitrogen boiling point, the carbon dioxide sublimation point, and the ice-water 
point, and the agreement was within 2° in each case. The temperature values 
corresponding to the set points agreed within 5° upon a second calibration check 
several weeks later. The temperature values presented in this chapter represent 
an average of the two calibrations. 

Spectra were generally signal-averaged from 5 to 25 scans. Replicate inten
sity measurements done on the same sample consecutively usually agreed within 
±0.3%. Replicate intensity measurements done on the same sample on different 
days usually agreed within ±3%. Reported intensities represent an average of the 
intensities over the number of measurements taken (minimum two) at a given 
temperature. 

Closed-Cycle Variable-Temperature Refrigeration Equipment 
To collect data at temperatures below those accessible to the nitrogen-flow unit, 
an Air Products model DE-202 Displex closed-cycle refrigeration system was used. 
In this apparatus, cooling is obtained upon expansion of helium gas by a two-
stage piston arrangement with maximum cooling at a "cold head" located at the 
end of the second piston. The temperature at the cold head was monitored with 
a gold (0.07% iron) versus Chromel thermocouple and adjusted via a 20-W resis
tive heater. The temperature was monitored at and controlled with an Air Prod
ucts model 3700 digital temperature indicator-controller. 
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The sample was mounted at the end of an extension tip of either copper or 
sapphire that was screwed into threads in the cold head. Various greases were 
used to assist in making a good thermal contact. The whole piston-cold-head 
arrangement was covered with an APD Cryogenics model DMX-15 stainless steel 
vacuum shroud. The shroud was fitted with a 10.5-mm (o.d.) quartz cuvette to 
cover the extension tip and sample. The area contained by the shroud and 
cuvette was evacuated with a Leybold-Heraeus model TMV-10000 turbomolecu-
lar pumping system or sometimes simply with the rough pump from that system. 

The refrigeration unit was suspended, tip down, on a harness from the 
bridge table. The extension tip with sample, covered by the cuvette, was inserted 
into the waveguide side of the E-232 cavity. The reference sample was again jack
eted by a quartz insert with an ambient-temperature nitrogen-gas flow to main
tain constant temperature. The presence of the extension tip in the cavity, espe
cially the copper tip, and the mechanical vibration of the refrigeration unit 
resulted in a somewhat degraded S/N ratio. For the coal sample, five time-
averaged scans constituted a measurement. The refrigeration system was cycled 
up and down in temperature, and the measurements, four in all, were made in 
both directions. Any intensity differences observed were within random error of 
the measurement, about 5%. Reported intensities represent an average of the 
four measurements taken. 

Results 

Spin-Concentration Measurements. EPR spectra of the eight 
Argonne Premium coal samples are shown in Figure 2. Intensity data for 
these samples is reported in Table I. Final intensities are reported on 
samples as prepared (after evacuation) and are adjusted for the presence 
of mineral matter in the sample. Therefore tabulated data represent the 
spin concentration in the organic part of the coal. These spin concentra
tions were used to scale the J versus Γ results for the nitrogen gas-flow 
variable-temperature runs presented in subsequent figures. 

Variable-Temperature Measurements with Nitrogen Gas-
Flow System. Curie law plots of intensity versus reciprocal temperature 
are shown for the eight Argonne Premium coal samples in Figure 3. Al l 
samples have an EPR intensity span of approximately 2.7-fold over the 
temperature range from 105 to 303 K. Each set of 12 data points has 
been fit by a linear least-squares regression. When these lines are extrap
olated to infinite temperature (1 /Γ = 0), they all show small positive in
tercepts. 

To determine if this behavior was characteristic of the coal or of the 
experiment, the standard sample of DPPH in silica was subjected to the 
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Table I. Spin Concentration Values for Argonne Premium Coal Samples 

Intensity (1019 spins/g) 
Mineral Matter" 

Sample (% LTA) As Prepared Adjusted 

Pocohontas No. 3 5.5 2.932 3.102 
Upper Freeport 15.3 1.893 2.171 
Pittsburgh No. 8 10.9 1.701 1.909 
Lewiston-Stockton 21.6 2.961 3.777 
Blind Canyon 5.3 2.858 3.018 
Illinois No. 6 18.1 1.169 1.427 
Wyodak-Anderson 8.7 2.200 2.409 
Beulah-Zap 8.7 3.059 3.350 

fl Mineral matter data were taken from reference 18. L T A means 
low-temperature ash. 

same I versus Τ experiment as the coals. The DPPH exhibited the same 
behavior as the coals. In Figure 4, the ratio of the coal intensity to the 
DPPH intensity is plotted against temperature for the eight Argonne 
Premium coals. The result is a series of nearly horizontal lines (some 
slopes are slightly positive, and others are slightly negative), showing the 
variation within each sample set is small compared to the differences in 
intensities between samples. 

Variable-Temperature Experiments with Closed-Cycle Re
frigerator. The effect of different extension tips and attachment meth
ods to the cold head is demonstrated in Figure 5. In this figure, the J ver
sus Τ trace is shown for a sample of DPPH mounted at the end of a sap
phire tip, a copper tip, and a copper tip attached to the cold head with 
thermally conductive copper-containing grease. Because the DPPH is ex
pected to follow Curie law behavior to sub-liquid-helium temperatures, 
the signal intensity provides a method of measuring the actual tempera
ture at the sample. As the cold head was controlled from room tempera
ture to 10 K, the signal intensities varied approximately 3-fold, 9-fold, and 
15-fold, for samples mounted at the end of the sapphire tip, the copper 
tip, and the copper tip attached to the cold-head with metal-containing 
conductive grease, respectively. 

A copper tip with the conductive grease was used to mount the coal 
sample for the J versus 1/Γ data shown in Figure 6. The nitrogen-gas flow 
J versus 1/T data are also shown for comparison. Instead of scaling inten
sities to spin concentrations, the numbers from all runs were normalized 
to an intensity of 1.0 at 300 Κ so all data could be displayed on the same 
plot. 
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0 1 2 3 4 5 6 7 8 9 10 

(TEMPERATURE) "1 / 10"3 K"1 

Figure 3. Variable-temperature EPR data for the Argonne Premium 
coals: O , Lewiston—Stockton; Beulah-Zap; ·, Pocahontas 
No. 3; ο Blind Canyon; Δ, Wyodak-Anderson; A, Pennsylvania 
Upper Freeport; •, Pittsburgh No. 8; and Illinois No. 6. The 
linear fit was extrapolated to show the sign of the intensity intercept. 

Discussion 

The I versus 1/Γ plots in Figure 3 are very similar to those published by 
Retcofsky et al. almost 10 years ago (8). Repeating the experiment with 
more data points per coal, better preserved samples, and instrumental 
advantages such as computer-controlled data acquisition and processing 
resulted in surprisingly little change in the character of the data. Excel
lent linear fits, a requirement of the Curie law, were obtained for all eight 
samples over the range from room temperature to approximately 100 K. 
A zero intercept, a more stringent requirement of the Curie law, is not sat-
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Figure 4. Intensity data from Figure 2 divided by intensity of the 
standard DPPH sample at same temperature as the coal. The 
resulting data were rescaled for the plot. The Argonne Premium 
coals are as follows: O, Lewiston-Stockton; Beulah-Zap; % 
Pocahontas No. 3; Q Blind Canyon; A, Wyodak-Anderson; 
Pennsylvania Upper Freeport; •, Pittsburgh No. 8; and Illinois 
No. 6. 

isfied by the data. The intercepts obtained, however, are small and tend to 
be slightly positive. Retcofsky et al. (8) described this as "Curie law-type 
behavior" and used it as an argument to support the free radical hypothe
sis. 

A small positive intercept in a plot of J versus 1/Γ would result in a 
small positive slope in a plot of IT versus Γ. Duber and Wieckowski (9), 
also with similar data, preferred the IT versus Τ representation and used 
the small slope present in the plot as evidence for donor—acceptor interac
tions. They reported a / value of 379 cm"1 via an analysis similar to that 
of Yen and Young (d). In a detailed error analysis, Castellano et al. (12) 
argued that the intercept of an I versus 1/Γ plot (or the slope of an IT 
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0 20 40 60 80 100 120 

(TEMPERATURE)"1 /10'3 Κ"1 

Figure 5. Refrigeration system sample thermal contact. EPR inten
sity data for DPPH are plotted vs. apparent temperature (read at the 
cold head) for the following sample attachment methods: A, sap
phire extension tip; ·, copper extension tip; and copper extension 
tip with conductive metallic grease aiding contact. 
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14 I Γ 

0 20 40 60 80 100 120 

(TEMPERATURE) - 1 / 10"3 K"1 

Figure 6. Variable-temperature EPR intensity data for Argonne coal 
sample from 10 to 300 Κ on closed-cycle refrigerator (o). Nitrogen 
gas-flow data (M) are shown on same scale for comparison. All 
intensities are normalized to 1.0 at 300 Κ 

versus Γ plot) plays the role of a sink for the cumulative effects of all sys
tematic errors in the measurement and that failure to recognize it as such 
may lead to erroneous conclusions. 

Much of the data interpretation hinges on whether the small inter
cept in an / versus 1/Γ plot (or the slope in an IT versus Τ plot) is mean
ingful. Perhaps some perspective can be brought to the situation by com
paring the I versus Γ behavior of coal with that of DPPH physically dilut-
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ed in silica. DPPH is a stable, relatively noninteracting free radical that 
we expect (and will later show) to obey the Curie law over a wide tem
perature range. When used as the object of study, the DPPH sample ex
hibits virtually the same J versus Τ behavior as the coal. In the plots of 
Figure 4, where the coal intensity has been divided by the DPPH intensity 
at each temperature, the resulting fits are a series of straight, nearly hor
izontal lines. The small but random slopes indicate that the DPPH too 
possesses a positive intercept that is intermediate in magnitude to that of 
the coals. The fact that eight coal samples of widely varying rank give 
nearly identical experimental trends and that the magnitude of differences 
within data sets are small compared to those between data sets should 
serve as a warning against attaching too much significance to small devia
tions from ideal behavior. 

Although the DPPH data are illustrative, they are by no means con
clusive, and a more rigorous examination of the question is in order. The 
difficulty in determining the presence (or absence) of triplet-state contri
bution to the EPR signal is that often data are collected over only a small 
portion of the reduced temperature (lia) axis in Figure la. Over a small 
range, a linear IT versus Γ plot with a small positive slope could easily be 
interpreted as falling on a linear portion of the l/[exp (a) + 3] versus l / a 
curve (see Figure la). Yen and Young's (6) calibration curves, used to fit 
their petroleum asphaltene data, simply represent sections of this plot 
with the abscissa (temperature) either expanded or compressed by a par
ticular choice of / . 

The problem of pursuing this type of analysis over a limited range of 
data can be illustrated as follows. Suppose that a set of EPR intensity 
data is fitted by the correlation 

/ = b + j (8a) 

or 

IT = a + bT (8b) 

The plot of IT versus Γ is a straight line. If the Curie law is obeyed 
exactly, then b = C, the Curie constant from eq 1, and a = 0; that is, the 
line is parallel to the temperature axis. Otherwise, the line has a small 
slope, a. 

By contrast, a system consisting of fractional contributions from both 
doublet-state and singlet-state-triplet-state species can be described by the 
following nonlinear equation: 
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where A and Β are directly proportional to the fraction of doublet-state 
and singlet-state-triplet-state species, respectively. 

Fitting the linear doublet-state function in eq 8 to the nonlinear 
triplet-containing function represented by eq 9 yields an illustrative result. 
This fit can be done, as even a nonlinear function is highly linear over a 
limited range about its flex points. These flex points can be found by tak
ing the first and second derivatives of the function on the right side of eq 
9 with respect to Γ. Setting the second derivative to zero and using eq 3 
to express results in terms of a gives 

2a exp(a) - (exp(a) + 3)(a + 2) = 0 (10) 

Solving numerically yields the values of a at the flex points: a = 2.845... 
and a = -2.160.... 

By forcing linear data to conform to this analysis, the best fit will 
result in the region near the flex points of the function. If TM represents 
the median temperature of the set of measurement, then to have physical 
meaning, fractional contributions A and Β must both be positive. There
fore, we can set 

/ = 2.845Α:ΓΜ (11) 

for positive intercepts, and 

/ = -2.160fcTM (12) 

for negative intercepts. 
For a typical nitrogen gas-flow experiment with data over the range 

100-300 Κ, J M = 200 K. Therefore, / = 395 cm"1 for positive intercepts, 
and / = —300 cm"1 for negative intercepts. 

Quite often, when a fit of experimental data is made by this method, 
the validity of the results is judged not so much by the goodness of the fit, 
but rather by the physical plausibility of the value of the / parameter. 
Because charge-transfer interactions would contribute most strongly to the 
ambient-temperature EPR spectrum if the / value was approximately 340 
cm"1 (as explained in the introductory comments), the positive intercept 
value of 395 cm"1 would seem to be perfectly reasonable. However, this 
value is clearly a consequence of the fitting procedure, and all sets of EPR 
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intensity data gathered in the same temperature range with a positive 
intercept will yield approximately the same value of / . The fact that these 
values are physically plausible is purely accidental and does not by itself 
warrant an interpretation based on the existence of triplet states. 

Another scenario from Figure la should also be considered. Perhaps 
all of the data were collected in a region of higher temperature than the a 
= 1.603 maximum. In this region, charge-transfer behavior is difficult to 
distinguish from Curie law behavior. The intensity function decreases with 
temperature in both cases, and the IT product function is constant for the 
Curie case, but is slowly increasing in the singlet-triplet model. This lat
ter behavior is precisely that expected if a small positive intercept is 
present in otherwise linear data. Therefore, the possibility of a singlet-
triplet model cannot be ruled out solely on the basis of data from this lim
ited temperature range. Other reasons exist for increasing the tempera
ture range. Although we have previously shown how small deviations 
from Curie law behavior may be misinterpreted, we have not shown con
clusively that they are being misinterpreted. Clearly, a better experiment 
is needed. 

However, extending the range of temperature below the nitrogen 
boiling point is not easy, as demonstrated by the results shown in Figure 5. 
The temperature measurement and heater control on the refrigeration 
unit are attached to the cold head, but the sample is located some 3 inches 
away at the end of the extension tip. Without proper thermal contact, the 
temperature at the two places may be vastly different. 

The DPPH sample mounted at the end of the extension tip of the 
refrigeration system would be expected to closely follow Curie law behav
ior, or at the very least to provide a reproducible J versus 1/Γ trace. 
Therefore, a measurement of the temperature at the end of the extension 
tip can be made by projecting the actual intensity value for the DPPH 
onto a straight-line fit of the J versus 1/Γ data (or onto the very nearly 
straight-line fit obtained with the copper tip and conductive grease). Sap
phire is a good conductor, but the temperature at the end of the sapphire 
extension tip apparently never got much below 70 K. The copper tip did 
better, but was still about 10° off the trace defined by using the same tip 
with conductive metallic grease to aid thermal contact. Even this best ex
perimental arrangement gave intensity data that corresponded to a 
minimum temperature about 7° above what it would have been if the data 
were to follow an idealized Curie law line defined by the highest tempera
ture points. There is no way of knowing for sure if the curvature on this 
trace is real or a result of experimental error. It is easy to see, however, 
that failure to consider the implications of poor thermal contact, heat 
leakage, or any other phenomena that would result in incorrect tempera
ture readings may lead to drastic misconceptions about sample J versus Γ 
behavior. 
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With these caveats in mind, we consider the J versus 1/Γ data taken 
for the coal sample on the Displex refrigerator and plotted in Figure 6. 
For comparison, the nitrogen gas-flow temperature data sets were plotted 
on the same graph. The inverse temperature scale has been extended by a 
factor of 10 by using this refrigeration system. Although the plot has no
ticeable curvature, the J versus 1/Γ trace is surprisingly linear down to 
below 20 Κ ( 1 0 3 / Γ = 50). 

Obviously, the source of the curvature must be addressed. If the cur
vature is real and indicative of a nearby intensity maximum (i.e., a = 1.603 
in Figure la), this maximum would have to occur at a temperature of less 
than 10 K. This temperature would force / to be less than 11 cm - 1 . In 
the search for important intermolecular forces in coal, the significance of 
this intensity maximum would be dubious at best. In a heterogeneous, 
chemically bonded "framework" model of coal, with radicals randomly dis
tributed throughout the structure, weak exchange interactions may possi
bly take place between radicals as a result of their chance juxtaposition in 
the solid matrix. But this observation would clearly seem to be a poor 
reason to invoke a structural model that is heavily dependent on do
nor-acceptor interactions. 

We would prefer to take a different view of the results of Figure 6. 
On the basis of the data presented in Figure 5, it is unrealistic to expect 
the trace of coal to follow an idealized I versus 1/Γ curve as well as does 
the DPPH sample, for reasons of thermal contact alone. The DPPH was 
actually solubilized by the cement—it was a frozen solution with thermal 
contact on the molecular scale. The coal sample, however, did not dis
solve and was merely a physical admixture of powder and glue. Thus, we 
are left to rely on grain-to-cement or grain-to-grain thermal communica
tion which, considering the extreme temperatures involved and the possi
bility of differential shrinkage, would certainly be less efficient. We must 
also consider the possibility of radiative heat-transfer from the room-tem
perature environment outside the quartz cuvette. For these reasons, we 
believe the curvature exhibited in the very low temperature region of Fig
ure 6 is primarily of thermal origin and is not indicative of magnetic inter
actions between spins. 

Finally, whether the possibility of fractional contributions to the EPR 
signal from both doublet and triplet species changes the analysis has not 
been considered. Although it may seem surprising, the argument is no dif
ferent than that applied to the case of pure states. In an effort to address 
this question, Figure 7 was constructed. The six traces on each graph 
describe the I versus 1/Γ behavior \Aa + (42fo/[exp (a) + 3]) versus a], 
and the IT versus Γ behavior \A 4- (45/[exp (a) + 3]) versus 1/a], for 
various mixed systems. The fractional contributions of doublet and triplet 
states, respectively, range from pure doublet (top trace) to pure triplet 
(bottom trace) in 20% increments. Once again, the choice of / expands or 
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compresses the temperature scale of the abscissa. The l/[exp (a) + 3] 
trace of Figure la is the same as the pure triplet (100%) trace of Figure 
7b. 

A maximum does not occur within the range of our intensity data. 
For purposes of discussion, we first assume that all the data were taken in 
the low-temperature range and that any maximum still lies at a much 
higher temperature. With coal, the option to extend the range of study to 
higher temperature does not exist, as irreversible changes in the spin con
centration will begin to take place relatively quickly upon heating (19). 
For large values of / (>1000 cm"1), the triplet state is simply not popu
lated, and doublet-state contributions as low as 0.03% will dominate the 
EPR spectrum at room temperature and below (20). This situation is 
similar to the case of the singlet ground-state system already discussed. 
Such interactions may exist, but they contribute nothing to the EPR inten
sity. 

The second assumption for discussion is that the triplet contribution 
is substantial but not dominating enough to cause an outright maximum in 
the I versus 1/Γ plot. The doublet contribution is strong enough that a 
very nearly straight-line J versus 1/Γ plot results with triplet contributions 
up to almost 60% (see Figure 7a). However, here it is important to con
sider the magnitude of the intensity intercept resulting from extrapolation 
of the linear portion of the data to the infinite-temperature axis. 

The magnitude of this extrapolated intercept is proportional to the 
fraction of triplet state in the system (Figure 7a). Even though the inten
sity units on the intercept of Figure 7a cannot be quantified in absolute 
terms, they can still be measured relative to the intensity values elsewhere 
in the plot. For example, a /-splitting value of 400 cm"1, a singlet-triplet 
contribution of 40%, and data taken up to room temperature (a « 2) 
would yield an extrapolated intercept of about one-third that of the 
room-temperature value. The extrapolated intercepts obtained in this 
study are at most 1/10 of the room-temperature values. Even if these 
intercepts were not in any way the result of systematic errors or experi
mental uncertainties, they would only represent very minor contributions 
to the EPR signal from singlet-triplet species. 

The last assumption for discussion is that all the data were taken in 
the high-temperature region, above which the intensity contribution of the 
triplet state has reached a maximum. Here, all fractional possibilities 
quickly merge into a single line, and distinguishing doublet from triplet 
becomes impossible. But the situation is not lost, because in principle, 
the low-temperature option always exists. The importance of this low-
temperature option is most easily seen on the plots of Figure 7b (analo
gous to IT versus T). Regardless of the fractional contributions, the trip
let state will eventually depopulate, and if there is any amount of doublet 
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state present, it will dominate the EPR spectrum. The temperature at 
which the triplet state depopulates is not dependent on the fraction 
present, but rather on the value of/. 

An analogous argument can be put forth to address the possibility of 
multiple contributions from a series of different charge-transfer species 
with differing values of / . Eventually all of the triplet states will depopu
late, leaving the doublet-state fraction to dominate or showing a decreas
ing intensity with decreasing temperature if no such doublet state exists. 
In practice, it may not always be possible to reach such low temperatures. 
However, it is possible, as we have done, to place an upper limit on the 
interaction, in effect "pushing" the value of / into a range that is not real
istic or would have little bearing on the chemistry of the system. If the 
nonlinearity in the plot of Figure 6 is representative of triplet-state contri
butions, then such states have still not depopulated at a temperature of 10 
K, leading to the conclusion that / < 10 cm""1, and such species are essen
tially noninteracting doublet radicals. 

Conclusion 

The spins observed by EPR spectroscopy are not indicative of charge-
transfer interactions in any of the eight coal samples studied. Interactions 
in which the "no-bond" structure [DA] lies lower than the dative structure 
[D + A~] will not have thermally accessible paramagnetic states and will 
not contribute to the EPR intensity. In strong donor and acceptor 
species, the dative structure may lie at a lower energy corresponding to a 
situation where complete electron transfer may occur. Previously diamag-
netic donor and acceptor species will now exhibit paramagnetism. If the 
interaction is very strong, the triplet state will again be inaccessible and 
will not contribute to the EPR intensity. The case of moderate-to-weakly 
interacting species is the only one that could give rise to the effects 
observable by EPR spectroscopy. We have seen no evidence of such con
tributions and have shown that if they do exist, they would be the result of 
interactions so weak as to exhibit essentially independent doublet-state 
radical species. 
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Measurement of Electron Dipolar Fields 
and Dynamics in Solids 

Michael K. Bowman 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

The spin-temperature treatment used in solid-state NMR 
spectroscopy and the statistical treatment used in electron 
spin-echo (ESE) spectroscopy are compared. The statistical 
treatment is shown to be an exact solution of a multispin 
Hamiltonian with certain bilinear terms treated as relaxa
tion processes. The magnitude of the dipolar field and its 
autocorrelation function have been identified in both treat
ments. This allows the transfer of experimental data on 
electron dipolar fields to nuclear spin systems in solids con
taining large numbers of paramagnetic centers. Measure
ments of the dipolar field and its relaxation time are demon
strated on samples from the Argonne Premium Coal Sam
ple program. Even brief exposure to air has significant ef
fects on the electron-spin dynamics. Sample preparation is 
an important aspect of magnetic resonance experiments on 
coal. 

l V l A G N E T I C RESONANCE IN SOLIDS provides two quite different ways 
to characterize a spin system: by its spectrum and by its dynamics. The 
spectral features of a spin system are most useful when the spins interact 
weakly with each other. The spectra of weakly interacting systems are 
characteristic of the individual molecules in the system, and these spectra 
provide a powerful means of identification. The spin dynamics, in con
trast, are largely determined by the environment of the individual electron 
spins through spin-lattice and spin-spin interactions that control relaxa-

0065-2393/93/0229-0605S06.50/0 
© 1993 American Chemical Society 
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606 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

tion rates. Those rates provide a unique probe of the organization of the 
solid and also determine the optimal conditions for obtaining magnetic 
resonance spectra. 

To date, most electron paramagnetic resonance (EPR) measurements 
of relaxation in solids have concentrated on spin-lattice relaxation and 
phase-memory (comparable to spin-spin) relaxation (1, 2). Although the 
dynamics of the dipolar field can control phase-memory relaxation, there 
is little direct information (3-5). Yet, as solid-state NMR spectroscopy 
and the technique of dynamic nuclear polarization (DNP) are applied to 
samples, such as coal, with high concentrations of paramagnetic centers, 
the dynamics of electron dipolar fields become increasingly important (6f 

7). The very different formalisms employed, spin temperature for NMR 
spectroscopy (8) and a statistical approach of Klauder and Anderson (9) 
for EPR spectroscopy, hamper the transfer of the available information. 
This chapter attempts to partially bridge that gap. These two formalisms 
are briefly outlined in the remainder of this section. The "Background" 
section shows that the magnitude and the dynamics of the electron dipolar 
field appear and can be measured in the context of both approaches. The 
rest of this chapter describes some initial experiments using pulsed EPR 
spectroscopy to measure the dynamics of the electron dipolar field in sam
ples of Argonne Premium coals. 

Spin temperature is an extremely powerful concept in the study of 
magnetic relaxation in solids. This formalism explains many puzzling re
sults in systems with high concentrations of spins. Goldman (8) summar
ized the "rules of the spin-temperature game" on the basis of a large body 
of theoretical and experimental work. This approach to spin dynamics in 
solids rests on two premises. The first is that a Hamiltonian consisting of 
the sum of commuting operators, Ĥ , can describe the evolution of the 
density matrix, σ, of the system. The Η. are constants of motion for σ. 
The Hamiltonian may be truncated, with small nonsecular terms deleted 
so that the operators for the constants of motion commute with each 
other. The second assumption is that σ has the form 

σ = 1 - £ AH, (1) 

where β. is the inverse spin temperature of the ith constant of motion. 
The σ usually meets this condition in a time comparable to T2 (the 
spin-spin relaxation time). Equation 1 not only requires that off-diagonal 
elements of the spin density matrix vanish, but also places restrictions on 
the diagonal elements. 

If these two conditions hold, the "hypothesis is that spin systems 
behave in the same way as the systems usually considered in thermody-
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32. BOWMAN Measurement of Electron Dipolar Fields & Dynamics 607 

namics" (8). Normally, the constants of motion are the Zeeman energy 
for the spins in the sample and the dipolar energy between spins. The 
constants of motion are treated as thermal reservoirs in poor contact with 
each other and with the lattice. Spin temperature provides a simple 
mechanism to calculate energy flow among these reservoirs. 

The Hamiltonian explicitly includes the secular part of the spin—spin 
interactions. This inclusion makes spin temperature attractive for concen
trated spin systems. NMR, EPR, and DNP NMR experiments have shown 
the value of the spin-temperature formalism. 

Pulsed EPR spectroscopy has not made extensive use of the spin-
temperature concept to describe electron spins. The samples are usually 
dilute in electron spins to minimize relaxation caused by spin-spin 
interactions and to allow detection of the signals. Usually, the spin-spin 
interactions are consciously minimized. Experiments measure the intrinsic 
dynamics of noninteracting electron spins, which are easier to calculate. 
Yet those spin-spin interactions can provide valuable information about 
electron-spin systems in solids. Some elegant electron spin-echo (ESE) (4, 
5) measurements have used electron spin-spin interactions to probe spa
tial correlations and to find spatial distributions of free radicals (5, 
10-12). 

The usual approach in ESE spectroscopy is based on work by 
Klauder and Anderson (9) examining the behavior of a spin in a time-
dependent dipolar field of other spins. The temporal properties of the 
dipolar field are treated statistically. This statistical treatment is less satis
fying than the spin-temperature formalism, but it does remove the restric
tions inherent in eq 1. Unlike the spin-temperature formalism, the statist
ical treatment applies at times that are short compared to T2 and 
describes the behavior of off-diagonal elements of the density matrix as 
well as the diagonal elements. The original treatment by Klauder and 
Anderson (9) appears to make several gross simplifications that have 
made many researchers suspicious of its validity. This statistical approach 
can be quite rigorous, as will be shown in the following section. 

Background 

Spin Temperature. The spin-temperature formalism is most use
ful for describing a special class of states that are far from equilibrium. 
Those states have density matrices with no off-diagonal terms and with 
their diagonal elements constrained by eq 1. The preparation of these 
states usually involves the transfer of Zeeman order or magnetization to 
other reservoirs of the spin system. The evolution of the density matrix is 
treated as a flow of thermal energy between different reservoirs. Because 
the spin-temperature formalism describes a restrictive class of nonequilib-
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608 M A G N E T I C RESONANCE O F CARBONACEOUS SOLIDS 

rium spin states, the relation between its variables and those used to 
describe equilibrium states or pulsed EPR experiments is not always clear. 

Consider a spin system that can serve as a model for many systems. 
We will examine it first in the spin-temperature formalism and then with 
the statistical approach. The system contains one type of spin, S, with 
dipolar interactions between spins and with some inhomogeneous broad
ening uncorrected with spatial position. The spin Hamiltonian for the 
system at high field is 

H = H z + H D + H s (2) 

where the Zeeman, dipolar, and inhomogeneous broadening Hamiltonians 
are, respectively, 

H z = ΠωΣ^ (3) 

ij z 3 (4) 

H s = Σ Δ Α ' (5) 

S 1 and Sj are the ζ components of the spin for the i or j radicals, with ζ 
taken to be along the applied Aeeman field; ω is the electron Zeeman fre
quency; a» is the dipolar interaction between spins i and ;; and At is the 
inhomogeneous shift of spin i from ω. The units used are such that Λ = 1. 
The spin Hamiltonian is truncated with only secular terms retained. For 
convenience, H D and H s can be truncated so that they commute with each 
other (13). This truncation is equivalent to the assumption that | At -
Aj I is almost never comparable to | a» | and generally holds if there is a 
continuous distribution of (A{ - Aj) or a~ about a value of zero. The ori
gin of the inhomogeneous broadening is unspecified and may be produced 
by hyperfine interactions, g-factor anisotropy, or random lattice strains. 

The Zeeman interaction and the dipolar and the inhomogeneous 
broadening terms commute with each other and are independent of each 
other, at least in the high-temperature limit (14, 15). Consequently three 
limiting cases exist: 

1. Both H D and H s are separate constants of the motion of the density 
matrix (16). 

2. The sum (H s + H D ) is a combined constant of motion (16,17). 
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32. BOWMAN Measurement of Electron Dipolar Fields & Dynamics 609 

3. Each different value of Δ defines a separate spin system with 
separate constants of motion (as in Section 7 of ref. 15). 

In the first two cases, the spin-temperature formalism requires the density 
matrix to relax rapidly to the form 

σ = 1 - feHz - /?DHfl - & H S (6) 

characterized by three temperatures (if H D + H s is a constant of motion, 
then βΌ = β8). In the final case, each value of Δ defines a separate spin 
system with many temperatures, one for each unique value of Δ . 

σ = 1 - / 9 D H D - S f e k \ω + Ak}sJ (7) 
ki k ; 

where the summation over / includes all spins with the same value of Δ , 
and the summation over k covers all distinct values of Δ . Equation 7 has 
lost much of the simplicity of the spin-temperature formalism and resem
bles the noninteracting spin-packet model used by Portis (18) to describe 
inhomogeneous broadening. When eqs 6 or 7 do not hold, the spin sys
tem lies outside the domain of the simple spin-temperature formalism. 

When eq 6 describes σ, the different spin temperatures can be meas
ured in continuous-wave (CW) or pulsed magnetic resonance experiments. 
Because the (i = Z , D, or S) terms are independent, the expectation 
value of Η. is given by 

<H,> = Tr[*H ; ] = τ φ - Η , 2 ] = ATr[H; 2 ] (8) 

where Tr(Z) represents the normalized trace of X. Thus, βΌ can be meas
ured if the field, Tr(H D

2 ) , is known, or Tr(H D

2 ) can be measured if βΌ 

can be calculated. The measurement of βΌ at various times after prepara
tion of the initial state provides the dynamics of the dipolar field (19). 

In most experiments measuring the inverse dipolar temperature, the 
spin state is prepared so that βΌ is much greater than the inverse lattice 
temperature /9L (i.e., a very low dipolar temperature that warms back up 
to the lattice temperature). The autocorrelation function for the dipolar 
energy is 

βυ(ί) = /?D(0) 
<HD(0)HD(r)> 

< H D

2 > 
(9) 
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610 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

<HD(0)HD(r)> = < S j ^ 2 S z'(0)S/(0) - ~S<(0) · S>(0) 

χ Sj(t)SJ(t) - |s<>) · Sf(t) > (10) 

where the autocorrelation function is 

<X(0)X(r)> = Tr σΧ exp (-* Bt)X exp (/Hi) (11) 

with Η the total Hamiltonian. The autocorrelation function in eq 9 gives 
the dipolar spin-lattice relaxation time, T 1 D , in the limit of no energy 
flow between the different reservoirs (8). Equations 9-11 connect βΌ or 
T 1 D with expectation values and autocorrelation functions of the dipolar 
interaction that pulsed EPR experiments can measure and that have 
meaning in an equilibrium system. 

Statistical Approach. Klauder and Anderson (9) developed a sta
tistical approach from ideas used previously to explain line widths (20). 
We follow a different development that arrives at the same results (12). 
The formal strategy rather than the computational details are emphasized. 
Several unnecessary approximations will be made in the process to keep 
the intermediate equations simple without affecting the final results. 

In most pulsed EPR experiments, the ultimate observable is 

and it suggests a strategy of seeking a solution for σ with greatest accuracy 
for spin i. An exact solution for σ can be found if H D in eq 4 is truncated 
further to 

(12) 

H D ' ' = Σ | « , Ϊ SA' ' - j& • s' ils) 

The interactions between spin / and all the other electron spins are re
tained. The spin-spin interactions that do not involve the detected elec
tron spin i are deleted. Those deleted terms are important nonetheless be-
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32. BOWMAN Measurement of Electron Dipolar Fields & Dynamics 611 

cause they cause flip-flop transitions that can alter the dipolar field at spin 
L At this point, a relaxation term is introduced to reproduce the statisti
cal characteristics of the neighboring spins. The evolution of the density 
matrix becomes 

3σ 
dt 

IF, σ + Ra 

Ή! = Hz + Hj>* + H5 

(14) 

(15) 

where R, the relaxation operator from Redfield theory (21), can be treated 
phenomenologically. It is not necessary (but often possible) to calculate 
the elements of R. This Hamiltonian is solved easily if R does not transfer 
electron spin coherence between neighbors of spin L The microwave 
pulses used in pulsed EPR measurements are incorporated in the strong 
pulse limit as simple rotations. Calculations yield very accurate solutions 
for spin / provided that R duplicates the statistics of the spins interacting 
with i. 

The solution of eq 14 is simple because H?. contains no terms bilinear 
in electron spin except those involving spin L Mims (22) showed that the 
density matrix for a many-spin system with an analogous Hamiltonian is 
exactly a tensor product of density matrices each involving spin i and 
another electron spin. In other words, the evolution of i under the influ
ence of all the other spins is the product of its evolution under the indivi
dual influence of each spin. Thus, the many-spin problem reduces to a 
product of two-spin problems, each of which is readily solved (12). This 
solution is possible because the statistics of the spins surrounding i can be 
described by using R. The experimentally detected signal, V(t) is given by 

V{t) = < I I W > = «φΣ[1 - Vj(t)] (16) 
J 

Tr 

Tr ^(0)S+<) 

after suitable averaging over an ensemble of spins i (5,12), where σ~ is the 
density matrix solution for two spins i and / . This is an extremely powerful 
and general result because it applies to any density matrix with this spin 
Hamiltonian. In the present case, eq 16 describes the signal obtained after 
a state has been prepared, allowed to evolve (relax) for time t, and then 
converted into an observable. 
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612 M A G N E T I C RESONANCE OF CARBONACEOUS SOLIDS 

In contrast to the spin-temperature approach, it is not necessary to 
prepare a large, nonequilibrium dipolar field to measure the field or its re
laxation. The statistical approach makes use of the thermal fluctuations a-
bout the average value. Thus, while the average < H D > « 0 at high tem
peratures, the local fields are nonzero because < H D

2 > Φ 0. The measure
ment of the autocorrelation function gives the relaxation time of the dipo
lar field. Consequently, dipolar fields at equilibrium provide access to the 
dipolar spin-lattice relaxation time. 

Pulsed EPR Spectroscopy. We now consider actual EPR pulse se
quences and the dipolar parameters they can measure. The following pulse 
sequences will be considered: 

1. the two-pulse, primary echo sequence and the instantaneous diffu
sion experiment 

2. the "2 + 1" sequence for measuring dipolar interactions 
3. a modification of the "2 + 1" sequence 

These experiments deserve specific consideration because they measure 
dipolar parameters cleanly without contamination from inhomogeneous 
broadening, nuclear modulation effects, or spin-lattice relaxation. 

Salikhov et al. (12) describe the evolution of σ in the statistical treat
ment outlined in the preceding sections for the primary echo sequence (4, 
5). The experiment applies a strong pulse along the y axis in the rotating 
frame with a turning angle θχ followed by evolution for time r, another 
pulse of θ2 and evolution for r, culminating in a spin echo. We will follow 
the experiment for a two-spin system that can then be generalized to the 
full many spin system. The first pulse converts σ from 1 - β{Άζ to 

σ = 1 - £ L cos θχ + S*1 sin θχ + Sz

2 cos θ1 + S*2 sin θχ (18) 

which then evolves according to eq 14. If the elements of R are much 
smaller than the electron Zeeman frequencies, only a few elements of σ 
need to be followed, that is, σ 1 3 and σ^, where the basis set is 

I 1> = I ot\OL2> 
|2> = \αλβ2> 
|3> = \βιθ2> 
|4> = |Afc> 

(19a) 
(19b) 
(19c) 
(19d) 

This basis set gives a pair of coupled differential equations in a frame ro
tating at the Zeeman frequency: 
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32. BOWMAN Measurement of Electron Dipolar Fields & Dynamics 613 

dt 

at 
Δι -

a 12 

2 

^ 12 

σ ΐ 3 ~ [ ^ i + ^ 2 j ^ i 3 + W2a2A (20a) 

σ 2 4 - \WX + Ρ ^ 2 ] σ 2 4 + W2an (20b) 

where and W2 are the two independent elements of R in the two-spin 
problem. The solution for these two elements of σ gives 

an(t) = exp - ι Δ ι ί - ^Wt + W 2 j i 

χ ί σ 1 3 ( 0 ) c o s h i î 2 i + ^2^24(0) - i ^ T * i3 ( 0 ) 
sinhl?2f 

Ri 
(21) 

*2*(0 = exp Wx + W2t 

χ <σ 2 4 (0 ) coshi? 2i + ^2^3 ( 0 ) - ; ^ σ 2 4 ( 0 ) 
sinhi?2r 

i? 2 2 = W2

2 - ^ 12 

(22) 

(23) 

for t < τ. The second microwave pulse produces more rotation about the 
microwave magnetic field. Evolution of the new σ continues until the 
echo appears at time 2r. The echo amplitude, normalized to unity for τ = 
Ois 

^2(2r) = 
Wo 

coshi?2r + — - sinh R2T 
RI 

η 2 

"12 ? 
+ , s i n l r i ? 2 r 

a 12 *> 9 ̂ 2 
s i n l r / ? 2 T s i i r — 

4RS 

exp <-2 ] r | (24) 

for the interaction of the electron spin with only one other spin. This 
interaction has an explicit dependence on 02, the turning angle of the 
second pulse. Equation 24 successfully predicts the complete averaging of 
the dipolar interaction for large W2, which becomes apparent in typical 
electron spin-echo experiments in the limit W2 > 105 s"1 (11, 12). When 
W2<< | a 1 2 | , the echo decay reduces to 
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V2(2T) = Λ ι o * 2 a i 2 T · 2 0 2 

1 + 2 sm z — — sur — 
2 2 

exp - 2 ^ + ϊΓ 2 ) ι (25) 

In the limit that there are many electron spins interacting with each other, 
the experimentally measured echo decay is given by the ensemble average 

<n^(2r)> = exp -2rsin 2 -?-
2 J 4 

1/2 

- 2Wit (26) 

The decay of the echo with τ contains an exponential component indepen
dent of other echo-decay pathways whose rate is proportional to 
sin2(02/2) times the sum of a ^ (i.e., <H D

2>!). 
Thus, variation of the echo decay with the turning angle of the 

second microwave pulse allows the measurement of the dipolar field, eqs 9 
and 10, that appears in the spin-temperature formalism. As W2 becomes 
greater than approximately 105 s"1, some averaging of the dipolar field 
takes place and, in addition, W2 contributes directly to the echo decay. 
This experiment for measuring the dipolar field in the limit of small W2 is 
called instantaneous diffusion because the second pulse changes the dipolar 
field instantly, producing spectral diffusion. 

Kurshev et al. (23) described an ingenious generalization of the in
stantaneous-diffusion experiment where r is fixed and a third pulse (the 

pulse) is swept between time zero and r. This extra pulse causes 
instantaneous diffusion at various points during the evolution of σ. No 
background decay of the echo occurs because τ remains constant. They 
derived an echo decay (23) of 

V(r,t) = exp -2 sin2 

2 
cos h Σ 2L 

4 

1/2 

V(2r) (27) 

where the pulse occurs at time t < r. If the microwave pulses are 
well characterized, this experiment provides a cleaner measurement of the 
dipolar field because nuclear modulation and phase-memory decay do not 
occur. 

A new modification of this "2 + 1" pulse sequence permits measure
ment of the autocorrelation function of the dipolar field. The sequence 
resembles the three-pulse, stimulated-echo sequence with the addition of a 
"+1" pulse (Figure 1). The sequence starts with the same microwave 
pulse and evolution of σ (eqs 18 and 21-23), as do the primary echo or 
the "2 + 1" sequence. At some time before r, the "+1" pulse is applied. 
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32. BOWMAN Measurement of Electron Dipolar Fields & Dynamics 615 

Λ 

Figure 1. Schematic diagram of the "3 + 1 " pulse sequence, show
ing the location of the the three microwave pulses and the signal 
echo. The echo is formed by the pulses labeled 1, 2, and 3, and the 
"+1 " pulse alters the dipolar field. The shaded areas indicate the 
times during which the spins evolve under the influence of the local 
dipolar fields. The time periods fort, % and τ are indicated below 
the pulses. 

Because the echo is detected, only those i spins unaffected by the 
pulse contribute to the echo. However, the pulse does affect the 
spins interacting with the detected spin; consequently, the dipolar field ex
perienced by i changes. Again σ 1 3 and evolve, but in the new dipolar 
field. At time r, the coherences that ultimately generate the stimulated 
echo are converted into polarizations, that is, diagonal elements of σ, by 
the "second" microwave pulse. 

The dipolar field can change during the interval (Figure 1) between 
the pulses 2 and 3, Γ, but the diagonal elements of σ will not change, 
except for the Zeeman spin-lattice relaxation. The third pulse changes 
the polarization back to coherences that evolve in the dipolar field present 
following the third pulse. If the dipolar field remains correlated for Γ, the 
evolution of σ during the r periods is correlated and depends on the action 
of the pulse. The echo decay is 

V(T,t,T) = 
β 

exp [- sin2 - ~ cos 02 cos %<HD(0)HD(J)>1/2f] V(T,0,T) (28) 
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which is valid for <HD(0)HD(T)> « <HD

2>. A more general analysis 
will be given in a subsequent publication because the relaxation depends 
on the details of the autocorrelation function. This sequence provides 
direct experimental access to <HD(0)HD(T)> and through it to T 1 D . 

As might be expected, the same dipolar interactions between electron 
spins appear in both the spin-temperature and the statistical treatments. 
Using this correspondence, the electron dipolar fields and relaxation times 
from pulsed EPR experiments, where the spin-temperature formalism 
might not be valid, can be transferred to DNP experiments where the sta
tistical treatment is irrelevant. 

Experimental Details 

All experiments were performed on a home-made, Fourier transform EPR spec
trometer (24-26) at room temperature using a 3Λ/4 slotted-tube resonator with 
an operating frequency of 9.152 GHz. The static magnetic field was set to the 
center of the EPR signal. Pulses were nominally 8 ns wide. A 350-W pulse gave 
a turning angle of π/2 radians as measured from the free induction decay (FID) of 
the samples themselves, a deuterated polyacetylene reference sample, and a stable 
solution of duroquinone radical anion. The turning angle in the experiments was 
varied by changing the pulse power. Phase-cycling suppressed FIDs and other 
unwanted signals. 

Samples were carefully sealed in fused silica (Suprasil) tubes. Eight samples 
from four of the Argonne Premium coals were prepared. The intent was to 
obtain one set of samples as close to the material inside the sample vials as possi
ble. The second set was used to test the effect of brief exposure to air. Samples 
were prepared from the following coals: Pocahontas No. 3 (ID-501, low-volatile 
bituminous), Blind Canyon No. 6 (ID-601, high-volatile bituminous), Beulah-Zap 
3/4/87 (ID-801, lignite), and Pittsburgh No. 8 (ID-401, high-volatile bituminous) 
(27). All samples came from 5-g vials of 100 mesh. The sample vials were 
opened in a dry, oxygen-free nitrogen glove box after being mixed as recom
mended (27). A portion of each sample was transferred rapidly to a 4-mm o.d. 
tube so that the length of the sample was between 1.5 and 2.5 cm. An O-ring seal 
temporarily sealed the tubes, whose lower end was cooled in liquid nitrogen to 
reduce the pressure in the tube. The tube was then sealed with an 
oxygen-natural gas torch. The samples were exposed to the low temperature for 
less than 1 min to reduce cryopumping of volatile compounds from the coal onto 
the walls of the tube. The samples were kept in subdued light at room tempera
ture. For preparation of the air-exposed samples, the opened vials were removed 
from the dry box and exposed to air for about 10 min. Sample tubes were filled 
in air and sealed as previously described. 

Measurements made by using the echo amplitudes, the echo magnitudes, 
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and the Fourier transforms of the echo shapes had no systematic differences. 
Data analysis and extraction of rate constants were performed with MATHCAD. 
The measurements were made within 10 days of the sample preparation. 

Results 

Zeeman Spin—Lattice Relaxation. The Zeeman spin-lattice 
relaxation rates were measured by using the saturation-recovery method, 
and the magnetization was detected by using a two-pulse echo sequence. 
The two pulses from the previous echo sequence saturated the spin sys
tem. The repetition rate of the experiment was varied to observe the 
recovery. A typical relaxation curve is shown in Figure 2. The recovery 
appears to consist of a single exponential starting from complete satura
tion, although the presence of a slow minor component is not excluded. 
Clearly the brief exposure to oxygen had a major effect on the spin—lattice 
relaxation rate. Table I gives the spin-lattice relaxation results for all 

1 . 2 5 

0 . 0 0 1 — — — — 
1 0 . 0 1 0 0 . 1 0 0 0 

Recovery Time//xs 

Figure 2. Recovery of the normalized electron spin-echo signal from 
saturation produced by the previous echo sequence. The recovery 
time is the pulse repetition period. The solid lines are least-squares 
fits of [1 — exp (—t/Tj)] to the data points. The samples were at 
room temperature: Δ, Pocahontas No. 3 unexposed to air, Tf1 = 
22.8 kHz; and o, Pocahontas No. 3 exposed to air as described in 
text, Tf1 = 62.1 kHz. 
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618 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Table I. Spin-Lattice Relaxation Rates at 300 Κ 

Coal Nitrogen Air 

Pocahontas No. 3 22.7 66.2 
Blind Canyon No. 6 12.4 29.4 
Beulah-Zap 33.0 44.1 
Pittsburgh No. 8 9.6 17.2 

N O T E : Al l values are given in kilohertz. 

eight samples. The spin-lattice relaxation rates were used to set the repe
tition rates for the other experiments and to verify that T^1 (i.e., W^) < 
105 s"1. 

Dipolar Fields, The dipolar field in the Pocahontas No. 3 sample 
that was not exposed to air was measured by using the "2 + 1" sequence. 
The measured dipolar field was 4.2 MHz (Figure 3). The "2 + 1" experi
ment was carried out on seven of the coal samples with τ = 1.0 /zs, a 2-
kHz repetition rate, and π/3 turning angles for all three pulses. The re
sults are given in Table II. 

Dipolar Relaxation. The "3 + 1" experiment previously de
scribed was used to measure the dipolar relaxation in several samples. 
The decay of the echo was measured at fixed r and Τ with t varied. The 
data, illustrated in Figure 4, are consistent with the exponential decay 
predicted by eq 28, but by no means do these results prove that the decay 
is exponential. The decay rate, equal to sin 2(0+ 1/2) cos θ2 cos θ3 

<H D (0)H D (T)> 1 / 2 , was measured at several different values of Τ (Figure 
5) and shows a decrease in decay rate with increasing Γ, as expected. The 
change in decay rate with Γ was fit by an exponential in an attempt to esti
mate the dipolar spin-lattice relaxation time T 1 D , although there is no 
reason, given the sample heterogeneity of coal, to expect an exponential 
form. The values obtained from the fits appear in Table III. The data 
were taken with τ in the range 0.6-1.0 ps. The large scatter in the data 
make it impossible to tell if the decay depended on r. 

Discussion 

Applicability of the Spin-Temperature Formalism. The pre
ceding discussion of the spin-temperature and statistical formalisms showed 
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1.0 

0 . 8 

Ο 0 . 6 
sz 
υ 

^ 0 . 4 

0 . 2 

0 . 0 
0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1.0 

Figure 3. Normalized echo amplitude in the "2 + 1" experiment. 
Data were taken at room temperature with τ = 1.06 ps and a 2-kHz 
repetition rate. The solid lines are least-squares fits of exp (—2kt) to 
the data. Samples were Pocahontas No. 3 unexposed to air, k = 
1.04 ± 0.08 MHz (A) and exposed to air, k = 0.84 ± 0.13 MHz 
(θ). The values of k give the dipolar field after correction for the 
pulse turning angles. 

Table II. Dipolar Fields Obtained 
from the "2 + 1" Experiment 

Coal Nitrogen Air 

Pocahontas No. 3 4.2 ± 0.3 3.3 ± 0.6 
Blind Canyon No. 6 2.9 ± 0.7 2.9 ± 0.1 
Beulah-Zap — 3.0 ± 0.4 
Pittsburgh No. 8 2.9 ± 0.6 3.0 ± 0.7 

N O T E : All values are given in megahertz. 
The dash means data are not available. 
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0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1.0 

t / jUS 

Figure 4. Normalized amplitude of the "3 + 1 " echo with t for the 
Pittsburgh No. 8 sample that was not exposed to air. The data were 
taken at room temperature with τ = 0.86 ps and a repetition rate of 
4 kHz. The solid lines are least-squares fits of theoretical decays to 
the data. The time Τ was 5 ps, with a decay rate of 0.54 ± 0.09 
MHz (+) or 30 ps with a decay rate of 0.33 ± 0.04 MHz (V). 

that both give access to βΌ, < H D

2 > , and Τ1Ό. This result raises the ques
tion of whether the spin-temperature formalism is sufficient for analysis of 
the pulsed EPR experiments described. Is the statistical treatment needed 
at all? Does the spin-temperature formalism apply in its simple form? 

The answer is very simple for the primary, two-pulse spin-echo exper
iment. The first pulse converts σ from 1 - βιβζ to 1 - fiL(Sz cos θ + 
sin Θ). The Sx term ultimately forms the echo signal and evolves as Ŝ . and 
S for the entire time before the echo. The existence of the echo shows 
that eq 1 does not apply and that the simple spin-temperature formalism 
cannot be applied. 

The spin echo depends on off-diagonal elements of the density ma
trix. When inhomogeneous broadening occurs, the intrinsic decay of the 
echo, not the FID time, is the relevant time constant. For the Pocahontas 
No. 3 coal sample that was not exposed to air, the limiting T2 in the 
absence of instantaneous diffusion is 5.3 μβ. The off-diagonal elements 
exist and can be "refocused" to produce another echo even under condi
tions of strong instantaneous diffusion. Thus, the two-pulse echo-type ex-
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T/yUS 

Figure 5. Measured decay rates for the "3 + 1 " experiment as a 
function of the time T. Sample and other experimental conditions 
were the same as in Figure 4. The solid line is an exponential curve 
least-squares fitted to the data points with an autocorrelation time of 
75 the dipolar field. 

Table III. Range of Dipolar Relaxation Rates 
Obtained from the "3 + 1" Experiment 

Coal Nitrogen Air 

Pocahontas No. 3 25-170 — 
Blind Canyon No. 6 170 — 
Beulah-Zap 200-1000 50-500 
Pittsburgh No. 8 13-22 39 

N O T E : All values are given in kilohertz. The 
dash means data are not available. 

periments prepare σ in a state that does not fit eq 1, and the spin-temper
ature formalism does not apply until after an echo can no longer be ob
served. 

Another class of echo experiments is based on the stimulated echo. 
In these experiments, magnetization persists in the diagonal elements as a 
polarization for times much longer than T2 before generating an echo. 
During most of the time, there are no off-diagonal elements. In some 
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622 M A G N E T I C RESONANCE OF CARBONACEOUS SOLIDS 

pulsed experiments, notably the Jeener-Broekaert experiment (19), the 
spin-temperature formalism can be applied because the diagonal elements 
of σ conform to eq 1. However, this is not true of the stimulated-echo ex
periment or other experiments based on it, such as the "3 + 1" experi
ment. The reason lies in the form of σ. The stimulated echo comes from 
a polarization pattern (3-5) that oscillates as a function of the EPR fre
quency of the spins. Equation 1 does not describe σ under these condi
tions, but instead, σ contains very high-order polynomials in H-. The 
decay of these higher order terms in σ produces echo decay. Again, the 
spin-temperature formalism does not become valid until the stimulated 
echo has decayed. 

For both primary-echo and stimulated-echo experiments, the spin-
temperature formalism applies only after measurements become impossi
ble. The different values of the inhomogeneous broadening could be 
treated as defining separate spin systems. The sample would then have a 
single dipolar reservoir and many Zeeman reservoirs, a condition that 
could make stimulated-echo experiments applicable. However, this strate
gy lacks the simplicity and elegance of the original spin-temperature con
cept applied to a single-spin system. 

In general, ESE experiments can measure the rate at which σ 
approaches a form describable by the spin-temperature formalism, but that 
process lies outside the spin-temperature description. A notable exception 
to this generalization occurs when σ is generated in the form of eq 1, as in 
the Jeener-Broekaert experiment (19). There is no fundamental reason 
why the spin-temperature formalism cannot be applied to other EPR ex
periments if eq 1 holds. This condition requires either sufficient time for 
relaxation of σ or careful preparation of σ. 

Electron Spin Relaxation in Coal. Experiments on electron spin 
relaxation in coal face two problems. The first problem is that coal is a 
heterogeneous material on both a macroscopic and a microscopic scale. 
Coals also differ depending on their location of origin and their rank (27). 
Another type of heterogeneity results from the macérais that make up a 
piece of coal (27). Al l macérais contain free radicals with different prop
erties and environments. A sample of coal contains a mixture of radicals 
differing in chemical identity and surroundings, and it is very easy to select 
a subset of those radicals when performing EPR experiments. For in
stance, EPR experiments may favor radicals with a longer or shorter Τχ or 
Γ 2 , larger or smaller line width, or spectral shifts caused by g-factor or 
hyperfine interactions. The second difficulty with coal measurements lies 
in the easy mutability of coal. The samples used in this study have water 
contents ranging from 0.65 to 32.25% and volatile matter ranging between 
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18.48 and 43.72% (27). Thus, evacuation of samples causes some water 
and volatiles to be lost. Also, the high surface area of coals allows signifi
cant adsorption and exchange of gases and even oxidation of the coal. 

The Argonne Premium Coal Sample Program addresses the problem 
of sample heterogeneity by ensuring that samples of a coal start out as 
similar as possible. We tried not to alter the coal during sample prepara
tion. The samples never were evacuated, they were cooled only once, and 
exposure to air was carefully controlled. Thus, our results will be interest
ing to compare with those from samples prepared in other ways. 

The spin-lattice relaxation rates for the eight different coal samples 
reported here vary by a factor of 7. The microwave pulses of the previous 
echo sequence produce saturation over a frequency range wider than the 
EPR spectrum, a condition that reduces problems caused by spectral diffu
sion (28). The recoveries are consistent with single exponentials, although 
systematic deviations would be difficult to see given the small number of 
points on the recovery curves. Nevertheless, the recoveries extrapolate 
back to a state of complete saturation, a result suggesting a single, major 
exponential component. This exponential recovery is surprising given the 
microscopic heterogeneity of coal. The different macérais would be expec
ted to produce different relaxation rates and nonexponential relaxation. 
Spin diffusion, rapid on a 50-/xs time scale, must occur to average relaxa
tion of the different macérais to values similar to those reported for vitrin
ite macérais (29). 

The dipolar fields measured in the "2 + 1" experiment cluster 
around 3-4 MHz, a result corresponding to local spin concentrations of 
about 4 χ 10 1 8 spins/cm3. The spin-lattice relaxation in every sample is 
below the 100-kHz rate that marks the start of dipolar averaging in the 
instantaneous-diffusion experiment (11, 12) and probably in the "2 + 1" 
experiment as well. These values for the dipolar field are similar to those 
reported for vitrinite macérais (29). 

Dipolar spin-lattice relaxation times showed a great variability for 
different experimental conditions, sometimes changing 10-fold. Part of 
that variation undoubtedly comes from unintentional selection of different 
populations of spins in the experiments. For instance, when r is long, the 
echo emphasizes spins with a long Ίχ These spins may well have a small 
dipolar field and a long dipolar relaxation time. A second problem is that 
if the relaxation is nonexponential, the fitted relaxation time depends on 
the exact values of Τ used in the measurements. The numerical values for 
the dipolar relaxation time should not be taken as exact values; their signi
ficance lies in the fact that it is possible to observe relaxation of the dipo
lar field in these experiments. It is difficult to tell from Figure 5 or any of 
the other curves whether the relaxation is exponential, which would be 
unlikely given the heterogeneity of coal. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

9,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
22

9.
ch

03
2

In Magnetic Resonance of Carbonaceous Solids; Botto, R., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



624 M A G N E T I C RESONANCE O F CARBONACEOUS SOLIDS 

The dipolar spin-lattice relaxation time refers to a condition of no 
energy flow between the dipolar reservoir and the other reservoirs of the 
system (S). In the spin-temperature formalism, dipolar relaxation may 
differ from the dipolar spin-lattice relaxation rate if energy from the Zee-
man or other reservoirs relaxes through the dipolar reservoir. This point 
is difficult to consider because the reservoirs and the dipolar spin-lattice 
relaxation are concepts from the spin-temperature formalism, which does 
not apply here. Part of the variability in the observed dipolar relaxation 
may be due to differences in the initial σ producing different relaxation. 
These issues need to be investigated further both theoretically and by 
using a more homogeneous sample. 

Effect of Sample Preparation. The brief exposure of the sam
ple to air (probably the oxygen) produced a very noticeable effect on the 
spin-lattice relaxation rates. The relative change in the relaxation rates 
with oxygen exposure is smallest in the sample with the highest water con
tent [Beulah-Zap, ~33% water by weight versus 1-5% for the others 
(27)]. Whether this correlation shows a cause-and-effect relationship or 
results from chance or correlation with another property is impossible to 
determine. The change in the spin—lattice relaxation rate is large enough 
that any magnetic resonance experiment that depends on electron spin-
lattice relaxation will be sensitive to air exposure. Such experiments in
clude EPR, NMR, ENDOR (electron nuclear double resonance), and 
DNP spectroscopy. 

The spin-lattice relaxation rates and dipolar-field magnitudes also 
appear to depend on sample treatment. This dependence is evident when 
the present results are compared to similar measurements in this volume. 
The samples measured here were never evacuated or heated, and thus they 
are different from samples of the same coal that were evacuated or heated. 
Apparently, the removal of water and other volatiles from the coal 
changes the magnetic resonance properties of the coal. 

The relaxation rates for the dipolar field also seem sensitive to air, 
although that effect is difficult to quantify at present. The air-exposed 
Pocahontas and Blind Canyon coal samples have no reported relaxation 
rates. Those relaxation rates seem to be too short to measure and much 
shorter than those of the Beulah-Zap and Pittsburgh No. 8 samples. 

Conclusions 

Both the spin-temperature formalism and the statistical treatment used to 
analyze pulsed EPR experiments measure some of the same properties of 
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a spin system. The dipolar field from electron spins and its time depen
dence can be measured by using instantaneous-diffusion, the "2 + 1", and 
the "3 + 1" pulse sequences. This capability affords new methods for 
characterizing spin systems and promises better ways of optimizing mag
netic resonance conditions. 

The electron spin relaxation of samples of Argonne Premium coals 
show the effect of brief exposure to air. Even a brief exposure to air in
creases the spin-lattice relaxation rate. Relaxation in coal also appears 
sensitive to evacuation and heating of the sample. The sensitivity likely 
arises from removal of water and other volatiles. 
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Advanced Magnetic Resonance 
Techniques Applied to Argonne 
Premium Coals 

Bernard G. Silbernagel1 and Robert E. Botto2 

1Corporate Research, Exxon Research and Engineering Company, 
Annandale, NJ 08801 
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The application of a wide variety of magnetic resonance 
techniques to Argonne Premium coals provides a great deal 
of information about both the coal samples and the meth
odology being employed for their examination. Electron 
paramagnetic resonance (EPR) observations at high fre
quencies and as a function of temperature give a clearer pic
ture of the different types of carbon radicals present in these 
coals. Electron spin-echo (ESE) measurements of the radi
cal relaxation times reveal significant variations in coals of 
different ranks. Electron nuclear double resonance (EN
DOR) techniques, both continuous wave and pulsed, reveal 
details of the interaction of the unpaired electron of the rad
ical with the nuclei on its host molecule and adjacent mole
cules. Various NMR techniques have been applied to the 
quantitation of the percentage of aromatic carbon in the 
various coals. These advanced techniques, coupled with 
studies of coal changes with chemical (oxidation, pyrolysis, 
and reactions with donor and acceptor molecules) and phys
ical (physisorption and solvent swelling) changes expand our 
understanding of these coals. 

0065-2393/93/0229-0629$06.00/0 
© 1993 American Chemical Society 
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I N T H E A R E A O F M A G N E T I C R E S O N A N C E great progress has been 
made, and recent advances have had consequences in the study of a com
mon series of coal samples: the Argonne Premium coals (1). Many of the 
techniques discussed in this book have been developed over the past few 
years, but their consistent application to a common series of fossil-fuel 
materials has not heretofore occurred. A discussion of these new tech
niques and the associated theory was presented in Chapters 1-7. Here we 
will focus on the specific applications to the Argonne Premium coals and 
describe the additional knowledge that is available in principle from such 
applications. 

Magnetic resonance in coals is a rich scientific field with a long his
tory (2). A variety of species can be observed: nuclei (particularly 1 3 C and 
XH), the unpaired electrons associated with carbon radicals in the system, 
and paramagnetic ions of transition metals that may be incorporated in 
minerals or occur as individual ions in the organic matrix of the coal. As 
indicated in Figure 1, NMR and EPR (electron paramagnetic resonance) 
studies have largely been mutually exclusive. Nuclei lying within ~10 Â of 
a carbon radical or paramagnetic impurity have been unobservable 
because of broadening and relaxation effects of the electron spin. Con-

Figure I. Schematic diagram of electron spin (large arrow) and 
nearby nuclear spins (small arrows) observed in coals. Nuclei lying 
within the exclusion radius (indicated by the circle) are not observ
able by NMR spectroscopy because of broadening effects from the 
electron spin. 
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versely, interactions of the electron spin with nuclei (mostly protons) in 
their environment are responsible for the width of the EPR absorption, 
but the EPR spectra observed in coals are usually featureless, and a quan
titative conclusion about the radical environment cannot be drawn from 
the result. New techniques, particularly electron spin-echo (ESE) spec
troscopy, electron spin-echo modulation, and pulsed electron nuclear dou
ble resonance (ENDOR) spectroscopy are providing new, quantitative 
information about these nearby nuclei. 

Electron magnetic resonance techniques differ from those of NMR in 
another important way. The protons and 1 3 C nuclei are distributed 
throughout the organic matter of the coal sample, and NMR probes the 
molecules in the coal "democratically" when the experiments are properly 
performed. By contrast, only one unpaired electron is present for every 
103 to 104 carbon atoms, and simple chemical considerations indicate that 
they will be associated with the aromatic molecules in the system. 

Electron Magnetic Resonance Spectroscopy of Argonne 
Premium Coals 

In any attempt to relate coal chemistry to EPR observations, important 
considerations are (1) how homogeneously the radicals may be distributed 
in the coal and (2) how representative these radicals are of the total coal. 
Such questions will benefit from the availability of the widest possible 
amount of information. 

We will explore the following questions: 

1. What does electron magnetic resonance say about the molecular 
chemistry and the molecular structure of the coals? 

2. How do these chemical and structural properties vary with rank? 

3. How is the coal changed by the treatments to which it may be sub
jected, such as oxidation, pyrolysis, chemical processing, swelling, or 
reactions with reagent molecules, and what role do the associated 
minerals play in this process? 

Another implicit question concerns the effect that handling the samples 
before examining them may have on the observed properties. 

Nature of Carbon Radicals in Coal. Regarding the nature of 
the paramagnetic centers in coal, are they molecules bearing a single 
unpaired electron, or does the EPR absorption arise from pairs of spins 
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632 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

such as might be found in a donor—acceptor complex? In a donor—accep
tor complex, a paramagnetic response would be expected only from com
plexes in which the spins were in a triplet state, because the singlet config
uration is diamagnetic. As the temperature varies, the relative popula
tions in the triplet and singlet states of the two spin systems would vary, 
and the variation of the intensity of the EPR signal would not follow 
Curie law behavior. Some workers have observed non-Curie law behavior 
and have postulated significant levels of donor-acceptor complexes in 
coals (3). However, such experiments must be done with great care 
because non-Curie law behavior can occur as an artifact of the experi
mental procedure in a number of ways. In Chapter 31, Rothenberger et 
al. report that the temperature dependence of the EPR intensity for the 
coals of all ranks, from lignite (Beulah—Zap) to low-volatile bituminous 
(Pocahontas No. 3) follows Curie law for temperatures from 100 to 300 K. 
A detailed analysis of lower temperature measurements (to ~10 K) sug
gests that the deviations from Curie law that do occur are associated with 
thermal effects such as heat transfer. 

EPR Absorption Line Shapes. The EPR absorption has long 
been recognized to be complex. It often consists of a broad and a narrow 
component. The broad component is associated with macérais like vitrin
ite, the lignin-based component of the coal, and waxy materials like exinite 
or sporinite, which come from the leaves and spores of trees. The narrow 
component is attributed to highly metamorphosed, inertinitic materials in 
the coal. Because the EPR spectra accumulated at the conventional X-
band microwave frequency (~10 GHz) do not usually have well-defined 
features, line-shape analyses are difficult to do with much precision. 
Measurements at 35 GHz, also quite commonly available, indicate signifi
cantly more asymmetry to the line. High-frequency EPR spectrometers 
operating at 94 and 240 GHz, as reported by Clarkson et al. in Chapter 
27, and 2 mm (~150 GHz), as reported by Tsvetkov et al. in Chapter 23, 
dramatically illustrate the extent of anisotropy in these lines. 

Such a variation can arise from two factors: (1) several lines of 
roughly similar shape but displaced in resonance frequency from one 
another (i.e., having different g values, where the g value is the EPR ana
log of a chemical shift of the absorption line) or (2) one or more lines 
that have a g-value anisotropy. One way of testing this factor is to do 
high-frequency measurements on individual maceral types of samples that 
have been isolated by density centrifugation techniques. For an Illinois 
No. 6 coal, examination of the isolated maceral samples demonstrates that 
both frequency shifts and g-value anisotropies are present for sporinite 
and vitrinite macérais. The data of both Chapters 23 and 27 indicate that 
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this anisotropy is most pronounced for low-rank coals (up to a carbon 
content of 81%), a finding that suggests a combination of heterocyclic and 
aromatic radical species. Pulsed ENDOR experiments, as reported by 
Thomann et al. in Chapter 30, also provide strong evidence for the exist
ence of significant levels of heteroatom radicals in the low-rank coals. 

Discriminating Radical types Using ESE Relaxation Tech
niques. Differences in the relaxation properties of different radical types 
allow these species to be studied individually. In parallel EPR and ESE 
examinations, Silbernagel et al. (Chapter 29) made a systematic attempt to 
establish whether the properties inferred from the ESE measurements of 
Tu (the phase memory decay time) and Tm (the electron spin-lattice re
laxation time) were consistent with the two component signals observed in 
the EPR. Five of the coal samples (Pocahontas No. 3, Upper Freeport, 
Pittsburgh No. 8, Lewiston-Stockton, and Illinois No. 6) showed both 
broad and narrow EPR absorptions, and spectral decomposition allows the 
determination of their widths and relative intensities. The broad signal 
was known to be inhomogeneously broadened, and spin echoes were easily 
observed, with the width of the spin echoes, 1/Γ 2* (Γ 2 * is the spin dephas
ing time), in good agreement with the EPR line width. 

By contrast, the narrow line is homogeneously broadened, and no 
echo was formed. However the rate of decay of the free induction decay 
(FID) gave a value of 1/Γ 2* that was in excellent agreement with the 
observed EPR values. Detailed measurement of T1E for these systems 
indicates that the relaxation processes are complex because the results are 
not described by a single exponential. A portion of this nonexponentiality 
is associated with spectral diffusion of the magnetization during the course 
of the relaxation process, which is particularly significant for the higher 
rank coals. However, some of the effect probably is associated with a dis
tribution of T1E values for different molecular types in the same coal. 

A quantitative evaluation of this effects remains to be done, with an 
appropriately demineralized series of samples. A direct attempt to associ
ate relaxation properties with maceral types (4) is a useful exercise, but 
may encounter the problem that there is not a strict division in relaxation 
properties among radicals in macérais of different types. 

Electron-Nuclear Interactions Using ENDOR Spectrosco
py. The broad signal seen in coals is the result of interactions between 
the electron spins and nuclei in the vicinity, but a profile of the magni
tudes of the interactions encountered can be obtained only by using dou
ble-resonance techniques. These observations can be done either by con-
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ventional CW (continuous-wave) ENDOR techniques, as reported by 
Chen et al. in Chapter 24, or by pulsed ENDOR techniques, as reported 
by Thomann et al. in Chapter 30. The CW technique is dependent on the 
relative values of the electronic and nuclear relaxation processes and is 
difficult to observe in many cases. For each coal, a matrix signal, resulting 
from coupling of the electron spin to protons at considerable distance 
from the radical, was observed in CW ENDOR. 

By contrast, the pulsed ENDOR sees both a matrix signal and a 
broader signal associated with the local hyperfine interactions from pro
tons residing on the radical molecule itself; the result is a spectrum that 
extends over a frequency range of ~20 MHz. This result is in contrast to 
the ~0.5-MHz width associated with the matrix ENDOR signals. 

The results of the pulsed ENDOR work are particularly revealing: 
The size of the matrix ENDOR contribution falls with increasing coal 
rank, a reflection of the decrease in proton density in these higher rank 
coals. Even more significant is the fact that the shape of the local 
ENDOR signal is nearly identical for all of the bituminous coals, a feature 
suggesting that major changes in the size of aromatic molecules (i.e., the 
number of aromatic rings) do not occur during this phase of the coalifica-
tion process. This report is the first direct spectroscopic evidence of this 
important result. 

Another opportunity afforded by the pulsed double-resonance tech
niques is the chance to actually study the dynamics of the nuclei that 
reside within the exclusion radius and are therefore inaccessible to con
ventional NMR spectroscopy. In this case the dynamics of the nuclei are 
detected by their perturbation of the electron spin properties that occurs 
as a result of their mutual hyperfine coupling. 

Coal Structure and Swelling. In addition to the individual mol
ecules, the properties of coal and its reactivity are strongly influenced by 
the extent to which reagents can be introduced into the solid coal. As a 
first consideration, access is afforded by the network of pores in the coal. 
However, the coal solid can also swell to accommodate molecules within 
the organic structure itself. The ability of the organic matter to swell will 
be determined by the nature and the strength of the interactions among 
the individual molecules. Several factors can influence this macrostructure 
in the coal: covalent bonds between units, charge-transfer interactions 
and 7r-bonding between aromatic units, and hydrogen bonding resulting 
from polar interactions between heteroatomic components of the coal. 
These latter polar interactions can be perturbed by the introduction of 
polar swelling solvents, such as pyridine, in the coal. The extent of the 
local swelling then can be probed by introducing paramagnetic molecules 
of different geometries into the swollen coal and determining the number 
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of such molecules that can be incorporated. By using a variety of polar 
and nonpolar solvents and spin probes of different geometries, a rank-
dependent swelling behavior is documented, as reported by Spears et al. in 
Chapter 25. In low-rank coals, pores become much more cylindrical when 
swelled by polar solvents. In high-rank coals, where hydrogen bonding is 
less likely to play a role, the pore geometry is not changed by the swelling 
process. 

Rank-Dependent Effects in Argonne Premium Coals. Be
cause the Argonne Premium coal series spans a very wide range of coal 
ranks, it is important to determine if the EPR and ESE parameters 
observed are consistent with our fundamental understanding of coal chem
istry. In a series of observations on isolated macérais from Pennsylvania 
State University (PSOC) coals of comparable range in rank, systematic 
variations of EPR parameters were observed (5). For increasing coal 
rank, that is, increasing weight percent carbon of the organic matter in the 
coal, g values fell (to values expected for aromatic radicals), the density of 
radicals generally increased, the line width of the carbon radical signal in
creased (the line-width increase reflects this radical density increase), and 
the radicals became progressively less easy to saturate by the application 
of higher microwave powers. ESE measurements revealed increasing 
values of 1 / Γ Μ and VTm as well as increased spectral diffusion with in
creasing coal rank, all of which are consistent with a higher density of rad
icals and an increased aromaticity in the higher rank coals (6). 

The present data do not always follow this trend: Wide variations are 
found in the measured radical density for a given coal sample, g values 
that are observed lie outside of the range expected for either aromatic or 
heterocyclic molecules, and a monotonie increase of the relaxation proper
ties with increasing coal rank is not observed. Although some valid ques
tions about the sample-handling history of some of the PSOC coal sam
ples remain, these systematica suggest that another variable is at work in 
the Argonne samples that remains to be completely specified. 

Electron Magnetic Resonance and the Chemical Transfor
mation of Coals. In the previous section, we restricted our discussion 
to the examination of the coals in the "native" state, assuming that the 
effects of handling are negligible and that handling the coal samples has 
not resulted in a change of their resonance properties. Actually, the very 
process of opening the sample ampules will change the samples, presum
ably causing a loss of some of the water vapor that resides in the pores of 
the coals and by introducing molecular oxygen when the samples are 
exposed to air. Clarkson et al. report in Chapter 27 that the samples 
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were opened and immediately run. Tsvetkov et al. report in Chapter 23 
that the samples were run immediately after opening and 1 h later. The 
narrow line attributed to inertinites vanished, and the broader line broad
ened further after a 1-h exposure to air. These effects can be explained by 
the introduction of paramagnetic 0 2 molecules into the coal with resulting 
magnetic broadening (7). 

Silbernagel et al. (Chapter 29) prepared the samples in a dry box, 
which was then evacuated and back-filled with helium and sealed without 
any exposure to air. Rothenberger et al. (Chapter 31) transferred the sam
ples in a nitrogen atmosphere and sealed them without evacuation; this 
approach provided the closest approximation to the "as-received" coals. 
Treatment can also be varied. Chen et al. (Chapter 24) immediately evacu
ated and sealed a portion of the samples while another portion was 
exposed to air and then sealed. Buckmaster and Kudynska (Chapter 26) 
report that their sample was prepared as-received, dried in an inert atmos
phere, and saturated with moisture. 

The ESE results for the samples that have been treated differently 
show different behavior. Parallel measurements on air-exposed and evacu
ated samples (Chapter 24) in most cases do show an increase in Γ Μ at 
room temperature with evacuation of the sample, but T1E actually falls 
with evacuation in two cases, from opposite ends of the rank spectrum 
(Pocahontas No. 3 low-volatile bituminous coal and Beulah-Zap lignite). 
The values of TM and T2 (the electron spin-spin relaxation time) vary 
considerably from one series of measurements to the next. 

These ambient-temperature handling processes can have significant 
effects on the samples. The most detailed survey of these phenomena, 
reported in Chapter 26, is an EPR study where changes in the shape of 
the EPR line can be detected with great sensitivity by using an Argand 
diagram analysis. Even storing the samples in an argon atmosphere 
changes g values and radical densities because of water loss that occurred 
during storage. Oxidation occurs at temperatures as low as 50 °C, and its 
rate depends critically on the amount of water in the samples at the time. 
Some of these changes are the result of interactions with the organic 
matter, but some result from changes of the mineral matter and the organ
ically coordinated transition metal ions present in the as-received coal. 

Pyrolysis of the coals, another form of chemical reaction, is briefly 
surveyed in Chapter 24. Treatment at 673 Κ in an evacuated tube led to a 
substantial increase in the radical densities of the samples and a corres
ponding decrease in Γ Μ . In several instances it also led to significant de
creases in Γ 1 Ε , which again might be expected for increasingly aromatic, 
ordered hydrocarbons (6). 

Another series of experiments involves the reaction of the coal with 
donors (such as triethylphosphine oxide, TEPO) and acceptor molecules 
(such as iodine and tetracyanoquinone, TCNQ). A significant increase in 
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the carbon radical intensity occurs at higher ranks with the addition of an 
I 2 acceptor. At low ranks, adding the TEPO donor decreases the radical 
intensity, but adding a TCNQ acceptor increases the radical intensity. 
These systematics suggest that the radical species in the coal are radical 
cations and that the electron-transfer chemistry depends on the chemical 
form (and perhaps the steric character) of the probe molecules. 

Solid C NMR Spectroscopy of Argonne Premium Coals: 
An Interlaboratory Comparison 

The subject of quantitation in solid 1 3 C NMR analyses of coal and other 
insoluble carbonaceous materials has been the focus of intensive debate 
over the past decade. As in other disciplines of fuel science, the complex 
nature of carbonaceous fuels, together with the diversity of samples 
chosen for study, has made comparisons between published results diffi
cult. With the inception of the Argonne Premium Coal Sample Program, 
it is now possible to conduct an interlaboratory study on a common suite 
of pristine coal samples spanning a diverse rank range. This interlabora
tory study permits a valid comparison of NMR data measured with dif
ferent experimental techniques and under a variety of different experi
mental conditions. 

Table I is a compilation of carbon aromaticity values for the eight 
Argonne Premium coals reported in 13 independent studies. The NMR 
measurements were carried out at static field strengths ranging from 1.4 to 
9.4 Τ (corresponding to carbon resonant frequencies of 15-100 MHz) and 
using a variety of methods, including cross-polarization-magic-angle spin
ning (CP-MAS), single-pulse excitation (SPE) with MAS, MAS with total 
suppression of spinning sidebands (TOSS), and dynamic nuclear polariza
tion-cross-polarization (DNP-CP) without MAS. Carbon aromaticities 
were determined from CP experiments employing contact times generally 
between 1 and 2 ms, and in certain instances, by mathematically fitting sig
nal intensities derived from variable contact-time experiments. Proton 
decoupling field strengths were typically between 40 and 82 kHz; MAS fre
quencies varied from 3 to 13 kHz. Recycle-delay times ranged from 1-3 s 
in CP experiments to 60 s in SPE experiments. 

The mean values derived for carbon aromaticities of the Argonne 
Premium coals and standard deviations obtained from the data in Table I 
are presented in Table II. The data have been analyzed according to 
groups that correspond to three experimental categories: mean aromatici
ty values from all C P - M A S measurements, values determined by C P -
MAS at a static field of 2.3 Τ only, and those values derived from SPE 
(90° pulse-acquire-recycle delay) measurements. 
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Table I. Survey of Carbon Aromaticity Values for Argonne Premium Coals 

Laboratory BZ W ILL PITT BC LS UF POC 

Aa 
0 . 6 9 0 . 6 1 0 . 6 7 0 . 7 0 0 . 6 1 0 . 7 2 0 . 7 7 0 . 8 3 

Bb 
0 . 6 7 — _ 0 . 6 7 — 
0 . 6 5 - - 0 . 6 3 - - - 0 . 7 6 

Cc - 0 . 5 9 - 0 . 6 7 - - - -
Od — 0 . 6 9 0 . 7 2 0 . 7 5 0 . 6 3 0 . 7 6 0 . 7 8 0 . 8 6 

- 0 . 5 8 0 . 6 0 0 . 6 1 0 . 5 3 0 . 6 3 0 . 6 6 0 . 7 7 

Ee 
0 . 7 1 0 . 5 9 0 . 6 6 0 . 7 0 0 . 5 9 0 . 7 1 0 . 7 8 0 . 8 4 

Ff 0 . 7 7 0 . 7 6 0 . 7 0 0 . 7 2 0 . 6 7 0 . 7 7 0 . 8 0 0 . 8 9 

0 . 6 5 0 . 5 3 0 . 7 2 0 . 7 8 0 . 6 6 0 . 7 7 0 . 7 8 0 . 8 6 

0 . 6 6 0 . 6 3 0 . 7 2 0 . 7 2 0 . 6 5 0 . 7 5 0 . 8 1 0 . 8 6 

G * 0 . 6 1 0 . 6 3 0 . 7 2 0 . 7 2 0 . 6 5 0 . 7 5 0 . 8 1 0 . 8 6 

Hh 
0 . 6 9 0 . 6 3 0 . 7 1 - - - 0 . 8 1 0 . 8 6 

V 0 . 7 6 0 . 7 7 0 . 7 8 0 . 8 4 0 . 7 7 0 . 8 3 0 . 8 3 0 . 8 9 

V 0 . 6 6 0 . 6 7 0 . 7 2 0 . 7 3 0 . 6 3 0 . 7 8 0 . 8 2 0 . 8 5 

Kk 
0 . 7 2 — — — 0 . 6 4 0 . 8 1 

0 . 7 3 - — — 0 . 6 1 — — 0 . 8 3 

0 . 8 3 - - - 0 . 5 6 - - 0 . 8 7 

Ll 
0 . 7 4 0 . 6 6 0 . 7 2 0 . 7 5 0 . 6 8 0 . 7 1 0 . 8 3 0 . 8 9 

0 . 7 0 0 . 6 5 0 . 7 2 0 . 7 4 0 . 6 7 0 . 7 5 0 . 8 2 0 . 8 6 

M M 0 . 7 6 0 . 7 5 0 . 7 8 0 . 7 7 0 . 6 5 0 . 7 9 0 . 8 1 — 
0 . 6 5 0 . 6 3 0 . 7 0 0 . 7 2 0 . 6 3 0 . 6 9 0 . 7 7 -

ABBREVIATIONS: BZ, Beulah-Zap; W, Wyodak-Anderson; ILL, Illinois No. 6; 
ΡΠΤ, Pittsburgh No. 8; BC, Blind Canyon; LS, Lewiston-Stockton; UF, Upper 
Freeport; and POC, Pocahontas. 
aChapter 13: 4.7-T CP-MAS; 90° pulse, 3.5 μ&\ i c p , 2 ms; i/r, 3 kHz. 
^Reference 11: 7.05-T CP-MAS (TOSS); 90° pulse, 5 /zs; * c p , 2-3 ms; i/r, 4 kHz. 
cChapter 14: 4.7-T CP-MAS; 90° pulse, 6 /*s; r^, 1 ms; z/r, 3.7-4.5 kHz. 
^Chapter 16: 9.4-T CP-MAS (TOSS); 90° pulse, 4 μ&\ f c p, 1 ms; vv 4 kHz. 
eChapter 17: 7.05-T CP-MAS; 90°x pulse, 5 /xs; 2 ms; 4 kHz. 
/Chapter 20: 7.05-T SP and CP-MAS (2.3-T CP-MAS); 90° pulse, 5 MS; tc? 

curve, i/., 14 kHz (4 Hz). 
^Reference 12: 2.3-T CP-MAS; 90°x pulse, 6 μ&; tc? curve, uT, 4 kHz. 
^Reference 9: 4.7-T TOSS; 90°x pulse, 5 μ&; i c p , 2 ms; 4 kHz. 
'Reference 13: 1.4-T DNP-CP-MAS; nonspinning. 
^Reference 9: 2.3-T CP-MAS; 90°x pulse, 3.5 μ&; tc?, 1.5 ms; ντ, 4 kHz. 
^Private communication (V. Pang and G. E. Maciel): 2.3-T SP and CP-MAS; tcl 

curve. 
'Reference 14: 2.3-T SP and CP-MAS; 90° pulse, 4.5 ŝ; tQ? curve, i/., 4 kHz. 
mReference 15: 2.3-T SP and CP-MAS; tcp curve, i/T, 4.5 kHz. 
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Table Π. Carbon Aromaticity for Argonne Premium Coals 

Coal Type CP-MAS CP-MAS at 23 Τ SPE 

Pocahontas 0.85 ± 0.01 (12) 0.85 ± 0.01 (5) 0.86 ± 0.05 (3) 
Upper Freeport 0.80 ± 0.02 (10) 0.82 ± 0.01 (4) 0.81 ± 0.02 (3) 
Lewiston-Stockton 0.75 ± 0.02 (9) 0.76 ± 0.02 (4) 0.76 ± 0.04 (3) 
Blind Canyon 0.63 ± 0.03 (11) 0.64 ± 0.02 (5) 0.66 ± 0.02 (4) 
Pittsburgh No. 8 0.72 ± 0.03 (H) 0.73 ± 0.01 (4) 0.75 ± 0.03 (3) 
Illinois No. 6 0.71 ± 0.02 (10) 0.72 ± 0.00 (4) 0.73 ± 0.04 (3) 
Wyodak-Anderson 0.62 ± 0.04 (11) 0.65 ± 0.02 (4) 0.74 ± 0.03 (3) 
Beulah-Zap 0.69 ± 0.05 (12) 0.67 ± 0.05 (5) 0.76 ± 0.03 (4) 

NOTE: All entries are mean values and standard deviations; the number of 
measurements is in parentheses. 

For Illinois No. 6 and coals higher in rank, the mean carbon aroma
ticity values that were determined for the three data sets can be con
sidered the same within the limits of the standard deviations. This condi
tion means that the variability in carbon aromaticities reported by dif
ferent laboratories for these coals is greater than the differences observed 
between experimental techniques, that is, CP and SPE experiments. The 
mean values from SPE experiments, however, always tend to be on the 
high end of the range of CP values. 

Differences in mean carbon aromaticity values for CP and SPE exper
iments are significant for the two lower rank coals, Wyodak-Anderson 
subbituminous and Beulah—Zap lignite samples. For these coals, the 
mean carbon aromaticities for SPE measurements are clearly higher, by 
approximately 10 and 20%, respectively. These differences may be 
accounted for, in part, by complications from paramagnetic transition 
metal ions that are intimately associated with the coal organic phase (8, 
9). The presence of these paramagnetic metal species in Wyodak-Ander
son and Beulah—2̂ ap coals adversely affects the spin—lattice relaxation 
properties of these coals (9). Shortening of proton Τχ relaxation times via 
interactions with paramagnetic species clearly results in reduced cross-
polarization efficiencies, and thus leads to lower derived C P - M A S aroma
ticity values (see Chapter 18). 

Variances associated with the C P - M A S data of the two low-rank 
coals are the highest for the entire suite of Argonne coals. In fact, the 
variance in the C P - M A S data, for which there is a statistically relevant 
number of measurements, is generally seen to increase with decreasing 
coal rank. These larger variations in experimental data for the lower rank 
coals may be a result of different sample-handling procedures, which could 
affect the analytical outcome of the experiment because of the presence of 
different amounts of water in the samples or incidental oxidation during 
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transfer and analysis. Clearly, the lower rank coals should be most suscep
tible to the effects of water removal and oxidation, because the low-rank 
coals contain the highest levels of both water and paramagnetic transition 
metal ions. Any changes in these properties due to different sample han
dling would have a more profound influence on the C P - M A S measure
ments for these samples. 

Comparing mean CP and SPE aromaticity values for Argonne coals 
with aromaticities obtained by other pulse techniques shows the expected 
trends. Carbon aromaticities obtained using the TOSS pulse sequence by 
laboratory H (Table II) are in good agreement, but those reported by 
laboratories Β and D are significantly lower than mean CP or SPE aroma
ticity values. This disparity in TOSS results illustrates the severe demands 
that must be placed on proper implementation of the TOSS pulse 
sequence for quantitative analysis. On the other hand, aromaticity values 
obtained via DNP-CP experiments (laboratory I) tend to be high, a result 
that is entirely consistent with a methodology involving polarization 
transfer of magnetization from free radicals that reside predominantly on 
aromatic structures in coals. 

Finally, it is instructive to determine whether mean carbon aromatici
ties derived from this interlaboratory exercise show rank dependencies for 
the Argonne coals that are consistent with our fundamental view of coal 
structure. Previous observations on coals spanning comparable ranges in 
rank consistently have shown systematic trends between NMR carbon aro
maticities and coal rank as defined by carbon content or hydrogen-to-
carbon ratio of the coal. The data in Table II, however, do not show 
definitive trends with rank. In fact, within the error limits of the analyses, 
CP- and SPE-derived aromaticities seem to be independent of rank 
through the (Beulah-Zap) lignite to (Lewiston-Stockton) high-volatile 
bituminous (HVB) coal range. Moreover, data for the Blind Canyon coal 
is anomalous and appears to correlate better with hydrogen-to-carbon 
ratio rather than carbon content. Only for the higher rank coals are 
trends between carbon aromaticities and coal rank obvious. Perhaps 
changes in aromaticity with rank for low-rank coals are less pronounced 
than had been previously thought. However, the number of samples in 
the Argonne suite may be insufficient statistically to allow for such an 
analysis of the data. 

Discussion 

A wide variety of new magnetic resonance techniques can be successfully 
applied to coals. In some cases, like CW ENDOR, such a success is by no 
means a foregone conclusion. These experimental efforts are particularly 
important because they have been performed on the same series of coal 
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samples, which furthermore have been treated in a very uniform manner 
up to the time when they were opened in the individual laboratories. Once 
the samples were opened, the variety of different handling procedures that 
were employed undoubtedly resulted in alterations of the samples from 
their pristine state because of the loss or addition of water or such 
incidental oxidation as may have occurred. 

Enough overlap exists in the experiments performed for comparisons 
to be made of what would nominally be the same measurements. Signifi
cant variations in the ESE relaxation properties are found for the same 
coals, some of which can be explained by the different sample-handling 
procedures. The same may be said of the variation in NMR carbon aro
maticity values, particularly for the lower rank coals. Furthermore, varia
tions in the EPR parameters (g value, line width, and radical density) are 
large enough to suggest that other factors may also be at play. As an 
example of this effect, the EPR radical densities reported by the various 
researchers are presented in Table III. Variations greater than an order of 
magnitude are observed, and no systematic trend is seen in the variation of 
the radical density in the results of a given researcher. We propose that 
the major reason for this variability is the presence of magnetic transition 
metal ions, principally iron, that are in intimate contact with the organic 
matter in the coal (9,10). 

The Argonne Premium coals are unique in the fact that they have not 
been subjected to any drying or oxidation processes during their collection 
and preparation. As a result, actual free transition metal ions, interacting 
with the functionalized surface of the coal pores, are still present in these 
samples. In particular, F e 3 + ions, which would be expected to be quite 
abundant in these materials (because the iron content in the coals is on 
the order of 0.5-5 wt% of the whole coal), should be present as single 
ions or multiple-ion complexes. In the presence of oxidants, these soluble 
complexes oligomerize and ultimately form hematite (Fe 20 3) (10), but 
subsequent EPR examinations demonstrate that the ions can occur at high 
density (^lO 2 0 per gram of coal) in the as-received coals (9). Citric acid 
washing is adequate to remove these signals from the coal and to lead to 
carbon radical values that are much less variable and other EPR proper
ties that are consistent with the known variations in coal chemistry. 

It is perhaps ironic that the variations of EPR and NMR properties 
that have been seen in these observations on the Argonne coals are most 
likely the result of the great care with which the samples have been han
dled in the course of their preparation. 
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Australian bituminous coals, PMR thermal 
analysis, 246, 247-248/, 249 

Β 

Beulah-Zap coal 
1 H NMR spectra of fresh, degassed, and 

dried samples, 297-300 
CW EPR spectroscopy, 483-504 
dipolar-dephasing results, 406, 407/ 
EPR spectra with and without guest 

molecules, 531, 532/ 533 
*H CRAMPS of untreated and 

pyridine-saturated coals, 403-406 
PMR thermal analysis, 243-244, 245/ 
truncated second moment-temperature 

pyrograms, 242/ 
W-band EPR spectrum, 512, 516/ 

Bicyclo[3.2.1]-4-pyrrolidino-iV7-methyl-
8-octane triflate to determine 
undetected carbons in coal, 10 

Bituminous coals 
1 3 C magnetization vs. matching time, 16,17/ 
diffusion-coupled relaxation and 

submicroscopic structure, 175-197 
*H NMR relaxation behavior, 176 
low-volatile, See Low-volatile bituminous 

coal 
molecular structure, See Molecular 

structure of bituminous coals 
PMR thermal analysis, 246-249 

Bituminous vitrinites, properties, 191* 
Bivariate correlations, principal-component 

analysis, 256-259 
Blind Canyon coal 

CW EPR spectroscopy, 483-504 
EPR spectra with and without guest 

molecules, 531, 532/ 533 
*H CRAMPS of untreated and 

pyridine-saturated coals, 404-406 
1 H NMR spectra of fresh, degassed, and 

dried coal, 297-298, 299/ 300 
PMR thermal analysis, 246 
stacked plot of *H NMR time-domain 

signals, 234, 237/ 
transition metal EPR signals, 

547, 548/ 549* 
truncated second moment-temperature 

pyrograms, 242, 243/ 
W-band EPR spectrum, 512, 515/ 

Bloch-decay 1 3 C NMR spectroscopy of 
Argonne Premium coals, 377-397 

acenaphthene characterization procedure, 
384 

Bloch-decay 1 3 C NMR spectroscopy of 
Argonne Premium coals— 
Continued 

aromaticities, 386, 387* 
carbon magnetization determination 

methods, 384-386 
chemical-shift distributions, 386, 388* 
comparison of 4, 4 ' -dimeth oxybibenzyl 

results with those of CP-MAS, 397* 
comparison of acenaphthene results with 

those of CP-MAS, 394-397 
comparison of aromaticities with those of 

CP-MAS, 392, 394 
contact time curves, 385/ 386 
experimental procedure, 384 
*H rotating-frame spin-lattice relaxation 

time, 384, 385/ 386 
relaxation parameter values, 386, 387* 
sample preparation, 383 
time dependence of magnetization growth 

and decay, 386, 390-392 
Upper Freeport coal, 386, 390/ 
Wyodak-Anderson coal, 386, 391/ 

Boxcar gate and integrator, 96 
BR-24 pulse sequence, use in a H 

CRAMPS, 39 
Brown coals, PMR thermal analysis, 

243-245 

C 

1 3 C aromaticity, quantitative accuracy, 
315-316 

1 3 C CSA in coal, 419-437 
average chemical-shift tensor values for 

aromatic carbons, 421, 422* 
chemical-shift-chemical-shift correlation 

spectroscopy, 431, 432/ 434-435/ 
dynamic angle spinning, 433-435, 436/ 437 
experimental procedure, 422-437 
information obtained, 420, 421/ 422* 
limitations, 423 
magic-angle hopping, 433-435, 437 
magic-angle spinning with synchronous 

application of rf pulses, 437 
slow magic-angle spinning, 430 
static line shape with best fit, 

424, 425/ 
static powder pattern for hexahydropyrene, 

422, 423/ 
stop-and-go method, 433-435, 437 
techniques, 419-420 
tensor components for aromatic carbons in 

coal, 424, 426* 
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650 MAGNETIC RESONANCE OF CARBONACEOUS SOUDS 

1 3 C CSA in coal—Continued 
tensor components for aromatic carbons in 

hexahydropyrene, 422-423, 424* 
variable-angle sample spinning, 

424-425, 427-430 
1 3 C cross-polarization-MAS solid-state 

NMR spectroscopy, coal and coal 
oxidation studies, 323-338 

1 3 C cross-polarization NMR spectroscopy, 
applications, 217-218 

1 3 C line broadening, influencing factors, 
7-8 

1 3 C magnetization, time dependence, 17 
1 3 C NMR spectroscopy, distortion-free, 

rotating-frame DNP, 217, 226 
1 3 C NMR spectroscopy of carbonaceous 

solids, quantitation technique, 3-24 
1 3 C NMR spectroscopy of pyridine and 

alkylpyridines sorbed onto coal, 201-215 
alkyl-substituted pyridines, 210-212 
coal rank effect, 207, 209/ 
comparison of Bloch-decay and CP spectra, 

204-206 
elemental analysis of coal, 202, 203* 
experimental procedure, 202, 204 
implications for structure of sorbed 

pyridine, 214-215 
magic-angle spectroscopy for removal of 

line broadening from CSA, 206 
relaxation behavior of sorbed pyridine, 

210-214 
temperature effect, 207, 208/ 
time vs. CP signal intensity, 206/ 207 

1 3 C nuclei, interaction with unpaired 
electrons, 6-11 

Carbon-based free radicals, densities, 
561-562 

Carbon radicals, EPR spectroscopy in coal, 
631-632 

Carbon rotating-frame spin-lattice 
relaxation time, 351-355 

Carbon spin-lattice relaxation time 
acenaphthene characterization, 384 
aliphatic carbons vs. coal rank, 347, 349/ 
aromatic carbons vs. coal rank, 347, 348/ 
calculated values, 346, 347* 
correlation of those from maxima with 

other analytical methods, 349 
description, 344—345 
determination, 346 
multicomponent magnetization decay, 347 
validity, 348-349 
weighted-average relaxation times vs. coal 

rank, 347, 350/ 

Carbonaceous materials 
high-temperature NMR studies at 

atmospheric pressure, 156—170 
high-temperature NMR studies of thermal 

transformation, 152-156 
Carbonaceous solids 

X H NMR spectroscopy, 27-42 
quantitation in 1 3 C NMR spectroscopy, 

3-24 
Carboxyl carbon/protonated aromatic carbon 

ratio, values for Argonne Premium coals, 
276-278 

Cavity, sample, requirement for 
high-frequency EPR spectroscopy, 
133-134 

Cellulosic char, calculation of Overhauser 
enhancement of DNP, 52-53 

Ceramic fiber, rare-spin spectra, 58, 59/ 
Charge-transfer complex, temperature of 

maximum EPR intensity, 586-587 
Qiemical-shift-chemical-shift correlation 

spectroscopy, for measurement of 1 3 C 
Oiemical-shift anisotropy, 431-432 
Chemical transformation of coals, EMR 

effects, 635-637 
Chemical treatment, removal of effects of 

unpaired electrons, 10 
Chemometrics and multivariate techniques 

for data analysis, 254 
Citric acid, ΧΗ CRAMPS spectrum, 32/ 33 
Coal(s) 

Argonne Premium, See Argonne Premium 
coals 

bituminous, See Bituminous coals 
carbon-based free radical 

concentration, 561 
complexity, 5—6 
cost of optimizing processes, 253—254 
cross-link composition, 468 
difficulty in understanding, 582 
distortion-free 1 3 C NMR spectroscopy, 

217-226 
*H NMR spectroscopy, 27-42 
hydrogen bond importance in cross-linking 

macromolecules, 468 
multiple-phase structure model, 309 
origin of EPR signal, 582 
physical and chemical transformations 

related to utility, 229 
polynuclear aromatic radical type vs. coal 

rank, 562 
population factors using variable-angle 

sample spinning, 428, 429* 
pyridine bonding to surface, 202 
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INDEX 651 

Coal(s)—Continued 
rank vs. amount taken up from aqueous 

solution, 530 
role of noncovalent bond interactions, 529 
solid-state NMR relaxation time, 

principal-component analysis, 
253-266 

structural determination of organic 
radicals using high-frequency EPR 
spectroscopy, 125 

tensor components using variable-angle 
sample spinning, 428, 429* 

unpaired electrons, 6-11 
Coal liquefaction process, conventional, 

281-282 
Coal liquefaction residues characterized by 

solid-state 1 3 C NMR spectroscopy, 
281-292 

Coal rank, cross-polarization signal effect 
for pyridine, 207, 209/ 

Coal-solvent interactions 
importance, 201 
solvent swelling effect, 201-202 

Coal-tetrahydroquinoline, high-temperature 
*H NMR spectra, 156/ 

Combined rotation and multiple-pulse 
spectroscopy, See Proton CRAMPS 

Computer simulation, low-frequency EPR 
spectroscopy, 117,119 

Conservative diffusion experiment, 
application to bituminous coals, 
189-197 

Continuous-wave ENDOR spectroscopy, 
advantages and disadvantages, 66—67 

Continuous-wave EPR spectroscopy, 
Argonne Premium coals, 483-504 

Continuous-wave ESR spectroscopy, 
Argonne Premium coals, 443-448 

Conventional coal liquefaction processes, 
281-282 

Copper complexes, low-frequency EPR 
spectroscopy, 108-122 

Cross-polarization experiments, influencing 
factors, 13-21 

Cross-polarization-MAS 1 3 C NMR 
spectroscopy of Argonne Premium 
coals, 377-397 

acenaphthene characterization, 384 
aromaticities, 386, 387* 
carbon magnetization determination, 

384-386 
chemical-shift distributions, 386, 389* 
comparison of 4, 4'-dimethoxybibenzyl 

results with those of Bloch-decay, 397* 

Cross-polarization-MAS 1 3 C NMR 
spectroscopy of Argonne Premium 
coals, 377-397—Continued 

comparison of acenaphthene results with 
those of Bloch-decay, 394-397 

comparison of aromaticities with those of 
Bloch-decay, 392-394 

contact time curves, 385/ 386 
experimental procedure, 383-384 
high-speed spinning, 380-383 
*H rotating-frame spin-lattice relaxation 

time determination methods, 384-386 
relaxation parameter values, 386, 387* 
sample preparation, 383 
time dependence of magnetization growth 

and decay, 386, 390-392 
Upper Freeport coal spectra, 386, 390/ 
Wyodak-Anderson coal spectra, 386, 391/ 

Cross-polarization-MAS spectroscopy, 
applications, 4 

Cross-polarization NMR technique 
advantages and disadvantages for 

quantitation in 1 3 C NMR spectroscopy, 
23-24 

rf pulse sequences, time constants, and 
time delays, 4, 5/ 

Cross-polarization solid-state NMR 
spectroscopy, probe for pyridine bonding 
to coal, 202 

Cross-polarization spin dynamics, analysis 
techniques, 16-21 

Cross-polarization times, 326-333 
Cumulant expansion, example for ESR 

measurement, 99-100 
Cytochrome c oxidase, transmission EPR 

spectrum, 130,132/ 

D 

Data analysis, ESR measurement, 99 
Davies ENDOR spectroscopy, 74-76 
Decoupling of electron spins, removal of 

effects of unpaired electrons, 11 
Diamond, vapor-deposited,13 C spectrum, 

58-59, 60/ 
Diffusion-coupled relaxation of bituminous 

coal, 175-197 
concepts, 178,179* 
conservative diffusion data analysis, 

189-191/ 
conservative diffusion experimental 

procedure, 184 
conservative diffusion regime, 181 
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652 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Diffusion-coupled relaxation of bituminous 
coal, 175-197 

correspondence between magnetic and 
thermal parameters, 179* 

data requirements, 177 
dynamic diffusion approach, 194-196 
dynamic diffusion data analysis, 

187,188/, 189 
dynamic diffusion experiment, 183-184 
Edzes-Samulski approach, 191-195/ 
Edzes—Samulski data analysis, 184—187 
Edzes—Samulski experiment, 182—183 
macroscopic two-phase lamellar system, 

180/ 181 
nonconservative diffusion regime, 181 
reduced two-phase model, 182 
selective excitation techniques, 177-178 
theory, 178-182 

4, 4'-Dimethoxybibenzyl 
comparison of CP-MAS and Bloch-decay 

results, 397* 
Hartmann-Hahn curve, 381/ 382 

Dipolar dephasing to discriminate between 
types of carbons, 334-337 

advantages for Ή CRAMPS, 402 
Argonne Premium coals, 273, 276* 
fresh coals, 334, 335/ 
oxidized coals, 334-335, 336/ 
protonated aromatic carbon determination, 

334-336, 337* 
signal intensities of aromatic carbons 

vs. delay time, 273, 275/ 
spectra for Illinois No. 6 coal, 273, 274/ 
validity for protonated to nonprotonated 

carbon determination, 335-338/ 
Dipolar fields, measurement, 618, 619 
Dipolar relaxation, measurement, 

618, 619/ 621 
Dipolar spin-lattice relaxation time, 

effect of experimental conditions, 
623-624 

Direct thermal mixing effect mechanism, 
DNP, 47/ 

Disordered glasses, ESR measurement effect, 
97-99 

Distortion-free 1 3 C NMR spectroscopy in 
coal, rotating-frame DNP, 217-226 

Double ENDOR, See Electron nuclear triple 
resonance 

Dry coals, proton relaxation rates, 
193,194* 

Durene, 1 H CRAMPS spectrum, 32/ 33 
Dynamic-angle spinning for measurement of 

1 3 C CSA, 433 

Dynamic diffusion experiments 
application to bituminous coals, 

194-196 
selective saturation method, 183—184 

Dynamic nuclear polarization 
1 3 C spectra of anthracite, 321/ 322 
direct thermal mixing effect mechanism, 

47/ 
enhancement of nuclear magnetiza

tion, 219 
nuclear polarization due to static 

electron-nuclear interactions, 48—50 
Overhauser enhancement, 47/ 51-53 
overview, 45-47 
types, 219-221 

Dynamic nuclear polarization-CP 
spectroscopy, comparison to DNP-SP 
spectroscopy, 56-58 

Dynamic nuclear polarization NMR 
spectroscopy for solid materials 
research, 45-61 

applications, 53—60 
sensitivity, 54, 55/ 
separation of enhancement curves, 

53, 54/ 
Dynamic nuclear polarization—single-pulse 

spectroscopy, 56-60 
advantages, 60-61 
ceramic fiber rare-spin spectra, 59 
electron density distribution, 56-58 
molecular structure analysis in vicinity 

of unpaired electrons, 56, 57/ 
three-spin effect, 58 
vapor-deposited diamond 1 3 C spectrum, 

58-60/ 
Dynamics of EPR system, 91 

Ε 

Echo decay, 613-616 
Edzes and Samulski experiment, 182-183 
Eigenvalues and eigenvectors, 

principal-component analysis, 
260, 261*, 262 

Elastic modulus of coal, calculation of 
average molecular weight between 
cross-links, 350-351 

Electron dipolar field and dynamics 
measurement in solids, 605-624 

applicability of spin-temperature 
formalism, 618, 620-622 

dipolar fields, 618, 619/t 
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INDEX 653 

Electron dipolar field and dynamics 
measurement in solids— 
Continued 

dipolar relaxation, 618, 620-621 
ESR in coal, 622-624 
experimental procedure, 616-617 
pulsed EPR spectroscopy, 612-616 
spin temperature theory, 607-610 
statistical approach theory, 610—612 
Zeeman spin-lattice relaxation, 617/, 618* 

Electron donors or acceptors for EPR 
characterization of Argonne Premium 
coals, 529-537 

difference in spin concentration of coal 
with and without guest molecules vs. 
coal rank, 533, 535/ 

difference in spin concentration of coal 
with and without iodine vs. H/C ratio 
of coal, 533, 535, 536/ 

EPR spectral shape with and without guest 
molecules, 531, 532/ 533 

experimental materials, 530-531 
hydrogen bonding importance, 536-537 
spin concentration of coal-guest molecule 

complexes vs. coal rank, 533, 534/ 
spin concentration of coal vs. coal rank, 

533-534/ 
Electron-electron interactions, 7-9 
Electron flip-flop transition rate, 8-10 
Electron magnetic resonance spectroscopy, 

applications, 451—452 
Electron magnetic resonance spectroscopy 

of Argonne Premium coals, 631-636 
absorption line shapes, 632-633 
chemical transformation effects, 635-637 
coal structure and swelling, 634—635 
electron-nuclear interactions, 633-634 
influencing factors, 642 
nature of carbon radicals in coal, 631-632 
radical type determination, 633 
rank-dependent effects, 635 

Electron nuclear double resonance 
(ENDOR) spectroscopy, 65-89 

Argonne Premium coals, 458-465 
electron—nuclear interactions, 633-634 
energy level diagram for four-level 

system, 69/ 70 
EPR-detected sublevel coherence, 81-88 
EPR-detected sublevel population transfer, 

71-82 
factors affecting enhancement, 70 
features of spectra, 66 
Hamiltonian, 66-67 
limitation, 86 

Electron nuclear double resonance 
(ENDOR) spectroscopy— 
Continued 

pulse sequences, 70—71 
relative enhancement, 68 
spin eigenvalues, 69 
triphenylmethyl radical spectrum, 66 

Electron nuclear double resonance (ENDOR) 
spectroscopy of Argonne Premium coals, 
pulsed, See Pulsed ENDOR 
spectroscopy of Argonne Premium coals 

Electron-nuclear interactions 
role in DNP, 46-47 
studies using ENDOR spectroscopy, 

633-634 
Electron nuclear triple resonance 

hyperfine selective ENDOR, 79, 80/ 
pulse sequence, 78/ 79 
sublevel EPR spectroscopy, 80-81, 82/ 

Electron paramagnetic resonance (EPR) 
spectroscopy 

absorption line shapes, 632-633 
applications, 468 
Argonne Premium coals, 467-481, 

539-557 
characterized with electron donors or 

acceptors, 529-537 
CW, 483-504 
EPR properties, 542, 544* 
microwave-saturation responses, 

542, 545/ 546/ 
process and properties, 539-542 
temperature related to intensity, 

582-603 
transition metal spectra, 

547, 548/ 549* 
two-component carbon radical signal, 

542, 543/ 
comparison to NMR spectroscopy, 

630-631 
field-support system, factors affecting 

spectra, 91 
multifrequency, See Multifrequency EPR 

spectroscopy 
triphenylmethyl radical spectrum, 66 
spin-probe spectroscopy of porosity in 

solvent-swelled coal, 467-481 
sublevel coherence detected with 

multiple-quantum ENDOR, 81-88 
sublevel population transfer detected with 

Davies ENDOR, 71-82 
See also Electron spin resonance 

spectroscopy 
Electron spin, schematic diagram, 630/ 
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654 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Electron spin-echo (ESE) spectroscopy of 
Argonne Premium coals, 462-464, 
539-557 

advantages, 547, 550 
instantaneous diffusion using microwave 

pulses of different tipping angles, 
550, 554/ 

magnitude of instantaneous diffusion vs. 
coal rank, 554, 555/ 

nuclear modulation patterns, 462 
process and properties, 541 
selective free induction decay detection 

of narrow line, 550, 551/ 552* 
spin—lattice relaxation for broad line, 

556/ 557* 
spin-lattice relaxation for narrow line, 

550, 552*, 553 
two- and three-pulse experiments, 462 
X band, See X-band ESE spectroscopy of 

Argonne Premium coals 
Electron spin-echo (ESE) spectroscopy of 

irradiated malonic acid, 67/ 68 
Electron spin-echo relaxation for 

radical type discrimination, 633 
Electron spin decoupling, removal of effects 

of unpaired electrons, 11 
Electron spin-lattice relaxation, 541 
Electron spin relaxation measurement, 

91-103 
"2 + Γ experiment, 102-103 
data analysis, 99-100 
detection of signal vs. spectrum, 95-97 
experimental problems, 622-623 
function of boxcar integrator, 96 
inversion-recovery experiment, 100-101 
pulse sequence effect, 96-97 
relaxation times vs. experimental 

conditions, 623—624 
samples studied, 97-99 
two-pulse spin-echo experiment, 101-102 

Electron spin resonance (ESR) spectroscopy 
2-mm band, See Continuous-wave ESR 

spectroscopy of Argonne Premium coals 
applications, 141 
Argonne Premium coals, 453-458 
description, 140—141 
free radical formation, 141 
free radical spin densities, 308/ 309 
high-temperature, 139-149 
natural coals, description, 443 
X band, See X-band CW ESR spectroscopy 

of Argonne Premium coals 
See also Electron paramagnetic resonance 

spectroscopy 

Electronic spin Hamiltonian, definition, 508 
Enhancement factor of laboratory-frame 

DNP, 219 

F 

Factor loadings, definition, 258 
Feed coals, stacked plots of spectra, 

284, 285/ 
Field-dependent terms, definition, 114 
Free-induction decay of Argonne Premium 

coals, 365/ 366* 
Frequencies, high-frequency EPR 

spectroscopy, 122-123 
Frequency-shift perturbation technique, 

analysis of low-frequency EPR 
spectroscopy, 121,122/ 

Fulvic acid, *H CRAMPS spectrum, 34/ 35 
Fusinite 

free-induction decay and W-band EPR 
spectrum, 512, 518/ 

line width of EPR vs. frequency, 
111-112/ 114/ 

G 

g factor, temperature dependence, 
497-499/ 

g strain, line width effect, 
110,112/ 

H 

^H-^U dipolar-dephasing X H CRAMPS, 
molecular-level mobility analysis, 
35-37/ 

1 H - 1 H dipolar interactions, 1 H NMR 
spectroscopy, 27-28 

*H decoupling, interference from molecular 
motions with quantitation in 1 3 C NMR 
spectroscopy, 11 

1 H magnetization, spin locking, 15/ 16 
1 H NMR relaxation behavior, bituminous 

coals, 176 
1 H NMR spectroscopy 

carbonaceous solids, 27—42 
for characterizing molecular structures 

and motions in organic solids, 
295-296 

water analysis in coals, 361 
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INDEX 

α Η NMR spectroscopy of Argonne Premium 
coals, 295-309 

degassed coal spectra, 297-300 
dried coal spectra, 297-300 
experimental procedure, 297 
fresh coal spectra, 297, 298-299/, 300 
1 H relaxation times, 301, 302-304/ 
importance of moisture removal, 296 
line widths of dried coals vs. percent 

carbon, 301/ 
relaxation times vs. percent carbon, 

303-304, 305-307/ 
a H NMR transverse-magnetization signals 

for bituminous coals, 176 
Hamiltonian equation, 28 
Hardgrove grindability index, second-moment 

parameter and temperature of maximum 
rate of increase, 167,168/ 

Hartmann-Hahn matching condition, 
quantitation in CP experiment, 14 

Heteroatom sensitivity, high-frequency EPR 
spectroscopy, 125-127/ 

Heterogeneity of sample, See Sample 
heterogeneity 

1,2,3,6,7,8-Hexahydropyrene, variable-
angle spinning spectra, 427, 428/ 

High-field NMR studies of Argonne 
Premium coals, 311-322 

apparent aromaticities, 313, 316*, 317 
apparent aromaticity calculation, 313 
aromaticity-extraction process, 313, 314/ 
aromaticity vs. method, 317—318 
1 3 C CP NMR spectra, 313, 315/ 
carbon-structure distribution parameters, 

313, 316*, 320 
CRAMPS, 313-314, 317/ 
proton aromaticities, 313-315, 318*, 320 
requirements, 311, 312 
rotating-echo intensity ratio, 318-320 
sensitivity, 312 

High-frequency EPR spectroscopy, 121-134 
advantages, 122-123 
applications, 123 
attenuation and insertion loss of 

waveguide components, 131,133 
economics, 134,136 
frequencies, 122-123 
heteroatom sensitivity, 125-126,127/ 
instrumentation, 130-131,133-134,135* 
molecular geometric sensitivity, 128 
nitroxide free radical in frozen toluene, 

123,124/ 
nitroxide radical mixture, 125,126/ 
organic free radicals, 125 

655 

High-frequency EPR spectroscopy— 
Continued 

passage effects, 128/ 
resolution, 123-129 
sample cavity requirement, 133-134 
sensitivity vs. frequency, 133-134,135* 
structural determination of organic 

radicals in coal, 125 
waveguide component availability, 130-131 
zero-field splitting, 129-130,131-132/ 

High-resolution *H NMR spectroscopy, Argonne 
Premium coals, 401-417 

High-speed spinning, CP-MAS 1 3 C N M R 
spectroscopy, 380-381/ 382-383 

High-temperature ESR spectroscopy, 139-169 
high-pressure methods, 142-146 
pyrolysis studies on pristine and oxidized 

coals, 146-151/ 
High-temperature-high-pressure ESR 

spectroscopy, 142-146 
advantages, 146 
apparatus assembly, 145/ 
apparatus design, 142-146 
cavity, 143,144/ 
heating rates, 146 
spin concentration calculations, 146 
tube, 143/ 

High-temperature NMR spectroscopy 
applications, 149,151 
carbonaceous material studies at CSIRO, 

156-170 
carbonaceous material studies at 

Hokkaido University, 152-156/ 
methods, 149-169 
temperature ranges, 151-152 

Highvale coal 
aromatic carbon distribution, 288* 
hydrogen distribution, 288, 289* 
liquefaction data, 287*, 288 
stacked plots of spectra, 284-286/ 

Humic acid, *H CRAMPS spectrum, 
34/35 

Hydrated keratin, reduced proton-
magnetization relaxation, 194,195/ 

Hydrogen assay procedures, 360-361 
Hydrogen bonding, importance in 

cross-linking macromolecules, 468 
Hydrogen distribution in coals, 288, 289* 
Hydrogen gas in coal liquefaction residues, 

289, 290-292 
Hydrogen-to-carbon ratio, aromaticity 

effect, 330-331, 333/ 
4-Hydroxy-2, 2, 6, 6-tetramethylpiperidinoxyl, 

ESR studies in coal, 468-469 
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656 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Hyperfine selective ENDOR spectroscopy, 
irradiated malonic acid, 79, 80/ 

I 

Illinois No. 6 coal 
aromatic carbon distribution, 288* 
1 3 C NMR spectra vs. spinning rate, 

271/ 272 
CW EPR spectroscopy, 483-504 
Davies ENDOR spectra, 564-570 
dipolar-dephasing spectra, 

273, 274/ 407, 409/ 
a H CRAMPS of untreated and 

pyridine-saturated coals, 403-406 
hydrogen distribution, 288, 289* 
liquefaction data, 287*, 288 
stacked plot of *H NMR time-domain 

signals, 234, 236/ 
stacked plots of CP-MAS and DD NMR 

spectra, 284, 285/ 
temperature vs. truncated second moment, 

241/ 
truncated second moment-temperature 

pyrograms, 242, 243/ 
W-band EPR spectrum, 512, 514/ 

In situ measurement technique, 140 
Indirect thermal mixing effect, 47/ 
Inhomogeneously broadened lines, 66 
Instantaneous diffusion, 614 
Inverse electron-electron flip-flop time, 49 
Inversion-recovery experiment, ESR 

measurement, 100-101 
Iodine, coal rank vs. amount taken up from 

aqueous solution by coal, 530 
Irradiated malonic acid 

Davies ENDOR spectrum, 74, 75/ 
electron spin-echo spectrum, 67/ 68 
hyperfine selective ENDOR, 79, 80/ 
Mims ENDOR spectrum, 77/ 78 
multiple-quantum ENDOR spectrum, 87, 88/ 
sublevel EPR spectroscopy, 81, 82/ 
sublevel free induction decay, 83, 84/ 85 
sublevel Rabi oscillations, 72, 73/ 

Isotope-dilution technique, 360 

Κ 

Kerogen concentrate, X H CRAMPS 
spectrum, 34/ 35 

L 

Laboratory-frame DNP signal enhancement 
vs. microwave offset frequency, 219, 220/ 

Larsen-Marzec model, description, 486 
Lewiston-Stockton coal 

X H relaxation times, 301-302, 303/ 
CW EPR spectroscopy, 483-504 
dipolar-dephasing results, 407, 408/ 
X H CRAMPS of untreated and 

pyridine-saturated coals, 403-406 
Hartmann-Hahn matching curve, 

380/ 381 
truncated second moment-temperature 

pyrograms, 242, 243/ 
W-band EPR spectrum, 512, 516/ 

Line shape 
EPR absorption, influencing factors, 

632-633 
low-frequency effect, 109-111/ 

Line width 
low-frequency effect, 110-113/ 
NMR line in absence of electrons, 49 
temperature dependence, 497, 500-502 

Loadings, plot for principal-component 
analysis, 262, 263/ 

Loop-gap resonator, schematic 
representation, 119,120/ 

Low-frequency EPR spectroscopy, 108-121 
data analysis, 120-121,122/ 
economics, 134,136 
instrumentation, 119,120/ 
line shape vs. frequency, 109-111/ 
line width vs. frequency, 110-113/ 
methodology, 119-120 
signal-to-noise ratios, 119-120 
spectral simulation, 117,119 
state mixing effect, 114-118 

Low-frequency pulsed EPR spectroscopy, 
524-527 

factors affecting phase-memory time, 
524-525 

frequency effect, 525, 526 
spin-echo decay times vs. magnetic field, 

526*, 527 
two-pulse echo envelope, 524, 525/ 

Low-volatile bituminous coal 
1 3C-NMR spectra, 55-57/ 
DNP enhancement curves, 53, 54/ 

M 

Macérais, aromaticity, 330 
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INDEX 

Macroscopic two-phase lamellar system, 
180-181 

Macroscopic Zeeman magnetization, 178 
Magic-angle hopping, description, 12 
Magic-angle hopping for measurement of 

1 3 C CSA, 433 
Magic-angle spinning 

a H NMR effects on monoethyl fumarate, 
29, 31/, 32 

interference with molecular motion in 1 3 C 
NMR spectroscopy, 12 

modulation of polarization-transfer time, 
quantitation in CP experiment, 14-15 

Magnetic parameters, correlation to thermal 
parameters, 179* 

Magnetic resonance in coals, electron and 
nuclear spins, 630 

Magnetic resonance in solids, methods to 
characterize spin system, 605 

Magnetic resonance techniques applied to 
Argonne Premium coals, 629-642 

Magnetization growth and decay, time 
dependence, 386, 390-391, 392 

Malonic acid 
Davies ENDOR spectrum, 74, 75/ 
electron spin-echo spectrum, 67/ 68 
hyperfine selective ENDOR, 79, 80/ 
Mims ENDOR spectrum, 77/ 78 
multiple-quantum ENDOR spectrum, 

87, 88/ 
sublevel EPR spectroscopy, 81, 82/ 
sublevel free induction decay, 83, 84/ 85 
sublevel Rabi oscillations, 72, 73/ 

Matching time, relationship to spin-lattice 
relaxation time in rotating reference 
frame and polarization-transfer time, 
16-19/ 

Methane gas in coal liquefaction residues, 
289-292 

Microwave pulse, description, 70-71 
Microwave resonator, function, 96 
Millimeter waves, description, 122 
Mims ENDOR spectroscopy 

irradiated malonic acid radical spectrum, 
77/ 78 

magnetization pattern and pulse sequence, 
76-77 

Molecular dynamics in coals, 342 
Molecular-level mobility, analysis using 

Ή - Ή dipolar-dephasing X H CRAMPS, 
35-37 

Molecular motions, 1 H decoupling, 
interference with quantitation and MAS 
in 1 3 C NMR spectroscopy, 11-12 

657 

Molecular structure and properties of 
bituminous coals studied with X H NMR 
techniques, 175-176 

Molecular weight between cross-links in 
coal calculated using elastic modulus 
of coal, 350-351 

MREV-8 pulse sequence, use in 1 H 
CRAMPS, 39 

Multicomponent magnetization decays in 
macromolecular systems, role of carbon 
spin-lattice relaxation time distributions, 
347-348 

Multifrequency EMR spectroscopy of 
Argonne Premium coals, 507-527 

applications, 508 
elemental and proximate data for Herrin 

No. 6 coal, 511* 
EPR spectra vs. microwave frequency, 

509, 510/ 
ESE envelope modulation time domain 

patterns vs. microwave frequency, 
509, 510/ 

experimental procedure, 511-512 
low-frequency pulsed EPR spectroscopy, 

524, 525/ 526*, 527 
method for varying importance of spin 

Hamiltonian terms, 509 
very high frequency EPR spectroscopy, 

512-524 
Multifrequency EPR spectroscopy, 107-136 

advantages, 108 
frequency ranges, 107-108 
high frequency, 121-135 
low frequency, 108-122 
zero field, 121 

Multiple-phase structure model, coal, 309 
Multiple-pulse line-narrowing technique, *H 

NMR effects on monoethyl fumarate, 
29-32 

Multiple-quantum ENDOR spectroscopy, 
irradiated malonic acid, 87, 88/ 

Multivariate statistical analysis and 
pattern recognition, principal-component 
analysis, 253-266 

Ν 

Nitrogen gas in coal liquefaction residues, 
285-289 

Nitroxide free radical in frozen toluene, 
high-frequency EPR spectroscopy, 
123,124/ 

Nitroxide radical mixture, high-frequency 
EPR spectroscopy, 125,126/ 
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658 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

NMR relaxation rate measurement, 571 
NMR spectroscopy 

comparison to EPR spectroscopy, 630—631 
for characterization of 

carbonaceous samples, 27 
high field, See High-field NMR studies of 

Argonne Premium coals 
high-temperature, 149-169 
solid materials research, 45—61 
techniques to probe for pyridine bonding 

to coal, 202 
thermal analysis, 140 

NMR spin echo, EPR detection, 570, 571/ 
Nonconservative diffusion regimes, 181 
Noncovalent interactions in coal structure, 

529-530 
Nonequilibrium spin states, spin-temperature 

formalism, 607-610 
Nuclear polarization enhancement, 48-50 
Nuclear spin Hamiltonian, 508 
Nuclear spins, schematic diagram, 630/ 

Ο 

Oil shale, *H CRAMPS spectrum, 34/ 35 
Organic free radicals, high-frequency EPR 

spectroscopy, 125 
Overhauser enhancement of DNP, average 

enhancement, 47, 51-53 
Oxidized coal 

pyrolysis studies using high-temperature 
ESR spectroscopy, 148-151/ 

solid-state 1 3 C NMR spectroscopy, 
323-338 

Oxygen, high-frequency EPR spectroscopic 
effect, 125-126 

Ρ 

Perdeuteropyridine, saturation effect on *H 
CRAMPS, 35/ 

Phase cycling, function, 95 
Pittsburgh No. 8 coal 

CW EPR spectroscopy, 483-504 
dipolar-dephasing results, 407, 409/ 
XH CRAMPS of untreated and 

pyridine-saturated coals, 403—406 
truncated second moment-temperature 

pyrograms, 242, 244/ 
W-band EPR spectrum, 512, 514/ 

Pocahontas No. 3 coal 
*H NMR spectra of fresh, degassed, and 

dried, 297-300 
chemical-shift-chemical-shift correlation 

spectra, 431-432, 434/ 
CW EPR spectroscopy, 483-504 
dipolar-dephasing results, 407, 408, 410/ 
X H CRAMPS of untreated and 

pyridine-saturated coals, 403-406 
stacked plot of *H NMR time-domain 

signals, 234, 238/ 
transition metal EPR signals, 547-549* 
truncated second moment-temperature 

pyrograms, 242, 244/ 
variable-angle spinning spectra, 

428-430/ 
W-band EPR spectrum, 512, 515/ 

Polarization transfer between electron and 
nuclear spin systems, 45 

Polarization-transfer time 
determination, 328, 329* 
quantitation in CP experiment, 14 
relationship to spin—lattice relaxation 

time, 16-21 
Polycrystalline powders, ESR measurement 

effect, 97-99 
Polynuclear aromatic radicals, structure 

analysis techniques, 562-563 
Pore structure of coals, 467-468 
Porosity, EPR spin-probe spectroscopy in 

solvent-swelled coal, 467-481 
Powder pattern, definition, 420 
Primary echo pulse sequence, measurement 

of dipolar parameters, 612-614 
Principal-component analysis of coal 

solid-state NMR relaxation times, 
253-266 

advantages, 255-256 
bivariate correlations, 256, 257/ 
characterization data, 258, 259* 
correlation-coefficient matrix, 

260, 261* 
data form, 258 
eigenanalysis, 256, 258 
eigenvalues and eigenvectors, 260-262 
interpretation of principal components, 

258 
loadings, 262, 263/ 
multivariate statistical analysis and 

pattern recognition, 253-266 
process, 256 
Q-mode factor analysis, 264, 265/ 266 
scores, 262, 263-264/ 

Principal components, definition, 258 
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INDEX 659 

Pristine coal, pyrolysis studies using 
high-temperature ESR spectroscopy, 
146-149/ 

Proton aromaticities, calculation, 314 
Proton CRAMPS, 29-42 

Argonne Premium coal spectra, 33/ 34 
citric acid spectrum, 32/ 33 
durene spectrum, 32/ 33 
fulvic acid spectrum, 34/ 35 
humic acid spectrum, 34/ 35 
kerogen concentrate spectrum, 34/ 35 
line-narrowing techniques, 29, 31/ 32 
molecular-level mobility analysis, 

35-36,37/ 
oil shale spectrum, 34/ 35 
operating parameter selection, 40-41 
perdeuteropyridine saturation effect, 35/ 
pulse sequence selection, 36, 38-39 
static magnetic field strength selection, 

39-40 
strategy, 29, 30/ 
water problem, 41-42 

Proton CRAMPS of Argonne Premium 
coals, 401-417 

advantages of dipolar dephasing, 402 
aromatic hydrogen content, 411 
chemical shift of aliphatic group, 411 
chemical-shift position of aliphatic peak 

maximum, 414, 415* 
chemical-shift position of aliphatic peak 

maximum vs. coal parameters, 414, 416/ 
dipolar dephasing for untreated and 

pyridine-saturated samples, 
406, 407-409/ 

experimental procedure, 402-403 
factors affecting resolution, 402-413 
proton type vs. mobilization, 413-414 
spectra of pyridine-saturated coals, 

404, 405/ 406 
spectra of untreated coals, 403, 404/ 
sulfur and nitrogen content, 411-412 
ultimate analyses of samples, 402, 403* 

Proton laboratory-frame spin-lattice 
relaxation time, 342 

Proton magnetic resonance thermal 
analysis, 159-169 

comparison to conventional analysis, 
169*, 170 

correction for temperature-sensitive 
effects, 162-163 

description and applications, 230 
Hardgrove grindability index, 167,168/ 
hydrogen-loss pyrogram, 163-164,165/ 
instrumentation, 159,160/ 162 

Proton magnetic resonance thermal 
analysis—Continued 

operations in pyrolysis experiment, 
159,161/ 

rigid-remaining hydrogen pyrogram, 
164,166/ 

second-moment parameter vs. temperature, 
166,167/ 

signal averaging, 162 
stacked plots of signals, 163-164/ 
temperature of minimum second-moment 

parameter, 167,168/ 
Proton magnetic resonance thermal analysis 

of Argonne Premium coals, 229-249 
analytical data, 231-233* 
bituminous coals, 246-249 
coal composition effect, 249 
experimental procedure, 231 
quantification of X H NMR signal, 

234, 239-243 
shape of transverse-magnetization signal, 

231, 234 
stacked plots of time-domain signals vs. 

coal type, 234-238/ 
subbituminous coals, 243—245/ 

Proton quantitation in Argonne Premium 
coals by solid-state 2 H NMR spectroscopy, 
359-375 

experimental procedure, 363 
free induction decay components, 

365/ 366* 
Gaussian decay vs. water content, 371 
Lorentzian decay vs. water content, 371 
proximate and ultimate analyses of coals, 

362*, 363 
quantitative measurements, 371—375/ 
samples, 361, 362* 
solid-echo measurements, 364, 365 
spin counting, 367-375 
water content vs. *H NMR spectra of coals, 

368, 369/ 
water content vs. CRAMPS decoupled 

spectra, 369, 370/ 
Proton relaxation times, calculation, 297 
Proton rotating-frame spin-lattice 

relaxation time 
determination, 328, 329* 
interpretation difficulties, 342-343 
values for aromatic and aliphatic 

resonances in Argonne Premium coals, 
355*, 356 

weathering effect, 356/ 357 
Proton spin-spin relaxation times, 

measurement, 570-571 
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660 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Protonated aromatic carbons, determination 
using dipolar dephasing, 334-338 

Pulse sequence 
"2 + 1", measurement of dipolar 

parameter, 614 
ENDOR spectroscopy, types, 70-71 
ESR effect, 94-95 
Mims ENDOR spectroscopy, 76/, 77 
multiple-quantum ENDOR 

spectroscopy, 87/ 
selection for *H CRAMPS, 38-39 
sublevel free induction decay, 82, 83/ 
sublevel spin echoes, 85/ 

Pulsed ENDOR spectroscopy, advantages 
and disadvantages, 66-67 

Pulsed ENDOR spectroscopy of Argonne 
Premium coals, 561-579 

advantages, 563 
chemistry vs. coal rank, 578 
coal rank vs. spectra, 573-576 
evidence for paramagnetic polynuclear 

aromatic radicals, 578, 579/ 
experimental condition effect, 563-567 
1 H spin-spin relaxation time measurement, 

570-572 
line broadening vs. bandwidth, 572, 573/ 
NMR relaxation rate measurement, 570 
NMR spin-echo detection on nuclear 

sublevels, 570, 571/ 
occurrence of discrete lines, 

577-578 
oxygen contamination effect, 577 
preparation-pulse bandwidths vs. spectra, 

565, 566/ 568-569 
spin dynamics mechanisms, 569-572 
stabilization of unpaired electrons on 

polynuclear aromatic structures, 578 
temperature vs. spectra, 564/ 

565, 567-568 
Pulsed EPR spectroscopy 

modification of "2 +1" pulse sequence, 
614-616 

primary echo pulse sequence, 612—614 
Pulsed NMR spectroscopy, hydrogen assay, 

360-361 
Pyridine 

bonding to coal surface, 202 
X H spectral resolution and dynamics 

effects, 402 
sorbed onto coal, 1 3 C NMR spectroscopy, 

201-215 
Pyridine-swollen Borehole vitrinite, 

recovery of 1 H magnetization vs. 
evolution time, 196,197/ 

Pyrolysis studies using high-temperature 
ESR spectroscopy, pristine and oxidized 
coals, 146-149 

Q 

Q-mode factor analysis, 264-266 
Quantitation in 1 3 C NMR spectroscopy of 

carbonaceous solids, 3-24 
factors affecting CP experiments, 13-21 
influencing factors, 4-13 
interference from molecular motions, 5-6 
limiting factors and possible remedies, 

21,22* 
MAS, 11-12 
optimal experimental conditions, 21, 23 
pulse sequence selection, 23-24 
recycle delay, 12-13 
sample heterogeneity vs. quantitativeness, 

5- 6 
unpaired electrons vs. quantitativeness, 

6- 11 
Quantitation in cross-polarization 

experiments 
advantages and disadvantages, 13-14 
CP spin dynamics vs. quantitativeness, 

16-21 
Hartmann—Hahn matching condition vs. 

quantitativeness, 14 
MAS modulation of polarization transfer 

time, 14-15 
spin locking of *H magnetization vs. 

quantitativeness, 15/ 16 
Quantitation of protons in Argonne 

Premium coals by solid-state *H NMR 
spectroscopy, 359-375 

Quaternary/tertiary carbon ratio, values for 
Argonne Premium coals, 276-278 

R 

Rabi oscillations, pulse sequence for 
detection, 72, 73/ 

Radical-difference absorption-dispersion 
component Argand diagrams, 486-497 

Radical types, discrimination using ESE 
relaxation techniques, 633 

Radio frequency pulse, 70-71 
Radius of nuclei not contributing to bulk 

NMR signal, 49-50 
Rank, EMR parameter effects, 635 
Reaction time methods, 140 
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INDEX 661 

Recycle delay, selection criteria and 
quantitation, 12-13 

Relative ENDOR spectroscopy, 
definition, 68 

Relaxation 
EPR system, view of spin system, 91 
mechanism, 93 
parameters, Bloch-decay and 

CP-MAS values, 386, 387i 
process, definition, 93 
spin system, 92-103 
time, determination, 297 

Resolution, high-frequency EPR 
spectroscopy, 123-129 

Resonance phenomenon, frequencies, 107 
Rotating-echo intensity ratio, 318-320 
Rotating-frame DNP 

advantages, 220-221 
enhancement factor, 219 
signal enhancement vs. microwave offset 

frequency, 219, 220/ 
Rotating-frame DNP-CP in coal 

advantages, 221 
1 3 C spectra of LVB coal, 223/ 224 
experimental procedure, 221—222 
limitations, 225 
pulse sequence, 221, 222/ 

S 

Sample cavity, requirement for 
high-frequency EPR spectroscopy, 
133-134 

Sample heterogeneity, complexity of coal, 
5-6 

Saturation-recovery experiment, See 
Inversion-recovery experiment 

Score, plot for principal-component 
analysis, 262-264 

Second moment of frequency-domain 
Ή NMR spectrum, 234 

Second-moment parameter in proton 
magnetic thermal analysis, 166-168 

Selective saturation experiments 
application to bituminous coals, 190-197 
data analysis, 184-191 
experimental procedure, 182-184 

Signal losses due to unpaired electrons, 
determination using NMR standard, 10 

Signal processing, ESR measurement, 96 
Signal separation methods, 94-95 
Simulation, computer, low-frequency EPR 

spectroscopy, 117,119 

Single crystals, ESR measurement effect, 
97-99 

Single-pulse NMR technique 
advantages and disadvantages for 

quantitation, 23-24 
rf pulse sequences, time constants, and 

time delays, 4, 5/ 
Slow magic-angle spinning for measurement 

of 1 3 C CSA, 430 
Solid echo, measurement for Argonne 

Premium coals, 364-365 
Solid fossil fuels, study using solid-state 

NMR techniques, 311 
Solid materials, research with NMR and 

DNP spectroscopy, 45-61 
Solid-state 1 3 C NMR spectroscopy 

Argonne Premium coals, 269-278, 
637-642 

potential applications, 3-4 
to characterize coal liquefaction 

residues, 281-292 
to study coal and coal oxidation, 323-338 

Solid-state effect mechanism, dynamic 
nuclear polarization, 46, 47/ 

Solid-state 1 H NMR spectroscopy, proton 
quantitation in Argonne Premium coals, 
359-375 

Solid-state high-resolution NMR 
spectroscopy, use of CP and MAS, 
269-270 

Solid-state NMR relaxation times of coal, 
principal-component analysis, 253—266 

Solid-state NMR techniques for study of 
solid fossil fuels, 311 

Solids 
carbonaceous, quantitation in 1 3 C NMR 

spectroscopy, 3-24 
measurement of electron dipolar fields and 

dynamics, 605-624 
Solvent-swelled coal, EPR spin-probe 

spectroscopy of porosity, 467, 481 
Solvent swelling, 201 
Sorbed pyridine, relaxation behavior, 

210, 213-215 
Spin-fluid phase magnetization, 179 
Spin-lattice relaxation of Argonne Premium 

coals, 295-309, 341-357 
carbon rotating-frame spin-lattice 

relaxation time, 351—355 
carbon spin-lattice relaxation time, 

344-351 
early studies, 342-343 
ESR free radical spin densities vs. acid 

treatment, 308/ 309 
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662 MAGNETIC RESONANCE OF CARBONACEOUS SOLIDS 

Spin-lattice relaxation of Argonne Premium 
coals—Continued 

experimental procedure, 297, 
343-345/ 

influencing factors, 309 
interpretation difficulties, 342-343 
1 H relaxation times, 297, 301-304/ 
*H rotating-frame spin-lattice relaxation 

time, 355-357 
pulse sequences for rotating-frame 

spin—lattice relaxation time 
measurements, 344, 345/ 

relaxation time determination, 297 
sample composition, 343, 344* 

Spin-lattice relaxation time 
in rotating reference frame, 16-21 
See also Carbon spin—lattice relaxation 

time 
Spin-temperature formalism 

applicability, 618, 620-622 
states, 607-610 

Spin concentration, total, temperature 
dependence, 502, 503-504/ 

Spin counting for Argonne Premium coals, 
values, 367* 

Spin dynamics 
cross-polarization, analysis techniques, 

16-21 
function, 605-606 

Spin eigenvalues, ENDOR, 69 
Spin Hamiltonian 

definition, 508 
for EPR active system, 114-115 

Spin locking of 1 H magnetization, 
quantitation in CP experiment effect, 
15/ 16 

Spin systems 
importance of spectra of weakly 

interacting systems, 605 
views, 91 

Spin temperature, theory, 606-610 
Spinning sidebands, quantitation in 

1 3 C NMR spectroscopy, 11-12 
Sporinite, W-band EPR spectrum, 

512, 517/ 
State mixing 

determination, 115—117 
electron spin-echo envelope modulation, 

117,118/ 
electron Zeeman interaction, 114,115* 
field-dependent spin Hamiltonian, 114 
low field-frequency, 115-117 
total intensity vs. forbidden intensity 

vs. frequency, 113-116/ 

Static electron-nuclear interactions, role 
in DNP, 48-50 

Static magnetic field strength selection for 
*H CRAMPS, criteria, 39-40 

Statistical approach to spin behavior, 
607, 610-612 

Stimulated-echo ENDOR spectroscopy, 
See Mims ENDOR spectroscopy 

Stop-and-go method 
description, 15 
for measurement of 1 3 C chemical-shift 

anisotropy, 433 
Structural parameters of Argonne Premium 

coal samples using CP-MAS-DD 1 3 C 
NMR spectroscopy 

determination, 275 
1 3 C NMR spectra vs. spinning rate, 

269-278 
aliphatic/aromatic hydrogen ratio, 276 
carbon distributions, 272*, 273 
carboxyl carbon/protonated aromatic 

carbon ratio, 276 
dipolar dephasing, 273-276* 
experimental procedure, 270—271 
listing, 277, 278* 
number of rings, 277 
quaternary/tertiary aromatic carbon ratio, 

276 
substituted/protonated and bridgehead 

aromatic carbon ratio, 277 
Structure related to swelling, 634—635 
Subbituminous coals, PMR thermal analysis, 

243-245/ 
Subbituminous Taiheiyo coal, 

high-temperature *H NMR spectra, 155/ 
Sublevel coherence, EPR-detected, 

multiple-quantum ENDOR, 81-88 
Sublevel EPR spectroscopy 

irradiated malonic acid spectra, 81, 82/ 
spectrum generation, 80—81 

Sublevel free induction decay 
irradiated malonic acid spectra, 83—85 
pulse sequence, 82, 83/ 

Sublevel population transfer, EPR-detected, 
Davies ENDOR, 71-82 

Sublevel spin echoes, envelope decay, 85, 86 
Submicroscopic structure of 

bituminous coal 
conservative diffusion approach, 191 
data requirements, 177 
dynamic diffusion approach, 194,195/ 196 
Edzes-Samulski approach, 184-187, 

191-195 
selective excitation techniques, 177—178 
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INDEX 663 

Substituted/protonated and bridgehead 
aromatic carbon ratio, values for 
Argonne Premium coals, 277, 278* 

Substitution coefficient, values for Argonne 
Premium coals, 276-278 

Sulfur, high-frequency EPR spectroscopic 
effect, 125-126,127/ 

Swelling 
properties of coals, 467-468 
related to structure, 634—635 

Τ 

Temperature 
cross-polarization signal effect for 

pyridine, 207, 208/ 
ENDOR effect, 567 

Temperature dependence of EPR intensity 
of coals, 581-603 

analytical problems with limited data 
range, 597-599 

arbitrary intensity function plot, 
583-586 

arbitrary intensity-temperature product 
function plot, 583-586 

closed-cycle variable-temperature 
refrigeration equipment, 589-590 

comparison of 1,1-diphenyl—2-picryl-
hydrazyl intensity vs. temperature 
behavior to that of coal, 596-597 

experimental procedure, 587-590 
factors affecting temperature readings, 

599 
fractional contributions of doublet and 

triplet states vs. EPR signal, 600-603 
instrumentation, 588-589 
intensity based on Curie law, 582—583 
intensity based on donor—acceptor 

interactions, 583 
nitrogen-flow variable-temperature 

measurements procedure, 589 
sample preparation, 587-588 
software, 588-589 
spin concentration measurements, 

590-592* 
temperature of maximum EPR intensity 

for charge-transfer complex, 586-587 
theory, 582-587 
variable-temperature experiments, 592-597 

Tetrakis(trimethylsilyl)silane to determine 
undetected carbons in coals, 10 

Thermal analysis methods 
information obtained, 230 
examples, 140 

Thermal equilibrium value of 1 3 C 
magnetization, calculation, 17 

Thermal parameters, correlation to magnetic 
parameters, 179* 

Thermally induced changes in coals, study 
methods, 139-140 

Thermoplastic bituminous coal 
hydrogen-loss pyrogram, 163-165/ 
rigid-remaining hydrogen pyrogram, 

164,166/ 
Three-spin effect, 58 
lime, cross-polarization signal effect for 

pyridine, 206/ 207 
Time-averaged field, determination, 49 
Time-dependent carbon magnetization, 

378-380 
Total suppression of sidebands technique, 

spectral distortion, 317-320 
Transition metal EPR spectroscopy, Argonne 

Premium coals, 547-549* 
Transverse *H magnetization, 36 
Triphenylmethyl radical, EPR vs. ENDOR 

spectra, 66 
Truncated second moment of frequency-

domain XU NMR spectrum, 234, 239-242 
Two-pulse spin-echo experiment, ESR 

measurement, 101-102 

U 

Undetected carbons in coal 
determination, 10 
relaxation effects, 21 

Unpaired electron-13C nuclei interactions, 
6-11 

estimation of percentage of undetected 
carbons, 7-11 

factors affecting 1 3 C line broadening, 
7-8 

problem, 6—7 
undetected carbons vs. unpaired electron 

concentration, 8, 9/ 
Upper Freeport coal 

a H relaxation times, 303, 304/ 
chemical-shift-chemical-shift correlation 

spectra, 431-432, 434/ 
CW EPR spectroscopy, 483-504 
dipolar-dephasing results, 407, 408, 410/ 
X H CRAMPS spectra of untreated and 

pyridine-saturated coals, 403—406 
S-band spin-echo envelope, 524, 525/ 
time dependence of magnetization growth 

and decay, 386, 390-392 
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664 MAGNETIC 

Upper Freeport coal—Continued 
truncated second moment-temperature 

pyrograms, 242, 244/ 
W-band EPR spectrum, 512, 513/ 

V 

Vapor-deposited diamond, 1 3 C spectrum, 
58-59, 60/ 

Variable-angle sample spinning, 424-430 
advantages, 424, 427 
experimental procedure, 427 
line shape expression, 424-425 
population factors for coals, 428, 429* 
spectra of coal, 428-429, 430/ 
spectra of hexahydropyrene, 427, 428/ 
tensor components for coals, 428, 429* 
tensor components for model compounds, 

427* 
Very high frequency EPR spectroscopy of 

Argonne Premium coals, 512-524 
comparison of W-band spectra, 521-524 
experimental and simulated W-band 

spectra, 512-516 
maceral type vs. W-band spectra, 

512, 517-519 
sensitivity to sulfur and oxygen, 521, 524 

Vitrinite 
electron spin-echo envelope modulation vs. 

frequency, 118 
EPR spectra at high microwave frequencies, 

519, 520/ 
experimental and simulated W-band EPR 

spectrum, 512, 519/ 
W-band EPR spectrum, 512, 517/ 519 

W 

Wagner far-IR spectrometer, schematic 
representation, 130,131/ 

WAHUHA multiple-pulse homonuclear 
dipolar line-narrowing technique, 1 H NMR 
effects on monoethyl fumarate, 29, 31/ 32 

RESONANCE OF CARBONACEOUS SOLIDS 

WAHUHA pulse sequence, use in *H 
CRAMPS, 38-39 

Weighted-average spin-lattice relaxation 
time, 346, 347, 350 

Wyodak-Anderson coal 
1 H relaxation times, 301, 302/ 
aromatic carbon distribution, 288* 
CW EPR spectroscopy, 483-504 
dipolar-dephasing results, 406/ 407, 408/ 
*H CRAMPS of untreated and 

pyridine-saturated coals, 403-406 
hydrogen distribution, 288, 289* 
liquefaction data, 287*, 288 
PMR thermal analysis, 243-245/ 
stacked plots of spectra, 284, 285/ 
time dependence of magnetization growth 

and decay, 386, 390-392 
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