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little from that in pure water. The main peak is not shift-
ed, but there is a general broadening of the spectrum at
the long-wavelength side and a blurring of the distinction
between the peak and the shoulder. The spectrum could
be interpreted as the superposition of the spectrum in
water and of a weaker spectrum corresponding to that
found in methanol or ethylene glycol (¢f. Figure 1). It does
not correspond to that in a uniform mixed aqueous solvent
medium (cf. Figure 4 or 6). Thus it appears that the phe-
nol molecules incorporated in the micelle are hydrogen
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bonded in the manner found in water or alcohols, and that
their environment is polar, i.e., they do not penetrate into
the alkyl interior of the micelle. However, the lack of defi-
nite features in the spectrum of Figure 7 precludes the
drawing of more detailed or specific conclusions.
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Carbon-13 magnetic resonance (13C nmr) spectra of gem-quality diamonds, powdered natural graphite,
and four coals were obtained as part of a comprehensive spectral investigation of the structure of coal
and other carbonaceous materials. The chemical shift in diamond was found to agree well with empirical
predictions based on prior studies of pure aliphatic and alicyclic hydrocarbons. The spectrum of graphite
reflects both a chemical shift anisotropy and the semiconductivity of the material. The results for the
coals were compared with those for diamond and graphite and found to be best rationalized in terms of
increasing carbon aromaticity with increasing coal rank leading finally to the formation of graphite-like

structures.

Introduction

Despite recent advances in experimental techniques,1-3
applications of carbon-13 magnetic resonance (13C nmr)
spectrometry to materials in the solid state are relatively
few. Of the studies that have appeared in the literature,
most have been concerned with the determination of
chemical shift anisotropies,58 although some have been
devoted to semiconductors,?:10 intercalation compounds, 0
and simple paramagnetic systems.11 It is of interest that
one of the earliest observations of dynamic nuclear polar-
ization in a nonmetallic solid was the result of a 13C nmr
experiment.12

Practically nonexistent in the literature are actual ex-
amples of the use of 13C nmr in problems typical of those
encountered by the practicing chemist engaged in struc-
ture elucidatior: of solids of complex chemical makeup.
The present authors have applied 13C nmr to studies of
the chemical structure of coal. After detecting the 13C
resonance in an anthracitic coal,3 the high aromaticity of
anthracites was confirmed by comparing a later, more
highly resolved spectrum with that of solid adamantane. 4
It should be noted that Pines, Gibby, and Waugh? have
recently shown that spin-decoupled, high-resolution spec-
tra of solids can be obtained by use of a specialized series
of pulse sequences followed by a Fourier transformation.
These experiments, though quite exciting, are generally

The Journal of Physical Chemistry, Vol. 77, No. 1, 1973

beyond the scope of most laboratories; the work described
in the present paper was all accomplished using conven-
tional broadline techniques with accompanying signal
averaging of spectra. The primary purpose of this investi-
gation is to deduce information about the chemical struc-
ture of coal and the changes that occur in chemical struc-
ture during the coalification process. Because of the long
periods of signal averaging required, the coals studied
were limited to four: two bituminous coals, an anthracite,
and a meta-anthracite. In addition, spectra of the two al-
lotropes of carbon, diamond and graphite, were also ob-
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Figure 1. 15.085-MHz 13C nmr spectra of selected coals.

tained since the presence of both graphite-like layers*s
and diamond-like structures® in coal has been consid-
ered.

Experimental Section

The four coals examined were high-quality vitrains sep-
arated petrographically from bulk samples. The graphite
was a polycrystalline sample from Madagascar; the dia-
monds were gem-quality ones believed to be low in para-
magnetic impurities. Spectra were obtained essentially as
described in a previous publication* and are presented as
first derivatives of the dispersion mode. All chemical
shifts are referred to that of carbon disulfide and are des-
ignated d.. The semiconductivity of the graphite sample
was such that the sample had to be finely ground and dis-
persed in silica in order to prevent electrical contact be-
tween the particles.

Results and Discussion

Representative spectra of the four coals investigated are
reproduced in Figure 1; that of diamonds is shown in Fig-
ure 2. The spectrum of graphite is not shown but is quali-
tatively quite similar to that of the meta-anthracite (Fig-
ure 1, bottom)

Diamonds. The *3C nmr spectrum of gem-quality dia-
monds (Figure 2) vields a chemical shift 6. of 156 ppm
with an estimated error of ~=%3 ppm. The chemical shift
is well within the range of values reported for quaternary
carbons in paraffins?-18 and not far removed from the av-
erage chemical shift observed for solid adamantane.2.1¢ It
is concluded that the diamond chemical shift is little dif-

-

|
IM

: ] I"‘I‘J
i n e f
Wik 4

V\‘\JW\WAJMKJ% fﬁw&\ﬂ)“)‘ /‘J

69

ity

1069 scans

\ f, 610 scans
N

"
‘W\\ W'V\MMP MMWM\;F)

5 .

A
¥ %" 130 scans

89 scans

ferent from those of carbon atoms in similar chemical en-
vironments.

Diamond crystals, being dilute in magnetic nuclei and
having a structure which should result in essentially an
isotropic chemical shift, would be expected to exhibit a
reasonably narrow nuclear resonance even in the tube of
randomly oriented stones used in the present determina-
tion. The observed line width 0.4 G is due to instrumental
broadening and does not represent the natural line width
of the resonance. This is readily apparent from Figure 2;
the resonance of the external carbon disulfide chemical
shift standard (6. = 0) exhibits essentially the same line
width as the diamonds, although it is well known that the
natural line width in liquid carbon disulfide is less than 1
mG.

Graphite. The 13C resonance in graphite was first de-
tected by Abragam, Landesman, and Winter!? using nu-
clear Overhauser enhancement. By saturating the electron
spin resonance absorption, a nuclear polarization of 3-12%
of the maximum theoretical value was observed. Twelve
years later, Carverl® reported the 23C resonance in spec-
troscopic-grade graphite powder as part of a study of ce-
sium-graphite intercalation compounds. Most of Carver’s
measurements were made at temperatures near that of
liquid helium using a pulse spectrometer. In the present
work, room-temperature, broadline 13C nmr spectra of
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Figure 2. '3C nrmr spectrum of diamonds (250 scans).

natural graphite powder were acquired. It should be noted
that a room-temperature spin-lattice relaxation time T4
of 89 =+ 10 sec has been reported for spectroscopic graph-
ite.10

The nuclear magnetic resonance line shape exhibited by
graphite suggests an anisotropic chemical shift. An axially
symmetric shielding tensor would be predicted on the
basis of the well-known molecular and crystal structure of
graphite. Spectra obtained at higher magnetic fields or
single crystal studies (in progress) should permit determi-
nation of the principal components of the tensor. Other
properties of graphite, e.g., the esr g factor,19 also are an-
isotropic.

The maximum in the graphite spectrum occurs at dc
~35 ppm, a much lower chemical shift than that pub-
lished for any condensed polynuclear aromatic hydrocar-
bon.20-23 13C gpectral data for very large polynuclears
such as circumanthracene, ovalene, and circumovalene,
which possess two-dimensional networks of hexagonal
rings similar to but much fewer in number than those in
graphite, are not available for comparison. The observed
width of the graphite resonance was measured to be ~1.0
G; the asymmetry of the spectrum precludes extraction of
a value for the spin-spin relaxation time Ts.

Probably the most unusual feature of the graphite spec-
trum is that the resonance is inverted relative to that of
diamond. A tentative explanation, based on passage con-
ditions used in the experiments, is proposed for this be-
havior. Weger,2¢ in his comprehensive study of passage
effects in paramagnetic resonance experiments, has shown
that the major effect on first derivative, dispersion mode
spectra in going from rapid (adiabatic) passage to slow
passage is inversion of the resonance. He further shows
that the spectrum obtained in either of the two cases is
independent of the direction in which the magnetic field
is scanned. In the present investigation, all spectra ob-
tained by scanning from low to high magnetic field were
identical with the corresponding ones obtained while
scanning from high to low field. Long periods for nuclear
relaxation would be expected in the case of diamond since
the material is dilute in magnetic nuclei; in the case of
graphite, the presence of conduction electrons and charge
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carriers would probably lead to faster relaxation. Our re-
sults suggest, therefore, that the diamond spectra were
obtained under conditions of fast passage, whereas essen-
tially slow passage conditions were satisfied in the case of
graphite, This argument is admittedly speculative at this
time.

Coals. The 13C spectra of the coals examined (Figure 1)
are presented in order of increasing rank (degree of coalifi-
cation); the spectrum of the most highly metamorphosed
material appears at the bottom of the figure. The width of
the coal resonances decreases with increasing rank for the
three lower rank samples; in the case of the meta-anthra-
cite, the signal inverts and broadens. The position of max-
imum signal intensity appears near 6 = 65 ppm, the
chemical shift value for liquid benzene,2% in each case ex-
cept that of the meta-anthracite which exhibits its maxi-
mum (inverted!) at considerably lower magnetic field. To
account for this behavior, both chemical and physical
properties of coals must be considered.

Since all coals exhibit esr signals, it is important to
consider the possible effects of the presence of paramag-
netic species, presumably free radicals in the case of most
coals, upon the line widths of the nuclear resonances. The
paramagnetic contribution to the line width can be
approximated by the equation®.26

AH = 3.8vhn

where v is the magnetogyric ratio of the electron, # is the
modified Planck constant, and n is the concentration of
unpaired spins in the sample. In the case of the coals
studied, the esr intensities of which have been previously
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reported,2? plots of esr intensities expressed as free radi-
cals /gram of coal and 13C spectral line widths vs. carbon
content (or other property) of the coals should show the
same or quite similar functional dependence. That this is
not the case is evident from the two lower plots of Figure
3. It should be noted that the initial exponential increase
of free-radical concentration with carbon content of coals
(Figure 3, middle) is based on esr measurements made on
a large number of coals;?7 the 13C line width data, how-
ever, are limited tc the four samples of coal under discus-
sion.,

The inversion of the 13C resonance in the meta-anthra-
cite is tentatively attributed to passage effects of the type
proposed above for the case of graphite. Both materials
exhibit semiconductivity which probably leads to rapid
rates of nuclear relaxation. A plot of the electrical resis-
tivity of coals as a function of carbon content of the coals
(Figure 3, top) illustrates the semiconductor properties of
the high rank coal. The resisitivity plot is a composite one
prepared from the experimental results of Schuyer and
van Krevelen®® and those of Ouchi.?? It is interesting that
each of the three plots of Figure 3 shows a pronounced in-
flection point near a carbon content value of 93%.

The 13C results are best rationalized in terms of existing
theories of coal constitution and coal metamorphosis; for
background material, the reader is referred to three excel-
lent reviews.¥0-32 Copals, in general, are considered to be
highly aromatic materials and a major feature of coal
metamorphosis is the progressive increase in the size and
number of condensed aromatic ring structures at the ex-
pense of nonaromatic material. In coals of very high rank,
these aromatic structures become increasingly graphitic as
evidence by the semiconductivity?® and the graphite-like
X-ray diffraction patterns32.33 of anthracites and meta-an-
thracites. ‘

The position of spectral maxima for the two bituminous
coals and the anthracite sample confirms the relatively
high carbon aromaticity of these materials. The much
lower absorption in the spectral region attributed to satu-
rated carbons in the anthracite spectrum indicates that
aliphatic material is present in only small amounts if at
all.

In the case of the coal of 83% carbon content, the reso-
nance is broad and exhibits considerable intensity in the
region of absorption by saturated carbons. This suggests
that this material has the lowest aromaticity of the coals
studied, a hypothesis in accord with other spectral studies
of these coals.?* Dipolar broadening, due to the presence
of hydrogen in the lower rank coals, undoubtedly accounts
for some of the observed line widths, however, paramag-
netic contriburion to the line widths, as considered above,
appears negligible. Upon close inspection, the spectrum of
the 83% carbon coal appears partially resolved into two
components; the low-field one could be assigned to aro-
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Figure 3. Some properties of coals.

matic carbons, the high-field one to nonaromatic carbons.
The signal /noise ratio in the spectrum, however, is quite
low; the possibility of obtaining more highly resolved
spectra, perhaps at higher magnetic fields, is an attractive
one and should be explored. The present results do, how-
ever, provide strong evidence for an increase in carbon
aromaticity of coals as the coalification process progresses.
Another point of interest concerning the spectrum of the
anthracitic coal is that the presence of large quantities of
diamond-like structures can be ruled out strictly on the
basis of spectral comparison. The spectrum of the meta-
anthracite, because of its similarity to that of graphite,
indicates qualitatively the presence of graphite-like struc-
tures in agreement with X-ray and electrical conductivity
data.
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