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Introduction

The application of mass spectrometry to the structure
determination of peptides and proteins has been con-
sidered a major challenge to mass spectrometrists for
many years, but due to the requirements for volatile
samples and limited mass range and sensitivity, mass
spectrometric techniques were not competitive with
“wet” techniques. They only gained widespread ac-
ceptance to the solution of specific problems such as
sequencing peptides with blocked N-termini and de-
termination of the structure and position of unusual or
modified amino acid residues.

A major breakthrough was achieved by the intro-
duction of plasma desorption mass spectrometry
(PDMS) by Macfarlane and co-workers in 1974.! With
this technique were obtained mass spectra of gramicidin
(MW 1881)2 and S-endorphin (MW 3464)° and the first
mass spectrum of a protein, insulin (MW 5730), in
19824 Insulin spectra were also independently ob-
tained with another technique,®® fast atom bombard-
ment mass spectrometry (FABMS), introduced by
Barber et al. in 1981.7

FABMS was quickly adapted in many mass spectro-
metric laboratories because it could be used readily on
existing magnetic sector and quadrupole mass spec-
trometers, and it is today a well-established technique
for analysis of peptides and other nonvolatile com-
pounds of biological origin. In contrast, the use of
PDMS is still limited to rather few laboratories because
commercial instrumentation only recently became
available.! The fundamental studies related to the
desorption ionization process in PDMS were reviewed
in this journal in 1982,° and more recent reviews were
published in 1985!° and 1988.1! This Account focuses
on the utilization of PDMS in peptide and protein
studies, which is probably one of the most promising
fields of application.

Principles and Instrumentation

In all particle-induced-desorption methods, a sample
in the solid or liquid state is desorbed by bombardment
with a beam of neutrals or ions with energies in the
kiloelectronvolt to megaelectronvolt range. In plasma
desorption mass spectrometry, a low flux of primary
ions in the 100-MeV energy range obtained by sponta-
neous fission of californium-252 is used.
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The principle of the 252Cf plasma desorption time-
of-flight mass spectrometer is shown in Figure 1. The
sample is deposited on a thin 0.5-1-um-thick aluminum
or aluminized polyester foil. A 10-uCi %2Cf source is
positioned just behind the sample foil. One of the two
collinear fission fragments hits the start detector and
triggers the time measurement, whereas the other
penetrates the sample and causes desorption of a num-
ber of secondary ions. These ions are accelerated be-
tween the sample foil at 10-20 kV potential and a grid
at ground potential and allowed to drift through the
field-free flight tube to the stop detector. The flight
times are measured by the time to digital converter
(TDC). As each fission event only results in the re-
cording of a few ions, it is necessary to accumulate a
large number of spectra. In our laboratory, the stand-
ard is 5 X 10° corresponding to an accumulation time
of 3-8 min, depending on the age of the californium
source. When weak signals are analyzed, the number
of accumulations is increased to (2-10) X 108 in order
to obtain better ion statistics. The flight time T is
correlated to the mass to charge ratio (m/z) by the
equation T = a(m/z)1/2 + b where a and b are con-
stants. Thus mass calibration can be performed if mass
and flight time of two peaks in a spectrum are known.
Traditionally the peaks for H* and Na®*, which are
nearly always present in the spectra, are used. With
the nitrocellulose sample preparation procedure (see
below), the Na* peak is often of too low abundance and
NO* is used instead.

Sample Preparation

In PDMS, sample quality and sample preparation are
of the utmost importance for good results. The tradi-
tional method for sample preparation in PDMS was the
electrospray procedure!? (Figure 2). With this proce-
dure, molecular ions have been observed from a number
of high molecular weight samples (reviewed in ref 10
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Figure 1. Principle of the plasma desorption mass spectrometer.
(Reproduced by courtesy of Biolon AB, Uppsala.)

and 13). Many of the samples studied were 10~15-kDa
peptides and proteins,' and a single example was above
20 kDa, trypsin (MW 23463).1° (Da = dalton.) How-
ever, many samples failed with the electrospray tech-
nique. The problem seemed related to the content of
low molecular weight compounds and mainly alkali-
metal ions, which are known to reduce the spectrum
yields dramatically.

Rather early, Macfarlane suggested that an alterna-
tive sample preparation procedure might involve ad-
sorption of the sample on a suitable matrix. One of the
first matrices described was Naphion, an ion-exchange
material.'® Two alternative matrices were later intro-
duced. Macfarlane et al. studied polypropylene and
poly(ethylene terephthalate),)” and Jonsson et al.
studied nitrocellulose.!’®* Especially the latter, with
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which it was possible to remove salts by washing the
surface (Figure 2), showed dramatically improved mo-
lecular ion yields and increased abundance of multiply
charged molecular ions. Similar although less dra-
matically improved results were obtained by adding an
excess of reduced glutathione to the sample prior to
sample application by electrospray.!® The nitro-
cellulose technique has since been improved, and sen-
sitivities in the low picomolar range have been obtained
by application of the sample solution on a spinning
nitrocellulose target (Figure 2).20

Figure 3 shows molecular ion yields as a function of
the insulin amount applied as obtained by different
sample application techniques. Comparable molecular
ion yields are obtained with the two different nitro-
cellulose techniques (cf. Figure 2), but the best sensi-
tivity is obtained by application on a spinning target.
The maximum molecular ion yield for the spray tech-
niques is 3 times less than that obtained by adsorption
to nitrocellulose and requires 3-4 orders of magnitude
more sample. The reasons for the improved results with
the nitrocellulose matrix are poorly understood, prob-
ably because several independent factors are involved,
but also because the fundamental mechanism for de-
sorption of large biomolecules from a solid layer is still
unclear.

From Figure 3 it is clear that the maximum yields are
obtained with very thin sample layers, probably mon-
olayers, on the nitrocellulose. In the case of larger
amounts of protein applied by the spin technique and
the spray techniques, multilayers are formed, whereas
adsorption to nitrocellulose followed by washing only
leaves a monolayer adsorbed (Figure 2). If the binding
of the protein to nitrocellulose is considerably weaker
than the binding to other protein molecules, the best
yields should be obtained when the protein molecules
exposed to the surface are bound only to the nitro-
cellulose and do not interact with other protein mole-
cules. Several experiments support this hypothesis.
Chait has demonstrated that virtually all molecules
were decomposed before arriving at the detector when
insulin was electrosprayed, whereas 90% of the mole-
cules survived when desorbed from nitrocellulose.?! A
reduced fragmentation is also observed for the peptide
antibiotic nisin, which upon electrospraying yields
several distinct fragment ions but only MH,?** and MH*
when desorbed from nitrocellulose.”? If the sample
layer is increased or if sodium salts are added to the
nitrocellulose-bound sample, fragmentation is again
observed.?? Finally, experiments with primary ions of
different energy from a tandem accelerator show that
substantially less energy is needed to desorb insulin
from a nitrocellulose surface than from insulin multi-
layers formed by electrospray.?42?
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Figure 2. Sample preparation techniques for plasma desorption mass spectrometry. (Adapted from ref 32 with permission from J.
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Figure 3. Molecular ion yleld of msulm (expressed as number
of molecular ions formed per 100 primary ions) as a function of
the sample amount applied by different sample preparation
techniques: A, spin drying on nitrocellulose (NC(sd)); A, ad-
sorption on nitrocellulose followed by extensive wash (NC(ew));
O, electrospray with glutathione (G); O, electrospray (E). (Adapted
from ref 32 with permission from J. Wiley & Sons.)

Reactions on the Nitrocellulose Surface

In plasma desorption mass spectrometry, the low flux
of primary ions leaves most of the sample intact even
after long exposure to primary ions. As suggested by

Chait et al.,?®% it is therefore possible after recording
a spectrum to perform chemical or enzymatic reactions
on the remaining nitrocellulose-bound sample. The
principle is illustrated in Figure 4. After the spectrum
of a modified insulin is recorded, Figure 4A, the target
is removed from the mass spectrometer and a drop of
an aqueous solution of dithiothreitol (DTT) is added,
followed by a short incubation and removal of excess
solvent and reagent by spin drying. DTT reduces the
disulfide bonds between the A and B chains of insulin
and the intrachain disulfide bond in the A chain. The
spectrum now shows molecular ions for the A and B
chains, Figure 4B. At this point, the sample is again
removed and a solution of Staphylococcus aureus
protease (SAP) added. This enzyme cleaves at the
carboxy side of glutamic acid residues, resulting in two
A-chain and three B-chain peptides. Upon reinsertion,
the B-chain peptides are easily seen, whereas certain
A-chain peptides are suppressed (Figure 4C) (sup-
pression effects in peptide mixtures will be described
later). This methodology has been applied successfully
for the analysis of a number of insulin and mini
proinsulin derivatives prepared by site-directed mu-
tageneses.?® Similar in situ reactions have been used
for C-terminal sequence determination of pep-
tides,22%3! for confirmation of the tentative identifi-
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Figure 4. Example of the application of successive in situ re-
actions on a modified insulin sample (A0-Arg, des(B30) insulin):
A, the intact molecule; B, after in situ reduction of A with di-
thiothreitol (DT'T); C, after in situ digestion of B with S. aureus
protease (SAP).

cation of peptides on the basis of their molecular
weight,?32 to locate modification sites by reactions that
chemically modify proteins,?? to find errors in peptide
synthesis,? and to assign disulfide bridges in pro-
teins,343%

Mixture Analysis

It is well-known that suppression of certain compo-
nents limits the utility of FABMS for peptide mixture
analysis and that this is mainly caused by differences
in hydrophobicity of the components.?® Suppression

(31) Klarskov, K.; Hzjrup, P.; Andersen, S. O.; Roepstorff, P. Biochem.
J. 1989, 262, 923.
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Anal. Biochem. 1988, 171, 113.
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is also observed in PDMS. Thus PD analysis of mix-
tures of peptides produced by tryptic digestion of in-
terleukin 2 and human growth hormone did not show
all the expected peptides, and the same was the case
for peptide maps produced by in situ digestion of in-
sulins and mini proinsulins with S. aureus protease.?
Generally, however, peptide maps obtained by PDMS
seem more complete than those obtained by FABMS.%*

The suppression effect in PDMS has been demon-
strated to be related to the net charge on the peptides,
i.e., peptides with a potential positive net charge are
predominant in the positive-ion spectra, whereas pep-
tides with a potential negative net charge are mainly
observed in the negative-ion spectra.’” Thus, the
positive- and negative-ion spectra are complementary
for the analysis of mixtures. Interestingly, the peptide
with net negative charge, which is completely sup-
pressed in a positive spectrum of a mixture, may, when
analyzed alone, give a high positive-ion yield. It
therefore seems that the amount of protons is a limiting
factor and that the peptide with the highest proton
affinity is the “winner”.

Another factor in suppression may be competitive
binding to the surface. As the surface has a limited
binding capacity,? this is especially possible if peptide
mixtures are added in amounts that exceed the binding
capacity of the surface or if the surface, when in situ
reactions are performed, is already saturated with
starting material.

Applications of PDMS to Peptide and Protein
Chemistry

Most applications of PDMS in protein chemistry take
advantage of the ease of producing molecular ions. The
number of applications is rapidly expanding. Therefore,
in this survey only examples of types of applications are
described with a few references to illustrate the po-
tential of PDMS in protein chemistry.

Molecular Weight Determination of Proteins.
One of the first measurements performed to charac-
terize a protein is determination of the molecular
weight. The classical methods are gel permeation
chromatography and SDS (sodium dodecyl sulfate) or
gradient gel electrophoresis. However, such measure-
ments are susceptible to large errors, and the molecular
weight determination is influenced by properties of the
molecule that are irrelevant to the molecular weight,
such as shape of the molecule or hydrophobicity. In our
laboratory, PDMS has now replaced these methods for
all proteins with a molecular weight accessible to PDMS
analysis. The hitherto largest protein for which the
molecular weight has been determined by PDMS is
porcine pepsin (MW 34630).38 It is our experience that
most proteins up to 20 kDa and a fair number of pro-
teins between 20 and 35 kDa can be analyzed by
PDMS. The reasons for failures are still unclear, but
may be related to both sample purity and inherent
structural properties of the molecules. The precision
of molecular weight determination by PDMS depends

(36) Kleough, T. In The Analysis of Peptides and Proteins by Mass
Spectrometry; McNeal, C. J., Ed.; J. Wiley & Sons: Chichester, 1988; p
115.
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1989, 18, 131.
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from the doubly and triply charged molecular ions.

on the peak shape and the ion statistics. It is usually
better than 0.05% of the mass below mass 5000 and
about 0.1% at higher masses.

The first example of a practical application of mass
spectrometric molecular weight determination of a
protein beyond 10 kDa was in the structure determi-
nation of a locust cuticle protein.®® A discrepancy
between the molecular weight (21 600) estimated by
SDS gel electrophoresis and that based on the deter-
mined sequence (15323) was solved in favor of the
latter, as the molecular weight after adsorption to ni-
trocellulose was measured by PDMS to 15329 + 50.

Since then, several proteins from the locust cuticle
have been analyzed by PDMS in our laboratory (ref 31
and 32 and unpublished results). A number of insu-
lin-like growth factors (IGFs) in the molecular weight
range 7400~7800 were isolated from human Cohn
fraction IV and could, on the basis of their molecular
weight, be classified as belonging to the IGF I or IGF
II family.#* A modified 8,-microglobulin from a lung
cancer patient®? was demonstrated to contain an in-
chain cleavage resulting in a molecule consisting of two
peptides chains linked with one disulfide bond. Due
to fragmentation of this bond, the mass spectrum al-
lowed exact positioning of the cleavage point and
identification of an excised amino acid residue.

Analysis of Proteins Produced by DNA-Recom-
binant Techniques. In the production of proteins by
DNA-recombinant techniques, it is important to iden-
tify the protein and to ensure that desired posttrans-
lational modifications have taken place and that un-
desired posttranslational modifications are absent.
Molecular weight determination by PDMS has been
found very useful for this purpose. The molecular
weigths of biosynthetic proinsulin (MW 9388.6) and
human growth hormone (MW 22 125) were determined
as 9388 £ 5 and 22122 + 20 by PDMS. In the former,

(39) Roepstorff, P.; Hejrup, P.; Sundqvist, B. U. R.; Jonsson, G.;
Hikansson, P.; Andersen, S, O.; Johansson, K. E. Biomed. Environ. Mass
Spectrom. 1986, 13, 689.

(40) Van den Brande, J. L.; Hogerbrugge, M.; Beyreuther, K.; Roep-
storff, P.; Jansen, J.; Van Bull-Offers, S. C. Acta Endocrinol. Submitted.

a small ion at m/z 6240 indicated the presence of a
dimer of proinsulin, this ion being the triply charged
ion of the dimer. In the latter, the molecular weight
determination also showed that an N-terminal methi-
onine as intended was removed.#! Interleukin 1 was
synthesized as a precursor containing a leader sequence
that was four amino acid residues long. After removal
of the leader sequence, the plasma desorption spectrum
shown in Figure 5 was obtained. The molecular weight
obtained confirmed removal of the leader sequence and
identified the protein expected.

An alternative approach to analysis of DNA-recom-
binant proteins is based on chemical or enzymatical
cleavage of the protein followed by analysis of the
mixture of peptides by PDMS (PD mapping) either
directly or after partial purification.?

In protein engineering, i.e., production of variants of
proteins by site-directed mutagenesis or by chemical
modification, it is often necessary to identify the precise
location of the modification site. For such analysis, PD
mapping and especially the concept of gradually ob-
taining more detailed information by successive reac-
tions on the nitrocellulose-bound sample is an excellent
choice. The general concept? follows the outline de-
scribed in Figure 4. It has been applied to analysis of
a number of insulin and proinsulin variants produced
by site-directed mutagenesis.?? Even glutamic acid to
glutamine mutations resulting in a 1-amu mass differ-
ence, which is on the limit of the mass precision ob-
tained by PDMS, could be ascertained from the peptide
map, taking advantage of the specificity of the enzymes
applied for cleavage of the proteins. An alternative for
such analysis, which also allows identification of partial
deamidation, is based on counting the number of car-
boxyl groups by PDMS analysis before and after
methyl-esterification of all carboxyl groups in the pep-
tide and protein.*2

(41) Roepstorff, P.; Nielsen, P. F.; Klarskov, K.; Hejrup, P. Biomed.
Environ. Mass Spectrom. 1988, 16, 9.
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Processing of Precursor Proteins. In nature,
processing of large precursor proteins is an important
pathway in the production of biologically active pep-
tides and proteins. Such processes are often tissue-
specific, and the processing consists of both enzymatic
cleavage of the precursor molecules to smaller peptides
and posttranslational modification, e.g., acylation, am-
idation, sulfatation, or glycosylation. The sequence of
many such precursor proteins has been obtained from
the ¢cDNA, but this information does not allow pre-
diction of the final products and the processing path-
way.

PDMS can be used to study precursor protein pro-
cessing. The basic approach is to perform a simple
extraction of the tissue followed by separation of the
components by reverse-phase high-performance liquid
chromatography (RP-HPLC) and determination of the
molecular weight of the components in each fraction by
PDMS. The molecular weights determined can then
be matched with the sequence of precursors known to
be active in the tissue studied, and peptides possibly
derived from these precursors can be located. The
identity of the peptides can be confirmed by in situ
reactions with endo- or exopeptidases or by a few steps
of Edman degradation. Peptides accounting for the
total sequence of the three known precursor molecules
in bovine pituitary posterior lobe, propressophysin,
prooxyphysin, and proopiomelanocortin could be iden-
tified.43 Several of the peptides were posttranslation-
ally modified or found in both the modified and non-
modified versions. Some of the peptides identified were
known and others predicted but not yet isolated,
whereas others were novel. The sensitivity of the
techniques is sufficient to perform such an analysis on
a single rat pituitary.# A similar concept was applied
to analyze prosomatostatin processing in catfish pan-
creas. A number of processing products including
several somatostatins, glucagon, glucagon-like peptides,
insulin, and the proinsulin C-peptide were identified.*®

Protein Sequence Analysis. Analysis by PDMS
has been extensively used in our laboratory as a sup-
plement to automatic Edman degradation in protein
sequence determination. Based on the experience
gained with a number of proteins,’#647 a general
strategy has been developed which takes advantage of
molecular weight determination, mixture analysis, and
in situ reactions.® PDMS is used at all stages of the
sequencing process, i.e., molecular weight of the protein,
monitoring of enzymatic digests, purity check, molec-
ular weight determination and alignment of sub-
peptides, C-terminal sequence determination with
carboxypeptidases, and localization of disulfide bridges.

The advantage of introducing PDMS in protein se-
quencing is that the overall sample consumption is re-
duced, the sequenator use is approximately halved and

(43) Feistner, G. F.; Hojrup, P.; Evans, D. J.; Barofsky, D. F.; Faull,
K. F.; Roepstorff, P, Proc. Natl. Acad. Sci. U.S.A. 1989, 86, 6013.

(44) Feistner, G. F.; Roepstorff, P.; Hajrup, P.; Faull, K. F.; Evans, C.
J.; Barofsky, D. F. Adv. Mass Spectrom. 1989, 11, 1380.

(45) Andrews, P. C.; Alai, M.; Cotter, R. S. Anal. Biochem. 198, 174,
23.

(46) Hejrup, P.; Andersen, S. O.; Roepstorff, P. Biochem. J. 1986, 236,
713

713.

(47) Mikkelsen, J.; Hojrup, P.; Nielsen, P. F.; Roepstorff, P.; Knudsen,
J. Biochem. J. 1987, 245, 857.

(48) Roepstorff, P.; Klarskov, K.; Hajrup, P. In Methods in Protein
Sequence Analysis 1988; Wittmann-Liebold, B., Ed.; Springer-Verlag:
Berlin, 1989; p 191.

Roepstorff

the costs are correspondingly reduced, and, not least,
PDMS provides an independent method for confirma-
tion of the results.

State of the Art and Future Trends

Plasma desorption mass spectrometry is in the
present state of the art an excellent tool in protein
chemistry. The simplicity and relatively low cost of the
instrument, compared to, for example, a high mass FAB
mass spectrometer, allows it to be an integrated element
in the protein chemistry laboratory. The nitrocellulose
matrix has drastically improved the practical utility of
the technique because it is directly compatible with
most solvents used in protein chemistry, allows in situ
removal of low molecular weight contaminants and
salts, and increases the sensitivity to an adequate level.

PDMS has two major drawbacks compared to
FABMS. One is the lower precision in mass determi-
nation, which for PDMS may vary between 0.01 and
0.2% of the mass, depending on the sample amount and
the quality of the spectrum. In our general protein
studies, we have found the mass precision sufficient for
most purposes, and although we have access to a high
mass FAB sector instrument, it is very rare that it has
been necessary to supplement the PDMS data with
FABMS. It is, however, possible to improve the mass
precision by approximately 1 order of magnitude by
replacing the simple straight flight tube with a reflec-
tron.**®  The other drawback is that the simple
time-of-flight system, especially in combination with the
nitrocellulose matrix, gives very little structurally
meaningful fragmentation and that is not possible to
enhance such information with collision activation and
MS/MS analysis as in FABMS. The possibility of
performing in situ reactions on the nitrocellulose-bound
sample to a certain degree represents an alternative but
is not as informative. The reflectron also allows analysis
of metastable decay and thus a sort of MS/MS analy-
sis,?®® but an enhancement of the fragmentation is still
missing. The advantages of PDMS compared to
FABMS are mainly better sensitivity,* the simplicity
of operation of the instrument, and the universality of
the nitrocellulose matrix.

The question always asked is: “What is the upper
mass limit for PDMS?” Although molecular ions for
a 45-kDa protein molecule, ovalbumin, have been ob-
served,’! it seems, with the present state of the art,
increasingly difficult to analyze proteins as their mo-
lecular weight passes beyond 15-20 kDa. It is possible
that discovery of new matrix systems may break this
barrier.

Two other mass spectrometric techniques seem at
present more promising for analysis of very large pro-
tein molecules. With laser desorption mass spectrom-
etry (LDMS), molecular ions beyond m/z 200000 have
recently been observed by using a nicotinic acid ma-
trix,? and very high molecular ion yields have been
obtained for a number of proteins in the 10-150-kDa
range.’>% LDMS is, like PDMS, based on a time-of-

(49) Della Negra, S.; LeBeyec, Y. Int. J. Mass Spectrom. Ion Processes
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flight instrument, and it should in principle be possible
to use laser and plasma desorption alternatively in the
same instrument. With electrospray ionization of
proteins, a series of peaks in the m/z 900-1200 range
is observed. These peaks represent highly charged
molecular ion species and can be used to calculate the
corresponding molecular weight of the protein.5*
Proteins up to 60 kDa have been analyzed with this
technique,% but the upper limit is not known.

(54) Yamashita, M.; Fenn, J. B. J. Phys. Chem. 1984, 88, 4451.
(55) Meng, C. K.; Mann, M.; Fenn, J. B. Z. Phys. D 1988, 10, 361.

In conclusion, PDMS is already a valuable tool for
the protein chemist, and there seems to be room for
improvements and for combining PDMS with other
techniques and, thus, for increasing the practical ap-
plicability of mass spectrometry in the future.

Sincere gratitude is expressed to graduate students and
postdoctoral collaborators whose names are cited in the refer-
ences. A special thank-you to Professor B. Sundquist, Uppsala
University, who introduced me to the world of sputtering of large
molecules. Support for our work has been provided by the Danish
Technical Science and Natural Science Research Councils.

Coal Pyrolysis

LeoN M. Stock

Chemistry Division, Argonne National Laboratory, Argonne, Illinols 60439, and Department of Chemistry, The University of Chicago,
Chicago, Illinois 60637

Received January 6, 1989 (Revised Manuscript Received September 7, 1989)

Introduction

Coals are composed of fossil plant materials that have
been subjected to chemical and biochemical decay be-
fore burial and to pressure and heating after burial.
The components of the plants decompose at different
rates depending on their chemical constitution and the
environment in which they are deposited. The organic
components transform into a collection of petrograph-
ically distinct materials known as macerals.? These
substances, which occur in three distinct groups, the
liptinites, the vitrinites, and the inertinites, are photo-
genetic organic entities or optically homogeneous ag-
gregates of phytogenetic entities possessing distinctive
chemical and physical properties.? The vitrinites,
which are derived for the most part from the lignin in
wood, are the principal constituents of most coals.
Consequently, the vitrinite-rich coals have received a
proportionally significant share of scientific and tech-
nological attention.

Although neither the macerals nor the coals have a
chemical structure in the conventional sense of the
term, several workers in the field have proposed work-
ing hypotheses that account for the spectroscopic in-
formation such as the solid state proton and carbon
magnetic resonance spectral data* and for chemical
observations such as the substances obtained in su-
percritical extraction experiments® or in carefully de-
signed oxidation reactions.® A contemporary repre-
sentation of an often-studied bituminous coal from the
Illinois No. 6 seam is shown in Figure 1.7

Considerable technological progress in coal utilization
has been made in recent years, with two new major
gasification installations in operation in the United
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States. One at Coolwater, CA, produces gas turbine
fuels for power generation;® the other, at Grand Forks,
ND, produces methane.® It is now well appreciated in
the technological community that the discovery of new,
more economically feasible methods for the fuller uti-
lization of coal in the United States for energy gener-
ation, transportation fuels, chemical feedstocks, and
other related purposes will require a rather thorough
appreciation of the chemical nature of its constituents
and their patterns of reactivity. It is equally well ap-
preciated in the scientific and engineering communities
that the achievement of these objectives is an exceed-
ingly challenging intellectual problem. Chemists who,
generally speaking, are accustomed to carefully designed
investigations of the behavior of pure substances in
carefully controlled environments are challenged by the
enormous complexity of coal chemistry.

Virtually all of the technologically important pro-
cesses such as liquefaction, in which coal is converted
into substances that may be recovered by distillation,
and gasification, in which coal is converted into sub-
stances that are volatile, begin with thermal reactions
that involve deep-seated molecular transformations.
The thermal decomposition reactions of the coal mac-
romolecules that occur during the earliest stages of
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