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Abstract 
Soft X-ray imaging and carbon near edge absorption fine structure spectroscopy 

(C-NEXAFS) has been . .. . used for the in-situ analysis of sporinite in a rank variable suite of 

organic rich sediments extending from nxent up to high volatile A bituminous coal. The 

acquisition of chemically based images (contrast based on the 1s - In* transition of 

unsaturated carbon), reveals a homogeneous chemical structure in the spore exine. C- 

NEXAFS microanalysis indicates chemical structural evolution in sporopollenin/sporinite 

with increases maturation. The most significant change in the C-NEXAFS spectrum is an 

increase in unsaturated carbon, presumably aromatic, with rank. The. me of 

“aromatization” in sporinite ex& that of the surrounding .vi&te. Increases in the 

concentration of unsaturated cahon are compensated by losses of aliphatic and 

hydroxylated aliphatic carbon components. Carboxyl groups are present in low and 

variable concentrations. Absorption due to carboxyl persists in the most mature specimen 

in this series, a high volatile A rank coal. The reactions which drive sporopollenin 

chemical structural evolution during diagenesis presumably involve dehydration, Bels- 

Alder cyclo-addition, and dehydrogenation reactions which ultimately lead to a 

progressively aromatized bio/geopolymer. 

‘Current Address The Carnegie Institution of Washington, Geophysical Laboratory, 525 1 
Broad Branch Rd., NW. Washington, DC 20015. 
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1. Introduction 

Chemical micro-heterogeneity is a significant impedunent in-the way of deriving a 

detailed understanding of the organic geochemistry of organic-rich rocks. Clearly the most 

effective approach to this problem would be to apply some form of chemical microscopy 

which is capable of revealing functional group specific information within compositionally 

discrete domains in the organic sediments. Of course, the question arises as to which 

chemical microscopic method best serves this task. 

There are two crucial requirements which must be met for chemical microscopy. 

First, there must be specific quantum transitions which can be exploited for the purposes of 

obtaining microscopic imageswith contrast based on chemistry. Second, the intrinsic 

resolution must be sufficient to discriminate between all of the organic phases. . 

There a number of regions in the electromagnetic spectrum, EMS, where 

organic molecules absorb quanta of energy. For example, in the radio frequency range, 

absorption resulting from nuclear magnetic dipole transitions exhibit excellent chemical 

specificity. In the application of micro-structural analysis of coals and polymers, magnetic 

resonance microscopy has been shown to be a very powerful technique (Dieckman et al, 

1992; Cody and Botto, 1993; Hou et. al. 1994; and Cody and Botto, 1994b). Magnetic 

resonance microscopy h o m e s  very difficult in the case of organic solids, where a number 

of factors conspire to reduce the current state-of-art resolution to 100 pn (Callaghan, 

1991). Unfortunately, many of the compositionally discrete microdomains (macerals) in 

organic rich rocks are very small, commonly having minimum dimensions in the sub- 

micron range. 

The mid-infrared region of the EMS is rich with spectral detail resulting from the 

excitation of fundamental vibrational modes in organic molecules which corresponds to the 
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presence of specific functional groups (Bellamy, 1975). In principal, absorption based on a 

number of prominent vibrational modes could provide an excellent basis for chemical 

imaging. Unfortunately, while the intrinsic resolution of infrared light (IO pm in the 

finger print region) is sufficient to resolve micron scale features, the operational resolution 

of micro-FTIR is dependent on both the quality of the optics and aperture system. 

Consequently, the actual resolution may be worse. Notwithstanding these limitations, 

infra-red microscopy is a powerful technique and has been successfully applied to obtain 

chemically specific information on larger macerals (Brenner, 1984; Landais and Rochdi, 

1990; Pradier et al., 1992) as well as micro-lithotypes (Mastalerz et al.,. 1993). 

The visible and ultraviolet region of the electromagnetic spectrum has intrinsic 

resolution capabilities down to - 100 nm. This is sufficient to clearly define the organic 

microstructure in most organic-rich sediments, hence the utility of reflected visible light 

microscopy for petrographic analysis. Unfortunately, although reflectance images have a 

chemical basis, it is impossible to relate the reflectance of rnacerals to the presence of a 

specific functional group. The same limitation applies to UV-vis absorption and 

fluorescence microscopy. Although, the absorption and fluorescence spectra are related to 

the valence electronic structure of the constituent molecules, the spectral characteristics of 

coals and coal macerals are (van Krevelen, 1994; Lin and Davis, 1988) typically devoid of 

any fine structure that could be used to discern the presence of a specific functional group. 

In the present paper we explore the soft x-ray region of the electromagnetic 

spectrum (extending from ca. 0.1 - 3 KeV) for the purpose of chemical imaging and 

microanalysis. Spectroscopy in the soft x-ray region is based on the photo-excitation of 

inner shell electrons from core levels up to bound and virtual (Bohm, 1951) states near 

their ionization threshold. In particular, we will focus on carbon’s 1s absorption edge 

employing the spectroscopic method often referred to as carbon near edge absorption fine 

structure spectroscopy, C-NEXAFS. 
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Preliminary carbon near edge absorption micro-spectroscopy (C-NEXAFS) and 

microscopy on complex organic solids such as coal has been performed using the scanning 

transmission x-ray microscope (STXM) on the X1A beamline at the National Synchrotron 

Light Source (NSLS) at Brookhaven National Laboratory. In many cases spectacular 

chemical heterogeneity was observed down to the submicron level using the intensity of the 

prominent absorption fine structure on carbon's absorption edge for contrast (Botto et al. 

1994a ; Cody et al., 1995a; Cody et al. 1995b). STXM and C-NEXAFS has also k e n  

applied to a variety of other microheterogeneous systems including biological specimen 

(Kin et. al., 1994; Buckley, 1992), and polymer blends (Ade et al, 1992). 

In the present paper the STXM and C-NEXAFS microanalysis is used to address 

the problem of the chemical structural evolution of sporinite. The m . m d  sporinite is 

derived from sporopollenin, a chemically resistant biopolymer found in the cell walls of 

pouen'and seed coats (De Leeuw and Largeau, 1993). Sporinite is common in ancient 

terrestrial organic rich rocks and its distinct morphology makes identification 

straightforward. 

relatively mature organic rich rocks (up to a rank of medium volatile bituminous coal). The 

chemical structure of sporinite is different than vitrinite and its physical chemical state may 

yield unique information regarding the thermal history of organic containing sediments. 

Sporopollenin is chemically robust; consequently it is preserved in : 

2. Experimental 

2.1 Scanning Transmission X-ray Microscopy 

The x-ray microscope (STXM) is located at the terminus of the X1A beam line 

which extends from the x-ray synchrotron ring at NSLS. The elements of the STXM 

relevant to this paper are described as follows. At the head of the instrument, soft x-rays 

are generated using an undulator which resides on the 2.5 GeV electron storage ring. 

Energy selectivity (0.3 eV resolution) is controlled with a tunable spherical grating 
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monochromator. X-ray micro-focusing is managed with near field optics, i.e. a Fresnel 

phase zone plate and an order sorting aperture (Jacobsen et al. 1991). In its current 

configuration the STXM has a resolution limit of 55 nm, in the future resolution down to 

10 nm may k possible (Ade, 1994). X-ray transmission is detected using a gas-filled 

proportional counter. Details on the instrument's specifications have been reported 

elsewhere (Jacobsen et. al. 199 1). 

2.2 Samples 

Six samples were selected for analysis. These include the .chemically resistant 

biopolymer of an immature microspore WDd 'urn Glavaw that was selected to provide 

a base measure of the degree of alteration. The other spores were obtained as constituents 

or inclusions within vitinite-rich coals. Details pertaining to the sources and the relative 

maturity of the specimen (as determined via mean maximum reflectance in oil) are provided 

in Table I. 
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Table I 

Sources for Sporopollenin/Sporinite . . 

- S o u r c e  Rank %R 
A lyco@um clavatum NA NA 

B North Dakota lignite Lignite 0.28 

C Lower Kittanning coal PS,OC 770 High volatile C bituminous 0.53 

D Lower Kittanning coal PSOC 1274 High volatile C bituminous 0.63 

E Lower Kittanning coal PSOC 1171 High volatile A bituminous 0.8 1 

F Lower Kittanning coal PSOC 1340 High volatile A bituminous 1 .O 1 

2.3 Sporopollenin Isolation 

Sporopollenin was isolated from the ~ycou~dl  'urn klavatum spores using the 

protocol outlined by Hayatsu et al. (1987). Samples were first ground to 5 -25 um 

fragments (pass 400 mesh) and extracted in hot methanol and chloroform. The samples 

were then saponified with hot KOH to remove ester linked materials. Finally, the samples 

were refluxed in hot H2S0, to hydrolyze and remove carbohydrates and peptides. The 

residue of these treatments is the chemically resistant biopolymer, sporopollenin. 

2.4 Sample Preparation 

A crucial aspect of STXM and C-NEXAFS is the necessity of preparing extremely 

thin specimens. The relatively high molar absorption coefficient of carbon at these 

wavelengths, p = 1 x 104 cm2/g and the relatively high concentration of carbon in coal 

requires that the sample thickness not be greater than 800 nm for imaging purposes and less 

than 400 nm for quantitative spectroscopy. There are a variety of methods available to 
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obtain specimens of this thickness; however, ultra-microtoming was found to yield the 

most favorable results. Thickness in the range of 100 to 200 nm was readily produced. 

Artifacts associated with the technique, such as scoring marks paralleling the cutting 

direction of the diamond knife and chatter marks perpendicular to the cutting direction were 

readily identifiable. . .  

2.5 Measurement protocol 

The typical measurement protocol is described below. After selecting an interesting 

area for high-resolution imaging, images were acquired at energies just below the carbon 

absorption edge ( E < 282 eV), at several positions within the NEXAFS region of the edge 

( E = 284 - 300 eV) and on top of the edge (E > 3 10 eV). Reduction in transmission at 

energies below the absorption edge is related to residual absorption, due to lower energy 

absorption edges, e.g. the chlorine L edge near 270 eV. Spatial variations in intensity in 

this energy region should relate to variations in sample thickness or density. Images 

acquired at energies corresponding to the top of the carbon edge revealed absorption due, 

primarily, to the number of carbon atoms interacting with the x-ray beam. This number can 

vary depending on changes in the sample density or the. sample thickness. In each case, 

spatial variations in x-ray transmission at the low and high energies can be compared with 

variations in intensity in the NEXAFS region. As a result, artifacts from sample 

preparation can be clearly differentiated from contrast based on chemically distinct micro- 

domains. 

A separate protocol was employed when obtaining carbon NEXAFS spectra. Each 

spectrum was obtained in triplicate and averaged to improve signal to noise. Background 

spectra were also obtained, again in triplicate and averaged. Energy calibration was 

accomplished by standardizing the spectra to the 1s - n* transition of CO, added 

specifically for this purpose. 
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3. Results and Discussion 

3.1 Soft X-ray Imaging. 

X-ray images of sporinite in samples A - F (Table I) were acquired with the 

monochromator tuned to a wavelength of 4.34 nm corresponding to an energy of 285.5 eV 

(Figures 1-6); absorption at this energy is due to the presence -of unsaturated, sp2 

hybridized carbon. With the exception of sample A and B (Table I), each of the samples 

were sectioned perpendicular to the bedding plane. 

Comparing Figures 1-6 we observe that the thichess of the cell-wall remains 

essentially constant on the order of 1 urn. Sample A exhibited the spiny surface . 

ornamentation typical of some &gpOdl 'a clavatum spores (Stach et a1.,1982). The cell 

structure of samples C-F Cfigures 3-6) were collapsed; nevertheless their cell .walls remain 

distinct due.to the darker center line faintly visible in center of each spore. Only Sample B 

(Table I; Figure 2) exhibited any ultra-structure in the exine. Thin dark layers in the cell 

wall reveal a trilaminate structure. Similar- structure was not evident in any of the other 

spores in this study. 

3. 2 C-NEXAFS 

The utility of carbon 1s x-ray spectroscopy is that the fine structure preceding and 

superimposed on carbon's absorption edge results from absorption due to various OiganiC 

functional groups in the carbonaceous solid. The physics of NEXAFS spectroscopy is 

similar to valance-shell electronic state spectroscopy, i.e. the absorption spectrum results 

from photo-induced transitions of electrons from occupied orbitals to low lying unoccupied 

orbitals. The intensity of the transitions are proportional to the magnitude of their transition 

dipole moments. 

Although the final or excited states are essentially the same for both spectroscopies, 

the origin of the photoexcited electron differs between NEXAFS and valence shell 

spectroscopy, is. the electron originates.fiom either a core or valence orbital, respectively. 
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In the case of C-hTEXAFS the character of the inner shell is more atomic than molecular, 

consequently, the core hole-electron pair remains localized at the specific carbon which was 

photo-excited. In valence shell electronic spectroscopy both the original and excited 

orbitals are molecular and relatively de-localized Herein lies the major advantage of inner 

shell over valence shell spectroscopy, carbons associated with speafk functional groups 

are clearly identified using NEXAFS, even when covalently bonded to large molecules. 

Conjugation effects, which impart large energy shifts in valence shell spec t~~scopy  are 

minimal in NEXAFS. 

Molecules containing n orbitals generally have their lowest energy inner shell 

transition to the first unoccupied, or antibonding, n* molecular orbital (MO). This 

transition is typically observed as a sharp and relatively intense absorption band 5 - 6 eV 

below the ionization threshold for sp2 carbon. Depending on the molecule, one can have a 

number of n* states. For example, in the case of benzene, there are three n* MO’s. In 

the ground state, the two lowest energy n* MO’s are degenerate; however, given the 

localized nature of the NEXAFS transition, soft x-ray excitation naturally removes this 

degeneracy and there exists three potential bound states, the In*, 2n*, and the 3n* MO’s. 

Charge relaxation in the vicinity of the excited eixtron results in a quenching of the 2n*’s 

transition dipole moment, consequently only two n* transitions are observed in the case of 

benzene. The first of these transitions, the 1s-ln* lies near 285 eV, the second, referred 

to as the ls-2n* (even though the final state is a 3n* MO) lies near 289 eV. Regardless of 

the number of n* MO’s, the 1s-ln* transition is always found near 285 eV in aromatics 

and olefins(Stohr, 1991). 

There are, naturally, also 1s- In* transitions associated with c d n y l  bearing 

functional groups. Fortunately, carbons bonded to oxygen experience a “chemical shift ‘‘ 

resulting in these transitions occurring at higher energies than the corresponding transitions 

for carbon or proton bonded sp2 hybridized carbon. 
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In the case of alkanes and alcohols there are, clearly, no Is- nx* transitions. 

Nevertheless, C-NEXAFS spectra of alkanes are characterized by the presence of a 

relatively intense absorption band at energies lower than the ionization threshold. The 

transition responsible for the absorption is due to a Rydberg-like 1s-3p transition mixed 

with 1s to o*(C-H) transitions (Stohr, 1991). These mixed state 'hnsitions have k e n  

observed in gas phase inner shell x-ray spectra (Robin, 1974; Sham et al., 1989), electron 

energy loss spectra (EELS) (Hitchcock et al. 1986), as well as in soft x-ray spectra of 

condensed phase aliphatic materials such as poly(ethy1ene) (Robin, 1974) and 

poly@ropylene) (Ade, 1992) . 
As the monochromator moves to smaller wavelengths, inevitably the energy of the 

incident photon energy exceeds the ionization threshold of the core electron. The position 

of the ionization potential is subject to a chemical shift that results from the electronic 

environment surrounding the core electron. For .example, Up's for carbon typically range 

from 290 to 296 eV; low values corresponding to aliphatic and aromatic carbons, the 

highest values correspond to carboxyls (Jolly et al., 1984). In this case, the chemical shift 

results from a greater ekchm affinity of the neighboring oxygen. 

In addition to antibonding '21: MO's there are also antibonding 0 MO's. The 1s- G* 

transitions are generally found above the ionization threshold, but still within the kEXAFS 

region. The more delocalized nature of the electron in the o* (virtual) state coupled with 

the multiplicity of 1s- G* transitions leads to substantial overlap and makes deconvolution 

of this region of the spectrum difficult. 

Generally, the intensity of absorption bands decreases as AE increases. This is due 

to a reduction in the charge density in region of the UMO in immediate proximity to the 

excited core. In the case of benzene, for example, the intensity of the 1s-ln* transition is 

nearly four times that of the ls-2x* transition. In the case of transitions at energies near and 
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slightly above the ionization threshold there is weakening of the core-hole electron 

interaction leading to substantial life-time broadening, hence a lowering of the intensity of 

the transition. 

Ultimately, in complex organic solids, such as coal macerals, there is the concern 

that fine smcture will be obscured by a multiplicity of transitions to' different states with 

similar energies. With the number of chemically inequivalent carbons in coal macerals 

being, presumably, large, it is possible that full spectral deconvolution of C-NEXAFS data 

may be difficult, if not impossible. It has been shown, however, that in general the C- 

NEXAFS .spectra are sufficiently well resolved such that deconvolution is possible (Cody 

et al., 1995b). 

Prior to discussion of the C - N E W S  data, it is noted in the present study that it 

was not possible to search for and analyze large numbers of spori.de macerals to obtain a 

statistically representative data set. A previous analysis of microspores from a single coal 

revealed variation in the absorption band intensity, from mmra l  to maceral, to be on the 

order of 10% (Cody et. al. 1995a). 

The C - N E W S  spectra of the sporinite/sporopollenin depicted in figures 1-6, is 

presented in figure 7. The intensity of the various spectra have been normalized to the 

intensity at 300 eV which is, nominally, the intensity of the ionization plateau. The most 

salient feature is the pronounce 1s - In* near 285 eV. With increasing maturation there is a 

progressive increase in the intensity of this band indicating either an increase in aromatic or 

olefinic carbon. 

Aside from this obvious trend there are a number of spectral features that warrant 

attention. Absorption near 288.1 eV is due, in a large part, to the presence of aliphatic 

carbon. While the changes in this spectral region are less dramatic than those for the 1s - 

In* region, a net loss in intensity in this region with increases in rank is evident. Most of 

the spectra in figure 7 exhibit a pronounce shoulder E - 288.7 eV (e.g. Sample I;, Figure 

7). This absorption results from a 1s - lx* transition indicating the presence of carboxylic 

http://spori.de
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C=O. The broad absorption shoulder at 289.5 eV (e-g. specmm A, Figure 7) is assigned 

to a chemically shifted 1s-3p/o*,, and indicates either the presence of hydroxylated or 

ether linked sp3 hybridized carbon. 

In order to highlight the bound and virtual state transitions, absorption due to the 

ionization threshold, i.e. continuum absorption, is subtracted from each spectrum. 

Deconvolution of the residual spectrum is accomplished by assuming pwly  Gaussian line 

shapes. In previous work, continuum absorption was fit using an arctangent function 

which accounted for the lifetime and instrumental broadening effects (Cody et al., 1995b). 

It is noted that each carbon type has its own ionization threshold. In the case of 

hydrocarbons, the ionization thresholds cluster close to 290.5 eV (Hitchcock et al, 1986). 

Carbons bonded to one or two oxygens, on the other hand, have significantly shifted IP’s 

in the range of 2 to 6 eV, respectively. The intensity of the continuum absorption for a 

given carbon is proportional to the concentration of that species. As the concentrations are 

not known in the present case, we have subtracted from the C-NEXAFS spectrum a single 

arctangent generated continuum absorption with an intensity’equal to 0.9 times the intensity 

at 300 eV, centered at 290.5 eV and with a half-width of 1.0 eV. 

The choice of these parameters over emphasizes contributions to the continuum 

absorption at low energies and constitutes a conservative choice. With additional 

constraints, however, the discrete contributions due to each of the carbon types could be 

included. It is noted that only the intensity of transitions above 290 eV are perturbed by 

this filtering process. 

An example of a continuum step filtered spectrum is presented in figure 8. Eight 

Gaussian absorption bands were used to fit the residual absorption. In actuality, 

asymmetric Gaussian functions are more realistic (especially when AE > IP) and will 

provide a better fit. The central energies of the bands and proposed assignments are 

tabulated in Table Il. 
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Band 
1 

2 

3 

4 

5 

6 

7 

8 

Table II 

C-NEXAFS Inner Shell Transition Energies and Assignments 

EnergY 

285.5 

286.7 

287.9 

288.7 

289.6 

290.6 

292.8 

296.5 

Transition 

1s - In* 

1s - 2n* 

1s - 3p/o* 

1s - In* 

1s - 3p/o* 

1s - 4p/o* 

1s - G* 

1s - a* 

Assimment 

Aromatic or Olefinic C 

Polynuclear Aromatic C 

Aliphatic C 

COOH 

Hydroxylated Aliphatic C 

Aliphatic C 

C-C, Aromatic 

C-C, Aliphatic 
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Assignment of the absorption fine structure is, for the most part, straightforward 

and has been covered in detail in previous publications (Cody et al., 1995a, 1995b). 

Transitions 6,7, and 8 are above 290 eV and, therefore, have intensities which may have 

been enhanced or diminished by subtraction of the continuum absorption. Consequently 

they will not be considered further in the discussion. 

In the present deconvolution, it was found that in the case of sample F an 

decent fit in the low energy 

Absorption this low in energy is 

absorption band at 286.7 eV was necessary to achieve 

region; no such band was necessary for sample A-E. 

most likely due to the presence of a 1s - nx* transition ; however, single ring aromatics do 

not exhibit 1s - nx* transitions in this region. Polynuclear aromatics, on the other hand, 

have numerous antibonding 7c orbitals. Naphthalene, for example, has its second lowest 

energy UMO very near 286.5 eV (Robin et al. 1988). It is likely, therefore, that the 

absorption intensity detected in this region is indicative of the presence of polynuclear 

aromatics. 

In the discussion that follows the relative maturity of samples B - F is established 

by reference to the reflectance of the surrounding vitrinitehminite. It is impossible to 

assign a mean maximum reflectivity based rank to sample A, although there is no doubt that 

this sample is the least mature. For the purposes of comparison, therefore, the intensity of 

a given absorption band in sample A will be noted with a dashed bar on the left side of each 

figure. 

The intensities of the different transitions are normalized to the sum of the intensity 

of peaks 1 through 5 (Table 11). Peaks 6, 7, and 8 (Table n) are omitted from the 

discussion for the reasons cited above. Figure 9 presents the intensity of the 1s - In;* 

transition as a function of rank. Chemical structural evolution with maturation moves 

towards increased concentrations of unsaturated carbon. In absolute terms the increase is 

nearly a factor of two. The concentration of aliphatic carbon doe not change as smoothly 
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(Figure 10); nevertheless, there is a net loss of aliphatic carbon moving from A-F indicated 

by a reduction in the intensity of the ls-3p/o*,, transition at - 288 eV. Similarly, a loss in 

hydroxylated or ether linked carbon with rank is also indicated (Figure 11) through the 

reduction in the intensity of ls-3p/o*,, transition at 289.5 eV with increasing maturity. 

Finally, the concentration of carboxylate functionality, evident via the intensity of the 1s - 
In* transition at 288.5 eV, is low and variable across the rank range (Figure 12). It is 

noteworthy that carboxylate is. stiU present in the highest rank sponnite, Sample F (Table 

1) - 

4. Discussion 

Early studies of sporopollenin have concluded that the biopolymer formed via an 

oxidative radical polymerization of carotenoids (Zetsche and Vicari,l931; Brooks and 

Shaw, 1968). This view has since lost favor following a number of more recent 

investigations. For example, in a systematic study of sporopollenin, Hayatsu e t  al. (1987) 

identified a predominance of fatty acids, alkylphenols, and naphthalenes in the off-line 

pyrolysates of natural and synthetic sporopollenins. They also demonstrated the presence 

of a large quantity of alcohols, however, they did not distinguish between primary, 

secondary, or tertiary. In a recent review by De Leeuw and Largeau (in Engle and Macko, 

1993) it was concluded that the predominant component in the resistant biopolymer is either 

phenylpropanoid material or long n-alkane chains, depending on the source of the pollen. It 

has been noted (Hayatsu et al. 1987; Goni et al. 1995), however, that discrepancies may 

exist between the predominance of various compound classes detected via pyrolytic 

methods as compared with those derived from spectroscopic methods. Indeed, Goni et al. 

(1995) reported up to 60 % of their sporopollenin pyrolysate being composed of a variety 

of phenols, while 13C solid state NMR indicated only a mice abundance of phenol. Recent 

work using both G C M S  and 13C solid state NMR by Bergen et al. (1995) concludes that 
.- . .. - ._ 
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the basic structure of sporopollenin is composed of aromatic and aliphatic “parts” linked 

into a network through midchain ether functionality. 

The C - N E W S  data support the presence of both saturated and aromatic carbon as 

being major constituents in sporopollenin. Currently, we cannot be more precise regarding 

the exact concentrations of aliphatic and aromatic carbon without a greater knowledge of the 

oscillator strengths of the 1s - In* and ls-3p/o*,, msitions. It can be confidently stated 

that phenols are absent or trace in Samples A-E. The hydroxylated carbon in phenol has its 

1s - In* transition shifted to -287 eV and its oscillator strength is enhanced by a factor of - 
2.5 (Robin et al. 1988), consequently phenol would readily be observed if present in 

appreciable quantities in Sample A-E, Figure 7. Regarding the other component bands in 

the C - N E W S  spectra, it is likely that the carboxylate absorption detected in samples 

B,C,D, and E results from the presence of fatty acids as detected by others using pyrolytic 

methods. Absorption in the 289.5 eV range may reflect the abundance of alcohols 

reported by Hayatsu et al. 1987. Alternatively, the absorption may result from the 

presence of the mid-chain aliphatic ethers as reported by Bergen et al. (1995). The presence 

of polycondensed aromatic carbon is only observed in the most mature specimen, sample 

F. This result is consistent with the observations of Hayatsu et al. (1987) who observed 

alkyl-naphthalenes in the pyrolysate of artificially matured sporopollenin. 

Using the data presented in figures 8-12 we can speculate on the organic reactions 

which drive the chemical structural evolution of sporopollenin. Aromatization is clearly 

indicated as the predominant maturation reaction. Furthermore, the increase in unsaturated 

carbon is accompanied by reductions in aliphatic and alkyl carbon bonded to oxygen. If the 

dominant oxygen group in sporopollenin is a secondary alcohol, then hydroxyl loss 

probably proceeds through dehydration reactions which will lead to increases in 

unsaturated bonds. As the concentrations of olefins increases, the probability of Diels- 

Alder cyclo-addition reactions increases, leading to the formation of hybaromatic 

compounds. Dehydrogenation of the -hydroammatics yields single ring aromatics which 
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serve as cross-linkages in the macromolecular structure of sporinite. This conclusion is 

consistent with the views of Hayatsu et al. (1987) who also favored aromatics as cross- 

links in the sporinite network. Ultimately, sequential operation of the above reaction 

scheme will lead to the formation of larger polycondensed aromatic systems inserted in 

sporinite’s macromolecular network with increases in maturity. 

In terms of the macromolecular structural evolution of sporinite, the reaction 

pathway proposed above leads in a completely opposite direction than the corresponding 

maturation pathways in lignin derived materials. The chemical structural evolution of 

vitrinite leads to significant changes in its macromolecular structure, the most prominent of 

these is a reduction in cross-link density (Cody et  al., 1993) with increased rank, 

The chemical structure of sporopollerin is different than lignin, therefore the 

chemical structural evolution of sporinite should be different than vitrinite. In order to 

compare the state of coexisting vitrinite and sporinite, we need a chemical structural 

parameter. A reasonable candidate is the fraction of aromatic carbon, fA . We can define a 

measure of aromaticity , fA” , based on the relative intensity’of aromatic and/or olefinic 

transitions as is defined in equation 1. 

n m 

Where the first summation extends over the intensity of ls-nx* transitions and the second 

summation extends over all transitions up to the ionization threshold. It is noted that fA’ f 

fA; however, the two terms are equal only if the oscillator strengths of the various 

transitions are equal. 

It is observed that in the case of the Sample B, a lignite c a b l e  I), sporkite has an 

fA’ = 0.21, while the surrounding huminite has an fA’ = 0.45. In the case of Sample F, the 

highest rank coal, sponnite has an fA’ = 0.33, while the surrounding vitrinite has an fA’ = 
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0.54 (Cody et al., in preparation). It appears that sporinite is aromatizing faster than the 

matrix vininite over the same rank range. 

The data presented in this paper make it clear that the sporopollenin derived 

bio/geopolymer in sporinite follows a different path of organic chemical structural evolution 

than the lignin derived biopolymer in vitrinite. It is equally clear thar the determination of 

the chemical structural states of co-existing sporinite and vitrinite has the potential of 

improving our understanding of the organic geochemistry of maturation in organic rich 

sediments. 
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Figure Captions 

Figure 1: A soft x-ray image of clavatum sporopollenin, Sample A. Contrast is 
based on the intensity of absorption at 285.5 eV, which corresponds to the 1s-l7c* 
transition of aromatic or olefinic carbon. 

Figure 2 A soft x-ray image of sporinite in the North Dakota Lignite, APCS No. 8 ,  
Sample B. Contrast is based on the intensity of absorption at 285.5 eV, which 
corresponds to the 1s-ln* transition of aromatic or olefinic carbon. 

Figure 3: A soft x-ray image of sporinite in the Lower Kittanning bituminous coal, PSOC 
770, Sample C. Contrast is based on the intensity of absorption at 285.5 eV, which 
corresponds to the 1s-In* transition of aromatic or olefinic carbon. 

Figure 4: A soft x-ray image of sporinite in the Lower Kittanning bituminous coal, PSOC 
1274, Sample D. Contrast is based on the intensity of absorption at 285.5 eV, which 
corresponds to the ls-ln;* transition of aromatic or olefmic carbon. 

Figure 5: A soft x-ray image of sporinite in the Lower Kittanning bituminous coal, PSOC 
1171, Sample E. Contrast is based on the intensity of absorption at 285.5 eV, which 
corresponds to the 1s-ln* transition of aromatic or olefinic carbon. 

Figure 6: A soft x-ray image of sporinite in the Lower Kittanning bituminous coal, PSOC 
1274, Sample F. Contrast is based on  the intensity of absorption at 285.5 eV, which 
corresponds to the 1s-In;* transition of aromatic or olefinic carbon. 

Figure 7: A stack plot of the carbon near edge x-ray absorption fine structure spectra for 
Sample A-F. Absorption due to inner shell transitions associated with unsaturated and 
aliphatic carbon, 1s-ln;* and ls-3p/o*, respectively, are highlighted for reference. 
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Figure 8: An example of the deconvoluted, continuum filtered C-NEXAFS Spectrum of 
Sample B. The specific absorption bands are identified by their specific transitions. 

Figure 9: The normalized intensity of the Is-ln* transition of aromatic carbon (E = 285 
eV) plotted as a function of the mean-maximum reflectance of the matrix vitrinite. The 
intensity of the same 1s-ln* absorption band of the sporopollenin is included as a dashed 
band on the left side'of the plot for comparison purposes. 

Figure 10: The normalized intensity of the 1s-3p/a* transition of aliphatic carbon (E = 288 
eV) plotted as a function of the mean-maximum reflectance of the matrix vitrinite. The 
intensity of the same 1s-3p/o* absorption band of the sporopollenin is included as a dashed 
band on the left side of the plot for comparison purposes. 

Figure 11: The normalized intensity of the 1 s-3p/o* transition of oxygen bonded aliphatic 
carbon e 2 8 9 . 5  eV) Plotted as a function of the mean-maximum reflectance of the matrix 
vitrinite. The intensity of the same ls-3p/O* absorption band of the sporopollenin is 
included as a dashed band on the left side of the plot for comparison purposes. 

Figure 1 2  The normalized intensity of the 1s-ln* transition of carboxylic carbon (E = 
288.5 ev) plotted as a function of the mean-maximum reflectance of the matrix vitrinite. 
The intensity of the same 1s-ln* absorption band of the sporopollenin is included as a 
dashed band on the left side of the plot for comparison purposes. 
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