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Natural organic matter is a heterogeneous mixture of organic 
molecules representing both compounds released from 

living plant and microbial cells (e.g., extracellular enzymes, sur-

face-active proteins, chelating compounds, etc.) to plant, animal, 
microbial, and charred carbonaceous residues ranging in size 
and complexity from simple monomers to mixtures of complex 
biopolymers (Ladd et al., 1993; Solomon et al., 2007a). Natural 
organic matter is a highly active component of soils, water, and 
sediments and plays an important role in ecosystem processes. 
Present ubiquitously in the environment, NOM has defi ed mo-
lecular-level structural and functional characterization for nearly 
a century, owing primarily to its existence mostly as highly func-
tionalized polyelectrolytes, which as such do not lend themselves 
to analytical techniques for molecular characterization (Sleighter 
and Hatcher, 2007). Variations along the decomposition and 
size continuum, as well as its ability to form strong associations 
with minerals create further analytical problems that have made 

Dawit Solomon*
Johannes Lehmann
James Kinyangi
Biqing Liang
Karen Heymann
Lena Dathe
Kelly Hanley
Cornell University 
College of Agriculture and Life Sciences
Ithaca, NY 14853

Sue Wirick
Chris Jacobsen
State University of New York at Stony Brook
Department of Physics and Astronomy
Stony Brook, NY 11794

SO
IL C

H
EM

ISTRY

Carbon (1s) NEXAFS Spectroscopy of 
Biogeochemically Relevant Reference 
Organic Compounds

Natural organic matter (NOM) is a highly active component of soils and sediments, and plays 
an important role in global C cycling. However, NOM has defi ed molecular-level structural 
characterization, owing to variations along the decomposition continuum and its existence as highly 
functionalized polyelectrolytes. We conducted a comprehensive systematic overview of spectral 
signatures and peak positions of major organic molecules that occur as part of NOM using near-edge 
x-ray absorption fi ne structure (NEXAFS) spectroscopy. Th e spectra of carbohydrates and amino 
sugars show resonances between 289.10 and 289.59 eV, attributed to 1s-3p/σ* transitions of O-alkyl 
(C-OH) moieties. Th ey also exhibited distinct peaks between 288.42 and 288.74 eV, representing 
C 1s–π*C = O transition from COOH functionalities. Amino acids produced a strong signal around 
288.70 eV, which can be identifi ed as a C 1s–π*C=O transition of carboxyl/carbonyl (COOH/
COO-) structures. Spectral features near 285.29 eV were ascribed to C 1s–π*C=C transition of ring 
structure of aromatic amino acids, while spectra between 287.14 and 287.86 eV were attributed 
to C 1s–π*C-H and C 1s–σ*C-H/3p Rydberg-like excitations from CH and CH2 groups. Phenols 
and benzoquinone produced strong resonances between 285.08 and 285.37 eV, attributed to the π* 
orbital of C (C 1s–π*C=C) atoms connected to either C or H (C–H) in the aromatic ring. Th e next 
higher excitation common to both phenols and quinone appeared between 286.05 and 286.35 eV, 
and could be associated with C 1s–π*C=C transitions of aromatic C bonded to O atom in phenols, 
and to C 1s–π*C=O transitions from aromatic C connected to O atom (C-OH) in phenols or to 
a C=O in p-benzoquinone and some phenols with carbonyl structures, respectively. Nucleobases 
exhibited complex spectral features with pronounced resonances between 286.02 and 286.84 eV and 
between 288.01 and 288.70 eV. Molecular markers for black C (benzenecarboxylic acid and biphenyl-
4,4’-dicarboxylic acid) exhibit sharp absorption bands between 285.01 and at 285.43 eV, possibly 
from C 1s–π*C=C transition characteristic of C-H sites or unsaturated C (C=C) on aromatic ring 
structures. Th ese aromatic carboxylic acids also exhibit broad peaks between 288.35 and 288.48 eV, 
refl ecting C 1s–π*C=O transition of carboxyl functional groups bonded to unsaturated C. Th is 
investigation provides a more comprehensive NEXAFS spectral library of biogeochemically relevant 
organic C compounds. Th e spectra of these reference organic compounds reveal distinct spectral 
features and peak positions at the C K-edge that are characteristic of the molecular orbitals bonding 
C atoms. Detailed structural information can be derived from these distinctive spectral features that 
could be used to build robust peak assignment criteria to exploit the chemical sensitivity of NEXAFS 
spectroscopy for in situ molecular-level spatial investigation and fi ngerprinting of complex organic C 
compounds in environmental samples.

Abbreviations: EDX, energy dispersive x-ray; NEXAFS, near-edge x-ray absorption fi ne structure spectroscopy; 
NOM, natural organic matter; SEM, scanning electron microscopy; STXM, scanning transmission x-ray 
microscopy; TEM transmission electron microscope; XPS, x-ray photoelectron spectroscopy.
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studies on NOM composition and its implications for global 
biogeochemical C cycling extremely challenging.

Traditionally, several approaches using modern and fairly ef-
fective wet-chemical and macroscopic analytical techniques were 
employed for structural characterization of NOM or its compo-
nents. Th ese methods involve the use of (i) chemolytic (Zhang et 
al., 1999), (ii) pyrolysis (Chefetz et al., 2002), (iii) thermochemo-
lysis (del Rio et al., 1998), and (iv) compound-specifi c stable and 
radiocarbon analysis (Eglinton et al., 1996) techniques. From 
these studies it becomes apparent that stabilization of NOM 
in terrestrial ecosystems is intimately associated with organic C 
structural chemistry (Kögel-Knabner, 2002). However, while 
important and meaningful information can be obtained from 
these approaches, they are not fully process-orientated and usu-
ally fall short of providing explicit molecular-level information 
about the linkage between organic C functionalities and miner-
alogy, as well as the micro- and nano-scale spatial features of or-
gano-mineral assemblages to help bridge the gap between these 
multi-scale processes. It is, therefore, necessary to incorporate data 
from direct atomic-level probing techniques to develop realistic 
mechanistic models that are crucial for understanding the basic 
mechanisms of stabilization of organic C in terrestrial ecosystems 
(Zimmerman et al., 2004; Rasmussen et al., 2005).

An abundance of atomic-level probing techniques such as 
scanning electron microscopy (SEM), energy dispersive x-ray 
(EDX) analysis, x-ray photoelectron spectroscopy (XPS) and 
transmission electron microscope (TEM) are currently available 
to obtain information about the chemical composition, micro-
heterogeneity, and physical allocation of organic and mineral ma-
terials in soils and sediments (Kögel-Knabner, 2000; Scheinost et 
al., 2001). However, many of these techniques are invasive since 
experiments may need to be performed under adverse conditions 
(e.g., desiccation, high vacuum, heating, or particle bombard-
ment). Th ere is also a potential that the sample may be damaged 
by the electron beam, particularly in the case of biological mate-
rials and may yield data that may be misleading due to the result-
ing experimental artifacts.

Scanning transmission x-ray microscopy (STXM), a pow-
erful method created through recent advances in x-ray micro-
focusing techniques and access to a high-fl ux source of soft er x-
ray photons (spanning in the energy range of ~100 to 2000 eV, 
Sham et al., 1989; Hähner, 2006) generated by synchrotron light 
source, coupled with near-edge x-ray absorption fi ne structure 
(NEXAFS) spectroscopy provides an excellent opportunity not 
only to identify and fi ngerprint the fi ne structures of organic C 
in various molecular groups, but also help to visualize and map 
the nano-scale variations of C forms of biogeochemically rele-
vant organic compounds ( Jacobsen et al., 2000; Akabayov et al., 
2005; Lehmann et al., 2005, 2008; Kinyangi et al., 2006). Using 
a tunable monochromator, NEXAFS spectra can be collected 
just below and up to about 50 eV above the ionization threshold 
of C by increasing the photon energy through the absorption 
edge of this element (K-edge of C = 284.20 eV) (Stöhr, 1992). 
Th ese features make NEXAFS an element specifi c structural 
tool that provides information on the electronic structure and 
orientation of molecules or molecular fragments (Stöhr, 1992). 
Synchrotron–based STXM-NEXAFS spectromicroscopy could 
also access the K- or L-edges of other elements such as K, Ca, N, 
O, F, Fe, Al, Si etc., and may lead to accusation of spatially de-

fi ned novel high resolution (about 50 nm; Schulze and Bertsch, 
1995; Akabayov et al., 2005) mechanistic information for an in 
situ geobiological investigations of structural and architectural 
arrangements of organomineral assemblages organic matter and 
minerals, polyvalent metal ions and other surfi cial and interac-
tive features of complex organomineral interfaces at the sub-mi-
croscopic level that may have practical relevance for stabilization 
of organic C and global biogeochemical cycling of elements.

Th e chemical sensitivity of C K-edge NEXAFS spectros-
copy and the high spatial resolution of x-ray microscopy have 
been explored through extensive experimental and computa-
tional studies involving polymers (Smith et al., 2001; Urquhart 
and Ade, 2002; Dhez et al., 2003). Although these techniques 
have been eff ectively employed to characterize organic C forms 
in interplanetary dust particles (Flynn et al., 2003), geomicrobial 
samples (Benzerara et al., 2004), marine particulate organic mat-
ter (Brandes et al., 2004), humic fractions (Schäfer et al., 2003, 
2005; Myneni et al., 1999; Solomon et al., 2005, 2007a, 2007b; 
Christl and Kretzschmar, 2007), black C (Lehmann et al., 2005; 
Haberstroh et al., 2006; Liang et al., 2006), soot (Braun et al., 
2008), microaggregates (Kinyangi et al., 2006; Lehmann et al., 
2007, 2008), and in coal and other geological materials (Cody 
et al., 1995), its application in environmental sciences in general 
is still in a stage of infancy (Braun et al., 2005). For example, un-
like in polymer research where extensive NEXAFS studies of 
well characterized materials provide generally robust peak assign-
ment criteria; knowledge of the sample’s origin, processing, and 
history were used for the most part to interpret the NEXAFS 
spectra in many of the environmental studies. Most environmen-
tal investigations also deal with extremely complex carbonations 
matrices and in many cases the origin and history of a sample 
may be unknown or subject to conjecture. Th erefore, careful 
spectral characterization of representative compounds is a neces-
sary fi rst step in the application of NEXAFS to complex systems 
of ecological importance (Zubavichus et al., 2005; Braun et al., 
2007). However, with the exception of some C (1s) NEXAFS 
studies involving amino acids (Boese, 1996; Boese et al., 1997; 
Kaznacheyev et al., 2002; Zubavichus et al., 2005), aromatic ac-
ids and phenols (Scheinost et al., 2001; Christl and Kretzschmar, 
2007), no comprehensive NEXAFS spectral library of system-
atically selected major organic molecules that constitute NOM 
have been published for C to date.

Th e objectives of the present study were: (i) to provide a 
comprehensive systematic overview of spectral signatures and 
peak positions of major organic molecules that potentially occur 
in soils and sediments as part of NOM to improve our under-
standing of the molecular structure and chemistry of this com-
plex organic material, and (ii) to integrate the conjugated surface 
and bulk sensitivity potentials of this complementary spectro-
microscopic tool to the ensemble of micro-scale physical and 
chemical characterization techniques to address a broad range of 
environmental issues related to the impacts of climate change on 
C sequestration in terrestrial and aquatic ecosystems.

EXPERIMENTAL
Characterization of the reference compounds using C (1s) 

(NEXAFS) was performed at the X-1A1 beamline of the NSLS using the 
STXM endstation. Th e essential components of the STXM were a tun-
able undulator inserted in the 2.8 GeV electron storage ring generating 
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a high fl ux of photons at 107 spatially coherent photons s–1 in the soft  
x-ray region, a spherical grating monochromator with maximum spectra 
resolving power of 5000 lines mm–1 (i.e., ~0.05 eV at 250 eV), a 160-μm 
Fresnel zone plate with spatial resolution of 45 nm, and a proportional 
counter located behind the sample to detect the transmitted photons. 
Th e beamline slit width was set to 45 × 25 × 25 μm (Plaschke et al., 2004). 
Th e monochromator was calibrated at the beginning of the experiment 
following the standard calibration procedure at the X-1A1 beamline by 
collecting a background point spectrum (Io) from He over the appro-
priate energy range (280 –310 eV) for this experiment, aft er fi lling the 
chamber with this gas; and later by introducing a calibration gas (CO2) 
and recording a calibration spectrum (I) from this calibration gas (C (1s) 
adsorption threshold resonance of CO2 is at 290.74 ± 0.10 eV). Th is pro-
cedure was repeated before each run aft er each beam fi lling to ensure that 
there are no detectable drift  between measurements. All chemicals used as 
reference compounds were obtained commercially from Sigma-Aldrich 
(Sigma-Aldrich Corp., St. Louis, Mo). Th in fi lms of reference compounds 
were prepared by dissolving 1 mg of the sample (1 mL in the case of liq-
uid samples) in 400 μL of pure trifl uoroacetic acid (TFA, Sigma-Aldrich 
Corp. St. Louis, Mo) and by transferring 1 μL of solution onto 100-nm 
thick silicon nitride (Si3N4) sample windows (Silson Ltd, Northampton, 
UK) as described by Boese (1996) and Boese et al. (1997). Aft er a high 
resolution STXM micrograph was taken to locate an area of uniform 
sample thickness of about 200 nm, the illuminated spot was increased to 
10 μm by defocusing the zoneplate to minimize radiation damage by dis-
tributing the required signal over a large area (Boese et al., 1997). Spectra 
of the samples (I) were acquired under He atmosphere from three diff er-
ent spots through the fi lms and SiN3 windows by moving the grating from 
280 to 310 eV on a single spot with 0.1 eV energy step and 120 ms dwell 
time and averaged. Before each sample scan, background spectra (Io) were 
collected in triplicates from sample-free regions of the Si3N4 windows and 
used to correct any form of distortions from both the beamline and the 
windows. Raw spectral data is available online at the Knowledge Network 
for Biocomplexity webpage (http://knb.ecoinformatics.org/knb/meta-
cat/datastar.50.3/knb; verifi ed 20 Aug. 2009) 

Th e spectra were baseline corrected and normalized using WinXAS 
version 3.1 (WinXAS Soft ware, Hamburg, Germany) to avoid spectral 
dependence on the total C content; therefore, spectral properties are 
indicative of the changes in the molecular structure and chemistry of C. 
Deconvolution and curve fi tting of the diff erent C functional groups 
of the C (1s) NEXAFS spectra to identify the various peak positions 
was conducted using extended x-ray absorption fi ne structure (EXAFS) 
analysis soft ware Athena 0.8.052 (Ravel and Newville, 2005). Th e 
arctangent function was fi xed at 290 eV, with a full width at half maxi-
mum (FWHM) set at 1.0 eV (Liang et al., 2008). Loosely constrained 
Gaussian functions between 0.2 and 0.5 eV were fi tted to resolve the 
main C 1s-π* and 1s-3p/σ* valence transitions (Rydberg/mixed valence 
transitions) and identify the peak positions of the various electronic 
transitions. Since the fi ne structure in the C NEXAFS region represent-
ing multi-electron excitations, as well as ‘shape resonances’ (1s-σ* transi-
tions) leading to the continuum part beyond 290 eV tends to be very 
broad and overlap (Cody et al., 1998; Schäfer et al., 2003; Plaschke et al., 
2005), in the present investigation, only the main C 1s-π* and 1s-3p/σ* 
transitions in the discrete part of the spectra (284 and 290 eV) below 
the ionization potential were used for subsequent qualitative interpreta-
tion of the C (1s) NEXAFS results.

RESULTS AND DISCUSSION
C (1s) NEXAFS Spectral Features of 
Carbohydrates and Amino Sugars
Carbohydrates

Polysaccharides are polymers whose monomer units are 
simple aldose (aldehyde) and/or ketose (ketone) sugars (mono-
saccharides). Th e number of monosaccharide units in polysac-
charides could vary from about 35 to approximately 60,000 
(BeMiller, 2001). Th e monosaccharide units are either in fi ve- 
(furanosyl) or six-membered (pyranosyl) ring forms, most oft en 
the latter, joined together in a head-to-tail fashion by glycosidic 
linkages. In addition to monosaccharide units, polysaccharides 
may contain ester, ether, and/or cyclic acetal moieties.

Polysaccharides are structural components of cell walls of 
bacteria, fungi, algae, and higher plants, and serve as energy- and 
C-storage substances, and various other functions as extracel-
lular materials of plants, animals, and microbial origin in the 
environment. In the soil environment, carbohydrates represent 
a signifi cant portion of NOM (5 to 20% of total soil organic 
C), and are partly responsible for binding primary particles into 
stable aggregates (Cheshire, 1979; Tisdall and Oades, 1982). 
Polysaccharides have a range of general structures (from linear to 
various branched structures) and shapes. However, because their 
synthesis does not involve a template molecule, polysaccharides 
are polydisperse; that is, molecules of a specifi c polysaccharide 
from a single source are present in a range of molecular weights. 
In addition, the degree of polydispersity, the average molecular 
weight, and the range of molecular weights in a polysaccharide 
preparation vary from source to source. For example, plant cellu-
lar polysaccharides are characterized by a high proportion of pen-
toses (arabinose and xylose), whereas microbial polysaccharides 
are enriched in hexoses (galactose and mannose), deoxysugars 
(rhamnose and fucose) and other minor sugars (Cheshire, 1977). 
Most polysaccharides are also polymolecular; that is, their fi ne 
structures vary from molecule to molecule. With the exception 
of cellulose and a few other plant polysaccharides, only bacterial 
polysaccharides have repeating-unit structures. Structures of oth-
er polysaccharides with regard to non-carbohydrate components 
can vary between taxa and with growth conditions of the plant 
or microorganism and even between tissues of the same plant. 
Th e variability created due to the proportions of monosaccharide 
constituents and linkage types, as well as growth conditions may 
create signifi cant chemical heterogeneity making identifi cation 
of specifi c polysaccharide groups in NOM extremely diffi  cult.

We applied C (1s) NEXAFS spectroscopy to characterize 
the various spectral features and identifi ed peak positions of stan-
dard reference carbohydrates that are likely to be present in soils 
and sediments as part of NOM. Th e stacked C K-edge NEXAFS 
spectra of the various carbohydrates that include an aldopentose 
(arabinose), deoxyaldohexose (rhamnose)(Fig. 1) revealed mul-
tiple peaks between 288.47 and 289.44 eV. According to Fig. 1, 
both arabinose and rhamnose show strong resonance at 289.35 
and 289.44 eV (Table 1), respectively, mainly attribute to the 
1s-3p/σ* transitions of O-alkyl (C-OH) moieties representing 
monosaccharides. Sharp absorption band near 289.5 eV from 
the 1s-3p/σ* transitions of alcohols and other hydroxylated- and 
ether-linked C species were also reported by Ishii and Hitchcock 
(1988), Sham et al. (1989), Hitchcock and Mancini (1994), Cody 
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et al. (1998), Plaschke et al. (2004), di Stasio and Braun (2006) 
and Braun et al. (2008). A less intense but distinct second peak 
was observed at 288.47 eV from the 6-member pyranose ring of 
rhamnose most probably due to C 1s–π*C = O transitions of the 
aldehyde functionalities of this deoxyaldohexose sugar, while this 
resonance appeared as a weak shoulder at 288.63 eV in the case 
of the 5-member furanose ring of arabinose. Unlike these neu-
tral sugars, however, the spectra from the two uronic acids that is, 
glucuronic and polygalacturonic acid (pectin) were largely domi-
nated by strong absorption bands at 288.65 and 288.74 eV, re-
spectively (Table 1), representing mostly C 1s–π*C=O transitions 
from the carboxylic-C (COOH) functional group (Darmon and 
Rudall, 1950; Cody et al., 1998; Braun et al., 2005).

Amino Sugars
Amino sugars are derivatives of monosaccharides where one 

or more of nonglycosidic hydroxyl group is replaced by an amino 
group (-NH2), which is mostly acetylated in biopolymers. Th ey 
are mainly present as glucosamine, galactosamine, and muramic 
acid; and may account for about 5 to 10% of the organic N pool 

(Bremner, 1958; Stevenson, 1957). Amino sugars are widely distrib-
uted as building blocks of abundant biopolymers in terrestrial and 
aquatic ecosystems, and represent an important compound class 
of NOM involved in the biogeochemical cycling of both C and N. 
For example, glucosamine is a constituent of fungal cell-wall known 
as chitin, which is also a structural polymer in algae, exoskeleton of 
arthropods and in many other soil and aquatic invertebrates. Th e 
proportion of total microbial glucosamine derived from fungal 
chitin was estimated to be between 90 and 95% in cultivated soils 
(Chantigny et al., 1997; Zhang et al., 1999). Glucosamine, in a one-
to-one ratio with N-acetyl muramic acid and interlinked by peptides, 
can also form peptidoglycan, which is a major constituent of bacte-
rial cell wall that provide structural and other functional roles as well 
as a major component of refractory dissolved organic matter in the 
aquatic ecosystems (Boon et al., 1998; Benner and Kaiser, 2003).

Th e experimental C (1s) NEXAFS spectra recorded from 
three amino sugars show that muramic acid, glucosamine, and 
chitin show strong resonances at 288.60, 288.50, and 288.42 eV, 
respectively (Fig. 1). Similar to carbohydrates, these resonances 
arise mainly from C 1s–π*C=O transitions characteristic of car-

Fig. 1. Carbon K-edge NEXAFS spectra and chemical structures of carbohydrate and amino sugars.
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boxylic-C functionalities of the amino sugars. However, there 
could also be contributions from C 1s–π*C=O or C 1s–π*C-N 
transitions of amine (CONH) functional group (Kaznacheyev 
et al., 2002; Zubavichus et al., 2005). Th e sharp features exhibit-
ed at 289.39 and 289. 42 eV are assigned primarily to C 1s-3p/σ* 
transitions of C-OH molecular orbital of the monosaccharide units.

C (1s) NEXAFS Spectral Features of Amino Acids
Amino acids are essentially small biomolecules with an av-

erage molecular weight of about 135 Da, and with a common 
backbone of basic amino (NH2) and acidic carboxyl (COOH) 
groups attached to a saturated α-carbon atom (Cα) (Kaznacheyev 
et al., 2002; Mary et al., 2005). Th ese organic compounds exist 
naturally in a zwitterion state, where the carboxylic acid is ion-
ized and the basic amino group is protonated giving them their 
amphoteric nature. Amino acids, when linked together by pep-
tide (CO-NH) bonds form a polypeptide chain, which is the 
principal building block of proteins that perform many impor-
tant functions such as building cells and biochemical catalysis, 
making metabolism by soil organisms possible. Although more 
than 300 diff erent amino acids have been found in nature, only 
20 of these amino acids are the most common constituents of 
proteins (Kaznacheyev et al., 2002).

More than 90% of the soil’s N reserve occurs in organic forms. 
Between 30 and 50% of this organic N fraction is reported to be 
in the form of amino N (Bremner, 1967; Warman and Isnor, 1991; 
Stevenson, 1994). Th e presence of amino acids in NOM is cred-
ited to the breakdown of native proteins derived from plants, ani-
mals, and microorganisms. Similarly, amino acids contribute for 
most of the organic N in phytoplankton in marine sedimentary 
systems (Pantoja and Lee, 2003), and usually for up to 50% of the 
total N in surface sediments (Burdige and Martens, 1988). Amino 
acids serve as substrates for enzymes involved in the biogeochemi-
cal cycling of N in soils. Th ey also serve as energy sources for soil 
microorganisms, and as important sources of N for plants (Ivarson 
and Sowden, 1966). Stevenson (1994) showed that amino acids 
occur in soils in neutral, basic, or acidic states. Based on the side 
chain (R) bonded to the α-carbon atom these organic compounds 
can be further subdivided in to fi ve groups: (i) amino acids with 
simple aliphatic, (ii) alcohol, (iii) carboxylic, (iv) aromatic, and (v) 
strongly basic group side chains (Kaznacheyev et al., 2002).

In the present investigation, we selected representative 
aliphatic (L-alanine), basic (L-lysine and L-argenine), carboxy-

lic (L-glutamic acid), and aromatic (DL-histidine and DL-
phenylalanine) amino acids, and presented the C (1s) NEXAFS 
spectra, molecular structures, and absolute energy positions of 
the various transitions of these organic compounds in Fig. 2 and 
Table 2. According to Fig. 2, all the six amino acids consistently 
produced a strong signal centered near 288.70 eV. A similar re-
sult has been also reported by Kaznacheyev et al. (2002). Th ese 
authors demonstrated that the position of this spectral feature 
neither change for any of the 20 investigated amino acids com-
monly occurring in nature (always remain within 0.1 eV of 
288.60 eV) nor depend on the charge state, be it a zwitterion 
or a positively charged ion as in the case of acidic media, and 
can be fi rmly identifi ed as a C 1s–π*C=O transition of carboxyl/
carbonyl (COOH/COO-) groups in amino acids. However, 
Kaznacheyev et al. (2002) showed several instances where the 
carboxyl peak positions of some amino acids were lowered by up 
to 0.4 from 288.60 eV due to the result of the substitution of 
the –OH group in the carbonyl structure of some amino acids by 

–NH2 group. Such substitution might infl uence the location of 
the C 1s–π*C=O transitions, and could lower the energy peak by 
up to 0.3 to 288.30 eV in the case asparagine or with a separation 
of up to 0.4 to 288.02 eV in the case of glutamine due to diff er-
ences in electronegativity of –NH2 compared with –OH and 
oscillator strength of the π*C=O orbital (Hitchcock and Ishii, 
1987; Kaznacheyev et al., 2002).

Th e NEXAFS spectrum of arginine exhibited a discrete higher 
energy peak at 289.33 eV, which is attributed to C 1s–π*C=N tran-
sitions. Kaznacheyev et al. (2002) indicated that due to the higher 
electronegativity of O and N atoms relative to N, the C 1s–π*C=N 
transition is expected to occur below C 1s–π*C=O transition. 
However, in amino acids where the C=N carbon is bonded to 
two or more N atoms, the C 1s (C=N) ionization potential and 
thus the π* peak could be shift ed above that of a C 1s (COO–) 
site (Kaznacheyev et al., 2002). Th e NEXAFS spectrum of phe-
nylalanine, an amino acid with aromatic side chains, can be easily 
distinguished from other amino acids by its pronounced struc-
tures at 285.29 eV, associated most probably with the C 1s–π*C=C 
transition of aromatic ring structure. A prominent resonance near 
285.0 eV resulting most likely from aromatic ring structures has 
also been observed from phenyl groups containing aromatic amino 
acids such as tryptophane and tyrosine by Boese et al. (1997) and 
Kaznacheyev et al. (2002). Both phenylalanine and histidine, an 
aromatic amino acid where an imidazol group replaced the phenyl 

Table 1. Names, molecular formula and experimental peak positions (eV) observed from C (1s) NEXAFS spectral features of car-
bohydrate and amino sugars.

Reference compounds Synonym Formula Energy positions

Common name Peak 1 Peak 2

eV
Carbohydrates

L (+)-Arabinose N/A† C5H10O5 288.63 289.35

L-Rhamnose monohydrate L(+)-Rhamnopyranose C6H12O5·H2O 288.47 289.44

D-Glucuronic acid N/A C6H10O7 288.65 289.10

Pectin Poly-D-galacturonic acid methyl ester N/A 288.74 289.59

Amino sugars

Muramic acid 2-Amino-3-O-(1-carboxyethyl)-2-deoxy-D-glucose C9H17NO7 288.60 289.35

N-Acetyl-D-glucosamine 2-Acetamido-2-deoxy-D-glucose C8H15NO6 288.50 289.39

Chitin Poly(N-acetyl-1,4-β-D-glucopyranosamine) (C8H13NO5)n 288.42 289.42

† N/A, Not available.
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ring, exhibited a strong peak at 287.86 and 287.14 eV, respective-
ly. Th ese spectral features are attributed to the C 1s–π*C-H and 
C 1s–σ*C-H/3p Rydberg-like excitations possibly from CH and 
CH2 groups (Kaznacheyev et al., 2002). Similar peaks around 
287.6 eV have been reported for saturated hydrocarbons, where 
they were assigned to mixed π* CH3, CH2/3p Rydberg transi-
tions (Hitchcock and Ishii, 1987). However, Boese et al. (1997) 
suggested that the asymmetric peak near 287.0 eV in amino ac-
ids could also arise from π* resonances of C=N bonds from the 
imidazol ring. Kaznacheyev et al. (2002) indicated that a broad 
peak around 287.1 eV is not in a single state, rather it could be 
the result of a number of unresolved C 1s–π* transitions of the C 
atoms, while the resonance at the higher energy side of the same 
peak could be a contribution from the σ*C-H states forming broad 
bands instead of individual peaks.

C (1s) NEXAFS Spectral Features of 
Phenols and Quinone

Phenols (C6H5OH), sometimes called aromatic alcohols, 
are aromatic chemical compounds in which the hydroxyl group 
(-OH) is directly attached to a six-membered aromatic hydrocar-
bon ring. However, these hydroxybenzene compounds exhibit a 
much higher acidity compared with ordinary aliphatic alcohols. 
Phenolic compounds are secondary metabolites that are second 
only to carbohydrates in abundance among higher plants. Th ey 
display a great variety of structures ranging from derivatives of 
simple phenols such as hydroquinone to materials of complex 
and variable composition such as hydrolyzable tannins and phe-
nylpropanoids that include lignins, fl avonoids, and condensed 
tannins (Haslam and Cai, 1994; Ferguson, 2001). Part of these 
plant phenolic fractions are bound to the cell wall as lignin or 
ferulic acid esterifi ed to hemicellulose, while the remaining frac-
tion is present in water soluble-form in glycosidic combination 
and perform a variety of functions. Plant phenols can be further 

Fig. 2. Carbon K-edge NEXAFS spectra and chemical structures of amino acids.
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oxidized to quinones, an important group of organic compounds 
in the environment by an enzyme called polyphenoloxidases. For 
example, some phenols such as hydroquinone and their deriva-
tives can be oxidized to p-benzoquinone, or form very stable free 
radicals called semiquinones. Th e concept of a chemical or enzy-
matic oxidation of phenolic compounds such as lignin, and the 
subsequent polymerization with amino compounds is common 
to a number of theories related to the stabilization of NOM in 
humic substances and organomineral aggregates in soils (Riff aldi 
and Schnitzer, 1972; Stevenson, 1994).

Since the investigations involving model compounds can 
greatly assist the fi ngerprinting and interpretation of the spectra 
of complex phenolic compounds and quinones present in NOM, 
we have examined the C K-edge NEXAFS spectral features of 
hydroquinone, vanillin, gallic acid, and p-benzoquinone in Fig. 3. 
For example, the C (1s) NEXAFS spectra recorded from three 
phenols show that hydroquinone, vanillin, and gallic acid (Fig. 3) 
produced strong resonances at 285.37, 285.15, and 285.10 eV, 
respectively (Table 3). Similar to the phenols, 1,4-benzoquinone 
also exhibited a sharp peak at 285.08 eV. Th ese spectral features 
are attribute most probably to the π* orbital of C (C 1s–π*C=C) 
atoms connected to either C or H (C–H) in the aromatic ring 
(Francis and Hitchcock, 1992; Cody et al., 1998; Stöhr et al., 
2001; Ade and Urquhart, 2002; Schäfer et al., 2005; Zheng et al., 
2006). Francis and Hitchcock (1992) and Schäfer et al. (2005) 
indicated that the oscillator strength of this transition depends on 
the amount of associated hydroxyl groups, and for example it can 
be found to be up to 20% less intense in phenol compared with 
benzene. Th e next higher excitation common to both phenols 
and quinone appeared with varying levels of intensity at 286.28 
(hydroquinone), 286.35 (vanillin), 286.05 (gallic acid), and 
286.22 eV (p-benzoquinone). Th ese spectral features could be at-
tributed to the presence of C 1s–π*C=C transitions of aromatic C 
connected to O atom (C-OH) as in the case of phenols, and to 
C 1s–π*C=O transitions from carbonyl substituted aromatic struc-
tures of p-benzoquinone, phenols and ketones (Cody et al., 1998; 
Braun et al., 2005; Plaschke et al., 2004; Schumacher et al., 2005; 
Haberstroh et al., 2006; Zheng et al., 2006). Th e C (1s) spectra of 
the three phenols exhibited broader absorption bands between 
287.32 and 287.37 eV (Table 3), separated by greater than 2.3 eV 
from the fi rst lowest π* energy resonance (around 285 eV). Th ese 
transitions could be assigned as π* resonances corresponding to 
the C 1s–π* transition from hydroxyl (C-OH) functional groups 
associate with phenols, and aryl ethers or hydroxylated aromatics 
(Francis and Hitchcock, 1992; Cody et al., 1995; Kaznacheyev 
et al., 2002; Petoral and Uvdal, 2003; Braun et al., 2005, 2008). 
Similar results have been reported for gas- and solid-phase phe-

nols, as well as liquid fl uorophenols (Solomon et al., 1991; 
Francis and Hitchcock, 1992; Zheng et al., 2006). Francis and 
Hitchcock (1992) indicated that although the OH substituent 
modifi es the spectral features, the overall spectral feature of hyd-
roquinone is generally benzene-like with about 2.0 eV separation 
from the lowest π* energy resonance (285.24 eV), and twice more 
intensity of the second π* resonance (around 287.25 eV) that cor-
responds to C 1s (C-OH)–π* transitions in phenol or benzene 
spectra. However, although they are expected to be rather weak 
and negligible in the case of phenols, there may be a possibility 
that C 1s-Rydberg transitions could be superimposed on these 
peaks, and may play a minor role in the spectral features of this 
region (Cody et al., 1998; Schäfer et al., 2005; Zheng et al., 2006; 
Braun et al., 2008). In contrast to the phenols, C (1s) spectrum 
of p-benzoquinone did not show such transition. Th e resonances 
exhibited by gallic acid at 288.30 eV can be assigned primarily to 
the C 1s–π*C=O transition of COOH, and to a lesser extent to 
C 1s–π*C=C transition of the aromatic ring associated with this 
organic compound, while the resonance centered at 288.72 eV in 
hydroquinone and 288.21 eV in p-benzoquinone could be contri-
butions from the C=C and in the case of p-benzoquinone from 
C=O electronic structures (Francis and Hitchcock, 1992; Dhez 
et al., 2003; Schäfer et al., 2005; Zheng et al., 2006).

Th e higher-lying π* orbital of the C atom of the aromatic ring con-
nected to an O atom is most probably responsible for the C  s-π*C=O 
transition observed at 289.82 eV in p-benzoquinone (Table 3), while 
the transitions observed from the two aromatic alcohols at 289.15 eV 
(vanillin) and 289.32 eV (gallic acid) could possibly be attributed 
to the C 1s–π*C=O transition of carbonyl structures from vanillin 
(R-COH) and gallic acid (R-COOH), respectively. Th ese spectral 
features could also be due to absorption bands associated with sp3 
hybridized C of these aromatic alcohols. Such transition are presum-
ably a C 1s–σ*C-H/3p type, and would be expected to lie in the vicin-
ity of similar transitions from primary and secondary alcohols (Ishii 
and Hitchcock, 1988; Sham et al., 1989; Cody et al., 1998). Cody et 
al. (1998) stated that core level transitions to bound states associated 
with C in such functional groups as alcohol, ether, methyl, and meth-
ylene do occur; the excited state is generally considered to be a state 
involving mixed C 1s–σ*C-H and 1s-3p (Rydberg-like) characteristics 
(Stöhr, 1992). In the case of aliphatic C, the C 1s–σ*C-H/3p transi-
tions are observed near 288 eV (Hitchcock and Ishii, 1987), while 
alcohols and ethers have such transitions near 289.5 eV (Ishii and 
Hitchcock, 1988; Sham et al., 1989; Hitchcock and Mancini, 1994; 
Cody et al., 1998). Compared with phenols, the C (1s) spectrum of 
p-benzoquinone exhibited a relatively small shoulder at 284.52 eV. 
Th e occurrence of such spectral features with a signifi cant red shift  
of up to 1.6 eV relative to the lowest energy π* resonance have been 

Table 2. Names, molecular formula, and experimental peak positions (eV) observed from C (1s) NEXAFS spectral features of amino acids.

Reference compound Energy position

Common name Synonym Formula Peak 1 Peak 2 Peak 3 Peak 4

———————eV———————
L-Alanine (S)-2-Aminopropionic acid C3H7NO2 N/P† N/P 288.72 N/P

L-Lysine (S)-2,6-Diaminocaproic acid H2N(CH2)4CH(NH2)CO2H N/P N/P 288.72 N/P

L-Glutamic acid (S)-2-Aminopentanedioic acid HO2CCH2CH2CH(NH2)CO2H N/P N/P 288.70 N/P

L-Arginine (S)-2-Amino-5-guanidinopentanoic acid H2NC(=NH)NH(CH2)3CH(NH2)CO2H N/P N/P 288.73 289.33

DL-Histidine (±)-2-Amino-3-(4-imidazolyl)propionic acid C6H9N3O2 N/P 287.14 288.74 N/P

DL-Phenylalanine (±)-2-Amino-3-phenylpropionic acid C6H5CH2CH(NH2)COOH 285.29 287.86 288.75 N/P
† N/P, No peak.
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observed in both pure compounds (Hitchcock et al., 1987; Francis 
and Hitchcock, 1992) and complex environmental samples (Schäfer 
et al., 2005). Such resonances were largely associated with a lower 
π*LUMO (lowest unoccupied molecular orbital) energy, and seen as 
a clear indication of a loss of aromatic stabilization due to quinoid 
distortion (Francis and Hitchcock, 1992).

C (1s) NEXAFS Spectral Features of Nucleobases
Nucleobases are central building blocks of both deoxyribonu-

cleic acid (DNA) and ribonucleic acid (RNA), which are essential to 
all life. Although all nucleobases are heterocyclic compounds, cyto-
sine, uracil, and thymine can be viewed as analogs of benzene with 
endocyclic heteroatoms and exocyclic substitutions, while adenine 

and guanine are of a more complex molecular nature, and could be 
seen as benzene fused with a fi ve-membered ring pyrrole (Sun and 
Nicklaus, 2007). Th e presence of nucleic acids in mineral soils was 
fi rst reported by Anderson (1957, 1958) from Scottish soils. Cortez 
and Schnitzer (1979) indicated that humic acids were richer in gua-
nine and adenine but poorer in cytosine, thymine, and uracil. Th ese 
authors also suggested that the absence of methylcytosine in the hu-
mic acids is an indication that the extracted nucleic acid bases were 
of microbial DNA origin. Schulten and Schnitzer (1998) reported 
that an average of 3.1% of the total N in agricultural soils was found 
to occur in nucleic acid bases, and because nucleic acids contain N, 
they could be important sources of this nutrient in soils.

Fig. 3. Carbon K-edge NEXAFS spectra and chemical structures of phenols and quinine.
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We selected two structurally contrasting nucleobases (ad-
enine and thymine), and presented their chemical structure and 
experimental C K-edge NEXAFS spectra, as well as the respec-
tive peak positions for the diff erent orbitals in Fig. 4 and Table 4, 
respectively. Th e NEXAFS spectra of thymine show pronounced 
sharp resonance at 286.02 eV and another weakly developed 
peak at 286.84 eV that could be associated with the π* orbital of 
the C 1s–π*C=O transitions of the ring structure connected to an 
O atom (Samuel et al., 2006). Th ese absorption bands could also 
be due to the presence of C 1s–π*C=C and C 1s–π*C-N transi-
tions originating from the C=C-N structures of this nucleobase 
(Kaznacheyev et al., 2002; Samuel et al., 2006). According to 
Fig. 4, the C (1s) spectra show also pronounced structures near 
288.00 eV common to both nucleobases (Table 4). Th e thymine 
peak at 288.01 eV can be assigned to C 1s–π*C=O transitions 
from π* orbital of O=C-NH group. Urquhart and Ade (2002) 
and Samuel et al. (2006) indicated that the π*C=O peak nor-
mally appears at 286.60 eV. However, it could shift  signifi cantly 
up to 288.10 eV, if a N atom is attached to the carbonyl struc-
ture (O=C-NH), most likely due to the inductive eff ect of this 
neighboring atom. Th e π*C=O peak could shift  even further to 
289.4 eV (289.47 eV according to this study, Table 4), if two N 
atoms are present in the carbonyl structure (π* HNCONH) as is 
the case for example in thymine and uracil (Samuel et al., 2006). 
Th e narrow signal observed at 285.13 eV in the thymine spec-
trum (Fig. 4) could be assigned to the characteristic ring signal of 
π*C=C species similar to the features found commonly in C (1s) 
NEXAFS spectra of aromatic polymers and amino acids (Stöhr, 
1992; Kaznacheyev et al., 2002; Samuel et al., 2006).

Adenine, with its double ring structures that contain C, N, and 
H atoms but a clear absence of the carbonyl group (Fig. 4), show a 
very intense peak at 286.75 eV with a prominent shoulder attached 
to it at 287.17 eV. Th ese resonances most likely correspond to 
C 1s–π*C=C transition from the ring structures (C=C-N), and to 
C 1s–π*C-N transition the C-Nx species of adenine (Samuel et al., 
2006). Samuel et al. (2006) demonstrated that the C-N peak does 
not change its location even with the change in the location of the 
amine group on the six-membered-ring, and an addition of a carbo-
nyl structure in the guanosine spectrum. Adenine also exhibited a 
sharp but less intense resonance at 287.92 eV and an intense broad 

peak at 288.70 eV that is most likely due to contributions from π* 
orbital of C=C-NH (C 1s–π*C = N) and C-NHx (C 1s–π*C-N) 
structures of this nucleobase. Similar results have also been report-
ed for adenine, cytosine, and guanosine by Samuel et al. (2006), 
and for C 1s-π* transition of C=N carbon bonded to two or more 
N atoms in amino acids by Kaznacheyev et al. (2002).

C (1s) NEXAFS Spectral Features of Molecular 
Markers for Black C

Black C is one of the most ubiquitous materials in the envi-
ronment, comprising a spectrum of C-rich heterogeneous materi-
als ranging in complexity from highly polyaromatic to elemental or 
graphitic C produced by the incomplete combustion of fossil-fuels 
and biomass (Goldberg, 1985; Kuhlbusch, 1998; Schmidt and 
Noack, 2000; Masiello, 2004; Lehmann et al., 2005; Solomon et al., 
2007b). Black C is regarded as a chemically and biologically very 
stable C pool, and can persist in nature for long periods of time 
(Goldberg, 1985; Schmidt and Noack, 2000). A recent study of 
the world soils archive by Krull et al. (2009) indicated that a sig-
nifi cant (in many cases more than 50%) but highly variable pro-
portion of the total NOM pool in soils could be constituted of 
black C, making it a signifi cant sink for atmospheric CO2 in the 
global C cycle (Seiler and Crutzen, 1980). In fact, charring biomass 
into black C has been proposed as a way to divert C from a rapid 
biological C cycle into a slow geological C cycle (Kuhlbusch and 
Crutzen, 1995), and prompts investigations into actively managing 
black C as a means to sequester atmospheric C in soils (Lehmann 
et al., 2006). Th e long-term persistence of black C, however, does 
not mean that the properties of black C remain unchanged aft er 
its deposition. Cheng et al. (2006) have reported rapid oxidation 
of black C in short-term incubations, whereby its properties were 
altered through the formation of O-containing functional groups.

Hayatsu et al. (1982) and Shafi zadeh and Sekiguchi (1983) 
stated that during oxidative degradation of black C rich materials 
such as char, coal etc., polycyclic or substituted aromatic centers 
are converted to benzenepolycarboxylic acids. Schnitzer and Khan 
(1972) and Schnitzer (1978) identifi ed varying amounts of aromatic 
carboxylic acids among the oxidation products of humic substanc-
es, and concluded that these compounds originated from benzene 
rings repeatedly substituted by C and not from the ones substituted 

Table 3. Names, molecular formula and experimental peak positions (eV) observed from C (1s) NEXAFS spectral features of phe-
nols and quinone.

Reference compound Energy position

Common name Synonym Formula Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6

———————————eV———————————
Hydroquinone 1,4-Dihydroxybenzene C6H4–1,4-(OH)2 N/P† 285.37 286.28 287.32 288.72 N/P

Vanillin 4-Hydroxy-3-methoxybenzaldehyde 4-(HO)C6H3–3-(OCH3)CHO N/P 285.15 286.35 287.37 N/P 289.15

Gallic acid 3,4,5-Trihydroxybenzoic acid (HO)3C6H2CO2H N/P 285.10 286.05 287.30 288.30 289.32

p-Benzoquinone Cyclohexa-2,5-diene-1,4-dione C6H4(=O)2 284.52 285.08 286.22 N/P 288.21 289.82

† N/P, No peak.

Table 4. Names, molecular formula and experimental peak positions observed from C (1s) NEXAFS spectral features of nucleobases.

Reference compounds Energy position

Common name Synonym Formula Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7

——————————————eV——————————————
Adenine 6-Aminopurine C5H5N5 N/P† N/P 286.75 287.17 287.92 288.70 N/P

Thymine 2,4-Dihydroxy-5-methylpyrimidine C5H6N2O2 285.13 286.02 286.84 N/P N/P 288.01 289.47

† N/P, No peak.
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by O (Glaser et al., 1998). High yields of benzenecarboxylic acids 
were also obtained from highly aromatic humic acids (Schnitzer 
and Calderoni, 1985), a type of humic materials supposed to be 
derived from black C (Haumaier and Zech, 1995; Skjemstad et al., 
1996). Th us, these structural features are considered as typical to 
black C, and they have been extensively used as molecular mark-
ers in investigations involving black C in soils (Glaser et al., 1998; 
Glaser and Amelung, 2003; Brodowski et al., 2005).

In the present investigation, we selected the simplest forms 
of these aromatic carboxylic acids that is, benzenecarboxylic acid 
and a biphenyl-4,4’-dicarboxylic acid, and presented their chemi-
cal structure, experimental C K-edge NEXAFS spectra and re-
spective peak positions for the diff erent orbitals in Fig. 5 and 
Table 5. We have also presented C (1s) NEXAFS spectra from 
citric acid, a purely tricarboxylic acid structure and an internal 
standard oft en used in black C analysis, as well as 1,2 benzanthra-
cene, a polycyclic aromatic hydrocarbon containing four closed 
aromatic ring structures, to provide an eff ective comparison with 
the two benzenecarboxylic structure. Both benzoic acid and bi-
phenyl-4,4’-dicarboxylic acid exhibit a sharp absorption band at 
285.01 and at 285.43 eV possibly from C 1s–π*C=C transition 
characteristic of C-H sites or unsaturated C bonds (C=C) on ar-
omatic ring structures (Cody et al., 1996; Cooney and Urquhart, 
2004; Solomon et al., 2007b). Similar results have been reported 
for graphite (Braun et al., 2005; Haberstroh et al., 2006), charred 
carbonaceous residues (Lehmann et al., 2005) and for vitrinite 
(Cody et al., 1998), a macromolecular material derived from the 

biomacromolecular plant constituents which have undergone 
substantial chemical and structural modifi cation through perva-
sive diagenetic alteration; including losses in O containing func-
tionalities (carboxylic acids, ketones, and hydroxylated aromatics) 
and an increase in polycyclic aromatic hydrocarbons.

Th e C (1s) spectra of both benzenecarboxylic acids also 
exhibit a broad but well-defi ned absorption peak at 288.35 eV 
(benzoic acid) and at 288.48 eV (biphenyl-4,4’-dicarboxylic 
acid) refl ecting the C 1s–π*C=O transition of carboxyl func-
tional groups bonded to unsaturated C (Cody et al., 1998; 
Kuznetsova et al., 2001; Urquhart and Ade, 2002; Braun et al., 
2005). In contrast, the C 1s–π* transition of carbonyl C (C=O) 
from the tricarboxylic acid spectrum produced an intense reso-
nance at slightly higher energy of 288.72 eV. Haberstroh et 
al. (2006) stated that in general, the lowest energy absorption 
bands, from around 284 to 285 eV, are for functional groups 
with unusually low energy π* states such as quinones. An aro-
matic or unsaturated C atom bonded to another C atom has 
a strong 1s–π* transition at about 285.0 eV. However, as more 
electron-drawing atoms such as O are added or substituted, 
the binding energy of C (1s) electron increases. Th is increase 
in binding energy shift s the 1s–π* transitions of aromatic C to 
higher energies for example up to about 286.9 eV in the case of 
one O atom in phenols or up to 288.50 eV for the two O atoms 
bonded to saturated C in carboxylic functional groups.

Th e fused aromatic ring structures of benzantharacene ex-
hibited a prominent resonance at 284.30 eV and a weak peak at 

Fig. 4. Carbon K-edge NEXAFS spectra and chemical structures of nucleobases.
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286.13 eV. Similar results have been reported by Kolczewski et al. 
(2006) for the six-ring-containing molecules where the experi-
mental C (1s) NEXAFS spectrum of 1,3-cyclohexadiene exhib-
ited a broad symmetric peak that appeared by 0.6 eV lower than 
the benzene peak at 284.6 eV, as well as some weaker peaks above 
286.6 eV. Based on the results of both experimental and theoreti-
cal analysis these authors assigned the resonance at 284.4 eV to 
C 1s-π* excitations originating from the C atoms with a double 

bond from benzene or diene structures, while the 286.6 eV was 
assigned to the σ* C-C oribitals (Dhez et al., 2003; Schäfer et al., 
2005; Kolczewski et al., 2006). Similar eff ects in the low energy 
feature of the C 1s-π*C=C transitions can also occur by extensive 
conjugation, and hence delocalization of orbitals, resulting in an 
energy splitting as for example observed in polyethylene naph-
thalate shown by Dhez et al. (2003).

Table 5. Names, molecular formula and experimental peak positions (eV) observed from C (1s) NEXAFS spectral features of 
molecular markers for black C.

Reference compounds Energy position

Common name Synonym Formula Peak 1 Peak 2 Peak 3 Peak 4 Peak 5

—————————————eV—————————————
Benzanthracene Tetraphene C18H12 284.30 N/P 286.13 N/P N/P

Benzoic acid N/A† C6H5COOH N/P† 285.01 N/P 288.35 289.42

Biphenyl-4,4́ -dicarboxylic acid N/A HO2CC6H4C6H4CO2H N/P 285.43 N/P 288.48 N/P

Citric acid N/A HOC(COOH)(CH2COOH)2 N/P N/P N/P 288.72 N/P

† N/A, Not available; ‡ N/P, No peak.

Fig. 5. Carbon K-edge NEXAFS spectra and chemical structures of molecular
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SUMMARY AND FUTURE CONSIDERATIONS
Th e present investigation is the fi rst attempt to provide a 

more comprehensive C K-edge NEXAFS spectral library of bio-
geochemically relevant organic C compounds (carbohydrates, 
amino sugars, amino acids, phenols, quinine as well as benzenep-
olycarboxylic acid and other molecular markers for black C) that 
commonly occur in soils and sediments as part of NOM. Our 
study indicate that the spectra of these model organic compounds 
reveal distinct spectral features and peak positions at the C K-edge 
that are characteristics of the molecular orbitals bonding C atoms. 
Th erefore, detailed structural chemical information can be derived 
from these distinctive spectral features that may well be used to 
build robust peak assignment criteria to exploit the chemical sensi-
tivity of NEXAFS spectroscopy for fi ngerprinting complex organ-
ic C compounds of ecological importance by environmental scien-
tists. Th is is especially important in light of the results of our recent 
investigation of the microscopic- and sub-microscopic scale distri-
bution of NOM in organomineral assemblages using STXM and 
NEXAFS spectromicroscopy (Kinyangi et al., 2006; Lehmann et 
al., 2007, 2008), which demonstrated that organic matter in soils 
may to a signifi cant extent consist of well identifi able and distinct 
molecular forms (e.g., microbial and plant biopolymers, charred 
carbonations residues etc.) not only as a complex mixture but also 
in very intricate but spatially distinct arrangements that as a sum 
correspond to total NOM but individually are very diff erent from 
the molecular characteristics of total NOM.

Unlike studies of polymers and other man-made organic mate-
rials, however, the structural complexity of the total organic matter 
and the resulting broad spectral features at various energy positions 
(Lehmann et al., 2008; Schäfer et al., 2003, 2005; Solomon et al., 
2005, 2007a, 2007b) makes it impossible to use spectral modeling 
approaches based on the limited compound classes investigated in 
this study to determine absolute molecular structure of the bulk 
NOM in soils and sediments. Th erefore, it is possible to suggest 
that due to the extremely complex carbonaceous matrices and het-
erogeneous nature of NOM, and given the overlapping nature and 
very subtle variations even among the spectral features of organic 
C compounds belonging to the same group that share very similar 
molecular structures, it is unlikely that NEXAFS spectroscopy can 
be used exclusively as an independent bulk NOM characterization 
technique in its current state. Th is study provides the basis for the 
rigorous assignment of the NEXAFS spectra of the molecular com-
ponents of bulk NOM, and will help further develop the potentials 
of NEXAFS spectroscopy for both qualitative and quantitative 
determination of the structural composition of NOM in environ-
mental samples. However, there is a clear need for a concerted sys-
tematic eff ort to expand the compound classes analyzed to include 
an even wider range of organic molecules constituting NOM, tak-
ing in to account environmental variables such as origin (both natu-
ral and anthropogenic sources), level of decomposition, history and 
ecosystems under which it developed to obtain a more systematic 
and complete overview of the NEXAFS spectral signatures and 
peak positions of organic molecules constituting NOM to improve 
our understanding of the molecular structure and chemistry of this 
complex organic material. Incorporating the information generated 
by the present study will improve the conjugated surface and bulk 
sensitivity potentials of NEXAFS spectromicroscopic techniques; 
and integrating these analytical tools with the ensemble of already 
well-established molecular-level physical and chemical character-

ization techniques that undoubtedly will provide environmental 
scientists with a valuable tool to obtain explicit element-specifi c in-
formation about local structural and compositional environments 
of neighboring atoms and superfi cial interactions, micro- and 
nano-scale spatial heterogeneity and other molecular-level features 
to tackle a broad range of environmental issues ranging from the 
impacts of climate change on biogeochemical cycling of C to micro- 
and nanoscale level spatial features of organomineral assemblages 
to help bridge the gap between multi-scale processes in terrestrial 
and aquatic ecosystems.
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