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The chemical nature of soil organic nitrogen (N) is still poorly understood and

one-third to one-half of it is typically classified as ‘unknown N’. Nitrogen K-edge

XANES spectroscopy has been used to develop a systematic overview on

spectral features of all major N functions in soil and environmental samples. The

absolute calibration of the photon energy was completed using the 1s ! �*

transitions of pure gas-phase N2. On this basis a library of spectral features is

provided for mineral N, nitro N, amino acids, peptides, and substituted pyrroles,

pyridines, imidazoles, pyrazoles, pyrazines, pyrimidines and purine bases.

Although N XANES was previously considered ‘non-destructive’, effects of

radiation damage were shown for two compound classes and an approach was

proposed to minimize it. This new evidence is integrated into a proposal for the

evaluation spectra from environmental samples with unknown composition.

Thus a basis is laid to develop N K-edge XANES as a complementary standard

research method to study the molecular composition and ecological functions of

‘unknown N’ in soil and the environment.
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1. Introduction

Organic nitrogen (N) compounds in soils are both a source

and sink for N in the global N cycle. The soil organic N pool

provides the substrate for microbial formation of mineral N

(NH4 and NO3) essential for agricultural production and

likewise is the source of serious environmental pollution (e.g.

NO3 contamination of groundwater and emissions of N2O, an

important greenhouse gas). Despite its importance, the

organic N pool contributing to N mineralization has not been

adequately defined at the molecular level (Curtin & Wen,

1999) and the chemical nature of soil organic N remains

poorly understood (Schulten & Schnitzer, 1998). Indeed, one-

third to one-half of organic N in soil is typically classified as

‘unknown N’ (Stevenson, 1994) and the chemistry of this N

fraction remains one of the most controversial soil chemistry

issues in the literature. The controversy exists, and remains

unresolved, largely because research has been hampered by

the absence of definitive analytical methods (Stankiewicz,

1998).

To date, four different analytical approaches have been

used to identify organic N fractions: (i) wet chemistry, which

has included hydrolysis in 6N HCl, and wet-chemical fraction-

ation into hydrolysable N, NH3-N and unidentified N (Lein-

weber & Schulten, 1999), sometimes accomplished by the

separation and quantification of individual amino acids in the

hydrolyzate (Catroux & Schnitzer, 1987); (ii) Curie-point-

pyrolysis gas chromatography/mass spectrometry (Cp Py-GC/

MS) and pyrolysis-field ionization mass spectrometry (Py-

FIMS), often applied complimentarily (Schulten et al., 1997;

Schulten & Schnitzer, 1998); (iii) 15N nuclear magnetic reso-

nance spectroscopy (15N NMR) (Knicker et al., 1993; Knicker,

2000); and (iv) X-ray spectroscopic methods such as X-ray

photoelectron spectroscopy (Abe & Watanabe, 2004) and

X-ray absorption near-edge structure (XANES) spectroscopy

(Vairavamurthy & Wang, 2002; Jokic, Schulten et al., 2004;

Jokic, Cutler et al., 2004; Zhuang et al., 2006).

There is general agreement that proteinaceous materials

constitute the majority of soil organic N (Schulten &

Schnitzer, 1998; Stevenson & Cole, 1999; Knicker, 2000);

however, opinions diverge regarding the proportions and

chemical nature of non-proteinaceous N compounds. For

example, using wet chemical fractionation, Leinweber &

Schulten (1999) concluded that heterocyclic N compounds

comprise about 25% of organic N in soil. Similarly, others

have suggested that heterocyclic N accounts for about 35% of
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organic N in soil on the basis of studies using GC/MS, Cp Py-

GC/MS and Py-FIMS (Schulten et al., 1997; Schulten &

Schnitzer, 1998). These observations are consistent with the

wide range of heterocyclic N compounds documented in plant

materials (Pedras et al., 2003; Somei & Yamada, 2004).

However, Py-MS estimates have been criticized because

heterocyclic N can form as an artifact of dissociation or

rearrangement of the original structures during heating

(Burdon, 2001; Vairavamurthy & Wang, 2002). This argument

was supported by 15N NMR studies that sometimes failed to

detect heterocyclic N (Knicker, 2000; DiCosty et al., 2003;

Sjöberg et al., 2004) or only detected it in soils affected by

wildfires (Knicker et al., 2005). However, others have

suggested that 15N NMR spectroscopy is simply too insensitive

to detect some soil organic N compounds because of the low
15N natural abundance (�0.37%) in soil (Vairavamurthy &

Wang, 2002) and overlap of spectral features of pyrrole-,

indole- and purine-N with those of peptide-, amide- and

pyrimidinic N (Abe & Watanabe, 2004; Kelemen et al., 2002).

Synchrotron-based XANES is a molecular-scale spectro-

scopy technique that yields electronic and structural infor-

mation on the element of interest. An XANES spectrum is

usually characterized by intense resonance features, arising

from 1s electron transitions to unoccupied orbital and conti-

nuum levels and from multiple scattering of the emitted

photoelectrons by the geometrical arrangement of neigh-

bouring atoms around the absorbing atom. The energy posi-

tion of the resonance features is related to the chemical

environment of the absorber, such as oxidation state (Stöhr,

1992; Schulze & Bertsch, 1995; Fendorf & Sparks, 1996). In the

early 1990s, XANES at the N K-edge was used to determine

the chemical structure of organically bound N in fossil fuels

such as petroleum asphaltenes (Mitra-Kirtley et al., 1993).

More recently, N K-edge XANES was successfully applied to

characterize structures of N atoms in samples from bio-

materials (e.g. Fujii et al., 2003; Samuel et al., 2006), interstellar

matter (e.g. Feser et al., 2003; Wirick et al., 2004), material

sciences (e.g. Watanabe et al., 2002; Choi et al., 2005) and

carbon combustion technology (e.g. Xiao et al., 2005). In the

first application of N K-edge XANES spectroscopy to

geomacromolecules in environmental samples, Vairavamurthy

& Wang (2002) noted that heterocyclic N compounds consti-

tuted up to 30% of total N in chemically fractionated humic

substances and sediments, and postulated that abiotic forma-

tion of heterocyclic N compounds may occur during early

organic matter transformations. More recently, Jokic, Schulten

et al. (2004) used N K-edge XANES to demonstrate a possible

mechanism for abiotic formation of heterocyclic N. Jokic,

Cutler et al. (2004) subsequently used N K-edge XANES to

detect the presence of heterocyclic N compounds in chemi-

cally unaltered whole soil samples. These recent studies

provide compelling evidence for heterocyclic N, and also

demonstrate that synchrotron-based spectroscopy offers a

powerful chemical and structural probe for the study of soil

organic N in whole soils. Because XANES is based on electron

excitation, the method is considered to be non-destructive as

the structure of the molecules remains unchanged and N

speciation is unaltered (Vairavamurthy & Wang, 2002).

Moreover, N XANES detects all N present, and not just 15N as

with 15N NMR. However, as for other sophisticated analytical-

chemical methods, the quality of results obtained by N

XANES will depend on technical details of facility and

equipment, and choice of appropriate reference standard

substances for comparison with spectra from samples of

unknown chemical composition.

Vairavamurthy & Wang (2002), and subsequently Jokic,

Schulten et al. (2004) and Jokic, Cutler et al. (2004), inter-

preted N K-edge XANES spectra of environmental samples

of different origins on the basis of analyses of a limited set

of reference compounds including 2,6-di-p-tolylpyridine, 6-

hydroxyquinoline, quinoline 6-carboxylic acid and acridine

(pyridines), pyridine 2,5-dicarboxylic acid, pyridoxal 50-phos-

phate (oxidized pyridine derivatives), 4,6-dihydroxyl pyridine

(pyridone), carbazole, poly(9-vinylcarbazole) (pyrrole),

albumin, N-acetyl-d-glucosamine, glycine anhydride (amide/

peptide) and 4-nitrophenyl acetic acid (nitro compound).

However, considering the findings of gel-chromatography

acetylation GC/MS and Py-MS (Schulten & Schnitzer, 1998),

the N K-edge XANES spectra of reference compounds

including imidazoles, pyrazoles, pyrazines and pyrimidines are

essential as some of them are DNA/RNA building blocks,

which were identified in soils (Anderson, 1961; Cortez &

Schnitzer, 1979). Recent quantification of DNA in soils

(Bürgmann et al., 2001) supports the importance of these

molecules for a complete picture of soil organic N. Therefore,

our objective was to provide a systematic overview of the

spectral features of all major N functions that potentially

occur in soils and soil-related materials. Our strategic aim is to

develop N K-edge XANES as a complementary standard

research method in soil organic chemistry.

2. Experimental

The chemicals used as reference compounds were purchased

from Sigma Aldrich, and the CAS (Chemical Abstracts

Service) numbers are given in Table 1. All reference

compounds were used without further purification. Powdered

samples were applied to double-sided carbon tape (G3939,

Plano GmbH, D-35578 Wetzlar, Germany) attached to a

10 mm-diameter stainless steel sample holder before insertion

into the X-ray absorption chamber. To avoid problems asso-

ciated with self-absorption, all reference compounds were

spread as a very thin film onto the sample holder.

The N K-edge XANES spectra were measured on beamline

11ID-1 at the Canadian Light Source synchrotron. This

beamline is equipped with a spherical-grating monochromator

and is capable of providing 1011 photons s�1 at the N K-edge

with a resolving power (E/�E) better than 10000 with an exit

slit setting of 5 mm (Regier et al., 2006). For most measure-

ments the exit slit was set at 50 mm. Only a few of the amino

acids were measured using the 25 mm exit slit. The spectra

were recorded in total fluorescence yield using a two-stage

multichannel plate detector.
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The absolute calibration of the photon energy was

completed using the 1s ! �* transitions of pure gas-phase

N2 and monitored over time using the same transition in

6-hydroxyquinoline, guanine, adenine and 2,3-pyrazinedi-

carboxylic acid. An absorption spectrum for N2 was measured

using a photoionization chamber mounted just upstream of

the solid sample analysis chamber (Regier et al., 2007). The

well studied 1s ! �* vibrational manifold has an energy of

400.8 eV for the � = 0 transition (Schwarzkopf et al., 1999). The

N K-edge XANES measurement of the above reference

standards exhibit a sharp 1s! �* peak which was calibrated

using the N2 data. As the experiment took place over several

different measurement periods, the beamline calibration could

not be considered static, so one or more of the above refer-

ence standards was measured in two or more experimental

runs and the energy calibration adjusted accordingly.

Data reduction was carried out using Athena (Version

0.8.05) (Ravel & Newville, 2005). The fluorescence data of at
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Table 1
Experimental energy positions of the main spectral features in the N K-edge spectra of various nitrogen compounds.

N group N compound CAS
Total N
(mg g�1) Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6

Mineral N Ammonium phosphate, (NH4)3PO4 7783-28-0 281.9 401.0 405.9
Ammonium nitrate, NH4NO3 6484-52-2 350.1 401.1 404.1 405.4
Ammonium sulfate, (NH4)2SO4 7783-20-2 212.0 401.1 406.0
Potassium nitrate, KNO3 7757-79-1 135.5 401.7 405.4 412.3
Calcium nitrate hydrate, Ca(NO3)2 35054-52-5 170.0 401.7 405.4 412.6

Nitro groups 3-Nitrophthalic acid 603-11-2 66.3 399.4 401.1 403.8 413.8
4-Nitrophenyl acetate 830-03-5 77.3 403.9 413.7

Amino acids l-Arginine 74-79-3 321.7 399.0† 401.7 405.9
dl-Aspartic acid 617-45-8 105.3 406.2
l-Lysine 56-87-1 191.6 398.8† 400.8 402.2 405.6
d-Methionine 348-67-4 94.0 398.8† 406.8
l-Alanine 56-41-7 157.2 398.9† 401.1 405.9
l-Glutamic acid 56-86-0 95.2 398.9† 401.1 405.7
l-Threonine 72-19-5 117.6 398.8† 401.1 405.8
l-Valine 72-18-4 119.6 398.8† 406.1
l-Leucine 61-90-5 106.8 398.9† 405.9
l-Glutamine 56-85-9 191.7 398.9† 401.3 405.7
l-Serine 56-45-1 133.3 398.9† 401.1 405.9
l-Histidine 71-00-1 270.9 398.9† 400.0 401.6 406.6
l-Proline 147-85-3 121.7 398.9† 405.5

Amines, amides Albumin 9048-46-8 – 398.9† 399.9† 401.4 406.4
N-Acetyl-d-glucosamine 7512-17-6 63.3 399.0† 399.8† 401.4 406.3
Chitin 1398-61-4 – 399.0 401.5 405.6
d-Glucosamine hydrochloride 66-84-2 65.0 400.0 405.7
Sulfanilamide 63-74-1 162.7 398.5 406.0

Five-ring
heterocycles (1N)

Pyrrole-2-carboxylic acid 634-97-9 126.1 401.1 403.7 406.9
Carbazole 86-74-8 83.8 402.4 407.0
3-Indole-acetonitrile 771-51-7 179.4 398.6 399.9 402.2 407.3

Six-ring
heterocycles (1N)

6-Hydroxyquinoline 580-16-5 96.5 398.7 409.0
2,3-Pyridinedicarboxylic acid 89-00-9 83.8 398.7 399.8 407.6
4-Hydroxy-2-pyridone (‘2,4-dihydroxypyridine’) 626-03-9 126.1 401.0 405.1 408.1

Five- and six-ring
heterocycles (1N)

3-(Pyrrol-1-ylmethyl)-pyridine 80866-95-1 177.1 398.8 402.2 407.8

Five-ring
heterocycles (2N)

Imidazole-4-acetic acid, sodium salt 56368-58-2 189.2 400.0 401.8 406.9
l-�-Imidazolelactic acid 14403-45-3 179.6 400.0 401.7 406.9
4-Imidazoleacrylic acid 104-98-3 202.9 400.1 401.4 407.0
2-Methyl-4-nitro-1H-imidazole 696-23-1 330.7 399.1 399.9 402.2 403.9 407.3
3,5-Pyrazoledicarboxylic acid monohydrate 3112-31-0 160.9 400.0 401.5 406.9
1H-Pyrazole-1-carboxamidine hydrochloride 4023-02-3 382.3 399.8 400.6 402.3 404.4 406.7

Six-ring
heterocycles (2N)

Pyrazinecarboxylic acid 98-97-5 225.8 398.7 402.9 408.2
2,3-Pyrazinedicarboxylic acid 89-01-0 166.6 398.8 400.2 402.6 407.7
Pyrazinecarboxamide 98-96-4 341.4 398.7 400.0 402.6 408.2
2-Pyrimidinecarbonitrile 14080-23-0 399.8 398.8 400.0 401.9 402.6 404.5 408.6
Cytosine 71-30-7 378.3 399.2 400.6 403.0 405.0 408.4
Uracil 66-22-8 250.0 401.1 402.2 405.3 407.0
Thymine 65-71-4 222.2 401.4 402.2 405.1 407.3
4,5,6-Triaminopyrimidine sulfate salt, hydrate 6640-23-9 290.4 399.6 401.0 406.6
Sulfadimethoxine 122-11-2 180.6 399.8 403.7 407.3

Five- and six-ring
heterocycles (2N)

Adenine 73-24-5 518.4 399.7 401.6 407.4
Adenosine 50-diphosphate 58-64-0 164.0 399.9 401.4 407.6
Adenosine 5-monophosphate 61-19-8 201.7 399.5 401.1 407.0
Guanine 73-40-5 463.5 399.9 401.1 406.9
Deoxyribonucleic acid sodium salt 9007-49-2 – 399.4 401.6 406.9
Ribonucleic acid 63231-63-0 – 401.3 406.1

† Probably due to radiation damage.



least two scans were averaged and background corrected by a

linear regression fit through the pre-edge region. Then all

spectra were normalized to an edge jump of 1. The spectra

presented were smoothed by interpolation with two iterations.

3. Results and discussion

3.1. Spectra of reference compounds

Figs. 1 to 11 show the stacked N K-edge XANES spectra of

standard reference compounds arranged into groups with

similar structural properties. All spectral features in the

energy range 398.6 to 405 eV reflect 1s! �* transitions, and

the broader spectral features at higher energies >405 eV

reflect 1s! �* transitions. The energy positions of the most

intensive resonance in the normalized spectra are compiled in

Table 1. The peak position and shape varied significantly for

the different model compounds. Generally, this was more

pronounced for the 1s! �* than for the 1s! �* transitions.

In our analysis, we compared spectra that we measured in

common with those from other studies. In many cases,

systematic shifts in peak positions are observed, indicating a

difference in beamline calibration. Since previous studies have

not indicated methods of photon energy calibration, we have

applied these systematic shifts to compare with our own

spectra as outlined in the sections below.

Fig. 1 shows the spectra of common mineral N compounds

in soil. All ammonium compounds have a �* resonance

around 401 eV. The peak height of this resonance increased

in the order (NH4)2SO4 > NH4NO3 > (NH4)3PO4. Additional

high-resolution scans (boxed spectra on the left in Fig. 1)

resolved the resonance at around 401 eV in a series of �*

resonances. The position and shape of these resonances were

the same as reported for N2 gas by Schwarzkopf et al. (1999).

Therefore, we assign this peak to N2 gas which was either

trapped in the mineral N compounds or generated during

X-ray exposure. The spectra of KNO3 and Ca(NO3)2 had two

sharp �* resonances, one at 401.7 eVand the other at 405.4 eV.

The first peak showed a small shoulder on the lower-energy

side. This shoulder was more pronounced in the spectrum of

Ca(NO3)2 than in the spectrum of KNO3. This shoulder

coincided with the assigned N2 peak at 401 eV in the spectra of

ammonium salts. In the high-resolution spectrum of KNO3

some of the distinctive �* resonance of N2 gas were visible.

Therefore the shoulder on the lower-energy side of the first �*

resonance at 401.7 eV can also be assigned to N2 gas released

during the measurement. However, the majority of this

intensive resonance is difficult to assign. Since the nitrate-N

has the diagnostic resonance at 405.4 eV in KNO3 (Rodrigues

et al., 2007) and Ca(NO3)2 (Fig. 1), we interpret the resonance

at 401.7 eV as a decomposition product. If this explanation is

correct, formation of this nitrate decomposition product

decreased in the order KNO3 > Ca(NO3)2 > NH4NO3.

The high-energy peak of (NH4)2SO4 and (NH4)3PO4 at

around 406 eV was assigned to the 1s! �* transition. In the

spectrum of NH4NO3 this transition was shifted by �0.6 eV.

This can be explained by the overlap with the NO3 peak at

405.4 eV. This indicates that peaks >405 eV can be assigned to

1s! �* transitions preferably if the sample is free of NO3-N.

For NO3-N the 1s! �* transition appeared at around 412 eV

in all three nitrate salts.

Spectra of compounds containing N only in a nitro group

showed a sharp �* peak at 403.8 to 403.9 eV and a broad high-

energy peak around 413.7 eV (Fig. 2). This is explained by the

higher positive charge at the N atom and, consequently, higher

energy required for the 1s ! �* transition. The energy

position of the �* resonance agreed with Pavlychev et al.

(1995) who reported a peak at 403.3 eV for the nitro group.

Furthermore, our spectroscopic features for the nitro group

confirm previous data by Vairavamurthy & Wang (2002) if we

shift their energy scale by �1.1 eV. Since Vairavamurthy &

Wang (2002) did not report photon energy calibration, Jokic,

Cutler et al. (2004) applied an energy shift of �1.2 eV, and

subsequently obtained good agreement in the energy positions

of spectral features.

Amino acids form the largest group among the reference

compounds under study (Fig. 3). The majority of amino acid
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Figure 1
Nitrogen K-edge XANES spectra of mineral N compounds. Inset boxes
show sections of high-resolution spectra acquired at 0.01 eV step size and
0.5 s dwell time between 401 and 403 eV as indicated by the arrows in the
lower resolved spectra (0.1 eV step size and 1.0 s dwell time).



spectra were dominated by a relatively broad �* resonance

peak at around 406 eV. All spectra showed a more or less

pronounced peak at around 399 eV, followed by peaks or

shoulders at around 401 eV, except for dl-aspartic acid, d-

methionine, l-proline and l-histidine. The first three amino

acids showed no spectral feature around 401 eV. The two

sharp peaks at 400.0 and 401.6 eV in the l-histidine spectrum

are assigned to the two N atoms in the heterocyclic molecule.

The broad �* resonance peak at around 406 eV confirms

previous data by Zubavichus et al. (2005) and Vairavamurthy

& Wang (2002). Furthermore, the spectra of l-arginine and l-

histidine also agreed with Zubavichus et al. (2005), who

showed similar spectra with peaks at a slightly higher energy

(+0.2 to –0.3 eV). The first peaks at around 399 eV in most

spectra and at 401.1 in the spectrum of threonine were not

seen by Zubavichus et al. (2005). This may be explained by the

difference in photon flux incident on the sample, which might

have led to radiation damage of our amino acids (Zubavichus

et al., 2005; 1011 photons s�1 at the spot size 1.2 mm � 0.5 mm

versus 1011 photons s�1 in a 0.8 mm � 0.2 mm beam spot size).

In a previous paper, Zubavichus, Zharnikov et al. (2004)

discussed the sensitivity of amino acids to radiation damage.

To check this, we compared the spectra obtained from the first

scans with those of the second scans (Fig. 4). It appears that

the peak at 398.8 eV (a) slightly increased in intensity and a

new peak (b) became obvious at 400 eV. Furthermore, the

shoulder at 401.6 eV (c) in the d-methionine spectrum became

more pronounced towards a broad peak. The spectrum of d-

arginine showed no difference to that of l-arginine (Fig. 3,

Table 1). The sharp peak (c), assigned to a �* transition of the

guanidine structure (Zubavichus et al., 2005), became less

intense and broader. We explain these transformations in the

spectra as chemical reactions in the sample under the impact

of X-rays. Bozack et al. (1994) and Zubavichus, Zharnikov

et al. (2004) described deamination and decarboxylation as
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Figure 3
Nitrogen K-edge XANES spectra of amino acids.

Figure 2
Nitrogen K-edge XANES spectra of nitro-N-containing compounds.



possible pathways for the decomposition of amino acids under

the impact of soft X-rays. Zubavichus, Fuchs et al. (2004)

found a series of new peaks in the range 399 to 403 eV after 4

to 14 min X-ray impact to cysteine. The peaks (a), (b) and (c)

(d-methionine) and (a) and (b) (d-arginine) in Fig. 4, not

observed in the spectra of Zubavichus et al. (2005), suggest

that such decomposition reactions may have already occurred

during our first scans.

The spectra of amide and amine compounds showed distinct

�* resonances around 401.4 eV (Fig. 5). This agrees well with

Mitra-Kirtley et al. (1992) and Vairavamurthy & Wang (2002)

(after calibration adjustments) and is explained by the �-

electron cloud of the C O bond closely coupled with the N.

However, in contrast to Mitra-Kirtley et al. (1992) and Vair-

avamurthy & Wang (2002), our spectra of albumin and N-

acetyl-d-glucosamine showed two low-energy resonances at

around 399 eV and 399.9 eV. These resonances were more

pronounced in the albumin than in the N-acetyl-d-glucos-

amine spectrum. Whereas both resonances were apparent in

the first scan of albumin, these resonances were smaller in

the first as compared with the second scans of N-acetyl-d-

glucosamine (data not shown). Given the discrepancies

between our results and those previously reported, together

with observed spectral changes with subsequent scans, it is

suggested that these resonances reflect N species formed by

the impact of X-rays. It is possible that radiation damaged the

amino acid polymer comprising albumin in a manner similar to

that of pure amino acids. We conclude that the low-energy

resonance at 398.9 eV in the albumin spectrum is due to X-ray

decomposition whereas the second low-energy resonance at

399.9 eV can be attributed to both decomposition products

and the first 1s ! �* transition of l-histidine, which is an

important constituent of albumin.

In the spectrum of chitin, a polymer of N-acetyl-d-glucos-

amine, the major peak occurred at 401.5 eV, and was more

pronounced than in the monomer. This peak was missing in

the spectra of d-glucosamine hydrochloride and sulfanilamide.

These two compounds showed a broad low-intensity spectral

feature around 400 eV (d-glucosamine hydrochloride) and

398.5 eV (sulfanilamide) and the broad spectral features of

1s! �* transitions in the range 405.5 to 406.4 eV.

Pyrrole-2-carboxylic acid showed a distinct �* peak at

401.1 eV, carbazole a broader peak at 402.4 eV, 4-hydroxy-2-

pyridone a relatively narrow peak at 401 eV, and 3-indole-

acetonitrile a broad but less intensive peak at 402.2 eV (Fig. 6).

We assign these spectral features to the N atom in the pyrrole

and pyridone structure. The energy positions of the �* reso-

nances of our pyrrole derivatives varied by approximately

1.3 eV. This is in agreement with others who also found that

�* peak energy positions varied up to +0.5 to �1 eV for

different pyrrole derivatives (Mitra-Kirtley et al., 1993; Mullins

et al., 1993; Henning et al., 1996; Bach et al., 1997; Vair-

avamurthy & Wang, 2002). This divergence can be explained

by differences in the chemical structures of these compounds.

Our carbazole spectrum confirms previous data by Mullins et

al. (1993) and Mitra-Kirtley et al. (1993) if we shift their energy

scales by �1.1 eV and �0.9 eV, respectively. The resonance at
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Figure 5
Nitrogen K-edge XANES spectra of amines and amides.

Figure 4
Nitrogen K-edge XANES spectra of amino acids: comparison of spectra
merged from two first and second scans recorded at two different spots
showing stability and damage of compounds under the beam impact.



401 eV in the spectrum of 4-hydroxy-2-pyridone agreed with

Vairavamurthy & Wang (2002) who called this substance 4,6-

dihydroxypyridine. The designation as a pyridine can be

misleading in this respect, because solid 2,4-dihydroxypyridine

(synonym ‘3-deazaurazil’) is stable in the tautomeric form 4-

hydroxy-2-pyridone (Wilson, 1994). Pyridones generally had

�* resonances at 400.7 � 0.2 eV (Mitra-Kirtley et al., 1993;

Vairavamurthy & Wang, 2002). The N in the pyridone struc-

ture is pyrrole-type as discussed below in more detail.

The spectrum of 3-indoleacetonitrile was largely dominated

by another 1s! �* resonance at 399.9 eV. In agreement with

previous studies of other nitrile compounds (Hitchcock et al.,

1989; Apen et al., 1993; Carniato et al., 2005; Ray et al., 2005),

we assign this peak to the nitrile structure. Since the nitrile

bond has predominantly � character, an intensive peak is

expected in the �* region. This is also confirmed by nitrile in

the spectrum for 2-pyrimidinecarbonitrile (see below). For all

pyrrole derivatives the 1s! �* transition was observed as a

broad feature at around 407 eV.

The 6-hydroxyquinoline and 2,3-pyridinedicarboxylic acid

spectra both showed 1s ! �* resonances at similar energy

position of 398.7 eV and 398.8 eV, respectively (Fig. 7), despite

their different chemical structures. This energy position is in

agreement with previous studies of other pyridine derivatives

(Mitra-Kirtley et al., 1992, 1993; Kelemen et al., 1994; Vair-

avamurthy & Wang, 2002). All pyridine analogues showed a

broad feature in the range 407.5 to 409 eV.

Fig. 8 compares the spectrum of 3-(pyrrol-1-ylmethyl)

pyridine, which contains both a pyridine and a pyrrole struc-

ture, with the spectra of carbazole (pyrrole) and 2,3-pyridine-

dicarboxylic acid (pyridine). The spectrum of 3-(pyrrol-1-

ylmethyl) pyridine showed two distinct and clearly separated

�* resonance features at 398.8 eV and 402.2 eV, respectively.

The position of the lower-energy feature matches well with the

�* resonance of the pyridine derivative 2,3-pyridinedi-

carboxylic acid. The feature at 402.2 eV matches well with the

�* resonance of the pyrrole derivative carbazole or with pure

pyrrole in the gas phase (Hennig et al., 1996). Therefore, we

assign the first �* resonance in the spectrum of 3-(pyrrol-1-

ylmethyl) pyridine to pyridinic N and the second higher-
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Figure 6
Nitrogen K-edge XANES spectra of five-ring heterocycles.

Figure 7
Nitrogen K-edge XANES spectra of 6-hydroxyquinoline and 2,3-
pyridinedicarboxylic acid.

Figure 8
Nitrogen K-edge XANES spectra of a five- and six-membered
heterocyclic compound compared with 2,3-pyridinedicarboxylic acid
and carbazole.



energy �* resonance to pyrrolic N. The difference in the

energy position of the 1s ! �* transition between pyridinic

and pyrrolic N results from the difference in the effective

nuclear charge of the absorbing N atom. It is known that the

energy position of the �* transition increases with increasing

effective nuclear charge or decreasing electron density on the

absorbing atom. The N atom in the pyridine structure has its

lone pair unshared in the sp2 orbital. The N atom in the

pyrrole structure has the lone pair in the pz orbital, which is

involved in the � cloud of the aromatic system. Therefore,

pyrrole carries a lower electron density and consequently the

�* resonance is at a higher energy position.

All reference compounds having an imidazole structure

showed at least two resonances, one around 400 eV and the

other in the range 401.4 to 402.3 eV (Fig. 9). The imidazole

structure contains two N atoms, which differ in the orbital

description of the lone pair. Therefore, we assign the first

resonance to the 1s! �* transition of the pyridinic and the

second to the 1s ! �* transition of the pyrrolic N. This

assignment agrees with Apen et al. (1993) who measured

imidazole in the solid and gas phase, and with Mitra-Kirtley et

al. (1993) who described these two resonances in a 2-methyl-

benzimidazole spectrum. In the spectra of imidazole-4-acetic

acid sodium salt and l-�-imidazolelactic acid the energy

positions of both �* resonances were almost identical. The

same resonances were observed in the l-histidine spectrum in

Fig. 3. For imidazole-4-acetic acid the first �* resonance was

slightly higher than the second resonance. For l-�-imidazole-

lactic acid (Fig. 9) and l-histidine (Fig. 3) the second reso-

nance was higher in intensity than the first one. This difference

in peak intensity was much more pronounced in the spectrum

of 4-imidazoleacrylic acid. In this spectrum the peak for

pyridinic N was reduced and formed a shoulder, and the peak

for pyrrolic N appeared at 401.4 eV which is the lower end of

the above range. The spectrum of 2-methyl-4-nitroimidazole

was more complicated. We assign the peak at 399.9 eV to

pyridinic N, the lower peak at 402.2 eV to pyrrolic N and the

third peak at 403.9 eV to N of the nitro group. The assignment

of the nitro-N agrees with the spectra in Fig. 2. 3.5-Pyrazole-

dicarboxylic acid monohydrate also exhibited two �* reso-

nances of pyridinic (400 eV) and pyrrolic N (401.5 eV). This

agrees with the above imidazole spectra and is interpreted by

the similarity in electronic structure. In the spectrum of 1-H-

pyrazole-1-carboxamidine the peaks at 399.8 eV and 402.3 are

assigned to pyridinic and pyrrolic N, respectively. The peaks

were slightly shifted if compared with the above ranges for

pyridinic and pyrrolic N in the imidazole and pyrazole struc-

tures. This shift, as well as the two other spectral features at

400.6 and 404.4 eV, is probably due to the amidine structure.

The spectral features of 1s! �* transitions were in the range

406.7 to 407.3 eV.

All spectra of the differently substituted pyrazines showed

one sharp intensive peak at 398.7 to 398.8 eV (Fig. 10). This is

explained by the cumulative effect of 1s! �* transitions of

the two pyridinic N atoms. Less intensive small features at 400

to 400.2 eV and 402.6 to 402.9 eV seem to vary with substi-

tution but cannot yet be assigned in detail. The pyrimidine

example 2-pyrimidinecarbonitrile also showed the intensive

major peak at 398.8 eV because of the two pyridinic N atoms.

In this spectrum the second peak at 400 eV is assigned to

nitrile-N, in agreement with the nitrile peak in the spectrum of

3-indole-acetonitrile (Fig. 6). The �* resonances were rela-

tively uniform in the range 407.7 to 408.2 eV.

The spectra of O-substituted pyrimidines cytosine, uracil

and thymine showed �* resonances at 399.2, 400.6 and 403 eV

(cytosine), 401.1 to 401.4 eV and 402.2 eV (uracil and
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Figure 9
Nitrogen K-edge XANES spectra of five-ring heterocycles with at least
two N atoms.



thymine). The double peak of the cytosine spectrum indicated

pyridinic N (399.2 eV) and pyrrolic N (400.6 eV). The first

peak was not observed in the spectra of uracil and thymine

because they contain two pyrrolic N atoms. Comparison of the

spectra of pyrimidines with, and without increasing O-substi-

tution showed shifts of the �* resonances towards a higher-

energy position. This was true for the comparison of pyridinic

N in 2-pyrimidinecarbonitrile and cytosine (+0.4 eV), and of

pyrrolic N in cytosine compared with uracil and thymine

(+0.5 eV). Obviously the O-substitution affected the two

pyrrolic N atoms differently, which was reflected by the double

peak in the uracil and the shoulder in the thymine spectrum.

The methyl group in the spectrum of thymine did not alter the

energy position of the �* resonances but modified the shape of

the spectrum. The spectra of pyrimidine bases showed several

structural features in the �* resonance region. In general,

these three spectra agreed well with Mitra-Kirtley et al. (1992)

if we apply an energy shift of �1.4 eV. Furthermore, the

spectra of cytosine and thymine (first peak only) agreed well

with Samuel et al. (2006) if we apply an energy shift of 0.2 eV

(�1*) and +0.4 eV (�2*) to their spectra.

The �* resonances in the spectra of 4,5,6-triaminopyr-

imidinesulphate (399.6 eV) and sulfadimethoxine (399.8 eV)

are slightly higher than in the above pyrazine and pyrimidine

spectra.

The spectra of three compounds containing the purine

structure all showed two �* resonances in the range 399.5 to

399.9 eV, and 401.1 to 401.6 eV (Fig. 11). The first peaks were

always more intensive than the second peaks. This is explained

by the ratio of pyridinic N to pyrrolic N of 4 :1. In the spectrum

of guanine the larger proportion of pyrrolic N was reflected by

an increased intensity of the second peak. The exocyclic O-

substitution at the purine ring structure resulted in shifts

towards higher energy of the pyridinic N (+0.2 eV) and

pyrrolic N (+0.6 eV) peaks. The spectral features of 1s! �*

transitions were in the range 407 to 407.6 eV. Again the

spectra of adenine and guanine agreed with Mitra-Kirtley et al.

(1992) provided an energy shift of�1.4 eV is applied, and with

Samuel et al. (2006) provided an energy shift of +0.4 eV is

applied.

The spectrum of DNA showed peaks at 399.4 and 401.6 eV,

confirming DNA spectra published by Mitra-Kirtley et al.

(1992) and Fujii et al. (2003). Since the above pyrimidines and

purine structures are the N-containing building blocks of

DNA, the peaks are assigned to pyridinic N and pyrrolic N.

Surprisingly, the spectrum of RNA showed only one �*

resonance at 401.3 eV. To the best of our knowledge, spectra

of RNA have not been published before. The RNA differs

from DNA in the sugar (ribose instead of desoxyribose),

nucleobases (uracil instead of thymine) and the single-

stranded conformation. Mitra-Kirtley et al. (1992) have shown

that the glycosidic C—N linkage had an influence on the N K-

edge XANES spectra of cytosine, uracil and guanine. More

recently, Samuel et al. (2006) reported that addition of the

DNA sugar and phosphate components resulted in noticeable,

unexpected and still unexplained shifts of the �* resonances

such as the appearance and disappearance of resolved doublet

�*-peaks. Therefore, it can be hypothesized that the modifi-

cation in the nucleobase and sugar possibly explains the

completely different RNA spectrum. However, these preli-

minary results must be confirmed and RNA building blocks
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Figure 10
Nitrogen K-edge XANES spectra of six-ring heterocycles with at least
two N atoms.



systematically studied in detail as recently shown for DNA

(Samuel et al., 2006).

For the evaluation of N K-edge XANES spectra from

samples with unknown composition, the following points

become crucial for the compilation of the present spectra and

comparison with literature data.

(i) The �* resonances at lowest energy (398.7 to 400 eV)

can be assigned to pyridinic N in pyridines, imidazoles, pyra-

zoles, pyrazines, pyrimidines, cytosine and purine structures.

Around 400 eV the �* resonances of pyridinic N in pyrazoles

and purine structures can interfere with those of nitrile N.

Nitriles have been found in soil organic matter, and it was

hypothesized that long-chain alkyl nitriles are soil specific

(Schulten & Schnitzer, 1997; Leinweber & Schulten, 1998).

Another relevant interference may originate from radiation

damage products of amino acids, and labile peptides which

showed up with peaks at 398.9 and 399.9 eV.

(ii) Pyrrolic N in pyrroles, imidazoles, pyrazoles, pyrimi-

dines and purine structures showed the �* resonance in the

range 400.6 to 402.3 eV. Since this range was wider than

previously reported by Mitra-Kirtley et al. (1993), Mullins et

al. (1993), Hennig et al. (1996), Bach et al. (1997) and Vair-

avamurthy & Wang (2002), the present data confirm that

pyrrolic N can clearly be differentiated from pyridinic N but

may interfere with amide N.

(iii) Three spectra of different amides indicated 401.4 eV as

the characteristic energy position of the amide N–�* reso-

nance. This overlaps with the energy range found for pyrrolic

N. Furthermore, the N2 gas peak (401 eV), unexpectedly

released from mineral N, and a NO3 peak at 401.6 eV also

interfered with pyrrolic N and amide N. However, since

mineral N generally constitutes less than 1% of total N in

arable soils, this interference is likely not to be relevant for the

interpretation of N K-edge XANES of soil samples. It would

be relevant, for instance, for the interpretation of N K-edge

XANES of soil solutions or leachates that contain propor-

tionately more mineral N.

(iv) Accordingly, broad �* resonance peaks at >400 eV may

originate from amide N and pyrrolic N. The present data and

the cited references showed a wide range of �* resonances for

pyrrolic N. Therefore it seems difficult to resolve such broad

peaks without complementary information on the abundance

of pyrrolic N compounds and amides in the sample. Since

amino acids and amides were shown to be susceptible to

radiation damage, we deemed it essential to test whether

radiation damage is likely to occur for soils and related

samples.

3.2. Does radiation damage affect the evaluation of spectra
from soil samples?

Fig. 12 shows that the first scan and second scan at two

different spots of a Melfort clay sample differed. The peak (a)

around 398.9 eV was unchanged. In both of the second scans a

shoulder appeared at around 400 eV (b) and a peak at

401.5 eV (c) seemed to be slightly lower in intensity. The

position of this shoulder agreed with a new peak observed at

400 eV in the second scan of d-methionine and d-arginine in

Fig. 4. Since the smaller peak (c) agreed in energy position

with the characteristic �* resonance of peptides (Fig. 5), it is

likely that peptides and amino acids in the soil clay were

decomposed under the beam impact. Radiation damage of

amino acids observed by Zubavichus, Fuchs et al. (2004) was

attributed to the formation of imino (C NH) and nitrile

(C N) derivatives. This was largely derived from combina-

tions of C 1s, O 1s and N 1s XPS (X-ray photoelectron

spectroscopy) spectra and electron impact-ionization mass

spectrometry. The nitrile function in our spectra also had a �*

resonance at 399.9 eV (Figs. 6 and 10). Therefore, it is possible

that nitriles were formed by radiation damage of peptides and

amino acids in our samples although the formation of other N

functions cannot be excluded. This partly disagrees with

Vairavamurthy & Wang (2002) who concluded that X-ray

analysis did not alter their sample spectra; however, their
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Figure 11
Nitrogen K-edge XANES spectra of five-ring and six-ring heterocycles
which are ADP-, ATP-, RNA- and DNA-building blocks.



experimental approach to studying radiation damage and

explanation of Fig. 3 remained unclear. Cherezov et al. (2002)

reported damage of soft condensed biomaterials such as lipids

and membranes in bright X-ray synchrotron radiation. To

avoid over-exposure they proposed to continuously move the

sample during a measurement.

Movement of the Melfort clay sample after each scan and

recording the spectra at four different spots avoided radiation

damage owing to shorter exposure time (Fig. 12, lower). There

were no differences in peak positions, and the merged spec-

trum agreed with the first scans of a separate sample of the

Melfort coarse clay. Lower signal-to-noise ratios for the four

individual scans pointed to the importance of scan replica-

tions, which should be recorded at different spots in a

homogeneous sample. In this way, possible effects of radiation

damage on the evaluation of spectra from soil samples can be

minimized although we cannot exclude the possibility that the

X-ray radiation during the first scan damaged compounds in

the sample.

4. Conclusions

Identification of organic N compounds in soil and environ-

mental samples remains an important challenge for soil and

environmental scientists. Much of the current controversy

regarding soil organic N relates to methodological constraints

and limitations that have hampered efforts to unequivocally

resolve its molecular nature. We have presented a systematic

overview of the spectral features of all major N functions

likely to occur in soils and soil-related environmental mate-

rials. This study provides a more comprehensive library of

spectral features than previously reported. To the best of our

knowledge, this is the first time that N K-edge XANES spectra

of imidazoles, pyrazoles and purine structures have been

reported and discussed in the context of naturally occurring

organic N in soils. Since shifts in the peak position according to

the electronic structure of N atoms in various molecules were

more pronounced for the 1s ! �* than for the 1s ! �*

transitions, it is suggested that the diagnostic value of a

spectral feature is greater for the �* than for the �* region in

the XANES spectra. At this time, N K-edge XANES can be

employed to reliably distinguish two �*-regions in spectra of

unknown environmental samples: �400 eV (pyridinic N and

some nitrile N) and >400 eV (amide N, nitro N and pyrrolic

N). A quantitative estimate of the proportions of amide N and

pyrrolic N requires a separate determination of one of the

compounds, which remains a challenge for forthcoming

studies. Furthermore, spiking experiments with multiple

mixtures are necessary to evaluate to what extent pyridinic N

and nitrile N can be distinguished in the low-energy range, and

amide N and pyrrolic N in the higher-energy range. Radiation

damage was observed for individual amino acids, amides and

to some extent also for organic matter in a soil clay sample.

Data suggest that radiation damage can be largely avoided by

moving the sample holder after each scan. Given the subtle

variations in spectral features, even for compounds sharing

very similar structures, it is unlikely that the current N K-edge

XANES can be used exclusively to quantitatively determine

the chemical composition of an environmental sample.

However, used in conjunction with existing complementary

soil chemical analyses, N K-edge XANES can be developed

as a powerful tool for elucidating the nature of ‘unknown

soil N’.
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