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The technique of 31P-NMR spectroscopy has donemore to advance the knowledge of organic P forms in environ-
mental samples than any other method. Early 31P-NMR work limited identification to peaks that were clearly
separated, such as orthophosphate and pyrophosphate, grouping the remaining peaks into broad categories
such as orthophosphate monoesters and orthophosphate diesters. Advances in 31P-NMRmethodology for envi-
ronmental samples now produce clearer spectra, providing the potential to identify more peaks. However, there
is at present no standard method for peak identification, and no library of chemical shifts of P forms analyzed
under standardized, easily replicated conditions. Various research groups have conducted spiking experiments
and have developed their own peak libraries. However, because the chemical shifts of P forms are affected by
sample conditions such as pHand salt concentration, it can be difficult to use thework of one lab group to identify
P forms in samples analyzed by another lab group under different conditions. For this paper, more than 50 P com-
poundswere analyzed under standardized conditions that can easily be repeated by other research groups. These
compounds include phosphonates, orthophosphatemonoesters, orthophosphate diesters, polyphosphates, pyro-
phosphate, and a compound with an N–P bond. The chemical shifts of P forms analyzed for this P compound li-
brary were compared to those identified elsewhere, if available. In addition, recommendations are given for
standardized spiking experiments to improve peak identification.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.

1. Introduction

The technique of 31P-NMR spectroscopy has done more to advance
the knowledge of phosphorus (P) cycling, particularly of organic P
forms, in environmental samples than any other method. Since its first
use on soil samples (Newman and Tate, 1980), advances have been
made to refine the technique, including optimizing extraction proce-
dures and experimental parameters (e.g., Cade-Menun and Liu, 2014).
One result of these refinements is spectra with increased signal-to-
noise and reduced line-broadening; in these spectra, peaks are sharper
and overlapping is minimized, providing the potential to identify
more peaks, especially in the orthophosphate monoester region. How-
ever, there is at present no standard method for peak identification,
and no standardized library of chemical shifts of P forms.

In the first published study using 31P-NMR to characterize P forms in
soil extracts, Newman and Tate (1980) used a combination of

techniques to identify P compounds in their spectra of soil samples pre-
pared by extracting soils with 0.5 M aqueous NaOH and then concen-
trating the extracts to 5–7 mL by rotary evaporation. Orthophosphate,
pyrophosphate, and polyphosphate were identified in 31P-NMR spectra
by spiking experiments, whereby spectra were obtained after
NaH2PO4·2H2O, Na4P2O7·10H2O and (KPO3)n were added directly to
previously analyzed samples, and then the spectra with and without
added compounds were compared to look for changes to peaks.
Newman and Tate (1980) also prepared model compounds dissolved
in 1 M aqueous NaOH plus D2O, which were analyzed separately from
soil samples. These model compounds were used to identify peaks for
myo-inositol hexaphosphate (myo-IHP, phytate), choline P, and 2-
aminotheylphosphonate. Finally, Newman and Tate (1980) identified
other peaks as alkyl phosphonic esters, phospholipids, and DNA based
on the literature (Glonek et al., 1970; Henderson et al., 1974; Hanlon
et al., 1976). Subsequent studies used these peak assignments and
built on them, with Tate and Newman (1982) adding glucose 1-
phosphate and ethanolamine phosphate, and Condron et al. (1990)
adding teichoic acid, all based on spectra of model compounds analyzed
in 1M aqueousNaOH by R.H. Newman, as for Newman and Tate (1980).
Spiking experiments were not conducted to confirm these peak identi-
fications in spectra of soil extracts.

Throughout the late 1980s and 1990s, researchers used a variety of
extractants and methods for 31P-NMR of soils and environmental
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samples [see Cade-Menun (2005) for more details]. In the majority of
publications, peaks were grouped into broad categories such as ortho-
phosphate monoesters and diesters (e.g., Hawkes et al., 1984; Forster
and Zech, 1993; Makarov et al., 1995), or were specifically identified
based onprevious publications such asNewmanandTate (1980). The ex-
ceptions were Adams and Byrne (1989), who conducted spiking experi-
ments to assign peaks in concentrated water plus Chelex extracts of soils
to orthophosphate, glycerophosphate, inositol phosphate, glucose 6-
phosphate, ribose 6-phosphate, choline phosphate, and pyrophosphate,
and Bedrock et al. (1994), who spiked concentrated 0.5MNaOH extracts
with “known compounds” of aromatic phosphate diesters and ortho-
phosphate monoesters, but do not specify which forms were used.

In 1996, Cade-Menun and Preston (1996) introduced the use of a 1:1
mix of 0.5MNaOH+0.1MNa2EDTA as a single-step extractant for 31P-
NMR, based on the Bowman andMoir (1993) extractant for soil organic
P. This has subsequently become the standard extraction method for
31P-NMR work with environmental samples (Cade-Menun, 2005;
Cade-Menun and Liu, 2014). Early users of this procedure relied on
the literature for peak identifications, and peak identifications were
for the most part limited to broad categories or the chemical shifts re-
ported in the literature for other extractants (Dai et al., 1996;
Cade-Menun et al., 2000a, 2000b, 2002; Turner et al., 2003a). In 2003,
Turner et al. (2003b) recognized that relying on the literature for peak
identifications was unsatisfactory, because chemical shift is strongly in-
fluenced by sample pH, ionic strength and paramagnetic ion concentra-
tion. They determined the chemical shifts of 34 model compounds
analyzed in a standardized soil extract. This consisted of soil extracted
in NaOH–EDTA as per Cade-Menun and Preston (1996), freeze-dried,
and redissolved in NaOH plus D2O for NMR analysis. The analyzed
model compounds covered a range of P compound classes (inorganic
phosphates, phosphonates, organic polyphosphates, and orthophos-
phate monoesters and diesters), and included most of the model com-
pounds previously used by other research groups. Each model
compoundwas analyzed in a separate aliquot of the redissolved soil ex-
tract. More recently, Turner and Richardson (2004) identified the peak
for scyllo-inositol hexaphosphate (scyllo-IHP) by spiking purifiedmate-
rial into a soil extract, and by brominating NaOH–EDTA extracts to re-
move all but the inositol phosphates before reanalysis with 31P-NMR.
Their results suggested that peaks previously identified as choline phos-
phate were likely scyllo-IHP. Turner et al. (2012) identified chiro- and
neo-inositol hexaphosphates (chiro-and neo-IHP) in a similar fashion,
and suggested that peaks with chemical shifts in this region had been
misidentified previously as aromatic phosphate diesters (Bedrock
et al., 1994; Turner et al., 2003b).

For the most part, subsequent 31P-NMR studies have either contin-
ued to group P forms into broad compound classes, or have identified
peaks, particularlymyo-IHP and scyllo-IHP, by assigning peakswith sim-
ilar chemical shifts to those compounds identified by Turner et al.
(2003b) and Turner and Richardson (2004) (e.g., Turner and
Newman, 2005; Leytem et al., 2006; Smith et al., 2006; Hill and
Cade-Menun, 2009). However, Smernik and Dougherty (2007) noted
that relying on the literature alone to identify peaks can be misleading,
particularly for samples prepared in different solvents for 31P-NMR than
were used for the original reference, such as freeze-dried extracts dis-
solved in water rather than NaOH [see Cade-Menun and Liu (2014)
for more details on this]. Spiking was subsequently recommended as
the only way to specifically identify P forms (McDowell et al., 2007;
Smernik and Dougherty, 2007; Doolette et al., 2009), and was subse-
quently used in studies of soil (Cade-Menun et al., 2010; Vincent et al.,
2012), animal manure (He et al., 2009), humic acids (He et al., 2011)
and lake sediments (Jørgensen et al., 2011; Shinohara et al., 2012).
However, it is important to note that spiking with one compound
does not confirm the identification of other P species in 31P-NMR spec-
tra: Cade-Menun et al. (2010) identified myo-IHP by spiking, but
misidentified β-glycerophosphate by relying on the literature (as dem-
onstrated with spiking experiments in He et al., 2011).

In 2012, Vestergren et al. (2012) used two-dimensional (2D) 1H–31P
NMR to identify 17 P species in NaOH–EDTA extracts of soils, after sul-
fide precipitation of the extracts to remove paramagnetic ions. Peak
identificationswere based on similarly prepared and analyzed reference
compounds. The 31P chemical shifts were consistent with those previ-
ously identified by others with 1D 31P-NMR experiments, although
they were slightly offset due to differences in solution chemistry.
The major advancement from these 2D experiments was the ability
to distinguish P species with overlapping 31P chemical shifts but differ-
ent 1H chemical shifts, such as the mononucleotides uridine 3′
monophosphate (MP) and guanosine 3′ MP.

Identifying as many P species as possible in 31P-NMR spectra is es-
sential for advancing our knowledge of P cycling in the environment.
It is well-established that P forms within the broad categories of ortho-
phosphatemonoesters and diesters differ in their bioavailability and re-
activity in the environment (Condron et al., 2005). As such, lumping P
forms together into these broad categories provides little if any useful
information about their cycling, especially compared to the knowledge
that can be gained from identifying the specific P forms under different
environmental conditions. It is also well-established that some ortho-
phosphate diesters (e.g., RNA, phospholipids) are degraded to ortho-
phosphate monoesters during 31P-NMR analysis (e.g., Turner et al.,
2003b; Doolette et al., 2009), with the degree of this degradation vary-
ingwith NMR experimental length and conditions (Cade-Menun, 2011;
Cade-Menun and Liu, 2014). Correcting for these degradation products
not only provides for better calculations of the total concentrations of
orthophosphate monoesters and diesters in the original soil samples,
it can also improve statistical analysis of PNMR formswith other soil pa-
rameters (Liu et al., 2013; Young et al., 2013). However, correcting for
degradation peaks requires the proper identification of these peaks in
spectra.

As previously demonstrated, relying on published chemical shifts
can introduce errors if there are any differences among NMR experi-
ments, particularly in sample preparation. Spiking experiments are es-
sential to confirm peak identifications. However, the cost of spiking all
known P compounds into all NMR spectra would be prohibitively ex-
pensive with respect to purchasing the compounds and analyzing sam-
ples spiked with these compounds by 31P-NMR, and not all identified P
forms in environmental samples are commercially available for spiking
(e.g., scyllo-IHP). A more cost-effective method would be to combine
spiking, using a selection of compounds, with a reference library of
other P compounds that were prepared and analyzed in a standardized
fashion, with each research group following a standardized spiking and
identification protocol for consistency among research groups. This in-
cludes analyzing reference P compounds in a matrix that mimics
freeze-dried and dissolved soil extracts with respect to pH and salt con-
tent, and including one P compound with a fixed chemical shift with
each analyzed P compound.

Thus, the objective of this research was to develop a library of more
than 50 P compounds, analyzed by 31P-NMR spectroscopy under stan-
dard conditions that could be easily replicated by any research group
for peak identification or to add new compounds to this library. Recom-
mendations are given to use this library effectively, and to spike samples
effectively for peak identification.

2. Materials and methods

2.1. Standardized blanks

Blank sodium hydroxide–disodium ethylenediaminetetra-acetic
acid (NaOH–EDTA) plus orthophosphate samples (hereafter referred
to as “blanks”) were prepared by adding a 1-mL aliquot of 1000 ppm
P (certified standard, SPEX CertPrep) to 25 mL of 0.5 M NaOH plus
0.1 M Na2EDTA in a 50-mL disposable centrifuge tube. Samples were
then frozen on a slant to maximize surface area. Frozen samples were
lyophilized by replacing the caps of each tube with parafilm (poking a
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