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P K-edge X-ray absorption near-edge structure (XANES) spectroscopy is a
powerful method for analyzing the electronic structure of organic and inorganic
phosphorus compounds. Like all XANES experiments, P K-edge XANES
requires well defined and readily accessible calibration standards for energy
referencing so that spectra collected at different beamlines or under different
conditions can be compared. This is especially true for ligand K-edge X-ray
absorption spectroscopy, which has well established energy calibration
standards for Cl (Cs,CuCly) and S (Na,S,05-5H,0), but not neighboring P.
This paper presents a review of common P K-edge XANES energy calibration
standards and analysis of PPhyBr as a potential alternative. The P K-edge
XANES region of commercially available PPh,Br revealed a single, highly
resolved pre-edge feature with a maximum at 2146.96 eV. PPh,Br also showed
no evidence of photodecomposition when repeatedly scanned over the course of
several days. In contrast, we found that PPh; rapidly decomposes under identical
conditions. Density functional theory calculations performed on PPh; and PPh,"
revealed large differences in the molecular orbital energies that were ascribed to
differences in the phosphorus oxidation state (III versus V) and molecular
charge (neutral versus +1). Time-dependent density functional theory calcula-
tions corroborated the experimental data and allowed the spectral features to be
assigned. The first pre-edge feature in the P K-edge XANES spectrum of
PPh,Br was assigned to P 1s — P-C n* transitions, whereas those at higher
energy were P 1s — P-C o*. Overall, the analysis suggests that PPh,Br is an
excellent alternative to other solid energy calibration standards commonly used
in P K-edge XANES experiments.

1. Introduction

P K-edge X-ray absorption near-edge structure (XANES)
spectroscopy is a powerful method for analyzing organic and
inorganic compounds containing phosphorus. Electronic
transitions at the P K-edge occur in the ‘tender’ X-ray region
(P 1s binding energy = 2145.5 eV), and the resulting spectra
have sufficient resolution for quantitative electronic structure
comparisons and utility in diverse applications (Northrup et
al., 2016). For example, P K-edge XANES has been used to
identify phosphorus-containing chemicals in soil and other
complex mixtures, especially those encountered in agri-
cultural, environmental and tribological-related samples
(Ingall et al., 2011; Yoshida et al., 2016; Morel et al., 2015; Tan
et al., 2014; Kasrai et al., 1999; Zhang et al., 2005; Pereira et al.,
2006, 2007; Sharma et al., 2016). It has also been used to
quantify relative differences in covalent metal-phosphorus
bonding and electronic structure in coordination compounds
containing phosphorus ligands (Adhikari et al., 2008; Harkins
et al., 2008; Mankad et al., 2009; Mossin et al., 2012; Shearer et
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al.,2012; Soma et al.,2016; Hu et al., 2015; Donahue et al., 2015;
Lee et al, 2016). This latter type of metal-ligand bonding
analysis is more generally referred to as ligand K-edge X-ray
absorption spectroscopy (XAS) (Solomon et al., 2005; Glaser
et al., 2000; Queen et al., 2013).

As with all XANES measurements, ligand K-edge XAS
requires a convenient and well defined energy calibration
standard so that accurate comparisons can be made between
different data sets collected at different synchrotron facilities.
Photodecomposition-resistant energy standards with intense,
highly resolved pre-edge features have long been established
for referencing ligand K-edge XAS data with the third row
elements chlorine (Cs,CuCly) and sulfur (Na,S,03-5H,0)
(Solomon et al., 2005). At the beginning of our electronic
structure investigations of metal-phosphine complexes
(Donahue et al., 2015), we sought a well defined solid energy
standard for K-edge XANES measurements with phosphorus
(which neighbors sulfur and chlorine) and found, unexpect-
edly, that a single reference had yet to be established
for ligand K-edge XAS studies. Numerous phosphorus
compounds have been used as energy standards, and much of
this data comes from researchers using P K-edge XANES in
applications other than ligand K-edge XAS.

Here we provide a brief, but critical, review of commonly
used P K-edge energy standards, and report the P K-edge
XANES spectrum and density functional theory (DFT)
calculations of PPh,Br. This compound has worked extremely
well as a P K-edge energy calibration standard for ligand K-
edge XAS studies (Lee et al, 2016), and offers several
advantages over other calibration standards.

2. Experimental

Na,P,0,, OPPh; and PPh,Br were purchased from commer-
cial vendors in their highest available purity and used as
received. PPh; was recrystallized from distilled EtOH and
analyzed by *'P NMR spectroscopy before use to ensure that
no OPPh; impurity was present.

2.1. XAS data collection and analysis

P K-edge XAS data were collected at beamline 14-3 at the
Stanford Synchrotron Radiation Lightsource under dedicated
operating conditions of 3.0 GeV and 500 mA using beamline
optics and equipment described previously (Lee et al., 2016).
Beamline 14-3 has a bending-magnet source and a water-
cooled double Si(111) crystal monochromator. The sample
chamber was maintained under a He atmosphere and sample
fluorescence was measured using a PIPS or Vortex detector
with the sample placed at a 45° angle with respect to the
incident beam. The beam spot size was <3 mm? and the flux
was ca. 2 x 10" photons s™'. No filters were used.

Samples were finely ground using a Wig-L-Bug grinder for
two minutes and thinly painted on Kapton tape with a size 4
Blick Scholastic Wonder White Flat synthetic brush (or
equivalent) to minimize self-absorption effects. This was
confirmed by analyzing progressively thicker layers to identify

the onset of observable self-absorption effects in the spectra.
P K-edge XAS data were collected over three regions with
1.0 eV steps and 1.0 s dwell times between 2106 and 2136 eV
(pre-edge), 0.08 eV steps and 1-2 s dwell times between 2136
and 2165 eV (edge), and 1.5eV steps and 1s dwell times
between 2165 and 2380 eV (post-edge). Data were collected in
triplicate scans over several experimental runs. P K-edge XAS
data were calibrated to the white line of Na,P,O, at
2152.40 eV (Fig. 1). Calibration scans were collected before
and after each triplicate data set.

Calibrations, background subtractions, normalizations and
averaging were performed using the Athena program in the
IFFEFIT XAS software package (Ravel & Newville, 2005).
All scans were ratioed against the incident radiation (10),
which was measured using an ionization chamber located prior
to the sample chamber. Subsequent pre-edge and post-edge
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Figure 1

Comparison of P K-edge XANES spectra of common energy calibration
standards. First and second derivative traces depicted with red and blue
dashed lines, respectively, are offset on the y-axis by +2 or +4 intensity
units. P K-edge XANES data for hydroxyapatite, Cas(PO,);(OH), were
obtained from the ID21 Phosphorous XANES Spectra Database and are
reported by Kim et al. (2015).
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fits for background subtractions and normalizations were
performed as previously described (Donahue et al., 2015; Lee
et al., 2016). The background was removed from each spec-
trum by fitting a first-order polynomial to the pre-edge region.
The data were normalized by fitting the post-edge region with
a first- or second-order polynomial. The step function intensity
for data normalizations was set to 1.0 at 2165 eV. Curve fits
were performed using JGOR Pro 6.3 using a modified version
of EDGEFIT, as described previously (Donahue et al., 2015;
Lee et al., 2016).

2.2. DFT and TDDFT calculations

DFT calculations were performed as described previously
using the Gaussian09 computational chemistry suite (Frisch et
al., 2009; Lee et al., 2016). To summarize, PPh; and PPh," were
evaluated at the dispersion-corrected hybrid density func-
tional theory level known as B3LYP-d3 with the three-para-
meter exchange functional of Becke (Becke, 1993), the
correlation functional of Lee, Yang and Parr (Lee ef al., 1988),
and the addition of empirical dispersion with Grimme’s D3
dispersion corrections (Grimme et al., 2010). All atoms were
modeled with the split-valence double-¢ plus polarization
basis set 6-31G(d,p) (Hehre et al., 1972; Hariharan & Pople,
1973), and both structures were fully optimized in the gas
phase. Frequency calculations were performed to ensure the
absence of any imaginary vibrational modes. Wavefunction
stability calculations were performed on all species to ensure
that the resulting determinant was in fact a local minimum
(Bauernschmitt & Ahlrichs, 1996). Time-dependent density
functional theory (TDDFT) calculations were conducted to
approximate excitation energies and amplitudes (oscillator
strengths) for specific excited states, and to simulate the P K-
edge XAS spectra. Energy shifts of +50.1 (PPhs) and +49.6 eV
(PPh,") were applied to the simulated transitions and TDDFT
spectra to align them with the experimental data. As described
previously, this difference in absolute energy arises due to the
nonlocal nature of the calculated core hole, the inability to
model the relaxation of the core hole, and inaccuracies of the
functional. As shown here, once the error in absolute energy
has been accounted for by applying a uniform energy shift, the
calculations reproduce experimental ligand K-edge XAS data
with very high accuracy for a wide-variety of complexes,
including those containing transition metals, lanthanides and
actinides (Kozimor et al., 2008, 2009; Daly et al., 2012; Mina-
sian et al., 2012, 2014; Spencer et al., 2013; Loble et al., 2015;
Donahue et al., 2014, 2015; Olson et al., 2014; Lee et al., 2016).

3. Results and discussion

3.1. Review of common P K-edge XANES energy calibration
standards

Numerous compounds have been used for P K-edge
XANES energy referencing including Na,P,0O; (sodium
pyrophosphate) (Blanchard et al., 2008; Grosvenor et al., 2008;
Kruse & Leinweber, 2008; Kruse et al., 2010), red phosphorus
(Rafiuddin et al., 2014; Prietzel et al., 2016, 2013; Rafiuddin &

Grosvenor, 2016), AIPO,-(H,0),, (aluminium phosphate; n =
0, 1.5 or 2) (Liu et al., 2015, 2013; Kraal et al., 2015; Eveborn
et al., 2009; Baumann et al., 2017; Huang & Tang, 2016),
Cas(PO,);(OH) (hydroxyapatite) (Takamoto & Hashimoto,
2014; Hashimoto et al., 2014), Zn;(PO,), (Kasrai et al., 1999;
Sharma et al., 2016) and OPPh; (triphenylphosphine oxide)
(Adhikari et al., 2008; Harkins et al., 2008; Mankad et al., 2009;
Mossin et al., 2012; Shearer et al., 2012; Soma et al., 2016). At
the beginning of our P K-edge XAS studies, anhydrous
Na,P,0; was selected because it was readily available and had
a reference value reported to 0.01 eV precision. The most
intense peak (white line) located at 2152.40 eV in the P K-
edge XANES spectrum is used for energy referencing (Kiiper
et al., 1994; Engemann et al, 1999). Unfortunately, we
discovered that the white line was not well resolved from a
lower-energy feature with similar intensity (Fig. 1) and often
required longer calibration dwell times to ensure sufficient
signal-to-noise for accurate energy referencing via analysis of
the first derivative trace. Our studies also prompted questions
as to how the position of the features changes in response to
absorption of water. Na,P,0O5 is hygroscopic and can absorb
up to as many as ten H,O molecules when exposed to ambient
humidity (it is available commercially as an anhydrous powder
or decahydrate). It is not clear if variations in NaysP,0,
hydration alter the energy and intensities of its P K-edge
XANES features, but related hydrogen-bonding interactions
are known to cause changes in XANES peak energies and
intensities in other compounds (Dey et al., 2005).

We next considered Cas(PO,);(OH) (hydroxyapatite) and
red phosphorus. Red phosphorus was quickly ruled out
because of its reactivity; it slowly oxidizes in air, which has
been monitored by in situ P K-edge XANES measurements as
a function of time and temperature (Kiiper et al., 1994). In
contrast, Cas(PO,4);(OH) is a highly inert bioceramic found in
bones and teeth. It has been studied extensively using P K-
edge XANES and has an intense white line ideal for energy
referencing. However, the analysis of 17 reported spectra by
Oxmann showed subtle variations in the white line energy
depending on the Cas(PO,);(OH) preparation method and
commercial vendor (Oxmann, 2014). It is well known that
Cas(PO,);(OH) morphology and Ca/P stoichiometry is
sensitive to the preparation method used (Ferraz et al., 2004;
Raynaud er al., 2002), which is likely to account for the
observed spectral differences (Nakahira er al., 2011). It is
unclear from Oxmann’s plots of Cas(PO,);(OH) whether the
batch-to-batch differences are severe enough to suggest
precluding its use as an energy standard, but these differences,
combined with the lack of post-synthetic methods to purify
this high-melting ceramic, made it appear less desirable.
Similar assessments were made for AIPO,-(H,0),, and other
water-insoluble phosphates and high-melting solids.

We next turned our attention to molecular phosphorus
compounds. Triphenylphosphine oxide (OPPh3) has been used
for ligand K-edge XAS measurements (Adhikari et al., 2008;
Harkins et al., 2008; Mankad et al., 2009; Mossin et al., 2012;
Shearer et al., 2012; Soma et al., 2016). OPPh; has a resolved
pre-edge feature and is commercially available (Fig. 1). Unlike
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Na,P,0O,, OPPh; is hydrophobic with low solubility in water,
suggesting that peak positions are less susceptible to hydration
effects. While OPPh; has desirable attributes for a P K-edge
XANES energy standard, there are some discrepancies in its
reported calibration energy. The first pre-edge maximum has
been reported at 2147.3 eV (Kiiper et al., 1994; Engemann et
al., 1999),2147.5 eV (Adhikari et al., 2008; Harkins et al., 2008;
Mankad et al., 2009; Mossin et al., 2012; Shearer et al., 2012)
and 2145.7 eV (Soma et al., 2016). However, the latter two
energy values were probably annotated incorrectly because
they reference the reported value of 2147.3 eV from Hormes
and co-workers (Kiiper et al., 1994; Engemann et al., 1999). To
investigate these discrepancies, we collected the P K-edge
XANES spectrum of OPPh;. The first peak in OPPh; was
observed at 2147.3 eV when referenced to Na,P,0,, matching
the value reported previously by Hormes and co-workers.
The use of three different reference values for OPPhj; is not
a significant concern as long as people are aware they exist and
take them into account when referencing their data to other
data sets. However, this is likely to be overlooked. Knowing
that future P K-edge XANES users will continue to propagate
multiple calibration values for OPPh;, it was important to
highlight the differences and describe a potential alternative
with a single-reference value for future P K-edge XAS studies.

3.2. Investigation of PPh; and PPh,Br

Our search for an alternative P K-edge XANES standard
focused on compounds that could meet the following criteria:
(1) have a well resolved pre-edge feature for precise energy
calibration, (2) be hydrophobic and resistant to hydrogen-
bonding interactions that could perturb the electronic struc-
ture of phosphorus, (3) be air-stable, (4) be resistant to
photodecomposition, and (5) be commercially available. The
first candidate was PPh;, a commercially available phosphine
reported to have a well defined pre-edge feature at 2145.4 eV
(Engemann et al., 1999). However, it was soon discovered that
PPh; undergoes photodecomposition at beamline 14-3 at the
Stanford Synchrotron Radiation Lightsource (Fig. 2). The pre-
edge peak was observed at 2145.3 eV and decreased as a
function of time, and a feature assigned to OPPh; grew in at

— Scan 1
— Scan 2

PPh,

w

Normalized Intensity
- N
IIIIllIlIIIIIlIIlII

2145 2150 2155
Energy (eV)
Figure 2
P K-edge XANES spectra of PPh; collected at beamline 14-3 at SSRL.

2150.1 eV. This latter peak was not present in P K-edge
XANES spectra reported previously for PPh; (Engemann et
al., 1999; Mankad et al., 2009), indicating that our PPh; had
already oxidized to some extent before the first scan was
collected. The peak at ca. 2147.3 eV is present in the spectra of
both PPh; and OPPhj;, and therefore does not change signif-
icantly in intensity as PPh; oxidation occurs. The presence of
other OPPh; transitions accounts for the slight discrepancy in
our measured PPh; pre-edge feature at 2145.3 eV compared
with the value reported previously for oxide-free PPh; at
2145.4 eV (Engemann et al., 1999).

The lack of decomposition in earlier P K-edge XAS data
sets collected for PPh; can likely be ascribed to the spectra
collection using unfocused beams (Mankad et al., 2009;
Engemann et al., 1999). In contrast, our data were collected
using a focused beam at a beamline typically configured for
imaging work. While the observed photodecomposition indi-
cated PPh; was not a suitable calibration standard, the
experiments revealed that beamline 14-3 at SSRL would
provide an excellent proving ground to test the photostability
of other potential P K-edge XANES standards.

We next investigated PPh,Br. PPh," is a common non-
coordinating cation used in coordination chemistry to offset
the charge of complex ions (Daly et al, 2012; Minasian et al.,
2012; Donahue et al, 2014; Olson et al, 2014), and is
commercially available as its chloride and bromide salt. We
reasoned that PPh,* should be more stable than PPh; with
respect to photodecomposition; PPh," is a fully oxidized P(V)
complex like OPPhj;, which is corroborated by our P K-edge
XANES data (see below). We postulated that the higher
symmetry of PPh," versus OPPh; (and corresponding differ-
ences in selection rules) would lead to a more resolved pre-
edge feature in the P K-edge XANES spectrum, thereby
making it more ideal for energy referencing. If one considers
only the carbon and oxygen atoms attached to phosphorus, the
point group symmetry of PPh," is T, whereas for OPPh; it is
Csy. As discussed below, the actual point group symmetries
are slightly lower when the orientation of the phenyl groups
are taken into consideration.

The P K-edge XAS spectrum of PPhyBr is provided in
Fig. 3. Unlike PPh;, no decomposition was observed over
repeated scans performed intermittently on the same sample
over one week (we used the same sample for calibration scans
over an entire week of data collection). Three prominent
features were observed prior to the higher energy shape
resonances starting at 2153 eV. The first derivative trace
revealed two maxima (i.e. where the first derivative trace
crosses 0) at 2146.96 and 2149.85 eV. The second derivative
trace was used to assign the energy of the shoulder located
next to the peak at 2149.85 eV and identify underlying features
contributing to the observed peaks. Three minima were
observed at 2146.82, 2148.90 and 2149.90 eV corresponding to
the three most prominent XANES features. In addition, peak
shouldering was observed in the second derivative trace at
approximately 2147.2 and 2148.1 eV (Fig. 4). No lower energy
pre-edge features were observed in the range known for P(I1I)
complexes such as PPh; (2145.4 eV; Fig. 2) or PEt; (2145.8 eV)
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Figure 3

P K-edge XANES spectrum of PPh,Br. First and second derivative traces,
depicted with red and blue dashed lines, respectively, are offset on the y-
axis by +2 intensity units.

(Engemann et al., 1999), consistent with the assignment of
PPh," as a P(V) complex. The peak positions fall within the
range of those described for OPPh; and other P(V) complexes
with phenyl substituents (SPPh; and SePPh;) (Engemann et
al., 1999).

Our P K-edge peak positions for PPhyBr are reported with
0.01 eV precision based on the following justification. First, all
of our spectra are referenced to the white line for Na,P,O at
2152.40 4+ 0.05 eV (Kiiper et al., 1994; Engemann et al., 1999).
This value was determined by Hormes and co-workers using a
double InSb(111) crystal monochromator calibrated to the Ar
K-edge of argon gas at 3203.54 eV (Kiiper et al, 1994).
Second, spectra from each run were obtained by averaging
no less than three scans individually calibrated to Na,P,O,.
Positions were then obtained from the first derivative trace of
the merged scan, so peak positions were not limited by the
0.08 eV step size used over the edge in our experiments.
Finally, averaged scans from multiple runs were used to
establish a standard deviation in the peak position, which was
+0.02 eV. This measured repeatability is better than the
~0.1 eV energy reproducibility used to establish the Cs,CuCly

PPh,Br

shoulder

/

w

Normalized Intensity
- N

\

shoulder

l 'l I 'l I I
2146 2148 2150

Energy (eV)

Figure 4

Enlarged P K-edge XANES spectrum (grey) and second derivative trace
(blue) of PPhyBr. The second derivative trace is offset on the y-axis by +2
intensity units and scaled for comparison with the XANES trace.

and Na,S0O3-5H,0 pre-edge peak positions at 2820.20 eV and
2472.02 eV, respectively, for use as Cl and S K-edge XAS
energy calibration standards (Solomon et al., 2005).

It is important to note that peak positions can change
slightly depending on the resolution of the beamline used.
While a theoretical resolution can be calculated based on the
monochromator crystals and energy of the element edge, the
actual resolution of the beamline depends on the experimental
setup and can be difficult to measure in a reliable way. To
address this issue, we have uploaded our normalized P K-edge
XAS data of PPhyBr in the supporting information. We also
curve-fit our spectra to obtain the full width at half-maximum
(FWHM) of our first pre-edge feature. As described by
Solomon et al. (2005) for ligand K-edge XAS data, the spectra
were modeled with pseudo-Voigt functions containing 1:1
mixtures of Gaussian and Lorentzian lineshapes. The step
function was modeled with 1:1 ratio of arctangent and error
function contributions. Curve fits of nine P K-edge XANES
spectra of PPhyBr gave an average FWHM of 1.02 £ 0.03 eV
for the first pre-edge peak.

3.3. DFT and TDDFT calculations

DFT and TDDFT calculations were performed on PPh," to
assign features in the P K-edge XANES spectrum. Calcula-
tions were also performed on the aforementioned PPhj to
compare how changes in oxidation state and symmetry
affected the electronic structure. Optimized gas-phase struc-
tures of PPh; and PPh," are provided in Fig. 5 and a truncated
molecular orbital (MO) diagram is provided in Fig. 6. C; and
D,, point group symmetries were assigned to the calculated
structures of PPh; and PPh,", respectively, which take into
account the phenyl group orientations. Mulliken symbols were
assigned by analyzing the symmetry of the Kohn-Sham orbi-
tals, as shown in Fig. 6 for the highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO).

The calculated MOs for PPh," all decrease in energy rela-
tive to PPh; as a result of the change in P oxidation state and
molecular charge (+1 and 0). The HOMO for PPh; (1a) is

2

1

.
P

Figure 5

Calculated structures of PPh; (left) and PPh," (right). P—C bond
distances: 1.851-1.852 A (PPh;) and 1.812 A (PPh,*); C—P—C bond
angles = 101.7° (PPh;) and 110.3° (PPh,"). The bond distances and angles
are nearly identical to those obtained experimentally by single-crystal
XRD (Alcock et al., 1985; Dunne & Orpen, 1991).
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Molecular orbital diagram of PPh; and PPh,* from DFT calculations. Kohn-Sham orbitals of the highest occupied and lowest unoccupied molecular
orbitals are shown on the left (PPh3) and right (PPh,"). Unoccupied MOs depicted in red are those involved in the calculated P K-edge XAS transitions

(TDDFT) in Fig. 7.

effectively the P lone pair with some phenyl mixing (33.7% P
p-character and 9.3% P s-character), whereas the HOMO 1a,
in PPhy" is non-bonding aryl m*. Despite the differences
in symmetry and charge, the unoccupied MOs for both
compounds have similar groups of MOs that can be classified
according to their bonding between P and the phenyl groups.
At lower energy are a cluster of MOs assigned to P-C bonding
with phenyl 7* orbitals and MOs at higher energy are best
described as P-C o*.

TDDFT was used to simulate the P K-edge XAS spectra of
PPh; and PPh," using the ground-state DFT results provided
in Fig. 6. The simulated spectra yield relatively good agree-
ment with the experimental spectra once an energy shift was
applied to account for errors in determining absolute energies,
which is well established in ligand K-edge TDDFT calcula-
tions (Fig. 7) (Lee et al, 2016). For PPhs, the first pre-edge
feature was assigned to P 1s — le (P-C 7*) and the second
feature at higher energy was assigned to P 1s — 3e (P-C o*).
These both are formally assigned as 'A—'E, but we use the
primary orbital contributions to the electronic states here and
below to relate the transitions back to the MOs in Fig. 6. A
higher-energy transition assigned to P 1s — 4a (P-C o*) was
not observed in our data, presumably a result of masking by
the OPPh; peak from photodecomposition. No transitions of
significant intensity were calculated under the peak assigned
to the OPPh; impurity at 2150.1 eV, consistent with its
assignment to photodecomposition.

The simulated spectrum for PPh," also provided relatively
good agreement with its P K-edge XAS spectrum. The

oF PPh, OPPh,
oL
b :
'51—
o L
) -
£ f
el L 1
o e e E RARE B
8 T
© = * *
£ [ PPhst PCT PCo
o 3}
=z °F
2 F
.
[ wls
e e e e A RER R R R
2142 2146 2150 2154
Energy (eV)
Figure 7

Comparison of experimental (solid black line) and simulated (dashed
black line) P K-edge XAS for PPh; (top; first scan from Fig. 2) and
PPh,Br (bottom) from TDDFT calculations. The transition energies and
relative oscillator strengths are depicted as red bars. Major unoccupied
orbital components contributing to the electronic transitions have been
assigned to correspond to the Mulliken symbols from Fig. 6.
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TDDFT spectrum indicates that the first feature at 2146.96 eV
is attributed to a combination of two closely spaced transitions
assigned to P 1s — b, and 1s — e at 2146.55 and 2147.29 eV,
respectively. The presence of two transitions in the TDDFT
data accounts for the shoulder observed at ~2147.3 ¢V in the
second derivative trace of the experimental spectrum (Fig. 4).
Two P-C o* transitions calculated at 2149.24 and 2150.49 eV
were assigned to P 1s — 3e and 1s — 2b,. These transitions
account for the second and third features in the P K-edge
spectrum. Overall, the TDDFT data corroborated the P K-
edge results and allowed the features to be assigned to
P 1s — P-C n* and 1s — P-C o*. These findings are consis-
tent with assignments previously made by Hormes based on
MS Xo calculations for OPPh; and PPh; (Engemann et al.,
1999).

4. Conclusions

In summary, we presented the P K-edge XANES spectrum of
PPh,Br and compared it with other phosphorus compounds
used as P K-edge energy calibration standards. In addition
to its exceptional photostability and commercial availability,
PPh,Br has a highly resolved pre-edge feature at 2146.96 eV
ideal for precise P K-edge XANES energy referencing. This
peak was calibrated to the white line of Na,P,0; at 2152.40 eV
(Kiiper et al., 1994) and cross-referenced to the OPPh; pre-
edge peak reported by Hormes and co-workers at 2147.3 eV
(Engemann et al., 1999). We have used PPhBr as a calibration
standard for several P K-edge XANES data collection runs at
SSRL (Lee et al., 2016), and we saw no decomposition after
repeated calibration scans on the same PPh,Br sample during
a week of P K-edge XANES data collection. DFT and TDDFT
calculations were used to assign features in the P K-edge
XANES spectrum of PPhyBr, and the simulated spectrum
from TDDFT corroborated our experimental results.
Overall, our analysis suggests that PPh,;Br is an excellent
alternative to more commonly used energy calibration stan-
dards used for P K-edge XANES spectroscopy, especially
for ligand K-edge XAS analysis of coordination complexes
containing phosphorus ligands. As such, we propose that the
PPh,Br pre-edge position at 2146.96 eV be used for P K-edge
energy calibration in future ligand K-edge XAS studies.
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