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ABSTRACT: X-ray absorption spectroscopy (XAS) is widely used across the life and
physical sciences to identify the electronic properties and structure surrounding a specific
element. XAS is less often used for the characterization of organometallic compounds,
especially for sensitive and highly reactive species. In this study, we used solid- and
solution-phase XAS to compare a series of 25 palladium complexes in controlled ligand
environments. The compounds include palladium centers in the formal I, II, III, and IV
oxidation states, supported by tridentate and tetradentate macrocyclic ligands, with
different halide and methyl ligand combinations. The Pd K-edge energies increased not
only upon oxidizing the metal center but also upon increasing the denticity of the ligand
framework, substituting sigma-donating methyl groups with chlorides, and increasing the
charge of the overall metal complex by replacing charged ligands with neutral ligands.
These trends were then applied to characterize compounds whose oxidation states were
otherwise unconfirmed.

■ INTRODUCTION
X-ray absorption spectroscopy (XAS) is used across
heterogeneous catalysis, geology, biology, material science,
and physics to identify the environment surrounding a specific
element.1−8 XAS is less often used to characterize organo-
metallic compounds and homogeneous catalysts, especially
under reactive in situ conditions.9−14 The hard X-rays required
for such K-edge studies allow samples to be in the solid or
solution phase, as well as in very dilute samples.15 The X-ray
absorption near edge structure (XANES) region, which
involves dipole-allowed transitions from the 1s orbital to the
unoccupied p-orbitals, carries information about the local
geometry surrounding the metal center.16,17 This study shows
how further analysis of the K-edge XANES region of metal
complexes supported by a controlled ligand system can
unambiguously determine the oxidation state, solution phase
coordination geometry, and ligand substitution for a series of
systematically modified complexes.
Metal centers involved in heterogeneous catalysis such as

vanadium, titanium, and iron have been extensively studied by
XAS and have recently been the focus of intensive computa-
tional modeling to further interpret pre-edge features to assign
second sphere coordination interactions, leading the way to
3D structural determination of compounds and increased
mechanistic insight.18−21 A similar approach can be taken with
palladium complexes, which are relatively underexplored using
XANES, to fully understand the solution-phase properties of
catalytically relevant organometallic compounds.22,23

Palladium is a versatile transition metal that can access
various oxidation states (0, I, II, III, and IV),24−32 enabling
efficient catalysis for C−C coupling, C−H functionalization,

and hydrocarbon oxidation reactions.32−35 It has recently been
shown that high-valent Pd(III) and Pd(IV) species are active
intermediates in several stoichiometric and catalytic C−C and
C−heteroatom bond transformations, followed by reductive
elimination of a C−X bond.24,25,27,28,30−32,36−43 Although
Pd(0), Pd(II), and Pd(IV) complexes are ubiquitous in
catalysis, much less is known about Pd(I) and Pd(III) systems,
which are often implicated as reactive intermediates but are
EPR-silent in their common binuclear form. We previously
isolated the first organometallic mononuclear Pd(I) complexes
using a tBuN4 ligand32 and isolated the first binuclear Pd(III)
complexes that are not stabilized by a Pd−Pd bond by using a
tridentate nitrogen-donor ligand N,N′,N″-trimethyl-1,4,7-
triazacyclononane (Me3tacn).

32,44 Given our interest in
Pd(III) chemistry,36,45−52 probing the ligand effects on these
Pd(III) complexes can provide insights into organometallic
reactivity and future catalytic design.
Palladium K-edge XAS, which involves excitation of a 1s

core electron to the unoccupied 5p orbitals, has been shown to
be a qualitative way to further probe the electronic
environment of a Pd center.53−55 One of the few studies
into organometallic Pd XAS saw an increase of 1 eV in the K-
edge energy per increase in oxidation state for several
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complexes, which was subsequently used to monitor the redox
chemistry in situ.53−55 Another study showed some depend-
ence of edge energy on the bidentate phosphine ligand
backbone.56 In our cases, we observe similar trends upon
redox changes and ligand substitution reactions but the
magnitude of change in edge energy varies across systems.
In this study, we compare an array of 25 Pd complexes in

comparable ligand environments, whose K-edge energies shift
upon changes in the oxidation state or ligand environment
(Figure 1 and Table 1). The compounds include palladium
centers in the formal I, II, III, and IV oxidation states,
supported by bidentate, tridentate, and tetradentate macro-
cyclic ligands with different halide and methyl ligand
combinations. Based on the analysis of the K-edge energies,
it was observed that these energies increase not only upon
oxidation of the metal center but also upon increasing
denticity of the ligand framework, lowering the strength of
the ligand field, and increasing the charge of the overall metal
complex by replacing charged ligands with neutral ligands.
These trends were then applied to characterize compounds
whose oxidation states were otherwise unconfirmed.
We previously used XAS to aid in the characterization of a

Pd(I) compound.57 Since then, we have been able to perform
a systematic study to assist in further oxidation state
confirmation as well as observe trends across different ligands.

We have shown that XAS can be used to study organometallic
redox chemistry for a system in a similar or consistent ligand
environment. As opposed to the Pd pre-edge features, which
are often used for comparing oxidation states within a series of
complexes of identical coordination environments,55 the
energy of the Pd rising K-edge is less sensitive to a metal’s
coordination number, allowing for comparison between the
flexible Me3tacn and tBuN4 ligand frameworks (Figure 1). We
also provide insight into comparisons between ligand systems,
expanding on the previous literature that compared K-edge
data for Pd(0) and Pd(II) redox for a single ligand system55 to
a wider range of Pd(I), Pd(II), Pd(III), and Pd(IV) complexes
with different ligands.

■ EXPERIMENTAL DETAILS
General Procedure. All experiments and manipulations were

performed under a nitrogen atmosphere using standard Schlenk and
glovebox techniques, if not indicated otherwise. All reagents for which
synthesis is not given were commercially available from Sigma-
Aldrich, Acros Organics, Strem Chemicals, or Pressure Chemical and
were used as received without further purification. Solvents were
purified prior to use by passing through a column of activated
alumina using an MBraun, Inc. SPS.

Preparation. We have previously reported the syntheses for
compounds 19−26,46 compounds 7 and 8/9,45 compounds 6, 11,
and 13/14,36 and compounds 10 and 17.62 Compound 1817 and

Figure 1. Structures of compounds 1−26 based on crystal structures (*) or proposed coordination (‡) consistent with experimental data and
analogous compounds. Overall molecular charges and counterions are not depicted.
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compounds 3, 12, and 1559 were synthesized by following previously
reported procedures. The characterization for compounds 2, 4, and 5
is provided in the Supporting Information, Section VII.
X-ray Structure Determination. Crystal structures have been

reported for compounds 1 and 7,47 compounds 3, 6, and 11−14,36

compounds 20−26,63 and compound 8/9.45 The previously
unreported crystal structure for compound 5 is provided in the
Supporting Information, Section VIII.
X-ray Absorption Spectroscopy (XAS) Studies. Pd K-edge

XANES measurements were performed at beamline 10-ID of the
advanced photon source (APS).66,67 Solid-phase samples were
measured in transmission mode, and solution-phase samples were
measured in partial fluorescence yield using a 13-element Ge
detector. The energy was calibrated with a Pd(0) foil measured in
tandem with the samples (Figure 2 and Table S1). The samples were
loaded into a custom-designed, chemically resistant PEEK cell fitted
with a cap with a Swagelok VCR fitting and a hand-tightened O-ring

seal.17,57 Many of these complexes are thermally unstable at room
temperature and nonisolable; thus, some measurements were
performed in −10 °C acetonitrile solutions (Table 1). In addition,
temperature- and air-sensitive samples were loaded under a nitrogen
blanket in a dry ice bath. Samples 9/14/16 were measured in the
solution-phase in room temperature acetonitrile at a concentration of
5 mM. Samples 10/11/17/18/25/26 were measured in the solution
phase at −10 °C in acetonitrile also at a concentration of 5 mM. All
other samples were measured in the solid phase at room temperature,
with 3 mg of compound per sample. All spectra are the result of
merging two-six scans of a sample immediately following acquisition.

XAS Spectral Processing and Analysis. The program Athena68

was used to perform background subtraction and normalization of the
XANES spectra. The Pd foil reference for every sample was energy
corrected by selecting the maximum in the first derivative, finding the
zero crossing in the second derivative, and setting the energy of the
zero crossing to 24350 eV.69 The energy-corrected Pd foil reference

Table 1. K-Edge Energy Levels of Compounds 1−26 Relative to the Pd Foil (27)a

aOxidation states are indicated with Pd(I) as blue, Pd(II) as red, Pd(III) as green, and Pd(IV) as pink. The ligand frameworks are tBuN4 (blue),
Me3tacn (orange). Additional ligands include halide (green), methyl (orange), acetonitrile (blue), and hydroxide (yellow). Published syntheses are
referenced. Coordination numbers are from crystal structures or predicted (‡).

Figure 2. (a) Normalized absorption spectra of compounds 1−26 reported in eV with respect to the K-edge of the Pd foil (black line). The K-
edge of our compounds range from +1 to +10 eV greater than that of the Pd foil. The peak fitting of the first derivative of the XANES K-edge is
shown for (b) the reference Pd foil and (c) compound 9 to three Gaussian functions. The peak energy is determined by the center, most intense
peak to give values of 0.08 ± 0.08 for the Pd foil and 6.50 ± 0.20 for compound 9, with R2 values of 0.998 and 0.997, respectively.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c03032
Inorg. Chem. 2023, 62, 21128−21137

21130



spectra were then aligned so that all data were on the same absolute
energy grid for analysis. The energy of the K-edge was determined by
taking the first derivative of the normalized spectra of the K-edge and
fitting it to three gaussians (Figure 2 and Table S1), consistent with
excitation of a 1s electron into three unfilled 5p orbitals. All fits had
R2 values greater than 0.99, as shown in the Supporting Information,

Section II. The peak energy of each compound is defined as the white
line, observed in Figure 2b as the middle red peak 2. The error of this
peak was always less than 0.6 eV (Table 1). The K-edge energies of
all compounds were calibrated to the Pd foil edge energy of 24350
eV, which is defined as 0 eV herein.

Figure 3. Comparison of relative XANES K-edge energies for the (a) (tBuN4)PdMe(Cl) system with varying oxidation states: Pd(II) is red (12),
Pd(III) is green (9), and Pd(IV) is blue (18), and for the (b) (tBuN4)Pd(NCMe)2 system with varying oxidation states: Pd(I) is red (17), Pd(II)
is green (14), and Pd(III) is blue (10).57 The top lines show the XANES normalized energy curves corresponding to the rightmost y-axes, while
the bottom lines show their derivatives corresponding to the leftmost y-axes. The K-edge energy is measured as the first derivative’s maximum
peak, depicted by the vertical lines, where the error is denoted by the width of the line, displaying the statistical significance between values.
Energies are reported relative to the K-edge of the Pd foil. Solid-phase 8 and 13 are analogous with their solution-phase versions 9 and 14,
respectively.

Table 2. Oxidation State Trends for Compounds with Identical Bound Ligands, Showing the Consistent Trend of Increasing
K-Edge XANES Energy as Pd(I) < Pd(II) < Pd(III) < Pd(IV) with Energies Reported in eV Relative to the K-edge of Pd Foil

Figure 4. Series of tBuN4PdIII compounds where (a) charged methyl groups are progressively replaced by neutral acetonitrile ligands for
compounds 7, 10, and 11, and where (b) strong sigma donor methyl groups are replaced with chloride for compounds 6, 7, and 8/9. Energies are
reported relative to the K-edge of Pd foil. The top lines show the XANES normalized energy curves corresponding to the rightmost y-axes, while
the bottom lines show their derivatives corresponding to the leftmost y-axes. Vertical lines indicate the K-edge energy and errors of the fit on either
side.
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■ RESULTS AND DISCUSSION
Effect of Oxidation State. For similar ligand environ-

ments, a higher metal oxidation state has a higher K-edge
energy across the complete series of Pd(I) < Pd(II) < Pd(III)
< Pd(IV) compounds. The first oxidation caused the greatest
increase in K-edge energy compared to consecutive oxidations,
showing a nonlinear correspondence between the edge energy
and the oxidation state (Figure 3, Table 2). Further
comparison is shown in the Supporting Information, Section
III.
Effect of Electron Donating Ligands. When the formal

charge and oxidation states were kept constant for Pd(III), the
K-edge energy decreased upon replacement of halide (Cl−)
groups with strongly sigma-donating methyl groups (CH3

−),
as seen in Figure 4 and Tables 3 and 4. This is consistent with
methyl groups adding electron density to the metal center,
paralleling the observed decrease in K-edge energy with
decreasing oxidation state.

Effect of Molecular Charge. When the oxidation states
were kept constant, charged methyl groups (CH3

−) were
replaced with neutral acetonitrile ligands (MeCN), increasing
the overall charge for the Pd(III) complexes 7/11/10 (Table
3) and for Pd(II) complexes 4/12/13/15 (Table 2), often
requiring more cations. Complexes with a higher overall
charge due to neutral ligands exhibited higher K-edge energies,
paralleling the observed increase in K-edge energy with an
increasing Pd oxidation number (Tables 3 and 4). Further
comparisons are shown in the Supporting Information, Section
V.
Competing Effects. When complex charge and ligand

field strength are increased simultaneously, such as exchanging

Cl− with MeCN, the K-edge energies increase going from
[tBuN4PdIICl2]0 (3) to [tBuN4PdII(MeCN)Cl]1+ (4) to
[tBuN4PdII(MeCN)2]2+ (13/14). This correlates with an
increased complex charge as well as going from a 5-coordinate
to 6-coordinate metal center (Figure 1) but is inconsistent
with the increase in the ligand field strength. This is also the
case when compound 8/9 is changed to 11. Similarly, the
XANES spectra of the charged 5-coordinate species
[tBuN4PdIIMe(MeCN)]+ (15) is blue-shifted compared to
the neutral 4-coordinate species [tBuN4PdIIMe(Cl)]0 (12). For
all these systems, the overall complex charge has a greater
effect on the K-edge energy than the changes in ligand field
strength (Figure 4), as further shown in the Supporting
Information, Sections III−V.

Effect of Ligand Framework. Comparing the two ligand
frameworks revealed that tBuN4 compounds exhibited a slightly
higher energy K-edge values than analogous Me3tacn
compounds (Figure 5a,b), specifically for compounds 2 versus
19 and 13/14 versus 24. This is consistent with tBuN4 being a
tetradentate ligand that can donate more electron density to
the Pd atom than tridentate Me3tacn. However, this
distinction in K-edge energy can often be statistically
insignificant, as seen for compounds 20/3. When other factors
become involved, such as Me3tacn forming binuclear
compounds 21/23 with five halides compared to the tBuN4
mononuclear compounds 5/6 with two halides, the Me3tacn
species show a large K-edge value, potentially due to the
increased amount of electron density around the Pd center in
the dinuclear species.
The ability of tBuN4 to change denticity also appears to

correspond with the K-edge changes due to the ligand strength
and complex charges. For instance, when replacing a stronger
field methyl ligand with a weak field halide ligand,
[tBuN4PdIIMe(Cl)]0 (12) increased in energy to
[tBuN4PdIICl2]0 (3), corresponding with coordination number
increasing as the tBuN4 binding mode changes from bidentate
to tridentate (Figure 1 and Table 4). While there is no crystal
structure for 4, its relatively high K-edge value suggests a
coordination number greater than those of compounds 15 and
12.

Insight into 5p Orbitals. For the Me3tacn compounds
that are octahedral around the Pd center (Figure 1), the fitted
third Gaussian peak was determined to be an almost
insignificant horizontal line as seen for compounds 21/22/
23/25/26 (Figure 5f). These compounds appear to have only
one primary peak, so 2-Gaussian fitting obtained R2 values
greater than 0.99 and with low fit errors, as shown in the
Supporting Information, Section II. However, the square
planar (Me3tacn)Pd compounds (19/20) have an additional
peak and need a 3-Gaussian fitting. All tBuN4 (1-18)
complexes required a 3-Gaussian fit and have three distinct
peaks.
Since the K-edge corresponds to the excitation of 1s

electrons into three empty 5p orbitals, the presence of multiple
peaks in the first derivative suggests that the 5p orbitals are not
degenerate. The crystal structures depicted in Figure 1 show
that the octahedral complexes (21/22/23/25/26) with a
tridentate Me3tacn have potential 3-fold symmetry that would
correlate with degeneracy in p-orbitals. Part of this degeneracy
would be lost when going to a square planar geometry (19/
20) with a bidentate Me3tacn, corresponding with the
observed splitting of peaks, which is also observed with the
pseudotridentate (24) framework. Conversely, tBuN4 com-

Table 3. Effect of X/R Groups on Pd XANES K-Edge
Energy Reported in eV for tBuN4PdIIIRX Compounds 6, 7,
8/9, 10, and 11a

aArrows show an increase in edge energy due to weaker field ligands
(blue) or increase in complex charge (orange). Compound 5,
[tBuN4PdIIIBr2]+, also fits this trend. Energies are reported relative to
the K-edge of Pd foil.

Table 4. Effect of X/R Groups on Pd XANES K-Edge
Energy for tBuN4PdIIRX Compounds 3, 4, 12, 13/14, 15,
and 16a

aArrows show an increase in edge energy due to weaker field ligands
(blue) or an increase in complex charge (orange). Compound 2,
tBuN4PdIIBr2, also fits this trend. Energies are reported in eV relative
to the K-edge of Pd foil.
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pounds always have 2−3 peaks as the ligand cannot have more
than 2-fold symmetry and is often further distorted. Fitting the
Pd K-edge to Gaussian peaks may give further insight into the
coordinate environment and denticity of flexible ligand
frameworks.
Solid vs Solution Phase. The edge energies of analogous

solid and solution samples were not statistically distinct,
suggesting that they retained the same coordination environ-
ment (Figure 6) and that the presence of solvent does not
significantly affect the 1s → 5p energy transition of the Pd
center. However, since these ligand frameworks have flexible
arms, it is possible that larger deviations in spectra might
suggest variations in the coordination number.
Confirmation of Previously Ambiguous Oxidation

States. The consistent trend of increasing K-edge energies for
higher oxidation states for a comparable ligand environment

was then applied to confirm the identity of EPR-silent
compounds whose oxidation states were still unconfirmed
such as mononuclear Pd(II) and binuclear Pd(III) com-
pounds. This was important for studying the (Me3tacn)Pd
dihalide series of compounds 19−23 and 25−26, where a
mononuclear Pd(II) species is oxidized to an EPR-silent
binuclear Pd(III) complex, followed by an oxidation to
mononuclear Pd(IV) species. In these cases, the K-edge
energies for the Pd(III) complexes fall between the energies
for the Pd(II) and Pd(IV) complexes, confirming an
intermediate oxidation state (Table 2).
Additionally, compound 16 was proposed to be mono-

nuclear Pd(II)-hydroxide species in solution, despite X-ray
crystallography only isolating a solid-state binuclear Pd(II)
complex (1).47 Figure 7 shows that the K-edge energy for the
mononuclear compound 16 is higher than that for the

Figure 5. Effect of ligand frameworks on (a) PdIIBr2 for compounds 2 and 19, (b) PdII(MeCN)2 for compounds 13/14 and 24, (c) PdIII(Br)x for
compounds 5 and 21, and (d) Pd(III)Clx for compounds 6 and 23. The tBuN4 compounds are shown in red, and the Me3tacn compounds are
shown in blue. Vertical lines indicate the K-edge energy and the errors of the fit on either side. Additionally, comparisons between the 3-Gaussian
fits are shown for (e) the tetradentate [tBuN4PdIIIMe(Cl)]+ compound 9 with low p-orbital symmetry, and (f) the tridentate [(Me3tacnPdIII)2Cl5]+
compound 23 with high p-orbital symmetry.
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binuclear complex 1, consistent with reduced electron density
on the two Pd centers due to them now sharing a single
bridging hydroxide (Figure 1).

Peak Fitting Considerations. As shown in Figure 2 and
Table S1, the highest intensity peak in the first derivative of
the normalized XANES spectra was determined to be the K-
edge energy. The exact value was extracted using a 3-Gaussian
fit to isolate three distinct peaks, and then the peak that
corresponded with the highest intensity point from the first
derivative was chosen. In almost all cases with two major
peaks, the leftmost peak was the most intense, consistent with
the choice of referencing all data to the leftmost peak of the Pd
foil (Figure 2). Only compound 24 had the highest energy
11.3 eV peak as the most intense peak, but peak fitting
confirmed that the leftmost peak at 4.5 eV was the major
contributor based on peak integration, as shown in the
Supporting Information, Section II. In general, integrating
peak values did have limitations as many of the 3-Gaussian fits
would fit two broader peaks with higher errors than the
primary sharp peak that corresponded with the maximum of
the first derivative. For instance, compounds 1/7/12/15/17/
26 have additional broad peaks with large errors that integrate
to a value higher than that of the most intense peak we
determined to be the K-edge. Conversely, compounds 21/22/
23/25/26 all have one primary peak, and unlike all other

Figure 6. Comparison of solution phase samples 9 and 14 (blue) with their analogous solid phase samples 8 and 13 (red), respectively. The top
lines show the XANES normalized energy curves corresponding to the rightmost y-axes, while the bottom lines show their derivatives
corresponding to the leftmost y-axes. The difference in K-edge energies between phases is not statistically significant, as shown by the overlapping
vertical lines that depict the fit errors.

Figure 7. Comparison of the XANES K-edge energies of
tBuN4PdIIMe(OH) upon dimerization with the bridging hydroxide
group. The top lines show the XANES normalized energy curves
corresponding to the rightmost y-axes, while the bottom lines show
their derivatives corresponding to the leftmost y-axes. The
mononuclear compound 16 is higher in energy than the binuclear
compound 1, supporting that there is less electron density on the
binuclear Pd centers, as they are sharing one hydroxide group.
Vertical lines indicate the K-edge energy where the width indicates
the error on either side.

Figure 8. Correlations between oxidation states with K-edge energies, reported for the lower energy and often highest intensity peak, (a) across all
compounds 1−26 (with R2 = 0.88 for Me3tacn and R2 = 0.70 for tBuN4 for the linear fits), and (b) with connections drawn between analogous
ligand systems across Pd(I)−Pd(IV) systems. Compounds supported by Me3tacn are shown in blue, while those supported by tBuN4 are shown in
red. Further analysis is shown in Supporting Information Section VI.
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compounds, there is no trace of a higher energy peak. Further
comparisons between these different methods of getting a K-
edge energy are shown in Table S3 and Figure S14, which
depict poor trends when using the highest energy peak, the
energy gap between peaks, and the peak with the largest
integration. Additionally, fitting extracted peak value from a 3-
Gaussian fit gave a better trend than just using the highest
intensity point of the first derivative (Figure 8).

■ CONCLUSIONS
Comparison of K-edge energies revealed that for similar ligand
environments, a higher oxidation state has a higher K-edge
energy: Pd(I) < Pd(II) < Pd(III) < Pd(IV). Using two
different ligand backbones, Me3tacn and tBuN4, we observed
that K-edge energies increase along with the coordination
number, going from 4- to 5- and 6-coordinate metal centers,
while also providing insight into the degeneracy of the 5p
orbitals. The Pd K-edge energies also increased when
substituting strong σ-donating methyl groups with weaker
field π-donating ligands such as chlorides, consistent with a
qualitative ligand field analysis where π-donating ligands lead
to an increase of the energy of the π-antibonding metal-based
orbitals. Additionally, increasing the overall charge of the
complex by replacing charged ligands (i.e., halides and methyl)
with neutral ligands (i.e., acetonitrile) increased the K-edge
energies. We were also able to distinguish between
mononuclear and binuclear species, which is particularly
useful for cases in which paramagnetic states are coupled.
Overall, this study of a series of 25 palladium complexes in
varying ligand environments provides important insights into
the use of XAS to study in situ Pd systems to monitor ligand
substitution, change in the coordination environment, and
redox reactions.
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