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Abstract

Kp valence-to-core (V2C) X-emission spectroscopy (XES) has gained prominence as a tool for
molecular inorganic chemists to probe the occupied valence orbitals of coordination complexes, as
illustrated by recent evaluation of KB V2C XES ranging from titanium to iron. However, cobalt
KB V2C XES has not been studied in detail, limiting the application of this technique to probe
cobalt coordination in molecular catalysts and bioinorganic systems. In addition, the community
still lacks a complete understanding of all factors that dictate the V2C peak area. In this
manuscript, we report experimental cobalt KB V2C XES spectra of low-spin octahedral Co(ll)
complexes with different ligand donors, in conjunction with DFT calculations. Cobalt Kp V2C
XES was demonstrated to be sensitive to cobalt-ligand coordination environments. Notably, we
recognize here for the first time that there is a linear correlation between the V2C area and the
spectrochemical series for low-spin octahedral cobalt(l11) complexes, with strong field r acceptor
ligands giving rise to the largest V2C area. This unprecedented correlation is explained by
invoking different levels of rc-interaction between cobalt p orbitals and ligand orbitals that
modulate the percentage of cobalt p orbital character in donor MOs, in combination with changes
in the average cobalt-ligand distance.

1. Introduction

Very recently, K Valence-to-Core (V2C) X-ray emission spectroscopy (XES) has attracted
much attention as a promising tool for investigating the coordination environment of
transition metal centers.1=3 While the phenomenon of KB XES has been known for a long
time by physicists, recent developments in hard X-ray spectrometer instrumentation,*-8
together with the high flux and brilliance provided by third-generation synchrotrons, have
afforded the higher energy resolution and greater sensitivity needed to probe the chemically
informative valence-to-core region of the Kg X-ray emission spectrum. This greatly
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improved resolution and sensitivity have thus made the technique accessible and useful to
the inorganic community. Traditionally, first row transition metal K-edge X-ray emission
spectroscopy is carried out using a synchrotron radiation source to excite a 1s electron. The
core hole is immediately filled by an electron from an orbital of higher energy, which is
accompanied by the emission of an X-ray photon. Metal KB mainline emission is
characterized by the transition from the metal np to 1s orbital, and is split into K3, 3 and Kg
features, with the spectral shape dominated by 3p-3d exchange.®10 Previous studies of Fe
KB XES suggest that these mainline features are sensitive to metal spin state,!1 metal
oxidation state, and metal-ligand covalency.12

Besides the KB mainline, it is possible to have the core hole filled by valence electrons from
ligand np or ns orbitals. This pathway occurs at a much lower probability than the mainline
transitions and gives rise to K, 5 and KB~ features located at energies higher than the
mainline features. These Valence-to-Core (V2C) transitions directly probe filled, ligand-
based valence orbitals, and have been shown to provide a wealth of information on ligand
identity (including ionization potential, protonation state, and hybridization) and metal-
ligand bond lengths for structurally well- characterized molecular complexes of iron,11:13-25
manganese,25-3! titanium,32 chromium?32 and vanadium.34 Compared to traditional X- ray
absorption spectroscopy (XAS), which probes unoccupied molecular orbitals (MOs), XES
reveals information about occupied MOs and thus nicely complements XAS for providing
electronic structure descriptions.11:12.22.26 \While some of the early interpretations of KA
V2C XES were largely empirical, more recently a good agreement between experimental
and density functional theory (DFT) calculated VV2C spectra has been achieved.11:26.:35 This
has facilitated in-depth and quantitative investigations of the composition of valence
molecular orbitals, and their contributions to experimental spectra.

To better evaluate the benefits and limitations of this technique, researchers have attempted
to correlate the intensity and peak areas of VV2C features with molecular attributes of
coordination complexes. Previous studies have demonstrated that Fe and Mn V2C XES
features are dominated by electric dipole transitions, which follow the dipole selection
rule.1=3 That is, mixing a higher percentage of metal p character into the donor MOs
consisting primarily of ligand orbital character provides the mechanism for intensity. It was
previously shown that high-oxidation state and low- spin complexes tend to produce bigger
V2C areas compared to their low-oxidation state or high-spin counterparts, respectively.
This has been attributed to the difference in metal-ligand average distance, a well-
established factor to modulate V2C intensities, as shorter metal- ligand distances allow more
effective overlap between ligand orbitals and metal p orbitals. In addition to the metal-ligand
distance, the Fe—O-Fe bond angles of iron dimers were recently found to be an important
factor that is correlated with \V2C spectral intensity.22 In another study, the intensity of
certain V2C features allows the counting of the number of CO ligands in model complexes
of [FeFe]-hydrogenase.1® As V2C XES is still a relatively new technique, a complete
understanding of all factors that dictate the spectral properties, including energy, shape,
intensity, and peak areas, has not been achieved. This is therefore an area that has attracted
considerable attention for the on-going development and application of K V2C XES to
probe molecular transition metal complexes.
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These recent exciting results in experimental K8 V2C XES for early first-row transition
metal elements, ranging from Ti to Fe, prompted us to leverage V2C XES for late first-row
transition metal elements. While cobalt X-ray emission spectra emphasizing the K3
mainline features have been reported previously,?-36-39 the use of cobalt K3V2C XES to
experimentally probe valence orbitals has not been deeply explored to the best of our
knowledge. While elements like Cr and Mn are well suited for XES investigations with
easily measurable K satellite peaks as previously noted, there is a progressive decrease in
the intensity of KB X-ray emission spectra with increasing Z values away from these
elements across the first- row transition metal series, making the cobalt K8 measurement
intrinsically more challenging.® On the other hand, cobalt is a critical element used in
enzymes and in man-made catalysts. A thorough understanding of cobalt K8 V2C XES
characteristics will be of benefit for understanding structural factors contributing to the
reactivities of these cobalt sites. In biology, cobalt is an essential trace element for life and is
found in the cobalamin cofactor of vitamin B1, and other enzymes like nitrile hydratase.#!
In catalysis, molecular cobalt catalysts have been successfully used for CO, activation*2 and
H, evolution?3 by harnessing solar energy. Notably, cobalt(l11) complexes of
dimethylglyoxime ligands with different axial ligands, known as cobaloximes, were shown
to function as a pre-catalyst for low over-potential hydrogen evolution.#3 Cobaloximes were
also developed as bioinorganic model compounds for vitamin B1,.44 Finally, recent two-
color Fe and Ni V2C XES studies of [NiFe]-hydrogenase suggested that signature features
indicative of the presence of metal-hydrides are present in the iron KB V2C X-ray emission
spectra but not in the Ni K3 data.?® This suggests that conclusions drawn for a given metal
element’s KB V2C X-ray emission spectra may or may not be readily applied to other metal
elements. Therefore, we reason that it is necessary to carry out systematic cobalt K8 XES
studies to evaluate the benefits and limitations of this technique applied to this particular
element.

In the current work, we carried out combined experimental and computational studies of a
structurally diverse set of low-spin Co(l1l) complexes with octahedral coordination
geometry. To the best of our knowledge, this is the first systematic study of cobalt KgV2C
XES. The valence-to-core features were shown to be sensitive to cobalt-ligand coordination
environments. Notably, we demonstrate through both experimental and theoretical
approaches that V2C peak area is correlated with the spectrochemical series for low-spin
cobalt(l11) complexes, with strong field r-acceptor ligands producing the largest V2C area.
This previously unrecognized correlation is explained by invoking the rc-interaction between
cobalt p orbitals and ligand orbitals, in combination with changes in the average cobalt-
ligand distance.

2. Experimental Section

2.1 Sample Preparation and Characterization

All reagents, including [Co(NH3)g]Cls (1) and [Co(acac)s] (5), were purchased from
commercial sources such as Sigma-Aldrich and used without further purification unless
otherwise noted. Elemental analyses were performed at Atlantic Microlab, Inc.
Abbreviations used: acac = acetylacetonate; dmgH = dimethylgloxime monoanion; dmgH, =
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neutral dimethylgloxime; en = ethane-1,2-diamine. [Co'!!(NH3)5CIICl, (2),4°:46
[Co"'(NH3)4CO3]NO; (3),%47 [Co''!(en)3]Cl3 (4),%°[Co'"!(dmgH,)(dmgH)CI] (6),%8
[Co'"'(dmgH)2(py)CI] (7),%°[ Co!"'(dmgH),('Pr)(py)] (9),*° and [Co'"!(dmgH)(cis-1,2-
dichlorovinyl)(py)] (10)3° were prepared following previously published procedures.

Synthesis of [Co!''(dmgH),(py)2]NO3 (8). Cobalt nitrate hexahydrate (1.18 g, 4.05 mmol)
and dimethylgloxime (0.99 g, 8.53 mmaol) were placed in a large test tube with a stir bar, and
then dissolved with a minimum volume of boiling absolute ethanol. Pyridine (0.80 mL, 9.93
mmol) dissolved in a minimum volume of absolute ethanol was added to the reaction
mixture with vigorous stirring. Heating and stirring was continued for 30 minutes. After the
heat was turned off, the solution was allowed to cool while a stream of air was bubbled into
the solution for one hour. The air stream was then removed and the solution was allowed to
sit at room temperature for an additional hour while the precipitate formed. The complex
was collected using vacuum filtration and washed with absolute ethanol and diethyl ether.
Yield: 0.78 g (38%). Anal calc. for [Co'!'(dmgH),(py)2]NO3 (CoC1gH24N707): C: 42.44, H:
4.75, N: 19.25; found: C: 42.37, H: 4.78, N: 19.15. 1H NMR (300 MHz, d>MeCN): & ppm
2.24 (12H, s, CH3), 7.40 (4H, m, py), 7.88 (2H, m, py), 8.26 (4H, m, py).

2.2 X-ray Emission Data Collection and Analyses

Cobalt complexes as powders were mixed with boron nitride in a 1:4 ratio (wt:wt), ground to
a fine powder, packed into 6x3x1.6 mm3 aluminum sample holders, and sealed with 0.0025
inch-thick Kapton tape. X-ray emission spectra were collected at the C1 station of the
Cornell High Energy Synchrotron Source (5.3 GeV, 90-110 mA). The beamline was
equipped with a multilayer monochromator (~90 eV bandpass), with the energy fixed at 9
keV for the measurements. Samples were mounted at 45° to the beam and measured at room
temperature. Beam size on the sample was approximately 1Imm x 4mm. Energy selection of
emitted X-rays was achieved using five spherically-bent Si(533) analyzer crystals arranged
in a Rowland circle. A PILATUS 100K pixel array detector was used to collect energy-
selected photons. Data were measured in terms of the angular position of the analyzer and
detector. A helium bag placed between the sample, analyzer crystals, and detector
minimized attenuation of emitted photons. Energy calibration was provided by measurement
of Co foil KB (7649.4 eV) and Dy foil L, (7635.7 eV) spectra, and spectra were
normalized to the beam intensity measured with an ion chamber upstream of the sample.
Individual scans for samples were overlaid and carefully examined for evidence of radiation
damage during measurement, as judged by the Kg main-line and VV2C spectral features and
energies. Only scans that show no signs of radiation damage are averaged using pyMCA %!
and the averaged scan was used for subsequent analysis. Typically, 8-12 scans were
collected and averaged for each sample.

All subsequent data analysis was conducted with Fityk.52 Averaged scans for a given sample
were converted to an energy scale using Bragg’s law and calibration factors derived from the
Co and Dy reference spectra. Energy calibrated emission data were normalized to a total
spectral intensity of 1000 units over the entire spectral range collected (7615.7 to 7726.7
eV). Energies for the most intense KB mainline feature were determined using a simple
model consisting of two pseudo-Voigt functions where the fraction of Gaussian and
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Lorentzian character was allowed to float. The Kp mainline energy was taken as the
maximum of the more intense fit peak.

In order to isolate the valence-to-core features for quantitative peak-fitting analysis, the
absorption tail from the Kp mainline peak was removed following methods described
previously, 23353 in which the mainline absorption tail is fit with pseudo-Voigt functions
over data points of the Kp; 3 tail at energies lower and higher than the V2C features
(7650.0-7680.0 eV and 7723.0-7726.7 eV), and then subtracted from normalized data to
isolate the valence-to-core features for quantitative peak-fitting analysis. Briefly, the tail was
fit to 4-5 pseudo-\Voigt functions (fixed at 50:50 Gaussian:Lorentzian character), which were
then subtracted from the normalized spectra. A good tail-removal fit was defined as one with
a near-zero random residual in the 7650-7680 eV range with no rising or falling residual at
the high end of this range. These baseline-subtracted spectra were then subjected to peak-
fitting analysis over an energy range of 7680— 7725 eV. For energy-calibrated, baseline
corrected, and normalized experimental spectra, the KB, 5 peaks were accurately modeled
with two to four pseudo-Voigt functions with a fixed 50:50 mixture of Gaussian and
Lorentzian character. Where appropriate, additional pseudo-Voigt functions (constrained to
50:50 Gaussian:Lorentzian) were added to model the KB” peak and/or a small peak located
at energies higher than the KB, 5 feature. Integrated peak areas, energies, and their errors are
those reported by the Fityk program. The best fit to experimental V2C XES spectra was
chosen by considering both the Weighted Sum of Squared Residuals (WSSR) and the errors

Yi—Y (in;a) 2

9 N
in peak position and area. WSSR is defined as X (a) :Zizl P (o isthe

standard deviation).

2.3 DFT Calculations

Unless otherwise specified, density functional theory (DFT) geometry optimizations of
cobalt complexes investigated in this study were performed using the Gaussian 09 Revision
D.01 software package® as implemented on the Extreme Science and Engineering
Discovery Environment (XSEDE).%® Optimized structures were obtained using the hybrid
functional B3LYP56-59 and the 6-31g(d)®%:61 basis set. Single-point DFT calculations to
compute X-ray emission spectra based on geometry- optimized structure coordinates
(tabulated in the SI) were performed using the BP86 functional and def2-TZVP basis set
with the ORCA quantum chemical suite (v3.0.3).52 For complexes 1 and 5 where crystal
structures are available, single-point DFT calculations to compute X-ray emission were also
carried out. Quantitative analysis and deconvolution of calculated X-ray emission spectra
using fragment analysis were aided by MOanalyzer (v1.2).83 To align with experimental
data, calculated VV2C X-ray emission spectra were calibrated by applying a scalar shift of
+197.0 eV, and plotted with a 2.0 eV width (hwhm), i.e., every stick of the calculated V2C
spectra is broadened with the specific width of 2.0 eV using a Pseudo-Voigt function that has
a Gaussian weight of 0.5. Unless otherwise specified, molecular orbitals were visualized
with contour levels of 0.050 using Chimera v1.10.1.54 The octahedral crystal field splitting
parameter (Aq¢t) is determined from the DFT-calculated energy level difference between the
average energy of eg-derived d orbitals and that of the t,g-derived d orbitals.
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3.1 General methodology remarks: experiment and theory

While much progress has been made in recent years, KB XES is still a developing tool for
the inorganic community to probe metal-ligand interactions. In this vein, cobalt K8 V2C
XES has not been systematically studied.3”:38 To develop the methodology for cobalt, we
measured the Co K X-ray emission spectra of a series of structurally well-characterized
low-spin octahedral cobalt(I11) complexes (Scheme 1) with a systematically varied donor set
(6N, 2N/40, 60, 5N/1C, 5N/1ClI, 4N/2Cl). Ligand donors in our study include monodentate
and polydentate amines (e.g., NHsz, en), oxygen donors (acac and carbonate), halides, and a
large family of N4 dmgH-based complexes that can bind a wide range of exogenous ligands
in the trans-axial positions.

After carefully checking and overlaying scans for each sample,we concluded that we did not
detect evidence for radiation damage for any of the 10 complexes described here during data
collection, as both mainline and VV2C features are superimposable for consecutive scans.5®
The absence of radiation damage for these Co(l11) complexes in the solid state is not
surprising, as photo-reduction is generally caused by the production of hydrated electrons in
solution from the solvent, e.g., water, that can react with the metal center. Recent XAS work
has shown that freeze-dried biological materials exhibit greatly reduced sensitivity to X-ray
induced photochemistry.58

To determine the peak area of the experimental VV2C spectra, we employed a constrained fit
model that consists of a limited number of pseudo-Voigt functions to accurately fit the V2C
features (Table S1 and Figure S1). The areas of individual Pseudo-Voigt functions for each
complex were summed up to produce the total area for the V2C region of the X-ray emission
spectra. Table 1 summarizes the results of our analysis, with more detailed fitting summaries
provided in the Supporting Information (Table S1).

To facilitate interpretation of our experimental K8 V2C XES results, single-point DFT
calculations using ORCA®2 were performed on geometry-optimized and published crystal
structures of cobalt complexes used in this study. A simple one-electron model was used to
calculate X-ray emission spectra, with each donor MO providing a single transition
comprising contributions from electric dipole, magnetic dipole, and electric quadrupole
effects.1 The electric dipole accounts for 98 — 99% of total intensity for calculated V2C X-
ray emission oscillator strength for this class of cobalt complexes, consistent with previous
results for Fell14 and Mn.28

For all complexes, satisfactory agreement was achieved for the K, 5 features between DFT-
calculated spectra and experimental spectra, after an energy calibration and a set of width
modulation parameters were applied to the calculated spectra (Figures 1B and 1C). The
single-particle theoretical model, in correlation with experimental spectra, allows us to
pinpoint VV2C transitions to individual donor MOs, rather than multi-electron microstates.
Therefore, both qualitative and quantitative insights into the transitions between molecular
orbitals that produce spectral features can be gained, as presented in sections 3.2 and 3.3.
Please note that for our discussion of the correlation of DFT-calculated VV2C spectra with
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experimental spectra, we will focus more on the K3, 5 features, as the experimental K"~
peaks are often obscured by the mainline Kp1 3 tail.

For computational methods utilized in this study, the energy calibration scalar shift was
determined to be 197.0 £ 0.5 eV, and was used to align the calculated spectra with the
experimental spectra. This is consistent with previous observations that DFT calculations
using the BP86/def2-TZVP method underestimated the V2C X-ray emission energy, e.g., a
scalar shift of 59.2 + 0.6 eV for Mn28 and 182.5 + 0.8 eV for Fell KB spectra. In addition to
the scalar correction, a linear energy correction scheme following a published procedure33
was also attempted (Figure S2). Both energy calibration methods successfully correct for the
systematic error introduced in DFT-calculated spectra, as judged by the average magnitude
of the difference between energy-shifted calculated energies and experimental energies, |A£|
(0.68 + 0.55 eV for scalar correction, and 0.51 + 0.48 eV for linear correction). The
correlation plot of the calculated oscillator strength in the VV2C region and experimental V2C
area is shown in Figure S3. Similar correlation plots of experimental and theoretical V2C
area were previously established for Fel114 and Mn28 K8 spectra.

3.2 Low-spin octahedral cobalt(lll) X-ray emission spectra

To compare the effects of different cobalt coordination environment on X-ray emission
spectra, representative cobalt K3 X-ray emission spectra of [Co!!'(NH3)g]Cl3 (1),
[Co'l(acac)3] (5), and [Co!'l(dmgH)2(C1)(py)] (6) with distinct ligand donor sets are shown
in Figure 1. Their KB main-line features are characterized by a prominent K 3 peak at
around 7649 eV, while a distinct K’ peak is not present in spectra of any of the complexes.
The absence of a sizable KB mainline splitting is consistent with previous predictions for a
low-spin db system!2 and experimental spectra.® The K mainline peak energies, spectral
shape, and intensities for the family of low-spin cobalt(l11) complexes studied here do not
exhibit sizable sensitivity towards changes in the ligand donor sets (Figure 1A).

In contrast to the mainline peaks, the V2C regions of the Co KB X-ray emission spectra of
complexes 1, 5, and 6 were very sensitive to changes in the cobalt-ligand coordination
environment (Figure 1B). Notably, complex 1 with only pure o-donor ligands exhibits a
single KB, 5 peak at 7705.7 eV, while r-donor or acceptor-containing complexes 5 and 6
show split K&, 5 peaks, analogous to observations made previously for Fe KgV2C XES.14
The split KB, 5 peaks of 6 have one prominent peak at 7706.3 eV and a shoulder at 7701.1
eV, while two major peaks centered at 7707.2 and 7701.0 eV are observed for complex 5.
The DFT calculations correctly replicate the K, 5 spectral shapes for all these complexes
(Figure 1C).

For experimental VV2C features of cobalt complexes 1, we use two pseudo-Voigt functions to
fit the KB, 5 V2C feature: one function models the majority of the peak centered at 7705.7
eV, and a second function accounts for the shoulder feature at 7701.1 eV. In addition, the
KB’ peak in the experimental spectrum is modeled by a single pseudo-Voigt function with a
center at 7691.3 eV (Table S1). DFT calculations suggest that MOs of ty, symmetry
(collectively labeled as MOs a) give rise to the K5, 5 peak at 7705.7 eV, with NH3-ligand-
based p orbitals contributing significantly to these molecular orbitals (~77% nitrogen p-
orbital character according to a Lowdin population analysis), as shown in Figure S4 and
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Table S2. For MOs a, a sizable cobalt p-orbital character of 9% is mixed into this donor MO,
providing a mechanism for the intensity of the 7705.7 eV transition. In addition, DFT
calculations predict that the K3, 5 shoulder at ~7701 eV is derived from donor MOs (labeled
as MOs b) with ~62% nitrogen p-orbital and ~33% hydrogen s-orbital character. The Kg”
peak at 7691.3 eV is derived from MOs (labeled as MOs c) that have predominant
contributions from ligand-based s orbitals (~47% nitrogen s-orbital and ~41% hydrogen s-
orbital character). The relatively few MOs that contribute significantly to the predicted V2C
XES allowed us to examine the theory-predicted transitions in correlation with the curve-
fitting results of the experimental spectrum of complex 1. The calculated energies of Kg”
and K, 5 peaks of complex 1 are in excellent alignment with component peaks in curve-
fitted experimental spectra (Table S3).

For the double-humped K23, 5 features exhibited by the [Co(acac)]®* (complex 5), two
prominent pseudo-Voigt functions centered at 7707.2 and 7701.1 eV are required to fit the
experimental spectrum; a third function is incorporated with a center at 7695.1 eV to
account for the low-energy Kz, 5 shoulder (Table S1). The KB peak of 5 is modeled by a
single peak centered at 7685.9 eV. The large energy shift of the K5~ peak of 5 relative to that
of complex 1 is reminiscent of that calculated for [Fe(111)X4]~ where X = NH ~, OH~,
F~,11.17 and is ascribed to the difference in the ionization energies of oxygen vs. nitrogen 2s
orbitals. DFT calculations indicate that the K, 5 peaks of complex 5 centered at both
7707.2 eV and 7701.1 eV have contributions from multiple MOs, with these MOs having
predominantly acac ligands’ p-orbital character (Figure S5, Table S4).

Labeled as d and e, two MOs contribute significantly to the intensity of the K, 5 feature
centered at 7707 eV of complex 5. A Léwdin population analysis reveals that these two
MOs d and e consist primarily of acac-derived oxygen p orbitals (oxygen p-character in MO
d and e is 63.2% and 57.5%, respectively). For MOs labeled as f, g, and h that play a sizable
role in the observed intensity at 7701 eV, acac-derived carbon p-orbital character is
significant (the carbon p-orbital character in MO f, g, and h is 50.3%, 53.1%, and 32.2%,
respectively). The DFT-calculated spectrum suggests that the K~ region is derived from
MOs with acac-ligand s-orbital character.

Generally we observe reasonable agreement between DFT- computed and experimental
spectra, but there are some notable differences. First of all, the relative intensities of the Kg”
features for complexes 1 and 5 in the experimental spectra were considerably weaker than in
calculated spectra. This discrepancy is attributed to the weak K’ ’features being obscured
by the mainline K3, 3 tail, and has been noted in VV2C spectra of other elements.11.22:28 |n
addition, multi-electron features? centered at ~7716 eV appear above the KB 5 region of the
experimental V2C spectra for complexes 1 to 6. These multi-electron features are not seen in
the DFT-calculated V2C spectra, as the current level of theory represents a simple one-
electron approximation.11

3.3 Cobaloximes

For V2C X-ray emission spectra of cobaloximes (complexes 6-10), two pseudo-\oigt
functions are needed to fit the low and high energy features of the experimental Kf, 5 peak

Dalton Trans. Author manuscript; available in PMC 2017 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schwalenstocker et al.

Page 9

centered at ~7701 eV and ~7707 eV, respectively; a third pseudo-Voigt function centered at
~7696 eV is used to model the K, 5 shoulder on the low-energy side (Table S1). Kg”
features are not well-resolved in experimental spectra of complexes 6-10.

We will use complex [Co'!'(dmgH)(dmgH,)Cl,] (6) as a representative example to discuss
key MOs that contribute to the V2C X-ray emission spectra of cobaloximes. Two MOs,
labeled as j and k, contribute considerably to the prominent K3, 5 feature centered at 7706.5
eV (Figure 2, Table S5). Based on a Léwdin population analysis, these two MOs have
significant dimethylglyoxime-derived oxygen p-orbital character (46.7% for MO j, and
35.2% for MO k), while the sum of dimethylglyoxime- derived nitrogen p-orbital and
axially coordinating chloride p-orbital character is also substantial (33.0% for MO j and
31.4% for MO k). For the K, 5 shoulder centered at 7701.6 eV, the MO labeled as |
immediately stands out as an important contributor. This MO has 95.2% dimethylglyoxime
ligand character, including 34.8% N p, 19.8% O p, and 26.5% C p-orbital character. See
Table S5 for detailed results of the Léwdin population analysis for MOs j — m.

Next, we move on to compare V2C X-ray emission spectra of [Co!!l(dmgH)(dmgH,)(Cl),]
(6), [Co'M'(dmgH),(C)(py)] (7), and [Co''(dmgH),(py)2](NO3) (8). Systematically varying
the trans-axial ligands from two chloride ligands, to one chloride and one pyridine ligands,
and finally to two pyridine ligands, results in a trend of increased intensity of the K5, 5
shoulder feature at 7701 eV relative to the 7706 eV peak in the experimental spectra (Figure
3A). DFT calculated spectra nicely replicate the experimental trend of increased intensity for
the 7701 eV peak when going from the dichloro-, chloropyridine-, to dipyridine- bound
cobaloxime complexes (Figure 3B).

To provide more qualitative insights into the spectral changes that arise from substituting the
trans-axial ligand, the cobaloxime theoretical spectra were investigated using fragment
deconvolution analysis aided by MOAnalyzer.53 MOs with >20% Léwdin populations of
atomic orbitals from the two chloride moieties in 6 or two pyridine ligands in 8 were
grouped and examined, and XES transitions from these MOs are shown in Figure 4. See
Tables S6-7 for detailed results of the Léwdin population analysis for MOs a. — C. For
complex 6, several MOs (labeled as MOs a and B) immediately stand out in the fragment
deconvolution analysis. However, neither of MOs a or B contributes to the 7701 eV spectral
feature. For complex 8, several orbitals with significant contributions from the pyridine
ligands were singled out during our fragment deconvolution analysis, and are labeled as -y,
8, e, and C, respectively. In particular, the two donor MOs y and 6 contribute to the intensity
of the shoulder-like features at around 7701 eV, and are centered at 7700.3 eV and 7703.6
eV, respectively. Examination of the Léwdin population analysis and contour plot reveal that
the MOs y and & have significant contributions from pyridine o-bonding orbitals. This
comparison of complexes 6 and 8 therefore reveals the molecular orbital origin for the
spectral sensitivity of the py- vs. chloride- ligated cobaloximes.

3.4 Factors that contribute to V2C X-ray emission areas

The large set of low-spin octahedral cobalt(I11) complexes investigated in this study allows
us to evaluate factors that contribute to V2C X-ray emission spectra. Our experimental V2C
data show that low-spin octahedral cobalt(I11) complexes with stronger field ligands
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generally possess larger peak areas in the V2C region than those with weaker field ligands.
For example, cobaloximes with the rt-accepting dmgH ligands generally exhibit 10 — 25%
bigger V2C areas compared to those of cobalt(l11) complexes with amine and acac donors.
Our results are reminiscent of a previous study reporting that the \V2C area of [Fe(CN)g]3"
with strong rc-acceptor CN™ ligands is ~5 units (i.e., ~30%) bigger than that of [Fe(tacn),]3*
with pure o-donor tacn ligands, while both complexes have a low-spin octahedral iron(111)
center.11

This observation prompted us to examine whether the V2C X- ray emission areas correlate
with the spectrochemical series. We therefore computed V2C X-ray emission spectra for
over ten low- spin octahedral cobalt(I11) complexes across the spectrochemical series,
ranging from complexes with very strong field ligands like [Co(CN)g]3~ to (hypothetical)
complexes with very weak field ligands like [CoClg]3~. As shown in Figure 5, the calculated
V2C oscillator strength is linearly correlated with Ay, with stronger field ligands in the
spectrochemical series yielding bigger V2C areas. This trend is recognized for the first time
here to the best of our knowledge.

Why are the V2C areas correlated with the spectrochemical series, that is, the rt-donor/
acceptor/a-donor properties of the ligands? Low-spin and high oxidation state metal
complexes are known to give more intense V2C features,! which was justified by invoking
the presence of shorter metal-ligand bonds in these complexes.1167 To examine whether the
average metal- ligand bond distance is an important contributing factor here, we plotted the
calculated VV2C oscillator strength with the average metal-ligand bond length as shown in
Figure 6. Low- spin octahedral cobalt(l11) complexes with very weak field ligands that have
heavy atom donors, such as [Co(dtc)s] (dtc = diethyldithiocarbamate), and hypothetical
[CoClg]3~ complexes, have an average cobalt-ligand distance, ACo-L), at around 2.3 — 2.4
A. This is significantly longer compared to the rest of the complexes supported by stronger
field ligands having lighter C/N/O/F donors, with ACo-L) of 1.93+0.05 A (e.g., 1.93 A for
[Co(CN)g]®~ and 1.96 A for [Co(NH3)]3*, and 1.88 A for the Aypothetical low-spin
[CoFg]®~ complex). Therefore, there must be factors other than the average metal-ligand
bond length that contribute to the higher V2C area for low-spin octahedral cobalt(I11)
complexes with relatively strong field ligands.

In an effort to reveal additional factors, we tabulated the sum of cobalt p character (3 Co p%)
in donor MOs in the VV2C region for this series of low-spin octahedral cobalt(l11) complexes
with ligand strength across the spectrochemical series (Table 2). Notably, Y Co p% decreases
from 58.8% for [Co(CN)g]3~ with strong m-acceptor ligands to 41.8% for [Co(NH3)e]3*
with purely o-donating ligands. It was previously established that the V2C features gain
intensity by mixing metal p character into the donor MOs,14 as the V2C features are derived
primarily from electrical dipole contribution. It is the metal p character in these ligand-based
MOs that provides a mechanism for electric dipole transition. Therefore, the higher metal p
percentage for complexes with strong field r-acceptor ligands led to more intense V2C
features.

The next question we try to shed light on is why the Y Co p% in donor MOs in the V2C
region is significantly higher for complexes with strong field r acceptor ligands. Towards
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this end, we examined the contour plots of key MOs (n, 0, and p) as donor MOs that produce
intense V2C features of [Co(CN)g]3~ (Figure 7). Both ligand-based MOs n and p are well
oriented to interact with the metal p orbital(s) via a o interaction. This is consistent with
previous results that suggest o-interaction between metal p orbitals and ligand-based orbitals
with tq,, symmetry produce intense features in the V2C region. However, in addition to o
interaction, m-interaction between metal p orbitals and ligand-based orbitals are clearly
invoked for MOs o and p. The ligand group orbitals constructed with CN™ oy, op Orbitals
involved in the m-interaction indeed have the right symmetry to interact with metal p orbitals
with tq,, symmetry, as shown in the qualitative MO diagram of [M(CN)g] in Figure S8. As
MOs o and p account for ~40% of total V2C intensity, the - interaction is not negligible for
intensity of \V2C features of [Co(CN)g]3~.

As a control experiment, we examined the key donor MOs that generate intense V2C
features for complex 1 [Co(NH3)g]®* (Figure S4), as NHjs is considered as a pure o-donating
ligand in ligand field theory. Among the donor MOs that contribute significantly to V2C
features of complex 1, only MOs b invoke rt-interaction between metal p orbitals and
ligand-based atomic orbitals, while MOs a and ¢ use a-interactions; MOs b only contribute
to ~7% of the \V2C area for complex 1. For the low-spin [CoFg]3~ complex as a second
control experiment, the two donor MOs g and r that contribute to 92% of the VV2C area only
involve o-interaction (Figure S9), suggesting that rc-interaction is insignificant for this
complex as well.88 Overall, these results suggest that there is a significant amount of rc-
interaction between cobalt p orbitals and ligand orbitals for low-spin octahedral cobalt(l11)
complexes with rt- accepting ligands, leading to higher Y Co p% in the V2C region and thus
bigger V2C areas.

4. Discussion and Conclusions

4.1 General remarks

Valence-to-core (V2C) X-ray emission spectroscopy (XES) has attracted much recent
interest within the inorganic community. Unlike iron, manganese and other lighter transition
metal elements, the KB V2C XES of cobalt complexes has not been well explored. To this
end, we have examined the application of cobalt KB V2C XES as a promising technique for
probing cobalt-ligand interactions. In the current work, we develop a thorough
understanding of cobalt KB V2C X-ray emission spectral features of a structurally diverse
set of low-spin Co(l11) complexes for the first time through combined experimental and
computational studies. The experimental Co KB V2C features were found to be sensitive to
valence orbital composition and cobalt-ligand environment, consistent with previous studies
for iron,11:13-25 manganese,26-3! titanium,32 chromium?33 and vanadium.34 The ORCA
single particle model was used to compute the VV2C features of the cobalt complexes in this
study.

4.2 KB V2C XES of cobalt vs. other elements

Using KB V2C X-ray emission spectra of M(acac); complexes (M = Mn, Fe, or Co), we can
gain some understanding into the benefits and limitations of the V2C XES applied to
different elements. From Mn,28 Fe,11 to Co, the difference between the KB 3 and KBy 5
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energies increased significantly from 40.1 eV for Mn(acac)s, to 44.2 eV for Fe(acac)s, and
then to 51.3 eV for Co(acac)s;. Compared to Mn and Fe data, the greater energy separation
between the KB4 3 and KB, 5 lines for Co facilitates the removal of the KB4 3 tail
background. On the other hand, the area of the V2C region decreases sizably from 17.5 for
Mn(acac)s, to 12.3 for Fe(acac)s, and finally to 11.2 for Co(acac)z (Table 3). The reduced
V2C area from Mn(acac)s and Fe(acac)3 to Co(acac)s does echo the trend previously
observed in the normalized intensity of the X-ray emission KB’ mainline for trivalent Mn,
Fe, and Co complexes.® Also, it was previously demonstrated that the larger transition dipole
moment for the KB, 5 region and the enhanced metal np character in the KB’ region
combine to give a larger V2C area for Mn compared to Fe.28 At last, we remind the readers
that the most valuable comparisons are between compounds with the same spin state, which
is not the case here for these three trivalent M(acac); complexes (M = Mn, Fe, or Co).
Nevertheless, the comparison using M(acac)s complexes provides useful insights for the
application of this spectroscopic technique to cobalt in comparison with other 3d transition
metals.

4.3 Sensitivity of V2C spectrato ligand environments

Complexes 6 — 8 have two frans-axial ligands that can be two chloride ligands, one chloride
ligand and one pyridine ligand, or two pyridine ligands, respectively. For this series of
complexes, we experimentally observed that the intensity of the 7701 eV shoulder relative to
the 7706 eV peak is sensitive to the number of pyridine as the frans-axial ligands (i.e., 0, 1,
or 2). Correlation with calculated VV2C spectra and fragment analyses suggest that this
sensitivity at 7701 eV is due to the pyridine o bonding orbitals comprised of pyridine C and
N p orbitals. The sensitivity of Co Kp V2C XES to ligand environments (in this case the
change of only one or two ligands) suggests that cobalt Kp VV2C XES could potentially be
used to study spectra of mixtures of molecular transition metal complexes via methods like
linear combination analysis of spectra of standard complexes,®9:70 although current spectral
resolution and signal-to-noise ratio might present challenges for the spectral analysis. Of
course, complementary characterization techniques such as UV- visible and X-ray
absorption spectroscopies should be utilized for future studies of mixtures in order to better
gauge the sensitivity and limitation of V2C XES for this application.

4.4 Spectrochemical series

As KB V2C XES is an emerging technique for inorganic chemists, there has yet to be a
complete understanding of all factors that modulate the energy, shape, intensity, and area of
V2C features. We recognize here for the first time a linear correlation between V2C area and
the spectrochemical series for low-spin octahedral cobalt(I11) complexes, in which strong
field = acceptor ligands give rise to the largest V2C areas. We suggest that the significant
overlap between cobalt p orbitals and ligand-based orbitals via r-interaction, as seen in
[Co(CN)g]3~ with strong 1t acceptor ligands, increases cobalt p characters in donor MOs in
the V2C region and thus provides the mechanism for increased V2C area. These rt-
interactions are absent or negligible for pure o-donating ligands like NH3. Therefore,
complexes with predominantly o-donating ligands will have lower cobalt p characters in the
donor MOs responsible for the V2C features. Furthermore, Aypotheticallow-spin octahedral
cobalt(l11) complexes with weak field rt-donors, like CI~, produce even smaller V2C areas
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than those with pure o-donating ligands. This is attributed to significantly longer cobalt-
ligand average bond lengths.

Pollock et al. showed previously that o-donating ligands vs. rt- donating/withdrawing
ligands can be distinguished in Fe V2C XES by a single K, 5 peak versus split K&, 5
features, respectively.14 Here, we further demonstrate using experimental and theoretical
studies that the ability of ligands to participate in rt-bonding with the metal center influences
not only the spectral shape but also the V2C area of low-spin octahedral cobalt(l11)
complexes. Notably, while Pollock et al. showed that contributions from the metal-ligand -
interaction were negligible for the V2C intensities of iron complexes,14 we demonstrate in
this study that the rc-interaction for low-spin octahedral cobalt(I11) plays a significant role in
modulating the V2C area of complexes with m acceptor ligands relative to those with pure
o-donors.’!

Overall, this study provides benchmark data to understand the benefits and utility of cobalt
KB V2C XES. The results of this work will provide a firm basis for the use of Co KgV2C
XES as a new spectroscopic tool to study the physical and electronic structures of a wide
range of cobalt coordination centers in (bio)catalysts and for other applications. The
observed correlation of Co V2C X-ray emission area with ligand spectrochemical series,
coupled to the observed significance of m-interactions between ligand orbitals and metal p
orbitals for this correlation, provides an impetus for future studies to better gauge the effects
of different molecular attributes and other factors that modulate V2C X-ray emission
spectral features.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Energy-calibrated normalized background- subtracted experimental cobalt K8 X-ray

emission spectra of cobalt complexes [Co!!' (NH3)g]Cl3 (1), [Co'(acac)s] (5), and
[Co''(dmgH)(dmgH5)(Cl)] (6), including the mainline region (Panel A), and the V2C
region (Panel B). DFT-calculated cobalt K V2C X-ray emission spectra of 1, 5, and 6 are
shown in Panel C (plotting parameters: a scalar shift of 197.0 eV for energy calibration, a
broadening of 2.0 eV for half-width-at-half-maximum, and Pseudo-\oigt functions with
50:50 Gaussian:Lorentzian). X-ray emission spectra were computed based on coordinates of
crystal structures for complexes 1 and 5, and a DFT geometry-optimized structure for 6.
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Figure 2.
Calculated cobalt KB V2C X-ray Emission spectra of [Co'!!(dmgH)(dmgH,)Cl,] (6) and

molecular orbitals (labeled as MOs j to m) that contribute significantly to the calculated V2C
X-ray emission spectrum (only transitions in the V2C region are plotted).
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Figure 3.
Comparison between experimental (panel A) and DFT-calculated (panel B) cobalt K8 V2C

X-ray emission spectra of [Co'!!(dmgH)(dmgH)(Cl),] (6), [Co'! (dmgH)»(C1) (py)] (7), and
[Co!! (dmgH)2(py)2](NO3) (8).
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Figure 4.
Deconvolution of calculated X-ray emission spectra (solid red line) of the complexes

[Co'M'(dmgH)(dmgH,)(Cl)] (6) (Panel A) and [Co'!'(dmgH),(py)-](NO3) (8) (Panel B)
showing contributions from MOs with significant character from the two chloride or two
pyridine moieties (black dotted line), respectively; a threshold of >20% Loéwdin population
was applied to the fragment analysis.
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Figure 5.
The correlation plot of calculated V2C XES oscillator strength vs. Ay for fow-spin

octahedral cobalt(l11) complexes. The octahedral crystal field splitting parameter (Aqoct) iS
determined as the DFT-calculated energy level difference between the average energy of e4-
derived d orbitals and that of the t,4-derived d orbitals. *[Co(NH3)g]3* with Ager = 0.114 is
calculated from coordinates of a crystal structure, and [Co(NHz3)g]3* with Ay = 0.0980 is
based on coordinates of a DFT geometry-optimized structure (see Sl for details of
coordinates). Hypothetical low-spin cobalt(l11) complexes with very weak field ligands, such
as [CoFg]3, are included in this correlation plot.
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Figure 6.

Calculated V2C XES oscillator strength vs. average Co-L bond distance for low-spin
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octahedral cobalt(I11) complexes. * The two [Co(NH3)g]3* complexes are based on

coordinates of a crystal structure (average bond distance of 1.96 A) and a DFT geometry-
optimized structure (average bond distance 2.01 A), respectively (see Sl for details of

coordinates).
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Figure 7.
Calculated cobalt KB V2C X-ray Emission spectrum of [Co!!! (CN)g]3~ and key molecular

orbitals (labeled as MOs o to p) that contribute significantly to the spectrum.
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Scheme 1.
Cobalt complexes used in this study.
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KB, 3 energies, KB, 5 energies, background-subtracted V2C area of cobalt complexes studied in this work.

DFT-calculated

Compounds E):(p/.gin(e;(/;;/;f Exp. En(eer\(/;;/bof Kps onfp\'/':éia Oscilla(t:L ?(tjrength
[Co"(NHa)e]Cls (1) 7649.6 7705.7(1) 12.5(4) 7.12x10-3
[Co"(NH3)5CI]Cl; (2) 7649.6 7706.1(1) 12.05) 6.00x10-3
[Co"(NH3)4(CO3)INO;3 (3) 7649.6 7706.0(1) 12.3(5) 6.68x10-3
[Co(en)sICl; (4) 7649.6 7706.4(1) 12.5(10) 7.14x10-3
[Co'"!(acac)3] (5) 7649.8 7707.2(1)/7701.1(1) 11.2(5) 6.69x10-2
[Co"'(dmgH)(dmgH2)(Cl),] (6) 7649.5 7706.5(1)/7701.6(1)  13.4(10) 6.81x10-3
[Co"'(dmgH),(Cl)(py)] (7) 7649.4 7706.3(1)/7701.1(1) 14.6(4) 7.54x10-3
[Co"'(dmgH),(py),](NO3) (8) 7649.3 7706.5(1)/7701.4(1) 14.0(9) 7.29x10-3
[Co"(dmgH),(Pr)(py)] (9) 7649.3 7706.2(1)/7700.6(2)  14.2(11) 7.22x10-3
[Co"(dmgH),(cis-1,2-diClvinyl)(py)] (10) 7649.3 7706.6(1)/7701.2(1) 13.8(9) 7.40x10-3

a .. . .
Estimated error in the K#1 3 energy is 0.1 eV,

bThe reported values for the K 5 energies and V2C areas are from the best curve-fitting results (see Table S1 for details). Standard deviations are

provided in parentheses.

C . . . . .
Energy calibrated emission data were normalized to a total spectral intensity of 1000.

The calculated oscillator strength in the VV2C region encompass the electric dipole, magnetic dipole, and electric quadrupole contributions (see
Figure S3 for a correlation plot of calculated oscillator strength with experimental VV2C area).
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Calculated Aqct, sum of cobalt p and d character in MOs contributing to the V2C region, and V2C XES

Table 2

oscillator strength for low-spin octahedral cobalt(l11) complexes.

Dot EN)@  TCop% P XCod%P

DFT-calculated Oscillator Strength

(au.)©
[Co(CN)g]3- 0.147 58.8 3915 8.49x10-3
[Co(dmgH),(py),]+ 0.122 40.8 389.9 7.29x10-3
[Co(en)s]3* 0.114 40.9 389.1 7.14x10-3
[Co(NHg)e]3* 0.114 418 389.4 7.12x10-3
[Co(NH3)g]3* (*) 0.0980 415 385.7 6.00x10-3
[Co(acac)s] 0.0862 35.7 385.9 6.69x10-3
[Co(ox)s]®- 0.0780 359 384.9 6.41x10-3
[Co(OH)e]3- 0.0669 35.1 383.6 5.52x10-3
[CoFe]3- 0.0632 36.1 378.6 5.95x10-3
[Co(dtc)s] 0.0680 50.3 398.9 5.20x10-3
[Co(SCN)g]3- 0.0467 486 396.7 4.19x10-3
[CoClg]3- 0.0430 44.6 387.6 3.67x10-3

Page 26

aAoct is determined as the energy level difference between the average energy of eg-derived d orbitals and that of t2g-derived d orbitals from DFT

calculations.

bZCo p% and ZCo d% represent the sum of cobalt p and d character in donor MOs in the V2C region, respectively, based on the Lowdin

population analysis.

The DFT-calculated oscillator strength in the V2C region encompass the electric dipole, magnetic dipole, and electric quadrupole contributions. *

The two [Co(NH3)6]3+ are based on coordinates of crystal structure (Agct = 0.114) and a DFT geometry-optimized structure (Aoct = 0.0980),
respectively (see Sl for details of coordinates).
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Table 3

Comparison of X-ray emission data of M(acac)s where M = Mn, Fe, or Co.

KBz KBzs
Complex  energy energy e':frl;y (v2c Ref
(eV) (eV) V) region)

Mn(acac); 64915 6531.6  40.1 175  Ref28
Fe(acac); 7060.0 71042 442 123 Refll

This

Co(acac); 7649.8 7701.0 51.3 11.2 work

Dalton Trans. Author manuscript; available in PMC 2017 September 28.

Page 27



	Abstract
	1. Introduction
	2. Experimental Section
	2.1 Sample Preparation and Characterization
	2.2 X-ray Emission Data Collection and Analyses
	2.3 DFT Calculations

	3. Results
	3.1 General methodology remarks: experiment and theory
	3.2 Low-spin octahedral cobalt(III) X-ray emission spectra
	3.3 Cobaloximes
	3.4 Factors that contribute to V2C X-ray emission areas

	4. Discussion and Conclusions
	4.1 General remarks
	4.2 Kβ V2C XES of cobalt vs. other elements
	4.3 Sensitivity of V2C spectra to ligand environments
	4.4 Spectrochemical series

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Scheme 1
	Table 1
	Table 2
	Table 3

