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ABSTRACT: A systematic series of high-spin mononuclear Mn- B
(1), Mn(III), and Mn(IV) complexes has been investigated by L.
manganese K X-ray emission spectroscopy (XES). The factors N
contributing to the K{3 main line and the valence to core region are Ne~pn—N=C=S

discussed. The K/ main lines are dominated by 3p—3d exchange gal , “SN=C=s
correlation (spin state) effects, shifting to lower energy upon > N

oxidation of Mn(II) to Mn(III) due to the decrease in spin state |

from S = 5/2 to S = 2, whereas the valence to core region shows X

greater sensitivity to the chemical environment surrounding the

Mn center. A density functional theory (DFT) approach has been

used to calculate the valence to core spectra and assess the 6510 6515 6520 6525 6530 6535 6540
contributions to the energies and intensities. The valence spectra Energy (eV)

are dominated by manganese np to 1s electric dipole-allowed

transitions and are particularly sensitive to spin state and ligand identity (reflected primarily in the transition energies) as well as
oxidation state and metal—ligand bond lengths (reflected primarily in the transition intensities). The ability to use these methods to
distinguish different ligand contributions within a heteroleptic coordination sphere is highlighted. The similarities and differences
between the current Mn XES study and previous studies of Fe XES investigations are discussed. These findings serve as an important
calibration for future applications to manganese active sites in biological and chemical catalysis.

B INTRODUCTION all oxidation states and spin states of Mn may be probed by X-ray
core level spectroscopy.* '® For PSII, this has allowed for
spectra of the Sy to S; states of the Mn,Ca cluster to be obtained,
thus providing significant insights into the oxidative transforma-
tions that occur in the cycle."* ' However, despite the advances
reported in these studies, questions about the exact nature of
some of the S states remain and there is a clear need for additional
spectroscopic insights in order to fully assess changes in the
electronic structure. In particular, a method that allows one to
better assess changes in the ligand environment could provide
key insights into our understanding of PSII and would also
generally benefit our understanding of biological and chemical
catalysis by Mn.

A method that shows potential promise in this regard is Mn
K X-ray emission spectroscopy (XES).**** The so-called Mn

Manganese-containing active sites play essential roles in biolo-
gical and chemical catalysis. Biologically, manganese enzymes are
responsible for a wide variety of reactions, ranging from the
breakdown of superoxide (by Mn superoxide dismutase)' > to
photosynthetic water oxidation (by the Mn,Ca cluster in Photo-
system 11).** In chemical catalysis, small molecule manganese
complexes enable a range of oxidative transformations, including
alkane hydroxylation and olefin epoxidation.® ® In all these
reactions, there is fundamental interest in understanding the
transformations that occur at the manganese active site and
hence an interest in directly probing the Mn electronic structure.
EPR spectroscopy has proven to be a powerful tool, '’ particularly
in the study of Photosystem II (PSII)."'~"* However, the
applicability of EPR to systems with integer ground state spin
is limited. This motivates the development of other methods,
such as X-ray absorption spectroscopy (XAS). Considerable Received: ~ May 9, 2011
effort has gone into the application of XAS to Mn systems, as Published: August 01, 2011
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Chart 1. Graphical Representation of Manganese Complexes Investigated in This Study”
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Kf3 main line corresponds to a dipole-allowed Mn 3p—1s transi-
tion, which exhibits pronounced sensitivity to spin state.'"**~2¢
To higher energy is the valence to core region, which corre-
sponds to transitions from valence orbitals into the Mn 1s core
hole.””*® Recently, systematic studies of Fe Kf XES spectra
have shown that the intensity of the valence to core features are
mediated by Fe np mixing into the filled ligand orbitals.”® The
resultant spectra have a pronounced sensitivity to metal spin
state, oxidation state, and identity of the bound ligand (includin
ionization state, protonation state, and hybridization).”
Smolentsev et al. carried out a limited subset of studies on Mn
complexes,®® which show parallel trends to the iron study.
However, to our knowledge, a detailed, systematic investigation
of Mn complexes with varied oxidation states and ligand environ-
ments has not yet been reported in the literature. These studies
are of particular interest as Mn K/3 XES valence to core data are
already available for the S, state of the Mn,Ca cluster in PSIL3!
The data show that the S, state has several u-oxo-bridged Mn—0O
bonds; however, at this stage only an empirical assessment of the
data can be made. A more quantitative analysis of the data
requires a systematic study of a range of compounds and
correlation of these data to theory.

Here, we present a systematic study of the Kf3 XES spectra of
16 high-spin mononuclear Mn(1II), Mn(III), and Mn(IV) complexes

(Chart 1 and Table 1). The oxidation and spin state contribu-
tions to both the K3 main line and the valence to core region are
assessed. While the spin state dependence of the K3 main line has
been previously investigated, to our knowledge, the spin state
contribution to the valence to core region has not been examined
in detail. In addition, the contributions of oxidation state and
ligand identity to the valence to core region are investigated and
quantitatively evaluated.

The experimental valence to core transitions are compared to
those calculated using a straightforward density functional theory
(DFT) approach, as previously applied in Fe XES studies.”” The
strong correlation between experiment and theory indicates that
these calculated spectra can be used for a quantitative analysis of
valence orbital composition. This also allows the contributions
of spin state, ligand identity, and metal—ligand bond lengths
to be assessed in an in silico fashion. The potential of these
methods for probing questions in biological manganese catalysis
is highlighted.

B EXPERIMENTAL SECTION

Sample Preparation. [Mn(II)(acac),], [Mn(III)(acac);], and
[Mn(III)salenCl] were purchased from Strem Chemicals and used
without further purification. All other manganese reference samples
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Table 1. Kf}, ; Peak Energies, Kf3, s Intensity-Weighted Average Energies, and Background-Subtracted Valence to Core Areas of
the Mn Model Complexes Studied

complex I<ﬁ1,3 energy (eV)a I<ﬂ2,5 energy (eV)b area (Valence to core region)° refd
Mn(1I) complexes
[Mn(acac),] 6491.85 6531.9 (0.01) 12.02 (0.41)
[Mn(tolylterpy),]** 6491.89 6533.04 (0.05) 16.12(0.12) 42,43
[Mn(terpy)Cl,] 6491.83 6533.45 (0.02) 11.37 (0.09) 36
[Mn(terpy) (NO3),(H,0)] 6492.04 653247 (0.17) 1320 (0.52) 32
[Mn(tbusterpy),]** 6491.87 6532.82 (0.09) 14.71 (0.64) 34
[Mn(tbusterpy) (Ns),] 6491.6 6532.31(0.10) 18.36 (0.11) 39
[Mn(terpy) (CF5CO,),(H,0)] 6492.03 6532.85 (0.01) 14.37(0.13) 41
[Mn(tpa)(NCS),] 6491.76 6532.68 (0.01) 13.91(0.16) 34
Mn(III) complexes
[Mn(acac)s] 6491.53 6531.62 (0.13) 17.47 (1.06)
[Mn(tolylterpy)2]3+ 6491.48 6532.83 (0.01) 25.90(0.31) 43
[Mn(terpy)(N3)s] 6491.42 6532.09 (0.01) 21.52(0.18) 35
[Mn(terpy)F;] 6491.71 6532.85 (0.04) 19.03 (0.75) 38
[Mn(terpy)Cls] 6491.63 6533.19 (0.15) 17.10 (0.55) 37
[Mn(bpea)(N3);] 6491.43 6532.35(0.01) 18.91 (0.04) 38
[Mn(salen)Cl] 649125 6532.15 (0.05) 21.01 (0.70)
Mn(IV) complexes
[Mn(Me;-TACN)(OMe),]* 649125 6532.78 (0.04) 20.06 (0.70) 33,40

“ Estimated error in the Kf3; 3 energy is 0.1 eV. b Intensity-weighted average energies were determined using the Kf3, 5 region (6525—6540 eV).
Satellite features in the <6525 eV range are not included in the reported areas as these are generally poorly resolved from the background and thus have
larger errors associated with determination of the areas. Standard deviations for the energy and area of each complex are given in parentheses. The
reported values for the energies and areas are those obtained from the best fit, with the standard deviations based on all reasonable fits reported in

parentheses. ° Reported areas are out of 1000 units of normalized intensity. ¢ Synthesis and crystallographic structure references.

were synthesized according to published procedures.®* * The refer-
ences for the syntheses and the crystal structures are provided in Table 1.
The following abbreviations have been used for the ligands: acac = acetyl
acetonate; bpea = N,N-bis(2-pyridylmethyl)ethylamine; Me;-TACN =
1,4,7-trimethyl-1,4,7-triazacyclononane; salen = ethylenebis(salicylimine);
tbusterpy = 4,4 4" -tri-tert-butyl-2,2':6',2" terpyridine; terpy = 2,2":6',2"-
terpyridine; tolylterpy = 4'-(4-methylphenyl)-2,2":6 2" -terpyridine; tpa =
tris-2-picolylamine (see also Chart 1). Samples were measured as
powders, diluted in boron nitride, pressed into pellets, and sealed into
Al spacers with 38 yum Kapton tape. All samples were loaded into a liquid
helium cryostat and maintained at a temperature of ~20 K throughout
the course of data collection.

XES Measurements. All XES data were obtained at beamline ID26
of the European Synchrotron Radiation Facility (ESRF). A pair of Si
crystals in 311 reflection was used upstream for energy selection and
fixed at an incident energy of 6700 eV. The incident flux was 10"
photons/second in a 0.2 x 1.5 mm? beam footprint on the sample.
Kp X-ray emission spectra were measured using the 440 reflection of
five spherically bent (R = 1 m) Si crystal analyzers in combination
with a silicon drift detector aligned in a Rowland geometry, as
described previously.>® The overall energy bandwidth of the X-ray
emission spectrometer was 0.8 eV. The data were normalized with
respect to the incident flux. The space between the sample, the
spherical analyzers, and the detector was filled with helium in order to
minimize attenuation of the fluorescence. In order to assess the rate
of photoreduction, short K detected XANES scans were run to
determine the acceptable dwell time per sample spot. For all samples
data were obtained on multiple spots. Only those scans which showed
no evidence for photoreduction were included in the final averages.
Both short and long scans of the XES data were obtained. The long
scans included both the K/3 main line (6478—6550 eV) and the valence

to core region, whereas the short scans (6505—6550 eV) included only
the valence to core region.

The experimental spectra were obtained by first separately averaging
long scans and short scans in PyMCA* and then merging the resultant
average scans together to obtain the full spectra. For each of the averaged
spectra, the total integrated area was set to a value of 1000 and the
valence to core region was fit using the program EDG_FIT.** The
background tail from the Kf3 main line and the valence to core features
were modeled using a combination of Gaussian and Lorenztian func-
tions. The background from the K/ main line was subtracted from the
reported valence to core areas. The reported areas represent the best fit
based on minimized error, with the standard deviations of all reasonable
fits reported in parentheses (Table 1).

XES Calculations. All calculations have been carried out with
ORCA quantum chemistry program package using the methods devel-
oped in ref 29. Geometry optimizations were performed starting from
X-ray crystal structures (when available and as referenced in Table 1).
The BP86 functional,***” the zeroth order regular approximation for
relativistic effects (ZORA)*® following the model potential implementa-
tion of van Wiillen,* and the scalar-relativistically recontracted def2-
TZVP(f) basis set were used in all of these calculations.®® Solvation
effects were accounted for by the conductor-like screening model
(COSMO)*! using the dielectric constant of dichloromethane (¢ =
9.08). A dense grid (ORCA Grid4) was used for the numerical
integration of the exchange-correlation potential.

All Mn K-edge XES calculations presented in this study have been
conducted using the theoretical protocol described above. In contrast to
the previously described method for calculating XES spectra,® the
molecular orbitals used were corrected for spin—orbit coupling (SOC).
The calculated XES spectra using SOC are similar to those without SOC
in the region of interest for the complexes studied. The SOC operator is
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approximated by the spin—orbit mean-field method (SOMF)*> where it
appears as an effective one-electron operator
FSOMF _ ZBSOC(i)g(i) (1)

The summation is over all electrons i. Spin—orbit-corrected orbitals are
then obtained by diagonalizing the SOC operator in the basis of the
already converged scalar-relativistic Kohn—Sham orbitals. The sum of
the Kohn—Sham and the SOC operator thus takes the form

&2 1 hSOC hSOC 4 ihSOC Ve
e | o\ moc psoc T _psoc 7
Vo

Here, h;oc (u = x, y, z) denotes the Cartesian components of the
effective one-electron SOMF operator and ¢* and &’ are diagonal
matrices that contain the scalar relativistic orbital energies as diagonal
elements. The diagonalization procedure yields SOC-corrected orbital
energies &, and orbitals that are linear combinations of the spin-free
molecular spin orbitals

) = X Viplra) + X Vigplrp) 3)
o g

Transition moments (electric dipole, magnetic dipole, and electric
quadrupole) between these orbitals are calculated using

(plml|g) = Z V*rastaq<"a|ﬁ1|5u>

Touy Soc

+ Y, V5 Vie(rplmlsg) (4)
8,58
Here, p and g are two SOC-corrected (complex) orbitals and r and s sum
over the original spin orbitals. Note that the coeficient matrices V are
complex, and hence, the complex conjugate coefficients V*,q,, and V¥4,
occur in eq 4.

B RESULTS AND DISCUSSION

KB XES Main Line Spectra. Mn K/ emission data were
obtained for a series of high-spin mononuclear Mn(II) and
Mn(III) complexes in addition to one Mn(IV) complex, as summar-
ized in Table 1. The K/ main line corresponds to a Mn 3p to 1s
transition. Its energy should be affected by contributions from
both 3p—3d exchange, variations in the effective nuclear charge
(Ze) of the manganese centers, and perhaps also smaller
contributions from SOC arising from the 3p® final state config-
uration. The K3 main line spectra for the complexes investigated
in this study are given in the Supporting Information (Figures
S1A—SID). The energy positions of the intensity maxima of the
K3, 3 features are given in Table 1.

The K[’ feature, which appears on the low-energy side of the
K/ main line, could not be obtained due to constraints on the
geometry imposed by the cryostat windows. As this region is not
the primary focus of the current study, truncation of the data
range does not significantly impact the reported data. However,
we note that the absence of the K3’ feature may result in a slightly
larger error in the normalized valence to core areas (vide infra).
We also note that even in the absence of the Kf' feature,
interesting trends may be observed in the Kf;; main line
energies. As shown in Table 1, the Kf,; main line shifts to
slightly lower energy upon oxidation of Mn(II) to Mn(III). This
is most clearlZ illustrated by comparing the data of [Mn(II)-
(tolylterpy),]** to that of [Mn(III)(tolylterpy),]**, which have

K3 main line energies of 6491.9 and 6491.5 eV, respectively. This
0.4 eV decrease in energy is the result of two primary contribu-
tions: (1) the change in Z.g upon oxidation (which should tend
to increase the energy of the Kf3, ; main line, due to a greater
stabilization of the Mn 1s orbital relative to the Mn 3p orbitals)
and (2) the change in spin state from S = 5/2 for Mn(1I) to S=2
for Mn(III) (which will tend to decrease the 3d—3p exchange
splitting, thus decreasing the Kf":K3, 5 splitting and lowering the
energy of the main line feature). The observed overall decrease in
energy indicates that the exchange splitting is the larger con-
tributor in these compounds, a trend generally observed for high-
spin Mn systems.

This observation is different from what has been observed for
Fe K emission data, where the Kf3, ; feature shifts to higher
energy (by ~0.8 eV) upon oxidation of Fe(II) to Fe(III). This is
correlated to the fact that for high-spin Fe(II) oxidation results in
an increase in spin state from § = 2 to S = 5/2. Thus, for a high-
spin Fe(I1) /Fe(III) redox couple the K/3 main lines spin state and
Z.g effects have an additive effect upon oxidation, resulting in a
larger overall increase in the Kf main line energy, whereas for a
high-spin Mn(II)/Mn(IIl) redox couple these effects oppose
each other. On the basis of these observations, one can roughly
estimate the increased 3p—3d exchange contribution resulting
from increasing the Mn spin state by one electron. Assuming that
the contributions for an increase in Z.g by one oxidation state are
approximately equal for Fe and Mn, then a ~0.2 eV increase in
the Kf main line energy to the Z.g change at the metal is
obtained. This then indicates a ~0.6 eV change due to an
increase in spin state by one-half unit of spin angular momentum
brought about by an additional unpaired electron. This is reason-
ably consistent with the ~2 eV increase in energy observed on
going from low-spin ferrous or ferric complexes to the corre-
sponding high-spin complexes (i.e., an increase of 4 in multi-
plicity). We note that these values are simply rough estimates to
explain observed experimental trends in closely related molecular
complexes and additional factors, such as metal—ligand cova-
lency, may also play a role.”® However, the general trends indicate
that the energies of K3 main lines provide useful markers for
changes in the spin state of a system, as also indicated previously.”
More detailed analyses of the Kf3,3; main line features are
ongoing in our laboratory.

KB XES Valence to Core Spectra. Figure 1A,B and 1 C,D
presents the valence to core spectra for the Mn(II) and Mn(III)
complexes, respectively, investigated in this study. Table 1
reports the intensity-weighted average energies for the Mn
XES valence to core spectra and the corresponding areas.

Valence to Core Energies. Upon oxidation of Mn(II) to
Mn(III), there is a slight shift to lower energy when comparing
complexes with identical ligands (Table 1). For example, on
going from [Mn(II) (tolylterpy),]** to [Mn(III)(tolylterpy),]**
the valence to core region of the spectra shifts down in energy by
0.2 eV. This shift is smaller than the shift in the Mn K{3 main line
(~0.4 eV) for the same set of complexes and may reflect a slightly
larger contribution from the change in Z.g to the valence to core
energies. The shift for the Mn complexes is again significantly
smaller than what has been observed for Fe complexes, where an
~1.2 eV increase in energy is observed upon oxidation. We note
that the energy of the mononuclear Mn(IV) complex,
[Mn(IV)(Me;-TACN)(OMe);]", falls within the range of the
Mn(III) complexes; however, without a comparison to a com-
plex in an analogous ligation sphere, a more quantitative assess-
ment is not possible.
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Figure 1. (A and B) Valence to core region for Mn(II) complexes. (C and D) Valence to core region for Mn(III) complexes.

Valence to Core Areas. The experimental areas for the valence
to core region span ~11—18 units of intensity for the Mn(II)
complexes and increase to 17—26 units of intensity for the
Mn(III) complexes. When comparing [Mn(1II) (tolylterpy),]**
to [Mn(III) (tolylterpy),]**, an increase in intensity by a factor of
1.6 is observed upon oxidation. This is attributed to the shorter
Mn—ligand bond lengths which provide a mechanism for
increased Mn np mixing into the ligand orbitals.>

We note, however, that [Mn(IV)(Me;-TACN)(OMe);]"
does not show the most intense peaks in this region despite having
the highest oxidation state. This likely reflects the relatively long
average Mn(IV)—ligand bond lengths for this complex, which
fall within the range of the Mn(III) complexes, thus resulting in
comparable peak intensities.

It is again of interest to note that this is in contrast to our
previous observations for Fe valence to core XES spectra, where
high-spin ferrous and ferric complexes exhibited similar areas,
with only a ~10% increase in intensity upon oxidation. This in
part reflects the more substantial structural change on going from
Mn(II) to Mn(III), as the latter is subject to a large Jahn—Teller
distortion.

Valence to Core Spectral Features. In addition to the changes
in the areas and energies, the valence to core region also shows
pronounced changes in the number and distribution of spectral
features. This is in contrast to the Kf3, ; main line spectra (Figure
S1, Supporting Information) which are very similar and

highlights the sensitivity of the valence to core spectra to the
chemical environment. Note that due to the richly featured
nature of the Kf3, s region, it is difficult to pick a single peak
maximum, and therefore, the intensity-weighted average energy
of the K3, s features (6525—6540 eV) is reported (Table 1). For
the Mn(III) series, [Mn(IIl)(terpy)F;], [Mn(III)(terpy)Cls],
and [Mn(III)(terpy)(N3);] shown in Figure 1C, the energies
of both the more intense Kf3, s features (~6525—6540 eV) and
the satellites (~6510—6525 eV) reflect the differences in
ionization energies of the bound ligands. It is also interesting to
note that there are two intense features in the spectrum of
[Mn(III)(terpy)(N3)3] (at 6530 and 6535 eV), possibly reflect-
ing differences between the coordination of the nitrogen atoms
from the terpy and the azide ligands. Similar trends are observed
for the spectra shown in Figure 1D, with the spectrum of
[Mn(I1I)(bpea)(N3);] showing a similar intense bimodal feature
to higher energy.

There are also subtle differences in the spectra of the two Mn(II)
complexes [Mn(II)(tbusterpy),]*" and [Mn(II)(tolylterpy),]**
(Figure 1B), despite the fact that in both complexes the atoms
directly bound to the metal are all terpy nitrogens. This suggests
that the overall nature of the ligand affects the observed spectral
features. The spectra of [Mn(II)(tbusterpy) (N3),] and [Mn(II)-
(tpa)(NCS),] both show the intense bimodal feature
similar to [Mn(III)(terpy)(N3);]. These spectra are in contrast
to the homoleptic spectra for [Mn(II) (tbu3terpy)2]2+ and
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Inorganic Chemistry

Table 2. Kf, s Intensity-Weighted Average Energies and
Valence to Core Areas for the Calculated Spectra of the Mn
Model Complexes Studied”

Kf3,,s intensity- predicted
weighted average transition experimental
moment area’

complex energy ( ev)?

Mn(II) complexes

[Mn(acac),] 6531.98 850x107°  12.89
[Mn(tolylterpy),]** 6532.34 8.44x 1072 14.52
[Mn(terpy)Cl,] 6533.12 793x107° 1426
[Mn(terpy)(NO3),(H,0)] 653202  7.13x 107 1220
[Mn(tbusterpy),]** 653229 849x10°°  14.53
[Mn(tbusterpy) (N3),] 6531.75 9.83x107°  16.84
[Mn(terpy)(CF3CO,),(H,0)]  6531.85 742%x107° 1285
[Mn(tpa) (NCS),] 6531.71 8.56x 107>  14.54

Mn(III) complexes

[Mn(acac);] 6532.2 116 x 107> 22.51
[Mn(tolylterpy),]** 653324  131x10°> 2375
[Mn(terpy)(N3)s] 653221 127x107% 2222
[Mn(terpy)Fs] 6533.15 LISX107% 2470
[Mn(terpy)Cls] 6534.01 1.00 X 107> 18.96
[Mn(bpea)(N3)3] 65323 1211072 2124
[Mn(salen)Cl] 6532.96 1.55x 107> 30.06

Mn(IV) complexes
[Mn(Me; TACN)(OMe);]* 653307  155x107% 3097
“ The theoretical transition moments include the electric dipole, electric
quadrupole, and magnetic dipole contributions. ’ Intensity-weighted
average energies determined using the Kf3, 5 peaks (6525—6540 eV
eV). Satellite features in the <6525 eV range are not included in the
reported areas. A 59.2 eV energy shift has been applied to all calculated
energies. “ Predicted experimental areas determined using the calculated
areas and an area correlation fit line, y = (5.73 x 107 Hx+6.79 x 107*

[Mn(II)(tolylterpy),]** and suggest that the valence to core
spectra may allow for separation of different ligand contributions
within heteroleptic environments.

Calculation of Valence to Core XES Spectra. In order to
better understand the observed trends in the experimental data,
DFT calculations were used to model the valence to core regions
of the XES spectra. As noted above, the reported experimental
energies (Table 1) correspond to the intensity-weighted average
energy of the K3, s features (6525—6540 V) in the valence to
core region. Analogous intensity-weighted average energies were
obtained for the calculated data by first applying a constant
energy shift and then weighting the calculated intensity over the
same region. Only the K3, 5 feature was used to calculate the
valence to core intensity-weighted average energies due to the
strong background from the K3 main line in the experimental
spectra, which in many cases obscures the satellite features.
Table 2 shows the calculated valence to core energies and the
areas for the calculated spectra. For consistency, the same
averaging procedure that was used for the experimental data
has also been applied to the theoretical results.

Analogous calculations were not used to predict the K3 main
lines because it was previously found that DFT underestimates
the core-level spin polarization and therefore also strongly
underestimates the 3p—3d exchange splitting.** In addition,
the relative intensity ratios between the K’ and the Kf,;
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Calculated Area
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0.008 -

0.006 T T T T T T T
10 12 14 16 18 20 22 24 26

Experimental Area

Figure 2. Calculated vs experimental valence to core areas. The line has
been forced through the origin and gives a slope of 6.10 x 10 * 4 8.97 x
10> units of intensity/calculated fosc. Error bars represent one
standard deviation.

features cannot be accurately reproduced within a one-electron
DFT picture due to the multiconfigurational nature of these
transitions. Thus, refined methods are needed in order to
theoretically assess this region of the spectra. Progress has been
made using multiplet calculations, though we note a considerable
number of empirical parameters are required to simulate the
spectra using such an approach and thus limits the predictive
capability.”*> In contrast, for the valence to core transitions
there usually is a very good correlation between the calculated
and the experimental spectral shapes. However, we note in some
cases that peaks are present in the experimental spectra that
cannot be modeled by the simple one-electron picture used in the
calculations. These features will be discussed separately below.

The calculated energies are underestimated for all of the
complexes studied here. Using the Mn(II), Mn(III), and Mn(IV)
complexes as calibrations, an average energy shift of ~59.2 0.6
eV was required to align theory with experiment. The necessity of
applying a constant shift that is specific for each density func-
tional and basis set combination but independent of the nature of
the chemical species has been discussed at len_gth before and is
analogous for XAS and XES calculations.”®*%*

Using only the Mn(II) complexes, the energy shift is ~59.7
0.3 eV, while using only the Mn(III) complexes the energy shift is
~58.7 £ 0.3 eV. Hence, the calculated spectra show a shift
to slightly higher energy upon oxidation of Mn(II) to Mn(III),
which is in contrast to what was observed experimentally. It may
be speculated that this results from the underestimated core-level
spin polarization that is intrinsic to pure DFT functionals, which
incompletely cancels the contributions to the variations brought
about by the changes in the effective nuclear charge of the manganese
center (vide supra). However, we refrain from introducing oxidation
state specific shifts and hence tolerate a slightly larger error
obtained by averaging the shift over all oxidation states.

The relationship between the calculated and the experimental
areas is shown in Figure 2. The calculated area is proportional to
the calculated oscillator strength, which is composed of electric
dipole, electric quadrupole, and magnetic dipole contributions.
Closer inspection reveals that, as expected, the oscillator strength
is dominated by electric dipole transitions (~96% on average).

8402 dx.doi.org/10.1021/ic200970t |Inorg. Chem. 2011, 50, 8397-8409



Inorganic Chemistry

A 25
—[Mn(ll}uerpy)CI:]

[Mn(ll)(terpy)(CF CO.) (H_O)]
— [Mn{ll)(tpa)(NCS),]
—— [Mn(il)(terpy)(NO,)_(H_O)]

2,04

o
wn
i

e
o
n

Normalized Intensity

o
L+ )]
L

0.0 T T T T T
6510 6515 6520 6525 6530 6535 6540

Energy (eV)

50.0+

40.04

30.0+

20.04

Calculated Intensity

10.04

0.04 T T T
6510 6515 6520 6525 6530 6535 6540

Energy (eV)

g 30

= [Mn(ll){tbu_terpy)(N_) ]
2.5+

" [Mn(il)(tolylterpy),I*

" [Mn(I(tbu terpy) J**

Normalized Intensity

0.0 T T T T T
6510 6515 6520 6525 6530 6535 6540

Energy (eV)

p 600
50.0-1
40.0
30.01

20.04

Calculated Intensity

10.0+

0.04 T T T
6510 6515 6520 6525 6530 6535 6540

Energy (eV)

Figure 3. (Aand B) Experimental valence to core region for Mn(II) complexes. (C and D) Corresponding calculated spectra. A constant shift of $9.2 eV

and a 2.5 eV broadening have been applied to all calculated spectra.

The relationship between the experimental and the calculated
areas for the valence to core region was found to be fairly linear,
with a slope of 6.10 x 10~* 4 8.97 x 10~ units of intensity/
calculated fosc. We also note that the calculation faithfully
reproduces the trend in experimental areas, with the Mn(II)
complexes having smaller areas and the Mn(III) areas increasing.

With a reasonably linear correlation established between the
calculated and experimental energies and intensities, it is inter-
esting to compare the experimental and theoretical spectra more
closely. Figures 3 and 4 show the comparisons between the
experimental valence to core spectra in Figure 1 to their respective
calculated spectra. A constant shift of 59.2 eV and a broadening of
2.5 eV have been applied to all of the calculated spectra. These
comparisons demonstrate that the calculations reasonably pre-
dict the spectral shapes in terms of relative splittings and intensity
distributions of observed valence to core features.

We note that in some cases features calculated in the
6510—6525 eV satellite region are very weak or even absent in
the experimental spectra, whereas in other cases satellite features
with similar calculated intensities are clearly observed. This is
most easily seen when comparing the experimental and calculated
spectra of [Mn(III)(terpy)Cl;] and [Mn(III)(terpy)(Ns);] in
Figure 4A and 4C, respectively. For [Mn(III)(terpy)Cl;] even

the very weak feature at ~6518 eV (with ~4 units of calculated
intensity) is observed experimentally, while for [Mn(III)(terpy)-
(N3)s] the calculated feature at 6518 eV (with ~8 units of
intensity) is not observed. This may in part be attributed to
variations in the strong background from the K{3 main line, which
may obscure weaker features in the experimental spectra. These
observations provide insight into an intensity threshold that is
needed in the calculated spectra in order for satellite features to
be clearly seen above the background in the experiment. Assum-
ing similar background contributions from the K main line, as
with the spectra in Figure 4B, it is conservatively estimated that at
least ~15—20 calculated intensity units are needed in order for a
calculated satellite feature to be observed experimentally. This
estimate will change, of course, with varying degrees of back-
ground intensity but represents a helpful rule of thumb when one
is aiming at using the calculated spectra in a predictive fashion.
Nature of the Valence to Core Features. [Mn(lll)(terpy)Cls].
As mentioned previously, the valence to core spectra are
dominated by dipole-allowed Mn np to Mn 1s transitions. Within
the chosen approach, the calculated XES spectra exclusively reflect
the single-particle spectrum of the system under investigation. Thus,
all features can be interpreted in terms of molecular orbitals rather
than many electron states. This greatly simplifies the discussion,
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Figure 4. (A and B) Experimental valence to core region for Mn(IIT) and Mn(IV) complexes. (C and D) Corresponding calculated spectra. A constant
shift of 59.2 eV and a 2.5 eV broadening have been applied to all calculated spectra.

although we are perfectly aware that experimentally only the
many particle wave functions and states are being probed.
Figure S shows the calculated spectrum of [Mn(III)(terpy)-
Cl;] as well as representative MOs that predominately contribute
to each feature. The most intense peak at ~6535 eV (Figure S,
feature C) arises from MOs that are primarily composed of Cl-p
character, with smaller contributions from C-p and N-p oribtals.
A very weak shoulder at ~6539 eV (Figure S, feature D) corre-
sponds to transitions from the manganese 3d-based t,, set of
orbitals, which gains intensity due to ~0.2% Mn p mixing. The
lower energy satellite feature at ~6525 eV (Figure S, feature B)
corresponds to transitions from MOs that are dominantly Cl-3s
character, while the less intense satellite feature at ~6518 eV
(Figure S, feature A) corresponds to transitions from orbitals that
are primarily composed of N-s and C-s character. The most
intense features arise from 5—7% Mn-np character mixed into
each of the MOs. It should be noted that the satellite feature at
~6525 eV is approximately one-half as intense as the analogous
satellite feature in [Mn(III)(terpy)F;]. This is likely due to the
differences in the average Mn— Cl and Mn—F bond lengths (2.28
and 1.83 A, respectively). As discussed previously in the case of
iron complexes,29 the shorter bond length in [Mn(I1I) (terpy)Fs]
increases the amount of Mn-p character that is mixed into the
MOs associated with the satellite feature, and this increase in
Mn-p mixing raises the intensity of the observed feature.
[Mn(lll)(terpy)(N5)s]. Figure 6 shows the calculated spectrum
of [Mn(III)(terpy)(N3);] together with representative MOs

that dominantly contribute to the observed features. Analogous
to [Mn(III) (terpy)Cls], the valence to core spectrum is com-
posed of transitions from predominantly ligand p orbitals, with
1—7% Mn-p character, thus providing a viable intensity mechan-
ism. The most intense feature at a lower energy of ~6530 eV
(Figure 6, feature C) arises from transitions that are predomi-
nantly azide N-p and N-s based (48.1% N-p, 19.5% N-s). The
orbitals from which these particular transitions originate are
primarily metal azide sigma-bonding orbitals with two nodal
planes. The lower intensity cluster of transitions between ~6530
and 6531 eV also corresponds to sigma-bonding orbitals; how-
ever, the orbitals in this region contain four nodal planes as opposed
to two, and thus, the emission transitions occur at slightly higher
energies. Regardless of the number of nodal planes, these transitions
from metal azide p—sigma-bonding orbitals occur at lower energies
than the analogous chlorine p orbitals that form sigma bonds
with the metal in [Mn(III)(terpy) Cl;]. This shift to lower energy
is a reflection of the difference in the Cl-3p and N-2p ionization
energies.

The intense higher energy feature at ~6535 eV (Figure 6,
feature D) corresponds to transitions from orbitals that are a
mixture of azide N-p and terpy N-p and C-p, with the most
intense transition resulting from dominantly terpy N-p and C-p
sigma-bonding molecular orbitals. The transitions between
~6535 and 6536 eV result from azide 77 orbitals interacting with
the metal. A lower energy satellite feature at ~6520 eV (Figure 6,
feature B) corresponds to transitions from azide N-s and N-p
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orbitals, with one nodal plane within the azide. This feature is
shifted by ~S§ eV relative to the most intense satellite feature in
[Mn(III) (terpy) Cl;] and reflects the difference in the Cl-3s and
N-2s ionization energies. A lower intensity satellite feature at
~651S eV (Figure 6, feature A) corresponds to transitions from
azide N-s orbitals with no nodal planes within the azide. The
feature at ~6518 eV in [Mn(III)(terpy) Cl;] that corresponds to
transitions from terpy N-s and C-s is also present in [Mn(III)-
(terpy)(N3)3], but it cannot be resolved at ~2.5 eV broadening.
As in [Mn(III)(terpy)Cl;], a very weak shoulder corresponding
to transitions from the t,, set of orbitals occurs at ~6538 eV
(Figure 6, feature E). None of the intense transitions are associated
with MOs that contain a significant amount of d character. This
observation once more supports the dominantly dipole-allowed
nature of these transitions.

As the valence to core XES spectra reflect ligand orbitals that
are filled in the electronic ground state, the question arises as to
whether or not the spectra could help to determine a 10Dq
parameter (i.e., via the energy splitting between the dominantly
ligand 0-bonding and 7z-bonding MOs). However, our results
show that the intensity is dominantly associated with the

transitions involving MOs that are 0-bonding between the metal
and the ligands. Hence, the transitions involving 7-bonding
orbitals are difficult to identify. In addition, the little intensity
that can be attributed to those transitions is often not completely
separable from the o-based intensity.>®

Hypothetical Molecule Calculations. As noted above, the
areas of the experimental valence to core spectra increase
significantly (by a factor of ~1.6) upon oxidation of Mn(II) to
Mn(III). In contrast, upon going from a high-spin Fe(II)
complex to a high-spin Fe(III) complex only a modest (~1.1)
increase in intensity is observed.” These effects are reproduced
by the calculations and may offer insight into the physical
origin of this differing behavior between the two metals. To
this end, a series of calculations was performed on hypothe-
tical molecules involving Mn and Fe in various oxidation
states. Figure 7A and 7B shows the calculated spectra for
high-spin  [M(IT)Cls]*~, [M(III)Cls]*>", and [M(IV)Cle]*~
(M = Mn, Fe). A table of bond lengths in provided in the
Supporting Information (Table S1).

For the [MnClg]" series there is a shift of all discernible
spectral features to higher energy upon oxidation of Mn(II) to
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Mn(III) (by ~0.8 eV) and also upon subsequent oxidation of
Mn(III) to Mn(IV). For the [FeClg]" series there is also a shift to
higher energy when going from Fe(1I) to Fe(III) (by ~2 eV), but
there is essentially no change when Fe(III) is oxidized to Fe(IV).
This supports the experimental observations and suggests that
there are competing Z.¢ and spin state effects that contribute to
the calculated valence to core energies.

Figure 8 shows the relationship between the calculated areas
and the calculated bond distances for both series. The relation-
ship is manifestly linear (blue fit line = Mn, red fit line = Fe). We
note that previous studies on iron required an exponential fit for a
similar series;?” however, for the shorter range of distances
presented here, both linear and exponential fits are equally good.

The calculated areas of the [MnClg]" complexes are on
average ~1.2 times larger than the corresponding [FeCly]"
complexes of the same metal oxidation state. For both series,
the average bond length decreases as oxidation state increases, as

expected; however, the calculated intensity is always higher at
Mn even given the same metal—ligand bond length. We note that
even if the differences in atomic radii are taken into account,>® the
calculated intensities for Mn are still higher than for Fe (see
Figure S2, Supporting Information), though the magnitude of
the effect decreases to a factor of ~1.1.

In order to investigate this effect systematically and eliminate
all secondary factors that could contribute to the observations,
we carried out calculations on the hypothetical molecule
[M(H,0)sCI]"™, S = 5/2 where for M = Fe n = 2+ and for M =
Mn n = 1+. A common idealized geometry was used in which the
M—Clbond is 2.25 A, the M—OH, is 2.15 A long, and all angles
are perfectly octahedral.

In order to understand the intensity differences in more detail,
we analyzed the composition of the donor orbitals and the
intensity contributions for two of the more intense transitions
in the two test molecules. Mathematically, the transition dipole
moment between a core-1s orbital 3¢ = ¢y, and valence orbital

Yy = YuacuvPl is given by

Wyltlye) = ZCuV<(P2|r|(pM15>
M

Here, (p;} is the uth basis function centered on Atom A and the
¢,y are the molecular orbital coefficients of the valence orbital.
Without compromising generality the origin of the coordinate
system can be made to coincide with the metal center. The
relevant part of the transition moment is the one that contains
metal p character. Thus, one can decompose the transition
moment into a local and a nonlocal part. For convenience, a
transition polarized along the z axis is considered. However, the
arguments hold for arbitrarily polarized transitions.

(Wl o) =i (o 12,108 )+ T e {efla, 10, )
_—

#y(A=M)

local
non—local

Here, z) is the z coordinate position operator measured relative
to the metal center. One does, of course, expect the local part to
strongly dominate. More importantly, however, the local part
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Table 3. Analysis of the Intensity Mechanism for Two XES Transitons in the 3s (top) and 3p (bottom) Region of the XES Spectra

of [Mn(HZO)SCI 1'* and [Fe(H,0)sCI]*" *

%M %Cl %L %M, OVL
Cl 3s-donor MO
Fe 18.1 81.1 0.9 0.18 0.05
Mn 19.2 79.6 12 0.31 0.09
ClI 3p-donor MO
Fe 23.6 72.7 3.8 1.08 0.11
Mn 15.6 82.2 2.3 0.94 0.11

D? local nonlocal (zatdisp (x10°)
316.5 311.7 4.1 7332.3
383.6 376.4 7.2 6702.5
672.8 660.7 12.1 6333.6
731.7 7161.1 15.6 7346.1

? Listed are the percentage metal character (%M), Cl character (%Cl), and remaining ligands (%L) in the XES donor orbitals, the gross metal p character
(%M,), the overlap charge between the metal and all ligands (OVL), the total transition dipole moment squared (D?, in au®), the local and nonlocal
contributions to the transition dipole moment, and the local radial expectation value of the position operator renormalized to unit metal p character.

contains two contributions: the metal p character mixed into the
valence MO (measured by (cn oM, )?) and the local transition dipole
moment (@' |zm| @, ). From atomic calculations we found that
the local transition dlpole moments for manganese and i iron are
very similar (e.g, 0.00776 au for Mn®*, 0.00755 au for Fe**, and
0.00765 au for Fe>"). Thus, the differences on the order of 1—29%
cannot explain the differences in the observed intensities, which
is an order of magnitude larger. However, the radial functions
distort in the molecular environment as a consequence of
chemical bonding. Hence, the atomic transition dipole moment
values will be modified. In order to understand the dominating
factors in more detail, the two most intense transitions in the 3s
and 3p regions of the of the XES spectra for [M(H,0)sCl]"" are
analyzed in Table 3.

First, the data in Table 3 demonstrates that the local contribu-
tions indeed dominate the transition dipole moment, however,
perhaps not as strongly as anticipated. The nonlocal terms
account for about 1—3% of the total transition dipole. However,
their values are not drastically different for the two metals, and
hence, they warrant no further discussion. In the CI 3s region of
the XES spectra, it seems clear that the main reason for the
manganese contribution to the transition dipole moment is the
larger amount of metal p character mixed into the valence MO.
The local transition dipole moment is actually considerably
reduced for manganese from its atomic value. Yet, the almost
factor of 2 higher metal p character more than in the atomic case
compensates for this.

In the CI 3p region of the XES spectrum the situation is
reversed. Here, the metal p character is rather similar for both
metals but the local manganese transition dipole moment is
much higher than in the iron case.

In both cases, the net result is that the intensity in the
manganese spectra is higher, which is in agreement with the
experimental observations. The reasons, however, are fairly
subtle and related to both the distortion of the metal p orbitals
in the molecular environment and the amount of p character
mixed into the valence orbitals. The differences presumably arise
from a subtle interplay of factors. It is evident from our previous
work that it is both metal 3p and 4p character that contributes to
the intensity in the crossover region of the XES spectra.
Obviously, the amount of mixing between the 3p and the 4p
set of metal orbitals with the ligand orbitals depends on their
energetic position relative to the ligand orbitals. This position in
turn depends on the effective nuclear charge of the metal ion and
varies with oxidation and spin state. However, the 3p and 4p sets
behave differently. In the 3p set, the p character in the valence

8407

orbitals is of antibonding nature, which will tend to expand the
radial wave function, which in turn will increase the radial
expectation value. For the 4p set, the mixed-in p character will
be of bonding nature, which will tend to contract the radial wave
function and decrease the radial expectation value. Both types of
behavior are found in Table 3, thus underlining how complex the
problem is. In addition, the metal character is very small and only
amounts to a fraction of a percent (i.e., two orders of magnitude
less than the total metal character in these orbitals). Obviously,
capturing such small effects accurately places stringent require-
ments on the calculations. However, the calculations appear to
reproduce the trends in the experimental data largely correctly,
which implies that despite the fact that the effect is very small the
leading physically relevant contributions to the intensity are
captured correctly.

Bl CONCLUSIONS

A systematic experimental and computational study of Mn K/3
XES spectra for a series of high-spin mononuclear manganese
complexes has been presented. The study has focused on the
valence to core region of the XES spectra. This region shows a
pronounced sensitivity to the chemical environment and reacts
to differences in oxidation state, spin state, and ligand identity.

The generally good agreement between experimental and
calculated spectra has allowed for a more detailed investigation
of the orbital contributions to the experimental valence to core
spectra. As expected, the spectra are dominated by dipole-
allowed Mn np to 1s transitions. The energy shifts observed in
this region are a result of both the effective nuclear charge at the
manganese and the spin state effects. They have been shown to
have opposing effects on the resulting spectra for the most
common oxidation states of manganese (+2 to +4), thus result-
ing in smaller overall energetic differences than have previously
been observed for Fe valence to core XES spectra.”’

On the basis of our results, the valence to core area appears to
be a reliable indicator of Mn oxidation state: as the oxidation state
increases, the area also increases significantly. This is in contrast
to what has been observed for Fe, where the valence to core area
did not change 51gn1ﬁcantly upon oxidation of Fe complexes of
the same spin state.”” These differences between the trends for
Mn and Fe areas are, in part, a result of the more pronounced
bond length changes for Mn. They arise due to more significant
Jahn—Teller effects in Mn complexes compared to Fe com-
plexes: in Mn complexes the Jahn—Teller active configuration
occurs at Mn(III), while in Fe it is Fe(II), which has much weaker
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metal—ligand bond distances. The differences between Mn and
Fe are also partially due to differences in the distortions of the
metal p orbitals in a molecular environment as well as differences
in the amount of p character mixed into the valence orbitals.

In addition to spin and oxidation state, the Mn valence to core
region is also sensitive to ligand identity, showing ligand np and
ns contributions, similar to what was seen previously in Fe
complexes. Specifically for Mn, the valence to core spectra may
allow for separation of different ligand contributions within
heteroleptic environments, as seen in the dramatic differences
between the spectra of [Mn(III)(tolylterpy),]*>* and [Mn(III)-
(terpy)(N3)3], for example. This sensitivity to ligand environ-
ment, along with the strong correlation between experiment and
theory, suggests that the valence to core region of the XES
spectra may be a useful predictive tool for examining Mn active
sites in biological systems. The calibration study presented here
forms the basis for future quantitative studies of the XES spectra
in complex ligand environments, including the Mn,Ca cluster in
the active site of photosystem IL'"6%¢!
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