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ABSTRACT: High-energy-resolution-fluorescence-detected
X-ray absorption near-edge structure (HERFD-XANES)
spectroscopy is shown to be a sensitive tool to investigate
the electronic changes of copper complexes induced by
geometric distortions caused by the ligand backbone as a
model for the entatic state. To fully exploit the information
contained in the spectra gained by the high-energy-resolution
technique, (time-dependent) density functional theory calcu-
lations based on plane-wave and localized orbital basis sets are
performed, which in combination allow the complete spectral
range from the prepeak to the first resonances above the edge
step to be covered. Thus, spectral changes upon oxidation and
geometry distortion in the copper N-(1,3-dimethylimidazoli-

din-2-ylidene)quinolin-8-amine (DMEGqu) complexes [Cu'(DMEGqu),](PF4) and [Cu"(DMEGqu),](OTf),-MeCN can be

accessed.

B INTRODUCTION

Copper plays a central role in many electron-transfer (ET)
processes in nature.' Blue copper, or type I, proteins span a large
window of reduction potentials, which leads to a variety of
possible ET partners."”

Although in nature copper is mostly bound to sulfur in such
proteins, it was already reported that hard donor atoms also work
in biomimetic ET systems with possibly advantageous properties
regarding lifetimes of the catalytic site.” These nonblue systems
exhibit ET features similar to those of type I proteins, but without
sulfur donors and having a broader axial electron paramagnetic
resonance hyperfine splitting, leading to the name “type-zero”
compounds. The geometrical distortion between cuprous and
cupric sites plays a central role for the efficiency of such ETs.
Studying copper type-zero complexes with nitrogen-donor
ligands using X-ray spectroscopic and theoretical techniques
can therefore significantly contribute to the understanding of
copper-mediated ET processes.

The ability to tune the Cu'/Cu" redox couple is crucial not
only in nature but also for catalytic applications of biomimetic
complexes. The reduction potential of the Cu'/Cu" redox pair is
influenced by the electronic and structural parameters at the
copper coordination site. In particular, the inner coordination
sphere is dominating these parameters and has been subjected to
many studies.” ® In the case of enzymes, those constraints are
caused by the protein backbone, leading to a situation named
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rack-induced or entatic state, which facilitates ET from the
kinetic point of view.”*

In such states, deviations from the geometry obtained by
ligand-field theory appear. Considering the Cu'/Cu" redox
couple, the according geometries would be square-planar for Cu"
and tetrahedral for Cu'. Changes in the redox state require
therefore a change in the coordination symmetry. Any (even
small) geometry deviation from the ligand-field limit facilitates
the interconversion of the Cu'/Cu" redox states, enabling
exceptionally fast ET. In the last years, many efforts have been
invested in the synthesis of conformationally invariant copper(1/
II) complexes as model complexes for the entatic state, but good
models are still rare,””~"> and the nature of the resulting entatic
state is controversially discussed.'®™"® While some authors favor
an electronic entatic state,"” others claim geometric strain by the
ligands to be the origin of the deviation from the theoretical
ligand-field geometry.

It is thus a mandatory task to access experimentally the
electronic (d-electron density) and geometric (arrangement of
coordinating ligands) structures at the copper center to further
understand the working principle of entatic model complexes.
Single-crystal diffraction is surely the working horse for this
purpose. However, it cannot be applied in the in situ
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environment of biomimetic compounds, i.e., in solution. Here,
only short-range sensitive methods will give the desired
information.

X-ray absorption spectroscopy (XAS) is the only element-
specific method to achieve this aim. If hard-X-ray XAS at the
copper K-edge is used, it has the advantage of delivering
geometric and electronic structural parameters independent of
the sample environment and can therefore be applied also under
biorelevant in situ conditions.'” Many successful applications of
XAS on biomimetic copper complexes and related systems are
known in the literature. They mainly focus on the structure
information in the extended X-ray absorption fine structure
(EXAFS) spectra.’>* These studies underline the spectro-
scopic prowess of XAS in this context. However, the full potential
of the X-ray absorption near-edge structure (XANES) region, in
which details about both the geometric (backscattering) and
electronic (orbital contributions) situations are contained, could
not be fully used. This is due to the lifetime broadening of the 1s
electron—hole after K-edge excitation.””** This broadening
limits the extraction of information from the preedge peak and
XANES region significantly.”> Both spectral parts are broadened
in such a way that details of the lowest unoccupied molecular
orbital (LUMO) states above the Fermi level, which are highly
sensitive to geometric changes, are masked and the characteristic
first resonances after the edge are smeared out.”

The recent development of high-energy-resolution-fluores-
cence-detected XANES (HERFD-XANES) offers a powerful
tool to overcome this limitation.”* With this method, the lifetime
broadening effect can be reduced significantly, and the fine
structure in the prepeak and XANES spectra can be resolved.
This allows a detailed comparison with theoretical calculations.

However, the computational XANES modeling faces a variety
of challenges. On the one hand, the requirement to treat core—
hole excitations renders the straightforward application of
pseudopotential methods difficult. All-electron calculations,
which appear particularly suitable for describing XAS, suffer
from significantly larger computational costs than those required
by pseudopotential-based methods. On the other hand, the
description of excited states is, strictly speaking, beyond the
realm of density functional theory (DFT), the method of choice
for the description of complex structures. DFT neither accounts
for the quasiparticle character of the electrons nor describes
electron—hole attraction effects. There are well-founded and
successful strategies26 to overcome these limitations, e.g, the
GW approximation for the electronic self-energies, where they
are expressed as a convolution of the single-particle propagator G
and the dynamically screened Coulomb interaction W, and the
Bethe—Salpeter equation (BSE) approach to describe Coulomb-
coupled electron—hole pairs.”” However, these methodologies
are prohibitively expensive for complex structures. In particular,
far-edge regions cannot be easily computed within GW-BSE.
Obviously, electron correlation methods such as coupled-cluster
(CC) theory also give accurate access to excited states and thus
can be used to determine X-ray excitations.”*™>° Again, the
method is highly expensive, even if multilevel coupled-cluster
(MLCC) implementations appear promising.”"

Time-dependent DFT (TD-DFT) is numerically less
demanding and thus presently the method of choice to address
charge-neutral excitations in complex molecules. It is also
frequently used to determine core excitations.”” > This
approach is well-founded in principle, but the complication is
hidden in the unknown time-dependent exchange and
correlation (XC) potential that appears in the Kohn—Sham

equations. Most numerical implementations rely on the adiabatic
approximation, which often proves successful for finite systems
such as molecules but fails for extended systems such as solids.*®
Constrained and orthogonality constrained density functional
theories (¢cDFT? and OCDFT***°) are possible alternative
approaches to excited-state configurations.

A third difficulty in simulating XAS data is related to the basis
set used to expand the electronic wave functions. Localized basis
functions such as Gaussians are computationally efficient and do
thus allow for the modeling of core electrons as well as many-
body effects, e.g., by means of TD-DFT, even for comparatively
complex structures; see., e.g., ref 40. However, they do not form a
complete set and are not suitable for the description of excited
high-energy states that typically are fairly delocalized. Plane
waves, on the other hand, form by the construction of a complete
and orthogonal basis set, the numerical convergence of which can
be smoothly varied and reliably controlled. Moreover, plane
waves are ideally suited to describe delocalized high-energy states
as well as systems with periodic boundary conditions such as
molecular crystals.41 Naturally, the description of core states with
plane waves is cumbersome.

In order to deal with these complications, we use two different
and to some extent complementary theoretical approaches to
simulate XANES: On the one hand, for molecular species, we use
TD-DFT with a localized orbital basis set that is expected to be
particularly suitable for the description of preedge peaks.*” On
the other hand, we used the continued-fraction expansion of
Green’s function™ ™" in conjunction with a plane-wave basis set,
which appears particularly suited for solids, e.g., molecular crystal
structures.*® Here, the incorporation of the 1s core—hole into
pseudopotentials*”** allows for a computationally very efficient
cDFT-like description of excitonic effects involving core states*’
and also K-edge XAS spectra in a broad energy range. It has been
used to describe the prepeak region of copper compounds™ but
results in a particularly reliable description of near- and far-edge
features of the absorption spectrum.””*' ™

Consequently, the purpose of this work is 3-fold: (i) to
establish HERFD-XANES as a new high-resolution method to
investigate copper-based biomimetic systems, (ii) to elucidate
the capability of TD-DFT and the continued-fraction approach
to simulate and rationalize such spectra, and (iii) to show that a
combined application of these schemes is able to unravel many
details of the molecular geometries, which can be used to answer
questions related to the entatic state principle in biomimetic
systems. As a prototype example for such systems, we use a pair
of copper(I) and copper(II) complexes formed by the quinoline-
based ligand N-(1,3-dimethylimidazolidin-2-ylidene)quinolin-8-
amine (DMEGqu), namely, [Cu'(DMEGqu),](PF4) and
[Cu(DMEGqu),](OTf),-MeCN.*® These complexes are char-
acterized by the fact that the structures of their cationic units are
structurally very similar.

B EXPERIMENTAL SECTION

HERFD-XANES Measurements. HERFD-XANES experiments
were performed at beamline ID26 at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France. For measurements at
the copper K-edge (8979 eV), a Si(311) double-crystal monochromator
was used. The maximum beam current was 200 mA with a ring energy of
6 GeV. For K-edge measurements, the solid samples were prepared as
wafers using degassed cellulose as a binder to avoid self-absorption
effects. Spectra were recorded at 30 K in a closed-cycle helium cryostat.
The copper(I) samples were additionally prepared under an inert
atmosphere in a glovebox. The spectrometer was kept under a helium
atmosphere to reduce the absorption of fluorescence radiation. No signs
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of radiation damage could be detected in any sample within the
acquisition time, and measurements were carried out on multiple spots.

DFT Calculations. ORCA. Copper K-edge transitions were
calculated usir}g the TD-DFT approach implemented in
ORCA3.0.2.>**"7* In these calculations, the core properties were
described by triple-¢ basis sets CP(PPP)® for the copper atom and
Ahlrich’s all-electron TZVP for all other atoms.’’”** Geometry
optimizations of ionized single molecules were carried out using
ORCA3.0.3 employing Ahlrich’s TZVP on all atoms with TPSSh.** This
is frequently considered the functional of choice for copper-related
systems and has in particular been proven useful for the description of
the structural and vibrational properties of quinoline—guanidine copper
complexes.”> % Furthermore, the Grimme dispersion correction with
Becke—]Johnson damping (D3BJ) has been utilized.*>”° XANES spectra
have been calculated for different molecular structures, i.e., for the self-
consistently optimized gas-phase (ORCA) geometries, for single
molecules, the geometry of which is obtained from the experimentally
determined crystal structures (X-ray diffraction) and for molecular
structures based on the calculated solid-state geometries (QUANTUM
ESPRESSO). Thereby, several XC functionals were tested, i.e., the meta-
generalized gradient approximation (GGA) functional TPSS and its
hybrid version TPSSh,** the hybrid GGA functional B3LYP,”'~"* and
the semilocal GGA functionals BP86">”® and PBE.”” To speed up the
hybrid calculations, the RIJCOSX”®”? approximation implemented in
ORCA was used. A special DFT grid of seven was set for copper. The
tight convergence criterion was imposed on all calculations. For further
analysis of the results, we used the program MOAnalyzer.”® The
calculated spectra have all been shifted to match the copper K-edge: a
shift of 33—44 eV was required for hybrid functionals and 216—233 eV
for semilocal functionals. In addition to the shift, all spectra have been
normalized to the intensity of a characteristic peak [in case of
copper(Il), the prepeak]. The discrete single-energy transitions have
been subjected to Gaussian broadening, with a full width at half-
maximum linearly rising with increasing excitation energy.

QUANTUM ESPRESSO. Periodic boundary conditions and a plane-
wave basis were employed for the realistic modeling of molecular
crystals using the QUANTUM ESPRESSO (QE) package46 implemen-
tation of DFT. The QE package has also been used for XAS simulations
based on the continued-fraction approach.”””** Specifically, the Xspectra
code® is used in conjunction with gauge-including projector-
augmented-wave (GIPAW) pseudopotentials. Within this PAW-XAS
approach, the incorporation of the 1s core—hole into the copper
pseudopotentials allows for a reliable, but computationally very efficient
description of excitonic effects" using Lanzcos recursion scheme to
expand Green’s function.”>™* For structure optimization as well as for
the simulation of XAS spectra, the complete crystal structures, including
the counterions [two PF™ in the case of copper(I) species and eight
OTf™ as well as one acetonitrile molecule for the copper(II) species],
have been used. Notably, the calculated XAS spectra do not change
considerably if we truncate the structures and consider only one
molecule and its counterion(s) within periodic boundary conditions.
This corresponds to bisecting and quartering of the actual crystal unit
cell for the copper(I) and copper(II) systems. The insensitivity of the
XAS simulations with respect to this structural simplification indicates
that the weak intermolecular coupling between the molecules has only a
minor influence on the XAS spectra. The XAS spectra are calculated
using the same k-point sampling as that for the self-consistent total-
energy calculations. A 2 X 2 X 2 k-point sampling and a cutoff energy of
90 Ry lead to numerically converged results for solid-phase calculations.
The gas-phase calculations were done with the same cutoff, but with a
single k point (I" point) and using a large (20 A)® supercell that mimics a
single molecule in vacuum. Throughout the QE calculations, we use the
PBE functional.”” All calculations were done including van der Waals
interaction (D3BJ dispersion), which is expected to be of particular
relevance for the gas-phase structures.’® The calculated spectra have
been aligned with respect to the copper K-edge of the experimental
spectra. The line width is chosen to be energy-dependent, rising arctan-
like from 0.2 at 8975 €V to 2.0 at 8940 eV.*' The broadening used in the
calculations thus follows qualitatively the trend in the experimental

spectra but is chosen to be somewhat smaller, in order to prevent it from
masking the fine structure of the simulations.

Materials. The complexes [Cu'(DMEGqu),](PF,) and
[Cu"(DMEGqu),](OTf),;MeCN were prepared according to a
literature procedure.

B RESULTS AND DISCUSSION

HERFD-XANES Measurements. Two different counterions,
PF,~ and OTf, were used during crystallization of the copper(I)
and copper(II) species, respectively.”® The resulting key
geometric parameters are given in Table 1; the unit cells and

Table 1. Geometric Parameters of the Two Complexes
(Obtained from X-ray Diffraction)

[Cu(DMEGqu), ]

[Cu"(DMEGqu),](OTf),:
PF; MeCN*

Bond Length [A]

Cu—Niminegua 2.113(2), 2.134(2) 1.978(3), 1.998(3)
Cu—Ng, 1.981(2), 1.959(2) 1.986(3), 1.981(3)
Caa=Niminegua 1.302(3), 1.309(3) 1.347(4), 1.342(4)
Caua=Naminegua 1.361(3), 1.366(3) 1.325(4), 1.341(4)

1.352(3), 1.357(3)
Chelate Angle [deg]

1.324(4), 1.346(4)

N—Cu-N 81.9(1), 81.8(1) 81.8(1), 82.7(1)
Structure Factor

_ 360°—(a+p) 0.57 0.36
4T 141

Torsion Angle (deg)
£(CguNy CuN,) 442,526 56.6, 60.4
£(CuN,, CuN’,) 63.1 422

“Here, two different molecules are present in the asymmetric unit.

molecular structures of [Cu'(DMEGqu),]* and
[Cu"(DMEGqu),]*" in the solid state are compared in Figure
1. The unit cell of the copper(I) species consists of two molecules
plus two counterions (PF,~), whereby the arrangement of the
two molecules shows inversion symmetry (cf. Figure 1, left). For
copper(Il), the molecular crystal structure is more complex and
consists of four molecules plus eight OTf™ counterions plus four
acetonitrile molecules (cf. Figure 1, right).

As previously shown for [Cu(tmeda),]" (tmeda = tetrame-
thylethylenediamine), one would expect a tetrahedral geometry
for copper(I) complexes,” whereas the corresponding copper-
(1) system® is expected in a square-planar fashion. The
DMEGqu complexes in this study exhibit geometries between
these two extremes. The 7, parameter can be used to describe the
geometry of a 4-fold coordination. By definition, ideal tetrahedral
sites show a value of 7, = 1 and square-planar sites 7,= 0.°* This
was shown previously for related compounds,” and similar values
are obtained.

The copper(I) complex [Cu'(DMEGqu),](PFq) is charac-
terized by a value of 0.57, indicative of a strongly distorted
tetrahedron. The copper(II) complex [Cu"(DMEGqu),]-
(OTf),sMeCN shows a smaller value of 0.36. An alternative
measure is given by the angle between the two chelate planes
(90° = tetrahedron and 0° = square planar), which adopts values
of 63° in the [Cu'(DMEGqu),]* cation and 42° for
[Cu"(DMEGqu),]*", indicating a twist of about 20° upon
oxidation.>®

Figure 2 compares the conventional XANES spectra recorded
in transmission with the HERFD-XANES spectra. The latter
ones are obtained using a focusing Johann-type spectrometer
with spherically bent analyzer crystals.””** The energy of the
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Figure 1. (Experimental) Unit cells of the complete molecular crystals (top) of [Cu'(DMEGqu),](PF) (triclinic, left) and [Cu"(DMEGqu),](OTf),:
MeCN (triclinic, right) including the counterions. For the sake of clarity, enlarged structures of the cationic sites are shown below.>

25

20- [Cu(l)(DMEGqu),]*

[Cu(l)(DMEGqu),]"

norm. abs. / a.u.

0.5

0.0
8970 8980 8990 9000 9010 9020 9030 9040
E/eV

Figure 2. Comparison of the conventional (green) and high-resolution
(black) XANES spectra taken for the same samples of
[Cu'(DMEGqu),](PFy) and [Cu"(DMEGqu),](OTf),-MeCN molec-
ular crystals.

analyzer crystals is fixed at a certain value, and its intensity is
recorded while the incident beam energy is swept over the
absorption edge. These measurements follow the approach
originally introduced by Himildinen et al.*® as high-resolution
fluorescence excitation in order to obtain lifetime-broadening-
removed XANES spectra. Carra et al.”” and Loeffen et al.**
pointed out that this method is not strictly yieldin§ lifetime-
broadening-removed spectra. However, Tanaka et al.”” showed
that, under certain circumstances, the high-resolution excitation

spectra are essentially identical with conventionally obtained
XANES spectra but with much higher resolution and are thus
called HERFD-XANES. Most important, the emitted photon
energy has to correspond to a peak position in the fluorescent
spectrum. Another core criterion is that off-diagonal elements
representing nonlocal states are not present in the RIXS planes
(cf. the Supporting Information) because they would lead to
artifacts in the HERFD-XANES spectra. When this technique is
applied, a tremendous increase in the resolution is observed,” as
proven in Figure 2, whereby the degree of resolved fine structure
is particularly obvious for the copper(I) complex. The benefit of
high-energy-resolution-fluorescence detection is 3-fold: (i) the
experimental background is nearly eliminated; (ii) the prepeak, if
present, of the copper(Il) complex is significantly better
resolved, and (iii) the XANES fine structure is impressively
sharpened but obviously to different extents.

While the first point is more or less only relevant for a better
analysis of the prepeak intensities, the latter two points offer
further valuable information on the investigated species: The 4-
fold coordination can be identified by comparing the preed%e
intensity and general spectral shape to those in earlier studies.”
Also, the influence of the oxidation state on the edge position is
easily recognized: The edge of copper(Il) is shifted by 3 eV with
respect to copper(I). Most remarkably, the spectra, especially for
the copper(I) case, reveal a detailed fine structure in the edge. In
other words, the HERFD-XANES measurements yield richer
spectral information compared to conventional measurements,
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Figure 3. Comparison of the experimental copper(I) (left) and copper(II) (right) XAS spectra with theoretical PAW-XAS spectra calculated for the
experimental crystal structures (solid green lines): (i) for a periodic molecular crystal including the counterions PF,~ and OTf, respectively (top); (ii)
for charged isolated molecules, i.e., for the gas phase (bottom). For further comparison, calculated spectra for the self-consistently relaxed structures are
also indicated by dotted lines. Vertical dashed lines serve as guides for the eyes. For copper(II), the prepeak is indicated by arrows. The further curves

describe the projected DOS.

which allows for a more detailed comparison to theoretical
calculations, e.g., a more accurate assignment of the underlying
transitions. As already mentioned in the Introduction, the
prepeak region is best described by TD-DFT, while above the
Fermi level, the continued-fraction approach describes the
measured data very well. This will be demonstrated in the
following sections.

DFT Simulations of XANES Spectra. I. PAW-XAS Results.
In order to get an overview and an understanding of the general
shape of the XAS spectra, we start our DFT simulation with the
continued-fraction PAW-XAS method. The multiprojector
GIPAW approach is able to describe the XAS spectrum in a
broad energy range up to 30 eV and more above the copper K-
edge, as demonstrated in Figure 3. Especially in the case of the
copper(I) complex, the agreement is quite impressive if a
periodic molecular crystal including the PF4~ counterions is
modeled (green curves in Figure 3, top): All peaks and shoulders
are present and predicted at reasonably correct energies. For the
copper(II) complex, in particular in the region 5—15 eV above
the edge, the agreement is less obvious because the resolved
experimental features are not as pronounced as those in the
copper(I) case. Here, an improved agreement between the
experiment and theory can be enforced by increasing the line
width of the calculated spectra by a factor of 2. On the basis of the
presently available data, we speculate that the larger unit cell for
the copper(Il) provides more spatial degrees of freedom and is
potentially more easily affected by thermal vibrations and,
consequently, by an enhanced thermal broadening of the spectra.

It is noteworthy that all of the PAW-XAS spectra are obtained
while explicitly taking into account occupied states exclusively.
Thanks to the projectors and the Lanzcos recursion scheme,**~*°

we can profit from the completeness relationship of an infinite
quantum mechanical basis set by substituting (infinite) sums
over empty states with (finite) sums over occupied states. In fact,
additional calculations for the projected density of states (DOS)
reveal that 420 empty states are distributed over a limited energy
range of about 10 eV; see also the base lines in Figure 3. To cover
the full energy range, several tens of thousands empty states
would be required.

We further note that as good as possible agreement with the
global shape of the experimental spectra is generally obtained by
simulations that are based on the complete unit cell of the
molecular crystal, taking also into account the counterions
explicitly, either by using the experimental crystal structure from
single-crystal X-ray diffraction (cf. Figure 1 and Table 1) or by
using structures relaxed within DFT, ie, as obtained from
minimizing the Hellmann—Feynman forces within the molecular
crystals. By the latter approach, the features of the far-edge part of
the spectrum are slightly red-shifted toward the edge step, but in
parallel some near-edge features are better described (see the
dotted lines in Figure 3). This is, in particular, true for the
copper(I) species and the shape and height of the characteristic
shoulder at 8981 eV (2 eV above the edge), which originates
from strong metal-to-ligand charge-transfer (MLCT) Culs > C
2p, N 2p transitions.

When modeling the corresponding gas-phase species, i.e., the
ionized isolated molecules without counterions, most features of
the spectra are reproduced, but the relative intensity of some
peaks is inverted in comparison to the experiment, in particular in
the region 2—6 eV above the copper K-edge, where the Cu 1s —
4p transitions are strongly overestimated in the gas-phase
modeling, in particular for the copper(Il) case. Finally, the
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Figure 4. DFT-calculated XAS spectra for the [Cu'(DMEGqu),]* species in acetonitrile (left, yellow line), modeled within a large, 25.7 X 25.7 X 25.7 A®
supercell (right) containing the copper(I) complex itself (green, colored besides) and 231 solvent molecules (in total 1452 atoms).

(@)

—— experiment 1.4/ experiment
1.4{—— TPSSh 7 |-——TPSSh
~——B3LYP 42]  BOLYP
1.2 PBE - PBE
3 1.0 3 1 NN
4 o8 g 08 |
© © / \
E os- E 067
c S ) \
c c \
0.4+ 0.4+
0.2 0.2 1!
q \'\_ ,.f
0.0 T r T r T T T T 0.0 e — T T = 7 -
8975 8980 8985 8990 8995 9000 9005 8980 8982 8975 8980 8985 8990 8995 9000 8979 8982
E/eV E/eV
(b)
|—— experiment [—— experiment
144 exp. crystal structure 144 exp. crystal structure
[—— ORCA gas phase [—— ORCA gas phase
124 QE solid relaxed 124 QE solid relaxed
3 1.0 3 1.0
© ©
g' 0.8 g 0.8
© ©
E 0.6 E 0.6
o o
c <
0.4+ 0.4
0.2 0.2
0.0 T T T T T r T T 0.0 7 T r T T 7 T
8975 8980 8985 8990 8995 9000 9005 8980 8982 8975 8980 8985 8990 8995 9000 8979 8982

E/eV

E/eV

Figure S. (a) Comparison of the TD-DFT-calculated copper(I) (left) and copper(II) (right) spectra using different XC functionals for the QE-relaxed
solid structure. For copper(I), the intensity of the spectra is normalized to the intensity of the 8987 eV peak; for copper(II), it is normalized to that of the
prepeak at 8977.5 eV. (b) Calculated XANES spectra (TD-DFT with the TPSSh functional) for DFT-relaxed structures (gas phase and molecular
crystal) and for the experimental crystal structure in comparison to the experimental spectrum. For copper(I) (left), the intensity of the spectra is
normalized to the intensity of the 8987 eV peak; for copper(II) (right), it is normalized to that of the prepeak at 8977.5 V. Transitions into 120 and 250
empty states have been used for copper(I) and copper(II), respectively.

prepeak features caused by 1s — LUMO transitions are not
properly described in the continued-fraction approach. The
intensity of the prepeak at 8977.45 eV and its distance to the edge
is considerably underestimated. The latter is mainly related to the

11699

common underestimation of the highest occupied molecular
orbital (HOMO)—LUMO gaps if using semilocal XC func-
tionals. Note that, for the near- and far-edge regions, related to
transitions into more delocalized empty states, this problem plays
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a minor role. For a more detailed quantitative discussion of the
prepeak, however, we refer to the TD-DFT calculations
described below, where, in particular, the influence of the used
XC functional is thoroughly investigated.

It has to be noted that, strictly speaking, the modeling of
isolated molecules does not correspond to the experimental
situation, where XAS is performed either on molecular crystals
(solid state) or on molecular species in solution. Similar to the
solid state, also in solution the interaction with the neighboring
solvent molecules is able to influence the XAS spectra
significantly. To illustrate this, we have performed additional
calculations for the [Cu'(DMEGqu),]* species in an acetonitrile
(C,H;N) solution. For this purpose, a copper(I) complex has
been modeled in a large supercell containing 231 solvent
molecules equivalent to a 78 mM concentration of solution (see
Figure 4). In a first step, the atomic positions of the copper(I)
complex are kept fixed, while the distribution of the solvent
molecules is optimized using molecular dynamics. Afterward,
within such an optimized solvent environment, the copper(I)
complex is allowed to relax freely. For the resulting structure, we
calculate the copper K-edge XAS spectrum. Again a quite good
agreement with the results of the solid-state simulation is
obtained for large parts of the spectrum (cf. Figure 4, left). The
peak at 8983 eV, however, appears to be considerably
overestimated, similar to the relaxed gas-phase geometry, but
even more pronounced (cf. Figure 3, bottom, left). The intensity
of this peak, which is mainly characterized by transitions into the
ligand 7* system with a predominant amount of C 2p orbitals
(for further details, see the next section), depends very sensitively
on the microscopic details of the solvent environment. This will
result (i) in effectively reduced intensities in statistical ensembles
as in the experiment and (ii) a considerably larger temperature
dependence of the XAS spectra as in the case of the solid state
(molecular crystals).

Obviously, precise modeling of the molecules in solution and
simulation of their XAS spectra are rather cumbersome because
they require statistical averaging over a large ensemble of
structures. Here, the so-called gas-phase modeling of isolated
molecules (within reasonable geometries) actually provides an
efficient alternative, which will also be used in the TD-DFT
calculations described below.

Il TD-DFT Results. Usually the intensity of a prepeak is used to
adjust the TD-DFT-derived XAS spectra to the experimental
spectra. For copper(II), this leads to an adequate relationship
between the various spectra (see, e.g., Figure Sa, right). In the
copper(I) case with a completely filled 3d'? shell, however, there
is no such classical prepeak. Using the first peak at the copper K-
edge instead is not reliable because its intensity depends strongly
on the technical details of the theoretical description (e.g, the
choice of the XC functional; cf. Figure Sa, left). Thus, it does not
provide a reliable global reference. Here, we use the peak around
8987 eV as an alternative. Its intensity as well as its energetic
position does not depend on the DFT functional, and the latter
agrees nicely with the experimental one.

a. Influence of the Geometry. The relationship between the
molecular structure and simulated spectra inferred from the
continued-fraction approach is largely confirmed by TD-DFT
calculations: The near-edge regions seem to be described slightly
better when the DFT-relaxed structures are used instead of the
experimental ones. This can be clearly seen in the case of the
copper(II) species by analyzing the characteristic shoulder above
8985 eV. Figure Sb (right) shows (using the all-in-all best-
performing TPSSh functional; cf. Figure Sa) that its shape is best

reproduced for the fully relaxed crystal structure. At this point, it
is not clear if this is really due to changes in the crystal structure,
e.g., increased C—H bond lengths, or due to some kind of error
cancellation within gas-phase modeling. Notably, for copper(II),
the torsion angle between the two CuN, planes in the first
coordination shell, a quantity that characterizes the entatic state
of the complexes used for this study, is basically the same for the
crystal structure relaxed within DFT-PBE and the relaxed gas-
phase geometry obtained using the TPSSh functional. It
becomes, however, obvious that the self-consistently relaxed
gas-phase geometries provide no valid starting point for
simulation of the X-ray spectra: The symmetry of the resulting
structures is considerably overestimated; e.g, the Cu—N
distances become pairwise identical (see Tables 2 and 3). In

Table 2. Geometric Parameters of the Copper(I) Structures
Derived from Gas-Phase Optimization for Two Different
DEFT Functionals (TPSSh and PBE), from a Relaxation of the
Molecular Crystal (Solid) and the Experimental Crystal
Structure (from X-ray Diffraction) Itself

exptl crystal gas-phase  gas-phase  solid relaxed
copper(I) structure TPSSh PBE PBE

(A 0.57 0.67 0.65 0.62

Cu—Ny, 1.981(2), 1.973,1.973 2.017, 2.025, 1.994
1.959(2) 2.017

Cu—Nipnega  2:113(2), 2.110,2.109 2.181, 2,098, 2.098
2.134(2) 2.182

£CuN,/CuN’, 63.1 76.6 76.6 69.6

Table 3. Geometric Parameters of the Copper(II) Structures
Derived from Gas-Phase Optimization for Two Different
DFT Functionals (TPSSh and PBE), from a Relaxation of the
Molecular Crystal (solid) and the Experimental Crystal
Structure (from X-ray Diffraction) Itself

exptl crystal gas-phase  gas-phase  solid relaxed
copper(II) structure TPSSh PBE PBE

7, 036 043 047 046

Cu-N,, 1.986(3), 1973, 1972 2.027, 2,021, 2.008
1.981(3) 2.026

Cu-Nipnega  1978(3), 1.967, 1.967 2.065, 2,033, 1.999
1.998(3) 2.066

ZCuN,/CuN’, 422 456 516 458

other words, the structures lose their characteristic asymmetry.
With HERFD-XANES being a local method, the Cu—N
distances are important as well, besides the torsion angle
between the two CuNN planes. Unique shifts of all Cu—N
distances (as e}gpected for the bond length overestimating the
PBE functional®>®”) lead only to an energy shift of the whole
spectra. The asymmetry within the two chemically equivalent
Cu—Ng, and Cu—Njyie e, distances, in contrast, leads to the
characteristic splittings of the main peaks in the near-edge region,
contributing substantially to the shape of the spectra.

b. Influence of XC Functionals. Out of the functionals probed
here, TPSSh performs all-in-all best concerning the modeling of
the XANES spectra. Taking also the kinetic energy of the orbitals
into account, this meta-hybrid functional with a moderate
amount of Hartree—Fock (HF) exchange (10% in comparison to
25% in B3LYP) has been frequently reported to describe the
structural and electronic properties of similar 3d transition-
metal-including complexes.”® 7 We found that the absolute
energies, i.e., the position of the copper K-edges, are generally
closer to the experiment for all hybrid calculations. This can be
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explained with the addition of HF exchange reducing the self-
interaction error and therefore giving higher accuracy for
strongly localized core states as well as for the Cu 3d levels
and, thus, for the corresponding core—excited state transitions.>”
Even more important, the energy splitting between the prepeak
and the following features for the copper(II) species is too small
for the nonhybrid functionals throughout all calculated spectra. It
is noteworthy that this splitting is too small even for the TPSSh
functional that contains rather moderate 10% exact exchange.
The position of the prepeak becomes even worse (now too far
away from the copper K-edge) for standard hybrid functionals
like B3LYP. This kind of overcorrection, however, can be fixed by
adjusting the fraction of HF exchange. In the case of copper(1l),
12.5% HF exchange was needed to achieve the correct splitting in
the preedge region (additional spectra provided in the
Supporting Information), whereas for copper(I), the HF
exchange did not show a significant influence, as can be seen in
Figure Sb for the two spectra calculated with B3LYP (25% HF)
and TPSSh (10% HF). We attribute this substantial difference to
the electron configuration being paramagnetic 3d’ in the
copper(II) case and diamagnetic closed-shell d'° for copper(),
which renders the concomitant influence of the exchange
interaction less significant. In the following sections, only the
TPSSh functional results will be discussed for the TD-DFT
calculations.

¢. Comparison with the Experiment. We start a more
detailed discussion of the two different complexes with the
copper(II) compound [Cu"(DMEGqu),](OTf),-MeCN,
which, thanks to the open-shell 3d° configuration, gives rise to
the aforementioned distinct prepeak. The measured HERFD-
XANES spectra (cf. Figures 2 and Sa,b) locate this prepeak at
8977.45 eV. Our TD-DFT calculations reveal a 1s orbital to
LUMO transition underneath this peak. The spatial distribution
of the f-LUMO is shown in Figure 6 and consists mostly (>55%)

degenerate

Cu() LUMO Cu(ll) B-LUMO+1

Cu(Il) B-LUMO

Figure 6. Comparison of the acceptor orbital (LUMO) related to the
first transition peak in the calculated copper(I) spectra (left) and the
degenerate f-LUMO+1/f-LUMO+2 of the copper(Il) calculation
(middle); acceptor orbital (f-LUMO) of the prepeak transition
calculated for the copper(II) species (right).

of Cu 3d orbitals (detailed contributions are provided in the
Supporting Information). A symmetry-dependent admixture of
Cu p as well as p orbitals of the nitrogen and carbon ligands
allows for a dipole transition that leads to a significantly enlarged
intensity compared to a pure 1s — 3d transition. Nevertheless,
the quadrupole (1s — 3d) transition still accounts for as much as
25% intensity. The following feature at 8982 eV is mainly
characterized by transitions in the ligand 7* system with a
predominant amount of C 2p orbitals. The next intense feature in
the edge above 8985 eV can be assigned to a 1s = 4p + LMCT
shakedown (multielectron) transition, similar to that reported
previously for square-planar copper(Il) complexes.”" At higher
energies, the localized and finite character of the basis set used for
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the TD-DFT calculations prevents the reproduction of spectral
features. Additional multiscattering effects, thus, cannot be
considered within TD-DFT.””

As already mentioned above, the copper(I) spectrum of
[Cu'(DMEGqu),](PF) (Figure Sab, left) shows no prepeak
because the 3d'" configuration does not allow for 1s — 3d
transitions. The LUMO for the copper(I) species is shown in
Figure 6 (left) and consists mostly of ligand 7* orbitals. These
features around 8980 eV can accordingly be assigned to MLCT
transitions. A closer look reveals that this calculated feature is of
the same character as that in the copper(II) case but shifted to
lower energies because of the smaller ionization threshold in
copper(l), i.e., the influence of the nuclear charge on the orbital
energies. The LUMO of the copper(I) case (Figure 6, left) is
indeed very similar to the degenerate S-LUMO+1/-LUMO+2
(Figure 6, middle) in the copper(Il) case. These assignments
strengthen the MLCT assignment.”””” The copper(I) spectra
show a characteristic, very intense 1s — 4p transition visible as a
shoulder. This feature is shifted to higher energies for copper(II);
it is, therefore, often hidden under the edge.

d. Sensitivity to Structural Changes. To further elucidate the
effect of geometrical distortions on the XANES spectra (as, e.g,
relevant in entatic states), we also calculated spectra for
constrained tetrahedral (£CuN,/CuN,’ = 90°) and square-
planar (£CuN,/CuN,’ = 0°) geometries. For this purpose, the
values of the N—Cu—N angles (except the two ligand chelate
angles) were fixed, while otherwise relaxing the positions of all of
the atoms of the cationic gas-phase molecules. Thereby, the
£CuN,/CuN,’ angles were fixed to the mentioned 0°/90° values
as well. This also results in a change of the bond lengths (see the
Supporting Information), which has been described earlier,”* but
does not affect the value for the following discussion. The
XANES spectra (Figure 7, left) calculated for the two resulting
structures show clearly distinguishable prepeak intensities as well
as significantly different intensities for the following preedge
transitions. This can be explained by the changing amount of the
p contribution to the acceptor orbital of the excitation in the XAS
process. The square-planar case mimics an ideal quadrupole.
Consequently, the prepeak is predominantly determined by the
quadrupole term. No significant dipole contribution is found
because in the LUMO there is no admixture of Cu p orbitals and
only a little of the C and N p orbitals. Note that the contribution
of the N p orbitals remains nearly constant and is, thus, not
discussed further in this context. The tetrahedral coordination, in
contrast, shows a maximum electric-dipole contribution (being
responsible for more than 90% of the intensity). The LUMO in
this case consists of 2% Cu 4p and 15% C 2p orbitals in
conjunction with an amount of 45% Cu d. Figure 8 shows the
orbital shape of the LUMOs; the orbital contributions for the
different cases are listed in Table 4. A comparison of the shape
and features of the calculated spectra confirms the importance of
the £CuN,/CuN,’ angle. As expected, none of the extreme cases
is able to reproduce the spectrum of the [Cu"(DMEGqu),]-
(OTf),- MeCN structure. Mixing, however, the spectra obtained
for the two extreme angles of 0 and 90° with their respective
ratios (51% tetrahedral and 49% square-planar, giving an angle of
45.84°%; cf. Table 3) results in a spectrum that shows a good
agreement with the actual spectrum of [Cu"(DMEGqu),]-
(OTf),-MeCN, despite the tetrahedral and square-planar
geometries being strongly constrained, ie. providing hypo-
thetical constructs. In Figure 7 (TD-DFT results), this is shown
for the near-edge regime, and in Figure 9, right (PAW-XAS
results), also for the far-edge region using the same mixing ratio
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Figure 7. Comparison of the TD-DFT calculated spectra for the constrained square-planar and tetrahedral geometries for the copper(I) (left) and
copper(II) (right) cases. Weighted-averaged spectra (77:23 and 51:49, respectively) and the spectra from a fully relaxed crystal geometry (QE solid

relaxed) are also given. Right insets: zoom of the preedge regions.

!
tetrahedral

square planar

actual geometry

Figure 8. Spatial distribution of the S-LUMO orbitals for the three
different copper(I) configurations, illustrating the increasing local-
ization on the ligands with increasing tetrahedral distortion.

Table 4. s, p, and d Orbital Contributions (%) for Each LUMO
of the Copper(II) Calculations Split into Fractions for
Copper, Nitrogen, and Carbon

Cu N C
LUMO contributions P d s p s P
solid relaxed 2.3 55.0 2.9 20.7 0.0 6.9
square-planar 0.0 57.3 4.1 22.0 0.0 4.5
tetrahedral 2.0 45.1 1.1 21.9 0.0 158.5

mix 77:23
tetrahedral
square planar

tetrahedral
square planar

51% 49% |

77% 23% (D D
AN 1
3 N & |

8990
EfeV]

9010 8990

EfeV]

Figure 9. Theoretical XANES spectra for the copper(I) (left) and
copper(1I) (right) gas-phase molecules (PAW-XAS results) calculated
for different geometries: for the constrained square-planar (green) and
tetrahedral (blue) geometries and for the weighted mixtures of 77:23 for
copper(I) and 51:49 for copper(Il). For comparison, the spectra for the
minimum total energy geometries are also indicated (dotted lines), and
the experimental spectra (top) are also given again.
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of 51:49. Here, the curve from mixing, i.e., more or less from
averaging the constrained limits (solid line), follows nicely the
curve calculated for the actual experimental geometry (dashed
line); by this, it also agrees with the experimental HERFD-
XANES spectrum. In addition, this procedure leads to a
magnification of the prepeak, most clearly visible in the square-
planar geometry.

For copper(I), the benefit of the mixing procedure is also
significant (Figure 9, left). However, the tetrahedral contribution
dominates the now clearly weighted superposition given by 77%
(tetrahedral) and 23% (square-planar) relating to an angle of
69.59° (cf. Table 2). As a consequence, already the purely
tetrahedral geometry reproduces the actual experimental
spectrum of [Cu'(DMEGqu),](PF) for the high-energy
transitions above 8982 eV. In this sense, for copper(l), the
benefit of a square-planar admixture is restricted to the region
close to the edge: In TD-DFT (Figure 7, left), the square-planar
spectrum yields a too large energetic split-up between the first
transitions. The tetrahedral limit, on the other hand, fits the
preedge region quite well. The combination of both extremes
again fits the features as well as in the copper(II) case.

B SUMMARY AND CONCLUSION

Here HERFD-XANES spectroscopy is combined for the first
time with the theoretical spectroscopy based on TD-DFT and
the PAW-XAS approach in order to achieve a comprehensive
description and understanding of the HERFD-XANES data. This
combined approach was applied to provide a proof-of-principle
for the investigation of small structural changes (e.g., entatic-state
effects) in biomimetic geometrically constrained copper
complexes. A Cu'/Cu" redox couple stabilized by a DMEGqu
ligand served as an ideal case study: the 4-fold Cu—N
coordination in both oxidation states deviates from the
prototypical textbook cases, tetrahedral for copper(I) and
square-planar for copper(II).

With the combination of TD-DFT and PAW-XAS, the rich
information content in the HERFD-XANES spectra, ranging
from the preedge signals, over the edge fine structure up to the
first oscillations in the XAS coefficient after the edge step, can be
fully utilized to characterize the structural and electronic changes
when the copper oxidation state is changed from Cu' to Cu". It
thus will enable future high-resolution X-ray studies on the ET
processes facilitated by ligand-induced geometry distortions.
While the preedge peak is best described by TD-DFT because of
its localized 1s — LUMO transitions, the local basis used in the
TD-DFT calculations prevents a proper description of
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transitions at higher energies in the near-edge and, in particular,
the far-edge region. Nevertheless, the range over which TD-DFT
predicts spectral features with reasonable quality even in the
rising edge region with its quasi-continuum states is astonishing
and, to our knowledge, unprecedented: So far, TD-DFT has only
been applied to predict preedge peaks, and no attempts were
made to apply it to transitions beyond these energies.”””*

But still, starting with the rising edge, the PAW-XAS approach
in the continued fraction is superior because (i) plane waves are
ideally suited to describe the delocalized high-energy states and
periodic systems such as the experimentally investigated
molecular crystals, (ii) thanks to a multiprojector description,
the Lanzcos recursion scheme, and (iii) by making use of
completeness relation, the XANES spectra can be reasonably
described for a broad energy range covering at least 30 eV.
Although muffin-tin full multiple scattering and finite-difference-
method approaches are more powerful to simulate spectra up to
higher energies including the EXAFS region, the results here are
the first to simulate XANES data using a full-electron approach
that proves to be accurate enough to reproduce even the features
in the HERFD-XANES spectra in terms of energy and intensity.

With both methods, the effect of geometrical distortion on the
electronic structure in an entatic-state model, as reflected in the
HERFD-XANES spectra of the molecular crystals, can be
explained. In order to investigate the feasibility of the applied
theoretical methods, different kinds of modeling were used in the
theoretical spectral calculations: (i) periodic molecular crystals
from the experimental single-crystal parameters as well as fully
relaxed geometries and (ii) charged isolated gas-phase molecules.
The PAW-XAS calculations based on the periodic molecular
crystal (including the counterions) give slightly better results
than simulations based on gas-phase molecules. The latter,
however, still predict all transitions but with reduced accuracy
concerning the peak intensities. The same trend is obtained in
the TD-DFT calculations. Here, the TPSSh hybrid functional is
found to yield best results, confirming recent findings from
similar copper complexes.”>™%

It could finally be shown that, for cases in which expensive
theoretical calculations are not feasible, a simple fingerprint
approach based on the linear combination XANES principle”>”
can be used to identify the degree of internal, ligand-induced
distortion by comparing experimental data with a weighted
mixture of spectra calculated for hypothetical tetrahedral and
square-planar structures of the same compound. This requires, of
course, high-resolution experimental spectra that are available
thanks to HERFD-XANES spectroscopy.

With these results, the way is paved for investigations on
biomimetic complexes in situ, i.e., under biocatalytic conditions.
Such systems are characterized by low concentrations and
interfering solvent molecules. By additional comparative
calculations, we have shown that the spectra of individual
molecules in solution depend strongly on the microscopic details
of the solvent environment. The statistical ensembles inves-
tigated in the experiments, thus, seem to be explained in a more
reliable way by modeling gas-phase molecules. However, further
detailed studies are necessary to confirm this suggestion for
biomimetic complexes in low-concentrated solution in general.
By using hard X-rays in HERFD-XANES measurements, which
are conducted in fluorescence geometry and with high incoming
fluxes, the electronic states and connectively the geometric
structure can be determined under such conditions. Moreover,
making use of time-resolved experiments at synchrotrons or even
free electron lasers,”’ ™' the ET reactions of the entatic state

and type-zero model complexes can be investigated by means of
the changes in the orbital contributions to the HERFD-XANES
spectra. We finally conclude that HERFD-XANES in combina-
tion with computational modeling opens up new opportunities
for the investigation of ET processes in chemistry.
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