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Bis-u-Oxo and u-n*:n*-Peroxo Dicopper Complexes Studied
within (Time-Dependent) Density-Functional and
Many-Body Perturbation Theory

M. Rohrmiiller,'®* S, Herres-Pawlis,’®! M. Witte,™ and W. G. Schmidt*®

Based on the equilibrium geometries of [Cuy(dbdmed),0,]** and
[Cu,(en),0,1*" obtained within density-functional theory, we
investigate their molecular electronic structure and optical
response. Thereby results from occupation-constrained as well
as time-dependent DFT (ASCF and TDDFT) are compared
with Green's function-based approaches within many-body
perturbation theory such as the GW approximation (GWA) to the
quasiparticle energies and the Bethe-Salpeter equation (BSE)
approach to the optical absorption. Concerning the ground-
state energies and geometries, no clear trend with respect to
the amount of exact exchange in the DFT calculations is found,
and a strong dependence on the basis sets is to be noted. They
affect the energy difference between bis-y-oxo and p-n>in*

Introduction

There is no need to emphasize the importance of copper
enzymes. In particular, enzymes featuring a binuclear copper
active site are receiving attention. The reactivity of the binu-
clear copper enzyme tyrosinase is impressive, as it not only
reversibly binds O, through a side-on peroxide (u-n*n>-per-
oxo-dicopper(ll)) but also hydroxylates phenols to catechols.!'!
Each Cu(ll) center in oxygenated tyrosinase is ligated by three
imidazole nitrogen ligands, albeit one of the ligands is only
weakly associated.”! Extensive biomimetic inorganic model
studies for this system have shown that Cu(l) can activate O,
and bind 03~ in several different isoelectronic structural
compositions (Fig. 1)."*~" While nature chooses the side-on
peroxo binding mode,®'” Cu(l) complexes can also bind
peroxide in a u(1,2-037) “end-on” fashion to generate a trans-
Culj(u-0%7) species."! Another feasible Cu,0, structure is
related to the u-n*n® side-on form but comprises a fully
cleaved O—O bond producing a formal Cug'(,u—Oz’)z species,
first discovered by Tolman and coworkers and now well estab-
lished in many different ligand systems.['>"'%

Their detailed understanding and computational modeling
are still major challenges. In this context, the structural and
electronic properties of the p-n*#*-peroxo dicopper(ll) and the
bis-u-oxo-dicopper(lll) dimers (referred to as P and O in the fol-
lowing) are intensively investigated experimentally as well as
computationally.® In spite of many efforts, the equilibrium
between P and O cores is still regarded as a “torture track” for
computation.'™ Very large variations in the predicted relative
stabilities of P and O core motifs have been reported. The sit-
uation appears confusing since (i) different levels of theory are
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peroxo complexes by as much as 0.8 eV (18 kcal/mol). Even
stronger, up to 5 eV is the influence of the exchange-correlation
functional on the gap values obtained from the Kohn-Sham
eigenvalues. Not only the value itself but also the trends
observed upon the bis-u-oxo to p-n*i’-peroxo transition are
affected. In contrast, excitation energies obtained from ASCF
and TDDFT are comparatively robust with respect to the details
of the calculations. Noteworthy, in particular, is the near
quantitative agreement between TDDFT and GWA+BSE for the
optical spectra of [Cu(en),05]*". © 2013 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.23230

used in the calculations and (ii) the chemical equilibrium and
properties of the u-iii*-peroxo dicopper(ll)- and the bis-u-
oxo-dicopper(lll) dimers depends sensitively on the ligands,
the solvent, and the counterions.

Many calculations in this context!'*'¥ use the density-func-
tional theory (DFT) with either local (pure) functionals such as
the generalized gradient approximation (GGA) or hybrid func-
tionals such as B3LYP!2°32! to describe the electron exchange
and correlation (XC) energy. The application of DFT to systems
such as structure P which is thought to represent a magnetic
coupling case—where a closed shell determinant does not
provide a good description of the electronic structure—
appears questionable at first sight. However, Liakos and
NeeseP*! argue that P is so strongly coupled that it is outside
the magnetic coupling regime, and treatments starting from a
closed shell determinant are adequate. Although DFT is gener-
ally believed to result in reliable structures and energies in bio-
inorganic chemistry®*—with some arguments concerning the
accuracy of GGA vs. functionals that contain some amount of
Hartree-Fock exchangel>181921:223035__qccasionally remarkable
differences with respect to the wave function based methods
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trans p-1,2 -peroxo u-n*:n?-peroxo (P) bis u-oxo (O)

Figure 1. The three most common structures of the Cu,0%" core. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

are reported. Calculations on multireference second-order pertur-
bation theory level (CASPT2) predict O to be more stable by
about 0.55 eV (12.7 kcal/mol) whereas B3LYP favors P by about
0.86 eV (19.8 kcal/mol) in the simplest case, where each copper
atom is supported by three ammonia ligands.*® However, one
difficulty in this context is that methods like CASPT2 are limited
to rather small systems, which can be quite different from the
systems of actual interest. When somewhat larger systems are
treated, compromises often have to be made that may in fact
lead to wrong conclusions about the accuracy of DFT2” In an
extensive comparative study, Cramer et al." found energy dif-
ference of several eV for various flavors of DFT and wave func-
tion methods. They concluded from their extensive comparison
of experimental data with computational results that DFT calcu-
lations using local functionals for the XC energy are the method
of choice for the Cu,0, system, especially if larger ligands are to
be modeled that render the otherwise quantitatively similar
completely renormalized coupled cluster (CR-CC) multireference
configuration interaction less practical for computational reasons.
Gherman and Cramer" studied in a more recent review the
reliability of various flavors of pure and hybrid XC functionals for
the description of molecules containing a Cu,05" core and
found that different functionals are required for accuracy in dif-
ferent regions of the potential energy surface and that some-
times results obtained with small ligands can be reasonably
applied to larger ones. The results by Cramer et al. on the transi-
tion between P and O core presented in Ref. [15] were obtained
for the simplest possible model system consisting of the Cu,0,
core and four or six ammonia molecules. Due to the truncated
ligands, the study is primarily of methodological value. In fact,
no real transition state was found but rather a general bias
towards the P core and a curve progression without maximum.
Liakos and Neese®® recently studied [Cu,(en),0,]*" oxo (O1)
and peroxo (P1) as the simplest type of dicopper core with satu-
rated neutral amine ligands that avoids the complication associ-
ated with the use of ammonia (artificial hydrogen bonds, too
much coordinative flexibility). It contains simply ethylene dia-
mine (en) as a capping ligand, cf. Figure 2.

On the local-pair natural orbital coupled cluster (LPNO-
CCSD) level of theory including relativistic and solvent effects,
the O1 isomer was found to be slightly more stable than the
P1 structure. Performing DFT calculations, Liakos and Neese
found that the energetics depend strongly on the fraction of
exact exchange (EEX) included in the calculations. In fact, the
O1 P1 energy difference is almost linearly related to the frac-
tion of EEX used. Among the functionals investigated, B3LYP
and BI1LYP were in best agreement with the LPNO-CCSD
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results. Neese et al.*® also noticed a strong influence of rela-
tivistic effects on the potential-energy surface. Due to the
ligand truncation in simplified models chelate effects can often
not be taken into account which implies heavy deviations in
comparison to the ‘real” complex models.’?

As discussed above, the existing calculations, mainly based
on DFT, provide no unambiguous picture concerning the
structure and energetics of a P and O system, although gener-
ally, ground-state properties tend to be described quite reli-
ably within DFT, see, e.g., Ref. [34]. The situation is even more
complicated for excited-state properties. Since the foundations
of DFT restrict it to ground states, the calculation of excited
states and their properties requires extensions to DFT. The
large majority of neutral molecular excitations is presently cal-
culated using the linear-response approach to time-dependent
DFT (TDDFT). While this approach is in principle well-founded,
see, e.g., Ref. [39], its practical application typically rests on the
adiabatic approximation and is plagued with the well-known
shortcomings of the XC functionals used in the implementa-
tion. In particular, states that have ionic or charge transfer
character are predicted rather poorly, with errors which may
exceed 1-2 eV.*¥ Much progress in this respect has recently
been made using range-separated hybrid functionals.F##%4",
An alternative to TDDFT is to performed separate self-consist-
ent-field (SCF) calculations for each state of interest (occupa-
tion-constrained or ASCF approach), cf, e.g., Refs. [42-45].
However, this approach is computationally laborious since it
requires potentially many SCF calculations and the orthogonal-
ity of ground and excited states is not guaranteed. In addition,
similar to TDDFT, ASCF calculations suffer from the limitations
inherent to the presently available XC functionals. A com-
pletely different type of methods to calculate excited-state
properties is referred to as propagator or Green’s function
approaches.®? At least in principle these methods are not
plagued by the shortcomings of the XC functionals used
within DFT. They start from the screening response of the elec-
tronic system after electronic or optical excitation. Accordingly,
the dynamically screened or shielded Coulomb interaction W
is the central quantity used in these methods. The excitation
energies correspond to the poles of single- and two-particle
Green'’s functions that are obtained by means of many-body
perturbation theory. By evaluating the one-electron Green’s
function G, single-particle excitations, e.g., ionization energies
and electron affinities, are derived that can be measured in
photoemission and inverse photoemission spectroscopies.
Two-particle Green's functions of the electronic system allow
to access electron-hole pair energies and collective excitations,

gt el

Figure 2. Relaxed geometries (DFT-GGA) of [Cu,(en),0-]°" oxo (O1) and
peroxo (P1) configuration. Copper, oxygen, nitrogen, carbon, and hydrogen
are gray (orange) core, dark (red) core, dark (blue) ligand, gray ligand, and
white atoms. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 3. Relaxed geometries (DFT-GGA) of [Cu,(dbdmed),0-1*". Copper,
oxygen, nitrogen, carbon, and hydrogen are gray (orange) core, dark (red)
core, dark (blue) ligand, gray ligand, and white atoms. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

e.g., plasmons. In the practical implementation, one resorts to
approximations to describe the most relevant correlation
mechanisms. Hedin’s so-called GW approach,“®*”! which repre-
sents a linear expansion of the XC self-energy operator X of
the electrons in the screened potential W instead of the bare
Coulomb potential (which gives only the exchange interac-
tion), is the most widely used approximation in this context.
This scheme allows for deriving a single-quasiparticle (QP)
equation of a structure similar to the Kohn-Sham equation
used in the DFT.® Only the (semi-local potential V*¢ is
replaced by the XC self-energy operator X. This suggests to
calculate QP bands by using a first-order perturbative
approach with respect to (Z—V*¢).#>1 However, QP transi-
tion energies do in general not correctly describe optical exci-
tation energies, i.e.,, photon absorption processes. The interac-
tion of electron-hole pairs may dramatically shift the peak
positions as well as appreciably distort the spectral lineshape.
The electron-hole interaction is accounted for by solving the
Bethe-Salpeter equation (BSE) for the polarization func-
tion.>>*3 Starting from DFT calculations, it has become possi-
ble to solve the BSE from first principles. Optical spectra includ-
ing the effects of electron-hole interaction were obtained for a
series of bulk semiconductors and insulators®*>® and their
surfaces”*® as well as molecular systems.*#*°=%! The formal-
ism has been generalized also for the calculation of nonlinear
optical spectra.”’%7"!

In the present study, the reliability and predictive power
of DFT-based methods with respect to the ground- and
excited-state properties of bis-u-oxo and u-i*:*-peroxo dicop-
per complexes is evaluated. To this end, we perform (occupa-
tion-constrained, time-dependent) DFT calculations of two
prototypical model complexes [Cuy(en),0,1*" (01, P1) and
[Cu,(dbdmed),0,]*" (02, P2) shown in the Figures 2 and 3,
respectively. Thereby both (semi)local (PW917%) as well as
hybrid (HSE06®!, B3LYP4~7%) and long-range corrected (CAM-
B3LYPY”) XC functionals are probed. In order to assess the
sensititivity of the results on the basis set, we employ a plane-
wave basis in addition to the localized 6-31g(d) and cc-pVDZ
basis sets. Plane waves form, by construction, a complete and
orthogonal basis set for which the numerical convergence can
be reliably controlled. They do not suffer from the limitations
necessarily accompanying basis sets consisting of a finite num-
ber of localized atom-centered functions such as the basis set
superposition error. On the other hand, they require periodic
boundary conditions which increases the computational load in
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particular for single molecules that need to be embedded in
large vacuum regions. In case of O1 and P1, the results of
TDDFT for electronic and optical excitations are compared with
the outcome of the Green'’s function approaches GW and BSE.

Methodology
Ground-state properties

Ground-state total-energy and electronic-structure calculations
are performed using the Vienna Ab-initio Simulation Package
(VASP)V®! and Gaussian09”®! implementation of the DFT. In
the VASP calculations, the electron-ion interaction is described
by the projector augmented-wave (PAW) method,®®®" and
the valence wave functions are expanded into plane waves up
to an energy cutoff of 400 eV. A supercell of up to 28x28x28
A3 is used. Within the unit cell, the molecules are positioned
such that the lateral interactions have been minimized. All
energetic quantities are extrapolated to infinite cell size to
eliminate the higher order charge density interactions. Test cal-
culations show that the energy eigenvalues are converged
within a few hundredths of an eV. The calculations with
Gaussian09 are all-electron with tightened criterion for
electronic and geometric convergence. Thereby 6-31g(d) and
cc-pVDZ basis sets were used. In addition, we performed con-
vergence tests using double and triple-{ basis sets.

In order to assess the possible influence of the solvent on
the molecular optical response, we performed—in addition to
calculations where the solvent molecules were explicitly taken
in account—continuum model simulations. Thereby we used
on the one hand the integral equation formalism™® within the
polarizable continuum model implemented in Gaussian09,
with standard UFF atomic radii scaled by 1.1 to generate the
cavity and an average of 5.0 integration points per A% On the
other hand, for the case of plane-wave calculations, we imple-
mented a modified version of the continuum solvation model
proposed by Fattebert and Gygi® which is based on a new
density functional that includes the electrostatic effects of a
dielectric continuum by means of a dielectric function that
depends on the electronic density p of the solute. Specifically,
we use the smoothly varying ¢ function proposed in Ref. [84].

1 P > Pmax
elp()] = 1 exp(t(In(p)))  Pmin < P < Pmax (M
€0 P < Prin

where ¢, equals the permittivity of the solvent in absence of
the solvate, and pmin and pynax are set to 0.00067 and 0.01012 e/
A3 respectively. Here t(x) is a general, smooth function that
decreases monotonically from t(In pmin)=In &, to tN Prma)=0
which we adopt from Ref. [84]. We determine the solute’s elec-
tronic structure in a perturbative manner, where the Kohn-Sham
Hamiltonian is augmented by the additional potential term

1 1
Vo=~

8re([p(F)))*

o m[2de
dp

(). (2)
where V! denotes the Hartree potential.
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Electronic excitations

DFT calculations typically considerably underestimate elec-
tronic excitation energies®®. Reliable QP gaps and exciton pair
energies for molecules and clusters, however, can be obtained
from occupation constraint DFT methods. Thereby the QP gap
is obtained directly as difference between the ionization
energy (IE) and electron affinity (EA)

QP _ R R R
E® = E(N+1,R) +E(N —1,R) — 2E(N, R), @3)

where E(N,R), E(N+1,R), and E(N—1,R) represent the
energy of a N, N + 1, and N — 1 electron system, respectively,
with the equilibrium geometry R of the N electron system.
Alternatively, according to Janak’s Theorem (see, e.g., Ref. [42]),
the ionization energy (electron affinity) can be calculated as
the eigenvalue of the former highest occupied molecular or-
bital, HOMO (lowest unoccupied molecular orbital, LUMO)
occupied with a half electron IE = &foy0 05 (EA = &fivo0s)-
Therefore the QP gap is also obtained from

QP _ EA IE
Eg” = &lumo, 0.5 — Homo, 0.5- @

The systematic failure of ASCF calculations is of the same order
as the ground-state energy calculations and depends essentially
on the accuracy of the extrapolation to infinite cell size for the
charged super cell. Typical error bars are below 0.1 eV. For the
molecules, the obtained QP gaps ESP are compared to the gap
Eg?"0 that has been obtained from the GW approximation (GWA)
to the electronic self-energy. Thereby we perform perturbative,
one-shot GoW,, calculations based on the single particle orbitals
and eigenvalues obtained from the preceding DFT calculation.

Thereby we use the implementation described in Ref. [85]. A
cutoff of 100 eV for the response function and 128 frequency
points are used. The maximum cell size for GW calculations is
12.5%14%20 A3 which mimics a vacuum of 10 A in every
direction around the ion. Test calculations with varying cell
sizes indicate an error bar of about 0.1 eV that has to be
attributed to the periodic boundary conditions.

Optical spectra

Optical absorption spectra are calculated using the linear-
response approach to TDDFT including the adiabatic approxi-
mation for the XC kernel as implemented in Gaussian09./7%85%7]
In order to gain more insight into the relation between molecu-
lar states and the optical response, the latter was also calculated
within the independent-particle approximation[88'9” (IPA),
which allows for a simple interpretation of the absorption peaks
in terms of transitions between single-particle states. On the
other hand, Bethe-Salpeter-type calculations were performed
for O1 and P1, in order assess the predictive power of TDDFT
for p-i*u*-peroxo dicopper(ll)-and the bis-p-oxo-dicopper (Ill)
dimers. In order to allow for comparison with experimental
data, we average over the three Cartesian directions

e(hw) :% > cilho). (5)

i=xy,z
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The dielectric function within the IPA or by solving the BSE is
based on the electronic structure as obtained from either the
DFT calculations or from the GWA.

Solving the BSE includes the electron-hole attraction and
local-field effects in the dielectric function. For practical calcu-
lations, the BSE is transformed into a two-particle Schrodinger
equation. The resonant part of the exciton Hamiltonian®®?
(Tamm-Dancoff approximation, BSE-TDA) is given by

ch,v’c’ = (ec - Ev)(sw’($cc’

2 [ [ e e ene @) g
= [ [ dravuomemwie i, @)

It describes the interaction of pairs of electrons in conduction
states |c¢) and holes in valence states |v). The diagonal first
part is given by the QP energies obtained in GWA. Again per-
turbative, one-shot GyW, calculations are used here. The sec-
ond, the electron-hole exchange term, where the short-range
part of the bare Coulomb potential v enters, reflects the influ-
ence of local fields. Finally, the third part, which describes the
screened electron-hole attraction, is calculated using a model
dielectric function as proposed by Bechstedt et al.*! In order
to account for the molecular charge-density inhomogeneities,
we use state-dependent electron densities which were calcu-
lated using the mean-density approximation

m=/mwwmmﬁ )

as input in the model dielectric function. This approach
accounts approximately for the effects of local fields on the
screening. The model dielectric function, which reduces the
computational effort substantially, depends on the static dielec-
tric constant ... In case of inorganic semiconductors693949%1
as well as molecular crystals**®” the application of this model
dielectric function leads to rather accurate results. This is
related to the fact that the model dielectric function depends
on the local charge density and therefore carries information
about the local screening. In the case of molecular excitations,
the correct choice of ¢ is difficult. The authors of Ref. [96]
defined an effective molecular volume in order to address this
problem in their optical response calculation of poly-para-phe-
nylenevinylene. In the present calculations, ¢, has been
obtained from an iterative procedure. Thereby it is required
that the main optical peaks obtained within the BSE approach
agree energetically with the corresponding transitions obtained
from the ASCF method. This procedure results in an effective
screening constant of ¢, = 1.85 and allows for determining an
error bar of the order of about 0.2 eV for the peak positions
obtained from the Bethe-Salpeter approach.

The dimension of the exciton Hamiltonian (eq. 6) is deter-
mined by the size of the energy window for conduction and
valence states. Here, we include states of Kohn-Sham eigenval-
ues which satisfy ¢.(k) — ¢,(k) < 20 eV. For the actual calcula-
tion of the spectra, we use the time-evolution algorithm
proposed by one of the present authors.”*
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Table 1. Key bond lengths and relative energies for both O and P singlet cores of [Cu(en),0,1%* (01, P1) and [Cu,(dbdmed), O5]** (02, P2) calculated
with different basis sets and XC functionals.

Configuration Functional Basis 0-0 [A] Cu-Cu [A] Cu-N [A] A Eging - ip [€V] AEo . pleV]
o1 PW91 cc-pVDZ 2.341 2.769 1.971 —0.57 —0.25
o1 B3LYP cc-pVDZ 2.319 2.753 1.976 —0.71 0.03
o1 CAM-B3LYP cc-pvVDZ 2.296 2.713 1.949 —0.36 0.01
02 PWOI1 6-31g(d) 2.270 2.810 1.980, 1.986 —0.90 -
02 PW91 cc-pVDZ 2.306 2.870 2.043, 2.041 —0.69 —0.17
02 PW91 pw 2.240 2.890 2.054, 2.060 —0.97 0.21
02 B3LYP 6-31g(d) 2.257 2.788 1.999, 1.995 —0.85 —0.51
02 B3LYP cc-pVDZ 2.261 2.862 2.046, 2.058 —0.67 0.22
02 HSE06 6-31g(d) 2.255 2.753 1.973, 1.970 —0.85 —0.55
02 HSEO06 cc-pVDZ 2.260 2.819 2.026, 2.016 —0.42 0.21
02 CAM-B3LYP cc-pvVDZ 2.242 2.812 2.018, 2.021 —0.88 0.19
P1 PW91 cc-pVDZ 1.498 3.549 2.008 —0.38
P1 B3LYP cc-pVDZ 1.448 3.585 2.023 0.13
P1 CAM-B3LYP cc-pvVDZ 1413 3.561 2.004 0.41
P2 PW91 6-31g(d) - - - -
P2 PW91 cc-pVDZ 1.498 3.613 2.039 —0.43
P2 PW91 pw 1.495 3.585 2.042, 2.038 -1.12
P2 B3LYP 6-31g(d) 1.491 3.481 1.991 0.07
P2 B3LYP cc-pvDZ 1.451 3.630 2.050 0.08
P2 HSEO06 6-31g(d) 1.463 3.459 1.971 0.25
P2 HSEO06 cc-pvVDZ 1.429 3.603 2.026 0.22
P2 CAM-B3LYP cc-pVDZ 1.462 3.437 1.971 0.44

[62,63,66,97]

Recent results question the validity of the TDA for
molecular systems. Therefore, in addition to BSE-TDA, calcula-
tions with the full exciton Hamiltonian were also performed
(BSE).

Results and Discussion
Structure and energetics

Ground-state geometries and energies for both O, P cores of
[Cuy(en),0,1*" (01, P1) and [Cus(dbdmed),0,1°* (02, P2) were
calculated starting from both singlet and triplet spin states as
well as enforcing C; symmetry or without symmetry con-
straints. Thereby various XC functionals and basis sets were
used. The key geometrical parameters of singlet states and
energy differences are summarized in Table 1.

Concerning the symmetry, P2 singlet with an inversion sym-
metric core turns out be less favored (by at most 0.4 eV/9
kcal/mol within CAM-B3LYP and cc-pVDZ) than the corre-
sponding C; calculations for triplet states. The geometry of P2
triplet cores is not planar. Rather, a butterfly angle of up to
53° (within PW91 and cc-pVDZ) is observed. For O2 triplet, this
effect is nearly vanishing (max. 2°). O and P singlet states, on
the other hand, are found to have always a planar core
geometry.

The spin singlet configuration is clearly preferred for O2.
Irrespective of the XC functional used and for all basis sets, a
clear energetical separation between at most 0.97 eV (22 kcal/
mol, PW91, and plane waves) and at least 0.42 eV (10 kcal/
mol, HSE06, and cc-pVDZ) is obtained. Concluding from the
ground-state energies, the situation seems less clear for the P2
structure. While both the plane-wave implementation of PW91
as well as using a cc-pVDZ basis in conjunction with the semi-
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local XC functional indicate a strong preference (by 1.12 eV/26
kcal/mol and 0.43 eV/10 kcal/mol, respectively) for the singlet
state, the picture changes as soon as a fraction of EEX is
included in the calculations. In particular, the HSE06 and CAM-
B3LYP results favor the spin triplet state. This is in line with
the above discussion for O2, where the singlet was least
favored in case of HSE06 calculations. The same energy trend
is also seen in our calculations for O1 and P1: The EEX contri-
bution in the XC functional reduces or even inverts the ener-
getical preference of the spin singlet state. However, as we
will discuss below, the calculated optical signatures clearly
speak in favor of spin singlets both for O and P. Therefore, we
will restrict the discussion to spin singlet systems in the
following.

With respect to the equilibrium between O and P cores, the
present results clearly show a dependence on the XC func-
tional used in the calculations. In case of [Cu,(en),0,1*", plane
wave PW91 (cc-pVDZ) calculations favor O1 by 0.25 eV (6 kcal/
mol), while B3LYP (cc-pVDZ) find P1 to be more stable by 0.03
eV (0.7 kcal/mol). This trend agrees with recent findings in Ref.
[33], where the energetical preference of P over O was found
to scale with the EEX amount in the XC functional. Ambiguous
results are obtained for [Cu,(dbdmed),0,)*". The 02 structure
is clearly favored when the hybrid functionals B3LYP or HSE06
are combined with a 6-31g(d) basis. In this case, it is 0.51 eV
(12 kcal/mol) or even 0.55 eV (13 kcal/mol) more stable than
P2. Plane-wave calculation with PW91, on the other hand,
favors P2 over O2 structure by 0.21 eV (5 kcal/mol). We men-
tion that the combination of a 6-31g(d) basis with the PW91
functional did not result in a stable P2 configuration. The
numbers in Table 1 for [Cu,(dbdmed),0,]*" indicate a remark-
able influence of the basis set. If one considers the 6-31g(d)
calculations, hybrid functionals seem to stabilize O2. If, on the
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Table 2. Kohn-Sham HOMO LUMO gaps of [Cu(en),051** (01, P1) and
[Cus(dbdmed),0,]** (02, P2), without and with inversion symmetry
(G, C).
Configuration Functional Basis ES' [eV] ES' [eV]
(o]} PW91 cc-pVDZ 0.92
o1 PWO1 pw 0.99
o1 B3LYP cc-pvVDZ 3.26
01 CAM-B3LYP cc-pVDZ 6.55
02 PW91 6-31g(d) 1.19 1.19
02 PW91 cc-pVDZ 1.00 1.00
02 PW91 pw 1.04
02 B3LYP 6-31g(d) 3.46 345
02 B3LYP cc-pvVDZ 3.19 3.19
02 HSE06 6-31g(d) 3.28 3.27
02 HSEO06 cc-pVDZ 2.99 2.99
02 CAM-B3LYP cc-pvDZ 6.08
P1 PW91 cc-pvVDZ 1.15
P1 PW91 pw 1.09
P1 B3LYP cc-pvVDZ 2.83
P1 CAM-B3LYP cc-pVDZ 5.25
P2 PW91 6-31g(d) - -
P2 PW91 cc-pVDZ 1.29 1.25
P2 PW91 pw 1.36
P2 B3LYP 6-31g(d) 2.60 2.59
P2 B3LYP cc-pvVDZ 235 2.34
P2 HSE06 6-31g(d) 2.27 2.25
P2 HSEO06 cc-pvVDZ 2.01 2.00
P2 CAM-B3LYP cc-pvVDZ 4.49

other hand, the cc-pVDZ data are selected, it seems as if an
increased amount of EEX reduces the P2 energy with respect
to the O2 data. The latter trend agrees with the cc-pVDZ data
obtained for [Cu(en),0,1*t (01, P1).

The basis set also has a pronounced influence on the
geometrical data. The Cu—Cu distance of O2 calculated using
a 6-31g(d) basis is about 0.06...0.08 A shorter than in the cor-
responding cc-pVDZ calculations using either PW91, B3LYP, or
HSEO06 to describe the electron exchange correlation. The larg-
est Cu—Cu distance of 2.89 A is obtained by combining PW91
with plane-wave calculations, whereas 2.75 A—obtained using
HSEO06 together with 6-31g(d)—mark the lower limit. The influ-
ence of the XC functional is slightly smaller than the one
found for the basis set. The hybrid functionals B3LYP and
HSE06 tend to result in Cu—Cu distances that are about
0.01...0.05 A shorter than the PW91 value. In case of P2, the
Cu—Cu distance calculated with the 6-31g(d) basis is about
0.15 A smaller than in the corresponding cc-pVDZ calculations.
The variation across the PW91, B3LYP, and HSE06 results is
fairly small, of the order of 0.03 A. Only the CAM-B3LYP calcu-
lations give rise to a stronger deviation. They result in the
shortest P2 Cu—Cu distance obtained in the present work of
3.44 A. The upper limit of 3.63 A is obtained with cc-pVDZ cal-
culations within B3LYP. Altogether, the structural data calcu-
lated in the present study scatter around the values obtained
in earlier works, e.g., the B3LYP study of Siegbahn.”"

The trend that hybrid functionals result in general in larger
Cu—Cu distances than obtained by the semilocal PW91 found
for [Cuy(dbdmed),0,)*" does also hold for [Cu,(en),0,]*". Here,
Cu—Cu distances of about 2.76 A are calculated for O1. The P1
configuration is characterized by a distance of about 3.56 A.
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This value agrees typically within 0.1 A with the literature data,
see, e.g., Ref. [33].

Electronic excitations

Starting from the relaxed geometries of O1, P1, 02, and P2
electronic key quantities were calculated. In Table 2, the sin-
gle-particle gaps calculated from the differences of the Kohn-
Sham eigenvalues using different XC functionals and basis sets
are compiled. While the influence of the symmetry on the gap
values is nearly negligible, we find a pronounced change upon
O-P transition. It depends, however, on the XC functional and
basis set used in the calculation. The semilocal PW91 func-
tional in combination with plane waves leads to an increase of
the gap value of 0.1 and 0.32 eV for the transition from O1 to
P1 and 02 to P2, respectively. This trend holds also for cc-
pVDZ calculations. The hybrid functionals B3LYP and HSEO6 on
the other hand find a reduction of the HOMO-LUMO gap of
the order of 0.8...1.0 eV both for O1, P1 ([Cu,(en),0,]*") and
02, P2 ([Cus(dbdmed),0,]*") irrespective of the basis set used.
The largest gap values are obtained by combining CAM-B3LYP
with the cc-pVDZ basis. In fact, the CAM-B3LYP results for 02
exceed the PW91 findings using the same cc-pVDZ basis by
more than 5 eV. In general, the present results show the
expected trend of an increase of the HUMO-LUMO transition
energy by an increased amount of EEX contained in the XC
functional. This trend is illustrated in Figure 4. The EXX contri-
bution to the CAM-B3LYP functional varies from 19% for short-
range interactions to 65% in the long-range part. However,
not only the eigenvalues change upon variation of the XC-
functional, also the energy ordering of the electronic states is
affected as shown in Figure 5 for the case of O1 and P1. In
the latter case, even the HOMO and LUMO are affected. Inter-
estingly, the order of the highest occupied states is the same
for PW91 and GoW, calculations, whereas B3LYP and GyW,
agree concerning the order of the lowest unoccupied states.
In general, the reordering is more pronounced for P1 than for
01 and in particular concerns the unoccupied states.

In Table 3, the ionization energies (IE) and electron affinities
(EA) for O and P ions are compiled. In case of calculations
with periodic boundary conditions, the respective energy

7
01
6 LP1
2 5
5t X
X
S o4
®,
n 3t + ¥
2t X X
it %
ol : : : ' .
PWI1 HSE06 B3LYP CAM-B3LYP GyW,

Figure 4. HOMO-LUMO gaps of [Cuz(en)zoz]2+ (01, P1) and
[Cuy(dbdmed),0,1*" (02, P2) from HSE06, B3LYP, and CAM-B3LYP calcula-
tions with cc-pVDZ basis in comparison with plane-wave PW91 and GoW,
results. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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BE - — BESE — responding values for P1 and P2. The electron affinities of O1

g l= = T BEE = ——— and 02 of about 9 and 8 eV are typically about half an eV
z m— — E larger than the corresponding P1 and P2 values.

6 — — As discussed above, the ionization energies and electron

— _ : e — affinities can be used to calculate QP gaps. The corresponding

4 —_— values, together with GoW, results are compiled in Table 4.

% = - The influence of the basis set on the gap value is remarkably

= 2F large, of the order of 0.5 eV. We find the gap value to reduce

— — monotonically by going from the 6-31g(d) to the cc-pVDZ to

0 —_— the plane-wave basis. The XC functional used in the underlying

: m— e T - DFT calculations is of similar importance for the result.

) Ne— = — —— W However, in this case, no clear trend can be recognized.

e — —_— Remarkably close are the gap values derived from the ASCF

-4+ —— — - and Janak-type calculations. While the QP gaps of the

01 P1 [Cu(en),0,]*" species O1 and P1 are about one eV larger than

Figure 5. Molecular orbital spectra of [Cua(en),0,)*" within different
approximations. Same colors indicate electronic states of the same orbital
character. The HOMO-LUMO gap is indicated gray.

differences were extrapolated to infinite super cell size, follow-
ing the approach used in Ref. [66]. Compared to the HOMO-
LUMO transition energies, we find the electron affinities and
ionization energies to be relatively robust with respect to the
XC functional and basis set used in the calculation. This holds
also for the computational procedure itself: The Slater-Janak
Transition-State (SJ-TS) values in Table 3 have been calculated
using Janak’s Theorem and are in very close agreement (within
0.06 eV) with the corresponding values obtained from differen-
ces in total energy. The ionization energies of the bis-u-oxo
structures O1 and O2 lie between 15.1...16.3 and 13.1...13.9

the corresponding calculations for the [Cu,(dbdmed),0,1*" spe-
cies 02 and P2, the scatter between the calculated gap values
is too large to reliably state a trend concerning the gap
change upon the bis-y-oxo to u-n*n?-peroxo transition. The
comparison of the gap values from Table 4 with the eigen-
value differences from Table 2 shows that the QP effects in
the molecular species are of the order of about 4 eV.

Optical response

Based on the electronic structure obtained either within DFT
or GoW,, the optical response of O1 and P1 ([Cu,(en),0,1*") is
calculated. The corresponding IPA, TDDFT, and GW-BSE spectra
are shown in Figure 6. On the IPA level of theory, one pro-
nounced absorption peak at around 2.8/1.7 eV is observed for

Table 3. lonisation energy (IE) and electron affinity (EA) of [Cux(en),051°T (01, P1) and [Cu,(dbdmed),051** (02, P2) calculated with different XC
functionals and basis sets.

Configuration Functional Method Basis IE [eV] EA [eV]
o1 PW91 ASCF cc-pVDZ 15.47 9.03
o1 PWO1 ASCF pw 15.13 9.14
o1 B3LYP ASCF cc-pVDZ 15.95 9.18
o1 CAM-B3LYP ASCF cc-pVDZ 16.25 9.42
02 PW91 ASCF 6-31g(d) 13.13 7.57
02 PWO1 ASCF cc-pVDZ 13.21 8.07
02 PW91 ASCF pw 13.44 8.38
02 PW91 SJ-TS pw 13.38 8.41
02 B3LYP ASCF 6-31g(d) 13.81 7.94
02 B3LYP ASCF cc-pVDZ 13.82 8.36
02 HSE06 ASCF 6-31g(d) 13.89 7.97
02 HSE06 ASCF cc-pVDZ 13.91 8.52
P1 PW91 ASCF cc-pVDZ 15.37 8.25
P1 PW91 ASCF pw 14.75 8.12
P1 B3LYP ASCF cc-pVDZ 15.12 8.76
P1 CAM-B3LYP ASCF cc-pvDZ 15.05 8.98
P2 PW91 ASCF 6-319g(d) - -
P2 PW91 ASCF cc-pVDZ 12.72 7.42
P2 PWO1 ASCF pw 12.63 7.55
P2 PWO1 SJ-TS pw 12.65 7.55
P2 B3LYP ASCF 6-31g(d) 12.60 7.25
P2 B3LYP ASCF cc-pvVDZ 12.93 8.02
P2 HSEO6 ASCF 6-31g(d) 12.54 7.21
P2 HSE06 ASCF cc-pvDZ 12.89 8.01
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Table 4. Calculated quasiparticle gap of [Cu(en),051** (01, P1) and
[Cu,(dbdmed),0,1°* (02, P2).
Configuration Functional Method Basis E [eV]
o1 PW91 ASCF cc-pVDZ 6.44
01 PWO1 ASCF pw 5.98
o1 B3LYP ASCF cc-pvVDZ 6.77
o1 CAM-B3LYP ASCF cc-pVDZ 6.82
o1 PWO1 GoWo pw 5.11
02 PW91 ASCF 6-31g(d) 5.55
02 PW91 ASCF cc-pvVDZ 5.14
02 PW91 ASCF pw 5.06
02 PW91 SJ-TS pw 497
02 B3LYP ASCF 6-31g(d) 5.87
02 B3LYP ASCF cc-pVDZ 5.46
02 HSE06 ASCF 6-31g(d) 5.92
02 HSE06 ASCF cc-pVDZ 5.39
P1 PW91 ASCF cc-pVDZ 7.12
P1 PW91 ASCF pw 6.63
P1 B3LYP ASCF cc-pVDZ 6.36
P1 CAM-B3LYP ASCF cc-pVDZ 6.54
P1 PWO1 GoWo pw 5.17
P2 PW91 ASCF 6-31g(d) -
P2 PW91 ASCF cc-pVDZ 5.30
P2 PW91 ASCF pw 5.08
P2 PW91 SJ-TS pw 5.10
P2 B3LYP ASCF 6-31g(d) 5.35
P2 B3LYP ASCF cc-pVDZ 491
P2 HSE06 ASCF 6-31g(d) 5.33
P2 HSE06 ASCF cc-pVDZ 4.88

O1/P1. For many molecular systems, a near cancellation of
electronic self-energy and electron-hole attraction effects is
observed, which often allows for a meaningful description of
the molecular optical response already on the IPA level of
theory. This is clearly not the case for the present systems,
where many-body effects lead to dramatic changes in the cal-
culated optical spectra. In case of O1, not only a strong blue-
shift of the optical absorption is observed in the TDDFT calcu-
lations, but also the line shape changes and two rather than
one pronounced absorption peaks appear. TDDFT based on

A [nm]
1000 600 400 300 200

TT T T T T T T T

T

01 IPA
TDDFT(PWa1)

TDDFT(B3LYP)

GW+BSE TDA

GW+BSE

Imelau.]

_TIPA |
TDDET(PW91)
TDDFT(B3LYP)
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Figure 6. Calculated optical response of O1, P1 ([Cuy(en),051*") calculated
with the IPA, TDDFT, and the BSE (see text). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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PW91/B3LYP in the adiabatic approximation yields two peaks
at around 3.5/3.8 and 4.5/5.0 eV for O1. The corresponding cal-
culations for P1 give rise to a single pronounced peak at
about 3.5/3.6 eV. The transition orbitals contributing to these
peaks were determined using natural transition orbital (NTO)
analysis™®® and are shown in Figure 7. They are in agreement
with the orbitals identified in earlier studies.’®'®

Alternatively, we calculate the optical response from the BSE
based on QP corrections obtained from GyW, calculations and
the PW91 wave functions. As already found in earlier studies
on molecular systems, see, e.g., Ref. [63], the inclusion of local-
field effects is essential for the calculation of meaningful excita-
tion energies. It blueshifts the excitation energies by more than
one eV. Smaller, but still noticeable is the effect of the reso-
nant-nonresonant coupling terms: Calculations performed
within the Tamm-Dancoff approximation (BSE-TDA) result in
larger excitation energies than calculations performed using
the full exciton Hamiltonian (BSE), as shown in Figure 6. We
notice that the effect of the resonant-nonresonant coupling is
particularly important for the P core, where it redshifts the exci-
tation energies by about 0.5 eV. Comparing TDDFT and BSE
spectra of [Cu,(en),0,]*", one finds a relatively close agreement
with respect to both line shapes and relative peak positions.
The absolute peak positions deviate from the TDDFT results by
a few tenths of an eV, which corresponds to the scatter among
the TDDFT results obtained with different XC functionals.

In Figure 8, the optical response of 02 and P2
([Cu,(dbdmed),0,]*") calculated within TDDFT is shown. The
size of these molecules does not allow for GW-BSE calcula-
tions. The calculated optical response of O2 and P2 is rather
similar to that of O1 and P1 ([Cu,(en),0,]°"). However, the
main absorption features are redshifted by 0.8/1.5 and 0.9 eV,
respectively, for the two O and one P transition. In addition to
calculations for fully relaxed structures we also present spectra
obtained for fixed geometries determined using B3LYP
cc-pVDZ calculations. The comparison of the various spectra

HONTO

o o

dey +0*
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ey —

o1+, % G
0 /Io}"'?f:

5.0eV
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o ‘¥ o’
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¢
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Figure 7. NTO analysis of the relevant O1 and P1 peaks. Shown are the
highest occupied transition orbital (HONTO) and the lowest unoccupied
transition orbitals (LUNTO). Every pair of orbitals contributes with more
than 90% to the corresponding transition.
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Figure 8. TDDFT spectra (see text) of [Cuz(dbdmed)zoz]”. The vertical lines
indicate the experimental absorption peaks from Ref. [97]. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

shows that the basis set, the XC functional, and the geometri-
cal details influence the calculated optical response to a similar
degree, by several tenths of an eV.

The measured data from Ref. [99] are also indicated in Fig-
ure 8. It is clearly seen that calculations based on local XC

@WILEY i ONLINE LIBRARY

tion of a specific functional and basis set describes the 02 and
P2 spectra with similar accuracy. While, e.g, CAM-B3LYP in
conjunction with the 6-31g(d) basis describes the experiment
well for P2, the same theoretical treatment of O2 overesti-
mates the optical absorption energies by more than one eV.

In order to investigate to what extent the deviations between
experiment and theory may be attributed to solvent effects, we
performed additional calculations. In case of the plane-wave cal-
culations and using the continuum model described above, we
find the THF-induced shifts of the optical absorption peaks to
be below 0.05 and 0.1 eV for O1 and P1, respectively. Solvent
cavity reaction field calculations with localized basis sets for
[Cuy(en),0-]*" show only a small dependence of the structural
and electronic properties on the relative permittivity of the sol-
vent. Even water, the solvent with the highest permittivity
tested, leads to maximum distance changes ACu—Cu/AO—0O/
ACu—N for O1, P1 of 0.034/—0.025/—0.014, 0.007/—0.015/
—0.012 A. The optical absorption features of O1/P1 are red
shifted 0.03/0.15 eV. Obviously, the solvent-related effects on
optical absorption energies are far smaller than, e.g., differences
due to the usage of different XC functionals within the TDDFT.
This is not related to the usage of the continuum models in the
theoretical description, as confirmed by test calculations, where
up to four weakly coordinating solvent acetonitril molecules
were explicitly taken into account: Two different stable configu-
rations positions were probed, coordinating directly a copper
atom with nitrogen or forming a hydrogen bond between nitro-
gen and copper. From the energetic point of view, the latter
configuration is favored. Unsymmetrical coupling of solvent
molecules leads to peak splitting of the order of 0.2 eV. Symmet-
ric coordination shifts the spectra by about 0.1 eV.

Conclusions

The structural, electronicc and optical properties of
[Cu,(dbdmed),0,1*" and [Cuy(en),0,1*" have been calculated
from first principles. Concerning the spin structure of the
ground state, we find for the O structure the spin singlet to
be energetically preferred, while the results for the P core
depend on the specific XC functional used in the calculations.
In particular, hybrid functionals tend to favor the singlet state
less than (semi)local functionals compared to the triplet. The
influence of the EEX amount in the XC functional on the
energy comparison between O and P structures is found to
depend on the basis set. In the case of cc-pVDZ calculations,
EEX seems to favor the P core, while the opposite occurs for
6-31g(d). Also, the structural details of the O and P core
depend on basis set and XC functional used in the calculation.
We find the O—O/Cu—Cu distance in the O core of
[Cuy(dbdmed),0,1*" to vary between 2.24/2.75 and 2.31/2.89
A. The corresponding values for the P core are 1.43/3.44 and
1.50/3.63 A. Similar values are obtained for [Cu,(en),0,]1**, with
slightly larger O—O and corresponding shorter Cu—Cu distan-
ces for the O core. The calculated HOMO-LUMO gaps increase
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strongly (from about 1 to 6 eV in case of the O structure of
[Cu,(dbdmed),0,1*") with the amount of EEX in the XC func-
tional. Also, the energy ordering of the molecular states is
strongly affected by the XC functional. The dependence on
the XC functional is reduced in the QP gaps. Irrespective of
whether they are calculated from the GoW, approach or using
occupation constrained DFT, a value of about 5 eV marks the
lower limit of the QP gap for both [Cu(dbdmed),0-]*" and
[Cu,(en),0,]*". In comparison to the single-particle gaps
calculated within DFT-PW91, this corresponds to electronic
self-energy effects of the order of about 4 eV. Thereby we
observe the trend that semilocal functionals such as PW91 pre-
dict larger QP gaps for P than for O, while the trend is
reversed for calculations based on hybrid functionals. The
calculated optical response is strongly affected by many-
particle effects. This concerns both the peak shapes and the
energy positions. TDDFT calculations and the Bethe-Salpeter
approach lead thereby to qualitatively similar spectra for
[Cu,(en),0,1°". Electron-hole attraction effects of about 2...3
eV are found, and a strong influence of local-field effects and
resonant-nonresonant coupling terms is observed. In the case
of [Cu(dbdmed),0,]*" where measured optical absorption
data are available, it is found that the TDDFT calculations
describe the essential features of the experiment correctly but
show a large scatter with respect to the influence of the basis
set and the XC functional used in the adiabatic approximation.
The agreement with experiment is best if B3LYP and CAM-
B3LYP in conjunction with a 6-31g(d) basis are used for O and
P, respectively. None of the XC functionals probed here within
TDDFT does particularly well for all molecular systems
investigated.

In fact, altogether our work supports earlier findings by
Gherman and Cramer that ‘different functionals are required
for accuracy in different regions of the potential energy sur-
face” While this is not satisfactory, the present work demon-
strates, on the other hand, that meanwhile relatively complex
molecules can be modeled realistically using many-body
perturbation theory approaches. It is our hope that the appli-
cation of such methods in conjunction with complete and
orthogonal basis sets—ideally with better approximations to
the molecular screening—will help to shed more light on the
remaining ambiguities.
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