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[Cus(NGuaS)¢]*™ and its Oxidized and Reduced Derivatives:
Confining Electrons on a Torus

Matthias Witte, Martin Rohrmiiller,®® Uwe Gerstmann,'® Gerald Henkel,
Wolf Gero Schmidt,”®! and Sonja Herres-Pawlis ®*!!

The hexanuclear thioguanidine mixed-valent copper complex
cation [Cug(NGuaS)s] ™2 (NGuaS = 0-SC¢H4sNC(NMe,),) and its
oxidized/reduced states are theoretically analyzed by means of
density functional theory (DFT) (TPSSh + D3BJ/def2-TZV (p)). A
detailed bonding analysis using overlap populations is per-
formed. We find that a delocalized Cu-based ring orbital serves
as an acceptor for donated S p electrons. The formed fully
delocalized orbitals give rise to a confined electron cloud with-
in the CugSg cage which becomes larger on reduction. The
resulting strong electrostatic repulsion might prevent the fully

Introduction

The dinuclear M,X, metal ring structure of the form [M,(u-
XR,)2L,l is @ common motif in bioinorganic chemistry and the
coordination of the metal is directly related to its functionali-
ty."™ Copper often uses this form playing an important role as
redox center and is, next to iron, with no doubt one of the most
important and fascinating ones and its variety of mechanisms
have been widely studied and understood.” Especially thiolate
coordinated Cu compounds are important electron transfer cen-
ters.®”! These compounds have been elaborately studied and a
high covalency of this interaction has been found.*"*! A popu-
lar representative is the Cuy complex as found in cytochrome c
oxidase or the nitrous oxide reductase.'*2" The diamond
shaped Cu, core is bridged by two cysteinate ligands. Electron
paramagnetic resonance (EPR) showed that the core is in a
mixed valent Cu'>"...Cu'>" state, featuring a characteristic sev-
en line pattern. This indicates the single electron to be delocal-
ized over the diamond core.?>?*! A redox active model complex
has been synthesized by Duboc and coworkers.”#

A further class of important complexes in biology are the
cysteine-rich metallothioneins incorporating several metal
atoms.>>™?"! Especially the structure of copper thionein (Cu-
MT) has been unraveled by Mangani, Weser et al. and it is
found to have six trigonally and two diagonally coordinated
Cu(l) ions bound to ten cysteine Iigands.[zg] It is proposed that
Cu-MT acts as copper binder, if the copper concentration in
the environment is too high and releases copper under scarce
conditions. This is in accordance with the general view that
metallothioneins are detoxifying.?%*® Marchio et al. synthe-
sized polynuclear Cu(l) complexes with N,N'S-donor ligands
having striking similarities to the Cu-MT.2"

Recently Cu(l) complexes have drawn attention due to their
optical properties. Based on the luminescence, the non-toxicity
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reduced state. Experimental UV/Vis spectra are explained using
time-dependent density functional theory (TD-DFT) and ana-
lyzed with a natural transition orbital analysis. The spectra are
dominated by MLCTs within the CugS¢ core over a wide range
but LMCTs are also found. The experimental redshift of the
reduced low energy absorption band can be explained by the
clustering of the frontier orbitals. © 2017 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.24798

and their low costs they are promising candidates for OLEDs,
resonators for organic lasers, photocatalysts or chemical sen-
sors.P2 A [Cu(l)s(mpymt)sl, (Hmpymt = 4-methylpyrimidine-2-
thione) has been synthesized where the two CusS; rings form
a cylindrical cone. Its fluorescence signal is sensitive to nitro-
benzene, nitrotoluene and Fe** B3

In the bioinorganic context, Henkel and coworkers synthe-
sized the structurally inspired Cus model complex Cu(ll),(N-
Guas),Cl, (with NGuaS = 0-SCsHsNC(NMe»),).24 The complex
has been theoretically studied in detail with respect to the
broken symmetry (BS) minimum energy wave function, its
bonding mechanism and the spectroscopic features.>>>¢ It is
known that nitrogen bases, guanidine ligands in special, serve
as good donors in metal bonding.*”~** Hence, the ligand has
been used to synthesize further polynuclear complexes, espe-
cially the complex cation [Cug(NGuaS)s]** which is redox-
active and enables the overall charges n=1+/2+/3+." In
this work, we utilize density functional theory (DFT) to study
the bonding mechanism within the complex cations and its
optical properties. From now on, we will use the short form
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Figure 1. Picture of the [Cuﬁ(NGuaS)s]Jrz complex through z-axis (left) and xy-axis (right) view, hydrogen atoms are omitted. [Color figure can be viewed at

wileyonlinelibrary.com]

[Cuelgl” (L=NGuaS; n=0/1+/2+/3+) for the differently
charged states.

Methods
Computational methods

The DFT as well as the time-dependent density functional the-
ory (TD-DFT) calculations presented here are accomplished
with the Gaussian09 software package, revision D.01.4¢! The
TPSSh exchange and correlation functional™=*°! has been
found to yield a reliable molecular structure as well as optical
spectra for related complexes.>>*®! Furthermore, it has been
shown that it reproduces accurate densities which is important
as we perform detailed bonding and transition analyses.>”
The inclusion of dispersion interaction is particularly vital for
the determination of the correct structure in gas phase.®>” The
dispersion forces are modeled here using the post-scf method
by Grimme with the Becke and Johnson damping.”'*? The
basis set is described with a split valence triple zeta basis with
added polarization functions within the formulation of Weigend
and Ahlrichs (def2-TZVp) on the Cu, S, and N atoms.”*** On the
C and H atoms the polarization functions have been dropped to
keep the calculations manageable for this large system. The pre-
sented results were solely obtained within these approximations
if not stated otherwise.

The optical absorption is calculated with the Casida equa-
tion originating from the linear response theory in the TD-DFT
framework.>>*% The solvent is modeled implicitly by a polariz-
able continuum model (PCM)®’=% and the transition analysis
has been done in the framework of natural transition orbitals
(NTOs).1

For further analysis, Wiberg bond indices (AO basis) as well
as the charge decomposition analysis (CDA) are performed
with the AOMix program package.®™®? For the CDA, we split
the molecule into two fragments and analyze how the mole-
cular orbitals (MOs) are composed of the fragmental orbitals
(FOs). To interpret the bonding character, the overlap S and
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the (total) overlap population (T)OP are calculated, as done for
the dinuclear species.=®

Results and Discussion

The present study is divided into two sections. The first part is
devoted to the geometric and electronic structure and the cor-
responding chemical bonding within the complex in its differ-
ent oxidations states. The second half discusses the
spectroscopic features and compares the UV/Vis absorption
spectra for the differently charged states.

Minimum energy wave function

The complex cation is shown in Figures 1 and 2. Formally one
would assign two of the Cu ions an oxidation state of +II and
the remaining four +I1. This might lead to the assumption that
an antisymmetric spin coupling emerges which has to be
treated by an open shell BS wave function as proposed by
Noodleman!®%® 3s it is already found in the related Cu,S,
diamond core®™ The study of the dinuclear copper core
shows that the minimum wave function is described by a BS
wave function. Conversely, it has been shown that a BS state
only occurs for larger Cu...Cu/S...S distance pairs than
observed for the hexanuclear core. Nevertheless, this has been
verified by a BS fragmented guess wave function where the
upper as well as the lower CusSs part of the ring have a non-
vanishing spin density oppositely directed along the z-direc-
tion (see Fig. 2). However, the wave function converges into
the closed-shell case. This does not necessarily mean that
there do not exist more complex non-collinear solutions
where, for example, the spins are circularly aligned around the
Cus S3 rings but this is beyond the scope of this article. Never-
theless, we have made a wave function stability analysis
according to Bauernschmitt and found no instabilities reassur-
ing the ground state nature of the wave function.®”® The
species with an uneven electron number (3+ and 1+) are
treated as S=1/2 open shell systems resulting in states with
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Figure 2. Top: Schematic drawing of the cylindrical CugSe hexanuclear core
of the complex. Important structure parameters are labeled. Bottom: Pro-
jected Lewis structure of a fragment of the complex visualizing the NGua$
ligand. [Color figure can be viewed at wileyonlinelibrary.com]

an <S?>=0.75 expectation value. This means that there is a
single unpaired electron, in accordance with the measured
EPR activity, which is discussed later.""’

Geometry of the different charged states

The complex is, as described in Refs. 45, 69 composed of two
CusS3 rings which are on top of each other and shifted by one
atom so that a S atom is on top of a Cu atom. These two rings
form a cylindrical hexagon (compare Fig. 2) where the two
stacked Cu and S atoms along the z direction are connected
by a NGua ligand. The correct ground state structure has been
verified by normal mode analysis where no imaginary frequen-
cies have been observed. The relaxed cartesian coordinates are
given in Supporting Information Table S1.

Each copper or sulfur atom is bound to four partners.
Important interatomic distances characterizing the complex
are summarized in Table 1 and the different bonds are shown
in Figure 2. At first glance, the direct bonding lengths are in
very good agreement. For each of the three Cu—S and S—C
bonds the absolute value of deviation is less than 0.007 A. For
the direct Cu—N bonds the deviation is —0.02 A. Only for the
direct Cu...Cu distance we encounter a deviation of 0.06 A. As

Journal of Computational Chemistry 2017, 38, 1752-1761

WWW.C-CHEM.ORG

Journal of

OMPUTATIONAL
HEMISTRY

the TPPS(h) functional is the meta-hybrid functional with the
least empirical parameters and most fulfilled analytical limits,*
we stick to this functional and analyze how far the fraction of
exact exchange E* influences the bond lengths. The results for
the [Cugle] ™ case are compiled in Table 2. It appears that the
fraction of exact exchange E* only plays a minor role for the
geometric structure and mainly influences the metal-metal
interaction that is spatially at a rather long scale. Going from
the pure meta GGA TPSS with 0% exact £* to the TPSSh func-
tional (10% EX) up to a modified version with 20% exact E* the
Cu—S (I/s) bond lengths are shortened only by 0.01 A. The
Cu...Cu distance on the other side elongates by about 0.06 A
for every ten percent of exact exchange. Of course, one could
test any combination of different functionals and basis sets
until one finds a better suiting pair, but as every bond is over-
estimated, we are facing a systematical issue and the general
description is trustworthy. The difference in the geometry is
most likely related to stacking effects, which occur in the solid
state phase. In contrast, the classical GGA functional PBE has
been tested: all bonds are more or less overestimated.

The complex is found to have a C; point group to which the
Hamiltonian is restricted from now on. This indicates that on
each CusSsz ring one Cu(ll) is located among two Cu(l) ions.
Dropping the accuracy to 0.02 A the classification of a Sg point
group becomes available. This means that the difference in
oxidation states, hence charge, is an overlying perturbation to
a wave function where every copper ion is contributing equal-
ly. This is also reflected in the bond length: For the 2+ species
two of six Cu—S bond lengths are 0.001 A smaller than the
other four. The difference vanishes for the double reduced
state. This is a first hint for delocalization of the electrons over
the ring. For a more detailed analysis, we have to take a closer
look at the orbitals and charges. We find that the Cu—S bonds
in the xy-plane are elongated when the complex is further
reduced, whereas the Cu...Cu-xy distances are shortened. This
means that the Cu atoms are drawn together whereas the
S atoms are pushed slightly outwards, as shown in Figure 3
along with the xy-projected distances of the S atoms. This can
be explained by putting more electrons in the anti-bonding
LUMO (see S2 for all HOMOs and LUMOs). The S—C bond does
not change upon oxidation or reduction, which means that no
change is induced in the electronic structure there. The Cu—N
bond on the other side is becoming longer on reduction. The
interpretation is that the donor function of the Ny, atom is
reduced as more electrons are in the CugSe ring and donation
becomes less favorable due to electronic repulsion. To verify
our intuition of delocalized electrons within the CugSe torus,
we integrate the charge density within this region on a fine
grid with a lateral spacing of Ar=0.1 ao. The confinement is
given by a cylindrical cage, where the height as well as the
radius is given by the top S atom. In z-direction we add and in
r-direction we subtract the covalent radius. For all oxidation
states, this ensures that we do not count any core or localized
S or Cu electrons, see Figure 3. We indeed find that there is a

*In the meantime the improved SCAN functional has been published ful-
filling more analytical limits as well as appropriate norms.””’
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Table 1. Averaged geometric parameters of the experimental structure and the different calculated charged states (TPSSh + D3BJ/def2-TVZp).

Complex charge Cu-S () Cu-S (s) Cu-S (2) Cu...Cu Cu...Cu/S...S (d) Cu-N S-C
[CusLel®* (Exp.) [45] 2.3036(8) 2.2864(9) 2.4346(7) 2.5978(4) 4.5678(5)/5.1857(1) 2.002(3) 1.774(3)
[CusLﬁ]:‘Pr 2314 2.295 241 2.568 4.543/5.193 1.984 1.771
[Cuglel®t 2307 2292 2428 2,533 4.467/5.240 2,018 1.771
[CuéLﬁ]1 * 2.332 3.306 2435 2.529 4.458/5.317 2.037 1.774
[Cu6L5]° 2.384 2.319 2434 2.529 4.470/5.409 2.054 1.771

All values are given in A, whereas L = NGuas.

not negligible amount of charge stored. It ranges from 1.5 e~
for the double reduced [Cuglg]® state down to 1.0 e for the
oxidized [CugLel®* state. Further insight is gained by looking
at 2D density slices through a plane given by the three Cu
ions in either the top or bottom CusSs ring, see Figure 4. With-
in the inner core there is no increase in the charge density vis-
ible, hence the increased accumulated charge originates from
the enlarged integration area, being directly related to the
increased bond lengths between the Cu and S ions. Further-
more, it is visible that the Cu ions form a fully delocalized ring
where the charge can freely spread. Going to lower oxidation
states, the charge distribution becomes less in between the
Cu ions indicating already a bond breaking. Considering that
the double reduced state is experimentally not observable one
could speculate that the CugSe¢ cage becomes on the second
reduction electrostatically unstable in its confined form due to
the electrostatic repulsion pushing the cage outwards, destabi-
lizing the delocalized bond of the confined electrons on the
Cu ring.

Orbital and bonding analysis

To understand the characteristic geometry of the complex we
have to look at the MOs of the complex. The bonding mecha-
nisms are quite complex and at first glance one notices that
the occupied frontier orbitals show no distinctive bonding
character, but are of rather Cu—S antibonding character as
found for the diamond core. For a detailed analysis of the
involved mechanisms, we pursue the methodology used for
the diamond core species.*® A first look at the Wiberg bond
orders (WBOs) and total overlap populations (TOP), Table 3,
shows that within one CusS; ring both Cu—S sites are of
bonding nature. The Cu—S bond in z-direction is bonding,
although it is the longest Cu—S bond in the complex and very
weak according to TOP and WBO. This already indicates that
this bond is mainly binding the two CusSs rings. In contrast,
the total Cu...Cu interaction is nonbonding as indicated by

the non-vanishing negative TOP. Compared to Cu(l)-thiolate
heteroadamantane structures one finds similar values. For
comparable Cu...Cu distances, Oppermann et al. calculated
WBOs of around 0.11.7"

Furthermore, the Cu—N bond order is around 0.26 for a
bond length of 2.1 A. The Cu—S bonds conversely seem just a
little bit weaker with a bond order of 0.4 for trigonal planar
coordination and 0.5 for linear coordinated Cu.”" To under-
stand these differences, we performed a detailed CDA analysis.
Contrary to the di-copper core, where only one fragmentation
is performed analyzing how the Cu ions interact with the
NGuaS donors,®® we additionally performed a second CDA
fragmentation. In this case the molecule is split into two
Cuz(NGuaS); fragments. This has the advantage that not only
Cu. . .S interactions can be identified but also three body inter-
actions like bonding Cu-S-Cu delocalized MOs. Throughout
the evaluation, only MOs with a TOP greater than 0.10 e™ are
considered. The fully illustrated FO decomposition can be
found in Supporting Information Figures S3 and S4.

We start with the classical metal-ligand, Cu-NGuas, interac-
tion. One finds two different bonding mechanisms, covalent and
donor-acceptor bonding. The latter one is characterized by MOs
which are composed of occupied NGuaS FOs and unoccupied
Cu FOs and contributes a TOP of 0.24 e™ to the bonding between
the metal and the whole ligand. The covalent TOP is around 0.79
e”. Hence, the covalent bonding mechanism is thrice as

[Cu L J**

2+ 1+ 0
[CulJ* [Cull™ [Cul,]
Figure 3. Visualization of the cage atoms for the differently charged states
and the xy-projected distance of opposing S atoms, with L = NGuaS. [Color

figure can be viewed at wileyonlinelibrary.com]

in A with L = NGuas.

Functional, in parenthesis

Table 2. Averaged geometric parameters for the PBE and TPSS(h) functional with different fractions of exact exchange E* for the [Cuglel®" species, given

percentage of E* Cu-S () Cu-S (s) Cu-S (2) Cu...Cu Cu...Cu/S...S (d) Cu-N S-C
Exp. [45] 2.3036(8) 2.2864(9) 2.4346(7) 2.5978(4) 4.5678(5)/5.1857(1) 2.002(3) 1.774(3)
PBE (0) 2315 2303 2442 2.573 4.524/5.263 2.027 1.778
TPSS (0) 2.306 2.292 2431 2.527 4.452/5.247 2.017 1.778
TPSSh (10) 2307 2.292 2428 2.533 4.467/5.240 2.018 1.771
TPSSh (20) 2.307 2.291 2425 2.538 4.477/5.235 2.018 1.764
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Figure 4. Density slices through an xy-Cus-plane of the [CuLP?™ (left), [CuLl?*™ (middle), and [CuL]® (right) species. Contour interval is given by 0.0025 e".

[Color figure can be viewed at wileyonlinelibrary.com]

stabilizing as the donor-acceptor interaction. It is important to
mention that the polarization functions on —at least —the Cu
and S atoms are important! If they are neglected the bonding
mechanism of the core becomes much more coordinative at a
ratio one to one compared to covalent bonding. This is reflected
in smaller WBOs/TOPs and longer bond lengths respectively, see
Supporting Information Table S5.

Here, the L + 1 up to the L + 14 are accepting FOs whereas
the L+ 1, L+ 4, and L + 5 contribute with more than half the
DA-TOP in the complete bonding defragmentation scheme
(Supporting Information Figure S3), hence are more important.
The donor FOs conversely are widely spread over 12 different
FOs and range from the H-9 to the H-233. The H-11 and H-41
reappear thrice. An illustration of them is given in Figure 5.
Immediately one can see that the important acceptor FOs are
Cu 4s orbitals, especially the L + 1 plays an important role as it
contributes a fully delocalized FO forming delocalized MOs over
the core region which stabilize the core in total. The other two
FOs form Cu S ¢ bonds along the Cu S short and long bonding
axis along with bonds in the Cu S z direction (see MO H-69 and
H-70). The covalent part of the bonding interaction is, once
more, distributed over a variety of more than ten FOs for each
fragment. Only the Cug FOs H-17, H-18, H-19, and H-22 occur
predominantly and are shown with the H-4, H-5, H-6, and H-11
FOs of the (NGuaS)s fragment in Figure 6. As expected, the cova-
lent interaction is distributed via Cu d and S p MOs. The Cug frag-
ment contributes one Cu-Cu bonding FO, H-17, over the whole
Cug ring. Two further FOs where three copper are bound by d-
lobes, see FOs H-18 and H-19, Figure 6. The H-22 is a strongly
antibonding FO, having dﬁ-orbitals aligned along the z-axis, see
Figure 6. They tend to form Cu-S o-bonds along the z-direction,
see MO H-61 and H-64. All bonding interactions for this frag-
mentation are given in Supporting Information Figure S3.

The second fragmentation describes bonding interactions
between the Cu and S or N atoms, respectively. The latter one is
formally already included in the other fragmentation. Neverthe-
less we find several new bonding MOs: H-34 H-43 to H-46 and a
lower lying block H-82, H-93, and H-94, see Supporting Informa-
tion Figure S4 for a full list of all new bonding MOs where the FO
interactions are shown. The first block shows interesting interac-
tions incorporating the CugSe core. Although the overall Cu. . .Cu
interaction is antibonding, these MOs are responsible for

Journal of Computational Chemistry 2017, 38, 1752-1761

neighboring Cu ions being bound to each other and form delo-
calized bonding MOs over the whole Cug torus. The most domi-
nant Cu...Cu binding FOs are made up by Cu-d,, and d,” FOs."
If the complex is reduced these bonding MOs become weaker
as can be seen by the more negative TOP. This holds also for the
Cu—sS (2) bond, which elongates on oxidation, hence becomes
weaker. Here, once more, it is revealed why the complex
becomes destabilized on reduction: The two (CuS)s rings are
pushed apart. The afore mentioned low lying MOs are weak Cu-
N bonding MOs which did not occur in the other fragmentation
due to their comparably low bonding contribution

Summing up, the bonding is mediated by a two to one mix-
ture of covalent and donor-acceptor bonds between the Cu
ions and the NGuaS ligand. The N-Cu bonding is of a coordi-
native character and weaker than the Cu—S bonds. The overall
Cu...Cu interaction is antibonding but nevertheless the tight
ring structure enables the formation of delocalized MOs over
the whole CugSe ring so the electrons can freely move within
the torus. Those MOs show an equal distribution over all Cu
ions albeit formally one finds four Cu(l) and two Cu(ll) ions.
The different oxidation states occur only as a perturbation to
the overlying electronic structure manifesting in the last signif-
icant digits. This is in agreement with the EPR measurements
and explains why there are no hyperfine splitting observed for
the oxidized and reduced species.*” The anisotropy of the g-
tensor for the reduced state is <0.01 and nearly independent
of the functional and basis. It fits compared to the experimen-
tal isotropic value 0.00.*”! For the oxidized state, the experi-
ment finds an anisotropy of 0.08 where the calculations
depending on functional and basis led to slightly larger values
of 0.10 to 0.12. Looking at the spin densities, cf. Figure 7, one
sees that for both species the signal is originating at the core
and the expectation value of <S*>=0.75 shows that only a
single electron distributed over the core is responsible for the
signal. For the oxidized species, one sees that the spin density
is not as equally distributed over the core as for the reduced
one. This might be a first hint for the slightly deviation in the
anisotropy between these states.

The d-lobes in the xy-plane cannot be assigned to either the x- or y-axis
but are rather aligned along the ring, hence the ¢-direction in a cylindrical
coordinate system.
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Table 3. Wiberg bond orders (top) and total overlap population TOP in

e- (bottom) for different calculated charged states, within TPSSh + D3BJ/

def2-TVZp.

Complex

charge Cu-S () Cu-S (s) Cu-S (2 Cu...Cu Cu-N S-C

[Cuglel®” 0.59 0.52 0.33 0.15 048 090
0.41 0.28 0.11 -0.09 0.29 0.89

[Cuglel®” 0.56 053 0.32 0.16 040 092
0.40 0.28 0.10 -0.14 0.24 0.89

[Cuelyl'™ 0.52 0.52 0.31 0.15 034 093
0.37 0.29 0.09 -0.17 0.17 0.84

[CugLel® 0.46 0.52 0.31 0.14 0.28 0.94
0.32 0.31 0.08 -0.22 0.1 0.76

UV/Vis Spectroscopy

The experimental data as it is published in Ref. 45 is shown in
Figure 8 along with the calculated TD-DFT spectra for the differ-
ent oxidation states. From an experimental point of view, the
spectra are interpreted in two sections: the intense low energy
absorptions, greater than 1000 nm, are assigned to yy — /* tran-
sitions within the CugSg core. In literature y and * are termed
in the context of Cu, as the bonding/antibonding frontier orbi-
tals (especially H and L) distributed over the Cu core, cf. the
work of Solomon.[®”2731 For a realistic complex, the core bond-
ing MOs are, as discussed above, considerably lower in energy,

L+1

electron donation

Figure 5. Most important FOs for the donor acceptor interaction at an iso-

value of 0.035. [Color figure can be viewed at wileyonlinelibrary.com]
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H-19
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covalent
interactions

Figure 6. Main covalent contributing FOs, isovalue of 0.035. [Color figure
can be viewed at wileyonlinelibrary.com]

hence, we will drop these coined terms to avoid any confusion.
The high energy peaks below 800 nm are assigned to thiolate-
based ligand to metal charge transfer (LMCT) transitions.”*” The
oxidized absorption looks quite the same as in the 2+ case, just
slightly redshifted for the intense low energy peak, 1332 to
1117 nm. The reduced spectrum on the other side is more red-
shifted. However, without further analysis one cannot say if the

[Cu,(NGua) ]*! [Cuy(NGua) J*

Figure 7. Spin densities of the S=1/2 reduced and oxidized species. [Color
figure can be viewed at wileyonlinelibrary.com]
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Figure 8. Experimental (black) as well as calculated (red) TD-DFT absorption
spectra for the different charged states, with L = NGuaS. [Color figure can
be viewed at wileyonlinelibrary.com]

peaks between 800 and 1000 nm are all the same peaks or dif-
ferent shifted peaks. By analyzing the calculated spectra, we will
be able to distinguish and correlate the peaks.

As the experiment was performed in dichloromethane, the
solvent is treated implicitly with a PCM. The possible impact of
the solvent on the optical absorption spectra has already been

plex. There the solvent gives rise to an energy level shifting as
well as the removal of accidental degeneracy.®® Hence, we do
not want to discuss the influence of the solvent in detail, but
rather immediately show the calculated spectra in the implicit
solvent, Figure 8. The compiled experimental as well as the
theoretical peaks are listed in Table 4. All absorptions greater
than 355 nm are excitations into the LUMO, only for higher
energies other unoccupied MOs are reached. The intense
absorption band around 1000 nm with its shoulder is an
absorption mainly within antibonding core MOs from Cu d, N
p to the Cu d, S p LUMO. The same holds for the theoretical
excitation around 640 nm, just that the N related orbitals are
not excited anymore (compare Fig. 9a). The picture shifts
toward the next calculated bands around 530 nm and 400 nm
where one finds LMCT excitations from the N and C ligand
atoms respectively with a small amount of Cu d to the CugSe
core, see Figure 9c. The last calculated excitation at 352 nm is
a metal to ligand charge transfer (MLCT) where core electrons
are excited toward the carbon atoms, see Figure 9d. This hap-
pens when the absorbed energy becomes high enough to
excite into MOs higher than the LUMO. Thereby we find LMCT
as well as MLCT transitions within one complex. A more com-
plete list of the NTOs is given in S6.

The optical response of the oxidized state does not change
much, as expected from the experimental observations. We
find that calculated intensities as well as absorption frequen-
cies do not change significantly between the theoretical
[CugLel®t and [Cuglel®™ species. To keep the calculations feasi-
ble, we had to drop the polatization functions for the N atoms as
well and still we could only calculate the spectrum up to an ener-
gy of 2.38 eV. The nature of the absorption bands changes only
slightly. As the f HOMO LUMO gap is so small, both spin chan-
nels contribute already for low energy excitations leading to
transitions which are mixed of LMCT and inner core Cu to Cu, S
excitations, compare Table 4 and Figure 10. The splitting of the

Table 4. Measured and calculated absorption bands and the assigned major electronic excitation, wavelengths in nm.
[Cuglel®” [Cuglel** [CugLel'™
Exp Theo Excitation Exp. Theo. Excitation Exp Theo Excitation
1145 1123 Ligand, Cud — Cud, S p 1117 1074 Cud, 1332 1199 Cud Np —CudSp
Np—CudSp
1174 1197 Cud,Np—CudSp
905 851 Cud—Cud,Sp
950 954 Ligand, Cud — Cud, S p 960 914 Cud, 860 743 Cud—Cud Sp
Np—CudSp
645 638 Ligand, 640 629/667 Cud—CudSp 650 690 Cud—Cud Sp
Cud—Cud Sp Np
537 535 Cud—Cud Sp,Np 530 536 Ligand, 545 523/572 Cud—Cud,Sp
Cud— Cud, Sp
515 462 Cud, S p — Ligand
425 Not enough theoretical excitation 420 408 Ligand, 430 432 Cud,
states due to computational limits Cud—Cud,Sp S p — Ligand
285 285 340 Sp 259 398 Ligand — Cu d,
Cu d — Ligand Sp
[a] Theoretical wavelengths are effective wavelengths, composed of several peaks, See S6 for a more detailed list. Lines are left empty to align associat-
ed excitations.
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Figure 10. Calculated term scheme for the different charged states. Solvent
DCM is included implicitly via PCM, whereas L = NGuas.
scheme of the different charged states in Figure 10, it is notable
that the H-7 is energetically significant below the other contrib-
d uting MOs. This results in the observed redshift for the reduced
340 . . .
cu ;?p_>pheny| species although the HOMO-LUMO gap even increases slightly.
MLCT

Figure 9. Visualization of characteristic transitions for [CugLel>”, see Figure
8, with the transition density, whereas purple displays charge depletion
and green charge enhancement. [Color figure can be viewed at wileyonli-
nelibrary.com]

first calculated low energy peak is due to two excitations where
the LUMO and LUMO + 1 contribute differently, hence changing
the excitation energy slightly, see Figure 10.

For the theoretical spectrum of the reduced species, one
observes a larger redshift compared to the oxidized state as
found in the experiment, AZ=124 nm and A/Z=215 nm respec-
tively. The energetic redshift between the two absorptions is
0.12 eV although the HOMO-LUMO gab widens up by 0.02 eV
on reduction. Whereas the first excitation is composed of only
one initial MO (H-3) for the reduced species, three MOs (H-3,H-
4,H-7) donate charge in the 2+ species. Looking at the term

Wiley Online Library

In the region between 1000 and 400 nm, a lowered experimen-
tal intensity can be observed. Down to around 470 nm all excita-
tions are within one spin channel. The calculated intensities are
diminished in agreement with the experiment. This was
expected as only one half of the electrons can be excited result-
ing in a smaller effective cross section. Analyzing the peaks it is
evident that experiment and calculated spectra correlate well.
One finds that the experimentally expected LMCTs, which can
be clearly identified for the [Cuglg]®" state, are existent for the
reduced species as well (below 398 nm) but blueshifted and
mixed with absorptions within the core although, compare
Table 4. Only for smaller wavelengths than 385 nm clear LMCTs
are observable. Intuitively this is clear, as on reduction it
becomes easier exciting electrons from the Cu atoms to the thio-
lates than reducing it further with LMCTs. From a theoretical
point of view, one would argue with the oscillator strength f
that enters Fermi’s golden rule:

e A <ilplf > ?
mho

As the bonding and antibonding Cu d, S p core orbitals are
spatially strongly overlapping, the transition dipole matrix will
be larger than for distant ligand orbitals.
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The absorption spectra of the three different oxidation states
are, compared to each other, quite similar despite their complex
nature of absorption processes. Nevertheless is the intuitive
interpretation, based on a class Ill Cu complex according to Rob-
in and Day,”¥ in principle correct although incomplete. Only a
detailed orbital based analysis of each transition shows the exis-
tence of low wavelength transitions around 500 nm from bond-
ing to antibonding core MOs and the fact that excitations within
the CugSg core dominate over a wide range (down to 500 nm)
for the reduced and oxidized species. Comparing to the dinu-
clear NGuas$ bridged complex, we can conclude that the charac-
teristics for the high as well as the low wavelength spectrum are
the same: Excitations within the core and MLCTs.

Conclusions

We analyzed the hexanuclear complex cation [Cugle] composed
of copper ions and bridging bifunctional thiolate-guanidine
ligands. A detailed bonding analysis based on fragmentation
and overlap population analysis shows that donor-acceptor
bonding as well as classical two electron sharing covalent bond-
ing mechanisms are both important for the stabilization of the
complex. Delocalized FOs over the Cug ring are important, being
responsible for the whole CugSe core forming a delocalized torus
for the electrons. On reduction the torus expands and by inte-
grating the charge, we show that more electrons are confined
within the whole core structure. We can only speculate that this
“electrostatic pressure” is the reason for the double reduced spe-
cies not being obtainable in an electrochemical fashion.

The optical absorption spectrum is reproduced with the help of
TD-DFT and implicit inclusion of the solvent effects. The shape as
well as the absolute position of the absorption bands can be
reproduced in very good agreement with the experiment irrespec-
tive of the nature of the excitation. We can assign the origin of the
absorptions and find that excitations within the CugSg core occur
from long wavelengths down to 430 nm. LMCTs can be observed
around 400 and 335 nm, whereas for higher energies MLCTs deter-
mine the absorption process. So, both charge transfer processes
are present in this complex. The redshift of the [CugLe]' ™ spectrum
is not related to a HOMO-LUMO gap closing but rather a simpler
origin of the excitation: For the reduced 1+ species, only MOs hav-
ing higher eigenvalues are responsible for the excitation.

Keywords: density functional theory - time-dependent-
DFT - copper thiolate complexes - charge decomposition
analysis
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