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Abstract The structures of versatile N-heterocyclic carbene-
containing Au(Ill) complexes in the ground and low-lying
excited states have been optimized at the B3LYP functional
and the single-excitation configuration interaction (CIS)
method, respectively. The spectral properties are predicted
with time-dependent density functional theory (TDDFT). In
addition, the charge transport quality has been estimated
approximately by the predicted reorganization energy (A). As
revealed from the calculations, the introduction of methyl has
a bigger influence on the spectral properties than phenyl.
Furthermore, we find that changing the auxiliary ligand could
tune the charge transfer properties.

Keywords A4b initio - Absorption and emission spectrum -
DFT- Gold(III) complexes - N-heterocyclic carbene

Introduction

Traditionally, carbenes were considered to be unstable,
short-lived, electron-deficient two-coordinated carbon com-
pounds with two non-bonding electrons. Until 1968, Ofele
[1] and Wanzlick [2] first reported the use of N-heterocyclic
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carbenes (NHCs) as ligands independently. The singlet
NHCs are stabilized by the interaction of the empty
p-orbital with the two neighboring nitrogen lone pairs
[3]. Earlier work considered NHCs as phosphine ana-
logues [4, 5], but the recent observations emphasized
some differences in steric and electronic properties and
their chemical behavior [6—8]. Since these ligands act as
excellent strong o-donors, they can produce stable metal—
NHCs with strong metal—carbon bonds [9-11]. At present
NHCs are common and powerful ligands in organometal-
lic chemistry. A number of metal -NHCs complexes have
been applied in catalysis [12—14] and pharmaceutical
fields [15, 16].

Au atom with 5d'%6s' electronic structure exhibits very
strong relativistic effects. For phosphorescent complex, the
strong spin-orbit coupling effect of Au atom increases the
rate of S;— T, intersystem crossing, then the phosphores-
cence originating from the triplet excited states can be
achieved. In recent years, Au(l) complexes have been the
subject of some studies, such as the application in medical
chemistry, catalysis, biophysical, photophysical and photo-
chemical properties [17-20]. In contrast to the Au(I)
system, most of the Au(IIl) complexes usually emit at low
temperature in the solid state or glasses, with very few
examples emitting at room temperature in solution [21].
One probable reason for the behavior in Au(Ill) complexes
is the presence of low-energy radiationless d—d states [21],
which compete with the charge transfer transition and result
in weak- or non-luminescence at room temperature. The
key to raising the energy of the d—d states is to introduce
strong-field ligands or co-ligands [22]. So the NHCs
ligands attracted much attention, due to the strong
o-donating ability. Recently, Nolan and Huynh reported
the synthesis of Au(IIl)-NHC complexes by oxidative
addition [23, 24]. Later on, Yam and co-workers synthe-
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Fig. 1 Optimized ground state
structures for 1-4 by the DFT
(B3LYP) calculations

sized a series of mononuclear and dinuclear luminescent
NHC-containing organogold(Ill) complexes [25]. In con-
trast to previously reported Au(IIT)-NHC complexes, which
were synthesized through the oxidative addition reactions
of their Au(I)-precursor complexes, the preparation of such
NHC-containing cyclometalated Au(Ill) complexes
involves the direct incorporation of NHC into the Au(II)
starting materials. These complexes display long-lived
emission and high luminescent efficiency.
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Although there have been some reports about the
photophysical and photochemical properties of Au(IIl)-
NHC complexes, corresponding theoretical research works
are sparse. Herein, a detailed theoretical investigation on the
electronic structures and spectra of the complexes 1-4 (Fig. 1)
was undertaken under the ab initio and the density functional
theory (DFT) level. We hope the exploration of these
characteristic properties for the Au(IlI)-NHC complexes
would help us to design good phosphorescent materials.

Table 1 Partial optimized geo-

metric structural parameters of 1 2 3 4

1-4in Sy and T; states, together

with the experimental values of 1~ Parameters So T, exptl”  So T, So T, So T
Bond lengths (A)
Au-Cl1 2,109 2.078 2.054 2.110 2,078 2.108 2.078 2.108  2.086
Au—-C2 2.107  2.078  2.151 2.110  2.078  2.108 2.078 2112  2.091
Au—-C3 2.024  2.044 1999  2.025 2,045 2.028  2.048 2.028  2.043
Au-N1 2.036 1994 1975 2.035 1.993  2.036 1.993 2.033  2.008
Bond angles (deg)
Cl-Au—C2 161.4 1623 160.9 1614 1622 1614 1622 1614 1624
N1-Au—-C3 180.0  180.0 179.4 180.0  180.0  180.0  180.0 1773 177.2
Dihedral angle (deg)
Cl-Au-C3-N2  77.1 85.4 74.1 85.2 89.5 89.5 90.7 92.9

* From ref [25]
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Table 2 Partial molecular orbital compositions (%) in the ground states for 1-3 in CH,Cl, solution under TD-DFT (B3LYP) calculations

1

MO E (eV) Au CANAC NHC Bond type
L+2 -1.6624 28.8d,%,° 48.9 22.3 d(Au)+7*(C NAC)+o*(NHC)
L+1 -1.9560 98.4 T*(CANAC)
L —2.5402 5.3d, 93.3 T%(CAN~C)
Ay =4.0058 eV
H —6.5487 8.2d,, 90.6 T(CANAC)
H-1 -6.9229 5.5dy, 70.3 242 T(CANAC)+7(NHC)
H-2 ~7.1153 6.5dy, 90.7 T(CANAC)
H-3 -7.2718 98.6 T(CN~C)
2
MO E (eV) Au CANAC NHC Bond type
L+2 -1.6534 28.6d,%. 45.1 223 d(Au)+70%(C "NAC)+o*(NHC)
L+1 -1.9021 98.1 T (CANAC)
L —2.5043 6.4d, 929 *(CAN~C)
Ay =3.8844 eV
H —6.3887 5.2d, 93.5 T(CANAC)
H-1 —6.9134 6.9d,, 76.7 16.4 7(CNAC)+7(NHC)
H-2 —7.0372 98.6 T(CANAC)
H-3 ~7.1009 8.7d,, 90.0 T(CANAC)
3
MO E (eV) Au CANAC NHC Bond type
L+2 -1.7320 29.3d,2.,2 48.1 22.6 d(Au)+7*(C"NAC)+0*(NHC)
L+1 -1.9617 99.5 TH(CANAC)
L —2.5636 7.6d,? 89.8 7*(CN~C)
Ay1=3.9947 eV
H —6.5583 4.3d,, 95.7 T(CANAC)
H-1 —6.9123 10.4d,, 62.6 27.0 d(Au)+7t(C*N~C) +7t(NHC)
H-2 ~7.1180 7.7dy, 91.2 T(CANAC)
H-3 —7.2258 99.1 7(NHC)
H-4 ~7.2807 98.7 T(CANAC)
H-5 —7.4092 98.3 T(CANAC)

Fig. 2 Molecular orbital
diagrams of 4 in the ground state
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Table 3 Absorptions of 1-4 in
CH,Cl, solution according to
TD-DFT calculations, together
with the experimental values

Fig. 3 Simulated absorption
spectra of 1-4 in CH,Cl,
solution

@ Springer

Excitation” (coeff) E.n (eV) Oscillator Assignment exptl (nm)”
1 Sy H—L (0.68) 380 (3.27) 0.0559 ILCT 386
S, H-1—L (0.69) 346 (3.59) 0.0014 ILCT/LLCT 369
S; H-2—L (0.67) 313 (3.96) 0.1539 ILCT
Ss H-3—L (0.65) 301 (4.12) 0.0555 ILCT
2 Sy H—L (0.68) 392 (3.16) 0.0860 ILCT 396
S, H-1—L (0.68) 344 (3.61) 0.0021 ILCT/LLCT 378
Ss H-3—L (0.67) 313 (3.97) 0.1380 ILCT
Se H—L+1 (0.50) 302 (4.10) 0.1886 ILCT
3 Sy H—L (0.68) 381 (3.25) 0.0550 ILCT 387
S, H-1—-L (0.67) 345 (3.59) 0.0012 ILCT/LLCT 369
S; H-2—L (0.67) 314 (3.94) 0.1562 ILCT
Ss H—-4—L (0.65) 302 (4.10) 0.0599 ILCT
Se H-5—L (0.46) 299 (4.14) 0.0802 ILCT
H—L+1 (0.45)
4 N H—-L (0.51) 397 (3.13) 0.0568 ILCT/LLCT 400
S, H-1—L (0.49) 394 (3.15) 0.0783 ILCT/LLCT
S; H—L+1 (0.56) 365 (3.39) 0.0027 ILCT/LLCT 382
Sy H-1—L+1 (0.56) 363 (3.41) 0.0029 ILCT/LLCT
Si0 H-6—L (-0.37) 316 (3.92) 0.0264 ILCT
H-5—L (0.47)
Si2 H-7—L (0.45) 314 (3.95) 0.1210 ILCT
S»0 H-5—L+1 (0.45) 302 (4.11) 0.1836 ILCT
H-8—L+1 (=0.35)
S2» H-7—L+1 (0.46) 300 (4.12) 0.0351 ILCT
H-6—L+1 (-0.24)
1.2 4 1.0 4
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H-2 H-3

Fig. 4 Single electron transitions with the maximum CI coefficients
under TD-DFT calculations for the 380, 346, 313 and 301 nm
absorptions of 1 in dichloromethane

Computational details and theory

The density functional theory (DFT) at the Becke’s three
parameter functional and the lee-Yang-Parr functional
(B3LYP) [26-29] and single-excitation configuration inter-
action (CIS) method [30, 31] are employed to optimize the
ground (Sy) and excited state (T;) structures without
symmetry constrains for 1-4, respectively. As we
known, CIS method is successful in the structure
optimization of the excited state proved by many
researchers [32, 33]. However, the transition energies
obtained by the CIS calculations are usually overestimated
since the CIS method uses the orbitals of a HF state in an
ordinary CI procedure to solve for the higher roots and
only considered parts of the electronic correlation effects
via the mixing of excited determinants [30, 31, 34]. In our
work, the spectroscopic properties related to the absorp-

tion and emission in solution are obtained by the time-
dependent density functional theory (TDDFT) [35-37] at
the B3LYP functional associated with the polarized
continuum model (PCM) [38, 39]. This kind of theoretical
approach has been proven to be reliable for transition-
metal complex systems [40-42].

In the work, quasi-relativistic pseudo-potentials of Au
atoms proposed by Hay and Wadt [43, 44] with 19 valence
electrons are employed, and the LANL2DZ basis sets
associated with the pseudo-potential are adopted. The 6-
31 G(d) basis sets were adopted for H, C, and N atoms. To
precisely describe the molecular properties, one additional
f-type polarization function is implemented for Au (x=
0.20) [45]. All the calculations are accomplished by using
the Gaussian03 software package [46].

Results and discussion
The ground states structures and the absorption spectra

The optimized Sy structures of 1-4 are depicted in Fig. 1
with the coordination axis. Complex 4 is a dinuclear
molecule, which is composed by complex 2 through alkyl
side chains on the carbine nitrogen atoms. For metal
complex, the bond lengths and bond angles between the
metal and ligands are important, which indicate the
interaction between the metal and the ligand. In Table 1,
the corresponding important parameters together with the
X-ray crystal diffraction data of 1 are listed. As reported in
Table 1, the optimized bond lengths and bond angles for 1
in the ground state are in general agreement with the
corresponding experimental values. The calculated bond
lengths are elongated by about 2% compared with the
experimental values of 1, except for Au—C2 bond, which
are shortened by 2%. There are minor differences in
important parameters for 1-4 and the change of ligands
has little influence upon the ground state geometries. The
discrepancy of the geometry structural data between the
calculated and measured values is reasonable and accept-
able, since the environments of the complexes are different

Table 4 Phosphorescent emis-

sions of 1-4 in CH,Cl, solution Transition Configuration” Coeff E (nm) (eV) Assignment exptl (nm)°
according to TD-DFT (B3LYP)
calculations, together with the 1 A—'A L—H 0.72 494 (2.51) ILCT 479
experimental values L+1—H-2 —0.18
2 SA—TA L—H 0.72 511 (2.43) *ILCT 489
L+1—H-1 0.18
3 SA—TA L—H 0.72 496 (2.50) ILCT 480
L+1—->H-3 0.18
“ H denotes the HOMO and L 4 SA—'A L—H 0.67 565 (2.19) SILCT 493
the LUMO L+2>H 0.28

® From ref 13
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Table 5 Partial molecular orbital compositions in the lowest-energy excited-state for 1 in CH,Cl, solution by TD-DFT calculations

1

MO E (eV) Au
L+2 -1.4191 28.4d.%.?

L+1 -1.9745

L -2.6131 4.9d,
HOMO-LUMO energy gap

H —6.4053 5.9d,,

H-1 —7.0108 9.7dy,

H-2 ~7.1735

CANMC NHC Bond type

48.1 235 d(Au)+7*(C"N"C)+0*(NHC)
98.8 *(C*N"C)

92.8 *(C*"N"C)

94.1 m(C*N"C)

74.7 15.6 d(Au)+m(C"N"C)+m(NHC)
98.6 T(C*"N"C)

in the two cases: in the latter case, the molecule is in a tight
crystal lattice, while in the former case, the molecule is free.

The spectral data are obtained in CH,Cl, solution on
experiment [25]. For comparison, we calculated the
absorption spectra in CH,Cl, (£=8.93) solution for 1-4
using the PCM model. As seen in Table 2, three
conclusions can be drawn: (1) the complexes 1-3 have
similar orbital composition. (2) The frontier molecular
orbitals are almost localized on CN”C (the tridentate
ligand) ligands. (3) The composition of Au atomic orbitals
is less than 10% in the high-energy occupied orbitals,
except for the HOMO—1 (10.4%) of 3, and that in LUMO+
2 of 1-3 are almost 30%. To help us understand the orbitals
described above, the molecular orbital diagrams of partial
frontier molecular orbitals of 4 are displayed directly in
Fig. 2. From Fig. 2, we find that the HOMO and HOMO-1
of 4 have the same composition, The difference is the
orbital are localized on different ligand. The rest of the
frontier molecular orbital are almost localized on the
C"NAC ligands. As Table 3 shows, the calculated data
agree well with the experimental value. So the PCM model
is suitable for our system. It is well known that the frontier
molecular orbitals play a major role in the electronic
transition, so we first reveal the frontier molecular orbitals
for 1-3.

Table 3 gives the absorption data in terms of the
transition states, excitation energies, excitations with
maximum CI coefficients, oscillator strengths for 14 in
CH,Cl, solution, and the experimental values of 1-4. For
clarity, we list in Table 3 only the most leading excited
states. Furthermore, we simulated the absorption spectra of
1-4 with a Gaussian-type curve in Fig. 3. As revealed in
Table 3, the lowest-lying dipole-allowed absorptions (S;)
are at 380, 392, 381, and 397 nm for 1-4, respectively, in
which the leading excitation configuration of HOMO—
LUMO is responsible for the transitions. The experimental
values are 386, 396, 387, and 400 nm, respectively. The
calculated result is reasonable and acceptable. From Table 2,
we know the HOMOs of 1-3 are almost composed of
7(CAN”*C), while the LUMO are composed of 7t*(C*"N"C).

@ Springer

So the lowest-lying absorptions are attributed to intra-
ligand charge transfer (ILCT). In Fig. 2, we can see the
LUMO of 4 is composed of 7w*(C*N"C), which is localized
on two ligands. The HOMO is localized on 7t(C*"N*C) of
one ligand. So the transition is assigned as ILCT combined
with ligand-to-ligand charge transfer (LLCT). With respect
to S, excited state of 1-4, the leading excitation configu-
ration is HOMO—1—LUMO transition. Table 2 and Fig. 2
show that the HOMO—-1 of 1-3 are all composed of
7(C"N"C) and 7t(NHC), so the transitions are assigned as
ILCT and LLCT. The rest of the calculated absorptions of
1-4 are shown in Table 3. To intuitively understand the
absorptions of 1 in solution, we display the molecular
orbital diagrams in Fig. 4, in which four single electron
excitations corresponding to the CI coefficients are
involved.

The lowest-energy absorptions of 1-3 are red-shifted in
the order 1, 3<2. From Table 2, we can see the HOMO—
LUMO energy gaps of 1 (4.0058 eV) and 3 (3.9947 eV) are
higher than 2 (3.8844 eV). Comparison with complex 1,
with the electron-donating ability of C"N”C ligand increasing

Y,
ci=-018 Y P

H-2 L+1

Fig. 5 Single-electron transitions according to TD-DFT calculations
for the 494 nm emission of 1 in CH,Cl, solution
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Table 6 The dipole moment of 14 in Sy and T, states

1 (Debye)

1 2 3 4
So 3.2698 3.6033 0.9927 6.9592
T, 3.8749 3.9940 1.5396 7.1447
Ap 0.6051 0.3907 0.5469 0.1855

in 2, the energy level of HOMO and LUMO are all elevated,
but the LUMO increase is much smaller than HOMO. This is
because the LUMO composition has less change than HOMO
composition. Then the HOMO—-LUMO energy gap of 2 is
less than that of 1. In complex 3 the phenyl was introduced
into NHC ligand, then the electron-withdrawing ability of
NHC ligand is increased. The energy level of HOMO and
LUMO are all reduced, and the degree is the same. So there is
little difference between 1 and 3 in the HOMO-LUMO
energy gap. Then the lowest-energy absorptions of 2 is red-
shifted relative to that of 1, 3.

We also find an interesting phenomenon in Fig. 3. The
absorption band of 4 appears in pairs, such as 397 nm,
394 nm and 365 nm, 363 nm. From Table 3 and Fig. 2, we
can find each of them have the same transition character.
The difference is that the molecular orbital of the transitions
result from different ligands.

The excited states structures and the emission spectra

On the basis of the optimized ground state structures, the
lowest-energy excited state structures of 1-4 are fully
optimized by the CIS method. The main geometry
parameters of 1-4 in the lowest triplet excited state are
presented in Table 1. As shown in Table 1, the main
geometry parameters have a minor change compared to
those of ground states, a general shortening of bond lengths
between Au(Ill) and C*"N”C ligands for 1-4 are observed.
The distance between Au(Ill) and NHCs are lengthened.
The dihedral angle between C "N/ C ligand and NHC ligand
increased obviously for 1-4. These show the interaction
between the Au(Ill) atom and NHC ligands was weakened
upon excitation. In order to obtain the convincing emissive
energy, based on the excited state structures optimized by
the CIS method, the emission spectra of 1-4 in CH,Cl,
solution are calculated by the TD-DFT approach at the

B3LYP level. The corresponding emissions of 1-4 are
listed in Table 4, associated with the emission energies,
transition assignments, and the experimental values. To
conveniently discuss the transition property of emission, the
partial frontier molecular orbital compositions of 1 are
presented in Table 5, which of 2 and 3 are displayed in
Table S1.

The calculated emissions in CH,Cl, solution are 494,
511, 496, and 565 nm, respectively. The results are in
general agreement with the corresponding experimental
values, with the exception of 4. The phosphorescent
emissions are all assigned to *ILCT characters. As seen
from Table 4, the 494 nm emission of 1 is assigned to the
phosphorescent emission arising from the *A—'A transi-
tion and the excitation LUMO—HOMO has the largest
configuration coefficient (0.72). In Table 5 we can see that
the LUMO of 1 is composed of 92.8% mt*(C"N”*C), while
the HOMO is mainly localized on 94.1% m(C*N”*C).
Therefore, the emission is assigned as *ILCT character. To
intuitively understand the nature of the emissions, diagrams
of the single-electron transitions related to the phosphores-
cence of 1 are shown in Fig. 5. Similar to that, as seen in
Table S1, the HOMO and LUMO of 2 and 3 have similar
compositions with that in 1. So the emission of 2 and 3 are
also assigned as *ILCT characters. The calculated emission
of 4 is 565 nm, which deviates from experimental value of
493 nm. The reason may be that the CIS method has a large
error on calculating dinuclear large molecule.

We also calculated the dipole moment of 1-4 in ground
states and excited states and the data are listed in Table 6. In
ground states, complex 4 has the biggest dipole moment,
since it is a dinuclear molecule. Complex 3 has the smallest
dipole moment because the conjugation effect of NHC
ligand is increased compared to complex 1. In excited
states, the dipole moment of 1-4 are all increased and
complex 1 and 3 increased more than the others. The reason
may be the transitions occurred in C*N”C ligand with
*ILCT characters and complex 1 and 3 have the same
CANAC structure.

Ionization potentials and electron affinities
As we know, the injection and transport capability of

electron and hole are very important for the luminescent
material. So we discuss the change tendency of the charge

Table 7 Ionization potentials

(IPs), electronic affinities (EAs) IP(v) IP(a) HEP EA(v) EA(a) EEP Anole Aclectron

and reorganization energy A (ev)

for the complexes 1 10.2424 10.1472 10.0492 3.5321 3.6518 3.7606 0.1932 0.2285
2 9.9050 9.8071 9.7064 3.4395 3.5511 3.6545 0.1986 0.2150
3 10.1581 10.0710 9.9812 3.5239 3.6736 3.7879 0.1769 0.2640
4 11.3146 11.0724 10.9309 5.5348 5.6872 5.8069 0.3837 0.2721
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transfer rates for these complexes by DFT method. The
energy barriers for the injection of electrons and holes are
evaluated by the ionization potential (IP) and EA electron
affinity (EA). The reorganization energy (A) is used to
approximately estimate the charge transport rate and
balance. The IPs and EAs are obtained with both vertical
(v, at the geometry of the neutral molecule) and adiabatic
(a, optimized structures for both the neutral and charged
molecule). Hole extraction potentials (HEP) and electron
extraction potentials (EEP) are used to evaluate the
extraction potentials for hole and electron, respectively.
All these calculated results are given in Table 7. The
calculated details are similar as those given by Refs [47-
49]. By means of the hopping-type mechanism [50-52] and
Marcus theory [53-55], it is known that the efficient charge
transfer is mostly dominated by the value of reorganization
energy which can be evaluated by the following relations
[50]:

Anote = Ao + A4 = [E* (M) — E"(M")] + [E(M") — E(M)]
= [E"(M) — E(M)] — [E"(M") — E(M")] (1)
— IP(v) — HEP

Aclectrion = Ao + A = [E7 (M) —E” (Mi)} + [E(Mi) - E(M)]
=[EM-) —E - (M=)] - [E(M) — E — (M)] (2)
= EEP — EA(V)

where E, E” and E” represent the energies of the neutral,
cation and anion, respectively, and M, M" and M™ represent
the geometries of neutral, cation and anion, respectively. As
is known that a smaller IP value makes the hole injection
easier, while a larger EA value makes the electron injection
easier. As shown in Table 7, the values of A, increase
from 0.1769 eV to 0.3837 eV and Agjecron iNCrease from
0.2150 eV to 0.2721 eV. It is obvious that complex 3 is the
best hole transfer material with the smallest Ay, value.
Complex 2 is the best electron transfer material with the
smallest Agjecron Value. The balance between Ay and
Aclectron Of complex 2 is the best of all these investigated
complexes. Summing up above information, we can find
that changing the auxiliary could tune the charge transfer
properties.

Conclusions

The present work theoretically investigated the geometry
structures, absorptions, and emission properties of four
cyclometalated NHC—Au(Ill) complexes. The calculation
reveals that the lowest-energy absorptions of 1-3 are
attributed to ILCT transitions and that of 4 is ILCT/LLCT
transitions, whereas the lowest-energy emissions are
assigned as *ILCT character. For complex 2, the introduc-

@ Springer

tion of methyl has a significant impact on HOMO, and then
the HOMO—-LUMO energy gap of 2 is less than that of 1.
For complex 3, the phenyl has little effect on HOMO—
LUMO energy gap. Complex 3 is the best hole transfer
material with the smallest Ay, value. Complex 2 is the best
electron transfer material with the smallest A jecron Value.
The balance between Apgje and Agjeciron 0f complex 2 is the
best of all these investigated complexes.
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