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Exploring the Nature of the Excitation Energies in
[Res(u3-Qg)Xs]*~ Clusters: A Relativistic Approach’+

Walter A. Rabanal-Le6n,* Juliana A. Murillo-Lépez,“? Dayan Paez-Hernandez,* and
Ramiro Arratia-Pérez**

This contribution is a relativistic theoretical study to characterize systematically the main elec-
tronic transitions in a series of hexarhenium chalcogenide [Reg(u3-Qg)Xs]*~ clusters with the aim
to understand: i) the terminal ligand substitution effect, ii) the substitution effect of the chalco-
genide ion on the [Reg(u3-Qs)I*t core, and finally iii) the significance of the spin-orbit coupling
(SOC) effect on the optical selection rules. In all the cases, we found characteristic bands around
300-550 nm, where the band positions are directly determined by the terminal ligand. However,
the SCN™/NCS™ present a different nature of the orbitals involved on the electronic transitions, in
comparison with the other studied terminal ligands, and are located in the near-infrared (NIR}) re-
gion. All the bands are red-shifted as a consequence of the ligand contribution in the composition

of the orbitals involved in the electronic excitations.

1 Introduction

Since their discovery at Rennes University in 1971,! chalco-
genide transition metal (Mo and Re) clusters have been substan-
tially studied due to the high stability of the octahedral [Mg(us3-
Qg)1** core,? their redox behaviour,®7 photophysical proper-
ties,®18 synthetic versatility and their capability to build func-
tional multi-cluster supramolecular assemblies %24 with poten-
tial applications on the development of magnetic and optical de-
vices, 13:18,25-29

Particularly, the luminescence exhibited by the hexanuclear
rhenium chalcogenide clusters was firstly predicted theoretically
by Arratia-Pérez for the sulfide/selenide rhenium clusters, 30-32
this was made on the base of the electronic structure similarities
with the well-known luminescent hexanuclear tungsten halide
clusters [W6X14]2* and with the cluster contained in the super-
conducting Chevrel phases. The luminescent properties was ex-
perimentally corroborated by Yoshimura,? Batail, 1° and Holm. 1!
They found that the luminescence of the [Reg(u3-Qg)Xg]*~ clus-
ters occurs for excitation wavelengths in the range of its most
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intense absorption bands around 350-450 nm. Furthermore, it
was found that the luminescence for these series of halide rhe-
nium chalcogenide clusters shift to a longer wavelength when
we move down to the halogen group and also that their emis-
sion spectra are analogous to the hexanuclear molybdenum(II)
and tungsten(II),3’4 which made these clusters were considered
as promising lumophores for a wide range of light-based appli-
cations. The latest efforts to design novel luminescent materi-
als are focused on the construction of framework structures con-
taining the [Mg(u3-Qg)12t build linker to incorporate red/near-
infrared luminescence on the construction of functional materi-
als, 20-24,26-29,33-35
More recently, Arratia-Pérez and co-workers performed a
deeply relativistic study related to the bonding nature and re-
activity on a set of hexarhenium chalcogenide clusters with o-
donor and o-donor/m-acceptor terminal ligands, they found in all
cases an extensive ionic interaction (around 75%) among the core
and the terminal ligands. It was concluded that the most stable
clusters are those that present the stronger 6-donor terminal lig-
ands, whereas the cluster stability starts to decrease when the
n-acceptor effect will be stronger; this fact is directly related with
the terminal ligand lability and the strong electrophilic character
of the [Reg(u3-Qg)1*t core. 30

The aim of this work is to establish, from a theoretical point
of view, the factors that control the photophysics of the [Reg(u3-
QS)X6]4* clusters; that means, identify and understand the conse-
quences of the chalcogenide and the terminal ligand substitution
on the optical properties, in order to modulate the luminescence
in different regions of the spectra, specially on the red and near-
infrared region.
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2 Computational Details

This contribution is based on the study of the spectroscopy prop-
erties of a series of Rhenium chalcogenide clusters with general
formula [Reg(u3-Qg)Xe]*~, where Q are the $2—, Se?~ and TeZ~
chalcogenides and X are a set of, 6-donor or w-acceptor, terminal
ligands as F~, Cl~, Br—,I", CN~, NC—, SCN—, NCS™, OCN™ and
NCO~ following the scheme depicted in Figure 1.

All this work were developed on the framework of the rela-
tivistic density functional theory (R-DFT) by using the Amster-
dam Density Functional (ADF 2012.01) code, 37 where the scalar
(SR) and spin-orbit coupling (SOC) relativistic effects were in-
corporated by means of a two-component Hamiltonian with the
zeroth-order regular approximation (ZORA).®:39 The molecular
structures presented above were taken from a previous contri-
bution from Arratia-Pérez and co-workers, 36 which are in good
agreement with the experimental data reported. 24043

Terminal or

Peripheral
Ligand

Chalcogenide

p3 Ligand

Fig. 1 Molecular model for the [Reg(u3-Qg)Xg]*~ cluster.

In order to calculate the absorption spectra of these molecules,
the lowest one hundred excitation energies were computed us-
ing the time-dependent density functional theory (TD-DFT) at
thescalar and spin-orbit relativistic level.#4*> The excitation en-
ergies were calculated using the statistical average of orbital
exchange-correlation model potential (SAOP). 46 Solvation effects
were modeled by a conductor-like screening model for real sol-
vents (COSMO)47-48 using acetonitrile as solvent due to the avail-
ability of experimental data. The calculated absorption spectra
were plotted by using Lorentzian weighted functions by the re-
spective oscillator strengths with a peak width of 20 nm. More-
over, uncontracted all-electron triple-{ quality Slater-type orbitals
(STO) basis set augmented by two sets of polarization functions
(TZ2P) were used for the all atoms,*° under an double-valued
octahedral (03*) symmetry constraint, that means we change the
framework from molecular orbitals to molecular spinors. Thus,
the molecular spinors are taken to transform according to the
octahedral extra irreducible representations. In our notation,
these doubled-valued irreducible representations are related to
the usual Bethe’s notation as follows:

e1/2gu < Lexs 57000 <> D7y Usjogy <> I'gx

Here, the ¢ and u extra-irreps correspond to two and four-fold
symmetries, respectively.
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The traditional irreducible representations of the single-group
used in the present contribution can be translated as follows:

Alg = €1/2g> A2g = €5/245 €¢ = U3 /205
Tig = €1/0g D Uzygs g = €579, D Uz/05
Ay = €125 A2u = €5/245 Cu = U3/9y5
T = €1/04 D Uz oy; Tow = €572, D Uz
They were obtained as a consequence of the interaction of
the single-valued irreducible representations with the spin-
irreducible (Yi%") representation. It should be clear that the SOC
split the orbital degeneracy and breaks the optical selection rules.
Moreover, for the octahedral point group, it is easy to obtain the
double group symmetry allowed electronic transitions, resulting
as:

€1/2g <7 €1/2ms  C1/2g 7 U3 2ms  €1/2g 7 €525
U3/2g <7 €1/2us U3/2g €7 €5/2u, €5/2g < U3 /2y

These symmetry (and spin) allowed rules should be taken into
account when assigning absorption and emission bands.

3 Results and Discussions

1) o-donor Ligands

In the case of the halide terminal ligands (F—, Cl—, Br— and 1)
and independently of the chalcogenide in the [Reg(u3-Qg) 1%t core
(Q = §27, Se? and Te?"), it is observed a red-shift when the
halide terminal ligand becomes heavier (more labile), as can be
observed in Figure 2 for the sulphide case.

Oscillator Strength /

R R B S L B e o e o e e e e LA e B e LB
250 300 350 400 450 500 550 600 650

A/nm

Fig. 2 Calculated excitation energies for the [Res(us-Sg)Xg]*~ (X = F~,
CI7, Br~ and I7) cluster series at spin-orbit relativistic level with the
SAQOP functional in acetonitrile solvent.

This red-shift for the halide series is directly related to the na-
ture of the spinors involved in the main electronic transitions of
their spectra. In all the cases, the electronic transitions occurs
from molecular spinors centred in the core to spinors also centred
in the core, but with a progressive increment of the terminal lig-
and contribution. In Table 1 is observed that the increment of the
ligand contribution is as follows: I~ (22.41%) > Br~ (16.44%) >
Cl~ (11.55%) > F~ (0.16%), this allow us to characterize these

This journal is © The Royal Society of Chemistry [year]
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Table 1 Excitation energies (eV), wavelengths (nm), oscillator strengths (f) and orbital assignation for the [Reg (u3-Sg)X¢]*~ complexes (X = F—, CI—,
Br~, I7) at spin-orbit relativistic level with the SAOP functional in acetonitrile solvent.

Band Energy A f(x100) Active MOs % Assignation
[Reg (u3-Sg)Fe14~
a 3.31 374 0.9898 gg EZZZ : gi 1‘2;’;‘ %
Core - Core
b 3.23 383 0.7816 g% ﬁ:;’z - 33 zzg Zg
[Reg (u3-S5)Cle 14~
a 3.11 (326" 398 0.9111 gg Ezz : 3; EZZZ Zé Core - Core + 11.55% Lig
b 3.03 408 0.7523 gg’ E:Zg - 3? ‘;;Zg Zi MLCT
[Reg (u3-Sg)Bre]*~
a 2.94 (2.80") 442 1.6855 65 U35, — 66 U3y, 86 Core - Core + 16.44% Lig
b 2.58 479 0.9588 65 30, — 41 €2, 97 MLCT
[Reg (u3-S3)T61%~
a 2.69 459 2.1120 ;21 flz//i : ;53 ‘ézﬁ Zg Core - Core + 22.41% Lig
b 2.48 (2.447) 498 1.7835 74 U3 )0, — 46 € 12, 95 MLCT
" Ref. 10
1 Ref. 19

bands as intra-core electronic transitions with certain character
of metal to ligand charge transfer (MLCT), instead of the experi-
mental assignation as ligand to metal charge transfer (LMCT) (see
Figures 3a and 3b). In the same way, it is observed an increment
on the intensities (oscillator strength) of the bands due to the fa-
cility of the charge transfer phenomena on the soft (labile or more
polarizable) terminal ligands, having as a consequence a bigger
change on their transition dipole moments. The trend related to
the red-shift, as well as the ligand contribution to the arrival or-
bitals is the same for all chalcogenides in the [Reg(u3-Qg)Xg]*~
clusters, these results can be seen on the electronic supplemen-
tary information (ESI)T in Figures S1 and S2, as well in Tables S1
and S2.

All the excitation spectra mentioned before are similar, both
in shape and intensity, due to all of them possess a high “core
to core” character on the main electronic transitions. As was
mentioned above, the shift toward the red region of the spec-
trum depends of the terminal ligand contribution to the arrival
spinor. These can be corroborated analysing the results of the cal-
culations of the absorption spectra for the bare-core (the [Reg (u3-
Qg)1?* core with out terminal ligands). In this case, when only
the scalar relativistic effects were considered, three intense bands
were appreciated at 434, 366 and 334 nm which are directly re-
lated to tp, — t1,, € — ty, and t;, — e, transitions respectively;
the number of the bands increase with respect to the scalar cal-
culation when the spin-orbit coupling were introduced, being the
most intense those located at 500, 437, 394, 369 and 354 nm that
can be characterized mainly as u3/;, — U35, and uz o, — €55,
for all the transitions. These bands for the bare-core have a sim-

This journal is © The Royal Society of Chemistry [year]

ilar assignation with the bands found for the [Reg(u3-Q)sXe]*~
clusters with halide terminal ligands, the only difference is that
these bands are shifted and also some of them are mixed with the
increased of the terminal ligand contributions, as was mentioned
on previous paragraph.

From this analysis we found a regularity for the composition of
the absorption bands and also for the red-shift presented in all the
halide complexes with respect to the [Reg(u3-Qg)]** core system.
These are based fundamentally on the progressive increment of
the terminal ligand contribution to the arrival orbitals of the main
electronic transitions (as is observed in Table 1). This can suggest
that the role of the terminal ligands is to modulate the intensity
and position with the possibility to tune the absorption spectra
into the NIR region.

The calculated spectra are in good agreement with the ex-
perimental data reported by Guilbaud et al. 10 for the [Reg(u3-
Sg)Clg]*~ cluster where a band was found around the 398.6
nm (3.11 €V) which corresponds to the experimental band at
380.3 nm (3.26 €V) and also with the results presented by Long
et al. 1° for the [Reg(u3-Sg)Brg]*~ and the [Reg(u3-Sg) Ig]*~ sys-
tems, where are our calculated transitions are located at 421.7
(2.94 €V) and 499.9 (2.48 eV), which correspond to the exper-
imental values of 442.8 nm (2.80eV) and 508.1 nm (2.44 €V)
for the [Reg(u3 -Sg)Brg]*~ and [Reg(u3-Sg)ls]*~, respectively. For
further information see Table 1.

Furthermore, when we change the chalcogenide ion instead of
the terminal ligand, we also observed a bathochromic effect on
the spectra possibly due to a heavy atom effect of the chalco-
genide in the hexarhenium chalcogenide core, which produce an
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. S5
32 e5/9, — 75 Uz, —_ &@{
[ <]
Besides the shape of the spectra is quite similar there is a re-
! duction on the absorption intensity (oscillator strength) when the
74 ugjzu — 33 e5)z F*G — @ terminal ligand is bonded to the rhenium core for the most -
© acceptor atom, which is directly related to the lability of the o-
. 5 = donor/m-acceptor ligands and their relative stability as was found
. » — in a previous work.3® The same behaviour is observed for the -
—3 i — @ Ol v ) 0 s
g =i s OCN™~/-NCO~ and -SCN™/-NCS™ couples (See ESI, Figures S3
° - )

and S4). In the case of the OCN™/NCO~ absorption spectra, as
(b) in the case of the halides and the CN~/NC™ couple, these are di-
rectly related to the ligand participation on the orbitals involved
on the electronic transitions; but for this couple of ligands both
the departure and the arrival orbitals have a slight contribution

Fig. 3 Molecular spinor plots and electron density difference maps of
the main electronic transitions involved on the absorption spectra for
(a)[Res(us-Ss)Fs]*~ and (b)[Res(us-Ss)ls]*~ complexes. The electron
density difference maps were calculated as the difference of the final of the terminal ligand atomic orbitals.
and initial molecular spinor densities for each electronic transitions, here

we can identified depleted (red) or loaded (blue) zones with electron

density during an electronic transition upon excitation

0.08

energetic rearrangement of the orbital and excitation energies
moving these to a longer wavelengths regions as can be observed 007
in Figure 4. Moreover, it is exhibited a decreased on calculated 0.06
oscillator strengths in the following way: S~ > Se?~ > Te?, this
tendency is in agreement with the absorption intensities observed

experimentally. 1>

0.05

0.04

2) o-donor / m-acceptor Ligands
0.03

Oscillator Strength / F

For the CN™ and NC™ w-acceptor ligands, the case where the do-
nation and back donation phenomena is the same for both ter- 0.02
minal ligands. We observed from Table 2, that the atomic orbital

contribution to the molecular orbitals involved on the most im- oot

portant electronic transitions can be characterized as intra-core o T S
with certain ligand contribution. In this case, the ligand contri- 300 350 400 450 500 550 600
bution is similar to those showed by fluoride and chloride ligands A/nm

and on the region where also appears coincidently the spectra  Fig. 5 Calculated excitation energies for the [Res{us-Sg)Xe]*™ (X = F~,
for the [Re6(,u3-Sg)CN6]4* and [Reg(u3-Ss) NCg]*~ complexes, as I=, CN~ and NC™) cluster series at spin-orbit relativistic level with the
can be observed in Figure 5. SAQOP functional in acetonitrile solvent.

4| Journal Name, [year], [vol.],1—7 This journal is © The Royal Society of Chemistry [year]



Page 5 of 7

Physical Chemistry Chemical Physics

Table 2 Excitation energies (eV), wavelengths (nm), oscillator strengths (f) and orbital assignation for the [Reg (u3-Sg)Xs]*~ complexes (X = CN—,
NC—, SCN—, NCS—, OCN~ and NCO™) at spin-orbit relativistic level with the SAOP functional in acetonitrile solvent.

Band Energy A f(x100) Active MOs % Assignation
[Reg (3-Sg) CNe 1+~
54 113/2u — 55 U3/2g 67.35 _ .
a 2.95 420 0.4979 34 €/, — 35 €10 20.46 Core - Core + 15.02% Lig.
b 2.85 435 0.2477 54 uz/3, — 55 Uz 92.52 Core - Core + 15.02% Lig.
54 U320 — 24 €52, 75.03 i .
c 2.76 449 0.1653 54113, — 55 o, 15.85 Core + 11.55% Lig. - Core + 6.36% Lig.
[Reg (u3-S3)NCe]*+~
54 uz)y, — 24 €5)2, 55.87
a 3.06 405 0.5177 23 e5/y, — 24 €59, 26.90 Core + 12.03% Lig. - Core
54 'll3/2g — 55 U3/2u 12.62
54 U3/2g — 24 es/zu 62.12 ~ .
b 2.81 441 0.2764 54 U3, — 55 Uy 21.06 Core - Core + 17.27% Lig.
[Reg (u3-Ss)SCNg 14~
a 1.99 623 1.1585 62 u3/, — 63 U3y, 92.55 76.02% Lig. + Core - Core + 23.43% Lig.
60 U3/2g — 41 el/zu 49.43 . B .
b 1.83 677 3.1121 25 €5/, — 63 13y 46.66 58.64 % Lig. + Core - Core + 22.57% Lig.
c 1.67 741 0.8655 40 eypp, —> 4l ey, 94.75 68.05 % Lig. + Core - Core + 22.57% Lig.
[Res (u3-S3)NCS4 14~
40 el/zu — 41 el/zg 32.89
a 291 426 7.0899 61 uz/p, — 26 €53, 30.81 Core + 45.45% Lig. - Core + 21.57% Lig.
61 Uz /oy — 41 €1/2g 24.00
25 e5/2u — 63 1.13/2g 71.01 . _ .
b 2.85 435 2.3586 61 Uz, — 41 € 15, 13.25 54.88% Lig. + Core - Core + 20.52% Lig.
[Reg (u3-Sg)OCNg]*~
a 3.09 401 0.9786 58 35, — 59 U39, 87.45 Core + 1.96% Lig. - Core + 6.64% Lig.
24 e5/2u — 25 e5/2g 63.74 fo L
b 2.88 431 0.3483 58 U3 /5, — 59 U3/ 17.88 Core + 42.95% Lig. - Core
c 2.69 460 0.7868 58 u3/n, — 38 €1y, 98.33 Core + 1.96% Lig. - Core + 7.76% Lig.
[Reg (113-Ss)NCOg ]~
24 65/2u — 59 U3/2g 71.95 T .
a 3.15 393 1.5115 57 sy — 25 €5 12.95 Core + 35.15% Lig. - Core + 4.85% Lig.
24 65/2u — 25 65/25, 68.27 o
b 2.77 448 0.2481 58 3/, — 59 U)oy 12.27 Core + 1.96% Lig. - Core

This ligand contribution could modify the energetic gap among

the core orbitals.

This destabilization can be traduced as a re-

the orbitals involved on the electronic transitions, producing an
energetic increment, and having as a consequence a blued-shift of
the electronic spectra with respect to the CN~/NC™ cluster pair as
is observed in Figure 6. Finally, for the SCN~ and NCS~ terminal
ligands the nature of the orbital involved on the electronic transi-
tion are significant different with respect to all the other 6-donor
and m-acceptor terminal ligands. On this the ligand contribution
is bigger than the core contribution for the departure orbitals and
around 20% for the arrival orbitals.

We had determined in a previous work 3¢ the high electrophilic
character of the [Reg(u3-Qg)1*t core, for that reason the m-
acceptor ligands, which withdraw electron density, destabilized

This journal is © The Royal Society of Chemistry [year]

duction of the frontier orbitals energy gap and this can lead to a
strongest red-shift as in the case of the SCN~. Within the Hard
and Soft Acid-Base (HSAB) theory, the softest iodide ligand pro-
duce a destabilizing interaction with the hard and electrophilic
rhenium chalcogenide core making this ligand the most labile in
the halide series and which produce the maximum red-shift on
the absorption spectra. For the thiocyante ligand the consequence
of the red-shift is due to the back-donation to n*-orbitals.

After the analysis of these results, and considering the experi-
mental evidence of the luminescence reported for these clusters,
we could suggest, based on the nature of the electronic transitions
of the absorption spectra, that the emission spectra would have a

Journal Name, [year], [vol.], 1-7 |5
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certain ligand to metal charge transfer (LMCT) character, which
could modify the wavelength of the mentioned emission. In the
same way the ligand and the chalcogenide effect could tune their
emission.

0.25
p — -CN
p — -NC
, -SCN
g — -NCS
0.20 -OCN
- —— -NCO
“ ]
= i
©0.15
< |
L
a ]
s i
Zo0.10
3 |
3 i
0.05
0,00l = S e e+
300 400 500 600 700 800 900

A/ nm

Fig. 6 Calculated excitation energies for the [Reg(u3-Sg)Xg]*™ (X =
CN~, NC—, SCN—, NCS—, OCN~ and NCO™) cluster series at spin-orbit
relativistic level with the SAOP functional in acetonitrile solvent.

4 Conclusions

The most labile (or electron-withdrawing) ligands produce a re-
duction of the energy-gap with respect to the [Reg(u3-Qg)]*t
core, this crystal field effect produced a red-shift in the absorption
spectra for all the [Reg(u3-Qg)Xs]*~ complexes, where this shift
is bigger when more labile (or electron-withdrawing) is the ter-
minal ligand. In all the cases, we found two characteristic bands
centred in 300 and 450 nm, where the position of these bands are
directly determined by the terminal ligand. The only two excep-
tions are the SCN™ and NCS™ cases. In both cases the molecular
spinors involved in the main electronic transitions are entirely
localized over the SCN~ or NCS™ fragments, this produce the
strongest red-shift for the series of complexes having absorption
bands on the NIR region.

In general the variation of the absorption spectra of these clus-
ters (with exception of the SCN™/NCS™) is not significant when
different terminal ligands are used. This allowed us the possibility
to compare the absorption spectra of the [Reg (,u3-Qg)X6]4* sub-
stituted complexes versus the absorption spectra of the [Reg(u3-
Qg)1?* core, showing the possibility of tuning the absorption
spectra via ligand field modification of the orbital energetics of
the rhenium chalcogenide core.

As work perspective, we plan to continue the study of the opti-
cal properties of these clusters and also to understand the nature
of the excited states involved on their luminescence. This can
allow us to predict theoretically the emission spectra for these
systems and also to find any connection between the absorption
and emission spectra. For now, we only could suggest that even
these clusters are substituted by different terminal ligands, the ab-
sorption spectra remains relatively constant. From this, we could

6| Journal Name, [year], [vol.],1—7

expect that the emission spectra of these heavy-element contain-
ing clusters probably have also relatively constant bands. If this
is true, this could be very significant from technological point of
view specially for the development of sensing technologies.
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