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Table 1 Excitation energies (eV), wavelengths (nm), oscillator strengths (f ) and orbital assignation for the [Re6(µ3-S8)X6]4− complexes (X = F−, Cl−,

Br−, I−) at spin-orbit relativistic level with the SAOP functional in acetonitrile solvent.

Band Energy λ f(x100) Active MOs % Assignation

[Re6(µ3-S8)F6]4−

a 3.31 374 0.9898
52 u3/2g → 53 u3/2u 62

Core - Core
52 u3/2g → 54 u3/2u 25

b 3.23 383 0.7816
52 u3/2g → 53 u3/2u 70
52 u3/2g → 24 e5/2u 18

[Re6(µ3-S8)Cl6]4−

a 3.11 (3.26†) 398 0.9111
56 u3/2g → 57 u3/2u 71

Core - Core + 11.55% Lig56 u3/2g → 25 e5/2u 19

MLCT
b 3.03 408 0.7523

56 u3/2g → 57 u3/2u 74
56 u3/2u → 25 e5/2g 14

[Re6(µ3-S8)Br6]4−

a 2.94 (2.80¶) 442 1.6855 65 u3/2g → 66 u3/2u 86 Core - Core + 16.44% Lig

b 2.58 479 0.9588 65 u3/2g → 41 e1/2u 97 MLCT

[Re6(µ3-S8)I6]4−

a 2.69 459 2.1120
32 e5/2u → 75 u3/2g 74

Core - Core + 22.41% Lig
74 u3/2u → 33 e5/2g 16

MLCT
b 2.48 (2.44¶) 498 1.7835 74 u3/2g → 46 e1/2u 95

† Ref. 10

¶ 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 [Re6(µ3-Q8)X6]4−

clusters, these results can be seen on the electronic supplemen-

tary information (ESI)† 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 [Re6(µ3-

Q8)]2+ 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 t2g → t1u, eg → t2u and t1u → eg 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 u3/2u → u3/2g and u3/2u → e5/2g

for all the transitions. These bands for the bare-core have a sim-

ilar assignation with the bands found for the [Re6(µ3-Q)8X6]4−

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 [Re6(µ3-Q8)]2+ 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 [Re6(µ3-

S8)Cl6]4− cluster where a band was found around the 398.6

nm (3.11 eV) which corresponds to the experimental band at

380.3 nm (3.26 eV) and also with the results presented by Long

et al. 19 for the [Re6(µ3-S8)Br6]4− and the [Re6(µ3-S8) I6]4− sys-

tems, where are our calculated transitions are located at 421.7

(2.94 eV) 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 eV)

for the [Re6(µ3 -S8)Br6]4− and [Re6(µ3-S8)I6]4−, 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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Table 2 Excitation energies (eV), wavelengths (nm), oscillator strengths (f ) and orbital assignation for the [Re6(µ3-S8)X6]4− complexes (X = CN−,

NC−, SCN−, NCS−, OCN− and NCO−) at spin-orbit relativistic level with the SAOP functional in acetonitrile solvent.

Band Energy λ f(x100) Active MOs % Assignation

[Re6(µ3-S8)CN6]4−

a 2.95 420 0.4979
54 u3/2u → 55 u3/2g 67.35

Core - Core + 15.02% Lig.
34 e1/2u → 35 e1/2g 20.46

b 2.85 435 0.2477 54 u3/2u → 55 u3/2g 92.52 Core - Core + 15.02% Lig.

c 2.76 449 0.1653
54 u3/2g → 24 e5/2u 75.03

Core + 11.55% Lig. - Core + 6.36% Lig.
54 u3/2g → 55 u3/2u 15.85

[Re6(µ3-S8)NC6]4−

a 3.06 405 0.5177
54 u3/2u → 24 e5/2g 55.87

Core + 12.03% Lig. - Core23 e5/2u → 24 e5/2g 26.90
54 u3/2g → 55 u3/2u 12.62

b 2.81 441 0.2764
54 u3/2g → 24 e5/2u 62.12

Core - Core + 17.27% Lig.
54 u3/2g → 55 u3/2u 21.06

[Re6(µ3-S8)SCN6]4−

a 1.99 623 1.1585 62 u3/2u → 63 u3/2g 92.55 76.02% Lig. + Core - Core + 23.43% Lig.

b 1.83 677 3.1121
60 u3/2g → 41 e1/2u 49.43

58.64 % Lig. + Core - Core + 22.57% Lig.
25 e5/2u → 63 u3/2g 46.66

c 1.67 741 0.8655 40 e1/2g → 41 e1/2u 94.75 68.05 % Lig. + Core - Core + 22.57% Lig.

[Re6(µ3-S8)NCS6]4−

a 2.91 426 7.0899
40 e1/2u → 41 e1/2g 32.89

Core + 45.45% Lig. - Core + 21.57% Lig.61 u3/2u → 26 e5/2g 30.81
61 u3/2u → 41 e1/2g 24.00

b 2.85 435 2.3586
25 e5/2u → 63 u3/2g 71.01

54.88% Lig. + Core - Core + 20.52% Lig.
61 u3/2u → 41 e1/2g 13.25

[Re6(µ3-S8)OCN6]4−

a 3.09 401 0.9786 58 u3/2g → 59 u3/2u 87.45 Core + 1.96% Lig. - Core + 6.64% Lig.

b 2.88 431 0.3483
24 e5/2u → 25 e5/2g 63.74

Core + 42.95% Lig. - Core
58 u3/2g → 59 u3/2u 17.88

c 2.69 460 0.7868 58 u3/2g → 38 e1/2u 98.33 Core + 1.96% Lig. - Core + 7.76% Lig.

[Re6(µ3-S8)NCO6]4−

a 3.15 393 1.5115
24 e5/2u → 59 u3/2g 71.95

Core + 35.15% Lig. - Core + 4.85% Lig.
57 u3/2u → 25 e5/2g 12.25

b 2.77 448 0.2481
24 e5/2u → 25 e5/2g 68.27

Core + 1.96% Lig. - Core
58 u3/2g → 59 u3/2u 12.27

This ligand contribution could modify the energetic gap among

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 σ-donor

and π-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 work36 the high electrophilic

character of the [Re6(µ3-Q8)]2+ core, for that reason the π-

acceptor ligands, which withdraw electron density, destabilized

the core orbitals. This destabilization can be traduced as a re-

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 π∗-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

1–7 | 5

Page 5 of 7 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Page 6 of 7Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



23 X. Yuan, B. Zhang, Z. Luo, Q. Yao, D. T. Leong, N. Yan and J. Xie,

Angew. Chem. Int. Ed., 2014, 53, 4623–4627.

24 W. C. Corbin, G. S. Nichol and Z. Zheng, J. Clust. Sci, 2014, 26, 279–

290.

25 L. Alvarez-Thon, L. Hernández-Acevedo and R. Arratia-Pérez, J. Chem.

Phys., 2001, 115, 726–730.

26 A. Deluzet, H. Duclusaud, P. Sautet and S. A. Borshch, Inorg. Chem.,

2002, 41, 2537–2542.

27 E. G. Tulsky, N. R. M. Crawford, S. A. Baudron, P. Batail and J. R.

Long, J. Am. Chem. Soc., 2003, 125, 15543–15553.

28 T. Aubert, A. Y. Ledneva, F. Grasset, K. Kimoto, N. G. Naumov, Y. Mo-

lard, N. Saito, H. Haneda and S. Cordier, Langmuir, 2010, 26, 18512–

18518.

29 C. Echeverría, A. Becerra, F. Nuñez-Villena, A. Muñoz-Castro, J. Ste-

hberg, Z. Zheng, R. Arratia-Pérez, F. Simon and R. Ramirez-Tagle,

New. J. Chem., 2012, 36, 927–932.

30 R. Arratia-Pérez and L. Hernández-Acevedo, J. Chem. Phys., 1999,

110, 2529–2532.

31 R. Arratia-Pérez and L. Hernández-Acevedo, J. Chem. Phys., 1999,

111, 168–172.

32 R. Arratia-Pérez and L. Hernández-Acevedo, J. Chem. Phys., 2003,

118, 7425–7430.

33 M. W. Willer, J. R. Long, C. C. McLauchlan and R. H. Holm, Inorg.

Chem., 1998, 37, 328–333.

34 X. Tu, G. S. Nichol, P. Keng, J. Pyun and Z. Zheng, Macromolecules,

2012, 45, 2614–2618.

35 Z. Zheng, J. R. Long and R. H. Holm, J. Am. Chem. Soc., 1997, 119,

2163–2171.

36 W. A. Rabanal León, J. A. Murillo-López, D. Páez Hernández and

R. Arratia-Pérez, J. Phys. Chem. A, 2014, 118, 11083–11089.

37 G. Te Velde, F. M. Bickelhaupt, E. J. Baerends, C. Fonseca Guerra,

S. J. A. Van Gisbergen, J. G. Snijders and T. Ziegler, Amsterdam Density

Functional (ADF) Program: DFT for molecules, 2012.

38 E. Van Lenthe, J. G. Snijders and E. J. Baerends, J. Chem. Phys., 1996,

105, 6505–6516.

39 M. Filatov and D. Cremer, Molecular Physics, 2003, 101, 2295–2302.

40 A. A. Opalovskii, V. E. Fedorov and E. U. Lobkov, Russ. J. Inor. Chem.,

1971, 16, 790.

41 A. A. Opalovskii, V. E. Fedorov, E. U. Lobkov and B. G. Erenburg, Russ.

J. Inor. Chem., 1971, 16, 1685.

42 Y. V. Mironov, J. A. Cody, T. E. Albrecht-Schmitt and J. A. Ibers, J. Am.

Chem. Soc., 1997, 119, 493–498.

43 L. Leduc, A. Perrin and M. Sergent, C.R. Acad. Sci. Paris, Ser. II, 1983,

296, 961.

44 M. A. L. Marques and E. K. U. Gross, Annu. Rev. Phys. Chem., 2004,

55, 427–455.

45 S. J. A. Van Gisbergen, J. G. Snijders and E. J. Baerends, Computer

Physics Communications, 1999, 118, 119–138.

46 O. V. Gritsenko, P. R. T. Schipper and E. J. Baerends, Chem. Phys. Lett.,

1999, 302, 199–207.

47 C. C. Pye and T. Ziegler, Theo. Chem. Acc., 1999, 101, 396.

48 A. Klamt, J. Chem. Phys., 1995, 99, 2224.

49 E. Van Lenthe and E. J. Baerends, J. Comput. Chem., 2003, 24, 1142–

1156.

1–7 | 7

Page 7 of 7 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t


