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New sulfide-capped octahedral hexarhenium(III) complexes containing 4-phenylpyridine (ppy) or 1,2-bis(4-pyr-
idyl)ethane (bpe) ((n-C4H9)4N)[mer-{Re6S8Cl3(ppy)3}] ((Bu4N)[1]), ((n-C4H9)4N)2[trans-{Re6S8Cl4(ppy)2}]
((Bu4N)2[2a]), ((n-C4H9)4N)2[cis-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2b]), ((n-C4H9)4N)2[trans-{Re6S8Cl4(bpe)2}]
((Bu4N)2[3a]), and ((n-C4H9)4N)2[cis-{Re6S8Cl4(bpe)2}] ((Bu4N)2[3b]) were prepared, and X-ray single-crystal
structure determination was carried out for (Bu4N)2[2a] and (Bu4N)2[3a]. The photophysical properties of these
complexes were studied both in acetonitrile at 298 K and in the solid state at 298 and 80 K, along with those of the
known 4,40-bipyridine (bpy) analogues ((n-C4H9)4N)[mer-{Re6S8Cl3(bpy)3}] ((Bu4N)[4]), ((n-C4H9)4N)2-
[trans-{Re6S8Cl4(bpy)2}] ((Bu4N)2[5a]), and ((n-C4H9)4N)2[cis-{Re6S8Cl4(bpy)2}] ((Bu4N)2[5b]). The photo-
physical data of [5a]2- and [5b]2- in solution and in the solid state were significantly different from those of other
complexes. On the basis of experimental observations of [2a]2- and [5a]2- and density-functional theory (DFT)
calculations, it was concluded that [5a]2- and [5b]2- exhibited metal (Re6S8 core)-to-ligand (bpy) charge transfer
(MLCT) type emission. This is the first unambiguous demonstration of MLCT type emissions for the hexarhenium
complexes. The MLCT components, where present, are only minor in the case of the emissions of [1]-, [2a]2-,
[2b]2-, and [4]-; these can be explained primarily as the contributions of the intracore electronic transitions. The
emissions of [3a]2- and [3b]2- can be assigned almost completely to the electronic transitions within the Re6S8 core. The
different emission characteristics of the bis(bpy) complexes ([5a]2- and [5b]2-) from the tris(bpy) complex ([4]-) are a
result of the increase in the number of nitrogen donors on theRe6S8 core, which stabilizes the Re6S8 core energy to a lower
level than the energy of the bpy ligand π* orbital. On the other hand, it has been shown that the emissions of the bis(ppy)
([2a]2- and [2b]2-) and bis(bpe) complexes ([3a]2- and [3b]2-) are best characterized by the higher π* energy level of
each N-heteroaromatic ligand, which lead to a stronger metal character in the emissive excited state of the complex.

Introduction

Octahedral hexarhenium complexes with an Re6Q8 (Q =
S, Se) core have attracted interest recently since they exhibit
intriguing electrochemical, spectroscopic, and excited-state

properties.1-9 A number of neutral or anionic ligands such as
phosphine,10-24N-heteroaromatic ligands,18-33 carbonyl,34,35

solventmolecules (CH3CN,N,N-dimethylformamide (DMF),
dimethylsulfoxide (DMSO), H2O),

16-18,36-40 cyanide,11,41-45

hydroxide,25,37,39,46 isothiocyanide,47 and carboxylate48 have
been introduced to the terminal positions of the Re6Q8 core.
Further, hexarhenium(III) complexes with mixed terminal
ligands are well-known. Most hexarhenium(III) complexes
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exhibit intense red emissions at room temperature in both
solid and solution phases.12,13,25-27,39,47-58 Typically, the
maximum wavelength (λem) of the emission from a
hexarhenium(III) complex in solution ranges from 650 to
800 nm with a lifetime (τem) of several microseconds at room
temperature.12,13,27,39,47-58 On the basis of the fairly long
emission lifetimes and the insensitive nature of the emission
spectrumto the typeof solvents employed, it hasbeenproposed
that the emitting excited state of the hexarhenium(III)
complex is a spin-triplet type and involves orbitals that are
primarily localized on the Re6Q8 core.

47,50-55 In addition to
these experimental observations, theoretical studies of the
excited state of [Re6S8X6]

4- (X=Cl, Br, I, CN) have demon-
strated that the lowest-energy unoccupied molecular orbitals
(LUMOs) are primarily localized on the Re6Q8 core.

53,54,59-62

In a previous study, we reported the emission properties of
a series of μ3-S capped hexarhenium(III) complexes with
mixed terminal ligands, [Re6S8Cl4L2]

2-, where L was pyr-
idine (py) or its derivatives.27 It is worth emphasizing that the
emission properties of these complexes are largely dependent
on the nature of L. While [Re6S8Cl4L2]

2- with py or
4-methylpyridine (mpy) as L is highly luminescent in
acetonitrile at room temperature (the emission quantumyield
(Φem) = 0.033-0.042 for the py complex and 0.031-0.057
for the mpy analogue), the complex with unidentate 4,40-
bipyridine (bpy) or pyrazine (pz) as L is only weakly
luminescent (Φem = 0.0011-0.0013 for [Re6S8Cl4(bpy)2]

2-

or 0.0010-0.0017 for [Re6S8Cl4(pz)2]
2-).27 Hence, it is con-

cluded that the emissive excited triplet states of the complexes
in the former group are primarily localized on the Re6S8 core
since their λem, Φem, and τem values are similar to those of
[Re6S8X6]

4- (X= Cl, Br, I, CN, or NCS).47 To consider the

origin of the weak emission properties of [Re6S8Cl4(bpy)2]
2-

and [Re6S8Cl4(pz)2]
2-, two points must be noted. One is the

redox-active nature of bpy and pz ligands. In fact, N-hetero-
aromatic ligand-centered reduction waves are observed
at around -1.45 and -1.34 V (vs Ag/AgCl) for [Re6-
S8Cl4(bpy)2]

2- and [Re6S8Cl4(pz)2]
2-, respectively.27 Second,

bpy and pz ligands in the relevant Re6S8 complex bear free
coordination sites. On the basis of these viewpoints, we have
suggested that the lowest-energy excited state that is respon-
sible for the emission involves the N-heteroaromatic ligand-
centered π* orbital, and moreover, the interaction of the
ligand with solvent molecules results in a quenching path-
way for the emission.27 Although the observation of the
ligand reduction wave indicates that the LUMO of the
complex is characterized by the ligand π* orbital, this does
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not necessarily guarantee that the emissive excited state is
also ligand-centered. Therefore, it has been also suggested
that the Re6S8 core-centered excited state responsible for the
intense emission would be deactivated by electronic interac-
tions of the Re6S8 core-centered excited state with the
ligand π* state.27 Clearly, the role of the low-energy lying
π* orbital of an N-heteroaromatic ligand in the nature of the
emissive excited state of a hexarhenium(III) complexmust be
elucidated.
The purpose of our study is to examine the roles of the

Re6S8 core-to-N-heteroaromatic ligand charge-transfer
(MLCT) interaction type and thereby the low-energy lying
ligand-centered π* orbital, as well as the role of the unco-
ordinated nitrogen site of the ligand in the spectroscopic and
excited-state properties of [Re6S8Cl4L2]

2- (L = bpy, pz). To
achieve this, we studied detailed emission properties of
mer-[Re6S8Cl3(bpy)3]

-, trans-/cis-[Re6S8Cl4(bpy)2]
2-, and

new complexes of [Re6S8Cl6-nLn]
n-4, where L is 4-phenyl-

pyridine (ppy) or 1,2-bis(4-pyridyl)ethane (bpe). 4-Phenyl-
pyridine is redox-active and its redox potential of the
compound is about þ0.3 V, which is more negative than
that of bpy or pz. A bpe ligand is potentially bidentate and
redox inactive, and leaves a free nitrogen site when it
coordinates to a Re6S8 core. On the basis of photophysical,
spectroscopic, and electrochemical studies, together with
molecular orbital (MO) calculations of the lowest-energy
absorption band of trans-[Re6S8Cl4L2]

2- (L = ppy or bpy),
we demonstrate that the spectroscopic and photophysical
properties of [Re6S8Cl4L2]

2- (L=bpyor pz) are significantly
affected by the availability of the charge transfer transition
from theRe6S8 core to theπ* orbital of theN-heteroaromatic
ligand.

Experimental Section

Materials. Hexarhenium(III) complexes, (Bu4N)3[Re6S8Cl6],
(Bu4N)[mer-{Re6S8Cl3(bpy)3}] ((Bu4N)[4]), (Bu4N)2[trans-{Re6-
S8Cl4(bpy)2}] ((Bu4N)2[5a]), and (Bu4N)2[cis-{Re6S8Cl4(bpy)2}]
((Bu4N)2[5b]) were prepared according to the literatures.27,63

Acetonitrile for electrochemical measurements was dried over
calcium hydride and distilled under N2 atmosphere. Non-lumine-
scence grade acetonitrile (DOJIN) for spectroscopic measure-
ments was used as received. Tetra-n-butylammonium hexafluor-
ophosphate (Bu4NPF6) was prepared by metathesis of NH4PF6

with Bu4NBr in water and recrystallized twice from ethanol. All
other commercially available reagents were used as received.

Preparation of the Complexes (Bu4N)[mer-{Re6S8Cl3(ppy)3}]
((Bu4N)[1]), (Bu4N)2[trans-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2a]), and
(Bu4N)2[cis-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2b]). A DMF solution
(40 mL) of (Bu4N)3[Re6S8Cl6] (0.30 g, 0.13 mmol) and ppy
(0.20 g, 1.30mmol) was refluxed for 45min, and themixture was
evaporated to dryness under reduced pressure. On the addition
of 20mLof benzene, a yellow-orange solid was deposited, which
was collected by filtration. The solid was dissolved in dichloro-
methane, and the solution was chromatographed on a silica gel
column. The first band eluted with dichloromethane/aceto-
nitrile = 20/1 (v/v) was discarded. The second yellow-orange
band eluted by dichloromethane/acetonitrile = 10/1 (v/v) was
collected, and the eluate was allowed to stand until it became
dryness. The residue was washed successively with water and
diethyl ether, and then dried in air. Yield of (Bu4N)[1]: 0.027 g
(10%). Anal. Calcd for C49H63N4Cl3Re6S8 3 3H2O: C, 26.25; H,
3.10; N, 2.50. Found: C, 26.08; H, 2.84; N, 2.55. 1H NMR

(δ/ppm in DMSO-d6): 0.93 (t, 12H, Bu4N), 1.29 (m, 8H, Bu4N),
1.56 (m, 8H, Bu4N), 3.15 (m, 8H, Bu4N), 7.57 (m, 9H, phenyl in
ppy), 7.89 (m, 12H,Hm and phenyl in ppy), 9.34 (d, 4H,Ho), 9.41
(d, 2H, Ho). UV-vis absorption spectrum (nm (ε/M-1 cm-1) in
DMSO): 283 (73300).

The third yellow-orange band eluted by dichloromethane/
acetonitrile = 10/1 (v/v) was collected, and the eluate was left
for evaporation in air to dryness. The yellow-orange solid was
washed successively with water and diethyl ether, and then dried
in air. Yield of (Bu4N)2[2a]: 0.063 g (25%). Anal. Calcd for
C54H90N4S8Cl2Re6: C, 28.07; H, 3.93; N, 2.42. Found: C, 27.94;
H, 3.94; N, 2.63. 1H NMR (δ/ppm in DMSO-d6): 0.93 (t, 24H,
Bu4N), 1.29 (m, 16H, Bu4N), 1.56 (m, 16H, Bu4N), 3.15 (m,
16H, Bu4N), 7.56 (m, 6H, phenyl in ppy), 7.85 (m, 8H, Hm and
phenyl in ppy), 9.20 (d, 4H, Ho). UV-vis absorption spectrum
(nm (ε/M-1 cm-1) in CH3CN): 317 (sh, 27500), 276 (63300), 221
(sh, 62400).

The fourth yellow-orange band eluted by dichloromethane/
acetonitrile = 10/1 (v/v) was collected, and the eluate was left
for evaporation in air to dryness. The yellow-orange solid was
washed successively with water and diethyl ether, and then dried
in air. Yield of (Bu4N)2[2b]: 0.086 g (34%). Anal. Calcd for
C54H90N4S8Cl2Re6: C, 28.07; H, 3.93; N, 2.42. Found: C, 28.04;
H, 3.94; N, 2.39. 1H NMR (δ/ppm in DMSO-d6): 0.93 (t, 24H,
Bu4N), 1.29 (m, 16H, Bu4N), 1.56 (m, 16H, Bu4N), 3.15 (m,
16H, Bu4N), 7.57 (m, 6H, phenyl in ppy), 7.85 (m, 8H, Hm and
phenyl in ppy), 9.35 (d, 4H, Ho). UV-vis absorption spectrum
(nm (ε/M-1 cm-1) in CH3CN): 311 (sh, 29600), 274 (59400), 243
(sh, 42300), 223 (sh, 59300).

(Bu4N)2[trans-{Re6S8Cl4(bpe)2}] ((Bu4N)2[3a]) and (Bu4N)2-
[cis-{Re6S8Cl4(bpe)2}] ((Bu4N)2[3b]). A DMF solution (95 mL) of
(Bu4N)3[Re6S8Cl6] (0.700 g, 0.303 mmol) and bpe (0.557 g, 3.03
mmol) was heated at the reflux temperature for 25 min, and the
mixture was evaporated to dryness under reduced pressure. On the
addition of 70 mL of benzene, a yellow-orange solid was deposited,
which was collected by filtration. The solid was dissolved in a
minimum amount of dichloromethane, and the solution was chro-
matographed on a silica gel column. The first band eluted with
dichloromethane/ethanol = 20/1 (v/v) was discarded. The second
yellow-orange band eluted by dichloromethane/acetonitrile= 20/1
(v/v) was collected, and the eluate was left for evaporation in air to
dryness. Yield of (Bu4N)2[3a]: 0.081 g (11%). Anal. Calcd for
C56H96N6Cl4Re6S8 3 0.5CH3CN: C, 28.65; H, 4.11; N, 3.81. Found:
C, 28.92; H, 4.05; N, 3.67. 1H NMR (δ/ppm in CD3CN): 0.96
(t, 24H,Bu4N), 1.35 (m, 16H,Bu4N), 1.59 (m, 16H,Bu4N), 3.05 (m,
8H,-CH2-), 3.08 (m, 16H, Bu4N), 7.20 (m, 8H,Hm), 8.44 (d, 4H,
Ho), 9.20 (d, 4H, Ho). UV-vis absorption spectrum (nm (ε/M-1

cm-1) in CH3CN): 428 (sh, 1300), 267 (sh, 33100), 240 (sh, 50300),
224 (76000).

The third yellow-orange band eluted by dichloromethane/
acetonitrile = 20/1 (v/v) was collected, and the eluate was left
for evaporation in air to dryness. Yield of (Bu4N)2[3b]: 0.148 g
(20%).Anal. Calcd forC56H96N6Cl4Re6S8: C, 28.39;H, 4.09;N,
3.55. Found: C, 28.22; H, 4.07; N, 3.47. 1H NMR (δ/ppm in
CD3CN): 0.96 (t, 24H, Bu4N), 1.35 (m, 16H, Bu4N), 1.59 (m,
16H, Bu4N), 3.05 (m, 8H, -CH2-), 3.07 (m, 16H, Bu4N), 7.19
(m, 8H, Hm), 8.44 (d, 4H, Ho), 9.25 (d, 4H, Ho). UV-vis
absorption spectrum (nm (ε/M-1 cm-1) in CH3CN): 426
(1100), 271 (sh, 25700), 243 (sh, 42000), 224 (63000).

PhysicalMeasurements. 1HNMR spectra were recorded on a
270.05 MHz JEOL JNM-EX 270 spectrometer. All peaks were
referred to the residual methyl signals of acetonitrile at δ=1.93
orDMSOat δ=2.49. Cyclic voltammetrywas performed using
a Hokuto Denko HABF 1510 m potentiostat and a Graphtec
WX4301 X-Y recorder. The working and counter electrodes
comprised a glassy carbon disk and a platinum wire, respec-
tively. Cyclic voltammograms were recorded at a scan rate of
100 mV/s. Sample solutions (ca. 1 mM) in 0.1 M Bu4NPF6-
acetonitrile were deoxygenated by purging an N2 gas stream.

(63) Long, J. R.; McCarty, L. S.; Holm, R. H. J. Am. Chem. Soc. 1996,
118, 4603–4616.
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The reference electrode used was an Ag/AgCl electrode, against
which the half-wave potential of a ferrocenium ion/ferrocene
couple (Fcþ/Fc) wasþ0.43 V. UV-vis absorption spectra were
recorded on a JASCO V-550 spectrophotometer. For photo-
physical measurements, sample solids were placed between two
nonfluorescent glass plates, and solution samples were deoxy-
genated by purging anAr gas stream for at least 15min and then
sealed. For spectroscopic and photophysical experiments at
80 K, the temperature ((0.1 K) was controlled by using a
liquid-N2 cryostat system (Oxford Instruments). A pulsed
Nd3þ:YAG laser (Continuum Surelite, 355 nm, fwhm ∼6 ns)
was used as an exciting light source. Corrected emission spectra
were recorded on a red-sensitive multichannel photodetector
(Hamamatsu Photonics, PMA-11), and the emission lifetime
wasmeasured by using a streak camera (Hamamatsu Photonics,
C4334). Emission quantum yields were estimated by using
(Bu4N)4[Re6S8Cl6] (Φem = 0.039) in acetonitrile as a standard.

X-ray Structural Determination. Single crystals of (Bu4N)2-
[2a] and (Bu4N)2[3a] suitable for X-ray analysis were obtained
by recrystallization from the acetonitrile/diethyl ether and
acetonitrile/toluene solutions, respectively. X-ray data of both
(Bu4N)2[2a] and (Bu4N)2[3a] were collected at -103 �C on a
Rigaku RAXIS RAPID diffractometer with graphite mono-
chromatedMoKR radiation. The crystal structures were solved
by the Patterson method (DIRDIF94) or direct method
(SIR92). Atomic coordinates and thermal parameters of non-
hydrogen atoms were calculated by a full-matrix least-squares
method. The hydrogen atoms except for those of Bu4N

þ in
(Bu4N)2[3a] were placed at the calculated positions by using the
riding model. The carbon atom (C25) of Bu4N

þ in (Bu4N)2[3a]
was found to be disordered over two sites with a 0.5:0.5
occupancy. Calculations were performed using a TEXSAN
software package.64 The crystallographic data are listed in
Table 1.

Computational Methods. All the MO calculations were per-
formed with the Gaussian 03 program at the B3LYP65-67 level
using Lanl2dz basis set.68 The single-point density-functional
theory (DFT) and time-dependentDFT (TD-DFT) calculations
with self-consistent reaction field models (solvent = aceto-
nitrile) were performed for [Re6S8Cl6]

4-, trans-[Re6S8Cl4-
(ppy)2]

2-, and trans-[Re6S8Cl4(bpy)2]
2-. The calculations were

performed using the structures of the complexes determined
by a single-crystal X-ray analysis except in the case of
trans-[Re6S8Cl4(bpy)2]

2-. Since the X-ray structure of
trans-[Re6S8Cl4(bpy)2]

2- was not available, we performed the
calculations based on the structure of trans-[Re6S8Cl4(ppy)2]

2-

by substituting ppy groups with bpy. The atomic parameters
used for the calculations of trans-[Re6S8Cl4(bpy)2]

2- are shown in
Supporting Information, Table S1. The energies and components

of MOs near the frontier orbital levels for trans-[Re6S8Cl4-
(ppy)2]

2- and trans-[Re6S8Cl4(bpy)2]
2- were calculated as given

in the data in Supporting Information, Tables S2 and S3, respec-
tively. The energy, oscillator strength, and calculated transitions
for trans-[Re6S8Cl4(ppy)2]

2- and trans-[Re6S8Cl4(bpy)2]
2- are

summarized in the Supporting Information, Tables S4 and S5,
respectively.

Results and Discussion

Preparation of the Complexes. Hexarhenium com-
plexes containing terminal ppy or bpe ligands were pre-
pared by the reaction of [Re6S8Cl6]

3-with ppy or bpe in a
molar ratio of 1:10 inDMFat the reflux temperature. The
products were separated by column chromatography
using dichloromethane/acetonitrile or dichloromethane/
ethanol as the eluent for the ppy or bpe complexes,
respectively. The 1H NMR spectra in the chemical shift
region of the pyridyl and phenyl moieties are shown in
Supporting Information, Figure S1. The complexes hav-
ing bis- and tris-N-heteroaromatic ligands were discrimi-
nated by using the integrated intensity ratio of the proton
signals of the Bu4N

þ cations to those of the coordinated
pyridyl ligands. In the column chromatographic separa-
tion of the ppy complexes, the tris(ppy) complex was
eluted first. The 1H NMR spectrum of the tris(ppy)
complex showed two sets of the ligand signals in a 2:1
integrated intensity ratio, indicating that the complex
possessed a meridional geometry. In the case of the bis-
(ppy) and bis(bpe) complexes, the band that eluted first in
column chromatographywas assigned to the trans isomer
on the basis of the experimental findings described below.
The trans isomer of [Re6S8Cl4L2]

2- (L = 4-dimethyla-
minopyridine (dmap), mpy, py, bpy, 4-cyanopyridine
(cpy), or pz) was always eluted first in the column
chromatography, and this was followed by the corres-
ponding cis isomer.27,28 Second, only one set of the ligand
signals could be observed for each complex in the 1H
NMR spectrum. Third, the ortho proton signals of the
pyridine derivatives in the trans isomer appear at higher
magnetic fields than in the case of the cis isomer. These
conclusions are consistent with the results from the X-ray
analysis of (Bu4N)2[2a] and (Bu4N)2[3a] (vide infra).

X-ray Crystal Structures of (Bu4N)2[2a] and (Bu4N)2-
[3a]. The Oak Ridge Thermal-Ellipsoid Plot (ORTEP)
drawings of the complex anions of (Bu4N)2[2a] and

Table 1. Crystallographic Data for (Bu4N)2[trans-{Re6S8Cl4(ppy)2}] ((Bu4N)2-
[2a]) and (Bu4N)2[trans-{Re6S8Cl4(bpe)2}] ((Bu4N)2[3a])

(Bu4N)2[2a] (Bu4N)2[3a]

formula C54H90N4Cl4Re6S8 C56H96N6Cl4Re6S8
Fw 2310.87 2368.95
crystal system monoclinic monoclinic
space group P21/n P21/c
a/Å 13.087(4) 13.520(6)
b/Å 16.822(6) 10.835(4)
c/Å 15.229(5) 23.838(3)
β/deg 98.54(1) 92.78(1)
V/Å3 3315(2) 3488(2)
D/g cm-3 2.315 2.255
T/K 170.2 170.2
μ/cm-1 11.365 10.807
R1 0.0238 0.0366
Rw 0.0456 0.0821
GOF 1.083 1.023

R1 =
P

||Fo| - |Fc||/
P

|Fo|; Rw = [
P

w(Fo
2 - Fc

2)2/
P

w(Fo
2)2]1/2.

(64) TEXSAN; Molecular Structure Corp.: The Woodlands, TX, 1985
and 1992.

(65) Becke, A. D. J. Chem. Phys. 1993, 98, 5648–5652.
(66) Becke, A. D. Phys. Rev. B 1988, 38, 3098–3100.
(67) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785–789.
(68) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Montgomery, J., J. A.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida,M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene,M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen,W.;Wong,M.W.;Gonzalez, C.; Pople, J. A.;Gaussian 03, Revision
C.02; Gaussian, Inc.: Wallingford, CT, 2004.
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(Bu4N)2[3a] are shown in Figure 1. The two pyridyl type
ligands were coordinated at mutually trans terminal sites
of the Re6S8 core with the chloride ligands coordinated at
the other terminal sites. The selected bond distances and
angles are listed in Table 2. The six rhenium atoms form a
nearly regular octahedron with the Re-Re distances of
2.592(1)-2.605(1) Å for (Bu4N)2[2a] and 2.5919-
(7)-2.6041(9) Å for (Bu4N)2[3a]. The Re-S and Re-Cl
distances in (Bu4N)2[2a] were 2.404(1)-2.416(1) and
2.435(1) Å, respectively, and the corresponding values
in (Bu4N)2[3a] were 2.398(2)-2.415(2) and 2.430(2) Å,
respectively. These distances are almost comparable to
those of other hexarhenium complexes. The Re-N bond
distances of 2.216(3) and 2.198(5) Å for (Bu4N)2[2a] and

(Bu4N)2[3a], respectively, were similar to those of trans-
[Re6S8Cl4L2]

2- (L=py, cpy, or pz),27,28 [Re6Se8(PEt3)n-
L6-n]

2þ (L= bpy, n=4, 5; L= isonicotinamide, n=4,
5; L = 3,5-pyridinedicarboxylic acid, n = 4, 5),18,19,29

[{Re6Se8(PEt3)5}2L]
4þ (L= bpy, bpe),18 [{Re6Se8(PPh3)4-

(bpy)2}2{Cd(NO3)2}]
4þ, and [{Re6Se8(PPh3)4(bpy)2}{M-

(NO3)3}]
þ (M=Cd, Co, Zn).30,31

Electrochemistry. Cyclic voltammograms (CVs) of
[2a,b]2- and [3a,b]2- were measured in 0.1 M Bu4NPF6-
acetonitrile solutions (the abbreviation [2a,b]2- is used
when two complexes, [2a]2- and [2b]2-, are discussed
simultaneously. The terminologies [3a,b]2- and [5a,b]2-

are also used similarly.). Figures S2, S3, and S4 in
Supporting Information show the CVs of [1]- and [4]-,
[2a,b]2-, and [3a,b]2-, respectively. Table 3 summarizes
the redox potentials of these complexes along with those
of the bpy and pz complexes [Re6S8Cl6-nLn]

n-4 (L=bpy,
pz). The redox potentials of [1]- and [4]-were determined
in Bu4NPF6-DMSO solutions because of their low solu-
bilities in Bu4NPF6-acetonitrile. Reversible one-electron
oxidation waves assigned to the Re(III)6/Re(III)5Re(IV)
process were observed at identical potentials for the two
isomers: þ0.77 V for [2a,b]2- and þ0.76 V for [3a,b]2-.
The ppy complexes [2a,b]2- exhibited two-electron re-
duction waves at around -1.7 V. These waves could be
assigned to the ligand-centered reduction processes, as
observed in the case of the bis(bpy) and bis(pz) com-
plexes. These results indicate that LUMOs of the ppy
complexes [1]- and [2a,b]2- are ligand-centered similar to
those of the bis(bpy), bis(pz), and bis(cpy) complexes.27

The bpe complexes [3a,b]2- did not show any reduction
wave up to -1.8 V. This is readily understood since the
reduction of the bpe ligand proceeds at a more negative
potential than that of ppy. Although the dependence of
the redox potentials of the Re(III)6/Re(III)5Re(IV) pro-
cess on the type of terminal ligand and ligand-ligand
redox interactions are very important for the chemistry of
a hexarhenium(III) complex, this is not the primary issue
of the present study in this paper; we focus on the
discussions on the ground-state highest occupied MO
(HOMO)-LUMO levels of the hexarhenium(III) com-
plexes in relation to their spectroscopic and photophysi-
cal properties. Therefore, we have reported detailed
discussion of the redox properties of the new complexes
in the Supporting Information.

Spectroscopic and Excited-State Properties.
(1). Emission Spectra in Solution and Solid Phases. Emis-
sion spectroscopy and photophysical measurements for
the hexarhenium(III) complexes were conducted in acet-
onitrile at 298Kand in the solid phase at 80 and 298K.As
a typical example, the emission spectra of [1]-, [2a,b]2-,
and [4]- in acetonitrile at 298 K are shown in Figure 2,
and those in the solid phases at 80 and 298K are shown in
Figure 3. The emission spectra of [3a,b]2- in acetonitrile
at 298Kare shown in Supporting Information, Figure S5.
The emission spectra of [5a,b]2- in the solid states at 80
and 298 K are shown in Figure 4. The spectroscopic
(emission maximum wavelength (λem)) and photophysi-
cal parameters (emission quantum yield (Φem) and life-
time (τem)) of the complexes are summarized in Table 4.
We have previously reported the emission data (λem,

Φem, and τem) of trans/cis-[Re6S8Cl4L2]
2- (L = py, mpy,

bpy, and pz) and mer-[Re6S8Cl3(py)3]
- in acetonitrile at

Figure 1. ORTEP drawings showing the complex anion and numbering
scheme for (a) (Bu4N)2[trans-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2a]) and (b)
(Bu4N)2[trans-{Re6S8Cl4(bpe)2}] ((Bu4N)2[3a]). Ellipsoids are drawn at
the 50% probability level. The hydrogen atoms have been omitted for
clarity.

Table 2. Selected Bond Distances (Å) and Angles (deg) for (Bu4N)2[trans-{Re6-
S8Cl4(ppy)2}] ((Bu4N)2[2a]) and (Bu4N)2[trans-{Re6S8Cl4(bpe)2}] ((Bu4N)2[3a])

(Bu4N)2[2a] (Bu4N)2[3a]

Re-Re 2.592(1)-2.605(1) 2.5919(7)-2.6041(9)
av.2.598(1) av.2.596(1)

Re-S 2.404(1)-2.416(1) 2.398(2)-2.415(2)
av.2.410(3) av.2.407(7)

Re-Cl 2.435(1) 2.430(2)
Re-N 2.216(3) 2.198(5)
Re-Re-Re 59.790(6)-60.310(7) 59.80(1)-60.28(2)

av.60.00(3) av.60.00(5)
Re-Re-Re 89.582(7)-90.418(7) 89.63(1)-90.37(1)

av. 90.00(7) av.90.00(4)
Re-S-Re 65.08(3)-65.52(3) 65.01(4)-65.61(5)

av.65.2(1) av.65.3(2)
S-Re-S 89.42(4)-90.02(4) 89.28(6)-90.34(6)

av.89.8(1) av.89.8(2)
S-Re-S 173.18(4)-174.20(3) 173.03(6)-174.37(6)

av.173.56(8) av.173.5(1)
Re-Re-N 132.25(9)-137.32(9) 134.5(1)-135.1(1)

av.134.8(2) av.134.8(2)
Re-Re-Cl 133.12(3)-137.25(3) 133.57(4)-136.78(4)

av.135.08(8) av.135.1(1)

http://pubs.acs.org/action/showImage?doi=10.1021/ic9015788&iName=master.img-000.png&w=209&h=234
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298 K, and demonstrated that the complexes could be
classified into two groups. One (group A) comprises the
complexeswith py andmpy ligands, while the other group
(group B) comprises those with bpy and pz ligands having
a free nitrogen end.27 The group A complexes show
photophysical characteristics (λem = 740-750 nm,
Φem = 0.031-0.057, and τem = 4.2-6.2 μs) similar to
thoseof [Re6S8X6]

4- (X=Cl,Br, or I) (λem=770-800nm,

Φem=0.015-0.039, and τem = 4.4-6.3 μs), although the
emission spectra of [Re6S8Cl4L2]

2- (L = py or mpy) is
shifted to a shorter wavelength relative to those of
[Re6S8Cl6]

4-. In the case of the group B complexes
(λem = 763-785 nm, Φem = 0.0010-0.0017, and τem =
0.013-0.029 μs), although the emission maximum wave-
lengths are close to those of the hexa-halogeno complexes,
theΦem and τem values are smaller and shorter, respectively,
by a few orders of magnitude as compared with the relevant
value of [Re6S8Cl6]

4-. On the basis of these data, it was
suggested that the emissive excited states of the latter com-
plexes might have a MLCT character.27 It should be noted
that the complexes [5a,b]2-, which are the target of the
present detailed study, are included in group B.
The complexes [1]-, [2a,b]2-, [3a,b]2-, and [4]- in aceto-

nitrile at 298 K exhibited broad and structureless emi-
ssion with λem = 709-751 nm,Φem=0.0057-0.042, and
τem=1.01-5.88 μs. These data indicate that all of these
complexes can be classified into group A, because of the
similarities of the λem, Φem, and τem values with those of
[Re6S8Cl4L2]

2- with py or mpy. It is noteworthy that
despite the presence of free nitrogen sites, the bis(bpe)
complexes [3a,b]2- are included in this group. Namely,
all the complexes exhibit emissions similar to the Re6S8
core-center type emission. Furthermore, it is interesting
to note that the photophysical data of [4]- (λem=709 nm,
Φem=0.0057, and τem=1.01 μs) are significantly different
from those of [5a,b]2- (classified into group B), despite the

Table 3.Redox Potentials andΔEredox for (Bu4N)4-n[Re6S8Cl6-nLn] (L= ppy, n=2, 3; L= bpe, n=2; L= bpy, n=2, 3; L= pz, n=2) in 0.1 MBu4NPF6-Acetonitrile

E1/2/V vs Ag/AgCl

Re(III)6/Re(III)5Re(IV) L 3 -/L ΔEredox
a

(Bu4N)[mer-{Re6S8Cl3(ppy)3}]
b ((Bu4N)[1]) þ1.01 -1.57c, -1.78c,d þ2.58

(Bu4N)2[trans-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2a]) þ0.77 -1.70c þ2.47
(Bu4N)2[cis-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2b]) þ0.77 -1.65, -1.74 þ2.42
(Bu4N)2[trans-{Re6S8Cl4(bpe)2}] ((Bu4N)2[3a]) þ0.76
(Bu4N)2[cis-{Re6S8Cl4(bpe)2}] ((Bu4N)2[3b]) þ0.76
(Bu4N)[mer-{Re6S8Cl3(bpy)3}]

b ((Bu4N)[4]) þ1.06 -1.20c, -1.49c,d þ2.26
(Bu4N)2[trans-{Re6S8Cl4(bpy)2}]

e ((Bu4N)2[5a]) þ0.79 -1.45d þ2.24
(Bu4N)2[cis-{Re6S8Cl4(bpy)2}]

e ((Bu4N)2[5b]) þ0.79 -1.44d þ2.23
(Bu4N)2[trans-{Re6S8Cl4(pz)2}]

e ((Bu4N)2[6a]) þ0.86 -1.34, -1.45 þ2.20
(Bu4N)2[cis-{Re6S8Cl4(pz)2}]

e ((Bu4N)2[6b]) þ0.86 -1.33, -1.47 þ2.19

aΔEredox=E1/2(Re(III)6/Re(III)5Re(IV))- E1/2(L 3 -/L(the first process)). b In 0.1MBu4NPF6-DMSO. c Epc value.
dTwo-electron process. eRef 27.

Figure 2. Emission spectra for (Bu4N)[mer-{Re6S8Cl3(ppy)3}] ((Bu4-
N)[1]) (black), (Bu4N)2[trans-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2a]) (red),
(Bu4N)2[cis-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2b]) (green), and (Bu4N)-
[mer-{Re6S8Cl3(bpy)3}] ((Bu4N)[4]) (blue) at 298 K in acetonitrile.

Figure 3. Emission spectra for (Bu4N)[mer-{Re6S8Cl3(ppy)3}] ((Bu4N)-
[1]) at 298 (black) and 80 K (blue), (Bu4N)2[trans-{Re6S8Cl4(ppy)2}]
((Bu4N)2[2a]) at 298 (red) and 80 K (sky blue), (Bu4N)2-
[cis-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2b]) at 298 (green) and 80 K (purple),
and (Bu4N)[mer-{Re6S8Cl3(bpy)3}] ((Bu4N)[4]) at 298 (orange) and 80 K
(dark yellow) in the solid state.

Figure 4. Emission spectra for (Bu4N)2[trans-{Re6S8Cl4(bpy)2}]
((Bu4N)2[5a]) at 298 (black) and 80 K (green), and (Bu4N)2-
[cis-{Re6S8Cl4(bpy)2}] ((Bu4N)2[5b]) at 298 (red) and 80 K (blue) in the
solid state.

http://pubs.acs.org/action/showImage?doi=10.1021/ic9015788&iName=master.img-001.jpg&w=187&h=154
http://pubs.acs.org/action/showImage?doi=10.1021/ic9015788&iName=master.img-002.jpg&w=177&h=146
http://pubs.acs.org/action/showImage?doi=10.1021/ic9015788&iName=master.img-003.jpg&w=184&h=153
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fact that both [4]- and [5a,b]2- possess mixed-chloro-bpy
terminal ligands. The difference in the photophysical data
between [2a,b]2- (bis(ppy)) and [1]- (tris(ppy)) is less
significant.
In the solid state at 80 and 298 K, the hexarhenium

complexes exhibited broad and structureless emissions as
seen in Figures 3 and 4. In the case of [Re6S8Cl6]

4-, the
emission maximum wavelength (λem) and the emission
spectral band shape in the solid state agree almost com-
pletely with those in solution.69 Gray et al. also reported
the emission spectra of 14 hexarhenium(III) complexes in
bothCH2Cl2 and solid state, and the differences in the λem
values between the two phases were small (<20 nm).53

Such good correspondence between the emission char-
acteristics of a hexarhenium(III) complex in the solid and
solution phases is a common feature of the Re6S8 core-
centered emission. However, the present hexarhenium-
(III) complexes show an appreciable shift in the emission
maxima in the two phases, that is, those in the solid state
at 298 K located at appreciably shorter wavelengths as
compared to that of the corresponding complex in
acetonitrile. Nevertheless, in the case of [1]-, [2a,b]2-,
[3a,b]2-, and [4]-, the shift in the emission maxi-
mum wavelength can be considered to be rather mild; a
shift to shorter wavelengths by 7-35 nm occurs when
changing from the solid state to acetonitrile solution. In
contrast to the rather mild shift for these complexes, the
corresponding shift of the group B complexes [5a]2- or
[5b]2- was as large as 64-67 nm; these should certainly
be considered exceptional. In addition to this abnorm-
ality of [5a]2- or [5b]2-, a close inspection of the data at
298 K indicates that the full-width at half-maximum
(fwhm) values of the emission spectra of [5a,b]2- in the
solid state are considerably smaller (3100-3270 cm-1)
than those observed in the case of the other complexes:
3590-4640 cm-1.
All these results clearly indicate that the photophysical

properties of [5a,b]2- that are classified into the group B
are significantly different from those of the other hexa-
rhenium(III) complexes whose emissions undoubtedly
originate from the Re6S8 core. As discussed above, the
photophysical properties of the group B complexes are

characterized by significantly small quantum yields Φem

and short lifetimes τem. It is noteworthy that the emission
lifetimes of [5a,b]2- at 298 K in the solid state are
considerably longer (1.9-2.9 μs) than those in solution
(0.013-0.019 μs), while the τem values of other hexarhe-
nium complexes are very similar in both solution and
solid state: see Table 4. Therefore, it is suggested that the
emission pathway of [5a,b]2- may be significantly influ-
enced by a solvent; this is reminiscent of the behavior
observed for the MLCT excited state of a polypyridine
ruthenium(II) complex.
Large differences in the photophysical characteristics

between [5a,b]2- and other hexarhenium complexes were
observed in the case of the low-temperature emission
spectra in the solid phase as well. While the λem values
of [1]-, [2a,b]2-, [3a,b]2-, and [4]- were shifted to the
longer wavelengths by 77-97 nm upon cooling from
298 to 80 K, those of [5a,b]2- exhibited shorter-wave-
length shifts. As reported previously by our research
groups and Gray et al., the emission spectrum of a
hexarhenium(III) complex represented by [Re6S8X6]

4-

(X=Cl, Br, I) exhibits a longer wavelength shift upon
cooling from room temperature to 80 K in both solid and
glass phases.47,53,55 The origin of the temperature (T )-
dependent emission spectral shift could be the zero-field
splitting of the degenerated emitting excited triplet state
to spin sublevels as a result of the relatively large
spin-orbit coupling experienced by the complex. At
room temperature, the emission from the higher-energy
lying spin-sublevel(s) contributes to the total emission
spectrum, while that from the lower-energy lying spin-
sublevel(s) participates in low-temperature emission,
leading to a longer wavelength (lower-energy) shift in
the emission upon cooling.55 Therefore, the T-dependent
emission shifts of [5a,b]2- mentioned above cannot be
explained in the samemanner as that of [Re6S8X6]

4-. The
differences in the excited states of [5a,b]2- and other
hexarhenium complexes will be discussed in greater detail
in the following section after the theoretical considera-
tions are described.
Another notable feature of the solid state emission

spectrum at 80 K is that [2b]2- and [4]- exhibit a distinct
emission shoulder in the shorter wavelength region of the
maximum wavelength. The contribution of the emission
shoulder to the total spectrum isminor in the case of other

Table 4. Photophysical Data for (Bu4N)4-n[Re6S8Cl6-nLn] (L= ppy, n=2, 3; L= bpe, n= 2; L= bpy, n= 2, 3; L= pz, n= 2) in Acetonitrile at 298 K and in the Solid
State at 298 and 80 K

CH3CN solid state

298 K 298 K 80 K

λem/ nm Φem τem/μs λem/ nm τem/μs λem/ nm τem/μs

(Bu4N)[mer-{Re6S8Cl3(ppy)3}] ((Bu4N)[1]) 728 0.042 5.74 705 1.73, 5.30 784 4.32, 21.16
(Bu4N)2[trans-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2a]) 734 0.030 4.09 727 2.03, 4.09 653, 804 5.64, 17.50
(Bu4N)2[cis-{Re6S8Cl4(ppy)2}] ((Bu4N)2[2b]) 720 0.038 4.09 685 4.91 655, 782 5.21, 18.79
(Bu4N)2[trans-{Re6S8Cl4(bpe)2}] ((Bu4N)2[3a]) 751 0.024 4.40 738 0.78, 3.99 648, 830 14.22b

(Bu4N)2[cis-{Re6S8Cl4(bpe)2}] ((Bu4N)2[3b]) 746 0.036 5.88 718 0.81, 4.47 650, 795 3.30, 15.78
(Bu4N)[mer-{Re6S8Cl3(bpy)3}] ((Bu4N)[4]) 709 0.0057 1.01 696 0.95, 3.12 656, 775 17.51b

(Bu4N)2[trans-{Re6S8Cl4(bpy)2}] ((Bu4N)2[5a]) 763a 0.0013a 0.019a 699 2.92b 694 3.35, 14.38
(Bu4N)2[cis-{Re6S8Cl4(bpy)2}] ((Bu4N)2[5b]) 768a 0.0011a 0.013a 701 0.50, 1.91 689 14.77b

(Bu4N)2[trans-{Re6S8Cl4(pz)2}] ((Bu4N)2[6a]) 782a 0.0017a 0.029,0.013a

(Bu4N)2[cis-{Re6S8Cl4(pz)2}] ((Bu4N)2[6b]) 785a 0.0010a 0.021a

aRef 27. bThe data cannot fit double exponential decay. The longest lifetime value is shown.

(69) Kitamura, N.; Yamada, K.; Ueda, Y.; Sasaki, Y.; Ishizaka, S.,
submitted for publication.



538 Inorganic Chemistry, Vol. 49, No. 2, 2010 Yoshimura et al.

complexes. In the solid state, the excitation energy migra-
tion sometimes proceeds very efficiently, and the excita-
tion energy is trapped at various crystal defect sites, which
emit luminescence independently. In practice, these
complexes exhibited non-single exponential decays even
at 298 K, with the exception of [2b]2-. Therefore, we
suppose that the emission shoulders and non-single ex-
ponential emission decays observed for these complexes
would be due to the presence of crystal defects.

(2). DFT Calculations of the HOMO/LUMO Levels
and Absorption Transitions. Theoretical studies on the
HOMO/LUMO levels and the electronic transition en-
ergies in [Re6S8X6]

4- (X = Cl, Br, I, CN) have been
hitherto conducted by several research groups.53,54,59-62,70

Some of these reports demonstrate that the HOMO and
lower-energy lying occupied MOs reside mainly in the
Re6S8 core, while the LUMOs and higher-energy lying
unoccupied MOs are characterized by more restricted
metal orbitals in the Re6S8 core.53,59,61 The substantially
allowed lowest-energy absorption bands in these complexes
have been thus ascribed to the transitions within the Re6S8
core.61 We also conducted DFT calculations on the
HOMO/LUMO levels and absorption transition energies
in trans-[Re6S8Cl4L2]

2- (L = ppy or bpy) at the Gaussi-
an03 level.71 Tables 5 and 6 summarize the energies and
components in the vicinity of the HOMO/LUMO levels of
trans-[Re6S8Cl4(ppy)2]

2- ([2a]2-) and trans-[Re6S8Cl4-
(bpy)2]

2-([5a]2-), respectively. The contour plots of the
MOs near the frontier orbital levels calculated for [2a]2-

and [5a]2- are shown in the Supporting Information,
Figures S6 and S7. For both [2a]2- and [5a]2-, we found
that the HOMO and HOMO-1 were characterized essen-
tially in the orbitals of the Re6S8 core, similar to those of
[Re6S8X6]

4-. On the other hand, significant contributions
from the ppy and bpy ligands were observed in the lower-
energy lying unoccupied orbitals of [2a]2- and [5a]2-,
respectively, particularly in the bpy complex. While the
LUMO and LUMOþ2 levels of the bis(bpy) complex
[5a]2- have significant contributions from the bpy ligand
(64 and 86%, respectively), the contributions from the ppy
ligand in the bis(ppy) complex [2a]2- to LUMOþ1 and
LUMOþ2 are 48 and 72%, respectively.The lowest-energy
unoccupied π* orbital of the bpy ligand is located between
the occupied and the unoccupied orbitals of the Re6S8 core
in terms of energy. In the case of the bis(ppy) complex, the
situation will be more delicate, and the ppy π* and Re6S8
core-centered unoccupiedorbitalswould be located in close
proximity in terms of energy.
Electronic transitions from the orbitals in the HOMO

regions to those in the LUMO regions were also calcu-
lated. Our TD-DFT calculations on trans-[Re6S8Cl4-
(ppy)2]

2- indicate that the substantially allowed
lowest-energy absorption transitions can be ascribed to
both Re6S8 core-to-ppy ligand CT (MLCT) and Re6S8
core-centered transitions: HOMO-1 f LUMOþ2

(41%)/HOMO f LUMOþ2 (27%) transitions with os-
cillator strength (f) of 0.0005 and HOMO f LUMOþ2
(55%)/HOMO-1 f LUMOþ2 (24%) transitions with
f=0.0019: also see the Supporting Information, Table S4
and Figure S6. Similar calculations for trans-[Re6S8Cl4-
(bpy)2]

2- showed the substantially allowed lowest-energy
absorption transitions as HOMO f LUMOþ2 (35%)/
HOMO-1fLUMOþ2 (30%)/HOMO-2fLUMOþ1
(16%) with f = 0.0006 and HOMO-1 f LUMOþ2
(36%)/HOMO f LUMOþ2 (26%)/HOMO-4 f
LUMOþ1 (16%) with f = 0.0011. Therefore, the sub-
stantially allowed lowest-energy absorption transitions
in [2a]2- or [5a]2- possess a Re6S8 core-to-N-hetero-
aromatic ligand MLCT character.
The results of the TD-DFT calculations are worth

comparing with the absorption spectra of [2a]2-and
[5a]2-. The absorption spectra of [2a]2-, [3a]2-, and
[5a]2- in acetonitrile are shown in the Supporting Infor-
mation, Figure S8, and those of [2b]2-, [3b]2-, and [5b]2-

in acetonitrile are shown in the Supporting Information,
Figure S9. While the lowest-energy absorption edges of
the ppy and bpy complexes, [2a,b]2- and [5a,b]2-, are
extended towavelength regions longer than 550 nm, those
of the bpe complexes [3a,b]2- were observed in wave-
length regions shorter than 550 nm. It is noteworthy that
the bpe ligand possesses no low-energy lying π* orbital;
this is different from the case of ppy or bpy. Thus, the
absorption edge extending over 550 nm observed for [2a,
b]2- or [5a,b]2- could be due to the MLCT character
involving the low-energy lying π* orbital of ppy or bpy,
respectively. The simulated electronic absorption spectra
of [2a]2- and [5a]2- (Supporting Information, Figures
S10 and S11) agreedwell with the observed spectra as seen
in the Supporting Information, Figures S12 and S13,
respectively. Therefore, we conclude that the absorption

Table 5. Calculated Energies and Components of MOs near Frontier Orbital
Levels for [2a]2-

energy/eV Re S Cl ppy

LUMOþ4 -1.85 0.83 0.14 0.03 0
LUMOþ3 -1.89 0.82 0.16 0.01 0.01
LUMOþ2 -2.05 0.19 0.07 0.02 0.72
LUMOþ1 -2.25 0.41 0.09 0.01 0.48
LUMO -2.39 0.99 0 0 0.01
HOMO -5.96 0.72 0.28 0 0
HOMO-1 -5.99 0.73 0.27 0 0
HOMO-2 -6.35 0.28 0.45 0.27 0
HOMO-3 -6.41 0.32 0.34 0.34 0
HOMO-4 -6.41 0.07 0.63 0.29 0
HOMO-5 -6.44 0.32 0.34 0.33 0

Table 6. Calculated Energies and Components of MOs near Frontier Orbital
Levels for [5a]2-

energy/eV Re S Cl bpy

LUMOþ4 -1.86 0.83 0.14 0.03 0
LUMOþ3 -1.90 0.82 0.16 0.01 0.01
LUMOþ2 -2.34 0.09 0.04 0.01 0.86
LUMOþ1 -2.40 0.93 0 0 0.07
LUMO -2.46 0.30 0.06 0 0.64
HOMO -5.98 0.72 0.28 0 0
HOMO-1 -6.00 0.73 0.27 0 0
HOMO-2 -6.36 0.28 0.45 0.27 0
HOMO-3 -6.42 0.07 0.63 0.30 0
HOMO-4 -6.42 0.32 0.33 0.35 0
HOMO-5 -6.45 0.32 0.35 0.33 0

(70) Deluzet, A.; Duclusaud, H.; Sautet, P.; Borshch, S. A. Inorg. Chem.
2002, 41, 2537–2542.

(71) We have carried out the calculation for [Re6S8Cl6]
4- by using the

present method. The results are similar to those of the previously reported
calculations. Namely, the occupied orbitals around the HOMO were mainly
composed of the hexarhenium and the face capping sulfide. The unoccupied
orbitals around the LUMOwere composedmainly of themetal centers of the
Re6S8 core.
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edge extending above 550 nm observed for [Re6S8-
Cl4L2]

2- (L=ppy or bpy) is assigned to the superposition
of the Re6S8 core-to-N-heteroaromatic ligand CT
and Re6S8 core-centered electronic transitions.72 These
conclusions also agree well with the spectroscopic and
photophysical properties of the complexes as described
below.

(3). Excited-State Properties of Hexarhenium(III)
Complexes with Redox-active N-heteroaromatic Ligands.
The photophysical properties described above clearly
indicate that the excited states of the bis(bpy) complexes
[5a,b]2- are different from those of [1]-, [2a,b]2-, [3a,b]2-,
[4]-, and other core-centered emissive hexarhenium com-
plexes, [Re6S8X6]

4- and [Re6S8Cl6-nLn]
n-4 (n=2, 3, L=

py; n = 2, L = mpy). Therefore, we first discuss the
excited-state properties of [5a,b]2-. Our electrochemical
studies demonstrate that the bpy ligand reduction waves
of the bis(bpy) complexes [5a,b]2- are observed at around
-1.45 V (vs Ag/AgCl), as mentioned before, which
indicates that these complexes possess the bpy ligand-
centered LUMO. It follows that the emissive excited
states of [5a,b]2- are best characterized by the bpy
ligand-centered LUMOand the complexes should exhibit
MLCT-like emissions. Similarly, the emissions from the
bis(pz) complexes [6a,b]2- reported previouslywill be also
assigned to MLCT-like emissions, since these complexes
show the emission characteristics and ligand-centered
redox waves similar to those of [5a,b]2-. TD-DFT calcu-
lations for [5a]2- indicate the predominantly bpy ligand-
oriented LUMO and this further supports our assertion
that the emission is MLCT type. In the case of MLCT
emission from a transition metal complex represented by
polypyridine ruthenium(II), the emission energy is some-
times discussed on the basis of the energy difference
between the oxidation (Eox, metal-centered: HOMO
energy) and reduction potentials (Ered, ligand-centered:
LUMO energy) of the complex: ΔEredox=Eox - Ered.

73

In practice, a linear relationship between the MLCT
emission energy and ΔEredox has been observed for a
series of polypyridine ruthenium(II) complexes with a
slope value of about 1.0. In the case of the presentMLCT
emissions, Eox and Ered are the Re6S8 core-oxidation and
N-heteroaromatic ligand-reduction potentials, respec-
tively. The ΔEredox value of a hexarhenium(III) complex
estimated by the present study was plotted against the
emission energy of the relevant complex. As seen in
Figure 5, we obtained a linear correlation between
ΔEredox and the emission energy for [5a,b]2- and [6a,b]2-

with a slope value of 0.92. The results shown in Figure 5
straightforwardly proves the MLCT characters of the
emissions from [5a,b]2- and [6a,b]2-. The increasing emis-
sion lifetimeof [5a,b]2- in the solid state is reasonable, since
the original strong emissions are not efficiently quenched
in the solid state because of the lack of solvation.

The complexes [5a,b]2- showed relatively sharp emis-
sion spectra in the solid phase at 298 K with fwhm of
3100-3270 cm-1 and shorter wavelength shifts upon
cooling to 80 K. As stated above, these results are
different from the emission properties of a hexarhenium-
(III) complex possessing the Re6S8 core-centered excited-
state. It is predicted that the contribution of the π*
character of the N-heteroaromatic ligand to the excited-
state results in a decrease in the spin-orbit coupling
interaction, and thus leading to smaller zero-field split-
ting energies between the emitting excited-state spin sub-
levels as compared with those in [Re6S8X6]

4-. In the
present stage of the investigation, we suppose that this
will be the primary origin of the small fwhm and anom-
alous T-dependent emission of [5a,b]2-. By considering
the participation of the Re6S8 core-to-bpy CT in the
excited states of [5a,b]2-, one can also explain the large
red shift of the emission spectrum in acetonitrile as
compared with that in the solid state. Namely, theMLCT
excited states of [5a,b]2- are stabilized in energy by
solvation in acetonitrile, leading to the red-shifted emis-
sion of the hexarhenium(III) complexes in acetonitrile.
Our initial suggestions that the emissions of the group B
complexes are MLCT, which was based on their weak
emissions, are also supported by these discussions. The
solvation would induce efficient non-radiative decay
of the excited-state through interactions with polar
solvent molecules, which is observed generally for CT
excited-state molecules. Therefore, the T- and solvent-
dependences of the spectroscopic and photophysical
properties of [5a,b]2- can also be explained by assuming
the contribution of the Re6S8 core-to-N-heteroaromatic
ligand CT to the emitting excited state.
The emission characteristics of the bpe complexes [3a,

b]2-were very similar to those of [Re6S8X6]
4- (X=Cl, Br,

I, CN, NCS) and [Re6S8Cl6-nLn]
n-4 (n=2, 3, L=py; n=

2, L = mpy).27,47,50-53,55 Since a ligand-based reduction
wave and a Re6S8 core-to-bpe CT absorption band have
not been observed in the case of [3a,b]2-, the emissive
excited-states of these complexes are characterized by the
Re6S8 core-centered excited triplet state; this adequately
explains the spectroscopic and photophysical properties
of the complexes in both solution and solid phases, as
seen in Table 4. The excited-state properties of the ppy

Figure 5. Plot of ΔEredox for [Re6S8Cl4L2]
2- (L = bpy, pz) (filled

square) and [Re6S8Cl6-n(ppy)n]
n-4 (n = 2, 3) and [Re6S8Cl3(bpy)3]

-

(open triangle) against emission energy.

(72) The transition energy of the lowest-energy band is larger ca.
þ0.5-0.8 eV than the measured absorption band. In the case that TD-
DFT calculations not consider the solvent in the ppy and bpy complexes, the
transition energies of the MLCT band are shifted to the lower-energy
positions.

(73) Inorganic Electronic Structure and Spectroscopy, Volume II: Applica-
tions and Case Studies; Solomon, E. I., Lever, A. B. P., Eds.; Wiley: New York,
1999.
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complexes [1]- and [2a,b]2-, and the tris(bpy) complex [4]-

might be considered as marginal cases between the Re6S8
core-centered andMLCT excited states. TD-DFT calcula-
tions for [2a]2- revealed considerable mixing between the
ligand π* and metal orbitals in the Re6S8 core. The
contributions of the metal orbitals to the excited state of
[2a]2- will be somewhat higher than those of [5a]2-.
Although the ligand-centered reduction waves and the
rather sharp emission bands in the solid states observed
for [2a,b]2- suggest that the excited states of the complexes
showMLCT-like emission, other photophysical properties
of [2a,b]2- are similar to the Re6S8 core-centered excited
states. Obviously, the energy level order of the Re6S8 core-
centered and N-heteroaromatic ligand-centered states in
the excited state would be somewhat modified from that in
the ground state. Therefore, it can be concluded that the
emissive excited states of [2a,b]2- are the inseparable
mixture of the MLCT and Re6S8 core-centered excited
states. The tris(ppy) [1]- and tris(bpy) [4]- complexes
may have less MLCT character. The Re6S8 core-centered
oxidation waves of [1]- and [4]- appeared at more positive
potentials than those of the bis-complexes as the number of
N-heteroaromatic ligands increased. Namely, the Re6S8
core-centered HOMO levels are lowered as the number of
N-heteroaromatic ligands in the complex increased. It is
reasonable to assume that empty metal center orbitals are
also lowered. If the N-heteroaromatic ligand π* orbital
remains constant in terms of energy, the LUMO possesses
a greater metal character than that of the bis(N-heteroaro-
matic ligand) complex, as shown schematically in Figure 6.
Therefore, the excited states of the tris(ppy) and tris(bpy)
complexes possess considerably higher Re6S8 core-oriented
character. The assertion that the MLCT character in the
tris-complexes has less extent is supported by the fact that
the data points of these complexes are away from the
straight line of theΔEredox versus emissionmaximumenergy
plot shown in Figure 5.

Conclusions

The spectroscopic and photophysical properties of the
hitherto reported hexarhenium(III) complexes have been

discussed experimentally and theoretically in terms of the
Re6Q8 (Q = S or Se) core-centered excited state. In the
present study, we showed for the first time that trans/
cis-[Re6S8Cl4L2]

2- (L = bpy ([5a,b]2-) or pz ([6a,b]2-))
exhibited Re6S8 core-to-L charge transfer (MLCT) emis-
sions, as demonstrated explicitly by the linear relationship
between the emission maximum energies and the ΔEredox

(=Eox - Ered) values for these four complexes (Figure 5).
The HOMO (∼Eox)-LUMO (∼Ered) energy gap of
[Re6S8Cl4L2]

2- corresponding to the emission maximum
energy is determined primarily by the reduction potential of
the bpy or pz ligand in the relevant Re6S8 complex. The
anomalous solvent- and T-dependent emission characteris-
tics of [Re6S8Cl4(bpy)2]

2-, which are totally different from
those of theRe6S8 core-centered excited states of [Re6S8X6]

4-

(X=Cl, Br, I) could also be explainedby assuming theRe6S8
core-to-L CT excited states of [Re6S8Cl4L2]

2-. Therefore, the
electron-accepting ability of anN-heteroaromatic ligand asL
in [Re6S8Cl4L2]

2- is of primary importance as the factor
determining the spectroscopic and photophysical properties
of the complexes. In practice, the Re6S8 complexes with bpe
(1,2-bis(4-pyridyl)ethane) as a weak electron-accepting
N-heteroaromatic ligand (i.e., [3a,b]2-) showed Re6S8 core-
centered emissions similar to [Re6S8X6]

4-. Therefore, all the
present results of the spectroscopic and photophysical prop-
erties of [Re6S8Cl4L2]

2- (L = bpy, ppy, or bpe) can be
explained by the redox ability of anN-heteroaromatic ligand
as L. We have also demonstrated that the emission is
effectively quenched if the mechanism is MLCT type and
if the ligand has free nitrogen sites ([5a,b]2- and [6a,b]2-). In
conclusion, we believe that an appropriate choice of an
N-heteroaromatic terminal ligand controls the spectroscopic
and photophysical characteristics of a hexarhenium(III)
complex.

Supporting Information Available: Crystallographic data of
(Bu4N)2[2a] and (Bu4N)2[3a] in CIF format, the discussion
about the dependence of the redox potentials of the Re(III)6/
Re(III)5Re(IV) process on the type of terminal ligand and
ligand-ligand redox interactions, a table of the atomic para-
meters used for the TD-DFT calculations of trans-[Re6S8Cl4-
(bpy)2]

2-, tables of the calculated energies and components of
MOs near frontier orbital levels, tables of calculated excited-
state energies, a figure of 1H NMR spectra, figures of CVs of
mer-[Re6S8Cl3(ppy)3]

-, mer-[Re6S8Cl3(bpy)3]
-, trans/cis-[Re6-

S8Cl4(L)2]
2- (L = ppy, bpe), a figure of emission spectra for

trans/cis-[Re6S8Cl4(bpe)2]
2- in acetonitrile at 298 K, figures of

selected MOs, figures of UV-vis absorption spectra in acetoni-
trile, figures of simulated and measured absorption spectra of
trans-[Re6S8Cl4(ppy)2]

2- and trans-[Re6S8Cl4(bpy)2]
2- in aceto-

nitrile, and a figure of a linear correlation between the pKa of the
free ligands and the redox potential of the complexes. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Figure 6. Schematic view of the correlation between the Re6S8 core-
centered and MLCT transitions with changes in the terminal-ligand
combinations.
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