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Photoluminescent properties of chalcobromide-capped octahedral hexarhenium(III) complexes with terminal bromide
ligands [{Re6Q8-nBrn}Br6]

n-4 (Q = Se, n = 1 ([1-Se]3-), n = 2 ([2a-Se]2- and [2b-Se]2-), and n = 3 ([3-Se]-); Q = S,
n = 1 ([1-S]3-), n = 2 ([2a-S]2-, [2b-S]2-, and [2c-S]2-)were studied. TheQ7Br capped complex [{Re6Q7Br}Br6]

3- and
Q6Br2 [{Re6Q6Br2}Br6]

2- (both D3d and C2v symmetric geometrical isomers) were successfully separated by column
chromatography. All of the chalcobromide-capped complexes studied showed photoluminescence in both crystalline and
solution phases. The emission maximum wavelength of the complexes at 296 K spans 853-915 or 868-968 nm in the
crystalline phase or in acetonitrile, respectively. The selenobromide-capped complexes showed more intense emission as
compared with the thiobromide analogues. The emission quantum yield (Φem) and emission lifetime (τem) became
smaller and shorter, respectively, with an increase in the number of a capping bromide ligand in [{Re6Q8-nBrn}Br6]

n-4. In
the crystalline phase at 80 K, the emission maximum of the chalcobromide-capped complex shifted to the longer
wavelength relative to that at 296 K. The emissive excited-state of the chalcobromide-capped hexarhenium(III) complexes
was concluded to originate from the {Re6Q8-nBrn}

nþ2 core with a spin-triplet type. The Φem and τem values of the
{Re6Q8-nBrn}

nþ2 complex were dependent significantly on the symmetry of the hexarhenium core, showingmore intense
emission for the complex with the higher symmetric core. A linear correlation between natural logarithm of the nonradiative
decay rate constant and the emission maximum energy was observed for [{Re6Q6Br2}Br6]

2-.

Introduction

The octahedral hexanuclear complexes having 24 valence
electronswith the {Re6Q8}

2þ (Q=S, Se, or Te) or {M6X8}
4þ

(M = Mo(II) or W(II), X = Cl, Br, or I) core show photo-
luminescence in visible and near-infrared regions.1-32 The
photophysical properties of these complexes have been
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studied extensively by both experiments and theoretical
calculations.1-38 It has been found that luminescence of these
complexes originates from the spin-triplet excited-state loca-
lized on the hexanuclear core. A number of chalcohalide-
capped hexanuclear complexes with a {Re6Q8-nXn}

nþ2 (Q=
S, Se; X=Cl, Br; n=1-4) or {Mo6Q8-nXn}

n-4 (Q=S, Se;
X=Cl, Br; n=7 or 6) core have been synthesized and their

properties have been investigated.7,30,39-96 However, photo-
luminesence of chalcohalide-capped complexes have been
reported only for fac-[{Re6Q7Br}Br3(EPh3)3] (Q = S, Se;
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E=P, As) and fac-[{Re6Q7Br}Br3(pz)3] at room tempera-
ture, where AsPh3, PPh3, and pz are triphenylarsine, triphe-
nylphosphine, and pyrazine, respectively.86,88,90

It is worth pointing out that a chalcohalide-capped
octahedral hexanuclear complex possesses several geometri-
cal isomers, depending on the numberof a halide ligand in the
{Re6Q8-nBrn}

nþ2 core (Q = S or Se) as shown in Figure 1.
In the case of {Re6Q8}

2þ and {Re6Q7Br}
3þ, the compounds

possesses only Oh and C3v symmetrical complexes, respec-
tively, while a set of the geometrical isomers is present in
{Re6Q6Br2}

4þ and {Re6Q5Br3}
5þ as shown in Figure 1.

Such geometrical isomers with different symmetrical struc-
tures might reflect on the spectroscopic and photophysical
properties of the complexes, which are worth studying in
detail for further advances in the research on hexanuclear
complexes.
In the present study, the photoluminescent properties

of a series of the chalcobromide-capped hexarhenium(III)
complexes [{Re6Q8-nBrn}Br6]

n-4 (Q= Se, n=1-3; Q= S,
n=1, 2) including the geometrical isomers of [{Re6Q6Br2}-
Br6]

2- were investigated. It was found that the emission
quantum yield (Φem) and emission lifetime (τem) of the
complexes depended largely on both the number of a capping
bromide ligand and the geometry of the {Re6Q8-nBrn}

nþ2

core. We report for the first time near-infrared ∼ infrared
emission of the hexarhenium complexes in both crystalline
and solution phases, and demonstrate that the chalcobro-
mide-capped hexarhenium complexes show the photolumi-
nescence originating from the excited triplet state localized
on the {Re6Q8-nBrn}

nþ2 core. In the case of [{Re6Q6-
Br2}Br6]

2-, furthermore, it is demonstrated that the photo-
physical data are dependent significantly on the geometrical
structures.

Experimental Section

Materials. Spectroscopic grade acetonitrile (Wako) was used
for photophysical measurements. All of other commercially
available reagents were used as received.

Preparation of the Complexes. Separation of (Bu4N)4-n-
[{Re6Se8-nBrn}Br6] (n = 1, 2). The reported high temperature
reaction method77 was modified slightly to prepare the pre-
sent hexarhenium(III) clusters. Elemental rhenium (400 mg,
2.15 mmol), selenium (170 mg, 2.15 mmol), cesium bromide
(153 mg, 0.72 mmol), and bromine (55 μL, 1.07 mmol) were
charged into a silica ampule (i.d. 8 mm � o.d. 10 mm � 10 cm),
the ampule was evacuated thoroughly, and sealed under va-
cuum. The reactants were mixed and heated to 850 �C for 4.5 h,
maintained at 850 �C for 67 h, and then cooled to room
temperature during 3.5 h. The resultant solid was dissolved in
water, and a large amount of the black residue was removed by
filtration. An orange solid, precipitated upon an addition of
tetra-n-butylammonium bromide (1.5 g, 4.7 mmol) to the fil-
trate, was collected by filtration and dissolved in a small amount
of dichloromethane. The solution was charged into a silica gel
column (2.5 cm � 10 cm). Mononuclear (Bu4N)2[ReBr6] was
obtained from the second band by eluting with dichloro-
methane/acetonitrile = 10:1 (v/v) and characterized by elemen-
tal analysis and UV-vis absorption spectrum.

(Bu4N)2[{Re6Se6Br2}Br6] ((Bu4N)2[2a-Se] and (Bu4N)2[2b-Se]).
The first orange band eluted with dichloromethane/acetoni-
trile = 50:1 (v/v) was collected and evaporated to dryness. The
residual orange solid was dissolved in acetonitrile/toluene, and
allowed to stand for several days. The red crystals obtained were
collected by filtration and then dried in air. Yield as the isomeric
mixture of (Bu4N)2[2a-Se] and (Bu4N)2[2b-Se]: 138 mg (14%).
Anal. Calcd for C32H72N2Br8Re6Se6: C, 14.16; H, 2.67; N,
1.03%. Found: C, 14.39; H, 2.57; N, 1.09%. The atomic ratio
ofBr toReandSedeterminedby theX-ray fluorescence spectrum
was Br/Re/Se= 8:6:6. The crystals (138 mg) dissolved in a small
amount of dichloromethane were charged into a silica gel column
(2.5 cm � 20 cm). The band spreading in the column was eluted
with dichloromethane, and the eluent was collected with every
about 15 mL, giving 20 fractions. Each solution was evaporated
to dryness and then recrystallized from acetonitrile/toluene.
The complex (Bu4N)2[2a-Se] was obtained from the 1-9 frac-
tions. Yield: 60 mg (6%). Anal. Calcd for C32H72N2Br8Re6Se6 3
0.2C7H8: C, 14.68; H, 2.71; N, 1.03%. Found C, 14.61; H, 2.66;
N, 0.99. UV-vis/nm (ε/M-1 cm-1 in CH3CN): 406 (sh, 3600),
323 (sh, 11400), 292 (sh, 19000), 264 (sh, 26400).77Se NMR
(δ/ppm in CD3CN): -143.7.

The complex (Bu4N)2[2b-Se] was obtained from the 15-20
fractions. Yield: 31 mg (3%). Anal. Calcd for C32H72N2Br8Re6-
Se6 3 0.2C7H8: C, 14.68; H, 2.71; N, 1.03%. Found C, 14.61; H,
2.69; N, 1.06. UV-vis/nm (ε/M-1 cm-1 in CH3CN); 403 (sh,
3550), 347 (sh, 7100), 256 (31300). 77Se NMR (δ/ppm in
CD3CN): -169.1, -178.3.

(Bu4N)3[{Re6Se7Br}Br6] ((Bu4N)3[1-Se]). The third orange
band eluted with dichloromethane/acetonitrile = 8/1(v/v) was
collected and evaporated to dryness. The residual orange solid
was dissolved in acetone/toluene, and allowed to stand for
several days. The red crystals obtained were collected by filtra-
tion and then dried in air. Yield of (Bu4N)3[1-Se]: 40 mg (8%).
Anal. Calcd for C48H108N3Br8Re6Se6: C, 19.50; H, 3.68; N,
1.42%. Found: C, 19.61; H, 3.53; N, 1.45%. The atomic ratio
of Br to Re and Se determined by the X-ray fluorescence
spectrum was Br/Re/Se = 7:6:7. UV-vis/nm (ε/M-1 cm-1 in
CH3CN); 419 (sh, 2200), 262 (28400). 77Se NMR (δ/ppm in
CD3CN): -199.9, -259.4.

(Bu4N)[{Re6Se5Br3}Br6] ((Bu4N)[3-Se]). The reported high
temperature reaction method was modified slightly to prepare
the hexarhenium(III) cluster.47 Elemental rhenium (200 mg,
1.08 mmol), selenium (71 mg, 0.89 mmol), cesium bromide
(38 mg, 0.18 mmol), and bromine (37 μL, 0.72 mmol) were

Figure 1. Structures and possible isomers of {Re6Q8}
2þ, {Re6Q7Br}

3þ,
{Re6Q6Br2}

4þ, and {Re6Q5Br3}
5þ cores (Q = S or Se).
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charged into a silica ampule (i.d. 8 mm � o.d. 10 mm � 10 cm),
the ampule was evacuated thoroughly, and sealed under va-
cuum. The reactants were mixed vigorously and heated to
850 �C for 4.5 h, kept at 850 �C for 67 h, and then cooled to
room temperature during 3.5 h. The product was dissolved in
water, and a large amount of the black residue was removed by
filtration. An orange solid, precipitated upon an addition of
tetra-n-butylammonium bromide (0.75 g, 2.3 mmol) to the
filtrate, was collected by filtration and dissolved in a small
amount of dichloromethane. The solution was charged into a
silica gel column (2.5 cm � 20 cm). The first band eluted with
dichloromethane was dried. The residual orange solid was
dissolved in dichloromethane/diethyl ether, and allowed to
stand for several days. The red crystals obtained were collected
by filtration, and then dried in air. Yield of (Bu4N)[3-Se]: 25 mg
(3%). Anal. Calcd for C16H36NBr9Re6Se5: C, 7.77; H, 1.47; N,
0.57%. Found: C, 8.10; H, 1.41; N, 0.55%. The atomic ratio of
Br to Re and Se determined by the X-ray fluorescence spectrum
was Br/Re/Se = 9:6:5. UV-vis/nm (ε/M-1 cm-1 in CH2Cl2):
392 (4600), 300 (sh, 18500). 77Se NMR (δ/ppm in DMSO-d6):
-23.8, -70.9, -73.2, -100.6, -145.2 -159.6, -191.7.

Separation of (Bu4N)4-n[{Re6S8-nBrn}Br6] (n= 1, 2). The
high temperature reaction method reported by Slougui et al.
was employed to synthesize the hexarhenium(III) clusters.62

Elemental rhenium (402 mg, 2.15 mmol), sulfur (69.5 mg, 2.17
mmol), potassium bromide (85.4 mg, 0.72 mmol), and bromine
(55 μL, 1.07 mmol) were charged into a silica ampule (i.d.
8 mm � o.d. 10 mm � 10 cm), the ampule was evacuated
thoroughly and sealed under vacuum. The sample was mixed
vigorously and heated to 850 �C for 4.5 h, continued heating at
850 �C for 67 h, and then cooled to room temperature during
3.5 h. The solid was dissolved in water and black residue was
removed by filtration. An orange solid, precipitated upon addi-
tion of tetra-n-butylammoniumbromide (519mg, 1.61mmol) to
the filtrate, was collected by filtration and dissolved in a small
amount of dichloromethane. The solution was charged into a
silica gel column (2.5 � 10 cm).

(Bu4N)2[{Re6S6Br2}Br6] ((Bu4N)2[2a-S] and (Bu4N)2[2b-S]).
The first orange band eluted with dichloromethane was col-
lected and evaporated to dryness. The residual orange solid was
dissolved in acetonitrile/toluene, and allowed to stand for
several days. The red crystals obtained were collected by filtra-
tion, and then dried in air. Yield of the isomeric mixture of
(Bu4N)2[2a-S] and (Bu4N)2[2b-S]: 330 mg (38%). Anal. Calcd
for C32H72N2Br8Re6S6 3 0.5CH3CN: C, 16.15; H, 3.02; N, 1.43%.
Found C, 16.24; H, 2.96; N, 1.36. The crystals (330 mg) were
dissolved in a small amount of dichloromethane, and the solution
was charged into a silica gel column (2.5 � 20 cm). The spread
orange band in the columnwas elutedwith dichloromethane, and
the eluent was collected with every about 15 mL, affording 21
fractions. Each solution was evaporated to dryness, and then
recrystallized from acetonitrile/toluene. The complex (Bu4N)2-
[2a-S] was obtained from the 1-12 fractions. The solid obtained
was collected by filtration and dried in air. Yield 181 mg (21%).
Anal. Calcd for C32H72N2Br8Re6S6: C, 15.79; H, 2.98; N, 1.15%.
Found C, 16.08; H, 2.93; N, 1.20. UV-vis/nm (ε/M-1 cm-1 in
acetonitrile): 350 (sh, 5700), 311 (sh, 11500), 256 (30400), 228
(40000).

The complex (Bu4N)2[2b-S] was obtained from the 19-21
fractions. Yield 38 mg (4%). Anal. Calcd for C32H72N2Br8-
Re6S6: C, 15.79; H, 2.98; N, 1.15%. Found C, 16.05; H, 2.97; N,
1.08. UV-vis/nm (ε/M-1 cm-1 in CH3CN); 387 (3300), 325 (sh,
7700), 250(30000).

(Bu4N)2[{Re6S6Br2}Br6] ((Bu4N)2[2c-S]). The second orange
band elutedwith dichloromethanewas collected and evaporated
to dryness. The residual orange solid was dissolved in acetoni-
trile/toluene, and allowed to stand for several days. The red
crystals obtained were collected by filtration, and then dried in
air. Yield of (Bu4N)2[2c-S]: 11 mg (1%). Anal. Calcd for

C32H72N2Br8Re6S6 3 0.5CH3CN 3 0.5C7H8: C, 17.53; H, 3.12;
N, 1.40%; Found: C, 17.57; H, 3.12; N, 1.47%. UV-vis/nm
(ε/M-1 cm-1 in acetonitrile); 384 (3500), 325 (sh, 8200), 249
(32700), 229 (39400).

(Bu4N)3[{Re6S7Br}Br6] ((Bu4N)3[1-S]). The third orange band
eluted with dichloromethane/acetonitrile = 20/1 (v/v) was col-
lected and evaporated to dryness. The residual orange solid was
dissolved in acetone/toluene, and allowed to stand for several
days. The red crystals obtained were collected by filtration and
then dried in air. Yield of (Bu4N)3[1-S]: 145 mg (16%).
C48H108N3Br7Re6S7: C, 21.93; H, 4.14; N, 1.60%; Found: C,
21.96; H, 4.03; N, 1.65%. UV-vis/nm (ε/M-1 cm-1 in ace-
tonitrile); 313 (sh, 8600), 277 (sh, 23600).

Physical Measurements. UV-vis absorption spectra were
recorded on a JASCO U-550 spectrophotometer. 77Se NMR
spectra were recorded on a 95.39MHz JEOL ECA-500 spectro-
meter. All peaks were referred to the signal of (CH3)2Se in C6D6

as δ= 0. For photophysical measurements, sample solids were
placed between two nonfluorescent glass plates, and the solu-
tion samples were deoxygenated by purging an Ar gas stream
at least 15 min, and then sealed. For spectroscopic and photo-
physical experiments at 80 or 95 K, a temperature ((0.1 K)
was controlled by using a liquid-N2 cryostat system (Oxford
Instruments). A pulsed Nd3þ:YAG laser (Lotis TII LS-2137,
355 nm, fwhm 18 ns) was used as an exciting light source for the
measurements of the emission spectrum in the wavelength
region (λ) of 550-1000 nm and the emission lifetime. Corrected
emission spectra were recorded on a Hamamatsu Photonics
PMA-12 in the 550< λ<1000 nm. In 1000< λ<1500 nm, the
corrected emission spectra were measured on a Horiba Fluo-
rolog-3 with a liquid N2-cooled InGaAs detector with the
excitation wavelength at 355 nm. The emission lifetime was
determined by using a streak camera (Hamamatsu Photonics,
C4334).

Results

Separation of the Complexes. The {Re6Se6Br2}
4þ and

{Re6Se7Br}
3þ complexes, [{Re6Se6Br2}Br6]

2- and [{Re6-
Se7Br}Br6]

3-, were prepared by the literature methods
reported by Yarovoi et al.77 The mixture of the {Re6-
Se6Br2}

4þ and {Re6Se7Br}
3þ complexes including their

geometrical isomers was separated by silica gel column
chromatography. The {Re6Se6Br2}

4þ and {Re6Se7Br}
3þ

complexes were obtained from the first and third eluted
bands, respectively. The isomers of the {Re6Se6Br2}

4þ

complex were isolated by successive column chromatog-
raphy through collecting 20 dichloromethane fractions.
On the basis of the UV-vis absorption band shape and
77Se NMR spectrum, the complex obtained from the 1-9
fractions was assigned to [2a-Se]2- and that obtained
from the 15-20 fractions was [2b-Se]2-. The 77Se NMR
spectra of the 10-14 fractions indicated that the fractions
were themixture of the isomers. As shown in Figure 2, the
UV-vis absorption spectral band shape of [2a-Se]2- in
acetonitrile was different from that of [2b-Se]2-. The 77Se
NMR spectra of [2a-Se]2- and [2b-Se]2- in CD3CN are
shown in Figure 3. The 77Se NMR spectrum of [2a-Se]2-

showed a signal at-143.7 ppm, while [2b-Se]2- exhibited
two signals at -169.1 and -178.3 ppm with the approx-
imate integrated intensity ratio of 1:2. Figure 1 sum-
marizes the possible isomers of the {Re6Q6Br2}

4þ

complexes. The {Re6Q6Br2}
4þ complex has potentially

three isomers, which are D3d and two C2v symmetric
structures. The six capping selenide atoms in the D3d

isomer sit essentially in the same coordination environ-
ments, indicating that the 77Se NMR spectrum should
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show one signal. On the other hand, one of the two C2v

isomers should exhibit two signals with the integral
intensity ratio of 1:2 (C2v(a)) or three signals with the
ratio of 1:1:1 (C2v(b)). Therefore, [2a-Se]

2- is assignable
to theD3d isomer and [2b-Se]2- is theC2v isomer(s). At the
present stage of the investigation, it is unclear whether
[2b-Se]2- is a pure product of either C2v isomer or
mixture.
The {Re6Se5Br3}

5þ complex, [{Re6Se5Br3}Br6]
- ([3-

Se]-), was prepared by the method reported by Perrin
et al.47 The complex was isolated and purified by silica gel
column chromatography. The 77Se NMR spectrum of
[3-Se]- in CD3CN showed seven signals (Supporting
Information, Figure S1). The C3v isomer should show
three signals with the integrated intensity ratio of 1:1:3,
while theCs isomers exhibit three signals with the ratio of
1:2:2 (Cs(a)) or four signals with the ratio of 1:1:1:2
(Cs(b)). Therefore, [3-Se]

- showing seven signals in the
77Se NMR spectrum will be the mixture of the isomers.
The thiobromide-capped complexes including their

geometrical isomers were prepared by the litera-
ture method reported by Slougui et al.62 The mixture of
the {Re6S7Br}

3þ and {Re6S6Br2}
4þ complexes was sepa-

rated by the analogous procedures with those of the
selenobromide complexes. The first eluted band in col-
umn chromatography was the mixture of [2a-S]2- and
[2b-S]2-, while the second eluted band was assigned to
[2c-S]2-. The {Re6S7Br}

3þ complex was obtained from
the third band. The first eluted band was evaporated to
dryness, and the residue dissolved in dichloromethane
was charged into a silica gel column. The eluted solu-
tion was fractionally collected, and then the complexes
isolated were assigned to the two isomers [2a-S]2- and
[2b-S]2- on the basis of the UV-vis absorption spectros-
copy. Figure S2 (Supporting Information) shows the
UV-vis absorption spectra of the three {Re6S6Br2}

4þ

complexes in acetonitrile. The absorption spectral band
shapes of the isomer [2b-S]2- and [2c-S]2- were very
similar each other, while that of [2a-S]2- was somewhat
different from those of [2b-S]2- and [2c-S]2-. Almost half
of the total yield of {Re6S6Br2}

4þ complex was [2a-S]2-,
and [2b-S]2- and [2c-S]2- were minor products. It was
assigned that [2a-S]2- was the D3d symmetric isomer and
[2b-S]2- and [2c-S]2-were theC2v isomers, as described in
the following section.

Spectroscopic and Photophysical Properties. All of the
complexes studied in the present work showed lumines-
cence at room temperature in both crystalline and solu-
tion phases. The emission spectra of the two isomers
[2a-Se]2- and [2b-Se]2- in the crystalline phase and in
acetonitrile at 296 K are shown in Figures 4 and 5. The
emission spectra of the other chalcobromide-capped
complexes in the crystalline phase and in acetonitrile at
296 K are shown in Supporting Information, Figures
S3-S8. Table 1 summarizes the emission maxima (λem),
lifetimes (τem), and quantum yields (Φem) of the chalco-
bromide-capped complexes, together with those of the
related chalcogenide-capped complexes. The broad emis-
sion spectral shapes of the chalcobromide-capped com-
plexes resemble those of the {Re6Q8}

2þ (Q = S, Se)
complexes. The λem values are observed in the wavelength
region of 868-968 nm in acetonitrile and 853-915 nm in
the crystalline phase at 296 K. The λem values of the chal-
cobromide-capped complexes were observed beyond visi-
ble region. Therefore, the emission from these complexes

Figure 2. UV-vis absorption spectra of the D3d isomer ([2a-Se]2-,
black) and C2v isomer ([2b-Se]2-, blue) for (Bu4N)2[{Re6Se6Br2}Br6] in
acetonitrile at room temperature.

Figure 3. 77SeNMRspectra for theD3d isomer (a) andC2v isomer (b) of
(Bu4N)2[{Re6Se6Br2}Br6] in CD3CN at room temperature.

Figure 4. Emission spectra for the D3d isomer ((Bu4N)2[2a-Se] (black))
andC2v isomer ((Bu4N)2[2b-Se] (blue)) of (Bu4N)2[{Re6Se6Br2}Br6] in the
crystalline phase at 296 K.
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could not be confirmed by naked eyes. The emission
lifetimes of the complexes in acetonitrile at 296 K with
0.1-2.6 μs indicate that the emissive excited-state of the
chalcobromide-capped hexarhenium(III) complex pos-
sesses the spin-triplet excited-state. The λem value ob-
served for the {Re6Q7Br}

3þ or {Re6Q6Br2}
4þ complex in

acetonitrile at 296 K was almost the same with or shifted
to the longer wavelength, respectively, as compared with
that of the relevant complex in the crystalline phase.
The spectral shift was small for the {Re6Q7Br}

3þ or
{Re6Q6Br2}

4þ complex (-1 to þ23 nm) as compared
with that of the {Re6Se5Br3}

5þ complex, which showed
a longer wavelength emission spectral shift byþ53 nm on
going from the crystalline phase to an acetonitrile solu-
tion.
The {Re6Se6Br2}

4þ complexes were separated as two
isomers: the D3d isomer [2a-Se]2- and C2v isomer(s)
[2b-Se]2- as described before. The D3d isomer showed a
single exponential emissiondecay (τem=2.60μs) at around
λem= 868 nm (Φem = 0.014) in acetonitrile at 296 K. The
C2v isomer(s) showed longer wavelength emission (λem =
885 nm) with the lower emission quantum yield (Φem =
0.0039) and shorter emission lifetime (τem = 0.785 μs) as
compared with the relevant value of the D3d isomer. Such
results have been also observed for the {Re6S6Br2}

4þ

analogues. The λem values of the {Re6S6Br2}
4þ isomers

are 889-919 nm in the crystalline phase and in acetonitrile.
The τem and Φem values of the C2v isomers, [2b-S]2- and
[2c-S]2-, are significantly shorter and lower, respectively,
than the relevant value of the D3d isomer, [2a-S]2- (the
assignment of the isomer is described in the following
section).
The emission spectra of the {Re6Se6Br2}

4þ complexes
including their geometrical isomers in the crystalline
phases at 80 K are shown in Figures 6. The emission
spectra of the other chalcobromide-capped complexes in
the crystalline phase at 80 K are shown in Supporting
Information, Figures S9-S11. Upon cooling from 298 to
80 K in the crystalline phase, the λem values of the chalco-
bromide-capped complexes were shifted to the longer
wavelength by þ42 to þ57 nm. The temperature (T)-
dependence of the emission spectrum of [{Re6S8}X6]

4-

(X = Cl, Br, I) has been reported by our research group
andGray et al.8,11 TheT-dependences of the emission pro-
perties of the hexamolybdenum(II) complex [{Mo6Cl8}-
Cl6]

2- that is isoelectronic and isostructural to the hexa-
rhenium(III) complexes have been also reported.23,27

The longer wavelength shift of the emission from the ch-
alcobromide-capped complexes upon cooling 298 to
80K is similar to that of the chalcogenide-capped hexarhe-
nium(III) or halide-capped hexamolybdenum(II) com-
plexes.
The emission from the chalcobromide-capped com-

plexes in the crystalline phases showed multiexponential
decays at both 296 and 80 K. In the solid state, excitation
energy migration proceeds sometimes very efficiently,
and the excitation energy is trapped at various crystal
defect sites. Therefore, we suppose that non-single ex-
ponential emission decays observed for these complexes
in the crystalline phasewould be due to the presence of the
crystal defects.

Discussion

Characterization of the Isomers of [{Re6Q6Br2}Br6]
2-

(Q = Se, S). In our chromatographic separation of the
{Re6Se6Br2}

4þ isomers, the D3d isomer eluted first, and
the C2v isomer(s) followed. Each D3d and C2v isomer was
isolated and the structure of the isomer was confirmed by
the 77Se NMR spectroscopy. Yarovoi et al. reported the
abundance of theD3d and two C2v isomers in the mixture
of [{Re6Se6Br2}Br6]

2- to be D3d:C2v:C2v = 61:27:12 as
estimated by the 77Se NMR technique.77 Shestopalov
et al. calculated the bonding energies of the [{Re6Q6Br2}-
Br6]

2- (Q = S, Se) isomers and demonstrated that the
most stable isomer was the D3d symmetric structure.86

They also reported that the reaction of the isomeric
mixture of [{Re6S6Br2}Br6]

2- with molten PPh3 gave
trans-[{Re6S6Br2}Br4(PPh3)2] from the D3d isomer of
[{Re6S6Br2}Br6]

2- and cis-[{Re6S6Br2}Br4(PPh3)2] from
theC2v isomer, and they proposed that the isomer ratio of
[{Re6S6Br2}Br6]

2- was similar to those of the selenide
analogues and the original isomer ratio remained in the
terminal ligand substitution of the bromides by PPh3.

86

Fontaine et al. reported single crystals of the mixture of
[{Re6S6Br2}Br6]

2- (C2v(a)) and [{Re6S5Br3}Br6]
- (Cs(a))

isomers.89 Furthermore, their density functional theory
(DFT) calculations on [{Re6S6Br2}Br6]

2- demonstrated
that the energy differences between these isomers were
rather small, and the C2v(b) isomer of [{Re6S6Br2}Br6]

2-

was slightly unstable as compared with other isomers.89

The DFT calculations of [{Re6S8-nCln}Cl6]
n-4 by Delu-

zet et al. showed that theD3d isomerwas themost stable in
energy among three [{Re6S6Cl2}Cl6]

2- isomers.97 In the
present study, the D3d isomer was approximately half of
the total yield among the {Re6Se6Br2}

4þ isomers. The
result is consistent with the estimation of the ratio of the
three geometrical isomers using the 77Se NMR study in
the mixture of the {Re6Se6Br2}

4þ isomers.77

It is worth noting that the emission spectroscopic and
photophysical data are sensitive to the geometrical struc-
tures of the isomers and, thus, are powerful to distinguish

Figure 5. Emission spectra for the D3d isomer ((Bu4N)2[2a-Se] (black))
and C2v isomer ((Bu4N)2[2b-Se] (blue)) of (Bu4N)2[{Re6Se6Br2}Br6] in
acetonitrile at 296 K. The feature with � is due to instrumental artifact.

(97) Deluzet, A.; Duclusaud, H.; Sautet, P.; Borshch, S. A. Inorg. Chem.
2002, 41, 2537–2542.
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the isomers. In practice, the D3d isomer showed larger
Φem, longer τem, and shorter λem values than the relevant
value of the corresponding C2v isomer(s). The discussion
on characterization of the {Re6S6Br2}

4þ isomers can be
made on the basis of the photophysical properties of the
complexes of the eluted solutions in column chromatog-
raphy and the yields of the complexes. The D3d isomer
eluted first in silica gel column chromatography was the
major product and showed emission in the shorter wave-
length with a largerΦem and a longer τem in acetonitrile at
296 K as compared with the relevant value of the C2v

isomers eluted as the second band. The observations
analogues to those of the {Re6S6Br2}

4þ isomers have been
also confirmed for the {Re6Se6Br2}

4þ complexes. On the
basis of these experimental results, [2a-S]2- can be assign-
able to the D3d isomer and the other two complexes
([2b-S]2- and [2c-S]2-) are the C2v isomers. It should be
noted that (Bu4N)2[2b-S] and (Bu4N)2[2c-S] shows almost
analogous UV-vis absorption/emission spectral band
shapes and photophysical data, although (Bu4N)2[2b-S]
and (Bu4N)2[2c-S] were obtained separately by column

chromatography. Therefore, (Bu4N)2[2b-S] and (Bu4N)2-
[2c-S] might be identical with each other.

Photoluminescent Properties of Chalcobromide-capped
Hexarhenium Complexes. For a series of the chalcobro-
mide-capped complexes with terminal bromide ligands hav-
ing the {Re6Q7Br}

3þ, {Re6Q6Br2}
4þ, or {Re6Se5Br3}

5þ core,
all of the complex showed broad emission spectra with the
emission lifetime of 0.1-2.6 μs. Furthermore, the emission
spectral band shape and maximum wavelength of the
{Re6Q7Br}

3þ and {Re6Q6Br2}
4þ complexes in the crystal-

line state were similar to those in acetonitrile. These spec-
tral and photophysical properties of the complexes includ-
ing a longer wavelength shift of the λem value upon cooling
from 296 to 80 K are very analogous to those observed for
the {Re6Q8}

2þ complexes. Therefore, the emission spectral
and photophysical properties of the chalcobromide-
capped complexes can be explained along the similar
context with those of {Re6Q8}

2þ and the excited-states
of the chalcobromide-capped hexarhenium(III) complexes
are best characterized by the hexarhenium core-centered
excited-states. In the case of the {Re6Se5Br3}

5þ complex,
however, the λem value in acetonitrile (968 nm) was shifted
to the longer wavelength as compared with that in the
crystalline phase (915 nm). Such spectroscopic behaviors
are very similar to those of the {Re6S8}

2þ complexes
bearing redox active N-heteroaromatic terminal ligands
(L: 4,40-bipyridine or pyrazine) and, recently, we have
reported that the phenomena will be explained by the
contribution of the metal (Re)-to-ligand (L) charge trans-
fer (MLCT) character to the {Re6S8}

2þ core-centered
excited-state.98 It is therefore that the charge transfer
character might contribute to the excited-state of the
{Re6Se5Br3}

5þ complex with the hexarhenium core-cen-
tered character. It is worth noting, furthermore, thatΦem

and τem become smaller and shorter, respectively, in the
order of [{Re6S8}Br6]

4- (Φem=0.018 and τem=5.4 μs)>
[{Re6S7Br}Br6]

3- (Φem=0.0021 and τem=0.45μs)> the
D3d isomerof [{Re6S6Br2}Br6]

2- (Φem=0.00065and τem=
0.295 μs) > the C2v isomers of [{Re6S6Br2}Br6]

2- (Φem =
0.00023-0.00025 and τem = 0.108-0.121 μs). Although

Table 1. Photophysical Data of the Hexahenium(III) Complexes in Acetonitrile at 296 K and in the Crystalline Phase at 296 and 80 K

296 K in acetonitrile
296 K in the

crystalline phase
80 K in the

crystalline phase

complex λem/nm φem τem/μs kr/10
3 s-1 knr/10

4 s-1 λem/nm λem/nm

[{Re6Se8}(CN)6]
4- 720a,b 0.140a,b 17.1a,b 8.2 5.0

[{Re6Se8}(NCS)6]
4- 730a,c 0.15a,c 11.8a,c 12.7 7.2

[{Re6Se7Br}Br6]
3- ([1-Se]3-) 910 0.016 1.87 8.6 53 886 938

[{Re6Se6Br2}Br6]
2-D3d isomer ([2a-Se]2-) 868 0.014 2.60 5.4 38 853 900

[{Re6Se6Br2}Br6]
2-C2v isomer ([2b-Se]2-) 885 0.0039 0.785 5.0 130 880 923

[{Re6Se5Br3}Br6]
- ([3-Se]-) 968 0.00034 0.768 0.44 440 915 930d

[{Re6S8}Cl6]
4- 770a,e 0.039a,e 6.3a,e 6.2 15.3 770f 858f

[{Re6S8}Br6]
4- 780a,e 0.018a,e 5.4a,e 3.3 18.2 780f 884f

[{Re6S8}I6]
4- 800a,e 0.015a,e 4.4a,e 3.4 22.4 800f 895f

[{Re6S8}(CN)6]
4- 720a,b 0.056a,b 11.2a,b 5.0 8.4 720f 820f

[{Re6S8}(NCS)6]
4- 745a,c 0.091a,c 10.4a,c 8.8 8.7 745f 847f

[{Re6S7Br}Br6]
3- ([1-S]3-) 885 0.0021 0.450 4.7 220 886 928

[{Re6S6Br2}Br6]
2-D3d isomer ([2a-S]2-) 895 0.00065 0.295 2.2 340 889 946

[{Re6S6Br2}Br6]
2-C2v isomer ([2b-S]2-) 917 0.00023 0.108 2.1 930 898 953

[{Re6S6Br2}Br6]
2-C2v isomer ([2c-S]2-) 919 0.00025 0.121 2.1 830 896 947

aAt 298 K. bRef 4. cRef 9. dAt 95 K. eRef 3. fRef 100.

Figure 6. Emission spectra for the D3d isomer ((Bu4N)2[2a-Se] (black))
and theC2v isomer ((Bu4N)2[2b-Se] (blue)) of (Bu4N)2[{Re6Se6Br2}Br6] in
the crystalline phase at 80 K. The feature with � is due to instrumental
artifact.

(98) Yoshimura, T.; Suo, C.; Tsuge, K.; Ishizaka, S.; Nozaki, K.; Sasaki,
Y.; Kitamura, N.; Shinohara, A. Inorg. Chem. 2010, 49, 531–540.
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the photophysical data of [{Re6Se8}Br6]
4- have not been

obtained, the decreasing order of the Φem and τem values
are in the sequence of [{Re6Se7Br}Br6]

3- (Φem=0.016 and
τem = 1.87 μs) ≈ the D3d isomer of [{Re6Se6Br2}Br6]

2-

(Φem=0.014 and τem=2.60 μs) > theC2v isomer of [{Re6-
Se6Br2}Br6]

2- (Φem = 0.0039 and τem = 0.785 μs) >
[{Re6Se5Br3}Br6]

- (Φem = 0.00034 and τem = 0.768 μs).
The tendency is similar for both thiobromide- and seleno-
bromide-capped complexes. Apparently, the photolumi-
nescence becomes weaker as the increase in the number of
the capping bromide ligand in the {Re6Q8-nBrn}

nþ2 core.
Furthermore, the higher symmetric structure of the
{Re6Q8-nBrn}

nþ2 core in the ground-state (n = 0-2)
showed more intense luminescence. Gray et al. reported
that theOh symmetric structure of the {Re6S8}

2þ core in the
ground-state is distorted to D4h symmetry in the emissive
excited-state.10 The structural distortion between the
ground- and excited-states would be thus one of the factors
governing the spectroscopic and photophysical properties
of the hexarhenium(III) complexes.
To discuss further the excited-state characteristics

of the complexes, the radiative (kr) and nonradiative
decay rate constants (knr) in acetonitrile were calcu-
latedbasedon the relations ofkr=Φem/τem, andΦem=kr/
(kr þ knr). Table 1 also includes the kr and knr values
together with the λem, Φem, and τem values. The kr values
of the chalcogenide- and chalcobromide-capped {Re6-
Q8-nBrn}

nþ2 (n = 0, 1, 2) complexes in acetonitrile at
296 K fall in the range 2.1 � 103-1.3 � 104 s-1. The small
difference in the kr value of the complex having the
{Re6Q8-nBrn}

nþ2 core would indicate that the emissive
excited-state is localized largely on the hexarhenium(III)
core similar to that of the {Re6Q8}

2þ complexes. The Φem

and τem values of the selenide complexes in acetonitrile are
larger and longer, respectively, than the relevant value of
the sulfide analogues. In contrast to kr, the knr values of
a series of the {Re6Q8-nBrn}

nþ2 (n = 0, 1, 2) complexes
vary significantly in the range of 5.0 � 104-9.3 � 106 s-1,
demonstrating that theΦem and τem values are governed by
the nonradiative decay rate constant. The results in Table 1
also indicate that the knr value is dependent on the number
of the capping bromide ligand and the symmetry of the
{Re6Q8-nBrn}

nþ2 core. The knr values of the sulfide-capped
complexes {Re6S8}

2þ are 1.5 times larger than those of the
selenide analogues, while those of the {Re6S7Br}

3þ and
{Re6S6Br2}

4þ are about 4 and 7-9 times larger, respec-
tively, as compared with the relevant value of the selenide
analogues. It is known that the emission lifetimes of the
hexarhenium(III) complexes in solution are dependent on
thenature of the terminal ligand, and such results have been
often discussed on the basis of the energy gap dependence
of knr.

1,4,8,9 In practice, a linear correlation between Eem

(1/λem) and ln knr for a series of [{Re6S8}X6]
4- (X = Cl,

Br, I, CN, or NCS) in acetonitrile at 298 K was previously
reported.4,9 Gray et al. also reported a linear correlation
between ln knr andE

em for both {Re6S8}
2þ and {Re6Se8}

2þ

with terminal halide, cyanide, solvent molecules, or mixed
phosphine-halide in dichloromethane at 296 K.1,8 To ob-
tain further information about nonradiative decay of the
complexes, therefore, the knr data were analyzed on the
basis of the energy gap law. The energy gap dependence of

ln knr is given by eq 1.99

ln knr� ln β-
γEem

hω
ð1Þ

where β represents the nuclear momentum matrix element
which couples the excitedvibrational stateswith the ground
vibrational states, Eem = 1/λem, h is the Planck’s constant,
ω is the angular frequency of the vibration(s) responsible
for nonradiative decay, and γ is given by

γ ¼ ln
Eem

hωS

� �
-1 ð2Þ

whereS is the parameter related to the vibrational displace-
ment between the ground- and excited-states. Although
Eem is included in γ, this contribution to an energy gap plot
has been reported to be minor.99 Therefore, ln knr should
correlate linearly with Eem under the assumptions of the
energy gap law. Figure 7 shows an energy gap dependence
of ln knr for [{Re6Q6Br2}Br6]

2- in acetonitrile at 296 K,
togetherwith that of a [{Re6Q8}X6]

4- (Q=S,X=Cl,Br, I,
CN, or NCS; Q=Se, X=CNorNCS) series in acetonitrile.
It is very clear that the data for [{Re6Q6Br2}Br6]

2- fall on a
straight line, demonstrating that the nonradiative decay
process is very similar for the {Re6Q6Br2}

4þ (Q = S or Se)
complexes. The slope value of the plot observed for
[{Re6Q6Br2}Br6]

2- (slope=-4.9 � 10-3 and r=0.98) is
significantly larger than that observed for [{Re6Q8}X6]

4-

(slope=-9.4 � 10-4 and r=0.95). Equations 1 and 2
indicate that the slope value of an energy gap plot is deter-
mined by both the vibrational frequency inducing nonra-
diativedecay (hω) and thevibrational displacementbetween
the excited- and ground-states (S) as mentioned above. The
larger slope value observed for the {Re6Q6Br2}

4þ series as
compared with that for {Re6Q8}

2þ thus indicates that the
{Re6Q6Br2}

4þ complexes should possess the smaller hω
and/or S value(s). Since the slope value observed for the
{Re6Q6Br2}

4þ complexes is almost 5 times larger than that
for the {Re6Q8}

2þ series, eqs 1 and 2 will suggest that the
smallerhωvalue for {Re6Q6Br2}

4þ as comparedwith that of
{Re6Q8}

2þ could be the primary reason for the larger slope
value in Figure 7. Provided the emissive excited-states of the

Figure 7. Correlationbetween lnknr andemissionmaximum(Eem (cm-1))
for [{Re6Q6Br2}Br6]

2- (Q=S, Se) and [Re6Q8X6]
4- (Q=S,X=Cl,Br, I,

NCS, CN; Q= Se, X=NCS, CN).

(99) Caspar, J. V.; Meyer, T. J. J. Am. Chem. Soc. 1983, 105, 5583–5590. (100) Kitamura,N.; Ueda, Y.; Itoh, Y.; Yamada,K., unpublished results.
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complexes being the core-centered excited-states, replace-
ment of the {Re6Q8}

2þ core (Q= S (atomic number= 16)
or Se (34) by two Br atoms (35) in {Re6Q6Br2}

4þ (Q = S
or Se) might be one of the reasons for the lower vibrational
frequency inducing nonradiative decay in the {Re6Q6Br2}

4þ

complexes. At the present stage of the investigation, it is still
unclear if the vibrational modes are responsible for the
nonradiativedecay.Moredetailed spectroscopicandphoto-
physical studies on these chalcohalide-capped hexarhenium
complexes including resonance Raman spectroscopy will
elucidate further the excited-state properties of these com-
plexes.

Conclusion

The chalcobromide-capped hexarhenium(III) complexes
with terminal bromides ([{Re6Q8-nBrn}Br6]

n-4 (Q = S, Se)
were prepared, and the complexes including the geometrical
isomers of [{Re6Q6Br2}Br6]

2- (Q = S, Se) were isolated by
column chromatography. Characterizations of the com-
plexes were conducted on the basis of 77Se NMR, UV-vis
absorption, photoemission/photophysical data as well as
of the available data reported. All of the chalcobromide-
capped complexes showed photoluminescence in both crys-
talline and solution phases at room temperature. It is worth
noting that the replacement of one∼ three capped ligands in

the {Re6Q8}
2þ core by Br atoms gives rise to extension of the

emission band to near-infrared ∼ infrared region. This is the
first observation of the entire emission spectra of the chalco-
bromide-capped hexarhenium(III) complexes in the 700-
1400 nm range in both solid and solution phases. The
emissionmaximumwavelengthof the chalcobromide-capped
complex shifted to the longer wavelength upon cooling from
296 to 80 K, which was the typical T-dependent emission
characteristic for the hexanuclear complexes with 24 valence
electrons. Owing to such photophysical properties, it was
assigned that the photoemissive excited-state was of spin-
triplet nature localized on the hexarhenium(III) core. The
luminescence intensity of the complex was shown to become
weaker when increasing the number of the Br atoms in the
{Re6Q8-nBrn}

nþ2 core and lowering the symmetry of the
{Re6Q8-nBrn}

nþ2 core. In addition to such photophysical
characteristics of the complexes, the UV-vis absorption/
emission spectra, emission quantum yield, and emission
lifetime of the complex were shown to be the powerful means
to identify the geometrical isomers of the complex.

Supporting Information Available: A figure of 77Se NMR
spectra, a figure of UV-vis absorption spectra, and figures of
emission spectra. This material is available free of charge via the
Internet at http://pubs.acs.org.


