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Temperature (T) dependences of the emission spectra and lifetimes of hexarhenium(Ill) clusters, [Res(tts-S)sXs]*~
(X = CI7, Br, and I7), in the crystalline phase were studied in detail. An increase in T from 30 to 70 K resulted
in a red-shift of the emission spectrum of the cluster, while an increase in T above 70 K gave rise to a gradual
blue-shift of the spectrum. On the other hand, the emission lifetime of the cluster decreased sharply from 30—40
to 13-20 us on going from 30 to 60 K, while that decreased gradually above 60 K: 5-6 us at 290 K. Such
emission behaviors of [Reg(us-S)sXs]*~ were observed irrespective of X. The results were then analyzed by assuming
the contributions of the emissions from the lowest-energy excited triplet-state sublevels. The present study
demonstrated that the characteristic T dependent emission spectra and lifetimes of [Reg(ua-S)sXe]*~ were explained
reasonably by a single context of the contributions of the emissions from four excited triplet-state sublevels.

Introduction Chart 1.  Structure of Hexarhenium(lll) Cluster, [R@s-S)Xe]*~

In 1999, three research groups including' i&atail > and
Nocerd reported independently that herarhenium(lll) clus-
ters, [Re(us-S)Xe]*” where X= CI~, Br, or I~ (Chart 1),
show room-temperature emission both in solution and in
crystalline phases. Typically, [B&Clg]*~ in CH;CN exhibits
emission in the wavelengti)region of 606-1000 NM f£max
= 770 nm) with the quantum vyield and lifetime of 0.039
and 6.3us, respectively.Prior to these reports, Arratia-fez
and Hernades-Acevedo predicted theoretically that the
clusters might show luminescenteln addition to [Re(us- clusters have been report&d!* Besides the room-temper-
SkXe]*", various [Re(us-E)sLe]” (E = S, Se, or Te: L= ature emission, we also reported that the emission spectra
CN", NCS', PEg CHCN, pyridine derivatives, 44 and lifetimes of [RgSsCls]*~ and [R@Ss(NCS)]*~ both in
bipyridine, or othero-donor ligand) have shown to be also  sojution (propylene carbonate or butyronitrile) and in crystal-
luminescent at room temperaturéy™ and theoretical  jine phases depended significantly on temperat@jegnd
studies on the spectroscopic and physical properties of thesuggested that the results would be explained in terms of

: — : — the contributions of the emissions from the lowest-energy
* Corresponding author. E-mail: kitamura@sci.hokudai.ac.jp. . . .
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statel® However, our experiments on tiedependence of
[ResSsClg]* emission showed an unusual spectral red-shift
with an increase iff in the range of 3670 K, which could

not be explained by simple thermal distributions between
the emitting vibrational levels. Th& dependent emission
of a transition metal complex at low temperature (1390

K) has been often discussed in terms of the contributions of
the emissions from the lowest-energy excited triplet-state
sublevels: ¢n.*5"1% In practice, thel dependent emission of
[Mogs(us-Cl)sClg]>~ = [MoeCli4?>~, possessing an isoelec-
tronic structure with that of [R&sXs]*, has been explained
by participation of three excited triplet-state sublevels;

n = 1-311% To clarify the emission characteristics of
[ResSeXe)*, therefore, we reinvestigatdddependences of
the emission characteristics in thgange of 36-290 K. In

the present paper, we show that the charactefisiependent
emission spectra and lifetimes of [f8eX¢]* (X = CI~, Br~,

and I') are explained by a single context of the contributions
of the emissions frorfour lowest-energy excited triplet-state
sublevels: ¢n, N = 1-4.

Experimental Section

[ResSeXg]*~ (X = CI~, Br—, and I) as n-BuyN* salts were
prepared and purified according to the literattfrAnal. Calcd for
CessH14N4R&:SX6. X = CI™: C, 30.07; H, 5.68; N, 2.19; S, 10.03;
Cl, 8.32. Found: C, 29.79; H, 5.47; N, 2.44; S, 10.11; CI, 8.24. X
=Br—: C, 27.23; H, 5.14; N, 1.98; S, 9.09; Br, 16.98. Found: C,
26.92; H, 5.00; N, 1.93; S, 9.01; Br, 16.81.=X1": C, 24.76; H,
4.67; N, 1.80; S, 8.26; I, 24.52. Found: C, 24.34; H, 4.47; N, 1.92;
S, 8.36; I, 24.80.

Sample solids were placed between two nonfluorescent glass

plates, and the temperature@.1 K) was controlled by using a
liquid-He cryostat system (Oxford Instruments, OptistatCF). A
pulsed Nd&":YAG laser (Continuum, Surelite-1l, 355 nm, fwhm

Figure 1. Temperature dependence of the emission spectrum gB&Rg*~

in the crystalline phase: (a) ¥ Cl, (b) X =Br—, and (c) X=1". The

color scheme for the observed temperatures for all three panels is given in
panel a. Excitation wavelength was 355 nm.

using a streak camera (Hamamatsu Photonics, C4334) or photo-
multiplier (Hamamatsu Photonics, R928F) equipped with a mono-
chromator (Javin-Yvon, HR-300).

Results and Discussion

Figure 1 showd dependences of the emission spectra of
[ResSsXe]* in the crystalline phase. As a typical example,
the emission intensity of [R&Clg]*~ (Figure 1a) decreased

~6 ns) was used as an exciting light source. Emission spectra wereyith an increase iff from 30 to 290 K and this accompanied
recorded on a red-sensitive multichannel photodetector (Hamamatsu, p|,e-shift and broadening of the spectrum. Such an overall
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T dependence of the spectrumng, band shape, and
intensity) observed was analogous to that reported by Gray
et all® The data in Figure l1a indicated, however, that an
increase inT from 30 to 70 K resulted in a red-shift of the
spectrum, while the spectrum was shifted gradually to the
blue above 70 K. The red-shift at 3@ T < 70 K and
subsequent blue-shift of the spectrum above 70 K is not
fortuitous, since results analogous with those ofsfi8€ls]*~

have been also confirmed for both §ReBrg]*~ and [ReSsl¢]*

as seen in Figure 1b and Figure 1c, respectively. Furthermore,
a similar T dependent emission shift has been reported for
[MogCl14?~ as well”~19 In the T range of 36-290 K, on

the other hand, the emission showed a single-exponential
decay irrespective of,?! as a typical example of the data
for [ResSsClg)*~ is shown in Figure 2. The emission lifetime
(7) of [ResSsXe]*™ increased gradually with a decreaseTin
from 290 K (5-6 us) to~60 K (13—20us), whiler showed

a sharp increase below 60 K (3@0 us at 30 K) as the data

(21) At3.5< T < 20 K, the emission showed non-single-exponential decay,
since each excited triplet-state sublevel emits independently: spin
alignment. Therefore, single-exponential decays of the emissidn at
> 30 K indicate that the excited triplet-state sublevels are in a thermal
Boltzmann equilibrium.
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Figure 2. Temperature dependence of the emission decay profile of
[ResSsClg)* in the crystalline phase: 30 (a), 50 (b), 70 (c), 120 (d), 170
(e), 230 (f), and 290 K (g). Excited at 355 nm; the emission was monitored
at the maximum wavelength at a givén

Figure 4. Simulation of the observed emission spectrum (black) of
[ResSsClg)*~ at a givenT by eq 1. Separated emission spectra of the triplet-
state sublevels are shown by green) (blue ,), light blue ¢s3), and orange
(¢4). The total simulated spectrum at a givéris shown by red in each
panel.

shape of eaclp, is independent ol and the band shapes
are identical with one another, but the maximum energy
differs betweenp,. In the case of th& dependent emission

of [MoeCl14?~, these assumptions have been shown to be
valid enough'® Therefore, we follow such assumptions in
the present data analysis. The observed spectrum at a given
T (I(v,T)) was then analyzed as the Boltzmann factor
weighted sum of the emission spectra fréour ¢, (level
energy: ¢1 < ¢2 < ¢3 < ¢4) on the basis of eq 1,

|(v,T) = k'F(v) + K exp(— AE, JKT)F(v + Av,) +

I exp(— AE,JKT)F(v + Av,) + K exp(—AE, JKT)F(v +
Figure 3. Temperature dependence of the emission lifetime of$R&;]*~
in the crystalline phase: (a) ¥ CI—, (b) X =Br—, and (c) X=1". The AV4) (1)
solid curve in each panel shows the best fit by eq 3.

) o _ wherek is the radiative rate constant f relative to that
are summarlzed in Figure 3.. All of thgse experimental o1 (i.e.,k,l = 1.0). F(v) represents the spectral Gaussian
observations should be explained by a single context. function of ¢; at 30 K: assumption (b)Av, (n = 2—4) is

We analyzed the data in Figure 1 by an idea analogousthe spectral shift of each sublevel measured from the
with that reported for theT dependent emission of maximum energy of¢: (=v), and AEy, is the energy
[MoeCly?~. 119 We assume here that the results in Figure difference betweem; and#,. A typical example of spectral
1 are essentially due to the contributions frgm Since separations of the observed emission at sevetsl eq 1 is
thermal Boltzmann populations from the lowest-energy shown in Figure 4. The observed spectrum at a givén30
excited triplet-state subleveb{) to the upper-lying sublevels  K) was best fitted by the sum of those of two to fahy It
(¢n) are neglected at 30 K, the emission spectrum observedis worth emphasizing that, although thelependent emission
at 30 K reflects that ofp;. An increase inT gives rise to of [MoeCl14)>" has been explained by the contribution of
thermal populations fromp, to ¢, So that the emissions from  the emission fronthree excited triplet-state sublevels as
¢n contribute to the observed spectrumTat- 30 K. To described abovE; 1°that of [ReSgXe]*~ cannot be accounted
analyze the data, we introduce the following assumptions: for by assuming three sublevels, but is fitted almost
(&) The emitting¢n levels are in a thermal Boltzmann satisfactorily by the emissions frofaur excited triplet-state
equilibrium atT > 30 K2 (b) The emission spectral band sublevels irrespective of X, n = 1—4.
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Figure 5. Temperature dependence of the relative emission intensity of
each excited triplet-state sublevel of f8gXg]*: (@) X = CI~, (b) X =
Br~, and (c) X=1~. The color scheme is depicted in panel a.

Such an analysis of the data in Figure 1 can also afford
the T dependence of the relative emission intensity of each
én (I(T)y) as the results are summarized in Figure 5.
I(T) can be expressed by ed2:

Iy = k7 exp(-AE/KT)/[k: + 5 K exp-AEL/kT)] (2)

Fittings of thel(T)y, data by eq 2 withAE;, and k! being

dependent emission lifetimes of three [ReX¢]*~ by eq 3
and AE;,, which reproduces very well the experimental
results irrespective of X. Therefore, tiedependencies of
the observed emission spectrurh{, band shape, and
intensity) and lifetime of [Rg5sXe]* (X = ClI~, Br—, or I)

in the T range of 36-290 K can be interpreted satisfactorily
by a single context: contributions of the emissions fifoor

¢n. The AEsn, kI, andt, values evaluated for [R8sXe|*~

are summarized in Figure 6. Note that the parameters
reported here are approximate values, since fittings of the
present data by eq 1, 2, or 3 should be refined further; this
is in progress in this laboratory together with analysis of the
T dependent emission data of other §Rg ¢]? clusters. On

the basis of the present parameters, nevertheless, the fol-
lowing discussions could be made for the excited triplet state
of [ResSeXe)*™.

The T dependence of the [MGl14?>~ emission has been
shown to be explained by the contributions of the emissions
from threeg, with AE;; and AE;; being 67 and 680 c,
respectively, as the sublevel energy diagram is included in
Figure 617719 It is worth noting that the presence of fog
has been predicted theoretically for both {B&¢* and
[MogCl14)?~ (i.e., double group representation of,TA1y,

Eu, and T, for both clusters}/~1%22 although the A, state

of [MogCl14?>~ has not been observed experimentally, prob-
ably due to location of the state in close proximity to the
strongly emitting T, sublevel'® Since the present data for
the three [Re5sXe]* clusters can be explained exclusively
by ¢, (n = 1—4), it is concluded that the presence of four
emitting excited triplet-state sublevels is a common feature
of [ResSeXe)*".

At the present stage of the investigation on {&Xg]*",
we have not identified the double group representation of
each ¢,. However, we suppose that the sequence of the
sublevel energy of [R&sXe]*~ would be similar to that of

variablg parameters were almost satisfagto_ry as shown by[mo4Cl1]2-, owing to an isoelectronic structure of [fBsX e+
the solid curves in Figure 5, though the fitting of the data \yith that of [MosCl.42. Since theAEy, values observed
for ¢, was not necessarily good enough. Nonetheless, overallor [Re;SCls]*~ (80—690 cnt, Figure 6a) are comparable

T dependence of the emission intensity of eafhis
explained very well by eq 2. The results in Figure 5
demonstrate that the emission frapa explains very well
the spectrum at 30 K (for [R&Cl¢]*~, see also top panel
in Figure 4), while its contribution to the overall spectrum
decreases with an increase Tnand this accompanies the
increase in the contributions of the emissions fr@so ¢,.
For [ReSsClg)*™ at 290 K, as an example, the emission from
¢ to the total emission spectrum is dominanti0%), while
those from the other three sublevels are margin&Q%6):
Figure 5a.

Analysis of thel(v,T) and I((T);, data by egs 1 and 2,
respectively, affords the common parametersA&, and
k'. On the basis of the evaluatéd;, values, furthermore,
the T dependence of can be simulated by eq'3;8

7=[ 6 expCAE/KDI{ ) g exp-AE/KD} /7] (3)

whereg; is the spin multiplicity of the state concerned. The
solid curves in Figure 3 show the simulations of the

to those of [M@Cli4)?>~ (67—680 cn1?, Figure 6d), this might
also support the above discussion, while the energy level of
the Ay, state is unclear.

Finally, it is worth discussing the origin of the curiolis
dependent emission spectral shifts of §8Xe]*: red-shift
(30—70 K) and subsequent blue-shift of the spectran?@

K) with an increase inT (Figure 1). It is clear that the
behaviors cannot be explained hyE;, alone (i.e., the
sublevel energy= ¢1 < ¢2 < ¢3 < ¢4). On the other hand,
the emission maximum energy of each sublevel increases
with the sequence @f, < ¢1 < ¢3 < ¢4 for all [ResSgXq]*~
studied (see Figure 4 for example). Since the relative
contribution of the emission from each, to the total
spectrum varies withT, the sequence of the emission
maximum energy of eaah, mentioned above and, thusy,

in eq 1 is the primary reason for tiedependent emission
spectral shift. The\v, value is determined byE;, and the
energy of the FranckCondon ground state relevant to the

(22) Tanaka, K. Private communication.
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Figure 6. Schematic illustrations of the excited triplet-state sublevel energies and the spectral shifts$eXfRe (a—c) and [MaCli4?~ (d). The upper
and lower levels connected by the arrow represent the initial and final levels of the transition, respectively, and the value represents timeaaimission
energy of eaclp,. For AE', see the main text. The data for [W@142~ observed in the crystalline phase were compiled from ref 19.

transition from eachp,. On the basis ofAE;, and Avy, Conclusions
therefore, one can estimate the energy differences between

the Franck-Condon ground states for the four emission tran-
sitions (AE'), as shown schematically in Figure 6. Sincg'

The present study demonstrated that the charactefistic
dependent emission spectra and lifetimes ok8¢s]*~ (X

is d ined inlv by the vibrational f d/ = CI7, Br~, and I') could be explained reasonably by a single
's determined mainly by the vibrational frequency and/or ., iext of participation of the four emitting excited triplet-

vibrational distortion between the excited-state sublevel and ;e sublevelsi,. Although the presence of fous, has
the relevant FranckCondon ground state for nonradiative peen predicted theoretically for both [M®li]?~ and
decay of [ReSeX|*", the curiousT dependent emission shift  [Re;SgXe]*", experimental proof of the presence of fah
observed in the present study could be explained in termsfor [MogCl142~ has not been shown yet. Therefore, this is
of such parameters, similar to the results on {@ig,]>~.*° the first demonstration for the presence of the four emitting
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excited triplet-state sublevels of [F&Xe]*~, isoelectronic warranted and should be reconsidered with respect to the
to [MoeCl14?". Finally, it is worth pointing out, furthermore,  contributions of the photophysical properties of eggto

that the nonradiative decay rate constakit3 ¢f [ResSsXe]*~ the room-temperature emission.

or [ResEsLg)? have been discussed in terms of the energy
gap law by us® and Gray et af:™® linear relationship Acknowledgment. The authors are indebted to Prof.
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ever, the present study demonstrated clearly that the room-
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