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Letters to the Editor

Simple correlation between the main luminescence parameters
of the metallocene complex in the liquid phase
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Metallocene complexes of Group 4B metals possess
rather uncommon phosphorescent states!—3 appearing due
to the ligand to metal charge transfer (LMCT).1=12 The
luminescence quantum yields (@) and lifetimes of elec-
tronically-excited states (1) of metallocenes of the tita-
nium subgroup are among highest and longest ones for
the known LMCT states and other radiative states (T—S,)
of coordination compounds. In the present work, we stud-
ied the lifetimes of the LM CT excited states of metallocene
rac-C¢H,o(IndH,),ZrCl, (1)!3 (Ind is indenyl) in solu-
tions. This metallocene intensely luminesces in the liquid
state at room temperature. The proportional dependence
@, o< 1 of the radiative characteristics of compound 1 was
observed in solvents of different solvating ability.

Solutions prepared from single crystals of com-
pound 1 were studied. All solvents were subjected to spe-
cial repetitive purification from traces of admixtures, oxy-
gen, and moisture using freezing—thawing out cycles in
a high-vacuum line according to known procedures.1—4
The concentration of the complex in solutions was
3.10=>—2-10~* mol L~!. The lifetimes were determined
upon the excitation of solutions of metallocene 1 by a
photodiode laser with A, = 375 nm on a Fluotime 200
fluorimeter (PicoQuant GmbH, Germany) using the pho-
ton counting method and the commercial FluoFit pro-

gram package. The luminescence quantum yields of solu-
tions of compound 1 were determined by a comparison of
the integral luminescence intensities of the sample (D,)
and standard solution (Dy) with a correction for the dif-
ference of the refractive coefficients of the solvent in the
sample (n,) and in the standard (ny) using the known
formula

cI)L,)C/CI)L,st = (”xz/”stz)(Dx/Dst)-

An anthracene solution in ethanol (@ = 0.27) was
used as standard.!® The accuracy of determination of ®;
was at least £10%.

We obtained a linear correlation for the main emission
parameters

q)L = krT,

where k, is the radiative deactivation constant for the
excited state (for solutions of 1 k. = 2.36+10*s~; Fig. 1),
which was observed for the first time for the luminescence
of all known molecules in solutions. The solvent deter-
mines the nonradiative deactivation rate (k,.) rather
than k,, which is expressed as the relation ®; o< 1. Note
that the @ and t parameters strongly depend nonlinearly
on the medium effects, most probably, because of specific

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 11, pp. 2272—2274, November, 2007.
1066-5285/07/5611-2351 © 2007 Springer Science+Business Media, Inc.



2352

Russ.Chem.Bull., Int.Ed., Vol. 56, No. 11, November, 2007

Loukova et al.

oL

0.30 18
025 f
0.20
0.15 |
0.10

0.05 | ®; =23600-7 (s)

2 =0.996

0 4 8 12 /us

Fig. 1. Linear relation of the luminescence quantum yield (®;)
and the lifetime of the LMCT state (t) of metallocene 1 in
bromotrichloromethane (7), hex-1-ene (2), 2-methyltetra-
hydrofuran (3), pentane (4), tetrachloromethane (5), methyl-
cyclohexane (6), cyclohexane (7), butylbenzene (&), aceto-
nitrile (9), p-xylene (10), ethylbenzene (/1), m-xylene (12),
toluene (13), o-xylene (14), p-chlorotoluene (15), benzene (16),
1,2-dichloroethane (/7), and dichloromethane (18) at 20 °C.

interactions of the complex with aprotic solvents of dif-
ferent nature. This dependence cannot be explained by
one simple regularity (for instance, by the dependence on
the dielectric constant € or npp2). We believe that the main
factors determining the quantum yield and lifetime of the
radiative state of d’-metallocene in solution are the strong
solvation (via the mechanism of outer-sphere coordina-
tion of molecules of the medium) and the absence of
inner-sphere coordination of the solvent by the solute
(for example, where quenching can occur via the exciplex
mechanism). Quite strong donor—acceptor interaction is
also observed when 2-methyltetrahydrofuran was used as
solvent. In this case, the donor—acceptor c-bond is
formed due to a lone electron pair of the O atom (ether)
and the vacant orbital of Zr*" (in this case, ®; and 1 are
low). We exclude the influence of the HOMO—LUMO*
energy gap (determined as the energy of the 0—0-transi-
tion (Ey) or the energy of the luminescence maxi-
mum (£,,,)) on the ®; and t parameters: the range, in
which the gap values for complex 1 are varied in the series
of solvents, is too narrow (Ey, = 2.94—3.11eVand E,,, =
2.58—2.81 eV, ie., AE = 5—8% of the gap value) to
expect considerable changes in ®; and t. In our opinion,
the strong outer-sphere solvation makes the structure of
the complex more rigid ("rigid matrix effect"), which de-
creases the probability of nonradiative deactivation due to
vibrational relaxation and bimolecular quenching in solu-
tion. The efficiency of solvation depends on the macro-

* The so-called "energy gap law" 15—19_ which is expressed as the
linear increase in In(k,,;) with a decrease in the emission energy
E . is known for a series of metal complexes, including the
half-sandwich d°-complexes of Group 5B metals.20

scopic parameters of the solvent (g, nDz) and the specific
(coordination, chemical) interaction with the solute.

The data presented in Fig. 1 indicate that the radiative
characteristics @ and t are very sensitive to the properties
and structure of the medium molecules (see, e.g., the
series pentane—cyclohexane—methylcyclohexane, alkyl-
benzenes, isomeric xylenes) and can be used when study-
ing intermolecular interactions in highly organized (for
example, catalytic) systems based on metallocenes of
Group 4B metals. In our case, the specificity of the inter-
action is manifested as a monotonic decrease in the lumi-
nescence quantum yield and lifetime with the enhance-
ment of steric hindrance in the Cg4 ring of the solvent
molecules. Such systematically modified hindrances are,
for instance, the alkyl substituent length in alkylbenzenes
and the position of substituents in the xylene isomers. For
example, at virtually identical macroscopic properties
(e, np?, influence on Ey, and E,,,), as in the case of
alkyl-substituted benzenes, a strong medium effect on the
luminescence characteristics ®; and t was observed.

Thus, in the present work, we revealed that the main
Iuminescence characteristics (@ and t) of solutions of
complex 1 depend strongly on the solvent nature; the
long lifetimes and high luminescence quantum yields are
observed in media with a stronger solvating ability toward
the metallocene complexes. The solvent determines the
nonradiative deactivation rate, which is expressed as the
linear relation between the @ and t parameters.
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