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The heavy-atom induced phosphorescence of organic chromo-
phores originates from spiforbit coupling and is always ac-
companied by a reduction of the triplet excited-state lifetime. This
phenomenon, which has been observed for a plethora of aromatic
chromophores, can be triggered by both internal and external heavy
atom effects. In the latter case, a reduction of the triplet excited-
state lifetime by 1 to 3 orders of magnitude has been obséred.

As shown by some of our recent work, trimeric perfluaro- 0.0 0.5 1.0 1.5 2.0
phenylene mercuryl( Chart 1) “sticks” to ther-face of aromatic [1] (x10™ M)
substrated-® In the case of pyrene, naphthalene, and biphenyl, this Figure 1. Stern-Volmer plots for the fluorescence quenching Nof
interaction leads to the formation of extended binary supramolecules methylcarbazole witfi.
in which 1 and the arene alterndtéln these supramolecules, each
arene is surrounded by six mercury atoms that are positioned 3.3 |
3.6 A from the arene molecular plane. As a result, the arene \/‘J"\.
experiences a heavy-atom effect that is manifested by an intense
T1— Sy monomer phosphorescence. This supramolecular approach
allows for a systematic synthesis of bright phosphors whose
emission colors can be coarse- and fine-tuned simply by varying
the identity of the arene substr&&Moreover, the triplet excited-
state lifetimes fall in the millisecond range, which represents

shortening by 3 to 4 orders of magnitude in comparison to those

of the free arene. With the incorporation of such materials in OLEDs \/\-/u
as an ultimate applicatichyve are currently exploring strategies c
that would afford lifetimes in the microsecond rarfg&ince — — 7
chromophores with internal spirorbit perturbation are typically 250 300 350 400 450 500 550

more sensitive to external heavy-atom efféétsje have become Wavelength, nm

interested in the photophysical properties of complexes involving Figure 2. Photoluminescence excitation and emission spectra of crystals
1 andN-methylcarbazole oN-methylindole (Chart 1) wherein the ~ ©f 2at 77 K (I) and of3 (Il) in CHCl, frozen solution (A), crystals at 77

nitrogen atom acts as an internal sporbit coupling perturbel-11 K (B), and crystals at room temperature (C).

Intensity (arbitrary units)
é

Chart 1 M~ for N-methylcarbazole (Figure 1). The magnitude of these
E F constants suggests that the quenching observed is static rather than
dynamic. This conclusion is reinforced by measurements of the
F F fluorescence lifetimes, which remain constant during the titration
QT) experiment (Figure 1). Altogether, these observations clearly
F Hg Hg F N N

indicate the formation ofround-state complexes in solutidre.,

. He . Me Me [1-N-methylindole] @) and [L-N-methylcarbazole]3) whose as-
N-methylindole  N-methylcarbazole squaﬂon constants are equal to the r.esped{iye.'l'.he pho.tolu-

F F F F minescence spectra of frozen &Hp solutions containing equimolar
1 amounts ofl andN-methylcarbazole dl-methylindole exhibit only

the phosphorescence of tNeheterocycle (Figure 2) with emission
energies that correspond to those reported for the respective T
statesi314 The observed phosphorescence results from substantial
spin—orbit coupling provided by the mercury centerslofo the
N-heterocycle, consistent with the existence of compl&xasd3

Incremental addition of to a CH,CI, solution of the heterocycle
results in a progressive quenching of the fluorescence of the
heterocycle. The observed quenching most likely results from a
mercury heavy-atom effeéf, which depopulates the;State of
the h_eterocycle_. Analy_sis of the fluorescence quenching data hereinin solution. Measurements in frozen @Bl, solutions indicate
provides the first evidence for the complexation of aromatic drastic lifetime shortening upon complexatiaff & 66 + 3 us for
substrates by in solution. Thus, a SterVolmer analysi¥ yields 2 and 176 6 us for 3 vs 2.1 s forN-methylindole and 5.1 s for
aKsy value of 2792+ 68 M™* for N-methylindole and 891 40 N-methylcarbazole), certainly corroborating the above conclusion.

T Texas A&M University. While it is difficult to ascertain their structure in solution, the

* University of North Texas. binary complexes precipitate from concentrated,Ch solutions
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that these lifetime reductions are more drastic than those obtained
when comparing the triplet emissions dfljiphenyl] or [L-naph-
thalene] to those of the respective free arériddence, the dramatic
lifetime reduction observed fa2 and 3 most likely results from
the synergy of the external mercury and internal nitrogen heavy
atom effects. The combination of these effects is also manifested
by the appearance oS> T; bands in the excitation spectrum of
2. The ¢P)~! values measured at 77 K or RT represent the sum of
the radiative ) and nonradiativelg,) decay rate constants, which
cannot be readily separated. Hence, we have carried out low-
temperature lifetime measurements down to 4 K; extrapolation to
0 K yieldsk, = 1.53 (0.01)x 10* s % for 2 and 2.92 (0.02)x 10°
s~ for 3. Assuming that the yield of intersystem crossing is unity,
these measurements suggest that the RT phosphorescence quantum
yield of 2 (44%) is greater than that & (14%).

In conclusion, these studies indicate that adducts involling

Figure 3. Space filling (left) and ORTEP view (50% ellipsoid, right) of a
portion of a stack in the structure & Only one of the two crystallo-
graphically independent stacks is shown. Representative intermolecular
distances (A): Hg(tyC(27) 3.37, Hg(1)-C(28) 3.27, Hg(1A)-C(29) 3.33,
Hg(1A)—N(1) 3.39, Hg(2)-C(21) 3.29, Hg(3A)-C(22A) 3.38.

Table 1. Triplet Lifetimes for N-Heterocycles and Their Adducts

with 1 and aromatic substrates exist in solution. Their presence is reflected
frozen frozen . . by the intense phosphorescence observed in frozen solutions, and
EPA  CHiCh ChyCly  solid 77K solid RT their formation can be readily quantified by fluorescence spectros-
) © ss) (us) () copy. More importantly, we describe a strategy that yields bright
N-methylindole 67 21 2 66 57 29 room-temperature phosphors whose excited-state lifetimes are below
N-methylcarbazole 7.5 51 3 176 99 49

containing equimolar amounts df and N-methylcarbazole or
N-methylindole. As indicated by elemental analysis, the solid
adducts have a 1:1 stoichiometry. While we have not been able to
elucidate the solid-state structure fsingle crystals o8 can be
readily obtained. The crystal structure of this adduct reveals the
formation of extended binary stacks with alternating molecules of
1 andN-methylcarbazole (Figure 3). As a result, thidaces of the
heterocycle are directly exposed to the trinuclear mercury core of
adjacent molecules df Because of the presence of two independent
molecules of 1-N-methylcarbazole] in the asymmetric unit, there
are two crystallographically independent types of stacks which differ
by the orientation of théN-methylcarbazole unit with respect to
the trinuclear mercury core df. In one of the two orientations,

100us, owing to heavy-atom effects. This strategy is based on the
use of simpleN-heterocyclic chromophores whose phosphorescence
is induced and greatly accelerated by complexatiof. tGurrent
efforts are focused on the incorporation of these materials in light-
emitting devices.
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there is a short HgN distance of 3.39 A, which is within the van
der Waals radii of mercuryra, = 1.7 AY5 and nitrogen rfqw =
1.5 }3\) 181n both stacks, there are short HGaromaiccontacts ranging
from 3.26 to 3.44 A, suggesting the presence of secondaryHg
interactions’” The coexistence of two distinct orientations of the
N-methylcarbazole unit suggests that these interactions are not
directional but perhaps largely dispersive and/or electrostatic.
The solid-state photoluminescence spectra of crystalliaed
3 are almost identical to those observed for the corresponding frozen
CH,ClI; solutions (Figure 2). The intense emissions of the binary
solids are attributed to monomer phosphorescendé mwiethylin-
dole and N-methylcarbazole, respectivel§!* In addition, the
excitation spectrum of compouriifeatures a series of bands that
are distinctly red-shifted from the singlet absorption of the
unperturbed heterocycle. These bands (Figure 2, 1) most likely
correspond to direct S— T, excitation. Nevertheless, the low
intensity of these bands suggests that they play little role in the
excitation route. To further assess the extent of the heavy atom
effects induced byt in the solid state, we analyzed the kinetics of
the radiative decay (Table 1). The phosphorescence lifetimes for
solid 2 and3 are below 10Qus at room temperature (RT) and 77
K (Table 1). The lifetimes at 77 K are shortened by 5 orders of
magnitude, when compared to those of the fkeketerocycles in
EPA glas$>! (Table 1). Such a startling reduction underscores
the difference that exists in the spiorbit perturbation provided
by an innocent matrix such as EPA and the heavy-atom environment
provided by the mercury atoms @fin the adducts. We also note

References

(1) (a) Kasha, M. JChem. Phys1952 20, 71. (b) McGlynn, S. P.; Azumi,
T.; Kinoshita, M. Molecular Spectroscopy of the Triplet StaRrentice
Hall: Englewood Cliffs, New Jersey, 1969. Lower, S. K.; El-Sayed, M.
A. Chem. Re. 1966 66, 199.

(2) Ramamurthy, V.; Caspar, J. V.; Eaton, D. F.; Kuo, E. W.; Corbin, D. R.
J. Am. Chem. S0d.992 114, 3882-3892.

(3) Haneline, M. R.; GabbaF. P.Angew. Chem., Int. E@004 43, 5471—
5474

(4) Haneline, M. R.; Taylor, R.; Gabhdt. P.Chem. Eur. J2003 9, 5188~
5193.

(5) For a general review, see: Shur, V. B.; Tikhonova, |.Russ. Chem.
Bull. 2003 52, 2539-2554.
(6) Omary, M.; Kassab, R.; Haneline, M.; Elbjeirami, O.; Gabbai, fnéxg.
Chem.2003 42, 2176-2178.
(7) Haneline, M.; Tsunoda, M.; Gabbai, F. P.Am. Chem. So2002 124,
3737-3742.
(8) Baldo, M. A.; Thompson, M. E.; Forrest, S. Rure Appl. Chem1999
71, 2095-2106.
(9) Such lifetimes are necessary for the rapid on/off switching of the emission
required in displays. See: Stoffers, C.; Yang, S.; Zhang, F.; Jacobsen, S.
M.; Wagner, B. K.; Summers, C. Appl. Phys. Lett1997 71, 1759~
1761.
(10) McGlynn, S. PChem. Re. 1958 58, 1113-56.
(11) Nijegorodov, N.; Mabbs, RSpectrochim. Acta, Part 2001, 57, 1449~
1462.

(12) Lakowicz, JPrinciples of Fluorescence Spectroscppyuwer/Plenum:
New York, 1999.

(13) Perry, A. W.; Tidwell, P.; Cetorelli, J.; Windefordner, Anal. Chem.
1971, 43, 781-782.

(14) Lessard, G., Durocher, @. Phys. Chem1978 82, 2812-2819.

(15) PyykKqg P.; Straka, MPhys. Chem. Chem. PhyZ00Q 2, 2489-2493.

(16) Caillet, C.; Claverie, PActa Crystallogr., Sect. A975 31, 448-461.

JA053004I

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12167



