TETRAHEDRON

e 4T e Ao mEon oy LETTERS
Tetrahedron Letters 39 (1998) 75837586

Reinhoudt“*

“Laboratory of Supramolecular Chemistry and Technology, University of Twente, P.O. Box 217, NL-7500 AE Enschede, The

N oth 2ol Ao
INCTIE T LAdrias

Phone: + 31 53 4892980. Fax: + 31 53 4894645. E-mail: SMCT@ ct.utwente.nl

bAkzo Nobel Central Research, Location Arnhem, P. O. Box 9300, NL-6800 SB Arnhem, The Netherlands

Received 15 July 1998; accepted 27 July 1998
Abstract
Near-infrared luminescent ytterbium(IIl), neodymium(IMl), and crbium(lll) complexes containing novel
organic chromophores derived from azatriphenylene have been prepared and spectroscopically studied. The

complexes can be excited from 350 to 450 nm, leading after intramolecular energy transfer to intense lanthanide
luminescence in acetonitrile. Quenching of the luminescence of the complexes by molecular oxygen reveals
information on the rate of energy transfer from the “antenna” to the lanthanide ion. © 1998 Elsevier Science Ltd. All
rights reserved.
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Whereas the luminescence characteristics of Eu'* and Tb** are widely studied, the NIR (Near Infrared)
emitting lanthanide ions like Er**, Nd**, and Yb** are relatively unexplored. The ability of Er'*, Nd**, and Ybw

i

to emit in the near-IR (beyond 800 nm) makes them of interest for diagnostic or tagging applications.
Although the luminescent lifetimes of NIR lanthanide ions are short (0.5-20 us in solution) compared to the rare
earth ions which emit in the visible part of the spectrum, these lanthanide ions have several advantages. The
near 1nfra1ed emission bands offer good penetration into scattering media such as blologxcal system'; and the
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and also to Dv and Sm
energy transfer from an aromatic chromophore which absorbs in the visible part of the spectrum Only a few
examp]e% of these thomophoxes are known, namely, triphenylmethane-derived indicators (e.g. xylenol
orange),” porphyrins,” and fluorescein or eosm derivatives incorporated i n diethylenctriamincpentaacetic acid’

Very recently, we reported that diaza-® and tetraauatnpnenylcncs combine complexation strength and an
extremely efficient energy transfer ability to the lanthanide ions Eah, Tb** ’DyJ and Sm”). In this
communication we describe that diaza- and tetraazatriphenylenes are also very promising antenna chromophores
for the NTR emitting lanthanide ions Er'*, Nd**, and Yb™".
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the sensitizer (1, 2, 3, and 4) in acetonitrile. In these experiments the molar ratio sensitizer/lanthanide ion of 2/1
was obtained as was evident from titration experiments with sensitizers 1-3. For sensitizer 4 the maximum
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signal for sensmzed Yb luminescence was obtamed for the molar ratio sensitizer/lanthanide ion of 1/1. The
results obtained for sensitizers 1-3 are in accordance with experiments performed with diaza- and tetraaza-
triphenylenes.®” Evidence for sensitized emission came from luminescence experiments in which the sensitizer
is directly excited in one of its absorption bands (e.g. at about 335 and 280 nm for diaazatriphenylene 1, 375,
360, 320 or 280 nm for tetraazatriphenylenes 2 and 3, and 450, 411, 390, 370, and 325 nm for
Lelraazatllpnenylene 4) after which the typical lanthanide emission is observed. From these experiments it is
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about 880, 1070, and 1340 nm is observed, for Yb** at about 980 nm, and for Er** at about 1540 nm. Moreover,
the excitation spectra show featurcs which correspond to the absorption spectra of the azatriphenylenes.
Emission spectra for the Yb'*, Nd**, and Er’* complexes with tetraazatriphenylene 2 and the excitation spectra
of the Yb** complexes of 2, 3, and 4 are shown in Figures 1 and 2, respectively. It is evident from Figure 2 that
upon going from azatriphenylenc 2 to 3 and 4 the longest wavelength of absorption shifts to higher values. This
indicates a gradua] lowering of the energy of the lowest excited singlet state of the azatriphenylenes, and a
concomuam shift of the lowest excited mplel state, as exemplified m Table 1. Moreover, the absorption spectra
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Figure 1. Normalized Emission Spectra of Yb™*, Nd™*, and Er’* upon Ligand
Excitation of 2 in Acetonitrile.



Although no quantum efficiency could be determined for the NIR lanthanide ions due to the lack of a
suitable reference compound with known e’fficiency8 (e.g. quinine bisulfate for Eu™), an estimation of the
efficiency of energy transfer has been made by studying the effect of deaeration on the luminescence intensity.
Oxygen competes with the excited state of the sensitizer. Energy transfer from sensitizer to oxygen results in the
formation of mnglet oxygcn which is visible as an emission at 1275 nm. In particular, the iuminescence
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Figure 2. Normalized Excitation Spectrum of Yb' with 2, 3, and 4; Aem = Figure 3. Energy Level Diagram of the

Lanthanide Ions and the Triplet Levels of
the Azatriphenylenes.

980 nm in Acetonitrile.
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- ) 1€ enc gv gap between the emitting
levels a.nd the sen51t1zmg donor states is much larger for thc, NIR elmttmg ions so that less efﬁuent energy
transfer may be anticipated. Hence, when a lanthanide ion is complexed by the sensltlzel the formation of
singlet oxygen is reduced compared to the free sensitizer but still a substantial signal at 1275 nm is present. In
order to reduce the energy gap, the annellated tetraazatriphenylene derivative 4 [mp 295-297 °C; 'H NMR
(TFA) 6 10.40 (d, 2 H, J = 8.4 Hz), 9.65 (d, 2 H, J = 4.2 Hz), 9.62 (s, 2 H), 8.8-8.5 (m, 4 H), 8.3-8.1 (m, 2 H)]

was synthesized in 84% yield by condensation of 2,3-diaminonaphthalene and 1, 10-phenanthroline-5,6-quinone

in refiuxing ethanol.

Initial results show that energy transfer occurs from 4 to Nd™*, Er'*, and Yb™ with excitation
wavelengths extending beyond 450 nm. The mﬂ..lencc: of oxygen is strongly reduced as compared to the other
sensitizers, which indicates a faster energy transfer in the complex with sensitizer 4.

Table 2. Photophysical Data of Azatriphenylene-based Yb*, Nd**, and Er'* Complexes in Acetonitrile.”

Compound T (1) T (16 Ndox (us) N deox (us) % (L) et (16)
1 7.4 nd 0.4 nd 1.7 nd
2 6.2 nd 03 nd 2.0 nd
3 10.6 8.5 0.7 0.3 2.6 23
4 7.9 7.8 0.3 0.3 25 2.6

« 799% (115) = luminescence lifetime of the rare-earth ion luminescence in (de)oxygenated solution; the error is 0.05-0.1 ps; nd
= not determined.



In Table 2 luminescence lifetimes of the Yb** , Nd**, and Er'* complexes with the antenna
chromophores 1, 2, 3, and 4 arc listed. All the measured luminescent lifetimes do not display a significant
change upon deoxygenation and have typical lifetimes of the luminescent NIR lanthanide ions in solution as
reported in the literature.'

In conclusion, the azatriphenylenes 1, 2, 3, and 4 give energy transter to the NIR luminescent lanthanide
jons Nd”™", Er * and Yb** (for an energy diagram see Figure 3), allowing excitation in the visible part of the
electromagnetlc spectrum. It has been demonstrated that the structure of azatriphenylenes can be adapted to
allow fine-tuning of the triplet state of thc sensitizer compared to the luminescent level of the near-infrared
luminescent lanthanide ions. The energy transfer to these NIR emitting lanthanide ions occurs approximately on
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a recently proposed electron transfer mechamqm from sensitizer to lanthanide ion. However, in the present
work we found no evidence for this mechanism, since the data obtained for the three lanthanides studied show
the same trends and the reduction potentials for both Nd** and Er’* are much lower than that of Yb**, precluding
effective electron transfer in the latter ions. Moreover, the oxidation potentials of the azatriphenylenes are very
high; with cyclic voltammetry it proved impossibie to measure oxidation potentiais for soiutions of diazatri-
phcnylene 1 and tetraazatriphenylenes 2-4 in acetonitrile up to 2.5 V (relative to SCE).

Further investigations include the preparation of azatriphenylenes which have a lower triplet energy or a
suitable oxidation potential for more efficient energy transfer to the near-IR lanthanide ions. The synthesis route
for the tetraazatriphenylenes (e.g. 2, 3, and 4) allows simple modifications to afford derivatives with more

efficient energy transfer properties.

Acknowledgement. The rescarch described in this paper was supported by the Technology Foundation (STW),
Technical Science Branch of the Netherlands Organization for Scientific Research (NWO).

References and Notes

-
—
[—

a) A. Heller /. Am. Chem. Soc. 1967, 89, 167. b) Y. Hasegawa, K. Murakoshi, Y. Wada, S. Yanagida, J.-

H. Kim, N. Nakashima and T. Yamanaka, Chem. Phys. Lett. 1996, 248, 8. ¢) Y. Hasegawa, K.

Murakoshi, Y. Wada, J.-H. Kim, N. Nakashima, T. Yamanaka, S. Yanagida, Chem. Phys. Lett. 1996,

260, 173. d) A. Beeby and S. Faulkner, Chem. Phys. Lett. 1997, 266, 116. e) A. Beeby, R. S. Dickins, S.

Faulkner, D. Parker and j. A. G. Williams, Chem. Commun. 1997, 1401.
> es are also suitable for uptical alupuuuu ion e.

ea . n. 2,24,517.

.B. Mcshkova . Rusakova and Bolsh01 Acta Chim. Hung. 1992, 129, 317.

I. Gaiduk, V. V. Grigoryants, A. F. M1ronov, V. D. Rumyantsseva, V. I. Chissov and G. M. Sukhin,
J. Photochem. Photobiol. B. 1990, 7, 15.

[5] M. H. V. Werts, J. W. Hofstraat, F. A. ]. Geurts and J. W. Verhoeven, Chem. Phys. Lett. 1997, 276, 196.

[6] F. J. Steemers, W. Verboom, D. N. Reinhoudt, E. B. Van der Tol and J. W. Verhoeven, J. Photochem.

Photobiol. A.: Chem. 1998, 113, 141.

—-

g. optica

Q
"l
ban
o &
3
:i
3
[’1
o~
o
a
-.:
3
B
-
&
¥
o

[71 E. B. Van der Tol, H. J. van Ramesdonk, J. W. Verhoeven, F. J. Steemers, W. Verboom and D. N.
Reinhoudt, Chem. Eur. J. accepted for publication.

[8] K. L. Eckerle, W, H. Venable and V. R. Weidner, Appl. Opt. 1976, 15, 703.

[9] W. D. Horrocks, J. P. Bolender, W D. Smlth, R. M. Supkowski, J. Am. Chem. Soc. 1997, 119, 5972.



