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The first example of assembling novel heteronuclear lanthanide—
transition metal pseudorotaxanes where interpenetration of the
lanthanide stoppered thread into the transition metal sensitiser
containing macrocycle is signalled via sensitised near-infrared
(NIR) lanthanide luminescence is described.

Stimulated by potential applications in diagnostic medical
imaging and optical telecommunications there is intense cur-
rent interest being shown in the design of lanthanide com-
plexes that exhibit near-infrared (NIR) luminescence.! The
low extinction coefficients of the Laporte forbidden f—f transi-
tions of lanthanides necessitates the use of sensitised energy
transfer from a suitable strongly absorbing chromophore to
effect lanthanide luminescence.” This antenna effect has been
successfully exploited using various organic based sensitisers
and transition metal fragments covalently linked to lanthanide
complexes.®

We have recently reported the use of an anion templation
strategy for the assembly of a range of [2]pseudorotaxanes,
[2]rotaxanes and a [2]catenane.* The assembly process is based
on coupling anion recognition with ion-pairing where in non-
competitive solvent media a coordinatively unsaturated chlor-
ide anion of a tight-ion pair threading component facilitates
the interpenetration of a pyridinium, imidazolium or guanidi-
nium thread through the annulus of an isophthalamide macro-
cycle. Herein we describe a novel application of this anion
templation methodology to the anion directed assembly of
heteronuclear lanthanide—transition metal [2]pseudorotaxanes
where pseudorotaxane formation is signaled via sensitized
NIR lanthanide emission. The strategy employed for assem-
bling a heteronuclear lanthanide—transition metal [2]pseudo-
rotaxane is shown in Scheme 1 where a positively charged ion-
pair threading component, stoppered with a lanthanide com-
plex, interpenetrates a macrocycle containing a transition
metal sensitiser motif via anion templation.
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Macrocycle 1, containing a rhenium(i) bipyridyl group as
the transition metal sensitiser in combination with an amide
cleft for anion recognition and electron rich hydroquinone
groups for potential favorable n—m stacking interactions, was
prepared according to a synthetic procedure described in the
ESIL.¥ The reaction of 5-bromo-methyl-2,2’-bipyridine with
benzimidazole and imidazole sodium salts followed by the
appropriate alkylating compound, anion exchange and comple-
xation with Ln[TTA;]-2H,0? (Ln = Gd, Nd, Yb) produced
the potential lanthanide bipyridyl appended imidazolium
threading components 2 and 3 (Fig. 1).

We have previously reported that a macrocyclic rhenium(r)
bipyridyl amide derivative strongly binds halide anions and
forms pseudorotaxanes with pyridinium and imidazolium
threading components via halide anion templation in polar
organic solvents as evidenced by "H NMR and luminescence.®
Titration of tetrabutyl ammonium (TBA) chloride into a
dichloromethane solution of macrocycle 1 revealed, as ex-
pected, an increase in luminescent emission’ after excitation
at the MLCT absorption maximum (440 nm) as a result of
halide anion binding at the macrocycle’s amide cleft. A 1 : 1
association constant was determined using Specfit analysis® to
be log4.72 (£10%).

Analogous luminescent titration experiments with the
gadolinium benzimidazolium and imidazolium molecules 2a
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Scheme 1 Strategy for anion-templated assembly of heteronuclear
lanthanide—transition metal [2]pseudorotaxanes.
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Fig. 1 Macrocycle 1 and lanthanide-containing potential pseudo-

rotaxane threads.

and 3a, also resulted in an increase in the rhenium *MLCT
emission at 640 nm, indicating the binding of the thread within
the cavity. Quantitative titration experiments were carried out
and log K, values of 4.2 (+10%) and 4.8 (+10%) determined
for 2a and 3a, respectively (see ESIt). Time-resolved spectro-
scopyi also revealed a change in the luminescence lifetime of
the rhenium *MLCT emission upon threading from 31 ns for
the free macrocycle to 215 ns. This is strongly suggestive of a
decrease in non-radiative quenching due to restriction of
mobility in the pseudorotaxane structure.

In contrast, steady state studies with the neodymium con-
taining threads 2b and 3b show a significant quenching of the
rhenium MLCT emission (Fig. 2 and ESI¥), while no quench-
ing was observed with the ytterbium threads 2c¢ and 3c
compared to the unthreaded macrocycle. However, this com-
parison is false, in that the gadolinium appended thread (the
pseudorotaxane in the case of threads 2a and 3a) is much more
emissive, as mentioned above. This Gd complex is the true
standard by which the emission intensity should be measured,
and the difference in intensity is indicative of energy transfer
taking place to the ytterbium ion. The case for energy transfer
to neodymium is even more clear cut, and quenching is
apparent compared to both the macrocycle and the pseudo-
rotaxane with a Gd containing thread.

To clarify the situation further, a time-resolved study was
carried out to establish the lifetime and nature of the photo-
physical processes involved. The results are summarized in
Table 1 (see also ESI¥).

By studying the lifetime of the rhenium centered emission,
we may use the emissive lifetime of the Gd analogue (in which
the metal centered excited state is higher in energy than the
MLCT state) to estimate rate constants for energy transfer
(ET) in structural analogues containing emissive lanthanide
ions.” The rate of ET can usually be approximated by using
k(ET) = 1/12 — 1/11 (where 11 is the donor lifetime of the
Gd"" complex, and 12 the donor lifetime of the Ln complex)
and the resulting values are reported in Table 1. These suggest
that similar rates of energy transfer occur for the ytterbium
and neodymium containing systems. That for the neodymium
containing system is slightly greater than for ytterbium, con-
sistent with more effective overlap between the donor and
acceptor states. There is an apparent contradiction between
these values and the apparent difference in the emissive
intensity of the MLCT state for the steady state spectra,
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Fig. 2 (a) Observed Re(1) *MLCT luminescent emission from macro-
cycle 1 (5.0 x 107> M); (b) enhancement of luminescence upon
addition of 1 equivalent of tetrabutyl ammonium chloride; (c) en-
hancement of luminescence upon addition of 1 equivalent of gado-
linium thread 3a; and (d) quenching of luminescence upon addition of
5 equivalents of neodymium thread 3b (2.5 x 10~* M) in CH,Cl,.

which would imply a change in the effectiveness of energy
transfer. However the trend is consistent with comparable
efficiencies of the energy transfer in both cases, though both
arguments suggest that transfer to Nd is more effective. A
more precise treatment would require a better understanding
of the radiative lifetime of the *MLCT state in both cases.
Time resolved emission spectroscopy was also used to
characterize the processes occurring. Fig. 3 shows two typical
spectra in which it can be noted that the tail of the rhenium
emission is superimposed upon the beginning of the lanthanide
centered emission. These spectra imply that energy transfer
from the chromophore is relatively inefficient as otherwise the
MLCT tail would be expected to be quenched completely.
Given the lack of covalent bonding in the pseudorotaxane
system, our results imply that Férster energy transfer' occurs
from the Re *MLCT donor state (~15900 cm™!) to the
emissive states of the metal (11360 em™! for Nd™, 10300
em™! for Yb'™)."! The large difference in energy between the
donor and acceptor states also precludes back energy trans-
fer,'? ensuring that the MLCT state is not repopulated. In the
case of neodymium, energy transfer into higher energy accep-
tor states is possible, increasing the overlap integral and hence
the efficiency of the process. Ytterbium lacks any higher
energy states, and must rely on simple energy transfer direct

Table 1 Photophysical data

Compound TmLct/ns’ Ty ,/ns” (1/72 = 1/x1)/s7!
1 31 — —

1-3a 215 — —

1-3b 52 800 1.46 x 107
1-3c 55 11070 135 x 107 ¢

@ Measured at 700 nm. ® Measured at emission wavelengths 880 nm
and 1055 nm for the neodymium complexes, and at 980 nm for the
ytterbium complex. In both cases, decays were fitted to a double
exponential decay, with the shorter component fixed to the lifetime of
the MLCT state obtained at 700 nm, Fitting to two floating exponen-
tials yielded no discernable improvement in fit. ¢ Calculated from the
value of SMLCT for the isostructural Gd containing system as
described in the body of the manuscript. All experiments carried out
in CH2C12 at 293 K.
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Fig. 3 Top: time-resolved emission spectrum of the pseudorotaxane
containing thread 3b following excitation at 440 nm, showing the tail
of the short-lived rhenium MLCT state and the longer-lived neo-
dymium emission at 880 and 1055 nm. Bottom: truncated time-
resolved emission spectrum of the pseudorotaxane formed with thread
3¢ following excitation at 440 nm, showing the tail of the rhenium
MLCT emission and the very long-lived decay of the ytterbium
centered emission at 980 nm.

to the emissive state or must be sensitised via a sequential
electron transfer mechanism.'® Either of these mechanisms can
be used to explain the energy transfer process, and Rehm-—
Weller treatment suggests that both may be feasible in this
system. The efficiency of Forster energy transfer is inversely
proportional to the sixth power of the donor—acceptor separa-
tion,"* and the rapid rate constants for energy transfer there-
fore imply that the observed emission comes from the
assembled pseudorotaxane, and that the donor and acceptor
are close in space within the system. Fig. 4 shows a cartoon of
the energy transfer process, showing that assembly is necessary
for sensitised NIR emission.

The anion-templated assembly of d-f heterobimetallic
[2]pseudorotaxanes has been demonstrated. Energy transfer
between rhenium and neodymium metal fragments leads to
sensitized NIR lanthanide emission and indicates the close
proximity of the two metals centers in the interpenetrated
structure. Such a signaling process may be further exploited in
interlocked molecular systems designed to exhibit molecular
machine-like behaviour. Ongoing studies are being carried out
to determine the nature of the energy transfer process and to
further exploit it in self-assembled systems.
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Fig. 4 Proposed interpenetrated [2]pseudorotaxane assembly which
facilitates a through space energy transfer mechanism.

Dr Curiel from a Marie Curie Postdoctoral Fellowship of the
European Union is also gratefully acknowledged.

References

I Typical time-resolved spectroscopy experimental. In the case of the
ytterbium pseudorotaxane complex, 1-3c, the sample was excited
using a pulsed nitrogen laser (PTI-3301, 337 nm) or a nitrogen laser
pumped dye laser operating at 10 Hz. Light emitted at right angles to
the excitation beam was focused onto the slits of a monochromator
(PTI120), which was used to select the appropriate wavelength. The
growth and decay of the luminescence at selected wavelengths was
detected using a germanium photodiode (Edinburgh Instruments, EI-
P) and recorded using a digital oscilloscope (Tektronix TDS220)
before being transferred to a PC for analysis. Luminescence lifetimes
were obtained by iterative reconvolution of the detector response
(obtained by using a scatterer) with exponential components for
growth and decay of the metal centered luminescence, using a spread-
sheet running in Microsoft Excel. Further details of this approach can
be found in ref. 15.

1 S. Faulkner, S. J. A. Pope and B. P. Burton-Pye, Appl. Spectrosc.
Rev., 2005, 40, 1.
2 (a) G. F.de Sa, O. L. Malta, C. de Mello Donega, A. M. Simas, R.
L. Longon, P. A. Santa-Cruz and E. F. da Silva, Jr, Coord. Chem.
Rev., 2000, 196, 165-195; (b) J.-M. Lehn, Angew. Chem., Int. Ed.
Engl., 1990, 29, 1304-1319.
(a) S. Faulkner, M.-C. Carrié, S. J. A Pope, J. Squire, A. Beeby and
P. G. Sammes, Dalton Trans., 2004, 1405-1409; (b) S. Faulkner, A.
Beeby, M.-C. Carri¢, A. Dadabhoy, A. M. Kenwright and P. G.
Sammes, Inorg. Chem. Commun., 2001, 4, 187-190; (¢) D. Guo,
C.-y. Duan, F. Lu, Y. Hasegawa, Q.-j. Meng and S. Yanagida,
Chem. Commun., 2004, 1486-1487; (d) N. M. Shavaleev, G.
Accorsi, D. Vigili, Z. R. Bell, T. Lazarides, G. Calogero, N.
Armaroli and M. D. Ward, Inorg. Chem., 2005, 44, 61-72; (¢) R.
V. Denn, P. Nockemann, P. Fias, K. V. Hecke, L. V. Meervelt and
K. Binnemans, Chem. Commun., 2005, 590-592; (f) D. Imbert, S.
Comby, A.-S. Chauvin and J.-C. G. Biinzli, Chem. Commun., 2005,
1432-1434.
4 (a) M. R. Sambrook, P. D. Beer, J. A. Wisner, R. L. Paul, A. R.
Cowley, F. Szemes and M. G. B. Drew, J. Am. Chem. Soc., 2005,
127, 2292-2302; (b) J. A. Wisner, P. D. Beer, M. G. B. Drew and
M. R. Sambrook, J. Am. Chem. Soc., 2002, 124, 12469-12476; (c)
M. R. Sambrook, P. D. Beer, J. A. Wisner, R. L. Paul and A. R.
Cowley, J. Am. Chem. Soc., 2004, 126, 15364—15365.
(a) L. R. Melby, N. J. Rose, E. Abramson and J. C. Caris,
J. Am. Chem. Soc., 1964, 86, 5117-5125; (b) N. M. Shavaleev, Z.
R. Bell and M. D. Ward, J. Chem. Soc., Dalton Trans., 2002,
3925-3927.

(55)

W

This journal is © the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006

New J. Chem., 2006, 30, 1133-1136 | 1135


http://dx.doi.org/10.1039/b601017b

Downloaded by University of California- Los Angeles on 01 January 2013
Published on 11 July 2006 on http://pubs.rsc.org | doi:10.1039/B601017B

View Article Online

6 D. Curiel, P. D. Beer, R. L. Paul, A. R. Cowley, M. R. Sambrook
and F. Szemes, Chem. Commun., 2004, 1162-1163.

7 P. D. Beer, V. Timoshenko, M. Maestri, P. Passaniti and V.
Balzani, Chem. Commun., 1999, 1755-1756.

8 R. A. Binstead and A. D. Zuberbiihler, Specfit Global Analysis,
Version 2.90X.

9 The non-lanthanide containing pseudorotaxane cannot be formed
due to the lack of solubility of the organic thread precursors (see
ESIY) in non-competitive solvents, such as dichloromethane, that
are required for anion-templated assembly. The gadolinium
thread, 3a, does, however, provide an appropriate analogue to
the acceptor complexes 3b and 3c.

10 T. Forster, Discuss. Faraday Soc., 1959, 27, 7-17.

11 S. J. A. Pope, B. J. Coe and S. Faulkner, Chem. Commun., 2004,
1550-1551.

12 A. Beeby, S. Faulkner, D. Parker and J. A. G. Williams, J. Chem.
Soc., Perkin Trans. 2, 2001, 1268-1273.

13 S. Faulkner, B. P. Burton-Pye, T. Khan, L. R. Martin,
S. D. Wray and P. J. Skabara, Chem. Commun., 2002, 16,
1668-1669.

14 (a) J.-C. Biinzli and C. Piguet, Chem. Rev., 2002, 102, 1897-1928;
(b) J.-C. G. Biinzli, Chem. Soc. Rev., 2005, 34, 1048-1077.

15 A. Beeby and S. Faulkner, Chem. Phys. Lett., 1997, 266,
116.

1136 | New J. Chem., 2006, 30, 1133-1136

This journal is © the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006


http://dx.doi.org/10.1039/b601017b

