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Increased interest in the emission properties of lanthanide(lll) (Eu and Tb) complexes containing ultraviolet and
visible sensitizers is being driven by the desire to produce efficient and selective luminescent probes of biological
structure. Of special interest are cryptates and other macrocyclic chelating ligands that efficiently encapsulate the
lanthanide ions. These species also form relatively stable systems and in some cases are well protected from
penetration of the first coordination sphere by solvent molecules and counterions. This work describes the X-ray
structure and various spectroscopic measurements on a europium cryptate contaiAbiigagj@inoline-2,2

dioxide (biqQ). This cryptate has been previously recognized for special stability and luminescence efficiency.
The compound, (Eu:bigf®.2)(CRSGs)3:CH3CN-H,0O, forms rhombic crystals with the space groBpca
Absorption, emission, and excitation spectra at 293, 7d 4aK aswell as luminescence decay time measurements

are used to characterize the solid state and solutions. The ligand-to-metal energy-transfer mechanism and thermally
activated back-energy-transfer processes are analyzed and compared to previously published results on related
Eu(lll) cryptate systems. Preliminary results on the use of high liquid pressure to perturb ligand singlet and
triplet states and, as a consequence, probe the ligawedal orbital interactions are also presented.

1. Introduction The most emissive lanthanide(lll) ions are Tb(lll) and Eu-
Complexes containing one of the several luminescent lan- (IlN. These ions emit in the visible region of the spectrum, far

thanide(lll) ions are being increasingly used as highly sensitive removed from most intrinsic fluorescence of organic or biologi-

and selective fluoroimmunoassay agents.The continued cal molecules. If overlapping luminescence is present, it is

development and refinement of these agents relies upon theuSually the case that it can be easily separated from the

ability to construct complexes that meet fairly rigorous require- Ianth_ani_de luminescence by simple time discrimination, because
ments of stability in aqueous media containing relatively large the lifetimes of Eu(lll) and Tb(lll) are normally on the order
concentrations of competing cations, high-luminescence inten-Of 0-1-2 ms. This is, of course, much longer than the
sity, and accessible chemistry to design an overall structure thatUMminescence from most organic luminophores. The structural

is highly selective to the system of interest. Much of the progress "€duirements for a lanthanide complex to be strongly lumines-
in this area has employed the so-called bifunctional approach cent are different than those associated with effective lanthanide-

t based magnetic resonance imaging contrast agents, such as the

lanthanide species is considered somewhat separately from thé:o_mp7lex of Gd(lll) with DTPA (diethylenetriaminepentaacetic
biological selectivity and sensitivity. Commercial fluoroimmu-  2cid):” In both situations, one needs to have a complex with a
noassays involving luminescent lanthanide-(Ill) ions, in fact, V€'Y high stability constant, but in the latter case, one also
involve two separate species: one which is designed to bind in "éduires the availability of coordination sites for solvent water
a highly specific manner, and then a second complex which is _molecyle_s that can be affected_by _the spin center. It_|s important
produced and may be detected by luminescéndech effort in designing luminescent species involving lanthanide(lll) ions
is being devoted to the design of new luminescent lanthanide that the solvent be effectively eliminated from the first

complexes suitable as fluoroimmunoassay agents, which bothcoordin_ati_on sphere_, because this often presents a competitive
have the potential to bind selectively and are strongly lumines- Nonradiative relaxation pathway. Another primary requirement
is that the ligand contains a strongly absorbing transition that

in which the design and synthesis of a stable luminescen

cent. ) e g e
will populate the emitting state of the lanthanide ion through
lUni_versity of Wroclaw. radiationless energy transfer, because direct excitation of
Polish Academy of Sciences. intraconfigurational f< f transitions is very weak.
§ University of Minnesota, Duluth. f . . . -
(1) Clark, I. D.; Macmanus, J. P.; Szabo, A. Giin. Biochem 1995 28, The various requirements associated with complex stability
131-135. and luminescence efficiency have led to a humber of studies

(2) Kurskainen, P.; Dahlen, P.; Ylikoski, J.; Kwiatkowski, M.; Siitari, H.; invo|ving lanthanide Comp|exes with macrocycnc |igands
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research effort are ligands containing aromatioxide func-
tional groups->2|t is well-known that ligands containing these
groups are often very stable, and energy transfer from the
aromaticrtt* excited states, that are excited in the ultraviolet,
to the lanthanide(lll) ion may be very efficient. One approach
to the design of this type of species is the encapsulation of the
luminescent lanthanide ion in a cryptate incorporating a het-
eroaromatid\N-oxide unit. Very recently we have reported the
results of preliminary spectroscopic investigations on several
different types of such lanthanide cryptates in solution, in the
solid state, and prepared in sol g&lsn the present work, we
present a detailed study of a europium cryptate containirig 3,3
biisoquinoline-2,2dioxide (bigQ) for the purpose of probing

luminescence efficiency. This cryptate has already been showneo
to have exceptional stability and luminescence efficiency, and

it is an excellent model species for the detailed structural and
spectroscopic analysis necessary to develop a better understand-
ing of the_ energetics and dynamics_ of this class of molecules. Figure 1. Crystal structure and atomic labels for (Eu: bic®2)(CF-
Included in the work presented here is the X-ray crystal structure gq,..cH,CN-H,0.

data for this europium cryptate. This represents one of the very

few structures of this type that have appeared in the literature. Table 1. Crystallographic Data for

Spectroscopic results are presented and discussed for the solifEu:piq0:.2.2)(CESQOy)s*CHCN-H,0

Eu(lll) cryptate as well as for solutions of the Eu(lll) cryptate  chemical formula  GH4sEuRNsO1S:s 2 8
dissolved in HO, D,O, and CHCN. Spectroscopic measure-  formulaweight ~ 1232.90 Peaca glcn® - 1.775
ments covering a wide range of temperatures from 4 to 300 K Crystal system orthorhombic w4, Mt 1.607
will be reported. We also report luminescence results as a P3¢ 9P 55%29(3) ’}é 2'07018(75?
function_of quuid_ pressure. Of spt_aci_al interest in this_work IS p A 24:285(5) R 0.0279
the relative contribution of the radiative and nonradiative paths ¢, A 29.587(6) R.P 0.0536
to excited-state deactivation. These will be discussed along with V, A3 9225(3)

implications concerning future initiatives to design efficient

a — _ b — 2 _ g2 2 12
fluoroimmunoassay agents. Ri = Y(Fo — Fo)/2Fo. PWRe = { X [W(F; — FO)A/ X [wW(F5)7} 2

2. Experimental Section graphite-monochromated ModKradiation (0.710 73 A). The unit cell
parameters were obtained from the positions of 7628 peaks. A total of
A cryptand (denoted bigg®.2) incorporating biqO, and a complex 57 978 reflections (3.35< 0 < 28.67) was collected. A total of 11 049
of this cryptand with Eu(lll) were prepared according to previously unique reflections was used for structural determination. All data were
published proceduréd?® Triflate (CRSQO;~) was employed as the corrected for Lorentz and polarization effetté\bsorption corrections
based on least-squares fitting agaijst — |Fo| differences were also
employedi® which resulted in transmission factors ranging from 0.298
to 0.432. The space group was chosen from systematic absences and
subsequent least-squares refinement. The structure was solved by direct
methods (SHELXS97j and refined by full-matrix least squares B
using SHELXL97%° Non-hydrogen atoms were refined with anisotropic
thermal parameters. The carbon-bound hydrogen atoms were included
at calculated positions and refined using a riding model with isotropic-
displacement parameters equal tols20f the attached atom. The H
atoms of water molecules were located from difference Fourier maps
and refined with restraints. Scattering factors were obtained from the
literature?® The resultant structure is depicted in Figure 1. The crystal
data and some features of the structure refinement are summarized in

big0;22

counterion. The final complex has the formula (Eu:bi®®)(Ck-
S0;)3*CH3CN-H0. A crystal of sufficient quality suitable for charge-
coupled device X-ray analysis was obtained by phase crystallization
in a diethyl ether atmosphere. A crystal of this compound was mounted . - . - .
on a glass fiber and then flash-frozen to 100 K (Oxford Cryosystem Table 1; full details h.ave bgen depo§|ted a.sSupportlng Information.
Cryostream Cooler). Preliminary examination and intensity data col- _FOF Purposes of discussion we will designate the Eu(lll) cryptate

lections were carried out on a KUMA KM4CCD diffractoméfausing with triflate counterions as Eul(tf)s. Comparison will be made to
previously published results in which the final compound contained 1

equiv of a bromide counterion. This species will be designated ad Eu

(9) Lehn, J.-M. InSupramolecular Photochemistralzani, V., Ed.;

Reidel: Dordrecht, The Netherlands, 1987; pp-2. (tf)2(Br). Absorption, emission, and excitation spectra were measured
(10) Pietraszkiewicz, M.; Karpiuk, J.; Pietraszkiewicz Spectrochim. Acta, in H,O, DO, CH:CN (purified by distillation over Calj, frozen
Part A 1998 54, 2229-2236. solution, and the solid state. Solid and frozen solution samples were

(11) Prodi, L.; Maestri, M.; Balzani, V.; Lehn, J.-M.; Roth, Chem. Phys.  stydied by putting powder samples between quartz slides. The tem-
Lett. 1991, 180, 45—-50.

(12) Lehn, J.-M.; Roth, C. OHelv. Chim. Actal991 74, 572-578.
(13) Gawryszewska, P. P.; Pietraszkiewicz, M.; Riehl, J. P.; Legendziewicz, (17) Starynowicz, P. COSABS9®rogram for Absorption Correctign

J.J. Alloys Compd200Q 300—-301, 283—288. University of Wroclaw: Wroclaw, Poland, 1999.
(14) Alpha, B.; Anklam, E.; Deschenaux, R.; Lehn, J.-M.; Pietraszkiewicz, (18) Sheldrick, G. MActa Crystallogr.1990 A46, 467.

M. Helv. Chim. Actal988 71, 1042. (19) Sheldrick, G. M. SHELXL97Program for the Refinement of Crystal
(15) Lehn, J.-M.; Pietraszkiewicz, M.; Karpiuk,Helv. Chim. Actal99Q Structures University of Gottingen: Gottingen, Germany, 1997.

73, 106-111. (20) Cromer, D. T.; Waber, J. T. Iinternational Tables for X-ray
(16) Kuma Diffraction KM4CCD System Softwarblsers Guideversion Crystallography Ibers, J. A., Hamilton, W. C., Eds.; Kynoch:

1.161; Kuma Diffraction Spolka Zoo: Wroclaw, Poland, 139%99. Birmingham, England, 1974.
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perature of the samples was varied from 4 to 293 K. Absorption Table 2. Selected Bond Lengths (A) and Angles (deg) for
measurements were performed using a Cary-Varian 5 spectrophotom-(Eu:biq(:.2.2)(CRES0s)s: CH:CN-H0

eter. The emission and excitation spectra at atmospheric pressure werg- o 6) 2.3792(15) E&O(3) 2.5098(16)
recorded at the University of Wroclaw using a SPECTRAPRO equipped g(,—o(s) 2.3872(16) ExO(12) 2.6498(17)
with a 450 W Xe lamp, a liquid-Mcooled cryostat, and an Oxford Eu—0(4) 2.4653(15) EuwO(11) 2.6750(17)
helium flow cryostat. Luminescence and excitation measurements on gy—0Q(1) 2.4814(15) EuN(2) 2.7566(19)
solutions at elevated pressures were obtained at Michigan TechnologicalEu—0(2) 2.4844(16) EuN(1) 2.7907(19)
University using a NOVA-SWISS high-pressure liquid cell containing 0(6)~Eu-0(5) 66.48(5) O(4yEu—0(11) 69.25(5)
three sapphire windows inserted into the sample compartment of a 5)-Ey—0(4)  68.70(5) O(1YEu—0(11)  120.63(5)
SPEX Fluorolog Il spectrofluorimeter as described previogsty. O(5)-Eu—0(4)  103.39(5) O(2YEu-O(11)  72.74(5)
Luminescence decay times were measured on a Jobin-Yvon THR10000(6)-Eu—0O(1)  102.14(5) O(3YEu—0(11) 68.97(5)
system using a Lambda-Physik 105 excimer laser. O(5)-Eu—0(1) 68.54(5) O(12yEu—0O(11) 53.07(5)
O(4)-Eu-0O(1) 170.09(5) O(6yEu—N(2)  100.89(5)
3. Results and Discussion O(6)-Eu-0O(2) 146.90(5)  O(5)Eu-N(2)  67.91(5)
O(5)-Eu—-0(2)  80.49(5) O(4yEu—N(2) 63.91(5)
X-ray Analysis. Single-crystal X-ray diffraction data show O(4)~-Eu-0(2) 119.67(5)  O(LyEu-N(2)  115.93(5)
that the structure of the compound formed is rhombic with a 8(1)7'5“70(2) 6580(5)  OR)EU-N(2)  62.62(6)
X , X (6)-Eu—-0O(3)  76.67(5) O(BYEU-N(2)  124.44(5)
Pbcaspace group. The unit cell of dimensioas= 12.839(3) O(5)-Eu-0(3) 143.04(5) O(12)Eu-N(2) 117.45(5)
A, b=24.285(5) A, antt = 29.287(6) Aand = = y = O4)-Eu-0(3) 63.90(5) OQIBEuU-N(2)  76.09(5)
90° consists of eight formula units. The molecular structure of O(1)-Eu—0O(3) 118.80(5) O(6YEu—N(1) 67.95(5)
Euc(tf)s with the numbering scheme for atoms is displayed ©O(2)-Eu—0O(3)  136.42(5) O(5rEu=N(1) ~ 101.12(5)
in Figure 1. As can be seen in this figure, a surprising result is O(6)-Eu—0(12) 139.73(5) O(4Eu-N(1)  114.80(5)
> &G e . . 7 O(5-Eu-0(12) 137.93(5) O(HEu—N(1) 62.94(5)
that the coordination number of Eu(lll) in this solid complexis o) £i-0(12) 116.44(5) O(}Eu-N(1)  123.47(5)
10. As expected, all of the oxygen and nitrogen atoms of the o(1)-Eu-0(12) 72.87(5) O(3}Eu—N(1) 60.44(5)
cryptand are involved in metal-ion coordination. However, two O(2)-Eu—0(12) 68.78(5) O(12yEu—N(1)  74.85(5)
oxygen atoms from one of the triflate counterions are also O(3)-Eu—-0(12)  71.91(5) O(LHEu—N(1)  115.83(5)
coordinated. The structure does contain one water molecule andP(6)~Eu—O(11) 134.10(5) ~ N(2yEu-N(1)  167.31(5)
O(5)-Eu—0O(11) 142.15(5)

one CHCN solvent molecule as outersphere species, in addition
to the remaining two C§S50;~ counterions. The inclusion of
the triflate counterion in the coordination sphere suggests
relatively strong competition of GBGO;™ in the coordination

longer than the other EtO bonds (2.6750 and 2.6498 A) but

are considerably shorter than the-Bu(1) (2.7907 A) and Eut

of Eu(lll) with water and solvent molecules. This was quite N(2) (2.7566 A) bonds. The two isoquinoline groups form
almost perfect planes. For example, the root mean square (rms)

unexpected. As can be seen in Figure 1388 is coordinated e -
in a bidentate manner and is located on the side opposite to thedewatlon of atoms C(21) to C(29) from perfectly planar is only

two oxygen atoms of the bigOnoiety and between the other 0.024. The angle between the two isoquinoline planes is 41.71

two arms of the cryptand. Water molecules and uncoordinated _Th|s angle is much less than that seen between the bipipDes

3+
triflate counterions are involved in hydrogen bonding and help In N.d(bpr)“ ’ vyhere .the angles vary from 5.7'7 to 659
to stabilize the overall crystal structure. Obviously, the orientation of these planes is influenced to a

. large extent by steric constraints imposed by the macrocyclic
ering structure. The angle between the isoquinoline planes is
similar to that observed for a Eu(lll) cryptate containing two
bipyridine units and one bigg¥® It should be noted that the
size of the cavity containing the Eu(lll) ion is not very large;
the N(1)-N(2) distance is 5.516(3) A, and the O{X(3) and
O(4)—0(1) distances are 4.639(3) and 4.929(3) A, respectively.
The consequences of solvent penetration into the coordination
sphere of luminescent lanthanide ions may be very substantial,
and therefore, it is useful to examine the details of the
penetration of the inner coordination sphere ofcBuby the
CRSOs~ counterion. It appears to have entered the inner
coordination sphere of Eu(lll) by opening up the slit between
the two arms of cryptand approaching from the opposite side
to that of the bigQ unit. The angles O(4Eu—0O(11) and
O(3)—Eu—0(12) are 69.25(5) and 71.91¢5)espectively, and
the O(11)}-Eu—0(2) and O(12)Eu—0(1) angles are 72.74(5)
and 72.87(5), respectively. These differences show a slight
dislocation of one arm relative to the other because of the
presence of the GFmoiety. The plane formed by Eu(lll) and
the two coordinated oxygens from the triflate ion is almost
perpendicular [83.27(8) to the plane formed by Eu(lll) and
the twoN-oxide oxygens. As discussed in more detail below,
we have spectroscopic evidence for the penetration of water

coordination geometry are given in Table 2. The shortest@u
bonds (2.3792 and 2.3872 A) are associated with the oxygen
atoms of the big@unit. These bond distances are comparable
with those found in Eu(byp&u(ClO4)3 (2,2-bipyridine-N-oxide

= bpyQ,) which forms a crystal in which Eu(lll) hab, site
symmetry?324 Comparable but somewhat shorter-E0 bond
distances have been reported in the X-ray structure of Eu-
(bypQy)2(ClO4)3-3/,CHCN 2526 |t is worth noting that the Eu-
(1) —O bonds with the four oxygen atoms of two arms of the
cryptand are very similar. There does appear to be a slight
lengthening of the EtO(3) and Eu-O(2) bonds, which connect

to different arms of the cryptand, and a slight shortening of the
Eu—0(1) and Eu-O(4) bonds. These bond lengths range from
2.4653 A for Ex-O(4) to 2.5098 A for Eu-O(3). This
asymmetry must result from the accommodation of the coor-
dinated triflate counterion. The EXDO(11) and Et-O(12) bond
lengths associated with the coordinated triflate oxygens are

(21) Maupin, C. L.; Meskers, S. C. J.; Dekkers, H. P. J. M.; Riehl, J. P.
Phys. Chem1998 102, 4450-4455.

(22) Maupin, C. L.; Logue, M. W.; Leifer, L.; Riehl, J. B. Alloys Compd.
200Q 300-301, 101-106.

(23) Al-Karaghouli, A. R.; Day, R. O.; Wood, J. $horg. Chem.1978
17, 3702-3706.

(24) Huskowska, E.; Turowska-Tyrk, |.; Legendziewicz, J.; Riehl, J. P.
Unpublished work.

(25) Seminara, A.; Rizzarelli, Hnorg. Chim. Actal98Q 40, 249-56.

(26) Lipkowski, J.; Suwinska, K.; Andreeti, Gollect. Abstr., XII Eur.
Crystallogr. Meet. Moscow USSR1989 2, 272.

(27) Turowska-Tyrk, I.; Huskowska, E.; Legendziewicz, J. Unpublished
work.

(28) Paul-Roth, C. O.; Lehn, J.-M.; Guilhem, J.; Pascard{€lv. Chim.
Acta 1995 78, 1895-1902.
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Figure 2. Packing diagram for crystalline (Eu:bigQ.2)(CRSGs)3*CH;CN-H0.

into the first coordination sphere in solution, and this structural
data suggests the most likely mechanism for this effect.

The packing of the crystal lattice is presented in Figure 2.
As required by symmetry, the unit cell contains enantiomeric
complexes. Attempts to measure circularly polarized lumines-
cence by using circularly polarized excitattéto generate a
nonracemic excited (emitting) state from a racemic ground state
in solution were not successful. These could be due to either
equilibration of enantiomers on a time scale faster than that of
the luminescence, a solution structure that is not chiral, or other £
reasons associated with the chirality of the spectroscopic
transitions used for the measurement. Note also the symmetric
distribution of CHCN and the uncoordinated triflate counterions
in the unit cell. ) ) ) ) ) ) ) )

Spectroscopic ResultsThe absorption spectra of Ed (tf)3 250 300 350 400 450
in the UV region in the solid state, as well as dissolved }®H Anm)
and CHCN, are presented in Figure 3. These spectra were all Figure 3. Absorption spectra for solid (Eu: bigQ.2)(CESOs)sCHs-
recorded at room temperature. It should be noted that the CN-HzO and solutions of (Eu: biqcp.2j* dissolved in water (dotted
absorption spectrum of the complex dissolved insCN is Itgg)pzrguar(;etomtnle (dashed line). All spectra were recorded at room
unchanged after several days, indicating that the complex is '
reasonably stable under these conditions. As can be seen in thigpectra in the region corresponding to #& — "Fo, ’F1, and
figure, the absorption spectrum in this region exhibits several 7r, transitions of Eu(lll) in Ec1. In Figure 4, we compare
transitions at 268, 335, and 355 nm associated with- 7* results for a quickly frozen solid sample of Efli(tf); (A) and
transitions of the heteroaromatic ligand. The noise at low similar measurements made several days (B) and several weeks
Wavelengths for the solid SpeCtrUm is due to the difficult nature (C) later on the same Samp|e_ Of particu|ar note is the |arge
of these measurements. The absorption spectrum in solution isintensity of the’D, — 7F peak at 579.20 nm and the observation
virtually identical to that reported previously for Ed(tf)2(Br). that additional peaks in the spectrum appear as the sample is
Under these conditions of concentration and temperature, theregjiowed to stand. The appearance of additional peaks ifCthe
is no evidence for ligand-to-metal charge-transfer transitions — 7k, region of the spectrum is indicative of the formation of
(LMCT) or intraconfigurational f— f absorption transitions,  new species, and because it is almost impossible to exclude
which are expected to be very weak. small amounts of water in preparing these samples for spec-

In Figures 4 and 5, we plot high-resolution luminescence troscopic measurements, the most likely explanation of the new
peak is the either partial or complete replacement of the
(29) Hilmes, G. L.; Riehl, J. PJ. Phys. Chem1983 87, 3300-04. coordinated triflate ion with a water molecule. These types of
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Figure 4. Luminescence spectrum of Ed(tf); at 77 K (A) im-
mediately after being frozen, (B) several hours later, and (C) several
days later.

3 -

(S

T

[

= Intensity [arb. units] ~

U VU S

- :

/L
7/

bbb
Al

580

600 620 660 680 700 720
Afnm]

Figure 5. Luminescence spectra of solid Eu(tf); (A) and solid
Euc1(tf)2(Br) (C) at 77 K and frozen CKCN solutions of E@1(tf)s
(B) and solid E@1(tf),(Br) (D).
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Figure 6. Luminescence spectrum for a quickly frozen sample of solid
Eucl(tf)s. The inset in this figure is an enlargement of #g — "F
transition.
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which must be associated with pure electronic crystal field
transitions for the major species present and a number of smaller
peaks which may be due to electronic components of the minor
species or a result of strong electrgphonon coupling in this
system. Among the weak components of tfey — "F,
transition, the two peaks indicated by arrows on curve C in
Figure 4 increase in intensity in line with the increase in intensity
of the 5Dy — "Fo component at 577.45 nm, so these can be
associated with the modified form of the cryptand. There is no
evidence for additional peaks for the magnetic dipole transition
Do — ’F1 (588-596 nm). This transition is very weak and
relatively insensitive to the Eu(lll) environment, and it may be
that the additional peaks overlap with the three components of
the major species.

The explanation that the changes observed as a function of
time are due to solvent penetration and replacement of the
counterion in the inner coordination sphere is further demon-
strated by the spectra of El(tf); and EwC 1(tf)»(Br) presented
in Figure 5. Although the spectra of the solid cryptates (A and
C) are very complex and different for these two species,
dissolving the solids in CCN leads to almost the same spectra
(B and D). Some subtle differences still appear in the lumines-
cence spectra. This is most easily seen irPBe— 7F, spectral
region for samples B and D, but these are most likely due to
differences in sample preparation and handling.

In Figure 6, we plot the luminescence spectrum for the
quickly frozen EwC1(tf); solid sample on an enlarged vertical
scale to highlight the weak components in the spectrum. The
insert in this figure is a further enlargement of tgy, — "Fo
transition showing Stokes and anti-Stokes vibronic components
on respective sides of the much stronger pure electronic
transition. A much more complex vibronic structure is seen in

changes are more obvious in the results presented in Figure 5the Do — ’F, transition. The superposition of the infrared

where we compare results for solid El(tf); and EuwC 1(tf),-
(Br) and solutions of these two cryptate solids dissolved in-CH

spectrum onto the 0 phonon lines shows strong eleetpbionon
coupling, mainly associated with internal ligand modes. The

CN at 77 K. As one can see, changes in the counterions lead tostrongest coupling was observed with the-@ vibrations

noticeable modifications of the luminescence spectrum.

associated with the coordinated big@roup. The vibronic

Considering the manner in which the cryptate has opened upcomponents were assigned on the basis of the IR spectrum and

to allow coordination to the triflate ion in the crystal structure,
it is not surprising that the first coordination sphere can

are listed in Table 3. A detailed analysis of the vibronic
components and a comparison with IR and Raman measure-

accommodate other species. This is what we conclude from thements will be the subject of a forthcoming paper.

appearance of two peaks in the region ofte— “Fo transition
at 77 K. This should also result in additional components in

In the structure presented in Figure 1, the Eu(lll) ion is located
in a site of C; symmetry because of the incorporation of the

the other europium transitions. As can be seen in Figure 4, thetriflate anion. The coordination polyhedron (GN10) can be

Do — 7F; transition (612-620 nm) contains two strong lines

described as a bicapped dodecahedron, which can possess either
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Table 3. Vibronic Components for Single Crystals of
(Eu: biqQ.2.2)(CRSO;)-CHCN-H0

transition energy [crm] AE

Do — "Fo 17 265
17 202 63
17 012 253
16 519 746
16 477 788
16 462 803
16 433 833
16 420 845
16 324 941
16 244 1021
16 189 1076
16 137 1128
16 091 1174
16 054 1211
16 051 1214
16 002 1263
15949 1316
15888 1377

D, or Cy, symmetry.D, symmetry was excluded because of
the strong intensity of théDy — 7Fy transition, which is
forbidden for this symmetry. Because the bound triflate oxygens
are aligned almost perpendicular to the bodhdxide oxygens,

the Eu(lll) environment is very close ©, symmetry. However,

in the analysis of electronic transitions for lanthanide(lll) ions,

it is often the case that a reasonable analysis can be derived by

the consideration of only the coordinated atoms. Under this
assumption the site symmetry may be approximatedChy
symmetry. The electronic selection rules for the Eu(lll) transi-
tions inC,, symmetry are presented in Table 4. We also present
in this table the number of electronic transitions predicted and
the number that are observed. It should be noted that we did
not observe any lines associated with transitions fromPithe
state, in contrast to the results of Blasse et®ah the low-
temperature spectra of a Eu(lll) cryptate with three bipyridine
units. As can be seen from the data given in Table 4, the
luminescence results match the predictions based upon
selection rules fairly well. The major discrepancy is in the
number of lines predicted for tH®o — “F» transition where a
total of four lines are predicted and only two strong lines{2A
are observed. As described above, it is somewhat difficult to
sort out vibronic transitions from weak electronic ones, and the
situation is further complicated by the presence of a second
structure, presumably due to the incorporation of a water
molecule in the coordination sphere. It is certainly possible that
there may be overlap of transitions, or it could be that some of
the components are weak.

To probe the excited-state energetics of this system, we hav
measured the fluorescence decay times and quantum yields o
the solid EwC1(tf); and the complex dissolved in,8, D,O,
and CHCN. The results are presented in Table 5. The
measurement of the lifetimes in,& and QO solutions allows
one to estimate the number of Eu(lll)-bound water molecules,
n, using the following equation derived by Horrocks and
Sudnick?!

n = 1.05[(H,0) * — 7(D,0) ] 1)
where the lifetimes are measured at room temperature and
entered in milliseconds. The substitution of the measure
lifetimes into this equation yields a value farof 1.36. The

(30) Blasse, G.; Dirksen, G. J.; Van der Voort, D.; Sabbatini, N.; Perathoner,
S.; Lehn, J.-M.; Alpha, BChem. Phys. Lett1988 146, 347—351.
(31) Horrocks, W. DeW.; Sudnick, D..RAcc. Chem. Re4.981, 14, 384.

e]Ligand phosphorescence was observed fromcGdat ap-
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accuracy of this method is assumed tod@&5, so this result is
consistent with the presence of approximately one molecule of
water in the first coordination sphere as a result of exchange
with the coordinated triflate anion as suggested by the crystal
structure.

Itis also possible to estimate the other temperature-dependent
and temperature-independent parts of the nonradiative decay
constants in the manner of Prodi etlaln this analysis, the
overall decay constank, is expressed as

k=1 =k + k,(T) + k,(OH) + k, (other vibrations) (2)

where k; is the radiative decay constant akg(T) is the
temperature-dependent nonradiative decay constant, and it is
assumed that the most important mechanism for temperature-
independent nonradiative relaxation is through OH oscillators.
Under the additional assumptions that vibrations other than OH
(including OD) can be neglected and tikg{77 K) is also not
important, one can derive the expressions

k= [7(D0)774 - ©)

and

k™) = [1D0)s00d * — [1(DL0)r7d "+ ()
Comparing the results we obtain to those reported previously,
we see that the radiative decay rate (1243 s significantly
larger than that which results from related cryptates involving
bipyridine units!! This difference probably reflects the assump-
tion implied by eq 3 that there are no competing nonradiative
deactivation processes at 77 K. The inclusion of the triflate anion
in the crystal structure suggests that this assumption might not
be valid for this system. The temperature-dependent nonradiative
decay rate (46379) is quite similar to previously obtained
values. For example, Prodi et*&lreport a value of 60073 for
kn(T) for a Eu(lll) cryptate containing two bpy units and one
bigO, group. This is consistent with the interpretation that this
term reflects thermally activated back energy transfer from Eu-
() orbitals to ligand triplet states and, perhaps, short-lived
LMCT states.
No ligand phosphorescence could be detected fromEu
and no luminescence could be detected froncTkat 4 and
300 K. The latter result is consistent with the triplet level of
bigO, being situated near or below tfB, excited-state level
of Tb(llll) which is located at approximately 20 500 cfn

proximately 18 018 cmt. The 5Dg of Eu(lll) is situated at
approximately 17 265 cm. Thus, the energy gap between the
ligand 3zz* state and the®Dq level is 763 cml. This is
significantly lower than that (2100 crd) determined from the
fluorescence and phosphorescence data of model compfexes.
The strong temperature dependence of the luminescence lifetime
reflected ink,(T) suggests that the LMCT states of EL(tf)3
might also take part in nonradiative deactivation of excited Eu-
(1), because they are most probably located at comparable

areenergie§.2 The relatively short decay times and strong temper-
g ature dependence, observed for the solid and theCBH

solution, suggest that other quenching mechanisms should be
considered for these systems.

(32) Sabbatini, N.; Guardigli, M.; Leh, J.-MCoord. Chem. Re 1993
123 201-228.
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Table 4. Electronic Selection Rules for Eu(lll) Transition @, Symmetry and the Number of Electronic Transitions Predicted and Observed
(ED = electric dipole; MD= magnetic dipole)

J=0 J=1 J=2 J=3 J=4
ED MD ED MD ED MD ED MD ED MD
CzU Al + - Az - + 2A1 + - Al + - 3A1 + -
B + + A - + 2A; - + 2A; - +
B, + + B, + + 2B + + 2B; + +
B> + + 2B,  + + 2B,  + +
predicted 1 3 4 1 weak 5+ 2 weak 7+ 2 weak
observed 1 3 2 2 weak 6 7

Table 5. Luminescence Decay Data for E(tf); Cryptate in Solids and Solutions at 300 and 77 K [Lifetimes in milliseconds; Rate
Constants in s

compounds Eo-o T77K 7(D20)77¢ T300K 7(D20)300x ke ki n(OH)? Kn(T)P ke n(H20)
Euc1(tf); solid 17 265 0.611 0.059
Eucl(tf)s in HO 0.633 0.804 0.336 0.586 1243 1270 463 2976 1.36
Euc1(tf)sin CH:CN 0.4119 0.0264

aDefined as W(H20)z00x — 1/7(D20)s00k. P Calculated from eq 4 Calculated from eq 2.

The rational design of lanthanide-based fluoroimmunoassay
agents requires an understanding of the energetics and dynamics °
of excited-state ligandlanthanide interactions beyond what is
currently available. The results given above do yield important
and relevant information about the overall rate constants for
the various processes; however, the analysis is based upon a
model involving several simplifying assumptions. One additional
way in which the subtle population and depopulation kinetics
of lanthanide emitting states may be probed is through the
application of high pressure. Increased pressure on solution
complexes may cause structural changes associated with more
compact equilibrium structurég,particularly changes toward
lower charged species because of solvent electrostrittiand
it may impact electronic structure. Previously we have shown

4 -

units]
w

Intensity [arb.
N

1

59’0 60’0 61‘ 9 61’30

5250

620

that the effect of high pressure (up to 3 kbar)lefior several

multidentate and macrocyclic aqueous Eu(lll) complexes is very
weak??33 This is not surprising because the f orbitals do not
extend very far from the atomic core. However, the effect on

ligand orbitals could be significant. For these reasons, we expect

that the principal electronic effect of increased liquid pressure
will be in the energy-transfer processes between the ligand triplet

Afnm]

Figure 7. Emission spectra of aqueous solutions ofcHuunder
conditions of high liquid pressure. The individual curves represent
regular pressure increases from 1 bar to 3 kbar.

P =3 kbar
~—

state and the Eu(lll) excited state and, perhaps, in the energy
back transfer.

In Figure 7, we show the results of increased pressure on the g 1
luminescence from solutions of Ell at room temperature.
These measurements were taken on a SPEX Fluorolog instru-
ment that has been adapted to accommodate the high-pressur
liquid cell. The resolution of the instrument (4 nm) band-pass
was significantly less than the high-resolution measurements
given in Figures 46. As can be seen, the luminescence intensity
increases with pressure, and only very small crystal field splitting
differences are seen, that may be associated with slight twisting
or other minor distortions of the cryptate substructure. These
are most noticeable in the higher wavelength band of the -
hypersen_S|t|ve5Do - 'F2 tfans'“on- _Th(_:" effect of increased . Figure 8. Excitation spectra of aqueous solutions ofcBuunder
pressure is more evident in the excitation spectra presented incongitions of high liquid pressure. The various curves represent
Figure 8. The total luminescence intensity increases by ap- systematic increases of pressure from 1 bar to 3 kbar.
proximately 25% when the pressure is increased to 3 kbar. These
results show that there is little change in the coordination of €nergy transfer from the ligand triplet state or a decrease in
Eu(lll) in the cryptand but a very substantial increase in the deactivation by back transfer. As a first approximation, a small

population of théDy state because of either an increase in the decrease in distance from the ligand to the metal ion would be
expected to increase both forward and reverse energy transfer,

although not necessarily equally. More interestingly, increased
pressure is known to have a pronounced effect on the energy
of ligand r orbitals, so the effect that we observe may be due

Inter@ty [arb. uni
N

380 370 380

350

330 340

(33) Mondry, A.; Maupin, C. L.; Leifer, L.; Riehl, J. P. Unpublished work.
(34) van Eldik, R.; Asano, T.; Le Noble, W.Chem. Re. 1989 89, 549—
688.
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