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Single crystals of [Ln(2,2’-bipyridine-1,1’-dioxide)4](ClO4); (Ln = Nd, Lu) have been obtained and the crystal
structures determined. By comparison with previous structural determinations, it is demonstrated that steric
crowding associated with the decreasing lanthanide ions radius causes changes of the angles between the rings
of the ligand. This leads to a deformation of the coordination polyhedron from an almost ideal cube (La, Ce) to
a dodecahedron distorted towards a square antiprism (for Nd and heavier lanthanides), and slightly distorted
square antiprism for Lu. Electronic absorption spectra of Nd(bpyO,),** and Eu(bpy0,),** (bpyO, = 2,2'-
bipyridine-1,1’-dioxide) at room temperature and 4 K were measured in CH3CN and CH3NO, and in the solid
state. Emission and excitation spectra, and lifetime measurements of Tb(bpyO,)s** at 293 and 77 K are
presented and used to characterize the excited state photophysics of this species. Comparisons are made to
previous results, and generalizations concerning molecular and electronic structure for the series of complexes

are presented.

1. Introduction

The design of efficient luminescence materials and compounds
based on lanthanide(i1) complexes remains an area of active
investigation. Although lanthanide complexes with both acyc-
lic and macrocyclic ligands are being studied, for a variety of
electronic and structural reasons, complexes with large macro-
cyclic ligand systems are finding increased interest and applica-
tions. For example, a considerable amount of recent work has
been devoted to the luminescence properties of lanthanide(i)
complexes involving Eu(ir) and Tb(m) with cryptates contain-
ing heterocyclic components, which are known to efficiently
encapsulate the lanthanide ion. These types of complexes are
known to form relatively stable structures that in some cases
are well protected from penetration of the inner coordination
sphere by solvent molecules and counter ions. Heterocyclic
ligands, especially the derivatives bearing N-oxide functions,
may be particularly stable, and are often efficient sensitizers
for lanthanide ion emission upon UV irradiation. For these
reasons and others, complexes such as these may be good can-
didates for exploitation as time-resolved fluoroimmunoassay
agents.l 9

There have been a number of recent spectroscopic investiga-
tions involving the complexation of lanthanide(ir) ions with
ligands containing 2,2’-bipyridine-1,1’-dioxide (bpyO,) and

t Electronic supplementary information (ESI) available: ORTEP
drawings of Nd(bpyO,),*>", Lu(bpyO,),*>" and perchlorate anions in
Nd crystal structure; absorption spectra of Nd(bpyO,)s*t. See
http://www.rsc.org/suppdata/nj/b2/b201846m/

DOI: 10.1039/b201846m

related species.!™ Most of these studies were concerned with
the structure, stability, photophysics, or dynamics of the com-
plexes under study. Experimental and theoretical results for
the quantum yield of 4f—4f emission have also been
reported.>*%!% In our laboratory we have used circularly
polarized luminescence spectroscopy (CPL) following circu-
larly polarized excitation of Eu(bpyO,)s> " in acetonitrile solu-
tion to probe the chiral solution structure of this species.! In
addition, theoretical and experimental studies concerned with
the mechanism of excited state energy transfer in solid
Eu(bpy0,)4(ClO4); have also been performed.* Of continued
interest and importance are the solution dynamics, stereoche-
mical lability, and the role of solvent in the solution structure
and excited state dynamics of these classes of complexes. The
type of information obtained is of obvious importance in the
design of macrocyclic species in which bpyO, and similar N-
oxide heterocycles are a constituent.

In this work we present high-resolution absorption and
emission spectra for complexes of Nd(i), Eu(ir), and Tb(ur)
with bpyO; in the solid state and in solution media. The results
are interpreted in terms of important structural and electronic
properties. We also report the results of X-ray diffraction mea-
surements for a series of Ln(bpyO,)4(ClO4); compounds, in
order to study the effect of steric crowding associated with
the decrease of the lanthanide ionic radius. These structural
studies are of special interest, since, to date, only a very small
number of crystallographic data describing monomeric lantha-
nide complexes with coordination number 8 in which the coor-
dination polyhedron is a cube have appeared in the
literature.'1+12
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2. Experimental

Crystals of Nd(bpy0,)4(ClO4); and Lu(bpy0,)4(ClO,4); were
grown either using the method of Miller and Madan'® as
described in ref. 1, or by allowing an aqueous solution contain-
ing a 1:4 ratio of Ln(i1) and bpyO, to evaporate slowly. Anhy-
drous perchlorates of Nd(ir), Eu(i) and Tb(1i1) were prepared
from Ln(ClO,4);-nH,0 according to the previously described
dehydration procedure.'*!?

Crystal structures

Crystals of [Ln(2,2'-bipyridine-1,1’-dioxide)4](ClO4)3
(Ln = Nd, Lu) were examined on a Kuma KM4CCD diffract-
ometer equipped with a CCD camera. The general strategy of
data collections used for area-detector diffractometers was
described elsevere.'® Precise cell constants were determined
by the least-squares method using most of the measured reflec-
tions. The data were corrected for the Lorentz-polarization
effects.!”

Both structures were solved by direct methods from
SHELXS86 program.'® For the Nd crystal most of the non-
hydrogen atoms were detected, but for the Lu complex only
a fraction were revealed; the remaining atoms were found by
several difference Fourier syntheses. The Nd and Lu structures
were refined by SHELXL93'® and SHELXL97,% respectively.
In both cases all non-hydrogen atoms were treated anisotropi-
cally and hydrogens were refined with constraints. In contrast
to the Nd compound that was examined in which there are no
water molecules in the crystal, in the Lu structure there are two
water molecules per one lanthanide complex. H atoms in the
water molecules were not seen clearly, and thus were not
included in the Lu structure model. In the Nd crystal two of
three ClO;  anions are seriously disordered. The disorder
was described as a superposition of two equal orientations
for which some geometrical restraints (DFIX possibility from
SHELXL93) were applied. In the case of the Lu derivative
for atoms in the bpyO, rings some restraints were also applied
(ISOR, SIMU and DFIX from SHELXL97). For the Lu struc-
ture one electron density maximum (of height 2.76 ¢ A~>) in
the final AF map could not be interpreted. This maximum is
situated about 1.6 A from N4 and 2.1 A from N6 and gives
nearly a tetrahedral coordination around both N atoms and
almost linear contacts to them. Excluding this maximum,
Pmax = 1.07 € A~ and Pmin = —1.04 ¢ A73, close to ClO4~
and to Lu, respectively. The final Flack parameter for the Lu
crystal was —0.001(15) which additionally confirmed the
choice of the acentric space group (besides statistics of intensi-
ties) and the proper determination of the absolute structure.?!

The crystal size for the Nd complex was 0.30 x 0.30 x 0.28
mm>®. We collected the X-ray data by the area detector
(CCD camera). Due to the strategy of the data collection,
intensities of the same reflection were measured for different
crystal orientations and afterwards were averaged. Such a pro-
cedure concerned many reflections. The crystal shape and the
data collection strategy were the main reasons that we did
not applied absorption corrections for the Nd complex. For
the Lu derivative we used the same strategy of data collection
as for the Nd complex. The crystal size for the Lu derivative
was 0.08 x 0.08 x 0.04 mm”>. Since we observed one uninter-
preted maximum in the structure, we tried absorption correc-
tions. Unfortunately, they did not change the residual
electron density. The maximum mentioned above did not
become smaller and thermal ellipsoids were not improved.

CCDC reference numbers 178801 and 178802. See http://
www.rsc.org/suppdata/nj/b2/b201846m/ for crystallographic
data in CIF or other electronic format.
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Spectroscopic measurements

Electronic absorption spectra of Nd and Eu complexes in
acetonitrile and nitromethane and in the solid state were
recorded on a Cary-Varian 500 spectrophotometer equipped
with a helium flow cryostat (OXFORD CF 1204) in the region
300-1000 nm. The intensities of the f« f transitions were cal-
culated by integration of the Gauss—Lorentzian curve and
transformed to oscillator strength values using the ICH 10 pro-
gram. The details of the intensity, 7, and Q; , parameter calcu-
lations were described in the paper.?? The high-resolution
excitation and emission spectra were recorded at 293, 77 and
4 K using a Spectra Pro 0.75-m monochromator equipped with
a Hamamatsu R928 photomultiplier tube as a detector and an
Oxford 1024 continuous flow helium cryostat. Luminescence
decay times were measured using a Jobin-Yvon THR 1000
monochromator and Lambda-Physik 105 excimer laser.

3. Results and discussion

Crystallographic results

The crystal structure data and refinement details for [Ln(2,2'-
bipyridine-1,1’-dioxide);](Cl04); (Ln = Nd, Lu) are given in
Table 1. Selected bond lengths and bond angles are listed in
Table 2. ORTEP plots of the structures of the neodymium
and lutetium complexes are given as electronic supplementary
information (ESI{). In both structures the Ln(i) ions are
coordinated by eight oxygen atoms from four bpyO, ligands.
The Ln-O coordination bond lengths varies from 2.386(4) to
2.495(4) A and 2.276(7) to 2.334 (8) A for Nd and Lu, respec-
tively (Table 2). The coordination polyhedron can be described
as a dodecahedron (Dod) smoothly distorted towards square
antiprism (SAP) for the neodymium complex. For this com-
plex the symmetry deviation parameter 4, defined as the mean
square distance between the observed and ideal positions of
the atoms in the dodecahedron, is 0.0355 A?, whereas for
SAP A is equal to 0.143 A% In the Dod structure the character-
istic angles 04 and Og, defined as the angles between the M—O
bonds and the S, axis, are equal to 45.8 and 63.2° (for the ideal
Dod these angles should be 36.9 and 69.5°, respectively). The
characteristic structural parameter for the square antiprism is
the angle 0 between the M-O bond and the Sg axis. For
the ideal SAP, 0 is equal to 59.2°, whereas the corresponding

Table 1 Crystallographic details

Molecule [Nd(bpyO)4](ClO4)5 [Lu(bpyO,)4](Cl04)3-2H,0
Chemical formula C40H32C13N8Nd020 C40H36C13N8Lu022
Formula weight 1195.33 1262.09
Crystal system Monoclinic Orthorhombic
a/A 14.8396(8) 14.2770(10)
b/A 13.5620(8) 23.8122(18)
c/A 23.0193(14) 13.4358(11)
p/deg 91.405(5)
V/A3 4631.3(5) 4567.7(6)
Z 4 4
Space group P2,/c Pna2,
Temp./K 293(2) 100(2)
u/mm~! 1.38 2.43
Number of collected 26565 27264
reflections
Number of independent 9072 6436
reflections
Number of observed ind. 7354 5317
reflections
Rine 0.035 0.067
Final R indices R, = 0.061, R, = 0.061,
[I > 2a(1)] wRy = 0.129 wRy = 0.107
Final R indices R, =0.074, R; = 0.081,
(all data) wR, = 0.133 wR, = 0.113




Table 2 Selected bond 1engths/A and bond angles/deg

Bond [Nd(bpyO)s(CIO9;  [Lu(bpyOs)a(ClO)s2H,0
Ln-O(1) 2.490(4) 2.310(7)
Ln-0O(2) 2.386(4) 2.314(9)
Ln-0O(3) 2.451(4) 2.276(7)
Ln-O(4) 2.432(4) 2.313(8)
Ln-0O(5) 2.433(4) 2.319(8)
Ln-O(6) 2.431(4) 2.334(8)
Ln-0O(7) 2.394(4) 2.313(7)
Ln-O(8) 2.495(4) 2.308(8)
Angle [Nd(bpyO2)4](ClO4)3 [Lu(bpyO,)4](ClO4)3-2H,0
O(2)-Ln-O(1) 68.5(2) 71.2(3)
O(3)-Ln-O(1) 127.6(2) 154.5(3)
O(4)-Ln-O(1) 72.53(14) 89.2(3)
O(5)-Ln-O(1) 91.85(14) 73.2(2)
O(6)-Ln-O(1) 158.4(2) 133.4(3)
O(7)-Ln-O(1) 72.6(2) 108.9(2)
O(8)-Ln-O(1) 112.75(14) 71.93)
O(3)-Ln-0(2) 162.1(2) 86.9(3)
0(4)-Ln-0O(2) 126.3(2) 75.7(3)
O(5)-Ln-0(2) 74.2(2) 131.0(3)
0O(6)-Ln-O(2) 94.8(2) 154.7(2)
O(7)-Ln-0(2) 106.3(2) 72.4(3)
O(8)-Ln-0O(2) 72.0(2) 115.33)
O(4)-Ln-0O(3) 70.4(2) 72.6(3)
O(5)-Ln-0O(3) 109.7(2) 115.4(2)
0O(6)-Ln-O(3) 71.3(2) 70.3(3)
O(7)-Ln-0O(3) 75.4(2) 74.9(2)
O(8)-Ln-O(3) 92.7(2) 131.13)
O(5)-Ln-O(4) 71.5(2) 71.3(3)
0O(6)-Ln-0O(4) 110.3(2) 106.2(3)
O(7)-Ln-0O(4) 95.5(2) 135.1(3)
O(8)-Ln-0O(4) 160.0(2) 151.93)
O(6)-Ln-O(5) 69.83(14) 71.03)
O(7)-Ln-O(5) 162.44(14) 152.6(3)
O(8)-Ln—O(5) 125.9(2) 83.2(3)
O(7)-Ln-0O(6) 127.0(2) 90.8(3)
O(8)-Ln-O(6) 72.3(2) 75.2(3)
O(8)-Ln-O(7) 69.2(2) 72.1(3)

angle in a cube is 54.1°.%° In the lutetium complex the coordi-
nation polyhedron is a slightly deformed square antiprism
(4 = 0.055 A%, 0 = 55.4°).

In the La(bpyO,)4(ClOy);3 cluster in the structure reported
by Al-Karaghouli ef al,'' the metal ion is also coordinated
by eight oxygen atoms as in the neodymium and lutetium com-
plexes. However, there are some differences between the struc-
tures caused by the decreasing ionic radius across the
lanthanide series and increased repulsion between oxygen
atoms of the ligands. Ionic radii for the lanthanide ions with
a coordination number 8 are equal to 1.160 A (La), 1.143 A
(Ce), 1.126 A (Pr), 1.109 A (Nd), 1.066 A (Eu), 1.040 A
(Tb), 0.985 A (Yb) and 0.977 A (Lu).>* The distortion of
angles transforms a cube to a dodecahedron and a square anti-
prism. This corresponds to a point symmetry change from
Oj,— Dyy— Dy4y. A pathway from the Dod to the SAP exists
through an intermediate structure with D, symmetry.>® For
the largest ion, ie. La®", the steric crowding is less than that
for the other lanthanides. The lanthanum ion is located on a
two-fold axis and crystallizes in the Pben space group.'! In this
structure, the angles between the planes of the rings are almost
identical for the four ligands (mean value equals 61.4°), and
the La—O distances are also very similar (2.495-2.512 A).
These factors make possible the creation of a coordination
polyhedron with high symmetry (slightly distorted cube) with
a mean value of 0 equal to 56.1°. The cerium complex is iso-
structural with La(bpyO,)4(ClO4);.% Since the spectroscopic

properties (absorption and emission) of this ion are different
in nature, they will be the subject of a forthcoming paper
together with data of the corresponding Yb(ir) compound.?
It is worth noting that the cube is a rare coordination polyhe-
dron for lanthanide ions. It has been observed mainly for com-
plexes with unidentate ligands such as in La(pyridine-N-
oxide)g(ClOy); .12

There i 1s only a very small decrease in ionic radius in going
from Ce** and Pr** to Nd** (1.143-1.109A.2*) This change,
and the associated steric crowding, is apparently of sufficient
magnitude, however, to affect the angle between the rings in
the individual ligands. For Nd** jon the angles are 57.7°,
65.9°, 61.6°, and 57.7°. Accompanying this change is a change
in coordination polyhedron from a cube to a slightly deformed
dodecahedron. The space group for the praseodymium and
neodymium complexes is P2;/c, also different from that seen
for the lanthanum complex (Pbcn).

The decrease of ionic radius to 1.066 A for Eu** provides
further changes in the crystal structure of this complex As
reported previously,* the Eu(ii) species crystallizes in the P2,
space group [a = 14.730(1), b = 13.585(1), ¢ = 22.967(2) A
p = 91.46(1)°] with two crystallographically distinct metal
ions. In this case, the increased steric crowding and ligand
repulsion forces cause larger twists of the ligand ring systems.
Angles of 55.1 to 68.3° are observed for Eu(1) and 55.3 to 65.9°
are seen for Eu(2). The coordination polyhedra are dodecahe-
dral, but are now more distorted towards SAP than in the case
of the neodymium complex. Preliminary data for Ho(b-

Py02)4(ClOy)5 [a = 14.73(14), b = 13.61(9), ¢ = 22.80(10) A,
p = 92.6(5)°] indicate that it is isostructural with the corre-
sponding europium complex.

Further deformation of the cubic system and twisting of the
planes of the ligand rings leads to a polyhedron which can be
described as a slightly distorted square antiprism. This is what
is observed for the Lu complex. The angles between the planes
of bpyO, rings are in this case equal to 52.0(3), 57.3(3), 58.8(3),
and 57.9(2)°. Transformation of the cubic system towards the
square antiprism does not require differentiation of Lu-O
bond lengths (see Table 2). This change is accompanied by
a change in space group to orthorhombic Pna2, with cell
constants a = 14.2770(10), b = 23.8122(18) A and c¢=
13.4358(11). Transformation of the cubic system through
dodecahedral to antiprismatic is shown in Fig. 1.

These results illustrate the caution that one must take in
extending the results obtained for one complex to the rest of
the lanthanide series. As demonstrated, complexes of lantha-
nide ions with the same ligand through the series may preserve
the same atomic coordination, but need not be isomorphic,
and may, in fact, be associated with different coordination
polyhedra and symmetry of Ln(i) ions.

Spectroscopic results

The absorption spectra of Nd(bpyO,)4(ClO4); dissolved in
CH;CN and CH3NO, are provided as electronic supple-
mentary information,f and the absorption spectra of this
compound in the solid state at 300 K and 4 K are shown in

Fig. 1 Transformation of the cubic system [La(11)] through dodeca-
hedral [Nd(m)] to antiprismatic [Lu(i)].
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Fig. 2 Absorption spectra of Nd(bpyO,)4(ClOy); crystals at room temperature (A) and 4 K (B) (e = electronic line, the rest = vibronic compo-

nents).

Fig. 2. Comparative emission excitation spectra for the corre-
sponding Tb(ir) and Eu(ir) complexes in the UV region are
plotted in Fig. 3. As seen in these figures, the absorption spec-
tra in the UV region are dominated by electronic transitions
involving the bpyO, ligands. It should be noted, however, that
the spectrum for the Eu(bpyO,),*" species displayed in Fig. 3,
also shows the presence of a charge transfer (CT) transition
centered at approximately 370 nm. The relative location of
the CT transition has important consequences in terms of
the efficiency of lanthanide ion luminescence.>%2¢

The absorption spectrum of neodymium systems in the visi-
ble and near-IR region involves parity forbidden f— f transi-
tions from the*l, s> ground state multiplet to various excited
states. The integrated intensities of these transitions have been
analyzed in terms of Judd-Ofelt theory?”?® and are presented
in Table 3 in units of oscillator strength. The details of the f—f
transition intensity calculations were described in an earlier
paper.?? The f — f transition intensities for Nd(ClO4); in aceto-
nitrile are also included in this table. According to Judd and
Jorgensen® f« f transitions which obey AJ = +2, AL = +2
selection rules are the most sensitive to the lanthanide ion
environment, and are commonly referred to as hypersensitive.
For Nd(u), the *Iy/» — *Gs /> absorption transition satisfies the

Eu(bpy0,),”

Absorbance
>
1

Th(bpyO,),”

-
0 . r . r . r . - ; - . r
250 300 350 400 450 500 550
‘Wavelength / nm

Fig. 3 Excitation spectra of Tb(bpyO,)4(ClO4); and Eu(bpyO;)4(-
ClOy); complexes at 77 K (Amon. = 5464 nm for Tb(m) and
Jmon. = 612 nm for Eu(im)).
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above criteria, and, therefore, the intensity of this transition is
often used as a probe of structural changes. In practice, the
transition “Io /2 G, /2 is very close in energy, and particularly
at room temperature, these two transitions must be analyzed
together. The absorption transition 419/2—>4F5/2 (~802.4
nm) also satisfies partially the selection rule for hypersensitive
transitions and is used to monitor structural changes. This
transition overlaps with the *Io /2—>2H9 /2 (~794 nm) transi-
tion.

A comparison of the solid Nd(bpyO,)4(ClO,); absorption
spectra with those of Nd(bypO,)s>* in CH;CN and CH;NO,
illustrates strong similarities between the three systems and sig-
nificant differences from the results obtained when the complex
is dissolved in water.>*!

As expected, variations in the structures of the systems
under consideration are mainly observed in the spectral range
corresponding to the two hypersensitive transitions of Nd(i).
The similarity in the results from CH;CN and CH3;NO; is, per-
haps not unexpected since the dielectric constants and dipole
moments for these solvents are so similar. Similarly, structural
modifications caused by the unique properties of aqueous sys-
tems, especially in systems in which the ligands are labile, are
to be expected. An understanding of the role of solvent, includ-
ing solvent-induced structural modifications and solvent pene-
tration, is important in studies of complex lability,
luminescence efficiency, excited state energetics, and related
properties.

We also note that for these non-aqueous systems, the split-
tings of the 419/2 — 4F5/2 ,2H9/2 and the 419/2 — 4F7/2 ,4S3/2
transitions in the near-IR are similar, and their intensities as
compared to the419/24>4G5/2 ,2G7/2 transition are also very
similar. Since the solid is known to have a high symmetry from
the crystal structure, the similarities suggest a fairly high sym-
metry environment for the lanthanide ion in these two solu-
tions. It is well known that, for very highly symmetric
systems such as O, and Dy, the intensities of these two transi-
tions in this spectral region are about one half of the intensity
of the “Iy /2H4G5 /2 G, /2 transition?>3?>* whereas in low
symmetry environments, the ratio is significantly higher. In
the CH3CN and CH;NO; solution spectra the ratio of intensi-
ties of these transitions is slightly lower than observed for the
solid compound. One possible interpretation of these intensity
variations is that in solution the ligands are somewhat
more able to align themselves in a slightly more symmetric



Table 3 Oscillator strength (*) values for f— f transitions or integrated intensity for Nd:bpyO, = 1:4 systems (Judd—Ofelt parameters 10°, Q

values x 10%°)

Wavelength ~ Nd(bpyO»)s”*  Nd(bpyO,),*"  Nd(ClO,); Nd(bpy0,)4(ClO4);  Nd(bpyO,)4(ClOy)s

I p— S LT range/nm in CH;CN“* in CH;NO,” * in CH3NO,*  in paraffin oil polycrystal
*Fs 840-910 335.2 339.5 234.0 20.9 51.25
*Fs/2,°Hy 775-840 975.3 919.2 745.9 71.2 130.63
*F7/2,'S32 710-775 678.9 628.5 742.4 44.0 108.3

*Fo /2 665-700 60.4 54.6 57.3 28 13.8

Hy ) 616-654 13.5 16.8 14.2 1.1 4.2

*Gs 2.2 G7)a 555-610 7912.2 7162.4 2564.7 400.3 562.1
Ki3/2,°G72.' Gy 2 495-544 1444.0 1395.3 726.7 99.4 179.1

Gy j2,"D32,* G112, Kisjn  445-495 212.7 186.0 166.3 10.7 33.9
’Pyi/2."Ds)2 413-440 67.7 65.9 41.2 10.8

@1, =372, 14 = 1.61, 15 = 0.68, Q, = 109.01, Q, = 47.18, Qs = 19.82. © 1, = 3.26, 14 = 1.64, 75 = 0.61, Q, = 95.66, Q, = 47.99, Qs = 17.84.

arrangement, since they are free from constraints imposed by
crystal packing. This interpretation is consistent with the
trends observed from the previously described X-ray structural
data, where we noted that in the four ligand molecules, the
angles between the ring planes varied because of steric crowd-
ing. It should be noted, however, than when the crystals are
ground into a powder to produce an isotropic sample, the ratio
of the intensities of the discussed three transitions in the spec-
tra of Nd(bpyO,)4(ClOy) is very similar to that observed in
solution, indicating that the observed differences discussed
above may be due to simple polarization effects in the oriented
crystal.

In agreement with previous reports, extraordinarily
large absorption intensities are observed for the hypersensitive
transitions _in _ Nd(bpyO»)s®"  (*Iy/»— *Gs/2,°G7/2)  and
Eu(bpy0,)s>" ("Fy— °D»). The integrated intensities are col-
lected in Table 4 for the europium complex. The integrated
intensities observed for these complexes and Nd(ur) perchlo-
rate dissolved in aqueous solutions are very different.3** As
was demonstrated above, in both non-aqueous solvents the
Ln(bpyO,)s>" species exists predominantly with a structure
similar to that in the solid complex. In ref. 1 it was concluded
that the structure of Eu(bpyO,)s°>" possessed D, symmetry.
From our discussion above, on the basis of X-ray data, it
was found that on going from the lanthanum complex (with
almost perfect cubic structure) to the neodymium species the
symmetry is reduced. The number of observed SLJ compo-
nents [seven for the Iy /2 —4Gs /2 G /2 transitions of Nd(i)]
corresponds to a symmetry lower than O,,, but is still relatively
high.

A careful analysis of the solid neodymium cluster spectra at
4 K shows a number of vibronic components, mainly asso-
ciated with electronic transitions obeying the |AJ] = 2 selection
rule. According to established theory,*®® the vibronic transi-
tion probability is described by five terms including the matrix
elements of U?, the unit tensor operator. At 4 K the relative
intensities of the three bands (419/2H4G5 /2 G, /25 4Fs 2 ,2H9/2;
‘F, /2 s, /2) are very different from those measured at 300 K,
which illustrates the partial vibronic nature of these transi-

30,35

Table 4 Oscillator strength (P x 10%) for selected f— f absorption
transitions of Eu(ii)

Spectral ~ Eu(bpy0,)*t  Eu(bpy0,)**t  Eu(ClOy),
Transition region/nm in CH;CN in CH;CN in CH;CN
F,—°D, 530-542  23.87 25.1 27.1
"Fo—°D;  524-527 1.8 14 1.6
"Fo—°D, 463-467 94.2 90.2 7.1
"Fo— L¢" 390410  86.7 82.4 392.1

¢ Transition overlaps with ligand absorption band.

tions. Since the calculated values of the individual U? matrix
elements are drastically different for the above three transitions
(0.9736, 0.0102, 0.001), we conclude that the particular vibro-
nic contribution for each of these transitions must also be dif-
ferent.

Oscillator strength values, calculated from the electronic
spectra of the Nd(m) and Eu(i) samples, are listed in Table
3 and 4. The extraordinarily large intensities for the hypersen-
sitive transitions have led to the use of these high-symmetry
complexes as models for the development of theoretical models
for f < f intensity mechanisms. For example, Mason and Stew-
art® interpreted the high intensity of the "Fy,— D, transition
in Eu(bpyO,)4>" acetonitrile solution spectra in terms of a spe-
cific contribution associated with a dynamic coupling mechan-
ism. These authors assumed D, symmetry for the Eu(in)
complex, and showed that an isotropic polarizability of the
bpyO, ligands must be considered in order to account for
the large intensity that is observed. Dallara et al.*® have ana-
lyzed complexes with trigonal symmetry, and have developed
a procedure in which the various contributions of static cou-
pling, and dynamic coupling associated with isotropic and ani-
sotropic ligand polarization, have been determined. In their
calculations the €, intensity parameter is dominated by
dynamic-coupling contributions, while Q4and Qg parameters
by static-coupling ones. Although the calculated and empiri-
cally determined correlation between €, is not perfect, the
results of the calculations point at the importance of the
dynamic-coupling anisotropy polarizability mechanism contri-
bution in the intensity of the peculiar f—f transitions in the
lanthanide systems. Considering our results collected in Table
3 and 4, one can find a very large intensity of the *Iy /2 — 4Gs /2 G, 2
transition in the Nd(bpy02)43+ cluster and the "Fo— °D,
of the europium one, unexpected for relatively highly sym-
metric systems. Moreover, the observed very large values of
Q, parameters manifests that they can be composed of three
terms, which are contributions from each of these individual
mechanisms: static coupling [SC] and dynamic ones [DC]
(isotropic and anisotropic terms). The role of the DC mechan-
ism including anisotropy of the ligand polarizability term in
the presented system can explain the extraordinarily large
intensity of hypersensitive transitions and Q, parameters. The-
oretical calculations of the intensity parameters in the frames
of the dynamic-coupling model and basing on X-ray data for
our systems can confirm our predictions for the role of aniso-
tropy polarizability of the ligand on the intensity of f—f transi-
tions, especially hypersensitive ones. Such studies are
underway.*

Excited state energetics of Tb(bpy02)43+

An effort was made to characterize a ligand to metal energy
transfer process and the efficiency of terbium emission in the
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Fig. 4 Luminescence spectra of Tb (bpyO,),>* at 77 K in (A) CH5CN, (B) CH35NO> . The luminescence spectrum of solid Tb(bpy0,)4(ClOy); is

plotted as (C) (exe. = 310 nm).

solid state and in solution. One interesting aspect of the spec-
troscopy of the Tb(bpyO,),>" complex is that direct excitation
at 293 K of Tb(iir) with the intense 488 line of the Ar-ion laser
results in undetectable emission in CH;CN solution at room
temperature. One does observe very weak emission from this
solution under the same conditions using indirect excitation
of the bpyO; ligand singlet state at 322.5 nm. The 488 nm exci-
tation is also ineffective at inducing emission from solid
Tb(bpy0,)4(Cl04); and, as above, only weak emission is seen
using UV excitation of the ligand. At 77 K luminescence from
solid Tb(bpyO,)4(Cl0O4); may be observed under direct and
indirect excitation. Observations such as these in other lantha-
nide complexes>*®#*! have been used to determine the effects
of various competing excited state processes that are operative
in these systems. Lack of emission following direct excitation
of Tb(i) in the bpyO, complex reflects an efficient so-called
“back energy transfer” from the metal state to ligand triplet
states. There must also exist a forward energy transfer process
as shown by the measurement of Tb(1r) luminescence at 77 K
following ligand singlet excitation. These processes are clearly
temperature dependent as shown by the appearance of strong
emission from the UV excitation at low temperature, and,
obviously, reflect details of the relative location of ligand sing-
let and triplet states relative to the Tb(i) energy levels.

Emission spectra of Tb(bpyO,)s°* in solution and in the
solid state at 77 K are presented in Fig. 4. Observed emission
bands correspond to transitions from °D,—’F; levels of
Tb(m). An analysis of the respective transitions in emission
and excitation spectra allows the creation of a Tb(1) energy
level diagram as well as the determination of the splitting of
the levels. On the other hand, detection of ligand phosphores-
cence enables one to determine the location of the triplet state.
This experiment has been performed with bpyO, complexes
involving Lu(in)* and La. The energy of the triplet state has
been measured to be 18349 cm ! using the results for Lu(ir),*
and a similar value, 18923 cm™!, was obtained using the spec-
troscopic results for the La(ur) complex. These values show
that, indeed, the ligand triplet state lies very close and slightly
below the Tb(mr) Dy emitting state, and this is entirely consis-
tent with the observed efficient quenching of Tb(i1) emission
by the back-energy transfer process.

Additional information concerning the excitation, energy
transfer, and de-excitation mechanisms may be obtained by
measurement and analysis of excited state lifetimes of Tb(i).
Therefore, decay times for Tb(bpyO,),°* in the solid state
and in CH3CN solution were measured at room temperature
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and 77 K. The results of these measurements are given in Table
5. A comparison of the luminescence spectrum of the solid
complex with the frozen solution (77 K) in Fig. 4 confirms
the formation of the relatively stable Tb(bpyO,),*" ion in
CH;CN solution. This is the same result observed for the
Eu(in) analog.! Thus, we assume that emission quenching by
multiphonon processes involving solvent vibrations can be
neglected. As described below, the excited state processes
which are effective in the solid systems and in the solutions
are somewhat different. Furthermore, although charge transfer
states for Tb(i1) can not be considered at the analyzed spectral
range (see Fig. 3), the results of the decay measurements show
that the mechanism for excited state quenching in
Tb(bpy0,),>" systems is not significantly simpler than that
observed for Eu(bpyO,),>*.

The quantum yield, ¢exp, of D, emission upon ligand 'nn*
excitation can be expressed as follows

¢'exP = NetNr (1)

where 7, is the energy transfer efficiency from the 'nn* state to
the D, state of Tb(mm), and 7, is luminescence efficiency of D,
defined as the ratio of the radiative quenching rate constant,
k., divided by the sum of the rates of all other processes that
deplete the emitting state

e = ke/Zk (2)

If we assume that direct energy transfer from the short-lived
Inn* state does not occur, but rather involves an intermediate
triplet state [as seems to be the case for many Eu(ir) and Tb(tr)
species], then the energy transfer efficiency may be expressed as

Net = Nisclet [3757'5*} (3)

where 1 is the intersystem crossing efficiency and [*nn*]

Table 5 Luminescence lifetimes/ms for Tb(ir)

System T77K T300K

Tb(bpyO,)4(ClOy); solid 0.746 0.0418
0.739 0.01

Tb(bpy0,)4>* in CH;CN solution 0.657 0.003
0.106

The decay time curves were not monoexponential both at 77 and 300
K.




denotes the population of the triplet state. Substituting eqn. (3)
into eqn. (1) we obtain the following relationship

b = Misehet [37'"5*]7% (4)

However, in Tb(bpyO,),>" the ligand triplet state is located
below the *Dy state, so use of eqn. (4) is not appropriate. Since
we do observe luminescence following excitation of the ligand
singlet state, then energy transfer from the 'nn* state to higher
Tb(u) levels above D4 may not be neglected. It also must be
the case that the efficiency of energy transfer from ligand sing-
let state to these higher f-levels (e.g. *D3, °D,, *Gyg) levels must
be greater than the back-energy transfer from *Dy level to the
ligand triplet state. Obviously, the fact that no emission can be
seen following direct excitation of the complex at room tem-
perature implies that the back-transfer is much more efficient
than the formally LaPorte forbidden direct f— f absorption
process.

Additional insight may be obtained through the decay time
measurements. As seen in Table 5, the decay curve for the solid
Tb(bpyO,),>" system at 293 K is best fit as a bi-exponential
decay with values that differ by more than a factor of 4. At
77 K the decay rate is almost pure mono-exponential since
the bi-exponential decay analysis yields values that are vir-
tually identical. In the solids the ““back-transfer’ rate to the
triplet excited state competes with the ligand to metal transfer
rate. However at low temperatures, energy transfer leading to
D, population is faster than the back-transfer process, and
Tb(t) emission is observed. The back energy transfer can be
phonon assisted because AE between the ligand triplet state
and *Dy of Tb(im) is about 1400 cm™! and it is close to v(N—
O) and v(ring) stretching vibrations. At higher temperature
the reverse is true. Obviously, the back-energy transfer process,
which is described by k,(7), is strongly temperature depen-
dent. The precise source of the temperature dependence of
kn(T) is not obvious from the results so far obtained. The
X-ray data show coordination of Tb(ir) by oxygen atoms in
the N-O groups of bpyO,, however the energy of the N-O
vibration modes is not large (~840, 1280 cm™"),!*? and thus
quenching by a multiphonon process involving these modes
is not very efficient. Clearly, nonradiative processes involving
the bpyO; ligands are temperature dependent. Additional stu-
dies involving excited state dynamics of these and other related
systems are underway.

4. Summary

The study and analysis of the structures and spectroscopic
properties of the complexes of bpyO, with the series of lantha-
nide(m1) ions has led to useful information in our continuing
efforts to understand and derive useful spectra/structure rela-
tionships. In particular, the kinds of results presented here
should help in the rational design of useful agents exploiting
the spin or luminescence properties of lanthanide complexes.
Extensions of the work described here aimed at probing the
effects of ionic size in the stability of macrocyclic complexes,
and a developing a quantitative approach to excited state exci-
tation and de-excitation processes are underway.
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