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Dinuclear compounds of lanthanide(ir) (Ln**) ions with api®~ [{Ln(api)},] {H;api = 2-(2-hydroxyphenyl)-
1,3-bis[4-(2-hydroxyphenyl)-3-azabut-3-enyl]-1,3-imidazoline} were synthesized and characterized in micro-
crystalline form and frozen aqueous solutions in order to establish the ability of triply charged chelates to stabilize
Ln**—Ln** couples. The crystal structure of the [{Sm(api)},] complex confirms the dinuclear sandwich binding in
which the pair of Ln** ions is trapped between the two chelates to yield an eight-fold ca. square antiprismatic
co-ordination geometry on each Ln®* ion. Luminescence decay dynamic studies revealed thermal quenching of
Tb** (°D,) [thermal barrier E, = (1.2 £ 0.2) X 10* cm™!] and Eu**(°D,) [E, = (4.7 £ 0.2) X 10°* cm ] emission from
[{Tb(api)},] and [{Eu(api)},] respectively. Luminescence decay dynamics of homodinuclear [{Ln(api)},] (Ln = La,
Gd, Eu or Tb) and heterodinuclear [{Tb, _ ,Eu,(api)},] complexes in polycrystalline and frozen aqueous solutions

as well as the small proton NMR relaxivity of [{Gd(api)},] and low toxicity (to mice) of [{La(api)},] show
qualitatively that members of the [{Ln(api)},] system are stable in water and merit further study in search of

potentially useful tunable biomedical probes.

Several homo- and hetero-dinuclear complexes featuring
coupled lanthanide(in) ions (Ln3") have been prepared and
characterized  crystallographically’? and  spectroscopic-
ally."**1° The most successful chromoionophoric templates for
lanthanide(mr) dinucleation have so far been phenolic Schiff
bases (e.g L'-L*) but bipyridyl macrocycles such as L’ have
recently shown remarkable potential.” Such dinuclear phenolic
and bipyridyl lanthanide(i) complexes have demonstrated
Ln**-Ln*" tunable electronic behaviour which is not only of
interest in its own right,*® but is also of potential benefit to
photonic devices!! and nuclear magnetic resonance imag-
ing (MRI) techniques which employ paramagnetic ions to
enhance image quality.' However, factors governing the form-
ation of Ln**—Ln3" couples and their subsequent entrapment
by dinucleating chelates remain largely obscure. With phenolic
ligands the importance of a large chelate negative charge-to-
lanthanide(mr) ion ratio (p) to the dinucleation process was
indicated by the greater stability of acyclic dinuclear complexes
[{LnL'(NO,)},], in which p=2:1, compared to dinuclear
macrocyclic complexes with a lower p=1:1 such as [{LnL*
(NO3),},]:2H,0 and [LnL3(NO;),].® This dependency of the
Ln** dinucleation process on p is reasonable because of the
hard Lewis acidity of Ln** ions. So p could indeed be an
important molecular design parameter for new types of
photonic devices and MRI contrast agents which take advan-
tage of the tunable co-operative electronic behaviour of
Ln**-Ln** couples. Owing to our interest in the fundamental
nature of Ln*"—Ln*" coupling processes and the development
of devices based on them, we sought to confirm this hypothesis
and employed a triply charged chelate api®~ which has a higher
p=3:1" for the purpose. Lanthanide(ur) compounds of api®~
are very attractive because they are neutral, which is an im-
portant consideration in biomedical applications where low
osmolarities are desired.'?

1 E-Mail: ikahwa@uwimona.edu.jm

Experimental
Materials

Lanthanide nitrates were prepared by neutralization of respect-
ive 99.9% (at least 99.99% for samples used in luminescence
studies) sesquioxides Ln,O; (Tb,O, for terbium samples)
obtained from Aldrich. Triethylenetetramine and salicylalde-
hyde were from BDH and of 60 and 99% purity respectively.

Preparation of [{Ln(api)},]

The non-template reaction of salicylaldehyde with triethylene-
tetramine followed by Ln(NO,);-nH,0 yields compounds of the
general stoichiometry [{Ln(api)},]:nH,O (n = 0-2)."* Thecrystal-
line anhydrates, [{Ln(api)},], for this study were prepared by the
following template procedure: salicylaldehyde (3 mmol) was
dissolved in methanol (200 cm®) along with Ln(NO;),-nH,0
(1 mmol) and then refluxed for 1 h. An excess of triethylene-
tetramine (4 mmol) was then added and the solution refluxed
for 2 d to complete the crystallization process. The crystalline
products were harvested (30-40% yield) and dried by rolling
them gently on tissue paper. The crystals were of similar
morphology and representative elemental analyses were con-
sistent with the unsolvated stoichiometry, [{Ln(api)},] (Found:
C, 53.14; H, 4.53; N, 9.36. C,;H,;N,O;Sm requires C, 53.52; H,
4.49; N, 9.25. Found: C, 52.45; H, 4.37; N, 9.26. C,;H,,N,O;Tb
requires C, 52.78; H, 4.43; N, 9.12. Found: C, 51.91; H, 4.30;
N, 9.13. C,;H,,ErN,O; requires C, 52.06; H, 4.37; N, 9.00%).
The mixed [{Tb,_  Eu.(api)},] compounds were prepared in
a similar fashion after allowing for the desired amounts of
terbium(1r) and europium(1).

Analyses

Carbon, hydrogen and nitrogen analyses were performed by
Medac Ltd., Brunel Science Centre, Surrey, UK. Infrared and
UV/VIS spectra were obtained using a Perkin-Elmer 1600
series FT-IR and a UV/VIS/NIR Lambda 19 spectrometer
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respectively. Proton relaxation rates were measured on a Briiker
200 MHz NMR spectrometer described previously.!* The
Perkin-Elmer LS-5 spectrometer, Photon Technology PL2300
nitrogen and PL201 dye lasers, electronic support and the
in-house computational programs used in luminescence studies
were described previously."”'*

Crystallography

Data for [{Sm(api)},] were collected on a Siemens P4 diffract-
ometer with graphite-monochromated Cu-Ka radiation and ®
scans. The data were corrected for Lorentz-polarization and
absorption effects (face-indexed numerical correction). The
structure was solved by the heavy atom method and non-
hydrogen atoms refined anisotropically using F? data. All
hydrogen atoms were placed in calculated positions and refined
isotropically (riding model). All calculations were performed
using the SHELXTL program system.'® A summary of the
crystal data and refinement parameters is given in Table 1 and
selected bond lengths and angles in Table 2.
CCDC reference number 186/1054.

Results and Discussion
Preparation and structure of [{Ln(api)},]

Interaction of an excess of triethylenetetramine and salicyl-
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Table 1 Summary of crystallographic data

Formula CsHs,NgOgSm,

TIK 293(2)

M 1211.8

Crystal system Monoclinic

Space group P2,/n (no. 14)

alA 11.056(1)

bIA 18.812(1)

clA 11.734(2)

pre 96.81(1)

UIA? 2423.3(5)

V4 2

DJgcm™ 1.661

w(Cu-Ko)/mm™! 18.50

Transmission factor range 0.150-0.413

20 Limit/° 127

No. intensities measured 4196

No. unique intensities 3973

No. intensities with 7 > 26(/) 3343

No. parameters refined 317

R1¢ 0.0363

wR2® 0.0886
CE|FS = FIVEIF.  Bw(F = FOEwER T

aldehyde in the presence of Ln** ions in methanol yields un-
solvated dinuclear complexes of stoichiometry [{Ln(api)},].
This formulation is consistent with the elemental analyses
and infrared spectra which feature the presence of C=N (1638
cm ') and absence of C=0 and N-H absorptions. The most
convincing evidence for the preparation of [{Ln(api)},] is
however from a single crystal X-ray diffraction study of
[{Sm(api)},] (Fig. 1). Although the preparation of solvates
[{Ln(api)},]-nsolv and the crystal structure of a member of a
very similar series [{Ln(brapi)},]-nsolv, [{La(brapi)},]-2CHCl,,
were reported while our studies were in progress by Orvig’s
group,' it became necessary to determine the structure of the
[{Ln(api)},] compounds because of differences in solvation.
Reliable knowledge of the solvent molecules’ locations is vital
for purposes of interpreting luminescence spectral and decay
dynamic studies. Solvation may affect the lanthanide(1r) ion
site symmetry while O-H'” and C-H" stretching vibrations
can quench Ln*' emission. Further, our preliminary lumin-
escence investigations revealed red emission from [{Eu(api)},]
(°*Dy—— "F,) which is forbidden in D,; symmetry that is
adopted by the lanthanide(mr) co-ordination polyhedron in
[{La(brapi)},]-2CHCI;; the need for firm structural data on the
[{Ln(api)},] series was therefore compelling.

The X-ray analysis shows (Fig. 1) the ligand api®~ to have
approximate non-crystallographic C, symmetry about a plane
bisecting the central ‘imidazolidine’ ring and includes the
attached phenolate ring which is oriented essentially orthogon-
ally to the imidazolidine ring. The four ligand nitrogen atoms
are planar to within 0.01 A and the two terminal phenolate
rings are inclined by ca. 25° to this plane. The ligand is hepta-
dentate, and together with a centrosymmetrically related coun-
terpart utilizes all of their potential co-ordinating sites (Fig. 1).
The geometry at each Sm*®* centre is a slightly distorted square
antiprism (Fig. 2) with Sm—O distances in the range 2.273(4)-
2.397(3) A and Sm—N varying between 2.525(4) and 2.831(4) A,
those to the imidazolidine ring nitrogen atoms being signifi-
cantly longer than those to the imino nitrogens (Table 2).
The two co-ordination polyhedra are edge linked about the
0(34) - - - O(34") vector (2.70 A) (Fig. 2) with an intramolecular
Sm - + - Sm separation of 3.9176(5) A. The shortest inter-dimer
Sm---Sm distance is 9.60 A. An inspection of the packing
of the dimers reveals only weak m stacking (3.7 A interplanar
separation) between the terminal phenolate rings of adjacent
molecules, the overall intermolecular interactions being essen-
tially van der Waals in nature.

By comparison the crystal structure of [{La(brapi)},]
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Fig. 1 The dimeric sandwich molecular structure of [{Sm(api)},] with displacement ellipsoids at 50% probability

N(12) N(15)

Fig. 2 The approximate square antiprismatic geometry around each
Sm** ion in [{Sm(api)},]

2CHCI, features a monoclinic cell with a significantly larger 8
angle (116.86°) than the one found in [{Sm(api)},] (96.81°) and
a different space group C2/c. However, both [{La(brapi)},] and
[{Sm(api)},] dimers are centrosymmetric and their Ln®" ions
have square antiprismatic co-ordination geometry with distor-
tions in bond angles and distances (allowing for ionic size
differences) of roughly similar magnitudes.

Luminescence behaviour

The main interest in complexes of [{Ln(api)},] was to test the
hypothesis that highly negatively charged ligands result in more
stable dinuclear lanthanide(tr) complexes.® Solution (especially
water)-stable dinuclear lanthanide(ur) complexes are essential
for evaluating the potential use of this type of compound as
luminescent biomedical diagnostics and MRI contrast enhanc-
ing agents employing tunable electronic Ln**—Ln** coupling.
The compounds [{Ln(api)},] are the first examples of structur-
ally well defined neutral lanthanide(in) dinuclear phenolate
complexes showing sufficient water solubility and stability to

Table 2 Selected bond angles (°) and lengths (A) for [{Sm(api)},]

O(1)-Sm-0(34")  140.76(12) O(1)-Sm-0(26")  133.37(12)
O(1)-Sm-0(34) 81.01(12) 0(26'-Sm-0(34")  83.17(12)
0(34'-Sm-0(34)  69.77(12) 0(26'-Sm-0(34)  143.04(11)
0(26'-Sm-N(18")  71.38(14) O(1)-Sm-N(18")  74.37(14)
O(34)-Sm-N(18')  142.64(13) O(34')-Sm-N(18') 114.65(12)
0(26'-Sm-N@©)  75.75(14) O(1)-Sm-N(9) 71.60(14)
O(34)-Sm-N(9)  111.74(12) O(34'-Sm-N(9)  143.32(12)
O(1)-Sm-N(15")  81.05(13) N(18)-Sm-N(©9)  86.73(14)
0O(34')-Sm-N(15")  70.19(11) 0(26'y-Sm-N(15") 111.52(14)
N(18)-Sm-N(15")  65.87(13) O(34)-Sm-N(15")  83.06(12)
O(1)-Sm-N(12)  111.33(13) NO)-Sm-N(15")  145.73(12)
0(34'-Sm-N(12)  83.21(11) 0(26'-Sm-N(12)  82.38(13)
N(18)-Sm-N(12)  145.35(13) O(34)-Sm-N(12)  70.16(11)
N(15)-Sm-N(12)  147.53(12) N(9)-Sm-N(12) 64.67(13)
Sm-0(1) 2.273(4) Sm-0(34) 2.397(3)
Sm-0(34") 2.378(3) Sm-N(9) 2.534(4)
Sm-N(18") 2.525(4) Sm-N(12) 2.831(4)
Sm-N(15") 2.813(4) Sm-Sm’ 3.9176(5)
Sm-0(26") 2.290(4)

allow for such an evaluation. The other structurally well defined
dinuclear lanthanide(1r) systems showing good water solubility
and stability are the tetracationic bipyridyl-phenolic series
[Ln,L5]**.® A series of very interesting solution luminescence
studies have been reported on water-soluble dinuclear lanthan-
ide(mr) complexes of 2,6-bis[N,N'-bis(carboxymethyl)amino-
methyl]-4-benzoylphenol.’  Unfortunately vital structural
information in both solution and solid states is lacking but
the data on metal-metal interactions are very encouraging. For
these reasons, we have studied the luminescence behaviour of
the [{Ln(api)},] and mixed [{Ln,_ La,(api)},] compounds in
both the solution and solid states in the hope of shedding more
light on the interaction between solvent molecules, especially
water, with electronically coupled homo Ln**—Ln*" and hetero
Ln**—Ln’** pairs.
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Fig. 3 The 77 K emission (A, =320 and 337 nm) and excitation
(Aem =476 and 563 nm) spectra of [{Ln(api)},] (Ln=La or Gd). The
sharp peak in the emission spectrum of the gadolinium complex is due
to sensitized Tb**(°D,) impurities emission

Photosensitization of Ln** emission in [{Ln(api)},] (Ln = Tb or
Eu) and [{Ln, _ .La (api)},]

The electronic absorption spectrum of the [{La(api)},] complex
shows iminophenolate absorptions at 270, 330, 370 and 450 nm
which coincide with the broad and complex unresolved ab-
sorption envelops of the excitation spectra of ligand emission
from both [{La(api)},] and [{Gd(api)},] (Fig. 3). Excitation of
[{La(api)},] at 337 nm and 77 K results in complex broad emis-
sion (430-600 nm; A, ~ 480 nm) while the [{Gd(api)},] com-
plex yields (also complex) broad emission at longer wavelengths
(450-625 nm; A, ~ 510 nm) (Fig. 3). The broad emission is
presumably from the electronic states of ligands or related
organic traps while sharp Tb**(°*D,—— "F,) emission due to
sensitization of a Tb*" impurity? is seen on the emission spec-
trum of the [{Gd(api)},] complex. The good spectral overlap
between the intense ligand or trap emission and the Tb**(°D,)
state provides suitable conditions for sensitized Tb**(°D, —>
"F,) emission.' However, the complexity of the ligand emission
spectra and interference from Tb*" impurities preclude detailed
assignments.

The [{Tb(api)},] excitation in the near UV yields typically
Tb**(*D,—> "F,) emission which is very strong at 77 K but
weaker at room temperature. The dominant feature in the
corresponding 77 K excitation spectrum (A, = 540 nm) (Fig. 4)
is a complex broad absorption at ca. 270-420 nm similar to
that of [{Ln(api)},] (Ln=La or Gd) compounds. A weak
direct Tb¥"(°*D, «— "F4) absorption at about 488 nm is also
observed. Excitation of [{Eu(api)},] at 77 K in the near UV
produces typical Eu**(*D,— "F,) emission the excitation
spectrum (A,,, = 610 nm) (Fig. 5) of which also shows a poorly
resolved broad ligand absorption envelop in the range 280-470
nm and direct Eu**(*D; «—"F,) contributions at 465 (J=2)
and 530 nm (J=1). A broad emission band in the 400-550 nm
region (A, =485 nm) (Fig. 5) is also observed. Excitation of
the europium(1) complex at 400 nm results in predominantly
Eu**(°D,) emission without the anomalous broad peak at 485
nm (Fig. 5) which shows that this peak has origin in the ligand
states. Regardless of the excitation wavelength, emission from
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Fig. 4 The 77 K excitation (A, = 540 nm) and emission (A, = 340
nm) spectra of frozen aqueous solution and polycrystalline samples of
[{Tb(api)},]
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Fig. 5 The 77 K excitation (A, = 610 nm) and emission (A = 337 or
400 nm) of polycrystalline [{Eu(api)},]

Eu**(°D,) in [{Eu(api)},] is dominated by the hypersensitive
’D,— F, transition which is forbidden as an electric dipole
for Eu** in co-ordination polyhedra of strict D,, symmetry.2*?!



Table 3 Decay rates (k;) for Tb**(°D,) and Eu**(°D,) in [{Ln(api)},]

Compound Excited state” TIK kst kyls?
[{Tb(api)},] Polycrystalline Tb**(D,) 147 2% 10* 1x103
D,0 solution Tb**(°D,) 147 2 % 10* 2 x 103
Aqueous solution Tb**(D,) 147 2% 10* 2% 103
{Eu(api)} Polycrystalline Eu**(°D,) 147 3 x10° 2x10°
Pls2 ycry o
D,O solution Eu¥*(’Dy) 147 7 % 10° 2% 103
Aqueous solution Eu**(°D,) 147 9 x 10° 3 x 103
[{Tb(api)},] Polycrystalline Tb**(D,) 298° 1.6 x 10°
{Tb(api)} Polycrystalline Tb**(°D,) 77 1.3 x 10
Pls2 ycry 4
[{Tb,_ La (api)},] Polycrystalline Tb**(D,) 77 1.0 x 10
xlagdap ycry
[{Eu(api)},] Polycrystalline Eu**(°D,) 298° 8.1 x 10*
[{Eu(api)},] Polycrystalline Eu¥*(’Dy) 77 2.9 x 10
[{Euy, _ La (api)},] Polycrystalline Eu**(°D,) 77 1.9 x 10
[{Tb, _ [Eu,(api)},] Polycrystalline Tb**(D,) 77¢ 1 x10° 2% 103
[{Tb, _ .Eu(api)},] Polycrystalline Eu**(°Dy) 77¢ -2 x10%¢ 2x10°
[{Tb, _ [Eu,(api)},] D,O solution Tb**(D,) 77¢ 1 x10° 2% 103
{Tb, _ ,Eu,(api)} D,0 solution Eu**(°D,) 77°¢ -2 x 105 2 x 103
1-xEud@apl)y, p) o

“ Direct excitation of terbium was at 488 nm while that of europium was at 577 nm. The Tb**(°D,) and Eu**(°D,) emissions were monitored at 540
and 610 nm respectively. * Room temperature emission is weak; estimate of major component is quoted. ¢ Samples were excited via the ligand state at

337 nm. ¢ Negative sign means excitation build-up rate.

However, certain other factors cannot be ignored. The most
important ones may be the aromatic electronic clouds (with
which the Eu®* is in some contact via through-space inter-
actions and the partial double character of the phenolate C-O
bonds??) and polarization effects*® due to strong bonding of
europium(1) to the four phenolate centres. These consider-
ations may result in the effective crystal electric field symmetry
at the Eu®" centre being lower than the ca. D,y adopted by the
co-ordination polyhedra or trigger the hypersensitive behaviour
of the SD,—— 'F, transition. Sensitization of both Tb*'-
(*D,— F,) (Figs. 3 and 4) and Eu**(*D,— F,) (Fig. 5)
emission by the ligand states is evident from the excitation
spectra which feature absorptions of the organic chromophore;
but emission from organic traps and their involvement in metal
emission quenching are good possibilities.

Luminescence decay dynamics

Owing to possible spectral interference of the broad organic-
type emission (Figs. 4 and 5) with the metal ion emission,
lanthanide(mr) luminescence decay data were acquired after
exciting directly the Tb**(°*D,) and Eu**(°D,) levels at 488 and
577 nm respectively. Luminescence decay rates of Tb**(°*D,)
and Eu**(°D,) states in pure [{Tb(api)},] and [{Eu(api)},] com-
pounds and inert matrices afforded by [{Tb, _ La,(api)},] and
[{Eu, _ ,La,(api)},] (x> 0.95) are shown in Table 3. Single-
exponential luminescence decay prevails for Tb**(°D,) and
Euw(Dy) in [{Tb, ,Lafapi)},] and [{Eu, La.api)},]
respectively at 77 K but emission is too weak to measure at 298
K. However, the temperature dependence of the decay process
is evident, for both [{Tb(api)},] and [{Eu(api)},] compounds,
from a comparison of the decay rates at 77, 147 and 298 K
(Table 3). We therefore studied in detail the temperature
evolution of the emission decay rates of [{Tb(api)},] and [{Eu-
(api)},] in order to gain more insight into the nature of the
temperature-dependent quenching processes.

The luminescence decay behaviour of [{Tb(api)},] and
[{Eu(api)},] following direct excitation of the Tb**(°D,) (A =
488 nm) and Eu**(°Dy) (A.=577 nm) states is single-
exponential and temperature independent in the range 77-140
K for Tb** and 77-233 K for Eu**. The corresponding spon-
taneous decay rates (k;) are ca. 1.1 X 10* and 2.1 X 10 s! for
Tb**(*D,) and Eu**(°D,) respectively. These values are slightly
larger than those found for Tb**(°D,) and Eu**(°D,) in inert
matrices ([{Ln, ,La,(api)},], Ln=Tb or Eu) (Table 3) pos-
sibly because of weak concentration quenching associated with
energy migration on the lanthanide(r) sublattice. With 7" > 140
K for [{Tb(api)},] and >230 K for [{Eu(api)},] temperature-

dependent multiexponential decay curves are obtained. In these
cases excitation trapping information can be extracted from the
observed rates of the fast decaying component (k;) which, for
comparative purposes, can be estimated from fits by double-
exponential models. The temperature-dependent k; data were
subsequently used to estimate the trapping rates (k,) (k,=
k¢ — k;); the k, values so obtained were plotted as In k, vs. 1/T.
The corresponding thermal barriers, E,, for quenching emission
from Eu**(°D,) in [{Eu(api)},] and Tb*'(*D,) in [{Tb(api)},]
were found from the slopes of these Arrhenius plots [ie In
k.=In A + (E,/RT) where A and R are the pre-exponential
factor and gas constants], to be ca. (4.7 £ 0.2) x 10* and (2.1 £
0.2) x 10* cm ™! respectively. We attribute the quenching activity
to an organic state (ligand or organic trap impurity) in the
vicinity of the ca. 22000 cm™! region. The trapping thermal
barriers would, in this case, correspond to the energy required
to bridge the Eu*'(°*Dy) (17200 cm™!) and Tb**(°D,) (20 500
cm ') energy levels with the organic trapping state. This conclu-
sion is reasonable in view of the weak broad absorptions seen at
roughly 440-485 nm (Figs. 4 and 5).

Solution luminescence of [{Ln(api)},] (Ln = Tb or Eu)

For compounds of potential biomedical diagnostic interest,
aqueous solution studies are essential for establishing solubility,
stability and toxicity. It was therefore of great interest to study
the luminescence behaviour of the [{Ln(api)},] series in aqueous
solutions for comparison with that of the polycrystalline forms,
especially at 77 K where quenching activity is minimal (see
above). Direct excitation of the Tb**(°D,) and Eu**(°D,) states
at 488 and 577 nm respectively produced very weak emission
from frozen aqueous solutions of [{Eu(api)},] and [{Tb(api)},].
Therefore indirect excitation of the frozen aqueous and D,O
solutions via ligand absorptions at 337 nm was used to obtain
spectra and decay curves for comparison with those of poly-
crystalline samples. Spectra of frozen D,O solutions of the
[{Eu(api)},] complex were still too weak to measure. The emis-
sion and excitation spectra of [{Tb(api)},] however were
informative (Fig. 4). The excitation spectra of frozen D,O solu-
tions of [{Tb(api)},] are similar to those of the polycrystalline
compound, but the emission spectra show subtle differences
especially in the intensity (area) ratio of the °*D,—— "Fg:
’D,—> "F5 peaks. This ratio changes from 1.3:1 in poly-
crystalline [{Tb(api)},] to the more normal 0.6: 1 for the corre-
sponding frozen D,O solution (Fig. 4). Intensity changes usu-
ally reflect modifications in the crystal electric field symmetry
around the Tb** ion, which affect selection rules. Since there are
no noticeable changes in the excitation spectrum dominated by
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Fig. 6 The 77 K decay curves for Eu*"(°D;) (Aem =610 nm) and
TH** (D) (Aem=540 nm) in [{Tb,_ Eu(api)},] {frozen aqueous
solutions [a, Eu*"(°D,); f, Tb**(°D,)]; polycrystalline solid [b, Eu®*-
(°Dy); e, Tb**(°*D,)]} compared to the decay curve profiles of the pure
homodinuclear polycrystalline samples, [{Eu(api)},] [c, Eu*"(°D,)] and
[{Tb(api)},] [d, Tb**(°D,)]. The samples were excited at 337 nm

ligand absorption, it is reasonable to conclude that dissolution
of the [{Tb(api)},] compound in water did not change the
terbium(tn)-api interaction significantly. Analysis of the long-
time decay data (k,) in frozen D,0 and aqueous solutions
of both [{Tb(api)},] and [{Eu(api)},] (Table 3) using the
Horrocks—Sudnick relation ¢ = A(kyo — kpp), where 4=
42x107% for Tb**(°D,) and 1.05% 107 for Eu**(°D,),
indicates that the Ln®" centres interact, on average, with rough-
ly one co-ordinated water molecule. It seems that either the co-
ordination number of the Ln*" ion changes in aqueous solution
to nine to accommodate a water molecule or the complex
dissociates into monohydrated monomers [Ln(api)(H,0)]. To
check these possibilities we studied the luminescence behaviour
of the heterodinuclear complex [{Tb, _ ,Eu (api)},] in the hope
that the luminescence decay behaviour of the Tb**—Eu*" couple
in heterodinuclear [TbEu(api),] molecules would shed more
light on the integrity of [{Ln(api)},] molecules in water.

The 77 K luminescence decay curves of Tb**(°D,) and
Eu**(°D,) in polycrystalline [{Tb, _ .Eu (api)},] and its frozen
D,O solutions are compared in Fig. 6. The two sets of
Eu**(°D,) decay curves (Fig. 6a and 6b) are similar and exhibit
excitation build-ups (ca. 2 x 10° s!) not seen with Eu**(°D,) in
pure [{Eu(api)},] or the inert matrix of [{La,_ Eu.(api)},]
(Fig. 6¢). This excitation build up corresponds to the quick
decay component (ca. 1 % 10° s71) of Tb**(°D,) emission for
both polycrystalline (Fig. 6e) and frozen D,O solutions of
[{Tb, _ .Eu,(api)},] (Fig. 6f) which, also, is not found on decay
curves of [{Tb(api)},] or [{La, _ . Tb(api)},] (Fig. 6d). The slow
decaying component of Tb**(*D,) emission (77 K) from poly-
crystalline or frozen solutions of [{Tb,_.Laapi)},] (ca.
2x10% s7) is of the same order of magnitude as that of
[{Tb(api)},] or [{Tb,_ La.(api)},] (Table 3); we attribute this
slow component to the homodinuclear [{Tb(api)},] molecules.
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We thus assign an intramolecular Tb**(°D,)-to-Eu®" energy
transfer rate of ca. 10° s™! and conclude that the Tb**—
Eu®* coupling of heterodinuclear dimers [TbEu(api),] remains
largely intact in aqueous solutions. Assuming that the intra-
molecular Tb**—Eu®" interaction responsible for Tb*"-to-Eu®*
energy transfer across the phenolate bridge is predominantly
dipolar in nature, the corresponding coupling constant, ¢, is
weak and estimated to be ca. 4 X 107 m®s™* from the Forster—
Dexter equation (k= c/r®).2** We thus conclude that the
[{Ln(api)},] compounds, especially those of the heavy lan-
thanide(1r), are more stable in solution than previously known
dinuclear complexes of L'-L* and that indeed highly charged
ligands are important for the stabilization of coupled lanth-
anide(mn) ions. The subtle spectral changes upon dissolving
[{Tb(api)},] in water (Fig. 4) are thus largely due to the intro-
duction of water molecules into the co-ordination sphere with-
out destroying dinuclearity, i.e. [{Ln(api)(H,0)},]. However, a
small degree of dissociation cannot be ruled out without the
benefit of high-resolution spectral studies.

Proton NMR relaxivity studies

The solution stability of [{Ln(api)(H,0)},] (aq) indicated by
the above luminescence decay dynamic results encouraged us
to study the water 'H relaxation characteristics of aqueous
[{Gd(api)},] in search of features of interest to contrast
enhancement in MRI. Preliminary results show that the water
'H relaxivity at 25 °C, approximately 5.7 x 107> mm ' 57!, is
low. This is consistent with the conclusion that the [{Ln(api)},]
complexes are not dissociated in aqueous solutions and
exchange between co-ordinated and solution water molecules
is very restricted, presumably because the metal ions are
well sheltered from the solution environment by the organic
moieties (Fig. 1). These results were collaborated by toxico-
logical studies®® which revealed that, compared to dinuclear
complexes of L'-L* which were fatal to rats at low doses,
[{La(api)},] features very low toxicity even when the doses were
increased fivefold.

Conclusion

The preponderance of structural, luminescence, NMR and
toxicity evidence on [{Ln(api)},] presented here shows quali-
tatively that these compounds are more stable than previously
known dinuclear complexes of L'-L* and that indeed p is an
important molecular design parameter in the development of
compounds featuring Ln**~Ln** couples. Whereas information
on the aqueous stability constants and factors promoting
better proton NMR relaxivities of [{Ln(api)},] is still required
for a detailed evaluation of their potential, their low toxicities
and the good stability of complexes of L° should encourage
further investigations of the phenolate lanthanide(ur) di-
nuclear complexes in search of potential biomedically useful
systems.
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