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Lanthanide complexation chemistry has been studied intensively over the past 15 years and progress has been stimulated
by the advent of well-defined, kinetically robust systems tailored to applications as bioactive probes for magnetic
resonance and luminescence. In this tutorial review, the extent to which an enhanced understanding of the relationship
between complex structure and spectral properties is emerging is discussed, together with an examination of the
mechanism of ligand exchange processes. Such issues are aiding the development of responsive probes, ranging from
simple sensors to more complex studies defining water structure and exchange dynamics.

1 Historical perspective

Thirty years ago, undergraduates taking a lecture course in
lanthanide chemistry might have had good reason for being rather
uninspired by the content of the lectures. Beyond their important
spectral and magnetic properties, much of the chemistry discussed
would relate to the ubiquity of the tripositive oxidation state, the
efficiency of ion exchange chromatography or solvent extractionin
devising separations of lanthanide ion mixtures and the origins and
validity of the lanthanide contraction, the ‘gadolinium break’ and
the Russell-Saunders coupling scheme. How things have changed!
Not only is there arich and important organometallic chemistry of
low oxidation states and a worldwide activity in chemo- and
stereoselective Lewis-acid catalysed processes, but also arich and
exciting solution coordination chemistry has been defined. An
excellent compilation of reviews on lanthanide chemistry has just
appeared! as well as a book highlighting the role of lanthanide
coordination chemistry in biosystems.2 In this short review,
selected recent developments in aqueous lanthanide coordination
chemistry are discussed, with an emphasis on the structure,
dynamics and function of water-soluble, chiral lanthanide com-
plexes.
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In tracing the development of this work, certain pioneering
studies can be readily identified. Shift reagents in NMR were
developed for spectral simplification and chiral analysis both in
organic and agueous mediad but are much less frequently used
nowadays because of the advent of high field, pulsed multi-
dimensional NMR techniques. Thiswork typically involved studies
of formally hexacoordinated Ln(ii) species with Lewis bases (Ln,
= Eu, Yb, Pr) in which the anisotropic spatial distribution of
unpaired f electrons givesrise to adipolar lanthanide-induced-shift
for the bound Lewis basein solution. Thisis often termed a pseudo-
contact shift. In the Gd(ii1) ion, on the other hand, there is an
isotropic distribution of the f7 electrons so that no NMR dipolar
shift is produced. However, when a ligand binds to the para-
magnetic Gd(ii) centre, both the rates of longitudinal (R;) and
transverse (Ry) relaxation are enhanced considerably, giving rise to
extensive line-broadening in the NMR spectra of bound ligand
nuclel. In an early example of the use of the aqua Gd(in) ion as a
relaxation agent, the line-broadening induced by a Gd3+/lysozyme
complex in the proton NMR resonances of the inhibitor, 3-methyl-
N-acetylglucosamine, was analysed in terms of the distances
between the sugar protons and the paramagnetic ion.4 Such work
stimulated a great deal of activity on the application of the agua
lanthanide ions as shift and relaxation probes for NMR,> culminat-
ing in the development of both gadolinium contrast agents for
clinical® MRI and the exploration of various shift reagents for
magnetic resonance spectroscopy in vivo — for example, in real-
time 31P or 22Na NMR analyses of perfused cells or intact animals
using wide-bore magnets or surface-coil NMR probes. In addition,
building on early work in Oxford” that established the importance
of pseudocontact shift values as constraints in biomolecular
structure determination, solution structures of proteins may now be
determined with the aid of Ln3* NMR probes® — often made more
precise by the anaysis of residual dipolar couplings and the
introduction of cross-correlation and relaxation constraints.>

Thelowest energy excited states of several of the lanthanide (i11)
ions have natural radiative lifetimes of the order of milliseconds, an
attractive feature for aluminescent probe asit allows time-resolved
detection procedures to be used, affording excellent discrimination
between probe emission and background fluorescence or light
scattering. Early work centred on the use of Eu and Tb aquaionsas
probes for proteins and nucleic acids.® For example, binding of the
Th3+ aquaionto single-stranded nucleic acidsis characterised by an
enhanced terbium emission intensity, which is not observed for
doubly-stranded systems. Many studies involved the replacement
of Ca2*inaprotein by aLn3*ion of similar size and charge density,
for example in the Ca-binding proteins calmodulin, calbindin and
parvalbumin.10 The proximity of the Ln3+ ion through spaceto Trp
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or Tyr residues in the protein could be studied because the energy
transfer process e.g. Trp—Tb, that leads to sensitisation of Ln
emission, may beinterpreted in terms of adipole—dipoleinteraction
and follows an r—6 dependence (cf. the r —3 dependence for pseudo-
contact shiftsin NMR).

With the more recent discovery of well-defined series of water-
soluble, kinetically stable, chiral lanthanide complexes differing in
overall charge, hydrophilicity (numbers of H-bond donors and
acceptors) and denticity,11.12 there is an opportunity to make more
effective use of Ln3+ probes in NMR and optical anayses of
biomolecules. Examples of such structures are revealed in Scheme
1, together with an indication of their function. This review will
focus on understanding the structural features of such systems and
their reactivity and exchange dynamicsthat render them suitablefor
such applications. Key issues to address include: the determinants
of ligand exchange at the Ln3* centre; the structura factors
controlling the magnitude of the dipolar NMR shift; therelationship
between the coordination environment at the Ln3+* centre and the
form, intensity and lifetime of optical emission spectra.

2 Structural analysis of aqua complexes

Ligand field splittingsinvolving Ln3* ground and excited states are
typically much less than KT (i.e. < 200 cm—1 or 2.5 kJmol—1), so
that an electrostatic model is a reasonable approximation in
understanding their bonding and coordination preferences. Given
the absence of any directional preference for the spherical, charge
dense Ln3+ ion, it is expected that steric and ligand geometric
constraints will be of prime importance in defining the preferred
coordination number and geometry at the Ln3* centre. Here, we
consider aseries of aqua complexeswith coordination number 9, as
typical examples, examining cases where the number of bound
watersis either 9 or 1.

M
(|
NH

2.1 The Ln(in) aquaions: [Ln(OH2) J(CF=SO-),

For the series of nona-agua ions that crystallise with triflate
counterions in the space group P6s/m, there are two independent
M—-OH, distances. One defines the distance to the six vertices of a
trigonal prism and the other characterises the longer distanceto the
3 capping sites. Across the Ln series, the variation of the shorter
Ln—OH, distanceto the 6 verticesfaithfully followstheionic radius
change, whereas for the longer bond to each capping position, the
normalised distance lengthens by 0.06 A for Lu compared to Ce.
Such avariation reflects the ease of packing the 9 water molecules
about the spherical ion, with the 3 capping bonds being elongated
for the smaller ions as a result of the minimisation of steric
repulsion between adjacent water molecules, Fig. 1.

2.2 Mono-aqua complexes

The isostructural series of complexes [LnLY(OH,)](CFs-
S03)3-3H,0 has been recently characterised crystallographicaly,
in the space group P2, with the axial water molecule capping a
regular square-antiprismatic coordination geometry, Fig. 2.12 The
bound water molecule acts as a H-bond donor to 2 triflate anions
and as aH-bond acceptor to the nearest water molecule. Plots of the
variation of Ln-igand and Ln—OH, distances across the series
revealed the same features observed with the nona-agua ions and
with theanionic complex [LnL2(OH,)]-4H,0: ligand Oand N toLn
distances echo the ionic radius variation whilst the ‘normalised’
Ln-OH, distance is elongated by 0.05 A (Pr—Lu), reflecting the
steric compression induced as the Ln ionic radius diminishes, Fig.
3. A related example has been described by Mazzanti for some
tripodal picolinate lanthanide complexes possessing two bound
waters.22 Thus, the capping water molecule occupies a sterically
demanding position in each of these structurally diverse series of
complexes. The longer the Ln—OH, bond, the more effective it
should be as a H-bond acceptor leading to an enhanced H-bonding
interaction with awater proton of an adjacent molecule. Acrossthe
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Fig. 1 Variation of the distance between the Lnion (normalised to Gd) and the apical (circles) and capping (squares) watersin [Ln(H,0)o] (CF3SO3)3, showing

the lengthening of the capping Ln—OH, bond distances across the series.

Fig. 2 End and side elevation showing the exposed axial water module in
[EuL2(OH_)](CF3S03)(H20)3 occupying a sterically demanding site.

series, in [LnL1(OHy)](CF3S0s)3-3H,0, whilst the distance be-
tween the bound water oxygen (H-bond donor ability) and the
triflate oxygen does not change, the distance between the primary
and second-sphere water oxygen decreasesfrom 3.17 A (Pr) to 3.04
A (Lu), Fig. 4.13

These simple structural features are of interest in developing a
better understanding of the transition state structure for water
interchange — which occurs via a predominantly dissociative
mechanism in this type of complex, as revealed in pioneering work
from Merbach’'s group.6 Features destabilising the ground state
structure or stabilising the putative transition state structure — with
respect to the water interchange reaction coordinate — should lead to
rate enhancements for the water exchange process. The structural
studies can only relate to the relative importance of ground state

destabilisation, and will be of significance if the water exchange
transition state structure resembles the ground state structure.
Measurements of therate of water exchange (*H/1’O NMR asaf(T/
P)) show that in [LnL2]3+ and related cationic complexes of tetra-
amide ligands,,14.15 the central ions (Eu, Gd, Th) exchange water
most slowly, while the later ions (Tm, Y b) exchange more than one
hundred times faster. Given the large positive entropies and
volumes of activation that also typify water exchange in such
cationic Eu, Gd, Th complexes that adopt the regular square
antiprismatic geometry,® it seems reasonable to assume that a
significant part of the rate enhancement with the later smaller ions
can be attributed to a process with an ‘early’ transition state
structure, resembling the ground state. Of course, it is very likely
that there is a very significant and favourable entropy term to
consider, associated with the release of ordered counter-ions and
water molecules from the second hydration sphere to bulk.

3 Determinants of water exchange rates:
pre-eminence of the second sphere of hydration

A major driving force in seeking to improve our understanding of
water exchange mechanisms has been the direct relationship to the
improvement in the performance of Gd MRI contrast agents.6.12.16
The mono-aqua anionic complexes of gadolinium eg. [Gd
L2(OH,)]— [or Dotarem, Guerbet s.a., Parig], are used routinely in
thousands of MRI scans each year given at dose of 2 or 3 g per
patient. They function by catalysing the rate of relaxation of the
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Fig. 3 Variation of the distance between the Ln ion (normalised to Gd) and the apical (circles) and capping (squares) waters in the isostructural series
[LnL l(OH 2)] (CF3SO3)3'H203.
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bulk water protons. A useful parameter used to compare the
efficacy of different gadolinium complexes is the relaxivity of a
given complex. Thisis defined as the change in the water proton
relaxation rate per unit concentration of added complex, and hasthe
units mMM—1 s-1, i.e. those of a second order rate constant. The
efficiency of this process can be limited by the rate of water
exchange at the Gd centre, so that a great deal of research has
focused on defining the key determinants of the water interchange
mechanism and their relative importance. Over the past five years
or so, aparticular emphasis has been placed on ng the nature
of the second sphere of hydration, and factors influencing its
structure and composition.12.17

3.1 Effect of complex geometry and isomerism

For the C4-symmetric lanthanide complexes of L2, L3 and the
tetra(carboxyethyl) analogue L4 four isomeric species exist in
solution, defined by their NCCO (A/A) and NCCN (8/A) torsion
angles. Thus, in [GdL2(OH,)]—, two chiral diastereoisomers exist:
(A/ML) sometimes loosely termed an ‘M’ (or SAP) isomer and
adopting aregular square antiprismatic coordination with an N4/O4
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twist angle of 40°, and (A/AAML), termed an ‘m’ (or TSAP) isomer
with a29° twist angle. Interconversion between these isomers may
occur by cooperative arm rotation (A—A) or ring inversion (8—\).
The latter process is generally rather slow in each complex (ca. 50
s—1at 298 K), whilst the former is fast on the NMR timescale for
[LNnL2] but isfrozen in the C-substituted complexes of L3 and L4.18
In[EuL4(OH,)]5—, the position of the equilibrium (SAP/TSAP) has
been studied by VT and VP emission spectroscopy, showing the
SAP isomer to be the more compact structure with alower overall
hydration state.l® Detailed luminescence measurements of the
apparent solution hydration state of the Eu and Th complexes of L3
and L4, suggested that the bound water in the TSAP (m) isomer was
longer thanin the SAP complex.18.20 Such anideais consistent with
the general observation from crystallographic studies that the Ln—
OH, bond distance islonger for such TSAP (cf. SAP) complexes.12
Indeed, in a recent analysis of the TSAP (m) complex
[TbL5(OH,)]2— —the Th—OH,, bond length is 2.68 A, which is 0.23
A longer than in the SAP [TbL2(OH,)]— analogue. Furthermore,
the distance between the bound oxygen and the second sphere water
was only 2.78 A. Such a structure can almost be considered as a
snapshot of the developing transition structure for dissociative
exchange, with the incoming water aiding release of the bound
water through a strong H-bond interaction2! . The exit pathway
taken by the coordinated water appears to be linear, as even the
longest measured lanthanide-water bond shows <3° deviation
from linearity with respect to the principal coordination axis. Such
behaviour isin accord with the long range r—* dependence defining
the electrostatic interaction between the charged lanthanide centre
and the water oxygen.

Variable temperature 17O-NMR studies have been used to
measure the water exchange rates in the series of Gd complexes of
L2-L 4, including further sterecisomers of L4, for which the SAP/
TSAP molar ratio has been independently assessed. The datareveal
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(Table 1), that the rate of water exchange is directly proportional to
the mole fraction of the TSAP (m) isomer, and to a first
approximation is at least 50 times faster for this species. Such a
conclusion also accords with the hypothesis (section 2) that the
bound axial water molecule is in a sterically demanding position,
consistent with the lengthening of the Ln—OH, bond in the faster
exchanging TSAP complexes.

Table1 Water exchangerates (+10%) in related anionic Gd complexes (298
K, pH 6, 17O-NMR analysis) as a function of isomeric compositiona

ket
Complexb Nrsap Kgbs (X107s~1) (0.2)
[GAL2(OHy)]~ 0.17 0.41 2.4
(SSSS)-[GdL3(0OH,)]— 0.70 1.47 2.1
(RRRR)-[GdL4(OH,)]5~ 0.70 154 22
(RRRS)-[GdL#(OH,)]5~ 0.43 0.91 21
(RSRS)-[GdL#(OH,)]5~ 0.17 0.34 2.0

anrsap IS the estimated mole fraction of the TSAP complex in solution,
from NMR analysis of related Eu/Tb complexes. P The (RRRS), (RSRS)-
isomers of L4 are denoted L#4.

3.2 Effect of ligand hydrophobicity

The extent and structure of the second sphere of hydration that
surrounds these lanthanide complexes is a sensitive function of the
nature and relative position of ligand substituents. In a detailed
analysis of the degree of hydration of the Eu, Gd and Th complexes
of L6 and L7, existing as one preferred TSAP complex in solution,
using VT 17O-NMR, water proton relaxation rate and luminescence
kinetic studies, it was evident that each complex possessed no inner
sphere water molecule. However the [EuL7] complexes apparently
gave fractional hydration states (typically 0.5) by luminescence
analysis. These values correlated very well with the enhanced
relaxivities of the Gd analogues and the variation in the estimated
distance between the Gd ion and the water proton.2022 |n the
luminescence method of determining hydration states, the loss of
excited state energy from the Lnion to vibrational energy of bound
or proximate OH oscillators occurs via a Forster mechanism in
which dipole—dipole interactions dominate. This follows an r—6
dependence (Lnionto OH oscillator). Similarly, an r—6 dependence
characterises the dependence of the water proton longitudinal
relaxationratio, Ry, on thewater proton distanceto the Gdion. Thus
the apparent hydration state, ¢, of such complexes is a sensitive
function of the Ln—OH, distance, Fig. 5, when determined by
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Fig. 5 Variation of the apparent hydration state ¢’ (0 < g < 1) with the
distance between a proximate OH group and the Lnion. The distance 3.0 A
is taken to represent g’=1 and the r—% dependence is assumed to
characterise the distance dependence of vibronic quenching and para-
magnetic proton relaxation.
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luminescence or relaxometric studies. Indeed, a lengthening of a
typical Ln—OH, bond by 0.2 A resultsin an apparent hydration state
of 0.68, and when awater molecule diffuses within 3.6 A of theLn
ion, an apparent hydration state of 0.25 is found. Thisdistanceisa
very reasonable value for a second sphere water molecule12.17
when compared to relevant crystallographic data.12
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A striking example of the way in which the extent of second-
sphere hydration can determine the rate of water exchange is
provided by a series of cationic Eu tetra-amide complexes, Fig. 6.
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Fig. 6 Variation of the exchange lifetime (7, us, 298 K) for related series
of europium tetraamide complexes, with the calculated solvent accessible
surface area (A2).

The nature of the secondary amide substituent determinesthe extent
of the accessible surface area available for water molecules to
diffuse freely. This, in turn, restricts the rate of water exchange so
that the exchangelifetime, (7m = k3 l) , islongest for the complexes
with the smallest solvent accessible surface area.15 Such studies are
of particular importance in the recent devel opment of paramagnetic
CEST contrast agents (Chemical Exchange by Saturation Transfer),
for which maximisation of the water exchange lifetime is highly
desirable.23

3.3 Effect of counterion

In Eigen, Wilkins' and Margerum'’s early work on the mechanism
of ligand exchange at metal centres, the simple water exchange
reaction was considered to be insensitive to the nature of theligand
in the second coordination sphere, i.e. independent of the unbound
counter-ion, and was controlled by the rate of water association or
dissociation.24.25 However, it is apparent that the extent, structure
and degree of order of the second sphere of hydration is a key
determinant in defining the free energy of the transition state
structure for water exchange. Moreover, given that the secondary
hydration structure will be determined not only by the charge
density of the metal ion involved (section 2.2), but aso by the
nature of the counterion, water exchange rates are expected to be
dependent on both variables. Charge densities govern water/ion



interactions and define both the relative importance of ion—water
dipole interactions and the extent of hydrogen bonding involving
water—water hydrogen bonds. More charge dense ions impose
strong electrostatic order, breaking hydrogen bonds and creating a
well-defined and ordered second sphere of hydration.26 L ess charge
denseions (e.g. large or ‘soft” anions) do not perturb the bulk water
hydrogen bonding significantly and are sometimes termed chao-
tropes (e.g. = > Br— > Cl-) to distinguish them from what are
sometimestermed kosmotropes (e.g. Ln3+, Mg2+, Li* > Na* > K+;
phosphate anions), which serve to enhance ionic and solvent
ordering.2”

A simple example of how the nature of the anion can determine
the structure of the second hydration sphereis given by the series of
complexes [GAL1(OH,)](X)snH-0, each crystallised from water.
Comparing triflate and nitrate complexes, for example, the
hydrogen bonding array is quite different, Fig. 7, with 2 nitrate

triflate nitrate
Fa) ’ [2 /‘(_)
}{&- ﬁ%é\\?\u dé W :

AR

N

Fig. 7 Local hydrogen bond network in the cationic complexes of
[GdL1](OH,) (X)3-3H,0 for triflate and nitrate complexes.

anions capping the structure and forming H-bonds to two second
sphere waters that also act as H-bond acceptors to the coordinated
water. With atriflate anion, the coordinated water also acts as aH-
bond donor and the Ln—OH, distance extends to 2.47 A, compared
to 2.35 A in the nitrate! Crystal structures of the Cl—, Br— and |-
salts show an increasing degree of disorder, to such an extent that
the location of the third Br— or | — anion and surrounding watersin
the lattice cannot be determined by X-ray crystallography.

An illustration of the importance of the anion in determining
water exchange kineticsis provided by the series of Gd complexes
of L8, varying the anion, and therelated « and 3-alanine derivatives
L9 and L10, The rate of water exchange at the Gd centre is anion
dependent?8 (ke followstheorder |- > Br— > OAc— > CF;CO,—
~ Cl— ~ SO42-) andisaso reflected in the lower proton relaxivity
(relaxivity is the increment of the water proton relaxation rate per
mmol of Gd complex) of the Gd complexes (Fig. 8). For the more
slowly-exchanging complexes, the relaxivity tends to the limit
predicted for acomplex where only the outer-sphere contribution to
the measured proton relaxivity is operative, i.e. under conditions
when the water exchange rate is very slow.28
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Fig. 8 Variation of water proton relaxivity (298 K, 20 MHz) with water
exchange rate (70O NMR) for the series of [GdL8(OH,)](X)s complexes
changing the anion as shown. Data for complexes [GdL9(OH,)]3— (circle)
and [GdL19(OH,)] — (sguare) are shown for comparison.
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4 Emissive lanthanide complexes: correlating
structure and NM R/optical spectral profiles

Much of the early work with emissive lanthanide complexes was
driven by the desire to maximise the emission quantum yield using
an integral chromophore (high €) that attained the longest possible
excitation wavelength, and hence favoured their use asluminescent
tags or FRET components in biochemical analyses. Examples
include the terbium complex, [TbL11]3* (@em = 0.41, Aexc 355 NM,
H>0, 298 K)2° and various acridone conjugates of macrocyclic Eu
complexes in which the excitation wavelength can be 410420
nm.30:31 A photophysical scheme that characterises the processes
that follow light absorption by the sensitising chromophore,
Scheme 2, highlights the requirements for high quantum yields of
Ln emission for such conjugates.11.32 The chromophore (Ar) should
absorb light efficiently, and undergo efficient inter-system crossing
to populate atriplet state that is = 1700 cm—1 higher in energy than
the accepting state of the Ln3+ ion. Efficient intramolecular energy
transfer then requires the minimisation of the distance between the
Lnion and the chromophore. The Ln excited state, once popul ated,
must be shiel ded from deactivation by vibrational energy transfer to
energy-matched XH oscillators,2° e.g. by excluding coordinated
water molecules. Any competitive processes that may quench the
three excited states in this pathway (S;, T, and Ln), such as charge
transfer or collisional quenching, will also reduce the Ln emission
guantum yield. However, the intermediacy of the three excited
states aff ords an opportunity to modulate the intensity, polarisation,
lifetime and spectral form characterising the fina Ln emission.
Indeed, lanthanide sensors based on modulation of singlet quench-
ing (e.g. for Cl—, Br—; intensity only),33 triplet quenching (e.g. for
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O,; lifetime/intensity)34 and Ln deactivation (e.g. for anions
displacing Ln bound waters) have been devised,31.35.36 (see also
section 5).

[TbLH]a;

Whilst it is generally accepted that the optical and NMR37
spectral properties of the paramagnetic lanthanide complexes are
determined by the nature and local symmetry of the coordination
environment, there have been very few studies that seek to
determine the relationship between donor atom charge, geometry
and polarisability and the measured NMR dipolar shiftsand optical
emission spectra.38:39 The link between the two can be found in
Bleaney’ stheory of magnetic susceptibility anisotropy,3” wherein a
second-order ligand field coefficient isinvolved. The paramagnetic

lanthanide induced shift is given as the sum of contact and pseudo-
contact terms, egn. (1), where C; are ‘Bleaney’ factors character-
istic of a given 4fn configuration,

3Para:<SZ>j Fi+CjBSGi:8ij+8”?c (1)
G isageometrical term relating to the spherical polar coordinates
of the given nucleus (G; o((3cos?6—1)/r3), F; is the contact term
proportional to the hyperfine Fermi constant (A)) and <S,>; isthe
spin expectation value of the S, operator. In axial symmetry, agood
approximation for the pseudocontact (dipolar) NMR shift is given
by eqgn. (2), where 6 and r define polar coordinates with respect to
the principal axisand C; = g2J(J+1)(2J—1)(2J+3) < J/a/JL>. For
Y b and to alesser extent Eu, the pseudocontact shift 6°c dominates
the observed paramagnetic shift.

2C . B* (3cos* @ —1) B’
5”1)(' — Iﬂ2 ( - ) (2)
(kT) r

Analysis of Eu optical emission spectra is the simplest to
undertake amongst the emissive Ln ions because of the absence of
degeneracy of the luminescent 5D, excited state. The relative
intensity of the electric-dipole allowed AJ = 2 transition provides
information on donor atom polarisability and in axial symmetry the
splitting of the two allowed 7F; — 5Dy, AJ = 1 transitions is
directly proportional to BZ (egn. (2)). Using the C,-symmetric
complex, [EuL1(MeCN)]3+, asamodel system, theaxial donor may
be systematically varied by displacement of the weakly bound
acetonitrile molecule, (Fig. 9). An excellent correlation has been
obtained between the measured NMR chemica shift of the most
shifted ring CHN proton and the value of B2, determined
optically.3° Furthermore, it isthe polarisability of the axial donor in
such complexes that ranks B2 in an order which not only defines
donor affinity to the charge dense Ln cation, e.g. HMPA >DM-
SO>DMF>H,O/ROH >MeNO,>MeCN, but aso determines
theratio of theintensitiesof the AJ = 2/AJ = 1transitions.3® With
this knowledge and a related analysis for anionic donors,4! it now
becomes much easier to analyse comparative lanthanide induced
paramagnetic NMR shift data, relate it to interpretation of Eu
emission spectra and hence deduce direct information about the
nature of the coordination environment at the Ln ion.
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200 H X
— H Ph
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e NN Me
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100 Ph
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N
0
10 20 30 40 Hz

axial proton shift/ppm

examine H-4 shift

Fig. 9 Correlation of the axial proton NMR shift for the most shifted ring resonance H-4, with the measured separation of thetwo AJ = 1 bandsin the optical
emission spectrum (298 K, H,0), vindicating Bleaney’s theory of magnetic susceptibility anisotropy.
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5 Functional systems: responsive lanthanide
complexes

There are two general classes of lanthanide complex which are
being examined currently as probes for their local environment.
The first relates to the development of responsive (or ‘smart’)
contrast agents in which the relaxivity of the gadolinium complex
is a function of pH,35> pM3940 (eg. M = Ca, Zn) or pX. There
remain some substantive issues to address before practicable
images showing local pH or pM gradientsin vivo can be undertaken
routinely. Of particular note isthe need to overcome the problem of
assessing in parallel thelocal concentration of the ‘responsive’ Gd
complex: this is needed to calibrate the image signa intensity
enhancement. Current work has established that sequential admini-
stration of two structurally related complexes (one responsive, the
other not eg. GdL12 and GdL4) can lead to the acquisition of
difference images that reveal, for example, local pH maps. In
[GdL12], the intramolecular ligation of a sulfonamide nitrogen is
pH dependent, allowing the switching between a high relaxivity
diagua species (acidic environment) and amuch lower relaxivity N-
bound species (g = 0), (Fig. 10). Controlled modulation of the

139 /\/\}M i Rﬂ}f
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Fig. 10 Changein the relaxivity of [GdL12]; (R = p-CF3), asafunction of
pH in a simulated extracellular background (open circles) and in the
presence of human serum albumin solution (298 K, 65.3 MHz).

operating pH range is achieved by variation of the sulfonamide
substituent, and in one example a 48% increase in relaxivity
between pH 7.4 and 6.8 was demonstrated.35

The second main class of complex is the responsive luminescent
series,31-36 discussed in Section 4. Most work to date has addressed
the reversible displacement of one or both waters in diagua
complexes by anion ligation to the lanthanide centre.36 Thisbinding
event is signalled by changes in the intensity and form of Ln
emission, allowing ratiometric analyses to be undertaken. Such
methods — averting the concentration dependence issue for the Gd
systems discussed above — are most appropriate in analyses of Eu
emission spectra. The relative intensity of the magnetic-dipole
alowed AJ = 1 transitions (around 590 nm) is insensitive to the
associated change in coordination environment whilst the intensity
of the electric-dipole allowed AJ = 2 (616 nm) and AJ = 4
(around 702 nm) manifold changes considerably, particularly if the

(0] “0,C (0]

(0] OH, H \T_?*O
ap N N\
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‘hard’ axial water molecule is displaced by a more polarisable
charged donor. An example of such emission spectra (Fig. 11)
highlights the increase in the relative intensity of the AJ = 2 band
(618 nm) for the carbonate-bound species— compared to lactate and
citrate — and exemplifies how each bound anion gives a ‘finger-
print’ emission spectral profile, allowing simple identification and
ratiometric analysis. Thisinformation is required in the application
of such methods in complex media — where a large number of
anions may compete in binding to the lanthanide centre. The
structure of several of these ternary complexes has been defined by
X-ray analyses (e.g. in chelated adducts with lactate, citrate, several
amino-acids, acetate)*t and by NMR studies on Eu and Yb
analogues. Relative binding affinities have been assessed in simple
competitive analyses or in fixed interference studies and reveal that
in the millimolar range, it is the more polarisable (higher energy
HOMO) oxygen in HCOs— (bound as COz2—) and various
phosphorylated di-anions which bind most avidly.

5.1 Hydrogencarbonate analysis. a promising case?

Thebicarbonateion isan essential component of biological systems
and is vital to many cellular processes in mammals, such as
intracellular pH homeostasis, kidney function and sperm matura-
tion. However, very little is known about how HCO;— fluctuates
within a cell in response to cell stimuli and methodology for such
analysis is limited to gross measurement of H4CO;~ uptake and
inferences based upon changes in intracellular pH. Knowledge
about how HCOs— islocalised and varies within a compartment is
essential for our understanding of the diverse physiological
processes it may control e.g. cyclic-AMP regulation, through
reversible binding to a soluble adenylyl cyclase enzyme.42
Moreover, the pathological consequences of the perturbation of
some of these physiological processes are likely to be profound:
mis-expression of carbonic anhydrase (CA) is associated with a
variety of tumour types and CAll deficiency syndrome in humans
is characterised by renal tubular acidosis, osteoporosis and mental
retardation. Evidently, there is a need for a direct method for
assaying changes in HCOz~ concentration within a cell, and to
follow the changesin different compartments (e.g. mitochondria) in
real time.

A series of europium—acridone conjugates has been reportedst
that reveal a 300% change in the intensity ratio of the 618/588 nm
emission bondsin the physiologically relevant bicarbonate concen-
tration range, 5to 25 mM in the presence of competing anions and
protein. Affinity for the anion has been controlled by varying the
peripheral electrostatic gradient in these complexes and anionic,
zwitterionic and overall cationic complexes have been examined
that retain the desired selectivity for bicarbonate. The complexes
are non-toxic to cells (= 5 mM), and the imaging of cells by
confocal microscopy reveals uptake and clear intracellular staining
that is dependent upon anion binding to the Eu centre. Such work
augurs well for the application of these probes to image intra-
cellular HCO3— fluctuations, and hence enhance our understanding
of the biologica significance of the pre-eminent C; oxyanion.
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Fig. 11 Europium emission spectra for (EuL13] (0.1 mM, | mM anion, pH 7.4, A« 410 nm) in the presence of excess (S)-lactate (I&ft), bicarbonate (centre)
and hydrogenphosphate, revealing the changes in spectral form accompanying reversible anion coordination.
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[EuL™)]

5.2 Conclusions

There are several important issues which have become clearer asa
consequence of the recent surge of activity in studying well-defined
lanthanide complexes. In 9-coordinate complexes adopting tri-
capped trigona prismatic and monocapped sguare antiprismatic
geometries, awater molecule adopting a capping siteissitting in a
sterically demanding site. Such a site, being destabilised by steric
compression, leads to a weakening of the Ln—water bond and is
accompanied by a strengthening of the H-bonding interaction
between the bound water oxygen and the nearest second sphere
water protons, leading to an enhanced rate of dissociative water
exchange. In complexes approximating to axia symmetry, the
ligand sitting on the principal axis plays a key role in determining
the ligand field. It is the polarisability of the ligand donor that
determines the local magnetic susceptibility anisotropy, expressed
in both shifted NMR spectra and in the form of absorption/circular
dichroism, and emission/circularly polarised luminescence spectra:
this is most apparent for Eu and Yb complexes but is a general
effect across the series. Such work is aiding analysis of variations
in spectral profiles that characterise the behaviour of new series of
responsive lanthanide probes, tailored to act as MR, MRI or
luminescent probes that are poised to extend the current feeling of
excitement in lanthanide chemistry research, and perhaps sustain
the relevance of undergraduate lectures on this topic!
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