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Lanthanide Complexes as Paramagnetic Probes for 19F Magnetic Resonance
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The physicochemical basis of probe design for 19F MRS and
MRI applications is reviewed. Complexes that give a single
major resonance in solution are described, in which the Ln3+

ion is about 6 Å from the 19F label. Sensitivity improvements
of 15-fold are reported in both imaging and spectroscopy

Introduction

The fluorine nucleus is an attractive probe for chemical
and biological magnetic resonance studies.[1] The high re-
ceptivity (19F, I = 1/2, 100% abundance) and similar
Larmor frequency to the 1H nucleus (188 MHz at 4.7 T)
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based on longitudinal relaxation enhancement. The pseu-
docontact shift allows an amplification of chemical shift non-
equivalence in responsive 19F probes, e.g. for monitoring pH
in the range between 5 and 8.

allow the use of tunable dual probes based on common in-
strumentation for spectroscopy or imaging studies. Despite
the absence of a background signal, the acquisition of suf-
ficient signal intensity in a reasonable time period remains
the limiting feature of 19F MR studies. This is most evident
for imaging applications where the total spin concentration
of the fluorinated probe or material needs to be typically in
the 10–50 mm range. The use of hyperpolarised 19F-MRI
reduces this limit considerably, notwithstanding the restric-
tion of very short acquisition times.[2] Thus, most imaging
applications have been based on probes derived from per-
fluorocarbon emulsions, or fluorine-labelled polymers and
dendrimers.[3–7]



P. Harvey, I. Kuprov, D. ParkerMICROREVIEW
Aside from improving the targeting of a fluorinated

probe or conjugate, sensitivity in the MR studies may also
be enhanced by increasing the rate of longitudinal relax-
ation of the 19F nucleus. This may be achieved by introduc-
tion of a proximate paramagnetic centre, such as a d- or f-
block metal ion or complex. With a series of lanthanide
complexes, the reduction in T1 from values of the order of
1 s to about 10 ms allows more rapid data acquisition per
unit time, provided that the concomitant decrease in T2

does not impair detection sensitivity too much.[8,9] Indeed,
the merits and demerits of this approach need to be as-
sessed thoughtfully. For example, if there is an intermo-
lecular interaction between the fluorinated probe and the
paramagnetic metal centre, then the encounter probability
is inherently low and relaxation enhancement effects are
only modest. The encounter contact time can be increased
by making use of ion-pairing[10] or non-covalent bind-
ing.[11–12] A more versatile and controllable approach is to
make the interaction intramolecular, by positioning the 19F
nucleus at a fixed distance from the paramagnetic ion, pref-
erably in the range 4.5 and 7.5 Å.[8] The steepness of the
distance dependence (r–6) of the electron–nuclear dipolar
relaxation rate interaction defines this working range: too
close, and line-broadening is severe; too distant, and the
longitudinal relaxation rate increase is normally less than a
factor of ten and the sensitivity gain is much reduced.

An additional aspect of 19F NMR studies is the broader
chemical shift range in comparison with 1H magnetic reso-
nance spectroscopy. This feature has promoted the develop-
ment of 19F MR to follow changes in the composition of a
fluorinated compound, e.g. metabolism studies in vivo with
a fluorinated drug.[13,14] In addition, it has encouraged the
creation of fluorinated probes, in which the observed chemi-
cal shift reports on the local environment.[1] Some examples
of such “responsive probes” have appeared in which the
chemical shift reports an irreversible transformation of the
fluorinated probe, for example, by bond cleavage catalysed
by an endogenous enzyme.[15] Of greater intrinsic interest
are responsive 19F MR probes involving a reversible pro-
cess, induced by modulation of the local chemical environ-
ment, e.g. reporting pH, pM or pX variation. Chemical
shift probes are much more useful, as those based on signal
intensity modulation retain a dependence on probe concen-
tration. Examples of some diamagnetic 19F chemical shift
probes have been devised,[1] but their insensitivity and mod-
est ΔδF values (typically δ � 2 ppm) limit their utility. How-
ever, when the 19F nucleus is close to a lanthanide ion
within the same molecule, the dipolar (pseudocontact) shift
can amplify the chemical shift non-equivalence.[8,9,16]

Amongst the Ln3+ ions, this shift effect does not apply for
gadolinium; the magnetic susceptibility tensor of the Gd3+

ion is almost isotropic due to the lack of orbital degeneracy
in its ground state.

Theoretical Background
The design principles for successful 19F lanthanide MR

probes are based on an appreciation of the theory defining
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the ability of each Ln3+ ion to cause nuclear relaxation and
include a paramagnetic shift.

Pseudocontact Shift as a Response Amplification
Mechanism

Conformational change is normally a low-energy process
that does not produce large variations in the chemical
shielding of either protons or fluorine. The biggest change
found in practice (e.g. for a shift from an axial to an equato-
rial position with respect to an aromatic ring) is about
5 ppm for both 1H and 19F NMR spectroscopy.[17] More
often, changes in δF are �1 ppm, corresponding to a fre-
quency difference of �120 Hz at a field of 3 T, which can
be difficult to detect by using MRI. An amplification
mechanism is therefore required to make conformational
changes more easily detected by nuclear shielding measure-
ments.

A very convenient MRI response amplification mecha-
nism is provided by the pseudocontact shift (PCS) – the
rotationally invariant component of the dipolar interaction
between the nuclei and the Curie magnetisation induced on
the unpaired electrons by the applied magnetic field.[18] Be-
cause the electron magnetisation supplements the applied
magnetic field, the interaction experimentally manifests
itself as additional chemical shielding of the nuclei. The
derivation of PCS[19] is beyond the scope of this review, but
the resulting expressions feature strong directional depen-
dence[18] [Equations (1) and (2)].

(1)

(2)

where {r,θ,φ} are spherical coordinates of the nucleus, χax

is the axiality of the electron magnetic susceptibility tensor,
χrh is its rhombicity and the coordinate system is aligned to
the eigensystem of the susceptibility tensor with the electron
(assumed to be a point particle) located at the origin.

A typical distribution of pseudocontact shift (for a given
probe nucleus it may be viewed as a 3D scalar field) is sche-
matically illustrated in Figure 1. At a distance of 4 to 5 Å
from the lanthanide ion, the chemical shift difference asso-
ciated with a conformational change can in practice be
around 50 ppm,[19] making it very easy to detect by MRI.
This may be seen directly in Figure 1 – if an aromatic ring
is labelled with a CF3 group, conformational changes can
potentially shift the fluorine nucleus from an area with a
strong positive PCS (red) to an area with a strong negative
PCS (blue); such a change is easily detected. Certain lantha-
nide complexes possess Bleaney[18] coefficients of opposite
sign (Table 1), and this can also lead to very different pseu-
docontact shifts for common resonances in a given com-
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Table 1. Selected magnetic and relaxation properties of lanthanide(III) ions.

Lanthanide ion Ground state term μeff/μB
[a] μeff/μB (expt.)[b] Electron relaxation time (aqua �SZ�[f] Rel. PCS

ion, 2.1 T) / 10–13 s[d] strength[c,g]

Ce3+ 2F5/2 2.56 2.55 0.90 –0.97 –6.5
Pr3+ 3H4 3.62 3.47 0.57 –2.96 –11.4
Nd3+ 4I9/2 3.68 3.69 1.15 –4.45 –4.5
Pm3+ 5I4 2.68 2.41 unknown –3.94 2.4
Sm3+ 6H5/2 1.55–1.65 1.58 0.45 0.22 –0.5
Eu3+ 7F0 3.40–3.51 3.4 0.09 7.57 4.0
Gd3+ 8S7/2 7.94 7.63 104–105[e] 31.5 0
Tb3+ 7F6 9.7 9.8 2.03 31.9 –87
Dy3+ 6H15/2 10.6 10.3 2.99 28.6 –100
Ho3+ 5I8 10.6 10.4 1.94 22.6 –39
Er3+ 4H15/2 9.6 9.4 2.38 15.4 32
Tm3+ 3H6 7.6 7.6 3.69 8.21 53
Yb3+ 2F7/2 4.5 4.3 1.37 2.59 22

[a] Ref.[24] [b] Refs.[9,25] [c] Ref.[18] [d] Ref.[26] [e] Ref.[27] [f] Ref.[28] [g] Refs.[18,29]

plex. The strong dependence of the PCS on the nuclear co-
ordinates makes it possible to enhance the response of the
contrast agent to environmental parameters (such as pH)
by coupling those parameters to molecular conformation.

Figure 1. Schematic stereodrawing of the pseudocontact shift field
around the archetypal [Ln·DOTA]– complex, with an axial mag-
netic susceptibility tensor (the main axis is directed vertically in the
plane of the picture).

We have recently published a proof of principle pH
measurement that takes advantage of this effect: a pH-in-
duced conformational change in [HoL1] (Scheme 1 below)
is associated with a 19F chemical shift change of 18 ppm
when the pH changes from 6.0 to 9.0.[9,16] Because tumour
tissue is often more acidic than healthy tissue (due to glycol-
ysis-dominated metabolism),[20] this raises the possibility of
detecting tumours that might not otherwise be visible in an
MRI scan. A change of conformation can also, in principle,
be coupled to other local parameters (redox potential, di-
electric constant, pM, pX). Pseudocontact shift variation
therefore can provide a very general means of tracking
changes in a variety of chemical parameters by using mag-
netic resonance spectroscopy or chemical shift imaging.
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Nuclear Spin Relaxation Due to Electron–Nuclear
Interactions

Relaxation behaviour of open-shell systems is well rese-
arched,[21] and at high magnetic fields the relatively straight-
forward Bloch–Redfield–Wangsness theory[22] is applicable.
For the paramagnetic lanthanide complexes in question, the
diamagnetic NMR relaxation mechanisms (through in-
ternuclear dipolar interactions and chemical shielding an-
isotropy) are negligible, and the primary contribution
comes from the rotational and conformational modulation
of the electron–nuclear dipolar interaction [Equations (3)
and (4)].[9]

(3)

(4)

where μ0 is vacuum permeability, γN is the magnetogyric
ratio of the nucleus (in this case 19F), r is the electron–
nuclear distance, τR is the rotational correlation time (iso-
tropic rotational diffusion assumed), ωN is the nuclear
Larmor frequency, T is the absolute temperature, k is the
Boltzmann constant and the remaining symbols are defined
as follows:

in which gJ is the effective electron g-factor, μB is Bohr mag-
neton, J(J + 1) is the effective electron angular momentum
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averaged over the thermally populated electronic energy
levels and T1e is the longitudinal relaxation time of the elec-
tron spin. The first term in each equation comes from the
stochastic modulation of the electron–nuclear dipolar inter-
action by molecular rotation and random jumps of the elec-
tron magnetisation; the second term arises from the rota-
tional modulation of the dipolar interaction of the nucleus
with the average magnetic dipole moment induced in the
electron shell by the applied magnetic field (so-called Curie
relaxation[23]). Because f orbitals are localised on the metal,
the point dipole approximation suffices in each case.

The dependence of the resulting relaxation rates on the
effective magnetic moment and the electron–nuclear separa-
tion is illustrated in Figure 2. Both dipolar and Curie relax-
ation mechanisms have a reciprocal sixth power dependence
on the electron–nuclear separation. Dipolar relaxation is
quadratic in the effective magnetic moment of the electron
(Table 1), and Curie relaxation asymptotically scales as
μeff

4. From the experimental measurement perspective, the
primary source of uncertainty is the temperature depen-
dence of the relaxation rates – effective magnetic moment,
electron relaxation rate and rotational correlation time all
depend on temperature, which also occurs explicitly in the
denominator of the Curie term. In experimental measure-
ments, it is therefore essential to keep the temperature con-
stant. Because longitudinal relaxation rates can be mea-
sured with very high precision, electron–nuclear distances,
rotational correlation times and effective magnetic mo-
ments can be extracted.[9]

Figure 2. Longitudinal 19F spin relaxation rate given by Equa-
tion (3) as a function of electron–nuclear separation (4.5 to 7.5 Å)
and the effective magnetic moment of the electron at two different
magnetic fields (corresponding to modern MRI instruments). The
electron relaxation time, T1e, was set to 0.2 ps, and the rotational
correlation time, τr, is fixed at 250 ps, T = 298 K. The appearance
of the transverse relaxation rate plots is nearly identical under these
conditions.

As an example of this approach, 19F longitudinal relax-
ation rates, R1, were measured for [Ln·L1b(H2O)] at fields
between 4.7 and 16.5 T. Using theoretical values of μeff

(Table 1) and assuming that τe is 0.2 ps, a global fitting
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analysis of the five sets of data was used to give r = 6.3 Å
and τr = 270 ps[9] (Figure 3). The steeper rise of R1 with
increasing field for the Dy and Ho complexes is ascribed to
their higher μeff values and greater Curie contribution.

Figure 3. Variation of R1 with magnetic field for [Ln·L1b(H2O)]
(295 K, 1 mm complex). The coloured lines represent the global fit
to Equation (3). Reprinted with permission from ref.[9] Copyright
1999 Wiley-VCH Verlag GmbH & Co. KGaA.

Structural Features of 19F Lanthanide Probes:
Speciation and Dynamic Exchange

Signal intensity is maximised if there is only one major
19F resonance to observe. This means that the preferred 19F
labels are homotopic CF3 groups, in a water-soluble com-
plex where one major stereoisomer that is kinetically stable
is present in solution.[9,30] Representative examples of such
complexes are given in Scheme 1 and exemplify the impor-
tance of these issues.

The anionic complex, [Ln·L5]–, contains four trifluoro-
ethyl groups, but 19F NMR reveals the existence of a mix-
ture of eight stereoisomeric species associated with the ste-
reogenicity at each P centre (RRRR/RRRS/RSRS/RRSS)
and the Δ/Λ helicity around the C4 axis.[31] The neutral
monoamide complexes, [Ln·L2] and [Ln·L3], differ consider-
ably in behaviour.[9,30] The former exists as eight isomeric
species, albeit with one preferred isomer, whose relative
abundance changes slowly with time. In contrast, for the
series Tb–Yb, the triphosphinate complex [Ln·L3] gave rise
to one dominant solution species (�87 %) whose relative
abundance was invariant with time. In the latter case, iso-
mer exchange may be inhibited by the presence of the more
bulky phosphinate groups. With each of these complexes,
the CF3 group maintains a constant distance (6 Å for
Ln·L3; 6.3 Å for [Ln·L2]) from the Ln ion, owing to the
rigidity associated with the aryl-amide coordination. This
leads to R1 values, (Table 2), of the order of 80 to 100 Hz
for the Dy and Tb complexes, respectively (295 K, 4.7 T).

The homotopic perfluoro-tert-butyl group offers high
spin density when incorporated into a lanthanide complex,
notwithstanding its effect on water solubility. The lantha-
nide complexes [Ln·L6] include a short helical oxyethylene
chain to encourage water solubility.[32] The fluorinated
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Scheme 1.

Table 2. 19F NMR shift and relaxation data for [Ln·L3][30] (295 K,
pD 5.4, D2O).

Ln δF / ppm R1 / Hz R2 / Hz
4.7 T 9.4 T 4.7 T 9.4 T

Tb –47.7 84 146 102 267
Dy –63.6 104 185 135 251
Ho –61.5 58 120 74 143
Er –72.6 71 109 67 138
Tm –89.5 46 63 60 84
Y –61.2 1.2 2.5 3.8 5.5

moiety is more distant from the Ln3+ centre, and there is
considerable chain flexibility. For the terbium complex, R1

and R2 values were 14 and 24 Hz, respectively (298 K,
11.7 T), which suggests that the perfluoroalkyl group is ef-
fectively about 10 Å distant from the Tb ion. Correspond-
ing R1/R2 values for [Gd·L6] are 238 and 588 Hz. The pre-
eminence of the intramolecular electron–nuclear interaction
in defining the R1 and R2 values means that these relaxation
rates – provided that the mean separation r is not changing
significantly and for a constant temperature – are usually
not sensitive to changes in environment induced by ionic
strength, pO2 or other paramagnetic additives.

In the general case, chemical exchange processes can also
lead to an increase in R2, which causes line-broadening and
reduced spectral sensitivity. Such processes may include
either intramolecular conformational exchange e.g. through
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concerted “arm” rotation[33] or E/Z stereoisomer intercon-
version (e.g. around the amide bond in [Ln·L1][16]), or inter-
molecular exchange between stereoisomeric or between
“free” and “bound” species that are in equilibrium, associ-
ated with protonation, metal ion, anion or protein binding.
Exchange broadening associated with prototropic exchange
can be minimised by striving to work in the “slow-exchange
regime” on the NMR timescale. This approach leads to a
doubling (at least) of the observable signals, but means that
the integrated ratio of the resonances directly reports their
relative abundance and hence allows the equilibrium con-
stant to be measured. Two examples illustrate this approach
(Figures 4 and 5), and in each case, the shift in non-equiva-
lence of the acid and base forms is amplified by the dif-
fering pseudocontact shifts.[16,9] The reversible binding of
the arylsulfonamide nitrogen in the holmium complex (Fig-
ure 4) is associated with a pKa of 5.71 in 0.1 m NaCl solu-
tion; in serum or urine, competitive hydrogen carbonate
binding (fast exchange) shifts this equilibrium in favour of
the “acid” form, and a pKa of 6.92 was observed. The sulf-

Figure 4. pH Dependence of the 19F chemical shift for the holmium
sulfonamide complex (295 K), showing the species present in solu-
tion either in water or in mouse urine or plasma.[16].
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onamide bound and protonated species resonated 40 ppm
apart in 19F NMR spectrum, and the “basic” form was ob-
served as two diastereoisomers (ratio 6:1), associated with
an R or S configuration at sulfur (Figure 4); for the Tb
analogue, this ratio was 9:1.

Figure 5. Variation of chemical shift with pH for the two isomeric
holmium complexes, in which the protonation equilibrium involv-
ing the amide proton reveals a differing pH dependence for each
isomer, allowing a ΔδF/pH plot to be used to define the pKa (pKa

= 7.0, 295 K, 0.1 m NaCl). Reprinted with permission from ref.[9]

Copyright 1999 Wiley-VCH Verlag GmbH & Co. KGaA.

A second example of a pH-responsive probe is provided
by the ortho-cyano amide, shown in Figure 5. Amide depro-
tonation is associated with a pKa of 7.0 (298 K, I = 0.1 m

NaCl), and two major isomers were observed associated
with restricted rotation about the aryl carbon–nitrogen
bond. Each isomer exhibited not only a large shift non-
equivalence but also differing pH-dependent shifts, such
that their shift separation (ΔδF ≈ 14 ppm) can be used to
measure the solution pH.[9] These two approaches obviate
the need for calibration of chemical shift, as the former ex-
ample relies upon measuring a ratio of two signals and the
latter measures a chemical shift separation.

Enhancing Sensitivity in MRS and MRI

The sensitivity gain by increasing longitudinal relaxation
rates can be measured experimentally, by referencing the
measured signal intensity to a diamagnetic analogue, e.g.
the related yttrium(III) complex. For example, by using
[Ln·L3] in spectroscopy, sensitivity was improved by a fac-
tor of 5 to 15 – the Tb and Dy complexes prove most effec-
tive at 4.7 and 9.4 T (Table 3). This comparative analysis
holds for complexes of this structural type, i.e. in which the
CF3 label is about 6 Å from the metal ion and where τr is
of the order of 250 ps.[30] With the same complex, longitudi-
nal and transverse relaxation rates at 7 T fall in the range
50–150 Hz and 70–200 Hz, respectively. Using a gradient
echo imaging sequence, to achieve the maximum possible
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signal-to-noise ratio (SNR) per unit time in MRI, requires
careful consideration of the sweep-width selected (SW), the
repetition time (TR), the echo time (TE) and the flip an-
gle.[34] As R1 and R2 are particularly sensitive to magnetic
field [Equations (3) and (4)], the parameter set chosen is
defined by the field used. The best results, which agree with
theoretical enhancements, were observed for the dyspro-
sium complex at 7 T, and a SNR of 211 (vs. 16 for the Y
analogue) was achieved in �5 min with a 2 mm solution of
the complex (Table 3). Such data is consistent with detec-
tion (allowing an SNR of 4 to define the limit) of 20 μm

concentrations of the complex in tissue over a 15-min ac-
quisition period. The sensitivity gain here is 13 times that
of the diamagnetic analogue. A further sensitivity increase
of a factor of two or three for [Dy·L3] has been achieved
by using a zero echo-time pulse sequence, working at 9.4 T.

Table 3. 19F MRS[a] and MRI[b] experimental signal intensities
(295 K, 2 mm complex, 15-min acquisition time for MRS, 4-min
for MRI).[30,34]

Complex 4.7 T MRS 9.4 T MRS 7 T MRI

[Y·L3] 1.0 1.0 1.0
[Tb·L3] 14.4 15.2 8.4
[Dy·L3] 12.5 14.9 13.2
[Ho·L3] 6.6 9.3 10.9
[Er·L3] 5.5 8.9 9.4
[Tm·L3] 4.8 7.2 8.2

[a] A common line-broadening function was applied that was 50%
of the observed linewidth, and the spectral acquisition time (per
scan) was 3� T1. [b] Phantom imaging data were acquired, by
using experimental parameters (sweep width and repetition rate)
defined by the theoretical maximum for each individual complex,
according to their differing R1 values,[34] with a 32-point matrix
and a gradient echo imaging sequence. At a significantly higher
imaging field, the Tb, Dy and Ho complexes became much less
attractive, at least when r � 6.5 Å.

Prospects for Practicable Paramagnetic 19F MR
Probes

For in vivo MRSI/MRI applications, three key consider-
ations are sensitivity of detection, the toxicity/tolerance and
biodistribution profile of the probe and the feasibility of
developing responsive probes for chemical shift imaging. In
the case of sensitivity, improved probe design and detection
systems should enhance prospects over the next decade.
Over the field range 1.5 to 7 T, lanthanide-based 19F probes
offer sensitivity gains of between 15 to 20 times those of
diamagnetic analogues. Permutation of the lanthanide ion
may be required at higher fields, although Dy-based sys-
tems are likely to work best at lower fields. Variation of
complex structure also allows control over R1/R2 values by
changing the separation of the Ln/19F label: for example, in
[Dy·L7] and [Dy·L8] (Scheme 2), the CF3 label is about
0.5 Å more distant and R1 values decrease by 33% from
102 to 68 Hz (9.4 T, 295 K).

The clearance of these low MW probes occurs fairly
quickly in vivo, through renal or biliary pathways deter-
mined by the charge and hydrophobicity of the complex.
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This has been monitored by parallel 1H MRI biodistribu-
tion studies with the Gd analogues of the same series of
complexes:[35] this “dual imaging” approach should allow
the co-registration of anatomical information and the idea
has already been demonstrated by using directly injected
fluorocarbon emulsions.[7] Higher MW conjugates in the
range 5 to 15 kD will clear more slowly from the vasculat-

Scheme 2.
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ure and offer longer imaging times. Examples include the
polydisperse glycolchitosan conjugate, [Ln·L9][35] contain-
ing an average of 12 CF3 groups and the monodisperse
PAMAM conjugate [Dy·L10] (Scheme 2) with eight com-
plexes linked to the periphery of the dendritic structure. Re-
sponsive probes may be based either on a low MW complex
or be part of a conjugate. In each case, exchange broaden-
ing must be minimised and the desired change in chemical
shift amplified by prior consideration of the location of the
fluorine label with respect to the polar coordinates. Proof-
of-principle studies with pH-responsible systems have been
defined in vitro (vide supra) and now need to be translated
into practice in vivo.
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