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Introduction 
 

In the last decades, lanthanide chemistry has received a growing interest from many fields, going from catalysis 
to the investigation of biological macromolecules, to the use as contrast agents in MRI medical applications, as 
probes in vivo and for cellular systems as well. Moreover in NMR, taking advantage of the lanthanide induced 
shift and relaxation (LIS and LIR, respectively) for structural determination.[1] Especially for the latter, 
lanthanides offer very relevant properties, both for small complexes and biomolecules structural 
determination, due to their paramagnetic, electronic, optical and luminescent properties.[2] The structural 
homogeneity along the lanthanide series offer the rare advantage of a safe comparison with blank systems, 
giving the opportunity of reliable and easily identifiable phenomena, by virtue of the fact that some elements 
are silent regarding the mentioned properties, while others are not. 

The research developed in the present thesis concerns the development of new techniques and methods of 
structural determination, using lanthanide physical-chemical properties. In particular: 

-  a new method for the Fermi contact-pseudocontact chemical shift separation; 
-  a brand-new highlighting of VCD bands through the interaction with metal systems having low-lying 

electronic states, potentially useful for selective ion-binding pockets structural characterization; 
- A new chiral optical-probe selective acute phase proteins -1-acid glycoprotein and -1-antitrypsin. 

The present thesis is organized in two parts: the first one, including Chapters 1,2, 3 and 4, consists of an 
introduction, with some basic concepts of lanthanide chemistry, in particular luminescent and paramagnetic 
properties, Vibrational Circular Dichroism and the state of the art regarding lanthanide magnetic and optical 
probe development.  

Chapter 1 is a brief summary about the physicochemical properties and the main aspects of lanthanides 
coordination chemistry. 

Chapter 2 is an introductive chapter about the analysis of the paramagnetic contributions to NMR, pointing out 
their chemical shifts and relaxation times influence, highlighting the lanthanide case. 

Chapter 3 is an introductive chapter about Vibrational Circular Dichroism. Instrumentation, spectra calculation 
and current hot applications are briefly introduced. 

Chapter 4 is an introductive chapter about Lanthanides probes, both as contrast agents in magnetic resonance 
imaging, and as luminescent probes for biomedical analysis and cellular imaging, with a close-up on chiral 
systems and their use in chiroptical techniques. 

In Chapter 5 a new method for gaining accurate pseudocontact shifts is presented. These parameters are the 
basis for structural determination in solution by means of paramagnetic NMR. Separation of pseudocontact 
(PCS) from Fermi contact (FC) shifts from NMR data can be achieved by means of various methods, briefly 
reviewed in the first part of the Chapter. One of the most used, because of its simplicity, the so-called Reilley 
method,[3] has relevant limitations in the case of change of crystal field parameters through the series, as 
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determined by various processes, primarily axial ligand dynamics, or as a consequence of lanthanide 
contraction. Actually it faces a break around the middle of the series, known as ‘Gadolinium break ‘.[4] We 
propose a simple alternative procedure to compensate for any variation (smooth or abrupt) in crystal field 
parameters. Four examples taken from the literature, plus the complete set of unpublished data for Ln DOTMA 
are discussed in detail, to illustrate the power and limitation of the conventional Reilley treatment and to 
demonstrate the power and scope of our alternative approach. The DOTMA case is further studied as well, with 
detailed structural information, like hydratation along the series and a comparison of the Dipolar terms for the 
two SAP and TSAP forms along the series and for every single element as well. 

In Chapter 6 the case of VCD signal enhancement in complexes containing metals with low-lying electronic 
state is shortly recapitulated, a potential approach to compensate low signal to noise ratio, 10-4 of the 
corresponding absorption spectrum, characteristic of this technique. Afterwards we discuss our experimental 
evidences for a few lanthanide C4 symmetrical complexes: Ln DOTMA, lanthanide-cesium bimetallic 
camphorate complexes and Ln DOPhA. In the presence of certain elements, mid-IR VCD intensity increases 
dramatically, while preserving the overall shape. In the last part, the geometrical conditions for this 
phenomenon, dubbed with the acronym LIVE, are summed up, with speculations about the requirement of the 
electronic state energy of the lanthanide ion as well. 

In Chapter 7 the first specific chiral probe for alpha-glycoprotein and alpha-antrypsin is presented. Their 
interaction with other serum proteins are studied, but the intensity increase of emission occours only with 
AGP. Also CPL and CD spectra are acknowledged only in the complex formation with AGP, proving its selectivity 
for this system, therefore the probe could be potentially used in the determination of anomalous 
concentrations of AGP in serum, characteristic of pathologic conditions. Some details concerning ECD spectra 
gave some insight about the actual interaction with the protein binding-site. Also with AAT there is a 
significative response, although an order of magnitude lower than in the case of AGP. 
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Chapter 1 

Fundamental aspects of Lanthanide Chemistry 

 

The f-block elements following lanthanum (which generally is included itself) in the periodic table are known as 
lanthanides, or lanthanoids, according to IUPAC recommendation. These elements resemble each other much 
more closely than do the members of a row of d-block metals, with a slight variation of chemical and physical 
properties along the series. Lanthanide paramagnetism and low-lying electronic states make them very 
interesting in nuclear magnetic resonance techniques and in optical applications. In this Chapter, we will 
shortly point out some chemical properties deriving from Lanthanide configuration (Section 1.1) and how they 
affect the coordinative behavior in rare earth complexes (Section 1.2). 

 

1.1 Electronic configuration and chemical properties 

The electronic configuration of lanthanides is characterized by the progressive filling of the inner 4f orbitals 
([Xe]6s25d14fn, where n varies between 0, for La, and 14, for Lu). The sum of the outer 6s and 5d ionization 
enthalpies is comparatively low, similar in magnitude to those of the alkali metals, which makes these elements 
highly electropositive and prone to form cationic species (Table 1.1). 

Table 1.1 General chemical properties of rare earth elements.[1] 

Element Symbol Electronic configuration Ionic Radius (Å)[3] E0 (V)(a) Oxidation 

    Atomic (Ln0) Ionic (Ln3+) CN(b)=6 CN=9   States 

Lanthanum La [Xe]6s25d1 [Xe]4f0 1.03 1.22 -2.37 3 

Cerium Ce [Xe]6s25d04f2 [Xe]4f1 1.01 1.20 -2.34 3, 4 

Praseodymium Pr [Xe]6s25d04f3 [Xe]4f2 0.99 1.18 -2.35 3, 4 

Neodymium Nd [Xe]6s25d04f4 [Xe]4f3 0.98 1.16 -2.32 2, 3,4 

Promethium Pm [Xe]6s25d04f5 [Xe]4f4 
  

-2.29 3 

Samarium Sm [Xe]6s25d04f6 [Xe]4f5 0.96 1.13 -2.30 2, 3 

Europium Eu [Xe]6s25d04f7 [Xe]4f6 0.95 1.12 -1.99 2, 3 

Gadolinium Gd [Xe]6s25d14f7 [Xe]4f7 0.94 1.11 -2.29 3 

Terbium Tb [Xe]6s25d04f9 [Xe]4f8 0.92 1.10 -2.30 3, 4 

Dysprosium Dy [Xe]6s25d04f10 [Xe]4f9 0.91 1.08 -2.29 2, 3, 4 

Holmium Ho [Xe]6s25d04f11 [Xe]4f10 0.90 1.07 -2.33 3, 4 

Erbium Er [Xe]6s25d04f12 [Xe]4f11 0.89 1.06 -2.31 2, 3 

Thulium Tm [Xe]6s25d04f13 [Xe]4f12 0.88 1.05 -2.31 2, 3 

Ytterbium Yb [Xe]6s25d04f14 [Xe]4f13 0.87 1.04 -2.22 2, 3 

Lutetium Lu [Xe]6s25d14f14 [Xe]4f14 0.86 1.03 -2.30 3 
(a)For M3+ + 3e- = M; (b)CN: Coordination Number 
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The trivalent state Ln(III) is generally the most common oxidation state, although tetravalent (Ln(IV), for Ce, Pr, 
Nd, Tb, Dy and Ho) and divalent states (Ln(II), for Nd, Sm, Eu, Dy, Er, Tm and Yb) are also known.[2] These non-
trivalent state are easily reduced or oxidized to the more stable +3 ions; stable complexes in water have been 
observed only for two species: Ce4+ and Eu2+.1 However, SmI2 has found very interesting applications in 
reductive (organic) reactions. Besides that compound, also other Sm(II) salts and complexes, as well as TmI2, 
DyI2 and NdI2, have been fruitfully employed, as reductive reagents in the same type of synthesis, with 
satisfactory results.[2d] 

 

Figure 1.1 Plot of the radial charge density (P2) of the 4f-, 5s-, 5p-, and 6s- orbital function for Gd3+ ion (radius in atomic units).[3]  

Considering this fact, the attention will be focused on Ln(III) complexes, even if Sm(II) and Ce(IV) compounds 
are of great interest in the application for catalysis and organometallic chemistry.[3] 

The electronic configuration for a generic Ln(III) cation is [Xe]4fn and all the Ln(III) ions are paramagnetic, with 
the exception of La3+ and Lu3+. The 4f orbital shielding from external fields by the overlying 5s2 and 5p6 shells 
(Figure 1.1) makes the states arising from the various 4fn configurations pretty invariant in energy for a given 

                                                             
1 Albeit the high oxidation power of Ce4+ solutions and the sensitivity of Eu2+ solutions to the presence of dissolved oxygen. 
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ion. This is well proved, considering the element ionization energies,[4] optical properties [5] and the magnetic 
moments of various complexes.[6] 

Therefore ligands, as other external field sources, provide a minimal perturbation of the Ln(III) electronic states 
[3] and can give rise usually to small crystal-field splittings (lifting the degeneracy of spectroscopic terms). 

The progressive increase of nuclear charge along the series, due to the poor shielding of 4f electrons and to 
relativisitic effect,[7] causes a gradual ionic radius decrease, known as lanthanide contraction.[8] The ionic 
radius of the trivalent ions varies from 1.03 Å in La3+ to 0.86 in Lu3+ for CN=6, while from 1.22 to 1.03 Å for 
CN=9 (Table 1.1), values comparable with Ca2+ ion radius. This size similarity makes protein binding sites for 
Ca2+ also potentially interesting for Ln3+, offering an interesting tool to study Ln(III)-protein interaction (this will 
be discussed more in-depth in Chapters 4, 7). 

 

1.2 Coordination chemistry of Ln(III) ions 

The electronic configuration of Ln3+ directly affects their coordination chemistry: the 4f electrons are shielded 
by the 6s and 5p ones and are not available for covalent bonding, owing to their minimal overlap with ligand 
orbitals, consequently Ln3+ give rise to metal-ligand bonds with prevalent ionic (electrostatic) character.[1,3] 

Moeller et al. pointed out that, even in the most stable complexes, bond strength is of the same order of 
magnitude as Ln3+-H2O interaction.[9] Also bond distance measurements have confirmed the mainly ionic 
nature of lanthanide bonding. Therefore in lanthanide chemistry, classical aspects of d-transition metal 
chemistry as σ-donation and π-retrodonation, the ‘18 electrons rule‘, or the formation of multiple bonds 
(퐿푛 = 푂 or 퐿푛 ≡ 푁) are not observed. 

The strong electrostatic character of ligand-metal bonds allows variable coordination numbers and irregular 
geometries, often not easily described as ‘planar‘, ‘tetrahedral‘ or ‘octahedral‘. For this reason, lanthanide 
complexes geometry is hardly predictable and should be experimentally determined. Moreover, ligand 
arrangement can significantly differ between solution and solid-state, e.g. because of the presence of 
conformational dynamics, solvent coordination or of crystal packing, hence, specific studies are generally 
required and XRD structures may be questionable to depict the behaviour in solution. Coordination numbers 
are usually high reaching 9 for Yb and Lu, and even 11 for the larger La ions.[1,3,10] 

According to HSAB classification of Pearson,[11] lanthanides cations are considered as ‘hard‘ Lewis acids, 
showing a strong preference for oxygen donor atoms to nitrogen and sulphur (O >> N > S, F > Cl). This property 
makes Lanthanides trivalent ions very suited for specific applications in catalysis, like, for instance, carbonyl 
group activation to nucleophilic attack and many other analogous reactions.[12] Especially triflate salts show 
very promising uses as catalysts in green solvents.[13] 

Bond non-directionality and CN flexibility are peculiar to rare-earth coordination chemistry, making them 
suitable elements in catalysis: potentially, smaller activation energy are necessary to reduce or expand the 
metal centre coordination sphere, allowing an easy substrate binding and product release. 
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Common polar solvents or contaminants, having oxygen donor atoms, like, for instance, water, alcohols, ethers 
and DMSO, show a great tendency to compete with ligands for Ln binding, which restricts the choice of the 
medium for the hypothetical catalyzed reaction and/or poses specific requirements to the structure of ligands 
able to provide stable complexes.[14] 

Chelation is the predominant form of complexation in lanthanide chemistry, because of entropic driving force, 
arising from the coordination of polydentate ligands, compensating for the competition with the solvent, 
allowing the formation of stable complexes. The complex stability depends on the number and the nature of 
donor atoms: chelating N-ligands such as ethylendiamine dissociate in water and in oxygenated solvents,[1] but 
in case the polydentate ligand has O- donors (e.g. carboxylates), as in EDTA, there is a great increase in complex 
stability, with binding constants in water up to 1015-1020 M-1 (a very important factor for their employment as 
contrast agents and luminescence bioprobes, as will be described in detail in Chapters 4 and 7). On the 
contrary with macrocyclic ligands, the entropy loss is compensated by the enthalpic term. 

The crystallographic structure of [La(EDTA)(H2O)3]- shows that three water molecules are bound, with an overall 
CN = 9. The negatively charged carboxylic oxygens are more strongly bound to the metal than neutral water 
and nitrogens, as it is clear by the shorter crystallographic bond lengths: 2.54 Å for La-O of EDTA, against 2.60 Å 
for La-O of water, and 2.86 Å for La-N. 

Other analogous polydentate ligands were derived by changing the number of pendant arms: HEDTA (N’-
hydroxyethylethylenediamine-N, N, N’-triacetic acid), DTPA (diethylenetriamine-N, N, N’, N’, N’’-penta-acetic 
acid), DCTA (1,2-diaminocyclohexane-N, N, N’, N’ -tetraacetic acid). In particular, DTPA (octadentate with five 
caboxylate donors) establishes high stability constants in water with all Ln3+ ions (≈ 1022): even for this reason 
Gd DTPA is one of the most used contrast agents in Magnetic Resonance Imaging (MRI).[1] Macrocyclic 
polydentate ligands derived from DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) are used as 
well for the same application; they will be described in detail in Chapters 4, 5, 6 and 7. 

Water is such a strong ligand for Ln3+ ions that is often observed in the crystallographic structure of complexes 
crystallized from solvents having even small traces of it.[15] Considering the difficulty for competing ligands to 
replace water, lanthanide complexes are generally synthesized starting from anhydrous salts (LnCl3, Ln(OTf)3, 
Ln(alcoholates)3, etc.), in which anions are more easily replaceable. 

In aqueous solutions, Ln3+ ions bind several water molecules: the exact number is somewhat controversial, 
luminescence data have suggested values of 10 for La3+-Nd3+, and 9 for Tb3+-Lu3+.[16] The rate constants for the 
exchange process in the lanthanide hydratation sphere (eq. 1.1) are approximately estimated to 8 ∙ 10  s-1 for 
La3+ - Eu3+, 4 ∙ 10  s-1 for Gd3+ and 1 ∙ 10 s-1 for Dy3+ -Lu3+, and are also affected by the number of water 
molecules in the coordination sphere. 

Increasing pH, hydrolysis of bound water is favored (eq. 1.2), leading to the complete precipitation of Ln(OH)3. 
Together with hydroxide precipitation, the formation of polymetallic species as Ln[Ln(OH)3]3+ or colloids may be 
observed: if the lanthanide hydroxyde is desired, a careful control of the precipitation conditions is needed.[17] 
Ln(OH)3 solubility shows a gradual decrease along the series, in correspondence with ionic radius reduction, 
passing from 8 ∙ 10  mol/L to 6 ∙ 10 mol/L for Lu3+. 

[퐿푛(퐻2푂)푛]3+ + 퐻2푂∗ ⇌ [퐿푛(퐻2푂)푛−1(퐻2푂∗)]3+ + 퐻2푂 (1.1)  
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[퐿푛(퐻2푂)푛]3+ + 퐻2푂 ⇌ [퐿푛(퐻2푂)푛−1(푂퐻)]2+ + 퐻3푂+ 

 

(1.2) 
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Chapter 2 

NMR of Lanthanide complexes 

 

Except for lanthanum (La3+) and lutetium (Lu3+), having f-shell completely empty (4f0, for La3+) and full (4f14, for 
Lu3+) respectively, in all other Ln3+ ions, the partial filling of f-orbitals gives a variable number of unpaired 
electrons, which are responsible for molecular paramagnetism. 

Irrespective of its origin, this property directly influences the NMR spectrum: the unpaired electrons magnetic 
moment generates a magnetic field, that may interact with the nuclear magnetic dipole (the so called 
hyperfine interaction), and produces additional contributions to both the NMR chemical shift and the 
relaxation time of the observed nuclei. The paramagnetic contributions (훿 , 푅 ) are determined by taking 
the difference between the observed shift and relaxation rate (훿 , 푅 ) and those expected for the same 
nucleus in a diamagnetic complex (훿dia, 푅dia).2 

훿 = 	 훿 + 	 훿  
 

(2.1) 

훿 = 	 훿 − 	훿  
 

(2.2) 

푅 =
1

푇
=

1
푇

−
1
푇

= 푅 − 푅  
 

(2.3) 

푅 =
1

푇
=

1
푇

−
1
푇

= 푅 − 푅  
 

(2.4) 

In this chapter we report a brief description of the main aspects of paramagnetic NMR, with particular regard 
to lanthanides.[1-5] 

 

2.1 The paramagnetic shift 

The paramagnetic contribution due to hyperfine interaction can be partitioned in two terms, the Fermi or 
contact coupling and the dipolar or pseudocontact coupling: the first one is related to electron-nucleus spin 
interaction, when electrons are localized on that nucleus. On the contrary, the second one is described by a 
long-range magnetic dipolar coupling, with the anisotropic distribution of the electronic magnetic moment. In 
the nuclear spin Hamiltonian (퐻 ), contact and pseudocontact couplings provide two terms (퐻  and 퐻 , 
respectively) in addition to Zeeman (퐻 ), chemical shift Hamiltonians (퐻 ) and scalar coupling (퐻 )  

퐻 = 퐻 + 퐻 	 + 	퐻 +퐻 + 퐻  
 

(2.5) 

                                                             
2 The correct diamagnetic reference is not a trivial matter. In most cases the lanthanum complexes are good references for 
early lanthanides (Ce-Eu), while lutetium complexes are for the late elements (Tb-Yb). 
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Notwithstanding both terms accounting for the hyperfine interaction describe a spin-spin coupling, they are 
both proportional to electron spin polarization and, consequently, to the external magnetic field intensity. 
Therefore they give rise to two additional contributions to the NMR chemical shift: a contact (훿 ) and a 
pseudocontact term (훿 ) term (eq. 2.5) 

훿 = 	 훿 	 + 	 훿 + 훿   
 

(2.6) 

The additional term 훿  accounts for the effects derived from the modified magnetic field susceptibility of 
the whole sample, and it is generally cancelled using a frequency-locked spectrometer together with an 
appropriate internal reference [2]: for the sake of simplicity, this term will be ruled out in the following 
discussion. 

 

2.1.1 The Fermi contact shift 

As electrons relax orders of magnitude faster than nuclei, the nucleus in each of its MI energy level only senses 
an average static magnetic momentum 〈휇〉 = −푔 휇 〈푆 〉 which results from the slight excess of electron 
population in the MS = -1/2 state. The spin density at zero distance from the nucleus, deriving from this 
electron density difference is the parameter to which contact coupling is proportional (eq. 2.7) [1] 

휌 = Ψ / (0) − Ψ / (0)  
 

(2.7) 

Where Ψ(0) is the MO wavefunction on the nucleus. The p, d, f orbitals have vanishing electron density on the 
nucleus, therefore only the s-components of MO contribute to the contact coupling. The spin density 
delocalization can occur either through Fermi hyperfine interaction, or, in alternative, polarization of occupied 
s-containing MO.[3] The contact Hamiltonian describes this kind of coupling, between nuclear and electron 
spin operators I and S, respectively, through tensor 퐀, (eq. 2.8) 

퐻 	 = 퐈 ∙ 퐀 ∙ 퐒 
 

(2.8) 

where, 

퐈 = ̂퐼 + ̂퐼 + 퐤퐼  
 

(2.9) 

퐒 = ̂푆 + ̂푆 + 퐤푆  
 

(2.10) 

For sufficiently high magnetic field,3 and by replacing the electron spin term with its expectation value 〈푆 〉,4 
the contact Hamiltonian becomes [1a,b] (eq. 2.11) 

퐻 	 = 퐴	퐼 〈푆 〉 
 

(2.11) 

                                                             
3 This condition is satisfied when, for any ak eigenvalue of 퐀, is ak ≪ 푔 휇 퐵 . 
4 This is correct in view of the fast electronic relaxation, with respect to NMR timescale. 
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Where A is the contact coupling constant (eq. 2.12) 

퐴 =
휇
3푆

ℏ훾 푔 휇 휌  

 

(2.12) 

and the sum runs over all the s-components of the MOs of the molecule, ℏ is the Planck constant, 휇  is the 
magnetic permeability in vacuum, 휇  is the Bohr magneton, 푔  is the Landé coefficient for the free electron , 훾  
is the nuclear magnetiogyric ratio and S is the electron-spin quantum number. 

Since the nuclear resonance frequency is proportional to the total magnetic field, this mechanism provides a 
contribution con to the paramagnetic shift, which could be derived, calculating the energy difference for the 
close nuclear levels (∆푀 = ±1); the NMR contact shift becomes 

훿 =
퐴
ℏ훾

푔 휇 푆(푆+ 1)
3푘푇

 

 

(2.13) 

Eq. predicts a 푇  dependence of 훿  (as expected for the Curie law) and large contact shifts for strongly 
paramagnetic complexes possessing efficient spin delocalization. 

In close analogy to J coupling mechanism, 훿  may be anisotropic, as	푔  varies with molecular orientation. 
The propagation of electron spin density from the metal center to the observed nucleus occurs through 
contiguous electron clouds magnetic polarization (Figure 2.1), and, as stated before, it is enhanced in presence 
of electron delocalization. In such a way the contact shift may reach the s-orbitals of hydrogen or hetero-atoms 
not directly involved in metal bonding. 

 

Figure 2.1 Propagation of electronic spin density 휌 through polarization of electronic clouds. An unpaired electron, located 
in a 2p orbital, may polarize the electronic clouds in s or orbitals, propagating the spin density 휌 onto the nucleus 
(picture A), or onto the closest nuclei (picture B and C). 

The through-bond spin-density propagation is sensitive to ligand backbone conformation and sometimes it 
allows getting structural information. For instance, in ligands with nitrogen donors, the contact shift may be 
correlated with the M-N-C-H dihedral angle 휃 (Figure 2.2),[1] through a relation analogous to the Karplus rule 
(eq. 2.14) 
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훿 = 푎 cos 휃 + 	푏 cos휃 + 푐 

 

(2.14) 

This simple expression becomes more complicate, changing the donors, the metal, or the ligand complexity.5 
As a consequence, apart from a few cases, obtaining structural information from contact shifts remains a hard 
matter. 

 

Figure 2.2 Conformational dependence of the proton contact shift in proximity of the metal (M). 

 

2.1.2 The pseudocontact shift 

The pseudocontact coupling is due to the through space dipolar interaction between electron and nuclear 
magnetic dipoles. As seen in the previous sections, the static induced magnetic moment results from the 
difference in population of the various electron spin states created by the external magnetic field. Nuclei sense 
the sum of the external magnetic field and of the field originated by the electron static magnetic moment. The 
dipolar interaction between the total magnetic field and nuclei is not completely quenched by molecular 
rotation as it is for any dipolar interaction between vectors. The anisotropy of the static magnetic moment is 
responsible for this average residual dipolar interaction, whose effect on the nuclear chemical shift is termed 
with pseudocontact shift. In the classic picture, this is described by dipole-dipole interaction  

퐸 = −
휇
4휋

3(흁ퟏ ∙ 풓)(흁ퟐ ∙ 풓)
푟

−
(흁ퟏ ∙ 흁ퟐ)

푟
 

 

(2.15) 

Where 흁ퟏ and 흁ퟐ are the nuclear and electronic dipoles, and r is the vector between them. 
                                                             
5 In case of d-transition metals, where metal coordination may involve s-donation and p-retrodonation, the Karplus type 
rule may contain also a sin2 휃 term, or more complicated expressions ([1] and ref. therein). 
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In quantum mechanics, the dipolar Hamiltonian is introduced  

퐻 = −
휇
4휋

	ℏ훾
3(흁 ∙ 풓)풓

푟
−
흁
푟

∙ 퐈 == −
휇
4휋

	ℏ훾 흁 ∙ 퐃 ∙ 퐈 

 

(2.16) 

with I the nuclear spin operator, 흁 the effective magnetic dipole resulting from electronic distribution and 퐃 
the dipolar tensor  

퐃 =
1
푟

3푥 − 푟 3푥푦 3푥푧
3푥푦 3푦 − 푟 3푦푧
3푥푧 3푦푧 3푧 − 푟

 

 

(2.17) 

For nuclei sufficiently far from the metal, the unpaired electron(s) distribution can be approximated to an 
electric dipole centered on the metal (Metal-centered point-dipole approximation), and 퐃 contains the 
coordinates of the nucleus with respect to it. Expressing the magnetic dipole 흁 in terms of the external field B0 
and the magnetic susceptibility tensor 훘 

흁 =
1
휇
훘 ∙ 퐁ퟎ 

 

(2.18) 

and replacing eq. (2.18) in (2.16), we obtain  

퐻 = −
ℏ훾
4휋

퐁ퟎ ∙ (훘퐃) ∙ 퐈 
 

(2.19) 

This is formally analogue to the diamagnetic term describing the sum of Zeeman and chemical shift 
Hamiltonians 

퐻 = 퐻 + 퐻 = −ℏ훾 퐁ퟎ ∙ (ퟏ− 훔) ∙ 퐈 
 

(2.20) 

where σ is the chemical shielding tensor and 1 the identity operator. Neglecting 퐻 , the nuclear-spin 
Hamiltonian, eq. (2.5) can be rewritten 

퐻 = −	ℏ훾 퐁ퟎ ∙ (	ퟏ − 훔+
1

4π
훘퐃) ∙ 퐈 

 

(2.21) 

For a 퐁ퟎ aligned along the z-axis, and averaging eq. (2.19) for all molecular orientations, the energy difference 
between levels with ∆푀 = ±1 is 

∆퐸 = ℏ훾 퐁ퟎ 1− σ +
1

12π
tr 훘퐃  

 

(2.22) 

where σ  is proportional to the trace of 훔 (σ = 휎 + 휎 + 휎 = tr{훔}. The chemical shift is 

obtained dividing eq. (2.22) the Zeeman energy by ℏ훾 퐵   

훿 =
∆퐸

ℏ훾 퐵 	 = 1− σiso +
1

12π tr 훘퐃  

 

(2.23) 
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훿 = 1− σiso 
 

(2.24) 

훿 =
1

12π tr 훘퐃  

 

(2.25) 

where the diamagnetic and pseudocontact shifts were made explicit. As 퐃 is a traceless tensor, the isotropic 
component χ ퟏ of magnetic susceptibility gives no contribution to 훿 , which depends only on the 
anisotropic part of the magnetic susceptibility 훘′ 

훘 = 훘 − tr{훘}ퟏ = 훘 − χ ퟏ 
 

(2.26) 

훿 =
1
12π

tr (훘 + χ ퟏ)퐃 =
1
12π

tr 훘,퐃 + χ tr 퐃 =
1
12π

tr 훘′퐃  

 

(2.27) 

In the metal-centered Cartesian coordinates eq. (2.27) becomes 

훿 =
1

12π
1
푟

[휒 (3푥 − 푟 ) + 휒 (3푦 − 푟 ) + 휒 (3푧 − 푟 ) + 6휒 푥푦+ 6휒 푥푧
+ 6휒 푦푧] 

 

(2.28) 

By choosing the coordinate system oriented along the principal axes of 훘 , this can be re-written in eq. (2.29) 

훿 = 퐷
3 cos 휃 − 1

푟
+ 퐷

sin 휃	 cos 2훾
푟

 

퐷 =
1

12π
휒 −

휒 + 휒
2

=
1
12π

3
2
휒′  

퐷 =
1
12π

3
2

(휒 + 휒 )  

 

(2.29) 

Where the position of the nucleus is described by polar coordinates (r, in Figure 2.3, and the coefficients 
D1 and D2 contain the principal values of the magnetic anisotropy tensor. For molecules with axial symmetry (Cn 
with n ≥ 3), 휒 =휒 = 휒 and 휒 = 휒 ∥, equation (2.29) simplifies to 

훿 = 퐷
3 cos 휃 − 1

푟
 

퐷 =
휒′∥ −휒′⊥
12π  

 

(2.30) 

In both (2.29) and (2.30) the terms (3cos 휃 − 1)/푟  and (sin 휃 cos 2휑)/푟 explicitly contain the coordinates 
of the observer nucleus, and make pseudocontact shifts a precious information source about the geometry of 
the complex (these terms are called geometrical factors, shortly GF). The pseudocontact shift does not depend 
on the magnetogyric ratio 훾 , therefore is independent of the observed nucleus nature. 

Equations (2.28-30) are effective within the limits of the metal-centered point-dipole approximation: if not, the 
whole electronic orbital distribution should be considered.[6] For d-transition metals, significant deviations 
from point-dipole approximation are estimated for distances lower than 7 Å from the metal.[6] Conversely in 
lanthanides the inner character of f-orbitals strongly reduces this deviation: Golding et al. calculated 훿  from 
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the exact charge distribution in f-orbitals, showing that the deviation from point-dipole approximation is 
negligible for distances larger than 3-4 Å.[6] In the case of f13 configuration (Yb3+) in a tetragonal distortion, the 
error in the metal-nucleus distance calculated by using the point-dipole limit is of the order of 0.6-2.4 ∙ 10 	Å 
at 2 Å (< 1.5%) and reduces to less than 0.4-1.5 ∙ 10 	Å at 3 Å (< 0.5%). 

 

Figure 2.3 Polar coordinate reference system 

 

2.2 The paramagnetic nuclear relaxation 

In addition to contributing to the hyperfine shift, the electronic paramagnetism affects also nuclear relaxation. 
Longitudinal and transverse relaxation times (T1 and T2, respectively) are generally shortened by interaction 
with paramagnetic center, equations (2.3-4), with relaxation rates depending on the nature and on their 
distance from the observed nucleus. This contribution is often termed as lanthanide-induced relaxation (LIR). 
The phenomenon depends both on inner-sphere and outer-sphere mechanisms, which can be divided further 
into three mechanisms, responsible for paramagnetic nuclear relaxation: the dipolar, the Curie and (to a lesser 
extent) the contact mechanism. 

- The dipolar relaxation mechanism: The paramagnetic inner-sphere relaxation may be tracked back to 
the fluctuating magnetic field produced by the electron magnetic momentum, which induces nuclear 
spin transitions for nuclei whose magnetic momentum interacts with the electronic magnetic 
one.[1a,2,7] The electron-nuclear dipolar interaction (2.17-18) depends on the relative position and 
orientations of the magnetic dipoles, thus, the continuous reorientation of the molecule with respect 
to the magnetic field, due to molecular tumbling, as well as the electron-spin-state change due to 
electronic relaxation generate stochastic fluctuations of this interaction, and cause dipolar relaxation. 
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The correlation time C for these fluctuations is a combination of rotational correlation time R,6 
electronic correlation time E,7 and one derived from chemical exchange M 

[dipolar C]  휏 = 휏 + 휏 +휏  
 

(2.31) 

The relaxation rates are described by the Solomon equations.[7-9] 

푅 =
1

푇
=

2
15

휇
4휋

훾 푔 휇 푆(푆+ 1)
푟

휏
1 + (휔 −휔 ) 휏

+
3휏

1 + 휔 휏
+

6휏
1 + (휔 + 휔 ) 휏

 

 

(2.32) 

푅 =
1

푇
=

1
15

휇
4휋

훾 푔 휇 푆(푆 + 1)
푟

4휏 +
휏

1 + (휔 −휔 ) 휏
+

3휏
1 + 휔 휏

+
6휏

1 + (휔 + 휔 ) 휏
+

6휏
1 + 휔 휏

 

 

(2.33) 

푅 =
1

푇
=

1
15

휇
4휋

훾 푔 휇 푆(푆 + 1)
푟

4휏
1 + 휔 휏

+
휏

1 + (휔 −휔 ) 휏
+

3휏
1 + 휔 휏

+
6휏

1 + (휔 + 휔 ) 휏
+

6휏
1 + 휔 휏

 

 

(2.34) 

where all constants are the same reported above. The spectral density terms (reported in square 
brackets) describe the efficiency of the relaxation mechanism as a function of Larmor frequencies and 
correlation times. 

The 푅  term is the longitudinal relaxation rate in the rotating frame, and 휔  is the nuclear Larmor 

frequency around the spin-lock radio frequency field B1. As 휔 휏 ≪ 1, 푅  is substantially equal to 

푅  and will be omitted in the following description.[1a,b] 

In the fast motion limit ( 휔 휏 ≪ 1	and	 휔 휏 ≪ 1) 

푅1
dip = 푅2

dip =
4
3

휇0
4휋

2 훾퐼
2푔푒

2휇퐵
2푆(푆+ 1)
푟6 휏퐶 

 
(2.35) 

 

The constant 훾 푔 휇 푆(푆 + 1)/푟  is proportional to the square of the nuclear-electron dipolar 
interaction, and is strongly influenced by the metal-nucleus distance (푟 ). 

                                                             
6 It should be more appropriate to use the term ‘reorientational’ correlation time, due to full molecular rotation 
prevention by the frequents hits with the solvent. As ‘rotational correlation time’ is a very commonly used term, in this 
work we keep this expression. 
7 The electron correlation time E is related to electronic relaxation. In principle, longitudinal (T1E) and transverse relaxation 
times (T2E) may be distinguished into E1 = T1E and E2 = T2E. In the present work, we consider fast motion limit for electron, 
with T1E =T2E, and consequently E =T1E = T2E. 
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- The Curie relaxation mechanism: the fluctuation of the electronic magnetic dipole averages around an 
‘effective‘ magnetic dipole arising from the slight difference in population between electronic states, 
and proportional to the external field B0 Eq. (2.20). The dipolar interaction between and the 
observed nucleus fluctuates under the effect of molecular tumbling, and is responsible for Curie 
relaxation. As is averaged over S states, the correlation time here contains only the rotational and 
exchange terms 

[Curie 휏 ]	휏 = 휏 + 휏  
 

(2.36) 

and the relaxation rates are thus expressed [9-11] 

푅 =
1

푇
=

2
5

휇
4휋

훾 푔 휇 퐵 [푆(푆 + 1)]
(3푘푇) 푟

3휏
1 + 휔 휏

 

 

(2.37) 

푅 =
1

푇
=

1
5

휇
4휋

훾 푔 휇 퐵 [푆(푆+ 1)]
(3푘푇) 푟

4휏 +
3휏

1 + 휔 휏
 

 

(2.38) 

that, in the fast motion limit (|휔퐼
2휏퐶2| ≪ 1) become 

푅 =
6
7
푅 =

6
5

휇
4휋

훾 푔 휇 퐵 [푆(푆 + 1)]
(3푘푇) 푟

휏  

 

(2.39) 

The Curie relaxation rates R1 and R2 are never equal, even in the fast motion limit, and significantly 
increase with external magnetic field (∝	퐵 ). This relaxation mechanism is strongly temperature-
dependent: in addition to the explicit 푇  term, temperature largely influences also 휏 . Magnetic field 
and temperature dependence in dipolar relaxation mechanism are generally smaller and hardly 
evaluated, and depend only on the implicit contribution included in 휏 . However Curie-spin 
contribution is often much smaller than the dipolar one, except for 1H-NMR experiment (large 훾 ) 
performed at high magnetic field (large B0) and strongly paramagnetic (large ge) samples.  

- The contact relaxation mechanism: contact interaction also contributes to nuclear relaxation with a 
contact relaxation term. In this mechanism, correlation time 휏  depends only on electronic and 
exchange correlation times, as contact interaction is essentially scalar and minimally influenced by 
molecular orientation 

[contact 휏 ]	휏 = 휏 + 휏  
 

(2.40) 

The expressions for R1 and R2 are given by the Bloembergen equations [9,12] 

푅 =
2
3
푆(푆+ 1)

퐴
ℏ

휏
1 +휔 휏

 

 

(2.41) 

푅 =
1
3
푆(푆 + 1)

퐴
ℏ

휏 +
휏

1 + 휔 휏
 

 

(2.42) 
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Where A is the coupling constant (2.12). In extreme narrowing condition ( 휔 휏 ≪ 1) (2.41) and 
(2.42) simplify in 

푅1
con = 푅2

con =
1
3
푆(푆+ 1)

퐴
ℏ

2

휏퐶 

 
(2.43) 

Apart from donor ligand nuclei themselves, contact relaxation is generally much smaller than dipolar 
and Curie terms and often may be neglected.[1]  

The relative importance of dipolar and Curie mechanism is strongly variable with the nature of the 
paramagnetic species, magnetic field and electronic and rotational correlation times, and must be evaluated 
for each specific case. For all relaxation mechanisms reported above, relaxation rates are proportional to the 
square of magnetogyric ratio (훾 ): hence, proton and fluorine are much more affected by relaxation than most 
heteronuclei (13C, 15N, etc.). 

 

2.3 The case of lanthanides 
2.3.1 Paramagnetic shift 

Lanthanide ions paramagnetism is due to 4f orbitals partial filling. In this elements, the total electronic spin 
angular moment (S) and the orbital angular moment (L) are strongly coupled by the spin-orbit interactions, so 
their magnetic properties are better described by the total angular momentum J (|퐽| = |퐿 ± 푆|). 

The equation of the paramagnetic shift and relaxation rates are easily derived replacing the spin quantum 
numbers S with J, and the corresponding Landé factor ge with gj that contains the orbital contribution. Table 2.1 
reports, for each Ln3+ ion, the spectroscopic states with the calculated values of J and gj. 

The hyperfine contact shift in lanthanides is less important than in d-transition metals,[1-2,13] because of the 
inner character of 4f orbitals. The propagation of the contact coupling occurs through the overlap of the donor 
orbitals and the outer 6s orbitals of the metal, which are in turn polarized by 4f electrons. The contact shift 
equation (2.15) corrected for the J term is 

훿 = 	
퐴
ℏ훾

푔 푔 − 1 휇 퐽(퐽+ 1)
3푘푇

= −
퐴

ℏ훾 퐵
〈푆 〉  

 

(2.44) 

where, A is described in (2.13-14) and 〈푆 〉  is the expectation value of the electronic spin z-component.8 

Pseudocontact shift is due to magnetic susceptibility anisotropic part (2.22), which is in turn originated by 
electronic orbital contributions, which arise only when spherical symmetry around the metal is removed, that is 
only when the lanthanide ion is immersed into ligand crystal-field. Bleaney [14] provided an elegant procedure 
to derive in a general way 훿pc from ligand crystal-field parameters: the crystal-field effect on the electronic spin 
Hamiltonian 퐻  is spanned into a sum of spin-operators 푂  of k rank, involving 퐽 , 퐽 , 퐽 	components 

                                                             
8 It should be mentioned that the constant A contains the electronic Landé factor 푔 , which is not replaced by 푔푗.  
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퐻 = 휇 푔 휇 퐉 ∙ 퐁ퟎ + 퐴 〈푟 〉
,

〈퐽‖푘‖퐽〉푂  

 

(2.45) 

where: k = 2, 4, 6, and 0 ≤ 푞 ≤ 푘, 휇 푔 휇 퐉 ∙ 퐁ퟎ is the Zeeman term, 퐁ퟎ is the magnetic field vector, 퐉 is the 
total angular moment operator, 퐴  is the energy crystal-field coefficient of order q and rank k, 〈푟 〉 is the 
average of the kth power of the electronic radius in the 4f orbitals, and 〈퐽‖푘‖퐽〉 are numerical factors calculated 
for this electron state of each lanthanide ion. 

Table 2.1 Electronic properties of lanthanide ions.[1] The spectroscopic states 2S+1LJ(2J+1) are referred to the ground state. 
The pseudocontact shifts (훿pc) are calculated for a nucleus with 퐺퐹 = 1 in an axially symmetric tensor. 〈푆푧〉퐽 values are 
calculated including excited states. Relative linewidths are calculated from (2.53-58) below, using electron correlation 
times reported in [1], and scaled to Yb linewidth 10 Hz 

Ln(III) 2S+1LJ(2J+1) gJ 〈푆 〉  PC PC/〈푆 〉  Relative Linewidth 

    
(ppm) (Hz) 

Ce3+ 2F5/2(6) 6/7 0.98 1.6 1.6 2.3 

Pr3+ 3H4(9) 4/5 2.97 2.7 0.9 5.2 

Nd3+ 4I9/2(10) 8/11 4.49 1.0 0.2 5.7 

Pm3+ 5I4(9) 3/5 4.01 -0.6 -0.1 2.7 

Sm3+ 6H5/2(6) 2/7 -0.06 0.2 -3.3 0.2 

Eu3+ 7F0(1) - -10.68 -1.0 0.1 - 

Gd3+ 8S7/2(8) 2 -31.50 0.0 0.0 100-104 

Tb3+ 7F6(13) 3/2 -31.82 20.7 -0.7 109.5 

Dy3+ 6H15/2(16) 4/3 -28.54 23.8 -0.8 151.0 

Ho3+ 5I8(17) 5/4 -22.63 9.4 -0.4 149.0 

Er3+ 4I15/2(16) 6/5 -15.37 -7.7 0.5 104.3 

Tm3+ 3H6(13) 7/6 -8.21 -12.7 1.5 47.1 

Yb3+ 2F7/2(8) 8/7 -2.59 -5.2 2.0 10.0 

       
From this Hamiltonian the magnetic susceptibility tensor is derived, which is inserted in (2.29) to give 

훿pc = −
휇0
4휋

푔푗
2휇퐵

2 퐽(퐽 + 1)(2퐽 − 1)(2퐽 + 3)

60(푘푇)2 퐷푍
3 cos2 휃 − 1

푟3 + (퐷푋 − 퐷푌)
sin2 휃	 cos 2훾

푟3  

퐷푋 = 〈푟 〉〈퐽‖훼‖퐽〉(퐴2
2 − 퐴0

2) 
퐷푌 = 〈푟 〉〈퐽‖훼‖퐽〉(−퐴2

2 − 퐴0
2) 

퐷푍 = 〈푟 〉〈퐽‖훼‖퐽〉(2퐴0
2) 

 

(2.46) 

Where 퐷 , 퐷 , 퐷  contain crystal-field parameters. Bleaney [14] observed that whilst the magnetic 
susceptibility isotropic component depends on temperature with 푇−1 (Curie law), the anisotropic part depends 
on 푇−푛 with (n ≥ 2). He assumed that the ground state multiplet crystal-field energy (∆퐸 ) is small compared 
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to 푘푇 so that only crystal-field terms with rank 푘 = 2 can be considered, which gives a temperature 
dependence on 푇−2.9 

Assuming an isostructural series of axially symmetric complexes and considering a reasonable value of 
퐴 〈푟 〉 = +10 cm-1, for all lanthanides, Bleaney [14] estimated the pseudocontact shift with (2.46) for a 
nucleus with (3 cos 휃 − 1)/푟 = 1 (Figure 2.4 and Table 2.1).10 Notably the strongest shifts are given by Tb3+ 

and Dy3+, opposite in sign with respect to Er3+, Tm3+, and Yb3+. 

In Figure 2.4 these shifts are plotted together with the values of −〈푆 〉  (2.44) in order to show each lanthanide 
ion tendency to give contact and pseudocontact shift contributions. 

The pseudocontact shift	푇 	dependence proposed by Bleaney is correct under the assumption that J manifold 
crystal-field splitting energy (∆퐸 ) is small compared to kT, otherwise crystal-filed parameters of rank 
푘 = 4, 6 should be considered, which generates additional 푇−푛 terms of order higher than 2 (n > 2). McGarvey 
estimated that 푇−3 contributions in 퐷 and 퐷  constants (see eq. (2.29)) are not negligible but do not exceed 
10% of 푇−2 term.[15] He concluded that contact shift (proportional to 푇−1) cannot be easily separated from 
the pseudocontact part (depending on 푇−2 and 푇−3 terms) by simply fitting the shifts trend at variable 
temperature, because 푇−1, 푇−2, and 푇−3 functions have very similar trends in a wide range of 
temperatures.[15-16] The assumption that crystal-field splitting is small compared to kT (∆퐸 < 푘푇) is often 
not acceptable, as ∆퐸  may be much larger than kT (∆퐸 > 400 cm-1, see for example the Yb DOTMA and 
Yb(BINOL)3 cases [17]). More recently, Mironov et al. [18] calculated the magnetic susceptibility anisotropy 
퐷 along the lanthanide series, including all crystal-field terms, and for several regular and distorted 
polyhedrons. These values were compared with those expected from Bleaney’s theory, which limits crystal-
field terms to 퐴 . It results that, under a qualitative point of view, 퐷  trend along Ln3+ series, expected from 
Bleaney (Table 2.1 and Figure 2.4) is still acceptable, but in a quantitative analysis, Bleaney values may show 
large deviations from those calculated including all crystal-field terms. Mironov also evidenced how 퐷  has a 
remarkable dependence on the geometry of the coordinated polyhedron and is largely influenced by small 
distortions in ligand arrangement.[18a] 

2.3.2 Paramagnetic relaxation 

The paramagnetic relaxation contributions, corrected for the spin-orbit effect, and in the absence of chemical 
exchange, are thus summarized 

푅 =
2

15
휇
4휋

훾 푔 휇 퐽(퐽 + 1)
푟

휏
1 + (휔 −휔 ) 휏

+
3휏

1 + 휔 휏
+

6휏
1 + (휔 +휔 ) 휏

 

 

(2.47) 

                                                             
9 Eu3+ and Sm3+ ions do not follow (2.46) because of the presence of excited states differing in J from ground state and 
close in energy to it (see Table 6.1). These excited states give contributions to magnetic susceptibility anisotropy in T-n with 
n ≥ 2. Anyway, for all other lanthanide ions, these excited states are far in energy from the ground one, therefore these 
additional terms can be safely neglected (Ref. [14]). 
10 Other values of the crystal field coefficient, even negative, are equally possible; so data here reported should be 
considered only for the relative shift magnitude in different lanthanide ions. 
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With the exclusion of donor atoms, contact relaxation is generally negligible in comparison to other terms. For 
all lanthanide ions, apart from Gd3+, the dipolar mechanism correlation time is dominated by the electronic one 
E (10-12-10-14) [1,19], which is much smaller than rotational correlation time. The very short value of E is due to 
the efficient electronic relaxation (Orbach-type process),[20] favored by the presence of several states near in 
energy to the ground state. This is not the case of Gd3+, for which the ground state is a singlet (8S7/2) without 
low-lying excited levels, therefore E is considerably higher (10-8-10-9).[21] 

In the absence of chemical exchange (or better for 휏 ≪ 	 휏 ), for small molecules ( 휔 휏 ≪ 1	and	 휔 휏 ≪
1), and for all paramagnetic lanthanides, except Gd3+, equations (2.47)-(2.52) become 
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Figure 2.4 Relative contributions of pseudocontact (훿pc, filled dots) and contact terms (−〈푆 〉 , empty dots), 
along the Ln(III) series, as reported in Table 2.1.[1,14] 
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Chapter 3 

Vibrational Circular Dichroism 

 

Vibrational circular dichroism (VCD) is the differential absorbance of left and right circulary polarized light of a 
vibrational transition in the infrared (IR) fingerprint spectral region.[1] Since its discovery in the seventies [2] 
and the accompanying theoretical developments,[3] VCD has matured into a major research area in physical 
and analytical chemistry, especially in the past decade. The advent of the first commercial Fourier transform 
(FT) IR-VCD spectrometer in 1997 and the implementation of density functional theory (DFT) calculations of 
VCD intensities into the Gaussian suite of programs in 1996, and into other electronic structure software 
packages later on, have triggered a flourish of VCD related applications. Today, VCD is a very successful 
spectroscopic technique, especially for mid-size chiral molecules absolute configuration determination.[4] 

The advantageous utility of VCD is rooted in the abundance of spectral information manifested through 
numerous, well-resolved peaks in the mid-IR region (typically, 900-2000 cm-1). Also, its high information-
content stems from the fact that transition taking place during vibrational excitation are commonly 102-103 
times faster than bond rotations, hence allowing the intrinsic conformational structure of a molecule to be 
determined. Nevertheless, the disadvantages associated with VCD are mainly due to its empirical 
implementation. Specifically, a requirement for relatively high sample quantity (around 10 mg, at least) or 
longer signal-collection periods (more than 1 h, generally), due to low signal to noise ratio (commonly ∆퐴/퐴 is 
around 10-4-10-6) could preclude recording of VCD spectra for rare and labile natural products. When obtaining 
the VCD spectrum, one should be mindful of solubility of a chiral molecule in typically used IR-silent solvents 
(CCl4, CHCl3, CH2Cl2, CS2), so that the combination of the concentration and pathlength can provide acceptable 
IR absorption intensities. More than one combination of pathlength and concentration might be necessary to 
optimize this parameter in the whole detectable frequency-window. Deuterated solvents could be used as 
well, in order to shift the relative absorption frequency out of the inquired range and minimize the blind 
regions. In case of low solubility in apolar or low polar solvents, D2O or DMSO-d6 could be used, even though 
these solvents could participate in hydrogen bonds network and severely affect and modify bands patterns and 
shape for the vibrations involved in this kind of interactions. 

Compared to X-ray crystallography, probably the other most authoritative AC determination tool (when 
applicable), VCD offers the advantage of not requiring a single crystal of satisfactory size and can be performed 
directly in solution. So far, no cases of wrong configuration assignment by VCD and DFT analysis, in comparison 
to other AC techniques determination have been established.[4i] On the contrary, VCD uncovered a few errors 
in AC assignments by other methods, including X-ray crystallography.[5] Another key advantage of VCD, as an 
optical spectroscopic method, is the ability to record separate signals from individual conformers, which is not 
possible by other techniques, notably NMR, due to their slow response to structural changes. The DFT 
theoretical simulation, requiring a complete analysis of the dominant conformers, combined with the VCD 
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measurements, makes possible to determine in the same process both AC and the major conformations of 
chiral molecules.[6]11 

The development of the VCD experimental and theoretical techniques has been accompanied by new possible 
applications, such as the study of conformational landscape of flexible chiral molecules and hydrogen (H)-
bonded chiral complexes, in order to understand solvent effects and chiral recognition: this issue is extremely 
intriguing, as studying intermolecular H-bonding interactions between chiral biomolecules and water is a 
prerequisite to the understanding the chemistry of life.[8] 

In this Chapter we focus on the latest advances of new VCD applications (Section 3.3), along with a brief review 
of the basic experimental techniques (Section 3.1) and theoretical methods (Section 3.2). 

 

3.1 VCD Instrumentation and Recent Technique Developments 

VCD instrumentation has experienced significant growth from its earlier days as a scanning grating 
instrument.[9] Such a grating spectrometer, which works fine for collecting data in a narrow spectral range of 
one or two key signature bands, may be inferior compared to an FTIR instrument where a broad range of 
spectral frequencies can be covered simultaneously. The first FTIR-VCD spectrometer was demonstrated in 
1979 by Nafie and co-workers, who placed a photoelastic modulator (PEM) before a sample in an FTIR 
spectrometer to generate alternating right and left circularly polarized IR light in order to detect the differential 
absorption.[10] A block diagram of the optical-electronic layout of such an FTIR-VCD spectrometer is shown in 
Fig. 3.1.[4a] The first commercial VCD spectrometer was marketed by Bomem/BioTools, Inc. in 1997, based on 
the design from Nafie’s laboratory. At present, major FTIR companies, such as Bruker, Thermo Scientific, and 
Jasco, provide either VCD modules or stand-alone instrumentation. Nowadays, the vast majority of VCD 
spectrometers in operation around the world are FTIR-VCD spectrometers which take advantage of the high-
throughput and multiplex characteristics associated with FTIR spectroscopy. 

Compared to a typical electronic CD (ECD) signal, a VCD signal is usually quite weak, about 104–106 times lower 
than the intensity of the corresponding vibrational absorption (VA) band. As such, it is considerably more 
difficult to obtain good quality VCD spectra. Substantial efforts have been devoted over the years to improve 
the performance of VCD instruments, noticeably by Nafie and co-workers.[11] One primary concern in VCD 
measurements is the occurrence of optical artifacts which can interfere with the small VCD intensities. In the 
absence of chirality in a sample, one expects the VCD spectrum to be zero (with low level of noise) across the 
whole spectral range measured. In practice, this may not be the case because of strain and other imperfections 
of the optical components employed in the measurement. These can modify the beam polarization state and 
result in so called baseline artifacts.[11a] For instance, the VCD spectra in the CH-stretching region of camphor 
in CCl4 measured using several different versions of FTIR-VCD spectrometers was studied in a recent paper.[12] 
Several approaches in order to remove baseline artifacts were implemented, starting from the simplest 
operation: measuring the VCD spectrum of the opposite enantiomer of a chiral sample under identical 

                                                             
11 Recently Taniguchi and Monde [7] have successfully applied the excitonic coupling method to the absolute configuration 
assignment of bicarbonylic compounds, bypassing the need of theoretical simulations. It has been the first time that this 
approach, widely used in ECD, has been extended to VCD. 
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conditions and then obtain the spectrum by subtracting the two raw spectra and dividing the difference 
spectrum by two. Actually, this procedure is considered the best way to obtain the ‘true‘ VCD spectrum. 
Alternatively, one can measure the racemic mixture under identical conditions and subtract it from the raw 
spectrum of the chiral sample. Very often neither the opposite enantiomer nor the racemic mixture is 
available, and in this case, the common practice is to correct the baseline by subtracting the solvent VCD 
spectrum measured under the same experimental condition, to reduce at least the baseline artifacts. 

 

Figure 3.1 Block diagram of the optical-electronic layout of an FTIR-VCD spectrometer 

Significant improvements in baseline stability and artifact suppression were reported in 2000 with a dual-PEM 
FTIR-VCD spectrometer.[11a] This dual polarization modulation (DPM) method involves adding a second PEM 
between the sample and the detector, in addition to the first PEM which is placed right before the sample in a 
standard single polarization modulation (SPM) spectrometer. More recently, Cao et al. added a rotating half-
wave plate (RHWP) to the optical train to suppress further the linear birefringence (LB) effects associated with 
the sample cell in a DPM setup.[12] Their method is based on Hug’s virtual enantiomer method, originally 
proposed for Raman Optical Activity (ROA).[13] With such a setup, these authors achieved basically the same 
artifact suppression as when using the opposite enantiomer. In addition to improving the sensitivity of FTIR-
VCD instruments, efforts have also been made to extend the VCD operation into near IR region to as high as 
10.000 cm-1 [14a,b],12 for instance by incorporating a dual light source into the DPM FTIR-VCD 
spectrometer.[14c] Currently, such an instrument is available commercially from Bomen/Biotools Inc. 

A few scanning dispersive VCD instruments are still in use for biological applications in the mid-IR region.[16] In 
2009, a newly designed and optimized dispersive VCD instrument was reported.[16a] This instrument offers 

                                                             
12 This region is potentially a source of very important structural information. For more detail, see the review by S. Abbate 
et al. [15] 
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the possibility to improve signal-to-noise (S/N) ratios, above all in the structural studies of peptides/proteins, 
especially in the amide I region signals are better quality than standard commercial FTIR-VCD 
spectrometers.[17]  

Besides the continuous improvements of FTIR-VCD instruments described above, some exciting new 
developments related to VCD measurements have been reported in recent years. These include the 
development of matrix isolation FTIR VCD instruments and of laser based real time VCD spectrometers. These 
new developments are associated with brand new applications and research directions, such as combining the 
matrix isolation technique with VCD spectroscopy to probe conformationally flexible chiral molecules and H-
bonded chiral molecular complexes, and using femtosecond laser VCD instruments to record time resolved VCD 
spectra, for monitoring fast chemical reactions or folding and unfolding events of peptides and proteins in 
solution. These will be discussed in more detail in Section 3.3. 

 

3.2 VCD theory and calculations 

The developments of the quantum mechanical calculations of VCD have been summarized before in a number 
of review articles and books.[3j-k,4a] In this section, we briefly describe the basic terms involved, a few key 
milestones in the development, and the current status. Vibrational Absorption Intensity is proportional to the 
electric dipole strength. In the harmonic approximation, 퐷 , the dipole strength for the i-th normal mode of a 
fundamental vibrational transition (0 → 1) can be expressed as 

퐷 = 휇̅ = 휓 휇̅ 휓 =
ℏ

2휔
휕휇̅
휕푄

 

 
(3.1) 

Here 휓  is the ground vibrational wavefunction and 휓  is the wavefunction corresponding to the first excited 
vibrational state of the i-th normal mode; 휇 is the electric dipole moment operator; 푄  is the normal coordinate 
for the i-th vibrational mode; the subscript ‘0‘ at derivative indicates that the term is evaluated at the 
equilibrium geometry. The related rotational strength or VCD intensity is determined by the dot product 
between the electric dipole and magnetic dipole transition moment vectors, as given in eq. (3.2): 

푅 = 휓 휇̅ 휓 ∙ Im 휓 푚 휓 = 휇̅ ∙ Im 푚 = 2ℏ
휕휇̅
휕푄

∙
휕푚
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(3.2) 

The new term 휓1
푖 푚 휓0  is the corresponding magnetic dipole transition moment and 푄̇  is the time 

derivative of 푄푖. The vector Im 휓 푚 휓  is real since 휓1
푖 푚 휓0  is purely imaginary. Thus, a prediction of 

rotational strength requires the calculations of the transition moments of both electric dipole moment 
operator and magnetic dipole moment ones. Although the calculation of electric dipole transition moments of 
vibrational transitions within the Born–Oppenheimer (BO) approximation is straightforward, this is not the case 
for magnetic dipole transition moments. The electronic contribution to a vibrational magnetic dipole transition 
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moment vanishes within the BO approximation13.[18] At this stage of theory development, a good number of 
approximate quantum mechanical methods, such as localized molecular orbital,[19] vibronic coupling,[3l,20] 
nuclear electric shielding tensor,[21] and localized orbital-local origin [22] methods, were proposed to calculate 
VCD intensities. The quality of the predicting power of these methods was not nearly satisfactory and further 
efforts were put into developing a better approximation to evaluate the electronic contribution to a vibrational 
magnetic dipole transition moment.  

Using the so-called magnetic field perturbation method, Buckingham together with his co-workers [3b] and 
Stephens [3c] resolved this problem independently by including corrections to the BO approximation. In this 
approach, the electronic contribution to a vibrational magnetic dipole transition moment can be expressed in a 
simple form involving only adiabatic electronic wave functions of the ground electronic state. Specifically, it is 
necessary to calculate the ground state wavefunction as a function of nuclear displacement and of applied 
magnetic field. With this method, the electronic part of magnetic dipole moment derivative can be written as 
eq. 3.3 [3j] 

휕푚
휕푄̇

= −2ℏIm
휕휓
휕퐵훼

휕휓
휕푄

 (3.3) 

where 휕휓 /휕퐵훼 is the derivative of the wave function with respect to the th component of the magnetic 
field and 휕휓 /	휕푄  is the derivative with respect to the ith normal coordinate. An analytic procedure for 
evaluating the normal coordinate derivatives of electric dipole moment was developed in the mid-80s.[23] 
Subsequent efforts were directed at finding an analytic procedure for evaluating the normal coordinate 
derivatives of the magnetic dipole moment. The implementation of magnetic field perturbation theory with 
DFT for VCD predictions was realized in 1996.[24] Since then, it has been used to simulate many good quality 
VCD spectra for comparison with the associated experimental data to determine the molecular conformations 
and ACs of a wide range of chiral molecules.[3j-k, 4a-d] 

Equation (3.2) can be rewritten as (3.4) below where the sign of 푅  is determined by the angle ibetween 
the vectors 휇̅  and Im 푚 : 

cos휉(푖) =
휇̅ ∙ Im 푚
휇̅ Im 푚

=
푅

휇̅ Im 푚
 

 
(3.4) 

For a certain vibrational mode, if i > 90°, then	푅01
푖  < 0, and if i < 90°, then 푅01

푖 > 0. However, when i is 
close to 90° even a small perturbation (be it experimental or theoretical), such as solvent, concentration, 
functional, or basis set can make it larger than 90°. This results in a change of VCD sign. Recently, Baerends et 
al. systemically investigated the effects of small perturbations on the sign of 푅01

푖 .[25] They classify the 
vibrational modes as either robust where i is far from 90° or non-robust where i is very close to 90°. 
These authors advocate the use of only robust modes for AC determinations since their VCD signs are not 
sensitive to small perturbations either of computational or experimental nature and as a result should be 
predicted correctly by DFT calculations. How well this works in practice has yet to be tested, since current VCD 

                                                             
13 In particular, the vibronic coupling theory [3f, 3l] represents the first attempt to introduce corrections to the BO 
approximation. 
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assignments rely largely on an overall pattern recognition in both VA and VCD spectra, rather than one or two 
peaks.[4i] A potential challenge is to assign confidently an observed VCD peak as robust taking into 
consideration possible overlap of vibrational bands in the experimental spectra and the somewhat limited 
accuracy of harmonic frequency predictions. 

 

3.3 VCD Applications 

Probably the most important application of VCD is the determination of the absolute configuration of chiral 
compounds. Recently, He et al. published an excellent review on the topic, with plenty of examples, mostly 
about biologically active compounds.[6] 

Another hot topic concerns the H-bonding interactions of chiral molecules in solution, very important are those 
with water, especially in life sciences. The structural aspects of water surrounding a chiral molecule and the 
fundamental role of water in many important biological processes remain subject of intense debate.[26] To 
model VA and VCD measurements of biological molecules, such as proteins, peptides, sugars and amino acids, 
it is necessary to take into account the important intermolecular interactions, such as solute–solvent and 
solute–solute H-bonding, accurately.[27] Considered that water is an achiral molecule, why should there be 
such VCD features in its bending mode region? The answer is that some of the water molecules are explicitly H-
bonded to a chiral solute and therefore become optically active as part of the super H-bonded chiral 
complexes. This phenomenon is termed induced solvent chirality or chirality transfer. The induced solvent 
chirality is due exclusively to the explicit intermolecular H-bonding interactions between a chiral solute 
molecule and water molecules. Consequently, these spectral features contain important information about the 
number of water molecules that are explicitly H-bonded to the chiral solute molecule and the specific binding 
sites. This region is called chirality transfer spectral window which allows one an exclusive view to the chiral 
solute–water H-bonding networks in solution. 

Self-aggregation of chiral molecules containing both H-bond donor and acceptor functional groups, capable of 
forming strong intra- and intermolecular H-bonds, has also been studied by VCD. The case of glycidol [28], 
lactic acid [29], serine and its derivatives [30] clearly showed the utility of VCD in order to determine 
intermolecular interactions in solution. 

Another promising application, consisting in VCD intensity enhancement in metal complexes containing chiral 
ligands, will be treated more extensively in Chapter 6. 

Recently, Bürgi and co-workers [31] have reported a series of conformational investigations of chiral ligands 
absorbed on gold nanoparticles using VCD spectroscopy complemented with DFT calculations, which resulted 
in a powerful spectroscopic tool for conformational studies of condensed matter. 

The Matrix isolation technique has been successfully applied to model the solvent–solute interactions for 
highly flexible chiral molecules. Since VCD is sensitive to torsional angles, consequently the corresponding VCD 
bands of different conformers have often opposite signs. In addition, strong solute–solvent or solute–solute H-
bonding interactions can not only shift the band positions, but also modify the band intensities and alter the 
conformational distributions. More importantly, the dominant species contributing to the observed chiroptical 
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measurements may no longer be the isolated chiral solute molecules, but rather clusters of solute with solvent 
molecules or solute self-aggregates. All these effects together may lead to broad, featureless spectra which 
make it difficult, or impossible, to extract the information contained in them. In the vast majority of VCD 
studies, the interpretations rely on the calculations of isolated target molecules. Theoretical VCD modeling that 
takes into account the solvent–solute interactions has yet to be fully developed. Therefore it is strongly 
desirable to have a spectroscopic technique where one can control spectral contributions of different species 
and resolve spectral signatures of different conformers in order to test and to benchmark the corresponding 
theoretical modeling. The coupling of matrix isolation and VCD techniques provides such an opportunity.[32] 
Matrix isolation is a promising technique that has been fruitfully used to supply a wealth of structural and 
dynamical information of several molecular systems, especially for amino acids and other simple molecules. 
Because of the very low temperature achieved using this technique, one has the advantages of minimum 
interference from an almost non-interacting rare gas matrix and substantially better sensitivity and resolution 
for the VCD spectra. A further bonus with a matrix is that the absolute intensity and the S/N ratio obtained are 
about an order of magnitude larger. 

In order to perform real time VCD measurements, instrument modifications have been developed, such as 
substituting the FTIR module with a white light source with a femtosecond laser. The ultimate goal here is to 
detect transient VCD signals and other related vibrational optical activities (VOA) in order to monitor, for 
example, the folding and unfolding events of polypeptides in solution. Bonmarin and Helbing [33] recently 
reported a picosecond time resolved VCD spectrometer, which was based on the blueprint of a similar set-up 
for ECD measurements.[34] A femtosecond IR pulse with a 200 cm-1 bandwidth (FWHM) was split into a 
reference and a probe beam where the latter passed through a wire grid linear polarizer and a PEM before 
impinging onto a standard sample cell, the same as used in the regular FTIR-VCD experiments. The IR laser 
signals from both beams were recorded by two MCT IR detectors. The laser pulses were synchronized with the 
reference frequency of the PEM so that the opposite circularly polarized light was generated in two sequential 
laser pulses. The intensity of each laser pulse was measured individually using gated amplifiers. Samples 
spectra studied showed, by varying the delay time on the picosecond scale between the pump and probe 
beams, a transient VCD responses, having recognizable differences from the static spectra. This first proof-of-
principle experiment [33] demonstrates the feasibility of following fast time scale structural changes using VCD 
spectroscopy. 
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Chapter 4 

Lanthanide probes for Biomedical Analysis and Imaging 

 

Lanthanides have a very peculiar electronic structure, which is the cause of their unusual reactivity and 
spectroscopic properties, compared to the other transition metals, as already seen in Chapter 1; it is possible to 
take advantage of some of these peculiarities, using trivalent lanthanide ions Ln(III) in magnetic resonance or 
luminescence spectroscopy. These properties were exploited in particular for the development of new 
reporters for molecular imaging, protein and other biomolecules monitoring, etc. Especially in two applications 
Ln(III) complexes were fruitfully employed: Contrast Agents in Magnetic Resonance Imaging and Optical 
Bioprobes in Luminescence Spectroscopy. 

These applications will be briefly reviewed in the following Sections 4.1 and 4.2. 

  

4.1 Lanthanide-Based Contrast Agents for Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is based on the principles of nuclear magnetic resonance (NMR), whereby 
images are generated by spatially encoding the NMR signal coming from nuclei (e.g. protons) present in the 
object to be imaged through the application of time-dependent, magnetic field gradients.[1] The medical 
imaging technique is used in radiology to visualize detailed internal structures, most commonly taking 
advantage of the different relaxation rates of water protons in different tissues. It is a very powerful technique: 
it can penetrate deep into tissues, provides excellent soft tissues contrast with submillimeter resolution on 
clinical scanners and does not employ ionizing radiation (like γ- and X-ray imaging). The image contrast can be 
further enhanced by administration of MRI Contrast Agents (CAs). CAs cause a dramatic increase of the water 
proton relaxation rates, thus providing physiological information which add up to the impressive anatomical 
resolution commonly obtained in the uncontrasted images. CAs are widely used clinically, some applications 
are, for instance, assess organ perfusion, disruption of the blood–brain barrier, occurrence of abnormalities in 
kidney clearance, and circulation issues. MRI CAs are not directly visualized in the image, only their effect is 
observed: contrast is affected by the variation that the CA causes on water protons relaxation times, and 
consequently on the intensity of NMR signals.[2,3] This is due to the fact that a tissue might have either higher 
affinity for the CA or higher vascularity than another one. Diseased tissues, such as tumors, are metabolically 
different from healthy tissues and have a much higher uptake of the CAs, resulting in a higher contrast in MRI 
images. Paramagnetism is the property used to reduce proton T1 and/or T2,, which leads to‘T1 agents’ or ‘T2 
agents’. The efficiency of MRI CAs is measured in terms of their R1 and R2 relaxivity values, which indicate their 
ability to decrease, respectively, the T1 and T2 relaxation times of the water protons per unit (mM) 
concentration of metal ion. T1-weighted images give positive image contrast, as the image signal intensity 
increase at the tissue site where the CA concentrates. T2-weighted images give negative contrast, due to the 
fact that increased transverse relaxation leads to signal depression or disappearance.  
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Among positive T1 agents,[4] attention has been primarily focused on Gd(III) both for its high paramagnetism 
(seven unpaired electrons) and for its favourable properties in terms of electronic relaxation.[5] This metal 
does not possess any known physiological function in mammalians, and its administration as a free ion is 
strongly toxic even at low doses (10–20 mol kg−1).14 For this reason, it is necessary to use ligands that form 
very stable chelates with the lanthanide ion.[2,3] 

Lanthanides display very high affinity for polyaminocarboxylic acids, either linear or cyclic, thus forming very 
stable complexes (up to log KML > 20): several Gd(III)-based CA have been approved for clinical use (Figure 4.1) 

 

Figure 4.1 Some of the Gd(III) based MRI contrast agents mostly used currently in clinical practice 

Paramagnetic Mn(II) chelate, Iron(III) oxide or Gadolinium-based nanoparticles [6] have also been considered 
for this role. 

Besides high thermodynamic stability and kinetic inertness, a Gd-complex, to be considered as a potential CA, 
should have at least one water molecule coordinated to the metal ion in fast exchange with the bulk water. In 
fact, it is the exchange with the solvent water molecules that allows to affect the relaxation process of all 
protons present in the region in which the CA distributes. The Gd(III) chelate efficiency is commonly evaluated 
in vitro by the measure of its relaxivity (R1), that, for commercial CAs is 2.5–3.5 mM−1 s−1 (at 20MHz and 39 °C, 
for the complexes shown in Figure 4.1). The observed longitudinal relaxation rate (푅 ) of the water protons 
in an aqueous solution containing the paramagnetic complex is the sum of two contributions (Eq. (4.1)) [7]: (i) 
the paramagnetic one, relative to the exchange of water molecules from the inner coordination sphere of the 
metal ion with bulk water (푅 ); (ii) the magnetic one relative to the contribution of water molecules that 

                                                             
14 Besides undesirable biodistribution (accumulating in bones, liver or spleen), Gd3+ undergoes a rapid hydrolysis at 
physiological pH, producing insoluble Gd(OH)3. 
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diffuse in the outer coordination sphere of the paramagnetic center (푅 ).15 Sometimes, also a third 
paramagnetic contribution is taken in account, that is due to the presence of mobile protons or water 
molecules (normally bound to the chelate through hydrogen bonds) in the second coordination sphere of the 
metal [9]: 

푅 = 푅 + 푅  
 

(4.1) 

The inner sphere contribution is directly proportional to the molar concentration of the paramagnetic complex, 
to the number of water molecules coordinated to the paramagnetic center, q, and inversely proportional to the 
sum of the mean residence lifetime, τM, of the coordinated water protons and their relaxation time, T1M (Eq. 
(4.2)), the latter parameter inversely proportional to the sixth power of the distance between the metal center 
and the coordinated water proton (as derivable from Eq. 4.2.): 

푅 =
푞[C]

55.5(푇 + 휏 )
 (4.2) 

The hydration number q represents a scaling factor in the equation that defines inner sphere relaxivity and 
then a higher number of coordinated water molecules (q > 1) provides a clear advantage in terms of efficiency. 
The use of hepta- or hexadentate ligands would in principle result in Gd(III) complexes with 2- and 3-
coordinated water molecules respectively, but the decrease of the denticity of the ligands is likely to be 
accompanied by a decrease of their thermodynamic stability and an increase in their toxicity. Furthermore, 
systems with q = 2 may suffer a ‘quenching‘ effect upon interacting with endogeneous anions or with proteins, 
as donor atoms from lactate or Asp or Glu residues may replace the coordinated water molecules.[10] 
However, sufficiently inert heptadentate Gd(III)-chelates have been developed recently[11-13] (Figure 4.2), 
showing an increase in relaxivity 푅  of up to a factor two. 
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Figure 4.2 Schematic representation of the three heptadentate ligands. 

                                                             
15 Sessoli et al. [8] have shown very recently that the complete model is more complicated, shedding doubts on the 
assumption that the orientation of the M-Owater corresponds to the anisotropy axis and that the apical water molecules lie 
in the cone of highest susceptibility, at least for the Dy DOTA complex. It is likely that this affects the mechanism of 
contrast since the labile water molecule modifies the magnetic anisotropy of the lanthanide ion. A simple magneto-
structural correlations based on the coordination environment can fail to predict, even approximately, the correct 
magnetic anisotropy of anisotropic lanthanide ions in a low-symmetry environment. 
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Other approaches have been investigated in order to increase relaxivity, such as forming a non-covalent adduct 
between the complex and a slowly tumbling system, through the coupling of the Gd-water vector to its 
tumbling motion, like human serum albumin (HSA): several modified Gd(III) have been designed to this 
end.[14-16] Different strategies have been explored in the literature in order to achieve this goal, with the 
most various systems.[16b-c] For instance, dendritic gadolinium complexes [16d,e] have been very efficacious: 
placing the metal ion at the barycenter of the molecule have the consequence that it will lie upon the axis of 
any reorentational motion, and therefore its motion coupling will be markedly improved. In case of 
glycoconjugate dendrimers, also the contribution of the second water sphere to the relaxation increase is 
considerable.[16e] 

Gd(III) chelates can be entrapped in cells incubated in culture media basically through two mechanisms: I) via 
pinocytosis; II) via phagocytosis. 

Through selective functionalization, it is also possible to target specific epitopes on cellular membranes, several 
systems have been developed: Gd-containing polymerized liposome,[17] Gd-loaded apoferritin,[18] 
biotinilated Gd complexes,[19] etc. 

Besides Gd, other lanthanides having high inducing chemical shift power, typically Dy and Tm, opposite in sign, 
(See Table 2.1), have found a special application as Chemical Exchange saturation transfer agents (CEST): a 
CEST agent is a molecule possessing exchangeable protons (-NH, -OH, even coordinated H2O, etc.) that 
resonates at a chemical shift that is different from the bulk water signal, which happens when their exchange 
with the bulk water protons is slow on the NMR timescale. This occurs when ∆휔 ≥ 푘 , where 푘푒푥 is the 
exchange rate of the process and ∆휔 is the difference in frequency between the chemical environments. When 
this condition is fulfilled, radio frequency pulses applied at an appropriate frequency and power level can 
saturate the exchangeable protons of the CEST agent. These protons will then transfer into the bulk water pool 
and lead to a reduction of its equilibrium magnetization, with a resulting decrease of its signal intensity. 
Therefore, this water saturation process is caused by chemical exchange. CEST agents can be used to switch the 
image contrast ‘on’ and ‘off’ by changing the irradiation parameters.  

According to the value of the lanthanide constant CJ (Table 2.1), some paramagnetic complexes may display 
large ∆휔 values for the exchanging proton resonance. In particular, Ln3+ complexes having at least a 
coordinated water molecule could undergo slow exchange (on the paramagnetic NMR scale) with the bulk 
water, and with very large ∆휔 values, related to that. A good saturation transfer (ST) effect has been reported 
by irradiating the metal-bound water protons of Eu3+ chelates resonating at 50 ppm downfield from the bulk 
water.[20] The same effect can be obtained with slow exchanging amide protons of Ln3+ complexes, e.g. 
tetraamide DOTA derivatives,[21] even though a fast relaxation may reduce saturation transfer efficiency. 

  

4.2 Lanthanide-Based Luminescent Probes for Biomedical Analysis and Cellular Imaging 

A key challenge in cell biology and biochemistry research lies in gaining greater understanding about the 
structure and function of biological systems through methods that involve minimal perturbation of the system. 
The development of emissive optical probes is essential to the progress in such direction. Following excitation 
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of the probe, emitted photons may be observed by spectroscopy or microscopy and encode information in 
their energy, lifetime, and polarization. 

Trivalent lanthanide ions, Ln(III), present another alternative to organic luminescent stains in view of their 
properties, part of them has already been introduced in Chapter 1 but will be further analyzed herein. The first 
staining of biological cells with lanthanides dates back to 1969 when bacterial smears (Escherichia coli cell 
walls) were treated with water/ethanol solutions of europium thenoyltrifluoroacetonate, henceforth appearing 
as bright red spots under mercury lamp illumination.[22] 

The first demonstration of sensitized lanthanide luminescence was due to the efforts of Weissman,[23] who 
found out that europium fluroscence could be trigged by the organic ligand excitation. Salicylaldehyde and 
other various systems have been studied, correlating qualitatively the sensitization efficiency to the ligand 
nature, temperature and solvent. 

It has long been appreciated that lanthanide(III) complexes (Ln = Sm, Eu, Tb, Dy, Nd, Er and Yb are the most 
used ions, in particular the first four ones)16,17 offer several distinct advantages as optical probes. First, they 
possess large Stokes shifts, due to the big energy separation between the absorption of the antenna, the 
sensitizing organic chromophore, and the emission of the lanthanide, thus avoiding concentration-dependent 
self-absorption problems (Figure 4.3a). Consequently, the response varies linearly with the concentration of 
the complex over several orders of magnitude. Second, their emission spectra are characterized by very narrow 
bands, as already seen in Chapter 1, which are poorly sensitive to certain environmental and coordination 
changes, e.g. to oxygen quenching, due to the involvement of shielded 4f electrons (Fig. 4.3b). Hence the 
similarity of the coordination chemistry of lanthanide ions means that the metal ion may be changed within 
common ligand structure, without significant variation in the chemical stability of the complex.18 It is possible 
also to use multiple lanthanide probes, since the emission spectra of lanthanides do not overlap with one 
another, therefore the response of each probe is a function solely of the target analyte, and is unaffected by 
the presence of another lanthanide probe. Lastly, lanthanide emissions are Laporte forbidden and are 
therefore characterized by extremely long luminescence lifetimes, in the millisecond range for europium and 
terbium and the microsecond range for samarium and dysprosium, several orders of magnitude longer than 
organic dyes. These very long luminescence lifetimes allow for the use of time-gated acquisition methods to 
enhance signal/noise, minimizing interference from light scattering or autofluorescence,[25,26] ideal 
conditions for the detection of an analyte in a complex biological medium such as a cell. In this type of 
experiment, a delay is set between the excitation pulse and the detection window (Figure 4.3c). The time gate 
allows the background luminescencet to decay to zero before measuring the luminescence of the complex. 
Consequently, the luminescence intensity is a function only of the concentrations of the lanthanide probe and 

                                                             
16 Also Gd3+ would have an efficient excited state population, however the emission in the UV range limits seriously its 
possible use in this application, due to all the possible absorption and emission interference by other species in this 
wavelength range.  
17 Nd, Er and Yb show emissions in the Near Infrared range. 
18 Most work has focused on emissive complexes of Eu(III) and Tb(III), because the excited states of these ions are less 
sensitive to vibrational quenching by energy transfer to OH (i.e., nearby or coordinated water molecules), NH, or CH 
oscillators.[24] On the contrary, Dy3+ and Sm3+ suffer this limitation, even if their employment is still possible, e.g. when it 
is necessary to elucidate trends based on variation of ionic radii. 
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its targeted analyte, and is unaffected by the presence of any other dye in the medium. Hence, time gating 
facilitates the intracellular spatial and quantitative determination of the concentration of a desired analyte. 

A direct consequence of the symmetry-forbidden nature of the f-f transitions is their extremely low molar 
extinction coefficients for direct excitation. This problem is resolved by incorporating a sensitizing moiety, an 
antenna or chromophore, into the ligand structure. The role of this antenna is to absorb energy from UV-visible 
radiation and to transfer it to the lanthanide ion (Figure 4.3d). First, the antenna is excited from its ground 
state to its singlet excited state. This is followed by intersystem crossing to the antenna’s triplet state and 
intramolecular energy transfer from the antenna to the excited state of the the lanthanide. The latter then 
emits light in the visible range: 545 nm for Tb and 611 to 618 nm for Eu. The absence of degeneracy of the 
Eu(III) 5D0 excited state means that europium emission spectra are the simplest and the most amenable to 
interpretation. Similarly, indirect excitation of erbium, neodymium and ytterbium via the triplet state of a 
nearby antenna results in luminescence in the near-infrared region with a long luminescence lifetime (1530 nm 
4I13/2 → 4I15/2 transition for Er, 1060 nm 4F3/2 → 4IJ transition for Nd, 980 nm 2F5/2 → 2F7/2 transition for Yb).[27] As 
is apparent from the Jablonski diagram (Fig. 4.3e), the quantum yield of sensitized Eu3+ luminescence is 
dependent on five parameters: 

1)The energy of the S1 excited state, initially populated. It should lie less than 29 000 cm-1 (>340 nm) above the 
ground state, in order to maximize the quantum yield, minimizing the coexcitation of endogenous 
chromophores and the distruction of biological materials (another advantage is the possibility to use nonquartz 
optics, in this range of radiation energy); 

2) The efficiency by which the triplet excited state of the antenna is populated, which depends on the 
chromophore selection: tipically a heterocyclic or aromatic moiety is required, that possesses a small singlet-
triplet energy gap (<7000 cm-1 = 84 kJ mol -1);  

3) The energy of the triplet excited state of the antenna relative to the 5D excited state of the lanthanide ion. 
For intramolecular energy transfer to occur, the triplet excited state of the antenna must be higher in energy 
than the excited 5D state of the lanthanide. Direct fluorescence from the antenna is observed if the triplet state 
of the antenna is too high or too low in energy. Furthermore, when the triplet state of the antenna is too close 
in energy to the 5D state of the lanthanide, back energy transfer from the lanthanide to the antenna ensues 
with a consequent decrease in lanthanide emission. Generally the optimal energy difference between the 
triplet of the antenna and the Eu 5D0 or Tb 5D4 states, the light-emissive ones, should be 2000 - 3500 cm-1. A 
typical system strategy is outlined in Figure 4.4; 

4) The distance separating the antenna from the lanthanide ion. The efficiency of Förster energy transfer [27] 
from the antenna to the lanthanide follows an r6 dependence; 

5) The number of coordinated water molecules. Since the fourth overtone of the water O–H oscillator is lower 
in energy than the 5D states of Eu and Tb, energy transfer from the excited state of the lanthanide to 
coordinated water molecules can significantly reduce the quantum yield of the metal luminescence. 
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Figure 4.3 Principles of lanthanide luminescence. a) representative Stokes shift between the absorption of an antenna 
(orange) and the emission of a lanthanide (green), b) characteristic narrow emission of a terbium and a europium 
complex, c) principle of time-gated spectroscopy, d) indirect excitation of a lanthanide via an antenna, e) simplified 
Jablonski diagram showing the main energy flow paths during sensitization of lanthanide luminescence via its antenna. 

A further requirement, as for CAs in MRI, is the thermodynamic stability and the kinetic inertness of the 
compounds. 

Taking advantage of the parameters listed above, it’s possible to design bioprobes, modulating their emission, 
depending on external stimuli, affecting these variables and therefore the quantum yield of the emission 
process. The possible approaches have been recently reviewed by Thibon and Pierre [30] and include several 
possible modulation strategies: 

- variation of the distance between the antenna and the lanthanide in response to a certain analyte, 
affecting the complex conformation or structure; 
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- variation of the number of the coordination water molecules, through the displacement by anions 
(method for anion detection); 

- direct coordination of the antenna, targeting a chromophore capable of coordinating to the lanthanide, 
displacing other species; 

- varying the energy difference between the triplet state and the 5D lanthanide emissive state, which is 
made possible through chemical modifications of the antenna, whereby a selective with a certain 
analyte, modulates the energy of the triplet state of the antenna itself; 

- via a photoinduced electron transfer switch, a reactive moiety capable of quenching the excited state 
of the antenna, but deactivable by binding with a specific analyte. 

Among the most studied compounds, fulfilling all the requirements expressed above, there are the cyclen core 
based lanthanide complexes, comprehensively studied by Parker and coworkers (Figure 4.5).[29] 

 

Figure 4.4 Energy level diagram depicting the triplet excited states of various aromatic ligands (left) along with the excited 
and ground states of the four luminescent lanthanides (right). Ground states that do not contribuite to luminescence are 
shown in gray. The area highlighted in the box illustrates the region where the energy gap between the ligand triplet state 
and the lanthanide excited state is optimal for efficient energy transfer. Aromatic ligands: dipicolinic acid, salicyclic acid, 
1,10-phenantroline, benzoate and 2,2’-bypiridine. 

Also for lanthanide luminescent probes, it could be necessary to fit the system with adequate functionalities 
able to couple with biological material, for cellular or bioimaging. The coupling is achieved either directly, e.g., 
in immunoassays in which the lanthanide probe is linked to a monoclonal antibody mAb, or indirectly, with the 
chelate being covalently bound to avidin (or biotin), and the resulting duplex being then fixed onto a 
biotinylated (or avidin-derivatized) mAb via the strong avidin-biotin interaction (log K ≈ 15).[31] Alternatively, 
avidin may be substituted by streptavidin[32] or bovine serum albumin (BSA).[33] 
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Another interesting series of systems developed is based on polylanthanide complexes, which give rise to self-
assembly structure, like coordination bundles, helicates, successfully employable as probes.[34] 

The mode of cellular uptake of the cyclen complexes showed in Fig. 4.5 was reported to be 
macropinocytosis.[35] The complexes have an interesting sub-cellular distribution, localizing, depending on 
their chemical functionalities, in lysosomes, nucleolus, mitochondria or in more organelles (Figure 4.6).[36] 

 

Figure 4.5 Structure of selected emissive Eu or Tb complexes with differing heterocyclic sensitizers, highlighting the 
sensitizer chemical moiety and the photophysical properties of the whole system (em = quantum yield of emission). 
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4.2.1  Luminescent chiral Ln(III) complexes as potential biomolecular probes 

Besides Circular Dichroism, another chiroptical technique, offering the chance of unique analysis, is Circular 
Polarization of Luminescence (from now on simply CPL). CPL measures the difference in the emission intensity 
of left vs. right circularly polarized light . 

The considerable increase in the use of CPL most probably originated from the discovery that luminescence 
from intraconfigurational f –f transitions of the Ln(III) ions, obeying magnetic dipole selection rules, often 
showed large circular polarization, when the ion is embedded in a chiral, nonracemic environment.[38] 

Transitions that satisfy the formal selection rules of J = 0, ±1 (except 0↔0) are magnetic-dipole allowed, 
where J stands for the total angular momentum quantum number found in the definition of the term symbol, 
2S+1LJ , describing the electronic states of lanthanides.[14] It is common to report the degree of CPL in terms of 
the luminescence dissymmetry factor, 푔 (휆) = 2Δ퐼/퐼 = 2(퐼 − 퐼 )/(퐼 + 퐼 ), where 퐼퐿 and 퐼푅  refer, 
respectively, to the intensity of left and right circularly polarized emissions. A value of 0 for 푔 corresponds to 
no circular polarization, while the maximum absolute value is 2. 

 

Figure 4.6 The four distinct sub-cellular localization profiles of luminescent lanthanide complexes: lysosomal, 
mitochondrial, nucleolar and mitochondrial-lysosomal. For each category one or two representative examples are shown. 
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For selected transitions of Ln(III) compounds larger 푔푙푢푚—as high as 1.38— have been reported, compared to 
chiral organic molecules for which the extent of circular polarization is almost always less than 1	 ∙ 	10 .[37]  

CPL became increasingly useful as a probe of luminescent Ln(III) complexes as responsive systems for anion 
binding in aqueous media and as a test for the existence of chiral Ln(III) structures (i.e. predominant isomer in 
solution or if the solution of a complex containing an achiral ligand is indeed a racemic mixture).[36] It is also 
an indicator of changes in chiral structure (i.e. importance of the helical wrapping of the ligand strand 
contribution, and therefore its influence on the diastereomeric induction). In addition, information concerning 
metal-ion environments and the associated chiral structures of metal-containing biological systems could be 
obtained through CPL measurements. This information complements data obtained using CD spectroscopy. 

Luminescent Ln(III) complexes can be used as chiral probes for biomolecules, taking advantage of different 
strategies, using either chiral or achiral ligands. In the latter case a racemate resolution must occur, e.g. 
through selective interaction with chiral biomolecules. In the presence of octahedral or square antiprismatic 
coordination (both possibly distorted) the use of achiral ligands commonly leads to the formation of Ln(III) 
complexes, existing as racemic mixtures of complexes with and coordination, which in solution are in 
dynamic equilibrium (see Section 5.2.4 and Chapter 7). A chiral species coordinating to the lanthanide centre 
could shift the equilibrium, due to the different diastereomeric relationship between the two forms, favoring 
one stereoisomer of the two. This leads to an enantiomeric excess in the ground state defined as follow: 

휂 =
[Λ]− [Δ]
[Λ] + [Δ]

 

 
(4.3) 

These differences can be detected by measurement of CPL. Muller et al. showed that the CPL sign and its 
magnitude are dependent upon several factors and not only on the chirality of the perturber.[39] They 
observed that (i) simple modifications in the chiral molecules added to the racemic system did not change the 
sign of the CPL signal (the same enantiomeric form of the complex was favored), and (ii) the magnitude of the 
CPL signal was influenced by the presence of additional aromatic groups in the chiral molecules. Another 
possibility is to use a chiral quencher, that silence the luminescence of the enantiomer for which it has higher 
affinity, therefore the other enantiomer is highlighted and CPL is selectively induced. Through enantioselective 
quenching by an added chiral quencher molecule, it is possible to have a situation in which the non-racemic 
emitting state is the result of a time-dependent optically enriched excited state. Although this is commonly 
referred to as an enantioselective quenching process, a more appropriate description of it would be a 
diastereomeric interaction. The discriminatory interactions between the excited enantiomers of a racemic 
Ln(III) complex and a chiral quencher molecule results in a difference in excited state populations due to the 
quenching of one enantiomer over the other by the added chiral quencher. In terms of the experimental 
procedure, an unpolarized beam excites the racemic mixture to an emitting state leading to the presence of 
equal concentrations of the two excited enantiomers. Then, the chiral quencher, also present in the solution, 
interacts with the excited enantiomers in such a way that one of the enantiomers is quenched at a faster rate 
than the other. The result of this differential excited-state quenching process is that the excited state becomes 
chiral (or a non-racemic emitting state) over time, which can be analyzed using the time-resolved feature of the 
CPL instrumentation.[40] 

Lanthanide complexes containing chiral ligands have been successfully employed in anion and cation 
recognition, taking advantage of chiroptical detection. Mainly two approaches have been used: sensing 
through coordination to the metal centre or to the antenna/receptor group, basically the same strategies 
tested for achiral systems as well. 
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Chapter 5 

Pseudocontact shifts in lanthanide complexes with variable crystal field parameters 
and their application in solution structure determination: a close-up on the DOTMA 

case  

 

Paramagnetic NMR provides some of the most sensitive and accurate experimental parameters for structural 
determinations in solution.[1,2] As seen in depth in Chapter 2, paramagnetism enhances relaxation rates and 
induces remarkable shifts of nuclear resonances: this is true for all the paramagnetic systems, offering 
interesting application in metal containing complexes. Both d- and f- metals have been fruitfully applied, where 
the formers have been very largely used in the context of biomolecular NMR,[1] while the latter have 
widespread interest for small or medium-size molecules,[3,4] although their use in proteins and nucleic acids 
has also gained increasing interest.[5,6] 

Due to very similar ionic radius and identical structure of the frontier orbitals, lanthanide (III) ions are usually 
considered to provide isostructural complexes throughout the series, likely with a higher degree of 
homogeneity within the elements at the beginning or at the end of the series.[7] This fact is the basis for 
extracting contributions containing structural information from experimental observables, because one is able 
to compare the values of observables, measured on complexes having the same geometrical and electronic 
structure but different magnetic properties. A very relevant case is provided by the extraction of 
pseudocontact shifts (PCS), which are valuable pieces of geometrical information.[8] This is because they 
display a marked dependence on the polar coordinates of the observed nucleus in a reference system based on 
the magnetic anisotropy tensor. Thus, they offer the basis for accurate geometry determination in solution, 
provided they are reliably extracted from the observed shifts. To this end, several approaches were developed, 
some of them are based on structural models, other ones, like the Reilley’s method,[9] are on the contrary are 
model free. 

The existence of an exchangeable coordination site is a key feature for functional systems. As seen in the 
previous Chapters, applications such as: molecular recognition,[10] enantiomer discrimination,[11] substrate 
activation,[12] luminescence quenching,[13] water nuclear relaxation (T1-contrast in MRI),[14] and saturation 
transfer contrast enhancement,[15] are all dependent on the dynamic binding of a ligand (most often water) to 
Ln3+. As a consequence, most complexes are designed with a good chelating agent (often macrocyclic), leaving 
at least one position (hereafter called axial) open to dynamic coordination. This feature is associated with a 
variable coordination number (CN) along the series, whereby early lanthanides tend to bind ancillary ligands, 
which may be absent in the complexes of the late ions.[16] This has a negative effect on the separation of PCS 
because one cannot treat simultaneously data of complexes with different CN (usually before or after the so-
called ‘gadolinium break ‘).[17,18] 

A simple set of equations, directly derived from the standard Reilley treatment, for achieving the isolation of 
PCS, in cases with variable CN was developed by us in a recent paper,[19] the same treatment was extended to 
other cases, where the properties of the main chelating agent are modulated, because of polarizability effects, 
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as in heterobimetallic systems or because of a peculiar conformational feature, typical of DOTA derivatives. In 
all these cases, we took advantage of a large set of data and extracted reliable PCS with a brand-new approach. 

This alternative procedure for achieving separation of Fermi contact (FC) shifts from PCS is independent of 
crystal field parameters and provides reliable results even in cases of variable (possibly fractional) occupancy of 
the axial coordination site. It may be regarded as an extension of the ‘two nuclei ‘ method,[20] that will be 
briefly described in Section 5.1.1.2 and its power resides in two points: (1) it is very straightforward to use and 
may be easily implemented on spreadsheets set up for the standard Reilley procedure and (2) it does not 
depend on the choice of nuclei nearby in the transition, but uses all the available set of experimental data. In 
its present form, our theory is addressed to complexes endowed with axial symmetry, i.e. containing a Cn-axis, 
with 푛 ≥ 3. Although one can observe that fast geometric rearrangements and ligand exchange often render 
effective axial symmetry much more common than expected.[20,21] 

Before describing our new separation method, the standard procedures , both the model based and the model-
free approaches, will be briefly recapitulated in the following Sections. 

 

5.1 Separation of contact and pseudo-contact contributions in paramagnetic lanthanide complexes 

Going back to Chapter 2, and substituting eq. (2.44) and (2.29) in the general eq. (2.6) for the paramagnetic 
shift contribution, we get the following expression for the lanthanide Ln and the nucleus i 

훿 (푖) = 훿 (푖) + 훿 (푖)

= −
퐴

ℏ훾 퐵
〈푆 〉

+
1

12π푟푖3
휒푧푧
퐿푛 −

휒푦푦
퐿푛 + 휒푥푥

퐿푛

2 (3 cos 휃 − 1) +
3
2 휒푦푦

퐿푛 −휒푥푥
퐿푛 (sin 휃 	cos 2훾 )  

 

(5.1) 

Defining the contact term F(i) and the geometrical factors G(i) and H(i) as 

퐹(푖) = −
퐴

ℏ훾 퐵
 

 

(5.2) 

퐺(푖) =
3 cos 휃 − 1

푟푖3
 

 

(5.3) 

퐻(푖) =
sin 휃	 cos 2훾

푟푖3
 

 

(5.4) 

And going back to the DLn,1 and DLn,2 coefficient definition in Section 2.1.2, the equation simplifies 

훿 (푖) = 훿 (푖) + 훿 (푖) = 퐹(푖)〈푆 〉 + 퐷 , 퐺(푖) + 퐷 , 퐻(푖) 
 

(5.5) 

The FC and the PCS contributions are constituted by the product of two terms depending respectively on the 
lanthanide (〈푆푧〉퐿푛) and on the nucleus i (퐹(푖), 퐺(푖) and 퐻(푖)). Since 〈푆푧〉퐿푛 is poorly affected by crystal-field 
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effects, the values tabulated for the free ions [23] hold for all complexes and the contact term is easily 
factorized. On the other hand, 휒  depends on the specific electronic structure of the lanthanide ion (4fn 
configuration) combined with specific crystal-field potentials produced by the surrounding ligands. Except for 
Bleaney’s approach (see section 2.3.1 and the following ones in this Chapter), no straightforward a priori 
prediction can be made for 휒  and the treatment of pseudo-contact terms requires an initial assumption of 
the molecular structures in order to calculate a set of 퐺(푖)and 퐻(푖) which are then used to extract the 

anisotropic part of the paramagnetic susceptibility tensor (휒 − , 휒 − 휒 ) and consequently the 

dipolar constants D via least-squares fitting processes.[24] Non-linear least-square fits may be further applied 
in order to simultaneously refine the geometrical factors and the components of the magnetic tensor.[3,24] 

Table 5.1 CLn are recalculated according to Bleaney,[17] except for Eu, whose value is taken from [20]; 〈푆푧〉퐿푛  are taken 
from [16]. The 〈푆푧〉 value for Sm is affected by a high variability. 

 Ce Pr Nd Sm Eu Tb Dy Ho Er Tm Yb 

LnC  -6.48 -11.41 -4.46 0.52 4.00 -86.84 -100.00 -39.25 32.40 52.53 21.64 

z Ln
S  0.98 2.97 4.49 -0.06 -10.68 -31.82 -28.54 -22.63 -15.37 -8.21 -2.59 

/Ln z Ln
C S  -6.61 -3.84 -0.99 -8.68 -0.37 2.73 3.50 1.73 -2.11 -6.40 -8.36 

 

5.1.1  Calculation of the anisotropic part of the magnetic susceptibility tensor with structural models 

In the absence of contact contribution (퐹(푖) = 0), the paramagnetic shift purely reflects the PCS contributions 
and Eq. (2.29) is ideally suited for extracting the experimental anisotropic part of the magnetic susceptibility 
tensor as long as a reasonable structural model is available. Kemple et al. [25] reported a detailed 1H-NMR 
study of lanthanide complexes: with an unambiguous proton assignment through NMR experiments, using an 
arbitrary Cartesian frame (x,y,z axes) with Ln(III) at the origin, the geometrical factors 퐺(푖)and 퐻(푖) were 
calculated from the polar coordinates (ri, θi and φi, see Fig. 2.3).  

The quality of the fitting process for the complex of a lanthanide Ln is measured by the agreement factor AFLn 

defined in eq. (5.6) [26] 

퐴퐹 =
∑ 훿 (푖)− 훿 (푖)

∑ 훿 (푖)
 

 

(5.6) 

The unsatisfying agreement factors required correction for the contact contributions of protons close to the 
metal center, adding the correcting term 훿 (푖) = 퐹 〈푆 〉 . However the reliability of the method requires a 
vanishing FC contribution for most of the protons, in order to create a solid structural model. The procedure 
works very well with low-symmetry complexes and has been applied successfully also for extracting the 
anisotropic part of the magnetic susceptibility tensor of proteins.[27] 
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Forsberg et al.[28] developed a computer program which allows the systematic permutation of the observed 

pseudo-contact shifts 훿 (푖)  to different sets of protons when assignment is problematic. Basically following 

the procedure of Kemple et al. a structural model (from molecular mechanics) is used for calculating the 
magnetic susceptibility tensor according to eq. (2.29) for each possible permutation. The associated agreement 
factors 퐴퐹 , eq. (5.6) are then used as criteria for selecting the most probable assignment which minimizes 
퐴퐹퐿푛. Subsequent diagonalisation or reorientation of the magnetic axes provides the anisotropic part of the 
magnetic susceptibility tensor in the principal magnetic axes system. Further refinements of molecular 
geometry were developed in order to take into account the FC contribution and obtain better AFs. The method 
has been successfully applied to 13C and 31P, as well.[29] 

The direct experimental determination of the anisotropic part of the magnetic susceptibility tensor from a set 
of pure PCS shifts according to eq. (2.29) has the considerable advantage of requiring no assumption on the 
symmetry of the magnetic susceptibility tensor. Paramagnetic shifts for axial and rhombic complexes can be 
satisfyingly modeled. The estimation of the FC contributions either by simultaneous fitting processes [25] or by 
comparison with experimental LIS [29] allows a reliable separation of contact and pseudocontact contributions. 
However, this approach requires (i) a large number of nuclei displaying pure PCs contributions and (ii) an 
accurate a priori structural model for the complex in solution, two conditions which are often limiting when 
considering bigger scale systems, like for instance supramolecular lanthanide complexes of intermediate size. 

 

5.1.2  The model-free methods 

When no assumption is made on the solution structure, the determination of the desired geometrical factors 
퐺(푖) and 퐻(푖) requires the a priori separation of the FC and PCS contributions to the shift. As already seen in 
section 2.3.1, Bleaney approach limited to the 푇  term and summarized by eqs. (2.45-46) (see sect. 2.3.1) is 
well-suited for this purpose since the anisotropic part of the magnetic susceptibility tensor can be modeled by 
a judicious combination of an electronic factor depending only on the electronic configuration of the Ln(III) ion 
and the crystal-field parameters of rank two for the complexes. Defining 퐵  parameters related to the crystal 
field coefficients 퐴  introduced in section 2.3.1 according to the following equations 

퐵 = 2퐴 〈푟2〉 
 (5.7) 

퐵 =
2
3
퐴 〈푟2〉 

 

(5.8) 

Defining the C parameters as Bleaney factor19 as 

퐶 = −
휇0

4휋

푔푗
2휇퐵

2 퐽(퐽 + 1)(2퐽 − 1)(2퐽 + 3)

120(푘푇)2 〈퐽‖훼‖퐽〉 

 
(5.9) 

                                                             
19 Their values are defined scaled to Dysprosium, to which is attributed the arbitrary value of -100. The relative values are 
reported in Table 5.1 
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Substituting these constants in eq (2.46 ) and the PCS contribution expression derived in (5.5) gives eq. (5.10) 

훿 (푖) = 훿 (푖) + 훿 (푖) = 퐹(푖)〈푆 〉 + 퐶 퐵 퐺(푖) + √6퐵 퐻(푖)  
 

(5.10) 

For axial symmetry, the equation further simplifies [9] to  

훿 (푖) = 퐹(푖)〈푆 〉 + 퐶 퐵 퐺(푖) 
 

(5.11) 

5.1.2.1  Reilley method 

Since 〈푆푧〉퐿푛and 퐶  do not depend on the crystal-field splitting (see sect. 2.2 and 2.3.1), Reilley et al.[9] first 
proposed to rearrange eq. (5.10) into two linear forms, eqs. (5.12-13), for testing isostructurality along the 
lanthanide series. 

훿 (푖)
〈푆 〉 = 퐹(푖) +

퐶 퐵 퐺(푖) +√6퐵 퐻(푖)
〈푆 〉  

 
(5.12) 

훿 (푖)
퐶

= 퐵 퐺(푖) + √6퐵 퐻(푖) + 퐹(푖)
〈푆 〉
퐶

 

 
(5.13) 

Although these two equations are mathematically identical, eq. (5.12) should be used when 훿 (푖) is 
dominated by the PCS contribution and eq. (5.13) should be used when FC is dominating, thus maximizing the 
slopes of the resulting straight lines.[30] Plots of 훿 (푖) 〈푆 〉⁄  vs. 퐶 〈푆 〉⁄  or 훿 (푖) 퐶⁄  vs. 
〈푆푧〉퐿푛 퐶퐿푛⁄  along the lanthanide series at a fixed temperature are expected to give straight lines and any 

deviations point to structural changes affecting the ‘structural term’ 퐵0
2퐺(푖) + √6퐵2

2퐻(푖).[9, 31] 

For the PCS extraction the slope and the intercept are 

푀 = 퐵 ∙ 	퐺(푖) 
 

(5.14) 

푄 = 퐹(푖) 
 

(5.15) 

Accordingly, the PCS and FC factors can be calculated for any lanthanide as 

훿 , (푖) = 푀 (푖) ∙ 퐶  
 

(5.16) 

훿 , (푖) = 푄 (푖) ∙ 〈푆 〉  
 

(5.17) 

Analogously, the same thing can be done in case of prevailing FC contribution. 

However this simple interpretation assumes that (i) the hyperfine constant (퐴(푖) and hence the  
퐹(푖) term) and the crystal-field parameters 퐵0

2 and 퐵2
2 do not vary along the lanthanide series, (ii) the 푇  term 

is sufficient for describing the molecular magnetic anisotropy and (iii) the stepwise lanthanide contraction 
occurring when going from R = Ce to Yb has negligible effects on the structural term. Peters [3] has 
theoretically addressed the latter point and geometrical 퐺(푖) factors for axial complexes modeled with 
molecular mechanics have been computed. The smooth contraction of the Ln-ligand distances often results in a 
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minor break occurring between R = Eu and R = Tb in the plot of 훿 (푖) 〈푆 〉⁄  vs. 퐶 〈푆 〉⁄  because the 
monotonous change in 퐺(푖) is amplified by the large values of 퐶퐿푛 characterizing the second part of the 
lanthanide series (Table 5.1). It is thus concluded that both linear plots should simultaneously display a break 
along the lanthanide series to be indicative of a significant structural change. 

5.1.2.2  Crystal-field independent methods 

The invariance of crystal-field parameters is more problematic since the experimental 퐵  parameters of 
lanthanide complexes in the solid state usually exhibit significant variations along the lanthanide series 
resulting from the contraction of the 4f orbitals.[32,33] Moreover, an abrupt change around the middle of the 
series, sometimes referred to as the ‘gadolinium break’ effect has been evidenced for various systems in the 
literature.[34] Related effects are thus expected for lanthanide complexes in solution and efforts have been 
made to remove the influence of crystal-field parameters.[8,36] In axial complexes, the simultaneous 
consideration of the chemical shifts of two nuclei i and k provides two equations (5.11) and (5.18), from which 
Bleaney’s factor 퐶퐿푛 and the crystal field parameter 퐵  can be removed by a judicious mathematical 
substitution in order to give eq. (5.19) [20,36] 

훿 (푘) = 퐹(푘)〈푆 〉 + 퐶 퐵 퐺(푘) 
 

(5.18) 

훿 (푖)
〈푆 〉 = 퐹(푖)− 	퐹(푘)

퐺(푖)
퐺(푘)

+
퐺(푖)
퐺(푘)

∙
훿 (푘)
〈푆 〉

 

 
(5.19) 

Plots of 훿 (푖) 〈푆 〉⁄  vs 훿 (푘) 〈푆 〉⁄  are ideally suited for testing structural changes occurring along 
the lanthanide series in axial complexes because straight lines are expected as long as the slope and the 
intercept do not vary. Structural changes affect the slope 퐺(푖) 퐺(푘)⁄ = (3 cos 휃 − 1)/(3 cos 휃 − 1) 	 ∙
푟푘3/푟푖3 and can be easily detected, but crystal-field changes which are not associated with significant structural 
variations have no effect. Changes in the intercept are more difficult to interpret since the value depends both 
on geometrical factors, as the slope, and hyperfine constants (via 퐹(푖) and 퐹(푘)). In favourable cases, the prior 
analysis of the slope allows to draw reliable conclusions concerning possible variations of the hyperfine 
constants along the lanthanide series.[18,20] Although 〈푆푧〉퐿푛  is relatively independent of crystal-field effects 
around room temperature (see sect. 2.3.1), Geraldes et al. [37] proposed to remove it by solving 
simultaneously eqs. (5.11), (5.18) and (5.20) for three different nuclei i, k, l in the same lanthanide complex. 
Straightforward algebraic substitutions and transformations give eq. (5.21) where 푅 = 퐺(푖) 퐺(푘)⁄  and 
푆 = 퐹(푖) 퐹(푘)⁄ . 

훿 (푙) = 퐹(푙)〈푆 〉 + 퐶 퐵 퐺(푙) 
 

(5.20) 

훿 (푖)
훿 (푘)

=
(푆 푅 − 푆 푆 )

(푆 − 푅 )
+

(푆 − 푅 )
(푆 − 푅 )

∙
훿 (푙)
훿 (푘)

 

 
(5.21) 

Since only experimental paramagnetic shift data are required for testing isostructurality, the use of eq. (5.21) 
seems promising as long as three different NMR-active nuclei are available in the complex. However, both the 
slope and the intercept are complicated non-linear combinations of geometrical factors and contact terms. 
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Deviations from linearity are difficult to interpret and accidental compensation effects cannot be ruled out 
when strict linear behaviours are observed.[38] 

5.1.2.3  The case of rhombic systems 

The removal of crystal-field parameters according to the two-nuclei, eq. (5.19), and the three-nuclei, eq. (5.21), 
methods is strictly limited to axial complexes for which eq. (5.11) holds (i.e. possessing at least a C3 axis). The 
explicit consideration of the rhombic term in Bleaney’s approach, eq. (5.22) below, significantly complicates the 
derivation of crystal-field independent equations which requires at least three different nuclei. To the best of 
our knowledge, no analytical form has been reported in the literature for rhombic systems. Reuben and 
Elgavish [30] suggested that eq. (5.10) is only a poor approximation for rhombic systems and a better modeling 
of the pseudo-contact contribution requires two factors 퐶  and 퐶 , eq. (5.22). 

훿 (푖) = 퐶 퐺(푖) + 퐶 퐻(푖) 
 

(5.22) 

Since 퐶  is proportional to 휒 − 1/3Tr휒  and 퐶  is proportional to 휒 − 휒  in the principal 
magnetic axes system, eq. (2.29), Reuben and Elgavish [30] used the experimental diagonalised magnetic 
susceptibility tensors reported by Horrocks and Sipe [31] for a solid-state system in order to compute the 
proportionality factors 퐶  and 퐶  scaled to 퐶 = 	−100. Interestingly they notice that the axial 

factors 퐶  satisfyingly match original Bleaney’s 퐶  factors, but 퐶  have only poor correlations with 
퐶  pointing to the limit of theoretical Bleaney’s approach which predicts a single factor (퐶 = 퐶 , 
eq. 5.10, Table 5.1). Two linear forms, eqs. (5.23-24) can be derived from eq. (5.22) for nuclei displaying no 
contact contributions (퐹(푖) = 0). 

훿 (푖)
퐶

= 퐺(푖) + 퐻(푖)
퐶
퐶

 

 
(5.23) 

훿 (푖)
퐶

= 퐻(푖) + 퐺(푖)
퐶
퐶

 

 
(5.24) 

Plots of 훿 (푖)/퐶  vs 퐶 /퐶  (eq. ) or 훿 (푖)/퐶  vs 퐶 /퐶  (eq. ) are expected to 
be linear within an isostructural series. The fitting process has been applied to non-axial lanthanide shift 
reagents and leads to improved linear correlations,[30] but the origin of the deviation from the strict 푇  
terms was not addressed. One can infer that the different behaviours of 퐶  and 퐶  along the 
lanthanide series result from higher-order T-n terms (n ≥ 3) which are neglected in original Bleaney’s approach, 
but which are required to reliably model complexes possessing large crystal-field splittings (ΔECF/kT ≥ 1). Since 
the 퐶  factor proposed by Reuben and Elgavish originates from the specific crystal-field splitting of one 
reference complex, [Ln(dipivolymethane)3(4-picoline)2], their systematic use for all lanthanide complexes is 
doubtful and this approach, to the best of our knowledge, has not been applied again for the structure-
independent analysis of lanthanide induced shift data. 

Recently model-free and crystal-free methods have been used [40] also for the analysis of the solution 
structure of rhombic complexes, with fairly good results. 
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5.2 Pseudocontact shifts in lanthanide complexes with variable crystal field parameters 

As seen in section 5.1.2.1, discrepancies in the Reilley method may be due to lanthanide contraction, besides 
that, another cause is water coordination. Axial coordination of water or of some other ancillary ligand 
introduces a much greater source of variation of the crystal-field parameters Bs. In systems endowed with a Cn 
axis with n≥3, the crystal field terms 퐵  with k≠0 vanish, included 퐵  and the contribution of an axial ligand, 

퐵 , is limited to the terms 퐵  and is additive to those stemming from the other (non axial) ligands 퐵 . [41] 
We can thus write the following partition 

퐵 = 퐵푙푖푔 + 퐵푎푥 
 

(5.25) 

Consequently the magnetic anisotropy term can be written as the sum [41,42] 

퐷 = 퐶 퐵 + 퐵 = 퐷 + 퐷  
 

(5.26) 

It is very common that for a given ligand early lanthanides yield hydrated complexes on account of their 
preference for higher coordination numbers, while late lanthanides provide anhydrous complexes. Thus, 
instead of being constant or following a regular trend over the series, 퐵 may display a more or less abrupt 
change, which often occurs around the middle of the transition and is called gadolinium break.[18] This 
corresponds to a rigid picture, where the complex is either totally hydrated (viz. fully occupied at the axial 
coordination site) or totally anhydrous, which is unfit to represent a dynamic situation. 

The axial coordination site is often labile and this is a key feature of lanthanide complexes. Indeed, dynamic 
axial coordination is at the basis of functional systems, such as those quoted in the introduction which must 
exchange axial ligands very rapidly. From the point of view of NMR spectroscopy, this means that the hydrated 
(H) and anhydrous (A) forms (plus water or in general any other ancillary ligand, W) must be in fast exchange, 
that is, the rate of the equilibrium 

퐻 ⇄ 퐴 + 푊 

 

(5.27) 

is likely to be great compared to the shift difference (in Hz) between the corresponding nuclei in H and A. In 
this situation the spectra of the individual forms cannot be observed, but one set of resonances, at shifts 

훿 (푖) = 푥 ∙ 훿 (푖) + 푥 ∙ 훿 (푖) = 푥 ∙ 훿 (푖) + (1− 푥 ) ∙ 훿 (푖) 
 

(5.28) 

where 푥 = (1− 푥) and 푥퐻 = 푥 are the mole fractions of A and H for the complex with Ln. 

It is thus reasonable to assume that to a first approximation PCS display the greatest sensitivity to the 
occupancy of the axial site, because they respond to the total charge distribution through D, while the 
diamagnetic shift and FC are mostly local properties, depending primarily on the electron density and on 
unpaired electron delocalization. Therefore we shall write 

훿 (푖) = 훿퐿푛 (푖) + 	 훿 (푖) + 푥 ∙ 훿 , (푖) + (1− 푥 ) ∙ 훿 , (푖)  (5.29) 



58 
 

 
and 

훿퐿푛
푝푎푟푎(푖) = 훿퐿푛

푐표푛(푖) + 푥퐿푛 ∙ 훿퐿푛
푝푐,퐻(푖) + (1− 푥퐿푛) ∙ 훿퐿푛

푝푐,퐴(푖)  
 

(5.30) 

Taking advantage of eq. (5.26), we can write 

훿퐿푛
푝푐,퐻(푖) = [퐷퐿푛

푙푖푔 + 퐷퐿푛
푎푥]퐺(푖) 

 
(5.31) 

훿퐿푛
푝푐,퐴(푖) = 퐷퐿푛

푙푖푔퐺(푖) 
 

(5.32) 

which combine in the term in square parentheses of eq. (5.30) to 

훿퐿푛
푝푐,푡표푡(푖) = 푥퐿푛 ∙ 훿퐿푛

푝푐,퐻(푖) + 1 − 푥퐿푛 ∙ 훿퐿푛
푝푐,퐴(푖) = 퐷퐿푛

푙푖푔 + 푥퐿푛퐷퐿푛
푎푥 퐺(푖) = 퐷퐿푛푡표푡퐺(푖) 

 
(5.33) 

with 

퐷퐿푛푡표푡 = 퐷퐿푛
푙푖푔 + 푥퐿푛퐷퐿푛

푎푥  
 

(5.34) 

This demonstrates that 퐷퐿푛푡표푡  is a function of the lanthanide not only through Bleaney’s constant 퐶  but also 

because of variable occupancy of the axial site through 푥퐿푛. Consequently, 퐷퐿푛
푡표푡 may not follow the expected 

trend and Reilley method for separating Fermi contact and pseudocontact shifts may fail. 

The so-called two-nuclei method for separating FC and PCS terms is designed to take care of the variation in 
crystal-field parameters along the series (Sec. 5.1.1.2 ).[17] It has been proposed for the small variations in B 
induced by lanthanide contraction, but may very well serve to eliminate the problem of variable coordination 
number outlined above. 

5.2.1  Two-lanthanides method 

If we could neglect Fermi contact shifts altogether, by plotting 훿퐿푛1
푝푎푟푎(푖) vs. 훿퐿푛2

푝푎푟푎(푖) for two different 
isostructural complexes with lanthanides Ln1 and Ln2, we would obtain a straight line passing through the 
origin (which is rigorously true for PCS). The slope of this line is equal to the ratio 

푚 = 	
퐷
퐷

 

 
(5.35) 

In the case of no variation in axial coordination (i.e. with the identity 푥퐿푛1 = 푥퐿푛2) or in the crystal field 
parameters B, the above equation would reduce to the predictable constant 

푚 = 	
퐶
퐶

 

 

(5.36) 

But this is not the case if 푥퐿푛1 ≠ 푥퐿푛2  with reference to eq. (5.29) (or in general if 퐵퐿푛1 ≠ 퐵퐿푛2). 

We can now take advantage of the following facts regarding Fermi contact shifts: 
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(1) they are usually scattered in sign and magnitude; 

(2) they are usually small for nuclei distant more than 4 bonds from Ln3+; 

(3) for nuclei closer than 4 bonds from Ln3+, FC may be large, but most often PCS are also very large (because of 
the short distance). 

These three points concur in determining that plots of 훿퐿푛
푝푎푟푎(푖) for Ln1 and Ln2 are often linear to a very good 

approximation, possibly with the exception of small and highly conjugated ligands. The slope m provides the 
ratio of the D parameters given in eq. (5.35), while taking into account any variation in the crystal field 
parameters B, notably the part due to variable axial coordination. Now, we can recall eq. (5.12), simplified for 
axial systems, and substitute mDLn2 for DLn1  

훿퐿푛1
푝푎푟푎(푖)
〈푆푧〉퐿푛1

= 퐹(푖) +
푚퐷퐿푛2

〈푆푧〉퐿푛1
퐺(푖) 

 
(5.37) 

훿퐿푛2
푝푎푟푎(푖)
〈푆푧〉퐿푛2

= 퐹(푖) +
퐷퐿푛2

〈푆푧〉퐿푛2
퐺(푖) 

 
(5.38) 

These two can be combined to yield the modified Reilley equation 

훿퐿푛2
푝푎푟푎(푖)
〈푆푧〉퐿푛2

−
훿퐿푛1
푝푎푟푎(푖)
〈푆푧〉퐿푛1

= 퐷퐿푛2퐺(푖)
1

〈푆푧〉퐿푛2
−

푚
〈푆푧〉퐿푛1

 

 
(5.39) 

The final equations for calculating FC and PCS for the nucleus i in the complexes with Ln1 and Ln2 are 

훿퐿푛1
푝푐 (푖) = 퐷퐿푛1퐺(푖) = 푚퐷퐿푛2퐺(푖) = 푚

(훿퐿푛2
푝푎푟푎(푖)/〈푆푧〉퐿푛2) − (훿퐿푛1

푝푎푟푎(푖)/〈푆푧〉퐿푛1)
(1/〈푆푧〉퐿푛2) − (푚/〈푆푧〉퐿푛1)

 

 
(5.40) 

훿퐿푛1
푐표푛(푖) = 훿퐿푛1

푝푎푟푎(푖) − 훿퐿푛1
푝푐 (푖) 

 
(5.41) 

We must note that this procedure does not rely on any assumption regarding the geometry of the complex (it 
falls into the category of the ‘model free methods‘), provided they are axially symmetrical,[17,42] and 
moreover does not use any hypothesis on the degree of hydration (or bond to any other axial ligand) in the two 
complexes. 

5.2.2  The ‘all lanthanides‘ method 

As an alternative and an extension to the method outlined above, we can take advantage of a set of Ln3+ 
complexes simultaneously. 

(1) We select a reference compound, which must be chosen for being the best characterized one (with the 
largest set of unambiguously assigned resonances) and that is endowed with a large 퐶퐿푛 and 퐶퐿푛/〈푆푧〉퐿푛 ratio 
(see Table 5.1): the best choices may be in this order, Yb, Pr, and Ce. From now on, this reference lanthanide 
will be called ref. We must plot all the 훿퐿푛

푝푎푟푎(푖) vs. the 훿푟푒푓
푝푎푟푎(푖), and fit them to lines passing through the origin, 

with slopes mLn. Any significant deviation from linearity means that: (a) the complexes with Ln and ref are not 
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isostructural and (b) if this occurs more or less systematically, then large contact contributions must be 
envisaged. In both cases, the method cannot be applied. 

(2) We build modified Reilley plots for each nucleus i as a function of Ln, by plotting 

훿퐿푛
푝푎푟푎(푖)
〈푆푧〉퐿푛

	vs.
푚

〈푆푧〉퐿푛
 

 
(5.42) 

This must yield straight lines, because, by analogy with what was seen in the previous section, 

훿퐿푛
푝푎푟푎(푖)
〈푆푧〉퐿푛

= 퐹(푖) + 퐺(푖) ∙ 퐵 ∙ 퐶푟푒푓
푚퐿푛

〈푆푧〉퐿푛
 

 
(5.43) 

(3) The slope and intercept of these straight lines are for each nucleus 

푀 = 퐵 ∙ 퐶 ∙ 퐺(푖) 
 

(5.44) 

푄 = 퐹(푖) 
 

(5.45 

(4) We are now able to identify the PCS for each nucleus in each Ln-complex, by the simple operation 

훿퐿푛
푝푐(푖) = 푚퐿푛 ∙ 푀푖 

 
(5.46) 

and 

훿푟푒푓
푝푐 (푖) = 푀푖 

 
(5.47) 

while the contact terms can be obtained again through eq. (5.17). 

As we shall see in the case of cryptate below, the choice of the reference compound affects the results of the 
procedure to a very moderate extent for the PCS. 

5.2.3  Applications 

We shall discuss below a few practical cases, mostly taken from the literature, which will hopefully clarify the 
above outlined procedures and show their scope, their merit and their limitations. 

It should be stressed that our approach is only applicable to systems with a set of pseudocontact-shifted 
signals, because only this ensures a good linear fitting for deriving the slopes m which must substitute the 퐶퐿푛 
in the standard Reilley treatment. Consequently, some small-size traditional ligands for Ln3+, such as 
acetylacetonates or 1,3-oxydiacetate are not amenable to our procedure. 
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5.2.3.1 N,N-diethyl-DOTAM 

In spite of the enormous interest towards DOTA and its derivatives, mostly due to their applications in MRI,20 it 
is hard to find a complete set of experimental shifts throughout the series. In their comprehensive paper on the 
structure of Yb DOTA in solution, Aime, Botta and Ermondi showed the 1H spectra of most Ln DOTA but did not 
provide figures for the shifts or their assignment.[44] The diethylamide derivative of DOTA, called N,N-diethyl-
DOTAM (1,4,7,10-tetrakis(N,N-diethylacetamido)-1,4,7,10-tetraazacyclododecane, Figure 5.1) was thoroughly 
studied by Forsberg et al. in a paper containing the most complete separation of FC and PCS of this whole 
family of compounds.21[28] 
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Figure 5.1 

A standard Reilley analysis of the paramagnetic shifts consisting of the plots of 훿퐿푛
푝푎푟푎(푖)/〈푆푧〉퐿푛 vs. 퐶퐿푛/〈푆푧〉퐿푛 

is reported in Fig. 5.2. This shows that there is a reasonably good linearity, with the gross exception of Sm and 
Tm. The former element is characterized by very small paramagnetic shifts (see 퐶푆푚 and 〈푆푧〉푆푚 in Table 5.1), 
whose exact quantification is consequently rather error-prone. Moreover, 〈푆푧〉푆푚 is poorly estimated because 
it depends on a multiplet of energy levels very close to the fundamental one. The fact that this parameter is 
very small and that it is at the denominator of the quantities to be plotted in Reilley method has the effect of 
amplifying any uncertainty. 

To our understanding, there is no obvious reason for a deviation in Tm shifts, although they do often show 
exceptional behavior, as observed e.g. in Piguet and Geraldes review.[17] 

By discarding the values for Tm and Sm, one can apply a linear fit to the Reilley plot for all protons in Ln N,N-
diethyl-DOTAM, obtaining the parameters shown in Table 5.2. Thereafter, one can achieve the separation of 
PCS and FC by means of Eqs. (5.16) and (5.17). 

We can take two parameters to assess the quality of the Reilley method: the correlation coefficients R(i) of the 
linear fit and the differences 

푑푖푓푓(푖) = 훿 (푖)− 훿 , (푖) + 훿 , (푖)  (5.48) 

                                                             
20 Recently Sessoli et al.[43] described a new application for Dy DOTA as Single Molecule Magnet. 
21 Proton 1 corresponds to the ‘axial at side proton’ (ax@s), proton 2 corresponds to the ‘equatorial at side’ proton 
(eq@s), proton 3 corresponds to the ‘axial at corner’ proton (ax@c) and proton 4 corresponds to the ‘equatorial at corner’ 
proton (eq@c). 
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which should ideally be 0. 

 

Figure 5.2 Reilley plots for a selection of protons in Ln N,N-diethyl-DOTAM. Data taken from Ref. [45] 

We can appreciate that the quality of Reilley plots for this set of complexes is very good, as witnessed by the 
correlation coefficients, which are all above 0.97 with the sole exceptions of H9 and H10. These two protons 
are remote from Ln and experience a particularly small paramagnetic shift. Moreover, they are geminal and 
their assignment throughout the series may be less safe than in the other cases. 

According to our method, we must take one complex as the reference and we choose Yb N,N-diethyl-DOTAM. 
We plot the paramagnetic shifts for all protons in Ln N,N-diethyl-DOTAM vs. those of the reference compound, 
obtaining plots as shown in Fig. 5.3, while the parameters of the linear fits (forced through the origin) are 
reported in Table 5.3.22 The good linearity confirms that the complexes are isostructural and that the 
contributions of FC to the total paramagnetic shifts are small and scattered in sign and magnitude, as 
postulated in the previous sections. It is worth observing that also Tm provides a linear fit with Yb and it will be 
used in the following procedure, while it had to be arbitrarily discarded in the Reilley method. 

We can now build plots of 훿퐿푛
푝푎푟푎(푖)/〈푆푧〉퐿푛 vs. 푚퐿푛/〈푆푧〉퐿푛  for each nucleus i, which yields the results shown in 

Fig. 5.4 and in Table 5.4. 

 

                                                             
22 We can appreciate that the values of the slopes mLn follow the same trend of the constants 퐶퐿푛, apart for Sm and Tm. 
This is consistent with the previous observation that Reilley plots are linear. 
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Table 5.2 Slopes MReilley(i), intercepts QReilley(i), and correlation coefficients RReilley(i) of a linear fit of Reilley plots for Ln N,N-
diethyl-DOTAM, by excluding the data for Sm and Tm. The values of PCS and FC for Yb estimated through Eqs. (5.16) and 
(5.17) are reported in columns 5 and 6;the last column contains the difference defined in eq. (5.48). PCS, FC and diff values 
are in ppm units. 

Protons MReilley QReilley RReilley PCS FC diff 

1 4.85 -0.22 0.98 104.93 0.57 -4.90 

2 0.84 0.99 0.97 18.23 -2.55 -0.78 

3 -2.07 0.30 0.98 -44.75 -0.78 -0.87 

4  0.62 1.45 0.98 13.35 -3.76 -0.89 

5 -1.62 0.78 0.98 -35.14 -2.03 -0.43 

6 -3.35 -0.13 0.98 -72.58 0.35 2.03 

7 -0.84 -0.06 0.98 -18.11 0.15 1.55 

8 -0.56 -0.07 0.98 -12.15 0.19 1.66 

9 0.17 0.15 0.53 3.72 -0.39 2.27 

10 0.06 -0.17 0.29 1.34 0.44 2.62 

 

Figure 5.3 Plots of 휹푳풏
풑풂풓풂(풊) vs. 휹풀풃

풑풂풓풂(풊), for Ln N,N-diethyl-DOTAM. 

In this case the slope M of our modified Reilley plots coincides by definition with the PCS of the reference 
compound (in this case Yb N,N-diethyl-DOTAM). 

The improvement over the conventional Reilley method is apparent from both quality parameters (R and diff), 
although in the present case the gain is only marginal: we had already found excellent linearity in Reilley plots, 
which could hardly be improved. 
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Table 5.3 Slopes m and correlation coefficients R of the linear fits (forced through the origin) shown in Fig. 5.3. 

Lanthanide mLn R 
Pr -0.435 0.99 
Nd -0.19 0.86 
Sm -0.036 0.98 
Eu 0.20 0.78 
Tb -4.37 0.98 
Dy -4.79 0.99 
Ho -2.27 0.99 
Er 2.90 0.99 

Tm 7.93 0.99 
 

 

Figure 5.4 Plots of 휹푳풏
풑풂풓풂(풊)/〈푺풛〉푳풏 vs. 퐦푳풏/〈푺풛〉푳풏  for Ln N,N-diethyl-DOTAM, having taken Yb N,N-diethyl-DOTAM as the 

reference compound for calculating mLn. 
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Table 5.4 Slopes (Mi), intercepts (Qi) and correlation coefficients (Ri) of modified Reilley plots for Ln N,N-diethyl-DOTAM 
shown in Fig. 3. PCS and FC for the reference compound, Yb N,N-diethyl-DOTAM, were calculated from the values of Mi 
and Qi, respectively, according to eqs. (5.46) and (5.17). The quality parameter diff is defined in Eq. (33). PCS, FC and diff 
values are in ppm units. 

Protons M Q R PCS FC diff 

1 102.21 0.54 1.00 102.21 -1.41 -0.20 
2 17.60 1.73 0.98 17.60 -4.48 1.78 
3 -42.80 0.09 1.00 -42.80 -0.24 -3.37 
4 14.06 2.08 0.98 14.06 -5.39 0.03 
5 -34.49 1.02 1.00 -34.49 -2.63 -0.48 
6 -71.99 -0.09 1.00 -71.99 0.23 1.55 
7 -17.57 -0.20 1.00 -17.57 0.53 0.65 
8 -11.77 -0.32 0.99 -11.77 0.83 0.64 
9 4.67 -0.08 0.87 4.67 0.21 0.72 
10 -2.96 -1.27 0.47 -2.96 3.29 4.07 

 

5.2.3.2  Cryptate 

In 1999 Geraldes and coworkers reported a complete analysis of the paramagnetic shifts in a Ln cryptate 
derived from the condensation of tris(2-aminoethyl)amine and 2,6-diformylcresol,[20] shown in Figure 5.5. 
These authors highlighted a break in the Reilley plots, which was attributed to the presence of a coordinated 
water molecule in the first part of the transition, absent in the second part. This is particularly evident in the 
case of proton H3, as shown in Fig. 5.6. 

In such a case it is clear that a conventional treatment through Reilley plots is only possible by treating 
separately early and late elements. This reduces the set of data and may worsen the quality of the analysis. 
Unfortunately, for the other protons in the very same molecule the situation is somewhat less evident, to the 
point that in some cases it would be difficult to put the break point to a specific lanthanide.[20] 

To use our modified method, we follow the same steps outlined in the previous section. We choose Pr as the 
reference compound, because it has an optimal ratio 퐶퐿푛/〈푆푧〉퐿푛 (Table 5.1) and it is completely characterized, 
unlike the Yb derivative. We plot 훿퐿푛

푝푎푟푎(푖) vs. the 훿푃푟
푝푎푟푎(푖) and fit them with lines (passing through the origin), 

which leads to the results summarized in Table 5.5. 

The correlation coefficients are satisfactory (although not always excellent), which demonstrates 
isostructurality through the series and small contributions of FC. The slopes 푚퐿푛 can be used to achieve the 
separation of PCS and FC following the sequence of operations described in eqs. (5.46) and (5.17) (Figures 5.7 
and 5.8) with the results shown in Table 5.6. 
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Figure 5.5 

 

Figure 5.6 Reilley plot for H3 in the series of cryptates depicted in Scheme 2. Data taken from Ref. [20]. 
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Table 5.5 Slopes m and correlation coefficients R of the linear fits (forced through the origin) relative to the set of Ln 
cryptates of Ref. [20]. 

Lanthanide mLn R 
Ce 0.67 0.96 
Nd 0.59 0.86 
Sm 0.0014 0.16 
Eu -0.60 0.35 
Tb 4.94 0.64 
Dy 3.64 0.66 
Ho 2.00 0.76 
Er -1.73 0.95 

Tm -2.40 0.91 
Yb -1.10 0.81 

 

Interestingly, by choosing Ce instead of Pr as the reference compound, we obtain PCS values differing by less 
than 10%, as shown in Table 5.7. 

Table 5.6 Slopes (Mi), intercepts (Qi) and correlation coefficients (Ri) of modified Reilley plots for the Ln cryptates of Figure 
5.5. PCS and FC for the reference Pr cryptate, were calculated from the values of Mi and Qi, respectively, according to eqs. 
(5.46) and (5.17). The quality parameter diff is defined in Eq. (33). PCS, FC and diff values are in ppm units. 

Protons M Q R PCS FC diff 
H1ax 21.86 -1.23 0.94 21.86 -3.65 -5.22 
H1eq 17.38 -1.24 0.98 17.38 -3.68 -0.67 
H2ax 0.53 -0.72 0.36 0.53 -2.14 -0.17 
H2eq 0.14 -0.38 0.13 0.14 -1.13 -0.70 

H3 -10.79 -2.14 0.73 -10.79 -6.36 -3.23 
H4 -8.84 2.16 0.45 -8.84 6.42 -3.22 
H5 -2.18 0.36 0.65 -2.18 1.07 -0.68 
H6 -1.71 0.03 0.94 -1.71 0.09 -0.21 
H7a 8.24 -3.44 0.58 8.24 -10.22 2.96 

H8ax 7.47 -0.45 0.99 7.47 -1.34 -0.46 
H8eq 5.71 -0.36 0.99 5.71 -1.07 -0.32 
H9ax 3.70 -0.24 0.99 3.70 -0.71 -0.17 
H9eq 4.96 -0.31 0.99 4.96 -0.92 -0.35 

a The values of δpara(H7) are very small (below 1 ppm), consequently they are affected by a big error and should be considered unreliable 

Proof of the quality of our results is provided in Fig. 5.9, where we show the modified-Reilley plot for H3. 
Moreover, in Fig. 5.10 we report PCS and FC for the Pr complex calculated with our method compared to those 
of the original paper. We can simultaneously use all the available data, without any more or less arbitrary 
partition due to the gadolinium break, which is at variance with what was reported in the original paper. 
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Figure 5.7 휹푳풏
풑풂풓풂(풊) vs. 휹푷풓

풑풂풓풂(풊)plot of the Cryptate protons for the Ce, Nd, Sm, Eu and Tb complexes. 

 

Figure 5.8 휹푳풏
풑풂풓풂(풊) vs. 휹푷풓

풑풂풓풂(풊)plot of the Cryptate protons for the Dy, Ho, Er, Tm and Yb complexes. 

Although some of the correlation coefficients of the plots 훿퐿푛
푝푎푟푎(푖) vs. 훿푟푒푓

푝푎푟푎(푖) are unusually small compared to 

other cases, this does not prevent a satisfactory extraction of PCS, which are in close agreement with those 
found in Ref. [20]. 
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Table 5.7 Differences between the PCS values of the Cryptate protons calculated with our methods taking as the reference 
compound the Ce or Pr derivatives. 

 H1ax H1eq H2ax H2eq H3 H4 H5 H6 H7 H8ax H8eq H9ax H9eq 

Ce -1.21 -1.42 -0.76 -0.40 -1.48 0.42 0.30 0.01 -3.55 -0.48 -0.38 -0.26 -0.34 

Pr -3.45 -3.37 -1.08 -0.56 -1.14 1.30 0.59 0.16 -5.54 -1.28 -0.99 -0.66 -0.87 

Nd -3.76 -3.30 -0.59 -0.29 0.44 1.47 0.50 0.24 -3.52 -1.33 -1.03 -0.67 -0.90 

Sm 0.12 0.09 -0.01 0.00 -0.08 -0.05 -0.01 -0.01 0.01 NA NA NA NA 

Eu 6.80 5.62 0.51 0.23 -2.38 -2.72 -0.76 -0.49 4.02 2.36 1.81 1.18 1.57 

Tb 8.00 2.38 -6.10 -3.33 -21.86 -3.85 0.73 NA NA NA NA NA NA 

Dy 5.37 1.35 -4.48 -2.44 -15.76 -2.62 0.58 NA NA NA NA NA NA 

Ho 1.17 -0.61 -2.41 -1.30 -7.51 -0.71 0.48 NA NA NA NA NA NA 

Er 3.14 3.69 1.96 1.03 3.80 ND -0.77 NA NA NA NA NA NA 

Tm 3.54 4.50 2.74 1.45 5.80 ND -1.00 NA NA NA NA NA NA 

Yb 0.66 1.33 1.29 0.69 3.28 ND -0.37 NA NA NA NA NA NA 

 

 

Figure 5.9 Modified Reilley plot for H3 in the series of cryptates depicted in Figure 5.5 after the treatment proposed. 
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Figure 5.10 Comparison between PCS and FC for PR cryptate, calculated according to our method and extrapolated from 
the data of Ref. [20] 

 

5.2.3.3 Saà’s Binolam complexes 

At first sight, the complexes shown in Figure 5.11, introduced by Saá,[30–33] are very similar to the well known 
Shibasaki’s heterobimetallic systems treated below. The difference consists of the incorporation of a Brønsted 
base proximal to the naphthol hydroxyl. As a consequence, complex formation does not require the treatment 
with a base, which is a necessary step in Shibasaki’s systems, and the result is a set of alkali metal-free 
(monometallic) compounds, displaying completely different structural and chemical properties.[33,46-47] The 
only system which led to crystals amenable for XRD was the Sc complex, while heavier elements were reluctant 
to crystallize. 

The accurate analysis of paramagnetic shifts for Pr, Nd and Yb complexes unambiguously demonstrated 
isostructurality along the series, at least in the sense that the geometrical factors 퐺 (푖) are equal.[48] The 
existence of a dynamic hydration equilibrium becomes apparent through very simple experiments, where the 
sample water content is changed: the paramagnetic shifts of all nuclei are water sensitive to a more or less 
marked extent, as a function of Ln. One observes greater variations of the 1H shifts for Pr and Nd Binolam, and 
much smaller for the Yb derivative. Thus, this system falls very obviously into the case depicted in Eq. (5.34), 
i.e. one set of 퐺 (푖), but water-dependent D. 

Linearity of the plots 훿퐿푛
푝푎푟푎(푖) vs. 훿푌푏

푝푎푟푎(푖) was already reported in Ref. [48], where it was also observed that 
the slopes 푚퐿푛 are very far from what was expected from Bleaney’s factors. Accordingly, separation of FC and 
PCS cannot be attempted by means of the standard Reilley method but can be achieved successfully by our 
two-lanthanides method, through eqs. (5.40) and (5.41), with the results reported for the Pr–Nd pair in Table 
5.8 and for the Pr–Yb one in Table 5.9. 
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Figure 5.11 

Table 5.8 Separation of PCS and FC according to the two-lanthanides method for Ln Binolam for the couple Pr–Nd. Para, 
PCS and FC values are in ppm units. 

 Pr Nd 
Protons Para PCS FC para PCS FC 

4 -0.76 -0.81 0.05 1.05 0.97 0.08 
5 -0.49 -0.44 -0.05 0.46 0.53 -0.07 
6 -0.33 -0.25 -0.08 0.17 0.30 -0.13 
7 -0.19 -0.27 0.08 0.45 0.33 0.12 
8 -0.67 -0.76 0.09 1.04 0.91 0.13 

9a -1.12 0.03 -1.15 -1.77 -0.03 -1.74 
9b -2.06 -1.33 -0.73 0.49 1.59 -1.10 

10a 1.84 1.89 -0.05 -2.35 -2.27 -0.08 
10b 1.54 1.51 0.03 -1.78 -1.82 0.04 
10a' 0.33 0.44 -0.11 -0.69 -0.53 -0.16 
10b' 0.58 0.42 0.16 -0.26 -0.50 0.24 
Me 0.72 0.59 0.13 -0.52 -0.71 0.19 
Me' 0.54 0.57 -0.03 -0.73 -0.68 -0.05 
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Table 5.9 Separation of PCS and FC according to the two-lanthanides method for Ln Binolam for the couple Pr–Yb. Para, 
PCS and FC values are in ppm units. 

 Pr Yb 
Protons Para PCS FC para PCS FC 

4 -0.76 -0.92 0.16 -4.52 -4.38 -0.14 
5 -0.49 -0.52 0.03 -2.51 -2.48 -0.03 
6 -0.33 -0.39 0.06 -1.92 -1.87 -0.05 
7 -0.19 -0.31 0.12 -1.57 -1.47 -0.10 
8 -0.67 -0.97 0.30 -4.88 -4.62 -0.26 

9a -1.12 -0.91 -0.21 -4.16 -4.34 0.18 
9b -2.06 -1.51 -0.55 -6.72 -7.20 0.48 

10a 1.84 1.77 0.07 8.38 8.44 -0.06 
10b 1.54 1.63 -0.09 7.82 7.74 0.08 
10a' 0.33 0.64 -0.31 3.33 3.06 0.27 
10b' 0.58 0.55 0.03 2.61 2.63 -0.02 
Me 0.72 0.62 0.10 2.88 2.96 -0.08 
Me' 0.54 0.82 -0.28 4.13 3.89 0.24 

 

We can appreciate the consistency of the FC terms calculated for different Ln and also that they are small, on 
account of the limited possibility of delocalization of unpaired spin density over the moderately large ligand. 

5.2.3.4 Shibasaki’s heterobimetallic catalysts 

Shibasaki introduced a class of C3-symmetric Ln complexes based on binaphtholate (hereafter Binolate) as the 
ligand, which raised a great interest because of their properties as enantioselective catalysts in a number of 
organic reactions (Figure 5.11).[49] As for many other catalysts, the possibility of coordination of ancillary 
ligands is of prime importance, since this dynamic binding is at the basis of substrate activation. 

The complexes of formula M3Ln(Binolate)3 (M = Li, Na, K) display a pinwheel structure, which has been 
investigated in great detail both in solution and in the solid state.[50] In the latter case, single crystal XRD 
demonstrates that early elements provide hydrated complexes, while late elements yield anhydrous ones. 
Notably, for Eu, both forms have been reported. In solution, the investigation into hydration number is more 
difficult and only indirect proofs have been provided. By two different synthetic procedures, Aspinall et al. [51] 
and Walsh et al. [52] obtained two completely different sets of 1H NMR data for what is apparently the very 
same complex: Li3Eu(Binolate)3. This must be attributed to the different extents of hydration in the two 
compounds, since in only one case (Aspinall) was the sample obtained in rigorously water-free conditions. 
Interestingly, no-one reports on the existence of two sets of signals for hydrated and anhydrous forms: we 
must conclude that this system falls into the fast exchange regime, as envisaged in Eqs. (5.28)–(5.44) and that 
the Reilley analysis would lead to inconsistent results. 

Unlike in the cases discussed above and notwithstanding the large interest and the numerous reports on 
heterobimetallic complexes, in the literature we were able to find 1H shifts only for a limited number of 
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lanthanides. Usually the water content of the various samples is difficult to estimate and moreover, they refer 
to different alkali metals M. 

As we said, Pr and Yb surely display opposite behaviour: one should mostly yield the water-capped complexes, 
the other should provide the anhydrous ones. We proceed through our modified method: first of all, we plot all 
the paramagnetic shifts for Li3Pr(Binolate)3vs. those of Li3Yb(Binolate)3, and we obtain the slope 

푚 , 	= 	−0.23 (5.49) 
 

which is far from the ideal value of 푚 	= 	 −0.52 (see Eq. (5.34)),	on account of the different hydration 
states of the two species. By application of Eqs. (5.40) and (5.41), we obtain the PCS and FC reported	in Table 
5.10. We can appreciate that the FC terms are small for most nuclei. 

In the same way, we can treat both sets of data for Li3Eu(Binolate)3, as reported by Aspinall and Walsh, which 
are very different, comparing their paramagnetic shifts with those of Li3Yb(Binolate)3 method and we find 

푚 	 , 	= 	0.07 
 (5.50) 푚 	 , 	= 	0.22 
 

This allows us to use the two-lanthanides method and to obtain the PCS and FC reported in Table 5.11. A 
general comment for all these cases is that the FC terms are in any case small for most nuclei. 

Table 5.10 Separation of PCS and FC according to the two-lanthanides method for Li3Pr(Binolate)3 vs. those of 
Li3Yb(Binolate)3. Para, PCS and FC values are in ppm units. 

 Li3 Pr (Binolate)3 Li3 Yb (Binolate)3 
Protons para PCS FC para PCS FC 

3 -18.51 -19.29 0.78 83.20 83.88 -0.68 
4 -4.03 -3.68 -0.35 16.29 15.98 0.31 
5 0.86 -0.58 1.44 1.26 2.51 -1.25 
6 1.44 0.85 0.59 -4.21 -3.70 -0.51 
7 2.97 1.66 1.31 -8.37 -7.23 -1.14 
8 6.64 4.61 2.03 -21.82 -20.05 -1.77 

 

These heterobimetallic systems feature another aspect, which is particularly interesting for our analysis. The 
alkali metal has the effect of modulating the charge on the Binolate oxygen atoms and consequently of 
changing the crystal field parameters, while leaving the overall geometry of the various complexes unchanged, 
as observed by Aspinall and subsequently confirmed.[50,51] This means that the corresponding nuclei on 
complexes with different M and/or different hydration numbers have the same set of 퐺(푖). This observation 
prompted us to put forward another more adventurous attempt: using sets of data of heterogeneous systems, 
i.e. separate PCS and FC from systems which differ not only in the Ln but also in the alkali metal M. Accordingly, 
we pursued the two-lanthanides method on the data of Li3Pr(Binolate)3 vs. of Na3Yb(Binolate)3.[50] The results 
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are reported in Table 5.12 and compare very well to those of Table 5.10: the PCS and FC of Li3Pr(Binolate)3 

separated taking the two Yb compounds as the reference are practically identical. 

Table 5.11 Separation of PCS and FC according to the two-lanthanides method for the two sets of data relative to the 
formula Li3Eu(Binolate)3 taken from Ref. [52] (Walsh) and from Ref. [51] (Aspinall), vs. those of Li3Yb(Binolate)3. Para, PCS 
and FC values are in ppm units. 

 Eu Walsh Eu Aspinall 
Protons para PCS FC para PCS FC 

3 17.91 18.33 -0.42 5.17 6.09 -0.92 
4 3.10 3.61 -0.51 1.62 1.18 0.44 
5 0.58 0.26 0.32 1.83 0.06 1.77 
6 -0.72 -0.94 0.22 1.23 -0.34 1.57 
7 -3.05 -1.77 -1.28 -0.92 -0.61 -0.31 
8 -7.16 -4.67 -2.49 -4.66 -1.54 -3.12 

 

Table 5.12 Results of the separation of PCS and FC according to the two-lanthanides method mixing data relative to two 
different alkali metals in heterobimetallic systems: Li3Pr(Binolate)3 vs. of Na3Yb(Binolate)3. Para, PCS and FC values are in 
ppm units. 

 Li3Pr(Binolate)3 Na3Yb(Binolate)3 
Protons para PCS FC para PCS FC 

3 -18.51 -19.87 1.36 36.3 37.48 -1.18 

4 -4.03 -3.34 -0.69 6.9 6.30 0.60 

5 0.86 -0.64 1.50 -0.1 1.21 -1.31 

6 1.44 1.03 0.41 -2.3 -1.94 -0.36 

7 2.97 1.00 1.97 -3.6 -1.88 -1.72 

8 6.64 3.16 3.48 -9 -5.97 -3.03 

 

5.2.4 The special case of DOTMA 

The most involved system we wish to treat is a complete lanthanide series of Ln DOTMA,[53,54] a chiral DOTA 
analogue (DOTMA = 1,4,7,10-tetrakis(R)-methylacetic acid-1,4,7,10-tetraazacyclododecane), the all-R 
derivative structure is reported in Figure 5.12. 

As seen in Chapter 4, Gd DOTA is one of the most widely used MRI contrast agents and this clearly 
demonstrates that hydration/dehydration equilibrium is a key feature. Water exchange has been studied with 
great accuracy for this parent compound and for a number of closely related ones.[55] The dynamical 
stereochemistry of the cyclen system is extremely fascinating: the macrocycle can easily invert, with the 
interconversion of the two types of carbon atoms (at the corner, or at the side, Figure 5.13). This equilibrium 
could be described as a (휆휆휆휆) ⇄	 (훿훿훿훿) or a 푔 ⇄ 푔  interconversion. Moreover, the pendant arms, 
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involved in the metal center coordination as well, lean from the same side: this concerned arrangement is 
associated with a positive (clockwise) or a negative (anticlockwise) NCCO dihedral, which gives rise to Λ or Δ 
coordination (Figure 5.14). 
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Figure 5.12 

The two conformational chirality elements we found, namely, the macrocycle arrangement described through 
(휆휆휆휆)/(훿훿훿훿) and the side arm orientation, leading to Λ/Δ metal coordination combine to provide four 
stereoisomers, which are two pairs of enantiomers and otherwise diastereomers. The complete picture of the 
dynamic processes occurring in Ln DOTA complexes is represented in Figure 5.15.[44,53,56-57] When the 
helicity of these two elements is the same then the coordination geometry is defined by a monocapped twisted 
square antiprism (TSAP), when they are opposed by a monocapped square antiprism (SAP). The most 
prominent structural difference between SA and TSA can be expressed by the angle  between the two 
squares, defining the bases of the coordination polyhedron as shown in Figure 5.16.[58,59] It is interesting to 
observe that the degree of van der Waals interactions in the two conformations is comparable, and it would be 
hard to predict which one is most stable, on simple stereochemical arguments based on the ligand alone. 

The structural readjustment, however, has a series of very relevant implication. The two squares (one above 
Ln, with oxygen atoms at the corner, one below Ln, defined by nitrogen atoms) are linked by the three bonds 
N-C-C-O, which determines a rigid geometry; consequently, the acetate is more bent for larger  values and 
this lead these two bases of the antiprism to become nearer. We can deduce that the coordination polyhedron 
is relatively more compressed for SA and more extended for TSA, as represented in Figure 5.16 and 5.17, as 
indeed found by inspecting computer optimized and experimental structures for many DOTA-like 
complexes.[59,60] A further consequence of this geometry is that the bite angle, that is, O-Ln-O with reference 
to opposed oxygen atoms is wider in SA than in TSA and finally that the former is more open to axial 
coordination than the latter.[58] A more complete structural picture requires the definition of occupancy of the 
axial site by water, leading to the formation of 8- or 9-coordinated species. The position of these equilibria and 
their characteristic rate constants strongly depend on the Ln and on solvent composition and have relevant 
consequences, for instance in applications for MRI contrast.[15,55,61-63] 
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Figura 5.13 Enantiomeric cyclen [3333] ring conformations 

 

Figure 5.14 and  metal coordination 

By introducing further chirality elements, for example, through ring carbon substitution or with a chiral group 
attached at nitrogen, as in case on DOTMA, leads to the formation of diastereomers, where the configurational 
and conformational chirality elements combine. DOTA and DOTMA are formally very similar, the difference 
consisting of the fact that one hydrogen atom of the acetate arms of DOTA is substituted with a methyl group 
in DOTMA, which introduces a further element of chirality. 

Although the possible diastereomers are four, just two species in slow exchange, on the paramagnetic NMR 
scale, are for DOTMA and other analogous derivatives.[53,64-67] From crystal structure and NIR data, it 
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became clear that the introduction of a substituent on the pendant arm of DOTA chelate introduces control 
over the orientation of the pendant arm, inhibiting its rotation (Figure 5.16).[65,66,68-69] 

 

Figura 5.15 Stereochemistry of Ln DOTA. The species across the diagonals are enantiomers, while between top and 
bottom lines, and left and right columns, there is a conformational diastereomer relation. 

The Gd DOTMA system has promising properties as contrast agent, paradoxically not investigated until very 
recently,[68] more favorable than those of its achiral analogous Gd DOTA. The crystal structure of Gd DOTMA 
demonstrates that the Gd OH2 distance is longer in the TSAP isomer than in the SAP. Notably this elongation is 
not so pronounced in the crystal as in solution, presumably because of the dynamic nature of the solution state 
measurements. In terms of their use as the basis of MRI contrast agents the elongation of the Gd OH2 results in 
water exchange kinetics that are more favorable for Gd DOTMA than Gd DOTA. Gd DOTMA does have one 
potential advantage over Gd DOTA as an MRI contrast agent, due to its higher kinetic inertness. 
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Figure 5.16 Regular and twisted square antiprismatic forms of Ln DOTA. In the bottom line, side views of the two 
conformations. The SA is more compressed than the TSA, which leads to a wider O-Ln-O angle (bite angle). Consequently, 
notice the axial coordinating water molecule in the SA form but absent in the TSA (tilt angles are referred to Yb DOTA 
case). 

 

Figure 5.17 Schematic representation of the SAP and TSAP coordination geometries of Ln DOTA, showing only the atoms 
directly coordinating to the central lanthanide metal ion. The compactness of SAP in comparison to TSAP is pointed out. 
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Figure 5.18 Structural isomerism in Gd DOTMA chelates. Four stereoisomeric structures are possible for Gd DOTA, but two 
of these structures are inaccessible to Gd DOTMA because the arm rotation motion by which they are accessed is ‘frozen ‘ 
out in this chelate. These stereoisomers are represented by the washed out structure on the left. 

Their mole proportion is variable throughout the series (Figure 5.19),23[69] and also their affinity for water is 
changeable. The chelates of DOTMA with early Ln3+ ions adopt almost exclusively the TSAP isomer in solution. 
As with other analogous ligands, the SAP isomer becomes increasingly favored as the ionic radius decreases, 
but this trend reaches a maximum much earlier in the lanthanide series; between Tb3+ and Dy3+ (∼117 pm ionic 
radius) with never more than ∼42% of the chelate as a SAP isomer observed in solution. As the Ln3+ ionic radius 
decreases yet further the TSAP isomer again becomes increasingly. However, in the case of DOTMA by the time 
we reach the smallest Ln3+ ions Yb3+ and Lu3+ the TSAP isomer is almost the exclusive isomeric form of the 
chelate in solution. A very striking feature of these molecules is that the PCS of TSAP and of SAP forms are 
proportional, on account of the practical (accidental) identity of the geometrical factors 퐺(푖) for all nuclei.[64, 
70] This can be easily demonstrated by plotting the PCS (or even the paramagnetic shifts) of the two forms of 
the same Ln complex one against the other. Thus, in spite of the great geometrical detail attained by 
paramagnetic NMR, it may be difficult to recognize if one is dealing with one or the other form, for a new term 
of this family of compounds. On the other hand, TSAP and SAP feature relevant differences in their ability to 
                                                             
23 Our data are in agreement with Aime et al. [69] although with a slight difference in molar fractions for some lanthanide 
complexes. 
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bind water in the first coordination sphere and also in the dynamic exchange of bound and bulk water, which 
has relevant consequences in MRI.[15,55,61] This is due to the different dihedral between the planes, 
influencing water coordination, due to the different sterical constriction, with the SAP conformer offering a 
wider coordination cage, in which the ninth site can be easily occupied by water, or the coordinating solvent. 
The TSAP conformer can have also a certain degree of hydratation, even though to a lesser extent in 
comparison to the other stereoisomer. However, due to the more hindered coordination cage of the TSAP 
conformer, the bond with water is significantly elongated, offering a faster water exchange and consequently 
higher relaxivity. An empirical correlation has been put forward, by which SA can be expected to give larger 
paramagnetic shifts compared to TSA: this is based on the empirical evidence of the optical emission band 
splittings in Eu DOTMA and analogous observed by Dickins et al. directly proportional to the 퐵  term.[71]24 
Therefore, very commonly it is enough to observe the difference in the most downfield-shifted signal, relative 
to the proton in the axial ‘at corner ‘ position,[61,71-72] which amounts to saying that 

|퐷 | < |퐷 | 
 

(5.51) 

 

Figure 5.19 Mole fractions of the SAP (circles) and TSAP (squares) isomers of Ln DOTMA chelates as a function of the Ln3+ 
ion.  
 
The only exceptions are Tm and Er DOTMA (Figure 5.20), for the former system an anomalous high crystal field 
parameter has already been observed in a similar structure complex in the literature.[74] Unfortunately, when 
only one set of signals is visible in the NMR spectrum the assignment may be less safe. Moreover, predicting 

                                                             
24 Specifically, the splitting (cm-1) of the magnetic dipole allowed emission transition (∆퐽 = 1, not affected by the ligand 
environment) is equal to 0.3 퐵 . 
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the prevalence for TSAP or SAP may be very difficult, because of a subtle enthalpy/entropy compensation 
effect,[56,64] and consequent interplay with even minor solvation or polarizability effects.[72] Even if water 
coordination in the DOTMA case has been profoundly studied and determined very recently.[69]  

 

Figure 5.20 m/CLn ratio for Ln DOTMA, TSAP form (■) and SAP (●) are compared along the series. Data for Yb DOTMA SAP 
conformer are from ref. [64] 

The linear relation between PCS for the two forms, in the context of the present work, calls for another 
property: to a large extent a plot of 휹푳풏ퟏ

풑풂풓풂(풊) vs. 휹푳풏ퟐ
풑풂풓풂(풊) will provide a good linear fit not only independent of 

Ln1 and Ln2, but also independent of the fact that we are dealing with a TSAP or a SAP form. 

To some extent, we may say we are in a situation similar to that described above for heterobimetallic catalysts, 
where we could take advantage of data arising from complexes with different alkali metals. 

Separating FC from PCS in DOTMA (as well as in DOTA) is hardly possible by means of the standard Reilley 
method, because of the combined effect of the SAP/TSAP and of the hydration/dehydration equilibria. 
Nonetheless, we obtained excellent results using our modified method. 

First of all, we choose as the reference spectrum the major form of Yb DOTMA (which is TSAP) and we plot all 
the shifts of both major and minor forms of the various Ln DOTMA (Table 5.13) vs. this set of data (the plot is 
shown in Figure 5.21). 

As we see from Table 5.14, the correlation coefficients are all fully satisfactory. The slopes of these linear fits 
can be used to build one modified Reilley plot for each proton (Figure 5.22), by taking into account 
simultaneously all of the available data for Ln DOTMA in both major and minor forms and to achieve separation 
of PCS and FC, as shown in Table 5.15. 
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Table 5.13 Experimental 1H NMR shifts (ppm) of Ln DOTMA (major and minor forms). 

 La Lu Ce Pr Nd Sm Eu Tb Ho Er Tm Yb 

Protons   MAJ min MAJ MAJ min MAJ MAJ min MAJ min MAJ min MAJ min MAJ min MAJ 

Ax@s 2.83 3.01 -13.35 -23.74 -33.00 -12.70 -26.70 -0.21 

ND 

ND 

1.75 

3.39 

6.63 

20.00 40.75 -367.20 -464.60 ND ND 211.00 122.00 ND 327.00 96.43 

Eq@s 2.54 2.69 0.91 ND 1.14 4.46 1.70 -3.50 1.14 -85.60 -101.30 -39.22 -60.73 21.00 18.70 69.40 61.80 17.68 

Eq@c 2.78 2.69 0.17 -2.37 -1.44 7.02 ND -8.83 -23.83 -88.00 -108.50 -43.39 -62.70 40.80 32.70 93.80 82.00 11.98 

M 1.25 1.20 3.60 ND 6.69 3.70 ND -1.74 -3.95 61.60 67.77 35.77 42.46 -43.70 -28.00 -104.00 -67.00 -14.68 

Ax@c 3.38 3.01 7.80 10.43 14.59 8.11 10.30 -4.01 -5.53 136.09 154.60 82.14 96.11 -106.50 -69.30 -255.90 -163.00 -21.53 

Ac 3.91 3.91 14.83 21.72 29.17 13.41 23.65 -8.41 -10.40 301.60 344.10 ND ND -211.00 -148.00 ND -346.00 -69.94 
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We can appreciate that the quality of this separation is excellent, as measured by the diff parameter of Eq. 
(5.48) for Yb DOTMA and also by the fact that the trend of FC follows reasonably closely the one found for 
the correspondent protons in Ln N,N-diethyl-DOTAM. 

 

 

Figura 5.21 휹푳풏
풑풂풓풂(풊) vs. 휹풀풃

풑풂풓풂(풊) plot of the DOTMA protons for the Ln complexes. 

Table 5.15 Slopes (equal to the PCS of Yb DOTMA), intercepts and correlation coefficients of modified Reilley plots for 
all protons in Ln DOTMA, obtained by taking the major form of Yb DOTMA as the reference spectrum; FC terms for Yb 
DOTMA calculated according to Eq. (5.17). The last column displays the quality parameters diff as in Eq. (5.48) for Yb 
DOTMA. PCS, FC and diff values are in ppm units. 

Protons M Q R diff 

Ax@s 89.12 0.23 0.99 4.90 

Eq@s 10.655 0.51 0.94 5.66 

Eq@c 13.14 0.23 0.95 -3.25 

M -13.65 0.18 0.99 -1.76 

Ax@c -30.83 0.34 0.98 7.17 

Ac -79.54 -0.40 0.99 4.65 
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Table 5.14 Slopes and correlation coefficients for linear fits (forced through the origin) for 휹푳풏ퟏ	풎풂풋/풎풊풏
풑풂풓풂 (풊) vs. 

휹풀풃	풎풂풋
풑풂풓풂 (풊) 

Lanthanide m R 

Ce -0.16 0.99 

Ce min -0.26 0.97 

Pr -0.37 0.99 

Nd -0.15 0.92 

Nd min -0.29 0.98 

Sm -0.03 0.98 

Eu 0.17 0.74 

Eu min 0.30 0.75 

Tb -4.10 0.99 

Tb min -4.96 0.99 

Ho -3.04 0.98 

Ho min -3.86 0.96 

Er 1.63 0.98 

Er min 2.56 0.96 

Tm 8.47 0.98 

Tm min 4.10 0.95 
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Figure 5.22 Plots of 휹푳풏
풑풂풓풂(풊)/〈푺풛〉푳풏 vs. 퐦푳풏/〈푺풛〉푳풏 for Ln DOTMA, having taken Yb DOTMA as the reference 

compound for calculating mLn. 
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Chapter 6 

LIVE: Lanthanide-Induced Vibrational Circular Dichroism (VCD) Enhancement, in 
solution and solid state 

 

Transition metal containing chiral complexes exhibit some peculiar VCD behaviours which have fascinated 
researchers in inorganic chemistry and in spectroscopy, due to the presence of low lying electronic states 
(LLES). In the following Section we will briefly recall the examples in the literature, before starting to 
analyze the case of lanthanide complexes (Section 6.2). 

 

6.1 VCD Intensity Enhancement in Transition Metal Containing Chiral Complexes 

The first case of a VCD spectrum of d-transition metal complexes where anomalous intensity were reported 
are Ni2+ and Co2+ spartein complexes: Barnett et al. found that the C-H stretching region of open-electron 
shell d-spartein complexes, Co(II) and Ni(II), in spite of having a conserved absorption spectrum in 
comparison to the corresponding close-shell Zn(II) complex, displays an IR-CD spectrum, consisting of an 
extremely broad feature attributed to ECD, which covers the whole field 3500-2500 cm-1 (actually, 
extending well beyond the upper limit) and of (relatively) strong bands corresponding to C-H vibrational 
transitions, with an increase of at least one order of magnitude in the VCD intensity.[1] This effect is 
attributed to a resonance phenomenon, due to the degeneracy of the two processes: a set of discrete 
vibrational transitions and a very broad electronic one, constituting a quasi continuum. Such a coupling is 
known as a Fano-type mechanism.[2] The VCD spectra of Co and Ni-spartein complexes are not correlated 
to each other, neither to the Zn-analogue (which lacks electronic transitions in the IR). 

About 20 years later, Nafie et al. [3] re-examined the same case, extending the observation to the mid-IR 
region below 1000 cm-1, where Co2+ and Ni2+ ECD can be neglected. In this range, VCD effects are much 
larger than usual and lose the dispersive character, displaying conventional absorption lineshapes. Once 
more, there is no correlation between the various VCD spectra, albeit the absorption one is well 
reproduced for all of them.[3] This result questions the direct Fano-type mechanism interpretation, in fact 
there is no close energy match between low-energy electronic transitions, endowed with large magnetic 
dipole character called LLES (Low Lying Electronic States) to vibrational states, with electric dipole transition 
moments. Consequently, Nafie developed a more complete theoretical framework to deal with this 
coupling also in non-resonant cases, i.e. when the energies of the electronic and vibrational transitions are 
rather different. 

Following Nafie, Eq. 6.1,[4] a magnetic-dipole electronic transition of at the angular frequency Ω will 
contribute to the total rotational strength of a VCD transition at angular frequency 휔 with a term weighted 
by 

(휔 + 푖훾)
(Ω + iΓ) − (휔 + 푖훾)  (6.1) 
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where  is the damping factor of the vibrational state while refers to the electronic state.  

Eq. (6.1) has the functional form of a complex Lorentzian with both dispersive (real) and non-dispersive 
(imaginary) parts. It accounts for the enhancement of the magnetic dipole transition moment. Its 
contribution decreases on increasing the difference |Ω− 휔|, while the damping factors and modulate 
how far the two frequencies can be apart in order to provide observable effects. The LLES of Co2+ and Ni2+ 
have very large damping factors , which explains why they extend their effects with |Ω − 휔| ≫ 1000 cm-

1. 

Further examples of transition metal complexes with enhanced VCD involve small ligands, such as azide and 
cyanide, in metalloproteins, like myoglobin and hemoglobin. VCD associated with the stretching vibrations 
of these ligands gives rise to enhanced VCD with a ratio of VCD to IR intensity of approximately of 10-3. 
These vibrational modes gain VCD intensity from their chiral environment and borrow intensity from low-
lying d-d transitions in the low-spin Fe(II) center of these heme proteins.[5,6] 

Also for other d-transition metal complexes the effect has been observed, in particular, in a bis-(biuretato) 
cobaltate (III) coordination compound, Johannessen et al. observed VCD a 5-10 fold signal magnitude 
increase, both in solution and in the solid state.[7] The phenomenon interpretation by the authors is the 
same as the one developed by Nafie.[4]  

 

6.2 VCD Intensity Enhancement in Lanthanide Containing Chiral Complexes 

Despite the potential advantages of the interference mechanism in LLES d-transition metal complexes, 
above all the signal intensity enhancement in VCD acquisitions25, it has been completely unexploited so far. 
The reasons for this apartness may be: 1) the enhanced VCD spectra may display dispersive lineshapes[1] 
and are still poorly amenable to interpretation tools; 2) a precise knowledge of the geometry of 
paramagnetic d-metal adducts in solution may be extremely difficult to achieve; 3) finding an isostructural 
pair of an ‘enhanced‘ and a ‘reference‘ compound could be not trivial. 

Lanthanide chemistry offers a completely different picture. First, as we shall see and discuss in the 
following, the enhanced VCD spectra display absorptive lineshapes and moreover have Cotton effects 
which are identical in sign (and to some extent in relative amplitudes) to the reference compound. Second, 
there are NMR techniques to solve solution structures of paramagnetic Ln complexes with extremely high 
accuracy.[8,9] Third, lanthanide compounds are generally isostructural throughout the series, possibly with 
a variation in the coordination of an ancillary ligand like water (see Chapter 5).[9,10] Thus, La3+, Gd3+, Lu3+ 
offer ideal reference compounds in the present context, because they lack LLES. 

On the contrary, several lanthanide ions have LLES in the IR. Following Fields and Carnall, we collected the 
lowest lying ones in Table 6.1. Taking for example Eu3+, we expect the 7F1 state at 360, the 7F2 at 1020 and 
the 7F3 at 1890 cm–1 above the fundamental state 7F0. Consequently we have the electronic transition 7F0 
→7F2 at about 1000 cm–1, the 7F0 →7F3 at about 1900 cm–1 and the 7F1 →7F3 at 1500 cm–1 (approximating 

                                                             
25 As already seen in Chapter 3, the technique suffers of a certain low S/N ratio, due to the phenomenon weakness 
(usually below 10-4 of absorption), therefore a signal enhancement would be very useful in order to offset this 
limitation. 
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wavenumbers to 100 cm-1). Crystal field removes the degeneracy of J-multiplets and this gives rise to 
manifolds of lines around the above mentioned frequencies. The 4f-orbitals are very efficiently shielded by 
the frontier orbitals of Ln3+, with principal quantum numbers 6 and 5, to which they are poorly mixed. This 
ensures that: 1) crystal field interaction is small; 2) the lifetimes of excited states are long and consequently 
the electronic damping factors are small, due also to the fact that f-f transitions are forbidden according to 
Laporte rules (See Chapter 1). 

Table 6.1 Energy levels (cm–1) of the first excited states of Ln3+ ions 

Lanthanide Ce(1) Pr(2) Nd(2) Sm(2) Eu(3) Tb(4) Dy(2) Ho(2) Er(2) Tm(2) Yb(1) 

E1 (cm-1) 2250 2160 1880 1040 380 2115 3465 5020 6490 5730 10140 

E2 (cm-1)  4300 3900 2250 1040 3270      

E3 (cm-1)  5000  3570 1880 4415      

E4 (cm-1)    4960 2870 4950      

E5 (cm-1)     3910       

E6 (cm-1)     4980       

(1) F. S. Richardson, M. S. Reid, J. J. Dallara, R. D. Smith, J. Chem. Phys. 1985, 83, 3813. (2) W. T. Carnall, P. R. Fields, K. 
Rajnak, J. Chem. Phys. 1968, 49, 4424. (3) W. T. Carnall, P. R. Fields, K. Rajnak, J. Chem. Phys. 1968, 49, 4447. (4) W. T. 
Carnall, P. R. Fields, K. Rajnak, J. Chem. Phys. 1968, 49, 4450. 

We shall describe a Lanthanide Induced VCD Enhancement and dub it by the acronym LIVE.  

At least a couple of precedents can be found in the literature. In the first comprehensive report on VCD, a 
remarkable intensity difference was observed on the C-H stretching for Pr and Eu camphorate complexes 
(Ln(tfc)3). Unfortunately, the phenomenon was not interpreted in depth.[11] More recently, a VCD 
variation on the specific nucleus (Ln=La, Eu, Yb) in another set of camphorates was observed, but once 
again not explained.[12] 

In the following Sections the LIVE phenomenon will be examined for series of well-characterized 
complexes: Ln DOTMA (whose solution structures have been described in detail in Section 5.2.4), Ln DOPhA 
and the heterobimetallic system Cs[Ln(hbfc)4], shown in Figure 6.1, all endowed with C4-symmetry. Some 
features of the VCD of the hbfc complexes have already been described by Kaizaki et al.[12] 

6.2.1  Lanthanide-Induced VCD Enhancement in Ln DOTMA 

With all the above premises, we can now face the analysis of the IR CD of the set of Ln DOTMA complexes 
in D2O.[13,14] The individual spectra can be found in the Appendix 1 pp.120-126, with the corresponding 
absorption spectra, while in the main text we shall deal only with a selection of the most significant ones. 
The complete series of spectra is represented in Figure 6.2 (with L is labelled the spectrum of the free 
ligand). 
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Figure 6.1 

The much lower intensity of the spectrum of the free ligand is due to its floppy conformation in solution, in 
contrast with the well defined one, adopted by Ln DOTMAs, as confirmed by NMR experiments (see Section 
5.2.4) as well. 

La3+, Lu3+ and Gd3+ lack LLES, because they have empty, full and semiempty f-shell, respectively, and may be 
regarded as reference elements in the present context. Figure 6.3 compares the VCD of their DOTMA 
complexes which are indeed closely similar. This ensures that they are practically isostructural, an 
important prerequisite for any further speculation and is also in agreement with NMR findings.[11,15]  

These VCD spectra have some dominating features, but display many more small signals, which would be 
easily confused with noise or artefacts, if they were not well reproduced in all the spectra of the series (but 
absent in the baseline or the spectrum of the free ligand).  

We shall now discuss a case of a peculiar Fano-type mechanism, by considering Sm DOTMA (Figure 6.4). 
According to Richardson’s selection rules,[16] the 1040 cm–1 transition of Sm3+ (6H5/2 →6H7/2) should be 
expected to give a (relatively) strong ECD, because it belongs to the R I class (J=1). Around this 
wavenumber, the mid-IR spectrum of Sm DOTMA consists of a series of relatively strong bands, which are 
poorly correlated to any other spectrum in the series. This feature should be regarded as due to intrinsically 
mixed electronic and vibrational states, where one cannot disentangle the two contributions, which 
provide a rather unusual case of vibrational/electronic CD which is neither VCD nor ECD and is not related 
to the common notion of vibronic coupling. What makes it very different from what we recalled above 
concerning to C-H stretchings for Co and Ni-spartein is the fact that, the 6H5/2 →6H7/2 transition of Sm3+ per 
se should consist of a multiplet of up to 12 sharp lines and not just of one broad band. 

It is tempting to gain some insight about the order of magnitude of rotational strength which one can 
assign (somewhat arbitrarily) to ECD. One cannot transfer easily the information about the intensity of ECD 
bands from one lanthanide to another one, because this relies on several effects, difficult to correctly take 
into account,[17] but we may recall that for the 10000 cm–1 7F7/2 →7F5/2 transition of Yb DOTMA, belonging 
to R I class, like the 6H5/2 →6H7/2 of Sm3+, but lacking significant vibrational contributions, the maximum 
excursion of the ECD spectrum is of the order of magnitude  ≈ 1.[14] This figure compares well with 
what we can observe in the region 980-1120 cm–1 of Sm DOTMA shown in Figure 6.4. 
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Figure 6.2 VCD spectra in D2O solution (0.05 M) of the reference compounds for Ln DOTMAs and the free ligand (L) in 
solution. The region between 1280 and 1160 cm-1 was erased because obscured by the D2O signal. The data have been 
vertically offset.  
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Figure 6.3 VCD spectra in D2O solution (0.1M) of the reference compounds for Ln DOTMA (Ln = La, Lu), with f0 and f14 
electronic configurations, which lack LLES. The region between 1280 and 1160 cm-1 was erased because obscured by 
the D2O signal. The data have been vertically offset. 
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Figure 6.4 Mid-IR CD spectra of Sm DOTMA and Eu DOTMA. The region where strong electronic contribution to 
circular dichroism can be expected for Sm3+ is enclosed in the rectangular shape. In the case of Eu DOTMA, we mostly 
deal with pure VCD, although three electronic transitions fall near the wavenumbers indicated by the arrows (the low 
energy one corresponds to two electroning transitions, having almost the same frequency). The region between 1280 
and 1160 cm-1 was erased because obscured by the D2O signal. The data have been vertically offset. 

As we saw in the previous section, Eu3+ has at least 3 electronic transitions in the mid-IR, namely, 7F0 →7F2, 

7F1 →7F3 and 7F0 →7F3 at about 1000, 1500 and 1900 cm–1, respectively. All these transitions belong to R II 
class (J ≥ 2) and have much weaker electronic rotational strengths compared to R I.[16] Consequently, 
Eu3+ cannot provide much ECD contribution to the mid-IR spectrum of Eu DOTMA, unlike Sm3+. Moreover, 
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since these three transitions are magnetic-dipole forbidden, they cannot provide interference terms, 
therefore the enhancement mechanism predicted by Nafie is not possible for them.[4] The spectrum 
shown in Figure 6.4 displays modest enhancements of the VCD bands at 1008 and 1405 cm-1 in comparison 
to La DOTMA, i.e. close to the three LLES, with approximately a doubling of the g-factor26 (See Appendix 1, 
pp. 124, 125). Interestingly, the sign of these bands is the same as for the reference spectra of Figure 6.3. 

Inspection of Table 6.1 reveals that there are no other occurrences of exact matching of electronic and 
vibrational frequencies, because our spectral window is limited to 1700 cm-1. Rather near to this upper 
limit, there are the lowest lying transitions of Ce3+ (2F5/2 →2F7/2), Pr3+ (3H4 →3H5), Nd3+(4I9/2 →4I11/2), and 
Tb3+(7F6→7F5). All of them are J = ±1 and therefore are magnetic-dipole permitted. 

The high-energy end of the mid-IR VCD spectra of the corresponding DOTMA complexes (Figure 6.5) 
displays the very same overall features of the reference compounds, with somewhat increased intensities. 
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Figure 6.5 VCD spectra of Ce, Pr, Nd and Tb DOTMA. The region between 1280 and 1160 cm-1 was erased because 
obscured by the D2O signal. The data have been vertically offset. 

More in detail, we can observe that concerning the strongest VCD bands, for Ce and Pr the positive 
component at 1620 cm-1 becomes so intense to cancel the flanking negative band at 1605 cm-1, while the 
opposite is true for Nd and Tb; the cluster of unresolved negative bands around 1400 cm-1 are enhanced in 
                                                             
26 The g-factor is defined as VCD/VA. A useful operational trick is to modify slightly this definition, by adding a small 
constant value to the absorbance at the denominator. This ensures that g is defined over the whole spectrum and that 
it becomes numerically smoother also when the absorbance is very small. The error introduced through this stratagem 
is negligible as soon as the absorbance becomes sizeable. 
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all cases but Pr27 (see Appendix 1, pp. 123-126). The enhancement factor is four for Tb, two for Ce and 
around 1.5 for Nd). At the same time, we must also observe that very many tiny lines become evident 
especially for Ce and to a minor extent for Pr and Tb, while they were almost unnoticed for the reference 
spectra. We underlined the word unnoticed, because once spotted out in the Ce spectrum, these lines 
could be recognized also for the other compounds, which is a first nice feature of the LIVE effect. 

In the same spectral region (left of the deuterated water signal), we should also record a strongly enhanced 
activity of Sm DOTMA, which may be ascribed to the effect of the lower lying 1040 cm-1 electronic 
transition, discussed above. 

Far more surprising is the fact that also the lower-energy part of VCD spectra of Ce, Pr and Tb DOTMA 
displays enhanced lines, in spite of the fact that the frequency difference  - | >> 1000 cm-1. 

Let us now look at the spectra of late elements (from Dy to Yb)28, which have their lowest-lying electronic 
state well above mid-IR and indeed they are rather in the near IR. 

Figure 6.6 demonstrates that in particular Tm and Yb feature very strong enhancements producing intense 
VCD lines, up to one order of magnitude larger than the reference spectrum of Lu DOTMA. Once more the 
sequence of signs and the gross appearance of the spectra are closely similar and one can immediately 
recognize that one deals with related compounds. One more remarkable point is that the low-energy end 
of the VCD spectrum experiences a particularly strong enhancement especially for Yb, which is extremely 
far from the energy of the spectroscopic term-to-term transition indicated in Table 6.1 (10000 cm-1). A 
similar argument holds for Tm or Dy, with an increase of g-factor of even more than one order of 
magnitude for some transitions in comparison to Lu, which all seem to lack appropriate electronic 
transitions to couple effectively with the vibrational ones. This paradox will be the object of Section 6.2.4. 

 

6.2.2  Enhancement of C=O stretchings in Lanthanide-Cesium heterobimetallic camphorates 

The VCD spectra of some elements of the series M[Ln(hfbc)4], where M is an alkali metal, were reported by 
Kaizaki et al.[12] We shall presently focus only on M = Cs, which is the only alkali metal leading to a a 
tetrakis coordination (for the others, also the tricoordinated species is present in solution, hence 
potentially affecting the VCD spectra of the samples).29 We performed a detailed NMR analysis of the 
paramagnetic shifts of these systems, to demonstrate isostructurality, which holds at least from Pr to Yb 
(the Ce-induced PCS are small and the diamagnetic La and Lu obviously lack completely this effect). The 
published crystallographic structure[18] is a poor model for the solution state, where the complexes 
undergo a rearrangement leading to a complete C4-symmetry (as demonstrated by NMR).29 It is worth 
observing that C4 symmetry implies that there is complete selection for fac-type isomers, i.e. the 4 
camphorate moieties are similarly oriented with respect to the unique C4 axis. 

                                                             
27 Since Pr DOTMA has nitrate as counterion, the anion absorption in the range is pretty intense, this causes an 
underestimation of the enhancement effect. 
28 We must acknowledge that the spectrum of Ho DOTMA in our hands is particularly dull and structureless and will be 
discarded in the discussion. 
29 S. Di Pietro et al. in press. 
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Figure 6.6 VCD spectra of Tm, Yb and Lu DOTMA. The region between 1280 and 1160 cm-1 was erased because 
obscured by the D2O signal. The data have been vertically offset.  

The mid-IR spectra and VCD of Cs[Ln(hfbc)4]are dominated by the diketonate vibrations, more specifically 
C=O and C-C stretching modes, in close similarity to other metal diketonates complexes (we include in this 
class also systems with different symmetries and ligand-to-metal ratios),[19-22] and we shall primarily limit 
our analysis to these ones. 

Figure 6.7 demonstrates that the spectra of the reference compounds (La, Gd and Lu complexes) display a 
strong couplet (negative for (+)-hfbc), which can be attributed to the coupled oscillations of the diketonates 
moieties in a -square antiprismatic (SAP) coordination, following a mechanism which is explained in detail 
in the literature.[19,21]  

Another important normal mode involving C=O alone consists of a single band and normally falls at higher 
energy to this couplet. It can be easily recognized in the IR absorption spectrum (see Appendix 1, pp. 127-
131) at about 1655 cm-1, but apparently it does not produce any detectable VCD signal. This is in contrast 
with tris-acetylacetonates of various d-metals (ranging from Cr(III) to Ir(III)).[19] 

The situation becomes dramatically different for several other late lanthanides, namely Eu, Tb, Er, Tm and 
Yb (Figure 6.8). 
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In the first place, the bisignate couplet takes the shape of two intense bands of the same sign, close to 1547 
and 1527 cm-1;30 the solitary transition at 1655 cm-1 also provides a strong positive VCD band. As a 
consequence the skyline of the VCD spectrum is deeply modified and becomes characterized by three 
intense positive transitions when using (+)-hfbc, which leads to -square antiprismatic coordination (SAP). 
Of course, the reverse is true for the enantiomeric compounds (see Appendix 1, pp. 127-131). It is worth 
remarking that for all of these compounds the enhanced VCD spectra are very similar, once more in great 
contrast to Ni and Co spartein or to the other cases reported in the literature for d-metals. 
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Figure 6.7 VCD spectra of Cs[Ln(hfbc)4] (with Ln= La, Gd, or Lu), which can be considered the reference compounds for 
the present investigation because they lack LLES. The data have been vertically offset. 

It should be borne in mind that because of isostructurality and also of equal charge distribution of the 
complexes, other mechanisms accounting for vibrational optical activities should be equally active 
throughout the Ln-series. This is true in particular for the enhancement due ring currents and consequent 
Magnetic Dynamic Field (MDF) theory. Therefore, they do play a role in determining the intensity of the 
VCD bands, but they cannot explain why e.g. the 1655 cm-1 is practically inactive in the reference 
compounds (or for Dy and Pr), characterized by the coupling of the diketonate moieties oscillations, but 
becomes a prominent landmark for Tb, Tm and Yb.  

The exciton coupling model which has been invoked to explain the negative-positive feature around 1540 
cm-1 per se predicts that the two lines have equal and opposite rotational strengths. As customary in this 

                                                             
30 In the case of the Eu derivative, the lower energy component at about 1527 cm-1 appears as a shoulder of the 1547  
cm-1 band. 
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mechanism, a closure relation implies that if two transitions are coupled by a strong electric dipole-dipole 
interaction, which overrides other interactions with the environment, the total rotational strength 
integrated over the two transitions should vanish (hence the bisignate feature of a typical exciton couplet). 
In some tris-diketonate compounds of d-metals, MDF has been demonstrated to account for the unbalance 
in the intensity of the two components of the couplet, because it provides an effective coupling to the 
environment. In the present case, for Cs[Ln(hfbc)4] compounds with Ln = Eu, Tb, Tm and Yb, the very 
marked gain of total rotational strength in the region 1520-1560 cm-1 demonstrates that an important 
magnetic dipole moment is coupled to the electric-dipole C-C and C=O oscillators responsible for this part 
of the vibrational spectrum. Clearly, this must be sought in LLES of the Ln3+ ions, as will be further discussed 
below. 

 

Figure 6.8 VCD spectra of Cs[Ln(hfbc)4] (with Ln = Tb, Er, Tm or Yb). The data have been vertically offset. 

The rest of the VCD spectrum is made of a multitude of smaller bands, which undergo relevant changes 
according to the central ion, not very differently from what we have discussed for Ln DOTMA. 

 

6.2.3 Enhancement of the amide modes in Ln DOPhA 

Ln DOPhA are obviously correlated to Ln DOTA: the four carboxylate groups on the side arms are formally 
substituted with amide bonds with (S)-methyl benzylamine.[23-25] The four exocyclic chiral centers are 
symmetry-related and enforce one chiral conformation of the whole lanthanide complex, which is in fact 
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structurally homogeneous.[24,26] Like in the case of Ln DOTMA discussed above, there are several 
stereogenic elements, viz. -metal coordination, G−-conformation of the ethylene bonds (also referred to 
as ) and finally the (S)-centers.[26] The VCD spectra of a selection of lanthanide complexes of this ligand 
are reported in Figure 6.9, where one can immediately appreciate that all of them are moderately intense if 
compared to Ln DOTMA.31 Even the reference compound Lu DOPhA displays many bands with a g-factor 
above 0.001 (see Appendix 1, page 135), which may be the effect of the conformational homogeneity and 
possibly also of a role of other VCD enhancement effects, like MDF. This may explain why the differences 
between the various Ln-complexes are much less marked here than in the cases discussed above. 
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Figure 6.9 VCD spectra of Er, Tm and Yb and Lu DOPhA. The data have been vertically offset. 

Nonetheless, a few normal modes stand out for particularly large g-values: the couplets at 1651 cm-1 and at 
1538 cm-1 for Tm, and the bands at 1422 and 1314 cm-1 for Yb (as well as the second couplet, although to a 
lesser extent, just for the negative part) are definitely enhanced with respect to Lu (or even to Er) DOPhA. 
Interestingly, the former two frequencies correspond to amide I and II modes, having the highest g-values 
among the transitions: 푔푇푚

1656 = 1.1 ∙ 10−3, 푔 = 6.1 ∙ 10 , 푔 = −5.7 ∙ 10 , 푔 = 1.4 ∙ 10 , 
푔 = −2.0 ∙ 10 ,	푔 = −2.0 ∙ 10 , 푔 = 1.3 ∙ 10 ,푔 = 1.1 ∙ 10 ,푔 = −2.4 ∙ 10 . 

 

                                                             
31 Spectra have been acquired in the range 2000-1300 cm-1, due to CD3OD high absorption in the lower energy region. 
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6.2.4 Geometric and spectroscopic factors of the LIVE effect 

In the three cases presented above we saw that: 

1) Some lanthanides induce enhancements of certain VCD bands. This is particularly noticeable for 

late elements and especially Tm and Yb. 

2) The enhanced lines display mostly the same sign on passing from a complex to another one, in spite 

of any difference in the electronic configuration of the Ln3+ ion. 

3) At a first sight, this effect is not immediately related to a Fano-type mechanism, whereby one 

should expect a match between electronic (metal centred) and vibrational (ligand centred) 

transitions. This situation is encountered for Sm and Eu DOTMA and leads to features very different 

from the ones attributed to LIVE. 

4) Certain normal modes are more sensitive than other ones to LIVE. This is particularly true for those 

involving C=O vibrations. 

5) Tm appears particularly active in enhancing effects around 1400-1600 cm-1, while Yb is somewhat 

more active at lower frequencies. 

Using perturbation theory, Nafie demonstrated that the wavefunctions relevant to VCD spectra in the 
presence of LLES result from an admixture of electronic and vibrational states, formally localized on the 
metal and on the ligand.[4] At least two factors intervene in this mixing: a) the involvement of the metal in 
the normal mode responsible for the VCD band; b) the energy matching between the two transitions. 

Condition a) can be seen as a geometrical or structural constraint, whereby among the multitude of 
vibrations falling in the fingerprint region of the IR spectrum, those involving the donor atoms directly 
bonded to the metal ion and those due to ring-modes embedding Ln3+ are the foremost candidates. This 
aspect is particularly well appreciated for the Ln camphorates described above. The modes which undergo 
the strongest enhancements are those which involve the asymmetric C=O stretchings. According to the 
assignment of ref.s [12,21,22], C=O is responsible for the band 1640 cm-1 and, in combination with the 
diketonates C-C vibrations, it participates in the region 1550-1520 cm-1. In all these cases, we deal with a 
transition with strong electric dipole character, but practically lacking any magnetic dipole. This explains 
why C=O is not associated to any prominent VCD feature in the reference compounds (La, Gd, Lu). The 
couplet centered at 1530 cm-1 is due to the concerted in-phase and out-of-phase oscillations of the 
diketonate carbon backbones of two different ligands,[21] which involves the Ln3+ ion to a much lesser 
extent than C=O. As a consequence, we may put forward that metal centered LLES bringing about a strong 
magnetic dipole character couple very strongly with C=O, but much less to C-C. Thus, C=O gives rise to a 
large rotational strength, which is negative for -Cs[Ln((+)-hfbc)4]in all the transitions where it contributes 
(1645, 1545, 1520 cm-1), to the point that the couplet feature around 1530 cm-1 is obscured by two large 
positive VCD effects. 

The fact that LIVE is a strongly local effect may be particularly desirable, because it has the effect of lighting 
up a molecular moiety, where the Ln ion binds, practically leaving the rest of the VCD in the twilight. We 
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are currently studying metal-binding biological molecules, where only a few spectral features undergo LIVE 
and must consequently be associated to the pocket hosting Ln3+. 

Point b) above regards the spectroscopic conditions necessary for LIVE. In the section dedicated to Ln 
DOTMA above, we have already presented the fact that we observe the strongest enhancements for late 
lanthanides and that according to the frequencies listed in Table 6.1 they apparently do not possess the 
necessary LLES, which is at first sight quite puzzling. 

Some time ago, we made a detailed investigation of the electronic circular dichroism (ECD) spectrum of Yb 
DOTMA, in the NIR around 10200 cm–1, and we proposed the first assignment of all the crystal field-splitted 
sublevels of Yb3+.[14] Both the TSAP and SAP coordinations lift the degeneracy of the 2F7/2 and 2F5/2 (ground 
and excited) electronic states into 4 and 3 Kramers doublets, respectively, which is responsible for 12 
electronic transitions visible in the NIR ECD spectrum of this complex. The four sublevels of 2F7/2 lie within 
about 1000 cm-1 and are interconnected by low lying transitions with J = 0 and J ≠ 0, which is one of 
the conditions for a large magnetic dipole character.  

This may justify the particularly strong enhancements of the low frequency bands, at 915 (where g reaches 
the incredible value of 4.3 10-3), 935 and 1009 cm–1. 

Unfortunately this enhancement interpretation is questionable, since no significant variations, for different 
lanthanide ions, have been obtained in the preliminary calculations of low-lying electronic states energy, in 
the case of DOTMA complexes.[27] The hypothetical intraconfigurational transitions have very similar 
energy values, both for the enhancing lanthanides and the silent ones. However the low calculation 
precision leaves room enough for further investigations, which are currently in progress in our research 
group. 
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Chapter 7 

Development of a chiral probe for the acute phase proteins alpha-1-acid 
glycoprotein and alpha-1-antitrypsin based on europium luminescence 

In Chapter 4, the employment of lanthanides complexes as MRI CAs or as luminescent bioprobes has been 
briefly reviewed. In this Chapter, a new specific probe for a peculiar application to target specifically two 
acute phase proteins is described.  

Acute phase proteins have plasma concentrations that increase (positive) or decrease (negative) by more 
than 25% in response to inflammation. Alpha-1-acid glycoprotein (α1-AGP) is an important protein in the 
blood, that is normally present in the concentration range 12 to 32 μM. It has a molecular weight of about 
42 kDa, a pI of 2.7 and exists in several isoforms that differ in their degree of glycosylation,[1] typically 
varying the sialic acid content. It is one of the most important 'acute-phase' proteins[2] and gives negative 
feedback on an inflammatory response. The plasma concentration quickly rises by a factor of three to four 
as a result of inflammation in several disease states, for example that induced by tumor growth.[3] The 
change typically involves a 3 to 4-fold increase in concentration. The plasma concentration of α1-antitrypsin 
(α1-AAT) is also up regulated in response to inflammation. For example, inflammatory conditions such as 
rheumatoid arthritis have been associated with up to a 4-fold increase in serum levels of this in non-
deficient subjects.[2b] In contrast to α1-AAT, α1-AGP is a known drug-binder: It binds strongly (Kd typically 1 
to 10 μM) to a large number of apolar and basic drugs, e.g. methadone, warfarin, progesterone, imatinib 
[Glivec], regulating their pharmacokinetics and pharmacodynamics.[4] Recently, the X-ray crystal structures 
of certain isoforms, both free and when bound to selected basic drugs (e.g. chlorpromazine, amitryptyline 
and disopyramide), have been reported.[5,6] These studies revealed the presence of a drug binding pocket 
located within an eightstranded β-barrel, in which several aromatic residues, e.g. Trp-25, line the 
hydrophobic pocket; a proximate Glu residue (Glu-64), was also implicated in electrostatic binding. The 
protein has been immobilised on silica microspheres and functions as a versatile and widely used chiral 
stationary phase in HPLC analysis.[7] 

Recently, studies into the creation of chiral probes based on well-defined, emissive lanthanide complexes 
have been undertaken.[8,9] In principle, these complexes may interact with a protein in two main ways: 
first, at the metal centre, where a protein residue (e.g. an Asp or Glu carboxylate) displaces solvent or a 
weakly coordinated ligand donor,[10] and second via a non-covalent binding interaction between the 
sensitising moiety and a protein binding pocket.[11-13] The latter interaction is much more common, and 
has been examined frequently in related relaxivity studies with gadolinium complexes, almost exclusively 
targeting the binding of the most abundant serum protein, albumin.[14] An example of a chiral optical 
probe for albumin was recently described, in which reversible binding to the protein was signalled by a 
switch in the circular polarisation of the luminescence (CPL), associated with dynamic helicity inversion ( 
to Λ) of the enantiopure lanthanide complex.[9] 

In the following section, the first example of an optical probe for the acute phase proteins α1-AGP and α1-
AAT, in which binding involves both metal coordination and a non-covalent interaction of the integral 
sensitising moiety. Reversible protein binding is characterised by unprecedented, large induced ECD and 
CPL signals, and a significant change in the europium total emission spectrum, associated with the change 
in the metal coordination environment.[15] 
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7.1 A chiral probe for alpha-1-acid glycoprotein based on europium luminescence 
The europium (III) complex, [EuL1(OH2)]+ (Figure 7.1), recently has been demonstrated to bind to serum 
albumin and cause a change in the form and relative intensity of the observed europium emission.[16] As a 
consequence, it was decided to study its binding to six of the most common proteins found in human 
serum, examining associated spectral changes and assessing relative affinity.32 The constitutionally isomeric 
complex, [EuL1(OH2)]+ [17] and the neutral mono-azaxanthone complex EuL3(OH2) [18] were used as 
controls. In the former case, the constitution of the tricyclic sensitising group minimizes the steric demand 
about the metal centre compared to [EuL1(OH2)]+, where the pyridyl nitrogen is flanked by the σ-polarising 
α-oxygen, reducing its donor ability. 
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Figure 7.1 

Incremental addition of human α1-AGP to [EuL1(OH2)]+ (20 μM) at pH 7.4 (0.1 M NaCl) gave rise to 
pronounced changes in the relative intensity and form of the Eu emission bands, Fig.7.2. In the limiting 
spectrum of the bound species, one major emissive species was apparent (φem = 8%, vs 4 (±1)% for the 
parent complex), as defined by the single J = 0 transition at 579 nm and the occurrence of 3 components 
in the J = 1 manifold around 590 to 600 nm. The intensity of the hypersensitive transition centred at 620 
nm more than doubled. Measurements of the radiative rate constants characterising Eu emission (586 nm) 
for the protein bound species in H2O and D2O were 1.29 and 0.84 ms-1 respectively (compared to 2.08 and 
0.61 ms-1 for [EuL1(OH2)]+), establishing the displacement of the coordinated water (qEu ~ 0.2 for the bound 
species). Parallel experiments with [EuL2(OH2)]+ and [EuL3(OH2)] showed no changes in spectral form and a 
slight reduction in overall emission intensity, consistent with no variation in the metal coordination 
environment and some quenching of the chromophore excited state. Excitation spectra for [EuL1(OH2)]+, 
both free and when bound to α1-AGP gave similar spectral profiles, that closely matched the absorption 
spectrum of the free complex. Iterative, non-linear least squares data fitting of the spectral changes 

                                                             
32 See Appendix 2 for details of emission spectral titrations. 
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associated with α1-AGP binding to [Eu L1(OH2)]+allowed estimation of a 'global' association constant, KD = 
1.5 M, assuming a 1:1 binding stoichiometry, Table 7.1. 

Parallel experiments were undertaken with human serum albumin, γ-immunoglobulin (γ-Ig-G), fibrinogen, 
apo-transferrin and α1-antitrypsin.33 In every case, much weaker binding was observed. Considerable 
quenching of emission was noted for addition of fibrinogen and more than one emissive Eu species was 
evident in limiting spectra for HSA, apo-transferrin, fibrinogen and γ-immunoglobulin. Interestingly, 
addition of α1-antitrypsin gave rise to a Eu-bound species that had an identical emission spectrum to that 
observed with α1-AGP, notwithstanding a protein affinity that was an order of magnitude lower. Adding 
sialic acid in 2.5 fold excess to [EuL1(OH2)]+caused no change in the form of the Eu emission spectrum 
(Appendix 2, Figure A2.10). 

Both α1-AGP and α1-antitrypsin are positive acute-phase proteins,[2] exhibiting similar increases in 
concentration, following an inflammatory response. Analysis of DNA sequence homology in genes coding 
for α1-AGP and α1-antitrypsin revealed a conserved region, but only within the 5’-untranslated region.[19] It 
is therefore unsurprising that an examination of the amino-acid sequence in each protein reveals little 
homology. However, protein structural alignment using FATCAT[20] (see Figure A2.1) revealed some 
common features. This was most apparent in the location of the glutamate residues 35 and 36 that lie over 
the binding pocket in α1-AGP, vs Glu-151 and Glu-152 in the superposed structure with α1-antitrypsin. In 
addition, Glu-64 in α1-AGP lay close to Glu-206 in α1-antitrypsin, in the superposed structure (see Appendix 
2, Fig A2.1). 

 

Figure 7.2 Total emission spectra for [EuL1(OH2)]
+ in solution (20 μM, 0.1 M NaCl, pH 7.4) and, lower, in the presence 

of 50 μM of human α1-AGP. 
                                                             
33 See Appendix 2 for details of emission spectral tritations. 
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The complex [EuL1(OH2)]+ exists in solution as a racemic mixture of  and Λ stereoisomers. Protein binding 
to the metal centre was indicated by the change in spectral form and hydration state. Accordingly, ECD 
probing in absorption the chiral environment of the azaxanthone chromophore, and CPL spectroscopy 
examining in emission the local chirality at Eu, were used to study each protein-bound complex. As 
expected, no ECD or CPL signal was observed for the unbound complex; neither was any for the complexes 
[EuL2(OH2)]+and [EuL3] in the presence of either α1-AGP or HSA. 

Table 7.1 Abundance and relative affinity constants with [Eu ·L1 ]OAc (295 K, pH 7.4, I = 0.1 M NaCl) for the six most 
abundant serum proteins.  

Protein / pI Normal 
Range/μM(a) 

KD M(b) Comment 

α1-AGP 
2.7 to 3 

12-32 1.5 Emission intensity 
increases. 

α1-Antitrypsin 
4.9 - 5.1 

40-80 20 Bound species has same 
spectrum as with AGP. 

Albumin 
4.7 to 5.1 

500-750 125 More than one Eu species 
evident. 

Fibrinogen 
5.6 

6-14 (16) Considerable quenching 
occurs. 

apo-Transferrin 
 6.5 

25-40 (c) Minor spectral change only 
evident. 

γ-Ig-G 
6.4 to 9 

50-120 250 Quenched; > 1 species 
found. 

(a) Normal range in human serum; in inflammation, the concentration of α1-AGP and α1-antitrypsin is raised by up to 
400%, while that of serum albumin and transferrin is reduced; (b) a global affinity constant, (± 0.1) assuming a 1:1 
binding stoichiometry; (c) 30 spectral changes were insufficiently well-defined to allow reliable estimates of logK to be 
made. 

The UV-visible absorption and electronic circular dichroism (ECD) spectra of [Eu L1(OH2)]+ (41 μM) in the 
absence and presence of one equivalent of α1-AGP revealed two main bands around 290 and 340 nm, 
(Figure 7.3). The mere existence of an ECD signal confirms the formation of a well-defined adduct between 
protein and complex. It consists of two negative Cotton effects (gabs: –4.6 × 10-4 (340) and –1.4 × 10-4 (285)) 
with partially resolved fine structure, typical of a relatively rigid environment with no solvation dynamics, 
associated with the two main transitions of the azaxanthone chromophore. 

The appearance of two partially resolved CD bands in each transition (λ ~ 6 nm) suggests that each 
azaxanthone groups is in a moderately different local chiral environment, consistent with a model in which 
one remains bound to europium, whilst the other is not coordinated but is included in the apolar protein 
cavity.[5,6] Prior CD studies examining the binding of small drug molecules to α1-AGP, such as 
chlorpromazine,[21] suggested that exciton coupling with the electric-dipole allowed transitions of a 
proximate tryptophan (Trp-25) accounts for the observed ECD. 

A dissociation constant of the order of KD = 1 M were estimated for chlorpromazine association, based on 
competitive binding assays. Incremental addition of chlorpromazine (0 to 1.25 eqs) to the AGP-bound 
europium complex (1:1, 21 μM) led to a progressive diminution of the induced CD for the azaxanthone 
chromophore, consistent with reversible binding and competitive displacement. 
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A tentative model for the protein-bound complex can be postulated (Figure 7.4), that is consistent with the 
emission and CD spectral changes and prior structural analyses.[5,6] It involves axial coordination of a Glu 
carboxylate (e.g. Glu 64) with one azaxanthone moiety included by the drug binding site. 

The CPL spectra of [EuL1(OH2)]+bound to human α1-AGP and α1-antitrypsin (Fig. 7.5) were identical but 
differed considerably from those associated with γ-immunoglobulin or HSA binding. In each case, a 
characteristic CPL fingerprint was found for the protein-bound species. Much larger emission dissymmetry 
values (gem) values were observed for α1-AGP binding {gem: -0.19 (597 nm); -0.27 (618 nm); +0.29 (624 nm); 
+0.01 (694 nm); -0.02 (702)}, compared to values measured for the HSA adduct {gem: - 0.13 (598); +0.03 
(619); -0083 (624)}. No CPL was observed for the complex in the presence of fibrinogen or apo-transferrin. 

 

Figure 7.3 UV-Absorption and ECD spectra of [Eu L1(OH2)]
+ (41 μM, pH 7.4) (dotted line) and in a 1:1 mixture with α1-

AGP (absorption-dashed line; ECD-continuous line). The ECD spectra were normalised (ε') to the total concentration 
of complex. 
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Figure 7.4 Model of the interaction between the complex [EuL1(OH2)]
+ and the protein binding-site. 

Finally, the total emission and CPL spectra of [EuL1(OH2)]+ (20 μM) were recorded in human serum solution. 
Initial spectral analysis suggested the presence of a mixture of Eu species, in which a major HSA-bound 
species was present. Incremental addition of α1-AGP led to progressive formation of the spectral signature 
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of the α1-AGP-bound species. The initial concentration of α1-AGP in the serum sample was estimated using 
a commercial ELISA assay and was found to 16(±2) μM. Up to 50 μM of protein was added, reflecting a 
four-fold increase from the normal serum value, in order to simulate an inflammatory response. The final 
concentration of α1-AGP was also measured by the ELISA assay to be 65(±3) μM, consistent with the 
amount of protein added. By measuring the intensity ratio of the J = 1/J = 2 emission bands, or by 
assessing the gem increases (see Appendix 2 for both of the data), the spectral response could be calibrated 
and is independent of complex concentration (Fig. 7.6). Hence, analysis of the intensity ratio can be used 
directly and quickly to assess the extent of α1-AGP elevation in serum. Luminescence analyses of the 
concentration of urate, citrate and lactate (<3 minutes in total) have been reported recently using related 
ratiometric europium emission methods.[22] 

Control experiments were undertaken with α1-AAT. Its concentration also rises up to 4-fold in 
inflammation, and it too gave rise to an increase in the emission intensity that was very similar to that 
induced by added AGP.[2] Thus, the elevation of serum levels of either protein will give rise to the observed 
in the Eu emission increase, signalling the onset of inflammation in each case. 

 

Figure 7.5 Circularly polarised luminescence (CPL) spectra of [EuL1(OH2)]
+ (20 μM) in the presence of: top, α1-AGP (50 

μM); centre, HSA (0.7 mM); lower, γ-immunoglobulins (0.3 mM). 
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Figure 7.6 Variation of the emission intensity ratio of the Eu emission bands (620 vs 592 nm) as a function of added α1-
AGP for [Eu L1(OH2)]

+ (20μM, pH 7.4) in human serum solution (295K). The initial and final [α1-AGP] concentration 
were measured to be 16μM and 65μM by an independent ELISA assay. 
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Conclusion 

 

The work developed in this thesis was based on the correlation between lanthanide complexes structural 
and chiroptical properties. In order to have reliable geometrical information in solution, a new method for 
the separation of contact and pseudocontact shifts has been elaborated. During VCD spectra acquisition, a 
new enhancement mechanism of signals intensity in lanthanide containing complexes, for some specific 
elements, has been discovered. Finally, through fine ligand structural screening, a new chiral emissive 
Europium complex, specific for alpha-glycoprotein targeting, has been developed.  

In particular, In Chapter 5, a modification of the Reilley protocol for pseudocontact separation in axial 
symmetric lanthanide complexes was proposed, in order to compensate for any variation in crystal field 
parameters. We discussed the standard and modified protocols on four sets of NMR data taken from the 
literature and on an unreported set for a chiral derivative of Ln DOTA, Ln DOTMA. We discussed the main 
limitation of the standard protocol, consisting of the necessity to restrict the analysis to some lanthanides 
characterized by similar crystal field parameter(s). In many cases, the change in these parameters may be 
not trivial and sometimes even unpredictable, which introduces a certain degree of arbitrariness. This is 
especially true in cases of significant axial ligand dynamics, where capped and non-capped forms may 
coexist and freely exchange, as notably found in catalytic systems and in MRI contrast agents. The proposed 
analysis offers a new ‘lens‘, to extract the PCS from the total paramagnetic shifts. It has the merit of 
avoiding any more or less arbitrary partition into early and late lanthanides (or the notion of ‘gadolinium 
break‘) and can effortlessly and seamlessly cope with changes in crystal field parameters arising e.g. from 
axial dynamics or from lanthanide contraction. We cannot and do not claim that the PCS extracted in this 
way are more accurate than any other, because their ‘true‘ values are only experimentally accessible 
through a more or less questionable separation protocol. We only can say that they compare well with sets 
of geometrical factors arising from a structural optimization. In any case there is some degree of self-
reference which invalidates the comparison. 

Our procedure can be classified in the context of ‘model free‘ methods, because it makes no assumption on 
a specific geometrical model and also avoids reference to Bleaney’s constants. It can be used even if only a 
few (two) Ln derivatives of a certain complex are characterized, independent of the position of the 
elements in the series, i.e. early and late lanthanides can be analyzed simultaneously. One of the most 
interesting features of this new method is that we can even mix and treat together heterogeneous data, 
which is especially relevant in some specific cases where it may be difficult to know for sure the nature of 
the species observed in solution, as in the case of the binaphtholate heterobimetallic systems or in the 
presence of different structural forms such as in the DOTA derivatives. 

In Chapter 6 we discussed in detail three cases of stable lanthanide chelates of C4 –symmetry, where one 
can observe enhancement of VCD bands as a function of the nature of the normal mode and of the specific 
lanthanide ion. We demonstrated that, in the cases we studied so far, late lanthanides, and in particular Tm 
and Yb, provide the largest enhancements, which must be attributed to metal-centered low-lying electronic 
states with large magnetic dipole character. There are some features which make this effect attractive for 
further applications: 
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1) the enhanced VCD bands have in the large majority of cases the same sign independent of the 

lanthanide ion; 

2) all the bands have regular absorption lineshapes; 

3) different lanthanides may be more effective in different mid-IR regions allowing one to focus on 

specific spectroscopic features; 

4) there is a wide literature concerning lanthanide complexes, and paramagnetic NMR provides the 

necessary complementary structural information; 

5) lanthanides have been used as structural probes in protein and biomolecular NMR. 

Likely it will possible to be able to take advantage of these points and use them in a more quantitative way, 
with potential interesting application in structure elucidation for the LIVE effect. 

In Chapter 7 we discussed the development of the first chiroptical probe for the important protein, α1-AGP. 
The Eu3+ complex binds α1-AGP reversibly in aqueous solution. It exhibits a selectivity for α1-AGP over α1-
AAT and the other major serum proteins of at least 12:1, as defined by the order of dissociation constants. 
The protein bound adduct apparently involves displacement of water, possibly via a glutamate side chain, 
leading to a more strongly emissive species with a distinctive spectral fingerprint. Chiroptical spectroscopy 
studies are indicative of formation of a protein-bound adduct that possesses a large induced CD and a 
characteristic CPL signal. It is hypothesised that in this adduct, one azaxanthone group remains coordinated 
to Eu via the pyridyl ring N, whilst the other is included into the same deep binding cavity that is used to 
bind to a variety of tricyclic heteroaromatic drugs. Binding to α1-antitrypsin is identical at the metal 
coordination centre but is an order of magnitude weaker, possibly due to a less favourable hydrophobic 
interaction with the azaxanthone groups.  

Using emission spectroscopy, it allows a direct and rapid assessment of increases in serum levels of the 
positive ‘acute phase’ proteins, α1-AGP and α1-antitrypsin, that accompany an acute response to 
inflammation. 

 

Related publications 

- Sebastiano Di Pietro, Samuele Lo Piano, Lorenzo Di Bari, ‘Pseudocontact shifts in lanthanide 
complexes with variable crystal field parameters‘, Coordination Chemistry Reviews, 2011, 255, 2810. 

- Samuele Lo Piano, Sebastiano Di Pietro, Lorenzo Di Bari, ‘Shape-conserving enhancement of 
vibrational circular dichroism in lanthanide complexes‘, Chemical Communications, 2012, 48, 11996. 

- Rachel Carr, Lorenzo Di Bari, Samuele Lo Piano, David Parker, Robert D. Peacock and John M. 
Sanderson, ‘A chiral probe for the acute phase proteins alpha-1-acid glycoprotein and alpha-1-antitrypsin 
based on europium luminescence‘, Dalton Transactions, 2012, 41, 13154. 
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Materials and Methods 
 

Instrumentation and measurements 

All VCD spectra were acquired with a JASCO FVS-4000 instrument using BaF2 cells and were baseline 
subtracted with spectra of the cell filled with blank solvent, using the same acquisition parameters and 
recorded immediately after, or immediately before, the sample. In all cases 6000 or 8000 scans were 
accumulated in the 2000-900 cm-1, 2000-950 cm-1, or 2000-1300 cm-1 wavenumber range. 

The Ln DOTMA spectra (2000-900 cm-1) were acquired as 0.05 M D2O solutions in 50 μm BaF2 cells.  

The Cs[Ln(hfbc)4] spectra (2000-950 cm-1) were acquired as 0.01 M CDCl3 in 150 μm BaF2 cells (in this case, 
the samples were sonicated for 20 minutes to assure a perfect solubilization).  

The Ln DOPhA spectra (2000-1300 cm-1) were acquired as 0.01 M CD3OD solutions, in 150 μm cell.  

1H NMR (Varian Inova 600 operating at 14.1 T, and 25° C, in D2O, CDCl3 and CD3OD) were collected for all 
compounds, with the exception of Gd-complexes. 

Circularly polarised luminescence spectra (IL-IR) for [EuL1(OH2)]+ were measured using a homebuilt CPL 
spectrometer (Glasgow University, UK) based on a Spex-Fluoromax-2-spectrofluorimeter. Samples were 
prepared using aqueous solutions containing 0.1 M NaCl in disposable UV-grade methacrylate cuvettes. The 
samples were pH adjusted to 7.4 using c. HCl and c. NaOH and then lyophilised for transportation. Samples 
were redissolved in D2O and run at room temperature using indirect excitation at 340 nm. The measured 
wavelength range was 400-800 nm. 

Absorption UV/vis. and ECD spectra were acquired on a JASCO V650 spectrophotometer and a JASCO J715 
spectropolarimeter respectively. Samples were run in cylindrical quartz cells at room temperature. The 
band width was set to 2.0 nm, response to 1 sec and scan speed to 50 nm/min. Up to 4 accumulations were 
averaged to improve S/N. The total concentration of [EuL1(OH2)]+ alone and in a 1:1 (mol/mol) mixture with 
α1-AGP was 41.3 μM. In all cases the absorbance and dichroism data were scaled for the total 
concentration of [EuL1(OH2)]+ to yield ε’ and Δε’ (the prime indicates that the real concentration of the ECD-
active species is uncertain). 

Emission spectra were recorded on an ISA Joblin-Yvon Spex Fluorolog-3 luminescence spectrometer 
(Durham University, UK). Quartz cuvettes with a pathlength of 1 cm were used to contain all samples. 
Luminescence titrations were carried out at pH 7.4 using aqueous solutions containing 0.1 M NaCl in order 
to maintain a constant ionic background. For α1-AGP, Fibrinogen, apo-Transferrin and α1-antitrypsin, 
volumetric addition of stock solutions was carried out. In the case of HSA and γ-Ig-G, the protein was added 
directly to the solution as a lyophilised solid. In each case, the pH was adjusted following protein addition. 
Data were analysed as described in reference 22, Chapter 7. 
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Synthesis and materials 

 

Lanthanides salts were used as received from Aldrich and stored in a desiccators with P2O5. All the solvents 
were reagent or HPLC grade. Triethyl amine was freshly distilled and stored on KOH pellets. All proteins 
were purchased from Sigma. 

 

Preparation of Na[Ln(DOTMA)]  

Na[Ln(DOTMA)] were synthetized according to a described procedure.34  

A stoichiometric amount of 0.1 M lanthanide chloride, or triflate (La, Sm), or nitrate (Pr), aqueous solution 
was added to solid DOTMA. The resulting mixtures were heated up to 80°C and kept stirring for 24 h. 
Diluted NaOH solution was then added in each case to pH 6.5 and finally water was removed by 
evaporation. The NMR characterization can be found elsewhere.35 

 

Preparation of Ln[Cs(hfbc)4] 

Ln[Cs(hfbc)4] complexes were prepared according to the literature procedure,36 by shaking the hfbc ligand 
(100 μL, 3.5 10-4 mol) in chloroform (20 mL) with an aqueous solution (20 mL) of the lanthanide chloride or 
triflate in 3:1 ratio (ca. 70 mg for a Ln triflate or ca. 30 for a Ln chloride, 1.17 10-4 mol), in the presence of a 
slight molar excess (with respect to the ligand) of triethyl amine (ca. 50 μL, 3.5 10-4 mol). The organic phase 
was then treated with an aqueous solution of CsCl. The solution was evaporated and the solid solubilized 
with the minimum amount of hot acetonitrile. In a few days (1-4), almost colorless needle-like crystals of 
the complexes, that can be filtered and dried under vacuum. The yield of these preparations is low (less 
than 20%) and not quantified. 

Cs[Lu((+)-hfbc)4]: the complex is prepared using Luthetium(III) chloride and (+)-hfbc. 1H-NMR (600MHz, 
CDCl3, 25°C) = 0.80 (s, 3H), 0.82 (s, 3H), 0.89 (s, 3H), 1.12 (m, 1H), 1.26 (m, 1H), 1.45 (m, 1H), 1.89 (m, 1H), 
2.60 (m, 1H). 

Cs[Eu((+)-hfbc)4]: the complex is prepared using Europium(III) triflate and (+)-hfbc. 1H-NMR (600MHz, CDCl3, 
25°C) = -6.35 (br s, 1H), -4.55 (br s, 1H), -2.72 (br s, 4H), -1.66 (br s, 1H), -0.99 (br s, 1H), -0.89 (br s, 3H), 5.2 
(br s, 3H). 

Cs[Tb((+)-hfbc)4]: the complex is prepared using Terbium(III) triflate and (+)-hfbc. 1H-NMR (600MHz, CDCl3, 
25°C) = -76.04 (br s, 3H), 26.84 (br s, 3H), 49.76 (br s, 1H), 58.64 (br s, 3H), 60.55 (br s, 1H), 97.11 (br s, 
1H), 98.54 (br s, 1H), 122.90 (br s, 1H). 

                                                             
34 H. G. Brittain, J. F. Desreux, Inorg. Chem. 1984, 23, 4459.  
35 S. Di Pietro, S. Lo Piano, L. Di Bari, Coord. Chem. Rev. 2011, 255, 2810 and Table 5.13. 
36 H. Sato, T. Taniguchi, A. Nakahashi, K. Monde, A. Yamagishi, Inorg. Chem. 2007, 46, 6755. 



117 
 
 

Cs[Tm((+)-hfbc)4]: the complex is prepared using Thulium(III) chloride and (+)-hfbc. 1H-NMR (600MHz, 
CDCl3, 25°C) = -146.45 (br s, 1H), -117.20 (br s, 1H), -109.31 (br s, 1H), -97.57 (br s, 3H), -67.79 (br s, 3H), -
67.01 (br s, 1H), -55.69 (br s, 1H), 97.57 (br s, 3H). 

Cs[Yb((+)-hfbc)4]: the complex is prepared using Ytterbium(III) triflate and (+)-hfbc. 1H-NMR (600MHz, CDCl3, 
25°C) = -25.09 (br s, 1H), -19.92 (br s, 1H), -17.20 (br s, 1H), -10.87 (br s, 3H), -10.37 (br s, 1H), -8.83 (br s, 
1H), -4.70 (br s, 3H), 17.68 (br s, 3H). 

 

Preparation of the Ln DOPhA complexes 

Ligand DOPhA and Ln DOPhA complexes were synthetized according to a described procedure.37 

1,4,7,10-Tetrakis-[(S)-1-(1-phenyl)ethylcarbamoylmethyl]-1,4,7,10-tetraazacyclododecane (DOPhA):  

Chloroacetylchloride (76.0 mmol) in dry diethyl ether (200 mL) was added dropwise to a stirred solution of 
(S)--methylbenzylamine (61.0 mmol) and triethylamine (61.0 mmol) in dry diethyl ether (30 mL) at -20°C. 
The reaction mixture was allowed to warm to room temperature and stirred for 1 h. The resulting white 
precipitate was dissolved in water (600 mL) and the organic layer washed with hydrochloric acid (0.1 M, 
500 mL), water (3 x 300 mL), dried (K2CO3) and the solvent removed in vacuo to yield a white solid. 
Recrystallisation from diethyl ether yielded white needles, yield 35%. The NMR data were fully compatible 
with those reported in the cited literature.  

A solution of (S)-N-2-chloroethanoyl-1-phenylethylamine (13.9 mmol) in dry N,N-dimethylformamide (2.5 
mL) was added to a stirred mixture of 1,4,7,10-tetraazacyclododecane (2.8 mmol) and fine mesh anhydrous 
potassium carbonate (13.9 mmol) in dry N,N-dimethylformamide (25 mL) under a nitrogen atmosphere. 
The reaction mixture was heated at 60°C for 48 h. The solvent was removed by distillation in vacuo and the 
resulting brown oil was extracted into dichloromethane (20 mL), washed with water (3x20 mL) and brine 
(20 mL), dried (K2CO3) and the solvent removed in vacuo to yield a yellow oil. The product was purified by 
alumina column chromatography (gradient elution from dichloromethane to 2% methanoldichlorometha-
ne). Recrystal-lization from acetonitrile adding hexane yielded white needles, 25%.  

1H-NMR (250 MHz, CDCl3 , 25°C): = 7.28 - 7.21 (m, 20H, Ar), 6.90 (d, 3J=8.1 Hz, 4H, NH), 5.10 (br t, 3J=7.5 
Hz, 4H, CH), 2.86 (br s, 8H, CH2CO), 2.50 (br s, 16H, ring-CH2), 1.46 (br d, 3J=6.9 Hz, 12H, CH3). 

 

Ln DOPhA: 0.080 mmol of lanthanium chloride (Er, Tm and Lu), or triflate (Yb) and trimethylorthoformate 
(0.85 mL) were heated at reflux in dry acetonitrile (0.85 mL) for 2 h. A stoichiometric amount of ligand in 
dry acetonitrile (0.43 mL) was added and the solution heated at reflux for further 18 h for triflate 
complexes, and 66 h for chloride ones. The solution was concentrated and added dropwise with stirring to 
diethyl ether (30 mL). The resulting solid was filtered, washed with acetonitrile and dried in vacuo. 

 

                                                             
37 R. S. Dickins, J. A. K. Howard, C. L. Maupin, J. M. Moloney, D. Parker, J. P. Riehl, G. Siligardi, and J. A. G. Williams, 
Chem. Eur. J. 1999, 5, 1095. 
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[ErDOPhA]Cl3 : This complex was prepared from Erbium(III) chloride (0.08 mmol) and ligand DOPhA (0.08 
mmol) by the method described above. White solid, yield 53%. 1H-NMR (300 MHz, CD3OD, 25°C): =119 (br 
s, 4H, ring-Hax), 14.6 (br s, 4H, ring-Heq), 5.42 (br s, 4H, ring-Heq), 4.60 ± 3.30 (m, 20H, Ar), -0.994 (s, 4H, CH), 
-4.26 (s, 12H, CH3), -38.9 (s, 4H, CH2CO), -42.7 (br s, 4H, ring-Hax), -74.3 (br s, 4H, CH2CO). 

[TmDOPhA]Cl3 : This complex was prepared from Thulium(III) chloride (0.08 mmol) and ligand DOPhA (0.08 
mmol) by the method described above. White solid, yield 54%. 1H-NMR (300 MHz, CD3OD, 25°C): =280 (br 
s, 4H, ring-Hax), 47.9 (br s, 4H, ring-Heq), 36.9 (br s, 4H, ring-Heq), 3.45 (s, 12H, CH3), -2.91 (s, 4H, CH), -12.1 ± 
-13.6 (m, 20H, Ar), (m, 20H, Ar), -82.6 (s, 4H, CH2CO), -95.5 (br s, 4H, ring-Hax), -134 (br s, 4H, CH2CO). 

[YbDOPhA](CF3SO3)3 : This complex was prepared from Ytterbium(III) triflate (0.08 mmol) and ligand DOPhA 
(0.08 mmol) by the method described above. Yellowish solid, yield 49%. 1H-NMR (300 MHz, CD3OD, 25°C): 
=109 (br s, 4H, ring-Hax), 20.4 (br s, 4H, ring-Heq), 17.0 (br s, 4H, ring-Heq), 5.04 ±1.95 (m, 20H, Ar), -0.51 (s, 
4H, CH), -3.78 (s, 12H, CH3), -29.5 (s, 4H, CH2CO), -35.7 (br s, 4H, ring-Hax), -69.7 (br s, 4H, CH2CO). 

[LuDOPhA]Cl3 : This complex was prepared from Luthetium(III) chloride (0.08 mmol) and ligand DOPhA 
(0.08 mmol) by the method described above. White solid, yield 56%. 1H-NMR (300 MHz, CD3OD, 25°C): 
=7.46 ± 7.24 (m, 20H, Ar), 4.62 (br s, 4H, CH), 3.18 (br tr, 2J = 15 Hz, 8H, CH2CO), 2.71 (d, 2J = 15 Hz, 4H, 
ring-CHH), 2.40 (br d, 2J = 12 Hz, 4H, ring-CHH), 2.15 (br d, 2J = 15 Hz, 4H, ring-CHH), 1.67 (br d, 2J = 15 Hz, 
4H, ring-CHH) , 1.59 (d, 3J = 6 Hz, 12H, CH3). 

 

Protein Structure Alignment 

Flexible protein structure alignment was performed on representative PDB entries for α1-AGP (3KQ0) and 
α1-AAT (9API) using the FATCAT algorithm,38 with the twist parameter t set to a maximum of 5.2.  

Although globally the two structures were not significantly similar, local structure alignments yielded 126 
equivalent positions with a root mean square deviation of 3.72 Å for a value of t = 4. Amongst these, the 
location of two sets of glutamates is striking. 

The first involves the second glutamate in the sequence NEEY of α1-AGP (residues 34–37), which lies over 
the entrance to the hydrophobic binding pocket and in close proximity in the modelled structure to the 
second glutamate of the sequence TEEA from α1-AAT (residues 150–153, Fig. A2.1 A, B). 

The second involves E64 of α1-AGP, which lies on the face of the β-sheet in the hydrophobic binding pocket 
of this protein. In the modelled structure, E206 of α1-AAT lies in close proximity to this residue, although 
there are differences in the side-chain orientations of these residues (Fig. A2.1 C). 

 
                                                             
38 Y. Ye and A. Godzik, Nucleic Acids Res. 2004, 32, W582. 
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Appendix 2 

 

A2.1 Protein Structure Alignment 

 

Figure A2.1 Structural superposition using FATCAT. In each case, α1-AGP (3KQ0) is shown in blue, α1-AAT (9API) is 
shown in green. (A) and (B), orthogonal views of the superposition of E36 of α1-AGP (magenta) with E152 of α1-AAT 
(orange); (C), showing the position of E64 of α1-AGP (yellow) and E206 of α1-AAT (purple). 

 

A2.2 Europium emission spectral titrations and data analysis 
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Figure A2.2 Europium emission spectral changes following addition of human α1-AGP to [EuL1(OH2)]
+ (20 μM, 295 K, 

0.1 M NaCl, pH 7.4). 
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Figure A2.3 Europium emission spectral changes following addition of human α1-antitrypsin to [EuL1(OH2)]
+ (20 μM, 

295 K, 0.1 M NaCl, pH 7.4). 
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Figure A2.4 Europium emission spectral changes following addition of bovine γ-Ig-G to [EuL1(OH2)]
+ (20 μM, 295 K, 0.1 

M NaCl, pH 7.4). 

 



141 
 
 

 

Figure A2.5 Europium emission spectral changes following addition of bovine fibrinogen to [EuL1(OH2)]
+ (20 μM, 295 K, 

0.1 M NaCl, pH 7.4). 
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Figure A2.6 Europium emission spectral changes following addition of HSA to [EuL1(OH2)]
+ (20 μM, 295 K, 0.1 M NaCl, 

pH 7.4). 
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Figure A2.7 Europium emission spectral changes following addition of human apo-transferrin to [EuL1(OH2)]
+ (20 μM, 

295 K, 0.1 M NaCl, pH 7.4). 

 

Figure A2.8 Europium emission spectral changes following addition of human α1-AGP to [EuL2(OH2)]
+ (20 μM, 295 K, 

0.1 M NaCl, pH 7.4). 
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Figure A2.9 Europium emission spectral changes following addition of human α1-AGP to [EuL3(OH2)] (20 μM, 295 K, 0.1 
M NaCl, pH 7.4). 

 

Figure A2.10 Europium emission spectral changes following addition of sialic acid to [EuL1(OH2)]
+ (20 μM, 295 K, 0.1 M 

NaCl, pH 7.4). 
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Figure A2.11 Europium emission spectral changes following addition of human α1-AGP to [EuL1(OH2)]
+ in human serum 

(295 K, 0.1 M NaCl, pH 7.4). 

 

A2.3 ECD and UV absorption spectra of humane α1-AGP, [EuL1(OH2)]+ and their adduct tritation 
with CPZ 

 

Figure A2.12 UV Absorption and ECD Spectra of humane α1-AGP (0.0413 mM, water, 295 K, pH 7.0) 
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Figure A2.13 UV Absorption and ECD Spectra of complex [EuL1(OH2)]
+ (0.0413 mM, water, 295 K, pH 7.0) 

 

Figure A2.14 Tritation Absorption Spectra of humane α1-AGP/[EuL1(OH2)]
+ 0.0413M with 0.0207M chlorpromazine 

(water, 295 K, pH 7.0) 
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Figure A2.15 Tritation Absorption Spectra of humane α1-AGP/[EuL1(OH2)]
+ 0.0413M with 0.0207M chlorpromazine 

(water, 295 K, pH 7.0) 

 

A2.4 CPL spectra for protein bound complexes and CPL titration of bovine α1-AGP in human 
serum 

 

Figure A2.16 Europium emission spectrum and CPL spectrum of [EuL1(OH2)]
+ in the presence of 100 μM human α1-

antitrypsin (20 μM, 295 K, 0.1 M NaCl, pH 7.4). The scale used refers to (IL-IR) and is on a scale of x40 with respect to 
(IL+IR) 
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Figure A2.17 CPL spectral changes following addition of bovine α1-AGP to [EuL1(OH2)]
+ (20 μM, 295 K, 0.1 M NaCl, pH 

7.4). 

 

Figure A2.18 Variation of the observed dissymmetry factor, gem, with added bovine α1-AGP for [EuL1(OH2)]
+ (20 μM, 

295 K, 0.1 M NaCl, pH 7.4); blue triangles = 600 nm, red squares = 630 nm. 
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Figure A2.19 Variation of the observed dissymmetry factor, gem, with added bovine α1-AGP for [EuL1(OH2)]
+ (20 μM, 

295 K, 0.1 M NaCl, pH 7.4) at 600 nm. Iterative, non-linear least squares data fitting allowed a ‘global’ association 
constant to be estimated, log K = 5.9 (±0.1). 
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List of Abbreviations 

 

AAT  Antitrypsin 

AGP  Acid Glycoprotein 

BO  Born-Oppenheimer 

CA  Contrast Agent 

CD  Circular Dichroism 

CEST  Chemical Exchange Saturation Transfer 

CPL  Circular Polarization of Luminescence 

CN   Coordination Number 

DCTA  1,2-diaminocyclohexane-N, N, N’, N’ -tetraacetic acid 

DFT  Density Functional Theory 

DNA  Desoxyribonucleic Acid 

DOPhA  1,4,7,10-Tetrakis-[(S)-1-(1-phenyl)ethylcarbamoylmethyl]-1,4,7,10-tetraazacyclododecane 

DOTA  1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 

DOTMA [(1R,4R,7R,10R)]-’’’’’’tetramethyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid 

DPM   Dual Polarization Modulation 

DTPA  diethylenetriamine-N, N, N’, N’, N’’-pentaacetic acid 

ECD  Electronic Circular Dichroism 

EDTA  Ethylenediaminetetraacetic acid 

ELISA  Enzyme-linked Immunosorbent Assay 

FATCAT  Flexible structure AlignmenT by Chaining Aligned fragment pairs allowing Twists 

FC  Fermi Contact 

FTIR-VCD Fourier transform Infrared Vibrational Circular Dichroism 

FWHM  Full Width at Half Maximum 

HEDTA  N’-hydroxyethylethylenediamine-N, N, N’-triacetic acid 
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hfbc  heptafluorobutyrylcamphorato 

HSA  Human Serum Albumin 

Ig-G  Immunoglobulin G 

IR  Infrared 

LIVE  Lanthanide Induced Vibrational Circular Dichroism Enhancement 

LLES  Low Lying Electronic States 

MCT  Mercury Cadmium Telluride (HgCdTe) 

MDF  Magnetic Dynamic Field 

MO   Molecular Orbital 

MRI  Magnetic Resonance Imaging 

NMR  Nuclear Magnetic Resonance 

PCS  Pseudocontact Shift 

PEM  Photoelastic Modulator 

SAP  Square Antiprismatic 

SPM  Single Polarization Modulation 

ST  Saturation Transfer  

Triflate  Trifluoromethansulfonate 

TSAP  Twisted Square Antiprismatic 

VA  Vibrational Absorption 

VCD  Vibrational Circular Dichroism 

VOA  Vibrational Optical Activity 

XRD  X-Ray Diffraction 


