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The model-free approach has been extended with the derivation of a novel three-nuclei crystal-field independent
method for investigating isostructurality in nonaxial (i.e., rhombic) complexes along the lanthanide series. Application
of this technique to the heterotrimetallic sandwich complexes [LnLu2(TACI-3H)2(H2O)6]3+, which possess a single
C2v-symmetrical paramagnetic center, unambiguously evidences isostructurality for Ln ) Pr−Yb, while the variation
of the second-rank crystal-field parameters B0

2 and B2
2 along the series prevents reliable structural analyses with

the classical one-nucleus equation. Extension toward polymetallic magnetically noncoupled rhombic lanthanide
complexes in [Ln2Lu(TACI-3H)2(H2O)6]3+ (two paramagnetic centers with Cs microsymmetry) and [Ln3(TACI-3H)2-
(H2O)6]3+ (three paramagnetic centers with C2v microsymmetry) requires only minor modifications of the original
three-nuclei equation. Isostructurality characterizes [Ln2Lu(TACI-3H)2(H2O)6]3+ (Ln ) Pr−Yb), while [Ln3(TACI-3H)2-
(H2O)6]3+ exhibit a structural change between Eu and Tb which results from the concomitant contraction of the
three metallic centers. Particular attention has been focused on (i) the stepwise increase of contact (i.e., through-
bond) and pseudocontact (i.e., through-space) contributions when the number of paramagnetic centers increases,
(ii) the assignment of 13C resonances in the strongly paramagnetic complexes [Ln3(TACI-3H)2(H2O)6]3+ (Ln ) Tb−
Yb) for which reliable T1 measurements and {1H−13C} correlation spectra are not accessible, and (iii) the combination
of crystal-field dependent and independent methods for analyzing the paramagnetic NMR spectra of axial and
nonaxial lanthanide complexes.

Introduction

Although the global electronic properties of gaseous
trivalent lanthanides (Ln(III), [Xe]4fn (n ) 0-14)) are not
significantly altered upon complexation,1 the weak crystal
field produced by the donor atoms in the first coordination
sphere allows an ultrafine tuning of the electronic levels in
the final complexes.2 The rational design of lanthanide-based
molecular devices with predetermined optical (fluoroimmu-

noassays, near-infrared emitters, analytical sensors)3 and
magnetic (smart and responsive MRI contrast agents)4

functions thus relies on the capacity of the coordination
chemists to program the splitting of the metal-centered
electronic levels via the specific organization of the coor-
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dinated ligands around Ln(III). However, the poor covalency
of the Ln-ligand bonds limits structural control to weak
interstrand interactions, which smoothly vary along the
lanthanide series with the monotonic contraction of the ionic
radii when going from Ln) La to Ln ) Lu.5 It is therefore
crucial to develop efficient analytical and spectroscopic tools
for (i) detecting structural changes induced by interligand
constraints along the lanthanide series, (ii) extracting three-
dimensional structures in solution, and (iii) establishing
simple correlations between molecular structures, crystal-
field parameters, and electronic properties in lanthanide
complexes. Paramagnetic NMR may contribute to address
these challenges since the poor delocalization of the electron
spin density from the open-shell Ln(III) onto the coordinated
ligands provides paramagnetic dots which affect nuclear
relaxations and resonances in a predictable way.6 The
paramagnetic NMR shift (δij

para) of a magnetically active
nucleusi located in the vicinity of a lanthanide centerj (Ln
) Ce-Yb) is thus easily modeled by the sum of a through-
bond contact contribution (δij

c) associated with the small
spin delocalization (eq 1,Ai is the Fermi constant,H0 is the
applied magnetic field,γi is the magnetogyric ratio, and〈Sz〉j

is the spin expectation values tabulated for the free ions at
300 K),7 and a through-space pseudocontact contribution
(δij

pc) resulting from the average dipolar interaction occur-
ring between the electron and nuclear magnetic momenta
(eq 1, øRR

j are the components of the molecular magnetic
tensor in the principal magnetic axes system with Ln(III)
located at the origin,øzz

j - (1/3)Tr øj and øxx
j - øyy

j are,
respectively, the axial and rhombic paramagnetic anisotro-
pies,θi, φi, andri are the internal polar coordinates, andNA

is Avogadro’s number).8

The use of standard definitions for the geometrical factors
Gi ) (3 cos2 θi - 1)/ri

3 andHi ) (sin2 θi cos 2φi)/ri
3, and for

the contact termFi ) (Ai/pγiH0), of the nucleusi transforms

eq 1 into its usual form eq 2 which is well-suited for
investigating the solution structures of lanthanide complexes
such that (i) the contact and pseudocontact contributions can
be separated,9 and (ii) the paramagnetic anisotropies are
satisfyingly modeled by the high-temperature expansions
proposed by Bleaney in eqs 3-4 which provide simple
correlations with the second-rank crystal-field parameters
Bq

2 (kT > ∆ECF, ∆ECF being the crystal-field splitting of the
lowestJ state).10-12

Substituting eqs 3-4 into eq 2 gives the classical eq 5.6,11

The first numerical termsCj ) - (â2(1 + p j)ê j /120(kT)2),
often referred to as Bleaney’s factors, only depend on the
electronic 4fn configurations (viaê j and (1+ p j) which are
numerical factors calculated for each 4fn configuration,â is
the Bohr magneton),12 and their relative values (scaled to
CDy ) -100) have been tabulated at 300 K.10-12

For complexes displaying effective axial symmetry (i.e.,
possessing at least aC3 axis defined as the principal magnetic
z axis), the rhombic paramagnetic anisotropy vanishes
becauseøxx

j ) øyy
j (i.e. B2

2 ) 0 in eq 4),2 and eq 5 reduces to
δij

para ) Fi〈Sz〉j + CjB0
2Gi which is usually transformed into

the two equivalent linear forms given in eqs 6-7.9,11

Straight lines for plots ofδij
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para/Cj versus〈Sz〉j/Cj (eq 7) along the lanthanide series
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imply the invariance ofGi, B0
2, and Fi, and this has been

used as a criteria for isostructurality.6,9,11Although corrections
for the minor effects of the smooth lanthanide contraction
affecting Gi have been proposed by Peters,13 the major
limitation of this one-nucleus crystal-field dependent method
results from the variations ofBq

2 with the contraction of the
4f orbitals2,14 which prevent linear correlations according to
eqs 6-7 within an isostructural series.15 This limitation has
been removed for axial systems with the simultaneous
consideration of the NMR signals for two nucleii andk in
the same lanthanide complex. The combination of two one-
nucleus equations similar to eq 6, but expressed for the nuclei
i and k, respectively, allows the removal ofB0

2. Simple
algebraic transformations eventually provide the linear
crystal-field independent eq 815d which allows the detection
of reliable structural changes along the lanthanide series since
plots of δij

para/〈Sz〉j versusδkj
para/〈Sz〉j deviate from linearity

when the ratio of the geometrical parametersGi/Gk varies.15

The recent combination of the one-nucleus crystal-field
dependent eqs 6-7 with the two-nuclei crystal-field inde-
pendent eq 8 for analyzing the paramagnetic NMR spectra
of C4- andC3-symmetrical lanthanide complexes has allowed
a safe re-evaluation of the specific structural and electronic
effects occurring along the lanthanide series (geometrical
changes, variation of crystal-field parameters, variation of
the Fermi constants).11,15-17 However this approach is strictly
limited to axial systems for which the paramagnetic aniso-
tropy is characterized by a single second-rank crystal field
parameter (B0

2). For nonaxial (i.e. rhombic) lanthanide
complexes possessing at most aC2 (or S2) axis, the rhombic
paramagnetic anisostropy cannot be neglected (B2

2 * 0 and
øxx

j * øyy
j in eq 4) and eqs 6-8 are inadequate. We report in

this paper on the development of an analogous set of crystal-

field dependent and independent equations adapted to the
model-free analysis of the paramagnetic NMR data provided
by rhombic lanthanide complexes. Its application to the
heterotrimetallic sandwich complexes [LnLu2(TACI-3H)2-
(H2O)6]3+ possessing a single paramagneticC2V-symmetrical
center is described together with its extension for the analysis
of NMR data obtained for the related complexes [Ln2Lu-
(TACI-3H)2(H2O)6]3+ and [Ln3(TACI-3H)2(H2O)6]3+ pos-
sessing two and three, respectively, uncoupled paramagnetic
centers (Figure 1).18,19
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Figure 1. Schematic structures with numbering schemes for the trimetallic
sandwich complexes (a) [LnLu2(TACI-3H)2(H2O)6]3+, (b) [Ln2Lu(TACI-
3H)2(H2O)6]3+, and (c) [Ln3(TACI-3H)2(H2O)6]3+. Each metallic site in these
complexes is further coordinated by two equatorial water molecules which
have been omitted for clarity.18-19
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Results and Discussion

Model-Free Crystal-Field Dependent and Independent
Methods for Analyzing Monoparamagnetic Rhombic
Lanthanide Complexes.The paramagnetic NMR shifts of
a nucleusi (δij

para) are obtained from the experimental data
(δij

exp) by using eq 9 if the residual signal of the solvent is
taken as an internal reference (δi

dia is the diamagnetic
contribution of the isostructural La, Y, or Lu complexes).11

Equation 5 then holds for modeling the paramagnetic
NMR shifts in rhombic complexes according to Bleaney’s
theory (i.e., high-temperature expansion), and it can be
transformed into two equivalent linear forms given in eqs
10-11, which are strictly similar to eqs 6-7 except for the
introduction of a more complicated pseudocontact termSi

) (B0
2Gi + x6 B2

2Hi) which includes two crystal field
parameters and two geometrical factors.

Plots of δij
para/〈Sz〉j versus Cj/〈Sz〉j (eq 10) andδij

para/Cj

versus〈Sz〉j/Cj (eq 11) along an isostructural lanthanide series
are expected to give straight lines ifBq

2 (q ) 0, 2) andFi do
not vary. These criteria are identical to those established for
an axial system, but the probability of a concomitant
invariance of two crystal-field parameters for rhombic
systems along an isostructural lanthanide series is faint,2,14

and reliable structural changes are difficult to address. This
limitation was previously recognized by Reuben and Elgav-
ish20 who used the experimental solid-state magnetic sus-
ceptibility tensors obtained for [Ln(dipivaloylmethane)3(4-
picoline)2] (Ln ) Pr-Yb)21 for computing two novel sets
of axial Kj

axial ) R(øzz
j - 1/3 Tr øj) and rhombicKj

rhombic )
â(øxx

j - øyy
j ) factors scaled toKDy

axial ) -100 (R and â are
arbitrary proportionality constants). Interestingly,Kj

axial val-
ues match the original Bleaney’s factorsCj in complete
agreement with eq 3 (B0

2 is invariant for these complexes),
but significant deviations are observed forKj

rhombic which
suggest that eq 4 is not valid because (i)B2

2 values vary
along the series and/or (ii) high-temperature Bleaney’s
expansion is inadequate. The latter assumption is ruled out
by the recent experimental determination of the axial and
rhombic magnetic anisotropies in well-definedD2-sym-
metrical macrocyclic lanthanide complexes which show good
correlations betweenKj

axial andCj, and betweenKj
rhombic and

Cj.22 This eventually confirms that (i) eqs 3-4 are acceptable
approximations for axial and rhombic anisotropies, respec-

tively, and (ii) significant deviations of paramagnetic anisotro-
pies from theoretical Bleaney’s factors (Cj) for isostructural
complexes along the lanthanide series can be assigned to
variations of the crystal-field parameters.22 In this context,
an efficient tool for testing isostructurality in rhombic
complexes requires a novel equation which does not depend
on B0

2 and B2
2. This can be obtained by the simultaneous

observation of the NMR signals of three different nucleii,
k, andl in a rhombic complex of a paramagnetic lanthanide
j. Three equations similar to eq 5 (fori, k, andl, respectively)
can be combined in order to remove the two parametersB0

2

and B2
2, thus leading, after tedious algebraic transforma-

tions, to the novel rhombic crystal-field independent eq 12.23

The factorsBikl, Cikl, andDikl are given in eqs 13-16, and it
is worth noting that an analogous mathematical treatment
has been previously reported for the derivation of a crystal-
field independent method in axial homotrimetallic complexes
possessing two different metallic sites.24

Equation 12 corresponds to the equation of a plane
perpendicular to the vector (1,-Cikl, -Dikl) and separated
by a distanceBikl from the origin in a homogeneous 3D space
in which (δij

para/〈Sz〉j), (δkj
para/〈Sz〉j), and (δlj

para/〈Sz〉j) define the
orthogonalx, y, andz directions. Since the structural factors
Cikl andDikl are complicated nonlinear combinations of the
geometrical factorsGi, Gk, Gl, Hi, Hk, Hl, any deviation of
the triplets ((δij

para/〈Sz〉j), (δkj
para/〈Sz〉j), (δlj

para/〈Sz〉j)) from the
plane defined by eq 12 along the lanthanide series implies a
structural change. This criteria is closely related to the
deviation of the doublets ((δij

para/〈Sz〉j), (δkj
para/〈Sz〉j)) from the

straight line defined by eq 8 in axial complexes, which is
diagnostic for a structural change.15 The variation of theBikl

factor is more difficult to interpret since the contact terms
Fi, Fk, and Fl and the structural factorsCikl and Dikl are
involved. Consequently, a translation of the plane along the
lanthanide series cannot be systematically assigned to a
structural change because the variation of the Fermi constants
is sufficient for affectingBikl without changingCikl andDikl

(20) Reuben, J.; Elgavish, G. A.J. Magn. Reson.1980, 39, 421.
(21) Horrocks, W. deW., Jr.; Sipe, J. P.Science1972, 177, 994.
(22) Valencia, L.; Martinez, J.; Macias, A.; Bastida, R.; Carvalho, R. A.;

Geraldes, C. F. G. C.Inorg. Chem.2002, 41, 5300.

(23) Equations 12-16 can be combined and expressed in a simpler
mathematical form by using a vectorial product: (δij

para/〈Sz〉j) ) (1/
mi)(miFi + mkFk + mlFl - mk(δkj

para/〈Sz〉j) - ml(δlj
para/〈Sz〉j)) in which mb

) (mi, mk, ml) ) GB × HB (GB andHB are the vectors associated with the
geometrical factorsGi, Gk, Gl andHi, Hk, Hl, respectively).

(24) Ouali, N.; Rivera, J.-P.; Morgantini, P.-Y.; Weber, J.; Piguet, C.Dalton
Trans.2003, 1251.

δij
para) δij

exp - δi
dia (9)

δij
para

〈Sz〉j

) Fi + Si

Cj

〈Sz〉j

(10)

δij
para

Cj
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〈Sz〉j
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(related translations of the interceptFi - Fk(Gi/Gk) according
to eq 8 within a series of isostructural monometallic axial
complexes are well-documented).11,15,25 Finally, the strict
analogy between the monodimensional eq 8 characterizing
axial complexes and the two-dimensional eq 12 adapted to
rhombic complexes implies that a minor deviation from
axiality (B2

2 ≈ 0), or a considerable difference in magnitude
between the two crystal-field parameters (x6B2

2 , B0
2 or x6

B2
2 . B0

2), should give triplets ((δij
para/〈Sz〉j), (δkj

para/〈Sz〉j),
(δlj

para/〈Sz〉j)) distributed approximately along a straight line
within the plane defined by eq 12 (i.e., one of the pseudo-
contact contribution in eq 5 is negligible).

Application of the Model-Free Methods for Analyzing
Isostructurality in the Monoparamagnetic Rhombic Com-
plexes [LnLu2(TACI-3H) 2(H2O)6]3+ (Ln ) Pr-Yb). Previ-
ous detailed thermodynamic and structural studies show that
the solid-state structures found for [Ln3(TACI-3H)2(H2O)6]3+

(Ln ) La, Gd, Lu), in which three equivalent eight-
coordinate Ln(III) species are sandwiched by two deproto-
nated TACI-3H ligands, are essentially maintained in solution
(Figure 1c).18,19,26For concentrations used in NMR measure-
ments (10-2-10-3M, pD ) 8), the trimetallic complexes are
quantitatively formed in solution, and the use of Ln/Lu pairs
under stoichiometric conditions (Lntot/TACItot ) 3:2 and Lntot

) Ln + Lu) provides mixtures containing exclusively the
D3h-symmetrical homotrimetallic complexes [Ln3(TACI-
3H)2(H2O)6]3+ and [Lu3(TACI-3H)2(H2O)6]3+ and the het-
erotrimetallic C2V-symmetrical complexes [Ln2Lu(TACI-
3H)2(H2O)6]3+ and [LnLu2(TACI-3H)2(H2O)6]3+.18 For the
sake of simplicity, the homotrimetallic complexes will be
designated by Ln3 and Lu3 and the heterotrimetallic species
by LnxLu3-x (x ) 1-2). Since intermolecular chemical
exchange is slow on the NMR time scale at RT, the four
complexes provide well-separated NMR spectra (Figure 2)
which can be investigated with two-dimensional correlation
spectroscopies (1H-1H-COSY, 1H-1H-NOESY, and1H-
13C-HMQC) for Ln ) Pr-Eu.18,19 For Ln ) Ce(III), partial
oxidation into Ce(IV) prevents the assignment of reliable
NMR data, and Ln) Sm(III) is not considered for the
analysis of the NMR data because of its faint paramagnetism
at 298 K.11 Lu3 is used as the diamagnetic reference in eq 9,
and the NMR signals of H1 and H2 in this complex are
assigned according to the relative electron-withdrawing
inductive effects produced by the adjacent C-O and C-N
bonds (C-O > C-N, Table 1).18,19

For the monoparamagnetic complexes LnLu2, we system-
atically observe four1H NMR signals (H1-H4) in agreement
with C2V symmetry (Figure 1a), and assignment is based on
the nuclear relaxation induced by the electron spin of the
paramagnetic lanthanide metal. For fast-relaxing paramag-
netic lanthanides (Ln) Ce-Yb, except Gd), the increase
of the longitudinal relaxation rate 1/T 1i

para) 1/T 1i
exp - 1/T 1i

dia

is dominated by dipolar electron-nucleus interactions mod-

eled with eq 17 for a single paramagnetic center.4,6,8,11

Since both transient and static (i.e., Curie spin) dipolar
contributions depend onri

-6, we expect a linear correlation
between 1/T 1i

paraandri
-6 for H1-H4 in each complex LnLu2

(eq 17). Plots of 1/T 1i
para and ri

-6 obtained by using the
experimental longitudinal relaxation rates (Table S1, Sup-
porting Information) and therLu-Hi distances measured in
the crystal structure of [Lu3(TACI-3H)2(H2O)6]3+ 26 lead to
the unambiguous assignment of H1-H4 since a single
permutation produces a straight line with a positive slope
for each LnLu2 complex (Table 1, Figure 3).

Plots of δij
para/〈Sz〉j versus Cj/〈Sz〉j (eq 10) andδij

para/Cj

versus 〈Sz〉j/Cj (eq 11) show significant deviations from
linearity between Eu and Tb, and two straight lines for Ln
) Pr-Eu and Ln) Tb-Yb are required to satisfyingly fit
the 1H NMR data although some residual dispersion char-
acterizes plots according to eq 11 (Figure 4). Multilinear
least-squares fits using eq 5 (i.e.,δij

para vs 〈Sz〉j and Cj) for
H1-H4 in the two series provide contact (Fi) and pseudo-
contact terms (Si) associated with satisfying Wilcott agree-
ment factors 0.16e AFi e 0.22 (eq 18, Table 2),27 which
can be compared with similar mathematical treatments

(25) Geraldes, C. F. G. C.; Zhang, S.; Platas, C.; Rodriguez-Blas, T.; de
Blas, A.; Sherry, A. D.J. Alloys Compd.2001, 323-324, 824.

(26) Chapon, D.; Morel, J.-P.; Delangle, P.; Gateau, C.; Pe´caut. Dalton
Trans.2003, 2745.

(27) Wilcott, M. R.; Lenkinski, R. E.; Davis, R. E.J. Am. Chem. Soc.1972,
94, 1742.

Figure 2. Part of the 400 MHz1H NMR spectra obtained for mixtures of
complexes [TmxLu3-x(TACI-3H)2(H2O)6]3+ with (a) Tm/Lu/TACI ) 3:0:
2, (b) Tm/Lu/TACI ) 2:1:2, and (c) Tm/Lu/TACI) 1:2:2 (TACItot: 10-2

M, D2O, pD ) 8, 298 K, S) solvent).
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previously reported for [Ln(dipicolinate)3]3- (0.05e AFi e
0.22)17 and for homotrimetallic helicates (0.01e AFi e
0.18).24

The absolute values of the contact terms decrease in the
order|FH2| > |FH1| . |FH3| ≈ |FH4| (Table 2) in agreement
with increasing topologic Ln-Hi separations in the LnLu2
complexes (three bonds for H1, H2; four and five bonds for
H3 and H4, respectively, Figure 1a). Interestingly,|FH2| >
|FH1| points to a more efficient three-bond spin delocalization
from the paramagnetic center through the softer nitrogen
atom (Ln-N-C-H2) compared with the deprotonated
oxygen atom in Ln-O-C-H1. This supports previous
reports highlighting the unusually large spin delocalization
in coordinated pyridine rings.11,28,29Finally, theFi values do
not significantly vary between the two series (Ln) Pr-Eu

and Ln ) Tb-Yb) which implies no topological change
along the lanthanide series. The interpretation of the pseudo-
contactSi terms is limited by their complicated dependence
on geometrical and crystal-field parameters (i.e.,Si ) (B0

2Gi

+ x6B2
2Hi)). However, we expect largeSi for the protons

located close to the paramagnetic center becauseGi andHi

depend onri
-3, and we indeed observe the largest absolute

values for|SH1| (rLn-H1 ) 3.79 Å) and|SH2| (rLn-H2 ) 4.07
Å), while |SH3| (rLn-H3 ) 5.15 Å) and|SH4| (rLn-H4 ) 5.34
Å)26 display weaker pseudocontact contributions. The abrupt
break ofSi occurring near the middle of the lanthanide series
(Table 2) cannot be a priori assigned to a structural change
affecting Gi and Hi without carefully evaluating possible
changes in the crystal-field parametersB0

2 andB2
2.11,15

Isostructurality has been investigated with the three-nuclei
crystal-field independent eq 12. Since the structural factors
Cikl (eq 14) andDikl (eq 15) are complicated nonlinear

(28) Rigault, S.; Piguet, C.; Bernardinelli, G.; Hopfgartner, G.J. Chem.
Soc., Dalton Trans.2000, 4587.

(29) (a) Petoud, S.; Bu¨nzli, J.-C. G.; Renaud, F.; Piguet, C.; Schenk, K. J.;
Hopfgartner, G.Inorg. Chem.1997, 36, 5750. (b) Renaud, F.; Piguet,
C.; Bernardinelli, G.; Bu¨nzli, J.-C. G.; Hopfgartner, G.Chem. Eur. J.
1997, 3, 1646.

Table 1. Experimental and Computed1H NMR Shifts (in ppm with Respect to DSS) with the Crystal-Field Dependent One-Nucleus Methods (eqs 5,
21) for [LnxLu3-x(TACI-3H)2(H2O)6]3+ (x ) 0-3, Ln ) Pr-Yb) in D2O at 298 K (pD) 8.0)a

compd H1 H2 H3 H4 compd H1 H2 H3 H4

[Lu3(TACI-3H)2]3+ 3.91 2.93 2.93 3.91 [Pr2Lu(TACI-3H)2]3+ 17.35 17.35 9.81 13.78
[PrLu2(TACI-3H)2]3+ 9.63 12.21 4.95 4.29 [Pr2Lu(TACI-3H)2]3+ b 18.05 18.12 10.19 14.20
[PrLu2(TACI-3H)2]3+ b 9.94 12.74 5.13 4.42 [Nd2Lu(TACI-3H)2]3+ 16.01 17.18 8.52 11.63
[NdLu2(TACI-3H)2]3+ 9.45 13.52 5.09 4.63 [Nd2Lu(TACI-3H)2]3+ b 13.28 14.15 7.05 9.96
[NdLu2(TACI-3H)2]3+ b 8.23 11.43 4.37 4.15 [Eu2Lu(TACI-3H)2]3+ -11.63 -17.03 -3.06 -5.33
[EuLu2(TACI-3H)2]3+ -3.61 -13.51 0.67 3.77 [Eu2Lu(TACI-3H)2]3+ b -12.59 -18.09 -3.57 -5.91
[EuLu2(TACI-3H)2]3+ b -4.04 -14.24 0.42 3.60 [Tb2Lu(TACI-3H)2]3+ 275.87 152.58 56.20 114.90
[TbLu2(TACI-3H)2]3+ 137.24 119.98 24.81 -32.04 [Tb2Lu(TACI-3H)2]3+ b 241.91 133.61 54.57 107.45
[TbLu2(TACI-3H)2]3+ b 124.17 106.50 24.13 -24.30 [Dy2Lu(TACI-3H)2]3+ 241.18 137.99 58.37 111.94
[DyLu2(TACI-3H)2]3+ 126.19 111.94 25.03 -23.24 [Dy2Lu(TACI-3H)2]3+ b 292.57 171.33 64.75 126.62
[DyLu2(TACI-3H)2]3+ b 149.33 138.84 28.75 -31.53 [Ho2Lu(TACI-3H)2]3+ 125.07 67.48 32.17 59.66
[HoLu2(TACI-3H)2]3+ 67.48 54.36 16.02 -6.65 [Ho2Lu(TACI-3H)2]3+ b 100.28 46.24 24.63 48.61
[HoLu2(TACI-3H)2]3+ b 53.03 34.88 11.40 -6.32 [Er2Lu(TACI-3H)2]3+ -122.46 -99.58 -23.29 -43.27
[ErLu2(TACI-3H)2]3+ -58.07 -84.75 -8.89 22.45 [Er2Lu(TACI-3H)2]3+ b -126.30 -100.86 -22.68 -43.39
[ErLu2(TACI-3H)2]3+ b -60.46 -87.33 -9.04 23.37 [Tm2Lu(TACI-3H)2]3+ -218.21 -154.11 -39.40 -78.97
[TmLu2(TACI-3H)2]3+ -106.87 -132.31 -17.02 35.06 [Tm2Lu(TACI-3H)2]3+ b -181.99 -131.72 -34.74 -67.53
[TmLu2 (TACI-3H)2]3+ b -88.59 -111.86 -14.01 30.00 [Yb2Lu(TACI-3H)2]3+ -47.47 -39.10 -9.66 -16.16
[YbLu2(TACI-3H)2]3+ -21.97 -32.91 -3.03 10.51 [Yb2Lu(TACI-3H)2]3+ b -72.10 -51.37 -12.53 -25.52
[YbLu2(TACI-3H)2]3+ b -33.95 -43.22 -3.99 14.48

H1 H2 C1 C2

[Lu3(TACI-3H)2]3+ 3.91 2.93 75.50 57.00
[Pr3(TACI-3H)2]3+ 24.55 24.72 52.11 78.94
[Pr3(TACI-3H)2]3+ b 25.35 25.75 50.77 79.43
[Nd3(TACI-3H)2]3+ 19.30 21.80 30.34 69.70
[Nd3(TACI-3H)2]3+ b 16.17 17.77 35.60 67.78
[Eu3(TACI-3H)2]3+ -14.46 -21.50 169.78 43.18
[Eu3(TACI-3H)2]3+ b -15.55 -22.91 171.62 42.51
[Tb3(TACI-3H)2]3+ 264.00 193.00 652.00 452.00
[Tb3(TACI-3H)2]3+ b 236.39 169.64 591.44 407.17
[Dy3(TACI-3H)2]3+ 241.00 176.00 567.00 411.00
[Dy3(TACI-3H)2]3+ b 282.14 213.62 640.15 477.78
[Ho3(TACI-3H)2]3+ 122.00 84.00 360.00 238.00
[Ho3(TACI-3H)2]3+b 101.66 62.19 343.70 202.59
[Er3(TACI-3H)2]3+ -111.00 -117.00 -6.80 -127.00
[Er3(TACI-3H)2]3+ b -111.12 -115.99 -7.35 -121.78
[Tm3(TACI-3H)2]3+ -193.00 -178.00 -147.00 -250.00
[Tm3(TACI-3H)2]3+ b -165.40 -155.24 -126.33 -203.60
[Yb3(TACI-3H)2]3+ -42.30 -45.80 -29.60 4.20
[Yb3(TACI-3H)2]3+ b -65.61 -61.10 -11.69 -49.86

a Sm(III) is not considered because of its faint paramagnetism.b Chemical shifts calculated with eqs 5, 21 andFi
tot andSi

tot collected in Table 2.

AFi ) x∑
j

(δij
exp - δij

calc)2

∑
j

(δij
exp)2

(18)
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functions of the geometrical parametersGi, Gk, Gl, Hi, Hk,
Hl, there is no straightforward transformation for obtaining
Cikl andDikl factors with a specificikl ordering from the other
five permutations. There are 24 ordered HiHkHl triplets (and
24 associated planes according to eq 12) thus required for
exhaustively characterizing the solution structure of LnLu2

for which the1H NMR signals of the four protons H1-H4
are available. However, the structural information contained
in the four ordered combinations HiHkHl with i < k < l is
sufficient to address isostructurality.24 Three-dimensional
plots of (δij

para/〈Sz〉j) versus (δkj
para/〈Sz〉j) and (δlj

para/〈Sz〉j) for
the selected triplets H1H2H3, H1H2H4, H1H3H4, and
H2H3H4 along the complete lanthanide series (Ln) Pr-
Yb) show the experimental points to be aligned in a plane,
in agreement with the existence of a singleC2V-symmetrical
structure for LnLu2 in solution (Figure 5a). The best least-
squares planes characterized byBikl, Cikl, andDikl (Table 3)
are obtained by minimizing the sum of the square of the
orthogonal distances of the experimental points ((δij

para/
〈Sz〉j), (δkj

para/〈Sz〉j), (δlj
para/〈Sz〉j)) to the plane along the lan-

thanide series.30 The quality of the fit for a HiHkHl triplet
along the series can be estimated with the average agreement

factors AFikl defined in eq 19 (||aobs - acalc|| is the distance
separating the experimental pointsaobs ) ((δij

para/〈Sz〉j),
(δkj

para/〈Sz〉j), (δlj
para/〈Sz〉j)) from the related calculated points

acalc in the best plane).24

The small AFikl values (1.1× 10-3 e AFikl e 6.1× 10-3,
Table 3) can be compared with those previously reported
for an isostructural series in homotrimetallic helicates (0.02
e AFikl e 0.17),24 and we conclude that LnLu2 adopts a
single C2V-symmetrical structure in solution along the
complete lanthanide series. The values ofCikl and Dikl are
difficult to interpret and are mainly useful for comparisons
with a structural model in which the principal magnetic axes
are unambiguously determined. For axial systems such as
the D3-symmetrical homotrimetallic helicates previously
studied with eq 12,24 the magneticz axis coincides with the
3-fold molecular axis,11 and the required axial geometrical
Gi factors are easily obtained from gas-phase models or from
solid-state crystal structures.24 For rhombic complexes, there

(30) We have used the method with Lagrangian multipliers described in
ref 36 for calculating the least-squares planes (see Experimental
Section).

Figure 3. Plots of 1/T1i
para vs ri

-6 according to eq 17 for H1-H4 in
[LnLu2(TACI-3H)2(H2O)6]3+ (D2O, pD ) 8, 298 K, ri is taken from the
crystal structure of [Lu3(TACI-3H)2(H2O)6]3+):26 (a) Ln ) Pr-Sm, (b) Ln
) Tb-Yb.

Figure 4. Plots of (a) (δij
para/〈Sz〉j) vs (Cj/〈Sz〉j) (eq 10) and (b) (δij

para/Cj) vs
(〈Sz〉j/Cj) (eq 11) for H4 in [LnLu2(TACI-3H)2(H2O)6]3+ (D2O, pD ) 8,
298 K).

AFikl )
1

3x∑
j

||aobs- acalc||2

∑
j

||aobs||2
(19)
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is no obvious correlation between the arbitrary axes fixed
in the molecule and the location of the principal magnetic
axes.22,31Therefore, any comparison with the crystal structure
of [Ln3(TACI-3H)2(H2O)6]3+ considered as a structural model

for LnLu2 in solution requires the prior complete determi-
nation of the magnetic tensor in LnLu2 by using the method
proposed by Kemple,8a followed by matrix diagonalization
and determination of Euler’s angles tranforming the original
frame into that of the principal magnetic axes system.6,11,22,31

This sophisticated technique is well beyond the attractive
model-free methods accessible to common coordination
chemists, and it will not be further considered in this paper.
However, the experimentalBikl

exp parameters obtained from

(31) (a) Forsberg, J. H.; Delaney, R. M.; Zhao, Q.; Harakas, G.; Chandran,
R. Inorg. Chem.1995, 34, 3705. (b) Bertini, I.; Janik, M. B. L.; Lee,
Y.-M.; Luchinat, C.; Rosato, A.J. Am. Chem. Soc.2001, 123, 4181.
(c) Di Bari, L.; Lelli, M.; Pintacuda, G.; Pescitelli, G.; Marchetti, F.;
Salvadori, P.J. Am. Chem. Soc.2003, 125, 5549.

Table 2. Computed Values for Contact (Fi
tot ) ∑mFi

m) and PseudocontactSi
tot ) (B0

2(∑mGi
m) + x6B2

2(∑mHi
m)) Terms and Agreement Factors (AFi) for

Protons and Carbons in the Complexes [LnxLu3-x(TACI-3H)2(H2O)6]3+ (x ) 1-3, Ln ) Pr-Yb) in D2O at 298 K (pD ) 8.0)a

Ln ) Pr-Eu

[LnLu2(TACI-3H)2(H2O)6]3+ [Ln2Lu(TACI-3H)2(H2O)6]3+ [Ln3(TACI-3H)2(H2O)6]3+

H1 H2 H3 H4 H1 H2 H3 H4 H1 H2 C1 C2

Fi
tot -0.6(1) -1.4(3) -0.18(8) -0.01(6) -1.2(3) -1.6(4) -0.4(2) -0.6(2) -1.2(4) -1.8(5) 9.1(6) -0.6(2)

Si
tot -0.4(1) -0.5(2) -0.15(8) -0.04(5) -1.0(3) -1.0(3) -0.6(2) -0.8(2) -1.6(4) -1.6(5) -0.2(6) -1.9(2)

Ln ) Tb-Yb

[LnLu2(TACI-3H)2(H2O)6]3+ [Ln2Lu(TACI-3H)2(H2O)6]3+ [Ln3(TACI-3H)2(H2O)6]3+

H1 H2 H3 H4 H1 H2 H3 H4 H1 H2 C1 C2

Fi
tot -0.7(5) -1.8(6) -0.14(9) 0.3(2) -1.4(1.1) -2.0(7) -0.2(2) -0.3(3) -0.9(9) -2.0(8) 4.2(1.4) -1.6(1.5)

Si
tot -1.6(2) -1.9(2) -0.30(3) 0.44(6) -3.3(4) -2.2(2) -0.68(5) -1.3(1) -3.1(3) -2.7(3) -4.5(5) -4.7(5)

AFi
b 0.16 0.18 0.16 0.22 0.17 0.18 0.12 0.13 0.15 0.16 0.12 0.17

a Fi
tot and Si

tot are obtained by multi-linear least-squares fits ofδij
para vs 〈Sz〉j and Cj (eqs 5, 21), and Sm(III) is not considered because of its faint

paramagnetism.b Calculated according to eq 18.27

Figure 5. Three-dimensional plots of (δij
para/〈Sz〉j) vs (δkj

para/〈Sz〉j) and (
δlj

para/〈Sz〉j) for H4, H2, H3 in [LnLu2(TACI-3H)2(H2O)6]3+ (D2O, pD ) 8,
298 K). (a) View of the best plane from profile showing the planar
arrangement of the points (rhombs are used to highlight planes orthogonal
to the best plane). (b) View perpendicular to the best plane showing the
location of the points within the plane (the line is only a guide for the eyes,
and rhombs are used to highlight the best plane).

Table 3. Structural ParametersCikl andDikl, InterceptsBikl ) Fi -
FkCikl - FlDikl, and Agreement Factors (AFikl) Obtained from
Least-Squares Planes for ((δij

para/〈Sz〉j), (δkj
para/〈Sz〉j), (δlj

para/〈Sz〉j)) According
to Equation 12 in the Complexes [LnxLu3-x(TACI-3H)2(H2O)6]3+ (x )
1-3, Ln ) Pr-Yb, D2O, pD ) 8.0, 298K)a

[LnLu2(TACI-3H)2(H2O)6]3+

HiHkHl Bikl Cikl Dikl AFikl
b

H1H2H3 1.03 1.09 -1.49 3.96× 10-3

H1H2H4 0.63 0.66 -0.81 6.02× 10-3

H1H3H4 0.05 2.27 -2.08 4.81× 10-3

H2H3H4 -0.86 3.39 -1.97 1.13× 10-3

[Ln2Lu(TACI-3H)2(H2O)6]3+

H1H2H3 1.91 2.16 -2.46 3.71× 10-3

H1H2H4 9.58 9.82 -15.20 6.61× 10-3

H1H3H4 -0.21 -3.37 4.44 3.98× 10-3

H2H3H4 -0.91 -0.76 2.28 8.35× 10-3

[Ln3(TACI-3H)2(H2O)6]3+ (Ln ) Pr-Eu)

H/Cikl Bikl Cikl Dikl AFikl
b

H1H2C1 0.97 1.03 -0.03 3.75× 10-4

H1H2C2 2.00 1.78 -0.57 4.19× 10-4

H1C1C2 0.67 -0.16 0.85 1.14× 10-3

H2C1C2 0.09 -0.23 0.69 7.39× 10-6

[Ln3(TACI-3H)2(H2O)6]3+ (Ln ) Tb-Yb)
H1H2C1 -0.96 1.00 0.17 1.11× 10-4

H1H2C2 1.00 1.17 -0.09 9.85× 10-5

H1C1C2 1.03 -0.26 0.71 4.71× 10-5

H2C1C2 -2.33 0.22 0.36 5.58× 10-5

a The errors onBikl
solution, Cikl

solution, andDikl
solutionare typically between 1 and

5%, and Sm(III) is exceptionally considered in order to substantiate the
first isostructural series in [Ln3(TACI-3H)2(H2O)6]3+. b AFikl values are
calculated with eq 19.
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the fits of the triplets HiHkHl with eq 12 can be compared
with those calculatedBikl

calc with eq 13 by takingCikl andDikl

from Table 3 (three-nuclei method) andFi, Fk, andFl from
Table 2 (one-nucleus method). Since the contact terms
slightly vary along the isostructural series (Table 2), the
average valuesFi

average) 1/2(Fi
Ln)Ce-Eu + Fi

Ln)Tb-Yb) have
been used for evaluatingBikl

calc. The excellent correlation
observed betweenBikl

exp and Bikl
calc (Figure 6) supports isos-

tructurality for LnLu2 along the complete series, and it
suggests that the breaks obtained with the one-nucleus
method (Figure 4) can be assigned to changes in the crystal-
field parameters amplified by the abrupt increase of Bleaney’s
Cj factors in the second part of the series.11,24 Finally, it is
worth noting that the points ((δij

para/〈Sz〉j), (δkj
para/〈Sz〉j),

(δlj
para/〈Sz〉j)) only slightly deviate from a straight line within

the best least-squares planes (Figure 5b), a situation which
strongly contrasts with the large dispersion observed in
isostructural homotrimetallic helicates (Ln) Ce-Yb).24 This
can be traced back to the two second-rank crystal-field
parameters characterizing the magnetic anisotropy of the
complex which are of comparable magnitude in the homot-
rimetallic helicates (B0

2central≈ B0
2terminal),24 but consequently

of very different size in the LnLu2 complexes (x6B2
2 , B0

2

or x6B2
2 . B0

2). This translates into a weak distortion from
pseudoaxiality for the LnLu2 complexes which is confirmed
by plots of δij

para/〈Sz〉j versus δkj
para/〈Sz〉j for HiHk pairs

according to eq 8 which poorly deviate from the straight
line characterizing an isostructural series in an axial system
(Figure S1, Supporting Information).

Extension of the Model-Free Crystal-Field Independent
Methods for Analyzing Magnetically Noncoupled Poly-
paramagnetic Rhombic Lanthanide Complexes.The faint
magnetic exchange observed between two Gd(III) in [Gd3-
(TACI-3H)2(H2O)6]3+ (Jex ) -0.092 cm-1)19b indicates that
the magnetic coupling can be neglected for analyzing1H
NMR data recorded at room temperature.32 In these condi-
tions, the total paramagnetic shift of a nucleusi in a
multicenter polymetallic lanthanide complex containingn
noncoupled paramagnetic centers corresponds to the sum of

the contact and pseudocontact contributions given in eq 20
such that each Ln(III) is located at the origin of a specific
frame.11,24

Since the paramagnetic centers are equivalent in [Ln2Lu-
(TACI-3H)2(H2O)6]3+ (C2V symmetry) and [Ln3(TACI-3H)2-
(H2O)6]3+ (D3h symmetry), a single set of crystal-field
parameters is required,11,24 and eq 20 reduces to eq 21 with
n ) 2 for Ln2Lu andn ) 3 for Ln3. The comparison of eq
21 with eq 5 demonstrates their strict mathematic equivalence
such that the originalFi, Gi, andHi terms in eq 5 are replaced
with their sum overn magnetic centers in eq 21. Conse-
quently, the crystal-field independent eqs 12-16 also hold
for polyparamagnetic lanthanide complexes if the original
Fi, Gi, and Hi terms are replaced by their sum overn
paramagnetic centers.

Application of the Model-Free Methods for Analyzing
Isostructurality in Biparamagnetic Rhombic Complexes
[Ln 2Lu(TACI-3H) 2(H2O)6]3+ (Ln ) Pr-Yb). The1H NMR
spectra of the biparamagnetic Ln2Lu complexes show four
signals for H1-H4 (Figure 2) compatible withC2V symmetry
and the location of each paramagnetic center on a symmetry
plane (Cs microsymmetry, Figure 1b). Extension of eq 17
for homopolymetallic paramagnetic lanthanide complexes
provides eq 22,24 and the assignment of H1-H4 given in
Table 1 results fromT1 measurements for which plots of 1/
T1i

para versus∑m)1
2 (ri

m)-6 for each Ln2Lu complex display a
straight line with a positive slope (Table S1 and Figure S2,
Supporting Information).

Plots of δij
para/〈Sz〉j versus Cj/〈Sz〉j (eq 10) andδij

para/Cj

versus 〈Sz〉j/Cj (eq 11) show significant deviations from
linearity between Eu and Tb, and two straight lines for Ln
) Pr-Eu and Ln) Tb-Yb are required to satisfyingly fit
the1H NMR data as previously described for LnLu2 (Figure
S3, Supporting Information). Multilinear least-squares fits
with eq 21 (δij

para vs 〈Sz〉j and Cj) for H1-H4 in the two
series provide contact (Fi

tot ) (∑m)1
2 Fi

m)) and pseudocontact
terms (Si

tot ) (B0
2 ∑m)1

2(Gi
m) + x6B2

2 ∑m)1
2(Hi

m))) associ-
ated with satisfying Wilcott agreement factors 0.12e AFi

e 0.18 (eq 18, Table 2). Interestingly, the introduction of a
second paramagnetic center when going from LnLu2 (Figure
1a) to Ln2Lu (Figure 1b) mainly affects|FH1

tot| and |FH4
tot|,

while |FH2
tot| and |FH3

tot| poorly vary. This can be traced back
to the operation of two novel three-bond pathways (via the
coordinated oxygen atom) allowing spin delocalization from
the supplementary paramagnetic lanthanide onto H1 and H4(32) Ishikawa, N.; Iino, T.; Kaizu, Y.J. Am. Chem. Soc.2002, 124, 11440.

Figure 6. Plots of experimentalBikl
exp (eq 12) for HiHkHl triplets as a

function of Bikl
calc calculated with eq 13 by usingFi, Fk, and Fl taken in

Table 2 (see text):O ) [LnLu2(TACI-3H)2(H2O)6]3+ and2 ) [Ln3(TACI-
3H)2(H2O)6]3+.

δij
para) (∑

m)1

n

Fi
m)〈Sz〉j + Cj∑

m)1

n

(B0
2m Gi

m + x6B2
2m Hi

m) (20)

δij
para) (∑

m)1

n

Fi
m)〈Sz〉j + Cj(B0

2∑
m)1

n

(Gi
m) + x6B2

2∑
m)1

n

(Hi
m))

(21)

1

T1i
para

) Ej ∑
m)1

n ( 1

ri
m)6

(22)
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(Figure 1b). For H2 and H3, supplementary four-bond
pathways become available in Ln2Lu, but this poorly affects
the contact contribution. According to the sum characterizing
Si

tot in eq 21, the average global increases of|Si
tot| observed

when going from LnLu2 to Ln2Lu is not surprising since
several supplementary pseudocontact shifts occurring at short
distances are operating (Table 2). However, a more detailed
interpretation ofSi

tot is precluded by (i) the complicate
nonlinear variations ofGi

m andHi
m with the internal coordi-

nates and (ii) the absence of the location of the principal
magnetic axes in Ln2Lu.

Three-dimensional plots for HiHkHl triplets according to
eq 12 for H1-H4 in Ln2Lu systematically show planar
arrangements along the complete series (Ln) Pr-Yb) with
good agreement factors (3.7× 10-3 e AFikl e 8.4 × 10-3,
Table 3, Figure S4, Supporting Information). This implies
isostructurality for Ln2Lu as previously established for LnLu2.
It is worth noting the large values ofCikl andDikl found for
the plane containing the H1H2H4 triplets result from its
location almost parallel to thex direction.24 Finally, the good
correlation observed betweenBikl

exp andBikl
calc calculated with

the contact terms collected in Table 2 (Figure S5, Supporting
Information) confirms isostructurality for Ln2Lu along the
complete series. The breaks detected with the one-nucleus
method (Figure S3) can be thus safely assigned to changes
in the crystal-field parameters amplified by the abrupt
increase of Bleaney’sCj factors as previously discussed for
the LnLu2 complexes.

Using the Three-Nuclei Crystal-Field Independent
Method for the Assignment of13C NMR Spectra and for
the Structural Analysis of the Triparamagnetic Rhombic
Complexes [Ln3(TACI-3H) 2(H2O)6]3+ (Ln ) Pr-Yb). The
1H NMR spectra of theD3h-symmetrical Ln3 complexes
(Figure 1c) exhibit only two signals corresponding to H1
and H2 which have been safely assigned throughT1

measurements according to eq 22 (i.e., the larger paramag-
netic contribution 1/T1i

para is ascribed to H1 for which∑m)1
3 (

ri
m)-6 is maximum, Table S1).19 Plots ofδij

para/〈Sz〉j versusCj/
〈Sz〉j (eq 10) for H1 and H2 have been originally interpreted
as arising from a single isostructural series despite some
minor dispersion of the points from the least-squares straight
lines (Figure S6a, Supporting Information).19c The situation
is less clear forδij

para/Cj versus 〈Sz〉j/Cj (eq 11) which is
significantly better modeled with two different series Ln)
Pr-Eu and Ln ) Tb-Yb in contrast with the original
interpretation (Figure S6b, Supporting Information).19c Since
only two nuclei H1 and H2 are available in Ln3, eq 12 cannot
be used for testing isostructurality around each metallic site
displayingC2V microsymmetry.13C NMR spectra have been
thus recorded for Ln) Pr-Yb, and the observed signals
have been assigned to C1 and C2 (Table 1) by using1H-
13C-HMQC correlation spectra for the light lanthanides Ln
) Pr-Eu for which the nuclear relaxation times are long
enough to allow magnetization transfer.6b For Ln ) Tb-
Yb, two broad signals are detected which cannot be assigned
because of the lack of reliableT1 measurements (T1 < 1 ms)
and of 1H-13C-HMQC correlations. Since plotsδij

para/〈Sz〉j

versusCj/〈Sz〉j (eq 10) andδij
para/Cj versus〈Sz〉j/Cj (eq 11) for

C1 and C2 are linear for Ln) Pr-Eu (Figure 7, full lines),
we have computed with eq 21 a set of contactFi

tot ) (∑m)1
3

Fi
m) and pseudocontact termsSi

tot ) (B0
2 ∑m)1

3 (Gi
m) + x6B2

2

∑m)1
3 (Hi

m)) for the light Ln(III) (Ln ) Pr-Eu, Table 2).13C
NMR spectra have been then predicted for each Ln3 complex
(Ln ) Tb-Yb) by considering an adapted set of〈Sz〉j

7 and
Cj

10 factors and assuming that plots ofδij
para/〈Sz〉j versusCj/

〈Sz〉j (eq 10) andδij
para/Cj versus〈Sz〉j/Cj (eq 11) are linear

along the complete lanthanide series.11,15e,33 Comparisons
between predicted and experimental data are only satisfying
for Ln ) Tb, thus leading to the assignment of C1 and C2
for this specific lanthanide which is known to act as a pivot
between light and heavy Ln(III) in the model-free analyses
of paramagnetic spectra.11,15c,33However, predictions based
on the one-nucleus method fail to reproduce experimental

(33) Floquet, S.; Ouali, N.; Bocquet, B.; Bernardinelli, G.; Imbert, D.;
Bünzli, J.-C. G.; Hopfgartner, G.; Piguet, C.Chem. Eur. J.2003, 9,
1860.

(34) Glasoe, P. K.; Long, F. A.J. Phys. Chem.1960, 64, 188.

Figure 7. Plots of (a) (δij
para/〈Sz〉j) vs (Cj/〈Sz〉j) (eq 10) and (b) (δij

para/Cj) vs
(〈Sz〉j/Cj) (eq 11) for C1 in [Ln3(TACI-3H)2(H2O)6]3+ (D2O, pD ) 8, 298
K). Solid lines represent least-squares linear correlations obtained for the
light lanthanides (Ln) Pr-Eu). Linear correlations for the heavy
lanthanides (Ln) Tb-Yb) are shown with dotted lines.
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data for the heavier lanthanides (Ln) Tb-Yb), which
implies that a break in the crystal-field dependent eqs 10-
11 occurs for C1 and C2 near the middle of the series (Figure
7).

We have then resorted to the novel three-nuclei crystal-
field independent method (eq 12) for predicting the13C NMR
spectra of the Ln3 complexes with Ln) Tb-Yb. First, we
have considered a single isostructural series for Ln) Pr-
Yb and a preliminary set ofBikl, Cikl, andDikl is obtained
from the fit of the two H1H2Cl triplets according to eq 12
for Ln ) Pr-Eu. Taking the accessibleδHij

para (Table 1) and
〈Sz〉j for each heavy lanthanide (Ln) Tb-Yb),7 δCij

paracan be
calculated with eq 12, but predictions do not agree with
experimental data (Table 4). We therefore conclude that at
least two isostructural series should be considered for Ln3,
and we select four strongly paramagnetic lanthanides in the
second series Ln) Tb, Er, Tm, Yb for defining a second
isostructural series. Although the assignment of C1 and C2
for Ln ) Tb is known from prediction using the one-nucleus
method, there is no a priori available attribution of the13C
NMR signals in Er3, Tm3, and Yb3, and we have computed
Bikl, Cikl, Dikl, and AFikl for each H1H2Cl and HiC1C2 triplet
(four planes) corresponding to each permutation of the13C
signals observed for Ln) Tm, Er, Yb (eight possible
permutations). For each permutation corresponding to a
specific 13C assignment, we obtain an average agreement
factor considering the four triplets:AF ) 1/4∑ikl AFikl. A
single permutation provides a satisfying agreement factor
with AF ) 6.0 × 10-4 comparable with those found for
LnLu2 and Ln2Lu, while the other permutations provideAF
> 1.2 × 10-3. The specific sets ofBikl, Cikl, and Dikl

parameters associated with this permutation for H1H2Cl (l
) 1,2) have been used for predicting the13C NMR spectra
of Dy3 and Ho3 with eq 12 (δHij

para are taken from Table 1)
which indeed fit the experimental data (Table 4), and allow
the complete assignment of13C resonances for the heavy
Ln3 complexes (Table 1).

The eventual thorough analysis of13C NMR data according
to the crystal-field dependent eqs 10 and 11 unambiguously
confirms a break near the middle of the lanthanide series
which contrasts with the original treatment limited to H1
and H2,19c but which is in line with the existence of a
structural change along the lanthanide series (Figure 7). The
Wilcott agreement factors for H1, H2, C1, and C2 0.12e
AFi e 0.17 (eq 18, Table 2) are comparable with those
obtained for Lu2Ln and Ln2Lu, but slightly better than those

reported for H1 and H2 calculated according to a single
isostructural series (0.18e AFi e 0.19).19c The contact terms
FH1

tot ) (∑m)1
3 FH1

m ) and FH2
tot ) (∑m)1

3 FH2
m ) in Ln3 are very

similar to contact terms computed in Ln2Lu for the topologi-
cally related protons H1 and H2 (Table 2) because the
introduction of the third paramagnetic center in Ln3 brings
only one supplementary four-bond pathway for spin delo-
calization onto H2 (Figure 1c). On the other hand, the
pseudocontact termsSi

tot ) (B0
2 ∑m)1

3 (Gi
m) + x6B2

2 ∑m)1
3

(Hi
m)) are maximum for Ln3 because of the existence of

three paramagnetic centers. Three-dimensional plots of
(δij

para/〈Sz〉j) versus (δkj
para/〈Sz〉j) and (δlj

para/〈Sz〉j) according to
eq 12 for the triplets H1H2C1, H1H2C2, H1C1C2, and
H2C1C2 along the lanthanide series (Ln) Pr-Yb) show
deviations from a single plane (Figure 8a) pointing to a
structural change between Eu and Tb in agreement with the
previous need for two different isostructural series for
assigning13C NMR spectra. The use of two different planes
Ln ) Pr-Eu and Ln) Tb-Yb gives satisfying AFikl factors
together with two sets ofBikl, Cikl, andDikl collected in Table
3 (Figure 8b).Bikl

calc calculated with eq 13 (Cikl andDikl taken
from Table 3 andFi

tot, Fk
tot, andFl

tot from Table 2) for the
two isostructural series in Ln3 perfectly matchBikl

exp obtained
from the fitting of the triplets HiHkCl and HiCkCl (Figure
6), which eventually confirms that the structural change
affects both contact terms and geometrical parameters.
Although a concomitant variation of the crystal-field pa-
rametersB0

2 and B2
2 is expected,2,11,14 it cannot be safely

addressed with the one-nucleus crystal-field dependent eq
21 because the variations of∑m)1

3 (Gi
m) and ∑m)1

3 (Hi
m)

already affectSi
tot.

We can safely conclude that [Ln3(TACI-3H)2(H2O)6]3+

display a sufficient structural variation along the lanthanide
series for being detected with the rhombic crystal-field
independent eq 12. This contrasts with the original report
based on the one-nucleus method applied to H1 and H2 (eq
10),19b but compensation effects between crystal-field and
geometrical parameters in the pseudocontact termsSi

tot are
known to prevent the unambiguous detection of structural
changes with crystal-field dependent methods.17 Although
the model-free methods do not allow straightforward access
to the exact nature of the structural change,11 the considerable
geometrical variations induced by the lanthanide contraction
in the crystal structures of [Ln3(TACI-3H)2(H2O)6]3+ (Ln )
La, Gd, Lu)19,26suggest parallel changes occurring in solution

Table 4. Experimental and Computed13C NMR Shifts (in ppm with Respect to DSS) with the Crystal-Field Independent Three-Nuclei Method (eq 12)
for [Ln3(TACI-3H)2(H2O)6]3+ (Ln ) Tb-Yb, D2O, pD ) 8.0, 298 K)

one isostructural series two isostructural series

compd δC1,j
exp δC2,j

exp δC1,j
calc a δC2,j

calc a δC1,j
calc b δC2,j

calc b

[Tb3(TACI-3H)2]3+ 652 452 -1135 306 654 444
[Dy3(TACI-3H)2]3+ 567 411 -1051 282 593 413
[Ho3(TACI-3H)2]3+ 360 238 -382 183 435 213
[Er3(TACI-3H)2]3+ -7 -127 291 -62 -8 -121
[Tm3(TACI-3H)2]3+ -147 -250 733 -134 -149 -252
[Yb3(TACI-3H)2]3+ -30 4 16 -5 -30 4

a Calculated with eq 12 according to a single isostructural series defined by Ln) Pr-Yb. b Calculated with eq 12 according to two isostructural series
Ln ) Pr-Eu and Ln) Tb-Yb.
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(decrease of the separation between the facial planes defined
by the alcoholate atoms of each ligand: 2.71 Å (La), 2.54
Å (Gd), 2.45 Å (Lu), and decrease of the intermetallic
distances: 3.932 Å (La), 3.734 Å (Gd), 3.607 Å (Lu)). The
occupancy of at least one site with a lutetium atom in the
heterotrimetallic complexes LnLu2 and Ln2Lu along the
lanthanide series strongly limits structural deformations, and
this may explain the different behaviors observed for LnLu2

and Ln2Lu (isostructural along the complete series) and Ln3

(structural change along the series). However, the increased
sensitivity of paramagnetic shifts in axial triparamagnetic
helicates has been previously invoked for rationalizing
apparent structural changes in crystal-field independent
equations.24 A similar effect cannot be completely ruled out
for [Ln3(TACI-3H)2(H2O)6]3+ although the variations of the
structural parameters along the lanthanide series in the solid
state strongly support nonisostructurality.

Conclusion

As previously established for axial systems, the systematic
variations of the crystal-field parametersB0

2 and B2
2 along

the lanthanide series for rhombic complexes14 prevent the
use of crystal-field dependent methods for addressing
structural changes according to the model-free approach.
Since the number of crystal-field parameters required for
modeling the molecular paramagnetic anisotropy according
to Bleaney’s hypothesis increases from one (B0

2) in axial
complexes to two (B0

2 and B2
2) in rhombic complexes, the

dimensionality of the crystal-field independent equations
concomitantly increases from one dimension (a straight line
defined by eq 8 for axial complexes) to two dimensions (a
plane defined by eq 12 for rhombic complexes). Except for
this mathematical expansion, the analysis of the paramagnetic
NMR data is similar, and the extension toward magnetically
noncoupled polymetallic lanthanide complexes brings no
drastic complication. Application of the novel rhombic
crystal-field independent method to the sandwich complexes
[LnxLu3-x(TACI-3H)2(H2O)6]3+ exhibitingC2V (x ) 1, 3) or
Cs (x ) 2) microsymmetries for the paramagnetic centers
demonstrates isostructurality for the heterotrimetallic com-
plexes along the complete lanthanide series, while a signifi-
cant structural variation occurs for the homotrimetallic
analogues. Interestingly, the experimental points ((δij

para/
〈Sz〉j), (δkj

para/〈Sz〉j), (δlj
para/〈Sz〉j)) defining the isostructural

plane according to eq 12 are systematically poorly dispersed
around a straight line for all complexes, thus pointing to
second-rank crystal-field parameters in LnxLu3-x which
display significantly different magnitudes (x6B2

2 , B0
2 or

x6B2
2 . B0

2). The origin of the large discrepancy between
B0

2 andB2
2 in LnxLu3-x is difficult to address, but a thorough

analysis of the crystal structures of [Ln3(TACI-3H)2(H2O)6]3+

shows that the metallic sites only slightly deviate from 3-fold
symmetry since they can be described as bicapped trigonal
prismatic sites (the coordinated oxygen atoms define the
trigonal faces of the prism and the nitrogen atoms cap two
rectangular faces, Figure 9).19,26 Theoretical PCEM calcula-
tions (PCEM) point charge electrostatic model)2a show that
the removal of one capping atom when going from an ideal
tricapped trigonal prism (D3h symmetry: B0

2 * 0 if θ * 45°
andB2

2 ) 0)2a to a bicapped trigonal prism (C2V symmetry:
B0

2 * 0 andB2
2 * 0) produces (i) only weak distortion from

axiality and (ii) limited magnetic anisotropies,2e two predic-
tions which match the weak “rhombic” distortion observed
by paramagnetic NMR for LnxLu3-x.

In conclusion, the combination of the one-nucleus crystal-
field dependent (eq 5) with two-nuclei crystal-field inde-
pendent (eq 8, axial systems) and three-nuclei crystal-field
independent (eq 12, rhombic systems) methods provides a
complete and efficient tool for safely analyzing paramagnetic
NMR spectra of lanthanide coordination complexes and for
detecting structural changes induced by the lanthanide
contraction without resorting to structural models. This point
is crucial for the fast screening and evaluation of geometrical
and electronic changes induced by weak intramolecular
interstrand interactions responsible for structural program-
ming and thermodynamic selectivities in sophisticated su-
pramolecular lanthanide complexes.4e,5b

Figure 8. Three-dimensional plots of (δij
para/〈Sz〉j) vs (δkj

para/〈Sz〉j) and
(δlj

para/〈Sz〉j) for C2, H1, C1 in [Ln3(TACI-3H)2(H2O)6]3+ (D2O, pD ) 8,
298 K). (a) View from profile showing the deviation of the points from a
single plane (rhombs are used to highlight planes orthogonal to the best
plane). (b) View of the two best planes characterizing the two different
isostructural series Ln) Pr-Eu and Ln) Tb-Yb. An approximate plane
obtained for a single isostructural series Ln) Pr-Yb (black) is shown for
comparison (the three arrows on the sphere represents the vectors normal
to the different planes).
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Experimental Section

Spectroscopic Measurements.Samples for NMR spectroscopy
were prepared by dissolving the ligand (10-2 to 10-3 M) and the
lanthanide triflate salt in 700µL of deuterium oxide (Euriso-top,
99.9 at. % D). The pD) 8 level was then adjusted with sodium
deuteroxide solution (pD) pH + 0.41).34 NMR spectra were
recorded either on AVANCE 400 Bruker or MERCURY 400 Varian
spectrometers. The methyl protons of DSS (3-(trimethylsilyl)-1-
propanesufonic acid) were used as an internal reference for the1H
and13C spectra recorded in D2O. Longitudinal relaxation rates were

measured using a nonselective inversion-recovery pulse sequence,
andT1 values were obtained from a three-parameter fit of the data
to an exponential recovery function.1H-1H-COSY and1H-13C-
HMQC spectra were recorded in magnitude mode using 256
increments and recycle delays optimized for fast-relaxing species.

Calculations and Computational Details. Multilinear least-
squares fits with the one-nucleus method (eqs 5, 21) were performed
with Microsoft EXCEL software. The best least-squares planes
according to the three-nuclei method (eq 12) were obtained by
minimizing M whereM is the sum along the lanthanide series (j )
1 to 9 corresponding to Ln) Pr, Nd, Eu, Tb, Dy, Ho, Er, Tm, Yb)
of the square of the orthogonal distances to the plane.35 As a plane
is defined by its distance to the origin and by its unit normal,nb,
we add toM the following condition:æ ) (nb‚nb) - 1 ) 0 multiplied
by a so-called Lagrangian multiplierλ.36 After equating all the
partial derivatives with respect tonx, ny, nz, andλ to zero, a system
of equations is found which can be solved by using a software for
symbolic computation,37 thus leading to the best least-squares plane.
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Figure 9. Perspective view of the Lu-coordination sphere in the crystal
structure of [Lu3(TACI-3H)2(H2O)6]3+ 26 highlighting the minor distortion
from trigonal symmetry. (a) View along the pseudo-C3 axis and (b) view
perpendicular to the pseudo-C3 axis.
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