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An Investigation of Lanthanum Coordination Compounds by Using Solid-
State ’La NMR Spectroscopy and Relativistic Density Functional Theory
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Abstract: Lanthanum-139 NMR spec-
tra of stationary samples of several
solid La™ coordination compounds
have been obtained at applied magnet-
ic fields of 11.75 and 17.60 T. The
breadth and shape of the '¥La NMR
spectra of the central transition are
dominated by the interaction between
the "La nuclear quadrupole moment
and the electric field gradient (EFG) at
that nucleus; however, the influence of
chemical-shift anisotropy on the NMR
spectra is non-negligible for the majori-
ty of the compounds investigated.
Analysis of the experimental NMR
spectra reveals that the '*La quadrupo-
lar coupling constants (C,) range from

chemical-shift tensor () range from
50 to 260 ppm, and the isotropic chemi-
cal shifts (d;,) range from —80 to
178 ppm. In general, there is a correla-
tion between the magnitudes of Cq and
2, and 0, is shown to depend on the
La coordination number. Magnetic-
shielding tensors, calculated by using
relativistic zeroth-order regular approx-
imation density functional theory
(ZORA-DFT) and incorporating scalar
only or scalar plus spin-orbit relativis-
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tic effects, qualitatively reproduce the
experimental chemical-shift tensors. In
general, the inclusion of spin—orbit cou-
pling yields results that are in better
agreement with those from the experi-
ment. The magnetic-shielding calcula-
tions and experimentally determined
Euler angles can be used to predict the
orientation of the chemical-shift and
EFG tensors in the molecular frame.
This study demonstrates that solid-
state La NMR spectroscopy is a
useful characterization method and can
provide insight into the molecular
structure of lanthanum coordination
compounds.

10.0 to 35.6 MHz, the spans of the

Introduction

The coordination chemistry of the lanthanides (Ln) is ex-
tremely diverse, with Ln™ metals forming complexes with
numerous oxygen- and nitrogen-donating ligands in which
the metal adopts a wide variety of coordination numbers.l]
This chemical and structural variety has been exploited and
Ln coordination compounds have found use in biology as
molecular-recognition and chirality-sensing agents as well
as DNA hydrolysis promoters,” in NMR as shift reagents!®®
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and in magnetic resonance imaging (MRI) as contrast
agents,” ' in organic synthesis as reagents and catalysts, >
and as luminescent sensors and light converters.!'!”)

The study of Ln coordination compounds by means of
NMR spectroscopy is difficult because the majority of the
compounds are paramagnetic. Given that the unpaired spin
density in these complexes is generally localized on the
metal, high-resolution NMR spectra of spin-active lantha-
nide isotopes are often impossible to obtain. Fortunately,
paramagnetic Ln compounds frequently have diamagnetic
La™ analogues that are amenable to study by NMR spec-
troscopy. As a result of La having an isotope with favorable
NMR properties—'*La, I=7/2 (I=nuclear spin), natural
abundance of 99.9%, £=14.125% (E=ratio of the *La
frequency to that of 'H in tetramethylsilane in the same
magnetic field), and a moderate nuclear quadrupole
moment (Q=+20 fm?)™®—numerous La solution NMR
studies have been reported.!'” In spite of the large number
of solution ¥La NMR studies that have been performed,
there are limitations of the technique that one must consid-
er. Often the solubility of La compounds is low, which can
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lead to long experimental times or prevent solution NMR
studies completely. When solubility is not an issue, efficient
nuclear quadrupolar relaxation of '*La in isotropic solutions
results in broadened NMR peaks. In addition, rapid ligand
exchange in solution can introduce ambiguity in the identity
of the compound, leading to a discrepancy between structur-
al information garnered from single-crystal diffraction stud-
ies and solution NMR experiments. When NMR experi-
ments are conducted on solid samples, however, one can be
confident that the structure of the sample under investiga-
tion is identical to that determined by single-crystal diffrac-
tion data when available.

The most dramatic difference between solution and solid-
state NMR of a quadrupolar nucleus such as "La is that
the linewidth of the NMR spectra of powder samples is gen-
erally limited not by relaxation but by the orientation-de-
pendence of the quadrupolar interaction. The interaction of
the quadrupole moment of the nucleus with the electric
field gradient (EFG) at that nucleus constitutes the quadru-
polar interaction. In some instances, the orientation-depen-
dence of the magnetic-shielding interaction also contributes
to the breadth of the NMR spectrum. Characterization of
the EFG and magnetic-shielding tensors obtained from
NMR spectra can yield information about the local symme-
try at the quadrupolar nucleus.?>? Given the high NMR re-
ceptivity of 'La and that structural information can be ob-
tained from solid-state NMR spectra of quadrupolar nuclei,
it is surprising that relatively few NMR studies of solid dia-
magnetic La compounds have been performed. Such studies
have been limited to characterizing inorganic materials/>>*
and simple inorganic salts;**? however, no La NMR
studies of solid coordination compounds have been report-
ed.

Table 1. Lanthanum(1im) coordination compounds included in this study.

Our goal is to investigate the feasibility of using solid-
state '¥La NMR spectroscopy to study lanthanum coordina-
tion compounds. In particular, can relationships between
NMR parameters and molecular structure be derived? To
accomplish these goals, a wide variety of well-characterized
La™ model compounds, comprised of either oxygen-donat-
ing or both oxygen- and nitrogen-donating ligands, have
been chosen. The La coordination number in the com-
pounds examined ranges from 8 to 12 (Table 1), as deter-
mined by single-crystal X-ray diffraction studies.”**? To an-
alyze the La NMR spectra of these compounds, experi-
ments were performed on stationary powder samples at
moderate and high applied magnetic fields of 11.75 T (v,-
(*La)=70.7MHz) and 17.60 T (v (**La)=105.9 MHz).
The use of two applied magnetic fields and the variety of La
coordination compounds studied allows one to determine
the range of NMR observables in these compounds. Theo-
retical calculations of '*’La magnetic-shielding and EFG ten-
sors were performed in order to assess the ability of the
zeroth-order regular approximation density functional
theory (ZORA-DFT) method to reproduce the experimen-
tal NMR parameters and to suggest orientations of the EFG
and shielding tensors in the molecular frame.

Results and Discussion

Solid-state 'YLa NMR: In practice, when performing solid-
state NMR experiments on half-integer quadrupolar nuclei
with moderate quadrupole moments such as '*’La, one gen-
erally acquires only the spectrum of the central, m;=
Yyesmy=—"'/, (m;=magnetic quantum number of the nucle-
ar spin), transition.** Usually only the '*La central transi-

Abbreviated name!®! Structural formula CN"' Coordination Ligands!¥ Use/Interest/Related Ln"' complexes
geometryl®!
1 [La(acac);(H,0),] [La(CsH,0,);(H,0),] 83 square antiprism OB, OU  Ln acac derivatives used as NMR shift reagents;/*!
analogous Nd complex!™!
2 [La(bipyO),(ClO,),] [La(CyHgN,0,),(ClO,);] 8B4 cube OB analogous Nd and Lu complexes!”

3 [La(Ph,MePO)5(NO;);] [La(C¢Hs),CH;PO);(NO;);] 951 tricapped trigonal  OU, OB numerous similar compounds®®
prism
4 [La(mal),(H,0),'H,O0 [La(CsH,0,)(C;H;0,)(H,0),] 9P  monocapped OB, OU  polymeric carboxylate; similar Nd,[”7 Eu,"” and
‘H,0 square antiprism Gd® complexes
5 [La(phen),(NO;);] [La(C,HgN,),(NO;),] 107 bicapped NB, OB  numerous analogous complexes!® =
dodecahedron
6 [La(glut),(H,0)]-H,0 [La(CsHs0,)(CsH,0,)(H,0)] 105  bicapped OB, OU  polymeric carboxylate; numerous similar com-
‘H,0 dodecahedron plexes®5!
7 [La(teg)(NOs)s] [La(CgH 305)(NO3);] 11 tricapped cube OP, OB  acyclic ligand used as a crown-ether analogue;
analogous Nd complex!®
8 [La([15]crown-5)- [La(C,yH05)(NO3)s] 11¥ monocapped pen-  OM, OB  crown-ether ligand used to complex metals;™
(NO3)4] tagonal antiprism analogous Ce,! Eu,”” and Pr'®® complexes
9 [La([18]crown-6)- [La(C;,H,,06)(NO3)5] 128" icosehedron OM, OB analogous Pr complex!™
(NO3);]
10 [La(N-macro)(NO;);]  [La(CyuHaeNg)(NO;);] 122 bicapped pentago- NM, OB numerous similar complexes!®>*!
nal prism

[a] acac=acetylacetonate, bipyO =2,2-bipyridine-1,1'-dioxide, phen =1,10-phenanthroline, mal =malonic acid, glut=glutamic acid, TEG =tetraethylene-
glycol, N-macro =di(ethane-1,2-diyl)bis(pyridine-2,6-diacetimine). [b] CN =coordination number as determined by single-crystal X-ray diffraction stud-
ies. See text for a discussion of the CN in 4. [c] All compounds are distorted from these idealized polyhedra. [d] OU =O-donating unidentate, OB =0-
donating bidentate, NB =N-donating bidentate, OP = O-donating pentadentate, OM = O-donating macrocycle, NM =N-donating macrocycle.
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tion is observable in a single NMR experiment as the satel-
lite transitions are spread over several hundred kilohertz.
The lineshape of '*’La central-transition NMR spectra de-
pends primarily on the magnitudes of the principal compo-
nents of the EFG tensor, which are ordered such that |V, |
>|Vyy|>|Vxx|. In addition, the principal components of
the chemical-shift tensor, defined such that J;; >0, > s,
and the relative orientation of EFG and chemical-shift ten-
sors may also influence the '¥La NMR lineshape.[**! The
EFG tensor is described by the nuclear quadrupolar cou-
pling constant, Co=eQV,,h~", where e is the elementary
charge, O is the nuclear quadrupole moment, and # is the
Planck constant, and the asymmetry parameter, 7o=
(Vxx—Vyy)/V,,, which is restricted to values between 0 and
1. The chemical-shift tensor is described by the isotropic
chemical shift (0j,=(01;+0,+033)/3), the span (2=
011—033), and the skew (x=3(0y5—0;,)2 "), which is restrict-
ed to values between —1 and + 1.1 The relative orientation
of the EFG and chemical-shift tensors is defined by the
Euler angles—a, 3, and y—and thus a total of eight parame-
ters describe the NMR spectra, theoretical examples of
which are presented in Figure 1. The principal components
of the chemical-shift tensor are related to those of the mag-
netic-shielding tensor by ;= (Vii—Vier)/Viet = Orei— i, in Which
Ve and o, are the frequency and absolute isotropic magnet-
ic-shielding constant of a reference sample, respectively.
Similarly, v; are the frequencies corresponding to the princi-
pal components of the magnetic-shielding tensor oy (i=1, 2,
or 3) of the compound under investigation. However, the
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span (£2) and skew (i) are defined such that their values are
equivalent for both the magnetic-shielding and chemical-
shift tensors. The maximum possible orientation-dependence
of the chemical shift, Q, is sometimes referred to as the
chemical-shift anisotropy, CSA.

Typical experimental '"La NMR spectra of solid
lanthanum(1m1) coordination compounds at applied magnetic
fields of 11.75 and 17.60 T can be found in Figures 2-5. To
extract the NMR parameters that determine the lineshapes
of these spectra, one can take advantage of the fact that the
influence of the second-order quadrupolar interaction de-
creases with increasing magnetic field strength whereas the
CSA (in Hz) is directly proportional to the magnetic field
strength. Thus, the different lineshapes observed for the
La central transition at 11.75 and 17.60 T are of critical
importance for accurate simulation of the experimental
spectra (see Figures 2-5 and Table 2). All the compounds
studied have small **La CSAs and thus the breadth and
general shape of the NMR spectra are dictated primarily by
the second-order quadrupolar interaction.**! The ®La C,
values measured range from 10.0 to 35.6 MHz with 7,4
values spanning the possible range from 0 to 1. The magni-
tude of the C, values are similar to those reported in the
few *La solid-state NMR studies that have been performed
on diamagnetic La compounds.?2+332 To date, the largest
recorded *’La C, value is 144 MHz, which was reported for
gaseous La'F and obtained by using high-resolution micro-
wave spectroscopy.*! The La C, values reported here are
thus relatively small, however, the largest C,, values are ap-
proaching the current limit at
which solid-state NMR can be
used to measure C, for an /=
7/2 nucleus in a single experi-
ment at moderate applied mag-
netic fields wusing standard
NMR probes.

A unique feature of the '*La
NMR spectra presented in this
study is that  of the chemical-

100 50 0 50 400 -150 100 50
v/ kHz

shift tensor could be deter-
mined for the majority of com-
pounds investigated (see
Table 2). CSA parameters were
not reported in early *’La
v Oza NMR studies of diamagnetic
compounds??+*3! a5 experi-
ments were performed at only
one applied magnetic field
strength, with B;<9.40 T. Con-

50 100 -150

100 50 0 50 100 -150 100 50
v/ kHz

Figure 1. Theoretical '*La solid-state NMR spectra of the central transition, m;="/«m;=—"/, of a stationary
sample at B,=17.60 T. In this example, the EFG tensor is described by C, =25 MHz, 1,=0.5, and the chemi-
cal-shift tensor is described by d;,,=0 ppm, 2 =175 ppm, and x=0. The three Euler angles (a, f, and y) that
describe the counter-clockwise (right-handed) rotations needed to relate the orientations of the tensors are
shown in the insets. A) The tensors are coincident and a ==y =0°. B) Rotation about the initial z axis (V)
by a; a=90° f=y=0° C) followed by a rotation about the new y axis (0,,) by ; a=£=90°, y=0°, D) fol-

lowed by a rotation about the new z axis (0;;) by y; a=f=y=90°
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sidering that the known range
of La chemical shifts is about
1800 ppm,™ which is small for
a heavy nucleus, and that the
maximum CSA is generally of
the same order of magnitude as
the chemical-shift range of that
element, it was expected that
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Figure 2. Experimental and simulated "La solid-state NMR spectra of a
stationary sample of [La(mal),(H,0),]-H,O (4) at applied magnetic fields
of A)11.75 T and B) 17.60 T. The upper spectrum at each field represents
simulations excluding the effects of chemical-shift anisotropy.

60 40 20 0 20 40 60 80
v/ kHz

Figure 3. Experimental and simulated '*’La solid-state NMR spectra of a
stationary sample of [La(phen),(NOs);] (5) at applied magnetic fields of
A)11.75 T and B) 17.60 T. The upper spectrum at each field represents
simulations excluding the effects of chemical-shift anisotropy.

the CSA in these compounds would be small. Thus, at these
low applied magnetic fields, the effects of chemical-shift ani-
sotropy on the second-order quadrupolar lineshapes are not
obvious and higher applied magnetic field strengths are
needed to characterize the La CSA. The influence of CSA
on the shape of the *La NMR spectra acquired in this
study will be discussed below, followed by an analysis of the
relationship between La NMR parameters and molecular
structure.
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Figure 4. Experimental and simulated '*La solid-state NMR spectra of a
stationary sample of [La([15]crown-5)(NOs);] (8) at applied magnetic
fields of A) 11.75 T and B) 17.60 T. The upper spectrum at each field rep-
resents simulations excluding the effects of chemical-shift anisotropy.

T T

100 50 0 50

-100  -150 -200
v/ kHz

Figure 5. Experimental and simulated '*La solid-state NMR spectra of a
stationary sample of [La(N-macro)(NOs);] (10) at applied magnetic fields
of A) 11.75 T and B) 17.60 T. The upper spectrum at each field represents
simulations excluding the effects of chemical-shift anisotropy.

At B,=11.75T, the effect of CSA on the central transi-
tion *La NMR lineshape, albeit small, is distinctive. Specif-
ically, the Euler angles have a dramatic influence upon the
shape of the powder patterns, resulting in the addition of
discontinuities and shoulders as demonstrated in Figures 2—
5. For instance, the spectra of 4 are shown in Figure 2 in
which the CSA results in a splitting of the low-frequency
discontinuity. For § (Figure 3), the inclusion of CSA gives
rise to a step in the low-frequency shoulder and a reduction
of the high-frequency shoulder while the CSA in 8
(Figure 4) decreases the intensity of the high-frequency dis-
continuity and causes an overall increase in the breadth of
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Table 2. La NMR parameters for the compounds included in this study as obtained from simulations of the experimental spectra.®

Compound EFG parameters Magnetic-shielding parameters Euler angles
Cq [MHz] a Oi0 [ppm] Q [ppm] K a ] B[] v [°]

1 [La(acac);(H,0),] 23.5(3) 0.81(2) 120(5) 180(20) 0.35(10) 10(5) 30(15) 0(5)
2 [La(bipyO),(ClO,),]" 35.6(2) 0.05(3) 165(10) <125 - - - -

3 [La(Ph,MePO);(NO;);] 10.0(1) 0.93(1) 90(5) 50(10) -0.4(2) 50(20) 75(15) 90(20)
4 [La(mal),(H,0),]-H,O 26.1(1) 0.075(15) 114(5) 170(10) -1.02) 80(5) 60(5) 42(5)
5 [La(phen),(NO;);] 17.90(5) 0.890(5) 178(5) 160(10) -0.9(1) 55(5) 58(2) 20(5)
6 [La(glut),(H,0)]-H,O 20.85(5) 1.000(5) 10(3) 145(10) —0.15(2) 19(4) 42(5) 78(10)
7 [La(teg)(NO;);] 23.9(2) 0.04(1) —70(5) 250(20) 0.3(2) 0(30) 2(2) 0(30)
8 [La([15]crown-5)(NO;);] 20.6(5) 0.70(3) —80(5) 150(20) -1.0(3) 10(5) 6(3) 0(5)
9 [La([18]crown-6)(NO;);] 26.5(1) 0.81(1) —165(5) 170(10) 0.4(1) 30(5) 3(3) 50(5)
10 [La(N-macro)(NO;);] 29.0(1) 0.81(1) 20(5) 260(10) —1.04) 90(5) 90(5) 0(1)

[a] Values in parenthesis represent the uncertainty in the simulation parameters. [b] Due to the large C,, the £ and «k values could not be assigned.

the spectrum. Only a slight decrease in the distance between
the two discontinuities is observed due to CSA in 10
(Figure 5). The wide variety of Euler angles, not the values
of £ and «, predominantly account for CSA effects on the
lineshapes observed in this study (see Figure 1).

Due to the dependence of the magnetic shielding and
quadrupolar interactions on magnetic field strength, the
contribution of CSA to both the breadth and shape of solid-
state NMR spectra is much more distinct at higher magnetic
field strengths. An excellent example of this is illustrated in
Figure 5; at B;=11.75T, the effect of CSA on the NMR
spectrum of 10 is slight, but at B,=17.60 T, the anisotropy
results in an additional high-frequency shoulder and reduces
the breadth of the powder pattern. The squeezing of the
middle discontinuities, as observed at the moderate applied
magnetic field, is more dramatic at high field. Similarly,
CSA has a small effect on the NMR spectrum of 8 at By=
11.75 T, but is clearly manifested at By=17.60 T (Figure 4).
Analysis of the data acquired at both applied magnetic
fields conclusively demonstrates that, with the possible ex-
ception of 2, all compounds exhibit CSA. Due to the very
large C, in 2, it was not possible to unambiguously deter-
mine CSA parameters for this compound.

As a result of the large breadths of the experimental
NMR spectra, the lineshapes suffer from some spectral dis-
tortions, a consequence of nonuniform excitation of the ran-
domly oriented crystallites of the powder sample by the ra-
diofrequency pulse. When the spectra are dominated by the
quadrupolar interaction, as in this study, the consequences
of the nonuniform excitation depend on the value of #7,. For
compounds with 7, near 1, the intensity of the high- and
low-frequency extremes may be too low, as evident in Fig-
ures 3-5 at By;=17.60 T. As shown in Figure 2, for com-
pounds with 7, near 0, there can be a “hole” in the spec-
trum to the left of the low-frequency discontinuity. Such dis-
tortions are commonly observed in the solid-state NMR
spectra of half-integer quadrupolar nuclei.™! The simulation
of NMR spectra with lineshape distortions must be ap-
proached with caution. If proper experimental and process-
ing techniques are employed and one understands the cause
of the distortion, meaningful NMR parameters may be ex-
tracted from simulations by aligning the major features of
the experimental spectra.
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As illustrated in Table 2 and discussed above, both the
chemical-shift and EFG tensors can be characterized by an-
alyzing the stationary sample solid-state NMR spectra of a
half-integer quadrupolar nucleus such as '*La. One of the
goals of this investigation was to examine possible relation-
ships between 'La NMR parameters and molecular/elec-
tronic structure. For instance, correlations between metal
nuclide NMR parameters and metal coordination number
have been made.’” Thus, plots of select *’La parameters
with respect to the La coordination number are presented in
Figure 6. From analysis of the plots, there is no discernable
relationship between the La coordination number and the
relative magnitudes of C, and £2. Regardless, for compounds
that have the same coordination number and are comprised
of only oxygen-donating ligands, there appears to be a rela-
tionship between the relative magnitudes of the "La C,
and & values; the larger the C, value, the greater the
value. This conclusion is not too surprising given that the
magnitude of both the C, and the & are typically interpret-
ed based on the symmetry about the NMR nucleus®™ % and
not the coordination number. For example, if the metal is at
a site with tetrahedral or octahedral symmetry, the EFG and
£ of the central atom will be zero but for a metal in a
square-planar 4-coordinate complex, the EFG and £ will be
nonzero and significant.

The isotropic chemical shifts (d;,) depend on coordination
number, as indicated in Figure 6C. For the oxo complexes,
the La nucleus becomes more shielded as the La coordina-
tion number increases. The line shown in Figure 6C is a best
linear fit of the data and denotes this proposed trend. Simi-
larly, in Al-O environments Al becomes more shielded as
the Al coordination number increases.”” This relationship
between J,,, and the La coordination number can be used to
estimate the coordination number in complexes in which
single-crystal X-ray diffraction data is unavailable or ambig-
uous. For example, in 4 there are ten oxygen atoms about
La, one of which has an La—O distance of 2.808 A, much
longer than the average La—O distance of 2.587 A for the
other nine atoms. In the paper describing the crystal struc-
ture,® the authors considered the compound to have a co-
ordination number of ten although they state that “The La—
O(4®) distance is considerably longer than the others and it
may be difficult to decide whether or not La—O(4®) is a
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Figure 6. Relationship between the La coordination number and the ex-
perimental *La A) quadrupolar coupling constants (C), B) spans of the
chemical-shift tensors (£2), and C)isotropic chemical shifts (;,). The
filled circles (@) represent compounds in which the La has only oxygen
atoms in its first coordination sphere whereas the open circles (0) repre-
sent compounds in which the La has both oxygen and nitrogen atoms in
its first coordination sphere. The numbers above the symbols refer to the
compound number as indicated in Table 1. The line in C) demonstrates
the relationship between the La coordination number (CN) and the '*La
isotropic chemical shift in ppm, d;, =782.9—(77.9/CN)CN (R*=0.97), for
the compounds containing only oxygen-donating ligands.

bond.” Based on the observed *°La ¢, value, it is reason-
able to assume that this is not a bond and 4 should be de-
scribed as a nine-coordinate compound; this coordination
geometry is best described as monocapped square antiprism.
For the compounds containing both O- and N-donating li-
gands, the La nucleus is less shielded than in the oxo com-
plexes of the same coordination number. For example, 0,
of 10, which has six La—N bonds, is 185 ppm greater than
0, for 9. This demonstrates that J;, depends on both the
nature of the ligand and the number of bonding atoms.

ZORA-DFT magnetic-shielding calculations: Isotropic mag-
netic-shielding constants (oy,) calculated by using the
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Figure 7. Plot of the ZORA-DFT theoretical 'La isotropic magnetic-
shielding constants (o;,) incorporating scalar () or scalar plus spin—orbit
(m) relativistic effects versus experimental isotropic chemical shifts (0;,)-
The shift and shielding parameters are plotted in the order of decreased
shielding. The solid lines, 0;,=4161-0.83420,, for the scalar-only and
03, ="5022—0.89090;, for the scalar plus spin—orbit data, were determined
from the best linear fit of the data. The dashed lines have a slope of
minus one and represent ideal agreement between theory and experi-
ment. Data labels refer to the compound number as indicated in Table 1.

ZORA-DFT method agree qualitatively with the experi-
mental isotropic chemical shifts, J;, (Figure 7). Perfect
agreement between the relative shifts obtained from experi-
ment and theory would result in a line with a slope of —1
(dashed lines). Overall, a linear fit of the data from spin—
orbit relativistic calculations (lower solid line) was per-
formed and yields a slope of —0.8909 (R*=0.89) whereas
the fit of the scalar-only data (upper solid line) yields a line
with slope of —0.8342 (R*=0.88). The y intercepts of 5022
and 4161 ppm for the spin-orbit and scalar-only calculations,
respectively, correspond to the absolute magnetic-shielding
constant of aqueous 1.0m LaCl; that could hypothetically be
used to convert shielding constants to chemical-shift values
when using the ZORA-DFT method. The inclusion of spin—
orbit coupling results in o;, values that are on average
860 ppm more shielded than those calculated with only
scalar relativistic effects. When calculating only relative iso-
tropic magnetic-shielding constants, however, the inclusion
of only scalar relativistic effects is sufficient to obtain good
agreement with experimental chemical shifts.

The proposed trend that La is shielded as one adds more
oxygen atoms to the first La coordination sphere is general-
ly supported by the calculations. If we consider the com-
pounds that contain only O-donating ligands, 9 is a 12-coor-
dinate complex and is the most shielded, followed by 7 and
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8 (11-coordinate), and 4 and 3 (9-coordinate). The calcula-
tions predict that the La shielding for 3 and 4 is very similar,
further evidence that 4 should be considered a 9-coordinate
complex rather than a 10-coordinate complex (see above).
The proposed trend, however, is not suitable for the 8-coor-
dinate complexes; the La atom of 1 is more shielded than
both of the 9-coordinate complexes, whereas in 2 La is more
shielded than in 3. Thus, either the apparent trend is simply
fortuitous or the calculations have a systematic deviation for
the 8-coordinate compounds. In addition, because o, is an
average of the three principal components of the magnetic-
shielding tensor, errors in the individual components can po-
tentially cancel and, although individual components may
differ significantly from experiment, values of o;, may agree
with experiment. Thus, in order to more thoroughly assess
the quality of the magnetic-shielding calculations, one must
examine the entire calculated magnetic-shielding tensor.

In addition to d;,, the remaining parameters that may be
used to describe the magnetic-shielding tensor are the span
() and the skew (k). Unlike theoretical La oy, values, the
theoretical £ and x values can be directly compared to ex-
periment. The theoretical span values are about twice as
large as the experimental values, with scalar and spin—orbit
calculations providing similar results (Table 1 in the Sup-
porting Information). Regardless of this, the general trend is
reproduced, the only exception being that the calculated Q
for 5 is smaller than the experimental value. The calculated
skew values are more sensitive to the type of relativistic cor-
rection included than are the calculated span values. Four of
the nine calculated skew values change significantly upon
the inclusion of spin—orbit coupling; in all of these cases, the
calculated x improves in comparison with values calculated
when only scalar relativistic effects are included. With the
incorporation of spin—orbit relativistic effects, six of the
eight calculated skew values are within or very close to ex-
perimental uncertainties. To conclude, the ZORA-DFT cal-
culations qualitatively reproduce the chemical-shift tensor,
with slight overall improvement when spin—orbit relativistic
effects are included.

ZORA-DFT EFG calculations and tensor orientations: In
general the calculated EFG parameters do not agree well
with experiment (Table 1 in the Supporting Information),
with scalar-only and spin—orbit calculations providing similar
results. Of the compounds studied, only for 2 and 8 are both
of the experimental quadrupolar parameters reproduced;
the Co within 10% of the experimental values and the 74
within 0.2. As the EFG depends on long-range (intermolec-
ular) interactions in the solid state,* the poor performance
of the calculations may be a result of the calculations being
carried out on isolated molecules. DFT calculations of the
EFG in a variety of gaseous scandium(r) diatomics, for
which intermolecular effects do not influence the EFG, re-
produce the largest component of the EFG tensor about
Sc.PY The average deviation from experiment reported in
that study was 13 %, much smaller than the average 41 %
deviation in our calculations. Plane-wave DFT EFG calcula-
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tions that consider extended structures have been shown to
provide accurate values of V,, for Sc®* and Gd.*” The
calculated *La C,, value in LaBr; is much closer to experi-
ment when the periodic nature of the salt is incorporated
than the value calculated from an isolated fragment.’?
However, the majority of plane-wave EFG calculations have
been performed on ionic compounds and whether such cal-
culations can improve calculated EFG parameters in La co-
ordination compounds remains to be investigated.

From NMR experiments on powder samples, one obtains
only the relative orientations of the shielding and EFG ten-
sors. The orientation of these tensors in the molecular frame
can be determined by symmetry if the compound has axial
symmetry, or in systems of lower symmetry, one can use
EFG and magnetic-shielding calculations to propose tensor
orientations. The only compound in this study with near
axial symmetry is 2. The bipyridine oxide ligands in this
compound arrange themselves about the La in such a way
that a molecular pseudoplane is formed along the [101] crys-
tallographic plane (Figure 8A). The bonded oxygen atoms
of each of the bidentate ligands are oriented perpendicular
to this plane, on top of one another. Thus, the molecule has
a pseudo-C, symmetry axis and the largest component of
the EFG tensor, V,,, and the unique component of the
chemical-shift tensor must be along this axis. The magnetic-
shielding calculation predicts that « is near +1 and thus the
unique component of the latter tensor is ds3. As 7 is nearly
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Figure 8. Orientation of the EFG and chemical-shift tensors (A) for 2,
based on symmetry, and (B) for 8, by using ZORA-DFT magnetic-shield-
ing calculations and experimental Euler angles. For clarity, H atoms and
La—O bonds are not shown.
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zero, the remaining components of the EFG tensor, (Vyyx
and Vyy) are essentially equal in magnitude, must be per-
pendicular to V,,, and likely point directly towards the
oxygen atoms of the bipyridine oxide ligands. Even though
it is unknown whether the experimental chemical-shift
tensor is also axially symmetric, the symmetry of the mole-
cule dictates that d,; and 0,, are oriented in the same direc-
tion as Vyy and Vyy, The magnetic-shielding calculations
confirm the orientation of the chemical-shift tensor.

For the remaining compounds, the La magnetic-shielding
tensor, which depends predominantly on local structure, is
adequately described by the ZORA-DFT method. Thus it is
reasonable to assume that the orientation of the principal
components of the chemical-shift tensor from the calcula-
tions are trustworthy. The poor performance of the EFG
calculations suggests that the orientation of the EFG tensor
cannot be assigned by ZORA-DFT calculations. Because
the relative orientations of the chemical-shift and EFG ten-
sors, described by the Euler angles, are known experimental-
ly, the orientation of the EFG tensor in the molecule can be
deduced. A good example of this is 8, as this compound has
no obvious symmetry elements and the calculated £ and «
are within experimental uncertainties. As oriented in Fig-
ure 8B, the [15]crown-5 ligand in this compound lies below
La while the nitrate ligands lie above La. The chemical-shift
tensor components are oriented such that d;; points directly
towards one of the bonded O atoms of the nitrate ligands,
0y, bisects the other two nitrate ligands, and 04, is parallel to
the “planes” of the nitrate ligands and [15]crown-5. The
Euler angles dictate that the EFG and chemical-shift tensors
are nearly coincident and thus it is relatively simple to deter-
mine the orientation of the EFG tensor in this compound.

Conclusion

Several lanthanum(11) coordination compounds, which have
coordination numbers ranging from 8 to 12 and are com-
prised of mixtures of various oxygen- or nitrogen-donating
unidentate and/or polydentate ligands, have been studied
for the first time by means of solid-state 'La NMR spec-
troscopy. In all cases, the breadth and shape of the central
transition of the 'La NMR spectra of stationary powder
samples are dominated by the second-order quadrupolar in-
teraction. The measured 'YLa C, values range from
10.0 MHz for 3 to 35.6 MHz for 2 whereas 7, is near either
0 or 1 for the compounds studied. Although the NMR spec-
tra are dominated by the quadrupolar interaction, the line-
shapes of the NMR spectra are influenced by CSA, particu-
larly the relative orientation of the chemical-shift and EFG
tensors. The ¥La d,, value was shown to be related to the
La coordination number, such that '¥La becomes more
shielded as the La coordination number increases.
Relativistic ZORA-DFT calculations of the isotropic
magnetic-shielding constants (o,,) agree qualitatively with
the experimental isotropic chemical-shift constants ().
Calculated values of oy, which include spin—orbit contribu-
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tions, are on average 860 ppm more shielded than calcula-
tions incorporating only scalar relativistic corrections. The
calculated 2 is unaffected by the type of relativistic correc-
tion included, however, the x of the shielding tensor is im-
proved upon the inclusion of spin—orbit coupling. The orien-
tation of the chemical-shift tensor within the molecule can
be proposed from the magnetic-shielding calculations and,
in combination with the experimental Euler angles, can be
used to suggest the orientation of the EFG tensor.

This study demonstrates that '**La solid-state NMR spec-
troscopy of La coordination compounds is feasible and that
¥La NMR experiments, even at a moderate magnetic field,
can be routine. To analyze the CSA in these compounds
NMR spectra must be acquired at a minimum of two ap-
plied magnetic fields, one of which should be of a high field
strength (>14.10 T). As shown here, the parameters ob-
tained from the analysis of '¥La NMR spectra can provide
information about molecular structure and further research
investigating the relationship between the '¥La NMR pa-
rameters and molecular structure in La coordination com-
pounds is encouraged.

Experimental Section

Synthesis: All compounds, except [La(acac);(H,0),], which was pur-
chased from Aldrich, were synthesized according to published proce-
dures.”>*! Where applicable, IR spectroscopy, 'H, *C, and/or *'P solution
NMR spectroscopy, and/or X-ray powder diffraction were performed to
verify the purity and identity of the compounds.

Solid-state NMR spectroscopy: Solid-state NMR experiments were per-
formed on stationary powder samples by using standard (90°(X)-7,—
90°(Y)-t,—acquire) or (90°(X)-7,-180°(X)-t,—acquire) echo pulse se-
quences, employing either continuous-wave or two-pulse phase modula-
tion (TPPM)P '"H decoupling during acquisition. The interpulse delay,
7, was set to 30 ps at B,=11.75T and 20 ps at By=17.60 T and the ac-
quisition delay, 7,, was set at less than 7, to ensure that the top of the
echo was acquired. Spectra were processed by left-shifting the free induc-
tion decay (FID) to the top of the echo before calculating the frequency
domain spectrum by Fourier transformation. Chemical shifts were refer-
enced with respect to a 1.0M aqueous solution of LaCl; (0.0 ppm) and
pulse widths used for experiments on solids were obtained by dividing
the solution 90° pulse by (I+',=4). A one second recycle delay was
used for all experiments.

NMR spectra were obtained on a Bruker Avance spectrometer operating
at an applied magnetic field of 11.75 T (v.('H)=500.4 MHz, v, ("*La)=
70.7 MHz) by using a Bruker 7 mm magic-angle-spinning (MAS) probe
and a 1.45 ps (yB,/2n=43.1 kHz) pulse. The number of transients collect-
ed ranged from 44612 to 100000. Experiments at By=17.60 T (v (‘H)=
749.6 MHz, v, ('*La)=105.9 MHz) were acquired at the Pacific North-
west National Laboratory on a Varian Inova spectrometer using a home-
built 5mm MAS probe and a 1.0 ps (yB,/2r=62.5kHz) pulse. The
number of transients collected ranged from 5200 to 44 000.

Analytical simulations of experimental NMR spectra were performed by
using the program WSOLIDS, which was developed in our laboratory.
WSOLIDS incorporates the space-tiling method of Alderman and co-
workers for the generation of frequency-domain solid-state NMR powder
patterns.™”)

ZORA-DFT calculations: Density functional theory calculations of '*La
quadrupolar coupling constants!® and magnetic-shielding tensors!®! were
performed by using the relativistic zeroth-order regular approximation
(ZORA) method ™! as implemented in the Amsterdam Density Func-
tional software package.* ") Either scalar or scalar plus spin-orbit rela-
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tivistic corrections were included in calculations that were performed on
an 8 processor cluster operating in a LINUX environment. The integra-
tion grid was increased from the default values of 4.0, setting accint=>5.0
and accsph=6.0. The exchange correlation functional for determining
the unperturbed molecular orbitals employed the local-density approxi-
mation of Vosko, Wilk, and Nusair,®® and the generalized gradient ap-
proximation of Becke88!®! and Perdew86.7 The ZORA triple-zeta
doubly polarized (TZ2P) basis set was utilized on La and all atoms di-
rectly bonded to La, and the ZORA double-zeta (DZ) basis set was used
for all remaining atoms. Atomic coordinates were generated from single-
crystal X-ray data®*! by using DIAMOND,”” ORTEP/” or
MOLDEN.™ Calculations of monomeric compounds were performed on
one complete molecule in which the crystallographic positions of all non-
H atoms were maintained. Positions of the H atoms were modified by
changing any C—H bond lengths to 1.08 A for CH and CH, groups and
to 1.089 A for CH; groups. Calculations of polymeric 4 were performed
on a 154 atom cluster. Unfortunately adequate energy convergence levels
could not be reached for calculations performed on polymeric 6, regard-
less of cluster size, thus calculated parameters are not reported for this
compound.
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