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ABSTRACT: The coordination chemistry and the volumetric
properties of three representative lanthanoid(IIl) ions—Ilanthanum-
(1I), gadolinium(III), and lutetium(III)—have been studied in
three amide solvents with gradually increasing spatial demand upon
coordination: N,N-dimethylformamide (dmf) < N,N-dimethylacet-
amide (dma) < N,N-dimethylpropionamide (dmp). Large angle X-
ray scattering (LAXS) and EXAFS have been used to determine the
structure of the solvated lanthanoid(III) ions in solution, further
supplemented with a crystallographic study on octakis(N,N-
dimethylacetamide)lanthanum(III) triflate, [La(dma)g](CF;SO;);.
The selection of ions and solvents allows an estimate of the steric
congestion effects on the resulting coordination number, CN,
ranging from nine for lanthanum(III) ions in dmf to seven for the
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smaller lutetium(III) ion in space-demanding dma. The standard partial molar volumes of the solvated lanthanoid(III) ions in
water and dmf are reflected in the CNs, as these solvent molecules are small enough to not interfere with each other upon
coordination. However, the larger and more space-demanding dma displays a different pattern with an almost constant standard
partial molar volume and a decreasing CN, counterbalancing the difference in ionic radius of the lanthanoid(III) ion.

B INTRODUCTION

The lanthanoid(IIl) ions have been the subject of many
coordination chemistry studies because of their similar
physicochemical properties and incrementally decreasing ionic
radii along the series. Current approaches typically focus on
either structural or physicochemical properties, thereby only
studying one aspect of their chemical behavior. In contrast, a
dual assessment that uses both experimental categories may
prove more informative, as different properties are investigated
simultaneously.

The coordination chemistry approach includes studies of the
structures of the hydrated, and the dimethylsulfoxide (dmso)
and N,N’-dimethylpropyleneurea (dmpu) solvated lanthanoid-
(I11) ions in solid state and solution.'™® These studies showed
that the steric requirements of the solvent molecule will result
in different coordination numbers, CNs. The hydrates all have
tricapped trigonal prismatic configuration even though the
heavier lanthanoid(III) ions display some water deficiency in
the capping positions starting at holmium.'”” The dmso
solvates are all eight-coordinate in square antiprismatic
fashion,* while all dmpu solvates except lutetium(III) are
seven-coordinate in solution and six-coordinate with octahedral
geometry in the solid state.”® The observed bond distances in
these hydrates and solvates, together with available literature
data, resulted in both new and revised ionic radii of the
lanthanoid(III) ions for 6 < CN < 9.° These radii will be used
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here as they were shown to be more appropriate than those
reported by Shannon.'’

For a study on the of steric effects of ligands, the
lanthanoid(III) ions are suitable as they form mainly electro-
static interactions and CNs thus become highly dependent on
size of the donor atom and possible spatial demands of the
backbone of the ligand. The amide solvents N,N-dimethylfor-
mamide (dmf), N,N-dimethylacetamide (dma) and N,N-
dimethylpropionamide (dmp) feature a slight increase in size
and steric requirements of their backbone structure, Figure 1.
They are all aprotic, neutral solvents with very similar electron-
pair donor ability, Dg = 24 for dmf and dma,"" with a value for
dmp likely in the same range though yet to be determined.
Some studies have indicated that the staggered conformer of
dmp is more favorable upon coordination than its planar cis
equivalent.””™"* Combined, the lanthanoid(III) ions and these
amide solvents make good models systems for a study on ligand
size and steric congestion. Some of the physicochemical
properties of the studied amide solvents are reported in a
recent review of the area,'>'® and selected examples are listed
in Table S1, Supporting Information.
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Figure 1. Structural models of the three studied amides (from left to right): N,N-dimethylformamide (dmf), N,N-dimethylacetamide (dma), and

N,N-dimethylpropionamide (dmp, staggered).

It can be assumed that changes in coordination affect other
physicochemical properties such as the partial standard molar
volume. The apparent molar volume, Vg, is defined as the
difference between the volume of solution and the volume of
solvent calculated per mole of solute. Values depend on
concentration and temperature and, by definition, their limiting
values as the concentration approaches indefinite dilution are
referred to as the standard partial molar volumes, V°. It is
expected that V° is dependent on the coordination chemistry of
the metal solvate, though not yet proven. In order to assign
contributions from the cation and the anion in a completely
dissociated salt, an extra-thermodynamic assumption based on
the additivity rule must be applied."” The ionic contributions
can then provide information on the structure-making and
structure-breaking properties of the ions depending on the sign
of the value of V°. This subject has recently been reviewed for
aqueous solutions by Marcus.'® In general, most metal cations,
and especially high-valent ones, are structure-making, thus
having the ability to compress the solvent molecules in the
solvation shells in comparison to the free solvent giving
negative V° values."®"” In other words, they tend to organize
the structure of solvent molecules in a tighter way in the
proximity to the cation than in the neat solvent. In analogy with
this most anions bind solvent molecules weakly due to their low
charge density giving them structure-breaking properties with a
positive V° value, including dmf and dma solutions.'”** To
better understand this phenomenon, it is convenient to present
the standard partial molar volume as a sum of two
contributions, the intrinsic volume and the electrostriction
volume. The intrinsic volume is proportional to the cube of the
ionic radius, r, whereas the electrostriction volume is propor-
tional to the square of the ion charge, z, and inversely
proportional to r, as originally proposed by Hepler:*'

Voo Ar® — BZ?

r (1)
where A is proportional to the size of an ion as it depends on
the packing effects of the ions in the solution, while B is a
solvent-dependent value.*"** More sophisticated equations
have been proposed in an attempt to explain the contributions
to the partial molar volumes of ions in both aqueous and
nonaqueous solutions. However, the original Hepler equation,
with clearly defined contributions, is sufficient for our
discussion. Studies concerning the thermodynamic properties
of the lanthanoid(III) systems are too few for a broader
discussion, whether qualitative or quantitative, as the available
data almost exclusively covers aqueous solutions.”* >* The only
nonaqueous O-donor solvent data sets reported so far are some
principal thermodynamic information for lanthanoid(III)
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triflate in dmf (Ln = La),”® dmso (Ln = La, Gd, Lu),* and
methanol (Ln = La, Gd, Lu).*

In contrast, several structural studies of amide solvated
lanthanoid(III) ions in solution have been published by
Ishiguro et al373% In one of their reviews, they report the
Ln—O bond distances as well as the CNs obtained by EXAFS
in aqueous, dmf and dma solution.” However, the CN
parameter was refined simultaneously with the strongly
correlated Debye—Waller coefficient, thereby increasing the
uncertainty of both parameters. Also, the possibility to correlate
CNs with bond distances from crystallographic data was not
explored. Furthermore, in a series of experiments in dmf/dma
mixtures, Ishiguro et al. have also been studying complex
formation in bromide and chloride systems using Raman
spectroscopy, where the preferential CN of the lanthanoid(III)
ions was determined.*>*® Ultimately, they conclude that eight is
the primary CN for these systems, although their own reported
values differ from CN = 8.>"*” Studies on the dynamics and
exchange mechanisms of solvated lanthanoid(III) ions in amide
solvents have been investigated using NMR spectroscopy.>®**
The CN for the dmf solvated thulium(III) and ytterbium (III)
ions was determined to 7.7 + 0.2 and 7.8 + 0.2,
respectively.””** The dmf solvated cerium(III), praseodymium-
(111), and neodymium(IIl) ions are nine-coordinate at low
temperatures, and gradually convert into eight-coordinate
species reaching a midpoint at 253, 235, and 215 K,
respectively, while, starting at terbium(III), eight is the only
observed CN.*' More recently, a variable temperature 7O
NMR study reports that the CN of dmf solvated gadolinium-
(II412) ion decreases from eight at 223 K to as low as four at 373
K

Lastly, several crystal structures containing homoleptic
lanthanoid(I1I) /noncyclic amide complexes have been reported
with 6 < CN < 9. A thorough overview of these is given in
Table S2, Supporting Information, which, for matters of
completeness, also includes mixed hydrate/amide solvate
complexes. The only reported crystal structure to date
containing a homoleptic dma lanthanoid(III) solvate is
hexakis(IN,N-dimethylacetamide )ytterbium(III) phosphotung-
state.*> Solid perchlorate salts containing homoleptic dma
solvated lanthanoid(III) ions have, however, been studied by IR
spectroscopy and powder diffraction, where CN = 8 for Ln =
La—Nd, CN = 7 for Ln = Sm—Er, and CN = 6 for Ln = Tm—
Lu were proposed.™

The aim of this study is to present and discuss the structure
of dmf, dma and dmp solvated lanthanum(I1I), gadolinium (11I)
and lutetium(III) ions in solution together with their recently
reported standard partial molar volumes, V°, obtained from
volumetric measurements,45 in an attempt to reveal any
relationship between volumetric properties and the coordina-
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Figure 2. LAXS radial distribution function (RDF) of La(CF;SO;); solution in dmf. (Top, upper pane) Separate model contributions (offset: 35) of
lanthanum(III) ion solvated by dmf (black line), triflate ion (red line) and dmf solvent (blue line). (Top, lower pane) Experimental RDF (black
line); sum of model contributions (red line); the difference (blue line). (Bottom) Reduced intensity function (experimental results, black line;

tion chemistry of the solvates. The structure determination in
solution was performed by combining LAXS and EXAFS
measurements. To further support the data analysis of the
structures in solution, the crystal structure of octakis(dma)-
lanthanum(I11) triflate was determined, the second homoleptic
dma solvate of a lanthanoid(III) ion ever reported.

B EXPERIMENTAL SECTION

Chemicals. Anhydrous lanthanum(III), gadolinium(III) and
lutetium(III) triflates were prepared by dissolution of the
respective oxide (Sigma Aldrich and Kebo, analytical grade,
99.9% metal basis) in aqueous slurries with triflic acid (Fluka,
AR grade, > 99%). The excess water and acid were boiled off,
and the formed solid salts were mortared and dried repeatedly,
and finally stored in an oven at 470 K.
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Solvents. N,N-Dimethylformamide, dmf, (Sigma-Aldrich,
AR, 99.8%) and N,N-dimethylacetamide, dma, (Sigma-Aldrich,
ReagentPlus, > 99%) were used without further purification.
N,N-Dimethylpropionamide, dmp (Sigma-Aldrich, AR, 98%)
was distilled under reduced pressure using calcium hydride
(Merck) as a drying agent prior to use.

Solutions. The dmf, dma, and dmp solutions of the
lanthanoid(III) triflates were prepared by weighing in
appropriate amounts of the respective anhydrous triflate salts
and dissolving them in the respective solvent. The composi-
tions together with solution densities and absorption
coeflicients are given in Table S3, Supporting Information.

Large Angle X-ray Scattering Measurements. The
scattering of Mo-Ka radiation (1 = 0.7107 A) on the free
surface of dmf and dma solutions of lanthanum/(III),
gadolinium(III) and lutetium(III) triflate solutions was

dx.doi.org/10.1021/jp310111j | J. Phys. Chem. B 2013, 117, 8502—8511
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measured with a large-angle 6—6 diffractometer described
elsewhere.***” A polytetrafluoroethylene (PTFE) cup with
solution was placed inside the radiation shield with beryllium
windows. The intensity of the scattered radiation after
monochromatization with a focusing lithium fluoride crystal,
was measured at 450 discrete points in the range 1 < 8 < 65°;
scattering angle = 20. A total of 100 000 counts was collected at
each angle and the whole angular range was scanned twice,
which corresponds to a statistical uncertainty of about 0.3%.
The divergence of the primary X-ray beam was limited by 1° or
1/4° slits for different 6 regions with some parts of data
overlapping for scaling purposes.

All data treatment was carried out by using the KURVLR
program®® as described in detail previously.*” The experimental
intensities were normalized to a stoichiometric unit of volume
containing one metal atom, using scattering factors f for neutral
atoms, anomalous dispersion correction, Af’ and Af”,50 and
values for Compton scattering.”' Fourier back-transformation
was applied to eliminate spurious peaks not related to any
interatomic distances peaks below 1.2 A in the radial
distribution function, RDF.** Least-squares refinements of the
model parameters were performed by means of the STEPLR
program53 to minimize the error square sum U:

U= w(s) (iegy(s) = ieu(s))’ ©)

EXAFS Measurements. The EXAFS measurements at the
lanthanoids’ Lyj; edges were performed at Stanford Synchrotron
Radiation Lightsource (SSRL), Stanford, USA, beamline 4—3,
and at MAX-lab, Lund University, Sweden, beamline I811. Data
collection was performed simultaneously in transmission and
fluorescence mode using ion chambers with flowing nitrogen
and a 13-element germanium array detector at SSRL, and ion
chambers with stationary gas mixtures and either a passivated
inplanted planar silicon (PIPS) detector or a single element
Radiant Technology Vortex silicon drift detector at MAX-lab.
The EXAFS stations were equipped with Si[111] double crystal
monochromators. SSRL operated at 3.0 GeV and a maximum
current of 97—100 mA (top-up mode), and MAX-lab at 1.5
GeV and a maximum current of 200 mA.

In order to remove higher order harmonics, the beam
intensity was detuned to 35—50% of the maximum intensity at
the end of the scans for the Lj; edge at MAX-lab, while mirrors
were used at SSRL. The energy scales of the X-ray absorption
spectra were calibrated by assigning the first inflection point of
the Ly edges of reference lanthanum, gadolinium and lutetium
foils to 5483, 7243, and 9244 eV, respectively.54 For each
sample, 3—4 scans were averaged, giving a satisfactory signal-to-
noise ratio. Solutions were contained in cells made of 6 ym
polypropylene X-ray film as windows and a PTFE spacer of
appropriate thickness placed between titanium plates.

EXAFS Data Analysis. The EXAFSPAK program package>
was used for the data treatment. The standard deviations given
for the refined parameters are obtained from k>-weighted least-
squares refinements of the EXAFS function y(k), and do not
include systematic errors of the measurements. These statistical
error estimates provide a measure of the precision of the results
and allow reasonable comparisons, for example, of the
significance of relative shifts in the distances. However, the
variations in the refined parameters, including the shift of the E,
value (for which k = 0), using different models and data ranges,
indicate that the absolute accuracy of the distances given for the
separate complexes is within +0.005 to 0.02 A for well-defined
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interactions. The “standard deviations” given in the text have
been increased accordingly to include estimated additional
effects of systematic errors.

Single Crystal X-ray Diffraction. After many months of
storing the prepared solutions in a refrigerator, a solid formed
in the dma solution containing lanthanum(II) triflate, 1.
Crystals were taken out of the mother liquid, mounted on thin
glass capillaries, and placed under cool conditions. Data
acquisition was performed on an Oxford Diffraction Xcalibur
2 cooling the crystal to 93 K. The structures were solved by the
direct methods in SHELX®® and refined using full-matrix least-
squares on F. Except for the disordered atoms, all non-
hydrogen atoms were treated anisotropically. The methyl
hydrogen atoms were calculated in ideal positions riding on
their respective carbon atom. Absorption correction was
applied using overlapping multiscans. The atomic coordinates,
bond distances and angles are available in the Crystallographic
Information File in the online Supporting Information section,
with selected crystallographic information in Table S4.

B RESULTS

LAXS. The radial distribution function (RDF) with the
individual contributions and the corresponding intensity
function for the dmf solution of lanthanum(IIl) triflate in
dmf is given in Figure 2. The RDFs and reduced intensity
functions from the LAXS experiments on the remaining dmf
and dma solutions are given in Figures S1—SS, Supporting
Information. All RDFs reveal three peaks at around 1.5, 2.3—2.5
and 3.5 A, respectively. The peak at 1.5 A corresponds to
intramolecular distances in the solvent and the triflate ion. The
peaks in the range 2.3—2.5 A correspond to the Ln—O bond
distances of the dmf and dma solvated lanthanoid(III) ions.
The peak at ca. 3.5 A corresponds to the Ln---C distance and is
significantly longer in dma than dmf for all studied systems,
which reflects a wider Ln—O—C angle in dma than in dmf. The
respective angles were calculated from the obtained Ln—0O and
Ln---C distances as well as the average C—O bond length for
coordinated dmf and dma from the Cambridge Structural
Database.”” The mean C—O bond distance is 1.244 A for dmf
and 1.250 A for dma. The refined structure parameters and the
Ln—O—C bond angles for all systems studied are given in
Table 1.

EXAFS. The experimental EXAFS functions for the dmf
dma, and dmp solvated lanthanum(III) ion, the dmf and dma
solvated gadolinium(III) ion, and the dma solvated lutetium-
(1) ion are shown in Figure 3. The corresponding Fourier
transforms for the lanthanum(III) systems are shown in Figure
4. The fitted structure parameters for all listed systems are
summarized in Table 2.

Significance of Structure Parameters from LAXS and
EXAFS Measurements. The refined La—O bond distances
from the LAXS and EXAFS measurements differ slightly, for
example, 0.018 A for the [La(dmf)y]** complex, Tables 1 and 2.
This is most likely due to the fact that the Ln—O bond distance
distribution is slightly asymmetric giving the shorter distances
in the distribution a larger contribution to the EXAFS function
than longer ones. Consequently, an even larger difference is
observed for the corresponding Ln---C distances. This bias
toward shorter distances in a distribution is negliable in LAXS
measurements. It should be noted that in the LAXS RDFs there
are well-defined peaks attributed to the Ln---C distances, Figure
2. Conversely, the Ln--C interaction gives only a minor
contribution to the EXAFS function and even though it may
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Table 1. Interaction, Number of Distances (fixed), N, Mean
Bond Distances, d/A, Temperature Coefficients, b/A? and
the Calculated Bond Angle Ln—O—C in Degrees, ZLn—O—
C/°, Obtained in the Refinements of the LAXS Data of the
Solvated Lanthanum(III), Gadolinium(III) and
Lutetium(III) Ions in dmf and dma Solution at Room
Temperature

species” interaction N d b 2Ln—-0-C

La(dmf)y>* La-O 9  2553(7)  0.0121(6)

La--C 9 3.566(4)  0.0159(4) 137(1)
La(dma)g** La—O 8  2.523(5) 0.0110(8)

La--C 8  3.637(9)  0.0119(2) 147(1)
Gd(dmf)g** Gd-0O 8  2378(7) 0.0096(6)

Gd--C 8  3420(4)  0.0153(4) 139(1)
Gd(dma)g** Gd-O 8  2.383(5) 0.0087(8)

Gd--C 8 3.550(9) 0.0123(2) 154(2)
Lu(dmf)* Lu-0 8  2303(7) 0.0041(6)

Lu-C 8  3.349(4)  0.0160(4) 140(1)
Lu(dma),> Lu-0 7 2260(5) 0.0085(8)

Lu-C 7 3427(9)  0.0148(2) 154(2)

“Structures of the solvent molecules and the triflate ion have been kept
constant in the refinements, see Table S5, Supporting Information.

r 3+
24 La3*/dma
AN Gd®*/dmf
12

Gd¥*/dma

KA

Figure 3. Experimental EXAFS data (black lines) fitted with a model
formed by ab initio-calculated scattering paths (red lines), see Table 2.
Offset: 6 (cumulative).

have a physical meaning, in most cases, the refined values are
much more uncertain. This is an effect of the weighting of
distances between the two techniques, where the contribution
to the EXAFS function is strongly influenced by shorter
distances while in LAXS measurements all distances are
weighted equally.®® For this reason, only the Ln-C distances
obtained from LAXS data, and the corresponding calculated
Ln—O—C angles, will be used here.

Crystal Structure of 1. Octakis(N,N-dimethylacetamide)-
lanthanum(III) triflate, 1, crystallizes in space group P2, (No.
4), with two crystallographically independent lanthanum (III)
ions, Lal and La2, Figure S6, Supporting Information. Each
lanthanum(III) ion coordinates eight dma ligands in a square
antiprismatic fashion, with a mean La—O bond distance of

8506

2.49(3) A, and with a mean La—O—C bond angle of 150(12)°.
The crystal was of relatively low quality, with severe disorder
and/or twinning, but a successful refinement was achieved
through a large set of restraints from a measurement run under
cold conditions (93 K). Five ligand positions were refined with
dual positions for the dma backbone and left isotropic to keep
the refinement stable. Selected bond distances and angles are
listed in Table S4, Supporting Information.

B DISCUSSION

The size of the amide oxygen. The crystal structures of
homo- and heteroleptic lanthanoid(III) complexes with
noncyclic amide ligands show that the mean Ln-O bond
distances are somewhat shorter compared to the mean of all
reported structures with monodentate, neutral oxygen donors,’
Figure S (dashed lines) and Table S2, Supporting Information.
The Ln—O bond distance shortening is seen for all three CNs
listed, 7 < CN <9, but it is only for eight-coordinate structures
that valid comparisons can be made due to the limited amount
of data for CN = 7 and 9. The slope of the eight-coordinate
amide structures is almost parallel with the calculated CN = 8
slope of all structures, thus supporting the previously
determined lanthanoid ionic radii.” At the same time, this
indicates that the amide oxygen radius is 1.32 A, ca. 0.02 A
shorter than that of a water oxygen® likely due to the
properties of the N---C--O amide bond resonance.*’

Structure of Solvated Lanthanoid(lll) lons in Solution.
N,N-Dimethylformamide. Based on the ionic radius of the
lanthanum(III) ion in different configurations it can be
concluded with high certainty that the CN of lanthanum(I1I)
ion in dmf solution is centered around nine.’> The observed
La—O bond distances from both LAXS and EXAFS, Tables 1
and 2, are in the range with those reported for solids containing
[La(dmf),]** complexes, Table S2, Supporting Information,
giving a La—O—C angle of 137(1)°. Similarly, the LAXS results
reveal that the gadolinium(III) ion is eight-coordinate in dmf
with a refined Gd—O distance of 2.378(7) A, Table 1. The
corresponding distance obtained from EXAFS measurements is
nearly identical, 2.376(6) A, Table 2. The obtained results fit
well with both the revised eight-coordinate gadolinium(III)
ionic radius® and Gd—O bond distances found in crystal
structures of amide solvated gadolinium(IIl) ions, Table S2,
Supporting Information. The Gd---C distance is 3.420(4) A,
yielding a Gd—O—C angle of 139(1)°. Lastly, the Lu—O bond
distance of 2.303(7) A in dmf solution from the LAXS study
suggests that the lutetium(III) ion is also eight-coordinate. This
distance is almost identical to the mean Lu—O bond distance
reported for solid eight-coordinate dmf complexes.”’ The
refined Lu---C distance in dmf, 3.349(4) A, corresponds to a
Lu—O—C angle of 140(1)°.

N,N-Dimethylacetamide. The result for the dma solvates is
not as straightforward as the one for the dmf counterparts. The
refined La—O bond distance of the dma solvated lanthanum-
(1I1) ion obtained from LAXS is 2.523(5) A. The difference in
bond length between the dmf and dma solvates, 0.030 A is
large enough to suggest different mean CNs of lanthanum(I1I)
ion in dmf and dma. Data analysis lead to the conclusion that in
dma solution there may be an equilibrium of eight- and nine-
coordinate lanthanum(III) ions. The La—O—C angle of
147(1)° in dma is 10° larger than the one in the corresponding
dmf solvate. The mean La—O bond distance obtained by
EXAFS, 2.505(6) A, falls in-between those expected for eight-
and nine-coordination, respectively, Table S2. Furthermore, the
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Figure 4. Fourier transformations (not phase corrected) of the EXAFS functions of dmf, dma, and dmp solvated lanthanum(III) ions, respectively,
showing a clear difference in La—O bond distance for all three amide systems (black lines, experimental; red lines, model). Offset: 0.2 (cumulative).

Table 2. Scattering Path, Number of Distances (fixed), N,
Mean Bond Distances, R/A, and Debye—Waller Coefficients,
6*/A? in the Room Temperature EXAFS Studies of the
Solvated Lanthanum(III), Gadolinium(III) and
Lutetium(III) Ions in dmf, dma, and dmp Solution,
Respectively”

species scattering path N R o

La(dmf),**

La—O 9 2.535(6) 0.0102(8)

La--C 9 3.487 0.0068

La—0O-C 18 3.637 0.0038
La(dma)g**

La—O 8 2.505(6) 0.0112(8)

La---C 3.517 0.0206

La—O-C 16 3.666 0.0084
La(dmp)*

La—-O 2.496(6) 0.0090(8)

La--C 3419 0.0064

La—O-C 16 3.60 0.049
Gd(dmf)g**

Gd-0O 2.376(6) 0.0068(8)

Gd---C 8 3.614 0.0127

Gd-0-C 16 3.83 0.0213
Gd(dma)g*

Gd-O 2.370(6) 0.0073(8)

Gd---C 8 3.625 0.0110

Gd—-0-C 16 3.86 0.030
Lu(dma),**

Lu-0O 7 2.246(6) 0.0089(8)

Lu---C 7 3.175 0.0092

Lu—-0-C 14 3.326 0.0165

“Error limits are given only for the refined values without restraints.

Debye—Waller coefficient in the EXAFS refinement for the
lanthanum(III) dma solvate is fairly large supporting a wide
bond distance distribution, which would also be indicative of an
equilibrium between eight- and nine-coordinate lanthanum(III)
ions. To some extent, this is supported by the shorter mean
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La—O bond distance of the eight-coordinate [La(dma)g]*
complex in 1, 2.49(3) A. The refined Gd—O bond distance
from LAXS data is 2.383(S) A, Table 1, and the corresponding
distance obtained from the EXAFS measurement, 2.370(6) A,
Table 2, clearly shows that the dma solvated gadolinium(III)
ion is eight-coordinate in solution. This is also supported by
previously reported structures, Table S2, Supporting Informa-
tion. The Gd--C distance is 3.550(9) A, which yields a Gd—
O—C angle of 154(2)°. The 0.043 A difference in the Lu—O
bond distances between dmf and dma solvates points to two
different CNis for the lutetium(III) ion in these amide solvents.
The refined Lu—O distance from the LAXS data of lutetium-
(III) in dma is 2.260(S) A, Figure 4, while EXAFS
measurements give a slightly shorter distance, 2.246(6) A.
The Lu—O distance for seven-coordination reported earlier is
2.256 A;® strongly indicating that lutetium(III) ion is seven-
coordinate in dma solution. The Lu--C distance in dma
solution, 3.427(9) A, results in a Lu—O—C angle of 154(2)°,
compared to a 140(1)° angle in dmf. The angle is, however,
more or less the same as in the eight-coordinate gadolinium-
(1) dma system which, based on the shorter Lu—O bond
distance, suggests less crowding in the seven-coordinate
lutetium(III) complex.

N,N-Dimethylpropionamide. Due to experimental limita-
tions, only EXAFS measurements were performed on the
lanthanum(I11) ion in dmp. The mean La—O bond distance of
2.496(6) A falls between those expected for CN = 8 and 9,
Table 2, close to that observed for 1. If the dmp solvate is a
mixture of the two CNg, it is shifted more in the direction of
CN = 8, which would be consistent with its increased steric
requirements. An indication of this is seen in the Debye—
Waller factor in the EXAFS refinement, which is larger than the
gadolinium(III) dma solvate, but smaller than the lanthanum-
(III) dma solvate.

Relationship Between Solvate Structures and Stand-
ard Partial Molar Volumes. A thermodynamic perspective
on the structural results for dmf and dma solvated lanthanoid-
(11I) ions is presented in Table 3, where the standard partial
molar volumes of the studied lanthanoid(III) triflates in dmf
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Figure . Distribution of mean Ln-O distances in noncyclic amides solvates (filled) and amide solvate/hydrates (empty) for 6 < CN < 9, Table S2,
Supporting Information. The expected bond distances for Ln—O bonds (dashed lines) are given for 7 < CN < 9; see ref S. The least-squares
trendline for CN = 8 amide solvates (solid line) shows that mean amide Ln—O bond distances are shorter than for monodentate, neutral oxygen

donor ligands in general. For full details, see ref 5.

Table 3. Standard Partial Molar Volumes of Lanthanum, Gadolinium and Lutetium Triflate in Water, dmf, and dma, as well as

Their Ionic Contributions at 298 K*

V°/cm® mol ™!

species HZOb CN° dmf? CN° dma“ CN°
La(CF,S0;), 191.5(6) 163.6(3) 153.3(3)
Gd(CF;S0;), 189.6(6) 163.2(3) 152.5(3)
Lu(CF,;S0;), 184.3° 157.7(1) 152.5(2)
La** —39.2(3) 9 —49(5) —-63(5) ~8.5
Gd* —40.5(3) —-50(5) 8 —64(5) 8
Lu®* —45.8(3) 82 —55(4) 8 —64(5) 7
CF;80;~ +76.7(5) +71(1) +72(2)

“The estimated CNs for the amide solvated lanthanoid(III) ion, as determined in solution in this study and the previously reported aqueous system
are listed for comparison. References 25 and 28 (and references therein). “Reference 7. “Reference 4S. “This work. “Calculated.

and dma as well as their respective individual ionic
contributions,* are listed together with the values for the
same systems in aqueous solution.”®

A number of relationships between the structure of the
solvated lanthanoid(IIl) ions and their standard partial molar
volumes, V°, can be observed. The standard partial molar
volumes decrease only marginally with the ionic radii of the
lanthanoid(11I) ions as long as the size of the solvent molecules
is small enough to not interfere with each other upon
coordination. This is true even when the CN changes from
nine to eight, as seen in the very similar V° values for
lanthanum(III) and gadolinium(III) ions in water and dmf,
respectively. Coordination to a lanthanoid(Ill) ion may result
in significant interference or crowding between solvent
molecules which have a sufficiently large and bulky backbone
structure. This is seen in the case for dma where the Ln—O—C
angle is at least 10° larger than the dmf complexes which lack
such crowding. We interpret this as a way for chemical systems
to decrease ligand—ligand interference by making the required
ligand volume smaller. For the dma systems, a decreasing ionic
radius of the lanthanoid(III) ion is also accompanied with a
decrease in CN, making the effect on the partial molar volume
value insignificant as they cannot be packed any tighter. The
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decrease in the volume of the GdO, coordination core going
from, for example, nine- to eight-coordination is ca. 4 cm?®
mol™!, Table S6, Supporting Information. The effect of a
decrease in CN is thus as large as the errors in the
determination of standard partial molar volumes, implying
that the effect of a coordination change may simply not be
significant in the volumetric properties of a lanthanoid(III) ion.
In addition, all solvents also have to make room for the triflate
ion, but as waters form weak hydrogen bonds to the sulfonate
end of the triflate ion, the expansion effect will be slightly
smaller for water than aprotic solvents which solvate the triflate
ion mainly through van der Waals forces. This shows that small
solvent molecules and larger space-demanding ones, upon
coordination, influence the standard partial molar volume in
different ways. With small solvent molecules, such as water and
dmf, the solvated metal ions will have approximately the same
V° value as long as the configuration and ionic radii are not
changing too much. Conversely, space-demanding solvent
molecules, which interfere with one another in the solvate
complex structure, bring about a decrease in CN with
decreasing ionic radii of the lanthanoid(III) ion while
maintaining a (minimum) V° value, as observed for the dma
systems. One explanation for this is that more space-demanding
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molecule ought to shield the ionic charge to a larger extent,
making the electrostriction effect smaller or possibly negligible.
However, such comparisons between aqueous and nonaqueous
solvents are more difficult to make as hydrated lanthanoid(III)
ions undergo volume changes in multiple hydration shells.
Nevertheless, the V° values decrease with increasing size and
spatial demands of the solvent molecule, Table 3.

B CONCLUSIONS

The structures of the N,N-dimethylformamide (dmf), N,N-
dimethylacetamide (dma), and N,N-dimethylpropionamide
(dmp) solvated lanthanum(III), gadolinium(III) and lutetium-
(11I) have been determined in solution by means of EXAFS and
LAXS. The coordination number is affected by the increasing
spatial demand upon coordination in the order dmf < dma <
dmp due to increasing volume of the backbone structure. The
coordination number of lanthanum(III) seems to decrease from
nine in dmf to close to eight in dmp, indicating an equilibrium
between coordination number eight and nine in dma and dmp.
Solid [La(dma)s](CF;SO;); is eight-coordinate in square
antiprismatic fashion with a slightly shorter mean La—O
bond distance than in solution supporting equilibrium of two
coordination numbers. The gadolinium(III) ion is eight-
coordinate in both dmf and dma, while the lutetium(III) is
eight- and seven-coordinate in dmf and dma, respectively. One
aim of this study was to combine results from the structural
study with volumetric data for these systems. The lanthanoid
contraction and differences in spatial requirements of the amide
backbone validate the observed decrease in coordination
number, which is indeed supported by both the structural
and volmetric data, though either set of data by itself does not
reveal all the changes these different systems undergo.
However, taken together, and in combination with previous
studies in the solid state, these analyses contribute to a more
complete understanding of lanthanoid(III) amide systems. This
ultimately shows the risk of relying on a single approach when
attempting to interpret the underlying meaning of data and the
importance of combining both structural and thermodynamic
measurements even when dealing with carefully selected
systems.
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