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ABSTRACT: The wide range of optical and magnetic properties of the lanthanide(lll) ions is associated to their intricate
electronic structures, which in contrast to lighter elements is characterized by strong relativistic effects and spin-orbit
coupling. Nevertheless, computational methods are now capable of describing the ladder of electronic energy levels of
the simpler trivalent lanthanide ions, as well as the lowest energy term of most of the series. The electronic energy levels
result from electron configurations that are first split by spin-orbit coupling into groups of energy levels denoted by the
corresponding Russel-Saunders terms. Each of these groups are then split by the ligand field into the actual electronic
energy levels known as microstates or sometimes my levels. The ligand field splitting directly informs on coordination
geometry, and is a valuable tool for determining structure and thus correlating the structure and properties of metal
complexes in solution. The issue with lanthanide complexes is that the determination of complex structures from ligand
field splitting remains a very challenging task. In this manuscript, the optical spectra — absorption, luminescence excitation
and luminescence emission — of ytterbium(ill) solvates were recorded in water, methanol, dimethyl sulfoxide and N,N-
dimethylformamide. The electronic energy levels, that is the microstates, were resolved experimentally. Subsequently,
density functional theory (DFT) calculations were used to model the structures of the solvates and ab initio relativistic
complete active space self-consistent field (CASSCF) calculations were employed to obtain the microstates of the possi-
ble structures of each solvate. By comparing experimental and theoretical data, it was possible to determine both the
coordination number and solution structure of each solvate. In water, methanol and N,N-dimethylformamide the solvates
were found to be eight-coordinated and to have a square anti-prismatic coordination geometry. In DMSO the speciation
was found to be more complicated. The robust methodology developed for comparing experimental spectra and compu-
tational results allows the solution structures of lanthanide complexes to be determined, paving the way for the design of
complexes with predetermined properties.

INTRODUCTION

The lanthanides, displaced to the bottom of most charts
showing the periodic table, have immense technological
importance.” 2 They have found use in fields as diverse
as high-performance magnets,*® bio-assays and bio-im-
aging,®® MRI contrast agents,® '° as well as potential use
as singe-molecule magnets,'"'* and in anti-counterfeiting
technologies'®. This technological demand has resulted in
lanthanides being declared a critical resource by the US
Department of Energy.'® To solve this issue, Urban Mining
has been proposed as a method to close the loop of lan-
thanide processing.'”?° However, further development of
these techniques is hampered by a lack of understanding
of the basic chemical properties of lanthanide ions in so-
lution.

The lack of covalency in the coordination bonds to lantha-
nide ions makes the structures in solution exceedingly dif-

structure determination difficult,? **- 3! and complicates at-
tempts of linking a specific property to a specific struc-
ture.?: 32
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Figure 1. Left: Proposed structures of Yb* solvates for

ficult to predict.?! Further, fast ligand exchange kinetics
complicates the study of lanthanide(ill) solution chemis-
try.® 2228 |n solid state, the static environment enables an
understanding of structure-property relationships,?® but
the increased degree of freedom in solution often results
in an averaging of the observed properties, which makes

different coordination numbers seen from the side and
from the top. Right: Schematic of the electronic structure
of Yb*. The energy levels labelled 0-6 all consist of a Kra-
mers Doublet.

An example of this is the ongoing debate regarding the
coordination number (CN) of trivalent lanthanide ions in



aqueous solution.?> 33 The ionic radii of the lanthanides
decreases across the series,?* 3% an effect that is known
as the lanthanide contraction.®® 37 It has been proposed
that this contraction leads to a change in coordination
number going from 9 to 8 with the change occurring
around Gd - referred to as the Gadolinium Break.?®

Early work revealed a non-smooth variation of several
properties across the series (i. €. molar volumes, heat ca-
pacities and relative viscosities) that suggested a struc-
tural change occurring across the series.**° Subsequent
neutron diffraction,*' EXAFS*2and 7O NMR*? data in so-
lution supported a change in the number of coordinated
water molecules from 9 to 8 around the center of the lan-
thanide series. Later EXAFS studies however provided
results in contradiction with the early work, proposing that
the aqua-ions are nona-coordinated throughout the se-
ries.3 The more recent results based on EXAFS,* Raman
spectroscopy,*® ¢ optical spectroscopy*’ and theoretical
studies*® 4° support that the light lanthanide(iil) aqua ions
are nine-coordinated, while the heaviest lanthanide(il)
ions are octa-coordinated in aqueous solutions. In this
study, we aim to use high-resolution optical spectroscopy
and state-of-the-art computational chemistry to determine
the coordination number and structure of four Yb®" solv-
ates in order to — hopefully — close this discussion.

The lack of directional bonding in lanthanide coordination
chemistry means that the metal-ligand interactions can be
accurately described as point charges on the surface of a
sphere. As a mathematical problem, this is known as the
Thomson Problem.%° Identical mono-dentate ligands usu-
ally form complexes with structures that resemble the
ideal polyhedra from the solution to the Thomson Prob-
lem.5"%% The electronic energy levels of lanthanides as
free ions can accurately be described using the Russel-
Saunders formulation which takes the spin-orbit coupling
into account.’* These Russel-Saunders states contains
envelopes of electronic energy levels, which we refer to
as microstrates. The symmetry of the ligand field is what
dictates the splitting of the Russel-Saunders term into
these microstates, also denoted as my levels, ligand field
levels or Stark levels in the litterature.® % As Yb3* has
half-integer J terms, the levels split into sets of degenerate
Kramers Doublets. This is illustrated in Figure 1. The 2F72
and °Fsp2 levels split into 4 and 3 sets of microstates re-
spectively. While it is possible for two sets to feature de-
generate energy levels, this requires ligand fields with a
cubic symmetry.5” Such high symmetry ligand fields are
essentially impossible to achieve with the expected coor-
dination numbers of 7 to 9, and as such they are not rele-
vant for this discussion. The solution for the Thomson
Problem for coordination numbers 7, 8 and 9 are the pen-
tagonal bipyramid (PBP), the square antiprism (SAP) and
the tricapped trigonal prism (TTP), shown in Figure 1.52 %%
58-60

Advances in instrumentation has led to a resolution in op-
tical spectra that allows for the detection of individual lig-
and field levels.?” #-6% The ligand field splitting relates di-
rectly to the structure of the complex. However, while the
energy levels can be determined, experimental data alone
cannot correlate the observed transitions to a specific

structure. The electronic structure of lanthanides is highly
complex and presents a great computational challenge.
Recently, new quantum chemical methods allowed for the
electronic structure of the ground state to be calculated.'
63-68 The electronic structure of Yb® consists of only two
Russel-Saunders terms and is thus among the simplest of
the lanthanides to treat theoretically. This allows for accu-
rate determination of the ligand field splitting in not only
the ground state, but the excited state as well.

Here, we combine optical spectroscopy and quantum
chemical calculations to determine the solution structure
and electronic structure of four Yb®* solvates. The experi-
mental and theoretical data were obtained separately.
The result is that we are able to predict the solution struc-
ture of Yb* solvates in dimethylsulfoxide (DMSO), N,N-
dimethylformaide (DMF), methanol, and water from their
experimentally determined ligand field splitting. We are
able to determine the coordination geometry and thus
structure of the Yb%* solvates, and the data clearly show
that the coordination number of Yb%* in water is 8.

EXPERIMENTAL AND COMPUTATIONAL

SECTION

Sample Preparation. Yb(CF3S0Os)s (Sigma Aldrich) was
dissolved in DMSO-ds (Eurisotop), MeOH-ds (Eurisotop),
D20 (Cambridge Isotope Laboratories, Inc.) and DMF
(ChemSolute). All chemicals and solvents were used as
received. All solutions were 0.1 £ 0.0003 M. We detected
no signals from other lanthanides in any spectra. No
changes in absorption were observed over time.

Optical Spectroscopy. Absorption measurements were
carried out on a Lambda 1050 double-beam spectropho-
tometer from PerkinElmer using a halogen lamp as exci-
tation source. Air was used as a reference. Absorption
was measured on an absolute scale using pure solvent
and a blocked beam. Slits were kept at 1 nm.

Steady State emission spectra at 300 and 77K as well as
excitation spectra at 77K were recorded on a PTI Quan-
taMaster8075 from Horiba Scientific using a xenon arc
lamp for excitation. A constant flow of nitrogen was sent
through the sample chamber to avoid condensation. All
room temperature samples were measured in 10 mm
quartz cuvettes from Starna Scientific. Cooled samples
were measured in 4.2 mm quartz NMR tubes from Norell
placed in a quartz Dewar from Horiba Scientific filled with
liquid nitrogen. For emission spectra at 77K excita-
tion/emission slits were kept at 8/6, 8/4, 8/2.5 and 8/5 nm
for measurements in D-O, DMF, DMSO-ds and MeOH-ds
respectively. For emission spectra at 300K the excita-
tion/emission slits were kept at 8/10, 8/6, 8/5 and 8/10 nm
for measurements in D-O, DMF, DMSO-ds and MeOH-ds
respectively. For excitation spectra at 77K the emis-
sion/excitation slits were kept at 3/16, 4/16, 2.5/16 and
4/16 nm for measurements in D-O, DMF, DMSO-ds and
MeOH-ds respectively. Lamp fluctuations and wavelength
dependent detector sensibility were corrected by using
factory provided correction files.

Computational details. Geometry optimizations of
[Yb(H20)”*  (q= 8, 9), [Yb(H20)s]"-18H20,
[Yb(MeOH)g]**, [Yb(DMF)s]** and [Yb(DMSO)q]** (g = 8,
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7) were performed using density functional theory (DFT),
within the hybrid-meta-GGA approximation, with the
TPSSh® and/or M06-2X™ exchange-correlation function-
als. These functionals were found to provide accurate
bond distances of the metal coordination environment in
lanthanide complexes, particularly with ligands containing
O donor atoms.”" The input structures of [Yb(H20)¢** (g=
8, 9) were taken from a previous computational study??,
and modified to generate input structures for
[Yb(MeOH)g]**. The starting geometries of [Yb(DMF)s]**
and [Yb(DMSO)q** (g = 8, 7) were obtained from X-ray
diffraction data.” DFT calculations employed the large-
core effective core potential for Yb ([Kr]4d'%4f'3 core) and
the associated [5s4p3d]-GTO valence basis set.’* All
other atoms were described with the standard 6-31G(d,p)
basis set. In the case of the [Yb(H20)g]**-18H20 system,
solvent effects were considered with a polarized contin-
uum model (integral equation formalism variant).” Fre-
quency calculations were used to confirm that the opti-
mized geometries correspond to local energy minima on
the corresponding potential energy surface. Geometry op-
timizations and frequency calculations were performed
with the Gaussian 09 program package.”®

Complete active space self-consistent field (CASSCF)”’
calculations were performed using the ORCA 4 program
package (version 4.2).”® 7° The active space included 13
electrons distributed in the seven 4f-based orbitals
[CAS(13,7)]. The starting orbitals for CAS(13,7) calcula-
tions were obtained from ROKS calculations performed
within the local density approximation with Slater ex-
change (a=2/3) and VWNS5 correlation.® &' Relativistic ef-
fects were considered with the with the all-electron sec-
ond-order Douglas—Kroll-Hess (DKH2) method.? & The
SARC2-DKH-QZVP basis set was used for Yb,8 while C,
H, N, O and S were described with the DKH-def2-TZVP
basis set. The latter uses the exponents of the def2-TZVP
basis set of Weigend® and was re-contracted for relativ-
istic calculations.®® CASSCF calculations were acceler-
ated using the resolution of identity (RI-JK) approxima-
tion,®” using the SARC2-DKH-QZVP/JK auxiliary basis set
for Yb and the Autoaux procedure to generate auxiliary
basis sets for all other atoms.® Test calculations per-
formed using the faster®® chain of spheres RIJCOSX ap-
proximation revealed a larger splitting of the CAS-SCF
states compared with the RI-JK approximation (Table
S11, Supporting Information). This is likely related to in-
accuracies associated to the integration grid required for
the RIJCOSX approximation. Incorporation of dynamic
correlation effects using N-electron valence state pertur-
bation theory (NEVPT2)%-%? also increases significantly
the splitting of the 2F7;2 and 2Fs:2 levels (Table S12, Sup-
porting Information). Solvent effects (water, DMF, MeOH
or DMSO) were incorporated with the SMD solvation
model implemented in ORCA.*3 Spin-orbit coupling effects
were included by using quasi-degenerate perturbation
theory (QDPT).% The integration grid for Yb was in-
creased from the default values (SpecialGridintAcc 7).

RESULTS AND DISCUSSION

The structure of trivalent lanthanide ions in solution is de-
termined by the size of the donating ligands and counter

ions. The structure is in flux around a conformational min-
imum energy determined by a competition between the
inter ligand repulsion and compensating the tri-positive
charge of the lanthanide ion. The average structure is for
small and simple ligands determined by the coordination
number and the solution to the Thomson Problem associ-
ated with this number of donating point charges. Larger
ligands impose other restraints due to their bulk. In this
study, water and methanol belong to the class of small
ligands, while the donor atoms of DMF and DMSO poten-
tially carry enough bulk to change the coordination geom-
etry and coordination number. This is expected to be sig-
nificant here, as we study Yb®*, the second smallest triva-
lent lanthanide ion. The fully deuterated versions of water,
MeOH and DMSO were used to increase the emission in-
tensity.%> % Protonated DMF was used due to costs. The
structure and electronic energy levels are not changed
between protonated and deuterated solvents.5" 62

We investigated solutions of Yb®** made from the triflate
salt, which is fully dissociated in these solvents at the con-
centrations used.?'-%2 The samples studied were solutions
at room temperature, or frozen solutions at 77K. The latter
were flash frozen.

The samples were not at the thermodynamic equilibrium,
and they are expected to have the same variations in
structure as the room temperature samples. The main dif-
ference between the room temperature and low tempera-
ture samples is due to the elimination of ligand exchange
and the reduced population of higher energy electronic
energy levels (microstates). Due to issues with scattering,
absorption spectroscopy was only performed at room
temperature. Luminescence emission and excitation
spectra were recorded in both frozen solution at 77K and
at room temperature.
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Figure 2. Absorption spectra of Yb(CF3SOs3)s in D20, MeOH-
d4, DMSO-ds and DMF.

Spectroscopy. Figure 2 shows the absorption spectra of
Yb® in the investigated solvents. Light absorption is in-
stantaneous (fs), and these spectra show: 1) that several
complexes and/or conformations are present, as a
smooth band is observed rather than distinct lines.®” And
2) that the total transition probability decreases from DMF,
over DMSO and MeOH to water. The latter indicates that
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the average symmetry of the solvates increases along the
series, as a coordination environments with higher sym-
metry around Yb®* are expected to show a lower transition
probability.?7. 57 61-63, 98
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Figure 3. Absorption (300K), Excitation (77K) and Emission (77K and 300K) spectra of Yb(CF3SOs)s in D20 (top left), DMSO-

ds (top right), DMF (bottom left) and MeOH-d4 (bottom right).

Figure 3 shows the luminescence excitation and emission
spectra. At 77K the bands resolve into distinct lines. The
excitation spectra are assumed to have 3 lines and the
emission spectra should show 4 lines. Cursory inspection
of the data shows that this is not the case.

Determining Electronic Energy Levels. To perform an
experimental determination of the electronic energy levels
of the solvates, we resolved the spectra using Lorentzian
functions, see Supporting Information (Figure S34-41). A
simpler, visual, assignment of the levels can be performed
as shown in Figure 4.%° As each line is not clearly defined,
we rely on fitting to assign the energy of each line of the
spectrum, see the supporting information for details. The
results from the fit are included in Tables S1-S2.

When considering the spectra in Figure 3, the difference
between 300K and 77K is clear. In fluid solution there will
be a number of structure fluctuations.?® 26 1% |n frozen so-
lution these fluctuations are removed. It should be noted
that since the 77K samples are flash-frozen, the distribu-
tion of structures in the 300K samples are expected to be
maintained when frozen. The excited state lifetime of Yb%*
complexes is in the ps range.® ' While short compared
to the ms lifetimes of Eu®* and Tb®* this is still fast com-
pared to the ligand exchange which occurs on the ns time-
scale.?® The consequence is that in fluid solution an ex-
cited Yb** ion will undergo several different conformations
and structure changes before emission occurs. This con-
tributes to the shape and broadening of the spectra.?’



The Boltzmann population of the microstates also influ-
ences the observed spectra. Considering a two state
model, the energy at which the higher lying excited state
has a 1% population is approximately 4 times the Boltz-
mann constant times the absolute temperature. This en-
ergy is 214 cm™ at 77K and 834 cm™ at 300K. We esti-
mate that any transitions occurring from higher lying
states with a thermal population of less than 10% will not
be detectable. This is illustrated in Figure 4. Therefore, we
assign the main transitions in the 77K spectra as transi-
tions occurring from the lowest lying microstate.

While the electronic energy levels could be determined
experimentally, they cannot be assigned to a structure,
and we are not able to assign all the lines we see in the
resolved spectra. Thus, we turned our attention to theory.
11000
1s0]  Yb¥ D0

—— Excitation 77K
--+-Absorption 300K
10600

10400 -

—

10200

a2
o
o
8

800+ Emission 77K

Emission 300K

Energy (cm

600+

400
200+

Figure 4. Experimentally determined electronic structure of
Yb(CF3SOs)s in D20. Ground state levels were determined
from emission spectra, excited state levels were determined
from excitation spectra. Dashed lines indicate peaks on spec-
tra. Triangles indicate the Boltzmann distribution at 77K
(blue) and 300K (red). The top of the triangles is setat a 10%
population.

The Yb** hydrate. The structures of the [Yb(H20)s]** and
[Yb(H20)s]** complexes were obtained using DFT calcu-
lations. These calculations provided the expected energy
minima with square antiprismatic (g = 8) and tricapped
trigonal prismatic (g = 9) geometries, which show slightly
distorted Ss and Dsn symmetries, respectively. The calcu-
lated bond distances of the metal coordination environ-
ments are compared with experimental data obtained with
X-ray diffraction measurements in the solid state and
EXAFS and neutron diffraction measurements in solution.
The [Yb(H20)s]** complex presents two different Yb-O
bond distances, with those involving capping donor atoms
being somewhat longer, as would be expected, see Table
1.

[Yb(H20)s]**18H:0  2.357 2.483 2.321 (ax);
2.518
(eq)106
[Yb(MeOH)s]** 2.392 —
[Yb(DMF)s]** 2.373(39 2.293(47)
)
[Yb(DMSO)g]3* 2.378(41 — 2.332(37)
)
[Yb(DMSO)7J3* 2.287(2) 2.333(12) 2.227(5)
2.276(19)

Table 1. Yb-O distances (A) obtained with DFT calcula-
tions and comparison with experimental data.?

Yb-Oax Yb-Oeq EXp.
[Yb(H20)s]** 2.382 — 2.328102-104
[Yb(H20)e]**19H,0  2.343 — 2.324105
[Yb(H20)e]?* 2.414 2.456

a Standard deviations are provided within parentheses.

The Yb-O distances calculated for the [Yb(H20)s]** sys-
tem (2.382 A) is somewhat longer than those determined
in the solid state using X-ray diffraction, or in solution with
neutron diffraction and EXAFS (2.32-2.33 A) measure-
ments. The structure of the [Yb(H20)s]** system also
shows Yb-O distances somewhat longer than those ob-
served in the solid state (Table 1), both for the axial and
equatorial water molecules (equatorial water molecules
occupy capping positions). The calculated distances are
in very good agreement with those computed previously
using B3LYP and the small core approximation (2.38 and
2.43 A for [Yb(H20)e]** and [Yb(H20)e]**, respectively.'"”

Figure 5. Structure of the [Yb(H20)s]**-19H20 cluster ob-
tained with DFT calculations. Oxygen atoms of second-
sphere water molecules are shown in red. The square an-
tiprismatic coordination environment is highlighted by using
different colors for the oxygen atoms of the upper (blue) and
lower (magenta) square faces.

Previous studies showed that the inclusion of explicit sec-
ond-sphere water molecules provoke an important short-
ening of the distances between the metal ion and the ox-
ygen atom of coordinated water molecules in lanthanide
complexes, % '%including Yb** derivatives.""® These sec-
ond-sphere water molecules are involved in hydrogen

5



bonds with coordinated water molecules, polarizing the
O-H bonds of coordinated water molecules. Thus, we per-
formed calculations on the [Yb(H20)s]**-18H20 system,
which contains two explicit second-sphere water mole-
cules acting as hydrogen-bond acceptors for each of the
inner-sphere waters, see Figure S50. Subsequently, a
second energy minima containing eight coordinated water
molecules was located by exploring the potential energy
surface ([Yb(H20)s]**-19H20), see Figure 5.

Similar hydrogen bonding patterns involving first- and
second-sphere water molecules were found for clusters
involving six-coordinated metal ions."" 2 The inclusion
of explicit second-sphere water molecules causes a sig-
nificant decrease of the calculated Yb-O distances, which
approach the experimental values, see Table 1.



Table 2. Absorption spectral data calculated with CASSCF/QDPT calculations and experimental energies obtained
from absorption and emission spectroscopy.

[Yb(H20)g]3*-18H20 Transition (pop.)? Energy (cm™) 10% fisc  Exp (exc.)> Exp ACalc,Exp
(em.)®

40 (0.341; 0.563) 10257.0 210 10268 10288 -11/-31
5«0 (0.341; 0.563) 103171 54 10337 10312 -19.9/-5.1
6«0 (0.341; 0.563) 10384.4 244 10658 -273.6
41 (0.295; 0.323) 10227.3 206 10116 111.3
5«1 (0.295; 0.323) 10287.5 196
6«1 (0.295; 0.323) 10354.7 2 10564 209.3
4¢-2 (0.212; 0.089) 10158.5 22 9998 160.5
5<2(0.212; 0.089) 10218.6 2
6«2 (0.212; 0.089) 10285.9 74
43 (0.152; 0.025) 10089.9 8 9818 271.9
5«3 (0.152; 0.025) 10150.0 64
6«3 (0.152; 0.025) 10217.3 2

[Yb(H20)s]**-19H20 Transition (pop.) Energy (cm™) 109 fosc Exp (exc.)>  Exp ACalc,Exp

(em.)°

440 (0.445; 0.679) 10274.3 490 10268 10288 6.3/-13.7
5«0 (0.445; 0.679) 10362.3 214 10337 10312 25.3/50.3
6«0 (0.445; 0.679) 10614.4 62 10658 -43.6
41 (0.366; 0.317) 10233.6 124 10116 117.6
5«1 (0.366; 0.317) 10321.6 310
6«1 (0.366; 0.317) 10573.7 80 10564 9.7
42 (0.117; 0.004) 9996.9 44 9998 -1.1
5«2 (0.117; 0.004) 10084.8 36
6«2 (0.117; 0.004) 10336.9 0
43 (0.073; 0.000) 9898.8 2 9818 80.8
5«-3(0.073; 0.000) 9986.7 2
6«3 (0.073; 0.000) 10238.8 0

a Populations of the lower energy level involved in the transition at 300 and 77K.  Experimental data obtained from the
analysis of the excitation spectra. ¢ Experimental data obtained from emission spectra.

CASSCF/QDPT calculations were used to investigate the
splitting of the 2F manifold as a result of spin-orbit and
crystal field effects. The results are tabulated in Table 2
for the aqua ions and Tables S13-S14 for the remaining
solvates. As an initial analysis of the computed data, we
investigate the total splitting of the microstates in the 2F7,
and 2Fs;2 terms by the crystal field of the aqua ligands, see
Figure 1. For the [Yb(H20)s]** (CN 8) and [Yb(H20)]*
(CN 9) systems we find a larger splitting of both levels in
the former. The total crystal field splitting of the ground
and excited states calculated for [Yb(H20)e]** are 187.2
and 128.9 cm™, while the corresponding values for
[Yb(H20)s]** are 300.4 and 252.5 cm™'. As a result, the
energy difference between the lowest and highest energy

levels amount to 10408 and 10546 cm™ for [Yb(H20)e]**
and [Yb(H20)g]**, respectively. The experimental absorp-
tion spectrum presents a component on the high-energy
side at 10658 cm™', suggesting that Yb3* is coordinated by
eight water molecules in solution.

The inclusion of a second-sphere hydration shell reduces
the overall splitting of [Yb(H20)e]**-18H20 to 10384 cm™,
while for the eight-coordinated species increases to
10614 cm™. The latter value is very close to the experi-
mental one. Furthermore, the energy levels calculated for
the [Yb(H20)s]**- 19H:0 cluster match very well the exper-
imental absorption spectrum.
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Figure 6. Absorption (300K) and Excitation (77K) spectra of Yb(CF3sSOs); in D20 with calculated transitions of
[Yb(H20)e]** (top left), [Yb(H20)s]** (top right), and with the second solvent sphere (bottom left + bottom right). Lines are
scaled as 1, 0.7, 0.4 and 0.1 for the first (blue), second (yellow), third (orange) and fourth (red) microstate respectively to
illustrate the expected intensity based on thermal population. All intrinsic transition probabilities are set to 1.

The initial analysis of the computational results indicates
that the experimental data arise from a [Yb(H20)s]** com-
plex with a square antiprismatic structure. All experi-
mental and computed data is given in Table 2 for the aqua
ions and Tables S13-S14 for the remaining solvates, but
it is all but impossible to make conclusions based on the
tabulated matter. In particular, as transition probabilities,
Boltzmann distributions and sample heterogeneity has to
be taken into account. Thus we turn to a visual compari-
son, similar to what we have done previously for dyspro-
sium() and what is shown in Figure 4.5

By using a direct visual comparison between experi-
mental data and calculated energy levels, we can deter-
mine if the computed structure is identical to the solution
structure of the complexes. The analysis for the Yb*" hy-
drate is shown in Figure 6. Computed transition energies
are plotted directly on the spectra scaled with an arbitrary
Boltzmann distribution. This ensures that the transitions
from the lowest lying energy levels carries a higher signif-
icance than transitions from energy levels with little or no
thermal populations, see Figure 4. Inspection shows that

[Yb(H20)s]** (CN 8) provides a significantly better fit be-
tween experiment and theory than the [Yb(H20)g]** (CN 9)
structure. Including the second sphere corrections im-
proves the CN 8 to a satisfactory level while the CN 9 re-
mains a poor fit.

The same trend can be seen for the emission spectra and
the transitions from the 2Fs2 manifold, see Figures S16-
S23. In these comparisons we have scaled the calculated
transition intensities by an arbitrary Boltzmann population.
However, this treatment ignores any differences in the in-
trinsic transition probability between individual mi-
crostates — differences that theory predicts to be signifi-
cant. While the theoretical calculations provide transition
probabilities, their accuracy remains unclear. Figure S7-
S10 shows a representation where the calculated transi-
tions are scaled by the calculated transition probabilities.
These results show a good agreement between experi-
ment and theory for the transition probabilities found in the
absorption/excitation spectra, but the transition probabili-
ties observed in the emission spectra do not match those
found in the calculations.



Several other methods of comparing experimental and
computational results were tested, but we returned to the
simple representation shown in Figure 6. For the Yb3* hy-
drate it is also convincing to simply plot the experimentally
determined electronic energy levels next to those calcu-
lated for [Yb(H20)e]** and [Yb(H20)s]** with the second
sphere solvent, see Figure 7. Cursory inspection of Figure
7 gives rise to the same conclusion as the detailed analy-
sis in Figure 6 and the band gap considerations done
above. Do note that the simple picture in Figure 7 may be
misleading, and the match between calculated electronic
energy levels cannot stand alone. The transition energies
must be compared to the spectra in a plot similar to that
done in Figure 6.

12000

11700+ o —— Experimental

- [Yb(Hzo)3]3+
— [Yb(Hzo)9]3+

11400

Figure 7. Calculated energy levels of [Yb(H20)g]** (red, left)
and [Yb(H20)s]%* (blue, right) with experimentally determined
energy levels of Yb(CF3SQOz)s in D20 (black, center). Excited
state levels were determined from absorption and excitation

spectra, ground state levels were determined from emission
spectra.

The other Yb** solvates. Using the procedure outlined
above, we can assign the structure of the remaining solv-
ates. The optical spectra of the methanol and DMF solv-
ates fits well with a CN 8 square antiprismatic structure,
see Figures S30-S33. It should be noted that neither the
experimental data nor the calculations are of the same
quality as for the aqua ion.

For the DMSO solvate, the experimental data indicate a
much larger number of transitions, than in the other solv-
ates. Comparing to the computational data we see that a
single structure is insufficient to account for the number of
transitions observed. This is illustrated in Figure 8. Here,
we compare the calculated transition energies for the CN
7 and CN 8 structures to the observed spectra. Neither of
the calculated structures account for the full spectra, but
if we assume the sample contains both structures, we can
account for all the observed bands in the spectra. An ob-
servation we rationalize by concluding that an equilibrium
between the two structures exist in solution. This is also
consistent with the relative bulk of DMSO compared to
water. The structural difference is evidently enough to
cause a change in coordination number.5
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thermal population. All intrinsic transition probabilities are set to 1.

Solution Structure and Ligand Field Splitting. To re-
iterate, the optical spectra of the four solvates is well rep-
resented by a single — in the case of DMSO two — Yb%*
complexes. The spectra represent transitions between
the seven electronic energy levels or microstates of the
Yb®* ion, which are compared to state of the art computa-
tional data. From the experimental data the energy levels
can be determined directly, as shown in Figure 4, or by
resolving the lines of the spectra using numerical meth-
ods, as shown in Figure S34-S41.

Based on computational data, we can assign the solution
structure, which in turn allows us to compare the experi-
mentally determined energy levels with the calculated en-
ergy levels. Figure 7 shows the case of water. While the
calculated energy levels of the CN 8 fit nicely with the ex-
perimentally determined energy levels, the CN 9 structure
does not fit in neither the 2F72 nor 2Fs;2 manifold. Thus we
assign the experimentally observed spectra of

Yb(CF3S0s)s dissolved in water to the [Yb(H20)s]** com-
plex with a square anti-prismatic coordination geometry.
A very recent computational and EXAFS study on the Er®*
aqua ion concluded that the coordination sphere is rather
fluxional, with the square antiprismatic coordination being
the most probable one.""® Our results are in good agree-
ment with these results. The agreement between experi-
mental and calculated data improves considerably upon
inclusion of a second solvation shell, which distorts the
square antiprismatic coordination environment, likely in a
similar way as the dynamic processes occurring in solu-
tion.

Similarly, we can conclude that the main species of Yb%*
in MeOH and DMF are the [Yb(MeOH)s** and
[Yb(DMF)s]** species respectively, both with a square
anti-prismatic coordination geometry.

For the DMSO case the picture is less clear. However, it
is important to note that the experimentally determined
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energy levels have been found with the assumption of
only one dominant species being present in solution. As
we have no way of distinguishing which transitions come
from a specific species using experimental data alone, no
such attempt was made and simply we conclude that Yb%*
in DMSO is a mixture of [Yb(DMSO)s** and
[Yb(DMSO)7]** in a square anti-prismatic and pentagonal
bipyramid coordination geometry, respectively.

While no further analysis is possible for the Yb** solvate
in DMSO, the three other solvates appear to be all pure
solvates with coordination number (CN) 8 and a square
anti-prismatic coordination geometry. This allows us to
explore the ligand field splitting of these complexes, and
compare to the spin-orbit coupling, using experimentally
determined data. We observe clear differences in both lig-
and field splitting and line widths, see Supporting Infor-
mation, in what we assume is three donor sets that com-
prise eight oxygen atoms and nominally have the same
coordination geometry. This is evident in the spectra in
Figure 3, and can be seen by scrutinizing the numbers in
Tables S13-S14. While the data from DMF and methanol
do merit further investigation, the data from water are of a
quality, see Figure 4, that allows us to quantify. As all text-
books prescribe, the spin orbit splitting of Yb®* is at 10,000
cm, two orders of magnitude larger than crystal field
splitting, which is on the order of ~200 cm'. While minute
changes in the nature of the donor atoms and coordina-
tion geometry are clearly evident, our current level of the-
ory clearly differentiates between the structures that could
be present in solution, see Figure 7.

CONCLUSION

We can conclude that we have reached the point that the
theoretical description of Yb®* allows calculating the full
ladder of electronic energy levels—microstates—at a
level that it allows us to differentiate between different so-
lution structures. Following the methodology described
here, where we combine optical spectroscopy and com-
putational chemistry, we demonstrated that it is possible
to differentiate between both coordination numbers and
coordination geometries.

Our results confirm a coordination number of eight and a
square anti-prismatic coordination geometry for Yb** solv-
ates in water, methanol, and DMF. We believe that this is
the first example, where computational results directly
confirm solution structures, without clear support from the
solid state structures. Further, the method was able to re-
veal a complicated speciation in DMSO, where two differ-
ent Yb® solvates with coordination numbers seven and
eight are present.

Finally, we can conclude that even among complexes as
similar as the solvates investigated here, minute changes
in the ligand field translates into differences in optical
spectra that are readily determined. The obvious next step
is to see if we can use the methods to investigate com-
plexes and to move to trivalent lanthanide ions with a
more complicated electronic structure.

SUPPORTING INFORMATION.

The following files are available free of charge:

The supporting information contains all optical spectra,
fits of spectra and fit parameters, determined energy lev-
els, spectral and computational overlays, optimized Car-
tesian coordinates and sample ORCA input file.
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