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ABSTRACT: The absorption and emission spectra of three Yb3+ complexes possessing D3, D2 and C2 symmetries were analyzed 
with the aid of ab initio calculations based on Complete Active Space Self-Consistent Field (CASSCF) wave functions (CAS(13,7)). 
The absorption spectra present contributions from both cold and hot bands, involving thermally populated excited sublevels of the 
2F7/2 manifold. The high-resolution emission spectrum of the tris-picolinate complex [Yb(DPA)3]3- recorded at 77 K presents four 
components, while the complexes with macrocyclic ligands show both cold and hot emission bands, resulting in more than four 
components for the 2F5/2→2F7/2 transition. The combined information provided by the absorption and emission spectra allowed to 
identify most of the crystal field sublevels of the 2F5/2 and 2F7/2 states. The energies of these crystal field components are well repro-
duced by the ab initio calculations, with deviations typically lower than 100 cm-1. The crystal field splitting is very sensitive to subtle 
changes of the Yb3+ coordination environment. The magnetic anisotropy of [Yb(DPA)3]3- obtained with ab initio calculations was 
found to be extremely sensitive to changes in the twist angle of the upper and lower faces of the tricapped trigonal prismatic coordi-
nation polyhedron. Ab initio ligand field theory (AILFT) provides a straightforward chemical justification for the changes in magnetic 
anisotropy, which are responsible for the observed pseudocontact shifts in the NMR spectra. 

INTRODUCTION 
The coordination chemistry of the lanthanoid ions (Ln3+) has 

been the focus of great attention in the last decades due to the 
fascinating magnetic and optical properties of the complexes of 
these ions.1,2 The Ln3+ ions present rather similar chemical prop-
erties and coordination chemistry, the main differences being 
mainly caused by the smooth contraction of the ionic radii 
across the 4f period as a consequence of the lanthanoid contrac-
tion.3 However, the magnetic and optical properties of Ln3+ 
complexes are generally related to the distribution of the 4f 
electrons, and therefore change dramatically depending on the 
specific ion. In particular, the crystal field splitting of the 4f lev-
els is of key importance, as it determines the magnetic anisot-
ropy of the system,4 which in turn is responsible for the pseu-
docontact NMR shifts5-7 of Ln3+ complexes or their single mol-
ecule magnet (SMM) behavior.8 

Among the paramagnetic Ln3+ ions, Yb3+ presents the sim-
plest electronic structure associated to its 4f13 configuration, 
which leads to a single 2F term that splits into the 2F5/2 and 2F7/2 
levels due to spin-orbit coupling. Crystal field effects split the 
2F5/2 and 2F7/2 levels into three and four Kramers doublets, re-
spectively.9 The electronic transitions involving the 2F5/2 and 

2F7/2 levels are observed in the NIR spectral region around 
10,000 cm-1. Thus, a detailed analysis of the absorption and 
emission spectra of Yb3+ complexes can potentially provide in-
formation on the coordination environment around the metal 
ion. The absorption spectral properties of Yb3+ complexes in the 
NIR region are also of paramount importance in the preparation 
of up-converting molecular systems using Yb3+ sensitization.10 
The pseudocontact shifts of Yb3+ were also widely used as a 
source of structural information in solution,11 as well as to aid 
structure determination of complex molecules such as pro-
teins.12 Different Yb3+ complexes were also found to possess 
interesting SMM properties.13 

While some pioneering studies revealed key features of the 
absorption and emission spectra of Yb3+ complexes, detailed 
spectral analyses which lead to a fundamental understanding of 
the intricacies of the electronic structure at the metal center are 
scarce. Perkins and Crosby reported a study of the crystal-field 
splitting in Yb3+ chelates using absorption and emission spec-
troscopy and crystal-field calculations.9 The qualitative analysis 
of the NIR-CD spectra of chiral YbDOTA derivatives revealed 
that the spectra were very sensitive to the coordination polyhe-
dron of the Yb3+ ion.14 However, these studies did not reveal the 



2 

 

interconnection between the spectroscopic data and the geomet-
ric and electronic structure of Yb3+ complexes. 

Herein, we present a comprehensive investigation of the de-
tails of the electronic structures via absorption and emission 
spectroscopy of several well-characterized Yb3+ complexes 
(Chart 1). Given the expected dependence of the crystal field 
splitting patterns of the 2F5/2 and 2F7/2 levels with the coordina-
tion environment, we selected a family of complexes possessing 
different structural features: The well-known 
[Yb(DPA)3]3- complex, which presents a tricapped trigonal pris-
matic coordination environment (D3 symmetry),15-16 the ten-co-
ordinate [YbL1]3+ complex,17 which adopts D2 symmetry in so-
lution, and the [Yb(Me2DO2PA)]+ complex (C2 symmetry).18 
The absorption and emission spectra of these complexes are 
presented. A full assignment of the crystal-field components of 
these spectra was achieved with the use of ab initio multicon-
figurational relativistic calculations based on the Complete Ac-
tive Space Self-Consistent Field (CASSCF). The corresponding 
wave functions were analyzed using N-electron valence pertur-
bation theory to second order (NEVPT2), while SOC effects 
were introduced by quasi-degenerate perturbation theory 
(QDPT). The CASSCF/NEVPT2/QDPT method was recently 
found to reproduce rather well the crystal field levels of the 
[LnCl6]3- complexes present in elpasolite Cs2NaLnCl6 crys-
tals.19 The combined experimental and theoretical analysis pre-
sented in this work provides an unprecedented understanding of 
the electronic and optical properties of Yb3+ complexes, which 
encode information on their structure and magnetic properties. 
Chart 1. Ligands discussed in the present work and numbering 
scheme used for the analysis of pseudocontact shifts. 
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RESULTS AND DISCUSSION 
Magnetic anisotropies and pseudocontact shifts. The mo-

lecular geometries of the [Yb(Me2DO2PA)]+, [YbL1]3+ and 
[Yb(DPA)3]3- complexes were obtained with DFT by well-es-
tablished methods using the large-core approximation.20 The 
[Yb(DPA)3]3- complex is axially symmetric, which makes the 
analysis of pseudocontact shifts straightforward. The D2 

symmetry of the [YbL1]3+ complex does not ensure axial sym-
metry, but still the position of the magnetic axes should match 
the three perpendicular C2 axes of the complex. Thus, we ini-
tially tested the quality of the computed geometries and the 
CASSCF/NEVPT2/QDPT calculations by performing a theo-
retical estimation of the pseudocontact shifts using the calcu-
lated magnetic susceptibilities. Indeed, calculations based on 
the CASSCF/RASSI/SINGLE_ANISO approach were demon-
strated to provide magnetic susceptibility tensors that correlated 
very well with the observed pseudocontact shifts of axially sym-
metric complexes.6,7 Our CASSCF/NEVPT2/QDPT calcula-
tions provide the magnetic susceptibility tensors shown in Table 
1. The tensors calculated for both [Yb(DPA)3]3- and [YbL1]3+ 
are diagonal, which confirms that the chosen molecular frames 
match the principal magnetic axes systems (Table S1, Support-
ing Information).21 For Yb(Me2DO2PA)]+ the molecule was 
orientated so that the z axis matches the C2 symmetry axis of the 
complex. However, the positions of the x and y axes in the mo-
lecular susceptibility tensor are not constrained by symmetry. It 
turned out that the positions of the x and y axes of the suscepti-
bility tensor are such that the angle defined by the xz plane and 
that delineated by the plane containing the z axis and a nitrogen 
atom of the macrocycle functionalized with a picolinate arm is 
about 35.5º (Table S1, Supporting Information). This angle de-
viates by ∼9º with respect to that obtained previously from the 
analysis of the pseudocontact shifts (26.9º).18a 

The magnetic susceptibility tensor calculated for 
[Yb(DPA)3]3- presents a small rhombic contribution, which we 
attribute to the slight distortion of the D3 symmetry of our DFT 
structure. Most likely dynamic effects in solution result in a free 
rotation of the magnetic axes in the xy plane, so that the rhombic 
contribution vanishes. Important rhombic contributions (~25%) 
were also obtained for [Yb(DPA)3]3- bound to proteins.22 The 
pseudocontact shifts can be expressed as linear combinations of 
the axial and rhombic components of the susceptibility tensor 
χ:21 

𝛿𝛿𝑝𝑝𝑝𝑝 = 1
2𝑁𝑁𝐴𝐴

�(𝜒𝜒𝑧𝑧𝑧𝑧 − 𝜒𝜒𝑎𝑎𝑎𝑎) �3𝑧𝑧
2−𝑟𝑟2

𝑟𝑟5
� + �𝜒𝜒𝑥𝑥𝑥𝑥 − 𝜒𝜒𝑦𝑦𝑦𝑦� �

𝑥𝑥2−𝑦𝑦2

𝑟𝑟5
�� (1) 

 

𝑟𝑟 = �𝑥𝑥2 + 𝑦𝑦2 + 𝑧𝑧2    (2) 
This equation uses the Cartesian coordinates of atom i relative 

to the location of the paramagnetic ion, instead of the more 
usual spherical coordinates. For axial symmetry the rhombic 
term of this equation vanishes, as (χxx - χyy) = 0. The axial term 
value of χzz - χav = 0.749 cm3 K mol-1 obtained for 
[Yb(DPA)]3- provides pseudocontact shifts of -8.09 and -9.16 
ppm for H1 and H2, respectively (see Chart 1 for labelling). 
These values are in good agreement with the experimental par-
amagnetic shifts of -6.82 and -7.75 ppm obtained by Ouali et al. 
using the chemical shifts of the diamagnetic Lu3+ complex as a 
reference.15a It must be pointed out that the paramagnetic shifts 
of Yb3+ complexes are dominated by the pseudocontact mecha-
nism, but some small contact contributions may be present as 
well. Furthermore, the calculated χzz - χav term is in nice agree-
ment with that derived from the data of Ouali (Table 1).15a 

Given the remarkably good theoretical prediction of the pseu-
docontact shifts in [Yb(DPA)3]3-, we next analyzed the [YbL1]3+ 
and [Yb(Me2DO2PA)]+ complexes. The χzz-χav and χxx-χyy val-
ues obtained using the optimized geometries are in qualitative 
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agreement with the experimental data obtained from the analy-
sis of the corresponding NMR spectra (Table 1). We attribute 
the relatively large deviations of the experimental and calcu-
lated data to the sensitivity of the magnetic susceptibility tensor 
to tiny structural changes, as proved recently by Parker.7,23 We 
hypothesized that in the case of [YbL1]3+ the difference between 
the experimental and calculated magnetic susceptibilities are re-
lated to structural changes affecting the flexible hydroxyethyl 
pendant arms, rather than the rigid macrocyclic unit. We there-
fore explored the effect that changing the O-Yb-O angles α in-
volving two hydroxyl groups coordinating from the same side 
of the macrocyclic plane. These angles were fixed to values in 
the range 59 – 71º and the structure was relaxed by geometry 
optimization within the D2 point group. The corresponding 
χzz-χav and χxx-χyy values obtained with 
CASSCF/NEVPT2/QDPT calculations vary significantly as a 
function of α. Both the axial and rhombic magnetic susceptibil-
ities approach the experimental values on reducing α from 71º 
to about 64º, while smaller angles provide calculated data with 
increasing deviations from the experiment (Figure 1). We next 
explored the effect of varying the Yb-O distances at a fixed 
value of α = 64.0º. Both χzz-χav and χxx-χyy change experience 
very important changes by varying the Yb-O distances in the 
range 2.426-2.474 Å. The magnetic susceptibility values calcu-
lated by using α = 64.0º and Yb-O = 2.438 Å provide an excel-
lent agreement with the experimental data (Table 1), which is 
in contrast with the relatively large deviations obtained with the 
optimized structure (α = 67.8º and Yb-O = 2.454 Å). Further-
more, the pseudocontact shifts obtained from the 
CASSCF/NEVPT2/QDPT magnetic susceptibility data using 
the optimized geometry show rather large deviations from the 
experimental pseudocontact shifts. An good agreement is how-
ever observed with the susceptibility values calculated for the 
structure with α = 64.0º and Yb-O = 2.438 Å (Figure 2). Thus, 
these studies confirm that very small structural changes may 

have a deep impact in the magnetic anisotropy of Yb3+ com-
plexes.  

Table 1. Components of the magnetic susceptibility tensors 
(cm3 K mol-1) obtained with CASSCF/NEVPT2/QDPT calcu-
lations for different Yb3+ complexes. 

 DPA a L1 b Me2DO2PA c 

χxx 1.917 3.342 e / 2.875 f 1.385 

χyy 2.218 1.260 e / 1.462 f 4.097 

χzz 3.191 2.247 e / 2.548 f 1.715 

(χzz-χav)cald  0.749 -0.036 e / 0.253 f -0.684 

(χzz-χav)exp d 0.700 0.27 -0.041 

(χxx-χyy) cald -0.301 2.082e /1.413 f 2.711 

(χxx-χyy)exp d - 1.505 1.662 

a The principle magnetic axis matches the position of the C3 sym-
metry axis of the complex. All data at 298 K. b The magnetic axes 
match the three perpendicular C2 axes of the molecule. All data at 
298 K. c The principal magnetic axis coincides with the C2 sym-
metry axis of the molecule. Experimental and calculated data ob-
tained at 278 K. d Experimental values obtained from references 
15a, 17a and 18a. e Data calculated using the optimized geometry 
(Yb-O 2.454 Å and O-Yb-O of 67.8º. f Values obtained for Yb-O = 
2.438 Å and O-Yb-O = 64.0º (see text). 

 

 
Figure 1. Axial and rhombic magnetic susceptibilities of [Yb(L1)]3+ as a function of the O-Yb-O angle α (left panel) and the Yb-O distance 
(right panel, α fixed at 64.0º) obtained with CASSCF/NEVPT2/QDPT calculations at 298 K. The dashed lines indicate the experimental 
χzz-χav and χxx-χyy values. 
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Figure 2. Plot of the experimental 1H NMR pseudocontact 

shifts of [Yb(L1)]3+ versus those calculated from magnetic sus-
ceptibility data obtained with CASSCF/NEVPT2/QDPT calcu-
lations using the optimized geometry (α = 67.8º and Yb-O = 
2.454 Å, open symbols, R2 = 0.965) and the structure with α = 
64.0º and Yb-O = 2.438 Å (filled symbols, R2 = 0.998). The red 
line corresponds to the identity line. See Chart 1 for labelling. 

Absorption spectra. Given the remarkable agreement be-
tween the experimental and calculated magnetic anisotropies of 
the [Yb(DPA)3]3- and [YbL1]3+ complexes, assessed through the 
analysis of the corresponding pseudocontact shifts, we turned 
our attention to the NIR absorption spectra. The absorption 
spectra of the complexes recorded in D2O solution at room tem-
perature (CD3OD/CD3CD2OD for [Yb(DPA)3]3-) are shown in 
Figure 3. All complexes show a relatively broad band envelope 
spanning the range 9500 - 11000 cm-1 that presents several com-
ponents. The absorption bands are typical of the 2F5/2 ← 2F7/2 
transitions of Yb3+.9,10 For the Kramers ion Yb3+, every crystal-
field level is a double degenerate, so that the 2F7/2 level splits 
into four doublets and the 2F5/2 level into three doublets. The fits 
of the absorption spectra using a combination of Gaussian func-
tions allowed identification of several of the components of the 
absorption spectra, which are listed in Table 2. 

The absorption spectra of the three complexes investigated in 
this work show quite different shapes and absorption maxima, 
suggesting different crystal field splitting patterns of the 2F5/2 
and 2F7/2 levels. For instance, the absorption spectrum of 
[Yb(Me2DO2PA)]+ shows a maximum at 10241 cm-1 and a 
number of components on the high energy side, while the spec-
trum of [YbL1]3+ presents a maximum at 10358 cm-1 and several 
other components at lower energy (10236, 10133 and 9994 
cm-1). The spectrum of [Yb(DPA)3]3- is dominated by a central 

absorption at 10186 cm-1 that presents two shoulders at 9866 
and 10443 cm-1 (Figure 3). 

As it has been pointed out recently, the crystal-field splitting 
of the 2F7/2 term in Yb3+ complexes is likely comparable to kT 
at room temperature.24 Indeed, early studies in Yb3+ tris-acety-
lacetonate complexes reported crystal field splitting energies of 
up to ∼700 cm-1.9 As a result, an assignment of the different 
crystal-field transitions of the absorption spectra is not straight-
forward, as up to 12 transitions are possible if the four Kramers 
doublets of the 2F7/2 level present significant populations at 
room temperature. Thus, we turned our attention to theory, in 
an attempt to identify the different crystal-field components of 
the absorption spectra. We therefore used ab initio 
CASSCF/NEVPT2/QDPT calculations to investigate the ab-
sorption spectra shown in Figure 3. The output of the calcula-
tions provided the energies of the different crystal field levels 
and the oscillator strengths characterizing each transition. The 
results are summarized in Table 2. 

The comparison of the experimental and calculated spectra 
(Figure 3) shows that the theoretical calculations reproduce rea-
sonably well the absorption profiles. It is also worth noting that 
the absorption spectra present contributions from both cold ab-
sorptions, which involve the lowest energy Kramers doublet 
level of the 2F7/2 level, and hot absorptions. The presence of hot 
absorptions is particularly evident in the case of [YbL1]3+. The 
experimental spectrum presents absorption features at 9994, 
10133, 10236 and 10424 cm-1 that are assigned as hot absorp-
tions. The corresponding calculated values differ from the ex-
perimental ones only by < 35 cm-1 (Table 2). 

Emission spectra. The emission spectra of the Yb3+ com-
plexes were measured at 77 K in D2O/glycerol (2:3, v/v) or 
CD3OD/CD3CD2OD glassy matrixes, under excitation through 
the ligand bands. The emission spectrum of [Yb(DPA)3]3- is 
particularly simple, and shows the four components associated 
to the 2F5/2 → 2F7/2 transition (Figure 4). The emission spectrum 
is dominated by a rather sharp component at 10222 cm-1 and 
broader peaks at 10119 and 9871 cm-1, the latter with a shoulder 
arising from the fourth component (estimated at 9920 cm-1 
through Gaussian deconvolution). The energies of the four tran-
sitions are predicted to a rather good accuracy by our theoretical 
calculations (Table 2), with deviations in the range 5-104 cm-1. 
Thus, the emission spectrum of [Yb(DPA)3]3- provides direct 
access to the splitting of the 2F7/2 level (0, 103, 302 and 351 
cm-1). The emission spectrum recorded at room temperature 
(Figure S1, Supporting Information) shows broader compo-
nents, and matches well that recorded in a silica-PEG hybrid 
matrix25 and in acetonitrile solution.26 
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Figure 3. Left panel: NIR absorption spectra recorded from solutions of (a) [Yb(DPA)]3- in CD3OD/CD3CD2OD, (b) [YbL1]3+ in D2O, (b) 
and (c) [Yb(Me2DO2PA)]+ in D2O. The grey lines correspond to the deconvolution of the spectra using Gaussian functions. Right panel: 
NIR absorption spectra simulated using CASSCF/NEVPT2/QDPT calculations (black lines). The blue lines indicate cold absorptions and 
red lines hot absorptions. The vertical lines show the product of the oscillator strengths and the population of the ground state. 
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Table 2. Absorption spectral data calculated with CASSCF/NEVPT2/QDPT calculations and experimental energies obtained from 
absorption and emission spectroscopy. 

[YbL1]3+ Transition (pop.)a Energy (cm-1) 109× fosc Exp (absorp.)b Exp (emiss.)c 

 4←0 (0.732) 10374.0 10 10358 10357 
 5←0 (0.732) 10578.1 20 10564 10553 
 6←0 (0.732) 10817.0 16   
 4←1 (0.131) 10015.6 24 9994 10042 
 5←1 (0.131) 10219.8 12 10236 10248 
 6←1 (0.131) 10458.6 76 10424  
 4←2 (0.095) 9948.8 0 -  
 5←2 (0.095) 10152.9 28 10133  
 6←2 (0.095) 10391.8 34 -  
 4←3 (0.043) 9782.4 0 - 9837 
 5←3 (0.043) 9986.5 32 -  
 6←3 (0.043) 10225.4 8 -  
[Yb(Me2DO2PA)]+ Transition (pop.) Energy (cm-1) 109× fosc Exp (absorp.) Exp (emiss.) 
 4←0 (0.654) 10308.0 154 10241 10276 
 5←0 (0.654) 10530.8 46 10447 10503 
 6←0 (0.654) 10860.0 69 10826  
 4←1 (0.240) 10099.5 29 10053 10026 
 5←1 (0.240) 10322.4 36 - 10211 
 6←1 (0.240) 10651.6 38 10692  
 4←2 (0.077) 9861.4 24 - 9743 
 5←2 (0.077) 10084.3 22 - 9971 
 6←2 (0.077) 10413.5 12 -  
 4←3 (0.028) 9647.4 0 - 9594 
 5←3 (0.028) 9870.3 4 - 9835 
 6←3 (0.028) 10199.5 4 - 10087 
[Yb(DPA)3]3- Transition (pop.) Energy (cm-1) 109× fosc Exp (absorp.) Exp (emiss.) 
 4←0 (0.540) 10285.6 37 10186 10222 
 5←0 (0.540) 10447.2 220 10443  
 6←0 (0.540) 10630.2 38   
 4←1 (0.236) 10113.5 40  10119 
 5←1 (0.236) 10275.1 46   
 6←1 (0.236) 10454.1 138   
 4←2 (0.155) 10024.8 46  9920 
 5←2 (0.155) 10186.3 24   
 6←2 (0.155) 10369.4 46   
 4←3 (0.068) 9854.9 22 9866 9871 
 5←3 (0.068) 10016.4 20   
 6←3 (0.068) 10199.5 32   

a Values within parentheses correspond to the Boltzmann populations of the lowest energy level involved in the transition at 300 K. b Exper-
imental data obtained from the analysis of the absorption spectra. c Experimental data obtained from emission spectra. 

The emission spectrum obtained for [YbL1]3+ is more com-
plex, showing a maximum at 10042 cm-1 and up to four addi-
tional transitions that could be identified by spectral deconvo-
lution (Figure 5). This is surprising at first sight, given the pres-
ence of a single complex species in solution evidenced by NMR 
spectroscopy.17 Thus, we hypothesized that some of the 

transitions observed in the emission spectra are related to hot 
bands, as suggested previously for Yb3+ porphyrins.27 The in-
spection of the experimental and calculated data allowed us to 
assign the components at 9837, 10042 and 10357 cm-1 as cold 
emission bands, while the rather sharp component at 10248 cm-1 
and the broad feature at 10553 cm-1 can be attributed to hot 
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bands, arising from thermally populated excited (sub)states. 
The emission spectrum recorded at room temperature presents 
essentially the same features (Figure S2, Supporting Infor-
mation), except for the component at ca. 10500 cm-1. This com-
ponent is already rather broad at 77 K and it is not observed at 
room temperature probably because of extreme broadening. 
The intensity of the emission peak at 10210 cm-1 in the spectrum 
recorded at room temperature clearly increases in intensity with 
respect to the components at 9837 and 10042 cm-1, when com-
pared to the analogous features in the spectrum recorded at low 
temperature. This supports the assignment of the maximum at 
10248 cm-1 in the spectrum recorded at low temperature as a hot 
band (10210 cm-1 at room temperature). Some weak compo-
nents in the emission spectra of Yb3+-doped crystals were as-
signed as vibronic bands.28 However, the 4f orbitals are well 
shielded from the surroundings by the outer 5p orbitals, so that 
vibronic bands are generally not observed for Yb3+ complexes 
in solution.27 

 

Figure 4. High-resolution luminescence spectrum (green points) of 
[Yb(DPA)3]3- in the region of the 2F5/2 → 2F7/2 transition (in glassy 
matrix CD3OD/CD3CD2OD, T = 77 K, λexc = 260 nm, emission 
slits 1.5 nm) with corresponding cumulative fit function (black, in-
dividual fit components in blue). 

 

Figure 5. High-resolution luminescence spectrum (green points) of 
[YbL1]3+ in the region of the 2F5/2 → 2F7/2 transition (in glassy ma-
trix D2O/glycerol, 2:3, v/v, T = 77 K, λexc = 275 nm, emission slits 

4 nm) with corresponding cumulative fit function (black, individual 
fit components in blue for cold bands and red for hot bands). 

 

Figure 6. High-resolution luminescence spectrum (green points) of 
[Yb(Me2DO2PA)]+ in the region of the 2F5/2 → 2F7/2 transition (in 
glassy matrix D2O/glycerol, 2:3, v/v, T = 77 K, λexc = 275 nm, emis-
sion slits 3 nm) with corresponding cumulative fit function (black, 
individual fit components in blue for cold bands and red for hot 
bands). 

The high-resolution emission spectrum recorded for 
[Yb(Me2DO2PA)]+ shows a rather large number of compo-
nents (Figure 6). Spectral deconvolution allowed us to identify 
nine of the maximum number of twelve components (four cold 
bands and eight hot bands). Ignoring the shoulder at 10087 cm-1, 
the overall spectrum can be seen as a superposition of two emis-
sion spectra with four components each. The separation be-
tween the cold and hot components at higher energy (9594 and 
9835 cm-1, respectively) amounts to 240 cm-1. The remaining 
pairs of cold and hot components present similar energy differ-
ences (∼230 cm-1). This is a solid proof that the emission spec-
trum presents bands arising not only from the lowest sub-level 
of the 2F5/2 excited state, but also from higher-energy sub-levels. 
Furthermore, the splitting of the two lowest-energy Kramers 
doublets of the 2F5/2 level obtained with 
CASSCF/NEVPT2/QDPT amounts to 223 cm-1 (Table 2), a 
value that is in good agreement with one deduced from the 
emission spectrum. The spectrum recorded at room temperature 
shows essentially the same features, but with broader compo-
nents, indicating the ligand field splitting does not change sig-
nificantly with temperature (Figure S3, Supporting Infor-
mation). 

The presence of hot bands in the emission spectra of [YbL1]3+ 
and [Yb(Me2DO2PA)]+ is in clear contrast with the simple 
emission pattern observed for [Yb(DPA)3]3-. These results sug-
gest that in the former two examples vibrational relaxation of 
the middle and upper components of the 2F5/2 excited state are 
slow compared to the lifetime of the 2F5/2 state.29 While we do 
not have a definite explanation for this behavior, we hypothe-
size that it could be related to the more rigid structure of the 
complexes with macrocyclic systems. 
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Figure 7. Energy diagram showing the splitting of the 2F5/2 and 
2F7/2 levels by effect of the crystal-field. Each horizontal line rep-
resents a Kramers doublet. Green lines denote levels identified 
from the analysis of absorption and emission spectra, while blue 
lines indicate data obtained with CASSCF/NEVPT2/QDPT calcu-
lations. 

Crystal-field splitting of the 2F5/2 and 2F7/2 levels. The com-
bined analysis of the absorption and emission spectra allowed 
us to identify most of the sub-levels of the 2F5/2 and 2F7/2 levels 
(Figure 7). The splitting caused by the ligand-field is in the or-
der of a few hundred cm-1 for all the three complexes investi-
gated here. Both the 2F5/2 and 2F7/2 levels present rather different 
splitting patterns, with the size of the splitting increasing fol-
lowing the order [Yb(DPA)3]3- < [YbL1]3+ < 
[Yb(Me2DO2PA)]+. This effect is particularly evident for the 
2F7/2 level. 

We have selected the [Yb(DPA)3]3- complex to perform a 
more detailed investigation of the effect that subtle structural 
changes have on the energies of the Kramers doublets. The op-
timized structure of the complex shows a nearly undistorted D3 
symmetry with Yb-N and Yb-O distances of 2.506 and 2.402 
Å. These values are in excellent agreement with those observed 
in the solid state structure (ca. 2.46 and 2.37 Å, respectively).30 
The coordination polyhedron can be described as a tricapped 
trigonal prism where the upper and lower tripods are defined by 
oxygen donor atoms and the capping tripod is described by the 
three N atoms. The upper and lower tripods are rotated by an 
angle φ = 11.8º. We thus generated two sets of geometries by 
varying the Yb-N distances in steps of 0.1 Å from 2.45 to 2.55 
Å and the twist angle φ from ca. 0 to 20º. These geometries were 
generated by constraining the structures to the D3 point group 
and without relaxing the geometries of the DPA2- ligands. Sub-
sequently, CASSCF/NEVPT2/QDPT calculations were run to 
calculate the energies of the 2F5/2 and 2F7/2 sublevels. The varia-
tion of the bond distances produced negligible changes on the 
energies of the Kramers doublets (< 14 cm-1). On the contrary, 
the variation of the twist angle φ provokes dramatic effects, as 
shown in Figure 8. The energy separation between the ground 
and the excited Kramers doublets of the J = 7/2 ground term 
decreases by up to 500 cm-1 on increasing φ from 0 to ca. 14º. 
Similarly, the Kramers doublets of the J = 5/2 term experience 
a dramatic stabilization with respect to the ground energy term 

(up to 660 cm-1). These results show that the splitting of the 2F5/2 
and 2F7/2 sublevels is very sensitive to variations of the coordi-
nation environment around the Yb3+ ion. These results are in 
line with those reported recently by Parker, which demonstrated 
that subtle structural changes provoked dramatic effects in the 
crystal field splitting of C3 symmetric Dy3+ complexes.7 

 

 

Figure 8.  Top: Energies of the Kramers doublets of 
[Yb(DPA)3]3- as a function of the twist angle φ. Bottom: Axial and 
rhombic magnetic susceptibilities of [Yb(DPA)3]3- as a function of 
the twist angle φ. The dashed line corresponds to the twist angle 
that matches the experimental value of χzz - χav. All data obtained 
with CASSCF/NEVPT2/QDPT calculations at 298 K. 

 

The axial component of the magnetic susceptibility tensor 
was also found to be very sensitive to the twist angle (Figure 8). 
The calculated χzz - χav values vary from ∼3 cm3 K mol-1 for 
twist angle of 0º to 0.0 cm3 K mol-1 for φ = 13.0º, and then 
changes sign to reach χzz - χav = -1.1 cm3 K mol-1 for φ = 19.0º, 
which implies that the susceptibility anisotropy switches 
from easy axis to easy plane by changing φ. The twist angle 
that provides the best agreement with the experimental value of 
χzz - χav = 0.7 cm3 K mol-1 is φ = 10.5º, which is very close to 
that obtained for the equilibrium geometry (φ = 11.8º). These 
results show that the magnetic anisotropy, and thus the 
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pseudocontact shifts are extremely sensitive to very small struc-
tural variations. 

Ab initio crystal-field analysis. In a recent work Parker et al. 
predicted change in sign of the magnetic susceptibility in tri-
capped trigonal prismatic Dy3+ complexes by introducing dis-
tortions in the coordination polyhedron.7 In another recent 
work, a very small magnetic susceptibility was reported for an 
Yb3+ complex showing this coordination environment (χzz - χav 
= 0.34 cm3 K mol-1), which was reflected in very small pseudo-
contact shifts (< ∼20 ppm).31 Most likely the latter system pre-
sents a φ angle close to ∼13º at which the sign of the magnetic 
susceptibility is reversed. Close to this φ value the magnetic sus-
ceptibility is expected to be nearly isotropic, so the pseudocon-
tact shifts must be negligible. Thus, the trend predicted in Fig-
ure 8 for the χzz - χav values of [Yb(DPA)3]3- appears to repre-
sent a rather general effect in lanthanide complexes having 

tricapped trigonal prismatic coordination, in the sense that the 
magnetic anisotropy is likely changing sign as a function of the 
twist angle. Given the relevance of this coordination polyhe-
dron in the coordination chemistry of the Ln3+ ions,32 we sought 
to rationalize the magnetic anisotropy of the [Yb(DPA)3]3- com-
plex using ab initio ligand-field theory (AILFT).33 Following 
the methodology developed by Atanasov,34 the AILFT proce-
dure provides the best least-squares fit between the pure f-orbit-
als assumed by crystal field theory and the predominantly f-or-
bitals of the complete active space [CAS(13,7) in the present 
case]. The results of the fit yield the 28 ligand field parameters 
(one for every pair of 4f orbitals), the Racah parameters and the 
spin orbit coupling parameter ξ. 

 

 

 

Figure 9.  Splitting of the 4f orbitals obtained with AILFT for [Yb(DPA)3]3- as a function of the twist angle φ and views of selected orbitals. 

Figure 9 presents the energies of the 4f orbitals of 
[Yb(DPA)3]3- obtained with AILFT as a function of the twist 
angle φ. For small values of φ, the fy(y2-3x2) orbital presents the 
highest energy. This is related to the 120º orientation of three of 
the lobes of the orbital, which point directly along the three 
planes defined by a C2 symmetry axes and the z axis, and con-
tain N and O atoms of the DPA units. The remaining three lobes 
of the orbital are directed along the planes containing the O 

atoms of the ligand. Below is the fx(x2-3y2) orbital, with lobes di-
rected in between the C2 symmetry axes of the molecule. The 
remaining five 4f orbitals present considerably lower energy, 
with the fxyz orbital being the lowest energy one. Increasing the 
twist angle does not affect significantly the energy of the fz(x2-y2) 
orbital with respect to fxyz. At fixed Yb-O distances (2.404 Å in 
the present case), the O atoms of the carboxylate groups 
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approach the z axis as φ increases. As a result, the energies of 
the orbitals directed along the z axis f xz2, fyz2 and fz3 increase in 
energy as the twist angle increases. Simultaneously, the orbitals 
with lobes oriented along the xy plane fy(y2-3x2) and fx(x2-3y2) de-
crease in energy. Thus, the change in sign of the magnetic sus-
ceptibility presented in Figure 8 can be rationalized by a change 
of the electron distribution, as a consequence of the approxima-
tion of the O donor atoms to the z axis upon increasing φ. This 
shifts electron density from orbitals directed along the z axis to 
orbitals directed on the xy plane. This has been described by 
Faulkner as a change from a prolate to an oblate electron distri-
bution, which was induced by coordination of fluoride along the 
z axis of the complex.6 

CONCLUSIONS 

In this contribution we have selected three Yb3+ complexes 
with different symmetries of the coordination environments and 
analyzed the crystal field splitting of the 2F5/2 and 2F7/2 levels 
using both absorption and emission spectroscopy. The analysis 
of the electronic spectra was aided by post-Hartree-Fock calcu-
lations based on multiconfigurational complete-active-space 
self-consistent field wave functions. The application of this type 
of calculations to practically relevant systems has become fea-
sible in the last years,6,7,35 providing the opportunity to analyze 
the electronic structure of lanthanide complexes with an unprec-
edented accuracy. This study demonstrates that the electronic 
structure of Yb3+ complexes can be analyzed and understood to 
a great degree of detail with the assistance of advanced compu-
tational methods. 

The NIR absorption spectra of the Yb3+ complexes presented 
in this work present contributions from both cold and hot ab-
sorptions, with the latter dominating the absorption profile of 
[YbL1]3+. Similarly, only the [Yb(DPA)3]3- complex presents a 
simple four-line emission spectrum at low temperature, with 
[YbL1]3+ and [Yb(Me2DO2PA)]+ presenting both cold and hot 
emission bands. CASSCF/NEVPT2/QDPT calculations pro-
vide a very accurate description of the crystal field splitting of 
the 2F5/2 and 2F7/2 sublevels, which is very sensitive to the ge-
ometry of the metal coordination environment. The satisfactory 
prediction of the crystal field splitting in these complexes indi-
cates that the structural models used for ab initio calculations 
provide a good description of the solution structures, as the 
magnetic anisotropy of Yb3+ complexes was shown to be very 
sensitive to small structural changes, for instance provoked by 
a different solvent polarity.23 The results and the methodology 
reported here open new avenues for the rationalization and pre-
diction of very important properties of Yb3+ and other lantha-
nide complexes, including paramagnetic NMR shifts, magnetic 
anisotropies and optical spectra. These properties are of key im-
portance to develop shift reagents or molecular systems with 
improved SMM or up-conversion behavior. The application of 
AILFT allows rationalizing magnetic anisotropy on the basis of 
simple chemical principles, paving the way for the prediction of 
this important property and the design of molecular systems 
with predetermined properties. 

EXPERIMENTAL AND COMPUTATIONAL SECTION 

Materials. Cs3[Yb(DPA)3]·6H2O,22 [YbL1](NO3)3·6H2O17 
and  [Yb(Me2DO2PA)]Cl18 were synthesized according to pub-
lished procedures. 

Near-IR absorption spectra. Near-IR absorption spectra 
were measured at room temperature (T = 293 K) using a JASCO 
V-770 spectrophotometer. The spectra were recorded in quartz 
cuvettes (path length: 10 mm) in the solvents indicated. The 
spectra were corrected for baseline drift by spline-interpolation 
with Origin 9.0. The component peaks of the spectra were de-
convoluted by fitting of the spectra with a series of Lorentzian 
functions (Levenberg-Marquardt on χ2). 

Luminescence spectroscopy. Steady state near-IR emission 
spectra at room temperature were acquired on a Horiba 
Fluorolog-3 DF spectrofluorimeter using quartz cuvettes (path 
length: 10 mm) at room temperature. The excitation light source 
was a 450 W continuous xenon lamp. Emission was monitored 
at 90° using a Hamamatsu R2658P PMT. Spectral selection was 
achieved by double-grating DFM/DFX monochromators (focal 
lengths 2 × 300 mm, excitation grating: 1200 grooves/mm, 
blazed at 330 nm; emission grating: 600 grooves/mm, blazed at 
1000 nm). Low temperature spectra were recorded on frozen 
glasses of solutions in standard NMR tubes as indicated (either 
D2O/glycerol 2:3, v/v, or CD3OD/CD3CD2OD 1:1, v/v) using a 
dewar cuvette filled with liquid N2 (T = 77 K). The component 
peaks of the spectra were deconvoluted by fitting of the spectra 
with a series of Lorentzian functions (Levenberg-Marquardt on 
χ2). 

Computational details. Geometry optimizations of the 
[Yb(Me2DO2PA)]+, [YbL1]3+ and [Yb(DPA)]3- systems were 
performed with the Gaussian 09 package (Revision E.01).36 In 
these calculations we used the hybrid meta-GGA approxima-
tion to DFT with the TPSSh exchange-correlation functional.37 
The large-core quasi-relativistic effective core potentials 
(ECPs) and associated [5s4p3d]-GTO basis sets of Dolg and co. 
were used for Yb (59 electrons in the core),38 while the ligand 
atoms were described using the standard 6-31G(d,p) basis set. 
Analytical frequency calculations were used to confirm that the 
stationary points found on the potential energy surfaces repre-
sent true energy minima. 

Complete Active Space Self-Consistent Field (CASSCF)39 
and N-electron valence perturbation theory to second order 
(NEVPT2)40 calculations were performed using the ORCA pro-
gram package (Release 4.0.1.2).41 Relativistic effects were con-
sidered by using the all-electron second order Douglas-Kroll-
Hess (DKH2) method.42 The SARC2-DKH-QZVP43 basis set 
was used for Yb, while the DKH-def2-TZVP basis set was used 
for C, H, N and O. The latter basis set contains the exponents 
from the def2-TZVP basis set of Ahlrichs44 and was recontrac-
ted for DKH2 calculations by D. A. Pantazis.45 The RIJCOSX 
approximation46 was used to speed up calculations using the 
SARC2-DKH-QZVP/JK43 auxiliary basis set for Yb and auxil-
iary basis sets for the remaining atoms generated automatically 
by ORCA using AutoAux procedure.47 CASSCF calculations 
were performed by using an active space including thirteen 
electrons distributed into the seven Yb 4f-based molecular or-
bitals (CAS(13,7)). NEVPT2 calculations were performed on 
the top of the CASSCF wave functions to account for dynamic 
correlation, while SOC effects were introduced by quasi-degen-
erate perturbation theory (QDPT).48 Solvent effects were intro-
duced with the universal solvation model based on solute 
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electron density and on a continuum model (SMD).49 AILFT 
calculations were carried out with the ORCA program pack-
age.33,34 

The absorption profiles were simulated from the NEVPT2 
calculations by using a combination of Gaussian functions cen-
tered at the calculated excitation energies, with areas propor-
tional to the corresponding oscillator strength (fi) weighed by 
the Boltzmann population (pi) at 300 K:50 

𝐴𝐴(𝐸𝐸) = ∑ 𝑎𝑎𝑖𝑖exp (−2.773(𝐸𝐸 − 𝐸𝐸𝑖𝑖)2/∆1/2
2

𝑖𝑖 )    (3) 
𝑎𝑎𝑖𝑖 = 2.174 × 109𝑓𝑓𝑖𝑖𝑝𝑝𝑖𝑖/∆1/2   (4) 

Where Ei is the calculated excitation energy for transition i and 
∆1/2 is the bandwidth at half-height. The linewidths were varied 
by visual comparison of the experimental and calculated ab-
sorption profiles (75-400 cm-1) until a satisfactory agreement 
was obtained. 
 

ASSOCIATED CONTENT 
Emission spectra, views of the f orbitals, optimized Cartesian coor-
dinates obtained with DFT, sample ORCA input file, and complete 
reference 35. This material is available free of charge via the Inter-
net at http://pubs.acs.org. 
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