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Near-Infrared Circular Dichroism of the Ytterbium DOTMA Complex: An Ab-initio Investigation

Electronic structure and circular dichroism spectra of the Ytterbium(III) complex [Yb(DOTMA)] - are calculated using complete and restricted active space self-consistent field wavefunction methods with the spin-orbit coupling treated by the state interaction approach. The influence of the dynamical correlation effect is then included via the 2nd order perturbation method. The experimental circular dichroism spectrum is well reproduced by the calculations, both in term of relative energy excitations and in term of rotatory strengths intensities. The results allow highlighting on the mechanism that drive the chiroptical properties in Yb(III) complexes and reveal the importance on taking into account the 4 12 5 1 electronic configurations in the calculated wavefunctions to properly describe the chiroptical properties of the 4 -4 transitions.

Introduction

The attention drawn to chiral lanthanide chemistry has raised significantly over the last two decades because of the large panel of applications that can be designed with the help of these compounds. [START_REF]Luminescence of Lanthanide Ions in Coordination Compounds and Nanomaterials[END_REF] Among many applications, one may mention the use of chiral Ln(III)-based complexes as luminescente probes or as contrast agents in magnetic resonance imaging, [START_REF] Eliseeva | [END_REF][3][4] as security inks and anti-counterfeiting tags, 5,6 or as circularly polarized organic light-emitting diodes in display technology. 7,8 The origin of these appealing applications arises from the peculiar electronic structure of the Ln(III) centers and the presence of a partially-filled 4 shell 9, 10 that gives rise to magnetic properties. [START_REF] Atzori | [END_REF][12][13][14] The associated inner-shell 4 -4 transitions are formally electric-dipole (ED) forbidden, preventing any optical activity. However, under the combined effects of the crystal-field (CF) interaction and the spin-orbit coupling (SOC), electronic transitions can gain ED intensities and hence, very narrow and well-defined absorption or emission bands can be experimentally observed. Moreover, the available spectral window can be modulated by switching the nature of the Ln(III) ion as the coordination sphere remains very similar upon replacement of the metal center. For instance, the emission spectrum can be shifted from the ultra-violet with a Gd(III) ion, to visible with Eu(III), and to near-infrared (NIR) with Yb(III). [START_REF] Eliseeva | [END_REF] The NIR spectral region being particularly advantageous for medical applications as the biological tissues are transparent in this region.

Among chiral Yb(III)-based systems, [START_REF] Atzori | [END_REF][15][16][17][18][19][20][21][22][23][24] the circular dichroism (CD) spectra of the [Yb(DOTMA)] - [DOTMA = (1,R,4R,7R,10R)-, ′ , ′′ , ′′′ -tetramethyl-1,4,7,10-tetraazacyclododecane-1,4,7,10tetraacetic acid] [25][26][27] was fully characterized in solution by Di Bari et al. in the early 2000s. The CD spectra presented well-resolved transitions around ca. 980 nm, which correspond to excitations from the ground level 2 7 ∕2 of the Yb(III) ion into the excited one 2 5 ∕2 . Later on, mechanism at the origin of the optical activity for this complex was tentatively rationalized by Berardozzi 28 with the help of an electrostatic model 29,30 that combines CF theory and the semi-empirical Judd-Ofelt theory. 31,32 Interestingly, the dominant mechanism allowing the electronic transitions to gain ED intensities and hence rotational strength, was attributed to a static-coupling mechanism. 28 Here, static-coupling refers to the breaking of the parity rule of the wavefunction and arises in fully dissymmetric environment. Theoretically, it can be achieved by mixing the 4 configurations in the wavefunction with 4 -1 5 and 4 -1 configurations. On the other hand, the dynamiccoupling occurs when the electric quadrupole of the Ln(III) center induces an ED moment localized on the ligands, corresponding thus to ligand polarizability, and arises mostly with -type ligands. 33 The choice of [Yb(DOTMA)] -is particularly suited to theoretically gain mechanism insight. Indeed, the experimental ECD spectrum was obtained in methanol and attributed to one major form which prevents direct solvent coordination on the Ytterbium center. The use of another solvent than methanol, could lead to a modification of the equilibrium between the major and minor forms, favoring the coordination of solvent molecule on the minor form. Such a direct coordination of a solvent molecule to the lanthanide center would strongly modify the electronic structure of the complex by changing the interaction of the crystal-field, and would result into a different CD spectrum. On a related complex, Di Bari et al. showed that the use of DMSO solvent instead of methanol led to axial coordination of the solvent which strongly altered the CD spectrum. 26 To the best of our knowledge, no ab-initio calculations have ever been performed in order to calculate and rationalize the CD spectra associated to the 4 transitions in Ln(III) complexes. One can mention the use of Kohn-Sham time-dependent density functional theory to calculate the UV-CD spectra of the [Yb(BINOLate) 3 ] 3-complex, but the investigated transitions corresponded to the ligand centered - * transitions. 34 So far, only electrostatic models with empirical parameters have been employed to simulate CD spectrum of 4 transitions. 28 The use of such models prevent from fully rationalizing the different mechanisms at the origin of the chiroptical activity, particularly when both static-and dynamic-coupling mechanisms can be invoked. Absorption and emission spectra of various Yb(III) complexes have been investigated recently with the help of ab-initio multi-reference calculations, 35,[START_REF] Esteban-Gomez | Platas-Iglesias[END_REF] revealing the importance of the CF splitting on the optical properties and the thermal dependence of the measured spectra. However, compared to the experimental data, numerical agreement was not achieved in term of calculated intensities as the active spaces used in these multi-reference calculations where only restricted to the strongly localized 4 electrons. Indeed, to properly calculate the transition dipole moments associated to the 4 transitions (both electric and magnetic dipole moments), one needs to take into account the effects due to the mixing of the 4 13 electronic configurations with the excited ones such as the 4 12 5 1 . To this purpose, we present herein an ab-initio study of the CD spectra of [Yb(DOTMA)] -that takes advantage of recent development allowing the calculation of rotatory strengths in length representation from multi-configurational calculations including SOC effects. 37,38 The CD spectrum obtained with this approach reproduce the experimental spectra and reveals the importance of breaking the parity rule in the calculated wavefunction for the interpretation of chiroptical properties in Yb(III) complexes.

Computational Details

The probability of absorbing a right and a left photon from an initial state to a final state is proportional to the rotatory strength . In the case of an isotropic sample, corresponds to the imaginary part of the scalar product between the ED transition moments and the magnetic dipole (MD) transition moments m , and is expressed in the dipole-length representation as follows:

= Im ⟨ | ̂ | ⟩ ⋅ ⟨ | m| ⟩ (1) 
where ̂ = -∑ is the ED operator and ̂ = ℏ 2 ∑ ( ̂ + ̂ ) corresponds to the MD operator with the orbital ( ̂ ) and spin ( ̂ ) angular momentum operators for a direction of the magnetic field. We have recently shown that when the SOC is sizable, it is important to take into account the orbital angular momentum in addition to the spin angular momentum, as it can bring additional intensity into the magnetic transition dipole moments. 37 The use of the dipole-length formalism in Equation 1 leads to origin-dependent results, however, our previous work 37 and others 39,40 have shown that the origin dependence is not pronounced with the use of a good quality basis sets and the centering of mass or centering of nuclear charge coordinates. We also verified that a small displacement of the gauge origin does not drastically modify the results (see Table S3). Rotatory strengths were calculated at 0 K. To mimic the influence of the temperature, a Boltzmann averaging of the calculated rotatory strengths was carried out using the corresponding calculated energies given in Table S2 (see SI for details). In order to compare with the experimental data, the rotatory strengths were calculated with Equation 1 and then scaled with the following Gaussian function:

( ) = 1 √ e -(Δ ) 2 2
(2)

The ab-initio CD spectra were thus obtained as the superposition of all the Gaussian curves. If not stated otherwise, the Gaussian broadening was performed with a value of 0.01 eV (ca. 81 cm -1 ).

The calculated CD spectra of [Yb(DOTMA)] -were performed on three different structures labelled NMR, PBE and PBE0, which correspond to structures determined experimentally by NMR, 26,41 and optimized with the help of density functional theory (DFT) calculations using the PBE 42,43 (Perdew-Burke-Ernzrhof) functional from the generalized gradient approximation (GGA) and its hybrid version PBE0, 44,45 respectively. The NMR structure was determined with the help of paramagnetic NMR analysis performed in methanol solution. 46 The structure corresponds to the major form in solution (R,R,R,R)-YbDOTMA and possesses a Λ helicity around the lanthanide ion. It is worth mentioning that the NMR structure is eight coordinated, whereas the minor form in solution (S,S,S,S)-YbDOTMA, also of Λ helicity, is hydrated and nine coordinated because of less steric hindrance from the ligands. 46 Di Bari et al. have shown that the CD spectrum of [Yb(DOTMA)] -recorded in methanol solution can be safely attributed to the major form, 25 and thus, only the Λ (R,R,R,R)-YbDOTMA configuration is investigated in this work. The DFT optimizations were performed using the NMR structure as a starting point, in order to keep the Λ (R,R,R,R)-YbDOTMA configuration. The choice of using a GGA functional and its hybrid version allowed us to slightly distort the structure (see Table S1) and evaluate the sensitivity of our CD calculations to structural changes. It might be noted that the structure of [Yb(DOTMA)] - is relatively rigid and thereby, larger structural changes were not expected. Theses DFT optimizations were carried out with the Amsterdam Density Functional software package, [47][48][START_REF] Baerends | SCM, Theoretical Chemistry[END_REF] along with the triplet-plus polarization all-electron basis sets (TZP) for all atoms, [START_REF] Van Lenthe | [END_REF] and with solvent effects taken into account by using the Conductor-Like Screening Model (COSMO) with the dielectric constants of methanol. 51 The transition dipole moments (TDMs) for the ED and MD moments were calculated using the state-average complete-active space (CAS) and restricted-active space (RAS) self-consistent field (SCF) approaches 52 as implemented in the OpenMolcas software package. 53 The calculations were first performed at the scalar level using the second-order Douglas-Kroll-Hess scalar relativistic Hamiltonian, [54][55][56] in combination with a triple-plus polarization (TZP) basis set from the all electron atomic natural orbital relativistically contracted basis set (ANO-RCC). 57,58 The SOC was then introduced by a state interaction within the basis of spin-orbit free states using the restricted active space state interaction (RASSI) approach. 59 Dynamic correlation effects were treated using perturbation theory at the second order (CASPT2 and RASPT2). 60 In order to avoid the presence of intruder states, an imaginary shift of 0.75 au. with the standard IPEA shift value of 0.25 au. 61 were used. Solvent effects were included via the Conductor Polarizable Continuum Model (C-PCM). 62,63 The nature of the wavefunction was analyzed by using natural orbitals (NOs) that were directly obtained from the multiconfigurational wave functions that include SOC effects, [64][START_REF] Gendron | Autschbach in Organometallic Magnets, of Topics in Organometallic Chemistry[END_REF][START_REF] Gendron | [END_REF] while natural bond orbital (NBO) analyses The experimental spectrum at 298 K was generated using data extracted from Reference 25 and, for the purpose of comparison, has been shifted by -590 cm -1 .

were performed with the NBO6.0 67 program on the scalar relativistic wavefunctions without the ℎ functions in the basis set of the Yb(III) centers.

The multi-configurational calculations employed a combination of CASSCF, RASSCF and RASCI wavefunction calculations. The influence of the 4 configurations was calculated at the CAS(13,7)SCF level, where the active space corresponded to the 13 electrons of the Yb(III) ion spanning the seven 4 orbitals. In this case, the state-average calculation included the 7 doublet spin states arising from the 4 13 electronic configuration. The influence of the 5 orbitals was investigated within a two-steps procedure combining complete and restricted active spaces. In this work, we use the RAS[n,l,m,i,j,k] notation where , and correspond to the number of orbitals in the RAS2, RAS1 and RAS3 spaces, respectively, is the number of electrons in the RAS2 space, and and are the number of holes and particules created in the RAS1 and RAS3 spaces, respectively. First, a RAS[13,0,1,0,7,5]SCF calculation, including 252 doublet spin states was performed on top of the previous CAS(13,7)SCF wavefunction to optimize the 5 orbitals. This RASSCF calculation allowed single excitation in the RAS3 space containing the five 5 orbitals of the Yb(III) ion. The 4 and 5 optimized orbitals were then used for a RAS[13,0,2,0,7,5]CI calculation (i.e. without orbital optimization), allowing double excitations in the RAS3 space, and performed on the lowest 7 doublet spin states. This computational strategy was recently applied for the calculations of the circularly polarized luminescence spectrum of [Eu(DPA) 3 ] 3 - and [Yb(L) 3 ] 3 -with L = tridentate amide ligand. 37,38 

Results and Discussion

The 4 13 electronic configuration of the Yb(III) ion gives rise at the scalar level to a ground term 2 , which is then split by the SOC into to two 2 +1 terms, namely 2 7∕2 and 2 5∕2 (see Figure 1). The transition between these two multiplets falls in the NIR region at ca. 980 nm. In [Yb(DOTMA)] -, the degeneracy of the two multiplets is then lifted by the CF interaction into four and three Kramers doublets, respectively. The magnitude of the splitting of the multiplets depends on the intensity of the CF. Therefore, at room temperature the CD spectrum of the Yb(III) based complexes can exhibit from 3 to 12 bands depending on the Boltzmann population of the excited states of the ground multiplet. Indeed, the experimental CD spectrum of [Yb(DOTMA)] - revealed 5 CD bands at 193 and 298 K with intensities that vary with the change of temperature (see Figure S1 of the SI), suggesting excitations from the lowest two Kramers doublet states. 25 The calculated CD spectrum of [Yb(DOTMA)] -, obtained at the RASPT2 level for the PBE structure, is shown in the left hand side of the Figure 2 and is compared to the experimental spectrum. The calculated spectrum reproduces nicely the shape of the experimental one with the alternance of negative and positive CD bands, but is overall blue shifted by ca. 600 cm -1 (see Table 1). At 0K, the calculated spectrum exhibits three major bands at 867, 886 and 926 nm that correspond to transitions from the ground state (GS, labelled 1 in Figure 1) to the three excited states (ES) of the 2 5∕2 multiplet 3', 2' and 1', respectively (see Table 1). In comparison, these three bands were measured at 918, 946 and 980 nm, respectively. The increase of the temperature leads to the apparition of two new CD bands centered at 900 and 940 nm, while the intensity of the three other bands decreases. The two additional CD bands correspond to excitations from the first excited Kramers doublet of 2 7∕2 multiplet (labelled 2 in Figure 1), calculated at 165 cm -1 above the GS, into the higher in energy ES 2' and 1', respectively. Interestingly, one should expect another additional CD bands. However, the third transition is calculated at 880 nm and is hidden by the transition calculated at 886 nm (1 → 2'), which bares a much larger rotatory strengths (see Table 1). The presence of a low-lying excited state is mandatory to rationalize the experimental spectrum. However, the intensity of the CD bands arising from this excited state 2 are calculated too large compared to the experimental ones, suggesting that either the energy gap Δ 1-2 is underestimated or the TDMs are overestimated. As visible in Figures S2 -S4 in the SI, agreement with the experimental spectrum is only achieved when both the 4 and the 5 orbitals are included in the active space in combination with dynamical correlation (RAS[13,0,2,0,7,5]CI-PT2 results). In comparison with the result obtained with only the 4 orbitals in the active space, the presence of both 4 and 5 orbitals allows to break the parity rule by mixing in the wavefunction 4 13 and 4 12 5 1 configurations. This admixture of configurations is required to obtain the proper GS, but also to obtain ED transition moments in the right order of magnitude.

In order to evaluate the influence of structural parameters on the CD properties, the CD spectrum of [Yb(DOTMA)] -was also calculated for two other structures, namely PBE0 and NMR, and the results are presented in the right hand side of Figure 2. Interestingly, one can observed that the calculated CD spectra are slightly blue shifted when going from the NMR to the PBE0 structures; this shift being more pronounced at lower wavelengths. The geometrical differences between the three structures are resumed in SI (Table S1 and Figure 3). When going from the structure characterized by NMR to the PBE0 one, one observes a contraction of the macrocycle DOTMA with shorter Yb-O and Yb-N bond lengths. This contraction of the molecule does not drastically modify the calculated electronic structure (see Table S2 in SI). The first ES (2) is only slightly destabilized by 10 cm -1 with the PBE0 structure, while the largest deviation is found for the ES 3' which is more destabilized (ca. 170 cm -1 ) with the PBE0 structure compared to the NMR one.

As shown in Table 2, the increase in magnitude of the CD bands between the different structures investigated results only from an increase of the ED moments and not from the MD moments. This result is related to the amount of 4 ( -1) 5 configurations mixed into the wavefunction. To probe the contribution of these configurations, the population of the natural orbitals (NOs) of the SOC GS and the results of a natural population analysis (NPA) performed on the state-average scalar orbitals are given in Table 3, while the NOs are plotted in Figure 4. The occupation of the NOs for the SO GS are barely affected with the change of structure, with a minor decrease of the 4 orbital occupations in favor of the occupation of the 5 orbitals when going from NMR to PBE0. This trend is more pronounced with the NPA analysis, where the sum of the occupation numbers of the 5 orbitals increases from 0.56 to 0.68 electrons for the NMR and PBE0 structures, respectively. Overall, the contraction of the DOTMA macrocycle leads to a slight increase of the mixing of 4 ( -1) 5 configurations into the wavefunction, which is characterized by an increase of the 5 orbital populations. Despite its small magnitude, this increase of the 5 populations leads to an increase of the ED moments, and hence, the calculated rotatory strengths. Additionally, the increase of the calculated ED moments leads to a decrease of the calculated absorption dissymmetry factors (see Table 1), as g corresponds to the ratio of 4⋅ by the sum of the square of the dipole moments. For the 1 → 2' transition, the RASPT2 calculations gave g of 0.54, 0.27 and 0.17 for the NMR, PBE and PBE0 structures, respectively. These values compares relatively well with the experimental of 0.25 was measured at 946 nm. 25 

Conclusion

Overall, the combination of (i) breaking the parity rule with the mixing of 4 13 and 4 12 5 1 electronic configurations in the wavefunction, (ii) the inclusion of dynamical correlation and (iii) of spin-orbit coupling allowed us to properly reproduced the CD spectrum of the [Yb(DOTMA)] - We have shown that the subtle geometrical changes going with the contraction of the DOTMA ligand are responsible for a small but significant increase of the 4 12 5 1 electronic configurations in the wavefunction, and hence, are responsible for the increase of magnitude of the chiroptical properties. These results are in excellent agreement with the previous electrostatic models applied on [Yb(DOTMA)] -, 28 and confirm that the optical activity in this dissymmetrical Yb(III) complex is controlled by a static-coupling mechanism. In a follow-up work, we aim to apply a similar ab-initio protocole in order to study the case where chiroptical properties are considered to be governed by a dynamic-coupling mechanism.
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Figure 1 :

 1 Figure 1: Schematic diagram of the energies of the lowest scalar relativistic (SR) and spin-orbit (SO) states of a 4 13 complex with the crystal-field (CF) interaction treated a posteriori. The two sets of arrow represent the thermally accessible transitions from the ground multiplet 2 7∕2 at room temperature.

Figure 2 :

 2 Figure 2: Calculated circular dichroism spectra of [Yb(DOTMA)] -as a function of the temperature using the PBE structure (left) and as a function of the structure at room temperature (right).The experimental spectrum at 298 K was generated using data extracted from Reference 25 and, for the purpose of comparison, has been shifted by -590 cm -1 .

Figure 3 :

 3 Figure 3: Overlay of the structures obtained from the NMR analysis 26 (orange) and from the DFT structural optimization using the PBE0 functional (blue).

Figure 4 :

 4 Figure 4: Selected Natural orbitals (NOs) of the SO GS of [Yb(DOTMA)] -calculated at the RAS[13,0,2,0,7,5]CI-PT2-SO level. Iso-surface value = ± 0.03 au. The occupation numbers of the corresponding NOs for the three different structures are given for comparison.

Table 1 :

 1 Calculated wavelength ( , nm) and energy gap (Δ , cm -1 ), rotatory strengths ( , × 10 -40 cgs) and absorption dissymmetry factor (g abs ) at the RAS level of calculations for three different structures investigated. ⋅ ∕ , with = | | 2 + |m| 2 . , | | 2 and |m| 2 are in the same units of esu 2 cm 2 .

	1 → 1' 1 → 2' 1 → 3' 2 → 1' 2 → 2' 2 → 3' g abs = 4	Expt. / Δ 980 10204 10818 / Δ 924 946 893 10570 11198 918 875 10893 11423 -938 10653 -906 11033 -888 11258	NMR -0.260 -0.213 g abs 0.240 0.539 -0.083 -0.976 0.516 1.100 -0.219 -1.023 0.025 0.140	/ Δ 926 10795 886 11278 867 11531 940 10630 900 11113 880 11366	PBE -0.296 -0.085 g abs 0.310 0.242 -0.166 -1.206 0.997 0.591 -0.341 -0.786 0.023 0.078	/ Δ 927 10781 881 11342 862 11592 943 10605 895 11166 876 11416	PBE0 -0.331 -0.062 g abs 0.366 0.168 -0.236 -1.065 1.231 0.454 -0.358 -0.601 0.035 0.065

Table 2 :

 2 Calculated squared value of the electric (| | 2 , × 10 -40 cgs) and magnetic (|m| 2 , × 10 -40 cgs) transition dipole moments. The gauge-origin corresponds to the center of mass of the complex (0.0,0.0,0.0).

	NMR Transition | | 2 |m| 2 1 → 1' 4.87 0.16 13.71 0.12 21.09 0.12 PBE PBE0 | | 2 |m| 2 | | 2 |m| 2 1 → 2' 1.78 0.09 5.04 0.09 8.73 0.08 1 → 3' 0.34 0.05 0.49 0.06 0.82 0.07
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Table 3: Occupation numbers of the natural orbitals of the spin-orbit ground state (SO-GS NOs) and natural population analysis of the scalar ground state (SR-GS NPA) as a function of the structure used for the calculations.

Structure SO-GS NOs SR-GS NPA NMR 4 12.9820 5 0.0179 4 12.98 5 0.56 6 0.18 6 0.01 6 0.07 PBE 4 12.9809 5 0.0190 4 12.96 5 0.63 6 0.17 6 0.02 6 0.09 PBE0 4 12.9800 5 0.0199 4 12.95 5 0.68 6 0.18 6 0.01 6 0.10