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A TDDFT/MMPol/PCM model for the simulation of

Exciton-Coupled Circular Dichroism spectra
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Abstract

We present a quantum-mechanical excitonic model to compute CD spectra of
multichromophoric compounds. All the quantities needed to build the excitonic Hamiltonian
are obtained through QM calculations in which the interactions among the chromophoric
units are described in terms of full transition densities instead of reverting to the common
dipole-dipole approximation. Environmental effects due to solvation and the perturbation due
to other surrounding units are included in a self consistent way using a polarizable continuum
model and a polarizable MM approach, respectively. The applications to two different
coordination compounds show that the method not only successfully reproduces the
experimental spectra but it can also be used to investigate the dissect the role of the various
effects contributing to the final result, such as intra-molecular coupling terms and
environment effects. This method can therefore represent an ab initio-alternative to the
widely applied matrix-based approach, and in principle it has the advantage of not requiring

the knowledge of any experimental data a priori or the transitions dipole parameters.

* Corresponding authors, e-mail: sandro.jurinovich@for.unipi.it, benedetta.mennucci@unipi.it
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1. Introduction

The numerous applications of time-dependent density functional theory (TDDFT) reported in
the recent years clearly show that such a method can allow the prediction of the UV-Vis
absorption and circular dichroism (CD) spectra of organic and organometallic compounds
with a very favorable accuracy/cost ratio especially for low-energy and local excitations.1-5
This computational efficiency combined to ease of use has made TDDFT one of the popular
quantum-mechanical (QM) approaches to study electronic spectra of molecular systems.
When moving to molecular aggregates or multichromophoric systems instead, the accurate
description of electronic excitations and of the related CD spectra still constitutes a challenge
for quantum mechanical methods, including TDDFT.*-8 To circumvent such increased
difficulty as well as the high computational cost generally involved in the treatment of large
systems, models based on the interactions of subsystems according to an exciton picture have
been developed.®-12 In particular, the recent extensions of the subsystem formulation of
TDDFT within the frozen-density embedding framework!3 have shown to be an effective
approach to simulate CD spectra in supramolecular systems.14

In the simplest exciton scheme, a pair of degenerate chromophores interacts to give a set of
two non-degenerate excitonic states in the coupled system.!> The resulting splitting mainly
depends on the strength of the coupling between the chromophores’ transitions. In the
electronic CD spectra these exciton coupled (EC) transitions display oppositely signed peaks
in the same spectral region where the absorption occurs. The resulting Cotton effects are
directly related to the reciprocal orientation of the electric dipole transition moments, i.e. to
the absolute molecular stereochemistry, so exciton-coupled circular dichroism (ECCD) is
widely employed for non empirical assignment of the absolute configuration of organic
molecules.1617

In the QM description of exciton-coupled systems, the excited states are expressed as a
superposition of the states of the single chromophoric units. Physically this means that in the
coupled system an electronic transition is "shared" between two or more chromophores. The
new excitonic transition energies and dipoles, as well as the rotational strengths determining
the CD spectrum, can be calculated using the transition energies of the single units, also called
“site energies”, the corresponding electric dipole transition moments, and the electronic
couplings between them. As an alternative to this QM exciton description, a classical method,
known as DeVoe polarization model,’81° was developed to interpret the experimental CD
spectra of the EC systems. Calculation of the CD spectrum within the DeVoe model requires
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both geometrical and spectroscopic parameters. The geometrical data can be obtained once a
molecular structure has been determined experimentally (by NMR spectroscopy, for instance)
or theoretically (by molecular mechanics or QM calculations). The spectroscopic parameters
are generally taken from the spectral properties of the chromophores, which constitute the
overall molecular aggregate. Finally, a matrix-based approach is used to simulate the excitonic
spectra assuming a point dipole-dipole interaction among the units.17.20.21

In this paper we present a revised version of the QM excitonic model which is parameter-free
being based on the TDDFT calculation of all the necessary properties to simulate the EC
spectra for coupled systems. In particular, the couplings are computed from the interaction of
the full QM electronic transition densities?223 and not from the point-dipole approximation
which is still commonly, although not exclusively,®-1* employed in other excitonic models.
Moreover, environment effects are also included in the QM calculations using a mixed
continuum/atomistic classical approach in which the QM and the two classical descriptions
mutually polarize.?*

As applications of the model which from now on will be indicated as QM-EC, we have
investigated three systems of increasing complexity, based on the binaphthol (1,1'-bi-2-
naphthol) motif, starting from a simple derivative of the parent compound, then moving to
two multi-chromophoric octahedral metal complexes. In the latter systems the metal centre is

coordinated with three binaphtholate units which act as di-anionic bidentate ligands.
2. Methods

2.1 Computing the excitonic transition energies
When exciton coupling occurs between two or more interacting chromophoric units (either
separate molecules or fragments of the same molecular system), the excitonic state ¢, can be

described as a linear combination of the excited states 7; localized on the chromophoric units:

O =2 cl.(k)r]l-. The expansion of ¢ on the n-basis allows one to find the eigenvalues and

eigenfunctions by diagonalizing the corresponding exciton H matrix:

Hyp - Hyj
H = : ., : (1)

The diagonal elements H;; = (n;|#,;|n;) represent the site energies of the various units

whereas the off-diagonal elements H;; = M Hailn j) represent the interaction between units
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and they are generally indicated as “electronic couplings” V;;. In the simplest case of exciton
coupling, when a pair of two degenerate chromophores interact through a V2 coupling term,
the two non-degenerate excitonic states are split by a quantity AE = 2V;2, the so-called
Davydov splitting.?>
All the components of the H matrix are here obtained at TDDFT level using a fully polarizable
QM/discrete/continuum method?* to include the effects of the environment. In particular, the
continuum solvation model adopted is the Polarizable Continuum Model (PCM)?2¢ in which the
QM solute is placed into a molecule-shaped cavity surrounded by a continuum dielectric
medium characterized by a static (¢) and an optical (&, ) permittivity. The QM solute induces
a polarization of the solvent represented in terms of a set of induced charges placed on the
cavity surface which act back on the QM solute, so a self-consistent approach is needed to
solve the QM/PCM problem and compute the energy and the properties of the solvated
system.
PCM is here combined with a discrete description of the environment based on a polarizable
molecular mechanics (MM) model, in which classical point charges and induced dipoles,
defined in terms of isotropic atomic polarizabilities, are used to describe the molecules of the
environment.?? The simultaneous inclusion of PCM and MMPol into the molecular
Hamiltonian leads to additional perturbation terms, arising from the interaction among
quantum and classical parts that can be schematized as follows:24

g = ﬁéffz/MM + ﬁQM/PCM + ﬁg;?,;l/MM + HMM/PCM + ﬁ%;/MM (2)
The first three terms represent the interaction of the QM charge density with the MM charges,
the PCM charges and the induced dipoles, respectively, whereas the latter two terms describe
the interactions of the MM charges with the PCM charges and the induced dipoles (the
interaction among MM charges is a constant term which does depend on the QM part of the
system). By using the Hamiltonian reported in eq.(2) we can calculate both ground and
excited states processes. In particular, in this work we applied the TDDFT linear response
scheme to obtain both the site energies and the couplings in the presence of a polarizable
environment.2723 In the calculation of both sets of properties, possible delays in the response
of the environment, which correspond to a non-equilibrium solvation regime, are also taken
into account.?¢
More in detail, the electronic coupling between two monomeric units i and j is calculated from
the transition densities of the non-interacting units. In the case of “in vacuo” system, the
coupling is composed of three terms: Vo, Vic and Voup that are referred to as Coulomb,
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exchange-correlation and overlap coupling terms, respectively. The Coulomb term is generally
dominant with respect to the other ones and has a physical correspondence with the classical

point-dipole/point-dipole interaction term?8 where the electronic transition dipole moments

appear instead of the transition densities matrices p; (r’) ; namely we have:

Veout = | dF 475} ) =z *'| 5 @) 3)
where the integral is performed using the standard numerical integration methods used in
DFT.

It has been observed that transition density methods give more accurate results for coupling
terms than the simple point-dipole approximation, especially when the interacting units are
placed at short distances.29:30

The environment effects on the couplings are included through two additional terms, Vpcy and
Vmmpo,, which describe the interaction between the transition density of the unit i with the

PCM charges/MMPol dipoles induced by the other unitj.23'22

Veem = — Z [f drp:r(r) 7 ] Qt(pj) (4)

4 Tp—T
Vmmpot =_Z[f drp;r(r)l_)p—
p

14

0 (5)

In most cases Vpew and Vumpor act as screening terms leading to a reduction of the total
coupling, however, there can be specific combinations of type of excitation and
orientation/distance of the interacting units which can lead to an enhancement of the total

coupling.

2.2 Computing the rotational strength

The calculation of the rotational strength R determining the CD spectra is here performed
following an approximate method based on the electric transition dipole moments. The
rotational strength of the electronic transition k «— 0, R, is defined as the imaginary part of
the scalar product of the electric and magnetic dipole transition moments:

R* = Im{{0|f|k) - (k||0)}

To account for the problem of the origin-dependence of the magnetic dipole, we can introduce
the dipole-velocity formulation and exploit the correspondence of the magnetic and electric
operators so to obtain a simplified formulation of Rk where only the electric transition dipole

moment operators appear, namely:



Physical Chemistry Chemical Physics Page 6 of 26

N
T -
R* = 21k ZRU {0[Rox; |¥re) )
i,j=1

Where I_?)l-j is the vector distance between the chromophores i and j and A;, is the wavelength
of the excitonic electronic transition k «<— 0. The generalization of eq.(6) to an excitonic

system yields:31.32

N
T K W3 = o
Rk = E z Ci( )Cj( )RU [,llXI,lJ (7)

,j=1

where the ci(k)

coefficients in eq.(6) are the eigenvectors coming from the diagonalization of
the excitonic matrix in eq.(1). To finally obtain the CD spectra, excitonic energies and

rotational strengths are combined with normalized Gaussian line shape functions, namely:

N 1 N []
Ae(V) = RVe' ™ 8
V) 2.296x10‘39Fk\/Ekz::‘ e ®)

where the rotational strengths are expressed in cgs units and v is in cm1. As the line-shape
function should phenomenologically account for the fact that experimental bands are very
different from the infinitely sharp ones predicted by a theoretical approach neglecting roto-
vibrational structure, collisional dynamics, and various types of broadening mechanisms, the
I' parameters, which are defined as half the bandwidth at 1/e peak height, were set so to
reproduce the experimental bandwidths.

The absorption spectrum lineshape is obtained following a similar procedure explained for
CD where the excitonic dipole strengths are expressed as the combination of the expansion

coefficients and the transition dipole moments of the unperturbed chromophores.

2.3 Computational details

The full computational strategy used to obtain the EC spectra can be summarized in the
workflow illustrated in Figure 1. We first extract the geometry of the monomeric units
starting from an input geometry of the full system, such as crystallographic data, NMR
optimized structures or computationally optimized geometries.

Once defined the monomeric units, the computational approach can be roughly divided into
three main steps: i) calculation of the site energies of each unit; ii) calculation of the couplings
between all pairs; iii) combination of the data obtained in i) and ii) to form the excitonic
Hamiltonian which is then diagonalized. Once all monomeric data are collected, one can

decide to select only some specific transitions of interest in each monomeric unit to build the
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excitonic Hamiltonian. This selection can be very useful to decompose the EC spectra into

different contributions coming from different interactions.

( « Crystallographic data

* NMR optimized structures
* Theorethical optimized structure

P
Selection of the QM analysis of the optical
chromophore units properties
.

~
Choice of level of theory
and experiment setup

Starting geometry
of the coupled system

Calculation of site
energies and couplings

[ Experimental data ]

Selection of the chromophore
transitions to be included in the
excitonic description

Production of
EC-CD/UV spectra

Figure 1.Workflow to simulate the excitonic spectra.

All the calculations have been performed with a locally modified version of the Gaussian09
suite of programs.33 A specific computational tool has been developed to construct the
excitonic Hamiltonian from the Gaussian output, diagonalize it and produce the EC spectra.3*
The ground state geometries of all systems have been optimized in the proper solvent using
M062X/6-31+G(d,p)/PCM level of theory.3>26 Site energies, transition densities and couplings
have been computed at TDDFT level using the cam-B3LYP functional.3¢ For isolated
monomeric units also a SAC-CI calculations were performed as a benchmark.3”

Environmental effects have been included using the combined MMPol/PCM approach
described above. In particular, the effects induced by the atoms of the system not involved in
the electronic transition have been represented by a set of classical point charges and induced
dipoles through the MMPol approach.??2 Charges were determined with the Merz-Singh-
Kollman method3839, at the same level of theory of the TDDFT calculations and for isotropic
atomic polarizabilities the experimental values were used.#? The PCM in its [IEFPCM version2®
has instead been used to include the effect of the solvent. Cavities were built using the united

atom topological model and the IEFPCM calculations were performed with GO3default option.



Physical Chemistry Chemical Physics Page 8 of 26

3. Results and Discussion

3.1. 1,1- Binaphthyl compound

The 1,1’-binaphthyl scaffold is found in a manifold of chiral ligands for enantioselective
catalysis and molecular recognition.#142 As it is well known, the 1,1’ linkage provides long
lived atropisomers,*? while at the same time ensuring a wide conformational freedom of the
2,1,1°,2’ dihedral angle. Consequently, binaphthyls bearing donor atoms or groups at the 2 and
2’ positions act as powerful chelators, easily accommodating practically all metal ions, with
different geometries and binding modes.*? Comparative experimental and theoretical studies
of conformationally-locked (or at least biased) compounds have revealed that chiroptical
properties are highly angle-dependent and that in principle there are conformations possibly
leading to oppositely signed spectra.#4#4> Quantitative correlations between chiroptical
properties and conformations of enantiopure derivatives of 1,1'-binaphtyl have been deeply
investigated with the application of DeVoe polarizability model*>-47 and recently also with
high-level wave function-based QM methods.4849

In order to test the QM-EC model, we focused on (S)-3,5-dioxa-cycloheptal2,1-a;3-4-a']
dinaphtalene (dioxepine) (see Figure 2). In this 1,1’-binaphthyl compound the degree of
freedom involving the dihedral angle ¥ between C1-C2-C1'-C2' is removed because 2 and 2'

oxygen atoms are linked to the same methylene group.

Figure 2. Molecular structure of (S)-dioxepine.

The (S)-dioxepine geometry was optimized under a C2 symmetry constraint and the resulting
structure showed a ¥ dihedral angle of 48.6°. The chromophoric unit was obtained by cutting
the C1-C1' and the O-CH2 bonds, then the vacant valence was saturated with hydrogen atoms
to obtain the 2-naphtol (NpOH) structure.

The calculated NpOH absorption spectra revealed the typical bands of the 2-substituted
naphthalene compound: two weak peaks in the low energy region of the spectrum (330-280

nm) together with an intense peak at higher energy at about 220 nm. These bands
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respectively correspond to the transitions found in naphthalene and namely 'Ly, 1L, 1By in
the Platt’s notation.>0-52

Exciton coupling calculations are sensitive to the magnitude and the relative orientation of the
transition dipole moments. Therefore a crucial role is played by the correct assignment of
dipole direction and intensity of the monomer unit. The 1L, and 1By electronic transition
dipole moments are directed along the long molecular axis of the naphthalene whereas the 1L,
is perpendicular to it, but the presence of substituents in the naphthalene moiety can strongly
perturbs this picture depending on their nature and position: this perturbation is expected to
be significant true here owing to the extension of conjugation brought about by the 2-hydroxy
or its anionic form.>3

In Table 1 we report the excited state properties of NpOH computed in vacuo and in THF for
the three main transitions using different computational levels. All the calculated spectra

compare well with previous calculations and the experimental spectrum of NpOH.54-56

VACUO THF
E(eV) E(nm) [p|’D’) O (deg) E(eV) E(nm) p*D) O (deg)
Y, 4118 300 2.7 -76
SAC-CI X
6-311+G(d.p) L, 4533 273 5.3 89
B, 6.065 204 18.9 1
1, 4.602 269 3.4 -65 4582 271 4.5 -70
cam-B3LYP 1
L, 4.811 258 3.9 88 4795 259 4.2 85
6-31G(d) 2
'B, 6.180 201 18.0 5 5.968 208 20.4 a4
', 4530 274 3.5 -72 4508 275 4.8 -77
cam-B3LYP 1
6.31+6(d) L, 4730 262 3.9 86 4712 263 4.2 84
'B, 5990 207 17.1 3 5.765 215 21.2 2
1, 4501 275 3.5 -73 4479 277 4.7 -78
cam-B3LYP 1
L, 4.694 264 . 7 4.67 2 4.1
6.311+6(d) . 69 3.8 8 9 65 86
'B, 5964 208 16.9 3 5.738 216 21.1 2
Y, 3.78° 328 1.45
Experimental’ 'L, 4.36° 284 4.85
'B, 5.53 224 50.0

Table 1. TD bright excited states of NpOH computed at different levels of theory. The rotation angle of the transition dipole
moments is referred to the long axis of NpOH unit. (a) In isooctane54, (b) 0-0 band.

More in details, TD cam-B3LYP overestimates the SAC-CI transition energies but it correctly
reproduces orientations and absolute values of the transition dipole moments. Larger basis

sets for TD cam-B3LYP only provide a small red-shift of all the excited state energies but they
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do not significantly affect the transition dipole moments. The inclusion of a polarizable
environment (here mimicking the THF solvent) affects only the position of the By, transition
which is shifted by -0.2 eV, and, as expected, the solvent enhances the magnitude of transition
dipole moments.

The experimental CD spectrum of dioxepine is dominated by the intense Cotton effects due to
the high energy m-n* 1By, transition. The calculated 1By couplings are reported in Table 2 for

gas-phase and solvated systems.

VACUO PCM (Tetrahydrofuran)
) : QM-Vy, 3
QM-Vy,  F-Vg, ToT pCM F-Vi,
a.
> 6-31G(d) 1143 1944 918 -425 1125
a
5  631+G(d) 1159 1634 903  -421 1036

Table 2. 1By coupling values (QM-V12); for the in solution calculations the PCM contribution is also shown. F-V12 refers to the
point-dipole couplings (which in THF have been screened by the Forster factor n2=1.974). All values are in cm-1.

As expected from the previous analysis on the transition dipole moments, also for the
couplings no relevant differences are found by enlarging the basis set. To be noted that, if a
point-dipole approximation is used, the couplings (F-V12) are largely overestimated showing
the importance of a proper description based on a full transition density. Such an
overestimation is also found in a previous estimate (1560 cm) obtained still adopting the
point-dipole approximation but with experimentally derived transition dipoles.l” From Table
1 we have seen that the inclusion of the solvent effects enhances the magnitude of the
transition dipole, but here we see that it also screens the interactions between the monomer
units leading to a reduction of ca. 20% of the final coupling.

The simulated excitonic absorption and CD spectra for dioxepine are reported in Figure 3 for
both gas-phase and solvated systems. In the same figure we also report the spectra obtained
from a TDDFT calculation on the whole dioxepine system.

As evident from both graphs, the excitonic and the full calculations are in general good
agreement though in the former we observe a larger separation between the excitonic
energies. In addition, a weak positive band is found in the long-wavelength side of the CD

spectrum obtained with the full TDDFT calculations, which is not present in the excitonic one.

10
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Figure 3. EC absorption (left) and CD (right) spectrum simulated at cam-B3LYP/6-31+G(d) level of theory. Solid lines are
referred to the excitonic calculation; dotted lines are referred to the TD calculation on the entire dioxepine system at the
same level of theory. The experimental spectra are also reported in black.46 The computed spectra are shifted in such a way
that the 1By excitonic band in THF matches with the experimental one.

This band, which is also detectable in the experimental spectrum, has been assigned to a
inter-naphthalene charge-transfer transition which is made possible by the relatively small
dihedral angle of the dioxepine.’” From our calculations, the involved orbitals are indeed
delocalized on the full system (see Figure S1 in the Supporting Information) and this explains
why such a band is not reproduced in the excitonic model. The excitonic spectra are however
in good agreement with the experimental data for what concerns the modeling of the 1By
couplet. In general, no appreciable differences are found between gas-phase and solution,

except for the red-shift of 1By couplet which reflects the trend of the monomer site energies.

3.2 Transition metal compounds

We move now to investigate the optical properties of two complexes, where three
2,2'dihydroxy-1,1'-binaphtyl (BINOL) units chelate a lanthanide ion. We chose these two
systems, as they are both endowed with a D3 symmetry but they present a profoundly
different organization of the naphthalene moieties. In both cases, geometrical structures in

solution are available from paramagnetic NMR measurements.

3.2.1 Na3zYb(BINOLate)3

The first system is a heterobimetallic complex, obtained by reaction of an alkali metal salt
(M*) of BINOL typically with a lanthanide triflate (or chloride). The resulting complexes
obtained from enantiopure BINOLate, have formula Mj3[Ln(BINOLate)3] (M=LiNaK;

11
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Ln=Yb,Lu) and share very similar XRD structures, with each M* bridging two BINOLate units
through a 0-M-0 linkage.>85° The solution structure of Na3[Yb((S)-BINOLate)s] was studied in
detail and it displays the six oxygen atoms at the corners of an almost perfect trigonal
antiprism (a somewhat compressed octahedron), held rigidly in place by Yb3* coordination
and through the 0-Na-O bridges.?0 Starting from this structure,®® we extracted and optimized
a BINOL unit maintaining the ¥ angle fixed at 76.7°. Then we reconstructed the tridimensional
structure of the complex superimposing the optimized C2 symmetric BINOL on the starting
structure and minimizing the RMSD between C and O atoms. This procedure did not alter the
tridimensional structure but allowed the chromophore geometries to relax. The obtained
structure is reported in Figure 4 and shows a D3 symmetry.

The absorption spectrum of NaszYb(BINOLate)s is dominated by the m-nt* transition of the
aromatic chromophore in the 200-400 nm range. Experimental UV-Vis and UV-ECD spectra of
NazYb(BINOLate)s and analogue lanthanide compounds do not reveal detectable transitions
involving the metal center. According to the DeVoe calculations already performed on this
system,®l we identified the monomer chromophoric unit as 2-naphtoate (NpO-) and its
geometry was extracted from the symmetric structure of Figure 4 following the same

procedure explained before for dioxepine.

BINOLA

BINOLC

Figure 4. NasYb(BINOLate)s structure used for the excitonic calculation. The complex is formed by 3 BINOL units (A, B and C),
that coordinate the Yb3+ central metal cation through their deprotonated oxygen donor atoms. The position of Na+ is
extrapolated from the solid-state X-ray structure.

12
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The monomer unit is negatively charged and the absorption spectrum shows some
differences with respect to the neutral NpOH monomer.®! The simulated absorption spectrum

is reported in Figure 5 together with the experimental one.

Vacuo —
1F THF —_—
Experimental E—

Normalized &

200 250 300 350 400 450
Wavelength A (nm)

Figure 5. TD cam-B3LYP/6-31G(d) absorption spectra of NpO- computed in vacuo and in water, compared with the
experimental UV-Vis spectrum of 2-naphtol in aqueous NaOH.60 The computed spectra are shifted in such a way that the 1Bp
band matches with the experimental one.

Since no significant differences were found in terms of relative position of the transition
energies for different basis sets (see Table S1 in the Supporting Information), the cam-
B3LYP/6-31G(d) level of theory has been adopted for the excitonic calculations allowing us to
save computational time both for the site energies calculation (6 chromophores) and for
couplings between all the possible chromophore pairs (15 couplings in total).

By comparing the spectra with that of the neutral NpOH (summarized in Table 1 above), some
differences appear: the 1L transitions are separated by about 1 eV and a further high energy
transition, namely B,, appears in the region < 200 nm with an intensity of about 50-70% with
respect to the most intense 1By transition. The orientation of the transition dipole moments is
different from that of the neutral NpOH, due the presence of the O- instead of the OH which
has a strong influence on the excited state properties, and the dipole of the !By, transition is
further rotated by ~ 20° in the direction of the substituent with respect to the NpOH (see
Table S1 in the Supporting Information). Also thellL. and L, transition dipoles are
significantly changed passing from NpOH to NpO-. If we look at the relative peak positions, the
lower energies bands are both red-shifted with respect to the position of the most intense 1Bp.

The experimental UV-Vis spectrum was truncated at 210 nm so we could not exactly compare

13
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the position and the intensity of the high energy !B, band. However the calculated energy
difference between By and 1B, seems to be overestimated with respect to the experimental
data and this will have some consequences in the following excitonic description.

Before performing the EC calculation on the whole complex, we computed the in vacuo CD
spectrum of a BINOLate unit extracted from the NazYb(BINOLate)s structure and we
compared the results with the excitonic ones at the same level of theory, considering only two
bonded NpO- monomer units (e.g. units 1-2 of BINOLate A). In EC-CD calculations, the first
four w-n* bands for each NpO- unit were included. The two calculated EC-CD spectra, reported
in Figure 6, are in remarkably good agreement and the excitonic calculation also reproduces
the asymmetry found for !B, band due to the coupling between the two high energy

transitions.

300 —
Excitonic e
250 | Full —_

Age

-250 : : : :
150 200 250 300 350 400

Wavelength A (nm)

Figure 6. CD spectrum of BINOLate computed at cam-B3LYP/6-31G(d) level of theory, in vacuo, in the geometry adopted in
NasYb(BINOLate)s structure. The black line refers to the TD calculation performed on the entire BINOLate system, red line is
the EC-CD spectrum.

The following EC analysis is instead performed including all six monomeric units. In vacuo
calculations were performed on all possible NpO- isolated pairs, neglecting the cations present
in the NazYb(BINOLate)s structure. In a more realistic picture we considered each monomer
perturbed by the presence of the other NpO units, which were modeled at MMPol level, and
the whole system was surrounded by a continuum solvent. The MMpol part of the system also
included the Na* metal ions and/or the Yb3* modeled as screened partial charges of 0.5 and
1.5 respectively. In the following discussion we will refer to the different models used as

summarized in the following scheme:
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(0])] MMPol PCM
Vacuo NpO monomer none none
MMPol(Na)/PCM NpO monomer Other NpO units, Na (0.5) THF
MMPol(Na-Yb)/PCM NpO monomer Other NpO units, Na (0.5), Yb (1.5) THF

The UV excitonic spectra calculated with the different models are reported in Figure 7
together with the experimental one measured in THF.

From the spectra reported in the figure, we can see that the different descriptions of the
environment strongly influence the position of the two low-energy bands. The inclusion of the
central Yb charge leads to better results for what concerns the position of the 'L, and Ly
peaks. The two high-energy bands do not seem to be strongly perturbed by the different
environmental descriptions. This is in accord with the classical notion that the stronger is an

electronic transition, the less it will be perturbed by secondary factors such as substituents.

Vacuo —
1 MMPol(Na)/PCM
MMPol(Na-Yb)/PCM ——
Experimental —_—
0.8 r
w
o
N 0.6
®©
1S
S
= 04t
0.2 r

O 1 1
200 250 300 350 400 450

Wavelength A (nm)

Figure 7. EC absorption spectra computed at cam-B3LYP/6-31G(d) level of theory. The experimental Nas[Yb((S)-BINOL)3]
absorption spectrum in THF is reported in black.6® The computed spectra are shifted in such a way that the 1By excitonic band
at MMPol(Na-Yb)/PCM level matches with the experimental one.

The experimental shoulder at 215 nm, if compared with the experimental CD spectrum, may
be assigned to the 1B, transition, even if no experimental data are available in the region < 200
nm. In this case, as already discussed for the monomer spectrum, the two simulated high-
energy excitonic bands are more separated in energy with respect to the experimental data.

Due to the D3 symmetry, the six NpO monomers have the same site energies and the couplings

15
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can be divided into two groups, characterized by different distances and relative orientations
of the units. Viz, V34, Vss refer to the intra-molecular coupling between two adjacent units
chemically bonded to each other; the other terms refer instead to inter-molecular couplings
between units that belong to different BINOLate groups. The computed EC-CD spectra are

reported in Figure 8 for the gas-phase and the solvated systems.

Vacuo MMPol(Na)/PCM MMPol(Na,Yb)/PCM

Intra
Inter
Inter+Intra -

ALL e

Ae

-800

150 200 250 300 350 400 150 200 250 300 350 400 150 200 250 300 350 400 450
Wavelength A (nm) Wavelength A (nm) Wavelength A (nm)

Figure 8. EC-CD Yb(BINOL)3 spectrum simulated at cam-B3LYP/6-31g(d) level of theory with different environmental
descriptions.

In particular, each graph compares the EC-CD spectrum computed by considering all possible
coupling terms (black lines) with the two spectra calculated taking into account only the
intra-molecular (red lines) and inter-molecular (blu lines) couplings, respectively. Moreover, a
further “sum” spectrum is also reported: this is obtained by simply adding the intra and inter
spectra (black dotted lines).

In all environments, the inter and intra spectra show an opposite sign in almost all the specral
regions and the intensities of the intra spectrum are always higher: this indicates that the
intra-interactions have the major contribution to the total CD spectrum. This is the same
result previously reached by means of DeVoe calculations.®® When we compare the results
from the present treatment with those obtained thorough DeVoe calculations, we have to
recall that the in these latter ones experimentally-derived parameters such as transition
frequencies and intensities were used.?? In the current treatment, instead, both frequencies
and intensities are computed ab initio, and only the band-width is arbitrarily chosen on a
best-fitting basis.

The environment effects alter the shape of the CD spectrum, especially when the central ion is

included in the calculations, but in general they do not affect the sign of the strongest

16



Page 17 of 26 Physical Chemistry Chemical Physics

excitonic bands. In Figure 9 we compare the EC-CD spectra obtained within the MMPol(Na-

Yb)/PCM scheme with the experimental one.

MMPol(Yb-Na)/PCM ——
400 + Experimental —_—

200 r

Ae
o

-200

-400 t

200 250 300 350 400
Wavelength A (nm)

Figure 9. EC-CD Yb(BINOL)3 spectrum simulated at cam-B3LYP/6-31g(d) level of theory with the MMPol(Yb-Na)/PCM
environmental description (blue line) compared with the experimental data (black line). The computed spectra are shifted in
such a way that the 1By excitonic band matches with the experimental one.

In the region of !By, and 'Ba. couplings the excitonic results are in agreement with the
experimental data for what concerns the sign of the excitonic bands. However, the total
spectrum has lost the asymmetry in the 1B, and B. region, and this may be due to an
overestimation of the inter- contribution to the total coupling, as it is possible to see
comparing the spectra in Figure 8. We also note that only by including the central Yb charge
the shape of the low energy spectrum > 250 nm is recovered, while in vacuo simulation gives
wrong results also for the relative intensities of the two high energy couplets (see Figure 8).

We finally observe that site energies and couplings are sensitive to the value of the partial
charge assigned to the cations and this affects the EC-CD simulations. Indeed, the ligand-
lanthanide bond in this kind of complexes is known to be of almost purely electrostatic
nature.®® Moreover, the position of the Na* cations was obtained from the solid-state data of
NazYb(BINOLate)s crystals which is clearly a not very reliable description for the solvated

system.

3.2.2 Yb(BINOLAM)3

The second set of Ln3* complexes was obtained by using (S)-3,3’-bis(diethylaminomethyl)-1-
1’-bi-2-naphtol, known as BINOLAM, as the chiral ligand. In particular, we focused on the
Yb(BINOLAM)3 complex (see Figure 10) .62
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BINOLA 2

BINOLB

Figure 10. Yb(BINOLAM)s3 structure obtained by superimposing the BINOLAM optimized structures. The complex is formed
by 3 BINOLAM zwitterionic units (A, B and C) that coordinate the Yb3+ central metal cation thorough their deprotonated
donor oxygen atoms.

The formation of this complex does not require the action of an external basis, contrary to
what we have seen forM3;Ln(BINOLate)s, because the diethylamino group performs this role
intramolecularly, as we shall discuss below. The coordination polyhedron is rather far from
the antiprism and it is better described by a twisted trigonal prism. The six naphthalenes
occupy an equatorial region, which is again in contrast with NazYb(BINOLate)3, as one may
appreciate by comparing the Figures 4 and 10, where the complexes are watched from the C3
axis in both cases. The ¥ dihedral angle between the two aromatic rings in the free ligand
BINOLAM is 90° in the crystal structure.®? Thus, Yb(BINOLAM)3 complex offered an
interesting complement to the Naz[Yb((S)-BINOLate)sz] to investigate the effects of a
profoundly different arrangement between three BINOLate-type ligands. The
diethylaminonaphthol (deaNpOH) can be envisaged to display a strong H-bond propensity
defining a 6-membered cycle as represented by the resonance hybrid between the two limit

forms reported in the following scheme:

[~ N
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The X-ray diffraction on the BINOLAM crystals suggests that in the neutral ligand the hydroxyl
group is an H-bond donor, increasing the amount of negative charge on the oxygen. However,
when BINOLAM coordinates Yb, some structural rearrangements occur: i) the dihedral angle
U varies because of the coordination structural effect in the octahedral arrangement, passing
from 90° in the free ligand crystal to 63° in solution; ii) the relative weight of the two limit
resonance forms changes in favor of the zwitterionic one. Unfortunately the location of the
hydrogen atom has not been clarified yet.62

In the following analysis we started from the solution structure obtained through accurate
analysis of paramagnetic NMR data®? and we modified it but preserving the dihedral © angle
and the relative position of the BINOLAM units. In particular, we replaced N-ethyl groups of
the BINOLAM unit with methyl groups to reduce the number of atoms to treat. On such a unit
we performed a geometry optimization keeping the dihedral angle between the two
naphthalene ring fixed and imposing a C2 symmetry.

In general, the position of hydroxyl hydrogen depends both on the acid-base properties of
hydroxyl and amine groups and on the local environment. Here, we found that the minimum
energy structure corresponded to the neutral form of the ligand, in which the hydroxyl group
acts as H-bond donor (see the Figure S2 in the Supporting Information). However, we expect
that when BINOLAM interacts with the Yb3* metal center, the strong Lewis acidity of the
lanthanide causes a proton migration onto the basic site leading to a zwitterionic structure of
BINOLAM. To prove it we performed a geometry optimization of the Yb(BINOLAM)3* in
acetonitrile using a pseudo-potential for Yb (MWB28). Starting from the neutral BINOLAM
structure and freezing both the dihedral angle and the O-Yb distance, the optimization indeed
converged to the zwitterionic form of BINOLAM. Thus, for the following calculations the
zwitterionic form of the diethyaminonaphthol mojety was used (N-H distance fixed to 1.01 A).
The calculated absorption spectrum and electronic properties (including the orientation of
the transition dipole moments) were found to be closer to the NpO- monomer than to the
neutral NpOH. The energy splitting between By and 'B. site energies was about 0.3 eV
smaller than in the NpO anion. As already done for NazYb(BINOLate)s, here we report the
excitonic analysis obtained at cam-B3LYP/6-31G(d) level of theory whereas the comparison
between other level of theory is reported in the Table S2 in the Supporting Information.

The three different environmental schemes for YbBINOLAM3 system can be summarized as

follows:
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(0])] MMPol PCM
Vacuo NapNOmonomer none none
MMPol/PCM NapNOmonomer  Other deaNpO units acetonitrile
MMPol(Yb)/PCM NapNOmonomer Other deaNpO units, Yb (1.5) acetonitrile

We simulated the EC-CD spectrum of the octahedral complex reconstructed replicating the
optimized C> BINOLAM following the same strategy used for YbBINOL3. In the EC-CD
simulation we included all the excited states resulting from the TD-DFT calculations with
wavelength in the range 150-450 nm. The EC absorption spectra is reported in Figure 11 for
the different environments.

As shown in the reported spectra, the different environments modify the positions of the (1L)
low energy bands whereas the 1B, position is not significantly affected. We also note that the
inclusion of the central metal charge enhances the By intensities and leads to L. and 1Ly
bands closer to the 1By one. This is the similar trend observed above for NpO-, as it is expected

because of the already noticed similarity between deaNpO and NpO- monomers.

120000 Vacuo —
Vacuo I
1} MMPol/PCM
MMPol /PCM
- MMPol(Yb)/PCM  ——
100000 | MMPol(Yb)/PCM (Yb)/
0.8 r
80000 | .
o
N06F
w 60000 r Té’
S
= 04
40000 r |
20000 | 021 v
0 . ; ~ 0 . ; \
150 200 250 300 350 400 450 150 200 250 300 350 400 450
Wavelength A (nm) Wavelength A (nm)

Figure 11. Absorption spectra simulated at cam-B3LYP/6-31g(d) level of theory, with different environmental description.
The left picture represents the NapNO TDDFT spectra, in the right picture the normalized EC spectra are reported.

Due to the D3 symmetry, the inter-/intra-chromophore analysis can be performed as
previously done for NazYb(BINOLate)sz and the resulting excitonic spectra are reported in
Figure 12.

The in vacuo EC-CD spectrum was characterized by two intense exciton couplets with
comparable intensities in the region 180-250 nm region, which derived from the interaction

between 1By and !B, transitions of the monomeric units. Passing to MMPol/PCM simulations,
20
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the overall appearance of the high-energy couplet is modified by a different balance of the
intra- and inter-contributions. When the central charge is added the EC-CD spectrum is
further modified in the 200-250 nm region and the 1By couplet becomes definitely more
intense. The relative weight of intra/inter contributions is very sensitive to the environment
and determines the general shape of the total CD spectrum (see also Figure S3 in the

Supporting Information).

Vacuo MMPol/PCM MMPol(Yb)/PCM
2000

ALL e
Intra —_—
Inter e
Inter+Intra oo
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100 150 200 250 300 350 400 150 200 250 300 350 400 150 200 250 300 350 400 450
Wavelength A (nm) Wavelength A (nm) Wavelength A (nm)

Figure 12. EC-CD Yb(BINOLAM)3 spectrum simulated at cam-B3LYP/6-31g(d) level of theory with different environmental
description.

If we compare the excitonic results with the experimental CD spectrum, see Figure 13, the
best agreement is obtained with the MMPol(Yb)/PCM description: all observed peaks are
reproduced by the simulated spectrum (except for the negative deflection on the long-
wavelength side of the positive 1B, band). In particular, the asymmetry in the 1B,-1Ba couplet
is reproduced by the calculations even if its energy separation is larger than in the
experimental spectrum. This could be ascribed to the overestimation in 1By and 1Ba splitting,
as previously observed for the NpO monomer. The high-energy (1B.) region was problematic

also in the previous DeVoe simulations®2.
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Figure 13. EC-CD Yb(BINOL)3 spectrum simulated at cam-B3LYP/6-31g(d) level of theory with the MMPol(Yb)/PCM
environmental description (red line) compared with the experimental data (black line) in acetonitrile.62 The computed
spectra are shifted in such a way that the 1By excitonic band matches with the experimental one.

Conclusions

In this paper we have presented a full QM excitonic model to compute the absorption and CD
spectra of multichromophoric chiral compounds. In such a model the interactions between
the monomeric units are obtained in terms of TDDFT transition densities calculated in the
presence of bulk solvation effects through PCM and the perturbation due to neighbouring
units through a polarizable MM description.

A simple binaphthyl system has been first simulated to test the method, then more extended
molecular systems have been deeply investigated: namely two coordination compounds,
NazYb(BINOLate); and Yb(BINOLAM)3, where three binaphthol units in di-anionic form
coordinate a lanthanide ion. The selected compounds share the common feature of similar
chromophores and environment, but provide two completely different geometries and
arrangement of the naphthoates. These differences result in different excitonic spectra.

In both the investigated metal complexes, a complete description of the system has been
achieved by including both the intra- and inter- binaphthyl interactions, which contributed in
an opposite way to the total spectrum. In all cases, we found that the environment plays a
crucial role in determining the excitonic spectra through modifications of both site energies
and couplings. The best agreement with experimental data was in fact obtained in the
presence of both solvation effects and the electrostatic/polarization effects due to the other
monomeric units. We have also shown that the central metal ion not only plays a fundamental

role in determining the geometry of the complex, but it can also affect the excited state
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properties of the monomers: here we have shown that a simple but effective way to model its
effect is in terms of a screened classical charge.

Even if the model presents some clear limitations, e.g. no vibronic effects are included and
geometrical fluctuations are neglected, the applications here presented show that the EC-QM
approach properly accounts for the main electronic and environmental effects and it can be
applied to any (supra)molecular system, provided that it can be decomposed into
independent, but interacting parts. In addition, our method is open to improvements, by
increasing the accuracy of the calculations of monomer properties (and couplings), for
example by moving from TDDFT to highly correlated QM methods. Therefore, it can represent
an ab initio-alternative to the widely applied matrix-based approach, and in principle it has

the advantage of not requiring the knowledge of any experimental data a priori.
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