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ABSTRACT: Owing to their odd order, second-order nonlinear optical
(NLO) responses are very sensitive to symmetry. Therefore, within hyper-
Rayleigh scattering (HRS) technique, the symmetry impacts the amplitude
of the molecular responses, the HRS first hyperpolarizability (βHRS), and the
depolarization ratio (DR). Starting from a challenging octupolar structure
bearing six ruthenium(II) ammine centers π-conjugated via quaterpyridyl
moieties to a tris-chelated zinc(II) core, together with its Λ shape and one-
dimensional analogues built by replacing one or two Ru-quaterpyridyl
moieties with bipyridine moieties, (time-dependent) density functional
theory calculations have been enacted to unravel the symmetry−NLO
response relationships as well as their RuII/III redox-triggered switching
effects. The one-dimensional and Λ-shaped NLOphores present βHRS values
∼3 times larger than those of the octupolar system, for both Ru oxidation
states. However, using the few-state valence bond-charge transfer models demonstrates that the βHRS response of the octupolar
complex cation can become larger than those of its one-dimensional and Λ-shaped analogues provided stronger donor−acceptor
groups are employed. In parallel, the DRs decrease from a strong dipolar character (DR ≈ 6) for the one-dimensional chromophore
to a weaker dipolar character (DR ≈ 5) for the Λ-shaped one and to a clear octupolar character (DR ≈ 1.7) for the last one. In all
cases, the β responses originate mostly from metal-to-ligand charge transfer excited states, as revealed using a new scheme for
analyzing the variations in electron density upon excitation. The RuII/III oxidations lead to a strong decrease in the βHRS responses,
which is attributed to the loss of the donor character of the Ru centers and therefore to the reduction of the push−pull π-
conjugation. These results demonstrate that the NLO contrast and the NLO switching behavior of these Ru cations are maintained
for the different molecular symmetries. Finally, the character of the β responses of the oxidized species, as revealed by the DR values,
further evidences a clear evolution from dipolar to octupolar NLOphores.

1. INTRODUCTION

For many years, the field of nonlinear optical (NLO) switches
has attracted attention for their applications in optoelectronics
and photonics.1−5 The trigger can actually take different forms:
light irradiation, pH, or redox potential modifications,
recognition of specific analytes, etc. At the molecular level,
the central property of these switches is generally the first
hyperpolarizability, β. The β characteristics can be probed
experimentally by using phenomena and techniques such as
hyper-Rayleigh scattering6−8 (HRS), Stark spectroscopy,9 and
electric-field-induced second harmonic generation
(EFISHG).10,11 In parallel, theoretical tools have been
developed to rationalize the results as well as to design new,
improved, structures.11−14

In the past, many one-dimensional dipolar NLO switches
have been studied. To a good approximation, their β response
is dictated by one low-excitation energy charge transfer (CT)
excited state.15−20 Among them, ruthenium complexes, which
constitute the broadest family of organometallic NLO

compounds, were extensively scrutinized by Coe and co-
workers,21 first from an experimental22−29 point of view, owing
to the large first hyperpolarizabilities of the RuII species. These
studies have fostered quantum chemistry investigations30−37

targeting the interpretation of the NLO response of these Ru-
containing compounds, contributing therefore to their design,
or aiming at the assessment of their performance (e.g., choice
of atomic basis sets, role of electron correlation, and
description of frequency dispersion). These large β values
have been ascribed to a strong metal-to-ligand charge transfer
(MLCT) excited state, which can be altered reversibly through
a RuII/III redox switching. In addition to one-dimensional
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dipolar structures, already 30 years ago, Zyss drew to
alternative architectures,38 such as the octupolar compounds,
which can also exhibit large β values, similar to those of their
dipolar counterparts. These results were rationalized using
theoretical means, e.g., a simple four-state model.39 Here,
challenged by Benjamin J. Coe,40 we study a rather complex
example of such octupolar transition metal NLO switches,
complex cation 5 (Scheme 1), which contains six switchable
ruthenium centers arranged in a D3 fashion. This cation bears
six ruthenium(II) amine centers π-conjugated via quaterpyridyl
moieties to a tris-chelated zinc(II) core. The primary goal is to
study, by using well-selected quantum chemistry methods, its
first hyperpolarizability, in light of its geometrical and
electronic structures and its ultraviolet/visible (UV/vis)
absorption properties. To gain such an insight into the

structure−property relationships, different substructures of 5
(cations 1−4) are also characterized and, when available, the
quantum chemistry results are compared to experimental data.
Note that we restrict ourselves to the fully reduced (all Ru
atoms are in oxidation state II, noted xII) or fully oxidized (xIII)
cases. A secondary goal is to unravel the relationships between
the first hyperpolarizability and the molecular symmetry
because, starting from cation 5, the removal of the Ru units
on one arm leads to the push−pull π-conjugated Λ-shaped
cation 4, while the removal of a pair of such units restores a
push−pull one-dimensional-like structure (cation 3). From
these analyses, design strategies for enhancing the β contrast
are then suggested.
This paper is divided into four parts. After the methodo-

logical and computational issues are described in section 2, the

Scheme 1. Complex Cation 5 and Its Substructures (1−4)a

aFor the structures with Ru atoms, the first (second) charge corresponds to the fully reduced (oxidized) form.
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results (geometrical structures, first hyperpolarizabilities, and
their analysis via the few-state approximations) are presented
and discussed in section 3. Finally, section 4 summarizes the
key results and draws conclusions.

2. METHODOLOGICAL AND COMPUTATIONAL
ELEMENTS
2.1. HRS Responses. The focus of this paper is the first

hyperpolarizability as it can be measured using the HRS technique.6−8

The following setup is considered. Within the laboratory frame, the
incident light propagates along the Y axis and the Z-polarized
scattered light is collected in the X direction. According to the parallel
(Z-polarized) and perpendicular (X-polarized) polarization of the
incident light, the intensity is proportional to the orientational
averages ⟨βZZZ

2⟩ and ⟨βZXX
2⟩, respectively. Also, for nonpolarized

incident light, the square of the molecular βHRS is defined as the sum
of those two quantities:

β β β= ⟨ ⟩ + ⟨ ⟩ZZZ ZXXHRS
2 2

(1)

while the depolarization ratio

β
β

=
⟨ ⟩
⟨ ⟩

DR ZZZ

ZXX

2

2
(2)

is indicative of the geometry and symmetry of the NLOphore. In the
static limit, DR = 1.5 for perfect octupolar compounds while DR = 9
for purely dipolar geometries.41−43 All reported β values are given in
au (1 au of β = 3.6212 × 10−42 m4 V−1 = 3.2064 × 10−53 C3 m3 J−2 =
8.639 × 10−33 esu) within the T convention.11

2.2. DFT Molecular Geometries. Full geometry optimizations
were performed for each cation using the Gaussian 16 A03 package.44

To select a reliable level of approximation for the geometry
optimization, different combinations of DFT exchange-correlation
functionals (XCFs) and basis sets were employed and the results
compared to available XRD structures for cation 2 in its reduced and
oxidized forms. These structures are referenced in the Cambridge
Structural Database45 as NEFXUR for 2II (reduced form, singlet) and
NEFYAY 2III (oxidized form, doublet).46 Emphasis was placed on the
reproduction of the modification of bond lengths (mostly those
involving the Ru atom) induced by redox switching. Tables S1 and S2
demonstrate that a triple-ζ basis set is mandatory for the first- and
second-row atoms as well as for Ru. This led to selecting the
B3P8647/6-311G(d)/LANL2TZ48,49 [and 6-31G(d) for Zn] level
and using it to optimize the structure of 1 and the fully reduced and
oxidized forms of 3−5. Vibrational frequency calculations were also
carried out on the optimized structures at the same level of
approximation to check for the absence of imaginary frequencies
and confirm that structures are minima on the potential energy
surface.
2.3. TDDFT First Hyperpolarizabilities. The level of approx-

imation was also selected for calculating the NLO properties of those
cations. These calculations were enacted using the coupled-perturbed
Kohn−Sham (CPKS) scheme50,51 for the static values and the time-
dependent DFT scheme52 for the dynamic ones. The XCF/basis set
combination was selected such as to approach, at the CPKS level,
reference values obtained at the MP2/cc-pVTZ/LANL2TZ(f)53 level
for both oxidation states of 2. Note that the MP2 values are evaluated
using the finite-field method, corresponding to a numerical differ-
entiation54−57 of the field-dependent energy, whereas the CPKS and
TDDFT values were obtained using a self-consistent analytical
derivative scheme. As shown in Table S3, all tested XCFs
overestimate the βHRS of the oxidized form. The LC-BLYP58/6-
311G(d)/LANL2TZ [with 6-31G(d) for Zn] level was chosen
because it provides a correct description of the β value of 2II, though
it underestimates the 2II/2III ratio. All CPKS/TDDFT calculations
were performed in the static limit as well as at typical wavelengths
(1907 and 1064 nm). They were performed using Gaussian 16. The
molecules are modeled in an acetonitrile solution (ε0 = 35.688, and

ε∞ = 1.806874), and the effects of these surroundings are simulated
within the IEF-PCM implicit solvent formalism.59−61

2.4. TDDFT Excitation Energies and Electron Density
Reorganization. To rationalize the first hyperpolarizabilities, the
first 100 excited states were computed using Gaussian 16 at the same
level of approximation as the first hyperpolarizabilities. Note that the
LC-BLYP is known to overestimate the transition energies of Ru
derivatives with respect to experiment,34,35 but the trends are correct
when this choice allows a consistent treatment of both linear and
nonlinear optical responses. Note that those cations present inherent
difficulties for quantum chemistry treatments. First, the presence of
Ru atoms can imply a low-energy state partially described by doubly
excited configuration state functions, which would require a
multireference treatment, while the large size of 5 currently prevents
this kind of approach. Nevertheless, on this topic, Escudero et al.37

compared standard TDDFT to DFT/MRCI and ADC(2) and
concluded that DFT was suitable for recovering correct trends. For
the dominant (large oscillator strength) excited states, the electron
densities evaluated ensuring a non-equilibrium solvation model were
used to determine the difference between the ground (GS) and
excited state (ES) densities at position r = (x, y, z) in Cartesian
coordinates or (r, θ, ϕ) in spherical coordinates:

δρ ρ ρ ρ ρ= − = −+ −r r r r r( ) ( ) ( ) ( ) ( )ES GS (3)

where, following Jacquemin et al.,62 one has partitioned the excitation-
induced electron density difference into its positive

l
moo
noo

ρ
δρ δρ

=
>+ r

r r
( )

( ) if ( ) 0

0 otherwise (4)

and negative [ρ−(r) = δρ(r) if δρ(r) < 0] parts, so that the amount of
charge transfer is estimated as

∫ ∫ρ ρ= = −+ −q r r r rd ( ) d ( )CT (5)

while the charge transfer distance is given by

∫ ρ= |⟨ ⟩ − ⟨ ⟩ | ⟨ ⟩ = ±− + ± ±d
q

r r r r r r, where
1

d ( )CT
CT (6)

Owing to the shape of the compounds, in agreement with related
developments,63,64 it was advantageous to use an alternative approach
and to represent the radial distribution of this excitation-induced
electron difference around a given center (generally the origin of the
axes if properly defined according to group theory). The
corresponding positive/negative radial electron distributions ρr

±(r)
are then defined, within spherical coordinates, as

∫ ∫ρ ρ ϕ θ ρ θ ϕ θ= =
π π

±
±

±r
r

r r
r

( )
d ( )

d
d d ( , , ) sinr 0

2

0

2
(7)

Similar to the case for qCT, the amount of radial charge transfer reads

∫ ρ= ± ±q r rd ( )r r,CT (8)

while, in parallel to dCT, a charge transfer radius, rCT, reads

∫ ρ= ⟨ ⟩ − ⟨ ⟩ ⟨ ⟩ = ±+ − ± ±r r r r
q

r r r, where
1

d ( )
r

rCT
,CT (9)

which represents the radial charge transfer distance. Analysis of the
ρr
±(r) graphs helps to determine how each (group of) atom

contributes to the change in electron density: ρr(r) = ρr
+(r) − ρr

−(r)
is representative of the electronic reorganization along the transition.
Note that the sign of rCT now indicates, upon excitation, whether the
electron density moves from the center to the periphery of the
structure (rCT > 0) or the opposite.

The cubegen utility (with the default options) of Gaussian 16
was used to extract the densities. To gather the charge transfer
properties, eqs 7−9 were numerically integrated with a homemade
code, by linear interpolation of the density with Δr = 0.05 Å and Δθ =
Δϕ = π/20.
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2.5. Valence Bond-Charge Transfer Models. Owing to the
shape diversity when going from cation 5 to its fragments, successive
valence bond n charge transfer (VB-nCT) state models were applied.
They are adequate for providing qualitative insights when discussing
structures with multiple donor moieties, like complex cations 3−5.
Those molecules are described by one covalent (VB) and n charge
transfer states: n = 1 for cation 3, n = 2 for cation 4, and n = 3 for
cation 5 (Scheme 2).39,65 These models employ effective Hamil-

tonians to predict the eigenstates (ground and excited states) and
their eigenvalues, and therefore the excitation energies, transition
dipoles, and state dipoles so that the first hyperpolarizabilitiy can be
modeled as a function of the 3 + 1 parameters: the transfer integrals (t
for VB-CT and T for CT-CT) and the mixing coefficient (mCT)
between the VB and CT states, which is clamped between −1 and 1

and describes the amount of CT character of each (ground or excited)
state, as introduced by Barzoukas, Blanchard-Desce, and co-
workers.18,19,66 For the ground state, an mCT value close to −1 (1)
means that it is dominated by the VB (CT) state. mCT = 0 for an equal
mixing of the CT and VB states, the so-called cyanine limit.

Those VB-nCT models were combined with the sum-over-states
expression of Orr and Ward,68 to determine the different components
of the β tensor as a function of the shape of the compound. To do so,
a last parameter is required, the charge transfer dipole moment, μCT,
which by definition is proportional to the product of the charge of the
donor and acceptor (qCT) and the distance (dCT).

2.6. Spin Multiplicity Issues. The oxidized forms are spin
multiplets so that the expected exact ⟨S2⟩ values should be equal to
0.75 (2III, doublet), 2 (3III, triplet), 6 (4III, quintuplet), and 12 (5III,
heptuplet). TDDFT excited states are known to exhibit spin
contamination when starting from an open-shell ground state.69 For
these multiplets, following Casida and co-workers,69,70 the Δ⟨Ŝ2⟩ =
⟨Ŝ2⟩e − ⟨Ŝ2⟩g value was also reported for each relevant excited state e,
to estimate the spin contamination of the corresponding excited state.
Moreover, spin contaminations were monitored for the ground and
excited states. Note that the spin densities reveal that the excess of
electrons is located only on the Ru atoms.

3. RESULTS AND DISCUSSION

3.1. Geometrical Parameters. To begin, the impact of
oxidation on the geometrical parameters is discussed in two
steps: the impact on the “core” part of the molecules [around
the central Zn atom (Figure 1a)] and then that on the
“ruthenium” part (Figure 1b). The different quantities are
reported in Table 1, in which they are averaged over the
different moieties (e.g., the six Ru centers). A standard
deviation is also reported.

Scheme 2. Representation of the Successive VB-nCT
Models (adapted from ref 67, with charge transfer integrals
t and T)

Table 1. Impact of Oxidation on the Average Geometrical Parameters Defined in Figure 1 (bond lengths d in angstroms and
angles a in degrees and their standard deviations) Obtained by the Geometry Optimization of 1 and 3−5 at the IEF-
PCM(acetonitrile)/B3P86/6-311G(d)/LANL2TZ Levela

1a 1b 2 3 4 5

xII

aN[Py(II)]−Zn−N[Py(II)] − − − 75.7 75.9 ± 0.0 75.8 ± 0.0
aN[Py(I)]−Zn−N[Py(I)] 76.4 ± 0.0 76.2 ± 0.0 − 76.6 ± 0.0 76.5 −
dZn−N[Py(II)] − − − 2.160 ± 0.002 2.157 ± 0.005 2.159 ± 0.004
dZn−N[Py(I)] 2.155 ± 0.000 2.154 ± 0.002 − 2.151 ± 0.002 2.153 ± 0.005 −
dRu−N[Py(II)] − − 2.083 2.071 ± 0.001 2.070 ± 0.001 2.070 ± 0.001
dRu−N(ax) − − 2.165 2.164 ± 0.000 2.163 ± 0.001 2.163 ± 0.001
tbipy − 37.1 ± 0.5 − 34.7 ± 0.5 32.1 ± 3.1 32.9 ± 2.7

xIII

aN[Py(II)]−Zn−N[Py(II)] − − − 75.1 75.6 ± 0.0 75.7 ± 0.0
aN[Py(I)]−Zn−N[Py(I)] − − − 76.8 ± 0.0 76.9 −
dZn−N[Py(II)] − − − 2.177 ± 0.001 2.166 ± 0.007 2.166 ± 0.004
dZn−N(I) − − − 2.144 ± 0.002 2.145 ± 0.003 −
dRu−N[Py(II)] − − 2.100 2.107 ± 0.001 2.110 ± 0.002 2.116 ± 0.002
dRu−N(ax) − − 2.142 2.138 ± 0.001 2.134 ± 0.001 2.136 ± 0.002
tbipy − − − 38.2 ± 1.6 38.0 ± 0.5 41.5 ± 3.1

Δ(xIII − xII)
aN[Py(II)]−Zn−N[Py(II)] − − − −0.7 −0.4 −0.1
aN[Py(I)]−Zn−N[Py(I)] − − − 0.3 0.4 −
dZn−N[Py(II)] − − − 0.017 0.009 0.007
dZn−N[Py(I)] − − − −0.006 −0.009 0.000
dRu−N[Py(II)] − − 0.017 0.036 0.040 0.046
dRu−N(ax) − − −0.023 −0.026 −0.029 −0.027
tbipy − − − 3.4 5.9 8.6

aA distinction is made between the bipyridine bearing Ru-bearing moieties [Py(II)] and those without [Py(I)].
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On one hand, for the “core” part, the presence of Ru-
donating moieties (1a → 3, 4, or 5) and of oxidation (xII →
xIII) both led to a slight decrease in the N[Py(II)]−Zn−
N[Py(II)] angles and an increase in the Zn−N[Py(II)] bond
lengths. Overall, this part of the molecule remains mostly
unaffected because the oxidation effects are localized on the Ru
moiety. On the other hand, for the “ruthenium” moieties, the
modifications are 1 order of magnitude larger. Again, the
presence of the Ru-containing ligands and the oxidation impact
the geometry in the same way, though the later is more
important. The Ru−N[Py(II)] bond (dark blue in Figure 1b)
lengths increase, while the Ru−N(ax) bond (red in Figure 1b)
lengths decrease. Both effects are consistent with the
weakening, upon oxidation, of the back bonding between the

Ru atoms and the pyridyl ligands. An additional clue comes
from the modification of the torsion angle between the
pyridine rings, which increases upon oxidation. These
oxidation-induced modifications are consistent with the
observation of Zhang et al.,34 although more important due
to the multiple Ru centers. In conclusion, the effect of
oxidation is the reduction of the π-conjugation between the Ru
and Zn moieties.

3.2. First Hyperpolarizabilities. The static and dynamic
(1907 and 1064 nm) first hyperpolarizabilities of all cations are
listed in Table 2. The ordering of the βHRS amplitudes of the
reduced forms follows the order

< ≪ < ≪ ≈1b 1a 2 5 3 4II II II II

at the three considered wavelengths. Going from cation 1a to
3, i.e., upon addition of a pair of Ru-based donor moieties,
results in a huge enhancement of the first hyperpolarizability.
Then, adding a second pair increases only slightly βHRS, while it
decreases upon the inclusion of a third pair so that the β value
becomes comparable to that of cation 2. The depolarization
ratios are close to 5−6 for cations 2−4 and close to 1.7 for
cations 1 and 5, evidencing the octupolar character of β
associated with the D3-like symmetry. The DR of cation 3 is
actually the largest, corresponding to the most pronounced
dipolar character. Moreover, the dynamic βHRS responses of
cations 1 and 2 are smaller than the static ones, a fact that
originates from a dynamic permittivity of acetonitrile that is
smaller than its static counterpart.
After oxidation, βHRS decreases but the trend among the

different Ru-containing cations remains

< < ≈2 5 4 3III III III III

Figure 1. Definition of the geometrical parameters for the (a) “core” part and (b) “ruthenium” part. A distinction is made between the bipyridine
bearing Ru-donating moieties [Py(II)] and those without [Py(I)]. “bipy” stands for bipyridine.

Table 2. Static and Dynamic (1907 and 1064 nm) First Hyperpolarizabilities (βHRS, au) of x (x = 1−5) Together with the
Ratios between the Two Oxidation States (xII/xIII), as Computed at the LC-BLYP/6-311G(d)/LANL2TZ Level in Acetonitrile
(IEF-PCM)a

reduced (xII) oxidized (xIII) xII/xIII

static 1907 nm 1064 nm static 1907 nm 1064 nm static 1907 nm 1064 nm

1a 83 (1.50) 42 (1.50) 49 (1.50) − − − − − −
1b 57 (1.50) 7 (1.65) 14 (1.46) − − − − − −
2 652 (4.65) 475 (4.67) 612 (4.74) 128 (3.04) 159 (4.02) 192 (4.21) 5.08 2.99 3.19
3 3070 (6.08) 2875 (5.93) 4194 (5.98) 251 (4.49) 837 (6.01) 1055 (6.34) 12.25 3.44 3.98
4 3164 (5.10) 3035 (4.67) 4359 (4.81) 210 (3.03) 682 (3.81) 917 (3.90) 15.13 4.45 4.76
5 986 (1.72) 934 (1.72) 1478 (1.79) 354 (2.92) 343 (1.54) 436 (1.54) 2.79 2.73 3.39

aThe depolarization ratio (DR) is given in parentheses.

Figure 2. Evolution of βHRS (au) as a function of the CT mixing
parameter (mCT) for the three models (thick lines, obtained with t =
T = 0.1 Eh and μCT = 1ea0) as well as their ratios (dashed lines).
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except in the static limit, where 3III < 5III. This inversion is
related to frequency dispersion. Therefore, in the dynamic
regime, the βHRS(x

II)/βHRS(x
III) contrast between the two

oxidation states is slightly larger than 3 and follows the order

≈ < <2 5 3 4

Those ratios are comparable to that reported by Zhang et al.34

for one-dimensional-like derivatives of cation 2.
In addition to these fully oxidized (RuIII) and fully reduced

(RuII) states, there are in principal intermediate redox states
(e.g., 1, 2, ..., Ru sites of 5 are oxidized) and their linear and
nonlinear optical properties might also be distinguishable.
However, as observed in previous studies of related
compounds,21,27,28,71 the coupling between the ruthenium
units is negligible so that only one oxidation wave is
experimentally observed. Therefore, only a short investigation
was conducted on cation 5 with total charge of +16 (formally
four RuII and two RuIII atoms) and +18 (formally two RuII and
four RuIII atoms). Calculations performed at the same level of
approximation as for the other species demonstrate that partial

oxidation or reduction leads to a βHRS response of ∼3500 au at
1907 nm with a DR of ∼4.0. To a certain extent, this result
could have been expected because the partial oxidation or
reduction leads to an effective Λ-shaped NLOphore.

3.3. Insights from the VB-nCT Models. The first
hyperpolarizability of the reduced forms, which are large and
dominated by CT transitions, can be analyzed using simple
VB-nCT models. The evolution of the static βHRS with the CT
character (mCT) given in Figure 2 shows variations as a
function of the shape. (i) In the simple D/A case, βHRS
presents two maxima at mCT = ±√5/5 ≈ ±0.45.18,19 (ii) In
the VB-2CT model, where θ = 120° (which corresponds to the
angle between the CT dipoles of cation 4), it exhibits only one
maximum located in the mCT ≈ 0.3 area.65 (iii) For the VB-
3CT model with a D3-like structure, βHRS increases monotoni-
cally with mCT.

38,39 Therefore, (i) D/A pairs of moderate
strength favor large βHRS responses with one bridging ligand
(featuring the linkers with two Ru atoms), (ii) stronger D/A
pairs lead to large responses for structures with two or three
bridging ligands, and, finally, (iii) the octupolar species has the

Table 3. Nature of the Main Electron Transitions (vertical excitation energy and oscillator strength in parentheses) and
Electron Density Difference (negative in blue, isovalue of 0.001 au, two orientations) Together with the Related Quantities
[charge transfer amplitude (qCT), distance (dCT), and radius (rCT)] of 1a and 1b as Computed at the LC-BLYP/6-311G(d)/
LANL2TZ Level in Acetonitrile (IEF-PCM)a

aTwo molecular orientations are proposed for each transition state.
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largest response in the limit of a very large mCT. Assuming that
the VB-nCT parameters can be considered similar between the
compounds, these models help to rationalize the differences in
βHRS among cations 3II−5II, which are governed by the
symmetry. Upon comparison of the relative βHRS amplitudes of
3II−5II, it is deduced that mCT ∼ −0.1, which is not far from
the cyanine limit.
On the basis of this analysis, two design strategies for

enhancing β are therefore suggested. The simplest consists of
increasing mCT (by modification of the donor/acceptor pair),
which will increase the β of the octupolar architecture with
respect to those of the others. Another, indirect, issue consists
of lengthening the π-conjugation path. While this leads to a
decrease in mCT,

66 it comes together with an increase in the
CT dipole moment, which globally leads to an enhancement of
βHRS, even though an appropriate balance between the two
effects needs to be found. In such a case, the one-dimensional
and Λ-shaped structures would present responses larger than
those of their octupolar analogues. This strategy was explored
by Zhang and Champagne in ref 35 for the reduced forms,
resulting in a 4-fold increase in βHRS for derivatives of cation 2,
when increasing the length of the polyenic segment between
the pyridine and pyridinium rings.
3.4. Excited States. Figure 3 displays the simulated

absorption spectra of cations 1a and 1b. To confirm the
predictions of the VB-nCT models, the important excited
states are analyzed and their characteristics are detailed in
Table 3. The spectrum presents a first absorption band around
260 nm. Going from 1a to 1b slightly increases both the
wavelength and the oscillator strength of this band, which is
associated with the lengthening of the π-conjugated path. A
second, more intense, band around 220 nm appears for cation
1b. Both are ILCT (intraligand charge transfer) π → π*
transitions that do not involve the Zn atom. This first
absorption band is composed of 2 (#1 and #2, located on two
ligands) + 1 (#3, located on the three ligands and having the
largest intensity) electronic transitions. As expected for the
ILCT transition, the charge transfer distances (dCT) are quite
small for all three, with a moderate (0.4 e) amplitude of the
transferred charge. The radial charge densities are similar for all
three first excited states of 1a and 1b (Figure S1). A

representative example (ES #3) is given in Figure 4. For the
zone below r = 6 Å, the shapes for 1a and 1b are similar: the

electron density moves mostly from C3 and C5 to N1 and C4.
The peak around 3 Å in ρr

+ is due to an increase in the density
in the π orbital between C6 and C6′. When r > 6 Å, while ρr

±(r)
tends toward 0 for 1a, the second ring also slightly contributes
for 1b. This results in (i) larger rCT values for 1b than for 1a
(around −0.1 Å for 1a and 0.3 Å for 1b) and (ii) a change in
the sign, i.e., of direction.
Figure 5 displays the simulated absorption spectrum of both

forms of 2, while Table 4 details the main transitions. The
singlet reduced form (2II) displays two important bands,
located around 250 and 200 nm, with large qCT, dCT, and |rCT|
values. Upon oxidation (2III, doublet), the first excitation band
disappears, while two ES appear around 230 nm. The topology
of the electron density differences changes and is accompanied
by a decrease in the oscillator strength (together with a
decrease in qCT and dCT). Note that the spin contamination
remains moderate (0.15 < Δ⟨S2⟩ < 0.4).
The radial distributions of the electron density difference are

plotted in Figure 6 for these excited states. The two transitions
in 2II have a similar shape, describing mostly a displacement of
the electron density from the Ru atom to the pyridine ring
[positive ρr(r) when r < 4 Å, especially around N1]. This
corresponds to a MLCT transition. On the contrary, ρr(r)

Figure 3. Simulated UV/vis absorption spectra of cations 1a and 1b,
as computed at the LC-BLYP/6-311G(d)/LANL2TZ level in
acetonitrile (IEF-PCM). Each transition is represented by a Gaussian
function (full width at half-maximum of 0.3 eV), together with its
impulse, which is proportional to the oscillator strength. The different
maxima of the curves are also reported.

Figure 4. Radial distribution of the electron density difference
(centered on the Zn atom) of ES #3 of 1a (middle, numbering of the
atoms on top; the purple atoms are equivalent by symmetry) and 1b
(bottom) as computed at the LC-BLYP/6-311G(d)/LANL2TZ level
in acetonitrile (IEF-PCM). The (small) black arrow represents rCT =
⟨r⟩+ − ⟨r⟩−.
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shows the opposite trend for ES #1 and #3 of 2III. ES #2 of 2III

is mostly located on the Ru center, which corresponds to a
metal-centered (MC) excited state. It is also noticeable that
rCT is positive for 2

III, which indicates a change in the direction
of the electron density displacement upon excitation with
respect to the reduced form.
Overall, the important excited states of 1a and 1b are ILCT

within the pyridine rings. In 2II, the first two bands show a
clear MLCT character, which disappears upon oxidation,

leading to LMCT and MC transitions. This observation is
consistent with the drastic decrease in βHRS from 2II to 2III as
calculated at the TDDFT level, as well as with the analysis
from the VB-CT model (due to the decrease in qCT and dCT).
Now, it is interesting to analyze the corresponding behavior in
3−5, which combine the 1 and 2 moieties.
The simulated absorption spectra of both oxidation states of

cations 3−5 are shown in Figure 7. For the reduced forms, the
spectra displays three maxima: around 285, 260, and 210 nm.
While their positions remain mostly unaffected (the corre-
sponding ES are slightly red-shifted) upon addition of Ru-
bearing moieties (3II → 5II), the intensity of the first and last
increases, mostly due to the addition of extra ES (the oscillator
strengths of the corresponding transitions remain similar). The
analysis of the difference in the density of the important ES
(Tables S5−S7 and Figures 8−10) shows that the first peak
consists of MLCT transitions as expected (like ES #1 of 2II,
but red-shifted because the π-conjugated path is more
important), while the two others have an ILCT character
close to that of 1b. With regard to the oxidized forms, the
changes are comparable to the oxidation of 2: the MLCT
character is lost in favor of ILCT, together with an inversion of
the displacement of the electron density upon excitation
(Tables S8−S10 and Figures 8−10). Note that there are many
transitions with weak oscillator strengths, so that only the first
peak of 5III (at 268 nm) is obtained when including the first
100 excited states.

Figure 5. Simulated UV/vis absorption spectra of cations 2II and 2III,
as computed at the LC-BLYP/6-311G(d)/LANL2TZ level in
acetonitrile (IEF-PCM). Each transition is represented by a Gaussian
function (full width at half-maximum of 0.3 eV), together with its
impulse. The different maxima of the curves are also reported.

Table 4. Nature of the Main Electron Transitions (vertical excitation energy and oscillator strength in parentheses) and
Electron Density Difference (negative in blue, isovalue of 0.001 au, two orientations) Together with the Related Quantities
[charge transfer amplitude (qCT), distance (dCT), and radius (rCT)] of Both Oxidation States of Cation 2 as Computed at the
LC-BLYP/6-311G(d)/LANL2TZ Level in Acetonitrile (IEF-PCM)a

aTwo molecular orientations are proposed for each transition state.
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4. CONCLUSIONS AND OUTLOOK
In this paper, (time-dependent) density functional theory
calculations are enacted to study an octupolar molecular switch
bearing six Ru centers, associated with three bidentate ligands
forming complexes with the central Zn atom. This switch can
be triggered by redox, corresponding to the Ru(II)-to-Ru(III)
transformations, and vice versa. The linear and second-order

nonlinear optical properties of this challenging complex cation
have been studied in its fully reduced and fully oxidized forms.
The first hyperpolarizability of the reduced form is 3−4 times
larger than that of the oxidized form, as a result of substantial
contributions from low-energy metal (Ru)-to-ligand charge

Figure 6. Radial distribution of the electron density difference
(centered on the C1 atom) of the first important excited states of 2II

(middle, numbering of the atoms on top; the purple atoms are
equivalent by symmetry) and 2III (bottom) as computed at the LC-
BLYP/6-311G(d)/LANL2TZ level in acetonitrile (IEF-PCM).
Arrows indicate rCT = ⟨r⟩+ − ⟨r⟩−.

Figure 7. Simulated UV/vis absorption spectra of cations 3II−5II (top) and 3III−5III, as computed at the LC-BLYP/6-311G(d)/LANL2TZ level in
acetonitrile (IEF-PCM). Each transition is represented by a Gaussian function (full width at half-maximum of 0.3 eV), together with its impulse.
The different maxima of the curves are also reported.

Figure 8. Radial distribution of the electron density difference
(centered in Zn) of the first important excited states of 3II (middle,
numbering of the atoms on top; the purple atoms are equivalent by
symmetry) and 3III (bottom) as computed at the LC-BLYP/6-
311G(d)/LANL2TZ level in acetonitrile (IEF-PCM). Arrows
indicate rCT.
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transfer excited states. On the contrary, upon oxidation, there
is a reversal of the direction of charge transfer and a reduction
of its amplitude, which explains its smaller first hyper-
polarizability. These modifications of the electronic and optical
properties upon oxidation have been shown to be associated
with a decrease in the level of π-conjugation via a weakening of
back bonding between the Ru atoms and the pyridyl ligands,
which is evidenced by comparing the ground state geometries.
The first hyperpolarizability of both oxidation states of this

octupolar molecular switch has been further analyzed by
studying its fragments, in particular those structures obtained
by removing one or two bridging ligands. Upon removal of one
ligand, the switch contains four Ru centers and corresponds to
a Λ-shaped NLOphore, while after removal of two of such
ligands, the structure resembles a one-dimensional push−pull
NLOphore. For these Λ-shaped and one-dimensional-like
systems, the calculations predict, for the reduced form, an
enhancement of the first hyperpolarizability by a factor of ∼3.
These results have been rationalized by adopting the VB-nCT
models. Subsequently, this model is used to propose design
rules to enhance the first hyperpolarizability of such cations
with multiple Ru centers. In particular, in the case of the
octupolar structures, it appears to be important to achieve

greater charge transfer character in the ground state to enhance
the first hyperpolarizability.
In addition to unraveling structure/symmetry−property

relationships, this paper has discussed the choice of an
appropriate density functional theory level of calculations, by
probing the effects of the exchange-correlation functional and
of the atomic basis set on the structural and nonlinear optical
properties. Finally, the few-state model analysis has been
facilitated by adapting to systems having a “radial” structure
the method for analyzing the ground-to-excited state electron
density differences.
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Figure 9. Radial distribution of the electron density difference
(centered on the Zn atom) of the first important excited states of 4II

(middle, numbering of the atoms on top; the purple atoms are
equivalent by symmetry) and 4III (bottom) as computed at the LC-
BLYP/6-311G(d)/LANL2TZ level in acetonitrile (IEF-PCM).
Arrows indicate rCT. Note that for ES #3 of 4III, rCT = 0.02 Å,
which is too small to be displayed.

Figure 10. Radial distribution of the electron density difference
(centered on the Zn atom) of the first important excited states of 5II

(middle, numbering of the atoms on top; the purple atoms are
equivalent by symmetry) and 5III (bottom) as computed at the LC-
BLYP/6-311G(d)/LANL2TZ level in acetonitrile (IEF-PCM).
Arrows indicate rCT.
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