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A set of 22 ruthenium nitrosyl complexes of general formula [Ru(L)CL(NO)]" is investigated

computationally by the density functional theory. L is a terpyridine ligand substituted by different

1somers of formula C;HgN, either indole, isoindole, or carbazole, proposed as alternative donors to

the electron-rich fluorene substituent. The computed resulting nonlinear optical (NLO) properties

are found to strongly depend on the isomer. While the ruthenium complexes exhibit modest

efficiencies at the second-order (two-photon absorption) level, some of the R isomers lead to

complexes of enhanced capabilities in first order (£) nonlinear optics. The synthetic feasibility of

these ligands is discussed.

Introduction

The prediction by Goppert-Mayer in
1931 [1] that a molecule could absorb two
photons simultaneously within a so-called two-
photon absorption (TPA) process, was
demonstrated experimentally in 1961 [2] and
has gradually emerged to become the most
promising of the nonlinear optical (NLO)
properties. Indeed, several reviews have
witnessed the considerable attention devoted to
this intriguing phenomenon in relation to its

relevant applications either as advanced optical

materials, or in various fields of life sciences,
such as biomedical imaging and photodynamic
therapy [3-7].

Photodynamic therapy is a non-surgical
therapy based on photosensitizers, which are
innocent molecules in the dark, capable to
induce damage upon optical irradiations. Their
toxicity has mostly been due to singlet oxygen
generated by energy transfer from the excited
state of the photosensitizer to dioxygen [8].
Nevertheless, alternative species have recently
been envisioned. For instance, nitric oxide

(NO"), which plays a key role in numerous
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physiological and pathological processes such
as blood pressure regulation, immune response,
neurotransmission, or respiration [9], has also
been recognized for its cytotoxic activity in
tumor cells by apoptosis [10], and therefore the
search for efficient NO* donor has become an
active research domain, especially in the class
of ruthenium(II) nitrosyl complexes [11-14].

We have recently reported on two
substituted cis- and trans-terpyridinenitrosyl-
ruthenium(Il) complexes (A and B, Scheme 1)
capable to release NO' with good quantum

yields, under irradiation at A =405 nm [15].
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Scheme 1. Ruthenium(II) nitrosyl complexes with

terpyridine-based ligand

This effect should benefit from the TPA
phenomenon which is proportional to the square
of the light intensity (¢ I?) and therefore is
confined to the focal volume, a situation which
prevents undesirable collateral photochemical
damages. Additionally, while most NO" donors
require to be irradiated in the 400-600 nm
wavelengths domain, the use of TPA at double
wavelength allows working in the 600-1300 nm
therapeutic window of relative transparency of
the biological media [16]. Owing to these
appealing perspectives, the issue of designing
terpyridinenitrosylruthenium(II) complexes
exhibiting sizeable TPA capabilities arises
naturally.

The TPA response of a molecule can be
understood in the context of the TPA cross-
section (orpa) of each of its individual g — e;
electronic transitions towards its i excited state.
orpa 18 the two-photon equivalent of the one-
photon absorption extinction coefficient (&opa),
and is related to the imaginary part of the
second hyperpolarizability (/my), as follows
[17]:

8n2hw?
OrpAa = %LLLIT"V (1)

where w is the laser frequency, n the refractive
index, c the velocity of light in vacuum, and L
the local field factor, and y the second-order
hyperpolarizability defined from the Taylor
development of the molecular polarization (u)

induced by an external electric field (£) as:
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U=po+aE+BE*+yE3+-- (2)

where 44 1is the dipole moment, « the

polarizability, £ and y the first and second order
hyperpolarizabilities. Two kinds of molecules
have gradually emerged as promising TPA
candidates: dipolar and quadrupolar
(centrosymmetric) molecules [3-7]. In the case
of the present investigation, and while the
complete understanding of the quantum
mechanism involved in the NO- release is still
being discussed by theorists [16], an electronic
transition towards the strong withdrawing
nitrosyl ligand has been identified as the first
step of the NO- release process. If this transition
has to be TPA active, it seems therefore natural
to target the NO- donor in the class of “push-
pull” I-dimensional chromophores, in which the
electron withdrawing pole (NO) finds its
electron donating (ED) counterpart on an
electron-rich substituted terpyridine ligand. This
situation leads to the target molecules C
(Scheme 1).

In the case of long range delocalized
push-pull effects, the expression of orpa can be
tentatively approached by a simple two-level
model involving the current g — e transition. as

follows [6]:

2
16 Zf(ﬂee_ﬂgg)
5h2c2TEge

3)

OTpg =

In this equation, Eg 1is the energy of the

transition, f its oscillator strength, g, and e,

the dipole moments in the ground and excited

10

states, respectively. It is interesting to point out
that equation 4 is reminiscent of the simplified
but widely used “two-level” description of the
intrinsic £ (equation 2), denoted [, which
relates the property to the contribution of a

single g — e transitions as follows [19]:

,8 ~ 3ezhf(ﬂee_ﬂgg)
0 zm(Ege)3

(4)

It is noteworthy that expressions (3) and
(4) involve the same parameters (Uee — Uggs f,
and Eg.). These similarities imply that a
promising strategy in the search for molecules
with high orps values should be to target

molecules designed for high S values for which

the two-level model (/) has long been applied

successfully [20].

In the present report, various [Ru"(R-
terpy)(C1),(NO)]”  complexes bearing R
donating  substituents  are  investigated

computationally in a research effort aimed at
targeting suitable candidates for high g values,
and therefore potentially enhanced TPA
response. In the reference compound B, the
fluorenyl substituent (D, Scheme 2) acts as the
electron donor in the charge transfer transitions
[15]. Nevertheless, the donating capabilities of
D are rather moderate. The introduction of an
electron rich center delocalized within the
polycyclic structure should be a means of
guaranteeing an enhancement of the donating
capabilities of D. For instance, the introduction

of a nitrogen atom in the central node leads to
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the pyrido[2,1-a]isoindole species, in which a
14 rmelectrons path of delocalization can
provide a sizeable push-pull effect either
towards position 6 or 4 (E and F respectively,

Scheme 2).
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Scheme 2. Polycyclic structures with donating
capabilities.

It was previously shown by theoretical
calculations using several approaches and then
proved with X-ray diffraction analysis and mass
spectrometry that the nitrogen atom of the
isoindole is strongly involved in the =-
delocalized structure [21,22]. Owing to an
electron-rich o-quinonic structure, isoindole can
act as an efficient electron-donating moiety.
Joining an additional pyridine ring to an
isoindole core evolves 10 & electron systems to
14 m systems along with conservation of a
conjugation over the entire extend of the rings
[23]. The indole species G (Scheme 2) could
also be envisioned as an alternative species, and
more generally, any nitrogen-based heterocycle
constructed from the benz[f]indene skeleton H
could also be encompassed in this investigation.

Altogether, this approach leads to a total of 107

11

potential isomers. The investigation will be
extended to the reference fluorene substituent D
present on the terpyridine ligand in complex A
and B, for the sake of a relevant quantification.
The systematic screening of nitrogen
heterocycles will be presented first. Then the
first hyperpolarizabilities, orp4, and dominant
UV-vis parameters computed with the
framework of the density functional theory
(DFT) for the resulting species will be discussed
in order to target the most promising of these
species for further NLO applications at the

quadratic or cubic level.

Computational methods

The ruthenium complexes investigated
in the present study were fully optimized in gas
phase using the Gaussian-09 program package
[24] within the framework of the Density
Functional Theory (DFT). The double-C basis
set 6-31G* was used for all atoms except the
heavy ruthenium atom, for which the
LANL2DZ basis set was applied to account for
relativistic effects [25]. To be consistent with
our previous report [15], and in agreement with
a previous investigation of ruthenium-nitrosyl
by Mascharak [26], we have selected the hybrid
B3PWOI1 the
B3PWO9I1 has been shown to outperform other

hybrid functionals (e.g. B3LYP) and pure

functional for optimization.

functionals (e.g. PW91) in numerous cases of
ruthenium complexes, especially when back

bonding ligands (like NO) are present [26,27].
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The vibrational analyses were performed at the
same level to verify that the stationary points
correspond to minima on the potential energy
surfaces. The UV-visible electronic spectra
were then computed at the CAM-B3LYP/6-
31G* level, which was selected for its good
efficiency to reproduce experimental transition
energies within an uncertainty < 0.5 eV in the
case of the reference molecules A, and B [15].
For each molecule under investigation, the two
possible conformers resulting from the rotation
around o-bond between the fused heterocyclic
system and the C=C double bond of the ethenyl
linkage were considered (vide infra). The most
stable one was selected by comparison of their
Gibbs free energy (AG®).

The total hyperpolarizabilities (f) were
computed at the B3PW91/6-31G** level, in
which p polarization functions are used on
hydrogen atoms. The ten independent p;jx
tensor components were computed by the
derivative procedure implemented in Gaussian-

09, according to the following equation:

3w

o=~ (aem),., O

where W is the energy and E the electric field.
This expression is only valid for the static field
limit, which corresponds to the Kleinman
conditions [28]. We have checked that £ is not
field dependent in the range of computations.

The final £ value is given as the

magnitude of the Svector (=,/fZ + B3 + f2).

12

The vectorial component S; is computed from

the tensor components as: f; = Bixx + Biyy +

ﬁizz-

Results and discussion
Selection of the candidates

Owing to the large number of isomers (107), the
only ones selected here were those having the
whole (14) m-electrons potentially involved in
the path of conjugation from the nitrogen atom
to the linkage towards the terpyridine, for a
better comparison of their induced push-pull
capabilities. The different structures can be
gathered in two groups depending on the
position of the 5-membered ring either on the
side (6-6-5) or in the center (6-5-6) of the
(Note of
bent

molecule that, for the sake

simplification, the 3-fused rings or
structures were discarded from the selection).
Each system is further identified by the position
of the nitrogen atom, and by that of the linkage.
Depending on the place of the nitrogen in the
rings, and to ensure that a tertiary amine is
present in any case, any —NH group is replaced
by -NMe. Finally, an ethenyl (-CH=CH-) unit is
inserted between the polyaromatic system and
the terpyridine moiety to reduce the steric
hindrance in the molecules. This modification is
achieved in order to decrease undesirable
torsion angles and to enhance the conjugation of
n-bonds. Such alteration allows us to compare
the real influence of the isomeric heterocycles

on optical and electronic properties of the
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complexes. The resulting 1 — 22 candidates are
presented in Scheme 3, with the reference

complex B’ related to B, in which the ethenyl

6-6-5-membered tricyclic rings

N in the 5-membered ring N in a 6-membered ring

unit is introduced for a better consistency with

the 22 molecules under investigation.

Fluorenyl-based reference

3

6-5-6-membered tricyclic rings

N in the 5-membered ring N in a 6-membered ring
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Scheme 3: 6-6-5-membered tricyclic rings (1 — 11) and 6-5-6-membered rings (12 — 22) complexes, and reference

derivative B’.

Computed geometries

The details for the computed
coordination spheres of the 23 complexes under
investigations are provided in Table 1, and
compared to that of the previously reported
complex B.

The computed coordination spheres

appear similar in any case, with largest relative

13

bond lengths difference of 0.6 % observed at the
Ru-N (central pyridine) between 7 (1.993 A)
and 12 (2.006 A). The agreement with the
experimental data available [15] is found
satisfactory, with a general shortening of bond
lengths in the X-ray geometries, from those

computed by DFT.
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compound | Ru-N (NO) Ru-N Ru-N Ru-Cl Cl-Ru-Cl
(central pyridine)  (lateral pyridines)
1 1.760 1.994 2.087 2.405 172.5
2 1.759 2.002 2.087 2.401 171.8
3 1.758 2.001 2.088 2.401 171.9
4 1.759 1.995 2.087 2.404 172.4
5 1.759 1.998 2.087 2.403 172.1
6 1.763 1.994 2.086 2.405 172.5
7 1.761 1.993 2.086 2.406 172.6
8 1.764 1.998 2.085 2.404 172.1
9 1.758 2.005 2.087 2.400 171.4
10 1.760 1.999 2.087 2.402 172.0
11 1.760 2.000 2.087 2.402 171.9
12 1.758 2.006 2.088 2.399 171.4
13 1.759 2.000 2.087 2.402 171.9
14 1.759 1.996 2.087 2.404 172.5
15 1.759 2.003 2.087 2.401 171.6
16 1.758 2.001 2.087 2.402 171.9
17 1.759 2.003 2.087 2.400 171.6
18 1.760 1.994 2.086 2.405 172.6
19 1.760 1.996 2.086 2.404 172.3
20 1.759 2.005 2.087 2.400 171.4
21 1.760 1.998 2.087 2.402 172.1
22 1.760 1.996 2.087 2.404 172.4
B’ 1.760 2.004 2.088 2.400 171.6
B 1.759(6) 2.001(5) 2.081(6) 2.348(2) 172.58(6)
2.073(6) 2.364(2)

Table 1: Main bond lengths (in A) and angles (in °) in the computed coordination spheres. The values for B are

experimental X-ray data (ref 15), provided as references.

“Push-pull "effects in complexes 1 - 22
The relevant NLO parameters (5, f, and
orpa) of the 22 selected isomers are gathered in
Table 2. It is important to note that, while S

corresponds to the quadratic NLO response of

14

the entire molecule (equation 2), fy, and orpa
refer to response of an individual transition from
the (g) ground to a given (e) excited state. The
excited states given in the table correspond to
the only ones providing significant f, values.

To further simplify the understanding, £, and
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orpa are expressed as relative values, those of the B’ reference system being taken as 1.

Table 2 NLO quadratic (8 in 10 cm’ esu™, and relative /3, related to the i™ transition) and cubic (relative oppa cross-

section related to the i transition) for 1-22, and B’ for which £, and orp, are set at 1, and used as references.

compound Y # exited state relative /% relative orpa

487.2 i=1 0.83 0.24

732.3 i=1 0.96 0.56

i=5 0.63 0.57

3 450.4 i=1 1.32 1.01
4 475.8 i=1 0.90 0.30
5 502.3 i=1 1.34 0.48
6 2709.9 i=1 0.58 <0.01
7 1539.5 i=1 2.82 0.57
8 2751.7 i=1 3.34 0.09
9 301.4 i=1 0.29 0.15
10 1130.0 i=1 0.96 0.10
11 733.2 i=1 1.37 0.03
12 233.1 i=3 0.48 0.52
i=5 0.15 0.21

13 754.2 i=1 1.43 0.48
14 376.1 i=1 0.74 0.24
15 540.4 i=1 0.85 0.28
16 553.3 i=1 1.04 0.53
17 975.3 i=1 0.97 0.28
18 855.1 i=1 1.30 0.27
19 782.8 i=1 0.94 0.08
i=8 0.19 0.10

20 328.8 i=1 0.21 0.03
i=7 0.21 0.11

21 1289.8 i=1 1.48 0.34
22 1041.2 i=1 1.11 0.25
i=8 0.54 0.43

B’ (reference) 463.2 =4 1 1

The first thing to observe in the Table is capabilities of the electron-rich heterocyclic
that the # values of compounds 1-22 are amines. Nevertheless, this tendency is not
generally larger than that of the reference observed in compounds 3, 9, 12, 14, and 20,

compound B’. This confirms the donating Wwhich emphasizes the role of the conjugation

15
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path, although the delocalization over the whole
extent of the m-system is present in any cases.

More generally, what strikes from the
examination of Table 2 is the magnitude of the
computed values, for isomeric species
containing the same acceptor (NO), conjugated
path length (arylethenyl-substituted terpyridine)
and closely related donors (tertiary amines).
Indeed, franges from 233.1 (12) to 2751.7 (8) x
107 cm’ esu”, S from 0.21 (20) to 3.34 (8),
and orpa from <0.01 (6) to 1.01 (3).

Computed S values around 100 x 107
cm’ esu’ are rather common in conjugated
organic species [29]. Values larger than 1 000 x
107 ecm® esu” have occasionally be found in
the case of donor-acceptor effects extended over
a path of conjugation in the range of 20 bonds
[30]. Few experimental data have been reported
in which the withdrawing core is based on a Ru"
center. Representative examples are provided in
Figure 1. They are associated with typical f
values around 300-500 10°° x cm’ esu’.
Therefore, the large values computed here (=
2709.9 and 2751.7 x 107° ¢cm® esu! for 6 and 8,
respectively) may be accurate and therefore
deserve further analyses.

Following the conventional picture of
donor-acceptor chromophores, increasing f
would imply increasing the push-pull effect
from the heterocyclic amine towards the
Ru(NO) core. This should normally lead to an
of the electron transfer to

increase an

antibonding n* orbital of the nitrosyl ligand,

16

with the outcomes of a decrease of the vNO

stretching frequency. This 1is illustrated in

BU2N\@
BUZN

B=420103° cm® esu™ (at 1.32 um)

Figure 2.

NEt,

By =300 103 cm® esu™

Figure 1: Metal organic chromophores with sizeable
experimental quadratic NLO response in dipolar (top)

[31] and octupolar (bottom) [32] geometries.

It is worth pointing out that the
computed vNO frequencies appear larger than
experimental data [33], a discrepancy which has
to be related to the modest accuracy of the
computational method. Nevertheless, comparing
the differences in frequencies instead of the

absolute values is more reliable in this case.



FRENCH-UKRAINIAN JOURNAL OF CHEMISTRY (2017, VOLUME 05, ISSUE 01)

Owing to the crude tendency observed in
the Figure, the £ values of compounds 6 and 8
should lie in the 1000 — 2000 x 10>° cm’ esu™
range. Therefore, the large computed values (>
2500 x 107° cm’ esu™) strongly suggest that the
properties cannot be fully understood within the
framework of the simplified two-level model in

these species.
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Figure 2. S values against vNO frequencies for the series

of 1-22 derivatives. 6 and 8 are excluded for the

computation of the trend (dotted) line.

Finally, and to propose a rational for
very large [ values in some of the present
isomers, it may be pointed out that the most
efficient of them are those in which the 14 =-
electrons are necessarily involved in the path of
delocalization. This is exemplified in Scheme 4
for complexes 10 (8= 1130 x 10°° cm’ esu™),
and 11 (8 = 732 x 107 cm’ esu™), which
contain the same R isomer, and accepting
moieties, but differ from the position of the
linkage. While the only path of delocalization
involves the 14 m-electrons in 10, a shorter

possibility occurs in 11 in which only 10 -

17

electrons contribute to the mesomeric
equilibrium (bottom of Scheme 4).

Interestingly, the only complexes in
which the whole m-electrons of the R donating
substituents (Scheme 3) are necessarily involved
in the path of delocalization are 6, 7, 8, and 10.
They correspond to the species associated to the
highest fvalues, which suggests that this is
probably a key electronic parameter to account

for their enhanced capabilities.
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14 n-electrons
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10 n-electrons
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Scheme 4: Possibilities for mesomeric equilibrium
between the nitrogen rich donor and the accepting (A)

moieties in 10 and 11.

Additionally, the £ values associated to
the contribution of the dominant transitions of
1-22 are gathered in Table 2. In most cases, a
single and low-lying HOMO — LUMO based
transition leads to a significant f, as anticipated
in most push-pull organic chromophores [20].
Nevertheless, a second transition is involved in
complexes 2, 12, 19, 20, and 22, however with a

reduced weight, except in the case of 20, where
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two transitions (0 — 1 and 0 — 7) leads to the
same [ value.

At this stage, the issue of a correlation
between £ and the dominant f arises naturally,
in an attempt to provide a simple picture of the
quadratic NLO response. £ is drawn against [
in Figure 3. Asserting that £ scales like S
would far be excessive. Nevertheless, there is a
rough tendency, for larger f values in the case
of larger f value, except in compound 6. The
parameters used in the computation of /f

(equation 6) are gathered in Table 3.

4
3.5
3
2.5
2
1.5
1
0.5
0 T T T T T ]
1000 1500 2000 2500 3000

L£in 103° cm?® esu?

relative g,

>

Figure 3. Relative £, against S for 1-22 and B’ (Note that
6 is excluded for the computation of the trend (dotted)

line).

Finding Amax values in the 500 — 1 000
nm range is fully acceptable in push-pull
molecules with delocalization over the whole
extend of a chain containing more than 20 =-
electrons. Nevertheless, Am.x values larger than
2000 nm (6 and 8) are rather surprising. The
fact that they are associated to transitions of
unusually weak intensity (8) or wunusually
reduced f&. — 4y value (6) makes these species

definitely unconventional. It raises the issue of

18

the synthetic feasibility of such species in order
to clarify experimentally whether or not these

unexpected properties are true.

Quadratic (f) against cubic (orps)
properties

The orpa cross-sections of the 22
derivatives are gathered in Table 1, as the
relative orpy compared to that of B’ as a
reference. Experimentally, the only reported
cross-section in this class of ruthenium nitrosyl
complexes is that of B (Scheme 1) with a value
of 100 +/- 13 GM [34].

The examination of the data leads to the
first conclusion that, in spite of their donating
capabilities, the heterocyclic amines do not
enhance the orps values with respect to that of
reference. More

the fluorenyl-based B’

generally, there is no correlation between orpa
and fo.

Additionally, it can be observed in Table
1 that, when two low-lying intense transitions
are present (compounds 2, 12, 19, 20, 22), the
lowest energy transition is associated to the
highest £ value. This is not the case for orpa
where the highest energy transition appears to
be that of larger cross-section, except in 12.
This difference points out the versatility of the
energy as a key parameter in the prediction of

the NLO properties.
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Table 3 Dominant transition for f£: absorption maxima (Ay.x) in nm, intensity (f), tee — t4e in D, and composition of
the configuration interaction.

Compound | transitions Amax f Lee — Hgg ~ COMPpOSition
1 0—1 581 1.14 8.22 HOMO — LUMO (87 %)
2 0—-1 623 0.46 19.2 HOMO — LUMO (83 %)
3 0—-1 578 0.70 21.7 HOMO — LUMO (82 %)
4 0—-1 569 1.18 9.17 HOMO — LUMO (85 %)
5 0—-1 662 0.76 13.5 HOMO — LUMO (76 %)
6 0—1 2183 0.12 1.07 HOMO — LUMO (59 %)
7 0—1 824 0.96 11.7 HOMO — LUMO (84 %)
8 0—1 2236 0.06 10.9 HOMO — LUMO (85 %)
9 0—1 727 0.07 22.9 HOMO — LUMO (77 %)
10 0—1 881 0.45 6.84 HOMO — LUMO (83 %)
11 0—-1 896 0.32 13.3 HOMO — LUMO (67 %)
12 0—3 496 0.39 22.7 HOMO — LUMO (80 %)
13 0—-1 699 0.67 13.9 HOMO — LUMO (80 %)
14 0—-1 555 1.14 8.43 HOMO — LUMO (87 %)
15 0—1 709 0.38 13.9 HOMO — LUMO (80 %)
16 0—1 603 0.68 15.6 HOMO — LUMO (80 %)
17 0—1 920 0.13 20.8 HOMO — LUMO (74 %)
18 0—1 656 1.34 7.60 HOMO — LUMO (92 %)
19 0—-1 919 0.41 6.50 HOMO — LUMO (67 %)
20 0—-1 999 0.03 13.9 HOMO — LUMO (78 %)
0—7 514 0.30 11.8 HOMO-1 — LUMO (73 %)
21 0—-1 756 0.68 11.1 HOMO — LUMO (87 %)
22 0—1 822 0.59 9.77 HOMO — LUMO (65 %)
B’ 0—4 464 1.21 18.4 HOMO — LUMO (79 %)

In push-pull species, the fact that g

varies as 1/E° leads to the expectation of

efficient

NLO

effects

restricted to the

contribution of the 1* (HOMO/LUMO-based)
excited state. In the [R-T-Ru"(Cl),(NO)]*

complexes built up from R-donor substituted

terpyridines (e.g. A and B),

the electron

densities at the LUMO level are mostly located

on the Ru(NO) moieties and therefore, are

19

rather unaffected by the presence of the
substituent [15]. By contrast, R provides the
main contribution to the HOMO level. This is
illustrated in Figure 4.

The HOMO energy level appears to be
the ultimate microscopic parameter to account
for B, along the 1-22 series: the highest the
HOMO energy, the lowest the transition energy,
and hence the highest the £ value.
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Figure 4. HOMO (bottom) and LUMO (top) energy

levels of 1-22 drawn against £ and compared to B’.

By contrast, the requirement for low-
energy transition appears much less pressing in
orpa. Indeed, in the case of compounds 2, 12,
19, 20, and 22, where two low-lying intense
transitions are present, the trend is that the
second transition leads to higher orps value. In
Table 3, the only parameter which varies as
orpa Within a given molecule is the oscillator
strength £, which leads to the conclusion that, in
push-pull species, the two-photon absorption
spectrum should be reminiscent of the one-
photon absorption. Nevertheless, determining
precisely the full extent of orpa within a series
of related molecules (e.g. 1-22) remains a very

challenging issue.
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It may be interesting to compare the
Gibbs free energies (AG®) of these systems in

relation to their £ values (Figure 5).

50

E (eV) 8
40 6
7
*
30 e . e
*
20 . ¢
10 .
* *
12
0 -
0 500 1000 1500 2000 2500 3000

L£(103° cm? esu?)

Figure 5. Gibbs free energy of isomers drawn against /.

The energy of the carbazole-based 12 is set at zero.

To be relevant, the comparison has to be
carried out on molecules having the same
formula, which are here the molecules in which
—NH was replaced by -NMe (see section titled
Selection of the candidates). 1t appears that,
while the carbazole-based compound 12 is the
more stable, the most efficient materials (8, 6,
and 7) correspond to the most unstable species.
In order to find a simple rationale to account for
the relative instability of molecules such as 6, 7,
8, the examination of Scheme 3 shows that they
possess no aromatic sextets, by contrast to the
stable species 12, which possesses 2 of them.
The resulting lack of stabilization suggests how
challenging their synthesis might be. Although
this question falls obviously out of the scope of
the present paper, it will be briefly addressed in

conclusion.
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Synthetic feasibility of 1-22
The prediction of extremely large

Pvalues in some of the isomers under
investigation within the 1-22 series raises the
issue of their synthetic feasibility. This should
likely depend on the availability of the
amine and the

heterocyclic system (R)

possibility of its modification for further
coupling with the terpyridine moiety. To reach
these target species, several strategies are

currently being the subject of intense
investigation, notably indenopyridines (17-22)
[35], isoindoles (1) and pyridoisoindoles (13-
14) [36]. A literature survey reveals that the
cyclopentaquinolines species precursors of
molecules 6-8 were never approached, either
theoretically or experimentally.

Introducing a halogen atom or triflate
fragment into heterocyclic amine with the
purpose of allowing a Heck coupling with 4'-
vinyl-terpyridine will be reliably a way to the
formation of the desired ligand. The synthesis of
ruthenium-nitrosyl complexes can be performed
utilizing the procedure described earlier by

Nagao et al [37].

Conclusion

Depending on the structure of the
selected isomer, the twenty two derivatives 1-22
are predicted to possess very different first order

(f) and
properties. They are expected to exhibit a TPA

second-order (TPA cross-section)

cross-section significantly reduced versus that

21

of the reference B’ derivative. By contrast, they

should lead to extremely large quadratic

Vo)

the most promising

hyperpolarizabilities in  some case.

Nevertheless, systems
correspond to the isomers of higher energy, thus

point out the challenging issue of their synthetic

availability.
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