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Dendrimers, arborescent macromolecules exhibiting a large number of functional groups at their surface, appeared as
naturally attractive targets to consider as TPA chromophores. Indeed, dendrimers are a special kind of perfectly defined
hyperbranched polymers constructed stepwise from a multifunctional core at the periphery of which can be grafted a large
density and variety of chromophores.
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| 1. Introduction

After the theoretical prediction of the two-photon absorption (TPA) process by M. Géppert Mayer in 1931 [, and the first
experimental evidence of the phenomenon 30 years later [, this third-order non-linear optical property has received
considerable attention. Indeed, the TPA process is involved in a wide range of applications such as three-dimensional
microfabrication [, optical limitation ¥, photodynamic therapy &, or optical data storage €. Depending on the targeted
application, TPA chromophores have to exhibit specific characteristics such as high fluorescence and/or solubility in
agueous media, for example. Many structure activity relationship studies were reported, and a large number of new
organic dyes were designed and synthesized with the objective of reaching high TPA efficiencies . The efficiency of a
TPA chromophore is given by its cross-section value (0TPA), expressed in Goppert-Mayer (1 GM = 107°° cm* s photon™).

In the design of chromophores for two-photon absorption, dipolar structures D-Tt-A, in which a donor group D is separated
from an acceptor group A by a Tt-conjugated bridge, were first investigated [, followed by quadrupolar molecules D-1t-D
or A-1t-A . These studies evidenced that D-1t-D or D-Tt-A-1t-D chromophores are generally more efficient than A-t-A or
A-Tt-D-Ti-A counterparts 29, | ater, octupolar branched molecules were investigated and were shown to be efficient TPA
chromophores 111,

Dendrimers, macromolecules exhibiting a large number of functional groups at their surface, appeared as the natural next
targets to investigate as TPA chromophores. Indeed, dendrimers are a special kind of perfectly defined hyperbranched
polymers constructed stepwise from a multifunctional core 2. Their synthesis is most of the time performed through a
divergent method and involves the use of a branched monomer. The repetition of a two-step sequence of reactions allows
the progressive growth of the branches of the dendrimer and an increase in the number of terminal functions. A new
generation (Gn + 1) of the dendrimer is created each time the number of functional groups is multiplied, generally by two
(231 (up to five in some cases) 14, thanks to the use of the branched monomer. Dendrimers are thus defined by their core,
their branches, their generation (a new generation being created each time a branching point is introduced through the
use of the branched monomer) and their peripheral (or surface) functions. In the last decades, dendrimers were reported
to possess a large variety of properties, depending on their structure, size, and functionalization at the surface or core,
and to open up prospects for many applications in the fields of nanomaterials, catalysis, or biology, for example 12!,

| 2. Two-Photon Absorbing Dendrimers

The first report of a TPA cross-section of a dendrimer was published by M. G. Humphrey in 1999 8. This pioneer study
was performed on organometallic alkynylruthenium dendrimers and showed that the TPA cross-section value measured
for 1-G, (0TPA = 4800 + 500 GM) was much higher than the value obtained for the smaller dendrimer 1-Gq (0TPA = 700 *
120 GM) (Figure 1). Interestingly, the value for 1-G; was higher than the one calculated by the addition of the values
measured for each constitutive motif of the molecule. This non-linear increase of the TPA cross-section values from 1-Gg
to 1-G; was the first observation of a dendritic effect, or multivalence effect, on the TPA property. Such dendritic effects,
though not clearly explained, have been observed in different domains, such as for example in catalysis and in TPA
properties L7,
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Figure 1. First example of TPA cross-section measurements of organometallic dendrimers.

In 2004, the TPA properties of the same kind of alkynylruthenium dendrimers bearing acceptor nitrophenyl groups at the
periphery were investigated by the same authors 8. No TPA process was observed with this nitro-substituted dendrimer
upon irradiation at 800 nm. The combination of experimental data and theoretical calculations showed that at this
wavelength, there is absorption saturation, and that the TPA process can only occur at a higher wavelength (around 1200
nm). These dendrimers were also shown to exhibit electrochemically induced switching of their NLO properties, in
particular their nonlinear refraction and nonlinear absorption 2. Later, the synthesis of a second generation of this type of
alkynyl-metal dendrimer was reported, along with an investigation of the effect of the generation on nonlinearities 2.
Comparisons of the TPA properties relative to the number of ruthenium complexes, the molecular weight, or the number of
delocalizable electrons all provided the same conclusions, i.e., that the NLO response increases with the generation, and
that this increase is not only due to the increase of the molecular size, thus indicating a dendritic effect. In 2016, the same
authors reported on the measurement of three- and four-photon absorption cross-section values for a ruthenium alkynyl
dendrimer with nine ruthenium complexes in its structure. The g(4PA) of 2100.10711° cm?® s3, measured for this dendrimer
upon irradiation at 1600 nm, was a record value at that time 2. In 1999, the same year as the first report on the TPA
properties of organometallic dendrimers (18, a preliminary evaluation of the TPA efficiency of the organic dendrimer 2-Gg
based on bis-(diphenylamino)stilbene units was published 2. These preliminary data were later confirmed and completed
with measurements performed on the corresponding first- and second-generation dendrimers 2-G; and 2-G, (Figure 2)
(23] A cooperative effect was later demonstrated by comparison of the TPA efficiencies of 2-Gg with the monomer 3 and
the related dendrimer 4-Gq constructed from a trifunctional core.
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Figure 2. Structures and TPA cross-section values of bis-(diphenylamino)stilbene-based dendrimers.

In this study, the TPA cross-section values were expressed as a function of the number of chromophore units in the
molecules, namely the number of triphenylamine moieties, thus evidencing that 2-Gg is the most efficient TPA
chromophore of the series and that the a(TPA)/N values of the three generations of dendrimers 2-G,, (n = 0-2) are almost
similar. This latter observation was explained by a phenomenon of saturation when the dendrimers become larger 241,

Several theoretical studies were performed on this family of bis-diphenylamino)stilbene-based dendrimers of different
generations and with different types of cores [23l28ll27] The TPA cross-section values were theoretically calculated,
showing that these dendrimers exhibit very large TPA cross-sections and have a good transparency, making them
promising materials for optical power limitation. Their TPA efficiency was calculated to increase linearly with the number of
stilbene motifs in their structure, giving theoretical values up to 100,000 GM for 2-G,, this theoretical value being largely
overestimated as compared to the experimental value of 4500 GM.

In 2000, one of the first reports on the use of dendrimers as TPA chromophores described the convergent synthesis of
first-, second-, and third-generation dendrons 5-G,, 5-G,, and 5-G3 with a phenol core and the TPA chromophore 5-M,
embedding the bis-diphenylamino)stilbene motive in its structure at the periphery (Figure 3) [28],



Figure 3. Non-conjugated dendrimers envisaged as TPA chromophores.

The relative TPA cross-section of the monomer 5-M and dendrons 5-G,, was found to double each time the number of
chromophores was multiplied by two, namely from 5-M to 5-Gg, then from 5-Gg to 5-G3, and so on. No dendritic effect was
observed in this case, since there was a linear correlation between the number of peripheral chromophores and the TPA
cross-section values. The dendrimer 6-G;, which has the same type of branches substituted by photochromic motifs, was
built from a trifunctional core and was shown to exhibit a modest TPA efficiency with a o(TPA) = 27 GM [22],

The effect of using dibenzofurane or dibenzothiophene as the cores of first- and second-generation bis-
(diphenylamino)stilbene-based dendrimers 7-G,, and 8-G,, (n = 0, 1) on the TPA properties was reported in 2009 (Figure
4) 3931 | ater, the properties of the same kind of bis-(diphenylamino)stilbene-based dendrimers 9-G,, (n = 0-2) with an
anthracene core were investigated up to the second generation (Figure 4) 22, These studies showed that the effect of the
modification of the core of the dendrimer on its TPA cross-section is more important than the effect of the increase in
generation. In particular, the TPA cross-section of 9-Gg (407 GM) with an anthracene core is more than 20 times higher
than that of the benzofurane-cored analog 7-Gg (19 GM). In the case of the anthracene dendrimer 9-G,,, a dendritic effect
was observed upon increasing the generation, as evidenced by the values of TPA cross-sections divided by the molecular
weights.
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Figure 4. Bis-(diphenylamino)stilbene-based dendrimers with various cores.

Four first-generation dendrimers with a tetrapyrrolic core, either a porphyrin core bearing four diphenylaminostilbene
branches 10-G; and the metalated analog 10-G;-Zn, or a phthalocyanine core and eight branches 11a,b-G;, were
investigated for their TPA properties (Figure 5) 23, While the phthalocyanine dendrimers 11a,b-G; showed almost no
cooperative effect, their TPA efficiency corresponding to that of their branches, the porphyrin counterparts 10-G; and 10-
G;-Zn were found to exhibit a very strong cooperative effect. For example, the TPA cross-section of 10-G; is nine times
larger than the sum of those of its constituents. This difference between the two cores was explained by the less efficient
conjugation along the tetrapyrrolic macrocycle in the case of the phthalocyanine core.
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Figure 5. Dendritic TPA chromophores with tetrapyrrolic cores.

Dendrimers with a tetraphenylmethane core and phenothiazine fluorophores at the periphery were also considered as
TPA chromophores and were shown to exhibit a moderate TPA cross-section of 89 GM for 12-Gy and 343 GM for 12-G,
(Figure 6) 34,
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Figure 6. Dendrimers with a tetraphenylmethane core and phenothiazine substituents.



The structural modification of the bis-(diphenylamino)stilbene dendrimers was also envisaged by replacing the double
bonds of 4-G,, (Figure 2) with triple bonds B2, thus rigidifying the structure, or by replacing the nitrogen atoms of 4-Gy,
with 1,3,5-substituted benzene rings B8 put without a significative effect on the obtained TPA cross-section values.
Related triphenylamine-based dendrimers 13-G,, in which the triphenylamine moieties were linked by methylene bridges,
thus rigidifying the structure a lot as compared to classical triphenylamine-based dendrimers such as 4-G,, (Figure 2),
were also considered as TPA chromophores B, This enhancement of the rigidity and planarity of the molecules was
shown to improve their TPA efficiency, reaching values up to 6100 GM for a first-generation dendrimer 13-G; (Figure 7).
Another rigidified small dendrimer 14-G, with six chromophores at the periphery was also described as presenting quite a
high TPA cross-section of 1400 GM (28],
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Figure 7. Structure of dendritic TPA chromophores with enhanced rigidity.

The TPA properties of all-thiophene dendrons 15d-G;_4 up to the fourth generation were investigated and a linear
increase of the TPA cross-section values was observed upon increasing the dendrimer generation (Figure 8) B2, All-
thiophene dendrimers were also studied by entangled two-photon absorption “41[42] entangled photons being pairs of
photons with a high degree of temporal and spatial correlation. In the entangled two-photon absorption process, the
transition between the ground state and the two-photon excited state is accomplished in a single step by a pair of
entangled photons 3l The entangled TPA values of these dendrimers were found to follow the same trends of the values
measured by the classical Two-Photon Excited Fluorescence (TPEF) method, although 10 orders of magnitude fewer
photons are used.
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Figure 8. All-thiophene dendrons and dendrimers.

15D-G,-DPP

The same kind of all-thiophene dendrons of the first, second and third generations 15d-G;_3-DPP and the corresponding
first- and second-generation dendrimers 15D-G;_,-DPP with diketopyrrolopyrrole groups at the surface were also
described as efficient TPA chromophores (Figure 8) 24, Their TPA efficiency was compared to that of a linear derivative
16-DPP. As compared to the linear molecules, the dendrons and dendrimers exhibited enhanced TPA cross-section
values that could be assigned to the 3D structure of the dendritic compounds. Indeed, the value obtained for 15d-G,-DPP
was 215% higher than the one obtained for 16-DPP, which has the same molecular weight but a linear instead of a
branched structure. Increasing the number of branches, going from the first-generation dendron 15d-G1-DPP to the first-
generation dendrimer 15D-G;-DPP, also increased the TPA cross-section value from 2499 GM to 6984 GM. However, it



was shown that increasing the generation did not induce a further enhancement of the TPA efficiency, probably because
of a less efficient orbital overlap due to steric hindrance.

The phosphorus dendrimers 17-G,,, developed by Anne-Marie Caminade and Jean-Pierre Majoral for more than 25 years
[45] \vere also envisaged as TPA chromophores. More precisely, this family of arborescent molecules was proposed to be
used as organic “nanodots”, alternatives to inorganic quantum dots that were shown to exhibit a very high TPA efficiency
48] various chromophores such as fluorene, stilbazole, and Nile Red derivatives were introduced either at the surface [47]
4811491 gt the core B9, or inside the branches of phosphorus dendrimers 21, Phosphorus dendrimers with chromophore
units both at the core and at their periphery were also envisaged (Figure 9) B2 All these data were described in a recent
review 23, Some of these dendritic “nanodots” were shown to exhibit very high TPA cross-section values, outperforming
those of quantum dots. The highest TPA cross-section value of 55,900 GM was measured for a fourth-generation
dendrimer with 96 fluorene-based fluorophores at the periphery 44,
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Figure 9. Schematic representations of the different types of phosphorous dendrimers embedding fluorophores in their
structure.

The two-photon absorption ability of dendrimers has been largely studied, as illustrated above, but very often this property
is targeted with a particular objective related to a prospect of application. The use of dendritic TPA chromophores for light
harvesting, for photopolymerization, for optical power limitation, for cell imaging and for photodynamic therapy was
particularly considered.
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