Conjugated macrocycles with photoactivated optical absorption for the control of the
transmission of the energy delivered by pulsed radiations

Mario J. F. Calvete®’, Danilo Dini®"

a: CQC, Department of Chemistry, Faculty of Science and Technology, University of Coimbra, Rua
Larga, P 3004-535 Coimbra, Portugal.

b: Department of Chemistry, University of Rome “La Sapienza”, Ple Aldo Moro 5, I-00185, Rome,
Italy.

* corresponding authors: mcalvete @qui.uc.pt; danilo.dini@uniromal.it

ABSTRACT. The control of the transmission of the energy transported by optical waves is of
extreme importance for the realization of those advanced technologies which require high speed of
operation and fast switching. Such a task can be approached through the design and preparation of
materials that possess modulable optical properties. In the present review the aspect of material
science behind the realization of the effect of optical limiting, OL (or optical power limiting, OPL),
will be considered focusing on those materials based on conjugated metallo-macrocycles like
porphyrins, phthalocyanines and derivatives. The choice of these molecular materials for OL
purposes is motivated by the fact that the optical properties of such annulated systems can be finely
modulated in a controlled fashion by changing the chemical structure of the complex. These
changes involve the variation of the central metal, the extent of electronic conjugation of the ring,
the nature and the number of peripheral ligands, and the eventual introduction of axial ligands
coordinated by a central metals with a valence higher than +2. An attempt will be made to establish
relationships between the structure of the macrocyclic complex and the relative OL properties
taking into account the most recent developments in the field. During this analysis we will also
discuss the aspect of optically passivity, i.e. the characteristic of the OL materials of undergoing fast

changes of optical properties according to an internal mechanism of self-activation.

INTRODUCTION

The nonlinear optical (NLO) effect of OL consists in the attenuation of the intensity of the light
transmitted by a system when the intensity of the light exceeds a system-specific threshold value
(him) (Figure 1) [1]. For a given system the response of the transmitted light intensity (/yu)vs. the
incident light intensity (f;,) varies with the wavelength A of the incident light. Therefore, the optical

system will be limited in the range of wavelengths within which it can exert an OL action.
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Figure 1. Variation of the light intensity transmitted by an optical limiter (/,y) vs. the intensity of
the incident radiation (/i,). The threshold intensity Iy, at which I, saturates is evidenced on the x-
axis.

Since the system undergoes a transition from the regime at constant transmittance (we recall here
the definition of transmittance, 7T =d I,/ d I;y) when [, < L, to the regime with 77— 0 when [;,
2 Lim, it is implicit that the mechanism of light absorption of the system will necessarily vary in the
diverse regimes of optical transmission [2]. In particular, the OL effect produced by the molecular
materials here considered, i.e. phthalocyanines (Pcs) [3,4], porphyrins (Pors) [5,6] and their
analogues [7-10], is based on the mechanism of excited state absorption (ESA), which involves the
populating of an excited electronic state possessing an absorption cross-section (Oexc), expressed in
cm?, larger than the one of the ground electronic state (o) at the wavelength of irradiation [11].
Such an effect has been also denominated reverse saturable absorption (RSA) [12] and is commonly
described in terms of the four-level model for molecular systems with NLO activity [13]. The latter
model considers the succession of two electronic transitions starting from different electronic states
of the molecule, the occurrence of which requires the intervention of a fast process of intersystem
crossing with respect to the duration of the radiation. The OL active molecule absorbs one photon
initially from its ground electronic state to the first excited singlet state. Successively the excited
molecule absorbs a second photon at the same energy of the first one either from the singlet excited
state or from the first excited triplet state that is populated via an intersystem crossing (ISC)
process. The multiphoton absorption here considered in the four-level model takes place in a
sequential fashion but events of simultaneous two- or three-absorption absorption [14] from ground
or excited levels can also occur [9,15]. The four-level model takes into account the characteristic of

the NLO active molecule of possessing electronic states with discrete energy levels [16], but the
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scheme can be applied with success also for the rationalization of the OPL effect produced by
semiconducting crystals with electronic band structures [17]. In the four-level model the effective
absorption cross-section oy in the NLO regime of OL activity at a given wavelength is expressed

by the formula [18]:

Oeit = (0y Liim + Oexc Iin) / (Iin + Liim) {1}

with

Ilim=hV/Gg Texc {2}

In equations {2} A is the Planck’s constant, n the optical frequency, and 7 the lifetime of the light-
absorbing excited state. For the evaluation of the OL effect generated through ESA several figurs of
merit have been defined [19]. These are directly proportional to the excited state absorption cross-
section like in case of the parameters (Gexc - O;)  OF Ouxe/0,.[13,20] Other figures of merit for OL
performance evaluation can be also defined if the temporal response of the OL system needs to be
considered as well [21]. The OL effect is directly evaluated through the main NLO experimental
technique of the measurement of the optical transmittance of the OL active material with a light-
probe of monochromatic character having modulable intensity/fluence [22]. Beside the adoption of
the type of representation shown in the plot of Figure 1, the OL effect can be also visualized
through the profile of the optical transmission at a given wavelength of analysis (y-axis) vs. the

intensity or fluence of the incident light (/;, or Fj, on the x-axis, Figure 2) [23].
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Figure 2. Typical decreasing trend of the optical transmission of three different OL active materials
with the incident fluence (Fj,). The comparison shows in a straightforward way the stronger OL
effect exerted by the compounds associated to the black and green profiles. The indexes 1-In, 2-In
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and 3-In in the inset refer to the dendrimeric phthalocyanines 17-19 (Chart 3, vide infra).
Reproduced with permission from ref. 23.

PHTHALOCYANINES AND RELATED COMPOUNDS FOR OPTICAL LIMITING: SOME
RECENT EXAMPLES

Pcs are molecular dyes with high molar extinction coefficient in the NIR-visible range. This class
of complexes is commonly employed as colorant for traditional and advanced applications [10,24-
49] due mainly to the elevated chemical/physical stability, and easiness of preparation and
purification [50-52] As far as the NLO effect of OL is concerned (Figure 1), it is prerogative of any
Pc (either in the pure state [S3] or dispersed in a liquid [3]/solid[54] matrix) to display such an
effect provided that the radiation to be limited is in the wavelength range comprised between the

characteristic Q- and B-absorption bands of the Pcs (Figure 3) [55].
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Figure 3. Spectra of absorption cross section for the ground- and excited-state of a
metallophthalocyanine. The excited-state profile is the one with the noisy appearance. Reproduced
with permission from ref. 55.

For the realization of the OL effect by Pc-based systems another condition to fulfil is the
achievement of a sufficiently large population in a highly absorbing excited state within the
duration of the light pulse [S6]. An exhaustive analysis of the structural factors of the Pc complexes
which govern the extent and the dynamics of the OL effect produced by this class of conjugated
materials has been recently reported in a comprehensive review [57]. At the basis of the control of
the OL effect generated by Pcs and their analogues the following aspects were considered: the
extent of electronic conjugation of the macrocyclic ligand [58] the electronic and solubility effects

of the peripheral substituents on the conjugated ligand [41,59], the nature of the coordinating central
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metal [60,61], the eventual presence of axial ligands coordinated by the central metal and the
associated repercussions on the electronic structure and processability of the whole metal complex
[55,62]. Hereafter we report a description of the most recent structures of Pcs and derivatives which

have been proposed as NLO materials for the realization of the OPL effect.

Substituted phthalocyanines

Several examples of Pcs with axial and peripheral substituents (compounds 1-14 in Charts 1 and 2)
have been recently reported as OL active systems when these Pcs were dispersed in liquid solutions
or in an optically inert matrix [63-70]. These complexes are characterized by having several
patterns of peripheral substitution (tetra-, octa- or 3:1 substituted Pcs) and, consequently, diverse
symmetries and different orientations of dipole moments in both ground and excited states during
the electronic transitions originating the OL effect [55,71]. It has been generally acknowledged that
Pcs possessing halogen substituents either in axial [63-69] or peripheral [64] position present
relatively stronger OL effect by virtue of the favourable electron-withdrawing effect exerted by

these atoms [31,72].
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Chart 1. Series of OL active tetra- / octa- substituted metallo-phthalocyanines 1-13 with the metal
center coordinating an axial ligand [63-69].
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Chart 2. Structure of the non symmetrically substituted 3:1 indium phthalocyanine 14 with OL
activity [70].

Beside the generally beneficial effect of the presence of halogen substituents, another structural
factor having a favorable influence on the OL properties of a Pc is the presence of heavy atoms
either as central coordinating atoms (Figure 4) [73,74], or in peripheral positions[50], which
accelerate the formation rate of highly absorbing states in the electronically excited Pcs during the
step of intersystem crossing [75].
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Figure 4. NLO transmission profiles associated to the OL effect of gallium-phthalocyanine 2 and
indium-phthalocyanine 3 depicted in Chart 1. Adapted from ref. 65.

Another series of structural modifications that have been considered for the creation of optimized
Pc-based systems with possibly improved properties of OL with respect to monomeric Pc
complexes regarded the realization of dendrimeric phthalocyanines (compounds 15-19, Chart 3)

[23,76], double-deck phthalocyanines of indium (compound 20, Chart 4),[77] and rare earth metals



(compounds 25-27, Chart 4) [78,79], bis-phthalocyanines (example of compound 21 in Chart 4)
[58], and axially-bridged silicon phthalocyanines (compounds 22-24, Chart 4) [80].

Chart 3. Series of OL active dendrimeric Pcs 15-19 with triazine cores [23,76].
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Chart 4. Series of OL active double-deck Pcs with indium 20 [77] and rare earth central metals 25-

27 [78,79], axially substituted bis-Pc 21 [58], and axially-bridged Pcs 22-24 [80].



For example, the OL actions of double-deck ytterbium (15) and lutetium (16) phthalocyanines
were quite similar (Figure 5), with complex 16 displaying a larger window of NLO response with

respect to the ytterbium analogue 15 [76].
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Figure S. Plot of the NLO transmission profiles associated to the OL effect produced at 532 nm by
dendrimeric ytterbium-phthalocyanine 15 and lutetium-phthalocyanine 16 (Chart 3). The OL
response of Pcs 15 and 16 was recorded when these complexes were dispersed in a polymeric
matrix. Adapted from ref. 76.

The comparison of the OL action produced by axially-bridged Pcs has been reported in Figure 10
for the series of silicon phthalocyanines 22-24 (Chart 4) [80]. For this set of silicon complexes the
OL effect depended clearly on the wavelength of excitation (Figure 6). In particular, dimer 22 was
the most effective optical limiter of this series of Pc oligomers at the reference wavelength of 532
nm, whereas tetramer 24 produced the best OL response at the wavelength corresponding to the
maximum linear absorption, i.e. the Q-band. These findings indicate that there is an interplay
between linear and nonlinear optical absorption, which determines the extent of the OL effect.
Another consideration on the OL action exerted by complexes 22-24 (Chart 4 and Figure 6) [80]
and for the bis-phthalocyanine of lutetium 27 (Chart 4 and Figure 7) [79] is the dependence of such
a NLO phenomenon on the existence of electronic communication between all stacked rings as

verified in a different context through the measurement of the electrical conductivity for analogous

systems [81].
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Figure 6. OL effect of axially bridged silicon phthalocyanines (a) 22, (b) 23 and (c) 24 (Chart 4) at
various wavelengths. Green triangles refer to the NLO transmission of the three complexes at 532
nm (laser pulse duration: 7 ns). Red dots refer to the NLO transmission at 720, 670 and 660 nm for
dimer 22, trimer 23 and tetramer 24, respectively. Reproduced with permission from ref. 80.
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Figure 7. OL effect of the bis-phthalocyanine of lutetium 27 (Chart 4) at 532 nm with ns pulses.
Bis PcLu concentration was 2.9%10* M in DMF. Reproduced with permission from ref. 79.
Tethered phthalocyanines

For the realization of increasingly effective optical limiters based on Pcs active systems various
authors have recently considered the approach of tethering phthalocyanines and analogs on
nanostructured systems like nanoparticles, nanorods, nanorings or graphene sheets (Chart 5), which
are characterized by band-like electronic structures [82-89]. Behind these great synthetic efforts
there is the main motivation of creating new combinations of materials with peculiar opto-electronic
properties in order to produce an improved OL action with respect to the single, non-combined
units. The achievement of a successful combination Pc-nanostructure like those represented in
Charts 5 and 6 (combinations 28-39) consists of the occurrence of a synergistic interaction between
the electronic structures of the phthalocyanine and the tethering nanosystem [90-92]. Such a
synergy would produce a beneficial effect on the resulting OL action produced by the tethered
systems with respect to the NLO response produced by the non tethered separated units. The di-

neodymium phthalocyanine tethered to a multi-walled carbon nanotube (MWCNT) (structure 28 in
11



Chart 5) is an example of an OL active system displaying a synergistic NLO action with respect to
the constitutive units (Figure 8) [82]. A similar NLO behavior could be found with the combination
of a bidentate indium phthalocyanine tethered to a single-walled carbon nanotube (SWCNT)
(structure 32 in Chart 5) as shown in Figure 9 [84]. When the tethering unit is a semiconducting
nanoparticle like a metal oxide [93,94]. e.g. ZnO (structure 34 in Chart 6) [86], the synergistic
effect on the OL action of the resulting combination can be still observed (Figure 10). The
combination of a zinc phthalocyanine anchored to Au NPs via amino groups (structure 35 in Chart
6) has been also reported for OL purposes and the relative results are presented in Figure 11 [87].
The realization of surface modified Au NPs with phthalocyanines leads to the formation of a
nanoparticulated system (Figure 12) that can produce OL also via NLO scattering [95]. Such
systems can also undergo a process of self-healing for the regeneration of the Pcs interacting
electronically with the metallic nanoparticle [35]. The employment of magnetically active materials
as tethering units of a phthalocyanine was also explored for OL applications when magnetite
(Fe3O4) was prepared in the form of nanoparticles and an indium phthalocyanine was the
macrocyclic complex (structures 36 and 37 in Chart 6 and Figure 13) [87]. The choice of a magnetic
material as supporting substrate was mainly motivated by the favourable action that ferrite would
have played in the formation and stabilization of the highly absorbing triplet state of the excited
phthalocyanine in the anchored state. Another important aspect that has been considered in the
process of design and synthesis of Pc-tethered systems is the evaluation of the influence of tethering
on the linear optical properties of the anchored Pc. This particular analysis has been conducted
through a systematic approach in the of various tetra-substituted metallo-phthalocyanines
combined with reduced graphene oxide (RGO) (structures 29-31 in Chart 5 and Figure 14) [83].
Results clearly demonstrated that tethered Pcs on RGO presented linear optical features typical of
aggregated molecules with formation of either J- or H-aggregates [96] displaying band broadening
and absorption peak shifts. At a morphological level the aspect of the resulting tethered system was

scale-like (Figure 15) [83].
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Chart 5. Series of tethered Pcs 28-33 [82-85] with OL activity.
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Chart 6. Series of tethered Pcs 34-37 [86-88] with OL activity.
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Figure 8. Output fluence against input fluence for the di-neodymium phthalocyanine tethered to a
MWCNT (28 in Chart 5). Profiles A and B were determined at the different incident intensities of
0.19 GW cm™ and 0.48 GW cm™, respectively. Reproduced with permission from ref. 82.
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Figure 9. Output fluence against input fluence for a bidentate indium phthalocyanine tethered to a
SWCNT (32 in Chart 5) in DMSO (A) and DMF (o). For sake of comparison the OL response of
the non tethered PcInCl is also reported in DMF (o) and DMSO (¢). The peak input intensity was
260 MW cm™. Reproduced with permission from ref. 84.
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Figure 10. Output fluence against input fluence for di-neodymium phthalocyanines and analogs in
the tethered state (structure 34 in Chart 6), and as isolated complexes. The tethering unit was a
silica-covered ZnO nanoparticle (NP). Samples excitation occurred at 532 nm using 10 ns laser
pulses with input energy of 35 pJ. Reproduced with permission from ref. 86.
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Figure 11. Output fluence against input fluence for the non symmetrically substituted zinc
phthalocyanine in the tethered state when Au NP is the tethering unit (structure 35 in Chart 6). For
sake of comparison the nonlinear transmission curves of the isolated zinc complex in solution and
embedded in a polymer film are also reported (PAA = polyacrylic acid and TF = thin film).
Reproduced with permission from ref. 87.
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ZnPc-NH,-AuNPs

Figure 12. TEM image of the non symmetrically substituted zinc phthalocyanine in the tethered
state when Au NP is the tethering unit (structure 35 in Chart 6). Reproduced with permission from

ref. 87.
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Figure 13. Output fluence against input fluence for the tethered systems 36 and 37 (Chart 6)
consisting in the silica coated magnetite nanoparticle (SiMNP-1) covered with an indium
phthalocyanine. The indium complex is peripherally substituted with phenoxy groups containing
amino groups as NP-anchoring moiety. For sake of comparison the NLO transmission curves of the
isolated indium complex InPc and the magnetite-free NP of silica modified with the indium
complex (SiNP-1) are also reported. Peak incident intensity at 532 nm was 122 mW cm™

Reproduced with permission from ref. 87.
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Figure 14. Comparison of the absorption spectra of pristine PcM in solution (a) and in the tethered
version when reduced graphene oxide (RGO) is the tethering unit (b). Reproduced with permission
from ref. 83.
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Figure 15. (a) and (c) SEM images, and (b) and (d) AFM images of the tethered systems obtained
by the anchoring of tetra-substituted metallo-phthalocyanines on RGO. Insets represent the images
of the tethered films obtained with a profilometer. Reproduced with permission from ref. 83.

Peripherally substituted naphthalocyanines

Chart 8 reports the structures 40-50 of some peripherally substituted naphthalocyanines (Ncs) with
axial substituents (structures 40-43, 46 ad 47 of Chart 8) for the realization of effective OL action
at the reference wavelengths of 532 and 1064 nm [31,32,36,59]. The design and realization of such
structures with enlarged window of optical transparency with respect to a Pc[42,97,98], was mainly
motivated by the favorable linear optical properties of Ncs vs Pcs for the specific application of eye-
protection from laser threats [99]. The preparation of the structures of the OL active Ncs here

presented (Chart 8) was mainly inspired by the insertion of heavy halogen atoms in both peripheral
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and axial position to accelerate the step of ISC in the process of formation of highly absorbing
excited state, and in second instance, to stabilize the excited triplet state of the Ncs via the electron-

withdrawing action of the halogen substituents.
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Chart 8. Structures of the OL active metallo-naphthalocyanines 40-50 with peripheral phenoxy-
and halogen- substituents [31,32,36,59,65].

20



Table 1 reports some OL characteristics for a series of Ncs dispersed in toluene with linear optical

transmission 7 = 0.7 at the wavelength of analysis of 532 nm for ns laser pulses [32].

Table 1. Comparison of the parameters characterizing the OL performance of a series of Ncs from
Chart 6 at 532 nm. Fj;, is the limiting fluence at which NLO transmission equals 0.50 of the linear
transmission Ty, Dr is the triplet quantum yield, and 7r; is the lifetime of the highly absorbing
triplet excited state according to the scheme of sequential two-photon absorption depicted in Figure
16 [32].

Compound F, . /Jam™ D, 1, /107°%s
(Bu,C,H,0);NcInCl (40) 0.27 0.225 144
(1Bu,C,H;0){NcInBr (41) 0.11 0.287 1.7
(Bu,C,H,0).Nclnl (42) 0.08 0273 16
BrNcSiR, =1 0.100 67.0
BrNcSIR, >1 0.130 4910
NcSiR, >1 0.200 4210
Br(1Bu,C,H,0),NcInCl (43) 23 5025 <150
Br(rBu,C,H,0O),NcPb (48) 0.10 0.070 0.4

The Jablonski diagram based on the four-level system (Figure 16) shows the sequence of electronic
transitions that occur in Ncs (and Pcs) for the realization of the OL effect provided that o exceeds
the value of o, (Eq. 1). In case of Nc 48 (Chart 6), the OL action against ns laser pulses at 532 nm
occurs in the wavelength range 450-700 nm (Figure 17) [32], thus indicating a broadband effect
potentially useful against laser threats with agile features [100]. The dynamics of excited state(s)
populating has been analyzed when the NLO absorber based on Ncs 49 and 50 had thick features
[64], i.e. a thickness larger than the Rayleigh range imposed by a Gaussian laser beam [59]. The
profiles of transmitted energy with the distance from the focus of the optical beam inside the thick
absorber consisting in an octa-substituted naphthalocyanine with axial ligand [64,65] shows that a
Nc is generally a better system in comparison to an analogous Pc since the diminution of the
transmitted energy through the thick optical limiter based on Nc is faster than the corresponding
variation of the device based on a Pc (Plot b, Figure 18). Moreover, the value of incident intensity
at which the nonlinear optical regime has the onset and consequently OL action starts is lower for

Ncs with respect to Pcs (Plot a, Figure 18).
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Figure 16. Jablonski diagram reporting the mechanism of sequential two-photon absorption of ns
pulses by Ncs. Sg, S1 and Ty(g)indicate the energy levels of the ground state, the first excited singlet
state and the first(second) excited triplet state of the Nc, respectively. 7, 7r;, and 7r; indicate the
lifetimes of the first excited singlet state, of the first excited triplet state and of the second excited
triplet state, respectively, whereas kjsc is the rate of intersystem crossing (ISC).
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Figure 17. Excited state spectra of Nc 48 (Chart 8) in a toluene solution at the concentration of 28
mM. Excitation source was a laser emitting ns pulses at 532 nm. The incident fluence was 0.13 J
cm. Reproduced with permission from ref. 32.
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Figure 18. Profiles of transmitted energy T as a function of the distance L from a thick nonlinear
absorber when the OL active materials are Ncs 49, 50 (Chart 8), and Pcs 2 and 3 (Chart 1). In plot
(a) T is plotted as a function of the laser peak intensity /j at the given distance L = 1 mm when 4 =
532 nm and pulse duration is 7 ns. Plot (b) reports the transmitted energy as a function of L when I
=3%10"" W m™. Reproduced with permission from ref. 64.

Examples of Pc analogs with OL properties

The analogs of Pcs that have been considered for OL purposes are of various nature (Chart 9), and
can range from hexa-substituted subphthalocyanines (51) [7], to diazepino-porphyrazines (52) [61],
hemiporphyrazines (54,55) [9,10,101], tetrathioporphyrins (56-58) [102], cyclo-[8]-pyrrole (53)
[103] and asymmetrically substituted porphyrins (59-65) [104] among others[45].
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57:R=Cl
58: R = CHMe,

63:
64:
65:

") Wa
59:
Br O 60:
61:
56:R=H 62:
Br

M = InClI
M = Pd
M = Pt
M = Pb
M = SnCl,
M=2Zn
M=H2

Chart 9. Structures of the OL active complexes 51-58 with conjugated macrocycles as ligands.
Compounds 59-65 are OL active porphyrins.[104] The structures here reported [7,9,61,101-103]

represent various types of Pc analogs.

One of the main intents of the preparation of the Pc analogs of Chart 9 is the realization of

conjugated systems with sufficiently high electronic polarizability [15,105] which possess weaker

linear optical absorption properties and better processability with respect to Pcs while retaining the

favourable features of chemical-physical stability as well as the efficaciousness of the OL action

typical of Pcs [3,4,60]. The plots reported in Figures 19-22 well demonstrate the effectiveness of the

OL action (mostly at 532 nm for ns pulses) for these different classes of conjugated materials when

these Pc analogs are dispersed in liquid media [7,9,61,101-104]. Particularly interesting for OL

applications is represented by the case of the porphyrin analogs 56-58 (Chart 9), which proved to be

24



able to decrease the optical transmission down to less than 10 % when linear transmission was 80 %

at the wavelength of analysis (Figure 20) [102].
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Figure 19. (A): Nonlinear optical transmission at 532 nm against ns laser pulses for the
hemiporphyrazine 54 (Chart 9) in DMF as solvent. (B): Corresponding curve of fluence output vs
fluence input. Reproduced with permission from ref. 101.
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Figure 20. NLO transmittance of the tetrathiaporphyrins 56-58 (Chart 9) in dichloromethane for
120 ns pulses at 527 nm. Reproduced with permission from ref. 102.
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Figure 21. Energy output vs energy input for a series of salts of the cyclo-[8]-pyrrole 53 (Chart 9)
at 532 nm. Reproduced with permission from ref. 103.
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Figure 22. NLO transmittance at 532 nm of the di-brominated porphyrins 59-65 (Chart 9).
Complexes were dissolved in toluene with the concentration 0.25 mM. Optical path was 1 mm.
Pulses had an average duration of 7 ns. Reproduced with permission from ref. 104.

Table 2 reports a set of comparative data regarding the most recent achievements in the field of
OPL by molecular materials when the series of conjugated complexes of Charts 1-9 are considered.
The results that deserve more attention are those obtained with NLO systems possessing the highest
values of the merit factor 0u/0; in the broadest wavelength range. Comparison between different
nonlinear optical absorbers is actually meaningful when the level of linear optical absorption is
exactly the same for the different OL active species. In addition to these requirements another
fulfilment would be the achievement of large values of the ratio ow/0, for agile radiations varying
not only for the wavelength but also for the duration of the pulse if this is inferior to the s range.

Such an upper limit of radiation duration represents a critical value below which the corresponding
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radiation intensity can easily overcome the megawatt threshold, i.e. a value the limiting of which
requires high performance optical limiters that work in the self-activated passive mode [57]. For
applicative purposes, another important consideration is related to the employment of the NLO
absorber in a self-standing matrix (glassy, polymeric, gel-like, crystalline) with optically neutral
features. In achieving so the OL system can be directly and opportunely used in the optical path of
an optical device requiring radiation protection through the self-activated mechanism of excited

state absorption (or reverse saturable absorption) [2].

Table 2. Comparison of the values of limiting fluence (Fii,) and of the merit factor 0w/ 0, for the
various conjugated macrocycles depicted in Charts 1-9 when the relative OL performance is
analysed at 532 and/or 1064 nm. Whereas unspecified the value of Fy, refers to its determination in
a liquid solution of the nonlinear optical absorber. Whereas unspecified the ratio ow./0; has been
calculated in the regime of irradiation determined by ns laser pulses.

Compound Oexc / O Fiim /J em™ A/nm|  ref.
1 0.23 (glass matrix) 532 63
2 43.7 0.31 (glass matrix) 532 63,64
3 49.5 0.21 (glass matrix) 532 63,64
8 587 0.28 532 66,34

0.054 [in poly-(acrylic acid),
PAA]

9 4179 0.95 532 66

0.089 (in PAA)
10 >100 1.02 532 68
11 1 532 69
12 0.39 532 69
13 8 0.13 532 69
14 0.54 532 70
15 0.34 532 76

0.11 (thin film)
16 0.44 532 76

0.26 (thin film)
17 9.6 0.29 532 23
18 8.1 0.49 532 23
19 9.5 0.32 532 23
20 5 1064 77
21 1.3 532 58
g2 1.1 532 80
23 1.4 532 80
24 24 532 80
25 0.30 532 78
26 0.045 532 78
27 0.00051 532 79
28 0.0045 532 82
32 0.21 532 84
33 16.2 10.1 532 85
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18.6 (thin film) 3.3 (thin film)
34 0.25 532 86
0.12 (thin film)
35 304 0.13 532 87
36 Oexe =7 x 10" cm? 0.16 532 88
37 Oexe = 3.3 x 107"% cm? 0.30 532 88
38 57 532 89
39 181 532 89
40 3.24 (ns) 0.27 (ns) 532 36
2.14 (ps) 0.1 (ps)
41 4.15 (ns) 0.11 (ns) 532 36
2.27 (ps) 0.075 (ps)
42 4.41 (ns) 0.08 (ns) 532 36
2.67 (ps) 0.03 (ps)
43 1.35 2.3 532 59
45 1.55 532 31
2.96 1064 31
46 4.64 532 31
3.65 1064 31
47 2.65 532 31
2.66 1064 31
48 26.2 0.1 532 32
51 28.6 532 7
53 5 532 103
54 0.054 532 101
55 14.6 0.45 532 9
56 250 0.31 532 102
57 498 0.53 532 102
58 197 0.22 532 102
59 0.88 - 532 104
60 4.4 - 532 104
61 0.75 - 532 104
62 10 7 532 104
63 6.5 - 532 104
64 2.8 - 532 104
65 5.4 - 532 104
CONCLUDING REMARKS

The present review has presented several classes of conjugated macrocycles recently utilized as
nonlinear optical materials for the realization of the optical limiting effect, i.e. the attenuation of the
power/intensity of an optical radiation by a smart optical filter when the luminous power (or
intensity) surpasses a predefined value. These structures are derived either directly or indirectly
from the main skeleton of the phthalocyanine, which affords a wide modulation of its photophysical
properties through the modification of the extent of electronic conjugation of the macrocycle, of the

nature of the coordinating central metal, of the nature and number of peripheral and axial
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substituents, of the type of combinations in tethered structures. The species here examined mostly
exert their action of optical power limiting through the mechanism of sequential two-photon
absorption which involves a four-level scheme in which electronic transitions take place. The
results here reported refer principally to the direct measurement of the optical transmittance of the
photo-active material when the light-probe is a monochromatic pulsed radiation with variable
intensity. The influence of the several structural factors on the resulting optical limiting effect has
been analyzed taking into account the aspects of linear absorption, spectral width of nonlinear
optical action, rapidity of formation of highly absorbing excited states in either liquid solutions or
rigid matrices. We have also made some considerations about the meaningfulness of the comparison
of optical limiting data with molecular materials like phthalocyanines and analogs when these are
produced by different laboratories under generally different experimental conditions of linear
absorption, optical path, radiation wavelength and pulse duration, irradiation frequency, optical
thickness, aggregation state of the photoactive species, and physical state of the dispersion in which
the photoactive species is dissolved. A final recapitulatory table has been compiled with the
specification of the merit factor Ou/0g, 1.€. the ratio of the excited state absorption cross section to
the ground state absorption cross-section at the wavelength of analysis, and the limiting threshold at
which the intensity/fluence of the transmitted radiation is half of its linear value for the most
representative compounds of every class here considered: phthalocyanines, naphthalocyanines,
hemiporphyrazines, subphthalocyanines, diazepino-porphyrazines, porphyrins, thiophene- and

pyrrole-based macrocyclic structures.
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