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Abstract: The practical realization of smart optical filters, i.e. devices which change their
optical transmission in a suitable way to keep a working state for a general light sensitive
element , can involve the use of conjugated molecules whose light absorption properties are
light- intensity dependent (nonlinear optical effect). The verification of optical limiting
displayed by some particular conjugated molecules, e.g. phthalocyanines, is quite
noteworthy and can be successfully exploited for the realization of such smart optical
devices. In the present contribution the analysis of the relevant molecular feature of a
phthalocyanine are analyzed with the aim of determining useful correlations between optical
limiting performance and phthalocyanine chemical structure. In particular , the electronic
nature of the substituent is considered as a key factor for the explanation of some observed

optical limiting trends.
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Introduction

The smart filtering of a luminous radiation is a complex process whose realization implies the
controlled modulation of the optical properties of those device elements designed to interact with the
luminous radiation. Such a process of smart optical filtering represents a non trivial technological
achievement due to the increasing use of the light as fast vehicle for the transmission of signals and
energy, which requires continuously the development of adequate systems for the processing of light
[1]. Depending on the nature of the luminous radiation, i.e. natural, artificial, accidental or hostile, the

design of a suitable smart optical filter represents an interdisciplinary task which needs contributions
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equally from optics to electronics, from materials science to physical chemistry and synthetic
chemistry among others. In the present context the term “smart” refers to those systems capable to
modify opportunely their optical properties when interacting with the luminous radiation, in order to
control the radiation in a convenient way [2]. Smart optical devices employ generally materials whose
optical properties are varied by means of an electric current as in electrochromic devices [3], or via the
absorption of radiations with a characteristic spectrum like in the case of photochromic devices [4]. A
further way of modulating the optical properties of materials is offered by nonlinear optical (NLO)
effects which consist of the change of the optical properties of materials induced by the high intensity
of the interacting radiation [5]. High intensity radiations are practically generated only by lasers [6]
and due the continuously increasing use of these artificial light sources in the most disparate
applications ranging from image formation in holography to data transfer in optical computer or heat
generation in high-temperature production processes [7-10], it appears strongly motivated the study of
materials with NLO properties for the possible control and manipulation of laser radiations. In
particular, the occurrence of NLO effects can be properly exploited for the creation of special filters
possessing optical limiting (OL) features, i.e. systems whose overall light-absorbance increases with
the increase of the incident light intensity [11]. Such a NLO effect finds an important application in the
protection of all those light sensors which must operate below a safety threshold of the incident
intensity to prevent unrecoverable laser damage [12]. A prominent class of materials displaying NLO
absorption and concomitant generation of the OL effect is constituted by conjugated organic molecules
[13] which are characterized by the presence of an extended network of loosely bound n-electrons with
oxidation energies ranging within the approximate interval 6.5-8.5 eV [14]. The most relevant feature
of the m-electrons is their high polarizability [15,16]. This allows a quasi-instantaneous response of the
molecule to the perturbations induced by rapidly variable external electric fields and the interaction
between light and conjugated molecule generally brings about low losses and scarce dispersion of the
energy transported by the optical wave [5]. The property of interest of the material used for the
description of the NLO effects produced by the irradiation of the material with a laser light source is
commonly the vector polarization P defined as the number of dipole moments per unit volume of
material (in C m?, in MKS). Polarization P is related with the applied electric field E (in V m™, in
MKS) of the radiation through the relationship:

P =gy E (1)

where Y is the generalized susceptibility, and € the dielectric constant of the vacuum ( 8.85 x 102 F
m™). In the case of irradiation with strong applied fields E, the susceptibility X, becomes itself a
function of E, i.e. ) (E), thus giving rise to a nonlinear dependence of P on E. The OL effect relies on

the variation of the generalized nonlinear absorption coefficient oy, (in m™) with the incident light
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intensity I (in W m™) according to the modified Lambert-Beer law [13]:

(dI/dZ)= — aNL(I) I (2)

where z is the direction of light propagation through the material. The coefficient oy is given by the

approximate relationship:

ONL= O + BI 3)

with o (in m™) and B (inms ™ corresponding to the linear absorption coefficient and the second-
order nonlinear absorption coefficient, respectively.
The correlation between the generalized optical susceptibility in Equation 1, with the second-order

nonlinear absorption coefficient is given by the relationship [17]:
Im[x”] = (2¢’ne’B / neo*) x 102 Cm V™ (4)

where ' is the third-order susceptibility, ¢ is the speed of light (3 x 10* m s™), ny is the linear
refractive index of the system, and m* is the incident light frequency.

In the framework of the OL effect generated by molecular systems like organic conjugated species,
relatively few attempts have been made to find precise correlations between molecular structure and
corresponding OL effect [18]. In the following the analysis and the discussion of the results concerning
the OL effect produced by some conjugated macrocycle-metal complexes are reported with the aim of
correlating the features of the molecular structure with the intensity-dependent effect of reverse
saturable absorption [19] in the perspective of a possible involvement in the realization of practical

smart optical limiters.

Experimental

Optical Limiting Measurements

The OL effect for the various conjugated macrocycle-metal complexes has been studied with the Z-
scan technique in the open aperture configuration [20]. Such a configuration allows the determination
of the NLO effects associated solely with the changes of the nonlinear absorption coefficient and not
with the changes of the nonlinear refractive index. The samples were solutions of conjugated
macrocycle-metal complexes in 1-chloronaphthalene with concentrations ranging in the interval 0.5 -
5*10™* M. The optical cell was a quartz cuvette with optical path thickness equal to 0.1 cm. The sample

irradiation was realized with a pulsed Nd:YAG laser (from Continuum Minilite, Edinburgh, Scotland)
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emitting at the second harmonic (A = 532 nm). Samples linear transmittance at the wavelength of laser
irradiation ranged in the interval 85-90 %. The maximum energy per laser pulse was 100 mJ. The pulse
duration ranged in the interval 3-7 ns. The frequency of sample irradiation was 10 pulses per second.
The Nd:YAG laser beam was focused with a neutral lens having the focal distance equal to 10 cm.
During the Z-scan determinations the sample spanned a total length of 3.5 cm centered at the beam
focus. The displacement of the sample along the Z-scan direction was controlled by means of a
piezoelectric driver. The laser beam radius was approximately 0.5 cm before lens focusing. The
recording of sample transmittance was taken every 0.05 cm along the spanned length. The reported

values of transmittance were averaged on a basis of twenty determinations per analyzed Z-position.

Synthesis of conjugated macrocycle-metal complexes

The metal-macrocycle complexes which have been studied for the generation of the OL effect are a
series of new phthalocyaninatotitanium(IV) complexes with general formula R,PcTiX, with R and X
being respectively the peripheral substituent of the phthalocyanine (Pc) ring and axial substituent at the
central metal atom Ti. The choice of R,PcTiX, species is motivated by the promising OL properties
shown by some phthalocyaninatotitanium(IV) complexes characterized by different kinds of axial
ligands X [21,22]. The RyPcTiX, species whose OL properties are here investigated are listed in Table

1 and the references concerning the details of their preparation are given in the last column of the table.

Table 1. List of phthalocyaninatotitanium(I'V) oxide studied for OL generation in this work.

Species R y X n Ref.
Hexadecafluorophthalocyaninatotitanium F 16 O 1 23
oxide [F;¢PcTiO] (1)
2(3)-Tetratertbutylphthalocyaninato- -C(CHa); 4 O 1 21
titanium oxide [t-BusPcTiO] (2)

Hexadecachlorophthalocyaninatotitanium Cl 16 O 1 24
oxide [Cl;6PcTiO] (3)
Hexadecachlorophthalocyaninatotitanium Cl 16 Cl 2 25
dichloride [Cl;cPcTiCl,] (4)
(4-tertButylcatecholato)phthalocyani- H 16 0 C(CH,), 1 22
natotitanium oxide [PcTi(O,CeH3)t-Bu] (5) - j@

0
Tetrapyrazinotetraazaporphyrinato titanium N 8 O 1 26

oxide [PyrsTAPTiO] (6)
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Results

The Z-scan profiles for the species (1)-(6) are shown in Figure 1.
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Figure 1. Z-scan profiles for the species (1)-(6). The species were irradiated at the same level. The
linear transmittance Ty of the examined solutions was 0.9. The concentrations were in the range 4-5*
10° M. The 1-chloronaphthalene solvent didn’t show any NLO behavior at the used level of
irradiation.

In Figure 1 the actual (nonlinear) transmission T of the (1)-(6) solutions varies with the distance Z

from the focus of a gaussian beam whose intensity | varies with Z according to [20]:
(Z)=E/tw Z)n (5)

where £/, T and w(Z) are the pulse energy (in J), the pulse duration (in s) and the beam radius (in m)

as a function of the distance from the focus Z, respectively. The radius w of a gaussian beam depends

on the distance Z from the focus according to the equation [20]:
WA(Z) = wo(1+Z%/Zo%) (6)

in which wy is the beam waist at the focus and Z, the diffraction length of the beam defined as the
ratio of the area wo’n of the gaussian beam at the focus to the laser beam wavelength A. The OL
performance of different species can be evaluated and compared in terms of the minimum value of
normalized transmittance T/Ty which is usually achieved in correspondence of the highest level of

irradiation, i.e. at the focus (Z = 0), if the linear transmittance T is the same for all the samples under
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examination. The value of T/Tat Z = 0 grows in the succession T/T (1)z=0 < T/T¢ (4)z=0 = T/Ty (6)z=0
< T/To (3)z=0 < T/To (2)z=0 < T/T¢y (5)z=0 with FcPcTiO (1) showing unambiguously the best OL
performance with the lowest value of T/Ty (1)z= (= 0.55) whereas [PcTi(O,C¢H3)t-Bu] (5) and [t-
BusPcTiO] (2) present the smallest diminutions of T/Ty at the focus. From the compared analysis of
the results in Figure 1, it is observed that those phthalocyanines carrying electron withdrawing groups
(EWG?’s) like F in 1, Cl in 3 and 4, and N as heteroatom in the benzenic moiety of 6 give rise to the
stronger OL effect.

Discussion

The origin of the nonlinear transmission in phthalocyanines is related mostly with the occurrence of
the absorption of an excited state [27], and less preponderant, by the verification of nonlinear
refraction [28]. The mechanism of nonlinear absorption in phthalocyanines is successfully interpreted
in terms of the four-level model [29]. This model depicts the nonlinear absorber as a system having
four main electronic levels involved in the transitions which give rise to an intensity-dependent

absorption (Figure 2).

/
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Figure 2. Energy diagram of a four-level system. Full lines indicate absorption from singlet ground
[1—3] and triplet excited states [2—4]; dashed lines represent intersystem crossing [3—2] and excited
state fluorescence [4—2]; dotted line indicates phosphorescence [2—1].
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In the four-level model the absorptions are due to the consecutive transitions [1—3] and [2—4]
being (hw; 3/2n) = (hw, 4/27) with o;; indicating the frequency of absorption for the transition [i—7j]
and h the Planck’s constant. Therefore, such a mechanism of absorption implies the consecutive
absorption of two photons. The intersystem crossing (ISC) transition [3—2] (it is supposed that the
couples of states 1,3 and 2,4 are respectively singlet and triplet states), and the fluorescence from the
upper excited state [4—2] are assumed to be fast processes in order to get effective optical limiting. In
fact, a fast intersystem crossing combined together with fast fluorescent decay [4—2] allows to
populate the triplet excited state i=2 which represent the initial state of the transition involving the
absorption of the second photon. Another necessary condition for the achievement of effective optical
limiting is a high value of the absorption cross-section for the transition [2—4] (c24) to absorb
efficiently the second photon at regimes of high irradiation. It is often convenient to define suitable
merit coefficients for evaluating the OL performance of different systems in different conditions. The
most frequently used merit coefficients are the ratio 624 / 613 [30] (equivalent to Gex. / Gy With Gexe and
o, being the excited state and ground state absorption cross-sections, respectively), and the difference
624 — 013 [18] whose high values are indicative of better OL performances. Both 624 (0r Gexc) and o3

(or G,) are correlated with 3 as defined in equation 3, through the relationship [17]:
B = 624 613[Ni]INA” Disc (7)

with [N;], Na and @;5c being respectively the concentration (in mol m™) of the absorbing entities in
the ground state 1, the Avogadro’s number (in mol™) and the ISC efficiency (in mol s J™') at the
working excitation frequency. The use of generalized intensive properties like the absorption cross-
section or the molar extinction coefficient does not allow a straightforward correlation between
structural parameters of the nonlinear absorber itself and the OL performance. This is because such
properties just describe an overall effect with no consideration of the actual phenomenology correlated
with the structural features of the active species displaying nonlinear absorption. At this point it would
seem more appropriate to accomplish the analysis of the OL performance in terms of the changes of
the dipole moments implied in the various transitions associated with the nonlinear absorption
processes [31]. This is because a molecular property like the dipole moment can be directly correlated
and analyzed in terms of molecular structure features of the active species. Irradiation of
phthalocyanines at 532 nm produces mostly a nonresonant effect consisting of the electronic
polarization of the m-electrons. In fact, phthalocyanines are quasi transparent in the wavelengths
window 500-600 nm comprised between the main characteristic Q and B absorption bands, and in
correspondence of 532 nm, the closest resonances of phthalocyanines are due to the metal to ligand
and/or ligand to metal charge transfer (MLCT/LMCT) processes [32]. The increasing irradiation in this
wavelength region induces a growing deformation of the polarizable electronic cloud constituted by
the m -electrons of the phthalocyanine. At a certain point the irradiated molecule reaches a critical state

of electronic polarization, which is capable to get in resonance at the wavelength of irradiation. Such a
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resonance of a highly polarized phthalocyanine molecule is believed to involve a MLCT/LMCT
process which is red-shifted with respect to the same kind of transition in the ground state [28]. The
deformability of the m-electrons cloud upon irradiation can be expressed as a generalized m-electrons
polarizability d [px(X,Y,Z, Eex)]/ d [Eex] Where p, and E,,, are the distribution of the m-electrons charge
over the molecular volume (in C m™), and the applied perturbating optical field (in V m™), respectively
[33]. Such a rate of deformation depends on the structural features of the molecule like the number of
n-electrons, extension of the conjugated network and the electronic nature of the substituents at the
conjugated skeleton [34]. The series of OL curves obtained from the compounds 1-6 (Figure 1), shows
a quite well defined trend if the electron withdrawing character of the substituents at the peripheral
positions and at the central atom, is considered as key factor in the analysis of these curves. In general,
the more increasing the electron-withdrawing character and the number of the EWG’s the better is the
resulting OL response. Such a correspondence could be explained in terms of strongest optical fields
required for the achievement of the critical polarized state in which the phthalocyanine absorbs
resonantly the radiation. This effect is a consequence of the increasing stiffness of the electronic cloud
due to the presence of EWG’s. Another reason of the improvement of the OL effect with EWG’s could
be also the higher variation of the dipole moment in passing from the absorbing polarized state of the
phthalocyanine to the final excited state. This would correspond to higher transition dipole moments in
accordance with a correlated increase of the absorption coefficient for that specific transition [35].
Such an analysis leads to conclude that the excited state absorption process involved in the OL
phenomenon consists very probably in the transfer of a partial electronic charge from the electron- rich
moiety of the metal-macrocycle complex, i.e. the conjugated macrocycle, to the electron-poorer
moiety of the complex, i.e. the central metal atom. This gives rise to an intensity-dependent
intramolecular reduction which involves the conjugated macrocycle as reducing agent and the central
metal atom as oxidizing agent. The effectiveness of this photoinduced ligand to metal charge transfer
results higher when the charge separation between the conjugated macrocycle and the central metal is
more pronounced in the ground state of the phthalocyanine. Such an intramolecular electronic charge
transfer would occur in phthalocyanines at frequencies falling in the approximate range 5-6 10'* Hz

when the intensity of the incident radiation is in the order of 10'* W m™.

Conclusions

The verification of the optical limiting effect in conjugated molecules based systems, is due to the
occurrence of intensity-dependent absorption processes which imply the succession of nonresonant and
resonant phenomena in the active species. The possible correlation between structural features of a
particular class of conjugated molecules for optical limiting, i.e. phthalocyanines, and the optical
limiting performance has been attempted by choosing similar chemical structures as terms of

comparison. It has been unequivocally found that electron withdrawing substituents at the peripheral
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positions of the macrocycle and at the central metal as axial ligands, produce the molecular systems

with the better optical limiting performances. The reasons for such a behavior have been discussed and

analyzed in terms of variations of the charge distribution in the several electronic states of the

molecule, which are involved in the optical limiting transitions. Such findings could open new

directions in the search of more effective molecular systems to be employed as active materials in

smart optical filters.
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