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Synthesis of a Bisphthalocyanine and Its Nonlinear Optical Properties
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The synthesis and the nonlinear optical properties of an axi-
ally substituted binuclear InCl/InCl phthalocyanine 1 with an
unsymmetrical substitution pattern are described. The prep-
aration of this new type of binuclear phthalocyanine has
been carried out through a multi-step synthetic strategy,
which was specially developed for binuclear phthalocyan-
ines. The study has been carried out with the aim of analyz-
ing which variations of the electronic properties accompany
the unsymmetrical extension of the m-electron system of a
binuclear Pc when compared to a mononuclear Pc (the com-
plex tBuyPcInCl is here taken for comparison). The nonlinear

optical properties of InCl/InCl phthalocyanine 1 in toluene
were studied with the Z-scan technique in both open- and
closed-aperture configurations at 532 nm with nanosecond
laser pulses. The binuclear complex displayed a positive
nonlinear absorption coefficient. It is found that the linear
optical properties were little changed but the optical limiting
effectiveness of the binuclear fused phthalocyanine 1 is
lower relative to tBuyPcInCl. Explanations for such differ-
ences are given.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Phthalocyanines (Pcs) and their derivatives have practical
importance as dyes and pigments with intense blue or green
color,[1-?I as well as for catalytic applications.[®! They have
recently also received considerable attention as active mate-
rials for organic electronics, xerography,™ sensors,® pho-
tovoltaic cells,[”! electrochromic devices,®! nonlinear op-
tics® and recordable DVDs!'% among other applica-
tions.['' 19 Their high thermal and chemical stability, well-
defined optical absorption, semiconducting and photocon-
ducting properties, their ability to coordinate a large
number of central atoms and their ease of preparation add
to their attractiveness.[!”? These features arise from: (i) The
presence of an extended network of m-electrons; (ii) the
planarity of the Pc skeleton; (iii) the high symmetry and
aromaticity of the Pc structure; and (iv) the presence of a
coordinating central cavity formed by donor nitrogen
atoms.'®! The conjugated network of m-electrons is also a
structural prerequisite for the verification of nonlinear op-
tical (NLO) phenomenal'” in Pcs since it confers high elec-
trical polarizability and fast charge redistribution when the
conjugated molecule interacts with rapidly varying and in-
tense electromagnetic fields.?"!
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The versatility of Pc synthetic organic chemistry®!->?l has
led to a large variety of Pc structures differing in the
number, nature and position of peripheral substitu-
ents,[>>27] with various coordinating central atoms,!'”) axial
ligands,?®2%1 and with a variable number of linkages be-
tween Pc rings in oligomericP*%3" or polymeric species.[?)
Among the many possibilities for varying the Pc structure,
the expansion of the n-electron system through the synthe-
sis of naphthalocyanines (Ncs) is the most common. The
preparation of fused binuclear planar phthalocyanines/3337]
is another interesting approach since it leads to condensed
Pc-based systems with distinct electronic properties with re-
spect to those of the separated Pc units.3336:38431 T date,
the reported binuclear-fused Pcs referred to structures in
which the coordinating central metals have no axial li-
gands.[33-36:40.41.43461 The presence of axial ligands in Pc
molecules, however, has favorable effects on their NLO
properties (see below).[*” 5% Since mononuclear Pcs with In
and Ga and an axial ligand as central moieties are known
to be effective systems for optical limiting applica-
tions,[*%31-57 we decided to direct our research also to the
synthesis of the binuclear indium phthalocyanine 1 using a
preparative approach which was developed in our labora-
tory.[?¥ A similar binuclear bisphthalocyanine with two dif-
ferent central metals (Ni and Cu), has been described by us
before.’38 The proposed strategy allows the synthesis of a
binuclear structure 1 with a double concentration of the
central moieties and phthalocyanine rings per single mol-
ecular unit.
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The reason for the choice of an unsymmetrical pattern
of substitution in binuclear system 1 with one unsubstituted
ring is due to the major easiness of its separation and purifi-
cation in the process of synthesis (Scheme 2).

Results and Discussion

Synthesis of Axially Substituted Binuclear Phthalocyanine 1

A multistep procedure (Scheme 1 and Scheme 2) is neces-
sary to synthesize the binuclear-fused phthalocyaninato in-
dium chloride 1. Following a method developed by our
group we first synthesized and isolated compound 4 (ABBB
product)l*3! containing Mg as central metal (Scheme 1), by
statistical condensation of the dinitriles 2 and 3 (see Exp.
Sect.). Mg is initially inserted in complexes 4 and 7 instead
of InCl because during the several subsequent steps the
InCl moiety would not be kept coordinated by macrocycles
4-7. Mg as central metal in complex 7 can be easily re-
placed in the final steps by the InCl moiety (sce
Scheme 2).1¢]

The other statistical products AAAB, AABB, and AB-
ABm which are formed in different amounts during the syn-
thesis of 4 (Scheme 1), were discarded after separation of 4
by column chromatography on silica gel. The reaction be-
tween 4 and (tetraphenyl)cyclopentadien-1-one in dry tolu-
ene produced 5 in high yield (ca. 90%). The subsequent
reaction of 5 with fumaronitrile produced 6 in high yield
(> 80%). Dehydration of 6 with DBU in anhydrous toluene
at 110 °C (Scheme 1) gave 7.

For the preparation of 8 (Scheme 2) we also used the
statistical condensation method.*3! The substituted Pc dini-
trile 7 and a ten-fold excess of phthalonitrile were allowed
to react in the presence of magnesium(ir) pentanolate in n-
octanol at 175 °C, to give 8 after 24 hours (Scheme 2). The
other main product of this reaction was unsubstituted
PcMg, which was easily separated from 8 by chromatog-
raphy on silica gel (see Exp. Sect.). Other statistical prod-
ucts were produced in negligible amounts since the ten-fold
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excess of phthalonitrile used in this reaction gave mainly 8.
Since Mg!! as coordinating metal is relatively easy to re-
move from the cavity of the Pc macrocycle, e.g. with
CF;COOH,P the formation of the metal-free binuclear
phthalocyanine 9 could be easily achieved. Compound 9
was directly transformed into the binuclear phthalocyanine
1 (Scheme 2) by treatment with InCl; in DMF.

NMR Spectroscopy

The 'H NMR spectra of 1 and 8 are quite similar since
the macrocycles in the binuclear Pcs are identical. The in-
troduction of a central metal with an axial ligand (InCl in
this case) did not totally prevent molecular aggregation in
solutions of 1, since the binuclear Pcs possess one unsubsti-
tuted ring. However, aggregation is more evident in the me-
tal-free Pc 9, as observed in the aromatic region of its 'H
NMR spectrum.

In the '"H NMR spectra of 1 and 8 the aromatic region
(range: 6-9 ppm) exhibits asymmetric peaks which are as-
cribed to aggregation (see Exp. Sect.). The 'H NMR spec-
trum of 1 shows at = 6.91 ppm the protons H-25, H-30,
H-33 and H-38 (Scheme 2). Signals at 6 = 7.17 and 7.28
ppm are attributed to H-17 and H-15, respectively. The sig-
nals of H-10, H-9 and H-2 appear between 7.40 and
7.90 ppm, while the H-1 and H-8 protons are centered
around 8.84 ppm.

For 9, the characteristic NH peaks can be seen at —0.26
and —0.45 ppm. Since these protons are not equivalent, due
to the asymmetry of the molecule, two peaks appear in the
referred region. The '*C NMR spectra are also quite similar
for the compounds 1, 8 and 9 (see Exp. Sect.). The corre-
sponding carbon atoms in 1, 8 and 9 show NMR peaks
which appear in the same region. For instance, the '*C
NMR spectrum of 1 shows the aromatic carbon peaks for
C-22, C-25 and C-30 in the region around 105 ppm. The C-
1, C-8, C-9 and C-2, C-7, C-10 carbon atoms of the unsub-
stituted part of the binuclear Pc 1 are centered at J =
124 ppm and 129 ppm, respectively. Carbon atoms C-15
and C-17 are allocated at 6 = 127.5 and 128.2 ppm, respec-
tively. The alkyloxy-substituted aromatic carbon atoms C-
23, C-24, C-31 are seen around 153 ppm.

IR and UV/Vis Spectroscopy

The IR spectra of compounds 1, 8 and 9 resemble those
of mononuclear phthalocyanines. The IR spectrum of 9
(metal-free binuclear Pc) has the typical NH stretching
band at 3298 cm ' which, of course, is not seen in com-
pounds 1 and 8.

From the analysis of all the reported spectra we could
not determine whether 1 is constituted by one isomer (with
chlorines either in syn or anti), or a mixture of both
forms.*?! Ordinary separation techniques did not allow the
resolution of the different topoisomers of 1, which we have
shown with similar compounds earlier.>®
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Scheme 1. Synthesis of the unsymmetrical PcMg 7, starting from dinitriles 2 and 3.

The UV/Vis spectra of dilute solutions of 1 and 8 are
shown in Figure 1, the main peaks of absorption of the bi-
nuclear Pcs 1, 8 and 9 (in CH,Cl,) are listed in Table 1.
When comparing the optical spectra of the binuclear Pcs
with the respective monomers [1 with (RO)gPcInCl (R = 2-
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ethylhexyl) and 8 with (RO)sPcMg (R = 2-ethylhexyl)], little
red shift is observed for the more intense peak of the group
of Q-bands of the binuclear systems. This indicates that
there is an apparent little increase of m-electron delocaliza-
tion in passing from mononuclear to the binuclear systems
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Scheme 2. Synthesis of the binuclear Pc 8, precursor for the preparation of the axially substituted binuclear PcInCl 1 via metal-free

binuclear PcH, 9.

1, 8 and 9.331 The peripheral substituent 2-ethylhexyloxy in
monomeric (RO)gPcInCl and (RO)gPcMg, and dimeric 1, 8
and 9 is not racemic.

The new features observed in the spectra of the binuclear
complexes are shoulders that appear approximately 25 nm
red-shifted with respect to the most intense Q-band max-
ima. The change in the spectra indicates that the two con-
densed Pc rings show an almost independent behavior in
terms of m-electron delocalization. In fact, no mesomeric
structures for compounds 1, 8 or 9 including both rings can
be drawn.

Another minor reason for the small variations in the UV/
Vis spectra of mononuclear and binuclear systems might be
the loss of planarity in the binuclear molecules, even though
modeling with the MM1 program shows that the structure
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Figure 1. UV/Vis spectra of Pcs 8 (——) and 1 (----) for comparison
(cuvette thickness: 10 mm; concentrations < 1x 10~ M) in CH,Cl,.
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Table 1. Wavelengths and molar extinction coefficients in correspondence of the Q and B bands of binuclear Pcs 1, 8 and 9, and mononu-
clear (RO)gPcMg and (RO)sPcInCl. All spectra were recorded in CH,Cl, as solvent. (R = 2-ethylhexyl).[?!

Compound Qq_i/nm Qp_o/nm Q,_;/nm By _o/nm By_;/nm
[log(e/mol ' em ' L)] [log(e;mol 'ecm ' L)]  [log(emol ' em ' L)] [log(e, mol 'em ' L)] [log(e, mol ! cm ™! L)]
8 706.0 (sh) 676.0 652.0 (sh) 432.5 362.0
[4.78] [4.89] [4.79] [4.73] [4.90]
9 688.0 673.0 667.0 (sh) - 358.0
[4.28] [4.35] [4.27] [4.43]
1 724.0 (sh) 689.0 663.0 - 353.0
[4.46] [4.69] [4.49] [4.70]
(RO)sPcMg - 679.0 613.0 (sh) - 360.0
[5.31] [4.69] [5.01]
(RO)gPcInCl - 698.5 629.5 (sh) 446.0 362.5
5.20] [4.59] [4.34] [4.91]

[a] Concentrations are 2.2 X 107>, 1.4 x 10~ and 9 x 10-° M for dimeric 1, 8 and 9, respectively. Solutions of monomeric (RO)sPcMg and

(RO)gPcInCl were 7 x 10 and 1.4 x 103 M, respectively.

with minimum energy for the metal-free compound 9 re-
mains planar. Modeling of 1 was inconclusive but it is con-
ceivable that the indium atoms in 1 may force the two rings
into a nonplanar conformation because of the deformation
induced by the setting of the indium atom inside the ring
cavity. Similar to the mononuclear complexes (RO)sPcMg
and (RO)gPcInCl whose spectral features are listed in
Table 1, the binuclear Pcs exhibit a red shift in going from
the Mg/Mg binuclear Pc 8 to the In/In binuclear Pc 1 (Fig-
ure 1). The observed red shift is therefore due to the influ-
ence of the different central metals, but not to a more ex-
tended m-electron delocalization in the binuclear complexes.
The lack of significant spectral shifts in passing from mono-
nuclear to binuclear complexes has been theoretically ra-
tionalized by means of Density Functional Theory calcula-
tions with the binuclear equivalent of 1, containing GaCl
instead of InCl as central moieties.>”!

Nonlinear Optical Properties of 1

One of the purposes for the synthesis of binuclear InCl/
InCl phthalocyanine 1 was also to determine whether a
side-by-side phthalocyanine complex had superior optical
limiting properties and to compare these properties with
those of the state-of-the-art molecule /Bu,PcInCl.#%8-311 Pcs
and Ncs exhibit nonlinear optical properties and are espe-
cially effective for optical limiting (see our review in this
journal).®®] The effect of optical limiting is the reversible
decrease of transmittance of an optical system upon in-
crease of the incident light intensity at a system-characteris-
tic threshold value of incident intensity.[*”*8] Compounds
like Pcs and Ncs exhibit an optical limiting effect through
the mechanism of sequential two-photon absorption.[*”] In
this mechanism, the absorption of the first photon brings
the molecule into an excited state which has a sufficiently
long lifetime to absorb a second photon at the same fre-
quency of excitation. Optical limiting takes place if the ab-
sorption cross-section of the excited state is higher than that
of the ground state at the frequency of excitation.*7-4%] In
phthalocyanines and analogues the absorption of the sec-
ond photon occurs when the molecule is in an excited trip-
let state generated after intersystem crossing. In Pcs, if cen-
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tral moieties like GaX or InX [X = Cl, Br, para-(trifluoro-
methyl)phenyl, pentafluorophenyl]#®-31-531 are used, optical
limiting is particularly effective due to the heavy-metal ef-
fect of the central atom (which accelerates intersystem
crossing), and the spacing effect of the axial ligand X, which
prevents intermolecular aggregation, and thus stabilizing
the triplet excited state even at high concentrations.°!

Nonlinear optical transmission was evaluated for 1 in
toluene solution. The nonlinear optical experiments were
performed at 532 nm, near the middle of the transmission
window that extends from about 450 nm to just beyond
600 nm (Figure 2). In order to maximize the nonlinear sig-
nals, the optical studies were performed on a concentrated
solution, nominally 5 mM, near the solubility limit of 1 in
toluene. The linear optical spectrum of the sample used for
nonlinear characterization is shown in Figure 2.
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0.20;

0.15
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0.10
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Figure 2. UV/Vis spectrum of 1 in toluene used for Z-Scan mea-
surements (sample thickness: 31.5 pm; concentration: 5% 1073 m).

There are some changes in the absorption bands in pass-
ing from a dilute (< 10~* M in Figure 1) solution to the satu-
rated solution shown in Figure 2.5°1 A shoulder at 724 nm
becomes less defined and its magnitude is diminished with
increasing concentration. In addition there is additional ab-
sorption extending to wavelengths longer than those associ-
ated with Q-band absorption in the spectrum (Figure 2).
This is consistent with a new broad underlying absorption
due to molecular aggregation in the more concentrated
solution used for the nonlinear measurements. Evidently,
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the enlargement of the ring size and a lower number of
substituents per condensed Pc ring in binuclear 1 lead to
an increased tendency towards aggregation with respect to
the mononuclear material (RO)gPcInCl. In addition, there
is also evidence for light scattering in the spectra of the
nearly saturated solution of binuclear 1.

It is expected that the presence of a racemic mixture for
the chiral peripheral substituent RO in 1 does not alter con-
siderably its solubility with respect to a dimeric PcInCl with
enantiomerically pure peripheral substituents. This is be-
cause the lack of planarity of the condensed macrorings
and the spacing effect of the axial substituents do not allow
a very close packing of the peripheral substituents in aggre-
gated 1. As a consequence of that, the interactions between
peripheral substituents belonging to different dimers are
not strong enough to determine the relative orientations of
1 in an aggregated state. In conclusion, the behavior of di-
meric Pc 1 in terms of aggregation is not dependent on the
nature of the absolute configuration of the chiral center in
the peripheral substituent 2-ethylhexyloxy.

The Z-scan techniquel® was used to study the nonlinear
absorption and refraction of 1 for nanosecond pulses. The
apparatus has been described previously.[*®! The laser was a
spatially filtered, doubled Nd:YAG laser at 532 nm with a
pulse duration of 7 ns (Full-Width Half-Maximum) and a
repetition rate of up to 10 Hz. It produced a near-Gaussian
beam (M? =~ 1.2) using approximately f/5 optics. The en-
ergy, E;,, of the incident radiation was varied over the range
10 nJ < E;, < 1500 nJ. This corresponds to peak fluences
at the sample ranging from 0.17 Jem™ to 17 Jem™2. The
transmittance of the sample was measured as a function of
the sample position along the optical axis with either open
or 40% transmitting apertures at the detector. The zero po-
sition corresponds to the beam focus.[4°!

The Z-scan profiles in the open-aperture configuration(®]
are shown in Figure 3. At each of the excitation energies
shown in the figure caption, the saturated solution of binu-
clear PcInClI 1 in toluene shows a decreasing transmission
as the focal position is approached. Compound 1 clearly
has a positive nonlinear absorption coefficient; it is a re-
verse saturable absorber and an optical limiter against
nanosecond pulses at 532 nm. A small, intensity-dependent
offset is seen between the scans in Figure 3. The origin of
this is not clear.

The transmission at focus as a function of incident en-
ergy is shown in a logarithmic scale in Figure 4 and has a
regular linear profile as evidenced in Figure 5. The thresh-
old for optical limiting, defined as the incident energy at
which the transmission is half the transmission at low inten-
sity, is ca. 700 nJ. This threshold is significantly higher than
that observed for tBu,PcInCl.

In order to compare the nanosecond nonlinear trans-
mission properties of the side by side binuclear InCl/InCl
phthalocyanine dimer 1 with the monomeric tBu,PcInCl we
consider the nonlinear absorption coefficient, ay;, of the
two materials. The magnitude of ay; depends on the differ-
ence between the excited and ground-state absorption cross-
sections:[46-61.62]
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Figure 3. Z-scan profiles of the relative transmittance of binuclear
PcInCl 1 saturated solution in toluene at 532 nm as a function of
the sample distance from the focus (sample position = 0) in the
open-aperture configuration. The value of the incident energy (in
nlJ) is specified for each profile.
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Figure 4. Variation of the sample transmittance with incident en-
ergy E;, at 532 nm for the saturated solution of 1 in toluene at the
focus of a Gaussian beam collimated with {/5 optics. Points are
taken from the corrected minima of the Z-scan profiles run in the
open-aperture configuration.
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Figure 5. Variation of the reciprocal of normalized transmittance
at 532 nm for the saturated solution of 1 in toluene as a function
of the incident fluence F;, at 532 nm.
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a — NTUO(Uexc B 00) (1)
e 2hv

where gy is the ground-state absorption cross-section (in
cm?) for incident photons with energy /v, o is the effec-
tive excited-state absorption cross-section (in cm?) for inci-
dent photons with energy /v, and N is the total density of
the molecular absorber (in cm™).

Excited-state absorbers like Pcs and analogues have flu-
ence (Fin Jcm 2) and not intensity (/ in W em 2) dependent
absorptive properties. Assuming that the lifetime of the ex-
cited state is comparable to or longer than the laser pulse
width, the variation of the reciprocal of the normalized
transmission, To/T being T, the linear transmittance, is
given by the formula:[61-63]

T_O:{1+NTUO(O-exc — )

LsF
T 2hy o }

(@)

Equation (2) is valid when the excited-state absorber is
in the configuration of an optically thin film. In Equation
(2) N, hv, and L. are the total density of the molecular
absorber (in cm3), the energy of a single photon (in J) at
the analyzed wavelength, and the effective length of the op-
tical path (in pm), respectively. The effective length of the
optical path L. is defined as Lqgr = [1 — exp(—aol)]/ay where
ao and L represent the linear absorption coefficient at the
given wavelength and the actual length of the optical path,
respectively.

In Figure 5 the variation of 7/T with incident fluence F
is shown. It varies linearly with the incident fluence as ex-
pected from Equation (2).[46:61:62 The slope is S =
0.14 cm?J 1.

S 3)
a =—
M Leff

The value of ay; can be calculated directly from the slope
S of the curve in Figure 5.16!]

At this concentration binuclear PcInCl 1 solution has
ay; = 47 cmJ!. Taking into account this value of a,; and
go = 1.5x10°'7 cm? from the spectrum in Figure 2, Equa-
tion (1) gives Gee = 2% 10717 cm? for 1. At the same wave-
length mononuclear rBuyPcInCl shows a higher effective ex-
cited-state absorption cross-section, approximately g.. =
6x107'7 cm?. The ground-state cross-section for tBu,PcInCl
is gy = 2x 10718 cm?“%311 and it results much smaller than
that for binuclear compound 1 at the wavelength of
analysis.

The comparison of the effective excited-state absorption
cross-section values indicates that condensing the PcInCl as
in compound 1 does not lead to an improvement of the
optical limiting effect for nanosecond pulses compared to
tBuyPcInCl. The assumption made in applying Equation
(2) to this data was that the lifetime of the excited state is
comparable to or longer than the pulse width. Given the
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small wavelength shift in the maximum of the linear absorp-
tion spectra of mono- and binuclear complexes, it is ex-
pected that the excited-state spectra of mononuclear tBuy-
PcInCl and binuclear PcInCl 1 (not reported here), will not
show substantial differences in terms of the wavelength at
which the maximum is located. Therefore, the observed
smaller effective cross-section of 1 in the excited state with
respect to tBuyPcInCl is not ascribed to the different spec-
tral features of their excited states. It probably results from
the shortening of the excited-state lifetime in the fused sys-
tem 1, which does not allow the efficient populating of the
level associated with such a short-lived excited state.l°®! This
would be a consequence of the exciton—exciton annihilation
induced by the greater degree of aggregation in the binu-
clear material (intermolecular effect). Moreover, it is also
possible that the efficiency of pumping binuclear 1 into an
absorbing excited state is intrinsically lower because the
fused system (of which both rings are only weakly inter-
acting as shown by the linear absorption spectroscopy) al-
lows the possibility of independent excitation in either of
the two rings, and at high excitation fluences, exciton—exci-
ton annihilation can occur as a consequence of having both
rings excited simultaneously in the condensed system (intra-
molecular effect).

The observed figure of merit, ooy — 5o #%%? is approxi-
mately an order of magnitude larger for tBuyPcInCl than
for binuclear PcInCl 1 because of the higher ground-state
absorption cross-section of 1 as well as the reduced excited-
state cross-section. This, in turn, is apparently a result of
the higher extent of aggregation. The main absorption
bands of 1 are not red-shifted with respect to (RO)gPcInCl
(Table 1).14¢-31.611 Evidence of increase of electronic conjuga-
tion and polarizability in a binuclear phthalocyanine like 1
has not been found through the evaluation of the linear and
nonlinear optical properties.

We also performed Z-scans with a 40% aperture at each
of the energies shown above in Figure 3 in order to assess
the nonlinear refractive contributions. It was difficult to ex-
tract quantitative nonlinear refractive information because
the closed-aperture transmission curves had an unsymmet-
rical profile. However, from the shape of these curves, it is
clear that the index change is negative with an increase in
fluence. At 532 nm, the binuclear PcInCl 1 exhibits a defo-
cusing nonlinearity. This nonlinear refraction is probably
mostly of a thermal origin, but an excited-state electronic
contribution cannot be excluded a priori.

Conclusion

The objective of the present work was the synthesis of
binuclear axially substituted metal phthalocyanine 1 con-
taining indium chloride as central moiety (1: InCl/InCl bi-
nuclear phthalocyanine) and, inter alia, the determination
of its nonlinear optical transmission.

By a statistical synthesis from phthalonitriles 2 and 3,
the fused Pc 1 was obtained from a multistep synthesis ac-
cording to Scheme 1 and Scheme 2.
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The optical limiting properties of 1 in toluene were evalu-
ated at 532 nm with nanosecond laser pulses using the Z-
scan technique in both open- and closed-aperture configu-
rations. In the open-aperture experiments the variation of
sample transmittance was consistent with the fact that binu-
clear PcInCl 1 behaves as a reverse saturable absorber hav-
ing an effective excited-state absorption cross-section equal
to 2x10 "7 cm? at 532 nm. This value is similar to but
smaller than that found for monomeric tBuyPcInCl in tolu-
ene solution.*%8 Therefore, the optical limiting effectiveness
of 1 is lower with respect to tBusPcInCl partially due to the
higher linear absorption of 1 in the ground state. This is
apparently due to a greater propensity for 1 to aggregate in
solution. The greater degree of aggregation may well have
also led to a shortening of the excited-state lifetime relative
to the mononuclear tBusPcInCl. It is concluded that en-
largement of a m-electron system by itself is not sufficient
to enhance the optical limiting properties of a Pc. This is
because the variations in solubility and excited-state dy-
namics can result into a less efficient mechanism of excited-
state formation when passing from mononuclear to binu-
clear fused rings.

Experimental Section

12,3,9,10,16,17-Hexa(2-ethylhexyloxy)-23,26-dihydro-23,26-epoxy-
benzo-phthalocyaninatojmagnesium (4): Magnesium filings (80 mg)
were suspended in pentanol (ca. 10 mL). This suspension was
heated to 150 °C (reflux) and maintained at that temperature until
a slurry was formed (ca. 1 h). Octanol (20 mL) was added to this
slurry, followed by 6,7-dicyano-1,4-epoxy-1,4-dihydronaphthalene
(3)B31 (780 mg, 4.0 mmol) and 4,5-bis(2-ethylhexyloxy)phthalonitr-
ile (2) (4.0 g, 10.4 mmol).3! The suspension was heated to 160 °C
and stirred for 24 h. After cooling, the suspension was poured into
CH;OH/H,O (5:1) (150 mL). The formed precipitate was isolated
by centrifugation and washed several times with CH3;OH. The
crude mixture of PcMg complexes was separated by chromatog-
raphy on silica gel, starting with CH,Cl, as the mobile phase. After
elution of fraction 1 complex 4 was obtained as the second fraction,
using a mixture of CH,Cl,/THF (50:1) as eluent. The solvent was
removed; the green solid was recrystallized from CH3;OH to achieve
further purification and dried in vacuo at 100 °C. The other prod-
ucts of the statistical condensation were discarded. Yield: 750 mg
(15%), green solid. MS (FAB): m/z = 1372.1 [M*], 1258.9 [M* —
CgH7], 1146.1 [M — 2CsH;5]. '"H NMR ([Dg]THF): § = 0.95, 1.00,
1.15 (br., 36 H, CHs), 1.44 (br., 48 H, CH,), 2.05 (br., 6 H, CH),
4.39, 4.49 (br., 12 H, OCH,), 7.83 (s, 2 H, H-2), 8.58 (s, 2 H, H-
1), 9.09 (3s, br, 6 H, H-9, H-12, H-17), 10.00 (s, 2 H, H-4) ppm.
13C NMR ([Dg]THF): 6 = 11.7, 11.8, 14.6 (CH3), 23.5, 23.6, 24.1,
24.3,24.7, 25.1, 25.3, 30.3, 30.5, 31.6, 31.9, 32.8, 32.9 (CH,), 40.8,
41.1,42.0 (CH), 72.1 (OCH,), 78.3 (C-2), 106.3, 106.6, 106.7, 107.0,
107.2 (C-9, C-12, C-17), 117.3 (C-4), 122.1, 122.8, 123.2 (C-8, C-
13, C-16), 127.3 (C-5), 130.6, 133.5, 133.8, 134.0, 135.0 (C-1, C-3,
C-7, C-14, C-15), 138.0 (C-5), 150.6 (C-6), 152.4, 152.9, 153.1,
154.0, 154.5 (C-10, C-11, C-18) ppm. UV/Vis (CH,Cl,): Apax =
682.5, 620.0, 359.0 nm.

12,3,9,10,16,17-Hexa(2-ethylhexyloxy)-23,26-dihydro-23,26-epoxy-
benzo-24,25-tetracyclone phthalocyaninatolmagnesium Adduct (5): A
mixture of 4 (140 mg, ca. 100 pmol) and tetraphenylcyclopen-
tadien-1-one (40 mg, 103 umol) was dissolved in dried toluene
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(30 mL) and stirred at 72 °C for 2 days. The solvent was evaporated
and the residue was separated by flash chromatography on SiO,
using CH,Cl, as eluent (first fraction: Tetracyclone, second frac-
tion: 5). The solvent was evaporated, the product dried in vacuo at
100 °C and reprecipitated from CH;OH. Yield: 165 mg (92%),
green solid. MS (FAB): m/z = 1756.9 [M™*], 1346.3 [M* — C;30H», —
CO]. 'H NMR ([Dg]THF): 6 = 0.81, 1.04, 1.21 (br., 36 H, CHj),
1.40, 1.62 (br., 48 H, CH,), 2.40 (br., 6 H, CH), 3.40 (s, 2 H, H-1),
4.15, 4.38 (br., 12 H, OCH,), 6.33 (s, 2 H, H-2), 6.94, 7.03, 7.06,
7.20 (br., 10 H, H-40, H-41, H-42), 7.23-7.67 (br., 10 H, H-40’, H-
41', H-42"), 8.91,9.07 (3 5, br, 6 H, H-9, H-12, H-17), 9.51 (s, 2 H,
H-4) ppm. 13C NMR ([Dg]THF): § = 11.6, 11.8, 14.5, 14.6 (CH3),
23.6, 24.0, 24.2, 24.7, 25.0, 25.3, 26.0, 30.2, 31.8, 32.0 (CH,), 40.6,
41.0 (CH), 48.6 (C-1), 65.7 (C-37), 68.2, 72.0, 72.2 (OCH,), 82.7
(C-2), 106.1, 106.3, 106.6 (C-9, C-12, C-17), 114.1 (C-4), 127.3,
127.9, 128.3, 128.9, 130.7, 131.2 (C-8, C-13, C-16, C-40-42, C-40'—
42"), 136.8, 137.2, 137.9 (C-39, C-39") 139.6, 139.9 (C-38), 149.2,
150.8, 153.0 (C-3, C-5, C-6, C-7, C-14, C-15), 154.4, 154.9, 155.6,
156.5 (C-10, C-11, C-18), 196.9 (CO) ppm. IR (KBr): ¥ = 2959,
2926, 1178 (C=0) 1605, 1481, 1462, 1391, 1358, 1275, 1263, 1234,
1105, 1061, 802, 696 cm™!. UV/Vis (CH,Cl,): Am. = 685.0, 613.0,
359.5 nm.

12,3,9,10,16,17-Hexa(2-ethylhexyloxy)-23,26-dihydro-23,26-epoxy-
benzo-25,26-phthalocyaninato]magnesium Fumaronitrile Adduct (6):
Compound 5 (180 mg, 100 pmol) and fumaronitrile (63 mg,
800 pmol) were dissolved in o-xylene (4 mL) and stirred in a sealed
tube at 140 °C for 16 hours. The solvent was evaporated and the
residue separated by flash chromatography on SiO,. Using CH,Cl,
as eluent 1,2,3,4-tetraphenylbenzene was obtained at the first frac-
tion, whereas the mixture CH,CIl,/THF (5:1) gave 6 in the second
fraction. After solvent evaporation the obtained solid was dried in
vacuo at 100 °C and reprecipitated from CH3;OH. Yield: 135 mg
(93%), dark green solid. MS (FAB): m/z = 1424.1 [M™*], 1346.1
[M* — C4H,N,J. '"H NMR ([Dg]THF): 6 = 1.03, 1.04, 1.16, 1.18
(br., 36 H, CH3),1.31, 1.53, 1.82 (br., 48 H, CH,), 2.05 (br., 6 H,
CH), 3.25 (br., 2 H, H-1), 4.51 (br., 12 H, OCH,), 6.35 (br., 2 H,
H-3), 8.98 (br. s, 6 H, H-9, H-12, H-17), 9.53 (br., 2 H, H-4) ppm.
13C NMR ([Dg]THF): 6 = 11.9, 14.6 (CHj;), 24.1, 30.3, 32.0 (CH,),
41.2 (CH), 72.2 (OCH,), 82.2, 84.8 (C-2), 106.1, 106.3, 106.6, 106.9
(C9, C-12, C-17), 115.3, 116.7 (C-29), 119.9 (C-4), 133.7, 134.2,
134.3 (C-3, C-5, C-8, C-13, C-16), 139.9, 140.2, 142.5, 144.1 (C-6,
C-7, C-14, C-15), 151.9, 153.2, 154.0, 155.4 (C-10, C-11, C-18)
ppm. UV/Vis (CH,Cl,): Anax = 686.0, 669.0, 609.5, 426.5,
360.0 nm.

|25,26-Dicyano-2,3,9,10,16,17-hexa(2-ethylhexyloxy)phthalocyanin-
atolmagnesium (7): Compound 6 (150 mg, 102 umol) was dissolved
in freshly distilled anhydrous toluene inside an argon-purged vessel
and 1.2 mL DBU were added. This mixture was stirred for 2 hours
at 100 °C, cooled and then extracted with distilled water to remove
the unreacted DBU. Subsequent flash chromatography was per-
formed on SiO, with CH,Cl, as eluent to get 7. After evaporating
the solvent, 7 was dried in vacuo at 100 °C. Yield: 135 mg (95%),
dark green powder. MS (FAB): m/z = 1406.1 [M*], 1293.0 [M* —
CgHg]. '"H NMR ([Dg]THF): § = 1.04, 1.07, 1.09 (br., 18 H, CH3),
1.18, 1.21, 1.24 (br., 18 H, CHj3), 1.57, 1.81, 1.84, 1.87 (br., 48 H,
CH,), 2.10 (br., 6 H, CH), 4.53, 4.59 (br., 12 H, OCH,), 6.36 (br.,
2 H, H-4), 8.56 (br., 2 H, H-2), 8.85 (br., 2 H, H-17), 9.02 (2 s, br,
4 H, H-9, H-12) ppm. '*C NMR ([Dg]THF): § = 12.0, 14.6 (CH3),
24.2, 25.3, 30.4, 32.0 (CH,), 41.1, 41.2 (CH), 72.2, 72.4 (OCH,),
106.1, 106.5, 106.9 (C-9, C-12, C-17), 109.7 (C-1), 117.3 (C-29),
122.2 (C-4), 132.3, 133.6, 133.9 (C-3, C-5, C-8, C-13, C-16), 134.1
(C-2), 138.2, 138.8, 142.6, 145.3 (C-6, C-7, C-14, C-15), 150.8,
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151.7, 152.1, 152.8 (C-10, C-11, C-18) ppm. UV/Vis (CHsCL): Zimas
= 710.5, 682.0, 642.0, 544.5, 363.0 nm.

Binuclear Mg/Mg Phthalocyanine 8: Magnesium filings (80 mg)
were suspended in ca. 10 mL pentanol. The suspension was heated
to 150 °C (reflux) and maintained at this temperature until a slurry
was formed (ca. 1 hour). After adding octanol (10 mL) a mixture
of 7 (210 mg, 140 pmol) and phthalonitrile (210 mg, 1590 umol)
was suspended in this mixture in an argon-purged vessel. The mix-
ture was stirred and heated to 175 °C for 24 h, cooled and poured
into CH;OH (50 mL). The precipitate formed was isolated by cen-
trifugation and was washed several times with CH3;0H. The crude
mixture was separated by flash chromatography on silica gel, first
with CH,Cl, as eluent to remove part of the impurities. The eluent
mixture was then changed to CH,Cl,/THF (50:1) to elute 8, as
second fraction. The third fraction could only be partially eluted
with pure THF and was identified as the AAAA product of the
semi-statistical condensation (MgPc) and discarded. After evapora-
tion of the solvent and drying in vacuo, 8 was reprecipitated from
CH;OH. Yield: 90 mg (35%), dark green powder. Elemental analy-
sis: caled. C 72.64, H 7.09, N 11.17; found C 72.52, H 7.33, N 9.95.
MS (FAB): m/z = 1815 [M*]. 'TH NMR ([Ds]THF): 6 = 0.90, 1.15
(br., 36 H, CH3), 1.29 (br.,, 48 H, CH,), 2.12 (br., 6 H, CH), 4.39
(br., 12 H, OCH,), 7.47 (s, 4 H, H-25, H-30, H-33, H-38), 7.70 (s,
br., 2 H, H-17), 7.79 (s, br., 2 H, H-15), 7.89, 8.02. 8.25, 8.61 (br.,,
6 H, H-10, H-8, H-9), 8.86 (br., d, 2 H, H-1) ppm. '3C NMR ([Dg]-
THF): 6 = 11.9, 14.0, 14.6 (CHs3), 23.7, 24.1, 30.4, 30.6, 31.2, 32.0,
32.9 (CH,), 40.8, 41.2, 42.2 (CH), 72.3, 72.7 (OCH,), 105.9, 106.3,
107.0 (C-22, C-25, C-30), 122.6, 123.5, 123.7, 124.3 (C-1, C-8, C-
9), 125.5 (C-15), 127.1 (C-17), 128.8, 129.7, 129.9 (C-2, C-7, C-10),
131.0-136.7 (C-3, C-6, C-11, C-14, C-16, C-18, C-21, C-26, C-29),
139.4, 140.2, 140.7, 142.0 (C-4, C-5, C-12, C-13, C-19, C-20, C-27,
C-28), 151.6, 153.0, 153.9 (C-23, C-24, C-31) ppm. UV/Vis
(CH,Cly): Jmax = 706.0, 676.0, 652.0, 432.5, 362.0 nm.

Binuclear Metal Free Phthalocyanine 9: Compound 8 (50 pmol.
90 mg) was dissolved in freshly dried THE. CF;COOH (5 mL) was
added dropwise at room temperature under argon, and this mixture
was heated at 50 °C for 5 hours. After cooling, water (20 mL) was
added dropwise to the reaction mixture. The formed precipitate
was collected and washed several times with CH;OH. After drying
in oven at 90 °C overnight the product was purified by column
chromatography on silica gel with CH,Cl, as eluent. Compound 9
was collected in the first fraction. The second fraction (unreacted
8) was eluted afterwards with a mixture of CH,Cl,/THF (10:1).
Compound 9 was reprecipitated from CH;OH/CH,CIl, and dried
in vacuo at 100 °C. Yield: 70 mg (65%), dark bluish-green powder.
Elemental analyses: caled. C 71.79, H 7.34, N 10.28; found C 71.42,
H 7.20, N 9.85. MS (FAB): m/z = 1770 [M*], 1346.1 [M* — 4R +
Na], 1120.9 [M* — 6R + Na], 1006.6 [M* — 60R + Na]. '"H NMR
([Dg]THF): ¢ = 0.86 (br., 36 H, CH3), 1.15 (br., 48 H, CH,), 2.28
(br., 6 H, CH), 4.01, 4.11 (br., 12 H, OCH,), 6.81, 7.08, 7.34, 7.65,
7.77, 8.34 (br., PcH) ppm. 3C NMR ([Dg]THF): 6 = 1, 11.5, 13.8,
14.2 (CH;), 22.7, 23.2, 24.2, 26.1, 29.3, 29.7, 30.8, 31.9 (CH,), 39.8,
40.8, 45.7, 46.3, 47.3 (CH), 71.9 (OCH,), 103.6, 104.5, 105.7, 108.3
(C-22, C-25, C-30), 112.2 (C-15), 114.1 (C-17), 121.3, 121.7, 122.7
(C-1, C-8, C-9), 126.5, 127.5, 128.3, 129.3 (C-2, C-7, C-10), 132.5,
133.2, 134.2, 138.7, 139.5 (C-3, C-6, C-11, C-14, C-16, C-18, C-21,
C-26, C-29), 142.0-145.0 (C-4, C-5, C-12, C-13, C-19, C-20, C-27,
C-28), 150.6, 151.6, 152.6, 154.4 (C-23, C-24, C-31) ppm. IR (KBr):
v =3298 (NH st), 1607 (NH ), 801 (NH ¢) cm™ L. UV/Vis (CH,Cl,):
Amax = 688.0, 673.0, 667.0, 358.0 nm.

Binuclear In/In Phthalocyanine 1: Binuclear Pc 9 (70 mg, 40 pmol)
and an excess of InCl; (90 mg, 400 umol) were suspended in DMF.
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After adding quinoline (I mL) the mixture was heated up to 130 °C
and maintained at this temperature. After completing the reaction
(in about 4 hours as monitored by UV/Vis spectroscopy), water
was added dropwise to the mixture to precipitate the compound
(20 mL). After centrifugation 1 was three times reprecipitated from
hot CH;OH and dried in vacuo at 100 °C. Yield: 68 mg (82%),
dark green powder. Elemental analyses: caled. C 64.92, H 6.05, N
10.04; found C 65.72, H 5.57, N 9.19. MS (FAB): m/z = 2060.5
[M*], 1916.0 [M* — OR — CHj3]. '"H NMR ([Dg]THF): § = 0.87,
0.89, 1.29 (br., 36 H, CH3), 1.40, 1.60 (br., 48 H, CH,), 2.04 (br.,
6 H, CH), 4.01, 4.25, 4.50 (br., 12 H, OCH,), 6.91 (s, 4 H, H-25,
H-30, H-33, H-38), 7.17 (s, br., 2 H, H-17), 7.28 (s, br., 2 H, H-
15), 7.40, 7.78, 7.82. 7.90 (br., 6 H, H-10, H-8, H-9), 8.20, 8.24 (br.,
d, 2 H, H-1) ppm. *C NMR ([Dg]THF): 6 = 11.5, 11.7, 12.2, 14.6,
14.8 (CH;), 21.4, 23.0, 23.5, 26.9, 27.7, 28.0, 30.3, 30.6, 32.8, 35.1
(CH,), 40.0, 40.4, 40.7 (CH), 71.5, 72.2 (OCH,), 104.9, 105.5,
106.4, 106.9 (C-22, C-25, C-30), 123.6, 123.9, 124.8, 125.9 (C-1, C-
8, C-9), 127.5 (C-15), 128.2 (C-17), 128.8, 129.6, 129.9, 130.1, 130.9
(C-2, C-7, C-10), 133.0-138.2 (C-3, C-6, C-11, C-14, C-16, C-18,
C-21, C-26, C-29), 140.7, 140.9, 142.0 (C-4, C-5, C-12, C-13, C-19,
C-20, C-27, C-28), 152.0, 152.7, 153.5 (C-23, C-24, C-31) ppm. IR
(KBr): v = 2958, 2927, 2858, 1602, 1494, 1457, 1383, 1276, 1202,
1098, 1049, 892, 740.7, 567 cm™'. UV/Vis (CH,Cl,): Amay = 724.0,
689.0, 663.0, 353.0 nm.

Apparatus for Nonlinear Optical Experiments with Nanosecond
Pulses: The experimental apparatus for the nanosecond optical lim-
iting experiments with the Z-scan technique has been described pre-
viously in ref#%l. The nanosecond pulsed laser beam for Z-scan
experiments at 532 nm was generated by a doubled Nd:YAG laser
with an 8 ns pulse width. The actual beam profile for nanosecond
experiments resembled a Gaussian profile with a correlation higher
than 95%. The input laser beam is expanded in such a way that
only the central 10% was transmitted by a first spatial filter before
focussing on the sample. The reason for such an arrangement is to
produce an approximately flat (not-peaked) top intensity profile.
The repetition rate of incidence on the sample was 10 Hz in the
whole range of incident energies. The energy of the incident beam
could be modulated through the filtering action of waveplate/polar-
izer combinations. The optics of collimation for all experiments
was /5, whereas the optics of collection in the open-aperture con-
figuration was f/0.8. The thin layer of the liquid solution of 1 was
sandwiched between two CaF, optical windows. The sample was
mounted on a translation stage and moved through the beam focus
by means of a piezoelectric driver. The value of the beam radius at
the focus is 2.5 pm at 532 nm. The evaluation of the focus location
for the positioning of the sample was made possible by measuring
the minimum energy transmitted by the system when the value of
the incident energy was close to its limiting threshold.[¢!
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