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Abstract The axially substituted binuclear GaCl/GaCl
phthalocyanine 1 with an unsymmetrical pattern of
substitution has been prepared and its nonlinear optical
(NLO) properties determined. The resulting binuclear
complex retains approximately the same transition
energies of monomeric (RO)gPcGaCl as far as the linear
optical spectrum is concerned, although 1 has a double
concentration of central atoms per molecule and an
enlarged conjugated ligand. The lack of significant
spectral shifts in passing from mononuclear to binuclear
complexes has been rationalized theoretically by means
of density functional theory calculations. The purpose of
the present study is to determine whether binuclearity
affects the optical limiting behavior of 1 with respect to
monomeric (RO)gPcGaCl in the NLO regime deter-
mined by nanosecond laser pulses.

Keywords Phthalocyanine - Binuclear - Density
functional theory - Aromaticity - Nonlinear optics

Introduction

Phthalocyanines (Pcs) are complexes with an extended
conjugated network of =m-electrons. They present in
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their structure a central cavity large enough to coor-
dinate almost every positively charged atom of the
periodic table [1]. This class of compounds is largely
used as active material in various technologies [2-8]
mostly because of fast blue-green color due to the
HOMO/LUMO and HOMO-1/LUMO transitions [9—
11], which have energy values in the broad ranges 1.5-
2.0 and 2.5-4.0 eV, respectively [12, 13]. In the UV/vis
absorption spectra of Pcs these transitions originate
the typical Q- and B-bands within the approximate
wavelength ranges 650-800 and 300450 nm, respec-
tively. The occurrence of broad absorption ranges is a
consequence of the availability of a great variety of
Pcs structures [14, 15] differing in the number, the
nature and the position of substituents [16-20], the
nature of the central atoms [12], the nature of the
axial ligands [21,22], and the number and linkage be-
tween Pc-rings [23-25]. The modulation of the spec-
troscopic features of Pcs can be thus afforded since it
is known that the number and the energy of allowed
transitions in the UV/vis spectra of Pcs change with
their structure through the modification of the
molecular symmetry [26-33], the extent of electronic
conjugation [23, 34-37] and the state of aggregation
[38—41].

In the present paper, we explore the influence of the
enlargement of the m-electron system on the linear and
nonlinear optical (NLO) properties of a fused axially
substituted binuclear Pc [42-44] with GaCl as central
moieties (1, Fig. 1). The interest for this type of di-
meric structure arises from the opportunity of dealing
with condensed Pc-based systems that possess inter-
mediate electronic properties in comparison to sepa-
rated Pc molecules [36, 37, 42, 43, 45-50], and have
double the concentration of central atoms and Pc rings
per single molecular unit (Fig. 1). These structural
features can be particularly appealing if GaCl is
present as central unit when the NLO property of
optical limiting (OL) is considered [51-54]. We have
previously prepared and characterized a similar axially
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Fig. 1 Structure of binuclear fused GaCl/GaCl phthalocyanine 1

substituted binuclear Pc with InCl as central moiety
[55]. Due to the lack of a significant alteration of the
electronic, linear and NLO properties in passing from
dimeric side-by-side (InCl)Pc/Pc(InCl) to monomeric
PcInCl [55], we decided to focus our attention towards
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an axially substituted binuclear complex coordinated
by a smaller central unit, like GaCl. This is because
the distortion of the ligand associated with the coor-
dination of such a smaller central unit is reduced and,
consequently, it is expected that the extension of the
ligand in binuclear (GaCl)Pc/Pc(GaCl) 1 should lead
to more relevant changes in the optical and electronic
properties of 1 with respect to the analogous (InCl)Pc/
Pc(InCl). The main reason for the choice of an
unsymmetrical pattern of substitution with one un-
substituted ring in Pc 1 is due to the relative easiness
of separation and purification in the process of syn-
thesis (see Scheme 1).

In order to evaluate the electronic properties of the
axially-substituted binuclear fused phthalocyaninato
gallium chloride 1, we have also characterized the ex-
tent of its n-delocalization by referring to the har-
monic-oscillator model of aromaticity (HOMA) index
[56, 57].

GaCl,
DMF, 140°C

Scheme 1 Synthesis of the binuclear Pc 1



Experimental part
Synthesis of binuclear GaCl/GaCl Pc 1 (Scheme 1)

Binuclear metal-free Pc 2 [58] (70 mg, 40 umol) and an
excess of GaCls (90 mg, 500 umol) were suspended in
DMF. Quinoline (1 ml) was added, the mixture heated
till 130°C, and then maintained at this temperature. After
completion of the reaction, monitored by UV/vis spec-
troscopy and thin-layer chromatography for ~5 h, 20 ml
of water was added dropwise to the mixture in order to
precipitate the compound. After centrifugation, 1 was
precipitated three times from hot methanol and dried in
vacuum at 100°C. Yield: 1, 63 mg, (79%), dark green
powder. EA: Theory, C=66.84%; H=6.12%;
N=10.34%; Found: C=66.02%; H=5.51%;
N=9.19%. MS (FAB): 1975.7 £M+], 1,4782 [M -
40R+Na], 1,339.1 [M"-50R]. '"H NMR (THF-dy):
0=0.90, 1.04, 1.17 1.30 [br, 36H, CH3], 1.54, [br, 48H,
CH;), 2.04 [br, 6H, CH], 4.25, 4.52 [br, 12H, OCH,], 6.55
[br, 2H, H-17], 6.68 [br, 2H, H-15], 7.13 [br, s, 6H, H-22,
H-25, H-30, H-33, H-38, H-41], 7.92, 7.94 [br, d, 2H, H-
2], 8.16, 8.19 [br, d, 2H, H-7], 8.42, 8.45 [br, d, 6H, H-9,
H-10], 8.69, 8.71 [br, d, 2H, H-1, H-8]. '*C NMR (THF-
dg): 6=11.6,11.9, 12.5, 14.4, 14.8 [CH3], 23.4, 23.7, 24.1,
26.7, 30.3, 30.6, 31.5, 32.1, 32.9 [CH,], 40.7, 41.0 [CH],
72.5,72.7[0CH,], 104.2, 105.4, 105.8, 106.6 [C-22, C-25,
C-30], 122.0, 123.4, 124.1, [C-1, C-8, C-9], 127.3 [C-17],
128.7 [C-17], 129.9, 130.2, 130.9, [C-2, C-7, C-10], 133.0-
137.1 [C-3, C-6, C-11, C-14, C-16, C-18, C-21, C-26, C-
29], 140.0-150.7 [C-4, C-5, C-12, C-13, C-19, C-20, C-27,
C-28], 153.9, 154.6, 155.6 [C-23, C-24, C- 31]. IR (KBr): v
(em™): 2,958, 2,927, 2,859, 1,602, 1,495, 1,457, 1,383,
1,276, 1,201, 1,098, 1,048, 892, 857, 740.7, 565. UV/vis
(CH,Cly): Amax=718.5, 687.5, 654.5, 344.0 nm.

Computational methods

The theoretical evaluation of aromaticity in the axially
substituted binuclear Pc 1 used an approach that makes
use of the HOMA index [56, 57]. The HOMA index
approach is characterized by the evaluation of two main
components, EN and GEO, which represent the ener-
getic and geometric contributions of the extent of
dearomatization, respectively [57]. The EN term de-
scribes changes in aromatic character due to deviation of
the average bond length (R,,) from an optimal value
(Ropt), while the GEO term reflects the consequences of
bond length alternation. The index was naturally de-
rived, by fixing the empirical value for the constant o
(257.7), to give HOMA =0 for the hypothetical Kekulé
structures of aromatic systems and 1 for the system with
all bond lengths equal to Ryp:

HOMA =1 — |o(Rop — Ruy)’ +%Z(Rav ~R)’

—1-EN-GEO,
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where R; is the length of the ith bond between nonhy-
drogen atoms out of the m involved in the summation.
Equation 1 has also been extended to hetero-n-electron
systems, using the Pauling concept of bond number to
average properly the parameters involving the heteroa-
toms [59]. The HOMA index has become one of the
most effective ways to quantify the degree of n-delocal-
ization [60—62] over a conjugated fragment. We calculate
here the molecular geometries by means of density
functional theory (DFT) methods [63-65]. The geome-
tries of compound 1, either with the chlorine atoms in
syn or in anti, and its corresponding monomer were fully
optimized with the BIPW91 exchange-correlation func-
tional, which combines the Becke exchange [66] with the
PWO1 correlation functional [67] in a hybrid fashion
[68]. This methodology is expected to describe the
delocalization of the m-electronic cloud in a reliable way
while keeping an affordable computational time [69]. A
larger portion of exact Hartree-Fock exchange is ex-
cluded since the molecular geometries then progressively
deteriorate [70]. The cost-effective 6-31G* basis set was
accordingly used owing to its good balance between
accuracy and computational resources. In the calcula-
tions, the oxoalkyl substituents were all replaced by
hydrogen atoms since this exchange does not signifi-
cantly affect the electronic and optical properties of the
resulting unsubstituted dimer. On the other hand, this
exchange significantly reduces the computational cost.
All calculations were performed with the Gaussian 98
program package [71].

The differences between the HOMA values for di-
meric metal-free Pc 2 and the dimeric metal complexes
(GaCl)Pc/Pc(GaCl) (1) and (Mg)Pc/Pc(Mg) (3) (3 has
the same structure as 1, but with Mg as central metal in
both rings ) [58] are expected to be rather small, as
evinced from the small range in which the wavelength
values of the Qy_o band vary (c.f. Table 1) [72]. Hence,
we confined ourselves to the sole theoretical evaluation
of the differences in aromaticity between the topoisom-
ers of compound 1 and its corresponding monomer
(RO)gPcGaCl, but not to the compared analysis of the
aromaticity of 2 (3) with the respective metal-free (Mg)
complex.

NLO transmission measurement

The light source used for the determination of NLO
transmission of binuclear Pc 1 was a pulsed Nd:YAG
laser whose second harmonics of emission were used.
The incident beam had a Gaussian profile and the pulse
duration was in the range 5-10 ns. NLO transmission
curves were taken with f/number =65 using a Gaussian
beam as input beam when the sample is located in cor-
respondence of the beam focus. The choice of such slow
optics was made on purpose in order to minimize
heating effects during the positioning of the sample
around the focal plane. Beam waist is about 40 pm in
the experiments of NLO transmission determination.
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Table 1 Wavelengths of Q and B bands and molar extinction coefficients (¢) for binuclear Pcs 1-3

Compound [Clz(())gl(/sr/lgolf1 em ! L) [clzgg%g/llr;llolfl em ' L)) EIQ(;gl(ér/lrrrIllolfl em ! L)] Eggo(/sr;ﬁolfl em ' L)) 585(2%01*‘ em ' L)]
1 718.5(sh) [4.61] 687.5 [4.85] 654.5[4.65] . 344.0 [4.85]
2 688.0 [4.28] 673.0 [4.35] 667.0 (sh) [4.27] . 358.0 [4.45]
3 706.0 (sh) [4.78] 676.0 [4.89] 652.0 (sh) [4.79] 432.5 [4.73] 362.0 [4.90]
(RO)sPcGaCl . 694.5 [5.24] 625.0(sh) [4.62] 441.0 [4.38] 357.5 [4.96]
(RO)sPcMg ) 679.0 [5.31] 613.0(sh) [4.69] ) 360.0 [5.01]

All the spectra were recorded in CH,Cl, as solvent. (R =2-ethylhexyl)

The collection of the transmitted beam was performed in
the open-aperture configuration with the same optics as
for the incident beam.

The time stability of the liquid samples for NLO
experiments was checked through the following three
procedures: once a day check per 1 week of the linear
optical spectrum of the sample; comparison of the OL
measurements obtained when pulse repetition rate was
10 Hz and when the sample was irradiated with a single
shot; irradiation of the sample solution with laser pulses
at a fixed energy with a repetition rate of 10 Hz for
30 min and successive check of the OL properties. Sol-
vent effects on the OL of the sample solution were
studied by measuring OL of the pure solvent. Solvents
for OL experiments were used without further purifica-
tion (commercial spectroscopic grade). Calibration of

Fig. 2 Density functional theory-optimized structures of the anti
(top) and syn (bottom) topoisomers of 1

the optical apparatus was conducted using a reference
sample of Cgy as standard. The OL properties of the
different samples were characterized under the same
conditions of irradiation and compared with those of the
standards.

Results and discussion

The binuclear Pc 2 was prepared by a method recently
developed by us [58]. From 2 we could obtain directly the
binuclear Pc 1, containing GaCl, by heating 2 and GaCl,
(in excess) in DMF with a small amount of quinoline at a
temperature just below the boiling point of DMF
(Scheme 1). Such a procedure represents an extension of
the method used for the preparation of dimeric (InCl)Pc/
Pc(InCl) by replacing InCl; with GaCls [55].

In the "H-NMR spectrum of 1, the aromatic region
(range: 6-9 ppm) shows asymmetrical peaks, which are
ascribed to aggregation (see experimental). Protons H-
25, H-30, H-33 and H-38 are present at 7.13 ppm
(Scheme 1), while the signals at 6.55 and 6.68 ppm are
attributed to H-17 and H-15, respectively. Protons H-10,
H-9 and H-2 appear between 8.45 and 8.71 ppm, while
the H-1 and H-8 protons are centered around 8.70 ppm.
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Fig. 3 UV/vis spectra of binuclear (InCl)Pc/Pc(InCl) 1 (full line)
and (Mg)Pc/Pc(Mg) 3 (open circles) (cuvette thickness: 10 mm;
concentrations < 1x10™* M in CH,Cl,)



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 unsubstituted part of the binuclear Pc are
assigned around 123 and 130 ppm, respectively. Car-
bons C-15 and C-17 are located at 127.3 and 128.7,
respectively. The alkyloxy substituted aromatic carbons
C-23, C-24, C-31 are observed at about 155 ppm.

The IR spectrum of 1 resembles that of mononuclear
Pcs, but the IR spectrum of 2 (metal-free binuclear Pc)
shows the typical NH-stretching band at 3,298 cm™
whereas 1 does not show such a band because of meta-
lation.

From the analysis of the reported spectra we could
not decide whether 1 is constituted by one isomer (with
chlorines either in syn or anti), or a mixture of both
forms [49]. The ordinary techniques would not allow the
separation of the different topoisomers of 1, as shown
earlier with similar compounds [73].

From DFT-calculations, the anti conformation of 1 is
predicted to be 6.35x107> J (=0.16 kcal mol™') more
stable in the gas phase than the syn form. It must be
noted that this tiny energy barrier is lower than K7 at
room temperature (kg7=4.11x10"2'J at T=298 K
being kg the Boltzmann’s constant). The steric hin-
drance of the syn isomer is the factor determining the
relative stability of the two isomers, thus pointing to the
existence of a subtle compromise between steric and
possible n-delocalization effects in the binuclear com-
plexes. The DFT-optimized structures are shown in
Fig. 2. Note that the slight deviation from planarity for
the rings of the macrocycle, driven by the presence of a
coordinating central atom, might be largely reduced in
the solid state due to packing effects.

UV/vis spectra of axially substituted binuclear Pc 1

The UV/vis maxima of binuclear Pcs 1 and 2 (in CH,Cl,)
are given in Table 1. When comparing the optical spectra
of the binuclear Pcs 1 and 3 [58] with the respective mono-
mers (RO)sPcGaCl (R =2-ethylhexyl) and (RO)sPcMg
(R =2-ethylhexyl) [58], respectively, a very weak blue-shift
is observed for the more intense peak of the group of Q-
bands of the binuclear systems. In other words, the two
condensed Pc rings in 1 have an almost independent
behavior in terms of n-electron delocalization. Actually,
no mesomeric structures of compound 1 including both
rings can be drawn. The shoulder of the Q-band in the
UV/vis spectra of 1 (Fig. 3) shows a red-shift of the band
of approximately 25 nm in the binuclear systems with
respect to the mononuclear counterparts (Table 1).
Similar to the trend observed with mononuclear com-
plexes (RO)sPcGaCl and (RO)sPcMg, the binuclear Pcs
1 and 3 (Fig. 1) also exhibit a red-shift in going from
binuclear Mg/Mg 3 [58], to the binuclear (GaCl)Pc/
Pc(GaCl) 1 (Fig. 3). The observed red-shifted shoulders
are mainly due to the influence of the different central
metals rather than a more extended delocalization of the
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Fig. 4 Nonlinear transmission curves of binuclear Pc 1 (up
triangles), Cgo (black circles), and monomeric (RO)gPcGaCl
[R =2-ethylhexyl] (down triangles) at 532 nm for 7 ns pulsed
radiation. Cuvette thickness: 1 mm; concentrations (in g L™'):
0.1, 0.80 in toluene for 1 and (RO)gPcGaCl, respectively. Beam
waist at the focus: 40 pm. Concentration of Cgo solution was
chosen in such a way that its linear transmission at 532 nm was
T0:0.85

conjugated electrons in the binuclear complexes. Similar
results were also found by comparing the optical spec-
trum of monomeric -BuyPcInCl [74] with that of binu-
clear (InCl)Pc/Pc(InCl) [55].

Theoretical evaluation of aromaticity in binuclear Pc 1

The DFT-calculated EN, GEO, and HOMA values for
the different isomers of 1 are shown in Table 2. The
HOMA index for monomeric (RO)gPcGaCl was also
computed and it results to be 0.794 at the BIPW91/6-
31G* level. From the analysis of the HOMA indexes of
the dimeric isomers and the monomer, it results that the
syn isomer of 1 has the closest value (0.771) to that of the
monomer (0.794) with respect to the anti isomer (0.715).
Since there is no significant difference between the
positions of the Qy ¢ band of the monomer (RO)gPc-
GacCl (694.5 nm) and the one of the dimeric compound 1
(687.5 nm) in the experimental UV/vis spectra (Table 1),
a larger presence of the syn isomer in the actual mixture
of isomers is predicted from HOMA index comparison.
From calculations it is generally found a decrease in
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Fig. 5 Jablonski diagram for the description of the mechanism of
reverse saturable absorption (RSA4) upon short-pulse irradiation of
cromophores like phthalocyanines, in the visible spectrum. Sy, Si(2)
and T indicate the singlet ground state, the first (second) excited
singlet state and the first (second) excited triplet state, respectively.
The cromophore absorbs the first photon through the transition
[So — Si], and, depending on the dynamics of the irradiated
system, will absorb sequentially a second photon through either
[S| = S,] or [T} — T»] transition. o5 and g, are the absorption
cross sections from the excited singlet (triplet) state and the ground
state, respectively. Verification of RSA implies that g5 > oy Skew
and straight downward arrows indicate phosphorescence and
fluorescence decays, respectively. ISC is the acronym for intersys-
tem crossing [S; — T7]. For sake of clarity only the fundamental
vibrational level of the various electronic levels is indicated

aromaticity in passing from the monomer to either of the
dimeric isomers. This is determined by the relatively
large values of the GEO terms, which are related with
the bond length alternation. GEO terms result to be
about twice the values of the EN terms (Table 2). Such
findings imply that the dimer has rings with more
localized double bonds and, therefore, is a less aromatic
system with respect to the monomer. This is in accor-
dance with the experimental observation of the red-shift
of the Qg9 band in passing from monomeric (RO)gPc-
GaCl to dimeric (GaCl)Pc/Pc(GaCl) 1 and it is theo-
retically confirmed by the lower HOMA values of the
binuclear dimeric Pc with respect to the mononuclear
system. Therefore, both the analyses of the position of
the Qg o absorption band and the values of HOMA in-
dex lead to the same conclusion: dimeric Pc 1 behaves
almost like a monomeric Pc in terms of n-delocalization.

Nonlinear optical transmission of binuclear Pc 1

The variation of optical transmission of the axially
substituted binuclear (InCI)Pc/Pc(InCl) 1 in toluene at
532 nm is shown in Fig. 4 when the incident radiation is

Table 2 Density functional theory-calculated EN, GEO, and
HOMA values for binuclear Pc 1

EN GEO HOMA
Syn 0.078 0.151 0.771
Anti 0.104 0.181 0.715

produced by 7 ns laser pulses. For comparison, the
profiles of NLO transmission under analogous condi-
tions for mononuclear (RO)sPcGaCl with R =2-ethyl-
hexyl [58] and Cg are also reported. At 532 nm the linear
transmission of sample 1 is 77=0.88. The limiting
threshold Tj;,,, defined as the value of incident fluence at
which the NLO transmission 7 of sample 1 corresponds
to Ty/2, is 7.6 J cm 2. From the trend in Fig. 4, it is
found that 1 behaves as a reverse saturable absorber [75]
since its solution in toluene reduces continuously its
optical transmission upon increase of the incident fluence
within the range 0-10 J cm 2. The wavelength of anal-
ysis (532 nm) corresponds approximately to the mini-
mum of linear optical absorption comprised between the
enlarged Q and B absorption bands of 1 (Fig. 3). In
correspondence of such a minimum of linear optical
absorption (which is equivalent to a minimum of the
ground-state absorption cross section), it is expected that
the OL effect in the nanosecond pulse regime will have an
optimum [74-77]. For complex 1, the occurrence of such
an NLO phenomenon at 532 nm is due to a mechanism
of sequential two-photon absorption (Fig. 5). In this case
an excited electronic state is formed upon absorption of
the first photon, and it absorbs at the same wavelength
more efficiently than the ground state [74, 76, 77]. For
binuclear (GaCl)Pc/Pc(GaCl) phthalocyanine 1, it has
been observed that such an excited state absorbs light
pulses with duration of several nanoseconds (pulse
duration range: 3—10 ns). This implies that the lifetime of
the absorbing excited state cannot be shorter than 10 ns
for 1 under the experimental conditions used. If the
absorbing excited state is not directly formed upon
absorption of the first photon from the ground state,
then the internal conversion time tyc, i.€. the time nec-
essary for the system to be transformed into the most
stable level of an excited state, must be shorter than the
pulse duration, i.e. 7;c<3-10 ns. Upon nanosecond
pulses irradiation in Pcs, as intersystem crossing process
occurs and the formation of the highly absorbing excited
state is accompanied by the change of spin state after
absorption of the first photon (Fig. 5) [78].

From the comparison of the OL curve of the binu-
clear system 1 and mononuclear (RO)gPcGaCl [38]
(Fig. 4) it is evident that the monomer has a stronger
limiting effect when the linear transmission values are
approximately the same. Such a difference is due to the
higher tendency of aggregation for the dimer 1 with re-
spect to the monomer (RO)gPcGaCl, since the dimer
presents an unsubstituted part, which has a somewhat
stronger tendency to aggregate. As a consequence, the
generation of the highly absorbing excited state is im-
peded by the presence of this unsubstituted half and
brings about to a generally lower effectiveness of the OL
effect for the dimeric complex 1. As discussed before, an
increase of electronic conjugation in dimer 1 with respect
to the monomeric species due to the enlargement of the
structure, is actually not verified as witnessed by the
absence of red-shift in the linear absorption spectrum of
1 when compared to the monomeric counterpart.



Therefore, it results that the OL effect from dimer 1is a
phenomenon that involves only the electronic excitation
of a single Pc ring similarly to what we have previously
found in the analysis of the NLO transmission of bi-
nuclear (InCI)Pc/Pc(InCl) [55].

Conclusions

The objective of the present work was the synthesis and
full characterization of the binuclear axially substituted
(GaCl)Pc/Pc(GaCl) 1. Metal-free binuclear Pc 2 was the
starting material for the preparation of binuclear Pc 1
containing GaCl (Scheme 1).

The theoretical evaluation of the extent of electronic
delocalization and aromaticity in axially substituted bi-
nuclear Pc 1 has been accomplished by means of the
harmonic oscillator model of aromaticity index. It is
found that the two condensed Pc rings show almost
independent behavior in terms of z-electrons delocal-
ization, no mesomeric structures of compound 1
including both rings can be drawn. This is in agreement
with the experimental spectral features of the binuclear
complexes when compared to the spectrum of the
mononuclear species (RO)gPcGaCl. The absence of any
electronic delocalization in 1 implies that this dimeric
complex is equivalent to a species with a double con-
centration of Pc ring and central moieties per single
molecular unit with no lateral interaction.

The OL effect produced by 1 was determined in the
NLO regime determined by nanosecond laser pulses at
532 nm and it confirms the independent behavior of the
two Pc rings. 1 behaves as a reverse saturable absorber
via the mechanism of sequential two-photon (or excited
state) absorption with a limiting threshold 7.6 J cm™2.
Binuclear Pc 1 is thus a less effective optical limiter than
the monomeric system (RO)gPcGaCl due to a higher
tendency of aggregation for the dimer in solution.
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