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The second harmonic generation (SHG) hyperpolarizabilities of a family of peripherally substituted push-
pull phthalocyanines1, 2, and3, having an ethynediyl subunit in the linking bridge between the acceptor and
donor moieties, have been measured. Electric field induced second harmonic (EFISH) generation experiments
at 1.064 and 1.900µm and hyper-Rayleigh scattering (HRS) experiments at 1.064µm have been carried out.
The quadratic hyperpolarizabilities values derived from these experiments are quite significant and superior
to those found for similar push-pull compounds lacking of a triple C-bond in the donor-acceptor path. The
main electronic parameters of the three compounds (electric dipole moments, orbital electronic distributions,
and optical transition moments) have been calculated using the ZINDO/S method for molecular geometries
that have been optimized through the PM3 method. Excellent agreement with spectroscopic data has been
achieved. The SHG results have been analyzed through a 3-level model associated to the ground level and
two split levels responsible for the Q-band, assuming either strict (for compound2) or approximate (for
compounds1 and3) C2V planar symmetry. The parameters used in the model were those obtained from the
electronic calculations. For molecule2, both the theoretical diagonal and off-diagonal elements of the beta
tensor, as well asâEFISH andâHRS, have been determined. Good agreement with the experimental HRS values
is obtained, whereas EFISH values considerably differ from those obtained from the simple expression for
γEFISH ignoring the electronic contributions.

Introduction

The rational design of new organic materials for nonlinear
optics (NLO) represents a relevant and expanding topic that is
reaching maturity because of their potential application in
optoelectronics, particularly for the development of optical
communications and computing technologies.1 Second-order,
as well as third-order, processes are required for that objective.
Although pioneering work has been concentrated on push-pull
linear (1D) compounds more complex molecules (both 2D and
3D) and nonlinear mechanisms are being now actively inves-
tigated.2 In other words, the field has strongly diversified and
many different design strategies are being followed, including
octupolar compounds2a-f and nonclassical chromophores.2g-i A
very interesting family of compounds for this goal is constituted
by the phthalocyanines (Pcs).3 They exhibit excellent thermal
and chemical stabilities and offer the possibility of tailoring their
physical response due to their remarkable structural versatility.

From the electronic point of view, phthalocyanines are highly
conjugated planar molecules with an extensive delocalized
π-electron system, which exhibits high cubic hyperpolarizabili-
ties, as well as good optical limiting capabilities.4 The 2-D
structure of Pcs adds some novel features to the SHG response
with regard to the behavior found for the more extensively
investigated 1D compounds. Nonzero off-diagonal hyperpolar-
izabilities appear in 2D systems that enhance the versatility of
their nonlinear perfomance and, in particular, permit a tuning
of the balance between the dipolar and octupolar contributions.
Moreover, the higher dimensionality introduces additional
complexity that poses new challenges to the theoretical modeling
of the SHG response. On the other hand, the potential of
phthalocyanine related compounds for second-harmonic genera-
tion (SHG) have been recently pointed-out, and different
strategies have been developed for obtaining noncentrosym-
metric systems. One of them involves the preparation of
intrinsically unsymmetric Pc derivatives, such as triazolephtha-
locyanines,5 subphthalocyanines (SubPcs),6 axially substituted
Pcs,7 and other kinds of noncentrosymmetric Pc systems,8 which
have yielded high susceptibility values in both solutions and
spin-coated films. As an alternative, it has been suggested that
unsymmetrical peripherally substituted Pcs with suitable donor
and acceptor groups should exhibit strong second-order non-
linear optical (NLO) responses.9 They can be considered as
push-pull systems mediated by the highly conjugated phtha-
locyanine macrocycle as a bridging group. Their chemical
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versatility allows the introduction of many different substituent
groups at peripheral positions. However, only a limited number
of promising results8-12 has been derived so far from this
strategy, and the experimental studies performed on some
asymmetrical Pcs have yielded rather weak values of hyperpo-
larizabilities. Moreover, the relationship between the second-
order response and the molecular structure remains mostly
unexplored. Recently, this strategy has been strongly stimulated
by work on push-pull arylethynyl porphyrins exhibiting large
first-order hyperpolarizabilities.13 Moreover, successful theoreti-
cal proposals to understand and optimize the beta values in
highly conjugated push-pull chromophore structures have been
advanced.14 The important role of the topology and electronic
structure of the conjugated bridge connecting the donor and
acceptor groups has been pointed out. Ideally, the bridge-
localized excited state should dramatically alter the D-A
coupling relative to the ground state.

In this paper, we describe the second-order NLO properties
of a new family of push-pull nitrophenylethynyl- and di-
methylaminoethynylphthalocyanines1-315 with extended con-
jugation, using triple bonds as linkers16 between the acceptor
and donor moieties14 (see Chart 1). Butoxy and propylsulfonyl
substituents in compounds1-3 (as donor and acceptor,
respectively) not only promote the required electronic effect but
also provide the phthalocyanines with enough solubility in
organic solvents to facilitate the preparation of homogeneous
thin films. Compounds1 and 2 having the NO2 acceptor
substituent and then-butoxy donor groups are analogous to the
promising push-pull Pcs reported in a recent work17 (showing
moderate hyperpolarizabilities) except for the presence of the
triple bond linkage. Therefore, the role of the extended bridge
connecting the acceptor group and the Pc macrocycle can be
investigated and optimization routes can be explored. Compound
3 having the N(CH3)2 donor group and the SO2C3H7 acceptor
has been also studied for comparison purposes.

To have a good understanding of the electronic structure of
our molecules, theoretical calculations have been performed to
optimize the molecular geometry and determine the relevant
frontier orbitals that contribute to the NLO response. Permanent
dipole moments as well as optical transition moments have also
been obtained. Calculations agree well with the experimental
spectroscopic data.

Some relevant features in the experiments and in the analysis
of the data are presented in this paper. Hyper-Rayleigh scattering
(HRS)18 measurements have been performed at 1.064µm
together with electric field induced second harmonic (EFISH)
generation experiments19 at two different wavelengths (1.064
and 1.900µm). The molecule2, displaying strictC2V symmetry,
has been analyzed in detail within a three-level model20

including the ground state and the two-split levels of the Q-band
transition. A similar analysis for compounds1 and3, assuming
an approximate C2V symmetry, yields much poorer results. The
three nonzero components of the beta tensor have been
determined as well asâEFISH andâHRS by using the electronic
molecular parameters obtained from the semiempirical calcula-
tions and the measured transition dipole moments between the
ground and excited states. The comparison of the HRS
experimental data with the theoretical values provides a good
test for the adequacy of our model. The EFISH data considerably
differ from those directly obtained from the experimentalγEFISH,
ignoring the electronic third-order contributions. This discrep-
ancy may be associated to a nonnegligible electronic contribu-
tion in our highly conjugated molecules.

Experimental Section

Synthesis.Compounds1-3, previously described by us,15

were prepared by a stepwise method combining a metal template
cyclotetramerization and a cross-coupling palladium mediated
reaction.

EFISH Generation Measurements.EFISH experiments
have been performed in chloroform solution (1, 2.77× 10-4

M; 2, 2.3× 10-4 M; 3, 1.86× 10-4 M) at 1.064 and 1.907µm
fundamental wavelengths. The former one was emitted by a
Q-switched Nd:YAG laser, whereas the latter was obtained by
shifting the 1.064µm emission in a high-pressure hydrogen cell
(60 bar). Peak powers of 3.9× 105 W (at λ ) 1.064µm) and
5.2× 105 W (at λ ) 1.9 µm) were achieved with pulses of 10
ns duration and 10 Hz repetition rate. Peak intensities were
∼1011 W/cm2. A liquid cell with thick windows in the wedge
configuration was used to measure the Maker fringes pattern.

CHART 1
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The incident beam was synchronized with a DC voltage (4 kV/
mm) applied to the solution in order to break its centrosymmetry.

HRS Measurements.The HRS experiments were carried out
by measuring the intensity of the scattered second-harmonic light
generated when focusing the intense 1.064µm laser beam on
the solution. No indication of multiphoton-induced luminescence
was obtained from our experiments.

Theoretical Calculations

The Zn derivatives of the push-pull unsymmetrically sub-
stituted alkynyl phthalocyanines studied in this paper were
calculated at the semiempirical level. First, geometry optimiza-
tions were carried out for all the considered compounds, and
second, single-point calculations were performed over the
optimized geometries. The single-point calculations were ac-
complished for characterizing the electronic structure of the
compounds and for predicting the electronic UV-visible spectra.
Although the unsubstituted ZnPc has been the subject of multiple
and (even) high-level theoretical and experimental searches,21

we have performed some calculations on this molecule to
consider the effect of the peripheral substitution on the geometry
and electronic properties of the studied compounds. The results
of the calculations related to ZnPc have been used in the text
only when the comparison was needed.

The structures were optimized using the PM3 method22

implemented in the MOPAC program package (version 6.0).23

The geometry optimization procedure employed was the “eigen-
vector following” (EF).24 The optimization threshold for the
value of gradient norm was fixed to 0.01 kcal/mol (Å or radians).
The maximum step size allowed during the optimization
procedure was 0.02 (Å or radians). Owing to the relative
freedom of orientation of the peripheral-OC4H9 and-SO2C3H7

chains, the hypersurface of potential energy for these compounds
may have multiple minima. We made a preliminary study of
this surface finding the possible absolute minimum for the
studied compounds. The absolute minima obtained for com-
pounds1-3 were those with heats of formation+43.9,+109.8,
and-50.9 kcal mol-1, respectively. Energy differences of 12.2,
10.2, and 22.2 kcal mol-1 between the global and the other local
minima were computed, respectively.

The study of the electronic properties and UV-visible spectra
(single-point calculation) was performed with the ZINDO/S25

method instrumented in the HyperChem (version 5.1)26 graphic
interface. Configuration interaction (CI) was included in the
simulation of the spectra. The CI calculations were limited to
the six highest occupied and to the six lowest unoccupied
molecular orbitals, having in mind that the two highest occupied
(HOMOs) and the two lowest unoccupied (LUMOs) molecular
orbitals are responsible for the two main bands of the UV-
visible spectra in porphyrin-like macrocycles (the Q and B
bands),27 whereas the molecular orbitals nearest in energy can
interact with them.28

Results and Discussion

Molecular and Electronic Structures. One of the most
outstanding geometrical outlines of the considered compounds
is that in all of the optimized structures the phthalocyanine
skeleton is invariably flat. This result may be understood on
the basis of the following:29 (i) the presence of the Zn atoms in
the center of the macrocycle cavity, where zinc optimizes the
relationship between the macrocycle cavity and the metal (which
is housed in this cavity) sizes; (ii) the benzene rings condensed
to the pyrrole ones contribute to the planarity of macrocycle
tetrapyrrolic assemblies; and (iii) the phthalocyanine macrocycle

is more rigid than the porphyrin one (where the peripheral
substitution induces nonplanar conformations of the macrocycle)
due to the existence of nitrogens atoms in meso positions.

Figures 1 and 2 show the optimized geometrical parameters
of the macrocycle skeleton for the studied compounds. As it
may be observed, theD4h symmetry is broken by the considered
peripheral substitution. Two schemes of asymmetry can be
distinguished depending on the nature of the substitution
pattern: compounds1 and2 belong to the first of these schemes,
whereas compound3 conforms to the second one. Furthermore,
the degree of the symmetry distortion depends on the presence
of one or two electron-withdrawing and electron-donor groups.
The 4-nitrophenylethynyl and 4-(dimethylamino)phenylethynyl
moieties are always coplanar with the macrocycle structure thus
favoring the extension of theπ conjugation.

Table 1 contains the calculated ZINDO/S total dipole
moments and their components along the “z” and “x” directions

Figure 1. Some selected bond distances (in Å) and angles (in degrees)
for the optimized geometries of compounds1 and2. The values into
parenthesis correspond to compound2.

Figure 2. Some selected bond distances (in Å) and angles (in degrees)
for the optimized geometry of compound3.
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(shown in Chart 1) for compounds1-3. A predominant
contribution of theµz component to the total dipole moment is
observed, i.e., of the component of the “z” axis along which
the electron-donor (or electron-acceptor) substituent group is
placed. The dipole moment component in the “y” direction (the
direction perpendicular to the plane that contains the molecule
skeleton) is zero for all of the studied cases because the-OC4H9

and -SO2C3H7 groups are located either in the plane of the
molecule (compounds1 and2) or alternatively above and below
the molecular plane in compound3. The sign of theµz

component is in accordance with the electron-donor or electron-
acceptor nature of the push-pull group.

Table 2 includes the ZINDO/S calculated orbital energies in
the vicinity of the frontier orbitals (HOMOs and LUMOs) for
the present compounds, whereas Figures 3 and 4 show the nodal
patterns, both of the two highest occupied and the two lowest
unoccupied molecular orbitals in compounds2 and3, respect-

ively. The color of the circle indicates the sign of the coefficient
Ci whereCi ) ∑ci, (ci are the coefficients of the atomic orbitals
in the expression for the molecular orbital) whereas the diameter
of the circles is proportional to the absolute value ofCi. Ci was
calculated for each atom of the molecule, but Figures 3 and 4
only contain those contributions for whichCi > 0.2. The
corresponding picture for compound1 is similar to that obtained
for compound2 but distorted by the molecular asymmetry with
respect to the “z” axis. The orbital energies of compound3 are
more negative (see Table 2) than those obtained for compounds
1 and2. This result may be explained considering the electron
acceptor character of the-SO2C3H7 substituents.

It is noteworthy that the frontier orbitals in the studied
compounds are extensively diffused over the whole macrocyclic
structure as may be derived from Figures 3 and 4. Therefore,
the HOMOs which are mainly located on thealpha carbons
(see the nomenclature introduced in the Chart 1), as it is
expected for tetrapyrrole macrocycles, also exhibit considerable
contributions from thebetaandphenylcarbons. Likewise the
LUMOs are extended over the macrocycle structure but they
are alternatively distributed along the “z” and “x” directions.
Important contributions to the LUMOs were additionally
calculated both on the-NO2 and-N(CH3)2 substituents. The
(HOMO-1)s are not located over the macrocycle but on the
-N(CH3)2 and-NO2 substituents.

As a rule, the HOMOs and LUMOs are located over the
planar part of the molecules for all of the studied compounds.
Therefore, they are invariably constituted by “py” atomic orbitals
(see the axis orientation adopted in Chart 1); that is, they have
π character, and correspondingly, the electronic transitions
among them are alwaysπ f π*.

Electronic Transitions: Optical Absorption Spectra. The
absorption spectra of the three compounds in chloroform
solution (1, 2.5× 10-6 M; 2, 3.0× 10-6 M; 3, 3.6× 10-6 M)
as well as the calculated electronic transitions (represented by
vertical lines) are shown in Figure 5. They display the typical

TABLE 1: Calculated (ZINDO/S) Permanent Dipole
Moments (Ground State)

dipole moment/Debye

compound µz µx µtotal

1 -12.3 -3.65 12.8
2 -20.6 -0.07 20.6
3 17.1 0.55 17.1

TABLE 2: Calculated ZINDO/S Orbital Energies (in eV) of
the Highest Occupied and the Lowest Unoccupied Molecular
Orbitals for the Studied Compoundsa

compounds

orbitals ZnPc 1 2 3

L + 1 -1.72 (eg) -1.70 -1.82 -2.56
L -1.72 (eg) -1.86 -2.02 -2.65
H -5.40 (a1u) -5.60 -5.76 -6.47
H - 1 -8.52 (a2u) -7.79 -7.68 -7.79
H - 2 -8.78 (b1u) -8.13 -8.27 -8.99

a For comparison the orbital energies of the unsubstituted ZnPc are
included.

Figure 3. Atomic orbital contributions both to the highest occupied
(HOMOs) and the two lowest unoccupied (LUMOs) molecular orbitals
for compound2. The orbital symmetry is indicated.

Figure 4. Atomic orbital contributions both to the highest occupied
(HOMOs) and the two lowest unoccupied (LUMOs) molecular orbitals
for compound3.
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B and Q features of Pcs. However, because of the breaking of
the D4h symmetry induced by the peripheral substitution, the
Q-band appears clearly split. Along with this, the observed red
shift in the Q-band in compounds1 and2 with respect to their
precursors15,16(the compounds containing thesCtCH groups)
is related to the extension of theirπ-conjugation systems. As
was referred to in the previous section, the electron-donor/
(withdrawing) groups are coplanar with the tetrapyrrole mac-
rocycle that concentrates the main contribution to the orbitals
determining the spectroscopic properties. This feature allows
the extension of theπ conjugation in compounds1 and2 with
respect to those where the push-pull groups are replaced by
hydrogen (the precursors).

The experimental values for theλ of maximun absorption
corresponding to the main observed bands are included in Table
3, together with the calculatedλ for the zero-point vibrational
electronic transitions. From this, it may be concluded that
theoretical calculations provide a satisfactory approximation to
the experimental spectroscopic values, particularly those for the
Q (Q1 and Q2) transitions of compounds1 and 2. A major
divergence between the experimental and calculated electronic
spectra was observed for compound3, particularly with regard
to Q transitions. This is presumably related to the presence of
S atoms at the peripheral-SO2C3H7 substituents. In fact, it

has been reported in previous theoretical studies30-32 that the
semiempirical methods based on the NDO approach exhibit
difficulties for describing theπ f π* electronic transitions in
sulfur-containing compounds. In compound3, the sulfur atoms
directly interact with the HOMO (which is involved in the Q
transitions) throughout the phenyl carbons. On the contrary, the
ZINDO/S method describes significantly better the B transition.
To understand this result, it must be considered that the
HOMO-1 in this compound (see Figure 4) is preferentially
located on the-CC(C6H4)N(CH3)2 group and interacts weakly
with the S atoms.

The symmetry of the electronic transition for these com-
pounds can be well identified for compound2 because of its
strict C2V symmetry. In fact, the Q-band of most of the
unsubstituted Pcs corresponds to an a1 f eu transition.3 When
the structure is perturbed by the peripheral substitution so that
theD4h symmetry is turned into theC2V one, the ground orbital
becomes a2 and the degeneracy of the eu orbitals is broken into
a2 and b1. Consequently, the orbital energies are reordered. Now
the two split Q1 and Q2 transitions associated to the Q-band are
a2 f a2 appearing at lower energy and a2 f b1 at higher energy.
They, respectively, present transition moments parallel to the
“z” binary axis (Q1 band) and perpendicular to it (Q2 band),
i.e., along the “x” axis. Moreover, these two split transitions
have similar strengths and account for the two resolved peaks
in the spectra of compound2. The components of the transition
dipole moments for the Q (Q1 and Q2) and B (B1 and B2)
transitions are given in Table 4. The corresponding values for
the transition between the two Q-band excited states are also
included. This transition is not observed in the absorption spectra
but plays a role in the three-level model calculations of the NLO
response to be described below. The situation is more compli-
cated for molecules1 and3 because the point symmetry is not
C2V and the two transitions may have a mixed (“z” and “x”)
character which can be inferred from the corresponding data
shown in Table 4.

The Q transitions for the studied compounds are very intense
as expected for charge-transfer electronic transitions. The
fractions of electronic charge transferred by the Q transitions
are 0.28, 0.30, 0.35, and 0.37 for ZnPc and compounds1-3,
respectively. These values were obtained at the semiempirical
ZINDO/S level from the atomic charges of the ground and the
excited states. The charge transfers for compounds1-3 are
approximately in the same range of values and greater than that
obtained for ZnPc indicating that (i) the electronic excitations
are roughly similar in extension in the studied asymmetric
compounds and (ii) their extensions are strongly determined by
the push-pull substituents, i.e., the-NO2 and -N(CH3)2

substituents exert an important influence on the charge transfer

Figure 5. Electronic spectra of compounds1, 2 and3: experimental
data (solid line) and calculated transitions (dotted line).

TABLE 3: Calculated ZINDO/S and Experimental
Spectroscopic Parameters for the Q and B Transitions

calculated experimental

compd transition λ/nm logε λmax/nm logε

1 Q1 (0 f 1) 697 5.1 696 5.4
Q2 (0 f 2) 677 5.0 677 5.4
B 326 5.1 357 5.2
B 313 4.5

2 Q1 (0 f 1) 702 5.1 713 4.9
Q2 (0 f 2) 673 4.9 672 4.8
B 344 3.8 361 4.9
B 327 4.9

3 Q1 (0 f 1) 687 5.1 711 5.3
Q2 (0 f 2) 643 5.1 686 5.3
B 383 4.8 372 5.1
B 351 4.4
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extension. The peripheral susbstituents do not participate directly
in the electronic transfer associated with the Q transition but
they quantitatively modulate it. The situation is markedly
different for the B transition because the substituents directly
contribute to the HOMO-1 (Figures 4 and 5).

The highest charge changes (for Q transitions) were observed
on the alpha carbons, with the meso and pyrrole nitrogens being
positive for the former and negative for the last ones. This means
that the Q electronic transitions occur from the alpha carbons
to the nitrogens in correspondence with the spatial distribution
of the HOMO and LUMOs (Figures 4 and 5).

NLO Properties. The γ(EFISH) values measured at 1.064
and 1.907µm andâ(HRS) values at 1.064µm are listed in Table
5. The â(HRS) data indicate that molecule2 (exhibiting the
highest degree of asymmetry) reaches the largest SHG response.
For the other compounds, theâ(HRS) values are substantially
lower. Although HRS data are not available for other asym-
metric Pcs, our molecules present superior EFISH performances
to those measured for analogous push-pull Pcs not having an
ethynediyl moiety in the linking bridge.16 Moreover, values are
comparable to those reported for highly efficient SubPcs where
thorough experimental investigations have been carried out.6a

The detailed quantitative analysis ofγ(EFISH) data, presenting
opposite signs at 1.064 and 1.904µm, is more complicated. In
principle, one may ignore the electronic contribution to gamma
EFISH as often done and calculateâ(EFISH) from the simple
equation:

The correspondingâ(EFISH) values are listed in Table 5. They
are, also, quite significant and much larger than those measured
for analogous noncentrosymmetric Pcs, lacking the triple bond
in the bridge connecting the acceptor and donor moieties.

Moreover, the trend found for the absolute values on passing
from compound1 to 3 is consistent with that found for the HRS
data; that is, values decrease with the sequence2 f 1 f 3.
Unfortunately, expression 1 does not include the electronic
contribution toγEFISH and cannot therefore be considered as
fully reliable for strongly conjugated molecules as those
investigated in this work. Therefore, a theoretical evaluation of
all components of the beta tensor has been carried out for
compound2, using a three-level model and the molecular
parameters calculated in the above section. Because molecule
2 strictly abides toC2V symmetry, theoretical formulas forâijk

are relatively simple and manageable. From those, tensor
components ofâEFISH have been readily obtained. The value is
higher than that obtained from the simple formula 1, ignoring
electronic contributions, and it is expected to be more meaning-
ful. Moreover,âHRS has been also determined and compared to
the experimental value.

Theoretical Three-Level Model.The spectral data suggest
that for compound2, displaying strictC2V symmetry, a three-
level model including the two excited levels responsible for the
Q peaks and the ground level may be appropriate and meaning-
ful. It has also been shown by general symmetry arguments
that a 2-dimensionalC2V molecule requires a three-level system
to be able to sustain aâ tensor with both nonvanishingâzzzand
âzxx components.2f To simplify the mathematical expressions,
we will adopt the nomenclature: 0 for the ground state, 1 for
the a2 excited state, and 2 for the b1 excited state. For a planar
molecule with that point symmetry, the three-level expressions
for the three nonzero components of the hyperpolarizability
tensor (âzzz, âzxx, andâxxz) are

where µi,j
x,y,z stands for thex,y,z components of the optical

transition moment between levelsi and j and∆µij
x,y,z ) µj

x,y,z -
µi

x,y,z represents the components of the change in permanent
dipole moment from leveli to level j.

In terms of the tensor components (2), the EFISH and HRS
hyperpolarizabilities are given by

and

Note that Kleimann symmetry has not been assumed. This is a
relevant point because one of the wavelengths used in this work
(1.064µm) is partly resonant at the harmonic frequency.

TABLE 4: Calculated (ZINDO/S) Dipole Moments (and
Their Components; in Debyes) for the Optical Electronic
Transitions and Permanent Dipole Moments of the Excited
States Correspondinga

transition dipole excited-state dipole

compd transition µz µx µtotal µz µx µtotal

1 Q1 (0f1) -13.2 1.96 13.2 -1.56 -5.71 5.92
Q2 (0f2) 2.50 11.6 11.9 -5.60 -1.96 5.93
B 6.20 6.36 8.88-14.8 -12.5 19.4
B -4.08 2.38 4.72 12.4 1.85 12.5
1 f 2 7.56 -1.95 17.7

2 Q1 (0f1) -13.9 -0.09 13.9 -9.14 0.02 9.14
Q2 (0f2) 0.08 -11.2 11.2 -13.4 -0.02 13.4
B 0.00 -2.27 2.27 -12.4 -0.01 12.4
B -7.75 -0.02 7.75 -10.3 0.03 10.3
1 f 2 18.3 0.13 18.3

3 Q1 (0f1) -2.58 12.9 13.1 10.2 3.88 10.9
Q2 (0f2) 12.8 2.77 13.1 6.17 -0.77 6.22
B -4.20 -5.95 7.28 44.6 8.15 45.3
B -4.23 0.79 4.30 56.4 7.33 56.9
1 f 2 -4.19 14.3 14.9

a The assignments correspond by the same order with these utilized
in Table 3. In bold are given the electric dipole moments for the
electronic transition (1-2) between the two lowest excited states.

TABLE 5: Experimental Results for γ (×10-33 esu) andâ
(×10-30 esu)

compd µ (D) γEFISH
a γEFISH

b âEFISH
a âEFISH

b âHRS
a

1 12.8 -10.1 2.56 -162 41.1 220
2 20.6 -38.5 52.3 -384 522 530
3 17.1 7.21 -2.13 86.7 -25.6 114

a At 1.06 µm. b At 1.9 µm.

γ(EFISH)) µ‚â(EFISH)/5kT (1)

âzzz) 1

p2
[(µ01

z )2∆µ01
z (2D11

a + D11
b )]

âzxx) 1

p2
[(µ02

x )2∆µ02
z D22

b + 2µ01
z µ02

x µ12
x D12

a ]

âxxz) 1

p2
[(µ02

x )2∆µ02
z D22

a + µ02
x µ12

x µ01
z (D21

a + D12
b )]

(2)

â(EFISH) ) 1

p2{(µ01
z )2∆µ01

z (2D11
a + D11

b ) + 1
3
[(µ02

x )2∆µ02
z

(2D22
a + D22

b ) + 2µ01
z µ02

x µ12
x (D12

a + D21
a + D12

b )]} (3)

â(HRS) ) 6
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The dispersive factors used so far are given by the following
expressions:

whereD12
a is the first term,D21

a is the second term, andD12
b is

the third term on the right hand side of eq 5. The transition
moments appearing in the above expressions are derived from
the area of the corresponding absorption bands,33 which are in
very good agreement with those theoretically calculated. On
the other hand, for the permanent dipole moments of the ground
and the two excited states, one may use the (in-plane) theoretical
values given in Table 1. The transition momentµ12 between
the two lowest excited levels, which is not experimentally
available, is taken from Table 4. Values obtained for all nonzero
components of theâ tensor are given in Table 6. For comparison
the results obtained ignoring the1 f 2 transition, i.e., taking
µ12 ) 0, are also included. One observes thatâzzz is highest as
expected for the push-pull character of the molecule and quite
significant in comparison with related compounds.4 However,
the off-diagonal elementsâzxx andâxxz are quite high and even
comparable toâzzz in accordance with the 2-D structure of our
molecules. Moreover, at variance with the diagonal component,
they are very sensitive to the transition dipole momentµ12. The
calculated âijk values have been, then, introduced in the
expressions forâEFISH and âHRS, and the obtained results are
also included in Table 6. One, first, observes that theâEFISH

results very largely differ from those obtained by using the
simple expression 1 that ignores the electronic contributions to
γEFISH. This is a confirmation of the relative importance of these
contributions for highly conjugated molecules.17 Moreover,
within this theoretical framework, the opposite signs for the
âEFISH data at 1.064 and 1.907µm derive from the different
dispersion factors and account for the different signs ofγEFISH

at those wavelengths. As forâHRS, the accordance between the
theoretically predicted and experimental values can be consid-
ered excellent because of the approximations of the model, and
it provides strong support for our analysis. One should realize
that the method does not involve the fitting of any parameter.
The agreement might be possibly improved by using a more
elaborate model including damping effects and additional levels

but this might significantly and unnecessarily increase the
mathematical complexity at the expense of clarity.

The model assuming strict, either Z or X transition moments,
for the two peaks observed at the Q-band region is not expected
to apply for compounds1 and3. However, one may still assume
approximateC2V symmetry and use the same formalism. Results
for âEFISH andâHRS are not reliable, and so they are not given
here. However, they confirm the trends illustrated in Table 5,
although the quantitative concordance is now much poorer,
standing out the important role of symmetry.

Conclusions

A detailed theoretical and experimental study of the electronic
and optical (linear and nonlinear) properties of a new family of
peripherally substituted push-pull phthalocyanines, having
electron-donor and strong electron-withdrawing substituents, has
been carried out.

The studied compounds preserve the planarity of the phtha-
locyanine macrocycle, which is shown to extend to the electron-
donor or electron-withdrawing substituents, thus increasing the
π conjugation of the system. Peripheral substitution induces a
breakdown of the molecularD4h symmetry of the ZnPc and
determines both the splitting of the Q electronic transitions and
their symmetry.

HOMOs and LUMOs are located on the planar phthalocya-
nine fragment whereas the (LUMO-1)s, as opposed to most of
the tetrapyrrole macrocyclic compounds, exhibiting strong
localization on the electron-donor/(acceptor) substituents. Even
if the electron-donor/(acceptor) substituents do not participate
directly in the Q electronic transition, they modulate both the
extension and the direction of the charge transfer. They also
determine the orientation of the electronic dipole moment both
in the excited and ground state.

As for the NLO behavior, significant SHG hyperpolarizabili-
ties have been measured through EFISH and HRS. Values are
the largest found for push-pull Pcs and offer a route for
optimization of the SHG response and related properties such
as electrooptic efficiency. The data have been analyzed with a
three-level model and aC2V geometry, and both diagonal and
off-diagonal components of the beta tensor have been deter-
mined. The parameters used in the expressions for the molecular
hyperpolarizabilities have been obtained from ZINDO/S cal-
culations of molecular orbital and electric transition moments
on optimized molecular geometries. These calculations provide
an excellent fitting to the experimental spectroscopic data and
satisfactorily account for the HRS hyperpolarizability of com-
pound2 havingC2V symmetry.
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C.; Zyss, J.; Ledoux, I.; Agullo´-López, F.; Torres, T.J. Phys. Chem.1997,
101, 9773.

(12) (a) Tian, M.; Wada, T.; Sasabe, H. J.Heterocyclic Chem. 1997,
34, 171. (b) Tian, M.; Wada, T.; Kimura-Suda, H.; Sasabe, H.Mol. Cryst.
Liq. Cryst. 1997, 294, 271. (c) Tian, M.; Wada, T.; Kimura-Suda, H.; Sasabe,
H. J. Mater. Chem. 1997, 7, 861.

(13) LeCours, S. M.; Guan, H.-W.; DiMagno, S. G.; Wang, C. H.;
Therien, M. J.J. Am. Chem. Soc.1996, 118, 1497.

(14) Priyadarshy, S.; Therien, M. J.; Beratan, D. N.J. Am. Chem. Soc.
1996, 118, 1504.

(15) The synthesis of these compounds has been described previously:
Maya, E. M.; Garcı´a, C.; Garcı´a-Frutos, E. M.; Va´zquez, P.; Torres, T.J.
Org. Chem. 2000, 65, 2733.

(16) For recent examples of alkynyl substituted phthalocyanines, see:
(a) Maya, E. M.; Va´zquez, P.; Torres, T.Chem. Eur. J.1999, 5, 2004. (b)
Garcı́a-Frutos, E. M.; Ferna´ndez-Lázaro, F.; Maya, E. M.; Va´zquez; P.;
Torres, T.J. Org. Chem. 2000, 65, 6841.

(17) Rojo, G.; De la Torre, G.; Garcı´a-Ruiz, J.; Ledoux, I.; Zyss, J.;
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