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ABSTRACT
The second-order nonlinear optical properties (NLO) of a set of copper phthalocyanines have 
been studied based on density functional theory calculations. Our calculations show that 
they possess high value NLO properties. The first hyperpolarizabilities can be enhanced by 
position and number of donor-acceptor substituents along the phthalocyanine core.
Keywords: Phthalocyanine, hyperpolarizability, DFT.

ESTUDIO COMMPUTACIONAL DE LAS PROPIEDADES ÓPTICAS 
NO LINEALES DE SEGUNDO ORDEN EN FTALOCIANINAS DE 
COBRE SUBSTITUIDAS CON LIGANDOS DONADOR-ACEPTOR

RESUMEN
Las propiedades ópticas no lineales (NLO) de un grupo de ftalocianinas de cobre han 
sido estudiadas basadas en cálculos por teoría del funcional de la densidad. Nuestros 
cálculos muestran que éstas poseen altos valores en propiedades en NLO. La primera 
hiperpolarizabilidad puede ser mejorada por la posición y el número de sustituyentes 
donador-aceptor a lo largo del núcleo de ftalocianina.
Palabras clave: Ftalocianinas, hiperpolarizabilidad, DFT.

INTRODUCTION
In the field of nonlinear optics, organic materials on delocalized π-electron systems have 
attracted a great deal research interest in particular phthalocyanines1.

The family of phthalocyanines (Pcs) are based on 2-dimensional aromatic macrocycles that 
contain delocalized 18 π-electron clouds which exhibit a large number of unique properties, 
such as dying, molecular electronics and in the near future as a source of storage in quantum 
computing.

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.
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Metal phthalocyanines (MPcs) are planar fourfold-symmetry molecules characterized by a 
common electronic structure of the ligand independent from the metal in the center.

In recent years there has been a growing interest in the search for materials with large 
macroscopic second-order nonlinearities because of their practical utility as frequency 
doublers, frequency converters and electro-optic modulators. In order to optimize these 
effects, highly efficient materials have to be engineered. Second-order NLO effects are 
usually observed from noncentrosymmetric materials which are built up, for example, by 
incorporating donor-acceptor substituted organic molecules that have nonvanishing molecular 
hyperpolarizability. Thus, molecular engineering of one-dimensional (1-D) chromophores 
has been particularly active, leading to push-pull derivatives displaying huge first-order 
hyperpolarizabilities.

In accordance with their electronic structure, phthalocyanines present intense bands at the 
visible (Q band) and UV (B or Soret band) spectral regions that mostly determine the NLO 
response, for our purposes the first excited states are the most relevant which are established 
at the Q band. The Q band corresponds to transitions to the lowest excited state orbitals (eg) 
from the highest occupied orbital (au). The exact position of these bands depends on the 
particular structure, metal complexation and peripheral substituents2.

COMPUTATIONAL DETAILS
Calculations of geometry optimization, excited states properties, dipolar moment, 
polarizability and first hyperpolarizabilities were run using GAUSSIAN 09 program3. 
Molecular geometries were optimized with various DFT exchange correlation functionals 
such as B3LYP, HSE, MPW1PW91, CAM-B3LYP, TPSS and PBE. We have used the atom-
centered split valence with polarization functions 6-31G(d, p) for C, H, O and N; and the 
LANL2DZ basis set with effective core potential (ECP) for electrons near the nuclei for the 
copper atom. Energetics of excited states were calculated using time dependent (TD) DFT 
with functionals mentioned above and also the 6-31G(d, p) basis set  with LANL2DZ basis 
set on copper atom4-6.

Finite field method7, 8 has been widely used for computing the first hyperpolarizability β and 
the second hyperpolarizability γ. When a molecule is perturbed with a static electric field (F), 
the energy (E) of the molecule is expressed by the following equation:

E=E0–μiFi–(1/2)αijFiFj–(1/6)βijkFiFjFk–(1/24)γijklFiFjFkFl–…      (I)

In this equation, E(0) is the energy of the molecules without an electric field, μi is the component 
of dipole moment vector, αis the polarizability tensor, β is the first hyperpolarizability 
tensor and γ is the second hyperpolarizability tensor; i, j, k are x, y and z components. 
The tensor components of the molecular dipole moment, polarizability, first and second 
hyperpolarizability are calculated by deriving the total energy with respect to the external 
electric field.
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In this paper we use an electric field of 0.0010 Hartrees for determination of the static 
polarizability, first and second static hyperpolarizabilities.

For the dipolar moment, μ, and polarizability, α, have been calculated by using the following 
equations:

For the first hyperpolarizability, β, and second hyperpolarizability, γ, all components are 
calculated by the GAUSSIAN 09 program. The electron correlation effect has been considered 
by using DFT. We have employed PBE and HSE exchange correlation functional to calculate 
the nonlinear optical properties of the set of phthalocyanine derivatives for accurate 
predictions of the electronic excited states. The 6-31G(d, p) basis set is an appropriate choice 
for calculations of hyperpolarizability of molecules with atoms of more than 100 atoms hence 
it has been employed for the calculations in the current work.

RESULTS AND DISCUSSION
We have introduced four derivatives of copper phthalocyanine with donor-acceptor ligands 
studied in other works9-12. As shown in figure 1, four derivatives have been considered in 
this work; all of them have different positions of pair multiples of 4-nitrophenylethylvinyl 
as the acceptor group and cyanide as the donor group, those were denoted as 1, 2, 3 and 4, 
respectively.

The copper atom is in the middle of the macromolecule, cyanide groups decrease with the 
numbers and nitrophenylethylvinyl increase.

For studying the phthalocyanine derivatives mentioned above we started calculating the 
optimized structure and energies of the orbitals of copper phthalocyanine; The Kohn-sham 
energy levels of CuPc were calculated with different exchange-correlation functionals: 
B3LYP, MPW1PW91, CAM-B3LYP, PBE, TPSS and HSE, spin unrestricted calculations 
were employed throughout and the geometry was optimized independently for each 
functional.
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Fig 1. Copper phthalocyanine derivatives. 

 

Figura 1. Copper phthalocyanine derivatives.

Copper phthalocyanine have a D4h symmetry in which 4 pyrrole rings are bridged assuming 
great electron delocalization due to the nature of the carbon-carbon and carbon-nitrogen 
bonds; All functionals described well the geometry with some slight considerations, GGA 
functionals yield slightly longer bond lengths comparing with the hybrids that yield shorter 
bonds, which is typical for this kind of organic molecules.

The data obtained from these calculations has been compared to the bibliography13, which 
corroborate previous studies, there is an underestimation in the spin splitting energy of the 
b1g orbital using GGA functionals due to self-interaction error around the copper center, this 
error is larger in localized orbitals, it is therefore that there is an alteration of the HOMO and 
LUMO levels, these functionals show that LUMO is well underestimated and this orbital is 
well organized using HSE screened hybrid functional which is the LUMO+1.

It is also noticed that hybrid functionals have the self-interaction error also; this problem is 
resolved by the inclusion of Fock exchange. This would explain the success of the hybrid 
functionals in predicting the energy levels of the occupied b1g orbitals of CuPc. 

Time dependent Density Functional Theory studies were carried on using a set of functionals 
to evaluate the optical band gap which is shown in figure 2, according to experimental data 
in gas phase14, HSE is the more approximate to the experimental value of 656.2 nm (Q 
Band peak) with 650.81 nm, it has been also shown that this screened hybrid functional has 
been applied to organic and inorganic systems  making a well-suitable functional to study 
electronic excitations in the phthalocyanine derivatives, PBE functional which is the second 
most accurate with a peak in 624.88 nm will be used to study the NLO also. Surprisingly 
CAM-B3LYP which is a long range functional does not show accurate data and even less 
B3LYP which is a not suitable functional for metal containing systems because they were 
not part of the data set against which B3LYP was parametrize. Hybrid functionals also lack 
accuracy for metal containing systems.
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Figura 2. Visible spectra of unsubstituted copper phthalocyanine.

Tabla 1. Dipolar moment (Debye units), static polarizabilities (10-24 e.s.u.) and 
first hyperpolarizabilities (10-30 e.s.u.) calculated with PBE and HSE exchange and 
correlation functionals, 6-31G(d, p) level (LANL2DZ basis set on metallic centers).
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In order to know how the relation between structure and NLO properties is maintained, 
four structures have been studied as mentioned above, the second-order NLO properties of 
these copper phthalocyanine have been studies at HSE and PBE methods with 6-31G(d, p) 
basis set (LanL2DZ pseudopotential on the copper atom) in this work. The dipolar moment, 
polarizabilities and static first hyperpolarizabilities have been listed in table 1; most important 
tensor components have been listed in table 2. For complex 3 all values summed 0 with 
a little observation using HSE functional, the quasisymmetry of this system results in the 
vanishing of beta tensors.

For the calculation of dipolar moment it can be observed that values evolve in the following 
order 3<4<1<2 those results are mainly observed by the non-symmetry of the molecules. 
For 3 the value is 0 due to its symmetry, and then it evolves as the molecules get more 
non-symmetric. Static values of polarizability evolve in the following order 1<2<3<4 due to 
the highly substitution pattern, 4 has maximum values, as more ligands are attached to the 
macrocycle, the molecule can be more polarized by an external field.

Complex μPBE μHSE αPBE αHSE βPBE βHSE 
1 2.945 3.906 193.108 157.390 256.921 227.847 
2 3.251 4.9145 251.840 191.203 89.312 606.362 
3 0 0 259.598 200.825 0 0.755 
4 1.769 4.1846 317.624 281.641 102.320 416.645 

 

Complexes Method βxxx βxxy βxyy βyyy u 
1 PBE -248.747 0 -7.941 0 0.03 
 HSE -129.119 0 -98.602 0 0.763 
2 PBE 0 73 1.663 16.194 4.508 
 HSE 0 -31.495 -21.322 -574.43 0.05 
4 PBE 0 -34.937 0 -67.483 0.517 
 HSE 0 -202.621 0 -214.086 0.946 

 

Tabla 2. First hyperpolarizabilities components (10-30 e.s.u.) and nonlinear anisotropy 
calculated with PBE and HSE exchange and correlation functionals, 6-31G(d, p) level 

(LANL2DZ basis set on metallic centers).
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The introduction of PBE and HSE functionals greatly differs increasing the total 
hyperpolarizability values in all complexes, with the exception of 1, the ratio between HSE 
and PBE for 1 is 0.89, 6.79 for 2 and 4.07 for 4. Results show that there is no contribution 
of βzzz or z off diagonal tensors in the total hyperpolarizability, this is by the almost planar 
structure of the phthalocyanine derivatives. Contributions to the total hyperpolarizability are 
given by four tensors: βxxx, βyyy, βxyy and βxxy, the difference lies in the structures, in 1 βxxx 
and βxyy give the most important values, the long pi bridge from the acceptor group in the x 
axis enhances the contribution of these tensors, it has been shown that the ratio of the total 
static first hyperpolarizability between functionals is short but the mentioned tensors differs 
greatly, PBE gives higher results for the first component but not for the second one, HSE 
gives contrary results which can be explained by the long range exchange contribution. For 
2 the difference is mainly addressed by the βyyy off diagonal tensor which is shown enhanced 
by the screened hybrid functional, the pi bridges are mainly the source of the high value 
which are 45 degrees inclined to the y axis. For 4 βyyy and βxxy gives the higher values, for 
both cases HSE enhances the first static hyperpolarizability, y axis gives a high value due to 
the acceptor-donor position.

For the studied systems exchange part of the functionals used can be regarded as an 
enhancement of the first static hyperpolarizability. The difference between ratios higher than 
1 in most cases indicates the consideration of HSE as suitable for our studies.

In order to evaluate better the NLO character, the “in plane nonlinear anisotropy” concept 
u (depending on the ratio u =βxxy/βyyy) has been introduced in this work15. These values have 
been listed in table 2 and the results display considerable large values (from 0.517 to 4.508) 
which demonstrates that our structures possess good 2D second-order NLO properties. As 
shown in table 2 the calculated values are different and sensible to the donor-acceptor ligand 
axis bindings.

For good second order NLO responses of the studied systems, the properties of the most 
important excited states are studied. The most important for our purposes is the lowest excited 
states with large oscillator strength calculated with TDDFT. The oscillator strength, excited 
energy, transition dipole moment and orbital transitions have been listed in tables 3 and 4.

Complex fos ΔE eV ( λ nm) µx µy Major 
contributions 

1 0.5723 1.8758 eV 
(660.96 nm) 

0 3.529 HOMO --> LUMO 
(92%) 

2 0.7418 1.8848 eV 
(657.80 nm) 

4.0081 0 HOMO --> LUMO 
(92%) 

3 0.5674 1.7779 eV 
(697.38 nm) 

0 3.609 HOMO --> LUMO 
(92%) 

4 0.9420 1.9193 eV 
(645.99 nm) 

4.4759 0 HOMO --> LUMO 
+1 (91%) 

 

Tabla 3. TDDFT results for all phthalocyanine derivatives at the third excited state 
(HSE/6-31G(d, p) calculations (LANL2DZ basis sets on copper atoms)).
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It is known that first hyperpolarizability is proportional to the oscillator strength and inverse 
proportional to the cube of excited state energy of the low-lying charge transfer excited state. 
It is shown in figures 3, 4, 5 and 6 the orbitals that feature the excited states charge transfer 
in complex 1, 2, 3 and 4. Only the x and y polarized transitions are allowed in all complexes, 
third and fourth excited states are associated with y and x transitions in 1 and 3 respectively, 
third and sixth are associated with x and y transitions in 2 respectively according to the 
transition dipole moment elements. For 1, 3 and 4 the Y-polarized transition arise from 
HOMO -> LUMO (92%) and X-polarized transitions from HOMO -> LUMO+1 (92%). For 
2 the X-polarized transition arises from HOMO -> LUMO (92%) and Y-polarized transitions 
from HOMO -> LUMO+1 (92%).

It can be found that HOMO is mainly polarized across donor ligands and phthalocyanine 
core, LUMO and LUMO+1 is mainly localized on the phthalocyanine core and the acceptor 
ligand, Thus these orbital transitions would generate charge transfer from electron donor to 
acceptor end and from phthalocyanine core to electron acceptor end. The phthalocyanine 
core not only acts as the p-conjugated bridge in all systems but also acts as the electron donor 
in this molecule.

Tabla 4. TDDFT results for all phthalocyanine derivatives at the fourth excited state 
except the second complex which is in the sixth excited state (HSE/6-31G(d, p) 

calculations (LANL2DZ basis sets on copper atoms)).

Figura 3. Axis polarized transitions of the first derivative.

Complex fos ΔE eV ( λ nm) µx µy Major contributions 
1 0.7872 1.9609 eV 

(632.29 nm) 
4.0481 0 HOMO --> LUMO 

+1 (93%) 
2 0.7423 2.0278 eV 

(611.43 nm) 
0 3.8665 HOMO --> LUMO 

+1 (93%) 
3 0.9935 1.8752 eV 

(661.16 nm) 
4.6503 0 HOMO --> LUMO 

+1 (92%) 
4 0.7418 1.9315 eV 

(641.92 nm) 
0 3.9593 HOMO --> LUMO 

(92%) 
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Figura 4. Axis polarized transitions of the second derivative.

Figura 5. Axis polarized transitions of the third derivative.

Figura 6. Axis polarized transitions of the fourth derivative.
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CONCLUSIONS
DFT calculations have been performed on the second-order non-linear optical properties of a 
set of phthalocyanine donor-acceptor derivatives. Calculations show that second–order NLO 
properties of these molecules are sensitive to position of ligands along the phthalocyanine 
macrocyclic core. For 1, 2 and 4 have shown great first hyperpolarizability values that can 
be well used in second-order NLO applications. Our hyperpolarizability calculations show 
that position and number of donor-acceptor substituents have a strong contribution in non-
linear optical responses. TDDFT calculations show that the charge transfer corresponding 
to the most important excited states is mainly from electron donor to acceptor end and from 
phthalocyanine core to electron acceptor end.
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