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Abstract In the present work, we used the ultraviolet–

Visible (UV–Vis) spectroscopy technique to find the opti-

cal band gap of zinc phthalocyanine nanoparticles (ZnPc-

NP) experimentally. Moreover, we used a time-dependent

density functional theory (TDDFT) to simulate the UV–Vis

absorption spectrum of ZnPc molecule in gas and solution

phases. The ZnPc-NP absorption spectrum shows a shift

toward higher energies compared to the bulk ZnPc. The

simulated UV–Vis and the experimental nanoparticle’s

spectrum were found to have a good agreement. The ZnPc

energy band gap from the DFT calculations shows how it’s

possible to get wider range of energy band gap for the

ZnPc. The ZnPc-NP’s size and shape were examined using

the transmission electron microscope (TEM).

Keywords Zinc phthalocyanine � Nanoparticles � Band

gap energy � Density functional theory (DFT)

Introduction

Preparation and characterization of nanostructure systems

during the past decades has got scholars’ attention due to

their interesting optical, electronic and chemical properties

(Weller 1996; Alivisatos 1996). Scholars focused on

studying the nanoparticles derived from metals and

inorganic semiconductors, due to their significant electrical

and optical properties compared to bulk materials (Murray

et al. 1993; Braum et al. 1996; Micic et al.1995; Heath

et al. 1994).

As the dimension of a material gets smaller, the physical

and optical properties were observed to change; such as the

absorption spectrum of the material (Chen et al. 1994). We

can observe this effect obviously in exotic colors, which is

reflected in their absorption and emission spectra; this

effect was attributed to the gradual conversion of the

material edges into sharp and discrete molecular (exci-

tonic) absorption bands; therefore, band gap becomes more

larger, which is also known as the size quantization effect

(Smith and Nie 2010).

The control of material’s band gap energy, is an

important issue in the semiconductor properties and

nanoparticles applications (Dabbousi et al.1995; Colvin

et al.1994). The theoretical band gap can be represented by

Eq. 1 (Yoffe 1993):
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where Eg
bulk is the bulk band gap. R, me

*, mh
* and e are the

radius of the nanoparticle, electron’s effective mass, hole’s

effective mass, and the dielectric constant, respectively.

The third term in Eq. 1 arises due to the columbic attrac-

tion which is usually ignored in a high dielectric constant

medium. Equation 1 shows that as the material’s size gets

smaller, its band gap energy gets higher. This formula is

used to estimate the band gap for an isotropic spherically

nanostructures. Therefore, values obtained for the energy

band gap from Eq. 1 are usually over estimated (Li et al.

2001).

Zinc phthalocyanine (ZnPc) is an organic semiconductor

compound (Eley 1948), which is used as a photosensitizer
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for Photodynamic therapy (PDT) (Fadel et al. 2010; Ping

et al. 2016); and in optoelectronic applications such as

organic light-emitting diodes (OLED) (Run-Da et al. 2013;

Heo et al. 2013) and organic photovoltaics (OPVs) (Kim

and Bard 2004). The size effect on the electrical and optical

properties of metal-free phthalocyanine nanoparticles have

been studied using the physical method such as mechanical

grinding, it’s found that as the material’s size gets smaller

their photoconductivity efficiency was improved (Saito

et al. 1991). However, fabrication of very tiny homoge-

neous nanoparticles of MPc’s by using the physical

methods (grinding method) is not feasible. Therefore, other

methods have been developed to fabricate a tiny size of

organic nanoparticles such as liquid phase direct precipi-

tation (LPDP) (Chen et al. 1991), laser ablation (Tamaki

et al. 2002) and liquid–liquid interface recrystallization

techniques (LLIRCT) [Patil et al. 2007].

The spectroscopic study of metal phthalocyanine com-

pounds (MPc) gives very useful information about the

charge transfer between the central metal and the

phthalocyanine ligand, as a result of the overlapping

between their energy wave functions. One of the easiest

ways to determine the optical energy band gap of the

material is using their absorption spectrum.

In the present work, we studied the zinc phthalocyanine

bulk and nanoparticles thin film’s energy band gap using a

simple technique, which is the UV–Vis absorption spec-

trum technique. The objective of this work is to synthesize

the zinc phthalocyanine nanoparticles (ZnPc-NP) to study

the size effect on the absorption spectrum and calculate

their band gap energy. Additionally, density functional

theory (DFT) calculations were used to find the minimum

energy and optimized geometry for ZnPc molecule, and to

simulate the expected UV–Vis absorption spectrum.

Nanoparticles’s size and shape were examined using the

transmission electron microscope (TEM) images.

Experimental and theoretical work

Synthesis of zinc phthalocyanine nanoparticles

(ZnPc-NP)

Zinc phthalocyanine (ZnPc) (99% purity) and

cetyltrimethylammonium bromide (CTAB) were purchased

from Sigma-Aldrich, through a local chemical provider.

The surfactant was added to (150 ml) distilled water and

stirred at 50 �C until a transparent solution was observed.

ZnPc (0.05 g) was dissolved in 17 ml concentrated sulfuric

acid (98%), then the solution was added dropwisely, until a

dark blue colloidal solution was obtained into an aqueous

surfactant solution in an ice-methanol-water bath to keep

the temperature of the solution at 0 �C, the solution was

under vigorous magnetic stirring. The resulted solution was

washed to neutral with water using an ultra-filter. A trace

amount of sulfuric acid was removed by anion exchange

resin (Wang et al. 1999). The precipitate of the MPc

nanoparticles was washed with water and acetone to

remove any residual surfactants. ZnPc nanoparticles were

dispersed into Dimethylformamide (DMF) and then spin

coated at low speed (500 rpm for 40 s) over clean glass

substrates, to fabricate thin films. The thin films were

annealed at 200 �C to remove the solvent.

Characterization

The UV–Vis spectrum was measured using Shimadzu UV–

Vis spectrometer. UV–Vis is an easy and straightforward

technique to determine the band gap energy of organic p
conjugated systems. The optical band gap can be estimated

according to Eq. 2 (Costa et al. 2016):

Eg ¼ 1242

kth

ð2Þ

where Eg represents the optical energy band gap (in eV)

and kth represents the threshold wavelength (in nm),

obtained from the onset of the absorption spectrum

(Bhadwal et al. 2014). The transmission electron micro-

scope (TEM) images were prepared on carbon grids and

scanned using Hitachi H-7000, to examine the size and the

shape of our nanoparticles.

Theoretical calculations

The DFT Calculations were carried out using Gaussian09

package (Frisch et al. 2010). The applied basis sets are

6-31G(d) and the pseudo-potentials LANL2DZ. The

6-31G(d) (H, C, and N atoms) sets has the polarization

function, which it is suitable for atoms that fill s and p

atomic orbitals. The pseudo-potentials LANL2DZ is used

for heavy atoms such as Zn atom. The ZnPc structure has

been optimized using the B3LYP function. To investigate

the UV spectra we have employed time-dependent density

functional theory TDDFT on the optimized structure in gas

and DMF solvent. Moreover, we have reported the energy

of the molecular orbitals and then calculated the DE (gap)

between the frontier HOMO–LUMO orbitals and between

molecular orbitals of main peaks of the spectra.

Results and discussion

Organic molecules of phthalocyanine and their derivatives

show optical characteristics because of their ring structure.

They have two types of energy bands; B-band (c or Soret

band) and Q-band (a band in porphyrin) (Stillman and
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Nyokong 1989). The zinc phthalocyanine bulk absorption

spectrum and the zinc phthalocyanine nanoparticles thin

films are shown in Fig. 1. For bulk material, the B-band

shows the maximum peak at 332.5 nm. The peak at

618 nm in the Q-band energy was assigned to the first p–p*

transition on the phthalocyanine macrocycle (Davidson

1982) and the shoulder at 676 nm could be assigned to an

exciton state (Mack and Stillman 1997). ZnPc-NP

absorption spectrum shows a shift of the absorption peaks

toward the short wavelength region (blue shift). In the

B-band region, the 332.5 nm peak was shifted to the

330.5 nm (Dk = 2 nm); while for the 618 nm peak had

been shifted to 605.5 nm in the nanoparticles spectrum,

which is considered as the largest shift in the wavelengths

(Dk = 12.5 nm), among all of them. The blue shift of k can

be described like ‘‘quantum size effect’’ in semiconductor

nanoparticles (Laurs and Heiland 1987). The 676 nm

shoulder was developed into a clear, broad peak

(677–691 nm). ZnPc-NP absorption spectrum shows the

broadening spectrum compared to the bulk ZnPc, which

could be attributed to a change in the type of molecules

stacking due to the formation of the nanoparticles (Ma-

suhara et al. 2003).

The optical band gap was determined from the analysis

of the absorption spectrum as described by Tauc plot using

the formula (El-Nhass et al. 2001)

ahm ¼ aoðhm� EgÞn ð3Þ

where hv is the energy of incident photons and Eg is the

value of the optical band gap corresponding to transitions

indicated by the value of n. ao is a constant which depends

on the transition probability. A best linear fit was found for

n = 0.5 which indicates an allowed direct transitions in the

material (Kim et al. 2012). The extrapolation of the Tauc
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Fig. 1 The absorption spectrum for ZnPc nanoparticles ZnPc-NP

(short dot line) and bulk ZnPc (solid line)
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Fig. 2 Determination of the

band gap of a bulk ZnPc and

b ZnPc-NP using experimental

data c gas phase and d DMF

solvent using DFT data
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plot to the abscissa gives the value of the optical band gap.

The values of the energy band gaps for the bulk material

and the nanoparticles of ZnPc in the two regions are shown

in Fig. 2a, b. The DFT data was used to figure out the band

gap energy and threshold wavelength. The Tauc plot

extracted from DFT calculations, in gas phase and in DMF

solvent are shown in Fig. 2c, d. Band gap values that have

been extracted from the experimental and the theoretical

data at and threshold wavelengths are listed in Table 1.

The ZnPc nanoparticles average size and shape were

determined by using transmission electron microscope

(TEM). Almost an oval geometry (non-spherical shape) of

the nanoparticles was observed. Furthermore, clustering

and aggregation effect was observed in our samples as

shown in Fig. 3, left. The average calculations of the

nanoparticle’s diameter were in the order of 6.5 ± 0.3 nm

as shown in Fig. 3, right

Density functional theory (DFT) study on ZnPc was

performed, to find the estimated ZnPc band gap for a single

molecule in gaseous and solution (DMF) phase, for com-

parison purposes with the experimental nanoparticle’s band

gap. The optimized structure of ZnPc is shown in Fig. 4

which was a planar structure.

In the Q-band the electronic transition occurs from

HOMO, which has an electronic density mainly located on

the phthalocyanine molecule, to the LUMO, which has a

small electronic density on Zn–N bond as shown in Fig. 5.

The calculated energy gap is Eg = 2.23 eV. The B-band

electronic transition occurs between HOMO-4/LUMO

Table 1 Band gap and threshold wavelengths value for bulk ZnPc,

ZnPc-NP and ZnPc-DFT

Material B-band Q-band

Eg (eV) kth (nm) Eg (eV) kth (nm)

ZnPc bulk 2.97 418 1.53 812

ZnPc-NP 3.13 396 1.55 801

ZnPc (DFT-gas) 3.15a 395.5 1.70a 776.3

ZnPc (DFT-DMF) 3.20b 394.3 1.65b 757.3

a From Tauc plot Fig. 2c
b Fig. 2d
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Fig. 3 TEM image of the ZnPc

nanoparticles (left) and the

histogram for particles

frequency and the average

diameter of the particles (right);

the average diameter was

6.5 ± 0.3 nm

Fig. 4 The planar structure of the zinc phthalocyanine ZnPc

molecule. The Zn and N atoms are labeled, C atoms are in gray.

The Zn–N bond length of the optimized structure is 2.02 Å. [The

chemical formula is C32H18N8Zn and the atomic weight is

579.942 g/mol]
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orbitals, Eg = 3.91 eV as shown in Fig. 6. The electro-

static potential surface and contours of ZnPc is shown in

Fig. 7, where the d? and d- charges are residing on Zn

and on N-atoms, respectively. The electrostatic potential

surfaces can give us an idea about how the ZnPc molecules

are stacking in the nanostructure system. The most prob-

able aggregation in the system is the H-aggregation due to

high energy shift in the absorption spectrum and the

information provided by the electrostatic potential distri-

bution on the ZnPc molecule.

The UV–Vis simulation was performed after optimizing

the molecule geometry at minimum energy (no imaginary

frequency) or transition states (a single imaginary fre-

quency) as shown in Fig. 8. The simulated UV–Vis shape

has a good agreement with the experimental spectra, the

B-band and Q-band were located in the same range of

wavelength as we observed in the experimental spectra.

The position of the maximum peaks is listed in Table 2.

Furthermore, the associated calculations of the density of

states of the ZnPc are shown in Fig. 9 in gas phase (a) and

of the DMF solvent (b) which shows the virtual and

occupied orbitals.

Fig. 5 Virtual a LUMO and b HOMO frontier orbitals of ZnPc molecule, the energy gap is Eg = 2.23 eV

Fig. 6 The HOMO-4 orbital, where B-band electronic transition

occurs, Eg = 3.91 eV

Fig. 7 The electrostatic potential surface and contours of ZnPc, the

d? charge on Zn and d- charge on N-atoms
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Conclusions

The UV–Vis technique was used to determine the band gap

energy for bulk ZnPc and ZnPc nanoparticles (ZnPc-NP)

thin films. The shift in the absorption position was con-

sidered as an evident of the formation of the nanoparticles.

Nanoparticle’s band gap energy recorded higher values at

both B-band and Q-band (3.13 and 1.55 eV, respectively)

compared to the values for similar bands of bulk ZnPc

(2.97 and 1.53 eV, respectively). Therefore, ZnPc-NP’s

absorption spectrum shows a shift toward the higher energy

photons; the 332.5 nm peak was shifted to the 330.5 nm

(B-band region); and the 618 nm peak had been shifted to

605.5 nm (Q-band region). DFT calculations using the

DFT-B3LYP method was used to find the band gap of

ZnPc molecule and compared with the experimental value;

DFT calculations show that the maximum tuned band

width could reach 2.23 eV. The simulated UV–Vis has a

good agreement in shape and position of B-band and

Q-band with the experimental measurements. Transmission

electron microscope (TEM) was used to examine the ZnPc

nanoparticles size, they have an average diameter of

6.5 ± 0.3 nm. Controlling the band gap of the organic

Fig. 8 The UV–Vis spectra of ZnPc molecule using TD-DFT theory,

in the gas phase and the DMF solvent

Table 2 Maximum values of wavelengths at each absorption peak

for ZnPc molecule using DFT-B3LYP

kmax (nm) gas phase kmax (nm) DMF solvent

B-band 343.9 341.7

Q-band 586.3 611.2

Fig. 9 The density of states and

the band structure of ZnPc

calculated, a in gas phase and

b in DMF solvent
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semiconductors is an important issue, for applications such

as light emitting diode, organic photovoltaic devices and

the photodynamic therapy as a photosensitizer.
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