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A B S T R A C T   

In this article, new experimental results of the morphological and optical properties of thin films of 4-(dicya
nomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran co-doped by 8-hydroxyquinoline zinc (Znq2) for 
different concentrations were presented. The physical vapor deposition in a high vacuum was used to create the 
thin films on glass substrates with a thickness of 100 nm. The morphological properties of the samples were 
identified using the Atomic Force Microscopy (AFM) apparatus in tapping mode. TEM images show amorphous 
structures. The phase composition of the samples was assessed using FTIR methods. The Tauc plot approach was 
used to examine the measured transmittance spectra in order to estimate the energy gap. Analysis of the results 
showed that the co-doping of DCM thin film by Znq2 influenced the structural and optical properties of the 
samples. To evaluate the experimental results found, theoretical calculations based on the maximum one-photon 
absorption (OPA) wavelengths of DCM and Znq2 have been first measured through the UV–Vis spectral tech
nique. Then, the experimental conclusions on values for DCM and Znq2 have been compared with their corre
sponding simulation data procured from the time-dependent self-consistent-field (TD-SCF) computation utilizing 
the density functional theory (DFT) at B3LYP/6-311G(d,p) level. Besides, we have explored the first and second 
frontier molecular orbitals (MOs) for title compounds and their energy gaps via the DFT procedure. The cal
culations of maximum OPA wavelengths and the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) contributions on both molecules have also been crosschecked with the 
results of already published data in the literature.   

1. Introduction 

In recent years, organic compounds have appeared awesome po
tential as appropriate materials for optoelectronic applications [1–5]. 

Among numerous organic materials, the 4-(dicyanomethylene) 
-2-methyl-6-(4-dimethylaminostyryl) -4H-pyran (DCM) molecule, being 
a member of the merocyanine dyes category, has gained particular 
attention of many applications for being representing a low-cost and 
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broadband fabric [6]. It was first reported in the 1970s by Webster et al. 
at the Eastman-Kodak company as a doping material for the improve
ment of red laser materials. it is a laser dye that has strong absorption in 
the green and blue regions of the spectrum and when incorporated into a 
host material, can produce laser light in the red region of the spectrum 
[7]. Due to its unique photophysical and optoelectronic properties, 
considerable research has been conducted on the use of DCM in a wide 
range of applications. In addition to its use in lasers, DCM has been 
explored for other applications, including organic light emitting diodes 
(OLEDs) as it exhibits high efficiency and brightness, as well as good 
color purity [8,9] in photovoltaic applications as an electron acceptor in 
bulk heterojunction solar cells, where it has shown promising results in 
improving the device performance [10], Nonlinear optics (NLO) appli
cations that exhibit high third-order nonlinear optical properties, nat
ural applications to study the photosynthesis process in plants, as it is 
able to mimic the absorption characteristics of chlorophyll [11], bio
imaging, and sensors as they can be used as fluorescent probes to label 
biomolecules and cells. Furthermore, DCM has been used as a sensing 
material, where it has been incorporated into optical fibers and other 
sensing devices to detect a range of analytes, including pH, temperature, 
and metal ions [12]. 

DCM molecule contains an organic π-system, with an electron 
acceptor (A) and an electron donor (D) [13,14]. The electron acceptor 
(A) is represented by a dicyanomethylene, while the electron donor (D) 
is represented by a group N, N-dimethylaniline covalently bound to each 
other by a conjugated π fragment represented by 4 H-pyran-4-sliding, in 
the form of an electron donor-acceptor architecture (D-π-A), forming 
with this structure a category of molecules known as push-pull systems 
[15–17]. This molecule has special properties due to the interactions 
between the donor and the acceptor [18]. The interaction forms a new 
low-energy molecular orbital that facilitates electron excitation, the 
process is called intramolecular charge transfer [19]. It’s a highly ver
satile and widely studied molecule that has gained significant interest in 
the field of advanced materials sciences. It’s simple synthesis, 
well-defined structure [20], and ability to exhibit high quantum fluo
rescence efficiency and long lifetime in the excited state have made it a 
popular choice for a variety of applications [21]. In addition to its op
tical properties, DCM has also been found to possess excellent thermal 
and chemical stability, making it suitable for use in harsh environments. 
Its ability to function as a versatile dopant material for various host 
matrices has further expanded its potential applications. 

According to the reported work, several methods have been used to 
exploit the interesting properties presented by DCM and to take 
advantage of the great potential that has been demonstrated in it. It was 
studied in non-polar solvents [22], bulk solvents, and biological systems 
[23], as a doping material for thin layers and luminescent nanoparticles 
incorporated into polymers [24], however, the films deposited in the 
form of thin layers are considered one of the most decisive techniques 
[25,26] since they possess in particular physicochemical properties 
different from those of the massive materials or in solution. 

On the other hand, bis(8-hydroxyquinoline) zinc (Znq2) is a versatile 
organic compound that has garnered significant attention in various 
research fields due to its unique properties and potential applications. 
Znq2 belongs to the family of hydroxyquinoline compounds, which are 
known for their excellent photoluminescence properties and high ther
mal stability [27]. It has been of great interest for several research in 
recent years because of its significant fluorescence [28], excellent pho
toluminescence properties [29], and significant non-linear optical 
properties. It has shown benefits by comparing it with other materials in 
terms of its electron transport and its higher quantum efficiency in de
vice performance [30]. 

Znq2 is an organic semiconductor with properties similar to inor
ganic semiconductors [31]. Due to its mechanical, thermal, and chem
ical properties, Znq2 has been the subject of a strong interest in a variety 
of applications, including electronics, photographic electronics, opto
electronics, medicine, bioanalytical science, agriculture, and especially 

for organic LEDs [32]. This type of material has also contributed to the 
creation of organic plastic and electronics. 

Until recently, various physical and chemical techniques were used 
to grow thin films of DCM and thin films of Znq2 separately. In this work, 
we report for the first time a new composition of thin films based on 
DCM and Znq2 molecules with different percentages of Znq2 inside the 
samples (10%, 30%, 50%, 80%, 90%, and 95%). The reason for selecting 
the specific percentages of Znq2 in the co-deposition process is to 
investigate the influence of Znq2 on the optical properties of DCM red 
dye. The use of different percentages allows for the creation of a series of 
thin films with varying amounts of Znq2, which can be used to establish 
a correlation between the amount of Znq2 and the optical properties of 
the films. The prepared thin films were deposited using the Physical 
Vapor Deposition (PVD) method. The objective of this work is to study 
the influence of co-doping with different percentages of Znq2 on the 
structural and optical properties of DCM thin films. In order to interpret 
and validate the experimental results, a quantum chemical calculation 
was performed using DFT investigation. The computations of OPA 
wavelengths defined to the lowest lying electronic transitions, HOMO, 
and LUMO energies (for first and second frontier MOs) have been 
executed by TD-SCF/DFT/B3LYP procedure. The calculated outcomes 
for OPA wavelengths of DCM and Znq2 have been checked with the 
measurement data acquired from UV–Vis spectral analyses. The utilized 
computational chemistry implicating the DFT method is an effectual 
medium to confirm the structure-property affair of title materials. So, it 
is immediately required to computationally plan and explore different 
kinds of organic semiconductors revealing susceptible HOMO-LUMO 
energy gaps and λmax results in optoelectronic technics. 

2. Experimental methods 

2.1. Deposition of thin films 

The thin layers of pure and DCM-doped Znq2 were deposited on a 
glass substrate by the Physical Vapor Deposition (PVD) method. The 
DCM and Znq2 powders were purchased from Sigma-Aldrich and used as 
received without any further purification. 

The deposition process was performed using a vacuum system called 
the thin film Deposition System - NANO 36™ (Kurt J. Lesker Company) 
[33–35]. The deposit is made inside the vacuum chamber, shown in 
Fig. 1, under the pressure of about 1.3 10− 6 mbar. This vacuum was 
created using a vacuum system consisting of a rotary pump RP and 
diffusion pomp DP. The primary vacuum is created by using the rotary 
pump, which has the following characteristics rotation speed = 1500 
tr/mm, pumping speed = 9 m3/h, and max. gas throuphput = 2722 hPa 
l/s. The secondary vacuum is generated by using the DP pump, which 
has a speed of pumping 1200 l/s for Air, and 1500 l/s for Helium with 
max throughput = 2,5 l/s at 13.3 Pa. The principle of this method is 
generally based on four essential steps. First, a transformation of the 
material deposited in the vapor phase by evaporation, then the transfer 
of atoms (or molecules) from the evaporation source to the substrate on 
almost rectilinear trajectories, since we work under a very deep vacuum, 
then the deposition of these particles on the substrate and finally the 
growth of the film or layer. The thickness of the deposited layer will 
depend on the evaporation rate, source geometry, substrate of the 
evaporation time, and distance between substrates and source. DCM and 
Znq2 powders have been placed on two different crucibles as shown in 
Fig. 1 and the distance between them and the glass substrates is equal to 
20 cm. Since we want to deposit different compositions, the crucibles 
have been covered up to the control of the desired rate, then we are open 
to start deposition. During the entire deposition process, the substrates 
rotated at a speed of 20 rot/min, while the film thicknesses and depo
sition rates were controlled by piezoelectric detectors (Fig. 1). The 
deposition process stops automatically when the desired thin film 
thickness is obtained. The thin film thickness was determined by the 
vacuum system using a piezoelectric detector. 
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2.2. Characterization of thin films 

In order to visualize the surface texture and qualitatively measure 
the surface roughness of the thin films of DCM co-doped Znq2, atomic 
force microscopy (AFM) analyses were performed. The AFM measure
ments were achieved by Keysight 5500, with PPP-NCST cantilevers from 
Nanosensors equipment in tapping mode. The AFM data were examined 
using the Gwydion software [36] based on the calculation of Minkowski 
(MF) functions. The Minkowski functions are based on the calculation of 
different parameters, the discrete two-dimensional variants of volume V, 
surface S, and connectivity (characteristic of Euler-Poincaré) χ to 
describe the overall geometric characteristics of the film structures [37, 
38]. 

A double-beam spectrophotometer (Perkin Elmer Lambda 2 UV/VIS/ 
NIR) was also used to measure the transmission spectra at normal 
incidence in the spectral range 190–1100 nm. 

Fourier transform infrared (FTIR) spectrum in region 200–4000 
cm− 1 was obtained using Bruker alpha spectrometer. 

Transmission electron microscopy (TEM)(JEO-JEM-1010) analysis 
was carried out with 2.5 kV at different magnifying tools. Field Emission 
Transmission Electron Microscope of 200 kV (TEM 200). 

3. Results and discussion 

3.1. Morphological proprieties 

Fig. 2 shows the bi and three-dimensional AFM images of all the 
prepared samples. The surfaces studied are equal to 1*1 μm of the 
surface. 

The AFM observations clearly show that there is a remarkable 
change in the morphology and roughness of the surface of the DCM film 
as a function of the percentage of Znq2 inside the sample. By increasing 
the percentage of Znq2 inside the sample, the structure of the film de
velops towards a more or less sponged structure at low thickness, the 
grains start to disappear and the structure begins to create agglomerate 
which was particularly remarkable. For example, it is clearly demon
strated from the sample of 10%DCM-90%Znq2 that the structure of Znq2 
is the most dominant. Conversely, as the percentage of Znq2 decreases, 
grain size also increases, with rough surfaces that can be clearly seen in 
3D AFM images (Fig. 2). For large percentages of DCM, as in the case of 
the sample 90%DCM-10%Znq2, the morphology of the film develops 
into a structure which grains of elliptical shape. The sample with 50% 
DCM-50%Znq2 shows that the structure is well deposited and the 
equitable presence of both materials can be observed. 

The roughness of the surface is an important factor to consider since 
it influences the properties of the thin layer [39]. One of the dispersion 
factors used to characterize surface roughness is the root mean square 

roughness (Sq), which is calculated by squaring each dataset’s height 
value and then finding the square root of the mean. 

It has been reported that doping DCM with Znq2 can introduce lower 
average crystallite size, which can reduce film surface roughness. 
Table 1 groups collectively the roughness values for all samples. Ac
cording to Table 1, the integration of the dopant in the DCM films affects 
the surface and decreases the average size of the grains; however, mean 
square roughness (RMS) reduced as Znq2 dopant levels rose. However, 
by analyzing the functions of Minkowski V (z), S (z), and χ (z) it is 
possible to confirm the influence of the co-doping on the structural 
properties of thin films of DCM. For the Minkowski surface curves, as 
shown in Fig. 3, for all samples the curves increase fast to the maximum 
value which differs according to the percentage of Znq2 in the film 
composition, then go fast to zero, except for the film with composition 
90%DCM-10%Znq2, the curve decreases to a local minimum then ap
proaches zero. All samples of the Minkowski surface curves are more or 
less the same, except for the films 50%DCM-50%Znq2 and 90%DCM- 
10%Znq2 they are a little out of step concerning the others and they have 
the highest and lowest values for the maximums respectively. In in- 
addition, Fig. 4 represents the Minkowski connectivity curves which 
take either positive or negative values. The negative values indicate that 
the surface is porous in this case we have the predominance of the 
valleys. In contrast, positive values represent punctiform structures. 
moreover, the maximum values represent the densest peaks, while the 
minimum corresponds to the highest density of valleys. As Fig. 5 proves, 
for all samples, the Minkowski volume curves remain flat at the begin
ning and then fall to zero. 

3.2. Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a powerful technique 
used to image the internal structure of thin samples at a very high res
olution [40]. It involves transmitting a beam of high-energy electrons 
through the sample to form an image, providing detailed information 
about the morphology and structure of materials at the nanoscale [41, 
42]. 

In the study, TEM result revealed that all the samples with different 
percentages of red dye (DCM) and the zinc (II) bis(8-hydroxyquinoline) 
(Znq2) complex formed a non-crystalline, amorphous structure in the 
thin films. Fig. 6 depicts an example of image samples with percentages 
of 20 %, 50%, and 70% of DCM in the structure. 

This amorphous phase is a common characteristic of thin films 
deposited by Physical Vapor Deposition, where the high energy of the 
deposited material and rapid cooling rate can lead to the formation of 
non-crystalline structures [43,44]. The combination of the materials or 
their interaction, such as DCM and Znq2, may also contribute to the 
amorphous phase formation. The rapid cooling during the PVD process 

Fig. 1. Vacuum chamber of the PVD apparatus (a), diagram of the co-deposition vacuum evaporation process (b), V1,2,3,4 valves, RP; rotary pump, DP; diffu
sion pump. 
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can prevent the material from forming a crystalline structure, resulting 
in the observed amorphous phase. This information provides valuable 
insights into the structural properties of the thin films and the influence 
of the deposition process and material interactions on their character
istics [45]. 

Fig. 2. 2D and 3D atomic force microscope (AFM) images (1 μm × 1 μm) of 
DCM thin films doped: (a) 5%DCM-95%Znq2, (b) 10%DCM-90%Znq2, (c) 20% 
DCM-80%Znq2, (d) 50%DCM-50%Znq2, (e) 70%DCM-30%Znq2, (f) 90%DCM- 
10%Znq2, (g) Pure Znq2 and (h) Pure DCM. 

Table 1 
The values of roughness (RMS) and the average value for all the studied samples.   

RMS roughness (Sq) (pm) Average value (nm) 

5%DCM- 95%Znq2 653.02 2.24 
10%DCM-90%Znq2 669.46 2.71 
20%DCM-80%Znq2 501.84 2.14 
50%DCM-50%Znq2 711.13 2.56 
70%DCM-30%Znq2 548.61 2.71 
90%DCM-10%Znq2 824.54 3.66 
Pure Znq2 1.57 (nm) 6.94 
Pure DCM 11.48 (nm) 39.82  

Fig. 3. The Minkowski surface S(z) [no unit] for the scanning areas of 1 μm ×
1 μm for all the samples. 

Fig. 4. The Minkowski connectivity χ(z) [no unit] for the scanning areas of 1 
μm × 1 μm for all the samples. 
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3.3. Optical properties 

The absorbance A(λ) of the samples of DCM deposited with different 
percentages of Znq2 is shown in Fig. 7. The measurement was performed 
in the 190–1100 nm spectral range at normal incidence and room 
temperature. It can be noted that all the compounds studied are capable 
of absorbing the light from 200 nm to about 600 nm, that is to say in the 

UV range and a part of visible, in which the sharp peaks are observed at 
465 nm and the intensity of these peaks depends heavily on the per
centage of Znq2, As the percentage of Znq2 increased, the absorbance of 
the samples is reduced. The sample of pure Znq2 absorbs the light from 
250 nm at about 465 nm and it has the lowest absorbance. On the other 
hand, the sample of pure DCM absorbs light in a wide range from 250 nm 
to 1100 nm, however, the strongest absorbance is between 250 nm and 
600 nm. 

The transmittance of the thin films studied was measured in a 
wavelength range from 250 nm to 1100 nm using the same machine 
used in the case of absorbance. Fig. 8 shows the transmittance curves of 
the thin layers of the studied compounds. The spectrum can be parti
tioned into three main regions. The first region, where the transmission 
is low and the films are considered light absorbers, is in the waveband 
from 250 nm to 400 nm. The second region is more absorbent than the 
first, and is in the waveband from 400 nm to 600 nm, in this region, 
samples with different percentages have a new response. This response 
represents a feature that does not exist in pure DCM and pure Znq2 
samples. It can be reported that these compounds have characteristic 
peaks of low transmittance whose intensity depends on the sample 
composition, the net peaks are observed at 465 nm. This behavior can be 
explained by the possibility of band formation due to the combination of 
these two organic materials (DCM and Znq2) during deposition. While 
the third region where the transmittance is greater is within the wave
length range of 560 nm–1100 nm. The transmittance spectrum clearly 
shows that doping improves transmittance even with small percentages 
as in the case of 90%DCM-10%Znq2 film. In particular, the form of 
transmittance spectra of thin films of the studied compounds approxi
mated the superimposition of the transmittance spectrum of pure DCM 

Fig. 5. The Minkowski volume V(z) [no unit] for the scanning areas of 1 μm ×
1 μm for all the samples. 

Fig. 6. TEM images of: (a) 20%DCM-80%Znq2, (b) 50%DCM- 50%Znq2, and (c) 70%DCM-30%Znq2 thin films.  
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and pure Znq2 samples. The transmittance intensity of the thin films of 
the studied compounds was considered to be dependent on the con
centration of Znq2 in the sample, as shown in Fig. 8. For example, the 
sample 90%DCM-10%Znq2 has a lower transmittance peak and there
fore a large absorbance, and as the percentage of Znq2 increases, the 
transmittance also increased. 

To determine the most important parameters of the semiconductor 
thin layers incarnate in the optical transition type and the optical 
bandwidth (Eg which represents the gap between HOMO and LUMO 
energy levels), the Tauc plot remains the most frequently used method 
[46]. The principle of this method is based on the use of optical absor
bance data [47]. The analysis of the absorbance spectrum as a function 
of the energy of the photons near the area of the absorption edge makes 
it possible to determine these parameters using the following equation 
[48]; 

(αhν)
1
/

m
=α0

(
E − Eg

)
(1)  

Where h is Planck constant, υ is the photon frequency, α is the absorption 

coefficient, α0 is a constant of proportionality, Eg is the gap energy and m 
is the exponent value. 

Through the value of m, we can determine the type of electronic 
transition (between HOMO and LUMO) [49] (m = 1 /2 direct allowed 
transitions, m = 3 /2 direct forbidden transitions, m = 2 indirect allowed 
transitions, and m = 3 indirect forbidden transitions 

The absorption coefficient was calculated across the transmittance 
spectrum and the thickness of the film was based on the following re
lationships [50,51]: 

α=A/0, 4343 ∗ d (2)  

A= − log (T) (3) 

In this work, we have plotted the (αhν)
1
/

m as a function of (hν) and 
we have made Extrapolation of the linear part of the curves to the point 
where (αE)m

= 0 to indicate the value of Eg. 
This calculation was performed for different values of m and the best 

fit found provided for m = 1/2. 
Fig. 9 represents the Tauc plots for the different studied composi

tions. Table 2 represents all gap energies for all the studied samples. 
The analysis of the results presented in Fig. 9 and Table 2 shows that 

all samples have several energy gaps. The pure DCM sample (Fig. 9, (a)) 
showed 4 energy gaps in 2.2 eV, 3 eV, 3.13 eV, and 3.5 eV. The first 
transition in 2.2 eV, is most probably related to the fundamental tran
sition between HOMO-LUMO, this result is in agreement with the data 
reported by Fujii and all [52], while the estimated theoretical gap en
ergy of DCM by DFT analysis is 3 eV [53] and the other energy gap 
transitions are associated to the energy level trapped inside the 
HOMO-LUMO space. 

However, the pure Znq2 sample has shown the presence of 3 energy 
gaps (Fig. 9, (b)) in 2.8 eV, 3.14 eV, and 3.42 eV. The first energy gap in 
2.8 eV is an energy gap found by the majority of the experimental works 
[54], while the energy gaps in 3.42 eV and 3.14 eV are the value found 
by DFT calculations [55]. The pure DCM and pure Znq2 films showed 
two energy gaps in the same position (3.14 eV and 3.5 eV). 

The samples with different compositions deposited on the glass 
substrates showed 5 energy gaps (Fig. 9, (c),(d),(e),(f),(g), and (h)). 
They showed the characteristic energy gaps of pure DCM 2.2 eV and 3.5 
eV and also the characteristic energy gaps of pure Znq2 2.8 eV and 3.4 
eV. However, it is noted the absence of the energy gaps of 3.14 eV and 3 
eV, while the presence of the two new energy gaps has been highlighted. 

As it is known the DCM molecule belongs to the push-pull system 
which has both an electron donor group and an electron acceptor group. 
And the Znq2 molecule has been used in several research as an electron 
donor molecule [56], so the combination of these two molecules will 
produce a donor1-acceptor-donor2 architecture system, as shown in 
Fig. 10. The interaction between donor1-acceptor produces the first 
adsorption energy gaps at 2.2 eV which are attributed to the direct 
transition within DCM. In contrast, the second adsorption at 2.82 eV 
corresponds very well to the transition within Znq2. The new energies at 
2.53 ± 0.05 eV and 2.63 eV are most likely due to the transition in the 
new structure created by the Van der Waals interaction between 
acceptor-donor2. 

In particular, we deposited the two materials without destroying 
their structures by controlling several parameters, these can be evi
denced by the presence of molecules of pure Znq2 and pure DCM indi
cated by their gap energy, and also the images of the AFM, more 
precisely 50%DCM-50%Znq2, the film showed that the deposited 
structure consists of a joint of the molecules DCM-Znq2 assembled in a 
common way forming the structure of the sample which may confirm 
this hypothesis. 

Fig. 7. Absorbance spectra of DCM thin films with different percentages 
of Znq2. 

Fig. 8. The transmittance spectra of DCM thin films with different percentages 
of Znq2. 
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3.4. Infrared absorption spectroscopy (FTIR) 

The FTIR spectrums of studied thin films Illustrated in Fig. 11 were 
utilized to determine the compositions. Based on the spectroscopic data 
of the sample of pure Znq2, the observed vibrations at 1590 and 1327 
cm− 1 were assigned to the quinoline group of Znq2, as reported in Refs. 
[57,58]. Additionally, the bands detected at 1504 and 1458 cm− 1 are 
attributed to the vibrations of the pyridyl and phenyl groups in Znq2. 
Furthermore, the C–O stretching vibration is responsible for the peak 
observed at 1108 cm− 1. The C–H deformation vibrations, on the other 
hand, are associated with the peaks located at 825, 780, and 770 cm− 1. 
Finally, the peaks at 405 cm− 1 are linked to the Zn–O and Zn–N 
stretching vibrations [59–61]. whereas a distinctive peak centered at 
approximately 2210 cm− 1 in the spectrum of pure DCM is typically 
attributed to the C–N stretching vibration and the pics detected at 1650 

Fig. 9. Energy gap determination plots of (a) Pure DCM, (b) Pure Znq2, (c) 5%DCM- 95%Znq2, (d) 10%DCM- 90%Znq2, (e) 20%DCM- 80%Znq2, (f) 50%DCM- 50% 
Znq2, (g) 30%DCM-70%Znq2 and (h) 10%DCM-90%Znq2 thin films. 

Table 2 
The table groups the values of gap energies obtained by the tauc plot method for 
all samples.  

Gap energy Thin films Eg (eV) 

Eg1 Eg2 Eg3 Eg4 Eg5 Eg6 Eg7 

Pure Znq2 – – – 2.8  3.14 3.42 
Pure DCM 2.2 – –  3 3.13 3.5 
DCM 5%_Znq2 95% 2.2 – – 2.73 3 – 3.45 
DCM 10%_Znq2 90% 2.2 2.58 2.65 2.82 – – 3.45 
DCM 20%_Znq2 80% 2.2 2.57 2.64 2.82 – – 3.5 
DCM 50%_Znq2 50% 2.2 2.51 2.62 2.73 – – 3.52 
DCM 70%_Znq2 30% 2.21 2.51 2.64 2.72 – – 3.7 
DCM 90%_Znq2 10% 2.2 2.48 2.65 2.73 – – 3.7  
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and 1590 cm− 1 are attributed to the stretching vibration of the C––C 
bond in the aromatic ring [62,63]. Furthermore, the band at 1470 cm− 1, 
corresponds to the in-plane bending vibration of the aromatic ring. The 
observed band at 1216 cm− 1, corresponds to the stretching vibration of 
the C–O–C group, and the band at 820 cm− 1, corresponds to the 
out-of-plane bending vibration of the aromatic ring. Wille distinctive 
bands are corresponding to the pure forms of ZnS and DCM are observed 
in the spectra of samples with varying compositions. Further supporting 
the conclusion that the deposited thin films are pure. 

4. DFT investigation 

Initially, the studies of geometry optimization have been imple
mented on the examined semi-conductor materials. The GAUSSIAN03W 
[64] program at the DFT/B3LYP level with 6-311G(d,p) polarized basis 
set has been exploited to realize the geometrical optimizations. For 
projecting the molecular structure shapes of DCM and Znq2, we have run 
the GAUSSVIEW03W [65] program which is the interface software of 
GAUSSIAN03W [64]. The yields on the DFT procedures have been 
extensively researched in the literature [66]. The B3LYP function is 
recognized as one of the most suitable processes to reproduce the 

molecular structure and linear optical phenomena for organic and 
organometallic patterns. This functional is constantly operated to 
constitute sensible experimental trends [67,68]. In this work, to desig
nate the OPA wavelengths (λmax) enclosed in the lowest-lying electronic 
transitions of DCM and Znq2, we have chosen to employ the 
TD-SCF/DFT/B3LYP approach with 6-311G(d,p) polarized basis set of 
the GAUSSIAN03W [64] program. Additionally, to comprehend the 
concern between linear optical treatment and molecular structure 
properties; the HOMOs, LUMOs, and HOMO-LUMO energy gaps values 
have been ensured using the GAUSSIAN03W [64] program at 
TD-SCF/DFT/B3LYP level using 6-311G(d,p) basis set. The energy gap 
(Eg) of first and second frontier MOs is stated as follows [69]: 

Eg =ELUMO − EHOMO (4) 

The geometrically optimized structures computed by the DFT/B3LYP 
procedure for DCM and Znq2 are shown in Fig. 12. 

The maximum OPA wavelengths of DCM and Znq2 have been 
resolved in the area of 200–1100 nm via UV–Vis recording spectro
photometer. It has been ascertained that DCM and Znq2, respectively, 
have five maximum absorption bands in the domain of 298–510 nm of 
UV–Vis field (for DCM) and two maximum absorption bands at almost 
348 and 382 nm in the UV field (for Znq2) as demonstrated in Fig. 13. 
Further, the UV–Vis absorption spectra have been computationally 
achieved, representing the vertical transition energies from ground to 
excited situations. Fig. 13 also illuminates the simulation consequences 
for OPA wavelengths. The theoretically devised λmax values of title 
compounds have pretty well complied with their corresponding mea
surement conclusions. It is realized from Fig. 13 that the computed re
sults on λmax values are a little higher (discrepancy within 51 nm at most) 
and lower (discrepancy within 76 nm at most) than the measured data. 
Besides, to acquire some comprehension of the MO properties, the 
HOMO and LUMO energies of DCM and Znq2 have been analyzed. 

Table 3 tabulates the calculated outcomes on first and second fron
tier MO energies and their energy gaps for DCM and Znq2, indicating 
that data of Eg [HOMO–LUMO] predicted by DFT procedure in Table 3 
match with the experimental values in Table 2 (3 eV, 3.13 eV, 3.5 eV for 
pure DCM and 3.14 eV, 3.42 eV for pure Znq2) well. Fig. 13 elucidates 
the layouts of all produced MOs. The computed absorption wavelengths, 
oscillator strengths, and major contributions belonging to the electronic 
transitions of both examined compounds are listed in Table 4. 

The DCM and Znq2 possess intense simulated major absorption peaks 
centered at λmax = 299.9, 331.2, 383.9, 433.1 nm (for DCM) and λmax =

310.4, 433.7 nm (for Znq2) with relatively high oscillator strengths f =
0.2829, 0.1088, 0.0708, 1.1065 (for DCM) and f = 0.0134, 0.0636 (for 

Fig. 10. Energy level diagram of a donor-acceptor-donor system.  

Fig. 11. FTIR spectrums.  
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Znq2). On the other hand, the one computed extra peak of DCM at 296.6 
nm and three computed extra peaks of Znq2 at 408.6, 408.9, and 429.8 
nm are unavailable in the spectrum owing to the excessively low f values 
(see Table 4 and Fig. 13). 

Meyer et al. [70] viewed the maximum absorption wavelengths of 
DCM in cyclohexane at 451 and 340 nm. The measurement conclusions 
on values reported by Ref. [70] are near to both our measured (509.5 
and 402 nm) and also simulated (433.1 and 383.9 nm) results depicted 
in Fig. 13. The DCM carrying pyranylidene malononitrile group 

(electron accepting) and 4-aminostyryl group (electron donating) could 
be excited by means of UV light at about 400 nm wavelength to generate 
a locally excited condition from local excitation of electron-accepting 
group [71]. It might be predicted that this excitation theoretically co
incides to HOMO–1 → LUMO transition [71]. It is seen from Table 4 that 
our calculated maximum absorption wavelengths for DCM at 383.9 and 
331.2 nm (corresponding three measured data at 402, 373, 353 nm) 
contribute to the excitations introduced from UV light at nearly 400 nm, 
including HOMO–1 → LUMO contributions above mentioned in 
Ref. [71]. Besides, in this work, the λmax = 299.9 nm value (298 nm 
measured data) corresponding to the fourth singlet excited state of the 
absorption spectrum for DCM has been observed as an additional peak 
not determined in the literature [70]. As shown in Fig. 14, the HOMO for 
DCM has been commonly situated on the electron donating group 
(4-aminostyryl), whereas the HOMO–1 and LUMO have been mostly 
deployed on the electron accepting group (pyranylidene malononitrile). 
In this way, the HOMO → LUMO transmission induces charge transfer 
(CT) from the donor group to the acceptor group, carving out the 
intramolecular charge transfer (ICT) situation; and the HOMO–1 → 
LUMO transmission follows to local excitation of the acceptor group 
(pyranylidene malononitrile) formed the locally excited (LE) situation. 
The electron intensity for LUMO+1 of DCM is delivered around the 
pyranylidene malononitrile moiety (see Fig. 14). Confronted to the 
published literature, it is tolerably explicit that the first and second 
frontier MO contributions of DCM in Fig. 14 are properly close to the 
achieved data in Ref. [72]. The HOMO–LUMO gap (Eg = 2.13 eV) for 
DCM in Ref. [73] is almost 1.4 times lower than our appreciated value 
from the DFT procedure in Table 3. 

Tsuboi et al. [74] reported that one low absorption band and one 
intensive absorption band, respectively, for Znq2 emerge at nearly 380 
nm and 250 nm in acetonitrile solvent. Our especially measured (λmax =

382 nm) and computed (λmax = 310.4 nm) conclusions in the UV region 
for Znq2 are fairly intimate to the evaluated results, λmax = 380 nm (our 
experimental data 382 nm with 2 nm discrepancies) and 250 nm (our 
simulation data 310.4 nm with 60 nm discrepancies), by Ref. [74]. It 
might be predicted that our other discrepancies on the rest of λmax data 
for Znq2 (347.5 nm measured and 433.7 nm simulated) compared to the 
published results (corresponding 250 and 380 nm, respectively) in 
Ref. [74] have been generated because of depending on solvent polar
ities of maximum absorption bands. Vergara et al. [75] operated the 
B3PW91/6-31G** model chemistry to define the HOMO and LUMO of 
Znq2 and discovered its HOMO–LUMO energy gap as 3.429 eV. Our 
computed outcome on HOMO–LUMO band gap in Table 3 for Znq2 (Eg 

[HOMO–LUMO] = 3.49775 eV) is rather close to the derived value by 
Ref. [75]. The main nodal forms for HOMO and LUMO of Znq2 are 
commanded by orbitals arising from the 8-hydroxy-quinoline ligands. 
The electrons intensities for HOMO and HOMO–1 of Znq2 are condensed 
on the phenolate circles, while the LUMO and LUMO+1 are accommo
dated on the pyridyl fragments with fewer electron intensities than 
HOMO and HOMO–1, displaying similar MO distributions observed in 
Ref. [76]. 

Fig. 12. Molecular models of 4-(dicyanomethylene)-2-methyl-6-(4-dimethyla
minostyryl)-4H-pyran (DCM) and 8-hydroxyquinoline zinc (Znq2). C, N, H, O, 
and Zn atoms correspond to grey, blue, white, red, and purple ball-shaped, 
respectively. 

Fig. 13. UV–Vis absorption spectra as thin film and IR spectrum computed via 
frequency calculations at the same B3LYP/6-311G(d,p) corresponding to 
UV–Vis spectra of DCM and Znq2. 

Table 3 
The calculated first (HOMO, LUMO) and second ((HOMO–1), (LUMO+1)) 
frontier MO energies and energy gaps in eV unit using the DFT method at 
B3LYP/6-311G(d,p) level for DCM and Znq2.   

DCM Znq2 

HOMO − 5.54513 − 5.40445 
LUMO − 2.49691 − 1.90670 
Eg [HOMO – LUMO] 3.04822 3.49775 
HOMO–1 − 6.07984 − 5.40772 
LUMOþ1 − 1.54533 − 1.86779 
Eg [(HOMO–1) – (LUMO+1)] 4.53451 3.53993  
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5. Conclusion 

In this study, the structural and optical properties of thin films 
composed of DCM and Znq2 with varying percentages of Znq2 were 
investigated. The thin layers were deposited onto glass substrates using 
the physical vapor-phase deposition method under high vacuum 

conditions. The surface morphology of the films was analyzed using 
Minkowski’s functional analysis through the images obtained from 
atomic force microscopy (AFM). It was found that the addition of Znq2 
strongly influenced the morphology of the layers. The percentage of 
Znq2 in the composition has an interesting dependence on the structure. 
As Znq2 was present in abundance in the composition, its structure 

Table 4 
Calculated maximum absorption wavelengths, oscillator strengths, and major compositions in terms of MO contributions for DCM and Znq2.  

Compound Excited state Energy (eV) Wavelength (nm) Oscillator strength (f) Major composition 

DCM 1 2.8627 433.1 1.1065 HOMO→LUMO 
2 3.2292 383.9 0.0708 HOMO-1→LUMO 

HOMO-1→LUMO+1 
3 3.7427 331.2 0.1088 HOMO-1→LUMO 

HOMO-1→LUMO+1 
HOMO→LUMO+1 

4 4.1342 299.9 0.2829 HOMO-1→LUMO+1 
HOMO→LUMO+3 

5 4.1792 296.6 0.0637 HOMO→LUMO+2 
HOMO-3→LUMO 
HOMO-1→LUMO+1 
HOMO-1→LUMO+2 

Znq2 1 2.8586 433.7 0.0636 HOMO-1→LUMO 
HOMO→LUMO+1 

2 2.8843 429.8 0.0091 HOMO→LUMO 
HOMO-1→LUMO+1 

3 3.0320 408.9 0.0001 HOMO→LUMO+1 
4 3.0344 408.6 0.0001 HOMO-1→LUMO+1 
5 3.9931 310.4 0.0134 HOMO-1→LUMO+2  

Fig. 14. Selected frontier molecular orbitals of DCM and Znq2 calculated by DFT.  
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dominated and eventually led to a structure similar to that of pure Znq2. 
On the other hand the TEM results revealed a consistent non-crystalline, 
amorphous structure in all samples, irrespective of the varying DCM 
percentages. This amorphous phase is a common feature of thin films 
deposited through Physical Vapor Deposition. 

The doping of Znq2 also affected the transmission spectra of the 
films. It was observed that even a small percentage of Znq2 could in
crease the transmittance of the film, resulting in a decrease in absor
bance. The Tauc plot method was used to determine the gap energies of 
the compounds through the transmittance spectra. Multiple gap values 
were identified in the thin films, with the films having different com
positions showing the characteristic gap energies of pure DCM and pure 
Znq2, as well as two new bands. These results confirmed that a new 
structure was deposited with the combination of the two organic 
materials. 

The FTIR spectroscopic analysis provides valuable insights into the 
composition of the thin films, confirming the presence of specific mo
lecular groups associated with Znq2 and DCM. The absence of unex
pected peaks supports the conclusion that the thin films are of high 
purity, validating the deposition process and the reliability of the FTIR 
data for compositional determination. 

Moreover, the DCM and Znq2 organic semiconductor materials have 
been elaborated and efficiently characterized from UV–Vis spectral 
analysis. The geometries for title compounds have been optimized using 
the DFT approach. The resonance phenomena and several chemical re
actions could be perceived with comprehension of the HOMO, LUMO 
and energy gap values for first and second frontier MOs. To search the 
CT properties of title molecules, the energy values on first and second 
frontier MOs have been ascertained by means of DFT. The HOMOs and 
LUMOs elucidated quite enough the molecular structure attributes for 
DCM and Znq2. Furthermore, in this work, the λmax values of DCM and 
Znq2 have been acquired computationally via TD-SCF/DFT. The simu
lated UV–Vis spectra and computed HOMO-LUMO gaps comply well 
enough with their corresponding measurement conclusions (UV–Vis) 
and data issued in the literature (UV–Vis and frontier MOs). 

This study sheds light on the structural and optical properties of DCM 
films doped with different percentages of Znq2 and their potential use in 
optoelectronic applications. The combination of experimental and 
theoretical approaches provided a comprehensive understanding of the 
materials, which help design and development of future devices. 
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Multifractal and optical bandgap characterization of Ta2O5 thin films deposited by 
electron gun method, Opt. Quant. Electron. 52 (2020) 95, https://doi.org/ 
10.1007/s11082-019-2173-5. 
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