
Vol.:(0123456789)1 3

Journal of Materials Science: Materials in Electronics (2018) 29:16111–16119 
https://doi.org/10.1007/s10854-018-9700-1

Required theoretical and experimental physical characteristics 
of tris[4-(diethylamino)phenyl] amine organic material

Emine Tanış1 · Emine Babur Sas2   · Bayram Gündüz3 · Mustafa Kurt4

Received: 26 March 2018 / Accepted: 18 July 2018 / Published online: 27 July 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
In here, we investigated the required theoretical and experimental physical characteristics such as potential energy surface 
scan, optimized structure, vibrational spectra, electronic band structure, molecular electrostatic potential surface, optical and 
optoelectronic behaviors of the tris[4-(diethylamino)phenyl] amine (TDAPA) for different solvents (DMF and chloroform) 
and techniques (experimental and theoretical). We obtained the significant, interesting, same and different results for them. 
We obtained the refractive indices of the TDAPA for various conditions. The TDAPA exhibits a normal dispersion behavior 
in visible region. TDAPA organic material is suitable for optoelectronic devices and applications such as metal–organic 
semiconductor diodes due to the appropriate properties.

1  Introduction

Over the past decades, researchers and commercialized have 
focused on the organic light emitting diodes (OLEDs). These 
materials have a wide application in electrical, electronic, 
optical, optoelectronic and photonic technology due to its 
crystal structure, optoelectronic properties, panel displays 
and lighting applications, easy conductivity control, good 
environmental stability, corresponding to the visible spec-
trum, its energy gap of 2.5 eV and low cost manufactur-
ing in large quantities [1–7]. Also these materials have high 
contrast, low weight, flexibility and they can be rollable 
or foldable to meet several special needs [8]. These wide 
possible properties can be realized by analyzing the basic 

science in involved in the operation the physics of OLEDs. 
Triphenylamine (TPA) and related derivatives are widely 
used as three-dimensional conjugated systems of organic 
semiconductors (OSCs) with superior performance trans-
porting/hole-injecting behavior or luminophore materials in 
LEDs due to the non-coplanarity geometry of the three phe-
nyl rings [9–11]. TPA-based compounds have been widely 
applied as electroluminescence and hole transport materials 
[10, 12–15] and their multifunctional and amorphous prop-
erties offer the possibilities to develop active materials for 
organic fotovoltaic diodes and solar cells with charge trans-
port and isotropic optical properties [12]. On the other hand, 
tris[4-(diethylamino)phenyl] amine (TDAPA) molecule is 
used as a dopant of nanostructure film that it increasing car-
rier concentration [16].

In the present work, we investigated optoelectronic prop-
erties of TDAPA molecule for different solvents and molari-
ties. Also, the characterization of the TDAPA molecule was 
theoretically performed by using the density function theory 
(DFT) method, as well as in the use of the FT-IR, dispersive 
Raman, UV–Vis measurements. Experimental and theoreti-
cal results were compared to better analysis. Investigation 
of the spectroscopic and optoelectronic properties of the 
TDAPA molecule is theoretically and experimentally impor-
tant for the formation of new OLED materials.
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2 � Experimental details

TDAPA organic semiconductor molecule and the solvents 
of dimethy formamide (DMF), chloroform (CHCl3) solvents 
were obtained from Sigma-Aldrich. The FT-IR spectra of the 
headline molecule were taken in the range 500–4000 cm−1 
with a KBr quartz using a Nicolet 6700 Thermo Scientific 
and dispersive Raman spectra were recorded for same sol-
vent in the range 100–3500 cm−1 with Thermo Scientific. 
Its UV–Vis absorption spectrum was dissolved in DMF and 
CHCl3 solvents and recorded in the 200–600 nm range by 
using Thermo Scientific.

3 � Computational details

The molecular structure of TDAPA molecule in the ground 
state was optimized by DFT method with 6-311G(d,p) 
basis set using the Gaussian 09 software [17]. The geomet-
ric parameters (bond lengths and bond angles), harmonic 
vibrational frequencies, HOMO–LUMO energy differences, 
UV–Vis analysis and MEP for this molecule are calculated 
by using these methods. The obtained frequencies were 
scaled by 0.967 [18].

4 � Results and discussion

4.1 � Potential energy surface (PES) scan, optimized 
structure and vibrational spectra

The potential energy surface (PES) is calculated around the 
single bonds so that the molecule’s optimal structure can 
be found. Firstly, to find the lowest energy state of in the 
title molecule, torsional angles were calculated between 
phenyl ring and N atoms. Rotation around N1–C22 bond 
(C12–N1–C22–C24). On this calculation, torsion angle 
was varied from 0° to 360° by changing every 10°, 36 steps 
were taken. A second torsion angle was calculated after the 
lowest energy state of the molecule was found. Rotation 
around C29–N34 bond (C25–C29–N34–C52). On this cal-
culation, torsion angle was also varied from 0° to 360° by 
changing every 10°, 36 steps were taken. PES for TDAPA 
molecule were given Fig. 1. The molecular structure of 
TDAPA molecule in the ground state was optimized and 
geometric parameters calculated by DFT/B3LYP method 
with 6-311G(d,p) basis set using the Gaussian 09 software 
after finding the lowest energy state [17]. The calculated 
geometric parameter is shown in Table S1 and the theoreti-
cal geometric structure in the title molecule is given Fig. S1. 
TDAPA molecule has 76 atoms and 222 vibrational modes. 

Spectroscopic properties of the TDAPA molecule were cal-
culated by using same method and all the 222 vibrational 
modes were found to be IR and Raman active. In order to 
benchmark between these spectra and theoretical spectra, the 
using data in Table 1 is visually presented in Fig. 2.

4.2 � Optical behaviors of the TDAPA molecule

Absorbance and absorption coefficient are the most sig-
nificant parameters for optical and optoelectronic tech-
nologies and their technological applications. Absorbance 
(Abs) is dimensionless and its alternative names are molar 
absorbancy and optical density (OD). Abs can be given by 
Beer–Lambert law,

where I(0) is the initial radiant intensity, I(L) is the final 
radiant intensity, ε is the molar absorptivity, c is the molar 
concentration and L is the length of the optical path. There 
are various names for ε constant including absorptivity, 
molar absorptivity, extinction coefficient, molar extinction 
coefficient, attenuation coefficient and absorbancy index. 
But, mostly the molar extinction coefficient and absorptivity 
expressions are preferred [19–21]. The experimental absorb-
ance and theoretical absorptivity spectra of the TDAPA mol-
ecule for DMF and chloroform solvents are shown in Fig. 3a, 
b, respectively. Theoretical calculations of the TDAPA mol-
ecule are made of this TD-DFT/CAM-B3LYP/6-311G(d,p) 
basis set in DMF, chloroform solvents and gas phase. The 
calculated and experimental absorption wavelengths, exci-
tation energies and electronic values of the title molecule 
are given in Table 2. As seen in Fig. 3a, the absorbance 
and absorptivity spectra of the TDAPA molecule for DMF 
solvent exhibit maximum peaks at 321 and 296 nm, respec-
tively. Also, these spectra are dominate in near ultraviolet 

(1)Abs = ln

{

I(0)

I(L)

}

= �cL

Fig. 1   PES scan for dihedral angle of TDAPA
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(NUV) region. The absorbance and absorptivity values con-
tinue almost after a certain wavelength (at about 510 nm). 
As seen in Fig. 3b, the Abs and ε spectra of the TDAPA 
molecule for chloroform exhibit maximum peaks at 282 and 
295.6 nm, respectively. Similar to DMF solvent, the Abs 
and ε spectra for chloroform solvent are also dominant in 
NUV region. As seen in Fig. 3a, b, there are significant, 
interesting, same and different results for different solvents 
(DMF and chloroform) and techniques (experimental and 
theoretical). These results indicate that the absorbance and 
absorptivity spectra in DMF solvent obtained from experi-
mental and theoretical results are more consistent and stable 
than that of the related spectra in chloroform. The experi-
mental absorbance and theoretical absorptivity spectra of the 
TDAPA molecule for DMF and chloroform solvents exhibit 
two peaks, which one of them corresponds to NUV, other 
corresponds to V region.

Transmittance (T) is another important parameter for 
optical and optoelectronic properties, which are crucial for 
technological applications. The T is given by

The transmittance spectra of the TDAPA molecule for 
DMF and chloroform solvents were determined and were 
indicated in Fig. S2. The T values of the TDAPA molecule 
are the highest in V region as seen in Fig. S2. We calculated 
the average (Tavg) of the transmittance of the TDAPA mol-
ecule for DMF and chloroform solvents and found to be 57.7 
and 36.3%, respectively. The Tavg values for DMF are higher 
than that for chloroform due to lower molarity of the solu-
tion of the TDAPA molecule in DMF. According to these 
results, the transmittance spectra of the TDAPA molecule 
can be controlled with solvents.

(2)T =
I(L)

I(0)
= 10

−�cL

Table 1   Comparison of the 
calculated and experimental 
vibrational spectra and proposal 
assignments of Tris(4-
(diethylamino)phenyl)amine 
molecule

a ν stretching, γ out of plane bending, δ in plane-bending, τ torsion, sm symmetric, asm asymmetric
b the vibrational frequencies were computed with the B3LYP/6-311G(d,p) basis set and scaling factor for 
6-311G(d,p) was taken as 0.967

No Experimental wave-
numbers

Theoretical wavenumber PED (= 10%)

FT-IR Dis-Raman Scaledb IIR SRa IRa Assignmentsa

43 417 415 3.91 2.97 0.040784 ΓtorsCCCN (55)
55 559 550 15.28 0.69 0.00514 ɤNCCC (33)
62 704 716 12.52 2.02 0.008195 γstrNC(13)
63 724 718 2.42 1.26 0.005074 γstrNC(13)
66 748 746 17.15 6.06 0.022403 γstrNC(13)
71 808 808 2.45 0.49 0.001502 ΓtorsHCNC (11), ΓtorsHCCN (19)
80 909 893 910 15.46 17.43 0.040232 γstrCC(20)
94 1005 1021 0.06 1.54 0.002685 ΓtorsHCCC (41), ΓtorsHCCN 

(23), ΓtorsCCCN (11)
100 1072 1081 5.78 14.01 0.021224 γstrNC(26), γstrCC(30)
105 1093 1100 4.18 2.70 0.003933 γstrCC(10), ΓtorsHCNC (22)
111 1153 1152 0.93 0.70 0.000908 γstrCC(20), δbendHCC(33)
114 1168 1167 157.34 37.00 0.046239 ΓtorsHCNC(28)
121 1255 1232 0.37 9.06 0.009847 γstrCC(39), ΓtorsHCNC(11)
122 1278 1287 7.92 0.74 0.000723 γstrCC(20), δbendHCC(33)
123 1282 1289 482.62 36.67 0.035448 γstrCC(10)
129 1326 1324 4.18 79.49 0.071699 δbendHCC(16)
136 1373 1380 48.88 35.11 0.028396 δbendHCC(49)
137 1398 1380 8.59 18.49 0.014944 δbendHCC(43)
138 1391 1381 46.82 22.29 0.018005 δbendHCC(45)
163 1502 1505 20.79 14.47 0.009261 δbendHCH(67)
177 1609 1600 5.89 3.45 0.00187 γstrCC(36)
178 1612 1653 17.80 842.12 0.415623 γstrCC(41)
181 2866 2920 98.85 170.34 0.013595 γstrCC(56)
182 2926 2921 75.59 156.83 0.012495 γstrCH(99)
183 2966 2922 120.53 242.95 0.019342 γstrCH(98)
192 3040 3033 40.81 319.08 0.022053 γstrCH(77)
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Optical absorption spectra allow to assign of direct and 
indirect transition originated from the band of materials 
[22]. Optical band gap (Eg) is one of the most important 
optical parameter and can be obtained from Tauc model 
given [19–21, 23]:

where α is absorption coefficient, A is a constant and h� 
is the photon energy. The optimal � value for the TDAPA 
molecule is the 1/2, which is for allowed direct transition. 
We estimates the allowed direct Eg values of the TDAPA 
molecule for DMF and chloroform solvents from the inter-
cept of the linear regions of the (�h�)2 versus h� (or E) as 
seen in Fig. 4. The Eg values of the TDAPA molecule for 
DMF and chloroform solvents were found to be 2.672 and 
2.564 eV, respectively. The Eg value for chloroform is lower 
than the Eg value for DMF due to higher molarity of the 
solution of the TDAPA molecule in chloroform. This result 
is consistent with the related studies [19, 24] in the literature. 

(3)�(h�) = A(h� − Eg)
�

The availability of allowed direct band gap for the TDAPA 
molecule is very important to fabricate more efficient opto-
electronic devices.

Refractive index (n) based on wavelength is a key fea-
ture for performance, controlling and design of the optical 
and optoelectronic devices and can be completely deter-
mined from optical perspective of material [25]. The n 
can be obtained for various wavelengths based on the light 
reflectivity theory [26] and is given by,

where R is the reflectance and k = αλ/4π. We calculated the 
n values of the TDAPA molecule for DMF and chloroform 
solvents. Figure S3 shows the n curves of the TDAPA mol-
ecule for related solvents. The TDAPA molecule exhibits 
a normal dispersion behavior in V region, in which the n 
values decrease with increasing wavelength.

(4)n =

{√

4R

(R − 1)
2
− k2 −

R + 1

R − 1

}

Fig. 2   The experimental and calculated (with the scale factor) FT-IR and dis-Raman spectra of the TDAPA
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There are many relations such as experimental, Moss 
et al. [24, 27] to obtain the refractive index based on opti-
cal band gaps. We calculated the n values of the TDAPA 
molecule for DMF and chloroform solvents and for these 
relations. The n curves versus solvents of the TDAPA mol-
ecule for the related relations are indicated in Fig. S4. As 
seen in Fig. S4, the experimental n value (2.936) is the 
highest for chloroform solvent, while the experimental n 
value (2.238) is the lowest for DMF solvent in all relations. 
Also, we obtained average refractive index (navg) values for 
DMF and chloroform solvents. The navg value (2.624) of 
the TDAPA molecule for chloroform is higher than the navg 
value (2.475) of the TDAPA molecule for DMF solvent.

Angle of incidence (Φ1) is necessary to investigate 
its effects on the operation [28] and external quantum 
efficiency (EQE) [29] of the optical and optoelectronic 
devices such as solar cells [30, 31]. The Φ1 expression can 

Fig. 3   The experimental absorbance and theoretical absorptivity 
spectra of the TDAPA molecule for a DMF and b chloroform solvents
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be calculated by the refractive index of the medium, which 
is n1, and n2 of the material by [19, 32]:

The Φ1 values of the TDAPA molecule for DMF and 
chloroform solvents were obtained. Figure 5a shows the Φ1 
curves versus photon energy (E). The angle values of inci-
dence vary from about 55°–89.5°.

The determination of the angle of refraction (Φ2) plays 
role on optical and optoelectronic applications. The Φ2 can 
be obtained by [19, 33]:

We obtained the Φ2 values of the TDAPA molecule for 
DMF and chloroform solvents. Figure 5a indicates the Φ2 
curves versus E. The angle values of refraction vary from 
about 0.5°–35°. As seen in Fig. S5a, the Φ1 values are higher 
that the Φ2 values. This result is an expected situation and 
consistent with the related studies [19, 34] in the literature.

The reflectance features as a function of the angle of 
incidence offer important opportunities in optoelectronic 
efficiency. For this, we plotted the R curves versus Φ1 of 
the TDAPA molecule for DMF and chloroform solvents, as 
seen in Fig. S5b. Reflectance values of the TDAPA molecule 

(5)Φ
1
= tan

−1

(

n
2

n
1

)

(6)Φ
2
= sin

−1

(

n
1

n
2

sinΦ
1

)

increase with increasing angle of incidence are almost the 
same for both solvents.

The optical conductance (σopt) and electrical conduct-
ance (σelect) play critical role on physical properties for high 
performance electronic and optoelectronic applications. The 
σopt and σelect expressions can be obtained from the following 
equations [20, 24]:

(7)�opt =
�nc

4�

Fig. 4   The (�h�)2 curves versus h� of the TDAPA molecule for DMF 
and chloroform solvents

Fig. 5   The a σopt and b σelect curves versus frequency of the TDAPA 
molecule for DMF and chloroform solvents
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where c is the velocity of light and

We calculated the σopt and σelect values of the TDAPA 
molecule for DMF and chloroform solvents. Figure 5a, b 
shows the σopt and σelect plots versus frequency (f). As seen 
in Fig. 5a, b, the optical conductance of the TDAPA mol-
ecule is maximum in order of about PHz, while the electri-
cal conductance of the TDAPA molecule is maximum in 
order of about THz. Also, the optical conductance values 
are higher than the electrical conductance values. Obtained 
results show that the σopt and σelect values for chloroform are 
higher than the σopt and σelect values for DMF solvent due 
to lower molarity of the solution of the TDAPA molecule 
in DMF.

4.3 � Electronic band structure

HOMO and LUMO energy levels are important in electri-
cal and optical terms [35]. This energy levels for TDAPA 
molecule in gas phase and DMF, chloroform solvents 
computed by using TD-DFT/B3LYP/6-311G(d,p). The 
energy gap of HOMO and LUMO is found to be 3.76, 3.71 
and 3.72 eV in gas phase and DMF, chloroform solvents 
respectively. As shown in Table 3, the LUMO energy level 
in the solvent is seen as the lowest DMF. From the results, 
one can conclude that DMF solvent with the lowering of 
the band gaps can be preferred for optoelectronic applica-
tions or devices, which prefer lower band gaps because 
the electronic transfer in the molecule TDAPA is easier. 
Figure 6 shows the energy values of HOMO and LUMO 
orbital in gas phase. The HOMO orbitals is localized in 
the whole of molecule and LUMO orbitals is localized in 
the whole of molecule except CH3 molecules. Having a 
molecular low-lying LUMO energy level means that it has 

(8)�elect =
2��opt

�

high electron attention. This indicates that the molecule 
has the potential to electron-transporting (n-type) materi-
als for OLED applications [36]. In addition, the chemical 
hardness, chemical potential, electrophilicity index and 
electronegativity values belonging to the molecule are seen 
in Table 2.

4.4 � Molecular electrostatic potential surface

2D contour map provides predicting the interaction of differ-
ent geometries [37–40]. 2D contour map and 3D molecular 
electrostatic potential surface for TDAPA were drawn and 
given in Fig. S6. The negative (red) regions and positive 
(blue) regions show electrophilic reactivity and nucleophilic 
reactivity, respectively.

The color code maps for the title compound were 
predicted in between of − 0.03351 (deepest red) and 
0.03351 a.u. (deepest blue). Figure 6 indicates that the 
region around the nitrogen atoms linked with carbon through 
the single bond is the most electrophilic reactivity (red) and 
the hydrogen atom linked with carbon atoms is the most of 
nucleophilic reactivity (blue).

5 � Conclusion

In the present study, we have examined PES molecular 
structure and vibrational wave numbers of TDAPA using 
DFT/B3LYP/6-311G(d,p) level. FT-IR and dis-Raman 
spectra and UV–Vis spectrum of molecule were com-
pared with the experimental values, showing a very good 
agreement. MEPs contour/surface and HOMO–LUMO 
graphics were drawn to the understanding of attributes 
and dynamics of the molecule. We compared the UV 
spectra of the TDAPA for various conditions. The aver-
age refractive index value (2.624) of the TDAPA molecule 
for chloroform is higher than the average refractive index 

Table 3   The calculated energies 
values of TDAPA using by the 
TD-DFT/B3LYP method using 
6-311G(d,p) basis set

Bold indicates the most important electronic energy level transition

C1 symmetry Gas DMF Chloroform

Etotal (Hartree) − 1387.82265171 − 1387.83317405 − 1387.82970188
EHOMO (eV) − 4.06 − 4.36 − 4.25
ELUMO (eV) − 0.30 − 0.65 − 0.53
EHOMO−1 (eV) − 5.20 − 5.42 − 5.34
ELUMO+1 (eV) − 0.19 − 0.14 − 0.03
EHOMO−1−LUMO+ 1 gap (eV) 5.01 5.27 5.31
EHOMO–LUMO gap (eV) 3.76 3.71 3.72
Chemical hardness (h) 1.88 1.85 1.86
Electronegativity (χ) − 2.18 − 2.50 − 2.39
Chemical potential (µ) 2.18 2.50 2.39
Electrophilicity index (ω) 1.26 1.69 1.53



16118	 Journal of Materials Science: Materials in Electronics (2018) 29:16111–16119

1 3

value (2.475) of the TDAPA molecule for DMF solvents. 
Obtained results suggest that the TDAPA molecule can be 
used in preparations of the photonic devices and diodes.
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