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Abstract

Context In this study, we evaluate the geometrical, absorption, optoelectronic, electronic, nonlinear optical (NLO) and
thermodynamic properties of dibenzo[b,def]chrysene molecule derivatives by means of DFT and TD-DFT simulations.
In view of the aim of producing new high-performance materials for non-linear optics (NLO) by doping test, two types of
doping were used. We obtained six derivatives by doping with organic dopants (Nitro, amide and ticyanoethenyl) and mixed
alkali metal (potassium) and organic dopants. Doping with organic dopants produced molecules A, B and C, respectively
when substituting one hydrogen with nitro (NO,), amide (CONH,) and tricyanoethenyl (CsN;) groups, while mixed doping
involved considering A, B and C and then substituting two hydrogens with two potassiums to obtain compounds D, E and
F respectively. The negative values of the various interaction energies calculated for all the doped molecules show that they
are all stable, but also that molecules C and F are the most stable in the case of both dopings. The gap energies calculated
at the B3LYP level of theory are all below 3 eV, which means that all the molecules obtained are semiconductors. Better
still, compounds C and F, with gap energies of 1.852 eV and 1.204 eV, respectively, corresponding to decreases of 35.67%
and 58.18% in gap energy compared with the pristine molecule, are more reactive than the other doped molecules. Mixed
doping is therefore a highly effective way of narrowing the energy gap and boosting the semiconducting character and
reactivity of organic materials. Optoelectronic properties have also been improved, with refractive index values higher than
those of the reference material, glass. This shows that our compounds could be used under very high electric field conditions
of the order of 4.164 x 10° V.m™! for C and 7.410 x 10° V.m~! for F the highest values at the B3LYP level of theory. The
maximum first-order hyperpolarizability values for both types of doping are obtained at the CAM-B3LYP level of theory
by C: §,,,; = 92.088x 10~ %su and by F: §,,,, = 129.449x 10~*%esu, and second-order values are also given by these same
compounds. These values are higher than the reference value, which is urea, making our compounds potential candidates for
high-performance NLO applications. In dynamic mode and at a frequency of 1064 nm, at the CAM-B3LYP level of theory,
the highest dynamic hyperpolarizability coefficients were obtained by C and F. Hyper-Rayleigh scatteringfzg, coefficients
of the electro-optical Pockel effect (EOPE), EFISHG, third-order NLO-response degree four-wave mixingy”""M | quadratic
nonlinear refractive index n2 were also calculated. The maximum values of n, are obtained by C (6.13 x 1072 m*W) and
F (6.60 x 102° m?/W), these values are 2.24 times higher than that of fused silica which is the reference for degenerate
four-wave mixing so our molecules could also have applications in optoelectronics as wavelength converters, optical pulse
modulators and optical switches.

Methods Using the DFT method, we were able to determine the optimized and stable electronic structures of doped
dibenzo[b,def]chrysene derivatives in the gas phase. We limited ourselves to using the proven B3LYP and CAMB3LYP
levels of theory for calculating electronic properties, and non-linear optics with the 6-311G + 4 (d,p) basis set, which is
a large basis set frequently used for these types of compound. Gaussian 09 software was used to run our calculations, and
Gauss View 6.0.16 was used to visualize the output files. TD-DFT was also used to determine absorption properties at the
B3LYP level of theory, using the same basis set.

Extended author information available on the last page of the article
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Introduction

Over the last few decades, many researchers have been
engaged in the design of new materials with high nonlinear
optical response. These have a wide range of applications,
including laser technology [1-3], optical data storage [4],
ultrafast pulse measurement [5], optical computing [6], high-
resolution imaging [7], multiphoton fluorescence [8], optical
biodetection [9], optical logic [10].

It has been proven that all systems with excess electrons
have an excellent nonlinear optical (NLO) response, which
has a direct impact on increasing the value of NLO parameters
such as first and second order hyperpolarizability and dipole
moment [11]. However, only the value of hyperpolarizability
is sufficient to get an idea of the NLO response of any system
[9]. Once upon a time, inorganic materials were the only ones
known to have NLO properties, but nowadays organic materi-
als with NLO response are gaining ground due to their broad
spectrum of actions, which are highly advantageous. These
include good transparency, ease of processing and slightly
faster response time, high optical susceptibility and lower die-
lectric constants, by virtue of their laser threshold [3, 12—-15].

As aresult, scientists are using doping of all kinds to design
more and more new organic materials with NLO applications,
as these have the major advantage of modifying their physico-
chemical properties [16]. These modifications can be made
by doping certain organic materials with a view to introduc-
ing excess electrons and thus increasing the NLO response
of these materials. In reviewing the literature on doping, we
realize that the dopants used can be of various types. We can
have organic dopants (dicyanoethenyl, tricyanoethenyl, amide,
hydroxide, nitro, cyano, carboxyl, aldehyde groups), alkali
metals, alkaline earth metals, halogens, transition metals, etc.,
depending on the objectives pursued. We have been inspired
by the work of several researchers who have doped organic
materials. Noudem et al. in 2022 [17] doped styrylquinoline
fragments and obtained the MS monomer, which is the result
of mixed doping (nitro and potassium) of the initial monomer.
This work suggests that potassium and nitro doping could be a
suitable means of improving the optoelectronic, electronic and
NLO properties of styrylquinoline monomer. Fonkem et al.
[18] carried out potassium doping of the acrylic acid mole-
cule 2-cyano-3-[4(diphenylamino) phenyl] and the result was
areduction in gap energy, leading to the conclusion that alkali
metal doping is an easy way of increasing the conductivity
of an organic material. Kenji Tsukamoto et al. [19] doped an
organic molecule with the groups dicyanoethenyl and tricya-
noethenyl and succeeded in improving its electronic properties.
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In our previous work [20], we demonstrated the effectiveness
of doping the dibenzo[b,def]chrysene molecule with lithium
by varying the different doping sites, thus obtaining new mol-
ecules with improved NLO response, optoelectronic, electronic
and even absorption properties. Other researchers have per-
formed doping using halogens (chlorine, fluorine) [21], alkali
metals [22], alkaline earth metals [23] and even transition met-
als [24]. An increasing number of researchers are carrying out
doping tests using other types of dopings to improve the NLO
responses of certain materials, such as organic dopants includ-
ing dicyanoethenyl, tricyanoethenyl, amide, hydroxide, nitro,
cyano, carboxyl and aldehyde groups [19, 25-27].

Polycyclic aromatic hydrocarbons (PAHs) are well known
for their excellent optoelectronic properties. They are small
organic molecules that have been widely used over the last
few decades in a number of devices such as photovoltaic
cells, light-emitting diodes, liquid crystals and thin-film
organic field-effect transistors [19, 28-30]. Polycyclic aro-
matic hydrocarbons are organic molecules with facilities
such as increased non-linear optics, optoelectronics and even
optical properties, increased functional groups leading to the
modification of certain chemical properties, which is not the
case for polymers [31-35]. Dibenzo[b,def]chrysene is one
of the PAHs molecules that has been shown to be an organic
semiconductor and could provide high power conversion
efficiencies in bulk heterojunction solar cells [34-36].

In order to improve the physical and chemical properties
of the dibenzo[b,def]chrysene molecule, the search for differ-
ent dibenzo[b,def]chrysene derivatives has gained momen-
tum in recent times [37]. With this in mind, several research-
ers have set their sights on this molecule and its derivatives,
such as Felix Gagnon et al. [38], who recently studied the
photophysical, electrochemical and absorption properties
of 2, 9-Dibenzo[b,def]chrysene and found it to be a mate-
rial of the future with applications in light-emitting diodes,
aggregation-induced emission (AIE), field-effect transistors
and solar cells. A few years earlier Ying Shu et al. [39] had
studied the impact of tetrahedral groups and device process-
ing conditions on the crystal packing, thin film characteristics
and OFET hole mobility of 7,14-bis(ethynyl)-dibenzo[b,def]
chrysene derived from dibenzo[b,def]chrysene; they came
to the conclusion that the compound could have very good
semiconducting properties and considerably influence mate-
rial performance in OFETs. H. Wang et al. [40], studied the
vibrational infrared spectroscopy, Raman activity and elec-
tronic absorption of neutral Dibenzo[b,def]chrysene and its
ionic forms theoretically and experimentally using DFT-
B3LYP. F.-J. Zhang, et al. [41] proposed a derivative of the
Dibenzo[b,def]chrysene molecule whose electronic, absorb-
ance, photochemical, photophysical and frequency properties
were investigated experimentally and theoretically.

In order to achieve our goals, we carried out several dif-
ferent doping with the above-mentioned dopants, while
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varying the doping sites with a view to obtaining new mate-
rials with a good non-linear response from dibenzo[b,def]
chrysene, our initial molecule. So, after all these tests, we
opted for doping with organic dopants (nitro, amide and tri-
cyanoethenyl groups), which gave us compounds A, B and
C; we continued with mixed alkali metal (K) and organic
dopants, which also gave us compounds D, E and F. Our
final choice is purely intentional, as our aim is to see the
effect of these two types of doping on the behavior of our
initial molecule.

Computational methodologies

To determine the optimized electronic structure, vibra-
tional spectra, optoelectronic properties, linear and non-
linear optics and thermodynamic properties of gas-phase
dibenzo[b,def]chrysene, we used Gaussian 09 [42], a quan-
tum chemistry software package. To carry out our calcula-
tions, we used two functionals, B3LYP and CAM-B3LYP,
with a 6-311G + +(d,p) basis set. The use of the large basis
set such as the 6-311G + 4 (d,p) has some advantages in
reducing the overestimation compared to the smaller basis
sets and presents good agreement with experimentals val-
ues [43]. Gauss view 6.0.16 [44] was used to visualize our
optimized structures. The choice of our two functionals was
guided by information contained in the literature [45, 46].

It has been shown that the hybrid B3LYP functional is
sufficiently accurate and suitable for calculating the struc-
tural, electronic, optoelectronic, charge transfer and ther-
modynamic properties of organics materials [47-49]. It was
also shown that range separated functionals provide better
optical rotation prediction than hybrid or pure functionals
[50, 51].

As for the CAM-B3LYP functional, it is a long-range
corrected hybrid functional that facilitates the net deter-
mination of the optical and chemical quantum properties
of organic molecules, and also enables a good study of the

1 2
Aa=— [(axx - ayy) + (ayy - azz)

V2

2

quantum properties of organic materials. We have used it in
our calculations to confirm the predictions of the calculation
of nonlinear optical properties [52—-54]. Then it was dem-
onstrated to be able to describe accurately charge-transfer
transitions in large aromatic molecules [55] for which con-
ventional LDA, GGA, and hybrid functionals perform very
poorly [56].

optimized our molecules to make sure they were stable.
We then went on to calculate the ground-state properties
of our compounds using DFT with the B3LYP and CAM-
B3LYP functionals [57], and as a function of time (TD-DFT)
using only the B3LYP functional for the first six excited
states, while keeping the same 6-311G+ +(d,p) basis set.
The absorption properties were calculated using TD-B3LYP.

Theoretical background

Here we focus on the calculation of linear and non-linear
parameters, which play an undeniable role in the design of
new materials with pronounced optoelectronic and non-lin-
ear optical (NLO) responses [58, 59]. The dipole moment
is a measure of a molecule's polarity. Its expression is given
by the equation [60]:

U =aE + PE* + yE> + - 1)

The total value of the dipole moment for any compound
is given by:

Mior = /By + 1S + 17 2)

The mean value of electrical polarizability [61]:

(a) = = (@) + (o) + (@) 3)

1
3
The anisotropy [62] of the polarizability can be deter-

mined by the components of the polarizability matrix by
the equation:

1
2

+ (aZZ - axx)z + 6<0¢iZ + aiy + a§Z>] 4)

As for MR molar refractivity it is a parameter that is a
function of the mean value of polarizability and Avogadro's
constant and is given by equation [58]:

In non-linear optics, first and second order static hyper-
polarizability are key parameters for determining the non-
linear optical response of an organic material. These quanti-
ties are given by the following equations [21, 58]:

MR = 22N, (a) 5)
Y,
B= [(ﬁxxx + ﬂxyy + ﬂxzz)z + (ﬂyyy + ﬂyxx + ﬂyzz)2 + (ﬁzzz + ﬂw + ﬂzyy)z] (6)
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where B and y;;, are the components of the first and second
order hyperpolarizability tensors.

We performed calculations of the NLO properties in
frequency-dependent dynamic mode. For this, hyper-Ray-
leigh scattering [59, 62] was evaluated using the following
formula:

ﬂHRS(_2a);a);a)) = V <ﬁ§zz> + <ﬁ)2(zz> (8)

With (82, ) and (; ) being the orientational averages of
the components of the hyperpolarizability tensor § [56, 63]
and given by the following equations:
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The depolarization ratio (DR) [64, 65] of a molecule pro-
vides information about its geometry and is given by the
equation:

B
(Bezz)

an

Subsequently we proceeded to determine the third order
degenerate four-wave mixture y?""M [1] with the aim of
going deeper into the investigation of NLO properties. It is
given by the following equation:

DFWM(C())

4 = yDFWM(_w;wa —@, Cl)) ~ %7(‘20);@’ @, 0)

+ y(—w;w,0,0) — %7
(12)

The improved quadratic nonlinear refractive index n, [1,
66] was calculated by the following relationship:
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n, = 8.28 x 10723y PF"M (13)

To enhance our study in the linear and non-linear domain,
we evaluated first order susceptibilities in static then in fre-
quency-dependent dynamic mode, second and third order
susceptibilities [17, 67, 68], all these properties are given
by the following equations:

o_ % o Bi(@) 5y V(@)

}(l] - _)'/l]k (60) = l]kl( - 650V

gV’ 2¢,V "’ (14

Our aim being to explore the NLO parameters of our
deep-doped derivatives, we also evaluated the second har-
monic generation (SHG) response y?(— 2w, o, ®), the linear
electro-optic susceptibility XLEO((D). Finally we evaluated
the third harmonic generation (THG) response X(3)(— 20, o,
®, 0) and the coefficients related to the dc-Kerr electro-optic
effect x % %() and the degenerate four-wave mixing of
the third-order NLO response x °FVM,

All atomic units (au) have been converted to interna-
tional system and electrostatic units using the follow-
ing conversion relationships: (a[au] =1.648778 x 10741
a[SI]=0.1482 x 1072* a[esu], plau] =3.206361 x 1073
PISI]=8.639418 x 10~ plesu] and y[au] =6.235365x 1075
y[SI1=5.036674 % 107 y[esu]) [69-71].

Results and discussion
Geometrical parameters

The optimized structures of the molecules (A, B, C, D,
E, F) shown in Fig. 1 were obtained by doping the initial
dibenzo[b,def]chrysene with organic dopants and by mixed
doping with organic dopants and alkali metals. Figure 1
shows several atoms: carbon in gray, oxygen in red, nitrogen
in blue and potassium in violet. After optimizing our com-
pounds, no negative frequencies were observed, reassuring
us of their stability. Using the B3LYP level of theory, we
were able to obtain the minimum energy of all our doped
molecules. We determined geometrical properties such as
interatomic distances and bond angles, which we have sum-
marized in tables s.1 and s.3 for interatomic distances, and
tables s.2 and s.4 for bond angles. Overall, we can see that
bond lengths have been revised upwards in some cases by
doping effects. When we look at the evolution of the value
of the C1-C5 bond with doping at the B3LYP level of theory,
we see that it is 1.4369 A for the undoped dibenzo[b,def]
chrysene DO molecule [20], then 1.4368 A, 1.4369, 1.4371,
1.4366, 1.438 and 1. 4449 A, respectively for A, B, C, D, E
and F, i.e. a slight decrease for compounds A and D which
we can explain by the character of the nitro group, this
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Fig.1 Optimized structures of our doped dibenzo[b,def]
chrysene derivatives at the B3LYP level of the theory with the
6-311+ +G(d,p) basis set. A: doped with nitro group; B: doped with

value remains constant when replacing the hydrogen with
the amide group (B), and increases by 0.014%, 0.076% and
0.56% respectively when doped with the tricyanoethenyl
group (C), the amide group and two potassiums (E) and the
tricyanoethenyl group and two potassiums (F). In terms of
the C-H bond of our doped molecules, we make the same
observation, obtaining maximum values of 1.0854 10\, 1.0855
and 1.0854 A when doped with nitro, amide and tricyanoe-
thenyl respectively, and 1.0945 A, 1.0904 and 1.0904 A
when mixed doping with nitro, amide and tricyanoethenyl
plus two potassiums at the B3LYP level of theory. We have
an increase of 0.0091 A, 0.0049 and 0.005 A depending on
whether we go from A to D, B to E and C to F, enabling us
here to evaluate the effects of the substitution of the two
potassium atoms, which are electron donors, on the C-H dis-
tances [40]. We can thus affirm that there is a good correla-
tion between our results and those of dibenzo[b,def]chrysene
contained in the literature.

Hydrogen (H)

amid group; C: doped with tricyanoethenyl group; D: doped with two
potassiums and nitro group; E: doped with two potassiums and amid
group; F: doped with two potassiums and tricyanoethenyl group

With regard to the C=C bond lengths we obtained, we
note that the average value is approximately equal to 1.37 A
for all molecules, with the exception of compound C for
which the C24 =C30 distance is equal to 1.3842 A at the
B3LYP level of theory. Our C=C values are quite close to
1.34 A for ethylene obtained by A. Veillard [72]. We believe
that, due to the pi and sigma conjunction of the C=C dou-
ble bond, which is a conjugated bond, the effects of doping
are less perceptible, since axial overlap here is not possible
as in the case of C—C, but rather lateral. This observation
can also be seen in the values obtained with CAM-B3LYP,
which show that the double bond can vary very little due to
the doping effect of dibenzo[b,def]chrysene.

The highest values of potassium carbon bond lengths (C-K)
obtained for D, E and F are 2.6664 A, 2.6664 A and 2.6722 A
respectively, and we note that the distance (C-K) remains con-
stant for D and E increases by 0.217% compared with D and E
for F. We believe this difference may be due to the presence of
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three cyano groups, which are strongly attractive groups due
to the presence of the carbon—nitrogen triple bond.

In compounds B and E, which are obtained by doping
with the amide group and by doping with the amide group
plus two potassium groups respectively, the C=0O intera-
tomic distance varies from 1.2259 A for B and 1.2279 A
for E at the B3LYP level of theory, i.e. an increase in this
distance of 0.163% due to the presence of two potassiums
as donors.

The C-N single bond is also present in compounds A,
B, D and E, due to the presence of nitro (NO2) and amide
(CONH2) groups. The length of this bond varies accord-
ing to the group involved, so we have 1.4756 /ak, 1.502 /ak,
1.4748 A and 1.3784 A with A, B, D and E respectively.
For E, this distance decreases by 8.23% when two hydro-
gens are substituted by two potassiums, and remains virtu-
ally constant. We can nevertheless report a decrease in the
C-N distance by substitution with potassiums. We suggest
that this may be due to the strong electronegative character
of nitrogen in front of potassium. On the other hand, we
have the C=N triple bond of compounds C and F, whose
bond lengths are 1.1558 A and 1.1567 A respectively,
with a slight increase due to substitution of hydrogens by
potassiums. Finally, we have the N-H bonds, whose bond
length remains constant at 1.0088 A for B and E,and N=0O,
whose bond lengths vary very little, i.e. 1.2259 A for A and
1.2279 A for D.

The tables s.2 and s.4 contained in the supplementary
materials, group together all values of the bond angles
between the different atoms of our six doped molecules.
We can already see that these angles increase with doping
regardless of the method used. We also note that the high-
est value of bond angles in the case of doping with organic
dopants is given by C i.e. (C30,C35,C36)=127.0855°
and the lowest value is (C39,C36,C41)=114.7375° also
given by C, at the B3LYP level of theory, while the larg-
est value in the case of mixed doping is given by E i.e.
(C32,C17,K34)=148.5232° and the smallest value is also
given by E i.e. (C14,C17,K34)=97.068° at the CAM-
B3LYP level of theory. The H. Wang's work [40] on
dibenzo[b,def]chrysene revealed that the values of the of
the C—C-C and C—C-H angles are close to 120°, with slight
deviations of 5°. In line with this work, we can say that
our results are valid, as the average values of these angles
for our doped molecules oscillate around 119° and 121°,
with exceptions made for angles close to the doping zones,
such as (C32,C17,K34)=148.5232° with CAM-B3LYP and
(C32,C17,K34)=134.4063° with B3LYP, which sometimes
show an increase of almost 28° and 14° at these respective
levels of theory. Our observations show that bond angle val-
ues increase with doping, i.e. the substitution of hydrogens
by potassium. This could be explained by the fact that, in
order to reach the energy minimum, the new molecules must
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undergo modifications to their geometric structure, which
have a direct impact on bond lengths and angles, electronic,
optical, optoelectronic and even reactivity properties, due
to the delocalization of electrons in the system. As a result,
our new doped molecules can have a much larger field of
application than the undoped molecule.

Vibrational spectroscopy analysis

Raman and infrared (IR) spectroscopies are used to meas-
ure vibrational frequencies and molecular phonons. These
techniques have a proven track record in determining the
structure and chemical composition of molecules [73, 74].
The combined analysis of the two spectra of a compound
provides a wealth of information on its composition and
structure, which is not the case when only one of the tech-
niques is used [75]. In this section, we have used the B3LYP
and CAM-B3LYP levels of theory to carry out the vibra-
tional analysis of our six doped molecules A, B, C, D, E
and F. Molecules A and D, B and E, C and F each have 40,
42 and 45 atoms respectively, implying that these molecules
have 114, 120 and 129 normal modes of vibration active
in Infrared (IR) absorption and Raman scattering respec-
tively. No negative frequencies were obtained, proving that
all minima obtained at the surface potential energy of our
compounds are local minima. Tables S.5 — S.10 in the sup-
plementary materials summarize selected frequency values,
and Figs. 2, 3, 4 and 5 show the IR and Raman spectra of
our compounds. Vibrations between two atoms, still called
stretches, are represented by the letters r and R, in-plane
bending vibrations are materialized by the letters a and f,
and finally out-of-plane vibration modes are indicated by the
letters € and 7. In addition to the experimental assignments
made by H. Wang et al. [40], we also used the Gauss view
software [44] to suggest assignments related to the dopants
used, which obviously have a remarkable influence on our
spectra and compared to literature results.

In general, C-H stretching vibrations in aromatic com-
pounds oscillate between 3000 and 3200 cm™! [76, 77]. This
range is sometimes strongly influenced by the nature of the
substituents. In our study, the normal modes calculated in the
ranges 3159.32—3229.13 cm™!, 3030.94—3214.14 cm™!,
3157.57—3213.93 cm™!, 3068.82—3203.40 cm™',
3161.19—3218.61 cm™' and 3076.85—3211.67 cm™' can
be assimilated to asymmetric and symmetric C-H stretching
modes for A, D, B, E, C and F respectively at the B3LYP
level of theory. According to experimental studies carried
out by H. Wang et al. [40] on our pristine molecule, these
vibrations are perceived in the region 2861.5 — 2966.1 cm™!,
i.e. a difference oscillating between 169.44—263.03 cm™".
This discrepancy between the experimental data can be
explained by the conditions taken into account during the
experiment, and also by the fact that doping brings an excess
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Fig.2 IR intensity (a) (organic
doping at B3LYP level) and IR
intensity (b) (organic doping at
CAM-B3LYP level)

Fig.3 Raman Activity (c)
(organic doping at B3LYP
level) and Raman Activity (d)
(organic doping at CAM-
B3LYP level)

Fig.4 IR intensity (e) (mix dop-
ing alkali metals and organic
doping at B3lyp level) and IR
intensity (f) (mix doping alkali
metals and organic doping at
CAM-B3LYP level)

Fig.5 Raman Activity (g) (mix
doping alkali metals and organic
doping at B3lyp level) and
Raman Activity (h) (mix doping
alkali metals and organic dop-
ing at CAM-B3LYP level)
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of electrons which increases the reactivity of doped struc-
tures and many other parameters. However, the values we
obtained are fairly close to those found in the literature [40,
78].

In the infrared absorption and Raman scattering spectra of
A, D, B, E, C and F, we observe a set of peaks contained in
the areas 1398.77 -1664.70 cm™', 1386.37—1653.60 cm™,
1397.48—1663.97 cm™!, 1390.55—1650.60 cm™',
1359.93—1664.07 cm™" and 1356.29—1645.47 cm™" at
the B3LYP level of theory, which we attribute to C=C
conjugate vibration modes. According to the literature, this
interval lies between 1430 and 1625 cm™! [79, 80]. On the
other hand, C—C vibration modes are very often found in the
1200—1650 cm™" range [81].

For our molecules, we perceive C-C stretch-
ing vibrations in the regions 1228.09 -1664.70 cm™!,
1205.07—1653.60 cm™!, 1225.14—1663.97 cm™!,
1203.85—1650.60 cm™!, 1226.49—1664.07 cm™! and
1197.39—1645.47 cm™" at the B3LYP level of theory.
When compared with the results obtained for DO [20], there
is a slight difference between these ranges obtained for the
C=C and C-C vibration modes. However, the discrepancy
observed between the experimental data and our theoretical
values may be due to the effects of the doping carried out.

In the absence of experimental data, we were unable to
assign all the vibrational modes exhibited by our doped
molecules. Nevertheless, using Gauss view software [44]
we suggest that vibrations occurring at frequencies 179.55
and 212.01 cm™', 156.91 and 172.03 cm™, 115.54 and
130.88 cm™! respectively for D, E and F at the B3LYP level
of theory could be assigned to C-K vibrational stretches. As
for the C-N vibrational stretches, we obtained them in the
ranges of 1357.56—1361.69 cm™, 1369.21—1375.12 cm™,
1346.37—1361.73 cm™! and 1306.72—1357.28 cm™! with
B3LYP for molecules A, D, B and E respectively. The
C =0 stretching frequencies obtained at B3LYP theory
level for our B and E molecules are 1743.32 cm™! and
1734.79 cm™! respectively. Within compounds C and F,

Table 1 Volume V, electric field E, density polarization P, electric
susceptibility y, dielectric constant €, refractive index n, magnitude of
the displacement vector D of dibenzo[b,def]chrysene derivatives (A,

we also have frequencies obtained in the ranges 2319.54—
2339.62 cm™! and 2309.44—2334.05 cm™! corresponding to
C=N vibrational stretches. Compounds B and E then show
N-H vibrational stretching at frequencies 3585.65 cm™!
and 3710.30 cm™' for B, followed by 3583.24 cm~! and
3707.13 cm™! for B3LYP. Finally, we have the N=0
stretches that appear in compounds A and D in the intervals
1553.51—1602.63 cm™" for A and 1555.41—1580.43 cm™
for D at the B3LYP level of theory [82, 83].

Optoelectronic properties

We have performed DFT calculations in order to determine
optoelectronic properties such as: volume (V), average elec-
tric field (E), polarization density (P), electric susceptibility
(x), dielectric constant (g), refractive index (n), and electric
displacement (D) of doped dibenzo[b,def]chrysene deriva-
tives. All values of these quantities are reported in Table 1.
The dipole moment is due to the fact that the barycenter of
negative charges coincides with the barycenter of positive
charges, otherwise the molecule is said to be apolar with a
zero-dipole moment; it can also be caused by the application
of an external electric field. The dipole moment is linked to
the electric field by the relation y = aE + fE> + yE3 + ...
So we have the formulas giving the electric field and polari-
zation density given by the equations E = f and P = ‘ﬁ/ For
the other quantities mentioned above, we have used formu-
las taken from the literature [70, 84, 85]. In view of the
values obtained and summarized in Table 1, we can see
that all the calculated parameters have virtually increased
with the various doping operations carried out. However,
by comparison with the calculations performed on our ini-
tial centrally symmetrical molecule, we can say that doping
significantly improved the optoelectronic behavior of our
material. As regards the electric field, polarization density,
electric susceptibility and electric displacement, all linearly
related and proportional to the dipole moment, for the initial
molecule all these values were zero, but with doping we

B, C, D, E and F), obtained at the CAM-B3LYP and B3LYP levels of
theory with 6311+ +G(d,p) basis set

Methods B3LYP CAM-B3LYP

Molecules /properties A B C D E F A B C D E F

V x 1028(m?) 1.691 1.655 2.002 1.765 2.337 2.810 1.583 1.794 2.225 1.646 1.813 2914
Ex 10°(V.m™) 3.855 2.081 4.164 6.461 5.729 7.410 3918 2.204 4.164 7.729 5.580 7.630
P (C.m™?) 0.140 0.078 0.164 0.300 0.201 0.276 0.142 0.072 0.134 0.335 0.220 0.229
X 4.102 4.233 4.448 5.244 3.962 4.207 4.093 3.690 3.635 4.895 4.453 3.390
e107c.vim™ 4.517 4.633 4.824 5.528 4.393 4.610 4.510 4.152 4.104 5.220 4.828 3.887
n 2.258 2.287 2.334 2.499 2.228 2.282 2.257 2.166 2.153 2.428 2.335 2.095
D(C.m™?) 0.174 0.096 0.201 0.357 0.252 0.342 0.177 0.092 0.171 0.403 0.269 0.297
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obtain for these quantities respectively E=7.630 x10°V.m™!
for F, P=0.335 C.m~2 for D, y=5.244 for D and D=0.403
C.m~2 for D. These values obtained would be due to an
increase in charge carriers with the addition of the amide
and tricyanoethenyl groups and the two potassiums, which
are electron donors. We also note that mixed doping with
organic dopants plus alkali metals has a better optoelectronic
response than simple doping with organic dopants alone.
The values of the electric field E of our dif-
ferent molecules decrease according to 7.410
> 6.461 > 5.729 > 4.164 > 3.855 > 2.081 x 10°V.m™!
respectively for molecules F, D, E, C, A and
B at the B3LYP level of theory; and 7.729
> 7.630 > 5.580 > 4.164 > 3.918 > 2.204 x 10°V.m™!
respectively for molecules D, F, E, C, A, B at the CAM-
B3LYP level of theory. From this observation we can say
that the CAM-B3LYP level of theory is the one that gives us
the highest electric field values and the mixed nitro plus two
potassium doping is the one for which charge carrier activity
is the most intense in view of its high electric field value. By
comparing the electric field values obtained in the case of
lithium doping of the pristine molecule [20], for which the
field value given by D1 (4.720x10°V.m™") with the B3LYP
functional, we can only confirm that mixed alkaline and
organic doping leads to higher field values and therefore
offers us a wider field of application in optoelectronics. For
polarization density and electric displacement, we have
almost the same behavior as for the electric field, except that
in both cases compound D has the highest values, regardless
of the method used. Taking the case of polarization den-
sity, we note in comparison with the initial dibenzo[b,def]
chrysene DO [20] that doping resulted in an improvement of
0.30; 0.276; 0.201;0.164; 0.140; 0.078 C.m™> respectively
for D, F, E, C, A and B with the B3LYP functional. Compar-
ing these values with those obtained in our previous work
on lithium doping, we realize that mixed alkali metal and
organic doping gives the best results for optoelectronics. The
electrical displacement values obtained decrease to 0.357;
0.342: 0.252; 0.201; 0.174; 0.096 C.m~> respectively for D,
F, E, C, A and B at the B3LYP level of theory. This find-
ing could be explained by the fact that doping has impacted
charge distribution, causing a drastic decrease in dipole
moment and thus reducing optoelectronic property values.
Based on the work of Mveme et al. [60], we can say that the
high P and D values of D, E and F molecules could also be
potential pyroelectric and piezoelectric materials.
Refractive index, electrical susceptibility and die-
lectric constant are related quantities, so when x
increases, € increases and consequently n increases
too. With compound D, we obtained the highest values
(y =5244,¢ =5.528x107" C.V™! m™! et n=2.499) of
the six molecules studied according to Table 1 with the

B3LYP level of theory. The high values of electrical sus-
ceptibility and dielectric constant of our compound show
that it is the one whose electron cloud could deform more
rapidly if subjected to an external electric field, and where
we would have easy electron delocalization compared to
the other compounds. On this basis too, it is positioned as
the compound with the best optoelectronic behavior com-
pared with the others. The refractive index is a parameter
characterizing the interaction between light and matter,
and depends on the characteristics of the medium and the
incident electromagnetic wave. The value of the refractive
index increases with doping, regardless of the method used,
compared with the initial dibenzo[b,def]chrysene: with the
B3LYP method we obtained n(E)=2.228, n(A)=2.258,
n(F)=2.282, n(B)=2.287, n(C)=2.334 and n(D)=2.499,
i.e. an increase in refractive index of the order of 122. 8%,
125.8%, 128.2%, 128.7%, 133.4% and 149.9% respectively
when doping our initial molecule with the amide group and
two potassiums, the nitro group, the tricyanoethenyl group
and two potassiums, the amide group, the trycyanoethenyl
group, the nitro group and two potassiums. By comparing
our refractive index values with those of glass [86] (n=1.5),
we can say that the surplus of electrons provided by the dop-
ing makes the doped derivatives increasingly less transpar-
ent and opposes the propagation of electromagnetic waves
through them.

Electronic properties and global reactivity
descriptors

In order to discuss the semiconducting character, stability
and even reactivity of our molecules obtained by doping
dibenzo[b,def]chrysene, we have calculated the electronic
properties and global reactivity descriptors at the B3LYP and
CAM-B3LYP levels of theory using the 6-311 + +G(d,p)
basis set, the values of which are reported in Table 2.

In terms of electronic properties, the LUMO energy is the
lowest energy assigned to the unoccupied molecular orbital.
When this value is high, the compound yields electrons. In
the case of our compounds, the value of this quantity fol-
lows this ascending order C< F < A < B < D < E whatever
method used. This implies that mixed doping (2 K +amide)
results in a compound (E) that is more electron-donating
than the others. The LUMO energy values of compounds E
and D at the B3LYP level of the theory are close to that of
the BSA-3 molecule, derived from triphenylamine-carba-
zole, whose LUMO energy value is 1.96 eV [87].

The HOMO energy is the energy of the most occupied
molecular orbital, and it also tells us something about the
donor and acceptor character of our compound. Compared
with the values obtained in this work, the HOMO energy
values decrease in the following order: -3.964 eV, -4.248,
-4.393, -5.380, -5.653 and -5.794 eV respectively given by
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Table 2 Eyonmo. Epumos gap energy (Egap), chemical potential pcp,
hardness 1, ionization potential IP, electronic affinity EA, electron-
egativity x, softness S, electrophilicity index o, nucleophilicity index

v and maximum charge transfer ANmax of dibenzo[b,def]chrysene
derivatives (A, B, C, D, E and F), obtained at the CAM-B3LYP and
B3LYP levels of theory with 6-311 + + G(d,p) basis set

Methods B3LYP CAM-B3LYP

Molecules /properties A B C D E F A B C D E F
Enomo (€V) -5.653  -5.380 -5.794 4248 -3964 -4393 -6.750 -6.485 -6.862 -5320 -5.052 -5.397
E; umo(eV) -2.984 2523 -3942 -1.697 -1.597 -3.187 -1.842 -1.460 -2.812 -0975 -0.863 -2.145
Egap(eV) 2.668 2.856 1.852 2.551 2.367 1.204 4.907 5.025 4050 4344 4190  3.252
Hep(eV) -4.319  -3951 4868 -2973 -2.781 -3.79 -4296  -3973 -4837 -3.147 -2957 -3.771
neV) 1.334 1.428 0.926 1.276 1.184  0.603 2454 2513 2.025 2.173 2.095 1.626
1P(eV) 5.653 5380  5.794 4.248 3964 4393 6.750  6.485 6.862 5320 5.052  5.397
EA(eV) 2984  2.523 3.942 1.697 1.597 3.187 1.842 1.460 2.812  0.975 0.863 2.145
x(eV) 4.319 3.951 4.868 2.973 2.781 3.79 4296 3973  4.837 3.147 2.957 3.771
Sevh 0.750  0.700 1.080 0.784  0.845 1.658 0.407  0.398 0494 0460 0477 0.615
w(eV) 6.997 5.466 12.796  3.463 3.266 11911 3.760  3.141 5777 2279 2087 4373
vevh 0.143 0.183 0.078 0.289  0.306  0.084 0266  0.318 0.173 0439 0479  0.229
AN, 3.238 2.767 5.257 2330 2349  6.285 1.751 1.581 2.389 1.448 1.411 2.319

max

E, D, F, B, A and C at the B3LYP level of theory. This result
confirms once again that compound E is very easy to transfer
electrons. This is also justified by the nature of the doping
used, as we can see that mixed doping makes molecules
easy to transfer electrons. The same behavior is observed
with CAM-B3LYP level of theory. At the B3LYP level of
the theory, the HOMO energy of compounds D, E and F are
close to those of the BSA molecule and its derivatives. This
leads us to conclude that our mixed-doping molecules are
very good acceptors and could have the same electronic and
NLO applications as the latter [87].

Gab energy is a key parameter that provides information
on the conductivity of organic materials, as well as on the
reactivity and stability of molecular systems. When the gab
energy value is low, i.e. the bandgap width is very small,
the molecule is less stable, less rigid, more reactive, more
chemically polarizable and the transition of electrons from
the conduction band to the valence band is rapid. On the
other hand, when the bandgap width is larger, the material
is more chemically stable, less reactive and more rigid [21,
31, 88]. At the B3LYP level of theory, all the gap values
obtained are below 3 eV, which means that these compounds
all have good semiconducting properties. Thus we obtained
Eg=2.856 eV for compound B, a value roughly equal to
that obtained for DO the initial molecule 2.879 eV [20]. This
shows that the substitution of the hydrogen by the amide
group has no considerable effect on the conductivity of our
material. This energy gap is reduced slightly by the substitu-
tion of a nitro group (compound A), bringing the value up to
2.668 eV, i.e. an increase in conductivity of 7.32% compared
with the initial value. With the substitution of a hydrogen by
the tricyanoethenyl group (compound C), the gap value was
lowered by 1.027 eV, representing a percentage reduction of

@ Springer

35.67%, enabling us to conclude that doping with organic
dopants is a means of improving the semiconducting proper-
ties of organic materials. We continued our work with mixed
doping as described above, obtaining values of 2.551 eV,
2.367 eV and 1.204 eV for D, E and F respectively, i.e. a
reduction of 0.328, 0.512 and 1.675 eV. With compound
F, we were able to lower the gap energy by more than fifty
percent, or 58.18%. Comparing the gap value of F with
that obtained with D4 [20] in our previous article, we find
a difference of 0.497 eV, which means that compound F
is more reactive than D4, and all the potential applications
of D4 are the same for F. A further comparison of these
energy gap values of our doped molecules with the energy
gap values obtained by M. Usman Khan et al. [87] for the
BSA molecule and its derivatives reveals a very interest-
ing similarity between our values, more precisely for the
compounds BSA-2 (1.97 eV), BSA-7 (1.53 eV) and BSA-9
(1.49 eV), which are quite close to those obtained for our
C (1.852 e¢V) and F (1.204 eV) molecules. This segment
also illustrates that by incorporating different electronega-
tive acceptor groups in the proposed molecules, we would
substantially reduce the NLO response and, consequently,
the band gap values. With the CAM-B3LYP level of theory,
all the gap values obtained are greater than 4 eV except for
F, which gives a gap of 3.252 eV, meaning that it is still
semiconducting and the others are all insulating. These gab
energy values obtained for our molecules A, B, C, D and E
at the CAM-B3LYP level of theory, are very close to those
obtained for the compound SLN and its derivatives doped
at the CAM-B3LYP level of theory also with a different
6-31G(d,p) basis set by M.U. Khan et al. [89]. In view of
this similarity of energy gap values, we can confirm that
our doped molecules obtained in this work are all potential
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canditates for electronics applications with very high non-
linear optics response. Figure 6 and figure s.1 in the supple-
mentary material presents the HOMO and LUMO molecular
orbital of our six doped molecules studied respectively at
B3LYP and CAM-B3LYP, in order to determine the charge
transfer process in our compounds. The areas where the
acceptance of electrophiles is most favorable is represented
by the red color, and the areas where nucleophiles are more
favorable are represented by green color. Of all our doped
molecules, it’s B derivative that has difficulty transferring
electrons from HOMO to LUMO in terms of its diagram,
due to the high value of its gab energy. We say that com-
pounds C and F are the most reactive and are the least stable
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than the others in view of their lower gab energies than the
other compounds A, B, D and E. We suggest, in terms of
potential applications, that F and C could be used as materi-
als for solar cells and the others could be used for the design
of display devices.

We continued by examining on the basis of the optimiza-
tion of dibenzo[b,def]chrysene doped derivatives in the gas
phase, global reactivity descriptors such as ionization poten-
tial (IP), electron affinity (AE), electronegativity (), chemi-
cal hardness (), chemical softness (S), chemical potential
(p), electrophilicity index (w), nucleophilicity index (v) and
maximum charge transfer (ANmax). The formulas used to
calculate the values of these parameters can be found in the

T dq

Eg=1.852 eV

o
iy = ]
Eg=1.204 eV

@

Fig.6 HOMO and LUMO molecular orbitals of the doped derivatives (A, B, C, D, E and F) of dibenzo[b, def]chrysene obtained at the B3LYP

level of theory with the 6311+ +G(d,p) basis set
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literature [51, 81] and are summarized in Table 2 All these
values are obtained on the basis of HOMO-LUMO ener-
gies and allow us to discuss the chemical stability of our
compounds at both the B3LYP and CAM-B3LYP levels of
theory.

The ionization potential (IP) is the amount of energy
required to eject an electron from a molecule. When the ioni-
zation energy is low, the molecule is more reactive, whereas
a high ionization energy suggests high system stability, i.e.
limited chemical activity. Our calculations gave us the fol-
lowing IP values 5.653 eV, 5.380 and 5.794 eV respectively
when replacing hydrogen by a nitro, amide and tricyanoethe-
nyl group at the B3LYP level of theory. We note that these
three values are higher than that of the initial compound DO
5.241 eV [20], implying that slightly more energy is required
to extract an electron from A, B and C than is required for
DO0. With the addition of two potassiums to compounds A,
B and C we obtain compounds D, E and F whose IP val-
ues 4.248, 3.964, 4.393 eV respectively are lower than that
of DO. We note a reduction in IP of 18.94%, 24.36% and
16.18%, which means that the addition of alkali metals is
an adequate means of reducing the ionization energy of our
pure molecule. We observe a similar behavior of IP evolu-
tion with the CAM-B3LYP level of theory, except that in
this case all IP values are higher than those of the initial
DO molecule, which means that at this level of theory, the
doped derivatives are more stable and less reactive than
dibenzo[b,def]chrysene DO.

Electron affinity (AE) is the amount of energy released
when an electron is added to a neutral molecule; it provides
information on a molecule's tendency to always retain its
electrons. The calculated values of this quantity (AE) evolve
in much the same way as those of the ionization potential
at the two levels of theory used, in ascending order of E
<D < B <A< F <C.The largest value of (AE) 3.942 eV
is given by C for doping with the tricyanoethenyl group fol-
lowed by 3.187 eV for mixed doping (tricyanoethenyl and
2 K) compound F all at the B3LYP level of theory. By com-
parison with the values of the initial molecule DO and D1
doped with lithium [20], we find that the electron affinity of
compounds C and F undergo an increase of 66.96% and 35%
respectively compared with DO, and more than twice that
of D1. Thus, mixed and organic doping is one possible way
of increasing the electronic affinity of an organic molecule.

Negative chemical potential values (up) provide infor-
mation on the stability of the molecule or its difficulty in
decomposing into its own elements [17]. The chemical
potential decreases as follows at the B3LYP level of theory:
-3.951, -4.319 and -4.868 eV respectively for molecules B,
A and C for doping with organic dopants, -2.781, -2.973 and
-3.79 eV respectively for compounds E, D and F for mixed
doping. The same trend is observed at the CAM-B3LYP
level of theory. These chemical potential values obtained
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in the case of both doping types imply that compounds C
and F are the most reactive they have the smallest chemical
potential values among all other compounds.

Chemical hardness () is a quantity that characterizes the
resistance of the molecule's electron cloud to deformation
when subjected to slight perturbations. Thus, if the bandgap
width is high, the molecule will be hard, weakly polariz-
able, with very low chemical and biological activity and
high kinetic sensitivity, whereas when the bandgap width is
small, the molecule is soft, easily polarizable, with very high
chemical and biological activity but low kinetic sensitiv-
ity [90]. With both B3LYP and CAM-B3LYP, the smallest
values of chemical hardness are those given by compound
F whatever the type of doping, i.e. a value of 0.603 eV with
B3LYP and 1.626 eV with CAM-B3LYP. This shows that
B3LYP is the method that best enables us to appreciate the
hardness of our system. Compared with the value obtained
for the initial molecule [20], B3LYP reduces the hardness
of our molecule by 56.25%. Thus, with doping, the mol-
ecule starts to release more and more electrons in its vicinity,
which justifies the fact that the initial compound DO is more
stable than F, while compound F is more conductive than
DO, hence its good semiconducting character compared with
the other molecules. As for chemical flexibility (S), this is a
parameter whose variation follows the opposite path to that
of chemical hardness (1), whatever the method used and the
type of doping performed. The highest value S=1.658 eV~
given by F and the lowest value S =0.694 eV~! given by
DO [20], effectively confirm this. As far as electronegativity
is concerned, we found that it decreases when two potas-
siums are added to compounds A, B and C, giving rise to
mixed doping. It is higher for organic doping, with the high-
est x =4.868 eV value given by compound C with B3LYP.
This value reduces with mixed doping, where the highest
value is given by F, i.e. x =3.79 eV. At CAM-B3LYP theory
level, compounds C and F also have the highest values, at
4.837 and 3.771 eV respectively. So, we can say that these
molecules are good electron acceptors.

The global electrophilicity index (o) measures the stabi-
lization energy of a molecule following an external electron
charge or its resistance to electron exchange with the system
[58]. We note that the values obtained for this magnitude at
the B3LYP level of theory, increase as electrons are added
to the system by 5.466, 6.997, and 12.796 eV for B, C and
C respectively in the case of doping with organic dopants.
When two potassiums are added, we obtain 3.266, 3.463
and 11.911 eV for E, D and F respectively, i.e. a decrease of
40.24%, 50.51% and 6.9% in the same order. We can there-
fore see that the addition of potassium would be an impor-
tant means of reducing the electrophilicity of our molecule.
With regard to the nucleophilic character of our compounds,
we find that they take the opposite path to electrophilicity,
whatever the level of theory chosen. As for the maximum
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charge transfer ANmax, which is the capacity of a molecular
system to acquire an additional charge [21], we find that this
value is higher for compounds C and F. At the B3LYP level
of theory, when we compare the value 2.640 obtained for our
undoped molecule DO [20], with 5.257 and 6.285 obtained
by C and F respectively, we find an increase of 99.13% and
138.1% over the initial value due to mixed doping, which
would have had a direct impact on the reactivity of C and F
and consequently conferred on them a very good capacity to
acquire additional electronic charges. Based on our results,
we suggest that our new dibenzo[b,def]chrysene-doped
molecules could be good candidates for the manufacture of
devices with photovoltaic applications and also for the fab-
rication of organic light-emitting diodes (OLEDs).

Linear and non-linear optical properties

The linear and non-linear optical properties of molecules
now play a key role in establishing molecular structure and
assembling organic materials. Understanding non-linear
optical properties underpins advances in current technolo-
gies such as telecommunication, optical switching, signal
processing, electro-optical modulation in data storage, and
computing processes [91-95]. Interactions of electromag-
netic fields with other media are the primary cause of non-
linear optical effects, which modify the characteristics of
incident fields such as amplitude, frequency or other aspects
of propagation [96]. Using the DFT method, we have inves-
tigated certain linear and non-linear optical properties of
doped derivatives of dibenzo[b,def]chrysene with the
6-311+ + G(d,p) basis set. The properties calculated are:
dipole moment (p), average polarizability {a), polarization
anisotropy (Aa), molar refractivity (MR), first-order hyper-
polarizability (f,,,)) and second-order hyperpolarizability
(y). Table 3 summarizes the values of these parameters cal-
culated at the B3ALYP and CAM-B3LYP levels of theory,
and shows in general that the non-linear optical properties
decrease considerably from B3LYP to CAM-B3LYP, while
the linear optical parameters vary very little. Thus, polariz-
ability values vary according to the following order A < B
< C <D < E < F whatever the method used except for com-
pound C with CAM-B3LYP, i.e. a decrease of 6%, 5.84%,
9.2%, 12.93%, 12.90% and 16.61% respectively for A, B, C,
D, E and F Depending on whether we vary from B3LYP to
CAM-B3LYP. The values of molar refractivity (MR) at the
B3LYP level of theory follow much the same pattern, but
this changes with CAM-B3LYP, where we obtain instead
A <B <D< E<C<F and the percentage reductions of 6.4%,
5.84%, 9.26%, 12.94%, 12.90% et 16.62% respectively for
A, B, D, E, C and F when we move from the B3LYP level
of theory to the CAM-B3LYP level of theory 6.4%, 5.84%,
9.26%, 12.94%, 12.90% and 16.62%. The anisotropy of
polarizability accounts for the optical dependence of the

Table 3 Total dipole moment ., average polarizability (a), anisotropy of polarizability Aa, molar refractivity MR, the first order static hyperpolarizability § and the second order static hyper-

polarizability y of dibenzo[b,def]chrysene derivatives (A, B, C, D, E and F), obtained at the CAM-B3LYP and B3LYP levels of theory with 6-311+ + G(d,p) basis set

CAM-B3LYP

B3LYP

Methods

A

Molecules /properties

19.990
78.486
93.240
197.914
129.449

1145.651

11.975
64.269
69.274
162.063

16.557
64.177
75.605
161.833

8.940
64.314
80.520

162.178

3.873
52.640
63.865

132.740

6.750
51.613
63.755

130.150
26.443
121.562

23.270
94.125

125.128
237.350

420.615

14.110
73.787
82.909
186.064
167.727

949.075

15.897
73.712
94.199
185.876
178.750

1774.305

9.853
70.882
96.610

178.740

229.993

3.884
55.907
70.963

140.978
16.492
147.160

7.101
55.188
71.895

139.164
50.247
208.756

Uy (Debye)

(a)(x 10"**esu)
Aa(x 10~ *esu)
MR (esu/mol)

51.796
589.472

92.088 86.977
383.076

334.239

9.922
105.451

Bnoi(X 10‘3Oesu)
(X 107%su)

4123.108

967.671

@ Springer



240 Page 140f26

Journal of Molecular Modeling (2024) 30:240

direction of polarizability. For our compounds, we obtained
values of 71.895 x 10~>*esu, 70.963, 96.610, 94.199, 82.909
and 125.128 x 10™**esu for A, B, C, D, E and F respec-
tively. For A, B, C, D, E and F respectively, we obtain an
increase in polarizability anisotropy value of the order of
17.1%, 15.57%, 57.34%, 53.41%, 35.03% and 103.78% at
the B3LYP level of theory, and 13.72%, 13.92%, 43.63%,
34.86%, 23.57% and 66.32% at the CAM-B3LYP level of
theory. Overall, this percentage is higher for compounds C
doped with tricyanoethenyl and F doped with tricyanoethe-
nyl and two potassiums. This would appear to be due to the
fact that these two molecules are the most reactive, with a
great facility for releasing their electrons. Doping consider-
ably increase the anisotropy of the polarizability of the pris-
tine molecule, especially for compound F, whose percentage
is over 100%, i.e. more than double the value of the initial
DO molecule.

The dipole moment is a measure of a molecule's polarity.
For a molecule to be polar, it must have at least one polar-
ized bond, and the barycenter of the negative charges must
not coincide with that of the positive charges. We obtained
the values p=7.101 Debye, 3.884, 9.853, 15.897, 14.110
and 23.270 Debye with B3LYP and 6.750 Debye, 3.873,
8.940, 16.557, 11.975 and 19.990 Debye with CAM-B3LYP
respectively for A, B, C, D, E and F, i.e. a very satisfactory
increase in this magnitude which was zero for the undoped
molecule and unsuitable for NLO applications. Doping has
thus enabled us to design new molecules in which the charge
distribution is non-centrosymmetric, which could then have
excellent NLO responses. First-order static hyperpolariz-
ability is a central parameter with regard to the nonlinear
optical behavior of organic materials. The highest ,,; values
for both doping types obtained with B3LYP are 229.993
x 1073%su and 420.615 x 10~*%su, and those obtained
with CAM-B3LYP are 92.088 x 10~ esu and 129.449 x
10~*%su for C and F respectively. These previous values
obtained with CAM-B3LYP are 99.23 times and 140 times
higher than urea [97] on the one hand, 10 times and 14
times higher than para-nitroaniline [98] on the other hand.
From the calculated HOMO-LUMO energy values we
find that compounds with low gap energy values are those
with the highest first-order static hyperpolarizability values
which enhances the NLO response of doped dibenzo[b,def]
chrysene derivatives. Hence, our new molecules could be
very good candidates for non-linear optics (NLO) applica-
tions. Similarly, the highest values of second-order hyper-
polarizability y of our molecules doped with B3LYP are
967.6 x 10™>%esu for C et 4123.108 x 10~%su for F respec-
tively for doping with organic dopants and mixed doping.
With CAM-B3LYP we obtained 334.239 x 10™*%su for C
et 1145.651 x 10~*%su for F. Comparing our results with
the value of y=48 x 10~3%su obtained for urea, we find that
our compounds are at least 2 to 86 times superior to urea.

@ Springer

We carried out frequency-dependent simulations for an
extended study of NLO properties in dynamic mode and
also to assess as far as possible whether the designed doped
derivatives could be used under laser working conditions.
Table 4 summarizes the parameter values calculated here
in this case. The hyperpolarizability coefficients for EOPE
(electro-optic Pockel effect) f(-w, ®, 0) and SHG (second
harmonic generation) f(-2m, ®,0), were calculated under
an incident laser wavelength of 1064 nm and the obtained
values of these coefficients are higher than those of the first-
order static hyperpolarizability for all doped molecules. We
find that the values of the coefficients of the electro-optical
Pockel effect (EOPE) are higher for compounds C and F
resulting from doping with organic dopants and mixed dop-
ing respectively, namely 708.169 x 10~*’esu and 506.334
X 107*%su obtained with B3LYP and 125.788 x 10~ esu
and 234.560 x 10™*%su obtained with CAM-B3LYP. As
for the coefficients of second harmonic generation (SHG)
we obtained the effect of the nitro group was strongly felt
for compound A which gives us the largest value (-2 @, @
) =526.306 x 10~ *esu for doping with organic dopants
and compound F again for mixed doping with the value
B(-2m, ®,m) = 13449. 925 x 10~*%su with B3LYP and with
CAM-B3LYP we obtain the highest value with E i.e. (20,
®,0) =280.008 x 10~ esu which shows that the amide group
plus the two potassiums had a more favorable effect on our
initial compound and for doping with organic dopants,
it's compound C that will again give us the highest value
i.e. (20, ®,0)=506.262 X 10~%%su. It has recently been
established that hyper-Rayleigh scattering is an interesting
technique for calculating first-order hyperpolarizability,
both theoretically and practically [99]. In view of the vital
role this technique plays in the design of new materials,
frequency doubling, high-resolution microscopy and fast
electro-optical modulation [100], hyper-Rayleigh scattering
has become indispensable for in-depth study of the NLO
properties of organic materials. The highest fr(-2 @, @,
) values obtained with B3LYP for doping with organic
dopants is 200.614 x 10~*%esu for A and for mixed doping
is 4794.824 x 10~*esu for F i.e. an increase of 2290% com-
pared to the value for compound A. This shows that the sub-
stitution of the two potassiums has a positive influence on the
NLO behavior of our initial molecule. With CAM-B3LYP,
on the other hand, these values drop considerably, obtaining
values of 213.365 x 10™*%su for C 130.600 x 10~*%esu for
F respectively for the two types of doping. The depolariza-
tion ratio DR is an important parameter for determining the
geometry of our doped molecules. When DR is less than 4.5
we are in the case of an octupolar contribution, and if DR
is greater than 4.5 we are in the case of a dipolar contribu-
tion [101]. At the B3LYP level of theory, the DR values for
compounds B and E are 4.839 and 5.678 respectively, i.e.
these two molecules have an octupolar contribution, and for
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Table 4 Estimated values of frequency dependent NLO response at 1064 nm for dibenzo[b,def]chrysene molecule: EOPE coefficient p(-o,0,0), first order hyperpolarizability p(-2m,0,0), HRS

response Pyrs(-20, ®, ®), depolarization ratio DR, dc-kerr effect y(-0;0,0,0), second order hyperpolarizability y(-20;0,0,0), degenerate four-wave mixing of the third-order NLO response

yPFWM “and nonlinear refractive index n, at B3LYP and CAM-B3LYP levels of theory with 6-311+ + G(d,p) basis set given by A, B, C, D, E and F

CAM-B3LYP

B3LYP

Methods

Molecules /properties

234.559

75.250
280.008

11.593 125.788 118.326
506.261  274.026

16.022

30.711
46.426

506.333

297.429 310.296
6091.682  9695.203

19.493 708.169

26.615

65.808
526.306

p(-w, @, 0) (x 10%su)

212.269

13,449.925
4.398

469.151

B2 , w,w) (x 107 %su)

DR

0.717
130.600

5034.211

3.490
112.630
3922.707

1.029
103.396
5364.585

4.384
213.365
9864.903

3.709
5912

5.293

19.752
256.192  291.965

153.368
198.245

2315 5.678

2710.475 3877.518
-617,737.015  5,474,072.772

2.973
185.900

2190.523

4.839
11.202
221.344

189.14

0.365

200.614
17,596.285

4794.824

Brirs(-2 @, , @) (x 10 esu)
¥(—2w, @, w, 0)(x 10~3%su)

7(—w, @, 0,0)(x 10~3%su)

yPPM(x 107 esu)

1,801,468.338
15,627.537

897.412  2717.74

1313.536

554.492

127.838
190.011

3086.109  3149.980

-203,417.664

9845.189
10,252.810

330.833
6126.677

4013.928

3731.380 2974.040 2008.49

1,827,524.546  614,742.614

3000

166.470

0.312 6.13 4.89 3.30 6.60

1010 0.326

-334.00

0.274 16.900

10.100

ny(x 10720 m%/W)

the other compounds A, C, D and F we obtain 0.365, 2.973,
2.315 and 4.398 respectively, i.e. a dipolar contribution. At
the CAM-B3LYP level of theory, apart from compound A
for which DR =5.293, thus exhibiting an octupolar contri-
bution, the other five molecules have a dipolar contribution
because DR is less than 4.5.

We have also calculated second-order hyperpolariz-
ability, and third-order NLO coefficients, such as EOPE
y(—w,®,0,0) and EFISHG (electric-field-induced sec-
ond-harmonic generation) y(—2w, ®, ,0) at wavelength
1064 nm the values of these parameters are also contained
in Table 4. At the CAM-B3LYP level of theory the high-
est values of y(—w, w,0,0) are 554.492 x 1073%su for C
and 2717.74 x 10~%su for F obtained and at the B3LYP
level we obtained 9845.189 x 10~*%su for C and 15,627.
537 x 10~ 3%su for F as the largest values, i.e. an increase
of 1675.53% and 475% in the y(—w, w, 0,0) values of for
compounds C and F respectively when going from CAM-
B3LYP to B3LYP. These results reveal that the electro-
optical Pockel effect of our molecules is very significant,
and that this would also be influenced by the conductiv-
ity and reactivity of our compounds, which are more
pronounced for C and F. On the other hand, with regard
to EFISHG, at CAM-B3LYP level of theory we obtained
9864.903 x 10™*%su for C and 5364.585 % 10™*%esu for
D, which are the maximum values, while at B3LYP level
of theory we obtained 17,596. 285 x 10™*%esu given by A
and 5,474,072.772 x 10~%esu given by E. Contrary to the
observation made for the EOPE coefficients here the evolu-
tion is complex in view of compounds A, D and E which
show us rather a more intense EFISHG behavior. We have
evaluated the quadratic nonlinear refractive index (n,) of
our various doped compounds, with a view to making more
precise statements about their fields of application. Materi-
als with NLO response and improved non-linear quadratic
refractive indices are known to have potential applications
in optoelectronics as wavelength converters, optical pulse
modulators and optical switches [102]. The values of this
quantity summarized in Table 4 were calculated by Eq. (13)
from the degenerate four-wave mixture. We find that n, is
maximum for compounds C (6.13 X 102° m*W) and F (6.60
x 10729 m%*/W) at the CAM-B3LYP level of theory, this will
change at the B3LYP level of theory with maximum values
given by C (16.9 x 1072° m*W) and E ( 3000 x 1072° m%/W).
Our maximum values obtained with CAM-B3LYP are at
least 2.24 times higher than the n,=(2.74+0.17) x 107°
m?%/W value obtained for fused silica [103], and 0.023 times
lower than the ny=(2.6 +0.6)x 107'® m*W value obtained
from experiments carried out in the CS2 liquid [104] often
taken as a reference for degenerate four-wave mixing. Com-
pared with the maximum values obtained with the B3LYP
functional, we find that this CS2 liquid value is 11.54 times
smaller than the E value. We therefore suggest that materials
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C, E and F, in addition to having proven their potential NLO
abilities in the static mode, should have a wider NLO appli-
cation field than the six studied. On the other hand, y?*"M
which is a four-wave degreed mixture with third-order NLO
response evolves along the same order as n, because the
parameters are linearly related.

Electrical susceptibility

Susceptibility is a parameter that characterizes the polari-
zation created by an electric field, i.e. a material's ability
to destroy its own electron cloud. This deformation of the
electronic cloud thus gives rise to the modification of cer-
tain parameters such as the phase and polarization of the
incident light, the frequency, and so on [67]. We have cal-
culated the average first-order susceptibility using Eq. (14),
and the values are summarized in Table 5. From table S.13
in supplementary materials, it emerges that () and )(}(;,) are
the highest components of the first-order susceptibility ten-
sor whatever the level of theory used. The maximum values
4.448 and 5.244 for the average electrical susceptibility )(l(”lt)
of the six compounds are given by C and D from organic
and mixed doping respectively at the B3LYP level of theory.
These values reduce with the CAM-B3LYP level of theory,
with maximum values of 4.093 given by A and 4.895 given
by D. This represents a 7.13% increase in the susceptibility
value of compound D when moving from the CAM-B3LYP
to the B3LYP level of theory. These results make our new
molecules potential materials for optical applications. Fur-
thermore, we have summarized in Table 5, the values of the
second-order susceptibility calculations X(z)(_ 2w, ®, ®) and
that of the linear electro-optic susceptibility XLEO( ), and
that of the third-order susceptibility X(3)(— 20, ®, o, 0), the
electro-optic de-Kerr x““"%"( @) and the degenerate four-
wave mixing of the third-order NLO response x°*™M in
frequency-dependent dynamic mode under the laser wave-
length of 1064 nm. The values of these parameters were
obtained using Eq. (14). The second-order susceptibility

Table5 Average static electric susceptibility (Xi(l,t)), frequency-
dependent second order susceptibility X(z)(—2w, ®, ®), Linear
electro-optic susceptibility ¥*"°(w) and third order susceptibility
XG)(— 2m, ®, ®, 0), EOPE dc-kerr effect XdTC‘ke"(u)), degenerate four-

still or second harmonic generation response is maximal
for compounds A (6.523 x 107 mv~1) and compounds
F (100.314 x 107! mV~!) with B3LYP, followed by com-
pounds C (4.767x 1071 mV~) and D (3.489x 107" mVv~1)
at the CAM-B3LYP level of theory. When we compare our
X(Z)(— 2m, o, o) results overall, to that of quartz which is
the reference for materials with second harmonic genera-
tion (SHG) [105] effects whose value is 1 pm/V we find
that our materials have values at least 18. 7 times higher
than quartz in the case of compound B at the CAMAB3LYP
level with x@(= 2w, ®, ®)=0.187x 107" mV~! and at
most 476.7 times higher in the case of compound C at the
same level of theory. However, our calculations show that
the electro-optical susceptibility XLEO( ®) is rather higher
for C (1.185x 107" mV~") and F (1.687x 1071 mVv~")
at the CAM-B3LYP level of theory, which increases at
the B3LYP level where C (7.413x 107! mV~!) and F
(3.776x 1071 mv~1) give the maximum values. The elec-
tro-optical dc-Kerr effect XdC_Kerr( ) is also maximal for
compounds C and F at the theoretical levels. We thus find
here that the linear electro-optic susceptibility XLEO( ®)
and the electro-optic dc-Kerr Xdc_Ke"( ®) increase as the
gap energy decreases, which would be at the origin of the
increase in the semiconducting character of our C and F
materials and also of their reactivity.

The third-order susceptibility X(S)(_ 20, ®, ®, 0), or third
harmonic generation (THG) response has been calculated
and the values obtained show very good consistency with
the literature. When compared with the X(3)(— 20, ®, O,
0)=2x% 1072 m2V~2 value of silica, which is the reference
material for third harmonic generation [106, 107], we find a
percentage increase ranging from 1785% to 51,560% com-
pared with the reference value at the CAM-B3LYP level of
theory. This interval is wider at the B3LYP level of theory,
with the highest values given by A (24.25 x 1072 m*V~?)
and E (5458.457 x 1072 m*V~2). Finally, the degenerate
four-wave mixture of the third-order NLO response XDFWM,
at the CAM-B3LYP level of theory, we have the maximum

wave mixture of third order response y°FWM(w) values at ® = 1064 nm
for dibenzo[b,def]chrysene doped derivatives (A, B, C, D, E and F) at
B3LYP and CAM-B3LYP level of the theory

Methods B3LYP CAM-B3LYP

Molecules /properties A B C D F A B C D E F
o 4.102 4233 4.448 5.244 3.962 4207 4.093 3.690 3.635 4.895 4.453 3.390
X?(=20, 0, ®) 107" mvT) 6.523 0337 4911 72334 86945 100314 0.615 0.187  4.767 3.489 3.237 1.526
7)) 1071 mv~) 0.816 0.147 7.413 3.532 2.783 3.776 0.407 0.135  1.185 1.507 0.870 1.687
xO(=20, o, ®,0) (107 m?V™2) 24250 0312 2.550 -719.047 5458.457 1493.958 0377 0379 10332 7.595 5.042 4.026
Jdeker (g)(1072° m*V2) 0.456 0.180 11.460 4.075 3.141 12960 0.226 0.166  0.581 1.860 1.153 2.173
7 PEVM(@)( 10720 m?V~2) 8.443 0.234 11.934 -268.572 1822311 509.806 0.292 0.2464 3.908 4210 2.581 3.209
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values 3.908 x 107 m*V~2 for C and 3.209 x 107 m*V 2
for D for organic and mixed doping respectively. The ref-
erence value for the degenerate four-wave mixture of the
NLO response is silica with x?"™"M=2.04 x 1072 m*V~?
[103], comparing this value with those obtained for C and
D we find an increase of 19,057% and 15,630% respectively
over the reference material, making our molecules potential
candidates for applications in the field of nonlinear optics.

Thermodynamic properties

We have selected and evaluated at normal pressure (1 atm)
and room temperature (298. 150 °K) certain thermodynamic
properties of doped dibenzo[b,def]chrysene derivatives
(A, B, C, D, E and F), such as electronic energy without
zero-point correction (Eel), zero-point vibrational energy
(ZPVE), sum of electronic energies with zero-point correc-
tion (E), the sum of electronic and thermal energies (E),
enthalpy (H), the sum of electronic and thermal free energies
(G), the contribution of thermal energy correction (Eth), heat
capacity (Cv) and entropy (S). In Table 6, we have grouped
together all the calculated parameter values. We note that
the values of Eel, ZPVE, EO, E, H, G, and Eth increase as
we move from mixed doping to doping with organic dopants
and to the virgin molecule DO [20], i.e. from D to A, from E
to B and from F to C with the maximum value obtained by
DO. Already in our previous work, we had the best results for
thermodynamic properties using the B3LYP level of theory

and our current results don't say otherwise, so we'll discuss
more of our results using this level of theory.

With regard to the values obtained for the enthalpies (H)
and Gibbs free enthalpies (G), they are all negative, imply-
ing that our molecules are thermodynamically stable. At
the B3LYP level of theory, we obtained the lowest values
for doping with organic dopants with compound C, i.e.
H=-801.386 % 10° (kcal/Mol) and G =-801.435 x 10°(kcal/
Mol), and the highest values with B, i.e. H=-685.027 x 103
(kcal/Mol) and G=-685.069 x 10° (kcal/Mol). Substitut-
ing two hydrogens from A, B and C with two potassiums
reduces H and G values by 109.8%, 106.3% and 93.85%
respectively when moving from A to D, Bto Eand Cto F.
Thus, C is the most stable molecule obtained in the case of
doping with organic dopants, and C is also less stable than
F, which is the most stable of all six compounds due to its
lower G free energy value.

Thermal energy can be assimilated to the kinetic energy
resulting from the movements of the atoms or molecules
of a given body. Our results show that, at both levels of
theory, this quantity increases in the order A<B <C, in
the case of doping with organic dopants, and D <E <F, in
the case of mixed doping. The highest value is given by
C, i.e. E;;=220.350 kcal/Mol, and the lowest by D, i.e.
E,;,=187.393 kcal/Mol, obtained with B3LYP, so we can say
that the stability of our compounds varies with the two types
of doping carried out. The entropy of a molecular system is
the physical quantity that measures its degree of disorder. Cv
is the amount of thermal energy required to raise a system's

Table 6 Total electronic energy

Methods B3LYP

without zero-point correction

(E,) zero point vibrational Molecules /properties A B C D E F

energy (ZPVE), sum of

electronic energy with zero- E.x 10°(kcal/Mol) 2707712 -685.244  -801.607 -1459.831  -1437.369  -1553.736

point correction (Ey), sum of ZPVE (kcal/Mol) 189.022 204412  205.608 172.946 188.115 189.365

electronic and thermal Energies g ' 13 (kcal/Mol) 707.522  -685.039  -801.401  -1459.660  -1437.181  -1553.546

(E), enthalpies (H), sum of 3

electronic and thermal free E X 10°(kcal/Mol) -707.511  -685.027  -801.386 -1459.644  -1437.166  -1553.529

energies (G), thermal energy H x 10°(kcal/Mol) -707.510  -685.027  -801.386 -1459.643  -1437.165  -1553.528

correction contribution (Ey,), G x 10°(keal/Mol) -707.552  -685.069  -801.435 -1459.694  -1437.217  -1553.586

constant volume molar heat E,, (kcal/Mol) 200.558 216.390  220.350 187.393 202.983 206.968

capacity (C,) and the entropy _ .

(S) of dibenzo[b.deflchrysene Cv(cal/Mol Kelvin) 77.415 80.792 94.854 87.902 91.263 105.292

derivatives (A, B, C, D, E and S (cal/Mol Kelvin) 138.970  141.139  164.457 169.504 174.009 196.184

F), obtained at the CAM- Methods CAM-B3LYP

B3LYP and B3LYP levels of Ex 103(kcal/Mol) 707334 -684.866 801161  -1459.467  -1437.004  -1553.303

theory with 6-311 + 4+ G(d,p)

basis set ZPVE (kcal/Mol) 191.839  207.261  208.76464  175.809 190.942 192.452
Egy 10°(kcal/Mol) -707.142  -684.660  -800.952 -1459.291  -1436.813  -1553.110
E x 10°(kcal/Mol) 2707131 -684.647  -800.937 -1459276  -1436.798  -1553.093
H x 103 (kcal/Mol) 2707130 -684.647  -800.937 -1459.276  -1436.798  -1553.092
G x 10°(keal/Mol) 707171 -684.688  -800.986 -1459326  -1436.849  -1553.151
E,, (kcal/Mol) 203.194  219.065  223.292 190.059 205.595 209.836
Cv(cal/MolKelvin) 76.057 79.462 93.381 86.469 89.860 103.759
S (cal/Mol Kelvin) 138.000  140.141 162.951 168.492 172.174 195.835
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temperature by one Kelvin. The values of these parameters
increase from A to C and from D to F for both types of dop-
ing, and it can be seen that compounds C and F are the ones
that require the most energy for a temperature rise, and are
also the compounds that are in the most disordered states
possible. This confirms once again that these two molecules
are the most stable.

Absorption analysis

We have carried out TD-DFT simulations to calculate the
absorption properties of doped dibenzo[b,def]chrysene
derivatives designed with the 6-311G + + (d,p) basis set
in the gas phase, also to verify the transparency of our
compounds for potential applications in laser technology,
organic solar panel design, light emitters and receivers [64]..
According to the work of S. Hirata et al. [108], TD-DFT
calculations have been proven to reproduce the excitation
energies of the low-lying valence excited states of open and
closed-shell PAHs with an accuracy of 0.3 eV plus or minus,
and qualitatively adequate oscillator strengths. In our calcu-
lations we restricted ourselves to the first six electron transi-
tions and singlet states, then calculated parameters such as
excitation energy (E), oscillator strengths (f) and observed
transition wavelength (A) while giving the major contribu-
tions of each excitation state. All calculated parameters are
summarized in Table 7. All absorption wavelength maxima
of our compounds are longer than that of pure dibenzo[b,def]
chrysene DO (307 nm) [20], so that all absorption spectra
show a bathochromic shift with respect to DO. The UV—vis
spectra are shown in Fig. 7, with absorbances (¢) on the left
and oscillator strengths (f) on the right, and wavelengths (A)
on the abscissa. Overall, we can see that the wavelength val-
ues evolve in the opposite direction to the excitation energy
E. Therefore, we will focus on the longer wavelengths cor-
responding to very low excitation energies, with a view to
reducing the conduction band to facilitate the transition of
electrons from the ground state to the excited state.

We based our work on the experimental work of H. Wang
et al. [40], who evaluated the absorption spectrum of our
initial molecule in argon. Their experiments yielded a maxi-
mum wavelength A=438.8 nm, which was assigned to the
S1—> SO0 transition with excitation energy E=2.83 eV, and
another wavelength A=305.5 nm corresponding to a consid-
erable absorption peak with transition energy E=4.06 eV.

Compound A doped with the nitro group absorbs at a
wavelength of 333.38 nm with an oscillator strength f=0.57
and a combined contribution of H-1->LUMO (34%),
H-1->L+1 (44%), HOMO->L+3 (10%), HOMO->L + 1
(3%), HOMO->L+2 (3%), to which an energy of 3.72 eV a
is associated located in the ultraviolet region and an absorb-
ance of the order of 45,000. Here we can observe a second,
equally significant peak, this time belonging to the visible

@ Springer

range at wavelength A =443.62 nm, oscillator strength
f=0.26, contribution HOMO->L+1 (86%), H-1->LUMO
(9%), HOMO->LUMO (4%) with excitation energy
E=2.79 eV and absorbance of the order of 20,000, i.e. a
decrease in absorbance and oscillator strength by more than
half compared with the first peak. We find that the results
of our TD-DFT calculations are in good agreement with the
experimental values and as close to the predicted values of
2.6 — 2.9 eV for the main transition energy as the values of
H. Wang et al. [40].

When we substitute two hydrogens of the previous com-
pound A by two potassiums we obtain the new compound
D. From the data in Table 7 and Fig. 7 we note the pres-
ence of the maximum peak at wavelength A=525.63 nm, an
oscillator strength f=0. 49 with major contributions from
HOMO->LUMO (85%), H-1->L+1 (2%), HOMO->L+3
(9%) associated with energy E=2.15 eV and absorbance
equal to that of A. We note a considerable decrease in the
energy value with the second doping, i.e. 1.57 eV less com-
pared to the value obtained for the main peak with com-
pound A doped with nitro only. The wavelength has also
increased by 192.25 nm compared with A. Here we see a
very significant bathochromic effect due to the addition of
excess electrons.

Compound B, on the other hand, is derived from the
doping of our pristine molecule with the amide group.
The maximum absorption peak is observed at wavelength
A=310.08 nm, corresponding to the ultraviolet range,
with an oscillator strength f=0.68 and correspond-
ing to a combined major contribution H-1->LUMO
(26%), HOMO->L+2 (10%), HOMO->L+3 (34%),
H-4->LUMO (5%), H-2- > LUMO (5%), HOMO->L +1
(9%), HOMO- > L +4 (3%). This transition is associated
with energy E=4.00 eV, i.e. a difference of 0.03 eV com-
pared with DO, and the absorbance here is of the order
of 72,000, i.e. 18,000 less than DO, giving a hypochro-
mic effect. Then we obtain a secondary wavelength of
474.71 nm for the second significant peak belonging to the
visible light spectrum, with an oscillator strength f=0.17
and a combined transition HOMO- > LUMO (96%),
HOMO->L+1 (2%) associated with energy 2.61 eV
and an absorbance rather of the order of 13,000. When
we replace two hydrogens in B with two potassiums, we
obtain compound E. Figure 7d of the absorption spectrum
of E shows a single peak and intense absorption bands.
At wavelength A =544.38 nm corresponds the maximum
absorption with the combined action of the transitions
H-1->LUMO (88%) and HOMO->L +2 (8%) and an
intensity f=0.34 then secondary band located at length
A=524.68 nm which corresponds to the combined transi-
tion of H-2->L+1 (49%) and HOMO->L +2 (45%), the
intensity of the oscillator force is f=0.29. Our molecule
absorbs totally in the visible range, and both the undoped
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Table 7 Single-Singlet permitted excitation energies (E), absorp-
tion wavelength (A), oscillator strength (f) and major contribu-
tions of dibenzo[b,def]chrysene doped derivatives (A, B, C, D,

E and F) obtained using TD-DFT at B3LYP level of theory with
6-311+ +G(d,p) basis set

Molecules A

B

Excited state E(eV) Mnm) f Major contribution

E(V) AMnm) f Major contribution

1 229  541.32 0.02 HOMO->LUMO (95%) 2.61 47471 0.17 HOMO->LUMO (96%)HOMO->L+1
HOMO->L+1 (4%) %)
2 279 443.62 026 HOMO->L+1 (86%), H-1->LUMO  3.08 402.48 0.07 H-1->LUMO (31%), HOMO->L+1
(9%), HOMO- > LUMO (4%) (66%)
3 336 369.17 0.17 H-1->LUMO (38%), HOMO->L+2 3.48 356.28 0.02 H-2->LUMO (14%), HOMO->L+2
(37%), HOMO->L+3 (11%), (78%)H-1->LUMO (2%),
H-1->L+1 (8%), HOMO-> L+ 1 HOMO->L+1 (3%)
(5%)
4 355 34942 0.05 H-1->LUMO (38%), HOMO->L+2 3.77 328.68 0.11 H-2->LUMO (76%) H-1->LUMO
(37%), HOMO->L+3 (11%), (6%), HOMO->L+1 (4%),
H-1->L+1 (8%), HOMO->L+1 HOMO->L+2 (7%)
(5%)
5 3.66 338.41 0.01 H-2->LUMO (49%), HOMO->L+2 3.80 326.06 0.45 H-1->LUMO (27%), HOMO->L+1
(24%), HOMO->L+3 (10%), (13%), HOMO->L+3 (46%)
H-2->L+1 (3%), H-4->LUMO (6%), HOMO->L+2
H-1->LUMO (7%), HOMO->L+4 2%)
(4%)
6 3.72  333.38 0.57 H-1->LUMO (34%), H-1->L+1 4.00 310.08 0.68 H-1->LUMO (26%), HOMO->L+2
(44%), HOMO->L+3 (10%) (10%), HOMO->L+3 (34%)
HOMO->L+1 (3%), H-4->LUMO (5%), H-2->LUMO (5%),
HOMO->L+2 (3%) HOMO->L+1 (9%), HOMO->L+4
(3%)
Molecules C D
1 1.48 839.28 0.03 HOMO->LUMO (99%) 2.15 575.55 0.23 HOMO->LUMO (85%)H-1->L+1
2%), HOMO->L+3 (9%)
2 2.60 476.67 0.00 H-1->LUMO (45%), HOMO->L+1 222 556.51 0.00 HOMO->L+1 (97%)
(49%)H-2->LUMO (4%)
3 2.80 44229 090 H-2->LUMO (12%), H-1->LUMO 2.23 555.80 0.00 HOMO->L+2 (96%)
(51%), HOMO->L+1 (34%)
4 2.85 435.14 0.26 H-2->LUMO (82%), HOMO->L+1 2.28 543.41 0.00 H-2->LUMO (66%), H-1->LUMO
(13%) (29%)
5 3.30 37674 0.05 H-1->L+1 (41%), HOMO->L+2 2.35 526.36 0.01 H-2->LUMO (27%), H-1->LUMO
(56%) (61%)H-1->L+3 (5%)
6 338 366.47 0.04 H-3->LUMO (93%)HOMO->L+3 2.36 525.63 049 H-2->L+1 (10%), H-2->L+2 (27%),
(3%) H-1->L+1 45%)H-1->L+2 (7%),
HOMO->L+3 (6%)
Molecules E F
1 1.98 627.10 0.00 HOMO->LUMO (13%), 0.85 1463.79 0.02 HOMO — LUMO (100%)
HOMO->L+1 (86%) HOMO->LUMO (99%)
2 1.99  622.60 0.00 HOMO->LUMO (86%), 1.24 999.84 0.00 H-2->LUMO (93%)H-1->LUMO (7%)
HOMO->L+1 (13%)
3 228 54438 0.34 H-1->LUMO (88%)HOMO->L+2 1.25 988.49 0.00 H-1->LUMO (93%)H-2->LUMO (7%)
(8%)
4 236  524.68 029 H-2->L+1(49%), HOMO->L+2 2.11 586.29 0.27 H-3->LUMO (89%)HOMO->L+3
(45%) (7%)
5 246 50335 0.01 H-2->L+1 (45%), HOMO->L+2 2.20 563.43 0.30 H-4->LUMO (86%)H-3->LUMO (2%),
(41%)H-1->LUMO (8%), HOMO->L+2 (8%)
HOMO->L+3 (3%)
6 248 49896 0.00 H-2->L+2 (96%) 2.20 563.28 0.00 HOMO->L+2 (87%)H-4->LUMO

(8%), HOMO->L+1 (4%)
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DO [20] molecule and molecule B retain their bathochro-
mic and hypochromic effects.

Doping our pristine molecule with the tricyanoethenyl
group produces compound C. Figure 7c of the absorption
spectrum of C contains only one intense maximum absorp-
tion band at wavelength A=442.29 nm, corresponding
to the combination of transitions H-2->LUMO (12%),
H-1->LUMO (51%) and HOMO- > L + 1 (34%) with inten-
sity f=0.90. With a maximum absorbance of 67,000, the
hypochromic effect is therefore maintained in relation to DO.
However, if we continue with the substitution of two potas-
siums for two hydrogens, we obtain compound F, whose
UV-vis spectrum is shown in Fig. 7f. Table 7 gives us the
wavelength A =563.43 nm at which absorption is maxi-
mized by the combined transitions of H-4->LUMO (86%),
H-3->LUMO (2%) and HOMO- > L +2 (8%) with an oscil-
lator strength £=0.30, a transition energy E=2.20 eV and an
absorbance of 23,000, which is the smallest of all obtained.
In this case, we see a very deep hypochromic effect and the
conservation of the bathochromic effect in relation to DO
and C.

In short, we can see that doping, synonymous with the
addition of excess electrons to our initial molecule, has con-
tributed to a significant modification of its electronic and
geometric structure. As a result, the maximum wavelength
of the initial DO [20] molecule, A=307.80 nm, has increased
considerably to A=1563.43 nm for the F molecule, a differ-
ence of 255.63 nm corresponding to an 83.05% increase
in wavelength from ultraviolet to visible, giving rise to a
strong bathochromic effect due to the n-type doping of our
undoped molecule. The absorbance of our doped molecules
decreases considerably and linearly as we move from DO to
A and D, from DO to B and E and from C to F, confirming
the hypochromic behavior of our compounds. This behavior
is most pronounced for molecule F, which has an absorb-
ance of 23,000, whereas compound DO has an absorbance
of 90,000. The energy of the E transition of our doped mol-
ecules also decreases from 4.03 eV for DO [20] to 2.20 eV
for F with TD-DFT. This could explain the fact that our
doped molecules are more reactive than the initial molecule.
We have therefore just designed new materials that are trans-
parent in the ultraviolet range, with a very important role
in improving second harmonic generation (SHG) and third
harmonic generation (THG) [109]. Our materials can also be
used in the design of display devices and organic solar cells.

Conclusion

Doping with organic dopants and mixed alkali metal
plus organic dopants was performed on the pristine
dibenzo[b,def]chrysene molecule using DFT and TD-DFT
methods with the 6-311 + + G(d,p) basis set. Geometrical,

vibrational, optoelectronic, electronic, nonlinear optical
and thermodynamic properties have been greatly modified.
The interaction energies of the doped molecules range from
-1553.736 kcal/mol given by F to -685.244 kcal/mol given
by B, all of which are negative and confirm that our molec-
ular structures are thermodynamically stable. No negative
frequencies were obtained on the IR absorption and Raman
scattering spectra, which means that the minima obtained
on the surface of the potential energy of our molecules are
local minima. The highest peaks in the infrared (IR) absorp-
tion spectra of molecules A and D, B and E, C and F are
attributed respectively to (C-N) stretching at frequencies
1361.69 and 1375.12 cm™!, (C=0) stretching at frequencies
1743.32 and 1734.79 cm™! and (C =C) stretching at frequen-
cies 1557.49 and 1525.43 cm™, all accompanied by in-plane
angle deformations. Our values agree with those reported in
the literature. Theoretical vibrational modes are consistent
with those obtained from experiments, with small differ-
ences due in particular to experimental conditions and the
methods used in our simulations. The study of optoelectronic
properties enabled us to obtain refractive index values higher
than those of glass, which is the reference material for opto-
electronics. This means that our new molecules can be used
under very high field conditions, notably with the very high
mean electric field values obtained for the C (4.164 x 10° V.
m~ ) et F (7.410 x 10° V.m™") molecules at the B3LYP level
of theory. In addition, the effects of doping were strongly felt
in terms of electronic properties, with a reduction in the gap
energy of the pristine molecule of the order of 35.67% to
58.18% when doped with the tricyanoethenyl group (C mol-
ecule) and the tricyanoethenyl plus two potassium groups (F
molecule) respectively. This considerable lowering of the
energy gab value provides ample evidence of the good semi-
conducting properties of the resulting C and F compounds,
as well as their improved reactivity. With regard to NLO
properties, we recall that the pristine dibenzo[b,def]chrysene
molecule is centrosymmetric, with dipole moment and first-
order hyperpolarizability all zero. With the two types of dop-
ing carried out here, we now obtain non-centrosymmetric
molecules suitable for NLO applications, with in particu-
lar the maximum values of first-order hyperpolarizability
given by C (92.088 x 10~ esu) and F (129.449 x 10~*%su),
and those of second-order hyperpolarizability given by C
(967.6x 10~*%esu) and F (4123.108 x 10~*%su at the CAM-
B3LYP level of theory. These values are higher than those of
urea, which is the benchmark for organic materials, making
our doped molecules prime candidates for potential NLO
applications. We evaluated dynamic hyperpolarizabilities at
the 1064 nm frequency, second harmonic generation (SHG),
and electro-optical Pockel effect (EOPE), hyper-Rayleigh
scattering (PHRS) of light, depolarization ratio (DR). The
highest values of (Byrs) at the CAM-B3LYP level of the-
ory are 213,365 x 1073%su for C and 130,600 x 10~*esu
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for F. The same applies to the other parameters. Second-
order hyperpolarizabilities were calculated and third-order
NLO coefficients, such as EOPE y(—w, w, 0,0) and EFISHG
y(—2m, ®, ®,0), degenerate four-wave mixing and quadratic
nonlinear refractive index (n,). The n, refractive index val-
ues are higher than that of fused silica, which is the reference
in this field. Analysis of the absorption properties showed a
very pronounced bathochromic effect with transparency in
the deep ultraviolet region. These excellent results pave the
way for the development of new materials with enhanced
NLO response.
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