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Nonlinear Optical Response of Anthracene as a D-n-A
Conjugated System: Quantum Computation Study
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Abstract. Quantum parameters of the nonlinear optics, in general, depend on selecting the donor-acceptor sites with
anthracene. In this investigation, the dipole moment, polarizability, anisotropy of the polarizability and first-order were
investigated using the Density Functional Theory (DFT/B3LYP/6-311G(d,p)). Also, the highest occupied molecular orbital
energy level (Enomo), the lowest unoccupied molecular orbital energy level (ELumo), and the HOMO-LUMO energy gap
(Eg) were studied. This study shows that the two structures (D10As and D10A4) have a large hyperpolarizability and would
have possible utilization for the advancement of nonlinear optics devices.

Keywords: Anthracene, Nonlinear optics, Charge transfer, Electro-optical properties.
INTRODUCTION

The large second-order nonlinear optical (NLO) properties due to the substituted organic molecules (Donor-
acceptor ) have been utilised in various research applications because of their potential applicability in many fields,
like frequency doubling, optoelectronics?, optical modulation, optical data processing, molecular switching?2, organic
light-emitting diodes (OLEDs) 4, data storage and high-speed optical communications (HSOC). An essential objective
in developing nonlinear optical utilization is to obtain highly energetic substances with large second-order
polarizabilities. Generally, the second-order polarizability response is associated with an intramolecular charge
transfer (ICT) within the donor- bridge- acceptor system. Both kinds of research (theoretical and experimental) have
determined that high hyperpolarizabilities usually result from the incorporation of a potent electron donor and acceptor
located at opposite ends of a decorous molecular conjugation route (Fig. 1), which is a n-bridge 3610,

Acceptor lw I1-Conjugated bridge ’
(NO,) | (Anthracene) | Donor

(CHs)
< Charge transfer path |

FIGURE 1. The Schematic illustrated a nonlinear push-pull anthracene as a m-conjugation path.

Many donor-acceptor organic molecules have been reported previously?®-?212-19 Their structure-property
correlation reveals that the hyperpolarizability grows through an increased path length of m-bridge?®®. The
experimental and theoretical researches have pointed out that the styling of substances including huge second-order
(NLO) characteristics should essentially be concentrated on the planar of donor-conjugated bridge-acceptor forms,
bond length alternation structure (BLAS)?*% heterocyclic donor groups and acceptors?#?6-28 and twisted n-electron?
structures %22, Usually, the more potent the donor group, which depends on the difference between the ground and
excited states, and the shorter the frequency of the UV-visible absorption. This redshift implies an improvement in the
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hyperpolarizability of the donor-bridge-acceptor, according to NLO investigations®®. Most researchers have reported
the best donor and acceptor groups in their researches, regardless if these groups enhanced the hyperpolarizability
directly or by making some changes in the geometry of the n-bridge. Many reports focused on the side group (s)
substitution strategy to enhance the nonlinear optical properties 3#%. Also, on the correspondence between the
hyperpolarizabilities and the energy band gaps %38, while very few publications have been focused on determining
the influence of the rotation around the central axis of the nonlinear optical molecules 34! Nevertheless, more
computational data of nonlinear optical behaviour for different materials are required. In particular, it would seem
desirable to evaluate the nonlinear optical responses of nanotubes according to their dimensions 4243 and fullerenes
4243 In addition, the nonlinear optical behaviour of nanotubes has been used in anti-cancer drugs “+*°. In this study,
we investigated the influence of donor and acceptor groups’ positions on anthracene by choosing various positions,
as shown in Fig. 2, to enhance hyperpolarizability.

8 7 6
Dik-1t-An
where k=1 or 10 while n=1,2...10 so tha k#n

Di=CHs, m© = Anthracene and Ax=NO2

FIGURE 2. The numbering scheme is used for the variation in functional groups D and A positions around anthracene (Dk-m-
An).

THEORY AND METHODS OF CALCULATION

The charge density of the molecule may be reset when they are topic to an external electric field, €, and then the
dipole moment may turn. This variation of the dipole moment, y;, can be expressed as the first derivative of the total
molecular energy, E, to the electric field component (g;) in symbols 3435

i = (8E/8€;)c=0 1)

As well as, the second derivative of the total molecular energy, E, to the electric field component (¢;); provides the
polarizability in form 3435;

i = (8%E/8€;8€;) (e=0) (2)
The mean static polarizability < a > is represented as:
<a>=(1/3)(axy + ayy, + a;) 3)

where the diagonal elements of the polarizability matrix are a,,, a,,,, and a,, *®*’. The anisotropic polarizability (Aa)
is ordinarily defined as 38:46;

Aa = (1/2) [(ax = ayy)z + (ayy — ;)% + (A — Wr)?]M? (4)

The anisotropy (k) is the measurement of deviations from the spherical charge symmetry that would be zero when the
total charge distribution be spherically 34; in symbols:

k=aZ+a}, +ai,—3<a>?*)/(6<a>?) 5)
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The molecular hyperpolarizability is defined as:
Biji = (8°E/8€;5€;5€x) (e=0) (6)

The output of GAUSSIAN-09W version gives ten components from the matrix of hyperpolarizability, in atomic units
(a.u), as Bxxx; Bxxy; Bxyy; ﬁyyy; ﬁxzz; ﬁxyz; ﬁyyz; ﬁxzz; ﬁyzz; ﬁzzzn so that:

Btot = [ﬁf + ﬁ;% + ﬁzz]l/2 )

Where By = (Byxx + [))xyy + Brzz) ﬁy = (ﬁyyy + ﬁyzz + ﬁyxx) and B, = (Byzz + Boxx + ﬁzyy) respective|y 3846
The molecular hyperpolarizability (5.,.) along the direction of the electric dipole moment, is described by
B, which is represented as 34':

.B,u = (UxBx + “y.By + uzB.)/ 1 (8)

The measuring of hyperpolarizability in the XYY -plane of the molecular structure (Byy —piane) 1S given as %:

ﬁxy—plane = (ﬁxxx + ﬁxxy + :Byyy) (9)

How do changes in the molecular structure can lead to variations in the measured S;,; values? For this purpose, from
the complex sum-over-states (SOS) illustration, the two-state model that exposes the low-lying charge-transfer
transition (CT) has been investigated. In this state, the relationship:

o = (Auf-/AE™®) (10)

can be used to note the CT 294349 where Ap is the transition dipole moment, AE* is the transition energy, and f is the
oscillator strength. We adopted the anthracene molecule as n-bridge for the D-n-A system because it is a strong planar
against molecular resistance to any probable torsion by the donor-acceptor groups. The CHs; and NO; were adopted
as the donor and acceptor, respectively, for different positions around the anthracene so that we can get 18 D-n-A
isomers, see Fig. 3. We limited the donor group around two positions only, according to the numbering: DiAn= (Dx-
n-An), Where k=1 or 10 while n=1,2...10 so that k#n. The extended basis sets are required to accurately calculate the
dipole moment, static polarizability and first static hyperpolarizability. A split-valence triple-zeta basis 6-311G (d,p),
which is a Pople-type basis, adds one set of d functions to heavy atoms plus p polarisation functions for hydrogen 5052,
Full optimisation of these 18 cases was carried out using B3LYP with a 6-311G(d,p) basis set, commonly approved
as a helpful plan to estimate the molecular structures. The B3LYP is an aggregate of Becke's three-parameter hybrid
exchange functional (B3) with the Lee-Yang-Parr correlation functional (LYP) 5253 Yv-Vis analysis was calculated
utilizing time-dependent density functional theory (TD-DFT) with B3LYP level and 6-311G(d,p) basis sets. The
B3LYP functional is regularly regarded as a gateway option to prognosticate the NLO characteristics of small
molecules*’. Whole theoretical computations were done by the Gaussian 09 program package utilising density
functional theory (DFT) “. Furthermore, the input files were organised utilising Gauss View 5.0 *.which was also
utilised to interpret the output files issues.

RESULTS AND DISCUSSION

For our study, it was essential to exam the most stable AE (relative energy), which is the difference among the
total energies due to the highest one, isomers of the D-n-A anthracene, see Table 1. Among the 18 possible isomers,
there were three from the most stable configurations of the anthracene derivatives, as shown in Fig. 4. Moreover, it
was found that the DioAs was favoured over the DipAs and DiAg ones by AE=0.104 and AE=0.853 kcal/mol,
respectively, employing the method of B3LYP with basis set 6-311G(d,p). According to the available literature, there
are no experimental data for the studied compounds for comparison.
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FIGURE 3. The optimised molecules were got utilising B3LYP/6-311G(d,p) of the most stable (AE) isomers of the D-n-A
conjugated system (D10As, D1oAs and D1As.

The highest occupied and the lowest unoccupied molecular orbital, HOMO and LUMO, have identified frontier
orbitals that lie at the outside limits of the molecule's electrons. The estimated values for the E umo and Enomo and
the energy gap (Eg), Eg= Enomo - ELumo, for various positions of the acceptor and donor have been given in Table 2.
ELUMO indicates its ability to accept electrons, while Enomo is often connected with the ability of electron-donating
%, D1A; and D1oA; have the lowest Exowmo values compared to the other derivatives, so they have the highest electron-
donating ability. On the other hand, D1A4, D1Ag, D1A3, and D1As have the highest E umo values in decreasing order,
S0 it was expected that they would have the highest electron-accepting ability, see Table 3.

TABLE 1. B3LYP with basis set 6-311G(d,p) estimated relative energy AE (in kcal/mol), energy levels of the LUMO, HOMO
and (Exomo-ELumo) the energy gap (in eV) for the various positions of D and A.

Positions AE Enomo ELumo Eqg
D.:A, 12.832 -5.865 -2.369 3.496
D:As 5.138 -5.907 -2.789 3.119
DiA4 1.082 -5.992 -2.798 3.195
D1As 1.091 -5.991 -2.7868 3.205
D1As 5.259 -5.916 -2.790 3.127
D:A7 8.850 -5.951 -2.620 3.332
D1As 5.011 -5.939 -2.745 3.195
D1Ag 0.853 -6.007 -2.775 3.232
D1A10 5.540 -5.974 -2.674 3.300
Di10A1 6.669 -5.869 -2.564 3.306
D10A2 7.528 -5.943 -2.595 3.349
D10As 4,224 -5.907 -2.749 3.158
D10A4 0.104 -5.981 -2.763 3.218
D10As 0.000 -5.986 -2.749 3.238
D10As 4.253 -5.909 -2.752 3.158
D10A7 7.584 -5.942 -2.614 3.329
Di1oAs 4.276 -5.901 -2.744 3.157
D10Ag 3.464 -5.944 -2.737 3.207

The molecular dipole moment is a significant characteristic, where it has mainly explained the intermolecular
interactions that require the non-bonded model dipole-dipole interactions. That is due to the more significant the dipole
moment, the more robust the interactions among the molecules %°. The studied anthracene derivatives have been the
dipole moments got utilising DFT computations are summarised in Table 4. The dipole moments in the issues of D1oAs
(u = 6.552 a.u), D1oAs (u = 6.434 a.u), and D1As (1 = 6.0857 a.u) has higher rates utilising B3LYP with basis set 6-
311G (d,p) are at most associated to an aggregate asymmetry in the charge from the donator group during the -bridge
to the acceptor group. Generally, the longitude dipole component (11x) along the molecular axis was dominant.
Another important feature of a molecule’s electronic properties is its polarizability. Analysis values of the
polarizability are listed in Table 5; the values range from < @ > = 99.1868 a.u to < @ > =107.1654 a.u. DiAs (<
a >=107.1654 a.u), D1oAs (< a > =106.7378 a.u), D1A4 (< a > =106.723 a.u) and D1oAs (< a > =106.496 a.u) had
the highest values, respectively. The values of transverse static polarizabilities (az,) are very high compared to the ayy.
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And, in some cases, to the longitudinal polarizability (axx). For the researchers who used the same donor-acceptor
group with other m-bridges, the oz, dipole component was still lower than the longitudinal polarizability 3*%. The o-
bonds of the CH3 group will provide the polarizability in a path perpendicular to the plane. Nevertheless, the -
electrons maybe contribute to the polarizability via n-bonds (in the case of anthracene). Table 6 shows the anisotropic
polarizability Aa, which relies on the electric field's direction, being significantly smaller than the average
polarizability < a >. D1oAs (Aa = 26.963 a.u), D1As (Aa = 26.097 a.u), DioAs (Aa = 26.032 a.u), DioA7 (Aa =
25.86355), D10As (A = 25.735 a.u), and D1oA> (A = 25.721 a.u) had, the decreasing order, the highest anisotropic
polarizability. That means they have the lowest perpendicular polarizability to the symmetry axes of the molecule
compared to the parallel polarizability. Therefore, the polarizability along anthracene's axis was higher than the same
donor-acceptor group used with trans-hexatriene (NO,—(CH,CH)s~CHs) . Table 7 illustrates that DiAg (x
=0.000961), D1A3 (x =0.001114), D1As (x =0.001244) and D1pAs (x =0.001521) had the lowest deviations from
spherical symmetry. Thus, D:Ag had the highest spherically symmetric charge distribution. Furthermore, all
anthracene's isomers had very low anisotropy results compared with the results of the polyacetylene chain (NO2-
(CH,CH),—CHs), which used the same donator and acceptor groups **. Thus, anthracene's isomers had the highest
spherically symmetric charge distribution compared with the polyacetylene chain. Where it maybe shows the idea that
the shape of molecules that are used as the -bridge also has a big role in enhance of the NLO properties.

TABLE 2. B3LYP with basis set 6-311G(d,p) estimated dipole moment, main polarizability tensor, polarizability, anisotropic
polarizability (in a.u) and anisotropy for the various positions of D and A.

Positions u Uy yx ayy a,, <a> Aa K
DiA; 3.535 -0.124 -84.269 -102.322 -112.070 99.554 24.440 0.0066
D1As3 4.440 2.488 -08.197 -98.056 -108.289 101.514 24911 0.0011
D1A4 5.836 5.688 -119.010 -93.792 -107.368 106.723 26.097 0.0046
D1As 6.086 -5.982 -120.846 -93.274 -107.376 107.165 24.692 0.0055
D1As 5.192 3.653 -103.282 -95.828 -108.267 102.459 23.316 0.0012
D:A7 4.642 1.375 -86.787 -104.058 -110.610 100.485 23.303 0.005
D1Ag 5.269 2.723 -98.243 -99.527 -108.309 102.026 24,734 0.0009
D1Ao 5.935 -5.633 -116.824 -03.881 -107.363 106.023 24,728 0.0039
D1A10 5.2905 5.281 -116.434 -91.286 -108.799 105.506 23.081 0.0049
D1oA1 4.029 -1.592 -90.763 -99.414 -110.120 100.099 24.907 0.0031
D10A2 4.250 0.392 -82.603 -104.496 -110.462 99.187 25.721 0.0072
D10As 4,992 2.994 -94.695 -100.356 -108.291 101.114 26.963 0.0015
D10A4 6.434 6.242 -117.263 -94.861 -107.363 106.496 24.490 0.0037
D10As 6.552 6.468 -118.794 -94.058 -107.362 106.738 23.556 0.0044
D10As 5.148 -3.634 -98.752 -97.880 -108.318 101.650 26.032 0.0010
D10A7 4.475 1.438 -83.803 -104.983 -110.404 99.730 25.864 0.0066
D10As 4,741 -1.567 -92.115 -103.141 -108.261 101.172 25.735 0.0022
D10Ag 5.148 -4.752 -110.834 -95.282 -108.081 104.732 22.390 0.0020

D10As (B:0:=200.506 a.u), D10As (B,:=191.006 a.u), D1As (B::=169.844 a.u), D1As (B:,:=156.766 a.u) and D1Aq
(B:o+=149.490 a.u) produced the highest enhancements, in decreasing order, of the first hyperpolarizability, as
illustrated in Table 8. In all these cases, the Bx was dominant. Perhaps, the longest distances between the donor group
and acceptor group give the highest static hyperpolarizability. Nevertheless, surprisingly the shortest distances
between the donor and acceptor (one bond length) also had high static hyperpolarizability, as with DiAig
(Bto:=133.953 a.u) and D10Asg (B:,:=122.793 a.u). All molecular structures under study were characterised by quasi-
parallel dipole moment (p) and hyperpolarizability (B;.¢), as shown through the g, results in Table 9. Consequently,
all the B, values have been positive, and there were no interesting variations in the corresponding orientation of the
dipole moment regarding the molecular structures. Indeed, though the larger hyperpolarizability (8;,:) values are
commonly correlated with the higher §,, amounts, this issue from the range of n-bridge furthermore at the tensor level
is connected by a heavily aggressive S. value, see Table 10, where the B. was calculated from g = g + B2 + 3;
where g, 52 and B3 were calculated due to the first, second, and third singlet excitations. The change in the value of
B- too depends on the changes in the transition moment of the substrate. As the molecule has a more significant
difference of transition moment, the charge transfer (CT) is more open, and the dipole moment's value is higher. D1oAs
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had been the highest values of both SB.,. and B.. Moreover, according to our results, there was no synchronisation
between f,¢tand B, for most cases. Table 11 tells that the highest amounts of the B, _pane COrresponded to high
amounts of ;.. Because the D-n-A lies in the XY plane, and the X-axis is directed adjacent to the molecular charge
transfer (CT) axis, the isomers have got both the highest ., and the most significant component of the
hyperpolarizability (Bx). At the same time, every other hyperpolarizability components were small. As a result, the
total hyperpolarizability can be achieved by the interpretation: B;,:~Lxxx- A method to evaluate better the nonlinear
optics (NLO) sense, the "in-plane nonlinear anisotropy" thought u (relying on the rate u = B, /By,,), Was introduced
in this work.

TABLE 3. B3LYP with basis set 6-311G(d,p) estimated hyperpolarizability components (a.u) and nonlinear anisotropy for the
various positions of D and A.

Positions Bx By B, Biot ﬂu Bxy-plane Bo u
D:A2 -8.281 -19.189 0.003 20.900 19.467 49.761 48.799 0.183
DiAs 31.364 -46.401 6.590 56.393 55.959 106.601 72.026 1.475
D1A4 153.745 -30.629 0.005 156.766 156.699 220.411 118.971 2.247
D1As -168.874 18.128 0.021 169.844 169.331 214.519 59.262 108.730
D1As 59.019 45.593 6.234 74.839 73.902 126.131 109.415 3.889
D:1A7 6.426 -34.016 -0.651 34.624 34.394 62.153 98.002 0.134
D1Ag 48.020 51.441 5.029 70.550 68.810 123.502 77.779 1.140
D1Ao -146.246 30.973 0.003 149.490 148.557 209.133 108.974 5.036
D1A10 133.624 8.947 2.826 133.953 133.860 171.274 78.110 1.604
D10A1 -13.383 32.491 -5.182 35.520 35.090 68.431 68.304 1.275
D1oA2 2.445 -26.493 -1.337 26.639 26.601 41.813 97.360 0.043
D10As 50.339 51.474 -6.755 72.313 71.326 125.972 113.428 1.421
D10A4 187.850 34.582 -0.011 191.006 190.628 253.924 73.513 2.900
D10As 199.259 22.323 0.034 200.506 200.270 249.749 134.005 4,798
D10As -66.099 49.248 -6.912 82.718 81.514 137.891 83.496 2.371
D1oA7 11.526 -32.473 -1.410 34.486 34.456 50.578 131.929 0.104
D10As -28.395 -50.254 4.589 57.904 56.788 108.685 107.155 0.974
D10Ag -117.507 35.454 -3.658 122.793 122.151 186.739 120.540 8.850

The nonlinear anisotropy (u) values have been recorded in Table 12 and the results identify considerable large values
for D1As (u=108.735), D1oAg (u=8.850), D1Ag (U= 5.036), D10As (U=4.798), D1As (u=3.889), which demonstrates that
our structures possessed good 2D second-order nonlinear optics (NLO) characteristics. The different positions of
donor/acceptor groups will change both the LUMO and HOMO energies considerably, and perhaps this has pointed
to a higher/less energy gap and given a decrease/increase in f3;,; value. It does not clearly show the inverse proportion
by the energy gap that has been published in many previously reported about this matter 4%, It seems the NLO
properties are sensitive to donator-acceptor positions. The stability, electric dipole moment, and hyperpolarizability
utilities for D1oAs and D1oA4 Were more significant than the other isomers. The B3LYP with the basis set 6-311G(d,p)
estimated S;,; and AE values for chosen isomers point that it would be attractive to synthesise aggregates as D10As
and D10A4 having the greatest hyperpolarizability and stability values, respectively. The investigation shows that the
D10As and D1oA4 have high hyperpolarizability and the potential to develop nonlinear optics (NLO) materials. The
examination of the hyperpolarizability has been demonstrated by the calculating of the frontier orbital energies. That
encourages adopting intramolecular charge transfer (Cl) to describe the static hyperpolarizability. Consequently, early
estimations determined the opposite relation between hyperpolarizability and energy gaps %,

CONCLUSION

The D-ni-A structures and quantum molecular parameters of various anthracene isomers were studied by the B3LYP with basis
set 6-311G(d,p). The nonlinear optical response was examined by defining the dipole moment, polarizability and static
hyperpolarizability. This study showed that the Di0As and DioAs structures have valuable hyperpolarizabilities and possibly
develop nonlinear optics (NLO) substances.
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