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Abstract The calculation of optimized molecular structure
and molecular hyperpolarizability of four new acridine-
benzothiazolylamine chromophores (1-4) [2-nitro-6-(piperid-
1-yl) acridine (1), 6-(benzothiazol-2-yl-amino)-2-nitro-acridine
(2), 6-(6-ethylcarboxylate-benzothiazol-2-yl-amino)-2-
nitroacridine (3), 6-(6-(3-hydroxyethyl-benzothiazol-2-yl-
amino)-2-nitroacridine (4)] have been investigated using ab
initio methods. Ab initio optimization were performed at the
Hartree—Fock level using STO-3G basis set. The first hyper-
polarizabilities have been calculated at the Hartree—Fock
method with 6-31G and 6-311G basis sets using Gaussian
98W. In general, the first hyperpolarizability is dependent on
the choice of method and basis set. To understand this
phenomenon in the context of molecular orbital picture, we
examined the frontier molecular orbital energies of all the
molecules by using HF/6-31G, 6-311G levels. The polar-
izability, anisotropy of polarizability and ground state dipole
moment of all the molecules have also been calculated.
These acridine-benzothiazolylamine chromophores display
significant second—order molecular nonlinearity, 3 (60.2—
137.0x107*° esu) and provide the basis for future design of
efficient nonlinear optical materials having the acridine-
benzothiazolylamine core.
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Introduction

Nonlinear optics (NLO) deals with the interactions of
applied electromagnetic fields in various materials to
generate new electromagnetic fields, altered in frequency,
phase, or other physical properties. NLO materials have
been attractive in recent years with respect to their future
potential applications in the field of optoelectronic such as
optical communication, optical computing, optical switch-
ing and dynamic image processing [1, 2]. Due to their high
molecular hyperpolarizabilities, organic materials display a
number of significant nonlinear optical properties. NLO
materials were categorized as multilayered semi-conductor
structures, molecular based macroscopic assemblies and
traditional inorganic solids. A variety of inorganic, organic
and organometallic molecular systems have been studied
for NLO activity [1].

Experimental measurements and theoretical calculations
on molecular hyperpolarizability 3 become one of the key
factors in the second-order NLO materials design [3, 4].
Theoretical determination of hyperpolarizability is quite
useful both in understanding the relationship between the
molecular structure and nonlinear optical properties. It also
provides a guideline to experimentalists for the design and
synthesis of organic NLO materials given in Fig. 1 [5].
Nonlinearity in organic chromophores can be synthetically
modulated by varying the composition or length of
conjugated 7-systems, and by evaluating the effects of
various electron-donor and -acceptor groups.
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In previous work, new NLO motifs among acridine-
based chromophores (1—4) [2-nitro-6-(piperid-1-yl) acridine
(1), 6-(benzothiazol-2-yl-amino)-2-nitro-acridine (2), 6-(6-
ethylcarboxylate-benzothiazol-2-yl-amino)-2-nitroacridine
(3), 6-(6-(p-hydroxyethyl-benzothiazol-2-yl-amino)-2-
nitroacridine (4)] were synthesized and characterized by
'"H NMR, '3C NMR, IR and elemental analysis [5]. Also,
vibrational spectra and GIAO '"H NMR, *C NMR chemical
shifts of these compounds were investigated by using ab initio
Hartree-Fock method and density functional method (B3LYP)
with 6-31G (d) basis set [6]. To the best of our knowledge, the
theoretical calculations of first hyperpolarizability and the
influence of variation highest occupied (HOMO) and lowest
unoccupied (LUMO) molecular orbital energies on first
hyperpolarizability for four new acridine-benzothiazolylamine
chromophores (1-4) have not been investigated yet.

In this paper, theoretical calculations on ground state dipole
moment, molecular polarizability, and molecular first hyper-
polarizabiliy and frontier molecular orbital properties of these
derivatives by using ab initio Hartree-Fock method with 6—
31G, 6-311G basis sets have been investigated. Calculated
first hyperpolarizability values were indirectly compared to
the two state model static hyperpolarizability results.
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. . F N/
(b) Tautomeric benzothiazol-
2-yl-(7-nitroacridin-3-yl)amine
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Fig. 1 (a) Synthetic sequences
for new acridine-
benzothiazolylamine obtained
by A. Molinos-Gomez et al. [5].
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Computational details

The first series of 1-4 were synthesized by Molinos-Gomez
et al. (in Fig. 1) [5]. The geometry optimization of 1-4 was
made using ab initio Hartree-Fock level with STO-3G
minimal basis set. Optimized molecular structures of 1-4
are depicted in Fig. 2. The choice of a suitable basis set to
calculate the NLO properties of 1-4 is important. The
effects of basis sets on calculations of NLO properties are
studied at the HF level with different basis sets, such as 6—
31G, 6-311G, 6-31+G, 6-31G¥*, etc. However, the
addition of polarization and diffuse functions for split and
triple valence basis sets (6-31G, 6-311G, etc.) with
calculations of NLO properties have greater computational
cost. Thus, 6-31G and 6-311G basis sets appear to achieve
the basis set limit for this work. All hyperpolarizability
calculations of obtained optimized molecular structures of
1-4 have been carried out using ab initio Hartree- Fock
method with 6-31G and 6-311G basis sets. Obtained first
hyperpolarizability values using HF/6-31G, 6-311G levels
are generally lower than the other basis sets. For example,
for molecule 2, the value of 3 with HF/6-31+G has been
calculated at 150.3x 107 esu.
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Fig. 2 Optimized molecular structure of 2-nitro-6-(piperid-1-yl)
acridine (1), 6-(benzothiazol-2-yl-amino)-2-nitro-acridine (2), 6-(6-
ethylcarboxylate-benzothiazol-2-yl-amino)-2-nitroacridine (3) and 6-

The general quantum chemical approaches for molecular
first hyperpolarizability 3 include sum-over-state (SOS)
approach [7, 8], the finite-field (FF) approach [9], couple-
perturbation Hartree-Fock (CPHF) approach [10], etc.

The static quadratic polarizability ((3) in the two-state
model of Kanis et al., Oudar and Chemla [1, 7, 8] has been
calculated using Eq. (1) that differs from other conventions
[11] by appropriate numerical factors. In this model, (3
implies that frequency doubling will be enhanced near
resonance either of the single photon or the two photon
type, or by increasing the “allowedness” or charge-transfer
character of the important transition

2
Hee

B o< (e — ) B m

In this configuration Ap= .- fte, denotes the change of
the dipole moments from the charge transfer excited state to
the ground state. fi,, and E,, are transition dipole moment
and excited energy from the ground state to the charge-
transfer excited state.

4)

(6-(B-hydroxyethyl-benzothiazol-2-yl-amino)-2-nitroacridine (4) by
using HF/STO-3G level

Three different treatments are often used for the static
first hyperpolarizability from individual tensor elements in
the literature denoted as (yec, B and . A measurement of
the second-order polarizability (3ye. is related to second-
harmonic generation (SHG). Although all 27 components
of the 3 tensor can be computed, only the vector
component along the dipole moment direction (Byec) is
sampled experimentally in electric field induced second-
harmonic generation (EFISH) experiments. Thus, the Pyec
is defined as [1, 12, 13]:

3

HiBBi

7R (2)
= M
Here, u is ground-state molecular dipole moment and

1
Bi = Bui + 3 Z (Biy + By + Byi)
1

where i1 and j run over the molecular cartesian directions x,
y, and z. In chromophores where the charge-transfer
direction is obviously parallel with the ground-state dipole
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moment direction (for purposes of illustration, the x
direction), some authors label their experimental or theo-
retical responses as 35 or Bxxx. There is another quantity of
interest in this study, the total hyperpolarizability (intrinsic
quadratic hyperpolarizability), (3

b= (B4 B4 )" 5

Bvec Will be identical to (3;,; when the charge transfer is
unidirectional and parallel to the molecular dipole moment.
Note that 3y is always a positive quantity regardless of the
sign of the individual vectorial components and measured
using hyper Rayleigh scattering (HRS) experiment. Since 3
values of Gaussian 98 W output are in atomic units (a.u.),
they have been converted into electronic units (esu) (1 a.u. =
8.6393x 107> esu).

The mean polarizability () and anisotropy of polar-
izability (A«) of these molecular systems can be calculated
using the following equations.

<Ol> = 1/3 (axx + Olyy + azz) (4)

2 2 2112
Aa=1/2 {(axx + ayy) + (ayy + azz) + (o + i) } .
(5)

All calculations are carried out by using Gaussian 98 W
program package [14] and Gauss-View molecular visual-
isation program [15].

Experimental first static hyperpolarizability (two-state
model) values cannot be directly compared to our theoret-
ical results, but to the general trend. Herein, due to the lack
of calculated dipole moments of the excited states, the two-
level Eq. (1) shown above could not be applied, and so the
discussions were only limited to the qualitative level using
Egs. 2, 3, 4 and 5.

Results and discussion

We have fulfilled the polarizability, anisotropy of polar-
izability, first hyperpolarizablity and HOMO-LUMO energy
gap of all the molecules at their respective most stable
geometries using ab initio method HF level with STO-3G
basis set. From the computed tensorial components 3, and
Bvec are calculated for respective molecules by taking into
account the Kleinman symmetry relations and the squared
norm of the cartesian expression for the tensor (3 [16]. The
relevant expressions used for the calculation are as shown
above Eq. (3). All the polarizability and hyperpolarizability
components values were calculated using Gaussian 98 W
((Xxxa (Xxya ‘nya Kxzs (Xyz: Kyz and BXXXs ﬁxxya Bxyya Byyy’ Bxxza
Bxyz Byyz Bxzzs Pyzss Pzzr) for the molecular systems. The
first hyperpolarizability, mean polarizability and anisotropy
of polarizability values are calculated using above Egs. (3),
(4) and (5). All the polarizability () values and hyper-
polarizability (3) values calculated using Gaussian 98 W for
the molecular systems are given in Tables 1 and 2.
Theoretical results of (3 for all the molecular systems can
be indirectly compared to the two state model results.
Chromophores 2, 3, and 4 should behave similarly to 1
because the electronic distributions of the push—pull
systems should themselves be similar. Alternatively, slightly
lower intensities could be observed for 2, 3, and 4 as
compared to 1, which would be consistent with the findings
of Moylan for dialkyl-diarylamino derivatives [S]. Surpris-
ingly the NLO responses of 2, 3, and 4 were all greater than
that of 1 by nearly 50%. This difference can be caused by the
existence of minor tautomeric forms capable of acquiring a
stabilized, highly polarized charge-transfer state. First and
static hyperpolarizability ({3,(3¢) results are shown in Table 3.
In molecule 1, a considerable decrease in comparison with 3
at 1064 nm was observed, in which the (3(0) was 20% lower
than that of the reference compound DANS [5]. However,
first hyperpolarizability value for molecule 1 has been
calculated at 60.2x107°° esu, 57.3x107° esu (HF/6-31G,

Table 1 All « components (in a.u.) and average value (<oc>, in a.u.) calculated using ab initio Hartree-Fock method with 6-31G and 6-311G

basis sets for all molecular systems shown in Fig. 2

Molecule Oxx Oyy Oy Oy Xy, oy <o>

12 282.5355145 0.2381969 97.8973296 95.1364163 -1.9774087 345.776875 242.07
1° 291.6081053 0.2389 113.3097612 95.6183862 -1.852427 354.8918641 253.27
28 383.831756 6.50713 140.1577699 201.3403849 13.8576558 415.7859422 313.26
2° 393.6779563 7.2243719 158.8359629 200.0925998 13.1757823 428.9561146 327.16
3? 435.2149906 33.655318 195.3103283 216.6138119 25.4510728 4458677814 358.80
3° 483.3975278 25.6420948 203.584039 154.3795224 -5.8845508 401.1399162 362.71
4° 415.9450269 -2.0194902 157.4198168 212.1545063 -5.947618 446.9832818 340.12
4° 465.1046975 -11.0905787 176.3687376 166.2431504 -11.1152733 405.5577549 349.01

Average polarizability (<o) are obtained from Eq. (4) and *® represent HF method with 6-31G and 6-311G basis sets calculations, respectively.
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N < o (=]
dax g a g o Table 3 Ground state dipole moment (1, in D), average polarizability
Q| O = =00~ = = and anisotropy of polarizability (<>, A«, in a.u.), vector component
- o 0t e of first hyperpolarizability and first static hyperpolarizability (yec, Po,
EITLEHITY in 103% esu), and first hyperpolarizability (3, in 10°° esu) values
ESfFagdEas calculated using ab initio Hartree-Fock method with 6-31G and 6—
SR8 s43 311G basis sets for all molecular systems shown in Fig. 2
V80888 %2 A
a| SEEFTAFEL Molecule <o Ax Brec B Bo
L .ogw Q w0 g 1° 1.7810 242.07 157.74 44.7 60.2 43
on — ) —
D¥I=SSZ2a% 1° 17731 25327 15343 496 573 43
S % S ABGS 2? 4.0097 31326  184.64  -0.9 1299 78
AR RS 2° 42887 32716  179.83  -2.6 1244 78
— NV N < — 0 O p
;r\ . ron 3 4.7995 358.80 173.53 -11.2 84.2 93
) NeADg R 3* 5.6312 362.71 176.13 -14.3 122.6 93
Na) o o oon
2 SgLgrczg® 4 28325 340.12 19471 213 1048 -
IS} ALY A RN oo b
= SAA AN T OA 4 3.2065 349.01 186.71 29.8 137.0 -
[N I I B
=} N ==
% I3 %S Static hyperpolarizability (,) was calculated using the two state
= @ NN n T n b
5 model taken from [5] and *° represent HF method with 6-31G and 6—
e T2 m %Y, 311G basis sets calculations, respectively.
g STECIERE| 2
S DOt~ o
> St own x|
s N IR A e
= v = = 0 —~ — O . — ..
s SldaT ¥ T T g 6-311G levels), it was observed to be 43x 10> esu. Similar
) o s .
&
% - 23Tz9% |3 values were not observed for the other chromophores.
o — —
B % =5 E 'g\r E § g £ Chromophores 2, 3 and 4 had B, B, values of 129.9x10>°
o= o0 -~ o
2 f5Z¥xc88 |2 esu, 124.4x107% esu (for HF/6-31G and 6-311G levels),
N S NS = n S _ _ _
§ Slazsiagdac | g and 78 <107 esu [5] and 84.2x107°% esu, 122.6x10°° esu
5 8 (for HF/6-31G and 6-311G levels), and 93x10°? esu [5],
5 Cs288g8R | and 104.8x107° esu, 137.0x 10" esu (for HF/6-31G and
:g N EEVEE A 6-311G levels), respectively. The larger value observed for 3
£) 22233 T8Z| 8 is probably due to an additional favourable effect on the
o & ﬁ E § ?g E E § % = tautomeric equilibrium stemming from the carboxylate group
() > .. ..
= BS at the position 6. Similar tensor components values were
o . . . . .
i T4 % 2 § ga| g obtained for 2, 3 and 4, indicating that, most likely, the
5> — o = . . g, . .
E S 22289 e nonlinear polarizabilities of all of them are similar. The
> foN . . .
= 2 SREg2dage|s second order optical behaviours of 2, 3, and 4, exhibited
2 n o = Nel = . .
ey Sl T TN H T A "‘g marked differences as compared to that of 1, for which the
g - R s second harmonic generation was clearly inferior. Consider-
] . . . .
= S5z8835%| 8 ing that in all cases the electron-donor group directly linked
< <t N Vv O X0 n O N ©n . . qe . . . . e .
= Rl e N A to the 2-nitroacridine moiety is an amine, the variation in
- 2l TSt a2 3 .
g lenB3808&8g | 3 response must be attributed to the presence or absence of the
Sa) YT T T . . . .
g L:D benzothiazole. As the benzothiazole system is slightly 7t-
g oo = oo | & deficient, the 2-aminobenzothiazole group of chromophores
3 g % § § ?3: § 2 @ = 2, 3, and 4 was expected to have a lower electron donating
= sz ‘j;" § § § Q g S character than the piperidine present in 1 and, consequently,
- A PESESRE IR R a lower NLO response. Surprisingly, calculated first hyper-
= Sl o polarizability values were the opposite. This state may be
§ 5259359 2 explained by the existence of tautomeric forms of the 2-
é E 3o g § § g SO ;é aminobenzothiazole moiety (Fig. 2). o
3|8 Eo&23A8F 2 It is known that the magnitude of the polarizability and
2| 8| (| P9 EEETSSE | = he fi ic h larizabili f push—pull molecul
= 2 eI EAEDR| & the first static hyperpolarizability of push—pull molecular
A e O T systems are dependent on the efficiency of electronic
= =
[S2 O . .
~| 2 3 communication between donor and acceptor groups as that
= % ) will be the key to intra molecular charge transfer [17].
SR e R I BCE  B Charge-transfer bands in the UV-absorption spectra of 2, 3
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Fig. 3 Frontier orbitals, LUMO
at the right, HOMO at the left of
the chromophores 1-4

v o,

Jh’ >-& 9

]

J"‘ ) | 3 )
HOMO-(1) LUMO-(1)
2 :. @
A @
0oy, 9
i A"J‘ 9 2
3 e Y

HOMO-(2)

HOMO-(4)

and 4 exhibit a hypsochromic displacement, whereas those
of the spectra of 1 do not [5, 18]. This phenomenon
suggested the presence of major aromatic tautomers, in
which the slightly electron-deficient benzothiazole ring
reduces the charge-transfer strength of the amino group
[5]. To understand this phenomenon in the context of a
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LUMO-(2)

LUMO-(3)

e,

LUMO-(4)

molecular orbital picture, we examined the molecular
HOMOs (the 7tgonor) and molecular LUMOs (the 7acceptor)
generated via Gaussian 98 W. The HF/6-31G, 6-311G
generated highest occupied (HOMO) and lowest unoccu-
pied (LUMO) molecular orbitals of 1-4 are outlined in
Fig. 3. The results for 1-4 are shown in Table 4. Figure 4
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Table 4 HOMO-LUMO energy using HF/6-31G, 6-311G levels for
all molecular systems shown in Fig. 2

Molecule HOMO (a.u) LUMO (a.u) HOMO-LUMO
energy gap (a.u.)

1° -0.15151 0.10959 0.2611

1° -0.15961 0.10466 0.26427

2? -0.14123 0.09500 0.23623

2° -0.14829 0.09102 0.23931

3 -0.15187 0.09164 0.24351

3° -0.15855 0.08775 0.2463

4* -0.14347 0.09417 0.23764

4° -0.14995 0.09031 0.24026

a5 represent HF method with 6-31G and 6-311G basis sets
calculations, respectively.

shows the variation of HOMO-LUMO difference for 1-4. It
can be seen that there is an overlap between the molecular
HOMO and LUMO which is necessary for obtaining large
second order responses [1]. This situation can be clearly
seen in Fig. 3. Besides, when Figs. 4 and 5 are investigated
together, this overlap can be recognized. However, the
benzothiazole system shows if slightly 7t-deficient, consid-
erably increased the energy of the HOMO-LUMO energy
gap for molecule 1 relative to 2, 3 and 4. Thus, the energy
gap decreases with the substitution of the different electron-
withdrawing groups (-COOEt, -CH,CH,OH) are indicated
a larger hyperpolarizability. From here, the molecule 2 has
the smallest energy gap and the largest 3 value which is
presented in Table 2 and in Figs. 4 and 5. Figure 5 shows

Fig. 4 Variation of HOMO- 0,30

the variation of hyperpolarizability of 1-4 and they clearly
show the inverse relationship with HOMO-LUMO energy
gap as shown in Fig. 4.

Also, in chromophores 2, 3 and 4, the polarizability
increases with increasing substitution. Figure 6 shows the
variation of polarizability and anisotropy of polarizability
of 1-4. Although chromophores 1, 2, 3 and 4 nearly show
the parallel relationship with the hyperpolarizability as
shown in Fig. 5, they clearly show the inverse relationship
with HOMO-LUMO energy gap as shown in Fig. 4. In
addition, ground state dipole moments of chromophores 1-
4 have been calculated at 1.7731-5.6312 D range. These
variations of dipole moment are listed in Table 3. Herein,
the largest variations of dipole moment, the largest vector
component of first hyperpolarizability and first hyper-
polarizability have been calculated for molecules 3,1 and
2, respectively.

Conclusions

The first hyperpolarizability is strongly dependent on the
extent of the electronic communication between the donor
group and the acceptor group through the bridge. In this
study, the linear and nonlinear optical properties of
molecules with the benzothiazol-2-yl-amino electron-
donating group are considerably enhanced in relation to
the analogous piperidyl compound. This phenomena is due
to the contribution of a minor nonaromatic tautomer. These
tautomers, previously described in the literature, have a less

LUMO energy difference of
molecule 14

0,25 —

0,20 —

0,15 -

HOMO-LUMO energy gap (a.u.)
o
=
[

0,05 —

0,00

1a

a: HF/6-31G
b: HF/6-311G

1b 2a 2b 3a 3b 4a 4b
Molecule 1-4
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Fig. 5 Variation of theoretical 140

hyperpolarizability of molecule
14

e.s.u.)

-30

Calculated hyperpolarizability (x10

1a

aromatic ground state that enables an aromatic, stabilized and
highly polarized charge transfer state. The aromatic tautomers
core can be used as an effective 7t-bridge in the design of new
organic NLO molecules. In this study, we report the ground
state dipole moment (p), polarizability («), anisotropy of
polarizability (Ac), molecular first hyperpolarizability ([3)
and molecular frontier orbital energy (HOMO, LUMO) of 1-
4. First static hyperpolarizability values (two state model) are

Fig. 6 Variation of theoretical 400

a: HF/6-31G
b: HF/6-311G

1b 2a 2b 3a 3b 4a 4b
Molecule 1-4

indirectly compared to the theoretical results. Calculated
results seem to be in a good agreement with experimental
ones. The HOMO-LUMO calculations show that the first
hyperpolarizability of 14 is directly related to the HOMO-
LUMO energy gap. The molecule 2 which has the smallest
energy gap has the highest first hyperpolarizability while 1
which has the highest energy gap have the smallest first
hyperpolarizability.

polarizability and anisotropy
of polarizability of molecule 1-4

350 —
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250

200
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100 —
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Polarizability and anisotropy of polarizability (a.u.)
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