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Abstract. The nonlinear optical properties of 27 selected donor-acceptor isomeric derivatives of

naphthalene, quinoline, quinazoline and triazanaphthalene, including electron donor molecules

such as phenyl, aminophenyl, and N, N-dimethylaminophenyl, were discussed and compared

with literature values. The theoretical calculations were performed with three different hybrid

density functional theories (DFT) i.e. BPV86, B3LYP and B3PW91, and 6-311++G(2d,p) basis set

was used. The results show that these molecular systems have large first static

hyperpolarizabilities. In addition, the NLO response of these molecular systems decreases

dramatically when the N, N-dimethylaminophenyl is replaced by aminophenyl or phenyl.

This study is extended to the determination of AM1 semi empirical polarizability together with

FH G cgS [fkW b[d[US ba Sd[lST[ [fkge[ YB[ WdveeUZW WS V a WUg Sdha g WUS Ug Sf[a e
from optimized geometries using HyperChem v7. Semi empirical AM1 and QSAR-quality empirical

polarizability calculations showed poor quantitative agreement with the DFT results, but give

excellent statistical correlation coefficients with the DFT values. This implies that the results of

such lower calculations can suitably scale for predictive purpose.

1. INTRODUCTION

Molecular materials with nonlinear optical (NLO)

properties are currently attracting considerable

attention because of their potential applications in

the optoelectronic devices of telecommunications,

information storage, optical switching, signal

processing [1-5] and terahertz (THz) wave generation

[6]. In the last decade, a large range of donor-

acceptor substituted compounds have been

investigated in order to determine an empirical

relationship between molecular structure and

nonlinear response. The design of efficient organic

materials for applications in nonlinear optical effect

is based on asymmetric polarization, induced by

electron donor and electron acceptor groups on either

side of the molecule at appropriate positions in the

molecular systems. By increasing the donor-

acceptor capability of the substitutions attached to

the -conjugated system, nonlinearity can be

increased. The position of the substitutions is of

vital important in terms of NLO activity. The large

value of the first hyperpolarizability, , which is the

measure of the nonlinear optical activity of the

molecular system, is associated with intramolecular

charge transfer resulting from an electron cloud

movement through a  conjugated framework from

electron donor to electron acceptor groups.

N, N-dialkylamino groups have higher electron

donating character, and there is a long history of

theoretical studies on the NLO properties of

dialkylamino substitute [7-9]. Herbich et al.

synthesized new donor-acceptor naphthalene and

azanaphthalene derivatives and reported their

intramolecular excited charge transfer states [10].
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The design of new systems with a high charge

transfer is a key part of this, because intra molecular

charge transfer between donor and acceptor will lead

to a very large value for . The theoretical prediction

of accurate electro-optical properties for this kind of

system is a very important step towards the rational

design of novel nonlinear optical materials. The study

of such effects involves the initial determination of

static polarizabilities and hyperpolarizabilities in the

gas phase. The polarizability of naphthalene has

been extensively studied experimentally [11-13] with

different theoretical methods and basis sets [14-

16]. There do not appear to be any corresponding

experimental data in the existing literature, neither

are there any other ab initio calculations for title

molecules.

Density functional theory (DFT) calculations with

various functional are excellent methods in the

design of NLO molecules and they help predict

properties of the new materials, such as molecular

dipole moments, polarizability, and

hyperpolarizabilities [17-21]. In earlier studies, the

author and other researchers reported the calculation

of torsional behaviour and the nonlinear optical

properties of 2-, 3-, 4-phenylpyridine [22],

phenyltriazines [23] and thalidomide [24] using DFT.

In this research, nonlinear optical properties of

donor-acceptor isomeric derivatives of naphthalene,

quinoline and quinazoline as well as a family of

isomeric tri azanaphthalenes containing N, N-

dimethylaminophenyl, p-aminophenyl and phenyl as

an electron donor were calculated with DFT variants.

The studied molecules are presented in Tables 1-4.

Table 1. Structures of the D-A naphthalene, quinoline and quinazoline derivatives (containing

N,N-dimethylaminophenyl and p-aminophenyl as an electron donor).

The ground state molecular dipole moments (
g
)

and the dihedral angles (
A-D

) (between the planes

of the donor and acceptor subunits) of some of the

title molecules were calculated with AM1 and

ZINDO/S methods by Herbich et al. [10]. A

comparison between these results and those of the

B3LYP values were performed.

This study is extended to the determination of

AM1 [25] semi empirical polarizability together with

FH G cgS [fkW b[d[US ba Sd[lST[ [fkge[ YB[ Wdve
scheme and molecular volume calculations from

optimized geometries using HyperChem v7 [26].

2. COMPUTATIONAL

The geometries were fully optimized without any

constraint with the help of analytical gradient

procedure implemented within Gaussian 03W

program [27]. All the parameters were allowed to

relax and all the calculations converged to an

optimized geometry which corresponds to a true

energy minimum revealed by the lack of imaginary

values in the frequency calculations.

The performance of various DFT functional and

of basis sets in hyperpolarizability calculations have

been extensively studied for organic NLO materials

[28-31]. The nonlinear optical properties of donor-

acceptor derivatives of naphthalene and

azanaphthalenes were computed for different

approximations of exchange and correlations

because the quality of approximation might have an

important effect in DFT for such hydrogen-bonded

ekefW e P Q IZW EK iZ[UZgeWeEWdVWive
1986 functional with local correlation replaced by
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Table 2. Structures of the D-A naphthalene, quinoline and quinazoline derivatives (containing

N,N-dimethylaminophenyl and p-aminophenyl as an electron donor).

Table 3. Structures of the D-A quinoxaline and isomeric triazanaphthalenes (containing

N,N-dimethylaminophenyl and p-aminophenyl as an electron donor).

that which was suggested Vosko et al. (VWN)[33-

Q  WU]WvefZdWW bSdS WfWdWjUZS YWXg Uf[a S
and the gradient corrected functional of Lee, Yang,

S VESdd   ANE P  Q  S V WU]Wve fZdWW
bSdS WfWdXg Uf[a S i[fZEWdVWiuLS YUaddW Sf[a
functional (B3PW91) [33, 36, 37] were used in this

study. Accurate calculation of nonlinear optical

properties requires the use of extended basis sets

and a high level of theory. In particular, these basis

sets have to include d and p polarization functions

together with s and p diffuse functions. In the present

work, the 6-311++G(2d, p) [38-40] basis set was

chosen for calculation of static polarizability,

anisotropy of polarizability and first static

hyperpolarizability.

AM1 semi empirical calculations were performed

with HyperChem v7. Also, molecular volume, and

the Miller-Savchik polarizability were found from

optimized MM+ geometries using HyperChem v7.

All statistical analyses were performed with SPSS

software v.13.0 (SPSS Inc., Madrid, Spain) [41].

3. RESULTS AND DISCUSSION

Firstly, it would be productive to discuss the general

properties of geometry. Borbulevych et al. studied
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Table 4. Structures of the D-A quinoxaline and isomeric triazanaphthalenes (containing phenyl as an

electron donor).

Table 5. Results of B3LYP and AM1 semiemprical calculations for title molecules: 
g
, ground state dipole

moments; (
A-D

),  angles between the planes of donor and acceptor subunits which are related to the

equilibrated ground-state conformation of the molecule; E
H-L

, molecular orbital energy difference.

the 13 relevant compounds with the N,N-dimethyl-

4-nitroaniline fragment taken from the Cambridge

Structural Data base. Their study demonstrated that

there are significant differences in the structure of

these compounds related to the geometry of the

dimethylamino group. These compounds may be

divided into two groups: the first group, the

dimethylamino group, is planar and coplanar or

rotated with respect to the benzene ring; the second

group of compounds has a trigonal-pyramidal

configuration and is twisted with respect to the ring

[9]. In the present study, configuration of the NH
2

and dimethylamino fragments are in a pyramidal

configuration but not twisted with respect to the

benzene ring.

Theoretically, the torsional angles (
A-D

) between

the planes of the donor and acceptor subunits and

dipole moments of title molecules was previously
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reported using semi empirical AM1 and ZINDO/S

methods [10]. All previous and B3LYP results are

presented in Table 5. AM1 
A-D

 values are compatible

with B3LYP for (1-3) and (7) molecules, although for

(8,9) and (13-17) they are not compatible. The

differences between B3LYP values and those

reported by Herbich et al. can be interpreted in terms

of the employed density functional approach.

It is well known that the nonlinear optical

response of an isolated molecule in an electric field

E
i
can be presented as a Taylor series expansion of

the total dipole moment, 
tot

, induced by the field:

tot ij j ijk j k
E B E E

0
...,

where  is the linear polarizability, 
0
 the permanent

dipole moment and  is the first hyperpolarizability

tensor components. The isotropic (or average) linear

polarizability and anisotropy of polarizability is

defined as [42]:
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The complete equation for calculating the total

static first hyperpolarizability magnitude of Gaussian

output is given as follows [43],
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Polarizability of naphthalene with different

methods and basis sets were previously studied by

Hincliffe et al. [14,15] and Howard et al.[16]. In the

present study, the polarizability of naphthalene was

also calculated with BPV86, B3LYP and B3PW91

methods and 6-311++G(2d,p) basis set. Naphtha-

lene has a center of symmetry so its first

hyperpolarizability is zero by symmetry. All

calculated and experimental polarizability values are

presented in Table 6.

As can be seen from Table 6, the B3LYP and

B3PW91 mean polarizability values are closer to

the experimental values than other methods.

Therefore, the DFT methods and the 6-311++G(2d,p)

basis set were selected for the current calculations.

The calculated static mean polarizabilities,

anisotropy of polarizabilities and total first

hyperpolarizabilities of the studied compounds (1-

27) are listed in Table 7.

The discussion will be focused mostly on the

first hyperpolarizability because the main objective

of this work is to describe a general mechanism for

obtaining large first-order optical nonlinearities in

substituted naphthalene and azanaphthalene

derivatives.

In particular, the results of the calculations

showed that the magnitudes of hyperpolarizabilities

are mainly dependenta fZWVWYdWWaXfZWzW WUfda
delocalization in the aniline rings. Optical response

properties are governed by the increasing of both

conjugation length and strength of donor and

acceptor groups. Also, the nitrogen numbers and

positions on the naphthalene are very important for

nonlinearity of the title molecules.

The 3D plots of important molecular orbital are

shown in Fig. 1 for compound (14). The frontier

molecular orbitals play an important role in the

electronic and optical properties, as well as in UV-

vis spectra and chemical reactions [44]. Also, the

energy gap between HOMO and LUMO is a critical

parameter in determining molecular electrical

transport properties and an electronic system with

a larger HOMO-LUMO gap should be less reactive

than with a smaller gap [45]. The energy gap of

HOMO-LUMO explains the eventual charge transfer

Table 6. Polarizability calculations for naphthalene (table values are in atomic units (a.u.)).
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interaction within the molecule. In this study, the

frontier orbital energy gap for compound (14) is found

to be 3.25 eV by B3LYP method.

As a result of the calculations we have made,

findings obtained from Tables 1-7 are as follows:

(i) Polarizability calculations with 6-311++G(2d,p)

basis set for naphthalene are very closer to

experimental value than the results of the other

studies [11-13].

(ii) As can be seen from the comparison of data

collected in Table 6, the B3LYP calculated dipole

moment of studied molecules are higher in

comparison with that predicted at the semi-empirical

AM1 and ZINDO/S methods [10] due to the DFT

includes correlation effects.

(iii) The largest 
tot

values are expected for the

isomeric tri azanaphthalenes (14-17) due to the N,N-

dimethylaminophenyl as an electron donor with three

nitrogen atoms on the naphthalene rings.

(iv) The B3PW91 method calculates the

polarizabilities approximately one percent lower than

B3LYP. However, this method calculates one percent

larger hyperpolarizability compare to the B3LYP.

BPV86 polarizability, anisotropy of polarizability, and

first static hyperpolarizability calculations are in poor

quantitative agreement with the B3LYP and

Table 7. Results of satic polarizability (
ave

); anisotropy of polarizability ( ) and first static hyperpolarizability

(
tot

) for studied molecules.

B3PW91 results; the differences are approximately

3-6 % for < >, 30-60 % for 
tot

.

(v) The phenyl and p-aminophenyl substitution on

the isomeric D-A naphthalene, quinoline,

quinazoline, quinoxaline and tri azanaphthalene

derivatives (containing N,N-dimethylaminophenyl as

an electron donor) decreased the 
tot

 by between

6.5-10% and 1.56-1.70% respectively due to N,N-

dimethylaminophenyl electron donor group being

stronger than the phenyl or aminophenyl groups.

Fig. 1. Molecular orbital electron density of com-

pound.
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Table 8. Various quantities for derivatives of the

naphtalane and azanaphtalane.

(vi) 
tot

of (1-3) molecules vary according to nitrogen

atom numbers on the naphthalene as 
3 
> 

2 
> 

1

ordered
. 
The same trend was observed for (4-6)

molecules (as 
6 
> 

5 
> 

4
).

(vii) When N,N-dimethylaminophenyl going from

position 1 to 2 as in the Tables 1-2, 
tot

 are increased

by c.a. 100% for (7,8) and c.a. 50% for (9). The

same trend was observed for (10-12) molecules.

However, on comparison of compound (1) with (7),

the resonance of the molecule seems different

regarding the  electrons localized in the nitrogen

atom in compound (1) but not in compound (2). The

case increased the hyperpolarizability in compound

(2). The trend could be the same for compounds

(2), (8) and compounds (3), (9) (see Table 7). When

the negative formal charge is on the N atoms, then

the push-pull effect is larger. Similarly, the increase

of hyperpolarizability when N,N-

dimethylaminophenyl going from  position 1 to 2

results in the steric effect between diaminophenyl

and naphthalene, quinoline, quinazoline and

quinoxaline groups, the steric effect at position 1 is

larger than 2.

(viii) The hyperpolarizability of (13-22) molecules in

the compounds is the highest, which have three

nitrogen atoms in the aromatic ring and two of them

in the same location in space may affect the

unbounded electrons and make the largest

hyperpolarizability. Although (23-27) molecules have

tree nitrogen atoms in the same location,

hyperpolarizability of them lower than (13-22)

molecules due to the molecules have different X

donor groups. Strong donor and acceptor groups

have vital importance in determining the new

systems which have large hyperpolarizability. Intra

molecular charge transfer between donor and

acceptor will lead to a very large value for .

(ix) The lowest
tot

 values were calculated for (13)

among (13-17) due to the nitrogen number being

two on the naphthalene for molecule (13) and three

for molecules (14-17).

(x) It was found that first static hyperpolarizability of

compound (14) is 12842.8 a.u., the largest value for

the studied molecules.

(xi) It can be seen that from Table 5 and 7, first

static hyperpolarizability and optical band gap

(E
H-L

) is inverse relationship for the same molecule

groups.

3.1. QSAR-quality calculations

Dipole polarizability is often used in QSAR studies,

where the aim is to give a reliable but quick estimate

of < >. DFT polarizability calculations are

prohibitively expensive in a QSAR context, even for

such simple molecules. One therefore looks to less

rigorous but reliable procedures.

The relationship mean polarizability and

molecular volume (V
mol

) is defined as [14];

mol
V

0
4 .

The molecular volume can be estimated very

easily from molecular mechanics without the cost

of a full quantum mechanical calculation. The

molecular volumes are routinely determined in

QSAR studies, and typical values are shown in Table

8 with Miller < >
Miller

 empirical polarizability.

Whilst the quantitative agreement with Miller

< >
Miller

 empirical polarizability values and B3LYP

ones are clearly nonexistent, there is a good least

square fit for the two sets of data, with a correlation

coefficient of 0.91.  The correlation coefficient was

found to be 0.95 between the molecular volumes

and B3LYP mean polarizability.

The AM1 mean polarizability calculations give

values that correlate well with the B3LYP (with a

correlation coefficient of 0.95).

Finally, DFT polarizability calculations at B3LYP/

6-311++G(2d,p) level of theory are adequate for these



86 H. Alyar

Table 9. Linear regression coefficients R for the derivatives of naphtalane and azanaphtalane.

complex molecules. However, we consider the likely

reliability of various easily-computated indices, such

as the molecular volume, the Miller empirical volume

polarizabilities, and AM1 polarizabilities discussed

above. According to obtained results of linear

regression, the coefficients are given in Table 9.

5. CONCLUSION

In this research, nonlinear optical properties of 27

selected donor-acceptor isomeric derivatives of

naphthalene, quinoline, quinazoline and

triazanaphthalene were studied and some of the

values obtained from the present study were

compared with literature values. AM1 
A-D

 values

are compatible with B3LYP for (1-3) and (7)

molecules, although (8, 9) and (13-17) are not

compatible due to the use of different methods.

First static hyperpolarizability of these

compounds was affected by the position of donor

moieties and the number of nitrogen atoms on the

naphthalene. The larger 
tot

values were obtained for

the isomeric tri azanaphthalenes (14-17) due to the

N,N-dimethylaminophenyl being a stronger electron

donor than the others with three nitrogen atoms on

the naphthalene rings. It was found that first static

hyperpolarizability of the compound (14) with the

BPV86 method is 12842.8 a.u., the largest value

for the studied molecules. Besides, it was found

that first static hyperpolarizability and optical band

gap (E
H-L

) is inverse relationship for the same

molecule group.

The results of this study show that these

molecular systems have large first static

hyperpolarizabilities and may have potential

applications in the development of NLO materials.

Semi-empirical polarizability at the AM1 level of

theory can be considered together with QSAR-quality

W b[d[US ba Sd[lST[ [fk US Ug Sf[a ege[ YB[ Wdve
scheme. Least-squares correlations between the

various sets of results show that these less costly

procedures are reliable predictors of < > for the title

molecules, but less reliable for the larger molecules.

It can be seen from the results that there are good

correlations with the DFT results and those given

by cheaper procedures, such as calculated

molecular volume, and the Miller empirical

polarizabity, and semi empirical models, such as

AM1.
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