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Abstract

N-(3-Hydroxybenzalidene)4-bromoaniline has been synthesized. Its crystal structure has been determined by X-ray diffraction
analysis. To investigate microscopic third-order nonlinear optical (NLO) behavior of the title compound, we have computed both dis-
persion-free (static) and also frequency-dependent (dynamic) linear polarizabilities (a) and second hyperpolarizabilities (c) at k = 825–
1125 nm and 1050–1600 nm wavelength areas using time-dependent Hartree–Fock (TDHF) method. The one-photon absorption
(OPA) characterization has been theoretically obtained by means of configuration interaction (CI) method. The maximum OPA wave-
lengths are estimated in the UV region to be shorter than 450 nm, showing good optical transparency to the visible light. According to
ab-initio calculation results on (hyper)polarizabilities, the synthesized molecule exhibits second hyperpolarizabilities with non-zero
values, and it might have microscopic third-order NLO behavior.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Nonlinear optical (NLO) materials have been exten-
sively studied for many years [1–5]. The search of new
materials which have NLO properties is an important
research field [6]. Significant interest still exists in the design
and development of materials exhibiting large second-order
NLO response because of the potential application in tele-
communications, optical computing and optical signal pro-
cessing [7–10]. Actually, the third-order response governed
by the second hyperpolarizability offers more varied and
richer behavior than the second-order NLO process due
to the higher dimensionality of the frequency space. In
the light of wide applications of NLO effects, a large num-
ber of materials have been synthesized and their NLO
properties have been explored using different techniques
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like degenerate four-wave mixing, Z-scan and third-
harmonic generation (THG). THG measurements are
particularly interesting since they are strongly related to
electronic processes. For the free molecule, accurately
determined experimental dipole and quadrupole moments
and the (hyper)polarizabilities are known and could be
reproduced by ab-initio calculations, if reasonably high
correlation levels and large basis sets have been used [11–
13]. However, experimental determination of the corre-
sponding effective properties in condensed phases is much
more difficult and rests on a number of assumptions and
approximations whose limitations are difficult to assess.

Due to their centrosymmetric structures, non-substi-
tuted or symmetrically substituted organic compounds
have been basically studied as third-order NLO materials.
One could expect that the title Schiff base compound based
on a centrosymmetric structure (Fig. 1) may show third-
order NLO behavior. Theoretical calculations offer a quick
and inexpensive way of predicting the NLO responses of
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Fig. 1. The molecular structure of the title compound. Displacement
ellipsoids are plotted at the 50% probability level and H atoms are
presented as spheres of arbitrary radii.

Table 1
Crystal data and structure refinement for the title compound

Compound C13H10BrNO
Colour/shape Yellow/rod
Formula weight 276.13
Crystal system Monoclinic
Space group P21/n
Unit cell dimensions

a 15.015(2) Å
b 5.3174(4) Å, b = 108.30(1)�
c 15.436(1) Å

Volume 1170.1(2) Å3

Z 4
Density (calculated) 1.567 g cm�3

Absorption coefficient 3.49 mm�1

F(000) 552
Crystal size 0.44 · 0.16 · 0.06 mm3

h range for data collection 3.30–29.95�
Index ranges �20 6 h 6 20; �7 6 k 6 4;

�21 6 l 6 20
Reflections collected 7529
Independent reflections 3075
Reflections observed

(I > 2r(I))
1830

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3075/0/153
Goodness-of-fit on F2 1.035
R indices [I > 2r (I)] R1 = 0.0519; wR2 = 0.1051
R indices (all data) R1 = 0.1171; wR2 = 0.1424
(Dq)max, (Dq)min �0.596, 0.332 e Å�3

Table 2
Some selected bond distances (Å), bond angles (�) and torsion angles (�)
for the title compound

Br1–C1 1.907(3) N1–C7 1.276(4)
N1–C4 1.426(4) C1–C2 1.375(4)

C7–N1–C4 118.2(3) C2–C1–Br1 120.0(3)
C3–C4–N1 119.4(3) C5–C4–N1 123.1(3)
C6–C1–Br1 119.4(3) N1–C7–C8 126.0(3)

Br1–C1–C2–C3 �178.6(3) C2–C3–C4–N1 176.8(3)
C7–N1–C4–C3 148.6(3) C7–N1–C4–C5 �37.3(5)
N1–C4–C5–C6 �175.9(4) Br1–C1–C6–C5 179.3(3)
C4–N1–C7–C8 172.8(3) N1–C7–C8–C13 �169.5(3)
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the materials especially during the design of the new mate-
rials. Therefore, the present paper aims to give a contribu-
tion to the knowledge of the third-order optical
nonlinearity of the synthesized and characterized (X-ray
structure determination) title molecule by computing the
maximum one-photon absorption (OPA) wavelengths
and (hyper)polarizabilities with configuration interaction
(CI) and ab-initio time-dependent Hartree–Fock (TDHF)
methods.

2. Experimental

2.1. Preparation of N-(3-hydroxybenzalidene)4-bromoaniline

The title compound was prepared by the addition of
0.01 mol of 4-bromo-aniline in 60 ml of hot ethanol to
0.01 mol of 3-hydroxy-benzaldehyde in 80 ml of boiling
ethanol, followed by heating to reflux for 4 h. Yellow
crystals, suitable for X-ray analysis, were formed during
reflux; found: C, 56.40%; H, 3.33%; N, 4.94%.
C13H10BrNO: C, 56.55%; H, 3.65%; N, 5.07%.

2.2. X-ray structure determination

A suitable sample of size, for the title compound,
0.06 · 0.16 · 0.44 mm was chosen for the crystallographic
study and then carefully mounted on goniometer
of a STOE IPDS 2 diffractometer. All diffraction mea-
surements were performed at room temperature (296 K)
using graphite monochromated Mo-Ka radiation.
The intensities collected were corrected for Lorentz and
polarization factors, absorption correction (l = 3.49
mm�1) by integration method via X-RED software [14]
and cell parameters were determined by using X-AREA
software [14]. The structure was solved by using direct
methods in WINGX’s implementation of SHELXS 97
[15]. The refinement was carried out by full-matrix
least-squares method on the positional and anisotropic
temperature parameters of the non-hydrogen atoms. All
hydrogen atoms were located geometrically and refined

as riding with respective C–H distance of 0.93 Å
´

corre-
sponding to the aromatic C–H and O–H bonds. The
scattering factors were taken from SHELXL-97 [16].
Other details of the data collection conditions and
parameters of refinement process are summarized in
Table 1. Selected bond distances and angles are listed
in Table 2. The molecular structure with the atom-num-
bering scheme is shown in Fig. 1 [17]. Crystallographic
data (excluding structure factors) for the structure
reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as Supplemen-
tary Publication No. CCDC 647118 [18].
3. Theoretical calculations

The theoretical computations involve the determination
of dispersion-free and frequency-dependent linear polariz-



Fig. 2. A perspective view of the title molecule in the crystal structure. The
intermolecular hydrogen bonds have been indicated by dashed lines.
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ability and second hyperpolarizability tensor components
of the title compound using the following methods.

As the first step of static and dynamic (hyper)polarizabil-
ity calculations, the geometries taken from the starting struc-
tures in Table 2 have been optimized in the ab-initio

restricted Hartree–Fock level. The optimized structures have
been used to compute the linear polarizabilities and third-
order hyperpolarizabilities at x frequencies with a triple-zeta
valence (code-named TZV) basis set, which is a kind of
extended basis sets [19–21]. The basis set effects are impor-
tant for the calculation of NLO properties. Besides, while
one computes the NLO properties for fairly large systems,
extended basis sets consisting of Gaussian-type functions
are found to be especially important. Augmenting the basis
set of elements with diffuse s, p and d functions in a proper
way could provide the best compromise between speed and
accuracy of the computation. TZV basis set due to Dunning
[19], McLean and Chandler [20], Wachters [21] has some
contractions in the examined compound: [5s1p/3s1p] for
H; [10s6p/5s3p] for C, N, O; [14s11p5d/9s6p2d] for Br atoms.
Contracted Gaussian basis sets of TZV quality are presented
for Li to Kr, and then advantages and necessary modifica-
tions of them are discussed in literature [22]. In general,
TZV basis sets could be especially preferred to perform some
quantum mechanical calculations of the compounds using
the ab-initio package GAMESS [23] at the Hartree–Fock
level. So, it could be said that TZV basis set is rather enough
to compute (hyper)polarizabilities of the title molecule.
a(0;0) and c(0;0,0,0) at x = 0; a(�x;x) and c(�3x;x,x,x)
calculations at x = 0.05512, 0.04050, 0.04336, 0.02848
atomic units (a.u.) (i.e., at k = 825, 1125, 1050, 1600 nm
wavelengths), often used laser frequencies in THG measure-
ments, have been carried out using the TDHF method
implemented in the GAMESS program [23]. In these c def-
initions above-mentioned; the first describes the static third-
order hyperpolarizabilities and the second represents the
hyperpolarizability for frequency tripling, called the THG
process. All (hyper)polarizability calculations have been per-
formed on a PC with an Intel Pentium IV operator, 512 MB
RAM memory and 1.7 GHz frequency using Linux PC
GAMESS version running under Linux 7.3 environment.

In this study, the average linear polarizability Æaæ and
third-order hyperpolarizability Æcæ values have been calcu-
lated using the following expressions, respectively [24]:

hai ¼ ðaxx þ ayy þ azzÞ=3 ð1Þ
hci ¼ ð1=5Þ½cxxxx þ cyyyy þ czzzz2ðcxxyy þ cxxzz þ cyyzzÞ�: ð2Þ

Since a and c values of GAMESS output are reported in
a.u., the calculated a and c values have been converted
into the electrostatic units (esu) (1 a.u. a = 0.1482 ·
10�24 esu, 1 a.u. c = 5.0367 · 10�40 esu). To calculate all
the (hyper) polarizabilities, the origin of the cartesian coor-
dinate system (x, y, z) = (0,0,0) has been chosen at own cen-
ter of mass of the studied compound in Fig. 1.

Besides, the p fi p* transition wavelengths (kmax) of the
lowest lying electronic transition and the oscillator
strengths (f) of these transitions for the investigated mole-
cule have been theoretically studied by electron excitation
configuration interaction using the CIS/6-31G method in
GAUSSIAN98W [25] on an Intel Pentium IV 1.7 GHz
processor with 512 MB RAM and Microsoft windows as
the operating system.

4. Results and discussion

4.1. Description of the crystal structure

Conjugated organic molecules containing both donor
and acceptor groups are of great interest for molecular
electronic devices. Second-order NLO organic materials,
which contain stable molecules with large molecular hyper-
polarizabilities in non-centrosymmetric packing, are of
great interest for device applications [26], but according
to a statistical study, an overwhelming majority of achiral
molecules crystallize centrosymmetrically [27].

The title molecule is not planar. Schiff base moieties A

[C7–C13, O1; planar with a maximum deviation of
0.021(1) Å for the C7 atom] and B [N1, C1–C6, Br1; planar
with a maximum deviation of 0.043(1) Å for the N1 atom]
are inclined at an angle of 29.2(1)� reflecting mainly the
twist about C7–N1 [C8–C7–N1–C4 = 172.8(3)�].

The crystal structure is stabilized by intermolecular
hydrogen bonding. Intermolecular hydrogen bonding
occurs between O15–H15. . .N1 [2.825(4) Å] (symmetry
code: 0.5 � x, y � 0.5, 0.5 � z) atoms of neighbouring mol-
ecules as seen (Fig. 2).



Table 3
Calculated the maximum UV–vis absorption wavelengths (kmax, nm) and
oscillator strengths (f) of the title compound

kmax f

405.32 2.0015
381.23 1.7366
249.46 1.4471
219.71 1.1269

Table 4
Some selected components of the static a(0;0) and Æaæ(0;0) (·10�24 esu)
value of the title compound

axx ayy azz Æaæ

34.410 14.624 2.355 17.130
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Examination of the bond lengths suggests that there is
an extended series of p bonds through the whole molecule.
Except for the C7–N1 bond connecting and phenyl groups,
all the other bonds between non-H atoms show p + r char-
acter; the C–C bond lengths in the phenyl groups range
from 1.355(6) to 1.409(4) Å. The C7–N1, C1–C2 and C5–
C6 bond lengths are shorter than typical single r bonds,
and these bond lengths are in good agreement with related
ligands in literature [28]. The Csp2–O bond associated with
the oxygen atom is clearly a single bond, while the C7–N1
[1.276(4) Å] bond length shows a partial double bond char-
acter [28,29], which is also an evidence for the conjugation.

4.2. Computational results and discussion

NLO techniques are considered as among the most
structure-sensitive methods to study molecular structures
and assemblies. Since the potential of organic materials
for NLO devices have been proven, NLO properties of
many of these compounds have been investigated by both
experimental and theoretical methods [30]. In the past
5 years, the efforts on NLO have been largely devoted to
preparing third-order NLO materials using theoretical
methods and exploring the structure–property relation-
ships. Quantum chemical calculations have been shown
to be useful in the description of the relationship between
the electronic structure of the systems and its NLO
response [6]. The computational approach allows the deter-
mination of molecular NLO properties as an inexpensive
way to design molecules by analyzing their potential before
synthesis and to determine high-order hyperpolarizability
tensors of molecules.

It can be very helpful in the investigation of NLO mate-
rials making it possible to check, apart from NLO
responses, also spectroscopic absorbance in the appropri-
ate wavelength. Thus, the wavelengths obtained by UV–
vis spectral analysis can be helpful in planning the synthesis
of the promising NLO materials only [31]. Since it is neces-
sary to know the transparency region, the electronic
absorption spectral studies of compounds designed to pos-
sess NLO properties are important. Albert et al. [32] have
reached the conclusion that with the correct substitution
of the push–pull system in the porphyrin ring, character-
ized by strong intramolecular p fi p* charge transfer tran-
sitions found through UV–vis spectral analysis, some
specific electronic and structural properties of this system
could produce high NLO responses. Zhou et al. [33] have
found that the kmax results of novel para-phenylenealkyne
macrocycles are not accelerated with the odd number of
unit, even with 10 units the value of kmax is 360 nm.
Though the kmax was estimated to be shorter than
400 nm in an enough large sample, a strong increase in
the hyperpolarizability value is obtained with a sizeable
increase. Di Bella et al. [34] have reported that bis(salicyl-
aldiminato) nickel(II) compound exhibited interesting lin-
ear optical features which will be seen to be related to the
NLO response. There is a broad band in the region
between 300 and 360 nm involving mainly p fi p* transi-
tions. The band at around 400 nm is frequently suggestive
of a large hyperpolarizability. In this paper, the vertical
transition energies and oscillator strengths from the ground
state to each excited state have been computed, giving
OPA, i.e., the UV–vis spectrum. The calculated wave-
lengths (kmax) and oscillator strengths (f) for the maximum
OPA of the investigated molecule are shown in Table 3.
The molecule in Fig. 1 has four OPA peaks in its spectrum.
As can be seen from Table 3, the optical spectra exhibit rel-
atively intense four bands involving p fi p* transitions cen-
tered between 220 and 405 nm. The values of all absorption
maxima are located in the UV region estimated to be
shorter than 450 nm, being transparent in the visible
region.

Once conceived, the idea can be first pursued by theoret-
ical means, and promising results would justify experimen-
tal efforts to obtain the envisioned compounds
synthetically as well. One could determine the hyperpolar-
izability tensors of molecules using a suitable computa-
tional approach. These tensors describe the response of
molecules to an external electric field. At the molecular
level, the NLO properties are determined by their dynamic
hyperpolarizabilities. TDHF is a procedure generally used
to find out approximate values and can be a means of
understanding both static and dynamic hyperpolarizabili-
ties of organic molecules. We present here a comprehensive
ab-initio study on the NLO properties of the title molecule
using the TDHF method. In this study, in addition to
the static linear polarizabilities a(0; 0) and second hyperpo-
larizabilities c(0; 0,0,0), the following processes for
dynamic (hyper)polarizabilities have been considered: fre-
quency-dependent linear polarizabilities a(�x;x), THG
c(�3x;x,x,x). Some significant calculated magnitudes
of the static and frequency-dependent linear polarizabilities
and second hyperpolarizabilities are shown in Tables 4–7,
respectively.

The values of c depend on the halogen substitution in
the molecular structure. Further, the donor capacities of
Br atoms are ordered in terms of their r donation ability.
So, one would expect the bromo compounds to exhibit lar-



Table 5
Some selected components of the frequency-dependent a(�x;x) and
Æaæ(�x;x) (·10�24 esu) values at x (in a.u.) laser frequencies for the title
compound

x = 0.05512 x = 0.04050 x = 0.04336 x = 0.02848

axx 33.165 32.596 32.692 32.258
ayy 14.818 14.725 14.741 14.671
azz 2.304 2.294 2.295 2.287
Æaæ 16.762 16.538 16.576 16.406

Table 7
Some selected components of the frequency-dependent c(�3x;x,x,x)
and Æcæ(�3x;x,x,x) (10�37 esu) values at x (in a.u.) laser frequencies
calculated with THG process for the title compound

x = 0.05512 x = 0.04050 x = 0.04336 x = 0.02848

cxxxx 3880.136 1876.169 2059.260 1587.109
cyyyy 6.586 5.397 5.585 4.804
czzzz 0.027 �0.075 �0.0616 �0.077
cxxyy �34.754 �13.445 �15.444 �8.635
cxxzz 10.067 7.435 7.439 11.046
cyyzz 1.462 1.249 1.279 1.166
Æcæ 777.417 375.830 412.592 318.292

Table 6
All static c(0;0,0,0) components and Æcæ(0;0,0,0) (·10�37 esu) value for
the title compound

cxxxx cyyyy czzzz cxxyy cxxzz cyyzz Æcæ

970.455 4.471 0.752 �7.462 10.881 1.092 196.940
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ger second hyperpolarizabilites. The fact that we observe
that r donation may not be the only role on c values for
halogens. An alternative model to explain this trend is
based on the p donation ability of halogen atom in the
presence of p accepting ligands. In the Schiff bases, the
valence orbitals of the nitrogen atom are the hybridized
sp2, with the orbitals of the non-bonding pair of electrons
being coplanar with the bonding orbital [35]. This lone-pair
orbital with a comparatively large electron density is mark-
edly polar, and thus aids in the formation of intramolecular
hydrogen bond between the meta hydroxyl group and
nitrogen (O1–H. . .N1). The configuration of the orbitals
and their electron density play an important role in
strengthening the hydrogen bond. Also, the changes in
the strength of the intramolecular hydrogen bonds are
due to the transmission of inductive and resonance effects
from the substituent group to the nitrogen orbital through
a number of intermediate atoms. The effects of hydrogen
bonds on optical properties of the crystal are important
[36]. The magnitudes of static (hyper)polarizabilities are
strongly enhanced by hydrogen bonds. The majority of
molecular crystals with hydrogen bonding tend to enhance
the NLO effects in the crystal structure [37]. So, the hydro-
gen bonds may be employed as NLO functional bonds in
the material designing. With a great possibility the intra-
molecular hydrogen bond of the examined compound here
affects non-zero a and c values in Tables 4–7. Besides, at
the meta position, the NLO behavior is maximum for var-
ious substituents. The Schiff base system studied here has a
donor hydroxy (–OH) group at the meta position. There-
fore, it could be also said that this (–OH) group at the meta

position of the investigated molecule may play important
roles in determining its third-order optical nonlinearity.

5. Conclusions

The title compound has been synthesized for the study
of its third-order optical nonlinearity. The structural char-
acterization has been investigated by X-ray diffraction
measurements. To understand the relationship between
structure–property and NLO, we have extended our study
to compute the OPA wavelengths, linear and second
(hyper)polarizabilities using CI and TDHF methods.
According to the calculation results on the linear optical
behavior, the synthesized molecule is almost transparent
in the visible and near-IR region (450–900 nm). It is espe-
cially essential to know theoretically the frequency-depen-
dence of second hyperpolarizabilities at the laser
frequencies often employed in the THG measurements.
The ab-initio calculated non-zero (hyper)polarizability val-
ues imply that the examined compound might have micro-
scopic third-order NLO behavior.
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