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The  study  of  imine-bridged  organics  has  been  the one  hot  spot  of  photo-responsive  material  sciences
in recent  years.  Herein  we  make  a study  of  the  synthesis,  characteristics  and  potential  application  of  N-
(4-hydroxy-phenyl)-2-hydroxy-benzaldehyde-imine  (HPHBI),  C13H11NO2. The  studied  compound  was
synthesized  in one  step  by the  condensation  reaction  of salicylaldehyde  and  4-aminophenol  in  methanol
solution,  and characterized  by  single  crystal  X-ray  diffraction,  FT-IR  and  FT-Raman  techniques  with  the-
oretical  calculations  at B3LYP/6-31G(d)  level.  The  molecule  adopts  trans  configuration  about  central  C=N
bond  with  intramolecular  hydrogen  bonding,  and  the  adjacent  molecules  form  wave-shaped  structure
ibrational spectra
FT
LO

linked  by  strong  intermolecular  hydrogen  bonding  mechanism  along  b axis.  The  vibrational  spectra  have
been  precisely  assigned  with  the  aid  of  theoretical  frequencies.  Furthermore,  the  thermodynamic  prop-
erties  have  been  obtained  by the  theoretical  vibrational  analysis  for HPHBI.  The  total  linear  polarizability
and  first-order  hyperpolarizabilities  calculated  on the studied  compound  respectively  present  25.378 Å3

and  1.655  × 10−29 cm5/esu,  which  indicates  the  compound  has  relatively  good  nonlinear  optical  property.
. Introduction

Recently, the heterojunction organics have attracted increasing
ttention due to their potential applications in optical com-
unications, optoelectronic materials, biofunctional compounds,

specially, excellent nonlinear optical (NLO) responses [1–7]. As
e know that the heterojunction units are the core structures

f a number of natural products as amine acids, DNA, bioelectric
r photovoltaic materials. Schiff bases have been proved to be a
lass of functionally active compounds. For example, Hadjoudis
t al. have found that some Schiff base compounds exhibit ther-
ochromism or photochromism properties [8].  Ünver et al. have

eported the structural and NLO properties for some imine-bridged
romatic compounds[1,7,9].  Our group has been engaged in the
tudy of the synthesis and NLO properties of a series of imine-
ridged antipyrine derivatives for several years [3–6,10–13].
Generally, organic compounds with aromatic moieties can eas-
ly transport electrons or charges via/among their conjugated
egments to perform photoelectric or NLO effects. Currently, the

∗ Corresponding author. Tel.: +86 25 84303229; fax: +86 25 84315054.
E-mail address: yuxisun@163.com (Y. Sun).

386-1425/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2011.05.003
© 2011 Elsevier B.V. All rights reserved.

organics with electron-donating and electron-withdrawing groups
have been regarded as an interesting kind of NLO compounds better
than inorganic materials [1,14],  wherein, the imine-bridged ben-
zene derivatives have shown high optical nonlinearities. As a result,
these compounds are of considerable current research interest in
the photo-responsive materials in recent years.

As a heterojunction model compound, N-(4-hydroxy-phenyl)-
2-hydroxy-benzaldehyde-imine (HPHBI) (Scheme 1) was  syn-
thesized and characterized by X-ray crystal diffraction, FT-IR,
FT-Raman techniques, furthermore, the thermodynamic and NLO
properties of the studied compound were obtained by theoretical
calculations at B3LYP/6-31G(d) level in this work.

2. Experimental

2.1. Synthesis of the title compound

Most of the chemicals (reagent grade) in this work were pur-
chased from Alfa or Ronghua chemical Corp. and used without

further purification. The title compound was  synthesized in one
step according to the classical condensation of aldehyde and ammo-
nia, and the reaction path is shown in Scheme 1. Salicylaldehyde
and 4-aminophenol with an equal mole ratio were dissolved in

dx.doi.org/10.1016/j.saa.2011.05.003
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:yuxisun@163.com
dx.doi.org/10.1016/j.saa.2011.05.003
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space group of C2/c. So, the molecule packing structure belongs
to the C-face central lattice with one diadaxis along b axis and one
glide reflection plane along c axis (Fig. 2(a)), which is different from
the reported crystal parameters[36]. The crystallographic data and
Scheme 1. Synt

ethanol solution. The reaction mixture was stirred for about an
our under reflux to give an orange clear solution. After allowing
he solution to stand in air for 11 d, orange block-shaped crystals
ad formed at the bottom of the vessel on slow evaporation of the
olvent (yield 84.7%).

.2. FI-IR and FT-Raman measurements

The FT-IR spectra of solid compound was recorded in the range
f 4000–400 cm−1 in evacuation mode with a scanning speed of
0 cm−1 min−1 and a spectral width of 2.0 cm−1 on a Bruker IFS
6V FI-IR spectrometer using KBr pellet technique.

The FT-Raman spectrum of HPHBI was measured on RENISHAM
nVia Raman microscope equipped with a counter current detector
nd a diode laser (785 nm line of Nd-YAG laser as excitation wave-
ength) in the region 4000–100 cm−1 with a spectral resolution of
.0 cm−1 in the backscattering configuration.

.3. X-ray determination

A suitable single crystal was attached to a glass fiber. Data were
ollected at 295(2) K on a Bruker AXS SMART APEX area-detector
iffractometer (Mo  K� radiation, � = 0.71073 Å) with SMART [15]
s a driving software; data integration was performed by SAINT-
lus software [16] with multiscan absorption correction applied
sing SADABS [17]. The crystal structure was solved by a direct
ethod based on difference Fourier and refined by least squares on

2 with anisotropic displacement parameters for non-H atoms. All
f H atoms attached to C/O were placed in calculated positions. All
he calculations to solve the structure, to refine the proposed model,
nd to obtain the derived results were carried out with the com-
uter programs of SHELXS-97 [18], SHELX-L97 [18] and SHELXTL
19]. Full use of CCDC package was also made for searching in the
SD database.

. Theoretical

In this work, the quantum chemical study was used to make
efinite assignments for the fundamental normal modes, and to
larify the experimental FT-IR and FT-Raman spectral bands, and
o give additional thermodynamic functions and nonlinear optical
roperties for the title compound.

For meeting the requirements of accuracy and economy, the
heoretical method and basis set should be considered firstly. The
ensity functional theory (DFT) has been proved to be extremely
seful in treating electron relativities, and the basis set of 6-31G(d)
as been used as a very effective and economical level for many
rganic molecules [20]. Based on the points, the density functional
ecke3–Lee–Yang–Parr (DFT/B3LYP) with standard 6-31G(d) basis
et was adopted to compute the properties of the studied com-
ound in this work. All the calculations were performed using
aussian 03W program package [21] with the default convergence
riteria.

For the investigated molecule, the initial geometrical configura-

ion was generated from its X-ray diffraction (XRD) crystallographic
ata, and the optimized geometry corresponding to the minimum
n the potential energy surface was obtained by solving self-
onsistent field equation iteratively without any constraints. The
oute for HPHBI.

harmonic vibrational frequencies were analytically calculated by
taking the second order derivative of energy using the same level
of theory. Normal coordinate analysis was performed to obtain
full description of the molecular motion pertaining to the normal
modes using the GaussView program [22]. Simultaneously, the sta-
tistical thermodynamic functions were theoretically predicted by
the harmonic frequencies of the optimized structures for the title
compound.

The Raman scattering activities (Si) calculated by Gaussian 03W
program were suitably converted to relative Raman intensities (Ii)
using the following relationship derived from the basic theory of
Raman scattering stated in previous Refs. [23,24]:

Ii = f  (v0 − vi)
4Si

vi

[
1 − exp(−hcvi/kT)

] (1)

where v0 is the exciting frequency (in cm−1 units), vi is the vibra-
tional wavenumber of the ith normal mode, h, c and k are universal
constants, and f is the suitably chosen common scaling factor for all
the peak intensities.

The nonlinear optical (NLO) properties can be obtained by the
previously stated methods [13,25–35].  In this work, using the x, y,
z components, the total static dipole moment (�0), linear polariz-
ability (˛0) and first-order hyperpolarizability (ˇ0) are calculated
by the following equations defined in previous Refs. [13,31–34]:

�0 =
√

�2
x + �2

y + �2
z (2)

˛0 = ˛xx + ˛yy + ˛zz

3
(3)

ˇ0 =
√

(ˇxxx + ˇxyy + ˇxzz)2 + (ˇyyy + ˇxxy + ˇyzz)2 + (ˇzzz + ˇxxz + ˇyyz)2 (4)

4. Results and discussion

4.1. Geometric structure

The molecular structure of HPHBI with the atom-numbering
scheme is shown in Fig. 1. X-ray single crystal structure determina-
tion indicates the cell structure of the title compound contains eight
independent structural units belonging to monoclinic system with
Fig. 1. The molecular structure of HPHBI. The displacement ellipsoids are plotted at
the  30% probability level.
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Table 2
Selected bond lengths (Å), bond angles (◦) and torsion angles (◦) for HPHBI.

Compound Experimental Theoretical

Bond length (Å)
O1–C1 1.316 (3) 1.342
O2–C11 1.353 (4) 1.367
N1–C8 1.416 (4) 1.407
N1–C7 1.288 (4) 1.293
C1–C6 1.422 (4) 1.424
C1–C2 1.385 (4) 1.403
C2–C3 1.359 (5) 1.389
C3–C4 1.391 (6) 1.404
C4–C5 1.366 (6) 1.386
C5–C6 1.397 (5) 1.409
C6–C7 1.422 (4) 1.450
C8–C13 1.380 (4) 1.406
C8–C9 1.393 (4) 1.404
C9–C10 1.373 (4) 1.393
C10–C11 1.387 (4) 1.399
C11–C12 1.390 (4) 1.400
C12–C13 1.372 (4) 1.388
Bond angles (◦)
C7–N1–C8 126.4 (2) 121.7
O1–C1–C6 120.5 (2) 122.1
C2–C1–C6 118.6 (2) 119.4
O1–C1–C2 120.9 (2) 118.5
C1–C2–C3 121.3 (3) 120.3
C2–C3–C4 121.0 (3) 121.0
C3–C4–C5 119.0 (4) 119.1
C4–C5–C6 121.6 (3) 121.4
C5–C6–C7 120.8 (3) 119.7
C1–C6–C7 120.7 (2) 121.5
C1–C6–C5 118.6 (3) 118.8
N1–C7–C6 122.4 (2) 122.5
C9–C8–C13 118.6 (3) 118.4
N1–C8–C9 124.0 (2) 123.9
N1–C8–C13 117.4 (2) 117.7
C8–C9–C10 120.6 (2) 120.7
C9–C10–C11 120.4 (2) 120.2
O2–C11–C12 117.8 (2) 117.5
O2–C11–C10 123.0 (2) 122.8
C10–C11–C12 119.2 (3) 119.7
C11–C12–C13 119.9 (2) 119.8
C8–C13–C12 121.3 (2) 121.2
Torsion angles (◦)
C8–N1–C7–C6 176.5(3) 177.3
ig. 2. Neighboring molecular diagrams of HPHBI: (a) molecular packing viewed
long b axis, (b) hydrogen-bonding viewed along c axis.

xperimental details for the studied compound are summarized in
able 1.

The selected bond lengths, bond angles and torsion angles are
isted in Table 2. In the compound, the N1–C7 distance of 1.288
4) Å is consistent with the corresponding values in similar Schiff’s
ase ligands [1,4,5,13,37]. The imine-bridged benzene rings form

n effective torsion angles of 14.9 (4)◦, which is slightly more than
he values of the imine-bridged ring torsion angles of antipyrine
chiff base compounds [4,5,13].

able 1
rystallographic and experimental data for HPHBI.

Compound C13H11NO2

Formula weight 213.23
Color/shape Orange/Block
Crystal structure Monoclinic
Space group C2/c
Cell parameters
a (Å) 13.338 (2)
b  (Å) 12.985 (2)
c  (Å) 13.824 (2)
ˇ(◦) 115.105 (2)
V (Å3) 2168.1 (6)
Z  8
Density(g/cm3) 1.307
� Range for date collection(◦) 2.3–23.0
�max(◦) 25.5
Index ranges −16 ≤ h ≤ 16; −15 ≤ k ≤ 15; −16 ≤ l ≤ 16
Measured reflections 7975
Independent reflections 2015
Reflections with I > 2�(I) 1460
��max, ��min (e Å−1) 0.66, −0.15
(�/�)max 0.0001
CCDC 808948
C7–N1–C8–C13 169.0(3) 150.7
C5–C6–C7–N1 −178.9(3) 179.6

There are two types of strong hydrogen-bonds in the molecular
packing diagram (Table 3 and Fig. 2(b)). The intramolecular hydro-
gen bonding of O1–H1.  . .N1 is helpful to strengthen the stability of
the molecular structure and the intermolecular hydrogen bonding
of O2–H2.  . .O1i (i: 1/2 − x, −1/2 + y, 1/2 − z) is helpful to connect
the adjacent molecules to form a one-dimensional wave-structural
supermolecular structure along b axis. Therefore, the hydrogen
bonds of the compound play important roles in the molecular and
crystal stabilities.

The theoretical parameters for HPHBI optimized at B3LYP/6-
31G(d) level are also listed in Table 2. It is observed that the
experimental and theoretical geometric parameters are not com-

pletely identical owing to the fact that the molecular geometry in
the gaseous phase is different from the one in the solid phase [38].
The optimized bond lengths are mostly longer than the experimen-
tal values agreeing within 0.030 Å and the optimized bond angles

Table 3
Hydrogen-bond parameters for HPHBI.

Hydrogen bonding D–H(Å) H. . .A(Å) D. . .A(Å) D–H. . .A(◦)

O1–H1.  . .N1 0.800 1.840 2.553 (3) 148.00
O2–H2.  . .O1i 0.810 1.850 2.660 (3) 174.00

Symmetry codes: (i) 1/2 − x, −1/2 + y, 1/2 − z.
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re slightly different from the experimental data disagreeing within
.7◦.

Although there are some differences between experimental
nd theoretical values, they are generally accepted that geomet-
ic parameters depend upon the method and the basis set used in
he calculations, and the optimized structure can used as base to
alculate other properties for the compound.

.2. Vibrational spectral analysis

The studied molecular structure belongs to C1 point group. The
olecule has 27 atoms and 75 normal modes of fundamental vibra-

ions. All the 75 fundamental vibrations with their mode numbers
re obtained by theoretical calculation. According to the motion of
he individual atoms with the aid of GaussView 3.0 software [22],
he detailed vibrational spectral assignments have been given in
able 4 with theoretical vibrations scaled by the factor of 0.9614
or B3LYP method [39].

The IR and Raman spectra of the title compound are shown in
igs. 3 and 4, respectively. On the whole, the infrared features are
ore complicated than the Raman spectra for the studied com-

ound. A detailed spectral analysis is given below in the present
ork.

.2.1. C–H vibrations
The aromatic C–H stretching vibration shows in the region

100–3000 cm−1, which is a typical vibration region for character-
zation of the aromatic compounds [40,41].  In the present case, the
caled C–H stretching vibrations region at 3098–3046 cm−1 (mode
os. 74-66) by B3LYP/6-31G(d) method are in excellent agreement
ith the FT-IR band observed at 3047 cm−1. In this region, the

nvolvement of the substitution has not much impact on the vibra-
ion of the aromatic C–H stretching.

The aromatic C–H in-plane bending vibration occurs in the range
f 1290–900 cm−1 and the out-of-plane bending vibration shows in
he frequency range of 999–755 cm−1 in the substituted benzene
ompounds [40,41]. For the studied compound, a number of the
alculated C–H in-plane bending vibrations (mode nos. 50, 47 and
4-40) lie in the range of 1282–1020 cm−1, which are closed to
xperimental FT-IR bands at 1244, 1161, 1026 cm−1 and FT-Raman
ands at 1255, 1143, 1100, 1045 cm−1. The C–H out-of-plane bend-

ng vibrations are theoretically found at 943–738 cm−1 (mode nos.
7-33, 31-30, 27-25), which also shows good agreements with
he observed values of 852, 766 and 744 cm−1 in FT-IR and 770,
37 cm−1 in FT-Raman.

.2.2. Ring vibrations
The benzene ring C=C stretching vibrations generally appear in

he special region of 1650–1450 cm−1 [38]. In this work, the very
trong bands observed at 1593, 1531, 1487, 1463 cm−1 in FT-IR and
iddle to strong bands at 1596, 1525, 1357 cm−1 in FT-Raman are

ssigned to the aromatic C=C stretching vibrations, which are good
oherence with theoretically calculated data at 1618–1322 cm−1

mode nos. 63-56, 53-52). Generally, these modes are accompanied
ith the combination of the C–H in-plane bending vibrations.

The observed bands of 667, 574, 548 and 479 cm−1 in FT-IR
pectrum are assigned to C–C–C deformation vibrations of the
henyl rings. And the frequencies of 582 and 476 cm−1 in FT-Raman
pectrum belong to the same vibrations. The theoretically com-
uted C–C–C deformation vibrations show good agreements with
ecorded spectral data.
The No. 1 ring breathing calculated at 625 cm−1 (mode no. 21)
orrelates excellently with the observed bands of 620 cm−1 in FT-
R and 630 cm−1 in FT-Raman. The same mode for the No. 2 ring
t 843 cm−1 (mode no. 32) is also satisfactorily coinciding with the
 Part A 79 (2011) 1475– 1482

frequency of 852 cm−1 in FT-IR and 849 cm−1 in FT-Raman. These
results are exactly consistent with reported values [40,42].

4.2.3. C–N vibrations
In general, the ready identification of C–N vibration is a really

difficult task, because the mixing of several bands is possible in
these regions. However, the C–N stretching assignments are iden-
tified by the animation application of GaussView 3.0 graphical
interface for Gaussian output file. In the present work, a very strong
band at 1633 cm−1 in FT-IR spectrum (1625 cm−1 in FT-Raman) is
assigned to C=N stretching vibration, which matches the calculated
value at 1621 cm−1 (mode no. 64). The theoretically predicted value
(mode no. 46) at 1176 cm−1 is attributed to C–N stretching vibra-
tion with C6–C7 stretching vibration, which also goes well with
the experimental value at 1224 cm−1 in FT-IR and 1143 cm−1 in
FT-Raman. All these results are nearer to the data reported by Ilic
[43].

4.2.4. O–H vibrations
The reported in-plane O–H bending leads to a medium to

strong band in the region of 1440–1260 cm−1[41]. In this work,
The O–H in-plane bending vibration is mixed with other vibrations
such as C–H in-plane bending, C–C stretching vibration and C–N
stretching vibration. The calculated frequencies at 1568, 1416, and
1213 cm−1 (mode nos. 60, 55, and 47) belong to in-plane O–H  bend-
ing vibrations of No. 1 ring, and the calculated frequencies of 1328,
1162 cm−1 (mode nos. 53, 45) are ascribed to in-plane O–H bend-
ing vibrations of No. 2 ring. Because of the effects of intramolecular
and intermolecular hydrogen bonds, the strong peaks observed at
1593, 1418, 1161 cm−1 in FT-IR (1579, 1255 cm−1 in FT-Raman)
spectrum and the weak band at 1307, 1118 cm−1 in FT-IR spec-
trum are respectively assigned to in-plane O–H bending vibrations
of No. 1 and No. 2 rings, respectively. As expected, the theoretical
and experimental values show very good agreements.

The O–H out-of-plane bending band of No. 1 ring computed at
783 cm−1 (mode nos. 29, 28) slightly deviates from the observed
band at 801 cm−1 in FT-IR, and it is higher than the literature value
of 710–570 cm−1 [41]. This difference is due to the presence of
intramolecular hydrogen bonding.

For isolated phenols, it has been shown that the frequency
of O–H stretching vibration in the gas phase is about 3657 cm−1

[44,45]. In our case, the experimental wavenumber of 2924 cm−1 is
assigned to O1–H stretching absorption due to the intramolecular
hydrogen bonding effect, which is corresponding to the calculated
value at 3058 cm−1(mode no. 68). Comparing with the theoreti-
cal value of 3607 cm−1 (mode no. 75), a broad absorption peak
observed at 3446 cm−1 ascribed to the O2–H stretching vibration is
the evidence for the existence of intermolecular hydrogen bonds,
which shows excellent agreements with literature data [44,46]. In
addition, the hydrogen bonding results are also confirmed by a
series of spectroscopic study of hydrogen bonds reported by Harold
et al. [47].

5. Thermodynamic properties

On the basis of vibration analyses obtained by the frequency
calculation at B3LYP/6-31G(d) level, the standard statistical ther-
modynamic functions, viz., heat capacities (C	

p,m), entropies (S	
m )

and enthalpies (�H	
m ) were obtained and listed in Table 5. The scale

factor for frequencies is still 0.9614.
As seen from Table 5, all the values of heat capacities (C	

p,m),

entropies (S	

m ) and enthalpies (�H	
m ) are increasing with temper-

atures ranging from 200.0 to 600.0 K, which is attributed to the
enhancement of the molecular vibration while the temperature
increases. The empirical correlations between the thermodynamic
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Table 4
Experimental and calculated vibrational frequencies and approximate assignments for HPHBIa,b.

Mode Experimental Theoretical Approximate assignments

nos. IR Raman Freq.b IIR Sact

1 37 0.5 12.1 �Lattice
2  46 0.2 1.7 �Lattice
3  67 0.3 2.5 �Lattice
4  117w 123 0.5 3.4 �Lattice
5 145w 179  0.6 2.5 �Lattice
6  212m 211 0.1 13.4 �C11O2+�C7N1
7 239w 214 1.4 18.5 �C1O1+�C7N1
8  277 0.4 1.0 �C7N1
9 341s 314  2.7 19.3 �C6C7N1
10  344 122.0 4.0 �O2H
11 444w 371 7.5 12.8 �N1C8+�R2
12 396 2.5 2.8 �O2H
13 476s 411 3.0 17.4 �C-C-C of R2
14 453vw 437 7.1 0.6 �C1O1
15  455 1.4 2.5 �C-C-C of R1+�CH of R1
16 479 2.0 3.1 �C-C-C of R1,2
17 479m 501 19.9 0.2 �C-C-C of R2 +�CH of R2
18 525w 543m 524 15.8 3.9 �N1C8 + �CH of R2
19 548w 541 1.5 1.4 �C-C-C of R1
20 574w 582m 553 2.2 10.1 �C-C-C of R1
21 620vw 630m 625 3.2 3.6 �R1
22 667vw 633 1.4 8.6 �C-C-C of R2
23 693 2.6 3.4 �C-C-C of R2
24 712 0.5 3.0 �C-C-C of R1
25 744m 737w 738 63.2 3.8 �CH of R1
26 770s 756 6.0 52.7 �CH of R2+
C5-C6 of R1
27 766m 776 17.2 8.0 �CH of R2
28 783 69.5 0.8 �O1H
29  801vw 789 21.4 16.3 �C-C-C of R2+�CH of R2+�O1H
30  818 48.6 2.4 �CH of R2
31 837 0.1 4.6 �CH of R1
32 837vw 849ms 843 4.9 41.7 �R2+ �C-C-C of R1
33 852vw 882 10.0 4.0 �CH of R2
34 895 3.3 9.4 �CH of R2
35 903 1.1 5.0 �CH of R1
36 926 0.6 4.3 �CH of R2
37 943 0.3 0.1 �CH of R1
38 904w 1018w 963 7.4 54.9 �C7H
39 989  0.4 0.9 �R2+�CH of R2
40 1045s 1020 3.9 49.7 �CH of R1+
C-C of R1
41 1026w 1100m 1091 14.5 0.9 �CH of R2+
C-C of R2
42 1103 7.4 1.6 �CH of R1+
C-C of R1
43 1142 31.1 32.1 �CH of R1
44 1143m 1152 29.2 391.4 �CH of R2
45 1118w 1162 141.6 19.4 �O2H+
C-C of R2+�CH of R2
46 1141vs 1165m 1176 135.6 683.3 
N1C8+
C6C7
47 1161w 1255ms 1213 12.6 193.0 �CH of R1+�O1H
48 1232 1.8 29.0 �C7H+
C-C of R1+�CH of R1
49 1224ms 1279m 1262 152.6 24.6 
C11O2+
C-C of R2+�CH of R2
50 1244s 1282 6.5 31.9 �CH of R2+
C-C of R2
51 1276s 1307m 1288 60.8 5.9 
C1O1 +�C7H+�CH of R1,2
52 1357vs 1322 0.1 239.5 
C-C of R1+�CH of R1
53 1307s 1328 90.1 43.9 
C-C of R2+�CH of R2+�O2H
54  1371w 1371ms 1358 11.8 206.8 �C7H
55  1418w 1416 47.7 81.1 �O1H +�CH of R1
56 1430 20.3 13.5 
C-C of R2+�CH of R2
57 1463vs 1514w 1456 68.5 922.7 
C-C of R1+
C1O1
58  1487m 1489 66.5 52.8 
C-C of R1+�CH of R1
59 1531ms 1525s 1500 163.3 467.2 
C-C of R2+�CH of R2
60 1593s 1579w 1568 48.5 1495.7 
C-C of R1+
C=N +�O1H
61  1579 13.3 0.5 
C-C of R2
62 1616w 1596ms 1597 33.8 3050.8 
C-C of R2
63 1618 19.3 27.2 
C-C of R1+
C=N +�O1H
64  1633vs 1625s 1621 315.8 692.5 
C=N+
C-C of R1,2
65 2855vw 2942 53.1 37.3 
C7H
66  3046 43.5 121.6 
CH of R2
67 3052 51.4 66.3 
CH of R1
68 2924vw 3058 379.6 83.3 
O1H+
CH of R1
69 3068 0.6 88.7 
CH of R1
70 3081 7.0 53.6 
CH of R2
71 3082 2.7 55.2 
CH of R2
72 3047w 3088 22.6 170.5 
CH of R1
73 3095 20.8 290.2 
CH of R1
74 3098 8.2 180.2 
CH of R2
75 3446b 3607 66.3 250.5 
O2H

a Mode numbers are extracted from the output result of the B3LYP calculation;
b B3LYP scaled wavenumbers (cm-1). IRint: IR intensity (Kmmol-1); Sact: Raman scattering activity (Kmmol-1). s, strong; vs, very strong; m, medium; ms, medium strong;

w,  weak; vw, very weak; b, broad; R, ring (R1: C1∼C6, R2: C8∼C13); �, in-plane bending; �, out-of-plane bending; �, puckering; �, breathing; �, wagging; 
,  stretching.
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Fig. 3. IR spectra of HNBDI: (a)

Table 5
The thermodynamic parameters of HPHBI at different temperatures.

Temperature (K) C�
p,m (J/mol/K) S�

m (J/mol/K) �H�
m (kJ/mol)

200.0 158.02 405.31 18.19
250.0 195.97 444.64 27.04
298.2 232.15 482.26 37.35
300.0 233.52 483.70 37.78
350.0 269.22 522.41 50.36
400.0 302.15 560.54 64.65
450.0 331.94 597.88 80.52
500.0 358.57 634.26 97.80
550.0 382.29 669.56 116.33
600.0  403.42 703.75 135.98

Fig. 4. Raman spectra of HNBDI: (
 observed, (b) calculated.

parameters and temperatures are as follows (all the fitting factors
are all beyond 0.999):

C	
p,m = −30.6562 + 1.0426T − 5.3022 × 10−4T2 (5)

S	
m = 258.8241 + 0.7481T (6)
�H	
m = −4.14540 + 0.0473T + 3.1165 × 10−4T2 (7)

All the thermodynamic data provide helpful information to fur-
ther study on the title compound in the thermodynamic field.

a) observed, (b) calculated.
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Table 6
The calculated electric dipole moments (Debye), static polarizability components (a.u.), first hyperpolarizability components (a.u.) of HPHBI.

�x �y �z ˛xx ˛yy �zz ˇxxx ˇxxy

0.44 −1.31 0.04 310.0 145.9 58.4 −1897.2 −214.1 
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Fig. 5. Surfaces of FMOs for the studied molecule.

. NLO properties

It is an important and inexpensive way to evaluate the NLO
roperties of materials by theoretical calculations. In order to
nderstand the microscopic NLO mechanism of the title compound,
e have applied Gaussian 03W program [21] to calculate electric
ipole moment (�), static polarizability (˛) and first hyperpolar-

zability (ˇ) components. All the calculated results were listed
n Table 6. Then, the total static dipole moment (�0), average
inear polarizability (˛0) and first-order hyperpolarizability (ˇ0)
an be obtained by the calculations of the formula (2),  (3) and
4).  The corresponding values of �0, ˛0 and ˇ0 are 1.379 Debye,
5.378 Å3 and 1.655 × 10−29 cm5/esu, respectively. The ˛0 and ˇ0
alue of the investigated compound are all higher than those of
rea (˛0 = 3.8312 Å3, ˇ0 = 3.7289 × 10−31 cm5/esu). Theoretically,
he first-order hyperpolarizability of the investigated compound is
4.4 times magnitude of urea, which is also larger than the values
eported previously [3,32,35,48,49]. That is to say, the compound
robably is a good candidate of NLO materials.

Many previous research works have indicated that the fron-
ier molecular orbitals (FMOs) have significant effect on material
LO properties. In quest of the NLO characteristics, the surfaces of
OMO and LUMO of the studied molecule were shown in Fig. 5. We
an see that the FMOs are composed of atomic p-electron orbitals
nd their electron clouds are easily polarized, which should be
esponsible for the NLO properties of the compounds.

. Conclusions
In the present work, the studied compound was  synthesized
n one step by the condensation reaction of salicylaldehyde and
-aminophenol in methanol solution. The crystal structure is con-
rmed by a single crystal XRD technique. The molecule adopts
ˇxyy ˇyyy ˇxxz ˇxyz ˇyyz ˇxzz ˇyzz ˇzzz

6.6 −85.5 −119.6 −60.9 −17.8 4.9 −10.0 0.2

trans configuration about central C=N bond with intramolecular
hydrogen bonding, and the adjacent molecules form wave-shaped
structure linked by strong intermolecular hydrogen bonding mech-
anism along b axis. The FT-IR and FT-Raman spectral bands are
precisely assigned to its molecular structure with the aid of the
theoretical calculations at B3LYP/6-31G(d) level, in which the
experimental and theoretical results support each other. Further-
more, theoretical calculations give the thermodynamic and NLO
properties for the compound. The total linear polarizability and
first-order hyperpolarizabilities calculated respectively present
25.378 Å3 and 1.655 × 10−29 cm5/esu, which imply that the title
compound might become a kind of good NLO material.
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