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Abstract

Three conjugated molecules’, 4-phenylethynyl-4#-[N,N-diethylamino]azobenzene (3a), 4-phenylethynyl-4#-{[N-ethyl-N-(2-

hydroxyethyl)]amino}azobenzene (3b), and 4-phenylethynyl-4#-[N,N-di(2-hydroxyethyl)amino]azobenzene (3c), nonlinear optical
properties were determined using Z-scan technique with 532 nm, 8 ns laser pulses. The results indicate that these compounds possess
large nonlinear optical absorptions, which are attributed to the long p-conjugation structure owing to the substituent of

phenylethynyl group. The nonlinearity increases with an increase in the number of hydroxyl group, due to the regular arrangement
induced by the strong hydrogen bond interaction between hydroxyl groups of molecules. Their nonlinearity enhancement
mechanism was studied by FT-IR spectroscopy.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Conjugated organic nonlinear optical (NLO) materials
are drawing steady attention because of their wide
applications in various fields such as optical communi-
cation, optical data storage, optical information pro-
cessing, and optical limiting [1]. During the past two
decades, many organic materials such as azobenzene,
porphyrins, phthalocyanines, polydiacetylenes and poly-
acetylenes have been synthesized [2e10].

To enhance the application viability of the conjugated
organic NLO materials in optoelectronic and photonic
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devices, a collective effort from physicists, chemists and
material scientists is currently in progress to understand
the fundamental relationship between optical response
and molecular structure. Schuling found that the third-
order nonlinear optical susceptibility (g) of a molecule
depends on ge

0, a term related to the movement of
electron, and b, the second-order nonlinear optical
susceptibility of the molecule [11]. Rustagi and Ducuing
discovered that in p-conjugated organic compounds,
electrons could move in large molecular orbitals that
result from the linear superposition of the carbon Pz

atomic orbitals, leading to very high c(3) [12]. The third-
order nonlinear optical susceptibility increases with the
conjugation length of a molecule. It is widely accepted
that c(3) changes with energy gap between the highest
occupied (HOMO) and the lowest unoccupied (LUMO)
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molecular orbitals. Specifically, theoretical considera-
tions predict for one-dimensional conjugated systems
with extended p-electron delocalization [13]: c(3)f Eg

�n

and Prasad presented nZ 6, which is drawn from the
study of one-dimensional conjugated polydiacetylene
systems [14]. Many chemists and material scientists have
utilized the hydrogen bond to give the bigger third-
order nonlinear optical materials [15e19]. However, the
effective degree of hydrogen bond on the NLO proper-
ties, to our knowledge, has not been investigated.

In this work, we investigated three long conjugated
substituted azobenzenes containing phenylethynyl group,
namely, 4-phenylethynyl-4#-[N,N-diethylamino]azoben-
zene, 4-phenylethynyl-4#-{[N-ethyl-N-(2-hydroxyethyl)]-
amino}azobenzene, 4-phenylethynyl-4#-[N,N-di(2-hydroxy-
ethyl)amino]azobenzene (Scheme 1) that differ only in the
number of hydroxyl groups in order to investigate the
effect of hydrogen bond on the NLO properties.

2. Experimental

2.1. Materials and measurements

Phenylacetylene was purchased from Fluka and
distilled from calcium hydride under reduced pressure
before use. PdCl2(PPh3)2, N-ethylaniline, N,N-diethyl-
aniline and 4-bromoaniline were purchased from Al-
drich. FT-IR spectra were recorded as KBr pellets on
a Nicolet 170SX Spectrometer. 1H and 13C NMR
spectra were collected on an AVANCE/DMX-
500 MHz Bruker NMR Spectrometer. UVevis spectra
were recorded on a Shimadzu UV-265 Spectrometer
using a 1-cm square quartz cell. Elementary analyses
were conducted on Elementar Vario EL-III elementary
analysis apparatus. Melting points (mp) were measured
on a Yanaco micro melting point apparatus.
The third-order nonlinear optical properties were
investigated using the Z-scan technique [20]. In our
experiment, a THF solution of the compound was
placed in a 2-mm quartz cell. The optical response of the
sample was measured with a Q-switched ns/ps Nd:YAG
laser system continuum (lZ 532 nm, pulse width
tZ 8 ns). The relation between the normalized trans-
mittance T(z) and z position was obtained by moving
the samples along the axis of the incident beam
(z direction) with respect to the focal point. The incident
and transmitted energies were detected simultaneously by
an energy meter (Laser Precision Corporation Rjp-735).
The input energy was 180 mJ.

2.2. Synthesis

2.2.1. N-Ethyl-N-(2-hydroxylethyl)aniline (1b)
A mixture of 15 mL (0.225 mol) of 2-chloroethanol,

19 mL (0.15 mol) of N-ethylaniline, 50 mL of distilled
water and 15 g (0.15 mol) of CaCO3 was refluxed for
20 h. The mixture was then filtered and the filtrate
was saturated with NaCl and extracted with acetic ether.
The organic layer was dried with anhydrous magnesium
sulfate and concentrated. The crude product was
distilled under reduced pressure to give a pale yellow
viscous oil (122e124 �C/2 mmHg). Yield: 67% (16.6 g).
1H NMR (500 MHz, CDCl3), d (ppm): 1.15 (3H, t,
JZ 7.1 Hz, CH2CH3), 1.78 (1H, s, OH ), 3.41 (2H, q,
CH2CH3), 3.46 (2H, t, JZ 5.5 Hz, CH2CH2OH), 3.78
(2H, t, CH2CH2OH), 6.72 (1H, dd, JZ 7.1 Hz, 4-H),
6.78 (2H, d, JZ 7.8 Hz, 2- and 6-H), 7.23 (2H, dd,
3- and 5-H). FT-IR (KBr), n (cm�1): 3341 (eOH), 2969
(eCH3), 2873 (eCH2), 1597 (eAr).

2.2.2. N,N-Di(2-hydroxyethyl)aniline (1c)
This was prepared as above from aniline. The crude

product was distilled under reduced pressure to give
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Scheme 1. Synthetic route and serial number of hydrogen atom of benzene ring in 2 and 3.
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a pale yellow viscous oil (178e184 �C/2 mmHg). Yield:
55%. 1H NMR (500 MHz, DMSO), d (ppm): 3.39 (4H,
t, JZ 5.4 Hz, CH2CH2OH), 3.52 (4H, t, CH2CH2OH),
4.72 (2H, s, OH ), 6.53 (1H, dd, JZ 7.2 Hz, 4-H), 6.66
(2H, d, JZ 8.2 Hz, 2- and 6-H), 7.12 (2H, dd, 3- and
5-H). FT-IR (KBr), n (cm�1): 3328 (eOH), 2945, 2882
(eCH2), 1597 (eAr).

2.2.3. 4-Bromo-4#-[(N,N-diethyl)amino]-
azobenzene (2a)

4-Bromoaniline (3.5 g, 20 mmol) was dissolved in an
iceewater solution of sodium nitrite (1.36 g, 20 mmol).
After cooling to 0 �C, the solution was added to conc.
hydrochloric acid (8 mL) and stirred for 30 min. Then
the mixture was added dropwise to 400 mL aqueous
buffer solution of acetic acidesodium acetate (pHz 6)
containing 3.7 g N,N-diethylaniline (21 mmol) and
stirred for 2 h at 0e5 �C. The resulting precipitate was
filtered and rinsed with water twice. The crude product
was recrystallized from ethanolepetroleum ether twice
to give yellow crystals with 85% yield (5.6 g). 1H NMR
(500 MHz, CDCl3), d (ppm): 1.24 (6H, t, JZ 7.1 Hz,
CH2CH3), 3.46 (4H, q, CH2CH3), 6.73 (2H, d,
JZ 7.7 Hz, 1-H), 7.58 (2H, d, JZ 8.5 Hz, 4-H), 7.71
(2H, d, 3-H), 7.85 (2H, d, 2-H) (the serial number of
hydrogen atom of benzene ring is given in Scheme 1).
FT-IR (KBr), n (cm�1): 2974 (eCH3), 2945, 2882
(eCH2), 1595 (eAr).

2.2.4. 4-Bromo-4#-[N-ethyl-N-(2-hydroxyethyl)amino]-
azobenzene (2b)

This was prepared as above from N-ethyl-N-(2-
hydroxyethyl)aniline. The product was yellow crystal.
Yield: 81%. 1H NMR (500 MHz, CDCl3), d (ppm):
1.24 (3H, t, JZ 7.1 Hz, CH2CH3), 1.63 (1H, s, OH ),
3.54 (2H, q, CH2CH3), 3.59 (2H, t, JZ 5.5 Hz,
CH2CH2OH), 3.87 (2H, t, CH2CH2OH), 6.81 (2H, d,
JZ 8.8 Hz, 1-H), 7.59 (2H, d, JZ 8.6 Hz, 4-H), 7.71
(2H, d, 3-H), 7.85 (2H, d, 2-H). FT-IR (KBr), n (cm�1):
3346 (eOH), 2949 (eCH3), 2882 (eCH2), 1598 (eAr).

2.2.5. 4-Bromo-4#-[(N,N-dihydroxyethyl)amino]-
azobenzene (2c)

This was prepared as above from N,N-di-(2-hydroxy-
ethyl)aniline. The product was yellow piece crystal.
Yield: 83%. 1H NMR (500 MHz, DMSO), d (ppm):
3.55 (4H, t, JZ 5.5 Hz, CH2CH2OH), 3.60 (4H,
t, CH2CH2OH), 4.84 (1H, s, OH ), 6.86 (2H, d,
JZ 9.1 Hz, 1-H), 7.70 (2H, d, JZ 8.9 Hz, 4-H), 7.76
(2H, d, 3-H), 7.85 (2H, d, 2-H). FT-IR (KBr), n (cm�1):
3280 (eOH), 2945, 2882 (eCH2), 1597 (eAr).

2.2.6. 4-Phenylethynyl-4#-[N,N-di(2-ethylamino)]-
azobenzene (3a)

Under nitrogen, 49 mg (0.07 mmol) PdCl2(PPh3)2,
7 mg (0.036 mmol) CuI and 2.4 g (7 mmol) 4-bromo-4#-
[N,N-(diethyl)amino]azobenzene were dissolved in 10 mL
Et3N and 25 mL THF. To this solution 0.86 mL
(8.4 mmol) phenylacetylene was added and the resultant
mixture was refluxed for 3 h. After cooling to room
temperature, the precipitate in the mixture was filtered.
The filtrate was concentrated and redissolved in THF and
the THF solution was added dropwise into ethanol under
stirring. The dissolutioneprecipitation process was re-
peated three times and the finally isolated precipitant was
filtered to give 2.2 g red solid (yield 90%). TmZ 190e
192 �C. Elem. Anal. Calcd for C18H19N3: C, 81.59; H,
6.52; N, 11.90. Found: C, 81.29; H, 6.53; N, 12.18.
1H NMR (500 MHz, CDCl3), d (ppm): 1.25 (6H, t,
JZ 7.0 Hz, CH2CH3), 3.47 (4H, q, CH2CH3), 6.73 (2H,
d, JZ 8.3 Hz, 1-H), 7.36 (1H, dd, JZ 5.2 Hz,
7-H), 7.37 (2H, t, JZ 6.7 Hz, 6-H), 7.55 (2H, d, 5-H),
7.62 (2H, d, JZ 8.1 Hz, 4-H), 7.83 (2H, d, 3-H), 7.87
(2H, d, 2-H) (the serial number of hydrogen atom of
benzene ring is given in Scheme 1). 13C NMR (125 MHz,
CDCl3), d (ppm): 13.5 (CH2CH3), 45.5 (CH2CH3), 90.5,
91.8 (C^C), 111.8, 123.0, 124.1, 124.6, 126.3, 129.1,
132.4, 132.8, 133.1, 144.0, 151.2, 153.5 (Ph). FT-IR
(KBr), n (cm�1): 2973 (eCH3), 2892 (eCH2), 1598 (eAr).

2.2.7. 4-Phenylethynyl-4#-{[N-ethyl-N-
(2-hydroxyethyl)]amino}azobenzene (3b)

This was prepared as above from 4-bromo-4#-{[N-
ethyl-N-(2-hydroxyethyl)]amino}azobenzene. The crude
product was recrystallized from ethanolepetroleum
ether twice to give deep-red crystals with 86% yield.
TmZ 221e223 �C. Elem. Anal. Calcd for C18H19N3: C,
78.05; H, 6.23; N, 11.38. Found: C, 77.52; H, 6.18; N,
11.32. 1H NMR (500MHz, DMSO), d (ppm): 1.15 (3H, t,
JZ 7.0 Hz, CH2CH3), 3.50 (2H, q, CH2CH3), 3.52 (2H,
t, JZ 5.7 Hz, CH2CH2OH), 3.61 (2H, t, CH2CH2OH),
4.82 (1H, s, OH ), 6.85 (2H, d, JZ 8.8 Hz, 1-H), 7.44
(1H, dd, JZ 5.2 Hz, 7-H), 7.45 (2H, t, JZ 5.3 Hz, 6-H),
7.59 (2H, d, 5-H), 7.68 (2H, d, JZ 8.2 Hz, 4-H), 7.77
(2H, d, 3-H), 7.79 (2H, d, 2-H). 13C NMR (125 MHz,
DMSO), d (ppm): 12.0 (CH2CH3), 45.1 (CH2CH3), 52.1
(CH2CH2OH), 58.3 (CH2CH2OH), 89.3, 91.1 (C^C),
111.2, 122.2, 122.8, 125.3, 128.8, 131.4, 132.4, 142.3,
150.9, 152.0 (Ph). FT-IR (KBr), n (cm�1): 3580, 3420 (e
OH), 2975 (eCH3), 2919 (eCH2), 1598 (eAr).

2.2.8. 4-Phenylethynyl-4#-[N,N-di(2-hydroxyethyl)-
amino]azobenzene (3c)

This was prepared as above from 4-bromo-4#-[(N,N-
di(2-hydroxyethyl)amino)azobenzene. The crude prod-
uct was recrystallized from ethanolepetroleum ether
twice to give brown-red crystals with 83% yield.
TmZ 235e237 �C. Elem. Anal. Calcd for C18H19N3:
C, 74.81; H, 5.97; N, 10.91. Found: C, 74.58; H, 6.03;
N, 10.51. 1H NMR (500 MHz, DMSO), d (ppm):
3.57 (2H, JZ 5.7 Hz, t, CH2CH2OH), 3.60 (2H, t,
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CH2CH2OH), 4.85 (1H, s, OH ), 6.87 (2H, d,
JZ 8.7 Hz, 1-H), 7.44 (1H, dd, JZ 5.7 Hz, 7-H), 7.45
(2H, t, JZ 5.5 Hz, 6-H), 7.59 (2H, d, 5-H), 7.68 (2H, d,
JZ 8.4 Hz, 4-H), 7.77 (2H, d, 3-H), 7.79 (2H, d, 2-H).
13C NMR (125 MHz, DMSO), d (ppm): 53.0
(CH2CH2OH), 58.0 (CH2CH2OH), 89.2, 91.2 (C^C),
111.4, 121.9, 122.1, 122.9, 125.2, 128.8, 129.0, 131.3,
132.4, 142.3, 151.2, 151.9 (Ph). FT-IR (KBr), n (cm�1):
3410, 3220 (eOH), 2949 (eCH3), 2874 (eCH2), 1598
(eAr).

3. Results and discussion

3.1. Synthesis

The synthetic route of the compounds is shown
in Scheme 1. The diazotization-coupling reaction of
4-bromoaniline with aniline derivative 1 was made in
the buffer solution of acetic acid and sodium acetate
(pHz 6) in order to keep the diazo salt in high
concentration. Compound 3 was obtained in high yield
using PdCl2(PPh3)2/CuI as catalysts under refluxing in
our work instead of room temperature reported in other
pertinent papers, because of the bigger stereo bulkiness
of benzene ring in the phenylacetylene and inertial aryl
halides reagent [21].

3.2. Electronic spectra

Fig. 1 shows the linear UVevis absorption spectra of
3aec at 20 �C in THF solutions measured on a Shimadzu
UV-265 Spectrometer. The absorption spectra exhibit
maximum peaks at 454, 381 and 308 nm for 3a, 458, 385
and 310 nm for 3b, and 464, 387 and 313 nm for 3c. While
the azobenzene without phenylethynyl group shows
absorption peaks at 255 and 360 nm, the absorption
peaks of 3aec significantly shift to longer wavelengths,
which should be attributed to the longer p-conjugations
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Fig. 1. UVevis spectra of THF solutions of 3aec.
in the molecules of 3aec [22]. When the substituent
changes from C2H5 to C2H4OH, the absorption peaks’
red shift to longer wavelengths, such as 454, 381, 308 nm
for 3a to 458, 385, 310 nm for 3b. With the number of
C2H4OH group increasing, the absorption maximum
further shifts toward longer wavelengths: 458, 385,
310 nm for 3b to 464, 387, 313 for 3c. This may be
explained by J-type aggregation and regular arrangement
of azobenzene molecules due to strong interactions of
hydroxyl group in the substituents through hydrogen
bond formation [23]. The similar phenomena were
observed in the system of Wu et al. [23].

3.3. Nonlinear optical properties

The nonlinear absorption coefficients of these com-
pounds were measured by Z-scan technique. In our
experiment, the samples were moved along the direction
of laser beam around the focus (zZ 0) forward or
backward. The transmittance was simultaneously re-
corded by a power meter with and without an aperture
in the far field of lens as the function of sample position.
The result of Z-scan with aperture confirmed that
nonlinear refraction didn’t contribute to the third-order
nonlinear response. Thus, the c(3) measured in this
experiment was totally attributed to nonlinear absorp-
tion of molecules (a2). Fig. 2 shows the open aperture
Z-scan transmittance for 3aec measured by using a
Q-switched ns/ps Nd:YAG laser system continuum with
8 ns pulse width at a wavelength of 532 nm. As can be
seen from Fig. 2, a deep valley at the focus (zZ 0)
unambiguously indicates the intensity-dependent ab-
sorption.

In theory, the normalized transmittance for the open
aperture can be written as [20,24]

Tðz; sZ1ÞZ
XN

mZ0

½�q0ðzÞ�m

ðmC1Þ3=2
; for jq0j!1 ð1Þ

where q0ðzÞZa2I0ðtÞLeff=
�
1Cz2=z20

�
, a2 is the nonlinear

absorption coefficient, I0(t) is the intensity of laser beam
at focus (zZ 0), LeffZ½1� expð�a0LÞ�=a0 is the effective
thickness with a0 being the linear absorption coefficient
and L the sample thickness, z0 is the diffraction length of
the beam, and z is the sample position. The solid curves
for 3aec in Fig. 2 are fitted by using Eq. (1) with the
parameters in our experiment and the nonlinear ab-
sorption coefficient a2Z 2.0! 10�10, 2.4! 10�10 and
2.6!10�10 (m/W) for 3a, 3b, and 3c, respectively. The
c(3) can be calculated from the following equation:

cð3ÞðesuÞZ9!108
30n

2
0c

2a2

4pu
ð2Þ

where 30 is the permittivity of vacuum, c the speed of
light, and n0 the refractive index of the medium and
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uZ 2pc/l. Thus, the nonlinear susceptibilities are
6.5! 10�12, 7.0! 10�12 and 7.3! 10�12 esu for 3a,
3b, and 3c, respectively. These nonlinear absorption
coefficients are larger than that of [4-(4#-cyanoazophe-
nylyl)oxy]-1-hexanol reported by Xu et al. [25]. The
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Fig. 2. Z-scan data of open aperture measured showing a strong

nonlinear absorption near the lens focus: (circles) experimental data;

(solid line) theoretical curve. The theoretical curve is fitted by using

Eq. (1) with the nonlinear absorption coefficient a2.
large nonlinear absorption coefficient can be attributed
to the longer p-conjugation of 3aec, which is consistent
with the results observed in the UVevis spectra. The
Imc(3) value increases with the increasing number of
hydroxyethyl groups (CH2CH2OH) in the molecules.
This may be attributed to more effective p-conjugation
in the compounds 3c and 3b due to the aggregation and
regular arrangement of molecules induced by the strong
interaction between the hydroxyethyl groups in different
molecules. This result further confirms the formation
of hydrogen bonds between different molecules with
hydroxyl groups. Similar phenomenon has been ob-
served by Liang et al. [26].

3.4. Enhancement mechanism of Imc(3)

FT-IR spectroscopy is a suitable technique for in-
vestigating particular intermolecular interactions [27,28].
FT-IR absorption changes, in terms of strength and
positions of characteristic functional groups, are attrib-
utable to the existence of specific intermolecular and/or
intramolecular interactions. Therefore, we use FT-IR
spectra of these compounds to elucidate the enhance-
ment effect of hydrogen bond on the nonlinear optical
susceptibility.

Whereas 3a has no absorption in the region of
3000e3800 cm�1, 3b and 3c have strong characteristic
absorption band in the same spectral region, attributed
to the hydroxyl vibrations. Therefore, any change in
the FT-IR spectra in this region is attributed to the
change in the chemical environments of the hydroxyl
groups, especially the formation of hydrogen bonds.
Hydrogen bonds may be cleaved or weakened by
heating [29,30]. Figs. 3 and 4 show the expanded
infrared spectra in the region of 3000e3800 cm�1 at
20 and 60 �C for 3b and 3c, respectively. From Fig. 3,
it can be seen that the free OeH stretching vibration
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3000 cm�1 for 3b at 20 and at 60 �C.
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peak located at 3580 cm�1 does not shift. However, its
strength is significantly enhanced and the peak area
increased when the sample is heated from 20 to 60 �C.
The broad strong characteristic absorption band at

3800 3600 3400 3200 3000

3c

b

a

A
b
s
o
r
b
a
n
c
e
 
(
a
.
 
u
.
)

Wavenumbers (cm
-1
)

a-r. t.

b-60°C

Fig. 4. Expanded FT-IR spectra recorded in the region of 3800e

3000 cm�1 for 3c at 20 and at 60 �C.
3420 cm�1, which may be assigned to the dimeric
species (Fig. 5a) resulted from hydrogen bond in-
teraction between the two molecules of 3b, shifts
toward higher wavenumber from 3420 to 3428 cm�1.
Its intensity is, however, weakened and the absorption
peak area decreases, indicating that the hydrogen
bond interaction between molecules of 3b at 60 �C is
weaker than that at 20 �C [31].

The similar phenomena are also observed in the
infrared spectra of 3c (Fig. 4). However, different from
that of 3b, a new stronger vibration absorption band
with a peak at 3220 cm�1 besides very weak free OeH
stretching band at 3580 cm�1 and a broad vibration
peak at 3410 cm�1 exists in the spectrum of 3c. The
vibration absorption peak at 3410 cm�1 may be assigned
to the dimeric species (Fig. 5b) resulting from hydrogen
bond interaction between the two molecules of 3c,
whereas the stronger vibration band with an absorption
peak at 3220 cm�1 may be attributed to the formation
of ‘‘polymeric’’ species (Fig. 5c) from hydrogen bond
interaction among different molecules of 3c [31]. The
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similar phenomena were also confirmed in the work of
Finch and Lippincott [29].

The stronger ‘‘polymeric’’ hydrogen bond (Fig. 5c) is
the dominant existence pattern in 3c and its absorption
intensity is significantly weakened when heated to 60 �C.
Compared with that in 3b, the broad absorption band
at 3410 cm�1 in 3c associated with the hydrogen bond
absorption of the dimeric species is contrarily enhanced,
suggesting that ‘‘polymeric species’’ in 3c has partly been
transformed into dimeric species due to the hoist of
temperature. Simultaneously, the free OeH stretching
vibration absorption band intensity at 3580 cm�1 also
increases in 3c when the temperature changes from 20 to
60 �C. These indicate that polymeric species is the main
existing pattern in 3c and there is stronger hydrogen bond
interaction in 3c than in 3b. This is consistent with theUV
absorption spectra of 3aec and also further supports that
the large nonlinear susceptibility in 3c and 3b has
originated from the more regular arrangement of
molecules induced by hydrogen bond interaction and
increases with the increase in hydrogen bond interaction
in molecules.

4. Conclusions

In conclusion, three novel organic nonlinear optical
materials containing different hydroxyl group were
synthesized and characterized. Their third-order non-
linear optical properties were investigated using Z-scan
technique at 532 nm. Results reveal that the strong
hydrogen bond interaction will induce molecular regular
arrangement to result in larger c(3).
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