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Abstract

Six DepeAepeD anthracenedione derivatives were synthesized and characterized by UV, IR, 1H NMR and elemental analysis. The third-
order nonlinear optical properties of the compounds were measured using femtosecond degenerate four-wave mixing. The third-order nonlinear
optical susceptibilities c(3) of the compounds were 2.64e3.83� 10�13 esu. The second-order hyperpolarizabilities g of the molecules were
2.86e3.84� 10�31 esu. The response times were 86e108 fs.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Nonlinear optics; DFWM technique; Anthracenedione derivatives; Synthesis
1. Introduction

Developments in optoelectronics have greatly increased the
demand for new nonlinear optical (NLO) materials in recent
years. In this regard, conjugated organic materials have drawn
much attention because of their large third-order nonlinear-
ities, fast response times, high damage thresholds and ease
of processing [1e3]. Many organic materials such as stilbene,
azobenzene, phthalocyanine and polyacetylene have been syn-
thesized [4e12]. As an important class of dyes with large
delocalized quasi three-dimensional p-electron system and
exceptionally high thermal stability [13,14], anthracenedione
derivatives have received researchers’ interests in nonlinear
optical applications [13,15].

In this work, we selected anthracenedione as the basic build-
ing block for the molecular design. The proposed anthracene-
dione derivatives have long p-conjugated chain, contain an
electron-withdrawing central ring and some electron-donating
groups at the ends in the form of donorepeacceptorepedonor
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(DepeAepeD). Six such compounds (Fig. 1) were synth-
esized and characterized by UV, IR, 1H NMR and elemental
analysis. The third-order NLO properties were measured
using femtosecond degenerate four-wave mixing (DFWM)
technique.

2. Experimental

2.1. Materials and instruments

1,5-Diamino anthraquinone and 2,6-diamino anthraquinone
were technical products. Other chemical reagents were ob-
tained commercially. All of them were used as received with-
out further purification.

FT-IR spectra were recorded on a Vector 22 spectrometer
using KBr pellets. 1H NMR spectra were collected on a Varian
400 MHz apparatus, with TMS as internal standard and
DMSO-d6 as solvent. UVevis spectra were recorded on a Shi-
madzu UV-2550 UVevis spectrometer. Elemental analyses
were conducted on a Thermo Finnigan Flash EA 1112 appara-
tus. Mass spectrum was taken on a Thermo Finnigan LCQ
Advantage instrument. Melting points were measured on an
X-4 micromelting point apparatus without correction.
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2.2. Synthesis

2.2.1. 1,5-Bis[( p-amino phenyl) azo]-9,10-
anthracenedione (1a)

1,5-Diamino anthraquinone (1.91 g, 8 mmol) was dissolved
in concentrated sulphuric acid (20 mL). To this solution, at
a temperature of 0e5 �C, a solution of sodium nitrite (1.45 g,
21 mmol) in concentrated sulphuric acid (18 mL) was slowly
added. The reaction mixture resulted was further stirred for
3 h at 0e5 �C and then poured over ice. The precipitated 1,5-
anthraquinonylene bisdiazonium sulphate was filtered and then
dissolved in water (100 mL). To the solution of bisdiazonium
sulphate, aniline (1.49 g, 16 mmol) was added dropwise at 0e
5 �C. After stirring the reaction mixture for further 4 h, the mix-
ture was neutralized with sodium hydroxide to pH 8e9. The
precipitate was filtered, dried and recrystallized from DMF
twice to give orange powder crystals with 16.8% yield (0.6 g).
Tm¼ 254e256 �C. MS m/z 446 (Mþ). Elem. Anal. Calcd for
C26H18N6O2: C, 69.95; H, 4.06; N, 18.82. Found: C, 69.58;
H, 4.08; N, 18.93. FT-IR (KBr), n (cm�1): 3451 (eNH), 3176
(eNH), 1674 (eC]O), 1589 (eN]N), 1286 (]CeN).

2.2.2. 1,5-Bis[( p-hydroxy phenyl) azo]-9,10-
anthracenedione (1b)

This was synthesized as above by the reaction of 1,5-
anthraquinonylene bisdiazonium sulphate and phenol. The
product was red-brown powder crystal. Yield: 41.9% (1.5 g).
Tm> 300 �C. Elem. Anal. Calcd for C26H16N4O4: C, 69.64;
H, 3.60; N, 12.49. Found: C, 69.61; H, 3.61; N, 12.46. 1H
NMR (400 MHz, DMSO-d6), d (ppm): 10.45 (s, 2H, OH),
8.19 (d, 2H, anthracenedioneeH), 7.96 (t, 2H, anthracenedio-
neeH), 7.88 (d, 4H, J¼ 6.9 Hz, benzeneeH), 7.50 (d, 2H,
anthracenedioneeH), 7.02 (d, 4H, J¼ 6.9 Hz, benzeneeH).
FT-IR (KBr), n (cm�1): 3407 (eOH), 1666 (eC]O), 1580
(eN]N), 1264 (]CeN).

2.2.3. 1,5-Bis[(4-hydroxy-3-methyl phenyl) azo]-9,10-
anthracenedione (1c)

This was synthesized as above by the reaction of 1,
5-anthraquinonylene bisdiazonium sulphate and 2-methyl
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Fig. 1. Structures of the anthracenedione derivatives.
phenol. The product was dark-purple powder crystal. Yield:
36.7% (1.4 g). Tm> 300 �C. Elem. Anal. Calcd for
C28H20N4O4: C, 70.58; H, 4.23; N, 11.76. Found: C, 70.27;
H, 4.50; N, 11.82. 1H NMR (400 MHz, DMSO-d6), d (ppm):
10.40 (s, 2H, OH), 8.19 (d, 2H, anthracenedioneeH), 7.96
(t, 2H, anthracenedioneeH), 7.76 (s, 2H, benzeneeH), 7.73
(d, 2H, J¼ 8.6 Hz, benzeneeH), 7.47 (d, 2H, anthracenedio-
neeH), 7.03 (d, 2H, J¼ 8.6 Hz, benzeneeH), 2.26 (s, 6H,
CH3). FT-IR (KBr), n (cm�1): 3413 (eOH), 2900 (eCH3),
1666 (eC]O), 1582 (eN]N), 1264 (]CeN).

2.2.4. 2,6-Bis[( p-amino phenyl) azo]-9,10-
anthracenedione (2a)

This was synthesized as above by the reaction of 2,6-
anthraquinonylene bisdiazonium sulphate and aniline. The
product was red powder crystal. Yield: 14.0% (0.5 g).
Tm¼ 278e279 �C. Elem. Anal. Calcd for C26H18N6O2: C,
69.95; H, 4.06; N, 18.82. Found: C, 69.62; H, 3.93; N,
18.75. 1H NMR (400 MHz, DMSO-d6), d (ppm): 13.06 (s,
4H, NH), 8.00e8.21 (m, 6H, anthracenedioneeH), 7.37e7.60
(m, 8H, benzeneeH). FT-IR (KBr), n (cm�1): 3446 (eNH),
3210 (eNH), 1660 (eC]O), 1574 (eN]N), 1307 (]CeN).

2.2.5. 2,6-Bis[( p-hydroxy phenyl) azo]-9,10-
anthracenedione (2b)

This was synthesized as above by the reaction of 2,6-
anthraquinonylene bisdiazonium sulphate and phenol. The prod-
uct was red needle crystal. Yield: 33.5% (1.2 g). Tm> 300 �C.
Elem. Anal. Calcd for C26H16N4O4: C, 69.64; H, 3.60; N,
12.49. Found: C, 69.26; H, 3.62; N, 12.38. 1H NMR
(400 MHz, DMSO-d6), d (ppm): 10.60 (s, 2H, OH), 8.49 (s,
2H, anthracenedioneeH), 8.41 (d, 2H, J¼ 8.4 Hz, anthracene-
dioneeH), 8.28 (d, 2H, J¼ 8.4 Hz, anthracenedioneeH), 7.93
(d, 4H, J¼ 8.8 Hz, benzeneeH), 7.00 (d, 4H, J¼ 8.8 Hz,
benzeneeH). FT-IR (KBr), n (cm�1): 3395 (eOH), 1659
(eC]O), 1581 (eN]N), 1292 (]CeN).

2.2.6. 2,6-Bis[(4-hydroxy-3-methyl phenyl) azo]-9,10-
anthracenedione (2c)

This was synthesized as above by the reaction of 2,6-
anthraquinonylene bisdiazonium sulphate and 2-methyl phenol.
The product was red flake crystal. Yield: 55.1% (2.1 g).
Tm> 300 �C. Elem. Anal. Calcd for C28H20N4O4: C, 70.58;
H, 4.23; N, 11.76. Found: C, 70.80; H, 4.26; N, 11.72. 1H
NMR (400 MHz, DMSO-d6), d (ppm): 10.55 (s, 2H, OH),
8.38 (s, 2H, anthracenedioneeH), 8.34 (d, 2H, J¼ 8.2 Hz,
anthracenedioneeH), 8.20 (d, 2H, J¼ 8.2 Hz, anthracenedio-
neeH), 7.75 (s, 2H, benzeneeH), 7.74 (d, 2H, J¼ 8.2 Hz,
benzeneeH), 6.98 (d, 2H, J¼ 8.2 Hz, benzeneeH), 2.20
(s, 6H, CH3). FT-IR (KBr), n (cm�1): 3422 (eOH), 2962
(eCH3), 1659 (eC]O), 1581 (eN]N), 1297 (]CeN).

2.3. Nonlinear optical measurements

The DFWM technique was used to measure third-order op-
tical nonlinearities of the anthracenedione derivatives. The ex-
perimental setup is shown in Fig. 2(a). The pump source was
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Fig. 2. (a) Experimental setup of DFWM; and (b) wave vector diagram of two beam DFWM.
a Ti:Sapphire laser (Spectra-physics Spitfire Amplifier) with
80 fs pulse width, 800 nm wavelength, and 1 KHz pulse repe-
tition rate. The input beam was split into two beams k1 and k2

with nearly equal energy by use of a beam splitter (BS), then
focused on a plot of the sample. The wave vector diagram of
two beam DFWM is shown in Fig. 2(b), where k3 was signal
beam generated by input beams through the sample. The angle
between the beams k1 and k2 was about 5�. The k2 could be
controlled by a stepping motor so that the arrival time at the
sample could be varied. When k1 and k2 were overlapped spa-
tially in the sample, the generated signal beam k3 passed
through an aperture, recorded by a photodiode and then ana-
lyzed by a Lock-in amplifier and computer.

The experiments were performed at 22 �C on DMF solu-
tions contained in a 1 mm thick quartz cell. As a reference,
the optical nonlinearity of the standard sample CS2 was also
observed.

3. Results and discussion

3.1. Synthesis and characterization

Among six anthracenedione derivatives, 1c, 2a, 2b and 2c
are new compounds; and 1a and 1b were reported without spe-
cific preparation process [16e18]. These compounds were
prepared by diazotisation-coupling reaction. For example,
the synthetic route of 1b is shown in Scheme 1.

The representative 1H NMR spectra of the compounds and
assignment are shown in Fig. 3.

The FT-IR spectrum of 2b is shown in Fig. 4. The charac-
teristic absorption peaks of the hydroxy group and carbonyl
group were observed at 3395 cm�1 and 1659 cm�1, respec-
tively. The characteristic absorption peaks at 1581 cm�1 and
1292 cm�1 indicated the existence of N]N and ]CeN,
respectively.
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3.2. The third-order NLO properties

The linear UVevis absorption spectra of six anthracene-
dione derivatives in DMF solutions are shown in Fig. 5.
These compounds exhibited absorption peaks between 340
and 660 nm. The laser wavelength (800 nm) used in the ex-
periment of DFWM is far from their resonant bands. Thus
the third-order nonlinear optical susceptibilities c(3) of the
compounds are off-resonant nonlinear responses.
The third-order nonlinear optical susceptibility c(3) is cal-
culated by comparing the measured signal for the sample
with that for CS2 as reference under the same experimental
condition according to the following formula [19]:
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Fig. 3. 1H NMR spectra of 1b (a) and 2b (b) in DMSO-d6.
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where I is the intensity of the phase conjugated beam, L is the
sample path length, n is the linear refractive index, and a is the
linear absorption coefficient. The subscripts ‘‘s’’ and ‘‘r’’ refer
to the sample and CS2, respectively. The values of cr

(3) and nr

for CS2 are 6.7� 10�14 esu and 1.632, respectively [20].
The nonlinear refractive index n2 in isotropic media is esti-

mated through the equation [21]:

n2ðesuÞ ¼ 12pcð3Þ=n2

where n is the linear refractive index of the solution.
The second hyperpolarizability g of a molecule in isotropic

media is related to the solution c(3) by [22]:

g¼ cð3Þ

Nf 4

where N is the number density of the solute per milliliter, and
f 4 is the local field correction factor which is [(n2þ 2)/3]4 (n is
the linear refractive index of the solution).

The temporal response of the phase conjugate signal as
a function of the delay time of the input beam is shown in
Fig. 6. From Fig. 6, the response times of the samples could
be obtained.

The values of c(3), n2, g and response times for the samples
deduced and calculated from the experimental results are
listed in Table 1.

These anthracenedione derivatives 1ae2c possess highly
delocalized p-conjugated electron system. Owing to the in-
crease of the conjugation length, the values of g are higher
than those of the raw materials 1,5-diamino anthraquinone
and 2,6-diamino anthraquinone, which are only
1.91� 10�31 esu and 2.02� 10�31 esu, respectively [23].
These derivatives contain electron-withdrawing carbonyl
groups and electron-donating hydroxy, amino and methyl
groups in the form of DepeAepeD, which makes the
molecules have stronger intramolecular charge transfer. The
strength of electron donor is 3-methyl-4-hydroxy> 4-ami-
no> 4-hydroxy, so the values of g are c> a>b. When 1,5-an-
thracenedione derivatives are compared to 2,6-anthracenedione
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Fig. 4. FT-IR spectrum of 2b.
derivatives, the g values of the latter are larger than those of the
former, which are attributed to the longer distance between
electron donor and electron acceptor in the latter.

The results indicate that larger second-order hyperpolariz-
abilities and ultrafast response times can be obtained in these
anthracenedione derivatives because of increasing conjugation
length and DepeAepeD structure.

4. Conclusions

In conclusion, six anthracenedione derivatives possessing
DepeAepeD structure were synthesized and characterized.
The third-order nonlinear optical properties in the femtosec-
ond range were investigated using DFWM technique at
800 nm. The results show that the g increases as the strength
of electron-donating groups, the distance between electron do-
nor and electron acceptor and conjugation length increase.
Moreover, the results reveal that these compounds possess ul-
trafast response times which are no more than 110 fs.
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Fig. 6. DFWM signal versus delay time for 1ae2c in DMF solution.
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