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a b s t r a c t

A nickel complex of 5-(acrylamido)methyl-8-hydroxyquinoline, bis-(5-(acrylamido)methyl-8-hydrox-
yquinolino) nickel(II) (Ni(AAMQ)2) has been synthesized and its third-order nonlinear optical properties
was investigated with respect to that of bis-(8-hydroxyquinolino) nickel(II) (NiQ2) by single beam Z-scan
technique. The real parts (cR) of the molecular second-order hyperpolarizabilities were �6.0 � 10�46 and
�5.5 � 10�46 m5/v2 for NiQ2 and Ni(AAMQ)2, respectively, indicative of similar nonlinear refraction both
in sign and in magnitude. After substitution of an acrylamidomethyl group to the 8-hydroxyquinoline (8-
HQ) ligand, the nonlinear absorption coefficient of Ni(AAMQ)2 was enhanced by more than two times.
The corresponding imaginary part (cI) of the molecular second-order hyperpolarizability was
3.4 � 10�46 m5/v2 for Ni(AAMQ)2 while 1.6 � 10�46 m5/v2 for NiQ2. The increase in nonlinear absorption
was attributed to the substitution effect and the enhanced transition dipole moment due to the partici-
pation of d-donor group of CH2 in the molecular conjugation.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

In the past two decades, the third-order nonlinear optical (NLO)
properties have triggered large scale of theoretical and experimen-
tal investigations in many research groups [1–6]. In particular,
organometallic complexes have attracted significant interests due
to their highly improved nonlinearity caused by intense charge
transfer between the metal and the ligands, and by the reversibly
switched nonlinearity relating to the multiple electronic states of
the metal atoms. Complexes of p-excessive heterocyclic aromatic
compounds have always been the subjects of scientific concerns
in this field [4–6].

Moreover, two-photon absorption (TPA) has attracted increas-
ing attentions in relation to various applications involving optical
data storage, high-resolution 3-dimensional (3D) imaging of bio-
logical systems, laser up-conversion, photodynamic therapy, 3D
microfabrication, and optical power limiting [7–11]. Numerous at-
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tempts were made to enhance the TPA response by increasing the
electron-accepting ability, exploring the dendrimer systems and
increasing the transition dipole moments [12–14].

In the work of Barder et al. the first order and second-order
polarizabilities of some simple hydroxyquinoline derivatives were
calculated by the coupled perturbed Hartree–Fork (CPHF) method
[2,3], and a tungsten dioxo complex of 8-hydroxyquinoline
(8-HQ) was investigated for its third-order optical properties
[15]. In our previous work, some phthalocyanines showed signif-
icant nonlinear optical properties and the structure–property
relationships of these molecules were studied [16,17]. In this
work, a nickel complex of 5-substituted 8-hydroxyquinoline,
bis-(5-(acrylamido)methyl-8-hydroxyquinolino) nickel(II)
(Ni(AAMQ)2) has been synthesized and its third-order nonlinear
optical properties was investigated with respect to that of bis-
(8-hydroxyquinolino) nickel(II) (NiQ2) by single beam Z-scan
technique with a 7 ns, 1064 nm Nd: YAG laser system. Both
NiQ2 and Ni(AAMQ)2 possessed strong self-defocusing nonlinear-
ities, comparable to those reported third-order nonlinear optical
refraction data [18–21]. What’s more important, with the acry-
lamidomethyl group substituted at 5-position of the ligand of
8-HQ, Ni(AAMQ)2 exhibited a highly two-photon absorption as
compared with NiQ2, due to substitution effect for enhancement
of the dipole moment caused by participation of d-donor group
of CH2 in the molecular conjugation.
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Fig. 1. UV–vis spectra of 2 � 10�5 M NiQ2 (solid) and Ni(AAMQ)2 (dash) complexes
in DMSO solution.
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2. Experimental

2.1. Synthesis

2.1.1. Materials
N-Hydroxymethyl acrylamide (98%) was purchased from TCI

and 8-hydroxyquinoline (99%) was purchased from Beijing
Chemical Reagents. Both the chemicals were used directly without
further purification.

2.1.2. Synthesis of 5-(acrylamido)methyl-8-hydroxyquinoline(AAMQ)
[22]

8-Hydroxyquinoline (0.785 g, 5.41 mmol) was dissolved in 2 ml
98% H2SO4, stirred with nitrogen inlet and protected from mois-
ture. N-Hydroxymethyl acrylamide (0.552 g, 5.47 mmol) was
added in small portions. After reaction for 2 days, the solution
was poured over crushed ices and then neutralized with NaOH
and NaHCO3. The white precipitate formed was filtered and
washed with quantity of water, then dried in vacuum overnight
to give 1.04 g crude products (85%). After re-crystallization from
ethanol for three times, the pure white needle-like solid (0.37 g,
31%) was obtained.

2.1.3. Synthesis of NiQ2 and Ni(AAMQ)2 [23]
Ni (CH3COO)2�4H2O (0.172 g, 0.69 mmol) solution in ethanol

was slowly added into a ethanol solution of AAMQ (0.20 g,
1.38 mmol) and triethyl amine (NEt3) 0.067 g, 0.66 mmol). A yel-
low green precipitate was quickly formed. After reaction for 24 h,
the precipitate was filtrated and washed with ethanol several
times, then dried in vacuum. Purification was achieved by repeat-
edly adding slowly the condense dimethyl sulfoxide (DMSO) solu-
tion of the nickel complex into plenty of water with continuously
shaking to precipitate. NiQ2 was synthesized according to the
previously reported method [24].

2.2. NLO measurements

The third-order nonlinear optical response of the complexes
was probed by the single beam Z-scan technique [1]. A DMSO solu-
tion of each sample was placed in a 1-mm glass cuvette for NLO
measurements. Using a single beam in a focused geometry, the
transmittances of a nonlinear medium, as a function of the sample
position z, were related to the nonlinear refraction and nonlinear
absorption for the closed and open-aperture geometries, respec-
tively. Thus, with the sample moving along the laser pulse propa-
gation direction, the nonlinear refraction and nonlinear absorption
index could be obtained by recording the incident and transmitted
pulse energies. The laser source was a Q-switched Nd: YAG laser
N
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+

Scheme 1. The synthesis of 5-(acrylamido
operating at 1064 nm with a pulse width of 7 ns (FWHM) and a
repetition rate of 10 Hz. The spatial distribution of the pulse was
nearly Gaussian after passing through a spatial filter. The pulse
was divided into two parts by a beam filter; the reflected part
was taken as the reference representing the incident pulse energy
and the transmitted beam was focused through the sample. The
incident and the transmitted pulse energies were measured simul-
taneously by two detectors, respectively.

2.3. Calculation method

The geometries of the two molecules were first optimized using
density functional theory (DFT) at B3LYP/6-31G(d) level and then
the excited-state information was obtained by time-dependent
density functional theory (TDDFT) at the same level. All calcula-
tions are performed with GAUSSIAN03 package [25].

3. Results and discussion

3.1. Synthesis

The substituted 5-(acrylamido)methyl-8-hydroxyquinoline was
synthesized according to Scheme 1, by a specific Friedel–Crafts
reaction of 8-HQ with N-hydroxymethyl acrylamide at 0 �C with
modification of the previous synthetic route [26]. Details of the
synthesis were described in the experimental section. The substi-
tution of the 2-position of 8-HQ was effectively avoided by reacting
at a lower temperature (0 �C) with a longer reaction time (2 days),
ensuring a relatively high yield of 5-mono-substituted product.
Complete purification was accomplished by re-crystallization from
N

OH

NH

H2SO4

0oC

NaOH

O

)methyl-8-hydroxyquinoline (AAMQ).



Fig. 2. The frontier molecular orbitals of NiQ2.

Table 1
The calculated maximum wavelength, type of transition and oscillator strengths for
DHIA and DHBIA compared with the experimental absorption.

Compound Calculated absorption Experimental absorption

kcal

(nm)
Orbital transition f kexp

(nm)
e
(mol�1 dm3 cm�1)

NiQ2 520 HOMO ? LUMO 0.10 407 2654
371 HOMO�3 ? LUMO 0.15 341 4200

Ni(AAMQ)2 519 HOMO ? LUMO 0.151 419 4800
372 HOMO�3 ? LUMO 0.20 346 5800
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hot ethanol. The corresponding nickel complexes Ni(AAMQ)2 was
synthesized as NiQ2 [24].

3.2. UV–vis spectra

Electronic absorption spectrum of the Ni(II) complexes of 8-HQ
derivatives showed their linear absorptions in DMSO (Fig. 1) and
there was almost no absorption at 1064 nm. The UV–vis spectrum
profiles of NiQ2 and Ni(AAMQ)2 were generally similar, with a
slight red shift for Ni(AAMQ)2. They presented two intense bands
(e higher than 1000 mol�1 dm3 cm�1) occurring at k < 500 nm –
one absorption band of 315–370 nm and another band of 370–
500 nm. By analyzing the related frontier molecular orbitals (Figs.
2 and 3), the absorption at the short wavelength region was caused
by intra-ligand transitions; another band at longer wavelength
region of 370–500 nm was ascribed to a p–p* star ligand transi-
tion, where charge density is transferred from oxygen to nitrogen,
Fig. 3. The frontier molecular orbitals of Ni(AAMQ)2.
consistent with the previously published results [27] In our work,
both compounds of NiQ2 and Ni(AAMQ)2 preferred a square–planar
dsp2 covalent structure, showing a characteristic absorption band
near 400 nm which is lacking in the Ni chelates of sp3 ionic struc-
ture [28,29]. The maximum absorption wavelengths (kmax) and
corresponding absorption coefficients (e) of the absorption bands
were summarized in Table 1.
3.2.1. NLO refraction
The NLO responses of the two complexes were measured using

thin-sample analysis functions derived by Sheik-Bahae et al. [1].
The results in the closed-aperture experiments as shown in
Fig. 4, the peak-valley shape indicated a negative nonlinear refrac-
tion for the samples and both the compounds possessed strong
self-defocusing properties. In this case, the thin nonlinear samples
acted as an intensity dependent lens. As it was scanned along the
beam axis, their effective focal length would change with the inci-
dent intensity. This kind of change would be reflected in the inten-
sity distribution at the aperture in the far field. The extent of
energy transmitted by the aperture depended not only on the sam-
ple location along the z-axis but also on the sign of n2. For z < 0, the
lensing effect caused the beam to come later to the focus so that
the aperture transmittance increased, as illustrated in Fig. 4. Near
z = o, the thin lens had little effect on a focus beam and the aper-
ture transmittance returned to its low intensity value. For z > 0,
the negative lensing caused the beam divergence to increase,
resulting in a decreased aperture transmittance.When the intensity
of the signal was dependent on the cubic power of the incident la-
ser beam, the third-order susceptibilities of the sample could be
determined by using CS2 as a reference under identical conditions
[30–33]. The nonlinear refractive index of CS2 (n2;CS2 ) was consid-
ered as (3.1 ± 0.2) � 10�18 m2/W. This value was valid for either
picosecond timescale or nanosecond timescale, relatively indepen-
dent of wavelength over the visible and near infrared region
[32].The nonlinear refraction indexes n2 of NiQ2 and Ni(AAMQ)2,
were estimated to be �3.9 � 10�18 and �3.2 � 10�18 m2/W,
respectively. The corresponding real parts of molecular second-or-
der hyperpolarizabilities cR were �6.0 � 10�46 and �5.5 � 10�46

m5/W for NiQ2 and Ni(AAMQ)2, respectively. In Table 2 the nonlin-
ear parameters correlated to refraction were summarized and they
were comparable to those reported data of other nickel complexes
[18–21].
3.2.2. NLO absorption
The open-aperture Z-scan signals (Fig. 5) obviously showed that

NiQ2 and Ni(AAMQ)2 exhibited nonlinear absorption. There was a
dip in the signal around the sample position of z = 0 mm, indicative
of reduced transmission of 1064 nm pulses at the focus, caused by
a positive nonlinear absorption. The transmittance of a material
would significantly change when the intensity of fluence was suf-
ficiently high, owing to the greatly enhanced probability of absorb-
ing more than one photon.With the sample shifted along the axis,
the actual incident pulse energy intensity on the irradiated area of



Table 2
Nonlinear refraction properties of nickel complexes of 8-HQ derivatives at 1064 nm.

Materials n2

10�18 m2/W
n2

10�11 esu
vR

(3)

10�20 m2/v2
vR

(3)

10�11 esu
cR

10�46 m5/v2
cR

10�32 esu
References

NiQ2
a �3.9 �1.3 �2.8 �1.8 �6.0 �4.3 This work

Ni(AAMQ)2
a �3.2 �1.1 �2.5 �1.7 �5.5 �3.9 This work

Ni(DMG)2
b – 1.2 – – – – Ref. [18]

Ni(CtCR)(PPh3)(g-C5H5) – – – – – �1.5–64 � 10�3 Ref. [19]
Ni(DA-salen)2

c 8.5–21 � 10�3 – 8.1–20 � 10�3 – – – Ref. [20]
Ni2(X–N@CHC6H4-o-O]2

d �3.7–6.9 � 10�1 – – �2.5–4.6 � 10�2 – Ref. [21]

Concentrations of samples/incident wavelength: a: 2 � 10�2 M/1064 nm, b: thin film/580 nm, c: 1.0 � 10�3 M/1064 nm, d: 3.9 � 10�2 M/532 nm.
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the sample varied at different positions; it was amplified near the
focus (z = 0) and was weak in the far field. The incident energy of
the focusing light at different positions Iz was:

Iz ¼ I0
Sz

S0
¼ I0

pðx0
2 Þ

2

pðrz
2 Þ

2 ¼ I0
x2

0

r2
z

ð1Þ

S0 and Sz were the incident light areas at focus and at z position,
respectively.The minimum beam waist of the focused laser x0

was determined to be 25.66 lm and the radius of the incident light
was 0.5 mm. So the radius of the focusing light at z position was
rz ¼ jzjþ8:4

8:4 x0.
Then,

Iz ¼ I0 �
8:4

jzj þ 8:4

� �2

ð2Þ
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Fig. 4. Normalized transmittance data of closed-aperture Z-scan for the com
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Fig. 5. Normalized transmittance data of open-aperture Z-scan for the complexes of NiQ
fitting curves.
The absorbed pulse energy at z position was

Az ¼ ð1� TzÞI0 ð3Þ

The plots of Log (absorbed pulse energy) versus Log (the incident
pulse energy after focusing) (Log Az � Log Iz) for these two com-
pounds were shown in Fig. 6. For NiQ2, the slopes of the curve of Lo-
g Az versus Log Iz was about 2.09 in the range of |z| = 10–20 mm,
where the signal of transmittance was changed continuously with
changing z positions. For Ni(AAMQ)2, the slope was 1.94 in the
range of |z| = 15–25 mm. In both cases the nonlinear absorption
could be considered as proportional to the square of the instanta-
neous intensity (dI/dz = �aI � bI2, where a was the linear absorption
coefficient and b was the nonlinear absorption coefficient). There-
fore the mechanism of the nonlinear absorption could be mainly
attributed to the two-photo absorption (TPA) of the incident light.
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Meanwhile, the transmittance data of open-aperture Z-scan for
both compounds fitted relatively well with the two-photon
absorption function (the solid curves in Fig. 5 were the theoretical
fits). The transmittance (Tz) at z position related to two-photon
absorption of a single beam was defined as [26]

Tz ¼
X1
m¼0

� bI0Leff

1þðz=z0Þ2

h im

ðmþ 1Þ3=2 ð4Þ

where z0 ¼
px2

0
k was the Rayleigh diffraction length.By fitting the

experimental data according to Eq. (4) with the nonlinear absorp-
tion coefficient b and Rayleigh range z as free parameters, the non-
linear absorption coefficients b were determined to be 1.1 � 10�11

and 2.4 � 10�10 m/W, respectively for NiQ2 and Ni(AAMQ)2.The
molecular TPA cross-section d (in unit of cm4 s/photon) could be
calculated as

hbm ¼ dNAd0 � 10�3 ð5Þ

where h was the Planck constant, m was the frequency of incident
laser, NA was the Avogadro number, and d0 was the concentration
(in unit of mol/L).The third-order nonlinear absorption parameters
were estimated for NiQ2 and Ni(AAMQ)2, as shown in Table 3, com-
pared with some other reference compounds. It was worthy to note
Table 3
Nonlinear absorption properties of nickel complexes of 8-HQ derivatives at 1064 nm.

Materials b
10�11 m/W

vI
(3)

10�21 m2/v2
vI

(3)

10�13 es

NiQ2 1.1 6.5 4.6
Ni(AAMQ)2 2.4 16 11
Ni2(X–N@CHC6H4-o-O]2 – – –
Ni(R-Carbazole)2�C6H6 4.6 � 10�2 – –
Ni4O(MBT)6 7.8 � 10�2 – –
that the nonlinear absorption coefficient b of Ni(AAMQ)2 was two
times higher than that of NiQ2, which was due to the change of
the molecular electronic structure caused by substitution of the
bulk acrylamidomethyl group to the 8-HQ ligand.

3.2.3. Effect of substituents on the NLO properties
Comparing the third-order nonlinear data of these two com-

pounds, it was found that the nonlinear refraction properties were
similar while the nonlinear absorption properties were obviously
enhanced after the substitution of acrylamidomethyl group. Previ-
ous studies of structure–property relationship revealed that the
TPA coefficient increased with the donor/acceptor strength, chain
length and planarity of the p-center, and the TPA section would
be increased with the extent of the charge transfer in the mole-
cules [33].

For Ni(AAMQ)2, kmax of two absorption ranged at regions of
315–370 nm and 370–500 nm were both red shifted as compared
to that of NiQ2. For the intra-ligand transition, kmax of Ni(AAMQ)2

was 349 nm and kmax of NiQ2 was 346 nm. For the absorption ran-
ged in 370–500 nm, it was assigned to a p–p* ligand transition
where charge density is transferred from oxygen to nitrogen [27].
Due to the characteristics of charge transfer, the bathchromic shift
of this low-energy absorption band was more evident;
u
cI

10�46 m5/v2
cI

10�32 esu
d
GW

References

1.6 1.2 5911 This work
3.4 2.4 12,898 This work
– 1.4–66 – Ref. [21]
– – 285 Ref. [34]
– – 47,710 Ref. [35]



Table 4
Absorption maximum wavelengths and parameters of dipole moments of the ground
states and the transition dipole moment of the excited states for NiQ2 and Ni(AAMQ)2.

Compound lg [debye] kmax[nm] lg–e [debye]

NiQ2 0.0019 (0.0000, 0.0000,
�0.0019)

341 1.30 (1.2806, �0.2063,
0.0001)

407 1.33 (1.3169, �0.1468,
0.0000)

Ni(AAMQ)2 0.1904 (�0.1844,
0.0383, �0.0279)

346 1.43 (�1.3864,
�0.3544, �0.0023)

419 1.58 (�1.5396,
�0.3625, �0.0017)
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kmax = 423 nm for Ni(AAMQ)2 while kmax = 415 nm for NiQ2.
Consistently, the same trend was observed for absorption of their
ligands; kmax of AAMQ was 328 nm while kmax of 8-HQ was
312 nm. The acrylamidomethyl group was unconjugatedly linked
to the 8-HQ and the bathchromic shift in absorption could be
attributed to the electron effect of the d-donor group (CH2) in the
acrylamidomethyl substituents in the ligands, which could be
viewed form the charge distribution in its HOMO molecular orbital.
The participation of d-donor group of CH2 in the conjugation re-
sulted in increased ligand-field strength. Thus the NLO responses
would correspondingly increase. Moreover, the NLO property was
strongly dependent on the absolute magnitude and orientation of
the chromophore transition dipole moment [36,37]. The theoreti-
cal calculated results revealed that the Ni(AAMQ)2 possessed a
higher transition dipole moment due to contribution of d-donor
group of CH2 to the whole molecular conjugation. Thus the NLO
properties would accordingly respond. For the lowest excited state
corresponded to the low-energy absorption at about 410 nm, the
transition dipole moment for NiQ2 was 1.30 D (Table 4). After
introducing an acrylamidomethyl group to 5-position of 8-HQ li-
gand, the transition dipole moment of Ni(AAMQ)2 was enhanced
by about 19% (1.43 D). Such an increase in dipole moment, caused
by participation of d-donor group of CH2 in the whole molecular
conjugation, was crucial for enhancement in nonlinear absorption.
As we have discussed above.

4. Conclusion

In this work, nickel complex of 5-(acrylamido)methyl-8-
hydroxyquinoline, Ni(AAMQ)2 has been synthesized and its nonlin-
ear optical properties were investigated with respect to that of
NiQ2, by using the single beam Z-scan technique at 1064 nm. The
real part and imaginary part of the molecular second-order
hyperpolarizabilities (cR, cI) were estimated at molecule level,
respectively. Both of the complexes obviously exhibited strong
self-defocusing nonlinear refraction. Meanwhile, Ni(AAMQ)2 re-
vealed an enhanced TPA as compared to NiQ2, which was attrib-
uted to the electron effect of substituents and the increased
transition dipole moment caused by the participation of molecular
conjugation of the d-donor group (CH2) in the acrylamidomethyl
substituents on the 8-HQ ligands.
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