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Abstract

The present work focuses the study of effect of solvent on third-order nonlinear optical (NLO) properties of reactive blue
19 dye dissolved in various polar solvents, namely ethanol, DMF and DMSO, respectively. Fourier Transform Infrared
Spectroscopy (FT-IR) was used to find the functional groups present in reactive blue 19 dye. Third-order NLO features
of reactive blue 19 dye was examined by a low power continuous wave laser of 650 nm wavelength. Reactive blue 19 dye
exhibit negative nonlinear index of refraction of the power of 10~7 cm?W and the nonlinear coefficient of absorption of the
order of 1073 cm/W. Both positive and negative nonlinear absorption coefficient of reactive blue 19 dye in different polar
solvents is due to the characteristic behavior of saturable and reverse saturable absorption. Third-order NLO susceptibility
of reactive blue 19 dye in polar solvents was determined to be the power of 107 esu. The experimental results reveal that
the dye sample reactive blue 19 is a potential material for nonlinear optical applications.
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Introduction

Novel NLO materials have attracted widespread attention
over the decades due to their potential applications in high
harmonic generation in laser, optoelectronic oscillators,
optical switching, three-dimensional optical data storage,
ultrafast photonics stability, optical computing and optical
power limiting [1-3]. A wide variety of materials are known
to be optically nonlinear under continuous and pulsed wave
laser excitation [4-7]. Of the various materials, organic
materials have gained significance attention because of their
large third-order nonlinearity, good processability, ultra-
fast response time, greater flexibility in terms of molecular
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structure and higher optical damage threshold [8—10]. In
particular, conjugated organic dyes have attracted more
consideration because of their strong n- electron delocali-
zation with donor and acceptor electrons. This causes higher
molecular polarizability and thus results in a larger third-
order nonlinear optical susceptibility [11]. The polarization
of the dye molecules is originating from the main chain of
delocalization of n- conjugated system. The large n- elec-
tron delocalization of the compound has good mechanical,
electrochemical, photochemical and processing properties
[12, 13]. In order to obtain a large value of third-order NLO
susceptibility and second-order polarizability, the molecules
should be a large polarization, large absorption wavelength,
large dipole moment and a small value of energy gap [14].
The n-conjugated dyes are attained the above characteristics
and therefore organic dyes may preferably be a good third-
order NLO materials. Azo, Indigo, Anthraquinone, Triph-
enylmethane, Triarylmethane, etc., are the major chromo-
phores found in commercial dyes. Reactive blue 19 dye is a
family of anthraquinone, which appears dark blue powder
and highly soluble in polar solvents.

Molecular surrounding environment has had an influence
on the physical and chemical behavior of organic materi-
als [15, 16]. The interaction between solute and solvent is
divided into specific (hydrogen bonding) and non-specific
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Fig. 1 Molecular structure of reactive blue 19 dye

(dielectric enhancement) interactions and the effect of sol-
vent on solute molecules can be determined by using solva-
tochromism and solvent polarity index [17]. Z-scan tech-
nique [18, 19] is a single beam technique that concurrently
evaluates the real and imaginary components of the third-
order NLO susceptibility, as well as the sign and magnitude
of nonlinear index of refraction and nonlinear coefficient
of absorption of the sample can be obtained from simple
experimental calculations. Third-order NLO susceptibility
(x®) of the sample is determined from real and imaginary
factors of the third-order NLO susceptibility. The real part
of the third-order NLO susceptibility is directly proportional
to nonlinear refractive index, while the imaginary part of
the third-order NLO susceptibility is directly related to
nonlinear coefficient of absorption. Therefore, n, and f are
the essential parameters to calculate the third-order NLO
susceptibility, which is determined from closed and open
aperture Z-scan technique. A circular aperture is employed
in closed aperture technique and placed at far-field with a
linear aperture transmittance of S =0.40. The aperture was
replaced with a convex lens to collect the total transmittance
of the sample is known as open aperture (S=1) technique.
This paper reports the third-order NLO susceptibility of
reactive blue 19 dye dissolved in different polar solvents
such as ethanol, DMF and DMSO using a continuous wave
laser working at 650 nm wavelength.

Experimental
Sample

Sigma Aldrich provided the polar solvents and reactive blue
19 dye. The stock solution of 0.05 mM concentration was
prepared by dissolving reactive blue 19 dye into different
polar solvents of ethanol, DMF and DMSO, respectively.
Figure 1 represents the chemical structure of reactive blue
19 dye.

Method

The UV-Vis absorption spectrum of reactive blue 19 dye
was determined using UV 1601 Shimadzu spectrometer.
The spectral characteristics and linear absorption coefficient
of polar solvents is tabulated in Table 1. The Perkin Elmer
spectrometer was used to find the chemical composition of
the sample.

Z-scan technique was highly preferred by the research-
ers due to simplicity, accuracy, efficient and highly sensi-
tive to measure the nonlinear index of refraction, n, and
nonlinear coefficient of absorption, . Figure 3 depicts
the schematic of Z-scan technique. A single beam Z-scan
technique consists of a solid state diode laser operating
at 650 nm wavelength with 5 mW power. The beam was
focused by a convex lens with focal length of 50 mm. A
cuvette with path length of 1 mm was used and moved
between — Z and + Z positions using a micrometer trans-
lational stage. The transmittance of the sample was meas-
ured by a power meter at far-field. The thin sample approx-
imation was validated in the present study, because the
measured Rayleigh length is greater than sample length.

Theory

The phase modulation of the beam is transferred to ampli-
tude modulation when the nonlinear medium is moved
through the focal plane of a positive lens is the principle of
Z-scan method. Two distinct methods such as closed and
open aperture methods were commonly applied in Z-scan
technique to measure the nonlinear index of refraction, n,

Table 1 Linear and spectral

Solvent  Linear refrac- Dielectric Hydrogen Hydrogen bond Polariz- Linear absorption
parameters of polar solvents tive index (ny) constant (¢) bond donor acceptor (p) ability coefficient (ot,/cm)
() ()
Ethanol  1.361 24.50 0.86 0.75 0.52 7.07
DMSO 1479 46.68 0.00 0.76 1.00 7.48
DMF 1.430 38.00 0.00 0.69 0.88 4.90
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Fig.2 UV-Vis absorption spec- 1
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Fig.3 Experimental Z-scan technique

and nonlinear coefficient of absorption, . The nonlinear
index of refraction of the sample was calculated from the
following equations derived from Ref. [18]:

The transmittance of the sample is proportional to the
on-axis phase shift A®, which is calculated from the fit-
ting curve of closed aperture using the relation,

4x
(X2+1)(x2+9) M

T(z) =1- Ag,

T
450

I I I I
500 550 600 650

700
Wavelength (nm)
where X =7/Z,,.
AT,

Ay = —— P2
07 0.406(1 — §)°

where ATP_V =Difference between normalized transmittance
peak and normalized transmittance valley. S =Linear aper-
ture transmittance is given by

[1 —exp (—aOL)]

Qo

S =

where o, =Linear absorption coefficient; L =Length of the
sample (1 mm); The n, of the sample is determined by using
the relation,

= Aﬂoi sz
2= DalyLy \ W @

where I, =Intensity of the beam; L = Effective thickness of
the sample; A= Wavelength of the laser beam.

On the other hand, the transmittance of the sample from
nonlinear coefficient of absorption is given by,

o [-9.@]"
Ts=1=) ﬁqo(m <1 3)

m=0
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Fig.4 FT-IR spectrum of reac-

tive blue 19 dye

Table 2 Molecular vibration of

Reactive blue 19 dye
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where g, =vacuum permittivity; c=light velocity in vacuum.
The absolute value of third-order optical nonlinearity x
for the sample is calculated using the equation,

1

7 P(esu) = [(Re(;((3)))2 + (1771(;((3)))2]E ®)
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Fig.5 NLR curve of reactive blue 19 dye in (a) Ethanol, (b) DMF, (¢) DMSO
Table3 Measured third-order Solvent m,x 1077 (cmW) px 107> (cm/W) Re Im YOx /T x 107 K-
NLO characteristics of Reactive ( XS) %1076 (X3) %107 1076
blue 19 dye in polar solvents (esu) (esu) (esu)
Ethanol - 2.44 —-9.65 -0.92 - 1.65 0.94 —-0.95
DMF —3.05 5.11 - 1.14 0.96 1.14 — 1.84
DMSO —-4.08 7.17 —1.63 1.45 1.64 —-2.31

Results and discussion

The UV-Visible absorption spectrum of reactive blue 19 dye
in polar solvents is depicted in Fig. 2. Different peaks have
been observed in the visible region and the predominant
peak is 638 nm which is the resonant absorption range of
used laser source. The longer wavelength in the UV—-Visible

spectrum is owing to high conjugated m-electrons in reac-
tive blue 19 dye. Furthermore, the observed peaks in the
UV-Visible region may be due to amine group in 1, 4
positions in the dye sample. This group is responsible for
bathochromic shift in reactive blue 19 dye [19]. Bathochro-
mic shift in reactive blue 19 dye is owing to charge transfer
between amino group and oxygen atom of carbonyl group .
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Fig.6 Variation of NLR as a -4.5
function of ay/k in different ' '
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FT-IR analysis of reactive blue 19 dye in the range
between 500 and 4000 cm™! is shown in Fig. 4. The specific
vibrations were mentioned in FT-IR spectrum is based on
the standard IR spectrum table and Sigma Aldrich charts.
The summary of molecular vibration of reactive blue 19
dye is presented in Table 2. An intense vibration peak at
3452 cm™! is due to stretching vibration of hydroxyl group.
The C-H stretching groups are respectively existed at
2925 cm~! and 2852 cm™!. Furthermore, the weak bands
at 1620 cm™', 1572 cm™" and 1531 cm™! are corresponds
to aromatic stretching of C=C group. The stretching of aro-
matic compounds C=C gives rise in intermolecular charge
transfer (ICT) between donor and acceptor electrons which
in turn increase the NLO responses in reactive blue 19 dye.
The medium band at 1494 cm ™! and 1407 cm™" are owing to
bending of -CH and —OH group. The vibration at 1072 cm™"
is due to S=O0 stretching, the sulfonate group is connected to
benzene ring. The weak band at 1025 cm™! is due to stretch-
ing of —CO group. The vibrations at 894 cm~! and 724 cm™!
are owing to C—H aliphatic bending frequency of reactive
blue 19 dye.

Figure 5 (a—c) illustrates the closed-aperture NLR curve
of reactive blue 19 dye in different polar solvents of etha-
nol, DMF and DMSO. The NLR measurements using closed
aperture Z-scan technique is sensitive to both NLR and
NLA. Therefore, the estimation of pure NLR is carried out

@ Springer
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by dividing closed aperture data by the corresponding open
aperture data. The NLR curve of the dye sample in polar
solvents exhibits a peak-valley transmittance is the result of
self-defocusing. The defocusing effect in reactive blue 19
dye is owing to thermal effect. Thermal effect is the phe-
nomenon caused by the localized absorption of the propa-
gating continuous wave laser and thus creating the spatial
temperature profile nonlocally across it. Under continuous
wave laser radiation, the contribution of thermal effects is
dominant and neither be avoided nor ignored. The thermal
nonlinearity and the third-order process were confirmed by
the separation between peak and valley transmittance. If the
separation is greater than 1.7 times Zy, is the clear sign of
thermal nonlinearity [20]. In present work, the NLR curve
of reactive blue 19 dye in polar solvents exhibits the peak-
valley separation of 2Zy. The nonlinear index of refraction
of reactive blue 19 dye in polar solvents is calculated by
using Eq. (2) and the value is tabulated in Table 3. From
Table 3, the value of n, of reactive blue 19 dye in DMSO
is higher than that of other polar solvents such as DMF and
ethanol. This may be due to the fact that, the high polar
solvent (DMSO) interacts with solute molecules gives rise
in nonlinear index of refraction. Under 650 nm continuous
wave irradiation, the nonlinearity of the sample is owing to
thermal origin and the thermo-optic coefficient as a function
of nonlinear index of refraction is given by
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Fig.7 NLA curve of reactive blue 19 dye in (a) Ethanol, (b) DMF, (c) DMSO

Table 4 Third-order NLO susceptibility of some reported anthraqui-
none dyes

S.no Name ofthe A (nm) Method XG) (esu) References
dye
1 1,5 diami- 532 Z-scan 7.26%x10712 2]
noanth-
raquinone
(Acetone)
2 Reactive 635  Z-scan 1.86x107°  [3]
blue 4
3 Acid green 25 635 Z-scan 3.11x1077  [11]
14 532 Degener- 1.16x107'2 [21]
diamino-2,3 ate four-
diphenoxy wave
Anthraqui- mixing
none
5 Disperse blue 635 Z-scan 1331077 [22]

14

dn aoa)é
ny = —
dTl 4k

®

where o is the linear absorption coefficient, k is the thermal
conductivity of the solvents and o, is the beam waist at the
focal point, respectively. Therefore, the linear absorption
coefficient and thermal conductivity of polar solvents play
important role and highly depends on nonlinear index of
refraction. It is observed from Fig. 6, the third-order non-
linear index of refraction, n, is increases with increase the
value of (ay/k). The thermo-optic coefficient of reactive blue
19 dye in different polar solvents is tabulated in Table 3.
Figure 7 (a—c) shows the nonlinear absorption curve of
reactive blue 19 dye in polar solvents. The negative and posi-
tive nonlinear absorption mechanism was observed in the
dye sample is due to saturable and reverse saturable absorp-
tion nonlinearity. A switch over from saturable absorption to
reverse saturable absorption (RSA) in reactive blue 19 dye
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Fig. 10 Polarizability Vs Third- 1.8
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may be due to increase in solvent polarizability of the polar
solvents. The nonlinear absorption mechanism of both satu-
rable and reverse saturable absorption can be approximately
explained by a five-level model [3]. Generally, a transition
was caused between ground state and an excited state is due
to interaction of high intense laser beam with molecules in
the ground state. The transition between first singlet state
(S)) and first triplet state (T,) via intersystem crossing is
known as saturable absorption. Under this condition, RSA
takes place if the absorption is stronger between first singlet
states (S,) and excited singlet state (S,) or first triplet state
(T,) and excited triplet state (T,). The saturable and reverse
saturable absorption characteristics of the dye sample are
depends on the life time of ground and excited state and sol-
ute—solvent interaction. The nonlinear coefficient of absorp-
tion of reactive blue 19 dye in polar solvents is calculated by
using Eq. (5) and the values are presented in Table 3. Third-
order nonlinear susceptibility of reactive blue in polar sol-
vents is calculated using the Eq. (8) and the measured value
is tabulated in Table 3. From Table 3, the reactive blue
19 dye in DMSO exhibits a large value of third-order sus-
ceptibility than that of other polar solvents such as ethanol

@ Springer
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and DMF. This may be due to large value of polarizability
of the solvents and high polar solvents gives large value of
X(3)~ For the interest of researchers, the observed results are
compared with some reported anthraquinone dyes, which are
presented in Table 4. The obtained results are larger than that
of reported dyes [2, 3, 11, 21, 22].

Third-order NLO parameters of the dye sample are
depends on various spectral characteristics of solvents
such as solvent hydrogen bond donor, solvent hydrogen
bond acceptor and solvent polarizability, respectively. In
order to determine the effect of solvent polarity param-
eters on nonlinear optical parameters, the value of third-
order nonlinear parameters was plotted as function solvent
polarity parameters (Figs. 8, 9, 10). Figures 8 (a & b) and
9 (a & b) shows the nonlinear refraction (NLR) and non-
linear absorption (NLA) of reactive blue 19 dye in polar
solvents as a function of solvent hydrogen bond acceptor
(HBA) and solvent hydrogen bond donor (HBD). From
Figs. 8 (a & b) and 9 (a & b), the values of NLR and
NLA decrease with increase in HBA and HBD. Also it is
observed from Figs. 8 (¢) and 9 (c), the value of NLR and
NLA of the dye sample increases with increase in solvent
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polarizability. The value of third-order NLO susceptibility
of reactive blue 19 dye in polar solvents are also increases
with increase in polarity of the solvents (Fig. 10). Vari-
ous parameters such as linear absorption, substituent
and polarity of solvents are influenced in modifying the
third-order NLO parameters of the dye sample. Based to
the experimental results, the solvent polarizability is the
profound effect on the third-order NLO parameters of the
sample.

Conclusion

Third-order NLO behavior of reactive blue 19 dye in polar
solvents was examined by a 5 mW power CW laser work-
ing at 650 nm wavelength. The linear and third-order NLO
properties of dye sample were greatly dependent on sol-
vent polarity. The closed aperture Z-scan traces of reactive
blue 19 dye exhibits self-defocusing nonlinearity, while
the open aperture Z-scan traces displays the behavior of
both saturable and reverse saturable absorption. Transition
from saturable absorption to reverse saturable absorption
was observed due to increase in solvent polarity. The real
and imaginary factors of the third-order NLO susceptibil-
ity of reactive blue 19 dye was measured to be the order of
107 esu and exhibit a large nonlinear optical susceptibil-
ity by dissolving the dye sample with high polar solvent
(DMSO). The results are suggested that, the dye sample
studied here is a potential candidate for applications in
photonics and optoelectronics.
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