
RESEARCH

Journal of Fluorescence
https://doi.org/10.1007/s10895-024-03658-0

a widely used and useful setup for investigating the third-
order optical nonlinearity in materials. In Z–scan technique, 
the nonlinear coefficient of absorption and nonlinear index 
of refraction are directly measured from open aperture (OA) 
and closed aperture (CA) Z–scan methods, respectively [7]. 
The nonlinear coefficient of absorption of materials arises 
from either positive or negative absorption owing to RSA 
and SA. Similarly, the nonlinear index of refraction of 
materials ascends from positive or negative refraction due 
to self-focusing or self-defocusing [8–10]. The RSA based 
materials are used in optical limiters for sensor and eye pro-
tection while saturable absorber materials are frequently 
used in mode-locking applications [11].

Variety of materials are employed in NLO applications, 
and organic materials are considered to be the best choice 
for photonics and optoelectronics applications [12]. In addi-
tion, it has been demonstrated that organic compounds are 
a good replacement for inorganic materials and are highly 
desirable due to their relative affordability, flexibility, and 
ease of device fabrication. These features allow the chemi-
cal structure and properties to be customized for specific 
NLO processes, like low dielectric constants, quick NLO 

Introduction

Nonlinear optical (NLO) materials are a promising candidate 
for applications in optical limiting, optical switching, two-
photon microscopy, optical computing, optical data storage, 
optical communication, etc. [1–5]. Z–scan technique [6] is 
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Abstract
This study emphasis the solvent effect on third-order nonlinear optical (NLO) features of methyl red (MR) dye dissolved 
in polar solvents including ethanol, methanol, acetone, 1-propanol, DMF and DMSO using low power diode laser. Z–scan 
technique operating at 405 nm wavelength, is used to estimate the third-order NLO features of MR dye in various solvents. 
The dye discloses self-defocusing nonlinear index of refraction (n2), which is determined to be the order of 10–7 cm2/W. 
The nonlinear coefficient of absorption (β) of MR dye displays both negative and positive value owing to saturable absorp-
tion (SA) and reverse saturable absorption (RSA), respectively. The real and imaginary components of the third-order 
NLO susceptibility of MR dye in polar solvents are measured to be the order of 10–6 esu and 10–7 esu, respectively. The 
dye exhibits a large NLO susceptibility in DMSO, which is estimated to be 1.21 × 10–6 esu. The effect of solvent spectral 
features on MR dye is determined by applying a multi-parameter scale called Kamlet-Abboud-Taft. The experiment results 
indicate that MR dye is a promising NLO material that may find applications in photonics and optoelectronics.
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response times, and high laser damage thresholds [13–16]. 
Organic dyes exhibit unique optical properties like ease of 
synthesis and structural tunability, making them a promis-
ing material for use in NLO research [17–20]. The NLO 
properties of organic dyes have drawn a lot of attention due 
to their high polarizability and large third-order nonlinear 
susceptibility [21].

Specific (dielectric enrichment) or non-specific (hydro-
gen bonding) solute-solvent interactions can give rise to 
the spectral properties of the solute molecules as a result 
of the solvent effect. Solvent polarity scale or solvatochro-
mism was used to measure the solvent effect on the solute 
molecules. Third-order NLO properties of the materials are 
influenced by the solvent environment, which is a signifi-
cant factor in the interaction between the solute and sol-
vent [22]. The most important spectral factors influencing 
the third-order NLO properties of the samples are solvent 
polarizability, solvent hydrogen bond acceptor, and solvent 
hydrogen bond donor. Different kinds of solute-solvent 
interactions are involved and solvent polarity parameters 
alone cannot be used to describe the influence of solvent 
effects. Because different solvent parameters are influenced 
on third-order NLO features of materials and becomes more 
complex. Consequently, for a precise investigation, Kamlet-
Abboud-Taft solvent polarity scale is used to calculate the 
solute-solvent interaction which comprises of specific and 
nonspecific interactions [23].

The present work reports the effect polar solvents on 
third-order NLO features of MR dye in low power regime. 
The multi-parameter scale is used to study the solvent spec-
tral features on MR dye. The third-order NLO features of 
MR dye are investigated at a wavelength of 405 nm and a 
total power of 5 mW.

Materials and Methods

Methyl red dye and solvents ethanol, methanol, acetone, 
1-propanol, DMF and DMSO is purchased from Sigma 
Aldrich. High-grade analytical solvents and dyes are used 
directly, without any further purification. In polar solvents, 

the dye dissolves completely at a concentration of 0.01 mM. 
Table 1 presents the spectral characteristics of the solvents. 
The molecular structure of MR dye is shown in Fig. 1.

Z–scan technique is used to study the third-order NLO 
susceptibility of MR dye in polar solvents. Z–scan setup 
consists of a low power diode laser operating at  405 nm 
wavelength with 5 mW power. The beam is focused by a 
convex lens of focal length 5  cm. The MR dye in differ-
ent solvents is poured into a cuvette of 1  mm thickness. 
The transmittance of the beam is measured from OA and 
CA method in order to measure the nonlinear coefficient of 
absorption and nonlinear index of refraction, respectively. 
In CA case, the aperture is placed in front of the detector, 
whereas in OA case the aperture is removed and placed a 
convex lens with focal length of 20  cm to collect all the 
beam transmittance. The beam transmittance is measured by 
a power meter placed at a far field position. All the samples 
behave like a thin sample because the Rayleigh length is 
greater than sample length.

Results and Discussion

UV-Visible Absorption Study

The UV-Visible absorption features of MR dye dissolved 
in ethanol, methanol, acetone, 1-propanol, DMF and 
DMSO is shown in Fig.  2. The absorption of MR dye is 
measured from 300 to 800 nm wavelength. The absorption 
peak is varying with respect to the polarity of the solvent. 
The absorption peak of MR dye in ethanol, methanol, ace-
tone, 1-propanol, DMF and DMSO is observed at 547 nm, 
560  nm, 561  nm, 562  nm and 560  nm, respectively. The 

Table 1  Spectral features and linear absorption coefficient of polar solvents
Solvent Linear refractive 

index
(n0)

Dielectric constant
(ε)

Hydrogen bond 
donor
(α)

Hydrogen bond 
acceptor
(β)

Polarizability
(π*)

Linear 
absorption 
coefficient
(α0/cm)

Ethanol 1.361 24.50 0.86 0.75 0.52 7.534
Methanol 1.329 32.7 0.98 0.66 0.60 6.909
Acetone 1.358 20.7 0.08 0.48 0.62 6.692
1-propanol 1.385 20.60 0.78 0.83 0.54 6.906
DMF 1.430 38.00 0.00 0.69 0.88 6.437
DMSO 1.479 46.68 0.00 0.76 1.00 6.385

Fig. 1  Molecular structure of MR dye
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linear absorption coefficient of MR dye in different solvents 
and solvents spectral features are tabulated in Table 1. From 
Table 1, the linear absorption coefficient of MR in ethanol is 
higher than that of other polar solvents. This implies that the 
sample with low polar solvents exhibits large linear absorp-
tion coefficient. Also, the linear absorption coefficient of 
MR dye in DMSO shows minimum and exhibits large value 
of NLO susceptibility [22].

Third-Order NLO Study

Third-order NLO features of MR dye in ethanol, methanol, 
acetone, 1-propanol, DMF and DMSO are measured from 
open aperture (OA) and closed aperture (CA). OA pro-
vides the result of nonlinear absorption coefficient which 
is directly related to imaginary part of the third-order NLO 
susceptibility. CA method gives the nonlinear index of 
refraction results which is directly related to real part of the 
third-order NLO susceptibility. Both real and imaginary part 
of the third-order NLO susceptibility of MR dye in differ-
ent solvents gives the third-order NLO susceptibility of MR 
dye. Figure 3 (a-f) illustrates the OA result of MR dye in 
ethanol, methanol, acetone, 1-propanol, DMF and DMSO. 
From Fig. 4 (a-f), MR dye exhibits both positive and nega-
tive nonlinear coefficient of absorption owing to SA and 
RSA absorption of the dye sample. The OA curve of MR 
dye in ethanol and 1-propanol exhibits SA property, while 
the dye dissolved in methanol, acetone, DMF and DMSO 
displays RSA character. Due to the high light intensities 
at the focus produce SA, the photon absorption increases 
noticeably before it reaches to the ground state. Conversely, 
when MR dye is dissolved in methanol, acetone, DMF 
and DMSO exhibit RSA because of the intense interaction 
between the sample at the focus and the light intensity. The 
result of RSA in organic compounds is that the excited state 
absorption cross-section is greater than the ground state. In 

OA profile, the nonlinear coefficient of absorption transmit-
tance is given by,

T (z, s = 1) =
∞∑

m=0

[−qo (z)]
m

[m + 1]
3
2

, for |qo (0)| < 1� (1)

where

q0 =
βIoLeff(

1 + Z2/
Z2
0

)� (2)

where Leff is the sample effective length and Zo is the dif-
fraction length of the sample. The nonlinear coefficient of 
absorption (β) of MR dye in polar solvents is given by,

β =
2
√
2∆T

I0Leff

(cm
W

)
� (3)

CA Z–scan method gives the information about sign and 
magnitude of the nonlinear index of refraction. The CA 
index of refraction curve of MR dye in ethanol, methanol, 
acetone, 1-propanol, DMF and DMSO is shown in Fig. 4 
(a-f). The dye sample appears self-defocusing nonlinearity 
in all the solvents, when the transmittance curve exhibits 
pre-focal peak followed by post-focal valley. Thermal non-
linearity, which arises from the continuous absorption of the 
used light source is the cause of self-defocusing. The CW 
laser irradiation produces a temperature variation inside the 
sample, which leads to thermal lensing. The sample acts as 
a defocusing lens when its temperature rises because a nega-
tive index of refraction is achieved. The normalized trans-
mittance of MR dye is provided by,

T (z) = 1−∆∅o
4X

(X2 + 1)(X2 + 9)
� (4)

where X = Z/Z0.
The nonlinear index of refraction of MR dye is calculated 

by using the relation

n2 =
∆∅0λ

2πI0Leff

(
m2

W

)
� (5)

where ∆∅0is the phase shift, λ is the wavelength of the light 
source and I0 be the Intensity of the light beam at the focus. 
The measured value of nonlinear index of refraction of MR 
dye in various solvents is tabulated in Table 2. The real and 
imaginary components of third-order NLO susceptibility of 
MR dye obtained from n2 and β  which are given by,

Fig. 2  UV-Visible absorption features of MR dye in polar solvents
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Fig. 3  (a-f) Open aperture Z–scan result of MR dye in (a) Ethanol (b) Methanol (c) Acetone (d) 1-Propanol (e) DMF and (f) DMSO. Solid line 
denotes theoretical fit
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Fig. 4  (a-f) Closed aperture Z–scan result of MR dye in (a) Ethanol (b) Methanol (c) Acetone (d) 1-Propanol (e) DMF and (f) DMSO. Solid line 
denotes theoretical fit
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A = Ao + aα + bβ + sπ � (9)

where A is the solvent dependent parameter, Ao is the regres-
sion value of the solute molecules and a,b,s are the regres-
sion coefficients.

The obtained results from the above equation are pre-
sented in Table  3. From Table  3, a good relationship is 
observed between multi-parameter scale and third-order 
NLO features of MR dye. Solvent hydrogen bond donor 
(α), solvent hydrogen bond acceptor (β) and solvent polariz-
ability (π) with various contributions have played a major 
role in the third-order NLO properties of MR dye. For a 
better comparison, the obtained result is transformed into 
contribution percentage and it is presented in Table 4. From 
Table 4, the solvent dipolarizability is a dominant contribu-
tion on NLO index of refraction and nonlinear coefficient 
of absorption of MR dye. The solvent hydrogen bond donor 
and acceptor are also contributed and played a minor role 
and therefore it is suggested that both specific and nonspe-
cific interactions are involved between solvent and solute 
molecule.

Figure 5 (a & b) represents the relation between solvent 
polarizability and dipole moment as a function of third-
order NLO susceptibility of MR dye. It appears that, the 
third-order NLO susceptibility of MR dye is directly related 
to solvent polarizability and dipole moment. The third-order 
NLO susceptibility increases with increase in polarizabil-
ity and dipole moment of the polar solvents [25]. The dye 
sample in DMSO exhibit large optical nonlinear susceptibil-
ity due to large value of dipole moment and polarizability 
of DMSO.

Conclusion

In conclusion, the third-order NLO features of MR dye in 
ethanol, methanol, acetone, 1-propanol, DMF and DMSO 
was examined via low power laser regime. The NLO fea-
tures including, nonlinear index of refraction and nonlin-
ear coefficient of absorption of MR dye was studied using 

Re
[
χ(3)

]
(esu) =

ε0c
2n2

0

104π
n2

(
cm2

W

)
� (6)

Im
[
χ(3)

]
(esu) =

ε0c
2n2

0λ

1024π2
β
(cm
W

)
� (7)

where c is the velocity of light in vacuum and ε0 is the vac-
uum permittivity. The third-order NLO susceptibility of MR 
dye in different solvents is given by,

χ(3) =

√
(Re(χ3)2 + (Im(χ3)2 (esu)� (8)

The third-order NLO susceptibility of MR dye in various 
solvents are presented in Table 2. It is observed from Table 2 
that; the MR dye shows large nonlinear optical susceptibil-
ity in DMSO than other polar solvents. The reason behind 
the large nonlinearity in DMSO is explained below.

Solvent Dependent on Third-Order NLO Study

The solvent environment plays a major role between sol-
ute and solvent interaction and influences the third-order 
NLO characteristics of the materials [24]. Solvent param-
eters such as solvent hydrogen bond donor, solvent hydro-
gen bond acceptor and polarizability are the major spectral 
factors that affecting the third-order NLO properties of the 
sample. The NLO absorption coefficient of MR dye exhib-
its both SA and RSA behavior due to polarizability and 
dipole moment of the solvents. MR dye shows RSA charac-
ter in high polar solvents such as methanol, acetone, DMF, 
DMSO and conversely the dye exhibits SA property in low 
polar solvents like ethanol and 1-propanol.

Different kinds of solute-solvent interactions are 
involved and solvent polarity parameters alone cannot be 
used to describe the solvent effects. Because the influence of 
solvent on third-order NLO characteristics of materials are 
more complicated. Therefore, for a precise investigation, 
Kamlet-Abboud-Taft solvent polarity scale is used which 
comprises of specific and nonspecific interactions [23]. The 
solvent dependent NLO features of MR dye is derived by 
using the relation

Table 2  Third-order NLO features of MR dye in different solvents
Solvent n2 × 10–7

(cm2/W)
β x 10–2

(cm/W)
Re (χ3) x 
10–6

(esu)

Im (χ3) x 
10–7

(esu)

χ(3) x 
10–6

(esu)
Ethanol – 1.24 – 1.38 – 0.42 – 1.51 0.45
Methanol – 2.07 1.45 – 0.67 1.50 0.69
Acetone – 1.64 1.69 – 0.55 1.76 0.58
1-Propanol – 1.82 – 1.28 – 0.66 – 1.45 0.68
DMF – 2.75 2.25 – 1.03 2.72 1.06
DMSO – 2.87 2.99 – 1.15 3.71 1.21

Table 3  Regression fit to solvent polarity scale
Multi-
param-
eter 
scale

A0 a b s R2

n2 –6.44 × 10–8 4.29 × 10–8 1.54 × 10–8 3.78 × 10–7 0.98
β –3.01 × 10–3 7.79 × 10–4 1.68 × 10–4 3.12 × 10–2 0.98

Table 4  Percentage contribution for n2, β and χ(3)

Multi-parameter scale Pα (%) Pβ (%) Pπ (%)
n2 10 4 86
β 2 1 97
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