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Preface 

Considering the factors of a sudden hike in the utilization 

of high intense short-wavelength (green) lasers and eye of human 

has maximum sensitivity (88 %) to green color, the need for laser 

safety devices have increased tremendously. Particularly with 

extensive use of continuous wave (CW) lasers at power levels 

ranging from µW to kW in various applications, the need for 

protecting the human eye and sensors used in handling the CW 

output has become increasingly important. Laser damages can 

be avoided by NLO phenomena like optical-limiting effect (OL) 

wherein a medium exhibits high transmittance at low-intensity 

light and attenuate an intense optical beam, limiting the output 

fluence at a certain range. Many known NLO materials such as 

carbon-based suspensions, fullerenes, phthalocyanines, 

nanoparticles, metal nanowires, carbon nanotube, organic 

chromophores, and porphyrins could serve as candidates for 

practical optical limiters. In this line of search, the versatile 

chemistry of carbon materials, functionalizing as a building 

block of many fascinating new stable and structurally improved 

carbon nanomaterials, has resulted in special attention in 

studying carbonaceous matter at the nanoscale. Among them, 

graphene (G) and its derivatives like graphene oxide (GO), 

reduced graphene oxide (rGO) have attracted great attention due 

to its promising properties like high flexibility and thermal 

stability. However, the basic requirement of high linear 

transmittance limits the possible usage as a power limiter.  



Improvement of linear transmittance along with enhanced 

NLO action can be achieved through nanocomposite formation 

that possesses rGO as host-matrix and known NLO material as a 

decorative element. In the choice of inorganic materials, barium 

borate (BBO) nanostructures will be an interesting candidate, as 

it possesses large second harmonic generation (SHG) and has 

unique characteristics like wide transparency and high optical 

damage threshold. Thus decorating BBO nanorods upon rGO 

can yield BBO:rGO nanocomposite with interesting NLO 

properties. Compared to inorganic NLO materials, the inclusion 

of semiorganic NLO materials in rGO can yield high NLO 

coefficient nanocomposites. In particular, the derivatives of                 

2-amino 5-nitropyridine and 4-dimethyl aminopyridine with the 

interaction of orthophosphoric acid (2A5NPDP, DMAPDP) and 

boric acid (2A5NPFB), are efficient NLO materials as it can attach 

inorganic elements to its herringbone pattern. Inclusion of these 

semiorganic NLO materials like 2A5NPFB, 2A5NPDP, and 

DMAPDP as decorative elements in rGO can yield interesting 

nanocomposites that possess stronger nonlinear refraction, 

which is beneficial for power limiting applications. 

Thus this thesis aims to investigate the following pure and 

decorated rGO nanocomposite for optical limiting applications  

1. Graphene oxide (GO) and Reduced Graphene Oxide (rGO) 

2. BBO Nanorods decorated Reduced Graphene Oxide (rGO:BBO) 

3. 2A5NPFB decorated Graphene Oxide (GO: 2A5NPFB) 

4. 2A5NPDP decorated Graphene Oxide (GO: 2A5NPDP) 

5. DMAPDP decorated Graphene Oxide (GO: DMAPDP) 



The prepared nanohybrid exhibited superior NLO 

properties and optical limiting action compared to their 

individual compounds, making them potential candidates for 

optical limiting applications. Thus the present investigation to 

tune and modify the optical properties of these pure and 

decorated reduced graphene oxide will open up the possibility to 

identify suitable optical limiters that can be used for safety 

devices against the mostly utilized continuous-wave green lasers. 

Chapter I begins with a general introduction followed by 

a brief description of the fundamentals of nonlinear optics. The 

origin of NLO effects, various third-order NLO phenomena, the 

concept of optical limiting is discussed. The materials selection 

and scope of the research are briefly described.  

Chapter II describes the preparation of graphene oxide 

and reduced graphene oxide. Reduced graphene oxide (rGO) 

was prepared by a reduction method using hydrazine, sodium 

borohydride, and ascorbic acid as a reductant. Z-scan results 

show that the materials possess a self-defocusing nature. rGO 

reduced by hydrazine monohydrate (rGO-H) has a better optical 

limiting action.  

Chapter III deals with the preparation and 

characterization of barium borate decorated reduced graphene 

oxide. By the simple hydrothermal method, nanorods of barium 

borate were successfully loaded on reduced graphene oxide 

sheets. The nonlinear refractive index of nanocomposite was 

found to be almost four times higher than GO which resulted in 

superior optical power limiting action.  



Chapter IV presents the synthesis and characterization of 

2-amino 5-nitropyridinium tetrafluoroborate decorated 

graphene oxide. 2A5NPFB crystal and 2A5NPFB decorated GO 

exhibit saturable absorption, self-defocusing, and optical limiting 

action. Here 2A5NPFB decorated GO nanocomposite exhibits 

superior optical limiting action than 2A5NPFB crystals. 

Chapter V deals with the synthesis and characterization of 

2-amino 5-nitiropyridinium dihydrogen phosphate decorated 

Graphene Oxide. The NLO response of thermo-optic origin was 

studied using the Z-scan technique. Interaction of 2A5NPDP 

with GO sheets enhanced the third-order NLO properties and 

thus 2A5NPDP decorated GO exhibit superior OL action.  

Chapter VI describes the preparation and characterization 

of 4-dimethyl aminopyridinium dihydrogen phosphate 

decorated graphene oxide. SEM image portrays the formation 

of nanoparticles with grain size in the range of 45-170 nm. Here 

DMAPDP nanoparticles decorated GO are found to be superior 

than pure DMAPDP for the protection of photosensitive 

components.  

Chapter VII presents the summary and future directions 

in detail. Superior nanohybrids suitable for optical limiting 

applications against continuous-wave green (532 nm, 50 mW) 

lasers are identified and presented in detail.  
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CHAPTER I 

 

Introduction to Nonlinear Optics and Materials  

 

 

LASER is one of the greatest inventions in the history of Science. 

Over the last nearly six-decade, its arrival created many enrapturing 

new fields, among which nonlinear optics (NLO) undoubtedly has the 

broadest scope and now it ranges from paramount studies in interaction 

of light with matter to exhilarating applications such as frequency 

conversion and optical limiting. Modern thriving efforts in molecular 

engineering propose that organic NLO materials acquire comparably 

better NLO properties than inorganic. Due to the stronger NLO response, 

graphene oxide (GO) stand high among the layer structured 

carbonaceous materials in this domain. However, the basic requirement 

of high linear transmittance limits the possible usage of NLO devices. 

Improvement of linear transmittance along with enhanced NLO action 

can be achieved through nanocomposite formation. Inclusion of NLO 

materials like barium borate, 2-amino 5-nitropyridnium fluoroborate,           

2-amino 5-nitropyridnium dihydrogen phosphate, 4-dimethyl 

aminopyridnium dihydrogen phosphate (BBO, 2A5NPFB, 2A5NPDP, and 

DMAPDP) as decorative elements in GO can yield interesting 

nanocomposites that possess stronger nonlinearity, which is beneficial 

for power limiting applications. Thus this thesis aims to investigate the 

several GO complex system for NLO applications. 
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1.1 Introduction 

LASER (Light Amplification by Stimulated Emission of Radiation) 

is one of the revolutionary inventions to mankind. LASER is a source 

that emits a kind of light of unrivaled purity and intensity which is 

incomparable to already known sources of electromagnetic radiation. 

Its arrival a six decades ago, created many fascinating new fields, 

among which nonlinear optics (NLO) undoubtedly has the broadest 

scope and most influential proponents. The field of nonlinear optics is 

almost sixty years old and the interest in the field has grown 

continuously and now it ranges from fundamental studies 

(formulating basic theories) in the interaction of light with matter to 

exciting applications such as frequency conversion and optical limiting 

[1]. The impact of NLO on science and technology has been twofold. 

First, it has enhanced the understanding of fundamental light-matter 

interactions. Second, it has been a driving force in rejuvenating optical 

technology in several areas of science and engineering. The second 

and the third-order phenomena and devices are now at understanding 

and development [2], stage. 

Under normal conditions, the response of a medium to light is 

linear and as a consequence, most optical phenomena can be 

described with a linear refractive index. At sufficient high-intensity 

light, the response of the material depends on the intensity which 

results in an entirely new field of nonlinear optics. Nonlinear optics 

describes the behavior of light in a medium in which the dielectric 

polarization responds nonlinearly to the electric field (values of the 

electric field comparable to interatomic electric fields, typically                    

108 V/m) of the light. This nonlinearity is only observed at very high 

light intensities that are provided by lasers [3]. The field of nonlinear 

optics begins with the observation of second-harmonic generation by 
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Franken and coworkers in 1961, shortly after the demonstration of the 

first working laser by Maiman in 1960 [4, 5].  

The design, synthesis, characterization, and understanding of 

new molecular assemblies with suitable optical nonlinearities carry 

out an active field of research at the interface of Physics, Chemistry 

and Materials Science. Demand in this area of materials exemplifies 

an important theme in the contemporary subject: to know the exact 

influence of a molecule in deciding the required properties of the 

material for various device applications. This leads to the academic 

curiosity which motivated the early forays by synthetic chemists into 

the NLO arena. The integrative chain of developments from a new 

molecule with interesting properties to a functioning NLO device is 

necessarily long and perplexing; the majority of studies totted in this 

field have fixated on chromophore design and elucidation of molecular 

structure-activity correlations. In this search, the versatile chemistry 

of carbon materials, functionalizing as a building block of many 

fascinating new stable and structurally improved carbon 

nanomaterials, has resulted in a strong interest in studying the 

carbonaceous matter for NLO applications. Among them, graphene 

with two dimensional one-atom-thick sp2 bonded carbon networks has 

attracted great attention due to its promising properties like high 

flexibility and thermal stability. Attracted by the fascinating behavior 

of graphene, this thesis focuses on the structural and characterization 

of pure and composites of graphene oxide for various NLO applications 

like frequency conversion and optical limiting.  

This chapter throws light on the origin of NLO, various NLO 

phenomena, the concept of frequency conversion and optical limiting, 

with its theory. Also, the selection of materials for investigation is 

elaborated. 
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1.2 Origin and Nature of Nonlinear Optics 

The invention of laser has unlocked a new perspective in science 

and technology and particularly the study of optics at high intensities. 

The interaction of the electromagnetic field of light (normally high-

intensity laser light) with an NLO material results in the generation of 

new electromagnetic fields. The electric field interacts with inherent 

charges in the material causing the original beam to be altered in 

phase, frequency, amplitude or polarization when light passes through 

a species. Such interactions expound the field of “Nonlinear Optics” 

and describes the deviation from the linear behavior as defined by the 

laws of classical optics [6]. The optical parameters of the medium were 

independent of the intensity of light propagating in the medium before 

the arrival of lasers. The reason is that the electric field strength 

generated by the conventional light sources (non-laser light) is of the 

order of 103 V/cm. Since the interatomic field strength is in the range 

107 to 1010 V/cm, the field due to the light does not affect the atoms 

and so the material behaves linearly. Alternately intense laser 

radiation, which generates a field of strength 108 to 109 V/cm, passes 

through the material, this high field influences the atoms which 

eventuate the induced dipoles oscillating with higher amplitudes. 

When the amplitude of the oscillation is small, the linear effect is 

observed, flipside when it is large higher harmonic terms are found. At 

such high fields, the optical properties depend on intensity. Thus new 

electromagnetic fields can be generated that are altered in phase, 

frequency, amplitude, etc. [7].  

The interaction of the electromagnetic field with matter induces 

polarization in that matter. In linear optics, there is an instantaneous 

displacement (polarization) of the electron density of the atom by the 

electric field E of the light wave. The displacement of the electron 
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density away from the nucleus results in a charge separation (an 

induced dipole), with the electric dipole moment P.  With the small 

fields, the strength of the applied field is proportional to the 

displacement of charges from the equilibrium position and leads to the 

relation,  

Polarization  (P)  =   . E                                     (1.1) 

 where  is the linear polarizability of the medium (P and E are 

vectors). If the field oscillates with a frequency, then the induced 

polarization will have the same frequency and phase, responded is 

instantaneous. Most applications of experiments with NLO are carried 

out on bulk or macroscopic materials and in this case, the linear 

polarization is given in the following equation,  

P = o  (1). E                                            (1.2)   

where 0 is the permittivity in free space (8.85  10-12 C2N-1m-2), 

(1) is the linear susceptibility of a collection of molecules (on which the 

parameters of the dielectric constant and refractive index have a 

bearing). The electric field inside the material is lowered by the 

polarization that opposes the electric field. The reduction in the field 

intensity in the volume element containing the molecule of interest is 

by a factor (1+), where  is the dielectric constant of the medium. The 

proportionality constant is related to the dielectric constant by  

 = 1 + 4  (1)                                                                             (1.3)                                                     

and is related to the refractive index of the medium ‘n’ by  

(1) = n2 –1  (1.4) 

The susceptibility (1) is a second rank tensor because it relates all the 

components of the polarization vector to all the components of the 

electric field vector. It contains all the information about the medium 
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needed to relate the polarization in a particular direction to various 

Cartesian components of the electric field vector in an arbitrary 

direction [7-9]. However, when the material is subjected to an intense 

electric field (i.e. a laser), the polarization is no longer a linear function 

of the applied field. Then the nonlinear polarization is expressed by,  

P = 0 (Po+ (1). E+ (2). E.E + (3). E.E.E +…)                            (1.5) 

 where Po is the static dipole moment per unit volume of the 

sample, (2) and (3) are the second and third-order susceptibilities 

respectively (parameters that determine the magnitude of the second 

and third-order nonlinear optical responses) 

The relations are tensor but, we have used them in scalar form. 

In nonlinear terms, the product of two or more oscillating fields gives 

oscillation at a combination of frequencies and therefore the above 

equation can be expressed in terms of frequency as:  

 
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  (1.6)
 

where χ(2), χ(3) …. are the nonlinear susceptibilities of the medium.  

χ(1) - Linear term responsible for material's linear optical 

properties like refractive index, dispersion, birefringence, and 

absorption. 

 χ(2)- Quadratic term which describes second-harmonic 

generation in noncentrosymmetric materials.  

χ(3) - Cubic term responsible for third-harmonic generation, 

stimulated Raman scattering, phase conjugation, and optical            

bi-stability. Hence the induced polarization is capable of multiplying 

the fundamental frequency to second, third and even higher 

harmonics.  
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Microscopically, when a molecule is subjected to laser light, the 

polarizability of the molecule can be driven beyond the linear regime. 

Therefore, the nonlinear molecular polarization P (which is a function 

of the applied field and leads to nonlinear effects) can now be 

expressed as,  

P =  0 [ ij E +  ijk E.E +  ijkl E.E.E +.…..]                        (1.7) 

where ij is Polarizability, ijk is First order hyperpolarizability 

(second-order effects), ijkl is Second-order hyperpolarizability (third-

order effects) and i, j, k, l correspond to the molecular coordinates 

with increasing field strength. The nonlinear effects become more 

important due to the high powers of the field E (Eqn. 1.6). Since  is 

much greater than  and , nonlinear optical effects are not commonly 

observed before the advent of laser and its associated large electric 

fields.  An important point to note is that for  (or (2)) to be non-zero, 

the molecules (or material) need to be non-centrosymmetric and  is 

the first non-zero nonlinear term for centrosymmetric media [9, 10]. 

For a centrosymmetric material, the nonlinear susceptibility χ(2) 

vanishes. Since 11 of 32 crystal classes possess inversion symmetry, 

this rule is very powerful. To understand the above-mentioned case, 

an isotropic crystal with inversion symmetry (x -x, y  -y, z  -z) is 

considered. Then  

  (2) (2)

0

,

i ijk j k

j k

P E E            (1.8) 

Thus Pi(2) =0 and hence χ(2) =0. This result can be understood 

intuitively by considering the motion of an electron in a non-parabolic 

potential well. Because of the nonlinearity of the associated restoring 

force, the atomic response will show significant harmonic distortion 

(Fig. 1.1). Part (a) shows the waveform of the incident monochromatic 

electromagnetic wave of frequency ω. Under linear response (Part (b)), 
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there is no distortion with the polarization of the medium. Part (c) 

shows the induced polarization for the case of a nonlinear medium 

with inversion symmetry. Although significant waveform distortion is 

evident, only odd harmonics of the fundamental frequency are 

present. In a nonlinear medium with the noncentrosymmetric 

arrangement, both odd and even harmonics are present (Part (d)) in 

the waveform associated with the atomic response. 

 

Figure 1.1 Waveforms Associated with the Atomic Response 

The medium for which the polarization is described by a nonlinear 

relation of the type Eqn. 1.5 is called as “Nonlinear Optical Medium”.  
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1.3 Nonlinear Absorption and Nonlinear Refraction 

The achromatic changes in the optical properties of a material 

can be convinced due to the intense monochromatic radiation. 

Nonlinear absorption (NLA) refers to the change in transmittance of a 

material as a function of intensity or fluence. The probability of a 

material absorbing more than one photon before relaxing to the 

ground state can be greatly enhanced when it is passed through 

sufficient high intensities. As early as 1931, with the aid of second-

order quantum perturbation theory, Goppert - Mayer derived the 

probability for two-photon transition [11]. Since the invention of the 

laser, not only this phenomenon of simultaneous absorption of two 

photons has been observed in a wide variety of materials and the 

multiphoton (n>2) absorption has also been widely studied. Also, 

population redistribution induced by intense laser field leads to 

interesting counter plays of stimulated emission and absorption, 

complicated energy transitions in complex molecular systems and 

the generation of free carriers in solids.  These signified phenomena are 

demonstrated optically in a reduced (saturable) or increased (reverse 

saturable) absorption. Several effects produced by nonlinear 

absorption in the frequency-dependent transmittance of material have 

led to varieties of applications in science and technology such as 

nonlinear spectroscopy and optical limiting. Several mechanisms are 

proposed to understand the intensity dependence of nonlinear 

absorption.  

When the incident intensity is well above the saturation 

intensity, then the excited state can become significantly populated. In 

a system such as polyatomic molecules, there is a high density of 

states near the state involved in the excitation. The excited electron 

can rapidly make transitions to one of these states before it eventually 
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transits back to the ground state. Such a process of absorbing one 

more photon by the electron before relaxing to the ground-state is 

called an excited state absorption. Saturable absorption (SA) is 

termed as when the absorption cross-section of the excited state is 

smaller than that of the ground state, the transmission of the system 

is increased when the system is highly excited. When the absorption 

cross-section of the excited state is larger than that of the ground 

state, then the system will be less transmissive when excited. This is 

called reverse saturable absorption (RSA). The absorption of a 

photon with energy greater than the bandgap will enhance an electron 

to the conduction band, where it turns as a free carrier in 

semiconductors. If it absorbs another photon, before recombination 

with holes in the valence band, it is called as free carrier absorption. 

In the weak absorption regime, the attenuation (dI/dZ) may be 

described as  

0 ( )c c

dI
I N I I

dz
                 (1.9) 

where α0 is ground state absorption cross-section, Nc(I) is the 

intensity-dependent carrier density and αc is the free-carrier cross-

section [12]. 

Two-photon absorption (2PA) involves a transition from the 

ground state of a system to the high-lying state by the simultaneous 

absorption of two photons from an incident radiation field as shown in 

Fig. 1.2. This process involves different selection rules than those of 

single-photon absorption.  Hence 2PA spectroscopy compliments linear 

absorption spectroscopy in studying the excited states of systems. 

Either two photons from the same optical field oscillating at frequency 

ω are absorbed to make a transition at 2ω or two optical fields at 

frequencies ωe (pump) and ωp (probe) are absorbed to have a transition 
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at ωe + ωp. In both cases, the intermediate states are not real (virtual) 

and hence two photons are absorbed simultaneously. For a single 

beam, the 2PA is obtained by the relation, 

2dI
I I

dz
   

                 (1.10) 

where dI dz is an optical loss, α is the linear absorption 

coefficient and β is the 2PA coefficient, which is a macroscopic 

property characterizing the material.  

Three photon absorption (3PA) involves the transition to 

excited state by simultaneous absorption of three photons from 

incident radiation as displayed in Fig. 1.2. These cases are shown 

involving one, two and three fields. For 3PA, the attenuation of a beam 

is given by 

3dI
I I

dz
   

                (1.11) 

where γ is the 3PA coefficient. 3PA is a fifth-order nonlinear 

process and is related to fifth-order susceptibility. Similarly, nonlinear 

absorption can be extended to an arbitrary number of absorbed 

photons. Multiphoton absorption (NPA) refers to the simultaneous 

absorption of ‘n’ photons from a laser beam. The optical loss 

associated with this mechanism is   

 ( 1)n ndI
I I

dz

                     (1.12) 

where γ(n+1) is the (n+1) photon absorption coefficient and has 

unit m2n-1/Wn. 

The normalized transmittance for 2PA is given by [2] 

CW Gaussian beam,  
   

2

0

1 expR L
T

q

 
            (1.13) 
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Pulsed Gaussian beam, 
   

 
2

2

0

0

1 exp
ln 1 exp

R L
T q x dx

q









 
   
 

 

(1.14) 

where,   
    0

0

1 1 expR I L
q

 



  
             (1.18) 

The normalized transmittance for 3PA is given by [2] 

CW Gaussian beam,  
     

2

2

0 0

0

1 exp
ln 1

R L
T p p

p

 
            (1.19) 

Pulsed Gaussian beam,  

        
   

   
2

2 2

0 0

0

1 exp
ln 1 exp 2 exp

R L
T p x p x dx

p









       
              (1.20) 

where,
 

 
2 2

0 02 1 effp R I L               (1.21) 

 

Figure 1.2 Nonlinear Absorption – (a) RSA, (b) 2PA and (c) 3PA  

The nonlinear refractive index is referred to be change in the 

refractive index or spatial distribution of the refractive index of a 

medium due to the presence of optical waves. Nonlinear refraction has 

led to a variety of riveting applications and also paramount to many 

fundamental investigations. Distinct physical phenomena associated 

with this nonlinear refraction are listed in Table 1.1. In laser domain, 
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thus refractive index can be given as  

        (1.22) 

where n is the total refractive index, n0 is the linear refractive 

index, n2 is the nonlinear refractive index and I is the intensity of the 

light.  

Table 1.1 Typical Values of Nonlinear Refractive Index 

Mechanism n2 (cm2 / W) χ(3) (esu) Response Time (s) 

Electronic polarization 10-16 10-14 10-15 

Molecular orientation 10-14 10-12 10-12 

Electrostriction 10-14 10-12 10-9 

Saturated absorption 10-10 10-8 10-8 

Thermal effects 10-6 10-4 10-3 

Photorefractive effect Large Large Intensity-dependent 

The time-averaged intensity of the optical field Eqn. 1.22 is given by 

         (1.23) 

where E(ω) is the amplitude of the incident light. The nonlinear 

refractive index is related to the third-order nonlinear optical 

susceptibility by the relation 

         (1.24) 

Even a small change in the refractive index in the order of 10-8 can 

lead to the dramatic nonlinear optical effect. The origin of thermal 

nonlinear optical effect is termed as some fraction of the incident laser 
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power is absorbed while passing through an optical material. The 

change in the refractive index is due to the increase in the 

temperature of the illuminated portion of the material. Thermal effects 

can be expressed by the power/intensity in a continuous wave (CW) 

laser and by the pulse energy (fluence) in a pulsed laser. In the case of 

a CW laser beam, thermal effects are usually more dominant. The 

maximum temperature at the center of the laser beam with radius R is 

         (1.25) 

where α is the linear absorption coefficient, Imax is the laser 

intensity at the center of the laser and k is the thermal conductivity. 

Nonlinear refraction due to thermal contributions is the change 

in the index due to a temperature rise ∆T that can be expressed by  

          (1.26) 

where  is called the thermo-optic coefficient. In most liquids 

and solids, it is due to a density change (i.e., expansion) with 

temperature. Since the density decreases in expansion and the 

refractive index are proportional to density, this contribution  is 

generally negative [1]. In some semiconductors, the absorption band 

edges are red-shifted with temperature (Franz–Keldish effect). This 

produces a positive thermo-optic coefficient. When a laser beam with a 

Gaussian intensity distribution is incident upon a medium, a 

refractive index gradient is induced in the medium as the index follows 

the shape of the beam. Hence, the medium acts as a positive or 

negative lens to focus or defocus the laser beam. Self-focusing occurs 

when a light beam of non-uniform intensity falls on a medium with a 

nonlinear index of refraction. As illustrated in Fig. 1.3(a), since the 

nonlinear index follows the shape of the beam (for local effects without 
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saturation), an index gradient is induced in the medium. For a positive 

nonlinearity, with greater index, larger phase retardation is induced at 

the on-axis than in the wings of the beam. This has the effect of 

creating a positive lens that tends to focus the beam [1]. For thick 

media with negative nonlinearities, the beam diverges rather than 

collapses due to the negative lens effect. For most cases, when the 

temperature increases the nonlinear refractive index decreases. Thus 

in a medium, that absorbs part of a Gaussian beam, the index at the 

on-axis is smaller than that in the wings, and the beam thus diverges 

(Fig. 1.3(b)). This is called a self-defocusing. Negative nonlinearities 

can also occur in resonant systems.  

 

Figure 1.3 Schematic Illustrations of (a) self-focusing (n2 > 0) and            

(b) Self- defocusing (n2 < 0) 

1.4 Frequency Doubling: Second Harmonic Generation 

In the history of nonlinear optics, the discovery of optical 

harmonic generation marked the birth of the field [4].  The effect has 

since found wide applications as a means to extend the coherent light 

sources to shorter wavelengths.  Probably the simplest second-order 

process is the second harmonic generation.  In this process, an 

intense laser beam of angular frequency 1 = 21 is passed through a 

crystal having a nonzero value of (2) such that the beam emerging 
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from the crystal contains the angular frequencies 1 of the input beam 

and also 2 = 21, twice the frequency of the input beam.  This can be 

shown to occur by considering the field incident on a medium has the 

form 

E = E0 cost            (1.27) 

Substituting this in Eqn. 1.5, 
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using the following relations 
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Now rewriting Eqn. 1.28 can be written as 

 

(1.29) 

 The first term is a constant term.  It gives rise to a dc field across 

the medium, the effect of which is of comparatively little practical 

importance.  The second follows the external polarization and is called 

the first or fundamental harmonic of polarization; the third oscillates 

at a frequency 2 and is called the second harmonic of polarization, 

the fourth is called the third harmonic of polarization and so on. The 

polarization oscillating at a frequency 2 radiates an electromagnetic 

wave of the same frequency, which propagates with the same velocity 

as that of the incident wave.  The wave, thus, produced, has the same 

characteristics of directionality and monochromatic as the incident 

wave and is emitted in the same direction.  This phenomenon is 

known as the Second Harmonic Generation (SHG). 

 The goal when attempting to generate useful second-harmonic 

radiation is to maximize its intensity.  Under certain conditions, it is 
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possible to convert nearly all of the fundamental frequency of the 

beam to the second harmonic frequency.  It is described as a simple 

picture of SHG from a wave standpoint in Eqn. 1.9.  However, it can 

also be considered from the photon standpoint.  Consider the energy-

level diagram of Fig. 1.2(b). It shows two photons of the fundamental 

frequency,, each with energy ћ, combining to produce an energy of 

2ћ.  The energy levels ћ and 2ћ are shown as dashed lines 

because they are not Eigen states of the material in which the second 

harmonic radiation is generated but are instead levels of the combined 

material-photon beam system.  In that sense, they are known as 

virtual levels, since they are not levels that accrue population.  

Instead, two photons of frequency   are destroyed and one photon of 

frequency 2 is simultaneously created as indicated in Fig. 1.2(b).  

Similarly the other second-order effects such as sum and difference 

frequency generation, optical parametric oscillation can be explained 

[7].  

 In general, crystals that show second harmonic generation are 

doubly refracting.  It is possible to cut the crystal so that the velocity 

of the ordinary beam of one harmonic is equal to the velocity of the 

extraordinary beam of the other harmonic.  The first and second 

harmonics can then travel at the same velocity and maintain the 

constant phase relation through the crystal.  This arrangement is 

known as phase matching.  Phase matching plays a very important 

role in determining what nonlinear processes will predominate in any 

given experimental arrangement.  Perfect phase matching is possible 

in noncubic crystals if one uses a combination of ordinary and 

extraordinary rays at different frequencies. It has been observed that 

the efficiency of the harmonic generation depends not only on the 
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intensity of the exciting radiation but also on its direction of 

propagation in crystal.   

Suppose a plane wave at a frequency  and its second harmonic 

at 2, are propagating in the Z-direction, through a nonlinear material 

of length L, then the Second Harmonic Generation efficiency, Eff(SHG) in 

terms of the fundamental wave vector and second harmonic wave 

vector is given by  
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Eff SHG




            (1.30) 

where k1 and k2 are the propagation wavenumbers at frequencies  

and 2 respectively,  (k = 2n/), n being the refractive index of the 

medium which characterizes the spatial variation or the phase of the 

fundamental and harmonic radiations respectively.  This will be 

maximum when  

22

2 21 


 ])[( Lkk
, (i.e) L = /(2k1-k2) = /[4(n-n2)]              (1.31) 

where n and n2 are the refractive indices at  and 2 respectively.   

 

Figure 1.4 Phase Matching – Second Harmonic Generation. 
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The magnitude of L given by the above equation is called the 

coherence length for the second harmonic radiation.  The expression 

for intensity is given by  
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


                     (1.32) 

for I to be maximum (2k1-k2)L = 0 (i.e) k2 = 2k1.  For efficient frequency 

doubling, this relation must be satisfied (Fig. 1.4).  This requirement is 

called the phase-matching criterion which follows that n2 = n.  Thus 

phase-matching condition becomes refractive index criterion and is 

one of the key component for device fabrication [7]. 

1.5 Optical Limiting 

An optical limiting (OL) is an effect in which the power, 

irradiance, energy, or fluence transmitted by an optical system is kept 

below the maximum value, regardless of the magnitude of the input, 

while maintaining high transmittance at low input powers. The 

amplified applications of such an effect are the protection of sensitive 

optical sensors and components from laser damage. There are 

countless viable applications for such effects, including laser power 

regulation or stabilization, or restoration of signal levels in optical data 

transmission or logic systems. An ideal optical limiter exhibits a linear 

transmission below the threshold, but above this limit, its output 

intensity is constant. Optical limiters have been exploited in a variety 

of footing where a decreasing transmission with increasing excitation 

is enticing. Range of NLO phenomena used to design an optical limiter 

includes absorptive processes such as reverse saturable absorption, 

two-photon absorption, and free-carrier absorption, nonlinear 

refractive processes such as self-focusing, self-defocusing, photo-

refraction, and optically induced scattering [13-15]. 
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Although there is a great variety of OL effect, most of them can 

be classified into two categories: one is the energy spreading, and the 

other is the energy-absorbing. The nonlinear refraction based OL effect 

can be induced by the self-focusing, self-defocusing, scattering, 

refraction, and aberration in nonlinear optical media. In this 

condition, the key requirement is to place an aperture in front of a 

detector and the limiting is due to the change in the spatial energy 

distribution of the transmitted laser beam. When the input laser 

intensity increases, there will be more portions of the incident laser 

energy spreading, as a result, the portion passing through a small 

aperture will decrease accordingly. Consequently, all devices based on 

these mechanisms can be called energy spreading optical limiters. 

The nonlinear absorption-based optical limiting does not require any 

aperture or pinhole and the OL relies on the fact that the 

transmissivity for some nonlinearly absorbing media decreases when 

the input laser intensity increases. The major nonlinear optical 

absorption mechanisms employed for OL are reverse saturable 

absorption and two-photon absorption. They are generally called as 

the energy-absorbing optical limiters [16].  

In a nonlinear absorbing medium, the transmitted laser intensity 

I can be generally expressed as 

0 0( ) ( )I Z T I I=                          (1.34) 

where I0 is the input intensity, T(I0) is the transmissivity of the 

medium and it is a decreasing function of I0. The RSA is a two-step 

and sequential one-photon absorption process and is displayed in            

Fig. 1.2. In this case, a certain number of molecules are excited to an 

excited state 2. For a properly chosen medium, the excited molecules 

may make a further transition from the excited state 2 to a higher 

excited state 3 via another N2 in state 2 and the incident intensity I. 
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On the other hand, N2 is proportional to I and N1,  

i.e., 2 12 1/N N= s , where σ12 is the cross-section of the transition from the 

ground state 1 to the state 2. As intensity increases, the molecule 

number N2 continuously grows and the sequential one-photon 

absorption due to the transition from state 2 to state 3 become more 

significant, provided that the cross-section, 

 12 1 2 23 2

( )
( ) ( )

dI Z
N N I Z N I Z

dZ
                 (1.35) 

In the simplest case, it can be assumed that N1>>N2, N3>0, 

where N0 is the density of the absorbing molecules.  Then  
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where 
12 23 0b Nb = s s  and 0 12 0Na = s  is the nonlinear and linear 

absorption coefficient respectively. The solution of Eqn. 1.39 is 
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If the linear absorption coefficient is assumed to be small, then 
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
               (1.38) 

Here, T0 is the linear transmissivity of the sample medium for a 

weak input light signal and T(I0) is the intensity-dependent dynamic 

transmissivity of the same medium for a high-intensity laser beam. 

From Eqn. 1.38 it can be seen that the dynamic transmissivity 

decreases when the input intensity increases. This is the simplest 

quantitative description of RSA [17].  

In the 2PA process, the molecular transition from the ground 

state 1 to an excited state 2 is accomplished via an intermediate state 
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that is represented by a virtual energy level as shown in Fig. 1.2. Here 

2PA based devices are suitable not only for optical limiting but also for 

other applicable purposes such as optical power stabilization, optical 

pulse reshaping, optical spatial field reshaping as it exhibits the 

advantage of (i) negligible linear absorption loss for weak signal, (ii) 

extremely fast temporal response and (iii) retaining high beam quality 

of the transmitted signal [18]. 

All materials exhibiting nonlinear absorption must also exhibit 

nonlinear refraction. This can usually be expressed as 

0 2eff r exn n n I N                  (1.39) 

where n2 describes instantaneous index changes proportional to 

incident irradiance and σr describes the change in the index due to the 

population of excited states. Third-order optical nonlinearities, n2 is 

related to the 2PA coefficient by Kramers - Kronig relations [13]. As 

focused beam has a spatially varying irradiance, the induced refractive 

index change varies across the beam profile, causing the beam to be 

strongly distorted upon propagation. Near focus, the beam is usually 

brightest in the center, so for a negative index change, the nonlinear 

material will behave like a lens with negative focal length, and the 

beam is defocused. This process is referred to as self-defocusing. If the 

sign of the index change is positive, self-focusing results. An 

advantage of this method over nonlinear absorption devices is that 

there is no need to absorb a large amount of energy in the nonlinear 

material, which could cause thermal damage problems. 

In case of nonlinear absorption, for low incident intensity or 

fluence, the device has linear transmittance. For 2PA, this transmittance 

may be nearly 100 % and the input-output curve has a slope of 45o. 

On the other hand, RSA materials require a certain amount of linear 



Chapter I: Introduction 

23 | P a g e  

 

absorption and thus input-output slope in the linear regime is less 

than 45 o. At critical intensity or threshold in an ideal limiter, the 

transmittance changes abruptly and exhibits an inverse intensity or 

fluence dependence. Thus the output is clamped at some value that 

can presumably be less than the amount required to damage the 

sensor. This clamped output is called optical limiting value. In real 

materials, this optical limiting threshold is defined as the input 

intensity or fluence for which the transmittance decreased by a factor 

of 2 from its value in a linear regime as shown in Fig. 1.5 [2]. 

 

Figure 1.5 Optical Limiters (a) Ideal and (b) Real 

(a) 

(b) 
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An optical limiter must protect a wide range of incident intensity 

or fluence. Thus if the input-output slope is nonzero, at some point 

above the threshold, the device will fail to provide protection. In some 

cases, the material itself may be damaged if its damage threshold is 

below this point. Any of these situations will define a maximum input 

for which the device will provide effective limiting. The ratio of this 

input value to the threshold is called the dynamic range of the limiter.  

Most of the laser safety devices available in market are limited in 

their applications. Traditional fixed–line filters works on selective 

absorption or reflection of unwanted wavelengths that can be effective 

against both dazzling and damages. But it is limited in application as 

advanced knowledge of the threat wavelengths is required. Tunable 

filters fix the threat wavelength and fine-tune a filter to remove the 

unwanted radiation. These devices are limited due to their slow 

response time and ineffective against laser damages sources. Optical 

limiters (OL) provides decreasing of transmittance as a function of 

intensity so that the high intensity radiation is effectively suppressed. 

Limits of optical limiters are although minimal to be ignored, one 

major concern is that it works on the principle of NLO and thus 

sensitive to experimental conditions. Detailed investigation on the 

influence of laser wavelength, peak intensities, pulse duration in 

altering the optical limiting threshold should be known precisely.  

1.6 Definition of the Problem and Materials Selection 

Nonlinear optical (NLO) materials play a major role in nonlinear 

optics and in general, they have made a greater impact on information 

technology and industrial applications, in particular. In 1989, a new 

group of nonlinear materials called semiorganic was introduced. These 

metal complexes satisfy very different demands of second-order NLO 

materials such as switchable, tunable and multidimensional 
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properties depending on the suitable interplay of structure-property 

relationships. It offers a wide range of metals with different oxidation 

states and ligands, which can give rise to tunable electronic 

properties. Semiorganic NLO crystals are expected to possess the 

advantages of both inorganic and organic materials. The metal-organic 

coordination complexes can provide an enhancement in 

physicochemical stability, breaking up of the centrosymmetry of the 

ligand in the crystal and an increase in NLO intensity via the metal-

ligand bridging interactions. The central metal ion not only offers a 

certain anisotropic field to keep the NLO-active chromophore ligands 

in a favorable acentric arrangement but is also involved in the NLO 

process. The hyperpolarizability value can drastically vary with the 

electronic configuration of metal ions.  

 Nonlinear organic materials have proved to be interesting 

candidates for several applications like second harmonic generation, 

frequency mixing, electro-optic modulation, optical parametric 

oscillation, etc. The superiority of organic NLO materials results from 

their versatility and the possibility of tailoring them for a particular 

end use [19]. The optical nonlinearity of organic molecules can be 

enhanced by adding strong electron-donating and withdrawing entities 

as well as optimizing the distance between donor and acceptor. This 

generates a highly polarizable charge transfer compound with an 

asymmetric electron distribution. Studies show that conjugated 

organic molecules with large delocalized π-electron systems exhibit 

measurable nonlinear optical and electro-optical effects. The ideal 

material that can have potential applications in nonlinear optical 

devices should possess a combination of properties as high laser 

damage threshold, fast optical response, flexible for molecular design, 

optical transparency, mechanical stability, thermal stability and ease 
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of fabrication [20].  Compared with inorganic NLO materials, organic 

materials may fulfill many of these requirements, but there are also 

some drawbacks to organic NLO materials, such as environmental 

stability, mechanical strength, and performance at low and high 

temperatures. Since organic materials offer a very wide range of 

chemical modification, some of these problems can be overcome [21]. 

Recent growing efforts in molecular engineering suggest that organic 

NLO materials possess comparably better NLO properties than 

inorganic and hence, their tremendous practical potentials have been 

anticipated. 

As second-order nonlinearity is the most commonly occurring 

nonlinear optical phenomenon, it is necessary to know some of the 

basic requirements of materials to exhibit second-order nonlinear 

(SONLO) effects [15]. As a general rule, the basic requirements apart 

from the noncentrosymmetric of the crystal structure are,  

i) The material should be polarizable  (the electrons need to be 

greatly perturbed from their equilibrium positions) 

ii) Asymmetric charge distribution (incorporation of a donor-

acceptor molecule) 

iii)  A pathway of -conjugated electrons  

iv) Relatively large dijk coefficient (dijk = ijk/2) 

v) Moderate birefringence 

vi) Wide transparency range for operating wavelengths  

vii) High laser-induced damage threshold 

viii) Ease of growth 

ix) Low materials cost 

x) Good mechanical, thermal and chemical stability  
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An optical limiter must protect a wider range of incident 

intensity or fluence. Thus if the input-output slope is non-zero, at 

some point above the threshold, the device will fail to provide 

protection. In some cases, the material itself may be damaged if its 

damage threshold is below this point. Any of these situations will 

define a maximum input for which the device will provide effective 

limiting. The ratio of this input value to the threshold is called the 

dynamic range of the limiter. In consolidation, the desirable attributes 

that are essential for an optical limiter are [15], 

i) Low threshold 

ii) Wide dynamic range 

iii) Fast optical response 

iv) Broadband response 

v) Low insertion loss / high linear transmittance 

vi) Optical clarity / low optical scattering 

vii) Color neutrality 

viii) Robustness 

The main interest in this work is focused on the identification of 

novel materials for NLO applications. The major concerns of the 

electro-optical sensors that are widely used in laser applications are 

susceptible to overexposure leading to permanent optical damage.  

Laser protection measures are typically realized using conventional 

optical filters based on absorption or interference effects. 

Unfortunately, these filters work only for predefined wavelength, but 

not beyond.  A laser beam of high intensity can damage the retina and 

optical components, for this reason, significant research effort has 

been invested into optical power limiting materials to achieve some 

measure of protection from such high-intensity laser beams.  An ideal 
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optical limiting material must possess high linear transmittance, color 

neutrality, robustness, broadband limiting response, low limiting 

threshold and high damage threshold for practical applications. 

However, single materials that meet all the characteristics are 

currently unavailable in the pre-realm of graphene. This is because 

graphene is an interesting layered carbonaceous material that has 

two-dimensional one-atom-thick sp2-bonded carbon networks, which 

has attracted great attention due to its unique electronic, mechanical, 

optical and thermal properties. Oxygen-containing groups, such as 

hydroxyl, epoxy, carbonyl, and carboxylic on GO sheets not only 

promote the dispersion of GO but also can be used to decorate the GO 

surface with various functional groups. The most attractive property of 

GO is that it can be (partly) reduced to graphene-like sheets by 

removing the oxygen-containing groups with the recovery of a 

conjugated structure. The reduced GO (rGO) sheets are usually 

considered as one kind of chemically derived graphene. Layer 

structured carbonaceous materials like GO and rGO stand high in this 

domain due to their stronger nonlinear optical response. However, the 

basic requirement of high linear transmittance limits the possible 

usage as a power limiter [22-24].  

Improvement of linear transmittance along with enhanced NLO 

action can be achieved through nanocomposite formation that 

possesses rGO as host-matrix and known NLO material as a 

decorative element. The availability of several types of oxygen-

containing functional groups on the basal plane and the sheet edge 

allows GO to interact with a wide range of inorganic and organic 

materials so that functional hybrids and composites with unusual 

properties can be readily synthesized. In the process of nanocomposite 

formation, optimization of rGO that resembles the behavior of 
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graphene is very important and different reduction processes result in 

different properties that in turn affect the final performance of 

materials or devices composed of rGO. Though the final target to 

achieve perfect graphene is hard to reach, research efforts have 

continuously made it closer. The reduction of graphene was mainly 

aimed at eliminating epoxy and hydroxyl groups on the plane, while 

others, e.g. carboxyl, carbonyl, and ester groups, will present at the 

edges or defective areas of rGO sheet. These functional groups will act 

as nucleation centers to allow decoration of many organic/inorganic 

NLO materials and thus optimization of desired content of these 

oxygen-containing functional groups is very important. In the choice of 

inorganic materials, barium borate (BBO) nanostructures will be an 

interesting candidate, as it possesses large second harmonic 

generation (SHG) and has unique characteristics like wide 

transparency, large birefringence, high optical threshold and excellent 

mechanical properties [14]. Especially 1D nanostructures are an ideal 

system not only for understanding the functional phenomena in low 

dimensional systems but also for developing new generation 

nanodevices with high performance. Recent reports show that barium 

borate nanorods possess superior third-order NLO properties than 

benchmark OL materials like C60 [25-28]. Thus decorating BBO 

nanorods upon rGO can yield BBO-rGO nanocomposite. 

Compared to inorganic NLO materials, the inclusion of 

semiorganic NLO materials in rGO can yield high NLO coefficient 

nanocomposites. This is because the carbon atom has the great ability 

to form a stable hybridized bonds like a two-electron covalent bond  

Csp3- Csp3 and a four-electron bond  + π Csp2- Csp2 which provides 

diverse properties of organic compounds. The presence of π-electrons 

in an organic molecule differentiate organic NLO materials from 
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inorganic systems. Among the available chromophore, a polarizable 

organic molecule 4-dimethyl aminopyridine (DMAP), can be selected as 

a guest and anchored onto inorganic host orthophosphoric acid.  The 

hydrogen bond networks formed will provide new crystalline 

semiorganic material, 4-dimethyl- aminopyridinium dihydrogen 

phosphate (DMAPDP) with improved stabilities [29, 30]. Also, 2-amino 

5-nitropyridine (2A5NP) can induce a high NLO character with a 

strong donor (NH2) and acceptor (NO2) group through a push-pull 

mechanism. In particular, the derivatives of 2-amino 5-nitropyridine 

with the interaction of orthophosphoric acid (2A5NP dihydrogen 

phosphate (2A5NPDP)) and boric acid (2A5NP fluoroborate (2A5NPFB)), 

are efficient NLO materials as it can attach inorganic elements to its 

herringbone pattern [31-35]. Manivannan et. al., reported that the 

crystal structure of host-guest hydrogen-bonded semiorganic NLO 

material 2-amino 5-nitropyrinium fluoroborate (2A5NPFB) belongs to 

noncentric space group Fdd2. Spectral analysis and the second 

harmonic generation capability of 2A5NPFB was discussed [36]. 

Rajkumar et. al., have grown bulk single crystals of 2-amino 5-

nitropyrinium dihydrogen phosphate (2A5NPDP) by 

Sankaranarayanan-Ramasamy method [37]. Earlier Pricilla 

Jeyakumari et. al., have reported the synthesis, growth, and 

characterization of 2A5NPDP single crystals. Their SHG efficiency and 

phase matching capability were determined [38]. Y. Morel et. al., 

reported the three-photon absorption behavior of 2A5NPDP under 

nano pulse excitation. Their absorbance properties and polarization 

dependence for different crystal orientations were discussed [39]. 

Single crystals of 4-dimethyl aminopyridinium dihydrogen phosphate 

(DMAPDP) were grown by slow evaporation by Dhanuskodi et.al., Their 

thermal stability and thermo coefficients were determined by an 

improved photopyroelectric effect [40]. Earlier the laser damage 



Chapter I: Introduction 

31 | P a g e  

 

studies along with crystal and molecular structure of DMAPDP were 

reported [41]. Inclusion of these semiorganic NLO materials as 

decorative elements in GO can yield interesting nanocomposites 

suitable for power limiting applications. 

Table 1.2 NLO Coefficients of Prominent NLO Materials 

Compound Notable NLO coefficients 
Prominent NLO 

Phenomenon 

β-BBO [14] ηSHG = 6 times KDP, LDT = 5 GW/cm2 SHG 

2A5NPFB 

[36]  

ηSHG = 40 times KDP, LDT = 7.48 

GW/cm2 
SHG 

2A5NPDP 

[37] 

ηSHG = 4.17 times KDP, LDT = 2.76 

GW/cm2 
SHG 

DMAPDP [40] LDT = 4.8 GW/cm2 THG 

BBO NR [25] β = 0.17 × 10-10 m/W OL 

GO [22] β = 6.19 x 10-11 m/W OL 

GO/Au [23] β = 1.1 x 10-11 m/W OL 

GO-Ag [23] β = 30 x 10-11 m/W OL 

rGO-PbS [24] β = 7.9 × 10-10 m/W OL 

ηSHG = SHG efficiency; LDT = Laser Damage Threshold; β = Nonlinear 

absorption coefficient; SHG = Second Harmonic Generation; THG = Third 

Harmonic Generation; OL = Optical Limiting 

Table 1.2 summarizes the notable materials chosen for 

investigation along with their prominent NLO phenomena and its NLO 
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Coefficients. It is to be noted that barium borate, 2A5NPFB, 2A5NPDP 

and DMAPDP are identified as well-known NLO crystals useful for 

harmonic generation applications. At the same time, after the 

discovery of Graphene notable work on NLO behaviour Graphene 

Oxide is also made and it revealed the possible utilization of the 

material in optical limiting applications. As the literature portrays the 

possibility of improving NLO coefficients of Graphene systems through 

functionalization, several works on Graphene derivatives are made all 

over the world. Based on this facts, attempts are made to incorporate 

known inorganic (BBO) and semiorganic (2A5NPFB, 2A5NPDP and 

DMAPDP) NLO upon Graphene Oxide and study their NLO response. 

Thus this thesis aims to investigate the following pure and decorated 

GO nanocomposite for frequency doubling and optical limiting 

applications  

1. Graphene oxide (GO) and Reduced Graphene Oxide (rGO) 

2. Barium borate nanorods decorated Reduced Graphene Oxide (rGO: 

BBO) 

3. 2-amino 5-nitiropyridinium fluoroborate decorated Graphene Oxide 

(GO: 2A5NPFB) 

4. 2-amino 5-nitiropyridinium dihydrogen phosphate decorated 

Graphene Oxide (GO: 2A5NPDP) 

5. 4-Dimethyl- aminopyridinium Dihydrogen Phosphate decorated 

Graphene Oxide (GO: DMAPDP) 

1.7 Experimental Techniques 

1.7.1 Crystal Growth: Solvent Evaporation Method 

A solid which consists of atoms or molecules arranged 

periodically is called crystal. In the 20th century, contributions of 

crystal growth in fabricating electronic and optical devices have 
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thrown more light on the importance of crystals. Crystal growth is a 

controlled phase of transformation, either from solid or liquid or from 

gaseous phase to solid phase. Fundamental aspects of crystal growth 

had been derived from early crystallization experiments in the 18th and 

19th centuries. Crystal growth is a highly complex phase change 

phenomenon that deals with the technology of controlling phase 

transition that leads to solids. The crystal growth methods are broadly 

classified into four main categories depending on the phase transition 

involved in the process as Solid-state growth (Solid → Solid), Melt 

growth (Liquid → Solid), Vapor growth (Vapor → Solid) and Solution 

growth (Liquid → Solid) [42-46]. 

Among these methods, low-temperature solution growth (LTSG 

method) is the easiest and most effective way for growing a variety of 

crystals at the ambient condition or even at room temperature.  

Materials having low to high solubility in the temperature range 

ambient to 70 °C and at atmospheric pressure can be grown by using 

a low-temperature solution growth method. In this method, a 

saturated solution of the material is prepared in a suitable solvent and 

crystallization is initiated by slow cooling of the solution or by the slow 

evaporation of the solvent. In the Slow evaporation method, the 

temperature is fixed constant and provision is made for evaporation.  

With non-toxic solvents like water, it is permissible to allow 

evaporation into the atmosphere.  Typical growth conditions involve 

temperature stabilization to about ± 0.01 °C and rates of evaporation 

of a few mm3/hr.  This method is the only one that can be used with 

materials having a very small temperature coefficient of solubility [47-

54].  

The advantages of crystal growth from low-temperature solution 

nearer the ambient temperature result in simple and straight forward 
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equipment design which gives a good degree of control accuracy at            

± 0.02 ºC. Due to the precise temperature control, the supersaturation 

can be very accurately controlled. Also, an efficient stirring of solution 

reduces fluctuations to a minimum. The low-temperature solution 

growth technique is well suited to those materials which suffer from 

decomposition in the melt or the solid at higher temperatures and the 

materials which undergo structural transformations while cooling 

from the melting point and numerous organic and inorganic materials 

which fall in this category can be crystallized by using this technique. 

The low-temperature solution growth technique also allows a variety of 

different morphologies and the polymorphic forms of the same 

substance can be grown by varying the growth conditions of a solvent 

[55].  The proximity to ambient temperature reduces the possibility of 

major thermal shock to the crystal both during growth and removal 

from the apparatus.  

1.7.2 Nanomaterial Preparation: Hydrothermal Synthesis 

Since the size and shape of nanostructures, size distribution and 

surface chemistry have a great impact on features and behaviors of 

the nanocomposite, preparation methods play a key role in practical 

aspects. Also, the preparation method determines the degree of 

structural defects and impurities present in the particles as well as the 

distribution of such defects thereby manipulation of behaviors of 

nanocomposite can be achieved. Although nanocomposite can be 

synthesized in different ways, here hydrothermal method is adopted. 

Some parameters like temperature, pressure, reaction time, type and 

concentration of precursors can be changed to obtain the desired 

shape and/or size of products. The hydrothermal process is 

environmentally friendly since it does not involve any organic solvents 

or post-treatments. Therefore, the hydrothermal technique has been 
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widely used to synthesis hybrid complexes as powders, nanoparticles 

and single crystals using closed-system physical and chemical 

processes flowing in aqueous solutions at temperatures above 100 °C 

and pressures above 1 atm. The advantages of the hydrothermal 

synthesis method include the ability to synthesize crystals of 

substances which are unstable near the melting point, and the ability 

to synthesize large crystals of high quality [56, 57]. 

The main parameters of hydrothermal synthesis, which define 

both the processes kinetics and the properties of resulting products, 

are the initial pH of the medium, the duration and temperature of 

synthesis, and the pressure in the system. The synthesis is carried out 

in autoclaves which are sealed steel cylinders that can withstand high 

temperatures and pressure for a long time. Nanopowders are normally 

produced using either high-temperature hydrolysis reactions of 

various compounds directly in the autoclave or hydrothermal 

treatment of reaction products at room temperature; the latter case is 

based on the sharp increase in the rate of crystallization of many 

amorphous phases in hydrothermal conditions. In the first case, the 

autoclave is loaded with an aqueous solution of precursor salts, in the 

second case – with a suspension of products derived from solution 

reactions flowing under normal conditions. There is normally no need 

to use special equipment and maintain a temperature gradient [58, 

59].  

In the preparation of borate and pyridine derivative decorated 

graphene oxide composites by hydrothermal method, the autoclave 

was loaded with an aqueous solution of precursor salts. Care was 

taken to choose the appropriate temperature for a hydrothermal 

reaction so that the synthesized molecules do not dissociate 

themselves during composite formation. At chosen high temperature 
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and pressure, oxygen-containing functional groups in graphene oxide 

can undergo reduction along with dehydration by water. The elevated 

temperatures enhance dehydration rates and cause the high 

diffusivity of reactants in such situations. High supersaturation 

obtained in this procedure leads to the nucleation of decorative 

elements upon graphene oxide. The positively charged decorative 

complexes can then be intimately mixed with aqueous dispersions of 

negatively charged GO through electrostatic attraction. Further, the  

π-π interactions between the GO sheets support the self-assembly 

process. In fact, as an advantage, a hydrothermal reaction not only 

results in an easy one-pot reaction for the synthesis of the composite 

but also efficiently reduces the GO sheets incorporated in the 

composite. Thus by adopting the hydrothermal method, graphene 

oxide composites were prepared and used for various characterization. 

1.8 Characterization Techniques 

In the present study, preliminary identification and crystalline 

arrangement were analyzed using single-crystal X-ray diffraction was 

carried out by using Bruker Kappa Apex II diffractometer, with MoKα 

radiation (λ = 0.71073 Å) in STIC, Cochin. Powder X-ray diffraction of 

the grown crystals was performed in a PANalytical Xpertpro 

diffractometer (Netherlands) using CuKα radiation (λ = 1.5418 Ǻ) in the 

Department of Physics of Alagappa University, Karaikudi. FTIR spectra 

were recorded by using Thermo Nicolet 370 FTIR spectrophotometer 

(USA) and by applying the KBr pellet technique in STIC, Cochin. Laser 

Raman studies were carried out using InVia, Renishaw, UK High 

Resolution Raman spectrometer at the Department of Physics of 

Bharathidasan University, Tiruchirappalli. The thermal property of the 

samples was studied by TG-DTA and differential scanning calorimetry 

(DSC) analyses by using a Perkin Elmer, Diamond TG/DTA and 



Chapter I: Introduction 

37 | P a g e  

 

Mettler Toledo DSC 822e available at STIC, Cochin. The optical 

properties of the grown crystals were determined from UV-Vis-NIR 

absorption spectra recorded with a Varian, Cary 5000 

spectrophotometer in STIC, Cochin. Nonlinear optical properties of the 

grown crystals were analyzed by Kurtz Perry powder second harmonic 

generation (SHG) test using Nd: YAG laser (λ = 1064nm) at the 

Nanophotonics Laboratory, Department of Physics of Bharathidasan 

University, Tiruchirappalli. The Z-scan studies were performed by 

using long-lasting diode-pumped Nd: YAG (532 nm, 50 mW) in the 

Department of Physics, Madras University, Chennai. To realize the 

practical applications of the materials selected for investigations, it is 

essential to predict the second and third-order NLO properties.  Hence 

to find suitable materials for frequency conversion and optical limiting 

applications, the following experiments were performed. 

1.8.1 Powder SHG Test 

 To find suitable materials with desired NLO properties in crystal 

engineering, one can utilize the theories and the experiments to 

predict the magnitude of the NLO coefficients of the newly synthesized 

substances.  It is a difficult, time consuming and expensive endeavor 

to develop single crystal growth methods for new materials.  However, 

for effective analysis, the NLO coefficients of the crystals must be 

somehow estimated beforehand to optimize the conditions for single 

crystal growth towards the practical applications. Therefore a relatively 

rapid and simple method of screening new candidates for frequency 

conversion applications before crystal growth is needed. 

 In this context, Kurtz and Perry powder technique represents the 

first real means of screening the materials for second-order NLO 

applications.  The advantage of this method is that it not only provides 

a nonlinear coefficient (dij) values but also determines whether the 
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material is phase matchable or not. Kurtz and Perry developed a semi-

quantitative approach to the theory of SHG from powders.  Boyd et. 

al., [2] have shown that the SHG intensity by a single particle can be 

related by assuming no absorption and low dispersion, 
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        (1.39) 

where d is NLO coefficient, r is particle size and Lc is coherence length.  

 

Figure 1.6 Experimental Setup for Powder SHG Measurement 

The powder SHG measurements were performed by applying a 

modified Kurtz-Perry method.  The experimental setup for the Kurtz-

Perry powder technique used in the present investigation is shown in 

Fig. 1.6.  In this, the particles were initially ground and sieved to 

obtain a desired particle size range.  Then the powder sample was 

packed tightly in a capillary tube and illuminated by using a                     

Q-switched Nd: YAG laser (1064 nm, 8 ns, 10Hz).  The low energy              

(~ 9mJ) beam is used for excitation. A photodiode was used as a 

reference to monitor pulse-to-pulse fluctuations in the input beam.  

The fundamental transmitted wave, IR (1064 nm) was blocked by 

using RG850. 
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1.8.2 Z-Scan Study 

 The intense monochromatic radiation from a laser can induce 

profound changes in the optical properties of a material. Nonlinear 

absorption refers to the change in transmittance of a material as a 

function of input intensity or fluence. For the effective performance of 

all-optical switches and limiting devices, strong nonlinear absorption 

is an essential criterion.  Nonlinear absorption has also been employed 

to enhance the optical spectroscopic study of materials. The nonlinear 

index of refraction or the third-order NLO susceptibility is an 

important parameter in the optical limiting applications. Measurement 

techniques include degenerate four-wave mixing, Z-scan, optical Kerr 

effect and ellipse rotation interferometric methods, two-beam coupling, 

beam self-bending and third-harmonic generation [18]. Z-scan is a 

popular technique that is particularly useful for the simultaneous 

measurement of both the nonlinear refractive index and nonlinear 

absorption coefficient. The Z-scan method has gained rapid 

acceptance as a standard technique due to its simplicity in technique 

and interpretation through the nonlinear optics community.  However, 

it must always be recognized that this method is sensitive to all 

nonlinear mechanisms that give rise to a change in the refractive 

index and/or nonlinear absorption coefficient. Various Z-scan 

methods for data analysis include single beam Z scan, eclipsing Z 

scan, two-color Z-scan, time-resolved excite probe Z-scan and top hat 

beam Z-scan [61]. 

The study of nonlinearity by using the single-beam Z-scan 

method is based on the intensity dependence of the thin sample along 

a laser beam. A Gaussian beam is focused by a spherical lens onto the 

sample and the variation in the beam profile is observed at the far-

field as the sample is taken through the focus of the lens.  The beam 
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propagation direction is taken as the Z direction and the sample is 

moved along that direction, and hence this technique is known as the 

Z-scan technique. By properly monitoring the transmittance change 

through a small aperture placed at the far-field position (closed 

aperture), one can determine the amplitude of the phase shift.  By 

moving the sample through the focus and without placing an aperture 

at the detector, (open aperture), one can measure the intensity-

dependent absorption as the change of the transmittance through the 

sample.  When both methods (closed and open ones) are used for the 

measurements, the ratio of the signals determines the nonlinear 

refraction in the sample [18].  

Sheik- Bahae et al. [61] and David J. Hagan et al. [60] developed 

a sensitive self-focusing measurement technique that involves 

focusing a laser beam through a thin sample and detecting the light 

transmitted by a small aperture in the far-field. If E is the peak electric 

field of a Gaussian beam traveling in the +Z direction, then 
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( 2

0k 2 ) is the diffraction length of the beam, (k=2π/λ) is the wave 

vector and λ is the wavelength of the laser. 

It is important to note that, if the sample length is smaller 

enough to change the beam diameter within the sample either due to 

diffraction or nonlinear refraction that can be neglected, the medium 

is regarded as thin media, in which case the self-refraction process is 
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referred as external self-action.  For linear diffraction, this implies that 

L<< Z0, while for nonlinear refraction, L<< Z0 /Δφ0.  In most cases, Δφ0 

is small and eventually L<< Z0 is an essential criterion to be achieved. 

A diode-pumped Nd: YAG laser (532 nm) was used as the excitation 

source for the Z-scan technique. The Gaussian profile laser beam was 

focused on a 1 mm cuvette containing the 1 mM concentration 

solution by a lens of focal length 3.5 cm to produce a beam of the 

waist (ω0) 15.35 μm. The condition for diffraction length (Zo = πω02/λ > 

L) was satisfied so that the sample is considered as a thin medium. 

The transmission of the beam through an aperture placed in the             

far-field was measured using a photo detector fed to the digital power 

meter. For the open aperture Z-scan, a lens was used to collect the 

entire laser beam transmitted through the sample that replaced the 

aperture. 

 

Figure 1.7 Experimental Setup for Z-Scan Measurement 

The nonlinear parameters under CW laser illumination were 

determined by the well-known closed Z-scan set up formulated by 

Sheik-Bahae et al. [61] and David J. Hagan et al. [60]. The difference 

between the normalized peak and valley transmission (ΔTp-v) in closed 

aperture pattern is written in terms of the on-axis phase shift at 

the focus as, 

0.250.406(1 )p vT S            (1.41) 
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S= 1- exp (-2 ra2 / ωa2)                   (1.42) 

where S is the aperture linear transmittance, ra is the aperture 

and ωa is the beam radius at the aperture. 

The nonlinear refractive index is given as, 
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           (1.43) 

where K = 2π / λ (λ is the wavelength of laser), I0 is the intensity 

of the laser beam at the focus (Z=0), Leff is the effective thickness of the 

sample (Leff =[1-exp(-αL)]/ α), α is the linear absorption coefficient and 

L is the thickness of the sample. From the open aperture Z-scan data, 

the nonlinear absorption coefficient β is estimated as, 
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where ΔT is the one valley value at the open aperture Z-scan 

curve. The value of β will be negative for saturable absorption and 

positive for reverse saturable absorption. The real and imaginary parts 

of the third-order nonlinear optical susceptibility χ(3) are defined as  
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where ε0 is the permittivity of vacuum, n0 is the linear refractive 

index of the sample and c is the velocity of light in vacuum.  

The third-order nonlinear optical susceptibility is thus 

     
2 2

(3) (3) (3)Re Im           (1.47) 

Optical limiting is the nonlinear process in which beyond a 
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particular fluence (called as onset limiting threshold) the 

transmittance gets attenuated by a nonlinear process providing the 

possibility to avoid induced laser damage. The optical limiting curve 

can be directly drawn by performing the Z-scan experiment at a single 

position (preferably peak or valley position of closed aperture Z-scan 

mode). Here the input is varied and the corresponding output is 

measured.  

1.9 Conclusion 

The applications of NLO materials are many and hence the 

demand and search for materials seem to be never-ending. Especially 

with a need for compact, maintenance-free all-solid-state devices to 

produce short wavelength (Blue-Green) lasers along with urgent 

attention in producing safeguarded photosensitive components from 

an intense laser beam, the discussion presented in the upcoming 

chapters will be very essential for the research community. 
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CHAPTER II 

 

Graphene Oxide and Reduced Graphene Oxide 

Nanostructures  

 

 

Reduced graphene oxide (rGO) was prepared by reduction method 

using hydrazine, sodium borohydride and ascorbic acid as reductant 

and its structure, morphology, emission, absorption and nonlinear 

optical properties were investigated. The third-order NLO properties of 

dispersed graphene oxide (GO) and reduced graphene oxide (rGO) was 

measured using an Nd: YAG green CW laser (532 nm, 50 mW) by 

employing the Z-scan technique. Results show that the materials 

possess negative nonlinearity and self-defocusing nature which is 

responsible for the optical limiting behavior in the regime of interest. It is 

interesting to note that reduced graphene oxide obtained with different 

reducing agents show tunable NLO coefficients which may arise due to 

change in the functional group's concentration and layers of graphene 

sheets. Hydrazine reduced rGO was found to possess an improved 

thermal and photostability, and excellent durability, which signifies the 

scope of utilizing them as smart materials for NLO applications like 

optical limiters. 
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2.1 Introduction 

The optical limiting (OL) effect is a phenomenon wherein a 

medium will exhibit high transmittance at a low-intensity light and 

attenuate an intense optical beam, limiting the output fluence at a 

certain range. With the extensive use of continuous wave (CW) lasers 

at power levels ranging from µW to kW in various applications, the 

need for protecting the human eye and the sensors used in handling 

the CW output has become increasingly important. The human eye 

has its spectral sensitivity maximum at a green regime [1]. With 

widespread usage of low power CW lasers in green (532 nm) region, 

optical limiters are the most necessary thing to ascertain safety 

precautions. Nonlinear optical (NLO) materials suitable for passive-

mode optical limiting and switching applications are currently being 

explored with great interest. The versatile chemistry of carbon 

materials, functionalizing as a building block of many fascinating new 

stable and structurally improved carbon nanomaterials, has resulted a 

huge interest in studying carbonaceous matter at the nanoscale. 

Known materials that are found to exhibit a strong OL effect and 

explored as candidates for practical optical limiters, includes 

fullerenes [2], phthalocyanines [3], nanoparticles [4], metal nanowires 

[5], carbon nanotube [6] and organic chromophores [7]. Graphene (G), 

two-dimensional one-atom-thick sp2-bonded carbon networks, has 

attracted great attention due to its unique electronic, mechanical, 

optical and thermal properties [8]. Recently, various methods of 

preparing graphene have been developed for realizing their potential 

applications.  

Graphene oxide (GO) provides an easy way to produce chemically 

derived graphene. Oxygen-containing groups, such as hydroxyl, epoxy, 

carbonyl, and carboxylic on GO sheets not only promote the 
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dispersion of GO but also can be used to decorate the GO surface with 

various functional groups. The most attractive property of GO is that it 

can be (partly) reduced to graphene-like sheets by removing the 

oxygen-containing groups with the recovery of a conjugated structure 

[9]. The reduced GO (rGO) sheets are usually considered as one kind 

of chemically derived graphene. Some other names have also been 

given to rGO, such as functionalized graphene, chemically modified 

graphene, chemically converted graphene, or reduced graphene. rGO 

is a key topic, and different reduction processes result in different 

properties that in turn affect the final performance of materials or 

devices composed of rGO. Though the final target to achieve perfect 

graphene is hard to reach, research efforts have continuously made it 

closer. The reduction of graphene was mainly aimed at eliminating 

epoxy and hydroxyl groups on the plane, while others, e.g. carboxyl, 

carbonyl, and ester groups, present at the edges or defective areas of 

rGO sheet. Li et. al., [10] reduced GO using hydrazine in a solvent, and 

the carboxyl groups attached to the GO are preserved after reduction. 

It exhibits many noteworthy properties, such as a high surface area, 

superior thermal conductivity, high carrier mobility, and remarkable 

optical properties. Zhang et. al., [11] reported Z-scan measurements of 

the nonlinear refraction of graphene due to large sp2 hybridized carbon 

conjugated structure under pulsed excitations [12]. Although the 

investigation of rGO in the pulsed regime is available in the literature, 

the study of nonlinear response in the CW regime is still now not 

available. The main motivation of the present work is to make a 

systematic investigation of the nonlinear optical properties and their 

correlation with the structure of some finely dispersed GO and rGO 

sheets. To hut more light onto the underlying physical mechanisms of 

the nonlinear optical response, Z-scan experiments was conducted 

using Nd: YAG (532 nm, 50 mW) laser excitation.  
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2.2 Materials Preparation 

2.2.1 Reduced GO by Using Hydrazine Monohydrate (rGO-H) 

Graphene oxide was obtained by a modified method originally 

proposed by Hummers [13]. First, graphite oxide was synthesized by 

powerful oxidants (NaNO3, H2SO4, and KMnO4). The details of this 

procedure are described elsewhere [13]. Then, GO was obtained by 

sonication of graphene oxide in 100 ml distilled water for three hours. 

After that, 1 ml of hydrazine monohydrate (N2H2) which acts as a 

reducing agent was added into the suspension and it was placed in an 

oil bath at 80 oC for 30 minutes. The oil bath was removed and the 

solution was placed in a condenser for 24 hours, yielding a black 

precipitate. After cooling the solution to room temperature (30 oC) the 

solution was centrifuged and dried to achieve rGO powder. 

2.2.2 Reduced GO by Using Sodium Borohydride (rGO-N) 

GO (50 mg), was mixed with 50 ml of methanol and they were 

allowed to disperse for 1 hour. Sodium borohydride (NaBH4) of 568 g 

which acts as a reducing agent was added into the solution. The 

solution was placed in a condenser along with the stirring process at 

70 oC for 2 hours. The resulting solution was washed with methanol 

and double distilled water until the pH becomes neutral. The particles 

were settled down at the bottom. The clear solution was pipetted out 

and the sample was dried at 30 oC.   

2.2.3 Reduced GO by Using Ascorbic Acid (rGO-A) 

GO (0.1 g), was mixed with ascorbic acid (0.1 g). They were 

mixed with 100 ml of double-distilled water. The solution was allowed 

to disperse for 30 minutes at 60 oC. 30% of H2O2 was added to the 

solution and once again they were allowed to disperse for 30 minutes 
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at 60 oC. The resulting solution was washed with double distilled 

water. Followed by centrifugation, the sample was dried at 120 oC. 

2.2.4 Characterization  

XRD using a powder X-ray diffractometer with CuKα radiation 

employing a scanning rate of 0.02 s-1 in the angle of 10 to 80 degrees 

was recorded. IR studies were carried out by FTIR spectrometer 

JASCO 460 PLUS from 400 cm−1 to 4000 cm−1 to assign the vibrations 

functional group of GO and rGO. Morphologies of these samples were 

investigated by Scanning Electron Microscope (SEM) analysis using 

Hitachi SEM 400. The optical absorption spectrum was collected for 

dispersed GO and rGO using UV–Vis–NIR Perkin Elmer 

Spectrophotometer. The room temperature (30 °C) emission studies 

were carried out using a Perkin Elmer LS 55 luminescence 

spectrometer.  

2.3 XRD Analysis 

The X-ray diffraction pattern (Fig. 2.1) for GO gives a sharp peak 

at 12° which corresponds to an interlayer spacing of 0.72 nm  and it is 

indexed as (002) plane of GO. Larger interplanar distance arises due to 

the presence of intercalated water molecules and oxygen 

functionalities such as carboxyl, epoxy, carbonyl groups, and other 

functional groups.  The peak shows the crystalline nature of the 

sample due to sp2 hybridization. In XRD of rGO (Fig. 2.1), the main 

peak of GO disappeared completely. rGO has broad peaks located at 

26°, 23°, and 24° with the interlayer spacing of 0.34 nm,0.38 nm, and 

0.75 nm for rGO-H, rGO-N, rGO-A respectively and are attributed to 

the spacing between the carbon layers depending on the reducing 

agents. The interplanar distance value of rGO-H and rGO-N are 

calculated to be d=0.34 nm and 0.38 nm respectively which is much 

smaller than that of GO (0.72 nm).  
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Figure 2.1 XRD Pattern of GO and rGO 

This confirms the effective removal of the functional groups and 

the layers are brought quite close to each other. But in sodium 

borohydride, additional minor peaks were observed at 340, 370, 410 

due to the irregular stacking of graphene layers which indicate that 

the functional groups are not completely removed. This can be 
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evidenced by the interplanar value of rGO-A (d= 0.75 nm) which is 

quite closer to the value of GO. Based on the interplanar distance it is 

confirmed that hydrazine monohydrate (N2H2) is the best reducing 

agent when compared to sodium borohydride (NaBH4) and ascorbic 

acid (C6H8O6) which points out that the functional groups are not 

removed completely in the later mentioned reducing agents.   

2.4 FTIR Analysis 
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Figure 2.2 FTIR Pattern of GO and rGO 

Fig. 2.2 shows the comparative FTIR spectra of GO and RGO. 

While no significant peak is found in graphite, the presence of different 
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types of oxygen functionality in graphite oxide was confirmed by the 

peaks at 3442 cm-1 (O–H stretching vibrations), 2925 cm-1 (C-H 

stretching vibration), 1572 cm-1 and 1138 cm-1 (C-C, C-O stretching 

vibration of carboxyl and carbonyl groups present at the edges of the 

graphene oxide sheets). rGO-H shows peaks at 1643 and 1158 cm-1 

(C=C stretching vibration of the graphene sheets) which confirms the 

presence of carbon in the sample.  rGO-N shows a peak at 2901 cm-1 

(C-H stretching vibration), 1643 cm-1 and 1384 cm-1 (C=C stretching 

vibration) and 1021 cm-1 (C-O stretching). rGO-A shows the peak at 

2925 cm-1 which corresponds to the C-H stretching vibration and also 

absorption peak at 1655 cm-1 represents the C=C, C-O stretching 

vibration. Thus FTIR spectrum indicates that among the three 

reducing agents, hydrazine monohydrate is a strong reductant that 

has reduced C-H and C-O groups, effectively and sodium borohydride 

is a mild reducing agent and ascorbic acid partially reduces the 

functional groups. 

2.5 SEM Analysis 

In Fig. 2.3, SEM image of GO has a layered structure and ultra-

thin inhomogeneous graphene sheets. Moreover in the recorded 

picture, it is possible to distinguish the edges of the individual sheets. 

SEM images revealed that the reduced GO material consists of 

randomly aggregated, thin crumpled sheets closely associated with 

each other and forming disordered sheets. The thickness of rGO-H is 

more than the other two rGO’s, this is because of strong van der Waal 

forces between the stacked layers. As most of the functional groups 

were removed in this rGO-H, there should be a strong van der Waal 

forces between the layers which make the rGO sheets thick than 

graphene oxide sheets. It can be concluded that rGO-H is an efficiently 
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reduced and Hydrazine monohydrate was found to be a better 

reductant. 

 

 

Figure 2.3 SEM Images of GO and rGO 

2.6 Emission and Absorption Studies  

Under the excitation of 325 nm lamp, GO exhibits an intensive 

blue luminescent emission at 360 nm (Fig. 2.4). It is believed that the 

blue PL emission is related to oxidation of graphite that causes the 

formation of graphite islands in GO which in turn produces a 

disruption of the π-network and thus opens up a bandgap in the 

electronic structure.  
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Figure 2.4 Emission Spectrum of GO and rGO 

In general, GO shows very weak PL because of the isolated sp2 

domains generated by oxidation. These sp2 domains have opened 

heterogeneous electronic band gaps which are intrinsically correlated 

to their sizes, shapes, and fractions. In principle, large sp2 domains 

have narrower energy gaps than those smaller ones and emit longer 

wavelengths when excited at appropriated wavelengths. However, the 

epoxy groups on the basal plane and carboxylic groups at the edge of 

GO often induce non-radiative recombination of localization electron-

hole pairs, leading to a very low quantum yield. After reacting with 

reducing agents bright PL appeared in rGO-H, rGO-N, and rGO-A. The 

emission peaks at 493 nm and 521 nm are the defect peaks which 
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arise due to different reducing agents. The reduction of GO results in 

the formation of zero regions in the rGO sheets with some of the 

functional groups remaining still unreduced even after the reduction 

process. Moreover, the emission peak at 521 nm can be ascribed to 

the surface defects. 
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Figure 2.5 UV-Vis-NIR Absorbance Spectrum of GO and rGO 

 As shown in the absorbance spectrum (Fig. 2.5) GO exhibits a π-

π* absorption band at 234 nm. rGO-H, rGO-N and rGO-A exhibits an 

absorption peak at 210, 215 and 208 nm respectively, which indicates 

the blue-shifted absorption with respect to the parent graphene oxide. 

Interestingly, shifting in the absorption peak occurs due to the 

decrease in functional groups and an increase in aromatic rings, 

causes electrons to be easily excited at a lower energy level. From the 

blue-shifted peaks, it can be confirmed that the electronic conjugation 

within the sheets was restored after the reduction reaction. rGO shows 
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a blue shift which is due to the weak interlayer coupling between the 

layers. Among the absorbance patterns of the reduced GO, rGO-H 

shows less absorption due to the efficient reduction of all the 

functional groups. When comparing to rGO-H, the other two reduced 

samples rGO-N and rGO-A shows more absorption as they are mild 

reductants and less efficient in removing the functional groups. 

2.7 Third-Order NLO Properties and Optical Limiting Analysis 

A diode-pumped Nd: YAG laser (532 nm) was used as the 

excitation source for the Z-scan technique. The Gaussian profile laser 

beam was focused using convex lens of focal length 3.5 cm to produce 

a beam of the waist (ω0) 15.35 μm. The recorded Z-scan pattern is 

shown in Fig. 2.6. OA Z-scan data shows (Fig. 2.6 (a)) maxima for 

normalized transmittance at the principal focus (Z = 0) and hence the 

observed nonlinear absorption is due to saturable absorption (SA) 

nature of the material. SA can arise when the first excited state has a 

lower absorption cross-section compared to the ground state. In CA Z-

scan (Fig. 2.6 (b)), the peak valley pattern of the normalized 

transmittance curve obtained under the closed aperture configuration 

shows the characteristic self-defocusing behavior of the propagation in 

the samples. The absorption saturation in the sample enhances the 

peak and decreases the valley in the closed aperture Z-scan and 

results in distortions in the symmetry of the Z-scan about Z=0. The 

recorded normalized closed aperture Z-scan curve exhibits a pre-focal 

transmittance maximum (peak) followed by a post-focal transmittance 

minimum (valley) signature for the samples. This peak-valley signature 

indicates the self-defocusing property and it is represented by negative 

nonlinear refractive index n2. The sign of the nonlinear index of 

refraction n2 of a sample is thus immediately clear from the shape of 

the graph. Since closed aperture data obtained from Z-scan will 
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contain both nonlinear refraction and nonlinear absorption 

components, it is necessary to separate the nonlinear absorption 

components from the nonlinear refraction to extract pure nonlinear 

refraction [14]. 

 

 

Figure 2.6 (a) OA and (b) CA Z-Scan Pattern of GO and rGO 

(a) 

(b) 
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Figure 2.7 OL Pattern of GO and rGO 

Under CW laser excitation, the nonlinear refraction behavior of 

the sample is equivalent to the formation of the induced positive or 

negative lens resulting in self-focusing or self-defocusing behavior [15]. 

The third-order NLO coefficients such as nonlinear refractive index, 

real part of nonlinear optical susceptibility, imaginary part of 

nonlinear optical susceptibility and third-order nonlinear optical 

susceptibility were calculated from the relation [16] 

0.250.406(1 )p vT S   
        (2.1) 

 

where S is the aperture linear transmittance and is calculated 

using the relation 

S= 1- exp (-2 ra2 / ωa2)        (2.2) 
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where ra is the aperture and  is the beam radius at the 

aperture. The nonlinear refractive index is given by 

2

0 eff

n
KI L




          (2.3) 

 

where, K = 2/ ( is the laser wavelength), I0 is the intensity of 

the laser beam at the focus (Z=0), Leff =(1-exp(-αL)/α). 

The real and imaginary parts of the third-order nonlinear optical 

susceptibility χ(3) are defined as  

( )4 2 2

0 0 2(3)
10 C n n

Re 







  (cm2 / W)      (2.4)  

( )2 2 2

0 0(3)

2

10 C n
Im 

4

 






  (cm / W)      (2.5)  

where ε0 is the permittivity of vacuum, n0 is the linear refractive 

index of the sample and c is the velocity of light in vacuum.  The third-

order nonlinear optical susceptibility is thus 

( )( ) ( )( )
2 2

(3) (3) (3)Re Im   
       (2.6) 

When the medium is irradiated by laser, a small portion of its 

energy is absorbed by the particles and get thermally agitated. Hence 

the numbers of particles are thermally agitated due to the local 

heating of the absorbing medium and it results in temperature 

variation of the sample medium. Thus, the nonlinearity is 

temperature-dependent and the observed increase in third-order 

optical nonlinearity is attributed to thermal nonlinearity.  

Estimated NLO coefficients are summarized in Table 2.1. It is 

interesting to note that obtained reduced graphene oxide with different 

reducing agents show tunable NLO coefficients which may arise due to 
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change in the functional group's concentration and layers of graphene 

sheets [17-22].  

Table 2.1 Third-Order NLO Coefficients of GO and rGO 

Parameters GO rGO-H rGO-N rGO-A 

Nonlinear refractive index (n2) x 

10-8 cm2/W 
1.58 4.18 4.39 2.60 

Nonlinear absorption coefficient () 

x 10-3 cm/W 
5.86 7.73 5.90 5.88 

Real part of the third-order 

susceptibility [Re(χ3)]  x 10-6 esu 
0.90 2.38 2.50 1.48 

Imaginary part of the third-order 

susceptibility [Im(χ3)] x 10-6 esu 
1.41 1.87 1.42 1.42 

Third-order nonlinear optical 

susceptibility (χ3) x 10-6 esu 
1.68 3.03 2.88 2.05 

Limiting threshold (mW) 32.5 32.5 32.5 32.5 

Clamping value (mW) 1.9 3 3.6 3.1 

As it is known that, hydrazine is the strongest reducing agent 

that has effectively reduced graphene oxide (rGO-H) and it shows 

higher NLO coefficients among the prepared graphene oxide. The 

larger value of χ(3) in the order of 10-6 esu was mainly due to the larger 

delocalization and thus materials are expected to be a suitable 

candidate for sensor protection in the CW low power regime. All the 

materials exhibit optical limiting and rGO reduced by hydrazine 

monohydrate (rGO-H) has a better optical limiting action [23]. 
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Demonstrated optical limiters with clamping value of 1.9-3.1 mW are 

very essential, as even a 1-5 mW CW laser exposed to eyes directly for 

few seconds can damage them permanently.  

2.8 Conclusion 

Graphene oxide was successfully prepared by a modified 

Hummers method and rGO were prepared from the graphene oxide by 

reduction method using hydrazine, sodium borohydride, and ascorbic 

acid as reductant. The preliminary identification of the sample was 

carried out by the powder XRD pattern. The reduced GO material 

consists of randomly aggregated, thin crumpled sheets closely 

associated with each other and forming disordered sheets. The 

emission peak in the near UV region at 365 nm corresponds to the 

band emission of rGO. The nonlinear optical response of thermo-optic 

origin exhibited by the sample at low CW laser powers (532 nm,          

50 mW) was studied and the optical limiting action based on nonlinear 

refraction was demonstrated. The defocusing nature and large 

nonlinear saturable absorption coefficient make the sample to behave 

as a good optical limiter in the low power regime. All the materials 

exhibit optical limiting and rGO reduced by hydrazine monohydrate 

(rGO-H) has a better optical limiting action. Higher NLO coefficients of 

rGO-H was mainly due to the larger delocalization that occurred in the 

graphene-like sheets. Thus hydrazine reduced rGO can be an excellent 

alternate for GO as low power optical limiters for CW green lasers.  
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CHAPTER III 

 

Barium Borate Nanorod Decorated Reduced Graphene 

Oxide  

 

 

By simple hydrothermal method, nanorods of barium borate were 

successfully loaded on reduced graphene oxide sheets. Powder XRD confirms 

the incorporation of barium borate (2θ= 29o, (202)) along with the transition of 

graphene oxide (2θ = 12o, (001)) into reduced graphene oxide (2θ= 25o, (002)). 

In the FTIR spectra, the presence of characteristic absorption peaks of rGO 

(1572 and 2928 cm-1) and barium borate (510, 760 and 856 cm-1) further 

evidences the formation of BBO:rGO nanocomposite. FESEM images portray 

the existence of graphene sheets as thin layers and growth of barium borate 

as nanorods on the sheets of reduced graphene oxide. Ground-state 

absorption studies reveal the hypsochromic shift in the absorption maxima of 

the graphene layers due to the reduction of graphene oxide and hypochromic 

shift in the absorbance intensity due to the inclusion of highly transparent 

barium borate. The photoluminescence of BBO:rGO shows maximum emission 

in the UV region. Optical nonlinearity of BBO:rGO nanocomposite was studied 

by the Z-scan technique using CW diode-pumped Nd: YAG laser (532 nm,            

50 mW).  Both nanocomposite and individual counterparts possess saturable 

absorption and self-defocusing behavior. Third-order NLO coefficients of 

BBO:rGO nanocomposite is found to be higher than bare graphene oxide. 

Strong nonlinear refraction (self-defocusing) and lower onset limiting threshold 

make the BBO:rGO nanocomposite preferable candidate for laser safety 

devices. 
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3.1 Introduction 

The major concerns of the electro-optical sensors that are widely 

used in laser applications are susceptible to overexposure leading to 

permanent optical damage.  Since the invention of the laser in 1960, 

the protection of human eyes and sensors against intended or 

unintended damage by laser radiation has been an ongoing research 

field. Laser protection measures are typically realized using 

conventional optical filters based on linear absorption or interference 

effects. Unfortunately, these filters work only for predefined 

wavelength, but not beyond [1].  So a laser beam of high intensity can 

easily damage the retina and hence significant research effort has 

been invested on optical power limiting (OL) materials to achieve some 

measure of protection from such high-intensity laser beams.  An 

efficient optical limiting material exhibits high transmittance for                 

low-intensity ambient light, while strongly attenuating intense and 

potentially dangerous laser beams and thus can be utilized in 

applications like laser damage prevention and laser beam shaping [2]. 

Layer structured carbonaceous materials like graphene oxide (GO) 

stand high in this domain due to their stronger nonlinear optical 

response. However, the basic requirement of high linear transmittance 

limits possible usage as a power limiter. Improvement of linear 

transmittance along with enhanced nonlinear action can be achieved 

through nanocomposite formation. The availability of several types of 

oxygen-containing functional groups on the basal plane (epoxide 

groups) and the sheet edge (ketone groups) allows GO to interact with 

a wide range of inorganic materials so that functional hybrids and 

composites with unusual properties can be readily synthesized. In the 

choice of inorganic materials, barium borate (BBO) nanostructures will 

be an interesting candidate as it possesses high second harmonic 
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generation (SHG) efficiency and has unique characteristics like wide 

transparency, large birefringence, high laser damage threshold and 

excellent mechanical properties. In the wide variety of morphologies, 

1D nanostructures provide an opportunity to understand both 

functional behaviors in ultralow dimension and to develop                     

high-performance next-generation devices. Efficient transport of 

optical excitations due to two-dimensional confinements arising from 

intrinsic anisotropic nature also makes fabrication of 1D 

nanostructures promising route. Furthermore, it is generally accepted 

that 1D nanostructures provide a good system to investigate the 

relationship between properties and structures [3, 4]. The origin of 

large nonlinear optical susceptibility in BBO arises from the anionic 

structural units and as boron atoms have two kinds of co-ordination, 

a boron atom co-ordinates with three oxygen atom to form triangle 

[BO3] unit and with four oxygen atom to form tetrahedral [BO4] unit. 

The network of interconnected [BO3] and [BO4] forms infinite chains of 

[B3O6], [B3O3] anionic groups whose negative charge is compensated 

by the Ba2+ cations and hence resulting in a diversity of structures. 

Hence most of the research is focused on β-BBO nanostructures and 

reports show that nanorods, nanoplates, and network like structures 

of β-BBO exhibit higher SHG performance than bulk form. Also, γ-

BBO (rich in BO3 unit) nanostructure exhibited higher third-order 

nonlinearities in the continuous wave (CW) regime demonstrating 

maximum thermal stability against intense laser radiations among the 

known NLO materials and hence rendering them ideal for optical 

limiting applications [5]. Based on these facts, this chapter reports the 

optical limiting performance of γ-BBO nanorod decorated rGO with 

CW laser pulses at a wavelength of 532 nm. It is found that BBO: rGO 

nanocomposite possesses stronger nonlinear refraction which is 

beneficial for power limiting applications.  
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3.2 Material Preparation  

Hydrothermal method is an elegant technique to prepare and 

incorporate barium borate upon graphene sheets. Preparation of 

barium borate decorated reduced graphene oxide nanocomposite 

involves a three-step process. In the first step, graphene oxide (GO) 

was prepared from graphene flakes by Modified Hummer’s method [6].  

In the second step, the obtained GO was reduced to reduced graphene 

oxide (rGO) by using ascorbic acid as reducing agent [7].  In the third 

step of the employed experimental procedure, 10 mmol of BaCl2.2H2O, 

15 mmol of H3BO3 and 20 mmol of NaOH were dissolved in 60 ml 

distilled water and used as starting precursor to obtain barium borate 

[5]. To the above-mentioned solution, 20 mg of rGO was added and 

continuously stirred for 8 hours to attain homogenous mixing.  The 

solution was then transformed into a 100 ml autoclave setup and 

placed in an oven at 120 oC for 24 hours. The obtained slurry was 

washed with water and ethanol several times to remove the suspended 

impurities and other byproducts. Finally, the obtained powder was 

dried at 60 oC for 12 hours resulting in the formation of ash-colored 

powder. In each step, the obtained powders were taken out and 

indexed as GO, rGO, and BBO: rGO for further characterization. 

3.3 Structural Confirmation 

The prepared samples were subjected to powder X-ray diffraction 

using CuKα radiation (1.54 Å) in the angle of 10°-80°. Fig. 3.1 shows 

the recorded XRD patterns of GO, rGO, and BBO: rGO. The 

characteristic peak (001) observed at 2θ = 12° confirms the formation 

of graphene oxide in the modified Hummer’s method. After the 

reduction process, no diffraction peaks of GO (001) were observed and 

the presence of diffraction peak at 2θ = 12° signatures the formation of 
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rGO and thus ascribes that GO was efficiently reduced by the 

reducing agent.  
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Figure 3.1 XRD Pattern of GO, rGO, and BBO: rGO  

Recorded XRD pattern of BBO: rGO forecast the diffraction 

peaks of both rGO with BBO and thus confirms the formation of the 

nanocomposite. All the additional peaks were indexed and found to be 

consistent with the values in the standard card of γ-BBO [JCPDS: 01-

071-2501]. As the samples were prepared at low temperature (120°C), 
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γ-BBO was obtained, which is expected to attain a higher third-order 

NLO coefficient [5]. The peak at 2θ = 24°, 26°, 29°,32°, 34°, 40°, 42°, 

47°, 53°, 61° and 68° represents (1 1 2), (0 2 1), (2 1 1), (1 0 4), (0 2 3), 

(0 1 5), (3 1 2), (3 1 3), (3 2 3), (2 1 7) and (4 2 4) planes of barium 

borate and thus formation of BBO:rGO nanocomposite is confirmed. 

The widths of the reflection peaks are considerably broadened, 

indicating the crystalline particles fall in the nanoscale range [8]. The 

average grain size of BBO:rGO composite was deliberated to be 17 nm 

from the Debye–Scherrer equation [5].  No characteristic peaks that 

correspond to the possible byproducts and other impurities are noted 

ensuring the purity of sample.  
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Figure 3.2 FTIR Pattern of GO, rGO, and BBO: rGO 
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IR spectra were recorded with JASCO 460 PLUS FTIR 

spectrometer in the range of 400 – 4000 cm-1 to identify various 

functional groups and the available molecular vibration of the 

samples. The recorded FTIR spectra of the samples (Fig. 3.2) show 

strong absorption peaks which corresponds to the various vibrational 

modes of the prepared samples. The observed vibrational peaks and 

the corresponding modes of vibrations are assigned in Table 3.1. 

Table 3.1 Vibrational Assignments of GO, rGO, and BBO: rGO 

Peak Assignments Peak Positions (cm-1) 

GO rGO BBO:rGO 

C=C stretching (sp2 hybridized) 1572 1655 1572 

C-H stretching (aromatic 

hydrocarbons and C-OH 

stretching) 

2925 2925 2928 

O-H stretching (hydroxyl groups) 3442 3406 3438 

C=O stretching (carboxyl groups) 2324 2325 - 

C=O stretching (carbonyl groups) 1738 - - 

C-O stretching (epoxy groups) 1243 1381 - 

C-O stretching (alkoxy groups) 1207 1028 1207 

B-O-B bond - - 760, 510 

B-O bond in BO3 unit - - 856 
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 It is interesting to note that the in the modified Hummer’s 

method, graphene sheets were successfully incorporated with various 

oxygen-containing functional groups such as aromatic hydrocarbons 

(2825 cm-1), hydroxyl (3442 cm-1), carboxyl (2324 cm-1), carbonyl 

(1738 cm-1), epoxy (1243 cm-1) and alkoxy (1207 cm-1) groups. 

Ascorbic acid is a mild reducing agent that removes carboxyl groups 

during reduction and leaves most of the functional groups in the 

graphene sheets. It is interesting to note that, during the incorporation 

of BBO upon graphene layers, some of the functional groups were 

effectively removed. Removal of epoxy groups from Graphene sheet is 

confirmed by the absence of peak at 1243 cm-1 (GO) and 1381 cm-1 

(rGO). Similarly disappearance of FTIR peaks at 2324 cm-1 and 1738 

cm-1 of GO exposes the removal of carboxyl and carbonyl groups in 

BBO-rGO respectively. Also in the FTIR spectrum of BBO: rGO, the 

additional absorption peaks at 510 and 760 cm-1 corresponds to the 

bending vibrations of B-O-B bond [9] and peak at 856 cm-1 is due to 

stretching vibration of B-O bond in BO3 unit [5] of barium borate (γ-

BBO), by which the formation of BBO: rGO composite was confirmed.  

Morphologies of the samples were investigated by Field Emission 

Scanning Electron Microscope (FEI-QUANTA-FEG 250). FESEM 

images (Fig. 3.3) show the panoramic morphology of the products.  

Fig. 3.3(a) shows the presence of graphene layers as thin crumpled 

sheets and here the observed folding was due to the harsh oxidation 

that took place during the employed Hummer’s process. Compared to 

the GO image, rGO (Fig. 3.3(b)) shows less agglomeration and 

individual sheets are easily identifiable. This demonstrates the 

reduction of graphene oxide upon ascorbic acid interaction. From the 

FESEM image of BBO: rGO composite (Fig. 3.3(c)), BBO nanorods are 

grown randomly on the surface of rGO sheets.  These nanorods 
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possess a uniform diameter of 22 nm and 3.0 µm length.  The possible 

growth mechanism can be explained as follows: During the third step 

of the hydrothermal process, Ba2+ sticks on the surface of graphene 

layers and forms as barium borate. These BBO acts as nucleation 

sites and grows as elongated nanorod upon the graphene layers. 

Similar formation of pure γ-BBO nanorods due to prolonged heating 

(120°C, 24 hours), was already reported [5]. As hydrothermal 

technique cannot control the content of loading, barium borate 

nanorods appear to be clustered. Thus the morphological analysis 

pictures that barium borate nanorods are randomly arranged on the 

layers of reduced graphene oxide. 

   

 

Figure 3.3 FESEM Images of (a) GO, (b) rGO and (c) BBO: rGO 

(a) (b) 

(c) 
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3.4 Linear Absorption and Emission Properties 

  Linear optical properties of the samples were investigated by 

UV-Vis-NIR spectroscopy in the range 200–2500 nm (Fig. 3.4).  The 

maximum absorption peak of GO, rGO, and BBO: rGO was observed 

at 236 nm, 210 nm, and 207 nm respectively. The maximum 

absorption peak corresponds to the π-π* transition of the aromatic 

C=C bond [10].  
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Figure 3.4 Absorption Spectrum of GO, rGO and BBO: rGO 
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Interestingly, shifting in the absorption peak of GO and rGO (263 nm 

to 210 nm) occurs due to the decrease in functional groups and weak 

interlayer coupling between the layers causes electrons to easily excite 

at lower energy. A similar blue shift in the absorption maxima                 

(207 nm) of BBO: rGO arises from the restored electronic conjugation 

within the sheets due to the reduction and inclusion of barium borate. 

Among the inorganic NLO material, barium borate possesses low 

cutoff in the UV region (below 200 nm) and hence the observed 

maxima are the characteristic peak of graphene sheets. In BBO: rGO 

beyond 250 nm, the composite was observed to be highly transparent 

and the absorbance was almost insignificant due to the incorporation 

of highly transparent (Visible-NIR) barium borate [5, 11]. The 

hypochromic shift in the absorbance intensity of BBO: rGO clearly 

shows that the transparent properties of barium borate is found to be 

dominant in the composite and hence attain the essential criteria of 

optical limiter i.e., high linear transmittance.  

Emission studies were carried out by Fluoromax 4 

spectrophotometer under the excitation of 325 nm wavelength 

scanned over the domain 350 – 650 nm. Under the exposure of                 

325 nm light, GO exhibits a blue luminescence at 360 nm (Fig. 3.5) 

due to isolated sp2 domains generated by the oxidation process. Here 

the epoxy groups on basal plane and carboxylic groups at GO edge 

often induce non-radiative recombination of localized electron-hole 

pairs, leading to very weak emission. Hence upon reduction of 

functional groups, rGO showed a bright blue emission at 360 nm. 

Also, the emission peak at 493 nm in the PL spectrum of rGO was 

ascribed to the surface defects formed during the reduction process. In 

the PL spectrum of BBO:rGO, the characteristic peak of graphene is 

slightly red-shifted to 370 nm (sp2 domains of rGO) due to the 
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incorporation of barium borate. An additional peak at 350 nm arises 

due to the radiative annihilation of self-trapped exciton localized in the 

crystal defects of barium borate [5]. Thus incorporation of barium 

borate in rGO sheets and alteration in the electronic states due to 

these interactions is confirmed from the emission studies.  
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Figure 3.5 Emission Spectrum of GO, rGO and BBO: rGO 
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3.5 Third-order nonlinear optical refraction and absorption 

The Z-scan technique is a single beam method for measuring the 

sign and magnitude of nonlinear absorption and refraction coefficients 

simultaneously. This technique uses a single laser beam in tight focus 

geometry. The transmittance of a nonlinear medium through a finite 

aperture is measured in the far-field as a function of the sample 

position ‘Z’ referenced with respect to the focal plane. Nonlinear 

absorption and nonlinear refraction can be measured all together 

when an aperture is placed in front of the detector (closed aperture). 

Nonlinear absorption is detected when the aperture is absent (open 

aperture). The third-order nonlinear optical properties of the samples, 

dispersed in ethylene glycol by ultrasonication were studied by closed 

and open Z-scan technique. The sample cell was moved using a 

translation system along the propagation direction (Z-axis) of a 

focused Gaussian beam from Nd:YAG (532 nm) laser through its focal 

plane. By moving the sample through the focus, the intensity-

dependent nonlinear refraction and absorption can be measured from 

the changes of the transmittance through the sample. Under similar 

Z-scan geometry, the optical limiting behavior of the samples was also 

investigated [12]. 

Fig. 3.6 shows the closed aperture pattern of GO, rGO, and  

BBO: rGO composite. In the obtained closed aperture curves, the peak 

precedes the valley indicating a negative variation of the nonlinear 

index (n2) arising due to the self-defocusing mechanism. The observed 

nonlinearity is of thermal in origin, as the materials were excited with 

a continuous-wave laser. Here the laser heating induced thermal 

nonlinearity which arises from the absorption of a tightly focused 

beam. This produces a spatial distribution of temperature and 

refractive index creating a thermal lens resulting in severe phase 



Chapter III: BBO @ rGO 

80 | P a g e  

 

distortion of the propagating beam. Although all the samples exhibit 

self-defocusing behavior, the peak-valley difference and width of the 

pattern are not uniform. BBO:rGO possesses a broader peak-valley 

pattern with maximum peak-valley difference confirming the enhanced 

nonlinear refraction. Fig. 3.7 shows the open aperture pattern of GO, 

rGO, BBO: rGO composite. In the pattern, the maximum lies near the 

focus (Z=0) and hence exhibit nonlinear absorption. The peak pattern 

reveals the presence of saturable absorption property, where the 

absorption of light decreases with increasing light intensity. At 

sufficiently high incident light intensity, atoms in the ground state get 

excited to higher state at such a rate that there is insufficient time to 

decay back to the ground state before the ground state becomes 

depleted and hence absorption gets subsequently saturated. As in the 

case of nonlinear refraction, the strength of nonlinear absorption (peak 

position, ΔT) varies with sample and BBO: rGO possesses stronger 

nonlinear absorption. 

Earlier the obtained experimental data was fitted with the 

theoretical normalized equation as proposed by Sheik Bahae [13,14] 

TN = 1+Δφ         (3.1) 

T[ Z, S=1] =        (3.2) 

In Fig. 3.6 and Fig. 3.7, the solid line represents the theoretical 

fit and dotted symbols represent the experimental data. As seen the fit 

matches well with experimental data ensuring the reliability of 

measured normalized transmittance. From the peak-valley difference 

(ΔTp-v) of closed aperture and peak value (ΔTp) of open aperture, the 

nonlinear refractive index and nonlinear absorption coefficient of the 

material was estimated using the relations [15, 16] 
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n2=        (3.3) 

β =           (3.4) 

where k=2π/λ (λ is the wavelength of laser),  I0 is the intensity of the 

laser beam at the focus (z=0),   Leff =   is the effective thickness 

of the sample, α is the linear absorption coefficient and L is the 

thickness of the sample, ΔT is the one peak value at the open aperture 

Z-scan curve and I0 was calculated to be 4.38 KW/cm2.  
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Figure 3.6 Closed Aperture Pattern of (a) GO (b) rGO and                      

(c) BBO: rGO 
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Figure 3.7 Open Aperture Pattern of (a) GO (b) rGO and (c) BBO: rGO 

From the estimated nonlinear absorption coefficient and 

nonlinear refractive index, third-order NLO susceptibility was 

calculated as [17] 

Re χ(3) =   (esu)                                     (3.5) 

Im  χ(3) =   (esu)                                   (3.6) 

   (esu)                                (3.7) 

The estimated third-order NLO coefficient of the samples are 

summarized in Table 3.2. As photoexcitation is made under CW mode, 

thermal nonlinearity is found to be more dominant and the 

contribution due to electronic effects is negligibly small. It is 
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interesting to observe that, all samples exhibit strong nonlinear 

refraction than nonlinear absorption. This is evident from the fact that 

the imaginary part of third-order NLO susceptibility is greater than the 

real part of third-order NLO susceptibility. As the Kerr component 

contributes much to the observed nonlinearity, molecular and textural 

arrangements play a dominant role in deciding the strength of 

nonlinearity. Here the removal of functional groups upon reduction, 

incorporation of barium borate and morphology of inorganic species 

contributes to the observed Kerr nonlinearity. Especially nonlinear 

refraction drastically varies, as the nonlinear refractive index of 

created thermal lens strongly relies on its potential to create the 

spatial variation in temperature and density. As expected the 

combination of BBO and rGO has yielded a composite system that 

possesses the advantage of both elements leading to enhanced third-

order nonlinearity. 

3.6 Optical Limiting and Third-order NLO Coefficients 

The optical limiting behavior of GO, rGO, and BBO: rGO is 

shown in Fig. 3.8.  The optical limiting behavior is investigated by 

plotting the output power versus the input power. The transmitted 

output intensity obeys Beer’s law and is found to vary linearly with the 

input intensities at very low input intensities. Beyond a critical value, 

the output starts deviating to become nonlinear and the transmitted 

intensity reaches a plateau and gets saturated. From the critical point, 

the input power at which the nonlinearity saturate is termed as onset 

limiting threshold and its corresponding output power is called as 

limiting amplitude. All the samples exhibit strong limiting action and 

are found to be varying with respect to their strength of nonlinearity. 

Here the observed nonlinearity mainly originates due to the            

self-defocusing nature of the samples. BBO:rGO with strong nonlinear 
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refraction possess strong optical limiting action with the lowest onset 

limiting threshold. 
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Figure 3.8 Optical Limiting Pattern of a) GO (b) rGO and (c) BBO: rGO 

The estimated third-order NLO coefficient (Table 3.2) exposes the 

dominance of BBO: rGO composite over individual counterpart. Here 

upon reduction the nonlinear absorption coefficient and nonlinear 

refractive index of rGO was found to be increased. Appreciable 

changes in the third-order NLO coefficients of rGO shows the influence 

of functional groups and textural arrangements of graphene layers. 

Interestingly BBO:rGO composite possesses enhanced nonlinear 

refraction with almost four-fold increase in nonlinear refractive index 

than pure GO.  
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Table 3.2 Third-order NLO Coefficients of BBO: rGO Composite 

Parameters GO rGO γ-BBO [5]   BBO:rGO 

Nonlinear refractive index 

(n2) x 10-8 cm2/W 
1.58 2.60 8.3 6.26 

Nonlinear absorption 

coefficient () x 10-3 

cm/W 

5.86 5.88 8.8 6.05 

Real part of the third-

order susceptibility 

[Re(χ3)]  x 10-6 esu 

0.90 1.48 - 4.48 

Imaginary part of the 

third-order susceptibility 

[Im(χ3)] x 10-6 esu 

1.41 1.42 - 1.83 

Third-order nonlinear 

optical susceptibility (χ3) 

x 10-6 esu 

1.68 2.05 4.34 4.84 

Limiting threshold (mW) 32.5 32.5 32.6 9.51 

Clamping value (mW) 1.9 3.1 0.85 6.23 

The reason for such enhanced nonlinear refraction is due to the 

contribution of graphene sheets and barium borate, which possess 

high thermal conducting properties. Upon CW laser excitation, both 

rGO and BBO involve themselves in the photoexcitation resulting in 

enhanced thermal nonlinearity. Also, the 1D morphology of BBO 

contributes to channelized optical expiation. Similarly, nonlinear 
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absorption is also slightly increased which arises due to change in the 

electronic band structure of composite. The nonlinear absorption 

coefficient of BBO: rGO composite is higher than GO and rGO, which 

is due to the additional involvement of BBO. This enhancement has 

resulted in the higher third-order NLO susceptibility of BBO: rGO 

composite and thus suggesting in the superiority of composite over its 

counterparts [18]. As the excitation being CW and the samples possess 

saturable absorption, the observed nonlinear limiting behavior mainly 

originates from the self-defocusing nature. As BBO: rGO composite 

possesses enhanced nonlinear refraction, it has a low onset-limiting 

threshold (19.4 mW) arising from the strong thermal lens behavior. 

Thus the BBO nanorods decorated rGO are identified to superior in its 

third-order NLO behavior and can be considered a preferable 

candidate for optical limiting applications than pure graphene 

systems. 

3.7 Conclusion 

Barium borate – reduced graphene oxide nanocomposite was 

prepared by the hydrothermal method. XRD and FTIR analysis 

confirmed the presence of barium borate in the composite.  FESEM 

shows the nanorods of barium borate on the sheets of reduced 

graphene oxide.  From absorption spectrum, the transparent nature of 

barium borate in the UV and visible regions was proved.  The 

photoluminescence of BBO:rGO showed the maximum emission in the 

UV region which is due to direct transitions involving the valence band 

and conduction band in the bandgap region. The nonlinear optical 

properties were studied using the Z-scan method with Nd: YAG (532 

nm, 50 mW) laser.  The peak followed by a valley normalized 

transmittance obtained from the closed aperture curves indicated that 

the sign of nonlinear refractive index is negative and self-defocusing 
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optical nonlinearity. In the open aperture pattern, the peak- like 

pattern shows the saturable nature of the material.  Third-order NLO 

susceptability of BBO:rGO composite is greater than its parent 

material.  It is noteworthy that the nanocomposite has a good 

nonlinear response and it can be a preferable optical limiter than its 

individual counter parts. 
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CHAPTER IV 

 

2-amino 5-nitropyridinium Tetrafluoroborate Decorated 

Graphene Oxide  

 

 

Based on host-guest chemistry, a semiorganic NLO material 2-amino             

5-nitropyridinium tetrafluoroborate [2A5NPFB] was synthesized and grown as 

single crystals. Further, GO:2A5NPFB composite was prepared by the 

hydrothermal method. SXRD of 2A5NPFB reveals its crystal structural 

parameters as orthorhombic crystal system, Fdd2 space group, a=22.474 (1) 

Å, b=30.127 (9) Ǻ, c=4.9584 (1) Ǻ and α=β=γ= 90o. Protonation site, charge 

transfer interaction and molecular structure were studied by FTIR analysis. 

The carbonaceous layered structure appears as a thin layer upon which 

2A5NPFB appears as bright spots in the SEM image. 2A5NPFB possesses 

strong absorption (λmax =350 nm) in the ultraviolet region and has a broad 

transparency window (420-1100 nm). While the inclusion of GO has induced 

absorption in the visible region. Kurtz and Z-scan technique explores the 

second and third-order NLO response of 2A5NPFB and GO: 2A5NPFB. 

Compared to KDP crystal, 2A5NPFB single-crystal possesses 35 times higher 

SHG efficiency. 2A5NPFB and its graphene composite exhibit saturable 

absorption, self-defocusing and optical limiting action under continuous-wave 

Nd: YAG green laser. Higher NLO coefficients and nonlinear refraction induced 

stronger optical limiting action was observed in GO: 2A5NPFB composite. 
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4.1 Introduction 

Considering the factors of a sudden hike in the utilization of high 

intense short-wavelength (green) lasers and eye of humans has 

maximum sensitivity (88 %) to green color, the need for a second 

harmonic generation (SHG) and optical limiting (OL) material have 

increased tremendously [1]. Thus frequency doublers made of                

second-order nonlinear optical (SONLO) materials capable of 

converting longer wavelength (IR) to visible (green) wavelength 

radiation are of considerable interest. Also, optical limiters made of 

third-order nonlinear optical (TONLO) materials that can protect the 

optical components from intense laser radiation are under limelight [2, 

3]. Thus the investigation of materials has reached a point of balance 

between second and third-order nonlinearity, which ultimately 

requires a material with high NLO coefficients. In this line of search, 

2-amino 5-nitropyridine (2A5NP) can induce a high NLO character 

with a strong donor (NH2) and acceptor (NO2) group through the  

push-pull mechanism [4-6]. In particular, the derivatives of 2-amino 

5-nitropyridine are efficient NLO materials as they can attach 

inorganic elements to their herringbone pattern [7-9]. Some of the 

important compounds belonging to this class include: 2A5NP 

dihydrogen phosphate, 2A5NP dihydrogen arsenate, 2A5NP 

acetophosphate, 2A5NP fluoroborate, 2A5NP chloride, 2A5NP bromide 

and 2A5NP L-monohydrogen tartrate [9-11]. In particular, 2-amino             

5-nitropyridinium fluoroborate [2A5NPFB] was identified to be an 

excellent frequency doubler with high SHG efficiency of 40 times KDP 

[12].  

Although this compound was already investigated as a harmonic 

generator and their powder SHG efficiency was available in the 

literature, their bulk second and third-order NLO response remains 
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unexplored. Especially the possible utilization of these compounds as 

a decorative element in carbonaceous layered material has a potential 

interest in the field of nonlinear optics. Among the carbonaceous 

layered structures, graphene oxide (GO) has recently emerged as a 

new carbon-based nanoscale material that provides an alternative 

path to graphene. It is known that structurally, the GO is similar to a 

graphene sheet with its base having oxygen-containing groups. Since 

these groups have a high affinity to water molecules, it is hydrophilic 

and can be easily dissolved in water and other solvents which allows it 

to be uniformly deposited in the form of thin films and also can act as 

host matrix. The basal planes and edges of the GO are functionalizing 

with exogenous groups, such as hydroxyl, epoxy and carbonyl groups 

which are attached at the edges. Then oxygen-containing functional 

groups disrupt the aromatic regions in the basal plane so that the 

layer of GO consists of both aromatic regions and oxidized aliphatic 

six-membered rings, which leads to distorted sp3- hybridized geometry 

and results in the insulating property of GO. Thus GO can act as an 

interesting platform to load/ functionalize desired materials to form 

potential hybrids or composites. Also, the report shows the graphene 

layer can enhance the properties of the functionalized unit. 

Specifically, as linear transmittance is poor for GO, it is combined with 

certain semiorganic NLO material like 2A5NPFB to attain composites 

with better optical properties.  

Based on these facts, this chapter aims to investigate the second 

and third-order NLO response of 2A5NPFB single crystal grown by 

slow evaporation method and its graphene composite. The SHG 

capability (Kurtz technique) and optical limiting (Z-scan technique) 

behavior of pure and graphene composite of 2A5NPFB are presented in 

detail. 
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4.2 Material Preparation  

By acid-base reaction, a semiorganic NLO material 2-amino            

5-nitropyridinium fluoroborate [2A5NPFB] was synthesized [12]. Here 

the reaction involves a proton transfer between the nitrogen atom 

(basic acceptor) of 2-amino 5-nitropyridinium molecule and the 

hydrogen atom (acidic donor) of tetrafluoroboric acid.  This induces 

the formation of semiorganic material, 2A5NPFB through the hydrogen 

bond formed by the electrostatic interaction between the 2A5NP+ 

cation and BF4- anion. In a typical experimental procedure, 1 mole of 

2A5NP was treated with 2 mole of HBF4 acid in an aqueous medium 

(20 mole of H2O). The solution was thoroughly mixed with a magnetic 

stirrer and maintained at 60 oC using a water bath. As 2A5NPFB 

possesses positive solubility temperature gradient in water, the 

controlled solvent evaporation method was employed to grow single 

crystals at ambient temperature. Single crystals with an average 

dimension of 9 x 7 x 5 mm3 (Fig. 4.1) were grown in 25 days.  

 

Figure 4.1 Single Crystals of 2A5NPFB 
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2A5NPFB derivative-based GO composite was prepared by a 

simple hydrothermal method. Here the prepared GO (as described in 

Chapter II) and 2A5NPFB were used as starting precursors. In the 

employed synthesis procedure, 20 mg of GO dissolved in 100 ml water 

was mixed with the above-mentioned reaction mechanism. The 

obtained solution was stirred for 4 hours under the heating condition 

of 60 0 C to obtain the GO:2A5NPFB composite in powder form.  

4.3 Structural Confirmation 

Initially, the obtained crystals were subjected to single-crystal 

XRD (SXRD) to confirm the formation of hybrid material through the 

estimation of the lattice parameter and space group. SXRD shows that 

2A5NPFB possess orthorhombic crystal system with acentric space-

group Fdd2 having lattice parameter a=22.474 (1) Å, b=30.127 (9) Ǻ, 

c=4.9584 (1) Ǻ and α=β=γ= 90o. As the estimated lattice constants 

were found to be different from the cell constants of the parent 

molecule (2A5NP, HBF4) and consistent with the already reported 

values of 2A5NPFB [12], the formation of semiorganic system was 

confirmed. In the recorded XRD pattern of 2A5NPFB powder depicted 

in Fig. 4.2, the prominent peaks confirm the perfect crystalline nature 

of the material. All the reflections were indexed for the orthorhombic 

system and the corresponding lattice parameters were estimated using 

the AUTOX program. As shown in Table 4.1, the lattice parameters of 

2A5NPFB agree very well in both the modes of XRD. Upon decoration 

in GO, the crystalline nature of the semiorganic is slightly reduced 

and the pattern exactly resembles the XRD pattern of 2A5NPFB with a 

small shift in peak position. As 2A5NPFB belongs to the 

noncentrosymmetric space group, it can be used for the generation of 

short-wavelength lasers through the frequency doubling phenomenon 

[7]. 
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Figure 4.2 Powder XRD of 2A5NPFB and GO: 2A5NPFB 
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Table 4.1 Structural Parameters of 2A5NPFB Crystal 

Lattice 

parameters 

Experimental Reported 

Value [12] SXRD PXRD 

a (Å) 22.474 (1)  22.47  22.474 (4)  

b (Å) 30.127 (9)  30.12  30.128 (5)  

c (Å) 4.9584 (1)  4.95  4.9583 (8)  

α (°) 90 90 90 

β (°) 90  90 90 

γ (°) 90 90 90 

System Orthorhombic Orthorhombic Orthorhombic 

The molecular arrangement of 2A5NPFB was analyzed and its 

protonation site was identified by FTIR analysis [13]. The recorded 

FTIR spectrum is shown in Fig. 4.3. The charge transfer interaction 

between tetrafluoroboric acid (donor) and 2-amino 5-nitropyridinium 

(acceptor) was ascertained through the peaks in the range of                  

3100-3500 cm-1 [14]. The presence of peaks at 3329, 3129 cm-1 

corresponds to the N-H…F hydrogen bond which confirms the 

presence of intramolecular hydrogen bonding between the nitrogen of 

2A5NP+ cation and the fluorine atom of the BF4- anion. The 

asymmetric stretching vibration of aromatic C=N was shifted to 1662 

cm-1 than its parental 2A5NP+ at 1648 cm-1. Also due to protonation, 

the peak which corresponds to N-H bending (1633 cm-1) of 2A5NPFB 

deviated from the parental arrangement and this has resulted in the 

increased hyperpolarizability of the molecule.  
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Table 4.2 FTIR Peak Assignment of 2A5NPFB and GO: 2A5NPFB 

Wavenumber (cm-1) 

Assignment 
2A5NP  2A5NPFB GO 

      GO: 

2A5NPFB 

  3442 3437 O-H stretching of hydroxyl 

groups 

- 3329  3207  (N-H----F) 

- 3129    (N=H----F) 

  2925 2921 C-H stretching 

  2324  
C=O stretching of carboxy 

groups 

  1729  
C=O stretching of carbonyl 

groups 

1648 1662  1644  (C=N) 

1632 1633    (N-H) 

  1572 1436 C=C stretching 

1332 1345  1331  (N-O) 

  1228 1051 C=O stretching of epoxy 

groups 

– 751, 711, 

680 

 750  (BF4)- 

 - stretching vibrations and  - bending vibrations 
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The presence of peaks at 1474, 1418, 1345 cm-1 represents the 

symmetric stretching vibrations of N-O. The vibrations in the lower 

wavenumber domain 500-800 cm-1 confirm the presence of inorganic 

elements. In particular, the peaks at 751, 711, 680, 536 cm-1 

corresponds to symmetric stretching and asymmetric bending of BF4- 

anions respectively [12]. Prepared composites possess the 

characteristic peak of both GO and 2A5NP which ascertains the 

formation of hybrid materials. Slight shifts in the peak positions are 

due to the interaction of graphene layers and 2A5NP molecules. It can 

be seen that the aromatic asymmetric stretching vibration of 2A5NP+ 

at 1633 cm-1 is shifted to a higher wavenumber for GO:2A5NPFB 

(1644 cm-1).  The incorporation of inorganic species is confirmed by 

the presence of new peaks at 750 cm-1 (BF4- anion) in 2A5NPFB. The 

observed FTIR peaks were confirmed with the parent molecule 2A5NP 

and the assignments are given in Table 4.2. 

The textural arrangement of composites was examined by SEM 

studies using Hitachi SEM 400. The recorded SEM image of GO and 

GO: 2A5NPFB derivatives composite is as shown in Fig. 4.4. The 

carbonaceous layered structure appears as a thin layer in SEM and is 

a clear indication of the presence of graphene layers. In Fig. 4.4(a) 

wrinkled paper-like ultrathin sheets with stacking was observed for 

GO due to the harsh oxidation process during the synthesis.                      

Fig. 4.4(b) shows the dense aggregates regions observed in samples 

confirmed that thin, continuous, and twisted like structures randomly 

oriented and many thin layers entangled with each other with 

overlapped oxidized edges. It is also noticed that certain bright spots 

additionally appear which depict the successful attachment of 

2A5NPFB on the surface of GO. Here the possible growth mechanism 

can be explained as follows: 2A5NP+ cations interact with inorganic 
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anions (BF4-) to form them as 2A5NPFB. This molecule interacts with 

graphene layers via the attached oxygen-containing functional groups 

and creates a nucleation site. This nucleation grows as clusters due to 

the agglomeration of 2A5NP molecules. As the preparation was 

employed in a simple hydrothermal setup, agglomeration of 2A5NP 

derivative molecules takes place and thus forms irregular structures.  

It is also to be observed that the loading and agglomeration vary with 

respect to the nature of inorganic species. Thus incorporation of 

2A5NPFB upon GO sheets was confirmed from SEM analysis. 

         

 

Figure 4.4 SEM Image of (a) GO and (b) GO:2A5NPFB 

(a) 

(b) 
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4.4. Linear Optical Properties 

The optical properties of prepared samples were examined by the 

UV-Visible absorption spectrum using the Bio-drop Duo spectrometer. 

Initially, the samples were dissolved in water at a concentration of            

3 mg/ml before recording the absorption spectrum. The graph was 

drawn between absorbance and wavelength and is shown in Fig. 4.5. 

UV-VIS absorption pattern of 2A5NPFB (Fig. 4.5(a)) exposes the 

significant absorption in the ultraviolet region with absorption maxima 

at λmax = 199 nm, 350 nm. Hence the cutoff wavelength of 2A5NPFB 

was estimated to be 350 nm.  Also, the material has a wide optical 

window of 420-1100 nm, with almost negligible absorption in the 

visible and NIR region. Here it is to be noted that alteration in 

intramolecular charge transfer takes place due to the formation of              

2-amino 5-nitropyridine cation which lengthens C-NO2 and shortens 

C- NH2, C=C, C=N bond lengths [12]. This complex formation redshift 

the transparency of parental 2-amino 5-nitropyridine by 40 nm [11].  

Thus lower cutoff along with a wide range of transparency in UV and 

visible region enables good transmission which makes 2A5NPFB to be 

an entrant material for NLO applications in both second-order 

(second-harmonic generation) and third-order (optical limiting) NLO 

applications [15, 16]. 

In the recorded UV-vis absorbance spectrum (Fig. 4.5(b)) of 

GO:2A5NPFB, it can be observed that GO possesses strong absorption 

in the UV and visible region. The absorption maxima of GO is at 235 

nm and it corresponds to the electronic transition involving π-π* 

states. For pure 2A5NP maximum absorption occurs at 590 nm. The 

absorbance of GO is higher in the visible region while 2A5NP possess 

lower absorbance. This interesting combination of absorbing GO with 
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transparent 2A5NP has resulted in the alterations of electronic states 

associated with graphene and 2A5NP. 
UV-Vis Spectrum
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In the UV-Vis absorption pattern of composite (Fig. 4.5(b)), the 

characteristic peak of both GO and 2A5NP was observed and thus it 

confirms the formation of composite materials. The absorption 

maximum, cut-off wavelength and optical transmittance window of 

composites are 219 nm, 352 nm, 405 nm, and 405-1100 nm 

respectively. Due to the incorporation of inorganic species, the 

absorption maxima of 2A5NP suffered a bathochromic shift in the 

crystal transparency due to the less polarizable nature of 2A5NP 

cation compared to the molecular equivalent. The linear transmittance 

suffered a strong shift in the characteristic peak of 2A5NP suggesting 

the dominance of 2A5NP derivatives in the composite. As expected the 

linear transmittance of the composite is higher than GO, which is an 

essential criterion for the optical limiting applications.  

4.5 Second and Third Order NLO Properties 

4.5.1 Second Harmonic Generation Test 

The second harmonic generation test on the bulk crystal of 

2A5NPFB was made by the Kurtz method [17]. A defect-free 2A5NPFB 

crystal of dimension 7 × 5 × 3 mm3 was cut and polished from the 

grown crystals for the SHG test. Here the crystal was illuminated 

using an Nd: YAG laser (1064 nm, 10 Hz, 5 ns, 20 mJ). The input 

laser with a spot radius of 1 mm was directed on the crystal. The 

transmitted light was filtered through the IR filter and was measured 

using a photodetector. When a laser of 1064 nm was radiated directly 

on the crystal, a green light beam of double frequency 532 nm was 

observed which indicates that 2A5NPFB possesses SHG behavior. The 

second harmonic generation efficiency of the 2A5NPFB sample was 

estimated by taking the KDP crystal (3 x 3 x 3 mm3) as a reference 

system. The test shows a green signal output of 2722 mV and 80 mV 

for 2A5NPFB and KDP respectively. Thus frequency doubling efficiency 
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of 2A5NPFB single crystal was found almost 35 times higher than KDP 

crystal. The observed higher second harmonic generation efficiency 

arises mainly from the highest density of the chromophores. Although 

2A5NPFB possesses a very high second-order NLO coefficient than 

other materials, its major concern is the non-phase matchable 

property of the material [12]. Also, the composite of GO:2A5NPFB did 

not show any SHG signal which may arise due to the dominance of 

graphene layers. Thus the materials were further subjected to its 

third-order NLO studies.  

4.5.2 Z-Scan Studies 

The third-order NLO properties of 2A5NPFB and GO: 2A5NPFB 

composite were studied by the Z-scan experiment. The nonlinear 

refractive index and the nonlinear absorption coefficient of 2A5NPFB 

and GO:2A5NPFB were determined by the Sheik-Bahae formalism                

[3, 18], where a Gaussian beam from a Nd:YAG laser (532 nm, 50 mW) 

was used as the excitation source. Fig. 4.6 and Fig. 4.7 gives the 

nonlinear open aperture (OA) and closed aperture (CA) pattern of 

2A5NPFB and GO:2A5NPFB respectively. Although 2A5NPFB shows a 

negligible linear absorption at the excitation domain, it has strong 

nonlinear absorption which is seen from the peak pattern in open 

aperture Z-scan mode [8]. At the same time, the inclusion of GO in the 

composite has greatly increased the linear absorption in the visible 

region, which in turn enhances the saturable absorption of the 

composite. Thus 2A5NPFB and GO:2A5NPFB exhibit minimum 

absorbance at the focus exposing the presence of saturable absorption 

with negative nonlinear absorption coefficient (Fig. 4.6(A) and             

Fig. 4.7(A)). The closed aperture Z-scan curve in Fig. 4.6(B) and                 

Fig. 4.7(B) has a peak-valley pattern which indicates the presence of 

self-defocusing behavior with the negative nonlinear refractive index. 
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The ratio of closed-aperture to open-aperture transmittance is taken to 

estimate the pure nonlinear refractive index of the samples.  
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Figure 4.6 (A) OA and (B) CA Z-scan pattern of 2A5NPFB 
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Figure 4.7 (A) OA and (B) CA Z-scan pattern of GO: 2A5NPFB 
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Figure 4.8 OL Curve of GO and GO: 2A5NPFB 
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Table 4.3 Third-order NLO properties of 2A5NPFB and GO: 2A5NPFB 

NLO Parameters 2A5NPFB GO: 2A5NPFB 

Nonlinear refractive index  

(n2) x 10-8 cm2/W 

3.93 6.06 

Nonlinear absorption coefficient  

(β) x 10-3 cm/W 

7.64   13.95 

Real part of NLO susceptibility  

[Re [χ(3)]] x 10-7 esu 

1.95  3.06 

Imaginary part of NLO susceptibility  

[Im [χ(3)]] x 10-6  esu 

1.61 2.98 

NLO susceptibility  

(χ(3) x 10-6 esu 

2.53 4.27 

Optical limiting threshold (mW) 36.23 37.73 

Clamping amplitude (mW) 6.7 3.02 

Table 4.3 summarizes the third-order NLO values of 2A5NPFB 

and GO: 2A5NPFB following the Sheik Bahae formalism as discussed 

in Chapter I (Eqn. 1.43 to Eqn. 1.47) [20]. As witnessed in Table 4.3, 

the saturable absorption coefficient and the nonlinear refractive index 

of GO: 2A5NPFB is much higher than pure 2A5NPFB. In both cases,              

Re [χ(3)] is higher than Im [χ(3)] which signifies that nonlinear refraction 

is the stronger mechanism involved. Almost a two-fold increase in NLO 

susceptibility is witnessed in GO: 2A5NPFB composite than 2A5NPFB 

which arises mainly due to the inclusion of graphene sheets.                  
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Fig. 4.8 shows the optical limiting behavior of 2A5NPFB and             

GO: 2A5NPFB composite. For incident power less than 36 mW, 

2A5NPFB and GO: 2A5NPFB obeys Beer’s law and then its output 

saturates leading to nonlinear behavior. The onset limiting threshold 

value of 2A5NPFB and GO: 2A5NPFB composite is 36 mW and 37 mW 

respectively.  The observed nonlinear optical limiting action arises 

from the nonlinear refraction (self-defocusing) behavior. Due to the 

change in NLO coefficients, limiting parameters were found to be 

different. Here GO: 2A5NPFB composite (3.02 mW) exhibits lower 

clamping amplitude than 2A5NPFB (6.7 mW). This confirms that 

2A5NPFB and GO: 2A5NPFB can be used as optical limiting material, 

in which superiority belongs to the GO: 2A5NPFB composite [3, 19].   

4.6 Conclusion 

2-amino 5-nitropyridinium fluoroborate (2A5NPFB) was 

synthesized using 2A5NP and tetra fluoro boric acid in an aqueous 

medium. Using graphene oxide obtained through a modified Hummers 

method as host and 2A5NPFB as a decorative element, GO: 2A5NPFB 

composite was prepared. Optical quality defect-free crystal of 

2A5NPFB of dimension 9 x 7 x 5 mm3 were grown by the solvent 

evaporation method. 2A5NPFB crystallizes in acentric space group 

Fdd2 having orthorhombic crystal system with lattice parameter 

a=22.474 (1) Å, b=30.127 (9) Ǻ, c=4.9584 (1) Ǻ and α=β=γ= 90o. The 

charge transfer interaction between tetrafluoroboric acid (donor) and 

2-amino 5-nitropyridinium (acceptor) was ascertained by FTIR 

analysis. Prepared composites possess the characteristic peak of both 

GO and a slight shift in the peak positions are due to the interaction of 

graphene layers and 2A5NP molecules. The incorporation of inorganic 

species is confirmed by the presence of new peaks at 750 cm-1                  

(BF4- anion) in 2A5NPFB. In SEM image, the formation of thin, 
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continuous, and twisted like graphene structures randomly oriented 

with additional bright spots depict the successful attachment of 

2A5NPFB on the surface of GO. 2A5NPDP possesses strong absorption                 

(λmax =2199, 350 nm) in the ultraviolet region and has a broad 

transparency window (420-1100 nm). In the UV-Vis absorption 

pattern of composite, the characteristic peak of both GO and 2A5NP 

was observed. The absorption maximum, cut-off wavelength and 

optical transmittance window of composites are 219, 352 nm, 405 nm, 

and 405-1100 nm. The relative second harmonic generation efficiency 

of 2A5NPFB crystal was 35 times that of KDP. Z-Scan studies with CW 

excitation show that the material exhibits saturable absorption, self-

defocusing, and optical limiting action. And here GO: 2A5NPFB exhibit 

higher NLO performance than pure GO and 2A5NPFB. 
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CHAPTER V 

 

2-amino 5-nitropyridinium Dihydrogen Phosphate 

Reduced Graphene Oxide  

 

 

2-amino 5-nitropyridinium Dihydrogen Phosphate (2A5NPDP) was obtained 

by dissolving 2A5NP in an acidic solution of orthophosphoric acid and grown as 

single crystals. It crystallizes in orthorhombic crystal system with Pna21 space group 

(Z= 4). By hydrothermal method, decoration of 2A5NPDP upon GO sheets to form 

GO: 2A5NPDP composite was made. The presence of hydrogen bonds (N-H…O) was 

identified by the shifting of the peaks of NH2 group in the 2A5NPDP from the 

characteristic vibrational frequencies of 2A5NP. Further, the peak at 986 cm-1 

corresponds to symmetric stretching of PO4
- anions which confirm the formation of 

the 2A5NPDP compound. Prepared GO: 2A5NPDP composite possess the 

characteristic peak of both GO and 2A5NP which ascertains the formation of hybrid 

materials. SEM image of GO: 2A5NPDP composite possesses dense bright shades of 

2A5NPDP with uniform concentration upon the ultrathin sheets with the stacking of 

GO. In the UV-Vis absorption pattern of GO: 2A5NPDP composite, the characteristic 

peak of both GO (235 nm) and 2A5NPDP (340 nm) was observed with the change in 

the linear transmittance. 2A5NPDP possesses a relative SHG efficiency of 4.2 times 

KDP with phase matching property. The nonlinear optical response of thermo-optic 

origin exhibited by pure and decorated 2A5NPDP at 532 nm low power CW laser was 

studied using the Z-scan technique. Saturable absorption, self-defocusing, and optical 

limiting action were observed in all samples. Interaction of 2A5NPDP with GO sheets 

enhanced the third-order NLO properties and thus 2A5NPDP decorated GO exhibit 

superior OL action. 
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5.1 Introduction 

Over recent years, a series of studies have been performed on 

organic optical materials with high nonlinearity for a variety of 

applications in a second harmonic generation (SHG) and optical 

limiting (OL) devices [1–4]. Organic molecules with remarkable NLO 

activities, in general, owe their origin to the structural feature of 

having a –electron conjugated moiety substituted by an electron 

donor group at one end and an electron acceptor group at the other 

end forming a push-pull conjugated design [5]. In the organic 

functional group materials, the conjugated π-bond electrons increase 

the polarizability of the molecule and the donor-acceptor groups 

contribute their own “mesomeric moments”, which enhance their 

optical nonlinearity over inorganic counterparts. The donor and 

acceptor groups provide basic charge asymmetry to the molecules, an 

essential requirement for the realization of the noncentrosymmetric 

structure, required for second-order nonlinearity. But these materials, 

despite their increased SHG efficiency, display loss of optical 

transparency in the lower wavelength region (100-400 nm). The trade-

off between optical transparency and SHG efficiency turned out to be 

an important issue while developing the devices using NLO materials    

[6, 7]. Also, there are some disadvantages in using organic molecular 

crystals for frequency conversion and optical limiting applications. 

Though organic molecular crystals have been easily grown from 

solution, yet the size, softness, low thermal conductivity and 

absorption loss are preventing them from effective usage of SHG and 

OL devices [8-10].  

As a result, worldwide attempts have been made to explore 

suitable semiorganic ionic systems that overcome the inherent 

limitation on the maximum attainable nonlinearity in inorganic 
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materials and the moderate success in growing device grade single 

crystals in organic materials. The systems under this category include 

organic-inorganic salts and metal-organic coordination compounds 

[11, 12]. 2-amino 5-nitropyridine [2A5NP] is one of the derivatives of 

nitroaniline, which also forms numerous salts by reacting with 

inorganic acids [13-15]. These hybrid materials possess the 

advantages of the organic phase (high NLO efficiency) and mineral 

crystals (good stability, wide transparency) and are built up by the 

anchorage of organic molecules onto mineral matrices through strong 

hydrogen bonds. The 2A5NP molecule exhibits some classical features 

such as (i) a blue shift of crystal transparency resulting from the less 

polarizable nature of the 2A5NP cations, ii) the SHG efficiency is 

probably due to the density of chromophores, iii) the molecular 

derivatives of 2A5NP display zigzag or herringbone pattern following 

the number of hydrogen donor groups able to form one or several 

hydrogen bonds, iv) the nitro group is introduced to produce a strong 

dipole moment and also to favor crystallization in noncentrosymmetric 

space group. In the present study, the inorganic acids selected for the 

synthesis of the semiorganic salts are orthophosphoric acid (H3PO4) to 

form 2-amino 5-nitropyridinium dihydrogen phosphate (2A5NPDP). 

They are strong acids and they get ionized in the solution to release a 

hydrogen ion (H+). Hence the strong hydrogen bonds are formed, 

which favors the thermal stability of the material. The second-order 

NLO process in crystals is influenced by the molecular structure and 

their arrangement [16]. In continuation of the earlier attempt, 

decoration of GO with 2A5NPDP to form a hybrid is attempted. Here 

graphene oxide will act as host to accommodate interesting 2A5NPDP 

with phosphate unit. The second and third-order NLO behavior of the 

composite are studied for frequency conversion and optical limiting 

applications and the results are discussed. 
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5.2 Material Preparation  

2A5NPDP was obtained by dissolving 2A5NP in an acidic 

solution of orthophosphoric acid (H3PO4) with the molar ratio 1: 3: 10 

for 2A5NP, H3PO4, and H2O respectively. Heating the solution at 60 oC 

for 2 hours resulted in a yellow mixture with no precipitation of 

2A5NP. By the addition of ethanol light yellow needles of 2A5NPDP 

precipitated and are subsequently washed with ethyl acetate. The 

mother solution was distilled to eliminate alcohol and water and 

serves as the solution for crystal growth. Finally, a light yellow powder 

of 2A5NPDP was separated and was used for single crystal growth. In 

the typical crystal growth employed based on the solvent evaporation 

method, the compound was dissolved in ethanol and the 

supersaturated solution was filtered and kept for crystallization at             

32 oC. Single crystals of 2A5NPDP (6 x 2 x 1 mm3) were grown from 

ethanol following the slow evaporation technique (Fig. 5.1). After 10 

days, single crystals were grown from their mother solution with a 

growth rate of 0.7 mm/day. 

By hydrothermal method, decoration of 2A5NPDP upon GO 

sheets to form GO: 2A5NPDP composite was made. Initially GO 

prepared by modified Hummer’s method (as described in Chapter II) 

was taken as host precursor. Imitating the similar experimental 

procedure adopted for GO: 2A5NPFB, 20 mg of GO dissolved in 100 ml 

water was mixed in the synthesis process of 2A5NPDP as an additive. 

The obtained solution was not transparent due to the dominance of 

GO which was stirred for 4 hours under the heating condition of 60 0C 

to obtain the GO: 2A5NPDP composite in powder form. The interesting 

difference between the parent molecule and composite is that the light 

yellow 2A5NPDP turns mild black in GO: 2A5NPDP composite. 
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Figure 5.1 Single Crystals of 2A5NPDP 

5.3 Structural Confirmation 

The highly hyperpolarizable 2A5NPDP is arranged in a 

noncentrosymmetric fashion an arrangement, which is responsible for 

the quadratic nonlinear effect. It crystallizes in orthorhombic crystal 

system with Pna21 space group (Z= 4). The intermolecular H- bonding 

was observed between the cations and the anions, which is 

responsible for the tight packing of these molecules in the unit cell 

[14].  Table 5.1 shows the consistency of cell constants of 2A5NPDP 

between the present work and literature [17]. The crystal displays 

planar layers of phosphate ions parallel to (100) plane, which leads to 

an easy cleavage. The recorded powder XRD pattern of GO: 2A5NPDP 

is depicted in Fig. 5.2 and it shows amorphous nature. Here the 
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crystalline nature of 2A5NPDP was suppressed by the amorphous 

nature of GO and thus the XRD pattern turns amorphous. 

Table 5.1 Cell Dimensions of 2A5NPDP 

Cell 

parameters 
2A5NPDP [17] 

 

*2A5NPDP 

 

a(Å) 25.645 (8) 24.133 (7) 

b (Å) 6.228 (2) 6.503 (1) 

c (Å) 5.675 (2) 5.108 (1) 

V (Å3) 906.394 (2) 801.633 (6) 
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Figure 5.2 Powder XRD of GO: 2A5NPDP 
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The molecular structure of 2A5NPDP consists of one pyridinium 

ring and one phosphate tetrahedron connected through hydrogen 

bonds [14]. The FTIR spectrum of 2A5NPDP is shown in Fig. 5.3. The 

presence of hydrogen bonds (N-H…O) in the title compound was 

identified by the shifting of the peaks (3330 cm-1, 3125 cm-1) in the 

2A5NPDP from the characteristic vibrational frequencies of the NH2 

group (3494 cm-1, 3365 cm-1) observed experimentally in the starting 

material 2A5NP. The hydrogen bond is also responsible for the 

broadening of the peak in this region, which is not observed in the 

parent material 2A5NP. The vibrational frequencies around 3000 cm-1 

were due to the C-H stretching of the aromatic ring. The 1321 cm-1, 

1250 cm-1 are assigned to C-H vibrations of pyridine. The N-O 

stretching at 1524 cm-1, 1355 cm-1 confirm the presence of the nitro 

group. The C-N stretching band at 1662 cm-1 originates from the 

pyridine ring. Similarly, 1130 cm-1 is attributed to the P-O in-plane 

bending of the phosphate group. In particular, the peak at 986 cm-1 

corresponds to symmetric stretching of PO4 anions thereby confirms 

the formation of the semiorganic 2A5NPDP compound. 

Prepared GO: 2A5NPDP composite possess the characteristic 

peak of both GO and 2A5NP which ascertains the formation of hybrid 

materials. A slight shift in the peak positions is due to the interaction 

of graphene layers and 2A5NP molecules. It can be seen that the 

aromatic C=C stretching (1571 cm-1), C-H stretching (2853 cm-1), O-H 

stretching (3595 cm-1) and C=O stretching (1676 cm-1) of graphene 

oxide was shifted. Similarly, the presence of peaks at 3235, 1642, 

1621, 1514, 1310, 1115, 980 cm-1 represents the different vibrations 

of 2A5NPDP mostly shifted to the lower wavenumber.  The observed 

FTIR peaks along with their assignments are given in Table 5.2 [18, 

19] which clearly indicates the formation of GO: 2A5NPDP composite. 
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Figure 5.3 FTIR Pattern of Pure and GO composite of 2A5NPDP 
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Table 5.2 FTIR Peak Assignment of 2A5NPDPand GO: 2A5NPDP 

Mode of vibration and 

type of bond 

GO 2A5NPDP      O:2A5NPDP 

C=C stretching  1572 - 1571 

C-H stretching 2925 - 2853 

O-H stretching of 

hydroxyl groups 

3442 - 3595 

C=O stretching of 

carboxy groups 

2324 - - 

C=O stretching of 

carbonyl groups 

1738 - 1676 

C=O stretching of epoxy 

groups 

1228 - - 

Symmetric stretching N-

H……O 

- 3238, 3125 3235 

C=N asymmetric 

stretching 

- 1662 1642 

N-H bending - 1631 1621 

N-O symmetric 

stretching 

 1524, 1355 1514 

C-H in-plane bending - 1321, 1250 1310 

P-O in-plane bending - 1130 1115 

PO4 symmetric 

stretching  

- 986 980 
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Figure 5.4 SEM Images of (a) GO and (b) GO: 2A5NPDP 

Textural arrangement of GO: 2A5NPDP composite was examined 

by SEM studies using Hitachi SEM 400 and is shown in Fig. 5.4. As 

expected the SEM image shows the presence of a thin-layered 

structure of graphene sheets. The twist and wrinkles in the graphene 

oxide were slightly reduced in the composite which was due to the 

reduction occurred during the decoration process. Earlier it is noted 

that wrinkled paper-like ultrathin sheets with stacking were observed 

for GO due to the harsh oxidation process during the composite 

synthesis. Unlike GO: 2A5NPFB composite where certain bright spots 

(a) 

(b) 
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additionally appeared depicting the attachment of 2A5NPFB on the 

surface of GO, GO:2A5NPDP composite possess dense bright shades 

with uniform concentration throughout the sheets. Here the possible 

growth mechanism mimics the GO:2A5NPFB composite wherein 

2A5NP+ cations interact with inorganic anions (PO4-) to form them as 

2A5NPDP. This molecule nucleates themselves in the graphene sheet 

through oxygen-containing functional groups. As the reaction 

continues, nucleation grows as clusters and decoration occurred. 

Thus incorporation of 2A5NPDP upon GO sheets is confirmed from 

SEM analysis.  

5.4 Linear Optical Properties 

2-amino 5-nitropyridinium compounds exhibit a wide 

transmittance window in the whole visible region irrespective of the 

anionic substitution. The UV–Vis spectrum of 2A5NPDP (Fig. 5.5(a)) 

shows that it possesses a cut-off wavelength of 400 nm which makes it 

a promising harmonic generator candidate suitable for tunable visible-

NIR (450 –1300 nm) laser like LAP [20]. The protonation of pyridine in 

the acid medium (H3PO4) changes the transparency of the original 

molecule (2A5NP) and consequently shifts the transparency limit 

towards the blue wavelength. This protonation of the pyridine function 

introduces a hypsochromic shift in the 2A5NPDP i.e., it shifts the low 

lying π- π* transition of the aromatic 2A5NP towards higher energies 

[21, 22]. In the UV-Vis absorption pattern of GO:2A5NPDP composite 

(Fig. 5.5(b)), the characteristic peak of both GO (235 nm) and 

2A5NPDP (340 nm) were observed. Compared to 2A5NPDP, the 

absorbance pattern of composite depicts stronger absorption in the UV 

and visible regions. Similar to GO:2A5NFB, the combination of 

absorbing GO with transparent 2A5NP has resulted in the alterations 

of electronic states associated with graphene and 2A5NP. As expected 
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the linear transmittance of the composite is higher than GO, which is 

an essential criterion for the optical limiting applications. 
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Figure 5.5 Absorbance Spectrum of 2A5NPFB and GO: 2A5NPDP 
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5.5 Second and Third-Order NLO Properties 

5.5.1 Second Harmonic Generation Test 

Quantitative measurements of relative SHG efficiency of 

2A5NPDP single crystals concerning the well-known SHG material 

KDP were made by the Kurtz and Perry technique [23, 24]. Finely 

powdered crystals of 2A5NPDP were densely packed in a 

microcapillary tube having a uniform bore. A laser beam from an            

Nd: YAG laser of fundamental wavelength 1064 nm, 8 ns pulse width 

with a 10 Hz pulse rate was made to fall normally on the sample cell. 

The transmitted fundamental wave was passed over a monochromator, 

which separates 532 nm (second harmonic signal) from 1064 nm and 

absorbed by CuSO4 solution, which removes 1064 nm light and 

passed through a filter to remove the residual 1064 nm light.  
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Figure 5.6 Phase Matching curve of 2A5NPDP  
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The green light was detected by a photomultiplier tube. KDP 

crystal powdered to the identical size was used as reference material 

in the SHG measurements. The relative SHG efficiency of the powder 

sample of 2A5NPDP was measured to be 4.2 times KDP. The intensity 

of the SHG output of 2A5NPDP as a function of particle size was 

measured and plotted in Fig. 5.6. The SHG output increases in 

proportion with increasing the particle size, confirm the phase-

matching behavior of the 2A5NPDP. As particle size becomes larger 

than the average coherence length, the SHG output remains constant, 

thus indicating the phase matchable character of the 2A5NPDP.  

5.5.2 Z-Scan Studies 

In the present study, a diode-pumped Nd: YAG laser of 

wavelength 532 nm was used as the excitation source for the Z-scan 

technique. The nonlinear parameters of the 2A5NPDP and 

GO:2A5NPDP sample under CW laser illumination was determined by 

the well-known open and closed Z-scan set up formulated by Sheik-

Bahae et al. [25, 26]. In the Z-scan technique, the translation was 

done to vary the incident beam intensity. According to Sheik Bahae 

formalism, as one moves away from the focus (Z=0), the normalized 

transmission should approach unity. Fig. 5.7(A) and Fig. 5.8(A) shows 

the typical Z-scan data for the open-aperture (S = 1) setup for the 

dispersed solution of 2A5NPDP and GO: 2A5NPDP in diethylene glycol 

at a concentration of 1 mM respectively. The enhanced transmission 

near the focus is indicative of the saturation of absorption at high 

intensity.  

Fig. 5.7(B) and Fig. 5.8(B) shows the closed aperture Z-scan of 

2A5NPDP and GO: 2A5NPDP at incident intensity 4.38 kW/cm2. The 

peak followed by a valley normalized transmittance obtained from the 
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closed-aperture Z-scan data. It indicates that the sign of refraction 

nonlinearity is negative i.e. self-defocusing. Self- defocusing effect is 

due to the local variation of refractive index with temperature. The 

defocusing effect is attributed to a thermal nonlinearity resulting from 

the absorption of radiation at 532 nm. Localized absorption of a tightly 

focused beam propagating through an absorbing complex medium 

produces a spatial distribution of temperature in the 2A5NPDP and 

GO:2A5NPDP solution and consequently, a spatial variation of the 

refractive index, that acts as a thermal lens resulting in phase 

distortion of the propagating beam. Absorption saturation in the 

sample enhances the peak and decreases the valley in the closed-

aperture Z-scan thus distorting the symmetry of the Z-scan curve 

about Z = 0. Distortion of symmetry is an indication of existence of 

thermal nonlinearity. 

Generally, the measurements of normalized transmittance 

versus sample position, for the cases of closed and open aperture, 

allow determination of nonlinear refractive index, n2, and the 

saturation absorption coefficient, β. Here, since the closed-aperture 

transmittance is affected by the nonlinear refraction and absorption, 

the determination of n2 is less straightforward from the closed-

aperture scans. It is necessary to separate the effect of nonlinear 

refraction from that of the nonlinear absorption. A method [27-29] to 

obtain purely effective n2 is to divide the closed-aperture 

transmittance by the corresponding open-aperture scans. The data 

obtained in this way reflects purely the effects of nonlinear refraction. 

The nonlinear absorption coefficient β can be estimated from the open-

aperture Z –scan data. Table 4.3 summarizes the third-order NLO 

values of 2A5NPDP and GO: 2A5NPDP following the Sheik Bahae 

formalism.  
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Figure 5.7 Z-scan Pattern of 2A5NPDP 
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Figure 5.8 Z-scan Pattern of GO: 2A5NPDP 
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Figure 5.9 OL Pattern of GO and GO: 2A5NPDP Composite 
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Table 5.3 Third-order NLO Coefficients of 2A5NPDP and GO:2A5NPDP 

NLO Parameters 2A5NPDP GO:2A5NPDP 

Nonlinear refractive index  

(n2) x 10-8 cm2/W 

5.89 6.51 

Nonlinear absorption coefficient  

(β) x 10-3 cm/W 

6.86 4.45 

Real part of NLO susceptibility  

[Re [χ(3)]] x 10-7 esu 

3.45 3.86 

Imaginary part of NLO susceptibility  

[Im [χ(3)]] x 10-6  esu 

1.71 1.12 

NLO susceptibility  

(χ(3) x 10-6 esu 

3.85 4.02 

Optical limiting threshold (mW) 38.43 32.4 

Clamping amplitude (mW) 8.08 4.1 

It is well-known that the best position for a sample, when used 

for optical limiting based on self-defocusing, is at the valley of the Z-

scan curve of the medium. Hence the optical limiting experiment of the 

samples was carried out by placing the sample beyond the focal point 

and the obtained characteristic curves are shown in Fig. 5.9. The 

transmitted output intensity was found to vary linearly with very low 

input intensities but it starts to deviate at high incident intensities. 

With a further increment of the input power, the transmitted intensity 

reaches a plateau and was saturated at a point defined as the limiting 
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amplitude: i.e. the maximum output intensity, showing an obvious 

limiting property. Fig. 5.9 shows the characteristic optical limiting 

curves as a function of incident power varying from 0.2 mW to 50 mW. 

The deviation from linearity began at 38.3 mW and the output 

clamping occurs at 8.08 mW for 2A5NPDP.  At the same time, the 

limiting started occurring at 32.4 mW with output clamped at 4.1 mW 

for GO: 2A5NPDP composite. Thus at low incident powers, the output 

varies according to Beer’s law and beyond limiting threshold, it 

becomes nonlinear [30, 31]. Hence 2A5NPDP and GO: 2A5NPDP 

composite acts as an efficient optical limiter in 532 nm regime of CW 

laser. 

5.6 Conclusion 

By simple acid-base reaction, 2-amino 5-nitropyridinium 

dihydrogen phosphate (2A5NPDP) was synthesized. Single crystals of 

2A5NPDP (6 x 2 x 1 mm3) were grown from ethanol by slow 

evaporation technique. 2A5NPDP belongs to the orthorhombic crystal 

system with Pna21 space group with lattice parameter a=24.133 (7) Å, 

b=6.503 (1) Ǻ, c=45.108 (1) Ǻ. In the FTIR spectrum of GO: 2A5NPDP 

composite, the aromatic C=C stretching (1571 cm-1), C-H stretching 

(2853 cm-1), O-H stretching (3595 cm-1) and C=O stretching (1676 cm-

1) of graphene oxide was shifted. Similarly the presence of peaks at 

3235 cm-1 (N-H…O), 1642 cm-1 (C=N), 1621 cm-1 (N-H), 1514 cm-1 (N-

O), 1310 cm-1 (C-H), 1115 cm-1 (P-O), 980 cm-1 (PO4) represents the 

different vibrations of 2A5NPDP mostly shifted to the lower 

wavenumber. Thus the charge transfer interaction between 

orthophosphoric acid (donor) and 2-amino 5-nitropyridinium 

(acceptor) to form 2A5NPDP and its composite was ascertained by 

FTIR analysis. SEM image of GO: 2A5NPDP composite possesses 

dense bright shades of 2A5NPDP with uniform concentration 
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throughout the ultrathin wrinkled GO sheets. Here 2A5NPDP not only 

acts as a decorative element but also serves as a reducing agent which 

was confirmed by the reduction in the stacking of layers. In the UV-Vis 

absorption pattern of GO: 2A5NPDP composite, the characteristic peak 

of both GO (235 nm) and 2A5NPDP (340 nm) was observed. Compared 

to 2A5NPDP, the absorbance pattern of composite depicts stronger 

absorption in the UV and visible regions. Similar to GO: 2A5NFB, the 

combination of absorbing GO with transparent 2A5NP has resulted in 

the alterations of electronic states associated with graphene and 

2A5NP. The SHG efficiency of the powder sample of 2A5NPDP was 

measured to be 4.2 times KDP and the saturation of SHG output at 

higher particle size confirms the phase-matching property. Z-Scan 

studies with CW excitation show that 2A5NPDP and GO:2A5NPDP 

composite exhibit saturable absorption, self-defocusing, and optical 

limiting action. And here GO:2A5NPDP exhibit higher NLO 

performance than pure GO and 2A5NPDP. 
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CHAPTER VI 

 

4-Dimethyl Aminopyridinium Dihydrogen Phosphate 

Decorated Graphene Oxide  

 

 

Third-order optical nonlinearity of 4-dimethyl aminopyridinium 

dihydrogen phosphate (DMAPDP) and its graphene composite (GO: DMAPDP) 

was studied using diode-pumped Nd: YAG laser (532 nm, 50 mW). Both 

samples exhibit nonlinear refraction (self-defocusing) and nonlinear absorption 

(saturable absorption). Initially, DMAPDP crystal was grown by the solvent 

evaporation method and GO: DMAPDP was synthesized by hydrothermal 

technique. With a rise in pH, the growth was restricted towards one direction 

resulting in elongated rod-like morphology at higher pH. XRD analysis shows 

that DMAPDP crystallizes in triclinic crystal system with centric space group 

P1̄ . From powder XRD formation of GO: DMAPDP composite was confirmed by 

the presence of characteristic peak (001) plane of GO and (004) plane of 

DMAPDP. Formation of DMAPDP and GO: DMAPDP was confirmed by FTIR 

and FT-Raman studies. SEM image portrays the formation of spherical 

DMAPDP nanostructures upon the wrinkled layers of graphene sheets. In the 

UV-Vis absorption pattern of GO: DMAPDP composite, the absorption maxima 

were observed at 220 nm (GO) and 350 nm (DMAPDP). The observed optical 

limiting action under CW green laser excitation was ascribed due to the self-

defocusing effect. Third-order NLO coefficients of GO: DMAPDP composite was 

found to be higher than bare DMAPDP which makes them superior for optical 

limiting applications. 
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6.1 Introduction 

In recent years, a lot of efforts have been paid off to prepare 

nonlinear optical (NLO) transmission materials which support the 

fabrication of nano-scale photonic and photoelectronic devices, with 

low thresholds, which can be used for the protection of eyes and 

sensitive optical devices from laser-induced damage [1]. For the optical 

device applications such as optical limiters, understanding the third-

order NLO phenomenon is the most fundamental. Many optical 

limiting materials could serve as candidates for practical optical 

limiters. They have been found to show strong nonlinear extinction 

(NLE) (i.e. strongly attenuate high intense laser beams while 

transmitting low-intensity ambient light). Strong optical-limiting 

properties have been observed in various materials such as carbon-

based suspensions, metallophthalocyanines and porphyrins [2-4]. 

Also, the rapid technological advancement of nanotechnology in the 

past few decades opens new opportunities to identify a large number 

of optical limiting materials with remarkable NLO properties. To design 

an optimal NLO material, the origin of the nonlinear response to the 

optical field must be understood.   

The key modules in the “molecular engineering” of NLO 

complexes include the collaboration of skills in crystal growth and 

synthesis, optics and X-ray crystallography [5-8]. The carbon atom 

has the great ability to form a stable hybridized bonds like (a two-

electron covalent bond  Csp3- Csp3 and a four-electron bond  + π Csp2- 

Csp2) provides diverse properties of organic compounds. The                        

π-electrons in an organic molecule differentiate organic NLO materials 

from inorganic systems. The electron distribution can be perturbed by 

the interaction with a radiation field such as the intense optical 

electromagnetic field produced by a laser and if the perturbation is 
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asymmetric, a quadratic nonlinearity results. The search for a 

chromophore is likely to be assisted by the other physical methods 

satisfying the other requirements to realize the actual NLO device.  

The ultimate practical organic NLO material must fulfill a 

plethora of requirements, such as a favorable balance of optimum 

nonlinearity and high transparency properties.  However, this is not to 

underestimate a variety of equally important issues such as synthetic 

accessibility, cost, crystal growth capability, toxicity, environmental 

stability, optical damage properties, etc. [9-11].  The subsequent 

discussion involves not an arbitrary, but a mandatory separation of 

microscopic molecular properties and macroscopic crystal properties.  

The difficult challenges in simultaneously reconciling these molecular 

and crystal properties are considered and finally, a variety of specific 

examples of NLO molecules are synthesized.  Their single crystals are 

grown and described in detail. Having made these observations, one 

should search for a model system, which contains the chromophore 

and therefore gives the expected properties [12, 13].   

In continuation of the present investigation on the substituted 

pyridine based molecules like 2-amino-5-nitropyridine (2A5NP), here 

4-dimethyl aminopyridine (DMAP) are considered as parent molecules.  

In this present work, a polarizable organic molecule 4-dimethyl 

aminopyridine (DMAP), was selected as a guest and anchored onto 

inorganic host orthophosphoric acid.  The hydrogen bond networks 

formed will provide new crystalline semiorganic materials with 

improved stabilities. The third-order NLO behavior of 4-dimethyl 

aminopyridinium dihydrogen phosphate and its GO composite were 

explored in the regime of low laser power by the Z-scan technique. The 

possibility of utilizing the material for frequency doubling and optical 

limiting is explored. 
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6.2 Material Preparation  

The involved acid-base reaction scheme for the formation of 

DMAPDP is indicated in Fig. 6.1. Here the weak Bronsted base (DMAP) 

gains a proton in acidic (H3PO4 at pH < 5 ) aqueous solution to form 

DMAPDP powder. In typical procedure 1 mole of 4-DMAP was 

dissolved in 1 mole of orthophosphoric acid taken in 20 mole of water 

solution at 65 C to obtain DMAPDP salt. Due to higher solubility, the 

solution was cooled below room temperature, to extract white 

microcrystalline powder of DMAPPD.  By repeated recrystallization 

process the material was purified. As DMAPDP salt exhibits a positive 

solubility temperature gradient in aqueous solution, the solvent 

evaporation method was adopted. Thus single crystals of DMAPDP 

were grown from saturated aqueous solution at 30 C and by 

maintaining pH between 3.5 to 5. From spontaneously nucleated seed, 

good quality crystals of dimensions 7 x 6 x 4 mm3 (pH = 3.5), 10 x 5 x 

2 mm3 (pH = 4.45) and 11 x 2 x 1 mm3 (pH = 5) was obtained after a 

typical growth period of 60 days (Fig. 6.2).  With a rise in pH, the 

growth was restricted towards one direction resulting in elongated rod-

like morphology at higher pH. 

 

Figure 6.1 Reaction Scheme of DMAPDP [14] 
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Figure 6.2 Single Crystals of DMAPDP Grown at Different pH 

DMAPDP derivative-based GO composite was prepared by a 

simple hydrothermal method adopting the same procedure followed in 

GO: 2A5NP derivative composite [15, 16]. In the employed procedure, 

20 mg of GO obtained from the modified Hummers method was 

dissolved in 100 ml water. The GO suspension was added as an 

additive in the reaction mechanism of DMAPDP (Fig. 6.1). The 

obtained solution was maintained at a pH of 4.45 and stirred for 6 

hours at 30 0C. The precipitate deposited at the bottom of the beaker 

was collected through filtration and dried after subsequent washing to 

obtain the GO: DMAPDP composite in powder form.  
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6.3 Structural Confirmation 

Preliminary identification of the semiorganic pyridine derivative 

was made through single-crystal XRD upon the grown crystals. 

DMAPDP crystallizes in the centrosymmetric space group P1̄  with two 

formula units of [C7H11N2][H2PO4] in the unit cell.  The material 

crystallizes in triclinic crystal system with lattice parameters as 

a=7.792(8) Å, b=8.058(1) (9) Ǻ, c=8.376(1) Ǻ and α= 98.378(1)o,               

β= 105.895(8)o, γ= 98.642(1)o. The estimated values are found to be 

consistent with the already reported values of DMAPDP [14]. The 

recorded powder XRD pattern of GO: DMAPDP composite shown in 

Fig. 6.3 confirms the presence of GO along with DMAPDP. The peak at 

2θ = 12.4o corresponds to the (001) plane of GO. Other diffraction 

peaks were identified and indexed using AUTOX software. Peaks at        

2θ = 18.5o, 20.2o, 21.16o, 23.0o, 28.54o, 30.87o corresponds to (111),             

(-112), (020), (103), (004), (213) plane of DMAPDP. Thus the formation 

of GO: DMAPDP composite was confirmed. 

Table 6.1 Structural Parameters of DMAPDP Crystal 

Lattice 

parameters 

Experimental 

SXRD 

Reported 

Value [14] 

a (Å) 7.792(8) 7.793(2)   

b (Å) 8.058(1) 8.058(2) 

c (Å) 8.376(1) 8.375(2) 

α (°) 98.378(1) 98.375(4) 

β (°) 105.895(8) 105.896(4) 

γ (°) 98.642(1) 98.643(4) 
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Figure 6.3 Powder XRD of GO: DMAPDP 

From the FTIR spectrum (Fig. 6.4) the characteristic vibrational 

frequencies of the functional groups present in DMADP were assigned 

and compared (Table 6.2) with the FT-Raman spectrum of                   

GO: DMAPDP. In the FTIR spectrum of DMAPDP, a broad vibration at 

3386 cm-1 and 2837 cm-1 confirms the symmetric stretching N-H and                  

N-CH3 vibrations of the pyridine ring.  Presence of stretching C-H 

vibrations (3067 cm-1 and 2943 cm-1), in-plane bending C-H vibrations 

(1217 cm-1) and out-of-plane bending C-H vibrations (817 cm-1 and 

745 cm-1) was confirmed. The strong absorption of out-of-plane ring 

bending frequently appears in the spectra of similarly substituted 

pyridines.  The absorption peak at 1565 cm-1 can be attributed to the 

symmetric stretching C=C vibrations of the benzene ring.  

Delocalization of the π-electron and incorporation of inorganic 

elements causes absorption at lower wavenumbers.  Here the H2PO4 

stretching and P-OH deformation modes have an intense band at                 

997 cm-1 and 539 cm-1 respectively.  The broad envelope between 
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2500-3600 cm-1 is attributed to the hydrogen bonding interaction of 

H2PO4 and N+H with the adjacent molecules. The peaks at 938 and 

1086 cm-1 attest to the presence of P-OH stretching while the peak at 

1299 cm-1 represents the P=O stretching vibrations [17]. Thus the 

successful incorporation of phosphate ion in pyridine structure and 

formation of DMAPDP is confirmed. 

 

Figure 6.4 FTIR and FT Raman Pattern of DMAPDP and GO: DMAPDP 

Composite 
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Table 6.2 FTIR and FT Raman Peak Assignment of DMAPDP and           

GO: DMAPDP 

Assignments FTIR peaks of 

DMAPDP 

FT-Raman peaks of 

GO: DMAPDP 

ν (N-H) H - bonding 3386   -- 

ν (C-H) or ν (O-H) H - bonding   --   3101 

ν (C-H)  3067   -- 

ν (C-H) 2943 2935 

ν (N-CH3) or (C-H) 2837 2834 

δ (N-H) 1646 -- 

ν (C=C) 1565 1557 

ν (C=N) or (C=C)   --  1527 

ν (P=O)  1299 -- 

δ (C-H) 1217 1218 

ν3 (PO4) or δ (C-H) 1086   -- 

ν (P-OH)   --  1058 

ν (P-OH) 997   -- 

ν1 (PO4) or δ (P-OH) 938 947 

π (C-H) 817 -- 

π (C-H) 745 743 

δ (C-H) or π (C-H)   --   649 

ν4 (PO4) 539 -- 

ν2 (PO4) 448 413 

G-Band of GO  1639 

D-Band of GO  1282 
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Further to confirm the formation of GO: DMAPDP composite,  

FT-Raman was recorded and the assignments are summarized in 

Table 6.2. The recorded Raman spectrum exposes the dominance of 

DMAPDP over the graphene oxide. Here the presence of graphene 

layers was confirmed from the observed G band at 1639 cm-1 due to 

the E2g phonon of sp2 carbon atoms and the D band at 1282 cm-1 

which is a breathing mode of k-point phonons of A1g symmetry, arising 

from the disordered carbon structures, edges and other defects. Peaks 

at 3101 cm-1, 2935  cm-1, and 1218 cm-1, 743 cm-1, 649 cm-1 were due 

to the presence of stretching and bending C-H vibrations respectively. 

While the peaks at 2834, 1557 and 1527 cm-1 correspond to the 

symmetric stretching N-CH3, C=N and C=C vibrations of the pyridine 

ring. The other low-frequency phonon modes were due to metal ions 

involved in phosphate groups. The Raman modes at 1058 cm-1 (P-OH), 

947 and 413 cm-1 (PO4) belongs to the phosphate group of DMAPDP 

[18]. Thus the Raman spectrum of GO: DMAPDP composite illustrate 

the characteristics of both GO and DMAPDP were observed. 

The thermal stability was obtained by thermogravimetric and 

differential thermal analysis. The thermal decomposition curve (40-

720 C) is illustrated in Fig. 6.5.  The material is stable and free of 

moisture up to 192 C.  The DTA replicates the same changes shown 

by the TG and before the decomposition, there is no phase transition 

[14]. The material is proved to be stable in this region since there are 

no endothermic or exothermic transitions below 200 C. From the DTA 

curve, it is observed that at about 192 C the material undergoes an 

irreversible endothermic transition where the decomposition starts.  

The TGA clearly shows the decomposition initiates around 190 C and 

loses its weight by almost 85 % due to the removal of the molecular 

fragments.  
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Figure 6.5 TG/DTA Curve of DMAPDP 

Based on the thermal analysis, the obtained salts were sintered 

at 180 oC in an autoclave for 48 hours using a muffle furnace to form 

possible nanostructures [16]. The textural arrangement of composites 

was examined by SEM studies using Hitachi SEM 400. SEM image of 

DMAPDP (Fig. 6.6(a)) portrays the formation of nanoparticles with 

grain size in the range of 45 -170 nm. As the reaction was carried out 

in ambient pressure, the particles get sufficient time to form the most 

stable spherical like structure. However, the grains formed were not so 

uniform in shape. The recorded SEM image of GO: DMAPDP composite 

is as shown in Fig. 6.6(b). Here graphene appears as ultrathin sheets 

with a stacked layered structure. The presence of wrinkles and twists 

arises due to rapid oxidation happened during modified Hummer’s 

experiment. Upon the thin layers, DMAPDP forms themselves as 

nanospheres with an average diameter of 160 nm. Compared to pure 

DMAPDP, agglomeration is well reduced and DMAPDP attaches 
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themselves randomly upon the graphene sheets. Here the possible 

growth mechanism imitates the growth of 2A5NP derivatives and here 

DMAP+ cations interact with inorganic anions (PO4-) to form them as 

DMAPDP. This molecule nucleates upon the graphene layers and grow 

as nanospheres. Thus decoration of DMAPDP upon GO sheets is 

confirmed from SEM analysis. 

         

 

Figure 6.6 SEM Image of (a) DMAPDP and (b) GO: DMAPDP 

(a) 

(b) 
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6.4 Linear Optical Properties 

Employing a JASCO UV–Vis spectrophotometer at 30 oC linear 

optical property of the samples was recorded. For optical device 

fabrications, the crystal should be highly transparent in the                       

UV-Visible region. It can be seen that DMAPDP (Fig. 6.7(a)) possesses 

good transmission in the entire visible region which makes them 

suitable for photonic applications like optical limiting. Also, the 

transmission begins to increase abruptly around 310 nm, indicating 

an optical absorption edge in the UV region, which is an essential 

criterion for NLO applications [19, 20]. This makes the material 

suitable for short-wavelength optoelectronic devices, especially for UV 

LEDs and laser diodes. The transparency of DMAPDP is comparatively 

lower than 2A5NP derivatives and this decrease in transmittance 

arises due to trade-off with the larger nonlinearity of DMAPDP. 

In the UV-Vis absorption pattern of GO: DMAPDP composite           

(Fig. 6.7(b)), the absorption maxima were observed at 220 nm and 350 

nm. This corresponds to the characteristic peak of both GO and 

DMAPDP which confirms the formation of GO: DMAPDP composite. It 

can be seen that the characteristic peak of DMAPDP was red-shifted 

by 40 nm due to the interaction between DMAPDP and GO moiety. 

Further, the absorbance of DMAPDP was greatly increased due to the 

influence of absorbing GO. The absorption maximum, cut-off 

wavelength and optical transmittance window of composites are                  

220 nm, 350 nm, 415 nm, and 415-1100 nm. The pattern of                    

GO: DMAPDP composite mimics the absorbance of GO: 2A5NPDP and 

this exposes the identical interaction of GO with complex organic 

species. Change in band structure can influence the NLO behavior of 

the sample and thus suitability of the material for laser application 

was tested further. 
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Figure 6.7 Optical Transmittance of DMAPDP Crystal and Absorbance 

Spectrum of GO: DMAPDP 

DMAPDP 
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6.5 Third-Order NLO Properties: Z-Scan Studies 

As DMAPDP belongs to the inversion symmetry space group, it 

does not exhibit SHG in the Kurtz powder test. Thus the third-order 

NLO properties of DMAPDP and its composite were studied by the              

Z-scan experiment. The Z-scan technique is a powerful technique to 

characterize the NLO properties as it could measure the sign and 

magnitude of the real and imaginary parts of χ(3). The principle of 

working is the measurement of aperture transmittance as a function 

of sample position, which depends on the magnitude and sign of n2. 

Also, it is known that the nonlinear index of refraction n2 is 

proportional to the real part of χ(3) and the nonlinear absorption 

coefficient is proportional to its imaginary part of χ(3). A diode-pumped 

Nd: YAG laser of 532 nm and 50 mW was used as the excitation 

source. The laser beam having beam waist ω0 of 15.35 μm was 

focused by the lens of focal length 3.5 cm on a 1 mm cuvette 

containing the sample solution. As it satisfies Rayleigh condition,                

zo = πω02/λ > L, the sample can be considered as a thin medium, 

where L is the thickness of the sample and λ is the free space 

wavelength of the laser beam. The transmission of the beam through 

an aperture placed in the far-field was measured using a digital power 

meter. In the open aperture Z-scan technique, a lens was used to 

collect the entire laser beam transmitted through the sample. In 

materials that have both refractive and absorptive nonlinearities, 

closed aperture measurements have contributions from both. So the 

closed aperture Z-scan data of the samples are divided with the open 

aperture data to eliminate the effect of nonlinear absorption. The 

demonstration of optical limiting was made using the same Z-scan 

geometry. The input power of the laser beam was varied systematically 
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with beam splitter arrangement and the corresponding output power 

was measured by a power meter [21, 22]. 
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Figure 6.8 Z-scan (A) OA and (B) CA pattern of DMAPDP 
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The nonlinear absorption characteristics are evident from the 

symmetrical valley shape, shown by the open-aperture curves. The 

open aperture patterns (Fig. 6.8(A) and Fig. 6.9(A)) of both DMAPDP 

and GO: DMAPDP show the saturable absorption nature. Estimated 

saturable absorption coefficient (β) of DMAPDP and GO: DMAPDP 

composite was calculated to be 9.65 and 8.14 x 10-3 cm/W 

respectively. Surprisingly pristine DMAPDP exhibits stronger nonlinear 

absorption than GO: DMAPDP composite. In the closed aperture            

Z-scan experiment, the scan exhibits an asymmetric pre-focal peak 

followed by a post-focal valley indicating the nonlinearity of the sample 

to be negative and the lensing effect to be defocusing (Fig. 6.8(B) and 

Fig. 6.9(B)). A negative lens that focuses the beam on the aperture 

results in the increase of transmittance and beyond the focus (Z=0), 

the inverse effect occurs. The observed asymmetric nature of the Z-

scan measurements, along with the fact that the laser light is CW, 

shows the strong influence of thermal phenomena in the nonlinear 

optical behavior of samples. The nonlinear refractive index (n2) of 

DMAPDP and GO: DMAPDP composite was estimated to be 6.22 and 

7.68 x 10-8 cm2/W respectively. Here the composite exhibit stronger 

nonlinear refraction due to the contribution from GO sheets.  

Also the order of third-order NLO susceptibility of DMAPDP and 

GO: DMAPDP was found to be 3.98 and 4.56 x 10-6 esu respectively. 

Estimated NLO coefficients are summarized in Table 6.3. Fig. 6.9 

shows the optical limiting behavior under the excitation of the second 

harmonic of diode-pumped Nd: YAG laser (532 nm, 50 mW), in the 

power range of 0-48 mW. In Fig. 6.10, the transmitted output intensity 

was found to vary linearly at very low input powers and turns 

nonlinear for high incident powers. Thus at low incident powers, the 

output varies according to Beers law and beyond 37.77 and 32.4 mW, 
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it becomes nonlinear for DMAPDP and GO: DMAPDP. Here              

GO: DMAPDP composite exhibits stronger optical limiting action than 

GO.  
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Figure 6.9 Z-scan (A) OA and (B) CA Pattern of GO: DMAPDP 
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Figure 6.10 OL Pattern of DMAPDP and GO: DMAPDP 
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Table 6.3 Third-order NLO Coefficients of DMAPDP and GO: DMAPDP 

NLO Parameters DMAPDP GO: 

DMAPDP 

Nonlinear refractive index  

(n2) x 10-8 cm2/W 

6.22 7.68 

Nonlinear absorption coefficient  

(β) x 10-3 cm/W 

9.65   8.14 

Real part of NLO susceptibility  

[Re [χ(3)]] x 10-7 esu 

3.21 4.16 

Imaginary part of NLO susceptibility  

[Im [χ(3)]] x 10-6  esu 

2.18 1.87 

Third-order NLO susceptibility  

(χ(3)) x 10-6 esu 

3.98 4.56 

Optical limiting threshold (mW) 37.77 32.4 

Clamping amplitude (mW) 8.8 2.38 

 

6.6 Conclusion 

By protonation transfer reaction, DMAPDP salt was obtained by 

dissolving DMAP in orthophosphoric acid solution at 65 C. Employing 

solvent evaporation method, good quality crystals of dimensions 7 x 6 

x 4 mm3 (pH = 3.5), 10 x 5 x 2 mm3 (pH = 4.45) and 11 x 2 x 1 mm3 

(pH = 5) was obtained after a typical growth period of 60 days.  With a 

rise in pH (=3.5 to 5), the growth was restricted towards one direction 
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resulting in elongated rod-like morphology at pH=5. Nanostructures of 

DMAPDP and GO: DMAPDP composite was prepared by a simple 

hydrothermal method. DMAPDP crystallizes in the triclinic crystal 

system with centrosymmetric space group P1̄ . In powder XRD of                 

GO: DMAPDP, the peak at 2θ = 12.4o corresponds to the (001) plane of 

graphene oxide and other diffraction peaks at 2θ = 18.5o, 20.2o, 

21.16o, 23.0o, 28.54o, 30.87o corresponds to (111), (-112), (020), (103), 

(004), (213) plane of DMAPDP. The vibrational bands at 3067 and 

2943 cm-1 (C-H vibrations), 1565 cm-1 (C=C vibrations), 997 and 539 

cm-1 (P-OH deformation) confirms the formation of DMAPDP and 

additional peaks at 1639 cm-1 and 1282 cm-1 (G and D-bands of GO) 

ascertains the formation of GO: DMAPDP composite. TG-DTA studies 

show, DMAPDP was stable up to 192 C, beyond which decomposition 

starts. SEM image shows that DMAPDP nanostructures possess 

spherical morphology in the range of 45 -170 nm. Here graphene 

appears as wrinkled ultrathin sheets with staked layered structure 

with DMAPDP nanospheres form themselves as with an average 

diameter of 160 nm. The absorption maximum, cut-off wavelength and 

optical transmittance window of composites are 220 nm, 350 nm, 415 

nm and 415-1100 nm which was red-shifted due to the interaction 

between moieties. The nonlinear optical response of thermo-optic 

origin exhibited by DMAPDP and GO DMAPDP composite at 532 nm 

low power CW laser was studied using the Z-scan technique. The 

optical limiting action of DMAPDP was demonstrated by the observed 

defocusing effect. The saturable absorption coefficient, nonlinear 

refractive index and third-order NLO susceptibility of GO: DMAPDP 

composite was found to be higher than bare DMAPDP. Thus GO: 

DMAPDP is expected to be a superior candidate for sensor protection 

in the CW low power regime.   
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CHAPTER VII 

 

Summary and Future Directions  

 

 

Layer structured carbonaceous materials like graphene oxide (GO) 

stand high in NLO applications due to their stronger nonlinear optical 

response. This thesis focuses on the NLO investigation of Graphene oxide 

(GO) and Reduced Graphene Oxide (rGO), BBO nanorods decorated rGO, 

2A5NPFB decorated GO, 2A5NPDP decorated GO and DMAPDP decorated 

GO. The prepared materials were subjected to systematic studies like 

XRD, FTIR (preliminary confirmation), SEM (morphology), UV-Vis 

absorption (linear optical properties) and Kurtz-powder, Z-scan (nonlinear 

optical properties) studies. SHG capability of the non-centric complexes 

was studied by the Kurtz powder technique. The nonlinear optical 

response of thermo-optic origin exhibited by pure and decorated 

complexes at 532 nm low power CW laser was studied using the Z-scan 

technique. Saturable absorption, self-defocusing, and optical limiting 

action were observed in all samples. BBO: rGO and GO: DMAPDP are 

identified as superior self-defocusing assisted optical limiters for the most 

widely used CW green low power laser. 
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Nonlinear Optical (NLO) phenomena are potentially useful in the 

context that they can alter the frequency of light and amplify one source 

of light with another, switch it or alter its transmission characteristics 

through a medium, depending on its intensity. The common thread 

running through the laser-based applications is the need for a powerful, 

compact, rugged, inexpensive source of laser light in the blue-green 

region of the electromagnetic spectrum. The generation of coherent 

blue-green light through second harmonic generation (SHG) from near 

infra-red (NIR) laser is an important technological problem that has 

attracted much attention. Potential applications of this technology 

include high-density optical data storage, high-resolution printing, 

spectroscopy inspection, biomedicine, and others. From the birth of 

NLO through the Franken experiment in 1961, intense research is being 

made to develop an efficient frequency doubler as an alternate for 

commercially available potassium dihydrogen phosphate, KDP.  

At the same time, with the advent of optical detectors and sensors 

which are used for scientific and industrial purposes, there is a need for 

using optical limiting devices that protect the photosensitive 

components from intense optical radiation. Such NLO materials are 

passive devices and are referred to as intelligent or smart materials 

owing to actuating functions that are inherent in them. In this context, 

extensive research works have been carried out for identifying such 

materials as they can be used for protecting the human eye from the 

enfeebling laser effects as the maximum permissible exposure for 

human eyes even with a laser pointer is ~2.5 mW/cm2 in the visible 

spectral region. And over recent years, a series of studies have been 

performed on different optical materials with high nonlinearity for a 

variety of applications in a second harmonic generation (SHG) and 

optical limiting (OL) devices.  
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Based on these facts, the main interest of this work is focused on 

the identification of novel materials for NLO applications. The ideal NLO 

material should possess a high laser damage threshold, fast optical 

response, flexible for molecular design, optical transparency, 

mechanical stability, thermal stability and ease of fabrication.  Recent 

growing efforts in molecular engineering suggest that organic NLO 

materials possess comparably better NLO properties than inorganic 

materials. However, single organic material that meets all the 

characteristics are currently unavailable in the pre-realm of graphene. 

This is because graphene is an interesting layered carbonaceous 

material that has two-dimensional one-atom-thick sp2-bonded carbon 

networks. Oxygen-containing groups, such as hydroxyl, epoxy, 

carbonyl, and carboxylic on graphene oxide (GO) sheets can be used to 

decorate the graphene sheets. Thus layer structured carbonaceous 

materials like GO stand high in this domain due to their stronger 

nonlinear optical response. However, the basic requirement of high 

linear transmittance limits the possible usage as a harmonic generator 

and optical limiter.  

Improvement of linear transmittance along with enhanced NLO 

action can be achieved through nanocomposite formation that 

possesses GO as host-matrix and known NLO material as a decorative 

element. In the process of nanocomposite formation, the optimization of 

GO that resembles the behavior of graphene is very important. The 

reduction of graphene was mainly aimed at eliminating epoxy and 

hydroxyl groups on the plane, while others, e.g. carboxyl, carbonyl, and 

ester groups are present at the edges or defective areas of rGO sheet. 

These functional groups will act as nucleation centers that allow 

decoration of many organic/inorganic NLO materials and thus 

optimization of desired content of these oxygen-containing functional 
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groups is very important. In the choice of inorganic materials, barium 

borate (BBO) nanostructures will be an interesting candidate, as it 

possesses large second harmonic generation (SHG) and has unique 

characteristics like wide transparency, large birefringence, high optical 

threshold, and excellent mechanical properties. Thus decorating BBO 

nanorods upon rGO can yield rGO:BBO nanocomposite. 

Compared to inorganic NLO materials, the inclusion of 

semiorganic NLO materials in rGO can yield high NLO coefficient 

nanocomposites. Among the available chromophore, a polarizable 

organic molecule 4-dimethyl aminopyridine (DMAP), can be selected as 

a guest and anchored onto inorganic host orthophosphoric acid.  The 

hydrogen bond networks formed can provide crystalline semiorganic 

material, 4-dimethyl aminopyridinium dihydrogen phosphate 

(DMAPDP) with improved stabilities. Also, 2-amino 5-nitropyridine 

(2A5NP) can induce a high NLO character with a strong donor (NH2) and 

acceptor (NO2) group through a push-pull mechanism. In particular, the 

derivatives 2A5NP dihydrogen phosphate (2A5NPDP) and 2A5NP 

fluoroborate (2A5NPFB), are efficient NLO materials as it can attach 

inorganic elements to its herringbone pattern. Inclusion of these 

semiorganic NLO materials like 2A5NPFB, 2A5NPDP, and DMAPDP as 

decorative elements in GO can yield interesting nanocomposites that 

possess stronger nonlinear refraction, which is beneficial for power 

limiting applications. Thus this thesis aims to investigate, i) Graphene 

oxide and Reduced Graphene Oxide (rGO), ii) BBO nanorods decorated 

rGO, iii) 2A5NPFB decorated GO, iv) 2A5NPDP decorated GO and v) 

DMAPDP decorated GO. The prepared materials were subjected to 

systematic studies like XRD, FTIR (preliminary confirmation), SEM 

(morphology), UV-Vis absorption (linear optical properties) and Kurtz-

powder, Z-scan (nonlinear optical properties) studies. 
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Initially, Graphene oxide was successfully prepared by a modified 

Hummers method. And reduced graphene oxide (rGO) was prepared by 

reduction method using hydrazine, sodium borohydride and ascorbic 

acid as reductant and its structure, morphology, emission, absorption 

and nonlinear optical properties were investigated. The preliminary 

identification of the sample was carried out by the powder XRD pattern. 

The reduced GO material consists of randomly aggregated, thin 

crumpled sheets closely associated with each other and forming 

disordered sheets. The emission peak in the near UV region at 365 nm 

corresponds to the band emission of rGO. The third-order NLO 

properties of dispersed graphene oxide (GO) was measured using an      

Nd: YAG laser (532 nm, 50 mW) by employing the Z-scan technique. 

Results show that the materials possess negative nonlinearity and self-

defocusing nature which is responsible for the optical limiting behavior 

in the regime of interest. The nonlinear optical response of thermo-optic 

origin exhibited by the sample at low CW laser powers (532 nm, 50 mW) 

was analyzed. The defocusing nature and large nonlinear saturable 

absorption coefficient make the sample to behave as a good optical 

limiter in the low power regime. All the materials exhibit optical limiting 

and rGO reduced by hydrazine monohydrate (rGO-H) has a better 

optical limiting action. Hydrazine reduced rGO is found to possess 

improved thermal and photostability, and excellent durability, which 

signifies the scope of utilizing them as smart materials for optical 

limiting applications. 

By the simple hydrothermal method, nanorods of barium borate 

were successfully loaded on reduced graphene oxide sheets. Powder 

XRD confirms the incorporation of barium borate (2θ= 29o, (202)) along 

with the transition of graphene oxide (2θ = 12o, (001)) into reduced 

graphene oxide (2θ= 25o, (002)). In the FTIR spectra, the presence of 
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characteristic absorption peaks of rGO (1572 and 2928 cm-1) and 

barium borate (510, 760 and 856 cm-1) further evidences the formation 

of BBO:rGO nanocomposite. FESEM images portray the existence of 

graphene sheets as thin layers and growth of barium borate as 

nanorods on the sheets of reduced graphene oxide. Ground-state 

absorption studies reveal the hypsochromic shift in the absorption 

maxima of the graphene layers due to the reduction of graphene oxide 

and hypochromic shift in the absorbance intensity due to the inclusion 

of highly transparent barium borate. The photoluminescence of 

BBO:rGO shows maximum emission in the UV region which is due to 

direct transitions involving the valence band and conduction band in 

the bandgap region. Optical nonlinearity of BBO:rGO nanocomposite 

was studied by the Z-scan technique using CW diode-pumped Nd: YAG 

laser (532nm, 50 mW).  Both nanocomposite and individual 

counterparts possess saturable absorption and self-defocusing 

behavior. Third-order nonlinear optical coefficients of BBO:rGO 

nanocomposite is found to be higher than bare graphene oxide. In 

particular, the nonlinear refractive index of nanocomposite is almost 

four times higher than GO which resulted in superior optical power 

limiting action. Strong nonlinear refraction (self-defocusing) and lower 

onset limiting threshold make the BBO:rGO nanocomposite preferable 

candidate for laser safety devices than rGO and BBO. 

2-amino 5-nitropyridinium fluoroborate (2A5NPFB) was 

synthesized using 2A5NP and tetra fluoro boric acid. Using graphene 

oxide obtained through a modified Hummers method as host and 

2A5NPFB as a decorative element, GO: 2A5NPFB composite was 

prepared. Single crystals of 2A5NPFB of dimension 9 x 7 x 5 mm3 were 

grown by the solvent evaporation method. 2A5NPFB crystallizes in 

acentric space group Fdd2 having an orthorhombic crystal system with 
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lattice parameter a=22.474 (1) Å, b=30.127 (9) Ǻ, c=4.9584 (1) Ǻ. 

Prepared composites possess the characteristic peak of both GO and a 

slight shift in the FTIR peak positions are due to the interaction of 

graphene layers and 2A5NP molecules. The incorporation of inorganic 

species is confirmed by the presence of new peaks at 750 cm-1 (BF4- 

anion) in 2A5NPFB. In SEM image, the formation of thin, continuous, 

and twisted like graphene structures randomly oriented with additional 

bright spots which depict the successful attachment of 2A5NPFB on the 

surface of GO. 2A5NPDP possess strong absorption (λmax =2199 nm,                 

350 nm) in the UV region with broad transparency window (420-1100 

nm). In the UV-Vis absorption pattern of composite, the characteristic 

peak of both GO and 2A5NP was observed. The absorption maximum, 

cut-off wavelength and optical transmittance window of GO: 2A5NPFB 

are 219 nm, 352 nm, 405 nm, and 405-1100 nm. The relative SHG 

efficiency of 2A5NPFB crystal was 35 times that of KDP. Z-Scan studies 

with CW excitation show that the material exhibits saturable 

absorption, self-defocusing, and optical limiting action. And here 

GO:2A5NPFB exhibit higher NLO performance than pure GO and 

2A5NPFB. 

By simple acid-base reaction, 2-amino 5-nitropyridinium 

dihydrogen phosphate (2A5NPDP) was synthesized. Single crystals of 

2A5NPDP (6 x 2 x 1 mm3) were grown from ethanol by slow evaporation 

technique. 2A5NPDP belongs to the orthorhombic crystal system with a 

Pna21 space group with lattice parameter a=24.133 (7) Å, b=6.503 (1) Ǻ, 

c=45.108 (1) Ǻ. In the FTIR spectrum of GO: 2A5NPDP composite, the 

aromatic C=C stretching (1571 cm-1), C-H stretching (2853 cm-1), O-H 

stretching (3595 cm-1) and C=O stretching (1676 cm-1) of graphene oxide 

was shifted. Similarly the presence of peaks at 3235 cm-1 (N-H…O), 

1642 cm-1 (C=N), 1621 cm-1 (N-H), 1514 cm-1 (N-O), 1310 cm-1 (C-H), 
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1115 cm-1 (P-O), 980 cm-1 (PO4) represents the different vibrations of 

2A5NPDP mostly shifted to the lower wavenumber. The SEM image of 

GO: 2A5NPDP composite possesses dense bright shades of 2A5NPDP 

with uniform concentration throughout the ultrathin wrinkled GO 

sheets. Here 2A5NPDP not only acts as a decorative element but also 

acts as a reducing agent which was confirmed by the reduction in the 

stacking of layers. In the UV-Vis absorption pattern of GO: 2A5NPDP 

composite, the characteristic peak of both GO (235 nm) and 2A5NPDP 

(340 nm) was observed. Compared to 2A5NPDP, the absorbance pattern 

of composite depicts stronger absorption in the UV and visible region. 

The SHG efficiency of the powder sample of 2A5NPDP was measured to 

be 4.2 times KDP and the saturation of SHG output at higher particle 

size confirms the phase-matching property. Z-Scan studies with CW 

excitation show that 2A5NPDP and GO: 2A5NPDP composite exhibit 

saturable absorption, self-defocusing, and optical limiting action. And 

here GO: 2A5NPDP exhibit higher NLO performance than pure GO and 

2A5NPDP. 

By protonation transfer reaction, DMAPDP salt was obtained by 

dissolving DMAP in orthophosphoric acid solution at 65 C. Employing 

solvent evaporation method, good quality crystals of dimensions 7 x 6 x 

4 mm3 (pH = 3.5), 10 x 5 x 2 mm3 (pH = 4.45) and 11 x 2 x 1 mm3 (pH = 

5) was obtained after a typical growth period of 60 days.  With rise in 

pH (=3.5 to 5), the growth was restricted towards one direction resulting 

in elongated rod-like morphology at pH=5. Nanostructures of DMAPDP 

and GO: DMAPDP composite was prepared by a simple hydrothermal 

method. DMAPDP crystallizes in the triclinic crystal system with 

centrosymmetric space group P1̄ . The vibrational bands at 3067 cm-1 

and 2943 cm-1 (C-H vibrations), 1565 cm-1 (C=C vibrations), 997 cm-1 

and 539 cm-1 (P-OH deformation) confirms the formation of DMAPDP 



Chapter VII: Summary 

165 | P a g e  

 

and additional peaks at 1639 cm-1 and 1282 cm-1 (G and D-bands of 

GO) ascertains the formation of GO: DMAPDP composite. TG-DTA 

studies show, DMAPDP was stable up to 192 C, beyond which 

decomposition starts. SEM image shows that DMAPDP nanostructures 

possess spherical morphology with diameter in the range of 45 -170 nm. 

Here graphene appears as wrinkled ultrathin sheets with staked layered 

structure with DMAPDP nanospheres form themselves as with an 

average diameter of 160 nm. The absorption maximum, cut-off 

wavelength and optical transmittance window of GO: DMAPDP are                

220 nm, 350 nm, 415 nm and 415-1100 nm which was red-shifted due 

to the interaction between moieties. The NLO response of thermo-optic 

origin exhibited by DMAPDP and GO: DMAPDP composite at 532 nm 

low power CW laser was studied using the Z-scan technique. The optical 

limiting action of DMAPDP was demonstrated by the observed 

defocusing effect. The saturable absorption coefficient, nonlinear 

refractive index and third-order NLO susceptibility of GO: DMAPDP 

composite was found to be higher than bare DMAPDP. Thus GO: 

DMAPDP is expected to be a suitable candidate for sensor protection in 

the CW low power regime.   

Estimated NLO coefficients obtained for different graphene oxide 

complexes along with its individual molecule are summarized in                 

Table 7.1. All the functonalized GO systems exhibit higher NLO 

coefficients than pristine GO. It is interesting to note that obtained 

reduced graphene oxide with different reducing agents show tunable 

NLO coefficients which may arise due to change in the functional 

group's concentration and layers of graphene sheets. As it is known 

that, hydrazine is the strongest reducing agent that has effectively 

reduced graphene oxide (rGO-H) and it shows higher NLO coefficients 

among the prepared reduced graphene oxide.  
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Table 7.1 Comparison of NLO Coefficients of Pure and Decorated GO 

Complexes Excited under Nd: YAG (532 nm, 50 mW) Laser 

Compounds 
𝜷𝑺𝑨  

× 𝟏𝟎 −𝟑𝐜𝐦/𝐖 

𝒏𝟐  

× 𝟏𝟎−𝟖 𝒄𝒎𝟐 𝑾⁄  

 𝝌
(𝟑)

 

× 𝟏𝟎−𝟔𝐞𝐬𝐮 

𝑶𝑳𝑻 , 𝑶𝑳𝑪   

𝒎𝑾 

GO 5.86 1.58 1.68 32.5, 1.9 

rGO-H 7.73 4.18 3.03 32.5, 3 

rGO-N 5.90 4.39 2.88 32.5, 3.6 

rGO-A 5.88 2.60 2.05 32.5, 3.1 

BBO 8.8 8.3 4.34 32.6, 0.85 

BBO:rGO 6.05 6.26 4.84 9.5, 6.2 

2A5NPFB 7.64 3.93 2.53 36.2, 6.7 

2A5NPDP 6.86 5.89 3.85 38.43, 8.1 

DMAPDP 9.65 6.22 3.98 37.8, 8.8 

GO:2A5NPFB 13.95 6.06 4.27 37.7, 3.0 

GO:2A5NPDP 4.45 6.51 4.02 32.4, 4.1 

GO:DMAPDP 8.14 7.68 4.56 32.4, 2.4 

Among the nitropyridine derivatives substituted GO complexes, 

GO: 2A5NPFB shows stronger nonlinear absorption with the highest 

saturable absorption coefficient of 13.95 x 10-3 cm/W and GO: DMAPDP 
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exhibit stronger nonlinear refraction with the maximum nonlinear 

refractive index of 7.68 x 10-8 cm2/W. Higher third-order NLO 

susceptibility was witnessed with BBO: rGO (4.84 x 10-6 esu) followed 

by GO: DMAPDP (4.56 x 10-6 esu). In the functionalized graphene oxide 

complexes, BBO: rGO shows the lowest optical limiting threshold 

arising due to the dominance of BBO. Under Nd: YAG CW green laser 

excitation observed optical limiting action is driven by self-defocusing 

nature and all samples are identified to be energy-spreading optical 

limiters. As the clamping amplitude and onset optical limiting threshold 

is varying randomly, the direct suggestion of superior OL material is not 

possible. However, based on third-order NLO susceptibility, BBO: rGO 

and GO: DMAPDP can be considered as superior self-defocusing 

assisted optical limiter for most widely used CW green low power laser. 

The concept of understanding can be more authentic when 

complexes based on the left out other complexes of nitropyridine are 

taken into account. In such consideration, the model that has been 

framed will be complete for other aromatic based systems. Also, the 

work can be further extended to other known NLO aromatic complexes. 

In succeeding, the concept can be still challenging when other known 

NLO aromatic complexes are taken for consideration. As all the 

materials show significant NLO response, the limiting behavior based 

on pulsed lasers will yield more interesting results for high-speed 

optoelectronic applications. Research attempts on limiting behavior as 

a function of wavelength will yield more interesting results. Hence all 

such research attempts are left as pathways for future work.  
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Optical nonlinearity of 4-dimethyl aminopyridinium dihydrogen phosphate (DMAPDP) was
studied using continuous wave of diode pumped Nd:YAG laser (532 nm, 50mW). The nonlinear
refractive index, nonlinear absorption coe±cient and nonlinear optical (NLO) susceptibility of
the sample were found to be in the order of 10�8 cm2/W, 10�3 cm/W and 10�6 esu respectively.
The observed self defocusing e®ect was used to demonstrate the optical limiting action at
532 nm. Initially, XRD analysis showed that DMAPDP crystallizes in triclinic crystal system
with centrosymmetric space group P 1. Thermal studies explored that the material undergoes
an irreversible endothermic transition at 192�C which correspond to the decomposition of
material. SEM image portrays the formation of nanoparticles with grain size in the range of
45–170 nm. Hence 4-dimethyl aminopyridinium dihydrogen phosphate nanoparticles can be
used as potential candidate for optical limiting applications.

Keywords: Semi-organic; nanoparticles; Z-scan; nonlinear optical coe±cient.

1. Introduction

In recent years, a lot of e®orts have been made to

prepare nonlinear optical (NLO) materials which

support the fabrication of nanoscale photonic and

photoelectronic devices, with low thresholds, which

can be used for the protection of eyes and sensitive

optical devices from laser-induced damage.1 For the

optical device applications such as optical limiters,

understanding the third-order NLO phenomenon is
the most fundamental. Many optical limiting
materials could serve as candidates for practical
optical limiters. They have been found to show
high nonlinear extinction (NLE) (i.e., strongly at-
tenuate intense and potentially dangerous laser
beams while readily transmitting low-intensity
ambient light). Strong optical-limiting properties
have been observed in various materials such as
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carbon-based suspensions, porphyrin complexes
and metallophthalocyanines.2–4 Also with rapid
advancement of nanoscience and nanotechnology, a
large number of optical limiting materials have
been shown to possess remarkable NLO properties,
which motivates the design of practical optical
limiters. In order to design an optimal NLO mate-
rial, the origin of the nonlinear response to the
optical ¯eld must be understood. The carbon atom
has the great ability to form stable hybridized
bonds (a two-electron covalent bond � C3

sp–C
3
sp and

a four-electron bond �þ � C2
sp–C

2
spÞ which provide

diverse properties of organic compounds. The
availability of �-electrons in an organic molecule
di®erentiates organic NLO materials from inorganic
systems. These electron distributions can be per-
turbed by the interaction with a radiation ¯eld such
as the intense optical electromagnetic ¯eld pro-
duced by a laser and if the perturbation is asym-
metric, a quadratic nonlinearity results. The search
for a chromophore is likely to be assisted by the
various physical methods satisfying the other
requirements to realize the actual NLO device. In
this present work, a polarizable organic molecule
4-dimethylaminopyridine (DMAP) was selected as
a guest and anchored onto inorganic host ortho-
phosphoric acid. The hydrogen bond networks
formed in this semiorganic structure can provide
crystalline materials with improved stabilities.
The third-order NLO behavior of nanostructured
4-dimethyl-aminopyridinium dihydrogen phosphate
(DMAPDP) were explored by Z-scan technique
using a low laser power continuous wave (CW)
diode pumped Nd:YAG laser (532 nm, 50mW).

2. Experimental

The reaction scheme for the formation of DMAPDP
on chemical reaction with involved acids is indi-
cated in Fig. 1. DMAP is a weak Bronsted base that

gains a proton in acidic solution and forms the salt
of the respective acid. The DMAPDP salt was
obtained by dissolving DMAP in orthophosphoric
acid solution at 65�C in the molar ratio 1:1:20 for
DMAP, H3PO4 and triple distilled water, respec-
tively. On cooling below room temperature, the salt
crystallized as a white microcrystalline powder. By
repeated recrystallization process, the material was
further puri¯ed. DMAPDP exhibits positive solu-
bility temperature gradient in aqueous solution.
Hence by slow evaporation technique, single crys-
tals of DMAPDP were grown from saturated
aqueous solution (pH ¼ 4.45) maintained at 30�C.
Good quality crystals of dimension 10� 5� 2mm3

were obtained after a typical growth period of
60 days.

3. Structural and Morphological
Characterization

1H and 13C NMR spectrum (Fig. 2) of the
DMAPDP was recorded to elucidate its molecular
structure. In the 1H NMR, the presence of dimethyl
group was con¯rmed by the singlet at � ¼ 3:5 ppm.
The in°uence of the adjacent proton of CH was
ascertained by the presence of doublet centered at
� ¼ 6:9 ppm. Due to the low electron density, an-
other doublet was observed in the down¯eld at
� ¼ 8:1 ppm which con¯rms the protonation of

N

N

+

N

N

+
.

CH3CH3H3C H3C

H

Y-

Y-=H2PO4
-Y =H3PO4

Y

Fig. 1. Reaction scheme of DMAPDP.

(a)

(b)

Fig. 2. (a) 1H NMR and (b) 13C NMR spectrum of DMAPDP.
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nitrogen (Nþ) in the pyridine ring. The three
prominent signals in 13C NMR also con¯rm the
predicted molecular structure of DMAPDP. Based
on the thermal analysis made, the obtained salts
were sintered at 180�C in an autoclave for 48 h
using mu®le furnace to form possible nanos-
tructures. SEM image portrays the formation of
nanoparticles with grain size in the range of 45–
170 nm. As the reaction was carried out in ambient
pressure, the particles get su±cient time to form the
most stable sphere-like structure. However in the
present case, the grains formed were not so uniform
in shape.

4. Thermal Studies

The thermal stability of DMAPDP was assessed by
thermogravimetric and di®erential thermal analy-
sis. The recorded thermal decomposition curve
(40–720�C) is illustrated in Fig. 4. The material was
found to be stable and free of moisture till
192�C. The TGA clearly shows that the decompo-
sition initiates around 190�C and loses its weight by
almost 85% due to the removal of the molecular
fragments. The DTA reveals exactly the same
changes shown by the TGA.5 Before the decompo-
sition, material does not su®er any phase transition,
since no endothermic or exothermic transitions were
observed below 200�C. From the DTA curve, it can
be further con¯rmed that the material undergoes an
irreversible endothermic transition at about 192�C
where DMAP decomposes as NO2, CO2, CO, NH3

gases.

5. Linear Optical Studies

Employing a JASCO UV–Vis spectrophotometer at
30�C linear optical property of DMAPDP was
recorded. For optical fabrications, the crystal
should be highly transparent in UV–Visible region.
In the recorded transmission pattern (Fig. 4),
transmission begins to increase abruptly around
310 nm, indicating an optical absorption edge in the
UV region, which is an essential criterion for NLO

Fig. 3. SEM image of DMAPDP.

Fig. 4. TG/DTA curves of DMAPDP.

Fig. 5. Optical transmittance window of DMAPDP crystal.
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applications.6 Also the material possesses good
transmission in the entire visible region which
makes them suitable for short wavelength op-
toelectronic devices such as UV LEDs and laser
diodes.

6. Nonlinear Optical Properties

The Z-scan technique is a powerful tool to charac-
terize the NLO properties as it can measure the sign
and magnitude of nonlinear index of refraction (n2)
and nonlinear absorption coe±cient (�). Knowing
the values of nonlinear refractive index and
nonlinear absorption coe±cient, third-order NLO
susceptibility can also be obtained. In typical ex-
perimental procedure, a diode-pumped Nd: YAG
laser (Neodymium yttrium-aluminum-garnet) of
532 nm and 50mW was used as the excitation
source. The laser beam was focused by lens of focal
length 3.5 cm on a 1mm cuvette containing the
sample solution to produce a beam waist !0 of
15.35�m. Here, the sample was considered as
thin ¯lm as it satis¯es Rayleigh condition, zo ¼
�!2

0=� > L, where L is the thickness of the sample
and � is the free space wavelength of the laser beam.
The transmission of the beam through the sample as

a function of position in the far ¯eld was measured
using a digital power meter with (closed) and
without (open) aperture. In the open aperture
Z-scan technique, a lens was used to collect the
entire laser beam transmitted through the sample.
The demonstration of optical limiting was made
using the same Z-scan geometry. The input power of
the laser beam was varied systematically using
a variable beam splitter and the corresponding
output power through the aperture was detected
by a power meter. The nonlinear parameters of
the samples under continuous wave laser illumina-
tion was determined by the closed Z-scan set up
formulated by Sheik-Bahae et al.7,8

In the closed aperture Z-scan experiment, the
observed nonlinearity was due to self-focusing or
defocusing e®ect of the beam. A negative or positive
self-lens tends to collimate or diverge the beam on
the aperture so that the measured transmittance
increases or decreases, respectively. After the focal
plane, the inverse e®ect occurs. Results of closed
aperture Z-scan experiments are presented in Fig. 6.
The scan exhibits an asymmetric pre-focal peak
followed by a post-focal valley indicating the
nonlinearity of the sample to be negative and the
lensing e®ect to be defocusing. The observed

Fig. 6. Z-scan pattern of DMAPDP.
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asymmetric nature of the Z-scan measurements,
along with the fact that the laser light is CW,
con¯rmed the strong in°uence of thermal compo-
nent in the NLO behavior of the sample. The non-
linear refractive index of DMAPDP was estimated
to be in the order of 10�8 cm2/W.

The nonlinear absorption characteristics are ev-
ident from the symmetrical valley shape, shown by
the open-aperture curves.9 The open aperture pat-
tern (Fig. 6) of the sample showed the saturable
absorption due to the self-defocusing nature. In
materials which have both refractive and absorptive
nonlinearities, closed aperture measurements have
contributions from both. So the closed aperture
Z-scan data of the sample was divided with the
open aperture data in order to eliminate the e®ect of
nonlinear absorption. From the open aperture
Z-scan data, the nonlinear absorption coe±cient10

was calculated to be 10�3 cm/W. Also the third-
order NLO susceptibility of DMAPDP was found to
be 10�6 esu. Figure 6 represents the optical limiting
behavior at 532 nm using the second harmonic of
diode pumped Nd: YAG laser (1064 nm, 50mW), in
the power range of 0.45–47.1mW. The transmitted
output intensity was found to vary linearly at very
low input powers and turn nonlinear for high inci-
dent powers.11 Thus at low incident powers, the
output varies according to Beers law and beyond
13mW, it becomes nonlinear. The limiting thresh-
old value was found to be 13mW with corre-
sponding output value clamped at 3.5mW.

7. Conclusion

DMAPDP salt was obtained by dissolving DMAP
in orthophosphoric acid solution at 65�C.
DMAPDP crystallizes in triclinic crystal system
with centric space group P 1. Formation of nano-
particles with grain size in the range of 45–170 nm
was observed. The molecular structure was

con¯rmed by NMR analysis. The material was
stable upto 192�C, beyond which decomposition
starts. The NLO response of thermo-optic origin
exhibited by DMAPDP at 532 nm low power CW
laser was studied using Z-scan technique. The op-
tical limiting action of DMAPDP was demonstrated
by the observed self-defocusing e®ect. Nonlinear
absorption based limiters have been used for high
power pulsed laser sources, but thermo-optic origin
limiter can be used as an e±cient power limiter in
the low power CW regime. Hence DMAPDP
nanoparticles are expected to be a suitable candi-
date for the protection of photosensitive compo-
nents.
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Reduced graphene oxide (rGO) was prepared by reduction method using various reductants like hydra-
zine, sodium borohydride and ascorbic acid. XRD and Raman analysis confirmed the effective removal of
functional groups in GO. SEM revealed that rGO consists of thin crumpled and disordered sheets closely
associated with each other. Blue shift in UV-absorption maxima was due to weak interlayer coupling
between the layers of rGO. Third order NLO properties of dispersed rGO were measured by Z-scan tech-
nique (532 nm, 50 mW). Both GO and rGO possess self defocusing, saturable absorption and optical lim-
iting behavior. The nonlinear component of refractive index, absorption coefficient and optical
susceptibility were found to be 10�8 cm2/W, 10�3 cm/W and 10�6 esu respectively. Tunability of NLO
coefficients with altering functional groups upon rGO was achieved. rGO prepared using hydrazine with
high NLO coefficient and excellent durability, signify the scope of utilizing them as optical limiters.
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1. Introduction

With the extensive use of continuous wave (CW) lasers at
power levels ranging from mW to kW in various applications, the
need for protecting the human eye and sensors has become
increasingly important. The optical-limiting (OL) effect is a phe-
nomenon where in a medium exhibit high transmittance at low-
intensity light and attenuate an intense optical beam, limiting
the output fluence at a certain range [1]. Especially human eye
has its spectral sensitivity maximum at green regime and with
widespread usage of green CW lasers in human interactive sectors,
optical limiters are most necessary thing to ascertain safety pre-
cautions. The well known materials found to exhibit a strong OL
effect and explored as candidates for practical optical limiters,
include inorganic, organics, organometallic complexes such as olig-
othienylenevinlenes, dimethylaminostyryl substituted BODIPY,
ligand, ruthenium-acetylide organometallic complexes and bis-
dithiafulvenyl substituted tetrathifulvalene [2–11]. In this search,
the versatile chemistry of carbon materials, functionalizing as a
building block of many fascinating new stable and structurally
improved carbon nano materials, has resulted in a huge interest
on studying carbonaceous matter for optical limiting applications.
Among them graphene (G) with two dimensional one-atom-thick
sp2-bonded carbon networks, has attracted great attention due to
its promising properties like high flexibility, linear transmittance
and thermal stability [12]. Literature clearly shows that graphene
possess strong nonlinear refraction due to large sp2 hybridized car-
bon conjugated structure under pulsed excitations [13–14].

Although graphene is identified to be a superior OL materials,
the major barrier in the device realization, is its cost to attain high
purity. Hence as an alternate, reduced graphene oxide (rGO) which
resembles the properties of graphene and that can be delivered
from inexpensive graphene oxide (GO) are under attraction. The
most attractive property of GO is that it can be (partly) reduced
to graphene-like sheets (rGO) by removing the oxygen-containing
groups such as hydroxyl, epoxy, carbonyl and carboxylic with the
recovery of a conjugated structure by reduction process [15]. Some
of known reducing agents used for preparation of rGO includes
hydrazine [16], sodium borohydride (NaBH4) [17], ascorbic acid
[18], hydroquinone [19], pyrogallol [20], hot strong alkaline solu-
tions (KOH, NaOH) [21] and hydroxylamine [22]. It is worthy to
be noted that, the optical properties of rGO is greatly influenced
by the presence of various functional groups available after the
reduction process. Therefore tunability of nonlinear optical proper-
ties can be achieved by properly monitoring the functional groups
upon the graphene sheets, which in turn can be achieved by vary-
ing the reducing agents. Hence it is interesting to understand the
role of reducing agents in achieving the desired NLO properties.
Although investigation of rGO in pulsed regime is available in liter-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemphys.2017.03.002&domain=pdf
http://dx.doi.org/10.1016/j.chemphys.2017.03.002
mailto:sabarigirisun@bdu.a.cin
http://dx.doi.org/10.1016/j.chemphys.2017.03.002
http://www.sciencedirect.com/science/journal/03010104
http://www.elsevier.com/locate/chemphys


Fig. 1. XRD Pattern of GO and rGO.
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ature, study of nonlinear response in CW regime still remains
unexplored. The main motivation of the present work is to make
a systematic investigation of the nonlinear optical properties and
their correlation with the structure of some finely dispersed GO
and rGO sheets. Hence this article presents the nonlinear optical
response of rGO samples studied by Z-scan experiments using con-
tinuous wave Nd: YAG laser (532 nm, 50 mW).

2. Experimental

2.1. Materials preparation

Firstly graphene oxide (GO) was prepared by a modifiedmethod
originally proposed by Hummers. GO was synthesized from as pur-
chased AR grade graphite flakes by oxidation process using power-
ful oxidants like NaNO3, H2SO4 and KMnO4. The details of the
synthesis procedure involved were described elsewhere [23]. To
obtain rGO, reduction of graphene oxide was employed using var-
ious reducing agents like hydrazine monohydrate (H), sodium
borohydride (N) and ascorbic Acid (A). Here hydrazine acts as a
strong reducing agent and hence can remove most of the func-
tional groups upon the surface of GO effectively. While sodium
borohydride is most effective in reducing C@O species but has
low efficiency in the reduction of epoxy and carboxyl groups
[24]. Ascorbic acid acts as mild reducing agent and has great
advantage of its non-toxicity in contrast to hydrazine and a higher
chemical stability with water than NaBH4. Furthermore, the reduc-
tion in colloid state does not result in the aggregation of rGO sheets
as produced by hydrazine, which is beneficial for further applica-
tions. The procedure involved can be described as follows.

2.1.1. Hydrazine monohydrate (rGO-H)
Initially, GO (100 mg) was sonicated in 100 ml of distilled water

for three hours. After that, 1 ml of hydrazine monohydrate (N2H2-
�H2O) which acts as a reducing agent was added into the suspen-
sion and it was placed in an oil bath at 80 �C for 30 min. Later
the oil bath was removed and solution was placed in a condenser
for 24 h, yielding a black precipitate. After cooling the solution to
room temperature (30 �C), the solution was centrifuged and the
obtained powder was dried at 30 �C.

2.1.2. Sodium borohydride (rGO-N)
GO (50 mg), was mixed with 50 ml of methanol and they were

allowed to disperse for 1 h. Sodium borohydride (NaBH4) of 0.5 mg
which acts as a reducing agent was added into the solution and
placed in a condenser along with stirring process at 70 �C for 2 h.
The resulting solution was washed with methanol and double dis-
tilled water till the pH becomes neutral. The particles were allowed
to settle down at the bottom. The solution was centrifuged and the
powder was dried at 30 �C.

2.1.3. Ascorbic acid (rGO-A)
GO (0.1 g), was mixed with ascorbic acid (0.1 g) in 100 mL of

double distilled water. The solution was allowed to disperse for
30 min at 60 �C. 30% of H2O2 was added to the solution and once
again they were allowed to disperse for 30 min at 60 �C. The result-
ing solution was washed with double distilled water. Followed by
centrifugation, the obtained sample was dried at 120 �C.

2.2. Physical measurements

The preliminary identification of the prepared samples were
employed by powder X-ray diffraction using CuKa radiation at
the scanning rate of 0.02 s�1 in the angle of 10 to 80 degree. Vibra-
tional studies were carried out by JASCO FTIR 460 PLUS spectrom-
eter from 400 cm�1 to 4000 cm�1 to identify various functional
groups available in GO and rGO surfaces. Raman spectrum was
recorded to study the disorder defects in GO and rGO with
758 nm laser as excitation source. Morphologies of these samples
were investigated by Scanning Electron Microscope (SEM) using
Hitachi SEM 400. The optical absorption spectrum was collected
for dispersed GO and rGO using UV–Vis–NIR Perkin Elmer Spec-
trophotometer in range 200–1100 nm. The room temperature
(30 �C) emission studies were carried out using a Perkin Elmer LS
55 luminescence spectrometer. The third-order nonlinear optical
properties of the GO and rGO dispersed in ethylene glycol by ultra-
sonication (concentration of 5 mg) were studied by Z-scan tech-
nique in both closed and open aperture mode. Here the laser
used for excitation is a continuous wave Nd:YAG laser with
532 nm wavelength having power of 50 mW. The sample cell
was moved using a translation system along the propagation direc-
tion (Z-axis) of a focused Gaussian beam through its focal plane. By
moving the sample through the focus, the intensity dependent
nonlinear refraction and nonlinear absorption was measured from
the changes of the transmittance through the sample. Under simi-
lar Z-scan geometry, the optical limiting behavior of the samples
was also investigated.

3. Results and discussion

3.1. Preliminary confirmation: XRD

The X-ray diffraction pattern for GO prepared by modified
Hummers method showed a strong amorphous nature with sharp
peak at 12� which corresponds to (001) plane of GO with an inter-
layer spacing of 0.72 nm. This major characteristic peak arises due
to sp2 hybridization of GO. In the XRD pattern of rGO obtained with
various reducing agents (Fig. 1), the major peak of GO disappeared
completely, giving preliminary confirmation of reduction process.
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The broad peak located around 26� (signature of rGO) confirmed
the formation of rGO which was indexed to be (002) plane. The
interlaying distance which corresponds to spacing between the
carbon layers was found to be 0.34 nm, 0.38 nm and 0.75 nm for
rGO-H, rGO-N and rGO-A respectively. The interlayer distance
value of rGO-H and rGO-N was found to be much smaller than that
of GO (0.72 nm). This reduction was due to effective removal of the
functional groups and the layers were brought quite closer to each
other. However the interlayer value of rGO-A (d = 0.75 nm) was
almost equal to the value of GO which indicate that the functional
groups were not completely removed upon ascorbic treatment.
Based on the interlayer distance it can be confirmed that hydrazine
monohydrate is a best reducing agent to attain rGO when com-
pared to sodium borohydride and ascorbic acid which points out
that the functional groups were not completely removed.
3.2. Functional group identification: FTIR

Fig. 2 shows the comparative FTIR spectra of GO and rGO. In GO,
the aromatic ring of graphitic structure was confirmed by the pres-
ence of peaks at 1572 cm�1 (C@C stretching) and 2925 cm�1 (CAH
stretching). The presence of different types of functionality upon
graphene oxide sheets were confirmed by the peaks at
3442 cm�1 (OAH stretching vibration of hydroxyl groups),
2324 cm�1 (C@O stretching vibration of carboxyl groups),
1738 cm�1 (C@O stretching vibration of carbonyl groups),
1228 cm�1 (C@O stretching of epoxy group) and 1031 cm�1

(C-–O stretching of alkoxy groups). The presence of characteristic
peaks of graphitic structure was observed for all the samples after
reduction process. It is interesting to be noted that, ascorbic acid
leaves all the functional groups untreated, other than carbonyl
group and hence resembles the pattern of GO. While sodium boro-
hydride is effective in removing C@O vibrations of carboxyl and
carbonyl groups. And hydrazine is more effective in eliminating
Fig. 2. FTIR Pattern of GO and rGO.
most of oxygen functional groups like carboxyl, carbonyl, epoxy
and alkoxy groups, resulting in the formation of reduced graphene
oxide which resembles graphene structure. The detailed peak
assignments and identification of functional groups is summarized
in Table 1. Thus FTIR analysis clearly indicates, different reducing
agents have resulted in the formation of reduced graphene oxide
with various functional groups on the surface.
3.3. Disorder and defect estimation: Raman and SEM

Raman spectroscopy is widely used to characterize disorder and
defects in carbonaceous materials like graphene. Fig. 3. represents
the recorded Raman spectra of GO and rGO. All the Raman curves
have two obvious vibration peaks consisting of D peak which cor-
responds to the disordered structure (sp3) and G peak to the
ordered structure (sp2) of material. Thus the intensity ratio of D
peak and G peak (ID/IG) can be used to evaluate the sp2 domain size
and degree of disorder of the graphene-based materials. The ID/IG
of GO, rGO-A, rGO-N and rGO-H were 1.07, 1.37, 1.46 and 1.48
respectively. The increase in ID/IG is usually the result of (a) the
increase of the amount of amorphous carbon (b) the decrease of
the crystalline size and (c) higher defect density. In the present
case, the increase in ID/IG ratio of reduced samples further confirms
the formation of rGO and hydrazine to be an effective reducing
agent. From the relative intensity ratio, the perfect graphene
domain (La) was estimated using the well-known formula [25]

LaðnmÞ ¼ 560
E4
k

ID
IG

� ��1

where Ek is the excitation energy (eV). Thus, GO has perfect gra-
phene domain (La) of �74 nm, which upon functionalization
reduces to 53, 54 and 57 nm for rGO-H, rGO-N, rGO-A respectively.
This small change further confirms a decrease in the lower size and
a higher defect density of in-plane graphitic crystallite sp2 domains
due to reduction of GO. Considering the relationship of ID/IG with
the extent of p-conjugation of defects on rGO, the present route
thus allows the modification of optical properties of rGO readily.
Fig. 4 shows that GO have layered structure and ultra thin inhomo-
geneous graphene sheets. However in the recorded picture of rGO, it
is possible to distinguish the edges of the individual sheets. SEM
images revealed that the reduced GO material consists of randomly
aggregated, thin crumpled sheets closely associated with each other
and forming disordered sheets.
3.4. Linear optical properties: absorption and emission

As shown in the UV–Vis spectrum (Fig. 5), GO exhibits a p-p⁄

absorption band at 234 nm. While reduced graphene oxide (rGO-
H, rGO-N and rGO-A), suffers a blue shift in absorption peak to
210, 215 and 208 nm. Interestingly, shifting in the absorption peak
occurs due to the decrease in functional groups and weak inter-
layer coupling between the layers, causing electrons to be easily
excited at lower energy level. From the blue shifted peaks, it can
be confirmed that the electronic conjugation within the sheets
were restored after reduction process. Among UV patterns of the
reduced GO, rGO-H shows less absorption and high linear trans-
mittance due to the efficient reduction of all the functional groups.

Under the exposure of 325 nm light, GO exhibits an intensive
blue luminescence at 360 nm (Fig. 6) and is related to isolated
sp2 domains generated by oxidation process. However, the epoxide
groups on basal plane and carboxylic groups at GO edge often
induce non-radiative recombination of localized electron-hole
pairs, leading to a very weak emission. Hence upon reduction of
functional groups, rGO showed a bright blue emission at 360 nm.



Table 1
FTIR peak assignment and identification of functional groups.

Peak Position (cm�1) Peak assignments

GO rGO-H rGO-N rGO-A

1572 1667 1690 1655 C@C stretching (skeletal vibrations of aromatic domain)
2925 3065 2901 2925 CAH stretching (aromatic hydrocarbons)
3442 3454 3466 3406 OAH stretching (hydroxyl groups)
2324 – – 2325 C@O stretching (carboxyl groups)
1738 – – – C@O stretching (carbonyl groups)
1228 – 1384 1381 CAO stretching (epoxy groups)
1031 – 1028 1028 CAO stretching (alkoxy groups)
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Fig. 3. Raman spectra of GO and rGO.
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Also the emission peaks at 493 nm and 521 nm were ascribed to
the surface defects formed during the reduction process.

3.5. Nonlinear optical properties and limiting action: Z scan

The open aperture Z-scan data (Fig. 7) shows a maxima for nor-
malized transmittance at the principal focus (Z = 0) for both GO
and rGO. Hence the observed nonlinear absorption is due to sat-
urable absorption (SA) nature of the material. Absorption satura-
tion in the sample enhances the peak and decreases the valley in
the closed aperture Z-scan and results in distortions in the symme-
try of the Z-scan about Z = 0. The recorded normalized closed aper-
ture Z-scan (Fig. 8) curve exhibits a pre-focal transmittance
maximum (peak) followed by a post-focal transmittance minimum
(valley) for all the samples. This peak-valley signature indicates the
self-defocusing property and it is represented by negative nonlin-
ear refractive index (n2). Thus under CW laser excitation, the non-
Fig. 4. SEM images
linear refraction behavior of the sample is equivalent to the
formation of induced negative lens resulting in self-defocusing
behavior [26]. It is interesting to note that mechanism responsible
for nonlinear refraction in graphene strongly depends upon the
nature of sample (graphene/graphene oxide layers in solution dis-
persions and graphene sheets on a substrate) and laser (CW or
Pulsed) considered for excitation. As thermal diffusion co-efficient
of graphene is very higher, cumulative thermal effects can be
neglected in graphene layers on a substrate and only p electron
contributes. In liquid media (dispersed in solution), p electron
along with reorientation, alignment of the graphene sheets con-
tributes to nonlinear refraction under continuous wave or long
pulse laser. However for GO sheets in dispersions, electron of sp2

and sp3 domain, free carriers and p electron can contribute to
the NLR. Also reorientation and thermal effects are considered
according to the duration of pulse. Since the samples were excited
with CW laser excitation in the present case, the observed nonlin-
ear refraction mechanism is predominantly thermal in origin [14].

When the mediumwas irradiated by cw laser, a small portion of
its energy was absorbed by the medium which turns the system
thermally agitated. Hence this local heating of the absorbed med-
ium resulted in temperature varied nonlinear refraction index in
sample. Thus, the observed nonlinearity is thermal in origin and
they are of third-order optical nonlinearity. The curve of measured
output power as a function of input power of laser is as shown in
Fig. 9. The transmitted output intensity was found to be nonlinear
at high incident powers and hence confirming optical limiting
behavior for all samples. At higher input powers, the output
reaches a plateau and is saturated at a point defined as the limiting
amplitude: i.e. the maximum output intensity, showing obvious
limiting property. In all cases the optical limiting threshold of
rGO was found to be 14.46 mW and there is a slight change in its
clamping value (1.43–3.35 mW) based on reducing agent chosen
for synthesis of GO. Here in optical limiting, initially the deviation
from Beer’s law takes place and when the molecules available are
sufficiently high, clamping takes place. In the present case, as rGO
was prepared with different reducing agents, the functional groups
available on the graphene layers are different and hence clamping
has occurred at different values. Also it is known that higher the
of GO and rGO.
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nonlinear absorption coefficient lower will be its limiting threshold
(limiting amplitude). As rGO-H has higher nonlinear absorption
coefficient it possess better limiting behavior.

Since closed aperture data obtained from Z-scan contain both
nonlinear refraction and nonlinear absorption components, it is
necessary to separate the nonlinear absorption components from
the nonlinear refraction so as to extract pure nonlinear refraction
and hence the ratios of both data were made to estimate the
NLO coefficients [27]. The third order NLO parameters such as non-
linear refractive index, real part of nonlinear optical susceptibility,
imaginary part of nonlinear optical susceptibility and third order
nonlinear optical susceptibility were calculated using the following
relations

DTp�v ¼ 0:406ð1� SÞ0:25jD/j
where S is the aperture linear transmittance and is calculated using
the relation

S ¼ 1� expð�2r2a=x
2
aÞ
where ra is the aperture and x is the beam radius at the aperture.
The non-linear refractive index is given by

n2 ¼ D/
KI0Leff

where, K = 2p/k (k is the laser wavelength), I0 is the intensity of the
laser beam at the focus (Z = 0) and Leff = (1 � exp(�aL)/a) is the
effective length of the sample.

The nonlinear absorption (b) coefficient was also estimated
from the original valley value (DT) at the experimental open aper-
ture Z-scan curve as
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b ¼ 2
ffiffiffi
2

p
DT

I�Leff

The saturation intensity (Is = ao/b) is defined as the ratio
between linear absorption co-efficient and nonlinear absorption
co-efficient [28]. The estimated Is for all the samples was found
to be 3.7 kW/cm2. The real and imaginary parts of the third order
nonlinear optical susceptibility v(3) are defined as [29,30]

Revð3Þ ¼ 10�4ðe0C2n2
0n2Þ

p
ðcm2=WÞ
Imvð3Þ ¼ 10�2ðe0C2n2
0kbÞ

4p2 ðcm=WÞ

where e0 is the permittivity of vacuum, n0 is the linear refractive
index of the sample and c is the velocity of light in vacuum. The
third order nonlinear optical susceptibility is thus

vð3Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðReðvð3ÞÞÞ2 þ ðImðvð3ÞÞÞ2

q

The estimated NLO coefficients are given in Table 2 and it can be
clearly seen that rGO possess stronger NLO behavior than GO. In
both cases, the nonlinear absorption was found to be more domi-
nant than nonlinear refraction process and thus Im(v3) was found
to be higher than Re(v3) of nonlinear optical susceptibility. Also it
can be seen that the NLO coefficient was found to be varying for
rGO with respect to the reducing agent use. Tunability of NLO coef-
ficient was confirmed and the order of preference for higher non-
linearity is rGO-H > rGO-N > rGO-A > GO. The variation in thermal
nonlinearity mainly arises due to the variation in extent of conju-
gation which depends upon the functional groups on the graphene
Table 2
Third Order NLO Parameters of the samples.

Parameters

Nonlinear refractive index (n2) � 10�8 cm2/W
Nonlinear absorption coefficient(b � 10�3) cm/W
Real part of the third-order susceptibility [Re(v3)] � 10�6 esu
Imaginary part of the third-order susceptibility [Im(v3)] � 10�6 esu
Third-order nonlinear optical susceptibility (v3) � 10�6 esu
Optical limiting threshold

[Limiting amplitude] mW
surface. Also it can be related to the variation in ID/IG ratio, La and
interplannar distance of the samples. In the present case, ascorbic
acid being a mild reducing agent provides rGO with most of the
functional groups as present in GO. So the estimated NLO coeffi-
cients of rGO-A posses almost equivalent values as that of GO. As
sodium borohydride has removed few functional groups, the
extent of conjugation was better than GO and rGO-A and hence
possess slightly higher values. In particular rGO-H was found to
possess higher nonlinear refractive index (2.7 times) and third
order NLO susceptibility (1.7 times) than GO. It is to be noted that,
hydrazine is a strong reducing agent and hence removes most of
functional groups available in GO. Thus the obtained structure of
rGO almost resembles the layered structure of graphene. Hence
the rGO-H has higher delocalization and thermal phonon transfer
than other rGO’s prepared and thus it has comparably higher value
than other systems. This is because hydrazine has effectively
reduced most of the functional groups and the obtained rGO was
almost similar to graphene structure, having the maximum extent
of conjugation. This planar layered structure provides the
enhanced thermal transport which resulted in the increase of
NLO coefficient. Also as discussed in the Raman analysis, rGO-H
has the dominant sp2 domain which resulted in higher delocaliza-
tion of p-conjugation. The detailed mechanism needs further
investigation, but the current work demonstrates that the optical
transmittance and limiting properties are a sensitive function of
the oxygen functional groups and structural defects in graphene.
Here it should be noted that the estimated nonlinear absorption
coefficient of rGO is found to higher than other known systems
[11] as thermal (Kerr) component contributes under CW excita-
tion. Since Z-scan experiment is very sensitive to excitation param-
eters, direct comparison with known materials is not viable in the
present case. The nonlinear absorption coefficient of the reduced
GO materials under CW excitation (532 nm, 50 mW) was found
to be very higher than other graphene composite like GO
(5.4 � 10�4 cm/W), and tetra amino porphyrin with GO
(13.1 � 10�4 cm/W) [31]. The rGO-H show higher nonlinear
absorption coefficient, nonlinear refractive index and third order
nonlinear optical susceptibility than other samples suggesting
the good optical limiting applications. Thus it can be concluded
that rGO prepared using hydrazine with linear transmittance and
nonlinear optical coefficients can be a potential candidate for opti-
cal limiting applications against continuous wave lasers.
4. Conclusion

By simple reduction process, reduced graphene oxide was pre-
pared using different reducing agents like hydrazine, sodium boro-
hydride and ascorbic acid. In the XRD pattern of rGO, the major
peak (12�, (001)) of GO disappeared completely, giving prelimi-
nary confirmation of reduction process. FTIR showed that different
reducing agents have resulted in the elimination of various func-
tional groups (ascorbic: carbonyl, sodium borohydride: carboxyl
and carbonyl and hydrazine: carboxyl, carbonyl, epoxy, alkoxy)
and thus forming rGOs with different functional groups on the sur-
GO rGO-H rGO-N rGO-A

1.61 4.47 4.37 2.67
5.86 6.02 5.90 5.88
1.08 3.01 2.95 1.80
1.68 1.69 1.72 1.68
2.00 3.45 3.41 2.46
14.46
(1.43)

14.46
(3.35)

14.46
(2.77)

14.46
(1.70)
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face of graphene. A decrease in the lower size and a higher defect
density of in-plane graphitic crystallite sp2 domains due to reduc-
tion of GO was confirmed through Raman analysis. The reduced GO
material consists of randomly aggregated, thin crumpled sheets
closely associated with each other and forming disordered sheets.
GO exhibits a p-p⁄ absorption band at 234 nm and reduced gra-
phene oxide (rGO-H, rGO-N and rGO-A), suffers a blue shift in
absorption peak due to the decrease in functional groups and weak
interlayer coupling between the layers. Z-scan experiment showed
that both GO and rGO possess negative nonlinear refraction (self
defocusing) and negative nonlinear (saturable) absorption. The
observed nonlinearity was found to be thermo-optic in origin. Tun-
ability of NLO coefficient was confirmed and the order of prefer-
ence for higher nonlinearity is rGO-H > rGO-N > rGO-A > GO. The
variation in thermal nonlinearity mainly arises due to the variation
in extent of conjugation which depends upon the functional groups
on the graphene surface. Also it can be related to the variation in
ID/IG ratio, La and interplannar distance of the samples. The limit-
ing threshold of all samples was found to be 14.46 mW, with
appreciable change in the limiting amplitude (1.43–3.35 mW).
Thus it can be concluded that rGO prepared using hydrazine with
higher linear transmittance, nonlinear absorption coefficient, non-
linear refractive index and third order nonlinear optical suscepti-
bility can be a potential candidate for optical limiting
applications against continuous wave lasers.
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a b s t r a c t

By simple hydrothermal method, nanorods of barium boate were successfully loaded on reduced gra-
phene oxide sheets. Powder XRD confirms the incorporation of barium borate (2q ¼ 29�, (202)) along
with the transition of graphene oxide (2q ¼ 12�, (001)) into reduced graphene oxide (2q ¼ 25�, (002)). In
the FTIR spectra, presence of characteristic absorption peaks of rGO (1572 and 2928 cm�1) and barium
borate (510, 760 and 856 cm�1) further evidences the formation of BBO:rGO nanocomposite. FESEM
images potray the existence of graphene sheets as thin layers and growth of barium borate as nanorods
on the sheets of reduced graphene oxide. Ground state absorption studies reveal the hypsochromic shift
in the absorption maxima of the graphene layers due to reduction of graphene oxide and hypochromic
shift in the absorbance intensity due to the inclusion of highly transparent barium bortae. The photo-
luminescence of BBO:rGO shows maximum emission in the UV region arising from the direct transitions
involving the valence band and conduction band in the band gap region. Z-scan technique using CW
diode pumped Nd:YAG laser (532 nm, 50 mW) exposes that both nanocomposite and individual coun-
terpart possess saturable absorption and self-defocusing behavior. Third-order nonlinear optical co-
efficients of BBO:rGO nanocomposite is found to be higher than bare graphene oxide. In particular the
nonlinear refractive index of nanocomposite is almost four times higher than GO which resulted in
superior optical power limiting action. Strong nonlinear refraction (self-defocusing) and lower onset
limiting thershold makes the BBO:rGO nanocomposite preferable candidate for laser safety devices.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The major concerns of the electro-optical sensors that are
widely used in laser applications are its susceptible to overexposure
leading to permanent optical damage. Since the invention of laser
in 1960, the protection of human eyes and sensors against intended
or unintended damage by laser radiation has been an ongoing
research field. Laser protection measures are typically realized us-
ing conventional optical filters based on linear absorption or
interference effects. Unfortunately, these filters work only for pre-
defined wavelength, but not beyond [1]. So a laser beam of high
intensity can easily damage the retina and hence significant
research effort has been invested on optical power limiting (OL)
materials to achieve some measure of protection from such high
ri Girisun).
intense laser beams. An efficient optical limiting material exhibits
high transmittance for low intensity ambient light, while strongly
attenuating intense and potentially dangerous laser beams [2].
Layer structured carbonaceous materials like graphene oxide (GO)
stand high in this domain due to their stronger nonlinear optical
response. However the basic requirement of high linear trans-
mittance limits the possible usage as power limiter. Improvement
of linear transmittance along with enhanced nonlinear action can
be achieved through nanocomposite formation. The availability of
several types of oxygen-containing functional groups on the basal
plane (epoxide groups) and the sheet edge (ketone groups) allows
GO to interact with a wide range of inorganic materials so that
functional hybrids and composites with unusual properties can be
readily synthesized. In the choice of inorganic materials, barium
borate (BBO) nanostructures can be an interesting candidate as it
possesses have unique characteristics like wide transparency, large
birefringence, high laser damage threshold and excellent me-
chanical properties. In the wide variety of morphologies, 1D
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Fig. 1. XRD pattern of GO, rGO and BBO: rGO.
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nanostructures provides an opportunity to understand both func-
tional behavior in ultra low dimension and to develop high per-
formance next generation devices. Efficient transport of optical
excitations due to two dimensional confinements arising from
intrinsic anisotropic nature also makes fabrication of 1D nano-
structures promising route [3,4]. The origin of large nonlinear op-
tical susceptibility in BBO arises from the anionic structural units
and as boron atoms has two kind of co-ordination, a boron atom co-
ordinate with three oxygen atom to form triangle [BO3] unit and
with four oxygen atom to form tetrahedral [BO4] unit. The network
of interconnected [BO3] and [BO4] forms infinite chains of [B3O6],
[B3O3] anionic groups whose negative charge is compensated by
the Ba2þ cations and hence resulting in diversity of structures.
Hence most of research is focused on b-BBO nanostructures and
reports show that nanorods, nanoplatelets and network like
structures of b-BBO exhibits higher SHG performance than bulk
form. Also g-BBO (rich in BO3 unit) nanostructure exhibited higher
third order nonlinearities in the continuous wave (CW) regime
demonstrating maximum thermal stability against intense laser
radiations among the known NLO materials and hence rendering
them ideal for optical limiting applications [5]. Based on these facts,
this article reports the optical limiting performance of g-BBO
nanorod decorated rGO with CW laser pulses at a wavelength of
532 nm. It is found that BBO: rGO nanocomposite possesses
stronger nonlinear refraction which are beneficial for power
limiting applications.

2. Material preparation

Hydrothermal method is an elegant technique to prepare and
incorporate barium borate upon graphene sheets. Preparation of
barium borate: reduced graphene oxide nanocomposite involves a
three step process. In the first step, graphene oxide (GO) was pre-
pared from graphene flakes by Modified Hummer's method [6]. In
the second step, the obtained GOwas reduced to reduced graphene
oxide (rGO) by using ascorbic acid as reducing agent [7]. In the third
step of employed experimental procedure, 10 mmol of BaCl2$2H2O,
15 mmol of H3BO3 and 20 mmol of NaOH were dissolved in 60 ml
distilled water and used as starting precursor to obtain barium
boate [5]. To the above mentioned solution, 20 mg of rGO was
added and continuously stirred for 8 h to attain homogenous
mixing. The solution was then transformed to 100 ml autoclave
setup and placed in an oven at 120 �C for 24 h. The obtained slurry
waswashedwithwater and ethanol for several times to remove the
suspended impurities and other byproducts. Finally the obtained
powder was dried at 60 �C for 12 h resulting in the formation of ash
colored powder. In each step, the obtained powders were taken out
and indexed as GO, rGO and BBO: rGO for further characterization.

3. Structural confirmation

The prepared samples were subjected to powder X-ray diffrac-
tion using CuKa radiation (1.54 Å) in the angle of 10�e80�. Fig. 1
shows the recorded XRD patterns of GO, rGO and BBO: rGO. The
characteristic peak (001) observed at 2q ¼ 12� confirms the for-
mation of graphene oxide in the modified Hummer's method. After
reduction process no diffraction peaks of GO is observed and the
presence of diffraction peak at 2q ¼ 12� signatures the formation of
rGO. Recorded XRD pattern of BBO: rGO forecast the diffraction
peaks of both rGO with BBO and thus confirms the formation of
nanocomposite. All the additional peaks were indexed and are
found to be consistent with the values in the standard card of g-
BBO [JCPDS: 01-071-2501]. The peak at 2q ¼ 24�, 26�, 29�,32�, 34�,
40�, 42�, 47�, 53�, 61� and 68� represents planes (11 2), (0 2 1), (2 1
1), (1 0 4), (0 2 3), (0 1 5), (3 1 2), (3 1 3), (3 2 3), (2 17) and (4 2 4) of
barium borate and thus formation of BBO:rGO nanocomposite is
confirmed. As the samples were prepared at low temperature
(120 �C), g-BBO was obtained and thus expected to attain higher
third-order NLO co-efficient [5]. The widths of the reflection peaks
are considerably broadened, indicating the crystalline particles fall
in the nanoscale range [8]. The average grain size of BBO:rGO
composite is deliberated to be 17 nm from the DebyeeScherrer
equation. No characteristic peaks that correspond to the possible
byproducts and other impurities are identified.

IR spectra were recorded with JASCO 460 PLUS FTIR spectrom-
eter in the range of 400e4000 cm�1 with spectral resolution of
1 cm�1 to identify various functional groups and the available
molecular vibration of the samples. The recorded FTIR spectra of
the samples (Fig. 2) show strong absorption peaks which corre-
sponds to the various vibrational modes of GO and BBO (Table 1). It
is interesting to note that the in the modified Hummer's method,
graphene sheets were successfully incorporated with various oxy-
gen containing functional groups such as aromatic hydrocarbons
(2825 cm�1), hydroxyl (3442 cm�1), carboxyl (2324 cm�1),
carbonyl (1738 cm�1), epoxyl (1243 cm�1) and alkoxy (1207 cm�1)
groups. Ascorbic acid being amild reducing agent removes carboxyl
groups during reduction and leaves most of the functional groups
in the graphene sheets. It is interesting to note that, during incor-
poration of BBO upon graphene layers, some of the functional
groups (namely carboxyl and epoxy) were effectively removed. Also
in the FTIR spectrum of BBO: rGO, the additional absorption peaks
at 510 and 760 cm�1 corresponds to the bending vibrations of
BeOeB bond [9] and peak at 856 cm�1 is due to stretching vibra-
tion of BeO bond in BO3 unit [5] of barium borate (g-BBO), bywhich
the formation of BBO: rGO composite is confirmed.

Morphologies of the samples were investigated by Field



Fig. 2. FTIR pattern of GO, rGO and BBO: rGO.

Table 1
Vibrational assignments of GO, rGO and BBO: rGO.

Peak assignments

C¼C stretching (sp2 hybridized)
CeH stretching (aromatic hydrocarbons and CeOH stretching)
OeH stretching (hydroxyl groups)
C¼O stretching (carboxyl groups)
C¼O stretching (carbonyl groups)
CeO stretching (epoxyl groups)
CeO stretching (alkoxy groups)
BeOeB bond
BeO bond in BO3 unit

Fig. 3. FESEM images of (a) GO
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Emission Scanning Electron Microscope (FEI-QUANTA-FEG 250).
FESEM images (Fig. 3) show the panoramic morphology of the
products. Fig. 3 (a) shows the presence of graphene layers as thin
crumpled sheets and here the observed folding are due to the harsh
oxidation taken place during the employed Hummer's process.
Compared to the GO image, rGO (Fig. 3b) shows less agglomeration
and individual sheets are easily identifiable. This clearly demon-
strates the reduction of graphene oxide upon ascorbic acid inter-
action. From the FESEM image of BBO: rGO composite (Fig. 3c), BBO
nanorods are grown randomly on the surface of rGO sheets. These
nanorods have a good uniform diameter of 22 nm and 3.0 mm
length. The possible growth mechanism can be explained as fol-
lows: During the third step of hydrothermal process, Ba2þ sticks on
the surface of graphene layers and forms as barium borate. These
BBO acts as nucleation sites and grow as elongated nanorod upon
the graphene layers. Similar formation of pure g-BBO nanorods due
to prolonged heating (120 �C, 24 h), was already reported [5,10].
Compared to the earlier report, length of BBO nanorod is well
increased (1.2 mme3 mm) along with considerable reduction in
diameter (354 nme22 nm). This might be due to the availability of
graphene surface which promotes aggregation of nanoclusters
(alignment of same type of crystal planes to minimize the interface
stain energy) along a particular direction to form rod like structure.
As hydrothermal technique cannot control the content of loading,
barium borate nanorods appears to be clusters. Thus the morpho-
logical analysis clearly pictures that barium borate nanorods are
randomly arranged on the layers of reduced graphene oxide.

4. Linear absorption and emission properties

Linear optical properties of the samples were investigated by
Peak Positions (cm�1)

GO rGO BBO:rGO

1572 1655 1572
2925 2925 2928
3442 3406 3438
2324 2325 e

1738 e e

1243 1381 e

1207 1028 1207
e e 760 and 510
e e 856

, (b) rGO and (c) BBO: rGO.
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UVeViseNIR (JASCO Corp., V-570) spectroscopy in the range
190e1100 nm with spectral resolution of 1 nm. The maximum
absorption peak of GO, rGO and BBO: rGO are observed at 236 nm,
210 nm and 207 nm respectively. The maximum absorption peak
corresponds to the p-p* transition of aromatic C¼C bond [11].
Interestingly, shifting in the absorption peak of GO and rGO
(263 nme210 nm) occurs due to the decrease in functional groups
and weak interlayer coupling between the layers causes electrons
to easily excite at lower energy. Similar blue shift in the absorption
maxima (207 nm) of BBO: rGO arises from the restored electronic
conjugation within the sheets due to reduction and inclusion of
barium borate. It is also to be noted that the contribution of
anharmonic phonons has to be considered for two-dimensional
thin crystals with honey comb lattice structure like graphene at
high temperature. Under high density (laser) photo-excitation, the
local heating raises the temperature of the material and anhar-
monic phonon contributes to optical properties and thermal
transport properties of the materials [12,13]. Among the inorganic
NLO material, barium borate possess low cutoff in the UV region
(below 200 nm) and hence the observed maxima is the charac-
teristic peak of graphene sheets. In Fig. 4, the absorbance of BBO:
rGO composite is found to be very lower throughout the visible
region when compared with pure GO and rGO. This hypochromic
shift in the absorbance intensity of BBO: rGO clearly shows that the
high linear transmittance (transparent properties) of composite
arises from the contribution of highly transparent barium borate
[5,14]. For laser safety applications like protection of optical sensors
from laser induced damage it is desirable for an optical limiter to
have high linear transmittance at low intensity (obeying Beer's law)
and should turn opaque at high intensity (which can harm the
photosensitive components). Thus the composite fulfills the
essential requirement for optical limiter i.e., high linear
transmittance.

Emission studies were carried out by Fluoromax 4 spectropho-
tometer under the excitation of 325 nm wavelength scanned over
the domain 350e650 nm with spectral resolution of 1 nm. Under
the exposure of 325 nm light, GO exhibits a blue luminescence at
Fig. 4. Absorption spectra of GO, rGO, BBO: rGO.
360 nm (Fig. 5) due to isolated sp2 domains generated by oxidation
process. Here the epoxide groups on basal plane and carboxylic
groups at GO edge often induce non-radiative recombination of
localized electron-hole pairs, leading to very weak emission. Hence
upon reduction of functional groups, rGO showed a bright blue
emission at 360 nm. Also because of deoxygenation, there is a
considerable decrease in disorder induced states within p- p* gap.
The electron hole recombination among the sp2 clusters which lie
within the s-s* states of sp3 matrix acts as localized luminescence
states exhibit blue emission (493 nm) [15,16]. In the PL spectrum of
BBO:rGO, the characteristic peak of graphene is slightly red shifted
to 370 nm (sp2 domains of rGO) due to incorporation of barium
borate. Additional peak at 350 nm arises due to the radiative
annihilation of self trapped exciton localized in the crystal defects
of barium borate [5]. Thus incorporation of barium borate in rGO
sheets and alteration in the electronic states due to these in-
teractions is confirmed from the emission studies.
5. Third order nonlinear optical refraction and absorption

Z-scan technique is a single beam method for measuring the
sign and magnitude of nonlinear absorption and refraction co-
efficients simultaneously. This technique uses single laser beam in
tight focus geometry. The transmittance of a nonlinear medium
through a finite aperture is measured in the far field as a function of
the sample position ‘Z’ referenced with respect to the focal plane.
Nonlinear absorption and nonlinear refraction can be measured all
together when an aperture is placed in front of the detector (closed
aperture). Nonlinear absorption is detected when the aperture is
absent (open aperture). The third-order nonlinear optical
Fig. 5. Emission spectra of GO, rGO, BBO: rGO.
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properties of the samples, dispersed in ethylene glycol by ultra-
sonication were studied by closed and open Z-scan technique. The
sample cell was moved using a translation system along the
propagation direction (Z-axis) of a focused Gaussian beam through
its focal plane. By moving the sample through the focus, the
intensity-dependent nonlinear refraction and absorption can be
measured from the changes of the transmittance through the
sample. Under similar Z-scan geometry, the optical limiting
behavior of the samples was also investigated [17].

Fig. 5 shows the closed aperture pattern of GO, rGO and BBO:
rGO composite. In the obtained closed aperture curves, the peak
precedes the valley indicating a negative variation of the nonlinear
index (n2) arising due to self-defocusing mechanism. The observed
nonlinearity is of thermal in origin, as the materials were excited
with continuous wave laser. Here the laser heating induced thermal
nonlinearity which arises from the absorption of a tightly focused
beam. This produces a spatial distribution of temperature and
refractive index creating a thermal lens resulting in severe phase
distortion of the propagating beam. Although all the samples
exhibit self-defocusing behavior, the peak-valley difference and
width of the pattern is not uniform. BBO:rGO possess broader peak-
valley pattern with maximum peak-valley difference confirming
the enhanced nonlinear refraction. Fig. 6 shows the open aperture
pattern of GO, rGO, BBO: rGO composite. In the pattern the
maximum lies near the focus (Z ¼ 0) and hence exhibit nonlinear
absorption. The peak pattern clearly reveals the presence of satu-
rable absorption property, where the absorption of light decreases
with increasing light intensity. At sufficiently high incident light
intensity, atoms in the ground state get excited to higher state at
such a rate that there is insufficient time to decay back to the
ground state before the ground state becomes depleted and hence
absorption gets subsequently saturated. As in the case of nonlinear
refraction, the strength of nonlinear absorption (peak position, DT)
varies with sample and BBO: rGO possess stronger nonlinear
absorption.

Earlier the obtained experimental data is fitted with the theo-
retical normalized equation as proposed by Sheik Bahae [18,19].

TN ¼ 1þ D4
4x�

1þ x2
��
9þ x2

� (1)

T½Z; S ¼ 1� ¼
X∞
m¼0

"
ð � q0ðz;0ÞÞm

ðmþ 1Þ32

#
(2)

In Figs. 5 and 6, the solid line represents the theoretical fit and
dotted symbols represent the experimental data. As seen the fit
matches well with experimental data ensuring the reliability of
Fig. 6. Closed aperture patter
measured normalized transmittance. From the peak-valley differ-
ence (DTp-v) of closed aperture and peak value (DTp) of open
aperture, the nonlinear refractive index and nonlinear absorption
coefficient of the material is estimated using the relations [20,21].

n2 ¼ jD4j
KI0Leff

(3)

b ¼ 2
ffiffiffi
2

p
DT

I0Leff
(4)

where k ¼ 2p/l (l is the wavelength of laser), I0 is the intensity of
the laser beam at the focus (z ¼ 0), Leff ¼ ½1�expð�aLÞ�

a is the effective
thickness of the sample, a is the linear absorption and L is the
thickness of the sample, DT is the one valley value at the open
aperture Z-scan curve and I0 is calculated to be 4.38 kW/cm2.

From the estimated nonlinear absorption coefficient and
nonlinear refractive, third-order NLO susceptibility is calculated as
[22].

Re cð3Þ ¼ 10�4 C2n02 n2 ε 0

p
ðesuÞ (5)

Im cð3Þ ¼ 10�2C2 n02b l ε 0

4p2 ðesuÞ (6)

c3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Re c3

�2 þ �
Im c3

�2q
(7)

The estimated third-order NLO co-efficient of the samples are
summarized in Table 2. As photoexcitation is made under CW
mode, thermal nonlinearity is found to be more dominant and the
contribution due to electronic effects is negligibly small. It is
interesting to observe that, all samples exhibit strong nonlinear
refraction than nonlinear absorption. This is evident from the fact
that imaginary part of third-order NLO susceptibility is greater than
real part of third-order NLO susceptibility. As Kerr component
contributes much to the observed nonlinearity, molecular and
textural arrangements play a dominant role in deciding the
strength of nonlinearity. Here the removal of functional groups
upon reduction, incorporation of barium borate and morphology of
inorganic species contributes to the enhanced Kerr nonlinearity of
the composite. Especially nonlinear refraction drastically varies, as
the nonlinear refractive index of created thermal lens strongly re-
lies on the potential to create the spatial variation in temperature
and density. As expected the combination of BBO and rGO has
yielded composite system that possesses the advantage of both
elements leading to enhanced third-order nonlinearity. It is to be
n of GO, rGO, BBO: rGO.



Table 2
Third-order NLO coefficients of bare and composite of BBO: rGO.

Parameters GO rGO g-BBO [5] BBO:rGO

Nonlinear refractive index (n2) 10�8 cm2W�1 1.59 2.62 8.3 � 10�12 m2W�1 6.26
Nonlinear absorption coefficient (b) 10�3 cmW�1 5.86 5.88 8.8 � 10�5 mW�1 6.05
Real part of c(3) (10�6 esu) 0.76 1.32 e 4.48
Imaginary part of c(3) (10�6 esu) 1.20 1.25 e 1.83
Third order nonlinear susceptibility c(3) (10�6 esu) 1.42 1.82 4.34 � 10�6 esu 4.84
Limiting threshold (mW) 14.59 14.59 32.6 9.51
Clamping value (mW) 1.91 2.23 850 mW 6.23

Fig. 7. Open aperture patterns of GO, rGO, BBO: rGO.
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noted that the composite is highly dispersive since it contains
nanorods with a length large enough to scatter the incoming light.
This resulted in the enhanced third-order NLO properties of
BBO:rGO composite compared to bare rGO which further confirms
the sensitivity of the composite to nanorod size dispersion.

6. Optical limiting and third-order NLO coefficients

The optical limiting behavior of GO, rGO and BBO: rGO is shown
in the Fig. 7. The optical limiting behavior is investigated by plotting
the output power versus the input power. The transmitted output
intensity obeys Beer's law and is found to vary linearly with the
input intensities at very low input intensities. Beyond a critical
value, the output starts deviating to become nonlinear and the
transmitted intensity reaches a plateau and gets saturated. From
the critical point, the input power at which the nonlinearity satu-
rate is termed as onset limiting thershold and its corresponding
output power is called as limiting amplitude. All the samples
exhibit strong limiting action and is found to be varying with
respect to their strength of nonlinearity. Here the observed
nonlinearity mainly originates due to the self-defocusing nature of
Fig. 8. Optical limiting pattern
the samples. BBO:rGO with strong nonlinear refraction possess
strong optical limiting action with lowest onset limiting thershold
(see Fig. 8).

The estimated third-order NLO coefficient (Table 2) clearly ex-
poses the dominance of BBO: rGO composite over individual
counterpart. Upon reduction the nonlinear absorption coefficient
and nonlinear refractive index of rGO is found to be increased.
Appreciable changes in the third-order NLO coefficients of rGO
shows the influence of functional groups and textural arrange-
ments of graphene layers. Interestingly BBO:rGO composite possess
enhanced nonlinear refraction with almost four fold increase in
nonlinear refractive index than pure GO. The reason for such
enhanced nonlinear refraction is due to the contribution of gra-
phene sheets and barium borate, which possess high thermal
conducting properties. Upon CW laser radiation, both rGO and BBO
involve themselves in the photoexcitation resulting in enhanced
thermal nonlinearity. Also the 1D morphology of BBO contributes
to channelized optical excitation. Similarly nonlinear absorption is
also slightly increased which arises due to change in the electronic
band structure of composite. The nonlinear absorption coefficient
of BBO: rGO composite is higher than GO and rGO, which is due to
s of GO, rGO, BBO: rGO.
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the additional involvement of BBO. This enhancement has resulted
in the higher third-order NLO susceptibility of BBO: rGO composite
and thus suggesting the superiority of composite over its individual
counterparts. As the excitation being CW and the samples possess
saturable absorption, the observed nonlinear limiting behavior
mainly originates from the self-defocusing nature. As BBO: rGO
composite possess enhanced nonlinear refraction, it has low onset-
limiting threshold (19.4 mW) arising from the strong thermal lens
behavior. Thus the BBO nanorods decorated rGO is identified to be
superior in its third-order NLO behavior and can be considered as
preferable candidate for optical limiting applications than pure
graphene systems.

7. Conclusion

Barium borate e Reduced graphene oxide nanocomposite is
successfully prepared by hydrothermal method. XRD and FTIR
analysis confirms the incorporation of barium borate upon reduced
graphene oxide. FESEM shows the formation of nanorods of barium
borate on the graphene layers. From absorption spectra, the blue
shift in absorption maxima is identified to be arising from the
restored electronic structure due to reduction and inclusion of
barium borate. Also the linear transmittance of BBO:rGO is higher
than pure GO, which is much essential for optical limiting appli-
cations. Tunning of electronic spectra due to composite formation is
clearly witnessed from the emission spectra. Strong emission in the
UV region arises due to the direct transition in the bandgap region
and additional peak arises from the radiative annihilation of self-
trapped exciton of BBO. Z-scan experiment performed with CW
Nd:YAG laser clearly shows GO, rGO and BBO:rGO exhibits satu-
rable absorption (peak pattern in OA mode) and self-defocusing
(peak-valley pattern in CA mode) nature. Order of nonlinearity is
found to be BBO: rGO > rGO > GO. Reduction of functional groups
and incorporation of BBO nanorod contributes to changes in the
magnitude of third-order nonlinearity. BBO:rGO composite with
strong self-defocusing behavior and optical limiting action can be
potential eternant for power limiting applications in the laser
safety devices.
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A B S T R A C T

Based on host-guest chemistry, a semiorganic NLO material 2-amino-5-nitropyridinium tetra-
fluoroborate [2A5NPFB] was synthesized and grown as single crystals. SXRD of 2A5NPFB reveals
its crystal structural details as orthorhombic crystal system, Fdd2 space group, a=22.474 (1) Å,

b=30.127 (9) Ǻ, c= 4.9584 (1) Ǻ and α= β= γ=90°. Protonation site, charge transfer in-
teraction and molecular structure were studied by FTIR analysis. Thermal studies predicts the
melting point of 2A5NPFB as 145 °C. 2A5NPFB possess strong absorption (λmax= 350 nm) in
ultraviolet region and has a broad transparency window (420–1100 nm). Kurtz and Z-scan
technique explores the second and third-order NLO response of 2A5NPFB single crystal.
Compared to KDP crystal, 2A5NPFB single crystal possesses 35 times higher Second Harmonic
Generation efficiency. 2A5NPFB crystal exhibit saturable absorption, self defocusing and optical
limiting action under continuous wave Nd:YAG green laser.

1. Introduction

Considering the factors of sudden hike in the utilization of high intense short-wavelength (green) lasers and eye of human has
maximum sensitivity (88%) to green color, the need for second harmonic generation (SHG) and optical limiting (OL) material have
increased tremendously [1]. Thus frequency doublers made of second-order nonlinear optical (SONLO) materials capable of con-
verting longer wavelength (IR) to visible (green) wavelength radiation are of considerable interest. Also optical limiters made of
third-order nonlinear optical (TONLO) materials that can protect the optical components from intense laser radiation are also under
limelight [2,3]. Thus investigation on materials has reached a point of balance between second and third-order nonlinearity, which
ultimately require a material with high NLO coefficients. In this line of search, 2-amino 5-nitropyridine (2A5NP) can induce high NLO
character with strong donor (NH2) and acceptor (NO2) group through push-pull mechanism [4–6]. In particular the derivatives of 2-
amino-5-nitropyridine are efficient NLO materials as it can attach inorganic elements to its herringbone pattern [7–9]. Some of the
important compounds belonging to this class includes: 2A5NP dihydrogenphosphate, 2A5NP dihydrogenarsenate, 2A5NP acet-
ophosphate, 2A5NP fluoroborate, 2A5NP chloride, 2A5NP bromide and 2A5NP L-monohydrogentartrate [9–11]. These materials
exhibit improved chemical, thermal, and mechanical stabilities due to the availability of hydrogen-bonded networks [11]. In par-
ticular, 2-amino-5-nitropyridinium fluoroborate [2A5NPFB] was identified to be an excellent SONLO material with high powder SHG
efficiency of 40 times KDP [12]. Although these compounds were already investigated and their powder SHG efficiency was available
in literature, their bulk second and third-order NLO response still remains unexplored. Based on these facts, this article aims to
investigate the second and third-order NLO response of 2A5NPFB single crystal grown by slow evaporation method. The SHG
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capability (Kurtz technique) and optical limiting (Z-scan technique) behavior of 2A5NPFB single crystals were presented in detail.

2. Material preparation

By acid-base reaction, a semiorganic NLO material 2-amino 5-nitropyridinium fluoroborate [2A5NPFB] was synthesized [12].
Here the reaction involves a proton transfer between the nitrogen atom (basic acceptor) of 2-amino 5-nitropyridinium molecule and
the hydrogen atom (acidic donor) of tetrafluoroboric acid. This induces the formation of semiorganic material, 2A5NPFB through the
hydrogen bond formed by the electrostatic interaction between the 2A5NP+ cation and BF4− anion. In a typical experimental
procedure, 1 mol of 2A5NP was treated with 2mol of HBF4 acid in aqueous medium (20mol of H2O). The solution was thoroughly
mixed with a magnetic stirrer and maintained at 60 °C using a water bath. As 2A5NPFB possess positive solubility temperature
gradient in water, controlled solvent evaporation method was employed to grow single crystals at ambient temperature. Single
crystals with average dimension of 9×7×5 mm3 (Fig. 1) were grown in a period of 25 days.

The obtained crystals were subjected to single crystal XRD (SXRD) to confirm the formation of hybrid material through the
estimation of lattice parameter and space group. SXRD shows that 2A5NPFB possess orthorhombic crystal system with acentric space-
group Fdd2 having lattice parameter a= 22.474 (1) Å, b=30.127 (9) Ǻ, c= 4.9584 (1) Ǻ and α= β= γ=90°. As the estimated
lattice constants was found to be different from the cell constants of parent molecule (2A5NP, HBF4) and consistent with the already
reported values of 2A5NPFB [12], the formation of semiorganic system was confirmed. In the recorded XRD pattern of 2A5NPFB
powder depicted in Fig. 2, the prominent peaks confirm the perfect crystalline nature of the material. All the reflections were indexed
for orthorhombic system and the corresponding lattice parameters were estimated using AUTOX program. As shown in Table 1, the
lattice parameters of 2A5NPFB agree very well in both the modes of XRD. As 2A5NPFB belongs to noncentrosymmetric space group,
it can be used for the generation of short-wavelength lasers through frequency doubling phenomenon [7].

3. Molecular structure

The molecular arrangement of 2A5NPFB was analyzed and its protonation site was identified by FTIR analysis [13]. The recorded
FTIR spectrum is shown in Fig. 3. The charge transfer interaction between tetrafluoroboric acid (donor) and 2-amino 5-nitropyr-
idinium (acceptor) was ascertained through the peaks in the range of 3100–3500 cm−1 [14].

The presence of peaks at 3329, 3129 cm−1 corresponds to the NeH⋯F hydrogen bond which confirms the presence of in-
tramolecular hydrogen bonding between the nitrogen of 2A5NP+ cation and the flourine atom of the BF4- anion. The asymmetric
stretching vibration of aromatic C]N has shifted to 1662 cm−1 than its parental 2A5NP+ at 1648 cm−1. Also due to protonation, the
peak which corresponds to NeH bending (1633 cm−1) of 2A5NPFB was deviated from the parental arrangement and this has resulted
in the increased hyperpolarizability of the molecule. The presence of peaks at 1474, 1418, 1345 cm−1 represents the symmetric
stretching vibrations of NeO. The vibrations in the lower wavenumber domain 500–800 cm−1 confirm the presence of inorganic
elements. In particular the peaks at 751, 711, 680, 536 cm−1 corresponds to symmetric stretching and asymmetric bending of BF4-

Fig. 1. Single Crystals of 2A5NPFB.

Fig. 2. Powder XRD of 2A5NPFB.
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anions respectively [12]. The observed FTIR peaks were confirmed with the parent molecule 2A5NP and the assignments are given in
Table 2.

4. Thermal studies

Thermal stability of 2A5NPFB was assessed from the TG/DTA curve (Fig. 4). In the DTA curve, the first endothermic peak
represents the melting point of 2A5NPFB which occurs at the vicinity of 145 °C. This was followed by two endothermic peaks at

Table 1
Structural parameters of 2A5NPFB crystal.

Lattice
parameters

Experimental Reported
Value [12]

SXRD PXRD

a (Å) 22.474 (1) 22.47 22.474 (4)
b (Å) 30.127 (9) 30.12 30.128 (5)
c (Å) 4.9584 (1) 4.95 4.9583 (8)
α (°) 90 90 90
β (°) 90 90 90
γ (°) 90 90 90
System Orthorhombic Orthorhombic Orthorhombic

Fig. 3. FTIR Pattern of 2A5NPFB.

Table 2
FTIR peak assignment of 2A5NPFB crystal.

Wave number (cm−1) Assignment

2A5NP * 2A5NPFB [12] 2A5NPFB *

– 3329 3329 ν (NeH⋯F)
– 3127 3129 ν (N]H⋯F)
1648 1668 1662 ν (C]N)
1632 1630 1633 δ (NeH)
1332 1472, 1416, 1353 1474, 1418, 1345 ν (NeO)
– 750, 710, 680 751, 711, 680 ν (BF4)−

535 536 δ (BF4)−

ν - stretching vibrations and δ - bending vibrations.
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177 °C and 287 °C which was accompanied by weight loss in TG pattern and thus corresponds to the decomposition of the material.
2A5NPFB loses almost 95% of its total mass at 288 °C, which indicates the complete decomposition of the material through the
dissociation of volatile substances as various gaseous fragments (NH2, NO2 or Br). As 2A5NPFB does not decompose before melting, it
makes them suitable for device fabrication for second and third order NLO materials. The enhancement in the thermal stability of
2A5NPFB arises due to the strong forces acting between the 2A5NP+ cation and BF4− anion as a result of the proton transfer and due
to inclusion of inorganic species (BF4−) in the molecular structure [12].

5. UV visible studies

UV–VIS absorption pattern of 2A5NPFB (Fig. 5) clearly exposes the significant absorption in the ultraviolet region with absorption
maxima at λmax= 199 nm, 350 nm. Hence the cutoffwavelength of 2A5NPFB was estimated to be 350 nm. Also the material has wide
optical window of 420–1100 nm, with almost negligible absorption in the visible and NIR region. Here it is to be noted that alteration
in intramolecular charge transfer takes place due to the formation of 2-amino 5-nitropyridine cation which lengthens CeNO2 and
shortens CeNH2, C]C, C]N bond lengths [12]. This complex formation red shifts the transparency of parental 2-amino 5-ni-
tropyridine by 40 nm [11]. Thus lower cutoff along with wide range of transparency in UV and visible region enables good trans-
mission which make 2A5NPFB to be an entrant material for NLO applications in both second-order (second-harmonic generation) and
third-order (optical limiting) NLO applications [15,16].

Fig. 4. TG-DTA pattern of 2A5NPFB.

Fig. 5. UV–vis absorption spectrum of 2A5NPFB.
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6. Second harmonic generation test

The second harmonic generation test on bulk crystal of 2A5NPFB was made by Kurtz method [17]. A defect free 2A5NPFB crystal
of dimension 7×5×3 mm3 was cut and polished from the grown crystals for SHG test. Here the crystal was illuminated using a
Nd:YAG laser (1064 nm, 10 Hz, 5 ns, 20mJ). The input laser with spot radius of 1mm was directed on the crystal. The transmitted
light was filtered through IR filter and was measured by means of a photo detector. When a laser of 1064 nm was radiated directly on

Fig. 6. Z-scan pattern of 2A5NPFB.

Table 3
Third order NLO properties of 2A5NPFB.

NLO Parameters Estimated Values

Refractive index (n2) 4.01× 10−9 cm2/W
Absorption coefficient (β) 5.91× 10−3 cm/W
Real part of susceptibility [Re(χ3)] 2.13× 10−7 esu
Imaginary part of susceptibility [Im(χ3)] 1.33× 10−6 esu
Optical susceptibility (χ3) 1.35× 10−6 esu
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the crystal, a green light beam of double frequency 532 nm was observed which indicate that 2A5NPFB possesses SHG behavior. The
second harmonic generation efficiency of the 2A5NPFB sample was estimated by taking the KDP crystal (3× 3×3 mm3) as reference
system. The test show a green signal output of 2722mV and 80mV for 2A5NPFB and KDP respectively. Thus frequency doubling
efficiency of 2A5NPFB single crystal was found almost 35 times higher than KDP crystal. The observed higher second harmonic
generation efficiency arises mainly from the highest density of the chromophores. Although 2A5NPFB possess very high second-order
NLO coefficient than other materials, its major concern is the non-phase matchable property of the material [12]. Thus the crystal was
further subjected to its third-order NLO studies.

7. Z-scan studies

The third-order NLO properties of 2A5NPFB were studied by Z-scan experiment. The nonlinear refractive index and the nonlinear
absorption coefficient of 2A5NPFB were determined by the Sheik-Bahae formalism [3,18] where a Gaussian beam from a Nd:YAG
laser (532 nm, 50mW) was used as the excitation source. Fig. 6 gives the nonlinear pattern of 2A5NPFB. The closed aperture Z-scan
curve in Fig. 6(a) has peak-valley pattern which indicates the presence of self-defocusing behavior with negative nonlinear refraction.
Although 2A5NPFB shows a small linear absorption (0.2) at excitation domain, it has strong nonlinear which is seen from the peak
pattern (Fig. 6(b)) in open aperture Z-scan mode [8]. Thus 2A5NPFB possess saturable absorption. The ratio of closed-aperture to
open-aperture transmittance is shown in Fig. 6(c) which represents the pure nonlinear refraction behavior of the sample.

Table 3 summarizes the third-order NLO values of 2A5NPFB following the Sheik Bahae formalism. Fig. 6(d) shows the optical
limiting behavior of 2A5NPFB. For incident power less than 36mW, 2A5NPFB obeys Beer’s law and then its output saturates leading
to nonlinear behavior. The onset limiting threshold value is 36mW with clamping amplitude of 7.91mW. This confirms that
2A5NPFB can be used as optical limiting material [3,19].

8. Conclusion

2-amino 5-nitropyridinium fluoroboate (2A5NPFB) was synthesized using 2A5NP and tetraflouoro boric acid in an aqueous
medium. Optical quality defect free crystal of 2A5NPFB of dimension 9× 7×5 mm3 was grown by solvent evaporation method.
2A5NPFB crystallizes in acentric space group Fdd2 having orthorhombic crystal system with lattice parameter parameter a= 22.474
(1) Å, b= 30.127 (9) Ǻ, c= 4.9584 (1) Ǻ and α= β= γ=90°. The charge transfer interaction between tetrafluoroboric acid
(donor) and 2-amino 5-nitropyridinium (acceptor) was ascertained by FIR analysis. Thermal studies show that 2A5NPFB was stable
upto 145 °C and there is no phase transition before decomposition. 2A5NPDP possess strong absorption (λmax= 2199, 350 nm) in the
ultraviolet region and has a broad transparency window (420–1100 nm). The relative second harmonic generation efficiency of
2A5NPFB crystal was 35 times that of KDP. Z-Scan studies with CW excitation shows that the material exhibit saturable absorption,
self-defocusing and optical limiting action.
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