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Abstract

:

The silver nanoparticles were synthesized, functionalized with afzelechin and characterized using UV-Visible spectroscopy. A difference of 20 nm was observed in surface plasmon resonance of bare and functionalized silver nanoparticles which indicates afzelechin conjugation with silver nanoparticles. The atomic force microscopy (AFM) technique was used for the determination of the size and morphology of synthesized silver nanoparticles. The afzelechin conjugated silver nanoparticles were spherical and their sizes ranged from 3 to 10 nm with an average size of 8 nm while the bare silver nanoparticles were also spherical and their sizes ranged from 3 to 10 nm with an average size of 6 nm. The average sizes were also calculated by fitting their UV-Visible absorption spectra. Fitting is based on the Mie and Mie Gans models, which deduced that afzelechin conjugated silver nanoparticles were 96.5% spherical and 3.5% spheroidal with an average size of 5 nm while bare silver nanoparticles were 100% spherical with an average size of 4 nm. Both the fitting model as well as the AFM results showed a difference of 3 nm between the sizes of afzelechin conjugated silver nanoparticles while 2 nm differences was observed for bare silver nanoparticles. The band gap energy of afzelechin conjugated silver nanoparticles and bare silver nanoparticles were calculated via Tauc’s equation and were found to be 5.1 eV and 5.4 eV, respectively. A difference of 0.3 eV was observed in band gap energies of afzelechin conjugated silver nanoparticles and bare silver nanoparticles.
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1. Introduction


In the current era, organic electronics have been extensively used in pure research for the last twenty years [1]. The main attraction in this research area is the modification ability of organic framework which can tune directly the desired properties in the organic materials. The organic based semiconductor and other type of organic electronics have been tremendously replacing the conventional semiconductor such as silicon or gallium arsenide. A thin film light emitting diode was reported by Tang et al. with a very low voltage, which open the door for using organic thin films in optoelectronic devices [2]. Some of the organic thin films such as organic light emitting device (OLED) have reached the consumer market, which have been used as a highly efficient and long lived color displays [3,4]. The organic thin film transistors [5] and organic solar cells are very efficient and low-cost [6].



The basic understanding of molecular and electronic level of the organic material is the key for designing a high performance electronic and optical organic device. Slight modification in the organic framework can markedly switch the properties of the bulk materials [7]. The coropceanu et al. used theoretical methods to explore the different properties of organic materials by building a structure properties relationship. His finding is useful in understanding the existed devices and prediction of the ideal material for the next generation electronic and optoelectronic devices [8].



The organic materials and their associated devices have similar electronic properties while different methods have been used for fabricating the organic and inorganic devices [9]. By using organic compounds in electronic and optoelectronic devices, have opened a new door in fabricating techniques which are very efficient and potentially low cost [10]. While in some cases it offers fabricating a way whichis inaccessible by conventional methods using conventional semiconductors. For instance, lithographic methods that govern inorganic devices were far behind the techniques available for processing and patterning organic materials [11].



The size of nano-objects such as nanoparticles, nanorods or nanowires is comparable with the size of the biomaterials like enzymes, receptors, antigens/antibodies or folded DNA [12]. By combining the nanomaterials with the biomolecules [13] may result in hybrid materials that combine the evolutionary optimized recognition and catalytic properties of biomaterials with the unique electronic, optical and catalytic functions of nanomaterials [14]. Nowadays, researchers are intentionally directed to synthesize bioelectronics systems by using biomolecules nanoparticles hybrid system [15] which may be applied in the designing of electronic nanocircuitry, biosensors and even nanodevices [16].



The current research article focuses on the photonics properties of afzelechin conjugated silver nanoparticles which can be used as a replacement to the other inorganic materials such as silica used for coating silver nanoparticles for photonic applications. This research will definitely open a new door in this research area as this is the pioneering work in this field.




2. Materials and Methods


The silver nitrate, afzelechin, and sodium hydroxide were purchased from Merck. The afzelechin conjugated silver nanoparticles were synthesized by mixing 0.1 mM solution of silver nitrate with 0.1 mM solution of afzelechin under stirring. Twenty minutes later, 1 mL of sodium hydroxide having 50 mM concentration was added as a reducing agent, which reduces silver ions to form afzelechin conjugated silver nanoparticles. The mixture was stirred by mean of an electric stirrer for 2 h. While bare silver nanoparticles were synthesized without afzelechin by mixing 0.1 mM solution of silver nitrate with 1 mL of sodium borohydride having 40 mM concentration [17].



The afzelechin conjugated silver nanoparticles and bare silver nanoparticles were characterized via UV-Visible spectroscopy and atomic force microscopy techniques. The Shimadzu UV-240, Hitachi U-3200 spectrometer was used for recording UV-Visible spectra. The afzelechin conjugated silver nanoparticles were analyzed by mean of the AFM, made by Agilent Technologies 5500, USA, in the tapping mode. The sample was dried on freshly cleaved mica surface at room temperature. The AFM images were obtained using high frequency silicon (Si) cantilever having length of 125 micrometer (125 µm), with a force constant of 42 Newton per meter (42 N/m) and 330 KHz resonance frequency. The band gap energies of the afzelechin conjugated silver nanoparticles and bare silver nanoparticles were calculated and compared via Tauc’s equation, All the data were analyzed and plotted using OriginLab 9.0 software Northampton, MA, USA.




3. Results and Discussion


3.1. Synthesis and Characterization of Afzelechin Conjugated Silver Nanoparticles


A simple, one-pot reduction method was used for the synthesis of afzelechin conjugated silver nanoparticles and bare silver nanoparticles. The UV-Visible spectrum of the afzelechin conjugated silver nanoparticles showed the surface plasmon resonance (SPR) at 420 nm (Figure 1) which is a characteristic of silver nanoparticles while UV-Visible spectrum of the bare silver nanoparticles showed SPR at 400 nm which is characteristic for bare silver nanoparticles as shown in the Figure 1 [18]. By comparing the UV-Visible spectra a difference of 20 nm was observed in the SPR wavelength (Figure 1) which clearly indicates that afzelechin conjugation with AgNPs results in the red-shift SPR wavelength. The average size of bare silver and afzelechin conjugated silver nanoparticles is also calculated by fitting their UV-VIS absorption spectra. Fitting is based on the Mie and Mie Gans models, which account for the spherical and spheroidal morphologies of the nanoparticles, respectively. Details of the models and fitting parameters can be found in reference [19].



For an accurate study of the morphology and distribution of nanoparticles, transmission electron microscopy is a powerful technique. However, in many cases, TEM comes with some limitations like modifications induced in NPs during the sample preparation, slow and laborious measurements. On the other hand, UV-VIS spectroscopy is an easy and fast measurement, which with the help of fitting models can provide information regarding the morphology and distribution of the NPs [20].



Figure 1 reports the absorption spectra of bare and functionalized AgNPs in water solution. Typically, non-agglomerated AgNPs absorbed electromagnetic radiations at wavelengths less than 300 nm due to the interband transitions of d-band electrons and at above 400 nm due to the collective excitation of electrons associated with the NPs, called SPR [21]. The location of SPR depended on the size of NPs and dielectric constant of the host matrix. In Figure 1, SPR of AgNPs occurred at the edge of the visible region i.e., 400 nm, while for AgNPs functionalized with afzelechin took place at 420 nm. This 20 nm shift in the SPR may be attributed to an increase in the size of NPs due to conjugation with afzelechin. Variation in the absorbance at point close to plasmonic resonance indicated frequency dumping due to afzelechin conjugation. Electronic excitation generally takes place from the highest occupied molecular orbital (HOMO) to the least unoccupied molecular orbitals (LUMO). Conjugation of the afzelechin with AgNPs results in a reduction of energy difference between HOMO and LUMO due to the excitation of electrons at lower frequency. It is evident from the absorption profiles that the conjugation caused very small increase in the size of the NP, as size of the NP not only depends on the location of SPR but also on the width of absorption peak [22,23].




3.2. Atomic Force Microscopy


The AFM technique was used for the size determination of afzelechin conjugated silver nanoparticles and bare silver nanoparticles. The afzelechin conjugated silver nanoparticles and bare sliver nanoparticles were visualized under an AFM. The AFM results showed that afzelechin conjugated silver nanoparticles were spherical in shape and their sizes range from 3–10 nm with an average size of 6 nm, as shown in Figure 2a. The bare silver nanoparticles were also spherical in shape and their sizes range from 3–10 nm with an average size of 8 nm, as shown in Figure 2b. A difference of about 2 nm was observed in the sizes of afzelechin conjugated silver nanoparticles and bare silver nanoparticles which is responsible for the red shift in the SPR wavelength. The difference in size is due to conjugation of afzelechin molecules [24].




3.3. The Bandgap Energy


The bandgap energies of the bare and afzelechin conjugated AgNPs were calculated from their absorption spectra by utilizing the plot between      (   α h ν   )     1 n      and energy. The nature and value of the optical bandgap    (   E g   )    could be determined from the absorption spectrum corresponding to the excitation energy from the valence to the conduction band. The fundamental relation that relates the absorptions coefficient  α  and the photon energy    h ν    is


     (   α h ν   )     1 n    = C  (   h ν  −  E g   )   








where  C  is a constant and  n  determines the nature of optical transition: such that, transition:   n = 2   for a direct bandgap and   n = 1 / 2   for an indirect gap material. The bandgap value could be determined from the slope of the plot between      (   α h ν   )   2    and    h ν   .



Figure 3 shows the plot of      (   α h ν   )   2    against the energy    h ν    of the incident photon for the bare AgNPs and afzelechin conjugated AgNPs. It was found that for the bare AgNPs, the optical transition was a direct allowed transition and the bandgap was 5.6 eV. While in the case of afzelechin conjugated AgNPs, the nature of the optical transition remained the same and its bandgap decreased to 5.2 eV. The decrease in the bandgap energy is attributed to the fact that afzelechin conjugation with AgNPs results in a reduction of HOMO-LUMO energy gap.




3.4. Mie and Mie-Gans Fitting Models


The absorption profiles can be effectively fitted with the Mie model for spherical nanoparticles. Mie model is based on the Maxwell equations which incorporate the discontinuity of the dielectric constants of host matrix and metal nanoparticle [21]. The extension cross section    σ  ext     of a spherical nanoparticle of radius R is,


    σ  ext   =   2 π    |     k ¯   2   |    +   ∑   L = 1  ∞   (  2 L + 1  )  Re  (   a L  +  b L   )      a L  =   m ·  Ψ L   (  mx  )  ·  Ψ L    ′   ( x )  −  Ψ L    ′   (  mx  )  ·  Ψ L   ( x )    m ·  Ψ L   (  mx  )  ·  η L    ′   ( x )  −  Ψ L    ′   (  mx  )  ·  η L   ( x )        b L  =    Ψ L   (  mx  )  ·  Ψ L    ′   ( x )  −      m Ψ   L    ′   (  mx  )  ·  Ψ L   ( x )     Ψ L   (  mx  )  ·  η L    ′   ( x )  −      m Ψ   L    ′   (  mx  )  ·  η L   ( x )      








where    Ψ L    and    η L    are the spherical Riccati Bessel functions, and m is the ratio of the refractive indices of the host matrix and the nanoparticle. The dielectric constant of a nanoparticle depends on the size of nanoparticle, which can be optimized by using R-dependent relaxation frequency   Γ  ( R )    as,


  Γ  ( R )  =  Γ ∞  + A    υ F   R   








where    Γ ∞    is the bulk relaxation frequency,    υ F    is the Fermi velocity, and A is a practical value for optimizing size of the nanoparticle. As the size of a nanoparticle influenced the behavior of associated free electrons, which in turn played a vital role in plasmonic absorption, the dielectric constant of nanoparticles as function of frequency and radius of nanoparticle can be written as,


    ε  (  ω , R  )  =  ε ∞   ( ω )    +  [     ω p   2   (   1   ω 2  +  Γ ∞    2    −  1   ω 2  +    Γ ( R )   2     )   ]       +  i     [       ω p   2   ω   (    Γ  ( R )     ω 2  +   Γ  ( R )   2    −    Γ ∞     ω 2  +  Γ ∞    2     )   ]     








where,    ε ∞   ( ω )    is the dielectric function of bulk material [21].



It is to be noted that Mie model alone cannot be used for fitting the absorption spectrum due to its validity for spherical particles only. In order to include deviation from spherical geometry, Gans model was used to account for the nonspherical particles. For spheroidal particles with aspect ratio   a / b > 1  , the average absorption corss-section summed over all possible orientations is


    σ  ext   =   2    π V ε   m     3 / 2     3 λ     ∑  j     1   p j    2     ε 2   (  ω , R  )       (   ε 1   (  ω , R  )  +    1 −  P j     P j      ε m   )   2  +  ε 2     (  ω , R  )   2        P a  =   1 −  e 2     e 2     [   1  2 e   ln  (    1 + e   1 − e    )  − 1  ]      P b  =      P   c  =   1 −  P a   2     e =   1 −    (   b a   )   2      








where  V  is the volume of spheroid,    ε m    is the dielectric constant of the host material,  e  is the eccentricity and  λ  is the wavelength of incident light. In Gans model, the Gaussian probability   G  (  a / b  )    (centered at   a / b = 1  ) for various nonspherical particles for   a / b > 1   is [25]


  G  (  a / b  )  =  1    2 π        S   G    exp  [  −      (  a / b − 1  )   2    2  S G    2     ]   








where    S G    is the standard deviation. Hence, the combined Mie Gans model takes into account the radius of the nanoparticle, standard deviation from spherical geometry, and the ratio of spherical to spheroidal nanoparticles, to realize best fitting of the absorption spectra.



Figure 4 reports the absorption spectrum of the AgNPs normalized at SPR max in the range 200–780 nm. The fitting of the absorption spectrum was performed with the Mie and Mie Gans models, which deduced the size of the NPs as 4 nm. Fitting with the Mie and Mie Gans models overlapped due to the fact that all NPs were spherical in shape. A very good fit could be observed in the SPR range from 350–450 for experimental and calculated spectra, while in the range above 550 deviated slightly from the absorption profile due to the reason that Mie model was less sensitive for NPs having size around 4 nm [26]. In the UV range from 200 to 300 nm where the effect of individual d-band electrons was dominant in water matrix, smooth fittings of the experimental spectrum were observed. Both the Mie and Mie-Gans fittings deduced the average extinction cross-section for single AgNP at the SPRmax as 3.75 × 10−18 m−2.



Figure 5 reports the absorption spectrum of the afzelechin conjugated AgNPs normalized at SPR max in the range 200–780 nm. Both the fitting models deduced an increase in the nanoparticle size, while the geometry of the spherical NPs changed slightly to spheroidal NPs due to conjugation with afzelechin. Majority of the NPs remained spherical and deviation from the spherical geometry occurred by only 3.5% on average due to conjugation. The fitting models deduced an increase in the size of conjugated NPs by 1 nm. A slight difference in the Mie and Mie Gans fittings clearly indicated the small change in the morphology of the NPs. It is also to be noted that the average extinction cross-section for a conjugated AgNP at the SPRmax increased by 13% due to conjugation. Moreover, very small broadening in the SPR indicated that new relaxation channels for plasmon excitations were being introduced by the afzelechin conjugation.





4. Conclusions


The afzelechin conjugated silver nanoparticles and bare silver nanoparticles were successfully synthesized and characterized via UV-Visible spectroscopy. A red-shift in the SPR of the silver nanoparticles was observed after conjugation with the afzelechin, which indicated an increase in the nanoparticle size. The Mie and Mie Gans fitting models were used for the determination of morphologies of these synthesized nanoparticles. As a result the afzelechin conjugated silver nanoparticles with an average size of 5 nm in which 96.5% were spherical and 3.5% were spheroidal in nature; while, the bare silver nanoparticles with an average size of 4 nm were found to be 100% spherical. While in the AFM images, the morphologies of afzelechin conjugated silver nanoparticles and bare silver nanoparticles were found to be spherical with sizes of 8 nm and 6 nm, respectively. The band gap energy of afzelechin conjugated silver nanoparticles and bare sliver nanoparticles were calculated via Tauc’s equation and were found to be 5.1 eV and 5.4 eV, respectively. A difference of around 0.3 eV was observed in the band gap energies of afzelechin conjugated AgNPs and bare AgNPs due to afzelechin conjugation. This result showed that conjugation of afzelechin with silver nanoparticles result a characteristics red-shift in the surface plasmon resonance wavelength, the size of silver nanoparticles were also increased, and the band gap energies were significantly reduced.
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Figure 1. Absorption spectra of the AgNPs and afzelechin conjugated AgNPs. The afzelechin conjugation causes a 20 nm shift in the absorption spectrum. 
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Figure 2. (a): AFM analysis of afzelechin conjugated silver nanoparticles. (b): AFM analysis of bare silver nanoparticles. 
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Figure 3. Calculation of the bandgap energies from absorption spectra of the bare AgNPs and afzelechin conjugated AgNPs. 
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Figure 4. Absorption spectrum of the SPRmax normalized AgNPs and its fitting with the Mie and Mie Gans models. Fitting models deduce the morphology of the particles as spherical and their size approximately 2 nm. 
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Figure 5. Absorption spectrum of the SPRmax normalized afzelechin conjugated AgNPs and its fitting with the Mie and Mie Gans models. Fitting models indicate an increase in the nanoparticle size and deviation from the spherical geometry by 3.5% due to conjugation. 
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