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3.1 Introduction 

 Environmental pollutant has become serious problem and organic substances 

such as synthetic dyes are the major source of contaminants causing threat to human 

health and ecological system. The requirement of specific technique for the detection 

of organic pollutant at low concentration is of utmost importance in order to protect 

public health [1]. One of the most versatile techniques that has the ability to identify 

molecules at deficient concentration levels is surface-enhanced Raman spectroscopy 

(SERS) [2–3]. Plasmonic nanomaterials (of noble metals) are used as adsorbates to 

amplify the Raman signals considerably to detect target molecules based on SERS. 

The well-known SERS methods of electromagnetic (EM) and chemical 

enhancement (CM) amplify the SERS signal of probe molecule acquired from the 

substrate. The enhanced-Raman signal using noble-metal nanostructures is vastly 

strong due to their size, strong SPR effect and morphology of substrate [3–4]. 

Recently, SERS has been demonstrated for the detection of organic pollutant using 

semiconducting materials instead of noble metals, especially after the report on TiO2 

[5] semiconducting nanoparticles with strong enhancement, more and more noble 

metal nanocomposite semiconductors are developed. Composites of noble and non-

noble metals such as Ag/WO3 nanofiber (10−5 M, MB), ZnO/Ag and Ag/titania 

nanocomposites for the detection of RhB and 4-NP both at 10−4 M concentration 

level, and other semiconducting nanomaterials such as TiO2 nanocrystals, 

ZnO nanorod (10−3 M, MO), MoO3·xH2O quantum dots (4 ×10−3 M hydrazine, 

2.3 ×10−5 crystal violet) Ga-doped ZnO nanoparticles (10−3 M, MPy), 

https://www.sciencedirect.com/topics/chemistry/nanofiber
https://www.sciencedirect.com/topics/chemistry/rhodamine-b
https://www.sciencedirect.com/topics/chemistry/nanorod
https://www.sciencedirect.com/topics/chemistry/quantum-dot
https://www.sciencedirect.com/topics/chemistry/nanoparticle
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ZrO2 nanoparticles, K2Ti6O13 nanowires (10−3 M, 4-MBA) have been reported as 

active SERS substrate [6–13]. However, since the lack of reproducibility or stability 

in the SERS-active substrate has prevented the use of SERS as a common analytical 

tool, more and more researchers are increasingly interested in synthesizing 

innovative substrates to overcome these drawbacks. In this view, new material as 

bismuth NPs and bismuth thin film as SERS substrate have been performed to 

detect amino acids at concentration levels 5 × 10−3 M and rhodamine 6 G at 10−2 M 

respectively [14–15]. Towards this, bismuth based materials have been considered 

for potential SERS applications due to their chemical stability and fascinating optical 

properties as surface plasmon resonance tuned from UV− vis−NIR region [16]. Due 

to its great thermal stability, non-toxicity, and cost-effectiveness, bismuth 

oxybromide Bi24O31Br10 has also received a lot of attention as a semiconducting 

photocatalyst for the degradation of organic contaminants [17].  

In this work, a facile method for synthesis of Bi24O31Br10 powders 

through chemical precipitation method is reported. Further, novel potential of 

Bi24O31Br10 as an alternative SERS substrate for the detection of organic pollutants 

such as rhodamine B (RhB), 4-nitrophenol (4-NP) and methyl orange (MO) is also 

reported. Hitherto the detection of RhB, MO and 4-NP on bismuth-based substrate 

is not reported by others to the best of our knowledge. Overall, this bismuth based 

SERS substrate may be used as a complimentary substrate to the substrate as reported 

in chapter 2. 

 

https://www.sciencedirect.com/topics/chemistry/nanowire
https://www.sciencedirect.com/topics/chemistry/bismuth
https://www.sciencedirect.com/topics/chemistry/amino-acid
https://www.sciencedirect.com/topics/chemistry/optical-property
https://www.sciencedirect.com/topics/chemistry/optical-property
https://www.sciencedirect.com/topics/chemistry/precipitation-chemical
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3.2 Experimental 

3.2.1 Materials used 

Bi(NO3)3.5H2O, cetyltriethylammonium bromide (CTAB, SRL India). 

HNO3, NaOH, rhodamine B, 4-nitrophenol, methyl orange, and ethanol were 

purchased from Merck, India. Without any prior treatment, all reagents were used as 

received. The solutions were made with double-distilled water. 

3.2.2 Synthesis of Bismuth oxybromide (Bi24O31Br10) 

Bismuth oxybromide powders were synthesized through chemical 

precipitation method. In a typical procedure, 1.65 mmol of Bi (NO3)3.5H2O was 

dissolved in 16.70 mL of 1.6 M HNO3, and 0.69 mmol of CTAB in 40 mL of aqueous 

9.3 mmol NaOH were introduced as drops into the above acid solution with vigorous 

magnetic stirring at room temperature. The white precipitate was collected and 

washed with distilled water and ethanol three times, and dried in oven at 100 ⁰C for 

overnight. After that the dried sample was calcined at 500, 700 and 800 ⁰C for 2 h at 

the heating rate 15 ⁰C in a muffle furnace to obtain Bi24O31Br10 powders based on 

previous study [17]. 

3.2.3 Characterization  

SERS substrates were characterized via different techniques discussed in chapter 1.  
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3.2.4 SERS Measurement of substrate 

Solutions of RhB in water (100 µM) and ethanol (100 µM to 20 µM), 4-NP 

and MO with a concentration of 1mM to 100 µM (in water) were used for the SERS 

detection. Raman spectra were collected from 100 µl of analyte solution deposited 

on the surface of the bismuth oxybromide NPs taken on a glass slide and dried in air 

before the measurement. SERS spectra of RhB and 4-NP were recorded with 

integration time of 5s. The SERS signals of 10-4 M of MO on surface were collected 

under the exposure time of 20s. Raman and SERS activity measurement of substrate 

was conducted under a laser power of 100 mW with excitation wavelength was 785 

nm (Research India) and more technical details are given in chapter 1, section 1.6.6. 

3.3 Results and Discussion 

3.3.1 XRD-pattern  

The crystal structure and formation of synthesized Bi24O31Br10 powders 

calcined at 500, 700 and 800 ⁰C were confirmed by X-ray diffraction measurement 

as illustrated in Figure 3.1. The XRD patterns of the sample exhibited the 

characteristic peaks (in degree) at 10.6, 21.3, 24.1, 29.0, 29.8, 31.1, 31.8, 37.0, 39.8, 

43.2, 45.4, 48.8, 50.6, 53.1, 54.6, 55.8, 57.0, 66.5 of monoclinic structure 

corresponding to reflection planes 

(102), (204̅), (111̅), (304̅), (213), (1110̅̅̅̅ ), (117), (1012̅̅̅̅ ), (406̅), (1114),

(0113), (124̅), (419), (320), (324), (1210̅̅̅̅ ), (011), (2214), respective, in good 

agreement with JCPDS card no. 75–0888. XRD analysis reveals the monoclinic and 
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crystalline nature of the synthesized Bi24O31Br10. Figure 3.1 demonstrates that the 

intensity of XRD peaks increases with increase in annealing temperature at 500, 700 

and 800 ⁰C, which indicate the phase stability of Bi24O31Br10 samples.  

The crystalline size of particles was calculated using the Debye–Scherrer formula 

[18] using equation 1.20. The average crystalline size of Bi24O31Br10 powders at 

different temperature 500, 700 and 800 ⁰C are 19.64, 24.83 and 30.69 nm, 

respectively. 

 

Figure 3.1 XRD pattern of Bi24O31Br10 calcined at 500, 700 and 800 ⁰C. 

3.3.2 SEM analysis 

The morphology of the synthesized samples was studied by scanning 

electron microscope (SEM) at different magnification as display in Figure 3.2. 

Figure 3.2 (a) illustrates the SEM image of the prepared sample Bi24O31Br10 calcined 

at 500 ⁰C, wheremost of the particles have rod like structure with average length of 

10.9 μm.  When the annealing temperature was increased to 700 and 800 ⁰C 
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agglomeration was observed. As shown in Figure 3.2(b), it was observed that 

(sample at 700 ⁰C) particles have rod as well as plate-like structure with the average 

length of 6.4 and 3.5 μm, respectively. Figure 3.2(c) shows agglomerated rod like  

structure of Bi24O31Br10 calcined at 800 ⁰C with average length of 12.8 μm. It is 

obvious as the calcinations temperature increases morphologies developed from rod-

like to agglomerated rod like shape. 

 

Figure 3.2 SEM image of Bi24O31Br10 powders calcined at different temperature 

(a) 500 ⁰C (b) 700 ⁰C and (c) 800 ⁰C. 
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3.3.3 XPS analysis 

XPS analysis was carried out to understand the elemental composition and 

chemical states of the synthesized Bi24O31Br10 powders as depicted in Figure 3.3. 

Figure 3.3 (a) shows the survey scan spectrum which confirmed the presence of 

bismuth, oxygen, bromine elements in the synthesized sample. The appearance of 

C1s at 284.9 eV can be attributed to adventitious carbon species from XPS 

measurement [19].  

 

Figure 3.3 XPS spectra for Bi24O31Br10 at 500 ⁰C (a) XPS survey spectra (b) Bi 4f 

(c) O 1s (d) Br 3d. 

The peaks as shown in Figure 3.3 (b) represents the Bi 4f spectrum where the peaks 

of Bi 4f7/2 and Bi 4f5/2 are located at 158.86 and 164.13 eV, respectively, indicate that 
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Bi ion exists as Bi3+ in the prepared sample [20]. The XPS spectra of O1s with the 

peak at binding energy of 529.6 eV, attributed to bismuth oxygen bond and the peak 

at 531.18 eV corresponds to adsorbed H2O on surface as shown in Figure 3.3 (c) 

[20, 22]. In the Br 3d spectrum (Figure 3.3 (d)), the binding energy peaks at 68.1 

and 69.4 eV are ascribed to Br 3d3/2 and Br 3d5/2 of Br, respectively in Bi24O31Br10 

[20, 23].        

Further, XPS analysis confirmed the formation of Bi24O31Br10 powders.  It is gleaned 

from literature that oxygen rich bismuth oxybromide (Bi24O31Br10) is thermally more 

stable compared to BiOBr and has higher optical activity [17]. It is also gathered 

from literature that the combination of Au with bismuth oxyiodide has higher SERS 

activity as compared to BiOI and the Au coated BiOI has been used as substrate to 

investigate SERS activity where concentration levels as low as 5 μM of R6G analyte 

on Au−BiOI substrate was achieved [23]. Based on these reports, it is deduced that 

Bi24O31Br10 may provide an enhanced SERS performance. 

3.3.4 Vibrational Raman spectra 

Raman spectroscopy has been used frequently to examine bismuth 

oxybromide samples in order to get the distinctive peaks in the region of 100-400 

cm-1 [24]. Authors have, nevertheless, noted in the literature that bismuth 

oxybromide has vibrational Raman modes that are close to 500 cm-1 [25]. However, 

the Raman mode of the Bi24O31Br10 sample's distinctive mode of vibration above 400 

cm-1 is not well understood. Here, Raman spectra of the as-synthesized Bi24O31Br10 
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powders were calcined at various temperatures was observed in the 400-1200 cm-1 

region as depicted in Figure 3.4 (a). The peaks at 453, 511 and 594 cm-1 may be 

ascribed to stretching modes of Bi-O in Bi24O31Br10 which are its characteristic 

modes of vibrations [25]. 

In accordance with Gaussian fitted Raman spectrum of Bi24O31Br10 (Figure 

3.4 (b-d)), it was observed that at 500 ⁰C the intensity ratio of the peaks I453/I511 and 

I594/I511 are 0.75 and 0.25, at 700 ⁰C are 1 and 0.85 respectively, whereas at 800 ⁰C 

the intensity ratio of the modes I453/I511 and I594/I511 are 1 and 1.05 respectively. 

Further, we observed the variation in full width at half maxima (FWHM) with 

respect to most intense peak in the Raman spectrum. It was found that FWHM500> 

FWHM700> FWHM800 corresponding to the calcinations at 500, 700, 800 ⁰C for 

Bi24O31Br10 powders. It is therefore inferred that with the increase in temperature the 

ratio of Raman intensity increases and no significant shift in peaks were observed, 

which demonstrate the thermal stability and stable phase of the sample which is in 

accordance with the previously reported study [17]. 
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Figure 3.4 (a) Raman spectra of Bi24O31Br10 powders after annealing at different 

temperature and Gaussian fitted Raman spectra at (b) 500, (c) 700 and (d)800⁰C. 

      3.3.5 SERS measurement of Bi24O31Br10  

To perform the SERS activity of Bi24O31Br10 substrate calcined at different 

temperature at 500, 700, and 800 ⁰C standard probe molecule RhB was selected. 

Further provide an evidence of its SERS activity another analytes 4-NP and MO was 

also utilized, and explored by the comparison of the measured SERS spectrum with 

respect to their aqueous and solid normal Raman spectrum. The observed Raman 

peaks for the probe molecules with their tentative assignment illustrated in Table 
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3.1.  

As shown in Figure 3.5 (a), Raman spectrum of RhB in solid state was 

recorded to match their respective position of the peaks in the SERS spectra and their 

assignments are listed in Table 3.1. The SERS spectra of ethanolic RhB at 

concentration level 500 μM on Bi24O31Br10 substrate calcined at different 

temperatures are shown in Figure 3.5 (c).  

 

Figure 3.5 Raman spectra of (a) solid RhB, and (b) solid MO, and (c) SERS spectra 

of ethanolic RhB (500 µM) on Bi24O31Br10 substrate at different temperature.  

 In the SERS spectrum, the significant enhancement in Raman signal of RhB was 

observed on substrate calcined at 500 ⁰C, but Bi24O31Br10 substrates continuing the 

calcinations at 700, 800 ⁰C showed appreciable decline in SERS response of RhB. 

Therefore, Bi24O31Br10 powder calcined at 500 ⁰C used as SERS substrate for further 

study. 

Figure 3.6 (a-b) shows SERS spectrum of RhB on Bi24O31Br10 substrate (at 
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500 ⁰C) in different solvent such as water and ethanol solution with the characteristic 

vibrational modes observed at 1076, 1190, 1281, 1354, 1505, 1525, 1648 cm-1. RhB 

detection by SERS can be significantly impacted by the solvent and surface 

morphology of substrate [26]. When the SERS spectra of 100 µM RhB in both 

solutions was recorded, it was found that the RhB solution in ethanol on the 

Bi24O31Br10 substrate has significantly greater enhancement ability than the aqueous 

RhB on the Bi24O31Br10 substrate. The most intense peaks on substrate were 

observed at 1190 cm-1 (C-C vibrational mode), 1281 cm-1 (C-H bending), 1354, 1505 

cm-1 (C-C bending) [27]. All the observed SERS peaks are in accordance with the 

characteristic peaks of RhB reported in the literature and the peak at 1076 cm-1 got 

significant enhancement in SERS spectra due to the interaction of probe with SERS 

substrate.  

The amplified SERS signals reveal that ethanolic RhB has a strong 

adsorption affinity on substrate even at the low concentration. The SERS potential 

for Bi24O31Br10 powders was performed with a lower detection limit of 20 μM of 

RhB in ethanol (Figure 3.6 (b)) compared to 100 μM for aqueous solution of RhB 

(Figure 3.6 (a)). This indicates that the SERS results may be tuned by the solvent.  
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Figure 3.6 SERS spectra of RhB solution (a) aqueous (b) ethanol on Bi24O31Br10 

substrate. 

 

Figure 3.7 (a) shows the Raman peaks were observed at 863, 1105, 1163, 

1212, 1276, 1322, 1513, 1586 cm-1 for 4-nitrophenol (4-NP) molecule and the 

detailed assignment of vibrational peaks of 4-NP are shown in Table 3.1. The 

characteristic peaks of 4-NP were clearly observed from SERS spectra (Figure 3.7 

(b)) over the Bi24O31Br10 substrate. After exposure to a 785 nm laser excitation 

source, intensities of all Raman peaks rapidly increased. The most intense peak 

appeared at 1327 cm-1 is ascribed to the NO2 symmetric stretching mode. Other sharp 

peaks at 1105 cm-1and blue shift at 1282 cm-1 was observed corresponding to C-H in 

plane bend due to the adsorption of probe on substrate. The highlighted peaks in the 

SERS spectrum have less intensity, where the peaks at 1209 and1157 cm-1 exhibits 

red shift compared to Raman spectrum of solid 4-NP, can be attributed to O-C stretch 

and C-H in plane bend, which is in agreement with the reported value in literature[7]. 

Hence, the quantitative determination of organic pollutant is expected to be a 

(b) 
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promising potential for the development of enhanced performance of bismuth-based 

SERS substrate. 

 

Figure 3.7 (a) Raman spectra of solid and 10 mM aqueous 4-nitrophenol (4-NP) (b) 

SERS spectra of 4-nitrophenol on Bi24O31Br10 substrate. 

Further, MO was analyzed on bismuth oxybromide substrate quantitatively. 

Raman spectrum of MO in solid state is shown in Figure 3.5 (b) and the normal 

Raman spectra of 1mM aqueous MO displayed in Figure 3.8. The SERS activity of 

MO from 1mM to 100 μM over Bi24O31Br10 powders substrate is shown in Figure 

3.8, where strong bands at 1117, 1140, 1192, 1366, 1392, 1419, 1447 and 1592 cm-

1can be clearly observed and these are in good agreement with the characteristic 

Raman peaks of MO reported in the literature [28–29]. The detection limit of MO 

was determined to be 10−4 M. As a result, it is evident that Bi24O31Br10 can serve as 

a substrate for high-activity SERS.     



                                                                                  Chapter-3 
 

IIT(BHU), Varanasi                                                                                                       87                                                                                                                                                                                      

   

  
 

 

Figure 3.8 Normal Raman spectra of 1mM aqueous MO and SERS spectra of MO 

(1mM, 100 μM) on Bi24O31Br10 substrate. 

Nevertheless, semiconducting SERS materials including metal oxides, and 

a variety of doped or nanocomposite semiconductor-based SERS substrates, such as 

Ag/WO3, ZnO/Ag, Ag/titania, Ga-doped ZnO, were prepared, and examined for 

their SERS ability, with the detection limit in the range of 10−3 to 10−5 M [10–14]. 

Similar to these metal oxides, bismuth oxybromide powders are also one of the most 

promising substrates to be used in SERS application because they exhibit excellent 

SERS activity, stability, and have a lower detection limit than the metal substrates 

for the detection of organic pollutants that have been previously reported [23]. 

In order to verify the stability of the prepared substrate, RhB ethanolic 

solution with 10−4 M concentration was used as a probe molecule and SERS spectra 

was collected from twelve randomly selected positions on Bi24O31Br10 substrate 

under the same experimental condition. As shown in Figure 3.9 (a) there is almost 
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similar SERS spectra with relative standard deviation (RSD) (shown alongside) in 

acceptable range. The relative standard deviation (RSD) of SERS peak around 

1505 cm−1 was performed to estimate the reproducibility of SERS signal, and the 

RSD was calculated to be 9.40% as shown in Figure 3.9 (b). These results 

demonstrate that bismuth oxybromide powder has excellent stability at different 

positions, and can be used as an excellent SERS substrate. 

Moreover, Bi24O31Br10 powders were used to demonstrate multi-molecule detection 

ability, and the probe molecules were 10−4 M of RhB in ethanol, 10−3 M of methyl 

orange (MO), and 10−3 M of 4-NP. From Figure 3.9 (c), it can be observed that the 

characteristic peaks of probe molecules RhB at 1281, 1505, 1648 cm−1, MO at 1117, 

1419, 1592 cm−1, and 4-NP at 1322, 1586 cm−1 can be well distinguished in the 

SERS spectra of mixed solution, indicating that the bismuth oxybromide substrate is 

also good for multi-molecular detection.     

 

https://www.sciencedirect.com/science/article/pii/S0924203122001308#fig0030
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Figure 3.9 (a) SERS spectra of 10-4 M RhB from 12 randomly selected positions 

(b) Relative standard deviation (RSD) at 1505 cm-1 (c) multi-molecule detection on 

Bi24O31Br10 substrate (d) Charge transfer process in bismuth oxybromide system.   

Enhancement Factor 

The enhancement factor was estimated utilizing RhB, 4-NP, and MO as 

probe molecules to demonstrate the effectiveness of Bi24O31Br10 SERS substrate. 

The expressionin equation was used to determine the enhancement factor for SERS 

measurements [30]. The SERS enhancement factors (EF) for considered molecule 

over Bi24O31Br10 powders acquired by measuring relative Raman intensities were         

7.8 × 104 for RhB, 5.7 × 103 for 4-NP, and 3.8 × 103 for MO corresponding to 
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most prominent peaks 1505, 1327, and 1140 cm-1 respectively. 

In addition, RhB was selected as a probe molecule on this substrate to 

understand the SERS mechanism. As mentioned earlier in chapter 1, there are two 

mechanisms to interpret the Raman enhancement i.e., electromagnetic (EM), and 

chemical (CM) enhancement mechanism [3]. EM is due to the electric field caused 

by surface plasmon resonance of nanomaterials by incident radiation. The 

enhancement factor for EM can contribute above 104, and reach to more than 1010. 

Like noble metals, some semiconductors also show plasmon resonance in infrared 

region [31]. In the case of bismuth oxybromide semiconductor there is a possibility 

of EM enhancement at 785 nm incident laser. However previous studies demonstrate 

that chemical enhancement is predominant for enhancement in bismuth based 

materials [14]. 

Chemical enhancement is associated with chemisorption, and photo-induced charge 

transfer, which contributed to the increases the Raman scattering cross section when 

more charge separation occurs inside the molecules, and thereby increasing 

the polarizability of molecules. The schematic diagram in Figure 3.9 (d) shows the 

photo-induced charge transfer mechanism for the CM enhancement. In this system 

charge transfer (CT) process occurs between bismuth oxybromide, and adsorbed 

RhB molecules. The highest occupied molecular orbit (HOMO), and the lowest 

unoccupied molecular orbit (LUMO) level of RhB molecule are − 4.97, and 

− 2.73 eV, respectively and the energy gap is 2.24 eV [32] as shown in Figure 3.9 

(d). The band gap of Bi24O31Br10 between valence band (VB), and conduction 

https://www.sciencedirect.com/science/article/pii/S0924203122001308#bib3
https://www.sciencedirect.com/science/article/pii/S0924203122001308#bib32
https://www.sciencedirect.com/topics/chemistry/valence-band
https://www.sciencedirect.com/topics/chemistry/conduction-band


                                                                                  Chapter-3 
 

IIT(BHU), Varanasi                                                                                                       91                                                                                                                                                                                      

   

  
 

band (CB) is 2.77 eV [17], which is higher than the incident light 785 nm (1.58 eV), 

and thus, the probability of electron transition from VB to CB is less. When laser 

light incident on RhB molecule adsorbed on Bi24O31Br10, the RhB molecule exhibits 

charge transfer process. Electrons from the HOMO of the adsorbed RhB molecule 

are excited to the LUMO, and electrons excited from LUMO to surface state energy 

levels (Ess), and then photo-induced electrons transfer into Bi24O31Br10 CB plausibly 

occurs. Apart from this, solvent (ethanolic RhB) has significant role in SERS 

enhancement mechanism through chemical enhancement, where solvent (ethanol) 

induces the charge separation between the adsorbed molecule, and substrate that 

promotes the non-resonance enhancement between them in charge transfer process 

by incident laser light [32]. 

  

 

  

  

  

3.4  Conclusion

The chemical precipitation procedure was  successfully used to synthesize

Bi24O31Br10  powders. Raman spectrum for as-prepared samples was obtained to be

single phase from low to higher temperature. The observed results demonstrate that

Bi24O31Br10  powders  showed  higher  SERS  activity  when  calcined  at  500  ⁰C.  The

SERS activity of Bi24O31Br10  substrate was proven by the  adsorption of organic  dyes

RhB, 4-NP, and MO on it. The detection limit as low as 20 µM for RhB, 100 µM for

4-NP, and MO were obtained. The SERS detection of various dyes demonstrates the

efficient  SERS  activity  of  substrate  that  can  take  the  place  of  conventional  SERS

substrate.  This  research  opens  up  the  possibility  of  investigating  the  creation  of

SERS substrates based on materials containing bismuth.

https://www.sciencedirect.com/topics/chemistry/conduction-band
https://www.sciencedirect.com/topics/chemistry/adsorption-of-organics
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Table 3.1  Tentative assignment for considered Raman modes of  analytes RhB, 4-

NP, MO (ν = stretching, as = anti-symmetric, δ = bending, ip = in plane, ph = phenyl) 

     

 

 

 Analyte                                 

 

Raman shift  

(cm-1) 

 

Assignment 

 

 

RhB 

 

 

 

 

 

1076 

1190 

1281 

1354, 1505 

1525 

1648 

 

ν(C−H) 

C−C bridge band stretching and 

aromatic δ(C−H) 

    aromatic δ(C−C) 

ν(C−H) 

aromatic  ν(C−H)         Ref [27] 

 

 

 

4-NP 

 

 

 

 

863 

1105/1163/1276 

1212 

1322 

1513 

1586 

 

δ(NO2)  

δip (C-H) 

ν (O-C) 

νas(NO2) 

νas (NO2) 

 Ring stretch                 Ref [7] 

 

 

 

    MO 

 

 

 

1117/1192 

1138 

1364 

1389/1415 

1441/1589 

 

ν (Ph–N) 

δ (C–H) 

ν (C–C) ν(Ph–N)  

ν (N=N)  

ν (C–C)                 Ref  [29-30] 
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