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Editorial 

The Editor is very happy to announce the first issue of Eclética Química Journal of 

2020, which contains varied and interesting subjects for the readers. The first article combines the 

color parameters of digital images with artificial neural networks (ANN) to predict the bulk 

density in leguminous grains of different traits. The challenge of estimating physicochemical 

properties of dry grains includes variations in shape, texture, and size and similarity of grains 

colors to the naked eye. The study allowed to obtain a very good correlation between the reference 

values and values predicted by the ANN. In the sequence, the synthesis, characterization using 

different physicochemical techniques, and theoretical calculations on the optimized structures of 

the Ni(II) mixed-ligand complexes are presented and discussed. The Schiff bases are coordinated 

to the Ni(II) ion via the two deprotonated phenolic oxygen and azomethine nitrogen atoms. The 

presented complexes, according to biological studies, demonstrated to have antibacterial and 

antioxidant properties. Following, a satisfactory method for identification and quantification of a 

widely used medicinal plant, species Harpagophytum procumbens DC, is described using high-

performance liquid chromatography allows the quality control of commercial products. The 

importance of this medicinal plant is promptly recognized due to the anti-inflammatory properties, 

which are attributed to an iridoid glycoside. Afterwards, it is well known that the continuous 

research endeavors for the optimization of mineral resource utilization efforts, justified by the 

primacy of the mineral industry and the need to fulfill the demand of the global market. In this 

sense, mineral characterization may be the first step, which was here achieved by grain-size 

analysis of coarse and fine aggregates of verdete rock and the methodology used represents a 

contribution to the mineral characterization. This issue of EQJ is closed with the description of 

how to obtain of exact bound state energy spectrum of the Schrödinger equation with energy 

dependent molecular Kratzer potential, using asymptotic iteration method. Particularly, the 

influence of the energy-dependent Kratzer potential on some diatomic molecules is described. 

The Editor and his team thank all the authors for their effective contributions, and the 

reviewers for their excellent evaluation of the manuscripts, wishing everyone a prosperous year 

in 2020. 

 

Assis Vicente Benedetti  

Editor-in-Chief of EQJ 
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Preparation of manuscripts 

• Only manuscripts in English will be accepted. British or American usage is acceptable, but they should 

not be mixed. 

• The corresponding author should submit the manuscript online at 

http://revista.iq.unesp.br/ojs/index.php/ecletica/author 

• Manuscripts must be sent in editable files as *.doc, *.docx or *.odt. The text must be typed using font style 

Times New Roman and size 11. Space between lines should be 1.5 mm and paper size A4. 

• The manuscript should be organized in sections as follows: Introduction, Experimental, Results and 

Discussion, Conclusions, and References. Sections titles must be written in bold and sequentially numbered; 

only the first letter should be in uppercase letter. Subsections should be written in normal and italic lowercase 

letters. For example: 1. Introduction; 1.1 History; 2. Experimental; 2.1 Surface characterization; 2.1.1 

Morphological analysis. 

• The cover letter should include: the authors’ full names, e-mail addresses, ORCID code and affiliations, 

and remarks about the novelty and relevance of the work. The cover letter should also contain a declaration of 

the corresponding author, on behalf of the other authors, that the article being submitted is original and its 

content has not been published previously and is not under consideration for publication elsewhere, that no 

conflict of interest exists and if accepted, the article will not be published elsewhere in the same form, in any 

language, without the written consent of the publisher. Finally, the cover letter should also contain the 

suggestion of 3 (three) suitable reviewers (please, provide full name, affiliation, and e-mail). 

• The first page of the manuscript should contain the title, abstract and keywords. Please, do not give 

authors names and affiliation, and acknowledgements since a double-blind review system is used. 

Acknowledgements should be added to the proof only. 

• All contributions should include an Abstract (200 words maximum), three to five Keywords and a 

Graphical Abstract (8 cm wide × 4 cm high) with an explicative text (2 lines maximum). 

• Citations should be sequentially numbered and presented in square brackets throughout the text, and 

references should be compiled in square brackets at the end of the manuscript as follows: 

Journal: 

[1] Adorno, A. T. V., Benedetti, A. V., Silva, R. A. G. da, Blanco, M., Influence of the Al content on the phase 

transformations in Cu-Al-Ag Alloys, Eclet. Quim. 28 (1) (2003) 33-38. https://doi.org/10.1590/S0100-

46702003000100004. 
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[2] Wendlant, W. W., Thermal Analysis, Wiley-Interscience, New York, 3rd ed., 1986, ch1. 

  

http://revista.iq.unesp.br/ojs/index.php/ecletica/index
http://revista.iq.unesp.br/ojs/index.php/ecletica/author


Author guidelines 

 

Chapter in a book: 

[3] Ferreira, A. A. P., Uliana, C. V., Souza Castilho, M. de, Canaverolo Pesquero, N., Foguel, N. V., Pilon dos 

Santos, G., Fugivara, C. S., Benedetti, A. V., Yamanaka, H., Amperometric Biosensor for Diagnosis of 

Disease, In: State of the Art in Biosensors - Environmental and Medical Applications, Rinken, T., ed., InTech: 

Rijeka, Croatia, 2013, Ch. 12. 

Material in process of publication: 

[4] Valente Jr., M. A. G., Teixeira, D. A., Lima Azevedo, D., Feliciano, G. T., Benedetti, A. V., Fugivara, C. 

S., Caprylate Salts Based on Amines as Volatile Corrosion Inhibitors for Metallic Zinc: Theoretical and 

Experimental Studies, Frontiers in Chemistry. https://doi.org/10.3389/fchem.2017.00032. 

• Figures, Schemes, and Tables should be numbered sequentially and presented at the end of the manuscript. 

• Nomenclature, abbreviations, and symbols should follow IUPAC recommendations. 

• Figures, schemes, and photographs already published by the same or different authors in other publications 
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the copyright. 
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maximum). GA must be submitted as *.jpg, *.jpeg or *.tif. 

• Communications should cover relevant scientific results and are limited to 1,500 words or three pages of 

the Journal, not including the title, authors’ names, figures, tables and references. However, Communications 

suggesting fragmentation of complete contributions are strongly discouraged by Editors. 

• Review articles should be original and present state-of-the-art overviews in a coherent and concise form 

covering the most relevant aspects of the topic that is being revised and indicate the likely future directions of 

the field. Therefore, before beginning the preparation of a Review manuscript, send a letter (one page 

maximum) to the Editor with the subject of interest and the main topics that would be covered in the Review 

manuscript. The Editor will communicate his decision in two weeks. Receiving this type of manuscript does 

not imply acceptance to be published in Eclet. Quím. J. It will be peer-reviewed. 

• Short reviews should present an overview of the state-of-the-art in a specific topic within the scope of the 

Journal and limited to 5,000 words. Consider a table or image as corresponding to 100 words. Before beginning 

the preparation of a Short Review manuscript, send a letter (one page maximum) to the Editor with the subject 
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• Technical Notes: descriptions of methods, techniques, equipment or accessories developed in the authors’ 
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figures, tables, diagrams, etc. 
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ABSTRACT: Dry grains from leguminous species, such as soybeans 
(Glycine max L.), common beans (Phaseolus vulgaris L.), chickpeas 
(Cicer arietinum L.) and corn (Zea mays L.), are regularly consumed 
for human nutrition. This paper showed the possibility of estimating 
bulk density as quality parameter of 4 different dry grains (soybeans, 
common beans, chickpeas and corn) in a same model using the 

average values of color descriptors from digital images combined with 
an artificial neural network, with low computational costs. These food 
products are good sources of carbohydrates, protein and dietary fiber, 
and they possess significant amounts of vitamins and minerals and a 
high energetic value. Estimation of the physicochemical properties of 
grains is challenging due to variations in shape, texture, and size and  
 

because the grain colors appear similar to the naked eye. In this work, an analytical method was developed based on digital images 
converted into ten color scale descriptors combined with a neural model to provide an accurate parameter for grain quality control with 
a low computational cost. The bulk densities of four type of grains, i.e., soybeans, beans, chickpeas and corn, were predicted using 
numerical data represented by the average values of color histograms of a ten color scale (red - R, green - G, blue - B, hue - H, 

saturation - S, value - V, relative RGB and luminosity - L) from digital images combined with artificial neural networks (ANNs). The 
reference bulk densities were empirically measured. A very good correlation between the reference values and values predicted by the 
ANN was achieved, and with a single ANN developed for the four grains, a correlation coefficient of 0.98 was observed for the test set. 
Moreover, the relative errors were between 0.01 and 5.6% for the test set. 
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1. Introduction 

 

Soybeans (Glycine max L.), common beans 

(Phaseolus vulgaris L.), chickpeas (Cicer 
arietinum L.) and corn (Zea mays L.) are a part of 

most human diets, regardless of culture. These 

grains are leguminous species consumed as dry 
grains. They are remarkable sources of 

carbohydrates, protein and dietary fiber, and they 

possess significant amounts of vitamins and 
minerals and a high energetic value1. 

The quality of food grains is dependent on 

several physicochemical parameters, including the 

bulk density (or density in each mass). In a grain, 

the bulk density is more closely related to its 

shape than its size2. Stored food materials can 

suffer from variations in bulk density according to 

the bin depth3. Thus, a model that can monitor this 
parameter would be helpful to avoid losses in 

agri-food supply chains. For instance, in the study 

by Bart-Plange and Baryeh4 several laborious 
physicochemical methods were applied to 

evaluate cocoa beans, as the raw material for 

manufacturing chocolate and other food products, 
including the determination of their bulk density. 

Using the method presented here, the quality of 

four types of grains can be estimated using an 

accurate approach based on a relevant 

http://revista.iq.unesp.br/ojs/index.php/ecletica/index
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physicochemical parameter, i.e., the bulk density, 

which is related to the storage system, type of 
container and characteristics of the grains. 

Color data from digital images are considered 

reliable sources of analytical information for 

many purposes, independent of the type of device, 
for example, scanners, cell phones or cameras5. 

The combination of digital images and an 

artificial neural network (ANN) can be adapted 
for applications such as the shape analysis of 

grains6 and for variety identification7. However, in 

both cited studies, many complex steps were 

necessary to develop a predictive response model 
with good accuracy. 

The advantage of this study is that additional 

information from a color histogram of a ten color 
scale8,9 can be determined using a simple 

computational routine with fast calculations. In 

addition, by using the average color values instead 
of the entire color histogram, which includes 2560 

colors10,11, the speed of the ANN calculations is 

improved, and accurate results are achieved. 

Therefore, ANNs are useful tools for this research 
because they require less computational effort 

than other numerical techniques. 

ANNs are computational models consisting of 
simple processing units called neurons, which are 

inspired by the central nervous system of 

intelligent organisms that acquire knowledge 
through experimentation; ANNs can perform 

machine learning to predict parameters and 

recognize patterns12,13. 

Initially, an ANN undergoes a learning phase 
in which some examples are presented to it during 

training, and it automatically extracts the 

necessary characteristics to represent the 
information learned by adjusting the synaptic 

weights of the neurons through an adequate 

learning algorithm. Then, these characteristics are 

used to generate answers to the problem studied. 
In other words, by providing input data to an 

ANN and reporting the desired output (response), 

the ANN can provide coherent results for new 
input data that are different from those used in 

training. 

There are several advantages to using ANNs; 
for instance, ANNs are easy to use and update, 

they have data error tolerance because of the 

ability to respond in an acceptable way, even if 

partially damaged, they have great freedom in the 
adjustment of synaptic weights of neurons due to 

the presence of bias, which is a special processing 

unit that allows better adaptation on the part of the 

neural network to the knowledge provided to it, 

and they provide a precise response at high 
speeds14-16. The main advantage of ANNs is their 

ability to generalize or learn from examples17; that 

is, ANNs can generalize learned information to 

provide satisfactory results for cases not seen in 
training. Therefore, ANNs have been used in 

many fields, such as chemistry18, geology19, 

medicine20, neurocomputations21 and biomedical 
engineering22, among others. 

In this sense, after an ANN has been trained 

and tested, it can predict the output (desired 

response) of new input data in the domain covered 
by the training examples. For food analysis, data 

from digital images acquired using both a camera 

and a desktop scanner have been applied to 
predict the fermentation index of cocoa beans by 

ANN modeling23. An ANN was also combined 

with digital images and showed excellent potential 
for wheat varietal identification24 using the 

morphometric characteristics of these grains for 

the classification of different varieties with 88% 

accuracy and individual varieties with 84% and 
94% accuracy. 

Our study shows a feasible analytical method 

based on digital images converted into ten color 
scale descriptors combined with an ANN to 

estimate the bulk density of leguminous grains 

such as soybeans, beans, chickpeas and corn. 
 

2. Materials and methods 

 

2.1. Procurement of samples and instruments 
 

Grains of soybeans, beans, chickpeas and corn 

were purchased locally. The grains were sorted to 
eliminate external material and damaged grains. 

For the tests, the grains were separated in small 

packets made of transparent plastic bags 

(10 × 6 cm), as shown in Fig. 1. According to the 
size of the grains, each plastic bag was filled with 

100 soybeans, 100 beans, 50 chickpeas, or 100 

kernels of corn, resulting in 56 packets of 
soybeans, 35 packets of beans, 30 packets of 

chickpeas and 50 packets of corn. 

The content of each packet was weighed on an 
analytical balance with ±0.0001 g precision (FA-

2104N, EQUIPAR, Curitiba, PR, Brazil), and the 

apparent volume was measured with graduated 

cylinders with a volume of (50.0±0.5) mL for 
soybeans, corn and beans and with a volume of 

(100±1) mL for chickpeas. Using the measured 

masses (m) and apparent volumes (V), the bulk 

https://doi.org/10.26850/1678-4618eqj.v45.1.2020.p11-17
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densities of the samples were estimated using the 

ratio
m

V
 = , and these values were considered 

the reference values in this study. 
 

 
Figure 1. Examples of the scanned images of soybean 

(A), bean (B), chickpea (C) and corn (D) grains. 

 
Then, each packet was digitalized using a 

conventional scanner (HP, LaserJet Pro 200 Color 

MFP M276nw, Brazil). The final size of the 

images was 550 × 1000 pixels with a resolution of 

96 dots per inch (dpi). 
 

2.2. Image treatment 

 

The digital images were processed and 
converted into the average values of ten color 

scale descriptors, red (R), green (G), blue (B), hue 

(H), saturation (S), value (V), relative red (Rr), 
relative green (Rg), relative blue (Rb) and 

luminosity (L), using the Matlab R2015b (The 

MathWorks, Natick, MA, USA) code available in 

the supplementary material of Camargo, Santos 
and Pereira8. Figure 2 shows an image of the data. 

Using this code, the average value of each 

histogram color, which includes 256 colors, is 
obtained; thus, each color is represented by one 

value per color histogram. 

 

 
Figure 2. Diagram of the input data for the ANN calculations 

 

2.3. ANN description 

 
A feedforward neural network25 was 

implemented in Matlab R2015b. Two learning 

algorithms were tested in the development of the 
ANN: error backpropagation and the Levenberg-

Marquardt algorithm. The Levenberg-Marquardt 

algorithm presented correlation coefficients in the 
mean of 0.88 and RMSE (Root Mean Square 

Error) equal to 0.031 for the test set, while the 

backpropagation algorithm provided results with 

correlation coefficient equal 0.98 and RMSE 

0.014. Therefore, the backpropagation algorithm 
provided the best results and is described briefly 

below12,13: 

1) Set the initial parameters of the network 𝑤𝑖,𝑗  

and 𝑏𝑖,𝑗  (weights and bias) as random numbers. 

2) From a training data set with pre-assigned 

input/output pairs, take the k-th (𝑝𝑖
𝑘 , 𝑎𝑖

𝑘) pair, 

calculate the outputs of the network with the 

same input, and form the new pair (𝑝𝑖
𝑘 , 𝑡𝑖

𝑘). 
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3) Calculate the error between the desired 𝑎𝑖
𝑘 

and the obtained 𝑡𝑖
𝑘  output values through the 

formula 

𝑒 = √∑ (𝑎𝑖
𝑘 − 𝑡𝑖

𝑘)
2

𝑖  (1) 

4) Calculate the partial derivatives of error e 

with respect to the weights and bias. 

5) Change the weights and bias according to the 
steepest descent strategy and a specified learning 

rate α: 

𝑏𝑖,𝑗 ← 𝑏𝑖,𝑗 − 𝛼
𝜕𝑒

𝜕𝑏𝑖,𝑗
 (2) 

and 

𝑤𝑖,𝑗 ← 𝑤𝑖,𝑗 − 𝛼
𝜕𝑒

𝜕𝑤𝑖,𝑗
 (3) 

 
6) Iterate steps 2 to 5 by successively modifying 

𝑏𝑖,𝑗  and 𝑤𝑖,𝑗  until a defined number of learning 

cycles or a stopping criterion is reached. 

 

The parameter learning rate, number of 

neurons per layer, number of layers, activation 
functions and number of epochs were varied by 

trial and error to obtain the best result, and early 

stopping of the training was performed to avoid 
overtraining. 

 

3. Results and discussion 

 

The ranges of bulk density measured using the 

reference method were in g cm-3 for soybean 

between 0.61 and 0.65, bean (0.75-0.78), chickpea 
(0.63-0.68) and corn (0.68-0.85). The variation of 

values among the colors converted from the 

images were: (i) soybean grains: R (174–192), G 
(128–135), B (83–91), H (0.079–0.081), S (0.52–

0.57), V (0.68–071), r (0.46–0.48), g (0.32–0.33), 

b (0.19–0.21), and L (386–407); (ii) bean grains: 

R (140–147), G (91–99), B (63–72), H (0.066–
0.072), S (0.56–0.61), V (0.55–0.58), r (0.51–

0.53), g (0.29–0.30), b (0.18–0.20), and L (294–

317); chickpea grains: R (167–174), G (131–137), 
B (103–111), H (0.070–0.074), S (0.39–  0.42), V 

(0.66–0.68), r (0.43–0.44), g (0.318–0.321), b 

(0.24–0.25), and L (401–421) and (iv) corn grains: 
R (196–217), G (122–145), B (75–100), H (0.06–

0.07), S (0.55–0.64), V (0.77–0.85), r (0.49–0.53), 

g (0.30–0.31), b (0.17–0.20), and L (397–461). In 

all of cases, differences among the samples were 
revealed that justify an ANN model using the 10 

colors as input layer. Tests were also performed 

without variables H and L, for example, showed 
worse than all input variables were used. For this 

case, the correlation coefficients were 0.94, 0.84 

and 0.92 for training, validation and test sets, 
respectively. Therefore, the input variables of the 

ANN training set were the R, G, B, H, S, V, Rr, 

Rg, Rb and L color descriptors, for a total of 10 

input variables for each packet of grain sample; 
that is, the developed ANN had 10 neurons in the 

input layer (Fig. 2). The strategy of averaged 

value of each histogram color was applied 
because the entire histogram for the 10 colors 

corresponds to 2560 variables. For the ANN, 2560 

values imply 2560 neuron in input layer, then the 

calculations would be slower than that computed 
using the averaged color values, mainly 

considering that the information would not be 

improved. The information from the hue (H) and 
saturation (S) color scales was also important as 

revealed by our previous evaluation8. 

The ANN outputs were the reference bulk 
density values. The samples were randomly 

divided into three sets as follows: a total of 70% 

of the samples were used in the ANN training set, 

15% was used for the validation of ANN, and the 
remaining 15% was used to test the 

generalizability of the ANN. The training set 

consisted of 119 samples, i.e., 38 soybean, 19 
bean, 24 chickpea and 38 corn samples, the 

validation set had 26 samples, i.e., 8 soybean, 10 

bean, 2 chickpea and 6 corn samples, and the test 
set had 26 samples, i.e., 10 soybean, 6 bean, 4 

chickpea and 6 corn samples. The number of 

samples were related to the size of the grains and 

the size of the packet (plastic bag) was the same. 
The main goal was to analyze the entire packet 

then the variation in size of the grain had 

determined the number of packets, which did not 
affect ANN results, since it was not necessary for 

ANN to know which grain sample was being 

analyzed to estimate grain density in each packet. 

A single ANN was developed for all four types 
of grains (soybeans, beans, chickpeas and corn). 

Several ANN architectures were tested with one 

intermediate layer (varying the number of neurons 
from 10 to 20) and with two intermediate layers 

(with 8 and 4 neurons in each layer, respectively). 

The ANN that obtained the best result had only 
one intermediate layer with 15 neurons, and its 

performance was below 10-3 for the mean square 

error obtained after 1500 epochs, as shown in 

Fig. 3. The training was interrupted in 1500 
epochs to avoid excessive adjustment by ANN, 

which could lead to an overfitting. The activation 

functions were a hyperbolic tangent function in 
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the intermediate layer and a linear function in the 

output layer. 
 

 
Figure 3. ANN performance results for the training, 

validation and test sets. The green dotted line denoted 

as “best” shows the lowest value of the mean square 

error reached in the ANN validation in 1500 epochs. 

 

The highest efficiency for the four types of 

grains together had a learning rate of 0.8. Training 
was also performed with higher and lower 

learning rates, but the network became unstable 

with learning rates below 0.3, meaning that it 
failed to provide good results for the test samples. 

At a learning rate of 0.8, the ANN was stable, and 

the training was very fast (close to 1 min). The 
training error was small, approximately 10-3, and 

it was stable throughout the learning process. 

Among the four types of grains used in this 

work, the corn grains are the least uniform, that is, 
they present the most variation in density 

(between 0.68 e 0.85 g cm-3), so the estimated 

values were more distributed along the linear 
adjustment, as shown in the Fig. 4. And the values 

of bean grains density (0.75-0.78 g cm-3) are 

within the range of corn grains density, which 

agrees with the results obtained for these two 
grains. On the other hand, soybean and chickpea 

grains are more uniform with little variation in 

density. 
The plots in Fig. 4 show a high correlation of 

0.94 between the reference bulk density values 

and the values predicted by the ANN model for 
both the training sets (Fig. 4A) and a correlation 

coefficient of 0.98 for the data from both 

validation and test sets (Fig. 4B and 4C). The best 

fit equations for the training, validation and test 
data are 

𝑦 = 0.86𝑥 + 0.10,  𝑦 = 0.92𝑥 + 0.057,  and 

 𝑦 = 0.90𝑥 + 0.069, respectively.  

The mean relative error was 2.1, 1.5 and 1.4% 

for the training, validation and test data, 
respectively, with the lowest and highest relative 

errors of the ANN responses for the test set 

samples between 0.01 and 5.6%, which is a 
noteworthy result. 

 

 

 
Figure 4. Predicted bulk densities (g cm-3) obtained by 

the ANN model using image color data of the grains 

(soybean, bean, chickpea and corn) for the training (A), 

validation (B) and test (C) sets. 
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The accuracy of the results is shown by the 

plots in Fig. 5, giving the equations 𝑦 = 0.90𝑥 +
0.10  and 𝑦 = 0.90𝑥 + 0.036 , which envelop the 
results obtained by the ANN calculations. These 

equations were based on calculations involving 

the linear regression of the test set (Fig. 4C), 

replacing the term 𝑥 by each reference value and 

summing the linear coefficient to 3 times the 

standard deviation obtained for the absolute errors 

(difference between the reference values and those 
predicted by the ANN) of the 26 samples. Thus, 

for a given bulk density ρ, the response of the 

neural network will be in the interval [𝜌 −
0.03, 𝜌 + 0.03], where [𝜌 − 3𝜎𝑟, 𝜌 + 3𝜎𝑟] and 

𝜎𝑟 = 0.01; a range with a very small amplitude 

indicates high reliability in the ANN response. 

 

 
Figure 5. Bulk densities (g cm-3) of soybean, bean, 

chickpea and corn provided by the ANN for the test set 

samples. 

 

4. Conclusions 

 

The bulk densities of four different dry grains 

were accurately estimated using the average 
values of color descriptors from digital images 

combined with an ANN. This method is 

promising, considering that these grain foods have 
similar colors and different shapes and textures. 

The reference values and the values predicted by 

the ANN model were highly correlated (𝑟 = 0.98) 

for the test set, with low relative errors between 
0.01 and 5.6%. Thus, our study showed the 

possibility of using an ANN to provide accurate 

grain quality control parameters with low 
computational costs. 
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1. Introduction 
 

 

Schiff bases are compounds that are comparable 

to ketone or aldehyde, they have azomethine 

(HC=N) group instead of the carbonyl (C=O) 
group in the carbonyl compounds. Schiff bases can 

also be called azomethines or imines1,2. They were 

discovered by Hugo Schiff in 18643. They have the 
general formula RR1C=N−R2. If R equals 

hydrogen, alkyl or aryl, R1 hydrogen and R2 alkyl 

or aryl; the compounds are referred to as aldimines 

(R1−CH=NR2) while compounds where both R and 
R1 are alkyl or aryl groups are called ketoimines. R2 

can either be an alkyl or aryl group4-6. They are 

significant chelating ligands in coordination 
chemistry. Their chemical properties can be 

changed by varying the substituents on either the 

carbonyl or the amine ring. Intra- and 

intermolecular hydrogen bonds can be formed from 

Schiff bases obtained from various substituted 

salicylaldehydes and 2-hydroxyl-1-
naphthaldehyde and these usually determine their 

chemical and physicochemical properties7. They 

have vital donor atoms like nitrogen and oxygen 
which make them resemble living systems and 

display different biological properties. The 

resulting imines are involved in binding with metal 
ions via nitrogen lone pair of electrons. Schiff 

bases can bind to the central metal ions as 

monodentate and polydentate8,9. Schiff bases lead 

to the formation of many mononuclear and 
binuclear complexes with different coordination 

modes and stereochemistry8. 

ABSTRACT: Ni(II) mixed-ligand complexes of [NiLNH3] 
(where L = N-salicylidene-o-aminophenol (L1), N-(5-
methoxysalicylidene-o-aminophenol) (L2) and N-(2-hydroxy-1-
naphthalidene)-o-aminophenol) (L3) containing ONO tridentate 

Schiff bases and ammonia were synthesized and characterized by 
elemental analysis, infrared, ultraviolet-visible, proton and 
carbon-13 spectroscopies. Theoretical calculations were also 
performed on the optimized structures of the Ni(II) mixed-ligand 
complexes. The infrared and ultraviolet-visible spectra of the 
complexes were calculated, and the results compared with the 
corresponding experimental spectra to augment the experimental 
structural identification. The elemental analysis data confirmed 

the formation of 1:1:1 [metal:Schiff base:ammonia] molar ratio. 
The NMR spectra showed that the Schiff bases coordinated to the 
Ni(II) ion via the two deprotonated phenolic oxygen and 
azomethine nitrogen atoms. The biological studies showed that 
the complexes exhibited higher antibacterial and antioxidant 
activities than the free Schiff base ligands. 
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The imine groups in Schiff bases are significant 

for biological activities, they are very useful active 
centers of many biological systems10. Schiff bases 

have played essential roles in understanding the 

coordination chemistry of transition metal ions. 

Studies showed that Schiff bases derived from 
salicylaldehyde, 2-hydroxyl-1-naphthaldehyde 

including the derivatives and complexes with some 

transition metals displayed significant biological 
properties which make them gain attention. Some 

of the reported significant biological properties are 

anti-inflammatory, antimicrobial, analgesic, 

anticonvulsant and antioxidants which make them 
attract more attention1,11-19. 

Many mixed-ligand complexes have been 

synthesized for their pronounced biological 
activities. However, literature search showed that 

reports on mixed-ligand complexes bearing 

ammonia as co-ligand are less explored. Hence this 
study, which synthesized, characterized, and 

carried out the biological and theoretical studies of 

nickel(II) mixed-ligand complexes of tridentate 

Schiff bases and ammonia. Besides the 
experimental studies, quantum chemical methods 

were used to augment the experimental 

observations9. Therefore, the molecular structures 
of the Schiff base ligands and complexes were 

modelled, and the theoretical calculations were 

carried out on their optimized structures. These 
were utilized for their IR, UV-Vis and NMR 

spectra. A consideration of the similarities between 

the calculated and experimental spectra, mostly the 

electronic spectra could further be used for 
identification of the molecular geometry. 

 

2. Experimental 
 

2.1. Materials 

 

Salicylaldehyde, 5-methoxysalicylaldehyde, 2-

hydroxy-1-naphthaldehyde, o-aminophenol, 
nickel(II) acetate tetrahydrate, ammonium 

hydroxide and formic acid were purchased from 

Merck (Germany) and used as supplied. The 

solvents were of pure grade except ethanol and 
water which were distilled. 

 

2.2. Instruments 
 

A Thermo Finnigan Flash EA 1112 Series was 

used for the elemental analyses (C, H, N). The 

Infrared spectroscopy analysis were carried out 
using the attenuated (ATR) technique with a 

Perkin-Elmer 400 FT-IR/FT-FIR spectrometer. An 

MPD Mitamura Riken Kogyo (Japan) 
electrothermal was used to determine the melting 

points. The nuclear magnetic resonance spectra 

were carried out on a Bruker Avance III 600 
Spectrometer in solution with DMSO-d6 and 

tetramethylsilane (TMS) as internal standard at 

600 MHz. The UV-Visible spectra were recorded 

in 1.0 × 10-4 mol L-1 DMSO solution using 
Shimadzu UV-2600 Spectrophotometer in the 

range 250-900 nm. 

 
2.3. Syntheses 

 

2.3.1. The Schiff bases syntheses 
 

5.0 mmol of the o-aminophenol in 10 mL of 

ethanol was added in drops to 5.0 mmol of the 

corresponding salicylaldehyde in 20 mL of the 
same solvent. The resulting solution was stirred for 

2 h on addition of three drops of formic acid. The 

colored solids precipitated were separated by 
filtration and recrystallized from hot ethanol. 

 

 

 
L1: R1 = H; L2: R1 = OCH3; L3: R1 = C4H4 

Scheme 1. Synthetic route of the Schiff bases. 

 

L1 (C13H11NO2): Yield: 97%, orange solid, mol 
wt: 213.14, m.pt: 187 °C. Elemental analysis, % 

(found) C: 73.25, H: 5.21, N: 6.60; calculated C: 

73.23, H: 5.20, N: 6.57. FT-IR (ATR, cm-1): 3746, 
3046, 2696, 2533, 1970, 1840, 1627, 1613, 1592, 

1529, 1506, 1486, 1459, 1415, 1369, 1309, 1274, 
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1241, 1220, 1176, 1159, 1137, 1115, 1097, 1047, 

1019, 967, 945, 902, 853, 806, 763, 741, 725, 630, 
572, 547, 525, 475. 1H NMR: 13.78 (s, 1H, −OH), 

9.73 (s, 1H, −OH), 8.92 (s, 1H, −HC=N), 7.56-6.84 

(m, 8H, aromatic). 

L2 (C14H13NO3): Yield: 95%, deep wine solid, 
mol wt: 243.14, m.pt: 157 °C. Elemental analysis 

% (found) C: 69.10, H: 5.38, N: 5.77; calculated C: 

69.12, H: 5.39, N: 5.77. FT-IR (cm-1) 3747, 3046, 
2987, 2942, 2896, 2832, 2687, 2561, 2071, 1839, 

1626, 1591, 1527, 1494, 1494, 1456, 1437, 1417, 

1330, 1300, 1273, 1247, 1221, 1204, 1165, 1143, 

1131, 1098, 1039, 941, 931, 869, 854, 811, 787, 
738, 663, 589, 566, 549, 516, 499, 479, 471. 
1H NMR: 13.07 (s, 1H, −OH), 9.68 (s, 1H, −OH), 

8.89 (s, 1H, −HC=N), 7.29-6.82 (m, 7H, aromatic), 
3.71 (s, 3H, −OCH3). 

L3 (C17H13NO2): Yield: 86%, yellow solid, mol 

wt: 263.29, m.pt: 249 °C. Elemental analysis % 
(found) C: 77.56, H: 5.00, N: 5.29; calculated, C: 

77.55, H: 4.98, N: 5.32. FT-IR (cm-1) 3119, 3017, 

2925, 2427, 2175, 1617, 1584, 1547, 1547, 1513, 

1459, 1407, 1354, 1316, 1270, 1238, 1210, 1170, 

1140, 1114, 1039, 993, 968, 920, 854, 825, 774, 
740, 647, 594, 577, 549, 519, 482, 467. 1H NMR: 

13.62 (s, 1H, −OH), 10.31 (s, 1H, −OH), 9.47 (s, 

1H, −HC=N), 8.34-6.70 (m, 10H, aromatic) 

 
2.3.1. Synthesis of the mixed-ligand complexes 

 

A methanolic solution of Ni(CH3COO)2.4H2O 
(5.0 mmol) was added in drops to the 

corresponding Schiff base solution (5.0 mmol) 

while stirring in 10ml of the same solvent. Some 

drops of anhydrous ammonia were added to modify 
the pH of the resulting mixture to 7-7.5 and 

refluxed at 60 °C for 3 h. The colored solids 

precipitated were filtered by vacuum filtration, 
washed with distilled water, diethyl ether and 

methanol. These were dried over silica gel in a 

desiccator for two days and recrystallized from 
DMSO. 

 

 

 

 
Scheme 2. Synthetic route of the Ni(II) mixed-ligand complexes. 

 
NiL1NH3 (C13H12N2O2Ni): Yield: 85%, wine 

solid, mol wt.: 286.94. m.pt: > 260 °C. Elemental 

analysis % (found) C: 54.44, H: 4.23, N: 9.78; 

calculated C: 54.42, H: 4.22, N: 9.76. FT-IR (ATR, 
cm-1): 3336, 3276, 3235, 3158, 3040, 3016, 2685, 

2591, 2541, 2323, 2098, 1916, 1880, 1843, 1802, 

1760, 1689, 1602, 1580, 1526, 1479, 1468, 1441, 
1375, 1358, 1322, 1313, 1303, 1283, 1263, 1225, 

1172, 1156, 1143, 1130, 1111, 1029, 960, 941, 926, 

941, 926, 875, 840, 796, 772, 750, 743, 730, 695, 
657, 614, 568, 546, 524, 484, 461. 1H NMR 

(DMSO-d6, δ, ppm): 8.79 (s, 1H, −HC=N), 7.75-

6.46 (m, 8H, aromatic), 2.37 (s, 3H, −NH3). 
13C 

NMR (DMSO-d6, δ, ppm): 167.43, 162.96, 148.06, 
139.55, 135.52, 134.04, 129.09, 120.83, 118.51, 

116.56, 115.44, 114.75. 

NiL2NH3 (C14H14N2O3Ni): Yield: 82%, wine 
solid, mol wt.: 316.97, m.pt: > 260 °C. Elemental 

analysis, % (found) C: 53.10, H: 4.47, N: 

8.85; calculated C: 53.05, H: 4.45, N: 8.84. FT-IR 

(cm-1): 3341, 3236, 3159, 2935, 2832, 2009, 1840, 

1601, 1584, 1529, 1477, 1445, 1424, 1367, 1314, 

1302, 1282, 1257, 1238, 1212, 1177, 1147, 1111, 

1049, 1031, 952, 939, 898, 871, 846, 821, 804, 750, 
994, 658, 643, 582, 567, 550, 522 503, 487, 474, 

464, 456. 1H NMR (DMSO-d6, δ, ppm): 8.65 (s, 1H, 

−HC=N), 7.71-6.45 (m, 7H, aromatic), 3.69 (s, 3H, 
−OCH3), 2.25 (s, 3H, −NH3). 

13C NMR (DMSO-d6, 

δ, ppm): 167.39, 158.49, 149.25, 147.55, 139.62, 

129.15, 124.40, 121.55, 120.98, 118.56, 116.34, 
114.79, 56.44. 

NiL3NH3 (C17H14N2O2Ni): Yield: 84%, brown 

solid, mol wt.: 337, m.pt: > 260 °C. Elemental 

analysis % (found) C: 60.71, H: 4.09, N: 8.27; 
calculated C: 60.59, H: 4.19, N: 8.31. FT-IR (cm-

 

1): 

3340, 3239, 3163, 3038, 2338, 2148, 1613, 1600, 

1578, 1533, 1509, 1476, 1457, 1428, 1397, 1361, 
1344, 1314, 1297, 1280, 1262, 1252, 1205, 1171, 

1145, 1111, 1041, 1029, 986, 963, 912, 835, 817, 

775, 757, 693, 670, 653, 587, 563, 508, 470, 457. 
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1H NMR (DMSO-d6, δ, ppm): 9.25 (s, 1H, 

−HC=N), 8.49-6.30 (m, 10H, aromatic), 2.37 (s, 
3H, −NH3). 

13C NMR (DMSO-d6, δ, ppm): 167.18, 

163.60, 141.43, 140.48, 134.85, 134.39, 129.17, 

128.80, 128.01, 127.12, 124.19, 123.06, 121.66, 

118.36, 116.78, 114.89, 111.71. 
 

2.4. Antibacterial study 

 
The antibacterial potentials of the compounds 

were measured against some Gram-positive and 

Gram-negative bacterial strains by agar-well 

diffusion method. The Gram-positive bacterial 
strains were Streptococcus agalactiae and 

Staphylococcus aureus while Escherichia coli, 

Klebsiella pneumoniae, Proteus mirabilis, 
Pseudomonas aeruginosa and Salmonella 

typhimurium were the Gram-negative bacterial 

strains used. The nutrient agar medium was used to 
sub-culture the isolates of bacterial strains which 

were nurtured at 37 °C for 24 h. 20 mL of 

disinfected nutrient agar medium was dispensed in 

each germfree Petri dish after modifying the 
bacterial strains cultures to 0.5 McFarland 

standards, these were allowed to gel. The dishes 

were swabbed with the inoculum of the bacterial 
strains and left for 15 min to adsorb unto the gel. 

Varying concentrations of the samples (5, 10 and 

15 mg mL-1) were filled into the wells that were 
drilled on the seeded agar dishes by a sterile cork 

borer of 6 mm diameter. These were kept for 1 h in 

the refrigerator to allow for thorough circulation of 

the samples into the medium and then nurtured for 
24 h at 37 °C observing the inhibition zones. 

Antimicrobial activities were expressed as 

inhibition diameter zones in millimeter (mm). 
Standard Gentamycin (10 µg mL-1) was employed 

as control17,20,21. 

 

2.5. Phosphomolybdate total antioxidant capacity 
(PTAC) assay 

 

The total antioxidant capacities (TAC) of the 
compounds were determined by 

phosphomolybdenum assay and ascorbic acid was 

used as the standard. 1.0 mL of reagent (0.6 mol L-
 

1 
sulfuric acid, 28 µmol L-1 sodium phosphate and 

4 µmol L-1 ammonium molybdate) was reacted 

with a fractional part of the extract solution (1.0 mL 

of 1000 µg). The covered tubes were incubated at 
95 °C in a water bath for 90 min after which the 

samples were cooled to room temperature and a 

UV spectrophotometer was used to measure the 

absorbance of the aqueous solution of each at 

695 nm. The procedure was repeated for an empty 
solution containing 1.0 mL of reagent solution. The 

TAC studies were performed three times and the 

mean was expressed as equivalents of ascorbic 

acid22. 
 

2.6. Computational method 

 

The Ni(II) complexes were modeled and 

optimized using Gaussian 9 and Spartan 14 

computational software packages which were 

implemented on an Intel Core i3-3100M computer. 
They were modeled based on the electronic spectra 

and elemental analyses data. Density functional 

theory (DFT) was employed for the geometry 
optimization, chemical shifts, electronic transitions 

and frequency calculations of the complexes. The 

DFT calculations were performed on the optimized 
geometry in the ground state using Becke’s three-

parameter hybrid functional employing the Lee-

Yang-Parr correlation functional (B3LYP) and the 

Empirical Density Functional 1 methods (EDF1) 
with 6-31G** basis set23-26. 

 

3. Results and discussion 

 

The Schiff base ligands and the mixed-ligand 

complexes were stable and colored solids. The 
complexes were not soluble in water and almost all 

organic solvents except in DMSO and DMF. The 

mixed-ligand complexes have higher melting 

points than the parent Schiff base ligands, this 
showed that they have better stability than the 

Schiff bases. Elemental analyses data indicated the 

formation of 1:1:1 [nickel:Schiff base:ammonia] 
molar ratio for the mixed-ligand complexes. The 

crystals obtained in DMSO were not suitable for X-

ray diffraction measurement. No crystal was 

obtained in DMF. Attempts to isolate single crystal 
suitable for X-ray diffraction measurement were 

not successful. 

 
3.1 Spectroscopic studies 

 

3.1.1. FT-IR spectra 
 

The spectra of the free Schiff base ligands (L1, 
L2 and L3) showed the azomethine, ⱱ(−HC=N) 

bands at 1627, 1617 and 1626 cm-1 respectively, 
these bands shifted to lower wavenumbers (1601-

1600 cm-1) in the mixed-ligand complexes (Figs. 1-

3). This revealed the involvements of the 
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azomethine nitrogen atoms in coordination with the 

Ni(II) ions and the formation of metal−ligand 
bonds. The bands at 1274, 1228 and 1247 cm-1 in 

the spectra of the free Schiff base ligands were 

assigned to the phenolic C−O stretching vibrations 

of L1, L2 and L3 respectively. These bands shifted 
to higher wave numbers at 1301-1261 cm-1 in the 

complexes, these showed the participation of the 

oxygen atoms of phenolic groups in coordination 
with the Ni(II) ions. The free Schiff bases (L1, L2 

and L3) exhibited hydroxyl ⱱ(O−H)  absorption 

bands at 3746, 3747 and 3119-2427 cm-1 

respectively, these bands were absent in the 
complexes which further confirmed the 

deprotonation of the phenolic groups and 

coordination of oxygen to the Ni(II) ion8,12,27. The 
complexes showed new bands at 3336, 3340 and 

3340 cm-1 respectively assigned to ⱱ(N−H) 

stretching vibrations of ammonia (–NH3) groups, 
these indicated the presence of –NH3 groups in the 

complexes28. The complexes displayed the 

aromatic ⱱ(C−H) and ⱱ(C=C) absorption bands 

around 3276-3016 and 1584-1400 cm-1 

respectively. The aromatic ⱱ(C−H) bending 

vibrations appeared around 875-647 cm-1. The 

bands around 485-471 and 550-508 cm-1 in the 
complexes were assigned to the stretching 

vibrations of the nickel–oxygen, ⱱ(Ni−O) and 

nickel–nitrogen, ⱱ(Ni−N) respectively. These 

confirmed the attachment of the Schiff bases to the 
central nickel ion through the phenolic oxygen 

atoms and the azomethine nitrogen atoms8,11,17. 
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(B) 

Figure 1. IR spectra of L1 (A) and NiL1NH3 (B). 
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(B) 

Figure 2. IR spectra of L2 (A) and NiL2NH3 (B). 
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(B) 

Figure 3. IR spectra of L3 (A) and NiL3NH3 (B). 
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3.1.2. NMR spectra 

 
The 1H NMR spectra of the free Schiff bases 

showed two singlet signals at δ 13.78-13.07 and δ 

10.31-9.68 ppm which were assigned to the two 

phenolic –OH protons. The spectra showed singlet 
signals at δ 8.92 (L1), 8.89 (L2) and 9.47 ppm (L3) 

attributed to the azomethine (−HC=N) protons. The 

aromatic protons appeared as multiplets around δ 
8.34-6.70 ppm8,11,27. The three protons of the 

methoxy (–OCH3) groups in ‘L2’ appeared as a 

sharp singlet signal at δ 3.71 ppm29,30. A 

comparison of the 1H NMR spectra of the free 
Schiff base ligands with the Ni(II) mixed-ligand 

complexes (Figs. 4-6) showed that the chemical 

shifts for the –OH protons in the free Schiff bases 
were not observed in the spectra of the complexes. 

The absence of the –OH signals indicated the 

deprotonation of the hydroxyl groups of the Schiff 
bases prior to coordination with Ni(II) ion. It also 

confirmed the bonding of oxygen to the Ni(II) ions. 

Moreover, the coordination of the azomethine 

nitrogen atoms of the Schiff bases to Ni(II) ion 
were indicated by the displacements of the 

chemical shifts of the azomethine hydrogen to 

upfield region at δ 9.25-8.65 ppm. The aromatic 
protons appeared as multiplets around δ 8.49-6.30 

ppm for the complexes8,11,27. The new singlet 

signals at δ 2.37 and δ 2.25 ppm in the Ni(II) 
complexes were assigned to the three hydrogen 

atoms of –NH3 groups28. The appearance of these 

new singlet signals confirmed the presence of 
ammonia in the complexes as they are not present 

in the free Schiff base ligands. Furthermore, the 

three hydrogen atoms of the new singlet signals in 

the complexes spectra showed that the complex 
containing NH3 is not in the form of ammonium ion 

(NH4
+). The three –OCH3 group protons of ‘L2’ in 

the Ni(II) complex appeared as sharp singlet 
signals at δ 3.69 ppm29,31. Signals at 3.33 ppm and 

2.45-2.50 ppm are for H2O/DMSO and DMSO 

respectively in all the spectra. 

The 13C NMR spectra (Figs. S1-S3, 
supplementary data) are consistent with the proton 

NMR of the complexes. The 13C NMR spectrum of 

NiL1NH3 showed a peak at δ 167.43 ppm which 
confirmed the presence of azomethine carbon in 

the complex. The aromatic carbons peaks appeared 

in the range 162.96-114.75 ppm8,11,27. In NiL2NH3 
13C NMR spectrum, the azomethine carbon 

appeared at 167.38 ppm and the aromatic carbons 

peaks appeared in the range 156.48-114.77 ppm 

while the carbon peak for –OCH3 group appeared 
at δ 55.96 ppm29,30. NiL3NH3 

13C NMR spectrum 

showed the azomethine carbon peak at 167.17 ppm 

and the aromatic carbons peaks in the range 
163.59-111.70 ppm17. 
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(B) 

Figure 4. 1H NMR spectra of L1 (A), NiL1NH3 (B) in water and DMSO. 
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(B) 

Figure 5. 1H NMR spectra of L2 (A), NiL2NH3 (B) in water and DMSO. 
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(B) 

Figure 6. 1H NMR spectra of L3 (A) and NiL3NH3 (B) in water and DMSO. 

 

3.1.3. Electronic spectra 

 

The electronic spectra data of the Schiff bases and 

the Ni(II) mixed-ligand complexes are presented in 
Table 1. The spectra were recorded in 1.0 × 

10 

-
 

4 mol L-1 DMSO solution in the range 250-

900 nm. The spectra of the Schiff bases showed 
absorption bands around 30769-27027 cm-1 and 

22279-21186 cm-1 which were assigned to π→π* 

and n→π* transitions respectively17,29,31. These 

transitions were observed in the spectra of the 
mixed-ligand complexes (Figs. 7-9) but some 

shifted to longer wavelength, confirming the 

coordination of the Schiff base ligands to the Ni(II) 
ion. The electronic spectrum of NiL1NH3 displayed 

two absorption bands at 33113 and 23529 cm-1 

which were assigned to π→π* and 
1A1g→

1E1g 

transitions respectively8. Similarly, NiL2NH3 

spectrum showed two absorption bands at 32573 
and 22779 cm-1 assigned to π→π* and 1A1g→

1E1g 

transitions respectively30. However, NiL3NH3 

showed three absorption bands at 31250, 22472 
and 21186 cm-1 assigned to π→π*, 1A1g→

1E1g, 
1A1g→

1B1g transitions respectively28. The absence 

of any band below 10000 cm-1 eliminated the 

possibility of tetrahedral geometry8. Hence, this 
suggest a square planar geometry. 
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Table 1. Experimental and theoretical electronic spectra data of the compounds. 

Exp = Experimental. 

 

  
(A) 

Compounds Bands in cm
-1
 Assignments 

L1 

NiL1NH3 (Exp) 

NiL1NH3 (B3LYP) 
NiL1NH3 (EDF1) 

28329 

33113, 23529 

2317, 22422, 19377 
22382, 15290 

π→π* 

π→π*,1A1g → 
1E1g, 

L2 

NiL2NH3 (Exp) 

NiL2NH3 (B3LYP) 
NiL2NH3 (EDF1) 

27027 

32573, 22779 

24724, 23285, 22323, 19239 
21685, 14794 

π→π*  

π→π*,1A1g → 
1E1g, 

L3 

NiL3NH3 (Exp) 

NiL3NH3 (B3LYP) 
NiL3NH3 (EDF1) 

30769, 22272, 21186 

31250, 22472, 21186 

25454, 23552, 22339, 19642 
22471, 21209, 15095 

π→π*, n→π*, n→π* 

π→π*, 1A1g → 
1E1g, 

1A1g → 
1B1g 
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(B) 

Figure 7. UV-Visible spectra of L1 (A), NiL1NH3 (B). 

  
(A) 

https://doi.org/10.26850/1678-4618eqj.v45.1.2020.p18-43


Original article 
 

35                           Eclética Química Journal, vol. 45, n. 1, 2020, 18-43 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v45.1.2020.p18-43 

 

  
(B) 

Figure 8. UV-Visible spectra of L2 (A), NiL2NH3 (B). 
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(B) 

Figure 9. UV-Visible spectra of L3 (A), NiL3NH3 (B) 

 

 

3.1.4 Theoretical IR spectra 

 
The theoretical IR vibrational frequency values 

of the Ni(II) complexes (Table 2) are in good 

agreement with the experimental values. The 
azomethine (−HC=N) absorption bands of the 

complexes appeared at 1654 cm-1 for both NiL1NH3 

and NiL2NH3 while NiL3NH3 was at 1648 cm-1 at 

B3LYP/6-31G** level. Experimentally, these 
bands were observed at 1601 and 1600 cm-1 for the 

complexes.  The phenolic C−O stretching 

vibrations of the complexes appeared around 1340-
1334 cm-1 in the theoretical data while the 

experimental values were observed around 1301-

1261 cm-1. The experimental ⱱ(N−H) stretching 

vibrations of −NH3 groups in the complexes 
appeared around 3336-3340 cm-1 while it was 

observed at 3592-3466 cm-1 in the theoretical 

spectra. The aromatic ⱱ(C−H) stretching 
frequencies in the complexes were observed at 

3218-3062 cm-1 in the theoretical data while the 

experimental were 3259-3010 cm-1. The 
characteristic ⱱ(C=C) ring stretching vibrations of 

the complexes appeared at 1639-1400 cm-1 in the 

theoretical data, these bands appeared around 

1584-1400 cm-1 in the experimental spectra. The 
ⱱ(Ni−O) and ⱱ(Ni−N) in the complexes were 

observed at 531-465 and 579-531 cm-1 in the 

theoretical spectra. These bands were observed at 

485-471 and 550-508 cm-1 in the experimentally. 
 

Table 2. Some selected theoretical IR data of the 

complexes. 
  

IR bands / cm-1 NiL1NH3 NiL2NH3 NiL3NH3 

ⱱ(N−H) (B3LYP) 
(EDF1) 

3592-
3463 

3539-
3408 

3596-
3467 

3536-
3403 

3597-
3466 

3542-
3407 

ⱱ(C−H) (B3LYP) 
(EDF1) 

3212-
3174 
3171-
3122 

3200-
3062 
3182-
3024 

3218-
3174 
3176-
3135 

ⱱ(C=N) (B3LYP)  

(EDF1) 

1654 

1608 

1654 

1591 

1648 

1615 

ⱱ(N−H) bending 
(B3LYP) 
(EDF1) 

1662-
1665 
1640-
1622 

1680-
1658 
1636-
1633 

1670-
1657 
1639-
1417 

ⱱ(C=C) (B3LYP) 
(EDF1) 

1639-
1404 

1593-
1452 

1639-
1413 

1608-
1429 

1633-
1400 

1606-
1417 

ⱱ(C−O) (B3LYP) 
(EDF1) 

1340 
1313 

1339 
1312 

1334 
1308 

ⱱ(C−H) bending 
(B3LYP) 
(EDF1) 

891-666 
889-666 

871-663 
894-669 

886-666 
895-650 

ⱱ(Ni−O) (B3LYP) 
(EDF1) 

500 
499 

465 
458 

531 
525 

ⱱ(Ni−N) (B3LYP) 
(EDF1) 

538 
532 

531 
525 

579 
566 
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3.1.5 Theoretical NMR spectra 

 
The theoretical chemical shift values of the 

Ni(II) mixed-ligand complexes (Table 3) are in 

good agreement with the experimental values. The 

data obtained at B3LYP/6-31G** level showed the 
aromatic hydrogen in NiL1NH3: H17, H15, H14, 

H2, H11, H10, H6, H13 at 8.65, 7.94, 7.84, 7.66, 

8.12, 7.57, 8.26, 7.53 ppm respectively. These were 
experimentally observed around 7.75-6.46 ppm. 

The azomethine (−HC=N) hydrogen and the three 

hydrogen in the −NH3 group were observed at 

10.07 and 2.60 ppm respectively in the theoretical 
spectra while they appeared at 8.79 and 2.37 ppm 

respectively in the experimental spectra. The 

aromatic carbon in the complex appeared in the 

range 157.40-108.56 ppm, these were observed 

experimentally in the range 162.96-114.75 ppm. 
The azomethine carbon signal appeared at 

158.82 ppm in the theoretical calculations while it 

was experimentally observed at 167.43 ppm. 

Moreover, the aromatic hydrogen in NiL2NH3: 
H10, H13, H15, H17, H17, H14, H11, H6 were 

observed at 7.54, 7.51, 7.94, 8.64, 7.77, 7.62, 7.79 

ppm in the theoretical spectra, these appeared in the 
range 7.71-6.45 ppm in the experimental study. 

The azomethine (−HC=N) hydrogen and the three 

hydrogen in the −NH3 group appeared at 10.04 and 

2.52 ppm respectively in the theoretical 
calculations while they were experimentally 

observed at 8.79 and 2.37 ppm respectively. 

 

 

Table 3. Theoretical electronic spectra data of the complexes. 

Positions 

of H & C 

NiL1NH3 δ/ppm NiL2NH3 δ/ppm NiL3NH3 δ/ppm 

B3LYP EDF1 B3LYP EDF1 B3LYP EDF1 

H1 
C1 

2.60 
110.41 

- 
110.00 

2.52 
142.89 

3.07 
142.19 

8.33 
159.97 

8.45 
154.38 

H2 
C2 

7.66 
128.54 

7.84 
124.18 

4.63 
114.54 

4.84 
110.42 

8.58 
122.05 

8.65 
119.41 

H3 
C3 

2.60 
118.64 

- 
118.12 

2.52 
118.90 

3.07 
118.54 

9.26 
114.40 

9.37 
113.33 

H4 
C4 

10.07 
157.28 

9.86 
151.07 

10.04 
153.62 

9.86 
146.22 

2.59 
130.06 

3.09 
126.45 

H5 
C5 

2.60 
118.28 

- 
115.09 

2.52 
118.31 

3.07 
114.74 

8.80 
122.42 

8.91 
120.96 

H6 
C6 

8.26 
125.78 

8.38 
121.47 

7.79 
110.01 

7.91 
106.15 

8.50 
124.73 

8.68 
122.36 

H7 
C7 

- 
158.82 

- 
154.81 

4.63 
158.06 

4.84 
154.83 

11.19 
111.41 

10.97 
112.29 

H8 
C8 

- 
135.68 

- 
135.74 

4.63 
136.22 

4.84 
135.30 

- 
157.97 

- 
151.16 

H9 
C9 

- 
157.40 

- 
151.11 

- 
153.79 

- 
152.81 

7.96 
120.44 

8.14 
117.30 

H10 
C10 

7.57 
114.37 

7.83 
111.90 

7.54 
114.13 

7.84 
111.99 

8.40 
127.66 

8.45 
123.08 

H11 
C11 

8.12 
123.14 

8.20 
119.75 

7.62 
123.07 

7.70 
119.78 

761 
138.83 

7.88 
127.20 

H12 
C12 

- 
108.56 

- 
107.84 

- 
108.64 

- 
107.86 

7.60 
136.45 

8.14 
132.60 

H13 
C13 

7.53 
107.72 

7.71 
107.49 

7.51 
108.84 

7.72 
107.59 

7.97 
122.57 

8.14 
119.63 

H14 
C14 

7.84 
- 

8.03 
- 

7.77 
52.28 

7.95 
54.69 

2.59 
108.43 

3.09 
107.31 

H15 
C15 

7.94 
- 

8.09 
- 

7.94 
- 

8.09 
- 

- 
155.97 

- 
152.23 

H16 
C16 

- 
- 

- 
- 

- 
- 

- 
- 

- 
114.05 

- 
111.92 

H17 
C17 

8.65 
- 

8.72 
- 

8.64 
- 

7.70 
- 

- 
108.83 

- 
112.29 

H18 
C18 

- 
- 

- 
- 

- 
- 

- 
- 

2.59 
- 

3.09 
- 
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The chemical shift of the three hydrogen in the 

−OCH3 group appeared at 4.63 ppm in the 
theoretical calculations and at 3.69 ppm in the 

experimental spectra. The aromatic carbon in the 

complex appeared in the range 153.79-108.64 ppm 

in the theoretical spectra, these were observed 
experimentally in the range 156.48-114.77 ppm. 

The carbon in the azomethine and −OCH3 groups 

appeared at 158.06 and 52.28 ppm respectively in 
the theoretical calculations, these were 

experimentally observed at 167.38 and 55.96 ppm 

respectively. 

However, in NiL3NH3, the hydrogen in the ring: 
H2, H9, H10, H6, H1, H3, H5, H11, H13, H12 were 

observed at 8.58, 7.96, 8.40, 8.50, 8.33, 9.26, 8.80, 

7.61, 7.97, 7.60 ppm in the theoretical calculations. 
These were experimentally reported in the range 

8.49-6.30 ppm. The azomethine (−HC=N) and 

−NH3 group hydrogen were observed at 11.19 and 
2.59 ppm respectively in the theoretical spectra 

while they were reported in the experimental study 

at 9.25 and 2.37 ppm respectively. The aromatic 

carbon in the complex appeared in the range 
157.40-108.56 ppm in the theoretical data, these 

appeared experimentally in the range 162.96-

114.75 ppm. The azomethine carbon was observed 
at 159.97 ppm in the theoretical data and at 167.17 

ppm in the experimental spectra. 

 
3.1.6 Theoretical UV-Vis spectra 

 

Table 1 compared the experimental and 

theoretical electronic spectra of the complexes. The 
theoretical electronic spectra data agree with the 

experimental values. The agreement between the 

theoretical and experimental electronic spectra data 
corroborated the suggested structures. The 

theoretical spectra of NiL1NH3 as calculated at 

B3LYP/6-31G level showed three absorption 

bands at 23817, 224222, 19377 cm-1. These bands 
were obtained when electrons were promoted from 

HOMO → LUMO, HOMO-6 → LUMO and 

HOMO-2 → LUMO+1 respectively. NiL2NH3 
showed four absorption bands at 24724, 23285, 

22323, 19239 cm-1, these bands were related to the 

promotion of electrons from HOMO → LUMO, 
HOMO-1→ LUMO, HOMO-6 → LUMO+1, 

HOMO-2 → LUMO+1 respectively. Similarly, 

NiL3NH3 displayed four absorption bands at 

25454, 23552, 22339, 19642 cm-1. These bands 
were obtained when electrons were promoted from 

HOMO-1 → LUMO, HOMO → LUMO, HOMO-

7 → LUMO+1 and HOMO-2 → LUMO+1 

respectively. 
 

3.2. Geometry of the Ni(II) mixed-ligand 

complexes 

 
In the absence of available X-ray 

crystallographic data, the use of quantum chemical 

methods in determining the equilibrium geometries 
of the mixed-ligand complexes becomes an 

important tool. The B3LYP/6-31G** and EDF1/6-

31G** methods were used to predict the 

geometries of the Ni(II) mixed-ligand complexes. 
The experimental and theoretical observations 

earlier discussed have confirmed the formation of 

the mixed-ligand complexes. Hence, the proposed 
and optimized structures of the mixed-ligand 

complexes are shown in Fig. 10. The geometry of 

the mixed-ligand complexes predicted by both 
methods of calculation was a distorted square 

planar. The angles N1−Ni1−N2, O1−Ni1−O2, 

N1−Ni1−O2, N1−Ni1−O1, N2−Ni1−O2, 

N2−Ni1−O1 (Table S1, supplementary data) 
indicated that the coordination geometry of the 

nickel atom is distorted from a square planar. The 

bond distances Ni1−N1, Ni1−N2, Ni1−O1, 
Ni1−O2 (Table S1, supplementary data) were in 

the ranges observed for the analogous compounds 

of nickel square planar complexes containing the 
tridentate Schiff bases and N-donor co-

ligands11,28,29. 

In NiL1NH3, the HOMO which represents π-

electrons of the system spread over the Ni(II) ion 
and N-(salicylidene)-o-aminophenol ligand with 

most of the electron density concentrated on the o-

aminophenol subunit while the LUMO have most 
of the electron density concentrated on the 

salicylidene subunit. Similarly in NiL2NH3, the 

HOMO spread over the Ni(II) ion and N-(5-

methoxysalicylidene)-o-aminophenol ligand with 
most of the electron density concentrated on the 5-

methoxysalicylidene subunit while the LUMO 

have most of the electron density concentrated on 
the salicylidene subunit excluding the methoxy 

group. In NiL3NH3, the HOMO spread over the 

Ni(II) ion and N-(naphthalidene)-o-aminophenol 
with most of the electron density concentrated on 

the azomethine group and o-aminophenol subunit 

while the LUMO have most of the electron density 

concentrated on one of the benzene ring of the 
naphthalidene and the azomethine group. 
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NiL1NH3 NiL2NH3 NiL3NH3 

 

Figure. 10. Proposed and optimized structures of the complexes at B3LYP/6-31G** level. 

 

3.3. Antibacterial activity 

 

The results of the antibacterial activities of the 
Schiff bases and the mixed-ligand complexes are 

summarized in Table 4. The antibacterial results 

revealed that all the synthesized Schiff base ligands 
and the mixed-ligand complexes exhibited 

antibacterial activities. The mixed-ligand 

complexes exhibited better inhibitory effects 

compared to the parent Schiff bases. The 
enhancement in the antibacterial activities of the 

complexes can be explained based on chelation 

theory and probably the presence of ammonia 

molecules in the complexes. Chelation makes the 
ligands more powerful and potent bactericidal 

agents; consequently, killing more bacteria than the 

free ligands. It facilitates the ability of the 
complexes to cross the cell membrane. On 

chelation, the polarity of the metal ion reduces to a 

greater extent due to the overlap of the ligand 

orbital and partial sharing of the positive charge of 
the metal ion with donor groups. This process thus 
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increases the lipophilic nature of the compound 

which in turn favors penetration through the cell 
wall of the bacteria. These complexes also disturb 

the respiration process of the cell and thus block the 

synthesis of proteins, which restricts further growth 

of the organisms12,29,31. 
In comparison with standard Gentamycin, 

NiL2NH3 exhibited more inhibitory effects against  

the bacterial strains than standard Gentamycin. 
Moreover, all the complexes showed more potent 

activities against S. agalactiae than standard 

Gentamycin which was inactive against it. The 
methoxy-substituted Ni(II) complex (NiL2NH3) 

exhibited the most potent activity among the 

mixed-ligand complexes. 

 
 

 

 

Table 4. Antibacterial activities of the Schiff bases and the mixed-ligand complexes. 

Schiff bases/ Complexes L1 NiL1NH3 L2 NiL2NH3 L3 NiL3NH3 DMSO 
Gentamycin 

Standard 

E. coli 

5 mg 16 25 22 28 14 17 - 

20 10 mg 16 25 22 28 14 17 - 

15 mg 17 25 22 28 18 20 - 

K. pneumoniae 

5 mg 15 18 20 25 14 17 - 

18 10 mg 16 20 20 25 14 17 - 

15 mg 16 20 20 25 14 17 - 

P. aeruginosa 

5 mg 17 20 30 34 14 16 - 

20 10 mg 17 20 30 34 14 16 - 

15 mg 19 28 30 34 14 16 - 

S. agalactiae 

5 mg 14 18 22 26 10 14 - 

 10 mg 14 20 22 26 10 14 - 

15 mg 14 20 22 26 12 18 - 

S. aureus 

5 mg 16 20 30 33 15 18 - 

20 10 mg 16 20 30 33 15 18 - 

15 mg 17 24 30 33 17 19 - 

S. typhimurium 

5 mg 15 20 18 24 17 19 - 

17 10 mg 16 20 18 24 17 19 - 

15 mg 16 20 18 24 17 19 - 

P. mirabilis 

5 mg 14 16 25 28 12 14 - 

20 10 mg 14 16 25 28 12 14 - 

15 mg 14 16 25 28 13 15 - 

Resistant, not sensitive (< 8 mm), sensitive (9−14 mm), very sensitive (15−19 mm) and ultrasensitive (> 20 mm)16. 

 
3.4. Total antioxidant capacity 

 

The results of the total antioxidant capacities of 

the Schiff bases and the NI(II) mixed-ligand 
complexes are presented in Table 5. The mixed-

ligand complexes showed higher total antioxidant 

capacities than the Schiff base ligands. NiL2NH3 
exhibited the highest TAC among the mixed-ligand 

complexes. The difference in the TAC of the Schiff 

bases and the mixed-ligand complexes could be 

due to the coordination of the metal ions and 

probably the presence of ammonia molecules in the 

complexes. The coordination of metal after 
complexation of the system increases its capacity 

to stabilize unpaired electrons and consequently, to 

scavenge free radicals27. Hence, the mixed-ligand 
complexes are better antioxidants than the free 

Schiff base ligands. 
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Table 5. Total antioxidant capacities of the Schiff 

bases and the mixed-ligand complexes. 
 

 

4. Conclusions 
 

Nickel(II) mixed-ligand complexes containing 

ammonia, N-(salicylidene)-o-aminophenol, N-(5-

methoxysalicylidene)-o-aminophenol and N-(2-
hydroxy-1-naphthalidene)-o-aminophenol were 

synthesized and characterized by different 

techniques. The melting points, elemental analyses, 
IR, 1H NMR, 13C NMR and UV-Visible confirmed 

the formation of the mixed-ligand complexes. 

Theoretical calculations of the structures of the 

Ni(II) mixed-ligand complexes, their UV-Visible 
and IR and NMR spectra were performed to 

augment the experimental results. Based on the 

electronic spectra data, elemental analyses and the 
theoretical calculations, a distorted square planar 

geometry was proposed for the complexes. The 

antibacterial and total antioxidant activities of the 

complexes follow the order: NiL2NH3 > NiL1NH3 
> NiL3NH3. 
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Figure S2. 13C NMR of NiL2NH3 complex. 

 

 

  
Figure S3. 13C NMR of NiL3NH3. 
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Table S1. Selected bond distances and bond angles. 

NiL1NH3 NiL2NH3 NiL3NH3 

Bond (Ȧ) B3LYP EDF1 Bond (Ȧ) B3LYP EDF1 Bond (Ȧ) B3LYP EDF1 

Ni1−N1 1.844 1.818 Ni1−N1 1.845 1.817 Ni1−N1 1.834 1.811 

Ni1−N2 1.936 1.944 Ni1−N2 1.938 1.940 Ni1−N2 1.939 1.943 

Ni1−O1 1.818 1.807 Ni1−O1 1.814 1.807 Ni1−O1 1.813 1.801 

Ni1−O2 1.825 1.825 Ni1−O2 1.827 1.825 Ni1−O2 1.823 1.823 

O2−C9 1.327 1.332 O2−C9 1.327 1.331 O2−C15 1.328 1.333 

O1−C4 1.310 1.317 O1−C4 1.314 1.322 O1−C8 1.306 1.315 

N1−C7 1.307 1.322 N1−C7 1.307 1.322 N1−C11 1.312 1.326 

N1−C8 1.418 1.418 N1−C8 1.417 1.417 N1−C12 1.418 1.417 

C3−C4 1.432 1.338 C3−C4 1.432 1.437 C12−C15 1.416 1.419 

C3−C7 1.427 1.423 C3−C7 1.428 1.425 C7−C11 1.424 1.424 

C8−C9 1.415 1.418 C8−C9 1.416 1.419 C7−C8 1.424 1.430 

Bond angles (o) 

N1−Ni1−N2 176.19 174.63 N1−Ni1−N2 174.83 175.69 N1−Ni1−N2 176.37 175.97 

O1−Ni1−O2 174.78 173.60 O1−Ni1−O2 174.62 173.34 O1−Ni1−O2 175.35 174.06 

N1−Ni1−O2 88.21 88.40 N1−Ni1−O2 88.04 88.51 N2−Ni1−O2 87.85 87.22 

N1−Ni1−O1 97.00 94.60 N1−Ni1−O1 97.33 98.15 N2−Ni1−O1 87.60 87.02 

N2−Ni1−O2 87.98 86.23 N2−Ni1−O2 86.80 87.18 N1−Ni1−O1 96.02 96.98 

N2−Ni1−O1 86.81 87.37 N2−Ni1−O1 87.83 86.16 N1−Ni1−O2 88.52 88.79 

Ni1−N1−C8 111.00 111.76 Ni1−N1−C8 111.12 111.73 Ni1−O2−C15 111.44 111.26 

Ni1−N1−C7 125.23 124.98 Ni1−N1−C7 125.21 125.05 Ni1−O1−C8 127.74 127.39 

Ni1−O2−C9 111.66 111.69 Ni1−O2−C9 111.81 111.44 Ni1−N1−C11 125.61 125.30 

Ni1−O1−C4 127.14 126.68 Ni1−O1−C4 126.63 126.40 Ni1−N1−C12 111.00 111.64 

N1−C8−C9 111.24 111.00 N1−C8−C9 111.28 110.99 N1−C12−C15 111.28 111.03 

N1−C7−C3 125.10 125.14 N1−C7−C3 124.97 125.06 N1−C11−C7 125.84 125.89 

O1−C4−C3 123.56 123.52 O1−C4−C3 123.96 123.67 O2−C15−C12 117.75 117.25 

O2−C9−C8 117.88 117.23 O2−C9−C8 117.74 117.34 O1−C8−C7 124.46 124.21 

C4−C3−C7 121.96 121.68 C4−C3−C7 121.89 121.67 C8−C7−C11 120.28 120.10 
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ABSTRACT: The species 
Harpagophytum procumbens DC. 
is popularly known as devil’s claw 
and is widely used because of its 

anti-inflammatory properties that 
are attributed to an iridoid 
glycoside, the harpagoside. This 
medicinal plant is part of the 
Brazilian List of Essential 
Medicines, that is, it was selected 
and standardized for the resolution 
of diseases in the Brazilian public 

health system (Sistema Único de 
Saúde – SUS) and can be found in 
several brands. Due to the 
importance of quality monitoring, 
the objective of this study was to 
create and validate a method for 
identification and quantification of 
harpagoside in tablets of the 

devil’s claw, as well as to evaluate 
the content of this iridoid glycoside  
in three commercially available brands in Brasília/DF, Brazil. The evaluated parameters in the validation by high performance 
liquid chromatography were linearity, limits of detection and quantification, precision, selectivity, accuracy and robustness, as 
required by the Brazilian regulation. The developed and validated method proved satisfactory for the quality control of 
commercial products that present in this composition the medicinal plant. All the devil’s claw brands presented divergences 
regarding the quality that can interfere with therapeutics and with safety and efficacy. 
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1. Introduction 

 

The consumption of herbal medicines grows 

markedly in developed and developing countries1. 

In Brazil, for example, about 85% of the 
population uses some herbal medicine or 

medicinal plant2,3. 

Harpagophytum procumbens DC. belongs to 
the family Pedaliaceae and it is known as devil’s 

claw4. The secondary roots of this medicinal plant 
have been used for centuries for a variety of 

diseases. From ethnological data, this plant is used 

in folk medicine to treat fever, arthritis, skin 

problems, diseases of the digestive tract and as an 
appetite stimulant5. From various studies and 

clinical evidence, devil’s claw is indicated as an 

anti-inflammatory and analgesic in the treatment 
of rheumatic diseases, such as osteoarthritis, in 

http://revista.iq.unesp.br/ojs/index.php/ecletica/index
https://doi.org/10.26850/1678-4618eqj.v45.1.2020.p47-55
mailto:yrisfonseca@unb.br
https://orcid.org/0000-0001-6616-9579
https://orcid.org/0000-0001-8206-6748
https://orcid.org/0000-0003-3401-290X
https://orcid.org/0000-0003-1851-5224
https://orcid.org/0000-0001-8011-6940
https://orcid.org/0000-0002-1230-3207


Original article 
 

48                           Eclética Química Journal, vol. 45, n. 1, 2020,47-55 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v45.1.2020.p47-55 
 

addition to alleviating the symptoms of acute low 

back pain, myalgias and other osteoarticular and 
muscular pathologies5,6. 

The harpagoside is an iridoid glycoside 

considered to be responsible for the 

pharmacological activity of H. procumbens DC. 
This compound is considered the chemical marker 

of this species. Therefore, it is used as a control to 

standardize commercial products7. 
Some factors can compromise the quality of 

herbal products from the cultivation of the raw 

material to the final product, such as 

contamination, the presence of foreign materials, 
botanical identification errors, among others. 

These factors result from the lack of care in the 

collection and identification of the species. Also, 
adulterations are common to increase the yield of 

the product. All these factors affect the quality, 

safety and efficacy of herbal medicines and 
emphasize the importance of quality control from 

the cultivation of the raw material to the finished 

product, as well as phytochemical, 

pharmacological and toxicological studies8,9. 
Chromatographic and analytical techniques are 

used in recognition of the chemical composition, 

including active principle or toxic compound. 
These techniques allow the separation and 

isolation of the substances thus allowing both 

qualitative and quantitative control of the 
compounds considered marker of the species. 

High performance liquid chromatography (HPLC) 

is one of those techniques widely used for the 

complete characterization of plant and herbal 
products, being an important tool in the control of 

the quality of these products9,10. 

Pharmacopoeias and monographs are relevant 
to establish quality standards in addition to 

standardizing and systematizing knowledge of 

medicinal plants. These tools present 

characteristics and properties of plants such as 
macroscopic and microscopic description, general 

aspects of the vegetal drug besides identification, 

purity and assay tests that help in the quality 
control11. 

Pharmacopeial methods (for example, in the 

Brazilian Pharmacopoeia) for the quality control 
of the plant drug Harpagophytum procumbens 

(meaning dried roots of devil’s claw) are 

available. However, there isn’t specific 

monograph for herbal medicines/dosage forms 
containing it12. In the Brazilian Pharmacopeia the 

described method uses flow rate 1.5 mL in an 

isocratic system with water and methanol (50:50). 

In addition, the method refers to the dosage in 

plant drug and not to the finished product12. 
According to the Brazilian regulatory agency 

(Agência Nacional de Vigilância Sanitária – 

Anvisa) when a monograph contemplates only 

analytical method for identification and 
quantification of markers for the vegetal drug, it is 

necessary to make adaptations and validate the 

method for the finished product13. 
In the literature there are other published 

methods for harpagoside determination using 

isocratic or gradient elution with flow rate above 

1 mL min-1 and analysis time around 60 min14,15. 
The proposed method utilizes a flow rate of 

0.6 mL min-1 with gradient mode over 30 min of 

analysis. A quick method with greater solvent 
savings. 

Therefore, this study aimed to develop and 

validate an analytical method using HPLC to 
contribute to the establishment of quality 

parameters for the finished product of this widely 

used medicinal plant, as well as to identify and 

quantify the harpagoside in commercial samples. 
 

2. Materials and methods 

 
2.1 Standard, samples and reagents 

 

Harpagoside, considered chemical marker of 
the species and used for standardization of 

commercial products, was provided by Sigma-

Aldrich. Three different brands of devil’s claw 

tablets were obtained from pharmacies in Brasília, 
Brazil, named as brand A, B and C. About the 

concentration of dry extract of the roots of H. 

procumbens, the brands A, B, and C presented, 
respectively, 200, 400 and 450 mg. Regarding the 

total iridoid equivalents calculated as harpagoside, 

each tablet of the A, B and C brands had declared 

10, 20 and 18 mg, respectively. The solvents 
(HPLC grade) used in the assay were phosphoric 

acid (Sigma), acetonitrile (Tedia) and methanol 

(Tedia). The mobile phase was prepared with 
purified water produced in the Milli-Q system 

(Millipore). 

 
2.2 Sample and standard preparation 

 

Twenty tablets of each brand were macerated 

using mortar and pestle. A portion equivalent to 
40 mg of dry extract of the roots of H. 

procumbens was weighed, solubilized in methanol 

and prepared at the concentration of 4 mg mL-1 
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(this concentration is equivalent to 530 µg mL-1 of 

harpagoside). The resulting solution was filtered 
through a 0.45 µm porosity disposable filter unit 

(Millipore Millex). The harpagoside standard was 

weighed and solubilized in methanol resulting in a 

concentration of 100 µg mL-1. 
 

2.3 Chromatographic conditions 

 
The LaChrom Elite chromatograph (Hitachi, 

Tokyo, Japan) was used for the analysis, contains 

an L2130 pump, L2200 injector, L2455 detector 

and L2300 column oven. The column used was 
the reverse phase C18e Purospher Star (150 × 

4.6 mm, 5 µm, Merck, Germany). The 

temperature conditions, flow, injection volume 
and detection wavelength were 25 °C, 

0.6 mL min-1, 10 µL and 280 nm, respectively. A 

gradient of 1% phosphoric acid and acetonitrile 
(Table 1) was used in the mobile phase. The total 

analysis time was 30 min. 

 

Table 1. Chromatographic conditions of the mobile 
phase gradient. 

 

2.4 Development and validation of the method by 

HPLC-DAD 
 

Leite et al.’s method (2014)16 was used with 

alterations to evaluate the finished product 

referring to devil’s claw. The validation was 
carried out in accordance to the requirements of 

the Brazilian legislation, evaluating the 

parameters of linearity, limits of detection and 
quantification, precision, accuracy, selectivity and 

robustness17 and international guidelines for the 

industrial sector (International Conference on 
Harmonization)18. 

 

2.4.1 Linearity 

 
Linearity was determined from three analytical 

curves with six concentrations of the harpagoside 

standard: 100.0, 200.0, 300.0, 500.0, 700.0 and 
800.0 µg mL-1. From these curves, linearity 

equations were obtained by linear regression. The 

software used to obtain these equations was 

GraphPad Prism Version 6.01 2012. The 

proportional linear relation to the concentration 
and correlation coefficient should be higher than 

0.9900. 

 

2.4.2 Limit of Detection (LOD) and Quantification 
(LOQ) 

 

The slope (s) of the calibration curve and the 
standard deviation (SD) of the three calibration 

curves were considered, taking into account the 

intercept with the Y-axis. These data are used in 

the equations to obtain LOD values and LOQ, that 
is, the smallest amount of marker that can be 

detected and quantified, respectively: 

 
LOD = (SD × 3.3)/s; LOQ = (SD × 10)/s  (1) 

 

2.4.3 Precision 
 

According to the Brazilian legislation, 

precision must be expressed by repeatability, 

intermediate precision or reproducibility17. The 
repeatability determination was performed with 

six replicates with at 100% of the test 

concentration (4 mg mL-1, this concentration is 
equivalent to 530 µg mL-1 of harpagoside) and 

were analyzed on the same day. In the interday 

precision, three replicates with the same 
concentration (4 mg mL-1) were evaluated on 

three consecutive days. 

 

2.4.4 Accuracy 
 

In this study, the accuracy evaluation was done 

using the standard addition method, using nine 
determinations with three levels of theoretical 

concentration (low, medium and high) in triplicate 

for each level. In the case of finished product, 

according to the Brazilian legislation, if samples 
of all drug components are unavailable, analysis 

by the standard chemical addition method may be 

performed, in which know quantities of reference 
chemical are added to the solution of the finished 

prduct17. The theoretical concentrations used were 

calculated at 80, 100 and 120%; these 
concentrations were achieved using 500 μL of the 

commercial H. procumbens sample with 500 μL 

of the harpagoside standard. The harpagoside 

recovery percentage added to the sample was 
evaluated by the relation between the 

experimentally determined concentration and the 

corresponding theoretical concentration. 

Time / 

min 

Phosphoric acid 1% / 

% 

Acetonitrile / 

% 

0 - 20 80 20 

20 - 21 50 50 

21 - 25 

25 - 30 

80 
80 

20 
20 
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2.4.5 Selectivity 

 
The method ability to identify the harpagoside 

in the presence of impurities, degradation 

compounds or other components in the sample 

was assessed from induction of acidic and basic 
hydrolysis. The assay was done in triplicate, and 

the samples were solubilized using 1 mol L-1 HCl 

for acid hydrolysis and 1 mol L-1 NaOH for basic 
hydrolysis. After solubilization, the samples were 

placed in a water bath for 1 h at 60 °C. After 1 h, 

the samples were taken from the water bath and 

expected to reach room temperature to be 
neutralized with 1 mol L-1 HCl or 1 mol L-1 NaOH 

solution, regarding the sample, and diluted in 

methanol. The final concentration was 4 mg mL-
 

1. 
The selectivity was evaluated by comparing the 

retention times and peak areas in the samples 

without hydrolysis and the samples submitted to 
the induction of acid and basic hydrolysis. 

 

2.4.6 Robustness 

 
The parameters chosen for the variation were 

temperature (23-27 °C), wavelength (270-290 nm) 

and flow of the mobile phase (0.4-0.8 mL min-1). 
From these variations, the effects on the retention 

time and peak area were observed to evaluate if 

the method was robust. 
 

2.5 Identification and quantification of 

harpagoside in commercial samples 

 
The validated method was used to evaluate the 

presence of harpagoside, used to standardize 

commercial products, in the three brands of H. 
procumbens. The harpagoside identification in the 

samples was made comparing the peaks retention 

time and UV spectrum presented by the 

harpagoside standard with the standard peak of 
the samples. The harpagoside quantification was 

made from the linearity curve, in which the 

quantity of this marker could be calculated in the 
samples. 

2.6 Statistical analysis of data 

 
The GraphPad Prism 6.01 software. Data was 

used for the statistical analyzes of the data 

obtained in this study, and the results were 

expressed as the mean ± standard deviation (SD). 
 

3. Results and discussion 

 
3.1 Method validation 

 

The method was optimized for a 30 min 

analysis time (while the original method was 55 
min) using a C18e Purospher Star reverse phase 

column (150 × 4.6 mm, 5 µm). The mobile phase 

used was a gradient of 1% phosphoric acid and 
acetonitrile using a flow rate of 0.6 mL min-1, 

injection volume of 10 µL and the chromatograms 

extracted at 280 nm wavelength. 
Some parameters were evaluated for system 

suitability such as resolution (3.90 ± 0.03), 

retention time (15.85 ± 0.01), repeatability 

(14,600,558 ± 629,334), plate number (13713 ± 
379) and tailing factor (1.2 ± 0.1). 

 

3.1.1 Linearity, limit of detection (LOD) and limit 
of quantification (LOQ) 

 

The method presented a linear response in the 
range of 100 to 800 μg mL-1 of concentrations. 

This correlation was made between the area of the 

peaks and their respective concentrations in 

triplicate. According to the Brazilian legislation, 
the correlation coefficient should be higher than 

0.9900, and the method under study had a 

correlation coefficient of 0.9992, according to the 
requirements, demonstrating the linearity of the 

method15. From the linearity curve, LOD and 

LOQ were obtained: 1.12 μg mL-1 and 

3.39 μg mL-1, respectively. The linearity and 
dispersion of residues graph are shown in Fig. 1. 
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Figure 1. Linearity and dispersion of residues graph. 

 

3.1.2 Precision 

 

Regarding the precision of the results, the 
method demonstrated repeatability when 

presenting a standard deviation between the 

replicates of 4.31% for the intraday precision and 
4.06% for the interday precision, not higher than 

5% as recommended by the legislation17. 

 

3.1.3 Accuracy 
 

The accuracy of the method was evaluated by 

the standard addition method to the samples of 
known concentration. The objective of this 

method is to identify and quantify the harpagoside 

in commercial samples for that reason, the 
percentage of recovery the closer to 100%, more 

accurate the method will be for this quantification. 

The obtained results showed this proximity, 

confirming that the method is accurate for the 

proposed objective, presenting a relative standard 

error of less than 5% (Table 2). 
Table 2. Harpagoside recovery analysis after standard 

addition method. 
Theoretical 

concentration / 

µg mL
-1

 

Discovered 

concentration / 

µg mL
-1

 ± SD 

Recovery / 

% 

E / 

% 

100.869 (80%) 97.2 ± 0.1 96.33 3.67 

126.087 (100%) 120.0 ± 0.3 95.20 4.80 

151.304 (120%) 150 ± 1 99.02 0.98 

E: relative standard error 

 

3.1.4 Selectivity 
 

The purity of the peak of interest in the sample 

without acid or basic hydrolysis was pure = 1.00 ± 
0.00. The method was selective to demonstrate 

that after induction of acidic and basic hydrolysis 

there was a complete degradation of the 
harpagoside peak and formation of degradation 

compounds (a degradation product peak formed 

with a purity of 0.995 ± 0.005 with retention time 

19.870 ± 0.007 min in basic hydrolysis and 0.94 ± 
0.04 with retention time 19.890 ± 0.003 min in 

acid hydrolysis), and there was no co-elution of 

these with the peak of the marker. In this way, the 
method can identify and quantify the harpagoside 

in the presence of other substances. 

 

3.1.5 Robustness 
 

After the variations in wavelength and 

temperature parameters, no significant changes in 
the retention time and area of the harpagoside 

peak was observed. These results demonstrate that 

the proposed method is robust. However, 
regarding the flow variation, considerable changes 

in the retention time and area of the peak were 

observed, as can be seen in Table 3. From these 

results, the flow is a parameter that must be very 
well accompanied because the notorious influence 

on the separation of substances and especially on 

the purity of the harpagoside marker peak. 
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Table 3. Parameters for analysis for robustness of the HPLC analytical method. 

Wavelength / nm Peak area / mAU Retention time / min 

270  12,578,713 ± 512,794 15.82 ± 0.01 

280  14,070,719 ± 585,792 15.82 ± 0.01 

290  12,045,012 ± 494,637 15.82 ± 0.01 

Temperature / °C Peak area / mAU Retention time / min 

23 14,795,700 ± 87,333 15.802 ± 0.01 

25 14,853,562 ± 133,593 15.811 ± 0.01 

27 15,183,982 ± 120,467 15.804 ± 0.01 

Flow / mL min-1 Peak area (mAU) Retention time (min.) 

0.4  20,944,078 ± 211,746 20.19 ± 0.01 

0.6  14,122,976 ± 174,969 15.807 ± 0.01 

0.8  10,859,776 ± 27,804 13.445 ± 0.01 

 

3.2 Identification and quantification of 

harpagoside in commercial samples 
 

The method developed and duly validated 

according to the legislation was used to identify 
and quantify harpagoside in the three commercial 

brands of H. procumbens available in Brasília/DF, 

Brazil. The chromatographic profiles were 

obtained using the proposed analytical method, 
and harpagoside was identified in the samples 

from the retention time and UV spectrum (Fig. 2). 

All brands presented the harpagoside in its 

composition. The harpagoside was possible to 
quantify from the peak area of the marker, and all 

the brands had concentrations in inadequate 

amounts compared to the concentration declared 
in the package inserts (Table 4). The declared 

values compared to the amount found 

experimentally presented a variation in 

disagreement with the allowed of ± 15% 
17 

(Table 4). 
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Figure 2. Chromatographic profiles of the brands A, B and C of the herbal medicine Harpagophytum procumbens 
obtained using HPLC-DAD with detection at 280 nm. 1: Harpagoside. 

 

Table 4. Harpagoside concentration in Harpagophytum procumbens DC tablets and experimentally 

determined daily dose compared to the concentration stated in the package inserts. 

Brand 

Concentration of harpagoside / mg mL
-1
 *Variation of 

harpagoside 

concentration / % 

**Daily dose of 

harpagoside / mg Declarated Determinated 

A 0.05 0.0290 ± 0.0009 - 42.00 17.40 

B 0.05 0.064 ± 0.001 + 28.00 76.80 

C 0.04 0.0510 ± 0.0002 + 27.50 68.70 
* Variation allowed by the Brazilian legislation is ± 15%13 

** Daily dose recommended by the Brazilian legislation is 30 to 100 mg17 

 
For all brands, the suggested posology was one 

tablet three times a day. To find the daily doses, a 

relation between the declared value and the 

experimentally determined harpagoside content 
was done. The results showed that, regarding the 

daily posology, all brands were out the 

specifications determined by the Brazilian 
legislation (30 to 100 mg)13 (Table 4). This fact 

can imply in possible toxic effects due to an 

overdosage, considering the active principle of 
herbal medicines presents pharmacological 

action19. Therefore, these results suggest a serious 

health risk due to therapeutic failure or toxicity. 

One study demonstrated that the majority of 

patients responded more to treatment using the 
highest daily dose of harpagoside (100 mg), as 

well as the adverse events are predictable and 

dose-dependent. The active principle is bitter and 
stimulates the production of gastrointestinal juice. 

Therefore, adverse events are mainly 

gastrointestinal20. 
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4. Conclusion 

 
The proposed method in this study for the 

identification and quantification of harpagoside in 

the herbal medicine devil’s claw was efficient and 

quick to evaluate the quality of these products to 
ensure authenticity, credibility, safety and 

therapeutic efficacy. The obtained results 

emphasize the importance of quality control since 
we observed, in all three medicinal products, 

significant variations in the quantity of 

harpagoside in comparison to the value declared 

in the registry of these products. 
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1. Introduction 

 

Technological advancements in mineral 
processing operations suggest that continuous 

research efforts are required to minimize energy 

consumption, optimize resource utilization, and 
acquire products with the desired size distribution. 

Size reduction is probably one of the most 

fundamental and energy-intensive operations in the 

mineral processing industry, consuming up until 
4% of the electrical energy generated worldwide. 

Comminution operations and grinding fineness 

determination are important processes employed to 
fracture coarse mineral aggregates and liberate 

value-added materials. Estimations on energy 

consumption in mining operations in the USA 

indicate that 39% is used for beneficiation and 

processing operations, 75% of which is consumed 

in comminution1-3. 

Grain size may be considered a fundamental 
physical characteristic property of earth materials, 

being relevant to their classification and geological 

origin, as well as for its applications in geotechnics, 
agricultural engineering, and industrial technology. 

Moreover, particle size distribution (PSD) 

influences various activities of resource and energy 

utilization, and industrial processes, such as the 
granular materials flow characteristics, flotation 

and leaching processes, compacting and sintering 

processes of metallurgical powders, coal 
combustion process, settling time of cements, 

among others processes. Particle size can be 

determined using several techniques, between them 

sieving, sedimentation, electrozone sensing, 

ABSTRACT: The supremacy of the mineral industry added to 
the necessity to supply the world market demand justifies the 
continuous research efforts for optimizing of the activities of 
mineral resource utilization. In an approach of mineral 
characterization, a grain-size analysis study of coarse and fine 
aggregates of verdete rock was presented in this work. The 

particle size distribution (PSD) of two samples of aggregates with 
granulometry < 2.36 mm was experimentally obtained using 
sieving techniques and adjustment to Rosin-Rammler-Bennet 
(RRB) and Gates-Gaudin-Schuhmann (GGS) granulometric 
distribution models. Both RRB and GGS models regressed well 
to the experimental data, presenting correlation coefficient values 
were extremely close between them approximately 0.99. The PSD 
results indicated that 65.97% dry aggregates and 67.68% wet 
aggregates had a particle size with mean diameter > 0.0050 mm; 

a similar behavior of the grain-size distributions presented by dry 
and wet aggregates; and a  
 

tiny presence of fine particles natural in the analyzed ore sample. The results suggested the suitability of the methodology to 
predict the grain-size performance the verdete ore beyond to show itself as a contribution to the enriching of the mineral 
characterization of the studied rock, as a potassium potential source for the mineral processing Brazilian industry. 
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microscopy techniques, X-ray attenuation, and 

laser diffraction4. 
Several models and expressions have been 

developed to describe the PSD of particulate 

materials3. These models ranging from the normal 

and log-normal distributions to the Rosin-
Rammler-Bennet (RRB) and Gates-Gaudin-

Schuhmann (GGS) models. RRB equation is 

probably the most well-known distribution in the 
chemical industries, widely used to analyze all 

types of materials and GGS equation is another 

uncomplicated popular model used in the metallic 

ferrous mining industry5. RRB and GGS 
mathematical models have been widely applied to 

describe the size distribution of several particles 

types, such as maize grains2; fenugreek seed5; 
sorghum bagasse6; copper tailing7; babassu, canola, 

castor seed and sunflower residual cakes8; particle 

assemblages9, and several ores, such as quartz and 
marble3; iron10; uranium11; phosphate12; apatite13; 

chromite14; among others. Other numerous 

granulometric distribution models have also been 

proposed for greater accuracy in estimating the 
PSDs, but they have limit applications due to their 

greater mathematical complexity1. 

In Brazil, one of the most abundant potassium 
silicates is regionally known as verdete, a 

metasedimentary rock formed during the 

Neoproterozoic era. Verdete is a greenish and 
banded rock, which has fine granulometry and clay 

matrix, and it is composed essentially by 

glauconite, quartz, and kaolinite minerals and 

potassium feldspars15. According to Santos et al.16, 
the rock occurs in Serra da Saudade, Alto 

Paranaíba Region (MG), geologically located in 

the San Francisco Craton. The municipality of 
Cedro do Abaeté is known to have reasonable 

reserves of verdete (57.4 million tons)17. Potassium 

oxide (K2O) high contents in the verdete rock were 

reported in the literature15,18-20. According to Silva 
and Lana21, the Cedro do Abaeté’s verdete may 

contain until 14% of K2O. 

According to the journal Brasil Mineral22, the 
first mineral project of an industrial processing 

plant of verdete rock recently was inaugurated in 

Dores do Indaiá, Minas Gerais State, Brazil. 
Pioneer in the processing of this potassium rock, 

the complex of the Kalium Mineração S.A. 

disposes of a glauconite deposit located in the 

municipalities of Serra da Saudade and Quartel 
Geral in Minas Gerais, with total reserves of 218 

million tons of ore and an average content of 10.6% 

K2O. The mining process certified by Intertek 

predicts an innovative treatment through 

processing techniques of crushing/grinding; acid 
cure; aqueous lixiviation; liquid-solid separation; 

crystallization; thermic decomposition; and 

sulfuric acid regeneration. The company mining 

intended the verdete rock use for the potassium 
salts production, whose processed products may be 

applicated as potassium fertilizers, for example, 

seeking to supply part of great demand of the 
potassium national market23. 

However, a few previous scientific studies 

worked with the verdete rock until recently. So far, 

stand out researches involving chemical, 
stratigraphic, petrographic and mineralogical 

characterizations were performed15,19,24,25, besides 

other technological studies based on thermal 
treatment focusing on its reactivity increase20,26 and 

its metal availability21,27-31. No meaningful 

previous contributions were found that consistently 
explored the particle size distribution of verdete 

rock through grain-size analysis and adjustment to 

RRB and GGS mathematical models. 

In this context, based on the relevance of 
continuous research efforts in mineral processing 

studies, as well as on the lack of consistent 

scientific contributions regarding particle size 
distribution of the verdete rock through the grain-

size property, the present article delineates a new 

study of grain-size of verdete coarse and fine 
aggregates. For that, this work strives to describe 

the particle size distribution of such aggregates 

using sieving techniques and adjustment to Rosin-

Rammler-Bennet (RRB) and Gates-Gaudin-
Schuhmann (GGS) granulometric distribution 

models, with the purpose of providing subsidies to 

a verdete rock characterization as potassium 
potential source for the mineral processing 

Brazilian industry. 

 

2. Experimental 

 

Grain-size analysis of verdete rock was realized 

at environmental conditions at room temperature 
(298.15 K) under atmospheric pressure 

(101,325 Pa). Initially, a representative sample of 

20 kg of verdete rock from Cedro do Abaeté in 
Minas Gerais was properly homogenized and 

ground in a ball mill (Sew-Eurodrive, model 

FA37B DRE80S4). The grinding product was 

passed through a 2.36 mm sieve (8 mesh), getting 
a sample with granulometry < 2.36 mm. 

Approximately 2.0 kg of verdete rock were 

weighed on a balance (Urano, model UDC POP). 
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The sample was subjected to the quartering method 

of size reduction for homogeneous sampling using 
a Jones riffle splitter (Gilson Company, model SP-

173). In the first step, the quartering method 

divided the sample into two lots of aggregates of 

1.0 kg each. Then, one of the lots was subjected 
again to riffle splitter for apportioning in two lots 

of 500 g, and so on; quartering was continued until 

the obtention of two samples of 250.0 g each (A 
and B). 

Sample A (verdete rock dry aggregates) was 

directly forwarded grain-size analysis. Sample B 

(verdete rock wet aggregates) was previously 
washed before of the granulometric test with 

deionized water obtained from the purifier Gehaka 

and dried in a kiln (Infinit, model EMT-200) at 

373.15 K by approximately 2 h. The washing 

procedure exclusively intended to remove possible 
fine particles natural from the ore. The grain-size 

analysis consisted of one series montage of 

granulometric sieves and consecutive vibrating 

sifting of the sample by 10 min under a frequency 
of 10 Hz. For that, it was used one kit of seven 

sieves of Tyler standard screen scale of 4, 8, 28, 35, 

48, 100, and 200 mesh (Solotest, model 8X2) and 
a vibrating sieve shaker (Solotest, model 8X2). 

Posteriorly, the retained aggregates mass fractions 

on each sieve were weighed on an analytical 

balance (Shimadzu, model AW220). Tables 1 and 
2 present the grain-size analysis experimental data 

of dry and wet aggregates of verdete rock. 

 
 

 

Table 1. Grain-size analysis data of verdete rock dry aggregates. 

Tyler Standard 

Screen Scale / Mesh 

Nominal 

Sieve 

Opening 

Size / mm 

Nominal 

Mean 

Diameter / 

μm 

Nominal 

Mean 

Diameter 

/ mm 

Mass 

Retained 

/ g 

Percent 

Retained 

/ % 

Cumulative 

Mass 

Retained 

/ g 

Cumulative 

Percent 

Retained 

/ % 

Cumulative 

Mass 

Passing / 

g 

Cumulative 

Percent 

Passing / % 

4 +4 4.6990         

8 -4+8 3.3227   0.00 0.00 0.00 0.00 242.02 100.00 

28 -8+28 0.5874 1955.05 0.0196 35.04 14.48 35.04 14.48 206.99 85.52 

35 -28+35 0.4153 501.35 0.0050 159.67 65.97 194.70 80.45 47.32 19.55 

48 -35+48 0.2937 354.50 0.0035 10.94 4.52 205.64 84.97 36.38 15.03 

100 -48+100 0.1468 220.25 0.0022 14.10 5.83 219.75 90.80 22.27 9.20 

200 -100+200 0.0734 110.10 0.0011 12.18 5.03 231.93 95.83 10.09 4.17 

Bottom -200    9.15 3.78 241.08 99.61 0.94 0.39 

     0.94 0.39 242.02 100.00 0.00 0.00 

Sum  242.00  

 

 

Table 2. Grain-size analysis data of verdete rock wet aggregates. 

Tyler Standard 

Screen 

Scale / Mesh 

Nominal 

Sieve 

Opening 

Size /mm 

Nominal 

Mean 

Diameter 

/ μm 

Nominal 

Mean 

Diameter  

/ mm 

Mass 

Retained 

/ g 

Percent 

Retained 

/ % 

Cumulative 

Mass 

Retained 

/ g 

Cumulative 

Percent 

Retained 

/ % 

Cumulative 

Mass 

Passing / g 

Cumulative 

Percent 

Passing / % 

4 +4 4.6990         

8 -4+8 3.3227   0.00 0.00 0.00 0.00 239.97 100.00 

28 -8+28 0.5874 1955.05 0.0196 33.26 13.86 33.26 13.86 206.71 86.14 

35 -28+35 0.4153 501.35 0.0050 162.42 67.68 195.68 81.54 44.29 18.46 

48 -35+48 0.2937 354.50 0.0035 9.77 4.07 205.45 85.61 34.52 14.39 

100 -48+100 0.1468 220.25 0.0022 11.59 4.83 217.04 90.44 22.93 9.56 

200 -100+200 0.0734 110.10 0.0011 14.34 5.97 231.43 96.42 8.60 3.58 

Bottom -200    7.15 2.98 238.52 99.40 1.45 0.60 

     1.45 0.60 239.97 100.00 0.00 0.00 

Sum  240.00  
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Size parameters – number of particles (N, Eq. 

1); arithmetic mean diameter (DA, Eq. 2); 
volumetric mean diameter (DV, Eq. 3); surface 

mean diameter (DS, Eq. 4); Sauter mean diameter 

(DSauter, Eq. 5) – and surface parameters – external 

surface (S, Eq. 6) and specific surface (S/M, Eq. 7) 
– of the dry and wet aggregates of verdete rock 

were measured from experimentally obtained data 

and presented in Table 3. 
 

𝑁 =
𝑀

𝑏.𝜌
∑ (

𝑥𝑖

𝐷𝑖
3)𝑛

𝑖=1  (1) 

 

where: N = Number of particles (units); M =Total 
retained mass in the grain-size analysis (g); b = 

factor assuming cubic format particle = 1; ρ = 

verdete rock density = 2.376 x 10-3 g mm-3; xi = 
retained weight fraction of a group of particles in 

the grain-size analysis; Di = nominal mean 

diameter of that group (mm). 

 

𝐷𝐴 = √
∑ (

𝑥𝑖

𝐷𝑖
2)𝑛

𝑖=1

∑ (
𝑥𝑖

𝐷𝑖
3)𝑛

𝑖=1

 (2) 

 

where: DA = Arithmetic mean diameter (mm); xi = 

retained weight fraction of a group of particles in 
the grain-size analysis; Di = nominal mean 

diameter of that group (mm). 

 

𝐷𝑉 =  
√

1

∑ (
𝑥𝑖

𝐷𝑖
3)𝑛

𝑖=1

3  (3) 

 

where: DV = Volumetric mean diameter (mm); xi = 
retained weight fraction of a group of particles in 

the grain-size analysis; Di = nominal mean 

diameter of that group (mm). 

 

𝐷𝑆 = √

∑ (
𝑥𝑖
𝐷𝑖

)𝑛
𝑖=1

∑ (
𝑥𝑖

𝐷𝑖
3)𝑛

𝑖=1

 

 (4) 
where: DS = Surface mean diameter (mm); xi = 

retained weight fraction of a group of particles in 

the grain-size analysis; Di = nominal mean 
diameter of that group (mm). 

 

𝐷𝑆𝑎𝑢𝑡𝑒𝑟 =
1

∑ (
𝑥𝑖
𝐷𝑖

)𝑛
𝑖=1

 (5) 

 

where: DSauter = Sauter mean diameter (mm); xi = 

retained weight fraction of a group of particles in the 
grain-size analysis; Di = nominal mean diameter of 

that group (mm). 

 

𝑆 =  
𝑀∗𝜆∗∑ (

𝑥𝑖
𝐷𝑖

)𝑛
𝑖=1

𝜌
 (6) 

 
where: S = External surface (cm2); M = Total 

retained mass in the grain-size analysis (g); λ = 

factor assuming cubic format particle = 6; xi = 
retained weight fraction of a group of particles in 

the grain-size analysis; Di = nominal mean 

diameter of that group (cm); ρ = verdete rock 

density = 2.376 g cm-3. 
 

𝑆

𝑀
=  

𝜆∗∑ (
𝑥𝑖
𝐷𝑖

)𝑛
𝑖=1

𝜌
 (7) 

 

where: S/M = Specific surface (cm2 g-1); M = Sum 
retained mass of sieves 28 to 200 mesh (g) λ = 

factor assuming cubic format particle = 6; xi = 

retained weight fraction of a group of particles in 
the grain-size analysis; Di = nominal mean 

diameter of that group (cm); ρ = verdete rock 

density = 2.376 g cm-3. 

 
 

Table 3. Size and surface parameters of verdete rock aggregates.  

Sample 
Number of 

Particles / units 

External Surface / 

cm2 

Specific Surface / 

cm2 g-1 

Mean Diameter 

Surface 

Diameter 

/ mm 

Volumetric 

Diameter / 

mm 

Arithmetic 

Diameter / 

mm 

Sauter 

Diameter 

/ mm 

Dry Aggregate 28,430,655 13,685.593 59.007 0.213 0.272 0.169 0.447 

Wet Aggregate 31,789,452 13,935.833 60.216 0.203 0.262 0.161 0.435 
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3. Results and Discussion 

 
Particle size distribution study of verdete rock 

dry and wet aggregates was developed from the 

mass values of the different particle size obtained 

in the sieving operations converted to the 
cumulative and percent mass fractions. Figure 1 

shows the granulometric curves of dry and wet 

aggregates. By assessing the retained fractions 
percent values against the sieve sizes, it was 

observed an increase in percentage weight retained 

of the 28 mesh sieve (0.5874 mm) for 35 mesh 

sieve (0.4153 mm) and a retained weight 
meaningful decrease starting of sieve 35, as a 

response to the decrease of opening size. So that 

65.97% of dry aggregates and 67.68% of wet 
aggregates were retained on 35 size sieve, 

suggesting a particle size with 0.0050 < mean 

diameter < 0.0196 mm. 
 

 
Figure 1. Granulometric curves of verdete rock dry and wet 

aggregates. 

 

Figure 2 illustrates the grain-size distribution 

curves of verdete coarse aggregates and Fig. 3 the 

grain-size distribution curves of verdete fine 
aggregates. The evolution of the PSD regarding the 

nominal sieves opening size revealed a distribution 

with a profile characterized by a decrease of 
cumulative percent retained in case of the coarse 

aggregates and an increase of cumulative percent 

passing of the fine aggregates along of the sieving 

operations, as expected. The sieving experiments 
conducted with the wet aggregates (sample B) was 

previously washed and posteriorly dried intending 

to remove possible fine particles natural from the 
ore. It is relevant to emphasize that these particles 

cannot be confused with fine aggregates with 

potassium appreciable contents generated by ore 

fragmentation processes. As could be seen in Figs. 

1, 2 and 3, the granulometric curves of dry and wet 
aggregates exhibited extremely similar profiles 

suggesting the hypothesis that the verdete ore 

mother-sample had not an appreciable amount of 

natural fine particles sufficient to create a 
significant differentiation between the 

granulometric distribution of the A and B samples. 

 

 
Figure 2. Grain-size distribution curve of verdete dry and wet 

coarse aggregates. 
 

 
Figure 3. Grain-size distribution curve of verdete dry and wet 

fine aggregates. 

 

Table 3 lists size and surface parameters of 
verdete rock's aggregates calculated as defined in 

equations earlier (Eqs. 1-7) after grain-size analysis 

via sieve classification. Obtained results for 
particles number, external and specific surfaces, 

and mean-diameters showed two particle-

populations, the first one composed by dry 

aggregates and the second population by wet 
aggregates, with parameters values very similar. 

Arithmetic, surface, and volumetric mean-

diameters obtained values corroborated a particle 
mean diameter > 0.0050 mm, as foreseen by 
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granulometric curves results. Sauter mean diameter 

obtained values expressed a larger mean diameter 
of the dry particulate matter as compared to the wet 

particulate matter by taking into account the 

volume-to-surface area ratio. 

Grain-size analysis adjustment of verdete rock 
aggregates was provided by granulometric 

distribution models of the Rosin-Rammler-Bennet 

(RRB) and Gates-Gaudin-Schuhmann (GGS), 
whose nonlinear and linearized equations were 

presented in Eqs. 8, 9, 10, and 11, respectively. 

Table 4 summarizes intrinsic parameters and 

nonlinear and linear equations of the RRB and 
GGS models determined from the obtained 

experimental data and Fig. 4 shows the 

granulometric distribution curves and the 
linearized curves of the RRB and GGS models for 

verdete rock dry and wet aggregates. 

 

𝑋𝑖 = 1 − 𝑒
−(

𝐷𝑖
𝐷′)

𝑛

 (8) 

 

𝑙𝑛(𝑙𝑛𝜙) = 𝑛. 𝑙𝑛 𝐷𝑖 − 𝑛. 𝑙𝑛 𝐷′ (9) 

 

where: Xi = passing weight fraction of a group of 

particles in the grain-size analysis; 𝜙 =
1

1−𝑋𝑖
; Di = 

nominal mean diameter of that group (μm); n = 

uniformity coefficient that stands for the width of 

PSD; D' = characteristic particle diameter 
(reflecting the particle size of most particles). 

 

𝑋𝑖 = (
𝐷𝑖

𝑘
)

𝑚

 (10) 

 

𝑙𝑛 𝑋𝑖 = 𝑚. 𝑙𝑛 𝐷𝑖 − 𝑚 . 𝑙𝑛 𝑘 (11) 

 

where: Xi = passing weight fraction of a group of 
particles in the grain-size analysis; Di = nominal 

mean diameter of that group (μm); k = maximum 

particle diameter of the distribution (size modulus) 
that locates the distribution in overall size spectrum 

(μm); m = distribution modulus, that measure the 

broadness of the size distribution. 
 

 

 
Figure 4. Linearized curves of the Rosin-Rammler-Bennet (RRB) and Gates-Gaudin-Schuhmann (GGS) 

mathematical models for verdete rock dry and wet aggregates. 

 

 

Both RRB and GGS granulometric distribution models regressed well to the experimental PSD data, as can 
be seen in Table 4. The models accuracy was assessed using the correlation coefficient (R2). The found R2 

values were extremely close between them, all circa 0.99, suggesting good quality experimental data. It can 

be asserted, even if in a tenuous way, that the higher R2 values of GGS model (nearest 1 unit) suggest a slightly 

more suitable distribution of Gates-Gaudin-Schuhmann model, as compared to Rosin-Rammler-Bennet model, 
to represent PSD of verdete rock dry and wet aggregates. 
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Table 4. Rosin-Rammler-Bennet (RRB) and Gates-Gaudin-Schuhmann (GGS) mathematical model 

parameters and determined equations. 

Sample 

Granulometric 

Distribution 

Model 

Parameters Nonlinear equation Linear equation 

Correlation 

Coefficient 

(R2) 

Dry 
Aggregate 

RRB 
𝑛 𝐷′ 

𝑋𝑖 = 1 − 𝑒
[−(

𝐷𝑖
1327.2517

)
1.3203

]
 

𝑙𝑛 [𝑙𝑛 (
1

1 − 𝑋𝑖

)] = 1.3203 𝑙𝑛 𝐷𝑖

− 9.4941 

0.9873 
1.3203 1,327.2517 

GGS 
𝑘 𝑚 

𝑋𝑖 = (
𝐷𝑖

2281.6915
)

1.0388

 𝑙𝑛 𝑋𝑖 = 1.0388 𝑙𝑛 𝐷𝑖 −  8.0327 0.9985 
2,281.6915 1.0388 

Wet 
Aggregate 

RRB 
𝑛 𝐷′ 

𝑋𝑖 = 1 − 𝑒
[−(

𝐷𝑖
1316.0261

)
1.3626

]
 

𝑙𝑛 [𝑙𝑛 (
1

1 − 𝑋𝑖

)] = 1.3626 𝑙𝑛 𝐷𝑖

− 9.7867 

0.9856 
1.3626 1, 316.0261 

GGS 𝑘 𝑚 𝑋𝑖 = (
𝐷𝑖

2232.9620
)

1.0754

 𝑙𝑛 𝑋𝑖 = 1.0754 𝑙𝑛 𝐷𝑖 −  8.2925 0.9930 

 
 

According to Liu et al.32, D' and n parameters of 

RRB distribution model play a dominant role in the 
determination of the distribution characteristics, in 

other words, the PSD of any particle system 

described by using this model can be distinguished 
with values of D' and n. Lower values of m 

parameter of GGS distribution model suggest that 

more fine aggregates, more large particles (coarse 

aggregates) and fewer particles in the middle range 
will be produced33. Comparing the RRB and GGS 

models parameters obtained for dry and wet 

aggregates, it was observed a good convergence 
between the found values, corroborating the 

hypothesis that the ore mother-sample did not have 

an amount of fine particles sufficient to create 

appreciable differentiation between the A and B 
samples, as foreseen in results obtained by 

granulometric curves and size and surface 

parameters. 
Due to the lack of studies in the literature 

dedicated to the description of the particle size 

distribution of the verdete rock aggregates and its 
modeling through RRB and GGS models, the work 

presented here suggests the suitability of the 

methodology proposed by means of sieving 

techniques for predicting the grain-size 
performance the verdete rock beyond enriching its 

mineral characterization. The developed study 

could be optimized and enlarged in the purpose to 
corroborate the described forecasts and to increase 

of the results representativeness. In this sense, it is 

recommended to use the method described with 
other verdete ore granulometry and coming of 

other mineral reserves, as well as to realize the 

sieving experiments in triplicate. 

4. Conclusions 

 
A grain-size analysis study of verdete rock and 

adjustments to the Rosin-Rammler-Bennet (RRB) 

and Gates-Gaudin-Schuhmann (GGS) 
granulometric distribution models were 

satisfactorily developed through sieving 

techniques with sieves of Tyler standard screen 

scale of 4, 8, 28, 35, 48, 100, and 200 mesh. Both 
RRB and GGS granulometric models regressed 

well to the experimental particle size distribution 

data, presenting correlation coefficient values were 
extremely close between them approximately 0.99. 

The PSD results suggested that: 65.97% dry 

aggregates and 67.68% wet aggregates had a 

particle size with mean diameter > 0.0050 mm; an 
extremely similar behavior of the grain-size 

distributions presented by samples of ore dry and 

wet aggregates; and a tiny presence of fine particles 
natural from the analyzed ore sample. The results 

suggested the suitability of the methodology 

proposed by work to predict the grain-size 
performance the verdete ore beyond to show itself 

as a contribution to the enriching of the mineral 

characterization of the studied rock, as a potassium 

potential source for the mineral processing 
Brazilian industry. 
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1. Introduction 

 

The exact or approximate solutions of the 

Schrödinger equations play a vital role in many 

branches of modern physics and chemistry1,2. The 
solution of this equation is used in the description 

of particle dynamics in the non-relativistic 

regime3,4. Even though the Schrödinger equation 
was developed many decades ago, it is still very 

challenging to solve it analytically5,6. The solution 

of the Schrödinger equation contains all the 
necessary information needed for the full 

description of a quantum state such as the 

probability density and entropy of the system7,8. 

The Schrödinger equation with many physical 
potentials model have been investigated in recent 

times with different advance mathematical 

technique such as Nikiforov-Uvarov (NU) 

method9-11, asymptotic iteration method (AIM)12-16, 
functional analysis approach16, supersymmetric 

quantum mechanics (SUSYQM)17-20 among 

others21. One of such potential models is the 

Kratzer potential22, 
2

2

1
( ) 2

2

a a
V r D

r r

 
= − − 

 
 (1) 

where D  is the dissociation energy and a  is the 

equilibrium internuclear length. 

 
The Kratzer potential has been used as a 

potential model to describe internuclear vibration 

of diatomic molecules23,24. Many authors have 
investigated the bound state solutions of the 

Kratzer potential within relativistic and non-

relativistic quantum mechanics25,26. Recently, 

Budaca27 studied an energy-dependent Coulomb-

ABSTRACT: In this paper, we obtained the exact bound 

state energy spectrum of the Schrödinger equation with 
energy dependent molecular Kratzer potential using 
asymptotic iteration method (AIM). The corresponding 
wave function expressed in terms of the confluent 
hypergeometric function was also obtained. As a special 
case, when the energy slope parameter in the energy-
dependent molecular Kratzer potential is set to zero, then 
the well-known molecular Kratzer potential is recovered. 

Numerical results for the energy eigenvlaues are also 
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like potential within the framework of Bohr 

Hamiltonian. Furthermore, Budaca27 had reported 
that the energy dependence on the coupling 

constant of the potential drastically changes the 

analytical properties of wave function and the 

corresponding eigenvalues of the system. The 
energy-dependent potentials have been studied in 

nuclear physics with applications to quark 

confinement28,29. Several researchers have also 
given great attention to investigate the energy 

dependent potentials30,31. Boumali and Labidi32 

solved the Klein-Gordon equation with an energy-

dependent potential, the Shannon and Fisher 
information theory was also considered. Also, 

Lombard et.al.33 studied the wave equation energy-

dependent potential for confined systems. 
Therefore, the energy dependent potential in the 

Schrödinger equation or other wave equation in 

physics has many applications such as features in 
spectrum of confined systems and heavy quark 

systems in nuclear and molecular physics34. 

In this paper, we shall study the influence of the 

energy-dependent Kratzer potential on some 
diatomic molecules defined as: 

 

( ) ( )2

2

1 11
( , ) 2

2

a E a E
V r E D

r r

  + +
= − − 

 
 (2) 

where the energy slope parameter   must be 

positive definite in order to describe a physical 

system27. 
 

The shape of the energy dependent Kratzer 

molecular potential with different energy slope 
parameters, as it varies with equilibrium 

internuclear length are illustrated in Fig. 1A-1C, 

for four selected diatomic molecules (CO, NO, O2 

and I2). 
 

 
Figure 1A. The shape of Energy-dependent Kratzer 

molecular potential for different diatomic molecules, 

with 0 = . 

 

 
Figure 1B. The shape of Energy-dependent Kratzer 

Molecular Potential for different diatomic molecules, 

with 1 = . 
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Figure 1C. The shape of Energy-dependent Kratzer 

molecular potential for different diatomic molecules, 

with 1 =− . 

 

2 Asymptotic Iteration Method 

 
The AIM has been proposed and used to solve 

the homogenous linear second-order differential 

equation of the form12-16: 
 

0 0( ) ( ) ( ) ( ) ( )y x x y x s x y x = +  (3) 

where 0 0   and the prime denote the derivative 

with respect to x . 

 

The functions, 0 ( )s x  and 0 ( )x  must be 

sufficiently differentiable. Differentiating Eq. 3 

with respect to x , we get 

 

1 1( ) ( ) ( ) ( ) ( )y x x y x s x y x = +  (4) 

where, 
2

1 0 0 0

1 0 0 0

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

x x x s x

s x s x s x x

  



= + +

= +
 (5) 

 

Taking the second derivative of Eq. 3 yields 
 

2 2( ) ( ) ( ) ( ) ( )y x x y x s x y x = +  (6) 

where, 

2 1 0 1 1

2 1 0 1

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

x x x x s x

s x s x s x x

   



= + +

= +
 (7) 

 

Again by taking the ( )1k th+  and ( )2k th+  

order derivative of Eq. 3 for 1,2,3....k = , we 

obtain the following differential equations: 

 
( )

( )

1

1 1

2

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

k

k k

k

k k

y x x y x s x y x

y x x y x s x y x





+

− −

+

= +

= +
 (8) 

where, 

1 2 0 2 2

1 0 2 2

1 0 1 1

0 1 1

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

k k k k

k k k

k k k k

k k k

x x x x s x

s x s x x s x

x x x x s x

s x s x x s x

   



   



− − − −

− − −

− − −

− −

= + +

= +

= + +

= +

 (9) 

 
Solving Eq. 8, we obtain the following relation: 

 

( )

( )

2

1

1
1

1

( )
( ) ( ) ( )

( )( )

( ) ( )
( ) ( ) ( )

( )

k
kk

k

k

k
k

k

s x
x y x y x

xy x

y x s x
x y x y x

x







+

+

−
−

−

 
 + 

 =
 
 + 

 

 (10) 

 

For sufficiently large values of k , the ( )x  

values are obtained as 

 

1

1

( ) ( )
( )

( ) ( )

k k

k k

s x s x
x

x x


 
−

−

= =  (11) 

 

This method consists of converting the 

Schrödinger-like equation into the form of Eq. 3 for 

a given potential model. The corresponding energy 
eigenvalues are calculated by means of the 

quantization condition12-16. 

 

1 1( ) ( ) ( ) ( ) ( ), 1,2,3....k k k k kx s x x x s x k  − −= − =  (12) 

 

The general solutions of Eq. 3 is obtain from 

Eq. 10 as: 

( )  ( )1 1 2 1 0 2 2 2 1( ) exp ( ) exp ( ) 2 ( )
x x x

y x x dx C C x x dx dx   = − + +
      (13) 

where 1C  and 2C  are integration constant. 
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Also, the eigenfunction can be obtained by 

transforming the Schrödinger-like equation of the 
form: 

 
1

2 2

1
( ) 2 ( ) ( )

1 1

N N

N N

ax t Wx
y x y x y x

bx x bx

+

+ +

 +
 = − − 

− − 
 (14) 

 

The exact solutions for Eq. 14 are given by 

 

( ) ( ) ( )
2 2

2 1( ) 1 ( 2) , ; ; N

n
y x C N F n n bx   += − + − +  (15) 

where, 

( )
( ) ( )

( )

2 1 22 3
, ,

2 2n

n t b at N

N N b


  



 + + ++ +
= = =

+ +
 (16) 

 

3. Bound state solution of the Schrödinger 

equation with energy-dependent Kratzer 

potential 

 

The radial part of the Schrödinger equation with 

energy dependent potential ( , )nlV r E  reads35: 

 

( ) 22

2 2 2

12
( , ) ( ) 0

2

nl
nl nl nl

l ld
E V r E r

dr r

 




 +
+ − − = 

 
 (17) 

where   is the reduced mass of the  molecules, nlE  

is the energy of the system,  denotes the reduced 

Planck constant, n  and represent the principal 

and orbital angular momentum quantum numbers 

respectively. 

 
Substituting Eq. 1 into Eq. 17 yields, 

 

( ) ( ) ( )2 22

2 2 2 2

1 1 12 1
2 ( ) 0

2 2

nl
nl nl

a E a E l ld
E D r

dr r r r

  




  + + +
+ + − − =   

  

 (18) 

 
Now using a new variable transformation,

y ar= , we obtain a second order differential 

equation of the form: 
 

( )2
2

2 2

1
( ) 0nl

n nl

d
y

dy y y

  
 

+ 
+ − + − = 
 

 (19) 

 
with the following definitions for the used 

parameters: 

 

( )

( )
( )

( )

2

2 2 2

2

2

4 12
, ,

2 1
1 1

nl
n

D EE

a

Da E
l l

 
 

 
 

+
= − =

+
+ = + +

 (20) 

 
In order to transform Eq. 19 into form suitable 

for the AIM, we write the wave function in the 

form: 
 

1( ) ( )n y

nl y y e f y
 −+=  (21) 

 

Substituting Eq. 21 into Eq. 19, we obtain: 

 

( ) ( )2 2 1 2 1
( ) ( ) ( )

n ny
f y f y f y

y y

    − + + −   
 = +   

   
 (22) 

where, 

( )

( )

0

0

2 2 1
( ) ,

2 1
( )

n

n

y
y

y

s y
y

 


  

− +
=

+ −
=

 (23) 

 

By applying the AIM quantization of Eq. 12 by 
substituting Eq. 23, we obtain the following 

iterations: 

( )

( )

( )

0 1
0

0 1 0

1 2
1

1 2 1

32
2

2 3 2

, 0,
2 1

, 1,
2 2

, 2
2 3

s s
n

s s
n

ss
n




  




  




  

=  = =
+

=  = =
+

=  = =
+

 (24) 

 

Generally, for arbitrary n , we have 

( )2 1
n

n n





=

+ +
 (25) 

 
Using Eq. 20 with Eq. 25, the energy 

eigenvalues of the Schrödinger equation with 

energy-dependent Kratzer potential is obtained as: 
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( )
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2
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1

8
8 11 1

1 4 1
2 2

nl

n

a
E

Da E
n l l



  

= −
 +
 + + + + +
  

 (26) 

 

This is a very complicated transcendental 
energy equation. As a special case, when the 

energy slope parameter 0, =  Eq. 26 reduces to 

the result of the standard Kratzer potential given as: 
 

2 2

2
2 2

2

2

2

1 1 2

2 2

nl

D a
E

Da
n l





= −
 

  + + + + 
  
 

 (27) 

 
This result is consistent with those reported by 

Bayrak, Boztosun and Ciftci29. 

 
4. Results and Discussion 

 

We compute the energy eigenvalues (in eV) of 

energy dependent Kratzer molecular potential for 
CO, NO, O2 and I2 diatomic molecules. This was 

done using the spectroscopic parameters given in 

Table 1, and the conversion 1973.29c eV A=
36. 

Table 1. Spectroscopic parameters of the various diatomic 
molecules29 

Molecule ( )D eV  ( )a 
 

( )amu  

CO  10.84514471 1.1282  6.860586000  

NO  8.043782568  1.1508  7.468441000  

2O  5.156658828  1.2080  7.997457504  

2I  1.581791863  2.6620  63.45223502  

 

The energy eigenvalues of energy dependent 

molecular Kratzer potential for the ground state 
diatomic molecules selected are shown in Tables 2 

and 3, in the absence of the energy slope 

parameter  . 

 

 

Table 2. Energy eigenvalues (in eV) of energy dependent Kratzer molecular potential for different values of 

n  and  for ground states CO and NO diatomic molecules, with 0 = . 

n   CO  CO29 NO  NO29 

0  0  -10.79431511 -10.79431532  -8.002659248  -8.002659417  

      

1  0  -10.69383928  -10.69383992  -7.921456326  -7.921456839  

 1  -10.69337058  -10.69337123  -7.921043312  -7.921043834  

      

2  0  -10.59475984  -10.59476089  -7.841483114  -7.841483956  

 1  -10.59429764  -10.59429869  -7.841076336  -7.841077188  

 2  -10.59337335  -10.59337441 -7.840262914  -7.840263771 

      

3  0  -10.49705101 -10.49705246  -7.762714900  -7.762716066  

 1  -10.49659519  -10.49659664  -7.762314236  -7.762315413  

 2  -10.49568366  -10.49568512  -7.761513040  -7.761514218  

 3  -10.49431667  -10.49431814  -7.760311552  -7.760312744  

      

4  0  -10.40068763  -10.40068947  -7.685127602  -7.685129079  

 1  -10.40023807  -10.40023992  -7.684732928  -7.684734417  

 2  -10.39933907  -10.39934092  -7.683943714  -7.683945203  

 3  -10.39799086  -10.39799272  -7.682760192  -7.682761696  

 4  -10.39619379  -10.39619567  -7.681182728  -7.681184246  
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5  0  -10.30564512  -10.30564735  -7.608697730  -7.608699509  

 1  -10.30520171 -10.30520394  -7.608308928  -7.608310719  

 2  -10.30431500  -10.30431723  -7.607531456  -7.607533248  

 3  -10.30298523  -10.30298747  -7.606365544  -7.606367349  

 4  -10.30121273  -10.30121499  -7.604811550  -7.604813368  

 5  -10.29899796  -10.29900024  -7.602869968  -7.602871795  

 
Table 3. Energy eigenvalues (in eV) of energy dependent Kratzer molecular potential for different values of 

n  and  for ground states O2 and I2 diatomic molecules, with 0 = . 

n   2O  O2
29 

2I  I2
29 

0  0  -5.126358490  -5.126358625  -1.579082564  -1.579082577  

      

1  0  -5.066640766  -5.066641151 -1.573687115  -1.573687151 

 1  -5.066291936  -5.066292323  -1.573677890  -1.573677925  

      

2  0  -5.007960488  -5.007961116  -1.568319272  -1.568319330  

 1  -5.007617702  -5.007618329  -1.568310094  -1.568310152  

 2  -5.006932272  -5.006932904  -1.568291737  -1.568291796  

      

3  0  -4.950293764  -4.950294624  -1.568291737  -1.562978927  

 1  -4.949956880  -4.949957740  -1.562969715  -1.562969796  

 2  -4.949283254  -4.949284119  -1.562951452  -1.562951533  

 3  -4.948273160  -4.948274034  -1.562924059  -1.562924140  

      

4  0  -4.893617382  -4.893618469  -1.557665652  -1.557665755  

 1  -4.893286268  -4.893287355  -1.557656567  -1.557656670  

 2  -4.892624178  -4.892625268  -1.557638398  -1.557638501 

 3  -4.891631378  -4.891632476  -1.557611144  -1.557611248  

 4  -4.890308272  -4.890309388  -1.557574807  -1.557574911 

      

5  0  -4.837908798  -4.837910103  -1.552379504  -1.552379630  

 1  -4.837583322  -4.837584627  -1.552370466  -1.552370591 

 2  -4.836932504  -4.836933812  -1.552352389  -1.552352514  

 3  -4.835956606  -4.835957923  -1.552325274  -1.552325399  

 4  -4.834656026  -4.834657357  -1.552289121 -1.552289247  

 5  -4.833031292  -4.833032637  -1.552243934  -1.552244060  

 

Our results are very consistent with the results 

obtained by Bayrak, Boztosun and Ciftci29. Also, it 

is observed that the energy eigenvalues become 
more bounded as the quantum states of these 

molecules increases. Moreover, with the 

introduction of the energy slope parameter, the 
energy eigenvalues for the different diatomic 

molecules tends to increase drastically (See Tables 

4-6), as compared to the absence of energy slope 

parameter in Tables 2 and 3. 
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Table 4. Energy eigenvalues (in eV) of energy dependent Kratzer molecular potential for different values of 

n  and  for ground states CO, NO, O2 and I2 diatomic molecules, with 0.5 = . 

n   CO  NO  2O  
2I  

0  0  -1.685470983  -1.598084322  -1.436597363  -0.8821098304  

      

1  0  -1.679305517  -1.590871796  -1.427770406  -0.8798579292  

 1  -1.679233740  -1.590790708  -1.427673989  -0.8798527834  

      

2  0  -1.673229781 -1.583767938  -1.419088479  -0.8776168647  

 1  -1.673159688  -1.583688734  -1.418994333  -0.8776117488  

 2  -1.673019611 -1.583530439  -1.418806171 -0.8776015171  

      

3  0  -1.667239060  -1.576767407  -1.410544994  -0.8753865376  

 1  -1.667170554  -1.576689982  -1.410453001 -0.8753814511  

 2  -1.667033643  -1.576535242  -1.410269138  -0.8753712785  

 3  -1.666828530  -1.576303400  -1.409993648  -0.8753560203  

      

4  0  -1.661329077  -1.569865334  -1.402133902  -0.8731668498  

 1  -1.661262070  -1.569789595  -1.402043954  -0.8731617926  

 2  -1.661128150  -1.569638220  -1.401864174  -0.8731516783  

 3  -1.660927510  -1.569411413  -1.401594794  -0.8731365078  

 4  -1.660660434  -1.569109476  -1.401236158  -0.8731162818  

      

5  0  -1.655495943  -1.563057265  -1.393849636  -0.8709577054  

 1  -1.655430353  -1.562983126  -1.393761633  -0.8709526770  

 2  -1.655299265  -1.562834945  -1.393585738  -0.8709426205  

 3  -1.655102858  -1.562612914  -1.393322171 -0.8709275367  

 4  -1.654841404  -1.562317323  -1.392971259  -0.8709074262  

 5  -1.654515258  -1.561948551 -1.392533439  -0.8708822905  
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Table 5. Energy eigenvalues (in eV) of energy dependent Kratzer molecular potential for different values of 

n  and  for ground states CO, NO, O2 and I2 diatomic molecules, with 1 = . 

n   CO  NO  2O  
2I  

0  0  -0.9143283175  -0.8879121698  -0.8355872569  -0.6120188036  

      

1  0  -0.9118740953  -0.8849352196  -0.8316829851  -0.6107178506  

 1  -0.9118356154  -0.8848906520  -0.8316274353  -0.6107142849  

      

2  0  -0.9094616292  -0.8820091632  -0.8278482118  -0.6094231767  

 1  -0.9094242910  -0.8819658826  -0.8277942378  -0.6094196340  

 2  -0.9093497161  -0.8818794293  -0.8276864125  -0.6094125490  

      

3  0  -0.9070878461  -0.8791305048  -0.8240785907  -0.6081347096  

 1  -0.9070515614  -0.8790884168  -0.8240260842  -0.6081311896  

 2  -0.9069790858  -0.8790043406  -0.8239211853  -0.6081241500  

 3  -0.9068706055  -0.8788784754  -0.8237641210  -0.6081135914  

      

4  0  -0.9047500576  -0.8762961642  -0.8203702568  -0.6068523785  

 1  -0.9047147491  -0.8762551852  -0.8203191212  -0.6068488809  

 2  -0.9046442191  -0.8761733203  -0.8202169568  -0.6068418862  

 3  -0.9045386403  -0.8760507547  -0.8200639757  -0.6068313948  

 4  -0.9043982696  -0.8758877638  -0.8198604937  -0.6068174077  

      

5  0  -0.9024458954  -0.8735034094  -0.8167197533  -0.6055761139  

 1  -0.9024114949  -0.8734634655  -0.8166699025  -0.6055726385  

 2  -0.9023427747  -0.8733836647  -0.8165703009  -0.6055656880  

 3  -0.9022398959  -0.8732641797  -0.8164211473  -0.6055552630  

 4  -0.9021030976  -0.8731052679  -0.8162227378  -0.6055413644  

 5  -0.9019326946  -0.8729072681  -0.8159754631  -0.6055239934  
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Table 6. Energy eigenvalues (in eV) of energy dependent Kratzer molecular potential for different values of 

n  and  for ground states CO, NO, O2 and I2 diatomic molecules, with 2 = . 

n   CO  NO  2O  
2I  

0  0  -0.4774929881  -0.4701556293  -0.4550063750  -0.3795921052  

      

1  0  -0.4765718304  -0.4690143732  -0.4534445388  -0.3789570351  

 1  -0.4765520739  -0.4689911448  -0.4534147167  -0.3789548282  

      

2  0  -0.4756699234  -0.4678965624  -0.4519148098  -0.3783251918  

 1  -0.4756509229  -0.4678741908  -0.4518860464  -0.3783230016  

 2  -0.4756130152  -0.4678295473  -0.4518286336  -0.3783186218  

      

3  0  -0.4747853199  -0.4667999700  -0.4504144000  -0.3776965243  

 1  -0.4747669984  -0.4667783719  -0.4503865989  -0.3776943507  

 2  -0.4747304393  -0.4667352661  -0.4503311006  -0.3776900040  

 3  -0.4746758092  -0.4666708312  -0.4502481107  -0.3776834845  

      

4  0  -0.4739163936  -0.4657227183  -0.4489409312  -0.3770709835  

 1  -0.4738986862  -0.4657018233  -0.4489140099  -0.3770688262  

 2  -0.4738633478  -0.4656601156  -0.4488602625  -0.3770645119  

 3  -0.4738105292  -0.4655977580  -0.4487798774  -0.3770580413  

 4  -0.4737404532  -0.4655149913  -0.4486731336  -0.3770494152  

      

5  0  -0.4730617690  -0.4646632066  -0.4474923542  -0.3764485216  

 1  -0.4730446207  -0.4646429544  -0.4474662416  -0.3764463803  

 2  -0.4730103939  -0.4646025252  -0.4474141038  -0.3764420979  

 3  -0.4729592263  -0.4645420684  -0.4473361143  -0.3764356752  

 4  -0.4728913214  -0.4644618046  -0.4472325300  -0.3764271130  

 5  -0.4728069445  -0.4643620221  -0.4471036873  -0.3764164124  

But, the variation of the quantum state with the 
energy eigenvalues in the presence of the energy 

slope parameter is in the reverse direction. As the 

quantum number increases, the energy eigenvalues 
of energy dependent molecular Kratzer potential 

becomes more bounded. 

Figures 2 and 3 shows the energy eigenvalues 
variation with the energy slope parameter for 

different quantum numbers. Both graphs show a 

similar close trend of increase in energy 
eigenvalues as the energy slope parameter 

increases, for different quantum numbers. 
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Figure 2. Energy eigenvalues of energy-dependent 

Kratzer molecular potential vs   for different values of 

n . 

 

 
Figure 3. Energy eigenvalues of energy-dependent 

Kratzer Molecular Potential Vs   for different values 

of . 

 
In Fig. 4, there is a diverse behavior of the 

energy eigenvalues with the potential strength, for 

different values of the energy slope parameter. 

Here, there is a direct decrease in energy 
eigenvalue as the potential strength increase in the 

absence of the energy slope parameter ( 0 = ). 

With the presence of the energy slope parameter 

( 1 =− ), the energy eigenvalue becomes very 

bounded with a maximum potential strength of 

about 1 eV. Similarly, there is a stunted decrease in 
energy eigenvalue (not more than 1 eV), as the 

potential strength increase ( 1 = ). 

 

 
Figure 4. Energy eigenvalues of energy-dependent 

Kratzer molecular potential vs D  for different values of 

 . 

 

5. Conclusions 

 

We applied the asymptotic iteration method 

(AIM) to solve the Schrödinger equation with 

energy dependent molecular Kratzer potential. Its 
energy eigenvalues and corresponding wave 

functions in terms of confluent hypergeometric 

function have been obtained. The numerical results 

of the energy eigenvalues have been presented in 
the presence and absence of the energy slope 

parameter, respectively, for four different diatomic 

molecules (CO, NO, O2 and I2). Our results agree 
with the results in available literature, especially 

when the energy slope parameter is set to zero. We 

have also shown graphically the variation of the 
energy eigenvalues with some of the potential 

parameters like energy slope parameter and the 

potential strength. The behavior of the energy 

eigenvalues with these parameters is similar in all 
the diatomic molecules studied. The result obtained 

in this study finds application in quantum 

chemistry, molecular physics amongst others. 
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