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Abstract: A set of conductometric measurements were conducted using zinc sulfate (ZnSO4) with 

different percentages of methanol (MeOH) and water in the presence of Proline (ligand) at four 

temperatures. The present work aims to estimate diverse thermodynamic parameters for nano Zn (II) 

sulfate alone and with amino acid (H2Prol) to form complexes in the solutions. All the data for the used 

electrolytes and ions is very important for analyzing the salt and explaining the different ion-ion and 

ion-solvent interactions. The isolated metal complexes derived from the interaction of amino acids with 

Zn (II) are characterized by chemical and physical methods. Based on spectral data (IR, and UV-Vis), 

a structure for separated solid complexes is presented and magnetic studies. Furthermore, biological 

activity measurements are executed, which benefits in determining the factors impacting the 

thermodynamic parameters and physical properties of the formed complexes in the solution. 

Keywords: ion-pair association constants; binary mixed solvents; limiting molar conductance; amino 

acid; zinc sulfate. 
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1. Introduction 

The human body has a lot of zinc as a trace element, and its molecular formula is 

fascinating. It is found at the center of many important enzymes' active structures, including 

carboxypeptidase, carbonic anhydrase, superoxide dismutase (SOD), and alcohol 

dehydrogenase [1,2]. Zinc is required to maintain the optimal performance of the human body 

in various processes such as bone growth, cell-mediated immunity, brain function, and tissue 

evolution [3,4]. Besides, it is needed for applied and theoretical research and is employed in 

numerous industries [5-7]. Amino acids are fundamental structural units of proteins that have 

a tremendously chief role in all biological processes. The study of amino acids' thermodynamic 

specifications and the electrostatics role is crucial for delivering a molecular understanding of 

how dissimilar residues interact with the solvent or one another. The production of collagen 

and cartilage requires essential amino acids such as Proline. Proline plays a significant role in 

sustaining muscle and joint flexibility. Further, it assists in limiting the accompanying 

symptoms of UV exposure, such as skin aging, sagging, and wrinkling [8-11]. 
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2. Materials and Methods 

2.1. Materials. 

The mixed solvents are synthesized using bidistilled water, which has a specific 

conductance of 0.09 S cm−1 at 298.15 K. 

 
Table 1. The specifications of the chemicals functioned for sample synthesis. 
Chemicals Suppliers Mass fraction 

purity 

Purification 

method 

Methanol (MeOH) Sigma-Aldrich 99.5% None 

Zinc sulfate (ZnSO4) Sigma-Aldrich ≥99.9% None 

Potassium Chloride (KCl) Sigma-Aldrich 99.9% None 

 

Tables 1 and 2 show all chemicals and all were exploited without any former 

purification. The used amino acids (ligands) are (H2L)  supplied from BDH chemicals Ltd as 

solids. The metal salt used is purchased from Nice Laboratory, India. The water contents were 

determined through the (Mettler DL 18 Karl Fischer Titrator) and were shown to be smaller 

than 0.01%. All the glassware was left in the chromic mixture for a day, cleansed many times 

with distilled water and bidistilled water, then kept in an electric oven to dry. Bidistilled water 

was obtained by redistilling the ordinary distilled water over KMnO4 and KOH. The first 25 

ml were excluded. Measured specific conductance was found to be 2-5 x10-7 S cm-1. 

Table 2. Structure and properties of Trans-4-hydroxy Proline. 
Properties Trans-4-hydroxy Proline 

 

 

 

Structure of Trans-4-

hydroxy proline   

 
IUPAC name (2S,4R)-4-hydroxypyrrolidine-2-carboxylic acid 

Molar mass 131.131 g.mol-1 

Density 1.907g/cm3 

Melting point 275 °C 

Boiling point Decomposed 

2.2. Solutions. 

Methanol and water binary mixtures with alcohol mass fractions of 0%, 20%, and 40% 

were utilized as solvent media in this study. They were created by combining the needed 

amount of methanol and water (with an error of ± 0.01 percent) according to the continuity 

formula: 

Alcohol percentage = (V1d1)100/ (V1d1+ V2d2)                                              (1) 

Where d1 and d2 are the relative densities of alcohol and water, alcohol is supplied to water in 

the amount of V1 to achieve the required alcohol concentration in V2. At temperatures ranging 

from 298.15 to 313.15K associated with alcohol mass fractions of 0%, 20%, and 40%, relative 

permittivity (ε), viscosity (ηo) of (methanol-water), the physical characteristics, and density 

(ρ) were studied—the equivalent as (with a 5K step). 

2.3. Transmission electron microscope (TEM). 

TEM is a widespread device to investigate synthesized solutions' particle size and 

morphology. TEM provides a decent resolution down to the nanometer scale. Images were 

acquired using JEOL HRTEM-JEM -2100 (Japan), as shown in Fig 1. 
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Figure 1. TEM images and electron diffraction of nano zinc sulfate. 

2.4. Analysis of complexes. 

To suggest the formula of the isolated complexes, elemental analyses are performed. 

The metal content analyses are carried out according to standard methods [12,13]. i. The 

divalent metal ions, Zn+2, were determined complexometrically with 0.01 M EDTA using 

xylenol orange, murexide, or eriochrome black T as an indicator. ii. Elemental analyses (C and 

H) are carried out in the Microanalytical Unit, Cairo University. 

2.5. Working procedure. 

2.5.1. Infrared spectra (IR). 

The infrared spectra of the studied ligand and its metal complexes were obtained with 

KBr discs on a Mattson 5000 FTIR spectrometer. At Mansoura University, the spectrum 

measurement is calibrated using polystyrene film. 

2.5.2. Antimicrobial activity. 

Gram-positive and Gram-negative bacteria were used to test the compound's 

antibacterial activity. The compounds' antifungal properties were investigated against (Candida 

albicans). Each chemical was dissolved in DMSO to a concentration of one milligram per 

milliliter. Autoclave sterilization of 5 cm diameter Whatman filter paper discs manufactured, 

cut, and sterilized. Agar media containing the complicated solutions was added to Petri plates 

containing the paper discs, which were then aseptically mounted in the dishes (i.e., beef extract 

3 g + agar 20 g +peptone 5 g) inoculated with Candida albicans, Staphylococcus aureus, and E. 

coli. 

The complex's percent activity index was obtained from the following equation: 
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% 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 =  
𝑍𝑜𝑛𝑒 𝑜𝑓 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑏𝑦 𝑡𝑒𝑠𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 (𝑑𝑖𝑎𝑚𝑒𝑡𝑟𝑒)

𝑍𝑜𝑛𝑒 𝑜𝑓 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑏𝑦 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (𝑑𝑖𝑎𝑚𝑒𝑡𝑟𝑒)
 x 100             (2) 

3. Results and Discussion 

3.1. Thermodynamic parameters calculations. 

Fuoss-Shedlovsky conductivity formulas were used to evaluate the experimental 

conductance data. In H2O and (MeOH-H2O) mixed solvents, the limiting molar conductance 

(no) of zinc sulfate solutions was established by extrapolating the linear Onsager plot at various 

temperatures [14-24].  

 Λm
=

(𝐾𝑠−𝐾𝑠𝑜𝑙𝑣) .  𝐾𝑐𝑒𝑙𝑙  .1000

𝐶
                                                           (3)  

Here, Ks and Ksolv denote the solution's and solvent's specific conductances 

consecutively; Kcell denotes the cell constant, and C denotes the metal salt solution's molar 

concentration. 

1

Λm S(Z)
 = 

1

Λo
 +{

𝐾𝐴

Λ𝑜
2 }(CΛm 𝛾±

2  S (Z)                                (4) 

             S (Z) = 1 + Z + Z2/2 + Z3/8 + …… etc.                                               (5) 

Z = 
𝑆(Λm∗𝐶)1/2

Λ𝑜3/2                                                                           (6) 

The value of ( ) was exploited to determine the Onsager slope (S) from Eq. (7)  

S = aLo + b                                                                               (7) 

a = 8.2 × 105 / (eT) 3/2                                                                  (8) 

b = 82.4/ h((eT) 1/2                                                                                 (9) 

Where (e) is the solvent's relative permittivity, (ηo) is the solvent's viscosity, and (T) is the 

temperature. The values of (e) and (o) were used to determine the (S) values. Utilization the 

data from (Λm), S (z), and (Λo), the magnitudes of dissociation degrees (KD) were calculated 

using the following equation (Eq. (10)): 

(α)=Λm S(Z)Λo                                  𝛼=Λm S(Z)Λo                                   (10)  

The use of these (α) and (e) readings, the mean activity coefficients (γ±) were assessed 

by Eq. (11). 

log γ ±  = - 
𝑍+ 𝑍−𝐴√𝐼

𝐼+𝐵𝑟𝑜 √𝐼
                  (11) 

Where Z-, and Z+ are the charges of ions in the solutions A, B delivers the Debye-

Hückel constant.  

A = 1.824 × 106 (eT)-3/2                                                             (12) 

B = 50.29 × 108 (eT)-1/2                                                            (13) 

Figures (2-5) show the correlation between molar conductance (Λm) and C1/2 of nano ZnSO4   

at different temperatures in the absence of ligand  
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Figure 2. The correlation between molar conductance (Λm) and  C1/2  of nano ZnSO4   at 298.15 K  temperature. 
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Figure 3. The correlation between molar conductance (Λm) and  C1/2  of  nano-ZnSO4   at 303.15 K  temperature. 
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Figure 4. The correlation between molar conductance (Λm) and  C1/2  of nano ZnSO4   at 308.15 K  temperature. 
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Figure 5. The correlation between molar conductance (Λm) and  C1/2   of nano ZnSO4   at 313.15 K. 

  
Table 3. The mole fractions (XS), the viscosity, the limiting molar conductance, the molar conductance (m), the 

Walden product, the Fuoss-Shedlovsky parameters (S, Z, and S(z)), the activity coefficient, and the dissociation 

constant (KD) for nano ZnSO4 in a mixed solvent (MeOH-H2O) are plotted at various temperatures. 

103 

KD  
±Ɣ  S(z)  Z  S  Λoηo  Λm    Λo 102ηo  

(poise)  
XS  T  

(K)  
1.49  0.940  1.0109  0.0108  128.3511  2.6348  212.40  295.35  0.8921   0  298.15K  
0.41  0.951  1.0148  0.0147  88.7464  1.1325  62.45  125.25  0.9042   0.0717  
0.58  0.943  1.0292  0.0287  75.2427  0.5274  31.63  57.28  0.9209   0.1708  
1.33  0.942  1.0112  0.0111  139.3559  2.4596  215.28  307.41  0.8001  0  303.15K  
0.40  0.951  1.0155  0.0154  97.7569  1.0619  65.09  131.34  0.8082  0.0717  
0.52  0.943  1.0300  0.0296  84.3786  0.5039  33.01  61.51  0.8193  0.1708  
1.48  0.941  1.0121  0.0121  147.8331  2.2099  219.65  306.25  0.7222  0  308.15K  
0.33  0.952  1.0150  0.0149  109.0197  1.0734  67.97  146.47  0.7329  0.0717  
0.42  0.939  1.0307  0.0303  96.5888  0.4970  33.24  66.47  0.7478  0.1708  
1.18  0.941  1.0125  0.0124  166.3458  2.0206  221.95  325.34  0.6211  0  313.15K  
0.33  0.949  1.0157  0.0155  118.4828  1.0609  71.99  153.52  0.6911  0.0717  
0.31  0.941  1.0272  0.0269  105.247  0.5501  35.08  77.58  0.7092  0.1708  

o in (S cm2.mol-1), Λm in (S cm2.mol-1)   

The conductometric thermodynamic parameters for nano ZnSO4 alone in mixed 

MeOH-H2O solvents are presented in Table 3, decreasing their values by increasing the 

methanol favoring less solvation. All the association thermodynamic parameters for nano 

ZnSO4 are increased with the temperature rise and increased in methanol percentages in the 

mixture, indicating more interaction by association. 

  3.2. Free energies of association of nano ZnSO4 in the absence of ligands. 

 Free energies, enthalpies, the association constants, and entropies of association for 

nano ZnSO4 at different concentrations of methanol-water at different temperatures are 

tabulated in Table 4. 

Table 4. Association constants, activation energy, enthalpies, and entropies of correlation for nano ZnSO4 at 

various temperatures in the absence of ligands. 

T  

(K)  

Xs  Ea  

(kJ.mol-1)  

ΔHA  

(kJ.mol-1)  

TΔSA (kJ.mol-1)  ΔSA  

(J.mol-1)  

  0  3.3531  18.4189  34.5292  115.81   
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T  

(K)  

Xs  Ea  

(kJ.mol-1)  

ΔHA  

(kJ.mol-1)  

TΔSA (kJ.mol-1)  ΔSA  

(J.mol-1)  

298.15  0.0717  5.2394  21.4143  38.7376  129.92  

0.1708  5.7211  35.1614  53.1398  178.23  

  

303.15  

0  3.3531  18.4189  34.8591  114.99  

0.0717  5.2394  21.4143  39.8524  131.46  

0.1708  5.7211  35.1614  54.7414  180.57  

  

308.15  

  

0  3.3531  18.4189  35.1108  113.94  

0.0717  5.2394  21.4143  40.9645  132.74  

0.1708  5.7211  35.1614  55.4636  179.99  

  

313.15  

  

0  3.3531  18.4189  36.0094  114.09  

0.0717  5.2394  21.4143  41.3250  132.96  

0.1708  5.7211  35.1614  55.8179  178.24  

  

The obtained results for nano zinc sulfate in the binary mixed solvent (MeOH-H2O) at 

different temperatures are unlike the findings in the case of water.  

Zinc sulfate's limiting molar conductance in (MeOH-H2O) is less than its value in water. 

This might be regarded as the fact that the conductivity tends to decrease by increasing the 

mixed solvent. Therefore, a higher reduction is apparent in the 20% and 40% cases, where 40% 

has the largest reduction. This is due to inter and intra-molecular hydrogen bonds, which hinder 

the mobility of ions. In this case, raising the methanol content in the solvent promotes a 

reduction in both solvation and dissociation of the zinc sulfate molecules.   

By definition, the correlation constants for nano zinc sulfate in 20% (MeOH-H2O) are 

less than those in water. At reduced methanol concentration, the occurring interactions between 

methanol and  The cage-like structure development (often referred to as icebergs) surrounding 

the methanol hydrophobic ends affects the water. Subsequently, this formation alters the ions' 

freedom and degree of mobility and limits the association constant.   

3.2.1. Association parameters of the nano metals in the presence of ligands (trans-4-hydroxy 

Proline).  

The relation between Λm and C1/2 for nano ZnSO4 at various temperatures in the 

existence of trans-4-hydroxy Proline at (0%, 20%, and 40%) MeOH-H2O. 

  
Figure 6. The correlation between (Λm) and C1/2 of nano ZnSO4 at (298.15K) temperature. 
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Figure 7. The correlation between (Λm) and (C1/2) of nano ZnSO4 at (303.15K) temperature. 

  
Figure 8. The correlation between (Λm) and  C1/2  of nano ZnSO4   at (308.15K)  temperature. 

  
Figure 9. The correlation between  (Λm) and  C1/2 of nano ZnSO4   at (313.15K) temperature. 
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Table 5. The importance of mole fractions (XS), activity coefficient (Ɣ±), the values of viscosity (ηo), limiting 

molar conductance (Λ), molar conductance (Λm), Walden product (Λoηo), Fuoss-Shedlovsky parameters (S, Z, 

and S(z)), and dissociation constant (KD) for nano ZnSO4 in the existence of trans-4- hydroxyproline in a 

mixture solution (MeOH-H2O) at various temperatures. 
103 

KD  

±Ɣ  S(z)  Z  S  Λoηo  Λm  Λo  102ηo  

(poise)  

XS  T  

K  

0.62  0.955  1.0076  0.0076  85.1164  0.9570  93.51  155.23  0.8921   0  298.15K  

0.66  0.939  1.0105  0.0104  85.1254  0.9571  172.71  245.11  0.9042   0.0717  

0.12  0.936  1.0111  0.0110  85.1164  0.9570  194.75  300.21  0.9209   0.1708  

0.69  0.960  1.0050  0.0050  111.2926  1.4961  95.74  187.25  0.8001  0  303.15K  

0.24  0.953  1.0049  0.0049  128.3055  2.0802  187.01  260.21  0.8082  0.0717  

0.13  0.954  1.0039  0.0039  149.5134  2.8083  220.36  351.26  0.8193  0.1708  

0.15  0.956  1.0050  0.0050  139.5046  1.8255  167.20  260.76  0.7222  0  308.15K  

0.14  0.955  1.0045  0.0045  150.4021  2.1479  192.54  306.80  0.7329  0.0717  

0.08  0.958  1.0036  0.0036  175.5389  2.8914  225.53  413.06  0.7478  0.1708  

0.12  0.955  1.0052  0.0052  161.6221  1.7083  176.83  288.19  0.6211  0  313.15K  

0.08  0.957  1.0043  0.0043  178.7315  2.1302  198.22  359.36  0.6911  0.0717  

0.06  0.960  1.0035  0.0035  206.8152  2.8227  231.80  476.18  0.7092  0.1708  

o in (S cm2.mol-1), Λm in (S cm2.mol-1) 

Table 6. Nano ZnSO4 association constants, activation energy, enthalpies, and entropies of the association at 

various temperatures in the presence of trans hydroxyProline. 

T  

(K)  

Xs  Ea  

(kJ.mol-1)  

ΔHA  

(kJ.mol-1)  

TΔSA (kJ.mol-1)  ΔSA  

(J.mol-1)  

  

298.15  

0  8.1295  87.9382  106.2524  356.3725    

0.0717  5.9376  38.7256  60.2915  202.2189  

0.1708  5.6669  39.2658  61.7054  206.9611  

  

303.15  

0  8.1295  87.9382  112.0797  369.7169  

0.0717  5.9376  38.7256  59.7759  197.1828  

0.1708  5.6669  39.2658  61.7311  203.6324  

  

308.15  

  

0  8.1295  87.9382  110.5513  358.7582  

0.0717  5.9376  38.7256  61.5495  199.739  

0.1708  5.6669  39.2658  63.3060  205.4389  

  

313.15  

  

0  8.1295  87.9382  111.3421  355.5551  

0.0717  5.9376  38.7256  63.0788  201.4333  

0.1708  5.6669  39.2658  64.6338  206.3991 

3.3. Isolation of metal complexes. 

 Chemical and physical approaches were used to create and characterize complexes of 

(H2L) with Zn (II) metal ions. All solid complexes were purified. Tables provide metal 

complexes' elemental analysis results and physical properties (7, 8). The experimental and 

theoretical data comparison demonstrated that the isolated complexes' compositions were 

established using the proposed formula. Organic solvents could not dissolve any of the solid 

complexes; however, DMF and dimethyl sulphoxide (DMSO) could dissolve them efficiently. 

Table 7. H2L with metal complexes: elemental characterization and physical properties. 

  

  

NO  

  

  

Compound  Formula  M.Wt  Yield  color  m.p  Found (Calculated)  

  

C  H  M  

1  H2L  C5H9NO3  131.131  80  white  275  45.80  

(45.83)  

(6.92)  

(6.94)  

_  

2  [Zn(L)(H2O)2]  ZnC5H11NO5  230.534  80  Yellowish-

white  

>300  26.05  

(26.1)  

(4.81)  

(4.84)  

28.36  

(28.46)  

Table 8. The most significant infrared bands for H2L and related metal complexes 

Compound  ʋ(OH)  ʋ(NH)as  ʋ(C=O)s  ʋ(C=O)as  M-N  M-O  

H2L  3285  3138  1591  1399  ---  ---  

[Zn(L)(H2O)2]  3420  ---  1584  1381  426  519  
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Figure 10. IR Spectrum of H2L ligand. 

 
Figure 11. IR Spectrum of Zn (L)(H2O)2 complex. 

3.4. Antimicrobial activity of H2L and its metal complexes against S. aureus, E. coli, and C. 

albicans. 

S. aureus, E. coli, and C. albicans were tested for H2L antimicrobial properties and their 

metal complexes. The reference drugs are ampicillin (antibacterial) and clotrimazole 

(antifungal). Averaging the inhibitory zones of bacterial or fungal growth around each disc was 

calculated and presented as an average millimeter diameter [25-29]. From the obtained results 

for the diameter of the inhibition zone of Proline and its metal complexes, as illustrated in Fig, 

we concluded that most isolated complexes as zinc complexes have the largest antimicrobial 

activity. Complexes of Proline exhibited selectivity against G- bacteria as in the figure complex 

of Zn (II) has the most potent (84%) followed by Cu (II) (48%).  
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Figure 12. Effect of trans-4-Hydroxy-Proline and its metal complexes towards E. coli. 

 

Figure 13. Effect of trans-Hydroxyl-Proline and its metal complexes towards Staphylococcus aureus. 

 

H2L showed an antibacterial effect against G+ bacteria for Zn (II) largest one (83.3%), 

followed by Cu (II)complex (58.2%) and nano Cu (II) complex (54.2%).  
 

 

Figure 14. Effect of trans-4-Hydroxy-Proline and its metal complexes towards C. albicans. 
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Also displayed towards C. albicans that Cu (II) complex owes the most potent antibacterial 

(80.8%) followed by nano Cu (II) complexes (61.5%), but zinc complex has the lowest antibacterial 

effect towards C. albicans. 

4. Conclusions 

The association parameters for proline amino acid with nano ZnSO4 are great values in 

all the pure and mixed (MeOH-H2O) solvents used. This is because these values contain the 

association and favor complex formation. All calculated thermodynamic parameters for nano 

ZnSO4 mainly association constants and Gibbs association energy, have great values and 

increase with an increase of the temperature due to the increase of mobility of ions in solutions. 

Similarly, the association values increase by increasing methanol percentage due to less 

solvation. The triple ion for association constants is very small in nano ZnSO4 measurements. 

Furthermore, the activity coefficient values increase by increasing temperatures 

indicating more ion-ion interactions, which support the increase in association parameters. The 

decrease in enthalpy of association ∆HA for nano ZnSO4 by increasing temperature indicates 

easier solvation at higher temperatures. The present study traces the development of Zn (II) 

complexes containing biologically significant ligands. In conjunction with data on the stability 

constants of such amino acid complexes. 
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