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1. Introduction 

     The silk industry produces a large amount of fibrous 

waste that does not meet the requirements of textiles. 

One of the important issues is to obtain and use 

materials with sorption properties from the fibrous waste 

of natural silk. 

Silk fiber consists of fibroin and sericin proteins. Silk 

fibroin has unique sorption properties. Silk fibroin fiber 

has the property of sorption of various substances. 

Sorption of Pb2+, Mn2+, Co2+, Cu2+ ions into Bombyx 

mori silk fibrion has been studied [1, 2]. The sorption 

process of Pd2+ ions to silk fibroin has been studied in 

solutions with the same concentration and mixed ions 

(Pt2+, Os4+, Ir4+, Rh3+ and Ru4+) [3]. The sorption of Cs+ 

ions into silk fibroin is well studied [4]. 

Samples in the form of powders with sorption properties 

derived from silk fibroin can be used for technical 

purposes and in pharmacy [5, 6]. Powdered fibroin 

samples can be obtained by hydrolysis of silk fibroin 

fiber under the action of various reagents. The number 

of amino- and carboxyl groups increases in the 

discontinuities of the powder sample obtained [7, 8]. 

Powdered fibroin pores also contain polyfunctional 

groups. These functional groups play an important role 

in the interaction with sorbed substances. 

The sorption of Ag+ ions into reconstituted fibroin 

material from a solution of silk fibroin is well studied. 

The sorption capacity of Ag+ ions to the prepared 

sorbent has been found to be 62.5 mg/g [9]. It is 

recommended to separate silver ions from wastewater 

using this type of sorbent. Selective sorption of Cd2+ 

ions on a membrane-based on silk fibroin has been 

studied [10]. In addition, the sorption of many heavy 

metal ions and the effects of sorbed ions on the fibroin 

molecule have been identified [11]. 

In addition, many quantum chemical calculations have 

been performed to determine the effect of different 

media on the structure of silk fibroin [12]. The effect of 

water on the structure of silk fibroin and the change of 

crystalline particles have been studied using quantum 

chemical calculations [13]. 

In previous editions, we have provided information on 

how to obtain powdered “HF” [14]. In our study, we 

studied the sorption of silver, gold, and copper ions into 

powdered “HF” and changes in post-sorption processes 

using Charmm22 force field calculations. 
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We studied the sorption of silver, gold, and copper ions into powdered hydrolyzed 

fibroin derived from silk fibroin fibers. Metal ions sorbed into hydrolyzed fibroin 

have been found to interact with active functional groups over time. It was 

hypothesized that the silver and gold ions sorbed into hydrolyzed fibroin would 

form nanoparticles as a result of the reduction reaction, while the copper ions 

would form a coordination bond. Charmm22 force field calculations were 

performed on this basis. The IR spectral results obtained by calculations were 

compared with the IR spectral results obtained in practice, and it was proved that 

silver and gold nanoparticles were formed and that copper ions formed 

coordination bonds with fibroin. 
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2. Theoretical section 

 

     The Charmm22 force field is widely used to simulate 

and analyze the molecular dynamics of proteins. 

Quantum chemical calculations of interactions between 

proteins atomic partial charges, sample compounds, and 

water are performed in the Charmm22 force field. The 

Charmm22 force field has the following potential 

energy function: 
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The first term in the energy function accounts for the 

bond stretches where kb is the bond force constant and b-

b0 is the distance from equilibrium that the atom has 

moved. The second term in the equation accounts for the 

bond angles where kθ is the angle force constant and θ-

θ0 is the angle from equilibrium between 3 bonded 

atoms. The third term is for the dihedrals where kф is the 

dihedral force constant, n’ is the multiplicity of the 

function, ф is the dihedral angle and δ is the phase shift. 

The fourth term accounts for the impropers, where kω is 

the force constant and ω’-ω’0 is the out of plane angle. 

The Urey-Bradley component (cross-term accounting 

for angle bending using 1,3 nonbonded interactions) 

comprises the fifth term, where ku is the respective force 

constant and u is the distance between the 1,3 atoms in 

the harmonic potential. Nonbonded interactions between 

pairs of atoms (i,j) are represented by the last two terms. 

By definition, the nonbonded forces are only applied to 

atom pairs separated by at least three bonds. The VDW 

energy is calculated with a standard 12-6 Lennard-Jones 

potential and the electrostatic energy with a Coulombic 

potential [15]. 

When the atoms in a molecule are displaced, they affect 

neighbouring atoms. Equations of motion in molecules 

can be written, and their solutions give the vibrational 

modes of the molecule. The forces resulting from the 

displacement of atoms are best represented by the 

Hessian matrix, which is the second derivative of the 

potential energy U relative to the oscillations of the 

atoms [16]. 
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where the indices k and l point to the atom (1, 2,…, N), 

and the indices i and j point to the Cartesian direction (1 

= x, 2 = y, 3 = z). The indices K and L are the signs that 

combine the atomic and Cartesian directions, and K = 3 

(k - 1) + i and L = 3 (l - 1) + j.  

Equations of motion in terms of the Hessian matrix 
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Here mk is the mass of the k-atom, Δxi,k k is the i 

component of the k-atom's displacement, and N is the 

number of atoms in the molecule. To calculate the 

vibration frequencies, a harmonic motion is assumed 

and the equation is as follows. 
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can be rewritten as the eigenvalue equation of the 

matrix, 
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In addition to the interatomic forces described on the 

right side of Eq. (3), other forces in the atoms include 

hydrodynamic gravitational forces and forces due to the 

time-varying electric field of incident electromagnetic 

radiation acting on charged atoms. The new equations of 

motion with these additional forces are as follows. 
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where Ei is the i th Cartesian component of the electric 

field and ηk is the damping coefficient. Like a single 

oscillator housing, a formal solution can be found for 

shifts at a given ω frequency. The dipole moment, 

which is now a tensor, and therefore the polarization 

ability, can be obtained as follows: 
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Here, the symbols q, m, H denote matrices or vectors, 

and V denotes the size of the molecule. The polarity 

tensor can be calculated from the normal modes of the 

molecule obtained by diagonalizing the Hessian matrix: 
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Here mk - masses, ωn and γn - real and imaginary parts of 

the specific frequencies of the Hessian matrix, Ci,k; n - 

elements of the eigenvector vector matrix. The symbols 

i and j refer to directions, k, l to atoms, and n to 

eigenfrequencies. The charges used to calculate the 

polarity tensor in Eq. (8) do not have to be the same as 

those used in the Hessian matrix or the force field used 

to calculate the molecular dynamics trajectories. The 

frequency-dependent dielectric function can be obtained 

from the trace of the polarization tensor 
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where Nm is the number of molecules. The attenuation 

is given by 

))(Im()(                                                   (10) 
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Once Eq.(8) is set, a weakening occurs. 
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where ρ is the density of the molecules. 

Each eigenfrequency is bent by Lorentzian, the full 

width of which is half the maximum γn damping 

constant. 
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when the γn damping constant is small compared to 

eigenfrequency ωn and 

  n          (13) 

For frequencies comparable to the damping constant in 

the THz range, the motion decreases critically (γn = ωn) 

or decreases excessively (γn > ωn) [17]. 

Fibroin protein particles that bind silver, gold 

nanoparticles, and copper ions were simulated in the 

Charmm22 (BIO+) force field in HyperChem 

Professional 8.0.8. 

 

3. Experimental 

3-1. Materials 

 

     In the experiments, powdered fibroin, silver nitrate 

ampule (Chimreaktivinvest, Uzbekistan), 

tetrachloroauric acid trihydrate (Carl Roth GmbH+Co. 

KG, Germany), KSCN-ampule, iron(III) nitrate crystal 

hydrate ampule (Chimreaktivinvest, Uzbekistan) were 

used.  

 

3-2. Instruments 

 

     "GFL 2104 bidistillator" (Germany), UV-1800 UV-

Vis spectrophotometer (Japan), thermostat-Assistant cat. 

№3180 (Germany), IR-spectrophotometer-JASCO 

FT/IR-4600 (Japan), 2 mL micro burette (TU 64-2-403-

89). 

 

3-3. Research procedure 

3-3-1. Sorption of Ag+ ions into “HF” 

 

     In order to study the sorption of Ag+ ions to “HF”, 

experiments were performed in solutions of AgNO3 at a 

concentration of 0.006, 0.0215, 0.04, 0.06 and 0.1 

mol/L. The sorption process was carried out at a 

temperature of 298 K. 

The amount of silver in the solutions after the sorption 

process was determined by titration with a solution of 

0.02 mol/L KSCN using a 2 mL micro burette (to the 

nearest 0.01 mL). Samples obtained after the sorption 

process was analyzed by IR spectroscopy. 

 

3-3-2. Sorption of [AuCl4]
- ions into “HF” 

 

      To study the sorption of gold ions into “HF” 

[AuCl4]- from solutions containing ions 0.00025, 

0.0003, 0.0005, 0.001, 0.00258, 0.003322, 0.008, 0.015 

and 0.017 mol/L used. The sorption process was carried 

out at a temperature of 298 K. The absorption values of 

the post-sorption solutions were determined using a UV-

1800 UV-Vis spectrophotometer (Shimadzu) at a 

wavelength of 300 nm. 

 

 
Figure1. [AuCl4]- calibrated graph for a solution containing 

ions (λ= 300 nm) 

 

“HF” powder, which sorbs gold ions in low 

concentration solutions, turns red. This was seen as a 

sign that the gold ions were returned to the nanoparticle 

state by fibroin molecules. The IR spectra of the 

samples, which are thought to contain gold 

nanoparticles, were obtained.  

 

3-3-3. Sorption of Cu2+ ions into “HF” 

 

      The sorption process was carried out at a 

temperature of 298 K in copper(II) sulfate solutions with 

a concentration of 0.015, 0.0248, 0.0401, 0.0765, 

0.1179, 0.1992, 0.317 and 0.33 mol/L. In order to 

determine the concentrations of copper(II) sulfate 

solutions, a calibration graph of the relationship between 

concentration (CM) and light absorption (A) was 

constructed. The graph is based on the results obtained 

using a UV-1800 UV-Vis spectrophotometer 

(Shimadzu) at a wavelength of 810 nm. 

 

 
Figure 2. The calibrated graph to determine the concentration 

of Cu2+ ion in aqueous solution (light absorption values 

determined at λ= 810 nm 
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4. Results and Discussion 

      Sorption of Ag+ ions into “HF” and post-sorption 

processes were studied. At a temperature of 298 K, the 

maximum sorption capacity of Ag+ ions to “HF” powder 

was found to be 247.7 mg/g. 

Washing of the “HF” sample sorbing the Ag+ ions with 

distilled water resulted in the complete removal of the 

sorbed Ag+ ions from the “HF”. This phenomenon 

confirms that Ag+ ions are not chemically bound to 

“HF”. 

 

 

Figure 3. The IR spectrum of “HF” containing silver 
 

Vibrations in the IR spectrum of 3283.21, 3078.8, 

2978.52 cm-1 indicate a decrease in the polyassocytic 

state of -OH and a structural change. The sharp increase 

in the vibrational intensities in the 1339.32 cm-1 region 

is due to the vibrations of the C-H group in the Phe 

amino acid residue. The valence vibration in the 

1167.69 cm-1 regions is specific to the C-N bond in the 

Tyr amino acid residue [18, 19]. Changes in absorption 

in the 600 and 825 cm-1 regions are symmetrical 

vibrations characteristic of silver nanoparticles [20, 21]. 

The actual IR spectra of the “HF” containing the silver 

nanoparticles were compared with the IR spectra 

obtained on the basis of calculations in the HyperChem 

professional 8.0.8 program and the Charmm22 (BIO+) 

force field.  
 

 

Figure 4. IR spectrum calculated in HyperChem program 

(AgNPs-“HF”) 
 

Based on the IR spectra obtained from calculations and 

the IR spectra obtained in practice, it can be concluded 

that silver nanoparticles were formed in “HF”. 

 

Figure 5. Model of silver nanoparticles bonded with “HF” 
 

 

Table 1. Comparison of IR spectrum results obtained by 

calculation and in practice in HyperChem program (AgNPs-

“HF”) 

IR spectral 

results 

obtained by 

calculation in 

HyperChem 

8.0.8 

Practical IR 

spectral 

results 

A functional 

group in 

which silver 

nanoparticles 

are bonded 

2871.66 cm-1 2876.31 cm-1 O=C-Tyr, 

Ar(C=C), Ag-

NH- 

1338 cm-1 1339.32 cm-1 Ag-O=C-Tyr*, 

Ag-O=C, Ag-

NH- 

831 cm-1 830 cm-1 Ag-Ag, Au-

O=C-Tyr*, Ag-

O=C  

Ag-NH- 

826.63 cm-1 

829 cm-1 

825.324 cm-1 Ag-Ag, Ag-

NH2-,  

Ag-O=C, Ag-

NH-, Ag- HO-

Ser 
1-cm 97.702 

1-cm 688 

687.498 cm-1 Ag-O=C, Ag-

NH- 
 

The maximum sorption capacity of gold ions to “HF” 

was observed in 0.008 mol/L solution and was 265.47 

mg/g. In solutions with a concentration of less than 

0.005 mol/L, [AuCl4]- ions sorbed into “HF” react with 

phenolic groups of the amino acid residue Tyr to form 
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gold nanoparticles. Therefore, after sorption, the color 

of “HF” particles changes to red over time. After the 

sorption process, IR spectra of “HF” powder obtained 

from solutions with a concentration of 0.00025, 0.0003, 

0.0005 mol/L were obtained and analyzed. 

 

 

Figure 6. IR spectrum of “HF” bonded with gold 

nanoparticles 

 

The decrease in the intensity of absorption of 3284.18 

cm-1 peaks in the IR spectrum explains the change in -

NH- in the -OH and amide groups. The vibration in the 

3072.05 cm-1 regions is related to the C-H vibrations in 

the aromatic ring, which reduces the absorption intensity 

in that area. Based on these data, it can be concluded 

that the -OH and phenylene groups in the amino acid 

residue of Tyr have undergone structural changes. The 

reaction of [AuCl4]- ions is as follows. 

 

 

The displacement of the 1167.69 cm-1 region in the IR 

spectrum of the bonded gold nanoparticle to the 1165.76 

cm-1 valence vibration region shows. Vibration in the 

690.39 cm-1 area confirms the existence of an Au-N and 

Au-O bond. 

IR spectra of a fibroin molecule bound to a gold 

nanoparticle were obtained and analyzed based on 

calculations. 

The results of the analysis confirmed the above data. 

Calculations were performed in the HyperChem 

professional 8.0.8 program and in the Charmm22 

(BIO+) force field optimized molecule. The IR spectra 

obtained by calculations were compared with the results 

of the IR spectra obtained in practice.
 

 

Figure 7. Model of gold nanoparticles bonded with “HF” 
 

 

Figure 8. IR spectrum  calculated in HyperChem program 

(AuNPs-“HF”) 
 

Table 2. Comparison of IR spectrum results obtained by 

calculation and in practice in HyperChem program (AuNPs-

“HF”) 

IR spectral 

results 

obtained by 

calculation in 

HyperChem 

8.0.8 

Practical IR 

spectral 

results 

A functional 

group in 

which silver 

nanoparticles 

are bonded 

3285.96 cm-1 3284.18 cm-1 Au-O=C, Au-

O=C-Tyr 

3081.47 cm-1 

3079.53 cm-1 

3072.05 cm-1 Au-O=C, Au-

NH2-Ar(C=C), 

Au-HO-Ser 

2935.13 cm-1 2933 cm-1 Au-O=C-Tyr 

Ar(C=C) 

1340 cm-1 

1335.97 cm-1 

1335.66 cm-1 

1335.46 cm-1 Au-O=C-Tyr* 

Au-O=C  

Au-NH- 

692.41 cm-1 

696.45 cm-1 

629.43 cm-1 

690.39 cm-1 

632.537 cm-1 

Au-O=C, Au-

NH- 
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Based on the IR spectra obtained as a result of 

calculations and the IR spectra obtained in practice, it 

was concluded that gold nanoparticles were formed. 

The maximum sorption capacity of Cu2+ ions to “HF” 

was observed in a solution with a concentration of 0.317 

mol/L and was found to be 56.88 mg/g. 

Once the sorption of Cu2+ ions is complete, the copper 

ions in the powdered “HF” can be desorbed. However, 

when the copper ions were retained in the powdered 

“HF” for 1 week, the “HF” turned yellow and the sorbed 

copper ions could not be desorbed. From these changes, 

it can be concluded that Cu2+ ions are initially sorbed to 

the surface and pores of powdered “HF”, and over time, 

Cu2+ ions sorbed form chemical bonds with the 

multifunctional groups of “HF”. IR-spectroscopy 

analysis was performed to determine whether the sorbed 

Cu2+ ions formed a chemical bond with the 

polyfunctional groups in the “HF”. 

 

 

 
 

Figure 9. IR spectrum of “HF” bound to Cu2+ ions 

 

Analysis of the IR spectrum of “HF” bound by Cu2+ ions 

showed a partial increase in peak intensity in the area of 

426.191 cm-1. It is known from the literature [22, 23] 

that in the IR spectra of proteins bound by copper 

coordination bonds, vibrations related to Cu-N, Cu-O 

bonds are observed in the absorption of 470-350 cm-1 

areas. Absorption in the 426.191 cm-1 region of the 

“HF” IR spectrum indicates the formation of a Cu-N and 

Cu-O bond. 

An increase in the absorption intensity of “HF” in the 

area of 1625.7 cm-1 indicates that it binds to copper ions 

with amide I groups in the β-structure of fibroin. It can 

be explained that the changes in the peaks in the area of 

3080.73 cm-1, 2976.59 cm-1 are also associated with 

copper ions in the carboxyl group “–O–“. 

In order to verify the above results, it was assumed that 

Cu2+ ions formed a coordination bond with silk fibroin, 

and calculations were performed on this compound. The 

calculations were performed in HyperChem professional 

8.0.8 software and in the case of optimizing the 

molecule in the Charmm22 (BIO+) force field. Using 

the program, the IR spectra of the compound were 

obtained on the basis of calculations. The IR spectra 

obtained using calculations were compared with the IR 

spectral results obtained in practice. Using the program, 

it was determined which spectrum was observed in 

which functional groups. 

 

Figure 10. Model of molecular structure of “HF” bound to 

Cu2+ ions 

 

 

Figure 11. IR spectrum of “HF” bound to Cu2+ ions 

 

Table 3. Comparison of IR spectrum results obtained by 

calculation and in practice in HyperChem program (Cu2+-

“HF”) 

IR spectral 

results 

obtained by 

calculation in 

HyperChem 

8.0.8 

Practical IR 

spectral 

results 

A functional 

group in 

which silver 

nanoparticles 

are bonded 

3283.22 cm-1 

3293.69 cm-1 

3283.21 cm-1 Cu-O-CO-, 

Cu-NH 

Cu-O=C 

1626.37 cm-1 1625.7 cm-1 Cu-O=C-Gly, 

Cu-NH-Gly 

427.11 cm-1 426.191 cm-1 Cu-O=C, Cu-

NH- 

 

It can be seen that the IR spectrum obtained using 

calculations and the IR spectrum obtained in practice is 

close to each other. Based on these results, it can be 

assumed that Cu2+ ions formed a complex compound by 
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coordinating with the functional groups in the β-chain 

part of “HF”. Based on the results of the analysis, it was 

concluded that copper ions with polyfunctional groups 

of “HF” sorbent formed a polymer-metal complex. 

 

5. Conclusion 

    The formation of nanoparticles from silver and gold 

ions in "HF" pores and the formation of coordination 

bonds by copper ions were proved using Charmm22 

force field calculations. The peaks in the 600–825 cm-1 

region of the IR spectra practical obtained from the 

silver-bearing "HF" were characteristic of silver 

nanoparticles, and the results of the spectra obtained on 

the basis of theoretical calculations were compared. The 

peak in the 690.39 cm-1 region characteristic of the Au-

N and Au-O bonds in gold nanoparticles was compared 

with the theoretically calculated peaks. It was observed 

that the IR spectral results obtained in theoretical 

calculations that copper ions were not converted to 

nanoparticles in the composition of "HF" corresponded 

to the actual results. Based on the results of such 

research, it will be possible to draw preliminary 

conclusions about the composition of the obtained 

substance.  
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