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Abstract
Context  Ampicillin (AMP) is a penicillin-class beta-lactam antibiotic widely used to treat infections caused by bacteria. 
Therefore, due to its widespread use, this antibiotic is found in wastewater, and it contains long-term risks such as toxicity 
to all living organisms.
Method  In this study, the degradation reaction of ampicillin with hydroxyl radical was investigated by the density functional 
theory (DFT) method. All the calculations were performed with B3LYP functional at 6-31G(d,p) basis set.
Results  The thermodynamic energy values and reaction rates of all possible reaction paths were calculated. The addition 
of the hydroxyl radical to the carbonyl group of the beta-lactam ring is thermodynamically the most probable reaction path. 
The calculated overall reaction rate constant is 1.36 × 1011 M−1 s−1. To determine the effect of temperature on the reaction 
rate, rate constants were calculated for all reaction paths at five different temperatures. The subsequent reaction kinetics of 
the most preferred primary route was also examined, and the toxicity values of the intermediates were estimated. The acute 
toxicity of AMP and its degradation product were calculated using the Ecological Structure Activity Relationships (ECO-
SAR) software. The degradation product was found to be more toxic than AMP.
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Introduction

Antibiotics are used to prevent and treat diseases in humans and 
animals [1]. It is known that 90% of antibiotics are distributed to 
the environment without being metabolized after their use [2]. 
Therefore, the extensive use of antibiotics has led to their release 
into the environment, especially the aquatic environment[3]. 
Antibiotic residues have been detected in aquatic environment 
samples and even in drinking water [4]. Antibiotic residues play 
an important role in the occurrence of antibiotic resistance. Their 
presence in the environment, even in low concentrations, nega-
tively affects both humanity and the ecosystem [5]. It is esti-
mated that only in Europe more than 25,000 people die from 
antibiotic resistance every year [6]. This is a global problem 
and also a burden for health systems and needs to be resolved.

Beta-lactam antibiotics are one of the most widely used 
classes of antibiotics due to their high therapeutic efficacy [7]. 

Its effectiveness on bacteria is due to its activity of blocking 
the biosynthetic enzyme responsible for synthesizing the cell 
wall in bacteria [7, 8]. Ampicillin (AMP) was the first widely 
prescribed synthetic beta-lactam antibiotic for the treatment 
of bacterial infections [9]. Due to its widespread use, AMP 
has been detected up to 27.1 μg L−1 even in secondary treated 
water [5]. The degradability of AMP is a major challenge, and 
its removal from water by conventional biological methods is 
often difficult [10]. Advanced oxidation processes (AOPs) used 
in recent years are promising techniques for the degradation of 
micropollutants such as beta-lactam antibiotics. [8] In AOPs, 
highly reactive and short-lived radicals like hydroxyl radical 
(.OH) are used to mineralize organic contaminants [11].

Although there are many studies on the degradation reac-
tions of AMP in the literature, its kinetics have not been 
fully explained. These studies are mainly concentrated on 
increasing degradation rate and finding optimum conditions 
for designing new catalysts [5, 7, 8, 10, 12–14]. The deg-
radability of AMP can be achieved by different techniques, 
and the toxicity of the newly formed products is also an 
important issue [15]. Because the intermediate products 
formed in the degradation reaction may be more toxic than 
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the main compound [16], recent literature studies indicate 
that the aquatic toxicity of AMP to bacteria is increased by 
the intermediates formed in the degradation reaction [12, 
17] . This may be the reason for increasing hydrophilicity 
for degradation products, and therefore, they can damage 
the bacterial cell [18].

To combat the disadvantages of the high-level use of 
AMP, the degradation mechanism needs to be studied in 
detail. Especially, finding the exact reaction mechanism of 
AMP is also important in designing appropriate experimen-
tal reaction processes and in terms of new antibiotics to be 
synthesized. The diversity of the mechanisms proposed in 
experimental studies and the differences in the identified 
intermediates show that it is not sufficient to investigate the 
mechanisms and degradation paths of antibiotics only exper-
imentally [4]. Therefore, quantum chemical kinetic studies 
are very important in this issue. Density functional theory 
(DFT) methods are more convenient than costly and difficult 
experimental methods. Studying the degradation mechanism 
of AMP with DFT methods is a good strategy for assessing 
the risk associated with the aquatic environment. Although 
different theoretical models have been developed for the 
degradation reactions of many different antibiotic molecules 
[19–21], there is limited quantum chemical information for 
the AMP + OH reaction in the literature [12]. 

This study aims to examine the reaction of AMP with OH 
radical in aqueous media and to determine the most probable 
reaction path and product distribution. All the reaction path 
rate constant and thermodynamic stability of the reaction 
products were determined. The subsequent reaction mecha-
nism was also studied in detail, and the aquatic toxicity of 
the newly found intermediate was also estimated.

Computational details

All the calculations were carried out at density functional 
theory (DFT) method using Gaussian 16 program [22]. 
Optimization and frequency calculations of reactants, pre-
reactive complexes, transition state complexes, and prod-
ucts were performed with B3LYP functional at 6-31G(d,p) 
basis set. All the optimized structures were confirmed by 
frequency analyses at the same level of the theory. Transi-
tion state complexes were characterized by having only one 
imaginary frequency that belonged to the reaction coordi-
nate, corresponding to a first-order saddle point. IRC calcu-
lations were performed to confirm the transition state that 
connected the true reactants and products [23]. The spin 
contamination was calculated with basis set superposition 
effect (BSSE). The spin contamination was found negligi-
ble value that did not alter the reaction energy. The solvent 
effect on the stability and the energy of reactive species was 
found with the same level of theory in conjunction with 

the conductor like polarizable continuum model (CPCM) 
method. The solvent was water with the dielectric constant 
value of ε = 78.355 [24].

Frontier molecular orbitals (FMO) and molecular elec-
trostatic map (MEP) visualizations were prepared with the 
GaussView 5.0 program [25]. Natural bond orbital (NBO) 
analyses were also performed in the Gaussian 16 program. 
The thermodynamic parameters were calculated by includ-
ing thermodynamic corrections to the energy at 298.18 K 
temperature and 1 atm pressure.

Reaction rate constants were calculated by using transi-
tion state theory with Wigner correction [26]. The overall 
rate constant was obtained by summing up the reaction rate 
constant of each path for the AMP + OH reaction.

where ĸ is transmission coefficient, kB is the Boltzmann con-
stant, h is the Plank’s constant, T is temperature, and ΔG# is 
the activation free energy.

The half-life time (t1/2) of the reaction was calculated by 
using given equation below,

in which kcalc is the overall rate constant for degradation 
reaction and [OH] is the concentration of hydroxyl radical 
in natural waters [27].

The acute toxicity determination of AMP and its deg-
radation product were done by using the Ecological Struc-
ture Activity Relationships (ECOSAR) software ECOSAR 
V2.0 [28–30]. The acute toxicity values were given for 
green algae, daphnid, and fish as LC50 (lethal concentration 
of tested compound for half of fish and daphnid after 96 h 
and 46 h respectively) and EC50 (effective concentration of a 
compound for inhibiting the growth half of green algae after 
96 h of exposure) values. The toxicities were classified as a 
globally harmonized system of classification and labelling 
of chemicals [31].

Results and discussion

Reactant structures and properties

In this study, the kinetics of the reaction mechanism of 
AMP with OH radical were investigated. Optimized geo-
metric parameters for AMP are given in Table S1 in sup-
porting information. The frontier orbitals energy differ-
ence values for reactant molecules are given in Fig. 1. The 
energy difference between the Highest Occupied Molecu-
lar Orbital (HOMO) of AMP and the Lowest Unoccupied 

(1)ki = K
kBT

h
e

ΔG#∕ RT
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63   Page 2 of 12 Journal of Molecular Modeling (2023) 29:63



1 3

Molecular Orbital (LUMO) of OH radical is 8.14 eV, and 
this value is 0.11 eV smaller than the energy difference 
of LUMO of AMP to HOMO of OH radical. Thus, the 
reaction of AMP with OH radical is an orbital controlled 
reaction [32]. The reaction takes place with a low energy 
difference from the HOMO of the AMP to the LUMO of 
the OH radical. It suggests an electrophilic attack of OH 
to AMP molecule. As seen in Fig. 1, FMOs of the AMP 
is located on the beta-lactam unit and benzene ring. So, 
we can deduce that the hydroxyl radical addition to the 
benzene ring and the carbonyl group of the beta-lactam 
unit are the possible paths. These results are also consist-
ent with the experimental results [33–35].

Regioselectivity of the reactions is predicted from the 
frontier molecular orbitals, molecular electrostatic poten-
tial graphs, and natural bond orbital analysis. The MEP 
graph is given in Fig. S1, and NBO results are given in 
Fig. S2 and Table S2. As seen from the HOMO–LUMO, 
MEP, and NBO results, it is stereochemically difficult for 
the hydroxyl radical to approach the hydrogen atoms in 
the beta-lactam ring of AMP. It can be inferred from these 
results that the reaction of AMP with OH radical can be 
initiated in two different ways which are hydrogen atom 
abstractions, hydroxyl radical addition to a benzene ring, 
and/or carbonyl groups [36–39].

Primary reactions

Primary degradation reaction paths are given in Scheme 1. 
As can be seen in Scheme 1, nine different intermediates are 
obtained as a result of the reactions. Among these nine reac-
tion paths, six of them are hydrogen abstraction and three 
of them are hydroxyl radical addition to a benzene ring and 
carbonyl groups.

Electrostatic interactions of negatively charged π bonded 
orbitals of molecule and dipole moment of hydroxyl radical 
led to occur of weakly bonded complexes [38]. These weakly 
bonded complexes are pre-reactives. Since these structures 
affect the reaction barrier, they are important in the reaction 
mechanism [40]. These pre-reactive complexes are stabilized 
by the hydrogen bonds or Van der Waals attractions. They 
can easily be produced because their energies are lower than 
the reactants [41]. These pre-reactive complexes then form 
transition state complexes with an energy barrier to produce 
their primary intermediates in each of the reaction paths. 
The optimized structure of pre-reactive complexes, transi-
tion state complexes, and intermediate radicals are given in 
Figs. 2, 3, and S3 respectively. IRC plots for all of the reac-
tion paths are given in Supplementary Information.

The energy values of all species in the primary reac-
tion paths are given in Table S3, and the potential energy 

Fig. 1   Frontier molecular orbit-
als of reactants
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diagram for the hydrogen abstraction and hydroxyl addition 
reaction paths are given in Figs. 4 and S4 respectively.

Hydrogen abstraction reactions

In the hydrogen abstraction reactions, one hydrogen atom 
from the AMP is abstracted; water and radical intermediate 
are obtained. As seen from the potential energy diagram of 
the hydrogen abstraction reaction, at the entrance of each 
reaction path, formation of weakly bonded pre-reactive 
complexes occurs. In these reactions, the pre-reactive com-
plexes (PR1–PR6) occur with the approaching of hydroxyl 
radical to the abstracted hydrogen atom with the distances 
of 1.64–2.82 Ǻ. PR1 has the longest distance of occurring 
hydrogen oxygen length with a value of 2.82 Ǻ. Due to the 
hydrogen bonds formed in the pre-reactive complexes, their 
energies are lower than the reactant energies (Fig. 4). Ener-
getically, the pre-reactive complexes’ stability changes as 
follows: PR6 ˃ PR3 ˃ PR4 ˃ PR5 ˃ PR2 ˃ PR1.

It is understood from Fig. 4 that the distances of occur-
ring hydrogen and oxygen bond and the breaking of hydro-
gen atom bonds are the sensitive measure of the transition 
state complexes. These transition state complexes’ energies 

are smaller than reactant energies. In the transition state 
complexes (TS1–TS6), the distance between the oxygen of 
the hydroxyl radical and the hydrogen of the AMP molecule 
is 1.21 to 1.40 Ǻ and the angle is about 99.54°. The highest 
value for elongation of occurring bond belongs to TS6 (0.42 
Ǻ). The bond distance for the occurring oxygen-hydrogen 
bond lengths is 1.27 Ǻ, 1.35 Ǻ, 1.23 Ǻ, 1.37 Ǻ, 1.30 Ǻ, and 
1.40 Ǻ for TS1–TS6 respectively. The amount of elongation 
in the bonds formed in the transition state complexes is about 
36.52%. The elongation in broken bonds is approximately 
13.38%. The elongation in the bonds formed is higher. Thus, 
these results are consistent with Hammond’s postulate [42], 
that the transition state complexes are more like reactants 
than products.

The activation free energies are given in Table 1. The 
activation free energies for hydrogen abstraction paths are 
found between 4.01 and 7.10 kcal mol−1 (Table 1). The small 
values of activation free energies demonstrate those reaction 
paths spontaneously occur in the environment. The activa-
tion free energy of I6 is higher than other hydrogen abstrac-
tion paths, whereas the activation free energies of I3, I4, and 
I5 are close to each other and lower than I6. According to 
the NBO analysis of the I3, I4, and I5 paths, the charge of 

Scheme 1   Primary reaction paths for degradation
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the C atom of I4 attached to the abstracted hydrogen atom 
was found to be more positive than the others. So the hydro-
gen atom in reaction path 4 is more acidic than the others. 
This is compatible with the small energy of I4.

OH radical addition reactions

The addition reactions occur by the addition of an OH radi-
cal to the benzene ring or carbonyl groups of the AMP mol-
ecule. Pre-reactive complex geometries are given in Fig. 2. 
The structural changes observed in the pre-reactive com-
plexes are around the carbon atom to which the hydroxyl 
radical approaches. In the PR9 structure, a ring-like struc-
ture is formed by Van der Waals interactions as the hydroxyl 
radical approaches the AMP molecule. In reaction path 7, 
there are five different possibilities in which the OH radi-
cal can be added to the AMP molecule. These are ortho, 
meta, and para OH radical addition reaction paths. As it 
is indicated in Fig. S4, these pre-reactive complexes have 
smaller energies than reactants. The highest energy belongs 
to PR7p and which has also lower energy than reactants. 
Figure 2 shows these pre-reactive complex structures where 
the hydroxyl radical approaches the AMP molecule at dis-
tances ranging from 2.36 to 3.47 Ǻ. The angle between 

the hydrogen atom of the hydroxyl radical and the carbon 
atom in the benzene ring of AMP is found to be approxi-
mately 107.81°. The angle for hydroxyl addition to car-
bonyl groups is greater than for benzene ring addition and 
is approximately 161.61°. Hydroxyl radical approaches to 
the carbonyl groups of AMP in PR8 and PR9 are almost 
parallel at 167.4° and 155.82° respectively. The minimum 
electronic energy belongs to PR9 (Table S3; Fig. S4) which 
is compatible with its stabilized structure from molecular 
attraction forces.

The transition state structures are given in Fig. 3. The 
transition state formed in path 7 changes the carbon atom 
hybridization from sp2 to sp3, while the C–C bond length 
also varies between 0.03 and 0.04 Ǻ. In path 7 when the 
hydroxyl radical approaches the benzene ring, the ring’s 
hydrogen is directed toward the inner part of the ring. In 
these structures, the hydrogen atom of benzene rotates out 
of the benzene plane by approximately 13.18°. In paths 8 
and 9, the length between the hydroxyl radical and carbon 
of the carbonyl group is approximately 1.77 Ǻ. The addi-
tion of hydroxyl to a carbon atom of the carbonyl group 
and the breaking of the C-N bond in the beta-lactam ring 
occur simultaneously in path 9. As seen in Fig. S5, the 
electron distribution in the Single Occupied Molecular 

Fig. 2   Pre-reactive complexes structures
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Orbital (SOMO) of TS9 (reaction path 9) is in the π* 
bond orbital of the carbonyl group and the p orbital of the 
hydroxyl radical. As shown in Fig. S4, the energies of TS8 
and TS9 are higher than other transition state complexes’ 
energies.

The activation free energies of reaction paths 7, 8, and 
9 are between 2.63 and 6.20 kcal mol−1. The differences in 
activation free energies of these reaction paths are due to the 
OH radical attaching different sterically hindered positions 
of the AMP. However, none of these activation free energy 
values are high enough to be studied experimentally in any of 
the AOP techniques [43]. The free energy values of hydroxyl 

radical addition to AMP are lower than hydrogen abstraction 
paths.

Activation free energy values of hydroxyl radical attack to 
the AMP molecule are lower than the hydrogen abstraction 
reaction paths’ values. This shows that the addition of hydroxyl 
radical to the AMP molecule would be preferable to the reac-
tion paths to hydrogen abstraction. The calculated results dem-
onstrate these reaction paths proceed from the transition states 
with releasing of intermediate radicals for hydroxyl radical 
addition. The energies of intermediate radicals are lower than 
the reactants for all reaction paths which indicates the exother-
mic nature of each reaction path (Fig. S4).

Fig. 3   Optimized structures of 
transition states
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Energetic parameters

Kinetic and energetic parameters for all the studied reaction 
paths are given in Table 1. It is seen that ΔG values of the 
reaction paths are all negative. The Gibbs free energy and 
enthalpy of the reaction paths demonstrate that all reaction 
paths are highly exothermic and exergonic. This means that 
reaction paths are not only possible but also thermodynami-
cally favoured. The absolute value of ΔG for reaction path 
9 is the lowest. This indicates the formation of product I9 
is thermodynamically favoured. Compared with all reac-
tion paths, the most stable product is also I9 with its most 
negative energy value as − 1560.00 Hartree (Table S3). This 
result is also consistent with the recent experimental results 
in which I9 was determined [44–47]. The activation free 

energies (Table 1) for all reaction paths are very small, so 
they can occur immediately at room temperature. Thus, the 
most possible reaction path for the primary degradation 
reaction of AMP is found to be the addition of hydroxyl 
radical to the carbonyl group of the beta-lactam ring.

Rate constant and half life time

The kinetic parameters of all the reaction paths are given in 
Table 1. The rate constants of all paths were calculated at 
298 K and 1 atm pressure. The rate constants for hydroxyl 
radical addition paths are higher than hydrogen abstrac-
tion paths. Thus, the hydroxyl radical addition paths are 
more probable than hydrogen abstraction paths. As seen 
in Table 1 paths 8 and 9 are the more fast reactions. The 

Fig. 4   Potential energy diagram 
for the hydrogen abstraction 
paths

Table 1   Enthalpy, Gibbs free 
energy, activation Gibbs free 
energy (ΔH, ΔG, ΔG#, kcal 
mol−1), imaginary frequency (I, 
cm−1), branching ratio (ʃ, %), 
and rate constants (k, M−1 s−1) 
of the reaction paths

Path ΔH ΔG ΔG# I ʃ k

1  − 17.63  − 18.80 6.49  − 1334.09 0.079 1.08 × 108

2  − 35.81  − 37.05 6.12  − 924.66 0.042 5.65 × 107

3  − 13.58  − 15.15 4.01  − 1188.46 5.228 7.11 × 109

4  − 35.59  − 36.58 4.88  − 883.72 1.213 1.65 × 109

5  − 13.49  − 14.75 4.84  − 1138.77 1.286 1.75 × 109

6  − 34.31  − 34.84 7.10  − 432.50 0.029 3.91 × 107

7p  − 14.48  − 4.83 5.44  − 295.45 0.472 1.79 × 108

7o1  − 16.62  − 6.21 4.37  − 258.96 1.257 3.89 × 109

7m1  − 13.87  − 4.04 6.20  − 313.97 0.132 1.79 × 108

7o2  − 4.15  − 4.60 6.19  − 276.40 2.860 1.81 × 108

7m2  − 13.84  − 4.24 4.86  − 310.32 0.133 1.71 × 109

8  − 45.25  − 39.22 2.63  − 318.77 53.235 7.24 × 1010

9  − 49.29  − 39.78 2.90  − 473.14 33.964 4.61 × 1010
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calculated overall rate constant for the AMP + OH reac-
tion is 1.36 × 1011 M−1 s−1, which is slightly higher than the 
experimentally obtained 8.21 × 109 ± 0.29 M−1 s−1 [33]. The 
rate constants calculated using the transition state theory are 
higher than those found experimentally [48]. The difference 
between the experimental and computational rate constants 
may be the result of the influence of the water environment 
on the reaction mechanism. Water molecules have a sig-
nificant effect on degradation reactions. Different solvent 
models can be used to solve these problems.

The relative contribution of each reaction path is needed 
to predict quantitatively the importance of each reaction 
intermediate [49]. The branching ratios of each path are 
obtained by dividing the rate constant of a reaction path by 
the overall calculated rate constant. The branching ratios of 
paths 1, 2, 6,7p, 7m1, and 7m2 are lower than 1%. Therefore, 
the contribution of these six paths to the degradation reac-
tion is insignificant. The branching ratios of paths 8 and 
9 are the highest ones with values of 53.24% and 33.96%. 
Thus, I8 and I9 are the main intermediates.

Kinetic parameters of AMP and OH radical reaction are 
also calculated at the temperatures of 250, 300, 350, and 
400 K [50]. The rate constants for these temperatures were 
given in Table S4. The results of the effect of temperature on 
the reaction rate are given in Fig. 5. The Arrhenius formula 
is obtained as lnk = 2134.2

1

T
+ 19.243 . It is understood that 

the kinetic of the reaction of AMP with OH is negatively 
affected by the increasing temperature in the studied tem-
perature range. Some studies obtained a similar result for 
hydroxyl radicals with organic compounds [50, 51].

The half-life time of the reaction (t1/2) is a simple index to 
find the degradation feasibility and fate of an organic com-
pound in the environment [52]. The half-life time of the stud-
ied reactions is calculated, for which the OH concentration 

is used in natural water as 10−15–10−18 M [53] and is given 
in Fig. S6. The reaction’s half-life time is varying between 
2.042 h and 85.103 days. As seen in Fig. S6, when hydroxyl 
radical concentration decreases, t1/2 of the degradation reac-
tion is increased. The degradation half-life time of AMP 
is higher than 60 days, so it can be classified as persistent 
organic contaminant molecules according to Stockholm 
Convention on Persistent Organic Pollutants [54].

Subsequent reaction of I9

The results of the AMP + OH reactions examined above 
indicate that the products of the hydroxyl radical addition 
reactions are important for the further degradation of AMP. 
The structure of several different products determined by 
experimental methods can be explained theoretically. As 
previously stated, the most stable product is also I9. Since 
the mechanism of action of beta-lactam antibiotics on bac-
teria is the bactericidal effect of the beta-lactam ring, sub-
sequent degradation reactions of the primary intermediate 
(I9) of beta-lactam ring cleavage will be discussed in this 
section.

The subsequent reaction scheme, reaction potential 
energy graph, and optimized reactive species geometries 
are given with Scheme 2, Figs. 6, and S7 respectively. As 
seen in Scheme 2, the subsequent reaction occurs with the 
hydroxyl radical attack on the hydrogen atom of the thia-
zolidine ring of I9. The subsequent reaction initiates the 
approaching of hydroxyl radical to I9. The distance between 
the oxygen atom of hydroxyl radical and to hydrogen atom 
of I9 is 2.68 Å in the PR10 structure. The PR10 has lower 
energy than I9 and OH radicals (Fig. 6). The stabilization 
of PR10 depends on the hydrogen bond interaction with a 
distance of 1.85 Å. Then, the reaction proceeds from PR10 

Fig. 5   The overall rate constant 
variation with the temperature 
range 250 to 400 K
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to TS10. The transition complex TS10 is formed by the 
bond formation between the electrophilic hydroxyl radical 
and the nucleophilic hydrogen of I9.2-((2-amino-2-pheny-
lacetamido)(carboxy)methyl)-5,5-dimethyl-2,5-dihydrothia-
zole-4-carboxylic acid (P) is obtained from this reaction via 
TS10. Belhacova et al. reported the same product in their 
study [12].

In TS10, the bond formed between the oxygen atom of 
the hydroxyl radical and the hydrogen atom of I9 is 1.23 Å, 
while the broken bond length between carbon and hydro-
gen is 1.43 Å. The bond angle between the hydroxyl radical 
and the abstracted hydrogen atom is 68.16° (Fig. S7). The 
enthalpy and Gibbs free energy values of the P and the water 
molecule are − 133.93 and − 135.55 kcal mol−1 respectively. 
This reaction is exergonic, so the formation of subsequent 
reaction products is possible.

Toxicity evolution

AMP can be classified as a persistent organic contaminant 
as stated above. Especially the toxic effect of degradation 
intermediates in water can be considered an environmental 
problem due to possible toxic effects on different organ-
isms. Therefore, we have calculated AMP and its degrada-
tion product (P) aquatic toxicity. The AMP acute toxicity is 
calculated as 160 mg L−1, 172 mg L−1, and 1530 mg L−1 for 
green algae, daphnid, and fish respectively. The toxicity of 

the subsequent product, P, is calculated and found 41.9 mg 
L−1, 54.5 mg L−1, and 441 mg L−1 for green algae, daphnid, 
and fish respectively. According to the Globally Harmonized 
System of Classification and Labelling of Chemicals (see 
Table S5), AMP is grouped among the most harmful chemi-
cals. From the toxicity analysis, it appears that the toxicity 
values of the degradation product P are greater than AMP 
for green algae, and daphnid. The toxicity value of P is lower 
than AMP with an LC50 value of 441 mg L−1 for fish. All the 
above results suggest that the degradation product toxicity 
is higher than the parent molecule. This result supports the 
previous studies claiming that some degradation products 
of antibiotics are more toxic than the parent antibiotic [16].

Conclusion

In this study, the reaction of AMP with OH radical was 
modelled and the results were compared with experimental 
studies. The primary reactions of the AMP + OH reaction 
are divided into two patterns, hydrogen abstraction, and 
hydroxyl radical addition. The obtained major findings are 
given below:

1)	 The negative Gibbs free energy values for the primary 
reaction paths demonstrate that electrophilic attack of 

Scheme 2   Proposed mechanism for subsequent reaction
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hydroxyl radical to AMP molecule is thermodynami-
cally possible.

2)	 The activation energy of all primary reactions is lower 
than 20 kcal mol−1, indicating that these reactions can 
occur easily.

3)	 The reaction rate constant is negatively affected by 
increasing temperature from 200 to 400 K. Therefore, 
this result may positively affect the experimental process 
in natural waters.

4)	 The branching ratio of reaction path 9 is higher than the 
others indicating the importance of the I9 intermediate.

5)	 The half-life time of the reactions is changing between 
2.042 h and 85.103 days as a function of the hydroxyl 
radical concentration.

6)	 It has been obtained from the toxicity assessment that P 
is more toxic than AMP.

Overall, it is known that numerical contaminants pass the 
aquatic resources from discharging of effluents. The calcula-
tion results have shown that DFT calculation can be used to 

explain the occurrence of experimentally obtained products, 
and as supplementing for further experimental studies. Thus, 
quantum chemical methods can be used to design suitable 
experimental reaction processes.
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