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Abstract 
The formations of [NAPA-A(H2O)n (n = 1, 2, 3, 4)] complexes have been stu-
died employing DFT/wB97XD/cc-pVTZ computational level to understand 
the kinetics and thermodynamics for the hydration reactions of N-acetyl- 
phenylalaninylamide (NAPA). Thermodynamic parameters such as reaction 
energy (E), enthalpy (H), Gibb’s free energy (G), specific heat capacity (Cv), en-
tropy (S), and change of these parameters (ΔEr, ΔHr, ΔGr, ΔCr, and ΔSr) were 
studied using the explicit solvent model. The predicted values of H, G, C, and 
S increase with the sequential addition of water in NAPA-A due to the in-
crease in the total number of vibrational modes. On the other hand, the value 
of ΔEr, ΔHr, and ΔGr increases (more negative to less negative) gradually for n 
= 1, 2, 3, and 4 that indicates an increase of hydration in NAPA-A makes ex-
othermic to endothermic reactions. The barrier heights for the transition states 
(TS) of [NAPA-A(H2O)n (n = 1, 2, 3, 4)] complexes are predicted to lie at 
4.41, 4.05, 3.72 and 2.26 kcal/mol respectively below the reactants. Accord-
ing to the calculations, the formations of [NAPA-A(H2O)1] and [NAPA- 
A(H2O)2] complexes are barrierless reactions because both water molecules 
are strongly bonded via two hydrogen bonds in the backbone of NAPA-A. 
On the contrary, the reactions of [NAPA-A(H2O)3] and [NAPA-A(H2O)4] com-
plexation are endothermic and the barrier heights are predicted to stay at 6.30 
and 10.54 kcal/mol respectively above the reactants. The free energy of activa-
tion (Δ‡G0) for the reaction of [NAPA-A(H2O)1], [NAPA-A(H2O)2], [NAPA- 
A(H2O)3], and [NAPA-A(H2O)4] complexation are 4.43, 4.28, 3.83 and 5.11 
kcal/mol respectively which are very low. As well as the rates of reactions are 
3.490 × 109 s−1, 4.514 × 109 s−1, 9.688 × 109 s−1, and 1.108 × 109 s−1 respectively 
which are very fast and spontaneous.  
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1. Introduction 

Water plays a significant role in changing the structural, kinetic, and thermody-
namic properties of peptides, proteins, nucleic acids, lipids, carbohydrates, and 
natural products [1] [2] [3] [4]. As well as regulates the biological activities of 
such biomolecules [5] [6]. However, it is still unknown how water molecules 
control the structures and biological functions. Therefore, it becomes a chal-
lenging issue in biophysical science from the experimental and theoretical points 
of view and also becomes a promising research era in which the aim is to under-
stand the physicochemical properties and biological/pharmaceutical activities at 
the molecular level. Experimentally it is very difficult to understand the working 
mechanism due to the extremely rapid phenomena occurring in the bulk water 
as well as in the biomolecule-water interface. Nevertheless, some experimental 
techniques have been developed to study the biomolecule-water interface and 
reported that the molecules are more tightly connected in the interface than in 
the bulk and hence, fluctuations occur slowly in the interface [7] [8].  

In contrast, computational approaches to biomolecule-water systems have 
been of great importance to the experimental society because of complementary 
and independent information to accurately interpret the nature of biomolecule- 
water interactions. Several experimental [9] [10] [11] [12] and theoretical [13] 
[14] [15] researches have been performed to interpret the structural, thermody-
namic, and kinetic behavior of biomolecule-water interactions using explicit and 
implicit solvent models. Recently, Lanza et al. reported by comparing and ana-
lyzing the computed thermodynamics data of Ala3H+·22H2O and Val3H+·22H2O 
clusters that the β-strand structure of Val3H+·22H2O clusters is more stable than 
Ala3H+·22H2O clusters due to the hydration enthalpy and entropy [16]. Arsiccio 
et al. reported that they used a novel computational approach to study protein 
unfolding using pressure in an implicit solvent model and found that the volume 
reduction of the bound water is the key energetic factor for the denaturation of 
proteins under the effect of pressure [17]. Lanza et al. reported by computation-
ally studying AcAlaNH2·nH2O (n = 1 - 13) complexes with the peptide in the 
fully extended (FE) conformation that the interaction energy increases upon in-
creasing the number of water molecules [2]. Fischer et al. recently reported on 
the reaction of protonated triglycine (Gly3H+) with a single water molecule in the 
gas phase both experimentally and theoretically [18]. The highest barrier height 
of the transition state (TS) for cis isomer is computed to lie at 1.8 kJ/mol below 
the reactants. On the contrary, the highest barrier height of the TS for trans- 
isomer is found to lie 7.0 kJ/mol below the reactants. 

The studies of kinetics and thermodynamics of peptide-water interactions are 
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focused on intermediate states (transition states), intermolecular interactions 
(cooperative hydrogen bonding), and free energy barriers [19]. The addition of 
water molecules in proteins, protein-ligand interfaces, protein-drug interfaces, or 
biopolymers modulates thermodynamic properties such as enthalpy, entropy, and 
Gibb’s free energy depending on the number of hydrogen bond presence [20] [21]. 
As Gibb’s free energy of activation depends on enthalpy and entropy [22], there-
fore, the addition of water in peptides or proteins changes the free energy of acti-
vation and finally changes the rate of reaction. In this manuscript, we studied the 
kinetics and thermodynamic properties of N-acetyl-phenylalaninylamide (NAPA) 
which is a model dipeptide, and its microhydration using the explicit solvent 
model in the gas phase. 

2. Computational Details 

The conformational analysis of NAPA was explored with the aid of AMBER 
force field [23] implemented in the HyperChem professional 7.51 package [24]. 
The structure of reactants (R), transition states (TS), and products (P) were com-
puted employing density functional theory (DFT) calculations. The DFT compu-
tations were implemented at dispersion correction functional (wB97XD) in con-
junction with the cc-pVTZ basis set in the gas phase. Vibrational frequency ana-
lyses were performed for the minimum energy structures to evaluate the charac-
ter of stationary points and also to obtain zero-point vibration energy (ZPVE). 
The characteristics of local minima for reactants and products were proved by 
ascertaining that the second derivatives energy of matrices (Hessian) have no im-
aginary frequency. Transition state geometries were found by QST3 (quadratic 
synchronous transit-guided quasi-Newton approach) method and confirmed that 
Hessian matrices have an imaginary frequency. Thermal corrections were done 
to get thermochemical energies such as enthalpies and free energies at 298.15 K 
under atmospheric pressure. The IRC calculations were also performed using the 
same level of computational approach for all the transition states (TS) to prove 
whether these TS are associated between the reactants and products to the accu-
rate minima or not. Total calculations were done with the aid of Gaussian16 
computational program [25] and GaussView 6.0 was applied to visualize the 
geometry of the compounds. The rate of the reaction was calculated by re-
nowned transition-state theory (TST) [26] via the below-mentioned equation: 

( ) ‡ 0 /
0 e G RTBk Tk T

hc
−∆=  

where k(T) is the rate of reaction at temperature T, kB is the Boltzmann constant 
(=1.380662 × 10−23 J/K), h is the Planck’s constant (=6.627176 × 10−34 J∙s), R is 
the gas constant (=8.31441 J/mol∙K), c0 is the standard concentration (=1 mol/L), 
and Δ‡G0 is Gibb’s free energy of activation. 

3. Results and Discussion 
3.1. Geometry Optimization and Thermodynamic Stability 

By applying MP2/6-31 + G* and DFT/wB97XD/cc-pVTZ computational levels, 

https://doi.org/10.4236/cmb.2023.134005


M. Alauddin et al. 
 

 

DOI: 10.4236/cmb.2023.134005 66 Computational Molecular Bioscience 
 

N-acetyl-phenylalaninylamide (NAPA) molecules can assume four different 
conformations and they are NAPA-A, -B, -C, and -D. Among them, the mini-
mum energy conformer is NAPA-A with the structural motif of βL(a) and that is 
proved both experimentally as well as theoretically [27] [28] [29] [30] [31]. To 
avoid complexation, only NAPA-A conformer has been taken for microhydra-
tion. Several conformers are calculated for mono-, di-, tri-, and tetra-hydrated 
NAPA-A complexes using DFT/wB97XD/cc-pVTZ computational approach. 
The most stable conformers for all the hydrated NAPA complexes are taken into 
account for kinetics and thermochemical analysis in the gas phase. Figure 1 
shows the most stable structures of NAPA-A and its hydrated cluster. The Gaus-
sian 16.0 program package is utilized to carry out thermochemical analysis at the 
default temperature (298.15 K) and pressure (1 atmosphere). All the thermody-
namical parameters of hydrated NAPA-A complexes are computed and pre-
sented in Table 1. 
 

 

Figure 1. DFT-optimized the most stable structures of [NAPA-A(H2O)n (n = 1, 2, 3, 4)] 
complexes. 
 

Table 1. Calculated thermodynamic parameters of the most stable structures of NAPA-A, water and [NAPA-A(H2O)n (n = 1, 2, 3, 
4)] complexes with wB97XD/cc-pVTZ computational approach. 

Molecule 
E0 

(a.u.) 
EZPE 

(a.u.) 
E0 + EZPE 

(a.u.) 
E0 + ECorr 

(a.u.) 
E0 + HCorr 

(a.u.) 
E0 + GCorr 

(a.u.) 
H G C S 

NAPA-A −687.62464 0.24178 −687.38286 −687.36815 −687.36720 −687.42672 160.952 124.195 54.414 125.263 

H2O −76.43483 0.02170 −76.41312 −76.41029 −76.40934 −76.43075 15.401 2.560 6.006 45.056 

[NAPA-A(H2O)1] −764.07833 0.26753 −763.81079 −763.79321 −763.79227 −763.85831 178.911 138.057 63.492 138.993 

[NAPA-A(H2O)2] −840.53763 0.29381 −840.24382 −840.22386 −840.22291 −840.29362 196.898 153.117 71.969 148.810 

[NAPA-A(H2O)3] −916.98901 0.31909 −916.66991 −916.64690 −916.64596 −916.72424 214.672 166.138 81.407 164.756 

[NAPA-A(H2O)4] −993.43648 0.34390 −993.09257 −993.06624 −993.06530 −993.15202 232.328 178.500 91.584 182.521 

H = Enthalpy (kcal/mol), G = Gibb’s free energy (kcal/mol), C = Heat Capacity (cal/mol-Kelvin) and S = Entropy (cal/mol-Kelvin). 
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The total energy for a molecular system is assumed by Etotal = E0 + Evibrational + 
Erotational + Etranslational, where E0 is the sum of Eelectronic and ZPE. This ZPE to the 
electronic energy considers for the effect of vibrations occurring even at 0 K in 
the molecule. Therefore, zero point corrected vibrational energy E, enthalpy H 
(H = E + RT), and Gibb’s free energy G (G = H − TS) are accounted for the ther-
mal correction. The values of H, G, Cv, and S of NAPA-A are 160.952, 124.195, 
54.414, and 125.263 in the respective units mentioned in Table 1. Successive ad-
dition of water molecules in NAPA-A increases the value of H, G, Cv, and S at an 
almost constant rate. The total number of vibrational modes increases with the addi-
tion of water molecules. Ultimately the total electronic energies of [NAPA-A(H2O)n 
(n = 1 - 4)] complexes are increased and therefore enthalpy, Gibb’s free energy, 
heat capacity, and entropy increase. 

3.2. Formation of Hydrated NAPA-A Complex and  
Thermochemical Analysis 

The energy of a reaction is a very important parameter to understand the nature 
of the reaction. The reaction for the formation of [NAPA-A(H2O)n] complexes 
are given below: 

NAPA-A + (H2O)n (n = 1, 2, 3, 4) → [NAPA-A(H2O)n (n = 1, 2, 3, 4)]   (1) 

The energy of the reaction can be calculated by subtracting the total electronic 
energies of the bare NAPA-A and isolated water from the total electronic energy 
of [NAPA-A(H2O)n (n = 1, 2, 3, 4)] complex. The equations for the calculation 
of the reaction energy (ΔEr), the change of enthalpy (ΔHr), the change of Gibb’s 
free energy (ΔGr), the change of heat capacity (ΔCr) and the change of entropy 
(ΔSr) are shown below: 

ΔEr = E[NAPA-A(H2O)n (n = 1, 2, 3, 4)] − E[bare NAPA-A] − E[(H2O)n (n = 
1, 2, 3, 4)]  

ΔHr = H[NAPA-A(H2O)n (n = 1, 2, 3, 4)] − H[bare NAPA-A] − H[(H2O)n (n 
= 1, 2, 3, 4)] 

ΔGr = G[NAPA-A(H2O)n (n = 1, 2, 3, 4)] − G[bare NAPA-A] − G[(H2O)n (n = 
1, 2, 3, 4)] 

ΔCr = C[NAPA-A(H2O)n (n = 1, 2, 3, 4)] − C[bare NAPA-A] − C[(H2O)n (n = 
1, 2, 3, 4)] 

ΔSr = S[NAPA-A(H2O)n (n = 1, 2, 3, 4)] − S[bare NAPA-A] − S[(H2O)n (n = 1, 
2, 3, 4)] 

To calculate ΔEr, ΔHr, ΔGr, ΔCr, and ΔSr the structures of reactants and prod-
ucts are very important. The structures of reactants, TS, and products are opti-
mized using DFT/wB97XD/cc-pVTZ computational approach and are presented 
in Figure 2. The TS structures were confirmed by checking the Hessian matrices 
that have an imaginary frequency. The DFT-calculated ΔEr, ΔHr, ΔGr, ΔCr, and 
ΔSr are summarized in Table 2. The values of ΔEr, ΔHr, and ΔSr are negative (−) 
which means the formation of [NAPA-A(H2O)n (n = 1, 2, 3, 4)] complexes from 
NAPA-A, [NAPA-A(H2O)n (n = 1, 2, 3)] and H2O are exothermic. In the formation  
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Figure 2. DFT-optimized the most stable structure of NAPA-A, transition state structures of [NAPA-A(H2O)n 
(n = 1, 2, 3, 4)] complexes, and the most stable structure of [NAPA (H2O)n (n = 1, 2, 3, 4)] complexes. 

 
Table 2. DFT-calculated energy, enthalpy, Gibb’s free energy, change of heat capacity, and entropy change for the reactions of 
NAPA-A and [NAPA-A(H2O)n (n = 1, 2, 3)] complexes with water. 

Reactions 
ΔEr 

(kcal/mol) 
ΔHr 

(kcal/mol) 
ΔGr 

(kcal/mol) 
ΔCr 

(kcal/mol-Kelvin) 
ΔSr 

(kcal/mol-Kelvin) 

NAPA-A + H2O → [NAPA-A(H2O)1] −9.27 −9.87 −0.52 0.0030 −0.0313 

[NAPA-A(H2O)1] + H2O → [NAPA-A(H2O)2] −12.77 −13.36 −2.86 0.0025 −0.0352 

[NAPA-A(H2O)2] + H2O → [NAPA-A(H2O)3] −8.00 −8.60 0.08 0.0034 −0.0291 

[NAPA-A(H2O)3] + H2O → [NAPA-A(H2O)4] −5.68 −6.27 1.86 0.0041 −0.0272 

ΔEr = Reaction energy, ΔHr = Enthalpy of reaction, ΔGr = Gibb’s free energy of reaction, ΔCr = Change of heat capacity and ΔSr = 
Change of Entropy. 
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of [NAPA-A(H2O)2] complex, the values of ΔEr, ΔHr, and ΔSr are more negative 
(−) compared to the other complexes’ formation. Because the most stable con-
former of [NAPA-A(H2O)2] complex has a structure that blocks both C5 and C7 
backbone interactions by two water molecules which makes the complex more 
compact than others. The values of ΔEr, ΔHr, ΔGr, ΔCr, and ΔSr for n = 1, 3, and 
4 complexes are increased (more negative to more positive) as the total number 
of vibrational modes increases. The change ΔHr, ΔGr, ΔCr, ΔSr and the reaction 
energy (ΔEr) for the successive addition of water molecule is depicted in Figure 
3. 

3.3. The Barrierless Reactions and Kinetics 

Calculated energy of transition states, free energy of activation, and rate of the 
reaction for the reactions of NAPA-A and [NAPA-A(H2O)n (n = 1, 2, 3)] com-
plexes with water are shown in Table 3. A sketch of the calculated potential 
energy surface (PES) with DFT/wB97XD/cc-pVTZ computational approach for 
the NAPA-A + (H2O)n (n = 1, 2, 3, 4) → [NAPA-A(H2O)n (n = 1, 2, 3, 4)] are 
shown in Figure 4 and the structures of reactants, TS and products are pre-
sented in Figure 2. Transition state geometries were obtained by QST3 method 
and were confirmed that Hessian matrices have an imaginary frequency. Transi-
tion state complexes have longer hydrogen bond distances than the stable [NAPA- 
A(H2O)n (n = 1, 2, 3, 4)] complexes (products) (Figure 2). 

It is very interesting that the barrier height for the transition states (TS) of 
[NAPA-A(H2O)n (n = 1, 2, 3, 4)] complexes are computed to lie at 4.41, 4.05, 
3.72, and 2.26 kcal/mol below the reactants. 
 

 

Figure 3. Graphs representing reaction energy, the change of enthalpy, the change of 
Gibb’s free energy, the change of heat capacity and the change of entropy for the succes-
sive addition of water. 
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Table 3. Calculated energy of transition states, free energy of activation, and rate of the reaction for the reactions of NAPA-A and 
[NAPA-A(H2O)n (n = 1, 2, 3)] complexes with water. 

Reactions 
Energy of the 

transition state (TS) structure 
(a.u.) 

Free energy 
of activation, Δ‡G0 

(kcal/mol) 

Rate of 
the reaction, k 

(s−1) 

NAPA-A + H2O → [NAPA-A(H2O)1] −763.803004 4.433355 3.490 × 109 

[NAPA-A(H2O)1] + H2O → [NAPA-A(H2O)2] −840.229839 4.281497 4.514 × 109 

[NAPA-A(H2O)2] + H2O → [NAPA-A(H2O)3] −916.663401 3.829062 9.688 × 109 

[NAPA-A(H2O)3] + H2O → [NAPA-A(H2O)4] −993.086625 5.113575 1.108 × 109 

 

 

Figure 4. Potential energy surface (PES) for the reactions of NAPA-A and [NAPA-A(H2O)n 
(n = 1, 2, 3)] complexes with water having no energy barrier. Relative energies are given 
in kcal/mol. 
 

Consequently, the barrier height for the production of the stable complex of 
[NAPA-A(H2O)1] is found to lie 9.29 kcal/mol below the reactants, and for 
[NAPA-A(H2O)2] complex is computed to lie 0.03 kcal/mol above the reactants. 
These calculated results confirmed that the products formed global minima [32]. 
The NAPA-A conformer has both C5 and C7 backbone interaction positions. For 
the 1st reaction NAPA-A + (H2O)1 → [NAPA-A(H2O)1] complex, where water 
molecule goes C5 interactions position and formed very stable complex and for 
the 2nd reaction [NAPA-A(H2O)1] + (H2O)1 → [NAPA-A(H2O)2] complex, where 
water molecule goes C7 interactions position and formed very stable complex. 
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As water molecules are strongly bonded via two hydrogen bonds, the value of 
entropy is more negative compared to the higher cluster and therefore these two 
reactions are barrierless [33].  

On the other hand, the 3rd reaction [NAPA-A(H2O)2] + (H2O)1 → [NAPA- 
A(H2O)3] complex and the 4th reaction [NAPA-A(H2O)3] + (H2O)1 → [NAPA- 
A(H2O)4] complex, the 3rd and 4th water molecule are not directly connected to 
the backbone of NAPA-A. That means these two water molecules are loosely 
bound to NAPA-A and hence entropy value is less negative compared to 1st and 
2nd complexes. Due to the increase of entropy, the 3rd and 4th reactions are endo-
thermic, and the barrier heights are predicted to lie at 6.30 and 10.54 kcal/mol 
above the reactants. To understand the kinetic behaviors, Gibb’s free energy of 
activation (Δ‡G0) as well as the rate of reaction (k) have been calculated for all 
the reactions. The calculated values of Δ‡G0 are 4.43, 4.28, 3.83, and 5.11 kcal/mol 
for 1st, 2nd, 3rd, and 4th reactions respectively. Finally, the rate of reactions is 3.490 
× 109, 4.514 × 109, 9.688 × 109, and 1.108 × 109 per second for 1st, 2nd, 3rd and 4th 
reactions respectively. That means all the reactions are very fast but the forma-
tion of trihydrated NAPA-A complex from dihydrated NAPA-A and water is 
faster than other hydrated complex formation reactions.  

4. Conclusion 

In this work, we studied the thermodynamics and kinetics of N-acetyl-phenyla- 
laninylamide (NAPA) and its microhydration using the explicit solvent model in 
the gas phase. The most stable conformers of [NAPA-A(H2O)n (n = 0 - 4)] com-
plexes are taken into account for kinetics and thermochemical analysis. The val-
ues of H, G, Cv, and S of NAPA-A and its hydrated complexes increase with the 
successive addition of water molecules due to the increase in the total number of 
vibrational modes. On the other hand, the values of ΔEr, ΔHr, and ΔGr become 
more negative to less negative which indicates the sequential addition of water in 
NAPA-A makes exothermic to endothermic reactions. Transition state geome-
tries were calculated by the QST3 method and the barrier height for the transi-
tion states (TS) of [NAPA-A(H2O)n (n = 1, 2, 3, 4)] complexes are predicted to 
lie 4.41, 4.05, 3.72 and 2.26 kcal/mol below the reactants. According to our cal-
culations, the first two reactions means the formation of [NAPA-A(H2O)1] and 
[NAPA-A(H2O)2] complexes are barrierless reactions because both water mole-
cules are strongly bonded via two hydrogen bonding in the backbone of 
NAPA-A peptide. Whereas [NAPA-A(H2O)3] and [NAPA-A(H2O)4] complex 
formation reactions are endothermic and the barrier heights are calculated to lie 
at 6.30 and 10.54 kcal/mol respectively above the reactants. To see the kinetic ef-
fect, we calculated the rate of reactions for the formation of [NAPA-A(H2O)1], 
[NAPA-A(H2O)2], [NAPA-A(H2O)3], and [NAPA-A(H2O)4] complexes are 3.490 
× 109 s−1, 4.514 × 109 s−1, 9.688 × 109 s−1 and 1.108 × 109 s−1 respectively. This 
theoretical observation messages us that the microhydration of NAPA-A is very 
fast and spontaneous. 
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