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Abstract: The structure of N-methylacetamide and N,N-dimethylacetamide dimers and hydrogen-bonded complexes of N-methylacetamide and N,N-dimethylacetamide with water molecules (1-3 molecules in the complex) has been studied by the quantum chemical method based on the density functional theory (DFT) approximation using hybrid Becke, three-parameter, Lee-Yang-Parr (B3LYP) functional and gradient-corrected correlation functional of Perdew, Burke and Ernzerhof (PBE), D3 version of Grimme dispersion correction and augmented correlation-consistent polarized valence-only triple-zeta (aug-CC-pVTZ) basis set. The geometrical parameters of hydrogen bonds, binding energies, vibrational bands have been calculated and the Natural Bond Orbital (NBO), quantum theory of atoms in molecules (QTAIM) analyses have been carried out.
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1. Introduction
Amides play an important role as model compounds for the study of peptide bonds, repeating fragments in biological macromolecules of proteins. These objects are investigated in sufficient detail by various methods. Earlier, we studied the acetamide-acetamide and water-acetamide complexes [1]. In this paper, we continue the study of these objects analysing N-methylacetamide, N,N-dimethylacetamide complexes as an example.
The molecular structure of N-methylacetamide was studied by electron diffraction in the gas phase [2,3], and in crystal [4]. Using theoretical and experimental methods, the conformations of N-methylacetamide were analyzed [5–9]. Ab initio methods were used for detailed investigation into hydrogen bonding in the N-methylacetamide dimer [10–13]. In addition, a study of hydrogen binding in chains containing from 2 to 10 molecules of N-methylacetamide [14] was performed.

A number of papers [15–20] are devoted to the experimental study of aqueous solutions of N-methylacetamide and N,N-dimethylacetamide. Changes in the density and viscosity of the amide-water binary system depending on the concentration [15, 16], the dependence of the dielectric parameters [17], and the excess thermodynamic properties [18] on temperature were considered. Experimentally by different methods (NMR, viscosity, surface tension, dielectric constant) interactions in N,N-dimethylacetamide aqueous solutions were studied and it was shown that DMA·2H2O complexes are the most stable ones [19]. Another work performed by Takamuku T. et al. [20] was aimed at studying the structural and spectral characteristics of an aqueous solution of N, N-dimethylacetamide at 298 K, depending on the concentration. Several methods (IR spectroscopy, X-ray diffraction and mass spectrometry) were also used.

Modeling and detailed analysis of the main types of intermolecular interactions of peptides were carried out by theoretical methods for N-methylacetamide and N, N-dimethylacetamide as an example [21-25]. It was shown that for N-methylacetamide and N,N-dimethylacetamide water complexes, the O–H…O=C hydrogen bonds were stronger than the N–H…O=C bonds [21]. Also amide molecules were characterized by the formation of a hydrogen bond with proton donor solvents (water, methanol, phenol) through the C=O group, and these solvents acted as destroyers of the peptide bond N-H...O=C.

Theoretical studies of N-methylacetamide and N,N-dimethylacetamide and their mixtures with water were carried out using the numerical simulation methods: classical molecular dynamics [26–36], a combination of quantum mechanics and molecular mechanics [37–41]. Hydration of the simplest amides (among which were acetamide, N-methylacetamide and N,N-dimethylacetamide) was studied by a combination of experimental and theoretical methods [42-47].
The study of hydrogen bonding of amides with solvent molecules was carried out by quantum-chemical methods [48-56]. Various quantum-chemical methods [50] were used to determine the changes in energy and energy distribution during the rotation of the amide bond of N-methylacetamide in the gas phase, as well as the influence of water on the structural and energy properties of N-methylacetamide conformers. In the same work [50] and in other works [48,52], it was shown that this is the most energetically favorable conformation with the anti-parallel distribution of methyl groups (trans-conformation). 

In the aqueous solution, although hydrogen bonding affects the conformational properties of N-methylacetamide, the cis-conformation is still less beneficial [52]. In addition, the solvent effect was modeled using the PCM model [55]. The CCSD(T), MP2 and different DFT methods and a large number of basis sets were tested for calculating the structures and energies of interaction of trans-N-methylacetamide with water molecules [56].

The aim of this work is to study the structure of the complexes formed by the trans- and cis- isomers of N-methylacetamide and N,N-dimethylacetamide with water using the density functional theory (DFT). The NBO and QTAIM methods were also used to estimate the energy parameters of the hydrogen bonds of these complexes.
2. Methods

All the calculations were performed using the Gaussian 09 program package [57]. The geometrical optimization of the complexes was carried out using functionals B3LYP [58], PBE [59] within the DFT method with a GD3 dispersive interactions correction [60] and aug-cc-pVTZ [61] basis sets. The NBO and QTAIM analyses were carried out to study the hydrogen bonding topology.
The energy of intermolecular interactions with an adjustment for the basis set superposition error (BSSE) was computed in accordance with the following relations [62]:

Eint = E(AB, aUb, R) – [E(A, aUb, R) + E(B, aUb, R)] (1).
The BSSE correction was calculated according to the equation:
BSSE = [E(A, aUb, R) – E(A, a, R)] + [E(B, aUb, R) – E(B, b, R)] (2),
where E(AB, aUb, R), E(A, a, R), E(B, b, R) are the energies of complexes and initial isolated molecules, respectively. Molecules A and B are separated by a distance R in the AB complex; a and b are the basis set of isolated molecules, aUb is the AB complex basis set.
According to the Weinhold theory [63], hydrogen bonds are formed as a result of electron density transfer (charge transfer) from a bonding orbital of the proton acceptor molecules to antibonding orbitals of the proton donor molecule. The stabilization energy of hydrogen bonds (E2) and the charge transfer values (q) were calculated according to the principles of the Natural Bond Orbital analysis (NBO) as follows [63,64]:
E2 = – FIJ2/ΔE (3)
q = 2(FIJ/ΔE)2 (4),
where
FIJ = n|F|σ* (5)
ΔE = σ*|F|σ* − n|F|n (6),
n, σ* are the bonding and nonbonding orbitals of the X-H bond, FIJ is the nondiagonal element of the orbital Hamiltonian, characterizing the interaction (overlap) of these orbitals, ΔЕ is the difference between the orbital energies.
According to the quantum theory of atoms in molecule (QTAIM) [65], the existence of critical points of rank 3 and signature -1 (3, -1) on the corresponding bond path and the electron density characteristics in these points are also attributes of bonding or interaction. The densities of potential energy are proportional to the binding energy in the critical point of the energy hypersurface [66].
3. Results and discussion
Different kinds of X–H…Y hydrogen bonds can be formed in amide dimers and water-amides complexes, where the oxygen of the C=O group is a proton acceptor or the NH2 group is acting as a proton donor. Table 1 presents the distances and angles characterizing hydrogen bonds, the interaction energies with BSSE correction, the stabilization energies, the values of charge transfer, the vibration frequency and its shifts in relation to the isolated molecules, and potential energy density in the HB critical point. An oxygen atom has two lone pairs that can participate in hydrogen bond formation. Table 1 shows the sum of the stabilization energy and the charge transfer values.
Let us first consider the interaction between individual molecules. Fig.1 shows the optimized geometrical structures N-methylacetamide and N,N-dimethylacetamide dimers. 
Methylacetamide dimers have been extensively studied by quantum chemical methods. The results obtained by us are in good agreement with the previously published ones [14], taking into account differences in the methods and basis sets. Dimers (fig.1. a, b) are distinguished by the relative orientation of the molecules, the N–C=O…N angles are 176.2 and –6.3 o, respectively. They differ in energy of interaction and hydrogen bonding. In the case of the second dimer, there is a weaker interaction, as shown by three of the four calculation methods that we used. NBO and QTAIM data indicate weaker hydrogen bonding in the case of the second dimer. Perhaps, this is due to steric effects.
In the case of the cis- form of N-methylacetamide, as in the case of the previously studied acetamide [1], the formation of a cyclic dimer with two identical hydrogen bonds (fig.1.c) is possible. These hydrogen bonds according to NBO and QTAIM, as in the case of acetamide, are much stronger than the bonds in a non-cyclic dimer (fig.1.d). However, if we consider the interaction energy per bond, it will be less for a cyclic dimer, which is associated with additional interactions of the groups, in particular for a non-cyclic dimer, the interaction of C=O and CH3 groups.
The molecule of N,N-Dimethylacetamide is not capable of forming conventional hydrogen bonds due to the absence of groups that are proton donors. However, there are weak C=O...H-C interactions that stabilize this dimer. These interactions are much weaker than hydrogen bonds in other amides.
In general, if we compare the interaction energy, then the water-water interaction is slightly weaker than the amide-amide interaction, with the exception of dimethylacetamide, which is not capable of forming hydrogen bonds. The details related to the influence of the calculation method (the influence of the functional and the dispersion correction) were discussed earlier [1] and are reproduced quite well in this work.

Let us now consider the water –amide complexes. Figure 2 shows the structures of N-methylacetamide complexes with one water molecule. There are three such complexes with different mutual orientations, and some properties have been discussed earlier [56].
However, some of the complexes which we calculated using the B3LYP and PBE functionals differ in the rotation of the CH3 group associated with the nitrogen atom. In the case of using the B3LYP functional, both structures exist (fig.2a, b), but the structure shown in fig.2a is more stable than the one shown in fig.2.b. Optimizing the structure with the PBE functionality leads to the structure shown in fig.2.b. Using the B3LYP functional with GD3 dispersion correction also results in the structure shown in fig.2a, and using the GD3 dispersion-based PBE results in the structure shown in fig.2b.

The structure of the complex shown in fig.2c does not depend on the choice of the functional, however, the PBE functional with dispersion correction leads to unstable structures with imaginary frequencies and the data for this structure are not shown in the table. The structures of the complexes shown in fig.2d also differ in the rotation of the CH3-group. In this case, both structures are stable when the used both functionals; however, in the case of the B3LYP functional, the structure shown in fig.2d is more stable, and in the case of the PBE functional, higher stability is observed in the structure shown in fig. 2.e. As in the case of the first 1:1 complex, the dispersion correction leads to similar structures of the complexes. In our opinion, this is due to the different allowance for weak interactions by the B3LYP and PBE functionals.
The energy of hydrogen bonds is very weakly dependent on the rotation of the CH3 group. Hydrogen bonds are almost linear, the angle O–H…O is close to 180o. The dispersion corrected interaction energies of the molecules in complexes are in good agreement with the previously calculated values by CCSD(T) method [56]. The C=O...H–O hydrogen bond is stronger when the water molecule is located on the side of the CH3 group (fig.2ab) than on the side of the CH3 group bound to the nitrogen atom. This is due to the steric effects of the methyl group associated with the nitrogen atom. The steric effect can be estimated from the change in the angle C=O...O. In the first complex, this angle is 113° and 110° for B3LYP and PBE, respectively, and decreases to 108° when the dispersion correction is taken into account, while in the second one, it is 134 and 132° and slightly decreases when the dispersion correction is taken into account. The N–H…O hydrogen bond is weaker than the C=O...H–O one, as indicated by the parameters calculated by the NBO and QTAIM methods.
Fig.3 shows 1:1 complexes of cis N-methylacetamide water. There are two such complexes. In the first complex, two hydrogen bonds are formed: O...H-O and N-H...O; we have previously studied similar bonds for water-acetamide complexes [1]. The interaction energy for the first (fig.3a) complex is greater than for the second (fig.3b), due to the presence of two hydrogen bonds. For the first complex (fig.3a), the O...H-O and N-H...O ties are distorted, the angle X-H...Y ~ 150º. The presence of an additional N-H...O bond leads to an increase in the O...H-O bond compared to the trans form of N-methylacetamide, as indicated by the NBO and QTAIM data. The N-H...O bond is weaker than that in trans N-methylacetamide. For the second complex (fig.3b), the O...H-O connection is almost linear. In energy, these bonds are similar to those of N-methylacetamide and acetamide.
Fig.4 shows the 1:1 water-N, N-dimethylacetamide complexes. There are also two such complexes. Both complexes have one O…H-O hydrogen bond. The first complex is more stable, it has short and strong hydrogen bonds, as indicated by the NBO and QTAIM data. In the second complex, the bonds are weaker, due to the steric effects of the methyl group associated with the nitrogen atom. A similar situation was observed for N-methylacetamide. The steric effect can also be estimated by a change in the angle C=O...O, in the first complex this angle is 116o and 114o for B3LYP and PBE, respectively, and decreases slightly with the use of the dispersion correction, and in the second it is 138o and 136o and decreases to 118o.
Now, let us consider the complexes with two water molecules. In the case of N-methylacetamide, there are 3 such complexes, they are shown in fig.5. All the complexes have two hydrogen bonds. The first complex (fig.5a) is more stable due to two stronger hydrogen bonds C=O...H-O. In this case, both functionals produce structures with the same orientation of the methyl groups associated with the nitrogen atom. As it was shown above, the bonds differ in strength, which is associated with the steric effects of the methyl group. The angle C=O...O is ~ 110o and ~ 128o, and decreases when the dispersion correction is used.
In the case of the second complex (fig.5b, c), the functionals produce structures with different orientations of methyl groups bound to the nitrogen atom. Calculation with B3LYP functional shows that both structures are stable, however, the structure shown in fig.5b has less energy. The use of the dispersion correction leads to the only similar structure. The parameters of hydrogen bonds, as in the case of the 1:1 complex, are practically independent of the methyl group orientation. The PBE functional without and with a dispersion correction leads to the structure shown in fig.5c. For the complexes shown in fig.5b, c, the C=O...H-O hydrogen bond is stronger than the corresponding bond in the case of the first complex (fig.5a). Similar behavior was observed by us for acetamide [1]. The N-H...O bond is slightly stronger than in the 1:1 complex. The N–H…O bond is weaker than the C=O…H–O bond, as in the case of 1:1 complexes. The data on the strength of hydrogen bonding is confirmed by NBO and QTAIM calculations. However, in general, the interaction energy in this complex is less than in the first one, which is associated with additional interactions of the water molecule with the methyl group. The orientation of the methyl group of the third complex (fig.5d) does not depend on the chosen functional. When the B3LYP functional with a dispersion correction is used, the structure has virtual frequencies and is unstable. The C=O...H-O hydrogen bond is also stronger than the corresponding bond in the case of the first complex (fig.5a). The N–H…O bond is practically the same as the bond in the second complex. The dispersion corrected interaction energies of the molecules in complexes are in good agreement with the previously calculated values [56].
Fig. 6 shows the complexes of cis-N-methylacetamide (a, b) and dimethylacetamide (c) with two water molecules. In the case of cis-N-methylacetamide, there are 2 such complexes. All the complexes have three hydrogen bonds. In the first complex (fig.6a), the C=O...H-O bonds are close in strength, in the case of the B3LYP functional. In the case of the PBE functional, the C=O...H–O bond is stronger with the formation of an additional bond with the NH group, despite a noticeable distortion, as in the case of 1:1 complexes and the acetamide previously studied [1]. The second complex (fig.6b) is more stable due to the formation of undistorted bonds and bonds between the water molecules. An additional effect can be introduced by polarizing the molecules during the formation of H-bonds. The C=O...H–O bond is stronger than the ones between the water molecules in this complex, in contrast to the previously studied acetamide [1].
In the case of a unique N, N-dimethylacetamide complex, with two water molecules as the maximum possible number (fig.6c), the C=O...H-O bonds, as in the 1: 1 complex, differ markedly in strength. The reason is the influence of the methyl group associated with the nitrogen atom. As mentioned above, the steric effect can be estimated from the angle C=O...O. For the first bond, it is 115o, for the second one it is 140o. For the B3LYP functional with dispersion correction, the angle C=O...O is 112o, but the water molecule significantly deviates from the plane of the N, N-dimethylacetamide molecule and the angle N-C=O...O is about 50o, unlike the other functionals where it is relatively small (10-15o).

Fig.7 shows the N-methylacetamide (a) and cis-N-methylacetamide (b) complexes with three water molecules. In the case of the first complex, three bonds are formed; in the case of the second, four bonds; an additional bond is formed between the water molecules. First, let us consider the N-methylacetamide complex with three water molecules. The dispersion corrected interaction energy are in good agreement with the previously calculated values [56]. The C=O...H-O bonds, as in the previous complexes, differ in strength. A weaker bond is formed when the water molecule is on the side of the nitrogen atom, as in the case of the other N-methylacetamide complexes. The angle C=O...O for the first connection is 114 and 112 o and decreases when the dispersion correction to 110 o is used, for the second connection it is 130 and 128 o and decreases to 128 and 125 o respectively. The N-H...O bond is weaker than the C=O...H-O bond.

For cis-N-methylacetamide (fig.7 b), the C=O...H-O bonds also differ markedly in energy. The formation of a stronger bond is accompanied by the formation of an additional bond between the water molecules. The N-H...O bond is stronger than the C=O...H-O one when the water molecule is on the side of the methyl group (1) and weaker when the water is on the side of the NH group and forms an additional hydrogen bond (2). This is due to the polarization of the water molecule during the formation of the additional hydrogen bond. The bond between the water molecules in this complex is stronger than the other ones, with the exception of the case of using the B3LYP functional with a dispersion correction.

4. Conclusion
We have calculated the structures of N-methylacetamide and N,N-dimethylacetamide dimers and N-methylacetamide and N,N-dimethylacetamide complexes with water molecules by the DFT B3LYP and PBE methods in the aug-CC-pVTZ basis set. We have also calculated the geometric parameters of the hydrogen bonds, the interaction energies and the vibrational bands and analyzed them by the NBO and QTAIM methods. It has been shown that the resulting hydrogen bonds can be described as bonds of medium strength, except the distorted N-H...O bonds, like the previously studied acetamide. The strength of the C=O…H-O H-bonds strongly depends on the water molecule environment, i.e. additional H-bond formation. The NBO-analysis data correlate well with the QTAIM data and frequency shifts (νXH). The many-body effects play an important role in the formation of bonds, which can both strengthen or weaken the interactions. It is also important to take into account the dispersive interactions.
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Fig.1. N-methylacetamide (a,b), cis-N-methylacetamide (c,d) and N,N-dimethylacetamide (e) dimers.
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Fig.2. N-methylacetamide – water 1:1 complexes.
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Fig.3. Cis-N-methylacetamide – water 1:1 complexes.
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Fig.4. N,N-dimethylacetamide – water 1:1 complexes
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Fig.5. N-methylacetamide – water 1:2 complexes.
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Fig.6. Cis-N-methylacetamide – water (a,b) and N,N-dimethylacetamide – water (с) 1:2 complexes.
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Fig.7. N-methylacetamide – water (a) and cis-N-methylacetamide – water (b) 1:3 complexes.
Table. Water - water, amide - amide and amide – water complexes X-H…Y H-bond parameters, Eint – interaction energy with BSSE correction, E2 – H-bond stabilization energy, q – charge transfer values, νXH and ΔνXH – XH vibration frequency and its shifts, V – potential energy density in HB critical point.
	W-W [1]

	
	X…Y,
A
	H…Y,
A
	X-H…Y,
0
	Eint (BSSE),
kJ/mol
	E2,
kJ/mol
	q,
e
	νXH, (ΔνXH),
cm-1
	V,
a.u.

	
	O-H…Ow
	B3LYP
	2.917
	1.954
	172.1
	-19.08 (0.22)
	30.17
	0.012
	3676 (223)
	-0.0199

	
	
	B3LYP+GD3
	2.909
	1.947
	172.5
	-22.13 (0.22)
	31.30
	0.012
	3677 (222)
	-0.0204

	
	
	PBE
	2.895
	1.922
	171.1
	-21.38 (0.23)
	34.73
	0.016
	3529 (167)
	-0.0219

	
	
	PBE+DG3
	2.892
	1.920
	170.8
	-23.22 (0.23)
	35.23
	0.017
	3530 (166)
	-0.0221

	NMA-NMA (fig.1)

	a
	O...H-N
	B3LYP
	2.999
	1.989
	176.1
	-25.90 (0.70)
	31.55
	0.012
	3517 (136)
	-0.0175

	
	
	B3LYP+GD3
	2.936
	1.934
	169.3
	-38.45 (0.78)
	42.55
	0.017
	3470 (182)
	-0.0220

	
	
	PBE
	2.964
	1.944
	174.5
	-29.12 (0.72)
	39.29
	0.015
	3361 (190)
	-0.0203

	
	
	PBE+DG3
	2.926
	1.910
	170.5
	-38.70 (0.78)
	44.73
	0.018
	3333 (218)
	-0.0232

	b
	O...H-N
	B3LYP
	3.010
	2.000
	177.3
	-24.85 (0.77)
	25.56
	0.010
	3549 (104)
	-0.0163

	
	
	B3LYP+GD3
	2.944
	1.937
	172.7
	-38.58 (0.92)
	39.16
	0.015
	3500 (152)
	-0.0210

	
	
	PBE
	2.980
	1.960
	176.6
	-26.69 (0.78)
	24.60
	0.010
	3400 (151)
	-0.0160

	
	
	PBE+DG3
	2.953
	1.932
	175.1
	-37.82 (0.88)
	36.65
	0.014
	3369 (182)
	-0.0208

	cNMA-cNMA (fig.1)

	c
	O...H-N
	B3LYP
	2.879
	1.854
	179.8
	-60.75 (1.08) 
	64.77
	0.026
	3304 (308)
	-0.0283

	
	
	B3LYP+GD3
	2.852
	1.826
	179.0
	-74.77 (1.12)
	71.76
	0.028
	3287 (325)
	-0.0312

	
	
	PBE
	2.830
	1.789
	178.3
	-70.17 (1.17)
	79.50
	0.031
	3098 (428)
	-0.0348

	
	
	PBE+DG3
	2.817
	1.776
	177.9
	-79.50 (1.19)
	83.18
	0.033
	3086 (440)
	-0.0365

	d
	O...H-N
	B3LYP
	2.935
	1.924
	171.3
	-33.43 (0.78)
	45.02
	0.018
	3403 (209)
	-0.0221

	
	
	B3LYP+GD3
	2.896
	1.888
	169.6
	-45.10 (0.83)
	51.55
	0.020
	3390 (222)
	-0.0251

	
	
	PBE
	2.899
	1.878
	170.2
	-38.28 (0.83)
	52.34
	0.020
	3247 (279)
	-0.0254

	
	
	PBE+DG3
	2.878
	1.859
	169.4
	-46.15 (0.86)
	56.15
	0.022
	3237 (289)
	-0.0272


	DMA-DMA

	e
	
	B3LYP
	-
	-
	-
	-13.10 (0.73)
	-
	-
	-
	-

	
	
	B3LYP+GD3
	-
	-
	-
	-31.42 (0.94)
	-
	-
	-
	-

	
	
	PBE
	-
	-
	-
	-16.23 (0.79)
	-
	-
	-
	-

	
	
	PBE+DG3
	-
	-
	-
	-28.79 (0.86)
	-
	-
	-
	-


	W-NMA (fig.2.)

	
	X…Y,
A
	H…Y,
A
	X-H…Y,
0
	Eint (BSSE),
kJ/mol
	E2,
kJ/mol
	q,
e
	νXH, (ΔνXH),
cm1
	V,
a.u.

	a
	O...H-Ow
	B3LYP
	2.816
	1.853
	168.7
	-29.29 (0.37)
	44.98
	0.022
	3556 (240)
	-0.0279

	
	
	B3LYP+GD3
	2.799
	1.843
	165.8
	-36.48 (0.38)
	47.49
	0.024
	3543 (253)
	-0.0292

	b
	
	PBE
	2.798
	1.822
	168.6
	-32.34 (0.37)
	49.37
	0.029
	3391 (305)
	-0.0308

	
	
	PBE+GD3
	2.791
	1.817
	167.9
	-36.74 (0.37)
	50.63
	0.030
	3384 (312)
	-0.0314

	c
	O...H-Ow
	B3LYP
	2.842
	1.871
	174.6
	-28.53 (0.43)
	37.32
	0.017
	3599 (197)
	-0.0254

	
	
	B3LYP+GD3
	2.821
	1.850
	173.7
	-36.53 (0.45)
	42.59
	0.020
	3578 (218)
	-0.0275

	
	
	PBE
	2.828
	1.845
	175.3
	-31.51 (0.41)
	41.67
	0.023
	3443 (253)
	-0.0274

	d
	N-H...Ow
	B3LYP
	3.093
	2.088
	175.3
	-16.78 (0.38)
	19.71
	0.007
	3584 (63)
	-0.0128

	
	
	B3LYP+GD3
	3.048
	2.041
	178.3
	-22.09 (0.43)
	23.56
	0.008
	3583 (69)
	-0.0149

	e
	
	PBE
	3.074
	2.057
	178.7
	-18.91 (0.37)
	22.55
	0.009
	3468 (83)
	-0.0138

	
	
	PBE+GD3
	3.060
	2.043
	178.2
	-22.13 (0.44)
	24.56
	0.010
	3461 (90)
	-0.0145

	W-сNMA (fig.3.)

	a
	O...H-Ow
N-H...Ow
	B3LYP
	2.756
2.959
	1.837
2.086
	154.9
143.0
	-39.20 (0.48)
	52.30
18.91
	0.027
0.008
	3461 (335)
3510 (102)
	-0.0300
-0.0135

	
	
	B3LYP+GD3
	2.757
2.950
	1.840
2.079
	154.4
142.7
	-46.36 (0.49)
	51.63
20.04
	0.027
0.009
	3462 (334)
3510 (102)
	-0.0297
-0.0138

	
	
	PBE
	2.728
2.897
	1.786
2.008
	156.4
143.4
	-45.48 (0.52)
	63.51
27.20
	0.040
0.015
	3240 (556)
3347 (179)
	-0.0357
-0.0172

	
	
	PBE+GD3
	2.729
2.895
	1.787
2.006
	156.3
143.3
	-49.66 (0.52)
	63.14
27.74
	0.040
0.015
	3241 (555)
3345 (181)
	-0.0355
-0.0174

	b
	O...H-Ow
	B3LYP
	2.809
	1.848
	167.4
	-29.66 (0.38)
	45.69
	0.022
	3554 (242)
	-0.0282

	
	
	B3LYP+GD3
	2.797
	1.840
	165.9
	-36.36 (0.38)
	47.61
	0.025
	3547 (249)
	-0.0292

	
	
	PBE
	2.790
	1.816
	167.8
	-33.01 (0.36)
	51.25
	0.030
	3385 (311)
	-0.0312

	
	
	PBE+GD3
	2.786
	1.813
	167.5
	-37.07 (0.37)
	52.05
	0.031
	3381 (315)
	-0.0317


	W-DMA (fig.4)

	
	X…Y,
A
	H…Y,
A
	X-H…Y,
0
	Eint (BSSE),
kJ/mol
	E2,
kJ/mol
	q,
e
	νXH, (ΔνXH),
cm-1
	V,
a.u.

	a
	O...H-Ow
	B3LYP
	2.807
	1.843
	168.5
	-29.62 (0.38)
	46.11
	0.022
	3552 (244)
	-0.0287

	
	
	B3LYP+GD3
	2.792
	1.831
	167.2
	-36.44 (0.39)
	48.83
	0.023
	3542 (254)
	-0.0300

	
	
	PBE
	2.788
	1.811
	168.9
	-32.84 (0.38)
	51.71
	0.030
	3383 (313)
	-0.0318

	
	
	PBE+GD3
	2.783
	1.806
	168.8
	-37.07 (0.39)
	53.01
	0.030
	3377 (319)
	-0.0324

	b
	O...H-Ow
	B3LYP
	2.830
	1.863
	172.0
	-27.07 (0.47)
	34.31
	0.015
	3612 (184)
	-0.0258

	
	
	B3LYP+GD3
	2.812
	1.848
	169.7
	-36.02 (0.46)
	32.93
	0.015
	3574 (222)
	-0.0276

	
	
	PBE
	2.813
	1.834
	171.8
	-29.54 (0.46)
	38.58
	0.020
	3457 (242)
	-0.0281

	
	
	PBE+GD3
	2.804
	1.826
	170.9
	-35.73 (0.43)
	34.43
	0.019
	3422 (274)
	-0.0294


	2W-NMA (fig.5)

	
	
	
	X…Y,
A
	H…Y,
A
	X-H…Y,
0
	Eint (BSSE),
kJ/mol
	E2,
kJ/mol
	q,
e
	V,
a.u.

	a
	O...H-Ow (1)
O...H-Ow (2)
	B3LYP
	2.844
2.868
	1.885
1.902
	167.6
172.2
	-54.18 (0.77)
	35.65
27.53
	0.017
0.012
	-0.0252
-0.0229

	
	
	B3LYP+GD3
	2.820
2.838
	1.868
1.871
	165.0
171.9
	-70.04 (0.86)
	38.45
32.55
	0.018
0.014
	-0.0268
-0.0256

	
	
	PBE
	2.822
2.852
	1.851
1.875
	167.6
172.3
	-60.54 (0.76)
	40.04
29.33
	0.022
0.015
	-0.0279
-0.0248

	
	
	PBE+GD3
	2.809
2.834
	1.839
1.857
	167.1
171.5
	-70.46 (0.78)
	42.38
30.33
	0.024
0.015
	-0.0291
-0.0264

	b
	O...H-Ow
N-H...Ow
	B3LYP
	2.804
3.064
	1.833
2.058
	171.9
174.8
	-48.62 (0.78)
	50.00
22.30
	0.024
0.007
	-0.0299
-0.0140

	
	
	B3LYP+GD3
	2.786
3.019
	1.821
2.011
	168.5
178.6
	-61.21 (0.84)
	53.30
27.36
	0.026
0.010
	-0.0314
-0.0164

	c
	
	PBE
	2.784
3.054
	1.802
2.037
	170.9
175.9
	-53.51 (0.77)
	54.73
24.73
	0.020
0.010
	-0.0330
-0.0147

	
	
	PBE+GD3
	2.777
3.029
	1.796
2.010
	170.0
177.2
	-61.84 (0.80)
	56.27
28.41
	0.033
0.012
	-0.0338
-0.0162

	d
	O...H-Ow
N-H...Ow
	B3LYP
	2.826
3.070
	1.851
2.064
	176.9
175.6
	-47.74 (0.85)
	41.80
22.26
	0.019
0.008
	-0.0271
-0.0139

	
	
	PBE
	2.811
3.047
	1.824
2.029
	177.3
177.8
	-53.51 (0.84)
	46.65
26.19
	0.025
0.011
	-0.0295
-0.0152

	
	
	PBE+GD3
	2.801
3.021
	1.814
2.002
	177.0
179.4
	-62.05 (0.86)
	49.41
29.25
	0.028
0.012
	-0.0307
-0.0167


	2W-сNMA (fig.6)

	
	
	
	X…Y,
A
	H…Y,
A
	X-H…Y,
0
	Eint (BSSE),
kJ/mol
	E2,
kJ/mol
	q,
e
	V,
a.u.

	a
	O...H-Ow(1)
O...H-Ow(2)
N-H...Ow
	B3LYP
	2.827
2.777
2.946
	1.866
1.874
2.059
	168.2
152.4
144.7
	-66.78 (0.89)
	39.25
41.30
21.63
	0.018
0.021
0.010
	-0.0267
-0.0265
-0.0146

	
	
	B3LYP+GD3
	2.809
2.773
2.937
	1.852
1.871
2.052
	166.6
152.1
144.3
	-81.09 (0.90)
	41.84
41.55
22.72
	0.019
0.021
0.010
	-0.0281
-0.0268
-0.0150

	
	
	PBE
	2.809
2.748
2.889
	1.836
1.823
1.986
	168.2
153.8
145.0
	-76.07 (0.91)
	42.68
50.08
29.96
	0.023
0.029
0.017
	-0.0292
-0.0313
-0.0184

	
	
	PBE+GD3
	2.801
2.747
2.885
	1.828
1.821
1.983
	167.9
153.8
144.9
	-84.64 (0.92)
	44.39
50.46
30.54
	0.024
0.030
0.017
	-0.0301
-0.0315
-0.0186

	b
	O...H-Ow
N-H...Ow
Ow...H-Ow
	B3LYP
	2.717
2.951
2.720
	1.738
1.933
1.764
	172.9
175.9
162.8
	-85.02 (1.10)
	78.66
45.94
68.20
	0.038
0.020
0.029
	-0.0402
-0.0219
-0.0374

	
	
	B3LYP+GD3
	2.705
2.921
2.711
	1.722
1.904
1.756
	173.4
175.0
162.5
	-99.33 (1.12)
	84.10
50.88
70.88
	0.041
0.022
0.030
	-0.0422
-0.0242
-0.0386

	
	
	PBE
	2.682
2.891
2.681
	1.680
1.858
1.703
	174.6
175.7
164.2
	-98.45 (1.13)
	97.19
59.37
86.53
	0.057
0.031
0.044
	-0.0484
-0.0278
-0.0462

	
	
	PBE+GD3
	2.676
2.876
2.677
	1.674
1.844
1.699
	174.8
175.3
167.2
	-107.95 (1.14)
	100.08
62.60
88.24
	0.059
0.033
0.045
	-0.0495
-0.0293
-0.0470


	2W-DMA (fig.6)

	
	X…Y,
A
	H…Y,
A
	X-H…Y,
0
	Eint (BSSE),
kJ/mol
	E2,
kJ/mol
	q,
e
	V,
a.u.

	c
	O...H-Ow(1)
O...H-Ow(2)
	B3LYP
	2.840
2.863
	1.876
1.897
	170.3
172.6
	-52.63 (0.91)
	39.04
28.12
	0.018
0.011
	-0.0259
-0.0232

	
	
	B3LYP+GD3
	2.801
2.938
	1.840
1.881
	168.1
167.3
	-70.75 (0.92)
	42.80
22.01
	0.021
0.009
	-0.0293
-0.0248

	
	
	PBE
	2.818
2.843
	1.842
1.868
	170.0
171.3
	-58.58 (0.91)
	43.56
30.79
	0.024
0.015
	-0.0288
-0.0252

	
	
	PBE+GD3
	2.804
2.827
	1.828
1.849
	170.0
173.2
	-68.24 (0.91)
	45.73
33.76
	0.025
0.016
	-0.0302
-0.0270


	3W-NMA (fig.7)

	
	
	
	X…Y,
A
	H…Y,
A
	X-H…Y,
0
	Eint (BSSE),
kJ/mol
	E2,
kJ/mol
	q,
e
	V,
a.u.

	a
	O...H-Ow(1)
O...H-Ow(2)
N-H...Ow
	B3LYP
	2.832
2.854
3.045
	1.864
1.883
2.038
	171.3
174.7
175.3
	-75.48 (1.23)
	37.79
30.46
24.27
	0.018
0.013
0.008
	-0.0270
-0.0244
-0.0150

	
	
	B3LYP+GD3
	2.808
2.824
3.003
	1.845
1.852
1.994
	168.2
174.4
179.3
	-96.99 (1.32)
	43.51
36.90
28.91
	0.020
0.016
0.010
	-0.0290
-0.0273
-0.0174

	
	
	PBE
	2.810
2.836
3.020
	1.830
1.854
2.001
	170.8
174.6
177.7
	-84.35 (1.23)
	43.43
32.89
27.74
	0.025
0.017
0.011
	-0.0300
-0.0266
-0.0165

	
	
	PBE+GD3
	2.797
2.819
2.995
	1.819
1.837
1.975
	170.2
174.1
179.7
	-98.28 (1.28)
	47.20
34.85
30.93
	0.027
0.017
0.012
	-0.0313
-0.0284
-0.0181


	3W-сNMA (fig.7)

	
	
	
	X…Y,
A
	H…Y,
A
	X-H…Y,
0
	Eint (BSSE),
kJ/mol
	E2,
kJ/mol
	q,
e
	V,
a.u.

	b
	O...H-Ow(1)
O...H-Ow(2)
N-H...Ow
Ow...H-Ow
	B3LYP
	2.832
2.744
2.932
2.723
	1.867
1.766
1.914
1.773
	170.1
172.8
174.5
161.7
	-111.88 (1.54)
	38.24
63.26
48.95
68.16
	0.017
0.029
0.021
0.029
	-0.0267
-0.0354
-0.0232
-0.0364

	
	
	B3LYP+GD3
	2.810
2.726
2.903
2.715
	1.848
1.745
1.886
1.765
	168.6
173.4
174.0
161.5
	-133.72 (1.58)
	41.21
69.16
54.27
68.16
	0.018
0.032
0.023
0.029
	-0.0286
-0.0390
-0.0256
-0.0375

	
	
	PBE
	2.812
2.710
2.875
2.686
	1.836
1.714
1.841
1.713
	169.8
174.1
174.7
163.3
	-128.07 (1.58)
	41.21
76.82
63.05
82.76
	0.022
0.043
0.033
0.042
	-0.0294
-0.0432
-0.0294
-0.0448

	
	
	PBE+GD3
	2.801
2.701
2.860
2.682
	1.825
1.704
1.826
1.708
	169.7
174.3
174.5
163.4
	-142.30 (1.60)
	42.93
80.04
66.32
84.47
	0.022
0.044
0.036
0.042
	-0.0350
-0.0448
-0.0309
-0.0455


1		2





1		2
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