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Accurate prediction of bulk properties in hydrogen bonded 
liquids: amides as case studies 

Marina Macchiagodena,a Giordano Mancini,a,b,* Marco Pagliai,a,* Vincenzo Barone,a,b 

In this contribution we show that it is possible to build accurate force fields for small organic molecules allowing the reliable 

reproduction of a large panel of bulk properties, which are seldom addressed in the same context. Starting from the results 

obtained in recent studies, we developed a protocol for charge estimation and virtual site generation for the amide class of 

molecules. The parametrization of electrostatic properties is based on population analysis and orbital localization of 

quantum mechanical computations rooted into the density functional theory and the polarizable continuum model, without 

any additional external information. The new protocol, coupled to other recent studies in our group targeted at accurate 

fitting of internal degrees of freedom, makes available a method for building force fields from scratch (excluding for the 

moment intermolecular van der Waals interactions) with focus on reproducing the structure and dynamics of hydrogen 

bonded liquids, yielding results that are in line or better than those delivered by current general force fields. The approach 

is tested on the demanding series formed by formamide and its two N-methyl derivatives, N-methylformamide and N,N-

dimethylformamide. We show that the atomistic structure of the liquids issuing from classical molecular dynamics (MD) 

simulations employed the new force field is in full agreement with X-ray and neutron diffraction experiments and the 

corresponding spatial distribution functions are in remarkable agreement with the results of ab initio MD simulations. It is 

noteworthy that the latter result has been never obtained before without using ad hoc (and system dependent) scale factors 

and that, in addition, our parameter free procedure is able to reproduce static dielectric constants over a wide range of 

values without sacrificing the force field accuracy with respect to other observables. Finally, we are able to explain the trend 

of static dielectric constants followed by the three amides in terms of properties obtained from the simulations, namely 

hydrogen bond patterns and reorientational lifetimes.

Introduction 

Faithful reproduction of bulk liquid properties from atomistic 

simulations hinges on the accuracy of the model describing the 

interactions between the system's components. Proper boundary 

conditions are enforced in order to prevent finite size effects (while 

keeping computational cost within reasonable limits).1 In the 

framework of classical Molecular Dynamics (MD) (and Monte Carlo, 

MC) simulations the reliability of the results is primarily related to

the availability of an accurate Force Field (FF), which defines a

hierarchy of interactions at the atomic and molecular level and a set

of functional forms quantifying these interactions.2 Force Fields are

usually based on a set of molecular “templates”, whose geometries

are (most often) obtained from Quantum Mechanical (QM)

calculations; some of the FF parameters may be further tuned in 

order to better reproduce selected experimental data (such as

density, enthalpy of vaporization, isothermal compressibility, heat

capacities, surface tension, static dielectric constant, etc.,3,4). As a

matter of fact, FF’s can be devised either with the aim of describing 

in a reasonable way a large panel of systems,5,6 or with the purpose 

of reproducing with high accuracy some properties of a reduced 

(even just a single) number of molecular systems.7–9 

At present, the most widely adopted FF in molecular mechanics 

(MM) simulations are geared toward wide, but well defined classes

of chemical systems including proteins and biological membranes,10–

13 or a class of mineral systems,14,15 polymers, organic liquids etc.3,4 

Among the goals that the development of these FF strives to achieve 

there is (limited) transferability i.e. the possibility of describing a 

never simulated molecule using model atoms and interactions based 

on the relation between the atomic groups of the molecule under 

investigation and other species present in the FF library. Some of the 

observables used as benchmarks are particularly troublesome; for 

example, a comparative study carried out on ≈150 small organic 

molecules16 using three very widespread FFs highlighted how 

properties such as surface tension (γ) and static dielectric constant 

(ε) (dubbed “the hardest nut to crack”16) were often poorly 

reproduced. Although some of those results were used to address 

the limits in the benchmark simulations17 nevertheless the error in 

reproducing ε represents a serious limit for the accuracy of MM 

studies. It is worth to observe that the target of computational 

biology and medicinal chemistry studies based on simulation or 

docking techniques (based on this type of FF) is often represented by 

protein-ligand or nucleic acid-ligand complexes with binding sites 

immersed in matrices, whose dielectric constants are strongly 

different from that of bulk water (which is adequately reproduced 

with contemporary water models).18,19 Thus, ε should be included 

(whenever possible) in the set of reference bulk properties used to 

validate any FF. The simplest description of electrostatic interactions 

is based on the Coulomb law and employs fixed point charges (FX) 

located on nuclei and/or on so called “virtual sites” or “dummy-

atoms”.20 Although polarizable force-fields are being increasingly 

developed, using a variety of approaches such as oscillating 

dipoles,21,22 or fluctuating charges (FQ),23,24 simple point charges are 

still employed in the most widespread classical force fields, allowing 

sufficiently reliable results for many applications. It is, of course, true 

that a polarizable approach may be able to capture some features of 
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the studied system that are beyond the “resolution” of its non-

polarizable counterpart even when both models are steered towards 

the same results.25 However, Wang et al.19 have recently shown that 

a properly parameterized fixed charge approach can be very 

successful in reproducing, for instance, most bulk properties of 

water, which are by no means simple targets. In addition, from our 

point of view, fixed and polarizable FFs are not mutually exclusive 

since we are interested in developing multiscale applications25–27 in 

which the outer layers are represented by fixed charge molecules. 

Several approaches do exist to assign simple point charges to atoms, 

based for instance on the fitting the QM level electrostatic potential 

(ESP).28 In particular, CM5 charges are well suited for MM 

applications since they are robust with respect to variations due to 

conformer equilibria and to the specific QM method used in the 

fitting.29 

In this contribution we extend the capability of CM5 based FFs using 

a self-consistent approach, based on the Boys30 orbital localization 

procedure. The centroids of the localized Boys orbital have been 

adopted to assign virtual sites to atoms carrying two lone pairs (such 

as sp2 oxygen). The centroids of localized orbitals have been 

calculated with the approach described by Vidossich et al..31 In FFs 

employing fixed charges, atoms and molecules are usually 

“overpolarized” with respect to results of gas-phase QM calculations 

in order to account for an “average” polarization of a condensed 

phase environment. In recent studies,29,32 Jorgensen and co-workers 

showed that for CM1A and CM5 charges, empirical scale factors of 

1.14 and 1.27 respectively lead to highly improved results for pure 

liquids and explicit water solutions; they also showed that an average 

scaling factor of 1.20 introduces tolerable errors, being thus suitable 

for most situations.29 However, the degree of success of this 

approach varies across the benchmark set, yielding results of less 

than average quality for molecules carrying nitrogen nearby carbonyl 

groups atoms such as N-methylacetamide and N,N-

dimethylacetamide. Our purpose is to show that, although 

overpolarization is important, a simple scale factor may fail to 

capture the features of systems in which directional interactions 

(such as hydrogen bonds) play an important role. Virtual sites (VSs), 

on the other hand, offer implicit (by splitting and moving further 

apart point charges) and more fine grained (only some atoms are 

involved) overpolarization, as shown also recently by Harder et al.33 

in the derivation of the OPLS3 FF.  

On these grounds, we tried to derive accurate FFs for molecules 

representing problematic cases for the scale factor approach. In 

particular, we selected the homologous series formed by formamide 

(HCO-NH2), N-methylformamide (HCO-NHCH3 or NMF hereafter) and 

N,N-dimethylformamide (HCO-N(CH3)2 or DMF hereafter), adding 

virtual sites to model the lone pairs of the carbonyl oxygen atom. In 

addition representing difficult case studies per se and being 

formamide a model compound in biological and pre-biological 

studies, these molecules point out some difficulties underlying 

parametrization procedures: although they feature a relatively 

simple, very similar chemical structure, formamide and its N-methyl 

substitutes have very different properties in terms of liquid 

structure34 and macroscopic observables (ε ranges from 37 in DMF 

to ≈180 in NMF).35 We show that the proper amount of 

overpolarization is automatically obtained in a self-consistent way if 

the charges of atoms in the functional group carrying the VS are 
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adjusted in order to obtain the original dipole moment. Furthermore, 

we show that performing calculations in implicit solvent36,37  takes 

into account most of the needed overpolarization and good results 

may be obtained with a very small scale factor. We point out that use 

of VS is not based on additional empirical parameters, but only in an 

accurate fitting of QM level properties. 

FFs tuned towards the nanoscopic structure34 or bulk properties38 for 

HCO-NX2 (X=H and/or CH3) molecules have been proposed also quite 

recently but, in addition to being based on empirically derived 

charges, these models failed to reproduce some of the cited 

properties. To assess the results obtained with our FF we performed 

extensive MD simulations, investigating the nanoscopic liquid 

structure of the three organic liquids as well as the level of 

reproduction of key thermodynamic properties. We show that our FF 

is able to accurately reproduce X-ray and neutron diffraction 

results,39,40 together with key bulk properties (density, heat of 

vaporization and static dielectric constant). 

The paper is organized as follows: in section Computational methods 

we review the various steps of the force field generation, including 

the assignment of point charges and lone pairs, and we explain how 

the analysis of trajectories and calculation of bulk properties were 

carried out in order to validate results. Then, section Results 

illustrates the study on HCO-NH2 and related compounds. The results 

of the procedure are discussed in detail in section Discussion, and 

compared to other recent studies. A few concluding remarks are 

given in section Conclusions. 

Computational methods 

QM calculations. All QM calculations needed to build the FF 

presented in this work were performed using Density Functional 

Theory (DFT) at the B3LYP/6-31+G(d) level of theory with the 

Gaussian-09 package.41 Bulk solvent effects have been taken into 

account by means of the Conductor-like Polarizable Continuum 

Model (C-PCM)37,36 setting the reference solvent and imposing the 

value of the scaling factor for the sphere radius (α) to 1.05. Atomic 

charges were then estimated using population analysis based on 

Charge Model 5 (CM5)42 verifying the basis set effect as reported in 

Table S1 of Electronic Supporting Information.   

The parameters for the FF internal degrees of freedom are derived 

by fitting optimized energies, gradients and Hessian matrices with 

the procedure implemented in JOYCE,43 using the ULYSSES graphical 

user interface;44 ab initio torsional profiles were built at the B3LYP/6-

31+G(d) (C-PCM) level of theory. Lennard-Jones parameters were 

taken from OPLS.3,4 Virtual sites were introduced as the centroids of 

localized molecular orbital positions for the sp2 oxygen atom using 

the Boy localization procedure,30,31 as shown in Figure 1. The VSs 

charge was obtained as follows: first, the oxygen atom charge was 

transferred to the VSs; then the charges of all the sites belonging to 

the carbonyl moiety (including VSs) were adjusted to retain the 

molecular dipole moment. Therefore the molecular dipole moment 

in presence and in absence of VSs is the same. The two virtual sites 

(sites 7 and 8 in Table S2 of Electronic Supporting Information; see 

also Figure S1) lie in the plane determined by atoms O, C1, H2 and O, 

C1, N respectively (Figure 1b). The position of VSs during the MD 

simulations were constrained using fixed distances from the oxygen 

atom and angles (a, b, α and β in Figure 1a and Table 1). 
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Figure 1: Ball and stick representation of the studied molecules, showing the 
position of virtual sites for the sp2 oxygen and the atom labeling used in the 
study. (a) Geometry of virtual sites (all systems). (b) Representation of HCO-
NH2, (c) Representation of HCO-NHCH3 (upper panel: cis; lower panel: trans). 
(d) Representation of HCO-(CH3)2.

Table 1:  Values of O-VS distances (a,b) and C-O-VS (α and β) angles used to 
generate the position of VSs in formamide, N-methylformamide (cis and trans 
conformers), N,N-dimethylformamide molecules. 

MD simulations. Classical MD simulations were carried out using 

GROMACS v. 4.6.5.45 Methyl groups in NMF and DMF were described 

using a united atom model. The cross interactions for Lennard-Jones 

terms are calculated using the Lorentz-Berthelot46,47 mixing rules and 

we have excluded intramolecular interactions between atom pairs 

separated up to three bonds. Simulations were performed on system 

of 500 molecules in a cubic box with periodic boundary conditions. 

Systems were initially brought to 0 K with a steepest descent 

minimization and then heated to 298.15 K a NVT ensemble using the 

velocity-rescaling method48 with an integration time step of 0.2 fs 

and a coupling constant of 0.1 ps for 106 simulation steps (200 ps). 

The time step and temperature coupling constant were then 

increased to 2.0 fs and 0.2 ps, respectively, and systems were let to 

converge to uniform density in a NPT ensemble (using the Parrinello-

Rahman barostat and a coupling constant of 1.0 ps) for 10 ns (20 ns 

for N-methylformamide). Production runs in the NVT48 ensemble 

were then carried out and used for analysis using either flexible 

bonds (δt=0.2 fs) or fixing the fastest internal degrees of freedom by 

means of the LINCS algorithm (δt=2.0 fs).49 The total sampling time 

for these runs was 100 ns (formamide and N,N-dimethylformamide) 

or 300 ns (N-methylformamide) depending of the time needed for 

the total dipole autocorrelation function (see below) to reach a 

stable value. Electrostatic interactions are treated the using particle-

mesh Ewald (PME) method50 with a grid spacing of 1.2 Å and a spline 

interpolation of order 4. Furthermore, since the dipole moment 

fluctuations are sensitive to the boundary conditions applied51 we 

have fixed the external dielectric constant to the experimental value 

for each of the studied system. 

Ab initio MD. The ab initio molecular dynamics (AIMD) simulation 

was carried out using the CP2K program.52 We considered a cubic box 

of size 14.88 Å containing 50 formamide molecules and subjected to 

periodic boundary conditions. The system was preliminary 

thermalized at 300.0 K. We performed a simulation of 6 ps in the NVE 

ensemble with a time step of 0.2 fs. The electronic structure was 

calculated with density functional theory, utilizing the BLYP53,54 

functional. The TZV2P55 basis set was used in conjunction with 

GTH56,57 pseudopotentials. A plane wave cutoff of 340 Ry was 

adopted for electron density. All hydrogens have been replaced with 

deuterium atoms. 

Analysis of trajectories. Radial (rdf) and spatial (sdf) distribution 

functions were calculated using TRAVIS package.58 To analyze 

hydrogen bond dynamics we preferred the continuous function 

devised by Pagliai et al.59,60 over a simpler geometrical criterion. 

According to this method, each donor-acceptor pair can be 

considered a hydrogen bond only partly, with a “score” between 0 

and 1 given by: 

fHB(r, θ) = g(r; re, rhw) × g (θ; θe , θhw)         Eq.1 

Where r is the acceptor-hydrogen distance, θ the acceptor−donor−H 

angle, and 

𝑔(𝑥; 𝑥𝑒 , 𝑥ℎ𝑤) = {
1  𝑖𝑓   𝑥 ≤ 𝑥𝑒

𝑒
−(𝑥−𝑥𝑒)2

2𝑥ℎ𝑤
2

𝑖𝑓𝑥 > 𝑥𝑒

Eq. 2 

Here xe, and xhw are the maximum and half-width values of either the 

not normalized radial or angular distribution function, obtained by a 

fit of the corresponding data. Hydrogen bond lifetimes, τHB, were 

calculated using the following definition: 61

τHB = ∑
1

2
∆𝑡[𝐻(𝑡𝑛) + 𝐻(𝑡𝑛 + 1)]∞

n=0    Eq. 3 

The function H(tn) is obtained according to: 

a (Å) b (Å) α (°) β (°) 

HCO-NH2 0.312 0.316 111.195 110.518 

HCO-NHCH3 (cis) 0.311 0.317 110.901 110.526 

HCO-NHCH3  (trans) 0.313 0.314 111.107 110.827 

HCO-N(CH3)2 0.311 0.314 109.838 111.215 
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𝐻(𝜏𝑚) = ∑ 𝑁 (𝑡𝑛+1) ∑ 𝑁(𝑡𝑛)𝐻(0) = 1   ∞
n=1⁄∞

n=m Eq. 4 

Where N(t) is an ordered histogram containing the lifetimes of 

hydrogen bonds. Reorientational autocorrelation functions (ACF),62 

defined as: 

𝐶𝑙
𝛼(𝑡) = ⟨𝑃𝑙(𝑢𝛼(𝑡) ∙ 𝑢𝛼(0))⟩   Eq. 5 

where Pl is the lth rank Legendre polynomial, and uα is a unit vector in 

a given direction at time t. By fitting Cl(t) to an exponential function, 

Cl(t) = e-t/τl, it is possible to determine the correlation time, τl, defined 

as the time needed by a molecule to rotate about u; we used l=1 and 

the vector defined by the C−O carbonyl bond or the normal to the 

plane spanned by the C−O and C−N vectors. 

 The total dipole moment autocorrelation function was used for the 

estimation of ε, according to the following equation: 

𝜖 = 1 +
4π

3𝑉kB𝑇
(⟨𝑀2⟩⟨𝑀⟩2) = ∑ 𝜇ii   Eq. 6 

Where μi is the molecular dipole moment. To calculate ε we 

eliminated the first 10 ns of simulation (20 ns for N-

methylformamide). 

Heats of vaporization were calculated from the equation: 

∆Hvap = Eintra(g) − (Eintra(l) + Einter(l)) + RT    Eq. 7 

where Eintra is the intramolecular energy in either gas (g) phase or the 

liquid (l) phase and Einter represents the intermolecular energy. To 

calculate the heat of vaporization, ΔHvap, gas-phase simulations of 5 

to 10 ns (δt = 0.2 fs) have been added. For N-methylformamide, the 

presence of the conformers (cis/trans) has been take into account, 

simulating two gas-phases and considering, for the calculation of the 

ΔHvap, their relative abundance. 

A total of 1000 configurations, with a constant spacing of 1 ps, was 

sampled from the last part of flexible simulations. These 

configurations were centered around the first residue and then, 

taking as a cut-off radius the first minimum of center of mass (COM-

COM) radial distribution functions, trajectories were sorted in order 

to select the first n (with n=18 in all systems) neighbors of residue 

one in each system. Clustering was then performed on the resulting 

selections, applying the GROMOS63 method using the pairwise Root 

Mean Square Deviations (RMSD) as a measure of distance between 

two molecules, after a mass-weighted least square fitting to the first 

configuration: 

   𝑅𝑀𝑆𝐷(𝑡1, 𝑡0) = √
1

𝑀
∑ 𝑚𝑖‖𝑟𝑖(𝑡𝑖) − 𝑟𝑖(𝑡0)‖2

𝑖  Eq. 8 

Where M is the sum of atomic masses, mi is the atomic mass of i 

species and t0 refers to the first configuration; distance calculations 

was restricted to the carbonyl and nitrogen atom. A cut-off 

corresponding to the maximum value observed in the pair-wise 

distance histogram (Figure S2a of Electronic Supporting Information) 

was used to assign configurations to clusters. 

Analysis were performed using standard GROMACS45 tools or in-

house written code, taking advantage of the NumPy and SciPy 

libraries.64 Graphs were prepared with gnuplot,65 Chimera66 or 

VMD.67 

Results 

Force field generation. The first step for building the new FF for the 

investigated amides was the parametrization of the amine-carbonyl 

rotation to ab initio data. Figure 2 shows the QM torsional profiles 

and corresponding FF functions for HCO-NH2 and related compounds 

calculated using JOYCE; full details about the FF internal degrees of 

freedom are given in Table S2 in the Electronic Supporting 

Information. 

Figure 2: Torsional profile comparison between QM (points) and JOYCE (lines) 
for formamide (blue), N-methylformamide (light and dark red) and N,N-
dimethylformamide (green). Panel (a): complete torsional profiles. (b): detail 
of NMF profile showing the energy difference arising from the cis/trans 
asymmetry. The results for cis and trans conformers of NMF are shown with 
light red and dark red lines, respectively. 
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Table 2: Atomic charges for studied molecules calculated at the B3LYP/6-31+G(d) level (CM5) and used in the simulations (adjusted). C4/C5 refers to united 
atom methyl group for N-methylformammide and N,N-dimethylformammide. 

q(e) 

Atom 
HCO-NH2 

HCO-NHCH3 
HCO-N(CH3)2 

CIS TRANS 

CM5 Adjusted CM5 Adjusted CM5 Adjusted CM5 Adjusted 

C1 0.191055 0.154544 0.183870 0.146569 0.185484 0.148973 0.182264 0.146489 

H2 0.131902 0.131902 0.127781 0.127781 0.127947 0.127948 0.124366 0.124365 

N -0.566816 -0.566816 -0.429268 -0.429268 -0.430660 -0.430660 -0.298481 -0.298481

H4 0.339036 0.339036 0.339814 0.339814 0.345317 0.345317 -- -- 

H5 0.345109 0.345109 -- -- -- -- -- -- 

C4 -- -- -- -- -- -- 0.224764 0.224764 

C5 -- -- 0.230849 0.230849 0.211743 0.211743 0.207582 0.207582 

O -0.440286 0.000000 -0.453046 0.000000 -0.439832 0.000000 -0.440493 0.000000 

VS1 0.000000 -0.201887 0.000000 -0.207872 0.000000 -0.201661 0.000000 -0.202359

VS2 0.000000 -0.201887 0.000000 -0.207872 0.000000 -0.201661 0.000000 -0.202359

Then, we proceeded to assign new atomic charges according to the 

results of the CM542 method and finally, virtual sites were placed to 

mimic the position of the oxygen atom lone-pairs. The initial and 

adjusted CM5 charges of HCO-NH2, HCO-NHCH3 and HCO-N(CH3)2 

atoms are shown in Table 2. Table 3 includes available experimental 

estimates for the molecular dipole moment for the studied species 

and the computed value obtained from ab initio calculations. The 

latter show the polarization effect due to the presence of the implicit 

solvent as compared to gas phase calculations; note that the C-PCM 

value was used to adjust the atomic charges shown in Table 2. For 

comparison, in the third column, we have also shown the 

experimental values for each system. It is worth to observe that HCO-

NX2 molecules present very similar dipole moments but very 

different dielectric constants (Table 5). 

Having obtained a FF for the three molecules we proceeded with MD 

simulations using the protocol illustrated in section Computational 

methods. For each molecule two “production runs” were actually 

carried out using either flexible bonds (δt=0.2 fs) or rigid ones (δt=2.0 

fs). N-methylformamide, exists in both cis and trans form (aminic 

hydrogen atom respect to the oxygen atom); the less stable cis 

conformer is estimated to represent between 6 and 10%68 of 

molecules in solution and, accordingly, multiple tests were 

performed varying the relative amount of the two compounds. In 

particular, we run MD simulations at three different concentrations 

of trans/cis conformers: 94:6, 92:8 and 90:10; in the following, only 

the results relative to the 94:6 concentration are discussed. 

Table 3: Experimental and computed molecular dipole moment μ (D) for 
formamides as obtained from ab initio calculations using G09. The Gas-phase 
and C-PCM columns refer to the absence of presence of solvent contributions. 

μ (D) 

Experimentalb 
Computed 

Gas phase C-PCM 

HCO-NH2 3.73±0.07 3.68 4.63 

HCO-NHCH3 3.83±0.08 3.70 (4.08)a 4.78 (5.55)a 

HCO-N(CH3)2 3.82±0.08 3.98 5.19 

a The value is relative to the trans conformer. For the cis conformer, the 

dipole moment is reported in brackets. bRef23. 

Pure liquid structure. It is worth to observe that most FF derived for 

HCO-NX2 molecules employ planar geometries which fix the 

carbonyl-amine dihedral angle; here we used a flexible model with 

de novo set of parameters for internal degrees of freedom; thus, we 

first verified that a correct geometry was generated in the three 

simulations. Figure 3 shows the histogram of the O-C-N-H(or C) 

dihedral angles (for both conformers in the case of NMF) obtained 

from flexible simulations; in all cases a normal distribution of the 

dihedral angle with an average planar molecule and a standard 

deviation of about 10° is obtained. 



Figure 3. Histogram for formamide O-C-N-H dihedral angle (full blue lines) and 

N,N-dimethylformamide O-C-N-C dihedral angle (green dot-dashed line). In 

the insert the O-C-N-H histogram for the cis (full red line) and trans (orange 

dot-dashed line) conformers of N-methylformamide. 

To describe the liquid structure, radial distribution functions (g(r) or 

rdf hereafter) were calculated from flexible simulations. The g(r) 

between the molecules centers of mass (Com), N···O pairs and O···H2 

(aldehydic) pairs are shown in Figure 4 (atom labeling Figure 1b,c,d). 

The rdf right shift between molecular centers of mass, from 

formamide to N,N-dimethylformamide (from 4.5 Å to 5.5 Å) and 

broadening of the g(r) first peak (from 2.9 Å to 3.5 Å) illustrates the 

decrease in density observed when inserting methyl groups (see 

Table 5), in agreement with literature data and with a more random 

distribution of molecules found in N,N-dimethylformamide.69

The O···N (middle panel) rdf shows the change in the liquid structure 

that take place upon loss of carbonyl−ammine hydrogen bonds: 

while the first peak for HCO-NH2 and HCO-NHCH3 have comparable 

position and height, the first peak of HCO-N(CH3)2, is located further 

away at 4.5 Å; it also worth to observe that the latter's position 

compares well with HCO-NHCH3 second peak and it is very likely 

related to the interposition of a methyl group between N and O. The 

first peak of the HCO-NH2 gO···N(r) is centered around 2.9 Å in 

agreement with experimental value obtained using different 

techniques.39,40 N-methylformamide shows a small left shift (first 

maximum at 2.8 Å) that can be correlated with a more strong 

hydrogen bond due to stabilizing presence of the electron-donating 

methyl group and thus to a more basic character of the oxygen atom. 

The gO···N(r), in HCO-NHCH3 and HCO-NH2 indicate a strong hydrogen 

bond which is supported by resonance formulas where the nitrogen 

atom presents a positive and the oxygen atom a negative charge. The 

stabilizing effect of N-methyl substitutions on resonance is also 

confirmed by the increase of torsional energy profile reported in 

Figure 1. 

The rightmost panel shows also that the loss of N-O HBs tends to 

increase the relative strength of O···H2 interaction as demonstrated 

by the sharp and defined rdf first peak of HCO-N(CH3)2 (located at 

2.25 Å) as compared to HCO-NHCH3, having a much broader peak at 

3.0 Å, and to the less defined structure featured by HCO-NH2. 

Overall, the results of for all g(r) show that with our FF the obtained 

results are very similar to those reported by Jorgensen and 

Swenson70 and by Cordeiro,34 the only difference being the relative 

height of the g(r) peaks which are located at the same position. 

The gO···HX(r) (H4/H5 for HCO-NH2 and HCO-NHCH3, H2 for HCO-

N(CH3)2) integral up to the first minimum has been calculated and a 

coordination numbers of 2.01, 1.02 and 1.29, respectively, have been 

obtained. To better visualize and to summarize the interactions, 

spatial distribution functions (sdf) of oxygen atoms in formamide and 

N-methylformamide are shown in Figure 5: clearly, the main 

interaction involves the aminic hydrogens.

To further understand the HB orientation in the three systems, in 

Figure 6 the surfaces representing the g(r,θ) weighted by fHB  function

(see section Computational methods) are shown. From left to right,

we reported the results for formamide (column 1), NMF (column 2)

and DMF (column 3). From top to bottom we report the g(r,θ) 

functions corresponding to the H4/C4 (row a), H5/C5 (row b) and H2

atoms (row c).

Rows a and b clearly illustrate the strong hydrogen bonds present in

HCO-NH2 and HCO-NHCH3, at ≈1.8 Å and 10° in agreement with the

results shown in Figure 4. It is worth to observe the higher intensity

presented by the NMF single bond, favoured by the electron-

donating effect of the methyl group.  Panels 1a and 1b show that the

interaction between the two aminic hydrogen and the oxygen atoms

results slightly different. The reason is the tiny difference of 

hydrogen atoms charges (Table 2) that we intentionally choose do

not equalize, since they are immersed in a different chemical

environment. The results shown in the third row allow to describe in

details the improper hydrogen bond between the aldehydic

hydrogen and the oxygen atom. It constitutes the only (scrolling the

rightmost column 3) strong interaction observed in HCO-N(CH3)2,

presenting modal distance and angular values of 2.6 Å and 12°,

respectively. Note that the corresponding distribution for NMF

presents a similar shape and modal values but with a lower intensity.

Formamide, on the other hand, features a much more disordered

distribution centered at 3.4 Å.

To get a deeper understanding of molecules arrangement and of the

hydrogen bonding network shape in the three systems, we

performed a cluster analysis of trajectories using the first

coordination shell of the first residue as the input structure. All

details about the clustering procedure are found in section 

Computational methods. Figure S2a (Electronic Supporting

Information) shows the pairwise distance histograms, used in the

selection of cut-off ranges and the obtained cluster sizes (Figure S2b);

as can be observed the first clusters accounts for a reasonable

amount of the total variance, including a minimum of 785 frames;

four clusters were obtained in all cases.
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Figure 4. Radial distribution functions between selected sites for ammide simulations. From left to right: Com···Com, O···N and O···H2 g(r) from pure liquid 
simulations of formamide (full blue lines), N-methylformamide (green dashed lines) and N,N-dimethylformamide (red dot-dashed lines). 

Figure 5: Isosurface of the oxygen atom around the molecule of formamide 
(left) and  N-methylformamide (right) at an isovalue of 35 nm-3 . 

Figure S3 (Electronic Supporting Information) shows the first clusters 

obtained for the three studied systems; as can be easily observed, 

formamide and NMF tend to form hydrogen bond pairs or triplets in 

which the dipole moment forms a small angle (the considered 

molecules are approximately in the same plane); on the other hand 

such conformation is impossible for DMF, where the improper HB 

between the carbonyl oxygen and hydrogen atoms orients dipole 

moments in orthogonal arrangement, thus contributing to explain 

the different dielectric constant featured by three molecular species 

as opposed to their comparable molecular dipole moments. 

Dynamical properties. Having investigated the structural properties 

we proceeded with comparing the dynamics of the studied organic 

liquids. Table 4 shows HB lifetimes and (rotational) relaxation times 

(see section Computational methods) as obtained from the last 2 ns 

of flexible simulations. We calculated the hydrogen bond lifetime for 

N-H4···O (and N-H5···O for formamide) and C-H2···O interactions, 
using a threshold of 1.0E-4 to obtain a discrete signal from the fHB

function. In addition, the relaxation time (τμ) from the molecular 

dipole autocorrelation function and the rotational relaxation time of 

a vector along the carbonyl bond (τCO) and of the normal to the H-C-

O plane (τ┴) were estimated. 

Table 4: Dynamical properties: hydrogen bond lifetimes for proper (τp) and 
improper (τi) HB, average molecular dipoles (<μ>), and relaxation time of the 
molecular dipole (τμ), rotation of the CO vector (τCO) and rotation of the 
normal to the molecular plane (τ┴). With the exception of dipoles (D) all 

values are in ps. 

As for hydrogen bond lifetimes the results are in line with what could 

be expected looking at g(r,θ) histograms, with NMF having a lifetime 

for the proper HB roughly two times that of formamide.  For the 

improper HB, we found that DMF had a longer lifetime as compared 

to NMF, in agreement with the results of Figure 4 and 6. Furthermore 

for this interaction, we have to consider only the trend in the three 

systems and not each single value, since the coordinates used to 

perform the analysis are saved every fs. 

A comparable trend is observed with dipole autocorrelation function 

(see Figure S4 in the Electronic Supporting Information) with HCO-

NHCH3 values decaying about four times more slowly than the other 

two systems. It is worth to observe how the different structure 

observed for these highly related compounds is reflected also in 

Molecule/ 

Properties 
τp τi <μ> (D) τμ τCO τ┴ 

HCO-NH2 0.16 0.02 4.8 16.4 15.7 4.8 

 HCO-NHCH3 0.28 0.04 4.7 58.8 62.0 14.0 

HCO-N(CH3)2 - 0.05 4.7 10.5 10.0 5.9 



dynamical properties, confirming the soundness of formamide and 

methyl derivatives as significant test cases. 

Figure 6: The weighted g(r,θ) functions for HN···O (or CN···O) and HC···O 
interactions for the three systems. From left to right: formamide, NMF and 
DMF. From top to bottom, H4 (or C4 for HCO-N(CH3)2) and H5 (or C5 for HCO-
NHCH3 and HCO N(CH3)2) and H2. 

Comparison with AIMD. To further assess the reliability of our 

procedure, we compared the results of the HCO-NH2 flexible 

simulation with those issuing from an AIMD trajectory (see section 

Computational methods) of liquid formamide and another classical 

trajectory obtained with CM5 charges without VSs. In Figure 7 the sdf 

of amine hydrogen atoms with respect to the carbonyl oxygen atom 

are shown: the model without VSs lacks the directionality in HB that 

is clearly shown in the ab initio and VSs trajectories. This feature can 

be further appreciated in figure 8 where the weighted g(r,θ) function 

for H4N∙∙∙O is reported. 

Bulk properties. Having investigated in detail the structure of the 

three species and demonstrated the agreement between previous 

computational and experimental studies (and, for formamide, with 

the AIMD), we tested the ability of the FF to reproduce macroscopic 

observables, performing very long MD simulation with a rigid 

geometry to increase sampling. 

Figure 7: Isosurface of the amine hydrogen atoms around the molecule of 
formamide. In orange CP2K results, in green wire frame model with VSs and 
in blue solid surface model without VSs. The isovalue is of 25.6 nm-3 for MD 
simulations and of 38.5 nm-3 for AIMD simulation. 

Figure 8: The weighted g(r,θ) functions for H4N···O interaction in formamide. 
From left to right: CP2K, model with VSs and model without VSs.  

Note that using flexible and rigid models yields the same results (see 

Figure S5 in the Electronic Supporting Information) in terms of liquid 

structure but lower time interval between saved configurations in 

the former allows for a less noisy estimation of relaxation times; on 

the other hand the estimation of ε requires very long simulations16 

and thus a rigid model was more convenient. 

Considering ρ and ΔHvap the performance of our FF is in line with the 

results obtained in previous studies: in some cases our model slightly 

outperforms previous results (e.g. DMF density) while in other it is 

slightly worse (e.g. HCO-NHCH3 density) but overall the agreement 

remains within 3% of the experimental value. For the dielectric 

constant however, the picture is very different: our model 

reproduces ε with a relative error that ranging from 0.008 (HCO-

N(CH3)2) to 0.11 (HCO-NHCH3) while OPLS leads to errors about an 

order of magnitude larger. Indeed, de la Luz et al.38 managed to 

obtain slightly better estimates of thermodynamic observables; it 

must be observed however, such a result was based on after a very 

careful selection of the charge fitting method (Mulliken charges) and 

on stepwise rescaling of both atomic charges and Lennard Jones  
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parameters to obtain sequentially optimal values for ε, the surface 

tension γ and ρ. Because the calculated ε and ρ values for HCO-

NHCH3 are slightly worse with respect to the value obtained for the 

other systems, we performed a further simulation for HCO-NHCH3 

setting the box volume in order to match the experimental density. 

Under these conditions we have obtained an improved dielectric 

constant value of 178±3 (relative error 0.02). Goldman and Joslin73 

proposed that it is possible to correlate the presence of hydrogen 

bonds with the value of ε, proposing that hydrogen bonded and 

dipolar aprotic liquids form two different classes of high vs low ε with 

respect to an empirical function depending on density, molecular 

dipole and thermodynamic conditions; in their work they include the 

molecular species presented here in first (formamide and NMF) or 

second (DMF) class. Therefore, considering the strength of HB 

interactions shown in Figure 6 and the lifetimes of Table 5 the highest 

ε value should be expected for HCO-NHCH3 and the lowest for HCO-

N(CH3)2 in perfect agreement with the results obtained using our FF.   

Free Energy of Hydration. One of the benchmark usually adopted to 

assess the accuracy of a FF is represented by hydration free energy,29 

ΔGhyd, which allows to evaluate the reliability of models to describe 

lso interactions in water. A series of MD simulations considering 

explicit water solvent has been carried out with new boxes formed 

by one of the studied amide molecules (formamide or N-

methylformamide or N,N-dimethylformamide) and 318 TIP3P-FB19 

water molecules. We calculated the new atomic charges and VSs 

positions using the same procedure described in section 

Computational methods (the values are reported in Tables S3 and S4 

respectively of Electronic Supporting Information). The ΔGhyd were 

calculated using Bennett acceptance ratio (BAR),74 a free energy 

perturbation (FEP) method, performing the simulations with 

GROMACS v. 4.6.5.  

The FEP protocol computes the free energy difference between the 

solvated molecule and the molecule in the gas phase by constructing 

a pathway during which the interactions (electrostatic and Van der 

Waals) of the molecule with the solvent are stepwise decoupled. The 

coupling parameter λ takes values of 0 (the maximum interaction 

strength), 0.2, 0.4, 0.6, 0.8, 0.9, and 1 (no interaction). The derivative 

of the Hamiltonian for each λ value  was saved and used to obtain 

the free energy contribution, ΔGhyd, which is calculated as ΔGhyd = –

(ΔGCoul + ΔGvdW). The hydration free energy for formamide is -

10.01±0.43 kcal/mol, whereas for NMF and DMF we have obtained 

values of -8.95±0.39 kcal/mol and -6.82±0.41 kcal/mol respectively. 

The agreement with experiment can be considered satisfactory, 

considering that the measured ΔGhyd for NMF and DMF are -10.00 

kcal/mol29 and -7.80 kcal/mol29 respectively. We can therefore state 

that our model, obtained to describe properties and structures of 

pure liquids, can be confidently extended to the study of aqueous 

solutions. 

Discussion 

In this study a new general protocol for the parametrization of 

classical force fields has been introduced and applied to formamide 

and its methyl derivatives with the aim of reproducing with high 

accuracy the nanoscopic structure of the pure liquids and some key 

thermodynamic properties. Both intra- and inter-molecular degrees 

of freedom were taken into account in long time MD simulations 

under different ensembles. We obtained FF parameters specific for 

formamide and its derivatives developing a general and robust 

strategy applicable to other systems. 

Table 5: Computed values, experimental and literature data for density (kg/m3), heat of vaporization (kcal/mol) and static dielectric constant for HCO-NH2, 
HCO-NHCH3,  HCO-N(CH3)2. 

HCO-NH2 HCO-NHCH3 HCO-N(CH3)2 

ρ (kg/m3) 

Exp71,72 1128.8 999.0 943.3 

Ref16 (OPLS) 1121.8 ± 0.1 979.5 ± 0.1 921.9 ± 0.1 

Ref 34 1100± 3 1000± 3 930± 3 

This work 1138.3 ± 0.1 978.5 ± 0.2 944.9 ± 0.1 

ΔHvap (kcal/mol) 

Exp35 14.70 13.77 11.10 

Ref16 (OPLS) 12.41 ± 0.02 11.91 ± 0.02 11.01 ± 0.02 

Ref34 14.79± 0.02 13.77± 0.02 11.40± 0.03 

This work 14.1 ± 0.1 13.3 ± 0.1 10.5± 0.1 

ε 

Exp35 108.9 181.6 37.2 

Ref16 (OPLS) 51 18.8±0.6 14.9±0.5 

Ref38 107.6 - - 

This work 109.8 ± 0.9 162 ± 2 35.7± 0.3 
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Starting from the proposal put forward in a recent study29 we tried 

to find a rationale behind the magnitude of scaling factors for atomic 

charges and to improve the performances of the model for some 

troublesome systems. We based the needed correction for 

overpolarization, with respect to gas-phase charges, on the use of C-

PCM and of virtual sites, whose positions and charges were based on 

“first principle” considerations (the Boys procedure and the QM 

molecular dipole moment). In this section we briefly review the key 

results of the present work, underlining its strong and weak points in 

comparison to previous studies. 

Use of virtual sites yields a correct structure 

The first consideration concerns the generation of a liquid structure 

in agreement with the available experimental data from neutron and 

X-ray diffraction studies,39,40 as shown by inspection of radial 
distribution functions in section Results. To the best of our 
knowledge, the only available computational study of the complete 
series formed by formamide, NMF and DMF was performed by 
Cordeiro34 with results very similar to those presented here; 
however, in that case molecular charges had to be rescaled 
independently for each compound yielding molecular dipole 

moments significantly higher (between 15% and 20%) than the 
corresponding gas phase values (e.g., the charge on the N atom 
changes from -0.83 to -0.57 when going from HCO-NH2 to HCO-

N(CH3)2) to obtain the right polarization and some other parameters 
(e.g. the nitrogen and oxygen atom well-depth to the Lennard Jones 
potential) needed also to be adjusted, at variance with our 
generalized procedure. As mentioned in section Results, Jorgensen 
and Swenson70 also obtained a good match with known data for 
interatomic distance, although their study did not include N-

methylformamide. In a recent work, de la Luz and co-workers38 

present a thorough study of fitting charge methods for the derivation 

of a FF able reproduce “hard to crack”16 observables such as 
dielectric constant; however, they obtain an excessively tight liquid 

structure for HCO-NH2, as evidenced, for instance, by the very short 
first shell distances of gON(r). Finally, our FF was in agreement with 
experimental observations, and our procedure using VSs was also 
able to generate a distribution of hydrogen bonds having the same, 
non uniform, pattern obtained in AIMD simulation.

Thermodynamic properties are consistently reproduced in the whole 

series 

In the computational studies cited in the previous sections,16,34,38,29 

several bulk properties were presented as benchmarks attesting the 

ability (or lack thereof) of the studied classical FF to reproduce 

thermodynamic observables. Generally speaking, good results were 

obtained for most properties with the notable exception of the 

dielectric constant (with the exclusion of the work of de la Luz et 

al.38). However, as mentioned above, this remarkable outcome came 

at the price of an excessively tight liquid structure. In the present 

work, we were able to obtain a reasonable liquid structure and, 

simultaneously, a good agreement with experimental estimations of 

ε for the studied molecules, including (albeit with slightly reduced 

accuracy with respect to the other two species) N-methylformamide. 

Moreover, we were able to correlate the results obtained for the 

dielectric constant with the characteristics of hydrogen bond 

dynamics, providing further evidence for the consistence of our 

protocol.  

Conclusions 

In this study we have presented a protocol for the derivation of highly 

accurate and transferable classical Force Fields, to be used in 

Molecular Dynamics and Monte Carlo simulations. The protocol was 

focused on deriving effective point charges for molecular species 

featuring high dipole moment and being able to form, in condensed 

phase, strong hydrogen bonds. The characteristic features of our 

approach are the use of virtual sites for describing lone pairs and of 

C-PCM for tuning charges in different solvents.  We showed that the 

proposed procedure was able to predict correct nanoscopic

structures for all the studied systems as compared to previous

computational and experimental studies; comparable success was

also obtained in the estimation of bulk properties.
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