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Monte Carlo simulations of water-dimethylformamide (DMF) mixtures were performed in the 
isothermal and isobaric ensemble at 298.15 K and 1 atm. The intermolecular interaction energy 
was calculated using the classical 6-12 Lennard-Jones pairwise potential plus a Coulomb term. The 
TIP4P model was used for simulating water molecules, and a six-site model previously optimised by 
us was used to represent DMF. The potential energy for the water-DMF interaction was obtained via 
standard geometric combining rules using the original potential parameters for the pure liquids. The 
radial distribution functions calculated for water-DMF mixtures show well characterised hydrogen 
bonds between the oxygen site of DMF and hydrogen of water. A structureless correlation curve 
was observed for the interaction between the hydrogen site of the carbonyl group and the oxygen 
site of water. Hydration effects on the stabilisation of the DMF molecule in aqueous solution have 
been investigated using statistical perturbation theory. The results show that energetic changes 
involved in the hydration process are not strong enough to stabilise another configuration of DMF 
than the planar one. 
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1. Introduction 

The investigation of hydration effects on the struc-
ture of biologically interesting molecules is an im-
portant contribution to understand the role of wa-
ter on the behaviour of those molecules in biolog-
ical media [1, 2]. Theoretical contributions to this 
research field have been obtained with the reaction 
field theory, molecular dynamics and Monte Carlo 
simulation methods [1 - 3]. In the reaction field ap-
proach the environment is treated as a dielectric con-
tinuum and the interaction with the solute is calculated 
with methods derived from the Onsager formalism. In 
molecular dynamics and Monte Carlo methods, the 
solute-solvent interactions are modelled by discrete 
molecules interacting via a suitable energy surface. 
These methods are powerful tools to obtain detailed 
descriptions of structural, energetic and dynamical 
features of liquids, either pure or as mixtures, on a 
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molecular level [4-6] . Recently we have undertaken 
a theoretical investigation on the liquid properties em-
phasising the liquid structure and the solute-solvent 
interaction in binary mixtures using Monte Carlo sim-
ulation [7 - 10]. In the present work we investigate 
the DMF-water interaction and the solvent effect on 
the stabilisation of the DMF molecule in aqueous 
medium. The importance of structural and thermody-
namic studies of this molecule is related to the confor-
mation of amide moieties in peptides. The structures 
of the amide-water solution and details on the hy-
drogen bonds formed have been discussed. Statistical 
Perturbation Theory (SPT) has been used to investi-
gate the influence of hydration on the conformation 
of the amide in solution. 

1.1. Free Energy Calculations 

SPT [11] has been established as a valuable method 
for calculating the free energy of processes [12 - 14], 
According to SPT. changes in the free energy on an 
arbitrary reaction coordinate can be treated as a pertur-
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bation. This method has been shown to be very useful 
for calculating the free energy of solvation, and good 
agreement with the experimental results has been re-
ported [12 - 15]. In the present work, the rotation of 
the O-C-N-C dihedral angle of the peptide bond was 
taken as a reaction coordinate, and the amide free 
energy of hydration was calculated as a function of 
the dihedral angle. The difference in the free energy 
between the reference and the perturbed state as a 
function of increments A0 on the dihedral angle is 
given by 

G(0 + A 0 ) - G ( 0 ) = (1) 

-kBT In (exp { - ß [E((f> + A0) - £(0)] } )<p , 

where, 

E((f) + A 0) = (Eint + £solv/solv + £solt/solv)0+A0, 

E(<t>) = (E int + -̂ solv/solv + -^solt/solv) j, 

and ß = 1 /kBT. 
In these equations Em is the internal energy of 

the solute, that is a function of the dihedral angle 0, 
-^soiv/soiv1S solvent-solvent interaction energy, and 
-̂ soit/soiv l s interaction energy between solute and 
solvent molecules. T and kB are the temperature and 
the Boltzmann constant, respectively. 

2. Computational Details 

2.1. lntermolecular Potential Function 

To determine the potential topology, the energy 
Eab between molecules a and b was given by a sum 
of Coulomb and Lennard-Jones potentials centred on 
the sites: 

Eab = £ [AXJ / r j j - Bl0/r% + q^/r^} , (2) 
ij 

where rtJ is the distance between site i in a and site 
j in b, and qt and are fractional point charges 
located on the i and j molecular sites (it has been 
assumed that the electrostatic contribution to the in-
termolecular potential is suitably represented by frac-
tional charges located on the molecular sites). For 
each site k, the parameters Akk and Bkk were given 
by Akk = 4£kak

2 and Bkk = 4ekak, where ek and 
ok are the Lennard-Jones parameters for the klh site. 
Parameters Axj and B t J for a nondiagonal interaction 

[i,j] were obtained using the geometric combining 
rules Atj = (AllAjj)n and Bx] = {BuBn)n [16], 
This is a standard procedure used in this field. In a 
previous work we have shown that the difference be-
tween the results obtained using the above geometric 
combining rule and the well know Lorentz-Berthelot 
rule is negligible [7]. 

2.2. Molecular Models 

The DMF molecule was modelled as a six-site 
rigid structure (the methyl group is a monatomic site) 
[9]. Therefore intramolecular relaxation effects are 
not considered. The water molecule was represented 
by the T1P4P potential developed by Jorgensen and 
co-workers [17]. The potential parameters Al3 and 
Bxj needed to calculate water-DMF interactions were 
obtained using the potential functions for the pure 
liquids and the geometric combining rules presented 
above. No further attempt was made to optimise them. 
This procedure is justified by previous results [7, 8, 
10, 15]. Therefore, the results for the water-DMF en-
ergetics obtained in our calculation are a further veri-
fication of the quality of potential functions obtained 
from geometric combining rules. 

2.3. Monte Carlo Simulations 

Statistical mechanics simulations were carried out 
in the NPT ensemble at 298 K and internal pressure 
1 atm, employing Metropolis importance sampling 
[18] and cubic box boundary conditions implemented 
in the DIADORIM program [19], The DMF-water 
mixtures consisted of 256 molecules (the ratio be-
tween the number of water and DMF molecules was 
chosen to reproduce the appropriated molar fraction) 
while in the study of the DMF hydration the systems 
consisted of 250 molecules of water and 1 molecule 
of DMF. Starting from the initial monomer distribu-
tion, a new configuration was generated by randomly 
translating and rotating a randomly chosen molecule 
along Cartesian coordinates. As the calculations were 
carried out in the NPT ensemble, new configurations 
were also generated by probing the density of the liq-
uid with volume changes. Ranges for translations and 
rotations of the monomers and volume changes were 
adjusted to yield an acceptance/trial ratio of about 
0.45 for new configurations. After a volume move-
ment, the coordinates of the centre of mass of all 
molecules in the reference box were scaled in the 
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usual way [16]. In the calculation of the configura-
tional energy using (2), a full intermolecular interac-
tion was considered whenever any of the site-to-site 
distance rtJ fell bellow a cut-off radius of 9.5 A. In 
a recent work it was shown that the conditions (such 
as including or not long-range corrections) used to 
optimise a given set of potential parameters must be 
maintained in subsequent calculations using these po-
tential parameters [20]. The reason is that the potential 
parameters are constrained by the methodology used 
in the optimisation process to reproduce some ther-
modynamic results. Therefore, compatibility could be 
spoiled using the same set of parameters in different 
conditions. The contributions of Lennard-Jones in-
teractions beyond the cut-off radius were considered 
using the formalism presented by Allen and Tildes-
ley [16]. In the method discussed by these authors the 
long range contribution from the Lennard-Jones po-
tential is included by integrating the potential function 
from the cut-off radius to infinity, assuming that the 
pair correlation function is unitary. In previous papers 
we have found that the long-range contribution from 
the Lennard-Jones potential amounts to 1 to 2% of 
the total interaction energy [7 - 10]. The long-range 
contribution from the Coulomb potential can be in-
troduced using the reaction field formalism discussed 
by Newman [21]. For liquid simulations, the reaction 
field formalism (RF) may be superior to the Ewald 
sum correction in the sense that artificial long-range 
correlation is not introduced in liquid simulations by 
the RF formalism [16]. A detailed investigation of 
the influence of including long-range corrections us-
ing RF methodology on the values of thermodynamic 
properties obtained in liquid simulations has been per-
formed in our research group [22], As a general trend, 
it was found that the effects on thermodynamical and 
structural properties are very small. Therefore, long 
range corrections for coulombic interactions beyond 
the cut-off radius were not included in the present 
work. As discussed elsewhere, site-site pair correla-
tion functions, thermodynamic properties and single 
particle dynamics of polar liquids appear to be quite 
insensitive to the long range forces in the system [5], 
which is in accord with results obtained by us using 
the RF formalism [22]. 

In the present work, each calculation started with an 
equilibration phase of 1.2 M configurations followed 
by an average segment consisting of 12 M configu-
rations (M = 106). Statistical uncertainties were cal-
culated from separate averages over blocks of 2x 105 

configurations. The calculations were carried out on 
IBM RISC 6000 workstations. 

3. Results and Discussions 

3.1. Energetic 

The water-DMF mixing process is exothermic 
for all concentrations, with a maximum value of 
-0.5 kcal/mol liberated at the concentration of 33% 
in DMF [23]. The fact that this process is exothermic 
has been interpreted as a consequence of hydrogen 
bond formation between the carbonilic oxygen of the 
amide and the molecules of water [23], which have 
been confirmed by Raman spectroscopy [24]. Calcu-
lations on the water-water and water-amide interac-
tion energy have shown that hydrogen bonds between 
water and amides are stronger than between water 
molecules [25]. Results for the excess enthalpy as a 
function of the water mole fraction obtained in the 
present work are compared with experimental data 
in Figure 1. The agreement between the theoreti-
cal and experimental results is very good, especially 
considering the many body nature of the system un-
der investigation. The largest difference observed be-
tween theoretical and experimental results is about 
0.15 kcal/mol, which is a very small quantity for such 

mole fraction of water 
Fig. 1. Excess enthalpy HE obtained for the DMF-water 
mixing process as a function of the water mole fraction. 
The excess enthalpy is calculated by HE = Ai/v a p mix -
( X , A # v a p ; + X 2 A/f v a p , ) , where Xl is the molar fraction 
of liquid i and A// v a p is the heat of vaporisation. In the 
heat of vaporisation is calculated by A// v a p = -El + RT, 
where Ei is the average energy per molecule obtained in 
the simulation and RT = 0.592 kcal/mol at T = 298 K. 
Experimental results taken from [23]. 
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Fig. 2. Energies of interaction 
per molecule as a function of 
the water mole fraction. 
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a system. In Fig. 1, worse agreement between cal-
culated and experimental results is observed in the 
region of low concentration of DMF. In this region it 
is noticed that the energetic changes involved in the 
disruption of water-water hydrogen bonds and forma-
tion of water-DMF ones is very drastic. Therefore the 
potential functions used in the present work for water-
DMF interactions need further adjustment to account 
for the energetics of this process. Similar behaviour 
was found in the study of hydration of amines [26]. 
In this paper it was found that the inclusion of a po-
tential function to represent the solute polarisation 
was needed to reproduce the energetics of the hydra-
tion process. Improvements in the potential functions 
for water-DMF interaction can be pursued using the 

Fig. 3. Site-site radial distribution func-
tions for water-DMF interaction in an 
equimolar mixture. 

SPT formalism to investigate the hydration energy of 
amides. However, since the potential functions for the 
water-DMF interaction were obtained from the pure 
liquids without further optimisation, the agreement 
observed in Fig. 1 reaffirms the validity of using com-
bining rules to obtain potential parameters for cross 
interactions in liquid simulations. 

In Fig. 2 a partitioning of the water-DMF inter-
action energy as a function of the mole fraction is 
presented, showing the contribution of each type of 
interaction to the total energy. It is worth noticing 
that this energy partitioning is a consequence of the 
pair additive approximation assumed in (2). As a gen-
eral trend, the data for the interaction energies follow 
the pattern expected for a binary mixing process: the 
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water-water interaction energy increases as the con-
centration of this component is raised, and a similar 
behaviour is noticed for the DMF-DMF interaction as 
a function of DMF concentration. The parabolic be-
haviour of the DMF-water interaction energy depends 
on the number of species of each component making 
up the mixture. Comparing the water-DMF interac-
tion energy with similar data obtained from other bi-
nary aqueous mixtures previously studied by us, like 
tetrahydrofuran [7] and acetone [10, 26], which also 
contain oxygen in the molecular formulas, one notices 
that the water-DMF interaction is stronger. Therefore, 
in the water-DMF mixture the balance between dis-
ruption/formation of hydrogen bonds is an important 
component of the energetics of the mixing process. 

3.2. Radial Distribution Functions 

The water-DMF radial distribution functions of an 
equimolar solution are shown in Figure 3. The two 
sharp peaks on the Od/Hw and Od/Ow correlation func-
tions indicate hydrogen-bonding formation between 
the oxygen site of DMF and hydrogen of water. Od/Hw 

exhibits two peaks (at r = 1.9 and 3.2 A) indicating 
that just one hydrogen site of a water molecule is 
closely related to the hydrogen-bond formation be-
tween water and DMF. This observation is corrob-
orated by the fact that the separation between these 
two peaks is approximately equal to the H-H distance 
in the water molecule. The integration of the Od/Hw 

correlation function over the first peak, as discussed 
above, gives a value of «1 , characterising the for-
mation of water-DMF dimers. A weaker correlation 
between methyl groups and water oxygen is also ob-
served near r = 3.6 A, indicating a preferential confor-
mation for the water-DMF dimer where the oxygen of 
the water molecule is facing a methyl group of DMF. 

Figure 4 show the dimer between DMF and wa-
ter obtained by optimisation at MM2 level [27]. The 
site-site distances calculated from this dimer geom-
etry reproduce strictly the features observed in the 
radial distribution functions, g(r), obtained for the 
mixture. The site-site correlation functions obtained 
for a pure liquid and this liquid in a binary mixture 
can be compared. It is verified that the formation of 
water-DMF dimer decreases the correlation between 
methyl and oxygen sites of DMF compared with the 
pure liquid [9]. Finally, as one can notice in the Fig. 3, 
a structureless correlation function was obtained for 
the hydrogen atom bounded to DMF carbonyl and the 

^ 

\ / 

Fig. 4. The dimer DMF-water optimised at the MM2 
level. Geometric parameters: r ( 0 D M F - H w ) = 1.93, 3.10 A, 
r ( 0 D M F - 0 w ) = 2.86Ä, r(Me(cis)-Ow) = 3.48 Ä, Z (CO-
H w ) = 132°, Z ( O d m f - H w - O w ) = 163 Z ( O d m f - H w - O w -
H w ) = -24° . 

oxygen site of water molecules. Therefore, the inter-
action H-0 is important to stabilise the dimers of DMF 
in pure liquid [9], but it is irrelevant in the formation 
of DMF-water dimers. This result can be explained 
by comparing the partial charges associated with the 
hydrogen and oxygen sites in DMF (gH = 0.12 e q0 

= -0.50) with those ones in TIP4P water (qH = 0.52 
and q0 = -1.04). Due to the lower partial charge on 
the hydrogen site of DMF, breaking an H w -O w asso-
ciation to form an HD M F-Ow one is not energetically 
competitive. 

3.3. Solvent Effects 

The influence of the solvent on the rotational en-
ergy barrier between eis and trans conformers of N-
methylacetamyde and N-methylformamyde in water 
have been studied by Jorgensen and Gao [28] us-
ing SPT. Similar studies using different methodolo-
gies have been reported by other authors [29-31]. 
In the present work, hydration effects on the rota-
tional energy barrier around the peptide bond of the 
DMF molecule are investigated. The chain O-C-N-
C has been chosen to define the dihedral angle (see 
Figure 4). The free energy contribution from solute-
solvent interaction was calculated using (1), and an 
increment A(j) = 9° was used to perform the rotation 
around the peptide bond. All potential parameters re-
main fixed throughout the calculations. Results ob-
tained for the hydration free energy as a function of 
the rotation angle are shown in Table 1. 

The results show a very small influence of hydra-
tion effects on the free energy difference as a function 
of the rotation angle. The free energy decreases by 
«1.0 kcal/mol when the dihedral angle goes from 0° 
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Table 1. Free energy (in kcal/mol) for cis-trans DMF inter-
convertion in water obtained by SPT. 

<t>j AG(i - j ) A G t o t a l 

0 9 0.03±0.21 0.03 
9 18 -0.02±0.16 0 . 0 1 

18 27 -0.9±0.20 -0.08 
27 36 -0.15±0.21 -0.23 
36 45 -0.20±0.19 -0.43 
45 54 -0.15±0.12 -0.58 
54 63 -0.20±0.10 -0.78 
63 72 -0.12±0.11 -0.90 
72 81 -0.06±0.20 -0.96 
81 90 -0.06±0.17 -1.02±0,54 

Table 2. Solute-solvent interaction energy (in kcal/mol) as 
a function of the rotation angle around the peptide bond in 
DMF molecule. 

4>n 0 9 18 27 36 45 
- E 27.25 26.92 27.11 26.83 27.71 27.69 

4>(°) 54 63 72 81 90 
- E 27.98 28.08 28.51 28.43 28.5 i 

to 90°. Jorgensen and Gao [28] have obtained a value 
of AG = -1.35 kcal/mol for the free energy of rota-
tion of the N-methylacetamyde molecule from 0 to 
90°. This result is very close to AG = -1.02 kcal/mol, 
the value obtained in the present work for rotation 
of DMF in the same angular range. Consequently, 
the average energy for solute-solvent interaction is 
almost independent of the rotation angle, as is re-
ported in Table 2. Since AG = AH - TAS, a large 
change in the free energy of solvation as function of 
the rotation angle could be possible due to an expres-
sive contribution of the entropic term -TAS. Such 
a contribution should be associated with a large sol-
vent reorganisation in the neighbourhood of the so-
lute molecule. The data in Table 3 show that this is 
not the case, indicating that the changes in the sol-
vent organisation are not sufficient to stabilise the 
DMF molecule in a not-planar configuration. Molec-
ular Mechanics calculations in vacuo show that the 
height of the rotational barrier of DMF is near 20 
kcal/mol at 0 = 90°. The difference in the solute-
solvent interaction energy between the two conform-
ers was nearly -1.26 kcal/mol, and the free energy 
difference between them was -1.02 kcal/mol. This 
close agreement can be explained by considering that 
in (1) the numerical approximation 

Table 3. Average water-water interaction energy (£ w w ) in 
water-DMF solution as a function of the rotation angle on 
the peptide bond. 

<K°) 9 27 45 63 81 

10.77 10.75 10.71 10.80 10.76 
_/ P _ PO \ 0.72 0.70 0.66 0.75 0.71 

Energy in kcal/mol. = -10.05 kcal/mol, the average water-
water interaction energy in pure water. 

AG = -kBT\n(exp(-ßAE)) « (AE) (3) 

holds when AE, the value of perturbation energy, is 
almost the same for every configuration generated 
along the Monte Carlo random walk. In this case, the 
free energy difference is very close to the contribution 
from the mechanic energy. Thus the contribution from 
the entropic term —TAS is nearly zero. 

4. Conclusions 

The results obtained in this work indicate strong in-
teraction between water and DMF molecules in aque-
ous solutions of DMF. The excess energies calculated 
for the water-DMF mixing process are in fair accord 
with experimental data. This finding corroborates the 
usefulness of combing rules to obtain potential pa-
rameters for cross interaction in liquid simulations. 
The main contribution to the water-DMF interaction 
energy comes from the oxygen site of DMF and the 
hydrogen sites of water, which leads to the formation 
of hydrogen-bonded dimers. This interaction plays 
an important role in the stabilisation of the solute 
and emphasises the importance of the water-carbonyl 
group interaction in the stabilisation of solutes con-
taining this group. Investigation of hydration effects 
on the stabilisation of the DMF molecule in aqueous 
solution shows the usefulness of SPT methodology to 
study solvent effects. It can provide a great number 
of interesting data on the solvation process. In the 
present work, the influence of the hydration process 
on the rotational energy barrier of DMF was found to 
be negligible, as the energetic changes due to hydra-
tion are not strong enough to stabilise another config-
uration of DMF than the planar one. Therefore, the 
rigidity of the gas phase peptide bond is not disturbed 
by hydration. 
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