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a b s t r a c t
Using ﬁrst principle quantum chemical methods based on Hartree–Fock, density functional theory and
second order Møller–Plesset perturbational theory, equilibrium conﬁgurations of N,N0 -dimethylethyleneurea (DMEU) dimer and DMEU–water systems were studied using the D95**+ full double-zeta, ccpVXZ and aug-cc-pVXZ (X = D, T, Q) basis sets. Three different structures for DMEU dimer and two for
DMEU–water systems were found. Method of the symmetry-adapted perturbational theory was applied
for intermolecular interaction energy decomposition in order to elucidate the role of the physically relevant energy components. For all studied equilibrium conﬁgurations, dispersion effects are signiﬁcant,
while the contributions of the other energy components are relatively smaller. Two out of the three studied conﬁgurations of the DMEU dimers are strong enough to be not destroyed by binding with further
water molecules. Such conﬁgurations are suggested to play role in dilute aqueous solutions of DMEU,
in which DMEU aggregation was recently observed.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction
Structure and properties of aqueous solutions of organic molecules, as well as the intermolecular interactions in the solutions are
widely studied by different experimental and theoretical techniques [1–15]. The present study contributes to understanding of
the intermolecular interactions in aqueous solutions of hydrophobic-hydrophilic molecules. N,N0 -Dimethylethyleneurea (1,3-dimethyl-2-imidazolidinone; DMEU) is a cyclic molecule having an
asymmetric ring structure – an urea core and a methylene group
on the opposite sides of the non-aromatic ring. DMEU represents
a cyclic analogue of the more familiar tetramethylurea (TMU) molecule; it contains – instead of two methyl groups – an ethylene
group which closes the ring.
Both DMEU and TMU possess large hydrophobic entities, still
they are fully miscible with water at any concentrations due to
hydrogen bonds formed with water. They display similar behaviour in their dilute aqueous solutions – both show a tendency to
self-association as evidenced from neutron scattering and density
measurements [4–7]. The mechanism of the self-association is,
however, different. TMU shows a typical hydrophobic type of asso* Corresponding author.
E-mail address: almasy@sunserv.kfki.hu (L. Almásy).
0301-0104/$ - see front matter Ó 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemphys.2008.10.016

ciation, in which the water hydrogen bond network plays a dominant role [4,6]. In contrast, the self-association of DMEU was found
to be insensitive to temperature [7]. This may be an indication of
the possible direct association of the solute molecules, which is
less inﬂuenced by the aqueous environment.
This marked difference of aqueous solutions of TMU and DMEU
makes these otherwise rather similar systems an interesting model
for investigating the role of intermolecular interactions in the
structural and dynamical behaviour in the condensed state.
Calculations of intermolecular interactions by ab initio methods
are frequently used to get closer view on the solute–solvent and
solute–solute interactions. Quantum chemistry calculations can
provide a plausible geometry of molecular clusters, which may
sustain also in the liquid phase of neat liquids or mixtures
[16–21]. However, quantitative results obtained for the gas phase
cannot be transferred directly to the structural or thermodynamic
properties of the solutions, therefore studies are usually performed
for a group of related solute or solvent molecules, with subsequent
analysis of characteristic trends and correlations with various
experimental data. As a nice example, a linear correlation between
the strength of water–amide group hydrogen bonding in 1:1 complexes of water with several methyl-substituted pyridines, and the
limiting excess partial enthalpies of the corresponding mixtures
were shown by Marczak et al. [22,23].
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In binary mixtures with competing solute-solute, and solute–
solvent interactions, the comparison of these pair interactions as
obtained by theoretical methods can be related to the thermodynamic behaviour of the solutions, and this was the purpose of
our present work.
The DMEU monomer has been studied by Otero et al., the ring
puckering and internal rotation energy barriers were calculated
by semi-empirical and ab initio methods [24]. The molecular geometry was found to have either C2 or C2v symmetry in energy minimum state with energy differences between 0.2 and 11.0 kJ/mol
varying with the approximation used. In a parallel spectroscopy
study the vibration bands could be assigned on the basis of the
C2v symmetry. Following the behaviour of the C@O vibrations
depending on the solvent quality, the DMEU was suggested to
interact with water mainly by its oxygen lone pair electrons [25].
The TMU–water system has been studied by ab initio calculations by Jancsó et al. [26], and by using Monte Carlo methods in
the liquid state by Freitas et al. [27]. In the gas phase, the water
molecule forms nearly linear hydrogen bonds with the oxygen of
the carbonyl group and also with the nitrogen atom in the region
of the amide group [26], while in the liquid phase only water–oxygen hydrogen bonds were observed [27].
In the present work we performed ab initio studies of intermolecular interactions between DMEU molecules as well as between
DMEU and water molecules, aiming to elucidate the possible conformations and strength of the intermolecular interactions. Stable
conﬁgurations of DMEU dimers and DMEU–water pairs have been
found and analysed using different levels of theory including Hartree–Fock (HF), density functional theory (DFT) and second-order
Møller–Plesset many-body perturbation theory (MP2). The correction of basis set superposition error (BSSE) was taken into account
– using the ‘‘counterpoise” (CP) method – in order to remove the
mathematical artefacts of ﬁnite basis sets. Decomposition of the
intermolecular interaction energy into distinct physical components was performed applying a special procedure of the Symmetry-Adapted Perturbation Theory (SAPT), a short theoretical
description of which will be presented in the next section. Further
calculations have been performed using the local methods of the
second-order Møller–Plesset many-body perturbation (LMP2) and
coupled-cluster (LCCSD(T)) theories combined with density ﬁtting
technique in order to achieve accurate description for dispersion
effects as well as for intermolecular interactions.

2. Computational method
The calculations were carried out in Cluj-Napoca on an AMD
Opteron cluster running under Linux. The standard HF, B3LYP,
MP2, and the CP-corrected HF, B3LYP, MP2 energy calculations
were performed by the Gaussian 03 computer code [28]. The three
investigated DMEU dimer and two DMEU–water geometries were
optimized at the MP2 level using D95**+ [29] basis sets, considering polarization and diffuse functions on heavy atoms and only
polarization functions on hydrogen atoms. The motivation of using
the D95 (Dunning/Huzinaga full double zeta) basis set family was
that in our previous work [30] the D95 was found to be a more balanced basis set with less BSSE content compared to different type
6-31G Pople’s basis sets. The potential energy curves for the intermolecular interaction were calculated considering these optimized
MP2 geometry structures of DMEU and water monomers. The effects of basis set superposition error (BSSE) were eliminated applying the widely known ‘‘counterpoise” correction scheme [31,32].
The intermolecular interaction energy decomposition procedure
was performed using the Symmetry-Adapted Perturbation Theory,
developed by the group of Szalewicz and Jeziorski [33–37]. The basic working formulas are brieﬂy presented here.

In the SAPT theory, the total (supermolecular) Hamiltonian of
the dimer system is partitioned as H = F + V + W, where F = FA + FB
is the sum of Fock operators for monomers A and B, V is the intermolecular interaction

Eint ¼

1 X
1 
X


ðnjÞ
ðnjÞ
Epol þ Eexch ;

ð1Þ

n¼1 j¼0

with indexes n and j denoting the orders in the operators V (intermolecular) and W (intramolecular), respectively. The polarization
ðnjÞ
energies Epol are similar to the corrections given by the classical
Rayleigh–Schrödinger theory, while the exchange correction part
ðnjÞ
Eexch is derived from the application of a global antisymmetrizer
operator in order to force the correct permutation symmetry (‘‘symmetry adaptation”) of the dimer wavefunction in each order.
The SAPT interaction energy can be computed at the different
levels of intramolecular correlation. If one considers the 0th order
in W the sum of the polarization and exchange corrections gives in
a good approximation the supermolecular Hartree–Fock energy,
EHF
int :
ð10Þ

ð10Þ

ð20Þ

ð20Þ

HF
EHF
int ¼ Eelst þ Eexch þ Eind;resp þ Eexchind;resp þ dEint;resp

ð2Þ

where dEHF
int;resp represents all the third- and higher-order induction
and exchange-induction terms together. Including the intramolecular correlation up to the second order (equivalent to the supramolecular second-order many-body perturbation theory (MBPT)), one
obtains the second-order interaction energy in the SAPT
framework:
ð12Þ

ð1Þ

ð22Þ

ð22Þ

ð20Þ

t
t
ESAPT2
¼ EHF
int
int þ Eelst;resp þ eexch ð2Þ þ Eind þ Eexchind þ Edisp
ð20Þ

þ Eexchdisp

ð3Þ
Pk

where the notation eðnÞ ðkÞ ¼ j¼1 EðnjÞ has been used. The highest
routinely used level of SAPT, approximately equivalent to the supermolecular MBPT theory through fourth order, is deﬁned as
ð13Þ

ð1Þ

ð2Þ

ð2Þ

ESAPT
¼ ESAPT2
þ Eelst;resp þ ½eexch ðCCSDÞ  eexch ð2Þ þ edisp ð2Þ
int
int
ð1Þ

ð1Þ

ð10Þ

ð4Þ

ð1Þ

where eexch ðCCSDÞ ¼ Eexch ðCCSDÞ  Eexch is the part of eexch ð1Þ with
intramolecular excitations at the CCSD (coupled cluster theory with
single and double excitations) level only.
Due to the huge computer storage capacity required and memory limitations we were obliged to make a compromise in using
sufﬁciently large basis sets. Accordingly, we considered the D95*
basis set (including polarization functions on heavy atoms with a
total number of 280 basis functions) in case of DMEU dimers and
D95** (including polarization functions on all type of atoms with
a total number of 200 basis functions) for DMEU–water structures.
For the same reasons we considered the SAPT theory only up to the
second order contribution (SAPT2 as deﬁned by Eq. (3)). The intermolecular equilibrium geometries for SAPT-type calculations were
considered by taking the BSSE corrected MP2-CP intermolecular
distances.

3. Results and discussions
3.1. Structure and interaction energy
3.1.1. Dimethylethyleneurea dimers
The optimization at the second order Møller–Plesset perturbation theory level leads to three equilibrium conﬁgurations of
DMEU dimers. In the ﬁrst structure both DMEU monomers are situated in the same molecular plane (deﬁned by the ring) and we call
it planar structure (Fig. 1, left). The second one shows a parallel position of the two molecules with opposite direction of the O@C
bonds, we call it parallel conﬁguration (Fig. 1, middle). In the third
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Fig. 1. The planar, parallel and perpendicular geometry structures of DMEU dimers.

one the two molecular planes are nearly perpendicular; this case is
referred to as perpendicular structure (Fig. 1, right).
Fig. 2 shows the different potential energy curves obtained for
planar geometry structure of DMEU dimer with the standard HF,
B3LYP, MP2, and the CP-corrected HF, B3LYP, MP2 levels of theory,
where the parameter R is deﬁned by the distance of H atom from
methyl group and O atom of the another DMEU monomer. In
Fig. 3 the potential energy curves are shown for the parallel geometry structure of DMEU dimer, here the parameter R is deﬁned by
the distance of C atom from monomer carbonyl group and O atom
of another DMEU monomer. For the perpendicular geometry structure, the parameter R is deﬁned by the distance of H atom from
methyl group and O atom of the other DMEU monomer, as for
the planar structure; the potential energy curves are shown in
Fig. 4. Table 1 compiles the equilibrium intermolecular distances
and intermolecular interaction energies for the three (planar, parallel and perpendicular) DMEU dimer structures.
Using normal mode analysis and ab initio Hartree–Fock calculations, Otero et al. [24] and Cervellati et al. [38] have already shown
that the DMEU molecule has non-planar ring equilibrium geometry with C2 molecular symmetry. It is generally accepted that the
correlation effects can accentuate the non-planarity of the N-atom
orbitals in such ring structures [39]. This effect can be observed
also for the dimer structures at MP2 level of theory, where the individual DMEU molecules have non-planar structures as well (Fig. 1).
The perturbational methods usually give a better description for
the intermolecular interactions than DFT or HF methods. Therefore
we will compare the results for the interactions energies and equilibrium geometries of different conformations as obtained with the

Fig. 3. Potential energy curves of parallel structure of DMEU dimer obtained at HF,
B3LYP and MP2 levels of theory with and without BSSE corrections.

Fig. 4. Potential energy curves of perpendicular structure of DMEU dimer obtained
at HF, B3LYP and MP2 levels of theory.

Fig. 2. Potential energy curves of planar structure of DMEU dimer obtained at HF,
B3LYP and MP2 levels of theory, with and without BSSE corrections.

MP2-CP method, where the BSSE effects were excluded by applying the ‘‘counterpoise” correction scheme.
There are large differences between the intermolecular interaction energies for different dimer conformations, as seen in Table 1.
The strongest interaction is found in the parallel conformation
(7.647 kcal/mol at MP2-CP), while the other two conformations
(planar and perpendicular) have similar magnitudes of interaction
at MP2-CP level (3.249 kcal/mol for the planar conﬁguration and
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Table 1
Equilibrium intermolecular distances and intermolecular interaction energies for the
three (planar, parallel and perpendicular) DMEU dimer structures.
Method

HF
HF-CP
B3LYP
B3LYP-CP
MP2
MP2-CP

Planar

Parallel

Perpendicular

R (Å)

e (kcal/mol)

R (Å)

e (kcal/mol)

R (Å)

e (kcal/mol)

2.602
2.636
2.445
2.475
2.331
2.468

2.285
1.904
2.866
2.228
5.867
3.249

3.38
3.903
3.626
3.707
3.063
3.296

3.558
2.758
3.516
2.249
17.091
7.647

3.756
3.98
3.37
3.842
2.742
2.992

0.896
0.531
1.084
0.278
8.846
3.343

3.343 kcal/mol for the perpendicular one). The electron correlation in the energy values is important, but the different treatment
of electron correlation effects (perturbative or DFT functional type)
show large discrepancy. While the second order Møller–Plesset
perturbation correction (MP2) gives a signiﬁcant electron correlation contribution in contrast to the Hartree–Fock (HF) values, the
B3LYP-type DFT functional show noticeable correlation contribution (0.324 kcal/mol) only for the planar case (in comparison to
the HF values), but is still smaller than the corresponding MP2 value (1.02 kcal/mol). This fact points out that the long-range dispersive interactions, which are usually neglected by construction from
the DFT functionals [40] become important in all three cases, while
the DFT-type correlation effects give only small contributions. In
accordance with the Cremer’s paper [41], the DFT functionals
(including the hybrid ones) could reproduce the electron correlation effects with a very good approximation only in the atomic
and bond regions of the molecule, while in the non-bonded part
they gave a rather poor description. Dispersion interactions in
vdW complexes depend on ﬂuctuations of the density in the tails
of the monomers forming the complex, therefore they depend
strongly on the proper theoretical description of electron correlations in the density in the vdW region. The DFT functionals are
not able to describe these ﬂuctuations correctly; this leads to the
failure of the DFT methods in the case of vdW complexes [42,43].
Better results are obtained for vdW complexes dominated by electrostatic forces (interaction between permanent and induced multipole moments). There are several attempts to improve DFT
methods in order to describe correctly the weakly bound vdW
interactions. These methods are based on the semi-empirical correction by adding to the density functional a long-range attractive
pair-potential (proportional to R6) multiplied by a damping function that shuts it off at short distances [44–46]. These results are
very promising due to the low computational cost, comparable
with the original method without the long-range dispersion correction. Yet, further parameterization studies are required in order
to obtain accurate results for dispersion effects in the general case
of weakly bound vdW interactions [44].
In the DMEU monomer the dominant part of the DFT-type electron correlation effects comes from the atomic and bond regions
situated in the plane formed by the heavy atoms of the DMEU molecule. The different B3LYP results of correlation effects which are
observed between the planar structure on one hand and parallel
and perpendicular structures on the other hand are caused by
the juncture of polarization effects due to the intermolecular interaction and bond formation. For the planar structure these two effects can be found approximately in the same plane and thus the
polarization effects could inﬂuence the intermolecular interactions, while in the other two cases they act in different planes.
Accordingly, the correlation effect arising from the bond formations will be also perceptible in the intermolecular interaction energy for the planar structure, while in the other two cases this
contribution will almost be missing. Even so, the magnitude of this
DFT-type electron correlation is much less than the magnitude of
the MP2 correlation.
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It is well-known that the weakly binding vdW interaction is the
result of different type correlation effect (exchange, electrostatic,
polarization, dispersion, etc.) contributions. Dispersion-type effects
are generally shielded by the other components of correlation, but
in some special cases when these other components are missing
(e.g. the absence of the permanent dipole–dipole interaction), the
role of the dispersion forces (interaction between two instantaneous dipoles) becomes crucial [47]. Following these considerations on the correlation effects, it is seen that in all three
geometry conformations of the DMEU dimer, the contribution of
the dispersion forces in intermolecular interaction energy is essential. The most evident case is the parallel conformation where the
HF-CP and B3LYP-CP methods give, respectively, 2.758 kcal/mol
and 2.249 kcal/mol for the interaction energy, while the MP2CP method gives 7.647 kcal/mol. For the planar dimer this difference is smaller than that in the other two cases, but is still relevant
for the interaction energy.
The MP2 values are affected signiﬁcantly by the so-called basis
set superposition error (BSSE) due to the use of ﬁnite basis sets,
which leads to an incomplete description of the individual monomers. These errors have purely mathematical origin, which should
be corrected for when weakly bound molecular systems are described. Moreover, it can be observed that the signiﬁcant contribution of the dispersion interaction in the interaction energy involves
large BSSE effects in the electron correlation. While for the planar
dimer case the BSSE contribution in energy is around 45%, for the
parallel conformation it amounts to 55% and for the perpendicular
case it is more than 62% of the total uncorrected interaction energy
values (Table 1 and Figs. 2–4). The BSSE corrections are much less
for the HF and B3LYP methods (Table 1 and Figs. 2–4). This result
shows that the BSSE is a relevant attendant of the dispersion forces
in the DMEU dimers.
Inspecting the potential energy proﬁles it is seen that only the
MP2 and MP2-CP curves show a bound system for all three spatial
arrangements (Figs. 2–4). The HF, HF-CP, B3LYP and B3LYP-CP potential curves exhibit well deﬁned minima only in case of the planar structure (see Fig. 2). In the other two conformational cases,
the HF and DFT methods give a very weak interaction with a wide
potential curvature. Applying these two methods, the parallel and
perpendicular arrangements cannot be considered as bound
conformations.
Comparing these results for the strength of the dimer interaction one can see that the strongest bound system is the parallel
one (7.647 kcal/mol at MP2-CP level), while the planar and perpendicular conformations show much weaker intermolecular
interactions (3.249 and 3.343 kcal/mol, respectively).
3.1.2. Dimethylethyleneurea–water systems
Starting geometry optimization procedure at arbitrary initial
positions (but taking into the account the possible DMEU atomic
sites where water molecules could form hydrogen bonds), two different equilibrium conﬁgurations were found at the MP2 level of
theory. In the ﬁrst conﬁguration – denoted as structure I – the
water molecule is situated in the plane of the DMEU molecular
ring, forming a hydrogen bond with the O atom of DMEU and at
the same time showing an attractive interaction in the direction
of the DMEU’s methyl group (Fig. 5, left). In the second case (structure II) the water molecule is located above the DMEU ring forming
a hydrogen bond with the N atom of the ring (Fig. 5, right).
In Table 2 the equilibrium intermolecular separations (R) and
intermolecular interaction energies are collected for the two
(structure I and structure II) DMEU–water systems. Fig. 6 shows
the different potential energy curves obtained for structure I geometry structure of DMEU–water with the standard HF, B3LYP, MP2,
and the CP-corrected HF, B3LYP, MP2 levels of theory. The parameter R is deﬁned as the distance of H atom of water molecule and O
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Fig. 5. Geometry structures (I and II) of DMEU–water complexes.

Table 2
Equilibrium intermolecular distances and intermolecular interaction energies for the
two (structure I and structure II) DMEU–water complexes.
Method

HF
HF-CP
B3LYP
B3LYP-CP
MP2
MP2-CP

Structure I

Structure II

R (Å)

e (kcal/mol)

R (Å)

e (kcal/mol)

1.961
1.983
1.846
1.864
1.852
1.939

7.116
6.371
8.215
7.35
10.704
6.929

2.198
2.255
2.036
2.068
1.955
2.076

4.673
3.705
5.99
4.802
10.701
5.754

Fig. 7. Potential energy curves of DMEU–water structure II obtained at HF, B3LYP
and MP2 levels of theory, with and without BSSE corrections.

Similar to the case of the DMEU dimer systems, the BSSE effects
are also very important here. For structure II, the BSSE is larger by
about 1 kcal/mol, which can be also related to the larger dispersion
effects. In case of structure I the total interaction energy is mostly
given by the HF-type energy contribution, which represents more
than 90% from the total energy. For structure II the electron correlation effects become important, giving more than 35% contribution to the total interaction energy.
The potential energy proﬁles indicate that both structures are
bound interacting systems. The shapes of MP2-CP and B3LYP-CP
curves are quite similar for structure I, while for structure II the difference between these two curves is caused by the dispersion
interaction.
3.2. SAPT-type intermolecular interaction energy decomposition
In order to study the basis set and size effects, ﬁrst we present
the interaction energy decomposition scheme for DMEU–water
system, which is a smaller molecular system than the DMEU dimer
and the various polarization and diffuse functions could be applied
more easily.

Fig. 6. Potential energy curves of DMEU–water structure I obtained at HF, B3LYP
and MP2 levels of theory, with and without BSSE corrections.

atom of DMEU monomer. For Structure II the parameter R is deﬁned by the distance of H atom of water molecule and N atom of
DMEU monomer ring, these curves are shown in Fig. 7.
For structure I, there are no strong differences in the intermolecular interaction energies and intermolecular distances as obtained at DFT and MP2 levels of theory (the energy values are
7.350 kcal/mol and 6.929 kcal/mol, the intermolecular distances are 1.864 Å and 1.939 Å for B3LYP-CP and MP2-CP, respectively). Accordingly, it seems that the effects of dispersion forces
are much less important in this case, as compared to the DMEU dimer interactions (see later). At the same time the HF contribution
to the interaction energy is much stronger than that in case of the
DMEU dimers, it accounts for 85% of the total interaction energy.
In the case of structure II, the intermolecular interaction picture
is more subtle than it is for structure I. The interaction energies are
smaller and a considerable dispersion contribution appears in the
energy which is mostly due to the interaction of the DMEU ring
atoms with the lone pairs of the O atom of water. The MP2-CP values are around 1.0 kcal/mol larger than those are in B3LYP-CP case,
due to these dispersion forces.

3.2.1. Dimethylethyleneurea–water systems
Values of the physically interesting intermolecular interaction
energy components (given by Eqs. (2) and (3)), for the two
DMEU–water conﬁgurations, as obtained by applying the SAPT
decomposition scheme up to the second-order level of theory,
are collected in Table 3. Calculations with two different basis sets
(D95 and D95**) were performed for elucidating the role of the
polarization functions. The results unambiguously show major differences between energy component values obtained with and
without the polarization functions. Thus, for structure I,
EHF
int = 8.245 kcal/mol and SAPT corr = 0.128 kcal/mol in case of
and
D95
basis
set,
and
EHF
int = 6.364 kcal/mol
SAPT corr = 1.094 kcal/mol for D95** basis set. For structure II the
and
energies
are
respectively:
EHF
int = 4.920 kcal/mol
SAPT corr = 0.714 kcal/mol in case of D95 basis set, and
EHF
int = 3.571 kcal/mol and SAPT corr = 1.784 kcal/mol for D95** basis set. In particular, by applying polarization functions the ﬁrst order energy EHF
int value decreases, while the SAPT corr correlation part
shows a very pronounced increase. The main reason for decrease
ð10Þ
of the EHF
int energy is the signiﬁcant change of Eelst electrostatic component. This fact suggests us that the polarization effects increase
the electrostatic and exchange interactions between monomers
when we apply polarization functions in our calculations. The
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Table 3
The different SAPT energy components (in kcal/mol) of two equilibrium DMEU–water
complexes at SCF and second-order correlation level of SAPT theory, using D95 and
D95 basis sets.
Correction

Structure I

Structure II

D95

D95(d,p)

D95

D95(d,p)

ð10Þ

13.808

11.963

10.718

9.394

Eexch

ð10Þ

8.734

8.601

8.502

8.397

ð20Þ

4.010

3.834

4.238

4.130

SCF
Eelst

Eind;resp
ð20Þ

Eexchind;resp

1.958

1.926

2.625

2.592

dEHF
int;resp

1.118

1.094

1.091

1.037

EHF
int

8.245

6.364

4.920

3.571

SAPTSCF resp

7.126

5.270

3.828

2.534

0.520

Correlation
ð12Þ

0.495

0.429

0.742

Eexch

ð11Þ

0.211

0.073

0.138

0.007

ð12Þ

2.199

1.808

1.856

1.398

0.762

0.654

0.977

0.763

0.372

0.328

0.605

0.479

1.615

2.633

2.005

3.180

Eelst;resp
Eexch
t ð22Þ
Eind
t ð22Þ
Eexchind
ð20Þ
Edisp
ð20Þ
Eexchdisp

SAPT corr

0.308

0.465

0.363

0.526

0.128

1.094

0.714

1.784

opposite effect occurs at the correlation level, but the increasing of
SAPT corr energy is the result of the collective contributions of the
different correlation energy components having repulsive or
attractive interaction character. The most pronounced change ocð20Þ
curs in the dispersion contribution Edisp for which the energy increases by about 60% for both structure I and structure II cases.
The polarization effects could also generate signiﬁcant changes in
ð11Þ
other second-order energy components, like e.g. Eexch . At the same
time, comparing these values for structure I and structure II, one
can see that the magnitude of several correlation (ﬁrst or secondorder) energy contributions are very different. This fact means that
the given energy component strongly depends on the orientations
of the atomic orbitals. On the other hand, considering only the correlation effects, the dispersion contribution appears to be the most
ð20Þ
relevant component of the correlation energy (Edisp = 2.633 kcal/
ð20Þ
mol for structure I and Edisp = 3.180 kcal/mol for structure II,
using D95** basis sets in both cases). This result conﬁrms the statement formulated on the basis of the MP2 and DFT calculations that
dispersion effects are very important for the description of these
weakly bound molecular associates. In addition, the SAPT results
prove also another previous statement. Namely, the e intermolecular interaction energy and R intermolecular distance for structure
I obtained with counterpoise corrected MP2 and DFT levels of theory are much closer than the corresponding values in cases of
structure II and the various DMEU dimers. This fact is due to the
more signiﬁcant contribution of the ﬁrst order (HF) energy and
smaller second-order correlation energy for structure I in comparison with structure II geometry. This case could be considered similar to those discrepancies which were found for the planar and
perpendicular arrangements of the DMEU dimers using two different (MP2 and B3LYP) methods (see Section 3.1.1).
Large dispersion effects were also found for TMU–water complexes [26], accompanied by a large BSSE. Those results were obtained applying the London formula as an addition at the HF
level, hence the other second-order electron correlation effects
were missing, which could probably diminish the effect of the dispersion contribution.

3.2.2. Dimethylethyleneurea dimers
In the previous subsection we have shown the importance of
polarization functions in the accurate description of intermolecular
interaction. However, using d functions for heavy atoms and p
functions for hydrogen atoms the number of basis functions would
increase in such extent that the limited computer capacity would
prevent us from performing SAPT calculation. As a realistic compromise for DMEU dimer calculations, we kept only the d polarization functions on heavy atoms, using the D95* basis set. The
physically interesting intermolecular interaction energy components (Eqs. (2) and (3)) for the three different DMEU dimers are
collected in Table 4. The strongest intermolecular interaction is obtained for the parallel conﬁguration (Eint ¼ EHF
int þ SAPT corr =
 .135 kcal/mol), while the weakest one is found for the perpendicular structure (Eint = 2.057 kcal/mol). For all the three dimer conﬁgurations the correlation contribution is higher then the ﬁrst
order part. But the most conspicuous of them is the parallel structure where the second order contribution is higher by about one
order of magnitude. The major contribution in the correlation enð20Þ
ergy is given by the dispersion effects (Edisp = 2.067 kcal/mol for
ð20Þ
planar structure, Edisp = 7.981 kcal/mol for parallel structure and
ð20Þ
Edisp = 3.801 kcal/mol for perpendicular case). The other second
order energy components are smaller. Summarizing them the positive and negative energy components partially cancel each other
energy.
and ﬁnally result in a small positive contribution in ESAPT2
int
The ﬁrst order corrections do not show any systematical behaviour. These energies are compounded from several electrostatic
parts with negative signs and exchange parts having positive signs.
The lack of pronounced trends is due to the different magnitudes of
electrostatic and exchange contributions in the different dimer
conﬁgurations. Thus, for planar case SAPT SCF = 1.320 kcal/mol,
for parallel one SAPT SCF = 0.132 kcal/mol, and in case of perpendicular structure SAPT SCF = 0.928 kcal/mol.
Another important remark can be made for the dEHF
int;resp term. As
it was mentioned in Section 2, it represents all the third- and higher-order induction and exchange-induction terms together. This
energy component has the largest value in case of the parallel
structure, but in the other two cases its contribution is still significant, and can substantially inﬂuence the magnitude of SAPT SCF

Table 4
The different SAPT energy components (in kcal/mol) of planar, parallel and
perpendicular DMEU dimer structures at SCF and second-order correlation level of
SAPT theory, using D95 basis set.
Correction

Planar

Parallel

Perpendicular

2.366

SCF
ð10Þ

3.911

7.670

Eexch

ð10Þ

3.454

8.966

3.635

ð20Þ

1.411

4.633

1.345

Eelst

Eind;resp
ð20Þ

Eexchind;resp

0.549

3.205

1.004

dEHF
int;resp

0.319

0.727

0.215

EHF
int

1.638

0.858

0.713

SAPTSCF resp

1.320

0.132

0.928

ð12Þ

0.007

0.138

0.528

Eexch

ð11Þ

0.154

0.296

0.093

ð12Þ

0.915

2.382

0.860

0.122

1.121

0.328

Correlation
Eelst;resp
Eexch
t ð22Þ
Eind
t ð22Þ
Eexchind
ð20Þ
Edisp
ð20Þ
Eexchdisp

SAPT corr

0.048

0.775

0.245

2.067

7.981

3.801

0.237

0.963

0.347

1.821

5.277

2.770
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term. Since the equilibrium geometry in the case of SAPT calculations was taken at the MP2-CP geometry conﬁguration, the SAPT
energies are hardly comparable with HF, B3LYP or either MP2 results, mainly because of the different intermolecular separations
obtained by the different ab initio and DFT methods.
Even so, inspecting the contribution of ﬁrst and second order
SAPT energy corrections for all three geometry conﬁgurations, we
can explain why HF and DFT results give larger intermolecular separation for parallel and perpendicular structures in comparison
with MP2 values. The answer is given by the dominant role of dispersion effects in the intermolecular interaction energy. These
attraction-type dispersion forces have purely electron correlation
character which is not included neither in the HF theory nor in
the correlation part of the DFT exchange-correlation functionals.
Their contribution could be decisive in such cases when the sum
of the ﬁrst order energy components gives a relatively small negative value or even a positive contribution [47].
3.3. Local correlation treatment of intermolecular interactions
The results presented in the previous two Sections 3.1 and 3.2
show that the amount of the dispersion effects gives the major
contribution to the magnitude of the intermolecular interaction
energies of DMEU dimers. In case of DMEU–water systems their effects remain also very important, in comparison with the HF contribution, especially in case of structure II conformation. It is
well-known that dispersion forces have a long-range character
and therefore an adequate description of the intermolecular space
which is contained in the structure of basis set is indispensable.
Thus, beside of the split-valence basis set (at least a double-zeta
basis function) the use of the augmented basis functions together
with the large shells of the polarization functions (aug-cc-pVDZ,
aug-cc-pVTZ. . .) are required. Considering the D95**+ basis set
used for geometry optimization as well as the D95* and D95** basis sets for SAPT-type intermolecular interaction decomposition, it
can be easily seen that these basis sets are not large enough to
properly reproduce the dispersion effects in the studied systems.
On the other hand, using standard MP2 methods with aug-cc-pVTZ
basis would lead to a very expensive computational job (780 basis
functions) for the geometry optimization calculation. For the computation of intermolecular interactions, local electron correlation
methods [48–50] have proven to give values which are very close
to the standard MP2 results and by construction they are virtually
free of BSSE [49,50]. Linear scaling of the computational cost as a
function of the system size [51] makes it possible to treat much larger systems or using much larger basis sets. Using the density ﬁtting (DF) approximation of the electron repulsion integrals [52–54]
one can reduce again the computation time by about one order of
magnitude applying it both in HF and LMP2 cases (DF-HF and DFLMP2). In particular, the efﬁciency of DF-LMP2 method in describing p-stacked intermolecular interaction in case of benzene dimer
structures dominated by the dispersion forces was clearly demonstrated by Hill et al. [55].

Table 5
Equilibrium intermolecular distances and intermolecular interaction energies for the
three (planar, parallel and perpendicular) DMEU dimer structures, using the LMP2
method.

Table 6
Intermolecular interaction energies for the three DMEU dimer structures, using the
LMP2 method. The optimized geometry was obtained with aug-cc-pVTZ basis set.
Method

DF-LMP2/avdz
DF-LMP2/avtz
DF-LMP2/avqz
DF-LCCSD(T)/avtz
Edisp

MP2-CP/D95**+
DF-LMP2/vdz
DF-LMP2/vtz
DF-LMP2/avtz

Planar

Parallel

Method

MP2-CP/D95**+
DF-LMP2/vdz
DF-LMP2/vtz
DF-LMP2/vqz
DF-LMP2/avdz
DF-LMP2/avtz
DF-LMP2/avqz

e (kcal/mol)

R (Å)

e (kcal/mol)

R (Å)

e (kcal/mol)

2.47
2.38
2.42
2.39

3.249
3.292
3.727
3.666

3.30
3.23
3.33
3.20

7.647
9.029
9.013
9.107

2.99
3.06
3.14
3.00

3.343
4.361
3.908
5.161

Perpendicular

e (kcal/mol)

3.701
3.666
3.548
3.551
2.370

9.996
9.107
8.455
8.793
9.480

4.780
5.161
3.691
3.822
4.888

Structure I

Structure II

R (Å)

e (kcal/mol)

R (Å)

e (kcal/mol)

1.939
1.966
1.914
1.879
1.908
1.871
1.869

6.929
9.096
7.832
7.695
7.310
7.519
7.539

2.076
2.394
2.414
2.374
2.134
2.030
2.013

5.754
9.146
6.842
6.138
5.812
6.173
6.371

Using the DF-LMP2 method implemented in the Molpro program package suite [56] and taking the program parameter settings as presented [55] we have performed geometry
optimization for DMEU (planar, parallel and perpendicular) dimers
and for DMEU–water (structure I and structure II) systems, respectively, using cc-pVXZ (X = D, T, Q) with and without augmented diffuse functions (see Tables 5 and 7). Taking the optimized geometry
obtained with the aug-cc-pVTZ (avtz), the intermolecular interaction energies were calculated for the above mentioned basis sets.
In all these cases we considered the DF-LMP2 and DF-LCCSD(T)
methods together with the dispersion energy components which
derive from the local character of occupied and virtual orbitals in
the local correlation treatment [57]. The values of intermolecular
energies for different basis sets and the dispersion energy contribution obtained with DF-LMP2 using aug-cc-pVTZ basis set are collected in Tables 6 and 8.
3.3.1. Dimethylethyleneurea dimers
In the ﬁrst step we have compared the optimized geometry
structures obtained with the standard MP2 and with the local
MP2 methods. We have found that in case of LMP2, no conformational changes in planar, parallel and perpendicular structures
could be observed compared with the previously obtained standard MP2 values. Signiﬁcant differences are seen in the intermolecular bond distances. For the R coordinate, (Table 5,) we have 2.39 Å,
3.20 Å, and 3.00 Å bond distances for the planar, parallel and perpendicular DMEU dimer structures at DF-LMP2/avtz, which differ
from the MP2-CP/D95**+ results by about 0.1 Å. For the intermolecular interaction energies (Table 5) the discrepancy between
the standard and local MP2 values are much more pronounced
than the differences in the distances. This result is attributed to
Table 8
Intermolecular interaction energies for the two DMEU–water structures, using the
LMP2 method. The optimized geometry was obtained with aug-cc-pVTZ basis set.

Perpendicular

R (Å)

Parallel

e (kcal/mol)

Table 7
Equilibrium intermolecular distances and intermolecular interaction energies for the
two (structures I and II) DMEU–water structures, using the LMP2 method.

Method
Method

Planar

e (kcal/mol)

DF-LMP2/avdz
DF-LMP2/avtz
DF-LMP2/avqz
DF-LCCSD(T)/avtz
Edisp

Structure I

Structure II

e (kcal/mol)

e (kcal/mol)

7.204
7.519
7.433
6.777
2.226

5.264
6.173
6.382
4.848
2.959

A. Bende, L. Almásy / Chemical Physics 354 (2008) 202–210

the effect of applying larger and well-balanced basis sets belonging
to the augmented correlation-consistent polarized basis set family
and in this way the long-range contributions are taken into account more precisely. In case of parallel and perpendicular DMEU
dimer structures the eDF-LMP2 intermolecular interaction energies
are by 1.460 kcal/mol and 1.818 kcal/mol larger than in case of
standard MP2-CP methods obtained D95**+ basis sets, corresponding to an increase of 20% and 50%, respectively. Contrary to the previous two cases, for planar structure the energy difference between
the MP2 and DF-LMP2 results is only 13%. This fact conﬁrms the
previous conclusions from Section 3.2, that the dispersion contributions are much more signiﬁcant in case of parallel and perpendicular DMEU dimer conﬁgurations. Furthermore, comparing the
results (intermolecular bonds and interaction energies of different
optimized geometry) obtained with different consistent correlated
split-valence basis sets, one could observe some differences between the double-n and triple-n basis sets as well as between basis
sets with and without diffuse basis functions (see again Table 5). In
order to see the effects of different basis sets, in Table 6 are presented the intermolecular energies obtained with augmented double-, triple- and quadruple-n basis sets (avdz, avtz and avqz),
applied to the same (DF-LMP2/avtz) geometry structure. Moreover,
singles and doubles coupled cluster theory with perturbative treatment of triple excitations (CCSD(T)) is currently believed to be the
most accurate method for computing dispersion interactions. It
provides binding energies of excellent quality, if at least a basis
set of aug-cc-pVTZ quality is used [58,59]. From Table 6 one can
see that the DF-LMP2/avqz and DF-LCCSD(T) results are quite close,
while in other cases signiﬁcant differences can be found (e.g. the
DF-LMP2/avtz values of the perpendicular geometry). As regarding
to the dispersion component of the intermolecular interaction energy obtained with DF-LMP2 method, one can conclude that the
long-range contribution given by the large basis sets is essential,
they become twice as large as the SAPT results (in planar case:
DFLMP2
eSAPT
= 2.370 kcal/mol, in parallel case:
disp = 1.584 kcal/mol  edisp
DFLMP2
eSAPT
=
4.264
kcal/mol

e
= 9.480 kcal/mol and for perpendisp
disp
=
2.423
kcal/mol
 eDFLMP2
= 4.888 kcal/mol).
dicular case: eSAPT
disp
disp
3.3.2. Dimethylethyleneurea–water systems
Comparing the optimized geometries obtained with MP2-CP
and DF-LMP2 methods for DMEU–water structures, similarly to
the DMEU dimer cases, no conformational changes were found.
Comparing the intermolecular bond distances R presented in Table
7, one can see that R becomes shorter by about 0.1 Å in case of
structure I and by about 0.06 Å shorter for structure II when applying the DF-LMP2 method. One should also mention the fact that
the free O–H water bond, not participating in the intermolecular
bonding is strongly basis set sensitive. The out-of-plane angle
(the molecular plane which is approximately deﬁned by the DMEU
heavy atoms and the other O–H bond of water) can vary in a range
of 20–30 °C. Analyzing the intermolecular interaction energies obtained for both structures I and II conformations, one can notice
that the increase of energy values is not so signiﬁcant like in case
of parallel and perpendicular structures of DMEU dimer (considering the DF-LMP/avqz results, 0.610 kcal/mol for structure I and
0.617 kcal/mol for structure II, see Table 7). Following the basis
set dependency of the interaction energy, as presented in Table
8, the order of the split-valence basis set (double, triple or quadruple) has a large inﬂuence on the energy results, especially in case of
structure II. Comparing with the DF-LCCSD(T) results, it appears
that the DF-LMP2 method slightly overestimates the intermolecular interaction energies for the DMEU–water systems. Aside from
this different behaviour of DF-LMP2 and DF-LCCSD(T) methods
the dispersion energy has the same trend like for the DMEU dimers, namely, it is larger by more than 100% compared with the
MP2-CP/D95V** results (in structure I case: eSAPT
disp = 0.629
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kcal/mol  eDFLMP2
= 2.226 kcal/mol and for perpendicular case:
disp
DFLMP2
eSAPT
= 2.959 kcal/mol).
disp = 1.258 kcal/mol  edisp
3.4. Interactions in the liquid phase
The computational results allow us to shed some light on the
structure and behaviour of dilute DMEU solutions. Comparing the
DMEU dimer structures and DMEU–water systems the strongest
interaction occurs for the parallel DMEU dimer with binding energy 9.107 kcal/mol (at DF-LMP2/avtz level). The two optimized
DMEU–water structures have somewhat lower energies,
7.539 kcal/mol and 6.371 kcal/mol (at DF-LMP2/avqz level).
The remaining two DMEU dimer (planar and perpendicular) conﬁgurations have roughly twice smaller energies. The strongest
interaction, on the pair-wise level, is thus seen for the parallel
DMEU dimer. Such attraction should have considerable effect on
the intermolecular interactions in the liquid phase as well. The
DMEU–water hydrogen bonding occurs via the oxygen site and
partially the molecular ring of the DMEU, and does not hinder sterically the DMEU–DMEU bonding. Thus, in the dilute aqueous solution, the quantum chemistry permits the formation of bound
DMEU pairs, or eventually aggregates. Calculation of larger structures, although computationally feasible, was left out of the scope
of the present study, since such results would not reﬂect reliably
the interactions in the real liquid. Nevertheless, test calculations
of [DMEU dimer]–water structures resulted in stable conﬁguration
in vacuo, with a parallel DMEU dimer and a water molecule bound
to the DMEU oxygen site, indicating that larger solute aggregates
may also exist, not being destroyed by the water network.
These quantum chemistry results help us to understand the observed temperature-independent aggregation of DMEU in their dilute aqueous solutions [7]. The temperature dependence of the
physicochemical properties is a sensitive indicator of the intermolecular interactions. The pair-wise vdW attraction is independent
of the temperature, while in the liquid phase, the solute–solute
interactions are always perturbed by the solvent. In aqueous
TMU solutions, the TMU–TMU interactions follow the temperature
dependence of the dynamics of water, while in case of the DMEU,
the solute-solute attraction is insensitive to the temperature, indicating that it is dominated by the contact solute-solute bonding. In
this respect, the properties of the DMEU–water mixture are close
to those of TMU–carbon disulﬁde mixture, in which a similar kind
of temperature-independent solute-solute attraction was observed
[60]. In our case, the relatively strong bonding between DMEU
molecules can effectively counterbalance the solute–solvent interaction, while in case of the inert solvent carbon disulﬁde (in the
TMU–CS2 system), the solute–solvent interactions are rather weak
and thus do not inﬂuence the solute–solute attraction.
4. Conclusions
In this study we performed quantum chemical ab initio calculations for the geometries and intermolecular interaction potential
curves of the three different (planar, parallel and perpendicular)
DMEU dimers and two different DMEU–water systems. The geometry optimization has been taken at second order Møller–Plesset
perturbation theory level using D95**+ basis set, as well as at DFLMP2 theory using consistent correlated basis sets (aug-cc-pVXZ,
X = D, T, Q). Comparisons have been made for the intermolecular
interaction potential energy curves obtained at HF, B3LYP and
MP2 levels of theory. There is a signiﬁcant difference between
the B3LYP and MP2 energy values, which is mainly due to the missing of the long-range dispersive interactions from the B3LYP exchange-correlation functional. The inﬂuence of BSSE is fairly
signiﬁcant for the standard MP2 results, and less important for
the HF and B3LYP results.
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Performing quantum mechanical treatment of SAPT method for
interaction energy decomposition into physically relevant terms,
we have shown the role of the dispersion effects in DMEU–DMEU
and DMEU–water intermolecular interactions. Furthermore, it
was found that the ‘‘counterpoise corrected” MP2-CP intermolecular interaction energy values are close to the SAPT values, which is
obtained as a sum of the ﬁrst and second order SAPT correction
¼ EHF
contributions (ESAPT
int
int þ SAPT corr ).
For larger basis sets (aug-cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ,
etc.) the contribution of the dispersion energy strongly increases,
pointing to the importance of using suitably large basis sets in
addition to the correct electron correlation method.
The strong DMEU–DMEU bonding is suggested to be responsible for the DMEU association in its aqueous solutions. Further studies along these lines may be useful for better understanding the
role of hydration and van der Waals interactions in solutions of
hydrophobic molecules.
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