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Intermolecular interactions between a single water and two N,N’-
dimethylethyleneurea (DMEU) molecules have been investigated
using local and density-fitting approximations of the standard
Mpgller—Plesset perturbation theory (DF-LMP2) with the aug-cc-
pVTZ basis set. Six stable configurations have been found. In the
first three, the water molecule intercalates between two DMEU
molecules.
is attached to a stacked DMEU dimer, and these structures are
more stable than the first three. These results support the view
that DMEU molecules can form contact pairs in dilute aqueous
solutions.

In the next three configurations, the water molecule

1. Introduction

Weak intermolecular interactions play important roles
in a wide range of chemical and biological processes at
supramolecular level. These complex systems are gen-
erally governed by different types of intermolecular in-
teractions, like hydrogen bonds (H bonds) [1], weak van
der Waals forces [2], or charge-transfer complexes [3].
Attractive interactions between aromatic m systems are
one of the the most studied non-covalent van der Waals
forces responsible for many supramolecular organization
and recognition processes. In case of aqueous solu-
tions of non-electrolytes, the strength and the balance
of these interactions play role in the mixing behavior of
the species, and the often present the self-aggregation of
hydrophobic co-solvent molecules.

Aqueous solutions of urea are nearly ideal systems.
Other carbamides, containing methyl groups, are more
hydrophobic, and their mixing behavior with water is
no more ideal. The deviation from ideality correlates
with the number of methyl groups and, in general, with
the size of the hydrophobic part of a molecule. Aqueous
solutions of some of these molecules have been inves-
tigated by various physico-chemical methods, revealing
a considerable self-association in their dilute solutions
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[4-8]. The self-association is the consequence of the hy-
drophobic interactions that are characteristic of aqueous
solutions of all kinds of molecules possessing relatively
large hydrophobic moieties.

The character of the self-association of carbamides
in these solutions showed certain difference.  Ac-
cording to neutron scattering, tetramethylurea (TMU)
shows a typical hydrophobic character of self-association,
while the self-asociation of the cyclic molecules
of dimethylethyleneurea (DMEU) and dimethylpro-
lyleneurea (DPMU) is not sensitive to temperature [7,8].
Such behavior may indicate that the self-association in
these cases is dominated by weak intermolecular forces,
which are sufficiently strong to bind these molecules to-
gether, so that the role of the hydrophobic effects be-
comes less important. Recent thermodynamic data on
aqueous TMU, DMEU, and DMPU reveal the hydropho-
bic solvation of all these compounds, which is strongest
for TMU and weakens to its cyclic derivatives DMEU
and DMPU [9-11].

Quantum chemistry seems to be an appropriate
method for getting more insight into the energetics and
the structural configurations of the bound complexes. In
our previous study [12], we analyzed the configurations
of energetically bounded complexes of two types: water
and DMEU, and a DMEU dimer. The dimer configura-
tions were found to be relatively strong, suggesting that
they may be present in the liquid phase, too.

In the present work, we extended the theoretical mod-
eling to larger complexes consisting of three molecules,
aiming to reveal the structural and energetic aspects of
these weakly bonded molecular associates.

2. Computational Details

In the past few years, efforts have been made to develop
new, efficient approximation techniques in order to re-
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DMEV Dimer:
(parallel)

¢

AEnt =.9.107 kcal/mol
AEdisp = -9 480 kcal/mol

DMEV - Water:

AE™ = -7.52 kcal/mol
AEdise = -2 .23 kcal/mol

AE™ = -6.84 kcal/mol
AEdsp = 2,96 kcal/mol

Fig. 1. Optimized geometries of a parallel DMEU dimer and of two DMEU — Water complexes [12]

duce the computational cost of the high electron correla-
tion methods. For the computation of intermolecular in-
teractions, local electron correlation methods [13-15] at
second-order perturbation theory level have been proved
to drastically reduce the computational effort and, at the
same time, give values which are very close to the stan-
dard Mgller—Plesset perturbation theory (MP2) results.
By construction, this method is also virtually free of the
basis set superposition error (BSSE) [14, 15]. Quasilin-
ear scaling of the computational cost as a function of
the system size [16] of the LMP2 method makes it pos-
sible to treat larger systems or to use larger basis sets.
Using the density fitting (DF) approximation of the elec-
tron repulsion integrals [17-19], one can reduce again the
computation time by about one order of magnitude, ap-
plying it both in the Hartree—Fock (HF) and LMP2 cases
(DF-HF and DF-LMP2). In this way, the computational
cost is reduced to O(N) — O(N?) without losing much in
accuracy compared with the case of the classical second-
order Mgller—Plesset perturbation theory (MP2), which
scales formally with the order of O(N®). Furthermore,
considering the local character of occupied and virtual
orbitals in the local correlation treatment, one can easily
obtain also the dispersion part (an intermolecular effect)
of the correlation contribution [20].

Using the DF-LMP2 method implemented in the Mol-
pro program package suite [21], we have performed the
geometry optimization for different configurations of
N,N’-dimethylethyleneurea dimer + water system con-
sidering the aug-cc-pVTZ basis set [22, 23]. Taking
the program parameters as presented in Ref. [24], we
used the following input settings: i) we considered
the Pipek-Mezey (PM) localization procedure [25]; i)
in order to solve the poor orbital localization in the PM
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technique when the larger diffuse basis set was used, we
eliminated the contribution of the diffuse basis functions
to the localization criteria by setting the corresponding
rows and columns of the overlap matrix used in the PM
localization to zero. Molecular structures were visualized
and analyzed using the open source Gabedit molecular
graphics program [26].

3. Results and Discussion

3.1. DMEU dimers and DMEU-water

complexes

In our previous work [12], we investigated a N,N’-di-
methylethyleneurea dimer and N,N’-dimethylethylene-
urea-water systems. For the sake of completeness, we
repeat briefly the results relevant to the present work.
For DMEU dimers, we found three different dimer con-
figurations, which were called planar, parallel, and per-
pendicular forms. It was established that the parallel
and perpendicular configurations of a DMEU dimer are
strong enough to support the binding of a further water
molecule. The parallel dimer configuration is shown in
Fig. 1.

The SAPT method was further applied for the de-
composition of the intermolecular interaction energy to
physically relevant components. It turned out that dis-
persion effects were significant for all studied equilibrium
configurations, while the contributions of other energy
components were smaller. Accordingly, the stability of
DMEU dimers is given by the presence of dispersion ef-
fects in the molecular interactions.

In case of DMEU-water complexes, two stable config-
urations called Structure I and Structure II were found

797



A. BENDE, L. ALMASY

Confl:

AE™(Dimer - H,0) = -10.19 kcal/mol
AE™(Dimer) = -3.16 kcal/mol
AE™(Total) = -13.35 kcal/mol
AEdsp(Dimer) = -2.36 kcal/mol
AEdsp(Total) = -6.47 kcal/mol

AE™(Dimer - H,0) = -10.94 kcal/mol
AEM™(Dimer) = -3.41 kcal/mol
AE™(Total) = -14.36 kcal/mol
AE%sp(Dimer) = -3.12 kcal/mol
AEdsp(Total) = -8.90 kcal/mol

AE™(Dimer - H,0) = -10.00 kcal/mol
AE™(Dimer) = -6.68 kcal/mol
AEM(Total) = -16.67 kcal/mol
AEdsp(Dimer) = -4.78 kcal/mol
AEdisp(Total) = -10.20 kcal/mol

Fig. 2. Geometries of mixed clusters of a water molecule intercalated between two DMEU molecules

(Figure 1). In one case, the water molecule is attached to
the C=0 group of DMEU, while the O—H- - - N H-bond is
formed in the second case. In both cases, the dispersion-
type interaction effects remain important. But, in addi-
tion, other contributions like electrostatic or polarization
effects became also significant typically for a classical hy-
drogen bond. Comparing the intermolecular interaction
energies for a DMEU parallel dimer and for the DMEU-
water systems, one can see that the bonding is stronger
in the parallel dimer by about 1.6 — 2.3 kcal /mol. One
can expect that, for a larger system, i.e. in the liquid
phase, the parallel DMEU configuration can occur with
a good chance.

3.2. 2 DMEU - 1 water complexes

Starting from the results obtained for DMEU dimers and
DMEU-water systems, we continued our investigation by
mixing these two systems. We added a water molecule
to the previously obtained parallel DMEU dimer, and
a second DMEU molecule to the DMEU-water system.
The geometry optimization resulted in six different con-
figurations denoted with Conf i, i = 1...6 (Figs. 2
and 3). In each case, the following energy quantities
were computed: AFE™(Dimer-H,0) is the intermolec-
ular interaction energy between a water molecule and
two DMEU molecules, AE™ (Dimer) is the interaction
energy between the DMEU molecules, AE™ (Total) is
the total intermolecular interaction energy inside the
triplet, AEY?(Dimer) is the dispersion component of
the interaction energy between the DMEU molecules,
and AEYsP(Total) is the dispersion component of the
total intermolecular interaction energy inside the triplet.
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These six configurations are sorted in two groups. In
the first group (Fig. 2), the water molecule is trapped
between two DMEU molecules, while, in the second case
(Fig. 3), the water molecule is H-bonded to one of the
molecules of a parallel DMEU dimer. In both graphs,
the systems are sorted in descending order according to
their total energies.

Group 1. As a starting point, we settled the water
molecule between the two DMEU molecules (see Conf
1 in Fig. 1) in such a way that the water molecule
can form two H-bonds similar to what was obtained
for the Structure I and Structure II configurations in
[12]. Namely, the water molecule forms O-H---O and
O-H-: - - N H-bonds with one of the two DMEU molecules.
As can be seen in Fig. 2, the DMEU molecules are
quite far from each other. Therefore, the intermolec-
ular energy is mainly given by the sum of contribu-
tions of the DMEU-water interactions (AE™(Dimer-
H;0) = —10.19 kcal/mol). The direct DMEU-DMEU
interaction energy is only —3.16 kcal/mol.

In the next case (Conf 2 in Fig. 2) instead of a
C=0---H-0 H-bond, we have an O-H- - - N H-bond, and
the DMEU molecules come a bit closer. The H-bond en-
ergy (given by AFE™(Dimer-H,0)) is somewhat larger,
while the dispersion component of the weak VDW inter-
action is increased from —6.46 kcal/mol in case of Conf
1 to —8.90 kcal/mol in the present case. The conforma-
tional difference between Conf I and Conf 2 is —4.74
kcal /mol, mainly due to the stronger dispersion attrac-
tion.

The last configuration of the first group is very sim-
ilar to the previous structure, only the positions of the
N-.-H-O H-bonds are different (see Conf 3 in Fig. 2). In
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AE™(Dimer - H,0) = -2.32 kcal/mol
AE™(Dimer) = -10.08 kcal/mol
AE™(Total) = -12.40 kcal/mol
AEdsp(Dimer) = -9.56 kcal/mol
AEdisp(Total) = -11.23 kcal/mol

Conf's:

AE™(Dimer - H,0) = -2.86 kcal/mol
AE™(Dimer) = -10.08 kcal/mol
AE™(Total) = -12.94 kcal/mol
AEdsp(Dimer) = -10.30 kcal/mol
AEdsp(Total) = -12.23 kcal/mol

Conf e:

AE™(Dimer - H,0) = -9.15 kcal/mol
AE™(Dimer) = -9.82 kcal/mol
AE"(Total) = -18.97 kcal/mol
AEdise(Dimer) = -12.46 kcal/mol
AEdisp(Total) = -9.29 kcal/mol

Fig. 3. Geometries of mixed clusters of a parallel DMEU dimer and a water molecule. See the text for the definition of energies

this way, the trimolecular complex becomes more com-
pact, and the DMEU molecules get even closer than in
the previous case. Accordingly, the weak VDW attrac-
tion increases: from —8.90 kcal/mol (Conf 2) to —10.20
kcal/mol, and the H-bond contribution just slightly de-
creases. We consider Conf & to be the most stable struc-
ture amongst those where a water molecule intercalates
between DMEU molecules.

Group 2. In the first configuration of the second
group, the water molecule leaves the internal space be-
tween the two DMEU monomers (see Conf 4 in Fig. 3).
The DMEU monomers join together into a parallel con-
figuration, and the water molecule binds to the hy-
drophobic part of one of the DMEU monomers by a
weak VDW interaction. The nature of this interac-
tion is characterized by the comparison of A E™(Dimer-
H50), on the one hand, and the difference between
AEYP(Total) and AEYSP(Dimer), on the other hand.
One can see that this difference between the total dis-
persion and dimer contributions accounts for more than
70% of the DMEU dimer—water interaction energy. The
total energy of this configuration is only a little less
than that of the previous one, the difference is only
—1.75 kcal/mol. Namely, this is the energy which de-
rives from the geometry reorganization when the H-
bond bridge built by the water molecule is destroyed
and is replaced with a stacking interaction of the DMEU
MOoNoImers.

The next configuration presents a high similarity with
the previous one and differs only in the different position
of the water molecule (see Conf 5 in Fig. 3). The water
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molecule is placed now at the hydrophobic side of the
DMEU dimer, between the two DMEU molecular planes.
In this way, both weak VDW effects, coming from the
monomers, will give contributions to the DMEU dimer—
water interaction. The conformational energy difference
shows that, in this case, not only the dispersion effect as
the main part of the weak VDW binding is significant,
but other contributions like the electrostatic and dipole-
dipole interactions are important, as well.

The most strongly bound trimolecular system is ob-
tained for Conf 6. Here, in addition to the strongly
bound parallel DMEU dimer, a C=0--- H-O H-bond is
also present. In this way, the VDW contribution remains
important and is completed by the strong H-bond inter-
action: AE™(Dimer-Hy0) = —9.15 keal/mol. Interest-
ingly, this is only slightly below the energy given by two
H-bonds found in cases of Conf 1-Conf 3. We think that
this is due to the three-body effect of the electron cor-
relation, though the further detailed investigations are
needed to elucidate its origin.

4. Conclusions

Considering together the six geometries of DMEU dimer
and water complexes, one can conclude that a water
molecule can intercalate between two DMEU monomers
only with a small probability, while the parallel DMEU
dimer with a water molecule bounded to one of them
is more preferred. The dispersion effects of the van der
Waals interaction play an important role in the forma-
tion of different small clusters, both in cases of DMEU—
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DMEU and DMEU-water interaction. These findings
are interesting from the point of view of the clustering of
DMEU molecules in their dilute aqueous solutions. The
ab initio results show that contact DMEU dimers are rel-
atively strong, and it can be assumed that such clusters
are present also in aqueous solutions. This is contrasting
to the case of aqueous TMU, in which water-separated
TMU pairs have been suggested with regard for neutron
scattering data [4].
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192/2719. We gratefully acknowledge for the technical
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JOC/LAXKEHHS I3 ITEPIITNX
TIPMHINIIIB 3MIIITAHNX KJIACTEPIB
BOJAU I N,N-ITUMETUJIETUJIEH CEYOBUHU

A. Bende, JI. Aamawi
Peszmowme

Y Mmexax crangapTHOl Teopil 36ypennst Mesiepa—Ilineccera y so-
KaJbHOMY 1 3 MiJICOHKOIO IIJIBHOCTI HAOJMXKEHHSIX JOCJIIPKEHO
B3aEMOJIII0 MOJIeKY M Bomu 3 Mosekynamu N, N’-mumernseruien
ceuounn (JIMEM) B aug-cc-pVTZ 6asuci. SuaiifeHo micTh cra-
OinbHUX KOHirypamit. Y TPbOX i3 HUX MOJIEKYJIa BOJIM BHECE-
Ha MixK aBoMa JIMEM mosiekysnamu. B inmmx, 6isibin crabiaibHUX
TpHOX KOHMIryparisx, Moiekyna Boau 3B’s3ana 3 JIMEM mume-
pom y dopwmi cronku. Ili pesynbraru 3acBimuyiors, mo JIMEM
MOJIEKYJI MOXKYTh YTBOPIOBATH KOHTAKTHI Hapu y PO30aBJIEHUX
BOJIHMX PO3YMHAX.

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 8



