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ABSTRACT: The electronic structure calculations for the hydrogen-bond interactions
of tetrahydrofuran (THF), water (H2O), and hydrogen fluoride (HF) have been reported
using density functional theory (DFT) method. Three different stable clusters that result
from strong intermolecular interactions of the ternary THF/H2O/HF system have been
considered: (I) THF–H2O–HF, (II) THF–HF–H2O, and (III) H2O–THF–HF. The optimized
geometries, vibrational frequencies, and interactions of these hydrogen-bonded van der
Waals systems are reported. Moreover, a quantitative account on the roles of hydrogen
bond cooperativity on the three different stable structures has been analyzed through
energy decomposition scheme at MP2/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ. The BSSE-
corrected total binding energy sequence for these structures are found as 19.58 kcal/mol
�19.16 kcal/mol � 16.72 lcal/mol for II � I � III, respectively. © 2007 Wiley
Periodicals, Inc. Int J Quantum Chem 107: 2015–2023, 2007
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1. Introduction

S tudy of hydrogen bonded systems has been an
active field of research for last several years,

unambiguously points to recognition of their scien-
tific importance. Such forces govern the interactions
within collection of molecules and associated with
the stability of intermolecular complexes, surface
bonding of solutions, possible adsorbed species,

and existence of the condensed liquid state. Besides,
it plays central role in understanding the interac-
tions and binding constant of complexes such
as those between drugs and DNA, RNA, or a pro-
tein [1].

The detail finding for the hydrogen bonded com-
plex at molecular level has been intriguing as com-
pared to those obtained from bulk system [2–7].
Such types of interactions between solute and sol-
vent, or between adsystem and surface, are the
same or similar to those among atoms and mole-
cules in an atomic and molecular clusters. Hand in
hand with the advances in experimental studies [8],
there has been much progress in efforts to derive
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theoretical models for these molecular clusters. The
combined efforts of experimentalists and theoreti-
cians have led to detailed physical insight into the
microscopic interactions that govern their struc-
tural and energetic properties along with dynamic
behavior. Moreover, first, the cluster model has
been found helpful in examining the effects of co-
operativities by analyzing the detailed interactions
between the solute and the solvent molecule(s) af-
fecting the structure and reaction of the solute
[9–11], and second, the importance of studying tri-
mers and larger clusters systems from the fact that
the analysis of the intermolecular interactions in-
volved contributes to the accurate descriptions and
understanding of the condensed phase of matter.
Particularly, the analysis of the similarities and dif-
ferences in the structural and energetic parameters
between the isolated dimers and the dimers lead
into the trimers should shed some light on the
factors governing the formation of clusters [12].
Hence such kind of study will be intriguing in this
regard taking hydrogen bonded complexes in to
account.

In this paper, we would like to report the hydro-
gen-bond interactions of tetrahydrofuran (THF),
water (H2O), and hydrogen fluoride (HF) using
density functional theory (DFT) method and corre-
lated MP2 method. THF is considered to play an
important role as structural unit of carbohydrates
and biological molecules [13]. It is also a principal
member of the class of dipolar aprotic solvent,
which serves as ideal media for a variety of impor-
tant chemical reactions. There are some experimen-
tal [14] and theoretical studies [15] on geometrical
structure of THF. Earlier, the effect of hydrogen
bonding on vibrational spectra of THF has been
analyzed [16]. Experimental studies [17] and Monte
Carlo statistical mechanics simulation studies [18]
for water and THF have also been reported. In our
earlier report, we have pointed out the role of basis
set size, inclusion of diffuse functions and polariza-
tion functions, electron correlation effect for the
hydrogen-bond interaction in THF–water complex
[19]. Recently, we have reported the hydrogen
bonding interactions in different systems that in-
volve THF for the 1:1 complexes with water, hydro-
gen fluoride, and ammonia [20]. The three mole-
cules chosen display a range in proton affinities and
acidities and therefore have different hydrogen
bond donating and accepting abilities. Water is the
most important solvent and many studies have
been reported on hydrogen-bonded water clus-
ters [3, 9, 21]. The hydrated clusters of HF have

also been provided the simplest model of acid–
water interaction via hydrogen bonds in aqueous
solution [22].

Three different stable clusters that result from
strong intermolecular interactions of the ternary
THF/H2O/HF system have been considered: THF–
H2O–HF, THF–HF–H2O, and H2O–THF–HF. The
optimized geometries, vibrational frequencies, and
interactions of these hydrogen bonded van der
Waals systems are reported. Moreover, a quantita-
tive account on the roles of hydrogen bond cooper-
ativity on the three different stable structures has
been analyzed through energy decomposition
scheme. Considerable deviation in properties
(structural, spectral) and pairwise additive (two-
body) interaction has been noted when a third body
(molecule) is introduced as compared to our earlier
report on 1:1 complexes of THF with water, hydro-
gen fluoride [19, 20]. Literature survey also reveals
that recent progress in the infrared (IR) spectros-
copy of isolated clusters in supersonic jet has pro-
vided detailed information about the structure of
molecular binary and ternary clusters [23]. As far as
we are aware, such complexes have never been
observed in spectroscopic experiments or previ-
ously considered in theoretical studies. Hence, the
aim of this work is to provide important predictions
and to aid in future experimental and theoretical
studies toward the understanding of such hydro-
gen bonded van der Waals systems and more spe-
cifically, an attempt is made to resolve the follow-
ing questions: Once the THF–H2O complex is
formed, how HF interacts as third body? On the
other hand, once THF–HF complex is formed, what
is the effect of water molecule on the complex?
Which force acts as a driving force to differentiate
in geometric and energetic parameters for isolated
dimers and dimers leading to trimers in the con-
densed phase? How THF interacts with H2O and
HF having with different proton affinities and acid-
ities value in condensed phase?

2. Computational Method

The geometry and harmonic vibrational frequen-
cies of THF (T), water (W), and hydrogen fluoride
(H) and the resulted ternary systems, THF–H2O–
HF, THF–HF–H2O, and H2O–THF–HF, have been
calculated using DFT method with the augmented
correlation-consistent polarized valence sets of
double zeta quality (aug-cc-pVDZ) [24]. B3LYP [25]
is chosen as density functional for this study. This is

SAHU AND LEE

2016 INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY DOI 10.1002/qua VOL. 107, NO. 10



a hybrid functional consist of Becke’s exchange
functional, the Lee–Yang–Parr correlation func-
tional and a Hartree-Fock exchange term. DFT has
been successfully used to study hydrogen-bonded
complex [26–29] even the most weakly bound sys-
tems [30]. Besides, previous DFT studies [27–29]
clarified that one has to apply gradient correction in
both the exchange and the correlation part of the
potential to get meaningful results in the intermo-
lecular framework. Moreover, Rabuck and Scuseria
[31] have shown that B3LYP density functional pro-
vide very good result for geometries and energies
of hydrogen bonded structures, closely comparable
to the Becke “half-and-half” exchange functional
(BHLYP) and definitely superior to kinetic-energy-
dependent functionals. It has been found that the
calculated geometry, dipole moment, rotational
constant, and zero-point vibrational energies
(ZPVE), using aug-cc-pVDZ basis set has very good
approximation with experimental data for isolated
THF monomer [20]. A quantitative account of the
cooperative effect has been achieved by decompos-
ing the interaction energy of the ternary system
(three-body), using counterpoise and generalized
counterpoise methods [32–34] at MP2/aug-cc-
pVDZ//B3LYP/aug-cc-pVDZ. The electronic struc-
ture calculations have been performed using GAUSS-
IAN 03 program [35].

3. Energy Decomposition

The two- and three-body contributions to the total
binding energy are calculated using many-body
analysis [32–34]. The BSSE-corrected energy of a
subsystem (T), (W), and (H) is evaluated in the full
basis of a larger system (TWH), and denoted by the
term E(T�TWH), E(W�TWH), E(H�TWH), respectively.
The pair-wise additive two-body interaction ener-
gies and higher three-body nonadditive interaction
energies are defined as the following equations:

�2EC(TW) � E(TW�TWH) � {E(T�TWH) � E(W�TWH)}

�2EC(WH) � E(WH�TWH) � {E(W�TWH) � E(H�TWH)}

�2EC(TH) � E(TH�TWH) � {E(T�TWH) � E(H�TWH)}

�3EC(TWH) � E(TWH�TWH) � {E(T�TWH) � E(W�TWH)

� E(H�TWH)} � �2EC(TW) � �2EC(WH) � �2EC(TH)

The BSSE corrected total binding energy of the com-
plex is obtained as the sum of relaxation energy,
two-body, and three-body energy. The BSSE-cor-
rected total energy is calculated as suggested by
Valiron and Mayer [34].

The term involving the one-body term

ER �[E(T�TWH) � E(W�TWH) � E(H�TWH)]

� �ET � EW � EH]

represents the total relaxation energy, ER, of the ter-
nary system with respect to the gas phase mono-
mers, ET, EW, and EH, which is a measure of the
degree of the strain that drives the distortion of the
ternary system.

4. Results and Discussion

4.1. GEOMETRIES

Figure 1 depicts the optimized structures for the
three different stable clusters that result from
strong intermolecular interactions of the ternary
THF/H2O/HF system. Since THF acts as a hydro-
gen bond acceptor [19, 20, 23], there are three pos-
sible structures: (I) FH–OH–O, a FH bond interacts
with the oxygen atom of water and an OH bond
interacts with the oxygen atom of the THF; (II)
OH–FH–O, an OH bond interacts with the fluorine
atom of hydrogen fluoride and a FH bond interacts
with the oxygen atom of the THF; (III) FH–O–OH,
a FH bond and an OH bond interact with the oxy-
gen atom of the THF. The stability sequence ob-
tained for THF symmetry is C2 � Cs � C2v [15].
From Figures 1(a)–(c), it can be observed that THF
retains its C2 symmetry even after hydrogen is
bonded to both water and HF, as ternary clusters.
The calculated geometry parameters for the three
different stable structures (I, II, and III) are listed in
Table I. It can be observed from Table I that the
calculated hydrogen bond length for structure (I),
O2OH16 and O14OH16 are found to be 1.715 and
1.606 Å respectively. The van der Waals bond dis-
tance between the heavy atoms, O2OO14 and
O14OF15 are 2.691 and 2.560 Å respectively. The
bond lengths O14OH16, which is involved in hydro-
gen bonding with THF is observed to be increased
by 0.025 Å as compared to isolated water monomer
and simultaneously the bond length F15OH18,
which is involved in hydrogen bonding with water
is also increased by 0.035 Å as compared to isolated
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HF monomer. Due to hydrogen bond cooperativity
effect, we observe the calculated hydrogen bond
length of O2OH16 decrease by 0.14 Å, as compared
to our earlier reported value (1.852 Å) [20] for THF–
water complex using same computational level and
basis set. The O14OF15 bond distance is also found
to be decreased by 0.1 Å, as compared to the exper-

imental value 2.66 Å [22] obtained for HF–water
complex. Conversely, we note a significant effect on
the geometry of THF sites, involved in hydrogen
bonding. The bond lengths C1OO2 and O2OC3 in-
crease by 0.01 and 0.02 Å respectively, as compared
to free THF monomer. The bond angle C1O2C3 is
also found to be decreased slightly after complex-
ation.

Table I also depicts the calculated hydrogen
bond length for structure (II), O2OH18 and
F15OH16 as 1.508 and 1.868 Å respectively. The van
der Waals bond distance between the heavy atoms,
O2OF15 and O14OF15 are 2.483 and 2.803 Å respec-
tively. The bond lengths O14OH16, which is in-
volved in hydrogen bonding with HF is observed to
be increased by 0.01 Å as compared to isolated
water monomer and simultaneously the bond
length F15OH18, which is involved in hydrogen
bonding with THF is also increased by 0.05 Å as

TABLE I ______________________________________
Selected geometric parameters for the three stable
structures of THF–water–HF ternary system.

I II III

O2OH16 1.715 — 1.960
O14OH18 1.606 — —
O2OH18 — 1.508 1.613
F15OH16 — 1.868 —
O2OO14 2.691 — 2.877
O14OF15 2.560 2.803 —
O2OF15 — 2.483 2.568
O14OH16 0.989 0.974 0.972
O14OH17 0.964 0.963 0.963
F15OH18 0.960 0.979 0.956
C1OO2 1.448 1.457 1.463
O2OC3 1.458 1.462 1.463
C1OH6 1.102 1.100 1.098
C1OH7 1.097 1.096 1.098
C3OH8 1.098 1.098 1.099
C3OH9 1.098 1.097 1.096
C1O2C3 109.82 109.88 109.89
H16O14H17 106.67 105.27 105.38
O2H16O14 167.83 — 156.31
O14H18F15 172.02 — —
O14H16F15 — 159.89 —
O2H18F15 — 172.96 175.99
C5C1C2C3 �19.40 �16.31 �10.51
C2C1C5C4 34.47 33.19 29.99
C1C2C3C4 �4.01 �7.64 �13.63
C2C3C4C5 25.38 28.08 31.84
C3C4C5C1 �36.01 �37.07 �37.52

Bond lengths in Å and bond angles in degrees.

FIGURE 1. (a) Optimized structure of THF–H2O–HF
complex, (I) FH–OH–O. (b) Optimized structure of THF–
HF–H2O complex, (II) OH–FH–O. (c) Optimized structure
of H2O–THF–HF complex, (III) FH–O–OH. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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compared to isolated HF monomer. Due to hy-
drogen bond cooperativity effect, it has also been
observed that the calculated hydrogen bond
length of O2OH18 is decreased by 0.09 Å as com-
pared to our earlier reported value (1.596 Å) [20]
for THF–HF complex using same computational
level and basis set. Conversely, it can be noted a
significant effect on the geometry of THF sites,
involved in hydrogen bonding. The bond lengths
of C1OO2 and O2OC3 increase slightly by 0.02
and 0.024 Å respectively, as compared to free
THF monomer. The bond angle C1O2C3 is also
found to be decreased slightly after complex-
ation, similar to structure (I).

It can also be seen from Table I that for structure
(III), the calculated hydrogen bond lengths of
O2OH16 and O2OH18 are found to be 1.960 and
1.613 Å respectively. The O2OH16 hydrogen bond
length is about 0.24 Å longer as compared to that of
structure (I) and O2OH18 hydrogen bond length is
about 0.10 Å longer as compared to that of structure
(II). The van der Waals bond distance between the
heavy atoms, O2OO14 and O2OF15, are 2.877 and
2.568 Å respectively. The bond lengths O14OH16

and F15OH18, which are involved in hydrogen
bonding with THF, are observed to be increased by
�0.01 and 0.03 Å as compared to isolated water
monomer and isolated HF monomer, respectively.
Conversely, due to the involvement in hydrogen
bonding, we note the significant effect on the ge-
ometry of THF sites. The bond lengths C1OO2 and
O2OC3 increase by 0.025 Å as compared to free
THF monomer. The bond angle C1O2C3 is also
found to be decreased slightly after complexation
with water and HF.

4.2. ENERGETICS

Table II illustrates the calculated absolute electronic
energies, ZPVE, BSSE-corrected total energies along
with BSSE- and ZPVE-corrected total energies for
the three stable structures of THF–water–HF ter-
nary system. It can be seen that structure (III) is
found to be more stable than that of structure (I) by
0.44 kcal/mol and structure(II) by 1.02 kcal/mol,
after BSSE correction to the total energies at
B3LYP/aug-cc-pVDZ. Although the energy differ-
ences among these three structures are very small,
the overall relative stabilities are in the order of
structures III � I � II for both BSSE-corrected total
energies and ZPVE � BSSE-corrected total energies.
The similar relative stability order is also observed
for BSSE-corrected total energies calculated at
MP2/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ. How-
ever, regarding the ambiguity and stability of struc-
ture (III), for which the oxygen atom of THF accepts
two hydrogen bonds, further investigation will be
discussed in the later part (many-body interaction).

4.3. VIBRATION SPECTRAL ANALYSIS

Table III shows the calculated frequencies for the
three possible stable structures of the ternary clus-
ter of THF–water–HF and also lists the frequency
shifts from the corresponding band of monomers.
We note that the effect of the hydrogen bond inter-
action appears as the red shift of the FH or OH
stretching vibration in the IR spectrum. The red
shift for the OH stretching frequency bonded to
THF in structure (I), bonded to HF in structure (II)
and bonded to THF in structure (III) are obtained
as, 524, 241, and 222 cm�1 respectively. For the

TABLE II _____________________________________________________________________________________________
Energetic for the three stable structures of THF–water–HF ternary system at B3LYP/aug-cc-pVDZ.

I II III

Eabs
a �409.41445 �409.41327 �409.40961

(�408.33591) (�408.33583) (�408.33276)
ZPVEb 96.59 96.21 96.16
EBSSE

a �409.38358 �409.38266 �409.38429
(�408.30536) (�408.30462) (�408.30612)

EZPVE�BSSE
a �409.22965 �409.22934 �409.23105

The bracketed values for the Eabs and EBSSE are calculated at MP2/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ.
a Total absolute energy (Eabs), BSSE-corrected total energy (EBSSE), and zero-point vibrational energy (ZPVE) plus BSSE-corrected
total energy (EZPVE�BSSE) are in hartree.
b ZPVE is in kcal/mol.
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structure (I), it has been observed that due to hy-
drogen bond cooperativity effect, the red shift for
the OH stretching frequency (524 cm�1) upon com-
plexation is different from that observed for THF–
water complex (326 cm�1) [20]. Again the red shift
for the FH stretching frequency bonded to water in
structure (I), bonded to THF in structure (II) and
bonded to THF in structure (III) are 787, 1122, and
683 cm�1 respectively. The red shift obtained for
the FH stretching frequency upon complexation in
structure (II) (1122 cm�1) is found to be different as
compared to the red shift observed for THF–HF
complex (736 cm�1) [20], as a result of hydrogen
bond cooperativity.

4.4. MANY-BODY INTERACTION ANALYSIS

A quantitative account on the roles of hydrogen
bond cooperativity on the three different stable
structures has been analyzed through energy de-
composition scheme mentioned in Section 3. For
calculating many-body (three-body) interaction en-
ergies, the ternary cluster is divided in to two- and
three-body interaction terms. The relaxation en-

ergy, two- and three-body interaction energies, and
binding energies are listed in Table IV. It can be
observed from Table IV that the BSSE-corrected
total binding energy for the three stable clusters of
THF–water–HF ternary system at B3LYP/aug-cc-
pVDZ are 19.35, 19.20, and 15.89 kcal/mol in the
order I � II �III respectively. The two-body inter-
action energies contribute more to the total binding
energy than do the three-body interaction energy.
For all the three structures, the two-body interac-
tion energies are found to be attractive, except for
contribution from W–H in structure (III), in which
W and H are beyond the van der Waals interaction
distance (4.68 Å). However, the attractive two-body
interaction energies indicates some possible inter-
actions exist for T–H in structure (I) and T–W in
structure (II). Moreover, the critical points on at-
tractor interaction lines analysis further support the
attractive two-body interaction energies, having
positive density Laplacian value (0.2178 E�01) be-
tween F15 of HF and H8 of THF in structure (I).
Similarly, positive density Laplacian values (0.1641
E�01 and 0.2202 E�01) have been obtained be-
tween O14 of water and H8, H12 of THF; respec-

TABLE III ____________________________________________________________________________________________
Vibrational frequencies (cm�1) for the OH and FH stretching vibrations of the three stable structures of
THF–water–HF ternary system at B3LYP/aug-cc-pVDZ.

I II III

OH-free 3862 (43) 3877 (28) 3874 (31)
OH-bonded 3381 (524) 3664 (241) 3683 (222)
FH-bonded 3272 (787) 2937 (1122) 3376 (683)

Red shifts using corresponding bands of monomer (water, HF) as a reference in bracket.

TABLE IV ____________________________________________________________________________________________
Decomposition of the interaction energies of the three stable structures of THF–water–HF ternary system at
B3LYP/aug-cc-pVDZ.

I II III

Two-body
T W �5.59 (�6.23) �1.48 (�2.76) �5.49 (�6.59)
T H �1.58 (�2.08) �12.55 (�11.94) �11.84 (�11.47)
W H �9.11 (�8.09) �2.26 (�2.16) 1.24 (1.18)

Three-body
T W H �3.07 (�2.76) �2.89 (�2.72) 0.19 (0.16)
ERelax 0.43 (�2.14) 1.03 (�1.67) 0.015 (�2.61)
Total BE �19.35 (�19.16) �19.20 (�19.58) �15.89 (�16.72)

The bracketed values are calculated at MP2/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ. All energies are in kcal/mole and BSSE corrected.
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tively supporting attractive two body interaction
energies in T–W in structure (II). For structure (I),
the two-body interaction energy contribution from
W–H (9.11 kcal/mol) is found to be more as com-
pared to T–W (5.59 kcal/mol). Moreover, the two-
body interaction, T–W in the ternary system (I) is
found to be decreased as compared to the BSSE-
corrected binding energy value obtained for THF–
water complex [20] at B3LYP/aug-cc-pVDZ. In
structure (II), the two-body interaction energy from
T–H (12.55 kcal/mol) is found to be more than
contribution from W–H (2.26 kcal/mol) and also
compared to the BSSE-corrected binding energy
value obtained for THF–HF complex [20] at
B3LYP/aug-cc-pVDZ. For structure (III), the two-
body interaction energy contributions are 5.49 and
11.84 kcal/mol from T–W and T–H respectively,
which are relatively less, as compared to those ob-
tained for T–W in structure (I) and T–H in structure
(II). The three-body interaction energies for struc-
tures (I) and (II) are 3.07 and 2.89 kcal/mol respec-
tively. These are attractive in nature as compared to
those obtained for structure (III) as repulsive (0.19
kcal/mol). The relaxation energy is found to be
largest for structure (II) (1.03 kcal/mol) as com-
pared to structure (I) (0.43 kcal/mol), which also
support as a measure of the degree of the strain that
drives the distortion of the ternary system. As men-
tioned earlier, structure (III) for which the oxygen
atom of THF accepts two hydrogen bonds, we ob-
served that the total BSSE-corrected binding energy
value is found to be lowest among the three ternary
stable systems through many-body interaction
analysis.

The MP2 level still remains the first acceptable
level for the correct description of energetics; how-
ever, the performance of the DFT method has been
generally credited to give very good geometries
and vibrational frequencies with the experimental
studies. As we have mentioned at the Introduction,
regarding the technical difficulties to handle the
trimer systems, it seems prohibitive for such calcu-
lations. However, many-body interaction analysis
has also been achieved to obtain reliable values at
MP2/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ. From
Table IV, we can note that the total BSSE-corrected
binding energy (bracketed values) for the three sta-
ble ternary systems are found to be in the order, II
(19.58 kcal/mol) � I (19.16 kcal/mol) � III (16.72
kcal/mol), which is in contradiction to those ob-
tained with B3LYP/aug-cc-pVDZ. The energy of
relaxation, which were found repulsive at DFT cal-
culations, are found attractive at MP2/aug-cc-

pVDZ//B3LYP/aug-cc-pVDZ. More specifically,
the calculated relaxation energies are observed to
be reverse in order to those of BSSE-corrected bind-
ing energy order, which predicts the degree of
strain that drives the distortion of the ternary sys-
tem, as a result of which, the highest value of re-
laxation energy (2.61 kcal/mol) obtained for struc-
ture III, we have noted least BSSE corrected binding
energy and the lowest value of relaxation energy (1.67
kcal/mol) obtained for structure II, we have noted
highest BSSE-corrected binding energy. The two-
body and three-body interaction energies at MP2/
aug-cc-pVDZ//B3LYP/aug-cc-pVDZ are found to be
in similar trend as compared to those obtained with
DFT calculations, at around 1 kcal/mol differences in
its values.

5. Conclusions

We have performed the electronic structure calcu-
lation for the hydrogen bond interactions of THF,
H2O, and HF. Three different stable clusters that
result from strong intermolecular interactions of the
ternary THF/H2O/HF system have been consid-
ered: (I) FH–OH–O, a FH bond interacts with the
oxygen atom of water and an OH bond interacts
with the oxygen atom of the THF; (II) OH–FH–O;
an OH bond interacts with the fluorine atom of
hydrogen fluoride and a FH bond interacts with the
oxygen atom of the THF, (III) FH–O–OH; a FH
bond and an OH bond interact with the oxygen
atom of the THF. The optimized geometries, vibra-
tional frequencies and interactions of these hydro-
gen bonded van der Waals systems have been re-
ported at B3LYP/aug-cc-pVDZ. We have also
examined the THF as a hydrogen bond acceptor in
these ternary systems, compared to dimerization
with water or HF [19, 20]. Moreover, the decompo-
sition of the interaction energies of these three sta-
ble clusters are also carried out at MP2/aug-cc-
pVDZ//B3LYP/aug-cc-pVDZ, so as to get reliable
values. The BSSE corrected total binding energy
sequence for these structures at MP2/aug-cc-
pVDZ//B3LYP/aug-cc-pVDZ are found as 19.58
kcal/mol � 19.16 kcal/mol � 16.72 kcal/mol for
II � I � III respectively. As far as we are aware,
such complexes have never been observed in spec-
troscopic experiments or previously considered in
theoretical studies. The performance of the DFT
method has been generally credited to give very
good geometries and vibrational frequencies with
the experimental studies. Hence, the aim of this
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work is to provide important predictions and to aid
in future experimental and theoretical studies to-
ward the understanding of such hydrogen bonded
van der Waals systems. Improved calculations, us-
ing higher level of theories and increased basis set
size are needed, however, to achieve satisfactory
accuracy and reliability at an economical computa-
tional cost.
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