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Abstract

Ab initio and density functional theory (DFT) calculation for the hydrogen bond interaction between tetrahydrofuran (THF)

and water is carried out using different basis sets. The role of basis set size, inclusion of diffuse functions, polarization function,

electron correlation and hybrid functionals are also investigated. The binding energy for the hydrogen-bonded THF–water complex

is found to be 13.65 kcal mol�1 at MP2/6-311+G** level of theory. Moreover, the dipole–dipole interaction between THF and water

is also investigated for different basis sets and level of theories.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen bonding is an unusually strong force of
attraction between highly polar molecules in which hy-

drogen is covalently bonded to nitrogen, oxygen or

fluorine more effectively. A great many diverse appli-

cation of hydrogen bonding has been of great interest in

both chemical and biochemical sciences [1]. Perhaps, the

most important application of hydrogen bonding is in

the interactions that determine the shapes of proteins

and the genetic code information in DNA and RNA.
Besides, it lies at the heart of a series of phenomena

ranging from the structure of liquid water, physico-

chemical properties such as boiling points of organic

materials and hydrides of the Group IV elements and

cluster-physical chemistry. Pauling has described the

nature of the intermolecular hydrogen bonding, the

relatively strong form of intermolecular interaction as

electrostatic interaction [2]. In addition to this, the
weaker intermolecular forces, dispersion interaction has

also been suggested for hydrogen-bonded system [3–5].

THF is a principal member of the class of dipolar

aprotic solvent, which serves as ideal media for a variety
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of important chemical reactions. There are some ex-

perimental [6–9] and theoretical studies [10] on geo-

metrical structure of THF. Earlier, the effect of
hydrogen bonding on vibrational spectra of THF has

been analysed [11]. Study of solvent effects in both

structure and spectroscopy of hydrogen-bonded systems

has also been carried out [10–17]. Experimental studies

for liquid water and THF were also reported earlier

[18–20]. Monte Carlo statistical mechanics simulation

studies for liquid water and THF were also reported

[21–23]. Still a detailed analysis of hydrogen bond in-
teraction is lacking, which is known to exist between

THF and water.

In this Letter, we would like to report the theoretical

investigation of the hydrogen bonding interaction in

THF–water complex at different levels of theories viz.

ab initio and density functional theory (DFT) method.

Geometry optimization for the THF–water complex and

the calculated binding energies between THF and water
are reported. In addition to this, the weak molecular

force due to dipole–dipole interaction is also considered

for analysis. The role of basis set size, inclusion of diffuse

functions and polarization functions, and electron cor-

relation are also investigated. The results obtained for

the hydrogen bond interaction between THF and water

along with the weak molecular force of interaction are

discussed.
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Fig. 1. The optimized collinear structure of THF–water complex.

Table 1

The optimized geometry parameters for THF–water complex at the

different methods using 6-311+G** basis set

THF+H2O

HF/

6-311+G**

MP2/

6-311+G**

B3LYP/

6-311+G**

C1–O2 1.4153 1.4311 1.4432

O2–C3 1.4165 1.4401 1.4464

C1–C5 1.5249 1.5229 1.5276

C3–C4 1.5273 1.5463 1.5321

C4–C5 1.5295 1.5390 1.5369

O2–H16 1.9800 1.8485 1.8477

O14–H15 0.9404 0.9591 0.9610

O14–H16 0.9476 0.9709 0.9744

C1–O2–C3 111.36 106.75 110.08

O2–C1–C5 105.59 103.82 105.59

C1–C5–C4 101.53 101.38 101.77

O2–C3–C4 105.90 106.86 106.19

O2–C1–H6 108.64 107.39 107.89

O2–C3–H9 108.74 106.91 108.18

O2–C1–H7 109.03 109.92 108.89
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2. Methods

The geometry optimization and harmonic vibrational

frequencies of THF molecule, water and the corre-

sponding hydrogen bonding complex, have been per-
formed using Hartree–Fock (HF) level approximation,

Møller–Plesset many body perturbation theory trun-

cated at second order (MP2) and DFT. B3LYP [24–27]

is chosen as density functional for this study. This is a

hybrid functional consisting of Becke�s exchange func-

tional, the Lee–Yang–Parr correlation functional and a

HF exchange term. McAllister [28] found that DFT,

using non-local and gradient corrected functionals,
performed very similarly to other correlated methods

including calculations at the MP2 level of theory. Pople

type 6-311G triple split valence sets [29] are employed

for our calculation. For hydrogen bonding, it is ex-

pected that both diffuse and polarization functions may

be necessary in the basis set. Thus, diffuse functions [30]

are added because they allow orbitals to occupy a larger

region of space; this makes them important for inclusion
into basis set for system like water and THF, where

electrons are relatively far from the heavy oxygen atoms.

Polarization functions [31] are added to give additional

flexibility to the description of molecular orbitals.

However, the polarization and diffuse functions are the

correction functions, which describe the deformation

and diffuse of the electronic cloud.

The calculated binding energies are corrected for the
basis set superposition error (BSSE), using counterpoise

method [32]. The optimized monomer and dimer ge-

ometries at the same level of theory are used for BSSE

correction. All calculations are performed using

GAUSSIANAUSSIAN 98W [33]. The dipole–dipole interaction [34]

has been calculated by using the program developed by

our group.

O2–C3–H8 108.83 109.03 108.40

C1–O2–H16 117.71 107.16 112.65

C3–O2–H16 119.92 108.03 115.23

H15–O14–H16 106.14 104.11 105.35

O2–H16–O14 177.08 167.44 173.09

C5–C1–O2–C3 14.63 40.29 17.19

O2–C1–C5–C4 )31.91 )41.22 )33.48
C1–C5–C4–C3 36.14 26.72 36.39

H6–C1–O2–C3 136.86 161.98 139.39

H7–C1–O2–C3 )105.02 )78.95 )102.62
C1–O2–C3–C4 9.19 )22.40 6.59

C1–O2–C3–H8 131.33 98.43 128.66

C1–O2–C3–H9 )110.68 )143.67 )113.59
C5–C1–O2–H16 )129.50 )75.26 )112.92
H6–C1–O2–H16 )7.27 46.43 9.27

H7–C1–O2–H16 110.84 165.49 127.26

H16–O2–C3–C4 152.43 92.56 135.31

H16–O2–C3–H8 )85.42 )146.60 )102.61
H16–O2–C3–H9 32.55 )28.70 15.13
3. Results and discussion

The co-linear structure of the THF–water dimer is

shown in Fig. 1, which is happened to be the structure

that frequently appears in liquid at the room tempera-

ture. The stability sequence obtained for THF symmetry

is C2 >Cs >C2v [10]. From Fig. 1, it can be seen that
THF retains its C2 symmetry even after hydrogen bon-

ded to water. The calculated geometry parameters of the

THF–water dimer with different theoretical models

using 6-311+G** basis set are listed in Table 1 and those

using 6-311G, 6-311+G and 6-311+G* basis sets are

given in supplementary material. It can be observed

from Table 1 that the calculated hydrogen bond length

in the THF–water complex is 1.980, 1.848, 1.847 �A at
HF, MP2 and B3LYP level, respectively. It is interesting

to note that the bond lengths C1–O2 and O2–C3 are

almost the same for the basis sets 6-311G and 6-311+G,
whereas these values decrease about 0.03, 0.06 and

0.04 �A, using 6-311+G* and 6-311+G** basis sets for

corresponding HF, MP2 and B3LYP levels. The bond
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lengths C1–C5, C3–C4 and C4–C5 are not affected

markedly by the inclusion of diffuse and polarization

functions in the basis set and exhibit little changes for

the different levels of theories. Due to the hydrogen

bonding, the bond length O14–H16 is found to be in-
creased, as compared to those in free water molecule,

using all the three basis sets at different levels of theories.

The slight increase in \H15O14H16 angle is also ob-

served, as compared to the corresponding angle in free

water monomer. Conversely, the presence of water

molecule has a significant effect on the geometry of

THF. The bond lengths C1–O2 and O2–C3 increase

slightly, whereas the bond length C1–C5 is found to be
decreased. The bond length C3–C4 is almost unaltered

(except slight increase for MP2) and C4–C5 is also

unaltered (except slight decrease for B3LYP), using

6-311+G** basis set at different levels of theory. The

bond angle \C1O2C3 is found to be increased for HF,

MP2 and DFT methods, using 6-311+G** basis set,

after the formation of hydrogen bond. For better un-

derstanding, the changes in bond length and bond an-
gles are given in supplementary materials.

Since it is believed that the dipole–dipole interaction

favors the co-linear structure, on considering the angle

h¼\O2H16O14 and hydrogen bond distance r¼O2–H16

from the optimized results, the potential energy of in-

teraction V between the two polar molecules THF and

water is calculated using Eq. (1) [34] and is tabulated in

Table 2, along with the dipole moment of THF and
water

V ¼ ððlW � lTHFÞ=4pe0Þ � ðf =r3Þ; ð1Þ
Table 2

Potential energy of interaction (dipole–dipole interaction) for the two polar

lW
a lTHF

b

(Debye) (Debye)

HF

6-311G 2.487 2.422

6-311+G 2.555 2.522

6-311+G* 2.379 2.046

6-311+G** 2.197 2.028

MP2

6-311G 2.526 2.588

6-311+G 2.589 2.682

6-311+G* 2.400 2.018

6-311+G** 2.257 2.019

B3LYP

6-311G 2.429 2.264

6-311+G 2.524 2.470

6-311+G* 2.353 1.837

6-311+G** 2.161 1.799

aDipole of the monomer water obtained from corresponding method and
bDipole of the monomer THF obtained from corresponding method and
cCo-linear angle between the hydrogen bond forming dipoles obtained fro
dHydrogen bond distance obtained from corresponding method and basis
where f ¼ 1–3 cos2 h, lW and lTHF are the dipole mo-

ment of water and THF, respectively.

It can be seen from Table 2 that the dispersion con-

tribution to the hydrogen bonding is found appreciable

using different basis sets at different levels of theories. It
is interesting to note that the non-monotonic behavior

of V and both molecular dipole moments when going

from the smallest to the largest basis set are due to in-

clusion of diffuse and polarization functions. On in-

cluding diffuse function in the basis set, it decreases the

potential energy of interaction, V to about 0.03, 0.04

and 0.05 kcal/mol at HF, MP2 and B3LYP methods,

respectively, whereas on inclusion of both diffuse and
polarization functions in the basis set, it increases the

value of V to about 0.07 kcal/mol at HF and 0.08 kcal/

mol at MP2 and B3LYP methods, as compared to those,

using 6-311+G basis set. After adding polarization

function on hydrogen atoms, no marked changes in the

V value are observed, as compared to 6-311+G* basis

set. Besides, as it is known, the like partial charges of

two freely rotating molecules are close together as much
as the two opposite charges, and the repulsion of the

former is cancelled by the attraction of the latter,

thereby the average values of the function, f over a

sphere should be zero, since the function changes sign

relative to the change in angle h. It is found that the

average value of the function, f to be zero, varying the

angle h.
The vibrational frequencies calculated at the same

level of theory with the same basis set showed no

imaginary frequency approving the (quantum mechani-

cally) stable nature of the optimized structures on the
molecules THF and water

h c r d V
(deg) (�A) (kcal/mol)

168.29 1.8487 )0.142
178.06 1.8208 )0.169
178.56 1.9697 )0.101
177.08 1.9800 )0.091

160.51 1.8097 )0.146
165.45 1.7487 )0.187
163.59 1.8710 )0.104
167.44 1.8485 )0.106

161.75 1.7680 )0.135
171.45 1.7262 )0.186
171.62 1.8423 )0.106
173.09 1.8477 )0.096

basis set.

basis set.

m corresponding method and basis set.

set for the THF–water complex.



Table 4

Effect of basis set size on the BSSE corrected binding energies of the

THF–water complex (kcal/mol)

R (�A)a DEC

HF method

6-311G 2.789 18.76

6-311+G 2.777 19.54

6-311+G* 2.915 18.68

6-311+G** 2.926 19.48

MP2 method

6-311G 2.730 15.21

6-311+G 2.707 16.48

6-311+G* 2.793 13.76

6-311+G** 2.789 13.65

B3LYP method

6-311G 2.697 19.34

6-311+G 2.704 20.53

6-311+G* 2.803 18.28

6-311+G** 2.813 18.75

aO2–O14 bond length obtained from corresponding level of theories

and basis sets.
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molecular potential energy surface for this THF–water

complex. As a complement the dipole moment, total

energies, total energies with zero point vibrational en-

ergy correction and total energies with thermal energies

correction along with the stretching mode vibrational
frequency (peak maximum) for the THF–water complex

using 6-311+G** basis set for different models are given

in Table 3. The effect of basis set and inclusion of elec-

tron correlation and hybrid functional can be seen for

the dipole moment and total energies. The experimen-

tally determined gas phase frequencies of mO–H in water

is 3756 cm�1 and the computed values for the THF–

water complex are 3649.14, 3470.48 and 3470.30 cm�1,
using 6-311+G** basis set at HF, MP2 and B3LYP

methods, respectively. Hence, the formation of O2–H16–

O14 bond is found to lead to the red shift of the O14–H16

stretching vibration frequency (285.52 cm�1 for MP2

and 285.70 cm�1 for B3LYP).

The BSSE corrected binding energies are given in

Table 4. It can be analyzed in more detail for the role of

basis sets size on the binding energy between THF and
water complex from Table 4. The O2–O14 bond length

(R) for the THF–water complex, using all the three basis

sets at corresponding level of theories is given in �A. It

has been observed from Table 4 that the O2–O14 dis-

tance in the THF–water complex at the different level

changes considerably. This distance is shortened by the

addition of diffuse functions but is increased by the

addition of both diffuse and polarization functions.
The binding energies are also found to be increased with

decrease in the O2–O14 distance and decrease with in-

crease in the O2–O14 distance. As it is known that the

main function of higher angular momentum function is

to recover electron correlation, after adding polarization

function on hydrogen atoms, the O2–O14 distance at

MP2 level decreased by 0.004 �A and BSSE corrected

binding energy by 0.11 kcal/mol, as compared to
6-311+G* basis set. However, the binding energy in-

volved in the THF–water complex is found to be more

sensitive to electron-correlation effect than the HF and

B3LYP methods. Moreover, the effect of BSSE on the

binding energy is quite selective. Since BSSE introduces

a non-physical attraction between the monomers, the

counterpoise corrections make the complex less stable,

which is observed for the electron correlation method as
Table 3

Dipole moment, l (Debye), total energies (a.u.), total energies with ZPVE co

stretching mode vibrational frequency, mO–H (cm�1) of the THF–water comp

optimized geometries

l ETot ETotþZPV

HF 3.585 )307.10010 )306.94
MP2 2.104 )308.11838 )307.97
B3LYP 3.175 )308.98783 )308.84
aValues are tabulated with vibrational correction factors for different met
larger compared to HF and B3LYP. The BSSE cor-

rected binding energy is 13.65 kcal/mol and the hydro-

gen bond distance is 1.848 �A at MP2/6-311+G**, as

compared to HF and B3LYP. The \O2H16O14 is close

to being linear at 173.09� in B3LYP/6-311+G**, char-
acteristic of a strong hydrogen bond. The \O2H16O14 is

less linear at 167.44� in the MP2 calculation using the

same basis set, indicative of a weaker hydrogen bond.

This is consistent with the computed BSSE corrected

binding energies. Though at the HF level, the

\O2H16O14 is more linear at 177.08� still it is not con-

sidered at this juncture due to lack of electron correla-

tion. The O2–O14 distance is 2.813 �A and the computed
BSSE corrected binding energy is 18.75 kcal/mol at

B3LYP/6-311+G**. For the corresponding MP2 calcu-

lation, the BSSE corrected binding energy is smaller at

13.65 kcal/mol and the O2–O14 distance is 2.789 �A. This

trend is well supported in geometries and vibrational

frequencies. In MP2 calculation, there is dispersive at-

traction (to a lesser extent) between the O atom of THF

and H atom in H2O and, as a result, the hydrogen bond
in THF–water is weakened. Although the B3LYP cal-

culation is more accurate for the geometry and vibra-

tional frequencies of monomers, an accurate treatment
rrection (a.u), total energies with thermal energy corrections (a.u.) and

lex using different levels and 6-311+G** basis set at the corresponding

E ETotþThermal mO�H
a

978 )306.94146 3649.14

496 )307.96674 3470.48

715 )308.83880 3470.30

hods.



P.K. Sahu et al. / Chemical Physics Letters 386 (2004) 351–355 355
of dispersive force may be critical to describe the com-

plex and hence the MP2 calculation is better in this

regard.
4. Conclusions

Ab initio and DFT calculation for the hydrogen bond

interaction between THF and water complex has been

analyzed using a different basis set, including diffuse

function and polarization function. The hydrogen-bond

length in the THF–water complex is found to be 1.848 �A
and the BSSE corrected binding energy as 13.65 kcal
mol�1 at the MP2/6-311+G** level comparative to HF

and B3LYP methods. Inclusion of electron correlation is

found sensitive to binding energies. The size of the basis

sets also contributes effectively in determining the

binding energy and dipole–dipole interaction. Improved

calculations, using a higher level of theory and increase

in the basis set size are needed, however, to achieve

satisfactory accuracy and reliability at an economical
computational cost. It would be interesting to compare

the theoretical binding energy values if such hydrogen-

bonded complex can be experimentally detected.
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