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A novel method, based on the molecular tailoring approach for estimating intramolecular hydrogen bond
energies, is proposed. Here, as a case study, the O-H‚‚‚O bond energy is directly estimated by addition/
subtraction of the single point individual fragment energies. This method is tested on polyhydroxy molecules
at MP2 and B3LYP levels of theory. It is seen to be able to distinguish between weak (∼1 kcal mol-1) and
moderately strong (∼5 kcal mol-1) hydrogen bonds in polyhydroxy molecules.

1. Introduction

Hydrogen bonding is an important weak interaction encoun-
tered in gas, liquid, as well as solid phases. The hydrogen bond
plays a very vital role in many life processes and is one of the
most frequently used terms in chemistry and biology.1 The
concept of the hydrogen bond was first highlighted by Pauling
in his famous paper on the nature of the chemical bond.2 In
general, a hydrogen bond may be denoted by X-H‚‚‚Y, where
X-H is a proton donor and Y is a proton acceptor. Classically
hydrogen bonded neutral molecular systems1a involve interac-
tions such as O-H‚‚‚O, N-H‚‚‚O, N-H‚‚‚N, S-H‚‚‚O, etc.
ranging from∼1-4 kcal mol-1 for weak, 4-15 kcal mol-1 for
moderate, and 15-40 kcal mol-1 for a very strong hydrogen
bond. Typical H‚‚‚Y distances for such strong, moderate, and
weak hydrogen bonds are∼1.2-3.0 Å and X-H‚‚‚Y angles
lie in the range 100-180° for such X-H‚‚‚Y interactions.1 The
estimation of intermolecular hydrogen bond strength is much
less intricate as compared to the intramolecular one. A large
number of experimental as well as theoretical methods are
reported in the literature aiming at quantification of the
intermolecular interaction energies.3 A direct estimation of
intramolecular hydrogen bond energy is, however, rendered
difficult because of the variation in the definition of such a
bond,4 and hence indirect methods have to be employed.
Spectroscopic5 and electron density topographical approaches6

have also been applied for gauging the strength of the intramo-
lecular hydrogen bonds. However, in general, very few direct
attempts have reported for approximate theoretical estimation7-12

of intramolecular hydrogen bond energy, wherein the energies
of different conformers of the molecule are added/subtracted
together. Some of these methods are briefly discussed below.

Conformational Analysis. In this method, the energy of a
hydrogen bond is calculated by comparing the energy of two
different conformers. Generally, these conformers are chosen
such that the hydrogen bond is retained in one conformer and
broken in another. The energy difference between the two
conformers is then taken as the measure of intramolecular
hydrogen bond. This method is generally called as cis-trans

method since the hydrogen bond energy is the energy difference
between the cis and trans conformers.

Ortho-Para Approach. As the name suggests, the hydrogen
bond energy of the X-H‚‚‚Y bond formed by two ortho
substituents is extracted by taking the energy difference between
the ortho and para forms of the molecule under consideration.
The use of this method is found to be quite convincing.13

However, the method is applicable only to aromatic systems in
which a hydrogen bond is present in two ortho substituents.

Isodesmic/Homodesmic Reactions.In this method, the
intramolecular hydrogen bond making/breaking reaction is
written in such a way that the numbers and types of bonds on
either side of the reactions are equal.9 Recently this method
has been applied to a number of different substituents at the
aromatic subtrates.14

The reliability of the above methods is a subject of debate.
It has been shown that the cis-trans method provides reasonably
accurate hydrogen bond energies.11aHowever, the recent studies
reported in the literature show that the cis-trans method for
catechol overestimates the hydrogen bond enthalpy8-10 due to
the repulsive interaction between the oxygen atoms in trans
conformer. The enthalpy of a hydrogen bond estimated using
the isodesmic reactions is in general found to be underesti-
mated.13 Rozas et al.9 have remarked that the cis-trans method
gives an idea about which rotamer is stable but cannot be used
to estimate the hydrogen bond energy. It is shown by them that
the use of isodesmic reaction provides reasonable results.
However, the detailed comparison of these three methods due
to Estacio et al.13 suggests that the ortho-para method is most
reliable. There are few variants of the above methods for the
intramolecular hydrogen bond energy estimation.10

In another recent and qualitatively different method,15 a
fragment molecular orbital Hamiltonian algorithm has been
applied to oligopeptides, (Gly)n. An individual residue is
considered as a single fragment and the interresidue interaction
energy is estimated from the single point energy of the pair of
fragments. This interaction energy may be approximately taken
as the O‚‚‚H-N intramolecular hydrogen bond energy although
some other weak interactions may also be involved in this
estimation.

An examination of the above-mentioned literature leads us
to a query: Is a direct estimation, albeit somewhat approximate,
of hydrogen bond energy theoretically possible? A method for
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this purpose, based on molecular tailoring approach (MTA),16

recently developed in our laboratory, is proposed in the present
work and applied to the intramolecular hydrogen bond energy
estimation for some polyhydroxy compounds.

2. Methodology

Several polyhydroxy compounds (see Figure 1) are optimized
at the MP2/6-311++G(2d,2p) (frozen core) level of theory using

Figure 1. Optimized geometries of some polyhydroxy compounds at MP2 (frozen core)/6-311++G(2d,2p) level, exceptR-cyclodextrin, which is
optimized at the B3LYP/6-311++G(d,p) level. An asterisk denotes a (3,-1) density BCP. See Table 1 for energies and text for details.
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the Gaussian package.17 This list of molecules includes 10 triols
(propanetriol to heptanetriol), two sugar molecules, andR-cy-
clodextrin (which is optimized at the B3LYP/6-311++G(d,p)
level). For the case of triols and sugars, at least 15 different
conformers of each were employed as starting geometries. The
lowest-energy conformers were verified to be local minima on
the potential energy surface by carrying out frequency calcula-
tions. The corresponding O-H stretching frequencies are also
evaluated from these calculations (see Table 1). Further, the
topography of the molecular electron density,F(r ), is mapped18

for these molecules. The intramolecular hydrogen bond energy
is calculated for these molecules using the fragmentation
approach.16 The present fragmentation procedure is illustrated
for 1,2,4-pentanetriol in Figure 2. Here, the original molecule
(M) is cut into three overlapping fragments F1, F2, and F3 that
are obtained by replacing a-OH group with a hydrogen atom.
These cut regions are shown by dotted circles on the original
molecule. Fragments F4, F5, and F6 are obtained by taking the
intersection of these basic fragments, i.e., (F1∩F2), (F1∩F3),
and (F2∩F3), respectively. The fragment F7 is the common
intersection of three fragments F1, F2, and F3, i.e., (F1∩F2∩F3).
A single point energy evaluation has been carried out on all
seven fragments obtained by above fragmentation procedure at
the MP2(full)/6-311++G(2d, 2p) level of theory. The fragments
arenot optimizedso that conformational changes in them are

avoided. An approximate estimation of energy of medium-sized
molecules has been proposed by Collins and co-workers19 using
the divide-and-conquer approach. Such an energy estimation
has also recently been independently proposed and tested for a
set of overlapping fragments in our laboratory.16c The results
of the intramolecular hydrogen bond energies of the chosen set
of molecules along with the benchmark estimation of the
respective molecular energies are presented in the following
section.

3. Results and Discussion

We first present the results of the MTA approach for the case
of the 1,2,4-pentanetriol molecule discussed above. The ap-
proximate estimated energy (Ee) for this molecule, employing
the fragmentation scheme in Figure 2, is given as:Ee ) EF1 +
EF2 + EF3 - EF4 - EF5 - EF6 + EF7 ) -422.67184 au. The
actual energy of the original molecule (M) isEM ) -422.67251
au, confirming that the error in the MTA-based energy calcula-
tion is indeed rather small, viz.∼0.42 kcal mol-1. Thus the
present approach is capable of providing a good estimate of
molecular energy by using the fragments of the molecule. The
hydrogen bond energyEHB1 for 1,2,4-pentanetriol is calculated
as (EF1 + EF2 - EF4) - Ee ) - 422.66700- (-422.67184))
0.00485 au) 3.04 kcal mol-1. Similarly, EHB2 evaluated from
F2, F3, and F6 turns out to be 1.77 kcal mol-1.

TABLE 1: Hydrogen Bond Energies along with Various Properties Calculated at MP2(full)/6-311++G(2d,2p) Level of Theorya

molecules O-H‚‚‚O distances (Å) E(HB) (kcal mol-1) F at (3, -1) BCP (au) frequency (cm-1) ∆Ea ) |EM - Ee| (kcal mol-1)

1,2,3-propanetriol 2.16(HB1) 1.90 (2.00)b 3784
EM: -344.21170 2.08(HB2) 2.47 (2.56)b 0.02008 3765 0.50
Ee: -344.21091 2.58(HB3) 1.63 (1.66)b 3845
1,2,3-butanetriol 2.13(HB1) 2.13 3768
EM: -383.44517 2.05(HB2) 2.72 0.02108 3745 0.50
Ee: -383.44437 2.58(HB3) 1.60 3844
1,2,4-butanetriol 1.98(HB1) 2.90 0.02189 3789
EM: -383.43912 2.22(HB2) 1.75 3828 0.40
Ee: -383.43849 3875
1,2,3-pentanetriol 2.13(HB1) 2.11 3769
EM: -422.67178 2.05(HB2) 2.77 0.02117 3743 0.51
Ee: -422.67097 2.57(HB3) 1.61 3844
1,2,4-pentanetriol 1.97(HB1) 3.04 0.02268 3785
EM: -422.67251 2.22(HB2) 1.77 3827 0.42
Ee: -422.67184 3858
1,2,5-pentanetriol 1.80(HB1) 4.97 0.03338 3669
EM: -422.66590 2.25(HB2) 1.78 3825 0.55
Ee: -422.66502 3865
1,3,5-pentanetriol 1.94(HB1) 2.91 0.02251 3763
EM: -422.66727 1.96(HB2) 2.90 0.02393 3792 0.58
Ee: -422.66635 3875
2,3,4-pentanetriol 2.12(HB1) 2.18 3759
EM: -422.67861 2.02(HB2) 2.94 0.02231 3731 0.52
Ee: -422.67778 2.56(HB3) 1.50 3820
1,3,4-pentanetriol 1.91(HB1) 2.86 0.02527 3756
EM: -422.67242 2.23(HB2) 2.58 3805 0.50
Ee: -422.67163 3874
2,4,6-heptanetriol 1.92(HB1) 3.02 0.02495 3753
EM: -501.13408 1.93(HB2) 2.94 0.02420 3773 0.65
Ee: -501.13304 3857
R-D-fructose 2.08(HB1) 3.08 0.01855 3755
EM: -686.05951 2.44(HB2) 2.85 0.00988 3816 0.14
Ee: -686.05929 2.48(HB3) 2.83 3839
â-D-xylose 2.41(HB1) 1.81 3834
EM: -571.71462 2.45(HB2) 1.75 - 3837 0.01
Ee: -571.71463 2.48(HB3) 2.12 3842
R-cyclodextrinc 1.94(HB1) 4.58 0.02426 3605 0.28
EM: -3665.68068 2.38(HB2) 2.40 3780
Ee: -3665.68024

a The average error|EM - Ee| of all the 12 cases (excluding Cyclodextrin) turns out to be 0.44 kcal mol-1. b The respective hydrogen bond
energy calculated at MP2(full)/ AUG-cc-pVTZ level.c Optimized geometry at B3LYP/6-311++G(d,p) level is used.d The energies in au of the
original molecules (EM) and those calculated by fragmentation (Ee) are also shown in the first column. See text for details.
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In a similar fashion, the hydrogen bond energies are estimated
for all the other molecules. Table 1 displays the calculated
hydrogen bond energies of the polyhydroxy molecules ranging
from 1,2,3-propanetriol toR-cyclodextrin molecule. The esti-
mated hydrogen bond energies (EHB1, EHB2, andEHB3) for 1,2,3-
propanetriol at two different levels of theory, viz. MP2(full)/
6-311++G(2d,2p) and MP2(full)/AUG-cc-pVTZ are (1.90,
2.47, and 1.63 kcal mol-1) and (2.00, 2.56, and 1.66 kcal mol-1),
respectively (see Table 1 for details). This suggests that, for
good-quality basis sets, the relative magnitudes of the hydrogen
bond energies areonly marginallydependent on the basis set
employed. It is difficult to estimate the basis set superposition
error (BSSE) for these molecules due to the methodology
involved. However, the use of triple-ú quality basis set such as
6-311++G(2d,2p) is expected to reduce significantly the BSSE
correction.20 By consideration of this accuracy, we estimate the
error associated with our calculated hydrogen bond energies to
be in the range of(0.5 kcal mol-1. This is based on the average
error in calculatingEe for 12 molecules using MTA approach.
It is clear from Table 1 that the estimated hydrogen bond
energies fall in a range expected from chemical intuition and
are able to distinguish the strong and weak hydrogen bonds.
The hydrogen bond energies vary between 1.50 and 4.97 kcal
mol-1. Particularly noteworthy is the strongest hydrogen bond
(4.97 kcal mol-1) among the alkanetriols, viz. that for 1,2,5-
pentanetriol.

The distinction between the two types of hydrogen bonds in
R-cyclodextrin is also quite prominent. The corresponding
hydrogen bond energies in this case turn out to be 2.40 and
4.58 kcal mol-1 at the B3LYP/6-311++G(d,p) level. The O-H
stretching frequencies for the case ofR-cyclodextrin molecule
are also in line with the estimated hydrogen bond energies. It
may be noted that these calculations are at B3LYP/6-311++G-
(d,p) level of theory and hence the frequency values are not
quantitatively comparable to those for the other cases.

An empirical equation suggested by Espinosa et al.21 gives
the hydrogen bond energy to be half of the potential energy
density at (3,-1) F(r ) bond critical point (BCP) at the H-O‚
‚‚H bond. The works due to Espinosa et al.6b and Klein6c,6dhave
employed this relation for the estimation of hydrogen bond
energies. On the other hand, our method offers a direct energy
based approach toward such estimation. We present below a
very brief discussion on connection with the electron density
topography and vibrational O-H stretching frequencies (cf.
Table 1).

The presence of (3,-1) F(r ) BCP at O-H‚‚‚O bond is
generally considered as the manifestation of hydrogen bond.6

However, such a (3,-1) BCP at O-H‚‚‚O bond is seen to be
conspicuous by its absence in all the polyols having an O-H‚
‚‚O interactions between vicinal-OH groups.6c-e,9From Table
1, it is seen that theF(r ) value corresponding to the strongest
hydrogen bond (EHB ) 4.97 kcal mol-1), at (3,-1) BCP is the
highest (0.03338 au). In case of weakest hydrogen bond (EHB1

) 1.50 kcal mol-1), (3,-1) BCP at O-H‚‚‚O bond is absent.
To the best of the authors’ knowledge, the absence of (3,-1)
BCP for the O-H‚‚‚O bond formed between vicinal-OH
groups was first noticed by Klein.6c,6d However, the existence
of the intramolecular hydrogen bond between the vicinal-OH
group in 2,3-butanediol is suggested in the literature22 with the
corresponding enthalpy of such a H-bond being estimated
between 1.3 and 1.9 kcal mol-1 even though there is no (3,-1)
F(r ) BCP found in this case. This is in agreement with our
energies for hydrogen bond formed between vicinal-OH
groups. Also the absence of (3,-1) BCP is reported in the
literature9 when there is a formation of a five-membered ring
and BCP is found only for the case of a six- or higher-membered
ring.9 The strongest hydrogen bond (EHB1 ) 4.97 kcal mol-1)
is noticed for 1,2,5-pentanetriol, involving the formation of a
seven-membered ring. TheF(r ) value at the (3,-1) O-H‚‚‚O

Figure 2. Fragmentation scheme for 1,2,4-pentanetriol (shown as M) at MP2(full)/6-311++G(2d,2p) level. See text for details of fragmentation.
The energies of fragments F1-F7 and M are:-347.54088,-347.53867,-347.55112,-272.41256,-272.42050,-272.42077,-197.29500, and
-422.67251 au, respectively.
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BCP lies typically between 0.009 and 0.033 au for all the
relevant cases.

Similarly, a reasonable qualitative agreement between the
estimated hydrogen bond energies and the respective unscaled
O-H bond stretching frequencies is seen for all the cases. Here
the strongest hydrogen bond is found in 1,2,5-pentanetriol (EHB1

) 4.97 kcal mol-1) with the corresponding O-H bond stretching
frequency of value 3669 cm-1 (see Table 1) and the weakest
bond (EHB ) 1.50 kcal mol-1) is noticed in 2,3,4-pentanetriol
with the corresponding O-H bond stretching frequency of value
3820 cm-1. The calculated hydrogen bond energies show a good
qualitative rank-order relationship with the corresponding
calculated O-H bond stretching frequencies. It is seen from
Table 1 that the signature of an-OH group getting involved
in hydrogen bonding is reflected in corresponding O-H
stretching frequency being less than 3845 cm-1. The hydrogen
bond energy is generally found to lie between 1.5 and 5 kcal
mol-1 with the corresponding O-H stretching frequency ranging
between 3845 and 3669 cm-1. In summary, the estimated
H-bond energies show a good qualitative rank-ordering with
O-H stretching frequencies as well asF(r ) at (3,-1) BCP.

4. Concluding Remarks

In conclusion, a novel method for the estimation of intramo-
lecular hydrogen bond energy based on the MTA has been
proposed in this article. The present approach is tested out on
some polyhydroxy compounds wherein only the single point
energies of fragments are used for the estimation of intramo-
lecular hydrogen bond energy. The average error in the
estimation of total energy of molecules is less than 0.5 kcal
mol-1. The estimated intramolecular hydrogen bond energies
range from∼1 to 5 kcal mol-1. The estimated hydrogen bond
energies show a qualitative rank ordering with the corresponding
-OH stretching frequencies andF(r ) value at (3,-1) BCP. It
is hoped that the method proposed in this article, being quite
general, finds wide applications to interesting diverse chemical
and biological systems.
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