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Abstract The strong collinear polarizability of the A-H
bond in A—H---B hydrogen bonds is shown to lead to an
enhanced o-hole on the donor hydrogen atom and hence to
stronger hydrogen bonding. This effect helps to explain the
directionality of hydrogen bonds, the well known cooper-
ative effect in hydrogen bonding, and the occurrence of
blue-shifting. The latter results when significant additional
electron density is shifted into the A—H bonding region by
the polarization effect. The shift in the A-H stretching
frequency is shown to depend essentially linearly on the
calculated atomic charge on the donor hydrogen for all
donors in which A belongs to the same row of the periodic
table. A further result of the polarization effect, which is
also expected for other o-hole bonds, is that the strength of
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Introduction

The first mention of hydrogen bonds in the literature is
generally attributed to Latimer and Rodebush in 1920 [1],
although earlier work [2-5] mentions the phenomenon
without naming it explicitly. The exact nature of hydrogen
bonds, and more recently the relative importance of the
“electrostatic” and ‘“covalent” contributions, has been a
subject of intense discussion ever since [6—10]. As with all
such discussions, there are really no answers because the
physically observable interaction cannot be partitioned
uniquely into independent components whose very exis-
tence is due only to bonding theories.

Hydrogen bonding concepts continue to evolve [11-15],
even to the extent that a new IUPAC definition has been
proposed recently [16]. The old model, A—H---B, where A
is an electronegative atom and B is a basic site, has now
been extended to include C—H-+-B complexes and A—H---H-M
“dihydrogen” bonds. A—H “blue-shifting” is accepted as a
possibility; this is particularly significant because A—H “red-
shifting” had previously been regarded as a universal
characteristic of hydrogen bonds.

A satisfactory general theory of hydrogen bonding must
be able to explain at least two prominent characteristics: its
directionality and the dependence of the frequency of the
donor A—H bond on the presence of a hydrogen bond. We
have pointed out [17] that some of the directionality can be
explained purely electrostatically because of the presence of
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a positive o-hole [18, 19]. A o-hole is a region of lesser
electronic density on the side of an atom opposite to a
covalent bond to that atom. If the electronic density is
diminished sufficiently, a localized positive electrostatic
potential results (a positive o-hole), through which the atom
can interact with a negative site [17-20]. Positive o-holes
have been found for covalently bonded hydrogens and
Group IV-VII atoms. For Group VII, their interactions are
called “halogen bonding.”

Recently, Truhlar et al. [21] discovered that most of the
polarizability of organic molecules can be recovered in ab
initio or density-functional theory (DFT) calculations by
adding diffuse p-orbitals to hydrogen atoms. This is
significant in the present context because the hydrogen
o-hole results from the polarization of the electron density
formally belonging to the hydrogen atom away from the
hydrogen nucleus into the A—H bond [17, 22, 23]. The
basis for the results of Truhlar et al. [21] is therefore that
the dominant polarization mechanism in compounds with
A—H bonds is the translation of the “hydrogen” electronic
density along the A—H bond vector, as shown schemati-
cally in Fig. 1.

This effect has long been recognized [22, 23]; it is the
reason why standard crystallographic methods, which use
buildups of electronic density to assign nuclear positions,
typically underestimate hydrogen bond lengths by roughly
0.1 A [24, 25]. However, we are not aware that its relevance
for hydrogen bonding, or as the dominant polarization
mechanism of molecules with A—H bonds, has been pointed
out. However, Jug and Geutner [26] discovered that diffuse
p-functions on the hydrogens are necessary to enable
SINDO1 to describe hydrogen bonds, which may be an
indication of the effect discussed here.

This polarization, which can be induced most effectively
by a charge (e.g., a hydrogen-bond acceptor atom) collinear
with the A—H bond, can have two effects; (1) to induce a
more pronounced o-hole, and (2) to shift electron density
into the A-H bonding region. In the following, we
investigate these two effects computationally, using
simple point-charge models for hydrogen-bond accept-
ors, and draw attention to an interesting consequence.

Fig. 1 Schematic diagram of the principal polarization mechanism in
compounds containing bonds between non-hydrogen atoms (4) and
hydrogen (H). Dashed line Position of the center of the electron
density assignable to the hydrogen 1 s-orbital. The locations of the
nuclei are indicated by 4 and H
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Hermannson [27, 28] has used a similar approach with
both homogeneous electric fields and point charges to
investigate the effect of hydrogen-bond acceptors on the
electron density and vibrational frequencies of H-bond
donors, and we have shown previously [17] that such
models can reproduce the directionality of weak polar
interactions.

Methods

All calculations were performed with the Gaussian’09 suite
of programs [29], the aug-cc-pVTZ basis set [30, 31] and
using a second order Moller-Plesset correction [32] for
electron correlation with a restricted Hartree-Fock reference
wavefunction (MP2/aug-cc-pVTZ). Geometries were fully
optimized unless otherwise noted and normal vibrations
were calculated within the harmonic approximation at the
MP2/aug-cc-pVTZ level. Plots of electron densities and
molecular electrostatic potentials (MEPs) used the MP2/
aug-cc-pVTZ electron density. Point charges and electric
fields were included in the calculations using the options
available in Gaussian’09 [29].

Results and discussion
Polarization-induced o-holes: water

Figure 2 shows how the MEP [33] of water, projected onto
its 0.002 eBohr > isodensity surface [34], depends on the
magnitude of negative point charges placed at the position
of the oxygen atom of an acceptor water molecule in the
dimer [17].

The increasing size and strength of the o-hole as the
polarizing charge becomes more negative can be seen
clearly (this o-hole exists in unperturbed water but is weak
[17]). This effect can be quantified by plotting the
maximum (most positive) value of the MEP on the surface
at the position of the o-hole, Vs m.x against the magnitude
of the polarizing charge, as shown in Fig. 3.

Vs.max depends essentially linearly upon the magnitude
of the inducing charge (and hence the field that it produces
at the donor hydrogen). Most significantly, Vg max 1S
12.2 keal mol™! more positive (69.6 vs 57.4 kcal mol ™)
for the calculation with the charge that corresponds [17] to
a second water molecule than in the unperturbed molecule.
The magnitude of this charge was determined by placing a
point charge at the position of the acceptor oxygen in the
water dimer and adjusting the size of the charge to obtain
the calculated water dimerization energy [17]. As the
strengths of hydrogen and halogen bonds have been shown
to depend linearly on Vg max [35-39], this polarization should
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Fig. 2 Second order Moller-
Plesset correction for electron
correlation with a restricted
Hartree-Fock reference wave-
function (MP2/aug-cc-pVTZ)
molecular electrostatic potential
(MEP) projected onto the stan-
dard isodensity surface (0.002
eBohr?) of water with point
charges situated at the position
of the H-bond acceptor oxygen
in the water dimer. The magni-
tudes of the charges are (a) 0.0,
(b) 0.2, (¢) —0.4, (d) —0.6.
The H-donor hydrogen atom is
on the left and clearly shows the
increasingly large o-hole with
increasing polarizing charge

result in an approximately 20% increase in hydrogen-bond
strength.
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Fig. 3 MEP on the surface at the position of the o-hole, Vs max (kcal
mol ") plotted against the magnitude of the polarizing charge for the
water dimer. For negative charges, Vs max is the maximum of the MEP
on the entire surface; for positive charges, it is the maximum
associated with the o-hole on the donor hydrogen atom. Red point
Charge corresponding to a second water molecule [17]

c d

Because the polarization occurs along the A-H bond
vector, it also induces directionality in the MEP around the
donor hydrogen atom, as shown in Fig. 4. The polarization
is limited largely to the O—Hp,,,, bond and corresponds
quite closely to a perturbation of the O—Hp,,,, bond dipole.
Some electron density is shifted to the distal hydrogen atom
as a consequence of the general polarization from left to
right in Fig. 5. The shift in electron density within the O—
Hponor bond is most interesting and entirely consistent with
the simple picture shown in Fig. 1. The induced o-hole
shows the expected [17, 18] directionality.

Polarization-induced o-holes: CX3H

Figure 6 shows the effect of a negative point charge on the
MEP at the isodensity surface of CF;H. Figure S1 in the
electronic supplementary material shows the corresponding
pictures for CCI3H. The induced area of positive MEP on the
hydrogen donor collinear with the C—H bond is not as
localized as that for water, suggesting that CF;H---A hydrogen
bonds should be less strongly directional than their HOH---A
equivalents. This is shown for complexes with a water
molecule as H-bond acceptor in Fig. 7. The directional
dependence for CF3H as H-bond donor is far weaker than for
water, and the deepest minimum lies at a C-H--O angle of
124.7°.

The less delocalized nature of the CF;H o-hole is not,
however, the result of the polarization by the point charge,
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Fig. 4 Contour diagram of the difference in MEP between water
polarized by a point charge of magnitude —0.2762 at a distance of
1.946 A and unperturbed water. The polarization is strongly
directional along the O—Hppor bond vector

which is even more directional than that in water, as shown
in Fig. 8. Once again, the characteristic polarization of the
C—H bond is evident. This is indeed seen for the complex
with a water molecule as the H-bond acceptor (Fig. 9). The
directional dependence for CF;H as H-bond donor is far
weaker than for water, and the deepest minimum lies at a
C—H---O angle of 124.7°. This angle still allows the oxygen
to interact with the expanded o-hole, and also permits
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Fig. 5 Contour diagram of the difference in the electron density (a.u.)
between water polarized by a point charge of magnitude —0.2762 at a
distance of 1.946 A and unperturbed water
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secondary stabilizing interactions between a water hydrogen
and a fluorine, as shown in Fig. 9.

A-H stretching frequencies

Analogous point-charge models to those described above
were used to investigate the effect of point charges at the
position of an H-bond acceptor on the O-H stretching
frequency in methanol. The results are shown in Fig. 10.

The effect of the charge on the frequency is approxi-
mately parabolic, as also found by Hermansson [27, 28].
Point charges between 0 and +0.5 can induce a blue shift in
the O—H bond stretching frequency, but this is not relevant
to real hydrogen-bonding situations. The calculated O—H
bonding shift from CH3;OH--OH, is reached for a point
charge of —0.55, approximately double that required to
mimic an acceptor water molecule energetically [17]. This
suggests that a purely electrostatic model cannot reproduce
the entire red shift found for “normal” hydrogen bonds.
This is consistent with Hermansson’s conclusions [27, 28].

The C-H stretching frequencies in CF;H and CCl3H
behave differently, as shown in Fig. 11. The C-H stretching
frequencies show the opposite trend to that found for O-H
(Fig. 10). Negative point charges induce a blue shift, as also
found by Hermansson [27, 28]. Interestingly, the flat
maxima found for the C—H stretching frequencies, at
charges around —0.4 to —0.5, correspond closely to the
calculated C-H frequencies in the linear CX;H--:OH,
complexes, and the charges on the oxygens in the
complexes are very similar to the point charges that give
the maxima in Fig. 11. It is a consistent feature of the O-H
and C—H stretching frequencies that they attain the same
value with a point charge of —0.5 as in the complex with
water (Figs. 10, 11).

Field-dependence of hydrogen bonding

The above analysis suggests that, because the polarization
of the A-Hpg,,r bond affects the hydrogen bonding
strength, directionality and the A—Hpg,o, stretching fre-
quency, all three properties should be particularly sensitive
to external fields applied collinear to the A—Hpg,,, bond.
This can be tested computationally. Figure 12 shows the
results. As expected, the hydrogen-bond energy depends
strongly (and approximately linearly) on the applied field.
Shifting the “hydrogen” electron density into the O—H bond
increases Vsmax and therefore strengthens the hydrogen
bond. As Vs max depends essentially linearly on the applied
charge (Fig. 3), this behavior is analogous to that found
previously for halogen bonding [35-37].

As expected from the discussion above, external fields
that increase the polarization of the O—H donor bond (i.e.,
shift the hydrogen electron density towards O) increase the
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Fig. 6 MEP (kcal mol ') at the
standard isodensity surface of
CF;3H, demonstrating the effect
of negative point charges on the
electrostatic characteristics

of the hydrogen atom. The
magnitudes of the charges

are (a) 0.0, (b) 0.2, (¢) —0.4,
(d) —0.6

strength of the hydrogen bond, and those in the reverse
direction weaken it. To put the magnitude of the applied
fields into perspective, the field at the nucleus of the donor
hydrogen atom is very close to 0.01 a.u. at MP2/aug-cc-
pVTZ, so that the external field range shown in Fig. 11
extends from essentially cancelling the inherent field at this
position to doubling it. The plot is almost linear with a

slope of —147 kcal mol ' a.u.™.

1.6 & HO-H...OH,
14— + F,C-H.-OH,
124 \ -+ CLCH-OH,
£ 1.0
£ os /‘=\~\
£ 06~ A
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A-H...O Angle [°]
Fig. 7 Dependence of the energy of H-bonded complexes (relative to

the minima) on the A—Hpg,o++O angle for the A—H--OH, complexes
(MP2/aug-cc-pVTZ Born-Oppenheimer energies)

Discussion

Truhlar et al.’s discovery that polarization of A—H bonds
accounts for most of the polarizability of organic molecules
[21] opens a new perspective on hydrogen bonding.

wwa a3
@ wi @

=37

Fig. 8 Contour diagram of the difference in the MEP (kcal mol ')
between CF3H polarized by a point charge of magnitude —0.2762 at a
distance of 2.210 A and an unperturbed CF;H molecule. The
polarization is strongly directional along the C—H bond vector
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Fig. 9 MP2/aug-cc-pVTZ optimized structure of the CFzH complex
with water showing the bent C-H-O linkage and the close O-H and
H-F contacts

Shifting the electron density assignable to the donor
hydrogen atom towards the non-hydrogen atom A leads to
an area of positive electrostatic potential that is collinear
and opposite to the A—H bond. This positive cap resembles
the o-hole found for halogens and atoms of Groups [V-VI
[17-19, 40-43], although the rationalization for their
occurrence is different because our previous arguments
relied on hybridization, which formally does not occur for
hydrogen. This hydrogen o-hole strengthens hydrogen
bonding, but also increases the directionality of hydrogen
bonds as it becomes stronger. Thus, the simple picture
illustrated in Fig. 1 can help to explain many important
features of hydrogen bonding.

We have shown that the o-hole of a donor hydrogen can
be made more positive by the polarizing effect of a negative
point charge. This polarization-induced strengthening of o-
holes should also occur for covalently bonded halogens and
atoms of Groups IV-VI. This can explain some otherwise
puzzling observations. For instance, the chlorine in H;C—Cl
has a o-hole potential of near zero, perhaps slightly
negative [19]. Yet H3C—Cl has been found computationally
to form a complex with formaldehyde, H;C—Cl---O=CH,,
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Fig. 10 Dependence of the harmonic O—H stretching frequency in
methanol on the magnitude of the perturbing point charge at the

position of a water H-bond acceptor. The horizontal reference line
shows the frequency in CH3;0H---OH,
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Fig. 11 Dependence of the harmonic C—H stretching frequencies in
trifluoro- and trichloromethane on the magnitude of the perturbing
point charge at the position of the O atom in the linear CX3H---OH,
complex. The horizontal reference lines show the calculated frequen-
cies in linear CX3H---OH,

with an interaction energy of about —1.2 kcal mol ' [44]. It
was suggested earlier [19] that this may be a case of the
base, O=CH,, inducing a significantly positive o-hole on
the chlorine. Our present results support this interpretation.

The origin of the blue shift in “improper” hydrogen
bonds [11] has been discussed very thoroughly in the
literature. Hermansson [27, 28] has also examined the
dependence of the A—H stretching frequency (in her case
anharmonic) on an external electric field, both uniform and
arising from an external point charge with similar results to
those described above. In this work, the origin of the blue

-3.5

Hydrogen-Bond Strength [keal mol™]
- A
in & wn o i o

2
o

-0.010 -0.005 0.000 0.005 0.010

External Field [a.u.]

Fig. 12 Effect of an external electric field on the hydrogen-bond
strength in the water dimer. For details of the calculations, see the
electronic supplementary material. The field is oriented along the
donor O—H bond with the positive direction running from O (positive)
to H (negative)
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shift was analyzed very carefully and three conditions for
its observation were defined:

1. A negative dipole-moment derivative, Zfi—@, for the A-H
bond length (4 is the permanent dipole moment of the
A—H molecule, in the absence of a field),

2. An interaction with any electron-density concentration
on an H-bond acceptor and

3. An additional blue shift due to electronic exchange

overlap.

Condition 1 is consistent with our observations, but neither
2 nor 3 apply in our case as the point charges used in this work
to represent the H-bond acceptor have no electrons. However,
we noted above that charges approximately twice as large as
those needed to reproduce the hydrogen-bond energy [17] are
needed to reproduce the observed frequency shifts. We can
therefore conclude that purely electrostatic effects can
reproduce the observed directionality and frequency shifts
of hydrogen bonds, but that, as concluded by Hermansson,
electronic exchange overlap probably also contributes to the
frequency shift in the same direction as the electrostatic
effect (see discussion above).

Earlier, we investigated blue vs red shifts in o-hole
bonded complexes A—Y---B, where Y is an atom of Groups
V-VII [45], in terms of Hermansson’s formula [27] for the
A-Y frequency change due to a uniform electric field. This
allowed us to explain the increase or decrease in the A-Y
frequency that was obtained computationally for each
complex, B being NH; and/or HCN. We found, as above,
that one requirement for a blue shift is that the derivative of
the o-hole molecule’s permanent dipole moment be
opposite in direction to the electric field due to the base
B. A second requirement that also has to be satisfied is that
the induced dipole moment derivative be less than half of
the permanent dipole derivative. This means that the field
created by the base should not be too strong [27]. Thus,
0O,N-Cl had a blue shift in O,N—CI.--NCH but a red shift in
O,N-CI:-:\NH3;, because NHj produces a stronger electric
field than does HCN [45]. (A subsequent application of
Hermansson’s formula was to predict the effects of external
electric fields upon “trigger linkage” bonds in some
prototypical energetic molecules [46]. It was found that
fields that reinforce the intrinsic polarity strengthen the
trigger linkages, and fields in the reverse direction weaken
it; the same conclusion was reached in the present work for
hydrogen bonds.)

The derivative of the bond dipole moment is neither an
intuitive nor a common quantity in qualitative bonding
theory, so we have tried to relate it to more familiar
concepts. Figure 13 shows that the calculated frequency
shift exhibits a simple dependence on the natural bond
orbital (NBO) charge [47] on the donor hydrogen atom
calculated at the MP2/aug-cc-pVTZ level.
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Fig. 13 Plot of the calculated shift in the frequency of the A—H bond
stretch on forming a hydrogen-bonded complex with an acceptor
water molecule against the natural bond orbital (NBO) charge on the
donor hydrogen (both at the MP2/aug-cc-pVTZ level). The lines are
the best least-squares fit for all molecules in which A belongs to either
the first or the second row of the periodic table

(CH3),PH does not act as a hydrogen-bond donor in its
complex with water, but rather as a o-hole donor at
phosphorus, and so the P-H---O angle was constrained to be
linear for the data shown in Fig. 13. For molecules in which A
belongs to the same group in the periodic table, there is a
surprisingly good relationship between the NBO-charge on
the donor hydrogen and the shift in the A—H stretching
frequency on forming a hydrogen bond with water. Because
of the limited range available for compounds in which A is a
first-row element, the relationship between the charge on the
donor hydrogen and the frequency shift appears to be linear,
but clearly the shift must approach zero as the hydrogen
bond becomes weaker, so that the polynomial fit shown for
the second-row elements is more appropriate.

These results suggest that Hermansson’s first criterion
can also be expressed in terms of the net atomic charge on
the donor hydrogen atom. To a first approximation, we can
expect an A—H blue shift for H-bond donors in which the
donor hydrogen has an NBO charge less positive than
approximately +0.2 e at MP2/aug-cc-pVTZ for H-bond
donors in which A is a first-row element. The corresponding
maximum positive charge on the donor hydrogen for second-
row donors is approximately +0.06 e, making blue-shifted
hydrogen bonds far less likely for second-row donors.

The observed field effects on the strengths of hydrogen
bonds can be rationalized as above by the shift of the center
of the “hydrogen” electron density along the A—H bond
with its concomitant effect on the magnitude of the o-hole
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potential on the donor hydrogen, as shown in Fig. 1. This
view is pictorially attractive but equivalent to one in which
the effect of the field is to polarize the A—H bond dipole,
resulting in a stronger dipole-acceptor interaction. The
novel feature of the present interpretation for hydrogen
bonds is that the work of Truhlar et al. [21] suggests that the
major part of the polarization of molecules with A—H bonds
can be represented as A—H-bond polarization along the
direction of the bonds. Thus, the greatest induced dipoles
for a correctly oriented field are those that also most affect
the strengths of hydrogen bonds. This is, of course, the
origin of the well-known cooperative effect in hydrogen
bonding. [48, 49] As, however, strong electric fields are
found in host cavities such as those of zeolites [50],
enzymes or biological receptors [51], we can expect that the
strengths of hydrogen bonds, usually assumed to be
transferable and additive in, for instance, biological scoring
functions, are actually quite strongly dependent on the local
field in the host. Interestingly, this effect is also consistent
with the known [52] dependence of the chemical potential
on the electrostatic potential and field at the nucleus (in this
case of the donor hydrogen).

Finally, we are aware that there are any number of other
ways to interpret the computational experiments that we
describe above. This will always be the case with qualitative
descriptions of bonding interactions. We have limited our
discussion to simple polarization arguments and electrostatic
interactions in order to provide as simple a picture as possible.
Even this approach leads to the important prediction that
hydrogen bonds in the cavities of polar hosts are affected
strongly by the external electric field of the host. We are now
testing this hypothesis for binding sites in proteins.
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