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Electron Donation in the Water–Water Hydrogen Bond

Rustam Z. Khaliullin,*[a] Alexis T. Bell,[b] and Martin Head-Gordon*[c]

Hydrogen bonding is central to aqueous systems, from
small water clusters and microsolvated ions to bulk water,
and solvated biomolecules.[1] Despite numerous experimen-
tal and theoretical studies, the physical nature of hydrogen
bonding is still debated. One issue is the extent of intermo-
lecular charge transfer (CT) in hydrogen bonding.[2] Natural
bond orbital (NBO) analysis[3] and natural energy decompo-
sition analysis[4] suggest that CT is predominant[5,6] because,
if CT is neglected, NBO analysis shows no binding at the
water-dimer equilibrium geometry. However, other earlier
decomposition methods[7,8] estimated that CT contributes
only around 20 % of the overall binding energy.[8,9] This
question has practical significance for aqueous molecular dy-
namics simulations, where models based on purely electro-
static potentials, such as Coulomb plus Lennard-Jones with
perhaps polarizability, seem to be very successful in repro-
ducing many structural and thermodynamic properties of
water.[10] Is such good agreement soundly based or fortui-
tous?

Recent X-ray absorption and X-ray Raman scattering
experiments have challenged the accepted locally tetrahe-
dral structure of liquid water.[11] The failure of classical mo-
lecular dynamics simulations to reproduce the “chain and
ring” local structure inferred from these experiments has
generated questions about the reliability of existing water
potentials.[5,11, 12] This fact, combined with the CT character

of the hydrogen bonding suggested by NBO analysis, has led
to proposals to incorporate CT effects into empirical water
potentials.[5] However, the “chain and ring” interpretation of
the X-ray experiments is highly controversial and has been
challenged on many fronts.[13]

Herein, we rationalize the success of empirical electrostat-
ic potentials by clarifying intermolecular CT effects in the
simplest water cluster, the water dimer. We have used our
recently developed energy-decomposition analysis (EDA)[14]

and charge-transfer analysis (CTA)[15] based on absolutely
localized molecular orbitals (ALMOs),[16,17] which are ideal
for separating CT from frozen density and polarization in-
teractions. In ALMO EDA, the frozen density (FRZ) term
is calculated as the interaction energy of the unrelaxed elec-
tron densities on the molecules. The polarization (POL)
term is due to the deformation (or polarization) of the elec-
tron clouds of the molecules in the field of each other.
Quantum mechanically, it is described as the energy lower-
ing due to the intramolecular relaxation of each molecule�s
ALMOs in the field of the other molecule. CT is calculated
as the energy lowering due to the intermolecular relaxation
of the molecular orbitals corrected for the basis set superpo-
sition error (BSSE).[14, 15]

Like related earlier methods,[7,8] the ALMO atomic-to-
molecular orbital transformation is constrained to be block-
diagonal in terms of the molecular fragments (prohibiting
CT). Unlike those earlier methods, ALMO EDA and CTA
treat the optimization of the ALMO�s in a variationally op-
timal way.[14,15, 18] CT effects (energy lowering due to electron
transfer from occupied orbitals on one molecule to virtual
orbitals of another molecule, and then any further repolari-
zation or higher-order relaxation) are corrections to the
optimal polarized reference system, and cannot be over or
underestimated. The ALMO charge transfer scale, DQ, pro-
vides a measure of the distortion of the electronic clouds
upon formation of an intermolecular bond and is such that
all CT terms, that is, forward-donation, back-donation, and
higher order relaxation, have well defined energetic ef-
fects.[15]

The water dimer geometry with Cs symmetry was opti-
mized at the MP2/aug-cc-pVQZ level. All calculations were
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performed with the Q-Chem software package.[19] The rela-
tive position of the molecules in the dimer is described by
three parameters (Figure 1 A). The MP2/aug-cc-pVQZ

structure is characterized by a= 1728, V= 1278, and ROH =

1.94 �. Since ALMO methods are presently limited to
single determinant wavefunctions, we applied decomposition
analysis to wavefunctions calculated with a series of density
functionals (see the Supporting Information). Although the
CT contribution somewhat depends on the chosen density
functional (just as the binding energies do), the main quali-
tative conclusions of this study remain the same for all com-
monly used density functionals. Therefore, we further dis-
cuss results obtained with the B3LYP density functional
(Table 1). This functional most closely reproduces more
accurate MP2 water-dimer binding energies of the
various functionals that we tried.

The results of the B3LYP ALMO decomposition analysis
show that the energy and charge components rapidly con-
verge as the basis set becomes locally complete, indicating
stability of the ALMO decomposition (Table 1). All CT
terms presented in the paper are corrected for BSSE. The
BSSE is presented in Table 1 to show the degree of basis set
completeness. The very small values of BSSE suggest that

the aug-cc-pVQZ and aug-cc-pV5Z basis sets are effectively
complete for our present purpose.

It is clear that all energy components (frozen density,
polarization, and charge-transfer) are important for energet-
ic stabilization of the dimer at its equilibrium geometry
(Table 1). We therefore conclude that the NBO approach
significantly overestimates CT due to nonvariational treat-
ment of the reference “zero CT” electronic state. Our re-
sults show that CT contributes around 36 % of the overall
binding energy in the complete basis set limit, of which
approximately 95 % is from the proton acceptor to the
proton donor. The same effect occurs on the charge scale,
indicating a direct correspondence between electron redis-
tribution and the energy of CT interactions, which is not
always the case.[15]

The total electron density transfer calculated with ALMO
CTA is just a few millielectrons (2.3 mē at the B3LYP/aug-
cc-pV5Z level). This result is an order of magnitude smaller
than the CT calculated with the Mulliken, Lçwdin, and nat-
ural population analysis (PA) methods (Table 2).[20] This dis-

crepancy arises largely from the different meaning assigned
to CT in ALMO CTA and PA methods. ALMO CTA
measures CT as the degree of electron relaxation from the
optimal polarized (pre-CT) state to the delocalized state. In
contrast, PA methods include not only true CT, but also the
separate (and in this case larger) effect of partitioning the
charge distribution of the polarized pre-CT state (for a
detailed comparison see Ref. [15]). Thus the key advantage
of the ALMO CTA approach is that it shows the electron
transfer associated with energy lowering due to dative inter-
actions: just a few millielectrons.

Whereas it may seem remarkable that so little CT (2.7 mē
D!A) can stabilize the hydrogen bond by 6.3 kJ mol�1

(equivalent to 24 eV per electron) it is quite consistent with
simple estimates from perturbation theory. The CT energy is
a second order correction to the energy of the polarized
system, and is proportional to F 2

ad/(ea � ed),[14] where Fad is
the CT energy coupling between donating orbital d and ac-
cepting orbital a, and ei is the energy of orbital i. The DQ
term is proportional to the square of the single excitation
amplitude, F 2

ad/(ea � ed)2.[15] Therefore, the CT energy per
electron is related to the energy gap between donating and
accepting orbitals ea � ed. The B3LYP/aug-cc-pV5Z energy
gap between the most important donating and accepting
orbitals in the water dimer lies between 10 and 40 eV (vir-
tual orbitals in such a big basis set practically form a contin-

Figure 1. Water molecules in the water dimer.

Table 1. ALMO CTA and EDA results for the water dimer. Geometry is
optimized at the MP2/aug-cc-pVQZ level, decomposition analysis is per-
formed at the B3LYP/aug-cc-pVXZ level (X =D, T, Q, 5). All terms are
corrected for BSSE.

Scale DQ [mē] DE [kJ mol�1]
X D T Q 5 D T Q 5

FRZ 0.0 -5.5 -5.4 -5.2 -5.1
POL 0.0 -4.5 -6.1 -6.5 -7.1
CT(A!D)[a] 0.1 0.2 0.1 0.1 -0.2 -0.4 -0.3 -0.2
CT(D!A)[a] 3.7 2.4 2.8 2.7 -7.9 -6.6 -6.6 -6.3
Rem. CT[b] 0.3 0.2 -0.4 -0.5 -0.4 -0.3 -0.3 -0.3
Total[c] 4.0 2.7 2.5 2.3 -18.5 -18.8 -18.9 -18.9
BSSE 0.3 0.1 0.0 0.0 1.0 0.2 0.1 0.0
COVP1

[d] 95 97 96 97 90 97 93 96

[a] D=electron donor, A=electron acceptor; [b] Remaining CT includes
intramolecular terms as well as the higher order relaxation term; [c] MP2
interaction energies are �18.3, �19.8, and �20.6 kJ mol�1 for X =D, T,
and Q, respectively; [d] Contribution of COVP1 is given as percentage of
CT(D!A).

Table 2. Charge (mē) of the electron-acceptor molecule in the dimer.
Geometry is optimized at the MP2/aug-cc-pVQZ level, population analy-
sis is performed at the B3LYP/aug-cc-pVXZ level (X=D, T, Q, 5). All
charges are corrected for BSSE.

X D T Q 5

Mulliken PA -27.5 -18.8 -22.2 -17.0
Lçwdin PA -24.0 -24.0 -21.2 -17.8
Natural PA -18.3 -16.5 -17.1 –
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uum of states). Thus, a value of 24 eV for the effective d–a
gap for CT between water molecules in the dimer at the
equilibrium geometry is entirely reasonable.[21]

Complementary occupied–virtual orbital pairs (COVPs)[15]

allow us to visualize CT effects and provide additional in-
sight into the nature of hydrogen bonding in the water
dimer. Each COVP corresponds to an occupied orbital on
one molecule donating charge to one specific (complemen-
tary) virtual orbital on the other molecule. COVPs provide
the best compact orbital description of CT between a pair
of molecules. In the water dimer, only one COVP is signifi-
cant, and accounts for 96–97 % of the overall transfer from
proton acceptor to proton donor on the energy and charge
scales (Table 1). The remaining CT in this direction is attrib-
utable to the four remaining complementary occupied–
virtual pairs, none of which exceeds 3 % of the overall trans-
fer.

The shapes of the occupied and the virtual orbitals of the
main COVP are shown in Figure 2 (V=1278). The virtual

orbital strongly resembles the O�H antibonding orbital,
s*

OH, of the electron-accepting molecule. This is consistent
with oxygen atom lone pairs donating electron density to
the antibonding orbitals of the other molecule. However,
the donating orbital is interesting and unexpected because it
does not resemble an sp3-hybridized lone pair. In predicting
molecular geometries (VSEPR), sp3-hybrids play an impor-
tant role and sp3-hybridized lone pairs on the O atom arise
from ab initio calculations when finding the most localized
occupied orbitals of water molecules.[22]

However, the occupied orbitals are not unique, and can
therefore be fixed by criteria that include ionization energy
(giving canonical orbitals, Figure 3), maximal localization
(giving sp3 lone pairs), or the most compact representation
of CT effects (the COVP shown in Figure 2). The COVP is
best suited for studying donor–acceptor interactions, and the
form of the optimal donor and acceptor orbitals can be
understood as a compromise between high energy and good
interaction with the acceptor. In this regard, we can see that
the optimal acceptor orbital (Figure 2) bears almost no re-
semblance to the low-lying canonical virtual orbitals

(Figure 3), consistent with the effective d–a gap being far
larger than the HOMO–LUMO gap. The occupied (donat-
ing) orbital is mostly a linear combination of 3a1 and 1b1

canonical orbitals (Figure 3) that are the two highest lying
orbitals of the electron-donating water molecule. A small
CT contribution from the 2a1 canonical orbital of the donat-
ing molecule, which is a combination of the oxygen 2s orbi-
tal and hydrogen 1s orbitals, is reasonable given that its low
energy makes it a poor donor. This simple argument ex-
plains the form of the donating orbital in the water dimer
complex (Figure 2, V= 1278).

Further support for this interpretation comes from the de-
pendence of the B3LYP/aug-cc-pVQZ BSSE corrected
energy and its ALMO decomposition on the orientation of
the water molecules (Figure 4, V is varied and all other in-
ternal coordinates remain fixed at their MP2/aug-cc-pVQZ
values). The CT energy does not maximize around tetrahe-
dral coordination (V=1278). The energy lowering due to
the most significant COVP changes remarkably little from

Figure 2. Dependence of the shape of the most significant COVP on the
relative orientation of the water molecules in the dimer. All figures show
orbitals calculated at the B3LYP/aug-cc-pVQZ level, with an isosurface
value of 0.05. Occupied orbitals are represented by intense colors. Faint
areas represent complementary virtual orbitals.

Figure 3. Symmetry of the five occupied and the lowest four virtual can-
onical molecular orbitals of molecule. Orbital energies (eV) are shown in
parentheses. See Figure 2 for full description.

Figure 4. Dependence of the energy components on the relative orienta-
tion of water molecules in the dimer. B3LYP/aug-cc-pVQZ. b CT cal-
culated according to Equation (1). g FRZ+POL interactions calculat-
ed according to Equation (2).
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�4.9 kJ mol�1 for V=1808 to �7.7 kJ mol�1 for V =508.
From Figure 2, the donor orbital does not rotate with the
water molecule but stays directed towards the electron
accepting molecule, unlike an sp3 lone pair. The principal
donor orbital thus changes with rotation to optimize the
coupling with the complementary s*

OH virtual acceptor orbi-
tal, thereby explaining the weak dependence of the CT
energy on V.

It is interesting to consider hydrogen bonds that involve
bifurcated interactions. V= 1798 corresponds to an OH
bond interacting with two sp3 lone pairs, a bifurcated donor,
in the traditional manner (Figure 1 B). However, the CT
contribution to H-bonding still involves only one donating
orbital (Figure 2, Figure 1 C). The reduction in CT energy at
V= 1798 reflects a greater contribution from the lower
energy 3a1 orbital and a decreased contribution from the
highest occupied 1b1 orbital of the donor molecule. In fact,
the dependence on V of CT energy can be well represented
as a linear combination of CT from these two orbitals
(Figure 4, b) given by Equation (1):

DED!AðVÞ ¼ DE1b1
sin2ðVÞ þ DE3a1

cos2ðVÞ ð1Þ

The shape of the FRZ curve can be explained in purely
electrostatic terms. The dotted line in Figure 4 represents
the interaction energy of point charges placed at the posi-
tion of the nuclei in the dimer (�1.0 ē and +0.5 ē charges
replace O and H atoms correspondingly, Figure 4, g) is
given by Equation (2):

DEðFRZþPOLÞðVÞ ¼ Si2DSj2A

qiqj

rij
þ 29:2 kJ mol�1 ð2Þ

The constant in the equation is included to capture effects
that are essentially independent of V, such as polarization
and exchange (DEPOL dependence on V is shown in
Ref. [14]). Therefore, we conclude that the position of the
minimum on the total energy curve at V= 1278 is deter-
mined by a combination of both electrostatic and charge-
transfer interactions.

In the case of a bifurcated acceptor (Figure 1 D), the
description changes qualitatively. The CT term becomes
very small due to poor interactions and has significant con-
tributions from two COVPs (Figure 5); the symmetric (3a1

canonical orbital, Figure 3) and antisymmetric (1b1 canoni-
cal orbital, Figure 3). This reflects the availability of two ac-
ceptor antibonding s*

OH (symmetric 4a1 and antisymmetric
2b2) orbitals in the vicinity of the electron-donating mole-
cule. In larger water clusters, bulk liquid water, and ice, the
donating orbitals will change their shape and orientation ac-
cording to the local environment.

In summary, we have applied a new variation-based
energy decomposition and charge-transfer analysis to study
intermolecular CT effects in the hydrogen bond between
two water molecules, using density functional calculations.
Our main conclusions are as follows:

1) Although CT effects play an important role in hydro-
gen bonding they are not solely responsible for the energetic
stabilization of (H2O)2. The contributions of frozen density
interactions and polarization are not less significant than
that of CT, unlike some earlier work.[5,6]

2) The amount of intermolecular CT is on the order of a
few millielectrons, which is much smaller than has been in-
ferred from population analysis. Furthermore, the CT is
fairly insensitive to intermolecular rotation of the water
molecules, which helps to account for the success of empiri-
cal potentials that do not include charge transfer explicitly.

3) Complementary occupied–virtual pairs (COVPs) pro-
vide a new and satisfying view of the electron-donating orbi-
tal in the water dimer. Unlike rigid sp3 lone pairs, the
COVP donor changes its orientation according to the rela-
tive positions of the two molecules. A single p-like lone pair
is usually the dominant donor, although at the geometry of
a bifurcated hydrogen bond, the CT contribution becomes
small and two donor orbitals contribute.

Keywords: charge transfer · density functional calculations ·
hydrogen bonds · molecular orbitals · water chemistry
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