Are all short O-H:--O contacts hydrogen bonds? A quantitative look
at the nature of O-H: - O intermolecular hydrogen bonds
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The hydrogen-bonded nature of short O-H™:-‘O contacts
has been investigated by comparing the components of the
intermolecular interaction energy in the O-H---O contacts
present in the H,0---H,0, H,0:-«(OH™) and
(OH7)--«(OH™) model dimers, and then in the more chemi-
cally significant H,C,0,---H,C,0,, H,C,0, --(HC,0,7)
and (HC,0;) -<(HC,0, ") dimers, oriented as in the crystal of
KHC,0,. The energy components were computed by means of
intermolecular perturbation theory (IMPT). The inter-anion
contacts are found to be repulsive due to the dominant repulsive
character of the electrostatic term, the strongest terms in all
dimers analyzed in this work. The same term is attractive in the
neutral O-H:--O and even stronger in the charge assisted O-
H:-‘O~ contacts, whose hydrogen-bonded character is well
known.

The hydrogen bond is considered as the strongest of all weak
non-covalent interactions present in molecular crystals, able
to control the packing in neutral molecular crystals, hence the
way molecules self-recognize and aggregate in the solid state.!
It is thus common practice, when trying to rationalize the
packing of a given molecular crystal, to focus first on the
interactions established between hydrogen bond donor (X-H)
and acceptor (Y) groups.? The normal procedure is to search
for all X-H---Y contacts satisfying geometrical conditions
depending on the ‘strength’ of the interactions, e.g.,
X Y{Xqw + Y,qw and X-H---Y»90°-100° in the case of X/
Y =O/N, or H---Y{H,4w + Y,qw and X-H---Y>»90°-100° in
the case of X = C and Y = O/N. If these criteria are used to
construct search queries in CSD investigations,® a statistical
analysis of the preferred geometry of a selected contact can be
made, from which information can be obtained on the ener-
getic character of the interaction, as the observed structures
tend to concentrate in the low energy regions of the potential
energy surface for the selected interaction,* that is, the most
likely contacts are those around the energetic minima, other
orientations also being possible but with decreasing probabil-
ity. A corollarium of this assumption is the so-called length—
strength relationship (which states that the shorter the contact,
the stronger the interaction associated with it).

The previous assumption on the distribution of contacts is
valid only if the X-H---Y interactions are of the same type,
i.e., are located on the same effective potential energy surface.
However, in this communication we will demonstrate that,
given the same O-H- - -O geometry, the nature of the contacts
changes with the charge and relative orientation of the frag-
ments. We will prove this by investigating the energetic com-
ponents of the interaction energy, as obtained using rigorous
ab-initio methods. Therefore, if the O-H---O, O-H---O~ and

O-H™---O7 interactions lie on different potential energy sur-
faces, a statistical analysis mixing these three classes may yield
physically meaningless average results. This difference has not
been considered in many of the statistical analyses carried out
up to now on molecular crystals, which included neutral and
charged ionic crystals, without consideration of the charge
present in their fragments. Furthermore, the study is of inter-
est to evaluate if there is a change in the nature of the O—
H---O, O-H---O~ and O-H™---O~ short contacts. Up to
now, there is a general trend to consider all three contacts as
classes of hydrogen bonds (neutral in the first case, and
charged in the next two cases). Our quantitative analysis on
the energy components does not support the hydrogen-
bonded nature of the O-H™---O~ short contacts, despite the
fact that they could be considered as hydrogen bonds by just
looking at their topology and geometry.

We will first show the different nature of the O-H---O
interaction in the H,O---H,0, H,O---(OH") and
(OH7)--+(OH") model dimers in which the O-H---O
geometry is forced to be the same (the three dimers are the
result of detaching one and two protons from the neutral
water dimer, see Fig. 1). Then, we will also see how the same
ideas hold for the H,C,0,---H,C,0,, H,C,0,---(HC,0,7)
and (HC,0,7)---(HC,0,7) dimers, taken as representative
examples of observed situations in experimental crystals. We
have already shown® that O-H---O interactions between
neutral molecules and between small anions in crystals of
dicarboxylic acids and of monodeprotonated dicarboxylates
respectively, play fundamentally different roles. In the case of
anions, the O-H™---O~ interactions do not correspond to
stable intermolecular bonds but rather serve to minimize
inter-anion repulsions. This type of analysis has been applied
also to the C-H™---O~ and m-stacking interactions in ionic
salts, invariably showing the importance of taking into explicit
account the overall fragment charges in the analysis of non-
covalent intermolecular interactions.®

The changes in the nature of the O-H:--O interaction in
the dimer models shown in Fig. 1 at a fixed geometry of the
contact can be followed by carrying out an intermolecular
perturbation theory (IMPT) ab-initio analysis of the inter-
action energy.” IMPT computations® give a quantitative and
rigorous breakdown of the total energy of each dimer into
physically meaningful components: electrostatic, exchange
repulsion, polarization, charge transfer, and dispersion.’ The
IMPT method is free of the unwanted basis set superposition
errors present in other methods and due to the use of trun-
cated basis sets. Table 1 shows the results obtained for the
energy decomposition of the H,O---H,0O, H,O---(OH™) and
(OH7)--+(OH™) model dimers, calculated using the 6-
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Fig.1 H,O---H,O0, H,O--(OH") and (OH7)--«(OH") model
dimers. The charged dimers have been obtained from the experimen-
tal geometry of the neutral water dimer by subtracting one or two
protons, while keeping the dimer geometry frozen.

314+ G(2d,p) basis set. To test the basis set influence on the
IMPT analysis, we repeated the analysis with other basis sets,
the best being the aug-cc-pVTZ basis,!® which is known to
give a very accurate description of the properties of hydrogen-
bonded complexes.!! The results are displayed graphically in
Fig. 2. The basis set influence on the size of the energy com-
ponents is small in all cases and the same qualitative conclu-
sions are reached.

The results in Table 1 can be rationalized as follows: the
exchange-repulsion term is always repulsive, while the sum of
the polarization, charge transfer and dispersion terms is
always attractive and not very different in value from the
exchange repulsion. Thus, the existence of an overall attractive
or repulsive interaction depends essentially on the sign of the
electrostatic interaction. Consequently, it is important to
rationalize the behavior of the electrostatic term. Taking as a
reference the neutral water dimer, H,O- - -H,O, the relatively
small and attractive electrostatic term can be attributed to the
local dipole-dipole component of the electrostatic energy of
the O-H groups, oriented with the positive end of one dipole
pointing towards the negative end of the other. When a nega-
tive charge is present in one of the fragments, such as in the
case of the two orientational isomers shown in Fig. 1 for the
loss of a proton from one of the water molecules of a
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Fig. 2 Bar diagrams indicating the magnitude and sign of the elec-
trostatic component (upper panel) and the sum of the polarization
and charge transfer components (lower panel) as computed from an
IMPT analysis using the indicated basis sets. Within each panel, the
first set of four bars corresponds to the (OH™)---(OH™) dimer, the
next set to the H,O---(OH”) dimer, and the last set to the
H,O---H,O dimer.

H,O0---H,0 neutral water dimer, ie, H,O---(OH") or
(OH7)---OH,, the dominant contribution to the electrostatic
term is the charge—dipole one, stronger than the dipole-dipole
contribution. These interactions are normally considered
within the class of charge-assisted hydrogen bonds, because
they are stronger than neutral hydrogen bonds, although one
should differentiate between two cases. When the two frag-
ments are properly oriented, as in the H,O---(OH™) dimer,
where the OH bond dipoles of water point their positive ends
towards the OH™ anion, the interaction becomes more stable
than in the neutral dimer, as expected. However, the inter-
action becomes repulsive when the O—-H™ dipole is oriented
towards the negative end of the two OH bond dipoles, that is,
it is neither charge-assisted nor a bond; thus, not every charge-
assisted OH- -0 contact is energetically stable. Finally, when
both fragments are charged, e.g., (OH™)---(OH™), the domi-
nant electrostatic contribution comes from the charge—charge
term, repulsive in this case given the identical charge on both
fragments. Consequently, there is a change in sign and magni-
tude of the electrostatic component in the (OH™)---OH, and
(OH7)--+(OH™) dimers, which becomes repulsive, and the
overall interaction energy is also repulsive. Therefore, as we
will discuss below, these contacts are no longer hydrogen
bonds (they are not energetically stable, one of the key condi-
tions for the existence of a bond!?). Clearly, the most favor-
able situation of all the O-H---O contacts considered here
can be expected to occur when the X-H-:--Y interaction is
fully ‘charge-assisted’, i.e., when the X-—H donor belongs to a
cation and the Y acceptor to an anion, X-H*---Y~, with the
various contributions all summing up to reinforce the inter-
action.!® As a matter of fact, charge-assisted hydrogen bonds
are being widely employed in crystal engineering experi-
ments.!4

Table 1 Values of the electrostatic (E,), exchange repulsion (E,,), polarization (E,,), charge transfer (E,,), and dispersion (Eg,,) components of

the total energy (E,

total

), computed by the IMPT method for the model dimers of Figs. 1 and 3

Dimer Ees Eer Epol Ect Edisp Etolnl

H,O---H,0 —89 6.9 —07 —07 17 —-52
H,O---OH~ —239 11.1 —4.1 —2.1 —26 —21.6
OH™---H,0 24 10.0 —11 —09 —-23 8.1
OH™---OH~ 90.5 12.6 —-59 —-32 —3.6 90.4
H,C,0,:--H,C,0, —26.1 36.0 —46 -55 —133 —145
H,C,0,- - -HC,0, - —419 36.2 —90 —68 —15.1 —366
HC,0,---HC,0,"~ 16.7 404 —8.38 —66 —158 259
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When the IMPT analysis is performed on the
H,C,0,---H,C,0,, H,C,0,---(HC,0,7) and (HC,0,7)---
(HC,0, ") dimers we reach the same conclusions, as revealed
by a look at the data collected in Table 1. They were obtained
using the 3-21+ +G basis set, with the dimers oriented as
indicated in Fig. 3 (notice that the geometrical orientation of
the OH---O contact was deliberately forced to be the same).
While the interaction is energetically stable for the neutral and
H,C,0, - (HC,0,”) dimers, it becomes repulsive for the
(HC,0,7)--(HC,0O,7) dimer. Once again, the energy is
dominated by the electrostatic component in the three dimers,
with much smaller changes in the other components. The elec-
trostatic component in the H,C,0,---(HC,0,7) dimer is
more stable than in the neutral H,C,0,---H,C,0, dimer,
reflecting the favorable influence of the properly oriented
charge—dipole term present in the electrostatic component.
The electrostatic component in the (HC,O0,7) --(HC,0,7)
dimer is repulsive. Therefore, the driving force for the exis-
tence of short O-H---O contacts within the
(HC,0,7)---(HC,0O, ") dimer, present in the KHC,O, crystal
and other ionic crystals, cannot be the presence of repulsive
interactions between these dimers. Instead, as mentioned in
our previous study, it is the presence of (K*)---(HC,0,7)
interactions generated by the potassium cations located
between the HC,0,~ anions that makes the crystal energeti-
cally stable, because they are stronger than the
(HC,0,7)---(HC,0O, ") repulsion.

Hydrogen bonds are often defined in textbooks and scienti-
fic papers solely on the basis of the distance and angularity of
the X-H---Y contact. However, according to Pauling,!? in
order to be bonded atom pairs ought to form an energetically
stable association, (i.e., something that requires energy in order
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Fig. 3 Geometrical arrangement of the H,C,0,---H,C,0O,,
H,C,0,---(HC,0,") and (HC,0,7)---(HC,0, ") dimers, from top
to bottom. The first two are obtained from that for the KHC,O,
crystal by adding one or two protons, while keeping the dimer
geometry frozen (see ref. 5 for details) The parameters of the
O-H- - -O contact are the following: r(H---O) = 1.482 A,0---H-O =
178.4°.

to be broken). The analysis of the two sets of dimers shows
that, even in the presence of the same geometrical arrange-
ment, this is not always the case. The dominating, strongly
repulsive, electrostatic term in the anion—anion dimers makes
the formation of a stable (hydrogen) bond impossible, that is,
the anion—-anion interaction in the two cases considered here
has an energetic component consistent with an ionic inter-
action. The repulsive nature of the interaction is also found in
the OH™---(H,O) dimer due to its inadequate orientation.
Therefore, we have at the same distance and orientation a dif-
ferent energetic character, in contrast to what direct use of the
length—strength relationship would indicate: one must dis-
criminate between ‘interaction’ and ‘bond’ for the same geo-
metrical arrangement of a given pair of donor and acceptor
groups, and take into consideration the charge present on
each fragment of the interacting molecules.

Our results can be generalized as follows: whether a
X-H- - ‘Y interaction for a given geometrical arrangement will
be a bond or not depends on the charge and relative orienta-
tion of the donor and acceptor fragments. In other words, the
utilization of purely geometric criteria in the analysis of selec-
ted groups of interactions may be misleading because short
intermolecular distances may result as a consequence of other
non-local dominant interactions, such as those between ions
in crystalline salts.
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