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ARTICLE INFO ABSTRACT

Keywords: Hydrogen bonds between either a water molecule or metal hydroxides and small organic molecules with func-
Hydrogen bond tional groups that contain N, O, S, or P heteroatoms were analyzed using DFT calculations to shed some light on
Adsorption

the question of whether hydroxylated nanoparticles and surfaces can be stabilized with organic molecules via
hydrogen bonding interactions. Two different models of metal hydroxides were used, that is, small discrete
clusters and periodic slab models of surfaces, where AI(OH)3 and Cu(OH); served as model systems. For small
discrete cluster models, formula units of Al(OH)3; and Cu(OH),, were taken, whereas for extended surface models,
boehmite-AIOOH(010) and Cu(OH)2(001) surfaces were used. According to our results, the Cu(OH); cluster is
usually a better H-bond acceptor and donor than the water molecule, whereas the Al(OH);3 cluster prefers to
either act as an H-bond donor or to form two H-bonds, one as an H-bond donor and the other as an H-bond
acceptor. Among the considered organic molecules with functional groups containing N, O, S, or P heteroatoms,
imidazole and (CH3)2POOH form the strongest H-bonds; the two molecules are very good H-bond acceptors as
well as H-bond donors. These two molecules were also used to analyze hydrogen bonding with the boehmite-
AIOOH(010) and Cu(OH)»(001) surfaces. The comparison between the surface and small-cluster calculations
reveals that although cluster calculations can give reasonable estimates of adsorption energy provided that all
formed H-bonds are properly accounted for (which is not always trivial), there are nevertheless structural
intricacies—such as additional H-bonds with second-neighbor OH groups that may form on surfaces—that
cannot be captured with small clusters. The more realistic aqueous conditions were also analyzed using the
continuum solvation model. They not only influence the properties of H-bonds that are usually shorter than in
vacuum but also induce deprotonation of adsorbed molecules, as observed for (CH3)2POOH on a Cu(OH)y
surface.

Hydroxylated surfaces
Cluster and slab models
DFT calculations

1. Introduction

Since its first mention in a chemistry book by Lewis in 1923 [1], the
H-bond has been the point of interest of many scientists. In early de-
scriptions, the H-bond was considered to be a mostly ionic or electro-
static interaction [2] but later on, it was shown that it also exhibits a
partially covalent character [3,4]. Gilli and co-workers have proposed
an electrostatic-covalent H-bond model (ECHBM) [4], according to
which the covalent nature of the H-bond varies with its strength; weak
H-bonds are mostly electrostatic, whereas stronger H-bonds also have a
covalent character. Weak H-bonds have a strength of up to about 0.2 eV,

moderate to strong H-bonds from about 0.2 to 0.65 eV, and very strong
H-bonds up to 1.7 eV [5]. An H-bond can be designated as X-H---Y,
where X-H is the donor group and Y is the acceptor. The strength of the
H-bond depends on the type of the donor and acceptor groups and, in
addition, also on the surrounding groups, hybridization [6-8], and
acidity of the hydrogen atom [9]. Herein, we investigate moderate to
strong conventional H-bonds, with X and Y atoms being O, N, and S. To a
lesser extent, weak nonconventional CH---O bonds are also addressed.
H-bonds are not only a subject of academic interest in molecular
chemistry, but are also relevant for applications in materials science
(e.g., functionalization of surfaces and nanoparticles), catalysis, and
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corrosion. For example, surfaces and nanoparticles can be stabilized and
functionalized with suitable molecules. However, many surfaces are
hydroxylated in the aqueous phase and gas phase under humid ambient
conditions. In such cases, one of the possible molecular adsorption
modes is via the formation of H-bonds between molecular adsorbates
and surface OH groups [10-14]. The primary purpose of this paper is to
explore such H-bonding interactions using molecular modeling based on
density functional theory (DFT). To this end, we consider small organic
molecules with functional groups containing N, O, S, and P heteroatoms
because such functional groups are known as potent anchors for bonding
to surfaces. For metal hydroxides, we consider discrete AI(OH)s and
Cu(OH), clusters as well as extended boehmite-AIOOH(010) and
Cu(OH)»(001) surfaces. Yet in the aqueous environment, molecules that
can form H-bonds can form them with either water molecules or
OH groups present on materials surfaces. For this reason, we also
investigate H-bonds between such molecules and a water molecule.

Concerning the effect of different metal ions on the strength of H-
bonds, there are some general rules. In particular, the donor ability of
metal hydroxides can be described with a synergetic effect [15-17],
whereas their acceptor ability mainly depend on their gas-phase basicity
[18,19]. The ability of aluminum oxides and hydroxides—such as AlO3,
gibbsite Al(OH)3, and boehmite AIOOH—to form H-bonds with water
molecules has already been extensively researched using DFT calcula-
tions, including ab initio molecular dynamics [20-24]. Boehmite sur-
face, when exposed to water, shows extended H-bonding with water
molecules due to a high degree of conformational freedom of surface OH
groups [24]. Any defects present on the surface increase the strength of
H-bonds [25]. Additionally, the adsorption of molecules—such as car-
boxylic, phosphonic, and amino acids as well as silanols—to these sur-
faces has also been investigated [13,14,26-30]. In an aqueous solvent,
the molecules compete with water molecules for adsorption. These
studies showed that such molecules could adsorb either in the so-called
outer- or inner-sphere modes. The outer-sphere adsorption involves only
molecule-surface H-bonds, whereas in the inner-sphere adsorption that
is usually more stable, one or more strong molecule-surface O-Al
chemical bonds are formed, and the molecule is additionally stabilized
with H-bonds to the surface. In contrast to oxidized aluminum surfaces,
H-bonding interactions with oxidized and hydroxylated copper surfaces
have been much less investigated. Yu et al. [31,32] investigated the
interaction of water molecules on CuO and Cu,O surfaces and showed
that the molecules can either adsorb through O-Cu bond and additional
H-bonds, or dissociate and eventually form a hydroxylated surface.
Similar adsorption modes were also reported for adsorption of methyl-
phosphonic acid on hydroxylated Cu and Cuy0O surfaces [33].

To better appreciate the differences in H-bonding interactions be-
tween molecules and those between molecules and extended surfaces,
we pursue herein an incremental systematic approach and first consider
hydrogen bonding of small organic molecules with a water molecule,
then illuminate the interaction of these molecules with small discrete
metal hydroxide clusters, and finally pass to hydroxylated surfaces. In
addition, H-bonds between molecules and metal hydroxides are also
analyzed under more realistic aqueous conditions using a continuum
solvation model. In the end, the relation between the H-bond energy and
H-bond length is also evaluated. A better understanding of hydrogen
bonding and adsorption on hydroxylated surfaces can give us some in-
formation about the potential of various molecules to either function-
alize the surfaces or to act as corrosion inhibitors. Furthermore, the
consideration of both discrete clusters and extended surfaces can also
illuminate the question of whether the simplified calculations that uti-
lize small discrete clusters can be used to approximately describe the H-
bonding interactions between small organic molecules and hydroxylated
metal surfaces.

2. Technical details

Calculations were performed in the framework of DFT using the
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generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) [34] with ultrasoft pseudopotentials [35,36] and a plane-wave
basis set with the kinetic energy cutoff of 35 Ry (280 Ry for the
charge density cutoff). The PWiscf code from the Quantum ESPRESSO
distribution [37,38] was used. The PBE method was chosen because for
periodic plane-wave calculations, it represents the canonical GGA
method. To account for weak dispersion interactions, a D3 semi-
empirical dispersion correction of Grimme [39] with zero damping
was also used; the results obtained by this scheme are denoted by the
PBE-D3 label.

The results presented herein correspond to the PBE method unless
explicitly indicated otherwise.

2.1. Molecular calculations

For plane-wave PBE calculations of molecular complexes and
discrete clusters, we used the “molecule in a box” approach with a large
cubic box of 24 A in size, Gamma k-point, and the Makov—Payne [40]
correction.

To evaluate the accuracy of PBE calculations, we also performed
CCSD (coupled-cluster single-double) [41] calculations with an all-
electron localized def2-TZVP basis set [42] using the Gaussianl6
program [43]. Basis set superposition errors (BSSE) were estimated
using a Boys-Bernardi counterpoise correction [44,45]. To make the
comparison between the two methods more direct, PBE calculations
were also made with the def2-TZVP basis set. While CCSD calculations
were done only for complexes that involve water and/or ammonia
molecules, PBE/def2-TZVP calculations were also performed for other
considered molecular and cluster structures (these PBE/def2-TZVP re-
sults are presented in the Supplementary material).

By default, the PBE results presented herein correspond to the plane-
wave basis set unless otherwise indicated, i.e., the label PBE corresponds
to the PBE/plane-waves method and the label PBE-D3 corresponds to the
PBE-D3/plane-waves method.

The discrete Cu(OH), cluster contains an odd number of electrons,
hence spin-polarized calculations were performed for systems involving
this cluster.

2.2. Adsorption calculations

For the adsorption calculations, the surfaces of boehmite-AIOOH and
Cu(OH), were considered, in particular, AIOOH(010) and Cu
(OH)»(001). AIOOH consists of HO-AIOOAI-OH multi-layers that
extend in the (010) plane and are linked to one another via H-bonds,
hence AIOOH(010) is created by cutting only H-bonds in-between the
adjacent double-layers. Cu(OH), on the contrary, consists of rows
running along the (001) plane that are interlinked along and normal to
the (001) plane with H-bonds, hence Cu(OH)»(001) is also created by
cutting only H-bonds. For the orthorhombic lattice parameters of the
boehmite-AIOOH bulk, we used the calculated values of a = 2.89 A, b =
12.09 A, and ¢ = 3.73 A from our previous publication [29] and then cut
the AI(OH)3(010) slab, whereas the Cu(OH)»(001) slab was built from
the experimental structure of the Cu(OH)2 bulk [46] by cutting the (001)
slab and then optimizing the two primitive unit-cell lattice vectors of Cu
(OH)»(001); the resulting primitive unit-cell lattice parameters are a =
b=5.40 A.

To minimize lateral interactions between adsorbed molecules—the
aim herein is to describe the H-bonds between the molecule and the
surface—relatively large surface supercells were used. The sizes and
shapes of the supercells as well as the thicknesses of the utilized slabs are
shown in Fig. S1 in the Supplementary material. Brillouin zone in-
tegrations were performed with a shifted 1 x 1 x 1 k-point grid for the
supercell of AIOOH(010) and with a shifted 2 x 2 x 1 k-point grid for the
supercell of Cu(OH),(001). For the latter, the Marzari-Vanderbilt cold
smearing [47] of 0.01 Ry was also employed.
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2.3. Aqueous phase calculations

A subset of calculations was also performed in the aqueous-phase
with the solvent described implicitly using the Environ plugin [48]
for Quantum ESPRESSO and the soft-sphere-continuum-solvation
(SoftCS) implicit-solvent method [49].

2.4. Binding energy and charge density difference

The binding energy (E,) between the two moieties forming a com-
plex was used as a measure of the H-bond strength, i.e.:

Ey, = Ex_g — (Es + Eg), (@]

where E,_p is the total energy of the optimized A-B complex, and E, and
Eg are the total energies of the optimized standalone A and B moieties,
respectively. For molecular complexes, A and B correspond to two
molecules, whereas for adsorption calculations, A and B correspond to a
surface and a molecule.

In cases where the most stable structure of an H-bonded complex
consists of multiple H-bonds between A and B, individual H-bond
strengths were calculated by considering less stable optimized A-B
structures with only a single H-bond, where the structures of standalone
A and B compatible with the inferior structure of A-B were also used.
This concept is shown schematically in Fig. S2 in the Supplementary
material.

H-bonds were also qualitatively characterized with the electron
charge density difference, Ap(r), calculated as:

Ap(r) = pa_p(r) — pa(r) — py(r), 2

where subscripts A, B, and A-B have the same meaning as above. Note,
however, that in this case the structures of A and B were kept the same as
in the A-B complex.

2.5. The denotation of H-bonded complexes

To distinguish which molecule in a complex is an H-bond donor and
which an H-bond acceptor, H-bond complexes are designated as
donor---acceptor. To help memorize the denotation, we use “XH—Y”
as a mnemonic, where the arrow indicates that XH “donates” the H-bond
to the Y acceptor. The denotation of H-bonds also follows the
donor--acceptor nomenclature, i.e., H-bonds are always written as
XH---Y and never as Y---HX.

In the case of the (CH3),POOH molecule, which has two groups
capable of forming an H-bond, the group forming the H-bond is stated in
the subscript, in particular: (CH3)2POOH op)---acceptor indicates that
the OH group of (CH3)2POOH is the H-bond donor, donor-:
(CH3)2POOH oy, indicates that the OH group is the H-bond acceptor,
whereas donor---(CH3)2POOH po) indicates that the P=0 group is the
H-bond acceptor.

2.6. Molecular graphics

Molecular graphics—i.e., molecular structures, adsorption struc-
tures, and electron charge density difference plots—were generated
with XCrySDen [50], whereas assembling and postprocessing of figures
was done with Inkscape [51].

3. Results and Discussion

In this section, we first compare the results of the PBE method with
CCSD calculations to determine the accuracy of PBE results. Then we
characterize hydrogen bonding between small organic molecules con-
taining N, O, S, and P heteroatoms and a water molecule. In particular,
we consider the following organic molecules:
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(i) N-containing molecules: CH3NH> (sp3 hybridized N atom),
imidazole (aromatic molecule), and CH;NH (sp2 hybridized N
atom);

(ii) O-containing molecules: CH30OH (sp3 hybridized O atom) and
CH3CHO (sp2 hybridized O atom);

(iii) S-containing molecule: CH3SH;
(iv) P-containing molecule: (CH3);POOH.

The interaction of these molecules with the discrete Cu(OH), and Al
(OH)3 clusters is characterized next and, finally, the adsorption of
imidazole and (CH3);POOH on the boehmite-AIOOH(010) and Cu
(OH)»(001) surfaces is presented.

3.1. H30 + NHj3 benchmark: PBE vs. CCSD

As to establish the accuracy of the PBE method in describing
hydrogen bonding, we compare its predictions with the benchmark re-
sults given by the CCSD method that is known to provide highly accurate
results. To this end, we considered the Hy0O---H50, H30---NH3, and
NH;s---NH3 complexes and the corresponding results are presented in
Fig. 1. For the PBE calculations two different basis sets were used: plane-
waves and def2-TZVP. The comparison between the PBE/def2-TZVP and
CCSD/def2-TZVP results directly elucidates the accuracy of the PBE
method and the comparison between PBE/plane-waves and PBE/def2-
TZVP illuminates basis sets effects. While the plane-wave basis set
usually gives slightly shorter hydrogen bonds than def2-TZVP,? the
binding energies predicted by the two basis sets are very similar. In
particular, the E, values predicted by plane-waves usually fall within the
ranges given by uncorrected and BSSE-corrected PBE/def2-TZVP values,
as one would expect.

It can be seen from Fig. 1 that the PBE method gives the correct trend,
although it predicts by about 0.05 eV too strong interactions, which is in
agreement with the findings of Boese et al. [52]. These results suggest
that the H-bond energies computed with PBE, though not highly accu-
rate, can be used to ascertain H-bond acceptor and donor trends.

The geometry of H-bonded complexes is also shown in Fig. 1. The
geometries of HpO---Ho0 and H,0---NH3 complexes are similar for both
methods, but the PBE distances are shorter than the CCSD distances, in
accord with the slightly stronger H-bonds predicted by PBE. In contrast,
considerable differences between PBE and CCSD appear for the structure
of the NHj---NHjg pair. While PBE predicts an H-bonded complex, CCSD
does not. Interestingly, though, the intermolecular binding energies
given by the two methods are nevertheless similar. While the CCSD
calculated structure consists of two NH3 molecules oriented in the
opposite direction, in the PBE predicted complex, the N---H distance is
2.22 4+ 0.01 A and the NH---N angle is 166+1°, where +value indicates
the differences between the two basis sets. It is known that NHj is a very
good H-bond acceptor, but it has no propensity to act as an H-bond
donor, [53] and this latter aspect is only predicted correctly by CCSD.
We can therefore conclude that in the case of weak H-bonds the geom-
etry computed with PBE may not be completely reliable.

3.2. H-bonds with a water molecule

We studied the interaction of a given organic molecule with a water
molecule, where the organic molecule acted both as a donor and an
acceptor of the H-bond. PBE/plane-waves optimized geometries of
hydrogen-bonded complexes and the corresponding intermolecular
binding energies are shown in Fig. 2, whereas the corresponding PBE/
def2-TZVP results are presented in Fig. S3 in the Supplementary mate-
rial. The H---Y bond lengths and the XH---Y angles are also stated, where

2 For the water dimer and H,O---NHj, the plane-wave basis set gives by 0.04
A shorter hydrogen bonds than def2-TZVP, but for the ammonia dimer the two
basis sets give very similar bond lengths.
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Fig. 1. Optimized structures and intermolecular binding energies between water and ammonia molecules calculated with the PBE/plane-waves, PBE/def2-TZVP, and
CCSD/def2-TZVP methods. Hydrogen bond lengths and angles are also stated. For the def2-TZVP basis set, the BSSE corrected binding energies are written in

parentheses.

X and Y stand for the two heteroatoms involved in the hydrogen bond. In
Fig. 2, the PBE-D3 binding energies are also reported (they are from 0.03
to 0.06 eV stronger than the PBE ones), whereas within the presented
precision, the PBE-D3 geometries are identical to the PBE ones.

3.2.1. H-bonds with an N atom

N-containing molecules with different types of N atoms were
considered: sp3 hybridized (CH3NHj), aromatic (imidazole), and sp2
hybridized (CH,NH). If the water molecule acts as a donor, then the
H20---CH3NH; bond is the strongest, while the bond with CH,NH is the
weakest (Fig. 2), thus following the sp® > aromatic > sp? trend of the
bond strength, although the differences are small (within 0.05 eV).
Instead, if the NH group acts as an H-bond donor, the H-bonds are
weaker, and the H-bond with CH3NH> does not even form. Imidazole
forms a strong H-bond in both cases, and this can be attributed to
conjugation and its aromatic character. These results are in good
agreement with the previous studies of the effect of hybridization on the
strength of the H-bond [6-8].

3.2.2. H-bonds with O and S atoms

O-containing molecules with two different types of O atoms were
considered: sp3 hybridized (CH3OH) and sp2 hybridized (CH3CHO). In
all considered cases, the H-bond strengths are very similar (Fig. 2),
because the O atom acts both as a donor and an acceptor of the H-bond.
It is worth noting that the Hy0---CH3CHO complex also has a weak
CH---O hydrogen bond that slightly enhances the binding energy, which
is why Ey of Hy0---CH3CHO is slightly more exothermic than that of
H»0-:-CH30H, although it can be argued that the H-bond of the latter is
somewhat stronger because it is slightly shorter (1.86 A) than that of
H0---CH3CHO (1.87 A) and also its H-bond angle (169°) is closer to the
ideal 180° than that of Hy0---CH3CHO (162°). Taking this into account,
we may conclude that the sp® hybridized O atom should form slightly
stronger H-bonds than the sp? hybridized O atom. This trend is thus
similar to the one reported above for the N atom.

One molecule with the sp® hybridized S atom was also considered,
CH3SH (Fig. 2). Results reveal that a sulfur atom is a much better
acceptor than a donor, which agrees with the findings of Raub and co-
workers [54].

The results presented in Fig. 2 reveal the following trend of H-bond
strengths between water and N-, O-, and S-containing molecules: OH---N
> OH---O > OH.--S.

3.2.3. H-bonds with P=0 and P-OH groups

As shown in Fig. 2, three different H-bonds between (CH3)>POOH
and HyO are possible due to one donor OH group and two different
acceptor O atoms in the (CH3)2POOH molecule; one is a part of the
hydroxyl group (OH), and the other is bonded to the phosphorus atom
with the double bond (P=0). The H-bond with the P=0 acceptor is
considerably stronger (E, =—0.36 eV) than the one with the OH
acceptor (E, =—0.21 eV), which is expected because the P=0 group is
known to be a very strong H-bond acceptor [55]. The OH group can also
act as an H-bond donor and the corresponding hydrogen bond with the
water molecule is very strong (E, = —0.36 eV). In this complex, desig-
nated as (CH3)2POOH oy, ---H20, the (CH3)2POOH molecule was con-
strained to a less stable geometry with the hydrogen atom of the OH
group rotated around the P-O bond by 180° to ensure only a single H-
bond between the molecule and H,O forms; otherwise, two H-bonds
would form, one with the OH group as a donor and the other with the
P=0 group as an acceptor (shown on the far right in Fig. 2).° The H-bond
energy of (CH3)2POOH oy)---H20, reported in Fig. 2, was therefore
calculated with respect to the energy corresponding to the less stable
rotated OH group both in the complex and the standalone (CH3)2POOH
molecule.

Among the three possible H-bonds that can form between
(CH3)2POOH and H50, the HOH---O(H)P hydrogen bond is therefore
considerably weaker than the POH.--OH; and HOH.:.-O=P hydrogen
bonds, which display similar stabilities. This trend is also clearly evident
from the charge density difference plots, shown in Fig. 3. This figure
shows that the charge redistributions in the (CH3)2POOH oy ---H20 and
H0---(CH3)2POOH p, complexes have a similar pattern and intensity,
whereas the charge redistribution in the H0---(CH3)2POOH oy com-
plex is weaker.

3 The corresponding binding energy for the (CH3)>,POOH/H,0 complex with
two H-bonds is —0.62 eV.
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Fig. 2. The PBE optimized geometries, H-bond lengths and H-bond angles of the complexes between the considered organic molecules and a water molecule. In
addition to the PBE binding energies, the PBE-D3 values are also reported as “PBE | PBE-D3”, with the PBE-D3 values written in purple. For each organic molecule, at
least two configurations are considered: in the left structure, the organic molecule acts as the H-bond acceptor and in the right structure as the H-bond donor.
Additionally, for (CH3)oPOOH, the structure with two H-bonds is shown on the far right.

3.2.4. Molecular H-bond acceptor and donor propensities

The comparison of H-bond acceptor propensities among the inves-
tigated molecules shows that molecules with either an N atom or the
P=0 group are good acceptors, followed by molecules with an O atom
bonded to C, whereas an S heteroatom displays the weakest acceptor
propensity among the molecules considered in Fig. 2. The effect of hy-
bridization is also apparent: an sp°> hybridized heteroatom has better
acceptor abilities than an sp® hybridized atom of the same kind, whereas
for donor propensities, the connection between the type of heteroatom
and the H-bond strength is less straightforward.

Schwobel and co-workers made a list of H-bond acceptor’s strengths
[59,60]. If we consider molecules investigated herein, the P=0 group
and amine are the best acceptors, followed by imidazole, imine, alcohol,
aldehyde, and thiol. The same sequence is also predicted with the pK,
slide rule of Gilli et al. [9]. Our results are in excellent agreement with
the anticipated order of acceptor strength. The donor propensity of the
molecules also conforms to chemical expectations; it is the highest for an
acidic OH group that is present in the (CH3)2POOH molecule, followed
by alcohol, imidazole, and, finally, thiol [56].

H-bonds with the (CH3)2POOH molecule are stronger than the bonds
with alcohol or aldehyde, the exception being the H0--
(CH3)2POOH oy hydrogen bond, which is weaker than the analogous
one between methanol and H,O. The phosphorous atom appears to have

an opposing effect on the oxygen’s acceptor propensity; the O atom in
the P=0 group is a much better acceptor than the normal ketone but the
O atom of the P-OH group is a worse acceptor than the normal alcohol.
As for the donor propensity, the OH group of (CH3)2POOH is a much
better donor than the OH group of methanol.

Current results are compared with data from the literature in Table 1.
The energies from different sources show some deviations due to
different computational details. Our calculated H-bonds are slightly
stronger than those from the literature that were calculated with the
MP2 method, but the trend is rather well reproduced. This is expected if
we take into account the comparison between the results given by the
PBE and CCSD methods (Fig. 1).

As for the comparison between PBE/plane-waves and PBE/def2-
TZVP results, it can be observed from Table 1 that the E, values pre-
dicted by plane-waves usually fall within the ranges, given by uncor-
rected and BSSE-corrected PBE/def2-TZVP values, as one would expect.

3.3. H-bonds with a discrete Cu(OH), cluster

Next, we consider hydrogen bonding between a discrete Cu(OH),
cluster and organic molecules; here, the set of molecules is the same as
the one considered above for a water molecule. PBE/plane-waves opti-
mized structures of the resulting hydrogen-bonded complexes are shown
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Table 1

The comparison of the currently calculated binding energies to those reported in
the literature for H-bonded complexes with a water molecule. The BSSE cor-
rected binding energies are written in parentheses.

E, (eV)
PBE/def2-TZVP

donor --- acceptor

PBE/plane-waves literature

H,0---CH3;NH, ~0.35 —0.36 (—0.32) ~0.29%,(~0.33)"
H,0---imidazole —0.34 —0.35(-0.31) —0.30¢,(—0.34)
imidazole---H,0 —-0.25 —-0.29 (—0.27) —0.23¢,(—0.27)°
H,0---CH,NH -0.30 —0.31 (—0.27) ~0.29°

CHoNH---H,0 -0.13 ~0.17 (-0.14) ~0.14¢,(~0.13)°
H,0---CH;OH -0.25 —0.27 (—0.23) —0.22¢,(—0.21)*
CH,0H---H,0 —0.23 -0.27 (-0.23) ~0.204,(~0.19)
H,0---CH5CHO —0.27 —0.28 (—~0.25) ~0.22¢

Hy0--CH,SH -0.19 ~0.22 (—0.19) ~0.16°

CH3SH:--H,0 —-0.09 —-0.13 (-0.11) —0.08¢,(—0.10)

a Rablen et al. [56] (B3LYP/6-31++G(2d(X+),p)//B3LYP/6-31+G(d(X-+),p)
b Raub et al. [54] (MP2/aug-cc-pVTZ).

¢ Arey et al. [57] (MP2/aug-cc-pVTZ + W1 method).

4 Mandal et al. [58] (MP2/6-3114+G(d,p))

in Fig. 4, along with the binding energies, H-bond lengths, and H-bond
angles, whereas the corresponding PBE/def2-TZVP results are presented
in Fig. S4 in the Supplementary material. In Fig. 4, the PBE-D3 binding
energies are also reported (they are from 0.04 to 0.08 eV stronger than
the PBE ones), whereas within the presented precision, the PBE-D3 ge-
ometries are identical to PBE ones, except for CHsNH,---Cu(OH), PBE-
D3 gives by 0.01 A shorter H-bond and by 1° larger H-bond angle.
Molecules containing either an N atom, an O atom bonded to C, or an
S atom show stronger and shorter H-bonds with a Cu(OH); cluster than
with a HoO molecule. Even the CH3NH,---Cu(OH), complex is stable,
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although the CH3NH; molecule is a very poor H-bond donor, as dis-
cussed above. The only exception is the CH3CHO molecule for which the
binding energy with H,0 is marginally more exothermic than with Cu
(OH),. However, in this case, the reason for the more exothermic
binding energy is not the stronger OH---O bond, but the additional sta-
bilization provided by the weak CH---O bond in the Hy0---CH3CHO
complex (vide supra). This reasoning is supported by the OH---O bond
length, which is shorter in Cu(OH),---CH3CHO (1.83 A) than in
H,0---CH3CHO (1.87 A). We can therefore deduce that the Cu(OH),
cluster is a better H-bond acceptor and donor than the water molecule,
but otherwise, the trend of the H-bond strength of various complexes
with the Cu(OH), cluster is similar to that with the water molecule,
except for CHsNHj, which does not donate an H-bond to H»0.

As for the complexes with (CH3)oPOOH, three different H-bonds are
possible (vide supra). For two of them (donor---(CH3)2POOH ) and
donor---(CH3)2POOH py) the bond strengths given by the Cu(OH); and
Hy0 donors are very similar (within 0.01 eV). For the third type of
hydrogen bond, (CH3)2POOH gy, ---acceptor, the H-bond strength with
the Cu(OH); cluster is stronger than that with H20O, the respective E,
values being —0.40 eV and —0.36 eV (note that the H-bond strength of
(CH3)2POOH oy ---Cu(OH), was estimated with respect to the less stable
rotated OH group of (CH3)2POOH, similarly as was done for
(CH3)2POOH o -+-Ho0 above). According to binding energies, the bond
strength trend for the three H-bonds is POH:--O(H)Cu > CuOH---O=P >
CuOH---O(H)P. This trend is consistent with the H-bond lengths (in the
sense that the stronger the bond, the shorter is the bond length) and the
charge density differences (Fig. 5), which show that the magnitude of
charge redistribution follows the same order.

In metal hydroxides, the OH group is bonded to the metal center. The
free hydroxide ion is known to be a bad H-bond donor and an excellent
acceptor [18], but a bond with a metal cation can affect these properties.
In the case of the Cu(OH); cluster, the OH group’s donor and acceptor
propensities are better than the ones of the water molecule. This means
that the donor propensity of the hydroxyl group in Cu(OH); is better,
and the acceptor propensity is worse than that of the standalone hy-
droxide ion. The increase of the donor propensity can be explained with
the synergetic effect [15-17] that attributes the increase of the donor
propensity of the hydroxyl group to the M-O bonding interaction which
weakens the O-H bond in the hydroxyl group. Small metal cations with a
high charge and those that form covalent bonds show a strong synergetic
effect. A similar concept can be applied to the acceptor propensity. The
stronger M-O bond reduces the basicity of the OH group and therefore
weakens its acceptor propensity.

3.4. H-bonds with a discrete AL(OH)3 cluster

In addition to the discrete Cu(OH), cluster, we also considered a
discrete AI(OH)3 cluster and its propensity to form H-bonds. PBE/plane-
waves results are shown in Fig. 6, whereas the corresponding PBE/def2-
TZVP results are presented in Fig. S5 in the Supplementary material. In
Fig. 6, the PBE-D3 binding energies are also reported (they are from 0.04
to 0.09 eV stronger than the PBE ones), whereas within the presented
precision, the PBE-D3 geometries are identical to the PBE ones.

The binding energies of complexes where the Al(OH)3 cluster acts as
a donor are similar to that of the Cu(OH), cluster. The majority of H-
bonded Al(OH)3; complexes also contain weak CH---O hydrogen bonds
which enhance the stability of the complex, hence caution should be
exercised when drawing conclusions solely based on the binding en-
ergies. The energy of the CH---O bond depends not only on the bond
distance and angle but also on the type of donor group [6,61], hence it is
not straightforward to determine the contribution of the CH:--O inter-
action to the overall binding energy. For this reason, we analyzed the
dependence of the CH:--O hydrogen bond on its length and angle (see
Figs. S6 and S7 in the Supplementary material). H-bond energies ranging
from —0.04 to —0.10 eV were obtained. When this contribution is taken
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Fig. 4. Similar to Fig. 2, but for the H-bonded complexes with a discrete Cu(OH);, cluster.

into account, we can argue that donor propensities of Cu(OH), and Al
(OH);3 clusters are similar; in some cases, Cu(OH), may even be a slightly
better donor.

Concerning the acceptor propensity of the AI(OH)s cluster, the cal-
culations revealed that a single H-bond with Al(OH)3 acting as the
acceptor forms only for CH3sNH, and imidazole, whereas for other
molecules the corresponding initial structures converged to a local
minimum with two H-bonds where AI(OH)3 acted both as a donor and
an acceptor. This indicates that AI(OH)s is a better H-bond donor than
acceptor. We can thus deduce that the low tendency of AI(OH)3 to act
exclusively as H-bond acceptor is a consequence of its weaker acceptor
propensity and its propeller-like structure, which allows for the forma-
tion of complexes with multiple H-bonds.

The complexes with two H-bonds, where Al(OH)3 acts as a donor and
an acceptor, are also shown in Fig. 6. Their binding energies are similar
to those where AI(OH)s is a donor, except for (CH3)2POOH (see below).
For the CH3NH; molecule, local minima were identified for all three
types of complexes with Al(OH);3 acting either as a donor only, as a
donor + acceptor, or as an acceptor only. This example shows that the
binding energy of the complex with two H-bonds is not given by the sum
of the two isolated H-bond energies, which precludes quantitative esti-
mation of the acceptor propensity of Al(OH)3; from the difference be-
tween the binding energies of the complex with two H-bonds and that
with Al(OH)3 acting as a donor only.

The tendency of the AI(OH)3 cluster to form two hydrogen bonds is
the most pronounced with (CH3)2POOH because their complexes with
two H-bonds are considerably more stable than those with a single H-

bond; two such complexes between AI(OH)3 and (CH3)>POOH with two
H-bonds are shown in Fig. 6.

Each of the three possible H-bonds between Al(OH)3; and
(CH3)2POOH is analyzed using electron charge density difference in
Fig. 7; these bonds are POH---O(H)Al, AIOH---O=P, and AIOH---O(H)P.
The first two of these H-bonds are analyzed for the same complex, which
displays the binding energy of —0.73 eV in Fig. 6. While the pattern of
electron charge redistribution is very similar for the first two H-bonds,
the magnitude of redistribution is nevertheless slightly smaller for the
AlOH..-O=P hydrogen bond, in accord with its longer bond length of
1.71 A (for comparison the bond length of the other hydrogen bond,
POH---O(H)Al, is 1.63 A). The magnitude of the electron charge redis-
tribution is by far the smallest for the third H-bond, AIOH---O(H)P, in
accord with its longer length of 1.93 A and weaker binding energy
(—0.21 eV).

3.5. Molecular adsorption on the AIOOH(010) and Cu(OH)2(001)
surfaces

To compare the results of the discrete cluster calculations with those
obtained on more realistic systems, molecular adsorption via the for-
mation of H-bonds between molecular adsorbates and surface OH
groups was considered on the boehmite-AIOOH(010) and Cu(OH)2(001)
surfaces. To this end, only imidazole and (CH3)2POOH were used as
adsorbates because these two molecules form strong H-bonds (vide
supra) and, moreover, they are technologically relevant as either
corrosion inhibitors or chelating agents.
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Fig. 5. The electron charge density difference, Ap(r), for the three possible H-
bonds that can form between (CH3),POOH and a discrete Cu(OH), cluster. For
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compatible with those shown in Fig. 3 (isosurfaces: +0.005 e/Bohr>; contours:
from —0.008 to 0.008 e/Bohr® with a linear increment of 0.002 e/Bohr®).

It should be noted that molecular adsorption on Cu(OH)3(001)
resulted in large distortions and symmetry lowering of the Cu
(OH)2(001) substrate. The corresponding binding energies were there-
fore calculated with respect to the total energy of the bare Cu(OH)2(001)
slab that was reoptimized after removing the adsorbed molecule. This
assures that compatible structures of the molecule/slab and slab systems
were used in the calculation of binding energies.

Identified adsorption structures and their binding energies are shown
in Fig. 8. In addition to PBE binding energies, PBE-D3 values are also
stated. While on cluster models, PBE-D3 binding energies are only
slightly stronger than PBE ones (by less than 0.1 eV), PBE-D3 gives by
about 0.3 eV stronger binding energies on surfaces. This PBE vs. PBE-D3
difference of 0.3 eV in adsorption binding energy is typical for molecules
of the size of imidazole [62-64]. The reason that the PBE vs. PBE-D3
difference is much smaller on cluster than on slab models can be
attributed to the small size of cluster models and the long-range non-
directional nature of dispersion interactions. For this reason, the com-
parison between the cluster and slab results is performed below only
with PBE.

The PBE adsorption binding energies are consistent with those from
discrete cluster calculations under the provision that all H-bonds that
form on the surfaces are adequately accounted for in cluster calcula-
tions. For imidazole, the binding energies for the Cu(OH)»(001) slab and
the Cu(OH); cluster are very similar, —0.37 eV and —0.39 eV, respec-
tively, whereas for (CH3)oPOOH the results obtained with the Cu
(OH)2(001) slab and the Cu(OH), cluster are consistent only if all H-
bonds are considered, i.e., the binding energy of —0.70 eV obtained on
the surface is close to the sum of both H-bonds obtained from the cluster
calculations, —0.40 +( —0.37) = —0.77 eV. Although the adsorption and
cluster binding energies are compatible, the H-bond lengths are shorter
on the Cu(OH),(001) surface.
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The binding energy of imidazole on AIOOH(010) is —0.43 eV, thus
being similar to the value of —0.41 eV for the AlI(OH)s cluster. The
slightly stronger interaction with the surface can be attributed in part to
the stronger CH---O hydrogen bond because in the adsorption and
cluster structures, this bond is formed with a different C atom of imid-
azole, i.e., the surface structure involves the stronger C2H-:-O bond,
whereas the cluster structure involves the weaker C4H---O bond (for the
corresponding bond strengths, see Fig. S2 in the Supplementary
material).

For adsorption of (CH3)2POOH on AIOOH(010), two possible ge-
ometries were analyzed (Fig. 8). In the less stable structure, the P=0
group acts as an acceptor of two H-bonds with the surface OH groups
and the resulting binding energy of —0.43 eV is less exothermic than the
sum of the two corresponding H-bonds from the cluster calculations,
which is 2 x (—0.34) =—0.68 eV. The reason for the inferior binding
energy on the surface can be the rotation of one surface OH group during
molecular adsorption, which costs about 0.2 eV (as estimated with the
aid of a constrained relaxation calculation). Another reason can be due
to the competitivity effect [15] because two H-bonds are formed with
the same functional group, which can reduce their strength. In the more
stable structure (E, = —0.71 eV), the (CH3),POOH molecule forms one
H-bond with the P=0 group and another with the P-OH group. This
implies that (CH3)2POOH acts as a donor and acceptor. For this struc-
ture, the results from the compatible discrete cluster calculation gives
inferior binding energy of —0.60 eV. The difference arises from two
additional longer OH---O hydrogen bonds present in the adsorption
structure (indicated with gray color in Fig. 8) that further stabilize the
structure and cannot be captured by simple cluster calculations. From
auxiliary cluster calculations (Fig. S8), we estimate that these two longer
H-bonds contribute —0.2+4(—0.15) =—0.35 eV. We also need to
consider the cost for the rotation of one surface OH group, which costs
about 0.2 eV. Summing all these contributions together gives
—0.60-0.35+0.2 =—0.75 eV, which is a value very similar to the
adsorption binding energy of —0.71 eV obtained on the AIOOH(010)
slab.

The comparison between the surface and cluster calculations there-
fore reveals that although small-cluster calculations can give reasonable
estimates of adsorption energy provided that all formed H-bonds are
adequately accounted for (which is not always trivial), there are,
nevertheless, structural intricacies—such as additional “secondary” H-
bonds that may form on the surface—that cannot be captured with small
clusters.

Instead of accounting for all H-bonds present in the adsorption
structure, let us now directly compare the most stable complexes ob-
tained by the cluster and surface models. For (CH3)2POOH + Cu(OH),,
the strongest identified binding energy for the discrete cluster is —0.63
eV, whereas the adsorption binding energy is —0.70 eV. As for Al(OH)3,
the strongest binding energies are —0.73 eV and —0.71 eV for the
cluster and surface models, respectively. Since no structure information
is included in this analysis, the similarity between the two types of
binding energies is somewhat surprising, particularly for aluminum
hydroxide. Although such a good agreement is likely serendipitous
because only two metal hydroxides were considered, it shows that the
strongest binding energy from cluster calculations can represent a
reasonable estimate of the binding energy for molecules adsorbed via H-
bonds.

For all adsorption structures, the electron charge density differences
were calculated and are shown in Fig. 9 for imidazole and in Fig. 10 for
(CH3)2POOH. Fig. 9 reveals that imidazole forms one strong OH---N
hydrogen bond on the Cu(OH)2(001) surface, whereas on the AIOOH
(010) surface, it also forms an additional C2H---O hydrogen bond. It is
evident that the electron charge redistribution of the OH---N bond is
higher on Cu(OH)2(001) than on AIOOH(010) hence the more
exothermic binding energy on AIOOH(010) is due to the additional
C2H---O bond that is clearly visible in the charge density difference plot.

As for (CH3)2,POOH, two H-bonds are formed between the molecule
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and the Cu(OH)2(001) surface, which are visible in the charge density
difference plots of Fig. 10; the two H-bonds are not on the same plane,
hence they are shown separately. The H-bond where the P-OH group
acts as a donor and the surface as the acceptor shows a noticeably higher
electron charge density redistribution, hence it is stronger than the other
H-bond, where the P=0 group acts as an acceptor. This is also consistent
with the H-bond lengths (Fig. 8).

In contrast, on AIOOH(010), which has a more rigid structure, all H-
bonds are formed in the same plane. The structure where the molecular
P=0 group acts as an acceptor of the two H-bonds with the surface OH
groups is less stable than the structure where (CH3),POOH acts as both
acceptor and donor. The electron charge density difference plots indeed
reveal that the electron charge redistribution of the former structure is
much lower than that of the latter structure. Further inspection of the
inferior structure shows that the electron charge density redistribution is
higher for the left H-bond; hence the two H-bonds are of different
strength despite being of the same AIOH---O=P type. The difference in
electron charge density redistribution for the two H-bonds is even more
apparent for the superior adsorption structure. The POH---O(H)Al
hydrogen bond has a much higher electron charge density redistribution
than the AIOH.--P=0 hydrogen bond. This is consistent with the fact
that the POH---O(H)AI hydrogen-bond is considerably shorter (Fig. 8).
The two longer additional AIOH---O hydrogen bonds between the sur-
face OH groups and the molecule, mentioned above, are also seen in
Fig. 10 and it is evident that they are much weaker than the two shorter
H-bonds.

3.6. H-bonding in the aqueous phase

The above analysis of H-bonding pertains to the vacuum phase,
which is the simplest to study. However, the principal target of the
current paper are H-bonding interactions between molecules and hy-
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Fig. 8. The PBE optimized structures of imidazole (left) and (CH3).POOH (right) adsorbed via hydrogen bonding onto Cu(OH)»(001) (top row) and AIOOH(010)
(bottom row); each adsorption structure is presented with side- and top-view snapshots. The corresponding binding energies, H-bond lengths, and H-bond angles are
reported with the PBE values written in black and the PBE-D3 values written in purple.

droxylated surfaces, the latter being relevant in the aqueous phase. For
this reason, we analyze below H-bonding interactions in the aqueous
phase, which is treated implicitly by the continuum solvation model. To
this end, the interactions of imidazole and (CH3),POOH molecules with
Cu and Al substrates are considered. The corresponding aqueous phase
results are compared to in vacuo results in Fig. 11. In general, the
calculated binding energies are less exothermic in the aqueous phase.
The E, differences between aqueous and vacuum phases are usually
smaller for complexes with one H-bond than for complexes with two H-
bonds. The reason is obvious because, in the aqueous phase, the two
constituents need to partly desolvate before interacting with each other.
As for the H-bonding complexes with the Cu(OH); and Al(OH)s clusters
in the aqueous phase, the majority of complexes with a single H-bond
show angles closer to 180° and shorter H-bond lengths than the vacuum
phase analogs; note that stronger H-bonds tend to shorten more (for the
trend, see Fig. 12a). There are only two exceptions where H-bonds
elongate and in both Cu(OH); acts as the donor, i.e., Cu
(OH)2~--(CH3)2POOH<0H> and CU(OH)2~--(CH3)2POOH<p0>. Complexes
with two H-bonds formed with the same OH group show elongation of
the longer H-bond and shortening of the shorter H-bond, whereas for the
complex between Al(OH)s and (CH3)2POOH, which involves different
OH groups, both H-bonds shorten.

As for the H-bonding complexes with the Cu(OH)»(001) and AIOOH
(010) surfaces in the aqueous phase, the H-bond lengths are either
similar or slightly shorter than in the vacuum phase analogs. The most
considerable discrepancy between aqueous and vacuum phases occurs
for (CH3)2POOH on Cu(OH),(001) because in the aqueous phase
(CH3)2POOH spontaneously deprotonates (without a barrier), i.e., a
proton shifts from the molecular OH group to a surface OH group, thus
forming H,O on the surface. Such barrierless deprotonation of
(CH3)2POOH was also observed on hydroxylated Cu(111) and Cup0
(111) [33]. In contrast, in the vacuum phase, such deprotonation does
not occur (even if one starts from a “deprotonated” structure, the proton
shifts back to the molecule during structural relaxation, as indicated by
the inset in Fig. 11).

Similarly as reported above for the in vacuo results, the comparison
between cluster and slab results of Fig. 11 reveals that in the aqueous
phase, the binding energies obtained from discrete cluster calculations
are consistent with the adsorption binding energies from slab calcula-
tions provided that all H-bonds that form on the surfaces are adequately
accounted for in cluster calculations.

10

3.7. Relation between H-bond length and strength

The premise that stronger bonds are shorter is well established. This
premise is also often utilized for H-bonds. A well known empirical
relation between H-bond enthalpy (AH) and H-bond length (r) was put
forward by Rozenberg et al. [65], which reads:* AH = —1.558r395,
where AH is expressed in eV and rin A units (r is the H---Y distance). This
relation was derived from experimental data of cold isotopically diluted
carbohydrate crystals. While the relation of Rozenberg et al. is based on
H-bond enthalpies, our data are based on H-bond energies. However, the
difference between the two is small at room temperature and is currently
neglected.”

Fig. 12b shows the correlation between the PBE calculated binding
energies and H-bond distances for the single H-bond molecular com-
plexes solvated in implicit aqueous solvent (i.e., complexes from
Fig. 11), whereas Fig. 12c shows the same correlation for single H-bond
molecular complexes in vacuum (i.e., complexes from Figs. 2, 4, and 6).
As for the complexes in implicit aqueous solvent (Fig. 12b), the data
points display the trend compatible with the Rozenberg relation,
although upshifted by about 0.05 to 0.1 eV (i.e., current H-bond energies
are less exothermic), whereas the in vacuo results of Fig. 12c scatter
around the Rozenberg curve. The larger scatter of datapoints in Fig. 12c
compared to Fig. 12b can be attributed to a higher chemical diversity of
considered complexes in vacuum (in addition to a single conventional H-
bond, some complexes also contain a non-conventional CH-:-O hydrogen
bond). Despite this scatter, the trend that stronger H-bonds tend to be
shorter is apparent.

4. Conclusion

In summary, hydrogen bonding between two metal hydroxides, Al
(OH)3 and Cu(OH)», and small organic molecules with functional groups
containing N, O, S, or P heteroatoms was characterized using DFT cal-
culations. To help contextualize the results, a water molecule was taken
as a reference for evaluating H-bond characteristics. The presented

# The original relation of Rozenberg et al. [65] is AH = —0.134r 395, where
AH is expressed in kJ/mol and r in nm units.

5 For gas-phase complexes at room temperature, the difference between the
two is pV = RT = 26 meV in magnitude, but for condensed phases, the differ-
ence is even smaller.
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Fig. 9. The electron charge density difference for adsorption structures of imidazole. Isosurface and contour plots are shown separately. The plotted values are

compatible with those shown in the other Ap(r) figures (isosurfaces: +£0.005 e/Bohr?;

e/Bohr?).

contours: from —0.008 to 0.008 e/Bohr® with a linear increment of 0.002

Cu(OH),(001) + (CH;3),POOH
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Fig. 10. The electron charge density difference for adsorption structures of (CH3);POOH. H-bonds with Cu(OH),(001) lie in different planes, and the corresponding
contour plots are therefore shown separately. Isosurfaces and contours are compatible with those shown in the other Ap(r) figures (isosurfaces: +0.005 e/Bohr?;
contours: from —0.008 to 0.008 e/Bohr® with a linear increment of 0.002 e/Bohr®).
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—1.558r395 (see text) is shown by the black dashed curve, whereas the green dash-dotted curve in (a) and red curve in (b) are fitted to the ar

calculations of the H-bonded complexes with discrete AI(OH)3 and Cu
(OH); clusters showed that Cu(OH), is usually a better H-bond donor
and acceptor than a water molecule. The AI(OH)3 cluster tends to form
multiple hydrogen bonds with organic molecules, including weak
CH---O bonds.

From the analysis of H-bond donor and acceptor propensities of
functional groups containing N, O, S, and P heteroatoms, we can deduce
that molecules with an N atom are very good H-bond acceptors, followed
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b relation.

by molecules containing an O atom, and then an S atom. The POOH
group is also a very strong H-bond acceptor. In contrast, H-bond donor
propensities depend more on the acidity of the hydrogen atom rather
than the type of a heteroatom. When organic molecules act as H-bond
acceptors, N-containing molecules display the following trend of H-bond
strength with respect to hybridization of the N heteroatom: sp® > aro-
matic > sp2 The dependence on the hybridization is similar but less
pronounced for the O heteroatom, because in the considered cases, O
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simultaneously acts as an H-bond donor and acceptor. Among the
considered organic molecules, imidazole and (CHs3),POOH form the
strongest H-bonds. Imidazole has an aromatic character, and its
pyridyne-type N heteroatom is a very good H-bond acceptor, whereas its
pyrrolic NH group is a good H-bond donor. Additionally, (CH3)2POOH
has a strong H-bond acceptor group (P=0) and a strong H-bond donor
group (OH).

The H-bond propensity of the boehmite-AIOOH(010) and Cu
(OH)2(001) surfaces are similar to their respective formula-unit AI(OH)3
and Cu(OH); clusters, although the molecule—cluster and molecule-
—surface binding energies can differ either due to the formation of
additional H-bonds on surfaces or other structural intricacies. For
example, the strongest identified binding energy between (CH3),POOH
and the Cu(OH); cluster is —0.63 eV, whereas the respective value on
the Cu(OH)2(001) surface is —0.70 eV. Although in both cases
(CH3)2POOH acts as the H-bond donor and acceptor, the difference
emerges because the bonding with the cluster involves one cluster OH
group, and the bonding with the surface involves two surface OH
groups. In contrast, for a few other cases, the binding energies obtained
for clusters and surfaces are more similar. This implies that small-cluster
calculations can give reasonable estimates of adsorption energy pro-
vided that all formed molecule-surface H-bonds are properly accounted
for, which is not always trivial.

The effect of aqueous solvent was analyzed using the continuum
solvation model. Considered H-bonds are usually shorter and their an-
gles are closer to 180° in the aqueous solvent than in vacuum.
Furthermore, the aqueous solvent may also promote deprotonation of
adsorbed molecules, as observed for (CH3)oPOOH on Cu(OH)(001).
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