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hancement is sufficient to stabilize the stoichiometric Cu2O(111)
surface with respect to Cu2O(111)-w/o-CuCUS. This issue is ad-
dressed in the middle row panels of Fig. 5, which show how the
high-coverage (1× 1) molecular phases stabilize the surface free
energies of Cu2O(111)-w/o-CuCUS and stoichiometric Cu2O(111)
(cf. eqn (6)). It is apparent that the stabilization of stoichiometric
Cu2O(111) due to adsorption of triazole and tetrazole is so large
that the (1×1) molecularly covered Cu2O(111) dominates on the
respective phase diagrams (horizontal thick green line). Only
near the oxygen-rich limit, ∆µO &−0.1 eV, the triazole and tetra-
zole covered Cu2O(111)-w/o-CuCUS become competitive. For im-
idazole the stabilization of stoichiometric Cu2O(111) is less pro-
nounced and imidazole covered Cu2O(111)-w/o-CuCUS remains
the stablest for ∆µO &−0.4 eV, which represents about 30% span
of the range between oxygen-lean and oxygen-rich limits of µO.

The above one-dimensional treatments can be extended by con-
sidering the adsorption surface free energy as a two-dimensional
function of µmol and µO via eqn (8). The bottom row panels
of Fig. 5 show the resulting two dimensional phase diagrams.
These phase diagrams show only the most stable structures at
given (µmol,µO). Regardless of the molecule, only three struc-
tures appear in the phase diagrams: (i) high coverage (1 × 1)

molecular phase on stoichiometric Cu2O(111) in the top left re-
gion, (ii) high coverage (1× 1) molecular phase on Cu2O(111)-
w/o-CuCUS in the top right region, and (iii) bare Cu2O(111)-
w/o-CuCUS in the bottom left region. For triazole and tetrazole,
the phase diagrams are dominated by (1× 1)–mol @ Cu2O(111)
structure, whereas (1× 1)–mol @ Cu2O(111)-w/o-CuCUS exists
only around the oxygen-rich limit when ∆µmol & −0.5 eV. Even
for imidazole, which displays repulsive lateral interactions, only
the high-coverage (1× 1) molecular phases appear in the phase
diagram, but their stability region is significantly reduced in favor
of the bare Cu2O(111)-w/o-CuCUS, i.e., the stability borders are
shifted up-left compared to that of triazole or tetrazole.

Finally let us make a rather crude estimate, using the ideal-gas
approximation, to which values the ∆µO and ∆µmol would corre-
spond at room temperature and partial pressure of p = 1 atm; the
corresponding calculated values are ∆µO ≈ −0.3 eV and ∆µmol ≈

−0.7 eV.∗∗ At these ∆µO and ∆µmol values the Cu2O(111)-w/o-
CuCUS phase is the most stable for imidazole, but for triazole
and tetrazole this point lies close to the border with the (1× 1)–
mol @ Cu2O(111) phase, which would prevail at more oxygen
lean condition. It is worth remarking that when van der Waals
dispersion correction is taken into account, which enhances the
molecular adsorption bonding (see the Section 3.4), then the
(∆µO,∆µmol) = (−0.3 eV,−0.7 eV) point lies deep inside the re-
gion of high coverage molecular phases [either (1 × 1)–mol @
Cu2O(111)-w/o-CuCUS or (1×1)–mol @ Cu2O(111)].

3.3 Electronic structure analysis

To gain more insight into the chemistry of the molecule–surface
bonding, Fig. 6 displays the charge density difference, ∆ρ(r),

∗∗These values were calculated with the thermochemistry utility of the Gaussian09

program package. 48

for imidazole, triazole, and tetrazole bonded to the CSA (top
row) and to the CUS (bottom row) sites. Only the most stable
adsorption structures at low coverage are considered, i.e., the
N3+C2H· · ·Oup for imidazole and N2+N1H· · ·Oup for triazole††

and tetrazole. In the ∆ρ(r) plots, red color represents electron
charge accumulation and blue color represents electron deficit
regions. The formation of direct N–Cu bonds is clearly seen by
the red colored charge accumulation lobes in the midst of these
bonds. These electron charge accumulation lobes are weak at the
CSA and much stronger at the CUS sites, which readily explains
the much stronger molecular bonding at the latter. In addition
to the N–Cu bonds, the molecules interact with the surface also
with the X–H· · ·Oup hydrogen bonds (X = C2 for imidazole or N1
for triazole and tetrazole). These H-bonds are characterized by
the substantial charge accumulation located above the pertinent
Oup ion and the charge deficit region of the nearby H atom. The
intensities of these charge redistributions clearly reveal that the
N–H· · ·O bonds of triazole and tetrazole are considerably stronger
than the C–H· · ·O of imidazole. For further characterization of the
strength of N–H· · ·O and C–H· · ·O bonds see Fig. S2 in the ESI.
The ∆ρ(r) plots therefore reveal that the strength of N–Cu bonds
increases from tetrazole to imidazole (at the CSA site), but the
strength of the X–H· · ·O hydrogen bonds follows the opposite di-
rection, i.e., imidazole < triazole . tetrazole (at both the CSA
and CUS sites).‡‡ The latter are the reason that at low coverage,
where the lateral dipolar interactions are sufficiently small, the
bonding strength of imidazole and triazole are almost degenerate,
but tetrazole bonds by about 0.1 eV less. The stronger N–H· · ·O
bond compared to the C–H· · ·O is therefore able to compensate
for the weaker N–Cu bond of triazole compared to that of imida-
zole, but falls somewhat short for compensating the even weaker
N–Cu bond of tetrazole.

A further analysis of three-dimensional shape of ∆ρ(r) (not
shown) reveals that the molecules interact with the surface
through σ -type bonding, which is expected on the basis of the
local symmetry of the N–Cu bonds. Even finer details of the
molecule–surface interaction are provided for triazole in Fig. 7,
where the same adsorption structure as in the ∆ρ(r) plot is
considered, i.e., the N2+N1H· · ·Oup at the CSA and CUS sites.
This figure displays the density of states projected (PDOS) to
the molecule and the Cu atom beneath it, before and after the
molecule–surface interaction sets in. These two cases will be

†† It should be noted that for triazole at the CSA, the N2+N1H· · ·Oup
far is marginally

more stable at low coverage than the considered N2+N1H· · ·Oup
near (see Fig. 1), but

the difference is insignificant.

‡‡The ∆ρ(r) plots clearly reveal that at the CSA the strength of the N–Cu bond de-

creases from imidazole to tetrazole, which is consistent with the increasing N–Cu

bond length in the same direction. In contrast, at the CUS the N–Cu electron charge

accumulation lobes as well as the N–Cu bond lengths appear very similar for all

the three molecules. This suggests that at low coverage the molecule–surface in-

teraction should be the weakest for imidazole, because it lacks the strong N–H· · ·O

hydrogen bond. But this is not the case. The reason can be attributed to molecular

chemical hardness, which increases from imidazole to tetrazole. 5,6 Namely, at the

CUS site the molecular electronic structure is sufficiently perturbed due to a strong

molecule–surface interaction and the hybridization between molecular and copper

states is the easiest for imidazole, which is chemically the softest among the three

molecules.
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Table 1 Comparison of PBE and PBE-D” adsorption energies for high coverage (1×1) adsorption phases. Only the most stable adsorption mode is

considered at the CUS site, whereas for the CSA site two modes are considered, because dispersion correction alters the relative stability of modes in

some cases (the most stable adsorption energies are emphasized in bold). Specific adsorption modes and their data are colored as in Figs. 1 and 2,

i.e., blue and red for the adsorbed molecules that form a hydrogen bond with the O
up
near (or Oup for the CUS) and Osub ions, respectively. The label ∆

stands for the difference between the PBE-D” and PBE adsorption energies for a given mode, whereas ∆best is the difference between the most stable

PBE and the most stable PBE-D” adsorption modes, i.e., the difference between the two energies written in bold.

adsorption system site molecule adsorption structure Eads (eV) PBE-D” − PBE
PBE PBE-D” ∆ (eV) ∆best (eV)

(1×1)–mol @ Cu2O(111)-w/o-CuCUS CSA
imidazole N3+C2H· · ·Oup

near −0.15 −0.43 −0.28
−−−000...555333

N3+C2H· · ·Osub
−−−000...333222 −−−000...888555 −0.53

triazole N2+N1H· · ·Oup
near −−−000...444777 −0.71 −0.24

−−−000...555111
N2+N1H· · ·Osub

−0.46 −−−000...999888 −0.52

tetrazole N2+N1H· · ·Oup
near −−−000...555222 −0.75 −0.23

−−−000...333000
N2+N1H· · ·Osub

−0.33 −−−000...888222 −0.49

(1×1)–mol @ Cu2O(111) CUSa

imidazole N3+C2H· · ·Oup
−1.39 −1.74 −0.35

triazole N2+N1H· · ·Oup
−1.71 −2.02 −0.31

tetrazole N2+N1H· · ·Oup
−1.75 −2.04 −0.29

aRespective adsorption energies are calculated with respect to high-symmetry position of CuCUS ions in the bare substrate.

in Fig. 1). Due to this stronger stabilization of the red adsorp-
tion modes, the relative stability of modes is altered for tetrazole
at the CSA, i.e., without dispersion correction the blue adsorption
mode is by 0.2 eV more stable than the red adsorption mode (note
that for triazole the two modes are almost degenerate, while for
imidazole the red mode is more stable). But when dispersion cor-
rection is taken into account, the red adsorption modes are the
stablest at the CSA for all the three molecules. The net stabi-
lization due to dispersion interactions at the CSA site—calculated
as the difference between the most stable PBE and PBE-D” ad-
sorption modes—is therefore stronger for imidazole and triazole
(about 0.5 eV) than for tetrazole (0.3 eV); see the ∆best column in
Table 1. In contrast, at the CUS site, which lacks the red adsorp-
tion modes, the stabilization is only about 0.3 eV for all the three
molecules.

Dispersion interactions stabilize the adsorption structures
mainly through the enhanced molecule–surface bonding. How-
ever, for the high-coverage phases the dispersion forces also af-
fect the lateral molecule–molecule interactions due to proximity
of neighboring molecules. The lateral molecule–molecule dis-
persion interactions were estimated† only for imidazole at the

† Lateral molecule–molecule dispersion interactions (E lateral
disp ) were estimated, by per-

forming a set of single-point calculations, as follows:

E lateral
disp = EPBE-D”

lateral −EPBE
lateral, (11)

and

Elateral = E
(1×1)
mol −Emol, (12)

where Elateral is calculated with both the PBE-D” (EPBE-D”
lateral ) and PBE (EPBE

lateral) function-

als. E
(1×1)
mol is the total energy of the (1×1) layer of molecules with structure kept the

same as in the adsorption system and Emol is the total energy of isolated molecule

having the same structure as the molecule in the (1× 1) layer. The reason that the

lateral molecule–molecule dispersion interactions are calculated by eqn (11) and not

simply by EPBE-D”
lateral of eqn (12) is due to a large permanent molecular dipole moment

of azoles. Hence the EPBE-D”
lateral contains also the lateral dipole–dipole contributions,

which are canceled out by the EPBE
lateral term in eqn (11).

CSA and CUS sites and amount to −0.04 eV/molecule for both
sites. Given the empirical nature of dispersion correction, it can
be straightforwardly inferred that triazole and tetrazole should
display slightly weaker lateral molecule–molecule dispersion in-
teractions than imidazole, because an N atom has a smaller C6

coefficient than a C atom. Current results therefore imply that
the lateral molecule–molecule dispersion interactions contribute
about 10% to the overall dispersion enhancement of the adsorp-
tion energy at the high coverage.

Dispersion corrections affect the adsorption phase-diagrams of
Fig. 5 in two ways: (i) the enhancement of the adsorption energy
downshifts the borders between the (1×1) adsorption phases and
the bare Cu2O(111)-w/o-CuCUS, i.e., the brown region in Fig. 5 is
displaced to lower values of µmol. (ii) For imidazole and triazole
the border between the (1×1)–mol @ Cu2O(111) [green region]
and the (1×1)–mol @ CSA [yellow region] shifts to the left, i.e.,
to lower values of µO, because the dispersion bonding enhance-
ment is larger at the CSA (≈ 0.5 eV) than at the CUS (≈ 0.3 eV)
site. In contrast, for tetrazole the dispersion bonding enhance-
ment is almost the same at the two sites and the pertinent border
remains unaffected. The resulting, dispersion corrected phase di-
agrams are presented in Fig. S3 in the ESI.

Finally, some caution is in place concerning the currently used
semi-empirical dispersion correction. Namely, the PBE-D was cur-
rently reparametrized (PBE-D”) to match the experimental ad-
sorption energy of flat lying benzene on Cu(111), because the
original PBE-D often overestimates the molecule–surface bond-
ing.27,29,30,50 However, the current adsorption systems consist
of Cu2O oxide surfaces and molecules that bond perpendicularly
or tilted to the surface. For this reason the current dispersion
corrected results may be taken more qualitatively than quantita-
tively.

4 Conclusions

Adsorption bonding of imidazole, triazole, and tetrazole to
Cu2O(111)-w/o-CuCUS and Cu2O(111) was characterized by

12 | 1–14
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means of DFT calculations. The difference between these two
surfaces is that the Cu2O(111)-w/o-CuCUS lacks the reactive CUS
sites and is consequently thermodynamically more stable than
the Cu2O(111). We showed that the bonding of current azole
molecules at CUS sites on Cu2O(111) is by about 1 eV stronger
than at CSA sites on Cu2O(111)-w/o-CuCUS. The bonding at CUS
sites is so strong that it compensates the thermodynamic defi-
ciency of Cu2O(111), making it more stable than the Cu2O(111)-
w/o-CuCUS, provided the conditions are not too oxygen rich and
azole lean. This finding, together with the previously observed
trend that azoles bond significantly stronger to low coordinated
defects on metallic Cu surfaces than to high coordinated flat
facets,32,33 indicates that azoles have a strong affinity to prefer-
entially adsorb at reactive undercoordinated or unsaturated sur-
face sites, which in turn tentatively suggests that their corrosion
inhibition capability may, at least in part, stem from their ability
to passivate reactive surface sites.

As for the chemical nature of the molecule–surface interac-
tion, we showed that current azole molecules preferentially bond
to Cu2O surfaces via a single σ -type N–Cu bond and concomi-
tantly form a hydrogen bond with a nearby surface O ion. Ad-
sorption bonding is further enhanced by van der Waals disper-
sion interactions, in range from 0.23 to 0.53 eV, depending on
specifics of adsorption structure. This is a sizable enhancement,
because it represents about 50–60% of the total adsorption bond-
ing at the CSA and about 15–20% at the CUS site. At large
intermolecular separations (or at low coverage), where the lat-
eral dipole–dipole effects are sufficiently small, the magnitude
of adsorption energy follows the imidazole ≈ triazole > tetra-
zole order, but at high-coverage the trend is altered, because im-
idazole displays repulsive and tetrazole attractive lateral dipole–
dipole interactions. Despite these differences in lateral interac-
tions, atomistic thermodynamics analysis reveals that for all the
three molecules only three among the considered phases appear
on the phase diagrams: high coverage (1×1)–mol @ Cu2O(111)
and (1×1)–mol @ Cu2O(111)-w/o-CuCUS molecular phases, and
clean Cu2O(111)-w/o-CuCUS.
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