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Discarding metal incorporation in pyrazole
macrocycles and the role of the substrate on
single-layer assemblies†

Jorge Lobo-Checa, *a,b,c Sindy Julieth Rodríguez, d Leyre Hernández-López,a,b

Lucía Herrer,a,c Mario C. G. Passeggi, Jr., d,e Pilar Cea a,c,f and
José Luis Serrano *a,g

Pyrazole derivatives are key in crystal engineering and liquid crystal fields and thrive in agriculture,

pharmaceutical, or biomedicine industries. Such versatility relies in their supramolecular bond adaptability

when forming hydrogen bonds or metal-pyrazole complexes. Interestingly, the precise structure of pyra-

zole-based macrocycles forming widespread porous structures is still unsolved. We bring insight into

such fundamental question by studying the self-assembled structures of a bis-pyrazole derivative sub-

limed in ultra-high-vacuum conditions (without solvents) onto the three (111) noble metal surfaces. By

means of high-resolution scanning tunneling microscopy that is validated by gas phase density functional

theory calculations, we find a common hexagonal nanoporous network condensed by triple hydrogen

bonds at the molecule–metal interface. Such assembly is disrupted and divergent after annealing: (i) on

copper, the molecular integrity is compromised leading to structural chaos, (ii) on silver, an incommensu-

rate new oblique structure requiring molecular deprotonation is found and, (iii) on gold, metal–organic

complexes are promoted yielding irregular chain structures. Our findings confirm the critical role of these

metals on the different pyrazole nanoporous structure formation, discarding their preference for metal

incorporation into the connecting nodes whenever there is no solvent involved.

Introduction

The structure of pyrazole (Fig. 1a) is widespread in many
science fields with derivatives involved in applications as
diverse as biomedicine, environmental or materials science,
metallurgy etc.1–6 Such prevalence relies on the versatility of
the pyrazole ring to generate different intermolecular inter-

actions that drives the overall structure of the complexes.
Particularly, the molecular adaptability brought by a lone,
basic nitrogen and an adjacent N–H group that combines into

Fig. 1 (a) The pyrazole moiety and (b) the two possible cases for the
nine-member (9-atom) macrocycles conformations (the atoms are
numbered around the discontinuous red line). It is unclear whether
metals are incorporated after a triple deprotonation. (c) Double linear
pyrazole derivative (PBP) used in this work. Note that the linear linkers
allow for rotation and torsion of the pyrazole groups with respect to the
central phenyl group.
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strong H-bonds, together with the ring aromaticity, are key in
the formation of supramolecular organizations. Among others,
linear polymeric structures, flat discoid complexes formed by
dimers, trimers, tetramers, etc. or three-dimensional arrange-
ments based on interactions between pyrazole derivatives
through hydrogen bonds have been described.7–11

Additionally, interesting properties like gel and liquid crystal
behavior, luminescence or materials for energy storage have
been reported within such kind of supramolecular
organizations.12–14

The pyrazole-based structures and geometries are manifold
expanded whenever mixed with metals. As bonding options
increase, they incorporate covalent bonds or ionic interactions,
which yield highly-stable structures.15–20 Notably, rod- or disc-
like metal complexes of pyrazole derivatives can lead to liquid
crystal properties as they present a high number of terminal
chains that favor intermolecular interactions. Aside from the
weaker interactions between organic moieties leading to the
liquid crystal state, the metallophilic interactions can play a
critical role in the final structures.21–24 This is noteworthy in
the case of trimeric nine-membered macrocyclic complexes
formed with Cu, Ag and Au, where in addition to multichain
structures,25–29 mesophases with only three short terminal
chains were reported.30 Such structures closely resemble those
formed by three supramolecular H-bond pyrazole molecules
(see Fig. 1b),10,11 but leave open whether the hydrogens are
replaced by metal centers in these macrocycles in the absence
of solvents.

To shed light into the pyrazole interactions we designed an
experiment where a pyrazole derivative is deposited in ultra-
high-vacuum (UHV, without solvents) onto the (111) surface
planes of the three noble metals (Cu, Ag and Au), as conducted
for other molecular precursors.31–34 By inspecting their
arrangements using high-resolution scanning tunneling
microscopy (STM) and corroborating them by means of gas-
phase (free standing) density functional theory (DFT) calcu-
lations, we first demonstrate that an elementary hexagonal
structure is formed onto these three surfaces. Then we subject
them to an equivalent thermal treatment to promote catalytic
reactions that could trigger deprotonation, which could lead to
the creation of metallophilic complexes (metal-pyrazole inter-
actions) by Cu, Ag or Au intercalation. The molecule chosen
for this study is a double linear pyrazole derivative (PBP). This
molecule is shown in Fig. 1c and has been described as a gen-
erator of linear and porous supramolecular structures.35

Notably, it is an extraordinary one-dimensional conductor,
where the pyrazole moiety is attached in face or end geome-
tries with the gold contacts.36 Indeed, the pyrazole hetero-
cycles are identified as excellent anchor groups capable of
forming well-ordered Langmuir–Blodgett monolayers on gold
substrates.37 However, the in-solution self-assembly of films of
PBP on gold, where the axis of the molecule stays almost per-
pendicular to the surface, turn out to be irregular given the sig-
nificant atom extraction from the substrate after the time of
immersion in the solvent. This evidences the relevant inter-
action strength between the Au substrate and the pyrazole frac-

tions of the PBP. Therefore, if energetically favorable, the for-
mation of metallophilic complexes should be detectable.38–40

Results
Room temperature assemblies of PBP on the three noble metal
surfaces

Sub-monolayer deposition of PBP on the three noble metal sur-
faces at room temperature (RT) in UHV conditions lead to
planar molecular adsorption (Fig. 2). Independently of the
interaction with the substrate, which should be largest for Cu
(111) and weakest for Au(111),41,42 the phenyl and pyrazole
groups are parallel to the three surfaces. Such adsorption
maximizes the π-ring interaction with the metal substrate,
which imposes lateral-end group interactions on the self-
assembled arrangements. Indeed, the hexagonal porous
arrangement is stabilized by trimeric structures linked
through N–H⋯N bonds on the three substrates, as shown in
Fig. 3. These intermolecular interactions result in a nine-mem-
bered (9-atom) supramolecular macrocycle that leaves no space
for metal complexes. Such finding evidences the stability of
the pyrazole H-bonds compared to the existing molecular
interactions with the underlying noble metal surfaces.43–45

A careful inspection of Fig. 2 shows that the central phenyl
group of each PBP is imaged brighter and wider than the outer
pyrazole rings. Moreover, the hexagonal pores exhibit a certain
irregularity, which stems from the flexibility of the linear linkers
connecting the benzene ring with the pyrazole groups. In conse-
quence, the molecules can sit in different atomic rows and intro-
duce slight deviations from the three main high-symmetry direc-
tions of these substrates. Additionally, we identify rotational
domains in these images. In the case of Cu(111), the stronger
interaction of PBP with the substrate results in rather small
islands with different relative orientations. Contrarily, extended
single domains were found in the case of Ag(111) despite the
general pore deformation observed. This indicates that the inter-
molecular interaction dominates (but not totally) over the sub-
strate-molecule one, allowing distant molecular diffusion over
the surface that can then aggregate into extended domains.

The case of PBP on Au(111) is not as straightforward as on
Cu(111) and Ag(111). On the one hand, the hexagonal network
is quite regular in several visible patches of Fig. 2c, but on the
other hand, disordered linear oligomeric (spaghetti-like)
chains on the surface are found. Fig. S1† shows high-resolu-
tion images of such disordered chains, evidencing that meta-
lorganic bond formation is at their origin. We find that Au
adatoms become attached to the external rings of PBP mole-
cules. The most possible source of these Au adatoms originate
from step-edges since they exhibit irregular shapes after PBP
deposition. Importantly, triple H-bonds leading to the
9-member rings are still visible in these disordered regions
reminiscent from the hexagonal assembly without metal
coordination.

The stability of this 9-member macrocycle is theoretically
checked by performing first-principles calculations based on
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density functional theory (DFT) in the gas phase (without sub-
strate, see the Materials and Methods section in the ESI†). We
start by relaxing the PBP molecule to remove the internal
stress and then construct the hexagonal arrangement by
including three molecules per unit cell (90 atom calculation).
After fully relaxing the system (both lattice parameters and
atomic positions), we reproduce the experimental arrangement
of the pyrazole groups forming a 9-member ring. In essence,
the molecules adopt practically a linear configuration with
planar bonding geometry without metal adatoms to coordi-
nate. The hydrogen bond results in an average distance of
dN–H⋯N = 0.188 nm (Fig. 3c), which agrees with the average
values reported for similar pyrazole trimers.46–48 This value is
slightly larger than the estimated experimental distance of

0.15 ± 0.03 nm (see caption of Fig. 3) that we attribute to a sub-
strate induced compression together with the arching of the
molecular backbone. Importantly, with this calculated geome-
try in the gas phase, the simulated STM image in Fig. 3d
matches convincingly the three experimental hexagonal
arrangements.

We can evaluate the molecule-substrate interaction by com-
paring this gas phase calculations with the ones found experi-
mentally on each surface. To this end, we extract the period-
icity of the hexagonal network on the three surfaces using the
self-correlation function and the pore area, which are summar-
ized in Table 1. From this analysis we find that the hexagonal
network on Ag(111) exhibits the shortest average periodicity
and the smallest pore area, but has the largest spread in the

Fig. 2 STM images at 5 K of PBP deposited on the three (111) noble metal surfaces kept at RT. A common hydrogen bonded hexagonal network is
self-assembled on the three surfaces. Note that networks are not precisely regular and show different rotational domains. Exceptionally for Au(111),
metal–organic bonding exists yielding disordered chain-like structures, which coexist with the hexagonal networks. STM acquisition details: (a) over-
view 100 × 100 nm2, −0.5 V, 100 pA; inset: 20 × 20 nm2, 0.100 V, 130 pA; (b) overview 100 × 100 nm2, 0.01 V, 130 pA; inset: 20 × 20 nm2, −0.010 V,
130 pA; (c) overview 100 × 100 nm2, −1.0 V, 100 pA; inset: 20 × 20 nm2, −0.100 V, 100 pA.

Fig. 3 Bond-resolved STM images acquired at constant height mode with a functionalized CO tip of PBP on (a) Ag(111) and (b) Au(111). In these
images the central phenyl rings appear darker than the pyrazole rings, which exhibit a separation of the order of 0.25 ± 0.03 nm. As the position of
the hydrogen atoms are not imaged, we assume the theoretical separation of the covalent N–H bond (0.10 nm) to estimate the experimental hydro-
gen bond distance dexp

N–H���N = 0.25–0.10 = 0.15 ± 0.03 nm. (c) Gas phase (free-standing) DFT calculations showing that the most stable hexagonal
configuration is planar forming a nine-membered (9-atom) ring that are stabilized via triple N–H⋯N bonds (without metal incorporation). The result-
ing bond distance is dN–H⋯N = 0.188 nm. (d) Simulated STM image of a regular, free-standing hexagonal network, which agrees with the insets of
Fig. 2. STM bond-resolved image details: (a) 4.2 × 4.2 nm2, −0.16 mV (STM bias offset); (b) 4.2 × 4.9 nm2, −0.16 mV (STM bias offset). DFT simulations
image details in (d): 15 × 15 nm2, Vb = 1 V.
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three axis. This arrangement on Cu(111) has practically the
same spread, but exhibits the longest periodicity and pore size
of the three noble metal surfaces. Contrarily, on Au(111) the
axial spread is practically nonexistent, so this network appears
to be less influenced by the substrate. Indeed, it is the network
on Au the one that best matches with the DFT gas phase calcu-
lations (3.37 nm and 6.17 nm2). This comes to show that the
molecule-substrate interaction on Au is smallest of the three
noble metal surfaces, in agreement with previous work.31–34

Annealing treatment of the PBP networks on the three
substrates

To challenge the stability of the triple H-bonds that promote
the formation of hexagonal macrocycles on the three transition
metals, the samples were mildly annealed up to approximately
90 °C. Such temperature could possibly induce the formation
of metallophilic complexes, where deprotonation would allow
metal adatoms to replace the H atoms (see Fig. 1b) thereby
leading to higher supramolecular organizations. Indeed, we
find that after this treatment the molecular interactions are
redefined given the enhanced PBP mobility and the increment
of adatoms diffusing over the surface. Nevertheless, the
different substrate-molecule interactions lead to divergent
scenarios after this annealing process, as shown in Fig. 4. The
high-temperature (HT) annealed PBP on Cu(111) produces
highly amorphous structures without any discernible period-
icity (Fig. 4a). A close inspection of the STM images shows that
the individual molecules (imaged before as elongated features
broadened at the center) are compromised. Indeed, recogniz-
able PBP coexist with molecular fragments and products
resulting from uncontrolled molecular reactions, which
suggests that the PBP integrity is strongly affected on Cu(111)
at these temperatures. This fragmentation is similar to that
previously observed for the cleavage of the bond C(sp)–C(sp3)
assisted by copper adatoms,49 which on this surface would
detach the pyrazole group from the closest alkyne carbon
(Cpyrazol-/-Calkyne). Note that such molecular fracture is absent
at this temperature on the other two noble metal surfaces (see
Fig. 4b and c), which is justified by their comparatively lower
catalytic reactivity compared to Cu(111).50,51

Nonetheless, stark differences between the high tempera-
ture arrangements on Ag and Au are evidenced. In the case of
Ag(111), we find that the hexagonal network is practically
replaced by a highly regular oblique structure (cf. Fig. 4b and
S2†). Note that this new arrangement is absent if annealed at

lower temperatures (e.g. at ∼75 °C), where we find instead an
improved and highly extended hexagonal network (see Fig. S3a
and b†). This oblique structure has molecules aligning at two
different directions forming an angle of approximately 105°. In
the first direction, the linear axis of the PBPs practically line
up (dashed green line), whereas in the other direction (dashed
yellow line) these adopt a staggered arrangement. Each node
of the lattice consists of four pyrazole units, as evidenced in
Fig. 5a and b. Notably, some pyrazole groups are no longer
symmetric along the non-staggered direction (discontinuous
green lines in Fig. 5a), which we attribute to rotations of these
with respect to the phenyl groups. The positions of these
rotated pyrazole units are indicated by green and red points
that we find in alternating rows (cf. green and red arrows in
the top of Fig. 5a).

Given the complexity of this oblique network, we performed
gas-phase DFT calculations to model this assembly. The
experimentally detected pyrazole rotations require that the
supercell contains two oblique subunits, defined by the paral-
lelogram enclosed by the dashed yellow lines in Fig. 5. In
agreement with the experiment, the constituent molecules of
the most stable configuration exhibit an alignment along two
preferential directions forming an angle of 103.9°, one of
them adopting a staggered configuration (see the simulated
STM image in Fig. 5c). At the connecting nodes, four pyrazole
rings interact, three of them forming a quasi-planar 9-member
ring reminiscent of the hexagonal arrangement. Remarkably,
one of the three accomplishes the hydrogen bond replacing
the N–H⋯N bond by C–H⋯N, which introduces the change in
angle in the staggered direction. Note that this 9-member ring
is not equilateral (as in the case of the hexagonal arrange-
ment), but is isosceles since the average distance of the N⋯H–

N hydrogen bonds is shorter than the N⋯H–C one (0.187 nm
vs. 0.240 nm). Such increased separation implies a weaker
interaction of the N⋯H–C bond with respect to the N⋯H–N
bond, so that slight rotations of the pyrazole groups become
possible. The connection to the fourth molecule is more
complex, as we find that its pyrazole requires to be deproto-
nated. Contrarily, constructing this arrangement with non-
deprotonated PBP molecules results in evident disagreement
with the experimental findings related to the rotation of the
pyrazole groups external to the 9-member rings that introduces
more irregularity into the calculated arrangement (see
Fig. S4†). The deprotonated pyrazole rotates away by almost
36.5° due to the repulsive nature of the N–H⋯H–C interaction,

Table 1 Average periodicities of the hexagonal arrangement on the three noble metal surfaces obtained using the self-correlation function on
several STM images of lateral sizes of the order of 25 nm (processing over than 100 pores per surface). Their spread from the average value is
checked extracting the longest, middle and shortest axis (columns 2 to 4), where the number in parentheses indicates how much it differs from the
average periodicity (column 5). The last column estimates the pore size considering their average periodicity and subtracting the estimated mole-
cular width (0.7 nm)

Longer axis (nm) Mid axis (nm) Shorter axis (nm) Periodicity (nm) Pore area (nm2)

Hexagonal PBP on Cu(111) 3.54 (0.06) 3.50 (0.02) 3.39 (−0.09) 3.48 6.69
Hexagonal PBP on Ag(111) 3.37 (0.10) 3.25 (−0.02) 3.19 (−0.08) 3.27 5.72
Hexagonal PBP on Au(111) 3.37 (0.02) 3.35 (0.00) 3.33 (−0.02) 3.35 6.09
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causing the hydrogen atom to move away from the 9-member
ring plane (see Fig. 5d). In this way, the calculated distance
between neighboring hydrogens increases up to 0.267 nm,
which is significantly larger than the in-plane projection
(0.187 nm without rotation).

This modified pyrazole (rotated and deprotonated) in com-
bination with the substrate must necessarily improve the stabi-
lity of the system, since the oblique arrangement completely
replaces the hexagonal structure. We expect a mechanism
where the deprotonated C efficiently binds to the underlying
Ag atoms of the surface, but this can only be validated with
calculations that include the Ag substrate. At the opposite side
of this modified pyrazole, the interaction of the STM tip
becomes significant in comparison with the rest of the
network due to its protrusion away from the substrate. This is
especially evident when acquiring bond-resolved images by
functionalized CO tips in constant height mode, since the full
unit cell could never be completed (see bottom inset of
Fig. 4b) and in constant current mode tiny circular blobs are
detected (Fig. 5a and b).

Moving on to the case of high-temperature annealing of
PBP on Au(111), we find in Fig. 4c that the hexagonal arrange-
ment has practically vanished. Heating up the substrate
increases the number of metal atoms available on the terraces,
which should stimulate the metalorganic bond formation.
Indeed, linear oligomers stabilized by Au centers (visible as cir-
cular features as indicated by red and green arrows in the
inset) now dominate on the surface. The substitution of the
triple N–H⋯N bonds stabilizing the hexagonal structure for

disordered metalorganic chains turns out to be progressive
with temperature. This is clear from the inspection of the
intermediate case presented in Fig. S3c and d,† which is
roughly halfway between the cases shown at RT (Fig. 1c) and
HT (Fig. 4c). This gradual change can be qualitatively under-
stood from two complementary effects: on the one hand, the
higher temperature efficiently dissociates the H-bonds and lib-
erates molecules to diffuse over the surface and, on the other,
the amount of available Au adatoms on the surface increases
with temperature. As a result, free molecules have a higher
probability of finding an Au atom and consolidate a metalor-
ganic bond at the lone nitrogen atoms of the pyrazoles.
According to these images, once the metal–organic bond has
been generated it is unfavourable to replace it by an H-bond,
evidencing the greater strength of the metal–organic bond
with Au. Such effect supports the reported extraction of atoms
from the surface after incubation of the gold substrate in a
PBP solution.37

Discussion

The absence of solvents and residual gases in UHV induces a
planar configuration of the molecules on the surface, where
the usual π–π stacking is replaced by planar adsorption of
PBPs on the noble metal surfaces seeking their higher elec-
tronic density.38–40,43,44,50 This restricts the intermolecular
interactions to the plane thereby promoting the N⋯H bonds
between the pyrazole moieties. Consequently, the molecules

Fig. 4 STM images of PBP on the three (111) noble metal surfaces after annealing to 90 °C. (a) For PBP on Cu(111) the annealing process induces
the rupture and uncontrolled reactions of the molecules preventing ordered structures. (b) In the case of Ag(111) a new oblique arrangement coex-
ists with a residual amount of the hexagonal network. The average molecular directions (angle of ∼105°) do no longer follow the high-symmetry
substrate directions. In the inset we observe different intensities of the PBP depending on their orientation, finding stronger variations along the
green lines, especially at the pyrazole groups marked by green or red points. Only a small portion of this network could be measured in the bond-
resolved constant height mode imaging before the tip was strongly modified (bottom inset). (c) For PBP annealed on Au(111) the hexagonal network
is replaced by disordered metalorganic chains. Note that Au adatoms are found within the chains (green arrows) and at chain terminations (red
arrows), but are absent at the triple H-bond macrocycles (dim blue arrows). STM image details: (a) overview 100 × 100 nm2, 1.0 V, 130 pA; inset: 16 ×
16 nm2, 0.01 V, 130 pA; (b) overview 100 × 100 nm2, 1.0 V, 130 pA; inset top: 5.4 × 5.4 nm2, 0.01 V, 50 pA; inset bottom: 5.4 × 1.5 nm2, −0.16 mV
(STM bias offset), acquired with a CO functionalized tip in constant height mode; (c) overview 100 × 100 nm2, 1.0 V, 100 pA; inset: 21.5 × 21.5 nm2,
0.01 V, 30 pA, acquired with a CO funcionalized tip.
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form hexagonal networks at RT built by nine-member (9-atom)
macrocycles on the three substrates studied. However, the
molecule-substrate interaction is different on these three
noble metal surfaces, as extracted from the different period-
icities (see Table 1). Indeed, on Au(111) the periodicity of the
hexagonal network practically matches the DFT gas phase
values, implying a relatively weak molecule-substrate inter-
action. In comparison, this same network formed on Ag is
found to be contracted by 2.4%, whereas on Cu it is expanded
by 3.9%. Nevertheless, judging from the small relative size of
the domains found on Cu(111) compared to Ag(111), the mole-
cule-surface interaction must be the strongest for the former,
in agreement to other molecular precursors.31–34 Importantly,

on the hexagonal network metal adatoms were never detected
experimentally nor justified theoretically, which excludes
metallophilic complexes formation on these surfaces in UHV.
This implies that (without solvent) the metal substitution is
here unfavorable (see Fig. 1b).25–30

The only exception to N⋯H–N bond formation at RT is the
metalorganic bond of the PBPs with Au adatoms. This could
have been anticipated from the pyrazole affinity to Au atoms
compared to Ag or Cu, as reported when forming self-
assembled layers of PBP on gold in solution.37,51 Even without
solvent, we find in UHV a severe roughening of the substrate
step-edges that we associate to this pyrazole-Au strong
bonding, which is absent on Ag or Cu (cf. Fig. 2, 4 and S3†).

Fig. 5 (a) High-resolution STM image and (b) its anti-clockwise rotated close up of the high temperature oblique arrangement of PBP on Ag(111).
The green and red points at the side of pyrazole groups indicate intensity differences, which we attribute to pyrazole rotations. These pyrazole
rotations alternate in the molecular lines, as marked by green and red arrows on the top of image (a). Note the tiny blobs in some of the rotated pyr-
azole groups, which are likely outward protruding hydrogens, and also the horizontal streaks caused by the CO molecule movements at the tip apex
when interacting with other adsorbed CO molecules at the pores. (c) Simulated STM image obtained from gas phase DFT calculations. To account
for the pyrazole rotations, the supercell required is the one enclosed by the yellow dashed lines, which exhibits an exceptional agreement with the
experimental data. (d) Model of a node of the oblique arrangement that consists of two N⋯H–N bonds and one C–H⋯N bond forming an almost
planar nine membered (9-atom) ring, which coexists with a rotated pyrazole of the fourth molecule. The latter interacts through a N–H⋯N bond
that is only feasible after deprotonation of the carbon contiguous to the pyridine-like nitrogen of the pyrazole ring. In presence of a substrate, we
infer that such deprotonation and rotation would enable a C⋯Ag interaction with the substrate. STM image details: (a) 16 × 10.7 nm2 ((b) 8.0 ×
5.4 nm2), 0.01 V, 30 pA (functionalized CO tip). (c) DFT simulated STM image: 10 × 10 nm2, Vb = 1 V.
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This metalorganic bond is stimulated when increasing the
temperature, leading to adatom detection even at the chain ter-
minations (red arrows in inset of Fig. 4c).

Finally, the oblique arrangement observed on Ag(111) that
can only be stabilized at the highest temperatures deserves
further attention. Evidently, the pyrazole (and phenyl)
rotations are energetically unfavorable, so the new C–H⋯N
bonds at the nodes seem insufficient to condensate this new
arrangement. Based on our DFT calculations and the high
temperature onset experimentally determined (close to
∼90 °C), the on-surface reaction leading to the pyrazole depro-
tonation is the only plausible explanation we can find for the
stability of this oblique arrangement. Although more complex
calculations that include the underlying substrate are necess-
ary to verify this, we infer that the radical formation must be
compensated by the high gain when the pyrazole becomes
bound to the underlying Ag atoms of the terrace. This explains
the strong quenching in intensity observed at the island ter-
minations (under-coordinated positions) in Fig. S2a and b,†
which concurs with a severe charge depletion due to the
binding of the rotated pyrazole with the Ag substrate.

Conclusions

By high-resolution STM and DFT calculations in the gas-phase
we study the self-assembled structures of a double linear pyra-
zole derivative on the three (111) noble metal surfaces in UHV
without the use of solvents. After deposition at room tempera-
ture, we find a common hexagonal arrangement on all surfaces
and determine the precise structure of the pyrazole-based
macrocycles. Importantly, we find no trace of metal substi-
tution of the triple H-bonds in this 9-member rings.
Remarkably, after annealing these systems, different arrange-
ments are found for each surface resulting in a new oblique
structure (on Ag), or promoting metal–organic chains (on Au),
or destroying the integrity of the molecules (on Cu). Special
attention is dedicated to the oblique arrangement since we
find a selective pyrazole rotation that is generally absent on
flat poly-aromatic hydrocarbon systems, which is accompanied
by a deprotonation of this group. Interestingly, the 9-member
ring found at room temperature prevails, but one of the N–
H⋯N bonds is replaced by a C–H⋯N one. In essence, we deter-
mine that the role of the metal substrate and their adatoms is
critical on the final structure formation.
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