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1. Introduction

Significant progress has been recently made in the field of
molecular inorganic-organic hybrid compounds with the syn-
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Coordination polymers (CPs) are an interesting class of materials due to their tunable structures and elec-
trical properties where, however, the correlation between the former and latter is still not fully under-
stood. Here we compare the structures and properties of CPs derived from copper(i) and zinc(i) ions
coordinating a triphenylene derivative (OHPTP). To focus on the effect of the coordinating ion used and
avoid possible differences due to the processing method, we synthesized different CPs using a novel
two-step technique, potentially scalable for applications in transistors, sensors, and photovoltaics: first,
the organic ligand is deposited using a shear-coating technique which ensures uniform deposition on the
macroscopic scale. Then, in the second step, the sample is exposed to solutions of the metal ions, which
can penetrate in the organic layer to coordinate with the ligand. Density functional theory (DFT) calcu-
lations show that Cu ions have a higher affinity for the ligand and form square-planar CP structures due to
their d° electronic configuration. Conversely, Zn ions can coordinate with the chelating ligands using only
their empty 4s and 4p orbitals to achieve sp* hybridisation, thus preferring to adopt a tetrahedral geome-
try and leading to less ordered structures with significantly hampered conductivity. FT-IR and UV-vis
spectra, XPS and conductive atomic force microscopy confirm the distinct coordination behaviour of Cu
and Zn ions. Thermal stability analysis further shows that Zn-based CPs retain their structural integrity at
temperatures up to 300 °C, whereas Cu-based CPs degrade earlier. These results show how metal—
ligand interactions impact the properties of CPs, enhancing the understanding of structure—property
relationships, and provide practical insights for designing CPs with desired electronic and thermal pro-
perties by varying the coordinating metal ions.

thesis and characterization of large networks in one, two, and
three dimensions (1D, 2D, and 3D). In particular, attention
has been paid to coordination compounds with almost infinite
periodic structures where organic building blocks act as
ligands and metal ions as nodes to form networks."™ These
compounds are typically termed coordination polymers
(CPs).">*® Typically, both the structures of organic ligands and
the coordination geometries of metal ions are diverse.® The
arrangements of various metal ions (or clusters) and organic
bridging ligands can form extended coordination structures,’
showcasing a wide variety of resulting final configurations.
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Coordination polymers have attracted commercial interest
as promising options for gas separation and storage appli-
cations because of their porosity, which enables the adsorption
and storage of gases like carbon dioxide and hydrogen.
Additionally, one noteworthy feature of coordination polymers
that results from the selection of metal ions and organic

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/nanoscale
http://orcid.org/0000-0003-3909-473X
http://orcid.org/0000-0002-9806-1957
http://orcid.org/0000-0002-7614-7100
http://orcid.org/0000-0002-4865-1385
http://orcid.org/0000-0003-0268-519X
http://orcid.org/0000-0003-3885-2703
http://orcid.org/0000-0002-0168-9693
https://doi.org/10.1039/d5nr01087j
https://doi.org/10.1039/d5nr01087j
https://doi.org/10.1039/d5nr01087j
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nr01087j&domain=pdf&date_stamp=2025-06-13
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr01087j
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017024

Open Access Article. Published on 16 May 2025. Downloaded on 11/22/2025 11:47:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

ligands is the tunability of their properties. Researchers can
control the coordination polymer’s size, shape, and functional-
ity by altering the constituents, resulting in a large library of
materials with customized properties. The formation of coordi-
nation networks and their various forms, such as bulk crystals,
polycrystalline films, and amorphous films, can be influenced
by a wide range of synthetic processes and reaction para-
meters, including pH, solvent, reaction/crystallization tempera-
ture, template/additive, and counter ions.®

CPs with useful electronic properties can be formed by
redox-driven coordination polymerization reactions of suitable
organic conjugated ligands featuring adjacent dihydroxy,
diamino, or dithiol functionalities with metal ions, forming
2D d-n conjugated planes. Key properties of such structures
are due to their planar MX, bonds (e.g., CuO, structures,
Fig. 1a and b). For a recent review, see ref. 9.

Changing the metal used for bonding will cause profound
changes in the CP structure. As a testbed example, we consider
Cu” and Zn”* ions, both of which can be used to produce
CPs. These ions have a similar size (0.72 A and 0.74 A, respect-
ively)'® and are close neighbours in the periodic table, but the
difference of one electron in their electronic configuration can
provide significantly different coordination behaviours. The
Cu”" ion yields planar CP structures because it features a
d orbital partially-empty ([Ar]3d®), forming square-planar
4-coordinate compounds thanks to its dsp® hybridization with
two ortho-dihydroxyl functional groups using 3d, one 4s, and
two 4p orbitals (Fig. 1c). The electronic configuration of Zn**
ions, instead, features its d orbitals completely filled ([Ar]3d"?),
leading to tetrahedral 4-coordinate compounds having sp®
hybridization with the dihydroxyl functional groups using only
its empty 4s and 4p orbitals.

OHPTP

c)

Fig. 1
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It can thus be predicted that CPs obtained using Cu and Zn
ions will have similar stoichiometry but deeply different struc-
tures, with the Cu CP being planar and the Zn CP being more
disordered.

Here, we will study the structural and electronic properties
as well as the thermal stability of two CPs prepared with the
same organic ligand and synthesis procedure but using Cu
and Zn ions.

As a test model, we used an organic ligand named
2,3,6,7,11,12,15,16-octahydroxyphenanthro[9,10:b]triphenylene
(OHPTP), which was used recently combined with Cu ions to
produce a p-type semiconductor CP with interesting properties: a
near IR band gap of about 0.50 eV, a high electrical conductance
of 0.10 S em™ and a high charge carrier mobility of approx.
10.0 ecm® V! s7." Computational studies suggest that the elec-
trical properties of such Cu-based CPs are due to the out-of-
plane interactions of their stacked ligands. Thus, changing the
Cu ions with Zn ions, less favourable for providing planar MX,
bonds, would radically change some of these properties.

Coordination polymers can be created using a variety of
techniques, from conventional solution-based methods to
more advanced techniques like solvothermal and mechano-
chemical synthesis, and the final structure of the CPs depends
not only on the ligand and metal, but also on the processing
conditions. To focus on the effect of the coordinating ion used
and avoid possible differences due to the processing method,
we synthesized different CPs using the same method.
Specifically, we adopted a novel two-step technique (Fig. 2),
where the organic ligand is first deposited using shear-
coating; then, in the second step, the organic layer is exposed
to solutions of different ions, which can penetrate the organic
layer to coordinate with the ligand.

b)

(a) Structure of the OHPTP organic ligand used. (b) Idealized structure of the CP formed by the reaction of the organic ligand and metallic

Cu or Zn ions. (c) Schematic representation of possible square planar or tetrahedral coordination structures favoured by different ions with four

oxygen atoms.
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Fig. 2 Scheme of the two-step procedure used to create the CP. (a) The organic building block OHPTP. (b) Shear coating of the organic molecules
to obtain a uniform film (c), which is then dipped in a solution of Cu or Zn ions (d) to obtain the CP (e). (f) Photograph of a sample with uniform
coatings obtained by multiple shear coating + dipping cycles; the white numbers indicate the number of cycles.

The shear-coating method is a type of meniscus-guided
coating known for low-cost and high-throughput thin-film
fabrication."*"” In the shear-coating technique, the organic
material to be deposited is confined between a top movable
blade and a temperature-controlled substrate.***%¢722 The
material is spread across the substrate by shifting the blade at
a set speed, resulting in a guided and regulated film depo-
sition. Shear coating parameters, including stage temperature,
blade gap and speed, can affect the films’ properties.”® In
addition, a variety of well-established techniques exist for regu-
lating the final film morphology. These include pre-processing
methods for ink formulation, alignment methods for post-pro-
cessing, substrate patterning, and modified shear coating geo-
metry methods.’® Numerous variables, including the sub-
strate’s surface energy, solution concentration and viscosity,
shearing speed, and substrate temperature, affect the final
morphology of the deposited material."’

Shear coating is a versatile and easy method for achieving
uniformity, good molecular arrangement, and stacking in
films with the least amount of material waste. In this way, we
rule out possible differences of morphology due to the initial
deposition of the ligand (the first step of fabrication). This
approach provides greater versatility than the usual organic
metal assembly from bulk solutions; furthermore, shear
coating can be applied on large areas, making it viable also for
practical industrial applications to produce transistors,
sensors, and photovoltaics. We prepared samples by varying
the reaction time of the as-deposited ligand when immersed

14818 | Nanoscale, 2025, 17, 14816-14826

in the metal ion solution, with reaction times ranging from 1
to 20 minutes. The thickness of the films was adjusted by
repeating the deposition-reaction procedure for multiple
cycles (Fig. S1-S3t). The two classes of CP materials prepared
with Cu and Zn with different reaction times and numbers of
cycles were then compared using microscopic, spectroscopic,
and electrical characterization techniques, as detailed below.

2. Results and discussion
Preparation of CP thin films using the shear coating technique

The OHPTP monomer (Fig. 1a) used to prepare the CP films
under study was synthesized as described previously.'* In the
first step of the process, a blend of the OHPTP monomer was
dissolved in THF with a concentration of 0.004 M and sheared
on an Au/Si substrate at 35 °C (Fig. 2). During the shear-
coating process, the gap between the blade and the substrate
was fixed at a distance of 250 pm and the speed of the coating
process was 6 mm s~ '. Then, in the second step of the pro-
cedure, the sample was dipped into a solution containing the
second component of the CP, i.e., the metal ion. Water solu-
tions of Cu (OAc), or Zn(NOj3), were used for different reaction
times to form the coordination polymer. The films were stable
in water. We prepared four separate samples for each of the
two reactants, with varying reaction/dipping times, with ¢ = 5,
10, 15 or 20 minutes.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr01087j

Open Access Article. Published on 16 May 2025. Downloaded on 11/22/2025 11:47:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Several studies in the literature have examined ion diffusion
in thin layers of triphenylene derivatives.>>>® Due to the open,
nanoporous structure characteristic of these materials, ion
diffusion is typically very rapid; the OHPTP molecule described
here, even in its pristine form, is expected to form an open
crystalline structure with pores even larger than those in con-
ventional triphenylenes.

Furthermore, the shear coating technique could be applied
multiple times on the same substrate; this allowed us to
realize samples covered by multiple CP layers. Fig. 2 shows the
process of each coating and how multiple coatings were pro-
duced. For this study, we realized two samples, one for each of
the reactants, repeating the coatings six times. Fig. S1 in the
ESIt shows photographs of samples with single and multiple
coatings. Fig. S21 shows the AFM characterization of multi-
coated samples and the relative thickness of each coating, with
the presence of some aggregates and voids on the surface,
which anyhow could be attributed to dust or impurities always
present in samples prepared under a standard atmosphere
outside a clean room. We performed SEM/energy-dispersive
spectroscopy (EDS) characterization on the samples, which
showed a uniform distribution of metals in the layer (Fig. S37).

For the sake of comparison, we also prepared bulk samples
of the Cu and Zn CPs, obtained by a one-step procedure with
simple mixing of the two reactants in solution. To this aim,
the direct reaction of OHPTP and copper acetate (in the case of
the Cu,OHPTP crystal) and zinc nitrate (in the case of the
Zn,OHPTP crystal) was performed in a solvent mixture of
water and DMF (7 : 3) at 85 °C for 24 hours."*

Characterization of the CP thin films

All CP samples were characterised by X-ray photoemission
spectroscopy (XPS), Fourier-transform infrared (FT-IR) spec-
troscopy and UV-vis spectroscopy. X-ray photoemission spec-
troscopy (XPS, Fig. 3) was used to confirm that the CPs con-
tained only the elements composing the ligand (C and O) and
each of the two metal ions (Cu and Zn, respectively), and it
provided the ratio of the number of atoms present in each
element (Table 1): Cu CP samples contained only copper and
no other metal ions, while Zn CP samples contained only zinc,
confirming that the only ions in the material were the ones
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Fig. 3 XPS spectra of the Cu CP and Zn CP materials.
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Table 1 Atomic ratios of the main elements for different ion-ligand

reaction times for the single-coated Cu and Zn films (formation time of
the coordination polymer)

Ion/ligand ratio

Atom% (XPS) C D Zn Cu (ideal = 2)
Cu CP 1 min 61.5 22.8 — 1.6 0.78
Cu CP 20 min 64.9 25.8 — 3.1 1.43
Zn CP 1 min 46.9 18.7 0.4 — 0.26
Zn CP 20 min 50.2 18.8 0.9 — 0.54

introduced during the reaction stages with Cu(OAc), or Zn
(NO3), solutions, respectively.

In Cu CP samples, high-resolution XPS spectra of O 1s
show a broad peak that may be attributed to a combination of
C=0-Cu (531 eV) and C-O-Cu (532 eV) signals and the contri-
bution of water (Fig. S4). Zn CP samples also exhibit the same
contributions in the O 1s signal as Cu CP samples (Fig. S57),
but with Zn in place of Cu. The C 1s signal of both types of
films, showing three main peaks at 284.5 eV, 286.4 eV and
288.3 eV, is attributed to C=C, C-O, and C=0, respectively. In
the energy range typical for Cu 2p, a peak at 934.6 eV suggests
the presence of Cu(u), while the faint signal observed at 932.5
eV and usually assigned to Cu(i) is attributed to the partial
reduction of Cu(un) due to X-ray irradiation during the XPS
measurement, with some C-OH groups oxidizing to C=0.>""*®
Finally, the presence of Zn is deduced from the Zn 2p signals
at 1022 eV and 1045 eV.

Table 1 displays the abundance ratios of the main elements
in each of the single-coated Cu and Zn CP samples for two dis-
tinct reaction times (1 and 20 minutes) extracted from the XPS
spectra, reported as atom percentages. The signal of gold is
also recorded, resulting from the substrate (not shown in the
table). The atomic abundance of metal ions/ligands in the
materials increases with dipping time but never reaches the
theoretical stoichiometric limit for such CPs (the ideal ratio
equals 2), i.e., M,OHPTP. Cu ions penetrated more effectively
than Zn ions in the sample, reaching an ion/ligand ratio of
1.43 after 20 min of reaction time; Zn ions reached a much
lower ratio of 0.9 for the same reaction time, indicating a less
favourable interaction with the ligand.

Fourier-transform infrared (FT-IR) spectroscopy confirmed
that ions and ligands do react with each other, with the for-
mation of coordination bonds (Fig. 4a). The O-H stretching
vibration band of OHPTP at 3000-3500 cm™" decreased after
the complexation of the ligand film with Cu-OHPTP and Zn-
OHPTP.

We compared the thin films of Cu CP and Zn CP prepared
via shear coating with the bulk crystals of the corresponding
materials prepared via solvothermal synthesis.'” Fig. S6t
shows the comparison of the IR spectra of the standard, bulk
Cu and Zn CPs prepared from solution, which are significantly
different from those of the thin films obtained by on-surface
synthesis, as the main bands are either missing or shifted. For
instance, the crystals obtained in bulk solutions show com-
plete coordination of the OH group since the spectra lack the

Nanoscale, 2025, 17,14816-14826 | 14819
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Fig. 4 (a) IR spectra of the ligand, Cu CP film and Zn CP film, (b) IR spectra of the Cu CP films at different reaction times and the ligand and (c) UV/

vis spectra of the ligand, Zn CP film and Cu CP film.

characteristic band of the O-H stretching vibration at
3000-35 000, but the thin films still exhibit this band,
suggesting incomplete coordination, as well as the presence of
water.

UV-visible spectroscopy provides additional confirmation of
the formation of the polymer. Fig. 4c shows the comparison of
the UV/vis absorption spectra of the pure ligand and of the Cu
and Zn CPs. A significant bathochromic shift from 520 to
>600 nm is observed, further confirming the formation of the
coordination polymer, as will be detailed in the section below
on modelling.""** Fig. S7t shows the comparison of the UV/vis
absorption spectra of the standard CP prepared from bulk
solutions and the thin films prepared by shear coating,
showing that there are no significant differences and that the
shear processing does not damage the OHPTP ligands.

XRD measurements on the CPs revealed distinct crystalline
structures arising from their different bonding configurations.
After accounting for the crystalline substrate contributions, the
XRD patterns in Fig. S91 show noticeable differences at lower
angles, with a peak at 27.94° + 0.03° for the Cu CP and a peak
at 27.08° + 0.07° for the Zn CP, corresponding to d-spacings of
3.19 A and 3.29 A, respectively. These peaks reflect the inter-
layer spacing of CPs. In the Zn CP, the presence of Zn ions
forces a rotation and tilting of the ligands, causing a more pro-
nounced distortion of the planar arrangement and thus a
larger spacing. A qualitative estimate of the number of coher-
ently scattering layers, derived from the peak width using the
Scherrer equation, indicates 52 + 1 MLs for the Cu CP and 26 +
1 MLs for the Zn CP. The larger coherence length observed in
the Cu-based system indicates that it is more crystalline than
the Zn CP. This higher crystallinity likely stems from the more
planar arrangement of the Cu CP.

Electronic properties of the Cu and Zn CPs

The work function (WF) of organic materials is a sensible indi-
cator of their electronic properties and molecular assembling,
and Kelvin probe force microscopy (KPFM) can be used to
measure such WF on the nanometric scale, also on poorly con-
ductive samples.?*™?

In the case under study here, the WF of the sample will
depend significantly on the interaction of ligands with each

14820 | Nanoscale, 2025, 17, 14816-14826

other and with the metal ions. KPFM measurements were per-
formed with tips of known WEF, calibrated on freshly cleaved
HOPG and a gold reference substrate, and the results showed
uniform values of WF for the samples, with no characteristic
features, and a typical RMS variation for each measurement of
20 mV (Fig. S8%). Fig. 5 shows the comparison of the WFs of
samples obtained with Cu and Zn, respectively, at different
dipping times for a single cycle and for multiple dipping
cycles.

Both films showed a decrease in the work function value
with increasing dipping time, with the Zn CP film demonstrat-
ing the largest change, going from 5.05 + 0.01 eV to 4.96 + 0.01
eV after 20 min exposure to the Zn ion solution. Like many
polyaromatic molecules, OHPTP can stack on top of each other
and interact through their = orbitals (n—x stacking), and their
electric properties depend strongly on the orientational order
of the molecules in the film and their ability to form long
stacks.

This significant decrease in the WF could thus be attribu-
ted to the disruption of the packing of the organic material,
with a decrease of n-n interactions, again caused by a forced
rotation and tilting of the ligands induced by Zn.

The shift in the WF with the number of reaction cycles
showed a similar trend, even if more complex; the WF started
to increase again after the 5™ cycle, possibly due to partial dis-
solution and disruption of the thick, multi-layered CP.

Modelling of the material structure using DFT calculations

To better elucidate the structural, electronic, and optical pro-
perties of the Cu- and Zn-based coordination polymers having
OHPTP units as ligands, we performed density functional
theory (DFT) calculations on both single monomeric model
complexes and on periodic 2D layers having different ion/
ligand ratios.

It is worth noting that an ideal 2D monolayer of our metal-
organic CPs would result in an ion/ligand ratio of 2 (Fig. 1b).
Therefore, in such structures, the OHPTP ligand should not
only fully deprotonate, but also partially oxidize,'" resulting in
an open-shell singlet diradical (Fig. S101). DFT and TD-DFT
calculations carried out on the pristine OHPTP single unit
indicate that such a molecule should display a strong elec-

This journal is © The Royal Society of Chemistry 2025
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tronic transition at 319 nm (i.e., S — S, having an oscillator
strength of 1.30), with weak and low-energy absorption bands
extending up to 365 nm (Table S17). Accordingly, a very pro-
nounced absorption feature at approx. 300-325 nm is observed
in the experimental absorption spectrum of pristine OHPTP,
but also a less pronounced broad and unstructured band is
found in the 450-625 nm region (Fig. 4c). Such bands can be
attributed to the partially oxidized forms of OHPTP, resulting
in radicals featuring low-energy electronic transitions. Indeed,
TD-DFT calculations carried out on the four-electron-oxidized
forms of OHPTP (the actual species acting as ligands in the Cu
and Zn CPs) show intense transitions at 448 and 602 nm
(Fig. S117), with a plethora of nearby less pronounced ones.

To provide a rationalization of the different reactivities of
the copper(n) and zinc(n) ions in forming the corresponding
metal-organic coordination polymers (see Table 1), 2D peri-
odic DFT calculations were carried out to elucidate the struc-
tural modifications occurring in the OHPTP slab upon Cu”>*
and Zn”>" complexation. The pristine OHPTP monolayer tends
to form a zig-zag surface with fully planar OHPTP molecules,
linked together by multiple hydrogen bonds and forming an
angle of 71.2° between nearby molecular planes (Fig. 6a). Such
2D arrangement leads to a negligible conjugation between
nearby OHPTP units (as shown by the flat band diagram in
Fig. S12%), and the resulting band gap is wide (i.e., 3.38 eV)
since all ligands display a closed-shell configuration.

Upon partial oxidation, the 2D layer of four-electron-oxi-
dized OHPTP molecules becomes virtually planar (Fig. 6b) and
the related band structure displays wider bandwidths because
of increased m conjugation between the ligands (Fig. S137).
Moreover, as already suggested by TD-DFT calculations per-
formed on the individual OHPTP molecule, the band gap of
this partially oxidized 2D organic network is strongly narrowed
(i.e., 1.28 eV) due to the di-radical nature of the OHPTP mole-

This journal is © The Royal Society of Chemistry 2025

cules. It should be emphasized that upon just deprotonation,
this 2D surface can readily accommodate up to two M>" ions
per ligand.

The so-formed ideal 2D layers of Cu and Zn CPs display sub-
stantially different geometries in their fully relaxed minima. In
the case of the Cu CP, the 2D metal-organic layer remains
planar, preserving the same geometry of the four-electron-oxi-
dized OHPTP monolayer (Fig. 6¢); accordingly, due to modest
rearrangements of the 2D network, a quick and efficient uptake
of copper ions is expected by the partially oxidized ligand film,
which can justify why high ion/ligand ratios are readily observed
already after 1 minute of film dipping into a Cu®*-rich solution,
and the ideal ratio is almost reached after just 20 minutes
(Table 1). In contrast, the formation of a Zn CP leads to a sub-
stantial deformation of the monolayer, leading to a zig-zag 2D
network with nearby ligands being tilted by 57.9° (Fig. 6d); such
remarkable structural changes upon zinc coordination can
justify the inefficient uptake of Zn>* ions by the free-ligand
films, as experimentally observed (Table 1). Upon metal-organic
CP formation, just a slight reduction in the band gap of these
2D networks is estimated (i.e., 0.78 and 0.97 eV for the Cu and
Zn CPs, respectively) since there is virtually no direct metal con-
tribution to the highest valence band or the lowest conduction
ones, as shown in Fig. S14 and S15.1 Notably, despite a similar
band gap, the band structures of these two CPs are radically
different: in the case of the Cu CP, considerable band velocities
are observed due to spin polarization effects exerted by the Cu®*
ions (having a d° configuration) and the flat surface of the
related CP, inducing strong © conjugation; in contrast, the band
structure of the Zn CP displays almost no band dispersion due
to both the d'° closed-shell configuration of the Zn>" ions and
the zig-zag geometry of the layer.

The changes in the structural and electronic properties of
the 2D monolayer of OHPTP molecules were further investi-
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Fig. 6 Optimized structures of the ideal 2D monolayer of (a) the pristine OHPTP ligand, (b) the four-electron-oxidized OHPTP molecules, and the
(c) Cu-based and (d) Zn-based coordination polymers. The lateral view of each monolayer is also provided.

gated, simulating also an intermediate uptake of metal ions
(ion/ligand ratio of 1). As shown in Fig. S16,} the coordination
of a fraction of Zn®" ions to the partially oxidized OHPTP
monolayer already leads to a remarkable perturbation of the
ligand 2D network, passing from a nearly planar sheet to a zig-
zag system with a tilting angle of 51.3°, being already very
similar to the ideal (fully loaded) Zn CP (compare Fig. S15 and
S181). On the other hand, negligible changes are observed
upon partial uptake of Cu®" ions (i.e., the 2D layer remains
planar and the cell parameters are perturbed by less than 7%).
Such theoretical findings can provide a qualitative justification
of the remarkable changes in the WF of the Zn CP films,
already observed at very short reaction times (i.e., at very low
Zn*" loading, see Fig. 5a).

Electric charge transport at the nanometric scale

We performed electrical characterization of the single-coated
Cu CP film produced with varying reaction times or coating
cycles via conductive AFM (Fig. 7). The c-AFM technique can
measure electric resistance in ultra-thin films, measuring the
current passing across the film, from the substrate to the con-
ductive tip, and is thus an ideal technique to measure the
interaction due to m-m stacking of the molecules in the
material. The conductance values were extracted from the
corresponding current maps recorded via c-AFM averaging all
points from each current map image.

14822 | Nanoscale, 2025, 17, 14816-14826

Fig. 7a shows that a significant vertical conductance could
be measured for all Cu CP samples, decreasing with reaction
time, due to the uptake of ions. IR spectra were recorded at
different reaction times (Fig. 4b) to confirm that there was no
significant chemical change in OHPTP, with no uncontrolled
reaction or degradation of the molecule upon time.

Conversely, the Zn CP samples prepared under the same
conditions showed no conductance at all down to the instru-
ment’s sensitivity limit, suggesting again a significant decrease
of n—n interactions and a disruption of the stacking upon
metal ion coordination. We should underline that all Cu- and
Zn-based samples had the same thickness, being deposited
through shear coating, with the only varying parameter being
the exposure time and the nature of the ionic solution. Thus, a
dramatic disruption of electric properties could be caused by a
smaller uptake of Zn ions (see Table 1) compared to the
uptake of more compliant Cu ions.

The material thickness could be increased significantly by
repeating the coating-ion exposure cycle multiple times
(Fig. 7b). Conductance was also measured in-plane, ie.,
between two macroscopic electrodes, to study the anisotropic
nature of the material (Fig. 7c, see the ESIf for experimental
details). As could be expected, the in-plane conductance
increased with an increase of the amount of the transporting
material due to the presence of multiple conduction paths,
reaching a constant value of ~11 S m™" already after three coat-

This journal is © The Royal Society of Chemistry 2025
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(a) Conductance of the Cu CP measured out-of-plane (i.e. vertically) vs. the reaction time (exposure to the ionic solution). (b) Increase of Cu

CP film thickness with the number of OHPTP coating steps. (c) Conductance of the Cu CP measured in-plane (i.e., horizontally) and out-of-plane
(i.e., vertically) with increasing film thickness. The dotted lines are just a guide for the eye.

ings. The out-of-plane conductance increased as well going
from 0.29 S m™" after one coating to 1.82 S m™" after four coat-
ings, suggesting that layers deposited after the first layer are
more ordered than the one deposited directly on the substrate.
For further coatings, instead, the quality of the material
decreased, showing lower conductance.

Stability of the CP thin films

Thermal stability studies were performed through tempera-
ture-controlled desorption using a residual gas analyzer (RGA)
mounted inside a home-built XPS UHV chamber and (i)
ramping up to 300 °C at a heating rate of 2 °C min™" (slow de-
sorption) or (ii) by flash heating for a few minutes up to 300 °C
(fast desorption). Both desorption methods gave similar
results, so only the samples prepared with the former will be
discussed. Samples with a single coating, 1 min dipping time
in Cu or Zn solutions, were measured by XPS prior and after
the heating treatment to compare possible changes in their
chemical composition due to thermal desorption.

Fig. 8a shows the Cu 2p signal of the Cu CP samples before
and after heating. Initially, both the Cu(u) signal and Cu()
signal are present, as expected. O 1s is also present and the
carbon spectrum can be attributed to the carbonate or carboxyl
acid groups. After heating at 300 °C (Fig. 8a, red line), the Cu

a)Cu 2p

[ |—— BEFORE 300°C ]
[ |——AFTER 300°C ]

Intensity (a.u.)

960 950 940
Binding Energy (eV)

970

signal completely disappeared, suggesting that the Cu was
removed from the sample in the form of CuO. The presence of
CuO in the gas produced during heating was then confirmed
from the RGA data (Fig. S19 and S207).

The Zn CP films showed instead much better stability than
the Cu CP films, with no removal of Zn after heating, as indi-
cated by XPS (Fig. 8b).

These findings are in general agreement with the thermal
stability of many different MOFs, as reported in the
literature.>*

Both samples were also investigated using AFM and KPFM
to detect any changes in their morphology or electrical pro-
perties linked to their thermal properties. Fig. 9 shows the
morphology of both films prior and after their heat treatment.
A moderate increase in the roughness of their surfaces can be
detected, with the Cu samples showing also significant
defects, with holes of ~158 nm diameter likely due to the
expulsion of gaseous products as indeed observed by RGA. No
such damage was instead observed in Zn CP samples.

In agreement with the previous observation, the WF
measured by KPFM also showed significant changes after the
heating, in particular for Cu CP samples. The WF of Cu CP
samples changed from 4.95 + 0.02 eV to 5.07 = 0.02 eV, likely
due to significant damage due to gas expulsion. The Zn CP

b) Zn 2p
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Fig. 8 Thermal stability of the single-coated Cu and Zn thin films. XPS spectra recorded prior to any heating and after heating at 300 °C in a
vacuum for (a) the single-coated Cu thin film and (b) the single-coated Zn thin film.
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Fig. 9 AFM images of the CP films before and after heat treatment.

samples showed barely no change, going from 4.97 + 0.02 eV
to 4.96 + 0.02 eV, in agreement with XPS results.

3. Conclusions

By combining complementary characterization techniques, we
provided insight into the formation mechanism and structure—
property relationship of coordination polymers (CPs) based on
aromatic organic ligands, such as OHPTP, produced by a novel
shear coating method; all data indicate that changing the
binding ion from copper to zinc significantly alters the struc-
ture, electric properties, and thermal stability of the CPs, as
summarized below.

FT-IR spectra confirm the presence of a coordination
network, with the hydroxy groups of OHPTP reacting with the
metal ions to different extents. The shear coating process,
however, yields a CP that is less ordered than what is typically
produced in the bulk from solutions.

XPS results show that when OHPTP is exposed to the solu-
tion of the metal ions during the reaction step, copper exhibits
higher affinity for the ligand. It penetrates much faster into
the organic film than zinc, reaching an atomic ratio of 1.6%
already within just 1 minute (Table 1), and approaches the
ideal stoichiometry after 20 minutes of reaction. On the other
hand, zinc ions are present at a lower concentration in the
material and never approach the ideal M,(OHPTP) stoichio-
metry, achieving at best an ion/ligand ratio of 0.54. Given the
similar size but different electronic configurations of the two
ions, this result could be attributed to the better suitability of

14824 | Nanoscale, 2025, 17, 14816-14826

View Article Online

Nanoscale

Cu to coordinate the organic molecules in a planar fashion,
while the tendency of zinc to coordinate in a non-planar, tetra-
hedral geometry would require a stronger reorganization of the
organic molecules. DFT calculations allow us to confirm and
elucidate in detail this mechanism, showing that even partial
uptake of Zn ions leads to a remarkable perturbation of the
ligand 2D network, passing from a nearly planar sheet to a zig-
zag system with a tilting angle of 51.3°. Instead, Cu uptake
causes negligible changes, with the 2D layer remaining planar
and the cell parameters perturbed by <7%.

Consistently, the tilting observed in the Zn-based com-
pound likely explains its larger interplanar spacing than that
of the Cu-based compound observed by XRD.

The formation of CPs results in a lowering of the work func-
tion for both materials, with the Zn CP showing a more signifi-
cant change. This could again be attributed to the forced dis-
ruption of the planar stacking and n—r interactions of OHPTP.
This decrease in n-n interactions is also confirmed by C-AFM;
in this case, the Cu CP shows only a partial decrease, while
notably, the Zn CP films are completely insulating, suggesting
again a more substantial disruption of the planar arrange-
ment. This agrees with and confirms previous results that attri-
bute the good electrical conductance of the Cu-based CP to
the out-of-plane interactions of its stacked ligands. On a
broader scale, it could also help to better clarify the crystal
structure of 2D MOFs formed by Zn ions and catechol ligands,
which has still not been elucidated at the atomic level and has
been attributed to the tendency of Zn coordination complexes
not to conform to classic planar tetragonal structures.’

Thermal annealing shows that the Cu CP, besides being
easier to form, is also easier to disrupt, with the removal of Cu
in the form of cuprous oxide, while the Zn CP is stable up to
300 °C.

Although more work is needed to reach a perfect under-
standing and achieve full control of the structures of these CPs
at the molecular level, these results provide a solid starting
point for identifying the key factors to obtain stable, highly
ordered, and better-performing coordination polymers.
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