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ABSTRACT

The functional properties of metal-organic framework (MOF) thin films crucially depend on their structure, which is often

difficult to determine. A widely investigated material is Cu(bdc) (bdc = benzene-1,4-dicarboxylic acid) grown from solutio

n,

for which various thin-film structures have been suggested. Unfortunately, none of them represents a (meta)stable polymorph
and is simultaneously consistent with the material’s ferromagnetic nature, the difficulty of loading guest molecules, and the

available diffraction data. This conundrum is resolved by combining evidence from rotating grazing-incidence X-ray diffractio

n,

X-ray reflectivity, infrared absorption, and spin-polarized simulations. The experimental data are collected for thin films grown

by layer-by-layer and ceramic-to-MOF conversion techniques. It is unambiguously shown that both samples consist of a non-
porous coordination network with Cu,(OH),(bdc) stoichiometry with densely packed Cu?*/OH™ layers connected by bdc linkers.
X-ray reflectivity data confirm the dense nature of the films, and infrared spectroscopy supports the presence of additional OH~
groups. A hitherto unknown polymorph is identified as the only structure consistent with all data. For this structure, spin-polarized

calculations predict a ferromagnetic ground state, in line with previous experiments. This shows that for identifying the structure

of a MOF-type thin film, one has to think outside the box, combining data from complementary approaches.

1 | Introduction and Overview of the Hitherto are critical for their application in gas storage [2], catalysis
Suggested Structures of Cu(bdc) [3], drug delivery [4], and sensing [5]. In fact, most of these

applications rely on the high porosity of MOF crystals [6] and on
Metal-organic frameworks (MOFs) are chemically and struc- how specific building blocks are arranged relative to each other.
turally versatile materials suitable for various applications [1]. Consequently, it is important to have an accurate knowledge

The tunable structure and the permeability of the pore network  of structural details when the material is used for functional
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applications. In this context, the progress of MOF-based device
fabrication is strongly linked to the development of robust
protocols for the preparation of MOF films with precisely tuned
crystalline structures [7].

A prototypical MOF used for the fabrication of films and related
devices is MOF-2 [8]. It consists of planar sheets with a four-
fold arrangement of the linker molecules around the metal nodes
[9]. The nodes consist of paddle-wheels (PWs) containing Zn**
dimers connected by four benzene-dicarboxylate (bdc) ligands.
Each bdc linker coordinates to two paddle-wheel units. Thus, 2D
sheets are formed that are held together by robust coordination
bonds. The paddle-wheels are saturated by H,O molecules,
and the originally reported structure hosts solvent molecules
stemming from the synthesis. The respective crystal structure of
MOF-2 is available via the Cambridge Structural Database (CSD)
by the refcode GECXUH.

Also, Cu®*"-based MOFs with bdc linkers exist and have been
employed as versatile framework systems. In fact, copper PWs
connected via bdc are of notable significance due to their success-
ful use for the fabrication of functional thin-film structures and
patterns [9-11]. The contributions of Cu(bdc) to the progress in
MOF research range from fundamental studies in interpenetrated
frameworks [9] to molecular sieve devices for separation [12].
For optoelectronics, Cu(bdc) allows for a precise control over dye
molecule orientation, making this platform material valuable for
optical applications, including sensing [13] and microelectronics
[10]. Additionally, its low-temperature ferromagnetism makes
it relevant for spintronics and data storage due to its unique
magnetic properties in quasi-1D copper ion chains [14]. Further-
more, Cu(bdc) has been applied to study magnetic coupling,
offering insights into molecular-level magnetism and potential
applications as quantum materials [15].

Cu(bdc)-based thin films—often referred to as Cu,(bdc),, MOF-2,
or SURMOF-2 - are frequently modelled as a P4-stacked network
with open 1D square channels [9] similar to extended Cu(bdc)
crystals. Yet, post-synthetic infiltration of guests is typically
inefficient, and framework loading is commonly achieved only
during film growth. This appears consistent with compact or
blocked architectures rather than a permeable channel network.
Moreover, the pronounced water stability observed for Cu(bdc)
films [16, 17] contrasts with calculations showing that water
destabilizes the P4 stacking [9]. This suggests the presence of a
non-porous phase in Cu(bdc) thin films.

In view of the above-mentioned findings, two important ques-
tions arises: do the studied Cu(bdc) thin films share the bulk
MOF-2 structure, and do they actually reproduce the bulk mate-
rials’ functional properties (e.g., regarding magnetic behavior,
optical alignment, mass transport, and chemical stability)? The
situation is further complicated by the observation that the
bulk structure formed from Cu?* ions and bdc molecules is not
unique: there are at least three additional structures comprising
Cu?* pairs linked by bdc units listed in the CSD. These are
denoted as ZUBKEO [18], MUMBUU [19], and KAKSUL [20] (see
Figure 1). The structures of ZUBKEO and MUMBUU are similar
to the MOF-2 structure, but ZUBKEO misses the H,O molecules
saturating the Cu?* ions and the solvent molecules in the pores.
Interestingly, the ZUBKEO structure has been clearly identified

for Cu(bdc) films grown from the vapor phase by molecular layer
deposition [21], but up to now, to the best of our knowledge, not
for films grown from solution [22]. Similar to MOF-2, ZUBKEO
comprises pores extending perpendicular to the Cu(bdc) layers.
The resulting high porosity is responsible for the comparably low
densities of 1.38 and 1.53 g.cm~ for ZUBKEO and MUMBUU,
respectively [18, 19]. In contrast, the KAKSUL structure consists
of 2D extended layers of Cu?* ions connected by OH~ groups
(one per Cu?* ion). The deprotonated bdc linkers are then bonded
to these layers, as shown in Figure 1 [11]. Notably, the KAKSUL
structure is non-porous, which results in a significantly increased
density of 2.49 g.cm™ [20].

Adding to the complexity, two additional non-porous coordina-
tion networks composed of Cu®* ions, bdc, and water molecules
have been reported [23]. These structures, listed in the CSD as
KEQTEF and JIBFUYV, are illustrated in Figure S1. In KEQTEF,
the copper atoms form a two-dimensional zig-zag network
bridged by water molecules, with the layers further linked
axially through bdc linkers. In contrast, JIBFUV features one-
dimensional linear chains of Cu atoms also connected by water
molecules, which are coordinated to bdc linkers.

The diversity of suggested Cu(bdc) structures does not end
here, as numerous other variants of Cu(bdc) thin-film structures
have been proposed. In 2012, J. Liu et al. synthesized a thin,
surface-anchored MOF (SURMOF) film with a structure referred
to as SURMOF-2 [9], which was suggested to be analogous
to MOF-2, albeit without solvent and water molecules. Thus,
SURMOF-2 is built from planes of PWs linked by orthogonal lines
of bdc molecules. The suggested SURMOF-2 structure closely
resembles the ZUBKEO framework discussed above, albeit with
two key differences: first, in the Cu(bdc) planes in SURMOF-
2, adjacent linkers are oriented orthogonal to each other, in
contrast to ZUBKEO, where the linkers intersect at 93.6° and
86.4°, respectively; second, the SURMOF-2 model assumes an
idealized, eclipsed stacking of successive layers, disregarding
the lateral shift between Cu(bdc) planes characteristic of the
ZUBKEO structure (see Figure 1). As a consequence, the proposed
SURMOF-2 structure has P4 symmetry, which is higher than the
P2 symmetry of bulk MOF-2 [18, 24, 25].

A complication with the SURMOF-2 structure is that it is
inconsistent with the observed magnetic properties of Cu(bdc)
films: ferromagnetic order was observed in Cu(bdc) thin films
[14, 15], a finding that contradicts the presence of intact Cu**
paddlewheels, which are known to have an antiferromagnetic
singlet ground state [26, 27|. Friedlander et al. [14], therefore,
proposed a framework composed of “semi-paddle-wheel” (SEMI-
PW) units that are connected, such that they form zipper-like
one-dimensional chains of Cu?* ions; the calculations in [14]
indeed indicated ferromagnetic coupling within each paddle-
wheel. Notably, the SEMI-PW model is highly porous and
accommodates water molecules in addition to the Cu?* centers
and deprotonated bdc linkers.

An alternative approach was pursued by Baumgartner et al. [28]:
they used polarization-dependent Fourier-transform infrared
(FTIR) spectroscopy to analyze the Cu(bdc) thin-film struc-
ture. The FTIR data suggested that bdc linkers are parallel
to the film surface, such that the observed differing dichroic

20f19

Advanced Functional Materials, 2026

85UB01"] SUOLLWIOD AIEBID a1 dde au A pueAoB 9/ SOILE VO ‘35N J0 S9N 0} ARIqITBUIIUO AD1IA UO (SUOTIPUOO-PLE-SUWLIBIWIC" A3 1M ARe.q]BUluo//SAIY) SUOIPUOD PUB SWB 1 84} 305 *[9202/20/20] U0 AZiqiTauliuo AB1IA ‘G209, WPR/Z00T 0T/I0pALI0Y AW AR 1pUI|UO"PoURADe/:S1IL WOI) PBpe0|UMOd ‘0 ‘8Z089TIT



h

FIGURE 1 | Top and side views of different variants of Cu(bdc) structures, as documented in the Cambridge Structural Database. The plots are
aligned such that at least part of the bdc-linkers run vertically. In viewing direction, the displayed structures are always one unit cell thick, while
perpendicular to the viewing direction, supercells are shown. Atoms are color-coded: carbon (brown), copper (blue), oxygen (red), and hydrogen (white).
In hydroxyl (OH) groups and water molecules (H,0), oxygen atoms are highlighted in orange, and hydrogen atoms in yellow to distinguish them from
the respective atoms in other chemical environments.
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ratios of carboxylate stretches appeared incompatible with the
classical paddle wheel configuration [28]. These discrepancies
indicate a different Cu(bdc) structure, likely involving alternative
coordination bonds between copper and carboxylate groups,
resembling those in Cu(II) terephthalate coordination networks
and Cu(II) hydroxy-terephthalate networks [23]. Additionally, the
COO vibrational bands in the IR spectra suggest a denser, layered
structure rather than an open 3D framework [29].

Combining the insights from the XRD and IR studies, thus,
implied that Cu(bdc) thin films adopt a more complex bond-
ing pattern than the typical 2D coordination models [28]. The
situation is further complicated by the observed influence of
the deposition technique used to grow the films. For example,
differences were observed when comparing vapor-phase and
liquid-phase growth: Rubio-Giménez et al. [22] demonstrated
that reacting a Cu(OH), precursor with bdc linkers in the vapor
phase leads to the formation of the known ZUBKEO structure,
while combining bdc in the liquid phase with copper hydroxide
resulted in thin films with a yet unknown crystalline structure.

To unambiguously determine the crystal structure of our Cu(bdc)
thin films, we applied several complementary techniques.
(i) Films were prepared by two distinct solution-based fabrication
methods (see also Methodology section and references cited
there): ceramic-to-MOF conversion (CtM), which forms the film
in a single immersion step of Cu(OH), nanobelts into the
precursor solution, where they are partly consumed; and layer-
by-layer deposition (LbL), during which the metal precursor
solution (Cupric acetate monohydrate) and the linker solution are
alternately spin-coated onto the Si substrate and rinsed with pure
ethanol between the spinning cycles. In analogy to the situation
described in [30], for the LbL samples we studied films directly
grown on a pristine Si substrate as well as on a substrate coated
with an Au film and functionalized with a carboxylate-terminated
16-mercaptohexadecanoic acid self-assembled monolayer (SAM).
For the two substrates, equivalent results were obtained. Thus,
in the main manuscript, only data for the film on the pristine Si
substrates are shown (which do not display additional diffraction
features due to the Au layer); data for the SAM-pretreated
substrates are compared in Figure S17.

The two aforementioned techniques are particularly relevant
for thin-film fabrication [9, 10, 14, 31-33], as the CtM approach
allows the fabrication of highly oriented, heteroepitaxially grown
films [10, 32], while the LbL approach is the predominant
deposition method for thin-film preparation [9, 14, 31, 33].
(ii) To determine the crystal structure of the thin films, rotating
grazing incidence X-ray diffraction (rotating-GIXD) experiments
[34] were performed. This approach has the distinct advantage
that—irrespective of the film thickness—it allows the sampling
of the majority of reciprocal space in a single experiment.
This provides a much more complete picture of the sample’s
structure compared to measurements limited to specific planes
within the reciprocal space (e.g., by in-plane and out-of-plane
diffraction experiments). Moreover, rotating-GIXD data also
allow an unambiguous determination of the film texture via
the extraction of pole figures [29, 35]. The full potential of this
technique for determining MOF structures has been discussed
in two recent studies [29, 35]. (iii) To identify whether one is
dealing with highly porous or with densely packed films, X-ray

reflectivity (XRR) measurements were performed, which allow
determining the total electron density of a thin film sample [36].
(iv) The presence of certain functional groups was checked by
Fourier transform infrared absorption spectroscopy (FTIR). (v)
Finally, state-of-the-art dispersion-corrected density-functional
theory (DFT) simulations were used to optimize atomic positions
and unit cells of potential candidate structures. This allows com-
paring the hypothetical diffractograms of simulated structures
to experimental data. Moreover, simulations can be applied to
refine and test structural models, which are generated from the
measured data, and to test the stability of specific structures. A
crucial strategy in this context is to fully optimize not only atomic
positions but also all lattice parameters of candidate structures,
an aspect in which the current study deviates from the bulk of
the existing literature on modelling MOF thin-film structures.

Combining the individual pieces of the puzzle, it is eventually
possible to identify the true structure of Cu(bdc) for the two types
of films studied here.

2 | Results and Discussion

2.1 | Comparing the Phases of the Layer-by-Layer
and Ceramic-to-MOF Grown Samples

As a first step, we examined whether the Cu(bdc) samples grown
with LbL and CtM techniques display the same crystal structures.
Figures 2a—c display typical reciprocal space maps collected from
the two films. For the LbL sample, the map integrated over the
azimuthal angle is shown, as for this film, we do not observe
changes in the GIXD patterns as a function of the sample rotation.
In contrast, for the CtM sample, the results obtained for scattering
vectors in a plane perpendicular to the preferential [100] direction
of the Cu(OH), nanobelts (g,, q,) and in a plane parallel to that
direction (g,, g,) are shown.

Comparing the reciprocal space maps for the two samples reveals
certain similarities, but also pronounced differences: The sample
grown by the LbL method displays diffraction peaks that are
elongated into arc-type structures, indicative of a notable out-of-
plane mosaicity (Figure 2a). This suggests a preferred orientation
of the crystallites relative to the substrate normal, yet with a
distribution of tilt angles rather than a perfectly aligned texture.
In contrast, the diffractograms for the CtM sample depend on
the azimuthal orientation of the sample, which already indicates
a more anisotropic in-plane organization. This is due to a
pronounced texture of the Cu(OH), nanobelts resulting from
the chosen preparation method: [10, 32] the long axes of the
nanobelts are uniaxially aligned together with a (weak) preferred
orientation of the nanobelt surface parallel to the silicon substrate
[35]. Accordingly, two reciprocal space maps are shown to provide
a more comprehensive characterization: in the g,/q, map, only
Debye-Scherrer rings are observed (Figure 2b), while in the g,/q,
plane, diffraction peaks broadened into arc-like structures can be
resolved (Figure 2c). The widths of these arcs are larger than in
Figure 2a. Notably, the radii of the rings and arcs in panels b and
¢ are identical (i.e., they correspond to identical lengths of the
scattering vector q), but the intensity distributions are different.
In addition to the diffraction features associated with Cu(bdc),
the CtM sample also shows a reflection expected for the Cu(OH),
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FIGURE 2 | Reciprocal space maps of Cu(bdc) thin films grown
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with a) the layer-by-layer (LbL) technique on a native silicon (100) sub-
strate and (b,c) with the ceramic-to-MOF (CtM) technique on Cu(OH),
nanobelts. The data in panel (a) have been integrated over all azimuthal
angles (see main text), while the GIXD map in panel (b) corresponds to
the q4/q, plane, that is, a plane in reciprocal space perpendicular to the
preferential [100] direction of the nanobelts. In contrast, the qy/q, plane
in panel (c) is parallel to that direction. The parallelograms in (a) and
(c) represent the crystallographic unit cell within the reciprocal lattice of
the Cu(bdc) crystal structure that are obtained by indexing of the GIXD
data, as described in Section 2.5. (d) Quasi-powder pattern generated from
the rotating-GIXD measurement of the two thin films prepared by the
CtM (blue) and LbL techniques (red). The stars indicate the silicon 111
Bragg peak of the underlying silicon substrates for both samples. For the
CtM sample, the triangle highlights additionally the 021 Bragg peak of
the Cu(OH), nanobelt precursor. The vertical full lines denote the peak
positions associated with the Cu(bdc) crystal structure.

nanobelts at g = 1.696 A~ [37, 38]. This feature appears as a
Debye-Scherrer ring in the q,/q, plane and as a Bragg peak
broadened into an arc-shaped structure in the q,/q, plane. Its
position is highlighted in Figures 2b and c by the filled white
symbol “V”. The qualitatively similar shapes of the diffraction
features for Cu(bdc) and the nanobelts suggest that the orienta-
tion of the Cu(bdc) domains is influenced by the alignment of
the underlying. This is nanobelts, consistent with our previous
observations for MOFs comprising Cu(bdc) layers spaced by
1,4-diazabicyclo [2.2.2] octane (dabco) linkers [35].

The experimental observations described above raise the question
of whether the two samples consist of different Cu(bdc) phases
or whether in the LbL and CtM samples one is dealing with
crystallites with identical structures but fundamentally different
textures. To clarify that, quasi-powder patterns were calculated
from the rotating-GIXD data. These are shown in Figure 2d.
When disregarding substrate-related peaks (denoted by “V” and
“#7), it turns out that the peaks in the quasi-powder patterns of the
LbL and CtM samples are at exactly the same positions. Variations
in intensities of quasi-powder patterns cannot be compared
directly, as explained in the Methods section. Therefore, the data
in Figure 2d indicate that both samples display the same crystal
structure. Notably, the two quasi-powder patterns are comparable
in terms of peak positions (g = 0.59, 1.09, 1.18, and 1.86 A™') and
peak intensities to a powder pattern from randomly distributed
Cu(bdc) crystals [14].

The fundamentally different textures of the films will become
relevant in Section 2.3. Before that, the quasi-powder patterns
will be used as a first tool to find evidence, for whether hitherto
suggested structures for Cu(bdc) thin films are consistent with the
samples studied here.

2.2 | Phase Analysis Based on the Quasi-Powder
Pattern of the CtM Sample

As a first step, to rule out crystallographic phase(s) that do
not dominantly occur in the studied samples, simulated powder
patterns of plausible Cu(bdc) structures are compared to the
quasi-powder GIXD pattern of the CtM thin film. The latter
is representative of the types of thin films studied here, as
discussed in the previous section. Figure 3 compares the quasi-
powder pattern of the CtM sample to the expected peak positions
of the possible structures discussed in the Introduction. For
the sake of clarity, the peaks are not indexed. To ease the
comparison between the simulated and measured patterns, the
main peaks in the latter are highlighted by vertical grey bars
labeled by Roman numbers (I-IV). A list of all possible candidate
structures is given in the Supplementary Information, Table S1.
The grey bars in Figure 3 allow phase identification based on peak
positions, enabling a direct visual match between experiment and
simulation.

Importantly, in the following, we will, on the one hand, consider
simulations in which the lattice parameters and the atomic
positions were relaxed simultaneously. In these cases, lattice
parameters extracted from experiments were only used as the
starting structures for the geometry optimizations. This allows
an assessment of whether a specific set of lattice parameters
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FIGURE 3 | Comparison between (quasi-)powder X-ray diffraction patterns (c.f., Method section) of the thin film prepared via the ceramic-to-MOF
method (blue line in all panels) and various possible variants of Cu(bdc) structures inspired by literature, as described in the main text. Panel (a) compares
the experimental features with simulated powder patterns for Cu(bdc) structures from the CSD, (b) considers MOF-2 derived structures, (c) provides
a comparison with SURMOF-2 type structures, and (d) illustrates the situation for SEMI-PW structures. The vertical grey bars highlight the four most
significant experimental peaks of Cu(bdc). The peak marked with a triangle originates from the Cu(OH), nanobelts remaining after MOF synthesis,
while the star denotes the 111 peak of the silicon substrate. Fully optimized structures are denoted by an asterisk after the name, while for the other
structures only atomic positions have been optimized, and lattice parameters have been taken from experiments.
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represents a stable configuration, and one avoids the mislead-
ing impression that a simulation appears consistent with an
experimental result in cases in which the agreement has been
enforced extrinsically. Such fully optimized structures will be
denoted by an asterisk after the name of the structure (like,
for example, SEMI-PW*). On the other hand, there are certain
instances in which it is still useful to fix lattice parameters at
experimental values. This, for example, applies to structures
directly extracted from the CSD. These only partially optimized
structures will be denoted by their bare names and CSD refcodes
(like KAKSUL).

Figure 3a shows that when calculating diffractograms based
directly on the structures of Cu(bdc) variants reported in the CSD,
no satisfactory agreement with the experimental data is observed:
for the layered ZUBKEO structure, there are two peaks at lower
g, while in the experiments, there is only one (peak I). Moreover,
no diffraction maxima correspond to the experimental features II
and IV. In the case of MUMBUU, there is some correspondence
between the experiment and the simulation in the region of peak
I11, but no agreement is found for peaks I and II. For the densely
packed KAKSUL structure, none of the experimental features
overlaps with a calculated diffraction peak. This might appear
somewhat surprising, as the Zn**-analogue of the (Cu**-based)
KAKSUL has recently been unambiguously identified in Zn(bdc)
type thin film structures grown by the LbL technique at certain
precursor concentrations [30]. Still, the structure apparently does
not appear in the studied Cu(bdc) thin films. For the KEQTEF
structure, experimental features perfectly match peaks I and III;
however, multiple rather strong simulated diffraction features are
missing in the experiments. Finally, for the JIBFUV structure, the
agreement is worst, as only the experimental feature II matches
a simulated peak. Additionally, multiple strong peaks appearing
in the simulations are not found in the experiments. Taken
together, these mismatches indicate that none of the indexed CSD
Cu(bdc) polymorphs can account for the four main experimental
features (I-IV) observed for the CtM (and, as discussed in
the previous section, also for the LbL) films. This shows that
bulk structures cannot necessarily be directly applied to thin
films.

As a next step, alternative plausible structures were tested, for
which (to the best of our knowledge) no perfectly suited single-
crystal data are available, at least for the Cu?* variants of the
MOF: One of them is based on the Zn?* based structure of MOF-
2, in which the Zn?>" ions are saturated by H,O molecules and
dimethylformamide (DMF) solvent molecules are contained in
the pores. This structure is referred to as GECXUH in the CSD
[24]. For this system, the Zn?* ions were replaced by Cu?* ions,
DMF was removed, and the resulting structure was optimized,
including the lattice parameters. This yields a structure referred to
as MOF-2(Cu?*, 2H,0)*. In a second test system, one of the H,O
molecules was replaced by an ethanol molecule, yielding MOF-
2(Cu**, H,0/CH,;CH,OH)*. Further details on these structures
are provided in the Supporting Information, Table S2. As shown
in Figure 3b, these structures also do not yield powder patterns
consistent with the experiments, indicating that MOF-2-based
structures are not found in the Cu(bdc) thin films studied here.
This suggests that simple cation substitution of the known Zn-
MOF-2 metrics is insufficient to provide an accurate description
of the CtM film structure.

Another possible structural motif would be SURMOF-2, sug-
gested for Cu(bdc) thin films grown via the LbL approach [8].
This structure does not contain any H,O molecules saturating
the Cu?* ions and assumes a square arrangement of the paddle
wheels in the plane in which they are connected by the bdc
linkers (see Figure S2). Notably, in a full geometry optimization,
this structure is not stable, and the high-symmetry conformation
assumed for SURMOF-2 does not prevail. Rather, in the fully
optimized variant of the SURMOF-2 motif (here referred to as
SURMOF-2*), consecutive layers shift, as illustrated in Figure S2
and Table S3. This yields a diffraction pattern that does not bear
much resemblance to our experiments. Especially, the splitting
of the main diffraction peak into two peaks due to the symmetry
breaking is not observed in the experiments (see Figure 3c).
In fact, a more in-depth analysis of the structure of the fully
optimized SURMOF-2 motif, including the construction of the
associated Niggli cell [39], reveals that it corresponds to the
ZUBKEO structure from the CSD already discussed above (only
with a differently chosen unit cell; see Supporting Information
Table S3 and Figure S3). Accordingly, the top left panels in
Figure 3a and c are identical.

The above-mentioned splitting of the first peak (corresponding
to the (100) and (010) features) would, however, disappear if
the slips of consecutive layers occurred in opposite directions.
This could be a realistic scenario [40], as has been discussed in
detail for layered covalent organic frameworks [41]. Moreover, the
SURMOF-2 structure is a thin-film structure and, thus, could, in
fact, represent a substrate-induced phase [42] (which might be
unstable in bulk simulations). Therefore, a SURMOF-2 structure
with fixed lattice parameters was also considered (see Figure
S2). In this case, only the positions of the individual atoms were
optimized. In Figure 3, this structure is denoted as SURMOF-
2. The resulting diffractogram bears some resemblance to the
experimental data (see Figure 3c). In fact, the first peak of
SURMOF-2 overlaps with peak I of the experiments, there is a
weak feature reasonably close to peak II, and a stronger one close
to peak III. Only for peak IV, the shift between experimental
peak positions and calculated diffraction features is larger. This
seeming reasonable agreement, however, needs to be taken with
a grain of salt: finding an agreement with an experiment, when
using lattice parameters extracted from a similar experiment
(here, lattice constants extracted from in-plane and out-of-plane
diffraction experiments), is not really conclusive. Thus, it will be
necessary to further assess the appropriateness of the SURMOF-
2 structure below when going beyond a mere comparison of
quasi-powder patterns.

A further complication with the “traditional” SURMOF-2 struc-
ture (independent of whether lattice parameters are optimized
or not) is that its magnetic properties are inconsistent with the
experimentally observed ferromagnetic alignment of the spins
of the Cu*' ions, as reported by Friedlander et al. [14] and
Nefedov et al. [15]. Thus, in ref. [14] an alternative “semi-paddle
wheel” structure has been suggested, comprising 1D chains
of Cu®* ions linked in a zipper-like fashion. This structure is
visualized in Figure S4. Notably, in our simulations, it turned
out not to maintain its overall structure when relaxing the
lattice parameters. Thus, we once more studied two variants:
one in which lattice constants and atomic positions were fully
optimized (SEMI-PW*) and one in which the lattice parameters
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were set to the values extracted from experiments, assuming
a “semi-paddle wheel” structural motif (SEMI-PW) [14]. The
resulting calculated powder diffractograms are compared to the
experimental one in Figure 3d. The fixed-parameter variant once
again provides a reasonable agreement with pronounced maxima
at the experimental positions of peaks I, II, and III. This is again
not really surprising for the same reasons discussed above for the
SURMOF-2 structure. Still, the agreement is far from perfect as
there are no features in the region of peak IV. Additionally, the
simulated powder pattern displays multiple peaks that are not
visible in the experiments. For the fully optimized structure, the
agreement with experiments deteriorates, albeit to a lesser degree
than for the SURMOF-2 case. In passing, we note that, like in the
SURMOF-2 case, at this stage it is not possible to rule out that
the improved match for the fixed-metric SEMI-PW structure is
again a consequence of the impact of the substrate (which is not
accounted for in the simulations).

As a further plausible case, based on the SURMOF-2 and
SEMI-PW structures, we constructed an “intermediate” structure
referred to as LINKED-PW. In this structure, neighboring Cu?*
ions are directly bridged via carboxylate groups, and the orthogo-
nal bdc linkers are shifted by one Cu-Cu spacing. This structural
motif has, for example, been suggested based on simulations on
SURMOF-2-related materials with more complex linkers [43].
In contrast to the SEMI-PW structures, no H,O molecules are
included along the Cu?** containing chains, and all Cu?* ions
within the chains have identical distances (see Table S5). This
structure is referred to as LINKED-PW*, and the diffractogram
obtained after a full geometry optimization is shown in Figure 3d.
It is rather similar to that of the SEMI-PW* structure with an
overall reduced number of peaks due to the somewhat higher
symmetry. Thus, it also does not match the experiments. In
summary, none of the tested models fully reproduces all four
principal experimental features (I-IV).

2.3 | Phase Analysis Based on Reciprocal Space
Maps

Despite the aforementioned lack of perfect agreement, SURMOF-
2 and the SEMI-PW structures yield calculated powder diffrac-
tograms with some resemblance to the quasi-powder pattern
derived from the rotating-GIXD experiments. As discussed in
the previous section, these structures do not correspond to
equilibrium structures of a crystalline bulk material, but at this
stage, it cannot be excluded that they might be surface-induced
phases.

To test whether this is indeed the case, we resorted to the rotating-
GIXD experiments, which provide a much richer set of data than
the quasi-powder diffractograms. Consequently, in the following
calculated GIXD data for the two aforementioned structures will
be compared to the experimental rotating-GIXD measurements.

To enable this comparison, as a first step, the orientation dis-
tributions of the crystallites (the so-called textures) need to be
determined. This can be done using pole figures, which can
be extracted from the rotating-GIXD data at g-values at which
defined diffraction peaks are observed [22, 29, 35, 44]. For the LbL
and CtM thin films, this was done for g = 0.59 A~' and g =1.09 A~
(compare Figure 2d). The resulting pole figures for both types of

FIGURE 4 | Reciprocal space maps of Cu(bdc) prepared by the layer-
by-layer method. The calculated peak patterns of (a) the SURMOF-2
structure and of (b) the SEMI-PW structure are superimposed as circles in
the right half of the plots. The expected peak positions and the associated
structure factors are given by the centers and the areas of the circles. Laue
indices are given only for three selected diffraction peaks. Please note that
for the indexing the Niggli cell has been used (c.f., Table S3), for which
the paddle-wheels/Cu2* ions are stacked in a direction rather than in ¢
direction (as sometimes chosen in literature).

samples are shown in the Figures S8 and S9, together with a more
in-depth discussion of their interpretation in Chapter S5.

In short, for the LbL samples, the pole figures reveal that there
is a defined (at this stage still unknown) crystallographic plane
parallel to the substrate surface, but there is no azimuthal
alignment of the crystallites. Such a distribution of crystal
orientations is classified as uniplanar texture [45]. In contrast,
the pole figures of the CtM sample hint towards a uniaxial
texture [45]. Here, the crystallites are aligned with a specific
(again not yet known) crystallographic direction parallel to the
substrate surface. Regarding the azimuthal orientation, this direc-
tion coincides with the [100] direction of the nanobelts. These
textures also explain the specific appearance of the diffraction
features in the reciprocal space map shown in Figure 2a—c. In
fact, the appearance of rings for an incident x-ray beam parallel
to the long axes of the nanobelts appears related to a certain
degree of disorder concerning the rotation around the fiber axis
(i.e., mosaicity).

Because of its uniplanar texture and more clearly resolved
diffraction peaks, the LbL sample was chosen as a reference
system for the direct comparison between the experimental peak
positions and calculated peak patterns. For this, a specific plane of
the crystal structures needs to be oriented parallel to the substrate
surface. For our two remaining crystal structures (SURMOF-2
and SEMI-PW) the best agreement is obtained when choosing the
(100) planes. As shown in Figure 4, in both types of structures,
the agreement is very good for peaks located at q,/q, = 0
A=1/0.59 A~' and at 0.59 A~'/0 A~'. For these peaks, Laue indices
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of 100 and 010 can be assigned. However, for both structural
models, the remaining calculated peaks do not coincide with
experimental peak positions. As expected, similar comparisons of
the GIXD data with all other structures discussed in the context
of Figure 3 do not yield more promising results. For the sake
of completeness, this is shown in the Supporting Information
Figures S6 and S7. Also, for the CtM sample, no satisfactory agree-
ment between experimental and simulated GIXD patterns can be
achieved.

As a consequence, none of the structures considered so far
provides a reasonable description of the Cu(bdc) samples grown
by the LbL and CtM techniques. This shows that the traditional
approach of identifying thin-film structures based either on
existing bulk structures or on idealized structures suggested in
literature fails for the Cu(bdc) thin films studied here. This is
also a plausible explanation for why, so far, no fully convincing
structure of Cu(bdc) thin films has been provided despite a
rather large number of dedicated studies [9, 10, 14, 28]. For
the present investigation, the negative outcome of the above
comparisons means that alternative strategies have to be pursued
(vide infra). In passing, we note that the current problem is
different from a classical, simulation-based “crystal structure
prediction challenge” [46, 47], as we, on the one hand, do not even
know the actual stoichiometry of the studied thin films. This is
because the relative number of bdc molecules could be reduced
by incorporating -OH™ groups to maintain charge neutrality, like
in the KAKSUL [20] and PUCYAO [48] structures. Alternatively,
intact H,O or solvent molecules could be incorporated to saturate
bonds like in the MOF-2 structure. On the other hand, we do not
have to solely rely on simulations, but have access to rotating-
GIXD data that map large volumes of reciprocal space. Moreover,
it is possible to acquire additional, complementary experimental
information on the studied films.

2.4 | Porous vs. Densely Packed Structures

This additional information includes, for example, total electron
densities, which can be obtained from the critical angles of total
external reflection in X-ray reflectivity (XRR) experiments. When
comparing the XRR results obtained for the films studied here to
results for thin films with known crystal structures, the packing
density of our Cu(bdc) films can be determined, and it can be
clarified whether the films are porous or densely packed, as
previously done for the ZUBKEO phase [21]. Figure 5 shows X-
ray reflectivity curves for Cu(bdc) and Cu ,(bdc),(dabco) thin
films, both prepared by the CtM technique on silicon substrates.
The latter film is used as a reference material, since its crystal
structure is well established and it represents a MOF with a
3D porous structure [35]. Both reflectivity curves show two
intensity maxima. The maxima at lower incidence angles («;) are
related to total external reflection of X-rays from the thin films
(Cu,(bdc),(dabco) or Cu(bdc)). The maxima at larger o; appear
due to total reflection from the silicon substrate. A strategy for
roughly estimating a. is associating it with the angle at which
the reflected intensity drops to 50% of its maximum value (mind
the logarithmic intensity scale in Figure 5) [49]. A value of 0.23°
is obtained for the substrate (see vertical black line). This agrees
rather well with the expected value for silicon [50, 51]. Applying
the same procedure to the Cu(bdc) and Cu,(bdc),(dabco) thin
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FIGURE 5 | X-ray reflectivity curves for Cu(bdc) and
Cu,(bdc),(dabco) thin films, both prepared by the CtM method on
silicon substrates. The specularly reflected intensity is plotted as a
function of the incidence angle «;. The red and blue vertical lines
illustrate the positions of the critical angles for the different materials
Cu,(bdc),(dabco) and Cu(bdc), respectively. For their identification, it is
estimated at which angles the intensity of the features associated with
total reflection at the thin films reaches 50% (see Figure S10). The critical
angle of the silicon substrate is shown by the black vertical line.

films yields the angles provided in Table 1 (for more details, see
Figure S10). From these angles, the respective electron densities
can be calculated using the equation provided in the Methods
section.

The experiments show that the electron density in the Cu(bdc)
film is 2.6 times as high as in the Cu,(bdc),(dabco) film. To
put this into perspective, in the bottom part of Table 1, the
electron density of the Cu,(bdc),(dabco) crystal structure taken
from literature [35] is compared to the electron density of the
ZUBKEO structure (consisting of stacked, porous Cu(bdc) layers)
and to the densely packed KAKSUL structure (which possesses
Cu,(OH),(bdc) stoichiometry—see introduction section). The
absolute values of these electron densities do not fully match
those extracted from the XRR data, which is not surprising con-
sidering the simplistic strategy for determining a, [52]. However,
the measured and calculated ratios of the electron densities tell
an interesting story: When comparing the ZUBKEO structure
comprising 1D extended pores (chemical composition Cu(bdc))
to Cu,(bdc),(dabco), the electron density increases only by a
factor of 1.7. To get an increase by a factor slightly higher
than the measured ratio of 2.6, one needs to resort to a non-
porous variant of a Cu(bdc) structure, like KAKSUL. This is
a strong indication that the Cu(bdc) films studied here are,
in fact, also non-porous. This is a highly relevant input in
our quest to determine the actual structure of Cu(bdc) thin
films. It, however, does not yet provide a final answer, as the
KAKSUL structure, as the only non-porous structure considered
so far, is inconsistent with the diffraction data (see Section 2.2).
Thus, it is necessary to identify an alternative, non-porous
structure. To that aim, it is necessary to pursue an alternative
approach and to test, whether a new structure can be identi-
fied starting directly from the GIXD data and disregarding all
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TABLE 1 | First two rows: Critical angles of total external reflections o of Cu(bdc) and Cu,(bdc),(dabco) as determined from X-ray reflectivity

experiments together with the resulting electron densities pejeciron- Last three rows: Expected values for ac and pejeciron derived from the crystal structure
data. “ratio” refers to the ratio between the respective electron densities and the electron density of Cu(bdc)(dabco). The latter has been obtained in a
reference experiment (second row) and has also been calculated for the structure taken from the CSD (last row).

ac [deg] P tectron [A7] Ratio
From XRR Cu(bdc) 0.194 0.538 2.6
Cu,(bdc),(dabco) 0.120 0.206
From CSD structure ZUBKEO 0.173 0.414 1.7
KAKSUL 0.223 0.712 2.9
Cu,(bdc),(dabco)? 0.131 0.247

2deposition number 2391759 in the CSD.

“suspect” structures derived from the literature review provided
above.

2.5 | Indexing of the Cu(bdc) Thin Film Phase

For extracting the structure directly from the GIXD data, as a
first step, an indexation of the diffraction patterns is required. A
complete list of all observed diffraction peaks from both samples
and the procedure of indexing are provided schematically in Table
S6 and Figure S11. The indexing is based on a combination of the
GIXD patterns of both types of samples. In a first step, the q,/q,
plot of the CtM sample is tentatively indexed by a 2-dimensional
reciprocal lattice, as indicated by the white grid in Figure 2c.
This yields the reciprocal lattice constants b* and c*, and the
angle a* Interestingly, exactly the same 2D reciprocal lattice
has been observed in electron diffraction experiments already
on a CtM sample [10], albeit without attempting to solve the
actual thin-film structure further. In a subsequent step, a* and
B* need to be determined. Due to the uniaxial texture of the
CtM sample, this is not possible using, for example, the q,/q,
plot (see Figure 2b). Therefore, the gq,,/q, plot of the LbL sample
is used for determining a second 2D plane of the reciprocal
lattice (white grid in Figure 2a). This second step of indexing
is done disregarding all peaks that are already part of the first
2D plane of the reciprocal lattice assigned before. These also
show up in Figure 2a due to the uniplanar texture of the LbL
film. For aligning the two 2D reciprocal lattices relative to each
other, the angle y in the real space lattice is assumed to be
90°. From the reciprocal lattice, it is then straightforward to
determine the real-space lattice. The lattice parameters of the
resulting thin-film phase of Cu(bdc) (in the following referred
to as Cu(bdc)-TF) are summarized in the central column of
Table 2.

Notably, the unit-cell volume of that structure is significantly
smaller than that of any of the structures tested before with
the exception of KAKSUL. This is consistent with a densely
packed nature of the films, as implied by the electron density
determination in the previous section. This sets certain limits
as to what could be contained in that unit cell. For example,
the unit cell of the ZUBKEO structure contains two Cu®* ions
and two bdc linkers, but at a unit-cell volume that is larger
by a factor of approximately 2.5 than in the present case (see
Table S3). Including the same building blocks into the Cu(bdc)-

TF unit cell would, thus, result in an unrealistically high mass
density. Conversely, when including two Cu?* ions, two OH~
groups, and only one doubl deprotonated bdc linker, like in the
KAKSUL structure, this yields a mass density of 2.43 g cm™,
which is extremely close to the 2.49 g cm™ of KAKSUL itself. This
suggests that the Cu(bdc)-TF structure might be similar, albeit not
identical to the (densely packed) KAKSUL structure reported in

the CSD.

2.6 | Atomistic Structure of the Cu(bdc) Thin
Film Phase

Due to the limited number of diffraction peaks for the thin
film samples, a determination of the positions of the atoms
inside the unit cell based on the GIXD data is futile [44, 53].
Thus, again, simulations are used for optimizing the atomic
positions with an initial arrangement of the atoms inspired by
the KAKSUL unit cell. In a first step, the unit-cell parameters
are fixed to the experimentally determined values, which yields
the final Cu(bdc)-TF structure. As a second step, a full geometry
optimization is performed, varying also the unit-cell dimensions.
This structure is referred to as Cu(bdc)-TF*. The lattice constants
of that structure are also included in Table 2. An important
outcome of the full optimization is that it only marginally changes
the lattice parameters compared to the ones estimated based
on the experiments. This shows that the Cu(bdc)-TF* structure
essentially corresponds to a true minimum on the potential-
energy surface, rendering this structure much more realistic than
the SURMOF-2 and the SEMI-PW structures.

The atomistic structures of Cu(bdc)-TF*, of Cu(bdc)-TF, and of
KAKSUL are illustrated in Figure 6. They all share a concep-
tually similar packing motif: They consist of lines of Cu?** ions
connected by OH™ groups, with the lines arranged in planes.
Perpendicular to the planes, the lines are connected by the
doubly deprotonated bdc molecules. Still, there are differences,
for example, in the arrangement of the Cu** ions: While they
are aligned along a straight line in b-direction in Cu(bdc)-
TF* (see Figure 6), they are assembled in a zig-zag pattern in
Cu(bdc)-TF in that direction; still, one finds a close to straight
arrangement of Cu®* ions along a line significantly tilted relative
to the b-axis. A similar pattern for the Cu?* ions is found for the
KAKSUL structure, although there, the in-plane unit-cell vectors
are no longer orthogonal. The differences in the arrangements
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TABLE 2 | Crystallographic and magnetic data of densely packed Cu(bdc) structures: KAKSUL from the Cambridge Structural Database (lattice
constants according to Niggli criteria), the phase observed for the thin films after extracting unit-cell parameters from the rotating GIXD experiments

and optimising only the atomic positions (Cu(bdc)-TF), and an analogous phase obtained by simultaneously optimizing atomic positions and unit-cell

parameters (Cu(bdc)-TF*).

KAKSUL Cu(bdc)-TF Cu(bdc)-TF*
a[A] 3.48 3.43 3.47
b[A] 6.34 6.04 5.90
c[A] 10.14 1.23 11.20
o [deg] 98.76 105.4 105.22
B [deg] 96.57 97.9 98.74
7 [deg] 99.17 90 89.41
volume [A3] 216.3 222.4 218.7
composition Cu,(OH),(bdc) Cu,(OH),(bdc) Cu,(OH),(bdc)
Z 1 1 1
Energy [meV] 567 395 0
Magnetic ground AFM AFM FM
state

of the Cu?" ions coincide with differences in the positions of
neighboring O atoms belonging to the OH™ groups and to the bdc
linkers. These occur despite the rather similar unit cells.

Overall, the finding that in the simulations Cu(bdc)-TF* has a
distinctly lower energy than KAKSUL implies that the former
is the actual minimum structure of densely packed Cu(bdc),
not only for thin films, but also in the bulk. In view of the
clearly lower energy of Cu(bdc)-TF* compared to Cu(bdc)-TF, the
Cu(bdc)-TF* structure can be considered as the final thin-film
structure found in the present study by our combined theoretical
and experimental approach. This notion is supported by our
observation that a full geometry optimization starting from the
KAKSUL structure ends in the Cu(bdc)-TF* structure (for details
see Supporting Information: Section S6.3).

Interestingly, the different relative alignment of Cu** and OH~
ions illustrated in the bottom panels of Figure 6 also impacts the
coupling of the unpaired spins on the Cu?* ions: while within
the primitive unit cell, they adopt an antiparallel alignment
(i.e., an antiferromagnetic coupling) for the KAKSUL and for
Cu(bdc)-TF, they are aligned parallel for Cu(bdc)-TF*. That is,
in the latter system the spins are ferromagnetically coupled. The
relative energetics of the different spin configurations are detailed
in Table S8, and the lowest-energy spin state is also specified
in Table 2. Notably, the ferromagnetic coupling in Cu(bdc)-
TF* also unambiguously prevails when considering a supercell
containing four Cu?* ions along the lines running in b-direction
(see Supporting Information: Section S6.4). This observation is
insofar relevant, as Friedlander et al. found Cu(bdc) thin films to
be ferromagnetic [14] in electron paramagnetic resonance (EPR)
experiments combined with magnetization studies. In passing,
we note that the reason why Cu(bdc)-TF* displays a ferromag-
netic coupling is provided by the Goodenough-Kanamori rules.
These rules describe how the superexchange interaction between
transition metal ions is mediated by ligands. The magnetic cou-
pling depends on the bond angle and on the overlap between the

metal d-orbitals and ligand p-orbitals. Specifically, ferromagnetic
coupling is found in cases in which the bond angle deviates
significantly from 180° (just as it is the case in Cu(bdc)-TF¥)
[54-57].

2.7 | Structure Verification

As a final step, the DFT-optimized structures of Cu(bdc) are
verified against the experimental data. First, the 2D reciprocal
space map obtained in the GIXD experiment for the LbL sample is
compared to the calculated peak pattern (see Figure 7a). The peak
pattern is obtained by choosing the (001) plane of the Cu(bdc)
crystals to be parallel to the substrate surface. A perfect agreement
of 001 and 002 reflections with experimental peak positions is
found. The arc-type character of the peaks is attributed to an
out-of-plane mosaicity of the Cu(bdc) crystals. The experimental
peak intensity at q,,/q, = 1.042 A7'/0.301 A~ is well explained
by 0-10 and 011 peaks. The peak at q,,/q, = 1.834 A-1/0.264 A
is associated with the 100-peak arising from the 7w—n parallel
stacking of the bdc units observed at an interplanar distance
of digy = 3.39 A. Even the peak series along q, at g,, = 2.08
A-! is well reproduced by the Cu(bdc)-TF* structure. Thus, the
experimental GIXD pattern is in excellent agreement with the
calculated one.

The comparison is repeated for the CtM sample (see Figure 7b).
As with the LbL sample, a map integrated over the azimuthal
angle is used to display all diffraction peaks, since the axial
texture causes the absence of certain Bragg reflections at specific
orientations. In this representation, mostly Debye-Scherrer rings
are observed, and the calculated diffraction pattern is overlaid
by white quarter circles. The white arrow marks the 111 silicon
diffraction peak, and the white triangles denote the Debye—
Scherrer rings associated with the 021 and 111 Cu(OH)), diffraction
maxima. The g-values of the Debye-Scherrer rings align well
with those predicted from the theoretical crystal structure. This

Advanced Functional Materials, 2026

11 of 19

85UB01"] SUOLLWIOD AIEBID a1 dde au A pueAoB 9/ SOILE VO ‘35N J0 S9N 0} ARIqITBUIIUO AD1IA UO (SUOTIPUOO-PLE-SUWLIBIWIC" A3 1M ARe.q]BUluo//SAIY) SUOIPUOD PUB SWB 1 84} 305 *[9202/20/20] U0 AZiqiTauliuo AB1IA ‘G209, WPR/Z00T 0T/I0pALI0Y AW AR 1pUI|UO"PoURADe/:S1IL WOI) PBpe0|UMOd ‘0 ‘8Z089TIT



along b-axis

{Cu and OH along c-axis |

FIGURE 6 | Comparison of three possible densely packed thin-film structures of Cu(bdc): Cu(bdc)-TF*, Cu(bdc)-TF, and KAKSUL. Views along
the a, b, and c axes are shown. For the views along the a and b directions, the structures are displayed with a thickness of one unit cell, while supercells
are shown perpendicular to the viewing direction. When viewing along the c-direction, only the Cu?* and the OH™ groups are shown to better visualize
their arrangement. When viewed along the a-axis, all structures appear rather similar. The view along the b-axis clearly reveals significant differences in
the alignment of the bdc linkers. In Cu(bdc)-TF and Cu(bdc)-TF*, the bdc linkers are less inclined relative to the normal to the Cu®* planes. Moreover,
in Cu(bdc)-TF*, there are rows of Cu?* ions aligned in b-direction and, concomitantly, the O-C-O planes of the carboxylic linkers coincide with the
be-planes. The c-axis view further highlights differences in the arrangement of Cu-layers and, in particular, shows marked deviations in the structures
and orientations of the Cu**-OH~-CU?*-OH~ chains, which are obtained by connecting the Cu?* ions to the nearest two OH-groups (see blue-orange
lines). Green rectangles mark the respective unit cells. Atom colors: Cu (blue), O (red and orange), C (brown), H (white and yellow). In hydroxyl (OH™)
groups, oxygen atoms are highlighted in orange, and hydrogen atoms in yellow.
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FIGURE 7 | Comparison of calculated diffraction patterns based on
the fully optimized Cu(bdc)-TF* crystal structure with experimental
GIXD results. (a) Reciprocal space map of the Cu(bdc) thin film grown
with the layer-by-layer technique compared to the calculated 2D peak
pattern. The centers and areas of the white circles represent peak positions
and associated structure factors. For the sake of clarity, the calculated
2D pattern is plotted only in the right half or the panel, as the left and
right half of the reciprocal space maps contain the same information.
(b) Azimuthally integrated reciprocal space map of Cu(bdc) thin film
grown with the ceramic-to-MOF technique compared to the calculated 2D
peak pattern (white quadrants). The white arrow and the white triangle
mark the silicon and the Cu(OH), diffraction features, respectively. (c)
Comparison of the simulated powder pattern of Cu(bdc)-TF*(red line)
with the quasi-powder pattern of the CtM sample (blue line), including
substrate peaks (denoted by V and *). Vertical red bars emphasize the
calculated peak positions.

agreement confirms that both the LbL and CtM thin films share
the same crystal structure, and that this is consistent with that of
Cu(bdc)-TF*. A comparison of the reciprocal space maps with the
calculated pattern of Cu(bdc)-TF is provided for both samples in
Figure S13a,b.

Also, a comparison between the measured and calculated (quasi-)
powder patterns of the ceramic-to-MOF sample shown in
Figure 7c confirms the appropriateness of the suggested struc-
ture. The corresponding result for Cu(bdc)-TF is contained in
Figure S13c. The agreement by far exceeds that obtained for any
of the structures tested above and shown in Figure 3.

Intensity (a.u.)

calculation

3800 3400 3000 2600 2200 1800 1400
Wavenumber (cm'1 )

FIGURE 8 | Infrared transmission spectra of different Cu(bdc) films.
The experimental spectra are presented for both the layer-by-layer (on
pristine Si) and the ceramic-to-MOF samples. An excellent agreement
with the calculated spectrum based on Cu(bdc)-TF* is found. The impact
of absorption of the Si substrate is negligible (save the weak feature at 1118
cm™! and the shoulder around 1450 cm™!; see Figure S18).

As a final consistency check, the IR spectra of the CtM and LbL
fabricated films were measured and compared to the results of
IR simulations on the Cu(bdc)-TF* structure. Again, an excellent
agreement is reached (see Figure 8), which further supports
the assumed nature and arrangement of the material’s building
blocks. The peaks at 1571 cm™ and at 1395 cm™ are identified as
the asymmetric, v,,(COO), and symmetric, v,(COO), stretching
modes of the carboxylates. The measured splitting of 174 cm™
correlates extremely well with that calculated for the Cu(bdc)-TF*
structure and is also consistent with the existing literature [28].

Even more relevant for the structural identification is the peak
at 3569 cm~. As it appears in both films and in the simulations,
it cannot be related to any substrate vibrations. An inspection
of the eigenmodes associated with the very close-lying peak
calculated to be at 3610 cm™! allows associating the mode with
O-H stretching vibrations. This supports the notion that -OH~
groups are present in the structure. Interestingly, these vibrations
have also been observed in the study revealing the ferromagnetic
nature of the Cu(bdc) thin films [14]. It should also be mentioned
that the correct positions of the O-H stretching modes are
obtained only, when including anharmonic corrections in the
simulations (see methods section). The peaks at 1027 and 1118
cm™! are associated with C-H twisting and scissoring vibrations
in the phenylene rings and are also consistently observed in
experiments and simulations.

2.8 | Comparison to Zn-Based Terephthalate
Coordination Networks

A final, interesting aspect is that the Cu(bdc)-TF* structure is
reminiscent of the structure of certain Zn-based terephthalate
coordination networks recently discussed by C. Leroy et al. [58].
A number of such structures have been included into the CSD,
with two of them being particularly relevant for the present study.
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These are the structures with the identifier ECATIO [59] and
the metastable structure with the identifier PUCYAO [48]. Their
chemical composition (Zn,(OH),(bdc)) is equivalent to that of
the Cu(bdc) thin film phase except for the different metal ions.
Both materials represent non-porous, densely packed structures.
The diffraction patterns of the PUCYAO and ECATIO structures
resemble but do not match that of our LbL film (see Figure S5).
Therefore, to refine the structural model, we performed simula-
tions in which we replaced the Zn?* ions from the aforementioned
CSD structures by Cu?" ions and fully optimized their geometries,
including the lattice parameters. In the ECATIO case, this yielded
astructure with a diffraction pattern essentially identical to that of
the KAKSUL structure (which, as mentioned above, is reported as
a Cu?* based structure in the CSD). The main difference between
the two structures lies in the orientation of the bdc linkers. In
KAKSUL, the bdc linkers consistently align in the same direction
across all layers. In ECATIO, however, the bdc linkers alternate
their orientation: while in one linker layer they align similarly
to KAKSUL, in the next linker layer they are rotated or crossed
(see Figure S14). Notably, and in contrast to the KAKSUL case,
the Cu?* analogue of the ECATIO structure (Cu**-ECATIO*)
represents a stable energy minimum in the simulations; at least
it does not convert to Cu(bdc)-TF* in the geometry optimizations
(as KAKSUL did, see Figure S12). This suggests that in cases in
which the classical KAKSUL-derived diffraction pattern has been
observed for Cu(bdc) type crystallites [20], the actual structure
of the material could correspond to Cu?"-ECATIO*. For the thin
films studied here, Cu?*-ECATIO* does not represent the correct
solution as its diffraction patern is very close to that of the
KAKSUL structure (see Figure S14b), which does not match our
experiments (see above). The actual comparison of the GIXD
pattern of the Cu?*-ECATIO* structure to that of the LbL film is
shown in Figure Sl6a.

Interestingly, the Cu?** analogue of the second structure men-
tioned above, Cu?*-PUCYAO*, yields a diffraction pattern
strongly reminiscent of that of Cu(bdc)-TF* (see Figure S15). This
similarity arises from the nearly identical arrangement of Cu-
hydroxide layers and bdc linkers when viewed within the plane
of the layers and along the stacking direction. However, when
viewed along the direction of the bdc linkers, a key difference
becomes evident: in Cu*"-PUCYAO#*, the orientation of the bdc
linkers alternates by approximately 90° in each successive layer.
This, however, does not result in discernible additional peaks
that could be identified in our thin-film experiments (see Figures
S15b and S16b). We attribute this to the diffraction process being
dominated by the heavy metal ions and the electron densities in
the linker layers not being different enough in the two structures.
As a consequence, based on the available thin-film diffraction
data, a prevalence of a PUCYAO-like structure in the LbL and CtM
thin films cannot be excluded. In this context, the simulations
also do not provide additional insight as the two structures
are essentially isoenergetic (they differ by 4 meV per Cu®*-
PUCYAO* unit cell, which is within the error margin of the
simulations). Notably, also the magnetic properties of the original
structures and the structures with a doubled unit-cell length
in c-direction (ECATIO and PUCYAO) are the same: for Cu?*-
ECATIO* we find an antiferromagnetic ground state (like for
KAKSUL), while for the PUCYAO derivative a ferromagnetic
ground state like in Cu(bdc)-TF* prevails [14]. This is also good
news, as it suggests that the two possible “final” structures

Cu(bdc)-TF* and Cu?*-PUCYAO* have very similar physical
properties.

3 | Discussion: Implications of the Cu(bdc)-TF*
Structure for Functional MOF Films

A correct structural model is essential to understand the func-
tional properties in Cu(bdc) films (e.g., guest infiltration and
chemical robustness). The thin-film structure we determine
(Cu(bdc)-TF*, stoichiometry Cu,(OH),(bdc)) is compact: XRR
shows an electron density about 2.6 times larger than that of 3D
pillared Cu,(bdc),(dabco) films, and the refined triclinic cell has
a much smaller volume than any porous candidate considered.
These properties indicate a non-porous nature of the framework
in the as-grown films.

The dense structure of Cu(bdc)-TF* explains why post-synthetic
infiltration is absent for Cu(bdc) films prepared by the LbL
[16] and CtM [17] techniques and why there is a need for
pillared Cu,(bdc),(dabco) structures to reliably achieve porosity
[10]. Typically, dye inclusion for Cu(bdc) occurs during MOF
growth rather than through post-synthetic diffusion, which
aligns with restricted access apertures throughout the film. A
dense Cu(bdc)-TF* arrangement with Cu-OH chains closely
linked by bdc linkers naturally blocks mass transfer, limit-
ing guest molecule uptake. Conversely, for Cu,(bdc),(dabco),
uniform Ag* infiltration is observed after simple immer-
sion, and N, sorption on the detached film shows a type-
I isotherm with BET ~723 m? g~!, confirming accessible
microporosity [10].

The same Cu(bdc)-TF* structural features explain the chemical
stability against water observed for layer-by-layer and heteroepi-
taxially grown Cu(bdc) films. For example, in previous reports
on CtM films, in situ GIWAXS, and ex situ microscopy show
that Cu(bdc) films retain crystallinity and a plate-like morphology
from 50% relative humidity (RH) up to exposure to liquid water. In
contrast, porous Cu,(bdc),(dabco) films degrade and recrystallize
to Cu(bdc) at >50%-80% RH via a dissolution-reprecipitation
route [17]. In the commonly assumed stacked Cu,(bdc), (MOF-
2/SURMOF-2) model with open 1D square channels, this relative
water stability of 2D films has been attributed to the small and
hydrophobic pore openings perpendicular to the substrate and an
interlayer spacing of ~5.8 A that limits water ingress. However,
a dense Cu(bdc)-TF* structure would be even more in line with
the experimentally observed diffusion limitation and hydrolytic
stability.

Finally, Zn(bdc) is often viewed as porous analogue to Cu(bdc).
However, in our analysis, simply substituting Cu®* for Zn?*
cations in MOF-2-type structures fails to reproduce the experi-
mental quasi-powder pattern or the rotating-GIXD peak topology
for thin films; in contrast, the Cu(bdc)-TF* structure is con-
sistent with the scattering experiments, and it also reconciles
the carboxylate splitting and the O-H stretch observed in the
IR spectra. Also for Zn(bdc) thin-films, an in-depth analysis
reveals complex structures that are different from the Cu(bdc)-
TF* structure observed here. The one exception is the Zn*-based
PUCYADO structure discussed in the previous section, for which
the Cu?* analogue (Cu**-PUCYAO*) would be consistent with
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measurements on Cu(bdc) thin films. Functionally, this means
that design rules based on porous Zn(bdc) MOFs cannot a
priori be assumed to work for Cu(bdc) films prepared by the
LbL and CtM techniques. The implications for MOF-based
device fabrication are evident: (i) predictions for guest transport,
sorption, or responsiveness should be determined specifically
for the dense Cu(bdc)-TF* framework; (ii) the fabrication of
host-guest systems for Cu(bdc) films is facilitated by in situ
encapsulation; (iii) rationalizing the hydrolytic stability provides
new guidelines for employing Cu(bdc) films as dense, robust
frameworks.

4 | Conclusion

Combining evidence from a variety of complementary tech-
niques, this work resolves the long-standing discussion concern-
ing the actual crystal structure of thin films consisting of the
coordination network formed when combining Cu** ions and bdc
linkers. It is also discussed how the structure directly impacts the
functionality of the thin films. The two films at the heart of the
present study have been produced by fundamentally complemen-
tary methods: a layer-by-layer deposition approach and ceramic-
to-MOF conversions. Despite the fundamentally different types of
textures observed in the two thin film samples, they both display
identical crystal structures. For phase identification, we apply a
multi-step procedure, successively eliminating a priori plausible
structural motifs: already quasi-powder spectra suffice to rule out
known crystal structures of (typically) bulk Cu(bdc) from the
Cambridge Structural Database. This also applies to structural
arrangements suggested in literature, especially when applying
DFT to fully relax the suggested structures, including unit-cell
parameters. Only structures with lattice constants fixed to the
outcomes of other powder-diffraction type experiments seem
to provide a potential agreement with quasi-powder patterns
extracted from our rotating-GIXD data. However, when consider-
ing scattering in 3D reciprocal space accessible by rotating-GIXD
experiments, that is, when going beyond straightforward in- and
out-of-plane scattering data, it becomes evident that neither the
established structures nor related structural motifs accurately
describe the entirety of the data available to us. Therefore, it is
evident that an alternative approach has to be adopted, solving
the crystal structure by a combined experimental/theoretical
strategy. A complication at this stage is that the exact chemical
composition of the studied films is a priori unknown (this refers,
e.g., to the Cu*" to bdc ratio and to the potential presence of
OH™ groups or solvent molecules, including H,0). A crucial
ingredient for the final phase assessment was access to the
textures of the two films via pole figures extracted from the
rotating-GIXD data. Additionally, determining the total electron
density of the samples from the critical angles of total reflection
in X-ray reflectivity experiments (re)directed the search towards
a densely packed structure. Indexing of the diffraction patterns,
while taking the different textures into account, yielded a triclinic
unit cell with lattice constants similar but not identical to the
structure known by its CSD refcode as KAKSUL. Subsequently,
DFT optimizations of the lattice parameters and the atomic
arrangements were performed assuming a chemical composition
of Cu,(OH),(bdc) with one formula unit per unit cell (in analogy
to the situation for the KAKSUL case). This yields a non-porous,
densely packed structure and shows that the lattice originally

extracted from the rotating-GIXD experiments corresponds to
a minimum on the potential-energy surface. The identified
crystal structure (i) fully explains the characteristic features of
the diffraction patterns, (ii) its non-porous nature is in good
agreement with the comparably high electron density observed by
X-ray reflectivity, (iii) its ferromagnetic ground state is consistent
with previous measurements by Friedlander et al. [14]. Moreover,
(iv) the presence of OH- groups in addition to bdc?>~ and Cu**
structures matches the results of IR-absorption experiments.
Overall, by combining a variety of state-of-the-art techniques,
this work identifies a densely packed structure for solution
grown Cu(bdc) thin films (denoted as Cu(bdc)-TF*) that is fully
consistent with all available data. The absence of sufficiently large
void volumes within the crystalline structure allows us to classify
Cu(bdc) in thin films as a crystalline coordination network. In the
discussion section, the implications of the identified Cu(bdc)-TF*
structure for the functional properties of Cu(bdc) films in terms
of guest loading, chemical stability, and the lack of similarity to
most analogous Zn?**-based systems are described. In view of the
new structure identified in the current study, it is worthwhile
revisiting previous experiments to check whether the current
(nonporous) structural motif would also be consistent with the
then observed functional materials properties.

Besides identifying the structure of Cu(bdc) thin films, we portray
the advantage of using rotating-GIXD as a form of X-ray scattering
that allows characterizing a large fraction of reciprocal space.
Combining it with complementary experimental techniques and
state-of-the-art simulations makes it a particularly powerful tool
for determining reliable structures in situations in which single-
crystal diffraction is not an option, including cases where the
stoichiometry of the material is not a priori fully established.
Given that thin-film growth can yield structures distinct from
bulk single crystals [60], the present procedure offers a general
route to resolve film structures and to link them to function as a
prerequisite for the rational design of devices.

5 | Methodology
5.1 | Experimental Methods

The synthesis of the layer-by-layer Cu(bdc) thin film (LbL)
followed the literature procedure [30, 61]: For the films on pristine
Si, Cu acetate monohydrate and 1,4-benzenedicarboxylic acid
(H,bdc) were dissolved separately in absolute ethanol using
ultrasonication and heating to 55°C, achieving concentrations
of 1 mM (Cu) and 0.1 mM (bdc), respectively. To clean the Si
substrate (1 cm by 1 cm), it was rinsed with ethanol and then
exposed to a UV-Ozone plasma for 20 min. The metal precursor
solution and the linker solution were alternately spin-coated onto
the prepared Si substrate and rinsed with pure ethanol between
the deposition steps. Each deposition cycle involved spin-coating
for 10 s, using an acceleration of 500 rpm/s and reaching a max-
imum speed of 2000 rpm. This procedure was repeated 30 times.
Substrates with functional SAMs were prepared by immersion
of ethanol-rinsed 100 nm Au on Si substrates in a 0.02 mM
MHDA ethanolic solution for 2 days, rinsing with ethanol and
also drying with nitrogen. For that procedure, commercial Au(111)
substrates (Georg Albert PVD-Beschichtungen) were employed.
They were prepared by thermal evaporation of 30 nm Au (99.99%
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purity) onto polished single-crystal Si(100) wafers (Silicon Sense)
pre-coated with a 9 nm Ti adhesion layer. On the SAM-covered
substrates, Cu(bdc) films were deposited by the standard method
in analogy to what has been described above for the pristine
substrates.

The synthesis of the ceramic-to-MOF Cu(bdc) thin film (CtM)
followed the literature procedure described in [10, 32]: Here,
crystalline Cu(OH), nanobelts serve as precursors. They are
unidirectionally injected into a water basin with a syringe to
create a uniform film on the water’s surface. Subsequently, the
nanobelts are gently pressed onto a silicon wafer, keeping them
as parallel as possible. Then they are cleaned with ethanol
and dried with nitrogen. As a final step, the Cu(bdc) thin film
is produced by immersing the Cu(OH), nanobelts-coated Si
substrates for ten minutes into the linker solution, composed of a
10-mL ethanol-water mixture (7.14 mL ethanol, 2.86 mL water)
containing 0.1 mg/mL of H,bdc. A more extended description
of the procedure is provided in the Supporting Information [10,
32]. As substrate for the CtM samples, Si(100) from Siegert Wafer
GmbH with a thickness of 675 pm, p-doped with B and an
electrical resistance of 1-10 Ohm cm, was used.

Fourier transform infrared (FTIR) spectra were measured
between 400 and 4000 cm™ with a 2 cm™ resolution using a
Bruker ALPHA spectrometer in transmission mode, averaging
over 64 scans. Subsequent data analysis was carried out using
the OPUS software (version: 8.5) [62]. All presented infrared
spectra (I,,,) were baseline-corrected by applying the following

relation: I,,, = ;‘””, where I, is the measured intensity and

I is the baselinbé intensity, which was determined using the
OriginPro 2021b software®®. All measurements in transmission
were performed on the samples using pristine Si wafers as
substrates. Qualitatively, these were thin and lowly doped enough
to transmit a sufficient amount of IR intensity. The negligible
role of IR absorption features of the substrate is discussed more
quantitatively in the Supporting Information: Section S7.2).

Grazing incidence X-ray diffraction [63] experiments with rotat-
ing samples (rotating-GIXD) were performed at the beamline
XRD 1, Elettra, Trieste. The primary X-ray wavelength was 1.40 A,
and a Pilatus 2 M detector located 200 mm from the sample was
used to detect the diffracted beam. To gather data for the entire
reciprocal space, the sample was continuously rotated by 360°
over 3600 s. During each 10-second interval (corresponding to a 1°
rotation step), a two-dimensional diffraction image was recorded.
Incident angles of 0.2° and 1° were chosen for the layer-by-layer
and ceramic-to-MOF samples, respectively. Data conversion of
the experimental data to reciprocal space was performed using
the software GIDVis [34]. The experimental results are plotted

as a function of the scattering vector 5, using q = 4fsin@. The
scattering vector can be separated into an out-of-plane part (q,)
and two in-plane contributions (g, and g,). Due to the specific
texture of the LbL sample, the associated diffractograms do
not depend on the direction of the in-plane scattering vector.
Thus, it is not necessary to distinguish between g, and g, and
the in-plane scattering vector is denoted as q,, and defined as
g3, = g3 + g;. The rotating-GIXD data can be presented as 2D
reciprocal space maps (e.g., intensities as a function of g, and q,),
as reciprocal space maps integrated over a full sample rotation

(integrated intensities as a function of q,, and q,), as pole figures
(which represent the orientation distribution of the crystallites
at a defined g—value [64]), or as a quasi-powder patterns by
plotting the intensity as a function of g [34]. Notably, the quasi-
powder patterns do not allow a fully quantitative comparison
between experimental and calculated peak intensities, as some
information is lost due to geometrical factors. These include, for
example, the experimentally inaccessible part of g-space (like the
missing wedge) and blind spots of the detector.

For comparison to measured data, diffraction patterns are also
calculated using crystal structure information files (cif-files) as
input. Calculated intensities are represented in two ways: for
comparison with reciprocal space maps, Bragg peak intensities
are visualized via structure factors, which are calculated by using
the GIDVis software [34]. In contrast, the comparison of quasi-
powder plots is done with simulated powder patterns generated
using Mercury, Cambridge Crystallographic Data Centre (CCDC)
(version 4.3.1). These simulations are based on a conventional
diffractometer geometry, including geometrical factors like the
Lorentz-polarization and peak multiplicity.

X-ray reflectivity (XRR) measurements were performed with a
PANalytical Empyrean diffractometer in specular geometry using
CuKa radiation at a wavelength of 1 = 1.542 A. The primary side
was equipped with a sealed copper tube and a multilayer mirror
for generating a parallel beam. On the secondary side, a 0.1 mm
anti-scatter slit and a 0.02 rad Soller slit were used together with
a PANalytical PIXcel 3D detector working as a point detector.
According to Pietsch et al., [49], critical angles of total external
reflection o are given by the value of the angle «, at which the
observed intensity drops to half of its maximum value in the
region of total external reflection [49]. The electron density of
the sample, p,, can then be calculated from a by using a. =

2
V26 with 6§ = £ r, - p.. Here, r, is the classical electron radius,

V4

also denoted as Thomson scattering length [65].

5.2 | Computational Details

To generate optimized structures for all systems, the FHI-aims
[66-69] code was used, combining the PBE [70] functional with
a nonlocal variant of the many-body dispersion correction [71].
In the Supporting Information, Section S1 presents a detailed
description of the chosen computational settings. A central ele-
ment for the current study is the optimization of structural param-
eters of potential candidate structures of Cu(bdc). Depending on
the specific target structure, either only atomic positions were
relaxed or lattice parameters and atomic positions were relaxed
simultaneously until the residual maximum forces dropped to
below 10~* eVeA~'. This is described in more detail, including
the nomenclature used for the two optimization scenarios, in
Section 2.1. When performing full geometry optimizations, it is
possible to assess whether a specific set of lattice parameters rep-
resents a stable configuration or not. Fixed unit-cell parameters
are used for test purposes, when relying on structures from the
CSD or, in some cases, when referring directly to parameters
extracted from rotating-GIXD data.

To simulate the infrared (IR) spectrum of Cu(bdc), we employed
the CRYSTAL23 [72] software with a TZVP [73] basis set and the
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B3LYP hybrid functional with D3 dispersion correction [74, 75]
(see Supporting Information for full details). The relaxed lattice
parameters obtained following the procedure described in the
previous paragraph were used as inputs for CRYSTAL23, and,
before calculating the spectra, only the atomic positions were
relaxed to account for the modified computational settings when
using the CRYSTAL code. The XLGRID (extra-large grid) option,
which uses a dense radial-angular grid, was used to ensure
accurate integration of the exchange-correlation potential, which
is important for computing vibrational properties. Frequencies
were obtained using numerical derivatives; anharmonic cor-
rections for predominantly hydrogen-involving vibrations were
applied [76-78].
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