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Ultrathin films of 2D Hofmann-type coordination polymers: influ-
ence of pillaring linkers on structural flexibility and vertical charge

transport

Victor Rubio-Giménez," Garin Escorzia-Ariza," Carlos Bartual-Murgui,” Christian Sternemann,* Marta Gal-
biati,"* Javier Castells-Gil," José Antonio Real,’ Sergio Tatay"* and Carlos Marti-Gastaldo™*

" Instituto de Ciencia Molecular, Universitat de Valéncia, Catedrético José Beltrdn 2, 46980 Paterna, Spain

¥ Fakultat Physik/DELTA, Technische Universitit Dortmund, 44221 Dortmund, Germany

Searching for novel materials and controlling their nanostructuration into electronic devices is a challenging task ahead of chemists and chem-

ical engineers. Even more so when this new application requires an exquisite control over the morphology, crystallinity, roughness and orienta-

tion of the films produced. In this context, it is of critical importance to analyze the influence of the chemical composition of perspective mate-

rials on their properties at the nanoscale. We report the fabrication of ultrathin films (thickness < 30 nm) of a family of Fe! Hofmann-like

coordination polymers by using an optimized liquid phase epitaxy (LPE) set-up. The series [Fe(L)2{Pt(CN)4}] (L = pyridine, pyrimidine and

isoquinoline) conform an ideal platform for correlating the effect of the axial nitrogenated ligand with changes to their structural response to

guests or electrical resistance. All film properties relevant to device integration have been thoroughly analyzed with complementary surface

techniques for a meaningful comparison. Our results reveal that changes to this ligand can hinder the structural transformation triggered by the

absorption of guest molecules previously reported for the pyridine phase. Also important, it can substantially hinder vertical charge transport

across the layers, even at the ultrathin film limit.

INTRODUCTION

Metal-organic frameworks (MOFs) and coordination
polymers (CPs) are on the path of being included in functional elec-
tronic devices as electroactive and stimuli-responsive materials."?
These crystalline frameworks, formed by the periodic assembly of
metal ions and polytopic organic ligands, offer an attractive and ver-
satile platform with an almost endless variety of molecular pieces, to
construct materials with tunable structural and electronic properties.
However, the path to integrate them in actual devices calls for their
processing into ultrathin films with exquisite control over several fac-
tors that can influence device performance. Film thickness, substrate
coverage, homogeneity, roughness, crystallinity or the orientation of
the film with respect to the substrate have to be carefully controlled
to achieve a viable device. Polycrystalline films built from electro-
chemical or direct solvothermal synthesis often do not meet these
standards.** In turn, the substrate transfer of nanofilms formed at the
air-liquid or liquid-liquid interfaces and the Layer-by-Layer (LbL)
deposition directly onto the substrate are more suitable to produce
crystalline ultrathin films of MOFs and CPs, more respectful with
the above parameters.**

A particular case of LbL is LPE, that is when a chemically-
functionalized substrate is sequentially immersed in diluted solu-
tions of the metal ions and organic ligands of the targeted CP. LPE
permits a high control over the crystalline orientation, imposed by
the surface anchoring group, and film thickness as it involves a self-
limiting coordination reaction. Moreover, it even enables to produce
CPs that are inaccessible in the bulk form and film heterostructures

with smooth interfaces.”'° LPE has been a powerful resource to grow
thin films of Fe™-spin crossover (SCO) frameworks, for which the
LPE approach constitutes an interesting alternative to vacuum sub-
limation of molecular SCO complexes."'** The technological pro-
spects for these materials are linked to the ability of the Fe centers
to switch between the diamagnetic low-spin (LS) and paramagnetic
high-spin (HS) electronic configurations. This can be triggered with
avariety of external inputs like temperature, light, pressure, guest an-
alytes and magnetic or electric fields. ‘*** From an electronic point of
view, the HS to LS reversible switching can be exploited in memory
devices. In fact, various studies have shown potential using SCO na-
noparticles and single molecules.***” Thus making SCO materials
ideal for their integration in multifunctional electronic and
spintronic devices.”** Given the low conductivity generally dis-
played by Fe™ SCO materials,” their integration into electronic de-
vices generally requires their deposition as ultrathin films (tens of
nanometers) and small electrode separations to make them conduc-
tive enough to withstand the pass of electrical current, and simulta-
neously maintain their SCO properties at the ultrathin level.

One particularly interesting family of SCO CPs is Fe"
Hofmann-like CPs (Fe-HCPs).***! Fe"HCPs are composed by
metal-cyanide-metal layers with formula [Fe(L)«{Pt(CN)4}] (x=1-
2),%* vertically separated by aromatic nitrogen-based pillaring lig-
ands (L) coordinated to octahedral Fe" metal ions. Depending on
the connectivity of these ligands, they can form either 2D (x= 1) or
3D (x = 2) structures (see Figure SI1). The latter display intrinsic
porosity due to the 1D channels that run parallel to the metal-cya-
nide planes, while the former are not intrinsically porous in the bulk
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Figure 1. Structure of the [Fe(L){Pt(CN)s}] family. a) Perspective of the metal-cyanide layer along the b axis in [Fe(py)2{Pt(CN)4}]. Side views
along the a axis of [Fe(py)2{Pt(CN)4}] (b), [Fe(pym){Pt{CN)4}] (c) and [Fe(isoq)2{ Pt(CN).}] (d) showing the planar (b and c) and corrugated
(d) layers vertically stacked together thanks to n—r interactions between the pillaring ligands. Interlayer separation considerably increases from 0.76
nm for L = py (b) and pym (c), up to 1.04 nm for isoq (d). Color code: Fe, red; Pt, turquoise; N, blue; C, grey.

form as their monodentate pillaring ligands yield interdigitated
structures due to 7-m interactions. As demonstrated by Mallouk,
Bousseksou, Kitagawa and their respective collaborators, processing
3D Fe"-HCPs into thin films using the LPE methodology requires
temperatures of atleast -60 °C, low enough to prevent the disassem-

3535 whereas films of

bly of the Fe™ ions during the epitaxial process,
their 2D counterparts can be grown at room temperature.’**?¢ By
employing an optimized LPE procedure, we recently demonstrated
that the SCO transition in [Fe(py).{Pt(CN).}] (py = pyridine), a
2D Fe™-HCP, is retained when processed as ultrathin films.*” More-
over, in a previous report, Kitagawa and co-workers showed the ap-
pearance of an unprecedented gate-opening response to guests in
this material for films of comparable thickness.*” Motivated by this
phenomena and the perspective of integrating these materials into
responsive electronic devices, we decided to prepare a family of 2D
Fe'"HCPs with py and two alternative pillaring ligands (Figure 1):
pyrimidine (pym) and isoquincline (isoq). Replacement of the axial
nitrogenated ligand whilst keeping the same metal-cyanide layers
provides an excellent platform for analyzing the effect of the pillaring
linker on the vertical charge transport and structural properties of
this family of 2D CPs at the nanoscale.

EXPERIMENTAL SECTION

Materials and methods. Iron(Il) tetrafluoroborate hexahydrate
(Fe(BF4)26H,0) (Sigma-Aldrich, 97%), anhydrous pyridine (py)
(Sigma-Aldrich, >99%), pyrimidine (pym) (Sigma-Aldrich, >98%),
isoquinoline (isoq) (Sigma-Aldrich, >97%), 4-mercaptopyridine
(py-SH) (TCIL, >97%), tetrabutylammonium bromide (TBABr)
(Sigma-Aldrich, >98%), potassium tetracyanoplatinate(II) hydrate
(KyPt(CN)4)xH,0) (Strem Chemicals, 95%) and Gallium-Indium
(Ga-In) eutectic (Sigma-Aldrich, >99.99%) were used as received
without further purification. Anhydrous ethanol {99.5%) was pur-
chased from Acros Organics. Other solvents (HPLC-grade) were
purchased from Scharlab S.L. (TBA):Pt(CN), was synthesized fol-
lowing a literature procedure.*

Substrate preparation and SAM functionalization. Prior to
Au evaporation, substrates were soaked in a freshly prepared solu-
tion of H.0»/NH,OH/H,O (1:1:2) and sonicated for 10 min. This
treatment was repeated three times. Next, they were rinsed with
Milli-Q water, sonicated 5 min in Milli-Q water twice, and dried un-
der a stream of N». Then, metal evaporation was performed in an Ed-
wars Auto 500 thermal evaporator placed inside a N»-filled glovebox.

The base pressure and evaporation rate were 2.10° mbar and 0.2 A.s”
! respectively. 15 nm of Au onto SiOa(native)/Si substrates was the
preferred thickness except for infrared spectroscopy studies for
which 150 nm of Au onto glass substrates (Soda-lime) were used in-
stead. 3 nm of Ti were used as adhesion layer in all cases. For SAM
functionalization, Au substrates were previously activated via O
plasma treatment (MiniPCFlecto, Plasma Technology) and then
immersed in a 1 mM ethanol solution of py-SH for 24 h. Next, sub-
strates were rinsed with fresh ethanol and dried under a stream of N.

LPE fabrication of [Fe(L){Pt{(CN)J}] ultrathin films. Films were
prepared according to the reported methodology® Au substrates
functionalized with a py-SH SAM were sequentially immersed in an-
hydrous ethanol solutions containing a mixture of the corresponding
metal complexes and L or pure anhydrous ethanol. In the case of L =
py we used 10 mM Fe(BF:)./100 mM L and 10 mM
(TBA):Pt(CN)./100 mM L mixtures whereas in the case of L =
isoq and pym we used 25 mM Fe(BF4);/100 mM L and 25 mM
(TBA):Pt{CN)4/100 mM L solutions. Immersion time was 3 min in
each solution with intermediate washing steps of 1 min in pure an-
hydrous ethanol. The LPE sequential immersion was performed us-
ing a KSV automatic dipping system placed in a N»-filled glovebox at
room temperature. After the final intended number of immersion cy-
cles was completed, substrates were dried under a stream of N..

Physical characterization.

Powder X-ray diffraction (PXRD). Patterns for bulk were collected
from polycrystalline samples using a high-throughput screening
platform in a PANalytical Empyrean diffractometer in transmission
mode, operating at 40 mA and 45 kV using copper radiation (Cu Ko
=1.5418 A) and a PIXcel detector. Profiles were collected by using
a Soller Slit of 0.02° and a divergence slit of 14 at room temperature
in the angular range 3° < 20 < 50° with a step size of 0.013°. LeBail

refinements were carried out withthe FULLPROF software pack-
41

age.

Elemental CHNSO analysis, CHNSO analysis was performed using
a FlashSmart (Thermofisher) elementary analyzer with a thermal
conductivity detector. Helium and oxygen (both purity 99.995%)
were used as the carrier and combusting gases, respectively. The
combustion tube was set up at 950° C and the reduction tube at 600°
C. Sulfanilamide was used as CHNS standard.



Infrared reflection absorption spectroscopy (IRRAS). Measure-
ments were performed on a VeeMax II sampling stage (Pike Tech-
nologies) placed in the sample compartment of a Nicolet 5700
Transformation-Infrared Spectrometer. All measurements were per-
formed under nitrogen atmosphere. Each FT-IR spectrum repre-
sents the average of $12 scans at 4 cm™ resolution. The infrared
beam (incidence angle: 75°) was p-polarized by mean of a manual
ZnSe polarizer and the output signal was collected using a refriger-
ated mercury cadmium telluride detector.

Atomic force microscopy (AFM). Measurements were performed
with a Digital Instruments Veeco Nanoscope IVa microscope in tap-
ping mode using Si tips with a natural resonance frequency of 300
KHz and with an equivalent constant force of 40 N-m™. Scan rate was
adjusted during the scanning of each image and kept in between 0.1-
1 Hz. Resolution for all images was 512 points/line. Film thickness
was evaluated by scratching off the 2D Fe"-HCP film using a tooth-
pick.

X-ray Photoelectron Spectroscopy (XPS). Spectra were collected at
the X-ray Spectroscopy Service of the Universitat d’Alacant using a
K-Alpha X-ray photoelectron spectrometer system (Thermo Scien-
tific). All spectra were collected using Al Ka radiation (1486.6 eV),
monochromatized by a twin crystal monochromator, yielding a fo-
cused X-ray spot {elliptical in shape with a major axis length of 400
pm) at 3 mA-C and 12 kV. The Alpha hemispherical analyzer was
operated in the constant energy mode with survey scan pass energies
0f 200 eV to measure the whole energy band and 50 eV in a narrow
scan to selectively measure the particular elements. XPS data were
analyzed with Avantage software. A smart background function was
used to approximate the experimental backgrounds. Charge com-
pensation was achieved with the system flood gun that provides low
energy electrons and low energy argon ions from a single source.
Spectra are referenced using the C 1s main peak (285.0 eV).

Synchrotron Grazing Incidence X-ray Diffraction (GIXRD).
Measurements were performed at beamline BL9 of DELTA syn-
chrotron.* Samples were placed into a closed cell mounted on a mul-
tiaxis diffractometer and measured under a continuous He flow. Sin-
gle shot images (100 seconds exposition) were recorded at room
temperature using a MAR area detector with a wavelength of 0.8266
A (15 keV incident energy), a sample-to-detector distance of 352
mm (calibrated with a LaBs reference sample) at angle of incidence
of 0.1° with a beam size of 1 x 0.2 mm”. Data was analyzed and pro-
cessed using FIT2D software.** For the in-situ XRD measurements
under solvent vapors, the closed sample cell was connected to a cus-
tom-built He gas flow system capable of semi-quantitatively control-
ling the relative pressure of solvent vapor into the sample cell. See
Supporting Information for more details. Out-of-plane diffracto-
grams were measured in scanning mode at room temperature (25°
C) using a Pilatus 100K detector.

Solvent sorption measurements. Measurements were performed on
freshly made bulk samples after activation in an Autosorb station at
and 10 Torr at 100 °C prior to analysis. Methanol adsorption-de-
sorption isotherms were recorded at 298 K on a Micromeritics 3Flex
apparatus.

Electrical Characterization. Log ] histograms were obtained from
the analysis of the current (I) as function of the applied bias (V, Ga-
In eutectic drop biased positively) curves recorded after bringing a
Ga-In eutectic drop into contact with the surface of the

[Fe(L):{Pt(CN).}] films and using the Au film as bottom electrode.
The area of the contact was estimated from the diameter of the con-
tact zone measured using a CCD camera. Data was recorded using a
Keithley 6517B electrometer and Yokogawa GS200 voltage source
controlled with Labview (National Instruments). Ga-In eutectic
drops with a radius of ~0.3 to ~1.2 ym® were reproducibly produced
using a syringe and a micromanipulator. See Supporting Infor-
mation for more details.

RESULTS AND DISCUSSION

2D Fe"-HCPs in the bulk phase. Although the SCO properties of
[Fe(pym).{Pt(CN).}] and [Fe(isoq).{Pt(CN).}] in the bulk and
thin film textures will be detailed in a subsequent work, here we will
anticipate their structural features essential to this manuscript. Sin-
gle crystals of [Fe(pym){Pt(CN).}] and [Fe(isoq){Pt(CN).}]
were prepared by controlled liquid-liquid diffusions of a Fe" salt and
pym or isoq solution, into one of {Pt(CN).}*. Their structures in
the HS state, solved via single-crystal X-ray diffraction analysis, are
summarized in Figure 1. The structure of [Fe(pym)A{Pt(CN).}]
(CCDC 1910989) is analogous to the already described py frame-
work,* with an equivalent interlayer distance between planar metal-
cyanide-metal layers. However, in [Fe(isoq){Pt(CN).}] (CCDC
1910991) these layers are corrugated along the a axis, and the intro-
duction of a bulkier ligand causes the interlayer distance to increase
from ~0.76 nm up to ~1.04 nm, that is close to a 40% expansion. Su-
pramolecular 7-7 interactions are responsible for the stacking of the
layers in an interdigitated fashion in all cases. The distances between
neighboring py, pym and isoq units in consecutive layers oscillate
around ~3.8 A (Table SI1 and SI2). Finally, the purity of bulk
samples used thereof as references for the chemical and physical
characterization of the ultrathin film samples were previously
confirmed with PXRD (Figure SI2 and Table SI3) and elemental
analysis (Table SI4).

Sequential growth of ultrathin films of a family of 2D Fe'-
HCPs under inert atmosphere. We prepared ultrathin films of
the series [Fe(L)2{Pt(CN)4}] (L = py, pym and isoq) by following
a LPE procedure schematized in Figure 2. This method consists in
the sequential immersion of Au substrates functionalized with a 4-
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Figure 2. Automated LPE ultrathin film fabrication process of
[Fe(L):{Pt(CN).}]. Scheme detailing the structure of the films and the
LPE process with the four different molecular components of
[Fe(L)2{ Pt{CN)4}]: the axial ligands, the [Pt{CN)4]* complex, the Fe!!
ions and the py-SH SAM. A SAM-functionalized Si/Au substrate is se-
quentially immersed in ethanol solutions of the molecular components,
first Fe''/L and then [Pt(CN)4]*/L with intermediate washing steps of
pure ethanol. Sequential cycling for controllable film thickness is done
with an automatic dipping system to ensure reproducibility. The whole
process is carried out inside the glovebox to avoid Fe™' oxidation.
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Figure 3. IRRAS characterization of [Fe(L){Pt(CN).}] ultrathin films as a function of the number of immersion cycles. Maximum absorbance of
the most intense IRRAS peak, v( CN) versus the number of cycles for L = py (a), pym (b) and isoq (c). Data has been fitted to a linear model (black

line).

mercaptopyridine (py-SH) self-assembled monolayer (SAM) in
ethanol solutions of Fe(BF,); and (TBA),Pt(CN), with an excess of
the respective axial ligand and intermediate ethanol rinsing steps to
wash unreacted reagents. As previously reported,® the use of an au-
tomated multi-vessel dip coater is a powerful tool to perform the
process in a systematic and reproducible manner. Moreover, as pre-
viously mentioned, the possibility of growing 2D Fe™-HCPs at room
temperature allows for the LPE process to undergo under an inert
atmosphere in a Ny-filled glovebox. This along with the use of anhy-
drous de-oxygenated ethanol, ensures the absence of any Fe' oxida-
tion (see below). The presence of undesired Fe™ species can sub-
stantially alter the electronic and magnetic properties of the system,
negatively affecting the charge transport across the framework.

To confirm the successful growth of the 2D Fe-HCP ul-
trathin films, we checked that the infrared reflection absorption
spectroscopy (IRRAS) spectra of all three 2D Fe'-HCPs matched
with their respective bulk FT-IR spectra (Figure SI3). This ensures
the presence of [Fe(L)2{Pt(CN)4}] in the films regardless of the pil-
laring linker and rules out the co-deposition of starting materials or

the presence of spurious Fe™-

CN species.” Furthermore, the se-
quential nature of the growth process is confirmed by the linear in-
crease of the intensity of the CN vibrations at 2173 (L = py), 2170
(L =pym) and 2167 (L =isoq) cm™, as well as the stretching bands
of the aromatic rings in the axial linkers (1600-1000 cm™) (Figure
3) after every immersion cycle (Fe'-L/ethanol/[Pt(CN).]*-
L/ethanol). This points to a growth mechanism dominated by the
controlled nucleation of 2D metal-cyanide layers, which are then in-
terdigitated in the three-dimensions by the weak interactions be-
tween neighboring nitrogenated linkers in the axial positions of the
Fel center.

The chemical purity of the films was further established by
using XPS. The peaks of the constitutive elements (Fe, Pt, C and N)
are visible in the survey spectra of the [Fe(L):{Pt(CN)4}] bulk and
ultrathin film samples (Figure SI4). The high-resolution Fe 2p and
Pt 4f photoelectron spectra of the three films as a function of the
number of cycles are shown in Figure 4. They all share similar spec-
tral shapes and show main Fe(2ps/2) and Pt(4f/2) peaks with weaker
Fe(2p1/2) and Pt(4fs/2) peaks, see Table SIS for the exact peak posi-
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Figure 4. XPS characterization of [Fe(L){Pt(CN)s}] ultrathin films as a function of the number of immersion cycles. High-resolution XPS spectra
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tions along with spin orbit splittings and peak widths for representa-
tive Fe 2p peaks. These values and the presence of satellites above
the main lines agree with the presence of Fe" in the HS state as ob-
served for other Fe"" SCO compounds and Fe-HCPs.** Likewise,
our previous X-ray absorption spectroscopy (XAS) measurements
of comparable [Fe(py){Pt(CN)4}] ultrathin films also pointed to
the absence of Fe™ when using the same LPE procedure under an
inert atmosphere.”” Equivalently, the high-resolution Pt 4f spectra
points to the presence of Pt" in both thin film and bulk materials. We
also quantified the amount of Pt, Fe, N and C for the whole series of
ultrathin film samples and for the bulk materials by peak area inte-
gration. In all cases the Fe/Pt ratio is close to the value of 1:1 given
by the chemical formula regardless of the number of immersion cy-
cles (Figure 4). The metal-to-ligand ratio is also within the expected
chemical formula, as N/Fe ratios are also close to the respective the-
oretical values (Figure SIS). The good agreement between IRRAS
and XPS data highlights the versatility and consistency of our LPE
procedure, as it can be used to produce chemically pure ultrathin

films across micrometric areas of 2D Fe-HCPs, regardless of the ni-
trogenated axial linkers.

Preferential orientation and controllable thickness. Next, we
moved on to study the crystallinity and crystalline orientation of the
[Fe(L)2{Pt(CN)4}] ultrathin films. For that we performed GIXRD
measurements at beamline BL9 of DELTA synchrotron (A = 0.8266
A, room temperature). Diffraction patterns were collected for 30-cy-
cles films (~22 nm thick, see below) in single shot real-space image
using an area detector (Figure SI6). Next, complete, in-plane and
out-of-plane diffraction profiles were extracted for each 2D Fe'-
HCP and peaks were indexed following simulated diffraction pat-
terns obtained from their crystal structures. Firstly, comparison of
the complete integration GIXRD patterns with their respective bulk
PXRD (without
diffractograms (Figure SI7) showed the presence of the most

and simulated preferred  orientation)
intense reflections. Regarding preferential orientation of the 2D Fe-
HCP layers, Figure Sa,b clearly shows that out-of-plane diffracto-
grams for L = py (a) and pym (b) both films present intense (0k0)

3

10 Theoretical Theoretical 10 Theoretical
—— Experimental fit —— Experimetal —— Experimental fit
g 0.72 £ 0.03 nm g 0.76 + 0.04 nm B 1.00 + 0.08 nm
10 15 20 25 30 10 15 20 25 30 10 15 20 25 30

Number of cycles

Number of cycles

Number of cycles

Figure 6. Surface morphology and thickness analysis of [Fe(L)2{Pt(CN)s}] ultrathin films. (Top) S x S pm? AFM topography images of 7 cycles
samples of L = py (a), pym (b) and isoq (c). (Bottom) Evolution of film thickness with the number of cycles for samples of L = py (e}, pym (f) and isoq
(g). Experimental thickness values were obtained from height distributions extracted from AFM images of manually scratched samples. We averaged at
least three measurements from at least two samples, error bars correspond to standard deviations. Fits of the film thickness data versus the number of
cycles (black lines) yield the experimental interlayer distances which are indicated in the legend of each graph. These experimental values are in excellent
agreement with the theoretical values (dashed grey lines) extracted from the crystal structures shown as insets.



diffraction peaks. This corresponds to a parallel disposition of the
metal-cyanide layers with respect to the substrate, which is then nor-
mal to the b crystallographic axis. Hence, no (0k0) peaks are visible
in the in-plane diffractograms, which presents intense (h00), {001)
and (hOl) peaks. Consistent with previous reports,* the metal-cya-
nide planes do not grow perfectly parallel to the substrate but are
slanted to some extent, as indicated by the presence of the (111) and
(311) peaks in the in-plane profile of L = py (Figure Sa), and the
(110), (111), (112), (221) and (151) [which is indistinguishable
from (202)] peaks in the in-plane diffractogram of L = pym (Figure
§b). This slight plane tilt in the metal-cyanide layers disposition
would also explain the appearance of a small (111) peak in the out-
of-plane profile for L = py and a significant (110) peak in the case of
L = pym due to its considerable intensity relative to the rest of the
(0k0) peaks. On the other hand, the elucidation of the crystalline
orientation of L = isoq films is expected to be more complex due to
the corrugated nature of the metal-cyanide layers and the lower sym-
metry (triclinic versus orthorhombic) of the [Fe(isoq)2{Pt(CN)a}]
system observed in the crystalline material (CCDC 1910991). Nev-
ertheless, the disposition of this 2D Fe-HCP with respect to the
substrate is equivalent to the other two compounds. As visible in Fig-
ure 5S¢, the out-of-plane profile features intense (001) peaks, the
(001) and (002) reflections are also present in the in-plane diffrac-
togram but their intensity is much weaker and the (002) signal is
hardly distinguishable from the (110) contribution to the peak. All
this along with the rest of the diffraction peaks that appear in the in-
plane profile is consistent with the isoq linkers being normal to the
surface of the substrate with the corrugated metal cyanide layers lay-
ing along the same surface. Ultimately, GIXRD shows that our ul-
trathin films of 2D Fe™-HCPs systems are crystalline and preferen-
tially oriented with respect to the Au substrate. This is imposed by
the py-SH SAM which binds the axial L ligands thanks to z-m inter-
actions between their aromatic rings, hence directing the growth of
the 2D Fe"HCPs perpendicular to the substrate.

The correspondence of film thickness and surface mor-
phology with the number of immersion cycles was analyzed with
AFM. Topography images shown in Figure 6 and Figure SI8 reveal
a continuous surface for all cases regardless of the number of cycles
or the particular 2D FeHCPs for any of the micrometric areas ana-
lyzed (up to 10 x 10 pm?). This is consistent with a full coverage of
the substrates by 2D Fe"™-HCPs films over these areas. The smooth-
ness of the films was further studied by relating the surface roughness
with the number of immersion cycles. Surface root mean square
{RMS) roughness values (Figure SI9) estimated from topographic
AFM 1 x 1 pym? images, also roughly follows a linear trend with the
number of immersion cycles scaling from ~1 to ~6 nm. This corre-
sponds to roughly 1 to 6-8 layers. Above 10 cycles RMS values reach
a plateau in all cases. This roughness values are in the range of previ-
ously reported ultrathin films of similar thicknesses.**#7 To further
verify the sequential growth of the 2D Fe™-HCP ultrathin films we
correlated the number of cycles with film thicknesses measured by
AFM after scratching film samples with a soft pointy tool. Consistent
with the IRRAS study displayed in Figure 3, values increase linearly
with the number of cycles, confirming that a constant amount of ma-
terial is incorporated to the films with every immersion cycle. Fur-
thermore, the slope of the fitted lines (Figure Ge-f) matches well
with the respective layer thicknesses determined from bulk phase

crystallographic structures. This data suggests that the growth pro-
cess involves the deposition of an average of one crystallographic cell
per immersion cycle in all cases.

Effect of pillaring linker on structural flexibility. After con-
firming the chemical purity and crystallinity of our 2D Fe"-HCPs ul-
trathin films, we set on to investigate if the gate opening behavior
previously observed for [Fe(py){Pt(CN).}] ultrathin films could
be affected by changes to the pillaring linker.* In this phenomenon,
a flexible framework reacts to the presence of a guest, which causes a
structural modification.®® We set to study guest-uptake on
[Fe(isoq)z{Pt(CN)4}] films anticipating a positive influence gas-up-
take capacity because of its incremented interlayer distance with re-
spect to the other two systems and the corrugated nature of itslayers,
which might allow additional framework flexibility. Specifically, the
interlayer separation between the metal-cyanide planes in
[Fe(isoq){Pt{CN)s}] is 37 % larger than in [Fe{py){Pt(CN).}],
which in principle should facilitate the vertical separation of the lay-
ers necessary for solvent insertion. The gate opening effect originally
reported by Kitagawa and collaborators was ascribed to a nanosizing
effect, because it was only observed in ultrathin films and not in thick
films or bulk powders.* In fact, we also observed a negligible solvent
uptake in a bulk powder sample of [Fe(isoq).{Pt(CN ).} ], which did
not undergo a significant change of its lattice parameters (Figure
$110). For thin films, we used equivalent ultrathin film samples with
the same number of layers (30 immersion cycles) than the previ-
ously reported experiments, in order to make our results fully com-
parable with those. In similar fashion to other solvent adsorption
measurements with flexible MOF thin films,* we performed in-situ
surface XRD guest-uptake experiments at beamline BL9 of DELTA
synchrotron (A = 0.8266 A, room temperature).* Out-of-plane dif-
fractograms (scanning mode) were recorded for ultrathin film sam-
ples under a continuous flow of different solvent-He mixtures, using
the set-up illustrated in Figure SI11. Solvent adsorption was de-
noted after observing a negative displacement of the (001) peaks,
characteristic of a lattice expansion normal to the substrate plane
that occurs with guest uptake in 2D Fe"™-HCPs systems.*
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Figure 7. Lattice expansion due to solvent guest inclusion in
[Fe(isoq):{Pt(CN):}] ultrathin films. a) Fittings of out-of-plane XRD
profiles around the (001) peak of a [Fe(isoq)»{Pt(CN)4}] ultrathin film
(30-cycles) under different He-solvent atmospheres (He stands for a
pure He without solvent). b) Percentage change in the c cell parameter
as calculated from LeBail refinements of a [Fe(isoq)2{Pt{CN).}] ul-
trathin film (30-cycles) under different He-solvent mixtures. Error bars
correspond to propagated standard deviations in the refinement of the
unit cell parameter.



Figure 7a shows the absolute displacement of the (001)
peak under a maximum relative pressure (P/Py = 1) of various sol-
vent vapors and under pure He gas as reference. Figure 7b shows the
evolution of the ¢ unit cell parameter as calculated from LeBail re-
finements of full out-of-plane diffractograms, featuring both (001)
and (002) refinements peaks (Figure SI12 and Table SI6). Con-
trary to what we anticipated, the observed expansion effect was
lower than that reported for [Fe(py){Pt(CN)4}] ultrathin films.
Our [Fe(isoq){Pt(CN).}] films showed a maximum axial lattice
expansion of only 0.98 % under methanol while the expansion previ-
ously reported for [Fe(py).{Pt(CN).}] ultrathin films under etha-
nol was of 1.6 %. We ascribe this milder expansion effect to a combi-
nation of two factors: first the stronger m—7 interactions between ad-
jacent isoq axial ligands, which have two fused aromatic rings and
hence a significantly higher number of contacts between atoms in
the aromatic rings, in comparison to py that only has one single ring
(Table $I12). This would hinder the expansion ability of the poly-
meric network to host the guest between the metal-cyanide layers,
which according to Kitagawa’s model would require to break the sig-
nificantly stronger n—m interactions between neighboring layers for
the isoq case. Secondly, and despite the higher expansion in the in-
terlayer spacing of [Fe(isoq)-{Pt(CN).}] versus the other two 2D
Fe-HCPs, the corrugation of the metal-cyanide layers together with
the bulkier aromatic ligand blocks the gate opening phenomenon. In
order to see the space initially accessible in the framework that would
trigger the subsequent structural expansion with the solvent, we
compared the available surface area (SA) of each 2D Fe™-HCPs. Sur-
prisingly, the simulated Connolly SA values follow the opposite ten-
dency to the interlayer separation. Whilst [Fe(py):{Pt(CN)4}] and
[Fe(pym){Pt(CN)s}] have a SA value of 242.78 A>and 239.18 A2
respectively, [Fe(isoq){Pt(CN)4}] has no accessible void space
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Figure 8. Electrical characterization of 2D Fe"-HCP ultrathin films.
a) Dependence of the logarithm of the absolute value of the current
density (log | J |) measured at 0.1 V as a function of film thickness for
[Fe(L):{Pt(CN)4}] films. L = py (circles) pym (squares) and isoq
(pentagons). Maximum number of counts for each histogram has been

Thickness [nm]

normalized to 1. Solid lines are gaussian fits to the data. b) Average log
| J | values as a function of film thickness. Error bars correspond to the
Gaussian width. Straight dashed lines are a linear fit to the data accord-
ing tologJ =logJo + B(thickness)/2.303. In all cases colors indicate the
number of immersion cycles.

available for the infiltration of guests (Figure SI13). Moreover, in
our case the size of the guest molecule also seems to have a clear ef-
fect on the ability of [Fe(isoq){Pt(CN)4}] to vertically expand to
accommodate them (Figure 7b). The observed vertical cell expan-
sion is only slightly smaller for ethanol and acetonitrile with respect
to methanol. However, for toluene, which is considerably bulkier
than the rest, the expansion is severely reduced to just 0.1 %.

Influence of film thickness and pillaring linker on vertical
charge transport. In a previous work, we demonstrated that metal
evaporation is inadequate to electrically contact
[Fe(py){ Pt(CN)4}] films. * Therefore, the use of softer contacting
methods is imperative to study the electrical properties of 2D Fe'-
HCPs ultrathin films. In consonance with other studies involving
MOF films,****** vertical charge transport was studied using liquid
metal contacts. This methodology has also proven to be useful for
studying the electronic characteristics of soft materials such as or-
ganic SAMs,**** molecular wires, ** metal complexes,* large biologi-
cal complexes *” or metal-organic donor-acceptor systems.*** Be-
sides its versatility and its compatibility with ambient conditions,* it
avoids the risk of damaging the soft film of interest which could oc-
cur with of conventional metallic top contact evaporation.”?

We studied the electron transport characteristics of our
films nanostructured on SAM-functionalized Au surfaces by using
py-S-Au // [Fe(L):{Pt(CN)4}] // Ga:0s / EGaln (EGaln = gal-
lium~indium eutectic) liquid contact junctions. First, a micrometric
Ga-In eutectic droplet was carefully brought into contact with the
2D Fe!"HCP wultrathin films. Next, the area of the contact (ranging
from ~3200 to ~12000 um?) was determined with the aid ofa CCD
camera and the current densities (J) of the molecular junctions
measured as a function of the voltage (V). See SI1 and Figures
SI15-S117 for details about the used method and experimental set-
up. Semilog J-V characteristics were obtained by averaging hun-
dreds of J-V curves measured for multiple contacts at different posi-
tions across the surface of each 2D FeHCP film samples after 1-11
immersion cycles (thickness < 15 nm). As visible in Figure SI18, the
curves are symmetric within the testing window, scale down in con-
ductivity for increasing film thickness and display the non-linear cur-
rent versus bias dependence expected for a semiconductor. Current
density histograms at a given voltage were calculated from the meas-
ured |J(£V)|. The experimental variations, which are likely due to
the presence of small local variation on thickness, roughness or
structure and/or to errors on the estimation of the droplet diameter,
result in roughly log-normally distributed J values. Figure 8 shows
the average log J values as function of the number of cycles.

Table 1. Attenuation factors (B), Jo and interlayer distances {(d) for
[Fe(L):{Pt(CN).}] ultrathin films.

L Y [AY] Jo [A-cm?] d[A]
Py 0.035 0.09 7.63
pym 0.033 3.08 7.56
isoq 0.079 1.87 104

According to the literature, the tunneling mechanism is
probably inadequate to describe charge transport across 2D Fe™-
HCPs and a multistep electron/hole hopping mechanism between
redox sites is likely to be operative instead.* However, analogously



to what is customary for metal-molecule-metal junctions,* these val-
ues were fitted to the following equation:

J=Joe #T (1]

We used a linear fit of log J vs film thickness (T = d-num-
ber of cycles) at a specific voltage (0.1 V) to extract the attenuation
length (B); which is intrinsic to the electronic properties of the film
and the contact current density Jo; a factor that accounts for the in-
terfaces between the film ([Fe(L):{Pt(CN).4}]) and the electrodes
(py—S—functionalized Au and Ga;03/EGaln). B values in the >0.1-1
A range account for a strong dependence of resistance with film
thickness, which is indicative of a tunneling regime. If there is a
weaker dependence, the {8 value is lower than 0.1 A~ which is usually
attributed to a hopping regime. A transition between both regimes
has been observed around this § value when varying the length of

567 as well as in molecular wires of coor-

conjugated molecular wires
dination complexes.®® However, no shift in transport regimes has
ever been observed in MOF thin films.****** For our
[Fe(L)2{Pt(CN)4}] ultrathin films, the data can be fitted to a single
straight line indicating a unique transport mechanism without any
regime transition. As shown in Table 1, the obtained attenuation fac-
tors P correspond to ca. 0.03-0.08 A, These values are close to
those reported for other conjugated organic molecular wires®* but
are well above those observed in some metal-organic molecular
wires*®7%72 and 3D coordination polymers.* This is probably the
result of the absence of covalent bonding between adjacent metal-
cyanide layers. Supramolecular -7 interactions feebly contribute to
electron delocalization and thus hinder electron hopping between
metal centers. Similar B values (0.12 A*) were reported for NASF-1,
a 2D CP formed by grid-like layers (d = 9.3 A) of Co™tetracarbox-
ylate porphyrins interconnected by Cu" ions and vertically stacked
thanks to the 7w interactions between axial py ligands.**” As already
anticipated for the structural response to guest atmosphere, differ-
ences in the pillaring ligand are also reflected in the electronic
transport. Along the [Fe(L).{Pt(CN).}] series, the larger interlayer
distance (d) mediated by isoq disfavors vertical charge transport and
results in a higher p value for the isoq derivative in spite of the
stronger supramolecular interactions between layers. In turn, the py
and pym analogues share similar interlayer distances and feature
similar B values. It is worth noting that, despite all 2D Fe"-HCPs be-
ing bond to the Au surface in an equivalent way through the py-SH
SAM, at the time of junction formation they expose different inter-
facing groups toward the Ga,O3/EGaln droplet that contribute dif-
ferently to Jo. Within the series, L = pym with a donor heteroatom,
displays the stronger interaction with the metallic top contact and
thus yields a higher Jo value.*”® This further highlights the im-
portance of the axial ligand in out-of-plane charge transport pro-
cesses involving 2D CPs.

CONCLUSIONS

In conclusion, our fully automatized LPE procedure un-
der an inert atmosphere allowed us to produce high quality ultrathin
films (thickness < 30 nm) of a family of 2D Fe'-HCPs. The close
examination of the axial ligand effect on out-of-plane film expansion
under rich solvent atmospheres with in-situ surface XRD, suggests
that this phenomenon can be blocked by increasing the strength of

the m—m interactions between neighboring layers. Therefore, the

previously observed gate opening behavior cannot be only at-
tributed to a reduction in film thickness below a critical value. The
accessible surface area and strength of supramolecular interactions
between consecutive layers, both controlled by the pillaring linker,
are also relevant to this phenomenon. Moreover, the analysis of the
interlayer charge transport of our films using liquid metal top con-
tacts revealed a dominant hopping regime between redox metal cen-
ters. This process is also heavily influenced by the axial linker that
not only affects the capacity of the film to transport current but also
allows the engineering of film-electrode resistance. This type of
study is unprecedented in SCO CPs and contributes to the perspec-
tive integration of these materials into the reign of electronics. How-
ever distant, this scenario will involve the manipulation of charge
transport properties of extended solids nanostructured on surfaces
through their SCO properties. On the other hand, from the point of
view of nanofabrication, the high degree of control and versatility of
advanced bottom-up techniques such as LPE, could enable the for-
mation of heterostructures of different 2D Fe-HCPs. We are cur-
rently exploring this possibility to produce hybrid films with struc-
tural and electronic properties tailored by chemical design.
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