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ABSTRACT: Layer-structured metal—organic framework
(MOF) nanofilms (NAFS-2) consisting of $,10,15,20-
tetrakis(4-carboxyphenyl)porphyrin (H,TCPP) molecules
and copper ion metal linkers were assembled on a gold or a
silicon surface by applying a solution-based layer-by-layer
growth technique coupled with the Langmuir—Blodgett
method. Synchrotron X-ray diffraction measurements
showed that NAFS-2 exhibits highly crystalline order in
both the in-plane and out-of-plane orientations. Each MOF
sheet (monolayer) adheres without pillaring units, and the
nanofilm maintains its highly crystalline order above 200 °C.
The results provide an excellent demonstration of how to
exercise in a facile way fine control of the assembly of
molecule-based hybrid objects and their thermal stability,
which is a key issue for the future use of MOFs in potential
applications in nanodevices.

he rational design and construction of functional layered

systems on surfaces whose structures are finely controlled at
the nanoscale represent a key objective of modern materials
science and a key challenge for creating future nanodevices."”
Coordination materials are excellent candidates as building
blocks of such nanoarchitectures because the rich variety of their
components, metal ions and organic ligands, offers a vast number
of combination possibilities to generate well-designed structures
and functionalities. In the past decade, metal—organic frame-
works (MOFs), which are highly crystalline porous coordination
polymers, have attracted considerable attention because they
exhibit various unique properties such as gas sorption, molecular
separation, storage, and catalysis associated with their highly
regularized pores in the bulk-crystal state.>* To utilize MOFs or
related coordination materials in nanotechnological devices such
as sensors and catalysts, their fabrication in the film state has been
actively pursued® through direct crystal growth from solvother-
mal solution® or by step-by-step liquid epitaxial growth.”

We very recently reported an unconventional solution-based,
ambient-conditions film fabrication technique involving layer-
by-layer deposition coupled with the Langmuir—Blodgett meth-
od (LB-LbL), which resulted in a preferentially oriented MOF
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nanofilm (NAFS-1) on a silicon substrate.® An important issue in
exploring the potential of this technique is to demonstrate its
versatility to provide diverse types of well-ordered nanofilms of
controllable structure and size at the nanoscale on various
substrates. Examination of the thermal stability of such highly
crystalline nanofilms is also of paramount importance. Here we
changed the molecular building units (in the absence of pillaring
molecules) to modify the interlayer spacing of a MOF nanofilm
while keeping the molecular arrangement of the layer intact and
explored its structural integrity upon annealing using the syn-
chrotron X-ray diffraction (XRD) technique. In addition, the
NAFS-2 nanofilm growth was achieved on both gold and silicon
substrates, opening the way for their integration as electrodes for
nanodevices.

Porphyrin derivatives have been extensively employed as
versatile components in the topological design of two-dimen-
sional (2D) and three-dimensional (3D) extended porous net-
works and widely studied because of their varied and rich
chemical and physical properties.”*”®® We applied the LB-LbL
technique using a free-base porphyrin, §,10,15,20-tetrakis
(4-carboxyphenyl)porphyrin (H,TCPP), as shown schemati-
cally in Figure 1. Spreading a solution of H,TCPP in toluene/
ethanol onto a CuCl, aqueous solution subphase and compres-
sing the molecules on the surface (the LB method) led to the
assembly of 2D H,TCPP arrays mediated by copper ions
(H,TCPP—Cu). The observed surface pressure—area (7—A)
isotherm for H,TCPP—Cu (Figure S1 in the Supporting In-
formation) was identical to that in NAFS-1,® which consists of
CoTCPP—Cu arrays and pyridine pillaring molecules; this
indicates that HyTCPP—Cu has the same molecular arrange-
ment in the sheet as the CoTCPP—Cu LB film. However, we
note that the H,TCPP—Cu sheet can accommodate water
molecules in the available coordinatively unsaturated axial sites
of the copper units, while in NAFS-1, the pyridine molecules
(used as the third structure-directing component) protrude from
the CoTCPP—Cu plane. The H,TCPP—Cu sheets were then
subjected to an intermediate rinse and solvent immersion
process, resulting in the formation of a layer-structured nanofilm
designated as NAFS-2 (nanofilm of metal—organic frameworks
on surfaces no. 2). Successive LbL sheet stacking of NAFS-2 was
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Figure 1. Schematic illustration of the representative assembly pro-
cesses of NAFS-2 involved in the combined Langmuir—Blodgett/layer-
by-layer (LB-LbL) nanofilm growth technique.

confirmed by monitoring the UV—vis (Figures S2 and S3) and
IR (Figures S4 and SS) spectra of the nanofilms after each
deposition cycle. The films were also characterized by X-ray
photoelectron spectroscopy (XPS) (Figure S6).

XRD measurements on NAFS-2 nanofilms were performed
using synchrotron X-ray radiation. The XRD profiles (4 = 1.555
A) for different scattering geometries of a 50-layer NAFS-2 film
(NAFS-2_SOL) and the derived structural model are shown in
Figure 2. XRD measurements using the out-of-plane scattering
geometry, which is sensitive to the lattice parameters parallel to
the film growth direction, were carried out, and Figure 2a shows
the out-of-plane XRD pattern of NAFS-2 collected by 6—20
scans. Two diffraction peaks indexed as (001) and (002) were
observed, revealing the highly ordered layer-stacking manner of
the nanofilm (Figures S7—S10) and leading to a value of
7.026(3) A for the size of the interlayer spacing, ¢, for NAFS-2
(Figure 2c). The calculated out-of-plane XRD pattern and the
peak positions [including only (00!) reflections] are also in-
cluded in Figure 2a. The ¢ value in NAFS-2 is significantly smaller
than the interlayer spacing observed in NAFS-1 [c = 9.380(3)
A],® and the substantial interlayer collapse in NAFS-2 can be
attributed to the absence of pyridine molecules. In NAFS-1, these
coordinated axially to both the copper binuclear blocks and
CoTCPP and projected outward from each sheet.® On the other
hand, water molecules are available in NAFS-2 to coordinate to
the axial sites of the binuclear Cu,(COOQ), paddle-wheel units to
complete the coordination sphere. The estimated H,TCPP—Cu
layer thickness taking into account such axially coordinated water
molecules (i.e., the distance between hydrogen atoms of the
coordinated water molecules across each sheet) is ~7.6 A, which
is slightly larger than the NAFS-2 interlayer spacing obtained
from the XRD measurements. This is consistent with a sheet
layering pattern in which consecutive sheets do not stack directly
on top of each other along ¢ (i.e,, an AA stacking sequence) but
are arbitrarily off-registered (i.e., an AB pattern) (Figure 2c),
placing neighboring axially coordinated water molecules in the
interlayer space away from each other and leading to a smaller
interlayer distance than the magnitude of the film thickness
estimated by considering the bound water molecules. The
average tilting angle of the stacked layers was estimated to be
~3° from a rocking curve scan (6 scan) at the (001) peak
position (Figure S8). The larger tilting angle than in NAFS-1
(0.3°)® can be attributed to the weaker interaction between the
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Figure 2. (a, b) Synchrotron XRD profiles (black circles, 4 = 1.555 A)
of a NAFS-2 thin film on a gold substrate obtained in (a) the out-of-
plane direction by using a 6—20 scattering geometry and (b) the in-
plane direction with a detection angle of 0.21° with respect to the
surface. The reflection positions (black bars) and the simulated profiles
(red solid lines) obtained using the constructed structural model for
NAFS-2 depicted in (c) and (d) are also included. (c, d) Schematic
diagrams of the proposed crystalline structure of NAFS-2. H atoms are
shown in white, C in gray, N in blue, O in red, and Cu*"in green. Some
H atoms have been omitted for clarity.

layers, as there are no “layer-locking” molecules protruding from
the sheets to exercise stereoelectronic control in NAFS-2.

The grazing-incidence XRD (GIXRD) technique (in-plane
scattering geometry), which is sensitive to the lattice parameters
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Figure 3. GIXRD profiles (4 = 1.555 A) of the as-prepared NAFS-2 film
on a gold substrate and of the same film after heating at various
temperatures to 255 °C in the vicinity of the (110) Bragg reflection.
Observation of diffraction peaks above 200 °C confirmed that NAFS-2
maintains its highly crystalline state at high temperatures (also see Figure
S15).

parallel to the substrate plane, was employed with an incidence
angle (a) of 0.21° for the same NAFS-2 nanofilms. The
observation of sharp diffraction peaks in the in-plane XRD profile
(Figure 2b) indicated that NAFS-2 is highly crystalline in the
substrate-plane direction, and all of the reflections could be
indexed as (hk0) [also see the profile fitting of the GIXRD data
(Figure S11) and the complementary GIXRD data on NAFS-2
films with different numbers of layers (Figures S7—S10) and on a
silicon(100) substrate (Figure S12)]. The derived basal plane
dimensions [a = b = 16.477(2) A for NAFS-2_SOL] of the
pseudo-2D tetragonal unit cell of NAFS-2 are comparable to
those of NAFS-1 (16.46 A)® and bulk porphyrin MOFs built
from MTCPP units (~16.6 A).**" This provides unambiguous
evidence that the highly ordered in-plane molecular arrangement
in NAFS-2 consists of a “checkerboard” motif of H,TCPP units
linked by binuclear Cu,(COO), paddle wheels, the latter
comprising copper ions and the carboxylic acid substituent
groups of H,TCPP (Figure 2d). The presence of the Cu,-
(COO), units in NAFS-2 was also confirmed by IR spectroscopy
(Figures S4 and SS). In-plane XRD measurements of NAFS-2
formed on a Si(100) substrate were also carried out, and the
consistency of the observed profile (Figure S12) shows that
NAFS-2 can easily be fabricated on different substrates while
retaining the same crystalline structure. Simulations of the in-
plane XRD pattern [including only (hk0) peaks] were carried out
using the NAFS-2 structural model (AB stacking pattern with B
representing an arbitrary sheet orientation relative to A; calc. 1 in
Figure 2b) that was discussed earlier for the out-of-plane diffrac-
tion results, and the results were found to be in good agreement
with experiment. On the other hand, the calculated in-plane
pattern for an AA stacking motif (calc. 2) shown in Figure S13 led
to inferior agreement with the experimental results: the clear
observation in the experimental profile of the (200) and (300)
Bragg reflections, which appear in calc. 1 but are absent in calc. 2,
supports the idea that the sheets in NAFS-2 are layered in an off-

aligned manner along the interlayer direction, as we also con-
cluded on the basis of the out-of-plane XRD results. The average
crystalline domain size was evaluated as ~20 nm from the peak
width of the intense (110) reflection. Atomic force microscopy
(AFM) images of the NAFS-2 film also showed domains whose
size is ~20 nm (Figure S14).

The thermal stability of NAFS-2 was studied by ex-situ syn-
chrotron GIXRD. The NAFS-2 film was first annealed on a hot
plate at selected temperatures, and then in-plane XRD patterns
(Figure 3) were collected after the film was allowed to cool to
room temperature. Observation of Bragg reflections provided
unambiguous evidence that NAFS-2 retains its highly crystalline
order up to temperatures above 200 °C; decomposition occurred
at 240 °C, where the intense (110) reflection disappeared (also see
Figure S15). Survival of the Cu,(COO), paddle-wheel coordina-
tion linkage in NAFS-2 to these high temperatures was also
supported by IR spectroscopy measurements (Figure S16).

In summary, we have reported the facile fabrication of highly
crystalline MOF nanofilms (NAFS-2) under mild conditions on
both gold and silicon surfaces. The interlayer spacing in NAFS-2
was varied while retaining the same in-plane molecular arrange-
ment by employing different molecular building units than for
the previously reported NAFS-1. This provided an excellent
demonstration of the power and versatility of the LB-LbL film
growth strategy, which here allowed the construction of nano-
films that were well-ordered in both the out-of-plane and in-plane
orientations using only two simple components (free-base
porphyrin molecular building blocks and metal-ion joints) and
no pillaring units. The (110) Bragg reflection in the XRD profile
of NAFS-2 survived even after annealing at high temperatures,
implying that the nanofilm maintains its high crystallinity above
200 °C. Finally, because the constituent layers of the nanofilm
adhere only weakly to each other, removal of the axially
coordinated water molecules and introduction of suitable addi-
tional components into NAFS-2 should allow further fine-tuning
of the stacking motif and the interlayer spacing as well as their
efficient selective absorption, inducing catalytic reactions” at the
available axial sites.
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© Supporting Information.  Sample preparation; UV—vis,
IR, and XPS spectra; XRD patterns; and AFM images of the
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