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substrate surface, is essential. Although there have been many

ABSTRACT: Fabrication of a crystalline ordered thin film attempts to date, in general, it is difficult to fabricate highly
based on the porous metal—organic frameworks (MOFs) oriented crystalline MOF thin films because many of them are
is one of the practical applications of the future functional polycrystalline where their growth directions can be hardly
nanomaterials. Here, we report the creation of a highly controlled.® Moreover, even if they are obtained, their low
oriented three-dimensional (3-D) porous pillared-layer- thickness and density values cause difficulties in structural
type MOF thin film on a metal substrate using a step-by- characterization using XRD measurements. To control not only
step approach based on liquid-phase epitaxy. Synchrotron the number of layers but also the growth directions of MOF
X-ray diffraction (XRD) study clearly indicates that the thin films, two approaches have been intensively studied. One is
thin film is crystalline and its orientation is highly a step-by-step approach in the liquid phase using a solution of
controlled in both horizontal and vertical directions structural components and functionalized substrates, such as a
relative to the substrate. This report provides the first self-assembled monolayer (SAM) on Au.’ The other is a novel
confirmation of details of not only the crystallinity but also film fabrication approach that is a combination of the
the orientation of 3-D MOF thin film using synchrotron Langmuir—Blodgett and layer-by-layer methods (LB—LbL)."
XRD. Moreover, we also demonstrate its guest adsorp- By using this LB—LbL method, we have recently achieved
tion/desorption behavior by using in situ XRD measure- construction of highly oriented crystalline porphyrin-based two-
ments. The results presented here would promise useful dimensional (2-D) layered MOF thin films. In addition, these
insights for fabrication of MOF-based nanodevices in the techniques also allow thin-film growth to be monitored by
future. optical techniques. In contrast to the development of MOF

thin-film preparation, structural confirmation including their
crystalline orientation is still a major puzzle that should be

ecent progress in porous metal—organic frameworks noted. Most crystalline MOF thin films whose orientation
(MOFs),! which are crystalline polymeric materials could be perfectly controlled along both in-plane and out-of-
composed of metal ions and multidentate organic ligands, has plane directions to the substrate are mainly limited to 2-D
yielded a wide range of rich science, such as gas—sorption,2 layer-type MOFs. 410 Although there are several crystalline 3-D
catalytic,” conducting,* magnetic,® and electronic® properties network-type MOF thin films,”*"*' many of them have been
derived from their large porosity and designability of structures. structurally confirmed only by out-of-plane XRD measure-
In light of their availability, efficient use of pore space, and ments, and there are only a few examples with perfectly
integrating functions, fabrication of porous MOFs as a thin film controlled orientation confirmed by both in-plane and out-of-
is one of the challenges for the development of future plane XRD measurements.”"
important nanomaterials such as electronic, catalytic, and Here, we show the fabrication and structural confirmation of
sensing devices. Therefore, development of MOF thin films a highly oriented crystalline 3-D porous pillared-layer-type
on a solid surface has recently attracted significant attention.” MOF thin film. By using synchrotron surface XRD measure-
For application use of MOF thin films, controlling their ments, we demonstrate that the crystalline orientation of this
crystalline orientation, which is confirmed mainly using X-ray
diffraction (XRD) along both horizontal and vertical directions Received: May S, 2012
(ie, in-plane and out-of-plane directions) relative to the Published: May 31, 2012
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film is perfectly controlled along both in-plane and out-of-plane
directions relative to the substrate. In this work, we focused on
a Hofmann-type clathrate MOF, Fe(pz)[Pt(CN),] (pz:
pyrazine) as a target material to fabricate the thin film on the
substrate because it has a simple porous 3-D network with a
pillared-layer structure where the cyanide-bridged 2-D layers
containing Fe and Pt(CN), units are connected to each other
by a pz ligand to form a 3-D lattice. Hofmann-type clathrate
MOFs have been intensively studied because of their magnetic
properties (e.g, spin-crossover behavior) which are thermally
or optically induced, and sorption properties for many guest
molecules.'! Deposition of Fe(pz)[Pt(CN),] on a metal
substrate has been reported previously; ~ however, confirma-
tion of its crystallinity and orientation based on the X-ray study
has not been achieved yet. In general, in the case of such
Hofmann-type MOFs, it is difficult to obtain the single crystals
even in bulk syntheses because of their poor crystallinity similar
to cyanide-bridged Prussian blue analogues. Therefore, the thin
films composed of Hofmann-type MOFs have not been
considered as crystalline and oriented thin films to date.”
Because the use of Hofmann-type MOFs as thin film is surely
an attractive research target for future optical and electronic
devices, clarification of the structural aspects is one of the
imperative tasks that would contribute to practical applications.
In our work, we used a Au/Cr/Si substrate by which a highly
oriented crystalhne MOF thin film was fabricated using the LbL
method,'® and a modified film preparation where we did not
use an anchoring layer of 4,4-azopyridine on the thiol-based
SAM. Synchrotron XRD measurements on this Fe(pz)[Pt-
(CN),] thin film show clear evidence not only for the
crystallinity but also for the high orientation. In addition, we
also demonstrate the guest adsorption/desorption behavior of
this film by using XRD.

Preparation of the thin film was performed as follows (Figure
1)."® First, the Au/Cr/Si substrate was soaked in an ethanol

4-Mercaptopyridine

Au/Cr/Si substrate -

vaod
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Figure 1. Schematic representation of the step-by-step approach to
fabricating Fe(pz)[Pt(CN),] thin film in the liquid phase.
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(EtOH) solution of 4-mercaptopyridine for a day to be
functionalized by thiol-based SAM. After this treatment, the
substrate was washed with EtOH and dried by N, flow. Next,
this substrate was alternately soaked in EtOH solutions of
Fe(BF,),-6H,0, [(C,H,),N],Pt(CN),, and pz in this order at
212 K for a total of 30 cycles. In these soakings after the
preparation of the SAM functionalized substrate, the 2-D layer
structure containing Fe and Pt(CN),, and pillars of pz were
alternately introduced into the substrate (see Figure 1). The
substrate was washed with EtOH after each soaking,

The Fe(pz)[Pt(CN),] thin-film growth could be monitored
using infrared reflection absorption spectroscopy (IRRAS).
Figure 2 shows the IRRAS of the Fe(pz)[Pt(CN),] thin film
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Figure 2. Step-by-step thin-film growth monitored by IRRAS at rt.
(Inset) Dependence of the maximum absorbance of the 2(CN) mode
on the number of cycles. The blue dotted line is a visual guide.

for each synthetic cycle. The peak intensity of the v(CN)
stretching mode derived from the 2-D layer around 2170 cm ™
clearly increased with an increase in the number of cycles as
was expected. In addition, as shown in the inset of Figure 2,
there was a linear increase in maximum absorbance with
increasing number of cycles, indicating successive growth of the
film. We also recorded the Raman spectrum on the obtained
film. As shown in Supporting Information, Figure S1, the
Raman spectrum agreed well with the bulk sample of
Fe(pz)[Pt(CN),] in the high-spin (HS) state.

As described above, it is generally difficult to confirm the
crystal structure and orientation of MOF thin films using an
XRD measurement because of the low thickness and density of
the films. In such a case, using synchrotron radiation is a
powerful technique that offers high-quality structural informa-
tion because of the high photon flux density. To investigate its
crystallinity and orientation on the substrate of the obtained
thin film, synchrotron surface XRD measurements were carried
out at the BL13XU beamline of SPring-8."* Figure 3 shows
synchrotron XRD patterns (1 = 1.555 A, room temperature
(rt)) of the 30-layer film both in the horizontal direction (in-
plane, grazing-incidence mode; Figure 3a) and in the vertical
direction (out-of-plane, 6—20 mode; Figure 3b) relative to the
substrate. By comparing these with simulated XRD patterns
(denoted as green lines in Figure 3) obtained from bulk
Fe(pz)[Pt(CN),], we successfully proved the highly oriented
nature of this thin film. As shown in Figure 3a, several peaks
that can be indexed as 100, 110, 200, 210, 220, 300, and 310

dx.doi.org/10.1021/ja304361v | J. Am. Chem. Soc. 2012, 134, 9605—9608



Journal of the American Chemical Society

Communication

(@

Intensity (a.u.)

(b)

Intensity (a.u.)

simulation

1 L 1 L 1 L A L 1

15 20 25 30 35
24 (degree)

Figure 3. Synchrotron XRD patterns of Fe(pz)[Pt(CN),] thin film (1
= 1.555 A, rt). (a) In-plane XRD pattern. (b) Out-of-plane XRD
pattern. Blue circles, red lines, green lines, and black crosses in each
panel denote experimental data, fitting results, simulated diffraction
patterns, and observed Bragg peaks, respectively. Inset figures in each
panel denote the scattering geometries of the XRD study and periodic
orderings observed in each diffraction pattern. The gradual increase in
the background above 30° in Figure 3b is derived from strong
diffraction by Au.

were observed in the in-plane diffraction. By contrast, the out-
of-plane diffraction pattern (Figure 3b) revealed the existence
of two diffraction peaks that can be indexed as 001 and 002. It
should be noted that hkO0 and 00! diffraction peaks are
separately observed in the in-plane and out-of-plane XRD
measurements, respectively. Therefore, the in-plane XRD
pattern shows a periodic ordering of the cyanide-bridged 2-D
layer, and the out-of-plane diffraction pattern corresponds to
the pz ligand-mediated interlayer spacing, as shown in the
insets of Figure 3. The synchrotron XRD technique provides
clear evidence that the obtained thin film is highly crystalline
and its orientation is perfectly controlled. The obtained in-
plane and out-of-plane XRD patterns lead its tetragonal lattice
with a = 7.346 A and ¢ = 7.325 A, values that are in good
agreement with the values of the bulk sample in the HS state
(tetragonal, P4/mmm, a = 7.457 A and ¢ = 7259 A, data from
ref 11b). To obtain further structural information on this film,
we also carried out rocking curve (6-scan mode) and azimuthal-
angle dependence (¢)-scan mode) measurements at the 001
position (Supporting Information, Figure S2). The rocking
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curve shows a weak single peak around 6.2° with full-width at
half-maximum (fwhm) of 3.4°, suggesting that each 2-D layer is
stacked with an average tilting angle of ~3.4°. Hence, the
absence of azimuthal angle dependence within the surface of
the substrate clearly indicates that the obtained film is
uniformly fabricated with no preference in the substrate. The
crystalline domain size of this film estimated from fwhm of
intense 110 diffraction peak using Scherrer’s equation was ca.
14 nm. Several domains could be observed in the atomic force
microscopy (AFM) image of this film (Supporting Information,
Figure S3). Some large domains had a side of 50—100 nm,
while other small domains had a side of <20 nm. Therefore,
because of the large size dispersion of the domains as seen in
the AFM image, the crystalline domain size would be estimated
as a small value in the X-ray observation.

Because the bulk material of Fe(pz)[Pt(CN),] exhibits
adsorption properties for several guest molecules such as H,O,
EtOH, benzene (bz), H,, and CO,, among others, we also
investigated the guest adsorption/desorption behavior of the
thin film. In this study, bz was selected as the probe because it
has a larger molecular size than the other guest species. Figure 4
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Figure 4. Benzene adsorption/desorption behavior detected from
changes in the lattice constants, a (obtained from in-plane XRD) and ¢
(obtained from out-of-plane XRD) at rt. P/P, denotes relative
pressure, where P, is saturated vapor pressure of benzene at rt (13.44

kPa).

shows changes in the lattice constants (a and c) of the obtained
thin film calculated from in situ XRD measurements under
several vapor pressures of bz at rt. As clearly seen in Figure 4,
no significant change in lattice constant a, which corresponds to
the intralayer spacing, was observed with varying bz vapor
pressure. However, a reversible increase/decrease of interlayer
spacing (i.e., lattice constant c) was observed, implying that
reversible bz adsorption/desorption occurred in the thin film.

In summary, we have described the successful fabrication and
structural confirmation of a highly oriented crystalline
Hofmann-type porous 3-D MOF, Fe(pz)[Pt(CN),] thin film.
By using high quality synchrotron surface XRD results, we
clearly demonstrated that this film is crystalline, and its
orientation is perfectly controlled. Preparations, structural
determinations, and investigations of gas-sorption properties
of metal-ion exchanged MOF thin films and heterostructured
thin films are now in progress.

dx.doi.org/10.1021/ja304361v | J. Am. Chem. Soc. 2012, 134, 9605—9608



Journal of the American Chemical Society

Communication

B ASSOCIATED CONTENT

© Supporting Information

Details of experimental procedure, thin film preparation,
Raman spectrum, additional XRD data, and AFM image. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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