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Abstract: The realization of metal organic frameworks (MOFs) layers
onto solid surfaces is a prerequisite for their integration into devices.
This work reports the direct growth of Fe®*/benzene di-carboxylate
MOFs onto functionalized silicon surfaces, compatible with a wide
range of MOF synthesis conditions. The co-nucleation and growth of
different crystalline phases are evidenced, whose coverage depends
on the surface chemistry and/or the solution composition. Three
structural phases — the cubic MIL-101(Fe), a hexagonal phase with a
structure close to MOF-235 and a MIL-53(Fe) with a monoclinic
symmetry - are identified through characteristic crystal shapes and
their structural parameters inferred from X-Ray Diffraction. In addition
to the oriented growth of 3D crystallites, the formation of two-
dimensional MIL-101 nano-crystallites or thin layers/islands exhibiting
extended monocrystalline domains with (111) texture is also
demonstrated through high-resolution Atomic Force Microscopy.
Post-synthesis treatments reveal a weak adhesion of the hexagonal
phase indicating a different surface anchoring.

Introduction

Metal organic frameworks (MOFs) are a family of porous and
crystalline hybrid materials obtained by self-assembly of metal
cations and organic linkers.™ These solids exhibit a high porosity
often superior to that of well-known inorganic porous materials
(zeolites, carbons or porous silica) as well as versatile structural
(pore size and shape) and physico-chemical properties tunable
by the choice of the precursors (metal and/or linker). During the
past two decades most studies have been focused on the design
of new MOFs, their large scale production, and new synthesis
strategies? to meet the demands of diverse potential applications
(separation®!, catalysisi®" 4, sensorsi®" %, biomedicinef>" 59 6l ).

More recently, particular efforts have been devoted to their
integration into devices for sensing or electronic applications. " 5
11f numerous proofs of concepts have been reported, the design
of MOF-based devices still faces numerous technical issues.
Among others, the realization of MOF thin layers combining
controlled morphology and structural properties while providing
the desired functionality still remains an important challenge.

Within this context the direct growth in liquid phase onto
functionalized surfaces appears as a very attractive approach to
prepare MOF layers with targeted properties. A wide choice of
soluble precursors is available thus permitting the preparation of
a large variety of MOFs. On the other hand, surface
functionalization is anticipated to be a key issue to promote
heterogeneous nucleation and surface growth and to improve
surface adhesion. Examples of the growth of Cu-based MOF
layers of high crystalline quality, with specific texture and tunable
thickness are reported on gold substrates functionalized by a self-
assembled monolayer (SAM).1BI Because of the limited stability
of the SAMSs, this approach is however restricted to the growth of
MOFs whose synthesis can be performed in “soft* conditions i.e.
at temperature close to room temperature (RT) and only in suited
solvents.

The MOFs investigated in this work are Fe-carboxylate based
MOFs obtained from Fe3* cations and 1,4-benzene dicarboxylic
acid (BDC) whose synthesis in homogeneous phase (water or
dimethyl formamide (DMF)) requires usually high temperature
(~100°C or above) and is performed in solvothermal or reflux
conditions. The Fe-BDC system is characterized by a remarkable
polymorphism with benchmark MOFs such as MIL-10110, MIL-
88B*Y or MOF-235*2], MIL-53% and MIL-681*4 as well as recently
reported new polymorphs*® (MIL stands for Material of Institut
Lavoisier). These different structural phases - obtained in
homogeneous phase by adjusting the synthesis conditions -
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exhibit different crystalline structures and porosities (pore size
and shape) with either trimeric building units (MIL-88B, MIL-101,
MOF-235) or corner-sharing chains of metal octahedra (MIL-53
and MIL-68). Some of these MOFs exhibit a rigid framework (MIL-
101, MOF-235, MIL-68) while MIL-88B and MIL-53 correspond to
flexible networks for which reversible variations of structural
parameters are observed upon release or uptake of guest
molecules, associated in the case of MIL-53 with changes of
symmetry.[3 161 MI|L-88B and MOF-235 are two hexagonal
phases differing mainly through the type of counter-anion.[t? 162
16c The different Fe-BDC polymorphs have different porosities:
mesoporous cages (29 -34 A) for MIL-101 and 1D microporous
channels (6 -20 A) for the others. A compilation of the 3D
structures of the different Fe-BDC polymorphs can be found in
ref,[19]

The versatility of the structural and physico-chemical
properties of Fe-carboxylate MOFs coupled to their optical
properties (photo-activity) make these materials interesting for
numerous applications (gas separation®*”), pollutant uptake and
photo-degradation[8l, chem/bio sensing!‘® 191, water splitting?%,
energy storagel?Y). Their shaping on solid surfaces is generally
achieved by deposition/precipitation of crystallites grown in
homogeneous phase or using Fe oxide solid precursor as
template®®l. The as-prepared layers are polycrystalline, their
structural properties (coverage and density, thickness, crystalline
quality or orientation) are difficult to control and their adhesion is
very often an issue.

Very few examples of direct surface growth of Fe-carboxylate
MOFs are reported in the literature. Scherb et al. investigated the
growth of Fe-BDC MOF onto gold surfaces functionalized with
carboxylic acid SAM.1% 22 To avoid SAM damaging, the growth
is performed at room temperature by immersing the functionalized
gold surfaces for several days in a filtered and pre-heated liquor
solution, obtained after solvothermal synthesis of MIL-53 bulk
material (DMF, 150°). Using this procedure, they report the
surface growth of a structural phase - oriented MIL-88B
crystallites with (001) texture — different from that obtained in the
homogeneous phase. Using in situ XRay Diffraction (XRD) they
demonstrated the structural flexibility of the surface grown MIL-
88B crystallites upon guest sorption or desorption.

In this work Fe-BDC MOFs are grown directly by exposing
functionalized silicon surfaces into freshly prepared DMF solution
containing Fe®* and BDC precursors. The Si surfaces are
beforehand functionalized by covalent grafting of a o-
functionalized organic monolayer (ML) onto hydrogenated Si
surfaces using hydrosilylation reaction.?®! Compared to SAM on
gold systems, the as-functionalized Si surfaces exhibit a greater
chemical and thermal stability (up to 200°C) resulting from a
robust ML anchoring through covalent Si-C bonds.? This robust
covalent anchoring makes these functionalized surfaces
compatible with a large range of MOF synthesis conditions.
Various synthesis conditions were investigated including a wide
temperature range (up to 150°C), various precursor
concentrations and growth times (few hours to 24 hours). The co-
nucleation and growth of different crystalline phases is evidenced.
Their nature and their structural parameters are discussed on the
basis of Scanning Electron Microscopy (SEM) and high-resolution
atomic Force Microscopy (AFM) imaging, XRay Diffraction (XRD)
characterizations and structural model.
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Results and Discussion

Results

As-prepared samples

An overview of Fe-BDC MOFs obtained on surfaces modified
with a carboxylic acid terminated ML (Si-COOH surfaces) is
displayed in Fig.1. The three samples A, B, C were prepared in
similar conditions (growth for 24h at 90°C) using different
precursor concentrations or ratios R = Cgpc / Cre. In all cases the
SEM images show the growth of faceted particles and/or layers
indicating the formation of crystalline phases. Crystallites with
different shape/habitus are observed suggesting — at first glance
— the growth of different structural phases or different textures.
The different types of crystalline structures are labeled on the
images (right column): O for the octahedra, FP for the flat prism-
like crystallites with hexagonal irregular shape lying flat or
standing vertically or almost vertically on the surface, HPy for the
oriented hexagonal pyramids, TPy for the tetrahedral pyramids
and TP for the triangular particles.

Figure 1. SEM images showing the different types of Fe/BDC crystalline phases
obtained on Si-COOH surfaces: Octhaedra (O), horizontal or vertical Flat Prisms
(FP), oriented Hexagonal Pyramids (HPy), tetrahedral pyramids (TPy) and
triangular particles (TP) on samples A and B (top and middle), and close packed
Hexagonal Pyramids (HPy) and a continuous faceted layer (L) on sample C
(bottom). Synthesis conditions: temperature T= 90°C, growth time = 24h, Cre =
2Cspc = 50 mM (sample A); Cre = Ceoc = 25 mM (sample B); Cre = Cspc = 50
mM (sample C).

Variable amounts of each type of crystallite are observed
depending on the surface chemistry and/or the precursor ratio in
solution R. On Si-COOH surfaces, in case of metal excess (R =
0.5, Fig.1 A1, A2), octahedra O and prisms FP are the dominant
crystalline phases. In some cases one can observe that neighbor
crystallites merge together leading to the formation of 2D flat
islands. Remarkably, in condition of metal excess a very low
density of hexagonal pyramids HPy is observed with respect to
the density of O and FP crystallites (about 5 10* HPy



crystallites.cm? against about 3.2 107 O crystallites.cm™ and
about 1.3 107 FP crystallites.cm? on sample A). Much higher
densities of HPy crystallites are obtained when increasing the
linker concentration (R = 1). In this case, the SEM images show
more or less densely packed HPy co-existing with other structural
phases: O, FP as well as triangular TP or tetrahedral TPy
crystallites on sample B (Fig.1 B1, B2), and a continuous faceted
layer L on sample C (Fig.1 C1, C2).

Interestingly our studies show that the oriented growth of
hexagonal crystallites i) is favored in presence of BDC excess in
solution (R = Cre/Cgpc = 1) and ii) is solely observed on surfaces
functionalized with terminal carboxylic acid groups. In order to
investigate the effect of surface chemistry, the growth was also
studied on surfaces with other coordinating surface groups i.e. on
oxidized surface with hydroxyl terminal groups (Si-Ox) or on Si
surfaces with pyridyl groups (Si-Pyr)®?%. These studies show the
growth of octahedra (O) and irregular prisms (FP) whatever the
precursor concentration, but never the growth of HPy crystallites.
Further, it should be emphasized that no growth is observed in
absence of coordinating surface group (Si surfaces modified by
alkyl monolayer with methyl terminal groups!23¢ 261 [27]

The crystallite thickness was determined from the AFM
images (Fig.SI-2) and the volume of matter corresponding to each
type determined from their size and respective density (Fig.2).
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Figure 2. (top) Height distribution of the O, FP, HPy, TPy and TP crystallites
measured on AFM images (sample B). (bottom) Amount of matter
corresponding to the different crystallites on the samples A, B and C. The color
code is the same for both plots: blue correspond to HPy, green to O, pink to FP,
hatched grey to TP and TPy, hatched yellow to the faceted layer L. The
equivalent thicknesses were determined from the mean crystallite density and
their mean size (as determined from SEM and AFM). Note the log scale on the
Y axis. The scale bar (in white) on the SEM images represents 1 pm.
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In all cases the HPy crystallites represent the dominant phase in
terms of amount of matter on the surface even in conditions their
nucleation is not favored (i.e. in the case of metal excess in
solution), indicating a much faster growth kinetics for this phase.

Besides the crystallites observed on the SEM images, much
smaller nano-particles exhibiting well specific structural features
were evidenced by AFM (Fig.3a-b). The particles are flat 2D
structures with a thickness of about 4.2 nm and a lateral size
around 100 nm. On their topmost surface, high resolution images
reveal the presence of a hexagonal pore network with a mean
pore distance of about 6 nm (Fig. 3c-d).

5 10 15
pore distance (nm)

Figure 3. (a, b) High resolution AFM images of 2D nanoparticles with ordered
pore network (dark spots) on their topmost surface. The particle thickness is ~
4.2 nm. (c, d) Results of image processing pointing out the hexagonal symmetry
of the pore network with a characteristic mean pore distance of ~ 6 nm.

XRD patterns (Bragg Brentano) of samples A, B, and C are
displayed in Fig.4a and Fig.5. The XRD patterns are dominated
by the presence of a couple of intense and narrow peaks at 26 =
9.64° and 20 = 19.35° (Fig.4a), but also show the presence of
others peaks of much lower intensity (Fig.5). The peak positions
are indicated in Table 1. The characterizations of a large panel of
samples prepared in different conditions show that the presence
of the two peaks at 20 = 9.64° and 20 = 19.35° is correlated to the
presence of HPy crystallites on the surfaces. Quantitatively, their
intensity scales linearly with the amount of matter corresponding
to these crystallites (Fig.4b) allowing for assigning them to this
hexagonal phase.

The peaks at low angles (20 < 4°) can be unambiguously
attributed to the MIL-101 phase which is the sole structural Fe-
BDC phase giving rise to Bragg reflections within this angular
range. For samples A and C, the peaks are very weak and are
superimposed on a broad band which suggests the formation of
small size particles or a poorly crystalline phase.

Except the peaks assignable to MIL-101 (green index) or to
the HPy crystallites (blue index), several other peaks are also
observed (labelled with stars or triangles). Their assignment is not



straightforward due to the known flexible character of several Fe-
BDC polymorphs leading to variable possible peak positions.
Their assignment will be further discussed in the discussion.
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Figure 4: (a) XRD patterns (Bragg Brentano) of as-prepared samples A, B and
C. (b) Peak intensity as a function of the equivalent thickness of the HPy
crystallites. The equivalent thicknesses were calculated from the HPy
crystallites density and size measured on SEM and AFM images. The filled dots
and open squares correspond to the intensity of the peaks at 20 = 9,64° and 26
= 19,35° respectively. Note the linear scaling over three orders of magnitude.
The dashed line is plotted to guide the eye.
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Figure 5. Zoom (Y axis, logarithmic plot) on XRD patterns of Fig.4a. The
experimental patterns (black plots) are compared to the PXRD patterns of
MIL101 (green plot) and of a MOF-235 type hexagonal phase (blue plot, see
discussion). Peaks matching none of the Bragg peaks corresponding to these
two structural phases (position and/or relative intensity) are labeled with pink
stars or black triangles. See discussion for the peak assignment.
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Table 1. Peak position and assignment. See discussion for the peak assignment.

20 (Acu) Bragg Reflections
Sample | Sample | Sample | MIL-101 | Hexagonal MIL-53
A B C cubic phase monoclinic
3.29° 3.28° (311)
3.44° 3.44° 3.43° (222)
v4.8°
5.16° 5.16° *5.14° (333) *(100)
v8.39°
*8.59° *8.6° *8.55° *(110)
9.35° (101)
9.65° 9.65° 9.65° (002)
*10.32° *10.3° *10.27° *(200)
v11.2°
*12.04° *12° *11.98° *(001)
12.5° 12.54° (102)
*15.5° *15.4° *15.43° *(300)
16.04° (200)
*17.24° *17.1° *17.15° *(220)
19.37° 19.37° 19.37° (004)

Effect of additional rinsing

Fig.6 displays SEM images of B-type or A-type samples, after
additional rinsing in DMF or ethanol (EtOH). The two samples in
Fig.6a and Fig.6b were prepared using synthesis conditions in
which the surface nucleation of oriented hexagonal HPy
crystallites is favored (R = 1, sample B-type) and then rinsed
according to the same procedure i. e. by immersion in DMF
(Fig.6a) or EtOH (Fig.6b) at 90°C for 2h.

After additional rinsing in DMF (synthesis solvent) at a
temperature close to that used for the synthesis, the SEM images
reveal only minor changes (Fig.6a). Cracks are observed on a
few number of HPy crystallites but globally their density and size
remain similar to that before the rinsing. Conversely drastic
changes are observed on a similar sample after rinsing in EtOH.
In this case the SEM images reveal the disappearance of almost
all the HPy crystallites (Fig.6b). After rinsing only few
residues/broken pieces that can be identified as possible
fragments of the previously existing HPy are still present on the
surface.

The same behavior is observed for C-type samples (high
density of HPy). In this case also, a short time rinsing in EtOH
(soxhlet rinsing) leads to the removal of almost all the HPy
crystallites. After rinsing, the SEM images only show the presence
of 2D islands corresponding to the dense crystalline layer (L)
present in between the HPy crystallites on the as-prepared
samples (Fig.SI-4.3).

Comparatively a much greater stability/stronger anchoring is
observed for the other structural phases (octahedra O, FP
crystallites) (Fig.6c). Even after prolonged rinsing (24h) in hot
EtOH, no significant evolution of their density or their size is
observed. Similar behaviors were observed for these crystallites
whatever the synthesis conditions.

The weak anchoring of HPy crystallites is confirmed by XRD.
After rinsing in EtOH the XRD patterns systematically reveal a
huge decrease of the intensity of the couple of peaks at 26 = 9.64°
and 26 = 19.35° assigned to these crystallites, sometimes their
total disappearance. When still present, a shift of their position to
lower angle is observed, indicating a modification of the structural
parameters of the HPy fragments/residues remaining on the
surface (Fig.Sl-4).



Figure 6. SEM images of Fe/BDC samples after additionnal rinsing. (a, b) B-
type samples (majority of HPy) after 2h rinsing in DMF (a) or in ETOH (b) at
90°C. (c) A-type sample (with a majority of O and FP crystallites) after 24h
EtOH soxhlet rinsing. The insert in (b) shows the surface morphology before the
rinsing, for comparison. The insert in (c) shows the morphology change of one
HPy crystallite after the rinsing.

Interestingly, in the case of sample B the AFM
characterizations after rinsing revealed the existence of ultrathin
2D layers/extended islands at some surface locations (thickness
< 50 nm), exhibiting very characteristic structural features. The
images show a structure made of flat and smooth terraces
separated by regular 5 nm-high steps (Fig.7).

Discussion

The Fe-BDC system is a highly complex system since
different structural phases, rigid or flexible, micro or mesoporous,
can be obtained from the same precursors, namely Fe3* and 1,4-
BDC. In. homogeneous phase, specific synthesis procedures
have been developed to favor the selective formation of one target
phase. Even though the structural characterizations generally
confirm the majority formation of the desired phase, the
competitive formation of other structural phases cannot be totally
discarded. Generally, the formation of secondary phases is
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Figure 7. (a) AFM images captured on sample B after 18h soxhlet rinsing in
ETOH. (b) Height histogram corresponding to the island shown in insert. Note
the regular 5 nm step height.

difficult to detect because of their low amount and their possible
elimination during the post-synthesis treatments (rinsing,
activation). In our synthesis conditions, the co-nucleation and
growth of several crystalline phases are clearly evidenced. A first
evidence is provided by the SEM images that show crystalline
structures with very different characteristic shapes. The specific
shape/habits of some crystallites gives direct insights on their
structural properties/nature. This is the case for the hexagonal
HPy and for the octahedral O crystallites whose 3D regular
shapes are those expected for the hexagonal MOF-235 or MIL-
88B phases and the cubic MIL-101 phase, respectively.

Other crystalline structures are also observed such as the 2D
dense and faceted layer (L) observed in between the HPy on
sample C (Fig.1C-2) and the FP crystallites exhibiting irregular
hexagonal shape and variable orientations (Fig.1A). Their
structural identification by XRD is made difficult due to the tiny
amount of matter, orientation effects and the variability of the
structural properties of some Fe-BDC structural phases (MIL-88B
and MIL-53). In the following we first discuss the growth of the



hexagonal and cubic phases and then tentatively discuss the
nature of the other crystalline structures.

Oriented growth of the hexagonal phase

Because of their regular hexagonal shape, the HPy
crystallites can be identified as being one of the known hexagonal
structures namely MIL-88B(Fe) or MOF-235. Their preferential
orientation (c-axis perpendicular to the surface as observed on
the SEM /AFM images) is consistent with the observation of only
a couple of intense peaks at 260 = 9.64° and 26 = 19.35° on the
XRD patterns (Fig.4) assigned to (002) and (004) Bragg
reflections. The (001) texture is confirmed by the observation of
other (00¢) Bragg peaks of superior order at greater angles (not
shown). These peaks are always observed standing at the same
angular position whatever the synthesis conditions indicating the
formation of the same structural phase with the same crystalline
parameters. Interestingly the structural characterization of
material grown simultaneously in solution indicates the formation
of the same phase in solution but with a different crystal shape
(bi-pyramidal crystallites or hexagonal cylinders) (Fig.SI-3). The
specific shape and orientation of the HPy therefore calls for their
surface nucleation.

The closer structure in terms of peak position and relative
intensity that can account for the obtained XRD patterns is that of
MOF-235.1*2 The observation of very reproducible peak positions
for various samples prepared in different synthesis conditions is
an additional argument in favor of the formation of this phase
which corresponds to a rigid structure at the difference of the MIL-
88B structure. Using the CIF file describing the MOF-235
structure and taking into account the reticular distances obtained
in our experiments (from the XRD patterns corresponding to the
HPy crystallites and the PXRD patterns of the same phase formed
in solution) we could determine the structural parameters of the
hexagonal phase obtained in our synthesis conditions. The
structural parameters are:a=b =12.74 A, c=18.32 A, a=8 =
90°, y =120°, corresponding to a hexagonal structure with a unit
cell volume of about 2575 A3 (space group: P -6 2 c). The
calculated pattern corresponding to this structure is displayed
Fig.5 (blue pattern) and is compared to experimental XRD and
PXRD patterns in Fig.SI-3. Further details about Bragg reflection
indexes, peak positions and relative intensities can be found in
Supporting Information (Fig.SI-3, Fig.Sl-4). The symmetry and
the crystalline parameters were confirmed experimentally by
complementary azimuthal out-of-plane XRD characterizations of
the surface grown oriented HPy crystallites, giving access to

Bragg reflections not measurable in Bragg Brentano configuration.

The XRay source and detector positions were calculated taking
into account the crystalline parameters of the structure and the
(001) texture of the HPy. Examples of snapshot images of
diffraction spots corresponding to (101), (202), (303), (211), (103)
and (100) reflections are displayed in Fig.SI-5.

Comparatively to the other structural phases, the hexagonal
crystallites HPy are stable in DMF (the solvent used for the
synthesis) but are easily peeled off or damaged upon rinsing in
hot EtOH. Their almost total disappearance after rinsing in a protic
solvent like EtOH indicates a weak surface connection.

A stronger anchoring of some crystallites is however
evidenced, as stated by the observation of few HPy crystallites as
well as residual fragments of the former crystallites still present
on the surface after rinsing (Fig.6b, Fig.Sl-4). For the oriented
HPy still present on the surface, the SEM images reveal a
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decrease of their lateral size (Fig.6c insert). Quantitatively a
simple geometrical calculation gives a lateral size reduction of Aa
= Ab ~ - 16% in agreement with the crystalline network
deformations reported for the MIL-88B structure (see Fig.8).

In close correlation with the disappearance of most of the
HPy crystallites evidenced on the SEM images, the XRD patterns
reveal also a decrease of the (00f) peaks assigned to these
crystallites or their total disappearance. The diminution of the
peak intensity is correlated to the observation of a new pair of
(00f) peaks of weaker intensity appearing at lower angles.
Examples of XRD patterns measured on different samples prior
to and after EtOH rinsing are displayed in Sl (Fig.Sl-4). In all
cases, our results show that the new peaks appearing after the
rinsing can be assigned to a MIL-88B(Fe) structure with structural
parameters close to those of MIL-88B(Fe) dry form.[% |n addition
to the shift of the peaks, an evolution of the relative intensity
loo2/loos is also evidenced confirming the formation of a MIL-
88B(Fe) structure (Fig.Sl-4.5). The very reproducible peak
position observed for the as-prepared HPy crystallites and the
structural parameters - slightly differing from one sample to the
other or depending on the rinsing protocol - after rinsing further
sustain a structural transformation from a MOF-235 rigid structure
into a flexible MIL- 88B(Fe) structure.

A comparison of the structural parameters of the phase
obtained in our synthesis conditions with those reported in the
literature for various hexagonal MIL-88B phases corresponding to
different pore opening/filling is compiled in Fig.8.
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Figure 8. Evolution of (a, b) and c crystalline parameters of the flexible Fe-
BDC hexagonal phase. The crystalline parameters of the as-prepared
crystallites (red stars) or after EtOH rinsing (blue stars) are compared to those
reported in the literature for various hexagonal structures. The black square (®)
and dot (@) correspond to the closest hexagonal structures i.e. MOF-235 (m)i*2
and surface grown MIL-88B (®)[6¢22, The open black circles (O) correspond to
data collected in the literature, corresponding to different MIL-88B phase with
variable pore opening or filling.[** 6 161 SEM images of HPy before and after
ETOH rinsing are also shown: the lateral shrinkage of about 16% observed after
rinsing is consistent with the evolution of (a=b) parameters inferred from XRD.

The parameters determined for the as-prepared samples (red
stars) and after rinsing (cyan stars) match well those reported in
the literature. The structural variations observed experimentally
after rinsing (lateral shrinkage of the hexagonal pyramids and
increase of the c lattice parameter) are consistent with the



variations of the lattice parameters reported upon solvent
release/drying of MIL-88B phases.l*%a They correspond to a
decrease of the volume of the unit cell from ~2575 A3 (as-
prepared) to ~1430 A3 after rinsing.

Our studies show that the growth of the HPy crystallites is
promoted by BDC excess in solution and solely observed on Si-
COOH surfaces. These results are in agreements with studies
reported in the literature showing the preferential growth of MIL-
88B(Fe) above a certain BDC concentration threshold, in case of
synthesis in homogeneous phase.?® In conditions of excess BDC
concentration, it may be figured out that the growth mechanism
proceeds through the formation of BDC stabilized Fe p3-oxo
clusters in solution and their subsequent assembly to form the
hexagonal network. Growth mechanisms involving the formation
of secondary building units (SBUs) are reported in the literature,
in particular for surface growth of Cu-carboxylate MOF
(HKUST).?% According to such a scenario, the selective growth of
this phase on Si-COOH surfaces could account for specific affinity
of the BDC stabilized SBUs for the Si-COOH surface (Fig.9a).
Surface interaction through hydrogen bonding may be figured out
and might explain the weak surface anchoring of the hexagonal
crystallites upon rinsing in EtOH.

As far as the nucleation takes place and even in conditions it
is not favored (low nucleation rate), our results indicate that the
hexagonal phase is quantitatively the most abundant phase on
the surface thus indicating a much faster growth kinetics. The
SEM images indicate a 3D growth of crystallites leading to the
formation of dense layers of close-packed HPy crystallites in
condition of high nucleation rate. In these conditions the lateral
growth is limited by the presence of neighbor crystallites. Neither
crystallite merging nor surface recrystallization process was
evidenced.

MOF-235(Fe)

MIL-101(Fe) MIL-53(Fe)

® Si

® fFe ®0

Figure 9. Proposed surface anchoring of the different crystalline phases:
through hydrogen bonding of BDC stabilized Fe p3-oxo clusters for the
hexagonal MOF-235 HPYy crystallites, through coordination linkage of the Fe u3-
oxo clusters or Fe-O-Fe chains for the MIL-101(Fe) and MIL-53(Fe) phases
respectively
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MIL-101 cubic phase

The growth of MIL-101(Fe) is supported by several results.
The observation of crystallites with octahedral shape
characteristic of cubic structures is a first indication of the
formation of this structural phase which is the sole known Fe-BDC
phase exhibiting this symmetry. The SEM images show that most
often the MIL-101(Fe) octahedra are sitting on one of their (111)
facets (Fig.SI-6). This specific orientation is in agreement with
XRD patterns showing mainly (111) peak family corresponding to
this phase. The 3D regular shape of the octahedra and the
formation of the same type of octahedral crystallites with similar
size distribution in solution call for their nucleation in
homogeneous phase and their subsequent deposition on the
surface. Their strong anchoring and the observation of crystallite
merging together, leading to the formation of 2D islands indicate
however the occurrence of surface reactions or re-crystallization
processes of this metastable phase.

Other results call however for surface nucleation. First piece
of evidence is the observation of TPy and TP particles (Fig.1 B2).
Qualitatively, their regular shape - equilateral triangles or
tetrahedral pyramids - is consistent with the crystal shape
expected for a cubic structure. Their aspect ratio (mean thickness
around 100 nm and lateral size of several hundreds of nm)
however differs from that of the 3D regular octahedra. The
shape/symmetry similarities of TP and TPy with O crystallites
strongly call for a same and single phase but their differing aspect
ratio suggests a surface nucleation process rather than their
nucleation in homogeneous phase. Other pieces of evidence of
surface growth/re-crystallization process is provided by AFM
characterizations. The observation of nm-size 2D particles
exhibiting a pore network on their topmost surface (Fig.3) as well
as 2D ultrathin layer exhibiting flat terraces separated by regular
steps (Fig.7) is in agreement with such a scenario. The hexagonal
symmetry of the pore network and the mean pore distance ~ 6 nm
observed on the 2D nano-crystallites is in good agreement with
the 2D organization of pores in (111) planes of the MIL-101
structure. The zeotype architecture of MIL-101 is illustrated in
Fig.10. The structure corresponds to a cubic network involving
two types of cages (pores): “large” cages (grey color) and “small”
cages (green color) (Fig.10a). Their envelopes are delimited by a
grid network of FesO oxo clusters (blue dots) interconnected by
BDC linkers (grey sticks). The position of the oxo cluster nodes
was determined on the basis of the atomic position given in the
MIL-101 CIF filel*9), using a home-made calculation tool. The 3D
cubic arrangement of the large cages (4 x 4 unit cells) is displayed
in Fig.10b. Only the large cages are represented for the sake of
clarity. In (111) planes these cages are organized according to a
2D hexagonal network with a lattice parameter of 6.3 nm (blue
cages). The image Fig.10d-f show the structure/composition of
selected (111) planes (1.6 nm thick slices) located at different
levels along the [111] axis. The levels corresponding to the
different (111) slices are indicated on Fig.10c. The reference level
z0 is set at the bottom of the large cages forming the first stage.
z1 and z2 correspond to (111) planes located in the middle of
large cages located in the first (z1 = +1.4 nm) and second (z2 =
+3.8 nm) stages. The slice at z3 = + 4.6 nm corresponds to a level
closing the large cages (open windows at the top of the cages).
When moving upwards (downwards) along the [111] axis variable
composition is found corresponding to more or less dense
surfaces. Open pores are found at many levels but their size
/aperture are below the AFM resolution. Within one di1; reticular



distance the calculations show that a hexagonal network of pores
similar to that observed experimentally on the AFM images is only
found around z1 and z2 (Fig.10e, f).
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Figure 10. (a) Elementary zeolitic structure of the MIL 101 cubic phase
constituted of "large” cages (grey color) and "small” cages (green color). The
envelopes of the cages are delimited by FesO oxo clusters (blue dots)
interconnected by BDC linkers (grey sticks). (b) 3D scheme of the cubic network
of the large cages (small cages are not represented for clarity). A corner of the
cubic structure (4x4 unit cells) is truncated to show the hexagonal arrangement
of the large cages in (111) plane (blue color). (c) Side view of the large cages
stacking along the [111] axis. The reticular distance is di11 = 5.13 nm. (d-f)
Calculated structure of (111) planes at different levels along [111] direction. The
blue and green dots represent the FesO oxo clusters involved in the envelops
of large or small cages respectively. The reference plane is set arbitrarily at the
bottom of the first stage of large cages. From top to bottom, the images show
the structure of (111) planes at z3 = + 4.6 nm (d), z2 = + 3.8nm (e) and z1 = +
1.4 nm (f) above the reference plane.

The observation of ultrathin 2D layers (thickness < 50 nm) with
flat terraces and regular steps (Fig.7) is an additional evidence of
(111) oriented surface growth of the MIL-101 phase. Indeed, the
regular step height of about 5 nm very close to the di1; reticular
distance of the MIL-101 structure (di1a = 5.13 nm) allows for
clearly identifying the nature of this structural phase despite the
absence of any characteristic crystal shape. The thickness of the
layers and their spatial extension (up to several tens of pm?)
strongly call for a surface dissolution/recristallization process
leading to the formation of extended monocrystalline domains
with (111) texture. The smoothness of the terraces could indicate
a surface termination differing from that of the nano-crystallites
above discussed. A lack of AFM tip resolution preventing the pore
observation cannot be discarded however. Similar stair-case
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structure was reported recently in the case of MIL-100(Fe) single
crystal deposited onto ITO thin layer on glass.B In this case also
flat (111) terraces separated by ~4.5 nm high steps corresponding
to the dii; reticular distance of the cubic MIL-100(Fe) structure
were observed by AFM.

The stability of the MIL-101 phase upon rinsing suggests a
surface anchoring through robust coordination linkages (Fig. 9b).

Nature of other crystalline phases

Besides the hexagonal and cubic phases, our results indicate
also the growth of other crystalline structures: prism-like particles
(FP) and dense faceted layers (L). Their nature is not trivial to
identify simply on the basis of crystal shape considerations and/or
from the XRD characterizations because of their small
size/thickness and their coexistence with the other structural
phases. A detailed analysis of SEM and XRD data show that the
presence of these structures is correlated to the observation of a
family of Bragg peaks standing at characteristic positions namely
26 = 5.14°, 8.59°, 10.31°, 12.03°, 15.5°, 17.23° on the XRD
patterns. These peaks are observed on the patterns of samples
A and C (peaks with star labels in Fig.5 and Table 1). Their
positions match those expected for the (111) peak family of the
MIL-101 phase (order 3, 5 and above) but their relative intensity
with respect to the (222) peak (26 = 3.43°) is several orders of
magnitude greater than that expected (Fig. SI-7). This deviation
allows for discarding they could correspond to this phase. Neither
can their position account for a MIL-88B structure with different
structural parameters. Indeed no matching is found neither with
the XRD pattern of the as-prepared MOF-235 phase (rigid
structure) nor with the MIL-88B phases obtained after rinsing
(Fig.Sl-4). The presence of these peaks suggests therefore the
growth of a third structural phase.

The characteristic and irregular hexagonal shape of FP
crystallites also strongly calls for the formation of a third structural
phase. Their irregular facets and their angles close to but differing
from 60° or 120° allow to discard they could correspond to
hexagonal or cubic structures. Among the other known Fe-BDC
phases, the formation of MIL-68 can be also discarded. Indeed,
the positions of the peak family above mentioned do not match
the XRD pattern of this orthorhombic phase.*4 In addition, the
synthesis of this structural phase requires specific synthesis
conditions differing from those used here (HCI addition, different
Fe®* precursors).’¥  Hence the most likely hypothesis is the
formation of a MIL-53 phase with a monoclinic or triclinic structure.
Such symmetries may be reasonably assumed by analogy with
the crystalline shape of monoclinic or triclinic natural minerals with
crystal shapes very similar to that of the FP crystallites (Fig.SI-8).
To confirm this hypothesis and get further insights on the
structural parameters of this MIL-53 phase, the XRD patterns -
restricted to the 6 peaks above mentioned - were fitted
considering 3 different possible structures (monoclinic, triclinic
and orthorhombic)!*%® 31, The fitting was done by varying the
different crystallographic parameters using a specifically
developed home-made computing tool. The best fit was obtained
for a monoclinic structure with the following crystallographic
parametersa=17.25A, b=12.86 A, c=7.39 A, o = 90°, p = 96°,
vy = 90°. For this structure, the two most intense peaks at 20 =
8.59° and 20 = 10.31° correspond to (110) and (200) Bragg
reflections, respectively. The other (less intense) peaks belong to
the same peak families (superior order) except the peak at 20 =
12.03° which corresponds to (001) Bragg reflection. The



experimental observation of two more intense peaks at 26 = 8.59°
and 20 = 10.31° (Fig.5 sample A) is perfectly consistent with the
observation of two orientations of the FP crystallites: sitting on
their largest facet or standing vertically (Fig.1A). Considering this
peak family we could determine the type of structure (monoclinic)
and the lattice parameters but not the symmetry group. The full
resolution of the structural properties of this phase would require
PXRD patterns of the pure phase to take into account the peak
intensities.

The same family of peaks is also observed in the case of
sample C indicating the formation of the same phase. In this case,
no individual FP crystallite is observed on the SEM images. Two
hypotheses can be raised. The peaks might be assigned to the
continuous layer existing in between the hexagonal crystallites
(HPy). The observation of FP crystallites merging together,
leading to the formation of flat islands on A-type samples, would
be consistent with the formation of more extended continuous
layers in conditions of higher nucleation. Another possibility could
be the presence of FP crystallites located underneath the HPy
crystallites. Examples of HPy growing over pre-existing neighbor
crystallites (octahedra or FP prisms) were observed on some
samples.

The FP crystallites as well as the layer are resistant to rinsing
suggesting a robust anchoring on the surface through
coordination linkage (Fig.9c).

Conclusion

Fe-BDC MOFs were successfully grown onto silicon surfaces
functionalized by an organic monolayer with —-COOH tail groups,
by direct exposure in DMF solutions containing variable Fe3*/BDC
precursor concentrations. The co-nucleation and growth of three
different structural phases is evidenced and their nature and
structural parameters were determined. The oriented growth of
MIL-101(Fe) and one hexagonal phase with a structure close to
MOF-235 is demonstrated as well as the growth of a third
crystalline phase of MIL-53(Fe) type with a monoclinic structure.
Compared to the other phases, the hexagonal phase exhibits
remarkable features. Its oriented surface growth was only
observed on Si-COOH functionalized surfaces suggesting that
the presence of carboxylic acid ligands on the surface is a
prerequisite for its nucleation. This phase exhibits however a
much lower stability upon rinsing, revealing a weaker surface
anchoring.

Particularly interesting and promising is the formation of
extended 2D and textured ultrathin layers. Such layers of high
crystalline quality and exhibiting extended monocrystalline
domains open up interesting perspectives for the development of
MOF-based integrated devices for which thin layers with low
density of structural defects are required.

Experimental Section

Preparation of Si surfaces

The growth was carried out onto silicon surfaces with well controlled
structure and surface chemistry. The samples were cut in monocrystalline
Si(111) wafers (n-type, 0.2° miscut along [112] direction) then etched in
oxygen free 40% NHa4F solution to remove the surface oxide layer and
obtain hydrogenated terminated surfaces (H-Si). The etching procedure
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allows for obtaining H-Si(111) surfaces exhibiting extended (111) terraces
flat at atomic scale well suited for high resolution AFM imaging.l*? The H-
Si surfaces were then functionalized by covalent grafting of ®-
functionalized alkyl monolayer with carboxylic acid tail-groups (Si-COOH
surfaces).[?3> 23 Other surface chemistries were also considered.
Oxidized surfaces with OH terminal groups (Si-OH surfaces) were
prepared by immersion of H-Si surfaces in H202/H2SOa4 [1:2]val piranha
solution for 10 mn. Surfaces functionalized by pyridyl ligands (Si-Py
surfaces) were prepared by covalent coupling of amino ethyl pyridine onto
the Si-COOH surfaces.[?

Growth of Fe/BDC MOFs

Fe®** and BDC solutions were prepared separately by dissolving FeCls,
6H20 (98%, Sigma-Aldrich) and 1,4-Benzene dicarboxylic acid
(Terephtalic acid 99+%, Acros Organics) in DMF (RS grade, Carlo Erba).
Each solution was homogenized by sonication 10 min at RT and
afterwards mixed together just prior to the introduction of the Si sample.
The Si samples were put vertically or face down in the reactor to minimize
the deposition of particles grown in homogeneous phase. The growth was
activated by conventional heating in an oil bath pre-heated at the desired
temperature, under atmospheric pressure. The as-prepared MOF layers
were rinsed successively 5 min in DMF then in ethanol (EtOH) at RT and
blown dry. In some experiments additional rinsing was carried out using
usual procedures reported in the literature to activate the Fe-BDC MOFs
(removal of solvents or precursors trapped in the porous structure). The
samples were immersed in the DMF or ETOH heated at 90° for 2h or rinsed
using a Soxhlet set-up for several hours. After rinsing the samples were
blown dry under Ar flow.

Characterizations

The structural properties of the Fe/BDC layers were characterized by SEM
(Hitachi S-4800 FE-SEM), XRD (Bruker D8 Advance or Rigaku Smartlab
diffractometers) and AFM (Agilent 5500 PicoSPM). Bragg Brentano XRD
measurements were carried out on the Bruker D8 Advance diffractometer
equipped with a high resolution LINXEYE XE-T detector. Measurements
were performed using a variable divergence slit in order to probe a
constant surface area over the angular range explored (2° < 20 < 26°), 1.5°
Soller slits for primary and secondary beam and an automatic anti-
scattering knife. Parallel beam in-plane and azimuthal out-of plane
measurements were performed using a SMARTLAB diffractometer
equipped with a Cu rotating anode and a HYPIX-3000 detector.
Measurements were performed without monochromator in order to benefit
of high photon flux. AFM characterizations were performed in AC-mode
under N2 atmosphere. Sharp silicon tips (nominal tip radius < 10 nm) were
used for high-resolution imaging. Images were captured in attractive force
regime, where the tip is in very weak interaction with the surface so as to
achieve high resolution and non-destructive imaging of soft materials.[3
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Fe/BDC MOFs are grown onto silicon surfaces functionalized with a carboxylic acid monolayer. The co-nucleation of different structural
phases is evidenced whose nature and structural properties are determined based on SEM, XRD and high resolution AFM

characterizations.
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