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Metal-Organic Frameworks

M etal-organic frameworks (MOFs) are a fascinating class of novel
inorganic—organic hybrid materials. They are essentially based on
classic coordination chemistry and hold much promise for unique
applications ranging from gas storage and separation to chemical
sensing, catalysis, and drug release. The evolution of the full innovative
potential of MOFs, in particular for nanotechnology and device inte-
gration, however requires a fundamental understanding of the
formation process of MOFs. Also necessary is the ability to control the
growth of thin MOF films and the positioning of size- and shape-
selected crystals as well as MOF heterostructures on a given surface in
a well-defined and oriented fashion. MOFs are solid-state materials
typically formed by solvothermal reactions and their crystallization
from the liquid phase involves the surface chemistry of their building
blocks. This Review brings together various key aspects of the surface
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chemistry of MOFs.

1. Introduction

Crystalline porous coordination polymers (PCPs), also
called metal-organic frameworks (MOFs), are a fascinating
class of solid-state inorganic-organic hybrid materials.
Research into these compounds is expanding very rapidly
owing to their exciting combination of properties for
advanced functional materials in gas storage and gas separa-
tion, catalysis, chemical sensing, as well as medical applica-
tions.'"® A leading idea of this largely Werner-type coordi-
nation chemistry is the (formal) persistence of the structural
integrity of the individual building blocks during the assembly
process. These units are metal complexes or oligonuclear
metal ion clusters (also called secondary building units, SBUs,
similar to zeolite chemistry) and di- or oligotopic organic
linkers, being more spacious and chemically more diverse
than simple, small inorganic ambidentate ions (e.g. cyanide),
and may be maintained throughout the reactions (including
post synthesis functionalization). These units join together
and form comparably strong ionic and/or donor—acceptor
bonds. This coordination chemistry combined with the
topological and steric/conformational properties of the indi-
vidual units allows the development of a rational concept of
reticular synthesis.

The principles of the so-called reticular synthesis of PCPs
and MOFs, their chemical and physical properties based on
permanent porosity including reversible host—guest interac-
tions as well as the numerous perspectives for applications,
have been reviewed extensively over the last few years.!'™
There is some concern about exact definitions and reasonable
distinctions between PCPs and MOFs, including the debate
on rational synthesis, design, and predictability. Interesting
arguments have been put forward by leading authors in the
field! For the purpose of this Review, however, these
distinctions are not particularly relevant and the acronym
MOF will be used with the understanding that PCPs are
included (and all other coordination polymers that are not
chemically robust, and are without permanent porosity and
reversible host-guest chemistry are excluded).
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Most of the research on the properties and applications of
MOFs deal with microcrystalline powder samples. Much
progress has been made towards the control of size, shape
distribution, and modulation of the pores, as well as the
tailoring of the internal coordination space provided by these
materials. Nevertheless, almost nothing is known on the
mechanistic details and kinetics of MOF formation under the
typical conditions of solvothermal synthesis.’! This lack of
data has consequences for the important area of future
development in MOF materials chemistry, namely, MOF
surface chemistry at the liquid-solid interface. This area
includes the materials chemistry of MOF thin films and MOF
nanoparticles. Both fields are far less developed in compar-
ison to the over-all very rapid progress in MOF research. As
MOFs are essentially solid-state materials and insoluble in
any solvent without decomposition, it is not at all straight
forward to deposit MOF materials as homogeneous films and/
or ultrathin well-defined crystalline layers on a given sub-
strate for subsequent integration into any functional devices,
such as chemical sensors and smart membranes. In addition,
many interesting properties of MOFs are connected with
structural anisotropy, reversible structural changes, and
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flexibility upon interaction with guests. Consequently, the
tailored synthesis of size- and shape-selected single crystals of
MOFs ranging from the nano to the macro size regime is a
great challenge. The same is true for the chemical function-
alization and/or structural hybridization/conjugation of
MOFs post synthetically, including the manipulation and
positioning of these crystals as seeds or immediately as
functional units on substrates. This situation bears some
similarity to that of zeolite thin films”! and zeolite nano-
crystals.'")

Looking at the nano and thin-film chemistry of porous
coordination polymers more generally, that is, also including
noncrystalline materials and cyanide-bridged Prussian Blue-
type materials and related compounds, we provide a selection
of more recent Review articles, including that by Kitagawa
and co-workers on nanocrystals of coordination polymers,'!
by Mirkin and co-workers on infinite coordination polymers
(ICPs),"” and by Mallah and co-workers on functional
(magnetic) coordination nanoparticles (CNPs).!*! In a pre-
vious article, we have recorded the progress on metal-organic
framework thin films, largely focusing on prominent key-
types of MOFs based on oligotopic organic carboxylate
linkers (e.g. IRMOFs, MILs)." In this Review we now want
to concentrate on the emerging interdisciplinary field of the
surface chemistry of MOFs which links the thin-film and
nanocrystal topics, a particularly rapidly developing field of
MOF applications (Figure 1). We will also cover the still
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Figure 1. The range of MOF surface chemistry covered herein. left:
layer-by-layer growth of thin films, middle: heterostructures, right:
coordination modulation.

largely open question on the formation and growth mecha-
nisms of MOFs. The oriented growth of MOFs with known
(and interesting) bulk properties in the form of well defined,
homogeneous, and smooth (ultra-)thin films or multilayers
clearly involves the interaction of the MOF's building blocks
with the given substrate. Also, the growth of the particular
MOF on the deposited seeds or nucleating layers again is an
issue of MOF surface chemistry. Essentially, the tailored
growth of MOF nanocrystals in homogeneous (colloidal)
solutions is directly related to the liquid-phase epitaxial
growth of MOFs, that is, MOF surface chemistry at the liquid—
solid interface. The interaction of the MOF building units at
the surface of the growing nanocrystal in solution and the
effects of certain additives (e.g. surfactants, “coordination
modulators”) is a quite general aspect of the surface
chemistry of MOFs. MOF on MOF growth, that is, the
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growth of MOFs on top of MOF single crystals (including
MOF thin films) in either a homo- or a heteroepitaxial fashion
completes this range of MOF surface chemistry at the solid—
liquid interface. We are excluding herein all MOF-related
surface chemistry involving the gas—solid interface. Rather,
the intention is to present a selection of key examples as listed
in Table 1 with a somewhat narrower definition of MOFs,
selected from a perspective which may be useful and

Table 1: Selected porous coordination polymers (PCPs) and metal—
organic frameworks (MOFs) studied for their surface chemistry, multi-
layer and crystal-growth mechanisms.?!

MOF formula Surface chemistry Ref.

(characterization)

[Ni(bipy){Pt(CN),}] layer-by-layer on SAMs (IR, ellipsometry) [23]

[Fe(pz){Pt(CN).,} layer-by-layer on SAMs (AFM, Raman)  [24]
[Fe(azpy){M(CN),}] layer-by-layer on SAMs (Raman) [25]
(M=Ni, Pd, Pt)
[OsL;(PACl,) (PFq),J®!  layer-by-layer on SAMs [26]
(XRR, ellipsometry)
[Cu;(btc),)] solvothermal on SAMs 18]
(HKUST-1) (XRD)
layer-by-layer on SAMs [20]
(SPR, XRD)
surface structure (AFM) [48,49]
crystal growth on SAMs (AFM) [50]
crystal growth in colloids [70]
(TLS, XRD)
solvothermal growth (EDXRD) [43]
[Zn(bdc) (bipy)s] layer-by-layer on SAMs (SPR, XRD) [31]
(MOF-508)
[M(L) (P)os) layer-by-layer on SAMs [38]
(M=Cu, Zn; (QCM, XRD)

L=bdc, F,bdc, ndc; solvothermal anisotropic, core—shell and [56,57]

P=dabco, dpndi, BAB heterocrystals (IR, XRD)

bipy) anisotropic, surface-coordination-modu- [77]
lated growth (XRD, TEM, BET)

[Fe;O(X)3(muc);] crystal growth, surface-coordination- (44,77
(X=Cl, F, OH, modulated growth, thin films (EXAFS,

CH;0H; MIL-89) XRD, TLS, TEM)

[Mg,(Hcam);](NO;)  crystal growth (ESI-MS) [46]
[Zn,O(L)s] isotropic, AB and BAB, ABA core-shell  [57,58]
(L=bdc, abdc; heterocrystals (XRD, BET)

IRMOF-1, IRMOF-3) crystal growth in colloids and ligand- [72]
arrested growth (TLS, AFM, XRD)

[Zn(mim),]
(ZIF-8)

crystal growth in colloids and ligand- [68]
arrested growth (TLS, XRD, TEM, BET)

[a] Abbreviations: abdc=2-amino-1,4-benzenedicarboxylate; azpy=
azopyridine; bdc=1,4-benzenedicarboxylate; bipy=4,4"-bipyridine;
dabco =1,4-diazabicyclo[2.2.2]octane; dpndi=N,N'-di(4-pyridyl)-
1,4,5,8-naphthalenetetracarboxydiimide; F,bdc=2,3,5,6-tetrafluoroben-
zene-1,4-dicarboxylate; min=2-methylimidazolate; ndc=1,4-naphtale-
nedicarboxylate; pz=pyrazine; muc=transtrans-muconate; Hcam=
(+)-camphoricacid. [b] L=4"-methyl-4-{2-pyridin-4-yl-vinyl}[2,2]bipyridyl).
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stimulating for the further development of the MOF field
even outside of those mainstream directions which have been
the topic of numerous other recent Review articles.

2. Liquid-Phase Layer-by-Layer Growth of MOFs on
Self-Assembled Monolayers

Self-assembled monolayers (SAMs),!* are widely used as
nucleation-directing templates and adhesive surfaces for
numerous applications in bottom-up (chemical) nanotechnol-
ogy. For example, a broad range of inorganic compounds,
including calcium carbonate, lead sulfide, zinc, titanium, and
iron oxides, and zeolites have been grown as thin films by
employing suitably chosen SAM:s as an (organic)substrate.'"!
The transfer of the underlying concepts of SAM-modified
crystallization to the surface-selective anchoring of MOFs
and the control of the orientation of MOF crystallites
deposited directly from suitably preconditioned solvothermal
mother solutions was first reported our groups for [Zn,O-
(bdec);] (IRMOF-1=MOF-5; bdc=1,4-benzenedicarboxy-
late) and later by Bein and co-workers for [Cus(btc),]
(HKUST-1; btc=1,3,5-benzenetricarboxylate).l” ¥l Also,
Bein and co-workers demonstrated the effect of SAMs on
the phase-selective nucleation and growth of MOFs for
hexagonal MIL-88B(Fe) in comparison to monoclinic MIL-
53(Fe).' In addition to adapting the conventional method of
[Cus(btc),] deposition on surfaces, including SAMs, where the
copper component and the H;btc linker are mixed and treated
under solvothermal conditions, a radically different layer-by-
layer (LbL) growth mode of [Cu;(btc),] was demonstrated by
Woll and co-workers in 2007.2%< This deposition scheme is
based on the combination of the reaction partners by a
sequential immersion of the substrate into beakers containing
the reactants, in a stepwise fashion (Figure2). Between
individual steps the residual components are removed by
rinsing the substrate with the solvent, yielding a LbL
deposition.

Mw -

Figure 2. Layer-by-layer (LbL) growth of MOFs on SAMs by repeated
growth cycles: immersion in a solution of metal precursor, washing,
immersion in a solution of the organic ligand, washing. From Ref. [20c]

2.1. Growth Modes of Coordination-Polymer Multilayers

The general concept of the LbL method for bottom-up
assembly of supramolecular (nano-)architectures on surfaces
goes back to the fabrication of multilayer films by Irvin
Langmuir and Katherine Blodgett. Later it was developed by
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Decher and co-workers for the deposition of nanocomposite
multilayer films of polyelectrolytes which are held together by
ionic interactions and are combined with functional units,
such as complexes, clusters, nanoparticles.”!! Based on these
concepts, coordination polymers and/or multilayers of metal
complexes connected with various linking units could be LbL.
deposited at SAM-modified surfaces, too. Mallouk and co-
workers introduced LbL self-assembled metal-organic films
in 1988, with organic modules linked by zirconium phospho-
nate interlayers.”®! Early reports on the surface chemistry of
structurally defined coordination polymers again date back to
the work of Mallouk and co-workers in 1993 and 1994 on the
growth of lamellar films of the Hofmann clathrate [Ni-
(bipy){Pt(CN),}] (bipy =4,4"-bipyridine) by sequential ligand
exchange reactions.”! Inspired by this work Bousseksou and
co-workers used this LbL method for the fabrication of thin
films of the spin-crossover microporous coordination polymer
[Fe(pz){Pt(CN),}] (pz = pyrazine) and its congeners.*"

We will start the discussion on the LbL growth of MOFs
by turning our attention to the early case of [Ni-
(bipy){Pt(CN),}] (Figure 3). Planar polymeric sheets are
formed by square-planar tetracyanometalate ions connected
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Figure 3. a) Growth scheme for deposition of multilayer Hofmann
clatherate films (M =Ni, M"=Pt). b) Ellipsometric measurements of
thickness versus number of layers for [Ni(bipy) {Pt(CN),}], films.
Circles and square indicate two different batches of samples. The
reference sample is bare gold, and the thickness of “zero” layers
corresponds to the adsorbed disulfide anchoring agent. One layer
refers to the sequence of adsorption step 2-3-4 in (a). Reprinted with
permission from Ref. [23¢]. Copyright 1994 American Chemical Society.

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R. A. Fischer et al.

by octahedrally coordinated Ni*" ions. These sheets are
bridged by bidentate bipy molecules attached at the apical
position of the octahedral Ni*' site, resulting in a 3D-
structure. The LbL deposition was carried out at very low
temperatures of —60 to —75°C. Each deposition step took 6—
8 h.! Interestingly, the initially chosen pyridyl-terminated
SAMs were separated or diluted by co-adsorption of ethyl-
thiol (Figure 3) to roughly adjust the surface density of
pyridine groups to be comparable to the density of the Ni**
sites of the layers. The chemical identity of the deposited
material was confirmed by comparison of the thin-film IR
data with the data of a bulk reference sample. The anticipated
strictly linear, self-terminated growth mode was substantiated
by ellipsometry.

The measured layer spacing of the deposited material in
each step was in good agreement with the spacing of the
known bulk structure. However no X-ray diffraction data on
the multilayer structure were reported, that is, the crystallinity
and structural features of the deposited material were not
fully characterized. The LbL deposition of [Fe(pz){Pt(CN),}]
was carried out similarly.”! However, direct evidence for a
crystalline material was not given. These are the first pure
multilayered thin-film materials that show a spin-crossover
phenomenon with a hysteresis at room temperatures
(Figure 4).

!

2 ImT!
cm®*mol™ K

0

350

200+

1004

Pattern height /nm

501 *

e .
0204 10 20
Lateral pattern size / um

Figure 4. a) Section of the molecular structure of [Fe(pz){Pt(CN),}].
b) Temperature dependence of the yT product (x; where g, is the
molar magnetic susceptibility) and the normalized Raman intensity
ratio (m; loom. =1(1025 cm™")/1(1230 cm™)) for [Fe(pz) {Pt(CN),}]
powder upon cooling and heating. c) Temperature dependence of the
normalized Raman intensity ratio [/ om. = /(1025 cm™')/1(1230 cm™)]
for [Fe(pz) {Pt(CN),}] powder (m) and film samples (0) upon cooling
and heating. d) Pattern heights of [Fe(pz){Pt(CN),}] as a function of
the lateral pattern size, after 15 deposition cycles. (The dashed line is
to guide the eye.) e) Low-energy SEM image of a 2 pm pattern (ca.
150 nm thick) of [Fe(pz){Pt(CN),}]. Reprinted with permission from
Ref. [24a] and [24b].

Angew. Chem. Int. Ed. 2011, 50, 1776 -199


http://www.angewandte.org

Metal-Organic Frameworks

The sequential exposure of the templated mercaptopyr-
idine SAM surface to solutions of Fe(BF,),:6H,0,
[(TBA),M(CN),] (M=Ni, Pd, or Pt; TBA =tetrabutylam-
monium), and pyrazine (pz) in ethanol was also carried out at
—60°C.2* The low temperature was important to reduce the
desorption rate of the coordinated species. The as-deposited
material was characterized with Raman microscopy and
magnetic susceptibility measurements (Figure 4).

A subsequent study of the deposition of [Fe(pz){Pt(CN),}]
on nano- and microscale patterned SAM substrates revealed
a surprising mechanistic effect of the LbL growth (Fig-
ure 4d).?*! As the lateral size of the patterns decreased, the
height of the MOF thin film decreased as well, at a constant
number of deposition cycles. For 15 deposition cycles the
mean height of MOF material deposited on 2 um, 200 nm,
and 50 nm large squares (fabricated by soft lithography and
micro-contact printing™®') was approximately. 150 nm, 40 nm,
and 12 nm, respectively. For lateral sizes above 0.5 um, the
pattern heights remain fairly constant. This observation is
quite in contrast to the early case of [Ni(bipy){Pt(CN),}] (on
non-patterned SAMs) which revealed a strictly linear growth
of one layer per deposition cycle (Figure 3b). This apparent
discrepancy can be understood by taking into account a 3D
island-growth scheme with a number of nucleation sites and
limitations on the mass-transport in the case of small reaction
volumes (i.e. patterned substrates with small openings in the
resist). It is reasonable to expect decreased deposition rates at
small nanopatterns, as pointed out for [Fe(pz){Pt(CN),}]. In
contrast to the idealized LbL deposition scheme of polyionic
organic compounds,?! the assembly of (weakly bound)
coordination polymers is likely to involve not only adsorption
steps but also desorption and re-adsorption. These processes
will be accompanied by the formation of (nano-)crystallites
which act as nucleation centers for preferential growth in
subsequent deposition steps. Similar LbL studies on the
assembly of [Fe(azpy)M(CN),] (M=Ni, Pd, Pt) were per-
formed by the same group using 4,4-azopyridine (azpy)
instead of pyrazine (pz).””! A more linear growth mode was
found. However, again, the number of elementary cells
(layers) of [Fe(azpy){Pt(CN),}] deposited per cycle was
about two-times more than expected. Considering that the
Fe centers are separated by azpy by about 1.35 nm, the
expected film thickness for 4 and 10 cycles is 5.4 nm and
13.5 nm, respectively. Instead, heights of 10 nm for the film
after 4 deposition cycles, and around 22 nm for 10 deposition
cycles were found.

At this point we draw attention to the work of van der
Boom and co-workers to highlight some recent progress in the
systematic investigation of bottom-up synthesis of (non-
crystalline) multilayers of metal-organic coordination net-
works by the LbL method.” An instructive example is the
LbL assembly of trans-configured PdCl, units containing
layers which are interconnected by the rigid-rod chromo-
phore 1,4-bis[2-(4-pyridyl)ethenyl]benzene.?*®! Notably, mul-
tilayer structures of this kind and related systems are not
coordination frameworks comparable to MOFs, that is, they
are lacking crystallinity and defined porosity. Nevertheless,
the underlying principles of growing a coordination polymer
at the liquid-solid interface and the use of the organic
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surfaces of SAMs to direct and control the growth are quite
similar. Typical cases reveal the expected linear growth mode
as reported for Mallouk and co-workers’ films shown in
Figure 3. Most interestingly, a nonlinear, self-propagating
exponential growth mode was recently reported by van der
Boom and co-workers for the LbL growth of multilayers of a
porous 3D connected framework.?*

A porous hybrid structure consisting of a robust and
structurally well-defined polypyridyl osmium complex,
formed by the combination of [L;Os][PF,], (L =4'-methyl-4-
(2-pyridin-4-yl-vinyl)-[2,2'|bipyridyl), and linked by trans-
PdCl, units, that were introduced as [PdCl,(PhCN),], was
grown on chlorobenzyl-functionalized float glass and silicon
substrates using silane-SAMs as shown in Figure 5. The
intrinsic porosity of the growing structure leads to the storage
of the PdCl, component which in turn gives rise to the self-
propagation of the over-all film growth. X-ray photoelectron
spectroscopy (XPS) studies of the Pd/Os ratio as a function of
the deposition steps confirmed a diffusion-controlled mech-
anism, indicating that palladium species do not diffuse out of

a) .
nonlinear
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Figure 5. a) Coordination polymer multilayers formed by iterative
immersion of chlorobenzyl-functionalized SAM substrates in THF
solutions of [PdCl,(PhCN),] and [OsL;][PFg],. The lower layers of the
continuously growing MOF are displayed as a green surface Upon
immersion into the “PdCl,” solution, this will be stored by diffusion in
the already-grown layer. b) Exponential dependence of the multilayer
thickness versus the number of layers; ellipsometry (@) and XRR (X-
ray reflectivity (0)), with R*>0.986 for the exponential fits. c) Linear
dependence with the XRR-derived thickness as a function of the optical
absorption at =510 nm (R*=0.981). Reprinted with permission from
Ref. [26d]. Copyright 2008 American Chemical Society.
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the multilayer structure into either the solution of the osmium
component or into organic solvents used for the washing
cycles. It was suggested that a barrier prevents loss of this
essential growth component. The lack of a suitable ligand (e.g.
benzonitrile) may contribute to this phenomenon. The excess
of palladium stored in the molecular-based assembly is used
by the system to generate another terminal hybrid layer, while
retaining the structural organization. A simple numerical
model, with efficiency parameters for palladium coordination
and storage, was fitted to the data. Similar diffusion-related
phenomena involving diffusion “into” and “out of” a
deposited film leading to an exponential growth mechanism
and have been observed for polyelectrolyte multilayer
systems.?®?”l These examples of LbL-grown coordination
polymers or supramolecular assemblies at surfaces showing
either a self-terminating and strictly linear growth, or a
deviation from this scheme towards exponential growth, are
limiting cases for the related LbL-growth of MOFs. Storage of
the growth components, that is, SBU and linkers, are likely to
occur because the growing (crystalline) films are intrinsically
porous. The preference of the linear LbL growth scheme in
the Hofmann clathrate type films (Figure 3 and 4) results
from the microporous nature of the crystal, which is thus not
prone to store growth components. Nevertheless, these
examples are not typical for MOFs being deposited at
surfaces in a LbL fashion.

2.2. Exceptionally Smooth Multilayer Films of the Two-
Component MOF [Cus(btc),]

In 2007 Woll and co-workers reported the first case of
LbL-growth of a truly representative MOF, namely [Cus-
(btc),] (HKUST-1).2" This compound appears to be among
the most commonly used MOF systems and its bulk proper-
ties have been studied in considerable detail.”® The LbL-
deposition was carried out in a similar way to the examples
discussed above using a dilute ethanolic solutions of the two
components copper(Il) acetate (Cu(OAc),) and Hjbtc in
alternating cycles (Figure 2). After each step the product was
washed with pure ethanol. It is important to mention that the
use of zinc(IT) acetate or copper(II) nitrate does not lead to
the deposition of crystalline MOF material.?*¢ In contrast to
the Hofmann clathrate and the microporous spin-crossover
compounds, the LbL-growth was performed at room temper-
ature, quite similar to the deposition of the coordination
multilayers of van der Boom and co-workers.”® Two different
SAM-functionalized gold surfaces, either OH- or COOH-
terminated, were studied for their influence on the orienta-
tion of the deposited multilayers. No deposition was found to
occur on CH;-terminated SAMs, thus the deposition of MOFs
as patterns is possible.’™ [Cu,(btc),] is a good candidate to
study the effect of different interactions between the SBU and
the SAM template and their consequences for the growth
behavior. The structure consists of a carboxylate Cu,(O,CR),-
type paddlewheel secondary building unit (SBU) with vacant
sites or substitution labile ligands at the Cu®" centers. Starting
the deposition with copper(II) acetate onto either a COOH-
or a OH-terminated gold surface, a self-terminated linear

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R. A. Fischer et al.

growth was found to occur, as shown by in-situ monitoring
with surface plasmon resonance (SPR) spectroscopy. Fur-
thermore ex-situ AFM thickness measurements were carried
out on [100] grown films (Figure 6).
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Figure 6. Top: Two different ways of measuring thickness (averaged
profiles and histograms) left: a) topographic image (6.5 mmx6.5 mm)
and b) a selected area for accurate thickness estimation. right:
corresponding height histogram (top) and averaged profile (bottom)
calculated over the whole area in (b). Red lines in the histogram are
the corresponding Gaussian fits. bottom: ¢) Film thickness as a
function of the number of immersion cycles. The red dashed line
corresponds to the proposed “half-layer” growth whereas the gray one
corresponds to a one unit cell or complete layer growth (see text for
details). d) Root mean square (rms) surface roughness as a function
of the number of immersion cycles calculated for different scan area
sizes. The black horizontal line corresponds to the rms of the starting
substrate while the blue dashed line is just a visual aid. Error bars are
the standard deviation values. Reprinted with permission from

Ref. [20b]. Copyright 2008 Royal Society of Chemistry.

Extraordinarily smooth multilayer films of [Cus(btc),]
were grown in the [100] orientation on patterned COOH-/
CF;-terminated SAMs (fabricated by microcontact printing
(uCP) technique). The film exhibits a surface roughness (root
mean square, rms) of 5-6 nm over areas up to 100 um* which
corresponds to step heights of only two unit cells. SFM
measurements of a series of LbL-grown multilayers demon-
strate a steady thickness increase with the number of
deposition cycles (Figure 6).°%! A linear growth mode is
established after 20 cycles. This observation indicates that a
critical thickness is necessary to reach a homoepitaxial, self-
terminated layer-by-layer growth mode. The film thickness
increased by exactly half a unit cell in the [100] direction per
immersion cycle. Insitu AFM studies on surface-attached
[Cu;(btc),] microcrystals deposited in the [111] direction gave
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some indication that crystal growth from solvothermal
solution also takes place by LbL growth (see Section 3.2).
At this point we introduce and define the acronym
“SURMOF” (surface-grown metal-organic framework) to
specifically address LbL grown, crystalline, oriented, and
smooth multilayers and/or thin films of MOFs attached to
surfaces. The XRD data recorded after 40 deposition cycles of
[Cus(btc),] on either COOH- or OH-terminated SAMs
provided definite evidence for the formation of crystalline
highly ordered thin films grown either along the [100]
direction in case of COOH-termination or along the [111]
direction on the OH-terminated gold surface. This behavior is
in perfect agreement with similar observations reported for
the direct deposition of [Cus(btc),] crystallites from aged
solvothermal mother solutions."® The orientation control
induced by the SAMs was attributed to the different
coordination interactions of the SAM template with the
respective lattice planes of the [Cu,(btc),]. The [100] lattice
plane presents Cu, dimeric units which can interact with the
COOH surface groups, while the [111] plane presents the
apical positions of the substitution-labile Cu** centers which
are likely to interact with surface OH groups (Figure 7).
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Figure 7. Out-of-plane XRD data for [Cu;(btc),(H,O)s]. a) Powder,

b) growth on a COOH-SAM (calculated), c) growth on COOH-SAM
(experimental), d) growth on OH-SAM (calculated), e) grown on OH-
SAM (experimental). Reprinted with permission from Ref. [20c].

Careful FT-IR studies on layers grown on COOH-terminated
SAMs, demonstrated the absence of adsorbed growth com-
ponents in the gently dried films. Adsorption of ammonia and
subsequent characterization with IR and near-edge X-ray
absorption fine structure spectroscopy (NEXAFS) was used
to probe the gas-adsorption properties of the film. The data
showed that the loading with NH; was similar to that observed
for bulk [Cus(btc),]. A particular advantage of the LbL
growth scheme is that it is compatible with automatic
deposition instrumentation and also allows the in-situ mon-
itoring of the growth rate. Surface plasmon resonance (SPR)
spectroscopy is particularly well suited to probe the effect of
various parameters on the growth efficiency, thus providing
important insights into the growth mechanism.

The relevance of the metal-ion-containing component for
the LbL growth of SURMOF [Cu;(btc),] was investigated

Angew. Chem. Int. Ed. 201, 50, 1776 —199

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0 ge

Ulnternational Edition

using [100] and [111] oriented pre-grown starting multilayers
of [Cus(btc),] and switching between copper(IT) nitrate and
copper(Il) acetate as the source of the Cu’" ions (Fig-
ure 8).2%
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Figure 8. SPR signal as a function of time recorded in situ during the
step-wise treatment of a COOH-SAM (red) and a OH-SAM (black)
with Cu(OAc),, H;btc, and Cu(NOs),. Reprinted with permission from
Ref. [20c].

Interestingly, the growth rate was very much reduced
when copper(I) nitrate was used as a Cu®*' ion source
irrespective of the orientation of the MOF thin film.
Interestingly, when switching back to copper(II) acetate the
growth-rate returned to the expected deposition of half a unit
cell per cycle. This observation is directly related to the
“SBU-controlled approach” which is particularly important
for the solvothermal synthesis of MILs.*”!

The paddlewheel structure of hydrated copper(II) acetate,
[Cu,(CH;CO0),(H,0),] represents the structural motif of the
btc-bridged Cu?" dimers in the framework of [Cus(btc),] and
it is quite tempting to suggest that a simple acetate ligand-
exchange reaction binds the Cu?" source to the btc-termi-
nated surface. In contrast, the diluted ethanol solution of
hydrated Cu(NO;),-3H,0O used for the SPR deposition
experiments, does not contain similar dinuclear species and
the binding constant of the mononuclear Cu** species to the
surface is clearly low, as the LbL growth failed. These findings
are in contrast to the observations by Attfield and co-workers
(see Section 3.2).

2.3. Suppression of the Interpenetration and Oriented Growth of
Multicomponent, Layer—Pillar-Structured MOFs and in the
Corresponding SURMOF Heterostructures

The family of layer—pillar-structured MOFs of the general
formula [M(L)(P)ys] (M =Zn*", Cd*!, Cu**, etc; L = ditopic
carboxylate or other dianionic linker; P neutral pillar ligand,
such as 1,4-diazabicyclo(2.2.2)octane (dabco), pyrazine (pz),
bipyridine (bipy))*"! appears to be especially suited for the
LbL growth of the corresponding SURMOFs as already
indicated by the cyanide-linked systems described in Sec-
tion 2.1. The first case study (2009) was on the LbL-growth of
[Zn(bdc)(bipy)ys].*"! This compound, known as MOF-508a/b,
consists of a two-dimensional open framework of intercon-
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nected Zn,(bdc), paddlewheel units, these 2D zinc carboxyl-
ate sheets are linked together by bipy pillars attached to the
vacant coordination sites at the Zn*'centers. The resulting
huge pore size leads to the formation of an interpenetrated
sublattice.®?! Not surprisingly, interpenetration is a general
phenomenon in MOF chemistry and is favored for simple
cubic (or tetragonal) networks as well as for sterically non-
demanding SBUs and linkers.”® A well-known example is the
isoreticular series of MOFs called IRMOF-n, which are based
on IRMOF-1 consisting of the carboxylate-bridged [Zn,0]*"
unit ligated with 1,4-benzenedicarboxylate (bdc). Using 4,4-
biphenyl dicarboxylate (bpdc) instead of bdc leads to the
formation of interpenetrated [Zn,O(bpdc);] (IRMOF-9).¥
Also, the phase-pure synthesis of the parent compound
IRMOF-1 is complicated by interpenetration,* and even
the recently reported IRMOF-0, [Zn,O(adc);], (adc = acety-
lenedicarboxylate) exists only as an interpenetrated struc-
ture.**! Metal-organic frameworks were developed to provide
the largest amount of coordination space possible using the
least amount of material and interpenetration greatly reduces
this feature. From a topological point of view, interpenetra-
tion is hard to avoid because the different networks bear
translational symmetry and are therefore equivalent in the
solid state. However, when a two-step LbL-growth scheme
was employed using two ethanolic solutions of the starting
components, one containing the metal (M) component in the
form of zinc(IT) acetate and the other containing an equi-
molar mixture of the H,bdc linker (L) and the 4,4'-bipy pillar
(P) interpenetration was avoided. A pyridyl-terminated SAM
(py-SAM) of 4,4-pyridyl benzenemethanethiol (PBMT) on
Au substrates was chosen to direct the growth selectively in
[001] orientation, the non-interpenetrated form of MOF-508a
was obtained. This result was primarily deduced from the
comparison of the measured XRD data to a simulated pattern
for the hypothetical non-interpenetrated bulk version
(Figure 9). The Kr BET surface of the film after 55-cycles of
deposition was determined to be (627 +15) m?’cm™>. This
volume-specific surface of the film is lower than the Kr BET
bulk data of (930 £ 15) m?cm  of the interpenetrated version
MOF-508a (with a corresponding standard N, BET surface of
821 m*cm ). The BET surface per volume for the inter-
penetrated and activated MOF-508a and MOF-508b is less
than double that of the non-interpenetrated and activated
SURMOF version, quite as expected, because the two
interpenetrating networks in MOF-508a and MOF-508b are
so close together, that the inner surface available for Kr
adsorption is less than double the value of a single framework.
When converted into surface area per weight, the value
obtained of 1.010m*g~' for the less dense, non-interpene-
trated SURMOF is substantially more than the value of
660 m*g ' for the interpenetrated bulk MOF-508a and MOF-
508b.[37,30i]

The orientation control of the LbL-growth of a series of
layer—pillar MOFs turned out to be challenging. [Cu(ndc)-
(dabco)ys] (ndc=1,4-naphtaline dicarboxylate; dabco =1,4-
diazabicyclo(2.2.2)octane) was used for this study.*®! It
consists of a 2D framework of [Cu,(ndc),] paddlewheel
units, which are interconnected by dabco pillars bound to the
axial positions of the Cu®" centers, thus the structure is quite
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Figure 9. a) Representation of MOF synthesis concepts. By conven-
tional solvothermal synthesis, often two equivalent networks (red and
green) are formed at the same time. Using a LbL-growth scheme, the
equivalence of these two networks is lifted by the presence of the
substrate (dotted line in the diagram on the right) and the formation
of interpenetrated networks is suppressed. b) Out-of-plane XRD pat-
terns. Calculated diffraction pattern for an oriented MOF layer of
interpenetrated type MOF-508a on the surface, the calculated diffrac-
tion pattern for an oriented MOF layer of type MOF-508a (no inter-
penetration) on the surface, and a 40 cycle sample grown on a
pyridine-terminated SAM. c) Proposed model structure of the corre-
sponding SURMOF, a solvent-free, non-interpenetrated pseudomorph
of MOF-508a [Zn (bdc) (bipy)os], grown along the [001] direction.®"!

analogous to MOF-508. The two principal growth directions
[100] and [001] are perpendicular to the most-dense lattice
planes (Figure 10). It would be expected that a pyridyl-
terminated SAM (py-SAM) with a high affinity for the axial
coordination site should promote the SURMOF growth in the
[001] direction (compare with the Hofmann clathrate) and
vice versa, a carboxylate-terminated SAM (COOH-SAM)
should promote the 90° rotated [100] growth orientation
(compare with [Cu;,(btc),]). However, this naive approach is
not enough to achieve full orientation control in multi-
component MOFs. The LbL-growth scheme also had to be
modified. The separation of all three growth components M,
L, and P, as well as the stepwise dosing of these components in
the right sequence depending on the type of SAM was
necessary to reproducibly achieve oriented LbL-growth along
the, [100] direction (COOH-SAM) or the [001] direction (py-
SAM). For example, using the sequence Cu(OAc), —H,ndc—
dabco leads to a LbL-grown SURMOF [Cu(ndc)(dabco);s]
with [100] orientation. The number of deposited elementary
cells (layers) calculated from the XRD data (peak profile
analysis) was 3042 after 30 deposition cycles, which nicely
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Figure 10. a) The two principle growth directions of [Cu(ndc) (dabco);s]
on a surface. The [100] (red) and [001] plane (yellow) are displayed.

b) Correlation of the number of unit cells N as calculated from the
XRD line widths with the numbers of deposition cycles L. Solid line:
expected linear dependence for the ideal self-terminated growth. Black
cubes: calculated values for oriented layers deposited on MHDA-
SAMs, red squares: calculated values for the deposition on py-SAM

c) XRD patterns of [Cu(ndc)(dabco),s] SURMOFs (background cor-
rected and smoothed). Bulk sample; 30 cycle three-step deposition
Cu(OAc),—H;ndc—dabco on COOH-SAM (middle) and 40 cycle two-
step deposition on py-SAM (top). d) Top: SURMOF heterostructure
grown by LbL-deposition: XRD pattern (background corrected) of

20 cycle [Cu(F,bdc) (dabco),s] deposited on top of a 20 cycle [Cu(ndc)-
(dabco)ys] SURMOF in [001] orientation on a py-SAM, bottom: the
calculated patterns. Each pattern is normalized to the most intensive
reflection.®

matches a strictly linear, self-terminated growth mode. The
surface roughness was determined by AFM and revealed
values as low as 2.0 nm (rms) for a 20 cycle film, similar to the
excellent roughness data obtained for the two-component
[Cus(btc),] discussed above. The extended LbL-growth
scheme is currently being explored for depositing the
corresponding Zn analogues, and in particular to grow
SURMOF heterostructures of the from AB and ABAB , for
example, with variation of the linker and pillar (L and P) or
the metals M (see Section 4).%! Quite interestingly, the
storage effects of growth components and transition from
linear to exponential growth (Figure 10, see also Section 2.1)
seem to be absent for these SURMOFs. Recently Kitagawa
and co-workers reported the successful construction of
heterostructured surface coordination polymers using the
LbL technique. Though do not report a full structural model
for the crystalline phase obtained.*"

2.4. Applications of Layer-by-Layer Grown MOFs (SURMOFs)
A first example of an integrated device using a SURMOF
as the active material was developed by Allendorf and co-

workers.”” They fabricate a mechanochemical sensor from
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the LbL growth of [Cus(btc),] on a gold-coated, SAM-
functionalized microcantilever surface. The structure of [Cus-
(btc),] is weakly responsive to the adsorption of small gaseous
guest molecules, a feature that can be used as the basis of the
stress-induced chemical sensing. The experiments were car-
ried out using a film deposited in 20 cycles on a 10 um
cantilever which incorporates a built-in piezoresistive sensor
for stress-based detection. The deposited materials were
characterized by energy-dispersive X-ray spectroscopy and
microsurface enhanced Raman spectroscopy (WSERS).["**I No
XRD data could be obtained because of the small size of the
cantilever. The cantilever response was measured either for
hydrated (as-synthesized) and anhydrous (activated) MOF
thin films. The as-synthesized material responds rapidly and
reversibly to gas-phase H,O, MeOH, and EtOH, whereas no
response to N,, O,, and CO, was observed (Figure 11). The
derived H,O resistance could be fitted to a Langmuir
isotherm which agrees with the measured isotherm. In
addition, Woll and co-workers reported the possibility to
use MOF thin films for measuring diffusion coefficients for
small molecules, such as pyridine, within the layer.[*’
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Figure 11. Response of a cantilever piezoresistive sensor to the ana-
lytes water, ethanol, and methanol diluted in N, (room temperature,
1 atm). Inset: Temporal response of the sensor to different H,O
concentrations: em0.18 mol %, 0.20 Mol %, === 0.36 mol %,
== 0.44 mol %, ===0.98 mol %. Reprinted with permission from
Ref. [39]. Copyright 2008 American Chemical Society.
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To date, there are no other examples of applications of
LBL-grown MOF films. Nevertheless, the thin-film spin-
crossover materials discussed in Section 2.1 are very promis-
ing candidates for integration into devices.

3. Growth Mechanisms and the Role of SBUs

A general challenge in materials chemistry is under-
standing the mechanisms of nucleation and crystal growth on
the molecular level.*!! This is very much true for MOFs, as
Morris pointed out in his essay “How does your MOF
grow?” [ Clearly, the rational basis for advanced “design” of
new MOF structures (topologies) or crystal engineered and
functionalized MOFs require more knowledge about funda-
mental physicochemical details of the formation and crystal-
lization of MOF materials: A better understanding of “how
complex extended network structures are assembled from
simple chemical precursors in solution could ultimately permit
some fine tuning of synthesis conditions to test and realize the
ideas of design in synthesis”, as Millange, Walton, and co-
workers point out.””] Nevertheless, only a few studies of that
kind on typical MOFs have been reported to date. These
include extended X-ray absorption fine structure (EXAFS)
spectroscopy and electrospray ionization mass spectroscopic
(ESI-MS) studies of reactive solutions to confirm the
presence of SBUs (Section 3.1), a time-resolved in-situ X-
ray diffraction study and atomic force microscopy (AFM)
during the solvothermal crystallization process (Section 3.2),
and an in-situ time-resolved light scattering (TLS) study of
colloidal solutions to monitor the formation of colloidal
nanocrystals (see Section 5.1). The most direct evidence for
important growth species possibly comes from in-situ AFM
studies of MOF crystal growth (see Section 3.2). Again,
[Cu,(btc),] was the system of choice and crystal growth was
monitored using aged solvothermal solutions of copper(1I)
nitrate and Hjbtc. Interestingly, these studies do not support
the anticipated importance of preformed SBUs in solution for
the observed 2D layer-by-layer growth.

3.1. Ex-Situ and In-Situ Spectroscopic Studies Probing the
Persistence of SBUs during Solvothermal Growth of MOF
Crystals

A particular important and still largely open question in
MOF synthesis and crystal growth is the role of the so-called
SBUs. Very few experimental studies have been performed to
date. The first was reported by Walton and co-workers, who
studied the formation of MIL-89(Fe), [Fe;O(CH;OH);-
{O,C(CH),CO,};"(CH;0H)]C1? using a combination of ex-
situ EXAFS and XRD measurements of samples taken at
different reaction times.*!! Essentially they found evidence
that the critical carboxylic acid bridged Fe;O-type SBU is
always present during the crystallization of this MOF.
Although this was not an in-situ study, the measurements
were made under close to real solvothermal crystallization
conditions. In this particular case, the crystallization occurs
via the initial formation of an amorphous phase which then
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dissolves and is completely consumed in the course of the
formation of the final crystalline product. This process is
analogous to that found for the hydrothermal crystallization
of aluminosilicate zeolites, where an amorphous intermediate
phase is commonly found prior to the formation of the
zeolite.*”) ESI-MS has also been recently used by Henderson
and co-workers as the tool of choice to investigate the species
present during solvothermal synthesis of MOFs. Reaction of
Mg(NO;),6H,0 with (4)-camphoric acid (Hycam) in
acetonitrile results in the immediate formation of soluble,
dinuclear [Mg,(Hcam);]" ions, which could clearly be
detected by ESI-MS. These dimers are three-fold paddle-
wheels, which associate together through the neutral acid
units to build the metal-organic framework [Mg,-
(Hcam);-3H,O]NO;-MeCN. However, it should be kept
in mind, that the existence of SBUs or SBU-like precursors in
the mother solution may not be taken as a direct and
unambiguous evidence for the role of these units as surface
species at the solid-liquid interface of the growing crystal
facet (see the next Section).

3.2. AFM Monitoring the Growth of [Cus(btc),] from
Solvothermal Solution

Atomic force microscopy (AFM) is a powerful tool to
investigate crystal growth and has been applied to a range of
crystalline materials including nanoporous inorganic and also
inorganic—organic hybrid materials.”” Recently [Cu,(btc),]
was the first MOF to be studied in this way. A detailed ex-situ
AFM characterization of the [111] face of single crystals of
[Cus(btc),] attached to a COOH-terminated SAM was
reported by Szymonski and co-workers (Figure 12). Freshly
prepared single crystals show micrometer long terraces
covered by much smaller depressions and islands with a
diameter of 20-200 nm. The triangular shape of these features
reflects the expected three-fold symmetry. The topographic
profile 1 marked in Figure 12 shows that both islands and
depressions correspond to the same change in height of about
1.5 nm which is fully consistent with expected step height
(1.52 nm) on the [111] face of the [Cus(btc),] crystal. By
optimization of the crystallization conditions a very smooth
surface was obtained exhibiting micrometer long terraces
which are completely free from any screw dislocations,
islands, and depressions. Exposure of the crystal to air
induced erosion of the surface, after which these smooth
micrometer-long terraces become covered by a very dense
network of islands and depressions. In contrast to freshly
prepared samples, the depth of these features corresponds, at
only about 0.6-0.9 nm, to a fraction of the complete layer
distance in the [111] direction.

The observed fractional height most likely corresponds to
the loss of a btc linker from the [111] surface and, effectively,
to the local exposure of the [222] surface of the crystal.

A similar very detailed ex-situ AFM study was independ-
ently carried out by Attfield and co-workers using single
crystals of [Cuy(btc),] grown over 26 months from aged
solvothermal solution.*”) Essentially similar data on the
surface structure were obtained, however with the important
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Figure 12. a) AFM images taken in air using tapping mode and in UHV
in noncontact mode (inset) of the surface of [Cu;(btc),] microcrystals.
b) Topographic profiles taken along the by black lines 1 and 2 in (a).
Reprinted with permission from Ref. [48]. Copyright 2008 American
Chemical Society.

difference of a high-density of screw dislocations and frequent
fracturing, which result in a high density of very short terraces
(ca. 100 nm). As evidenced by the frequently observed steps
with a height corresponding to the multiple of 1.52/2 nm, this
crystal surface also exhibits [222] termination, which makes it
chemically quite inhomogenous. Attfield and co-workers
were also able to perform in-situ AFM measurements.”
They were even able to observe a single-layer growth at the
[111] face by in-situ AFM measurements.”*! This work is the
first direct observation of the liquid-phase homoepitaxial
growth of a MOF from a mother solution under conditions
similar to those of a solvothermal process. The high-resolu-
tion AFM images of the growing [111] facet of a [Cus(btc),]
nanocrystal attached to a SAM surface are shown as a
function of time in Figure 13c—e. The growth of the surface
proceeds by a two-dimensional (2D) crystal growth mecha-
nism. Each new layer nucleates at the same point on the
crystal surface. A low supersaturation of the growth solution,
a small crystal-face area, and the low-defect concentration on
the crystal surface prevented additional 2D surface nucleation
thus allowing the growth mode to be monitored and analyzed.
The evolution of anisotropic steps that are triangular in
nature and exhibit the ternary symmetry of the [111] face is
nicely seen in the AFM images. Based on time-dependent
AFM data, the growth model was also proposed. Note the
anisotropic nature of the growth steps as a consequence of the
steric requirements of layer B composed of dimeric copper-
centered units and btc groups relative to the requirements of
the underlying layer A (Figure 13b). This situation means
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Figure 13. a) Attachment of Cu*" and btc species during terrace growth
on a [111] face (d;; steps are shown) of octahedral [Cu;(btc),] crystals.
The crystals are attached to a 16-mercapto-1-hexadecanol-SAM (OH-
termination) on a gold substrate, and grow in the [111] direction.

b) The formation of a dy;; step from the constituent d’,,, and d”;,,
steps (The lateral size of the steps does not directly reflect those
observed in (d) and (e)). c) Cross-sectional analysis of growing steps
on the [111] facet and d) cross-sectional analysis of the single growth
step at 77 min, and e) 79 min. Step heights were measured from
height images, although deflection images are shown for clarity.
Reprinted with permission from Ref. [50a]. Copyright 2009 Royal
Society of Chemistry.

that the [11-2] and [2—1-1] steps are not identical and
results in the steps growing at different rates in the [11—-2] and
[2—1—1] directions. The model suggests that a layer grows by
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initial attachment of btc and Cu*" species onto a stable crystal
surface terminated with an A layer to form a small volume of
a d'y, step with a metastable B layer. The attachment of
additional reagent to the crystal occurs at an equal or faster
rate at the newly created metastable B-layer termination of
the d',y, step compared to the surface A-layer termination of
the underlying crystal, resulting in the growth of a d"',,, step
and overall a new d,;; step with a stable A-layer terminated
surface. Essentially, Attfield and co-workers describe a layer-
by-layer growth mode of [Cus(btc),] from solvothermal
solution under the conditions of very low supersaturation
(and at room temperature). Notably, this growth scheme is
somewhat in contrast to a previous in-situ study by the same
authors where a 2D crystal-growth mechanism and isotropic
advancement of the growth steps was observed at multiple
sites across the crystal surface.’™ This difference is explained
by the use of a much larger (ca. 50 mm) crystal with a high
surface-defect concentration, and hence multiple surface
nucleation sites, and the use of different solvents affecting
the supersaturation as well as the energetics of the crystal-
growth process. However, both studies suggest that paddle-
wheel SBUs of the kind [Cu,(btc),] are not likely to be the
important species for binding to the growth site by adsorption
(from this particular mother solution prepared from Cu-
(NO;),2.5H,0 and Hjbtc in water/ethanol (1:1) at 75°C,
aging for 8 days and filtered). This SBU would lead to only
one step/terrace height of 1.1 to 1.3 nm (or multiples), which
is not observed. The relationship between these results and
the data obtained by in-situ monitoring of the layer-by-layer
[Cus(btc),] SURMOF growth using the SBU-like paddle-
wheel source Cu,(CH;COO),H,O instead of copper(II)
nitrate (see Section 2.3) remains to be investigated.

4. Fabrication of Single-Crystal MOF Core—Shell
Heterostructures

The homo- and heteroepitaxial growth of single crystals
on the surface of template single-crystal substrates is a key
method in (inorganic) solid-state materials science. These
growth methods are of particular importance in the electron-
ics industry,®! where the epitaxial deposition at the gas-solid
interface using chemical vapor deposition (CVD) for example
is widely used.”? Conceptually related to this area of crystal
engineering, at least from the view-point of crystallography
and crystal chemistry, is the liquid-phase epitaxial growth of
composite or hybrid crystals of coordination polymers. Early
studies on metal-organic coordination-polymer heterocrys-
tals, for example, free-standing (not agglomerated) core—shell
hybrid crystals were reported during 2000-2004 by Manson
and co-workers,* Stang and co-workers,”¥ and Hosseini and
co-workers.” Since then, the area has been continuously
expanding. However, when applying the same restrictions to
the type of coordination compound of interest as applied in
the preceding Sections and specifically when looking at
heteroepitaxial studies of the growth of (typical) MOFs on the
surfaces of MOF single-crystal cores, only a very few, but
quite important and stimulating studies have appeared, most
recently in 2009 and 2010.
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The first synthesis of core-shell MOF single crystals by
heteroepitaxial growth including a detailed X-ray diffraction
analysis of the structural relationship between the shell and
the core was reported by Kitagawa and co-workers.”® Not
surprisingly, a key parameter of success is choosing the “right”
MOF candidates, such as the [M(L)(P),s] family mentioned in
Section 2.3, which allows the variation of the metal ions M,
dicarboxylate linker L, and bidentate nitrogen pillar P,
without changing the original tetragonal topology
(Figure 14).F%>! The Zn-MOF, [Zn(ndc)(dabco),s], can be
grown as a single crystal with cubic morphology and
dimensions of hundreds of micrometers by routine solvother-
mal methods, but the isoreticular Cu-MOF, [Cu(ndc)-
(dabco),s], exists only as microcrystalline powder. However,
when single crystals of the Zn-MOF were used as templates or
seeds for the growth of the Cu-MOF, and were immersed into
the solvothermal mother solution of CuSO,5H,0, H,ndc,
and dabco in toluene/methanol (1:1), and the solution was
heated to 393 K, a single-crystalline shell of the Cu-MOF was
deposited on the faces of the almost cubic Zn-MOF core
crystal. The interface between the two MOF crystals was
characterized by high-resolution X-ray diffraction and recip-
rocal-space mapping. The structural model for the [001] face
(Figure 14 d) shows the in-plane rotational epitaxial relation-
ship between core and shell crystals. Because the lattice
constant of the shell crystal is significantly smaller than that of
the core crystal, in-plane rotational epitaxial growth can
compensate for the difference in the lattice constants. Such
rotational crystal growth does not occur at the [100] surface
because the lattice of the shell crystal almost matches that of
the core crystal along this direction. It was noted that since the
carboxylate linker L and the nitrogen pillar P are exchange-
able in this [M(L)(P)ys] system, and because functional
groups can be introduced, it should be possible, by careful
choice of the components, to correlate the resulting interfacial
structure and with novel functions of the hybrid MOF
crystallites, for example as a sieve for the separation or
selective passage of guest molecules.

The zinc system [Zn(L)(P),s] (L = ndc, P =dabco or N,N'-
di(4-pyridyl)-1,4,5,8-naphthalenetetracarboxydiimide, dpndi)
was used by Kitagawa and co-workers to fabricate block MOF
heterocrystals by anisotropic hybridization and face-selective
epitaxial growth (Figure 15).°”) The (homo-)epitaxial growth
of a second MOF crystal B on a core MOF crystal A led to a
BAB block crystal. By using the same layer-ligand L, ndc, for
crystal hybridization, epitaxial growth on two [001] surfaces of
the core crystal no longer requires the use of a pillar ligand P
with the same lattice constant, thus a variety of pillar ligands
is available for use, with the possibility of forming pores at the
interface. The epitaxial relationship of the hybridized BAB
crystals was characterized by XRD. This concept will open the
way to the fabrication of multifunctional MOFs in which
several porous properties are integrated into a single crystal.

These fascinating perspectives could also apply to the
[M(L)(P)ys]-type SURMOFs discussed in Section 2.3. How-
ever, the dimensions of the hetero-SURMOFs are much
smaller, on the order under 100 nm, compared to the over
10 um for the free-standing hybrid crystals. In principle, only
few alternating layers of MOF A and MOF B can be grown on

Angew. Chem. Int. Ed. 2011, 50, 1776 -199


http://www.angewandte.org

Metal-Organic Frameworks

M g.u 9 NN

Metal lon Dicarboxylate N ligand

[{Mz(dicarboxylate)z(N ligand)}, ]

b)

1600 1400 1200 1000 800
Alem™

I "’ =
RbE ......\.

Figure 14. a) The structure of the series of frameworks [{M,(L),(P)},]
(M=2Zn, Cu) and the heteroepitaxial growth of the Cu-MOF on top of
the Zn-core MOF. b) Optical microscopic image of the sliced core—
shell crystal. c)—f) IR spectra by microscopic attenuated total reflection
(ATR) measurement of the colorless part (c), the greenish part (d), the
powder sample of the Zn-MOF (e), and the powder sample of Cu-
MOF (f). g) Schematic model of the structural relationship between
the core lattice and the shell lattice on the [001] surface. The red lines
indicate the commensurate lattice between the core lattice (green, Zn-
MOF) and the shell lattice (blue, Cu-MOF): the (5x5) structure of the
core crystal or the (/26 x 1/26) structure of the shell. Two Miller
domains of the shell crystal are grown on the [001] surface of the core
crystal while maintaining the rotational angle (A®,,=11.7°), which
corresponds to the v/26 direction of the [001] surface. The inset shows
the chemical structure of the [001] surface. Reprinted with permission
from Ref. [56].
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top of each other with (possibly) abrupt interfaces in case of
SURMOFs. However, the number of layers of MOF B grown
epitaxially on top of MOF A can be precisely adjusted by the
LbL growth. Furthermore, the orientation of the SURMOFs
relative to the underlying substrate can be controlled and
patterned deposition allows integration into devices.

The interaction of hetero-SURMOFs with guest mole-
cules, that is, gas absorption as a function of the interface and
the hetero-SURMOF orientation, can be monitored by in-situ
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Figure 15. a) Anisotropic homoepitaxial growth of a second [M(L) (P)os]
framework, [Zn(ndc) (dpndi),s] (crystal B), on the core framework [Zn-
(ndc) (dabco),s] (crystal A). b) The optical microscopic image of the
anisotropically hybridized crystal of A and B. c) The infrared spectrum
by ATR measurement of the orange part of the hybrid crystal shown

in (b; crystal B), the single-crystal sample of pure B, the colorless part
of the hybrid crystal shown in (b; crystal A), the single-crystal sample
of pure A. d) Schematic illustration of configuration of a hybrid crystal,
on a glass substrate for synchrotron X-ray diffraction measurements.
e) The 6—26 scan of the hybrid crystal at the initial position (w=901).
Two peaks assigned to the [002] Bragg peak for crystal B, (260 =5.1261)
and the [001] Bragg peak for crystal A (260 =5.9461) were obtained
simultaneously in the same scan. Reprinted with permission from

Ref. [57]. Copyright 2009 Royal Chemistry of Society.
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SPR (surface plasmon resonance) and QCM (quartz crystal
microbalance) techniques. With similar goals in mind,
Matzger and co-workers® and Jeong and co-workers?”
reported on MOFs@MOFs core-shell single-crystal struc-
tures (Figure 16 and 17) based on Yaghi’s [Zn,OL;] IRMOF
series!®! (L = functionalized, linear rigid-rod dicarboxylates,
for example, bdc for MOF-5 (=IRMOF-1) and 2-amino-
benzene-1,4-dicarboxylate (abdc) for IRMOF-3) by using
different linkers L instead of different metals. Mixing two
different linkers such as bdc and abdc with (almost) the same
structure and coordination properties lead to a random
distribution of the two linkers within the isoreticular frame-
work. The key finding of these random linker incorporation
studies was the dependence of the composition and the
surface area on the ratio of the two linkers. This concept has
recently been systematically expanded.® A sequential
growth similar to that of [M(L)(P),s] resulted in nesting of
the individual cubic frameworks IRMOF-1 (A) and IRMOF-
3 (B) to give isotropic core—shell porous structures of the type
AB or BA and ABA or BAB similar to the anisotropic
heterostructures described above (Figure 16). This method
demonstrates the possibility to design more complicated
architectures in which, to approach a central porous space, a
guest must first pass through one or more additional phases.
Such systems should offer the possibility to tune the kinetics
of guest uptake and release, as well as provide multistage
catalyst beds in a single material. The same system IRMOF-3/
IRMOF-1 was selected by Jeong and co-workers™ to
fabricate the first example of a heteroepitaxially grown
hybrid-MOF membrane (Figure 17). Essentially the same
solvothermal synthesis concept as used by Matzger and co-
workers®® was applied using microcrystals of IRMOF-1 as
seeds for the subsequent growth step of IRMOF-3 or
vice versa to yield the core-shell type heterostructure. The
heteroepitaxial relationship (almost matching lattice param-
eters) was studied by X-ray diffraction techniques.

5. Surface-Controlled Growth of Nanocrystalline
MOFs in Colloidal Solution

In contrast to the massive amount of literature on
synthesis, structure, and properties of microcrystalline bulk-
phase MOF materials, there has been much less focus on the
tailored fabrication of well-defined MOF crystallites in the
sub-micron size regime or on their size-, shape-, and surface/
volume-dependent properties in comparison to the bulk-
phase macrocrystals. Quite recently, with the perspective of
biological (pharmaceutical) applications of MOFs (“Bio-
MOFs”),/%?] there has been an increase in interest in this area,
primarily pushed by Férey and co-workers (drug storage and
long time release)!®! Morris and co-workers (gaseous signal
molecule delivery, for example, NO),*! and Lin and co-
workers (bioimaging).l”! As already mentioned in the Intro-
duction, Mirkin and co-workers coined the term ICP (infinite
coordination polymer) for those nanoscale (porous) coordi-
nation polymer materials which are typically lacking long-
range crystalline order and maybe more or less related or
even structurally different from their parent MOF materi-
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Figure 16. Microscope images and schematic views (insets) for core—
shell heterostructures formed from IRMOF-1 (gray; also denoted
MOF-5) and IRMOF-3 (orange):*® a) IRMOF-3(shell) @ IRMOF-1 (core),
b) IRMOF-1 (shell) @ IRMOF-3(core), c) IRMOF-1(2nd layer) @ IRMOF-
3(1st layer) @ IRMOF-1 (core), d) IRMOF-3(2nd layer) @ IRMOF-1(1st
layer) @ IRMOF-3(core). Scale bar: 200 mm. Reprinted with permission
from Ref. [58]. Copyright 2009 Royal Society of Chemistry.
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Figure 17. a) Heteroepitaxially growth of IRMOF-3 on the surface of an
IRMOF-1 seed layer on a porous support. b)—e) SEM images of an
IRMOF-1 seed layer (b), and IRMOF-3/IRMOF-1 hybrid films grown for
1h (c), for 2 h (d), and for 3 h (e). Reprinted with permission from

Ref. [59]. Copyright 2010 American Chemical Society.

als."” Typically nano-MOFs of the kinds summarized by
Mirkin and co-workers are synthesized by the adaptation of
colloid chemistry techniques developed for many classic
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inorganic materials 1) solvent-induced size-selective precip-
itation, 2) synthesis in microemulsions, and 3) arrested growth
during solvothermal synthesis. Nano-MOFs prepared by
solvent-induced precipitation tend to be amorphous and
may be regarded as ICPs in a narrower sense,'” while
synthesis in microemulsions'®® and arrested-growth tech-
niques'® usually lead to chemically more defined (nano-
)erystalline materials. In addition microwave!® and ultra-
sound techniques!'”! were used for rapid synthesis of (nano-
)erystalline MOFs. For example, Gref and co-workers
obtained nanoscale agglomerated powder materials of MIL-
53, MIL-88A, MIL-88B, MIL-89, MIL-100, and MIL-101-
(NH,) simply by control of concentrations, temperature, and
growth time during the standard solvothermal synthesis under
autogeneous pressure in (small) teflon autoclaves with or
without the addition of biocompatible surfactants, such as
monomethoxy aminopoly(ethylene glycol).[* The particle
size distributions were generally quite broad and depend on
the type of MOF. They range from 50-500 nm and even to mm
scale depending on the conditions. In this context there is a
report by Lin and co-workers on post-synthetic modifications
of 100-200 nm sized MIL-101(Fe) (octahedral) nanocrystals
(for imaging and drug delivery).[** The particularly interest-
ing aspect in terms of MOF surface chemistry was the post-
synthetic (after nano-MIL loading with imaging labels or
drugs) coating of the MIL nanoparticles with a silcate shell to
form core-shell structures of the kind MIL@SiO, without
decomposing the MIL crystallite. The release of the adsorbed
molecules from the MIL host though the (porous) SiO, shell
was monitored by fluorescence spectroscopy and expectedly
showed retarded release in comparison to the non-coated
MIL nanoparticles. A similar strategy was used to silica coat
nano-MOFs of the composition [Ln(bdc),s(H,0),] (Ln=
Eu*, Gd*, or Tb*"), to form [Gd(bdc),s(H,0),@SiO,]
which were synthesized using a reverse microemulsion
system. %

However, the kind of surface chemistry of MOFs, which is
involved in the context of biological or medical applications
for “BioMOFs”,® is not particularly related to the surface-
chemical perspectives of MOFs discussed in the previous
Sections. We therefore do not want to attempt to cover
comprehensively the emerging chemistry of MOF nano-
particles in a general sense and again refer to the current
Reviews by Mirkin and co-workers"? and Férey and co-
workers.>% Rather, we restrict the discussion herein to those
cases of nanocrystal MOF chemistry which directly show the
influence of surface-attached ligands or additives on the size
and shape evolution of the growing MOF nanoparticles. This
restriction relates to the mechanism and kinetics of the
growth of “freestanding”, that is, not agglomerated single
MOF nanocrystals in colloidal solution and complements the
examples of surface and interfacial chemistry of MOFs given
in the previous Sections.
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5.1. Monitoring the Growth of Homogeneously Nucleated MOF
Nanopatticles

Few studies have been performed with in-situ monitoring
of the growth of nanoscale MOF crystals. The method of
choice for these studies was time-resolved static light scatter-
ing (TLS; at a range of scattering angles). Rapid room-
temperature synthesis of very small and uniform (40 £ 3) nm
sized nanocrystals of the prototypical ZIF-8 material, [Zn-
(mim),] (mim =2-methylimidazolate) occurred by simply
pouring a methanol solution of Zn(NO;),,6H,O into a
methanol solution of Hmim.® The molar ratio of zinc(II)
nitrate, Hmin, and methanol was 1:8:700 (Figure 18). It is
important to have Hmim in large excess to the zinc source,
contrary to reported methods for the usual solvothermal
synthesis that were designed to produce large microcrystals
and used the zinc salt and Hmim in a molar ratio 1:2.1”) The
initially formed particles were characterized by XRD and
HRTEM revealing the expected parameters of the ZIF-8 bulk
phase with some line broadening of the diffraction peaks as a
result of the nanoscale coherence length of the crystallites.
The nanocrystals were of rhombic dodecahedral shape. As
revealed by in-situ TLS studies, particles with a radius of
gyration R, of approximately 20 nm were rapidly formed,
within 130 s after mixing the component solutions. During the
following growth period of 170 s, the weight-averaged particle
mass M, increased further, whereas the corresponding size of
particles remained essentially constant in this growth period.
This observation is explained by means of the different
averages of the R, and M, values, respectively. A situation
with the size values staying constant but with mass values
increasing is observed if single particles grow very fast
compared to the duration of the time-resolved experiment.
Beyond 300s, the growth process accelerated because of
aggregation of the primary particles. The correlation between
the radius of gyration and the corresponding mass in this
regime of agglomeration led to a power-law behavior for R, ~
M, with the parameter a of 0.65 < a < 0.75 indicating a fractal
dimension 1/a that corresponds to a loose aggregate of
primary nanocrystals as observed by TEM. The thermal
stability of the nano-ZIF-8 material which undergoes decom-
position at 200°C (in air) was significantly lower than the bulk
material, which is stable up to 400°C (in air). Also the BET
surface and micropore volume reduced to 962 m*g™' and
036 cm’g™" (ZIF-8: 1630 m?’g™"; 0.64 cm’g™"). Clearly, the
nano-ZIF-8 still contains adsorbed species even after activa-
tion (i.e. the structure contains more defects than the bulk-
phase). The auto-arrested growth behavior was explained by
taking into account the large excess of the Hmin linker which
is quite likely to bind to the surface of the primary ZIF-8
nuclei. Deprotonation of Hmin and growth are driven by the
relative gain of lattice energy during the crystallization of
ZIF-8. This gain of lattice energy decreases with increasing
the volume/surface ratio. Thus, excess of neutral Hmim
terminates growth and stabilizes positively charged nano-
crystals (the Zn*' charge is not fully compensated; Figure 18).
This model is nicely supported by the measured {-potential
(+55mV) of the stable dispersions of ZIF-8 nanocrystals in
methanol. A somewhat related scenario was found for
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The accumulated data support a mechanism for [Cus-
(btc),] growth from solvothermal solutions involving contin-

192

uous slow nucleation in parallel to fast crystallite growth.
Thus, the mother solution contains small and large crystallites
in a bimodal size distribution. Interestingly, under the
conditions of the experiments the limiting particle size was
about 200 nm beyond which aggregation takes place. This
mechanism seems also to be important for the real solvo-
thermal synthesis of [Cus(btc),] as Millange, Walton, and co-
workers revealed by the use of time-resolved energy-disper-
sive X-ray diffraction (EDXRD; Figure 19). This particular
technique has been used successfully for the in-situ study of
the crystallization of a variety of inorganic materials and has

nano-[Zn{mim),_ (Hmim)]** + (2-x) H* + 2 NO5

[Zn(mim), ;] [Zn(mim), o(Hmim))°**
7n2* coordination Zn2* soordination now been used to study MOF crystallization for the first
in crystal at surface time.*”" Data analysis was performed using the empirical
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Figure 18. a) Synthesis of nano-ZIF-8 by auto-induced arrested growth -2
using a large excess of linker Hmin. middle: b) SEM micrograph, p {

c) HRTEM micrograph showing nanocrystals that exhibit lattice fringes
of approximately 1.2 nm that correspond to the [110] family of planes.
d) Monitoring of the growth and aggregation of the primary formed
small ZIF-8 nanocrystals of R,~20 nm (Zn/Hmim/MeOH 1:5:1000).
Radius of gyration R, (m) versus time and weight-averaged particle
mass M,, (0) versus time. Reprinted with permission from Ref. [68].
Copyright 2009 American Chemical Society.
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homogeneous nucleation and growth of HKUST-1, [Cus-
(btc),], again monitored by TLS."™ A preformed, diluted
solvothermal mother solution of copper(II) nitrate trihydrate
and Hjbtc in molar ratio 3:2 in a water/ethanol (1:1) solvent
mixture was rapidly cooled from 85°C to 25°C and directly
filtered into the scattering cells and studied by TLS. In
addition, ex-situ SEM studies at different stages of growth
were performed by “fishing” out samples of nanoparticles
with gold surfaces coated with a sticky SAM surface (COOH-
termination, See section 2.3).

Figure 19. a) Time-resolved in-situ EDXRD data measured during the
crystallization of [Cu;(btc),] at solvothermal conditions at 125°C. The
Bragg peaks are indexed on an F-centered cubic unit cell with
a=26.34 A. Inset: view of the structure of [Cu, (btc),] with five-
coordinate Cu as pink polyhedra, C blue, O red. b) Kinetic analysis of
the crystallization of [Cu;(btc),]: plot of extent of crystallization curves
against time obtained by integration of the [222] Bragg peak in the
EDXRD data. Inset: analysis by the method of Sharp and Hancock to
test fitting to the Avrami—Erofe’ev nucleation-growth crystallization
model a=T1—exp{— (k(t—t,))"} with lines that are the result of linear
regression analysis. Reproduced with permission from Ref. [43].
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Avrami-Erofe’ev model, which is widely applied for nucle-
ation-growth process from a homogeneous medium, such as
crystallization from a solution or gel, and it allows rate
constants to be extracted and compared when reactions
conditions are varied. The value of n, the Avrami exponent,
gives some indication of the mechanism of crystallization, in
particular the balance of the rates of nucleation versus crystal
growth. The extracted value n=1.5 suggests that crystalliza-
tion is controlled largely by the formation of nucleation sites,
rather than by diffusion of reactive species to the sites or of
crystal growth itself. This finding fits to the data obtained
from the TLS studies of colloidal [Cus(btc),]" and the results
on the growth of thin films and single crystals of [Cus(btc),] on
SAMs as discussed in Sections 2.2 and 2.3.

However, this mechanism of rate-limiting nucleation and
fast growth is certainly not a general model for MOF
crystallization. Another representative MOF family may
behave quite differently, as is the case with [Zn,O(bdc);]
(IRMOF-1), which was studied by TLS, too. In this case, both
M,, and R, continuously rise until precipitation takes place at
a particle size over 350 nm."” For IRMOF-1, homogeneous
nucleation was found to be fast relative to the subsequent
growth step of the crystallites and the over-all situation is
dominated by the continuous growth of the initially formed
IRMOF-1 nuclei. TLS does not only yield the particle size and
molar mass. If the particles are larger than 100 nm, TLS also
provides information about the shape of the particles. The
logarithm of the scattered intensity /(g) in its normalized

Hoap
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0.001 y
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Figure 20. a) Schematic representation of IRMOF-1 nanocrystal
growth. b) Particle scattering factor of IRMOF-1 nanocrystals. The
radius of gyration of the crystals is 320 nm. c) Arrested growth of
IRMOF-1 crystallites by addition of perfluoromethylbenzenecarboxylate
(pfmbc) at a molar ratio of bdc/pfmbc of 1:5 and AFM imaging after
depositing the particles by “fishing” in the diluted colloid using a
COOH-terminated substrate. Reprinted with permission from Ref. [72].
Copyright 2007 American Chemical Society.
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version P(q)=1(q)/I(q=0) displays characteristic oscillation,
that is, minima for P(q) in the case of high symmetry (spheres,
cubes, rods) and very narrow size distribution.” In Figure 20,
an example is shown for particles of a typical size of 320 nm.
A first minimum occurs around ¢ =0.01 nm~', and a second
one around ¢=0.02nm . Clearly IRMOF-1 grows in the
shape of perfect cubes from the very beginning. Nucleation
and growth seem to be quite effectively separated, since the
characteristic features of P(q) are only observed for almost
monodisperse samples. This growth mechanism allows size-
selected particles to be trapped at a certain stage of their
growth through the addition of a surface-capping reagent.
This procedure is similar to that employed in semiconductor
quantum-dot synthesis by colloidal methods.”

As a capping agent perfluoromethylbenzenecarboxylate
(pfmbc) was chosen, which is likely to bind to vacant edges of
surface-exposed Zn,O sites (Figure 20). The respective
molecular reference compound [Zn,O(pfmbc)y] is known.”™
The capping agent pfmbc was shown to compete with bdc for
coordination to the [Zn,O]®" surface units and acted also as
an etching agent as indicated by the reduction of the initial
particle size R,=300 nm down to R, =150 nm. These result-
ing pfmbc-capped particles yield quite stable colloids over
several weeks at 25°C in contrast to the uncapped case, where
sedimentation occurs by this time.

It is important to note, that the formation mechanisms and
crystallization processes of MOFs as soft inorganic—organic
hybrid materials, which have similarities with both inorganic
solid-state structures and networks, as well as with organic
polymers which tolerate disorder, are certainly complex and
possibly as diverse as the class of compounds itself. This
includes of course the surface chemistry of the individual
growth intermediates at the liquid-solid interface of a MOF.

The second system studied by EDXRD was the iron(I1I)
terephthalate with the MIL-53 structure, [Fe"(OH,F)-
(bdc)-H,0].* Tt turned out that MIL-53 crystallization is
proceeded by the transient appearance of another crystalline
phase related to MOF-235,%1 in which trimers of iron(III)
oxy-octahedra are linked by terephthalate ligands, and
trapped within the porous network. This result shows how
sensitive the system is to conditions and the choice of the
components including solvent, counterions, and additives.

5.2. Coordination-Modulated, Shape-Selective Synthesis of MOF
Nanoparticles

The use of capping agents, introduced by Fischer and co-
workers!™ (Figure 20), for blocking MOF nanocrystal growth
was recently extended by Kitagawa and co-workers to a more
general concept of surface coordination modulation which
allows control of the nucleation and shape evolution of
[M(L)(P)ys]-type MOFs (Figure 21)."! The solvothermal
growth of [Cu(ndc)(dabco),s] was modulated by adding
various amounts of acetic acid which competes at the
different stages of nucleation and growth with the H,ndc for
coordination at the Cu®' sites of the growing MOF. The
obtained nanorods grew in the [001] direction of the frame-
work by the fusing of small nuclei by coordination through the
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Figure 21. a) Coordination-modulated growth for fabricating of MOF
nanocrystals. Nucleation is controlled and modulated by additives with
the same functional groups as the organic linkers to impede the
coordination interaction between metal ions and organic linkers. The
competition between the additives and the growth species (linkers)
leads to selective coordination in one of the coordination modes
(illustrated as blue shells) and favors anisotropic growth. b)—d) Coor-
dination-modulated growth of [Cu(ndc)(dabco),s] monitored ex situ by
TEM. Imaging of samples taken after b) 15 min, c) 20 min, and d) 1 h
showing the various types of nanocrystals in agreement with (a).
Reproduced with permission from Ref. [76].

dabco-copper units. The other growth orientation [100] (see
Section 2.3 on the layer-by-layer growth of the same MOF)
requires the coordination through ndc-copper. This ndc-
copper interaction, which forms the two-dimensional layer of
the MOF, was impeded by the presence of acetic acid as the
modulator, because both ndc and acetate have the carboxyl-
ate functionality. Therefore, the selective coordination-mod-
ulation method enhanced the relative crystal growth in the
[001] direction. Quite interestingly, the gas-adsorption studies
(N, and CO,) of the nanorod-[Cu(ndc)(dabco),s] material
grown under coordination modulation was significantly
enhanced compared to that of the usually obtained micro-
crystalline powder of [Cu(ndc)(dabco),s]. This difference was
attributed to the higher structural defects of the usual
material as compared with the coordination-modulated
nano-MOF. Nevertheless, direct evidence of coordinated
acetic acid groups during crystallization (as indicated in
Figure 21a) or in the nanorods isolated as a powder has not
been reported. Even more generally, the fabrication and
characterization of well-defined, stable SAMs of organic
ligands at a crystal face of a MOF (i.e. “SAMs@MOFs”), has
not been documented to date.

Sanchez, Férey, and co-workers employed a similar
concept of coordination modulation for the facile synthesis
of nanocrystallites of MIL-89 [(X)Fe;O(muc);-n Solv] (muc =
(2E 4E)-hexa-2,4-dienedicarboxylate = trans,trans-muconate;
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X=Cl, F, OH; CH;COO; Solv=ethanol, methanol,
water).””! Only using the trimeric acetate [(X)Fe;O-
(CH;CO,)4(H,0);] (X =CH;COO), instead of iron(III) chlo-
ride or nitrate, in combination with muconic acid led to the
formation of transparent monolithic gels under an appropri-
ate choice of temperature, concentration, and synthesis time.
The competition between a bifunctional carboxylate as a
network former and a monofunctional carboxylate acting as a
modifier, induces a reduction in the kinetics of the extended
crystallization of MIL-89, making the growth of larger crystals
harder and thus the control of the particle size at the
nanoscale easier, allowing the formation of the gel. Light
scattering and TEM studies at early stages of the particle
growth (10 min, 60°C) revealed nano-objects of close to 20—
40 nm in diameter. The MIL-89 sols were used for the
preparation of homogeneous thin films by dip-coating and the
materials were characterized by synchrotron XRD to confirm
the identity of the deposited phase. Generally, this approach
has also similarities to the colloid chemistry of ZIF-8
(Section 5.1) which also takes advantage of modulated or
arrested-growth induced by constituents of the solvothermal
mother solution, rather than using special surfactants or other
additives.”® The nano-MOFs have been shown to be very
useful as seeds for the solvothermal fabrication of millimeter
thick, dense, homogeneous MOF membranes.[™

6. Atomistic Theoretical Simulations of MOF
Surfaces and MOF Growth

From a very early stage, atomistic theoretical simulations
contributed substantially to the understanding and develop-
ment of MOFs and PCPs.””! This was mainly because well-
established methods for the simulation of host-guest inter-
actions for zeolite-type porous materials were already avail-
able.™ In these cases, the experimentally determined struc-
tures are used for the calculation and parameterized, classical,
molecular mechanics (MM) type potential-energy expres-
sions are employed to describe the host—guest interactions. By
a Monte Carlo sampling in the grand canonical ensemble
(GCMCQ), the pressure dependence of the loading of the
porous material can be simulated.["'! Interestingly, even non-
existent MOF structures, extrapolated from known ones, were
investigated to establish tendencies of, for example, hydrogen
adsorption.® An even more striking example for the
relevance of atomistic simulations is the fact that two years
before the first experimental results on guest-molecule
mobility were reported®! the first theoretical simulations
had been performed.®"

However, the majority of theoretical investigations
focused solely on ideal crystalline systems using 3D periodic
boundary conditions, and even the few exceptions, employing
non-periodic cluster models, have used systems that mimic the
ideal periodic framework. Consequently, only very few
computational studies were dedicated to the study of defects
and disorder in the network,® or unknown framework
structures and topologies.* From the previous discussion of
the available experimental data on SURMOFs it is clear that
the most important “defect” is actually the surface itself,

Angew. Chem. Int. Ed. 2011, 50, 1776 -199


http://www.angewandte.org

Metal-Organic Frameworks

which results from breaking the periodic boundary conditions
in one direction. Despite its relevance, this specific situation is
currently untouched by theoretical investigations.’) Also, the
closely related aspect of MOF growth occurring at the surface
has not yet been addressed by computational studies. Without
doubt, an atomically resolved theoretical picture of the
structure of a MOF surface, such as the possible acetate-
terminated [111] surface of [Cus(btc),], illustrated in
Figure 22, will be of the utmost importance for future

Figure 22. Perspective view on an acetate terminated [111] surface of
[Cus(btc),] computed with a preliminary flexible force field for copper
paddlewheel systems.*!

developments. Such progress would be reminiscent of the
situation, when both electronic structure calculations and
experimental measurements converged to explain the com-
plex structure exposed at the reconstructed silicon surface, a
surface which deviates substantially from the simple bulk
structure.®™ In this Section, the first few theoretical attempts
to go beyond the ideal crystalline structure will be briefly
summarized, however these are still far away from tackling
the MOF surface. In this context, the difficulties involved in
describing such systems will be commented on, and some
conceptual guidelines to be followed in the further develop-
ment will be named. However, there is currently nothing to
Review on the theoretical investigation of MOF surfaces,
interfaces, or growth mechanisms, which is clearly a missing
piece in the puzzle. The essential ingredient for a theoretical
treatment of MOF surfaces, or any kind of structure beyond
the ideal crystalline case, is a theoretical model that also
accurately includes the intraframework interactions. Quan-
tum mechanics methods, such as periodic density functional
theory (DFT) based methods, are in principle, the method of
choice, but owing to the size of the systems and the need to
sample numerous configurations it is often impossible to use
them.! Thus, flexible molecular mechanics methods need to
be used, but fully flexible force fields that are able to
reproduce the intraframework interactions, especially of the
inorganic fragments, are scarce. One of the first such flexible
force fields was used by Greathouse and Allendorf to study
the interaction of water molecules with IRMOF-1.%1 A
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collapse of the structure at about 4 wt % of loaded water was
observed, in line with the experimental data. In a way, this
early work tackles the growth problem indirectly by simulat-
ing the reverse process of structural collapse.

The example is also instructive to reveal what is still
missing in the simulation that prevents atomistically modeling
the IRMOF-1 growth. A simple two-body interaction was
used to model the interaction between the metal center and
the ligand atom, this model allows for the competition of
water with the linker carboxylate groups for the zinc
coordination sites. However, the model does not allow for a
protonation of the carboxylate groups or of the central
oxygen atom of the Zn,O unit, constraining the system
unphysically. Thus, to model the growth of MOFs, either large
scale ab initio MD simulations”®” will have to be performed or
new and improved molecular mechanics models which allow
for reactive bond breaking will have to be developed for
MOFs !

Other flexible force fields have been developed (see
Ref. [79b] for a discussion). Importantly, the force fields for
the MIL-53 type materials®? are able to explain the “breath-
ing” effect of these systems that occurs with guest-molecule
adsorption.”™ Note, that for example, intermediate phases
with alternating expanded and contracted pores could be
considered as structurally “defect” in the sense of deviating
from the experimentally determined ideal crystalline struc-
ture. Other flexible molecular mechanics models for the
IRMOF series of frameworks were used to determine the
atomistic structure in the presence substituted linkers which
reduce the symmetry, resulting in a variety of supramolecular
isomers.[® More recently, an accurate first-principle-derived
force field for covalent organic frameworks was used to
compute strain energies for experimentally unknown top-
ologies.®™ It was also used to model the hydrogen-storage
capacity of the as yet unsynthesized COFs.* All these results
demonstrate that theoretical models are currently developed,
which go beyond the constraint of using only experimentally
determined framework structures, a necessary condition for
modeling MOF surfaces and interfaces. For the theoretical
calculation of the surfaces of bulk materials, such as semi-
conductors or metal oxides, the surface termination is
generated by “slicing” the bulk material and relaxing the
generated “dangling” (unsaturated) bonds. However, for the
hybrid MOF materials, crystallized under solvothermal
growth conditions such “dangling” bonds can be clearly
ruled out.®” Most likely the weaker metal-ligand coordina-
tion bonds will be broken and the resulting metal coordina-
tion sites are saturated, for example, by solvent molecules. As
an example, the [Cus(btc),] surface shown in Figure 22 is
assumed to be terminated by acetate molecules, because
[Cus(btc),] can be grown at room temperature in the LbL
mode from the preformed acetate paddlewheel SBU Cu,-
(CO,E1),.2 In general, solvent molecules will compete with
the linkers for metal coordination sites, thus an atomistic
picture of a MOF surface will need to include solvation
effects. For coordination compounds, these interactions might
be different to the purely dispersive and electrostatic
interactions (hydrogen bonding) present in organic systems,
such as proteins, because coordination bonds could be
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involved. Again, the surface structure and growth mechanism
are completely entangled problems and improved theoretical
models will have to be developed in the future.

7. Conclusion

Over the decades of research on porous coordination
polymers, several thousands of compounds have been
reported which may, more or less strictly, be classed as
PCPs and MOFs. Most of the research was devoted to the
synthesis and structural characterization, and to the develop-
ment of principles or concepts for planning MOF synthesis
and understanding the structural features of the products. The
key properties of MOFs, namely porosity and tailored
coordination space, are intensely investigated within the
wide context of host-guest chemistry including gas storage,
gas separation, catalysis, drug-release, and bioimaging. Flex-
ible frameworks with responsive properties to external
stimuli, including redox activity and possibly electronic and
ionic conductivity, represent an emerging class of functional
MOFs which hold great promise. All these aspects of PCP and
MOF research have been extensively reviewed as summar-
ized in the introduction already.'® The selection of examples
collected and selected for this article are quite different in the
sense that their focus is not on new MOF compounds or
specifically new or modified properties which require syn-
thesis of a new MOF material. Rather, it is intended to
present current perspectives on the chemistry of thin films,
(nano-)crystals, and surfaces of existing MOF materials. The
fabrication of novel functional devices and pushing the limits,
ranging from sensing to smart membranes and microreactors
will require the fabrication of MOF materials exhibiting the
desired properties in a variety of sizes, shapes, and orienta-
tions including smooth, nanosized crystalline multilayers and
thick, homogeneous, and defect-free films in the micron size
regime on the appropriate substrate.'! The chosen MOF
materials need to be available as porous nanocrystals or
modules which can be manipulated and positioned into a
desired pattern.

As in the case of classic inorganic materials chemistry and
technology, crystalline heterostructures of well-defined archi-
tectures with abrupt interfaces between the individual
domains will add another degree of “design” beyond reticular
chemistry and linker functionalization. This area of develop-
ment is essentially connected with the surface chemistry of
MOF crystallites. The transfer of the principles of liquid-
phase epitaxial growth of crystals on top of substrate crystals
or templates to the field of MOFs represents an important
step into this direction and has been shown by the examples of
layer-by-layer growth and the hetero- and homoeptiaxial
growth of free-standing hybrid crystals of anisotropic and of
isotropic MOFs. Nevertheless, almost nothing is known about
the details of MOF surface chemistry on the molecular level,
either from experiment or theory. In this sense, the in-situ
AFM study of the layer-by-layer growth of [Cus(btc),] may be
regarded as a seminal contribution, as are the in-situ studies
on [Cus(btc),] crystallization from real solvothermal solution.
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The surface chemistry of MOFs and the chemistry of
(nano-) MOFs at surfaces including the characterization of
interfaces between different MOFs and the elucidation of the
binding properties (“sticking coefficients”) of ligands and
other functional groups to the different faces of MOF
crystallites will become more and more important. Surface
reconstruction effects, surface energies, and size- and shape-
dependent effects on these parameters need to be inves-
tigated. Last but not least, there is a gap between the rapidly
developing surface-confined supramolecular coordination
chemistry at the gas—solid interface,” which includes 2D
metal-organic hybrid coordination-polymer structures at-
tached to suitable substrates, and the surface chemistry of
MOFs at the liquid—solid interface.
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