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Multi Variant Surface Mounted Metal-Organic Frameworks

Bo Liu, Min Tu, Denise Zacher, and Roland A. Fischer*

Hybrid surface mounted metal-organic frameworks (h-SURMOFs) of multi
variant core-shell (cs) and core—shell-shell (css) structures (SURMOF

A-B and A-B-C, A: [Cu,(bdc),(dabco)]; B: [Cu,(NH,-bdc),(dabco)]; C:
[Cu;(ndc),(dabco)], bdc = 1,4-benzenedicarboxylate; NH,-bdc = 2-amino-
1,4-benzenedicarboxylate; ndc = 1,4-naphtalenedicarboxylate; dabco =
1,4-diazabicyclo[2.2.2]octane) with specific crystallographic [001] orientation
and incorporated amino groups at a controllable depth within the bulk are
deposited via liquid phase epitaxial (LPE) approach on pyridyl-terminated self-
assembled monolayers (SAM). The location of the (amino) functionality can
be precisely controlled through tuning the thickness (number of deposition
cycles) of each sub-multilayer block according to the LPE deposition protocol.
The chemo-selective and location-specific post deposition (chemical) modi-
fication of the amino groups in the cs and css-type h-SURMOF samples is
achieved. The h-SURMOFs allow one to probe functional groups at certain
location in the volume of hybrid MOF crystallites attached to surfaces as thin
film coatings. Multiplex adsorption kinetics of FPI (FPI = 4-fluorophenyl iso-
thiocyanate) is observed in h-SURMOFs due to their multi-variant pore struc-

performances, which can be tailored/
tuned via specific ligand design and post
synthetic modification (PSM).B!

A large group of MOFs mainly involve
single organic linkers, including most
representative MOFs, such as IRMOFs, !l
ZIFsPl etc, in which organic linkers
adopted the same configuration in
resulting frameworks and lead to the
unitary pore structure and environment.
However, MOFs comprised of two or
more organic ligands (or linkers) emerged
and became increasingly prevalent.’! In a
typical class of jungle-gym structured com-
pounds of the general formula [M,L,P]
(M = Cu?*, Zn*" Co?', Ni**; L = dicarbo-
xylate, P = dinitrogen pillar ligand), di-ani-
onic dicarboxylate linkers connect M, units
in a paddle-wheel fashion into 2D layers
and neutral N-based pillar linkers bridge
the layers into a 3D network, where two
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tures in samples of A-B and A-B-C. Conceptually, the stepwise LPE growth
method enables fabrication of hybrid SURMOFs and incorporation of multi-
variant functionalities into one homogeneous thin film material, providing
precisely tunable pore environment for selective adsorption, separation, etc.

1. Introduction

Metal-organic frameworks (MOFs; including porous coordi-
nation polymers, PCPs) are built from inorganic coordination
units and organic ligands, where the ligands act as “struts” that
bridge the metal coordination units which in turn act as ‘joints’
in the resulting MOF architecture. The structural diversity, high
porosity, and thermal stability make MOFs ideal candidates for
a wide range of applications like gas storage and separation,
selective heterogeneous catalysis, carbon dioxide capture, guest
dependent luminescence, etc.!!l Precise control of the physical
and/or chemical properties of MOFs such as pore size/shape,
composition etc, has been an ongoing challenge for optimizing
their functions.”l Pore structures (size, shape, etc.) and coor-
dination space in MOFs are crucial factors to influence their
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linkers play different structural roles.[%7]
Another strategy is involving auxiliary
ligands to construct MOF networks in
which these auxiliary ligands are used for
forming metal coordination units, namely,
secondary building units (SBUs), but do
not directly anticipate in the formation of
frameworks.®l This strategy is especially useful to design chiral
MOFs involving chiral coordination units comprised of auxiliary
ligand.””! In some case, solvent molecules also play this role, e.g.,
H,0 in HUKST-11' and MILs."l These “traditional” MOFs are
herein considered as having single-functionality due to their
uniform composition (i.e., regular, crystalline order of chemical
functionality), unitary pore structure and environment.

In contrast, rapid growing research interests are being paid
on the multi-functional MOFs, which are regarded as single
phase MOF materials (rather than a mixture) having multi-
variate functionalities and multiplex pore structures and
environments.'?l Mixed component MOFs (MC-MOFs),[12
MIXMOFs,[?Y) multivariate MOFs (MTV-MOFs),'> which are
comprised of various linkers, however with the same struc-
tural role, have been developed and displayed the properties
that are not simply the linear combinations of those of the
parent MOFs. Remarkably, eight different dicarboxylates could
be incorporated into a single MTV-MOF with tunable degree
of incorporation of the different ligands. And they showed
the effect “whole is better than the sum of its parts” as evi-
denced by their fourfold enhancement of gas adsorption and
separation properties in comparison with their simple single
link analogs.l'?l In addition, macro-scale BAB-type hetero-
crystals of MOFs (or PCPs)!**l and core-shell MOFs[* have been
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reported and were fabricated via solvothermal, heteroepitaxial
growth. These efforts are devoted to incorporate multi-variant
functionality into MOFs by using multiple linkers and at the
same time keeping the framework topology (crystal structure)
invariant. This concept offers a new dimension of controlling
pore sizes, pore gates, distribution of chemical function and
over-all compositions, and hence allows tailoring properties of
MOFs beyond the limits of mono-functional MOFs.

The above sketched progress mainly deals with bulk MOFs
as single crystals or microcrystalline powder samples, typically
synthesized using solvothermal syntheses. The essential limi-
tation of this approach relies with the lack of the precise con-
trol the location/distribution of functionalities in the volume
of the MOF crystallites (particles), where their random loca-
tion/distribution is probably dominated by the energy of func-
tional group interactions and steric interactions, etc.'2*<i Also,
it turned out to be difficult to control (or predict) the linker
ratio in a resultant bulk multi-functional MOF material. This
is directly related to the limitation of the one-pot solvothermal
synthetic approach in which reaction process occurs in a sealed
vessel like a “black box” and cannot be easily intervened.!!
Recently introduced step-by-step liquid phase epitaxial (LPE)
approach for the fabrication of surface attached MOF crystal-
lites forming thin films (SURMOFs) (Supporting Information)
is exactly aligned to these challenges.['®! In a step-by-step liquid
phase epitaxial process, sequential deposition of inorganic
and organic building blocks onto the functionalized substrate
allows the precise control the location/distribution and thick-
ness/amount of the functionalities in thin film bulk, depending
on the deposition sequence and cycles of different components.
Ideally, the growth mode of SURMOF thin films is expected to
have a resolution of “one unit cell/layer” and it is proportional
to the number of LPE deposition cycles.'7] Stepwise LPE has
shown its power for deposition of MOF (hetero-/hybrid-)struc-
tures,!'® for suppressing interpenetration’ and for tailoring
the chemical functionality of the external SURMOF surface
(i-e., the topmost layer),?%! etc. Using LPE, preparation of the
hybrid SURMOFs by depositing MOF-B on the seeding layers
of MOF-A on functionalized substrate have been demonstrated,
for example [Zn,(ndc),(dabco)]-on-[Cu,(ndc),(dabco)], 18
[Cu,(F4bdc),(dabco)]-on-[Cu,(ndc),(dabeo)] and [Zn,(BME-
bdc),(dabco)]-on-[Cu,(ndc),(dabco)],'®) based on the lat-
tice match between two MOFs. Nevertheless, only structures
and characterizations were reported and no reactive func-
tional groups were incorporated into these hybrid SURMOFs
(h-SURMOFs).

In this work, we addressed above challenges via the prepara-
tion, characterization and chemo-selective and location-specific
post deposition chemical modification (PDM) of functional
(-NH,) multilayers in hybrid SURMOFs positioned as top
block and as block multilayers at a defined deeper position as
well. We introduce PDM as a synonymous technical term with
respect to post synthetic modification (PSM) but highlighting
SURMOFs as the object of chemical modification. On one side,
the location/distribution and ratio of functionalities are pre-
cisely controllable, in contrast to their random distribution in
crystal/bulk powder MOFs. On the other hand, hybrid binary
[Cu,(NH,-bdc),(dabco)] (B) on [Cu,(bdc),(dabco)] (A) and ternary
SURMOF [Cu,(ndc),(dabco)] (C) on [Cuy(NH,-bdc),(dabco)] (B)
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on [Cu,(ndc),(dabco)] (A) contain both inert (A and C) and active
multilayers (B) (NH,-bdc = 2-amino-1,4-benzenedicarboxylate;
bdc = 1,4-benzenedicarboxylate; ndc = 1,4-naphtalenedicarboxy-
late; dabco = 1,4-diazabicyclo[2.2.2]octane). The use of NH,-bdc
allowed selective post-synthetic modification by 4-fluorophenyl
isothiocyanate (FPI), as our choice of a probe molecule, via
chemical binding and formation of thiourea linkages. Impor-
tantly, h-SURMOFs exhibit multiplex adsorption kinetics of
guest molecules which implies a multi-variant pore structure.

2. Result and Discussion

Heteroepitaxial growth of one porous material on surface of
another requires lattice matching at the interface.l?"?2l Core/
shell structured and A-B-A type block hybridized MOFs
can be prepared depending on the choice of MOF candi-
dates. In a heterometallic core/shell structure of [M,L,P] type
MOFs (tetragonal) [Zn,(ndc),(dabco)](core)/[Cu,(ndc),(dabco)]
(shell),'3] surface terminated carboxylate on [100] and [010]
faces and nitrogen pillar ligands on [00]] were used as coor-
dination sites for growth of isostructural shell crystal of
[Cuy(ndc),(dabeo)]. In contrast, face-selective epitaxial growth
in the system of [Zn,(ndc),(dabco)]/[Zn,(ndc),(dpndi)]
(dpndi = N,N-di(4-pyridyl)-1,4,5,8-naphthalenetetracarboxy-
diimide),['*3l leads to the ABA type block porous coordina-
tion polymers. Likewise, IRMOF-1 and IRMOF-3 hold the
same cell parameters and hence sequential growth on the
seeding crystals generate core-shell structure due to the lat-
tice matching in all crystallographic faces.'**< In addition,
heteroepitaxial growth is also well suited for preparation of
multifunctional zeolite films and membranes with controlled
microstructure.??!

The various types of hybrid bulk MOF structures can be
transferred onto a surface by step-by-step liquid phase epitaxial
(LPE) approach. LPE provides the unique advantage to fabricate
surface mounted MOFs as thin films (SURMOFs) with control-
lable orientation and thickness of the crystallites or crystalline
domains with respect to the underlying substrate. It is very
well confirmed that after nucleation and orientation of the ini-
tial SURMOF crystallites is established on a growth directing
SAM modified substrate, subsequent deposition of the same
MOF results in growth along the same crystallographic ori-
entation due to the seeding/templating effect.'®23] Heteroepi-
taxial growth may occur in case of another MOF with suited
lattice match in the particular growth direction.’® The very
well established fundamentals for preparation of hybrid MOFs
in both bulk and thin film level enables us to largely design
hetero-structured MOFs for tailored properties and applications.
Layer-based tetragonal MOFs exhibit a general formula [M,L,P]
(M: Cu?', Zn?* Co**, Ni?*; L: dicarboxylate linker; P: dinitrogen
pillar ligand),!®”] and consist of 2D layers of [ML] which can
be connected into 3D network structures by dinitrogen pillar
ligand as stated above. These compounds have been well inves-
tigated for SURMOF growth via stepwise LPE method.!'823]
One can consider bdc and dabco as parent ligand L and pillar
P respectively. Various derivatives of L and P are possible such
as such as F,bdc, ndc, NH,-bdc etc. and 4,4 -bipyridine etc. The
L and P and their derivatives adopt the same structural role;
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Figure 1. Schematic illustration of hybrid SURMOF growth by starting from SURMOF
[Cu,(bdc),(dabco)] (A) on PPMT SAM on gold substrate, which is prepared by alternating depo-
sition of Cu(Ac), and equimolar mixture of bdc/dabco ethanol solution, separated by washing
step with pure ethanol (Supporting Information Figure S1). Subsequent growth of multilayers
[Cuy(NHy-bdc),(dabco)] (B) on A using NH,-bdc instead of bdc gives rise to the formation of
core-shell hybrid SURMOF A-B. Replacing NH,-bdc with ndc, and growth of another multilayers
[Cuy(ndc),(dabco)] (C) lead to core-shell-shell structure A-B-C. The thicknesses of each block
of layers are tunable by the number of deposition cycles. The SURMOFs A, A-B and A-B-C are
depicted as front view (above: [100]-face terminated by carboxylic acid linkers) and top view

(below: [001]-face, terminated by dabco ligands).

however, they greatly alter the pore structures and the chemical
environments of the coordination space in the resultant MOFs
(and SURMOFs) and influence their properties accordingly.
In the following, we illustrate our strategy using [M,L,P] type
layer-based MOFs as model to integrate multi-functionality at
varied positions (multilayer block on top or within the bulk) of
the hybrid SURMOFs as displayed in Figure 1.

2.1. Preparation and Characterization of SURMOFs A, A-B
and A-B-C

SURMOF A of [Cu,(bdc),(dabco)] oriented

SURMOF A-B-C
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heteroepitaxial growth rests on this lattice
matching at the interface among A, B, and
C. In [001] direction, all three MOFs are
comprised of the same coordination units
of Cu-dabco, hence this allowed sequential
growth in this direction. In [100]/[010] direc-
tions, they contain Cu-bdc, Cu-NH,-bdc and
Cu-ndc in A, B, and C, respectively, however,
the coordination modes are the same in the
three blocks. Therefore, the growth of hybrid
SURMOFs occurred not only perpendicular
([001] direction) but also parallel ([100]/[010]
directions) to the surface (Figure 1) and it is
rational to expect a core-shell and core-shell-
shell hybrid structure for SURMOF A-B and
A-B-C, respectively, which are confirmed by
XRD and SEM data as discussed below.

The growth of hybrid SURMOF is in
situ monitored by quartz crystal micro-
balance (QCM) as displayed in Figure 2. The
QCM profile demonstrates a continuous
mass uptake for the growth of SURMOF A
(10 cycles) on PPMT SAM polished QCM sub-
strate (Figure 2a). Continuous and sequential
deposition of A (10 cycles) and B (10 cycles)
gave rise an approximately linear growth (Figure 2b). Similarly,
multilayers C can be deposited on top of B on A (Figure 2¢) as
depicted in Figure 1. This implies the successful fabrication of
hybrid SURMOF samples. Our QCM data is in accordance with
the independent experiments for depositions of A, B, and C on
PPMT SAM functionalized gold substrates.['820.24] Since the ini-
tial cycles of deposition are responsible for the nucleation, it is
reasonable to have a fast growth. SURMOF A first nucleated on
the surface and then was used as seeding nuclei for subsequent
growth of B and C, thus displayed a somehow larger mass
uptake in each step for the deposition of A in comparison with

in [001] direction on PPMT SAMs was
prepared following the typical procedure
described in our previous work (Supporting
Information ~ Figure  S1).1%231  Sequen-
tial depositions of [Cu,(NH,-bdc),(dabco)]
(B) and [Cuy(ndc),(dabco)] (C) adopted
the same growth parameter with that for
[Cuy(bdc),(dabeo)]. The terminal step for
SURMOF A growth is the deposition of bdc/
dabco that leaves carboxylate groups and
dabco groups in [100]/[010] and [001] direc-
tion, respectively. These surface-exposed
functional groups provided similar tem-
plating effect as functional terminal groups

-Af / Hz

(@) (b) (c)

of SAMs do, for subsequent growth of
multilayers of [Cu,(NH,-bdc),(dabco)] (B).
Similarly, [Cuy(ndc),(dabco)] (C) can be
deposited on top of B. It should be noted
that A, B, and C are isostructural and have
the same cell parameters (Supporting Infor-
mation Figure S2). As discussed above, the

0 400 800 O
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Time / min

Figure 2. In situ QCM monitoring of typical SURMOF growth (number of cycles in paren-
theses): a) SURMOF A(10), b) SURMOF A(10)-B(10) and c) SURMOF A(10)-B(10)-C(10) on
PPMT SAM modified gold coated QCM substrate. All depositions adopted the same para-
meters. Similar samples with variation of the number of growth cycles were obtained.

Adv. Funct. Mater. 2013, 23, 3790-3798
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(a) (b) that of B and C. This is in agreement with
the crystallite size and morphology evolution
Ty: phology
g (4) 3 as observed by SEM (see below). It has been
o = ~ 2 (2) well studied that PPMT SAM is favorable for
; @) > [001] orientation growth of layer-based MOFs
= (2 D (IM,L,P],).11618]  As  examined by surface
2 l—‘__m__“‘l = q:; (100) X-ray diffraction in and out of plane mode,
Q - (001)(110)(101 SURMOF A (15 cycles) showed one single
Lm (002)| = (110)(101) jowec,

£ S S VA peak around 9.20° (26), indicating a [001]

6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20 orientation growth according to the XRD
data simulated from powder sample (Figure
2 Theta/ degree 2 Theta / degree 3a and Supporting Information Figure S3).

Figure 3. a) Out-of-plane XRD patterns: (1) simulated pattern of bulk A; (2) SURMOF A(15); The deposition of 15 cycles of B on A gave
(3) SURMOF A(15)-B(15) and (4) SURMOF A(15)-B(15)-C(15) and b) in-plane XRD patterns; ~ ise to the intensity increase of [001] peak and
(1) simulated pattern of bulk A and (2) SURMOF A(15)-B(15)-C(15). the intensity kept increasing after another 15
cycles of C was deposited. It suggested suc-
cessful fabrication of crystalline C-on-B-on-A
on the SAM template surface. The correla-
tion of the [001] peak intensities calculated
from integrated areas against the numbers
of deposition cycles reveals an approximately
linear growth mode (Supporting Information
Figure S3 (insert) and Table S1), matching
the QCM data. Out-of-plane XRD measure-
ments are carried out independently on
another three series of samples with varied
deposition cycles in each sub-layers (Sup-
porting Information Figure S4), which indi-
cated similar results and confirmed the repro-
ducibility. In-plane XRD pattern of SURMOF
A-B-C matches well with the simulated one
from powder XRD data (Figure 3b). Note that
deposition of B on A led to the appearance
of [100] peak of low intensity and subsequent
C growth slightly increased this peak (Figure
3a). This agreed with the weak [001] peak for
SURMOF A-B-C in the in-plane XRD pattern,
because in-plane XRD is sensitive to those
lattice planes parallel to substrate, whereas
out-of-plane XRD detects the lattice planes
perpendicular to substrate. Nevertheless, the
final SURMOF samples A, A-B and A-B-C
were still highly oriented in [001] direction
due to very low intensity of [100] peak.
Topographic and cross-sectional morphol-
ogies of the prepared SURMOF samples are
observed by scanning electronic microscopy
(SEM) as shown in Figure 4 (high magnifica-
tion) and Supporting Information Figure S5
(low magnification). The images of theses
samples reveal homogeneous thin films
comprised of densely stacked crystallites
and sizes of crystallites are well-distributed.
This is consistent with the morphologies of
SURMOF [Cu,(ndc),(dabco)] as we observed
previously.??l Inverted cone-like crystallites
were found to stand erect on the substrate
surface, which corresponds to the preferred

Figure 4. SEM images of SURMOF A(20) a) topography and b) cross-section; A(20)-B(20):
c) topography and d) cross-section and A(20)-B(20)-C(20): e) topography and f) cross-section. VR
All scale bars: 200 nm. growth direction of SURMOF on the SAM
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Figure 5. IRRA Spectra for SURMOF A, A-B and A-B-C on gold substrate:
a) between 3520 and 3280 cm™ for N-H vibrations and b) from 1800 to
1000 cm™ for vibrations of MOF skeletons.

template. The increasing sizes of crystallites in three dimen-
sional directions with sequential deposition of A, B, and C were
observed from both topographic and cross-sectional view. This
is in agreement with XRD intensities increase of [001] diffrac-
tion peak and shows us the direct proof of the heteroepitaxial
growth as schemed in Figure 1. It is noteworthy that the size of
crystallites (100-200 nm) observed in Figure 4 by SEM is much
larger than those anticipated by a layer-by-layer growth, typically
1 nm for 1 cycles in case of [Cu,(ndc),(dabco)].l'®® SEM images
of high magnification of SURMOF A-B-C (Supporting Informa-
tion Figure S6) revealed that large crystallites are comprised of
smaller particles which size may be in line with a layer-by-layer,
self-limiting growth fashion. Nevertheless, total mass deposi-
tion by QCM is approximately a linear function of the number
of cycles (Figure 2).

IRRAS (Infrared Reflection Absorption Spectra) for SURMOF
A, A-B, and A-B-C on PPMT SAM modified gold substrate were
recorded. In comparison with IRRAS of SURMOF A, SURMOF
A-B and A-B-C displayed the typical N-H vibrations around 3500
and 3380 cm™! (Figure 5), implying the incorporation of amino
groups. It is worth to note that the deposition sequence can not
be changed freely in this particular system, unfortunately. Our
trial to prepare SURMOF A-on-B-on-A was unsuccessful, as
evidenced by XRD. It is assumed that the coordination equi-
librium of the different ligands with Cu?* is responsible for
this phenomenon at the conditions of the LPE. The deposition
sequence is vital for the fabrication of hybrid SURMOFs of the
type discussed herein. One should be aware of hybrid A-B-A
being a heterostructural macrocrystal in nature of crystal of
A-on-B from two sides.[!’]

In principle, following our stepwise LPE concept, a multi-
variant functionality can be integrated in the hybrid SURMOFs
depending on the selected parent MOFs. In this work, we incor-
porated functional groups (-NH,) in order to demonstrate the
power of the concept. They can be deposited on the top (multi-)
layers (SURMOF A-B) or embodied at a given position deeper in
the hybrid crystallites of the film (SURMOF A-B-C). Essentially,
the thickness of each sub-block of multilayers can be precisely
controlled by adjusting their deposition cycles (Supporting
Information Figure S4). That means that the location/position

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the incorporated functionalities is tunable. In contrast, the
location of functionalities in conventional bulk MTV-MOFs or
related mixed component MOFs is less clear. The incorporation
of different ligands eventually creates multiplex pore structures
and environments in resultant hybrid SURMOFs, as discussed
following.

2.2. Post Deposition Modification of Hybrid SURMOFs
and QCM Gas Adsorption Studies

The installed amino groups in both h-SURMOF A-B and
h-SURMOF A-B-C should allow post-synthetic modifica-
tion by 4-fluorophenyl isothiocyanate (FPI), because amino
groups can react with isothiocyanate under mild condition
and form the robust thiourea bond.” Meanwhile, FPI can be
physisorbed in the accessible pore space in the h-SURMOFs.
XPS data (monitoring the F 1s signal) demonstrated that FPI
physically adsorbed in SURMOF A can be completely removed
by vacuum treatment (Figure 6). However, FPI adsorbed in

A

(@)

-(1)

Intensity / cps

- — 2
682 684 686 688 690
Binding energy / eV

(b)

~(1)
(2)
3)
@

690

Intensity / cps

684 686 688
Binding Energy / eV
Figure 6. F 1s XPS spectra (dotted line: fitted; solid line: measured) of
a) SURMOF A(30): (1) FPI-loaded and (2) treated in vacuum for 30 min

and b) SURMOF A(10)-B(10): (1) FPI-loaded, (2) treated in vacuum for
30 min, (3) heated in vacuum at 40 and (4) 54 °C.
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Figure 7. IRRAS spectra for SURMOF A-B: (1) as-prepared, (2) FPI loaded
and vacuum treated for (3) 1 h, (4) 2h and (5) overnight: a) between 3520
and 3280 cm™' for N-H vibrations and b) characteristic vibration region
for isothiocyanate (NCS) group.

h-SURMOF A-B cannot be removed completely. Even after pro-
longed heating up to 54 °C in vacuum a significant residual F
1s signal remained. This feature is assigned to the formation
of a robust thiourea covalent linkage between amino groups
and FPI. The co-existence of physical and chemical adsorption
of FPI has been also approved by IRRAS studies (Figure 7).
h-SURMOF A-B was firstly evacuated overnight to remove the
solvent (ethanol) inside of pores and then exposed to the natu-
rally generated FPI vapor overnight for FPI
loading. In comparison with IRRAS of the as-

www.afm-journal.de

overnight. This is assigned to desorption of physically adsorbed
FPI. In contrast, N-H vibrations remaining nearly invariable
approved the robustness of thiourea bond. Furthermore, adsorp-
tion and post-synthetic modification of FPI were performed
on microcrystalline powder samples of [Cu,(bdc),(dabco)] and
[Cu,(NH,-bdc),(dabeo)]. IR studies (Supporting Information
Figure S8 and S9) displayed a similar result in comparison with
those of SURMOF samples and further favored co-existence
of FPI in hybrid SURMOFs as well as selective and specific
modification. From these data and comparisons it is concluded
that selective post deposition chemical modification (PDM) is
achieved on top multi-layers (outer shell) of h-SURMOF A-B
after removal of physically adsorbed, excess FPI. h-SURMOF
A-B-C displayed similar behaviors with FPI loading and de-
loading as confirmed by IRRAS spectra (Supporting Informa-
tion Figure S10). In this latter case, PDM in the inner shell of
the hybrid core-shell-shell structure was achieved since FPI can
penetrate into the each sub-multilayer (Supporting Information
Figure S11 and S12). One can specify the modification at a cer-
tain penetration depth by altering the thickness of each block
(core and shells) of the hybrid crystallites.

It has been demonstrated that SURMOFs grown on QCM
substrates allowed the monitoring of adsorption/desorption
of guest molecules and enabled the determination of the cor-
responding diffusion constants under ideal circumstances.!?’!
In addition, we have shown enantioselective adsorption of
chiral guest molecules over homochiral SURMOFs[?l and the
outer surface functionalization of SURMOFs with a fluores-
cent probe molecule.?! Accordingly, the FPI adsorption over
SURMOF A, A-B and A-B-C was semi quantitatively analyzed
using QCM (Figure 8). When the evacuated SURMOF A were
exposed to FPI vapor using N, as carrier, the adsorption took
place immediately and got to saturation very fast (Figure 8a).
The control experiment of N,/FPI (vapor) flows over bare gold

prepared sample, a new broad band centered €01 (@) 601 (b) °
at 2122 cm™ with a shoulder band around 501 a
2180 cm™ appears in FPI loaded sample. J 40 N _
This broad band is assigned to the vibration = T 0 .
of NCS band according to the experimental ~ < | p '
. . ' 304

spectra and theoretical calculations reported
by Szaleniec et al.?®! and hence conform 20{ o

. . 04
the successful FPI loading in h-SURMOF - 5 0 25 3 0 P " " %
A-B. However, other bands from FPI can not . . . .

. . . Time / min Time / min
be observed due to their low intensity and 60 60
overlap with MOF skeletons and vibrations of (c) (e) 46

MOF skeletons kept intact during FPI adsorp- M 40
tion-desorption process (Supporting Informa-

tion Figure S7). Shifts of N-H vibrations from
3492 and 3381 to 3486 and 3374 cm™, respec-

40

20

tively, were observed, implying the reaction 4
between amino and isothiocyanate groups.
These IR shifts are consistent with FPI

Time / min

post-synthetic modification of h-SURMOF
of [Cuy(NHj,-bdc),(dabco)] reported very
recently.?*! Intensity of NCS vibrations was
decreased with evacuation and almost com-
pletely vanished after vacuum treatment
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Figure 8. a) In situ QCM monitoring gas phase FPI (vapor) loading over evacuated SURMOF
A, A-B and A-B-C (15 cycles for each sub-multilayer of A, B and C) using N, as carrier at a flow
rate of 5 sccm; b) the plot of FPI adsorption against total sample deposition cycles (Supporting
Information Table S2) and analysis of FPI adsorption kinetics (by slope, -df/dt in [Hz-s™']) on
c) SURMOF A, d) SURMOF A-B and e) SURMOF A-B-C. The slope is evaluated by linear fitting
of each linear part of the adsorption curve.
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substrate gave rise to a negligible mass uptake. The saturated
adsorption amount is approximately proportional to the total
cycle numbers (i.e., the deposited SURMOF mass) for sam-
ples of A, A-B and A-B-C (Figure 8b and Supporting Informa-
tion Table S2). SURMOF A (15) possessed unitary pore envi-
ronment and thus exhibited a linear FPI (physical)adsorption
(slope: 58 Hz-s™) to saturation within ca. 8 s. SURMOF A (15)-
B (15) took about 45 s to reach the saturation adsorption with a
roughly two fold amount in comparison with SURMOF A. Two
stage adsorptions were observed for h-SURMOF A-B, which
is in accordance with physical and chemical adsorption of FPI
in multilayers of A and B. The slope (59 Hz-s™) of the first
adsorption is very close to that in SURMOF A and the other
much slower adsorption slope of 23 Hz-s™! can be ascribed
to the FPI adsorption in multilayers of B owing to the smaller
pore space and reaction process between isothiocyanate and
amino groups. It is noteworthy that the FPI sensing by QCM is
an adsorption-dominated process in which mechanistic details
on the atomistic level are difficult to elucidate quantitatively.
Our interpretation of the QCM data is a qualitative one which
is based on the following reasoning. The guest molecule diffu-
sion in porous materials such as MOFs is fast, at a time scale
of millisecond even at the temperatures lower than 240 K, as
evidenced by 2Xe 2D-exchange NMR spectroscopy (EXSY),
however, the time resolution of QCM is low (second scale).*”!
Therefore, it is rational to assume that the shell B firstly behave
as passage for FPI molecules to penetrate through until FPI
adsorption at the core A reached saturation. On the other hand,
only those molecules which are coupled with QCM substrate by
physio- or chemisorption mass uptake can be sensed by QCM.
That means the molecules in free transportation in pores of
MOFs can not be detected by QCM. On the whole, FPI loading
takes place from outer blocks and then FPI diffuses into inner
blocks; however, mass uptake sensing by QCM is effected and
thus measured in an inverted fashion.

h-SURMOF A-B-C displayed a more complicate adsorption
process and it took longer time (70 s) for saturation adsorp-
tion. Three steps of adsorption were associated with the triple-
variant pore structures in h-SURMOF A-B-C as discussed
above. Importantly, the first two steps of adsorption are very
similar with that occurred in h-SURMOF A-B, matching our
expectations deduced from the above discussed reasoning. The
third step adsorption with a slope of 46 Hz-s™! can be attrib-
uted to the adsorption in multilayers of [Cu,(ndc),(dabco)] of
the outer shell. The uptake it is somewhat lower than that in
multilayer of [Cu,(bdc),(dabco)] due to the smaller pores. It
should be clarified that a very small window opening (ca. 2 X
2A?) of h-SURMOF A-B-C [001] plane is subject to ndc linker
in outer shell C (Supporting Information Figure S11), which
will prevent guest molecules from accessing in this direction.
In contrast, the window opening (ca. 2 x 7A) of the [100] plane
is much larger and allows FPI (ca. 2.5 x 7.5 A) to slide in. For
A and A-B, the opening in both [100] and [001] planes are large
enough for FPI to pass through. The uptake in multilayer of
[Cu,(NH,-bdc),(dabco)], i.e., the B part of the structure, is the
lowest. This probably arises from the reaction between amino
and isothiocyanate groups as discussed above. These interpre-
tations of the QCM data match quite nicely with the hybrid
core-shell-shell (css) structure of C-on-B-on-A and elucidate

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the multiplex characteristics in hybrid SURMOFs with respect
to adsorption kinetics. Provided crystallites of A, B, and C were
separately grown and distributed (like a simple mixture) on the
substrate rather than formation of hybrid css-structures, the
FPI adsorption should occur synchronously and only show the
longest QCM response time among A, B, and C. The observed
stepwise adsorption behaviors agree well with the heteroepi-
taxial growth scheme and the formation of the hybrid struc-
tures as indicated by XRD and SEM. Additionally, equilibrium
adsorption isotherms of some other volatile organic com-
pounds (methanol, acetonitrile, cyclohexane and FPI) as probe
molecules were also examined on the h-SURMOF A-B-C as
presented in Supporting Information Figure S12, which fur-
ther confirmed that small guest molecules are able to freely
enter the pores of A-B-C. The hybrid SURMOFs offer not only
chemically inert and reactive pores but also three different pore
environments as well as controllable location of the onset of
the specific pore structure which contribute to the peculiar FPI
uptake kinetics. This type of multi-variant and hence multi-
functional SURMOFs provides us with novel opportunities to
control the adsorption characteristics of the MOF thin film by
the LPE deposition protocol. In particular, fine-tuning of the
hybrid film structure can control the kinetics of guest mole-
cule uptake. Importantly, a selective and location specific post
deposition chemical modification can be achieved by using the
SURMOF concept.

3. Conclusions

Hybrid SURMOFs [Cu,(NH,-bdc),(dabco)](B)-on-
[Cu,(bdc),(dabco)](A) and [Cuy(ndc),(dabeo)] (C)-on-[Cu,(NH,-
bdc),(dabco)](B)-on-[Cu,(bdc),(dabco)](A) were prepared through
stepwise liquid phase epitaxial approach and fully character-
ized by QCM, surface X-ray diffraction, IRRAS, XPS, and
SEM. Functional (amino) group can be installed on top of or
embodied into the hybrid SURMOF at a given position within
the bulk of the SURMOF crystallites. Physical and chem-
ical adsorption of guest molecule (FPI) co-existed in hybrid
SURMOFs and chemo selective and location specific post
deposition chemical modification can be achieved. The hybrid
SURMOFs exhibited distinct adsorption kinetics of FPI due to
the different pore environments within the core, core-shell and
core-shell-shell structures of the SURMOF crystallites.
Stepwise LPE makes it facile to fabricate these more com-
plicate structured MOF thin film materials by incorporating a
pre-defined variety of functionalities and pore structures into
one hybrid material. The hybrid SURMOF concept enables
precise control of the amount and location/distribution of func-
tionalities for tailored properties. h-SURMOFs with a defined,
multi-variant sub-structure grown on QCM substrates as we
described herein may serve as valuable devices to discriminate
the adsorption behavior of analytes from mixtures according to
their different adsorption kinetics. Such kind of multi-variant
SURMOFs with even more sophisticated sub-structures are
suggested to exhibit excellent potential for advanced separation
tasks, for example as stationary phases for PLOT columns in
capillary GC, especially for complicate mixtures*® or for com-
ponents in smart membranes.*!!
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4. Experimental Section

Materials: Reagents and solvents were purchased from commercial
sources and were used without further purification (2-amino-1,4-
benzenedicarboxylate (99%), Aldrich; 1,4-benzenedicarboxylate (99%),
Fluka Chemie; Copper(ll) acetate monohydrate (98%), Fisher Chemical;
1,4-diazabicyclo[2.2.2]octane  (95%), Fluka Chemie; 4-fluorophenyl
isothiocyanate  (98%),  Aldrich;  ethanol  (absolute),  Aldrich;
1,4-naphtalenedicarboxylate (94%), Aldrich).

Preparation of SURMOF [Cu(bdc) 5(dabco)] (A), [Cu,(NH z-bdc) ,(dabeo)]
(B), [Cuy(ndc),(dabeo)] (C): The PPMT (PPMT = (4, (4-pyridyl)phenyl)-
methanethiol) SAMs were fabricated following standard procedures
using either 150 nm Au/2 nm Ti evaporated on Si wafers, or commercially
available quartz crystal microbalance (QCM) Au substrates.¥l The
components were applied as diluted ethanol solutions: Cu(ll) acetate
hydrate (0.5 mM), an equimolar mixture (0.2 mM) of bdc (bdc =
1,4-benzenedicarboxylate; A) and dabco (dabco = 1,4-diazabicyclo[2.2.2]
octane). Typical experiments were carried out using the automated QCM
instrument Q-Sense E4 Auto at 40 °C and at a flow rate of 100 pL/min.
Each experiment started with exposing the PPMT functionalized QCM
substrates first to the copper(ll) acetate solution for 5 min and then
equimolar mixture of linker bdc/dabco for 10 min. Each subsequent
step of dosing components was separated by a washing step of 5 min
with pure ethanol (in situ control by QCM for stable base line again).
Alternatively, exposing the PPMT functionalized gold wafer firstly to the
Cu(ll) acetate solution for 15 min and then dosing a mixture of linker
bdc/dabco for 30 min. Each subsequent step of dosing components
was separated by a washing step with pure ethanol as described above.
SURMOFs of [Cu,(NH,-bdc),(dabco)] (B) and [Cu,(ndc),(dabco)] (C)
can be prepared through the same procedures using NH,-bdc or ndc
instead of bdc. (NH,-bdc = 2-amino-1,4-benzenedicarboxylate; ndc =
1,4-naphtalenedicarboxylate).

Preparation of Hybrid SURMOFs A-B and A-B-C: A: [Cu,(bdc),(dabco)]
(m cycles), B: [Cuy(NH,-bdc),(dabeo)] (k cycles), C: [Cu,(ndc),(dabeo)]
(n cycles) (10 < m, k, n > 30). Typically, m =15 cycles of A was fabricated
on PPMT SAM on gold substrate (see above) and then k =15 cycles of B
was grown on top of previous 15 cycles of [Cu,(bdc),(dabco)] with same
parameters and procedures except using NH,-bdc instead of bdc, giving
rise to the formation of h-SURMOF A-B. Another n =15 cycles of C was
grown on top of B on A, leading to the h-SURMOF A-B-C.

FPI  Adsorption and Desorption Experiments: Prior to the FPI
(4-fluorophenyl isothiocyanate m. p., 2 5°C) adsorption, SURMOF
samples on gold substrate are evacuated by vacuum (<1 mbar)
overnight at room temperature to remove accommodated ethanol (as
checked by IR spectroscopy). Evacuated samples are exposed to the
atmosphere of FPI at its naturally generated pressure overnight. FPI
desorption was performed by evacuating loaded samples in vacuum
overnight at room temperature. Samples A, A-B and A-B-C (15 cycles
for each sub-multilayer of A, B and C) fabricated on PPMT SAM on
QCM gold substrate were applied. The respective SURMOF sample was
treated by vacuum to remove the ethanol molecules (solvent) hosted
in as deposited SURMOFs. Before switching to vessel containing FPI,
pure nitrogen gas (carrier gas) was flown over SURMOF sample to
obtain stable baseline. The adsorption curve was recorded by QCM.
The adsorption experiments are performed at a flow rate of 5 sccm of
carrier gas of controlled by a flow meter and room temperature. The FPI
vaporizing unit is set to 25 °C with a vapor pressure of FPI of 0.122
Torr. The relative humidity is 100% in comparison with the adsorption
isotherms measured by BELQCM, which approximately refers to the last
data point of the isotherms shown in SI.

Characterization: The SURMOF samples were characterized
with infrared reflection absorption spectroscopy (IRRAS) and X-ray
diffraction (XRD). IRRAS data were recorded using a Biorad Excalibur
FTIR spectrometer (FTS 3000) with 2 cm™ resolution at an angle of
incidence of 80° relative to the surface normal and further processed
by using boxcar apodization. The X-ray diffraction experiments were
carried out on Bruker AXS. The out-of-plane measurements were
performed on a D8 Advance Diffractometer with ko, Cu-radiation
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(Cu-Ko. = 0.15418 nm) in the 6-26 geometry and with a position sensitive
detector. The measurements were carried out over a 2 theta range of
5-20 ° with a step size of 0.01° and a scan time of 1 s. The in-plane
measurements were performed using a D8 Discover Diffractometer (Cu-
Koo = 0.15418 nm) which is equipped with a quarter-Euler cradle. After
sample position correction, a 26-® scan in the range of 5-20 ° with a
0.02 ° step size and a scan time of 2 s was performed to collected data.
Both diffractometers were equipped with a LynxEye Si-strip detector,
which reduces measurement times in the best case to a point detector
by a factor of approximately 200. SEM images were taken on a LEO1530
Gemini FESEM. An automated QCM instrument Q-Sense E4 Auto was
used to monitor the SURMOF growth and FPI adsorption. The X-ray
photoelectron spectroscopy (XPS) measurements were performed in
a UHV apparatus (<3 x 107'% mbar) based on a modified Leybold XPS
system with a double-anode X-ray source.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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