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ABSTRACT: We describe the fabrication of hybrid yet well
ordered porous nanoparticle (NP) arrays with full three
dimensional periodicity by embedding nanometer sized
metal—organic clusters (MOCs) into metal—organic
frameworks (MOFs). Although conventional NP@MOF en
capsulation procedures failed for these fairly large (1.66 nm

diameter) NPs, we achieved maximum loading efficiency
gone NP per pore) by using a modified liquid phase epit,
LPE) layer by layer approach to grow and load the K'lO
The preformed NPs, homochiral Ti,(OH),(R/S BINOL)4
clusters (Ti MOC, BINOL = 1,1’ bi 2 naphthol), formed a
regular lattice inside the pores of an achiral HKUST 1

Chiral MOC

organic
linker

(or Cuy(BTC),, BTC = 1,3,5 benzenetricarboxylate) MOF thin film. Exposure to the different enantiomers of methyl
lactate revealed that the NP@MOF metacrystal is quite efficient regarding enantiomer recognition and separation. The

approach presented here is also suited for other

OF types and expected to provide a substantial stimulus for the

fabrication of metacrystals, crystalline solids made from nanoparticles instead of atoms.
KEYWORDS: metacrystals, metal—organic framework, nanocluster, homochirality

organic clusters (MOCs) exhibit a number of interesting
catalytic properties,' > Their fairly small specific surface
area, however, prohibits straightforward applications in, for
example, heterogeneous catalysis, homochiral synthesis, and
enantiomer separation. To overcome this limitation, POMs have
been successfully loaded into porous host materials.®” Particularly
attractive in this context are metal—organic frameworks (MOFs),
which in the past decade have found numerous applications
including guest storage/separation,”” catalysis," "' ing,'*~"*
and drug delivery,*'® as well as serving as a host matrix for metal
ions, metallic nanoparticles (NPs), and dye molecules.'”" "~
In case of POMs a fairly straightforward, solvothermal route
for creating NP@MOF systems can be used. Simply mixing”***!
POM NPs with the reactants required for solvothermal MOF syn
thesis yielded loading of up to 100%, that is, one NP per MOF pore.
It would be very attractive to extend this strategy also to the
larger MOC:s. These NPs are particularly attractive because their

Inorganic polyoxometalates (POMs) and larger metal—

fasdnating structures offer many interesting properties (e.g., in
asymmetric catalysis), which can be further tailored by fine
tuning the organic ligands.

The chiral titanium oxo cluster Ti,(OH),(RBINOL), or
Tiy,(OH),(S BINOL)¢ (BINOL = 1,1’ bi 2 naphthol) is a par
ticular interesting case. Whereas molecular modeling (Figure $4)
demonstrates that the compound fits well into the large pores of
HKUST 1, unfortunately the conventional solvothermal loading
procedure fails. This seems to be a general problem with MOCs,
possibly to them being more fragile than POMs; a successful
synthesis of MOC@MOF systems has not yet been reported.

In fact, creating metacrystals (periodic solids not com
posed of atoms but of nanoparticles) by assembling NPs into
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“(a) Powder MOC loaded MOF prepared by mixing reagent of Cu(OAC),, H;BTC, and MOC using solovothermal method (unsuccessful) (b)
Powder MOC loaded MOF prepared by immersing powder MOF into MOC solution (unsuccessful). (c) Generic encapsulation of guest into MOF
thin film via direct immersing approach (unsuccessful). (d) Layer by layer encapsulation of guest into MOF thin film via in situ LPE approach
(successful). (e) Schematic presentation of in situ layer by layer growth of enantiopure Ti MOC loaded HKUST 1 thin film using the liquid phase

epitaxy (LPE) approach.

three dimensional (3D) arrays is a general challenge in material
sdence.””>* The most frequently used approach, crystallization
of NPs exhibiting an appropriate ligand shell™® typically yields
crystalline, nonporous solids of rather poor structural order
exhibiting a pronounced instability against solvents. NP arrays
assembled using another method, layer by layer (Ibl) deposition,
has yielded higher structural order,”® but structures with true 3D
periodicity have not yet been reported. In addition, the resulting
constructs do not present high stability in solvents and, more
important, mostly lack porosity. The conventional metacrystal
fabrication methods are thus not suited for creating porous,
catalytically active MOC metacrystals for application in catalysis
and enantiomer separation.

Here, we use a modified liquid phase epitaxial (LPE) process
introduced recently for the gu.l brication of SURMOFs (surface
mounted metal—organic frameworks). Because the LPE process
goes through intermediate structures where half completed

cages are exposed at the outer surface (see Scheme 1), it offers
the chance to incorporate large, foreign species.

XRD data reveal that the LPE based loading procedure (see

Scheme le) yields a well defined, 3D MOC NP array. The
optical activity of the chiral MOC metacrystals allows the use of

CD spectroscopy to demonstrate a first application: efficient
enantiomer separation for methyl lactate. The method intro

duced here can also be applied to other MOFs and, with regard to
the fabrication of metacrystals, allows definition of the periodicity

of the target NP lattice, providing sufficient, tailorable porosity.
This approach is also suitable for producing metacrystals from

other subunits, such as nonspherical NPs.”’

RESULTS AND DISCUSSION

The Tiy(OH),(R/S BINOL), clusters (R or S Ti MOC) were
obtained by reactions of tetraisopropyl titanate and R/S BINOL
in isopropanol/dimethylformamide (DMF) (1:1) at 60 °C for
24 h. As shown in Figure 1, in these tetranuclear Ti MOCs, each
Ti(IV) ion is coordinated by six oxygen atoms from three
different BINOL ligands and three 3 OH, forming a distorted
octahedral geometry Four Ti ions are connected together by

four yu; OH atoms to form a cubic titanium oxo core, and this
core is further surrounded by six BINOL ligands to generate the

metal—organic duster with an ~1.66 nm diameter. Similar core
structures have shown excellent performance in asymmetric
catalysis,”*™° but their enantioselective separation behaviors
could not yet be studied because porous modifications of this
material were not available.

HKUST 1, astandard 3D MOF with three different pore types
(diameters of roughly 0.5, 1.1, and 1.35 nm>"?), was chosen as
the host framework. Two conventional strategies were applied
for the loading of the Ti MOCs into HKUST 1. First, direct
synthesis was employed, using the same approach as for the
previously established solvothermal POM@MOF synthesis
(see above). A mixture of Cu(OAc), (0.75 mmol), H;BTC
(0.5 mmol), and R Ti MOCs (0.25 mmol) was placed in 12 mL
of ethanol at 65 °C. Even after reaction periods of 2 days, unfor
tunately, only a yellowish floccule was obtained. The resulting
powder revealed no XRD peaks (Figure S11). In addition, CD
spectra recorded for the reaction product (Figure S12) showed
pronounced differences from the MOC particles dispersed in
solution, demonstrating that, in the course of the solvothermal
HKUST 1 synthesis, the BINOL ligands were partially detached
from the central Ti,O,H, core.

In a second approach, powder HKUST 1 was dispersed in a
fresh ethanolic solution of Ti,(OH),(R BINOL), (R Ti MOC,
0.1 mM, drops of DMF for promoting dissolution) for 12 h. The
unchanged powder XRD and infrared (IR) (Figure S10) result
showed that no guest R Ti MOC NPs were loaded in the host
MOF. We explain this finding by the fact that the size of the
window (1.11 nm) that separates the larger pores in HKUST 1
is much smaller than that of the present titanium oxo cluster
(1.66 nm). As a result, diffusion of Ti MOCs into HKUST 1 was
effectively prohibited.

After the failure of the conventional NP embedding
procedures (Scheme la—c), we employed a recently introduced
Ibl synthesis method (Scheme 1d and e). This LPE approach has
the potential to overcome the limitation of the NP encapsulation
methods because after the step where the organic ligands (here
H,BTC) are attached to the top of the already grown MOF thin
film, the walls of the top cages are not closed, and the pores can
thus be loaded with objects larger than the channels separating
the pores in the final framework structure. In addition, the LPE
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Figure 1. (a) Structure of the R Ti MOC clusters. (b) Schematic presentation of in situ layer by layer growth of enantiopure Ti MOC loaded
HKUST 1 thin film using liquid phase epitaxy (LPE) approach. Characterization of chiral Ti MOC loaded HKUST 1 thin film via an in situ Ibl
LPE approach: (c) XRD and (d) IRRAS (infrared reflection absorption spectroscopy).

allows for much milder reaction conditions because HKUST 1
MOFs can be fabricated at room temperature; in conventional
solvothermal synthesis, typically temperatures above 100 °C are
employed. The LPE process used here was modified relative to
one described in earlier work™® by introducing an additional step,
immersion into a solution of Ti MOC, after the H;BTC step.
We used the spray version of the LPE process” and applied
Cu(OAc),, H;BTC, and Ti MOC in a sequential fashion
(Figure S2). Between each step, the substrate was rinsed with
pure ethanol.

The LPE process was developed originally for the preparation
of thin, high quality MOF coatings to be used as model systems
for studying, for example, fundamental processes (diffusion,
optical, and electrical properties'*>*~>”) of MOFs. An important
advantage of the LPE process is that the resulting material
is obtained in the form of monolithic thin films, which allow,
for example, the fabrication of sensors,'”*® high quality
membranes,” and electrodes to be used in electrochemistry in
a straightforward fashion.

After 60 LPE cycles, a thin MOF film was obtained, which in
the following is referred to as (HKUST 1)(Ti MOC) SURMOF.
XRD scans recorded in an out of plane geometry fora HKUST 1
SURMOF grown on a COOH terminated substrate (Figure 1c)
revealed peaks at 6.8° and 13.6°, identified as the (200) and
(400) reflections of HKUST 1, demonstrating the presence
of a well defined, highly oriented HKUST 1 thin film, in analogy
to previous work.” The absence of diffraction peaks for other
HKUST 1 orientations demonstrated the presence of an
oriented thin film, with the [100] orientation perpendicular to
the substrate (Figure 1c). XRD data recorded for the NP loaded

(HKUST 1)(Ti MOC) SURMOF (see Figure 1lc) revealed a
degree of crystallinity similar to that of the empty MOF.
The infrared reflection absorption spectroscopy of Ti MOC@
HKUST 1 showed that the absorbance bands at 1323, 1240, and
982 cm™" are ascribed to C—O vibrations of Ti MOC (Figure 1d).
Note that the relative intensities of the (400) and (200) diffraction
peaks were strongly different after loading with the Ti MOC,
revealing that within the host framework, a periodic array of
Ti MOC NPs had formed. Based on these results, we propose a
structural model in which each large pore of the HKUST 1
SURMOF contains one MOC particle (Figure 1b). Comparison
of XRD simulations carried out for this model with the
experimental data (see Figure 1c) reveals good agreement.

SEM images (Figure 2), TEM images, and electron mapping
(Figure 3) recorded for the (HKUST 1)(Ti MOC) thin films
show that the Ti MOC guests loaded in HKUST 1 have a
compact and homogeneous distribution. Presumably because of
a low threshold for beam damage, individual NPs could not be
resolved. The TEM EDS data (Figure 3a) and the SEM EDS
data of a sample cross section both gave a Cu/Ti molar ratio
of 3:1. The ratio between Cu atoms and the large pores in
HKUST 1 was to 12:1.*° Considering that each Ti MOC
contains four Ti atoms, we conclude that virtually every large
pore in our HKUST 1 MOF thin films contains a chiral Ti MOC,
in accord with the model proposed above. The IR absorbance
bands at 1323, 1240, and 982 cm™! are ascribed to C—O
vibrations of R Ti MOC and demonstrate that the Ti MOC
loaded into the MOF cages is fully intact.

To demonstrate the huge potential of these porous homo
chiral metacrystals, (HKUST 1)(Ti MOC), SURMOFs were



Figure 2. SEM and cross section images of (HKUST 1)(Ti MOC)
thin film prepared by using LPE Ti MOC encapsulation in a Ibl
fashion (a,c) and pristine HKUST 1 thin film (b,d).

grown on OH functionalized quartz glass substrates, which allow
recording of CD data.*' The CD spectrum recorded for such thin
films (which on this surface grow along the different, (111)

orientation; Figure S3) is almost identical to that of R Ti MOC
(Figure 4a) but different from spectra recorded for the free
R BINOL ligands recorded in solution. This observation confirms
again the successful encapsulation of intact Ti MOCs into the
HKUST 1 thin film. In the following, R Ti MOC (S Ti MOC)
denotes a Ti MOC with R binol (S binol) ligands. Correspond

ingly, (HKUST 1)(X Ti MOC) is a HKUST 1 loaded with
X Ti MOC, with X =Ror X =S.

Moreover, the ESI (electron spray ionization) mass spectrum
study (Figure Sa) combined with identical liquid and solid CD
spectra (Figure Sb) of the chosen Ti MOCs demonstrates that
the Ti MOC is stable in ethanol/DMF solution; leaching of
Ti MOCs out of the NP@MOF structure was not observed.
Identical results were obtained when loading with S Ti MOC
(Figure 4a).

The UV—vis spectrum (Figure 6) shows the presence of a
smooth homogeneous film of optical quality comparable to that
of the pristine HKUST 1 SURMOF.
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Figure 4. (a) CD spectrum of R/S BINOL, Ti,O,(R/S BINOL), and
Ti,0,(R/S BINOL)4 loaded HKUST 1 prepared using the LPE Ibl
approach. (b) CD spectrum of pristine (HKUST 1)(R Ti MOC) and
(HKUST 1)(S Ti MOC) thin films before and after adsorption of
racemate methyl lactate.

To illustrate the general nature of our new Ibl embedding
approach, we also have demonstrated the encapsulation method
for other MOF hosts, including Cu(bdc) SURMOF 2%
and a Cuy(D cam),dabco layer pillar type MOF* (bdc =1,4
benzenedicarboxylate; D cam = (1R,3S) camphorate and

Figure 3. TEM EDS (a) and element mapping (b—e) of R Ti MOC encapsulated HKUST 1 thin film via in situ layer by layer LPE approach.
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Figure 6. UV—vis absorbance (a) and transmission (b) spectra of the

(HKUST 1)(Ti MOC) thin film prepared by using LPE Ti MOC

encapsulation in a Ibl fashion and the pristine HKUST 1 thin film.

(c) Optical images of the sample SURMOF HKUST 1 (top) and

(HKUST 1)(Ti MOC) thin film (bottom).

dabco =1,4 diazabicyclo[2.2.2]octane). The corresponding
XRD, IR reflection absorption spectroscopy (IRRAS), and CD
results (see the Supporting Information, Figures $8—S10) reveal
that for these two MOFs with a structure rather different from
that of HKUST 1, (MOF)(MOC) systems could be successfully
prepared. This observation suggests that many (possibly all)

MOF types suited for the SURMOF process also are suited
for encapsulating guest species via the in situ LPE approach
described here.

We now come to a first application of the homochiral, porous

NP@MOF thin films fabricated through the in situ LPE process.
Encapsulation of chiral Ti MOCs in the HKUST 1 MOF results

in many small chiral pores in the framework, which are ideally
suited for enantiomer recognition. Methyl » lactate ((+) MeLt)
and methyl L lactate ((—) MeLt) were selected as model enan
tiomers to study the enantiomer recognition ability of the
R or S Ti MOC loaded HKUST 1 thin film. The CD spectra of
(+) MeLt and (—) MeLt display strong bands at ~270 nm
(Figure SS) and positive signal for (+) MeLt and negative signal
for (—) MeLt), which provides a sensitive probe method for
recognition. The pristine (HKUST 1)(R Ti MOC) composite
film was immersed in racemic methyl lactate solution for 5 h
and then deaned thoroughly with pure ethanol. As shown in
Figure 4b, the negative CD signal at ~270 nm decreased
significantly after absorption. Due to the fact that the CD
signatures of the binol linkers (band at ~335 nm) and the chiral
analyte (+)/(—) MeLt (band at ~270 nm) used in our experi
ments is quite different, we can directly use the intensity of this
at 270 nm to determine the separation efficiency. Considering
at, at ~270 nm, both the ( ST 1)(R Ti MOC) composite
film and (=) MeLt have nlclageative signal while (+) MeLt has
positive signal, it can be conduded that the decrease in the negative
adsorption has to be attributed to the pronounced enrichment

of (+) MeLt in the film. In the same way, when (HKUST 1)
(S Ti MOC) composite film was used for the enantiomer
recognition measurement, positive signal at ~270 nm also
presented an obvious decrease because of the enrichment of
negatively adsorbed (—) MeLt molecules (Figure 4b). There

fore, the present homochiral Ti MOC—loaded MOF film shows

significant abilities for the recognition and separation of
(SlMeLt and (—) MeLt enantiomers.

CONCLUSION

In conclusion, we have developed an in situ LPE Ibl approach for
the fabrication of NP metacrystals. We demonstrate the new
method for nanosized homochiral titanium oxo clusters loaded

into several different molecular frameworks. The complete and
homogeneous distribution of chiral, R , or § Ti MOC clusters in

an HKUST 1 are confirmed by CD, IR, UV—vis, SEM, and
TEM EDS studies. We also demonstrated that the encapsufation
of the homochiral Ti MOCs endows the highly ordered and
homogeneous lglMOF (MOC:s) film with significant enantiomer
recognition ability, which can be used to recognize and separate
(+) MeLt and (=) MeLt. Our work provides a new and versatile
approach for the loading of a broad range of discrete nanometer

sized guest NPs into MOFs, thus opening the way to the
fabrication of highly heterogeneous, multifunctional, and porous
materials with numerous applications, in particular in catalysis,
enantiomer separation, and sensing,

EXPERIMENTAL SECTION

Materials and Instrumentation. All reagents and solvents
employed were commercially available and used as received without
further purification. The samples grown on functionalized Au substrate
were cl?aracterized with IRIFASSERRAS data were recorded using a
Bruker Vertex 70 FTIR spectrometer with 2 cm™ resolution at an angle
of incidence of 80° relative to the surface normal. Powder XRD (PXRD)

analysis was performed on a MiniFlex2 X ray diffractometer using Cu
Ka radiation (4 = 0.1542 nm) in the 26 range of 4—20° with a scanning



rate of 0.5° min™". CD experiments were recorded with a Biologic
MOS 450 CD Spectrometer at room temperature. CD spectra recorded
for the pure quartz glass plate (which was also used as the substrate for
SURMOF thin film preparation) were used as a reference. CD spectra
were recorded from 600 to 200 nm in 1 nm steps using a scan speed
of 20 nm min™". TEM images and EDS recorded for Ti MOC—loaded
HKUST 1 thin films were recorded using aJEM 2010F instrument. The
mass of the titanium oxo cluster was determined by mass spectroscopy
(DECAX 30000). SEM images for the morphology of thin films were
measured using the JSM6700.

Synthesis of Tiy(OH),(R/S-BINOL)¢ (R-Ti-MOC and S—Ti-MOC).
A mixture of R or S BINOL (286 mg, 1 mmol, BINOL = 1,1’ bi 2
naphthol; tetraisopropyl titanate 0.6 mL, 2 mmol; isopropanol 1 mL;
DMF 1 mL) was sealed in a 10 mL glass bottle, heated at 60 °C for 24 h,
and cooled to room temperature. The red bulk crystals R Ti MOC and
S Ti MOC were collected for characterization.

Preparation of Functionalized Substrates. The OH function
alized self assembled monolayers (SAMs) on Au were prepared
by immersing Au substrates into 1 mM/L ethanolic solutions of
11 mercapto 1 undecanol (MUD) for 24 h and then rinsed with the
pure ethanol and dried under nitrogen flux for the next preparation.

The OH terminated quartz glass substrates were treated with a
mixture of concentrated sulfuric acid and hydrogen peroxide (30%) with
a volume ratio 3:1 at 80 °C for 30 min and then cleaned with deionized
water and dried under nitrogen flux for the next preparation.

Synthesis of SURMOF HKUST-1 Thin Film. The HKUST 1 thin
film was fabricated using the following diluted ethanolic solutions:
copper acetate (1 mM) and BTC (1,3,5 benzenetricarboxylic acid)
(0.4 mM). The spray method adopted in this work has been described
previously.”* The spray times were 15 s for the copper acetate solution
and 25 s for the BTC solution. Each step was followed by a spray step
with pure ethanol to remove residual reactants. A total of 60 growth
cycles were used for HKUST 1 grown on functionalized (deposition of
mercaptohexadecanoic acid (MHDA) based SAM) Au substrates.
(SAMs = self assembled monolayers) and on OH terminated quartz
glass substrates.

Direct Immersion of HKUST-1 SURMOFs into Ti-MOC
Suspension. HKUST 1 thin films on the gold or quartz glass substrates
were put into a flask and then evacuated to 0.2 kPa at room temperature
for 30 min. Subsequently, the sample was immersed in a freshly prepared
solution of Ti,0,(R BINOL), in ethanol (0.1 mM, drops of DMF for
dissolving) kept at 65 °C. After an immersion time of 12 h, the sample
was removed from the solution, rinsed with pure ethanol, and finally
dried in a flux of nitrogen gas for further investigation.

In Situ LPE Ibl Encapsulation of Ti-MOC into HKUST-1 Thin
Film. For in situ encapsulation, the LPE spray method mas modified by
adding an additional step, the spraying of a MOC suspension. The
(Ti MOC)@(HKUST 1) thin films were fabricated using the following
diluted ethanolic solutions: copper acetate (1 mM) and BTC (0.4 mM)
and R or § Ti MOC (0.1 mM). The spray times were 15,25, and 10s
for Cu(OAc),, BTC, and Ti MOC solution, respectively. There was a
waiting time of 30 s between steps, and each step was followed by a 3 s
spray step with pure ethanol to remove residual reactants. A total of
60 growth cycles was used for in situ LPE Ibl encapsulation of Ti MOC
into HKUST 1 thin film in this work.

Synthesis of Powder HKUST-1 MOF. Powder HKUST 1 MOF
was synthesized by mixing 0.15 g (0.75 mmol) of copper(II) acetate and
0.105 g (0.5 mmol) of btc (btc =1,3,5 benzenetricarboxylic acid) in
6 mL of pure ethanol in a sealed glass bottle. The reagents were mixed
and dissolved in an ultrasonic bath for 30 min, followed by heating at
65 °C for 2 days and cooling to room temperature. The resulting powder
was washed with pure ethanol and dried in nitrogen. By comparing with
the simulated XRD of HKUST 1, the recorded XRD showed that
powder HKUST 1 was synthesized (Figure $9a).

Enantiomer Recognition of (HKUST-1)(Ti-MOC) Thin Film.
The enantiomer recognition of the sample was investigated using CD
spectroscopy. The pristine (HKUST 1)(R Ti MOC) (or (HKUST 1)
(S Ti MOC)) film was activated under 0.2 kPa at 60 °C for 2 h and then
immersed in racemic methyl lactate solution for 5 h. The sample was
cleaned thoroughly with pure ethanol for the CD measurement.

More experimental and characterization details, additional figures and
images, patterns, IR, mass spectrometry, and CD spectra are

provided in the Supporting Information.
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