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ABSTRACT: We demonstrate a facile approach to encapsulate ligand stabilized Aus;
clusters [Auss(PPh;),Clg] within highly oriented surface supported metal—organic
framework (SURMOF) thin films via liquid phase epitaxy. The Augs clusters were
successfully loaded into the pores of SURMOF during their fabrication, which has been
confirmed by X ray diffraction, infrared spectroscopy, and ultraviolet—visible spectros
copy. Computational modeling reveals that there is a strong interaction between the Ausg
core and the oligophenyl ligands of the MOF pore, leading to a removal of the PPH;
ligands. The stabilized Ausg clusters within SURMOF exhibit excellent catalytic activity

for the reduction of 4 nitrophenol.
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INTRODUCTION

In the past decade, metal—organic frameworks (MOFs) have
been one of the most intensively investigated classes of
materials. This huge interest results from the tunable chemical
and physical properties of these materials, which are fabricated
by the interconnection of organic linkers via metal or metal/
oxo clusters."” In addition, it has been demonstrated in many
cases that the performance of MOFs in a variety of application
fields can be substantially enhanced by loading the guest
species into the pores of these molecular frameworks.>”’
Numerous approaches have been established to load objects of
appropriate size, such as metal nanoparticles (NPs),*™'
quantum dots,"""* and biomolecules,'*~'® into the voids of
these porous, crystalline materials. Of particular interest is the
loading with metallic NPs, which can render additional
functionality to the molecular frameworks, for example, in
the context of catalysis®'”'® and optical properties."”** As
regards the former, Au nanoclusters show significantly
enhanced activity and selectivity in chemical reactions when
supported on oxides.”"

Previous strategies to load metal NPs into MOFs include
chemical vapor deposition using volatile organometallic
precursors,zz’23 solution infiltration using metal ions,** 28
solid grinding using organometallic compounds,zg’30 and
pressure induced amorphization.®’ In several cases, a two
step strategy was applied, where first the guest species were
loaded into the pores using one of the methods described
above. Then, in a second step, these guests were modified

further by chemical treatments. Particularly attractive in this
connection is to first load with metal oxide NPs, which are
then reduced with H, by either heating or microwave
treatments.>>

On the other hand, the as synthesized metal NPs can be
directly integrated into the cavities during the MOF fabrication
via surface functionalization'®**~*® or physical vapor deposi
tion.*!

With regard to a number of applications, integration of these
framework compounds into the devices is required. When it
comes to more advanced functionalities, often the powder
form of MOFs, as obtained by conventional MOF synthesis
schemes, is not well suited. In particular, if good electrical
conductivity, good thermal contact to a substrate, or good
optical properties are required, it is of significant advantage to
fabricate MOFs in the form of thin films. With regard to device
integration, surface supported MOFs (SURMOFs) fabricated
using layer by layer (Ibl) deposition procedures have received
increasing attention, and related applications as membranes,
catalysts, sensors, and photovoltaic devices have been
reported.*>*
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Figure 1. Schematic illustration of the fabrication process for the idealized sandwich like structure of Aug;@SURMOF.

Successful Ibl deposition of SURMOFs has been reported
for a variety of different substrates. An interesting feature of
this fabrication strategy is that the loading with large guest
species can be combined with the Ibl construction of
SURMOFs, that is, the loading of moieties which are smaller
than a MOF pore but larger than the channels connecting the
pores becomes possible as schematically shown in Figure 1.**

Herein, we demonstrate a facile strategy for the
encapsulation of Augs clusters during the Ibl construction of
SURMOFs. Specifically, we used the Augs(PPh,);,Cly clusters,
also known as “Schmid cluster”,* with a core diameter of 1.4
nm and a diameter of 2 nm including the ligand shell. These
clusters, which were stabilized by suitable ligands, were highly
monodisperse and had a well defined composition. They were
subsequently loaded into two different MOF types of the
SURMOF 2 family, Cu QPDC and Cu PPDC CH,.*® Suc
cessful loading was then confirmed by X ray diffraction (XRD)
where a pronounced change in form factor revealed that
virtually every pore had been filled with Au NPs (we use NPs
instead of “clusters” here and below). Computational
reconstruction of the crystal structure from XRD data suggests
an unexpected interaction of the Ausg NPs with the linkers
forming the pore walls, leading to a removal of some of the
triphenylphosphine ligands and a “cornering” of these NPs,
while density functional theory (DFT) calculations*** agree
with the experimental finding of substantially increased
conductivity upon loading.

EXPERIMENTAL SECTION

Preparation of Auss(PPh;);,Clg NPs. The structure of the
Aug(PPh;),Cls NPs is shown in Figure 2. The Augg NPs used in this
study were synthesized according to a previously reported
procedure.*® Ultraviolet—visible (UV—vis) spectra of Augs(PPh;),,Clq
recorded for dichloromethane suspensions are shown in Figure S1.

SURMOFs can be grown on a variety of differently functionalized
substrates using a variety of different MOF types. For an overview, see
recent review articles.*” In this study, we focus on MOF thin films of
the type SURMOF 2 using (Cu®*) dimers as connectors and QPDC
(quarterphenyl dicarboxylate) and PPDC (pentaphenyl dicarboxy
late) as organic linkers.*®

Preparation of Cu-QPDC and Cu-PPDC-CH; SURMOFs.
Empty reference SURMOFs were grown on modified Si substrates
using the bl procedure (Figure 1). XRD data recorded for these
reference samples are shown in Figure S2; they are fully consistent
with the results reported previously.*®
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Figure 2. Schematic representation of Auss(PPh;),,Cls NP.

Preparation of Au;;(PPhj),,Clc@Cu-QPDC and
Aus5(PPh3),,Clg@Cu-PPDC-CH; SURMOFs. The
Augs(PPh,);,Clq@Cu QPDC and Augs(PPh,),,Cls@Cu PPDC CH,
SURMOFs were prepared using a modified Ibl construction scheme of
SURMOFs with a homemade spray setup.*

The procedure is illustrated in Figure 1.

First, the Si substrate was functionalized with hydroxyl groups by
exposing it to oxygen plasma for about 15 min. After that, the
functionalized substrate was mounted on a sample holder, and an
empty Cu QPDC or Cu PPDC CH; SURMOEF was prepared by
alternatively spraying a 1 mM ethanolic solution of Cu,(CH;COO),
H,0 and a 20 mM ethanolic solution of QPDC or PPDC CH; at
room temperature. The fabrication of Au NP loaded SURMOF 2
structures was then carried out by adding an additional step to the Ibl
deposition sequence. More precisely, after each assembly step
[Cu,(CH;C00),-H,0, QPDC, or PPDC CH;] a solution containing
Aug(PPh,);,Clg NPs was sprayed onto the empty Cu QPDC or Cu
PPDC CH; template, followed by a subsequent spraying of the
solution of Cu,(CH;C0OO0),-H,0, QPDC, or PPDC CHj (see Figure
1). By repetition of this process Augs(PPh;);,Cls@Cu QPDC and
Aug(PPh,),;,Cls@Cu PPDC CH; SURMOFs were prepared. In the
last assembly step, additional empty Cu QPDC and Cu PPDC CH;
layers were constructed. Finally, a sandwich like Augs(PPh,);,Cli@
Cu QPDC and Augs(PPh;);,Clg@Cu PPDC CH; SURMOFs were
obtained (Figure 1). It should be noted that the solution of
Aug(PPh;);,Cl; NPs was sprayed only after spraying of QPDC or
PPDC CHj solution.

The as prepared samples were further characterized by using XRD,
infrared reflection—absorption (IRRA) spectroscopy, and UV—vis
spectroscopy.

Characterization of Auss(PPh;),,Cl;@Cu-QPDC and
Auss(PPhs);,Cls@Cu-PPDC-CH; SURMOFs. Out of plane and in
plane XRD measurements were carried out using two different
diffractometers, a Bruker D8 Advance and a Bruker D8 Discover, both
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equipped with Cu anodes utilizing the Cu Ka,, radiation (4 =
0.15419 nm). The out of plane XRD data were acquired over the 26
range of 2—20°, with 168 s per 0.024° 20 step. The in plane XRD
data were recorded over the 26 range of 2—20°, with 100 s per 0.024°
20 step. The IRRA spectra of the Augs(PPh;),,Cly@Cu PPDC CH,
SURMOF were recorded with a resolution of 2 cm™ using a Bruker
VERTEX 80 spectrometer under ambient conditions. An incident
angle of 80° and a liquid nitrogen cooled narrow band mercury
cadmium telluride detector were used. The UV—vis spectra were
recorded on a high performance Agilent Cary 5000 UV—vis—NIR
spectrophotometer.

Electrical Conductivity Measurement Using a Mercury-
Drop-Based Tunneling Junction. The Cu QPDC and Aus;@Cu
QPDC SURMOFs were integrated in a tunneling junction for electric
transport property characterization. A mercury drop setup was used.>!
Briefly, we first used a gastight Hamilton syringe to extrude the
mercury drop, which was then passivated with hexadecanethiol
(HDT) to avoid amalgamation and short circuit. The passivated
mercury drop was gently made to come in contact with the SURMOF
electrode to build the mercury drop based tunneling junction (Hg/
HDT//SURMOF/Au) in a cell filled with HDT in hexadecane. A
camera was used to monitor the contact of mercury drop to the
SURMOF and measure the contact area.

Catalytic Reduction of 4-Nitrophenol. The catalytic perform
ance of Augs(PPh;);,Cly@Cu QPDC SURMOF for the reduction of
4 nitrophenol was tested in a 3 mL quartz cuvette using an UV—vis
spectrometer (Agilent 8453 instrument). Aqueous 4 nitrophenol
solution (0.1 mM) was added to 1.5 mL of tetrahydrofuran in a
cuvette. Subsequently, the Augs(PPh,);,Cli@Cu QPDC SURMOF
was immersed into the above mixture, followed by 1 mL of freshly
prepared NaBH, solution (0.02 M). The cuvette was then placed in
the sample holder of the UV—vis spectrometer without stirring the
solution, and the consecutive UV—vis absorption spectra were
recorded over the suitable time frame.

Computational Modeling. (001)/(002) XRD peak intensity
ratios were obtained for the atomistic structures by calculating the
intensities according to

I=3Y |2 Zj;fj~cos(27thkl-Rij) + f7 [ LP(0(Gyy))
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where i and j are atom indices, f; and f; are the atomic form factors,
Gy is the reciprocal lattice vector corresponding to the peak, R; is the
distance vector between the atoms i and j, and LP(6) is the Lorentz
polarization correction given by

1 + cos*(20)
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The intensity ratios were calculated for “cutouts” consisting of 9 X
9 X 9 Cu QPDC unit cells, with one Augg cluster in each 3 X 1 X 1
cell. Aug; cluster positions and orientations were varied systematically
until a (001)/(002) intensity ratio close to the experiment (cf. Figure
4) was obtained for the case of uniformly orientated clusters displaced
at random toward one of the four pore corners by around 7 A from
the pore center.

We also performed ab initio calculations using DFT to estimate the
effect of loading with Augs(PPh;);,Cls on charge carrier mobilities
along the SURMOF channels. To this end, the unloaded MOF was
represented as a "network” of bond saturated QPDC linkers (Figure
S3a), while the MOF loading was modeled by placing the “naked”,
channel centered Augg clusters in every third unit cell (Figure S3b).
Hopping rates kcp in the channel direction for these two models were
then calculated according to the Marcus theory™

w1 (4 + AEy)?
ker = Vgl exp| —
n 47k, T2 42kyT

where Vi are electronic couplings, A are reorganization energies, T =
300 K is the temperature, and AE; is the energy difference between

the initial and final states, which was set to zero here as we neglect
energetic disorder. Reorganization energies were calculated for linkers
and clusters in vacuum according to the Nelson’s four point
procedure.®® Electronic couplings were estimated using the direct
coupling scheme®* considering only the highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO, respectively) as
follows
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where ¢, and ¢y are the LUMO (HOMO) of the electron (hole)
donor and acceptor molecules, respectively. For Aus;, HOMO and
LUMO were replaced by the singly occupied molecular orbital’s two
spin channels. F is the Fock operator for the dimer system and S
denotes taking the overlap.

Mobilities were estimated from the rates according to**
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where L is the distance between the relevant molecules or clusters.
Specific values for the two systems and intermediate results can be
found in Table S1.

All DFT calculations were carried out using the B3LYP exchange—
correlation functional and def2 SVP basis set as implemented in the
TURBOMOLE package.>®

RESULTS AND DISCUSSION

We first focus on the Cu QPDC SURMOF 2, which exhibits a
pore size of 2.2 nm. Figure 3a displays the experimental XRD
patterns of the empty and the Au NP loaded SURMOFs
normalized to the intensity of the (002) diffraction peak.
Comparison of the XRD data of the loaded SURMOF with the
empty one reveals that the relative intensity of the (001) peak
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Figure 3. Out of plane experimental (a) and simulated (b) XRD data
of Cu QPDC and Augs(PPh;),Cls@ Cu QPDC SURMOF along the
(001) direction. The experimental and simulated intensities are
normalized to the (002) peak. Front (c) and side (d) views of the unit
cell of fully loaded Augs(PPh;),,Cly@Cu QPDC (3 X 1 loading, see
text). Note the poor agreement of the XRD simulations with the
experimental data.
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is substantially decreased upon loading with the Au NPs. This
change in XRD form factor directly demonstrates a successful
loading of the Au NPs into the MOF cavities.”

To quantitatively analyze the loading amount of Au NPs
into Cu QPDC SURMOF 2, in situ quartz crystal micro
balance (QCM) measurements were carried out. The observed
frequency drop (Figure S4) indicates the successful loading of
Augg(PPh,);,Clg into Cu QPDC SURMOF 2, while the
quantitative analysis of the QCM data gives a Auss(PPh,),,Clg
loading of 170 ng, which corresponds to a loading fraction of
roughly 25%. Within the error bars, this value is consistent
with the 3 X 1 unit cell shown in Figure SS.

In order to facilitate the analysis of the XRD data,
simulations of the XRD patterns were carried out using fully
loaded Aus;(PPh;),,Cli@Cu QPDC (100%) SURMOF struc
tures, as shown in Figure 3c,d. The corresponding simulated
XRD patterns of the Aug(PPh;);,Cls@Cu QPDC SURMOFs
are displayed in Figure 3b. The relative intensity of the (001)
peak of Augs(PPh;),,Cl@Cu QPDC SURMOFs (100%)
strongly increased with increased Au particle loading, in
obvious disagreement with the experimental XRD results (in
Figure 3a).

In order to better understand the reason for this unexpected
disagreement between the experiment and simulation, we
applied a search strategy where a “naked” Augy cluster
(assuming the positions of the Au atoms are the same as in
the Aug(PPh;),,Clg cluster) was placed inside the pore and
then allowed to move freely. A systematic search for (001)/
(002) peak intensity ratios matching the experiment (see the
Supporting Information) leads to the structure depicted in
Figure 4a. While for such a “cornered” structure a reasonable
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Figure 4. (a) Proposed location of “naked” Aug; clusters in the pores
of the Cu QPDC SURMOF 2. According to the theoretical results,
the ligand stripped clusters are best stabilized in the highly
coordinated corners of the cell of Cu QPDC SURMOF 2. Such
positions are not accessible with the PPh; ligands in place (see Figure
3). (b) Simulated XRD pattern of Aug@Cu QPDC SURMOF along
the (001) direction. Note that the agreement of the simulations with
the experimental data (in particular the intensity of the (001)
diffraction peak) shown in Figure 3a is substantially improved.

agreement between the experimental and simulated XRD
patterns is observed (Figure 4b), this structure is not
consistent with the presence of the PPh; ligands at the surface
of the Au NP. It is however known that these ligands, which
are necessary to stabilize Ausg in solution, can easily get
stripped from the core of the particle if a competitive binding
site that can stabilize the core is present.”* Relying on these
literature results, we thus propose that upon interaction of the

Aug(PPh,),,Clg clusters with the oligophenyl backbone of the
MOF linkers the PPh; ligands are at least partially displaced to
yield direct Auss—phenyl interactions, as indicated in Figure
4a. Note that the calculation of the XRD pattern in Figure 4b
was carried out for Augs, while removal of the PPh; ligands
yields AugsClg. The effect of adding six Cl atoms on the XRD
pattern and on the precise location of the Au cluster within the
MOF pore was considered to be negligible.

To further demonstrate the successful loading of
Aug(PPh,),Clg within Cu QPDC SURMOF, the conductiv
ity of empty Cu QPDC and Aug(PPh,);,Cl@Cu QPDC
SURMOFs was measured in a mercury drop based tunneling
junction.51 The current flowing through the Hg/HDT//
SURMOF/Au junction was measured by sweeping the bias
voltage in the negative (—1.5 to —0.01 V) and positive range
(+0.01 to +1.5 V). Figure S6 shows the semilog plot of the
current density J under the applied voltage V for the Cu
QPDC (black line) and Augs(PPh;),,Cl@Cu QPDC (blue
line). We found that the conductivity of Augs(PPh;),,Cls@Cu
QPDC SURMOFs was by ~4 orders of magnitude higher than
that of the empty Cu QPDC. Such a significant effect indicates
the successful loading of Auss(PPh;),Clg into Cu QPDC.
This is in qualitative agreement with the results of our DFT
calculations, according to which charge carrier mobilities for
hopping between the Augs clusters are around 1 order of
magnitude higher than those for hopping between the MOF
linkers in channel direction (Table S1). The remaining
discrepancy between predicted and experimental values can
be attributed to the loading induced effects not considered
here, such as changing of the injection barrier or facilitation of
second order hopping processes.

It has been reported that the ligand stabilized atomically
precise gold nanoclusters (Au,;, Au,,, Au,yg) can be used as a
catalyst for the reduction of 4 nitrophenol.*' ~®* In this context,
we utilized Augs(PPh;);,Clq@Cu QPDC SURMOF as a
catalyst for 4 nitrophenol reduction to 4 aminophenol. Figure
S shows the time evolution of the UV—vis absorption spectra
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Figure S. Consecutive UV—vis absorption spectra measured in the
course of the catalytic reduction of 4 nitrophenol over the
Aug(PPh,),,Clq@Cu QPDC SURMOF.

in the course of such a catalytic reaction. Accordingly, 4
nitrophenol was completely reduced to 4 aminophenol within
S min compared to the pure Augs(PPh;),,Clg within 10 min
(Figure S7). Thus, the Augs(PPh,);,Cls@Cu QPDC SUR
MOF exhibits superior catalytic properties in the 4 NP
reduction reaction, which stems presumably from the detailed
atomic packing modes and electronic structure.
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CONCLUSIONS

Using an Ibl process, the ligand stabilized Auss nanoclusters
could be loaded into the pores of a SURMOF thin film
reaching loading factors of around 25%. A thorough analysis of
the XRD data suggests that the Au nanoclusters attach to the
phenyl rings present at the corners of the SURMOF pores. As
a result, at least some of the triphenylphosphine ligands
stabilizing the pristine Ausg are removed. The Ausg clusters
integrated within the SURMOFs lead to a substantial increase
of electrical conductivity and exhibit excellent catalytic activity
for the reduction of 4 nitrophenol.
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