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Abstract: The molecular steps involved
in the self-assembly of Cu;(BTC),
(BTC=1,3,5-benzenetricarboxylic acid)

metal-organic frameworks that en-
close Keggin-type H;PW,,0,, hetero-
polyacid molecules were unraveled by
using solution 70, *'P, and W NMR
spectroscopy, small-angle X-ray scatter-
ing, near-IR spectroscopy, and dynamic

complexation of Cu** ions with
Keggin-type heteropolyacids was ob-
served. Cu’* ions are arranged around
the Keggin structure so that linking

Keywords: keggin heteropolyacids -
NMR spectroscopy - polyoxometa-
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through benzenetricarboxylate groups
results in the formation of the Cus;-
(BTC), MOF structure HKUST-1. This
is a unique instance in which a templat-
ing mechanism that relies on specific
molecular-level matching and leads to
explicit nanoscale building units can be
observed in situ during formation of
the synthetic nanoporous material.

light scattering. In aqueous solution,

Introduction

In the everyday world, a template is considered to be a
mould in which a malleable substance can be patterned into
a specific shape. Structure templating is a common theme in
biochemistry. For example, all DNA polymerase reactions
depend on an appropriate DNA template for self-replica-
tion."?! In the inanimate world, the use of templates is also
a common synthesis strategy. Mastering control over pore
topology during framework formation is of crucial impor-
tance, particularly for the design of nanoporous heteroge-
neous catalysts and adsorbentsP®! In this context, a real
template can be defined as an agent that favors formation
of a specific open framework under a broad range of condi-
tions and that accelerates crystallization.”! Deeper under-
standing of the template mechanisms of porous structures is
a highly coveted goal to rationalize the synthesis of materi-
als like zeolites®™® or metal-organic frameworks
(MOFs).B1 Molecules ending up in the pores of a micropo-
rous material upon synthesis could act as unspecific void fill-
ers, ¥ or modify solvent properties,'* or directly arrange
framework components into specific building units that lead
to the final framework. Although the first two actions have
been observed experimentally, a direct structure direction
based on molecular-level self-organization, reminiscent of
biological systems, remains elusive. In such an instance the
template should already carry information about the topolo-
gy of the final framework that is then imprinted on the
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forming structure.” Herein we present the observation of
such a direct template mechanism that enforces the assem-
bly of a specific MOF.

MOFs are porous materials composed of metal ions or
clusters linked by organic ligands.?!! Porosity is imposed by
the rigidity of the linkers and the specific coordination ge-
ometry around the metal ions, rather than by the presence
of structure-directing agents. However, some authors have
also reported the successful use of templates in MOF syn-
thesis. In most of these cases, the solvent behaves as a void-
filling agent."® A variation in the solvent properties, such as
addition of dimethylformamide,“"] can also have a beneficial
influence on the formation of MOFs and, in some cases, a
variation in solubility can even enable synthesis at room
temperature.'”) However, a specific molecular-level manipu-
lation of framework components by a synthesis additive has
not been observed yet. Herein we report the detailed mech-
anism of direct molecular-level templating that leads to spe-
cific building units and eventually to the construction of a
MOF material. The structure-directing action turns the hy-
drothermal synthesis of Cuy(BTC), (BTC=1,3,5-benzenetri-
carboxylic acid)? into a room-temperature self-assembly
process.

Results and Discussion

Sun etal. reported that Keggin-type heteropolyacids
(HPAs) can be incorporated in Cuy(BTC), during hydrother-
mal synthesis.” Examples of occluded HPAs are
Hg_ XM ,0,4 (X=Si** or P°", x=4 (Si) or 5 (P), M=Mo®"
or W®F). Unlike examples in which the HPA ions partially
disintegrate before assembly into supramolecular struc-
tures,"*?! the Keggin ions remain fully intact in the Cus-
(BTC), cages. During closer inspection of the structures, we
recognized a striking relationship between the geometries of
the Keggin-type HPA and the two cavities of the Cuy(BTC),
framework. The terminal oxygen atoms (Oy,,) of the HPA
anion point directly towards 12 Cu pairs that are the nodes
of one of the two cuboctahedral Cuy(BTC), cavities
(Figure 1).

Intrigued by those structures and inspired by the concept
of supramolecular chemistry,'*?! we prepared an aqueous
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Figure 1. Keggin-type HPA molecule enclosed in Cu;(BTC),. The HPA is
represented in blue, Cu atoms in gold, oxygen atoms in red, and carbon
in white. Cu pairs linked by BTC are symbolized by gold triangles.
a) One cavity containing HPA viewed along [111], b) arrangement of the
two types of cavities viewed along [100].

solution of Cu(NO;),3H,0 to which we successively added
an aqueous solution of HPA (H;PW,,0,,, H,SiW;,0,4, or
H;PMo,,0,) and BTC. At room temperature, the instanta-
neous and stoichiometric formation of a Cuy(BTC),-type
metal-organic framework with intact HPA molecules posi-
tioned in the MOF pores occurred. The product showed su-
perior crystallinity compared with samples synthesized hy-
drothermally.” No 3D framework formed in the absence of
HPA, in agreement with earlier observations.”®! The synthe-
sis also failed if BTC was added prior to HPA. The impor-
tance of the preparation sequence was an indication that
HPA takes the role of prearranging the Cu’* ions. It was
speculated that a Cu?*/HPA interaction directs the Cu’*
ions to preferentially reside close to positions needed to
build the MOF framework. In such a scenario, the role of
the organic linker is simply to connect the already struc-
tured Cu®>*/HPA units by complexation. In fact, after the ad-
dition of BTC to the Cu’*/HPA solution and within the
short time necessary to place the sample into the laser (1-
2 min) of a dynamic light scattering (DLS) instrument, 300—
500 nm sized particles had already formed. Powder X-ray
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diffraction (PXRD) of the sus-
pension showed these particles
to be crystalline Cuy(BTC),
(Figure S1 in the Supporting In-
formation). Immediately after
formation, the crystals show
cubic habits (Figure 2a), but
after stirring the suspension for
one day the crystals assumed oc-
tahedral shape with outstanding
crystallinity (Figure 2b) as de-
rived from the small linewidth
of the Bragg reflections (Fig-
ure S2 in the Supporting Infor-
mation).

Direct evidence of strong interaction between Cu’* and
HPA ions was obtained from *'P NMR spectra of solutions
prepared from Cu(NO;),:3H,0 and H;PMo,,0,,xH,0. In
the presence of Cu’’ cations, the *'P resonance of the
Keggin polyanion showed a significant shift of 0.72 ppm
(Figure 3b). Such a prominent impact on the local environ-
ment of the central P atom in the HPA can only be the
result of a strong electrostatic interaction with Cu®* cations.
Upon adding BTC to this solution, a slightly smaller shift in

Figure 2. SEM images showing
particle formation a) within 1-
2min after BTC addition to
the Cu’>*/HPA solution and
b) after stirring the reaction
mixture for 1d.
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Figure 3. P NMR spectra of c) a solution of H;PMo,,0,,x H,O, b) a so-
lution of Cu(NOs3),-3H,0 and H;PMo,,0,x H,O, and a) solution b) after
BTC addition. The signal at =0 ppm is due to the external reference
(85 % phosphoric acid).
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the P NMR signal indicated a somewhat reduced Cu®*/
HPA polyanion interaction (Figure 3a), presumably due to
the coordination of the BTC linker to Cu**. Substantial evi-
dence was further obtained from the W NMR spectra,
which showed a significant shift pertaining to the strong
electrostatic interaction between the Cu** and tungsten in
the HPA (Figure 4). Only one '"™W signal was measured,

25 30 35 40 45 x10°
&/ppm

Figure 4. "W NMR spectra of a solution of Cu(NO;),3H,0 with
H;PW,,0,pxH,0 (top) that shows a shift with respect to the
H;PW,,0,,:x H,O solution (bottom).

which confirms the presence of only one type of W environ-
ment and indicates that the Keggin ions are fully intact.
After addition of the linker molecule, unequivocal confirma-
tion of BTC binding to Cu** was obtained from the
"H NMR spectra. A large broadening and downfield shift of
the BTC proton resonance from d=8.80 to 9.26 ppm upon
addition to Cu**/HPA solution pointed to the coordination
of BTC by Cu?* ions (Figure S3 in the Supporting Informa-
tion).

Additional details about the type of Cu**/HPA interac-
tion before BTC addition were
derived from O NMR of a so-
lution with substoichiometric
concentration of Cu** with re-
spect to HPA (Cu’'/HPA
molar ratio of 80%). This al-
lowed observation of resonan-
ces of free HPA next to inter-
acting species in the same spec-
trum (Figure 5). A solution of
pure Cu(NO;)»»3H,0 gave no
7O NMR signal due to fast ex-
change of the water molecules
in the vicinity of the paramag-
netic Cu’* ion that caused
rapid relaxation, extensive
signal broadening, and quench-
ing. However, in the presence
of HPA a well-resolved spec-
trum with a strong water signal
was observed (Figure 5). This is
a clear hint that the majority, if

800 700 600
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not all, of the Cu®* ions no longer partake in fast exchange
of water.

The O NMR spectrum of a free PW,,0,,>~ anion should,
due to its symmetrical structure, consist of only four 'O sig-
nals corresponding to terminal oxygens (Oie,), corner- and
edge-sharing bridging oxygens (Oyyqe), and core oxygens
linked to the tetrahedrally coordinated central atom. The
YO NMR spectrum of the PW,,0,° anion at pH 1.6
showed two very broad signals at =722 and 398 ppm,
which indicate a fast intramolecular exchange involving
both Oy (6=722 ppm) and Opigee (=398 ppm) atoms'””
under these acidic conditions (Figure S4 in the Supporting
Information).

Addition of Cu** to PW,,0,,> had a profound effect on
the 7O NMR spectrum, resulting in the appearance of sev-
eral sharp O resonances (Figure 5). The significant sharp-
ening of the 7O NMR signals upon addition of Cu®* clearly
suggested that an intramolecular oxygen exchange within
the HPA was hindered due to the presence of Cu’*. No
other resonances occurred in the region of the chemical
shift of O, which allowed a more detailed analysis. Four
signals were clearly observed: the free HPA at =717 ppm
and three shifted signals with an intensity ratio (Zgipea/l i)
of 82%, mirroring the initial Cu**/HPA ratio of 4:5. This
confirmed quantitative binding of all available Cu** ions to
one HPA anion each. The splitting of the shifted signals was
caused by the strong interaction with Cu®* breaking the
symmetry of the structure. The break in symmetry can only
be observed if equivalent oxygen atoms have different envi-
ronments on the timescale of the NMR experiment, which
proved that the Cu®* ions resided for a long time at the
same positions relative to the Keggin ion. Analysis of the in-
tensities of the shifted signals revealed this location; a ratio
of roughly 4:2:5 was observed at chemical shifts of 6 =655,
700, and 706 ppm, respectively. A shoulder on the signal at

500 400 300 200 100 0 -100
8/ppm

Figure 5. 7O NMR spectrum of Cu(NO,),/HPA (molar ratio of Cu’>*/HPA: 80%). The shading of the oxygen
atoms of the Keggin ions interacting with Cu?* symbolizes the strength of impact of the Cu®* ion. The strong,
sharp signal around ¢ =420 ppm was identified as a nitrate. The HPA is represented in blue, Cu atoms in gold,
oxygen atoms in shades of red, nitrogen in blue, and hydrogen in light grey.
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0=706 ppm hinted at two types of oxygen atoms present in
a ratio of 4:1, with one being least affected by the presence
of Cu**. Comparison with the geometry of the Keggin ion
left only one conclusion, that Cu®" binds to Oy, With the
resonance of the bound oxygen (O.,*) being quenched due
to paramagnetic interaction. Though the signals in the
region of bridging oxygens were not analyzed in detail, the
shifted signals were in accordance with the deduced location
of Cu**. The resonances of the four Oyrigee atoms on the
same octahedron as the O,,* atoms were significantly
broadened due to their close proximity to the paramagnetic
transition-metal ion (6 =300-340 ppm).

To perceive the Cu?*/HPA interaction from the viewpoint
of copper, near-infra red (NIR) spectroscopy measurements
were performed. A blueshift as a function of varying the
ratio of HPA to Cu”* indicated a change in the coordination
geometry of Cu’*(Figure 6). For comparison, an acidified
solution of Cu®* did not show a shift, which confirms that
the change in coordination of the Cu’** species was indeed
caused by strong interaction with HPA anions.

60

50

Peak shift [nm]

T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 06 0.7
Ratia [HPA)[Cu]

Figure 6. NIR measurements of an Cu?*/HPA solution with varying
amounts of HPA. The blueshift indicates the formation of lower coordi-
nation number species.

If indeed the Cu** ions firmly associate with the Keggin
polyanions, the assembly should show increased size and dif-
ferent diffusivity compared to free Keggin ions. To confirm
this, small-angle X-ray scattering (SAXS) and DLS experi-
ments were performed on HPA and Cu**/HPA solutions. A
simple model accounting for monodisperse spheres and elec-
trostatic interaction could perfectly describe the SAXS data
(Figure 7). The diameter of pure Keggin polyanions has
been determined to be 1.06 nm
(Figure 7b)  which  exactly
agrees with the crystallographic
structure.” A maximum in the
scattering curve clearly indi-
cates electrostatic interaction
between charged polyanions.
When Cu?* was added, the par-
ticle diameter increased to
1.22nm (Figure 7a) and the
electrostatic interactions were
shielded. In accordance with
these results, diffusion constants
derived from the DLS correla-
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Figure 7. SAXS results showing a simple model fit for the monodisperse
sphere and electrostatic interaction, which accounts for the increase in
particle diameter of Cu?*/HPA solution. The HPA is represented in blue,
Cu atoms in gold, and oxygen atoms in red.

tion functions indicated strongly reduced polyanion diffusiv-
ity after addition of Cu®* (Figure S5 in the Supporting Infor-
mation).

Consistent results from NMR, SAXS, DLS, and NIR ex-
periments left us to conclude that HPA ions act as structure-
directing agent by defining the position of Cu** ions before
the BTC ligand is added. The organic linkers then consoli-
date the Cu positions by coordination and, in a last step, the
building units assemble rapidly into a final crystalline mate-
rial (Figure 8). Until now, the same scenario has been en-
countered for three different types of HPAs: H;PMo,,0,,
H;PW,,0,, and H,SiW,,0,, (Figure S6 in the Supporting In-
formation). Silicotungstic polyanions carry a charge of 4—
compared with 3— for the phosphorus-based Keggin species.
The difference in charge appears to have no effect on the
structure-directing power during MOF formation. All struc-
tures were confirmed by Rietveld refinement of PXRD data
based on data known from hydrothermal synthesis (Fig-
ure S7 in the Supporting Information).”™ As can be seen in
Figures 1b and 8, the Cu,(BTC), framework consists of two
types of large cavity that differ in the orientation of the
linker molecules and Cu pairs. According to Rietveld refine-

Figure 8. Structure-directing behavior of HPA on Cu** during formation of a MOF (an animated visualization
is available as part of the Supporting Information).
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ment (Figure S7 in the Supporting Information) and the lit-
erature,™ Keggin ions only reside in those cavities in which
the BTC molecules are in plane with the cavity wall. This is
a direct consequence of the presented model in which
copper is first pre-arranged, then linked during the forma-
tion of a cavity and finally reorganized into paddlewheels
composed of two Cu’** ions and four BTC molecules during
structure assembly (Figure 8). In the final three-dimensional
network, water is found in the other type of large cavity
within interaction distance with the Cu*" ions that point di-
rectly into these cages. The porosity of Cuy(BTC), and
HPA-incorporated Cu;(BTC), samples were established by
nitrogen sorption data (Figure S8 in the Supporting Infor-
mation). Elemental analysis of the samples fully confirmed
these results. For example, the ratio of Cu/P/Mo determined
by ICP analysis was 48:5.9:48.6, which is in good agreement
with the theoretical ratio of 48:4:48 for Cu/P/Mo.

Conclusion

We have presented evidence for molecular-level structure
templating by using the example of self-assembly of a MOF
material that encapsulates Keggin-type HPAs. Even though
the use of void-filling templates for synthesis of MOFs has
been conceived!™®* and some structures have been pre-
pared at room temperature by changing the solvent proper-
ties,”¥! insight in the molecular-level mechanism that re-
sults in templating of a 3D porous framework has, to our
knowledge, not yet been provided in such detail. The actual
role of templates in zeolite synthesis has been investigated
for decades,’>3 but active structure direction on the molec-
ular level also remained hypothetical. With Keggin-type
HPAs, the molecular mechanism for the spatial organiza-
tion® of the transition metal by the template is obvious.
Besides the high importance of the confirmation of specific,
molecular-level templating as a viable pathway towards
porous materials, we also discovered the surprisingly strong
physicochemical interaction between Keggin and Cu** ions.

This observation could open a new supramolecular ap-
proach to HPAs with other transition metals and organic
linkers and could result in a wide diversity of materials with
already inbuilt HPA and polyoxometalate chemistry in gen-
eral. Our study has shown that it is possible to analyze the
dynamics of molecular interaction of HPAs and transition-
metal ions with high precision. Herein, this allowed the con-
ditions to be tuned for successful synthesis of a variety of
HPAs incorporated in one type of MOF. This success im-
plies the possible extension of this strategy for applications
in acid and redox catalysis as well as gas absorption. It is
highly probable that the simplicity of the preparation proce-
dure will open a whole range of new opportunities, such as
patterned deposition, deposition on cloths and textiles, or
casting of films, just by simple impregnation with the transi-
tion metal-HPA precursor before linker addition and pre-
cipitation.
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Experimental Section

Materials: BTC was purchased from Acros Organics. The solvents were
purchased from VWR Scientific Products, Leuven (Belgium). All other
materials were obtained from Fluka and used without further purifica-
tion.

Synthesis of HPA-incorporated MOFs at RT: An aqueous solution of
Cu(NO;),:3H,0 (0.13m, 10 mL) was prepared, then a solution of HPA
(0.01mM, 6.4mL) in water was added and the mixture was stirred for
5 min. The pH of the solution was maintained at ~1.6 by adding aqueous
NaOH. BTC (0.1m) in ethanol (13.3 mL) was added and stirred for 24 h
at RT. The precipitate was filtered, repeatedly washed with water, and
dried at 40°C. The reactant weights, reagent volume, solution pH, stirring
period, and the sequence of addition of each solution were optimized.
Stirring for a longer period of time (1 to 6 d) did not show any changes
in the reaction products.

Synthesis of HPA incorporated MOFs by hydrothermal route: Aqueous
Cu(NO;),3H,0 (0.13m, 10mL) was mixed with a solution of HPA
(0.01m, 6.4 mL) in water was added and stirred for 5 min. While the pH
was maintained at ~1.6, BTC (0.1M) in pure ethanol (13.3 mL) was
added. The mixture was stirred for 30 min at RT, then placed in teflon-
lined stainless steel autoclaves and heated to 110°C for 15 h at a rate of
1°Cmin~', then finally allowed to cool for a day. The reaction product
was then filtered and repeatedly washed with water before drying at
40°CP

3P, 0 and "W NMR spectroscopy: *'P NMR spectra were recorded at
162 MHz by using a Bruker Avance 400 spectrometer. Phosphoric acid
(85%) was used as an external reference. The amounts of Cu-
(NO3),:3H,0, HPA, and BTC used were the same as those used in the
synthesis. The solutions were prepared in D,O and the pH of the solution
mixture was maintained at 1.6. O NMR spectra were recorded at
81 MHz by using a Bruker Avance 600 spectrometer. A solution of HPA
(0.5m) and Cu(NO,),:3H,0 (0.4m) was prepared in D,O (3 mL) at a pH
of 1.6, and the solvent 7O NMR signal was used as the 0 =0 ppm refer-
ence. "W NMR spectra were recorded at 25 MHz by using a Bruker
Avance 600 spectrometer. The concentration of the solutions of Cu** and
the HPA in D,0 were the same as in the preparation procedure.
Na,WO, (2m) in D,O was used as an external reference.

SAXS: SAXS patterns of samples placed in a 1 mm vacuum-tight quartz
capillary were measured at RT by using a SAXSess mc’ instrument
(Anton Paar, Graz, Austria) with line-collimated Cug, radiation and a
CCD detector. SAXS patterns were normalized to incident beam intensi-
ty. Concentrations and ratios of Cu(NOs;),-3H,0 and HPA were the same
as during synthesis and *'P NMR spectroscopy. The scattering of water
and aqueous Cu(NOs),:3H,0 (0.13Mm) was subtracted as background for
the HPA (H,PW,,0,x H,0) and Cu**/HPA samples, respectively. Back-
ground subtraction and correction for instrumental broadening was per-
formed by using the SAXSquant software. Model fits were performed by
using the NIST SANS package for the Igor Pro software (Wavemet-
rics).®! The form factor of monodisperse spheres and the Hayter—Pen-
fold structure factor for electrostatic interactions were used.

DLS: An ALV/CGS-3 instrument (ALV, Langen, Germany) was used for
DLS measurements. A solution of H;PW,0,xH,0O (0.01m) and Cu-
(NO3),*3H,0 (0.13M) was prepared in filtered Millipore water (16.4 mL)
by using 20 nm Whatman Teflon antop syringe filters. The samples were
then filtered by using 100 nm Whatman Teflon syringe filters and mea-
sured in glass tubes that had previously been cleaned with filtered ace-
tone (100 nm Whatman filters) and dried to avoid any interference of
dust particles in the samples. After inserting the sample in the instru-
ment, 5Smin were allowed for temperature stabilization. Light with a
wavelength of 659 nm was used. Measurements of 60 s were performed
at three different angles of 30, 90, and 150°. Because the HPA gave very
weak signals due to very small particles, measurements were repeated
over 24 h for both the HPA and Cu?*/HPA solutions.

NIR spectroscopy: A UV/Vis Lambda 12 Perkin-Elmer instrument was
used to measure samples with varying amounts of H;PW,0,x H,O/Cu-
(NO3),»3H,0 with the concentration of Cu(NO;),»3H,0 (0.03m) kept
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constant. The solutions were prepared in Millipore water and the meas-
urements were conducted within a range of 1 =600-900 nm.
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