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Isostructural Family of Rare-Earth MOFs Synthesized from
1,1,2,2-Tetrakis(4-phosphonophenyl)ethylene
Felix Steinke,[a] Tobias Otto,[a] Sho Ito,[b] Stephan Wöhlbrandt,[a] and Norbert Stock*[a, c]

The tetraphosphonic acid 1,1,2,2-tetrakis(4-
phosphonophenyl)ethylene (H8L) was used as linker in the
synthesis of eight new isostructural, phosphonate-based metal-
organic frameworks of composition [M2(H2O)2(H2L)] ·xH2O
(M=Y3+, Tb3+, Dy3+, Ho3+, Er3+, Tm3+, Yb3+, Lu3+; 1.5<x<4),
denoted as M-CAU-34. The compounds were synthesized under

hydrothermal reaction conditions, using the corresponding
metal nitrates as starting materials. The determination of the
crystal structure was achieved by a combination of electron and
powder X-ray diffraction (PXRD) data. In addition, a thorough
characterization by thermogravimetric and elemental analysis,
IR- and Raman-spectroscopy as well as H2O-sorption is given.

Introduction

Metal-organic frameworks (MOFs) exhibit modular composi-
tions, in which inorganic and organic building units can be
selected to influence the properties of the resulting materials.
Especially the high variability in the choice of linker molecules
can have a significant impact on the resulting framework
structure and properties.[1] While the field of MOF research is
steadily growing and expanding into various fields of applica-
tions, such as sensing,[2] molecular separation[3] or catalysis,[4]

carboxylate based compounds overwhelmingly make up the
majority of studied MOFs. The use of linker molecules
containing other functional groups such as phosphonic acids
have attracted less attention.[5] This is due to a preferred
formation of dense and layered structures[6] and the necessity
of linker synthesis since only a limited number of suitable
phosphonic acids are commercially available.

Different studies have demonstrated the use of di-, tri- and
tetraphosphonic acids for the synthesis of phosphonate based
MOFs.[7] While the use of diphosphonic acids often rely on
serendipity and exploratory investigations, the use of large tri-
or tetratopic linker molecules resulted in porosity through the
arrangement of space demanding linker molecules.[8] As part of
these studies, our group recently reported the successful use of

1,1,2,2-tetrakis(4-phosphonophenyl)ethylene (H8L, Figure 1) as a
starting material for the synthesis of porous metal phospho-
nates in combination with divalent metal ions.[9] The suitability
of this linker for the synthesis of new MOFs was confirmed in
studies using trivalent metal ions, which included group 13 and
transition metal ions.[10]

Phosphonate based MOFs have also a tendency to crystal-
lize as microcrystalline powders.[11,12] Recent advances in
electron diffraction in combination with PXRD proofed this
method as an excellent tool to achieve structure determination
of these types of microcrystalline samples.[11–13] One of the main
complications of electron diffraction in MOF investigation is
beam damage,[14] which can render the determination of correct
structural models extremely difficult by negatively impacting
the data quality. However, commercial applications of electron
diffraction are getting more common. The XtaLAB Synergy-ED
by Rigaku and JEOL is the first commercially available dedicated
electron diffractometer, which allows users solving crystal
structures of nano-sized crystallites from electron diffraction
much more easily, making the method more readily accessible
to the crystallographic community.

Herein we report the use of yttrium and seven lanthanoid
salts in the synthesis of new isostructural, microcrystalline
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Figure 1. The reaction of the linker molecule 1,1,2,2-tetrakis(4-
phosphonophenyl)ethylene (H8L, left) with several rare-earth (RE) nitrates
leads to the formation of metal phosphonates of composition
[M2(H2O)2(H2L)] ·xH2O (M=Y3+, Tb3+, Dy3+, Ho3+, Er3+, Tm3+, Yb3+, Lu3+),
denoted CAU-34, under hydrothermal synthesis conditions. Color scheme:
grey= linker, blue= IBU, yellow=pore.
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phosphonate based MOFs denoted as M� CAU-34 (M=Y3+, Tb3+,
Dy3+, Ho3+, Er3+, Tm3+, Yb3+, Lu3+) (Figure 1).

Results and Discussion

Synthesis of M-CAU-34

The synthesis of Y-CAU-34 was easily accomplished under
hydrothermal reaction conditions at 150 °C within 12 hours,
using yttrium nitrate and the linker molecule in water as the
solvent in a molar ratio M3+ :H8L :H2O=2 :1 :3700. The com-
pound was first synthesized at a 1 mL scale, while the scale-up
to the 10 mL scale was also achieved. Y-CAU-34 was obtained
as a microcrystalline product and therefore structure determi-
nation was carried out by a combination of electron diffraction
(ED) and powder X-ray diffraction (PXRD).

A metal screening experiment was carried out using our in-
house high-throughput setup, in order to study the effect of
the ionic radius on the product formation. Hence yttrium nitrate
was replaced by 14 lanthanoid nitrates while all other synthesis
parameters were kept the same. The PXRD patterns of the
reaction products are shown in Figure 2. CAU-34 is also formed
with the seven other rare-earth ions Tb, Dy, Ho, Er, Tm, Yb and
Lu, although the samples containing Tb and Lu contain minor
impurities as proven by LeBail fits of the PXRD data (Figures S11
and S12). As a general trend, significant peak broadening is
observed with increasing atomic number, i. e. decreasing ionic
radius. The use of the other rare-earth ions (Ce to Gd) under
these reaction conditions results in the formation of products of
low crystallinity or a highly crystalline compound when La is
used. This compound crystallizes in a different structure and it
is therefore not discussed in the manuscript. Only phase pure
CAU-34 compounds were further characterized in detail.

Crystal structure determination of Y-CAU-34

Although several attempts were made to solve the crystal
structure of Y-CAU-34 ab initio from PXRD data, no structure
model suitable for a structure refinement employing the
Rietveld method could be obtained. Therefore, electron
diffraction was employed to solve the crystal structure. The
obtained structural model was refined using the Rietveld-
algorithm as implemented in Topas Academics.[15] Distance
restrains were used to refine the position of yttrium, oxygen
and phosphorous atoms. The carbon backbone of the linker
molecule was refined employing a z-matrix with constraints for
bond lengths and angles. Adsorbed water molecules in the
pores were considered and refined as oxygen atoms on general
positions. PXRD data of the lanthanide analogues of Y-CAU-34
were refined using the Le Bail algorithm to confirm phase purity
and to refine the lattice parameters The final crystallographic
data of the refinements of M-CAU-34 (M=Y, Tb, Dy, Ho, Er, Tm,
Yb, Lu) are given in Tables S1–S2 and the respective plots are
shown in S5–S12.

Crystal structure description of Y-CAU-34

The asymmetric unit of [Y2(H2O)2(H2L)] · 4H2O consists of half a
linker molecule on a special position, one Y3+ ion on a general
position as well as one coordinating water molecule (Figure 3a).
Additionally, there are two water molecules located in the
pores. Each metal ion is surrounded by six oxygen atoms
originating from five different linker molecules and a seventh
oxygen atom, assigned to a coordinating water molecule, which
leads to a pentagonal bipyramidal coordination environment.
Each linker is connecting ten Y3+ ions. The interconnection of
the phosphonate groups can be described using the Harris
notation as [2.110] and [3.2121213] for the phosphorus atoms
P11 and P21, respectively (Figure 3c).[16] According to the Harris
notation, there are two non-coordinating phosphonate oxygen
atoms in each linker molecule, which are likely protonated.
Localization of the proton, which is necessary for charge
balance, was not possible, since the structure refinement was
carried out against PXRD data. The Y� O and P� O bond lengths
of the IBU (Figure 3b) and C� P bond lengths are given in
Table S3. The values are within the range observed for other
yttrium phosphonates reported in the CSD MOF subset as
analyzed using Conquest and Mercury.[17] The inorganic building
unit (IBU) is formed by edge sharing YO7-polyhedra (Figure 3c),
which are interconnected though phosphonate groups to rods
along the b-axis. This type of IBU with periodicity along one
direction was previously reported for metal(III) phosphonates.[18]

Each rod is connected through four linker moieties to eight
other rods along the a- and the c-axis forming a (I1O2)-3D-
network, according to the classification scheme (InOm) proposed
by Cheetham, which describes the dimensionality of different
structures with respect to both organic connectivity between
metal centers (Om) and extended inorganic connectivity (In).[19]

The general structural motif with each linker interconnect-
ing four IBUs is also found in cobalt and aluminum phospho-

Figure 2. PXRD data of reaction products obtained in a high-throughput
screening experiment using 15 different rare-earth nitrates.
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nates CAU-48[9] and CAU-53.[10] The motif was predicted for
metal phosphonates composed of a square-shaped geometry
and chain-type IBUs.[12] In the crystal structure of CAU-34,
channel-type ultra-micro pores are found with a limiting pore
diameter of 2.48 Å, while the maximum diameter is 3.5 Å as
determined with the program PoreBlazer.[22]

Since the limiting diameter is below, but in the range of the
kinetic diameter of water molecules, uptake of water at 298 K is
anticipated but the adsorption of the bigger nitrogen molecules
at 77 K is not expected.[23] In the as synthesized CAU-34, the
channels are filled with physisorbed water molecules.

The lattice parameters of the other isostructural compounds
Ln-CAU-34 (Ln=Tb, Dy, Ho, Er, Tm, Yb, Lu) were determined by
Le Bail refinements and are listed in Tables S1 and S2. A plot of
the ionic radius against the volume of the unit cell is shown in
Figure 4 and an increase with the ionic radius is found. Since
Tb- and Lu-CAU-34 are not phase-pure according to the PXRD
data, these compounds were not further characterized.

Thermal properties

The purity of the synthesized compounds Y-CAU-34 and Ln-
CAU-34 (Ln=Dy, Ho, Er, Tm, Yb) was further confirmed by
elemental analysis (see experimental) and thermal properties
were determined by thermogravimetric (TG) measurements
(Table 1, Figure 5, Figures S13–S18). The TG curves show the
expected loss of water molecules between 100 and 290 °C in
one or two weight loss steps, which are not well resolved,
followed by the exothermic decomposition of the linker
molecule at temperatures ranging from 380–440 °C in several
steps. The calculated mass losses of adsorbed and coordinating
water molecules are in accordance with the results from the
elemental analysis (Table 1). After the TG measurements, the
residues were analyzed by PXRD. They are composed of
different mixtures of metal phosphates (M(III)PO4, M(III)(PO3)3)
and also contain unidentified phases.

The thermal stability of the crystal structure of Y-CAU-34
was studied employing variable temperature (VT-) PXRD
measurements (Figure S19). Only minor structural changes are

Figure 3. Crystal structure of Y-CAU-34. a) Pentagonal bipyramidal coordination environment of Y3+ ions, b) asymmetric unit, c) connection of Y3+ ions by a
linker molecule, d) representation of the rod-shaped inorganic building unit (IBU), e) edge-sharing dimers in the IBU of CAU-34 and coordinated phosphonate
groups interconnecting the dimers, f) representation of the crystal structure as seen along the b-axis.

Figure 4. Evolution of the unit cell volume of the title compounds depend-
ing of the crystal ionic radii of the used rare-earth ion with coordination
number seven.[20,21] The unit cell volumes were obtained from Rietveld and
Le Bail refinements using PXRD data.

Figure 5. TG-data of M-CAU-34 in the range of 30 to 1000 °C (M=Y3+, Dy3+,
Ho3+, Er3+, Tm3+, Yb3+).
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observed between 30 and 350 °C, followed by the loss of long-
range order and decomposition.

Sorption measurements

The sorption behavior of the Y-CAU-34 was investigated using
nitrogen, carbon dioxide and water as the adsorptive (Figure 6).
H2O and CO2 sorption isotherms were recorded at 298 K, while
N2 isotherms were collected at 77 K.

For the isostructural compounds, only H2O sorption iso-
therms were recorded (Figure S22). Prior to the measurements
the samples were thermally activated at 120 °C under reduced
pressure over night. PXRD patterns were collected after each
measurement to confirm the preservation of long-range order
(Figure S25 to S30). All compounds show an uptake of water

during the adsorption measurements. Y-CAU-34 shows a steep
uptake of water at low relative humidity (0<p/p0<0.037). This
first uptake of three water molecules per formula unit (ca.
5.7 wt-%) is followed by the uptake of three water molecules
per formula up to p/p0 =0.80. The total uptake of 6.3 water
molecules is slightly higher than expected from the TGA results,
which may be attributed to the high relative humidity during
the measurement. The total water uptake of the isostructural
compounds ranges between 3.9-7.8 mol/mol (Table 1).

Y-CAU-34 shows no significant uptake of N2 at 77 K,
however, CO2 is adsorbed to a small extent at 298 K.

Conclusion

The use of the tetratopic linker molecule 1,1,2,2-tetrakis(4-
phosphonophenyl)ethylene and rare-earth metal ions in synthe-
ses deploying hydrothermal reaction conditions led to the
discovery of eight new porous metal phosphonates denoted M-
CAU-34 (M=Y, Tb, Dy, Ho, Er, Tm, Yb, Lu). The crystal structure
of Y-CAU-34 was solved from electron diffraction data and
successfully refined against PXRD data. Le Bail fits were used to
confirm the purity and the lattice parameters of the other
isostructural CAU-34 compounds. As expected, an increase in
the unit cell volume with increasing ionic radius is observed.
Rare-earth ions with an effective radius larger than 98 pm lead
to less crystalline products or a different crystal structure. The
title compounds show water adsorption at low p/p0 values,
indicating high hydrophilicity. For Y-CAU-34, a high thermal
stability of 350 °C was observed by VT-PXRD measurements.

Experimental Section

Materials and methods

A list of starting materials and solvents is given in the SI (Table S5).
If not noted otherwise, all chemicals were used as received from

Table 1. Results of the elemental and TG analysis as well as H2O-sorption measurement of M-CAU-34 ([M2(H2O)2(LH2)] · xH2O; M=Y, Dy, Ho, Er, Tm, Yb). The
mass loss of adsorbed and coordinating water molecules as well as the temperature range for the loss of water and the decomposition temperature of the
linker is given. For the H2O adsorption, the water uptake in mol/mol and mg(H2O)/g(CAU-34) is given.

Elemental analysis TG analysis H2O uptake in adsorption
measurement

Sum formula observed/
calculated

Mass loss
H2O [%]
(obs./calc.)

H2O molecules
per sum formula

Temperature range
for the loss of
water [°C]

Onset temperature
for the decomposition
of the linker [°C]

mg(H2O)/
g(CAU-34)

mol/mol

[Y2(H2O)2(LH2)] · 4H2O C 34.6/33.5,
H 3.36/3.24

11.9/11.6 6 20–280 400 120 6.3

[Dy2(H2O)2(LH2)] · 3.5H2O C 30.0/29.7,
H 2.91/2.59

7.71/7.70 5.5 20–265 440 83 5.1

[Ho2(H2O)2(LH2)] · 2H2O C 30.1/29.8,
H 2.84/2.42

6.51/6.07 4 20–290 430 64 3.9

[Er2(H2O)2(LH2)] · 3H2O C 29.5/29.2,
H 2.94/2.64

8.62/8.41 5 20–260 390 89 5.6

[Tm2(H2O)2(LH2)] · 1.5H2O C 29.4/29.8,
H 2.95/2.41

5.85/6.02 3.5 20–250 380 68 4.2

[Yb2(H2O)2(LH2)] · 3H2O C 29.3/28.9,
H 2.92/2.61

8.07/8.32 5 20–250 400 124 7.8

Figure 6. H2O (black), CO2 (red) and N2-(blue) adsorption isotherms of Y-
CAU-34 measured at 298 K (H2O and CO2) or 77 K (N2) after activation at
120 °C in 16 hours under reduced pressure. A specific surface area of
aBET =37 m2/g was calculated from the nitrogen adsorption data.

Research Article
doi.org/10.1002/ejic.202200562

Eur. J. Inorg. Chem. 2022, e202200562 (4 of 6) © 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Wiley VCH Dienstag, 29.11.2022

2234 / 271946 [S. 11/13] 1

 10990682c, 2022, 34, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.202200562 by U
niversitatsbibliothek K

iel, W
iley O

nline L
ibrary on [15/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



commercial sources without further purification. NiCl2 · 6H2O was
heated in an oven at 150 °C for 24 hours prior to the linker synthesis
to receive anhydrous NiCl2. Powder X-ray diffraction (PXRD) data
were collected on a Stoe Stadi P-Combi and on a Stadi MP
diffractometer both equipped with a MYTHEN 1 K detector (CuKα1-
radiation, λ=1.5406 Å) in transmission using an xy- or flat sample
holder. IR-spectra were measured on a Bruker ALPHA-FT-IR A220/D-
01 using an ATR-unit. Raman spectra were recorded at RT on a
Bruker RAM II FT-Raman spectrometer using a liquid nitrogen
cooled, highly sensitive Ge detector, 1064 nm radiation and 3 cm� 1

resolution. 1H- and 31P-NMR spectra were recorded with a Bruker
AVANCE III HD Pulse Fourier Transform spectrometer equipped
with a cryo-probehead Prodigy BBO400S1 BB-H&F-D-05-Z operating
at a frequency of 400.13 MHz (1H) or 161.98 MHz (31P). The CHNS-
measurements were performed with a vario MICRO cube Elemen-
taranalysator from Elementar. Thermogravimetric and DSC data was
collected on a Linseis STA PT 1600 (airflow=6 L/h, heating rate=

4 Kmin� 1). Variable temperature PXRD data (VT-PXRD) was collected
with a Stoe capillary furnace in a 0.5 mm quartz capillary. The
temperature range between 30 °C and 500 °C was studied. The
samples were heated in steps of 10 °C (30–400 °C) or 20 °C (400–
500 °C). Sorption measurements were carried out using a BEL Japan
Inc. BELSORP-max with water vapor at 298 K and a BELSORP-MiniX
with N2 or CO2 at 77 or 298 K respectively. The samples were
treated for 16 h at 120 °C under reduced pressure (p<10� 2 mbar)
prior to the measurements. The syntheses of the title compounds
was carried out in a programmable Memmert UNB 500 oven with
forced ventilation using custom-made steel autoclaves with Teflon
inserts (total volume of 2 or 20 ml).[24] Electron diffraction data was
collected using a Rigaku XtaLAB Synergy-ED diffractometer
equipped with a Rigaku HyPix-ED detector and LaB6 electron source
at 200 keV, in vacuum at ambient temperature.[25]

Synthesis

Synthesis and characterization of
1,1,2,2-tetrakis(4-phosphonophenyl)ethylene

The linker molecule 1,1,2,2-tetrakis(4-phosphonophenyl)ethylene
was synthesized as described in literature.[9] In a first step, 1,1,2,2-
tetrakis(4-bromophenyl)ethylene was synthesized starting from
1,1,2,2-tetraphenylethylene and bromine. In a second step, the
brominated product was phosphonated in a nickel-catalyzed
reaction using triethylphosphite. The linker was obtained by
hydrolysis using concentrated hydrochloric acid as a white powder
(6.65 g, 55% yield based on tetrabromophenylethylene). 1H- and
31P-NMR spectra are given in the SI (Figure S1).
1H-NMR (400 MHz, 300 K, NaOD/D2O (10%)): δ=7.06 (dd, J=11.3/
8.0 Hz, 8H), 6.73 (dd, J=8.1 Hz, 8H), ppm.
31P-NMR (162 MHz, 300 K, NaOD/D2O (10%)): δ=11.1 ppm.

Synthesis of Y-CAU-34 [Y2(H2O)2(C26H16P4O12H2)] · 3H2O

The title compound was first synthesized using our high-through-
put setup[24] following the procedures reported in our previous
studies with other di- and trivalent metal ions.[9,10] Thus in a 2 mL
Teflon insert, 30 μL (0.03 mmol, c=1 molL� 1) of an aqueous
solution of yttrium nitrate, 1,1,2,2-tetrakis(4-phosphono-
phenyl)ethylene (0.015 mmol, 9.8 mg) and 970 μL H2O were
combined. After sealing the multiclave, the reaction was carried out
by heating the mixture to 150 °C within one hour and keeping this
temperature for 12 hours. After cooling to room temperature, the
product was isolated by filtration, rinsed three times with 2 mL of
water and methanol, respectively, and finally dried under ambient

conditions. Y-CAU-34 was obtained as white microcrystalline
powder.

For the characterization of the new compound, a scale-up of the
synthesis was necessary, which was easily achieved. 1,1,2,2-
tetrakis(4-phosphonophenyl)ethylene (0.15, mmol, 97.9 mg) was
transferred into a 30 mL Teflon insert and 9.7 mL H2O and an
aqueous solution of yttrium nitrate (0.3 mmol, 300 μL, 1 molL� 1)
were added. The Teflon insert was enclosed in a steel autoclave
and heated to 150 °C within 1 hour, kept at this temperature for
12 hours and cooled down to room temperature. The product was
isolated through vacuum filtration, washed with 20 mL H2O and
methanol, respectively, and dried at ambient conditions in air.
124 mg (0.119 mmol, 79.1%) Y-CAU-34 were obtained.

Results of the elemental analyses (observed/calculated): C 34.6/33.5,
H 3.36/3.24 (calculated for [Y2(H2O)2(C26H16P4O12H2)] · 4H2O)

Synthesis of Ln-CAU-34 (Ln=Dy, Ho, Er, Tm, Yb, Lu)

The lanthanide analogues of Y-CAU-34 were obtained by using the
respective metal nitrate, following the synthesis procedure de-
scribed for Y-CAU-34.

Yield and results of the elemental analyses (observed/calculated):

Dy-CAU-34 ð½Dy2ðH2OÞ2ðC26H16P4O12H2Þ� � 3:5H2O,

129 mg, 80:1%Þ : C 30:0=29:7, H 2:91=2:59

Ho-CAU-34 : ð½Ho2ðH2OÞ2ðC26H16P4O12H2Þ� � 2H2O,

124 mg, 80:0%Þ : C 30:1=29:8, H 2:84=2:42

Er-CAU-34 : ð½Er2ðH2OÞ2ðC26H16P4O12H2Þ� � 3H2O,

120 mg, 74:7%Þ : C 29:5=29:2, H 2:94=2:64

Tm-CAU-34 : ð½Tm2ðH2OÞ2ðC26H16P4O12H2Þ� � 1:5H2O,

94:3 mg, 60:0%Þ : C 29:4=29:8, H 2:95=2:41

Yb-CAU-34 : ð½Yb2ðH2OÞ2ðC26H16P4O12H2Þ� � 3H2O,

86:8 mg, 53:5%Þ : C 29:3=28:9, H 2:92=2:61

Structure determination

The structure of Y-CAU-34 was solved from electron diffraction
data. The shutterless data collection was performed with continues
crystal rotation method (3D-ED/MED) at 645 mm detector distance.
The dataset contains 400 frames, which were saved and processed
(CrysAlisPro)[25] with a scan width of 0.25° and an exposure time of
0.25 seconds. The completeness of the data was 66.3% at 0.8 Å,
which was sufficient to get a crystal structure solution using
intrinsic phasing[26] and refine it with kinematic approximation in a
partially restrained model.[27] The final ED crystal structure was
suitable for a successful Rietveld refinement against PXRD data.
Topas Academics[15] was used for the structure refinement. A z-
matrix of half a linker molecule as well as distance and angle
restraints for Y� O and the C� P� O moieties were used. Details are
given in the supporting information.

Deposition Number 2202254 (for Y-CAU-34) contains the supple-
mentary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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