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High throughput methods were employed in the discovery of
[Cus(PPT)(H,0):]-10H,0 (denoted CAU-14). The structure contains
one-dimensional channels with a diameter of 9.4 A. Thermal acti-
vation leads to the formation of uncoordinated metal sites and a
high water uptake of 39.1 wt% was found.

In the intensely investigated field of porous crystalline
materials metal organic frameworks offer exceptional pro-
perties, such as unsaturated metal sites in the pores. The com-
paratively high surface areas and the possibility of
incorporating different functional groups lead to many poten-
tial applications including gas storage, separation, drug deli-
very and catalysis." For these applications stability is crucial.
Most metal organic frameworks built of carboxylate-based
linker molecules are often not stable against moisture or tem-
perature. A way to form more stable compounds is to use phos-
phonate-based linker molecules.”> The higher charge and
larger number of atoms involved in bonding lead to more
stable frameworks.? A disadvantage of this approach is the ten-
dency of metal phosphonates to form dense layered structures.
Thus the number of known porous metal phosphonates is very
limited (Table S17).

Different approaches have been used to form porous metal
phosphonates. One strategy to introduce porosity in layered
metal phosphonates involves the use of large linear diphos-
phonic acids in combination with small monophosphonic
acids.” These materials exhibit low crystallinity and a broad
pore size distribution. Another strategy is the use of methyl-
phosphonic acid. This led to the first crystalline porous metal
phosphonates Cu(O;PCH;3)° and f-Al,(O;PCH;);.° Another
strategy is to disrupt the formation of layered structures, for
example through the insertion of other functional groups like
the amine group that coordinates to the metal ion. An example
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The new triazine-based porous copper
phosphonate [Cuz(PPT)(H,0)z]-10H,O+

is the STA-12  family with the  composition
[M,(H,0),(0;PCH,NC,HgNCH,PO;)]-xH,0, M = Mg, Mn, Fe,
Co, Ni.”

In our approach we aim at disrupting the formation of
layered structures through the choice of the linker molecule
geometry. This approach has very recently been shown to lead
to the permanently porous MOFs [Zr;(OoP3Cs4H;g)s]® and
[Al(OsP5C1,Hy5)(H,0)].°

The new linker molecule employed in this study is 2,4,6-tri-
(phenylene-4-phosphonic acid)-s-triazine (H¢PPT). It was syn-
thesised in a three step reaction (see Scheme 1). First 2,4,6-tri-
(4-bromophenyl)-s-triazine was obtained by cyclotrimerization
of 4-bromobenzonitrile,'"® which was converted by reaction
with triethylphosphite and nickel chloride as the catalyst to
2,4,6-tri-(4-diethylphosphonophenyl)-s-triazine."* The ester was
converted into 2,4,6-tri-(phenylene-4-phosphonic acid)-s-tria-
zine (HgPPT, 1) using Me;SiBr and CH;0H."”

Br Br
Br ©\/N\K©/
| S
NN

F,C-SO,H NicL
s T,
P(OEY),
Ul
N
Br
H,C
H;CW cH rCH3
o, 0~ o Q
HO—-P—OH
0

: )
v 0\
<p »
/r NY
’ AT
N
‘ N
N zN Me,SiBr
_MesSiBr
NZON
o |
N
—CH; 0 OH
0=P-0 P P 30
HO™ ‘on HO

O
CH HPPT

Scheme 1 Synthesis of 2,4,6-tri-(phenylene-4-phosphonic acid)-s-
triazine (HgPPT).
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Fig. 1 Crystallisation diagram of the system Cu®*/HgPPT/NaOH. Each
point in the diagram corresponds to a distinct molar ration of the three
starting materials.

The system Cu’'/H¢PPT/NaOH in water as the solvent was
investigated using high-throughput methods." These allow a
systematic and efficient investigation of reaction parameters.
The investigated molar ratios of the starting materials and the
results of the PXRD measurements are shown in the crystalli-
zation diagram (Fig. 1, Fig. S1, Table S2+).

CAU-14 is obtained in a Teflon-lined autoclave (Viax =
2 mL) by reaction of a mixture of aqueous 2 M Cu(NOj),
(63.7 pL, 0.127 mmol), H¢PPT (70 mg, 0.127 mmol), aqueous
2 M NaOH (223 pL, 0.446 mmol) and 713 pL deionised water.
The reactor was slowly heated within 16 h to 190 °C. The tem-
perature was kept for 24 h and the reactor was subsequently
cooled to room temperature within 24 hours. The precipitate
was filtered of and washed with water.

During the synthesis optimisation single crystals of CAU-14
were obtained. Due to the small size of the single crystals (ca.
50 x 10 x 10 um®) synchrotron radiation was used for single
crystal X-ray diffraction. Data was recorded at beamline 119 at
the Diamond Light Source in Didcot, UK. The Crystal data and
final results of the structure refinement are provided in
Table 1, Tables S3, S4, S5.1 The asymmetric unit is shown in
Fig. 2.

In the structure of CAU-14 each Cu®" ion exhibits a dis-
torted square pyramidal coordination environment consisting
of four oxygen atoms of four different phosphonate groups

Table 1 Crystal data for CAU-14

Formula sum
Crystal system
a/A, b/A, c/A

C21H15Cu3N3045P;3
Monoclinic
25.618(5), 17.040(3), 4.4322(9)

Bl° 99.96(3)

VIA® 1905.6(7)

Space group Ccm

Tot., uniq. data, Rin, 7534, 2946, 0.0596
Observed data [I > 26(1)] 2773

Ry, WR, (all data) 0.0532, 0.1521
GOF 1.091
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Fig. 2 The asymmetric unit of CAU-14.

and one coordinated water molecule. Corner-sharing of the
CuOs polyhedra leads to the formation of trimeric
Cuz09(H,0); units (Fig. 3a). These units are connected via
phosphonate groups to form one-dimensional inorganic build-
ing units (Fig. 3b). Each column is connected to six adjacent
ones via the linker molecules (Fig. 3c). This leads to a honey-
comb network with pores of approximately 9.4 A in diameter
(Fig. 4). Non-coordinating water molecules in the pores par-
tially interact with the nitrogen atoms of the triazine ring
through H-bonding interactions (Table S47).

Fig. 3 (a) The trimeric CuzOg(H,0)3 unit, (b) the copper phosphonate
pillars viewed down the a-axis. (c) View along the c-axis of CAU-14
(water molecules in the pores omitted for clarity). CuOs and CPO3 poly-
hedra are shown in green and red, respectively.
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Fig. 4 Space filling view of one pore of CAU-14 along the c-axis. A

sphere of 9.4 A in diameter is added to demonstrate the pore size. Water
molecules in the pores are omitted for clarity.

Thermogravimetric measurements (Fig. S21) showed a
weight loss up to 150 °C due to the loss of solvent molecules.
The framework of CAU-14 is stable up to 380 °C in air. Hence
it was activated prior to the sorption experiments at 150 °C for
18 h under reduced pressure (10”2 kPa). Evaluation of the N,
sorption isotherm (Fig. S3t), recorded at 77 K, lead to a
specific surface area of appr = 647 m* g~ " and a micropore
volume of Vi = 0.27 em® g~ " (theoretical micropore volume
Viie = 0.37 em® g™'). CAU-14 is also porous towards CO,
(uptake of 1.1 mmol g™" (4.84 wt%) at 100 kPa) and H, (uptake
of 3.3 mmol g~ (0.67 wt%) at 100 kPa) (Fig. S4 and S5t). Stabi-
lity of CAU-14 was demonstrated by PXRD measurements. A
comparison of the PXRD patterns of as-synthesized CAU-14
and CAU-14 after the sorption measurements with a simulated
PXRD pattern is given in Fig. S6.t

The activation leads also to the removal of the coordinated
water molecules, leaving the framework with unsaturated open
metal sites. This was confirmed by the results of the water
sorption measurement (Fig. 5) and the colour change of the
sample from light to dark green (Fig. 6). The water vapour iso-
therm shows two distinct steps; first three water molecules per
formula sum are adsorbed up to p/p, = 0.05, which corres-
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Fig. 5 Water sorption isotherm of CAU-14, measured at 298 K.
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Fig. 6 left: CAU-14 as synthesised, right thermally activated CAU-14.

ponds to the three coordinated water molecules. Around p/p, =
0.2 a steep uptake of ten water molecules per formula sum is
observed (23.1 wt%). The water sorption is fully reversible
and the large loading lift lies within a narrow pressure range
(0.18 < plpy < 0.20). In addition only a comparatively small
hysteresis is observed (Fig. 5).

These properties could make CAU-14 a promising candidate
for heat storage and transformation applications with water as

working fluid.**

Conclusions

The small number of porous metal phosphonates has been
expanded by the new permanently porous metal phosphonate
CAU-14, which is thermally stable up to 380 °C and shows
reversible water uptake at 25 °C. The trigonal planar shape of
the phosphonic acid prevents the formation of metal phospho-
nate layers and leads to a porous honeycomb network. Hence
the use of trigonal linkers seems to be a promising way to
obtain porous metal phosphonates. The structure of CAU-14
[Cu;(PPT)(H,0)5]-10H,0 was determined by single crystal X-ray
diffraction using synchrotron radiation. Permanent porosity
was demonstrated by sorption of N,, CO,, H, and H,O. The
measured porosity towards nitrogen (Vi = 0.27 cm® g7') is
comparable to the well studied porous metal phosphonate
STA-12, [M,(H,0),(03;PCH,NC,HgNCH,PO;)]-xH,0, M = Mg,
Mn, Fe, Co, Ni. Upon activation the water molecules in CAU-14
which are bonded to the copper can be removed. This leads to
a framework with unsaturated metal sites which could be
useful for catalytic transformations.
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