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Two coordination polymers constructed from magnesium and
the tetratopic organic linker 2,5-dihydroxyterephthalic acid
are reported, denominated CPO-26-Mg and CPO-27-Mg.
The organic component carries two different types of protic
functional groups. The degree of deprotonation of the or-
ganic component can be regulated by the amount of sodium
hydroxide employed in the synthesis, thus determining
which of the compounds forms. In CPO-26-Mg, only the car-
boxylic acid groups of the linker are deprotonated and take
part in the construction of the three-dimensional framework.
The structure is non-porous, and its topology is based on the
PtS net. In CPO-27-Mg, both the carboxylic acid and the hy-
droxy groups are deprotonated and involved in the construc-
tion of a microporous three-dimensional framework which is
based on a honeycomb motif containing large solvent-filled
channels. The metal atoms are arranged in chiral chains
along the intersection of the honeycomb and contain one

water molecule in their coordination sphere, which allows for
the creation of coordinatively unsaturated metal sites upon
dehydration. CPO-27-Mg is a potentially useful lightweight
adsorbent with a pore volume of 60 % of the total volume of
the structure and an apparent Langmuir surface area of up
to 1030 m2g~t. Its thermal stability was investigated by ther-
mogravimetry and variable-temperature powder X-ray dif-
fraction, which shows framework degradation to commence
at 160 °C in air, at 235 °C under nitrogen, and at 430 °C in
a dynamic vacuum. Thermogravimetric dehydration and re-
hydration experiments at miscellaneous temperatures indi-
cate that it is possible to obtain open metal sites in CPO-27-
Mg, but the water is more tightly bound in this material than
in the previously reported isostructural nickel compound.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Porous coordination polymers, or metal-organic frame-
works, are extremely interesting substances for the storage
of gases or other adsorbates because of their high specific
surface area and pore volume.l' ! For the storage of light
gases, like hydrogen, to be economical, the mass of the
empty framework should be as minimal as possible. One
way to achieve this is with frameworks with an extremely
high pore volume.l '3 However, it has been postulated that
hydrogen is optimally stored in porous materials with pore
diameters of ca. 6 A.l'"Y Frameworks with extremely high
pore volumes usually also have very large pore diameters,
which then might adversively affect the adsorption proper-
ties, e.g. by reducing the selectivity or even inhibiting large
adsorption values. An alternative possibility of decreasing
the specific weight of the framework is by using building
blocks which are as lightweight as possible. Since the or-
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ganic component already consists of light elements, this
leaves the metal component as the sole parameter that can
be optimized. Many coordination polymers contain di-
valent transition metals as metal component. Magnesium is
one of the lightest metals, and it is therefore theoretically
an ideal choice for the construction of possibly non-toxic
and lightweight frameworks. However, relatively few mag-
nesium coordination polymers are reported among the
wealth of literature describing novel MOFs.[15-37]

In this paper, we present the synthesis and characteriza-
tion of two coordination polymers formed by reaction of
magnesium nitrate and 2,5-dihydroxyterephthalic acid
(H4dhtp), a tetratopic ligand that carries two different types
of functional groups. It has been used previously to prepare
microporous frameworks containing the metals zinc, cobalt,
nickel, and scandium.P$42 Which of the two framework
compounds is formed depends on the extent to which the
ligand is deprotonated, and it may be adjusted by the
amount of base employed in the synthesis. One of the
metal-organic frameworks is non-porous, while the other
exhibits microporosity. We report the thermal stability of
the latter framework, its congruent ability to reversibly re-
lease and adsorb again the water contained in its pores, and
its behavior towards nitrogen gas adsorption.
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Results and Discussion

Syntheses

2,5-Dihydroxyterephthalic acid contains two types of
protic functionalities: (i) two carboxylic acid groups, (ii) two
hydroxy groups. Phenolic protons are significantly more
acidic than aliphatic alcohols. Thus, they can be easily de-
protonated by a sufficiently strong base. Alternatively, the
resulting framework compound itself may be sufficiently
stable to promote the formation of the framework contain-
ing the deprotonated hydroxy group, as we have observed
during the syntheses of the cobalt and nickel compounds
[M,(dhtp)(H,0)]8H,0, CPO-27-M (M = Co, Nij),3%41l
where the final pH value is weakly acidic (ca. 5-6).

In the present case, the ratio of base/organic ligand deter-
mines whether only the carboxylic acid groups are depro-
tonated or all the protic groups of the ligand are in their
deprotonated form. For reasons of charge neutrality, the
ratio of magnesium/ligand is 1:1 in CPO-26-Mg, whereas it
is 2:1 in CPO-27-Mg. The organic solvent, ethanol and
THF for CPO-26-Mg and CPO-27-Mg, respectively, used
in the experimental procedure given below was chosen to
increase the yield of the reaction. The respective product is
also obtained when the organic solvents are interchanged.
(However, in the case of CPO-26-Mg, only very few yellow
crystals are obtained with THF instead of ethanol in the
solvent mixture.)

It is noteworthy to mention that in the case of cobalt
and nickel, we only obtained the 2:1 compounds even under
conditions which are supposed to favor the formation of
the 1:1 compounds, whereas it is also possible to induce
the formation of a 1:1 and a 2:1 compound by selective
deprotonation of the organic acid with zinc as cation.0-4]

Crystal Structures

Of the protic functional groups of 2,5-dihydroxytereph-
thalic acid only the carboxylic acid groups are deprotonated
in CPO-26-Mg. Hence, only the carboxylate groups of the
ligand are involved in the coordination of the magnesium
atom, while the hydroxy groups form intramolecular hydro-
gen bonds with the oxygen atoms of the adjacent carboxyl-
ate groups. Each of the oxygen atoms of the carboxylate
group coordinates a magnesium atom; the carboxylate
groups thus function as bridging connector between iso-
lated octahedra of magnesium atoms surrounded by oxygen
atoms, four of which belong to carboxylate groups and the
remaining two belong to two water molecules in cis orienta-
tion to each other. The magnesium coordination octahedra
linked in this way form zigzag chains (Figure la). The
chains are linked by the organic ligand such that a three-
dimensional framework results in which the chains are ori-
ented in parallel (Figure 1b). The planes of the phenyl rings
are arranged in a staggered conformation on top of each
other and in parallel with a distance of 3.499(2) A between
their centers of gravity. Selected bond lengths and angles
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are listed in Table 1. The hydrogen atoms of the water mole-
cules are involved in hydrogen bonding to oxygen atoms of
the hydroxy groups of the organic ligand (Table 2).

Figure 1. Crystal structure of CPO-26-Mg: (a) coordination geome-
try around the magnesium atom and chains formed by the bridging
carboxylate groups; (b) three-dimensional framework viewed along
the chains of magnesium—oxygen octahedra linked in this way; (c)
topological representation.

Topologically, each metal building block is connected to
four of the organic linker building blocks and vice versa;
thus, they form a [4,4] net. Whereas the connections of the
organic ligand are planar, the environment of the magne-
sium resembles a compressed tetrahedron. The tetrahedron-
like polyhedra form chains by sharing two edges each with
adjacent polyhedra which are then linked three-dimension-
ally through common vertices. However, the topology is
better described by using the planar tiles formed by the
metal atoms surrounding the organic ligand. The tiles form
edge-sharing chains along the two diagonals of the ab
plane. The normal vector of these planar chains is tilted
in respect to the ab plane. The chains in the two diagonal
3625
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Table 1. Selected geometric parameters for CPO-26-Mg and CPO-
27-Mg (distances in A, angles in °).

CPO-26-Mg
Mgl-Ol 2.0810(15) C1-02 1.246(2)
Mgl-02 2.0254(14)  C1-Ol 1.2722)
Mgl-O4 2.0892(15)

02-Mgl-O1 94.31(6) 02-Mgl-04 89.74(6)
02 Mgl Ol 89.23(5) 02 Mgl 04 86.96(6)
02 Mgl Ol 89.23(5) 01 Mgl 04 89.32(6)
02-Mgl-Ol 94.31(5) 04-Mgl-04 94.49(9)
01-Mgl-Ol 86.90(9) 02-C1-01 124.07(16)
02-Mgl-04 86.96(6) C1-01-Mgl 133.53(11)
02-Mgl-04 89.74(6) C1-02-Mgl 156.30(12)
O1-Mgl-04 89.32(6)

CPO-27-Mg

Mgl-Ol 2.023(4) Mgl-03 1.974(4)
Mgl-02 2.070(4) Mgl-O4 2.148(4)
Mgl 02 2.166(4) 01-C1 1.307(5)
Mgl-03 2.108(4) 02-C1 1.238(6)
O1-Mgl-02 95.43(16) 0O1-Mgl-03 96.96(18)
O1-Mgl-03 99.16(17) O1-Mgl-0O4 92.76(17)
02-Mgl-02 80.18(9) 02-Mgl-03 81.80(15)
02-Mgl-03 81.73(17) 02-Mgl-04 91.69(16)
02-Mgl-03 90.92(19) 02-Mgl-03 82.59(15)
03-Mgl-04 90.53(18) 03-Mgl-04 93.69(19)
Mgl-02- Mgl 95.15(13)  Mgl-O3-Mgl  96.72(13)
01-C1-02 125.8(5)

Table 2. Short intermolecular distances pertaining to hydrogen
bonds in CPO-26-Mg.

D-H-A D-H H+A D-A <(D-H-A)
03-H3--0l (intra) 0.91(3) 1.693) 2.5202) 151(3)
04-H4--03 0.80(3) 2.03(3) 2.818(2) 170(3)
04-H503 0.87(3) 2.03(3) 2.885(2) 170(3)

directions are connected by common corners, thus forming
the three-dimensional framework. The resultant topology is
of the PtS type (Figure lc).

CPO-27-Mg is isostructural with the corresponding com-
pounds of zinc, cobalt, and nickel,’8#!l as was already sug-
gested by the similarity of the powder X-ray diffraction pat-
terns. All functional groups of the ligand are deprotonated,
and all of them are involved in coordination towards the
magnesium atoms in the crystal structure (Figure 2a, see
Table 1 for selected bond lengths and angles). The carboxyl-
ate group coordinates two metal atoms in pincing mode.
One of its oxygen atoms coordinates an additional magne-
sium atom together with the oxygen atom of the deproton-
ated hydroxy group in a-position to the carboxylate group,
hence forming a six-ring chelate complex. The oxido group
also coordinates one more magnesium atom. Thus, each o-
oxido carboxylate functionality of the ligand coordinates a
total of four metal atoms. The magnesium atom is again
surrounded in an octahedral fashion by oxygen atoms, with
five of them belonging to a ligand. The sixth oxygen atom
is part of a water molecule. The closely spaced arrangement
3626
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of multiple metal atoms by the ligands results in condensed
coordination polyhedra, specifically one-dimensional three-
fold helical chains of magnesium—oxygen octahedra which
share common edges in cis position to each other (Fig-
ure 2a). Naturally, these chains are chiral, and one could
envision stereoselective adsorption. However, the frame-
work contains a racemic mixture of chains of both handed-
nesses as a consequence of the presence of a center of in-
version. The organic linker connects the helical chains in
such a way that a honeycomb pattern results (Figure 2b),
with the metal-oxygen chains at the intersections and leav-
ing one-dimensional pores of close to 12 A diameter which
are filled with solvent water molecules (the diameter appar-
ent to a probe molecule is naturally diminished by the probe
molecule’s own diameter, e.g. the diameter of the channels
in CPO-27 “visible” to a nitrogen molecule with a kinetic
diameter of 3.6 A is in the range of 8-9 A). The water mole-
cule that is coordinatively bound to the magnesium atom
points towards the cavity. The potentially removable water
molecules occupy 60% of the total volume of the structure.

8)

Figure 2. Crystal structure of CPO-27-Mg: (a) helical threefold
chains of cis-edge-connected magnesium—oxygen coordination oc-
tahedra; (b) packing viewed along [001] showing the water-filled
one-dimensional channels.

Naturally, the coordination number of the completely de-
protonated dhtp ligand is twice as high as for the metal
atoms in CPO-27-Mg. The networks are constructed of 4-
gons around the metal atoms and 8-gons around the or-
ganic node. The 4-gons resemble strongly distorted tetrahe-
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dra. They are linked by common faces to form trigonal pil-
lars along the ¢ axis. The pillars are then joined by common
edges so that the hexagonal channels are left empty, and
the topology is that of a 4,8-¢ net.

Thermal Stability

The TG curve of the porous CPO-27-Mg (Figure 3)
shows an immediate reduction in weight as soon as the
sample is exposed to the dry gas stream in the apparatus,
which is coherent with the removal of the solvent water. The
rate of decrease levels off above 100 °C. However, under
nitrogen, the curve does not reach a plateau of constant
weight, before decomposition to magnesium oxide occurs.
In air, such a plateau is reached at 305 °C, just after a no-
ticeable step. The relative mass of the plateau corresponds
to the dehydrated compound Mg,(dhtp). Starting shortly
above 400 °C in both types of gases, a final step occurs,
which corresponds to the decomposition of the framework
and yields magnesium oxide as product as determined by
powder X-ray diffraction and residual weight. Under nitro-
gen, it is especially apparent that decomposition proceeds
before a level of constant mass equivalent to the fully dehy-
drated compound has been reached. This observation al-
ready points towards a potential difficulty in removing all
of the water contained in the pores.

100 100
80 80
§ 60 60
g
40 40
20 20
0 200 400 600 800 O 150 300 450 600

T/°C T/°C

Figure 3. TG curve of CPO-27-Mg under nitrogen (left) and in air
(right) with indication of the mass corresponding to the eight water
molecules in the channels and the two water molecules which coor-
dinate the magnesium atom.

While the decomposition of CPO-27-Mg to MgO under
an inert gas and in air appears to occur at similar tempera-
tures in the TG curves, pronounced differences become ap-
parent in the variable-temperature powder X-ray diffraction
which reveals the stability of the long-range order of the
framework with increasing temperature (Figure 4). In both
gases and in vacuo, the intensity of the first two (and
strongest) reflections immediately increases noticeably dur-
ing removal of the bulk of the water contained in the chan-
nels on initial heating. Afterwards, the maximum intensity
of the first and strongest reflection remains constant within
a temperature range dependent on the gas, indicating sta-
bility of the long-range order of the dehydrated framework.
Finally, the maximum intensities of the reflections decrease
and ultimately disappear, reflecting a loss of crystallinity of
the framework. Under nitrogen, this occurs in the range of
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235-324 °C, whereas it proceeds already in the range of
160-209 °C in air. These temperatures are significantly
lower than the weight loss steps in the TG curves associated
with decomposition of the dehydrated structure. The struc-
tural integrity is therefore lost earlier than the substance is
actually burnt off. It should also be noted that it therefore
would have been misleading to judge the thermal stability
solely on the basis of the TG curves. However, crystalline
CPO-27-Mg remains stable to a much higher temperature
in a dynamic vacuum, in which the decrease of crystallinity
is observed only above 430 °C.
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Figure 4. Variable-temperature powder X-ray diffraction of CPO-
27-Mg under nitrogen (a), in air (b), and dynamic vacuum (c)
showing the different temperature ranges in which the framework
is stable (note the difference in scale of the temperature axes).

The variable-temperature powder X-ray diffraction
clearly shows that the framework is stable at higher tem-
peratures under an inert gas than it is in air, and at even
higher temperatures in the absence of potential collision
partners from the gas phase. The loss of crystallinity in
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vacuo commences roughly at the same temperature at which
decomposition is observed in the TG curves. However, in
air and under nitrogen, the long-range order of the com-
pound disappears at significantly lower temperatures. It is
the amorphous product of the collapse of the framework
which subsequently decomposes to MgO as metal-carrying
species.

We have previously shown for the isostructural com-
pounds CPO-27-Co, CPO-27-Ni, and CPO-27-Zn that the
metal atom becomes coordinatively unsaturated in the de-
hydrated compounds and accessible from the evacuated
pores.?>#1 In contrast, the water in CPO-27-Mg appar-
ently has not been completely removed within the range of
stability of the framework. In air, even though there is a
plateau corresponding to the fully dehydrated material in
the TG curve, it occurs above the temperatures for which
the variable-temperature powder diffraction experiment in-
dicates that the material is still crystalline. The comparison
of TG and in-situ powder diffraction suggests that all of the
non-coordinating water can be removed before the frame-
work starts to collapse at 160 °C. Thus, it appears reason-
able to assume that the collapse of the framework com-
mences in step with the removal of the final water which
is likely the magnesium-coordinating molecule. Its absence
creates a reactive site at the metal atom, but because magne-
sium is not susceptible to redox reactions under the condi-
tions present, we reason that the framework collapse must
be related to the organic ligand, possibly involving reaction
with oxygen from the air. The latter appears likely because
the framework is stable to significantly higher temperatures
under nitrogen, in which there is no oxygen present. None-
theless, even under an inert gas, the coordinating water is
not completely removed before framework degradation sets
in. According to the experiments and the re-hydration ex-
periment described below, more than 50% of the water
molecules coordinating the magnesium atoms is removed,
while the framework is still intact. Thus, a certain amount
of open metal sites is expected to be present in CPO-27-Mg
upon heating under these conditions.

Adsorption Properties

The thermogravimetric analysis indicates that the bulk
of the water is easily removed from the pores, whereas the
variable-temperature powder X-ray diffraction experiment
reveals relatively little change in the reflection positions
which suggests that the framework remains essentially un-
perturbed by dehydration. In combination, these findings
indicate that the channels of the dehydrated structure are
accessible for guest molecules. The initial and straightfor-
ward experiment to probe the accessibility is, of course, to
attempt the re-hydration of previously dehydrated samples.

The experiment was performed under argon. First, the
water was removed from the sample of CPO-27-Mg by
heating to a specific temperature and keeping the sample at
this temperature for some time in a TG apparatus. After-
wards, the heating was removed and the sample exposed
3628
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to gas which was humidized by bubbling through a water-
containing flask. For all temperatures investigated, 100,
150, and 200 °C, the sample took up the same amount of
water it had released previously during heating (Figure 5),
and it did so independently of the time spent tempering
the sample. Consequently, the material is stable under these
conditions for extended periods of time, and the desorption/
adsorption process is fully reversible under the conditions
employed. This ability correlates with the structural integ-
rity of the framework, as shown for the analogous nickel
compound previously.*!! There is a noteworthy difference
to the analogous experiment for CPO-27-Ni, though. The
amount of water removed by heating did not vary signifi-
cantly in case of the nickel compound for the various tem-
pering temperatures used, whereas it is approximately 4%
less at 100 °C than at 200 °C for the magnesium compound,
which corresponds roughly to one water molecule per for-
mula unit. Even at 200 °C the final weight is slightly higher
(60%) than expected for the completely dehydrated frame-
work (57%). This clearly confirms the increased difficulty
of removing the final metal-coordinating water molecules
in case of the magnesium compound. The non-coordinating
water molecules can be completely removed already at
100 °C, corresponding to 66% of the weight of the fully
hydrated compound. Thus, in principle, access to the mag-
nesium atom under mild conditions is possible for alternate
guests that can substitute the coordinating water molecule,
and, as mentioned above, there is a fair percentage of coor-
dinatively unsaturated metal atoms present when the dehy-
dration is performed under more rigid conditions under an
inert gas.

100 deg 150 deg 200 deg
| — | —
100+ —
90
=
g 80
704
60 L‘- L—-—-v—-
0 50 100 150 200
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Figure 5. Reversibility of dehydration of CPO-27-Mg at various
temperatures under nitrogen (re-hydration performed at room tem-
perature in a humid stream of argon).

Aside from observing the ability to put solvent molecules
back into the pores, porous materials are customarily
probed by gas adsorption to assess the accessible surface
area and pore volume. Because they are isostructural, the
absolute surface area of CPO-27-Mg should be similar to
that of its nickel analogue, CPO-27-Ni, for which an appar-
ent Langmuir surface area of 1083 m?g ! and pore volume
of 0.41 cm?g ! was measured by nitrogen gas adsorption.[*!]

However, attempts to measure the apparent surface area
of CPO-27-Mg by nitrogen gas adsorption delivered incon-
sistent results. Not only did the obtained values for the ap-
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parent surface area of CPO-27-Mg vary widely, even with
very similar pre-treatment conditions and identical sample
batch, but in most cases the apparent surface areas were
also significantly smaller than those of CPO-27-Ni. Still,
some generalization can be made from these experiments.
Significantly high surface areas cannot be obtained with a
pre-treatment temperature of 110 °C, which is sufficient to
completely remove the water from CPO-27-Ni and access
its full surface area. Higher temperatures during activation
are needed in the case of the magnesium compound to mea-
sure any significant amount of surface area. In addition, the
correct activation of the sample in advance of pre-treatment
appears to be crucial, e.g. by grinding or repeated washing
with water or prior exchange with an alternate solvent like
methanol (a Table with complete information of pre-treat-
ment procedures is included in the Supporting Infor-
mation). It is difficult to elucidate a clear-cut relationship
between conditions and surface area. However, longer pre-
treatment times and as high as possible activation tempera-
tures generally seem to increase the apparent surface area,
even though there are some outliers to this trend among the
experimental data. We did observe porosity of comparable
magnitude to CPO-27-Ni in a sample that had been sub-
jected to several subsequent measurements and been stored
in a dehydrated state under an inert gas for two weeks, be-
fore being re-hydrated just prior to the experiment. The ex-
periment yielded an apparent Langmuir surface area of
1030 m?g ! (BET surface area: 877 m?>g ') and a pore vol-
ume of 0.37 cm®g ! (Figure 6). (Note, however, that the sur-
face area per mass should be larger by ~30% for the Mg
compound in comparison to the Ni compound, if all of the
internal surface area of the structure was accessible.) In this
instance, CPO-27-Mg is the material with the highest ap-
parent surface area among the porous magnesium-based
metal-organic frameworks reported so far.[>!->423 Unfortu-
nately, we have been unable to reproduce this result to date.
Usually, Langmuir surface areas in the range of 150-
500 m?g ! are observed when the activation temperature
was 200 °C or higher. It clearly seems to be very intricate
to establish admission of the nitrogen probe molecule to the
full micropore volume.

300-?@®M9909009899399mu¢
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Figure 6. Best nitrogen adsorption isotherm of CPO-27-Mg (open
circles: adsorption measurement; closed circles: desorption mea-
surement).
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The results of the re-hydration and gas adsorption ex-
periment conflict to a certain degree with each other. The
former shows facile accessibility of the pore structure, while
difficulties are experienced in the latter. Still, the observa-
tion of high surface area and pore volume in a number of
experiments supports the permanence of porosity. Rather,
it appears likely that the cause for regularly encountered
lower values in the adsorption experiment must lic else-
where. One possibility could be in the nature of pore ter-
mination which might allow the polar water molecule to
penetrate into the channels more easily than the non-polar
nitrogen molecule. We think the most likely cause is the
incomplete removal of water under the activation condi-
tions. Even the application of high temperatures does not
remove the water completely. Therefore, it might accumu-
late close to the pore openings under pre-treatment condi-
tions and subsequently block the channels partly in the ad-
sorption experiment at 77 K. When procedures are estab-
lished to reliably access the full extent of the micropore vol-
ume, CPO-27-Mg can be used to store ca. 27 wt.-% more
guest molecules than CPO-27-Ni by virtue of its lighter mo-
lecular mass. This is assuming the same amount of guest
per volume, which may well increase for the magnesium
compound because of stronger dispersion forces.

Like for the other CPO-27 compounds, re-hydration of
CPO-27-Mg is an exothermic process to the extent that it
is accompanied by a sizzling sound which resembles that of
water evaporating when it drops on a hot stone. This effect
is proportional to the accessible surface area observed in
the preceding adsorption experiment.

Conclusion

A non-porous and a microporous metal-organic frame-
work compound are formed from magnesium nitrate and
2,5-dihydroxyterephthalic acid depending on the degree of
deprotonation of the organic linker, which is determined by
the amount of base added in the synthesis. The micro-
porous compound is isostructural with compounds contain-
ing zinc, cobalt, or nickel in place of magnesium. This fam-
ily of materials can therefore be used to investigate how
their properties are dependent on the respective metal com-
ponent. The magnesium compound is potentially of special
interest as adsorbent due to the combination of large pore
volume and light weight. The bulk of the water consisting
of the non-coordinating water molecules can be removed
easily and reversibly as long as the framework structure is
intact. However, the final metal-coordinating water is more
strongly bound than in the comparable nickel compound
for which the complete removal of the water is very facile to
achieve. Still, the metal sites in CPO-27-Mg are potentially
accessible for various guest molecules.

Experimental Section

[Mg(H,dhtp)(H,0),] (CPO-26-Mg): 2,5-Dihydroxyterephthalic
acid (0.198 g, 1 X 103 mol) and ethanol (10 mL) were placed in the
Teflon inlet of an autoclave. An aqueous sodium hydroxide solu-
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tion (2 mL, 1 molL ') was added to this suspension while stirring.
A solution of magnesium nitrate hexahydrate (0.256 g,
1 X103 mol) in water (3 mL) was added. The autoclave (filling
level ca. 50%) was sealed and the mixture allowed to react at
110 °C for 3 d. Filtration yielded large transparent light yellow
crystals. The purity of the product was checked by comparison of
the observed powder X-ray diffractogram with the calculated
pattern from the single-crystal structure determination.

[Mg,(dhtp)(H,0),]-8H,O (CPO-27-Mg): 2,5-Dihydroxytereph-
thalic acid (0.149 g, 0.75 X 103 mol) was dissolved in THF (10 mL)
in the Teflon inlet of an autoclave. An aqueous sodium hydroxide
solution (3 mL, 1 mol L") was added to this solution while stirring.
Magnesium nitrate hexahydrate (0.384 g, 1.5X 103 mol) was dis-
solved in water (3 mL) and added to the Teflon inlet, upon which
a yellow precipitate formed. The autoclave was sealed (filling level
ca. 50%) and the mixture allowed to react at 110 °C for 3 d. Fil-
tration yielded a light yellow substance of small, needle-shaped
crystals (yield 0.200 g, 63% based on Mg). C4H;;MgOg (211.43):
caled. C 22.72, H 5.24, Mg 11.50, O 60.54; found C 23.43, H 4.87,
Mg 12.63, O 49.80. We ascribe the low value found for the O con-
tent to the formation of magnesium oxide from which the oxygen
was not liberated for detection.

Crystal Structure Determination: Intensity data of a single crystal
of CPO-26-Mg were collected with a Bruker D8 diffractometer
with Apex II CCD area detector at room temperature by using
Mo-K, radiation. The data was processed with the SAINT soft-
warel* and corrected for absorption with SADABS.[* Structure
solution and parameter refinement were performed by using the
SHELXTLY7 software suite.®! The structures were solved by di-
rect methods, and parameters were refined by using full-matrix le-
ast squares against |F]>. All non-hydrogen atoms were refined by
allowing for anisotropic displacement. Hydrogen atoms were lo-
cated from difference maps. Their positional and isotropic thermal
displacement parameters were freely refined. Crystallographic data
are summarized in Table 3. Crystallites of CPO-27-Mg were too
small for structure determination by single-crystal methods. There-
fore, high-resolution powder X-ray diffraction data was recorded
at the Swiss-Norwegian beamline (SNBL/BMO1) at the European
Synchrotron radiation Source (ESRF), Grenoble, France. The syn-

Table 3. Crystallographic data for the single-crystal structure solu-
tion of [Mg(H,dhtp)(H,0),], CPO-26-Mg.

Empirical formula CgHgMgOg
Formula mass [g/mol] 256.45
Space group C2/c

V4 4

a[A] 8.349(3)

b [A] 16.645(6)
¢ [A] 6.997(2)
Bl 108.236(3)
V [A3] 923.6(5)
Pealed. [ng 3] 1.844

i [mm] 0.23

7 [A] 0.49946
20 range [°] 4.9-55
No. of reflections 3823

No. of independent reflections 1051 (Rine = 0.035)

No. of observed reflections [/>2c([)] 753

No. of parameters 94

R, [I>20(]) (all data)] 0.0355/0.0593
WR, [I>20(1) (all data)] 0.0815/0.0887
GOF 0.982

Apimax! Apmin [eA7] 0.30/-0.29

chrotron source operated with an average energy of 6 GeV and a
current beam of typically 200 mA. The SNBL received its radiation
from a bending magnet in the storage ring. The incident X-ray
wavelength was 0.49946 A. Data collection was performed over the
angular range of 20 = 0.5-32.5° with a step width of 0.002° at room
temperature. The powder diffraction pattern strongly resembled the
patterns of the compounds [M,(dhtp)(H,0),]:8H,O, CPO-27-M
(M = Co, Ni). Indexation yielded a rhombohedral unit cell with
lattice parameters very similar to the aforementioned compounds,
whose structure was, therefore, chosen as starting model to deter-
mine the structure of CPO-27-Mg by Rietveld analysis. The GSAS
program’! was used to determine peak profiles and precise lattice
parameters by LeBail fit of the pattern and subsequent full Rietveld
refinement of the structure with the help of the EXPGUI graphical
user interface.*8! Hydrogen atoms were not included in the model.
They were rudimentally accounted for by setting the site occupa-
tion factor of the free solvent water molecules in the channel to
1.25. The final difference plot is shown in Figure 7, and crystallo-
graphic details are listed in Table 4. The seemingly large amplitude
of the difference curve at the first reflection is due to the extreme
asymmetric shape of the peak and the concomitant difficulty of
describing its shape accurately. Molecular geometry calculations
were performed with PLATON.# Topological analyses were per-
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Figure 7. Scattered synchrotron radiation intensities for CPO-27-
Mg as a function of the diffraction angle 26 (crosses: observed
pattern; grey line: best Rietveld-fit profile; line below pattern and
tick marks: difference curve between observed and calculated pro-
files; tick marks: reflection positions). Intensities and difference
plot of the high-angle part are enlarged by a factor of 5.

Table 4. Crystallographic data for the Rietveld refinement of
[Mg,(dhtp)(H,0),]-8H,0, CPO-27-Mg.

Empirical formula C,H,;MgOg

Formula mass [g/mol] 211.43

Space group R3

V4 18

a[A] 26.02607(6)

b[A] 26.02607

c[A] 6.758722(30)
1 120

VA3 3964.719(17)

2 [A] 0.71073

26 range [°] 0.5-32.5

No. of reflections 1028

R, 0.0543

R,, 0.0720

R(F?) 0.1011
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formed with the program TOPOS.P% CCDC-668973 and -668974
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Variable-Temperature Powder X-ray Diffraction: Polycrystalline
samples were filled in capillaries of 0.3 or 0.5 mm diameter and
measured with a Siemens D5000 diffractometer. A steady air flow
was passed through a furnace placed underneath the sample in such
a way that the heating zone covered the X-ray beam width. The
actual temperature at the sample was determined by measuring sil-
ver powder as external standard at different temperatures. To pre-
pare the samples, the bottom ca. 1.5 cm of the capillary that were
outside the X-ray beam and heating zone were filled with quarz
glass to eliminate any possible influence of decomposition reactions
occurring outside the heated and irradiated parts of the sample
and to prevent excessive heat transfer in the silver sample during
calibration. On top of the quarz glass, a sufficient amount of sam-
ple was placed to span the beam width. Some glass fibers were
added to fix the sample in position. A specially modified sample
holder which allows for a flow of gas to pass through the capillary
containing the sample was used for the measurements under nitro-
gen gas.’!l In that case, glass fibers were placed on both sides of
the sample within the capillary, and silver was used as internal stan-
dard for temperature calibration. The same setup was used for the
measurements in dynamic vacuum for which the line leading to the
goniometer head with the in-situ sample holder was connected to
a rotary vane pump instead of the nitrogen gas supply. The heating
rate of the experiments in the dynamic vacuum was 16 °C/h,
whereas it was 10 °C/h in air. Two different heating rates of 6 and
16 °C/h were employed for experiments under nitrogen to yield es-
sentially identical results. The variable-temperature diffraction data
was analyzed and processed for presentation with the aid of the
program Powder3D.[>?

Dehydration/Re-hydration Experiments: A custom-built apparatus
equipped with a Cahn-200 balance was used to investigate the re-
versibility of dehydration of the porous compound CPO-27-Mg. It
allowed for the easy removal of the furnace and switching between
different types of gases, e.g. dry nitrogen gas and argon gas carrying
water vapor, which is obtained by passing the argon gas through a
flask filled with water. The heating rate was 1 °C/min. Prior to the
experiment, the sample was exposed to the humid gas for ca.
90 min at room temperature until approximate weight constancy
was reached. In this state, the channels were assumed to be fully
loaded with water corresponding to the formula [Mg,(dhtp)(H-O)]-
8H,0. The gas was then switched to dry nitrogen and heating com-
menced. The sample was kept at the final temperature for various
amounts of time to observe the long-term stability under these con-
ditions. Then, the furnace was removed, and the gas was switched
to humid argon again. Once the water uptake had ceased, the whole
procedure was repeated again on the same sample by varying tem-
pering temperature and time.

Nitrogen Adsorption: Several samples of CPO-27-Mg in the range
of 10-160 mg were measured with a BELSORP-minill at 77 K.
The samples were subjected to miscellaneous activation procedures
in a dynamic vacuum prior to the adsorption experiment. Pre-treat-
ment temperatures ranged from 110 to 300 °C, and they were ap-
plied for 700-1000 min. The samples showing the highest surface
areas had been immersed for 3-15d in water or methanol until
shortly before the experiment. Details of the pre-treatment condi-
tions and results of the gas adsorption experiments are given in the
Supporting Information.
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Supporting Information (see footnote on the first page of this arti-
cle): Structure drawing of CPO-26-Mg depicting displacement pa-
rameters, comparison of observed and calculated powder X-ray dif-
fraction patterns of CPO-26-Mg, details of pre-treatment condi-
tions and results of gas adsorption experiments performed on
CPO-27-Mg.
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