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The new coordination polymer poly[diaqua-(u.-squarato-O,0')-(u2-4,4'-bipyridine-N,N')-
manganese(l1)] trihydrate was prepared by hydrothermal reaction of MnCl,-4 H,O with
squaric acid and 4,4'-bipyridine in water. In the crystal structure the manganese atoms are
octahedrally coordinated by two squarate anions, two 4,4'-bipyridine ligands, and two water
molecules. The squarate anions and the 4,4'-bipyridine ligands connect the metal atoms
into interpenetrated sheets and are connected via O—H---O hydrogen bonding. From this
arrangement channels are formed in which additional water molecules are intercalated.
The channel water molecules can be reversibly de- and intercalated by heating or in a vacuum
in a presumably topotactic reaction. The water molecules bound to the manganese atoms
can also be removed on heating leading to the new intensely yellow compound Mn(C40y,)-
(4,4'-bipyridine). Even this compound incorporates water leading to the formation of the
starting material. The reaction is accompanied with a change of the color of the material
from yellow to colorless. All reactions were investigated using simultaneous differential
thermoanalysis, thermogravimetry and mass spectroscopy, ex-situ X-ray powder diffraction
and in-situ temperature-resolved X-ray powder diffraction, as well as optical microscopy

and UV—vis spectroscopy.

Introduction

The design of new coordination polymers based on
transition metal compounds and multidentate organic
ligands has attracted much interest in recent years.!
These compounds are of interest from several points of
view. Dependent on the nature of the metal and the
coordination behavior of the ligand one can develop
synthetic strategies to influence the three-dimensional
arrangement in the crystal in a more directed way.!
Therefore, several such compounds were prepared and
structurally characterized during the past few years.12
One major goal in this area is the preparation of new
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compounds with interesting physical properties such as
cooperative magnetic phenomenas or the construction
of open framework structures with micropores for ion
exchange or catalysis.# In our own investigations we
have prepared and characterized several new coordina-
tion polymers based on transition metals and multiden-
tate amine ligands such as 4,4'-bipyridine or pyrazine.®
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These ligands are excellent for the formation of coordi-
nation polymers because they can connect two different
metal cations forming linear metal 4,4'-bipyridine or
pyrazine chains.® For the connection of the metal cations
in such chains we have used small anions which are
not conformationally flexible like the squarate anion.
For this anion only a limited number of coordination
geometries were observed, with most of them leading
to linear or corrugated chains.” Therefore, using 4,4'-
bipyridine and squarate anions as ligands, two- or three-
dimensional structures can be expected which should
contain more or less distorted square sheets. Starting
from these considerations, we have prepared the new
compound poly[diaqua-(uz-squarato-O,0')-(uz-4,4'-bipy-
ridine-N,N')-manganese(l1)] trihydrate by hydrothermal
reaction In this compound the water molecules can
reversibly be removed and reintercalated. This process
is accompanied with a change of the color of the material
as function of water content. In the following we report
on these investigations.

Experimental Section

Synthesis of Poly[diaqua-(u.-squarato-O,0')—(u2-4,4'-
Bipyridine-N,N')-manganese(l1)] Trihydrate. The follow-
ing, in 10 mL of water, were reacted in a Teflon-lined steel
autoclave at 150 °C: 99.95 mg (0.5 mmol) MnCl;:4 H,0
(Merck), 57.48 mg (0.5 mmol) squaric acid (ACROS), and
156.09 mg (1.0 mmol) 4,4'-bipyridine (ACROS). After 7 days
the reaction mixture was cooled at a rate of 3 °C/h and the
product was filtered off and washed with water. The product
consisted of a pure colorless microcrystalline powder of the title
compound with crystals too small for single-crystal X-ray
analysis. The excess of 4,4'-bipyridine is necessary for the
neutralization of the squaric acid. Otherwise, no pure samples
could be obtained. Yield: 76.75% (based on MnCl,:4H,0).
Elemental analysis (%): calculated C, 40.69%; N, 6.78%; H,
4.39%; found C, 40.44%; N, 6.87%; H, 4.51%. X-ray powder
diffraction: phase pure.

Single crystals of the compound were prepared using the
same reaction conditions, but with only 78.04 mg (0.5 mmol)
of 4,4'-bipyridine. In this case, the product contained large
colorless crystals of the title compound as the major phase
and a small amount of colorless crystals of the manganese
squarate dihydrate as the second phase.? The manganese-
squarate-tetrahydrate prepared by Weiss et al. did not
occur.®

X-ray Crystal Structure Determination. The data were
measured using an imaging plate diffraction system (IPDS)
from STOE & CIE. Structure solution was performed using
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Table 1. Crystal Data and Results of the Structure
Refinement for Poly[Diaqua-(u2-squarato-O,0')-
(u2-4,4'-bipyridine-N,N')-manganese(l1)] Trihydrate

formula [Mn(C404)(C10HsN2)(H20)2]-3H.0
MW (g-mol-1) 413.24
crystal color colorless
crystal system monoclinic
space group P21/c

a(A) 18.716 (1)
b (A) 11.544 (1)
c(A) 8.1738 (5)
B () 90.536 (7)
V (A3) 1766.0 (2)
temperature (K) 130

z 4

Dealc. @-cm—3) 1.554
F(000) 852

26 range 3-56°
h/k/l ranges 24/—-24, —15/15, —10/10
u(Mo Ko)/mm~1 0.80
measured refl. 15125

Rint. 0.0343
independent refl. 4026

refl. with 1 > 20(1) 3254
refined parameters 278

Ry [1I > 20(1)] 0.0342
WR; [all data] 0.0919
GoF 1.027
Min./max. res. (e:A~3) 0.32/-0.31

SHELXS-97% and structure refinement was done against F?
using SHELXL-97.11 All non-hydrogen atoms were refined
using anisotropic displacement parameters. The C—H hydro-
gen atoms were positioned with idealized geometry and refined
with isotropic displacement parameters using the riding
model, whereas the O—H hydrogen atoms were located from
difference map and were refined with varying coordinates
and varying isotropic displacement parameters. Selected
crystal data and results of the structure refinement are given
in Table 1.

Crystallographic data have been deposited with the Cam-
bridge Crystallographic Data Centre (CCDC 191338). Copies
may be obtained free of charge on application to the Director,
CCDC, 12 Union Road, Cambridge CB2 1E2, UK (fax, int.code
+(44)01223/3 36-033; or e-mail, deposit@chemcrys.cam.ac.uk).

X-ray Powder Diffraction Experiments. X-ray powder
diffraction experiments were performed using a STOE STADI
P transmission powder diffractometer with a 4° position
sensitive detector (PSD) using Cu Ka-radiation (1 = 1.540598
A). For temperature- or time-dependent X-ray powder diffrac-
tion experiments the diffractometer is equipped with a graph-
ite oven and a position-sensitive detector (scan range 5—50°)
from STOE & CIE. All temperature- and time-resolved X-ray
powder experiments were performed in glass capillaries under
a static air atmosphere.

Differential Thermal Analysis, Thermogravimetry,
and Mass Spectroscopy. DTA-TG measurements were per-
formed in Al,O3 crucibles using simultaneously a STA-429
balance from Netzsch with different heating rates under a
dynamic argon (purity 4.6) and air atmosphere (flow rate 100
mL/min). DTA-TG-MS measurements were performed simul-
taneously using the STA-409CD with Skimmer coupling from
Netzsch, which was equipped with a quadrupol mass spec-
trometer QMA 400 (max. 512 amu) from Balzers. The MS
measurements were performed in analogue and trend scan
mode. The investigations were performed in Al,O3 crucibles
under a dynamic helium atmosphere (flow rate 75 mL/min,
purity 4.6) using a heating rate of 4 K/min. All measurements
were corrected for buoyancy and current effects.

(10) Sheldrick, G. M. SHELXS-97, Program for Crystal Structure
Solution; University of Géttingen, Germany, 1997.

(11) Sheldrick, G. M. SHELXL-97, Program for the Refinement
of Crystal Structural Data; University of Gottingen, Germany,
1997.
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Optical Microscopy. Optical microscopy was performed
using Olympus BSX and SZX12 microscopes, which are
equipped with a video camera. The investigations were
performed in glassy crucibles under a humid air atmosphere.

UV—Vis Measurements: UV-vis spectra were collected
using a Varian Cary 5 UV—vis spectrometer. The measure-
ments were carried out in reflection geometry using an
“Ulbricht-Kugel” and BaSO, as the standard. The reflectance
spectra were corrected against the BaSO, standard and
converted into absorption spectra using the Kubelka—Munk
function.’? A freshly prepared sample was evacuated until
all the channel water molecules were removed, stored on air
for some time, and then measured again. The measurements
were repeated until no change of the actual spectra was
observed.

Elemental Analysis. C, H, N analysis was performed using
a Heraeus CHN-O-RAPID combustion analyzer. Elemental
analysis of a sample in which the water molecules were
completely removed by heating was as follows: calculated C,
52.03%; N, 8.67%; H, 2.50%; found C, 51.84%; N, 8.45%; H,
2.60%.

Results and Discussion

Crystal Structures. The title compound poly[di-
aqua-(uz-squarato-0,0')-4,4'-bipyridine-manganese-
(IN] trihydrate crystallizes in the centrosymmetric space
group P21/c with four formula units in the unit cell. The
asymmetric unit contains two crystallographically in-
dependent Mn2" cations and squarate dianions, each of
them located on a center of inversion, as well as one
4,4'-bipyridine ligand and five water molecules in
general positions. The metal cations are coordinated by
two squarate dianions, two 4,4'-bipyridine ligands, and
two water molecules to form a distorted octahedron
(Figure 1). Bond lengths and angles are comparable to
those of related structures retrieved from the Cambridge
Structural Database!® (Table 2).

The Mn2* cations are connected by the squarate
dianions via u-O,0' coordination forming “zigzag’-chains
into the direction of the crystallographic c-axis (Figure
1). In the coordination of each metal cation only one
squarate oxygen atom is involved. Obviously, the direct
coordination in which two squarate oxygen atoms are
involved is less favorable. The C—O—Mn angles amount
to 130.8 and 132.7° and the cations deviate 0.409 and
0.705 A from the plane formed by the four-membered
squarate ring. This demonstrates that the cations are
rather oriented into the direction of one of the lone pair
of the squarate ligand.

The Mn?2* cations in these chains are connected by
the 4,4'-bipyridine ligands forming sheets parallel to
(010), which contain pores of about 7.5 x 11 A. The
cations are located in the plane of the six-membered
4,4'-bipyridine ring and the angles C—N—Mn amount
to 119.3 and 121.3°. The sheets are stacked perpendicu-
lar to the c-axis (Figure 2) and interpenetrate with
symmetry equivalent sheets generated by the 2;-axis
forming a three-dimensional arrangement. The connec-
tion of the interpenetrating networks is achieved via
O—H---O hydrogen bonding between the hydrogen
atoms of the water molecules bound to the metal cations
and the oxygen atoms of the squarate dianions, which

(12) Kortum, G. Reflectance Spectroscopy; Springer-Verlag: New
York, 1969.

(13) (a) Cambridge Structural Database 2001, Version 1.2. (b) Allen,
F.; Kennard, O. Chem. Des. Autom. News 1993, 8 (1), 31.
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Figure 1. Crystal structure of poly[diaqua-(«.-squarato-O,0’)-
(u2-4,4'-bipyridine-N,N')-manganese(l1)] trihydrate with view
of the Mn coordination with labeling (A) and with view on the
2-dimensional network (B) (In Figure 1A only half of the 4,4'-
bipyridine ligand is presented).

are not involved in Mn coordination. The intermolecular
O---H distances of 1.85 and 1.87 A, the O---O distances
of 2.69 and 2.72 A, and the O—H---O angles of 160 and
163° show that these are strong hydrogen bonds. From
this arrangement channels are formed parallel to the
crystallographic c-axis which host three water molecules
per formula unit in an ordered manner. These water
molecules are only weakly bound and can be removed
very easily in a vacuum or by heating (see below).

Thermoanalytical Investigations. On heating a
sample of the title compound, and using simultaneously
differential thermoanalysis (DTA), thermogravimetry
(TG), and mass spectroscopy (MS), two endothermic
events are observed at peak temperatures of 76 and 128
°C which are accompanied with two mass steps of about
11.7 and 8.5% in the TG curve (Figure 3).
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Figure 2. Crystal structure of poly[diaqua-(u2-squarato-O,0')-
(u2-4,4'-bipyridine-N,N")-manganese(l1l)] trihydrate with view
along the c-axis (top) and along the b-axis (bottom). Hydrogen
bonding is shown as dotted lines.

Table 2. Selected Bond Lengths (A) and Angles (°) for
Poly[diaqua-(u2-squarato-O,0')-(u2-4,4'-bipyridine-N,N’)-
manganese(l1)] Trihydrate

Mn(l) -  O®) 2160  (2) (x2)
Mn(l) -  O(1) 2190 (1)  (x2)
Mn(1) -  N(1) 2290 (2) (x2)
Mn(2) -  O() 2146 (2)  (x2)
Mn2 - 0@ 2159  (2)  (x2)
Mn2) - N 2320 (2) (x2)
o(5) - Mnl) - O@l) 9207 (&) (x2)
o(5) - Mn(l) - O() 8793 (&) (x2)
o(5) - Mn(l) - N1 9302 (@) (x2
o(1) - Mnl) - N@) 9493 (@) (x2)
o(5) - Mnl) - N@) 8698 (@) (x2)
0(1) - Mn(l) - N@) 8507 @) (x2)
o(5) -  Mnl) - O() 180.0

o(1) -  Mnl) - O(1) 180.0

N(1) - Mn(l) - N(1) 180.0

0(6) - Mn@ - O3B 9305 @) (x2
o(6) - Mn@ - O@B) 8695 (4) (x2)
0(6) - Mn® - N2 908 (@) (x2)
o(6) - Mn@2) - N@ 8914 &) (x2)
0@3) - Mn@ - N@ 9373 (4) (x2)
0@3) - Mn@ - N@) 8627 (@) (x2)
o(6) - Mn@ - O() 1800

0o(3) - Mn@ - O3 180.0

N(2) - Mn® - N@ 1800

According to the MS measurements, in this step only
water (m/z = 18) is emitted. From the mass loss and
structural considerations it can be assumed that the
first signal corresponds to the removal of the channel
water molecules and the second signal corresponds to
the loss of those water molecules that are coordinated
to the metal cations.

The observed values are somewhat lower than those
calculated (AMneo: —3 HO = —13.08%; —2 H,O =
—8.72%). However, in several DTA-TG experiments
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Figure 3. DTA, TG, DTG, and MS trend scan curves for poly-
[diaqua-(u2-squarato-O,0')-(u2-4,4'-bipyridine-N,N')-manganese-
(1N] trihydrate (simultaneous measurement; powdered crys-
tals; weight 13.95 mg; heating rate 4 °C/min.; dynamic helium
atmosphere; flow rate 75 mL/min.; m/z = 18, water; m/z = 44,
CO; (squarate); m/z = 156, 4,4'-bipyridine; Al,Os-crucible; the
mass changes are given in % and the peak temperatures T,
are given in °C).

these values always differ slightly, which can be re-
garded either to the preparation of the material or to a
precedent partial loss of the water molecules dependent
on the history of the samples. On further heating the
sample decomposes in two steps which can be clearly
seen from the DTG curve. The MS measurements show
that at first the 4,4'-bipyridine ligand is emitted (m/z
= 156) and finally the squarate anions decompose.
However, these two steps cannot be resolved success-
fully. The experimental mass loss is in good agreement
with that calculated. In the final product of this reaction
only MnO could be detected by X-ray powder diffraction.
When the sample was heated in air, similar observa-
tions were made. In this case, the decomposition of the
pure Mn-squarate-4,4'-bipyridine intermediate starts at
lower temperatures and proceeds via an exothermic
reaction. The final product in this reaction consists of
I\/In203.

Investigations on the Mechanism and the Re-
versibility of the Removal of the Water Molecules.
A part of the water molecules can also be removed by
applying a vacuum. To investigate the reversibility of
this reaction, additional experiments with thermo-
gravimetry using isothermic conditions and ex-situ and
in-situ temperature-resolved X-ray powder diffraction
were performed. When the water is removed by applying
vacuum a mass loss of about 12.8% is measured, which
is in good agreement with the removal of three water
molecules (AMneo: —3 H2O = —13.08%). Because only
three equiv of water can be removed by evacuation, one
can assume that only the channel water molecules are
emitted. If also some coordinated water molecules were
to be removed the reaction could not be stopped at this
point on further evacuation. However, if at this point
the sample was subjected to a humid gas flow in a
thermobalance for several days, an increase of the
sample mass would be observed, reaching a value which
corresponds nearly to the intercalation of three equivs
of water. The increase of the sample mass is large at
the beginning of the reaction and slows down with
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Figure 4. Ex-situ time-resolved powder patterns for poly-
[diaqua-(u2-squarato-O,0')-(u2-4,4'-bipyridine-N,N’)-manganese-
(1] trihydrate: powder pattern of a freshly prepared sample
(A); after removal of the three water molecules (B); and after
storage for 2 d in a humid atmosphere (C); as well as calculated
powder pattern for the dehydrated compound poly[diaqua-(u2-
squarato-0,0')-(u2-4,4'-bipyridine-N,N')-manganese(ll)] (D);
(CuKa radiation; transmission geometry; glass capillary;
powdered single crystals; the pattern of the dehydrated sample
was calculated using the data from the original trihydrate
without consideration of the three channel water molecules).

increasing reaction time, which is expected if the
reaction is controlled by diffusion within the channels.
However, the removal of the channel water molecules
seems to be fully reversible. This is evidenced by ex-
situ time-resolved X-ray powder diffraction experiments
shown in Figure 4. When a freshly prepared sample of
the title compound is evacuated until the incorporated
channel water is removed, only slight changes in the
powder pattern are observed. Some of the reflection
positions are shifted, which can be attributed in part to
an anisotropic change of the lattice parameters. When
the sample is afterward suspended to a saturated water
atmosphere for some time the powder pattern is com-
parable to that of the starting phase. The observed
changes in the powder pattern are in agreement with
observations made on single-crystal investigations.

In these experiments two complete data sets were
measured for one single crystal using an area detector.
The first data set was collected for a freshly prepared
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Figure 5. Change of the intensity of the absorption band in
the visible range when a sample in which the channel water
molecules were removed in a vacuum is stored on air.

crystal and the second one was prepared after this
crystal had been evacuated for several hours. The
overall diffraction pattern before and after evacuation
is comparable and only a broadening of most of the
reflections is observed. Indexing the reflections yields
the same monoclinic metric, and refinement of the
lattice parameters show only a small decrease of the
unit cell volume. However, the quality of the second data
set measured was extremely poor and the structure
refinement does not allow a definite determination of
the water content. Nevertheless, these investigations
demonstrate that the removal of the channel water
molecules should be topotactic.

The intercalation or deintercalation of the channel
water molecules is accompanied by significant changes
of the color and therefore can be followed by optical
microscopy. When a freshly prepared sample of the title
compound is evacuated for several hours the color
changes from colorless to light yellow. When the sample
is then stored in a saturated water atmosphere a
continuous change in the color of the starting material
is observed. This process can also be followed using ex-
situ time-resolved UV—vis measurements of deinterca-
lated samples. A continuous decrease of the absorption
band in the visible range is found during the intercala-
tion of water (Figure 5).

If the water is removed completely in a TG experi-
ment the residue is intensively yellow colored and its
diffraction pattern is completely different from that of
the starting material (Figures 6 and 7). Elemental
analysis of this residue is in good agreement with that
calculated (see Experimental Section). However, if the
residue is stored during the night in a saturated water
atmosphere the original color disappears and the dif-
fraction pattern of this sample is identical with that
calculated for the starting compound (Figures 6 and 7).
Therefore, even this reaction seems to be fully revers-
ible.

Removal of the water molecules can also be followed
by in-situ temperature resolved X-ray powder diffraction
(Figure 8). Starting at about 110 °C, slight changes of
the diffraction pattern are observed which correspond
to the removal of the channel water molecules. On
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Figure 6. Calculated X-ray powder pattern for poly[diaqua-
(uz-squarato-O,0')-(u.-4,4'-bipyridine-N,N')-manganese(l )] tri-
hydrate (A), experimental powder pattern alter the water is
completely removed (B), and experimental pattern after the
dehydrated sample is stored in a saturated water atmosphere
for 12 h (C).

further heating a second transition is observed which
is accompanied with larger changes of the pattern due
to the removal of the water molecules coordinated to
the metal atom. The reason that all transition temper-
atures are shifted to higher values compared to those
measured in the DTA-TG-MS experiments is due to the
different experimental conditions. In the X-ray powder
measurements the reaction is performed in thin glass
capillaries and a static air atmosphere which means
that the emitted water molecules are only slowly
transported out of the capillary. Therefore, the reaction
took place partly under a self-produced atmosphere
which is enriched with water.

Conclusions

In the present work we have shown that starting from
simple geometrical considerations which are based on
the coordination behavior of organic ligands, the struc-
ture of coordination polymers can be influenced in a
more directed way. However, the actual three-dimen-
sional arrangement is difficult to predict because for the
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interaction of the Mn squarate 4,4'-bipyridine sheets
observed in the present compound several possibilities,
such as stacking or interpenetrating, must be consid-
ered. For the directed design of structures with larger
pores one has to solve the problem of interpenetrating,
which is frequently observed in the structures of such
coordination polymers. The occurrence of channels in
the present compound formed by the interpenetrating
sheets is accidental and their formation and size cannot
be planned at all. However, the structure of the present
compound stabilized by metal coordination and hydro-
gen bonding is obviously flexible and stable enough so
that the channel water molecules can be reversibly
deintercalated and reintercalated. The structures of the
intercalated and the deintercalated material are strongly
related and both processes seems to be proceed via a
topotactic reaction. If the water is completely removed,
which means that the water coordinated to the metal
centers is also removed, the residue is intensively yellow
and the starting material is retained when stored in a
saturated water atmosphere. Concerning the mecha-
nism of this step, the X-ray diffraction experiments gave
no hint that this reaction is also topotactic. Neverthe-
less, it is highly likely that the structure of the water-
free compound is related to that of the starting material,
because the networks are interpenetrated and therefore
locked, even without hydrogen bonding of the coordi-
nated water molecules. After the removal of the coor-
dinated water molecules the manganese atoms would
be only four-coordinated which is unlikely, even if a
tetrahedral coordination for manganese is known.'4
Therefore, it can be assumed that each oxygen atom
from the squarate anions which is not involved in metal
coordination will coordinate to the manganese atoms
under reformation of the octahedral coordination. This
would be an explanation for the observed color changes
upon the removal of the water molecules, because
stronger interactions between the manganese atoms and
the squarate anions can be expected. Therefore, the
elucidation of the exact mechanism will be the subject
of further investigations using magnetic measurements
and spectroscopic investigations. These will also include
structural investigations of the water-free mangane-
squarate(4,4'-bipyridine) compound. However, it is well-
known that porous materials change their colors when
different solvents are intercalated.'® Therefore, we will

Figure 7. View of a sample of poly[diaqua-(u.-squarato-O,0')-(u2-4,4'-bipyridine-N,N')-manganese(l1)] trihydrate in which the
water was completely removed (left) and after it was stored in a saturated air atmosphere (right).
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Figure 8. Results of the in-situ temperature-resolved X-ray
powder investigations on poly[diagua-(u.-squarato-O,0')-(uz-
4,4'-bipyridine-N,N')-manganese(l1)] trihydrate (static air at-
mosphere; glass capillaries; heating rate 2 °C/min; powder
pattern measured every 5 °C).

investigate whether other small molecules can be in-
tercalated in the title compound.
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