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Abstract. The rigid zwitterionic ligand 1,1’-bis(4-carboxylatphenyl)-
(4,4’ -bipyridinium) (pcI) and copper(Il) ions give rise to a linear com-
plex [Cu(pcl),(H,0),4]?*, which self assembles in a pseudo tetragonal
supramolecular arrangement leading to the supramolecular open-
framework [Cu(pcl),(H,0)4](Cl),*8H,O exhibiting an open structure
including water molecules and chlorides in pores. The dehydration of
this material occurs at relatively low temperature (70 °C) and results
in structure modification accompanied by shrinking of the crystals.
Characterization of the obtained material by FT-IR spectroscopy re-

veals appearance of coordinated carboxylates groups, which may indi-
cate the formation of coordination polymer after dehydration. Water
adsorption (maximum uptake 0.23 g H,O per g) on dehydrated mate-
rial allows to restore the initial structure. A large hysteresis in water
adsorption-desorption isotherm is characteristic of a significant modifi-
cation of the structure during the hydration-dehydration cycle which
is in line with the structural transition determined from thermodiffrac-
tometry and FT-IR spectroscopy.

Introduction

Bipyridinium-carboxylate units have emerged as an interest-
ing class of ligands in coordination chemistry, particularly in
the field of Coordination Polymers (CPs) or Porous CPs
(PCPs). On one hand, these ligands are based on the cationic
redox-active bipyridinium moiety (also called viologen)!!!
which has strong abilities to interact with electron donors, and
on the other hand, they include units anchoring to the bipyrid-
inium cores, which bear carboxylate groups able to bind metal
ions. Bipyridinium units (V2*) are known to undergo a revers-
ible one-electron reduction, which is accompanied with a color
change as well as V** radicals are created due to the different
absorption domains of V2* (UV) and V** (visible).!'* In the
solid state, the color change process, which can be activated
by light or by heating, results from an electron transfer from
electron donors such as chlorides® 3! or caboxylates,®~!8!
towards the electron acceptor bipyridinium units. Thus, the bi-
pyridinium-carboxylate ligands appeared as very suitable to
achieve photo-*~181 and/or thermochromic!!¢~!81 materials be-
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cause of the presence of both the electron donor and acceptor
parts on the same molecular unit. In the corresponding crystal
structures, the molecular organization is mainly driven by the
electrostatic interactions between bipyridinium cations and
carboxylate anions. As a consequence, dense packing struc-
tures are often obtained while interesting photo- or thermo-
chromic properties of related materials are observed.

In this context, the use of such ligands in the field of Porous
Coordination polymers (PCPs) remains a great challenge.
However, the interest of incorporating such linkers in PCPs is
double. Because of their cationic nature, they can have a sim-
ilar role than metal open sites for efficiency H, or CO, uptake,
and because of their electron-deficient character, they can
strongly interact with polar and/or electron-rich guest
molecules for chemical sensor or gas storage applica-
tions.!1%17-19-24] These materials are mainly based on zwitter-
ionic bipyridinium carboxylate ligands, metal ions, and an an-
ionic ligand, whereas recently it has been proposed to only use
an anionic bipyridinium carbolylate linker.l'®) However the use
of rigid linkers instead of flexible ones extensively adopted in
the field of photochromic materials seems to be the better strat-
egy to achieve porous compounds.['7-19-241

Another important class of porous compounds, porous sup-
ramolecular networks (PSN), has recently attracted consider-
able attention.[>>32! While in PCPs the building units are
bonded covalently, the framework of PSN is based on intermo-
lecular interactions such as hydrogen bonds or m-m interac-
tions. Despite their lower strength these interactions afforded
many PSNs with high thermal stability and permanent poros-
ity. Inclusion of bipyridinium-based units in PSN would repre-
sent thus an interesting alternative way to combine porosity
and redox properties. However, in contrast to PCP the PSN
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containing viologen units are very scarce. To the best of our
knowledge only two PSN phases containing such units have
been reported to date.[33-34]

In this context, we report on an original supramolecular
open-framework material based on [Cu(pcl),(H,0),]** com-
plexes (pcl = 1,1'-bis(4-carboxylatphenyl)-(4,4'-bipyridin-
ium)) and its water adsorption properties. We show that the
rigid zwitterionic pcl ligand affords linear Cu complexes,
which interact through CO,H(H,O-molecules-linked-to-
copper-ions) hydrogen bonding, leading to an open structure
containing in pores two chloride ions and eight water mol-
ecules per formula unit. Interestingly, this materials based on
hydrophilic Cu?* and bipyridinium units has a quite high water
capacity of 0.23 g per g, whereas the release of water occurs
at moderate temperature (60 °C).

Results and Discussion

Structure Description

The asymmetric unit of the monoclinic structure of
[Cu(pcl),(H,0)4](C1),*8H,0 includes one copper dication
located on a symmetry center and one pcl molecule,
which further form a centrosymmetric linear complex
[Cu(pcl),(H,0)4]** (Figure 1a). Around Cu?*, the carboxylate

Hieres

Figure 1. Structure of [Cu(pcl),(H,0)4](Cl1),:8H,0: (a) partial view
showing the layered supramolecular assembly of [Cu(pcl),(H,0)4]**
complexes (one is underlined by a rectangle) held together by
hydrogen bonding involving the free carboxylate group and water mol-
ecules linked to copper ion (dashed lines); (b) general view of the
structure showing the channels running along the a axis, including
chloride ions and water molecules.

groups are monodentate while four water molecules complete
the copper coordination sphere leading to a Jan-Teller type
(4+2) coordination with 4 short bond lengths [2 X d(Cu-O1-
carboxylate) = 1.968(2) A and 2X d(Cu-O5-water) =
1.952(2) A] and two longer bond lengths [2 X d(Cu—O6-water)
= 2.525(2) A] (Figure 2a). These linear complexes self-as-
semble through hydrogen bonding involving the free carboxyl-
ate groups and the water molecules linked to copper ions [(O5)
H--04: d = 2.637(3) A, Figure 2a]), leading to an open 2D
supramolecular network (Figure 1a). The overall structure re-
sults from the stacking of these layers (Figure S1, Supporting
Information). When viewed along the a direction (Figure 1b),
a pseudo-tetragonal molecular arrangement appears with chan-
nels running along the a axis, incorporating a great quantity of
water molecules, 8 per copper ion as well as 2 chlorides which
counterbalance the dicationic charge of the complexes (Fig-
ure 1b). The void volume of this open structure has been esti-
mated by considering only the chloride ions in pores (water
molecules of pores removed): the squeeze routine of Platon
leads to a free volume of 538 A® per unit cell, corresponding
to a porosity of 20.5% (see Figure S2 for space filling and
void modelling representations). It must be noted that only half
of the water molecules present in channels have been located
thanks to the X-ray analysis. They correspond to those close
to the walls of the framework which interact quite strongly
through hydrogen bonding with either the water molecules
linked to copper ions or the pcl ligands. The other water mol-
ecules in the center of channels are certainly disordered, which
doesn’t allow their location.

Figure 2. Details of the crystal structure of [Cu(pcl),(H>0)4](Cl),*
8H,0 showing one copper polyhedron and the hydrogen bonding in-
volved (a) and the surrounding of one pc/ ligand by water molecules,
one chloride anion, and a phenyl-carboxylate part of a neighboring pc/
ligand (b).

Details of the structure showing weak interactions between
complexes and free water molecules and chlorides are depicted
in Figure 2, which first shows the environment of a copper

Z. Anorg. Allg. Chem. 0000, 0-0

Wiley Online Library 2

© 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Journal of Inorganic and General Chemistry

/AAC

ARTICLE

www.zaac.wiley-vch.de

Zeitschrift fur anorganische und allgemeine Chemie

polyhedron viewed along the Cu—O6,;c,; bond direction. We
clearly see the important role of water molecules (O5) of the
CuO, equatorial plane that interact with one free oxygen atom
of the carboxylate group bound to Cu?* [(O5)H-02: d =
2.652(3) A], and, as already mentioned, with one oxygen atom
of a free carboxylate group. Finally, the anionic charge borne
by this free carboxylate is also stabilized by a quite strong
hydrogen bonding with a free H,O (O8) molecule
[(O8)H-04: d = 2.769(3) /ok] which itself also interacts both
with the apical water molecule [(O8)H+Cl: d = 2.822(4) Al
and the free chloride anion [(O5)H-+02: d = 3.243(3) Al. of
great importance to explain the properties of the redox active
bipyridinium based materials is the surrounding of the viol-
ogen core. Figure 2b shows the main weak interactions involv-
ing the bipyridinium unit in [Cu(pc),(H,0),4](Cl),*8H,0.

It is first important to remind the asymmetrical situation of
this symmetrical pcl ligand, as on one side a carboxylate
group binds the copper ion, while on the other side, the carb-
oxylate group is free. Thus, this last carboxylate group has
certainly an intramolecular electron donor effect towards the
close pyridinium cycle explaining that only two side contacts
of (C)H--O(water molecules, O6 and O8) type between the
pyridinium cycle and its neighbors are counted (Figure 2b). In
contrast, the other pyridinium cycle is stabilized through sev-
eral acceptor-donor side and face interactions. On one hand
the side contacts occurs between hydrogen atoms borne by the
C atoms in o position of N* and either CI [(C)H-Cl: d =
2.755(3) A] or O atoms of water molecules. On the other hand,
face contacts involve a phenyl ring of a neighboring molecule,
and a water molecule which interact with the electron deficient
N* site through its electron donor oxygen atom [Figure 2b,
N2-+05(H,) = 3.360(2) A].

Thermal Behavior and Water Adsorption Properties

The thermogravimetric analysis of [Cu(pcl)>(H,0)4](Cl),e
8H,0 shows that a first weight loss of 19.48 % is observed at
moderate temperature (from 60 °C to 70 °C, Figure 3). This
value quite well corresponds to the departure 12 water mol-
ecules per formula unit (calcd. 19.31 %), indicating that all
water molecules, the free ones and those linked to copper ions
are removed in one step. The compound further decomposes
over 250 °C. When single crystals of the initial hydrated com-
plex are heated, it is worth noting that crystals keep their trans-
parency while they become darker and smaller (Figure 3). Un-
fortunately, a loss of crystallinity occurs during the transforma-
tion leading to diffraction images with very broad peaks. If a
(same) unit cell of the dehydrated crystal could be found for
several tested crystals, however, the quality of the data collec-
tions did not allow solving the crystal structure with a
satisfying result. It appears that the unit cell volume of the
hydrated phase is 33 % bigger than the one of the dehydrated
phase [Viehyarated = 3940(5) A3 =2x 1970 A3, a = 37.79(2) A,
b=144212) A, c=7.231(2) A, a =90°,  =90.49(4)°, y = 90°
VS. Viydratea = 2619 A3), in good accordance with the observed
contraction of crystals upon dehydration. In account of the
crystal packing observed for [Cu(pcl),(H>0)4](Cl),:8H,0, we

can anticipate that the water molecules, which were coordi-
nated to copper ions were replaced by the initial free carboxyl-
ate groups and/or chlorides ions in the dehydrated phase.

19.48%

g
£ ]
: %0 w0 %0 %o 1000
Temperature (°C)
Figure 3. TGA analysis of a crystallized sample of

[Cu(pcl),(H>0)4](C1),:8H,0 indicating the weight loss of all water
molecules around 65 °C, and photos of one crystal before and after
heating, as well as after re-hydration during a few minutes in a satu-
rated water atmosphere.

Our assumption about coordination of carboxylate groups to
Cu?* after dehydration is supported by the evolution of FTIR
spectrum of [Cu(pcl),(H,0)4](Cl),:8H,O after dehydration
(Figure 4). Comparison of the spectra recorded before and after
dehydration with those of other carboxylate-based MOFs[33-36]
allowed us to identify the symmetric (v,) and asymmetric (V)
bands of the carboxylate groups of pcl ligands. Position of
these bands and particularly their splitting were shown to be
sensitive to the coordination mode of the carboxylates.l*’! In
our case the analysis is hampered by the fact that in both solids
the bands are broadened due to the presence of carboxylates
in different coordination. Despite this fact, a clear shift of the
bands maximums and corresponding increase of the splitting
Av = v, — v (from 183 to 206 cm™") are observed after dehy-
dration (Figure 4). Such increase is characteristic of the trans-
formation of ionic COO™ to a monodentate one.**! It shows
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Figure 4. FT-IR spectra of hydrated [Cu(pcl),(H,0)4](Cl),-8H,O
(blue) and after dehydration at 90 °C (red).
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thus that the fraction of the monodentate carboxylates in
[Cu(pcl),(H,0)4](C1),*8H,0 increases upon dehydration. This
is in favor of the formation of bonds between COO~ and Cu®*
during this process.

We performed EPR measurement on both hydrated and de-
hydrated phases in order to know if bipyridinium radicals were
present in samples, particularly in the colored dehydrated
phase. In fact, it was known in such materials that an electron
transfer from electron donor units such as chlorides or carb-
oxylates to the bipyridinium core could occur upon irradiation
or heating, leading to colored radical based materials./?16-18!
Here, no signal has been detected, meaning that the dark color
of the dehydrated sample is certainly due to a direct charge-
transfer band relatively to a more efficient donor-acceptor in-
teraction.

The dehydration process was followed by thermodiffracto-
metry (Figure 5). In good accordance with the starting tem-
perature of water removal observed in TGA, we can observe
a change in the diffraction peak positions as soon as 60 °C
leading to a pattern with several new broad peaks. This result
first confirms a loss of sample crystallinity through the transi-
tion while positions of peaks are in good accordance with the
unit cell found from the single-crystal diffraction study of de-
hydrated crystals. The re-hydration of crystals can be fast upon
exposure to water, particularly in a saturated water atmosphere:
in a few minutes the crystals of the dehydrated phase break
under the effect of re-hydration as a result of the increasing of
crystal volume (+33 %, Figure 3). The XRPD pattern of the re-
hydrated sample exhibit lines well corresponding to the initial
hydrated compound, showing that the transformation is revers-
ible with the recovering of the initial crystal structure (Fig-
ure 5).
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Figure 5. XRPD patterns of a crystallized sample of

[Cu(pcl),(H,0)4](C1),:8H,0 at different temperature and after re-hy-
dration, as well as theoretical XRPD (“theo-as” = theoretical of the as-
synthesized compound, “theo-d” = theoretical of dehydrated phase),
showing the phase transformation upon dehydration and the reversibil-
ity of the process.

The adsorption-desorption isotherm of water in fully dehy-
drated compound (Cu(pcl),Cl,) is presented in Figure 6a. We
must first notice that the water uptake is high for this com-
pound and that the reached value [0.230 g(H,O) per g] is very
close to the expected one if the initial hydrated phase is reco-
vered [0.233 g(H,O) per g for 12 H,O per Cu]. It is worth
noting that this water content is considerably higher than the

amounts reported for other PSN (0.1-0.15 g per g).[30-31.38-43]
The maximum uptake observed for Cu(pc/),Cl, is thus com-
parable with the capacity of 3A molecular sieves (0.22 g per
2).4 The affinity of our solid to water is however much
weaker than that of molecular sieves in which the adsorption
of water at 25 °C occurs at much lower pressure (P/P, <
0.001).1441

0.25
— -
o 0.20-
o C
) 0.15[
g -
s r
o 0.1°j
-] L
ON 0.05 |
T
0.0 W. PR T N S R
0.0 0.2 0.4 0.6 0.8
P,o'P0
0.25
-
'sy 0.20
(@]
o 0.15-
AV
s
o 0.10-
=5
(@]
~ 0.05-
T
0.00
2 3 4 5

cycle number

Figure 6. (a) Adsorption-desorption isotherm of water at 25 °C in fully
dehydrated (Cu(pcl),Cl,) leading to [Cu(pcl),(H,0)4](Cl),*8H,0; (b)
water uptake of the material at P/P, = 0.8 in successive adsorption-
desorption cycles.

In addition to higher uptake the interaction between water
and Cu(pcl),Cl, shows two distinctive features in comparison
with other PSN. First of them is a very steep increase of ad-
sorbed amount and second one is a large hysteresis between
the adsorption and desorption branches (Figure 6a). No such
features have previously been reported for other PSN in which
the increase is rather gradual (see, for example the isotherms
in references P%421). A steep increase and large hysteresis are
characteristic of a gate opening phenomenon during adsorp-
tion.[*34%1 Tn our case the gate opening (corresponding to the
step in water uptake) occurs after adsorption of 0.034 g(H,O)
per g (Figure 6a), which corresponds to 1.7 water molecules
per Cu. This number is close to 2 molecules per Cu needed to
replace carboxylates coordinated to Cu. Given this observation
and the results of FTIR we suggest that the opening of the
pores occurs at this point since the first water molecules re-
place the carboxylates moieties of pc/ in the environment of
Cu atoms. This process allows to depolymerize the structure
formed upon dehydration and to restore the initial supramolec-
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ular network. Besides 4 H,O molecules bound to Cu ions, the
presence of open pores in this framework allows accommo-
dation of additional 8 H,O molecules per Cu atom. The gate
opening phenomenon during water adsorption in [Cu(pc/),Cl;]
is thus in line with the structural transition determined from the
temperature-dependent XRPD (see Figure 5). It is important to
note that despite strong structural changes occurring in hy-
dration-dehydration cycle and partial loss of crystallinity the
material is fully recyclable (Figure 6b): its maximum water up-
take remains constant in successive adsorption-desorption cy-
cles.

Conclusions

We report formation of novel viologen-containing supra-
molecular  open-framework  [Cu(pcl),(H,0)4](Cl1),*8H,0O
[pcl = 1,1'-bis(4-carboxylatphenyl)-(4,4'-bipyridinium)]. The
structure is based on a pseudo tetragonal supramolecular ar-
rangement of [Cu(pcl),(H,0),]** complex ions. It is shown
that upon dehydration the compound undergoes structural tran-
sition leading to significant shrinking of the unit cell. Evol-
ution of FT-IR spectra of the solid allows emitting the hypothe-
sis that during dehydration the carboxylates of pcl ligands be-
come coordinated to Cu atoms. The process was found to be
reversible: exposure of the dehydrated phase to water vapor
results in depolymerization and formation of the initial supra-
molecular network, the water uptake reaching 0.23 g per g.
Moreover, the adsorption — desorption cycles of water on
[Cu(pcl),Cl,] can be repeated many times without any loss of
capacity.

Experimental Section

Synthesis and Characterizations: All starting materials were of ana-
lytical grade and obtained from commercial sources without further
purifications. Ligand 4,4'-bis(carboxyphenyl)-bipyridinium dichloride
dihydrate (H,pclCl,-2H,0) was synthesized according to literature
(Supporting Information). Thermogravimetric analyses were per-
formed with a TGA-2050 TA Instruments Systems from room tem-
perature to 1000 °C with a heating rate of 10 K'min™' in a nitrogen
flow. The synthesis of [Cu(pcl),(H,0)4](Cl1),*8H,0 was carried out as
follows: a mixture of HypclCl,:2H,0 (50.6 mg, 0.1 mmol),
CuCl,-2H,0 (51.1 mg, 0.3 mmol), DMF (0.5 mL), methanol (1 mL),
and H,O (2 mL) was heated at 100 °C for 48 h in a 25 mL teflon-
lined stainless steel autoclave. After the mixture was slowly cooled
down to room temperature at a rate of 2K-h™!, crystals of
[Cu(pcl),(H,0)4](C1),°8H,0 and a very small amount of black pow-
der, assigned to CuO, are obtained. The sample was washed with eth-
anol and air-dried. [Cu(pcl),(H,0)4](C1),:8H,0 (1) 72 % yield based
on H,PCICL,»2H,0. The elemental analysis (calcd. for
[Cu(pcl)y(H,0)4](C1),8H,0 (1143.41): C 50.42; H 4.94; N 4.90 %;
found C, 49.25; H, 4.54; N, 4.76 %) indicates that the analyzed ele-
ments are under-measured out, confirming the presence of CuO as an
impurity. The purity of the hybrid compound is estimated to 98-99 %.

X-ray Diffraction: X-ray Powder Diffraction measurements were car-
ried out with a D8 Bruker diffractometer using Cu-Ka, , radiation,
equipped with a linear Vantec super speed detector and a TTK450
chamber. The X-ray Powder diffraction (XRPD) patterns of

[Cu(pcl)>(H,0)4](Cl),*8H,0 showed that all the observed reflections
can be indexed in the unit cell parameters obtained from single-crystal
X-ray diffraction experiment (Supporting Information). X-ray diffrac-
tion data of selected single crystal were collected with a Bruker-Nonius
KAPPA-CDD diffractometer equipped with a graphite-monochro-
mated Mo-K,, radiation (1 = 0.71073A). A summary of crystallo-
graphic data and refinement results is listed in Table 1. The structure
was solved and refined using the Shelx197 package. Positions and agi-
tation parameters were refined by full-matrix least-squares routines
against F2. All hydrogen atoms were treated with a riding model. Two
independent water molecules were localized in pores (8 per unit cell).
The squeeze routine of Platon was used to model the remaining elec-
tronic density in pores, giving 74 electrons per unit cell, which quite
well corresponds to 8 water molecules (theoretical : 80 electrons), also
in accordance with the TGA and adsorption measurements. Finally,
refinements of positions and anisotropic displacement parameters of
all non-hydrogen atoms lead to R, = 0.049. A more complete summary
of crystallographic data for [Cu(pcl),(H,0)4](Cl),*8H,0 is given in
the Supporting Information)

Table 1. Crystallographic data for [Cu(pc!),(H,0),](Cl),-8H,0.

[Cu(pcD)>(H,0)4]1(Cl),-8H,0

Crystal system monoclinic
Space group P24/n

alA 10.444(1)
alh 16.554(1)
alh 15.556(2)
al® 90

prr 103.16(1)
y/° 90

Volume /A’ 2618.8(4)
Pealea /MM 1.439

20 max 27.90
Temperature /K 293

Refl. collected [unique with I > 2a(/)] 4318

Data (parameters) 330

R, [I > 20(])] [WR, (all data)] 0.049 /7 0.149

Crystallographic data (excluding structure factors) for the structure in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting the de-
pository number CCDC-1483080 (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

Adsorption Measurements: Adsorption-desorption isotherms of
water on [Cu(pcl),(H,0)4](Cl),*8H,0 were measured at 298 K with
a home-built McBain-type thermobalance. Before measurements the
samples (ca. 10 mg) were outgassed at 453 K under vacuum (10-° hPa)
overnight. The detailed description of the experimental procedure can
be found elsewhere.l'”! The estimated experimental error on the ad-
sorbed amount was about 1 mg per g. The accuracy of the pressure
measurement was 1 % and the temperature was maintained within 1 K.
To characterize the reversibility of water adsorption several successive
cycles were done at 25 °C, in which the material was exposed to water
at P/Py = 0.8 (25.2 hPa) and degassed under vacuum.

Supporting Information (see footnote on the first page of this article):
Synthesis of the ligands, crystal data, powder X-ray diffraction
patterns, and IR spectra.
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