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Kinetic Assembly of a Thermally Stable Porous Coordination Network
Based on Labile Cul Units and the Visualization of I, Sorption™**
Hakuba Kitagawa, Hiroyoshi Ohtsu, and Masaki Kawano*

The advantage of porous coordination network synthesis is
the control of design that is possible by changing the metal
sources and ligands.['! Therefore, not only many commercially
available ligands but also newly synthesized ones have been
used for preparing coordination networks.””! In contrast most
of the metal sources employed are common reagents or stable
metal moieties because their behavior as a metal connector is
predictable. To date, to our knowledge, there is no report
focusing on use of labile metal sources for selective network
formation. One of the promising methods to
produce unique networks with such labile metal
sources is kinetic control, which has been used for
long time to prepare various other sorts of
materials.”! Herein we report the first selective
syntheses of thermally stable porous coordination
networks using a labile Cu,l, cubane cluster and
a rigid T,symmetry ligand by both kinetic and
thermodynamic control. Although the Cul readily
produces a mixture of several kinds of coordina-
tion compounds containing a Cu,l, cubane or
a Cu,I, dimer unit,””! we succeeded in kinetically
and selectively preparing porous network crystals
composed of novel Cul helical chains which can
keep their crystallinity up to 673 K under N, atmosphere.
Because I, sorption by porous compounds has significant
potential, for example, as a nuclear fission product absorber,"’
we tested I, encapsulation into the pores of the network. The
network crystals show chemisorption of I, by formation of
a covalent bond with an iodide of part of the framework to
form an I3~ group. As the thermodynamic product, we
obtained a Cu,l, dimer network which shows physisorption
of I,. We confirmed these different processes in solution by
kinetic measurements. We also demonstrated the mechanism
of network formation in this system by NMR spectroscopy.
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We chose a compound having a Cu,l, cubane core,
[Cu,I,(PPh;),] (1), as a labile metal source to demonstrate
our concept, because a Cu,l, cubane core can be converted
readily into other Cul units in the solution state even though it
is stable in the solid state.® For the rigid ligand, we prepared
a thermally stable T,-symmetry tetradentate ligand (tetra-4-
(4-pyridyl)phenylmethane, 2) (Scheme 1, see Figure S3 in the
Supporting Information, for further information on stabil-
ity).”! On heating of the mixture of the labile metal source
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Scheme 1. Selective preparation of network isomers 3a and 3b.

1 and ligand 2 in DMSO in air at 453 K, a homogenous
colorless solution was obtained. By cooling this solution, two
kinds of network crystals were obtained. Because the ratio of
the two crystals changed depending on the cooling rate, we
assumed that this result is attributed to kinetic/thermody-
namic effects. (Details are described in Supporting Informa-
tion). As we expected, rapid cooling (ca. 20 Kmin™)
produced exclusively yellow needle crystals,
{[(Cul),(2)]'solvent}, (network isomer 3a), in 99% yield.
On the other hand, slow cooling (ca. 3 Kmin™') produced
orange prism crystals, {{(Cu,1,)(2)]-solvent}, (network isomer
3b), in 95% yield. These two networks have the same
molecular formula, however show different connectivity as
discussed below.

The crystal-structure analysis of isomer 3a revealed that
along the c axis Cul helical chains bridged by ligand 2 form
a non-interpenetrated porous network in which a Cu' ion is
coordinated by two N atoms of ligand 2 and two iodides
(Figure 1a,c, and e).¥! The helical chain network isomer 3a
has 1D channels with the pore window of 5.8 x 5.5 A and35%
void space (without solvent) in the unit cell volume. The
salient feature of this network structure is that the bridging
iodide in the framework faces into the 1D channel.

The crystal structure analysis of isomer 3b revealed that
isomer 3b is a quadruply interpenetrated network consisting
of Cu,l, dimer units and ligand 2 (Figure 1b,d, and f; and see
Figure S4 in the Supporting Information). The network is
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Figure 1. Porous network structure and coordination geometry of Cul
unit in isomer 3a (a,c,e) and 3b (b,d,f). a,b) Packing structures viewed
from the 1D channel (the ¢ axis projection of isomer 3a (a), the b axis
projection of isomer 3b (b)). c,d) Packing structures viewed from the
direction perpendicular to the 1D channel (the a axis projection of
isomer 3a (c), the projection viewed from [102] direction of isomer

3b (d)). e,f) Coordination geometries between the Cul unit (Cul helical
chain unit in isomer 3a (e), and Cu,l, dimer unit in isomer 3b (f)) and
ligand 2. Hydrogen atoms and solvent molecules are omitted for
clarity.

described as a 4,4-connected network of PtS-type @ 22
topology® considering the Cu,I, dimer units as

a square-planar site and the central carbon atom

of the ligand 2 as the tetrahedral node. This .

structural topology is the same as that of the
network consisting of Cu" ions and the same
ligand 2. The network isomer 3b has 1D
channels with a pore window of 40x3.9 A and
22 % void space in the unit cell volume. No Cu,l,
dimer units are facing to the channels.

Because the void space of isomer 3a is larger
than that of isomer 3b, it is very likely that isomer
3a is thermodynamically less stable than isomer
3b. In fact, when kept in DMSO at 373 K for 1 day,
all the yellow needle crystals of isomer 3a were
completely converted into orange prism crystals of isomer 3b
as was confirmed by X-ray diffraction analysis. After this
conversion, even though the temperature of a DMSO solution
containing isomer 3b was increased to 462 K, the orange
crystals never returned to the initial yellow crystals. It means
that the network transformation process is irreversible. These
facts indicate that isomer 3a is the kinetic network and isomer
3b is the thermally more stable network under these
conditions.

6 min
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Interestingly, the crystals of isomer 3a are quite stable in
the solid state, unlike in solution. The thermal stabilities of
isomers 3a and 3b were investigated by thermogravimetric
(TG) analysis. TG curves of isomer 3a and 3b showed weight
loss corresponding to solvent evaporation at 300-520 K and
340-530 K, respectively, and decomposition above 673 K (see
Figure S5). Even after the desolvation, crystals of 3a and 3b
retained their crystallinity. These results indicate high robust-
ness of the frameworks in the solid state. Using synchrotron
X-ray diffraction, we also determined the structures of the
desolvated crystals (isomer 3a’ from isomer 3a, and isomer
3b’ from isomer 3b) prepared by keeping the samples under
vacuum at 423 K for 1 h. In the desolvated crystals 3a" and
3b’, the pyridyl and phenyl groups show disorder unlike in the
solvated isomers 3a and 3b. Furthermore, the framework
connectivity of the desolvated isomer 3b’ is different from
that of the initial isomer 3b. Half of the dimer unit are
orthogonally rotated around the a axis on desolvation without
ligand rearrangement (Figure S6).1"

These network isomers show a unique sorption behavior
of I,. The I, sorption was monitored with sample weight
change (Figure2; and see Movie S1 and Figure S7 in the
Supporting Information). A crystal of each of 3a, 3a’, 3b, and
3b’ was put together with solid iodine on a dimpled slide glass
capped by a flat slide glass at 293 K. The direction of 1D
channel in all the crystals is along the long axis of the crystals.
A solvated crystal of isomer 3a and a desolvated crystal of
isomer 3a’ turned black within 21 min and 3 min, respectively.
The crystal structure analysis of the desolvated crystal of
isomer 3a’ exposed to iodine vapor for 1 day gave a formu-
lation as (3a-0.961L,),. The diffraction became better after I,

—  b) Pore c) d)
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3b’
/ 1.5 min / 3 min / 4.5 min /

f) // 9) //
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Figure 2. Photographs showing the iodine adsorption behavior of isomer 3a, 32,
3b, and 3b’ (from left to right; see movie in Supporting Information) on exposing
a single crystal of the isomer to iodine vapor. The crystals change color to black,
except isomer 3b.

sorption (the maximum resolution of X-ray diffraction
changed from 0.91 At00.75 A). The crystal-structure analysis
revealed that the pores of solvated isomer 3a and desolvated
isomer 3a’ encapsulated I, by chemisorption through the
formation of an I;~ group from each bridging iodide unit
giving a reasonable geometry for the I;~ ion (Figure 3a; I1-12
2.874(4) A, 12-13 2.800(8) A, T1-I2-13 angle: 175.9(3)°)."!
The intermolecular distance between I;~ groups in a channel
is 4.71(2) A, indicating that there is no interaction between
them.
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Figure 3. Structure of iodine-encapsulating network isomer 3a’ and 3b’. a) A Cul helical chain unit
with chemisorbed iodine molecules in iodine-encapsulating network isomer 3a’. b) the c-axis
projection of iodine-encapsulating network isomer 3a’ (Inset: differently shaded pairs of iodine
molecules and pyridine rings belong to the same disordered pair). c,d) The physisorbed iodine in the
iodine-encapsulating network isomer 3b’ c) the c-axis projection and d) the projection viewed from
[110] direction. Hydrogen atoms and solvent molecules are omitted for clarity.

The desolvated network isomer 3b’ shows physisorption
of I,: the desolvated crystals of isomer 3b’ turned black within
S min, giving (3b"2.1251,), (by X-ray analysis). The crystal-
structure analysis revealed that I, molecules are arranged
linearly along the 1D channels and highly disordered (Fig-
ure 3¢,d)."  Moreover, compared with (3a"0.961,),,
(3b"2.1251,), shows a remarkable affinity for I,: the I,
desorption temperature in the TG measurement is 380 K
for (3a’-0.961,), and 450 K for (3b’-2.1251,), (see Figure S5).
The large desorption temperature difference can be explained
by steric repulsion between adsorbed I, molecules and the
framework. Because the crystal structures of desolvated
isomer 3a’ and isomer 3b’ at 80 K show severe disorder of
phenyl and pyridyl rings, it is reasonable to assume that at
higher temperatures these rings can rotate freely. Network
(3b'-2.1251,),, has no steric hindrance with encapsulated I,
molecules even though there is dynamic rotation of the rings
at higher temperatures. However, in the case of (3a’-0.961,),
severe collisions can occur between adsorbed I, molecules
and the rotating pyridine rings (Figure 3b). Therefore,
(32’-0.961,),, shows smooth desorption of I, over 380 K even
though this sorption is chemisorption. Furthermore, the pore
window of isomer 3b’ (4.0 x 3.9 A) is exactly fit for iodine (the
sum of van der Waals radii of iodine, 3.96 A). That is why the
physisorbed I, can be retained in the pore up to 450 K through
the capillary effect.

On the adsorption of L, the crystal color of isomer 3a and
3a’ changed almost uniformly (Figure 2; and see Movie S1 in
the Supporting Information). This feature indicates that I,
molecules were adsorbed not only by the 1D channel but also
by cracks and defects on the surface of the crystal. It is
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reasonable to assume that kinetic
networks have more defects than
thermodynamic networks. Once
the I;~ group forms, the 1D chan-
nel is blocked. Therefore, subse-
quent I, molecules cannot enter
the channel as long as the I3~ group
is blocking the channel. However,
covalent bond formation is ener-
getically favorable, therefore I,
molecules were adsorbed through
cracks and defects on the surface
of the crystal to form more I3~
groups in the channels. Also, we
observed the creation of new
cracks on the surface of a solvated
crystal of isomer 3a during I,
sorption. Crystal solvents cannot
escape through the channel owing
to the blocking I;~ group, but they
can escape by creation of new
cracks on the surface.

In contrast to isomer 3a and
3a’, a desolvated crystal of isomer
3b’ gradually adsorbed I, from the
edge of the channel. Because of
physisorption, I, molecules just
diffused into the channel. In the
case of solvated form isomer 3b, I, molecules cannot enter the
channel, because crystal solvent, DMSO, is tightly encapsu-
lated. Indeed, DMSO encapsulated in isomer 3b cannot be
removed at room temperature in vacuo. According to the TG
results for isomer 3b, we needed to heat the crystals over
340 K to remove the crystal solvent. It is of note that the
desolvated form isomer 3b’ could not go back to solvated
form isomer 3b on immersing it in DMSO at room temper-
ature, but it could at 373 K. These facts indicate that the bulky
molecule larger than the pore window size (ca. 4.0 A) cannot
easily enter the quadruply interpenetrated network isomer
3b’, and contribute to the physisorption process in isomer 3b'.

To monitor the weight change of desolvated isomer 3a’
and 3b’ on the adsorption of I,, the crystals of isomer 3a’, 3b’,
and iodine solid were put in vials separately, then the three
vials were put in a bigger vial together. After the bigger vial
was capped, the weights of smaller vials were measured from
time to time (see Figure S7). After the I, sorption, 110 wt %
and 58 wt % increase were found on the basis of the initial
mass in isomer 3a’ and 3b’, respectively. The ideal maximum
capacity for encapsulation of I, into both isomers is 50 wt %
(two I, molecules can be encapsulated per each network unit
as {[(Cul),(2)]-21,},.. The excess mass increase compared with
the ideal maximum capacity suggests continuous deposition
onto the surface of both crystals. To remove excess iodine on
the surface of the crystals, the crystals were washed with
cyclohexane. In both cases, the mass increase of the washed
crystals were 45 wt%, indicating 90% pore spaces are
occupied by encapsulated iodine molecules. This value is
comparable to the value of other porous coordination net-
works.”)
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I, adsorption was further tested using I, solution. When
the crystals of isomer 3a’ or 3b’ were immersed in a purple
cyclohexane solution of I,, the color gradually faded, indicat-
ing that iodine was encapsulated into the networks in solution
as well. Therefore, we investigated these encapsulation
processes in cyclohexane with UV/Vis spectroscopy. The
kinetic analyses reveal the chemisorption of isomer 3a’ and
physisorption of isomer 3b’. The absorbance decreased on the
adsorption of I, (see Figure S1 and S2). The adsorption
kinetics were investigated by monitoring the 525 nm absorb-
ance (see Insets of Figure S1 and S2). In adsorption kinetics,
the plot of time versus In(A,—A,,) should be linear for a first-
order reaction and plot of time versus time/(A,—A,) should be
linear for a second-order reaction (A,: initial absorbance, A,:
absorbance at time ¢, A_.: absorbance at equilibrium).”¥! The
sorption of I, by isomer 3b’ followed first-order reaction
kinetics: the rate constant of adsorption was determined as
47x10° min~'. On the other hand, the sorption of I, by
isomer 3a’ can be described by two steps: a first-order
reaction (reaction rate: 1.6x10°min!) followed by
a second-order reaction (reaction rate: 159 g(sorbent)/(mg-
(solute)-min), see Insets of Figure S2). This result suggests
that the first step until approximately 360 min is dominated by
physisorption, however, the second step from approximately
360 min is a competitive reaction between physisorption and
I;- bond formation/cleavage. At approximately 360 min,
around 10% of pore was filled by I, (calculated from the I,
concentration determined by the absorption value). From this
moment, even though I, has not filled the pore entirely, the
chemisorption process becomes the rate-limiting step.

To clarify the network formation mechanism of isomer 3a
and 3b in DMSO, we investigated a colorless reaction
solution of 1 and 2 by NMR spectroscopy. The NMR study
demonstrated that network formation requires oxygen during
the reaction. In the absence of oxygen, no reaction proceeded,
resulting in no network crystal formation. Therefore, it is
intriguing to know what the reaction intermediate for
networking is. To reveal the intermediate species, right after
mixing 1 and 2 in [D¢]DMSO in a NMR tube in air at 453 K
for 30 min in an oil bath, we measured 'HNMR of the
reaction solution at 400 K (the highest probe temperature we
could reach). The NMR spectrum showed that the resonance
signals of the pyridyl group in ligand 2 shifted downfield with
broadening of the signal for the a-proton and retention of T,
symmetry (Figure S8a,b). The result indicates that the
intermediate species has a Cu—N coordination bond and T,
symmetry. Another important fact is that signals for O=PPh;
were observed at around 6 =7.50-7.65 ppm (Figure S8c). As
a control experiment, the network synthesis was performed
under Ar by using a degassed DMSO solution. Unexpectedly,
although a colorless solution was obtained after heating at
453 K, no crystals were obtained by cooling the solution.
Similarly to the above experiment in air, the 'HNMR
measurement was performed under Ar. As we expected, no
signals for O=PPh; were found. The observed signals exactly
matched those of the starting materials, 1 and 2, indicating
that the starting materials were still present just as mixture
under Ar (Figure S9). Therefore, NMR spectroscopic and X-
ray results suggest the following possible networking mech-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

anism: firstly, the PPh; group of starting material 1 was
removed by oxidation to produce a vacant site; secondly, the
vacant site on a copper atom can be coordinated by DMSO
and simultaneously solvated Cul monomer may be generated
at 453 K. Then ligand 2 coordinates to the Cul monomer to
generate the intermediate species, {[Cul(DMSO),],(2)}.14
When the reaction was performed at 433 K in air, the Cul
helical chain network isomer 3a was not obtained as a major
product even by rapid cooling, indicating that the Cul
monomer can be generated as a major species in the reaction
solution above 453 K. Because the Cu,l, dimer is thermody-
namically more stable than the Cul helical chain, at temper-
atures below 453 K or on slow cooling from 453 K, the Cu,l,
dimer network isomer 3b can be obtained selectively.

We have successfully demonstrated the kinetic control of
network formation using labile metal sources. We could
obtain two kinds of networks, isomer 3a and 3b, which are
thermally stable. The network formation mechanism was
confirmed by NMR spectroscopy. Both networks show
unique I, sorption properties. Using kinetic control, we
could arrange bridging iodides facing into a pore in isomer
3a to enable chemisorption of I,. Compared with isomer 3b,
isomer 3a can be also useful for application, because isomer
3a can efficiently absorb/desorb I, by temperature control.
The I, chemi-/physi- sorption process of these networks were
also clarified by kinetic measurements in solution. Another
important message of this study is that, even using kinetic
control, thermally stable porous networks in the solid state
can be obtained. We believe that kinetic control can be
a useful synthetic strategy to create a new class of porous
materials.
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