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Herein we report a water-induced single-crystal to single-crystal
transformation that involves the formation of hetero-bimetallic
paddlewheel clusters in coordination polymers. Through this
transformation, which involves the cleavage and formation of
different coordination bonds, two different Cu(ll)-Zn(ll) and Cu(ll)-
Ni(ll) paddlewheel units exhibiting a 1:1 metal ratio were created.

(CPs),
frameworks (MOFs), exhibit a very rich organic-inorganic chemistry

Coordination polymers including porous metal-organic

that makes possible their structural and compositional design for
myriad applications.™ This design is mostly succeeded through the
careful choice of the building blocks (that is, the organic linker and
the metal ion),52 or by inducing post-synthetic modifications onto
pre-synthesized systems.>~*2 To date, most of these post-synthetic
modifications are made on the organic linkers.* However, an
increasing interest is recently focused on exchanging metal ions in
the (PSM)

pathways.¥15 This latter strategy allows the creation of more

inorganic units using post-synthetic metalation
“exotic” heterometallic inorganic units in CPs that can optimize, for
example, their stability,1¢ gas sorption,}”'8 catalytic activity,®
luminescence?® and magnetic properties.?!

Among all potential clusters present in the literature of CPs/
MOFs,22 the paddlewheel unit is probably one of the best candidate
for the study of the above-mentioned metalation processes due to
its centrosymmetric character and structural simplicity. This cluster
is relatively easy to synthesize using a wide range of metal sources,
including Cu, Ni, Zn, Co, Mn, Cd, Ru, or even Bi-Rh,2® among others.
Based on it, some advances have already been made on the PSM of
paddlewheel units in CPs.1%2425 For example, Cu(ll) ions were
introduced in the paddlewheel units of HKUST-1 by starting with a
pure  Zn(ll)-HKUST-1  sample and making PSM  with
Cu(NO3)-2.5H,0.28 Also, different metal ions such as Cu(ll), Ni(ll) and
Co(ll) were exchanged in CPs made of Zn(ll)-paddlewheel units.2%
However, the governing factors of PSM are still uncertain and a
successful insertion of a specific metal ion is usually achieved using
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empirical  trial-and-error  methodologies,  provoking  also
uncontrolled substitutions in which is unclear the exact spatial
disposition adopted by the new ions.?’

Another approach for designing novel heterometallic clusters
(and in particular, hetero-bimetallic paddlewheel clusters) in a more
controlled way should be their formation during the CP synthesis.
Using this approach, Kleist et al. synthesized HKUST-1 made of
paddlewheel units containing Cu(ll) and Ru(lll).2> However, the
content of Ru(lll) in this HKUST-1 was very low, meaning that only 9
% of the units should potentially be hetero-bimetallic units. To our
knowledge, there is only one example of pure hetero-bimetallic
paddlewheel units with a 1:1 metal ratio done using this strategy.2®
Doonan et al. successfully showed the formation of discrete
polyhedra made of Pd(ll)-M(ll) (where M is Zn, Cu and Ni)
paddlewheel units starting from preformed bimetallic acetates as
reagents.

Herein we show the formation of hetero-bimetallic Cu(ll)-Zn(Il)
and Cu(l1)-Ni(ll) paddlewheel clusters exhibiting a 1:1 metal ratio in
two isostructural CPs (hereafter called 2¢yzn and 2¢yni). These CPs
are made from water-induced single-crystal to single-crystal (SC-SC)
transformations of preformed hetero-bimetallic CPs (hereafter
called 1¢yzn and 1cuni) that do not contain the paddlewheel units.

1cuzn Was initially obtained through a two-step synthesis.2? In a
first step, the macrocyclic Cu-DOTA complex was precipitated by
mixing CuCly-2H,0 (0.075 mmol) and 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (H4DOTA; 0.075
mmol) in water (4 mL) under sonication for 5 min at room
temperature (Fig. S1, ESIT). In a second step, a DMF solution (4 mL)
containing Zn(NOs)-6H,0 (0.15 mmol) was added into the aqueous
solution containing the precipitated Cu-DOTA complex under
stirring. This mixture was then transferred to high temperature
capped vials and allowed to react at 120 °C, from which plate-
shaped sky blue crystals suitable for single-crystal X-Ray diffraction
(SCXRD) were collected after 12 hours (yield: 66 %; obtained as a
pure phase, as confirmed by elemental analysis, energy-dispersive
X-ray spectroscopy (EDX), inductively coupled plasma optical
emission spectrometry (ICP-OES) and X-ray powder diffraction
(XRPD); Tables S2,S3 and Fig. S2, ESIt). 1cyzn crystallized in the
monoclinic P2/n symmetry group with formula [ZnCu(DOTA)(H,0)]
(Table S1, ESIT). A closer analysis on 1cyz, revealed the formation of
a 2-D framework extended along the ac plane (Fig. 1, left-bottom).
In these layers, Cu(ll)
macrocyclic cavity adopting a distorted octahedral geometry

ions are accommodated inside the
coordinated to the cyclen subunit and to two of the acetate arms
(Fig. 1, left-top). These two arms act as bidentate bridges (n»)
between the Cu(ll) and Zn(ll) ions. Zn(ll) extends the framework in a
square-based pyramid motif (Fig. 1, left-medium) using not only the



two n; bridge carboxylate arms along the a axis but also the open n;
arms along the perpendicular ¢ axis. The coordination environment
around Zn(ll) is completed with the presence of a water molecule
(O1W) crowning the axial position of the pyramid. The different
layers are packed in an AAA sequence connected via hydrogen
bonds between O;W and the non-coordinated oxygen atoms in the
n: carboxylate arms of a subsequent layer (Fig. S3, ESIt).
Remarkably, the resulting framework is compact, meaning that
there are not guest solvent molecules in the structure.

Because the neighboring Cu(ll) and Zn(ll)
discriminated by SCXRD owing to their similar scattering power, the
location of Cu(ll) ions in 1cyzn Was further investigated by electronic
paramagnetic resonance (EPR). To study the former, we performed
measurements on 1lcyzn and compared with that of the discrete
macrocyclic complex Cu-DOTA. 3 As expected, Cu-DOTA showed the
characteristic EPR spectrum of a Cu(ll) complex with an elongated
octahedral geometry (Fig. 2a). The gu and g, values were 2.290 and
2.083, respectively (see the EPR simulation in Fig. S4, ESIT).
Importantly, the EPR spectrum of 1cyzn Was very similar to that of
Cu-DOTA, with gu and g, values of 2.240 and 2.085, respectively
(see the EPR simulation in Fig. S5, ESIT). This similarity confirmed
that indeed the Cu(ll) ions reside inside the macrocyclic cavities in
1cuzn, and that the Zn(ll) ions bridge these Cu-DOTA units. It is
important to highlight here that this evidence is also in good
agreement with the reported Cu/Zn association constants with
H4sDOTA (Log Kg= 22.72 and 18.70 for Cu-DOTA and Zn-DOTA,
respectively).3! Finally, to discard the presence of Cu(ll) ions in the
metal positions responsible of bridging the macrocyclic complexes,
we finally compared our previous spectra with that obtained for the
isostructural homometallic 1¢cycy. Note here that 1¢,cy Was prepared
using the same conditions as for 1cuz,, except that instead of
Zn(NOs3)-6H,0 in  the second synthetic step, we used
Cu(NO3),:2.5H,0 (yield: 87 %; obtained as a pure phase, as
confirmed by elemental analysis and XRPD; Fig. S2, ESIT). In this

cannot be

case, the EPR spectrum was quite different, exhibiting a broad band
with a g value of 2.128 (Fig. 2a). Since Cu(ll) ions in 1cycy adopt not
only an elongated octahedral geometry but also a square pyramidal
geometry, these results confirmed the absence of Cu(ll) ions
outside the macrocycle in 1cyzn.

Crystals of 1cyzn (and also of 1cycy) were thermodynamically
unstable in their reaction medium, undergoing a spontaneous SC-SC
transition when left undisturbed for weeks. Moreover, this SC-SC
transformation could be accelerated when dry crystals of 1¢cyzy were
soaked in pure distilled water without any addition of external
metal sources for 72 hours (96 hours for 1cycy; Fig. S6,57, ESIT).
Remarkably, the resulting prism-shaped green crystals of 2¢yzn were
suitable for SCXRD. 2¢yzn crystallized in the P2;/c symmetry group
showing a theoretical formula of [ZnCu,«(DOTA)(H,0)]-4H,0 (the
crystal structure was solved considering x = 1 since Cu(ll) and Zn(ll)
cannot be differentiated by SCXRD; Table S1, ESIt). 2¢yzn shows a 2D
framework (Fig. 1, right-bottom) in which the Cu(ll) ions also reside
in the macrocyclic cavity adopting the same distorted octahedral
geometry (Fig. 1, right-top). However, unlike in 1cyz, the closed
pendant arms do not contribute to extend the coordination layers.
Instead, the coordination layers in 2¢yz, are expanded along the ab
plane through the open arms forming M,(CO0), paddlewheel
clusters (Fig. 1, right-medium). The different layers are then stacked
in an ABA’B’ sequence forming 1-D channels along the c axis, which
are filled with guest water molecules (Fig. S8, ESIT). Interestingly,
2cuzn Was stable in water for at least 6 months (Fig. S9, ESIT), and
their guest water molecules could be removed and re-adsorbed
without affecting the integrity of the open-framework (Fig. S10,511,
ESIT). Indeed, water adsorption measurements showed a standard
Type | isotherm with a water uptake of 0.12 guater82cuzn? at 30 %
RH, which corresponds to 4.2 water molecules. The isotherm shows
then a plateau from 25% to 65 % RH and, after that, 2¢cuzy gained
hydrophilicity adsorbing up to 0.21 gwater'82cuzn™.

Fig. 1. Schematic representation of the water-triggered transition from 1cuzn to 2cuzn. For both sides: (top) Representation of the Cu-DOTA illustrating the

octahedral coordination geometry (blue octahedron); (middle) Representation of the square-based pyramidal coordination geometry of Zn(ll) ions in Lcuzn

(purple tetrahedron), which is transformed to an hetero-bimetallic Cu(ll)-Zn(Il) paddlewheel unit in 2cuzn (purple tetrahedron for Zn(ll) and blue
tetrahedron for Cu(ll)); and (bottom) 2-D frameworks of 1cuzn (left) and 2cuzn (right).
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To obtain more details of the composition of 2¢yz,, we then
analyzed it using EDX and ICP-OES (Table S4,S5, ESIt). Surprisingly,
the multiple measurements done with both techniques never
suggested an equal proportion (x = 1) of Cu(ll) and Zn(ll) ions but
always a precise 3:1 Cu(ll) : Zn(ll) ratio (or x = 0.5). These results
lead to a final formula for 2¢yzn of [ZnpsCu;s(DOTA)(H,0)]-4H,0.
Thus, considering that the metal position inside the macrocycle is
occupied by Cu(ll), the two metal positions of the paddlewheel
units must be occupied by a 1 : 1 mixture of Cu(ll) and Zn(ll) ions.

To further confirm the formation of the bimetallic 1:1
Zn(11):Cu(ll)
susceptibility measurements on both 2¢yzn and 2c¢ycy (Fig. 2b) If the
hetero-bimetallic Cu(ll)-Zn(ll) units are formed, the paramagnetic

paddlewheel units, we performed magnetic

Cu(ll) ions located inside the macrocycles and those forming the
paddlewheel units should be magnetically weakly coupled with only
appreciable intermolecular magnetic interactions at the lowest
temperatures. On the contrary, strong antiferromagnetic
interactions are expected if homometallic Cu(ll)-Cu(ll) paddlewheel
units are present in 2cuz. Indeed, homometallic Cu(ll)-Cu(ll)

paddlewheel units display a rather strong antiferromagnetic
behavior, providing exchange coupling constants of J values
between -200 cm! and -1000 cm-1.32 With this in mind, solid-state
variable-temperature (1.8 K - 300.0 K) dc magnetic susceptibility
data of polycrystalline samples of 2¢yzn and 2¢ycy Using a 1.0 T field
were collected. Their magnetic behaviors are depicted in Fig. 2b as
plots of xmT vs T. In both cases, TIP corrections were performed by

adding -60-10® cm3 mol! K per Cu(ll) unit. The xmT values at 300 K
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Fig. 2. (a) EPR Spectra for Cu-DOTA (blue), 1cuzn (green) and lcucu (red).
An octahedral environment around Cu(ll) ions can be attributed to the
initial heterometallic phase. (b) Experimental XmT vs T data of systems
2cucu (®) and 2cuzn (0) between 2.0 K and 300.0 K using a dc external
magnetic field of 1T.
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Fig. 3 Schematic representation of the mechanism. Note that Cu(ll)”
represents the insertion of Cu(ll) coming from the release of Cu-DOTA
due to the degradation of the crystal.

were 0.72 cm3 mol? K for 2¢ycy and 0.56 cm3 mol K for 2¢yz, Which
are in good agreement with those expected for one and a half
independent Cu(ll) centers in 2¢ycy (0.74 cm3 mol? K) and for one
Cu(ll) center in 2¢yzn (0.55 cm3 mol? K); considering a g value of 2.00
in both cases. As expected, the XuT values of 2¢yc, rapidly
decreased upon cooling, consistent with the presence of strong
antiferromagnetic coupling between the two Cu(ll) ions forming the
homometallic paddlewheel units (J = -163 cm‘?, see fitting in Fig.
S12, ESIt). In quite contrast, the XuT values for 2cyzn remained
almost constant all over the temperatures, and slightly decreased
below 25 K. This behavior is characteristic of a system that is weakly
coupled, as expected for a 2cuyzn System built up from hetero-
bimetallic Cu(l1)-Zn(Il) paddlewheel units.

Fig. 3 shows a proposed mechanism for the formation of these
hetero-bimetallic paddlewheel units, which starts with a dynamic
cleavage of the n; acetate arms on 1cyzn through the Cu-O bond,
induced by the presence of water (first fragment of Fig. 3). This step
triggers the formation of a metaphase where all the pendant arms
are equally open (second fragment of Fig. 3). This metaphase can
The
transition continues when half of these open arms rearrange to

therefore be seen as “half-empty” paddlewheel units.
complete again the thermodynamically favorable octahedral
coordination around the Cu(ll) ions, leaching to the solution half of
the Zn(ll) ions (third fragment of Fig. 3). A partial dissociation of the
material should happen afterwards in order to compensate the
charge unbalance, releasing and equal value of [Cu-DOTA]?Z units to
the solution. Half of these released Cu(ll) ions must be able to
complete the holes on the half-formed paddlewheel units, finally
forming the hetero-bimetallic clusters found in 2¢yz, (fourth
fragment of Fig. 3). This hypothetic mechanism implies the loss of
41 % of the initial weight of the crystals as well as the release of 50
% and 25 % of the initial Zn(ll) and Cu(ll) ions, respectively. To
follow these parameters, we immersed crystals of 1cyzs (17.8 mg) in

water (5.0 ml) and followed their SC-SC transformation to 2cyzn.



After 72 hours, the transition was completed, and 9.8 mg of 2¢yz,
were collected, corresponding to a weight loss of 45 %. In addition,
the water solution was analyzed by ICP-OES, and found a Zn(ll) and
Cu(ll) content of 1.03 mg (206 ppm) and 0.49 mg (98 ppm),
respectively. These amounts correspond to a weight loss of 51 %
and 26 % of the initial Zn(ll) and Cu(ll) content in 1cuzn. Altogether,
these results evidence the feasibility of our proposed mechanism.

Finally, to expand the variety of hetero-bimetallic paddlewheel
units, we reproduced the synthesis of 1cyza but using nitrate salts of
Mn(ll), Fe(l)/(), Co(ll), Ni(ll), Ag(l) or Pd(ll) in the second step.
Among these metal ions, we could only confirm the formation of
1cuni (vield: 71 %; obtained as a pure phase, as confirmed by XRPD,
EDX, ICP-OES and elemental analysis; Tables 52,53 and Fig. S2, ESIT).
This result seems consistent with the Irving-Williams series for
stability of complexes synthesized form divalent metal ions.
Remarkably, we found that the transition 1cyni =2cuni Was also
possible after immersing 1cyni in water for two months (Fig. S5,
ESIT). Here, EDX and ICP-OES analysis also gave a 3:1 Cu(ll) : Ni(ll)
ratio (Table S4,S5, ESIt), thus confirming the formation of the
hetero-bimetallic Cu(l1)-Ni(ll) paddlewheel units in 2¢yni.

In conclusion, we have shown the unprecedented formation of
isostructural CPs that contain hetero-bimetallic paddlewheel units
having a 1:1 metal ratio inside the cluster. This formation takes
place via a water-induced SC-SC transformation from a compact
hetero-bimetallic framework built up from connecting Cu-DOTA
units through isolated metal ions to a more open framework built
up from connecting identical Cu-DOTA units through hetero-
bimetallic paddlewheel units. This SC-SC transformation was
reproduced for two different cases allowing the formation of Cu(ll)-
Zn(I1) and Cu(ll)-Ni(ll) paddlewheel units. This study illustrates the
diversity, richness and beauty of this type of chemistry, from which
many new systems remain to be discovered.
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