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ABSTRACT: A solid-state simultaneous exchange of
metal nodes and counteranions based on a cobalt(2+)
coordination polymer is reported for the first time. The
ion-exchange process is visual, and the structural integrity
of the cobalt(2+) coordination polymer is maintained
during the ion-exchange process.

oordination polymers are the species that are constructed

from metal nodes and organic spacers." So far, the most
effective approach to the synthesis of coordination polymers is
self-assembly. In principle, a coordination polymer could be
considered as the metal salt of the conjugate base of a weak acid,
so the isomorphous replacement of metal nodes by other kinds of
metal cations is possible.2 To date, metal node exchange is rare,
although it has been becoming a very useful postsynthetic
approach to accessing the coordination polymers that are not
easy to be prepare by direct synthesis. To our knowledge,
relatively few examples concerning metal node exchange have
been reported.” On the other hand, among various coordination
polymers, cationic coordination polymers often occur when
neutral organic ligands are used in construction of the
frameworks, so the net positive charge on the frameworks
necessitates charge-balancing of extraframework anions. Com-
pared to metal node exchange, anion exchange is much more
common. In particular, the simultaneous exchange of metal
nodes and counteranions without altering the structural integrity
of the framework is hitherto unknown in coordination polymers.
Ion exchange (including exchange of metal cations and/or
counteranions) based on metal—organic frameworks (MOFs) is
of great interest, and such a postsynthetic approach® might be
able to conveniently modify or improve MOF functions under
ambient conditions.

In this contribution, we report for the first time the
synchronous metathesis of both metal nodes and counterions
based on a 1D cobalt(2+) coordination polymer.

Co,L,Cl, (1) was obtained as purple crystals by the
combination of L and CoCl, in a mixed-solvent system of
CH,Cl,/methanol (MeOH) at ambient temperature (Scheme
1). Single-crystal X-ray diffraction analysis revealed that the 1D
coordination polymer of 1 (Figure SI in the Supporting
Information, SI) crystallizes in the triclinic space group P1. As
shown in Figure 1, each Co®* node in 1 adopts a distorted
octahedral {CoN,CL,} coordination sphere. The basal plane is
composed of two N-pyrimidyl [dg,_y = 2.212(5) A] and two N-
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Figure 1. ORTEP figure of 1 (displacement ellipsoids drawn at the 30%
probability level).

pyridyl [dc,_n = 2.244(6) A] donors. The axial positions are
occupied by two coordinated Cl™ anions [dc,_¢; = 2.388(2) A].
Compound 1 is stable in air as well as in MeOH (Figure S1 in the
SI).

Metal node exchange based on 1 was simply realized by the
combination of 1 with Cu?* in solution. As shown in Scheme 2,
when compound 1 was soaked in a MeOH solution of CuCl,
(0.02 mol/L) for 30 min, the crystals of 1 underwent a rapid
naked-eye-detectable color change. As illustrated in Scheme 2,

Scheme 2. Synthesis of 2—4 Based on Metal Nodes and
Counter Ions Exchange®
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“The photographs of 1—4 and their formation process are inset.
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the color of the resulting crystalline solids of Cu,,Cog,4L,Cl,
(2) gradually changed from purple to green, which is further
supported by the UV—vis spectrum (Figure S2 in the SI).
Unfortunately, the crystals of 1 did not diffract the X-ray beams
due to the loss of single crystallinity during the process. The
powder X-ray diffraction (PXRD) pattern based on 2, however, is
identical with that of 1, indicating that the structural integrity is
maintained (Figure 2), so the color change of 1 resulted from

framework structural integrity of 1 is maintained, which is well
demonstrated by the measured PXRD pattern (Figure 2).

For Cu(NOs,),, as illustrated in Scheme 2, the color of 1
changed from purple to sky blue after 1 was immersed in a
MeOH solution (0.02 mol/L) of Cu(NOg,)Z for 12 h (Figure S5
in the SI). The Cu 2p;,, (at 933.71 €V)° and Cl 2p (at 197.78
eV)’ peak positions are in accordance with the presence of Cu?*
and ClI” ions (Figure 4), respectively. Similar to 3, no Co*"
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Figure 2. (Left) PXRD patterns of 1—4. (Right) XPS spectra of 2.

metal node exchange. The coexistence of Co®" and Cu®" in 2 is
further demonstrated by X-ray photoelectron spectroscopy
(XPS) measurement, which is evidenced by the observation of
Co 2ps), (at 779.7 eV), Co 2p, /, (at 794.24 eV), and Cu 2ps),
(at 934.62 eV)® peaks in the XPS spectra of 2 (Figure 2). The
metal-cation-exchange degree in 1 was determined by inductively
coupled plasma (ICP) measurement. The ICP-measured result
(Table S1 and Figure S3 in the SI) indicates that the amount of
Cu’" is up to ca. 75%, which is in accordance with the molecular
formula of Cuy;,Coy,cL,Cl,.

To provide further insight into metal node exchange based on
1, CuBr, and Cu(NO,), were used instead of CuCl, to perform
the ion-exchange reactions under the same conditions. By simply
immersion of the crystals of 1 in a MeOH solution (0.02 mol/L)
of CuBr, for 3 h, the color of 1 stepwise-changed from purple to
dark brown to generate Cugg3C00,L,CIBr (3; Scheme 2 and
Figure S3 in the SI). Notably, XPS measurements (Figure 3)
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Figure 3. XPS spectra of 3. No detectable Co®" species was observed.

show that compound 3 contains not only Cu®* (Cu 2p;), at
933.38 eV)6 and CI™ (ClI 2p at 197.55 €V)” species but also the
Br~ (Br 3d at 67.51 €V) anion,” which means that both Co**
nodes and the Cl” counteranions in 1 were simultaneously
replaced by Cu** and Br ™. Interestingly, no obvious peaks related
to Co®* were observed based on XPS, indicating that almost all
Co’* cations in 1 are exchanged by Cu®". The ICP measurement
(Table S2 and Figure S4 in the SI) shows that the amount of Cu**
is up to ca. 98%, and ion chromatography (IC) analysis of the
amount of Cl™ ions is ca. 50% (see the SI). So, the structural
formula of compound 3 should be Cuy¢3Coy,L,CIBr. Again, the
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Figure 4. (Left) XPS spectra of 4. No detectable Co** species was
observed. (Right) IR spectra recorded during the ion-exchange process
at 0—12 h.

species was detected in 4 based on XPS measurement, indicating
that the Co®* ion in 1 was completely replaced by Cu**. On the
other hand, IR spectra show that the bands associated with NO;~
are significantly enhanced as time goes on, indicating that the C1~
ion in 1 was exchanged by the incursive nitrate anions (Figure 4).
The ICP measurements (Table S3 and Figure S6 in the SI) reveal
that ca. 100% of Co®* cations in 1 were replaced by Cu’* cations;
meanwhile, ca. 35% of CI™ anions were exchanged by the NO;~
anions. So, the ion-exchange reaction yields compound 4 with a
molecular formula of CuL,Cl;3(NO;),;. The PXRD pattern
based on the ion-exchanged sample of 4 is identical with that of 1
(Figure 2), suggesting that the framework is intact upon ion
exchange.

Notably, no ligand species were detected in mother liquors of
2—4 based on the 'H NMR spectrum during the process (Figure
S7 in the SI), indicating that the above visual synchronous
metathesis of metal nodes and counteranions based on 1 is a
solid-state ion exchange. To further confirm this, liquid
chromatography (LC) was used to monitor the mother liquors
of 2—4. For 2 and 3, no ligand was present in the mother liquors
based on LC analysis; for 4, only a tiny amount of ligand was
detected, indicating that compound 4 is slightly soluble in
MeOH (Figure S8 in the SI).

It is noteworthy that the copper(2+) coordination polymers
with the same structure of 1 cannot be obtained by the direct
combination of L and corresponding CuX (X = CI, Br™, and
NO;") salts in MeOH/CH,Cl, (Figure S9 in the SI) and other
solvent systems such as EtOH/CH,Cl,, CH;CN/CH,Cl,,
MeOH/CHCl,, EtOH/CHCl,, MeOH/THF, and H,0/
MeOH. Notably, the metal node and counteranion exchanges
herein are irreversible under the experimental conditions. In
addition, ion exchange did not occur when CuSO,, Cu(OAc),,
and Cu(SO;CF,), were used to perform the reactions under the
same conditions.

Notably, the ion-exchange reaction time of 1 based on the
different CuX, (X = CI7, Br~, and NO;") salts was monitored by
PXRD. The ion-exchange time exceeded 0.5 h (for 2), 3 h (for 3),
and 12 h (for 4); the solid-state structure of 1 could not be
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maintained based on the PXRD measurement. As mentioned
above, the ion-exchange rate of these reactions is quite different.®
For example, the naked-eye-detectable color change from 1 to 2
was observed in ~1 min, while the color changes from 1 to 3 and
from 1 to 4 were observed in 0.5 and 1 h, respectively. All of the
reaction conditions, including starting materials, solvents, and
temperature, are the same except anions, so the different ion-
exchange rates herein might be caused by the different anions.
For further understanding the different ion-exchange rates
caused by the different metal salts, DFT calculations were carried
out. The calculations were carried out using Gaussian 09 at the
MO6 level. A 6-31G* basis set was employed for Cl, Br, N, and O
atoms. For Cu and Co atoms, the standard LanL2DZ was used.
CoCl,, CuCl,, CoBr,, CuBr,, Co(NO;),, and Cu(NO;), were
fully optimized. Single-point calculation of CoCLL, was
performed based on its X-ray crystal structure. Because the
PXRD measurements gave the same structural information for
CuCLL,, CuBr,L,, CoBr,L, Cu(NO;),L,, and Co(NO;),L,,
Co—Clbonds in CoCl,L, were replaced by Cu—Cl, Cu—Br, Co—
Br, Cu—NOj;, and Co—NOj bonds, giving the structures of
CuCLL,, CuBr,L, CoBr,L, Cu(NO;)L, and Co(NO;)L,.
Then electronic energies of CuCl,L,, CuBr,L, CoBr,L,,
Cu(NO;),L,, and Co(NO;),L, were obtained from optimiza-
tion of the Cu—Cl, Cu—Br, Co—Br, Cu—NO;, and Co—NO,
moieties with metal—L parts frozen. The electronic energies were
further improved by single-point calculation, with solvent effects
(SCRF = IEFPCM and solvent = MeOH) taken into account.
According to the calculations, the electronic energy changes of
the three reactions [CuCl, + CoCl,L, = CoCl, + CuCLL, (1);
CuBr, + CoCLL, — CoCl, + CuBr,L, (2); Cu(NO;), +
CoClL,L, = CoCl, + Cu(NO;),L, (3)] are —2.4(1), 16.3(2), and
19.6(3) kcal/mol, which are in good agreement with the
observations of the above ion-exchange reactions.

In summary, we have successfully demonstrated, for the first
time, a simultaneous exchange of metal nodes and counteranions
on the coordination polymers in the solid state. The facile
exchange of metal nodes and counterions without loss of
structural integrity as described herein might provide an
alternative approach to constructing heterometallic and
heteroanionic coordination polymer materials with the same
framework structural feature under ambient conditions. On the
other hand, such interesting naked-eye-detectable ion-responsive
color changes might be useful in visual sensors for the detection
of metal cations and counteranions.
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