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We demonstrate that the imidazole-based ligand 1 efficiently
produces a coordination polymer gel by simple mixing with
Co?* ion. When the molar ratio of CoCl, to ligand 1 was less
<1, a red sol was obtained, indicating the formation of an
octahedral (Oy) complex species as occurs with Co(NO3),. In
contrast to G1, when the amount of CoCl, employed was
more than 1 equiv., the color of the gel changed from red to
blue (G2), indicating the formation of mainly a tetrahedral

(T4) complex species. The ionochromic and the piezochromic
effects of imidazole-based suprmolecular gel with Co?* were
investigated. These effects of supramolecular gel were con-
trolled by various anions of cobalt, which are due to coordi-
nation geometric change of gels. Interestingly, the iono-
chromic and piezochromic effects of G1 act as AND and OR
logic gates in the solid and the gel state.

Introduction

Coordination polymer gels of metal-organic frameworks
(MOFs) obtained by self-assembly of metal ions and multi-
functional ligands have attracted considerable attention not
only because of their many unique structural features, but
also because of their various potential applications, which
include gas storage, separation, catalysis, and sensor tech-
nology.['l Metal-organic complexes with specific thermo-
chromic properties have heretofore been used as thermo-
chromic materials.

Thermochromism in metal-organic complexes is usually
the result of a solid-to-solid phase transition, which may
result from changes in the coordination geometry around
the metal center, including a change in the coordination
number.? It is useful to study such materials to help under-
stand the various factors that influence the color change.
Among the transition-metal ions, Co®" is a classical exam-
ple that shows chromism upon ligand exchange (often in-
duced by a temperature change) in the solid and gel states,
as is commonly observed in the hydration-induced color
change of indicating silica gel.l’l For example, Kimizuka
et al.™l reported the thermochromic properties of Co?*
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complexes with triazole-based ligands in the gel state upon
changing the temperature. In the presence of Co?*, the tri-
azole-based ligand formed a blue coordination polymer gel
in which the metal atom had a tetrahedral structure at high
temperature. At low temperature, the triazole-based ligand
did not form a gel but yielded an octahedral complex struc-
ture, which was red. At intermediate temperatures, tetrahe-
dral and octahedral Co?* species coexisted. However, the
different chromic properties and exact coordination geome-
tries of the Co®>* coordination polymer gels under various
external stimuli such as the concentrations of the metal ion
and anion present, the pressure, and the temperature have
been less studied. As far as we know, only three examples
of such studies have been reported.>®! However, the in-
fluence on the coordination geometries of Co?* complexes
in the gel state have not been systematically studied by the
application of external stimuli such as the presence of
anions, heating, and mechanical grinding.

With this objective in the mind, we investigated changes
in the coordination geometry of a Co®" supramolecular gel
that occurred in the presence of different anions. In particu-
lar, we were successful in probing the coordination geome-
try in the supramolecular gel by single-crystal X-ray analy-
sis and computer simulations. As an extension of this study,
the Co?* supramolecular gels were used as soft and solid
logic gates.

Results and Discussion

Tetraimidazole-based ligand 1 was synthesized according
to a literature method (Scheme 1).[71 The incorporation of
the central benzene moiety in 1 gave rise to 2D network
structures in the resulting supramolecular assemblies.
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Scheme 1. Synthetic route to ligand 1.

For the preparation of the self-assembled coordination
polymer gel, 1,2,4,5-tetrakis(1-imidazolyl)benzene (1) was
dissolved in a chosen organic solvent, and Co** (0.5-
3.0 equiv.) was dissolved in the same solvent. This Co”*
solution was then added to the soluti of 1 without heating.
The molar ratio of the metal ion with respect to 1 (2.0 wt.-
%) ranged from 0.5 to 3.0, corresponding to a molar ratio
of the gelator to the solvent of approximately 1:10*. Com-
pound 1 immediately formed a gel upon the addition of
Co?* with a variety of cobalt anions such as ClO4, Cl,
Br, I, and NO;5 (Figure 1a) in the polar solvents DMF,
dimethylacetamide (DMA), and DMF/H,O (1:1, v/v) upon
mixing the solutions. Except for solutions containing Cl~
and Br, these gels were reddish in color (Figure 1a). From
these results, we concluded that the formation of a Co?*
coordination polymer gel with 1 did not strongly depend
on the nature of the anion. Figure 1b shows a field-emission
scanning electron microscopy (FE-SEM) image of coordi-
nation polymer gel 1 with Co(NOs),. The fiber structure
has a diameter of 50-100 nm. In addition, SEM images of
the coordination polymer gels obtained by using different
anions showed fiber structures with diameters in the 50—
150 nm range (Figure S1, Supporting Information). Thus,
the nature of the anion had little influence on the mor-
phology of Co?* gel 1.

(Y

B = e - e

Figure 1. (A) Photographs of Co*" coordination polymer gels 1
(2.0 wt.-%) (a) without a metal ion and with (b) Co(ClOy),,
(c) CoCl,, (d) CoBr,, (e) Col,, and (f) Co(NOs), (3.0 equiv.) in
DME. (B) SEM image of coordination polymer gel 1 (2.0 wt.-%)
with Co(NO3), (3.0 equiv.).

The UV/Vis absorption spectra of gel 1 obtained from
Co(NO3), and CoCl, in DMF are shown in Figure 2. The
UV/Vis spectrum of Co(NO3), gel 1 (i.e., G1) exhibited an
absorption maximum at 518 nm, corresponding to a red
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color (Figure 2A) and suggested the formation of octahe-
dral (O;) coordination. If G1 was heated to above 100 °C,
the absorption intensity of the O, complex was slightly
weakened, and the gelation was destroyed. No significant
change in the red color occurred, which indicated that G1
maintained its octahedral structure. In contrast, if the mo-
lar ratio of CoCl, to ligand 1 was less than 1 (Figure 2B;
Figure S2, Supporting Information), a red sol was ob-
tained, which indicated that the formation of an O, com-
plex species occurred with Co(NO3), (Figure 2B). In con-
trast to G1, if the amount of CoCl, employed was more
than 1 equiv., the color of the gel changed from red to blue
(i.e., G2; Figure S2, Supporting Information). The UV/Vis
spectra of G2 at various molar ratios (0.5, 0.7, 0.9, 1.0, 2.0,
and 3.0) exhibited an absorption maximum at 680 nm [7,
4A,—*T,(P)] for the blue species, and this is characteristic
of a tetrahedral Co?*. The absorption intensity at the
680 nm band of G2 gradually increased as the mol ratio of
CoCl, was increased, and a maximum was reached at a mol
ratio > 3.0. The O, complex of sol 1 with CoCl, was con-
verted into the 7; complex, and it turned into a gel. The T,
complex coexists with the O, complex in the gel phase. To
calculate the O;, complex component, the extinction coefti-
cient for 1b with the octahedral structure was calculated.
Then, the component of the octahedral structure in the ab-
sorption band of G2 was analyzed by the curve-fitting
method. A considerable fraction of the O, complex (ca.
20%) was present at a mol ratio of 2.0. The octahedral
structure of 1 with CoCl, is favored in solution, whereas
the tetrahedral structure is favored in the gel state. This out-
come may be caused by the coordination bonding strength.
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Figure 2. (A) UV/Vis spectra of (a) 1 (1.0 mm) in DMF and (b) G1
(2.0 wt.-%, CoNOs: 3.0 equiv.) in DMF. (B) UV/Vis spectra of (a) 1
(1.0 mm), (b)sol 1 (CoCl,: 0.5equiv.) in DME, and (c-—e) G2
(CoCly: 1.0, 2.0, and 3.0 equiv.) in DMF.

We observed a color change of G1 obtained from 1 with
Co(NO3), upon the addition of other anions. The red color
of Gl changed to blue upon the addition of a small amount
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of a solution containing CI" or Br ions (Figure S3, Sup-
porting Information). As mentioned already, such a color
change reflects a change in G1 from an O, structure to a 7,
structure, a phenomenon termed the ionochromic effect.®]
More interestingly, the red color of dry G1 changed to blue
if a mixture of the former and KBr powder was mechani-
cally ground, and this behavior is referred to as the piezoch-
romic effect.”) In contrast, no significant color changes
were observed upon the addition of F-, I, SO4>, or
CH,COO.

To further elucidate the driving forces for gel formation
as well as the relationship between the color differences and
the geometries of G1 and G2, we attempted to grow X-ray
quality red and blue single crystals of the corresponding
Co?* complexes of 1 from the gel phase. However, the red
single crystal obtained form 1 with Co(NOj3), was not high
enough in quality for X-ray crystallographic analysis.
Therefore, we optimized the most stable structure of 1 with
Co(NOs), by using DFT calculations.['”) The optimized
structure of the complex of 1 with Co(NOs), for 1a is
shown in Figure 3. For 1a, the optimized structure revealed
a 2D coordination polymer network of formula {[Co,(1),-
(NO3)»(H>0),]*(NO3)»(H,0),},,. Interestingly, the two Co
atoms (Col and Co2), which bridge 1, have different coor-
dination environments (Figure S4a, Supporting Infor-
mation). The Col atom located at the inversion center is
hexacoordinate, and it is bonded to four different nitrogen
atoms from 1 in a monodentate manner. The octahedral
coordination sphere was completed by two additional water
molecules. The Co2 atom is bonded to four nitrogen atoms
from different molecules of 1 in a monodentate manner.
The octahedral coordination sphere is completed by two
monodentate nitrates. The Col-N distances (2.072 and
2.139 A) are longer than the Col-O(water) (2.037 A) dis-
tances. The Co2-N distances (2.052 and 2.075A) are
shorter than the Co2-O(NO;) (2.156A) distances
(Table S1, Supporting Information). Hence, gel formation
by G1 likely reflects the formation of a network structure
involving coordination bonding between Co?>" and the
nitrogen atoms of ligand 1.

In contrast, the red color of a single crystal in the com-
plex of 1 with CoCl, was retained in DMF solution. For
red 1b, structure determination revealed a 2D coordination
polymer of formula [Co(1)Cl,], (1b; Figure S4b, Supporting
Information). The asymmetric unit of 1b consists of one
quarter of 1, one quarter of a Co atom, and one half of
two CI. The Co?* center is also octahedrally coordinated
to four nitrogen atoms from a different bridging molecule
of 1 and two CI™ anions. The Col-N distance (2.129 A) is
shorter than the Col—Cl1(Cl") distance (2.522 A; Tables S2
and S3, Supporting Information). However, the bond be-
tween Co”* and CI is longer than that between Co”* and
NOj5 ™. Given that the blue single crystal obtained from G2
was too poor in quality to allow single-crystal X-ray deter-
mination, we investigated the coordination geometry of G2
by using computer simulations.

We also investigated color changes of single crystals of
initially red 1a and 1b by optical microscopy by means of
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Figure 3. (A) Optimized structure of the complex of 1 with
Co(NOs), in the gel state. (B) Single-crystal structure of the com-
plexes of 1 derived from CoCl, obtained from the sol state.

a heated stage. As shown in Figure4, single-crystal 1la
maintained its red color up to 200 °C, in accord with the
fact that the O, complex of G1 with Co(NOs), is quite
stable. In contrast, a single crystal of 1b changed partially
from red to blue at 100 °C and changed completely to blue
at 140 °C. This color-change behavior is quite different
from that observed for a single crystal of 1a obtained from
G1. The O, complex of 1b obtained from 1 with CoCl,
changed into a 7, complex, because this complex is less
stable than that of 1a. The color changes of 1b are due to
the bonding strength between Co and CI, which is weaker
than that obtained between Co and NO; . The results are
in agreement with a single-crystal X-ray study.
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Figure 4. Color changes upon heating (A) 1a and (B) 1b obtained
by optical microscopy.

To investigate the different thermal stability of single
crystals of the Co>* complexes with respect to temperature,
we calculated the relative binding free energy of the
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CoCly(1), (n = 2 and 4) complex of 1b obtained from com-
plexation of 1 with CoCl, and that of the Co,(1),(NO3),-
(H,0), complex of 1la by using DFT calculations (Fig-
ure 5A; Figure S5, Supporting Information). As shown in
Figure 5, the binding free energies of three- and four-coor-
dinate [CoCl5(1) and CoCl,(1),; 1¢] 1b were negative in the
temperature range from 370 to 420 K, whereas those of the
penta- and hexacoordinate [CoCl,(1); and CoCl,(1)4] com-
plexes were positive. This result is consistent with the exper-
imental observation that 1b changes into 1c¢ upon heating.

A)

B) 1O
] - AG - AG
30 4 CN = 4 - =& AH CN =6 - AH
-8 -TAS -8 -TAS

Thermodymic parameters (kcal/mol)

T v T v T v T ¥ T v T d
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Temperature (K)

Figure 5. (A, a) Single-crystal structure of the complex of 1 with
CoCl, (1b). (A, b) Optimized tetrahedral structure of the complex
of 1 with CoCl, (1¢) obtained by DFT calculations. (B) Tempera-
ture dependence of the enthalpy (AH), entropy (—7TAS), and free-
energy (AG) change of CoCl,y(1), ; + 1 — CoCl,(1),. [CN (coordi-
nation number) = 4/6 for n = 2/4].

We further investigated the enthalpy and entropy
changes for CoCly(1), (n = 2, 3, 4) as representative cases.
As seen in Figure 5B, the enthalpy was negative for both n
=2 (ca. —24 kcalmol™") and n = 4 (ca. —10 kcalmol"); how-
ever, the entropy contribution (-7AS) was positive (ca.
20 kcalmol ™). This tendency was also observed for n = 3.
Thus, the CoCl,(1),, — CoCl,(1),.; + 1 reaction would be
spontaneous, which is consistent with the experiment.

From the calculated free energy of the 7,; complex (lc:
-4.43 to —-1.31 kcalmol ') and the O, complex (1b: 8.63—
11.41 kcalmol™') in the temperature range from 370 to
-420 K, it is clear that 1c would be preferred over 1b. In
contrast, for 1a, the O, complex {[Co,(1),(NOj3),(H,0),]
(NO3)»(H»0),}, has a large negative free energy (—1070 to
—~1090 kcalmol™!) in the same temperature range, and this
provides a rationale for the fact that the O) complex does
not convert into the 7, geometry (Figure S5, Supporting
Information). Thus, the calculated free-energy values for 1a,
1b, and 1c are in excellent agreement with the experimental
observations.
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We measured the differential scanning calorimetry (DSC)
thermograms of the gels (Figure S6, Supporting Infor-
mation). To gain insight into the thermally promoted sta-
bility of G1 and G2, the transition temperatures (7o} ge1) Of
G1 and G2 were measured by DSC. Compound G1 exhib-
ited a sharp phase transition at 145 °C, whereas G2 exhib-
ited a sharp phase transition at 139 °C with an endothermic
reaction. These endothermic thermograms are due to the
transition of G1 and G2 into a solution phase, as observed
in Figure S6 (Supporting Information). The Ty g of G1 is
higher than that of G2 owing to strong gel formation with
the octahedral structure.

Rheological studies of both G1 and G2 were performed
to probe if there were rheological differences between these
two gel types. We first used a dynamic strain sweep to deter-
mine the appropriate conditions for undertaking the subse-
quent examination of the gel by using the dynamic frequency
sweep mode. As shown in Figure STA (Supporting Infor-
mation) in the linear viscoelastic region (LVR), the storage
modulus (G") was higher than the loss modulus (G'’). This
is typical for the formation of a gel-phase material. For G1
and G2, the initial storage modulus (G’) was higher than the
loss modulus (G''), in keeping with the formation of a gel-
phase material. We used the dynamic frequency sweep mode
to study the composite gel after setting the strain amplitude
at 0.1% (within the linear response region of the strain
amplitude). The values of G’ and G'' were almost constant
with an increase in frequency from 0.1 to 100 rads™' (Fig-
ure S7B, Supporting Information). The value of G’ was
about 10 times larger than that for G'" over the whole range
(10-600 rad s 1), and this suggests that the gel is fairly toler-
ant to external forces. As observed on varying the dynamic
strain sweep, the values of both G" and G'' for G1 were al-
most the same to those for G2. Furthermore, time-dependent
oscillation measurements were also employed to monitor the
gelation process for both G1 and G2 (Figure S7C, Support-
ing Information). The time sweep showed the rapid increase
in G’ and G" in the initial stage of gelation, followed by
a slower long-term approach to a final pseudoequilibrium
plateau. At the end of the experiment, the value of G' was
about six times higher than that of G"'.

On the basis of various response properties of the G1
gels with Co?*, we were able to model an AND logic gate
by using the fact that this gate was operated through the
addition of solid KBr and by mechanical grinding as inputs
(1) and (2), respectively. As indicated in Figure 6A, the G1
state remained unaltered (output = 0) upon the addition of
one input [either (1) or (2)], whereas the simultaneous ad-
dition of the two inputs [both (1) and (2)] clearly altered
G1 to yield the blue color (output = 1), regardless of the
order of the input. Similarly, we constructed an OR logic
gate upon the addition of Br and Cl as two inputs (Fig-
ure 6B). The red color of G1 changed to blue (output = 1)
upon the addition of either Br~ or Cl". However, the red
color was also altered upon the addition of both Br~ and
CI" (corresponding to ionochromism). For this logic gate, it
is clear that only one input is required to induce the color
change.
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Figure 6. Gel-based supramolecular logic gates. (A) Photographs of
the AND-type logic gate responses of xerogel G1 (1: 2.0 wt.-%)
with Co(NOs), (3 equiv.) toward KBr and pressure as input stimuli.
(B) Photographs of the OR-type logic gate responses of G1 (1:
2.0 wt.-%) with Co(NOs3), (3.0 equiv.) toward Br- and CI" as input
stimuli.

Conclusions

We demonstrated that imidazole-based ligand 1 ef-
ficiently produces a coordination polymer gel by simple
mixing with Co?* ions. The coordination geometries of the
imidazole-based gel with Co®>* were demonstrated to be
anion-dependent. The octahedral coordination structure of
the metal atom in G1 was clearly confirmed by DFT calcu-
lations. If ligand 1 was present in less than 1 equiv. of
CoCl,, the red octahedral structure formed as a sol. In con-
trast, blue G2 was obtained if > 1 equiv. of CoCl, was pres-
ent. The T, structure in G2 was the major form, and it
coexisted with the Oy, structures as minor complexes. The
crystal of 1a with Co(NOs), obtained for G1 did not show
a thermal response with a change in temperature owing to
the thermal stability of the gel state. In contrast, the red
single crystal of 1b obtained in solution exhibited thermo-
chromism and turned blue at higher temperature. The geo-
metric change in G1 from an octahedral structure to a tetra-
hedral structure upon the addition of either Br~ or ClI” was
indirectly demonstrated. The conversion of the red color of
G1 with octahedral structure into a blue color by introduc-
tion of Br~ or CI" appears to have involved anion exchange,
which corresponds to the dissociation of two ligand mol-
ecules. No thermochromic effect was observed for G2, be-
cause G2 with its 7, structure is thermodynamically more
stable than octahedral 1b. Furthermore, the ionochromic
and the piezochromic effects observed for G1 act as AND
and OR logic gates. Hence, the concepts employed in the
present study should point the way for the development of
a range of new devices based on responsive soft materials
such as G1 described herein.

Eur. J. Inorg. Chem. 2014, 2350-2355

2354

Experimental Section

X-ray Crystallographic Analysis: Crystal data for 1b was collected
with a Bruker SMART APEX II ULTRA diffractometer equipped
with graphite-monochromated Mo-K, (4 = 0.71073 A) radiation
generated by a rotating anode and a CCD detector. The cell param-
eters for the compounds were obtained from a least-squares refine-
ment of the spots (from 36 collected frames). Data collection, data
reduction, and semiempirical absorption correction were per-
formed by using the software package of APEX2.'!l All of the
calculations for the structure determination were performed by
using the SHELXTL package.!'?! In all cases, the carbon atoms of
one DMF molecule were disordered over two positions. CCDC-
962778 (for 1b) contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Preparation of a Single Crystal of 1a: A mixture of 1 (10 mg,
0.03 mmol) and Co(NO3),*6H,0 (15 mg, 0.06 mmol) dissolved in
DMF (5 mL) was placed in a 10 mL Pyrex glass tube. The tube was
sealed and kept at 80 °C for 24 h, which was followed by cooling to
room temperature over 5 h. The single crystal obtained in DMF
was used to determine the thermochromic effect, as shown Fig-
ure 4A.

Preparation of Single Crystal of 1b: A mixture of 1 (10 mg,
0.03 mmol) and CoCl,,6H,O (15mg, 0.06 mmol) dissolved in
DMF (5 mL) was placed in a 10 mL Pyrex glass tube. The tube was
sealed and kept at 80 °C for 24 h, which was followed by cooling to
room temperature over 5h. The single crystal obtained in DMF
was used to for structural analysis and to determine the thermo-
chromic effect, as shown Figures 3b and B.

Preparation of Co?* Supramolecular Gels: A solution of the cobalt
salt (200 pL, 3.0 equiv. in DMF) was added to a solution of ligand
1 (2.0 wt.-% in DMF) in a vial. The metal coordination polymeric
gel formed upon standing at ambient temperature. The gelation
state of the material was evaluated by the criterion of “stable-to-
inversion” performed in the test tube.

SEM Observations: Samples were taken with a field-emission scan-
ning electron microscope (Philips XL30 S FEG). The acceleration
voltage employed was 5-15kV, and the emission current was
10 pA.

Photophysical Studies: UV/Vis absorption spectra were determined

over the 200-800 nm range and were acquired both for the gel di-

rectly at room temperature and as a dispersion in DMF. UV/Vis

absorption spectra of G1 {[1] = 1 mm and Co®* (0-3 equiv.)} and
2 {[1] = 1 mm and Co?* (0-3 equiv.)}.

DFT Calculations: The molecular geometries of 1a, 1b, and 1¢ were
optimized at the DFT level by employing the M06-2x functional
with the 6-31G* basis set; calculations for 1a, 1b, and 1c¢ were per-
formed at the M06-2x/3-21G* level because of their high computa-
tion speed concerns. All calculations were performed with the suite
of Gaussian 09 programs.['”) Binding free energies of single crystals
1a, 1b, and 1c¢ were calculated at a constant pressure of 101.3 kPa
with temperature.

DSC Measurements: DSC was performed with a Seiko DSC6100
high-sensitivity differential scanning calorimeter equipped with a
liquid-nitrogen cooling unit. Samples of the Co?* coordination
polymer gels were hermetically sealed in a silver pan and measured
against a pan containing alumina as the reference. The thermo-

grams were recorded at a heating rate of 0.5 °Cmin .
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Rheological Measurements: These were performed with freshly pre-
pared gels by using a controlled stress rheometer (AR-2000ex, TA
Instruments, Ltd., New Castle, DE, USA). Parallel cone geometry
of 40 mm diameter was employed throughout. Dynamic oscillatory
work kept a frequency of 1rads'. The following tests were per-
formed: increasing amplitude of oscillation up to 200% apparent
strain on shear, time and frequency sweeps at 25 °C (60 min and
from 0.1-100 rads !, respectively).

Logic-Gates Measurements: The color changes of G1 were observed
upon the addition of either Br~ or CI. In addition, the color
changes of dry G1 with solid KBr were observed by pressure
(56 atm) at room temperature.

Supporting Information (see footnote on the first page of this arti-
cle): X-ray crystallographic data, experimental details, and charac-
terization data.
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