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Stimuli responsiveness promises accessibility for designing and
constructing new functional materials such as sensors,1 actuators,2

molecular devices,3 etc. One of the advantages for using low-
molecular-weight gels (LMWGs) is their reversibility and sharp
sol-gel phase transition as a result of thermal stimuli. Such unique
behaviors are due to the fashion of their assembly in that they
consist of low-molecular-weight compounds self-assembled into
complex three-dimensional networks and that their aggregation into
fibrous superstructures is driven by multiple, weak interactions such
as dipole-dipole, van der Waals, and hydrogen-bonding interac-
tions.4-10 Therefore, the stability and the functions of LMWGs
strongly reflect the character inherent to the unit component.11

Although various LMWGs have been reported thus far, the
examples using the concept of coordination chemistry are still very
limited12 even though transition metal complexes are useful to
impart new chemical and physical properties to the functionalization
of organogels. For example, copper-polypyridine complexes in
solution show the specific absorption band13 and the redox activity,14

which are expected to be applicable to the development of
multistimuli responsive LMWGs. Herein, we report a novel class
of coordination gelators that exhibit reversible chromatic and sol-
gel phase-transition phenomena controlled by the redox state of
the metal-ligand complex.

This system features a Cu(I) complex in which the ligand (1) is
a 2,2′-bipyridine derivative bearing two cholesteryl groups.15 The
Cu(I)‚12 complex successfully gels three organic solvents such as
benzonitrile, 1-butyronitrile (1-PrCN), and THF/acetonitrile) 1/1
(v/v) among 15 kinds of solvents tested herein. Very interestingly,
we have found that the color of the gel including the Cu(I)‚12

complex in 1-PrCN is quite different from that of the sol: that is,
when the 1-PrCN solution of the Cu(I)‚12 complex in the sample
vial was cooled to room temperature, the solution of the Cu(I)‚12

complex gradually changed into the gel with a clear color change
from reddish brown to greenish blue (Figure 1a). As this thermo-
chromic phase-transition behavior is reversible for many times, we
can rule out air oxidation of Cu(I) to Cu(II).16 As far as we know,
the Cu(I) complex with such greenish-blue color has never been
reported, so that we first focused on this 1-PrCN gel obtained from
the Cu(I)‚12 complex to clarify the mechanism of the above
intriguing phenomenon.

As shown in Figure 1c, the Cu(I)‚12 complex gel has the typical
MLCT absorption band (λmax ) 423 nm), which is attributable to
the tetrahedrally coordinated Cu(I)‚(2,2′-bipyridine)2 complex.13 In

addition, the Cu(I)‚12 complex gel gives a broad band at 574 nm,
which is very unusual as the Cu(I) complexes. Sauvage and co-
workers had already reported that this broad band is explicable by
the low-symmety in theD2h coordination structure of the Cu(I)
complexes.17 One can propose, therefore, that the Cu(I)‚12 complex
undergoes some sort of distortion in the confined environment inside
the gel fibrils. In contrast, the solution of a Cu(I)‚22 complex, which
does not gelate 1-PrCN, displays neither the broad band nor the
chromatic change, where the color was almost same as that of the
solution of the Cu(I)‚12 complex (Figure 1b). The CD band at
around 420 nm, which appeared in the area of the MLCT band of
the complex, was recognized for the 1-PrCN gel sample of the
Cu(I)‚12 complex at 30°C (see Supporting Information), whereas
the CD band decreased with a rise in the temperature. These results
suggest that the molecular packing in the gel fibrils forces the
Cu(I) complexes to be distorted in the tetrahedral coordination
mode.18

We confirmed that the sol-gel phase-transition temperature (Tgel)
of 1 was influenced by the addition of Cu(MeCN)4PF6. A plot of
Tgel vs [Cu(I)]/[1] gives a maximum at around [Cu(I)]/[1] ) 0.4-
0.5 (see Supporting Information).19 This maximal molar ratio is
consistent with 1:2 stoichiometry as evidenced by the appearance
of the MLCT band (λmax ) 423 nm).

It is clear, therefore, that the 1-PrCN gel is stabilized by the
formation of the 1:2 complex from Cu(I) and1.

To obtain visual images of the superstructures constructed from
1 or the Cu(I)‚12 complex we took micrographs using transmission
electron microscopy (TEM). When the gel was prepared from1
only, one can observe a well-developed network structure composed

Figure 1. (a) Phase transition and thermochromic behavior of Cu(I)‚12 at
the sol and the gel phases:1 + 0.5 equiv of Cu(MeCN)4PF6, [1] ) 8.7
mmol dm-3 in 1-PrCN. (b) Photograph of the solution:2 + 0.5 equiv of
Cu(MeCN)4PF6, [2] ) 8.7 mmol dm-3 in 1-PrCN at 25°C. (c) UV-vis
absorption spectrum of the gel:1 + 0.5 equiv of Cu(MeCN)4PF6, [1] )
8.7 mmol dm-3 in 1-PrCN at 25°C.
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of fibrous aggregates with 13-100-nm diameters (Figure 2a).
Surprisingly, it was found that most of the aggregates feature a
well-grown left-handed helical motif.20 On the other hand, well-
developed fibrous aggregates with 40-100-nm diameters were still
observed with respect to the Cu(I)‚12 complex (Figure 2b). Hence,
it was suggested that the incipient fibers of the Cu(I)‚12 complex
are made of the one-dimensional aggregates and then the well-
grown fibrous or bundled aggregates form the gel. As the Cu(I)
coordination gelator showed the conventional properties of
LMWGs, it was expected that this LMWG would exhibit the sharp
responsiveness for redox stimuli.

It is very attractive and significant to exploit redox-responsive
LMWGs, where the sol-gel phase transition is eventually control-
lable by redox-conjugated photochemical and electrochemical
methods. As far as we are aware, such an example has never been
reported. When ascorbic acid was added to the Cu(II)‚12 complex
and the mixture was then heated until the solid was dissolved
completely, the greenish-blue gel was formed after cooling to room
temperature. On the other hand, when NOBF4 was added to the
Cu(I) complex and the mixture was heated, the deep-green gel
turned into the sol with a small amount of pale-blue precipitate.
As shown in Figure 3, the sol-gel phase transition can be reversibly
induced by addition of the oxidizing and reducing reagents.21 It is
undoubted that the redox state of the Cu ions plays a critical role
in the stability of this gel system. To examine whether the gel
prepared from the chemically reduced Cu(I)‚12 complex has the
same properties as the gel prepared from the Cu(I)‚12 complex,
we used the spectroscopic and electron microscopic methods. As a
result, it was confirmed that the UV and CD spectra and TEM image
of the chemically reduced gel are consistent with those of the
Cu(I)‚12 complex gel (see Supporting Information). These results
provide clear evidence that the chemically reduced Cu(I)‚12 complex
is basically the same as the original gel prepared from the Cu(I)‚12

complex.
In conclusion, the present work has established the first redox-

responsive LMWG using the redox active Cu(I)/Cu(II) of coordina-
tion chemistry. This complex has two novel properties: (1) the
chromatic change in the Cu(I)‚12 complex is induced by the sol-
gel phase transition, which is associated with the distortion of the
coordination complex in the specific cholesteric gel fibril, and (2)

the tuning of the reversible sol-gel phase transition is possible by
changing the redox state of the Cu(I)/Cu(II) complexes by chemical
oxidation and reduction. With these achievements in mind, new
functions related to photochemical and electrochemical control of
sol-gel phase-transition events are currently under investigation.
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Figure 2. TEM images of 1-PrCN gels prepared from (a)1 (8.7 mmol
dm-3) and (b)1 (8.7 mmol dm-3) + Cu(MeCN)4PF6 (4.3 mmol dm-3);
stained with phosphotungstic acid aqueous solution (20 g dm-3).

Figure 3. Phase transition and thermochromic behavior of Cu(II)‚12: 1 +
0.5 equiv of Cu(OTf)2, [1] ) 8.7 mmol dm-3 in 1-PrCN, [ascorbic acid
(AsA)] ) [NOBF4] ) 6.9 mmol dm-3.
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