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1. INTRODUCTION

Physical gels, in which the gelators do not chemically bond
together, have been attracting considerable interest due to their
unique architecture and diverse potential applications.1 Various
small molecules from simple alkanes to complex phthalocya-
nines, can function as the gelators for water or organic solvents.
These molecules usually have a rigid unit and a soft tail. They
assemble into three-dimensional (3D) fibrous networks as the
result of the interaction among the rigid structure of molecules.
They can immobilize liquids by noncovalent interactions, such as
hydrogen bonding and van der Waals interaction. Recently,
conductive gels were demonstrated and gained strong attention.
The conductivity can originate from the solid networks or the
fluid in the gels. Two types of conductive materials have been
used to gelate organic liquids. Conjugated molecules, particularly
organic donors and acceptors, can have high conductivity when
in the oxidized or reduced state. Several groups have reported
gels with derivatives of an organic donor, tetrathiafulvalene
(TTF), as the gellator.2 These gels become electronically con-
ductive when the TTF unit is oxidized. Kitamura et al. observed a
conductivity of 10�5 S/cm for gels of a TTF derivative doped
with tetracyanoquinomethane (TCNQ). Another type of con-
ductive material is carbon nanotubes. Both pristine and chemi-
cally functionalized carbon nanotubes have been used to gelate
organic solvents and other organic liquids.3 On the other hand,
ionically conductive gels were demonstrated as well by using
ionic liquids (ILs) as the fluid in gels. ILs can form gels with

many different materials, including polymers,4 small organic
molecules,5 nanoparticles,6 and carbon nanotubes.7 Their gels
can have many unique applications due to the advantages of ILs
in comparison with water and normal organic solvents.8 For
example, they can be used as stable electrolytes in energy-related
devices, such as dye-sensitized solar cells,9 secondary batteries,10

electrochromic displays,11 and supercapacitors.12 These gels
have solid-like appearance and high ionic conductivity. Carbon
nanotube/IL gels have both electronic and ionic conductivities.7

The carbon nanotubes form solid networks, which are mediated
by the van der Waals force or the cation�π interaction between
carbon nanotubes and ILs, and provide electronic conductivity
for the gels.

Here, we report novel gels with both electronic and ionic
conductivities, which are formed by ILs and charge-transfer
TTF�TCNQ. TTF and TCNQ, whose chemical structures
are shown in Figure 1(a), are chosen because they are a popular
organic donor and acceptor, respectively. Charge transfer can
take place between TTF and TCNQ, when their solutions are
mixed together.13 The solution mixing results into charge-
transfer TTF�TCNQ crystallites, which usually have a needle-
like shape. They are highly conductive along the molecule
stacking direction.14 In fact, TTF�TCNQ is the first metallic
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ABSTRACT: Electronically and ionically conductive gels were
fabricated by mixing and mechanically grinding neutral tetra-
thiafulvalene (TTF) and tetracyanoquinodimethane (TCNQ)
in ionic liquids (ILs) like 3-ethyl-1-methylimidazolium dicya-
noamide (EMIDCA), 1-ethyl-3-methylimidazolium thiocyanate
(EMISCN), 1-ethyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide (EMITf2N), trihexyltetradecylphosphonium bis-
(trifluoromethylsulfonyl)imide (P14,6,6,6Tf2N), and methyl-trioctylammonium bis(trifluoromethylsulfonyl)imide (MOATf2N).
Charge-transfer TTF�TCNQ crystallites were generated during the mechanical grinding as indicated by the UV�visibile�near-
infrared (UV�vis�NIR) absorption spectroscopy, Fourier transform infrared (FTIR) spectroscopy, and X-ray diffraction. The
charge-transfer TTF�TCNQ crystallites have a needle-like shape. They form solid networks to gelate the ILs. The gel behavior is
confirmed by the dynamic mechanical measurements. It depends on both the anions and cations of the ILs. In addition, when
1-methyl-3-butylimidazolium tetrafluoroborate (BMIBF4) and 1-methyl-3-propylimidazolium iodide (PMII) were used, the
TTF�TCNQ/IL mixtures did not behave as gels. The TTF�TCNQ/IL gels are both electronically and ionically conductive,
because the solid phase formed by the charge-transfer TTF�TCNQ crystallites is electronically conductive, while the ILs are ionically
conductive. The gel formation is related to needle-like charge-transfer TTF�TCNQ cyrstallites and the π�π and Coulombic
interactions between TTF�TCNQ and ILs.
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organic charge-transfer complex. However, no gel formation has
been reported with unmodified TTF or TCNQ as the gelator.
We found that TTF and TCNQ can form gels with ILs through a
process similar to the preparation of gels of carbon nanotubes
and ILs.7

2. EXPERIMENTAL SECTION

2.1. Materials. All the chemicals, including TTF, TCNQ, 3-ethyl-1-
methylimidazolium dicyanamide (EMIDCA), 1-ethyl-3-methylimidazo-
lium thiocyanate (EMISCN), 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide (EMITf2N), 1-methyl-3-propylimidazolium
iodide (PMII), 1-methyl-3-butylimidazolium tetrafluoroborate (BMIBF4),
trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide (P14,6,6,6-
Tf2N) and methyl-trioctylammonium bis(trifluoromethylsulfonyl)-
imide (MOATf2N), were purchased from Sigma-Aldrich and used
without further purification. Figure 1a presents the chemical structures
of TTF, TCNQ, and these ILs.
2.2. Gel Preparation. The TTF�TCNQ/IL gels were prepared

by mechanically grinding neutral TTF and TCNQ in ILs. Equimolar (or
equiweight) TTF and TCNQ were used in all the experiments. Since

TTF and TCNQ have almost the same molecular weight, their weight
ratio approximately equals their molar ratio. In a typical experiment,
50 mgTTF and 50mgTCNQweremixed and ground in an agate motor
for 5 min. IL (400 mg) was then added into the mortar, and the mixture
was further ground for 5 min. Xerogels of TTF�TCNQ were prepared
by rinsing TTF�TCNQ/IL gels with ethanol for 10 min. The rinse was
repeated several times to remove the ILs. Then, the TTF�TCNQ was
dried in air at room temperature.
2.3. Characterization. The rheological properties of the gels were

measured with a Rheometric Scientific Advanced Rheometric Expansion
System (ARES) in the dynamic mode with cone-to-plate configuration.
The diameter of the cone was 2.5 cm, and the cone angle was 0.04 rad.
The gap between cone and plate was 0.5 mm. Scanning electron
microscopic (SEM) images were taken with a Hitachi S-4100 scanning
electron microscope. The conductivity of the gels was measured by the
dc four-point probe technique with a Keithley 2400 source/meter. The
measurement was performed by placing a gel on a glass slide attached
with four copper foils, which served as the four probes. The thickness of
the gel was controlled by placing another glass substrate on the top of the
gel. TheUV�visible�near-infrared (UV�vis�NIR) absorption spectra
were recorded with a Varian Cary 5000 UV�vis�NIR Spectrometer.
The TTF (or TCNQ) samples were prepared by drop casting and drying

Figure 1. (a) Chemical structures of TTF, TCNQ, EMIDCA, BMIBF4, EMISCN, PMII, EMITf2N, P14,6,6,6Tf2N, and MOATf2N. (b) Photographs
of TTF, TCNQ, EMIDCA, and a gel of TTF�TCNQ/EMIDCA.
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acetonitrile solution of TTF (or TCNQ) onto quartz substrates. The
TTF�TCNQ/IL samples were prepared by coating thin gel layers onto
quartz substrates by the doctor blade method. The FTIR spectra were
acquired using a Varian 3100 FT-IR spectrometer. The X-ray diffraction
(XRD) patterns were measured with a Bruker Bragg�Brentano theta
X-ray diffractometer.

3. RESULTS AND DISCUSSION

3.1. TTF�TCNQ/EMIDCA Gels. EMIDCA is a fluid at room
temperature. After EMIDCA was ground with neutral TTF and
TCNQ for a few minutes, the mixture could not flow and turned
into a black gel. Figure 1b illustrates this process. Equimolar (or
equiweight) TTF and TCNQ were always used to follow the 1:1
molar ratio between TTF and TCNQ in the charge-transfer
TTF�TCNQ complex. In a typical experiment, 50 mg TTF and
50 mg TCNQ was mixed by mechanical grinding for 5 min. The
mixture was then ground with 400 mg EMIDCA for another
5min. TTF�TCNQ/EMIDCA is used to represent this gel. The
properties of the TTF�TCNQ/EMIDCA gels depend on the
loading of TTF and TCNQ. When more TTF and TCNQ were
used, the gels became more solid-like. The mixtures of TTF,
TCNQ, and EMIDCA behaved as gels even when the loading of
TTF and TCNQ was reduced to 10 wt %.
The TTF�TCNQ/EMIDCA gel is electrically conductive.

Its conductivity almost linearly increases with increasing
TTF�TCNQ loading (Figure 2). Pure EMIDCA had a con-
ductivity of 0.02 S/cm, which arises from the ion transport
under an external electric field. The conductivity increased
by about 1 order in magnitude to 10�1 S/cm for the
TTF�TCNQ/EMIDCA gel with 10 wt % TTF�TCNQ. It
was further increased to 3.8 S cm�1, when the TTF�TCNQ
loading was increased to 50 wt %. The higher conductivity of
the gels in comparison with pure EMIDCA suggests that the
TTF�TCNQ/EMIDCA gels are also electronically conduc-
tive. The electronic conductivity is due to neither neutral TTF
nor TCNQ, because both of them are insulators, and a TTF/
EMIDCA or TCNQ/EMIDCA mixture has almost the same
conductivity as pure EMIDCA. Thus, it should arise from the
product of TTF and TCNQ during the mechanical grinding in
EMIDCA.

The gel behavior of the TTF�TCNQ/EMIDCA mixtures
was confirmed by dynamic mechanical measurements. Figure 3
shows the dependencies of the storage (G0) and loss (G00)moduli
of a TTF�TCNQ/EMIDCA gel on the angular frequency at a
strain of 1%.G0 has a weak dependence on the angular frequency,
while G00 is almost flat. Since the magnitude of G0 is much higher
than that of G00, the mechanical properties of the mixture are
dominated by the solid phase rather than the liquid phase. These
results indicate the existence of 3D solid networks in the gel. The
solid network in the gel is quite stable under distortion. No sign
of yielding was observed even when the shear strain was
increased to 10%. The formation of these TTF�TCNQ/IL gels
may be similar to the nanoparticle/IL6 and carbon nanotube/IL7

gels, while different from low-mass organogels that are usually
formed by a sol�gel process.1

There should be at least two phases, a solid phase and a liquid
phase, in the TTF�TCNQ/IL gels. The microstructure of the
TTF�TCNQ/IL gels was studied by SEM. Figure 4a shows the
SEM image of a TTF�TCNQ/EMIDCA gel with 50 wt % of
TTF�TCNQ. The solid phase is needle-like crystallites, which
have a diameter of about 100 nm and a length of 1�2 μm. The
solid networks were clearly observed in the TTF�TCNQ
xerogel, which was prepared by washing away EMIDCA with
ethanol from the TTF�TCNQ/EMIDCA gel (Figure 4b). It is
worth noting that the solid networks are formed by neither
neutral TTF nor neutral TCNQ. Neutral TTF or TCNQ alone
does not form a gel with EMIDCA.
We also mixed equimolar TTF and TCNQ in acetonitrile in

terms of the literature.13b TTF and TCNQ did not form a gel
with acetonitrile. Instead, charge-transfer TTF�TCNQ crystal-
lites were obtained (Figure 4c). They are larger and longer than
the TTF�TCNQ crystallites formed in the gels.
The needle-like crystallites observed in the SEM image of

the TTF�TCNQ/EMIDCA gel are neither neutral TTF nor
TCNQ. The UV�vis�NIR absorption of the TTF�TCNQ/
EMIDCA gel is significantly different from that of neutral TTF
and TCNQ (Figure 5). The two absorption bands between
800 and 1100 nm for the TTF�TCNQ/EMIDCA gel are due
to the TCNQ radical anions.15 The broad absorption of the
TTF�TCNQ/EMIDCA gel in the infrared range can be
attributed to the plasmonic absorption of the charge-transfer

Figure 2. Variation of the conductivity of TTF�TCNQ/EMIDCA gels
with the TTF�TCNQ loading. The molar ratio of TTF to TCNQ was
kept as 1:1.

Figure 3. Angular frequency dependencies of dynamic storage (G0,
solid symbols) and loss moduli (G00, open symbols) of a TTF�TCNQ/
EMIDCA gel at 25 �C. Applied strain amplitudes (γ) were 1% (squares)
and 10% (circles). The loading of TTF�TCNQ is 20 wt % in the gel.
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TTF�TCNQ.16 The charge-transfer TTF�TCNQ complex is
formed during the mechanical grinding of neutral TTF and
TCNQ:

TTF þ TCNQ f TTFδþTCNQ δ�

δ is 0.59, if we assume that it is the same as that in the charge-
transfer TTF�TCNQ complex by solution mixing.16

The charge-transfer TTF�TCNQ in the gels is further
supported by the FTIR spectra of TTF, TCNQ, EMIDCA,
and TTF�TCNQ/EMIDCA gel (Figure 6). The FTIR spec-
trum of TTF�TCNQ complex prepared by mixing the acetro-
nitrile solutions of TTF and TCNQ is shown as well. The FTIR
of the TTF�TCNQ/EMIDCA gel is quite similar to that of
TTF�TCNQ complex by solution mixing. Some additional
vibrational bands observed for the former can be attributed to
EMIDCA. But the FTIR of TTF�TCNQ/EMIDCA gel is quite

different from that of neutral TTF and neutral TCNQ. The
vibrational band at 1525 cm�1 for neutral TTF corresponds to
the CdC stretching.17 This vibrational band shifts to 1562 cm�1

for the TTF�TCNQ/EMIDCA gel and the TTF�TCNQ
complex by solution mixing. The blue shift in the CdC stretch-
ing band evidences that TTF is positively charged in the gel.18

Shift in a vibrational band was also observed for TCNQ. The
vibrational band at 2224 cm�1 is due to the CtN stretching of
neutral TCNQ.19 This vibration band shifts to 2204 cm�1 for
TTF�TCNQ/EMIDCA gel and TTF�TCNQ complex by
solution mixing. The red shift confirms that TCNQ is negatively
charged in the TTF�TCNQ/EMIDCA gel.

Figure 4. SEM images of (a) TTF�TCNQ/EMIDCA gel with 50 wt % of TTF and TCNQ, (b) TTF�TCNQ xerogel prepared by washing away
EMIDCA from the TTF�TCNQ/EMIDCA gel, and (c) TTF�TCNQ complex prepared by mixing acetonitrile solutions of equimolar TTF
and TCNQ.

Figure 5. UV�vis�NIR absorption of (a) TTF, (b) TCNQ, and
(c) TTF�TCNQ/EMIDCA gel. The weight loading of TTF and
TCNQ was 50 wt % in the gel.

Figure 6. FTIR of (a) TTF, (b) TCNQ, (c) EMIDCA, (d) TTF�
TCNQ complex, and (e) TTF�TCNQ/EMIDCA gel. The
TTF�TCNQ complex was prepared by mixing acetonitrile solutions
of TTF and TCNQ at 1:1 molar ratio. The loading of TTF and TCNQ
was 50 wt % in the gel.
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Although both neutral TTF and TCNQ have a poor solubility
in EMIDCA, they can form a charge-transfer complex in
EMIDCA. Charge transfer between TTF and TCNQ even in
solid state was observed at the interface of TTF and TCNQ
crystals by Alves et al.20 and a mixture of TTF and TCNQ by
thermal deposition.21 The formation of charge-transfer TTF�
TCNQ crystallites in the gels is consistent with the XRD
patterns. Figure 7 shows the XRD patterns of a TTF�TCNQ/
EMIDCA gel, TTF, TCNQ, and TTF�TCNQ complex by
solution mixing. Several XRD bands were observed for the TTF�
TCNQ/EMIDCA gel. They appear at the same angles as those of
the TTF�TCNQ complex by solution mixing, but significantly
different from those of neutral TTF andTCNQ. The XRDpatterns
also evidence that the solid phase in the TTF�TCNQ/EMIDCA
gel is crystallites of charge-transfer TTF�TCNQ.21a,22 Presumably,
these charge-transfer TTF�TCNQ crystallites are related to the
diffusion of neutral TTF and TCNQ molecules in EMIDCA and
growth of charge-transfer TTF�TCNQ crystallites. Both neutral
TTF and TCNQ have a poor solubility in EMIDCA, so that small
amount of neutral TTF and TCNQ molecules is present in
EMIDCA. These neutral TTF and TCNQ molecules can diffuse
in the relatively less viscous EMIDCA and form charge-transfer
TTF�TCNQ complex.
TTF and TCNQ are conjugated molecules. They have

positive and negative charges, respectively, in charge-transfer
TTF�TCNQ. Presumably, the gel formation of TTF�TCNQ
with EMIDCA is related to the one-dimensional TTF�TCNQ
crystallites and the interactions between TTF�TCNQ and
EMIDCA. There are π�π and Coulombic interactions between
charge-transfer TTF�TCNQ and EMIDCA. The π�π interac-
tion between TTF�TCNQ crystallites and EMIDCA may be
similar to that between carbon nanotubes and ILs, while there are
additional Coulombic interactions between TTF�TCNQ and
EMIDCA. In terms of this mechanism for the gel formation,
TTF�TCNQ/EMIDCA gels can be formed by grinding charge-
transfer TTF�TCNQ complex, which is prepared by solution
mixing, in EMIDCA. We did observe it. But the conductivity of a
gel formed by grinding 50 wt % TTF�TCNQ complex by
solution mixing with 50 wt % EMIDCAwas only 1.2 S/cm, lower
than that (3.8 S/cm) formed by grinding neutral TTF and
TCNQ with EMIDCA. These results imply that TTF�TCNQ

crystallites grown during the mechanical grinding of neutral TTF
and TCNQ in EMIDCA can form more effective solid networks
than directly grinding TTF�TCNQ complex prepared by solu-
tion mixing in EMIDCA. The possible reason is the smaller
TTF�TCNQ crystallites formed by grinding neutral TTF and
TCNQ in EMIDCA as observed by SEM in Figure 4.
The formation mechanism of the TTF�TCNQ/EMIDCA

gels is different from that for organogels with organic donor
(or acceptor) derivatives or complexes.2,23 The organic donor
(or acceptor) derivatives usually have a donor (or acceptor) unit
together with a long alkyl tail. The gel formation mechanism is
attributed to the van derWaals forces among donor (or acceptor)
units and the van der Waals forces between the alkyl tails and
solvent.
3.2. Effect of ILs on TTF�TCNQ/IL Gels. As mentioned

above, the gel formation is related to the TTF�TCNQ crystal-
lites grown during the grinding and the interactions between
charge-transfer TTF�TCNQ and ILs. They should depend on

Figure 7. XRD patterns of (a) TTF�TCNQ/EMIDCA gel, (b) TTF�
TCNQ complex, (c) TTF, and (d) TCNQ. The TTF�TCNQ complex
was prepared by mixing acetonitrile solutions of TTF and TCNQ at 1:1
molar ratio. The loading of TTF and TCNQ was 50 wt % in the gel.

Figure 8. Angular frequency dependencies of G0 (solid symbols) and
G00 (open symbols) of TTF�TCNQ/EMISCN (squares) and
TTF�TCNQ/EMITf2N (circles) gels at 25 �C. Applied strain ampli-
tude (γ) was 1%. The loading of TTF and TCNQ was 20 wt % in
the gels.

Figure 9. Angular frequency dependencies of G0 (solid symbols)
and G00 (open symbols) of TTF�TCNQ/PMII (squares) and
TTF�TCNQ/BMIBF4 (circles) mixtures at 25 �C. Applied strain
amplitude (γ) was 1%. The loading of TTF and TCNQ was 20 wt %
in the mixtures.
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both the cations and anions of ILs.24 Besides EMIDCA, TTF and
TCNQ were also mixed and mechanically ground in other ILs in
order to understand the effect of ILs on the formation, structure,
and properties of TTF�TCNQ/IL gels. As shown in Figure 1a,
two ILs, EMISCN and EMITf2N, have the same cation as
EMIDCA. They were chosen to study the effect of the anion
on the TTF�TCNQ/IL gels. The dynamic mechanical mea-
surements of TTF�TCNQ/EMISCN and TTF�TCNQ/
EMITf2N are shown in Figure 8. These results indicate that
both TTF�TCNQ/EMISCN and TTF�TCNQ/EMITf2N are
gels. But the anions affect the G0 and G00 values. The G0 and G00
values of TTF�TCNQ/EMISCN are not too different from that
of TTF�TCNQ/EMIDCA, whereas they are saliently higher
than that of TTF�TCNQ/EMITf2N; that is, TTF�TCNQ/
EMISCN and TTF�TCNQ/EMIDCA are stronger gels than
TTF�TCNQ/EMITf2N. This difference is probably related to
the bulky anion of EMITf2N.
We also investigated TTF�TCNQ gels with imidiazole ILs of

different side chains, because the side chain of imidiazole can
significantly affect the properties of ILs.25 Figure 9 shows the
dynamical mechanical results of TTF�TCNQ/PMII and
TTF�TCNQ/BMIBF4. The G0 value of TTF�TCNQ/PMII
is even lower than G00 at the low frequency range. The G0 value
surpasses G00 at ω = 0.3 rad/s. However, the difference between
G0 and G00 is not significant in the whole frequency range. Thus,
TTF�TCNQ/PMII is a very weak gel or cannot be considered
as a gel. The dynamical mechanical behavior of TTF�TCNQ/
BMIBF4 becomes quite different from a gel. G00 is higher than G0
at the high frequency range. TTF�TCNQ/BMIBF4 is thus not a
gel. A mixture other than gel is used to describe TTF�TCNQ/
PMII and TTF�TCNQ/BMIBF4. The cations of EMIDCA,
PMII, and BMIBF4 have side alkyl chains of different lengths.
The side alkyl chain may affect the interactions between the
conjugated imidiazole unit andTTF�TCNQ, including both the
π�π and Coulombic interactions, which contribute to different
mechanical behaviors of the TTF�TCNQ/IL gels or mixtures.
In order to understand whether the π�π interaction or the

Coulombic interaction between TTF�TCNQ and ILs is more
important, ILs, P14,6,6,6Tf2N and MOATf2N, were used to
prepare TTF�TCNQ/IL gels. The cations of these two ILs do

not have any conjugated structure, while their anions are the
same as that of EMITf2N. The dynamic measurements suggest
that both TTF�TCNQ/P14,6,6,6Tf2N and TTF�TCNQ/
MOATf2N are gels (Figure 10). Probably, the Coulombic
interaction between the ILs and TTF�TCNQ is the major
factor for the gel formation, at least for these two gels.
The effect of the ILs on the formation and properties of

TTF�TCNQ/IL gels can be understood in terms of the shape of
the charge-transfer TTF�TCNQ crystallites formed in these
ILs. Figure 11 presents the SEM images of the TTF�TCNQ
xerogels prepared from the TTF�TCNQ/IL gels or mixtures. It
is more convenient to understand the different behaviors of
TTF�TCNQ/IL mixtures in terms of these SEM images than
that of TTF�TCNQ/IL gels or mixtures (Figure S1 in the
Supporting Information). TTF�TCNQ crystallites obtained
from TTF�TCNQ/BMIBF4 are short and wide (Figure 11d),
while those obtained from TTF�TCNQ/EMISCN are remark-
ably longer and narrower (Figure 11a). The long and narrow
structure is favorable for the formation of 3D solid-state net-
works. These account for the different mechanical behaviors
of TTF�TCNQ/BMIBF4 and TTF�TCNQ/EMISCN. TTF�
TCNQ crystallites obtained from TTF�TCNQ/EMITf2N
(Figure 11b) are also remarkably shorter and wider than that
from TTF�TCNQ/EMIDCA (Figure 4b). Thus, TTF�
TCNQ/EMITf2N has much lower mechanical moduli (lower
G0 and G00) than TTF�TCNQ/EMIDCA. The gel behavior of
TTF�TCNQ with the nonconjugated ILs, P14,6,6,6Tf2N
(Figure 11e) and MOATf2N (Figure 11f), can be understood
according to their SEM images as well. The quite narrow
TTF�TCNQ crystallites enable the formation of TTF�TCNQ
solid networks in these ILs.
Charge-transfer TTF�TCNQ is formed after mechanically

grinding neutral TTF and TCNQ in those ILs as evidenced by
the UV�vis�NIR absorption spectra, FTIR spectra, and XRD
patterns (Figures S2, S3, and S4 in the Supporting Information).
The FTIR spectra and XRD patterns also indicate that the ILs
can affect the formation of the charge-transfer TTF�TCNQ
during the mechanical grinding of neutral TTF and TCNQ.
The diffraction peaks of neutral TTF and TCNQ can be
observed in the XRD patterns of TTF�TCNQ/P14,6,6,6Tf2N
and TTF�TCNQ/MOATf2N. This may be related to the very
poor solubility of neutral TTF and TCNQ in these two ILs and
the high viscosity of these ILs. The solubility of neutral TTF and
TCNQ is poorer in nonconjugated ILs than the conjugated ILs
due to the absence of the π�π interaction for the former.
P14,6,6,6Tf2N and MOATf2N have a high viscosity, which makes
the diffusion of TTF and TCNQ difficult. Probably, charge-
transfer TTF�TCNQ encapsulates some neutral TTF (or
TCNQ) molecules and prevents them from contacting neutral
TCNQ (or TTF).
The gel formation includes the following steps: (1) diffusion of

neutral TTF and TCNQ molecules in ILs; (2) formation of
charge-transfer TTF�TCNQ in ILs, (3) growth of charge-
transfer TTF�TCNQ crystallites, and (4) formation of solid
networks by the TTF�TCNQ crystallites. Steps 1�3 result in
the TTF�TCNQ crystallites in ILs. ILs affect all four steps. The
first step depends on the interaction between ILs and neutral
TTF and TCNQ and the viscosity of ILs. EMIDCA, EMISCN,
EMITf2N, and BMIBF4 have a lower viscosity, while PMII has a
viscosity higher than that of P14,6,6,6Tf2N and MOATf2N.

26

However, the TTF�TCNQ crystallites grown in PMII are large,
whereas they are small in the nonconjugated P14,6,6,6Tf2N and

Figure 10. Angular frequency dependencies of G0 (solid symbols) and
G00 (open symbols) of (a) TTF�TCNQ/P14,6,6,6Tf2N (squares) and
TTF�TCNQ/MOATf2N (circles) mixtures at 25 �C. Applied strain
amplitude (γ) was 1%. The loading of TTF and TCNQ was 20 wt % in
the gels.
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MOATf2N. Therefore, the π�π interaction between ILs and
neutral TTF and TCNQ may be the dominant factor for the
growth of TTF�TCNQ crystallites in ILs. Nonconjugated
P14,6,6,6Tf2N and MOATf2N have weak interaction with neutral
TTF and TCNQ. Consequently, the first step is slow, and there
are more neutral TTF and TCNQ in the gels with the non-
conjugated ILs than that with the conjugated ILs. The formation
of the solid networks of TTF�TCNQ crystallites is mediated by
the π�π and Coulombic interactions between TTF�TCNQ
and ILs. However, the Coulombic interaction is much stronger
than the π�π interaction and should be the major factor. Thus,
TTF�TCNQ/IL mixtures with the nonconjugated ILs behave
as a gel.
The gel formation is due to the formation of charge-transfer

TTF�TCNQ solid networks in ILs. The solid networks in the
gels should affect the conductivity of the TTF�TCNQ/IL gels
or mixtures. The conductivities are 0.53, 0.43, and 0.47 S/cm for
the gels or mixtures of 50 wt % TTF�TCNQ with 50 wt %
EMITf2N, P14,6,6,6Tf2N and MOATf2N, respectively. They drop
to 0.15, 0.05, and 0.07 S/cm for the mixtures of 50 wt %
TTF�TCNQ with 50 wt % PMII, EMISCN, and BMIBF4,
respectively. These conductivities are generally consistent with
the structure of these gels or mixtures. The conductivity is
determined by the structure of the gels or mixtures other than
the morphology of the TTF�TCNQ crystallites. For instance,
although the morphology of TTF�TCNQ crystallites in

EMITf2N is quite different from that in P14,6,6,6Tf2N and
MOATf2N, these gels exhibit similar high conductivities. When
the TTF�TCNQ crystallites form continuous conductive solid
networks in the ILs, the TTF�TCNQ/ILs behave as gels and
can have high conductivity. However, if TTF�TCNQ crystal-
lites cannot form a gel with an IL, there is no continuous
conductive solid network in the TTF�TCNQ/IL mixture,
giving rise to low conductivity.
Charge-transfer TTF�TCNQ complex is conductive. It can

be used as an electrode in electronic devices.27 The TTF�
TCNQ gels developed in this work will enable the fabrication
of conductive TTF�TCNQ through a gel process. This will
be important for the application of charge-transfer TTF�
TCNQ.

’CONCLUSIONS

In conclusion, electronically and ionically conductive gels
were prepared bymechanically grinding neutral TTF and TCNQ
in ILs. Conductive charge-transfer TTF�TCNQ crystallites
were generated during the mechanical grinding. They form solid
networks to gelate ILs. These TTF�TCNQ/IL gels are electro-
nically and ionically conductive, because the solid TTF�TCNQ
phase is electronically conductive, while the ILs are ionically
conductive. The gel formation is related to the TTF�TCNQ
crystallites grown during the mechanical grinding and the π�π

Figure 11. SEM images of TTF�TCNQxerogels prepared from (a) TTF�TCNQ/EMISCN, (b) TTF�TCNQ/EMITf2N, (c) TTF�TCNQ/PMII,
(d) TTF�TCNQ/BMIBF4, (e) TTF�TCNQ/P14,6,6,6Tf2N, and (f) TTF�TCNQ/MOATf2Nmixtures. The loading of TTF�TCNQ in themixtures
was 50 wt %. The xerogels were prepared by washing away the ILs from the TTF�TCNQ/IL mixtures.
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and the Coulombic interactions between TTF�TCNQ and ILs.
Both the cation and anion of ILs affect the structure and
properties of the TTF�TCNQ/IL gels or mixtures. To the best
of our knowledge, this is the first report on gels made of organic
donor and acceptor without any chemical modification.
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bS Supporting Information. SEM images and UV-Vis-NIR
and FTIR absorption spectra of TTF�TCNQ/EMSCN, TTF�
TCNQ/EMITf2N,TTF�TCNQ/PMII,TTF�TCNQ/BMIBF4,
TTF�TCNQ/P14,6,6,6Tf2N, and TTF�TCNQ/MOATf2N mix-
tures, as well as XRDs of TTF�TCNQ/IL mixtures. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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