
Effect of Metal Coordination on Photocurrent Response Properties of
a Tetrathiafulvalene Organogel Film
Shu-Fang Ji,† Yong-Gang Sun,† Peng Huo,† Wei-Chun Shen,† Yu-De Huang,† Qin-Yu Zhu,*,†,‡

and Jie Dai*,†,‡

†College of Chemistry, Chemical Engineering and Materials Science, Soochow University, Suzhou 215123, P. R. China
‡State Key Laboratory of Coordination Chemistry, Nanjing University, Nanjing 210093, P. R. China

*S Supporting Information

ABSTRACT: Organic low molecular weight gelators with a tetrathia-
fulvalene (TTF) unit have received considerable attention because the
formed gels usually exhibit redox active response and conducting or
semiconducting properties. However, to our knowledge, metal
coordination systems have not been reported for TTF-derived gels up
to date. We have designed and synthesized a series of TTF derivatives
with a diamide-diamino moiety that can coordinate to specific metal ions
with square coordination geometry. Gelation properties and morpholo-
gies of the films prepared by the gelators in different hydrophobic
solvents are characterized. The TTF derivative with a dodecyl group shows effective gelation properties, and electrodes with the
organogel films are prepared. The effect of the Ni(II) and Cu(II) coordination on the photocurrent response property of the
electrodes is examined. The metal square coordination significantly increases the photocurrent response. This gel system is the
first metal coordination related TTF-gel-based photoelectric material. The mechanism of the metal coordination-improved
photocurrent response property is discussed based on the crystal structural analysis and theoretical calculations.

■ INTRODUCTION

Current interest in supramolecular gels assembled by low
molecular weight gelators (LMWGs) is growing rapidly. On the
basis of the low molecular weight, LMWGs are comparatively
easy to intelligently design. This simplicity in turn allows
potential applications of LMWGs in areas such as sensing, drug
delivery, and molecular electronics.1 Organic LMWGs with
tetrathiafulvalene (TTF) units have received considerable
attention because the TTF moiety can be oxidized reversibly
to the corresponding radical cation and dication species
sequentially,2 and therefore (i) the formed gels may exhibit
redox active responses and (ii) conducting or semiconducting
nanostructures may be generated subsequently.3 Several TTF-
based organic gelators have been reported by a number of
groups, and the gelation properties and resulting nanostructures
have been investigated in recent decades.4 Redox responsive
gels with LMWGs featuring TTF units can be reversibly
transferred between sol and gel states by inorganic or organic
redox reagents, such as Fe(III) and Pb(II) ions, TCNQs
(7,7,8,8-tetracyanoquinodimethane) and quinones, or electro-
chemical techniques.5 Therefore, the TTF group in these
organic gels, xerogels, and films can be triggered into the
preparation of electronic materials.6 By incorporation of
photoresponsive chemically active segments into the respective
electroactive-LMWGs, a number of photostimuli-responsive
TTF gels were prepared. For instance, TTF-LMWGs with
photoresponsive azobenzene and stilbene can lead to gels
responding to light and redox reactions, respectively.5b,c

On the other hand, LMWGs which could coordinate to
metal ions were obtained by using gelators containing specific
moieties that can selectively bind the corresponding metal
ions.1b For instance, a reversible sol−gel phase transition for a
coordination LMWG was found possible by changing the redox
state of the metal complexes.7 The metal ion can act as a linker
between LMWGs or only as a coordination component but not
directly involved in linking LMWG molecules together.
Incredibly, although a large number of metal coordination
compounds with TTF ligands have been prepared,8,9 based on
our knowledge, metal ion coordinated TTF-based gels have not
been reported yet. The reported function of metal ions in those
metal ion involved TTF-based gels is only as the oxidation
reagents.5

Here, we newly designed and synthesized a series of redox
active TTF derivatives (L1−L3, Chart 1) with a diamide-
diamino moiety that can selectively coordinate to specific metal
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Chart 1. Compounds L1−L3
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ions with square coordination geometry. Gelation properties of
these compounds in hydrophobic solvents and morphologies of
the films prepared by the gelators are characterized. The
coordination of Ni(II) or Cu(II) with the diamide-diamino
moiety of the gelator significantly improves the photocurrent
response property of the gelator/ITO electrode. This metal-
organo gel system is the first metal coordination related TTF-
gel based photoelectric material. The coordination structures of
the model compounds are characterized, and the conjugated
structure of the square coordination center with a TTF moiety
is significant to the photocurrent conversion.

■ EXPERIMENTAL SECTION
General Remarks. All analytically pure reagents were

purchased commercially and used without further purification.
The precursor 2,3-bis(methyl-carboxylate)-6,7-bimethylthio-
tetrathiafulvalene, DMT-TTF-(CO2Me)2, was prepared accord-
ing to the literature methods,10a,b and the N-alkyl ethylendi-
amines were synthezised by reacting ethylenediamine with
various halohydrocarbons.10c Elemental analyses of C, H, and N
were performed using a VARIDEL III elemental analyzer. The
FT-IR spectra were recorded as KBr pellets on a Nicolet Magna
550 FT-IR spectrometer. 1H NMR spectra were measured in
CDCl3 using tetramethylsilane, Si(CH3)4, as an internal
standard on UNITYNOVA-400 spectrophotometer. Room-
temperature optical diffuse reflectance spectra of the micro-
crystal samples were obtained with a Shimadzu UV-3150
spectrometer, by using BaSO4 powder as a reflectance
reference. Room-temperature X-ray diffraction data and energy
dispersive spectroscopy (EDS) were collected on a D/MAX-3C
diffractometer using a Cu tube source (Cu Kα, λ = 1.5406 Å).
The morphologies of the resulted films were observed with a
JSM-5600LV scanning electron microscope (SEM). Cyclic
voltammetry (CV) experiments were performed on a CHI650
electrochemistry workstation in a three-electrode system, a L3
coated ITO plate working electrode, a Pt wire auxiliary
electrode, a saturated calomel electrode (SCE) as a reference
electrode, and 0.1 mol·L−1 Bu4NClO4 as the supporting
electrolyte.
Synthesis of Compound DMT-TTF-(CONHCH2CH2N-

HCnH2n+1)2 (L1, n = 4; L2, n = 8; L3, n = 12). The synthetic
methods of the three compounds are similar. Take L3 as a
representative: A CH3CN (15 mL) solution of DMT-TTF-
(CO2Me)2 (0.206 g, 0.48 mmol) reacted with an excess of N-
dodecyl ethylenediamine (0.456 g, 2 mmol) in 15 mL of
methanol solution. After stirring for 8 h at room temperature, a
precipitate formed and was collected by filtration. The
precipitate was washed by CH3CN and CH3OH in turn and
dried in vacuo to give dark-purple product L3, 0.20 g (50.9%).
C38H68N4O2S6 (805.34) calcd: C, 56.67; H, 8.51; N, 6.96.
Found: C, 56.54; H, 8.49; N, 6.70. 1H NMR (400 MHz,
CDCl3, δ): 8.39 (s, 2H, amide), 3.39 (t, J = 5.8 Hz, 4H, en),
2.80 (t, J = 5.8 Hz, 4H, en), 2.60 (t, J = 7.0 Hz, 4H, CH2 of
dodecyl), 2.42 (s, 6H, SCH3), 1.25 (m, 40H, CH2 of dodecyl),
0.87 (t, J = 6.4 Hz, 6H, CH3 of dodecyl). IR (KBr): 3261b,
2918vs, 2852s, 1655m, 1575w, 1458w, 1288w, 1132w, 810w,
722w cm−1. Similarly, for orange-yellow product L1, 0.17 g
(60.1%). C22H36N4O2S6 (580.91) calcd: C, 45.49; H, 6.25; N,
9.64. Found: C, 45.35; H, 6.23; N, 9.40. 1H NMR (400 MHz,
CDCl3, δ): 8.35 (s, 2H, amide), 3.39 (t, J = 5.8 Hz, 4H, en),
2.80 (t, J = 5.8 Hz, 4H, en), 2.61 (t, J = 7.0 Hz, 4H, CH2 of
butyl), 2.42 (s, 6H, SCH3), 1.47 (m, 4H, CH2 of butyl), 1.37
(m, 4H, CH2 of butyl), 0.92 (t, J = 7.2 Hz, 6H, CH3 of butyl).

IR (KBr): 3255m, 2954s, 2926s, 2828m, 1640vs, 1572s, 1461w,
1293m, 1119m, 783w cm−1. Similarly, for purple product L2,
0.18 g (53.9%). C30H52N4O2S6 (693.13) calcd: C, 51.99; H,
7.56; N, 8.08. Found: C, 51.94; H, 7.54; N, 8.07. 1H NMR (400
MHz, CDCl3, δ): 8.37 (s, 2H, amide), 3.39 (t, J = 6.0 Hz, 4H,
en), 2.80 (t, J = 6.0 Hz, 4H, en), 2.60 (t, J = 6.6 Hz, 4H, CH2 of
octyl), 2.42 (s, 6H, SCH3), 1.48 (m, 4H, CH2 of octyl), 1.28
(m, 20H, CH2 of octyl), 0.88 (t, J = 6.2 Hz, 6H, CH3 of octyl).
IR (KBr): 3308m, 2920vs, 2850s, 1649vs, 1539s, 1475m,
1411m, 1377w, 1296s, 881w, 810w cm−1.

Synthesis of Compound [Ni(L1)] (1). A DMF solution (2
mL) of Ni(OAc)2 (5.0 mg, 0.02 mmol) was placed into the
underlayer of a glass tube. An acetonitrile solution (4 mL) of
L1 (5.8 mg, 0.01 mmol) was put into the superstratum
dropwise carefully. The orange single crystals of 1 were
obtained in 3 days by slow diffusion at room temperature and
were used for all measurements (yield: 2.0 mg, 31.5%).
C22H34N4NiO2S6 (637.64) calcd: C, 41.44; H, 5.37; N, 8.79.
Found: C, 41.42; H, 5.21; N, 8.71. IR (KBr): 3195w, 2960w,
2857w, 1566vs, 1461w, 1380m, 1247w, 894w, 770m, 729w
cm−1.

Synthesis of the Compound [Cu(L1)(DMF)] (2). A DMF
solution (4 mL) of Cu(OAc)2 (10.0 mg, 0.04 mmol) was
placed into the underlayer of a glass tube. A acetonitrile
solution (4 mL) of L1 (5.8 mg, 0.01 mmol) was put into the
superstratum dropwise carefully. The dark blue single crystals
of 2 were obtained in 5 days by slow diffusion at room
temperature and were used for all measurements (yield: 2.0 mg,
29.6%). C25H41N5CuO3S6 (715.58): calcd: C 41.96, H 5.78, N
9.79; found: C 41.92, H 5.55, N 9.76; IR (KBr), 3216b, 2924m,
2363w, 1654m, 1573vs, 1438w, 1372s, 1028m, 759w, 610w,
475w cm−1.

X-Ray Crystallographic Study. The measurements were
carried out on a Rigaku Mercury CCD diffractometer with
graphite monochromated Mo Kα (λ = 0.71075 Å) radiation. X-
ray crystallographic data for all of the compounds were
collected and processed using CrystalClear (Rigaku). The
structures were solved by direct methods using the SHELXS-97
program, and the refinement was performed against F2 using
SHELXL-97.11 All of the non-hydrogen atoms are refined
anisotropically. The hydrogen atoms are positioned with
idealized geometry and refined with fixed isotropic displace-
ment parameters, while the H atoms attached to N2 and N4 of
1 were located in the Fourier maps. Detailed crystal data and
structural refinement parameters for 1 and 2 are listed in Table
S1 (Supporting Information).

Film Preparation and Photocurrent Measurement.
Films of L2 and L3 were prepared using the solution coating
method. A weighed amount of the new prepared compound L2
or L3 in a selected solvent was heated until the compound was
dissolved. The hot solution was transferred to a glass syringe
and then dropped on the cleaned glass plate for SEM
measurement, or ITO glass (100 Ω/□; solvent: toluene) for
CV and photocurrent measurements. The coating film was
obtained after the solvent was carefully removed under reduced
pressure. The metal ion treated electrodes were prepared by
immersing the L3 electrode in Cu(OAc)2, Ni(OAc)2, and
Fe(ClO4)3 aqueous solutions (0.10 mol·L−1) for 5 days and
then rinsed and dried for measurements (Caution! All metal
perchlorates must be regarded as potentially explosive. Only a small
amount of compound should be prepared, and it should be handled
with caution). A 150-W high pressure xenon lamp, positioned
15 cm from the surface of the ITO electrode, was employed as
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a light source. The photocurrent experiments were parallelly
performed on a CHI650 electrochemistry workstation in a
three-electrode system, the sample coated (in Φ = 0.8 cm area)
ITO glass as the working electrode, a Pt wire auxiliary
electrode, and a saturated calomel electrode (SCE) as the
reference electrode. An aqueous solution of Na2SO4 (200 mL,
0.1 mol·L−1) was used as the medium in a quartz cell.
Computation Methods. DFT calculations were carried out

using the Gaussian 09 program package.12 Throughout the
calculations, the long alkyl chains on TTF units have been
replaced by methyl groups in order to cut the computational
cost with no significant change in the electronic properties of
TTF.13 The compound with methyl groups, DMT-TTF-
(CONHCH2CH2NHCH3)2, is denoted as LMe. The calcu-
lations for LMe and [Ni(LMe)] were performed by using spin-
restricted DFT wave functions B3LYP. The radical ion of
LMe•+ was treated as an open-shell system and was computed
by using spin-unrestricted DFT wave functions UB3LYP. The
basis set used for C, N, O, S, and H atoms was 6-31+G**, while
effective core potentials with a LanL2DZ basis set were
employed for the Ni atom.14 The calculated energy levels of
LMe, [Ni(LMe)], and LMe•+ compounds are listed in Table S2
(Supporting Information).

■ RESULTS AND DISCUSSION
Gelation Property and Film Morphologies of L2 and

L3. We have synthesized a cation and anion sensitive system
based on a TTF derivative with a diamide-diamino moiety, a
similar compound to this system but the amine is not
alkylated,15 and there exist strong N−H···O hydrogen bonds
in the molecular packing structure that is a basic character for a
gelator. As a continued work, we designed a series of derivatives
of this ligand by connecting with a long alkyl chain (butyl, octyl,
and dodecyl groups) on each amine groups with the motive to
increase the gelation ability of the molecules and to investigate
the property of the relative film. The L1 is not a gelator for its
short N substituted alkyl chain (n-butyl group). It is prepared
for the model compound to understand the metal-L
coordination entity. The gelation ability of L3 (N substituted
n-dodecyl group) was examined in various solvents at 18 °C,
and the results are listed in Table 1. As shown in Table 1, L3 is

a moderate gelator that forms gel in alkanes or arenes. Among
the solvents tested, octane is the best gelation solvent, and a
dark-red gel is formed by cooling a hot solution of L3 (36 mg·
mL−1) in the solvent. The reversible sol−gel transition could be
achieved upon cooling and heating (Figure 1). Compound L2
(n-octyl group) is also a gelator that forms a ductile gel in

toluene and 1,2-dichloroethane, but the gelation ability is
poorer than that of L3 under the same conditions.
The self-assembly films of L2 and L3 were prepared by

coating hot solutions with different solvents on a glass
substrate, and then the solvents were carefully removed under
reduced pressure to yield the respective films. The films were
subjected to scanning electron microscope (SEM) analysis.
Figure 2a−f show the SEM images of the morphologies

obtained in different solvents. Interconnected belt-like micro-
structures, being typical of the organogels, were observed. On
the basis of the SEM images, the gelation property clearly
relates to the microstructures of the gels. The gel of L3 is
selected as a representative example. In the case of toluene
(Figure 2a), a porous interlocked network of fibers (1 μm in
width) is observed. In the case of cyclohexane, though the fibers
seem similar to those in toluene, they are bundled, and large
voids are formed (Figure 2b) so that the solvent molecules are
more easily lost than the former. The fibers are almost fused
forming a film structure with larger holes in 1,2-dichloroethane,
and less solvent can be fixed (Figure 2c). Therefore, the
gelation ability of L3 in these three solvents is in the following
order: toluene > cyclohexane > 1,2-dichloroethane. While, in
chloroform, the L3 can only form a smooth film with some
holes (Figure 2d). The SEM images of L2 in toluene and
cyclohexane are given in Figure 2e and f, respectively. In
comparison with L3 in the same solvents, these belts are further
broadened and fused, which have less effective network voids
for solvent molecules included. The L1 can only form a smooth
film or fused microstructure in toluene and cyclohexane,
respectively (Figure S1).
Since the TTF unit is a redox active moiety of the gelator, the

redox property of the L3 film was investigated by cyclic
voltammetry (CV). The electrode was prepared by the same

Table 1. Gelation Results in Different Solvents with L3 at 18
°C (mL−1)a

solvent gelation solvent gelation

octane G (36 mg) dioxane G (140 mg)
n-heptane G (40 mg) chloroform S
toluene G (54 mg) n-hexane P
benzene G (96 mg) ethyl acetate P
cyclohexane G (100 mg) ethanol P
1,2-dichloroethane G (112 mg) acetonitrile I

aG, gel; S, solution; P, precipitate; I, insoluble. The critical gelator
concentrations (CGCs) of the corresponding gels were measured at
room temperature (∼18 °C) and listed in the parentheses.

Figure 1. Illustration of the gel formation with L3 (36 mg mL−1) in
octane and the sol−gel transition upon cooling and heating.

Figure 2. SEM images of the morphologies of the films L3 (a, toluene;
b, cyclohexane; c, 1,2-dichloroethane; d, chloroform) and L2 (e,
toluene; f, cyclohexane) prepared in different solvents.
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coating method as mentioned above except that the glass
substrate was replaced by an ITO plate. The CV result in a
medium of CH3CN is illustrated in Figure S2. Two redox waves
were detected with E1/2(1) and E1/2(2) at 0.588 and 0.853 V,
respectively, corresponding to the TTF•+/TTF and TTF2+/
TTF•+ redox couples. The relatively lower first step oxidation
potential indicates that the electrode should be of easy electron
loss.
Transition Metal Ion Coordinated L3 Films. The

previous research work indicated that the TTF derivative
with a diamide-diamino moiety selectively coordinates to
Cu(II) and Ni(II) ions forming redox active complexes.15 To
investigate the effect of the metal coordination on the L3 film,
Ni(II), Cu(II), and Fe(III) treated L3 films were prepared. The
Fe(III) was selected as a comparing ion, because it was not
coordinated by this type of ligand.15 The octahedral
coordination Fe(III) or Fe(II) ion cannot enter the diamide-
diamino coordination center due to the diamide-diamino
environment being only in favor of the square coordination
ions. The EDS data reveal that the element ratios of S/Ni and
S/Cu are 10:1 and 16:2, respectively, for the Ni(II) and Cu(II)
treated films. No Fe(III) was detected for the Fe(III) treated
film; instead, a Cl signal appeared (Figure S3). On the basis of
the knowledge of TTF chemistry and previous research, it is
reasonable that the L3 film is oxidized by the Fe(III) ion.16 IR
and UV−vis absorption spectra were measured to further
confirm the result (Figure 3). The IR signals of amino and

amido groups are shifted due to the Ni(II) and Cu(II)
coordination. The spectrum of the Fe(III) treated film is
completely different from that of the L, and a broad and strong
signal of ClO4

− appears at 1100 cm−1. The UV−vis absorption
spectrum also shows that the TTF moiety is oxidized to TTF•+

due to the appearance of the characteristic absorption peak at

850 nm,16 which is in accordance with the color change of the
film. All of these results indicate that the film is oxidized in the
presence of Fe(III).
Figure 4 shows the SEM images of the morphologies of the

metal ion treated L3 films (originally prepared in toluene). The

original interconnected belt-like microstructure (Figure 2a) was
changed after the metal ion was treated. On the basis of the
SEM images, the morphologies of Ni(II) and Cu(II) ion
coordinated films show an irregular petal-like microstructure
due to the bonding effect of metal coordination. The
morphology of the Fe(III) ion treated film shows a fused belt
microstructure that is different from the formers’. The XRD
pattern of the L3 film shows a broad peak at 20.5 eV (Figure
S4). No pattern change was observed for the Ni-L3 and Cu-L3
films; however, the peak at 20.5 eV completely disappeared for
the Fe(III) treated L3 film. These results further support the
different reaction mechanisms.

Model Coordination Complexes 1 and 2. As the model
compounds to understand the structures of the metal treated
L3 films, two Ni(II) and Cu(II) complexes with L1 were
prepared and characterized crystallographically. IR and solid-
state UV−vis absorption spectra were measured to confirm the
identity of the films with the model compounds 1 and 2
(Figure 5). The IR spectra of the complexes 1 and 2 are similar
to those of the CuL and NiL films, except the C−H stretching
bands are decreased due to their short alkyl groups. The
absorption spectra are in accordance with the colors of the
compounds. Different from the ligand L, a new absorption
band appears at about 700 nm for 117a and 600 nm for 2,17b

which can be assigned to the metal coordinaton-centered
transition. Comparing the spectra in Figure 5b with those of
CuL and NiL films in Figure 3b, the d−d peaks are not well-
resolved in the film spectra, but the absorption edges are red-
shifted.
The asymmetric units of complexes 1 and 2 are shown in

Figure 6 and Figure S5. In 1, the nickle atom is coordinated
with four nitrogen atoms of the ligand (diamide-diamino
moiety) and adopts a square configuration (Figure 6a). The
average Ni−Namide distance is 1.878 Å, and the average Ni−
Namine distance is 1.945 Å, which fall in the range of normal
Ni−N bonds. The difference in the Ni−N distances means that
two deprotonated amido nitrogen atoms have a stronger
coordination ability than those of amino nitrogen atoms. The
four nitrogen atoms are quasi-planar with a mean deviation of
0.0124(25) Å, and the nickel ion is on the plane with a
deviation of 0.1328(4) Å. The average distance of C−Namide is
1.320 Å shorter than that of C−Namine (1.476 Å), showing the
partial double bond character which arises from the conjugation
of the amide group with the TTF moiety. The conjugation

Figure 3. (a) IR and (b) UV−vis absorption spectra of an L3 film and
of Ni(II), Cu(II), and Fe(III) treated L3 films.

Figure 4. SEM images of the morphologies of (a) L3 film and of (b)
Ni(II), (c) Cu(II), and (d) Fe(III) treated L3 films.
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extends to the NiN4 square plane (Figure 6c). The two alkyl
chains stretch parallel in the direction perpendicular to the TTF
plane. Interconnected by strong double hydrogen bonds, N−
H···O···H−N, neighboring molecules form a 1-D structure with
a herringbone arrangement (Figure S6), the basic character of
molecular arrangement for this type of compound.15

The molecular structure of 2 is similar to that of 1, except
that the copper atom is five coordinated with four nitrogen
atoms of the ligand and one axial oxygen atom from a weak
coordinated DMF molecule, and adopts a distorted square-
pyramidal configuration (Figure 6b). The average Cu−Namide
distance is 1.965 Å, and the average Cu−Namine distance is
2.070 Å. The Cu−O distance of 2.274 Å is longer than those of
the Cu−N distances. The four nitrogen atoms are quasi-planar
with a mean deviation of 0.0045(53) Å. The Cu atom deviates
from the least-squares plane of these atoms by 0.3267(12) Å
and toward the axial oxygen. Similarly, the two alkyl chains
extend parallelly in the direction perpendicular to the TTF
moiety, but the TTF unit takes a boat conformation with
serious bend that should be due to the space effect of the
solvent coordination. Referring to Figure 6d and Figure S7,
both sides of the TTF moiety are bent with respect to the
central C2S4 plane by 21.1° and 23.3°, respectively, while the
TTF moiety in 1 is roughly flattened, and only the coordination
side bends about 15.1°. Consequently, the conjugation of the
TTF moeity in 2 is not as good as that in 1.

Photocurrent Response. To investigate the effect of metal
coordination on photoelectric conversion properties, L3-coated
ITO electrodes (L3/ITO) and metal-ion-treated L3/ITO
electrodes are used as working electrodes in a photo-
electrochemical cell for measurements. All of the experiments
were carried out in a 0.10 mol·L−1 Na2SO4 electrolyte solution

Figure 5. (a) IR and (b) solid-state UV−vis absorption spectra of L1
and compounds 1 and 2.

Figure 6. Molecular structures of 1 (a, c) and 2 (b, d) showing the coordination environment and the molecular profiles.
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under irradiation with a 150-W high pressure xenon lamp (a
more detailed description is given in the Experimental Section).
Figure 7 shows the photocurrent responses as the excitation

light is turned on and off repeatedly. The L3/ITO electrode

does not display any light-gated response on a 10−8 Å scale
(Figure 7, black line), and the Ni(II) and Cu(II) treated L3/
ITO electrodes show anodic photocurrent responses (Figure 7,
blue line Cu(II)-L3 and red line Ni(II)-L3). However, the
Fe(III) treated L3/ITO electrode shows a cathodic current,
and the intensity is very weak (10−8 Å). Because all the
measurements were carried out parallelly in the same manner,
the different current direction and intensity mean there are
different mechanisms in electron transfer. As discussed above,
the Ni(II) and Cu(II) treated L3 electrodes form metal
coordination films, while the Fe(III) treated L3 electrode forms
an oxidized L3 film. This is the point for the different
photocurrent behaviors. The metal coordination center should
play an important role in promoting the photoinduced current,
because the non-metal-coordinated L3 electrode does not
generate visible current. The Fe(III) treated L3/ITO electrode,
being more correctly the L3ClO4/ITO electrode, is a TTF
radical material, an electroactive medium. For this reason, it
shows a quick responsive cathodic current (square curve) in
comparison with the others, though its photocurrent intensity is
very weak.
The molecular energy levels of LMe, [Ni(LMe)], and LMe•+

were calculated using the Gaussian 09 program package (Table
S2). Figure 8a shows schematically the HOMO and LUMO
energies and the band structure of the ITO electrode. The
HOMO−LUMO energy gap of [Ni(LMe)] is 2.4 eV narrower
than that of LMe (3.0 eV). Therefore, the [Ni(LMe)] electrode
shows effective photoexcitation and electron transition from
LUMO (−2.0367 eV) to ITO (−4.7 eV),18 an anodic current.
The HOMO (−8.5064 eV) and LUMO (−5.2525 eV) energies
of the radical LMe•+ drop down below the ITO energy level,
and hence only the reverse electron flow is possible, a cathodic
current. On the basis of the structural information, the square
coordination Ni(II) ion and quasi-square coordination Cu(II)
ion are coordinated into the diamide-diamino center, and the
conjugated TTF and metal coordination MN4 dyad system is
formed. The molecular orbital analyses of [Ni(LMe)] (Figure
8b) show that the largest coefficients in the HOMO orbital are
mainly localized on the central TTF core (the S2CCS2
fragment), while the LUMO orbital population almost

completely shifts to the square coordination center NiN4.
Under irradiation, the electron transfer is from HOMO (TTF)
to LUMO (NiN4) and then from the coordination center to the
electrode. This result shows the effect of the coordination
center on photocurrent response, and it also settles the
problem why no obvious photocurrent response for the L3
electrode was observed. Therefore, the TTF moiety conjugated
square coordination NiN4 or CuN4 is a photoactive cooperative
system, though the role of the metal coordination centers of
MN4 needs to be further studied.

■ CONCLUSIONS
A series of TTF derivatives L1−L3 with a diamide-diamino
moiety are synthesized that can coordinate to specific metal
ions with square coordination geometry, Ni(II) and Cu(II)
ions. Gelation properties and film morphologies of these
compounds in hydrophobic solvents are characterized. The
compounds with octyl and dodecyl groups are gelators, and the
dodecyl derivative shows the most effective gelation property.
An interconnected belt-like microstructure is a typical
morphology of the organogels, in which the most effective
gelation microstructures are observed for L3 in toluene and
cyclohexane. To our knowledge, metal coordination systems
have not been reported for TTF-derived gels up to date. The
effect of the Ni(II) and Cu(II) coordination on the
photocurrent response property is examined. The L3 coated
ITO electrode does not display an obvious response; however,
the metal coordination in square mode, Ni(II)-L3 and Cu(II)-
L3, significantly increases the photocurrent response. A
mechanism of the enhancement of photocurrent response is
proposed that relates to the square metal coordination
structures. This is the first targeted work to design a metal
coordination related TTF-gel based material showing a metal
coordination cooperative effect on photocurrent response
property.
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data and structural refinement parameters for 1 and 2. The

Figure 7. Photocurrent responses of the films upon repetitive
irradiation, L3 (black), Fe-L3 (purple), Cu-L3 (blue), and Ni-L3
(red) (three-electrode system, sample coated ITO glass in 0.10 mol·
L−1 aqueous solution of Na2SO4).

Figure 8. (a) Proposed mechanism for the photocurrent generation
(all the data are in eV). (b) The calculated population coefficients of
HOMO and LUMO for [Ni(LMe)].
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calculated energy levels of LMe, [Ni(LMe)], and LMe•+

compounds. SEM images of the morphologies of the film L1
in toluene and cyclohexane. Cyclic voltammogram of L3 film
(Bu4NClO4, 0.1 mol·L−1, 100 mVs−1) in CH3CN. EDS results
of the metal ion doped L3/ITO electrodes. XRD results of the
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Asymmetric structures of complexes 1 and 2. The one-
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ment molecules that interconnected by strong double hydrogen
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