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Great progresses have been made in combining a TTF moiety with a porphyrin unit by covalent bonds, but only a few

examples were reported in which the TTF and porphyrin assembled by noncovalent interactions. In contrast to the energy-

and time-consuming synthetic procedures for the covalent system, assembly of non covalent ionic system would be a cost-

effective way to construct donor—acceptor ensembles. Herein a new type of ionic TTF-porphyrin dyad is obtained. A

methylated tetra(4-pyridyl) porphyrin (5,10,15,20-tetrakis-(N-methyl-4-pyridyl)-porphyrin, TMPyP) is selected as the

cation, and TTF-bicarboxylate (Yor TTF-tetracarboxylate (L) is used as the anion. Crystal structures of two TTF-TMPyP
ionic D-A compounds {TMPyP—(HLl)A}'3H20 (1) and {TMPyP—(HzLZ)z}'SHzO (2) were characterized by single-crystal X-ray
diffraction. The strong ionic interaction enhances the charge-transfer between the regular mixed-stacking donors and

acceptors, which are investigated comprehensively by spectral, electrochemical and theoretical studies. The variation in

properties between L'and L?is of great advantage in understanding the influence factors for charge-transfer. The charge-

transfer property can be modulated by not only the nature of the donor or acceptor, but also the cation-anion ratio in the

salt, which shows great flexibility of D-A ionic dyad in design and preparation of new charge-transfer systems.

Introduction

The global urgent need for clean energy sources has resulted in
extensive research to develop systems capable of converting light
energy into chemical energy. In this vein, electron donor—acceptor
(D—A) compounds involving porphyrin are of great significance due
to their applications in artificial light-harvesting antenna,’ photonic
wires,2 photo reaction centers,® and photovoltaic cells.* In most
cases, porphyrins and metalloporphyrin complexes usually act as
electron donors in D-A ensembles.’ Such properties can be tuned
as electron acceptors by introducing strongly electron-withdrawing
substituents,6 high-valent metal ions,7 and protons8 to the
macrocycles. On the other hand, tetrathiafulvalene (TTF) and its
derivatives (TTFs) are well-known systems for their two-step
reversible redox processes upon chemical or electrochemical
oxidation.” TTFs as electron donors paired with suitable acceptors
exploited in controlled self-assembled

10 . . . 11 .
nanostructures,” environmentally responsive devices,” nonlinear
13

have been well

. 12 . .
optical arrays,” as well as light harvesting complexes.
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Considerable efforts have been devoted recently to incorporating
TTF moieties onto the cores of porphyrins or metalloporphyrins,
because they contain both redox active sites and a chromophoric
unit, and also both electron donor and acceptor.14 It is expected
that such multicomponent molecules can act as effective chemical
sensors and organoelectronic materials.

The direct combination of TTF and porphyrin moieties in one
molecule had been unsuccessful until 2001 most likely due to the
lack of an effective synthetic route. The first fully conjugated TTF-
porphyrins was obtained'”
However, the multistep synthetic procedures are energy- and time-

using the appropriate pyrrolo-TTF unit.

consuming and the yields are very low even for the symmetrical
derivatives. The use of noncovalent binding such as metal-ligand
coordination, interaction, hydrogen bonds and
rotaxane host-guest interaction would provide a simpler but more
way to donor—acceptor
ensembles.” Developing a simple TTF-porphyrin supramolecular

electrostatic

cost-effective construct  electron
system could represent an important step forward in this research
field. However, to the best of our knowledge, only a few examples
including TTF and porphyrin assembled by the noncovalent
interaction were reported. A protonated dodecaphenylporphyrin
acts as a host and neutral TTF acts as a guest forming a
supramolecular D-A compound in a 1:1 fashion based on
intermolecular -7 interactions.®® The other examples are using
metal-ligand coordination to get D-A dyads or triads e

In contrast to the neutral TTF-porphyrin supramolecular
systems,8d we report herein a new type of TTF-porphyrin cation-

anion ionic supramolecular dyad. A methylated tetra(4-pyridyl)
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porphyrin [5,10,15,20-tetrakis-(N-methyl-4-pyridyl)-porphyrin,
TMPyP] is selected as the cation, and TTF-bicarboxylate (Ll) or TTF—
tetracarboxylate (LZ) is used as the anion (Chart 1). With these
charge enhanced TTF donor and porphyrin acceptor, two TTF-
TMPyP ionic D-A compounds {TMPyP-(HL1)4}'3HzO (1) and {TMPyP-
(HZLZ)Z}'SHZO (2) are easily obtained and their crystal structures
were characterized by single-crystal X-ray diffraction. The regular D-
A mixed-stacking structures of these two compounds are different
from the host-guest structures mentioned above for the neutral
TTF-porphyrin compounds. The strong ionic interaction enhances
the charge-transfer between the anions and cations, which are
investigated comprehensively by spectral, electrochemical and
theoretical studies. The variation in properties between L' and L% is
of great advantage in understanding the influence factors for the
charge-transfer system. Not only the nature of the donor or
acceptor, but also the cation-anion ratio in the salt are important
for the charge-transfer process.

L1
© ooc_ g s €000
T~
©ooc” S 7 “Scooo
L2

Chart 1 Structures of TMPyP (Top), TTF-bicarboxylate L (middle),
and TTF-tetracarboxylate 2 (Bottom).

Experimental Section

General remarks Starting material TMPyP(PFg), was prepared
according to the literature method." TTF-bicarboxylate LY 2,3
bis(carboxyl)-6,7-bimethylthio-tetrathiafulvalene sodium salt, Nale,

2| J. Name., 2012, 00, 1-3

methods.'®
(NaL?)
prepared using the method reported previously.19 All other
analytically pure reagents were purchased commercially and used
without further purification. The IR spectra were recorded using KBr

the literature

sodium

was prepared according to

Tetrathiafulvalene—tetracarboxylate salt was

pellets on a Nicolet Magna 550 FT-IR spectrometer. Elemental
analyses of C, H, and N were performed using an VARIDEL I
elemental analyzer. Solid-state room-temperature optical diffuse
reflectance spectra of the microcrystal samples were obtained with
a Shimadzu UV-3150 spectrometer. ESR spectra were recorded on a
Bruker ER-420 spectrometer with a 100 kHz magnetic field in X
band at 110 K. The fluorescence was recorded on an HITACHI F2500
fluorescent photometer. ' NMR spectra were measured in d6-
DMSO using tetramethylsilane, Si(CHj),, as an internal standard on
UNITYNOVA-400 spectrophotometer.

Synthesis

{TMPyP-(HL1)4}'3H20 (1) A solution of NazL1 (8.6 mg, 0.02mmol)
in methanol (2 mL) was mixed with a solution of TMPyP(PFg),
(6.3mg, 0.005 mmol) in methanol (2 mL). The mixed solution was
stirred for 0.5h at room temperature and filtered into a glass tube.
Black rectangular crystals of 1 were obtained in 2 days from the
filtrate by controlled evaporation of the solvent, washed with
ethanol, dried in vacuum and used for all measurements (2.3 mg,
yield 20.3 %). Anal. Calcd for Cg4sH7,Ng019S,4 (MW: 2267.07): C,
44.50; H, 3.20; N, 4.94. Found: C, 44.32; H, 3.09; N, 5.04. IR data
(cm’l): 2971(w), 2915(w), 1637(s), 1597(s), 1561(w), 1524(w),
1507(w), 1456(w), 1422(w), 1401(w), 1342(s), 1184(w), 1159(m),
1082(m), 1050(m), 974(m), 884(m), 859(m), 799(m), 774(m).

{TMPyP-(HzLZ)z)'SHZO (2) An aqueous solution (2 mL) of Na4L2
(4.7 mg, 0.01 mmol) was placed into the underlayer of a glass tube.
A solution of TMPyP(PFg), (6.3mg, 0.005 mmol) in methanol (2 mL)
was put into the superstratum dropwise carefully. The dark-purple
block single crystals of 2 were obtained in 5 days by slow diffusion
at room temperature, washed with ethanol, dried in vacuum and
used for all measurements (1.8 mg, yield 23.7 %). Anal. Calcd for
CoaHsNgO1Ss (MW: 1525.61): C, 50.38; H, 3.44; N, 7.34. Found: C,
50.13; H, 3.25; N, 7.06. IR data (cmfl): 2974(w), 2923(w), 1640(s),
1573(s), 1510(w), 1459(w), 1403(m), 1385(w), 1345(s), 1279(w),
1181(w), 1162(m), 1074(b), 1000(w), 968(w), 859(m), 793(m).

X-ray Crystallographic Study The measurement was carried out on
a Rigaku Mercury CCD diffractometer at low temperature with
graphite-monochromated Mo Ka. (A = 0.71073 A) radiation. X-ray
crystallographic data for all compounds were collected and
processed using CrystalClear (Rigaku).20 The structure was solved by
direct methods using SHELXS-97 for 1”*and SHELXS-2014 for 2, and
the refinement against all reflections of the compound was
performed using SHELXL-97 for 1% and SHELXL-2014 for 2. All of the
non-hydrogen atoms were refined anisotropically, and hydrogen
atoms were added theoretically, except that the H atoms of O—H of
2 were located from the Fourier map. Relevant crystal data,
collection parameters, and refinement results can be found in Table
S1 (ESI).

Electrode Preparation and Photocurrent Measurement The
photoelectrodes of the compounds were prepared by powder
coating method. As a typical procedure, the crystals (0.003 mmol)

This journal is © The Royal Society of Chemistry 20xx
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were ground and pressed uniformly on the cleaned ITO glass (100
Q/o). A 150 W high-pressure xenon lamp, located 20 cm away from
the surface of the ITO electrode, was employed as a full-wavelength
light source. The photocurrent experiments were performed on a
CHI650E electrochemistry workstation in a three-electrode system,
with the sample coated ITO glass as the working electrode mounted
on the window with an area of 0.385 cm2 (® = 0.7 cm), a Pt plate as
auxiliary electrode and a saturated calomel electrode (SCE) as
reference electrode. The supporting electrolyte solution was a 0.1
mol-L-1 sodium sulfate aqueous solution. The lamp was kept on
continuously, and a manual shutter was used to block exposure of
the sample to the light.

(DFT)
All
calculations were carried out using the density functional theory
(DFT) method with Becke’s three-parameter hybrid exchange
functionals and the Lee-Yang—Parr correlation functional (B3LYP)
employing the 6-311G** basis set for all atoms.

Theoretical Calculations Density functional theory

. . . . 23
calculation was carried out using Gaussian09 program package.

Results and Discussion

Design and synthesis

As a good series among porphyrin derivatives, tetra(4-pyridyl)
porphyrin (PyP) has been attracted much attention to create
coordination assemblies with novel structures and intriguing
properties.z5 Geremia group utilized methylated PyP (TMPyP) to
self-assemble host-guest supramolecular complexes with calixarene
However, the study on TMPyP as an electron acceptor
in electron donor—acceptor systems remains underexplored. The

26
tweezers.

TMPyP is a porphyrin based positively charged tetravalent cation
and, therefore, can act as a strong electron acceptor in D-A
ensembles. The selection of TMPyP in this work rather than a
metalated or protonated porphyrin as an electron acceptor
originates also from its highly charged structure and, consequently,
improve the physical properties of the TTF-porphyrin
compounds. Likewise, in comparison with neutral TTF, the
negatively charged TTF-carboxylates can act as strong electron
donors and match well with the positive charged TMPyP cation
acceptor. The ionic TTF-porphyrin ensembles 1 and 2 were obtained

can

in a simple manner by controlled evaporation of the mixed
methanol solutions or two layers diffusion methods at room
temperature. Compared with the preparation of covalently linked
TTF-porphyrin compounds,
procedure.

it is an energy- and time-economic

Cation-anion coupled structures

Single crystal X-ray diffractometry shows that compound 1
crystallized in the monoclinic P2,;/m space group. The asymmetric
unit is composed of one TMPyP cation, four HL* anions, and three
co-crystallized water molecules (Fig. 1a). Although the proton of the
carboxylate group cannot be in the Fourier maps,
considering the planar arrangement of two carboxylate groups and

located

the charge balance rule, the bicarboxylate moiety of L* should be
monoprotonated.27 Compound 2 crystallized in the monoclinic C2/c
space group. The asymmetric unit is composed of one TMPyP
cation, two HZLZ anions, and five co-crystallized water molecules

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 1D column D-D-A-D-D-A structures of compounds 1 (a) and

2 (b). Co-crystallized water molecules and all hydrogen atoms
except those of O—H and N-H are omitted for clarity.
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(Fig. 1b). Both compounds 1 and 2 exhibit D-D-A-D-D-A column
structures. (Fig. 2a and 2b) by virtue of intermolecular m'm
interaction between porphyrin core and TTF moiety as well as S*'C
face-to-face short contacts between TTF moieties. Molecular planes
of the cation and anion are calculated and their plane to plane
distances and some angles are displayed in Fig. 3 [DP and AP
represent donor (TTF) plane and acceptor (porphyrin core) plane,
respectively]. As shown in Fig. 3, it should be noticed that the
stacking of TTF and porphyrin cores in 2 is better than that in 1,
because the symmetrical HZL2 anion has good planarity. The layered
packing in 2 is closer and more regular than those in 1, and hence
the anion-cation interaction in 2 should be stronger than that in 1
(see plane to plane distances and angles in Fig. 3). The regular D-A
stacking assembly in these two compounds are different from the
host-guest structures reported for the neutral TTF-porphyrin
compound.8d In  concentrated solution, the anion-cation
interactions can act through the ion assembly in similar manner to
those in solid state.

3504 .. APL . 350A
gy ey 4 V4
op3 1\ /-'Rk: N/ o4
\\\ 3884, A s
3524 DP1 / 4.36°
3.35A A T 4 8.06°
.'Ré‘:: - ",}’
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< s AP
3524 6.09°
; - ——a DPI1
346A 2.51°
A Y
3.52A - .96°
o 3 *_
:}\m—} AP2

(b)

Fig. 3 Molecular planes of the cation and anion and plane to plane
distances and some angles of (a) 1 and (b) 2.

Anion-cation charge transfer property

Solid state electronic spectra of 1 and 2 together with the
starting materials TMPyP, Nale, Na4L2 as used for comparison were
measured at room temperature using BaSO, as a standard
reference (Fig. 4). By comparing with the absorption curve of
TMPyP, the Q-bands at 511, 547, 585, and 636 nm of TMPyP are
red-shifted about 15 nm for 1 and 2, while the shifts of Soret bands
at about 440 nm of TMPyP cannot be judged because of the
overlapping with the band of TTF moiety. It can be deduced from
the red-shift of TMPyP Q-bands that the TTF moiety appears to
have a substantial perturbation of electronic transition states

4| J. Name., 2012, 00, 1-3

centered on the TMPyP core. In the visible and near-infrared range,
the spectra of 1 and 2 show a broad absorption ranging from 750 to
1200 nm for 1, and from 750 to 1010 nm for 2. The new broad
lowest energy band could be attributed to anion-cation charge-
transfer (ACCT) transition from the TTF anion to the TMPyP cation,
which is enhanced by the cation and anion electrostatic interaction.
Based on the results of structural analysis (discussed above), it is
certain that the ACCT bands of 1 and 2 result from the m-m
interaction, and short contacts between TMPyP and TTF moieties.

Absorbance

800 1000 1200

Wavelength/ nm

200 400 600

Fig. 4 Electronic spectra of 1 and 2 along with the starting materials
TMPyP, Nale, and Na4L2 in the solid state.

Theoretical calculations of 2 show that the electronic density
distributions of the highest occupied molecular orbitals (HOMO,
HOMO-1) are mainly localized on the TTF unit of L and the lowest
unoccupied frontier molecular orbitals (LUMO, LUMO+1) are mainly
localized on the TMPyP (Fig. S1). These theoretical results strongly
support the occurrence of ACCT from the TTF unit to the porphyrin
unit. The calculated energy gap AE is in the range of 1.04-1.17 eV
(1192-1058 nm) (E.umost - Enomo = 1.17 €V, Ewumo - Evomo = 1.04
eV) (Table S2), which reasonably agrees with the experimental
charge-transfer absorption band.

Solution spectra of crystals 1 and 2 in different concentrations
were measured (Fig. S2). The appearance of the broad ACCT
absorption shoulder at about 700 nm for 1 indicates that the anion-
cation interaction (partial charge transfer) exists even in solution
and increases with the increasing of the concentration. The results
further suggest that there are anion-cation aggregates or
ensembles in concentrated solution. Comparing with that of 1, the
increasing of ACCT band of 2 is not so obvious and only the platform
is raised. The ACCT interactions were also investigated by '"H NMR
spectroscopy. Fig. 5 shows a comparison of the partial 'H NMR
spectra of TMPyP, 1 and 2 in d6-DMSO. The chemical shift of the
resonance of H-C=C—H of the pyrrol ring (denoted as c) of TMPyP
located at 9.24 ppm.17 Upon formation of the ionic CT compound,
distinct upfield shift occurred (A& = 0.14 for 1 and 0.09 for 2)
suggesting that the pyrrol ring of TMPyP is shielded by TTF moiety.
The difference of the shifts between 1 and 2 indicated that the CT
interaction in solution between anion and cation of 1 is stronger

This journal is © The Royal Society of Chemistry 20xx
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than that of 2. In order to verify the effect of cation-anion
interaction on charge-transfer, a control experiment is carried out
using neutral TTF derivative TTF(CONH,), (chart S1). No obvious
shifts can be seen when adding 4eq. TTF(CONH,), into the solution
of TMPyP (Fig. S3). The results show that the cation-anion
interaction enhances the charge-transfer.

N N J\ JVUL
b ! -
N
NH  HN A I
2 f‘\ I\ \‘\
N \ / J
3 e Nl
we h Il’\ ' \lll
5 cH o A
: meye | |
— | S | G ——
9.9 9.6 9.3 9.0 8.7
f1 (ppm)

Fig. 5 Partial "H NMR spectra of TMPyP, 1 and 2 in d6-DMSO
(4x10° mol'L™").
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Fig. 6 Cyclic voltammogram under an argon atmosphere in DMF
solution (1.0 x 10° mol-L™") (0.1 mol-L™* Bu,NCIO,, 100 mV s™)of (a) 1
along with the starting materials TMPyP and NazL1 and (b) 1 and 2.

The electrochemical potentials of 1 and 2 together with those of
the starting compounds TMPyP, Nale, Na4L2 were measured by
cyclic voltammetric (CV) analyses under an argon atmosphere in
DMF solution containing 0.1 mol-L? tetra-n-butylammonium
perchlorate (BusNCIO,) as the supporting electrolyte. In the
electrochemistry window of DMF (-1.5-1.0 V), unlike other
porphyrin derivatives, only two sets of negative signals of TMPyP
are observed (Fig. 6a), and the two positive signals of TMPyP do not
appear at this window for their more positive potentials. This
indicates a relatively electron deficient nature of the TMPyP due to
the influence of four methylated pyridine entities possessing a total
of four positive charges, which is in favour of charge-transfer as a

This journal is © The Royal Society of Chemistry 20xx

strong electron-acceptor in D—A system. Comparative studies with
TMPyP and NazL1 (Fig. 6a) indicate that two redox waves in the
anodic direction of 1 (El/z1 =0.615V, Emz =0.796 V) correspond to
the TTF/TTF* and TTF/ TTF** redox couples, while the redox waves
in the cathodic direction (E1/23 = -0.406 V, E1/24 = —0.552 V) are
ascribed to the porphyrin unit. About 30 mV positive shifts for TTF
redox waves of 1 occurs in comparison with those of L', which
indicates the charge transfer from TTF to TMPyP, while no
distinguishable shift of the TMPyP peaks is observed that might be
due to the limited CV sensitivity for the charge increase on the
TMPyP cation. The CV of 2 is shown in Fig. 6b along with that of 1.
Similar to that of 1, four redox waves appear, two of which are
ascribed to TTF unit (El/z1 =0.600 V, El/z2 = 0.838 V) and the other
two correspond to the porphyrin moiety (51/23 =-0.418 V, El/z4 =
~0.559 V).

To further investigate whether an efficient anion-cation charge
transfer or partial electron transfer has happened, electron spin
resonance (ESR) studies were carried out at 110 K (Fig. 7). The solid
state ESR spectra of 1 and 2 show signals at g = 2.0006 and 2.0003,
respectively, correspondence with the characteristic of free radical
signal (S=1/2),29 which indicates that partial electron transfer in the
ground state via the anion-cation interaction. The signal split of 1
might be an effect of axial field, which is in accordance with the
result of the crystal structural analysis. There are two sets of TTF
anions coupling with the TMPyP cation in 1, but only one set of TTF
stacking with the TMPyP cation in 2 (Fig. 2).
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Fig. 7 ESR spectra of 1 and 2 recorded at 110 K.

Charge transfer induced fluorescence quenching

It is well-known that diamagnetic porphyrins display a strong
fluorescence-emission feature in the range of 570-800 nm spectral
region,30 and electron transfer from TTF to acceptor that fluoresces
intrinsically would result in fluorescence quenching.31 Therefore,
the anion-cation charge-transfer property of 1 and 2 can be studied
quantitatively by comparing their fluorescence spectra with that of
TMPyP. The fluorescence spectra of 1, 2 and TMPyP at selected

J. Name., 2013, 00, 1-3 | §
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concentrations in DMF at room temperature were recorded (Fig. 8a
and Fig. S4). Upon photoexcitation, the overall fluorescence of 1
and 2 is significantly quenched compared with that of TMPyP,
which means the fluorescence quenching not only happened in the
TTF-annulated porphyrin,14g but also in solution of ionic TTF-
porphyrin assembly. The quenching is increased along with the
increased concentration (Fig. S5). Addition of Fe(ClO,); to the
solution of 1 or 2 led to fluorescence recovery, and the fluorescence
intensity increased with the increasing amounts of Fe(ClO,); (Fig.
8b) (CAUTION: All perchlorates must be regarded as
potentially explosive. Only a small amount of compound should be
prepared, and it should be handled with caution), because the
electron-donating ability of TTF unit is lowered upon the TTF being
oxidized to TTF*".*? Thus a new fluorescence switch based on
noncovalently linked TTF-porphyrin ionic supramolecular dyad is
established.

metal

It is worth noting that, in electronic spectra, the anion-cation
charge transfer (ACCT) band of 1 extends to the lower energy
region and the band intensity of 1 is stronger than that of 2 as
shown in Fig. 4. The result suggests that the ACCT intensity between
bicarboxylate and TMPyP (Ll-TMPyP) in 1 is stronger than that
between tetracarboxylate and TMPyP (LZ-TMPyP) in 2. As a more
convinced evidence for the conclusion, the fluorescence intensity of
1 is quantitatively weaker than that of 2 at the same molar
concentrations (Fig. 9) due to the charge transfer induced
fluorescence quenching of 1 being stronger than that of 2. Similar
result was observed for solid state fluorescence spectra of crystals 1
and 2 (Fig. S6).
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Fig. 8 Changes of the fluorescence spectra in DMF at room
temperature of (a) 1 (Aex = 576 nm) and TMPyP (Aex = 470 nm),
recorded at different concentrations from 1.0 x 10> to 5.0 x 10™
mol'L?, and (b) 1 (2.5 x 10" moI'L'l) upon addition of increasing
amounts of the oxidant Fe(ClO,4);'6H,0 in DMF.

The negative charge on TTF-bicarboxylate is a half as that on TTF-
tetracarboxylate, and better donor property (higher electron
density on TTF moiety) is expected for the latter. Moreover, the
inter-planar layer interaction in 2 is more effective than those in 1
as discussed in the structural analysis. Whereas, all the spectra
experimental results suggest the charge transfer in 1 is stronger
than that in 2. To be more cautious, fluorescence spectra of TMPyP
are recorded upon quantitative titration of neutral TTF(CONH,),, L
and L? and the results are given in Fig. 10, Fig. S7 and Fig. S8. Upon
adding 4 eq. of TTF(CONH,),, the fluorescence decrease is only 700
(Fig. S7), while the same value of fluorescence decrease is achieved
when adding only 0.5eq. L' or0.25 eq. 2 (Fig. S8), which shows the
effect of neutral TTF(CONH,), on the fluorescence quenching is
greatly weaker than that of ionic L' and L%. When added two eq. of L
into the TMPyP solution (2.0 x 10° moI-L'l), the fluorescence
quenching for L2 (from 6172 to 1837) is clearly more effective than
that for L' (from 6172 to 2778). The fluorescence quenching
platform appeared at the concentration 3.5 eq. for L' and 2.25 eq.
for L%, Therefore, TTF-tetracarboxylate is convinced to be a stronger
donor than TTF-bicarboxylate. However, in compounds, the high
TTF / TMPyP mole ratio in 1 (4:1) in comparison with that in 2 (2:1),
resulted from the variation of the negative charges between L' and
LZ, should be responsible for the experimental results that 1 is a
stronger ACCT system. That is to say, the salt type of TTF-TMPyP
dyads is also related to the property of charge transfer and
fluorescence quenching.

500

magenta line: 1
400 green line: 2

— 5.0x10"mol/L
300 - - - 1.0x10mol/L

Fluorescence Intensity (a.u.)

200+
100
0 . . :
600 650 700 750 800
Wavelength(nm)

Fig. 9 Comparison of the fluorescence spectra of 1 with that of 2 at
the same molar concentrations (solid line: 5.0 x 10* moI-L'l, dashed
line: 1 x 107 moI-L'l).
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Fig. 10 Changes of the peak at 652 nm of fluorescence spectra of
TMPyP (2.0 x 10° moI-L'l) in DMF at room temperature, upon
quantitative titration of L*and L%

Energy levels and charge transfer related photocurrent response

As theoretical calculations, the HOMOs are mainly localized on
the TTF unit and the LUMOs are mainly localized on the TMPyP (Fig.
S1). The results strongly support the CV results that the first
reduction potentials (LUMO) of 1 and 2 are related to the TMPyP
and their first oxidation potentials (HOMO) are based on the TTF.
An energy diagram of 1 and TMPyP is shown in Fig. 11a based on
the spectra and CV data along with the potential of ITO glass
electrode. The formation of charge-transfer ionic dyad significantly
decreases the energy gap from 1.97 to 0.83 eV. It has been
discussed in introduction that electron donor—acceptor (D-A)
compounds involving porphyrin are of great significance due to
their applications in photoinduced physical and chemical events™
and TTFs as electron donors paired with suitable acceptors have
been used as light harvesting materials.” The CT compounds 1 and
2 with narrow energy gaps should be promising materials for
photocurrent conversion. Since the estimated conducting level of
ITO is -4.7 eV** that is lower than -4.05 eV of the LUMO of the dyad,
CT-compounds (poly crystals) modified ITO/1/2 photoelectrodes
were designed and prepared to study the photocurrent response
property.

The experiments of the electrode were carried out in a three
electrode photoelectrochemical cell (a more detailed description is
given in the experimental section). As shown in Fig. 11b, upon
repetitive irradiation with xenon light on and off, a clear
photocurrent response was observed (blue line for 1 and red line
for 2). The photocurrent intensity of 1 is stronger than that of 2
under the same experimental conditions. The data are comparable
with those of a similar charge transfer system of L and methyl
viologen dication.>* The results can be explained by the effective
photoinduced electron transfer process. The irradiation induces the
charge transition of the CT compounds to electron transition (Figure
11a) and then the photogenerated electrons on TMPyP* (LUMO)
transfer to the ITO electrode to generate anodic current.
Photocurrent responses TTF and porphyrin
supramolecular architecture were reported that exhibited single
crystal photoresponse upon photoirradiation in nA scale.”® However
it cannot be simply compared due to the different measurement
methods.

of a neutral

This journal is © The Royal Society of Chemistry 20xx
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Fig. 11 (a) Energy diagram of 1 and TMPyP along with the ITO glass
electrode; (b) Photocurrent responses of crystals 1 and 2 in the

presence of a 0.1 mol-L" Na,SO, aqueous solution.

Conclusions

In summary, selecting methylated tetra(4-pyridyl) porphyrin as the
cation, and TTF-carboxylates as anions, two TTF-porphyrin cation-
anion ionic dyad were prepared. Their crystal structures were
characterized by single-crystal X-ray diffraction. The TTF anions are
self paired and mixed-stacked regularly with TMPyP cations through
v and S'C interactions. The strong ionic interaction enhances
the charge-transfer between the anions and cations, which are
investigated comprehensively by spectral, electrochemical and
studies. A
noncovalently linked TTF-porphyrin supramolecular ionic dyad is

theoretical redox fluorescence switch based on
established. The studies on variation in properties between L' and
L2 is of great advantage in understanding the influence factors for
charge-transfer. Not only the entity of the donor or acceptor, but
also the cation-anion ratio in the salt relate to the extent of CT
property that shows great advantage of ionic dyad in design and
modulating of new charge-transfer systems.
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