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A novel, metal-free, crown-ether-tetrathiafulvalene annulated phthalocyanine was synthesized by tet-
ramerization of the corresponding phthalonitrile derivative; both compounds were characterized by
elemental analysis, IR, UV-vis, DPV or CV and MS spectra. The crystal structure of the precursor was
determined by X-ray crystallography. The charge transfer absorption bands of the two compounds lay
~400 nm after addition of 7,7,8,8-tetracyanoquinodimethane. Electrochemical studies revealed that both
compounds displayed good complexation selectivity for Na* ion with large positive redox shifts, indi-
cating that they may be a new redox-active sensor.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Phthalocyanine (Pc), a remarkably robust and versatile
compound first developed as industrial pigment, has been applied
in a wide range of photovoltaic devices [1], catalysts [2], gas sensors
[3-5], electrochromic displays [6], and photodynamic therapy
agents [7,8]. These properties may be modulated by central metals
and huge variety of substitutions attached to the Pc cores [9,10]. By
controlling such parameters, diverse functionalities can be
obtained. For example, Pcs containing macrocycles such as crown
ethers show potential applications as ion conducting channel or
heavy metal extraction agents [11,12]. Due to the well-known
ability to form stable cation radical salts, redox-active substituents
such as tetrathiafulvalene (TTF) and its derivatives have been
introduced to the peripheral or non-peripheral sites of Pc cores
[13,14]. Cook et al. prepared a phthalocyanine system functional-
ized with one or two TTF units, which is the only example of TTF-
appended Pc showing a liquid crystalline behavior so far [15].
Furthermore, the redox properties of the TTF core in combination
with the complexing ability of crown ether may lead to modulation
of the trapping properties depending on the oxidation of TTF [16].
However, up to now, very few examples for the direct annulation of
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the TTF unit to a Pc core have been reported [17-19]. We therefore
have incorporated crown-ether-TTF units into Pc core to give a new
crown-ether-TTF annulated phthalocyanine 4. Interestingly, the
system has shown to be good for new electrochemical sensor to
Na™*.

2. Experimental

2.1. Apparatus

Elemental analyses for C, H, and N were performed on a Perkin-
Elmer 240C analyzer. ESI-MS spectra were recorded on a Varian
MAT 311A instrument. The IR spectra were taken on a Vector22
Bruker Spectrophotometer (400-4000cm™') with KBr pellets.
Mass spectra were determined with Autoflex II'™ instrument for
MALDI-TOF-MS. Absorption spectra were measured on a UV-3100
spectrophotometer. NMR spectra were measured on a Bruker AM
500 spectrometer. Cyclic voltammetry and differential pulse vol-
tammetry were performed on a CHI660b electrochemical analytical
instrument, with platinum as the working and counter electrodes,
Ag/AgNOs as the reference electrode, and 0.1 M n-BusNClO4 as the
supporting electrolyte. The compound 5,6-dicyanobenzene-1,3-
dithiole-2-one (1) and the corresponding 1,3-dithiole-2-thione
derivative 2 were synthesized according to literature procedures
[17,20]. All solvents and chemicals were purchased from commer-
cial sources and used as received.
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Scheme 1. Synthesis of the tetra(crown-ether-TTF)-annulated phthalocyanine 4.

2.2. Synthesis of compounds 3 and Pc 4

5,6-Dicyano-2-(4,5-dithia-(3’,6/,9'12/-tetraoxatetradecyl)-1,3-
dithio-2-ylidene)-benzo-1,3-dithiole (3): under nitrogen, a solution
of compound 1 (131 mg, 0.6 mmol) and compound 2 (240 mg,
0.6 mmol) in 5 mL of triethyl phosphate was heated to 100 °C for
1 h. After removal of the solvent under reduced pressure, chro-
matography on silica of the residue with CH,Cl,/hexane (3/1) as
eluent afforded pure compound 3 as red crystals. Yield: 116 mg
(33.9%). Anal. Calc. for CpHpoN2S604: C, 46.34; H, 3.89; N, 4.91.

Ci6  C15

Fig. 1. Molecular structure of compound 3 (50% probability ellipsoid. Hydrogen atoms
are omitted for clarity). Selected bond lengths [A]: C6-C7 1,429(9); C6-S2 1.760(6); C7-
S11.721(7); C9-S11.772(6); C9-S2 1.763(7); C9-C10 1.336(9); C10-S3 1.765(7); C10-S4
1.758(7); C11-S4 1.746(7); C11-S6 1.754(7); C12-S3 1.772(7); C12-S5 1.757(7). Selected
bond angle [°]: S4-C10-S3 114.0(4); S2-C9-S1 115.0(4); C6-C5-C4 121.7(6); C5-C4-C3
118.7(6); C4-C3-C8 119.3(6); C3-C8-C7 123.1(6); C8-C7-C6 117.6(6); C7-C6-C5
119.4(6).

Found: C, 46.18; H, 3.90; N, 4.90%. IR (KBr disc): »/cm~! 3445, 3074,
2954, 2920, 2850, 2228 (vc=n), 1563, 1459, 1255, 1225. TH NMR
(500 MHz, CDCls, ppm): 6 7.54 (s, 2H), 3.73 (m, 16H), 3.05 (t, 4H).
MALDI-TOF-MS: m/z 570.060[M]*, 593.066][M -+ Na*] (Fig. S1).

Table 1

Crystal data, data collection and structure refinement for 3

Empirical formula C2H25N504S6
Formula weight 570.78
Wavelength (A) 0.71073
Crystal system Triclinic
Space group P1

a(A) 5.185(3)

b (A) 14.816(8)
c(A) 18.029(8)

a () 111.918(18)
6() 90.171(9)

v (°) 94.791(9)
Volume (A3) 1279.5(12)

zZ 2

Dcaic (g/cm ) 1481
w(mm™1) 0.567

F (000) 592

¢ range for data collection (°) 2.25-25.00
No. reflections collected 6372

No. independent reflections 4427

R (int) 0.1509
Data/restraints/parameters 4427]0/307
Goodness-of-fit on F? 0.797

Final R indices [I > 24(I)] =0.0808, wR, =0.2043
Largest difference peak and hole (e A~3) 0.740/-0.472
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Fig. 2. View of the crystal packing arrangement of 3 (the dotted line representing S---S
non-bonded contacts less than 3.7 A).

2,3,9,10,16,17,23,24-Tetrakis[4’,5'-dithia-(3’,6/,9'12'-tetraoxate-
tradecyl)tetrathiafulvalene]phthalocyanine (4): lithium metal
(80 mg, 10 mmol) was dissolved in 30 mL of 1-pentanol at 80 °C
and then compound 3 (57 mg, 0.1 mmol) was added. The reaction
mixture was heated up to 125 °C and refluxed for 5 h. The dark
blue solution was allowed to cool down to room temperature. A
mixture of ethanol (20 mL) and glacial acetic acid (20 mL) was
added. The resulting suspension was standing for 12 h. A dark blue
solid was obtained by decantation and centrifugation. The crude
product was purified by washing with a combination of ethanol
and ether. Then it was purified with CH,Cl, by column chroma-
tography on silica gel. Yield: 20 mg (35.1%). Anal. Calc. for
CssHooNgS24016: C,46.30; H, 3.97; N, 4.91. Found: C, 46.23; H, 3.96;
N, 4.92%. IR (KBr disc): »/cm~! 3423, 2970, 2923, 2853, 1401, 1070,
1022. MALDI-TOF-MS: m/z 2283.799[M]" (Fig. S2).

2.3. Crystallography

The data were collected on a Bruker Smart Apex CCD diffrac-
tometer equipped with graphite monochromated Mo Ko
(A=0.71073 A) radiation using a w-20 scan mode at 293 K. The
highly redundant datasets were reduced using SAINT and corrected
for Lorentz and polarization effects. Absorption corrections were
applied using SADABS supplied by Bruker. The structure was solved
by direct methods and refined by full-matrix least-squares
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Fig. 3. UV-vis spectrum of compound 4 before (red, solid) and after (blue, dash dot)
TCNQ was added; performed in CH,Cl, (107> M).
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Fig. 4. UV-vis spectrum of compound 3 before (red) and after (blue) TCNQ was added;
performed in CH,Cl, (10~° M).

methods on F? using SHELXTL-97. All non-hydrogen atoms were
found in alternating difference Fourier syntheses and least-squares
refinement cycles and, during the final cycles, refined anisotropi-
cally. Crystallographic data for the structure of 3 have been
deposited with the Cambridge Crystallographic Data Centre as
supplemental publication CCDC 665476.

3. Results and discussion
3.1. Synthesis and characterization

The phthalonitrile precursor 3 was obtained from the cross-
coupling reaction. Then the tetramerization of 3 in the presence of
lithium pentoxide at 125 °C under nitrogen afforded Pc 4 (Scheme
1) which is soluble in CHCl3, CH,Cl, and DMF. '"H NMR spectrum of
3 is entirely consistent with its crystal structure. Tetramerization of
3 into Pc 4 was confirmed by the disappearance of the sharp C=N
stretching vibration in the IR spectra at 2228 cm™! of the precursor.
For 4, the resonances at 3423 and 1070 cm™! are assigned to the N-
H stretching and bending vibrations. In addition, the presence of
the characteristic molecular ion peak at m/z =2283.799[M]" in the
mass spectrum also supports the proposed structure for this
compound. However, for the octa-substituted TTF-annulated Pc 4,
TH NMR spectra in CDCl3 are not available due to the high aggre-
gation of the Pcs, which is frequently encountered at the concen-
trations used for NMR measurements [2,19].

3.2. Crystal structure analysis

Crystals suitable for X-ray diffraction study of the key precursor
3 have been obtained by recrystallization from dichloromethane.
The ORTEP of the molecule with the atomic numbering scheme is
shown in Fig. 1. Parameters for data collection and refinement of 3
are summarized in Table 1. This compound crystallizes in a triclinic
crystal system, space group P1. The bond lengths and angles are all
in normal range. As some other TTF/monocrown compounds, the

Table 2

CV data for compounds 3 and 4 (Ag/Ag" as reference electrode)

Compounds EY? (V) EL2 (V) AEY? (mV)
3 0.387 0.603 52

4 0.264 0.592 80




R. Wang et al. / Dyes and Pigments 81 (2009) 40-44 43

4
— 0eq
/ 2 eq
2 ——4eq
0 -
<
. o
-4 -
6 v T - T . T : :
0.0 0.2 0.4 0.6 0.8

E/V

Fig. 5. CV of compound 3 recorded in a mixture of CH,Cly/MeCN (3/2, v/v) at
5 x 10~ M with n-BuyNCIO,4 (0.1 M) as the supporting electrolyte in the presence of
increasing amounts of Na™.

macrocycle adopts a crown conformation, which is favored for the
metal coordination. The S04 crown ether group is bent toward one
side of the TTF unit. In the TTF unit, the conjugated 7 system of this
molecule is extended to all of the eight sulfur atoms. The TTF-fused
phthalonitrile moiety is virtually planar with an rms deviation of
0.06 A from the least-squares plane. Fig. 2 highlights the mutual
arrangement of the molecules in the crystal structure. A noticeable
feature is the parallel head-to-head alignment with intermolecular
S---S contacts of 3.662 A, which are less than the sum of the van der
Waals radii (3.70 A).

3.3. UV-vis spectra and electrochemical properties

The UV-vis spectrum of 4 in CH,Cl, was shown in Fig. 3. In the
ultraviolet region, B-band (or Soret band) of Pc (at 320-370 nm) and
absorption band of TTF moieties (at 240-400 nm) are overlapped and
lead to the superimposed bands [15,21-24]. In contrast to the split Q-
band originating from non-aggregated metal-free Pc at 618 and
687 nm in DMF (Fig. S3), a single (blue-shifted and broadened)
absorption peak at 601 nm in CH,Cl, is observed for 4. This gives the

|/ uA

v T . v v
-0.2 0.0 0.2 0.4 06 0.8 1.0
E/V
Fig. 6. DPV of compound 4 recorded in a mixture of CH,Cl,/MeCN (3/2, v/v) at

5 x 10~ M with n-BuyNCIO4 (0.1 M) as the supporting electrolyte in the presence of
increasing amounts of Na™.

direct spectroscopic evidence of Pc core aggregation in CHxCl; [25,26].
After addition of 1 equiv of 7,7,8,8-tetracyanoquinodimethane; TCNQ
(note: incompatible with strong acids, strong bases, strong reducing
agents, strong oxidizing agents) to the respective CH,Cl, solution of 3
(Fig. 4) and 4, the charge transfer (from electron donor TTF to electron
acceptor TCNQ) absorption bands both occur around 400 nm.

The electrochemical properties for compounds 3 and 4 are
investigated by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). The data are listed in Table 2. Compound 3
undergoes two reversible one-electron oxidation processes corre-
sponding to the successive reversible oxidation of neutral TTF
(TTF°) to the radical-cation (TTF*) and then to the dication (TTF>*).
Interestingly, in the presence of 4 equiv of sodium perchlorate,
a maximum of a ca. 52 mV shift of E}?> (AE}/?) to a more positive
potential was observed for 3 (Fig. 5). This phenomenon is attributed
to the electrostatic inductive effect of the crown ether bound metal
which causes the withdrawal of the electron density from the TTF
moiety. The second redox potential remains essentially unchanged
(£5 mV) after the addition of sodium perchlorate because of the
increased repulsive electrostatic interactions between the cation
and the doubly charged oxidized TTF?* unit [27].

DPV of Pc 4 shown in Fig. 6 displays two reversible oxidation
waves with no discernable oxidation of the phthalocyanine core. It
reveals that the TTF moieties are oxidized in two steps involving
two four-electron processes but there is no obvious interaction
between TTFs and Pc core. The annulation of the four TTF units to
the Pc core results in a high degree of aggregation and a stabiliza-
tion of the monoradical cation, which caused the slight splitting of
the first oxidation potential [18,28]. The degree of aggregation
decreases with the oxidation of one TTF unit and further oxidation
of the rest TTF units shifts to a more positive potential, all of which
behave like isolated molecules. The additional four electrons are
removed at the uniform potential. Similar to 3, in the presence of
24 equiv of sodium perchlorate, free-metal Pc 4 also exhibits
a maximum of positive shift of E}/? (ca. 80 mV). Whereas the EY?
value is not altered yet in the presence of Na™. It is noteworthy that
no shift of EY/? has been observed upon addition of a wide variety of
other alkali metal, such as Li*, K*, Cs*, suggesting the good
complexation selectivity of 3 and 4 for Na* [29].

4. Conclusions

A new crown-ether-TTF annulated phthalocyanine has been
prepared and characterized. In the presence of 24 equiv of sodium
perchlorate, a maximum of a ca. 80 mV shift of E}/2 (AEY/?) to a more
positive potential was observed for 4, indicating that it may be
a good candidate for redox-active Na* cation sensor.
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