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Novel cofacial bismetallophthalocyanines and their
water-soluble derivatives were prepared. The precursor
4,4'-(2-phenyl-1,3-dioxane-5,5-diyl)bis(methylene)bis(oxy)-
diphthalonitrile 3 was obtained by the reaction of [5-(hy-
droxymethyl)-2-phenyl-1,3-dioxan-5-yl] methanol 1 and 4-
nitrophthalonitrile 2 with K,CO3 in DMF at 50 °C. Cyclotetra-
merization was achieved by heating the homogenized mix-
ture of the precursor, bisphthalonitrile, and Zn(OAc),-2H,O
or Co(OACc),-4H,0 at 300 °C, which was followed by catalytic
hydrogenation of the resulting product with Pd/C(10 %) in
DMF. The target water-soluble phthalocyanines were ac-
quired from boiling suspensions of the compounds bearing
eight OH side groups in aqueous KOH (20 %) solution. The
structure of the target compounds was confirmed by elemen-
tal analysis, FTIR, UV/Vis, 'H NMR, ICP-MS, and MALDI-
TOF spectroscopic methods. The electrochemical and spec-
troelectrochemical measurements suggested the formation of

various mixed-valent oxidation and reduction species, as a
result of the strong intramolecular interactions between the
two cofacial phthalocyanine units in the compounds. Im-
pedance spectroscopy, dc conductivity, and thermopower
measurements were performed using spin-coated films of
these compounds as a function of temperature (290-440 K)
and frequency (40-10° Hz). Dc conductivity showed typical
Arrhenius behavior for all compounds. At low temperatures,
a curved line was observed for the complex plane plots of
impedance for all phthalocyanines. These curved lines trans-
formed into a full semicircle with increasing temperature.
The dependency of frequency exponent s on temperature
suggested hopping-type conduction. A positive Seebeck co-
efficient was observed for all compounds, which indicates
that the compounds behave as a p-type semiconductor.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Phthalocyanine (Pc) dimers and multimers have been the
subject of great interest in areas such as electrocatalysis, -
semiconductors,®] nonlinear optics,[ electrochromic dis-
plays,>7! and liquid crystals.®°! In this respect, various
phthalocyanine,['%1? porphyrin,I'3'4 and mixed phthalo-
cyanine-porphyrin dimers and oligomers!!>! having various
kinds of linkage have been reported to date. These com-
pounds, especially those with rigid cofacial configura-
tions,'®171 often show spectroscopic, electrical, and electro-
chemical properties which differ significantly from the par-
ent monomers. A strong interaction between the face-to-
face Pc rings or two metal centers in these types of com-
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plexes was usually detected with spectroscopic and electro-
chemical evidence.['8!

Thin films of organic molecular crystals are promising
materials for electronic and optoelectronic devices like solar
cells,[" gas sensors,?%! and light-emitting diodes®! due to
their unique electrical properties. The determination of true
fundamental parameters such as the majority carrier type
and electronic structure is crucial in order to optimize their
potential utility for optical or electronic applications. Op-
tical methods such as ultraviolet photoemission and inverse
photoemission spectroscopy are used to determine the elec-
tronic structure of phthalocyanine thin films.*?! On the
other hand, Hall effect and thermopower measurements are
used for the determination of the charge carrier type. The
most reliable method to investigate their conduction type is
the measurement of thermoelectric power, characterized by
the Seebeck coefficient S.

The synthesis and properties of cofacial bismetallo-
phthalocyanines with a number of cross-links have been
rarely reported in the literature.?>>* Our interest in the de-
sign of novel macrocycles with potential applicability in
various technological areas prompted us to synthesize new
bridged metallated bisphthalocyanines with four linking
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arms between two Pc rings and to investigate their electro-
chemical and electrical properties.'®2°1 Recently, we re-
ported the synthesis, characterization, and electrical and
spectroelectrochemical properties of 1,1’-methylenedinaph-
thalene-bridged cofacial metal-free bisphthalocyanines and
bismetallophthalocyanines.[!8]

In our continuing efforts, we now report the synthesis
and characterization of novel pentaerythritol-bridged cofa-
cial bismetallophthalocyanines and their water-soluble de-
rivatives. The electrochemical and electrical properties of
the compounds are also investigated.

Results and Discussion

Synthesis

The preparation of the pentaerythritol monoacetal 1 was
accomplished by the condensation of pentaerythritol with
benzaldehyde in DMF at 25-30 °C according to the given
method.[?%271 The original precursor 3 for the synthesis of
phthalocyanines was obtained by nitro displacement reac-
tion of 1 and 2 using K,COj5 as catalyst in DMF with stir-

ring at 50-60 °C. In this work, for the synthesis of the cofa-
cial bismetallophthalocyanines, we developed a solid-phase
method in the absence of catalysts. The preparation of
phthalocyanine derivatives 4 and 5 was achieved by heating
the homogenized mixture of 3 with Zn(OAc),-2H,O or Co-
(OAc),*4H,0, respectively, in the ratio 1:1 through the
cyclotetramerization reaction in a sealed tube at 300 °C for
10 min. The mixtures of Pc 4 or 5 and Pd/C(10%) in
DMSO were hydrogenated at room temperature under
1 atm hydrogen pressure for 8 h according to the given pro-
cedure.’”] The catalyst was filtered off, and the mixtures
were precipitated with the addition of ethanol to give Pc 6
or 7. Water-soluble Pcs 8 and 9 were achieved by boiling
suspensions of 6 or 7, respectively, in aqueous KOH (20 %)
solutions (Scheme 1).

The crude Pcs 4-7 were dissolved in DMF and precipi-
tated again with a mixture of CHCI; and ethanol which
easily dissolved the starting material and the other impuri-
ties. After filtration, each precipitate was washed with boil-
ing acetone and ethanol. The purification of the target Pcs
4-7 was achieved with a silica gel column using a THF/
DMF gradient system as the eluent. On the other hand, 8

CN
S CN
1 0] >< [e]
H O (@] : :CN
3 CN
ii (a,b)

Scheme 1. (i) K,COs, DMF; (ii) a: Zn(CH;CO0),2H,0, b: Co(CH;CO0),-4H,0; (iii) Ha, PA/C(10%); (iv) KOH (20%).
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or 9 were dissolved in water, and they were precipitated
again several times in ethanol until the solution was neutral.
The precipitates were washed with ethanol and diethyl
ether, and then dried in vacuo.

After purification, the compounds were characterized by
elemental analysis, FTIR, '"H NMR, UV/Vis, MALDI-MS,
and ICP-MS spectroscopy. The results of the analyses
showed that the compounds were pure enough for the other
measurements.

The IR spectra were derived from potassium bromide
disks. The existence of C=N groups appeared at 2231 cm ™!
as a single peak in the spectrum of 3. Formation of dinu-
clear phthalocyanine complexes 4 and 5 starting from the
corresponding bisphthalodinitrile derivative was verified by
the disappearance of the C=N stretching vibration band at
2231 cm™!. After conversion of 4 and 5 into 6 and 7, respec-
tively, by the cleavage of the acetal groups, O-H stretching
vibrations came out typically around 3402 and 3396 cm™!
as strong absorptions.

The UV/Vis spectra of 4-7 in DMF display characteristic
absorptions around 625 and 680 nm in the Q-band region
(Figure 1). The Q-band was attributed to m — n* transition
from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO) of the Pc
ring. The other bands (B) in the UV region at 330-353 nm
are observed due to the transitions from the deeper «t levels
to the LUMO. When aggregation occurs, a band at ca.
630 nm arises in the electronic spectrum as a result of the
intramolecular interactions between the Pc units.l'828 Thus,
the band at around 625 nm can be attributed to intramolec-
ular interactions, although the Q-band is not split. The ag-
gregation degree of Pcs is highly affected by the surround-
ing conditions, one of which is the solvent media. Figures 2
and 3 show the absorption spectra of water-soluble Pcs 8
and 9, respectively, at different concentrations [Cg =
(5.28xX10%-(48x107) and Cy = (7.52X10°)-
(8.22X1077)]. It should be noted that the absorption at
around 630 nm, corresponding to aggregation, for 8 and 9
is the main band in water.*®! This observation suggests that
aggregation occurs to a greater extent in water as compared
with that in organic solvent.3%3! In addition, although the
concentrations of dinuclear water-soluble phthalocyanines
8 and 9 decrease, there is no significant change in the rela-
tive intensity of the aggregation band to the Q-band at ca.
685 nm. This situation is consistent with the intramolecular
coupling between the rings in dinuclear phthalocyanines.

In addition to these results, the '"H NMR ([Ds]DMSO)
spectra of 3, 4, and 6 exhibit the characteristic chemical
shifts for the proposed structures as expected. The 'H
NMR spectrum of 6, the hydrogenolysis product of 4, pro-
vides supporting evidence for the structure. Removal of the
benzylidene acetal in 4 is confirmed by the loss of the sing-
let proton signal of acetal at 6 = 6.14 ppm in the 'H NMR
spectrum of 6. A broad signal at 6 = 11.35 ppm in the 'H
NMR spectrum of 6 disappeared with D,O exchange. The
'H NMR spectra of 3, 4, and 6 exhibit the aromatic protons
as multiplets at 7.73-7.21, 8.42-7.03, and 8.31-6.94 ppm,
respectively. On the other hand, aliphatic proton signals ap-
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Figure 1. UV/Vis spectra of bis(metallophthalocyanine) derivatives
4-7 in DMFE
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Figure 2. UV/Vis spectra of bis(metallophthalocyanine) derivative
8 in water at different concentrations.
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Figure 3. UV/Vis spectra of bis(metallophthalocyanine) derivative
9 in water at different concentrations.

peared at 4.88-3.64 ppm for 3, 4.81-3.57 ppm for 4, and
4.12-3.13 ppm for 6.

A close investigation of the MALDI-TOF mass spectra
of the Pcs confirmed the proposed structures. The proton-
ated molecular ion peaks of 4 and 5 are observed at low
intensity, but sodium adduct peaks for both 4 and 5 com-
plexes are found to be dominant intense peaks in the linear
mode MALDI-TOF mass spectra using the 3-indoleacrylic
acid matrix. Sodium adduct peak stabilities of these com-
plexes were found to be very high in the gas phase com-
pared to the stability (following the intensity of the peaks)
of the protonated molecular ion peaks, even if the sodium
content in the complexes was lower than 0.1% (data not
3521
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shown). On the other hand, protonated molecular ion
peaks of 6 and 7 complexes are observed at 1685 and
1672 Da, respectively, which exactly overlap with the mass
of the protonated complexes calculated from the elemental
composition of the compounds. Following the protonated
molecular ion peak of 6, a peak, 88 Da mass lower than
the protonated molecular ion peak, is observed at 1596 Da.
This peak resulted from the C4HgO, side group elimination
from the protonated ion peak of the complex. Also the sec-
ond C4Hg0O, side group elimination is observed at low in-
tensity. However, no fragmentation was observed for 7 in
the MALDI-TOF mass spectrum. When the MALDI-TOF
mass spectra of 6 and 7 were evaluated at low-mass range
between 100 and 500 Da, no meaningful intensity peak was
observed representing impurities, but mainly matrix species
peaks were followed. These results show that either 6 or 7
complexes were very pure. Many different MALDI matrices
were tested to obtain highly resolved spectra. The best ma-
trix for 6 and 7 was o-cyano-4-hydroxycinnamic acid for
MALDI-MS analyses. Because of the short life time of the
protonated complexes 6 and 7 in MALDI-MS, highly re-
solved spectra could not be obtained in reflectron mode.
Beyond the protonated and two fragment ion peaks of 6
and the only protonated ion peak of 7, MALDI mass spec-
tra of the complexes showed very clear and low fragmenta-
tions in MALDI-MS (Figures 4 and 5).
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Figure 4. Positive ion mode MALDI-MS spectrum of 6 in a-cyano-
4-hydroxycinnamic acid MALDI matrix using nitrogen laser ac-
cumulating 50 laser shots.
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Figure 5. Positive ion mode MALDI-MS spectrum of 7 in a-cyano-
4-hydroxycinnamic acid MALDI matrix using nitrogen laser ac-
cumulating 50 laser shots.
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The ICP-MS measurements were obtained for the deter-
mination of the quantities of potassium, zinc, and cobalt
atoms in 8 and 9 as described in the literature.[*?! The results
of ICP-MS analysis provide additional support for the mo-
lecular structures of 8 and 9.

Electrochemistry and Spectroelectrochemistry

The electrochemical properties of the complexes 4-7 were
examined by cyclic voltammetry, controlled potential coulo-
metry, and spectroelectrochemistry in DMSO/TBAP. Cyclic
voltammetry of each complex displayed four reductions and
an oxidation couple. Typical cyclic voltammograms of 4
and 5 in DMSO/TBAP (tetrabutylammonium perchlorate)
are shown in Figure 6. The number of electrons transferred
for each redox process is determined by the controlled po-
tential electrolysis at the suitable potentials. Coulometric
studies of broadly separated voltammetric couples showed
that the number of electrons transferred for each redox pro-
cess (p) is approximately equal to unity (1 > p = 0.92).
Thus, the reactions corresponding to all waves in the vol-
tammograms are stepwise one-electron processes of the two
cofacial phthalocyanine rings and metal centers. The vol-
tammetric data and the assignment of the redox couples for
4-7 are summarized in Table 1. The occurrence of stepwise
one-electron processes for these complexes involving two Pc
rings and two metal centers, and the comparison of their
half-peak potentials with those of monophthalocyanines
imply the formation of mixed-valent first- and second-re-
duced and first-oxidized species during the voltammetric
measurements.3*18 Tt can be concluded from the results of
this study that the binding of two Pc rings at two sides
rigidly with four linking arms leads to remarkable intramo-
lecular cofacial coupling and thus to the splitting of the
classical monophthalocyanine redox processes. For in-
stance, for complexes 4 and 6, the Pc(-2)/Pc(-3) redox pro-
cess is split into the [Pc(-2)]./[Pc(-2)-Pc(-3)] and [Pc(-2)-
Pc(-3))/[Pc(-3)], processes, forming the mixed-valent [Pc-
(=2)-Pc(-3)] species. All the redox processes for 4 and 6
should be ligand-based since the Zn"" ion is not redox-active
in metallophthalocyanines. The difference between the first
oxidation and the first reduction potentials for complexes 4
and 6 is remarkably low relative to that of monophthalocy-
anines (1.34 V for 4, 1.33 V for 6, but 1.50-1.70 V for mon-
ophthalocyanines). This is in harmony with the cofacial
structures of 4 and 6, leading to the strong electronic coup-
ling and the splitting of molecular orbitals. Previous reports
on the electrochemistry of Co!! Pcs suggested that both the
first reduction and the first oxidation processes in these
complexes are metal-based in polar coordinating solvents
such as DMSO and DMFE.?? Since complexes 5 and 7 in-
volve two Co'! centers, the oxidation and the first two re-
ductions probably correspond to [CoPc(-2)-Co™Pc(-2)]*/
[Co"Pc(-2)],, [CoMPc(-2)]»/[CoPe(-2)-Co'Pe(-2)]-, and
[Co"Pc(-2):Co'Pc(-2)] /[Co'Pc(-2)],>  redox  processes,
respectively. On the other hand, the third and fourth re-
ductions should be related to the splitting of the Pc(-2)/Pc-
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) couple and thus ligand-based [Co'™Pc(-2)],>/[Co'Pc-

(-3
(-2)-Co'Pc(-3)]> and  [Co'™P¢(-2)-Co'Pc(-3)]*/[Co'Pc-
(-3)],* redox processes, respectively.
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Figure 6. Cyclic voltammograms of 4 and 5 (inset) at 0.100 V/s in
TBAP/DMSO.

Table 1. Electrochemical data for 4-7 in DMSO.[?

Pc Redox processes Evn AE, AE AE

[Vl [Vl [Vl V]
4 [Zo(IDPe(-2)Zn(IDPe(- D" / [Zn(IDPe(-2)], 1 0.55 0.121'34
[Zn(IDPe(-2)]2/ [Zn(DPc(—2)Zn(I)Pe(-3)] LI —0.79 0.30 0ol
[Zn(ID)Pe(-2)-Zn(I)Pc(-3)] /[Zn(I)Pe(-3),> 111 —1.00 0.32
[Zn(ID)Pe(-3)1 > /[Zn(IDPc(-3) Zn(IDPe(—4)]* IV —1.47 0.18 024
[Zn(IDPe(=3)»Zn(1)Pc(-H) P /[Zn()Pe(-)]. vV -1.71 022 '
5 [Co(Il)Pe(-2)-Co(IPe(-2)]/[Co(Il)Pe(-2)], 1 0.50 oAlgolXO
[CAIDPe(=2)]»/ Co(IDPe(=2)}Co(DPe(-2)]” M —030 0.16 043
[Co(IDPe(-2)Co(h)Pe(-2)] /[Co(YPe(-2)],> 11 —0.73 0.12
[Co(DPe(-2)]*/[Co(DPc(-2)-Co(DPc(-3)]*~ IV —1.17 0.46 026
[Co(D)Pe(-2)Co(I)Pe(-3)/[Co(DPe(-3)], V  -1.43 042 '
6 [Zn(IDPc(—2)-Zn(IDPe(-D]Y/[Zn(IDPe(-2)], I 0.52 0.141'33
[Zn(IDPe(=2)] /[Zn(IDPe(-2)Zn(IHP(-3)]” I —0.81 0.32 024
[Zn(II)Pe(-2)-Zn(IDPe(-3)] /[Zn(DPe(-3)],>” I -1.05 0.42
[Zn(I)Pe(-3)] " /[Zn(IDP(-3)-Zn(IPe(—4)]° IV —1.48 0.20 025
[Zn(IDP(=3)»Zn(I)Pc(-H) P 7[Zn(ID)Pe(-H)]);* V. -1.73 0.22 '
7 [Co(Il)Pe(-2)-Co(Il)Pe(-2)] 7[Co(IPe(-2)]> T 0.48 0.16080
[CoIDPe(-2)]2/[Co(I)Pe(—2)-Co(l)Pe(-2)]” 11  —0.32 0.16 043
[Co(ID)Pe(—2)Co(D)Pe(-2)] /[Co()Pc(-2)|,™ I —0.75 0.34
[Co(DPe(-2)],7 /[Co()Pe(-2)-Co(Pe(-3)]>” IV -1.20 0.10  0.26
[Co(D)Pe(~2)-Co(DPc(-3)1* /[Co(DPe(-3)]* vV  —1.46 0.12

[a] Potentials are reported with respect to the SCE. Half-wave po-
tentials in DMSO vs. Fc/Fc* couple correspond approximately
with the given 4-7 data minus 0.45 V. E,,, values were measured
by cyclic voltammetry [Ey = (Ep, + Ep)/2]. The peak separation
values (AE, = E,,, — E,) are reported at 0.100 V/s. AE is the poten-
tial difference between the first oxidation and first reduction poten-
tials. It represents the HOMO-LUMO gap for 4 and 6, but the
charge-transfer transition for 5§ and 7 involving redox-active metal
centers. AE; indicates mixed-valent splitting energy for the relevant
split redox couple.

The spectroelectrochemical measurements in solution
have a vital importance in confirming the assignment of the
redox processes in the Pcs, especially in metallo Pcs involv-
ing a redox-active metal center. The formation of electro-
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chemically generated species involving a Co' center is con-
firmed by the appearance of a new intense absorption in
the region of 400-500 nm. Figure 7 shows in situ UV/Vis
spectral changes during the first and second reductions and
the first oxidation of 5 in TBAP/DMSO. Upon the first
reduction, a new intense band appears at 488 nm, confirm-
ing the formation Co™Co! mixed-valent species.**3>! This
band can be assigned to metal-to-ligand charge transfer
(MLCT) from Co! to the Pc ring. During the second re-
duction, the absorption of the newly formed MLCT peak
continues to increase, forming a quite intense band with a
redshift in the Q-band. It is known from the literaturel3¢-37]
that both Co"-Co! and Co"Co' species show Q-band and
MLCT absorption (near 500 nm) redshifted relative to less
electronically coupled dimers or monophthalocyanines.
Thus, the spectral changes observed during the second re-
duction process indicate the formation of Co™Co! species.
The spectrum of the mixed-valent Co'-Co! species obtained
during the first reduction is different from that of the fully
reduced Co'Co! species obtained during the second re-
duction. The Co™-Co! mixed-valent species has a much
weaker MLCT band. This implies that the added first elec-
tron may be delocalized over the extended ring system. This
type of behavior was observed previously for the (-1)-
bridged dinuclear [CoTRNPc], (TRN = trineopentoxy).!?!
The spectroelectrochemistry of 5 provides additional sup-
port for the fact that the reduction of 5 and 7 over the first
and second reduction couples proceeds by two distinct one-
electron steps, corresponding to the stepwise reduction of
each of the cobalt atoms to Co.

Absorbanee
Absorbance

400 5000 600 70U 800 I
Wavelength (nm) N

Absorbance

|

400 500 600 700 800 900
Wavelength (nm)

1000

Figure 7. In situ UV/Vis spectral changes during the first reduction,
the second reduction (inset A), and the first oxidation (inset B)
processes of 5 in TBAP/DMSO.

Electrical Conductivity and Thermopower Measurements

Dc conductivity of the spin-coated films was determined
from the slope of the measured current-voltage (I-V)
measurements by using the following relation:

1 d
TV @en- i

Tdc

where 7 is the measured current, V is the bias voltage, d is
the electrode spacing, n is the number of electrode finger
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pairs, / is the overlap length of the electrode fingers, and 4 is
the thickness of the electrodes. Measurements of /-1 were
carried out in the range of —1 to 1 V. Linear I~V behavior
was found in this voltage range, indicating no rectifying
properties. The variation of the measured dc conductivity
with temperature suggests the presence of only one conduc-
tion mechanism, assuming that the dominant levels are the
conduction and valence bands, in the whole temperature
range for the films of 4-9. Arrhenius plots (logarithms of
dc conductivity versus inverse temperature) indicated that
the compounds are semiconducting in nature. The highest
value of conduction activation energy was obtained for the
film of 8 and the lowest for 5. The difference between the
electrical conductivity of the films can be attributed to the
differences in the stacking arrangements and interplanar
spacing.

The frequency-dependent conductivity (ac conductivity)
measurements were also performed on thin films of com-
pounds in the frequency range 40-10° Hz at temperatures
between 290 and 440 K. The frequency dependence of the
electrical conductivity for a large variety of materials can
be expressed as g = g + g(w), where g is the dc conductiv-
ity. The frequency-dependent part of the total conductivity,
a(w), is given by the power law of the formP® g(w) = Aw*
where 4 and s are temperature-dependent parameters. For
temperatures above 350 K, frequency-independent conduc-
tivity at low frequencies and after a certain characteristic
frequency increasing with the power law, was observed.
Various models such as tunelling and hopping have been
proposed to explain this type of behavior. It is not easy
to decide which of these mechanisms is responsible for the
observed conduction mechanism. However, the behavior of
the exponent s with temperature can help in determining
the possible conduction mechanism. The values of s are cal-
culated from the slope of the Ina(w,T) versus Inw graphs
and were generally found to decrease with increasing tem-
perature. It was observed that the calculated values of the
frequency exponent s are in agreement with the hopping
model.

The measured impedance spectra, when plotted in a
complex plane plot, appeared in the form of a succession of
semicircles representing the contributions to the electrical
properties due to bulk material, grain boundry effect, and
interfacial polarization phenomena. So, the impedance
spectra technique enabled us to separate the effects due to
each component. At low temperatures, the impedance spec-
tra consist of a quasivertical line. The existence of semicir-
cular-shaped curves in the Nyquist plot means that the im-
pedance becomes capacitive, even at relatively high fre-
quency. The effect of temperature on the impedance spectra
of the films becomes clearly visible with a rise in tempera-
ture. On the complex plane plot at high temperatures, only
a depressed semicircle with a different radius is observed
(Figure 8) for the compounds 4-9 at higher temperatures,
indicating deviation from the Debye dispersion relation. In
the case of a depressed semicircle in the impedance spectra,
the relaxation time is considered as a distribution of values,
rather than a single relaxation time.
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Figure 8. Nyquist plot (imaginary part vs. real part of complex
impedance) of the spin-coated films of 4-9 at 385 K.

The Seebeck coefficient S provides the transport type by
its sign and provides the energetic difference between the
Fermi level and transport level by its value. To determine
the type of majority carrier, the temperature dependence of
the thermoelectric power was also studied for thin films of
4-9. The measured thermopower varied approximately ex-
ponentially with temperature for all samples investigated.
Figure 9 shows the Seebeck ceefficient S of the samples. Its
sign is always positive. Compared to 8, the absolute value
of the thermopower for the film of 5 is larger by nearly a
factor of 3. The positive sign of S confirms that the thin
films of the compounds behave as a p-type semiconductor.
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Figure 9. Seebeck coefficient vs. temperature for the films of 4-9.

Experimental Section

General: Compound 1 was synthesized by the methods previously
described in the literature.l?!->?! 4-Nitrophthalonitrile, pentaerythri-
tol, benzaldehyde, Zn(AcO),2H,0, Co(AcO),4H,0, and Pd/
C(10%) were obtained from commercial suppliers.

Routine IR and UV/Vis spectra were recorded with a Shimadzu
FTIR-8300 spectrophotometer as KBr pellets and with a Shimadzu
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UV-1601 UV/Vis spectrophotometer, respectively. Elemental analy-
ses were performed with the LECO CHNS 932. '"H NMR spectra
were obtained with a Varian Mercury-Vx 400 MHz spectrometer.
Mass spectra were acquired with a Voyager-DE™ PRO MALDI-
TOF mass spectrometer (Applied Biosystems, USA) equipped with
a nitrogen UV-Laser operating at 337 nm. Spectra were recorded
in linear mode with an average of 50 shots. 3-Indole acrylic acid
(IAA) (20 mg/mL in acetonitrile) MALDI matrix for 4 and 5, and
a-cyano-4-hydroxycinnamic acid (ACCA) (15 mg/mL in 1:1 water/
acetonitrile) MALDI matrix for 6 and 7 were prepared. MALDI
samples were prepared by mixing the complex (2 mg/mL in di-
methyl sulfoxide) with the matrix solution (1:10, v/v) in a 0.5-mL
Eppendorf® microtube. Finally this mixture (1 pL) was deposited
on the sample plate, dried at room temp. and then analyzed. The
potassium, zinc, and cobalt contents in the digested mixtures were
determined using external standards with an Agilent 7500a induc-
tively coupled plasma mass spectrometer (ICP-MS). For the ICP-
MS measurements, compounds 8 and 9 (10 mg) were digested by a
mixture of acids (HNOs;/HCIO4/HE, 8:2:2, v/v) at 170 °C for 1 h.

4,4'-(2-Phenyl-1,3-dioxane-5,5-diyl)bis(methylene)bis(oxy)diphthalo-
nitrile (3): A mixture of 1 (1.79 g, 8 mmol), 2 (2.77 g, 16 mmol),
and K,CO; (6.62 g, 48 mmol) in DMF (80 mL) was heated with
stirring at 50 °C under argon for 30 h. The cooled reaction mixture
was poured into cold water (100 mL) with stirring. The formed
precipitate was filtered, washed with water, and dried in vacuo. The
separation of the prepared compounds was achieved by column
chromatography using silica gel with CHCl;. The white powder
product was obtained by evaporation of the solvent. This com-
pound is readily soluble in CHCl;, CH,Cl,, acetone, and THF.
Yield 1.82 g (48%). M.p. 223 °C. '"H NMR (CDCl): 6 = 7.73-7.21
(m, 11 H, arom. CH), 5.51 (s, 1 H, acetal CH), 4.88-3.64 (m, 8§ H,
aliph. CH,) ppm. IR (KBr): ¥ = 3074-3038 (arom. CH), 2926-2851
(aliph. CH), 2231 (C=N), 1595 (arom. C=C), 1483, 1390, 1309,
1246 (aliph.—O-arom.), 1165, 1093 cm™'. C,gH,(N,Oy: caled. C
70.58, H 4.23, N 11.76; found C 70.81, H 4.29, N 11.62.

2',10',16',24'-[ Tetrakis(2-phenyl-1,3-dioxan-5,5-diyl)bis(methylene)-
bis(oxy)]bis(phthalocyaninato)dizinc(Il) (4) and 2',10',16',24'-| Tet-
rakis(2-phenyl-1,3-dioxan-5,5-diyl)bis(methylene)bis(oxy)|bis-
(phthalocyaninato)dicobalt(II) (5): Compound 3 (0.24 g, 0.5 mmol)
and Zn(OAc),2H,0 (0.22 g, 1 mmol) or Co(OAc),-4H,O (0.13 g,
0.5 mmol) were ground in a mortar. Then the mixture was put in
a glass tube, and the tube was purged with argon. After being se-
aled, the mixture was heated at 300 °C for 10 min. After cooling to
room temp., the deep turquoise blue 4 or deep blue 5 were pow-
dered by grinding. The crude products were dissolved in DMF
(5 mL) and reprecipitated with a mixture of acetone/ethanol (1:1,
v/v). After filtration, the precipitates were washed successively with
hot water, ethanol, and acetone, and dried in vacuo. Compounds
4 and 5 were isolated using silica gel and a gradient of THE/DMF
(10:0.1 to 10:2, v/v) as the eluent. These compounds are soluble
in THF, DMSO, DMF, and DMA. Yield (4): 58 mg (23%). M.p.
>300 °C. UV/Vis (DMF): 1 (log &) = 680 (5.29), 638 (4.92), 353
(5.12) nm (Figure 1). '"H NMR ([Dg]DMSO): ¢ = 8.42-7.03 (m, 44
H, arom. CH), 6.14 (s, 4 H, acetal CH), 4.81-3.57 (m, 32 H, aliph.
CH,) ppm. IR (KBr): ¥ = 3067 (arom. CH), 2926 (aliph. CH), 1607
(arom. C=C), 1232 (aliph.-O-arom.), 1090, 1065 cm'. MALDI-
TOF MS: m/z = 2038 [M + H]*, 2082 [M - H + 2Na]*.
C,1,HgoN6016Zn,: caled. C 66.05, H 3.96, N 11.00; found C 65.84,
H 3.89, N 11.12. Yield (5): 46 mg (18%). M.p. >300 °C. UV/Vis
(DMF): Z (log ) = 665 (5.03), 625 (4.88), 330 (5.10), 278 (4.99) nm
(Figure 1). IR (KBr): ¥ = 3045 (arom. CH), 2941-2850 (aliph. CH),
1603 (arom. C=C), 1265, 1228 (aliph.-O-arom.), 1095, 1057 cm .
MALDI-TOF MS: m/z = 2023 [M + H]*, 2045 [M + Na]*, 2091
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[M + 3Na]+. C112H80C02N16016: caled. C 6647, H 398, N 1107,
found C 67.14, H 4.11, N 11.32.

2',10',16’,24'-| Tetrakis(4,4'-2,2-bis(hydroxymethyl)propane-1,3-
diyl)bis(oxy)]bis(phthalocyaninato)dizinc(II) (6) and 2',10',16',24'-
| Tetrakis(4,4'-2,2-bis(hydroxymethyl)propane-1,3-diyl)bis(oxy)|bis-
(phthalocyaninato)dicobalt(Il) (7): A suspension of 4 (0.11 g,
0.06 mmol) or 5 (0.12 g, 0.054 mmol) and Pd/C(10%) (30 mg) in
DMSO (20 mL) was hydrogenated at room temp. under 1 atm hy-
drogen pressure for 8 h. The catalyst was filtered off, and the mix-
ture was precipitated with the addition of ethanol to give 6 or 7.
Compounds 6 or 7 were dissolved in DMF (2 mL) and reprecipi-
tated with a mixture of acetone/ethanol (1:1, v/v). After filtration,
the precipitates were washed successively with hot acetic acid,
water, and alcohol, and dried in vacuo. The purification of 6 and
7 was carried out using silica gel columns with a THF/DMF system
changing from 10:0.1 to 10:1 (v/v). These compounds are soluble
in THF, DMSO, DMF, and DMA. Yield (6): 69 mg (76%). M.p.
>300 °C. UV/Vis (DMF): 1 (log &) = 680 (5.08), 639 (5.02), 344
(5.11) nm (Figure 1). '"H NMR ([D¢]DMSO): § = 11.35 (br s, 8 H,
aliph. OH, disappeared with D,O exchange), 8.31-6.94 (m, 24 H,
arom. CH), 4.12-3.13 (m, 32 H, aliph. CH,) ppm. IR (KBr): ¥ =
3402 (aliph. OH), 3059 (arom. CH), 2926-2851 (aliph. CH), 1603
(arom. C=C), 1466, 1228 (aliph.-O-arom.), 1089, 1045 cm .
MALDI-TOF MS: m/z = 1685 [M + H]*, 1596 [M - 88]* (Fig-
ure 4). Cg4HesN1606Zn5: caled. C 59.90, H 3.83, N 13.31; found
C 60.44, H 3.79, N 13.63. Yield (7): 62 mg (63%). M.p. >300 °C.
UV/Vis (DMF): /4 (log &) = 674 (5.13), 610 (4.69), 336 (4.88) nm
(Figure 1). IR (KBr): ¥ = 3396 (aliph. OH), 3053 (arom. CH),
2933-2874 (aliph. CH), 1603 (arom. C=C), 1468, 1232 (aliph.-O—
arom.), 1094, 1056 cm'. MALDI-TOF MS: m/z = 1672 [M +
H]* (Figure 5). Cg4Hg4Co0,N6016: caled. C 60.36, H 3.86, N 13.41;
found C 61.01, H 3.80, N 13.11.

2',10',16',24'-[{Tetrakis(4,4'-2,2-bis(oxidomethyl)propane-1,3-diyl)-
bis(oxy)}|bis(phthalocyaninato)dizinc(II)] Octapotassium (8) and
2',10',16',24'-[{Tetrakis(4,4'-2,2-bis(oxidomethyl)propane-1,3-diyl)-
bis(oxy)}|bis(phthalocyaninato)dicobalt(II)] Octapotassium (9):
Compound 6 (0.034 g, 0.02 mmol) or 7 (0.017 g, 0.01 mmol) was
suspended in aqueous KOH solution (20%, 5 mL) and boiled for
10 min. The solution of the compound 8 or 9 was cooled, and the
mixture was poured into ethanol (100 mL). The formed precipitate
was filtered off, dissolved in water and reprecipitated in ethanol
several times until the solution was neutral. The products were then
washed with ethanol and diethyl ether, and dried in vacuo. Both
compounds are soluble in water at room temp. Yield (8): 0.031 g
(77%). M.p. >300 °C. UV/Vis (water): 4 (log ¢) = 687 (4.62), 637
(4.70), 338 (4.53) nm (Figure 2). IR (KBr): ¥ = 3061 (arom. CH),
2939-2870 (aliph. CH), 1605 (arom. C=C), 1489, 1226 (aliph.—O—
arom.), 1095, 1044 cm!. Cg4sHs6N;40,6KsZn,: caled. C 50.72, H
2.84, N 11.27; found C 51.08, H 2.79, N 11.31. ICP-MS (Zn, K):
Anal. calcd. for Cg4HssN60,6KsZn,: Zn 6.58, K 15.73; found Zn
6.47, K 15.91. Yield (9): 0.013 g (65%). M.p. >300 °C. UV/Vis
(Water): 4 (log &) = 685 (4.36), 623 (4.47), 279 (4.67) nm (Figure 3).
IR (KBr): ¥ = 3067 (arom. CH), 2931-2865 (aliph. CH), 1601
(arom. C=C), 1482, 1224 (aliph.-O-arom.), 1093, 1047 cm .
Cg4Hs¢Co,N60,6Kyg: caled. C 51.06, H 2.86, N 11.34; found C
50.81, H 2.79, N 11.18. ICP-MS (Co, K): Anal. calcd. for
Cg4Hs56C0,N1016Kg: Co 5.96, K 15.83; found Co 6.07, K 15.79.

Electrochemistry and Spectroelectrochemistry: The cyclic voltam-
metry (CV) and controlled potential coulometry (CPC) measure-
ments were carried out with a Princeton Applied Research Model
VersaStat 11 potentiostat/galvanostat, which was controlled by an
external PC and utilized a three-electrode configuration at 25 °C.
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The working electrode was a Pt plate with a surface area of
0.10 cm?. The surface of the working electrode was polished with
a H,O suspension of Al,O3 before each run. The last polishing was
done with a particle size of 50 nm. A Pt wire served as the counter
electrode. Saturated calomel electrode (SCE) was employed as the
reference electrode and was separated from the bulk of the solution
by a double bridge. The ferrocene/ferrocenium couple (Fc/Fc*) was
also used as an internal standard. Electrochemical grade tetrabu-
tylammonium perchlorate (TBAP) in extra pure DMSO was em-
ployed as the supporting electrolyte at a concentration of 0.10 mol/
dm?3. High purity N, was used for deoxygenating the solution at
least 20 min prior to each run and for maintaining a nitrogen blan-
ket during the measurements. For CPC studies, Pt gauze working
electrode (10.5 cm? surface area), Pt-wire counter electrode sepa-
rated by a glass bridge, and SCE as a reference electrode were used.
The spectroelectrochemical measurements were carried out with an
Agilent Model 8453 diode array spectrophotometer equipped with
the potentiostat/galvanostat and utilized a three-electrode configu-
ration of thin-layer quartz spectroelectrochemical cell at 25 °C. The
working electrode was transparent Pt gauze. Pt-wire counter elec-
trode separated by a glass bridge and a SCE reference electrode
separated from the bulk of the solution by a double bridge were
used.

Conductivity and Thermopower Measurements: The electrodes used
in the conductivity and thermopower measurements consisted of
an interdigital array of metal electrodes photolithographically pat-
terned on pre-cleaned glass substrate. The films were prepared by
spin-coating method. The substrate temperature was kept constant
at 290 K during deposition of the materials over the electrodes. D¢
conductivity and impedance spectra measurements were performed
between 290 and 440 K by using a Keithley 617 electrometer. Ac
conductivity and impedance measurements were carried out with a
Keithley 3330 LCZ meter in the frequency range 40 to 10° Hz, in
the temperature range 290 to 440 K. Both dc and ac conductivity
measurements were performed under 1073 mbar in the dark. The
conductivity data were recorded using an IEEE 488 data acqui-
sition system incorporating a personal computer. The thermopower
was determined independently from the electrical conductivity
measurements. Thermopower measurements were carried out on
the same samples, which were prepared for electrical conductivity
measurements. The Seebeck coefficient S was determined by meas-
uring the voltage for a temperature gradient over the samples by
using a Keithley 2000 digital multimeter. The temperature differ-
ence between the two sides of the film was measured by a Ni/CrNi
thermocouple.
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