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a b s t r a c t

Water soluble metal phthalocyanines (where the metal is Co, Cu or Pd) as well as a cationic Pd phtha-
locyanine, each bearing 12 dimethylamino groups to enhance solubility, were prepared. A phthalonitrile
derivative was synthesized by the reaction of 4-nitrophthalonitrile with 2,4,6-tris(N,N-dimethylamino-
methyl)phenol. Solution studies indicated that phthalocyanines containing tertiary amine substituents
were monomeric only in acidic medium (pH< 6) whereas the quaternized dye was monomeric at all pH
values. The electrochemical behavior of the phthalocyanines was investigated by cyclic voltammetry and
differential pulse voltammetry. Spectroelectrochemical measurements were carried out to confirm as-
signments made to the metallophthalocyanines. All compounds were characterized by UV–vis, FT-IR, 1H
NMR spectroscopy, mass spectrometry and elemental analysis.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The physical and chemical properties of phthalocyanines (Pc)
have long attracted attention due to their interesting electrical,
optical, catalytic and photochemical properties [1]. A particularly
attractive feature of phthalocyanines is the possibility of tuning
these properties through slight changes on the nature of the
peripheral substituents or using different central metal ions in the
phthalocyanine core [1,2]. In order to overcome the insolubility of
unsubstituted phthalocyanine parent molecule, peripheral groups
have been extensively used to enhance solubility and, at the same
time, processibility and mesophase formation. In this sense, long
alkyl, alkyloxy, alkylsulfanyl or bulky apolar groups lead to soluble
products in common organic solvents while anionic or cationic
substituents (e.g. sulfo groups, carboxylic acids, ammonium
groups) result with products soluble in aqueous media [3–5].

During the last decade, our group has been heavily engaged
with the synthesis of phthalocyanines and porphyrazines with
substituents such as esters, fluorinated aromatic groups, quater-
nized amino groups, crown ethers or multicyclic aromatic rings
[6–14].

Water soluble phthalocyanines have appeared as attractive
photosensitizers for photodynamic therapy [15–18] and Boron
Neutron Capture Therapy [19]. One limitation of these photosen-
sitizers is their high tendency to form aggregated species in
ax: þ90 212 285 63 86.
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aqueous solution. An efficient strategy for number of practical uses
might be to add some groups to inhibit aggregation.

In this paper we report the synthesis and characterization of
several phthalocyanines bearing 12 tertiary amino groups which
enable the molecules to dissolve in number of organic solvents as
well as water. The solution properties have been especially
investigated in water and in buffer solutions in order to follow the
aggregation property of these compounds. Electrochemical prop-
erties of the novel phthalocyanines have been studied by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV).
2. Experimental

IR spectra were recorded on a Perkin–Elmer Spectrum One FT-IR
spectrophotometer and electronic spectra on a Unicam UV2 spec-
trophotometer. 1H NMR spectra were recorded on a Bruker
250 MHz spectrophotometer using TMS as internal reference. Mass
spectra were performed on Ultima Fourier Transform and Varian
711 mass spectrometer. All reagents, solvents and 2,4,6-tris(N,N-
dimethylaminomethyl)phenol (2) were of reagent grade quality
obtained from commercial suppliers. 4-Nitrophthalonitrile (1) was
prepared according to a reported procedure [20].

The cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and double potential step coulometry (CPC) measurements
were carried out with Gamry Reference 600 potentiostat/galvano-
stat controlled by an external PC and utilizing a three-electrode
configuration at 25 �C. The working electrode was a Pt disc with
a surface area of 0.071 cm2. The surface of the working electrode
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was polished with a diamond suspension before each run. A Pt wire
served as the counter electrode. Saturated calomel electrode (SCE)
was employed as the reference electrode and separated from the
bulk of the solution by a double bridge. Ferrocene was used as an
internal reference. Electrochemical grade tetrabutylammonium
perchlorate (TBAP) in extra pure tetrahydrofuran (THF) was
employed as the supporting electrolyte at a concentration of
0.10 mol dm�3. High purity N2 was used to remove dissolved O2 at
least 15 min prior to each run and to maintain a nitrogen blanket
during the measurements. IR compensation was also applied to the
CV scans to further minimize the potential control error.

The spectroelectrochemical measurements were carried out
with an Ocean-optics QE65000 diode array spectrophotometer
equipped with the potentiostat/galvanostat utilizing a three-
electrode configuration of thin-layer quartz spectroelectrochemical
cell at 25 �C. The working electrode was transparent Pt gauze. Pt
wire counter electrode separated by a glass bridge and an SCE
reference electrode separated from the bulk of the solution by
a double bridge were used.

2.1. 2,4,6-Tris(N,N-dimethylaminomethyl)phenoxy-4,5-
dicyanobenzene (3)

2,4,6-Tris(N,N-dimethylaminomethyl)phenol (2) (530.8 mg,
2 mmol) was reacted with anhydrous K2CO3 (828 mg, 6 mmol) in
dry DMF (5 cm3) for 1 h at room temperature. Then 4-nitro-
phthalonitrile (1) (173 mg, 1 mmol) was dissolved in dry DMF
(10 cm3) and added dropwise to the mixture at a period of 15 min.
The reaction was stirred overnight. Then the mixture was poured
onto cold water (20 cm3), filtered and the filtrate was evaporated to
dryness. The residue was treated with benzene (20 cm3) for 1 h at
room temperature and the insoluble inorganic by-products were
filtered. The filtrate was evaporated to dryness. Oily yellow residue
was dried in vacuo. Yield: 187 mg (47.8%). 1H NMR (chloroform-d) d:
7.66–7.62 (d, 1H, Hb), 7.36 (s, 1H, Ha), 7.06–7.04 (d, 1H, Hc), 6.91 (s,
2H, Hd), 3.49 (s, 4H, o-N–CH2), 3.16 (s, 2H, p-N–CH2), 2.18 (s, 12H,
o-N–CH3), 2.12 (s, 6H, p-N–CH3). IR, n (cm�1): 2941–2767, 2230,
1593, 1455, 1356, 1263, 1129, 1076, 870, 800, 744. Found (%): C,
70.45; H, 7.66; N, 17.48. Calc. (%) for C23H29N5O: C, 70.59; H, 7.42; N,
17.90.

2.2. General procedure for 2,9,16,23-tetrakis[2,4,6-tris(N,N-
dimethylaminomethyl)phenoxy]phthalocyaninates (4 and 5)

Compound 3 (278 mg, 0.71 mmol) was reacted with anhydrous
metal salt {45.55 mg (0.35 mmol) CoCl2 or 47.07 mg (0.35 mmol)
CuCl2} in n-pentanol (5 cm3) with two drops of DBU under N2 at
130 �C for 8 h. The reaction mixture was extracted with distilled
water (20 cm3) to remove impurities until the water was colorless.
After the evaporation of pentanol, the crude product is stirred with
35 cm3 of THF for 1 h at room temperature. The mixture was fil-
tered and then the filtrate was evaporated to dryness. The crude
product was treated with 30 cm3 of acetone for 2 h at room tem-
perature. The mixture was filtered and the filtrate was evaporated
to dryness. Finally, the crude product was stirred in 30 cm3 of
diethyl ether for 2 h at room temperature. Then the filtrate was
evaporated to dryness. The product was dissolved in (20 cm3)
CH2Cl2 and treated with HCl(g) for 15 min. The mixture was filtered.
The precipitate was dissolved in water and then neutralized by
adding excess amount of NaOH solution. The precipitate was
filtered and dried in vacuo.

CuPc (4). Yield: 30 mg (10.36%). IR, n (cm�1): 2935–2768 (alkyl
CH), 1605 (aryl CH), 1462, 1405, 1353, 1223, 1091, 748. MS (ES) m/e:
1628.89 [M]þ, 1631.19 [Mþ 2]þ. UV–vis lmax (nm) (log 3) in CH2Cl2:
341 (4.72), 616 (4.45), 685 (5.14). Found (%): C, 67.82; H, 7.49; N,
17.32. Calc. (%) for C92H116N20O4Cu: C, 67.74; H, 7.12; N, 17.18.
CoPc (5). Yield: 35 mg (12.11%). IR, n (cm�1): 2936–2767, 1613,
1463, 1405, 1355, 1223, 1096, 753. MS (ES) m/e: 1623.72 [M]þ,
1626.30, 1627.43. UV–vis lmax (nm) (log 3) in MeOH: 327 (4.39), 663
(4.36). Found (%): C, 68.15; H, 7.36; N, 17.08. Calc. (%) for
C92H116N20O4Co: C, 67.93; H, 7.14; N, 17.23.

2.3. 2,9,16,23-Tetrakis[2,4,6-tris(N,N-
dimethylaminomethyl)phenoxy]phthalocyaninato palladium(II) (6)

Compound 3 (242 mg, 0.61 mmol) was reacted with 53.4 mg
(0.30 mmol) of anhydrous PdCl2 in n-pentanol with one drop of
DBU under N2 at 130 �C for 24 h. The reaction mixture was
extracted with distilled water to remove impurities until the water
was colorless. After the evaporation of pentanol, the crude product
is stirred with 35 cm3 of THF for 1 h at room temperature. The
mixture was filtered and then the filtrate was evaporated to dry-
ness. The crude product was dissolved in acetone (10 cm3) and
poured into cold diethyl ether (35 cm3) and it was left overnight at
5 �C in order to precipitate the impurities completely. After filtra-
tion, the filtrate was evaporated to dryness. The crude product was
dissolved in DMF (10 cm3) and extracted by cyclohexane. Cyclo-
hexane phase was evaporated and dried in vacuo. Yield: 40 mg
(13.84%). 1H NMR (acetone-d6) d: 8.11–6.95 (m, 20H, Ar–H), 3.45 (s,
16H, o-N–CH2), 2.44 (s, 8H, p-N–CH2), 2.20 (s, 48H, o-N–CH3), 2.06
(s, 24H, p-N–CH3). IR, n (cm�1): 2938–2767, 1618, 1453, 1401, 1355,
1266, 1040, 839, 748. UV–vis lmax (nm) (log 3) in CH2Cl2: 329 (4.76),
601 (4.49), 669 (5.15). Found (%): C, 66.32; H, 7.11; N, 16.54. Calc. (%)
for C92H116N20O4Pd: C, 66.01; H, 6.93; N, 16.74.

2.4. 2,9,16,23-Tetrakis[2,4,6-tris(N,N,N-
trimethylammoniummethyl)phenoxy]phthalocyaninato
palladium(II) dodecaiodide (7)

Compound 6 (100 mg, 0.059 mmol) was dissolved in CH2Cl2
(30 cm3) and stirred with 203.82 mg (1.44 mmol) of CH3I at room
temperature for 4 h. Then the mixture was filtered and the pre-
cipitate washed with CH2Cl2. The precipitate was dried in vacuo.
Yield: 38 mg (34.29%). IR, n (cm�1): 3420, 3008, 2958, 2760, 1608,
1405, 1325, 1230, 1159, 1106, 972, 909, 881, 749. UV–vis lmax (nm)
(log 3) in water: 328 (4.47), 599 (4.65), 665 (5.18). Found (%): C,
67.12; H, 8.48; N, 14.85. Calc. (%) for C104H152N20O4Pd: C, 67.35; H,
8.20; N, 15.11.

3. Results and discussion

The synthetic procedure as outlined in Fig. 1 started with the
synthesis of namely 2,4,6-tris(N,N-dimethylaminomethyl)phe-
noxy-4,5-dicyanobenzene (3) by the reaction of 4-nitrophthal-
onitrile (1) with 2,4,6-tris(N,N-dimethylaminomethyl)phenol (2).
Metallophthalocyanines (Fig. 2) and quaternized palladium
phthalocyanine (Fig. 3) (M¼ Co, Cu, Pd) were synthesized directly
by cyclotetramerization of the phthalonitrile derivative (3) in the
presence of anhydrous metal salt and an N-donor base DBU in
a high-boiling solvent such as n-pentanol. One important point
which should be always taken into account during this synthesis is
that temperatures higher than 130 �C lead to decomposition of the
precursor and totally diminish the yield of the reaction.

In the IR spectrum of compound 3, alkyl C–H vibrations around
2941–2767 cm�1 were observed. The characteristic CN vibration at
2230 cm�1 in the spectrum of 3 disappeared after Pc formation in
those of 4–6.

The ES mass spectral results on newly synthesized phthalocya-
nines exhibited molecular ion species for 4 and 5. Molecular ion
peaks for both showed good agreement with the calculated values;
for CuPc (m/z 1629.58), CoPc (m/z 1624.57). Since a monosubstituted
phthalonitrile (3) was the precursor for the synthesis of
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phthalocyanines in the present work, all products were obtained as
isomer mixtures. Strong adsorption of the molecules with ter-
tiary amino groups on both alumina and silica hindered the
possibility of using column chromatography in purification and
also isomer isolation of phthalocyanines (4–6). 1H NMR spec-
trum of 3 showed two different singlets for N–CH2 protons at
3.49 and at 3.16 ppm corresponding to ortho- and para-
12 I-
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Fig. 5. Electronic spectra of 7 in water.
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substitutions. Similarly, N–CH3 protons were observed also as
two singlets at 2.18 and 2.12 ppm indicating the ortho- and
para-position of the substituents. Between 7.66 and 6.91 ppm
aromatic protons were observed.

The CoII, CuII and PdII phthalocyanines show similar spectra in
water solution with two maxima of comparable intensity appearing
in the Q (at ca. 660–685 nm) and B (at 325–345 nm) band regions. A
common feature of these compounds is the solubility of these dyes
both in number of organic solvents (e.g. chloroform, dichloro-
methane, methanol, THF, DMF, DMSO, etc.) and water. The high
number of polar and bulky dimethylaminomethyl substituents
should be responsible for this interesting feature. When the solu-
tions of phthalocyanines in organic solvents are investigated as
a function of decreasing concentration from 10�5 to 10�7 M, almost
no change occurred in the Q band region. This spectral behavior
indicates that phthalocyanine molecules are present in monomeric
state in all these solutions due to bulky tris(dimethylaminome-
thyl)phenyloxy substituents without any appreciable tendency to
form aggregates [21,22].

The spectra of metallophthalocyanines with dimethylamino
substituents in water are quite sensitive to changes in pH of the
solution. It should be noted here that these molecules are present
almost only as monomers in strongly acidic aqueous solutions due
to the repulsion of amino groups converted into cationic form un-
der these conditions. In order to visualize the changes in absorption
spectra of the phthalocyanines with respect to changes in pH,
buffer solutions (pH¼ 6–7.8) were prepared by mixing 0.067 M
KH2PO4 with 0.067 M Na2HPO4 in different amounts. After that, 4
and 5 were dissolved in these buffer solutions and changes occur-
ring in the Q band region were observed from pH¼ 6–7.8 (Fig. 4).
The monomeric form of 4 gave a sharp and intense Q band ab-
sorption at 680 nm at pH¼ 6.2; the absorption for aggregated
species appeared only as a shoulder around 645 nm. By increasing
the pH, intermolecular interaction led to an increase in the higher
energy band around 645 nm corresponding to aggregated species
together with a sharp decrease in the band arising from monomeric
ones as shown in Fig. 4. This indicates that neutralization of 12þ
charges located externally at the peripheral dimethylamino sub-
stituents in 4 or 5 precludes contact between adjacent phthalocy-
anine central sites and leads to higher aggregation in aqueous
medium. The electronic spectrum of quaternized palladium
phthalocyanine (7) with positive charges on the periphery again
gives the typical spectrum corresponding to monomeric species in
aqueous solution (Fig. 5).
, nm
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3.1. Electrochemical measurements

The electrochemical behavior of the phthalocyanines was
investigated by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) on a platinum working electrode in DMSO.
Within the electrochemical window of TBAP/DMSO, CuPc un-
dergoes a quasi-reversible one-electron oxidation at 0.20 V and
three quasi-reversible one-electron reduction processes at �0.73,
�1.08 and �1.63 V vs. SCE at 0.100 V s�1 scan rate. DPV of the
complex confirms the recorded redox processes clearly. Re-
versibility is illustrated by the similarity in the forward and reverse
DPV scans [23,24]. CV and DPV show the adsorption character of
the oxidation process recorded at 0.20 V continuous scan after the
negative potential scans in solution. As shown in Fig. 6A, this pro-
cess could not be recorded when just the positive potentials are
scanned. Because of the electro-inactive copper center of the
complex, all of these processes are attributed to successive removal
of electrons from, or addition of electrons to the macrocycle orbitals
[25].

Spectroelectrochemistry was used to confirm some of the as-
signments in the CV of CuPc (Fig. 7). During the controlled potential
reduction of CuPc at�0.75 V vs. SCE, while the absorption of Q band
at 683 nm, its shoulder at 645 nm and B band at 345 nm decrease in
intensity, the bands at 580 and 822 nm (MLCT) increase in intensity.
The spectral changes in Fig. 7A, decreasing of Q band without
shifting and observation of new bands at 580 and 822 nm (MLCT),
are characteristic of ligand-based processes [25–29]. As shown in
Fig. 7A, the process occurred with clear isosbestic points at 312,
385, 598, and 721 nm in the spectra. During the controlled potential
reduction of CuPc (Fig. 7B) at �1.15 V vs. SCE, while the absorption
of Q band at 683 nm and B band completely disappears, a new band
appears in the MLCT region at 722 nm with the bands at 580 and
822 nm (MLCT), increasing in intensity. These spectral changes are
typical for the formation of dianionic species due to further
reduction of [CuIIPc3�]1� species to [CuIIPc4�]2�. This process oc-
curred with clear isosbestic points at 406, 443, 593, and 717 nm in
the spectra. The lack of any spectral change during the potential
application at 0.30 V supports the adsorption character of the pro-
cess recorded at 0.20 V (assigned by the CV measurements). Further
evidences are provided by the spectral changes such as increasing of
Q band without shift and decreasing of B band in intensity during
the potential application at 1.00 V. These changes are typical of ring-
based oxidation of MPc complexes (Fig. 7C) [25–29].
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Fig. 6B shows the CV and DPV of the complex CoPc. Within the
electrochemical window of TBAP/DMSO, CoPc undergoes one
quasi-reversible one-electron oxidation process at 0.35 V and two
reversible one-electron reductions at �0.43 and �1.44 V vs. SCE at
0.100 V s�1 scan rate. First-row transition metals Pc differ from
those of the main-group metals Pc due to the fact that metal ‘‘d’’
orbitals may be positioned between HOMO and LUMO of the
phthalocyanine (Pc2�) ligand. The first oxidation and first reduction
processes occur on the metal center in the metal Pc only for Mn, Fe
and Co derivatives in polar solvent such as DMF and DMSO. For Ni,
Cu and Zn phthalocyanines, redox processes take place on the Pc
ring [25]. In this work, the first reduction and first oxidation pro-
cesses of CoPc recorded at 0.35 and �0.43 could be assigned easily
to the CoII/CoIII and CoII/CoI redox couple, respectively, and the
remaining processes to the phthalocyanine ring. All predicted
redox processes are given in Eq. (1). Furthermore, the separation
between the metal center reduction and oxidation processes
(w0.79 V) is comparable with the CoPc papers [25,29–31].

CoIIIPc�2
h iþ

5
�e�

0:35 V
CoIIPc�2
h i

5
þe�

�0:43 V
CoIPc�2
h i1�

5
þe�

�1:44 V
CoIPc�3
h i2�

(1)

For the reduction couples of CoPc, to cathodic peak separations
(DEp) changed from 65 to 130 mV with the scan rates from 10 to
500 mV s�1 (DEps, 60–110 mV, were obtained for ferrocene refer-
ence) support reversible electron transfer. Reversibility is illus-
trated by the similarity in the forward and reverse DPV scans
[23,24]. The values of Ip,a/Ip,c for all couples of the complex CoPc are
close to unity and the peak currents increased linearly with the
square root of scan rates, for scan rates ranging from 10 to
500 mV s�1, indicating that the electrode reactions are purely dif-
fusion-controlled for the couples.

To confirm the assignment for CoPc, spectroelectrochemical
measurements were carried out. Fig. 8A shows the UV–vis spectral
changes during a controlled potential reduction of CoPc at �0.50 V
vs. SCE. The Q band at 667 nm and its shoulder at 605 nm shift to
710 and 643 nm, respectively, while a new band at 472 nm forms as
the reduction process continued. The B2 band at 333 nm shift to
316 nm, while the intensity of B1 band at 322 nm increases in in-
tensity. The band at 472 nm and shifting of Q band indicate the
formation of the [CoIPc2�]1� species, confirming the CV assignment
of the couple to [CoIIPc2�]/[CoIPc2�]1� couple. This process resulted
with clear isosbestic points at 328, 370, 335, 562, 696 and 766 nm
in the spectra. The spectral changes in Fig. 8B are typical of ring-
based reduction in phthalocyanine complexes [25–28,32–34].
There is a decrease in the intensity of the band at 472 nm and the Q
band without shift upon further reduction of the [CoIPc2�]1� spe-
cies at the potential of couple at �1.50 V. The B band decreases in
intensity without shift while new bands at 348, 605 and 675 nm
appear during this process. This process resulted with clear iso-
sbestic points at 330, 380, 585 and 695 nm in the spectra. This
confirms our earlier assignment of the process recorded at �1.10 V
to [CoIPc2�]1�/[CoIPc3�]2�. Fig. 8C shows the spectral changes ob-
served when the potential corresponding to oxidation process at
0.40 V was applied to the solution of [CoIIPc2�]. The Q band at
675 nm increases in intensity with red shift to 680 nm while B2
band decreases with red shift from 338 to 345 nm. Red shifting of Q
band with increasing is typical of a metal-based oxidation in cobalt
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B.Ş. Sesalan et al. / Dyes and Pigments 79 (2008) 259–264264
Pc complexes [25–28,32–35]. The final spectrum in Fig. 8C is
therefore assigned to [CoIIIPc2�]þ, confirming CV assignments. This
process resulted with clear isosbestic points at 295, 350, 404, 611
and 668 nm in the spectra.
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