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bstract

New cationic zinc azaphthalocyanines (AzaPc) were prepared using a statistical method of synthesis starting from 5,6-bis(2-diethylamino-
thylsulfanyl)pyrazine-2,3-dicarbonitrile (A) and 5,6-bis(tert-butylsulfanyl)pyrazine-2,3-dicarbonitrile (B). All the six possible AzaPc derivatives
ere detected on TLC but only five of them were finally isolated using column chromatography on silica (excluding AAAB type). The adjacent

AABB) and opposite (ABAB) isomers were well separated. Singlet oxygen quantum yields (Φ�) were measured using the DPBF decomposition
ethod. Values of Φ� in anhydrous dimethylformamide (DMF) drastically decrease with the number of amino groups from 0.66 for BBBB type to

.04 for AAAA type. The same dependence was observed in anhydrous DMF for the corresponding hydrochlorides. When DMF/water 95:5 added
ith HCl was used, the Φ� values for amino AzaPc increased to approximately 0.66. This suggests that solvation of the amino and Cl− ions plays
n important role in the separation of the AzaPc molecules although no changes were found in UV–vis spectra. At least eight cationic charges are
ecessary for complete monomerization of AzaPc in water. Fewer charges lead to significant decrease of the absorption in the area of the Q-band
nd to pronounced dimeric character of the absorption spectrum.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Azaphthalocyanines (AzaPc) are aza analogues of phthalo-
yanines (Pc) with some carbons in their macrocyclic system
eplaced by nitrogens. They can be used in similar applications
s the parent Pc that have found a wide use in areas such as liq-
id crystals, electronic devices, gas sensors, non-linear optics,
ndustrial dyes and Langmuir–Blodgett films [1–3]. Pc have also

ttracted a great attention in photodynamic therapy (PDT) [4–6].
his promising cancer treatment [7,8] is based on absorption of

ight (in area 650–800 nm) by a photosensitizer (PS) that trans-
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ers its energy to triplet oxygen leading to the highly reactive
inglet oxygen (1O2) form.

Unfortunately, due to their planar macrocyclic system, unsub-
tituted Pc and AzaPc tend to aggregate, which results in low
olubility, difficulties with purification and characterization and
neffectiveness in PDT. Several approaches were introduced to
vercome this property as discussed previously [9]. Introduc-
ion of bulky peripheral substituents [9], charged substituents
10,11] or monomerizing solvents [12,13] are widely reported
n literature.

It has been found [14,15] that amphiphilic compounds

re more active than either hydrophilic or lipophilic PS in
DT-mediated cell killing. The presence of both lipophilic
nd hydrophilic moieties appears to improve activity. In stud-
es involving different types of water-solubilizing substituents

mailto:petr.zimcik@faf.cuni.cz
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cationic, neutral and anionic), the cationic Pc appeared to be
he most efficient [16], even more than the clinically used temo-
orfin (Foscan®) [17]. Their uptake by cells is improved too [18].
he photodynamic efficacy of cationic Pc on cells was also con-
rmed by other studies [19,20]. Moreover, cationic dyes (not
nly Pc) are generally localized in mitochondria [21], one of the
ost important targets in PDT the impairment of which induces

apid induction of apoptosis [7,22].
The photosensitizers described in the present work were

esigned in line with the above mentioned findings. We syn-
hesized new zinc AzaPc containing two different kinds of sub-
tituents. Bulky lipophilic tert-butylsulfanyl substituents ensure
ood monomerization of AzaPc in organic solvents and con-
equently provide good chromatographic properties. The tert-
utyl group was previously found to better inhibit dimerization
han long alkyl chains [9]. Alkylsulfanyl are the best derivatives
rom the point of view of 1O2 production [23]. The second sub-
tituent – diethylaminoethylsulfanyl – corresponds to the desired
ydrophilic cationic part (after quarternization or converting to
ydrochloride salt). Its bulkiness is also advantageous for aggre-
ation inhibition.

In a first attempt, the cationic part was chosen to be a sta-
le quarternary amine. However, at this point a question arose
f the alkylation of tertiary amine of the final AzaPc will be
uantitative. It is very difficult to separate a mixture of incom-
letely alkylated homologues and the presence of non-alkylated
ide chains could lead to misleading results. Various authors
e.g. [24–27]) reported this reaction to run with high yields
nder different reaction conditions and with various alkylat-
ng agents and did not report on the presence of any lower
omologues. On the other hand, other authors were not able
o achieve quantitative quarternization even using more drastic
onditions. Thus, Martı́ et al. [28] found the presence of some
mount of trialkylated 3,4-tetrapyridinoporphyrazine and were
ot able to isolate the tetracationic derivative. Our own findings
see below) about the alkylation approach were not satisfac-
ory too. In other studies, authors obtained mainly disubstituted
nstead of tetrasubstituted [29] compounds even after chang-
ng amine and conditions. Obviously, the role of charge number
nd lipophilicity on photodynamic efficiency could be appraised
nly if quantitative alkylation procedures would be available.

Alternatively, we choose to convert the tertiary amines to
ydrochloride salts a process that should be quantitative. Since
he salts are composed of a strong base and a strong acid they
ill not hydrolyze in water back to the free base and the free

cid at physiological pH.

. Experimental

All organic solvents used for synthesis were of analytical
rade. 1,3-Diphenylisobenzofuran (DPBF), 2,2-dimethyl-
ropane-1-thiol, 2-(diethylamino)ethane thiol hydrochloride
nd 2,2′-pyridil were purchased from Aldrich. Diaminomale-

nitril and anhydrous dimethylformamide for synthesis were
urchased from Across Organics. Dimethylformamide for
inglet oxygen and fluorescence studies was obtained from
ldrich (biotech grade, water <0.005%). Zinc phthalocyanine

n
e
o
a
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ZnPc) was purchased from Eastman Organic Chemicals (New
ork, USA). All chemicals and solvents were used as received
ithout further purification except for zinc acetate (Lachema,
zech Republic) that was dried in a drying gun at 78 ◦C and
nder a pressure of 13 mbar for 8 h. TLC was performed on
ilica gel 60 F254 (Merck). Kieselgel 60 (0.040–0.063 mm)
rom Merck was used for column chromatography. Aluminium
xide-neutral (LS 5/40) (Lachema, Czech Republic) was used
or column chromatography in pre-purification steps of some
zaPc. Melting points were measured on an Electrothermal

A9200 Series Digital Melting point Apparatus (Electrothermal
ngineering Ltd., Southend-on-Sea, Essex, Great Britain)
nd are uncorrected. Infrared spectra were measured in KBr
ellets on a Nicolet Impact 400 IR-Spectrometer. 1H and
3C NMR spectra were recorded on Varian Mercury, Vx BB
00 (299.95 MHz, 1H and 75.43 MHz, 13C) Bruker Comp.
Karlsruhe, Germany). Chemical shifts are given relative
o internal Si(CH3)4. UV–vis spectra were recorded on a
V-2401PC spectrophotometer from Shimadzu (Shimadzu
uropa GmbH, Duisburg, Germany) and in some cases on
Cary 1E UV–vis spectrophotometer (Varian, Australia).

luorescence data were obtained on an AMINCO-Bowman
eries 2 luminescence spectrometer (SLM-Aminco, Urbana,
L, USA). MALDI-TOF mass spectra were recorded in positive
eflectron mode on a mass spectrometer Voyager-DE STR
Applied Biosystems, Framingham, MA, USA). For each
ample, 0.5 �l of the mixture was spotted onto the target plate,
ir-dried and covered with 0.5 �l of matrix solution consisting
f 10 mg of �-cyano-4-hydroxycinnamic acid in 100 �l of 50%
CN in 0.1% TFA. The instrument was calibrated externally
ith a five-point calibration using Peptide Calibration Mix1

LaserBio Labs, Sophia-Antipolis, France). The ESI mass
pectrometric analyses were performed with LCQ Advantage
on trap mass spectrometer (ThermoFinnigan, San Jose, CA)
sing an electrospray ion source. The source voltage was
aintained at 4.5 kV, the capillary voltage at 33.0 V, the tube

ens offset at 55.0 V and the capillary temperature at 200 ◦C.
itrogen was used as a sheath gas at flow rate of 14 arbitrary
nits. Helium was used as a damping gas. Solutions of analytes
t a concentration of 1.0 �g/ml in methanol with 0.1% acetic
cid were used for the flow injection analysis. The samples
ere introduced into the ion source at flow of 5.0 �l/min.

.1. Synthesis

Synthesis of 1 [30], 2 [9] and 3 [9] were performed accord-
ng to previously published method. 1H NMR signals of dyes
howed strong broadening. Aromatic 13C NMR signals of all
zaPc were poor, broad and very hard to detect. Both MS meth-
ds used for AzaPc (MALDI-TOF and ESI) showed a typical
luster (for a presence of Zn) at mass corresponding to counted
alues.

5,6-Bis(2-diethylaminoethylsulfanyl)pyrazine-2,3 - dicarbo-

itrile (4): A solution of 3.56 g (21 mmol) of 2-(diethylamino)-
thane thiol hydrochloride in water was treated with 43.5 ml
f water solution of NaOH (concentration 1.00 M) and stirred
t r.t. for 10 min. A tetrahydrofuran (50 ml) solution of 2.00 g
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P2-Zn4 was filtered off. Green solid was then dissolved in
water acidified with few drops of concentrated HCl, filtered and
made basic with NaOH. The water suspension was extracted
several times with chloroform, the organic layer was dried
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ith anhydrous sodium sulfate, filtered and evaporated to give
00 mg of a crude product. This was pre-purified on a short
eutral aluminium oxide column with THF as eluent to give
5 mg of product and then purified using chromatography on
ilica with THF/pyridine 3:7 as eluent. Pure product was then
issolved in minimum amount of chloroform and dropped
nto hexane (150 ml). Very fine suspension appeared after
4 h in refrigerator and was filtered off to yield 30 mg (7%)
f dark green solid. 13C NMR (CDCl3) δ 11.8, 29.0, 46.8,
1.2, 145.5, 151.2, 157.8. 1H NMR (CDCl3) δ 4.90–4.72 (bs,
6H, S-CH2), 4.72–3.11 (bs, 16H, CH2), 3.11–2.32 (bs, 32H,
-CH2), 1.58–0.76 (bs, 48H, CH3). MALDI-TOF MS m/z
633 (M + H+). UV–vis (pyridine) λmax(ε) 657 (241800), 595
33000), 386 (136600).

.1.1. General procedure of synthesis of unsymmetrical
zaPc

The free base 4 was released from its hydrochloride 5 fol-
owing the procedure mentioned above for the synthesis of
2-Zn4. Then, 785 mg (2 mmol) of free base 4, 612 mg (2 mmol)
f 3, 1.46 g (4 mmol) of anhydrous zinc acetate and 12 ml of
nhydrous DMF were mixed together, immersed into oil bath
reheated to 160 ◦C and stirred at this temperature for 90 min.
he mixture was then cooled down and poured into cold water

400 ml). A fine suspension was filtered off, thoroughly washed
ith water and air dried. The green solid was then extracted
ith chloroform and solvent evaporated to yield about 600 mg
f crude product. This product was pre-purified by chromatogra-
hy using a short column filled with neutral aluminium oxide and
etrahydrofuran as mobile phase. The mixture (380 mg) of the
ix different AzaPc and some side products was separated using
olumn chromatography on silica. The different AzaPc were
btained as green fractions using increasing polarity of mobile
hase (reported bellow as the first column) starting from chlo-
oform/THF 20:1 for P2-Zn0. Every fraction was then purified
n column at least once more using either the same or slightly
hanged mobile phase (the second and the third column).

2,3,9,10,16,17-Hexakis(tert-butylsulfanyl)-23,24-bis(2-di-
thylaminoethylsulfanyl)-1,4,8,11,15,18,22,25-octaazaphtha-
ocyaninato zinc(II) (P2-Zn1): This compound was synthesized
ccording to the general procedure with following mobile
hases: the first column THF, the second column THF, the
hird column THF/chloroform/pyridine 4:10:1. Yield 26 mg
2.0%). MALDI-TOF MS m/z 1375 (M + H+). ESI MS m/z
413 (M + K+), 1397 (M + Na+), 1375 (M + H+), 688 (M + 2H+).
V–vis (pyridine) λmax(ε) 657 (186500), 595 (25600), 385

102300).
2,3,16,17-Tetrakis(tert-butylsulfanyl)-9,10,23,24-tetrakis(2-

iethylaminoethylsulfanyl)-1,4,8,11,15,18,22,25-octaazaphth-
locyaninato zinc(II) (P2-Zn2O): This compound was synthe-
ized according to the general procedure with following mobile
hases: the first column THF/pyridine 10:1, the second column
HF/pyridine 20:1, the third column THF/pyridine 20:1. Yield
+

P. Zimcik et al. / Journal of Photochemistry and

(10 mmol) of 2 was added at once and the mixture vigorously
stirred for 30 min at r.t. Diethyl ether (50 ml) was added,
the organic phase was separated and the water phase was
washed twice with diethyl ether. Combined organic phases
were evaporated (taking care not to exceed a temperature of
30 ◦C), dissolved in diethyl ether, filtered and washed three
times with water acidified with few drops of concentrated HCl.
Organic phases were discarded and water neutralized with
NaOH to slightly basic reaction (pH paper). A yellow oily
product was isolated by washing with diethyl ether, carefully
evaporated and purified by column chromatography on silica
with acetone/diethyl ether 1:1 as a mobile phase. The fractions
of product were not evaporated but converted immediately to
its hydrochloride salt 5. Thus, all fractions with product were
combined and bubbled with dry gaseous HCl to form white
solid. Recrystalization from MeOH/diethyl ether yielded 3.95 g
(84%) of white needles of 5. All the analytical data belong to
5. M.p. 215–217 ◦C (dec.). IR (KBr) 2995, 2983, 2927, 2587,
2560, 2455, 2237(CN), 1486, 1459, 1317, 1160, 1140, 983.
13C NMR (CD3OD) δ 9.5, 25.3, 50.4, 114.8, 128.5, 159.9
(one aliphatic signal overlaps with signal of solvent). 1H NMR
(CD3OD) δ 4.85 (s, 2H, NH), 3.80–3.68 (m, 4H, S-CH2),
3.54–3.43 (m, 4H, N-CH2), 3.36 (q, 8H, J = 7.3 Hz, N-CH2),
1.42 (t, 12H, J = 7.4 Hz, CH3).

2,3,9,10,16,17,23,24-Octakis(tert-butylsulfanyl)-1,4,8,11,
15,18,22,25-octaazaphthalocyaninato zinc(II) (P2-Zn0): A
mixture of 306 mg (1 mmol) of 3, 366 mg (2 mmol) of anhy-
drous zinc acetate and 4 ml of anhydrous dimethylformamide
(DMF) was immersed into oil bath preheated to 160 ◦C and
stirred at this temperature for 90 min. A dark green solution
was poured into cold water (200 ml), left for half an hour
and crude P2-Zn0 was filtered off and washed with water and
methanol. Green solid was then absorbed to a small amount of
silica (1.5 g) and washed with methanol on a glass frit until the
solution was colorless. The product on silica was then dried
up, poured on silica column and purified by chromatography
with chloroform/tetrahydrofuran 20:1 as eluent to yield 87 mg
(27%) of dark green solid. All spectroscopic data correspond
with the ones of the same compound prepared previously by
the “insertion method” we described previously [9].

2,3,9,10,16,17,23,24-Octakis(2-diethylaminoethylsulfanyl)-
1,4,8,11,15,18,22,25-octaazaphthalocyaninato zinc(II) (P2-
Zn4): The free base 4 has to be released from its hydrochloride
5 before reaction. Thus, 465 mg (1 mmol) of 5 was dissolved
in water (10 ml) and 2.2 ml of 1 M NaOH was added. The
free base 4 was isolated by washing with diethyl ether, drying
the organic layer with anhydrous sodium sulfate and carefull
co-evaporation (not exceeding 30 ◦C) with toluene to dryness.
Anhydrous DMF (4 ml) and 366 mg (2 mmol) of anhydrous
zinc acetate were added, the mixture was immersed into oil
bath preheated to 160 ◦C and stirred at this temperature for
90 min. The resulting dark solution was poured into cold water
(200 ml), left for half an hour and a very fine suspension of
mg (0.7%). MALDI-TOF MS m/z 1461 (M + H ). UV–vis
pyridine) λmax(�) 657 (179700), 595 (24000), 385 (105700).

2,3,9,10-Tetrakis(tert-butylsulfanyl)-16,17,23,24-tetrakis(2-
iethylaminoethylsulfanyl)-1,4,8,11,15,18,22,25-octaazaphth-
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locyaninato zinc(II) (P2-Zn2A): This compound was synthe-
ized according to the general procedure with following mobile
hases: the first column THF/pyridine 10:1, the second column
HF/pyridine 12:1, the third column THF/pyridine 12:1. Yield
6 mg (1.9%). MALDI-TOF MS m/z 1461 (M + H+). ESI
S m/z 1499 (M + K+), 1483 (M + Na+), 1461 (M + H+), 731

M + 2H+), 487 (M + 3H+). UV–vis (pyridine) λmax(ε) 657
182400), 595 (24600), 385 (102600).

.1.2. Hydrochlorides of AzaPc
The hydrochlorides were prepared by dissolving the free

ase of AzaPc (about 1 mg) in a mixture of tetrahydrofuran and
ethanol, adding excess of concentrated HCl and evaporation

o dryness. Toluene was added and the mixture evaporated to
ryness once more to remove remaining water and HCl. In this
ay we obtained hydrochlorides P2-Zn1·HCl, P2-Zn2O·HCl,
2-Zn2A·HCl and P2-Zn4·HCl. All hydrochlorides were found

o be stable in solid state. Only P2-Zn4·HCl was very hydro-
copic. Summary of spectroscopic data is given in Table 2.

.2. Singlet oxygen quantum yield

Stock solutions of all the dyes (and the corresponding
ydrochlorides) were prepared in DMF and in the case of P2-
n4·HCl and P2-Zn2A·HCl also in water. The stock solutions
ere found to be stable in the dark for several weeks. Light

rradiation was carried out using a 1000 W Xenon arc mounted
n a lamp housing equipped with a rear reflector and a 3 in.
iameter fused silica condenser of f/0.7 aperture (Oriel). The
nfrared and UV below 320 nm were removed using water (8 cm)
nd Pyrex glass filters, respectively. The light was focussed
n the entrance of a monochromator (Bentham M300) with
lits generally adjusted to 1 mm giving a bandpass of 2.7 nm.
he monochromatic beam was focussed on the solution con-

ained in a 10 mm × 10 mm quartz optical cell. The size of
he focussed beam was adjusted to be smaller than the surface
ccupied by the solution at the entrance windows of the opti-
al cell. The power of the incident light (P0) at the irradiation
avelength (λmax of the dye Q-band) was measured using a sur-

ace absorbing disc calorimeter (Scientech). A typical value was
.42 × 10−3 W. The yield of singlet oxygen production by the
yes under study was derived from its reaction with DPBF [31].
he DPBF solution was saturated with oxygen before irradia-

ion by bubbling through the solution for a few minutes. Then,
tock solution of the dye and in some cases stock solution of
Cl were added. Absorbance (Abs) of the dye solution at the

rradiation wavelength (λ) was measured exactly before irradi-
tion. Typical values were around 0.1. The exact value of the
ntensity absorbed by the solution (Ia) can be calculated from
he intensity of incident light (I0) by using the relation derived
rom the Beer’s law, Ia = I0(1 − e−2.3Abs). The absorbed inten-
ity per time unit expressed as a number of “moles” of photons,
ap, can be derived according to the relation (Eq. (1)):
ap = [P0/(EPNA)](1 − e−2.3Abs) (1)

here EP is the energy of one photon given by the Ein-
tein’s law, EP = hc/λ, where c is the velocity of light and h

s
c
b
h

otobiology A: Chemistry 183 (2006) 59–69

he Planck’s constant. The Avogadro constant, NA, is used to
onvert the number of photons to “molar” units. In all cases,
rradiation times were chosen to cause consumption of about
5% of starting amount of DPBF. The solution was stirred
ith a small magnetic barrel during irradiation. The progress
f the reaction was monitored from the decrease of the DPBF
bsorption at its maximum (415 nm, ε = 23180 M−1 cm−1 in
MF and ε = 22490 M−1 cm−1 in DMF/water/HCl). Abbrevi-

tion DMF/water/HCl used throughout this article means the
olvent system composed of DMF/water 95:5 (v/v), added with
Cl 5 × 10−4 M. Quantum yields of the photoreaction (ΦDPBF)
ere measured by using at least six concentrations of DPBF

anging from 5 × 10−6 to 100 × 10−6 M. They were calculated
y using Eq. (2):

DPBF = (c0 − ct)V/(Iapt) (2)

here c0 and ct are the concentrations of DPBF before and after
he irradiation time t, respectively. V is the volume of the reaction
2.8 × 10−3 l). The singlet oxygen quantum yields (Φ�) were
alculated from ΦDPBF with respect to the starting concentration
DPBF] according to Eq. (3):

/ΦDPBF = 1/Φ� + (1/Φ�)(kd/kr)(1/[DPBF]) (3)

here kd is the decay rate constant of 1O2 in the solvent (without
ny quencher) and kr is the quenching constant of 1O2 by DPBF.

hen 1/ΦDPBF versus 1/[DPBF] is plotted, the value of 1/Φ�

s obtained as the intercept with axis y and the value −kr/kd as
he intercept with axis x.

.3. Fluorescence quantum yield

Fluorescence quantum yields of the dyes were determined
elative to that of ZnPc (ΦF = 0.17 in DMF [32]) and calculated
sing integrated areas under the fluorescence emission spectrum
f the sample and reference dye [33]. Refractive indexes were
aken into account in the case of water solution of P2-Zn4·HCl
nwater = 1.34, nDMF = 1.43). In the case of DMF/water/HCl sol-
ent system, the refractive index was believed to be very close
o that in DMF and was omitted. Fluorescence emission spectra
ere recorded after excitation at 386 nm, fluorescence excita-

ion spectra were recorded observing the fluorescence signal at
10 nm. In all cases the absorbance at λmax of the Q-band was
elow 0.04.

. Results

.1. Synthesis

We started with the preparation of precursors. The first pre-
ursor with two pyridyl moieties (1) was synthesized according
o published method (Scheme 1) [30]. Alkylation of 1 using dif-
erent strong alkylating agents (CH3I, CH3CH2I) and different

olvents (ethanol, DMF, chloroform) was not completely suc-
essful and main product was always monoalkylated as revealed
y 1H NMR spectroscopy. Conversion of 1 to water-soluble
ydrochloride by boiling in concentrated HCl failed too. From
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Table 1
Mobile phases and Rf values of synthesized AzaPc on TLC

Mobile phase Rf

P2-Zn0 Chloroform/THF 20:1 0.90

P2-Zn1 THF 0.30
THF/pyridine 10:1 0.60
THF/pyridine 3:1 0.95

P2-Zn2O THF/pyridine 10:1 0.52
THF/pyridine 3:1 0.87

P2-Zn2A THF/pyridine 10:1 0.27
THF/pyridine 3:1 0.59

P2-Zn3 THF/pyridine 10:1 0.08
THF/pyridine 3:1 0.43

P
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Scheme 1. Reaction conditions: (i) acetonitrile, reflux, 3 h.

hese results it seems that free electron pair on pyridine nitrogen
f 1 is strongly delocalized leading to very low basicity and poor
eactivity. Precursor 1 is therefore unsuitable for our purposes.

Then, more reactive aliphatic tertiary amine was considered.
ucleophilic substitution (Scheme 2) of chlorine atoms in 2 with
-diethylaminoethanethiolate lead to 4 in good yields (84%).
evertheless, free base 4 is unstable and quickly darkens even
y standing at room temperature. To overcome this problem,
his compound was easily and quantitatively converted to the
table hydrochloride 5 and stored in this form and converted
ack to the free base just before subsequent reactions. Attempts
o quarternize 4 with different alkylating agents in different sol-
ents (see above) lead to a mixture of mono- and di-substituted
erivatives (even after 7 days refluxing in DMF). Some traces
f non-reacted 4 were always found on TLC.

We used a statistical method based on the reaction of two

ifferent precursors in the preparation of unsymmetrical AzaPc.
his method leads to a mixture of six different compounds (P2-
n0, P2-Zn1, P2-Zn2O, P2-Zn2A, P2-Zn3, P2-Zn4) (Fig. 1) that

cheme 2. Reaction conditions: (i) 2-(diethylamino)ethane thiol, NaOH,
HF/water; (ii) 2,2-dimethylpropane-1-thiol, NaOH, THF/water; (iii) ace-

one/diethyl ether, HCl (g); (iv) water, NaOH; (v) DMF, Zn(COOCH3)2.
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2-Zn4 THF/pyridine 3:7 0.50

ere separated using standard chromatographic method with
ilica as a stationary phase.

We were able to find six strong green fractions corresponding
o our products among some of green side products after TLC
ith different mobile phases (see Table 1). During searching
e used standards of P2-Zn0 and P2-Zn4 prepared in a sepa-

ate reaction and different strength of fractions when different
atios of starting materials 3 and 4 (3:1, 1:1, 1:3) were added to
eactions. However, separation on silica column was difficult.
ompounds with amino groups were strongly attached to silica
t the column top. Slower fractions were usually contaminated
y the faster ones that were slowly eluted from the top. This
roblem could not be completely solved even using several col-
mn chromatographies of isolated fractions and the compounds
lways contained traces of the former fractions as detected on
LC and MS. A large decrease in yield was observed after each
assage on a column. The total yield of AzaPc mixture is about
0% but after the purification process it decreases to about 1–2%
er fraction. Compound P2-Zn3 could not be isolated at all and
as detected only by TLC. Some traces of this fraction were

solated and MS confirmed the right mass for the expected P2-
n3 but the amount and purity were not satisfactory for further
nalyses and investigations. Using neutral or basic alumina as
tationary phase did not improve the purification process. There-
ore the final yields of AzaPc do not correspond to the expected
tatistical distribution. On the other hand, the statistical distri-
ution can be observed on TLC (reactivity of both precursors
s approximately the same). Moreover, longer standing of puri-
ed fractions in solution of mobile phase lead to some change

n their properties and a lot of material did not move from the
tart when TLC was performed later. It seems that tertiary amino
roups play an important role in this process because the more
mino groups were present in molecule of AzaPc the stronger
nd faster were these changes. Since the fractions were stored in
he dark no photobleaching is possible and this behavior may be
oncerned with the formation of the aggregates (see Section 4).
Surprisingly, the two isomers containing two tert-
utylsulfanyl quarters and two diethylaminoethylsulfanyl quar-
ers were well separated and two fractions of the same mass
ere found. There have been very few examples of chromato-
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also for P2-Zn2A and P2-Zn3. Similar findings were found for
adjacent and opposite isomers of bis(1,4-didecylbenzo)-bis(3,4-
pyrido)porphyrazine [35], where the possible H-bond can arise
on pyridine part of molecule.
Fig. 1. Structures

raphic separation of “adjacent” and “opposite” (or cis and
rans or AABB and ABAB) isomers of Pc till this time [34–38].
hromatography is not always sufficient for separation of these

somers (e.g. [39,40]) and more often selective methods for syn-
hesis of the pure isomers are used [41]. Both isomers were
ell separated in our case and their Rf values were more sim-

lar to previous P2-Zn1 (for P2-Zn2O) and following P2-Zn3
for P2-Zn2A) fractions (Table 1). Assigning these fractions to
ach isomer is usually derived from 1H NMR analysis [34,42]
r differences in UV–vis spectra arising from a different sym-
etry of the Pc isomers [34,35,43]. In our case none of these

wo methods can be used. All 1H NMR signals showed strong
roadening and even the ratio of peripheral substituents cannot
e exactly calculated. That is also why, unsymmetrical AzaPc
ere identified by using MS, since NMR analyses does not
ring any unequivocal identification. UV–vis spectra of all com-
ounds in non-aggregated form display little difference because
he influence of the peripheral substitutuents on the electron
ensity distribution in the macrocyclic system is almost the
ame. Therefore no important decrease in symmetry of conju-
ated macrocyclic system occurs. Alternatively, we considered
he forces that could be involved in separation of these isomers

n silica. When substituents allowing H-bonding (in our case the
ertiary amine) are used, hydrogen bridges with OH groups of
ilica are expected to account for compound separation. Because
f the rigidity of the planar skeleton of AzaPc molecule, adja-

F
w

zaPc in mixture.

ently substituted compounds are probably able to provide more
-bridges per molecule. As a result, they will be less mobile
n silica and present lower Rf values (Fig. 2). This could also
xplain why opposite P2-Zn2O is more similar in chromato-
raphic behavior to monosubstituted P2-Zn1 than to its constitu-
ional isomer P2-Zn2A. Analogously to previous case it is valid
ig. 2. Explanation of chromatographic behavior of AzaPc allowing H-bonding
ith silica stationary phase.
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.2. Singlet oxygen measurements

Photosensitizers excited to the triplet state can react via two
ain photoprocesses—types I and II. Albeit it has been pointed

ut that DPBF may react also with reactive species produced by
hotoprocess type I [44], it is generally believed that this route
s not important [31,39,45]. It is generally assumed that DPBF
s decomposed only by 1O2 generated by type II photoprocess
o produce 1,2-dibenzoylbenzene. Moreover, it is known that
PBF quenches singlet oxygen almost exclusively by chemical

eaction, physical quenching being negligible [46]. Therefore,
nly two processes account for the disappearance of singlet oxy-
en in the solution (reactions (4) and (5)):

O2 → 3O2 (4)

O2 + DPBF → DPBFox (5)

eactions (4) and (5) represent the natural decay of the 1O2
n the solvent with the rate kd and the reaction of 1O2 with
PBF with the quenching constant kr, respectively. Since both

eactions run simultaneously, Φ� cannot be calculated directly
rom the Eq. (2) but must be approximated to infinite DPBF
oncentration using Eq. (3) (see Section 2). Reaction of singlet
xygen with DPBF (Eq. (5)) was found to run independently
f DPBF concentration until approximately 20% of DPBF was
onsumed (excellent linearity of the dependence of DPBF decay
n time). In the present study, the irradiation times were always
hosen to limit the final DPBF conversion to about 15%. The
lots of 1/ΦDPBF versus 1/[DPBF] show very good linearity in

ll measurements (Fig. 3), allowing accurate Φ� determination
Table 2).

The intercept with the axis x gives the value −kr/kd
in DMF kr/kd = 2.67 ± 0.3 × 104 M−1, in DMF/water/HCl

k
r
t
p

able 2
hotophysical and photochemical data of prepared compounds

ompound Absorbance

λmax (nm) Log ε (M−1 cm−1)

MF
P2-Zn0 654 5.45
P2-Zn1 655 5.27
P2-Zn1·HCl 655 5.26
P2-Zn2A 655 5.26
P2-Zn2A·HCl 655 5.26
P2-Zn2O 655 5.27
P2-Zn2O·HCl 655 5.25
P2-Zn4 655 5.38
P2-Zn4·HCl 655 5.33
ZnPc 669 –
ZnPc (standard) 670 [39] –

MF/water/HCl
P2-Zn0 654 5.45
P2-Zn1·HCl 657 5.26
P2-Zn2A·HCl 657 5.27
P2-Zn2O·HCl 657 5.26
P2-Zn4·HCl 657 5.38

ater + HCl
P2-Zn4·HCl 650 5.32
ig. 3. Dependence of 1/ΦDPBF on 1/[DPBF] in DMF for P2-Zn0 (�), ZnPc
©) and P2-Zn1 (�).

r/kd = 3.28 ± 0.2 × 104 M−1). Since the kr/kd value does not
epend on the DPBF concentration or on the Φ� value of the
arious dyes, all plots should intercept at one point. As shown in
ig. 3 and Table 2 (last column), this fact is observed in all cases,
hich confirms the accuracy of the measurements. Using already
ublished values of kd (5.3 × 104 s−1 [47] and 4.0 × 104 s−1

48]) we obtained the value kr = 1.1–1.4 × 109 M−1 s−1. This
s in excellent agreement with the previously published value

9 −1 −1

r = 1.1 × 10 M s [49]. The value of Φ� obtained for the
eference compound ZnPc is also in excellent agreement with
he published value (Φ� = 0.56 in DMF [39], Φ� = 0.567 in the
resent work).

Fluorescence Φ� kr/kd (M−1)

λmax (nm) ΦF

660 0.224 0.664 2.77 × 104

661 0.126 0.339 2.74 × 104

661 0.031 0.206 2.73 × 104

661 0.035 0.139 2.62 × 104

661 0.018 0.089 2.94 × 104

661 0.039 0.142 2.49 × 104

661 0.019 0.081 2.54 × 104

661 0.004 0.039 2.65 × 104

661 0.004 0.035 2.44 × 104

674 – 0.567 2.82 × 104

675 [32] 0.17 [32] 0.56 [39] –

660 0.226 0.678 3.21 × 104

665 0.132 0.639 3.08 × 104

665 0.130 0.669 3.27 × 104

665 0.128 0.645 3.31 × 104

665 0.065 0.467 3.52 × 104

656 0.098 – –
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dimeric species in water and did not change with dilution even
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Focusing on the data in Table 2, a decrease of Φ� in DMF
s observed with increasing number of amino groups in the

olecules. Such results were not expected because there should
ot be any great influence of peripheral chains on Φ�. The
ame dependence is found in the group of hydrochlorides in
MF with even lower Φ� values for the hydrochloride when

ompared with the corresponding free base. Almost identical
bservations were made with the AzaPc dyes in the form of
ree base in pyridine (data not shown). It must be pointed out
hat anhydrous DMF (water <0.005%) was used for these mea-
urements. When the same measurements were performed in a
ystem DMF/water/HCl (HCl is added to ensure complete ion-
zation of all amino groups (for explanation see Section 3.4)),
he Φ� values of all amino AzaPc increased significantly reach-
ng the values of amino-free P2-Zn0. The reaction of DPBF with
O2 is not affected by addition of HCl, since the value of Φ� for
2-Zn0 is the same in both solvent systems (within experimen-

al error). No changes in the spectra or concentration of DPBF
ere found after addition of HCl into solution, even after several
ours of standing in the dark or after irradiation in the absence
f AzaPc under the same conditions used for Φ� determination.

.3. Fluorescence quantum yield

Fluorescence quantum yields (ΦF) were determined in the
ame solvent systems (Table 2). The behaviour of the AzaPc cor-
esponded to the results obtained for Φ�. Significant decrease
ith increasing number of amino groups in the molecule in DMF

nd lower values for the corresponding hydrochlorides were
bserved. Increase of ΦF for amino AzaPc in DMF/water/HCl
as also observed but the value did not reach that of amino-free

2-Zn0 as it happened in the case of Φ� in the same solution.

Typical fluorescence emission and excitation spectra together
ith UV–vis absorption spectra are shown in Fig. 4. The spec-

ra of all examined AzaPc in DMF and DMF/water/HCl present

ig. 4. Fluorescence emission (dotted line), fluorescence excitation (full line)
nd UV–vis absorption spectra (dashed line) of P2-Zn1 in DMF.

i
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F
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otobiology A: Chemistry 183 (2006) 59–69

he same shape. Small shifts only due to a solvatochromic effect
ere found. No shifts were found for free-bases and correspond-

ng hydrochlorides in anhydrous DMF. Small red shift in both
uorescence and absorption spectra of hydrochlorides was found
hen DMF/water/HCl system was used. This supports the view

xpressed in the discussion about a solvation of the amino groups
nd ion pair formation. Moreover, no solvatochromic shift was
bserved for P2-Zn0 where no solvatable moiety is present. In all
ases, the absorption and fluorescence excitation spectra present
xactly the same shape at the concentrations used for either ΦF
r Φ� measurements (Fig. 4). Whereas the extinction coeffi-
ients at λmax of the Q-band did not change with dilution, it was
uggested that no classical dimers are present in both type of
xperiments.

.4. Aggregation behavior of AzaPc hydrochlorides in
ater

Prepared hydrochlorides of AzaPc showed different water-
olubility and different aggregation behavior in water that were
ssociated with the number of protonated amino groups. P2-
n1·HCl was not soluble in water at all, so the studies were per-

ormed with exclusion of this compound. Insolubility of AzaPc
ith only two protonated amino-groups is not unexpected, since

imilar observations were found also for cationic benzonaph-
hoporphyrazines [39]. Solubility in water is improved with the
resence of two next charged amino groups and compounds
2-Zn2O·HCl and P2-Zn2A·HCl showed very good solubility.
oth isomers present similar properties. Their absorption spec-

ra, however, showed characteristics typical of the presence of
f complete protonation was assured by adding excess of HCl
Fig. 5, the lowest spectrum). It is therefore concluded that pres-
nce of only four positive charges in the molecule of AzaPc

ig. 5. Changes in UV–vis spectra of a P2-Zn2A·HCl water solution (with
ddition of HCl) of the constant concentration (approximately 7 × 10−7 M) with
n increasing amount of DMF in the solution. Inset: an increase of absorbance
t Q-band maximum with the increasing amount of DMF in the solution.
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ig. 6. Changes in UV–vis spectra of a P2-Zn4·HCl solution in water and
BS of different pH. Concentration in all cases was the same (approximately
× 10−7 M).

s not enough to prevent dimerization in water. The quantity
f monomer in solution can be increased by addition of DMF
Fig. 5) reaching a maximum at about 90–95% of DMF in the
olution (Fig. 5, inserted graph). Three isosbetic points were
ound (681, 638 and 600 nm) suggesting a simple transition from
imeric to monomeric form.

P2-Zn4·HCl showed also very good solubility. In water at
H 7.0, its absorption spectrum even displays monomeric char-
cter (Fig. 6). However, it seems that at least eight charged
mino groups are necessary for complete monomerization of
his AzaPc in water. After addition of HCl (final concentration
× 10−4 M) to give a pH of about 3.2, a significant increase of
-band was observed indicating the presence of some amount
f dimer in the solution at pH 7.0 (Fig. 6). Further addition
f HCl did not improve the value of the extinction coefficient.
rom these and following observations it seems that the salt com-
osed of HCl and tertiary amino group will slightly hydrolyze in
ater at neutral pH, releasing free amino groups. As the neutral

ree amino groups do not participate in the electrostatic repul-
ion forces responsible for monomerization, partial dimerization
s observed in water. This interpretation is further supported
y the following experiments. When oxygen or nitrogen was
ubbled through solution of P2-Zn4·HCl in the dark a rapid
ecrease of the Q-band extinction coefficient was observed in
oth cases. The effect was found to depend on the time of gas
ubbling. The characteristics of the spectra were restored to the
tarting shape after adding excess of HCl. Thus, these results
annot be attributed to decomposition. More likely, free HCl
n solution is displaced during bubbling and the equilibrium
etween ionized and non-ionized forms shifts in favor of the
atter form. From the Hendersson–Hasselbach’s equation and
sing a pKa value of 9.8 (pKa = 9.82 for the similar known com-

ound 1,2-bis(diethylaminoethylsulfanyl)phthalonitrile [26]) it
an be calculated that at pH 7.4 one alkylamino chain would be at
9.6% under its ionized form. The percentage of molecules with
ll eight amino groups ionized would be 0.9968 × 100 = 96.8%.

i

Φ

m
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e must point out, that the value pKa = 9.8 is only an approxi-
ation. If the real pKa is only 0.5 lower, we get about 90% of
2-Zn4·HCl molecules completely ionized and the rest can lead

o slight dimerization. The dependence of the dimerization on
he pH of the solution can also be observed in PBS (phosphate
uffer saline) as shown in Fig. 6. In this case, a more pronounced
imeric character of the spectrum was observed when the pH was
ncreased and even precipitation from the solution can appear.
n this case, the aggregation process is more complex (including
he precipitation) so that no isosbestic points were found. Ionic
trength of the solution may play a role in aggregation too since
he spectra at the same concentration and pH showed marked
ifferences in water and PBS (Fig. 6).

. Discussion

It is well known and documented that AzaPc and Pc tend to
orm aggregates. In diluted solutions they exist in equilibrium
sually between monomer and dimer forms. It depends on sev-
ral factors (solvent, substitution of macrocycle, temperature,
oncentration, charge, etc.) whether the equilibrium is shifted
ore, or even exclusively, towards one or another form. How-

ver, in most cases these changes can be observed by UV–vis
pectroscopy since these forms have different absorption spec-
ra [50,51]. Also in the case of our compounds the presence of
imers can be observed (for P2-Zn0 see Ref. [9], and for amino
zaPc e.g. Figs. 5 and 6). A good resolution of the second max-

mum of the Q-band around 595 nm and the lack of increase of
he extinction coefficient at the main maximum of the Q-band
pon dilution usually indicate the presence of only monomeric
pecies. Moreover, except for few cases, dimers do not fluo-
esce and do not produce 1O2. Therefore, the fact that absorption
nd fluorescence excitation spectra are identical can be consid-
red as a strong indication for the dye being present only in the
onomeric form [52]. Both above mentioned conditions were

ulfilled in the case of all ΦF and Φ� measurements and no clas-
ical dimers were observed. The decrease of ΦF and Φ� with
ncreasing amount of amino substituents in anhydrous DMF and
n pyridine (both known as good monomerizing solvents) could
e attributed to some deactivating effect of these groups. How-
ver, the results obtained in the DMF/water/HCl system (HCl
as added to insure complete protonation of all amino groups)

upport the following explanation. Some interactions between
he molecules of amino AzaPc (free base) in DMF or pyridine
ould take place leading to aggregates like dimers, but with
o or little UV–vis spectra changes. In fact, the importance of
pectral modification upon dimerization strongly depends on the
espective orientation of the transition dipoles on each moiety
f the dimer and on the strength of their coupling [53]. There-
ore, although the spectra in DMF and DMF/water/HCl showed
onomeric character and the same extinction coefficients (only
small solvatochromic shift was observed (Fig. 7)) some inter-
ctions cannot be excluded, which would account for decrease

n ΦF and Φ� values.

These interactions would not exist for P2-Zn0 that presents
� = 0.67 and ΦF = 0.23 corresponding to the values of the
onomer molecule. The aggregation is here efficiently inhib-
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ig. 7. UV–vis absorption spectra of P2-Zn2A·HCl of the same concentra-
ion (approximately 5 × 10−7 M) in anhydrous DMF (dashed line) and in
MF/water/HCl (solid line).

ted by the bulkiness of the eight tert-butylsulfanyl substituents.
he diethylaminoethylsulfanyl substituent is more flexible and

he bulky tertiary amino group has more chance to be deflected
rom the macrocycle plane allowing the AzaPc molecules to
et closer. The monomerization in organic solvents is there-
ore ensured mainly by the tert-butylsulfanyl substituents and
he contribution of the diethylaminoethylsulfanyl substituent to

onomerization is less. The effect of increasing the number of
he diethylaminoethylsulfanyl substituents agrees with view if
e consider non-aqueous solvents. The hydrochlorides of amino
zaPc will behave in the same way as the free amino groups.

ndeed, the amino groups will be associated with HCl to produce
n ion pairs with no global charge. Therefore no electrostatic
epulsion forces will occur. In addition, since these complexes
re organic salts they are expected to be less soluble in DMF and
he aggregation forces will be stronger. As a consequence, the
ydrochlorides of AzaPc will have lower ΦF and Φ� than the
orresponding free bases. This effect is further illustrated in the
ase of P2-Zn4·HCl that slowly (within weeks) aggregates and
roduces typical dimeric UV–vis spectra in DMF stock solu-
ion while the free base P2-Zn4 in DMF stock solution remains

onomeric. Also a weak heavy atom effect of the chlorine atom
annot be completely ruled out since the chlorine is associated
losely with the AzaPc molecule.

The presence of some amount of water (in our case 5%) will
ead to solvation of the Cl− and NH+R3 ions that will dissociate.
he repulsion forces associated with the release of the cationic
harge on the protonated amino group would permit disaggrega-
ion. Moreover, the ionized tertiary amino groups will increase
heir volume through solvation by water molecules, which will
avor the separation of the dye molecules in the solution. All

olecules will stay in monomeric form now and the ΦF and Φ�

alues will correspond to purely monomeric P2-Zn0. In the case
f P2-Zn4·HCl the valuesΦF andΦ� did not reach the maximum
alues measured with P2-Zn0. At this moment we have no expla-
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ation for lower values ΦF of completely separated protonated
mino AzaPc (P2-Zn1·HCl, P2-Zn2O·HCl, P2-Zn2A·HCl) in
MF/water/HCl when compared to P2-Zn0. However, it seems

hat the value ΦF = 0.13 could be the maximum for these com-
ounds since all of them reached the same value.

As pointed out by one of the reviewers, another explanation
ust be considered too. Amines are well known as quenchers

f singlet and triplet excited state [54]. If so happened in this
ase, P2-Zn0 should exhibit the largest values while the quan-
um yields should be decreased with increasing number of
mino groups. Photoinduced electron transfer (PET) causing
he quenching of excited states is disabled in the case when the
mine nitrogen is protonated and no lone pair is available for
ET [55]. This would explain restoration of the quantum yield
alues in DMF/water/HCl. However, this explanation would also
equire that the hydrochloride form of AzaPc would dissociate in
nhydrous DMF that appears unlikely although this possibility
annot be entirely excluded.

In pure water solution, the presence of charged solvated
mino groups appears to be the main reason for monomerization
f AzaPc molecules. As suggested by our results, the presence of
our cationic charges lead to good solubility in water medium but
oes not impede dimerization. When compared to other results
btained with cationic Pc, the distance of the cationic charge
rom the macrocyclic system appears to be important. In our
ase, the flexible aliphatic chain made of three atoms allows
eflection from the plane. Similar results were found for tetra-
ationic Pc with the charge attached through a two carbon chain
56]. In this case also, a large proportion of dimer was found in
ater solution. Besides, when the charge is a part of the macro-

ycle (alkylated tetrapyridoporphyrazines), its effect is much
tronger and four charges are enough for complete monomer-
zation while three charges are not sufficient [28]. So, in the case
f flexible charged side chains, more of them are necessary (at
east eight or even more with our compounds). Contrary to the
esults with cationic compounds where the monomerization in
ater seems to follow a linear dependence with an increasing
umber of charges, sulphonated Pc showed a different behavior.
n this case monomerization depends more on the symmetry of
hese anionic compounds than on the number of negative charges
57].

. Conclusion

We have synthesized several new AzaPc bearing cationic
harges in solution. Their Φ� depends on the complete
onomerization of the molecules in the solvent. The protonation

nd solvation of the amino group by water strongly influence the
ggregation state and increase the Φ� and ΦF values. The pro-
onation of the tertiary amino groups in the water solution using
Cl is not quantitative and depends on the pH of the solution.
he monomerization of the AzaPc molecules in water medium

s very sensitive to the amount of protonated amino groups in

he molecule, reaching almost complete separation with eight
harges. However, as suggested by the slightly lower Φ� and
F values, even this amount of charged substituents is not suf-
cient to insure full separation of the AzaPc molecules.
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These molecules appear to have interesting potential with
egards to biological applications. In this case, the monomer-
zation will be improved by interaction of lipophilic part of the
zaPc molecules with lipidic bilayer of biological membranes.
he amount of cationic charges present in the molecules might

arget the photosensitizer to subcellular structures such as mito-
hondria or nucleus. Preliminary results on cells showed about
hree times higher phototoxicity of P2-Zn4·HCl as compared to
2-Zn0, which encourages us to further investigate this class of
ompounds.
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