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Abstract—Luminescence and chemical acceptors methods were used to study the photosensitized formation of
singlet molecular oxygen ('O, lAg) by monomer and aggregated forms of copper tetra-4-(morpholine-4-yl)-
tetra-5-(2-naphthoxy)phthalocyanine in benzene, benzene-ds, acetone, DMF, and pyridine. The values of 'O,
quantum yield were determined. The effectiveness of the 'O, photoproduction was shown to be reduced due
mainly to the aggregation of the copper phthalocyanine molecules.
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Copper phthalocyanines are important synthetic com-
pounds with a wide range of applications in various
fields of science and engineering, chemical engi-
neering, and medicine: as pigments and dyes, materials
for optics and electronics, catalysts, etc. [1]. The
interest to the photocatalytic properties of copper
phthalocyanine, in particular, to the ability of
photochemical formation of singlet molecular oxygen
('0,, 1Ag), is caused by the wide opportunities of its
practical use in several areas of modern photomedicine
[2, 3] and photochemical technology [4, 5].

Previously, the ability of copper phthalocyanines to
generate 'O, in the light was noted in [5-9]. In some
cases the published data are obviously contradictory
[7, 10]. As the most common reason of this contradict-
tion the aggregation of the molecules of copper phthalo-
cyanine is suggested. However, by the example of
copper tetra(5-fert-butylpyrazino)porphyrazine [(-Bu),
PzcCu], a structural analog of copper phthalocyanine,
it was proved that the quantum yield of 'O, (y) fell
sharply in coordinating solvents [11]. In solutions of
copper tetra(4-tert-butyl)phthalocyanine [(¢-Bu)sPcCu]
this dependence is manifested very weakly [9]. The
question arises: Whether this behavior of copper phthalo-
cyanine is of general character. In this connection, it
was interesting to study further the photoproduction of

'0, in solutions of copper phthalocyanines extending
their range.

In the present study, we investigated the photo-
generation of 'O, with the use of copper tetra-4-(mor-
pholine-4-yl)-tetra-5-(2-naphthoxy)phthalocyanine
[(Mf)4(Nf)4PcCu] as a monomer or in aggregated state
in organic solvents, including benzene, deuterobenzene
(benzene-dy), pyridine, DMF, and acetone.
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Fig. 1. Electron absorption spectra of (Mf)4(Nf),PcCu 0.18 0.20 022

dissolved in (/) pyridine and (2) acetone.

Electron absorption spectrum (EAS) of the (Mf)4(Nf),-
PcCu monomer in the visible region has a charac-
teristic contour of the copper phthalocyanines with an
intense Oy ¢ band (Fig. 1, curve /) whose maximum
(Ap) is located in the wavelength range from 685 to
700 nm depending on the solvent. In benzene, the Oy o
band maximum is located at 698 nm (molar absorption
coefficient £ = 1.6x10° cm ™' mol ' 1). In acetone, the
monomer (Jy ( band is very weak because of the high
degree of aggregation of (Mf),(Nf),PcCu. Therefore,
the assessment of its Ao was carried out using a dilute
solution at the temperature of 333 K. As shown by
measurements (Fig. 2), the value of Ay undergoes a
blue shift in solvents with a lower refractive index (n)
[12]. Similar behavior of Qg band was observed in
the solutions of the other copper phthalocyanines [9,
11, 13] as well as typically coordinately unsaturated
metal phthalocyanines like zinc phthalocyanine [10].
This result indicates that the solvent effect on the Qg ¢
band of (Mf)4(Nf)4PcCu is determined primarily by
universal interactions [14]. However, this fact, taking
into account the assumption on the coordination
unsaturated nature of copper phthalocyanine [15],
which is confirmed by the results of [16], does not
exclude specific solvation of (Mf),(Nf),PcCu in
coordinating solvents in the form of an additional
(axial) coordination of molecules of the latter.
However, the reason why such an interaction is not
manifested in the EAS of metal phthalocyanines is far
from clear. One of explanations is the assumption that
in a high coordination environment the solvated metal
phthalocyanines retain their original symmetry [17],
for example, by joining two molecules of the solvent.

A characteristic feature of the UV absorption
spectrum of (Mf)4(Nf),PcCu is the presence of an
additional, not typical for PcCu and (#-Bu)sPcCu,

(n* = 1)/2n*+1)

Fig. 2. The dependence on the refractive index n of the
peak position of Qg ¢ absorption band of the (Mf)4(Nf),PcCu
monomer dissolved in (/) pyridine, (2) benzene, (3) DMF,
and (4) acetone.

absorption maximum at 314 nm adjacent to the short
wavelength side of the Soret band (Fig. 3). Comparing
the UV absorption spectra of (Mf)4(Nf)4PcCu, 4-(2-
naphthoxy)-5-(morpholine-4-yl)phthalonitrile ~ [(Mf)-
(Nf)PN], and 4-fert-butyl-phthalonitrile (-Bu-PN)
(Fig. 3), we can conclude that this band is due to the
electron transitions in the naphthoxyl fragments.
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Fig. 3. UV absorption spectra of (1) (Bu)PN, (2) (MH)(Nf)PN,
and (3) (Mf)4(Nf),PcCu in benzene.
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The compound (Mf)4(Nf),PcCu belongs to the
group of the phthalocyanines soluble in organic sol-
vents. However, its marked propensity to aggregation
due to lyophobic interactions in solution (Fig. 1, curve 2)
is obvious. Although this property is typical of many
copper phthalocyanines [18, 19], it is especially strong
in the case of (Mf)4(Nf)4PcCu. In particular, in acetone
the (Mf)4(Nf)4PcCu is mainly in the form of an aggregate
(Fig. 1, curve 2). We used this advantage to estimate
the y value for an aggregated form of (Mf)4(Nf),PcCu.

Comparing EAS of (Mf)4(Nf),PcCu in acetone and
pyridine (Fig. 1), we can see that upon the (Mf)4(Nf),
PcCu aggregation the O, ¢ absorption band disappears
and a new broad absorption appears in the region of
Qo1 and @y, transitions. In the spectrum of the
acetone solution of (Mf)4(Nf)4,PcCu the maximum of
this band is located at 640 nm (Fig. 1, curve 2). In
benzene, according to the measurement of differential
EAS of solutions at different temperatures (295 and
333 K), it lies at 650 nm. As can be seen, the solvent
affects the absorption band of the (Mf),(Nf),PcCu
aggregate like the O-band of monomer.

The aggregation of (Mf)4(Nf);PcCu is reversible. A
dilution and (or) an increase in the solution tempera-
ture lead to dissociation of the aggregates. However,
the effect of acetone is very weak, indicating a high
stability of such formations. The process of the
formation and dissociation of (Mf),(Nf),PcCu aggre-
gates is accompanied by the changes in the intensity
ratio of the absorption at the wavelengths of the
maxima of Oy ¢ and Oy, bands (Dg /Dy ), which can
be used to investigate the extent of the aggregation.

The (Mf)4(Nf)4PcCu solution concentration used in
the study of the luminescent and photochemical
properties of the monomer were selected from the
condition of achieving the upper limit of the ratio Dy_o/
Dy ». This condition is satisfied at the (Mf)4(Nf),PcCu
concentration in benzene equal to and below 2.5x
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10°° M (Dy o/Dy » = 3.6). The aggregation of (Mf)4(Nf),
PcCu in pyridine is shown to occur to a much lesser
extent than in benzene, due apparently to the axial
coordination of pyridine molecules restricting the
interlayer interaction of phthalocyanine molecules.

The photosensitized formation of 0, in the solu-
tion of (Mf)4(Nf),PcCu was studied by the methods of
luminescence and chemical acceptors. The 'O,
luminescence was measured at 1270 nm with the
excitation of the source solutions with the laser light at
a wavelength of 337 nm. As the chemical acceptor of
'0, tetracene was used, and for the photoexcitation of
solutions in this case the usual long-wavelength (red)
light was used.

At the UV photoexcitation the absorption bands of
the macroheterocyclic ligand and naphthoxyl sub-
stituents overlap (Fig. 3), therefore in order to deter-
mine the contribution of the latter in the photogenera-
tion of 'O, we preliminary investigated the photoche-
mical properties of benzene solutions of (Mf)(Nf)PN
and (#-Bu)PN. The photoluminescence of 'O, was ob-
served only in the (Mf)(Nf)PN solution. The measure-
ment of y for (Mf)(Nf)PN was performed by the
relative method using palladium mesoporphyrin
dimethyl ester (PdMP) as a reference photosensitizer
of '0,. For PAMP, y = 1.0 [20]. For (Mf)(Nf)PN y
value was found equal to 0.65.

In contrast to (Mf)(Nf)PN, the y value at the UV
irradiation of the solution of (Mf)4(Nf),PcCu is 0.30,
and it should be regarded as a generalized value
associated with the photochemical properties of both
naphthoxyl substituents and macrocycle. Since the absorp-
tion spectra due to the transitions in these substructures
overlap at the excitation wavelength, then the found
difference in y may indicate a lower ability of macro-
cycles (Mf)4(Nf),PcCu to photogeneration of 'O,. The
result obtained for (#~Bu)4PcCu in [9] confirms in-
directly this conclusion.

The potential ability of macrocycles (Mf),(Nf),
PcCu to the photogeneration of 'O, was investigated
using the “energy criterion.” For this purpose we
studied 'O, quenching by the (Mf)4(Nf);PcCu mole-
cules in benzene-ds. In this solvent the lifetime of 'O,
(to) greatly increases [21, 22], and we could minimize
the aggregation effect on the interaction of 'O, with
(Mf)4(Nf)4PcCu by reducing concentration of the
latter. Figure 4 shows a dependence of the decay rate
constant (k) of 'O, luminescence photosensitized with
anthracene on the molar concentration of monomer
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Fig. 4. Dependence of the rate constant of photosensitized

'0, luminescence decay on the concentration of

(M1)4(Nf)4PcCu in benzene-ds (sensitizer anthracene, ¢ =
5%x107° M).

(MA)(Nf)4PcCu (c¢). As seen, this dependence is
approximated by a straight line described by the
equation

k= kp + koc. (1

Here, kp = 1/1, is the 'O, luminescence decay rate
constant in the absence of a quencher; kg is the
bimolecular quenching rate constant. The experimental
data using Eq. (1) give ko = (4.0£0.7)x10° mol ' 15"
This result shows that the value of kq is over tenfold
less than the rate constant of a similar process where
the basic mechanism of quenching is energy transfer
from 'O, to the excited triplet levels of the phthalo-
cyanine quenchers located below 94 kJ mol™ [23]. In
fact, the 'O, quenching in solution of (Mf),(Nf);PcCu
occurs likely along a mixed mechanism involving the
exchange energy transfer and the formation of a charge
transfer complex at the collision of the reactants.
Nevertheless, from these data, we can conclude that
the process of energy transfer is clearly endothermic in
nature. This is possible when the energy of the triplet
{trip-doublet (*T) and (or) trip-quartet (*T) [24, 25]}
level of (Mf)4(Nf)4,PcCu lies higher than the lAg level
of O,. Since the 'O, photogeneration is a consequence
of spin-allowed energy transfer from the excited triplet
phthalocyanine molecules to 0,(’%;) as a result of the
exchange interaction [14, 26], we can conclude that
from an energy viewpoint the photogeneration of 'O,
by the (Mf)4(Nf);PcCu macrocycleis is an allowed
process. This conclusion is confirmed by the method
of photosensitized oxidation of tetracene at the
photoexcitation of the reaction by the wavelength of
the Oy ¢ band of (Mf)4(Nf)4PcCu.

VENEDIKTOV et al.
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Fig. 5. Changes in the absorption spectrum of tetracene
solution in pyridine at the photoexcitation by the light A >
580 nm in the presence of (Mf)4(Nf),PcCu, after 0, 10, 20,
and 30 min of exposure.

Figure 5 shows the EAS indicating the disap-
pearance of the absorption bands of tetracene in the
pyridine solution under the irradiation at A > 580 nm in
the presence of (Mf)4(Nf)4PcCu. A qualitatively
similar effect was obtained with benzene and DMF. A
special test showed that in the absence of (Mf)4(Nf)4
PcCu this reaction practically does not proceed. In
acetone, where (Mf)4(Nf)4;PcCu is aggregated, the
photosensitized oxidation of tetracene can also be
observed. However, in this case the reaction is slow.
According to [27], these results allow a conclusion that
(Mf)4(Nf)4PcCu is a photosensitizer of 'O, formation.
Kinetic curves for this reaction allow the estimation of
the v value for (Mf)4(Nf)4PcCu.

Figure 6 shows the results of studying the kinetics
of the tetracene photosensitized oxidation. As can be
seen, the kinetic dependences in the coordinates
In(Dy/Dy)-t are straight lines (D, and D, are respec-
tively initial and current optical densities at the long-
wavelength absorption band of tetracene, ¢ is the ex-
posure duration). The data obtained show that the
photosensitized oxidation of tetracene occurs in a
pseudo-first order reaction [28]. Consequently, to
determine the reaction rate the following equation can
be applied:

—d[TVdt = ke T]. Q)

Here [T] is tetracene concentration; kg = kr[lOz] is the
effective rate constant; k&, is the rate constant of
bimolecular reaction, [102] is 'O, concentration. The
kegr values were obtained from the kinetic curves by the
equation
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ket = In (Dy/D))I1. 3)

The k. values found show that the reaction rate is
higher in the presence of (Mf)4(Nf);PcCu monomer
rather than aggregate. However, it is obvious that the
kegs value for the monomer (Mf)4(Nf),PcCu in pyridine
is 1.8 times higher than in benzene. If the result
obtained with acetone can be qualitatively interpreted
within the framework of reduction of photochemical
activity of (Mf)4(Nf),PcCu due to its aggregation, then
an adequate explanation of the difference of the kinetic
data in pyridine and benzene from the standpoint of
efficiency of the 'O, photogeneration can be given
only considering the influence of the solvent on the
[0,], [14, 29], k: [30, 31] and 7, [21, 22, 30, 31].
Therefore, to investigate the causes of difference in the
kegr it 1s necessary to consider the mechanism of this
reaction.

The photosensitized oxidation of tetracene can be
represented as a set of elementary stages [7, 10, 14, 27]:

v
'Sy — 5% — 5%,
35* +0, (32;) —18,+'0, ('Ag) or O, (32;), kr,

Solv
'0, ——> 0, + hv(~1270 nm), kp,

'0, + 'Sy — 0, + 'S, and (or) the products of oxidation, ko,

10, +T— products of oxidation, ;.

Here 'S,, 'S*, and 3S* are the ground and excited
singlet and triplet states of the sensitizer, respectively,
Solv is solvent, kr is the rate constant of the quenching
of triplet molecules.

In the light of these elementary processes, the rate
of decrease in the tetracene concentration in the
quasistationary approximation can be written in the
form of the Eq. (4):

key[TH
—d[TVdt = . @)
kp + ko[S] + &{T]

Here [S] is the sensitizer concentration; [/ = [y (1-
10°) is the intensity of the absorbed light; I, is the
intensity of the exciting light; D is the optical density
of the solution at a wavelength of photoexcitation. If
the reaction proceeds with insufficient [O;], then v is
given by Eq. (5) [7, 10, 32]:

YTkT[O2]SATT

y=——. (%)
1 + kr[Os]rr
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Fig. 6. Kinetic plots of the tetracene photosensitized
oxidation reactions in the presence of (Mf)4(Nf),PcCu
(1, 3, and 4) and (#-Bu) 4PzcCu (2) in pyridine (/), benzene
(2, 3) and acetone (4) obtained at the photoexcitation by
light with A > 580 nm.

Here, yr is the quantum yield of triplet molecules; Tt is
the lifetime of the triplet molecules; k&t is the
bimolecular rate constant for the quenching of
molecular oxygen triplet molecules; S, is a probability
of the 'O, formation at the quenching of the sensitizer
triplet molecules by the molecular oxygen (for a
weakly polar environment S, = 1 [32]).

With the known estimates of the kp, ko, and &
parameters, we can simplify equation (4). From the
decay curves of the photosensitized luminescence of
'0, we obtain the limiting values of kpx107*: 33,58,
and 2.0 s in benzene, pyridine and acetone, respec-
tively. Hence, in the investigated solvents the values of
1o for 'O, are respectively 30, 17, and 50 ps. These
values are well consistent with the data of [21, 22].

The parameter &, for this reaction was studied in
[30, 31, 33]. The interaction of 'O, with tetracene was
shown to proceed by the chemical mechanism [33].
Therefore, the value of k& is the same as the rate
constant of the 'O, luminescence quenching by tetra-
cene. In benzene-ds and acetone-ds the rate constants
of 'O, luminescence quenching by tetracene are
1.4x10" and 2.3x10” mol™ 1 s, respectively [30]. Tak-
ing into account the weak effect of deuteration on the
physicochemical properties of solvents [34], these values
can be extended over the benzene and acetone solu-
tions. For pyridine, the value of k, = 5.2x10" mol ' 1 5™
was earlier obtained [31].

The value of kq for pyridine or acetone solutions is
of the same order of magnitude. Consequently, the
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Fig. 7. Kinetic plots of the reaction of photosensitized
oxidation of tetracene in the presence of protoporphyrin IX
dimethyl ester (PP) (1) and (Mf)4(Nf),PcCu (2) in acetone,
at the photoexcitation with a narrow band light with a peak
at 631 nm.

kinetics of the oxidation of tetracene is determined by
the inequality kp > kq[S] + &[T]. Then, within this
approximation, expression (4) can be rewritten in a
simpler form (6):

—d[TVdt = kytol[T]. (6)

From the joint consideration of Eq. (2) and Eq. (6)
follows Eq. (7):

keff: krYTOI- (7)

Moreover, in the case of the (Mf)4(Nf),PcCu
solutions in benzene and pyridine the difference in I
can be ignored, taking into account the closeness of the
EAS contours and Q-band positions for this com-
pound. Then, the relationship between the relative values
of v and k¢ can be expressed as a ratio [Eq. (8)]:

V7o = /(BS). ®)

Here a, B, and 6 are the values of kep/kerr, v, ki/kip, and
To/Top, Tespectively; index b corresponds to benzene.
The ratio y/y, = 0.85 found with this formula shows
that the values of y are close for the solutions in
benzene and pyridine. This result indicates a weak
dependence of y for (Mf)4(Nf)4,PcCu on the solvent.
Nevertheless, as in the case of (z-Bu)4PcCu [9], the
value of y in pyridine is slightly less than in benzene.
In accordance with Eq. (5), this fact may find its
rational explanation in the reduced solubility of mole-
cular oxygen in pyridine [29], considering also the
short lifetime of “T/*T states of the copper phthalo-
cyanine molecule [24, 25].

VENEDIKTOV et al.

To estimate y we compared the kinetic data for the
reaction in benzene in the presence of (Mf)4(Nf),PcCu
and (#-Bu)4PzcCu (y = 0.16 [11]). Figure 6 shows the
closeness of the values of k., in the presence of
(Mf)4(Nf)4PcCu and (¢-Bu)4sPzcCu: Their ratio is about
1.3. It is important to note that despite the closeness of
the contours of the EAS of sensitizers, they differ in
the position of their Oy bands. In the EAS of
(t-Bu)4PzcCu in benzene the Oy o band maximum lies
at shorter wavelengths, at 634 nm [11]. Consequently,
when for the photoexcitation an incandescent lamp is
used, the reaction rate depends on the spectral
emissivity of the source of light. According to [35], the
spectral emissivity of such a lamp at the maximum of
Qoo band of (Mf)4(Nf),PcCu is approximately 1.3 times
higher than at the Qy ¢ maximum of (#-Bu)sPzcCu at
the incandescent temperature about 3000 K.
Consequently, in accordance with Egs. (7) and (8), the
value of y for (Mf)4(Nf)4PcCu should be approxi-
mately 1.7 times lower than that for (z-Bu)sPzcCu.
Proceeding from this fact we can conclude that y value
for (Mf)4(Nf),PcCu is about 0.1. This value can be as-
sociated exclusively with the photochemical properties
of the (Mf)4(Nf),PcCu macrocycle. From these data we
can conclude that (Mf)4(Nf),PcCu is less effective in
the reaction of photosensitized formation of 'O,, but
more active in quenching '0,, than, for example, the
related compound (#-Bu),PcCu [9].

Finally, the y value for the (Mf)4(Nf)4sPcCu ag-
gregate was evaluated. We compared the kinetic data
of the reactions of photosensitized oxidation of tetra-
cene in acetone in the presence of either aggregated
(Mf)4(Nf)4PcCu or protoporphyrin IX dimethyl ester
(PP), obtained by photoexcitation with the narrow
band light with maximum intensity at 631 nm (half-
width about 11 nm), which corresponds to the maxi-
mum of the first absorption band of PP [36]. As seen
from Fig. 7, the rate of photosensitized oxidation of
tetracene in a solution containing PP is much higher
than in solution containing (Mf)4(Nf)4PcCu. The ratio
of ke of these reactions is 46. If we consider that for
PP y=0.77 [36], in accordance with Eq. (8) we obtain
vy = 0.017 for the aggregated (Mf)s(Nf)sPcCu.
Therefore, the photogeneration of 'O, with (Mf)4(Nf),:
PcCu aggregate is less effective than with the monomer.

Summarizing the main results, we can conclude
that the aggregation is one of the most important
factors in reducing the efficiency of photogeneration of
'0, by the (Mf)4(Nf),PcCu molecules.
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EXPERIMENTAL

Compound (Mf)4(Nf),PcCu was synthesized and
identified by the method [37] and subjected to further
purification by column and thin layer chromatography
on silica gel using as eluent first chloroform and then
mixed solvent chloroform—methanol. Compounds (z-Bu)y
PzcCu and PP were obtained and isolated according to
the [38] and [39], respectively. The objects of study
were the solutions of these compounds in benzene,
benzene-ds, pyridine, acetone, and DMF. Benzene of
analytical grade, benzene-ds and acetone of high purity
grade were used without further purification. Pyridine
and DMF were purified according to procedures [12].

The time-resolved 'O, luminescence (1270 nm) was
examined with a laser pulse fluorimeter LIF-200
equipped with a germanium photodetector PD-10 GA.
The 'O, luminescence excitation was performed using
the light from a nitrogen laser (wavelength 337 nm,
pulse energy 20 ul, pulse duration about 2 ns, pulse
repetition frequency 30 Hz). In general, the resolution
of the apparatus was no less than 2 ps. The 'O,
luminescence separation was performed using an IKX-7
filter (thickness 5 mm) with the short-wavelength
border of the transmission around 980 nm. The experi-
mental setup is described in [40]. The 'O, lifetime (t =
1/k) was obtained from the luminescence decay curves
in monoexponential approximation. The error in deter-
mining 7 is about 5%.

Photochemical experiment was performed using
highly stabilized light source of spectral complex
KSVU-2 with the filament lamp OP-0.3-33. Photo-
excitation of solutions was performed in the cell
section of this complex through the condenser and
filter KS-11 with short-wavelength transmission
border 580 nm. These conditions allowed us to per-
form photoexcitation in the Qy o absorption bands of
(MA)(Nf)4PcCu and (z-Bu),PzcCu with an optical
density at the maxima D =~ 0.4. Tetracene oxidation
with an initial concentration of about 7x10° M was
monitored spectrophotometrically by the loss of
absorption intensity at the peak of its first absorption
band at 478, 475, and 472 nm in pyridine, benzene and
acetone, respectively. Kinetic data were treated in the
approximation of pseudo-first order reaction. The error
in determining k¢ not exceeded 2%.

In experiments with aggregated (Mf),(Nf),PcCu the
irradiation was performed using a narrow-band light
installation on Specol-10, containing a monochromator
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with a diffraction grating (651 lines per 1 mm) and a
light source with a 30 W incandescent lamp.

Electron absorption spectra were recorded on a
Specord-M40 spectrophotometer. Luminescence spec-
tral measurements were performed using 1 cm quartz
cells in the presence of air oxygen at about 295 K. In
some cases the experiments were carried out at a
specified temperature.
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