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Photochemical and photophysical behavior of copper(ll) phthalocyaning-3#'-tetrasulfonate anion
Cu(tsPc)™ irradiated with the visible light from the range 46514 nm (vis) has been studied by resonance
Raman spectroscopy. The photochemistry of monomers and dimers of Cti(ts®s)een studied in liquid
solutions of HO and dimethyl sulfoxide (DMSO) as well as in crystal and glassy frozen matrixes as a function
of temperature in the range 2937 K. We have identified the transient species of the photoredox dissociation
as ligand radicals ClftsPc¢)®~ and Cui(tsPc)>. We have shown that the photoinduced dissociation with the
electron transfer between the molecules of phthalocyanine is determined mainly by the molecular structure.
The electron transfer that leads to the generation of the ligand-centered radicals may occur only for the ring-
stacked structures with strong overlapping betweenntigdectronic clouds of the macrocycle rings of the
adjacent molecules. These structures exist in highly concentrated aqueous solutions and in the crystal phases.
The photoinduced electron transfer does not occur for the monomers of Cé(tsPOMSO solution and in

the glassy phases. We have assigned the emission at 527 nm for Cu(isEMY1SO and at 556 nm in ;D

to the T, — T, fluorescence. Competitively, the higher excited triplet statstdte (or the first excited singlet

state $) participates in photoinduced redox dissociation Cu(tsP&}~ Cu'(tsPc)3~ + Cu'(tsPc)5~. The

vis irradiation of the Cli(tsP¢)®~ and Cu(tsPc)°>~ radicals excites them to the lowest lying excited states
that emit fluorescence at 682 nm after undergoing to the ground states.

1. Introduction metal in the following order C&# H > Fe> Vo > Zn > Co

. ) o > Al. Disaggregation of Cu(tsPt) can be achieved with
Phthalocyanines have well-established applications as green/organic solvents (DMSO, pyridine, methanol).

blue pigments and as dyes. Their semiconducting properties have

lead to significant efforts toward their incorporation in chemical hZ?c?cr?:r%f; geigg;?gﬁgoé} prlggoi? d;\?gr?rtgg; g}zlﬁ];nmt;i
sensors, their optoelectronic properties have profound influenceP P :

on the progress in the materials area. Some phthalocyaninegeatures of photodynamic sentitizers is the ability to generate

have been developed as photosensitizers in photodynamicsmglet oxygen that is expected to be different for monomers

therapy of cancer (PDT). Photodynamic therapy is a promising and d'”ierS' because the rate of deactivation by internal
application of photodynamic activity. The literature has recorded conV(_erS|on8to the gro_und state Is suggested_ to be much greater
reports related to photodynamic activity of phthalocyaniies.  [0f dimers? Contradictory results concerning €phthalo-
They may overcome the major drawbacks of the porphyrine- cyanine photodynamic activity were reported in the literature.
type materials: skin photosensitivity, low selectivity for tumor SOMe reports recorded generation of singlet oxyifiae; other

tissue, long period of clearance from the body. It was found F€POrts claim that the dyes containing paramagnetic ions (Cu,
that both the central atom, the solvent, and the ligand substituentd=€: V0) do not photosensitize the oxidation at®l.
in phthalocyanines exert considerable influence on the sensitiza- Understanding photochemical mechanisms of phthalocyanines
tion activity. It was suggested that the activity decreases in the plays a crucial role in evaluation of their photodynamic activity
order Zn> Mg > Cu > Co > Fe?3. The zinc and aluminum  and their potential application in PDT therapy. Phthalocyanines
complexes of sulfonated phthalocyanines have been developecave two major absorption bands, namely the B (or Soret) band
as PDT agents in clinical ude. and the Q band. Photochemical and photophysical behavior of
A number of metallophthalocyanines exhibits a pronounced Phthalocyanines irradiated with violet or ultraviolet light
tendency to form polymets’—polymer sheet (face to face), (resonance with the B band) or visible light in the region-600
cofacially ring-stacked polymers, phthalocyanines covalently 700 nm (resonance with the Q band) have been studied very
bound over the ligand to a polymer chain, and many other extensively in recent yeats.2° It has been found that the
combinations. Cuphthalocyanine, as many other phthalo- commonly accepted pattern of behavior in most photochemical
cyanines, forms stacked aggregates along the axis perpendiculaieactions with the rapid deactivation of the higher excited states
to the plane of the dye macrocycles. The character of the S, to the lowest singlet state {Sand further dissipation of the
aggregation is hydrophobic. The substitution of-Gnthalo- energy via fluorescence, intersystem crossing to the lowest
cyanine with a hydrophilic group like a sulfonic group makes excited triplet state (i), or internal conversion to the ground
them soluble in aqueous solutions. The equilibrium constants state () may be violated in some groups of compounds
for dimeric aggregation are large and depend on the complexingincluding phthalocyanine®. The higher excited singlet,%nd
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triplet T, states often exhibit fluorescence or phosphorescence,in aqueous solution as a function of temperaturecfer 10-2
intersystem crossing,S— T, , and enhanced reactivity in  mol/dn® andc = 103 mol/dn¥, respectively. The similar pattern
electron transfer, energy transfer, or formation of radicals with of behavior has been recorded for other concentrations ranging
hydrogen abstraction, competing with rapid deactivationsto S from ¢ = 1072 to ¢ = 105 mol/d®. The narrow peaks in the
state. region 200-2000 cnT? correspond to the internal vibrations of
There are many fewer papers reporting the photochemical Cu(tsPc}~, the peaks at around 3000 chcorrespond to the
behavior of phthalocyanines induced by irradiation with the vis stretching (symmetric and asymmetric) modes of water. In the
light that is in resonance neither with the Q band nor the B region 4008-6000 cnt! we can see a very broad, structureless
band because the energies from this range were expected tdand with the maximum at around 4800 chtorresponding
generate no interesting photochemical features. We will show to the emission of unknown origin. The emission at the relative
that the photochemical features revealed in the vis spectral rangevavenumber of 4800 cnt corresponds to the wavelength of
are very intriguing and shed new light on the photochemistry 682 nm for the excitation with the argon laser line 514 nm.

of phthalocyanines. The intensity of the emission at 682 nm increases with
In this paper we wish to address the questions about the decreasing temperature. Many phthalocyanines were reported

photochemical and photophysical behavior of Cu(t$Pa)- to have fluorescence S~ S, for the Q transition in this spectral

duced by laser irradiation with vis light in the range 4684 region2°-32 For example, the fluorescence for Al(tsPc) at 298

nm that is in resonance neither with the Q band (6000 nm) K was reported to be 679 nfA.We have found at 294 K that
nor the B band (Soret band) (350 nm). The attempt of the paperthe excitation withi = 640 nm (resonance with the Q transition)
is to understand the nature of the emissive states at 527 andeads to the appearance of fluorescence at 682 nm for diluted
682 nm and the other photochemical and photophysical proper-solutions in DMSO (10°% mol/dn?) that is completely sup-
ties of Cu(tsP&)~ explored by resonance Raman spectroscopy. pressed for higher concentrations due to the nonradiative
. deactivation competing effectively with the emissive path.
2. Experiment However, the intensity of the fluorescence should decrease, not

Spectrograde DMSO and copper(ll) phthalocyaning4.4'"'- increase, with the decreasing temperature because the rate of
tetrasulfonic acid, tetrasodium salt were purchased from Aldrich. deactivation by internal conversion competes in direct cor-
They were used without further purification. Water was distilled respondence with the increasing degree of aggregation at low
before preparing the solutions. temperatures. It indicates that the emission observed at 682 nm

The Raman spectra were recorded in the cryostat (Oxford for highly concentrated solutions of Cu(tsPcin DMSO at
Instruments Limited) and commercial glass ampules were low temperatures, although it covers the same spectral range
mounted in a special cell arrangement. The samples wereas the Q transition fluorescence at 294 K, should be assigned
introduced as a liquid, and they were cooled in the cryostat to the emission of transient species generated by the vis-light
equipped with a heater and thermocouples for temperatureirradiation that are stabilized at low temperatures. At room
monitoring. Cooling the sample was achieved by the use of a temperature the recombination processes are too fast and the
50 L Dewar that supplied a small stream of liquid nitrogen or transient species cannot be monitored. We will provide evidence
helium through a vacuum jacketed tube to the cryostat coat. Tothat the emission at 682 nm at low temperatures is not due to
ensure that the equilibrium phases are generated, the samplethe § — S Q transition fluorescence of Cu(tsPcind that it
were cooled slowly (0.8C/min). The nonequilibrium phases originates from the emission of transient radicals generated in
were generated at the rapid temperature quenching in a speciaphotoredox dissociation.
homemade ring immersed in liquid nitrogen with liquid solutions ~ Cu(tsPc}~ dimerizes readily in aqueous solutions. It tends
of Cu(tsPc}™ injected into the ring. This procedure ensures the to aggregate in that solvent even at4@nol/dn®. Figure 2a
maximum possible quenching rate, in contrast to the slow shows the absorption spectra of Cu(t$Pa@s a function of
cooling of 0.5°C/min used for generation of the equilibrium  concentration. One can see that the Q band consists of the bands
phases. The procedure corresponds to the deposition of amat 624 and 661 nm corresponding to dimer and monomer,
amorphous film or direct sublimation of the sample on the cold respectively. The dimerization equilibrium constahfor the
support at 77 K used previously to obtain phases strongly process
deviated from equilibriun®

Raman spectra were measured with Ramanor U1000 (Jobin ZCu(tsPc‘ﬁ_ = [Cu(tsPc)‘_]2
Yvon) and Spectra Physics 2017-04S argon ion laser operating
at lines 465.8, 472.7, 488, 496.5, and 514 nm at powers 10, 4,between the monomeric and dimeric forms was calculated from
125, 85, and 125 mW, respectively. The Raman spectra in thethe absorption spectra (Figure 2a) and was found to be .15
lattice region 15-200 cnT! and the intramolecular vibrations ~ 1C° in aqueous solution at 294 K. The extinction coefficient is
region 206-7000 cnt! were recorded. The spectra were 1.29x 10* [mol/dm?®~tcm™.
recorded in a broad temperature range from 293 to 77 K. The To elucidate the differences between the mechanisms of
spectral slit width was 6 cnt in the full temperature range,  photochemical processes for monomers and dimers of Cuf(tsPc)
which corresponds to the 500m mechanical slit of the  we have studied the photochemistry of Cu(t$Pdh DMSO
spectrometer. Al/4 wave plate was used to change the linear and compared it with that in aqueous solutions. Cu(tsPic)
polarization into the circular one to avoid the different polariza- DMSO exists almost entirely as monomer, in contrast to water,
tion sensitivity of the gratings. The interference filter has been which is evident from the comparison between the absorption
used to purify the laser line by removing additional natural spectra in water and DMSO presented in Figure 2a,b.
emission lines that interfere with the Raman lines, especially ~ Figure 3 shows the Raman spectra of Cu(t$P&) DMSO

in the case of solid samples. solution as a function of temperature for= 0.01 mol/dni.
) ) The similar spectra have been recorded for concentrations
3. Results and Discussion ranging fromc = 102 to 10°5 mol/dn?. One can see that like
A. Photochemistry of Cu(tsPc}~ in Water and DMSO. in water, the broad, structureless emission at 682 nm is observed

Parts a and b of Figure 1 show the Raman spectra of CuftsPc) in DMSO at lower temperatures when the solution becomes a
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a transient radical
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Figure 1. Raman spectra of Cu(tsPc)in aqueous solution as a function of temperature at slow cooling rate (0.5 K/min)=fot0-2 mol/dn¥
andc = 102 mol/dn¥.

frozen matrix. The intensity of the band increases with decreas-weak band at 6200 cr (754 nm) of unknown origin at 294 K

ing temperature. However, in contrast to the aqueous solutionsthat disappears at lower temperatures.

(Figure 1a,b) we observe an additional, very intensive emission  To understand the origin of the emission at 527 nm in DMSO,
with the maximum at around 500 ch(527 nm). The emission ~ we have recorded the Raman spectra as a function of the
is observed only for liquid solutions and disappears at lower excitation wavelength. One can see that the intensity of the band
temperatures. At lower temperatures when the solution becomesat 527 nm depends strongly on the excitation wavelength (Figure
a frozen matrix, the emission at 527 nm decreases in direct4). The strongest intensity of the emission is observed for the
correspondence with the increasing intensity at 682 nm. The excitation with the wavelength of 465.8 nm. The apparent shift
isobestic point at around 3400 cin(622 nm) indicates that  of the emission band maxima in Figure 4 has no physical
the bands at 527 and 682 nm represent the processes that anmeaning and simply comes from the fact that the Raman spectra
linked together. More careful inspection of the spectral features are measured using the relative wavenumbers with respect to
in Figure 3 in the region 40667000 cnt! shows an additional  the excitation wavenumbers.
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Figure 2. Absorption spectra of Cu(tsPc)at 294 K, optical path= 0.2 mm in agueous solutions in DMSO.

To decide which of the electronic transitions is in resonance appearance of the filled nonbonding orbitals antf tiansitions.
with the irradiation at around 465.8 nm, let us discuss all of It has been suggested that the*nransition is placed ca. 2660
the possible electronic transitions in the spectral region under cm=! above the lowest lyingrr*3! and it should be observed
study. One can see from Figure 2a,b that Cu(tsPo)aqueous on the longer wavelength edge of the B band. Because the B
and DMSO solutions possesses intense B and Q bands at abowind Q bands are strong, these additional transitions that exist
350 nm and between 620 and 670 nm that have been assignethetween B and Q may mostly be hidden. However, the careful
to the transitions between the bonding and antibonding ligand- inspection of the absorption measured for a long optical path
centered orbitalsit* (az, — €5 and a, — ey, respectivel§?). in this region for Cu(tsPé) in aqueous solution presented in
The existence of four imino nitrogens bridging pyrrole units in  Figure 6 shows evidently weak absorption bands on the longer
the Cu(tsPd™ macrocycle (Figure 5) is responsible for the wavelength edge of the B band at 435 and 460 nm, respectively.
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Figure 3. Raman spectra of Cu(tsPt)in DMSO solution as a function of temperature at slow cooling rate (0.5 K/ming for0.01 mol/dn.
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Figure 4. Dependence of the Raman spectra of Cu(tsPie) DMSO solution (degassed sample) on the wavelength of excitation at 294 & for

= 0.01 mol/ dm. The intensities are normalized to the same laser power of 120 mW and the wavelength of 514 nm taking into account the

correction of the Raman scattering intensity on the wavelength.

We have assigned the absorption at 435 nm to ffi@mnsition.

the emission in the visible region has been reported for many

The nature of the absorption at 460 nm is less clear. It was phthalocyanined’ In most cases the emission was shown at

reported that the triplettriplet transition3za* (T, — Tp) is
expected in this spectral regidi? For example, the absorption
observed at 480 nm for phthalocyaninefd) and copper(ll)
phthalocyanine (CuPc) has been assigned totae (T —
T,) transition? However, the absorption to the higher excited
singlet states & S, has similar energi@%and should be also

the longer wavelength side of the B band at around-42D
nm131417hut in some cases a weak emission was observed at
around 500 nm (KTsPc, ZnTsPc, Nt-BuPd$:25The nature of

the emissive states in this region is not clear yet. It is obvious
that the emission at 527 nm cannot originate from the
phosphorescence from the lowest lying excited ligand-centered

taken into account for further considerations. The presence oftriplet T; state that is shifted to the near-infrared regiéit



Photoinduced Redox Processes in Phthalocyanine J. Phys. Chem. A, Vol. 108, No. 2, 200269

tions when compared with degassed samples, confirming singlet

oxygen involvement in the process of deactivation of the triplet
state T.

The assignment of the fluorescence at 556 nm (in water) and
527 nm (in DMSO) to the T— T, transition raises a question
about the mechanism of populating the lowest lying triplet state
Ti. It seems that the vis light from the range 46584 nm
with an energy in excess for the Q transitidns*, aj () —
ey(r*)) populates the vibrationally excited states that are
deactivated rapidly to the ground vibrational state of the lowest
lying excited singlet state 1§ey(7*)). The resulting $ state
undergoes intersystem crossing to the lowest excited triplet state
T1. This mechanism seems to be supported by the clear

vibrational structure of the Q electronic transition in DMSO

with peaks at 610 and 675 nm (Figure 2b). The frequency of
SO3- SO3- the vibrational mode that is coupled the most efficiently to the
electronic transition estimated from the vibrational structure has

been found to be 1522 crhand closely corresponds to the
has been suggested that it originates from the higher excitedViPrational mode at 1527 cr monitored by the resonance

singlet $ or triplet T, states of phthalocyanin®sfor the Q enhanced Raman signal (Figure 8).

transition or from the lowest |y|ng excited states of the B. Electron Transfer. In view of the results presentEd SO
phthalocyanine radicafé.If these assignments are correct, the far we can state that the vis photochemistry of Cu(tsPc)
excitation with 465.8 nm in Figure 4 leads to the resonance monomers (in DMSO) and dimers (in€) differs significantly.

with the electronic transitiofzsr* (T1 — Tp) or bea* (So — The emissive band at 527 nm in Figure 3 is observed in both
S) and populates the higher excited tripletoF singlet $states ~ nondeareated and degassed samples of CuftsidpMSO at

that may be followed by the fluorescence at 527 nm. The 294 K without any changes in the intensity as function of time,
emission at 527 nm is also observed in the preresonancewhereas it disappears immediately after the irradiation in
conditions for irradiation with 514 nm in DMSO (Figure 3) nhondeareated samples and much slower in degassed samples
whereas it is not observed in aqueous solutions (Figure 1a). in H2O at 556 nm (Figure 7). The stationary Raman technique

To provide a more convincing argument supporting the applied in the paper does not allow us to estimate exactly the

assignment of the emissive band at 527 nm to the fluorescencetime scale of the decay, but this finding clearly indicates that
from the higher excited triplet state (T~ Ti), we have singlet oxygen quenching is not the only mechanism responsible
performed various energy transfer experiments and particularly for the deactivation of the excited triplet state There must
the experiments with sensitization of oxygen triplets. In Figure €exist an additional mechanism (or mechanisms) of deactivation
7 we have compared the intensity of the band for Cu(tsFn) of the T, state (or the Sand T, states) that is competitive to
aqueous solution in degassed and nondeareated sample. Ori&@e T, — T fluorescence.

can see that the intensity of the emission at 1500'c(656 To consider possible mechanisms of deactivation, it is helpful
nm) is significantly suppressed in nondeareated aqueous solu+to recall that the mechanisms of quenching are very sensitive

Figure 5. Scheme of Cu(tsPt) macrocycle.
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Figure 6. Absorption spectra of Cu(tsPc)in aqueous solutions at 294 K, optical pathl cm.
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Figure 8. Raman band shape of thg vibrational mode of Cu(tsPt) macrocycle in DMSO solution (degassed sample) at 294 K.

to the degree of aggregation. It was repottéiiat the irradiation mechanisms of deactivation are related to the formation of the
of phthalocyanines with the wavelengths corresponding to the transient radicals. To verify this possibility, we have to check
resonance with the B transition or with the shorter wavelengths if the energies from the visible region used for irradiation of
induces the photoredox dissociation: the sample are sufficient to generate the transient radical species.
Because the redox energies for the monomers and the enthalpy
[Cu(tSPCf“]Zi Cu'(tsP®)® + Cu'(tsP&)*™ (1) of dimerization for Cu(tsP¢) are known from literaturé? it
is possible to compare the energy required to induce the

The photoredox dissociation (eq 1) leads to the electron Photoredox dissociation (1) with the energy of the irradiation
transfer between the adjacent molecules that results in formationused in this paper. Figure 9 shows the semiquantitative energy
of the ligand radical species &isPc)>~ and Cli (tsP¢)3~. Our diagram of the excited states of Cu(tsPdp aqueous solutions
results presented so far strongly suggest that there must exisend the relative energies of reduction and oxidation of the
an additional mechanism (or mechanisms) of deactivation of macrocycle E (Pc/Pc) and E (P¢'/Pc) in the monomeric
the T, state (or the T state) that is competitive to the, ¥ T, Cu(tsPc)~. We can state from Figure 9 that the excitation
fluorescence. It seems to be very likely that these additional energies applied in this paper (4638L4 nm) are sufficient to
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Energy (kJ/mol)® assignment, let us discuss in detail the nature of the emission

A S, (B transition) at 682 nm observed for Cu(tsPc)in both water (Figure 1a,b)

3422 Y 'nn and DMSO (Figure 3). Although the emission at 682 nm occurs

in the same spectral range as the fluorescence Sy for the

“Epcpc+Epcpe Q electronic transition for Cu(tsPc) in very diluted DMSO

253.5 7Y solutions (10® mol/dn?) at 294 K we will provide further

2329 evidence that the low-temperature emission at 682 nm represents
4 Cu(tsPe’)*+Cu(tsPe’)® the transient radicals that are generated in the photoredox

195.6 FSp— dissociation (1) induced by irradiation with vis light.

191.9 'nn’ 624nm dimer To provide a more convincing argument in supporting the

assignment of the band 682 nm to the phthalocyanine radicals,

L I O 661nm monomer we have performed the low-temperature Raman measurements

Ig at various rates of cooling. It is well-known that distinct

£

8

350nm . . .
Ero structures of matrixes are generated at rapid and slow cooling

rates®® Rapid cooling usually generates the glassy frozen
112.57 L matrixes, whereas a slow cooling rate leads to the crystal
matrixes. The generated phases can be easily monitored by the
low-frequency Raman spectra where phonon peaks signal the
41.2 K¥/mol existence of translationally ordered crystal structure whereas
So > the absence of any phonon peaks indicates that the glassy phase
Cu(tsPoy’; has been formed. The results we presented so far in Figures
Figure 9. Semiquantitative energy diagram of excited states in 1a,b and 3 are related to the slow cooling rate that generates
Cu(tsPc)™ in aqueous solutions relating to the relative energies of the crystal structures of Cu(tsPcln both HO and in DMSO.

reduction and oxidation of the macrocycle in the monomeric CutsPc) |+ would be interesting to compare the results for the crvstal
Erp is the threshold energy for the photoredox dissociat§Rc/ P¢™) hase with those in tr?e lass P hase ry

andE(Pc*/Pc) are the standard reduction ad oxidation energies of the P ) g Yy P :
macrocycle in the monomeric phthalocyanie. Figure 10 shows the Raman spectrum of Cu(tsFig)DMSO

(c = 1072 mol/dn¥) for the rapid cooling when the glassy
induce the redox photodissociation (1) resulting in formation structure has been generated at 77 K. A similar spectrum has
of Cu'(tsPc)>~ and Cui(tsPc)3~ radicals. It indicates that the  been recorded for Cu(tsPc)in an aqueous glassy matrix.
vis light may generate transient radicals that live very shortly Striking behavior is revealed when Figure 3 (for the crystal
at room temperatures and compete in the deactivation ofthe T structure) is compared with Figure 10 (for the glassy structure).
state. With decreasing temperature the recombination reactionFirst, there is no band at 4800 cin(682 nm) for the glassy
rates become slower and the emission from the transient radicalgphase in contrast to that observed in the crystal phases at 77 K.
can be observed. In view of the results presented so far it Second, the band at 527 nm that exists only for the liquid
becomes clear that the emission at 682 nm must be related tosolutions at higher temperatures and disappears at low temper-
the presence of GtsPc)>~ and Cul(tsPc)®~ radicals generated  atures for the crystal phase (Figure 3) still exists in the glassy
in the photoredox dissociation (1). phase at 77 K (Figure 10). It looks like the photochemical

C. Origin of the 682 nm Emission: Photochemistry of properties of the liquid state have been preserved in the
Cu(tsPc)~ in Crystals and GlassesTo establish firmly the amorphous glassy phase. It clearly indicates that the structure

514nm 2Cu(tsPc)™
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Figure 10. Raman spectrum of Cu(tsPc)in DMSO for ¢ = 1072 mol/dn? for the rapid cooling when the glassy structure has been generated at
77 K.
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of Cu(tsPc)~ has a profound influence on the photochemical [Cu'(tsPc-GQ°)°]. All these competitive processes become less
behavior. The crystal polymorphs of Cu(tsPcform ring- effective with decreasing temperature because the molecular
stacked columri4 close enough in space to overlap efficiently motions become slower. This is one of the main reasons we
between ther-electronic clouds, and as a consequence, the have not assigned the emission at 527 nm to the copper
photoinduced electron transfer between the adjacent macromolphthalocyanine radicals. The emission at 527 nm cannot
ecule rings occurs, leading to the photoinduced dissociation (eqrepresent the fluorescence from the radicals because this
1). assumption would lead to unreasonable conclusions that the
In contrast to the crystal phases, the liquid solutions and photoredox dissociation (1) takes place more effectively during
amorphous glassy phases are only partially organized. As aifradiation of phthalocyanine monomers (in DMSO, Figure 3)
consequence, the distances between the adjacent phthalocyaniri@an dimers (in water, Figure 1a,b) and that the regeneration of
rings are longer and the overlapping betweesiectronic clouds  the dimer Cli(tsPc)>~ + Cu'(tsPc)*~ = [Cu(tsPc¥ ], occurs
is much less efficient, resulting in much less efficient photo- faster at low temperatures.
induced electron transfer (1). To provide further evidence that the emission at 527 nm
The above statements can rationalize the different pattern of @Nnot result from the phthalocyanine radicals we have per-
photochemistry for the slow and rapid cooling as well as the formed the resonance Raman measurements for Cuftsirc)
photochemistry in different solvents. Indeed, the irradiation with Water—alcohol (methanol, 1-propanol) mixtures. The results for
vis wavelengths excites the higher triplet statg Which is water-methanol are presented in Figure 11. One can see that
deactivated to the iTstate exhibiting emission at 527 nm the intensity of the band at 527 nm decreases in direct
(DMSO) and 556 nm (kD) or competitively deactivated via correspondence with the increasing intensity of t_he ba_nd at 682
radiationless quenching by the photoreduction process (1). The"M When temperature decreases. The isobestic point can be
radiationless photoreduction quenching is a much more efficient cléarly seen at 4000 cm (647 nm). This point corresponds
path for deactivation of the Btate in aqueous solution (dimers) €xactly to the wavelength of the crossover between the band of
at ambient temperatures and in crystal matrixes (both in water the dimer (624 nm) and monomer (661 nm) in Figure 2a,b.
and DMSO) at low temperatures than for DMSO solutions L€t US examine the other possible transients that may be
(monomers) and glassy matrixes (both in water and DMSO) as .generate.d in protic sql\{ents and in the presence of oxygen. The
a consequence of much less efficient overlapping betweeninterception of the oxidized species '¢tsPc)* with alcohols
n-electron clouds. This is the reason the band at 527 nm is!€ads to the stabilization of the reduced specie$(&c)>
observed in Figures 3 and 10 whereas it disappears in Figureand generation of a transient product associated with the

1a,b. In contrast, the band at 682 nm (4800~ &mis not abstraction of hydrogen in the following sequence of reactions
observed for the glassy phase in Figure 10 whereas it has a 0 2 | 5
very strong intensity for the crystal phases in Figures 1a,b and Cu'(tsP¢)°” + SH— Cu'(tsPcH) + S

3. The disappearance of the band at 527 nm is accompanied by I -~ - +
the appearance of the band at 682 nm that clearly indicates the Cu (tSPCH)% Cu (tsPc)‘ +H
emission at 682 nm must be related to the photoredox dissocia- 2CU'(tsPcHf™ — Cu'(tsPc)*™ + 2H*
tion and the ligand radical species.

To specify whether the emission at 682 nm is related to  Cu'(tsPcHJ™ + Cu'(tsPcf™ — (Cu'(tsPc) ), + H*
Cu'(tsPc¢)>~ or Cu'(tsP¢)3~ radicals, we have performed a
series of measurements in the presence of radical cation and With decreasing temperature the sequence of reactions
radical anion scavengers. We have found that the intensity of between the oxidized species of phthalocyanine and the protic
the band at 682 nm is suppressed by the presence of radicakolvent SH that leads to the recombination of phthalocyanine
cation scavengers such as triethylamine. Thus, we have assignedimers becomes slower. If we assumed that the emission at 527
the emission at 682 nm to the Cu(t$Pc radical. This nm comes from the protonated isomer of the monomeric
assignment corresponds very well with another experimental phthalocyanine [Cl(tsPcH$], it would imply that the intensity
finding that the Cli(tsPc)®~ radical has an absorption at= of the emission at 527 nm should increase, not decrease, with
515 nm32353630, it becomes clear that the vis irradiationlat ~ decreasing temperature, in contrast to the experimental results
= 514 nm excites the phthalocyanine radicals to the excited in Figure 11. On the other hand, if we assume that the emission

electronic state Cu(tsP&~ ™ *Cu(tsPc)3~ that emits fluo- at 527 nm comes from the excited state of the reduced species
rescence as the system approaches the ground state. Cu'(tsPc)>~, we should take into account that the interception
D. Photochemistry of Cu(tsPc)# in Water —Alcohol Mix- of the reduced species with oxygen does not prevent the
tures. The question arises why we have not assigned the recombination of the dimer. Because Figure 11 presents .the
emission at 527 nm to the ¢@sPc)3- radical. Feraudi et & results for the sample that was not degassed the following

assigned the transient absorption at around 500 nm to the radicapeduence of reactions may occur
cation Cui(tsPc)3~. So, it would be appealing to assign the

emission at 527 nm to the emission of the phthalocyanine Cu'(tsP¢)*” + O, — Cu'(tsPc-Q)°>”
radicals instead of to the, 7 T, fluorescence of phthalocyanine
Cu(tsPc)~, as we propose in this paper. Cu”(tsPc—Q')S_ + Cu'(tsP&)*™ — (Cu”(tsPC)’_)2 +0,

To discuss this issue, it is worth remembering that the excited
states of the radicals are competitively quenched by (a) Again, the rate of the reactions leading to the recombination
recombination of dimeric species through intramolecular electron of the dimers (Cl(tsPc}), should be slower for lower
transfer, which regenerates phthalocyanine Cu(fsPand (b) temperatures, which would imply that the emission of the band
decomposition processes. In the presence of the radical scav527 nm should increase with decreasing temperature, in contrast
engers, copper phthalocyanine radicals may form a transientto the experimental results in Figure 11.
product associated with the abstraction of hydrogen (in protic  One can see from Figure 11 that the intensity of the band
solvents) [Cl(tsPcH¥"] or an adduct or peroxo compound 527 nm decreases whereas the intensity of the band 682 nm
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Cu(tsPc)™ in H,0/MeOH (c=20.98mol/dm°)
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Figure 11. Raman spectra of Cu(tsPt)in water-methanol mixtures as a function of temperature at slow cooling rate (0.5 K/mi€}:.f@ecf-
= 0.001 mol/dm, methanol concentration= 20 mol/dn?.

Excited state of
the radical s,

increases with decreasing temperature. Similar results were
obtained in Figure 3 in DMSO solution, which, in contrast to s Tn
methanol, is an aprotic solvent. It indicates that the band 527 ~ "~ 4
nm does not represent the protonated specie$(fSRcHF]. 460-514/nm 514inm
In contrast to aqueous solutions, the dimerization constant of
(Cu'(tsPc}™) in methanol like in DMSO is totally displaced
toward the monomeric species, preventing the electron transfer
in the photoredox dissociation (1). Thus, the results strongly
suggest that the different photochemistry in aqueous solutions
in comparison with DMSO and alcohols is associated with the
monomer-dimer equilibrium than with the aciebase equilib-
rium.

The picture that emerges from the analysis to this point shows nm [32]
clearly that the photochemical behavior of Cu(t$P¢ entirely So -
determined by the photoredox dissociation. It is not still quite Figure 12. Schematic energy diagram of excited states of Cu(tsPc)
clear if the photoinduced redox dissociation occurs in the lowest for the Q transition.
lying singlet § state or in the higher triplet state,. TThe
knowledge of the reduction potentials for the excited singlet difference between the ground state of the radical and the triplet
and triplet states would be very helpful because the reduction state .. We have found that it corresponds to the wavelength
potentials may differ significantly for the triplet and singlet of 678 nm and is in perfect agreement with the experimentally
states’? resulting in different reactivity. Unfortunately, the observed emission at 682 nm. This provides strong evidence
reduction potentials for Cu(tsPc)in the higher triplet states  that the photoredox dissociation occurs in thestate.
are unknown.

Let us look at the schematic diagram of the energy levels in 4. Conclusions
Figure 9 and the photochemical sequence of events after the
vis irradiation that we propose in this paper (Figure 12). One 3
can see from Figure 9 that the energy of the pait(@Pc)> !
+ Cu'(tsPc¢)3~ is comparable with the energy of the vibra-
tionally excited singlet state ;Sfor the Q transition. Fast
relaxation of the vibrational states is in competition with the
photoredox dissociation that may occur directly from thstSte
or by the population of the lowest lying triplet stateféllowed
by the excitation to the [Tstate. The temperature dependence
of the T, — T fluorescence cannot provide a hint which state h
(Sy or Ty) is involved in the photoredox dissociation because S—S (v>0)
the intensity of the T— T fluorescence would decrease with
decreasing temperature in both cases. However, applying thewherev is the vibrational quantum number. The vibrational
energies from Figures 9 and 12, one can estimate the energymode coupled to the electronic Q transition estimated from the

556inm (water)
527E nm (DMSQ)

The vis light irradiation of the copper(ll) phthalocyanine-
4,4" 4" tetrasulfonate anion Cu(tsPc) with the energy
between the B transition (350 nm) and the Q transition {600
700 nm) leads to the mechanisms of photophysical and
photochemical behavior presented in Figure 12.

1. vis light excites the ground-statg & the molecule to the
vibrationally excited states of the lowest lying singlet excited
state (%) for the Q transition
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