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O comportamento fotofisico do corante pseudoisocianina (PIC) foi estudado em solucdo
macromolecular (alginato de sédio) e hidrotrdpica (toluenossulfonato e estirenossulfonato de
s6dio). A localizag@o do corante nestes meios modifica as propriedades espectroscdpicas e 0s
tempos de vida dos estados excitados. Os efeitos sdo atribuidos a interacdo do corante com as
macromoléculas ou sua localiza¢do nos agregados hidrotrépicos, que induzem a formacio de
agregados J ou constringem suas movimentagdes internas reduzindo a velocidade da conversio
interna. Os tempos de vida do estado triplete do corante em alginato foram de 20-30 ns em solucdes
recém preparadas, enquanto que, deixando a solucéo repousar por algumas horas o decaimento
vira biexponencial com a formag@o de uma nova espécie com tempo de vida ao redor de 150 ns.
Esta dltima € atribuida as moléculas do corante localizadas no ambiente do alginato.

The photophysical behaviour of the dye pseudoisocyanine (PIC) was studied in macromolecular
(sodium alginate) and hydrotropic (sodium toluenesulphonate and sodium styrenesulphonate)
solutions. It was found that the placement of the dye in these media affected the spectroscopic
properties and the lifetimes of its excited states. The effects are traced down to the interactions
of the dye molecules with the macromolecules or their placement in the hydrotropic aggregates,
inducing the formation of J-aggregates of the dye or constraining its internal movements reducing
the rate of internal conversion. The lifetimes of the triplet state of the dye in alginate were of the
order of 20-30 ns in freshly prepared solutions, whereas when leaving the solution to rest for some
hours the decay became biexponential with the growing of a species with lifetime around 150 ns.

The latter is assigned to dye molecules placed in the alginate network.
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Introduction

The photophysics of the cyanine known as
pseudoisocyanine (PIC) has a relative long history due to
its early use as a spectral sensitizer in photography.! Its
photophysics is well known.>* The monomer band appears
around 520 nm with a vibronic shoulder at 490 nm and
a smaller one at 460 nm.? The decrease of the monomer
band with increasing dye concentration is accompanied
by the appearance of a band at ca. 485 nm on the vibronic
shoulder of the monomer band, characterizing the formation
of dimers.? Under some conditions, the dye can also form
J-aggregates characterized by a narrow band around
570 nm.>13

*e-mail: neumann@igsc.usp.br

PIC presents a very short singlet excited-state lifetime
(12-18 ps)'*!5 and low fluorescence quantum yield
(6.8 X 107) in low viscosity media.'®!'” These facts can be
related to the losses of energy by the deactivation of the
singlet state by a non-radiative process due to the rotation
of the quinolinic rings around the methine bridge. Indeed,
the dye 1,1’-methylene-2,2’-cyanine, whose structure
differs from PIC only by the rigid linkage of the aromatic
rings, has high emission intensity even in fluid media at
room temperature.'®

As a result of the efficient non-radiative decay of its
singlet excited-state, the triplet state of PIC cannot be
detected by direct excitation. However, formation of the
PIC triplet can be sensitized by benzophenone.?

Hydrotropes are amphiphilic compounds, similar
to surfactants, that form microdomains that are not as
well-organized as micelles.'”?° Hydrotropic media have
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been intensively explored by industry to improve the
solubilization of poorly water-soluble substances.??2 This
effect is more expressive above the so-called minimum
hydrotropic concentration (MHC).?* Alginates are
biodegradable polymers (copolymers of B-D-mannuronic
acid and o-L-guluronic acid linked by 1-4 glycosidic
bonds)*?’ that also form microdomains in solution.?
They have been largely studied due to their applications
in agriculture,?® pharmacy,* medicine,*° among others.

In this paper, the spectroscopic and triplet state
properties of the dye were studied in solutions which restrict
the PIC quinolinic rings rotation, like macromolecules
(alginate) and hydrotropes (p-toluenesulphonate and
styrenesulphonate) and compared with the behaviour in
aqueous and organic solvent solutions.

Experimental
Chemicals

Pseudoisocyanine chloride (PICCI, Sigma-Aldrich,
100%), and pseudoisocyanine iodide (PICIL, Sigma-Aldrich,
97%), sodium styrenesulphonate (StyS, Sigma-Aldrich,
>99%), sodium p-toluenesulphonate (TS, Sigma-Aldrich,
95%), benzophenone (Vetec, 99%), and sodium alginate
(Alg, Sigma-Aldrich) were used as received. Ethanol
(Mallinckrodt), methanol (Tedia), butanol (Mallinckrodt),
ethyleneglycol (Mallinckrodt), acetonitrile (Tedia)
and Milli-Q purified water were used to prepare the
solutions. The chemical structure of PIC and the similar
1,1’-methylene-2,2’-cyanine (MEC) are given in Scheme 1.
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pseudoisocyanine chloride 1.1-methylene-2.2’-cyanine

(1.1’-diethyl-2.2’-cyanine)

PIC MEC

Scheme 1.
Methods

Absorption spectra were recorded on a Shimadzu
UV-2550 spectrophotometer and fluorescence spectra
were obtained using a Hitachi F-4500 spectrofluorimeter
at room temperature. For emission studies, PIC was excited
at490 nm. Laser flash photolysis measurements were made
with a Luzchem LFP-112/122 system combined with a
Quantel Brilliant B Nd: YAG laser delivering 5.2 ns pulses
of the second harmonic (532 nm). For transient studies
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of PIC-TS systems the laser power was 160 mJ, and for
PIC-Alg studies, 45 mlJ.

Preparation of solutions

An aqueous stock solution of PICCI 1.9 x 10~ mol L!
(€53 ym = 8.4 x 10* mol™' L cm™') was stored in the dark at
low temperature. This solution was diluted with aqueous
solutions of StyS, TS or Alg to obtain the concentrations
needed for the experiments. For spectroscopic studies,
a 2 x 107 mol L' stock solution of PICI in ethanol
was diluted in water, ethanol, methanol, butanol, or
ethyleneglycol. Working solutions of the hydrotropes were
prepared by diluting 0.8 and 2.0 mol L' stock solutions of
StyS and TS, respectively. The stock solution of sodium
alginate was 2.8 g L.

For flash photolysis measurements, the samples were
deaerated by five freeze/thaw cycles under vacuum.

Results and Discussion

The absorption spectra of PIC in aqueous solution
and other solvents are shown in Figure la. Except for
the difference in the extinction coefficients, all spectra
are similar with a small shift to the red (2-4 nm) for the
peaks in organic solvents. These effects may be due to the
solvent-dye interactions in organic solvents, as already
observed for other dyes.

On the other hand, as expected, the emission (Figure 1b)
increases with solvent viscosity, due to the increasing
medium rigidity that reduces the rotation of the aromatic
rings around the methine bridge, thus diminishing the
internal conversion deactivation of the excited singlet state.
This effect is confirmed by the extremely high emission of
MEQ, that has a similar structure, but an additional ring
structure that prevents the rotation around the methine
bond."

The absorption and emission spectra for PIC in
hydrotropic solutions of sodium styrenesulphonate (StyS)
and in sodium toluenesulphonate (TS) were investigated
in the concentration range 0.03 to 0.6 mol L' and 0.2 to
1.8 mol L, respectively, as shown in Figures 2 and 3. The
selected concentration range encompasses the MHC regions
for these hydrotropes, which is around 1.0 mol L' for TS
and 0.1 mol L! for StyS.?

As can be seen in Figure 2, the absorption spectra
of the dye present a bathocromic shift when in aqueous
solution of hydrotropes, together with a moderate increase
in the absorption intensity. This behaviour is similar to that
observed for PIC in aqueous solutions of poly(methacrylic
acid) (PMAA) at low pH and in organic solvents. The
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Figure 1. Absorption (a) and emission (b) spectra of PIC in water and organic solvents. [PIC] = 1 x 10°> mol L™'; A, =490 nm.
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Figure 2. Absorption spectra of PIC in aqueous solutions of: (a) sodium
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changes can be traced to the interactions between PIC and
the hydrotropes that are essentially hydrophobic (between
the dye and the hydrotrope aggregates above the MHC),
and electrostatic (between the sulphonate group of the
hydrotrope and the cationic dye). Similar variations of the
spectra of PIC in PMAA where assigned to hydrophobic
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interaction between PIC and the polyelectrolyte in a
hypercoiled conformation.?

The emission of the dye (Figure 3) also increases in
hydrotropic medium as observed for PIC in PMAA solution
at low pH.?' This behaviour is similar to that found for the
dye in other rigid media: the dye-hydrotrope interaction
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Figure 3. Emission spectra of PIC in aqueous solution of: (a) StyS and (b) TS. [PIC] =5 x 10 mol L™'; A, = 490 nm.
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diminishes the mobility of the quinolinic rings and thus
emission increases.
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Figure 4. Absorption of PIC 5 x 10° mol L' in alginate solutions.
Inset: Maximum absorbance of the monomer (520 nm) and J-aggregate
(570 nm).

The absorption of PIC in alginate solutions showed
two bands, corresponding to monomers at 525 nm
(with the corresponding vibronic band at 490 nm) and
J-aggregates at 570 nm (Figure 4). It can be observed
that, upon addition of increasing amounts of alginate, the
increase in the absorbance of the J-aggregates parallels
the decrease of the monomer (inset in Figure 4). The
excitation spectra of PIC in alginate solutions (not shown),
measured around the emission maximum (575 nm) shows
the same two peaks. The slight variation in the relative
absorption of the peak at 490 nm, assigned by some
authors to the formation of H-aggregates,’! has to be
attributed to the modification of the vibrational modes
when PIC is in the alginate environment, which should
affect the vibronic band.
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Figure 5. Emission of PIC 5 x 10° mol L' in alginate solutions. Inset:
emission intensity at 570 nm. A =490 nm.
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The emission intensity of PIC in different alginate
concentrations is shown in Figure 5 and the intensity
at the maximum emission peak, 570 nm, is shown in
the corresponding inset. The absorption and emission
behaviour of the dye can be explained by its location within
the alginate macromolecule. At low alginate concentrations,
the dye-alginate interaction diminishes the mobility of
the PIC quinolinic rings so that the non-radiative decay
decreases and the emission increases.

As alginate concentration is increased, PIC monomers
will be incorporated into the more rigid alginate aggregate
domains. Thus, PIC aggregation is favoured and the
J-aggregation band increases. This effect is depicted in
Figure 6b and can be observed in alginate concentration
up to approximately 0.2 g L' In this range, the emission
intensity of the dye also increases steadily. At higher
alginate concentrations, the alginate aggregates start to
approach each other allowing the interaction of the already
bound to the -COO~ dye molecules to interact between
them forming induced non-emitting aggregates (Figure 6d).
Hence, the emission intensity decreases, whereas the J-band
increases. Similar results were found for PIC in solutions of
sodium polyacrylate (MM 30,000 D), potassium polyvinyl
sulphonate, and sodium poly(styrenesulphonate).??

The transient spectra resulting from 532 nm excitation
of PIC 5.7 x 10® mol L' in an aqueous solution of
TS 1.8 mol L' is shown in Figure 7.

The decay of the transient at 740 nm, shown in Figure 8,
presents a lifetime of around 7.5 us. This lifetime is the
same found for the decay of triplet PIC sensitized by
benzophenone.? Therefore, it can be assigned to the triplet
state of PIC.

Longer decay times (around 20-30 us) were found for
the transient absorptions in the 640 and 400 nm regions.
The absorption at these wavelengths did not return to the
baseline. The same behaviour was also found for the dye
in PMAA solution.? This behaviour can be due to a stable
(or long-lived) species formed from the triplet. The dye
safranine was found to have the same behaviour in TS and
PMAA solutions.* In this case, the residual absorbance was
assigned to the formation of semioxidized or semireduced
radical species.

The transient spectra resulting from 532 nm excitation
of PIC 5 x 10° mol L' in an aqueous solution of Alg
2.5 g L' is shown in Figure 9. The transient at 740 nm
showed a biexponential decay with lifetimes around 170 ns
(68%) and 30 ns (32%). Similar values were found for the
transient absorption at 400 nm.

The experiment was performed again with another
solution of PIC in Alg in the same concentrations. The
transient lifetimes in 740 nm and in 400 nm were about
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Figure 6. PIC-alginate interactions in solutions with growing alginate concentrations. A: free PIC monomers, B: free monomers, and monomers and
J-aggregates bound to alginate sites; C: J-aggregates formed by PIC molecules bound to different alginate chains; D: redistribution of PIC monomers at

alginate sites.
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Figure 7. Transient spectra of PIC in aqueous solution of TS.
Aee =532 nm; [PIC] = 5.7 x 10° mol L™'; [TS] = 1.8 mol L.
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Figure 8. Transient decay of PIC at 740 nm in aqueous solution of TS.
A, =532 nm; [PIC] = 5.7 X 10 mol L™!; [TS] = 1.8 mol L.
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Figure 9. Transient spectra of PIC in aqueous solution of Alg.
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20 and 15 ns, respectively. These findings agree with
the transient lifetimes of the first analyses, but the other
component, which was about 150 ns in the first analysis,
did not appear in the later analysis. The appearance of the
species with longer lifetime can be related to the long time
of resting between the preparation and analysis of the first
solution.

Similar results were found for the PIC transient in Alg
solutions containing 0.2 and 1.0 g L' of Alg on the same
spectral regions.

These results show that the transient lifetime of PIC
in Alg depends on the resting time of the solution. Thus,
transient lifetimes between 15 to 30 ns were found for
solutions examined immediately after preparation, whereas
the 150 ns component was only observed when the solutions
were allowed to rest for about 24 h or longer. The 15-30 ns
lifetime is assigned to the J-aggregate. When this aggregate
stabilizes in alginate medium, its lifetime grows up to
about 150 ns.

Conclusions
Absorption and emission

Organic solvent solutions compared to water solutions

No shifts of the peaks of the absorption spectra of
PIC were found when increasing the chain length of
alcohols. The PIC emission band also remained at the same
maximum for all solvents, but the intensity increased with
the viscosity of the solvent. This effect is because rigid
media prevent the rotation of the aromatic rings around
the methine bridge reducing the non-radiative deactivation.

Hydrotropic solutions

In the presence of hydrotropes (StyS and TS), the
PIC absorption spectra present a bathocromic shift and
an increase in the emission. This behaviour is similar to
that for PIC in aqueous solution of PMAA at low pH. The
dye-hydrotrope interactions diminish the mobility of the
quinolinic rings and, thus, the emission increases.

Alginate solutions

A band in 570 nm is found when increasing the amount
of alginate in aqueous solutions containing PIC. This band
was assigned to the formation of J-aggregates of the dye.
The PIC fluorescence emission increases with alginate
concentration up to 0.2 g L-'. After this concentration,
the emission decreases until reaching the same intensity
than that of a 2.5 g L' aqueous solution. This behaviour
can be explained by the initial PIC-alginate interactions
diminishing the mobility of the PIC-quinolinic rings, further
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formation of induced J-aggregates, and final situation with
individual dye molecules bound to alginate sites.

Laser photolysis

Two species of PIC in sodium p-toluenesulphonate
were identified: one with lifetime about 8 Lis and another
with lifetime from 20-30 us. The first specie is assigned
to the PIC triplet and the other one can be a stable specie
of the dye or a long-lived transient. The transient lifetime
of PIC in alginate solution depends on the resting time of
the solution. Freshly prepared solutions show a transient
lifetime between 15 to 30 ns. When the solution is left
standing for a couple of hours, a new lifetime component
can be identified with a lifetime around 150 ns. The
15-30 ns lifetime is assigned to the J-aggregate and the
longer lifetime to the aggregates stabilized in the alginate
microenvironment.
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