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ABSTRACT: The interaction between phthalocyanine (ZnPc) and poly(ethylene oxide) (PEO) in water
has been studied by dynamic laser light scattering and transient absorption and fluorescence spec-
troscopies. After the addition of PEO, the intensity of the transient absorption at ca. 490 nm, arising
from the triplet state of the nonaggregated ZnPc, increases, and the triplet lifetime becomes longer. These
results together with the fluorescence quenching experiments reveal that PEO behaves as a dispersion
agent to disstack phthalocyanine macrocycles into individual molecules. It has been found that an
equimolar amount of long PEO chains (M,, ~ 10 000 g mol~?) can completely disstack ZnPc aggregates in
water. A long PEO chain is about 8 times more effective than its short counterpart (M,, ~ 2000 g mol~2).
The disstacking process has also been monitored by dynamic light scattering, which shows that the average
particle size decreases significantly upon the addition of PEO. Since PEO is a FDA-certified biocompatible
polymer material, such a phthalocyanine system has a potential application in photodynamic therapy.

Introduction

Owing to their potential applications as photosensi-
tizers in solar energy conversion! and photodynamic
therapy,? phthalocyanines and their metal complexes
have recently received considerable attention. One of
the intrinsic problems of using these macrocycles is their
strong stacking tendency to form dimer, trimer, and
other aggregated species in solution.® This phenomenon
is particularly serious in aqueous solutions because of
strong hydrophobic interactions.* It has been found that
such a stacking can lead to an efficient nonradioactive
energy relaxation, reducing the triplet-state population
and, consequently, significantly decreasing the photo-
sensitizing efficacy.5> Much effort in the past has there-
fore been put to generate nonaggregated phthalocya-
nines in aqueous media.

We have recently shown that four second-generation
poly(aryl ether) dendritic fragments with terminal car-
boxylate moieties are sufficiently large to prevent the
aggregation of a zinc(11) phthalocyanine core.6 However,
it is time-consuming and expensive to prepare high
generation dendritic phthalocyanines. A simple and low-
cost method has to be developed for a real application.
For lower generation analogues, cationic surfactants
such as hexadecyltrimethylammonium bromide are very
effective to inhibit the stacking because of the electro-
static interaction between the anionic terminal groups
of the dendritic fragments and the cationic heads of the
surfactants.” However, the toxicity of surfactant is a
potential problem in biomedical applications. Therefore,
it is ideal to find a system containing a biocompatible
and biodegradable dispersant to disstack phthalocya-
nine. Previously, we briefly investigated the effects of
hydrophilic poly(ethylene oxide) (PEO) on the aggrega-
tion behavior of the first-generation dendritic phthalo-
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cyanine (ZnPc, Scheme 1).8 Our preliminary results
showed that long PEO chains have a potential in
disstacking ZnPc, resulting in monomeric species. Here,
we report a detailed study on such a system, focusing
on the excited-state dynamics and the disstacking
mechanism, using a combination of dynamic laser light
scattering and transient absorption and fluorescence
spectroscopies.

Experimental Section

Sample Preparation. The synthesis of the first-generation
dendritic phthalocyanine ZnPc was reported previously.® Two
poly(ethylene oxide) (PEO) samples (from Aldrich with My =
2000 and 10 000 g mol™?), denoted as PEO2000 and PEO10000,
were used as received. Mixtures of ZnPc and PEO were
prepared by adding aqueous solutions of ZnPc dropwise into
PEO aqueous solutions under stirring. The resulting mixtures
were bubbled with high-purity nitrogen (99.99%) for 20 min
before the spectroscopic measurements. Triply distilled water
was used as the solvent, and all the spectra were recorded at
ambient temperature.

Laser Flash Photolysis and Fluorescence Studies. The
instrumentation and experimental procedures used for laser
flash photolysis were reported previously.® The excitation light
was the third harmonic (355 nm) of a Nd:YAG laser (Spectra
Physics, GCR-170, repetition rate of 10 Hz) with a duration
of 8 ns. The analyzing light was from a 500 W xenon lamp.
The laser and analyzing light beams perpendicularly passed
through a quartz cell with an optical path length of 10 mm. A
monochromator (MC-30N, Ritsu Oyo Kogaku) equipped with
a GDB 59 photomultiplier at the rear of the exit slit was used
to analyze the absorption. The signal from the photomultiplier
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Figure 1. Transient absorption spectra of ZnPc in water with
and without the addition of poly(ethylene oxide) after a 5 us
irradiation (A = 355 nm), where [ZnPc] = [PEO10000] = 0.2
mM, [PEO2000] = 1.0 mM, and pH = 7.0. The transient
absorption is defined as (lo — 1)/lo with o and | being the
intensities of the transmitted light before and after the laser
irradiation.

was instantly displayed and recorded on a Tektronix TDS 380
oscilloscope. Each data point was obtained by averaging the
signals 256 times to improve the signal-to-noise ratio. The
transient absorption spectra were obtained from a series of
oscilloscope traces measured with the same solution in a point-
by-point manner with respect to the wavelength. Fluorescence
spectra were recorded on 970 CRT spectrophotometer.

Dynamic Laser Light Scattering (LLS). A commercial
laser light scattering spectrometer (ALV/SP-125) equipped
with an ALV-5000 multi-z digital time correlator and an
ADLAS DPY425l1 solid-state laser (output power = 400 mW
at 4 = 532 nm) was used. The Laplace inversion of each
precisely measured intensity—intensity time correlation func-
tion G@(t,q) in the self-beating mode resulted in a line width
distribution G(I'). In this study, the CONTIN Laplace inversion
algorithm in the correlator was used. For a pure diffusive
relaxation, G(I') can be converted to a translation diffusion
coefficient distribution G(D) by I' = Dg? or a hydrodynamic
radius distribution f(Rn) using the Stokes—Einstein equation.
The ZnPc/PEO mixtures were clarified with 0.2 um Millipore
filters to remove dust. All the LLS measurements were done
at 25.0 &+ 0.1 °C. The details of the LLS instrumentation and
theory can be found elsewhere.°

Results and Discussion

It is well-known that non-a-substituted zinc(ll)
phthalocyanines show typical absorptions at ca. 350 and
680 nm, which can be attributed to the B (or Soret)-
band and the Q-band, respectively, both arising from a
a—x* transition.’ A weak vibronic band at ca. 620 nm
may also appear. For aggregated species, the Q-band is
usually broadened and blue-shifted to ca. 650 nm.* As
reported previously, a monomer-like absorption spec-
trum can be obtained for ZnPc upon addition of PEO.8
A strong fluorescence emission at ca. 700 nm due to the
monomeric species can also be observed. Upon excitation
with a 5 us pulse laser at 355 nm, a transient absorption
band at ca. 490 nm was detected, and its intensity
increased upon the addition of PEO (Figure 1). For a
given PEO molar concentration, the increment was
more pronounced when longer PEO chains were used.

Figure 2 shows the decay of the transient absorption
at 490 nm for ZnPc/PEO10000 aqueous solutions that
have been purged with air or nitrogen for 20 min. It
can be seen that, without prior purging of nitrogen, the
decay process was extremely fast. This suggests that
oxygen in air according to Scheme 2 can quench the
excited state of ZnPc. The transient absorption at ca.
490 nm is therefore attributed to the excited triplet state
of nonaggregated ZnPc. Since the concentration of the
ground state of ZnPc can be regarded as a constant, the
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Figure 2. Time dependence of transient absorption intensity
at 490 nm, where [ZnPc] = [PEO10000] = 0.2 mM.
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Figure 3. A semilogarithmic plot of time dependence of
transient absorption intensity at 490 nm, where [ZnPc] =
[PEO10000] = 0.3 mM and the initial slope leads to a decay
rate (1/z7).
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Figure 4. Concentration dependence of decay rate of transient
absorption at 490 nm, where [ZnPc] = 0.2 mM and pH = 7.0.
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decay of 3ZnPc* follows a pseudo-first-order kinetics.
The initial slope of log(lsgo nm) Vs time leads to the
characteristic quenching time 71 of the excited triplet
state 3ZnPc* (Figure 3). For a given PEO concentration,
1/z7 can be related to the intrinsic excited triplet lifetime
(3) and the concentration of ZnPc as

1ty = 1113 + Kk [ZnPc] 1)

where kq is the self-quenching rate constant for 3ZnPc*
+ ZnPc — 2ZnPc. Figure 4 shows a plot of 1/77 vs the
ZnPc concentration, from which kq was determined to
be 3.1 x 107 M~1 s71. The small value of kq indicates
that the ground state of ZnPc is a weak quencher for
3ZnPc*; i.e., there exists a self-quenching process.
Figure 5 shows that for a given ZnPc concentration
the PEO concentration affects not only the characteristic
guenching time 77 but also the initial transient absorp-
tion Alsgp nm, defined as lso0 nm (at t = to when the
concentration of 3ZnPc* reaches the maximum) — lsg0
nm (at t = ). The PEO concentration dependences of 7t
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Figure 5. Time dependence of transient absorption intensity
at 490 nm for different amounts of PEO10000 added, where
[ZnPc] = 0.1 mM.
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and transient absorption at 490 nm, where [ZnPc] was kept
at 0.2 mM.

and Alsgo nm are shown in Figure 6. It is clear that for
a given ZnPc concentration both 1 and Alsgo nm increase
with the PEO concentration. For long PEO chain
(PEO10000), both Alsgo nm and 7t reach their corre-
sponding maxima at [PEO]J/[ZnPc] ~ 1, while the
maxima occur at [PEO]/[ZnPc] ~ 8 for short PEO chains
(PEO2000). The increase in the transient absorption and
the slowdown of the relaxation can be attributed to the
disstacking of ZnPc aggregates and the disaggregation
of the ground state by PEO. It is believed that the
wrapping of monomeric ZnPc by PEO can hinder the
self-quenching process, leading to a longer 7+ and hence
a stronger transient absorption. Apparently, PEO10000
is about 8 times more effective than PEO2000 in
disstacking ZnPc. However, in terms of the weight
concentration, PEO10000 is only ca. 1.6 times more
effective as it is 5 times longer than PEO2000.

When Alsgo nm and 77 reach their corresponding
maxima, we can assume that all ZnPc aggregates are
disstacked into individual ZnPc molecules. Therefore,
by taking Al nm at the maximum as a 100% disstack-
ing, we could estimate the monomer content [ZnPc] at
different PEO concentrations, as shown in Figure 7. We
found that ~30% of ZnPc existed as individual molecules
(monomers) even without PEO. The addition of PEO,
in particular PEO10000, dramatically increased the
monomer content. The slight decrease of Alsgo nm, 71, and
Xmonomer @t high PEO concentrations, as shown in
Figures 6 and 7, can be explained as follows. Assuming
that a transition state 3(ZnPc—ZnPc)* arises after
3ZnPc* and ZnPc collide with each other (Scheme 3), it
can be derived that the overall reaction rate constant k
is related to koko/(ky + kz). Without the addition of long
PEO chains, k; is much larger than k;. Therefore, k —
ko and k approaches the rate constant of the self-
guenching in Figure 4. In the presence of PEO, two ZnPc
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Figure 8. Hydrodynamic radius distributions f(Ry) of PEO/
ZnPc complexes in water, where [ZnPc] = 0.1 mM and [PEO]/
[ZnPc] = 5.0.

monomers wrapped with long PEO chains have a less
chance to approach each other so that ko decreases,
resulting in a smaller k. On the other hand, the addition
of PEO increases the viscosity of the mixture and slows
down the diffusion and collision, so that ko decreases,
but it has less effect on either kj or k,. After a complete
disstacking of ZnPc aggregates, further addition of PEO
could only lead to a possible “depletion”-induced floc-
culation,’? resulting in an increase in ko.

The disstacking of ZnPc by PEO can also be monitored
by dynamic laser light scattering in terms of the change
in average hydrodynamic radius (IRx[). Figure 8 shows
typical hydrodynamic radius distributions f(Ry,) of PEO/
ZnPc complexes. It is clear that, in the absence of PEO,
the hydrodynamic radius distribution of ZnPc in water
has two peaks, indicating that there exist two kinds of
aggregates with different sizes. The peak located at ~7
nm can be attributed to the dimers of ZnPc, which is a
common form for aggregated phthalocyanines as a
result of the face-to-face stacking.3*13 The larger peak
can be ascribed to the aggregation of many ZnPc
molecules. The aggregation reveals that the first gen-
eration dendritic fragment is too small to disstack ZnPc
into individual molecules. As shown in Figure 8, the
addition of PEO clearly “dissolves” the aggregates,
resulting in smaller particles, presumably individual
PEO-wrapped ZnPc molecules.

To further demonstrate that the wrapping of ZnPc by
PEO can retard the quenching of the excited states, we
studied the interactions of ZnPc/PEO mixtures with
potassium iodide (K1), which acts as a quencher. Figure
9 shows that the addition of KI to ZnPc/PEO10000
decreases ls90 nm (to) and speeds up the relaxation. The
inset in Figure 9 reveals that in the presence of Kl the
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Figure 9. Time dependence of transient absorption intensity
at 490 nm of a ZnPc¢/PEO10000 solution mixture with and
without the addition of KI, where [ZnPc] = [PEO10000] =
mM. The inset shows a semilogarithmic plot.
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Figure 10. KI concentration dependence of lifetimes of fast
and slow relaxations determined in Figure 9, where [ZnPc] =
[PEO10000] = 0.2 mM.
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Figure 11. KI concentration dependence of contribution from
fast component, where [ZnPc] = [PEO10000] = 0.2 mM.

relaxation of the excited triplet state does not follow
pseudo-first-order kinetics. The relaxation actually com-
prises two processes. To fit such a relaxation, we used
a double-exponential fitting expressed as

t
1490 nm(D) = 1490 nm fast eXp(_ z ) +
T, fast,

) )

I490 nm,slow exp(_ T

T,slow,
where 77 125t and 77 510w are the characteristic relaxation
times of the I -induced quenching and the self-
quenching of ZnPc, respectively, and lig0 nm fast(to) +
1490 nm.stow(to) = 1490 nm(to).

Figure 10 shows the KI concentration dependence of
77 fast aNd 7T s10w- AS expected, both 7t fast and 1 s10w are
nearly independent of the KI concentration. It is worth
noting that zr 50w is close to 77 of ZnPc in solutions in
the absence of KI (as shown in Figure 6). It confirms
that the slow process is indeed related to the self-
qguenching. The I-induced quenching is ~10 times
faster than the self-quenching. Figure 11 shows that the
contribution of the fast process increases linearly with
the KI concentration. This further confirms that the fast
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Figure 12. KI concentration dependence of emission spectra
of ZnPc in water with and without the addition of PEO10000,
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Figure 13. Stern—Volmer plots for Kl-quenched fluorescence
of ZnPc in water with and without the addition of PEO10000,
where [ZnPc] = [PEO10000] = 0.1 mM.

process is related to the I -induced quenching. A
combination of Figures 9 and 10 shows that both of
these quenching processes are intrinsic and not related
to the collision frequency, which only affects their
relative contributions to the total absorption.

The disstacking effect of PEO on ZnPc can also be
viewed by fluorescence spectroscopy. Figure 12 shows
that, in the presence of PEO, KI induces smaller effects
on the fluorescence emission of ZnPc monomers. The
results in Figure 12 could be analyzed by using the
Stern—Volmer equation (eq 3),14

I/l =1+ Kgy[quencher] 3)

where Iy and | are the fluorescence intensities in the
absence and presence of the quencher, respectively, and
Ksv is the Stern—Volmer quenching constant. Figure
13 shows that the fluorescence intensities are well
represented by the Stern—\Volmer equation. The fittings
lead to Ksy = (6.3 & 0.1) x 102 and 42 4+ 4 mol~! dm3
for the ZnPc aqueous solutions in the absence and
presence of PEO, respectively. This shows that I~ is an
effective quencher for the excited singlet state of ZnPc
monomer, but PEO can reduce this quenching effect.
The PEO chains therefore have dual functions, namely
disstacking and wrapping. Taking the wrapping ratio
in a pure ZnPc solution as zero, we could estimate the
wrapping ratio in the presence of PEO10000 from the
ratio of the two Kgsy values. It shows that long PEO
chains can wrap 94% of ZnPc monomers.

Conclusions

Using transient absorption spectroscopy, dynamic
laser light scattering, and fluorescence quenching meth-
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ods, we have shown that PEO can disstack ZnPc
aggregates effectively. The results of the triplet state
transient absorption reveal that, for a given molar
concentration, longer PEO10000 can disstack ZnPc 8
times more effectively than shorter PEO2000. The
fluorescence quenching study further confirms that long
PEO chains can entrap the macrocycles into individual
molecules. Such a PEO/ZnPc system has a potential in
biomedical and catalytic applications because PEO is a
FDA-certified biocompatible and biodegradable polymer.
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