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The photosensitizing properties of a novel phthalocyanine analogue, sulfonated dihydroxy phosphorus(V)
tetrabenzotriazacorrole [P(OFBCS,] and a non-sulfonated one [P(OHIBC] are reported in this paper.
Different from other phthalocyanine derivatives, P(@HBCS, shows little aggregation in aqueous solution.

The fluorescence quantum yiel®§) of P(OH)TBCS, is lower than that of the non-sulfonated one. Studies

of triplet state photophysics show that the presence of peripheral substituents on the macrocycle enhances the
quantum yield of the triplet state. The sulfonated derivative, P(OBILS,, has a longer triplet lifetimer¢

= 0.234 ms) and higher singlet oxygen quantum yielg, (= 0.88) than P(OH)'BC. Together with the
ground-state absorption properties, the photosensitizing properties of the new compound suggest that it may
be used as an excellent photosensitizer for photodynamic therapy (PDT).

Introduction works?8 In contrast to the silicon phthalocyanine, which has been

Metalloid phthalocyanines have recently attracted significant Wﬁ?ﬁ'% St“d"?d' thetr_fle are only a few reports of the phosphorus
interest due to their potential applications in photodynamic Pthalocyaniné unti now.
therapy (PDT):3 Phthalocyanine complexes of the group 14 Dihydroxy phosphorus ha_s a Iowgr molecular symmetry and
and 15 elements, such as silicon and phosphorus, are ofshows an unusual electronic-transition spectrum, strong fluo-
particular chemical and spectroscopic importance, because twd€Scence, and high singlet oxygen formation yfeidhus, the
different oxidation states are accessible to the center metalliod | BC complex provides a novel species to these macrocyclic
atom. When complexed with phosphorus, phthalocyanine may compounds, with noygl chem|c§1_l an_d spectroscopic properties.
lose a bridging nitrogen atom. The phosphorus(V) complex has Furthermore, the efficient sensitization of PDT agents needs a
been proven to be a complex of the tetrabenzotriazacorroleNigh  triplet state quantum yield and long lifetime. New
(TBC)45 The same ring-contractive reaction was reported for phthalocyanlne_ analogues are expected to show improvements
the complexes of the metalloids aluminum, silicon, gallium, and in both properties.
germaniun®.®¢ Murakami et al. reported a chemical study which To understand and explain the behavior of these sensitizers
shows that the TBC macrocycle is useful for biological in Vivo, it is necessary to investigate them in a biologically

modeling? and it has shown good biological dynamics in recent compatible media. Singlet oxygen has been considered as
responsible for the photosensitized tumor cell inactivation in
*To whom correspondence should be addressed. Tel86-10- PDT1tis already known that the lifetimes and quantum yields
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singlet and triplet excited statésIn the present study, water-
soluble phosphorus tetrabenzotriazacorrole was synthesized for
being better absorbed by tumor tissue for the application in PDT.
The effects of substituents and solvents on the photophysical
properties of P(OH)IBCS, were studied. The photophysical
property as well as singlet oxygen production of P(eJHBCS,

in Tris-HCI buffer, in addition to the photostability of these
compounds in homogeneous solutions under Q-band excitation,
was also investigated.

Experimental Section

Synthesis.P(OH)TBCS, was synthesized from P(OF)BC
which was prepared according to previous referefieés.
P(OH)TBC (0.1 g, 0.18 mmol) was dissolved in 3 mL of
fuming sulfuric acid (30% Sg) then heated at 80C with
stirring. The mixture was kept at this temperature 2ch and
subsequently poured into crushed ice. The resulting green
precipitate was filtered and washed with water/alcohol. The
product was dried at 50C under vacuum. The crude product
was then purified by column chromatography on neutral alumina
with chloroform and methanol as the eluent. The light green
fraction from methanol was the major product in the solution. (b)

The solution was dried at 50C under vacuum to give  Figure 1. Structural formulas of (a) P(OH)BC and (b) P(OHJTBCS:..
P(OH)TBCS, as a green solid (0.07 g, 47%). Experimental

analytical data involved are as follows: IR (KBr, ci): 3389 by the complete conversion methddising a probe laser with
(P—OH), 1726 (C=C), 1677 (G=N), 1384, 1279, 1122 (S wavelength of 460 nm. Each signal was averaged over 16 shots
1076, 749. UV-vis (pyridine, nm): 656 (log, 4.62), 640 (4.39), to reduce the noise. The absorbance was lower than 0.4 for the
626 (4.04), 446 (4.95), 416 (4.49)P NMR (D,0): —200 ppm;  triplet state studies. Triplet state quantum yieldsy( were

1P NMR ((CD3);SO): —201.5 ppm. HRMS (MALDI-TOF)  determined by the comparative method using tetraphenylpor-
(m/z): 723.2 (calculated for §&HigN70sPS, 723.04), 802.8  phyrin (TPP) in benzened{r = 0.82, 1 (440 nm)= 67000
(calculated for GH1gN;01:PS;, 803), 882.8 (calculated for  M-1cm1).18

CaH1gN7014PS;, 882.95). EA (GoH1aN/POx450Sy): found The production of singlet oxygen was monitored by the near-

(calcd) C, 45.67 (45.99); H, 2.11 (2.16); N, 11.96 (11.74); S, infrared time-resolved singlet oxygen luminescence method. The
12.85 (13.03). laser irradiation system was the same as that used for the flash
All the solvents and reagents were of the purest grade photolysis experiments. The samples were examined by detect-
available and purified by standard methods. ing the luminescence in the near-infrared spectrum range at 1270
Instruments and Methods. UV —vis absorption spectrawere  nm where singlet oxygen phosphoresces, upon excitation by 7
recorded by an HP8452A diode-array spectrometer. Infrared (IR) g pulses of a 355-nm laser. Relative quantum yields were

absorption spectra were obtained using an AVATER 360 FT- determined using ZnPc in DMS@{, = 0.67) as a standa#d.
IR spectrophotometer (Nicolet, American). MALDI-TOF mass

spectra were measured by a BIFLEXIII MALDI-TOF Mass Results and Discussion
instrument. Fluorescence emission spectra were obtained by a
PE LS55 luminescence spectrometer using a 1-cm path length  Characterizing P(OH),TBCS,,. Figure 1 shows the chemical
cuvette with very dilute solutions of the compounds (absorbance structures of the sulfonated and non-sulfonated dihydroxy
< 0.05) at room temperature. The excitation wavelengths of phosphorus(V) tetrabenzotriazacorrole. There are many argu-
614 and 418 nm were used to obtain the first and the secondments about the structure of this molectl@1320|n recent
excited excited singlet states,(S5). Fluorescence quantum  research, the structure of the compound was considered to be
yields were determined by a comparative calibration method P(OH),TBC rather than H[f(OH)TBC] as reported earliét,
using unsubstituted zinc phthalocyanine (ZnPc) in DMSO as a and it is a six-coordinate compound. However, Fox et2al.
standard @ = 0.18)“ for S; and fluorescein disodium in THF  reported the structure of octaalkoxy-substituted phosphorus(V)
(Pr = 0.92)* as a standard for,S triazatetrabenzcorroles. They demonstrated that the structure
Fluorescence lifetimesy) were measured by an Edinburgh  should be five-coordinate phosphorus for the hydroxyphospho-
Instruments FLS900 time-correlated single-photon-counting rus(V) 3,6,10,13,17,20,24,27-octabutoxytriazatetrabenzcorrole
spectrofluorometer, employing an excitation wavelength of 660 hydroxide, [(BuO}TBC)P(OH)]"OH", with resonances from
nm from a CdSe diode las&t. —90 to —110 ppm and six-coordinate phosphorus for the
T1—Tn absorption spectra were obtained using a nanoseconddimethoxyphosphorus(V) 3,6,10,13,17,20,24,27-octabutoxytri-
laser flash photolysis spectrometer (Edinburgh Analytical Instru- azatetrabenzcorrole, (Bugd)BC)P(OCH),, with resonances
ments, LP920}¢ The samples were bubbled with, Nor 20 from —180 to —200 ppm. Since the chemical shifts of the
min before measurement and then were excited using 7 ns lasephosphorus nuclei ig'P NMR spectroscopy are sensitive to
pulses at 355 nm. Spectra were recorded in scanning mode ovethe coordination number of the phosphorus cefitethe
the wavelength range of 3600 nm in 10 nm steps. The synthesized compound was identified ¥ NMR. The3!P
output signal of the LP920 was acquired and accumulated by aNMR spectrum for P(OH)IBCS, reveals a peak at200 ppm
Tektronix TDS3012B oscilloscope and recorded by a computer. in H,O and —201 ppm in DMSO, which indicate that this
Triplet difference absorption coefficientAét) were measured  compound is six-coordinate with two GHgroups as ligands.
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Figure 2. Absorption spectra of P(OR)BC in DMSO solution (solid
line), P(OH}TBCS, in DMSO solution (dotted line), and P(OHBCS,

in Tris-HCI buffer at pH 7.4 (dashed line). All concentration are 10
umol L%,

On the basis of the values of MALDI-TOF, the compounds are
best formulated as P(OKH)BC and P(OH)TBCS..
The chemical structure of the P(OHBCS, is shown in

Figure 1b. There are three main peaks in the mass spectrum at_

723.2, 802.8, and 882.8, which correspond to the di-, tri-, and

. . ©
tetrasulfo-tetrabenzotriazacorroles, respectively. The average_
sulfonate degree is 3.4 according to an element analysis. In%;

addition to the usual bands for TBC in the IR spectrum, the
corresponding vibrational bands of-PH and —SO;H were
also found. The UW-vis spectrum of P(OHYBCS, in DMSO
is very similar to that of P(OHYBC but with a slight red-shift
for the B-band. All the results mentioned above indicate that
P(OH)TBC is sulfonated only at the peripheral positions.
P(OH)XTBCS, is slightly or moderately soluble in solvents
at room temperature, in the order of benzengichloromethane
= dichloromethane< ethanol but highly soluble in pyridine,
DMF, and DMSO.
Although many metallophthalocyanines can be demetalled
with cold concentrated sulfuric acid, P(OHBCS, shows a
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Figure 3. Fluorescence emission spectra of P(HBCS, in DMSO
solution (solid line) and in Tris-HCI buffer solution (dashed line) with
an excitation wavelength of 614 nm. The inset shows fluorescence
emission spectra of P(OE)BC in DMSO solution.
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Figure 4. Fluorescence emission spectra of P(HBCS, in DMSO
solution (solid line) and in Tris-HCI buffer solution (dashed line) with

an excitation wavelength of 418 nm. The inset shows fluorescence
emission spectra of P(OE)BC in DMSO solution.
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unique stability. All these spectroscopic characteristics can be

reversed when it is diluted with excess DMF and pyridine. The

H,SOy solution remains unchanged over several days in the dark
Spectral Assignments for P(OH)TBCS,. The UV-vis

spectra of P(OHIBCS, and P(OH)TBC are shown in Figure

P(OH)TBC and P(OH)TBCS,, which indicates that no sig-

-nificant aggregation occurs. This is probably due to the special

structure of P(OHTBC. It was found that the structure of
P(OH)TBC is not planar due to the hydroxyl moiety on each

2. TBC has two major absorption bands, namely, the Q-band side of the macrocycle. The axial ligands prevent close contact

in the visible light region and the B-band or Soret band in the
violet or ultraviolet region. There are four peaks in the Q-bands
between 548 and 680 nm for P(QHIBC and P(OHTBCS,
in DMSO. Compared to the Q-band of P(QHBC, P(OH}TBCS,
in DMSO exhibits a broad and slightly red-shifted absorption
band even at a very low concentration. This red-shift is likely
caused by the electron-attraction effect of thBOsH group.
The P(OHYTBC has a higher extinction coefficient (25300 L
mol~! cm™1) at 656 nm compared to the sulfonated derivative
which has an extinction coefficient of 22000 L mblcm™! at
662 nm.

The B-bands of P(OHYBCS, in DMSO and Tris-HCI buffer

among the monomers. Aggregation often is a common behavior
for sulfonated phthalocyaniné$,which always reduces the
photosensitivity. Thus, P(OH)BCS is a better photosensitizer
in this regard.

The steadyfluorescence spectraof P((BLC and P(OH)TBCS,
are shown in Figures 3 and 4, respectively. With excitation at
614 nm, the fluorescence maximum is at 664 nm for PEDBC
and at 662 nm for P(OHJBCS, in DMSO, respectively.
However, if P(OH)TBCS, is excited at 418 nm in DMSO, in
addition to the fluorescence from the first excited singlet state
(S1 fluorescence), a new fluorescence peak appears at 477 nm,
which is considered the fluorescence from the second excited

are also both red-shifted. There are two absorption peaks in thesinglet state (Sfluorescence). The two peaks at 493 and 652
Soret region at 422 and 454 nm in DMSO and 416 and 446 nm nm for the fluorescence spectrum of P(QFBCS, in Tris-

in Tris-HCI buffer.
In DMSO solutions, the P(OHJBC and P(OH)TBCS,

HCI buffer were ascribed to the fluorescence from thea®d
S;-states, respectively. A similar phenomenon has also been

complexes show a monomeric behavior at concentrations up toreported for phthalocyanines, but its fluorescence is much

105 mol L~L. Beer’s law is still obeyed up to 20mol L~ for

weaker than § Table 1 shows the emission maxima and
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Figure 5. Transient absorption spectra recorded at different times (as
shown) after irradiation with 7 ns pulses at 355 nm of P(&BC in
DMSO. The inset shows the decay profile of the nitrogen-saturated
P(OH)TBC and the time profile of the P(ORBC triplet in oxygen-
saturated DMSO at 460 nm.
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Figure 6. Transient absorption spectra recorded at different times after
irradiation with 7 ns pulses at 355 nm of P(QHBCS, in DMSO.

fluorescence quantum yields of P(QHBC and P(OH)TBCS..
The intensity of the Sfluorescence is comparable to that of
the S fluorescence for P(OHJBCS,. The® value in DMSO
is slightly higher than that in Tris-HCI buffer. Th®g value at
614 nm is significantly higher than thé@g value at 418 nm,
which shows the effect of the excitation wavelengthdan This
is similar to the observations for zinc phthalocyanihe.

As shown in Tables 1 and 2, the Stokes shift is small and

400 500 800

Huang et al.

for both P(OH)TBCS, in DMSO and in Tris-HCI buffer. It
was found that they have negative absorptions (bleaching) in
the Q-band and Soret band regions. A broad positive absorption
feature centered near 490 nm and another positive absorption
on the red side of the bleaching band were also seen. Under
the prevailing conditions of nitrogen saturation, the negative
and positive absorption features decay and approach the pre-
pulse baseline exponentially.

The kinetic time profiles changed upon addition of oxygen
to the solutions. For both compounds P(@FBC and
P(OH)TBCS,, the addition of @enhanced the absorption decay
at 490 nm and bleaching recovery processes. The absorption
decay rate was related to the oxygen concentration with a first-
order kinetic pattern (Figure 5). This indicates that the peak at
490 nm of P(OHYTBC in DMSO is caused by iFT,
absorption. For P(OHJBCS,, the G quenching effect is similar
to P(OH)TBC, except for the maximum peak at 505 nm.

Table 2 shows the values of the triplet quantum yiebe-)
and triplet lifetime ¢r) for P(OHRTBC and P(OH)TBCS,. The
triplet lifetime of P(OHYTBCS, is 234us, which is longer than
that of P(OH)YTBC (z1 = 91 us). Similar to the case of ZnPc,
the r1 of sulfonated ZnPc (53@s) is longer than that of ZnPc
(zr = 350 us)10 The triplet quantum yield of P(OH)BCS,
(0.64) is moderately higher in DMSO than in Tris-HCI buffer
(0.35). It is believed that the strong polar solvent affect on the
photosensitizing ability by elevating the energy gap between
the singlet and triplet excited states, which results in a low
intersystem crossing rate from the excited singlet state to the
excited triplet stat@®

An increase in thebt values is complemented by a slight
decrease in th@g values. However, it is still surprising that
sulfonation produces a longer triplet lifetime.

P(OH)TBCS, is of current interest as PDT agent, which
means that photophysical and photochemical studies in aqueous
media are essential. Therefore, we also measured the values of
&+ andzy in Tris-HCI buffer. However, no remarkable change
for either parameter was found. All these results suggest that
P(OH)TBCS, is a very good candidate for PDT.

Singlet Oxygen Quantum Yields.Singlet oxygen is most
commonly produced by photosensitization from the triplet state
of photosensitizers. The singlet oxygen quantum yidg)(is
an indication of the photosensitizer’s ability to generate singlet
oxygen. As a result, the singlet oxygen quantum yialth)
depends upon a number of factors such as the triplet quantum
yield, triplet lifetime, and triplet energy of the photosensitizer.

It is also determined by the ability of substituents to quench
singlet oxygen and the efficiency of energy transfer from the
excited triplet state to the ground state molecular oxygen.

almost independent of the solvent used in all the cases. For a The singlet oxygen quantum yield of P(QHBC is 0.21 in

molecule with a rigid skeleton, it is consistent with the structural
point of view. This small Stokes shift leads to a high degree of
spectral overlap. The fluorescence quantumyield of POBIT S,
was found to be very low either in DMSO or in Tris-HCI buffer.
Compared with P(OHYBC, with excitation at 418 nm,
P(OH)TBCS, in DMSO or in Tris-HCI buffer showed a slight
decrease for the;$luorescence quantum yield but a remarkable
decrease for the,Sluorescence yield.

Triplet —Triplet Difference Spectra, Triplet Quantum
Yields, and Lifetimes. The transient absorption spectra of
P(OH)TBC and P(OHYTBCS, were recorded in DMSO. The
time-dependent transient absorption data for PEDBYL is
shown in Figure 5. The inset is a representative decay profile.
The time-dependent transient absorption for P(BLS, is
shown in Figure 6, which indicates similar absorption features

DMSO, which is lower than that of ZnPc in DMSQpb{ =
0.67). The triplet quantum vyield of P(O)BC is 0.44 in
DMSO, which is close to that of ZnP&f = 0.50)24 In fact,

it is expected that the trend in variation®f, should be parallel
to be consistent with variations in thefr and zr values. In
the current work, the trend observed for tfbg variation is
almost the same as that observed dor. Table 2 shows that
P(OH)TBCS, has larger®t and ®, values in DMSO than
those values of P(OH)BC in DMSO. This shows that the
sulfonation of P(OH)TBC remarkably improved both the triplet
guantum yield and the singlet oxygen quantum yield, while these
values are slightly lower for P(OH)BCS, in Tris-HCI buffer
than in DMSO. Compared to ZnPg# DMSO (@, = 0.72),
the singlet oxygen quantum yield of P(QHBCS, in DMSO
(®A = 0.88) is higher, which may result from the monomeric
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TABLE 1: Comparison of Maximum Emission Wavelength (em), Fluorescence Quantum Yield ), and Fluorescence
Lifetimes (z¢) of the Dihydroxy Phosphorus Tetrabenzotriazacorroles

compound solvent Amax (Q-band)/nm Aem e (S2) Op (S1, 418 nm) Op (S1, 614 nm) Te/ns
P(OH)RTBC DMSO 656 667 0.0027 0.058 0.134 2.85
P(OH)RTBCS, DMSO 662 667 0.017 0.014 0.048 2.28
Tris-HCI 658 654 0.0096 0.011 0.019 1.35
TABLE 2: Photophysical Parameters of Derivatives the singlet oxygen photosensitizing efficiency is an important
compound solvent @, O  rlus  Aer (x109) criterion. The comparative photophysical studies of PEDBES,,
P(OHPTBC DMSO 021 044 ol 0.508 P(OH_)Z'_I'BC,_ZnPc, and ZanSsho_wed that P(OHTBCS, is _
P(OH)TBCS, DMSO 0.88 064 234 0.115 an efficient singlet oxygen-generating agent. The quantum yields
Tris-HCI 081 035 198 0.213 are in the order of P(OHJBCS, > ZnPcS > ZnPc> P(OH)-
TBC. Further research on the P(QHBCS, photosensitizing
0.05 properties in biological environment will provide in vivo data
for PDT treatment.
0.04 . .
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