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The singlet oxygen formation quantum yield (UD) for solutions of the di-cation, free-base and
metallated forms of hematoporphyrin derivative (HpD), hematoporphyrin IX (Hp9) and a boronated
protoporphyrin (BOPP) are reported using the method of direct detection of the characteristic
phosphorescence following polychromatic excitation. Values of UD for the free-base form of all the
porphyrins and the di-cation forms of Hp9 and HpD are in the range of 0.44 to 0.85 in the solvents
investigated. Incorporation of zinc ions into the macrocycle reduces UD for all three porphyrins. BOPP
facilitates the coordination of certain transition metals (Mn, Co and Cu) compared to Hp9 and HpD
and results in a dramatic decrease in UD. The experimental data suggest the introduction of low energy
charge transfer states associated with the disruption of the planarity of the macrocyclic ring provides
alternative non-radiative deactivation pathways. In BOPP, this non-planarity is augmented by the large
closo-carborane peripheral substituent groups.

Introduction

Oxygen plays an important role in a wide variety of photo-
chemical processes. The presence of unpaired valence electrons
in the ground state configuration of molecular oxygen is unusual
and confers a high chemical reactivity.1 The atypical electron
configuration of molecular oxygen gives rise to three energetically
close lying electronic states; the R triplet ground state, and the
excited D and R singlet states.2–4 The three lowest lying states
of molecular oxygen are given the group theoretical and leading
symbols X3R −

g , a1Dg and b1R +
g for the ground and first excited

states. Any of the transitions between the ground state X and either
of the lowest lying excited states would be a g–g transition and
therefore forbidden according to parity selection rules. Further
restrictions are also imposed for a singlet ↔ triplet and R ↔
D transitions.5 Therefore both the lowest lying excited states are
termed metastable.6,7

Singlet oxygen can be produced by chemical reaction,8 gas
phase discharge9 or a photosensitisation reaction with the latter
method being the most common.10 Once produced singlet oxygen
can relax by radiative, non-radiative or quenching processes. The
emission spectroscopic method,11–14 calorimetric methods, (in par-
ticular laser-induced opto-acoustic calorimetry),14–16 time resolved
thermal lensing,17–19 and chemical quenching experiments16,20,21

have been used for monitoring singlet oxygen formation. Large
discrepancies in the reported values of singlet oxygen quantum
yields have been attributed to the differing methods used for
determining this value.22,23 It is widely considered that direct
observation of singlet oxygen emission in the IR region of the
spectrum provides the most accurate determination of singlet
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oxygen quantum yields.21,24,25 Advances in IR detectors have
provided impetus for the more widespread application of the
singlet oxygen phosphorescence method.26–28

Singlet oxygen has been implicated as an intermediary species
leading to cell death following photoexcitation of sensitising
agents in the photodynamic therapy (PDT) of tumours.29–32

Measurements of singlet oxygen yields are thus important in
assessing the potential effectiveness of photosensitising agents
for PDT. In this study a slightly modified version of the singlet
oxygen phosphorescence method has been used to determine the
singlet oxygen formation quantum yields for various forms of three
porphyrins suggested for use as sensitisers in PDT. The influence of
solvent, solution pH and metallation of the porphyrins on singlet
oxygen yields are a particular focus of the investigation.

Materials and methods

Chemicals

Hematoporphyrin IX dihydrochloride (Hp9, Porphyrin Prod-
ucts), hematoporphyrin derivative (HpD, Porphyrin Products),
the tetrakiscarborane carboxylate ester of 2,4-(a,b-dihydrox-
yethyl)deuteroporphyrin IX (BOPP, synthesised as described
previously33 and provided by S. Stylli, Royal Melbourne Hospital)
and Rose Bengal (RB, ABN Chemicals) were all used as received.
Methanol (ICN Biomedicals Inc.), ethanol (Merck), acetone (Ajax
Fine Chemicals) and acetonitrile (BDH) were of spectroscopic
grade and used as supplied.

Accurate weights of the photosensitiser were obtained with an
electromagnetic ultramicrobalance (Perkin-Elmer Auto-balance
AM-2). An anti-static gun (Aldrich Zerostat 3) was used to
eliminate static charge build up on the balance pans that would
lead to erroneous recorded weights. Stock solutions (10−3 M)
of the solute of interest were prepared in volumetric flasks and
subsequently diluted to achieve sample concentrations in the range
of 10−6–10−5 M.
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pH studies allowed investigation of the di-cation, di-anion and
the free-base (Fb) forms of the porphyrins. Aqueous hydrochloric
acid or sodium hydroxide solutions were added as required
to achieve the desired degree of porphyrin protonation. Buffer
solutions, known to interfere with the singlet oxygen production
leading to lower observable quantum yields, were avoided in the
current study.34

Manganese(II) sulfate (MnSO4, BDH), iron(II) sulfate (FeSO4,
BDH), zinc(II) sulfate (ZnSO4, BDH) and cobalt(II) chlo-
ride (CoCl2), nickel(II) sulfate (NiSO4) and copper(II) nitrate
(Cu(NO3)2) (all provided by S. Boyd, University of Melbourne)
were used for the metal complexation experiments. Metal com-
plexes of the porphyrins were prepared by adding approximately
25 lL of concentrated aqueous solutions of the metal salt to
the free-base porphyrin samples. These were then allowed to
stand in the dark for approximately 48–72 h to ensure complete
complexation. Addition of a small volume of aqueous NaOH was
found to encourage the metallation process in the acetone and
acetonitrile samples. Control experiments conducted with similar
aqueous additions but without metal salts did not significantly
affect singlet oxygen yields in the porphyrin solutions, confirming
that the small amounts of water were not influencing the results.

Steady-state experiments

Steady-state absorption spectra were recorded on a Varian
Cary Bio50 UV-Vis absorption spectrophotometer. Spectra were
recorded against solvent blanks in matched 1 cm pathlength quartz
cells. Cuvettes were acid washed and rinsed copiously with Milli-
Q deionized water then dried in an oven at 120 ◦C prior to
use. Photostability of the samples was monitored by recording
absorption spectra before and after irradiation experiments.

Steady state fluorescence emission and excitation spectra were
collected on a Cary Eclipse fluorescence spectrophotometer with
excitation and emission bandwidths of 5 nm. Solutions were
prepared to have an absorbance of approximately 0.1 at the
excitation wavelength to minimize inner-filter effects.

Singlet oxygen quantum yield determinations

Fig. 1 shows a schematic diagram of the experimental arrangement
used for the singlet oxygen quantum yield determinations. A white
light xenon arc lamp (PoliLight, Rofin, Australia, model PL6) was
employed as the excitation source providing a convenient, broad
excitation wavelength range via light pipe delivery. Suitable filter-
ing of the lamp output allowed selective excitation into different
spectral regions. A heat filter, (KG3, Schott) blocked stray infra-
red (IR) or ultra-violet (UV) light whilst allowing simultaneous
excitation into the Soret and Q-band regions. Further selectivity of
the PoliLight output was achieved with the addition of a long pass
filter (GG435 or GG495, Schott) to provide specific excitation into
the different Q-bands whilst preventing excitation into the Soret
band. The appropriately filtered spectral output from the light
pipe was recorded using a fibre optic spectrometer (Ocean Optics
Inc.). Calibration of the spectral response of the spectrometer over
the 300–900 nm spectral range was achieved using a Calibrated
Tungsten Halogen Light Source (LS-1-CAL, Ocean Optics Inc.)
allowing the measurements using the various filtered outputs of
the PoliLight to be corrected accordingly.

Fig. 1 Schematic of the experimental arrangement for the measurement
of singlet oxygen emission and quantum yields: L-focussing lens; F-filter.
Arrowed lines represent electrical connections.

The excitation light path was perpendicular to the detection
path with the excitation beam weakly focussed using a 50 cm
focal length convex lens to illuminate the front face of the
sample cell, as depicted in Fig. 1, in order to minimise re-
absorption of the singlet oxygen phosphorescence signal by the
solvent. A homemade sample holder allowed reproducible sample
positioning and minimised scattered light. Further elimination of
stray light was achieved through the use of an iris in front of
the PoliLight output. Solvent blanks were used to determine the
presence of solvent fluorescence or other background signals that
may interfere with the singlet oxygen phosphorescence. There was
negligible IR emission from the quartz cells, solvents or optical
components used in the experimental arrangement.

The NIR emission was collected at right angles to the exci-
tation path, collimated, and focussed onto the entrance slit of
a dual port/triple grating monochromator/spectrograph (Acton
Research Corporation, SpectraPro 300i). The grating used was
ruled at 300 grooves mm−1 and blazed at 1 lm. An IR-sensitive
liquid nitrogen cooled germanium diode detector and amplifier
(Applied Detector Corporation, model 403 L) biased at −180 V
was used. The detector has a large active area of 25 mm2, a
responsivity of 7 × 109 V W−1 and a broad spectral response
from 800–1700 nm.26 In order to maximise detection sensitivity,
the PoliLight output was modulated by an optical chopper (model
220A, HMS) and the modulated signal recorded by the germanium
detector was sent to a lock-in amplifier (EG&G, model 5206,
Princeton Applied Research) referenced to the chosen chopper
frequency of 130 Hz.

A NIR filter (1185 LP, Omega Optical) was placed before the
entrance slit of the monochromator in order to block any emission
below 1200 nm. The singlet oxygen phosphorescence spectrum
was collected by scanning the emission monochromator driven by
a PC running a Visual Basic program, or the spectrograph was
set to the maximum emission wavelength (1278 nm) of the singlet
oxygen phosphorescence, and the intensities manually recorded
from the digital display on the lock-in amplifier. The singlet
oxygen emission from a Rose Bengal sample was used in order
to align the optical components and maximise the detected IR
phosphorescence signal. Confirmation that the detected signal
was due to the phosphorescence of singlet oxygen was achieved
by collecting the entire spectrum over the range 1200–1350 nm.
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Addition of furfuryl alcohol (FFA), a known singlet oxygen
quencher,35,36 or degassing the sample by multiple freeze–pump–
thaw cycles at ca. 10−5 mbar using a Schlenk line to remove the
dissolved oxygen, resulted in elimination of the detected signal.

The analysis of the results requires the calculation of the
absorbed incident light, I abs. This parameter was determined using
eqn (1) in which I k is the corrected PoliLight intensity at the
wavelength k and absk is the absorbance of the photosensitiser
both at the wavelength k.

Iabs =
∑

k

(
1 − 10−absk

)
Ik (1)

The singlet oxygen quantum yield (UD) was determined em-
ploying the reference sensitiser, Rose Bengal (RB) that has
been used previously with a UD = 0.79 in methanol.4,21,37 The
phosphorescence intensity could be monitored at the kmax since no
spectral shift of the singlet oxygen phosphorescence spectrum was
observed in the different solvents.38 The singlet oxygen quantum
yields are determined using a variation of the method used by
Tanielian and Heinrich21 and using eqn (2)

UDs = Ir

Is

IDs

IDr

sr

ss

UDr (2)

where I s and I r represent the absorbed incident light, and IDs and
IDr are the singlet oxygen emission intensities at 1278 nm, for the
sample and reference respectively. sr and ss are the singlet oxygen
phosphorescence lifetimes in the reference and the sample solvents
and UDr is the singlet oxygen quantum yield of the reference
compound. UD measurements were performed in triplicate with
a maximum deviation of 10%. Another possible source of error is
in the reliability of published singlet oxygen lifetimes used for the
calculations.

Results and discussion

Absorption and fluorescence spectra

Steady state UV-visible absorption spectroscopy of the free-base
(Fb) porphyrins yielded spectra with the characteristic Soret and
Q-band structure that can be explained by the 4-orbital model of
Gouterman.39 The porphyrins investigated exhibit different sub-
stituents for the pyrrole exo-hydrogens of the porphine backbone.
Such substitutions are known not to significantly perturb the
optical spectra.40 The absence of dimers or higher aggregates in the
UD determination experiments was confirmed as the absorption
exhibited no variation in spectral shape or position over the sample
concentration range investigated.

Porphyrins are able to act as acids or bases41 that lead to
characteristic changes in the absorption spectra consistent with the
predictions of the 4-orbital model. The decrease in the observed
number of Q-bands upon protonation of the macrocyclic core
arises from the increase in symmetry of the porphyrin ring that
leads to the degeneracy of the S1 and S2 levels.40 On the other
hand the absorption spectrum of the di-anion form of BOPP
observed at high pH values is identical to that of the free-base
form. A significant reduction in the fluorescence emission intensity
is observed from the di-cation form of BOPP in all the solvents
investigated. Although the acid–base properties of BOPP have
been reported previously,42 these investigations were limited to
the pH range between 5 and 7.4 in phosphate buffered solutions

and the reduction in fluorescence for the BOPP di-cation was not
reported. A similar decrease in the fluorescence intensity is not
observed for the di-cation forms of the HpD and Hp9 porphyrins.
It should be noted that BOPP has been suggested for use as both a
phototherapeutic agent and in neutron capture therapy33,42 while
HpD is a mixture of porphyrin monomers and oligomers prepared
from Hp9.32

The metallated forms of porphyrins are common in Nature, and
play particularly important roles in electron transfer processes.40

The electronic spectra of metalloporphyrins have been classified
into three classes; normal, hyspo and hyper, dependent on the
nature of the intercalating metal.40 Insertion of Zn2+ into the
macrocyclic core results in a similar change in the absorption
and fluorescence spectra as observed with the Hp9 and HpD
samples in an acidic environment due to a similar change in
symmetry designation of the macrocycle. Insertion of Zn2+ into
the macrocycle is known to produce normal spectra according to
the definition given by Gouterman.40

The series of transition metals used in this work were chosen
such that there was a systematic increase in the respective number
of electrons in the d-orbital. Of the six metals investigated, only Cu
and Zn were able to coordinate to all three porphyrins. Metallation
of the BOPP macrocycle was achieved by the majority of the
metals. Monitoring the change in the absorption spectra associated
with the alteration in symmetry of the macrocycle that occurs upon
metallation of the porphyrin provides a method of confirming that
metallation has occurred. The absorption spectra of the metallated
porphyrins are presented in Fig. 2 and 3. Addition of either Fe2+

or Ni2+ to solutions of the porphyrins resulted in no observable
change to the absorption spectra and thus these ions were assumed
not to coordinate to the macrocycle.

Fig. 2 Absorption spectra of BOPP in methanol before and after the
inclusion of Mn2+ and Zn2+ into the macrocylic core of the porphyrin
molecule. The Q-band region of the spectrum has been enhanced by a
factor of 10 for clarity.

The absorption spectrum of BOPP–Mn was significantly dif-
ferent to that observed with insertion of the other metals. Similar
spectra have been noted previously for other porphyrins upon
insertion of Mn2+.43 The extra band that is observed in Fig. 2
for the BOPP–Mn complex is ascribed to a ring-to-metal charge
transfer transition between the a1u(p), a2u(p) (ring) → eg(dp) (metal)
states.40 Therefore, BOPP–Mn can be designated as a d-type hyper
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Fig. 3 Absorption spectra of BOPP in methanol before and after the
addition of Co and Cu into the macrocylic core of the porphyrin molecule.
The Q-band region of the spectrum has been enhanced by a factor of 10
for clarity.

porphyrin. For such an assignment, the transition metal must
firstly have a configuration of dm where 1 ≤ m ≤ 6 with one or more
vacancies in the eg(dp) orbital and must also exhibit a relatively
low oxidation state.40 The Mn cation fulfils these criteria. The
insertion of the Co and Cu metal ions into the macrocycle results
in hypso-type spectra. Such a designation is made if the energy
of the metal d-electrons decreases with increasing electron count
leading to a subsequent increase in the energy gap between the
porphyrin LUMO and the metal valence orbitals. This is exhibited
in the absorption spectra of the Q-band region becoming less blue
shifted as the d-electron count increases.44 This is clearly the case
as shown in Fig. 3.

The ability of BOPP to accommodate the majority of the
metals investigated suggests that the “pocket” available to the
metal in BOPP is more accessible than those offered by Hp9
and HpD. Investigating the kinetics of metallation with Zn2+

showed that complete metallation was noticeably faster for the
BOPP samples compared to Hp9 and HpD after an excess of
metal salt was added. Coordination of metals into BOPP occurred
over a period of approximately 15 min. The Hp9 and HpD
samples exhibited much slower metallation rates with complete
complexation occurring over two to three hours. Fig. 4 shows a
log–log plot of the change in absorption at 498 nm versus time
after the addition of the metal salt to a Fb sample.

Previous studies have shown that co-addition of a large metal
ion improves the metallation kinetics of porphyrins.45 The large
metal ion is thought to act as a catalyst for the insertion of
a medium sized metal. The large metal ion is too large to fit
into the nucleus of the porphyrin so loosely coordinates with the
nitrogens in the macrocyclic core in a “sitting-atop” orientation.
Due to the weak nature of the coordination, this association
occurs very rapidly. The coordination favourably deforms the
ring from planarity to increase the size of the macrocycle and
facilitate insertion of the medium sized metal from the alternate
face.46 Theoretical investigations also confirm a deviation from
planarity of the macrocycle during the course of a metallation
event.47

Fig. 4 Log–log plot of time (s) versus degree of complexation of Zn2+

at 498 nm for BOPP, Hp9 and HpD samples of the same concentration
(10−4 M). The degree of complexation is defined as: (absorbance at 498 nm
at time t)/(absorbance at 498 nm at time infinity).

The bulky peripheral substituents of porphyrins are known to
be a factor in influencing the non-planarity of the macrocycles.48

The large closo-carborane pendant cages in BOPP might similarly
be expected to lead to a disruption in the planarity of the ring, and
therefore facilitate intercalation of the metal ion. This accounts
for the observation that the majority of the transition metals
investigated were able to coordinate with BOPP whilst only two of
the metal ions, Cu2+ and Zn2+, proposed to be close to an optimal
size to fit into the porphyrin macrocycle, were able to coordinate
into the Hp9 and HpD cores.

Coordination of a metal to a concentrated sample of Hp9
in methanol can be used to illustrate that it is able to form
dimers at concentrations considerably lower than observed for
the other two porphyrins. It is well known that some porphyrins
are able to form dimers with the planar porphyrin-Fb monomers
existing in a slightly offset face-to-face arrangement.49 The bulky
peripheral substituents of BOPP might be expected to hinder
such interactions. The addition of either the Zn or Cu salt to
a reasonably concentrated (6 × 10−5 M) sample of Hp9 led to
an immediate reversion of the absorption spectrum to the four Q-
bands typical of the monomer Fb form indicating dimer formation
was disrupted (see Fig. 5). The disaggregation is explained by the
metal ion attaching loosely to the macrocyclic core that serves to
disrupt the planar nature of the ring. The subsequent intercalation
of the second metal occurs on a much longer timescale (several
hours) as shown in Fig. 4. For BOPP, however, only one rate is
evident during the relatively rapid metallation process.

The fluorescence spectra obtained from the Fb and Zn forms
of the porphyrins adhered to the general behaviour expected
from the 4-orbital model. The fluorescence, while low, has been
proposed to be sufficient in aiding diagnosis of cancer when
used as photosensitisers in PDT.50,51 The fluorescence emission
from the porphyrins coordinated to the majority of the transition
metals, as well as of the BOPP di-cation, was negligible. While
enhanced inter-system crossing to the triplet state might be
expected following metallation of the porphyrins due to the heavy-
atom effect,52 this may not necessarily lead to higher singlet

998 | Photochem. Photobiol. Sci., 2007, 6, 995–1002 This journal is © The Royal Society of Chemistry and Owner Societies 2007



Fig. 5 Absorption spectra showing disaggregation of Hp9-Fb in
methanol upon addition of a Zn salt. Concentration of the sample is
6 × 10−5 M.

oxygen quantum yields if the triplet state lifetime is shortened.
The fluorescence yields of the di-cation forms of Hp9 and HpD
are only slightly lower than those of the corresponding Fb forms.

Singlet oxygen quantum yield determination

The NIR emission resulting from the deactivation of singlet oxygen
is known to be absorbed by the terminal bonds of the solvents
according to the respective energies of the highest fundamental
vibration of that bond.53 Therefore, solvents containing O–H
bonds are able to quench singlet oxygen phosphorescence to
a greater degree than solvents containing heavier atoms in the
terminal bonds.54 The 1Dg → 3R −

g emission maximum has been
reported to be 1270 nm in solution.24,55 In the current investiga-
tions, the emission spectrum was slightly red-shifted to be centred
at 1278 nm. It should be noted that the spectra obtained were
uncorrected for the spectral response of the spectrograph/detector
combination but the observed phosphorescence maximum is
identical to that reported in a previous study where the same type
of germanium detector was used.56

A concentration dependence on the singlet oxygen quantum
yield for the different photosensitisers was investigated. The sum
of the corrected intensity of the absorbed incident light (I abs) and
the detected phosphorescence intensity at 1278 nm (ID) is expected
to follow a linear relationship at sufficiently low concentrations
and this is evident in Fig. 6 for BOPP-Fb in acetone. The deviation
from linearity in Fig. 6 at higher I abs values is associated with using
high concentrations and a filter combination allowing excitation
of the porphyrin Soret absorption band. For the values of UD

reported in this work only data in the linear region were used. The
singlet oxygen quantum yields were calculated using eqn (2) using
RB in methanol as the reference. The values of UD are presented
in Table 1.

Porphyrins are generally known to produce impressively high
yields of 1O2.57 This is confirmed in the current study. Similar UD

values are obtained for the Fb forms of Hp9 and HpD; whilst those
of BOPP are slightly lower in the respective solvents. Previously
calculated values for HpD-Fb in methanol of UD = 0.64,58 Hp9-
Fb in methanol of UD = 0.7437 and RB in ethanol of UD = 0.8634,59

Table 1 Singlet oxygen quantum yields of the Fb, di-cation and Zn
metallated forms of the porphyrins. Literature values for the singlet oxygen
lifetimes (sD) required in eqn (2) are also shown

Methanol Ethanol Acetone Acetonitrile

sD/lsa 10.0 14.5 55.4 83.7
UD Rose Bengal 0.79b 0.88 0.70 0.65
UD BOPP 0.58 0.67 0.58 0.44
UD BOPP-di-cation 0.00 0.00 0.02 0.01
UD BOPP–Zn 0.45 0.56 0.52 0.33
UD Hp9 0.68 0.85 0.69 0.51
UD Hp9-di-cation 0.69 0.83 0.60 0.52
UD Hp9–Zn 0.42 0.50 0.49 0.27
UD HpD 0.64 0.85 0.60 0.52
UD HpD-di-cation 0.63 0.78 0.57 0.49
UD HpD–Zn 0.56 0.73 0.53 0.27

a Ref. 60. b Ref. 4, 21 and 37.

Fig. 6 Phosphorescence intensity versus the integrated light absorption
for BOPP-Fb in acetone. I abs values were calculated using eqn (2). The
phosphorescence intensity was monitored at 1278 nm.

are in excellent agreement with the values of UD = 0.64, UD = 0.68
and UD = 0.89 respectively obtained in the current study.

Negligible singlet oxygen production from the BOPP-di-cation
suggests that efficient internal conversion competes with triplet
state formation in this system. The calculated quantum yields of
the di-cation forms of both Hp9 and HpD are almost identical to
those obtained from the Fb forms in the corresponding solvent.
Such a direct comparison is valid since the solubility of oxygen
has been shown not to change with pH.34 While the small addition
of aqueous acid to protonate the porphyrin can potentially reduce
the lifetime of singlet oxygen (due to the presence of water), control
experiments with similar additions of water did not significantly
affect singlet oxygen yields.

Porphyrins can contain 2 core hydrogens with minimal strain
exerted on the ring. The addition of the two extra protons
to the macrocyclic core that is observed in the porphyrin di-
cation, results in an excessive crowding in the core.61 Easing of
this steric strain is achieved by deformation of the porphyrin
ring from a planar configuration. Porphyrins are known to take
up one of five non-planar orientations.62 Di-cation porphyrins
typically take up a saddle conformation.63 As observed from the
steady-state investigation of the insertion of transition metals
into the macrocycle of BOPP, the non-planarity is suggested
to be augmented by the large peripherally substituted closo-
carborane pendant groups. The non-planarity leads to an almost
complete quenching of both the fluorescence and the singlet
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oxygen quantum yields. Quenching of the fluorescence in sterically
crowded porphyrins has been observed,64,65 although the decrease
in UD has not been reported previously. The effect of the distortion
of the macrocycle on excited electronic singlet and triplet states
has been considered.66 In the cases of Hp9 and HpD, the smaller
peripheral substituents which would not accentuate the ring non-
planarity as significantly as is proposed for the BOPP porphyrin,
results in no significant quenching of the fluorescence and singlet
oxygen phosphorescence.

The presence of a metal is known to often lead to an
enhancement in the ISC pathway in an excited molecule due the
“heavy atom effect”.67 The magnitude of the effect has theoretical
grounding based on Fermi’s golden rule indicating that the rate
constant for ISC is proportional to the square of the atomic
number of the heavy atom.68 The calculated values of the singlet
oxygen quantum yield for the Zn porphyrins are presented in
Table 1. Metallation of the porphyrins with a Zn ion led to a
decrease in the singlet oxygen quantum yield compared to that
observed from the Fb form in the corresponding solvent. This
can be attributed to either enhanced internal conversion or an
increase in the rate of back ISC to the ground state.40 It seems
unlikely that the triplet state lifetimes of the metallated porphyrins
would be reduced to such an extent that diffusional interactions
with oxygen would not take place and it seems most likely that
enhanced internal conversion from the singlet state is responsible
for lower triplet yields and the observed decreased UD values.

Although the general trend of UD values is followed for the
Zn porphyrins in the different solvents, the results in acetonitrile
differ to a greater degree than expected when compared to
the RB samples. Acetonitrile solvent molecules are known to
coordinate axially with the zinc centre in investigations on other
porphyrins.69,70 Such binding is known to influence the yield
and lifetime of the triplet state. It has also been reported that
coordination of axial ligands to a metalloporphyrin can lead to a
disruption in the planarity of the ring.71

As mentioned in the discussion of the BOPP di-cation, a signifi-
cant influence on the electronic properties of the photosensitiser is
known to arise from the deviations from planarity induced to the
tetrapyrrolic ring.64,72 Metallation of porphyrins is known to be a
factor in altering the planarity of porphyrins.73–75 Spectroscopic76,77

as well as molecular modelling74,75,78 coupled with the normal-
coordinate structural decomposition method62,78,79 have been
shown to be essential tools in investigating the non-planarity of
metallated porphyrins. The coordination of transition metals into
the macrocyclic core is known to perturb the ring p-electron system
and introduce several low lying charge transfer (CT) states.80 Such
states may be metal–ligand, ligand–metal or metal–metal states.81

Previous investigations into Zn porphyrins have determined that
the Zn2+ ion is conducive to maintaining the planar nature of the
macrocycle.48 Therefore, the perturbation induced by metallation
to the macrocylic ring by the diamagnetic Zn2+ ion is small and
the excited states may be regarded as normal (p–p*) singlet and
triplet states. As mentioned above, a markedly lower value of UD is
obtained for the Zn porphyrin in acetonitrile samples. The uneven
axial coordination of an acetonitrile solvent molecule to the Zn
metal would increase the non-planarity of the ring70,71 and account
for the lower values of UD obtained.

As mentioned above, under the conditions used, only Cu2+ and
Zn2+ ions were able to complex to all three porphyrins studied,

while Mn2+ and Co2+ could also be incorporated into the BOPP
macrocycle. There was no detectable singlet oxygen formation
observed in methanol solutions of the Cu2+ complexes of Hp9
and HpD and for the Co2+ and Cu2+ complexes of BOPP. The
Mn2+ complex of BOPP exhibited a much reduced value for UD of
0.04 compared to the free-base form. The insertion of Mn to BOPP
results in a d-type hyper absorption spectrum. Therefore, the ligand
to metal charge transfer that occurs between the porphyrin orbitals
and the vacancies in the metal eg(dp) orbitals might be expected
to lead to the significant quenching in both the singlet oxygen
production as well as fluorescence. For the other transition metals,
the mixing of ndp (metal) with the eg(p*) (porphyrin) orbitals give
rise to a greater spin–orbital coupling that in turn leads to an
increase in the decay rates of both radiative and non-radiative
processes between the singlet and triplet states.40 The resulting
shortened excited state lifetimes would decrease the likelihood for
singlet oxygen formation.82

Conclusions

Singlet oxygen formation quantum yields have been determined
for different forms of three porphyrins in several solvents using the
method of direct detection of the 1Dg phosphorescence. The singlet
oxygen quantum yields of the Fb forms of the three porphyrins and
the reference compound RB follow a similar trend in the different
solvents studied. Higher values of UD were obtained from the free-
base forms of Hp9 and HpD compared to those of BOPP in the
respective solvents. No change in UD for the di-cation forms of
Hp9 and HpD was observed compared to the values obtained
from the Fb forms. However, an almost complete reduction of
singlet oxygen production as well as the fluorescence is noted for
the BOPP di-cation. This unusual observation is proposed to result
from the increased non-planarity of the macrocycle arising from
the steric crowding caused by the four hydrogens now in the core.
Although such steric crowding would also be expected for the di-
cation forms of Hp9 and HpD, the non-planarity is augmented in
BOPP by the bulky nature of the peripheral substituents.

The effects of incorporating a number of first row transition
metals were investigated in this study. BOPP allowed a greater
number of the metals to coordinate to the macrocyclic core, arising
from a favourable disruption of planarity of the ring exerted by
the large closo-carborane cages. A complete reduction of UD was
observed following insertion of the majority of the transition
metals able to coordinate to the porphyrins. Coordination of Zn2+

to the porphyrins led to a decrease of UD by a factor of 0.8 for
BOPP and HpD and 0.6 for Hp9 compared to the Fb forms. It is
proposed that enhancement of competing non-radiative processes
accounts for this observation.

The investigations reported here indicate that the optimal
singlet oxygen quantum yields for all three porphyrins are
obtained for the Fb forms with equally high yields obtained
from the di-cation forms of Hp9 and HpD. The high values of
UD obtained confirm that each free-base porphyrin would be
viable candidates as photosensitisers in PDT. On the basis of
singlet oxygen production, metallated porphyrins are less suitable
for phototherapy applications. The facile incorporation of zinc
ions into the porphyrin macrocycle suggests the possibility that
adventitious zinc ions in the body may be included into free-
base porphyrins used for phototherapy, thus diminishing their
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effectiveness. The localisation behaviour of zinc porphyrins within
the cell and associated phototoxicity might possibly compensate
to some extent for the reduced singlet oxygen yields. Future
fluorescence imaging studies of these porphyrins in cells should
assist in resolving such possibilities.
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