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a b s t r a c t

The photophysical properties of four imidazolium-substituted metalloporphyrins have been assessed to
gain insights into the relative efficacy of the compounds for photodynamic therapy (PDT). A set of zinc(II),
palladium(II), and chloro-indium(III) porphyrins all bear a net positive charge owing to the diethylimi-
dazolium unit; one zinc chelate bears a negative charge owing to a bis(sulfobutyl)imidazolium unit. The
photophysical properties of the cationic and anionic zinc porphyrins are very similar to one another in
organic solvents, phosphate-buffered saline, and in the presence of bovine serum albumin. The prop-
erties of the zinc and palladium porphyrins bearing charged peripheral groups are generally similar to
those of neutral analogs in organic solvents. The palladium porphyrin shows an essentially quantitative
yield (≥0.99) of the triplet excited state compared to the zinc porphyrins (∼0.9), and all are quantitatively
midazolium
hotophysics

quenched (at the diffusion limit) by molecular oxygen in air-saturated fluid solution. If the rate constant
and yield of quenching of the triplet excited state by energy or electron transfer to molecular oxygen is
the same in the cellular environment as in solution, then these processes combined with the triplet yield
contribute only a factor of 1.3 to the higher PDT activity of analogous palladium versus zinc porphyrins,
which is much smaller than what is observed. Therefore, other factors such as transient reduction of the
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of these sensitizers.

. Introduction

Photodynamic therapy (PDT) is emerging as an important treat-
ent for many diseases. Many applications of PDT involve killing

ndesirable disease-causing cells such as malignant cancer cells
1] or pathogenic microorganisms [2]. PDT is also used to destroy
nwanted tissues such as tumors [3], new blood vessels [4], and
therosclerotic plaques [5]. The therapy involves the use of a dye
r photosensitizer molecule that should localize in the target tis-
ue, cell, or organelle, and which then leads to the formation of

ethal reactive oxygen species upon light activation in the presence
f molecular oxygen [6]. The photosensitizer should have a long-
ived triplet excited state that allows formation of reactive oxygen
pecies by processes such as energy transfer from the photosensi-

∗ Corresponding author. Tel.: +1 314 935 6502; fax: +1 314 935 4481.
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the target site must predominantly underlie the difference in PDT efficacy

© 2008 Elsevier B.V. All rights reserved.

izer to ground state oxygen to form singlet excited state oxygen
Type II mechanism), or electron transfer from the photosensitizer
o ground state oxygen to form superoxide radical anion and species
here from such as oxygen radicals (Type I mechanism) [7].

Many photosensitizers are tetrapyrrole chromophores, which
ncludes porphyrins, chlorins, bacteriochlorins, benzoporphyrins,
nd phthalocyanines [8]. Many of the clinically employed pho-
osensitizers are porphyrins, which have only weak absorption
ands in the red region of the spectrum where light has the abil-

ty to penetrate tissue. Newer photosensitizers under investigation
nd development have much higher absorption at red and near-
nfrared wavelengths, where absorption by hemoglobin and other
ndogenous species is diminished. The four nitrogen atoms of the

etrapyrrole macrocycle efficiently chelate a variety of metal ions,
nd the chelated metal modulates some of the important pho-
ophysical parameters that affect the formation of the reactive
xygen species. Most naturally occurring tetrapyrrole compounds
re metal chelates; for example, the heme cofactors of hemoglobin

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:holten@wustl.edu
dx.doi.org/10.1016/j.jphotochem.2008.08.006
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nd cytochromes are Fe(II) porphyrins, while chlorophyll or bacte-
iochlorophyll is a Mg(II) chlorin or bacteriochlorin, respectively.

A range of seemingly disparate tetrapyrrole structures contain-
ng metal chelates have been investigated as photosensitizers in
linical applications. Zinc(II) and aluminum(III) phthalocyanines
ave been studied as both unsubstituted compounds [9] and with
arying numbers of sulfonated groups attached to the benzo sub-
tituents [10]. Silicon(IV) is chelated in the phthalocyanine known
s PC4 [11]. Tin(II) is chelated into an etiopurpurin (SnET2) oth-
rwise known as Purlytin [12]. Indium(III) is present in a chelate
f pyropheophorbide methyl ester known as MV6401 [13]. The
are earth metal lutetium(III) is chelated into the tetrapyrrole
acrocycle known as texaphyrin to produce motexafin lutetium

14]. Palladium(II) is chelated into two bacteriochlorin compounds,
acteriopheophorbide (TOOKAD or WST-09) [15] and its taurine
erivative (WST-11) [16], which have been used for vascular target-

ng.
In addition to the inherent photophysical characteristics of the

hromophore, other important attributes to be considered in the
esign of potential photosensitizers are the chemical characteris-
ics of the molecule. These characteristics govern uptake by various
ell types, and also determine the pharmacokinetics, biodistribu-
ion and localization of the photosensitizer at the target site. Recent
ork has shown that the molecular charge as well as the degree

f lipophilicity of the photosensitizers can be important in this
egard. Photosensitizers with constitutive cationic charges such as
uaternary ammonium groups have been shown to be highly effec-
ive antimicrobial photosensitizers compared to molecules that
re negatively charged, neutral, or even bear basic amino groups
17,18].

In the present report, we have examined the photophysical
roperties of a set of water-soluble imidazolium-substituted por-
hyrins that contain central zinc(II), palladium(II), and indium(III)

ons. The four porphyrins are shown in Chart 1. Each porphyrin
s of the trans-AB-type wherein a phenyl group is located at one

eso-position, an imidazolium substituent is located at the trans
eso-position, and the flanking meso-positions lack substituents.

orphyrins 1-Zn and 2-Zn are zinc(II) chelates, whereas 2-InCl is a
hloro-indium(III) chelate, and 2-Pd is a palladium(II) chelate. The
otivation for examining the photophysical properties of this set

f compounds is to determine whether these properties correlate
ith the observed in vitro PDT activity (2-Pd > 2-InCl > 2-Zn > 1-
n; P. Mroz, J. Bhaumik, Z. Aly, H.L. Kee, D. Holten, J.S. Lindsey, M.R.
amblin, submitted for publication). The difference in in vitro PDT
ctivity for the four porphyrins is profound: 2-Pd is about 4 times
etter than 2-InCl, which in turn is about 4 times better than 2-Zn,
hich in turn is about 10 times better than 1-Zn. To better under-

tand the origin of the up to 160-fold difference in reactivity, the
hotophysical characteristics of the four porphyrins in a variety of
edia are compared with each other and with hydrophobic por-

hyrin counterparts in organic solvents. Taken together, the results
rovide a foundation for evaluating the relative PDT activity of the
our porphyrins in terms of the contribution of the central metal
on and the overall charge on the sensitizer.

. Experimental methods

The synthesis of porphyrins 1-Zn, 2-Zn, and 2-Pd has been
eported [19]. The synthesis of 2-InCl will be described elsewhere.
he absorbance and fluorescence spectra, fluorescence yields and

xcited singlet-state lifetimes of 1-Zn, 2-Zn, 2-Pd, and 2-InCl
ere investigated at room temperature in several media: (i) a
:1 mixture of tetrahydrofuran and methanol (THF/MeOH); (ii)
tandard aqueous phosphate-buffered saline solution containing
0 mM Na3PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4 (PBS); (iii) the

m
F
t
≤

Chart 1.

ame PBS solution containing 0.1 mg/mL bovine serum albumin
PBS/BSA); (iv) a phosphate-buffered saline solution with a 10-
old increase in the phosphate concentration, namely 100 mM
a3PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4 (cPBS); and (v) the

ame cPBS solution containing 0.1 mg/mL bovine serum albumin
cPBS/BSA). To prepare the above aqueous solutions, the porphyrin
as first dissolved in a drop of dimethylsulfoxide (DMSO) and
iluted using PBS, cPBS, PBS/BSA or cPBS/BSA to the desired por-
hyrin concentration, with the final volume of DMSO being <1%
f the total. Phosphorescence spectral studies on 1-Zn, 2-Zn, 2-
d, and 2-InCl porphyrins at 295 K utilized samples in THF/MeOH;
tudies at 77 K utilized an ethanol glass. Studies on the stan-
ard compounds zinc(II)-meso-tetraphenylporphyrin (ZnTPP) and
alladium(II)-meso-tetraphenylporphyrin (PdTPP) at 295 K uti-

ized toluene, tetrahydrofuran, or pyridine; studies at 77 K used
-methyltetrahydrofuran (2-MeTHF).
Static absorption (Cary 100) and fluorescence (Spex Fluorolog2)
easurements were performed using dilute (�M) solutions.

luorescence lifetimes were obtained using a phase modulation
echnique [20]. Argon-purged solutions with an absorbance of
0.10 at the Soret-band excitation wavelength were used for the
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uorescence spectral and lifetime measurements. Fluorescence
pectra were acquired at 0.2 nm data intervals using a band pass
or the excitation and detection monochromators of 1.5 and 3.3 nm,
espectively, and were corrected for detection-system spectral
esponse. Fluorescence quantum yields were determined using
rgon-purged solutions and excitation at the peak of the Soret band
405–425 nm) relative to free base meso-tetraphenylporphyrin
FbTPP) in toluene [˚f = 0.09] [21], and its zinc chelate ZnTPP in
enzene [˚f = 0.030] [22]. The fluorescence quantum yields were
orrected for solvent refractive index and averaged.

Yields of the lowest excited triplet state (˚isc) were obtained
sing argon-purged samples and a transient-absorption technique
imilar to that described previously [23,24]. The extent of bleaching
f the ground-state Q(1,0) band at ∼500 nm (relative to the feature-
ess transient absorption) due to the lowest singlet excited state
as measured immediately following a 130 fs flash in either the

oret (418 nm) or Q (554–602 nm) bands. The amplitude of this sig-
al was compared to that due to the lowest triplet excited state,
hich was derived from two methods. In the first method, the

riplet bleaching signal was taken as the long-time asymptote of the
tted exponential singlet excited state bleaching decay (4-ns time
ourse) with the time constant fixed at the fluorescence lifetime.
n the second method, the triplet bleaching was measured directly
t a long (∼20 ns) time delay. The triplet yields obtained using the
ifferent methods were averaged. For 2-Pd and 2-InCl, the excited
inglet-state lifetime is sufficiently short so that a delay time of
nly a few nanoseconds was necessary to accurately determine the
riplet-state bleaching using the second method.

The lifetimes of the lowest energy triplet excited state (�T) for
-Zn, 2-Zn, and 2-Pd were measured at room temperature on com-
ounds in ethanol rigorously degassed by the freeze-pump-thaw
ethod (10 cycles each) on a high vacuum system (<1 �m pressure)

nd sealed. For some solvents, purging with argon or nitrogen even
or >1 h is not sufficient to eliminate the contribution of oxygen
uenching. Triplet lifetimes on these three porphyrins were also
easured at 77 K in frozen ethanol glasses. Due to its diffusional

ature, any residual contribution from quenching by O2 at room
emperature is effectively eliminated in the low-temperature glass.
riplet lifetimes were not measured for 2-InCl because verifiable
hosphorescence was not observed (vide infra). For comparison,
riplet decay profiles were also measured for ZnTPP and PdTPP in
-MeTHF degassed solutions at room temperature and glasses at
7 K.

Triplet lifetimes were determined using ∼7 ns, ∼6 mJ, 532 nm
xcitation flashes from a Q-switched Nd:YAG laser (Quanta Ray
CR-3, Spectra-Physics) and detection with a photomultiplier

H6780-20, Hamamatsu). The signal was sent to a 50 � input of a
.5 GHz, 20 gigasample/s digital oscilloscope (TDS7154, Tektronix).
he resulting decay traces were fitted to the sum of a Gaussian
nstrument profile plus a single exponential plus a constant (Igor
ro, Wavemetrics). Alternatively, the lifetimes were obtained by
eleting the time points encompassing the instrument profile, and
he remainder were fitted to a single exponential plus a constant
Origin, Microcal OriginLab). This method gave the same lifetimes
ithin the reported error limits to that using the full data set, and
ence was used for the majority of the analyses.

The room temperature triplet lifetimes were obtained using
xcitation flashes that were sufficiently weak to effectively elim-
nate contributions from triplet–triplet annihilation. This was
ssessed for PdTPP when a further reduction in flash strength did

ot affect the decay profile or the resulting lifetime obtained from
single-exponential fit. Similarly 2-Pd did not change with a >10-

old reduction in flash intensity from the level used to obtain the
eported lifetimes. Additionally, due to the diffusional nature of
riplet–triplet annihilation, any residual contribution from these

m
T
l

ig. 1. Absorption spectra (solid) and emission spectra (dashed for deoxygenated
ample and dotted for oxygen-containing sample) for 2-Zn (A), 1-Zn (B), 2-Pd (C),
nd 2-InCl (D) in THF/MeOH (3:1) at room temperature.

rocesses at room temperature is effectively eliminated in the low-
emperature glass.

The molar absorption (extinction) coefficients (ε) for ZnTPP,
nOEP, and PdOEP (OEP is 2,3,7,8,12,13,17,18-octaethylporphyrin)

n toluene were determined by dissolving a measured amount in
5 mL of toluene. The stock solution was then diluted 20× for
bsorption measurement. The value of ε was calculated for three
rials and averaged from the absorbance at the peak of the Soret
and. The values (vide infra) agree with those in literature [25–27].

. Results and discussion

.1. Absorption spectra in organic solvents
The electronic ground-state absorption spectra of the four
etalloporphyrins 1-Zn, 2-Zn, 2-Pd, and 2-InCl (Chart 1) in

HF/MeOH solution at room temperature are shown in Fig. 1 (solid
ines). The spectrum of each compound shows a strong near-UV
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Table 1
Absorption and fluorescence spectral properties at 295 K

Compound Medium Absorption Fluorescence

B(0,0) (nm) B(0,0) FWHM (nm) Q(1,0) (nm) Q(0,0) (nm) B(0,0)
Q(1,0)

Q(0,0)
Q(1,0) Q(0,0) (nm) Q(0,1) (nm)

1-Zn THF/MeOH 411 11 543 576 22 0.4 583 635
cPBS 410 552 582 586
cPBS/BSA 419 552 582 594
PBS 408 547 579
PBS/BSA 418 550 581

2-Zn THF/MeOH 412 12 542 576 23 0.7 582 635
cPBS 409 547 581 585
cPBS/BSA 418 549 580 593
PBS 407 541 575
PBS/BSA 417 547 579

2-Pd THF/MeOH 400 24 513 547 12 1.0 550 591
cPBS 406 519 559 563
cPBS/BSA 400 517 555 563
PBS 403 518 558 562
PBS/BSA 399 517 555 552

2-InCl THF/MeOH 415 38 561 603 15 2.3 637 692
cPBS 430 594 627
cPBS/BSA 428 597 627
PBS 426 597 626 638
PBS/BSA 422 595 624 628

ZnTPP Toluene 423 11 550 589 30 0.16 596 646
THF 423 9 555 594 30 0.31
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dTPP Toluene 417 17 524
THF 418 17 524

oret (B) band (corresponding to S0 → S2) and a pair of weaker
isible Q(1,0) and Q(0,0) bands (corresponding to S0 → S1). The
eak wavelengths and intensity ratios are listed in Table 1. Several
ifferences in principle could influence relative PDT activity. The
ull-width-at-half-maximum (FWHM) of the Soret band increases
n the order 1-Zn (11 nm) ∼ 2-Zn (12 nm) < 2-Pd (24 nm) < 2-InCl
38 nm) in THF/MeOH. The Q(0,0)/Q(1,0) ratio increases in the order
-Zn (0.4) < 2-Zn (0.7) < 2-Pd (1.0) < 2-InCl (2.3). The Soret and Q
eatures of palladium porphyrin 2-Pd are generally blue shifted
rom those of the two zinc porphyrins (1-Zn and 2-Zn), whereas
hose for chloro-indium porphyrin (2-InCl) are red shifted.

The modest differences in the absorption characteristics of 1-Zn
ersus 2-Zn must arise from another type of interaction because
he sulfonate groups of 1-Zn are not conjugated to the macro-
ycle. In this regard, the four-carbon alkyl linkages between the
midazolium and sulfonate groups of 1-Zn permit the latter group
o extend above the plane of the macrocycle. This would place a
egative charge in close proximity to the �-electron cloud of the
orphyrin and perturb the molecular-orbital energies and thus the
ptical spectra [28]. Additionally, the alkyl linkages may be suffi-
iently long to allow a sulfonate oxygen to coordinate to the central
inc ion of the same (or another) porphyrin. Interactions of this type
re not possible for the other three metalloporphyrins (Chart 1).

The spectral differences between 2-Pd and 2-Zn or 1-Zn are gen-
rally similar to those observed for other types of palladium versus
inc porphyrins. The Soret FWHM is greater for PdTPP (17 nm) than
nTPP (12 nm) in toluene, and this is accompanied by a decreased
eak extinction coefficient. The latter point is illustrated by the fol-

owing comparisons of values determined here or previously (units
−1 cm−1): PdTPP (417 nm) (202 000 [25]) versus ZnTPP (423 nm)

571 000; 574 000 [26]) and PdOEP (392 nm) (231 000; 191 000

27]) versus ZnOEP (403 nm) (403 000; 417 000 [26]).

The increased breadth of the spectral features of 2-InCl (Fig. 1D)
ompared to the other porphyrins may reflect the presence of mul-
iple species that differ in the solvent coordination to the central

etal ion. Plausibly, the solvent may also displace the chloride

o
t
i
T
t

553 11 0.08 560 607
553 11 0.08

ounterion, thereby affecting the position of the metal with respect
o the mean macrocycle plane and thus the absorption spectrum.

The shifts in the Q band-positions reflect differences in
he energy of the porphyrin S1 excited state in the order
d(II) > Zn(II) > In(III)Cl (Table 1). The change in the Q(0,0)/Q(1,0)
ntensity ratio with metal ion undoubtedly reflects changes in the
elative energies of the frontier molecular orbitals and thus the
verall oscillator strength of the S0 → S1 absorption contour [29].

A potential contributor to PDT activity is the difference among
he metalloporphyrins in the propensity to bind axial ligands to
he central metal ion. In order to assess this difference for the
midazolium-substituted palladium (2-Pd) and zinc (1-Zn, 2-Zn)
orphyrins, spectra were acquired for the reference compounds
ZnTPP and PdTPP) in several organic solvents that differ in metal-
oordination strength (Fig. 2). Axial ligation to a metalloporphyrin
enerally results in shifts of all the absorption features and a change
n the intensity of the Q(0,0) band with respect to the Q(1,0) band.
or example, axial ligation of ZnTPP red shifts the absorption
eatures and increases the Q(0,0)/Q(1,0) intensity ratio. Fig. 2(A)
emonstrates the well-known behavior that the central zinc ion of
nTPP is coordinated strongly by pyridine and to a lesser degree by
HF; coordination by toluene does not occur. On the other hand, the
band ratio is not perturbed for PdTPP even in pyridine (Fig. 2B).

he solvent only marginally shifts the Soret feature, which can be
ttributed to solvent polarity rather than axial ligation. Thus, the
inc porphyrins (e.g., 2-Zn) have a much greater propensity for axial
igation than palladium porphyrins (e.g., 2-Pd).

.2. Absorption spectra in aqueous media

Absorption spectra were acquired for the porphyrins in aque-

us PBS and in the presence of bovine serum albumin (PBS/BSA)
o explore some of the types of interactions that may be present
n the biological milieu (Fig. 3). The differences from the spectra in
HF/MeOH are largest in the Soret region, with relatively small per-
urbations to the Q bands (Table 1). Fig. 3(B) shows that 2-Zn has
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ig. 2. Absorption spectra of ZnTPP (A) and PdTPP (B) in toluene (solid), THF
dashed), and pyridine (dotted) at 295 K.

n additional component on the long wavelength side of the Soret
eature in PBS that collapses upon the addition of BSA (except for
small band shift from the position in THF/MeOH). These obser-

ations can be explained by aggregates of positively charged 2-Zn
ormed in PBS being disrupted by the binding to the overall nega-
ively charged BSA protein [30], which also shifts the band due to a
ielectric effect.

Similar behavior is observed for 1-Zn (Fig. 3A), although the
ffect of BSA is less pronounced than for 2-Zn because in this case
he porphyrin (like BSA) bears an overall negative charge. Aggre-
ation of 2-Pd in PBS is also disrupted by BSA (Fig. 3C); residual
ggregation or a greater heterogeneity of porphyrin-medium inter-
ctions can explain the increased spectral width in aqueous versus
HF/MeOH solutions. The presence of aggregation and effects of
SA are less apparent for 2-InCl (Fig. 3D).

.3. Emission spectra

Emission spectra for the four porphyrins in deoxygenated
HF/MeOH solutions at room temperature are shown in Fig. 1
dashed lines). For zinc porphyrins 1-Zn and 2-Zn, the emission
pectra are dominated by S1 → S0 fluorescence (Fig. 1A and B). For
oth compounds, the shorter-wavelength feature is the Q(0,0) band
nd the longer-wavelength feature is the Q(0,1) vibronic satellite.
he Q(0,0) fluorescence peak is shifted by ∼5 nm (∼180 cm−1) from
he corresponding absorption maximum (Table 1). The difference
n the intensity ratio of the two fluorescence bands for 1-Zn and
-Zn qualitatively parallels that observed for the absorption bands.

The emission spectrum for 2-InCl is also dominated by S1 → S0

uorescence (Fig. 1D). The nominal Q(0,0) fluorescence feature for
his compound has several underlying components that parallel
hose seen in the Q(0,0) absorption profile; whatever the molecu-
ar origin (e.g., axial-ligation states, macrocycle conformation), the
ifferent molecular components are clearly emissive. The emission

e
t
t
f
P

ig. 3. Room temperature Soret-region absorption spectra of the metalloporphyrins
n THF/MeOH (3:1) (solid), PBS (dashed), and PBS/BSA (dotted).

pectrum of 2-Pd is much different from the other three com-
ounds (Fig. 1C). The Q(0,0) and Q(0,1) fluorescence features for
his compound are quite weak and are barely observed at the
xpected positions with respect to the origin absorption band in
eoxygenated solution. Instead, the emission spectrum is domi-
ated by T1 → S0 phosphorescence bands, T(0,0) and T(0,1), that lie
t substantially longer wavelengths (Table 1). Upon introduction
f oxygen into the sample, the phosphorescence is dramatically
uenched, so that only fluorescence is observed. The emission
pectrum for 2-Pd in oxygenated THF/MeOH solution is shown in
ig. 1(C) (dotted line).

The relative intensities of the fluorescence and phosphorescence
mission for the porphyrins were examined further in ethanol
lasses at 77 K (Fig. 4). The frozen medium results in sharper
ands than in fluid solution at room temperature and eliminates
iffusion-controlled quenching of the (phosphorescent) triplet
xcited state by any residual trace O and by triplet–triplet encoun-
2
ers. Each spectrum in Fig. 4 is normalized to the peak intensity of
he strongest emission band, which is the Q(1,0) fluorescence peak
or 1-Zn and 2-Zn and the T(0,0) phosphorescence feature for 2-
d. Although fluorescence was observed for 2-InCl at 77 K (Table 1),
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ig. 4. Emission spectra of the 2-Zn (A), 1-Zn (B), and 2-Pd (C) in ethanol glass at
7 K. The features at wavelengths shorter than ∼640 nm are from fluorescence and
hose to longer wavelengths are phosphorescence.

hosphorescence could not be verified by excitation spectra; thus, a
ow-temperature emission spectrum for this complex is not shown.

The low-temperature emission spectra for the two zinc por-
hyrins are basically identical to one another (Fig. 4A and B)
ith the following characteristics: Q(0,0), 579 nm; Q(0,1), 633 nm;
(2,0), 685 nm; T(0,0), 738 nm; T(0,1), 823 nm. The T(0,0) position
laces the lowest triplet excited state (T1) at 1.68 eV above the
0 ground state, and the spacing from the Q(0,0) band places the
1 state 0.46 eV (3710 cm−1) below the S1 excited state (Table 2).
hese values are comparable to those found here (Table 2) and
reviously [29] for ZnTPP. The ratio of the integrated phosphores-
ence profile [encompassing T(0,0) and T(0,1)] and the fluorescence
rofile [encompassing Q(0,0), Q(0,1) and Q(0,2)] gives the ratio of
he phosphorescence to fluorescence quantum yields (˚p/˚f). This
uantum-yield ratio is 0.11 for 1-Zn and 0.14 for 2-Zn at 77 K, which
re comparable to the ratio of 0.11 for ZnTPP (Table 2).

The low-temperature emission spectrum for 2-Pd (Fig. 4C), like
hat at room temperature (Fig. 1C), exhibits strong phosphores-
ence but only very weak fluorescence. The features are Q(0,0),
42 nm; Q(0,1), 590 nm; Q(2,0), 620 nm; T(0,0), 657 nm; T(0,1),
32 nm. The T(0,0) position places the T1 excited state at 1.89 eV
bout the ground state, which is 0.21 eV higher than for the two

inc porphyrins. The Q(0,0)–T(0,0) spacing for 2-Pd corresponds
o a singlet-triplet splitting of 0.40 eV (3226 cm−1), which is com-
arable to that for PdTPP and only marginally smaller than that
or 1-Zn, 2-Zn and ZnTPP (Table 2). The value of ˚p/˚f is 650 for

˚

˚
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-Pd, which is comparable to ˚p/˚f > 460 for PdTPP and roughly
000-fold greater than the values for 1-Zn and 2-Zn.

Fluorescence for 2-InCl is also observed in a 77-K ethanol glass
Table 1) and has similar characteristics to the room temperature
pectrum in THF/MeOH solution (Fig. 1D). The singlet-triplet split-
ings observed for the zinc and palladium porphyrins, together with
he significantly red-shifted position of the Q(0,0) band for 2-InCl
Fig. 1D), predict that the T(0,0) phosphorescence for the latter
omplex should be found near 820 nm (∼1.5 eV above the ground
tate). Although weak emission features were observed between
50 and 870 nm for 2-InCl at 77 K, they could not be unambiguously
ssigned to the parent complex by excitation spectroscopy.

.4. Singlet excited state lifetimes, fluorescence yields, and triplet
ields

The lifetime of the lowest singlet excited state (�S), the fluores-
ence quantum yield (˚f), and the yield of intersystem crossing to
he lowest triplet excited state (˚isc) for each of the four porphyrins
n THF/MeOH at 295 K are given in Table 2. The fluorescence yields
or zinc porphyrins 1-Zn and 2-Zn (∼0.015) are 2-fold smaller than
or ZnTPP (0.03) whereas the excited state lifetimes are about 30%
onger (3.0 ns versus 2.1 ns) [22,31]. The close similarities in prop-
rties of 1-Zn and 2-Zn indicate that the net charge on the meso
ubstituent has little impact. Furthermore, the differences from ref-
rence porphyrin ZnTPP are modest and must simply be due to the
resence of two versus four meso aryl substituents. In addition,
or both 1-Zn and 2-Zn, the �S and ˚f values are similar in aqueous
olution to those found in THF/MeOH, and there is little effect upon
he addition of BSA (Table 1).

Compared to the zinc porphyrins, chloro-indium porphyrin 2-
nCl is less fluorescent (˚f ∼ 0.008) and has a 13-fold shorter singlet
xcited state lifetime (240 ps). These values are comparable to the
uantum yields and lifetimes for dichloro-tin(IV) porphyrins, which
he S1 and T1 states are also expected to be (�,�*) in nature because
he metal has a closed 3d-shell [23,32].

The differences in excited-state properties are even more promi-
ent for 2-Pd, which is barely fluorescent (˚f = 1.2 × 10−4) and has
singlet excited state lifetime (9 ps) that is about 300-fold shorter

han those for 2-Zn and 1-Zn. The fluorescence quantum yield for
-Pd is comparable to that for PdTPP [25,29]. This ˚f combined
ith an average natural radiative rate constant of kf ∼(60 ns)−1

or metallotetraphenylporphyrins [22,29] predicts �S = ˚f/kf = ˚f
60 ns)−1 ∼ 10 ps for PdTPP, in good agreement with the value mea-
ured here for 2-Pd.

The measured intersystem-crossing yields (Table 2) increase in
he order: 2-Pd (0.88) > 2-InCl (0.83) > 2-Zn and 1-Zn (0.79 and
.69). Given that the uncertainty (±10%) in these values somewhat
bscures the true impact of the metal ion on the intersystem-
rossing process, an additional estimate for ˚isc for each compound
s derived below.

.5. Decay properties of the lowest-energy singlet excited state

The observables �S, ˚f, and ˚isc for decay of the lowest-energy
inglet excited state are connected to the rate constants for S1 → S0
pontaneous fluorescence (kf), S1 → S0 internal conversion (kic),
nd S1 → T1 intersystem crossing (kisc) via Eqs. (1)–(3).

S = (kf + kic + kisc)−1 (1)
f =
kf + kic + kisc

(2)

isc = kisc

kf + kic + kisc
(3)
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Table 2
Summary of photophysical data

Compound Ta (K) Absorption Emission ES (eV) ET (eV) ES − ET

(eV)
˚p/˚f �S (ns) ˚f (kf)−1

(ns)b
˚isc (kisc)−1

(ns)c
(kref

isc
)−1

(ns)d

˚ref
isc

e �T (ms) ˚p
f (kp)−1

(ms)
B(0,0) (nm) Q(0,0) (nm) Q(0,0) (nm) T(0,0) (nm)

1-Zn 295 411 576 583 2.12 3.0g 0.014h 214i 0.69 4.3 3.7 0.80 4.5j

77 579 738 2.14 1.68 0.46 0.11 64 0.0015 33 000

2-Zn 295 412 576 582 2.13 3.0k 0.015l 200m 0.79 3.8 3.8 0.80 6.1j

77 579 738 2.14 1.68 0.46 0.14 54 0.0021 21 000

2-Pd 295 400 547 550 672 2.25 1.84 0.41 26 0.009 0.00012 75 0.88 0.010 0.009 >0.99 0.01j

77 542 657 2.28 1.89 0.39 650 2.0 0.078 26

2-InCl 295 415 603 637 1.95 1.50n 0.45 0.24 0.0078 31 0.83 0.29 0.25 0.98

ZnTPP 295 423 588 595 2.08 2.1o 0.030p 70q 0.85r 2.5s 0.85 4.6
77 599 784 2.07 1.58 0.49 0.11t 33u 0.0033v 8 500w

PdTPP 295 417 553 560 696 2.21 1.78 0.43 11 ∼0.01x 0.00018y ∼0.01z 0.11
77 683 1.82 >460A >0.99 1.5B >0.08C <19

a Unless noted otherwise, studies on 1-Zn, 2-Zn, 2-Pd, and 2-InCl at 295 K utilized samples in MeOH/THF = 3:1, and studies at 77 K utilized samples in frozen ethanol glasses. Studies on ZnTPP and PdTPP utilized samples
in toluene, except for determinations of �T, which used 2-MeTHF solutions (295 K) or frozen glasses (77 K).

b Calculated using Eq. (4).
c Calculated using Eq. (5).
d Calculated using Eq. (6) and the value of kic = (16.2 ns)−1 for ZnTPP.
e Calculated using Eq. (7) and the value in the preceding column.
f Obtained by multiplying the ˚p/˚f (obtained from the emission spectra at 77 K) times the value of ˚f determined at 295 K, assuming that ˚f is not affected substantially by temperature [29,49].
g The values in cPBS and cPBS/BSA are 2.5 and 2.7 ns, respectively.
h The values in cPBS and cPBS/BSA are 0.019 and 0.020, respectively.
i The values in cPBS and cPBS/BSA are (132 ns)−1 and (135 ns)−1, respectively.
j Compound in ethanol.
k The values in cPBS and cPBS/BSA are 2.6 and 2.7 ns, respectively.
l The values in cPBS and cPBS/BSA are 0.019 and 0.014, respectively.

m The values in cPBS and cPBS/BSA are (136 ns)−1 and (193 ns)−1, respectively.
n Obtained assuming an average value of ES − ET = 3500 cm−1 from 1-Zn, 2-Zn, and 2-Pd.
o Measured in toluene in ref. [31]. A value of 2.2 ns is measured in toluene in ref. [49]. A value of 2.7 ns is measured in methylcyclohexane in ref. [34].
p Measured in toluene in refs. 22 and 49, and in methylcyclohexane in ref. [34].
q The same value is derived in ref. [49] and a value of 59 in ref. [34].
r Derived from the values obtained in ref. [50] (0.83) and here (0.9).
s A value of 2.8 ns is reported in ref. [34].
t Additional values are reported in refs. [49] (0.37) and [51] (0.32).
u Additional values are reported in refs. [49] (25) and [34] (26).
v Additional values are reported in refs. [34] (0.012) and [49] (0.015).

w Additional values are reported in refs. [49] (1700) and [34] (2000).
x Calculated as described in the text. A value of 0.02 ns near the instrument limit is reported in ref. [34].
y Averaged of values from refs. [52] (0.00015), [25] (0.0002), and [34] (0.0002).
z Calculated as described in the text. A value of 0.02 is derived in ref. [34].
A No fluorescence is observed, so the ratio is calculated based on the phosphorescence intensity above the baseline.
B Additional values are reported in refs. [35] (2.4) and [34] (2.8).
C Additional values are reported in refs. [52] (0.08), [34] (0.17), and [35] (0.2).
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The radiative rate constant can be calculated from the observ-
bles via Eq. (4).

f = ˚f

�S
(4)

Similarly the intersystem-crossing rate constant can be calcu-
ated via Eq. (5).

isc = ˚isc

�S
(5)

A second estimate for the intersystem crossing rate constant is
btained via Eq. (6).

ref
isc = (�S)−1 − kf − kic (6)

The “ref” denotation indicates that the calculation in Eq. (6)
or 1-Zn, 2-Zn, 2-Pd, and 2-InCl utilizes a common value of
ic = (16.2 ns)−1 derived for ZnTPP (using Eqs. (1)–(4) and the asso-
iated �S, ˚f, and ˚isc values). The assumption of a (relatively)
onstant S1→S0 internal-conversion rate constant (kic) among the
elated meso-substituted metalloporphyrins is reasonable because
he molecules have similar structural characteristics and a compa-
able singlet energy gap from the ground state. Subsequently, the
alue of kref

isc obtained from Eq. (6) for each compound was used to
btain an additional estimate for the intersystem-crossing yield via
q. (7).

ref
isc = kref

isc · � (7)

The rate constant and yield obtained using Eqs. (1)–(7) for
ach metalloporphyrin are given in Table 2. The radiative rate con-
tant (kf) varies with the central metal ion as follows: 1-Zn [Zn(II),
214 ns)−1] ∼ 2-Zn [Zn(II), (200 ns)−1] < 2-Pd [Pd(II), (75 ns)−1] < 2-
nCl [Cl-In(III), (31 ns)−1]. This trend tracks the Q-absorption
scillator strength as exemplified by the Q(0,0)/Q(1,0) intensity
atio (Fig. 1, Table 1): 1-Zn (0.4) < 2-Zn (0.7) < 2-Pd (1.0) < 2-
nCl (2.3). The Q(0,0)/Q(1,0) tracks the S1 → S0 oscillator strength
ecause the Q(1,0) intensity is derived from vibronic borrowing
rom the Soret transition and is thus relatively constant [29,33].
n turn, the S0 → S1 (stimulated) absorption oscillator strength is
roportional to kf for S1 → S0 (spontaneous) fluorescence via the
instein coefficients.

As noted above, the four metalloporphyrins exhibit modest
ifferences in the measured yields of S1 → T1 intersystem cross-

ng (˚isc): 2-Pd (0.88) > 2-InCl (0.83) > 2-Zn (0.79) > 1-Zn (0.69).
hese values together with the S1 lifetime (�S) and Eq. (5) give the
ntersystem-crossing rate constants (kisc): 2-Pd [(10 ps)−1] > 2-InCl
(290 ps)−1] > 2-Zn [(3.8 ns)−1] > 1-Zn [(4.3 ns)−1]. Although the kisc
alues exhibit the same trend as ˚isc, the spread is much greater and
etter indicates differences among the complexes. Nonetheless,
he uncertainties in the ˚isc determinations transform into uncer-
ainties in the kisc values. Thus, the effect of the metal ion on the
ntersystem-crossing process is better reflected in the kref

isc and ˚ref
isc

alues, which follow the trend 2-Pd [Pd(II), (9 ps)−1, >0.99] > 2-InCl
Cl-In(III), (250 ps)−1, 0.98] > 1-Zn [Zn(II), (3.7 ns)−1, 0.8] ∼ 2-Zn
Zn(II), (3.8 ns)−1, 0.8]. The values necessarily track the measured
inglet excited state decay rate (i.e., the inverse of the observed life-
ime �S): 2-Pd (9 ps)−1 > 2-InCl (240 ps)−1 > 1-Zn (3 ns)−1 ∼ 2-Zn
3 ns)−1.

The large differences between 2-Pd versus 1-Zn and 2-Zn are

xpected due to the heavy-atom effect on the spin-orbit coupling
hat drives the S1 → T1 conversion [29,34]. Due to similar atomic
umbers, In(III) might be expected to have a comparable spin-orbit
ffect as Pd(II); however the latter may be more effective due to
tronger interactions with the porphyrin core-nitrogen atoms via
-orbital participation in �-backbonding.

c
o
v
q
a
p
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.6. Decay properties of the lowest energy triplet excited state

The T1 decay profiles in frozen glasses at 77 K are single
xponential (no significant O2-quenching or triplet–triplet anni-
ilation effects) with time constants (�T) that reflect the intrinsic
ecay processes (T1 → S0 phosphorescence and T1 → S0 intersys-
em crossing). The �T values for the two zinc porphyrins 1-Zn and
-Zn at 77 K are 64 and 54 ms, respectively. These lifetimes are
bout 2-fold longer than the lifetimes obtained here (Table 2) and
reviously [29,34] for ZnTPP. The value �T = 2.0 ms for 2-Pd is com-
arable to the values found here (Table 2) and previously [34,35]
or PdTPP. For each compound, the value of �T is input into Eq. (8)
o obtain a value for the phosphorescence rate constant kp using
he values for the yields of intersystem-crossing (˚ref

isc) and phos-
horescence (˚p) given in Table 2.

p = ˚p

˚ref
isc · �T

(8)

The resulting kp value for 2-Pd [(26 ms)−1] is 1000-fold greater
han for 2-Zn and 1-Zn [(21 s)−1 and (33 s)−1], consistent with
eavy-atom enhancement of spin-orbit coupling.

.7. Triplet decay at room temperature and quenching by
olecular oxygen

The �T values for 2-Zn, 1-Zn and ZnTPP in fluid solution at 295 K
6.1, 4.5, 4.6 ms) are considerably shorter than those found in the
rozen medium at 77 K (33, 54, 64 ms). The triplet lifetime for PdTPP
t room temperature (110 �s) is again about 50-fold shorter than
or the zinc porphyrins, like that at low temperature (1.5 ms). Sur-
risingly, the �T value for 2-Pd at 295 K is 10-fold shorter (10 �s)
han that for PdTPP even though they have essentially the same
ifetime at 77 K (2.0 ms). The lifetime for 2-Pd is identical (10 �s)
n degassed ethanol and 2-MeTHF, so the difference from PdTPP
n 2-MeTHF is not due to a solvent effect. The shorter �T for 2-Pd
annot be ascribed to residual triplet–triplet annihilation because
he decay is single exponential and remains at 10 �s even with a
0-fold reduction in flash strength (where annihilation did not con-
ribute for PdTPP). Thus, the short room temperature �T for 2-Pd
s unexplained.

Although the triplet lifetimes for 2-Pd and PdTPP in degassed
olution at room temperature differ by an order of magnitude,
he lifetime for both compounds in air-saturated 2-MeTHF (and
n ethanol for 2-Pd) is the same (300 ns). This value is compara-
le to the lifetime obtained previously for PdTPP in air-saturated
oluene [25]. Because this lifetime is substantially shorter than
hose obtained for both palladium porphyrins in degassed solu-
ion, and assuming minimal or no triplet–triplet annihilation,
he decay kinetics are dominated by the term kq[O2]. Assum-
ng an O2 concentration of 2 mM in the air-saturated organic
olvent [36,37], a lifetime of 300 ns corresponds to a quenching
ate constant of kq = 1.7 × 109 M−1 s−1. Analogous studies on zinc
orphyrins 2-Zn, 1-Zn and ZnTPP in air-saturated 2-MeTHF give
riplet lifetimes of ∼100 ns and kq ∼ 5 × 109 M−1 s−1; the errors
n the latter determinations are larger than those for the palla-
ium porphyrins due to the significantly reduced phosphorescence

ntensities.
The kq values obtained above are comparable to the rate

onstants obtained for O2 quenching of the triplet excited states

f a variety of porphyrins [38] and inorganic complexes [39]. The
alues are about one-ninth of the (diffusion-limited) rate of O2
uenching by singlet excited states, with the reduction factor being
scribed to spin restrictions for triplet–triplet energy transfer to
roduce two singlet states (excited O2 and ground-state porphyrin)
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40–42]. On the basis of prior analyses of oxygen quenching of
xcited chromophores [37], the observed lifetimes and derived
uenching rate constant imply that essentially every (>90%) triplet
tate produced for these porphyrins in air-saturated solution is
uenched by reaction with O2.

.8. Implications of the photophysical properties for relative PDT
ctivity

As noted in Section 1, the in vitro PDT activity differs for the
our porphyrins: 2-Pd is about 4 times better than 2-InCl, which
n turn is about 4 times better than 2-Zn, which in turn is about
0 times better than 1-Zn. The PDT activity was assayed in murine
T26 colon adenocarcinoma and human HeLa cervical carcinoma
ells. Differences between the compounds for cell uptake and
elated assays were performed. A detailed discussion of these mea-
urements, results, and the mechanism(s) of PDT activity will be
resented elsewhere (P. Mroz, J. Bhaumik, Z. Aly, H.L. Kee, D. Holten,

.S. Lindsey, M.R. Hamblin, submitted for publication). The follow-
ng provides a foundation for understanding the extent to which
he photophysical properties investigated herein contribute to the
bserved differences in PDT activity.

Given that the photophysical behavior of the two zinc por-
hyrins (2-Zn and 1-Zn) are identical except for small differences

n spectral characteristics, the observed 10-fold differences in PDT
ctivity of these two compounds must derive from the two (nega-
ively charged) sulfonate-terminated alkyl groups attached to the
midazolium substituent of 1-Zn (Chart 1). As can be seen from
ig. 2, these two molecules clearly differ in their potential inter-
ctions with proteins (e.g., BSA). In this regard, there is evidence
hat cationic PDT agents better localize than anionic analogues in
ertain types of cells [17,18].

The remaining discussion focuses on the homologous set of por-
hyrins (2-Pd, 2-Zn, 2-InCl) bearing the same meso-substituents
phenyl and imidazolium). For the broad-band illumination
400–700 nm; 10 J/cm2) used in the in vitro PDT experiments,
he (comparable) absorption properties of the compounds should
ot play a dominant role in dictating the relative PDT activities.
lthough the trend in S1 → T1 intersystem-crossing yields [2-Pd

>0.99), 2-Zn (0.8)] tracks the observed PDT activity, this con-
ributes only a factor of ∼1.3, which is much smaller than the
bserved 16-fold effect. Furthermore, if the porphyrin series were
xtended to include a free base analogue (e.g., ˚isc ∼ 0.76 for
bTPP [21,43–46]), then a maximal enhancement of only a fac-
or of ∼1.4 in PDT efficacy would be predicted across a series
hat ranges from metal-free to heavy-metal (e.g., palladium) por-
hyrins.

The enhanced spin-orbit coupling that underlies the greater
1 → T1 yields (˚isc) also underlies the 1000-fold greater T1 → S0
adiative rate (kp) for 2-Pd versus 2-Zn (Table 2). The impact would
e significant if even a fraction of this factor contributes to the
elative probabilities for energy (or electron) transfer from the T1
xcited state of the porphyrin to 3O2. The associated increased mix-
ng of the T1 and S0 states should help drive the porphyrin from T1
o S0 and enhance energy transfer to 3O2. In principle, this could
nvolve dipole–dipole coupling, electron–exchange interactions, or
elaxation of spin restrictions. These effects are generally not real-
zed, at least in the air-saturated solutions, because for a range of
orphyrins the quantum yield of T1 quenching by 3O2 is generally
he same as the T1 yield [25,38].
On the other hand, it is possible that the situation is different in
ome biological milieu. The O2 concentration may be sufficiently
ow that during the T1 lifetime only a small fraction will encounter
n O2 molecule and/or that each collision is not effective in produc-
ng energy/electron transfer. In this case, enhanced T1–S0 coupling

A

o

obiology A: Chemistry 200 (2008) 346–355

or 2-Pd versus 2-Zn would complement the small (1.3-fold) dif-
erence in triplet yields and play a role in the 16-fold greater PDT
fficacy of the former versus the latter sensitizer.

For most sensitizers, energy transfer from the T1 excited state
f the sensitizer to 3O2 to produce the reactive 1O2 excited-singlet
pecies is thought to play a role in PDT activity (Type II mechanism).
or some sensitizers and some cellular environments, PDT efficacy
s thought to be enhanced by photo-oxidation of the sensitizer via
lectron transfer from T1 to 3O2 and subsequent processes to give
eactive species such as superoxide or hydroxyl radicals, even if
roduced in low yield (Type I mechanism). The potential roles of
hese various reactive oxygen species produced by the palladium
acteriochlorin sensitizer TOOKAD in different environments have
een described [15,47]. If the rate and efficiency of the T1 photo-
xidation step in the Type I mechanism is the limiting factor, then
he PDT efficacy should track the excited-state oxidation potential
f the sensitizer.

With regard to 2-Pd and 2-Zn, the excited-state oxidation poten-
ials of these two sensitizers are comparable. This conclusion
ollows because palladium porphyrins are harder to oxidize than
inc porphyrins by 0.2–0.3 V in the ground state [48], which is coun-
erbalanced by the T1 excited-state energies of the former being
bove those of the latter by ∼0.2 eV (Table 2). On the other hand,
alladium porphyrins are easier to reduce than zinc porphyrins by
0.2 V in the ground state [48], which complements the T1 energy
ifference to make the excited state of 2-Pd a more potent electron
cceptor than 2-Zn by ∼0.4 V. Thus if operable in the cellular envi-
onment, a two-step mechanism involving an exogenous electron
onor and intermediate photoreduction of the porphyrin T1 state
rior to electron transfer to 3O2 could complement the modestly
igher intersystem-crossing yield in enhancing the PDT activity of
-Pd versus the other sensitizers.

These considerations suggest that if the standard Type II
lectron-transfer mechanism (sensitizer T1 photo-oxidation) plays
role in the difference in PDT activity of the 2-Pd versus 2-Zn,

hen other factors involved in the ultimate formation of the reac-
ive radical species must come into play. One could be difference
n the cellular sites of localization of the two sensitizers, which

ould also contribute to the relative PDT efficacies of the two com-
ounds by the Type II mechanism. The importance of the immediate
nvironment of a sensitizer in the relative yields of various reac-
ive oxygen species (produced by energy or electron transfer) has
een discussed in the context of studies of the palladium bac-
eriochlorin TOOKAD [15,47]. Given that 2-Pd, 2-InCl, and 2-Zn
ave the same peripheral groups, attention must be focused on
he ligation properties of the central metal ion. Palladium por-
hyrins do not acquire axial ligands with near the propensity as
inc porphyrins (2-Pd and 2-Zn; Fig. 2). Indium porphyrins bind
negatively charged apical ligand. Thus, 2-Pd will not ligate enti-

ies from the medium or biological milieu to near the extent as
-Zn, 1-Zn, or 2-InCl. Thus, the smaller hydrodynamic radius of
he palladium porphyrin (compared to porphyrins with axial lig-
nds), and reduced propensity for metal-derived interactions, may
nable greater delivery of 2-Pd to the target site, or perhaps the pre-
ise binding site itself. Such differences could be intertwined with
he production of the ultimate reactive oxygen species. Collectively,
he studies reported here provide a framework for understanding
he factors that underlie the differences in observed PDT activity of
he imidazolium-substituted (charged) zinc, palladium, and indium
orphyrins.
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