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Abstract

The two-photon absorption of the photosensitizers 5,10,15,20-tetrakis(m-
hydroxyphenyl)porphyrin and corresponding chlorin has been studied in the near infrared
(IR) range using open-aperture z-scan technique. We found cross sections of 10-40 GM in the
Q-band region, comparable to values in the Soret band. Both photosensitizers are promising
candidates for IR two-photon photodynamic therapy given the better penetration of the IR
light into tissue.
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Introduction
Two-photon absorption has attracted considerable interest in optics, biological and

medical investigations where technologies, such as two-photon imaging microscopy [1],
optical limiting [2], activating photosensitizers in photodynamic therapy (PDT) [3-5] and
others, are used.

In particular, PDT with two-photon excitation has an advantage due to the relatively
longer laser wavelength employed resulting in a deeper penetration of laser light into tissue.
Compounds of the tetrapyrrole type have found considerable interest in this respect as they
already play a strong role as photosensitizers in PDT [6] and due to the fact that some of them
exhibit high two-photon absorption cross-sections [7]. Here we present a comparative
investigation of the two-photon excitation of two structurally closely related photosensitizers
of the porphyrin and the chlorin type: 5,10,15,20-tetrakis(m-hydroxyphenyl)porphyrin (m-
THPP) and 5,10,15,20-tetrakis(m-hydroxyphenyl)chlorin (m-THPC, Temoporfin).
Investigations of the two-photon excitation of the photosensitizer m-THPC at about 800 nm

have already been reported in Ref. 5,8.
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We measured the cross sections of two-photon absorption (TPA) of m-THPC and m-
THPP [9-11] in the spectral range of 1.05-1.45 um, where the penetration depth is even better
than at 800 nm. To measure absolute TPA cross sections we use the established open aperture
z-scan technique [12-14].

Experimental methods and samples

In our study, we used a home-built femtosecond optical parametric amplifier (OPA) as
the source of ultra-short spectrally tunable pulses. The OPA is pumped by a mode-locked
Ti:sapphire laser (CPA-2001, Clark-MXP, Inc.) delivering ~150 fs pulses of 0,5 mJ energy at
a repetition rate of 1 kHz. The tuning range of the OPA is from 1.05 to > 1.45 um, pulse
energy of 5-30 pJ, full-width at half-maximum (FWHM) pulse-length of 100-125 fs assuming
a gaussian pulse-shape. The pulse-length is measured with an autocorrelator of APE GmbH.

The experimental scheme is shown in Fig. 1. The pump beam is focused into a sample
with a 75-cm or 40-cm focal length lens (L1). The transmitted energy through the sample is
measured with the photodiode D1. The reference photodiode D2 is used to diminish the
influence of laser fluctuations by taking the ratio of the signals of photodiodes D1 and D2. A
pump beam waist wy measured with a scanning knife-edge method varied in the range of 0.3
to 0.4 mm, which corresponds to a Rayleigh parameter of zg=n wo/A=30-40 mm at
wavelengths A of 1.05-1.45 um. These measurements and the fitting of the z-scan curves

show that the intensity-profile of the beam is rather well described as gaussian.
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The sample thickness is 5 mm, which is shorter than the Rayleigh parameter. In this
case, we can with good accuracy take intensity to be approximately the same along the sample
cell. To achieve accuracy in fitting z-scans, the analytical expressions describing the



transmission of gaussian laser pulses through a two-photon absorbing medium, which are
valid for arbitrary absorber thickness [14] are used.

As there are some differences in definition of the TPA cross section [15], we first
present the definitions and approximations for the quantitative estimations we use. The TPA

in a sample is described by the following differential equation:

A/, =—BI*. (1)
Here the two-photon absorption coefficient S is related to the cross section o, as a,=hvf/N,
where Av is the exciting photon energy and N is the concentration of the TPA molecules in
solution and 1 is the pump intensity[14,16,17]. For weak absorption and a sample thin in
comparison to zg, the solution of the Eq. (1) can be expanded in a series taking only a few
terms. The actual quantity of interest in the open-aperture z-scan experiment is the average
transmitted power as a function of the sample position. For this one can integrate over the
transverse coordinates to obtain the instantaneous transmitted power and then integrate over
the duration of the pulse. The transmitted power in these approximations at sample-position z

is given by

T(z) =1-plod/2(1+ (%/z,)) . 2)

where |y is the incident laser intensity on the Gaussian beam-axis at the waist and d is the
sample thickness. From the fit of the T(z) curve the nonlinear absorption coefficient 3 and the
Cross section o is obtained.

The samples under investigation were DMSO (dimethyl sulfoxide) solutions of m-
THPC and m-THPP at typical concentrations of 4-6 mM/l. m-THPC was obtained from
biolitec research GmbH, and m-THPP was prepared according to the literature [18]. The
photosensitizers m-THPC and m-THPP both are tetrapyrrole-based photosensitizers. In m-
THPC one of the pseudoolefinic ,3’-double bonds in porphyrins has been removed compared
to m-THPP (see in Fig.2) resulting in a chlorin-type tetrapyrrole. It is a change reducing the
symmetry of the molecule and imparting distinct changes to its optical absorption properties
[9,19]. m-THPP has recently found attention as the photoactive compound in nanoparticle-
based photosensitizer formulations [20]. m-THPC (Temoporfin) is in established clinical use
as a photosensitizer: m-THPC is the active pharmaceutical ingredient in the medicinal product
Foscan which is authorized in the European Union for the palliative treatment of head and
neck cancer [21]. The treatment of cancer by PDT, that is, the destruction of the cancer tissue,
depends on the presence of molecular oxygen and is in essence a photodynamic effect. A
decisive role in such photoreactions is played by the efficiency of populating the excited



triplet state of the photosensitizer. For this reason it is of interest to study the excitation of

lowest singlet states of the photosensitizers, which could have a coupling to a triplet state.

The photophysical and some TPA properties and the photodynamic activity of m-
THPC are described elsewhere [5,8-9]. Studies on m-THPP have also been reported in Ref. 9-
11.

Results and discussion

To confirm that the change in the transmission is due to the TPA, the power
dependence of the change was measured regularly. There are a number of nonlinear effects,
as, for example, Kerr-lensing and thermal lensing, which can affect the measurements. They
influence the collection of the transmitted signal on the detector and can be interpreted as a
change in the transmitted power. Typically, dependence of the absorption on the power was
close to quadratic if the relative nonlinear absorption does not exceed 10-15%. For higher
absorptions, the dependence is not quadratic and the beginning of saturation is seen.

The setup was tested by measuring the TPA cross section of the well studied dye
Rhodamine 6G (Rh6G) dissolved in methanol at 795 nm. We determined the value of the
cross section to be 26+5 GM for Rh6G in a methanol solution. Here 1 GM is equal to 10™°
cm®s/photon/molecule. It agrees with the value measured in [22]. A detailed comparison of
Rh6G TPA cross section at 798-806 nm has been reported in Ref.15. It varies from 12.8 to
134 GM.

Our measurements of TPA cross sections at 795 nm for m-THPC and m-THPP
dissolved in DMSO give the magnitudes of 28+8 GM and 56+15 GM, respectively. The value



reported in the literature [5] is o, =18 GM at 800 nm for m-THPC dissolved in 20% ethanol,
30% polyethylene glycol and 50% distilled water.
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The two- and one-photon absorption spectra of m-THPC and m-THPP are presented in
Fig.3. The TPA spectra are plotted against half the excitation wavelength value to allow
comparison to the one-photon absorption spectra. It can be seen that the transition structure
for the one- and two-photon absorptions are very similar, and if we could more precisely
determine the maxima of the TPA spectra most probably the same. It is possible that one- and

two-photon excitations may reach the same excited state if a molecule is not centrosymmetric



or through relaxation of symmetry rules by vibronic coupling [15,23-25]. As a result, the
same band should appear in both, one- and two-photon absorption spectra, although with
different relative intensities. Of the molecules in this study m-THPP is centrosymmetric, but
the m-THPC is not. In the m-THPC the symmetry is broken by the reduced double bond . The
decrease in symmetry results in higher intensity of the long wavelength Q-band in the
absorption spectrum of chlorins. The reduced symmetry increases the TPA probability for the
symmetry-forbidden transitions. The observation of the relatively high TPA in the Q-band
region [11] between 500 and 700 nm for both symmetric and not symmetric molecules shows

that the vibronic coupling plays here an important role [25].
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We have also measured the ratio of TPA cross sections for circular and linear
polarized laser beams in the vicinity of the absorption peaks. An example of different
transmittance curves for linear and circular polarizations is presented in Fig. 4. The ratio of
both transmittance signals provides information on the symmetry of excited states for
randomly oriented molecules [26,27]. It is stated that this ratio is <1 for any transition
involving two states of the same symmetry on any point group with some rare exceptions
[26]. For all peaks in the measured TPA spectra the ratio of the cross section for circularly
polarized light over that for linearly polarized light does not exceed 1. The averaged value for
a number of measured peaks in our experiment is 73£16%. It means that the ground and

excited Q-band states are of the same symmetry.

Conclusions



We have measured the TPA cross sections of two promising photodynamic therapy
photosensitizers m-THPC and m-THPP in the excitation range of 1.05-1.45 um. The TPA in
this Q-band region is comparable with the TPA at 800 nm, but the infrared light has better
penetration into tissue. Thus, both photosensitizers are promising candidates for two-photon
photodynamic therapy applications. The question under study now is how effectively the

triplet state is populated by the excitation of the Q-band and its vibronic components.
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Figure captions.

Fig.1. Scheme of open-aperture z-scan measurements. D1 and D2 are photodiodes, L1 and L2
— lenses.

Fig.2. Structures of investigated photosensitizers: 5,10,15,20-Tetrakis(3-
hydroxyphenyl)porphyrin (m-THPP) 1 and 5,10,15,20-Tetrakis(3-hydroxyphenyl)chlorin (m-
THPC) 2.

Fig.3. Two-photon (filled circles and line) and one-photon (solid line) absorption spectra for
m-THPC (a) and m-THPP (b) dissolved in DMSO. The TPA spectra are plotted against half
the excitation wavelength.

Fig. 4. The measured transmittance curves for the m-THPP dissolved in DMSO at 1258nm for

linear (filled circles) and circular (open squares) polarized exciting beam.
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