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Abstract. The photophysical properties of pyropheophorbide- a methyl ester (PPME) were
studied in homogeneous organic solvent (dimethylformamide) by means of molecular VIS absorption
and fluorescence steady-state and time-resolved spectroscopy. Theoretical calculation on the
parameters of homo-Forster resonance energy transfer (FRET) was performed assuming its
occurrence between pyropheophorbide-a methyl ester molecules in dimethylformamide solutions.
Using the experimental data, the Férster radius for PPME molecules was calculated to be Ry = 53 A.
The fluorescence quantum yield and lifetime of PPME were found to be 0.21 and 7.3 ns, respectively.
The linear differential equations which describe the processes in the Jablonski diagram of PPME were
constructed to reveal the kinetics of the transitions.
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INTRODUCTION

Forster resonance energy transfer (FRET) is a distance-dependent interaction
in which emission of one fluorophore (donor) is coupled to the absorption of
another (acceptor). It takes place mainly because the dipole of the excited donor
interacts resonantly with the dipole of the ground state acceptor [50]. The
excitation energy of the donor is radiationlessly transferred to a neighbouring
acceptor. Consequently, the transferred excitation energy lifts the electron of the
acceptor to a higher energy level as a photoexcited electron, while simultaneously
the donor returns to its ground state [3].

One of the conditions needed for this mechanism to occur is that the
fluorescent emission spectrum of the donor overlaps the absorption spectrum of the
acceptor [43]. Furthermore, the transition orientations of the donor dipole and
acceptor dipole have to be almost parallel. FRET efficiency of singlet-singlet
energy transfer depends on the inverse of the sixth power of the distance between
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the fluorophores. This makes possible the measurement of the distance between the
interacting fluorophores up to a range from about 10 to 100 A [12,13]. The energy
received by the acceptor is less than that absorbed by the donor due to the Franck-
Condon principle [22], the energy difference being spread to the surrounding
molecules.

The acceptor can be either fluorescent or nonfluorescent. If the acceptor is
fluorescent, the energy transferred to it can be emitted as a characteristic
fluorescence emission of the acceptor providing that the donor and acceptor are
different fluorophores. The acceptor energy is lost in non-radiative processes when
the acceptor is nonfluorescent [41].

It is not necessary that the two fluorophores to be a part of the same
molecule. As long as the average intermolecular distances are within 10-100 A the
energy transfer can take place between separated molecules of the same
multiplicities [17]. The energy transfer rate is a first order process in the acceptor
concentration or donor concentration and the overall energy transfer rate is
diffusion-controlled [42].

The distance between the acceptor and donor molecules can be found from
the measurements of fluorescence quantum yield or lifetime of the donor. The
energy transfer efficiency expresses the overlapping degree between the spectra of
the donor emission and the acceptor absorption [9]. This permits the determination
of proximity and relative orientation of the interacting fluorophores. Structural
information on biological structures was obtained using the calculations of FRET,
primarily proteins and other macromolecular assemblies such as ribosomes and
nucleosomes [20]. The energy transfer measurements can provide intra- or
intermolecular distance data for proteins and their ligands within the range of 10—
100 A. Moreover, FRET can detect changes in distance of 1-2 A between loci in
proteins; hence it is a sensitive tool of the conformational change [21].

Pyropheophorbide a methyl ester (PPME) is an effective second generation
photosensitizer of porphyrin derivatives, having a tumorous tissues selective
accumulation, small toxicity, and high phototoxicity [1, 2, 11, 19, 29, 30, 34, 44,
46]. The structure of PPME (Fig. 1) is different from that of chlorophyll a by the
loss of magnesium from the centre of the molecule, the loss of a carbomethoxy
group (-COOCH3) at C10 of the isocyclic ring and the substitution of the phytol
group (H39C20) by methyl (CH3) [34, 44]. The great aspect of PPME is its high
extinction coefficients around 667 nm and the incorporation of the methyl ester
which can increase its lipophilic character [2, 30, 46].

An effective interaction between the covalently linked pheophorbide a
moieties was observed for pheophorbide a substituted diaminobuthane (DAB)-
dendrimer of a third generation [18]. Along the surface of the dendrimer, the
chromophores in the complex undergo homo-Forster energy transfer. These
interactions were found to result in a strong reduction of photoactivity of the
pheophorbide-a molecules in the complex, especially their singlet oxygen
generation and fluorescence quantum yields [18]. The existence of a strong
interaction between the identical dye molecules was also observed [51].
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The aim of the current work is to perform theoretical calculation on the
parameters of homo-FRET process assuming its occurrence between pyropheophorbide
a methyl ester molecules in homogeneous organic solvent (dimethylformamide).
Jablonski diagram was constructed using the theoretical and experimental data.

MATERIALS AND METHODS

CHEMICALS
Pyropheophorbide a methyl ester (PPME) with a purity of 95% was
purchased from Aldrich. Pyropheophorbide-a (PPA) was used as a reference. The

used solvent was dimethylformamide (DMF). All chemicals were used as supplied.
The structure formulas of PPA and PPME are shown in Fig. 1.
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Fig. 1. The structural formulas of pyropheophorbide a methyl ester (PPME)
and pyropheophorbide-a (PPA).

ABSORPTION SPECTRA

Ground-state absorption spectra were gathered at room temperature using a
commercial spectrophotometer (Shimadzu UV-1700). The wavelength scanning
speed was between 10 nm/min ~ and 3000 nm/min; and the wavelength accuracy
of £0.3 nm. The increment of the measurements was 0.1 nm.

FLUORESCENCE SPECTRA

Steady-state fluorescence spectra were taken at 25 °C on an Edinburgh
Analytical Instruments Model FS-900 CDT spectrometer. The investigated compounds
were measured in lcmxlcm quartz optical cells using a combination of a cw-
Xenon lamp, (XBO150), a polychromator with a cooled photomultiplier (Hamamastu,
model IP-28), and an emission monochromator (bandwidth 0.01-9 nm). The slit
widths were 5 nm for the excitation and emission light. The signal was acquired for
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1 s and the wavelength increment was set to 0.1 nm. The samples were excited at
wavelength of 412 nm and their emission spectra were recorded in the spectral
range from 300 to 900 nm (2 nm steps) at room temperature.

For the determination of the fluorescence quantum yield (®f), the reference
standard of PPA (®r = 0.31+£0.02 in DMF, [2]) was used. To avoid aggregation and
reabsorption effects all fluorescence measurements were carried out using solutions
with low absorbance (¢ < 10° M, optical path length 1 cm). The standard and
samples were adjusted to absorbance of 0.2 at 412 nm. Fluorescence quantum yield
of PPME ( ®F™E ) was calculated using the following relationship [2, 23]:
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where F is the integrated area across the emission band, 4 is the absorbance at the
excitation wavelength, and # is the refractive index of the solvent at 25° which is
DMF for the two investigated compounds. The singlet state energy (E1o) was
estimated at the point of the normalized absorption and fluorescence spectra [38].

FLUORESCENCE LIFETIME

Fluorescence lifetime measurements were performed at room temperatures
on a time-correlated single-photon counting fluorescence spectrometer (Edinburgh
Instrument) with CW 450 W xenon arc lamp, nanosecond pulsed flash lamp, 1ns
FWHM pulse duration, single photon counting stop photomultiplier, and resolution
less than 0.05 nm. Measurements were performed in DMF with excitation
wavelength at 412 nm. Data were analyzed by a global iterative program using
Marquardt algorithm [28]. Using a single exponential function convoluted by the
instrument response function data were both globally and individually analyzed.
The goodness of fit was judged using the statistical fit parameter (x°) and a random
distribution of the residuals.

THEORETICAL METHODS

A donor fluorophore in its excited state can transfer energy by a non-radiative
long-range dipole-dipole coupling mechanism to an acceptor fluorophore. The rate
of this process was derived by Forster [13, 37]. The electronic energy transfer
(EET) rate belongs to the transition from the initial (i) state D* + A, which is
described by the two-electron wave function ; to the final (f) state D + A”, that is
described by y¢ [31]:

.= 5l 0wy @)= v v, ) @
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where the asterisk denotes the conjugate of the wave function. The molecular wave
function v is given by the product of the nuclear y and electronic ® wave function
according to the Born-Oppenheimer approximation. The element of the interaction
matrix (Mggr) which represents the coupling between initial and final state is
written as

M et = <‘|’i |M|‘Vf> ()

M=
er (5)

where Mggr refers to the sum of the two terms of the exchange interaction and
columbic interaction, M is the perturbation part of the total Hamiltonian of the
system that expresses the repulsion between the two electrons engaged in the
energy transfer, € is the dielectric constant of the solvent, r is the distance between
the electrons and e is the electronic charge. It should be emphasized here that
energy transfer via Dexter mechanism is acting only between donor and acceptor
for short distances range from about 5 to 10 A [3, 27, 20], therefore it will no
further be considered since we are interested in the calculations of FRET which is
valid for distances range from about 10-100 A [3, 12, 17, 22, 41, 43, 50]. By
expanding the columbic term we obtain the dipole-dipole term:

1 3 i
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where, respectively, px and pp are the transition dipole moments of A — A™ and D
— D", and R = rp, is the centre-to-centre distance between donor and acceptor.
The geometrical arrangement of the point dipole-dipole interaction is represented in
Fig. 2. Equation (6) can be rearranged by inserting the orientation factor of kpa
[13,27]:

M ger = KDAMR;%:IDH<®;
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where Op and 04 are the angles between these dipoles and the vector joining the
donor and the acceptor, and ¢t stands for the relative orientation of the interacting
transition dipole moments (see Fig. 2).
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Fig. 2. The graphical representation of the geometrical arrangement of the dipole-dipole

interaction. ps and pp are the transition dipole moments of A — A" and D — D',

respectively, 7pa is the centre-to-centre distance between donor and acceptor, 0p and 6, are

the angles between these dipoles and the vector joining the donor and the acceptor, and the ¢t
stands for the relative orientation of the interacting transition dipole moments.

The rate constant (k.r) of the energy transfer can be written using Fermi’s
Golden rule [26]:

2z
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where P' is the distribution of the initial state, and E,,' and E, are, respectively, the
energies of the initial (i) and final (f) states and 6 — the Kronecker’s delta function.
By comparing equations (7) and (9), we obtain:
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The Boltzmann distribution P, determines the population of the vibrational
states of the excited donor and the ground state acceptor.

RESULTS AND DISCUSSION

ELECTRONIC GROUND-STATE ABSORPTION

The electronic ground-state absorption properties of PPA and PPME were
studied in DMF solvent. Their UV-VIS absorption spectra are presented in Fig. 3.
The shape of the absorption spectra is similar, but the molar extinction coefficients
are higher for PPME, especially at 0,(0,0) band and Soret band, probably because
of the insertion of methyl ester to the macrocyclic structure of PPME molecule.
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Fig. 3. The VIS absorption spectrum of PPa and PPME in DMF at 25 °C.

The 0,(0,0) absorption transition at 667 nm of PPa has a molar extinction
coefficient of 4.2x10* M 'em™!, whereas for PPME at 666 nm this value is 5%10*
M 'em™. The Soret band of PPa at 413 nm has a molar extinction coefficient of
9.98x10* M 'em’, whereas this value is 11.47x10* M'em ™ at 412 nm for PPME.
The molar extinction coefficients of the rest O absorption transitions are weak for
both molecules and the difference between their molar extinction coefficients is
very small. These Q absorption transitions for PPa are Q,(0,1) at 509 nm, 04(0,0)
538 nm, and Qy(0,1) 610 nm, whereas for PPME they are 0,(0,1) at 508 nm,
0x(0,0) at 537 nm, and Qy(0,1) at 609 nm. The absorption transition bands of
PPME exhibit a hypsochromic shift compared to those of PPa. PPME shows higher
molar extinction coefficients in the red region of the absorption spectrum which is
a demand in photodynamic therapy applications [2, 29 ,30].

The analogues of porphyrins of porphycenes, chlorins, phthalocyanines,
purpurins, and naphthalocyanines demonstrated absorption bands peaking at longer
wavelengths and showing larger molar extinction coefficients as compared with
porphyrins [19, 23, 34, 38, 44]. These spectroscopic features were significant
because they guarantee a higher efficiency and probability of light absorption.
Actually, the triplet state lifetime, quantum yield of triplet state, and singlet oxygen
quantum yield were enhanced for the analogues of porphyrins [19, 23, 34, 38, 44].

FLUORESCENCE AND SINGLET STATE ENERGY

The emission spectra (Fig. 4) were the same for all excitation wavelengths,
which shows the existence of only one fluorescing species.
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Fig. 4. Fluorescence spectra of pyropheophorbide-a (PPa) and pyropheophorbide-a methyl ester
(PPME) in dimethylformamide (DMF) at 25°C. Excitation wavelength (A.,) =412 nm. [PPME] =
1.7 uM and [PPa] =2 uM.

Stokes shift is the difference (in wavelength units) between the positions of
the absorption band peak (Fig. 3) and fluorescence emission peak (Fig. 4) [15]. The
fluorescence maximum peak in DMF is observed at 675 nm, and therefore PPME
exhibits Stokes shift of 9 nm. Stokes shift of PPa is slightly smaller with a value of
8.2 nm. From the intersection of the emission and absorption normalized spectra
[38], the singlet state energy Ej, can be evaluated. Calculation gives a value of
E1=1.845 eV which is 0.004 eV blue-shifted compared to that of PPa.

Fluorescence quantum yield of PPME (@) was determined by the
comparison with the reference compound of PPa (®;""*) according to equation (1).
Taking the value of ®"™* as 0.31 + 0.02 the determined value of ®F""™F is
0.21 £ 0.01. A high value of the fluorescence quantum yield is an advantage for a
fluorophore in order to serve as a biomarker for tumours. The fluorescence
quantum yields of PPa and PPME fall within the range of the porphyrin derivatives
being now used in photodynamic therapy [30]. By observing Fig. 3 and Fig. 4
it is found that the absorption and fluorescence spectra are red shifted and
structured compared to some porphyrin derivatives [19, 44]. The mirror similarity
is not well satisfied.

FLUORESCENCE LIFETIME

The time-resolved measurements of PPa and PPME have shown a single
exponential deactivation of the first excited singlet state (Fig. 5). The fit revealed

that the lifetime of PPa is ¢f** = 6.2 ns and that of PPME is {f"™MF = 7.3 ns (Table
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1). The decay times are relatively high when compared to other porphyrin
derivatives [23, 44]. Molecular structures with such properties are known to belong
to a planar geometry of the ground and excited states [47]. The higher value of
PPME lifetime should result in a decrease of the intersystem crossing quantum
yield, and a reduction of the photoinduced singlet oxygen generation [41].

1 -
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——Fitting
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Decay time (ns)

Fig. 5. Fluorescence decay of PPME in DMF monitored at 675 nm. The fit (monoexponential fit) is
shown as solid line. Excitation wavelength (A.,) =412 nm.

FORSTER ENERGY RANSFER

To observe strong nonradiative transitions two conditions have to be fulfilled.
First, the molecule must have a large number of vibrational modes in the ground
state, which is likely the case for PPME molecular system (see Fig. 3). Second, the
coupling of the excited state to the ground vibrational states must be effective [10].
This situation is achieved for specific geometries of the molecules. Prediction of
nonradiative relaxation rates would require the information about number and
energy of vibrational states. From UV-VIS spectra it is not possible to obtain this
knowledge; they are only reflected in the broadening of the different electronic
transitions visible in the absorption and fluorescence spectra [45].

Since there is a significant overlap between absorption of the 0,(0,0) band
and fluorescence spectra of PPME, we assume that FRET may occur in such a
manner that permits a long-range radiationless intermolecular hopping of energy
from an initially excited PPME-donor to other PPME-acceptor. An energy transfer
process from PPME as donor is favourable because the energy of the first excited
singlet state of PPME is 1.845 eV which is energetically identical to the singlet
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state of PPME-acceptor. Moreover, the molar extinction coefficients of PPME-
acceptor within the spectral region of the fluorescence spectrum of PPME-donor
are large (see Fig. 3 and Fig. 4) [46]. That means that the overlap integral needed
for occurring the Forster energy transfer is high as well [6].

One of the most significant parameters when dealing with single dipole-
dipole resonance energy transfer is the Forster radius (R,) at which the energy
transfer efficiency from a donor to acceptor is ®ps = 50%. In other words, there is
an equal probability of resonance energy transfer and radiative emission of a
photon [37]. In order to estimate R, we used the following formula which is
derived from equation (10) [13]:

~[9000(In10) k25 ®p T Fp(V)ea (V) )

-¢ 5 4 6 ~\ 4 v (11)
1287 n" Narpato § (V)

where @p is the quantum yield of the PPME-donor in the absence of PPME-

acceptor, n = 1.43 is the refractive index of DMF solvent, N is Avogadro's

number, Fp (V) is the corrected fluorescence intensity of the donor within wave

numbers ranging from v to v+ dv with the total intensity normalized to unity, €5
is the molar extinction coefficient of the acceptor at v normalized to peak at unity,
and xpa is a factor describing the relative orientation of the unit vectors which

describe the direction of the sensitizers transition dipole moments (Hp for the donor

and {4 for the acceptor, see Fig. 2) in space and their orientation relative to the unit
vector separating their centres (rp,, see Fig. 2). For the purpose of calculation, kpa”
was taken as 2/3 [27]. This average value of the orientation factor is commonly
used in solutions with uniform distribution of the transition dipole moments of the
interacting molecules [8]. This indicates a randomization of the polarization during
energy transfer. In general, the variation of kp,” seems to have no result in serious
errors in the calculated distances [8]. Moreover, the flexibility of the fluorophore
provides enough dynamic averaging such that the orientation factor does not
importantly influence the accuracy of average distance measurements. The
uncertainty regarding the orientation factor has nonetheless been a main negative
factor in using this technique and several methods were introduced to reduce it [5, 16].

Using equation (11) and the experimental data, the Forster radius for PPME
molecules was calculated to be Ry= 53 A. This is consistent with those of aromatic
compounds where R, ranges typically between 10 A and 100 A [23, 27, 34]. The
significance of Forster radius comes from that the energy transfer measurement is
most sensitive to distance variation when donor-acceptor separation is close to their
Forster distance [24]. Thus, the approximate dimension of the system to be studied
is the most important factor.
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An important point regarding the functionality of the drugs (photosensitizers)
is the concurrence of the intermolecular or intramolecular energy transfer of the
same type of molecules [18, 51]. This will be a problem if the acceptor
concentration is high. The critical concentration of PPME-acceptor is [PPME]

447

=— [14, 47, 50], where R, has the unit of A. The intermolecular transfer
R

0
efficiency at this concentration is 76% [25]. Diffusion can further enhance energy
transfer [25, 52]. The concentration of acceptor to avoid intermolecular transfer

should be much lower than ﬂz [14, 47, 50]. Since the calculated Forster radius of
Ry

PPME is R, = 53 A, the concentration of the acceptor is [PPME] = 3 mM. With a
diffusion coefficient of 3.28x10°° cm’/s (this value was estimated for PPME using
Stokes-Einstein equation [25] at room temperature with PPME radius of 7 A and
DMEF viscosity of 0.92 cP), there is about 4% intermolecular energy transfer. Thus,
when the acceptor concentration exceeds one hundredth of its critical concentration,
a possible intermolecular energy transfer should not be neglected [14].

At Forster distance the summation of the other deactivation efficiencies of the
radiative and nonradiative transitions are reduced by 50% [25, 37]. This situation
leads necessarily to a serious reduction in the intersystem crossing quantum yield
and the singlet oxygen quantum yield. The low singlet oxygen quantum yield
reduces the photodynamic activity of the photosensitizer [2, 29, 30]. In order to
have further understanding of behaviour of the energy transfer efficiency, it was
plotted (Fig. 6) versus the distance between PPME-donor and PPME-acceptor
according to equation (12):

Ro*rpa (12)

where rp4 is the distance separating the centres of the transition dipoles of donor-
acceptor pair (see Fig. 2).

As seen, the efficiency decreases with increasing the distance and practically
it is negligible at a distance larger than rp, = 160 A. Therefore, to avoid the dipole-
dipole interaction the distance between the molecules should be larger than this
value. Moreover, at the centre-to-centre distance between donor and acceptor (7p,)
when it equals to the radius of PPME molecule (the radius of PPME is 7 A, this
radius was estimated using Arguslab program package [4]) the efficiency of energy
transfer becomes unity (see Fig. 6). Practically, there is no fluorescence or other
deactivation process other than the energy transfer. However, this is not the case,
since as the distance between the fluorophores decreases, short-range interactions
such as electron exchange interaction and penetration effects may no longer be
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negligible [3, 10, 20, 26, 27, 43]. Such proximity may be faced in vivo, where the
sensitizers trend to accumulate in a definite tissue. Therefore, electron transfer
mechanism or energy transfer should be taken into consideration for this situation.

1.0

0.0 : . - . . ,
0 50 100 150
Distance (A)

Fig. 6. The distance (rps) dependence of the energy transfer efficiency (®p,) of PPME in DMF.

Because of the sixth power dependence on the distance between donor and
acceptor, the variation in ¢p, (Equation (12)) has an inflexion point around

roa = Ro = 53 A, as shown in Fig. 6. For rpsy < 53 A2, the energy transfer
efficiency is close to unity, and for rps > 2x53 A, it approaches zero; therefore the
distance between donor and acceptor should be in the following range 0.5x53 A <
rpa < 1.5%53 A. Based on this, the resonance energy transfer can be used as a
sensitive spectroscopic ruler for long range distance determination in biology [32,
33]. Furthermore, small changes in Ry (1-2 A) and small orientation changes
between the donor and acceptor fluorophores can significantly influence the
efficiency of FRET, making very small changes in structure easily observable.
However, the limitation is that FRET is effective only between 10-100 A, and the
two fluorophores must be maintained in close proximity.

The estimation of the energy transfer efficiency allows us to determine the
lifetime of the donor in the presence of the acceptor (tpa) by using the formula:

ﬂ=1—CDDA (13)
D

where tp i1s the fluorescence lifetime of PPME-donor in the absence of the
acceptor.
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Fig. 7 shows the calculated value of 1p, as a function of the distance between
the PMEE-donor and PPME-acceptor. As seen, at a contact distance of rp, = 7 A
the fluorescence lifetime becomes tpy =4 x 10 s (Table 1). That means that there
is an efficient energy transfer and most donor molecules are sharing in this
mechanism. However, as already mentioned, it should be taken into consideration
that Forster theory is not valid when the donor and acceptor are very close since
multipole and electron exchange interactions can result in energy transfer as well.
Thus, the donor fluorescence will be completely quenched.

Starting from a distance of about rp, = 80 A (Table 1 and Fig. 7), the ratio
between the lifetime in the presence and absence of the energy transfer (1pa/1p) is
about 0.90, which indicates that the acceptor starts to have a minor effect on the
donor properties. This effect vanishes completely at 160 A (see Table 1, Fig. 6, and
Fig. 7).

8
6-
g
< 44
N
2
0 - - - - ; -
0 50 100 150

Distance (A)

Fig. 7. The lifetime of PPME-donor in the presence of the acceptor (tp,)
as a function of the donor-acceptor pair distance (rpy).

The theory developed by Forster allows the estimation of energy transfer rate
(ker ) based on equation (10) according to the formula [42]:

keT

~9000(In10)adp ]"FD(V)SA(V)

- 1287 n* N ardato d (\7)4

The energy transfer rate was plotted against the distance of donor acceptor
pair as depicted in Fig. 8.

d(v) (14)
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Fig. 8. The energy transfer rate from PPME-donor to PPME-acceptor (k.r)
as a function of the donor-acceptor pair distance (rpy).

At a distance of 20 A the rate of energy transfer is 422 =2.8x10'" s (Table 1)

which is three orders of magnitude higher when compared with the other
deactivation rates of fluorescence rate constant of kx = 3.17x107 s™', internal
conversion (IC) rate constant of kc = 7.5x107 57!, and intersystem crossing (ISC)
quantum yield of kigc = 3.3x107 s7'. These rate constants were calculated by
dividing the corresponding quantum yield by fluorescence lifetime [35, 49].

Therefore, the fluorescence quenching by energy transfer is very efficient at this

distance. This means that the excitation remains approximately

— =36 ps only
ke

at the initially excited molecule before hopping to another PPME molecule. At a

distance of 80 A the energy transfer rate is ker = 7x10° s (Table 1) which is for

instance 2% compared to that of the intersystem crossing. However, even such

small ratio is not desirable since it contributes in reducing the singlet oxygen of the

sensitizer [18, 41, 51]. A dramatic decrease in the energy transfer takes place when

the distance between the acceptor and donor changes from 20 A to 80 A which is

. . . .. . 1
rationalized in terms of the fact that the Forster transfer rate decreases with — (see
r

equation (14)). That assures that the energy transfer is a sensitive tool that can be
used to estimate the distance between the donor and acceptor.
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Table 1

Photophysical parameters of pyropheophorbide-a methyl ester (PPME)
in dimethylformamide

Ry, A 53
®p 0.21
20A
o20p 0.997
q)%o[é 0.07
160 A
(DDAA 0.001
T, § 7.3x107°
7a 4x107
TDA (s)
204 11
D () 210
804 9
R s 6.8x10
1604 7.3x10°°
TDA (s) :
20 10
K o 2.8%10

80A 10°
ket (5*1) 7x10
kS 6 3x10*

R, is Forster radius, @p is the fluorescence quantum yield of PPME,
®p, is the energy transfer efficiency from PPME-donor to PPME-
acceptor, tp is the fluorescence lifetime of PPME, 1tp, is the
fluorescence lifetime of PPME-donor in the presence of the PPME-
acceptor, and k.r is the energy transfer rate from PPME-donor to
PPME-acceptor.

JABLONSKI DIAGRAM IN THE PRESENCE OF FRET

Using the experimentally determined and/or computed parameters of PPME
and the equations (15) to (21), the scheme of the energy levels (Jablonski diagram)
[33, 39] of the molecular oxygen (O,) and PPME molecular system dissolved in
DMEF as well as the transitions between them have been represented and are shown
in Fig. 9. Since molecular oxygen deactivates the triplet state of the photosensitizer
to generate singlet oxygen [2, 29, 34, 41], it is necessary to insert it in the Jablonski
diagram. Then, linear differential equations were set up and solved to obtain the
time-dependent population of the ground and excited states. Hence, an expression
for the theoretical time-dependent fluorescence /., (f) was formulated.
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Fig. 9. The scheme of energy levels (Jablonski diagram) of PPME molecular system dissolved
in DMF and molecular oxygen (O,) with the possible transitions between them.

The mathematical modelling of PPME-electronic system is expected to
provide an enhanced understanding of the transfer processes from an initially
excited PPME-donor to PPME-acceptor and the subsequent nonradiative and
radiative processes. The linear differential equations which describe the processes
in the Jablonski diagram of PPME shown in Fig. 9 under the condition that 4, is
zero at ¢t = 0, after finishing the pumping, is given by:

5 [So kytkic kpnt ket [50
o [Sl] =10 _(keT+kF+k1C+leC) 0 [Sl] (15)
[T1] ’ kisc _(kET+kr+kph) [Tl]

where, [S;] is the concentration of PPME molecules in its first excited state, [Sy] is
the concentration of molecules in the ground state, [T] is the concentration of
molecules in the triplet state, kgt is the rate of energy transfer from the triplet state
of photosensitizer to the molecular oxygen by Dexter mechanism of electron
exchange [41], &, is the phosphorescence rate constant of the transition 77;—S,
k. stands for the radiationless rate of the transition 77—S, (Fig. 9), ker is the
constant rate for FRET, kic is the constant rate for the internal conversion, and kisc
is the constant rate for the inter-crossing system process.

The total concentration [Nt] is represented by [S]+[So]+ [71] [39, 40].

Equation (15) describes the time-dependent concentrations of the three-level
(So, Si, and T7) system of PPME. The rate equations in equation (15) are linear

differential equations of first order of the form %+ g(t)x = h(r) which have the

solution xejg(t)d’=J.h(t)ejg(’)dtdt+c [36], where ¢ is a constant. Therefore,

solution of the differential equations of the three levels as function of time can be



17 Energy transfer of pyropheophorbide-a methyl ester 311

exactly solved in an algebraic closed form under the condition that the first triplet
state and the ground state are not populated at # = 0 before starting deactivation of
S state [39, 40]. Thus, we can write:

[Sl]:[ST] er;nlA (16)

where, Tp, is the donor lifetime in the presence of the acceptor [48]. It is clear that
the deactivation of the first excited state according to equation (16) is a
monoexponential.

. -t -t
(1] = [s7]FuscToate (eTDA - eﬁj

TDA ~TT (17)
. o T lSi] k -t —t
[So]z TDA [Sl](kF + le)(l - eTDAJ +m(kph + kr)(TTeTT - rDAeTDAj (18)
TDA ~ T
where [ST] is the concentration of the first excited state at £ = 0.
1
TDA =
ker ket kictkisc (19)
The triplet lifetime is denoted by tr and is represented by:
1
1175 e —
kET+kr+kph (20)

The theoretical fluorescence intensity /.. (?) that is emitted from the excited
molecules is proportional to the product of the time-dependent population of the S;
state and the radiative rate constant. Thus, we can write:

1t
ca t = T
1 1() kF[Sl]eTDA‘ @1

It is important to stress that from equation (21) the time-dependence of the
fluorescence decay of PPME is monoexponential. The experimental data confirm
this, as the fit in Fig. 5 is monoexponential.

CONCLUSIONS

The above presented investigations have shown that an energy transfer
process from PPME as donor to PPME as acceptor is favourable because the
energy of first excited singlet state of PPME is 1.845 eV which is energetically
identical to that of PPME-acceptor. Moreover, the molar extinction coefficients of
PPME-acceptor within the spectral region of the fluorescence spectrum of PPME-
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donor are large. Thus, the overlap integral needed for taking place the Forster
energy transfer is high as well. Consequently, an intermolecular dipole-dipole
Forster energy transfer can appear, and a hop from an initially excited of PPME-
donor can take place when they are close to each other. Using VIS absorption and
fluorescence spectral experimental data, the Forster radius for PPME molecules
was calculated to be Ry = 53 A. It was found that at an acceptor concentration of
[PPME] = 3mM, with a diffusion coefficient of 3.28x10°° cm?/s, there is about 4%
intermolecular energy transfer. Therefore, when the critical concentration of an
acceptor exceeds one hundredth of its critical concentration, a possible
intermolecular energy transfer should not be neglected, which will be on the
account of the other deactivation processes via fluorescence, internal conversion,
and intersystem crossing. The time-dependent concentrations of the ground and
excited states of PPME can be revealed by constructing a set of linear differential
equations which describe the processes in the Jablonski diagram.
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