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Possible electronic mechanisms of generation and
quenching of luminescence of singlet oxygen in the
course of photodynamic therapy: ab initio study
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On the basis of ab initio quantum chemical calculotions the strong enhancement of the ‘(a'Ag-So)
1( 2; -T) transition in collision complex between O and organic dye is predicted, where T is the triplet

exctted state of the dye and So Is its ground singlet state. The collision-induced electric dipole transition
moment depends on polarizability of the dye and can be used for the estimation of energy transfer rate
constant. Quantum chemical calculations can predict the most efficient dye sensibilizer for photodynamic
therapy of cancer, instead of the difficult experimental search. Some new ideas are proposed for additional
laser simulated mechanisms of active oxygen generation.
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Life strongly depends on kinetic barriers to oxidation
by O,, determined by spin prohibition. In aerobic
metabolism the molecular oxygen is reguired as the
terminal electron acceptor in respiration and as a
reagent for direct biochemical synthesis. Oxygen is a
stable biradical with two unpaired clectrons genec-
rating the electronic triplet ground state. Triplet
oxygen from the air has sluggish reactivity with
organic substrates in spite of the strong thermo-
dynamic drive: oxidation to water and CO, is strongly
exothermic, Insertion of the triplet oxygen into orga-
nic molecules with all spins paired is a spin-forbidden
process {1 ]. Enzymes activate O, in order to overcome
this spin-prohibition, The higher energy and greater
reactivity of singlet oxygen is a major contributing
faclor in maintaining the constant level of triplet
oxygen in the terrestrial atmosphere. In recent years
the singlet oxygen, O, (a'A)), is getting more and
more important in biochemistry and photobiology.
The O, (a'Ag) species has now obtained regulatory
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approval in most countries for the treatment of several
types of tumors, most importantely, in photodynamic
therapy of cancer {2, 3]. Thus a simple two-atomic
molecule, O,, provides numerous puzzles in chemistry
of combustion and respiration, in photophysics of
dye-containing air-saturated solvents, in photobiology
and laser-induced photodynamic therapy of cancer
[1] With two singlet states lying close above its
ground triplet state, the O, molecule possesses a
unique open-shell :ﬂrgz configuration, which gives rise
to very peculiar photochemical and photophysical
processes in presence of intense laser fields. Photo-
sensitized generation of the first excited state, O,
(a'Ag), can be used in numerous applications, from
chemical synthesis and cancer treatment to a new
type of cell microscope [1—4 1. The aim of the present
paper is to provide theoretical arguments for a new
mechanism of photosensitized generation of the ex-
cited singlet state oxygen, O, (a]Ag), which explain
the purposeful choice of sensibilizers in photodynamic
therapy of cancer.

231


mailto:leta@chiti.uch.net
mailto:yashchuk@yandex.ru

MINAEYV RB. F., YASHCHUK L. B

Studies of generation mechanisms for singlet

oxygen and its quenching in solvents have almost 40
yvears history. Krasnovsky first observed the aIAg—
- ij; luminescence in photosensitization experi-

ments in solvents [4). He used a special phospho-
rescope equipped with a near-IR photomultiplier for
detection of very weak emission at 1270 nm in CCl,.
This solvent is a non-efficient quencher of O, (a[Ag),
because of the absence of C-H bonds. Krasnovsky
first measured the radiative rate constant k, , of the
a‘Ag‘5 Xaz; emission by its quantum yield Q, esti-
mation and by measurements of quantum yield Q, of
the O, (a'A) generation and its lifetime 7,1k, x=
= (./71,0,[5]). These measurements of quantum yields
were done in CCl, and in aliphatic hydrocarbons
solvents; they resulted in negligible solvent depend-
ence of k,_ , values. Later it was shown that k,_,
increase with solvent polarizability in aromatic and
other nonsaturated solvents [1]. This was especially
important in connection with numerous photobio-
Jogical application, since the a'A, - X"g; emission

was detected in biopolymers and even in the heart of
rats. In the late eighties there were a lot of dis-
cussions and controversials about the relatively weak
(10 times) solvent dependence of k,_y, but the striking
fact that this value is thousands times higher in
comparison with a free molecule did not receive much
attention [1, 4—6]). The theory of this striking effect
was proposed in 1982 [7, 8] just after Krasnovsky's
measurements [5]. It is based on the symmetry
properties of the blzg state and of the alAg—b'E;

transition. In a free O, molecule this transition is pure
quadrupole by nature; in spite of the large quadrupole
transition moment ({a‘Ag | e(x® ~ ) | bIE;} =054

eA?), it determines a rather weak Noxon band (at 1,9
um)y with &,_,=0,0025 s’ [8, 9] Semiempirical
configuration interaction (CI) method [8] has pre-
dicted that in the collision complex O, + H, the Noxon
aIAg-blzg transition becomes an electric dipole by

nature with a transition moment (alAg [ bIE;) =
= 0,01 eA, where D is an clectric dipole operator [7],

This leads to enhancement of the Noxon band alAg -
- b‘z; transition by five thousand times in respect to

free O, molecule. Thiz enhancement has been obser-
ved in solid argon matrices [10] few years after the
theoretical prediction [8 ). Such prediction can explain
the great enhancement of the a’Ag - X32; emission
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upon collisions as well [7—9]. The singlet b'zg* state
and the ground triplet Xaz; state are mixed by

relatively strong spin-orbit coupling (SOC) in a free
0, molecule. With account of SOC by perturbation
theory one easily gets [11)

=1 b3 > et XY >, 1)
£ &
Weo = | stg.l] >—cx | b'z; >, @)
where the admixture coefficient
(Xaz;n | Hgo | b‘gg)
c= . -
EG3)-EX'3 )

ig small, but not negligible. The SOC integral in (3)
is equal to -if,, where {,=153 cm' is the SOC
constant for the ground state of the O¢'P) atom [111].
Ab initio calculations give larger value for the (3) SOC
integral (176 cm™) [12]. With account of the energy
gap (13120 cm™) one gets ¢ =—0,013 i. In Eqgs. (1—3)
the lowest spin-sublevel (M= 0) of the triplet X 2;

3

state is given. The admixture coefficient (3) is
responsible for a big number of spectral properties of
the O, molecule. In particular, it determines intensity
of the bIE;—X3E; magnetic transition to the spin-
sublevel (M= 1) of the triplet X“‘E; state ¢k, ,=0,08
s') [8—19} and the electric dipole moment of the
b'z; ~ B’y transition [19]. For our purpose it is
important that the singlet b'z;' state admixture to the
Xag; term (2) provides the a[Ag - XSE; intensity
<borrowing» from the a’Ag - bIE; transition [7, 151]:

(@A 1 DW= —c(a'A, | DI b‘E; Y (4

Since the a' A, - b’z; transition intensity is stron-

gly increased in solvent (ca. 10° times), this mecans
the same increase for the a[Ag - Xaz; transition. The

admixture coefficient (3) is a pure oxygen property
and does not depend much on solvent. Thus the
theory [8] explains the negligible solvent dependence
of the k,_, rate constanti [5] as a principal result of
a simple approach.

Egorov et. al. [6] first applied the single-photon
counting to detect the alAg - X32; luminescence in

waier solvent of organic dye. The sensitizer was
excited by a copper vapor laser with 10-kHz repetition
rate; about 107 laser shots were necessary to ac-
cumulate very weak luminescence. Biexponential rise
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Transition dipole moments ( Muo-m, 16 debye) induced by collision O2+ C2Hy at different intermolecular distances (R)

n-m <WplertWm=>\WR 32 R 3z} 34 & 36 & 38 3 i %

1-2 M;_, 0,0343 0,0125 0,0045 0,0013 0,0002 0,0009
1-3 Ms_p 1,1357 0,835 0,6497 0,5369 0,464 0,4103
1-4 Mi_ xr 9,2251 5,5781 3,2866 1,883 1,0412 0,5512
1-4 M;_. 7.2578 5,731 4,3252 3,2043 2,3761 1,7864
2-3 M, 433717 3,3605 2,6061 1,9528 1,4052 0,9798
45 Myr—. 20,1423 14,471 9.5599 5,9227 3,4654 1,9175

and decay curve of the O, (a'A) with time constants
v, and sensitizer triplet-state lifetime z; were mea-
sured accurately varying the O, partial pressure from
1 to 15 bar; 1/z, was found to be proportional to
[0,], whereas 7,=3,1 us remained constant. Two
main factors contribute to the relative inefficiency of
the singlet oxygen deactivation (kgﬁ). Firstly, the O,
(aIAg) excitation energy (0,98 eV) has to be con-
verted into vibrational, rotational and translational
energy of the solvent, This explains why the noble
gases (Ne, Ar, Kr) are the weakest quenchers of O,
(a'A) {11 Secondly, the a’Ag - Xaz; deactivation is

spin-forbidden for quenchers with singlet ground
state. Gases with doublet (NO, NO,) and triplet (O,)
ground states have larger quenching rate than dia-
magnetic molecules. For H,0 the quenching rate
constant k,* = 4900 M™'s™, for C,H, kg = 3200 M"'s™";
these molecules are the most efficient quenchers. Very
recently, Andersen and Ogilby reported k,_, values
determined by absorption spectroscopy in a number
of solvents [20]. A lincar correlation fit of k,_, and
ky , values confirmed the conclusions derived by
Schmidt [1, 22] in the application of the theory {7,
14, 151 Ratio k, . /ky_, for individual colliders were
determined to be in the range 0,0003—0,0009 depen-
ding on the solvent and detection technique [1, 20,
221]. This is in line with the theory [81

Since the k,_, value slightly increases with
solvent polarizability [1] a number of different sol-
vent molecutes (H,0, NH,, C,H,, decapeniaene) have
been calculated in collision complexes with O, by CI
method [8, 21]. It was shown that unsaturated
molecules provide sironger enhancement of the a~ &
and a-— X transitions, than the saturated ones [8,
22). The decapentaene molecule with a long =-
conjugation system provides ten times stronger en-
hancement than H,

In the present work we discuss results of our new

systematic ab initio calculations of collision complexes
between O, and dye moiecules by 6-311G* Cl me-
thod, based on the restricted open-shelk Hartree-
Fock calculation of the ground ftriplet state of the
complex. Ethene, butadiene and hexatriene have been
considered as dienes, free base porphin — as a typical
porphyrin dye. A systematic increase of the a — b and
a— X transitions probabilily with increase of -
conjugation system is confirmed. In Table the results
of ethane +0, collision complex are presented. Only
singlet (S) states given in Figure are considered.
Table indicates increase of the S-S transition mo-
ments, induced by collision, with decrease of the
intermolecular distance R. Two quasidegenerate a'Ag
states denoted as a, a correspond to A, and B, states
in the C,, point group. We use the same type of
collision complex as before [15] the 0=0 and C=C
bonds form a regular trapezium (zx plane) with z-axis
(C, symmetry axis) being perpendicular to the ethane
plane (yx). The Cl active space includes 30,7,
7,,30, molecular orbitals of O, and a number of
occupied and empty MO of ethane. All single and
double excitations are included in our CI method: this
gives 9680 configuration state functions for singlet
states CI. At large distances (R=3—4 A) all states
are easily interpreted as excitations inside O, or
ethene molecules (Table). The a - b transition (2-3)
is quite strong even at large distance, R =4 A, Only
1-5 transition (a'Ag - c'}_;; excitation inside O, per-
turbed by collision) is stronger. This band has been
observed in emission for oxygen diluted in Ar matrix
by Okada et al. [20). In matrix the a - ¢ transition is
much stronger than in free O, in agreement with our
results. The 1—4 transition corresponds to cooperative
phosphorescence which is shifted by 0,98 eV to the
red. It is getting more intense than the 1-5 transition
at R=3.2 A. Increase of CI and basis set in our
present work lead to more accurate data than before
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The calculated energy levels in the complex between O, and dye
molecules. *For porphyrins the E(T) is about 1,6 eV and is clese to
the energy of the bizg* state. The ground & state of dye is missed,

only the triplet (7} state is shown.

[19] and predict more intense cooperative phos-
phorescence. The other cooperative transition (4-3) is
predicted here for the first time and provides a real
sensation since it is extremely intense. For all studied
solvents the first excited triplet state (T) is of mna*
nature. It lies lower than the vertically excited c'g;

state. In absorption the 4 - § transition can detect the
presence of the T excited dye. In etene complex the
4 - 5 fransition has 0,86 eV energy. In other dienes
it occurs in visible region. With two laser experiments
it is possible to produce a pumping of the c'z; state

of O,, which could be very useful for many applica-
tions. Firstly it is very reactive in respect to oxidation
of organic dye, as we can see it from our computer
simulation of reaction with butadiene. Secondiy, it can
lead to generation of the singlet alAg state. Thus the
quantum chemical calculations can predict the most
efficient dye sensibilizer for photodynamic therapy of
cancer, instead of the difficult experimental search.
This is based on calculation of electric dipole transi-
tion moments, induced by collisions O,+ dye; next
step is the energy transfer rate estimation by dipole-
dipole interaction. The second dipole transition mo-
ment corresponds to vibrational excitation which co-
mes to the resonance with a proper energetic balance
for cnergy transfer process.

Energy transfer from the triplet-excited dye and
O, molecule to produce the ground S, state of the dye
and the singlet aIAg oxygen is spin allowed and
usually is explained by the so-called exchange mecha-
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nism [9, 201]. In the model developed before [14] the
exchange mechanism of such energy transfer is con-
sidered by direct calculation of collision complexes
between O, and organic dye. Forbidden S-T transi-
tions in such complex are getting electric-dipole
allowed because of exchange interactions in the open
shell system Q,+ dye. Then the energy transfer is
described by the usual dipole-dipole interaction model
(201, where the collision-induced transition moments
are taken into account for the resonance intermo-
lecular interaction estimation [14]). Now we shall
apply this model. The 1-4 transition is the most
intense one (Table); it can interact with the reso-
nance vibrational transition inside the dye molecule,
which can be an overtone or combination of C-H
vibrational modes. Similar results have been obtained
for other dyes and the increases of the 1-4 transition
moments M, _,. with the size of m-conjugation chain
goes in parallel with the increase of polarizability of
the dye.

Thus our theory predicts that mostly the singlet
a'Ag oxygen can be generated during the energy
transfer act, not the blzg oxygen. This is in agree-

ment with many ¢xperimental data, though the direct
measurements of the energy transfer rate constants
are very difficult [1].

The large 1-4 transition moment M,_,; can be
nsed for additional generation of the triplet state
using additional laser impuls with the frequency hv =
= E{T) - E(a'Ag). For porphyrins it is about 0,6 eV =
= 4800 cm™', thus it comes into IR region. Tuning
such laser we can select those dyes which correspond
to the resonance. It means that the singlet oxygen
(alAg) being generated in the first cycle of photo-
dynamic therapy of cancer can produce the triplet
excited state of the dye in photosensitization expe-
riments in solvents.

Let us provide some conclusions from previous
experimental studies and our new findings in the
context of photodynamic therapy of cancer, Relative
efficiency of the singlet a]Ag oxygen generation by the
dye can be predicted on the ground of quantum
chemical calculation of the following factors 1y Cl
calculation of the 1-4 transition moment; 2) calcu-
lation of vibrational frequencics and normal modes of
the dye in the singlet ground state and in the tripiet
excited state; 3) calculation of the dipole-dipole
interaction between gnantum transition moments and
estimation of the energy transfer rate constants.
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Moxuei enekTpoHdi MexaniiMp YTBOpeHHs i racigHa cBiuenHs
CHHINIETHOrO KMCHK) ¥ (DoTOmMHaMiuHIl Tepamii: Q0CHijKeHHs
METONOM ab initio

Peswome

Ha ocuoai ab initio xegnmoso-ximivkux, po3paxynxis nepedbaueno
fcmomue 3pocmanns (a Ay Sg) > z; T} nepexody 8 xoMn-
aexcl simknennua Op 3 opianinnum Bapsruxom, de T — ue mpun-
aemuull 36y0xenud, a Sy — OCHOGHUIL CunzaemMuti cman fapenuKa.
THOyKO8anUl IMKHENHAM eAeKmpoOuUnONbHUL MOMEHM REpEXody

zanexums gid noaspuizosanocmi bapanuxa | moxe bymu suxopu-

cmanui OnA OuiHke KOMCMawm nepenecenns enepezii. Keanmoso-
XIMINHUMY DO3PAXYHKIME MOXHA MOUHIUE nepedbawumu natie-
pexmuenimui Baparux-cencubinizamop ors omogunamivkel me-
panii paxa, X CKAGOHUMU EXCREPUMEHIUIbHUMY OOCRI0XEH-
Hamu. 3anpononosaHo deaxi Hoai idel CMOCOBHO MeXaHi3mis 00-
damko6oeo Modenaanns cmadil axmucauil KucHw.

Kaou06l Caoéq: cuMerem, mpunnem, KOMIAEKC 3IMKHEMMA,
mOmenm nepexody, cnin-opbimaibha 83acmodis.

B . Munaes, J. B. Huwyx

BOIMOMKHBIE SNEKTPOHHLIE MEXAHM3MBI OBPASOBAHMA W TYLIEHMN
CBEYEHNS CMHIJIETHOO KHCIOpoaa mpe PoTofHHaMHUecKoil
TEPANMK: MCCAE0BAHKME METONOM ab inifio

Pearome

Ha ocnosanuu ab initio xsaumoFa-xumwmimjé pacuemns npedcxa-
3QHO CURLHOZ Yaeauwvenue (a Ag'So) - 2; *T) nepexoda a

Kommaekce cmorcuosenun O, ¢ opianudeckum Kpacumenem, i0e
T — mpunnaemnoe 8036yxdennoe, @ Sy — OCHOGHOE CUHZIEMHNOEC
cocmonnie kpacumens. Huoyuuposanusill CMOAKHOBEHUEM IREKIN-
POOUNOABHLLT MOMEHNM NEREXO0d 3ABUCWITT OM NOASPUIVEMOCIU
Kpacumens U moxem bbitte UCHONLIOBQH OAR QUEHKE KOHCIMAHM
nepenoca Inepiul.  KeauMOGO-XumuiecKumu pACYeMamu MOXHD
mounee npedcxazams naubonee >@exmuanbiti Kpacumenb-cenci-
Bunusamop das homoOuHaMuHECKOR Mepanul paxa, HeXenu crox-
HolMIL JCCHEPUMEHMANbHbIMU UCCAE008aRURMYU. TIPEONCIKEHB HEKD-
MOpbIe HOBbE wOCL OMHOCUMENbHO MEXAHLIMO8 JONORHUMERALHOZE
modeauposaiunr cmadul axmusayul Kucropoda.

Knoueabte cA0OGQ CUHITEM, MPUNIEN], KOMRALKC CMOAKHOSE-
HUS, MOMenm nepexoda, crun-opbumaneioe 83aumodeicmae.
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