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First-principles quantum-chemical description of photosensitized singlet oxygen generation kinetics is
challenging due to the intrinsic complexity of the underlying triplet fusion process in a floppy molecular
complex with open-shell character. With a quantum-chemical kinetic model specifically tailored to deal
with this problem, the reaction rates are investigated as a function of intermolecular incidence direction,
orientation, and distance between O2 and the photosensitizer. The adopted photosensitizer, 6-azo-2-thiothymine, combines practical interest and prototypical variability. The study quantitatively determined
maximum singlet oxygen generation rates for fifteen incidence/orientation directions, showing that they
span five orders of magnitude between the largest and the smallest rate. Such information may provide a
hands-on guideline for the experimental molecular design of new photosensitizers as well as further
higher-level theoretical research.
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The investigation of singlet oxygen—including its generation, reactivity properties, and physiological
cytotoxicity—has been a popular subject for several decades because of its broad importance for chemical
synthesis, environmental sciences, phototherapy, and physiology.1-3 In many applications, the extra energy needed to generate the singlet species from the triplet O2 ground state is harvested from the excited
states of a photosensitizer (PS).4-5 During this photosensitization process, singlet oxygen is generated
through the spin-conserving reaction

[ PS  3O2 ] 
1[ 1PS  1O2 ],

1 3

(1)

which is dominant in solution.6 Various types of photosensitizers have been developed aiming at specific
applications.7-8 Among them, several thiopyrimidine derivatives have been recently reported as effective,
high 1O2-yield phototherapeutic agents.4, 9-10 Curiously, the same thiopyrimidines have also been reported
as carcinogenic agents due to singlet oxygen generation as a side-effect of immunotherapy.11-13
Theoretical and computational chemistry, including quantum chemical calculations and reaction kinetics, has continuously contributed to this topic.1, 14-15 It has offered essential assistance to experimental
studies, rationalizing the empirical relationship between rates and properties of photosensitizers,16 predicting possible reaction mechanisms based on the direct quantum chemical calculation of the excited
states of the PS-O2 complex,1, 17 and even delivering preliminary estimates of the reaction kinetics.18
Nevertheless, research based on first-principles quantum-chemical calculations of the photosensitization process is still scarce.18 Theoretical investigations of isolated PS, including its photoexcitation and
decay dynamics to the triplet state, have been the focus in the past years.9, 19-25 Recently, we investigated
the intrinsic decay of the 6-aza-2-thiothymine (6n-2tThy) triplet state, a process competing with the singlet oxygen generation.26 A compelling reason to investigate this system, whose structure is shown in
Figure 1(a), is that it is the simplest known thiopyrimidine with high 1O2 quantum yield (   0.69 ).27
After determining how the triplet PS may decay without forming 1O2, the study of Reaction (1) becomes
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the next target. In fact, we have already taken the first step by developing a kinetic model to explore this
type of triplet fusion (or triplet annihilation) reaction quantitatively.28 The model, named Divide-to-Conquer (DtC), is also the basis for the present work.

Figure 1.

(a) Structure and numbering of 6n-2tThy; (b) Singly-occupied orbitals of the T1 state of

6n-2tThy. Three different incidence/orientation directions are indicated in (b).
Various strategies have been developed to charge and energy transfer reaction rates.28-35 In this work,
we adopt the DtC model, which allows calculating the rate of a triplet fusion reaction in a floppy system
is given in terms of an extended Marcus model. In addition to the conventional coordinate R defining the
Marcus parabolic free energies, a coordinate D—defining the intermolecular orientation, direction, and
distance between PS and O2—is considered as well. For each D, the rate kij between states i and j is
determined by the quasi-Marcus formula:
kij 

2

Vcoup

2

 G ‡ 
exp  
.
4 k BT
 k BT 
1

(2)

To calculate Eq. (2) requires three quantities: (1) the diabatic coupling Vcoup , (2) the activation free energy
G ‡ , and (3) the reorganization energy  . With a reasonable assumption that the interaction between the

monomers mainly depends on the intermolecular vector D, the calculation of these three quantities is
simplified into a practical level. The model is further approximated by neglecting entropic effects and
kinetic contributions to enthalpic effects, which allows replacing G ‡ by the activation energy E ‡ in
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Eq. (2). Vcoup is computed by integration of nonadiabatic couplings along one-dimensional paths. The
model is presented in more details in the Supporting Information SI-1. Technical details on the DtC model
have been described in Ref.28.
Because of the floppy structure in solution, it is hard to predict which orientation between PS and O2
holds the highest reaction probability or to determine a single structure that could be representative enough
to provide a nearly complete picture. Thus, to study the impact of the incidence direction, orientation, and
distance between PS and O2—variables that we call spatial factors—becomes inescapable. Although researchers such as Ogilby and coauthors have already realized the importance of orientation and conformation for organic–oxygen complexes1 and used it for spectroscopic interpretation,36-37 this topic is still
underdeveloped when dealing with photosensitization. In a previous work by Serrano-Pérez and co-workers, these spatial factors were considered, taking ethylene as a model for the PS and using empirical density of states.18 In this work, we employ the DtC model to deliver a first-principles investigation of the
spatial factors for a realistic PS,28 systematically determining the reaction rates for fifteen incidence/orientation directions, spanning the whole volume around the PS.
Throughout the paper, each of the incidence/orientation directions is labeled as <orientation>-<target><placement>. The label <orientation> refers to the orientation of the O2 axis in relation to the ring plane
of 6n-2tThy, and may take para or perp values for parallel or perpendicular. <target> refers to the group
of atoms in 6n-2tThy that is approached by O2. <placement> indicates whether O2 rests out of the ring
plane (o) or in the ring plane (i). Three examples of these incidence/orientation directions are illustrated
in Figure 1(b). For instance, the label para-56-o means that an O2 parallel to the ring plane approaches
6n-2tThy from out of plane towards atoms C5 and N6. Detailed information about each direction is provided in the SI-3.
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For each of the fifteen directions, we computed E ‡ , Vcoup , and  based on results obtained at the
multi-state complete active space perturbation theory to the second order (MS-CASPT2) and complete
active state self-consistent field (CASSCF) levels (See SI-2 for computational details and SI-4 for Cartesian coordinates). A typical result for one of the directions (perp-56-o) is shown in Figure 2(a) (for the
other directions, the results are given in the SI-3). With this information, the rates to generate 1O2 in the
different singlet states are calculated as a function of distance using Eq. (2) (see Figure 2(b) for a particular
case).

Figure 2.

Results for perp-56-o direction as a function of distance: (a) activation energy E

‡

and

diabatic coupling Vcoup ; (b) singlet oxygen generation rate. (For all other directions, see SI-3.)
Because the S0PS O2 and S1PS O2 states of the complex are nearly degenerated, both corresponding to the
configurations of the 1  g oxygen molecule with PS in its ground state S0PS , we treated them as a single
5

state

by

combining

their

diabatic

couplings

into

a

single

quantity

Vcoup  1  g  = Vcoup  1  g1   Vcoup  1  g 2  . In the case of the S2PS O2 state, O2 is in the 1  g configuration
2
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with PS still in S0PS . In the S3PS O2 state, O2 is in the 3Δg configuration, while PS is in the T1PS state. This
state order is kept independently of the direction, orientation, and distance. (It may change for very short
distances not reached under normal conditions.) Thus, the reaction from the complex state S3PS O2 to

S0PS O2 or S1PS O2 always generates 1Δg singlet oxygen, while the reaction to S2PS O2 generates 1  g singlet
oxygen.
Table 1. Calculated maximum rates for generation of singlet oxygen in the 1  g and 1  g states through
Reaction (1) for different orientations and directions.
Path
label

Dmax
/Å

‡ 1
1
E ‡  1  g  E   g  Vcoup  1  g  Vcoup   g  k  1  g 

/ eV

/ eV

/ cm-1

/ cm-1

k  1g 

/ 1010 s-1

/ 1010 s-1

 g /1  g
k ratio
1

para-61-o

2.90

0.0814

0.171

47.5

209

2.15

1.28

1.68

perp-61-o

2.87

0.0821

0.175

32.6

77.6

0.992

0.154

6.44

para-56-o

2.80

0.0776

0.179

38.5

136

1.64

0.402

4.08

perp-56-o

2.81

0.0872

0.176

33.3

47.2

0.845

0.055

15.4

para-45-o

3.00

0.0878

0.180

24.1

65.7

0.432

0.0908

4.76

perp-45-o

2.93

0.0983

0.192

8.00

10.4

0.0318

1.41E-3

22.6

perp-cent-o

2.99

0.0829

0.176

21.1

41.5

0.402

0.0430

9.35

para-cent-o

3.12

0.110

0.167

3.61

89.8

0.408E-2

0.282

1.44E-2

perp-5-o

2.94

0.0845

0.178

12.1

18.9

0.124

0.822E-2

15.1

perp-6-i

2.99

0.0693

0.171

4.89

39.8

0.0364

0.0478

0.762

para-6-i

2.83

0.0855

0.194

0.176

7.15

0.251E-4

0.621E-3

4.04E-2

para-S-i

2.99

0.0974

0.191

0.516

6.93

0.136E-3

0.666E-3

0.204
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perp-S-i

3.14

0.112

0.184

0.116

31.8

0.393E-5

0.0185

2.12E-4

perp-3-o

3.03

0.0648

0.174

0.612

1.56

0.680E-3

0.656E-4

10.4

para-3H-i

2.15

0.0683

0.154

0.195

0.289

0.606E-4

0.478E-5

12.7

Figure 3.

Maximum calculated rates for 1  g (red circles) and 1  g (blue lozenges) singlet oxygen

generation for different directions.
The main results for all fifteen directions are summarized in Table 1. They are collected for the distance
that maximizes the rate in each case. Based on these values, we will proceed with the discussion of the
spatial factors. The singlet oxygen generation rate is the most significant result, so we plot it in Figure 3.
The rates strongly depend on the direction, spanning five orders of magnitude between the largest
(2.151010 s-1) and the lowest (0.4105 s-1). For all rates larger than 0.11010 s-1, the directions are out-ofplane (-o), having atoms C4/C5/N6 as targets, exactly where the highest spin density of T1 peaks (see the
single occupied orbitals in Figure 1(b)). This finding implies that orbital overlap is a necessary condition
for effective photosensitization and indicates the relative importance of different paths to research. For
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6n-2tThy, this happens for an O2 attack from above (or below) the aromatic ring. O2 attack on the ring
plane (-i) renders low rates.
Compared with the direction factor, the orientation factor has a much smaller effect on the rate. For the
most important directions, 1  g rates for para are about twice those for perp. For 1  g rates, para is about
8 times larger than perp. The bigger rates for para orientation are mainly due to stronger diabatic coupling
caused by the larger orbital overlap of the degenerated x/y of O2 with the singly occupied orbitals of PS
for out-of-plane placements, in comparison to the overlap between z and PS. If the O2 rotation were taken
into account, we could expect intermediary rate values between those for para and perp.
For the most productive directions, rates for forming 1  g are larger than to form 1  g by 10 to 60%.
This means that the direct formation of the final singlet oxygen product ( 1  g ) should occur mainly via
internal conversion from 1  g , but still with significant amounts of direct formation. Although experimental 1  g /1  g ratio for 6n-2tThy is not available, experimental data for more than 40 sensitizers confirm that it is reasonable to expect a ratio superior to the unity.38
With a single exception (perp-center-o), all out-of-plane (-o) directions render a 1  g /1  g ratio larger
than the unity (Table 1). This is the opposite from the in-plane (-i) directions, whose ratio is always smaller
than the unity. Because the 1  g state lies above the 1  g states, the activation energies to populate the
former are smaller, which favors larger 1  g rates (as in the -o directions). Nevertheless, when the diabatic
coupling is significantly weak (as in the -i directions), the 1  g rate dominates. Therefore, the ratio
between 1  g and 1  g rates is determined by an interplay between activation energy and diabatic
coupling.
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To illustrate the relationship between the final rate and the two key parameters—activation energy and
diabatic coupling, we collected the results from Table 1 into Figure 4. It makes clear that the rates for 1  g
and 1  g formation fall into two separate zones of the E  Vcoup space, which implies different
‡

mechanisms underlying them. For the same direction, 1  g rates have smaller couplings Vcoup  50 cm 1 
than 1  g , whose coupling may reach 200 cm-1. These smaller couplings are, however, compensated by
also smaller activation energies, clustering around 0.08 eV for 1  g and 0.18 eV for 1  g . As pointed out
in previous works,5, 39-41 the coupling strength is generally associated with a mixing to a charge transfer
state. To understand, however, why the couplings are larger in the transfer to 1  g than in that to 1  g
requires a more in-depth analysis of the wave functions, which goes beyond the scope of this letter.

Figure 4.

Maximum reaction rates to form 1  g and 1  g O2 as a function of activation energy and

diabatic coupling for all incidence/orientation directions.
To summarize, we calculated reaction rates for singlet oxygen generation through photosensitization in
a PS-O2 system, using a kinetic model designed to deal with energy transfer in weakly-coupled floppy
complexes. Aiming at a conceptual understanding of the importance of the intermolecular orientation,
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direction, and distance for the reaction, we computed the rates for a large number of PS-O2 configurations,
spanning 15 directions and orientations, with distances ranging from 2.5 to 4 Å. To cope with the costs of
these hundreds of rate determination, quantum chemical level was tuned to a moderate accuracy. This
strategy allows determining the most relevant PS-O2 conformations, which may then be target of further
higher-level investigations.
Taking 6-aza-2-thiothymine as PS, the investigation of the spatial factors showed that O2 incidence
from above (and parallel to) the ring plane near N1-N6 and C5-N6 bonds (the PS region with highest spin
density) maximizes the rates for both 1  g and 1  g singlet oxygen. It also showed that in-plane PS-O2
interaction has vanishing rates; that 1  g formation is the dominant process; and that 1  g and 1  g
formations have different underlying mechanisms.
The methodology employed here is not restricted to singlet oxygen generation, and it may be applied
to other energy transfer reactions, especially to investigate triplet fusion and singlet fission in floppy complexes. To be able to determine rates as a function of intermolecular geometry should contribute to the
synergy between experimental and theoretical research on molecular design, as this type of information
can directly tell which kind of substituents on specific positions to control reaction yields.
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