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The effect of substituting the intra-cyclic sulphur of thionine by oxygen (oxonine) and selenium
(selenine) on the intersystem crossing (ISC) efficiency has been studied using high level quantum
mechanical methods. The ISC rate constants are considerably increased when going from O towards Se
while the fluorescence rate constants remain unchanged. For the three dyes, all accessible ISC channels
are driven by vibronic spin—orbit coupling (SOC) between nn* states. The interplay between the ground
and low-lying excited states has been investigated in order to determine the dominant relaxation
pathways. In oxonine the relaxation to the ground state after photoexcitation in water proceeds
essentially via fluorescence from the Si(mym *) bright state (kf = 2.10 x 108 s7), in agreement with the

Received 13th January 2015, high experimental fluorescence quantum yield. In aqueous solution of thionine, the ISC rate constant

Accepted 16th March 2015 (kisc ~ 1 x 10° s71) is one order of magnitude higher than fluorescence (kr = 1.66 x 108 s™%) which is
consistent with its high triplet quantum yield observed in water (¢t = 0.53). Due to a stronger vibronic

SOC in selenine, the ISC rate is very high (kisc ~ 10% s7) and much faster than fluorescence (ke = 1.59 x
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1 Introduction

Phenothiazinium dyes are the basis of many chromophores
useful in chemistry and biology."* These chromophores are
widely used for cellular staining,® for the decontamination of
blood products,* as redox biosensors,® as fluorescent labels,®
and as antimicrobials.” Some of these photosensitizers have
potential application in photodynamic therapy (PDT).*° A pre-
requisite for a potent photosensitizer is the existence of a long-
lived triplet excited state and its efficient population via inter-
system crossing (ISC). Singlet oxygen (*0,) is photochemically
produced by energy transfer from such a triplet state of the
photosensitizer. The 0, thus produced initiates the programmed
cell death (apoptosis).’® In this framework, new dyes have been
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108 s7Y). This suggests selenine-based dyes as very efficient triplet photosensitizers.

recently synthesized taking advantage of their structural proper-
ties and focusing in the design of more efficient singlet oxygen
photosensitizers. "

The inclusion of heavy atoms in the molecular structure
increases the spin orbit coupling (SOC) between singlet and
triplet states, which may lead to more efficient ISC. These
effects have been tested in phenothiazinium dyes with respect
to the singlet oxygen quantum yield (¢5). The peripheral
inclusion of bromine or iodine in the related O-methyl methy-
lene violet chromophore results in a significant rise of ¢,,"> but
decreases its solubility in water.>™* Substitution of oxygen in
tetramethylrosamine and benzo[a]phenoxazine dyes by sulphur
and selenium has resulted in a significant rise in ¢, and small
spectral shifts in the absorption and emission spectra.'*'*
Motivated by these observations, we investigated how such
internal heavy atom effects could influence the photophysics
of the simplest phenothiazinium chromophore.

Thionine (3,7-diamino-phenothiazin-5-ium cation, see Fig. 1)
is the smallest and structurally representative compound of the
phenothiazinium dyes (¢4 ~ 0.5).>">'® The replacement of the
central ring sulphur of thionine (X = S) by oxygen and selenium
gives oxonine (X = O) and selenine (X = Se), respectively (see
Fig. 1). These three compounds show similar spectral properties
in the ground and in the triplet states."” Oxonine (also known as
oxazine 118) has an absorption maximum at 578 nm'® and a
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Fig. 1 Chemical structure of thionine and its heteroanalogues.

triplet transient absorption band at 780 nm'® in aqueous solution,
while the corresponding maxima for thionine are located at
~600 nm and 780-800 nm, respectively.”® The substitution of S
by O leads to an increased fluorescence yield in water (¢¢ = 1.00,
75 = 3.2 ns)'® corresponding to the strongly decreased ISC rate
(kisc ~ 7.2 x 10° s, ¢pp ~ 1.7 x 10~?)."® These photophysical
properties make the oxazinium fluorophores suitable as laser dyes
and optical sensors.”" Although this trend is known for the X = O
and S pair, similar experimental observations for selenine are not
available.

In our previous wor we studied in detail the photo-
physics of thionine in vacuum and aqueous environment. The
efficient ISC in aqueous solution was found to proceed via the
Si(mymL*) w— Ty(nyg_1m*) channel and the computed rate
constants were in excellent agreement with experiment. In this
paper, we throw light on the variation of the photophysics of
thionine with respect to substitution of the intracyclic sulphur
by oxygen and selenium. To this end, we have examined the
energy interplay of the lowest excited states as well as the SOC
and ISC rate constants in the series.

12223

2 Methods and computational details

The geometry optimizations of the electronic states of oxonine
and selenine have been performed at the level of density func-
tional theory (DFT) for the ground state and time-dependent
density functional theory (TDDFT)** for the excited states. The
B3LYP functional®*”® was used as implemented in Turbomole
6.3.”7 As long as not stated otherwise, C,, Ssymmetry constraints
have been imposed for the optimization of the electronic ground
and excited states. The Cartesian coordinate system was chosen
in a way that the xz plane coincides with the molecular plane and
the C,(y) axis passes through the central-ring system. Harmonic
vibrational frequencies were computed numerically employing
the SNF program.”® The technical details of the methods used for
the calculation of the electronic state geometries and properties
of thionine can be found in our previous work.>> The character-
ization of the electronic state minima of selenine and thionine®*
was performed using the TZVP basis set.”® Due to technical
reasons the SV(P) basis set was used for the geometry optimiza-
tion of the electronic states of oxonine, for details see the ESL.{

The vertical (AE,,.) and adiabatic (AE;“SC) excitation energies,
(transition) dipole matrix elements and oscillator strengths
were obtained from single-point calculations performed at each
electronic state minimum at the density functional theory/
multi-reference configuration interaction (DFT/MRCI) level.*
In this semi-empirical method, the dynamic electron correla-
tion is treated by DFT and the static electron correlation is
accounted for via MRCI. This approach has been shown to yield
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reliable excitation energies and transition moments at a reason-
able cost for a variety of closed-shell organic systems with errors
typically less than 0.2 eV.3"*? Technical details of the DFT/
MRCI calculations were chosen to be identical to those for
thionine.*” Additionally, potential energy profiles along linearly
interpolated pathways connecting the minima of the electro-
nically excited states were computed. The adiabatic energies
were calculated relative to the ground state energy at the
ground state minimum.

To understand the possible deactivation channels in aqueous
solution, the conductor-like screening model (COSMO,*”** ¢ = 78)*
has been employed. Several models consisting of the solute and one
to five water molecules with additional embedding in a COSMO
environment were tested for simulating the hydrogen bonding
effects. As already found for thionine (ref. 22), the best solvation
model including three specific water molecules (TH'3Wa) was also
found to be appropriate in this work (OXH'3Wa and SEH'3Wa). For
calculating the DFT/MRCI vertical excitation energies of these dye-
water clusters applying COSMO (AE,), the MRCI expansion was
built up from the one-particle basis of the COSMO optimized Kohn-
Sham orbitals. The adiabatic excitation energies in aqueous solution
(AE2Y) were calculated by applying the corresponding hydration
shifts experienced by each state at the ground state minima of the
dye-water models to the adiabatic energies of the respective excited
states computed in vacuum (AE).

The electronic SOC matrix elements ((S,|Hso|T%), SOMEs) for
the corresponding correlated DFT/MRCI wave functions were
evaluated using the SPOCK program.*®>” The one-center mean-
field Hamiltonian employed in these calculations is a non-
empirical effective one-electron operator that treats the expensive
two-electron terms of the full Breit-Pauli Hamiltonian in a Fock-
like manner.*® Attention has been centered on the vibronic SOC
between the low-lying singlet and triplet (n*) states of interest,
since ISC driven by direct SOC does not explain the high triplet
quantum yield in these systems.?* The derivatives of the SOMEs
(OSOMEs) with respect to the mass-weighted normal coordinates
were obtained by three-point finite differences technique.®®
Minaev et al.*° have previously derived the vibronic SOC integrals
by making use of a very elegant first and second order response
theory formalism as implemented in the DALTON program. This
involves a Herzberg-Teller expansion of the transition dipole
moment of a spin-forbidden transition as a whole.

In this paper, a recent implementation of a time-dependent
approach to vibronic spin-orbit coupling was applied for
calculating the ISC rates (kisc).*"** In this method, ks is
calculated as the integral of the time correlation function.*"*?
This approach has been extended to cover also the finite-
temperature regime by assuming a Boltzmann distribution of
initial vibronic states.*> The dependence of kisc on technical
parameters is presented as ESL{

3 Results and discussion

First, we present a brief description of low-lying electronic
states of oxonine and selenine. The computed data is compared
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with the reported measurements in aqueous solution by using
solvation models. A detailed discussion of the photophysics of
thionine can be found in our previous work.?>** Some results
already reported for thionine are shown here for the sake of
the discussion. Thereafter, the consequences of replacing the
sulphur atom by oxygen and selenium on the photophysics are
discussed.

3.1 Vertical spectra

The DFT/MRCI vertical excitation energies of the low-lying
singlet and triplet states of oxonine and selenine together with
their leading electronic configurations at the ground-state
geometry are presented in Table 1. Selected geometrical para-
meters of the ground state minima are presented in the ESI{
(Fig. S2). In addition the low-lying valence molecular orbitals
(MOs), which dominate the corresponding low-lying excitations
of selenine, are depicted in Fig. 2. The MOs for oxonine are
similar to those of selenine and are depicted in the ESIT
(Fig. S4). They mainly differ in the electron densities of the
Ta-1, Ng_4 and mp* MOs at the oxygen atom.

In vacuum, the electronic ground state minima of oxonine
and selenine are C,, symmetric, in analogy to thionine. The
geometrical variations may be found in the ESIT (Fig. S2). In the
Franck-Condon (FC) region, the vertical ordering of the lowest
singlet and triplet states of oxonine and selenine remains the
same as in thionine (see Table 1). The characters of the states of
interest are also the same in the three dyes: the S; and T, states
have nym* character, the S, and T, states are dominated by a
17 * configuration and, the S; and T states are character-
ized by a ny_4m * transition.

The energetic position of the Ty(mym *) state is remarkably
constant in all cases. The S;(mym*) state is found to be the
optically bright state in the three dyes with oscillator strengths
>0.8. Despite the somewhat different structures of the central
rings which are due to the size of the heteroatom of this series
(X =0, S, Se), the absorption spectra in all the cases are quite
similar and the S; state absorption is in the energy range of 2.39-
2.26 eV (Table 1). The excitation energy of the S;(mym*) state of
oxonine is 0.1 eV higher than in thionine, whereas the T;(mgm*)
state is nearly unaffected by hetero-substitution (~0.02 eV).

Due to the compact electron density of the oxygen p-orbitals,
as compared to selenium, the exchange interaction is much
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Fig. 2 Frontier Kohn—Sham molecular orbitals computed at the ground
state minimum of selenine (isovalue 0.02).

larger in oxonine. This is reflected in the larger singlet-triplet
energy gap in the vertical excitation spectrum of oxonine. In
oxonine only one triplet state (T; (g7 *)) is below the S, state in
the vertical spectrum at the ground state geometry, whereas two
triplet states (Ty(mymy*) and Ty(my_y7*)) are found below this
state in thionine and selenine.

Electrostatic interaction and hydrogen bonding with water
through models OXH'3Wa and SEH'3Wa (Fig. 3) affects the
energetical layout of the electronic states. Vertical energies are
displayed in Table 1. As expected, the nrn* states are red-shifted,
whereas the nn* states are blue-shifted due to hydration. The
red shifts experienced by the various mym* states are larger
(around o, = —0.12 to —0.21 eV) than the solvent shifts
obtained for the my_;m.* states (d,, = —0.03 to —0.07 eV). These
results show that the heavy atom effect in the absorption
spectrum of the three dyes is very small which is very favourable
for the potential applicability of these dyes. This behaviour of
the nn* excited states has been also observed experimentally in
aqueous solution.'”'%*>

The calculated DFT/MRCI electronic excitation energy of
AE,, = 2.25 eV for the bright S;(nyn*) state of oxonine agrees
well with the reported experimental absorption maximum of
2.14 eV in aqueous solution.'® For selenine a value of AE,, =
2.02 eV determined in reverse microemulsions of benzene/
acetyl-dimethylbenzylammonium chloride in H,0*’ is the only
available for comparison and agrees well with our calculated
value of 2.14 eV in aqueous solution. In contrast, no experi-
mental data are available for the spectroscopically dark nn*
states.

Table 1 DFT/MRCI vertical excitation energies (eV) in vacuum (AE,,) and aqueous solution (AE,,) using solvation with COSMO and micro-hydration
with three explicit water molecules (OXH*3Wa and SEH*3Wa models). The absorption oscillator strengths f(r) are shown in parentheses

b

Oxonine® Thionine®* Selenine

Electronic state Character AE, s AE,, AEyac AE,, AE, 5 AE,,
S,(1'B,) Ty * 2.39(0.998) 2.25%1.026) 2.29(0.833) 2.17%(0.875) 2.26(0.818) 2.147(0.858)
S,(2'A,) Ty T 2.83(0.000) 2.78(0.002) 2.49(0.012) 2.43(0.006) 2.35(0.023) 2.28(0.013)
S;(1'B,) Ny * 3.16(0.003) 3.60(0.002) 3.11(0.003) 3.52(0.003) 3.01(0.003) 3.50(0.003)
T,(1°B)) T * 1.61 1.40 1.63 1.46 1.61 1.43
T,(1%A,) T T 2.49 2.46 2.11 2.07 1.97 1.92
T;(1°By) Np 4T * 2.80 3.30 2.78 3.23 2.69 3.22

¢ DFT/MRCI/SV(P). » DFT/MRCI/TZVP. ¢ Ref. 22. ¢ 2.14 eV for oxonine in aqueous solution.'® ¢ 2.08 eV for thionine in aqueous solution.**/ 2.02 ev
for selenine in benzene/cetyldimethylbenzylammonium chloride/H,O reverse microemulsions.*’
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1.773}

» OXH3Wa Q_ ,

Fig. 3 Ground state hydration models for selenine (SEH*3Wa) and
oxonine (OXH*3Wa).

SEH*3Wa (Y

3.2 Excited state minima and adiabatic excitation energies

The relative adiabatic energies of the low-lying singlet and triplet
states reveal the accessible photophysical pathways for the dissipa-
tion of the excess energy of the dyes. In the following, we analyze
the adiabatic excitation energies calculated at the computed nm*
excited state geometries of oxonine and selenine (see Table 2).
3.2.1 Vacuum. The computed S;/T;(mgm*) and Sy/Ty(mtyy_171.%)
excited state geometries of selenine were found to be minima at
the TD-B3LYP/TZVP level (Fig. S1 in ESIt). In the case of oxonine,
however, only the T, (mym *) and Ty(my 17 *) nuclear arrangements
are minima on the TD-B3LYP/SV(P) PES (Fig. S2 in ESI{). The
optimized C,, structures of the S;(mym;*) and S,(my_47.*) states of
oxonine turn out to be first order saddle points at the TD-B3LYP/
SV(P) level, with imaginary frequencies of i2475 cm™ ' and 1342
em ™' (Bi-symmetric modes), respectively. Their corresponding
Hessians (which were determined by finite differences) are asym-
metric with large differences between H;; and Hj; matrix elements.
We calculated the TD-DFT and DFT/MRCI energies along the
imaginary mode and found that the TD-DFT PES exhibits a shallow
double minimum potential well caused by a S;-S, conical inter-
section located extremely close to this geometry (see Fig. S1, ESIT).
We verified that there is neither root flipping nor considerable
state mixing in the numerical frequency calculation due to this
nearby crossing. The C,,-symmetric S;(ny — mp*) and Sy(my ; —
7. *) stationary points were found to correspond to minima on the
DFT/MRCI PESs. Hence, we used both stationary points with C,,

Table 2 Adiabatic DFT/MRCI excitation energies (eV) in vacuum (AE33
and in aqueous solution (AE3Y)

Oxonine® Thionine®® Selenine®
State  AESS. AEY AES, AEY AES. AEY
S, Tm* (81%)7 T * (80%)7 TmL* (80%)7
2.35 2.21 2.27 2.14 2.24 212
S, 17" (81%) Ty 1TL* (45%) Ty 17L* (82%)
ynL* (36%)
2.62 2.57 2.29 2.23 2.20 2.13
Ty anL* (92%) TunL* (92%) TanL* (92%)
1.61 1.40 1.63 1.46 1.62 1.44
T, 1> (87%) Tum* (88%) Lt (88%)
2.33 2.30 1.97 1.93 1.85 1.80

“ DFT/MRCI/SV(P). ” DFT/MRCI/TZVP. ° Ref. 23. ? Percentage of the
dominant contributions in parenthesis.
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symmetry for these two singlet states in oxonine for further
discussion.

Structural relaxation has minor impact on the energy of the
Si(mymy*) electronic state of oxonine and selenine (2.35 and
2.24 eV). The effect is more pronounced for the S,(my_;7m.*)
state. As the energy gap between the S;(nyn *) and Sy(my_17m*)
states decreases along the series from X = O to X = Se (see
Table 2), a reversal of the state ordering is observed in the case
of selenine. Adiabatically, the S,(my_;7*) state of selenine is
located slightly below the S;(rym.*) state in vacuum. At the
geometry of the S;(mym*) state minima of the three dyes, only
triplet (nm*) states are energetically below S;(mym*) state. On
the other hand, all the S;(nn*) states are energetically located
above this state: 3.31 eV for oxonine, 3.26 eV for thionine?* and
3.16 eV for selenine. At the geometry of the S,(my_;7.*) state of
selenine this situation does not change where the S;(nn*) state
shows up at 3.13 eV. These states will not be populated via IC
after excitation to the bright S;(nym*) states. Nevertheless, the
S;(nm*) states contribute to the vibronic coupling between
singlet and triplet states (see Section 3.3).

There is almost no energetic relaxation of the T;(rym, *) state
of the dyes. The energy of the T,(my 7 *) state shows more
pronounced stabilization upon geometry relaxation (<0.16 eV).
This different trend causes the adiabatic S;-T;(nun *) energy
gap to decrease slightly in the series. In contrast, the S;(mym*)
and T,(my_ 47 *) states become energetically more separated
from oxonine to selenine than in the FC region.

3.2.2 Aqueous solution. Estimates of the adiabatic excita-
tion energies of the low-lying energy nn* states determined in
aqueous environment (AE2) are also presented in Table 2. Due
to the large blue shifts of the nn* states experienced in aqueous
solution, these are not relevant for the photophysical processes
investigated here and have been excluded from this discussion.

Considering experimental measurements, the fluorescence
spectrum of oxonine (and thionine)** in aqueous solution is
available for comparison. The estimated adiabatic energy of the
S;(mymy*) state of oxonine (2.21 eV) agrees quite well with the
experimental value of 2.11 eV estimated from the onset of
the fluorescence emission band in acidic aqueous solution.*®

Upon solvation, the adiabatic energy gaps between the
Si(mym*) and the Ty(mymy*) and T,(mym*) states change by
less than ~0.1 eV in all the cases as compared to vacuum (see
Table 2). These small shifts suggest that the energy distribution
of the singlet and triplet sates is basically the same as in
vacuum. However, a closer look at Table 2 tells a different
story. In oxonine there are two triplet states (T; and T,)
energetically available from the S; state in vacuum, whereas
in water there is only one, namely, the T, state, the T, state
being located 0.09 eV above the S; state. In thionine, the T; and
T, states are clearly below the bright S; state in aqueous
solution, while the S, state is located substantially above the
S; state. The first two singlet excited states of selenine are
adiabatically degenerate in water. Therefore, transitions arising
from the S;(mym*) and S,(my_ 17 *) states of selenine may all
participate in the photophysics in both vacuum and aqueous
solution.

Phys. Chem. Chem. Phys., 2015, 17, 11350-11358 | 11353
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3.3 Photophysics: radiative vs. radiationless channels

For an efficient ISC, three prerequisites have to be fulfilled:
(i) there should be a considerable overlap of the vibrational
wavefunctions of the involved singlet and triplet states, (ii) SOC
should be reasonably strong and (iii) the density of vibrational
levels in the accepting state should be high at the energy of the
initial state. According to the El-Sayed rule, ISC is very efficient
if the transition involves a change of molecular orbital char-
acter: the rate of ISC involving (nn*) and (nn*) states should,
thus, be much larger than that between two (nn*) or two (nn*)
states. Nevertheless, the processes involving states with similar
MO character, e.g., '(mn*) m— *(nn*) ISC, may gain intensity
when a Herzberg-Teller type expansion of the spin-orbit
coupling (vibronic spin-orbit coupling) is taken account of. Such
a coupling is driven via promoting modes. The promoting mode
is responsible for the vibronic perturbation and is generally a
nontotally symmetric mode. In the present case of (nn*)-(nn*)
coupling, out-of-plane (B,- and A,-symmetric) modes may act as

Table 3 Spin—orbit coupling matrix elements (SOMEs, i cm™) between
low-lying singlet and triplet states at the corresponding adiabatic minimum
geometry of the Sy(nym *) and Sa(rny_qm *) states in vacuum

Oxonine Thionine® Selenine
SOMEs @S, @S, @5, @S,
(S1]Hso|Ty) — — — 0.19”
(S1|Hs0| Tagy) —0.01 —0.08 —0.23 —<
(S1]Aso| Ts) —0.61 0.39 —6.99 —43.41¢

“ From ref. 23. * (S,|Hso|T1g)- © (SalHso|T2)- ¢ (Sa|Hso|Tspo)-

View Article Online

Paper

promoting modes. Accepting modes provide the FC factors and
are either totally symmetric or occur in even quanta of nontotally
symmetric modes."”

3.3.1 Photophysics in vacuum. The computed SOMEs
between the S; ,(nn*) and Ts(nn*) states are found to increase
substantially in going from oxonine to selenine (Table 3).
However, as has already been discussed in the previous sections,
these direct ISC channels, namely (nn*) w— (nn*), are energeti-
cally not feasible in these dyes. However, as we have demon-
strated earlier for thionine,>® ISC may be promoted by vibronic
coupling between these states. Here, the S(nn*) w— T(nm*)
transitions gain intensity through vibronic coupling with a
nearby nr* state, which indirectly causes the heavy-atom effect
to become apparent in the photophysical kinetics.

The proximity of the T,(ny_17*) and the Ts(ny_ 47 *) states
and the larger concentration of the electron density at the X
atom in the MOs involved in these electronic excitations (which
increases direct SOC) facilitates the S; w— T, channels. This
can be seen in the computed derivatives of the SOMEs with
respect to the vibrational normal coordinates (O0SOMEs)
between the low-lying singlet and triplet states calculated at
the Sy(mymy*) and S,(my_17*) state minima, Table 4.

As expected, the largest 0SSOMEs are found for selenine and
nearly negligible values are found for oxonine. This means that
in these dyes the heavy atom substitution X = O, S, Se has
substantial effects by increasing the vibronic SOC, as shown by
the values of the 0SOMEs. Nevertheless, one should bear in
mind that, since Duschinsky rotations are included, all vibra-
tional modes may act as accepting modes due to the rotations
between initial and final state modes. Therefore, we have used

Table 4 Derivatives of the SOMEs (9SOMEs, i cm™?) with respect to the corresponding (dimensionless) normal coordinates at the equilibrium geometry

of the Sy(nym *) and S,(ny_q1m *) excited states in vacuum

b

Oxonine® Thionine”* Selenine

Vi(Sl) 5,-Ty 5,-T, Vi(S1) S;-Ty S;-T, Vz‘(s1) $;-Ty $,-T, Vi(Sz) S,-Ty S,-T,
68.95(B,) 0.05 0.05 50.0(4,) 0.27 2.23 35.3(4,) 1.76 7.96 36.20(B,) 1.69 0.54
92.73(4,) 0.02 0.25 56.2(B,) 0.06 0.11 38.9(B,) 0.37 0.05 80.16(4,) 3.95 0.58
184.21(4;) 0.02 0.21 127.2(43) 0.18 1.00 138.1(4,) 0.89 2.49 147.55(A,) 1.17 0.64
184.54(B,) 0.07 0.00 169.2(B,) 0.19 0.19 146.1(B,) 1.08 1.67 149.83(B,) 1.16 1.60
283.90(B,) 0.03 0.00 170.3(4,) 0.05 0.12 174.7(B) 0.66 1.31 178.23(B,) 1.08 0.77
321.83(4,) 0.00 0.21 178.5(B,) 0.00 0.37 242.9(A,) 2.23 0.04 196.28(4,) 2.30 2.85
375.05(B,) 0.10 0.15 263.7(B,) 0.39 1.84 290.6(B,) 2.94 11.94 265.06(4,) 1.75 0.57
404.65(4) 0.11 0.54 304.2(4,) 0.14 0.93 305.8(4,) 0.72 5.52 266.27(B,) 0.13 0.33
449.70(4,) 0.03 0.13 397.9(B,) 0.06 0.33 400.9(B,) 1.27 0.30 315.16(B,) 8.81 1.02
450.67(B,) 0.01 0.04 404.9(A,) 0.41 0.84 403.3(4,) 0.62 1.05 342.31(4,) 3.66 0.34
463.46(32) 0.04 0.08 477.2(A2) 0.01 0.14 405.8(32) 0.59 1.06 393.61(32) 4.37 1.16
494.12(B,) 0.05 0.11 477.9(B,) 0.02 0.09 438.6(A,) 2.22 2.58 404.16(4,) 3.88 0.01
497.84(4,) 0.01 0.08 527.0(B,) 0.08 1.00 471.2(B,) 1.76 6.91 434.84(4,) 6.39 1.93
618.09(A2) 0.01 0.24 534.0(A2) 0.14 0.81 481.4(A2] 2.24 6.25 438.25(32) 7.48 1.67
647.19(B,) 0.05 0.16 563.7(B,) 0.38 0.53 571.4(B,) 2.27 4.18 547.02(4,) 2.09 1.38
722.64(4,) 0.02 0.15 581.8(B,) 0.06 0.64 588.3(4,) 1.09 2.04 550.82(B,) 2.92 0.50
751.19(B,) 0.15 0.02 586.6(A5) 0.21 0.41 601.6(B,) 0.32 0.81 563.59(B,) 0.80 1.50
836.36(4,) 0.04 0.04 781.4(A,) 0.28 0.83 783.0(4,) 2.36 6.38 776.81(B,) 6.76 1.06
841.68(B,) 0.02 0.09 788.5(B,) 0.19 0.73 789.5(B,) 1.50 5.75 785.16(A,) 6.56 1.20
872.96(B,) 0.02 0.12 826.4(A) 0.05 0.44 826.2(A,) 0.32 1.42 833.08(4,) 3.96 0.99
874.07(4,) 0.06 0.04 830.1(B,) 0.09 0.32 829.0(B,) 0.38 1.19 837.22(B,) 4.25 2.13
995.20(4,) 0.02 0.07 947.7(45) 0.03 0.41 947.5(4,) 0.68 1.86 926.52(4,) 1.52 0.24
996.21(B,) 0.05 0.05 950.1(B,) 0.06 0.12 950.1(B,) 0.29 0.55 929.91(B,) 0.87 1.65

“ Results calculated at the DFT/MRCI/SV(P)//TD-B3LYP/SV(P). ” Results calculated at the DFT/MRCI/TZVP//TD-B3LYP/TZVP theoretical levels.

¢ Ref. 23.
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all vibrational modes as accepting modes in this work. In
general, the magnitude of the 0SOMEs between the S; and T,
states is noticeably larger than the vibronic coupling with the T
state for all chromophores. The calculated 0SOMEs arising
from the S,(my_17.*) state of selenine show a stronger coupling
with the Ty(mym *) state than with the T,(ny_ 7 *) state, a
tendency which is expected due to symmetry criteria. The
calculated 0SOMEs promoted by the B;-symmetric modes are
approximately zero and were not included in Table 4.

To understand the photophysical kinetics in the series X = O
to X = Se, the ISC and fluorescence rate constants are analyzed
in the following. In order to be efficient, the ISC channels
should be faster than the radiative decay. The calculated ISC
rate constants (kisc) are listed in Table 5. A detailed overview of
the estimated rate constants using different technical para-
meters can be found in the ESI{ (Tables S3-S5).

The nearly negligible 0SOMEs for the coupling between
the S;(mymy*) and T, »(nn*) states of oxonine (Table 4) resulted
in small rate constants: kisc(S; w— T;) ~ 10°-10° s~' and
kisc(Sy w— T,) ~ 10”7 s~! (Table 5). For the latter channel, it is
important to note that the adiabatic energies of the S; and T,
states are nearly degenerate (Table 2). Therefore, the density of
acceptor vibrational levels is extremely low and Fermi’s golden
rule (which is the basis of our approach) is not strictly applic-
able. This may happen even if the path connecting the minima
of the potential energy surfaces exhibits a small barrier, i.e., if it
is a thermally activated process. In this case, it is important to
take into account the population of higher vibrational levels of
the S;(mym *) state at room temperature. For analysing this
effect, we calculated a linearly interpolated energy profile
connecting the minima of the S;(nyn.*) and T,(ny_,7.*) states
(see Fig. 4(a)) of oxonine. It is found that the energy difference
between the adiabatic energy of the S;(mymny*) state and the
crossing point of the energy wells of the S;(mym;*) and
T,(ny_qmp*) states is approximately 175 em™* which is nearly
kT at room temperature. As a consequence, the population
transfer to the T,(my_,7.*) state from the S;(nymn*) is possible
at ambient temperature at a rate of about kisc(S; w— Ty) ~
10” s~ *. This process may compete with the fluorescence decay
with a kp(Se < S1) =2 x 10% s,

View Article Online
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In thionine the S;(mymy*) ~— Ty(my_17m*) ISC was reported
to proceed with a rate constant of kjgc & 3 X 10% s, which was
able to compete with the fluorescence from the S;(nymn.*) state
(ks ~ 2 x 10® s} in vacuum.* This kg is at least one order of
magnitude larger than that calculated for oxonine. The other
energetically available ISC channels of thionine have rate
constants which are two orders of magnitude smaller, hence,
are not the dominating factors for the photophysics (Table 5).

As mentioned above, in selenine the Sy(my_;7m*) state is
about 0.09 eV (Table 1) above the optically bright S;(rym.*) state
in the vertical absorption spectrum, whereas the adiabatic
minimum of the S,(my_47 *) state is about 0.04 eV below that
of the S;(mymny*) state (Table 2). This opens another possibility,
besides ISC, for the radiationless relaxation of the photoexcited
bright S;(nym.*) state, namely, internal conversion (IC) to the
Sy(my_qmp*) state. A linearly interpolated pathway between
these states shows a conical intersection, whose energy is found
to be isoenergetic with the S; minimum of selenine. This crossing
point also appears to occur along the interpolated energy pathways
connecting the minima of the S;(mym*)—Ts(ny 11 *) and the
Sy(my_1 = m*¥)—Ty(my — mp*) states depicted in Fig. 4(b and c).
This means that ISC channels starting from both singlet states are
feasible (see Table 5).

Comparing the ISC rate constants arising from the S;(mym.*)
state of selenine, the S;(mymy*) w— Ty(ny_1mp*) channel is the
dominant pathway (kisc = 2 x 10" s71). After the S,(my_;7.¥)
state is populated by IC from the S;(nym*) state, it is expected
that the S,(my_17m.*) w— Ty (nym*) channel dominates the ISC
(kisc = 1 x 10" s7"). Moreover, these two ISC channels benefit
from a crossing of the corresponding singlet and triplet state
potential wells along linearly interpolated energy profiles con-
necting them (Fig. 4(b and c)), increasing the overlap between
their vibrational wavefunctions. The crossing between the
Ty(nym*) and Ty(my_qmp*) potential wells observed in
Fig. 4(c), and the parallel tracks of the S,(my_;mp*) and
T,(ny_1m*) states reflect the larger ISC rate constant found
for the decay from the S,(my ;7 *) state to the T, (nym *) state as
compared to the T,(my 47 *) state.

All in all, the following photophysical kinetics is proposed to
take place for selenine in vacuum: population transfer from the

Table 5 Calculated ISC rate constants kisc [s7%] and adiabatic excitation energy differences AE2® [eV] between the corresponding electronic states

b b

Oxonine® Thionine Selenine
Channel AE™ Fisc AE™ kisc AE™ kisc
Vacuum
Sa(mumL*) w— Ty(ngm*) 0.74 10°-10° 0.64 4 x 10° 0.62 4 x 107
S1(mum*) m— Ty(my_q1mL¥) 0.02 107¢ 0.30 8 x 10° 0.39 2 x 10'°
Sy 1T ¥) v Ty(mgm ) 1.01 — 0.66 ~10°¢ 0.58 1 x 10*
Sa(Trr_1TL*) = Ty _1mL*) 0.29 — 0.32 ~10°¢ 0.35 1 x 10°
Water
S1(mamL*) m— Ty(mgm ) 0.81 10°-10° 0.68 3 x 10° 0.68 3 x 107
S1(mum*) m— Ty(my_1mL*) —0.09 10°¢ 0.21 1 x 10° 0.32 3 x 10*°
Sa(Tr_1TL*) m— Ty(myme*) 1.17 — 0.77 — 0.69 5 x 10°
Sa(mtp_1mL*) > Ty 1mL*) 0.27 — 0.30 — 0.33 2 x 10°

All the ISC rate constants have been determined using a Gaussian damping function of width 10 em™". “ Results calculated at the DFT/MRCI/
SV(P)//TD-B3LYP/SV(P). ” Results calculated at the DFT/MRCI/TZVP//TD-B3LYP/TZVP levels. © Rate computed at T = 298 K. ¢ Ref. 23.
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Fig. 4 DFT/MRCI energy profiles along a linearly interpolated path between the low-lying singlet and triplet state minima of oxonine and selenine in

vacuum (a—c) and in aqueous solution (d—f).

Si(mym*) state may occur to the Sy(my_;m ) state (by IC) and
the Ty(my_1m*) state (by ISC). The latter is followed by IC to the
T, (e *) state. The S,(my_47 ) state depopulates directly to the
lowest lying triplet state. The fluorescence decay from the S (mzym; ¥)
state is computed to have a rate constant of kz =2 x 10%s™", and is
effectively quenched by ISC and IC radiationless processes. Thus,
of the three dyes discussed in this section, we found selenine to
be the most efficient triplet photosensitizer in vacuum, the triplet
formation occurring faster by about three and two orders of
magnitude as compared to oxonine and thionine analogues.

3.3.2 Photophysics in aqueous solution. As mentioned in
Section 3.2.3, the photophysical kinetics is affected in different
ways by hydration. Due to the fact that the T3(ny_,m.*) state
experiences a large blue shift in aqueous solution (Table 1),
the vibronic coupling and the ISC rates arising herefrom are
expected to decrease. However, in our previous study we found
that for thionine a small decrease in the energy gap between the
Sy (mamy*) and Ty(myy_ 17 *) states leads to a substantial increase
in the associated rate constant.”®

In oxonine, the energy differences between the S;(mym.*)
and T, ,(nn*) states are increased when the hydration shifts are
applied to the adiabatic energies in vacuum (see Table 2). The
ISC rate constant for the S;(myny*) ~»— Ty(nym*) channel in
water is computed to be kg ~ 10°-10° s, which is compar-
able to the isolated dye (Table 5). The T,(my_,7.*) state is no
longer accessible from the minimum of the S;(mym.*) state
(~0.1 eV) at low temperatures. This also causes the energy of
the crossing point between the potential wells of these states to
increase, as can be seen along the energy profiles calculated
taking into account the corresponding hydration shifts
(Fig. 4(d)). Thus, according to our calculations the deactivation
via the S;(mym *) ~w— Ty(ny_4m*) channel is a thermally
activated process for oxonine in water (ke ~ 5 x 10° s71).
These findings corroborate the observation that oxonine is a

11356 | Phys. Chem. Chem. Phys., 2015, 17, 11350-11358

very efficient fluorophore (calculated kz = 2 x 10%® s7') in
aqueous solution (¢y = 1.00).*

As expected, the Sy(mymy*) w— Ty(mym*) ISC rate constants
of thionine (kisc ~ 10° s7') and selenine (ke ~ 10”7 s~ ') are
very similar to those calculated in vacuum (Table 5). In con-
trast, the ISC rate constant for the Sq(mym *) w— Ty(Ty_17L¥)
channel for thionine upon solvation increases to ks ~ 10° s~ *
(Table 5) and is an order of magnitude faster than fluorescence
(ke ~ 10® s7!) which can be explained by the decreased S;-T,
adiabatic energy gap in water as compared to vacuum.*

For selenine, the S;(mym *) ~— Ty(my_q7*) channel is as
efficient in aqueous solution as in vacuum (kisc ~ 10" s, see
Table 5). Applying the solvent-shift to the energy profiles connect-
ing these states (Fig. 4(e)) causes the crossing point between the
Si(nymy*) and Ty(my 47 *) states to be slightly shifted towards
lower energies. This ISC channel is expected to dominate the
photophysics of selenine and effectively quenches the fluorescence
in aqueous solution as also seen for thionine.

The calculated rate constant for ISC between the S,(mg; 47 *) and
Ty(mgym *) states in water is just slightly smaller than in vacuum. As
shown in Fig. 4(f), the hydration effects also affect the location of the
Ty () —To(my_1m*) conical intersection, placing it at lower
energies and nearer to the S,(my_;m;*) minimum. This behaviour
compensates the effect of the considerably larger adiabatic energy
gap between the Sy(my_;mp*) and Ty(mym*) states in water as
compared to vacuum (see Table 5). Nevertheless, the rate constants
for the remaining S, ~— Ty, ISC channels are determined to be

larger (ksc ~ 10° s~ ") than fluorescence (ks ~ 10® s™).

4 Summary and conclusions

New theoretical insights on the effects of oxygen (oxonine,
X = 0) and selenium (selenine, X = Se) substitution on the

This journal is © the Owner Societies 2015
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photophysics of thionine (X = S) have been presented in this
work. We have performed a systematic analysis of the electronic
properties of low-lying singlet/triplet excited states of isolated
oxonine and selenine. Hydration effects were taken into account
using models consisting of the dye-water clusters (OXH '3Wa and
SEH'3Wa) embedded in a COSMO environment.

The heavy atom effect in the series of dyes under investiga-
tion has consequences for the adiabatic energies of the
excited states affecting the number of energetically available
ISC channels. As the electronic structure of the excited states of
these dyes suggests, vibronic spin-orbit coupling (SOC) induces
ISC pathways between nn* states. The heavy atom effects on the
direct SOC (which contributes to accelerate these processes) are
less evident. Going from oxonine to selenine, the derivatives of
the SOC matrix elements calculated upon elongations along the
out-of-plane normal modes increase, due to a more efficient
mixing of the nn* and the low-lying nn* excited states.

A detailed interpretation of the radiative and radiationless
channels is presented. After population of the S;(mym *) excited
state by irradiation with visible light, different decay pathways
were found, whose rates depend on the heavy atom substitution
(X =0, S, Se). Fluorescence is the major relaxation channel for
photoexcited oxonine (kg = 2 x 10° s7') in aqueous environ-
ment. In thionine and selenine, it is the ISC decay which
dominates the photophysical kinetics. In our previous work,*
the S;(mym *) w— Ty(ny_17*) ISC channel explains the effi-
cient ISC decay of thionine, which is more efficient in water
(kisc ~ 10° s71) than in vacuum (k;gc ~ 10% s™1).

Selenine has a more complex photophysics, where different
trends are found in vacuum and in aqueous solution. In both
cases the S;(mym *) and S,(my_47m.*) excited states are found to
be adiabatically isoenergetic and the T;(nym.*) and Ty(my_17L¥)
states are available for ISC. The population of the S,(my_17*)
excited state of selenine is found to be energetically feasible
via S; w— S, internal conversion (IC). In vacuum, we found
two fast ISC pathways: the S;(nyny*) w— T,(ny_(7.*) and the
Sy(my_1m*) w— Ty(nyny*) channels with computed rate con-
stants of the order of kisc ~ 1 x 10*° s™*, which are faster than
fluorescence decay (kr = 1.59 x 10° s™). Other less efficient ISC
channels were also found to be faster (kisc ~ 10° s™') than
fluorescence. In aqueous solution, the energetic splitting of the
Sy(my_1m¥) and Ty(nym *) excited states is predicted to be
larger than in vacuum. As a consequence, the S,(my_ 17 *) w—
Ty(nym *) ISC rate constant is decreased to kigc ~ 10° s~ " and is
no longer the prominent channel. This suggests that the
radiationless deactivation via S;(mym*) w— Ty(my_im*) ISC
dominates the population of the triplet manifold of selenine in
aqueous solution (kisc = 3 x 10"° s71). All of these radiationless
channels (IC and ISC), which are faster than fluorescence,
eventually lead to an efficient population of the triplet manifold
in selenine.

Due to the heavy atom effect which is indirectly increasing the
vibronic spin-orbit coupling between the nrn* electronic states,
the radiationless transitions are accelerated in the series from
X = O to X = Se. Within the limitations of the computational
models used in this work, the qualitative picture obtained here is

This journal is © the Owner Societies 2015
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in very good agreement with the experimental data reported for
oxonine and thionine. This validates our computational model
and the conclusions derived therefrom, allowing us to classify
selenine-based dyes to be very efficient triplet photosensitizers.
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