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We have examined the electronic and molecular structure of 3,7-diaminophenothiazin-5-ium dye
(thionine) in the electronic ground state and in the lowest excited states. The electronic structure was
calculated using a combination of density functional theory and multi-reference configuration
interaction (DFT/MRCI). Equilibrium geometries were optimized employing (time-dependent) density
functional theory (B3LYP functional) combined with the TZVP basis set. Solvent effects were
estimated using the COSMO model and micro-hydration with up to five explicit water molecules. Our
calculated electronic energies are in good agreement with experimental data. We find the lowest excited
singlet and triplet states at the ground state geometry to be of n—n* (S,, S,, T}, T,) and n—n* (S;, T;)
character. This order changes when the molecular structure in the electronically excited states is relaxed.
Geometry relaxation has almost no effect on the energy of the S, and T, states (~0.02 eV). The
relaxation effects on the energies of S, and T, are moderate (0.14-0.20 eV). The very small emission
energy results in a very low fluorescence rate. While we were not able to locate the energetic minimum of
the S; state, we found a non-planar minimum for the T, state with an energy which is very close to the
energy of the S, minimum in the gas phase (0.04 eV above). When hydration effects are taken into
account, the n—m* states S; and T; are strongly blueshifted (0.33 and 0.46 e¢V), while the n—r* states

are only slightly affected (<0.06 eV).

1. Introduction

The 3,7-diaminophenothiazin-5-ium dye, commonly known as
thionine, is a cationic photosensitizer which belongs to the
phenothiazinium class of compounds. These photosensitizers are
an important group of organic compounds which have a variety
of applications. Due to its long wavelength light absorption
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T Electronic supplementary information (ESI) available: DFT/MRCI
energies of the low-lying states along a linearly-interpolated path between
the S, and S, geometries (Fig. 1); frontier Kohn-Sham BHLYP/TZVP
molecular orbitals computed at the T; (n—n*) state minimum (Fig. 2);
selected geometrical parameters of the thionine ground state calculated
with the B3LYP functional and the TZVP, TZVPP and TZVP+R basis
sets (Table 1); vertical singlet and triplet excitation energies AE (eV) of
thionine calculated using the TZVP+R and the TZVP basis sets (Table 2);
DFT/MRCI energies (AE), oscillator strengths (f(L)) and dominant con-
tributions (DC) for each of the linearly interpolated geometries between the
S, and the S, minima calculated at the DFT/MRCI/TZVP level (Table 3);
geometries and vibrational frequencies of the ground and excited states are
provided as molden files: SO.molden, S1.molden, S2.molden, T1.molden,
T2.molden and T3.molden. See DOI: 10.1039/c1pp05267¢

at 590-660 nm, combined with its high efficiency of singlet
oxygen production, thionine and its derivatives have been used
in many areas such as photodynamic therapy (PDT),"? in the
development of biosensors,** as polymerization photoinitiators,>
in the decontamination of blood products,” as nucleic acid probes,?
and against bacteria,”™® viruses and yeasts."* Moreover, these
compounds are also known to be active against Plasmodium
Salciparum and Trypanosoma cruzi.*>'

The spectral and photoelectrochemical properties of thionine
have been studied extensively in aqueous surfactant solutions,"’
artificial membranes' and in the presence of different reducing
agents.' %

In dilute aqueous solutions, thionine has a strong absorption at
597 nm (2.08 e¢V) with a maximum molar absorptivity of 5.52 x
10* dm® mol™! cm™,% which is found to be redshifted to 603 nm
(2.06 eV) in pure ethanol** and to 614 nm (2.02 ¢V) in pyridine.
This absorption band has been attributed to the presence of
the thionine monomer with a positive resonance charge. s It
is accompanied by a vibrational sideband which appears as a
shoulder at ~560 nm and which has been assigned to the 1«0
vibronic transition.””?® In addition, a weak absorption band is
observed in the ultra-violet region at 281 nm (4.42 e¢V) (molar
absorptivity 4.06 x 10* dm? mol™ cm™) in water,”® which is also
found in ethanolic solutions.”

In aqueous solutions, the absorption spectrum of thionine is
concentration dependent due to the formation of aggregates in
concentrated solution. As the thionine concentration is increased,
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a second absorption band on the longer-wavelength side of
the 597 nm absorption band appears and becomes the major
absorption band when the thionine concentration is higher than
107 M. Below concentrations of 8 x 10 M a monomer—dimer
model is adequate to describe aqueous solutions of thionine and a
dimerization constant of kp, = 4 x 10° M™' has been determined.?
Even higher aggregates than dimers are observed at very high
concentrations. Additionally, aggregation is also directly related
to the chemical nature of the solvent.?®

In addition to the concentration dependence, the thionine
absorption spectrum also shows a marked pH dependence.
Depending on the pH, thionine can be found in the following
protonation states: neutral thionine (T), monocationic (TH")
and dicationic thionine (TH,**). At pH 2-10, the monocationic
thionine (TH*) is the stable specie, which is only protonated
in strongly acidic solutions (pK, in water is —0.3).3% As the
pH decreases below 2, the intensity of the 597 nm absorption
band decreases and simultaneously a new absorption band at
673 nm appears.® This behaviour has been explained by the
protonation of the thionine molecule (TH*) forming dicationic
thionine (TH,**), where the proton is located at the heterocyclic
(ring-) N atom (N4, see Fig. 1). Neutral thionine (T) has been
found in alkaline solutions (pH above 8) and has an maximum
absorption wavelength of 520 nm.*!
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Fig. 1 Chemical structure and atom labeling for thionine.

After excitation with a 532 nm laser pulse (18 ps pulse duration)
in 10 M ethanolic solution, a time-resolved transient spectrum of
the singlet excited state of thionine ("TH*) S,— S, can be observed
with an absorption maximum at 460 nm and a shoulder around
500 nm. From this spectrum a lifetime of 450 ps was determined
for this state,* which is close to the value of 360 ps obtained earlier
from fluorescence measurements in aqueous solution at pH 2.5.%

Based on its spectroscopic properties, the first singlet excited state
has been described to be essentially of =—m* character.®*

Thionine fluoresces with an emission maximum at A = 610—
625 nm whose position does not depend on the nature of the
solvent.*3* The relative fluorescence yield changes slightly as a
function of the solvent. For example, in ethanol the fluorescence
yield of thionine is nearly concentration independent (¢ = 0.20),
while it decreases from 0.10 to 0.027 with increasing concentration
(2.5%107° to0 2.5%x 107 M) in aqueous solutions. This is primarily a
result of aggregation because only the monomeric form is weakly
fluorescent (¢p = 0.047 at pH 2.5%) 283738

Upon excitation to a singlet state S,, thionine can undergo
internal conversion to a low-lying singlet state, followed by
efficient intersystem crossing (kisc = 2.8 x 10° s7)** with a triplet
quantum yield ¢r = 0.55 (water, dilute solution, pH 7.2).* Two
major photochemical pathways are then observed: (a) type I
where reducing agents donate an electron to the thionine triplet
excited state yielding the semireduced radical, (b) type IT where
singlet oxygen ('O,) is generated by energy transfer from the
triplet excited state to a ground state oxygen molecule (*O,) with
moderate quantum yield (¢, = 0.58 in aqueous solutions).** It
is widely accepted that the major mechanism responsible for the
inactivation of bacteria is their reaction with singlet oxygen.

It has been recognized that the triplet state of cationic thionine
can be protonated at the ring-N atom in protic solutions forming
the acid dicationic triplet form CTH,**).* A pK, value of 7.0 £ 0.1
in methanolic solution and of 6.3 in water has been measured for
this equilibrium.** This means that at pH values close to neutral,
the triplet state may exist in protonated and non-protonated forms.
These forms can be distinguished by their absorption spectra and
have very different lifetimes. The lifetime of the protonated *TH,**
form is 7.5 us, while the non-protonated *TH* form has a much
longer lifetime of 50 ps. This has consequences for the reactivity
of the triplet state® For methylene blue (an amine-methylated
derivative of thionine) it has been found that the 'O, production
is approximately five times more efficient in basic than in acidic
medium.*

Theoretical investigations have proven to be useful to improve
the understanding of the photochemistry and photophysics of
a variety of systems. Surprisingly, in contrast to the wealth of
experimental data which is available for thionine, only a few
theoretical studies have been performed on the excited electronic
states of this system. In an early computational work, Sommer
and Kramer examined the m—n* electronic excitation energies
of thionine employing a semi-empirical configuration interaction
(CI) method.** More recently Homem-de-Mello e al. investigated
the electronic spectra of monomeric and dimeric phenothiazinium
dyes employing a combination of density functional theory (DFT)
and the semi-empirical ZINDO method.***

In the present computational study we shed more light on the
photophysics of thionine. To this end we computed the vertical
excitation spectra as well as the electronic structures at the
energetic minima of the excited electronic states. In some cases
also the potential energy surfaces (PES) between these minima
were explored. Because our main results were obtained using
isolated thionine, while experimental data is only available for
thionine in polar solvents such as water, we also examined the
effect of interaction with this solvent. Molecular geometries were
obtained employing (time-dependent) density functional theory
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(TD-DFT). The electronic structure at these geometries was calcu-
lated using the combined density functional theory/configuration
interaction method (DFT/MRCI) of Grimme and Waletzke.*
Our investigation is restricted to monomeric thionine (TH*) in
its monocationic form, which is dominant in dilute solutions.

Our paper is organized as follows: In section 2 we briefly describe
the computational methods which were used. In section 3.1 we
describe the vertical electronic excitation energies (section 3.1.1)
and the adiabatic energies of the excited states of TH* (section
3.1.2) in the gas phase. Finally, solvent effects are discussed in
section 3.2.

2. Computational details
2.1 Geometry optimization and vibrational frequencies

The geometry of the electronic ground state of TH* was optimized
at the level of density functional theory (DFT) using the B3LYP
functional®*® as implemented in the Turbomole 6.15' program
package. According to our experience this functional yields reliable
geometries as long as no charge-transfer states are involved.?*
Furthermore, in a recent benchmark it was shown that the B3LYP
functional yields reasonable excitation energies comparable to
other popular functionals such as PBEO, and somewhat better
than long-range corrected functionals such as LC-BLYP and
CAM-B3LYP* For the optimization of all electronically excited
singlet and triplet states, time-dependent DFT (TD-DFT) was
employed.® For the ground state as well as for the S,, T, and
T, electronically excited states, C,, symmetry constraints were
employed in the geometry optimization. For the S, and T; states
the geometry optimization ended at saddle points of the PES when
C,, symmetry constraints were imposed. Minima could be found
when C; and C, symmetry restrictions were applied for the S, and
T; optimizations, respectively.

The optimized structures were proven to be minima on the
PES by calculating vibrational frequencies. For the ground state
these frequencies were calculated analytically using the aoforce
module from the Turbomole package. Frequencies of the excited
states were calculated from numerical derivatives of analytic gra-
dients using the NumForce script. Zero-point vibrational energies
(ZPVE) were scaled by a factor of 0.9614 as recommended for the
B3LYP functional.®® Geometries and all vibrational frequencies
are provided as ESI.¥

Three different basis sets were employed: the standard valence
triple zeta TZVP and TZVPP basis sets®” from the Turbomole
library, and a TZVP basis set augmented by a set of 1slpld
diffuse Gaussian Rydberg functions with exponents of 0.01125,
0.009988 and 0.014204 (see ref. 58 for details), which were located
at a dummy center in the central ring of the phenothiazinium.
The position of this dummy center was allowed to adjust in the
geometry optimizations. A numerical grid, usually employed for
the cesium atom, was chosen for the quadrature of the exchange
correlation at the dummy center. This basis set will be denoted
TZVP+R in the following.

2.2 Electronic excitation energies

Vertical electronic excitation energies, transition dipole matrix
elements and oscillator strengths were obtained from single point

calculations performed at the optimized ground and excited state
geometries using the combined density functional theory/multi-
reference configuration interaction (DFT/MRCI)® method. The
DFT/MRCI approach represents an effective means to obtain
the electronic spectra for closed-shell organic systems with errors
typically less than 0.2 eV.*®

The main idea of this approach is to include major parts of
the dynamic electron correlation by DFT, while static correlation
effects are taken into account by short CI expansions. The
configuration state functions (CSFs) in the MRCI expansion are
built up from Kohn—Sham (KS) orbitals employing the BHLYP
functional ¢! Diagonal elements of the effective DFT/MRCI
Hamiltonian are constructed from the corresponding Hartree—
Fock based expression and a DFT-specific correction term. All in
all the effective DFT/MRCI Hamiltonian contains five empirical
parameters which depend only on the multiplicity of the excited
state, the number of open shells of a configuration and the density
functional employed.

For the ground state geometry as well as for the S,, T, and
T, excited states, we calculated five roots for each of the four
irreducible representations of the C,, point group for both singlet
and triplet manifolds. For the S, and T; excited states, ten and
twenty roots for each irreducible representation of the C; and C,
point groups were determined.

In addition to these calculations, linearly-interpolated path-
ways connecting minima of electronically excited states were
constructed. Along these pathways the symmetry of the molecule
was lowered, and we calculated the same numbers of roots for each
irreducible representation as mentioned above.

As is common practice in the DFT/MRCI approach, the
CI space was kept moderate by only selecting CSFs whose
estimated energy was 1.0 Hartree above the highest reference
space energy (selection threshold 8E, = 1.0). The CI reference
space was determined iteratively by first performinga DFT/MRCI
calculation with a configuration selection threshold 8, = 0.8 and
a reference space that included all configurations which can be
generated by up to doubly exciting ten electrons within the ten
frontier MOs. In the next iteration the selection threshold 3FE,,
was set to 1.0 and all configurations with a squared coefficient
of at least 0.003 were included in the reference space. All valence
electrons (identified by their MO energies) were correlated.

Fluorescence rates were obtained according to

i>‘2

4e? 3
kF == W(E' _E/) ‘<f

7

where E; and E, are the energies of the excited state (f) and the
ground state (i). Expressing kr in units of s™', the excited state
energies in cm™ and (f|#|1) in atomic units (ea,) the numerical
prefactor becomes 2.0261 x 107°.

For comparison we also determined the vertical excitation
energies using the coupled cluster method with approximate
treatment of doubles (CC2) and the TD-DFT method (B3LYP
functional), applying the TZVP basis set. The CC2 method® is
an approximation to the coupled-cluster (CCSD) method where
singles equations are retained in the original form and the doubles
equations are truncated to the first order in the fluctuating
potential. The resolution-of-identity (RI) approximation®® was
used in the calculations employing the CC2 method.
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Fig. 2 TD-DFT equilibrium structures of the lowest-lying triplet and singlet excited states of TH* in comparison with the ground state geometry.
Numbers indicate bond lengths in pm (S, structure) and changes of bond lengths relative to the S, structure (all other structures). Bond angles and
dihedrals are given in degrees. Changes larger than 1 pm and changes >4° are given.

2.3 Solvation model

In order to estimate the spectral shifts due to electrostatic inter-
action in water, we employed the conductor-like screening model
(COSMO)** which is implemented in the Turbomole package.
When the COSMO model was applied, the MRCI expansion was
built up from the one-particle basis of COSMO optimized Kohn—
Sham orbitals. For the simulation of a bulk water environment
we chose a dielectric constant of ¢ = 78.% All calculations
involving COSMO were done without symmetry restrictions (C,
symmetry). For both singlet and triplet multiplicity, 20 roots were
computed. In addition the effects of hydrogen bonding in aqueous
solution were mimicked by micro-hydration. For this purpose,
up to five water molecules were placed near to the heteroatoms
of the phenothiazinium ring, the clusters were embedded in a
COSMO environment and the ground state of these clusters were
optimized without symmetry constraints employing DFT (B3LYP
functional) in combination with the TZVP basis set.

3 Results and discussion

3.1 Gas phase: Optimized geometries and electronic spectrum of
TH*

In this section we present the minima of the electronic ground
and excited states, as well as the corresponding vertical electronic
excitation energies of TH*.

3.1.1 Ground state minimum and vertical excitation spectrum
of TH*. Selected geometrical parameters of the B3LYP/TZVP
ground state equilibrium geometry of TH* are presented in Fig.
2(a) and atomic labels are shown in Fig. 1. The ground state
minimum of TH" is found to be planar and has C,, symmetry. The
two C-S bonds have a length of 175 pm and the C—S—C bond angle
is 103°. It has been found in a computational study on thiophene
that the TZVP basis set is insufficient for a proper description
of the C-S bond in this molecule. The results could readily be

improved by addition of a second set of polarization functions,
while augmentation of the basis set by Rydberg functions had no
significant effect on the geometry.” In order to test whether in
TH* the TZVP basis is also insufficient we compared the TZVP
geometrical parameters with those calculated with the other two
AO basis sets at the ground state geometry, TZVPP and TZVP+R.
We found that going beyond the TZVP basis neither affects the
C-S bond lengths nor the overall geometry (see Table 1 in ESIY).

To our knowledge, there are no experimental geometrical
parameters available for TH* which could be used for comparison.
Only X-ray data for the amine-methylated derivative, methylene
blue, is available in the literature. For methylene blue pentahydrate,
the C-S bond lengths are 174 and 172 pm and the C-S-C bond
angle is 104°, which is in good agreement with our calculated
results for TH* obtained with the TZVP basis set.

To test the performance of our approach for describing the
excited electronic states, we calculated the vertical excitation
energies of TH* using three different methods (DFT/MRCI,
RI-CC2 and TD-B3LYP) and two different basis sets (TZVP
and TZVP+R). The excited-state properties and their leading
electronic configurations at the ground state geometry are shown
in Table 1, together with theoretical and experimental values
from the literature. In addition, the valence molecular orbitals
which dominate the corresponding excitations are depicted in
Fig. 3. The orbital contributions to the excitations obtained
with CC2, DFT/MRCI and TD-B3LYP are very similar. We
therefore only show the molecular orbitals which are relevant for
the DFT/MRCI results.

Adding diffuse functions to the basis set (TZVP+R) has no sig-
nificant effect on excitation energies and oscillator strengths. This
justifies our choice of the computationally much less demanding
TZVP basis set.

At the C, ground state geometry the DFT/MRCI/
TZVP//B3LYP/TZVP calculations predict the lowest singlet
excited state S, to be a 1'B, state with an excitation energy of
2.29 eV. With an oscillator strength of 0.833 it can be assigned
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Table 1 Vertical singlet and triplet excitation energies AE (eV) of TH*

DFT/MRCI/  DFT/MRCI/ TD-B3LYP/
Electronic TZVP//B3LYP/ TZVP//B3LYP/  TZVP//B3LYP/ RI-CC2/TZVP//
state Electronic structure® TZVP® TZVP (COSMO)*¢  TZVP® B3LYP/TZVP?® Other reported values
So(1'A)) (0.93) Ground state
S(I'B)  (0.80) my—m, * 2.29(0.833) 2.17 (0.875) 2,74 (0.613) 2.56 (0.836) 2.26%,2.08¢, 2.06/
SQ'A)  (0.82) T, - * 2.49 (0.012) 2.43 (0.006) 2.73 (0.010) 2.72 (0.009)
S(I'By)  (0.79) mys—m * 3.11 (0.003) 3.40 (0.018) 3.21(0.001) 3.51 (0.001)
S,3'A)  (0.52) Tya—m, * 3.56 (0.014) 3.52 (0.003) 4.03 (0.002)¢ 433 (0.000)¢
0.21) ty—> 7 *ny—>mw *
S(@A)  (0.64) Ty, * 437(0.133) 425(0.133) 453 (0.089) 471 (0.147)
Ss(3'B))  (0.50) Ty—Try* 4.42 (0.056) 430 (0.006) 4.62(0.027) 479 (0.163)
(0.23) Ty —> T *
Sw@B,)  (0.34) Ty, —>m Tt 4.57 (0.526) 4.46 (0.332) 5.02 (1.058)" 5.19 (1.073)" 4.42
(0.20) Tty —> 0,
SH(5'B)  (0.33) Ts—m * 4.90 (0.201) 471 (0.369) 5.50 (0.010) 5.73 (=0.002)
(0.14) ty—>m *ny—>m ¥
(0.12) Ty T o™
T,(I'B)  (0.92) my—m * 1.63 1.46 1.53 1.91
T(PA)  (0.88) Ty —m * 211 207 2.03 233
Ty(I'By)  (0.81) mys—m * 278 3.3 2.61 3.00
T(2A)  (0.78) To—Tu * 3.12 3.06 3.01 3.68

“ Dominant contributions at the DFT/MRCI/TZVP level in parentheses. * Oscillator strengths (Ilength form) in parentheses. ¢ TH*3Wa model, see section
3.2.4ZINDO//B3LYP/6-31+G(d) calculation taken from ref. 45. ¢ Experimental absorption band taken from ref. 29 and 23, solvent: water.” Experimental
absorption band taken from ref. 24, solvent: ethanol. ¢ The dominant contribution of these states is a combination of two single excitations: mty.,— 1, * and
T — T, *. " The dominant contribution of these states is a combination of two single excitations: 1., — 7., * and ny— 7., *.  The dominant contribution
of these states is a single excitation: m,_s— 1, *, the negative value of the oscillator strength is due to numerical inaccuracies of the RI approximation.

V90555

(a) Ty (b) my,
(C) (d) 75
(€) nyy (f) ”L*

(g 7TL+1* (h) ”L+z*

Fig. 3 Frontier BHLYP/TZVP Kohn-Sham molecular orbitals com-
puted at the ground-state (S,) minimum of TH* (isovalue 0.03).

to the strong band maximum in the experimental spectrum. The
dominant configuration for this state corresponds to a my—m *

transition from the HOMO to the LUMO. The occupied my
HOMO and the virtual m; LUMO orbitals are of a, and b,
symmetry, respectively. Both contributing MOs are delocalized
over the whole molecule.

The second singlet excited state S, is a 2'A, nm—7* state
dominated by the HOMO-1—LUMO transition. This S, state
is 0.20 eV higher in energy than S, at this geometry. Both
., HOMO-1 and the virtual m, LUMO are of b, symmetry,
respectively. The following excited state S; is 1'B,, dominated
by a nyy,—mn* (HOMO-4—LUMO) transition. The lone-pair
n-orbital HOMO-4 (denoted ny,) is mostly localized at the
phenothiazinium nitrogen in the central ring and has a, symmetry.
The oscillator strength for the S, and S; transitions of 0.012 and
0.003 indicate negligible absorption intensities.

All three singlet excited states S;, S, and S; are dominated by
singly excited configurations (weights of 84.4%, 83.2% and 85.1%
for states S, to S;). The highest contribution of doubly excited
configurations (13.8%) is found for the S, state.

The RI-CC2 method predicts the same energetic ordering
of the low-lying n—n* and n—n* excited states. Compared
to DFT/MRCI, the CC2 excitation energies for the S, 1'B,
(my—m *), S, 2'A| (., —m *) and S; 1'B, (ny,—7*) states are
energetically higher by up to 0.27, 0.30 and 0.40 eV, respectively.
These deviations are consistent with recent systematic benchmarks
in which CASPT?2 reference excitation energies were typically over-
estimated in CC2 by ~0.3 eV, and underestimated in DFT/MRCI
by ~0.2 eV.%¢ Despite the deviations in excitation energies, the
relative energies of the excited states are very similar at the
DFT/MRCI and CC2 level. This shows that the different types of
the states are well described by these methods.
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Table 2 Adiabatic singlet and triplet DFT/MRCI and TD-B3LYP excitation energies AE,q, (eV) and scaled zero point vibrational corrections
(ZPVEC, eV) of the excited states of TH* computed using the TZVP basis set. Oscillator strengths for emission at the excited-state minimum are

listed in parentheses

Geometry Electronic structure® DFT/MRCI TD-B3LYP ZPVEC®

Si(1'B,) (0.80) my—>m ** 2.27(0.790) 2.71 (0.587) 0.02

S,(2'4") (0.45) gy, —>m * 2.29 (0.269) 2.55(0.025) —0.16¢
(0.36) my—>m, **

T,(I°B)) (0.92) my—>m ** 1.63 1.47 —-0.07

Ty (1°4,) (0.88) My, —>m * 1.97 1.86 —-0.08

Ti(2°A) (0.50) ny,—m *e 2.31 2.17 0.03

(0.26) . —>m *¢

“Dominant contributions at the DFT/MRCI/TZVP level. ® Difference between the zero point vibrational energy of the excited state and the zero point
vibrational energy of S,. ¢ Does not include the mode with imaginary frequency. ¢ MOs are shown in Fig. 3. ¢ MOs are shown in Fig. 2 in the ESL.1

The TD-B3LYP/TZVP//B3LYP/TZVP vertical singlet ex-
citation energies are always higher than those calculated
with the DFT/MRCI method. In addition, on the TD-
B3LYP/TZVP//B3LYP/TZVP PES the bright S, 1'B, (ty—m.*)
state is below the S, 2'A, (my.,—m,*) state by 0.01 eV while the
energy difference between these two states is 0.16 eV using CC2
and 0.20 eV at the DFT/MRCI level.

No experimental gas phase spectrum is available for com-
parison. The comparison with aqueous experimental absorption
maximum will be postponed to section 3.2, where we discuss
the results obtained with our solvation models. Here we only
state that the DFT/MRCI gas-phase results are very similar to
the previously published ZINDO//B3LYP/6-31+G(d) excitation
energy* (2.26 eV) and are 0.2 eV larger than the experimental
absorption maximum measured in aqueous solutions, which is
within the error of the DFT/MRCI method.

Regarding the higher-energy region of the singlet manifold, we
found some bright transitions with oscillator strengths larger than
0.1. Atthe DFT/MRCI/TZVP//B3LYP/TZVP level, transitions
to the Sy (4'A,, 4.37 eV), S, (4'B;, 4.57 ¢V) and S,, (5'B,,
4.90 eV) n—n* excited states with oscillator strengths of 0.133,
0.532 and 0.201 were obtained. The TD-B3LYP/TZVP method
predicts only one optically bright S, (4'B,, 5.02 eV) n—n* state
with a strong oscillator strength of 1.058. CC2 predicts three
consecutive optically bright transitions to the Sy 4'A, (4.71 eV),
Sy 3'B, (4.79 eV) and S;, 4'B; (5.19 eV) excited states with
oscillator strengths of 0.147, 0.163 and 1.073. The three methods
predict the strongest absorption in this energy region as the 4'B,
(m—m*) bright state. However, the state character is different at
the DFT/MRCI and the TD-DFT and CC2 levels, see Table 2.
At the DFT/MRCI level the state has significant contributions
from doubly-excited configurations, which cannot be described
by TD-DFT and CC2. As a consequence the DFT/MRCI
oscillator strength (which is due to the my,—m,,, * singly excited
configuration) is lower, resulting in correct relative intensities of the
two bright transitions. Furthermore, the calculated DFT/MRCI
excitation energy of this state (4.57 eV) is only 0.15 eV higher than
the experimental ultraviolet absorption (4.42 eV)® measured in
aqueous and alcoholic solutions, while the TD-B3LYP and CC2
methods place the absorption at higher energies.

Analogous to the singlet states, in the triplet manifold the
lowest-lying excited state T, (1°B,) is dominated by a wy;—m *
HOMO—LUMO transition and has an excitation energy of
1.63 eV computed at the DFT/MRCI/TZVP level. 0.48 eV above

this state is the T, (1°A,) my.,— 7, * state with the two electrons
residing in the HOMO-1 and LUMO orbitals. At the ground state
geometry T, and T, are located below S,, T, being energetically
close to S; (0.18 eV). Above T, and S, is the T; state (by 0.67
and 0.49 eV, respectively), characterized by the ny,—mn, * HOMO-
4—LUMO transition. All of these triplet states are dominated by
single excitations, with weights larger than 90%.

The DFT/MRCI vertical excitation energies of the T,, T,
and T, states are always higher than those obtained with TD-
B3LYP/TZVP (0.10, 0.08 and 0.17 eV, respectively) and lower
than the ones obtained with CC2 (0.28, 0.22 and 0.22 eV,
respectively). Additionally, at the TD-B3LYP/TZVP level T; is
0.15 eV below S,.

3.1.2 Excited state geometries and adiabatic excitation energies
of TH*. In this section, we discuss the TD-B3LYP minimum
energy nuclear arrangements of the two lowest singlet and the
three lowest triplet excited states as well as the excitation energies
calculated at these geometries. The most important geometrical
parameters of the optimized excited states are depicted in Fig. 2.
Fig. 4 gives an overview of the energetic locations of the lowest
singlet and triplet states at each minimum. The adiabatic exci-
tation energies and the zero point vibrational energy corrections
(ZPVEC) are listed in Table 2. The results will be discussed in
more detail in the following sections.

S, and T, minima. We obtained a planar C,, symmetric mini-
mum for the S; (my;— 7, *) excited state, in which the C(5/3)-N(4),
C(8/13)-N(18/15) and C(6/2)-C(7/14) bonds are elongated by
2, 1 and 1 pm with respect to their values in the electronic ground
state (see Fig. 2(b)). From an energetic point of view the geometry
relaxation has almost no effect on the energy of the S, (my—m, *)
state. Its adiabatic DFT/MRCI excitation energy amounts to
2.27 eV, corresponding to a stabilization of only 0.02 eV. At the
same time the electronic ground state is destabilized by 0.07 eV
yielding a vertical emission energy of 2.20 eV, which is in good
agreement with the maximum of the experimental fluorescence
band at 2.04 eV.* Due to the small emission energy entering
the equation for ky at the third power, the rate of fluorescence
calculated at the S, (my—m *) minimum is rather low (ky = 1.66
% 10%). This value is in excellent agreement with the experimental
one determined at pH 2.5 (ky = 1.31 x 108 s71).33

To shed light on other possible relaxation mechanisms, we
constructed a linearly-interpolated path from the Franck—Condon
region to the S, (my— 1, *) minimum (see ESI, Fig. 11). No crossing
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between electronic states is observed along this path and the dark
S, (m, — 1 *) excited state is always ~0.2 eV above the S, state.

As can be expected from the electronic character of these states
(my—m * transition), the geometry of the T, minimum is very
similar to that of the S, state (see Fig. 2(c)). The main difference
between both geometries is the additional widening of the C(2/6)—
S(1) and C(7/14)-C(8/13) bonds by 2 and 1 pm, respectively. The
adiabatic excitation energy of the T, state is 1.63 eV (1.65 eV
including the ZPVEC), which is in excellent agreement with the
reported values of 1.68 eV* and of 1.69 £ 0.07 eV.3*"7 As for the
S, (my—m.*) state, there is almost no energetic relaxation effect
on this state.

Furthermore, the excitation energies of the other low-lying
singlet and triplet excited states are only slightly affected when
proceeding from the Franck—Condon (FC) region to the S, and T,
(my— 1. *) minima. It is important to note that the third excited
singlet and triplet (S; and T; ny,—m *) states are blueshifted
between by 0.13 and 0.12 eV at each minimum (S, and T)),
moving them energetically away from the S, (my— 1w *) state, see
Fig. 4.

S, and T, minima. The computed geometry of the stationary
point obtained in the optimization of S, (my,—m *) state has
C, symmetry and is characterized by an asymmetric elongation
of the bonds. For example, the N(4)-C(5) bond is elongated by
4 pm while the N(4)-C(3) bond by only 1 pm (see Fig. 2(d)).
The same holds for the other bond lengths. However, at the
level of TD-DFT (TD-B3LYP/TZVP) this structure is found to
constitute a saddle point on the PES. One vibrational mode with
an imaginary frequency of i89.2 cm™ is obtained and corresponds
to an out-of-plane movement of the carbon atoms of the central
ring and a bending of the amine groups. We calculated the TD-
DFT and DFT/MRCI energies along this imaginary normal
mode. As has been found before in other systems like flavins,™
psolaren,” cytosine™ and thiophene,®”” the TD-DFT PES exhibits
an extremely shallow double minimum potential well along this

imaginary mode, while the DFT/MRCI PES shows a minimum
with C,; symmetry.

Furthermore, a distortion along the imaginary normal mode
followed by optimization without symmetry constraints (C,
symmetry) led to a minimum at the TD-B3LYP/TZVP PES,
which differs only very slightly from the previously obtained C,
symmetric structure (the difference is a slightly non-planar ring
system). At the DFT/MRCI level, this point is energetically higher
than the previously described C; symmetry geometry by 0.01 eV.
Therefore we considered the imaginary frequency as an artefact
of the TD-DFT (B3LYP) method and chose the C, symmetric
structure as the minimum of the S, excited state.

Due to the relaxation effects and the loosening of the symmetry
constraints, the irreducible representation of this state changed
from A, (C,, representation) to A’ (C, representation). The
electronic structure of this S, state is now a linear combination of
two single excitations 1., — 7, * and Ty —w * in A” symmetry, with
a major contribution from the 1y, —m, * transition. In addition,
the oscillator strength of this state rises to 0.269 due to mixing with
the my—m. * optically bright transition, see Table 2. At the same
time, the S, (my— m, *) state corresponds to a linear combination of
the my—m, * and my, —m * transitions with a larger contribution
of the my—m * and is blueshifted by 0.13 eV above the S,
(., — 7 *) state. This means that during the relaxation from the
FC region, an intersection between the S, and S, PESs occurs.

With regard to the excitation energies, the relaxation effects on
S, (m.,—> 1 *) are larger than those obtained for the S, (my—m, *)
state and yield an adiabatic excitation energy of 2.29 eV (a
stabilization of 0.20 eV compared with the ground state vertical
spectrum), see Table 2 and Fig. 4. The electronic ground state
shows a moderate destabilization by 0.22 eV.

In order to investigate the crossing between S, and S, in more
detail, a linearly-interpolated path between the S, and the S,
minima has been constructed. The DFT/MRCI energies of the
low-lying states along the path are depicted in Fig. 5. As expected,
the two states mix strongly and a crossing of the S, and S, PESs
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can easily be reached from the S, (wy—m. *) minimum in the
proximity of the S, (mty.,— 7, *) minimum. The mixing of the two
states is reflected in the oscillator strengths. At the S, (Ty—m.*)
minimum, the S, (my— 7, *) state has an oscillator strength of 0.790
which is reduced at the crossing region. Even at the S, (ny.,—>m, *)
minimum, the S, (my— 1, *) state has significant oscillator strength
of 0.533. On the other hand, the oscillator strength of the S,
(., — 7 *) state increases from 0.010 to 0.339 as the S, (my—m, %)
geometry gets closer to the crossing region and then drops to
0.269 at the S, (., —m, *) geometry. In the proximity of the S,
(M., — 7 *) minimum the contributions of the wy;—m * and the
T, —7 ¥ configurations, which account for ~80% of the total
contributions, are very similar. We therefore expect strong vibronic
coupling between these states.

The minimum of the T, (7., — 1 *) state is C,, symmetric. The
C(9)-C(8), C(5)-C(6), C(3)-C(2) and C(12)-C(13) bond lengths
are shortened by 2 pm whereas the C(10)-C(5) and C(11)-C(3)
bonds by 1 pm (see Fig. 2(¢)). At the same time, the N(4)-
C(5), N(4)-C(3), C(9)>-C(10) and C(11)-C(12) bond lengths are
elongated by 2 pm whereas the C(13)-N(15), C(8)-N(14), C(8)-
C(7) and C(8)-N(18) bonds are elongated by 1 pm. The adiabatic
excitation energy of the T, (m,.,—m, *) state amounts to 1.97 eV,
see Table 2. The other singlet and triplet excitation energies
calculated at this geometry are slightly higher and the ground
state is destabilized by 0.18 eV. It is important to note that the
energy gap between the S, (my—mn.*) and S, (my,—mn, *) states
computed at this geometry is only 0.02 eV, compared with the
energy differences between these states at the other minima (0.13-
0.20 eV). Nevertheless, the same state ordering is preserved as in
the FC region.

S; and T; minima. The location of minima of the S; and T,
(n—m*) states was very difficult. Due to mixing of the S; state
with the lower lying states during optimization it was not possible
to find the minimum of the S; state and we were only able to locate
a minimum of the T} state.

In our initial attempts, we started the search for the T; minimum
using the FC geometry (C,, symmetry) as starting point, which
resulted in a planar stationary point on the PES with C,, symmetry.
The vibrational analysis indicated that this geometry was a saddle

point on the TD-DFT PES with an imaginary frequency of i45
cm™. A scan along this imaginary mode showed that this planar
structure was a very flat saddle point on the TD-DFT PES.
Distorting this structure along the imaginary mode resulted in a
non-planar geometry with C, symmetry. Geometry optimization
using this structure as the starting point ended at a non-planar
stationary point (see Fig. 2(f,g)),which turned out to be a minimum
on the PES. Due to the very close proximity of the T, (y— 7. *)
state at this geometry it was necessary to change the default atom
displacement from 0.02 a.u. to 0.01 a.u. in the numerical frequency
calculation in order to avoid root flipping of the two triplet states.

Ascan be seen in Fig. 2(g), the geometry of the T; excited state is
characterized by changes of the C—S—C—C and C-N-C-C dihedral
angles of £21° and +37° from planarity (180°). Other geometrical
changes compared with the ground state geometry include the
increase of the C(5)-N(4)-C(3) and C(10/11)-C(5/3)-N(4) angles
by 5° and 7°; and the reduction of the C(6/2)-C(5/3)-N(4) angle
by 10°. Furthermore, there are elongations of the N(4)-C(5/3) and
S(1)-C(6/2) bonds by 3 pm, and a shortening of the C(10)-C(5)
and C(3)-C(11) bond lengths by 3 pm.

Geometry relaxation leads to an adiabatic excitation energy of
2.31 eV (see Table 2) corresponding to a stabilization by more
than 0.47 eV with respect to the vertical absorption energy (see
Table 1). The energetic order of the molecular orbitals changes
at this minimum. The energy of the ny, MO calculated at S, is
lowered and the MO is now ny,. Furthermore, a new my, MO
appears (see ESI, Fig. 21). Since the V shape of the molecular frame
allows for a mixing between » and & character, the electronic wave
function of the T} state is a linear combination of the ny,—m * and
T4 —> T * transitions with a larger contribution of the ny,—m *.
Note also that the S, (my—mn.*) and T; (n—n*) DFT/MRCI
adiabatic energies are nearly degenerate, T; still being 0.04 eV
above the S; minimum (0.05 eV including ZPVEC). This energy
difference is below the accuracy of our method, so we cannot give
a definite answer whether T; is accessible from S, .

At the T; (n—n*) minimum, the electronic ground state is
strongly destabilized by 1.03 ¢V (see Fig. 4). This non-planar
nuclear arrangement is very favourable for the n—mn* electronic
states indicated by a reversal of the energetic ordering of the n—m*
and the n—m* states with respect to the FC region. At the T;
minimum the S, n—7* excited state is below the S, ty— 7, * state
by 0.12 eV and below the S, m,y,—n * state by 0.34 eV. The T,
(n—m*) excited state is nearly degenerate to the T, (my— 1, *) state
(0.01 eV above) and 0.52 eV below the T, (m,.,—m, *) state at the
T; (n—n*) geometry. The change of the energetic order of the
states is due to intersections between them, which lie very close
to the T; (n—m*) minimum (see Fig. 4 and Fig. 6). Moreover, at
this region of the coordinate space the energy of the T; (n—n*)
state is 0.50 eV lower than the energy of the S, w;— m, * state. This
suggests the existence of several conical intersections between the
electronically-excited singlet and triplet surfaces near to this point.

It is known experimentally that a part of the singlet population
undergoes intersystem crossing to the triplet states. Intersystem
crossing is expected to be efficient if the singlet and triplet states
involved are close in energy, their spin—orbit coupling is reasonably
strong and the density of vibrational levels is high in the accepting
state. According to El-Sayed’s rule,” sizeable spin—orbit coupling
is expected between states with m—n* and states with n—mn*
character, while the spin—orbit coupling between n—m* states is
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only weak. Thus, the FC approximation will yield non-efficient
intersystem crossing between, e.g., two m—mn* states. In TH*,
the geometry at the T; minimum is non-planar, so there is no
strict separation between n—n* and n—n* states, (see ESI, Fig.
2(c,e)T). However, even at the non-planar T; (n—1*) minimum,
the T; state still has predominantly n—7* character, so we expect
sizeable spin—orbit coupling between T; and n—n* singlet states.
According to our results the lowest vibronic level of T; (n—n*)
is located slightly above the lowest vibronic level of S, (my—m, *).
In order to further explore possible ISC channels from S, we
performed a linearly-interpolated scan of the PES between the S,
(my—mn. *) and T; (n—n*) minima (Fig. 6). Along the interpolated
path, T; (n—m*) is lowered in energy by about 0.60 ¢V while the
S, (my—m.*) energy rises by 0.54 eV. An intersection between the
S, and T; PESs is found about 0.25 eV above the S, (my—m.*)
minimum, where intersystem crossing is expected to be efficient
(due to the linear interpolation this value is an upper limit for the
barrier height). Nevertheless, with such energy barrier zero-point
motion alone should be insufficient to couple these states. Instead,
we expect the transition to be activated by temperature.

Therefore, from the present results, no mechanism for the
efficient intersystem crossing in TH* can be derived. Even if we
assume that T; (n—n*) can be reached from S, (my;—m *) in the
gas phase, the situation changes when solvent effects are taken
into account, which will be discussed in the following section.
Possible explanations for the efficient intersystem crossing include
the enhancement of intersystem crossing between two t— m* states
by vibronic spin—orbit coupling.” An investigation of these effects
is in preparation.

3.2 Solvent effects: Vertical excitation energies and comparison
with experiment

Because there is no gas-phase spectroscopic data of TH* available,
we have to refer to measurements in aqueous and alcoholic
solution. These solvents are expected to have a significant effect
on the electronic structure, so we calculated the vertical excitation
energies of TH* using several solvation models. Electrostatic
effects of the solvent environment were estimated using the

COSMO model with a dielectric constant ¢ = 78 corresponding to
water. This model is labeled TH*C. In a protic solvent, hydrogen
bonds between the solute and the solvent are expected to be
important, in particular for n—n* states. Therefore we created
additional models consisting of the solute and one (TH*1W) to
five (TH*5W) water molecules, which were additionally embedded
in a COSMO environment. The optimized ground state structures
of these models are presented in Fig. 7. All models were fully
optimized at the B3LYP/TZVP level of theory. The vertical
excitation energies and oscillator strengths were calculated using
the DFT/MRCI method and are presented in Fig. 8.

[~

3 v
1.901° TH3Wa

TH*3Wb

Fig. 7 Ground state minimum of TH* hydrogen bonded complexes
optimized with COSMO at the B3LYP/TZVP level. Numbers indicate
hydrogen bond lengths in A.

3.2.1 Geometries. Thionine can form hydrogen bonds with
water molecules at several sites. The starting geometries were gen-
erated by placing water molecules around the thionine molecule
in positions where the formation of hydrogen bonds with nitrogen
atoms were to be expected: (i) the nitrogen atom of the phenoth-
iazinium central ring (N4 in Fig. 1) can form a hydrogen bond
with its lone-pair orbital which is located in the ring plane (H-
O-H---N4), (ii) the two amine groups (N15 and N18 in Fig. 1)
can form hydrogen bonds with their lone-pair orbitals which are
perpendicular to the ring and are involved in the conjugated -
system (H-O-H - -- N) and (iii) the hydrogen atoms of these two
amine groups (N15 and N18 in Fig. 1) can also form hydrogen
bonds with water (N-H - - - O).

The hydrogen bonds between water molecules and the lone pairs
of N15 and N18 are relatively weak, indicated by (H-O-H - - - N)
lengths in the range of 2.181-2.200 A in TH*3Wb-TH*5W. The
H-O-H - - - N hydrogen bond formation is accompanied by a slight
pyramidization of the amine groups. The hydrogen bonds to
nitrogen N4 (H-O-H - - - N4) of the phenothiazinium central ring
and to the hydrogen atoms of the amine groups (N-H- - - O) are
stronger.

3.2.2 Dipole moments and vertical excitation energies. In a
simplified picture, the energetic stabilization or destabilization of
the ground and excited states in polar solvents is related to their
dipole moments and the extent of polarization they induce in the
surrounding solvent. Because thionine is charged, its calculated
dipole moment depends on the origin of the coordinate system,
which is arbitrary. Therefore in Table 3 the differences of the
magnitudes of the dipole moments (Au) calculated relative to the
ground state S, are listed. According to these results, the effect of
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Table 3 Differences of the magnitudes of the dipole moments (Au, Deybe) of the lowest singlet and triplet electronic states of TH* calculated at the
DFT/MRCI/TZVP level at S,. The Ay magnitudes were calculated relative to the ground state dipole moment

State So S, S, S, T, T, T,
Au 0.0 0.1 0.4 -0.9 0.1 0.4 -1.1
A
TH' TH'C TH1W TH'3Wa TH'3Wb TH'SW
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Fig. 8 Comparison of the singlet and triplet vertical excitation energies for the vacuum (TH*), solvation with COSMO (TH*C) and micro-hydration

with one to five explicit water molecules (TH*1W-TH*S5W).

a polar solvent on the excitation energies of the S,-S, and T,-T,
n—7* states should be small, while the effect on the S; and T,
n—1* states is expected to be stronger.

We first discuss the solvent effect on the energy of the first
two lowest excited singlet m—m* states (see Fig. 8). The effect
of the COSMO environment is a slight lowering of the two S,
and S, n—n* states (0.07 eV for TH*C), bringing the excitation
energy of the bright S, state closer to the experimental absorption
maximum of 2.07 eV.?? These solvent shifts are somewhat smaller
than the solvent shifts obtained by Homem-de-Mello et al.* with
a polarizable continuum model (—0.29 eV) using a combination of
AM1 for optimization of the molecular structure and ZINDO for
calculating the electronic spectrum.

The (H-O-H - - - N4) hydrogen bond (TH*1W) causes a further
redshift of the two m— nt* states which is more pronounced for S,
than for S, due to the different spatial distributions (see Fig. 3) of
the contributing orbitals at each state, (HOMO for S, and HOMO-
1 for S,). The addition of water molecules at the two amine groups
of TH* (model TH*3Wa, N-H - - - O hydrogen bonds) has no effect
on the energies of the two S, and S, m—7* states. But if the two
water molecules are hydrogen-bonded to the lone-pairs of the two
amine groups (model TH*3Wb, H-O-H - -- N hydrogen bonds)
instead of the amine H-atoms, the energy of S, in TH*3Wb is
0.1 eV lower than with the water molecules in the “equatorial”
position (model TH*3Wa), while the S, energy is higher by
0.07 eV. Compared to model TH*1W, S, is slightly blueshifted
by 0.05 eV, while S, is redshifted by 0.06 eV. Adding two more
water molecules (model TH*5W) partly compensates the effect of

the water molecules at the lone-pairs of the two amine groups,
see Fig. 8. Assuming that the water molecules preferably bind to
the ring-nitrogen N4 and to the H-atoms of the amine groups
(an assumption which is supported by the different lengths of the
hydrogen bonds), we regard complexes TH*3Wa and TH*5W as
our best models for solvated TH*. The absorption energies of the
optically bright S, my— 1, * state of 2.17 eV (TH*3Wa) and 2.20 eV
(TH*5W) are in good agreement with the experimental value of
2.07 eV for TH*.*

A significantly larger solvent effect is found for the S; ny,—m *
state. This state is blueshifted by 0.19 eV by electrostatic effects
mimicked by the COSMO environment. The H-O-H---N4
hydrogen bond causes an additional 0.21 eV blueshift. Adding
more water molecules partially compensates the blueshift. For our
best models, the blueshift of S; amounts to 0.33 eV (TH*3Wa)
and 0.28 eV (TH*5W). The blueshift of the n—n* state caused
by the H-O-H - - - N4 hydrogen bond can be qualitatively easily
understood: it causes a stabilization of the ny, orbital, resulting
in a higher excitation energy to the m * orbital, whose energy
is only less affected. The triplet states are affected by the solvent
environment in a very similar way to their singlet counterparts. The
n—7* states are slightly redshifted, in agreement with previous
INDO/CIS calculations in methylene blue-water hydrogen bond
complexes,”” while the n—m* states exhibit a strong blueshift.

The strong blueshift of the n—n* states in polar and/or protic
solvents has consequences for the photophysics of TH*. In the gas
phase, T; is nearly degenerate to S, and we expect large spin—orbit
coupling elements between these states, so S,—T; is a possible
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channel for efficient intersystem crossing. However, in water this
channel is no longer accessible due to the strong blueshift of T;. As
discussed above, one possible explanation for efficient intersystem
crossing in water is the enhancement of the intersystem crossing
rate between two m— m* states by vibronic spin—orbit coupling.

4. Conclusions

We have examined the molecular and electronic structures of the
lowest excited electronic states of monocationic thionine (TH*)
using a combination of (time-dependent) density functional theory
and a density functional theory-based multi-reference CI method.
We found the lowest two singlet and triplet states to be of n—n*
character, S, being the spectroscopically bright state. The third
singlet and triplet states both have n—m* character. Our estimated
fluorescence rate from S, is low, in agreement with the experimental
value.

Locating the minima of the S; and T; n—n* states turned out
to be difficult and we have only been able to locate the minimum
of the T; state. This minimum has a non-planar structure with
an energy which is only 0.04 eV above the adiabatic energy of
S, ty— 7, * minimum. Furthermore, at the T; n—n* minimum,
T; is nearly degenerate with T, my—m, *, so we expect a conical
intersection between T; and T, very close to the T; minimum.

Effects of water solvent were taken into account using the
COSMO solvation model and microsolvation with up to five water
molecules. The vertical excitation energy calculated with these
models is in excellent agreement with the experimental value. The
effects of the water environment on the m— 1t* states are moderate,
but the n—m* states are shifted up in energy by several tenths of eV.

Experimentally it is found that TH* has a sizeable triplet
quantum yield. Qualitatively, according to El-Sayed’s rules (sece
above),” we expect sizeable spin—orbit coupling between S,, which
has m—mt* character, and T, which has n— nt* character. However,
while T; might be accessible from S, in the gas phase taking
the error bars of our method into account, this is very unlikely
in water, where T, is shifted up in energy. Therefore with the
results presented here we cannot explain the efficient intersystem
crossing of TH* in water. One possible explanation might be the
enhancement of the ISC between two m—n* states by vibronic
coupling. An investigation in this direction is in preparation.
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