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Abstract

A theoretical, quantum-chemical study of the thioxanthone (TX) molecule has been performed at the MP2 and CASPT2 levels of theory.
Geometries, absorption energies, and transition and state properties have been investigated. Two conformers have been found very close in energy
with planar (P) and non-planar (NP) structures, the latter characterized by a dihedral angle 6 =173.3° representing the bend of the side benzene
rings and an out-of-plane angle ¢ =4° of the C=0 bond. Large changes in the relative positions and properties of the two low-lying electronic
absorption bands, 77" and nm”", are computed when changing the conformation. As a consequence of the analysis of the TX absorption spectrum it
is suggested that TX should be viewed as dynamically changing its conformation between the planar and the non-planar conformations. We coined
such behavior as a “butterfly like motion”. This dynamic view of the TX structure enables a plausible explanation of the photophysical properties

observed for the system.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Thioxanthone (TX) has been used as an example of the pho-
tophysical manifestations of vibronic coupling between nearby
nm and 7w excited states. Its fluorescence quantum yield (¢F)
increases from 0.00062 in THF to 0.23 in ethylene glycol [1,2].
This dramatic solvent effect was attributed to the decrease of
the Si(mm ) — So internal conversion rate [3] because of the
vibronic perturbation of the Sy(mm") state by the close-lying
(nT") state (phenomenon termed “proximity effect” [3]). Indeed,
as the polarity increases, the vibronic perturbation of Si(mw™)
by the close-lying electronic state S»>(nm’) decreases, since Sy is
destabilized compared to S1 [1] (see Scheme 1). Alternatively,
the fluorescence quenching could be also due to the presence
of a conical intersection S1/Sy less accessible in polar solvents.
From Table 1 it can be observed that the fluorescence lifetime
(7p) [2] and the triplet quantum yield ¢t [4] are also strongly
solvent dependent. Curiously, apart from cursory investigations
based on PPP [5] and CNDOY/S [6] calculations, no detailed
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interpretation of the TX absorption spectrum was reported in
the literature.

Considering that even the basic features of the photophysics
of TX were unresolved, we undertook the project of studying its
low-lying excited states with a high-quality quantum-chemical
method like the CASPT2 procedure, a powerful theoretical
approach that has proved its accuracy by now [7-10]. In the
present paper, geometries of ground and excited states minima,
transition energies and state properties will be presented in order
to give insight to some of the basic photophysical characteristics
of TX as an isolated system.

2. Computational details

Several methods and basis sets were employed to optimize
the ground state geometry of the TX molecule (see Fig. 1), as
explained in the following section. Finally, geometries obtained
at the highest employed level, MP2/6-31G(d), were used to
compute excited states and ionization potentials in both Cay
planar (P) and C non-planar (NP) conformers (there are two
symmetric non-planar conformers called NP and —NP). The
C; structure has the symmetry plane intersecting the molecule
by the S—C.=0 axis (see Fig. 2). In this way the coplanarity
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Scheme 1. Changes in the internal conversion (IC) efficiency due to the “prox-
imity effect” in thioxanthone.

Table 1

Dependence of thioxanthone photophysical characteristics on solvent polarity
Solvent F (ns) [1,2] Pr (x10%)[1,2] o [4]
Cyclohexane ~0.85
THF 0.62

Ethylacetate ~0.80
Acetonitrile 0.07 4.1 0.66
Methanol 2.55 120 0.56
Ethylene glycol 4.6 230

of the two aromatic rings might be broken. The interchange
between the three conformers of TX (NP to P and to —NP)
leads to the mentioned “butterfly motion”. Optimization of the
P conformer directly led to a Cyy structure. To compute excited
states, the Complete Active Space (CAS) SCF multiconfigura-
tional method, complemented by the second-order perturbative
approach, CASPT2, was employed. [11]. The active space used
in the selection of the multiconfigurational reference was 13
active orbitals and 12 electrons, including the oxygen lone pair
and 11 7" orbitals, and it was selected by careful analysis of
the natural occupation numbers of the orbitals obtained in con-
trol Restricted Active Space (RAS) SCF calculations [12]. An
accurate one-electron basis set was employed: Atomic Natural
Orbitals (ANO-L) contracted to S 5s4p2d/C,0O 4s3pl1d/H 2sl1p
[13] in the fixed nuclei calculations. Gaussian *98 [14] and Mol-
cas 6 [15] programs were used.

3. Results and discussion
3.1. Ground state structure

Gas-phase electron diffraction [ 16] and calorimetry [17] stud-
ies on TX suggest that the molecule has a slightly non-planar
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Fig. 1. Thioxanthone structure and atom labelling.

ground state structure. In particular, the dihedral angle between
the two benzene rings has been measured ®=169.0+1.6°
(angle C¢CsSCs, see Fig. 1) [16]. Different semiempirical
(AM1), density functional (B3LYP/6-31G(d)), and ab initio
(HF/6-31G(d), RASSCF/ANO) geometry optimizations favored
instead a planar, Cyy structure for TX. Such conformation
was adopted for computing the ionization potentials within
the HMO, MINDO/3, MNDO, PM3 [18], and DFT (B3LYP)
methods [19], and the static polarizability using the coupled
perturbed Hartree—Fock (CPHF) approach [20]. A correlated
ab initio method like MP2/6-31G(d) yielded however a slightly
non-planar geometry for TX, with a computed dihedral angle
©® =173.3° The sulfur and the carbonyl group form the axis of a
bent molecule in which the Cs symmetry is kept. Undoubtedly,
the presence of the sulfur atom in the molecular skeleton and the
large S—C5 bond lengths yield a flexible ring structure which
favors non-planar conformations, as observed in thianthrene,
where the carbonyl group is substituted by another sulfur atom
and the dihedral angle reaches 128.1° [16].

For the sake of comparison, two geometries will be employed
in the present paper for the TX ground state minima: the men-
tioned non-planar MP2/6-31G(d) geometry (hereafter NP, with
a symmetric corresponding —INP conformation), and a planar
MP2/6-31G(d) structure in which planarity has been imposed
(hereafter P) (Fig. 2). The non-planar structure is more stable
(thermally corrected enthalpies) by 0.6 kcal/mol, and has a low-
frequency vibration mode at 12.2cm™! (computed at the same
level within the harmonic approach) corresponding to out-of-
plane displacements of the S—C.=0O atoms. The same mode
has an imaginary frequency of 9.7icm™! in the planar struc-
ture. It is therefore clear that the potential energy surface for the
ground state will be extremely flat in this region. Table 2 com-
piles the computed theoretical results for both structures together
with the data recorded by electron diffraction. Good agreement

Table 2
Main structural parameters for the ground state of thioxanthone
Parameter® Theoretical® Experimental®
p NP
1C1—C2) A) 1.386 1.386 1.4014
HCo—C3) (A) 1.403 1.403 1.4014
HC3—Cy) (A) 1.386 1.386 1.4014
H(C4—Cs) (A) 1.407 1.407 1.4014
1(C5—Ce) (A) 1.406 1.406 1.401¢
1(Ce—Cy) (A) 1.408 1.408 1.401¢
rC—H) (A) 1.0874 1.0874 1.0994
HCs—S) (A) 1.754 1.754 1751
HCe—Cc) (A) 1.483 1.483 1.498
1(Cc—0) (A) 1.239 1.239 1.232
Z(CsSCy) (°) 103.3 103.1 103.4
Dihedral angle, @ (CsCsSCs) (°) 0.0 1733 169.0
Out-of-plane C. =0 angle, ¢ (°) 0.0 4.1 -

2 Molecular symmetry: Cs (NP) and Cp, (P). The vertical symmetry plane
contains the axis S—C.—O.

b Fully optimized MP2/6-31G(d) non-planar (NP) and planarity restricted (P)
MP2/6-31G(d) structures.

¢ Electron diffraction measurements [16].

4 Average values.
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Fig. 2. P and NP structures of thioxanthone.

can be observed between the theoretical and the experimental
[16] results, with a largest deviation, 0.015 A, found for the
C.—Cg bond length. The differences between the computed bond
lengths of the C»y P and the Cs NP structures are also minimal.
Most importantly, the computed value of the dihedral angle ® of
the NP conformer is close to the experimental value. As a matter
of fact, and considering that the difference in stability between
both structures is lower than the thermal limit, we propose here
that many physical features of TX can be nicely explained if
(and only if) planar and non-planar conformations are taken into
account in variable proportion.

Surprisingly, despite the small differences found in geome-
tries for both structures, the electronic properties of the molecule
are significantly affected by the change in conformation,
undoubtedly due to the changes in conjugation of the  cloud.
Table 3 compiles the theoretical (CASPT2/ANO) and exper-
imental [18,19] ionization potentials (IP) for TX. The com-
puted results correspond to vertical ionization potentials for
TX obtained as differences between the neutral ground state
molecule and the states of the TX cations at the geometry of the
neutral ground state, planar (P) and non-planar (NP). There is an
overall agreement between the computed and the experimental
data, and in particular the correlation is better for non-planar TX
(see Fig. 3). Considering the structure of TX as a combination of
planar and non-planar conformations, it is not surprising than the
latter better represents the measured data, since the photoelec-
tron spectrum is recorded at high temperatures [18,19] which
are expected to favor population of non-planar structures.

3.2. Visible absorption spectrum and relative positions of
the nr™ and nm” states

Breaking the planarity has even more striking consequences
for the absorption spectrum of TX. For the sake of clarity, it

Table 3
Comparison of the vertical ionization potentials (IPs, eV) of the planar (P) and
non-planar (NP) conformations of thioxanthone with the experimental data

Theoretical (CASPT?2) Experimental

P NP Ref. [18] Ref. [19]
7.69 (1) 7.84 () 8.04 7.94 peak
8.84 (np) 9.03 (np) 9.12 9.0 shoulder
8.94 () 9.14 () 9.34 9.29 peak
9.19 (13) 9.17 (m3)

9.21 (m4) 9.60 (174) 9.5 shoulder
9.7 shoulder
10.32 (ms) 10.97 (ms) 10.87 10.8 peak

is convenient to discuss separately the low energy part of the
absorption spectrum (range 320—420 nm) from the higher energy
region, which will be discussed in the next subsection. Indeed,
from the photophysical point of view, the former is the region of
interest since the proximity effect invoked for explaining the dra-
matical variation of the fluorescence quantum yield (¢r) is based
on the two transitions (") and (nw") located in this region.
Table 4 compiles the theoretical excitation energies and excited
state properties of TX at the ground state planar and non-planar
conformations and compare the results with the experimental
absorption spectrum in cyclohexane [1] since the gas phase
spectrum is not available (cf. Fig. 4). The calculations were per-
formed at the CASPT2/ANO//MP2/6-31G(d) level of theory.
Focusing on the 320-420 nm region, only two transitions are
computed in both conformers: (i) one of wm" type with moder-
ate intensity attributed in part to a charge transfer like transition
from the sulfur atom to the carbonyl group and in part to a varia-
tion of the electronic density in the m cloud upon excitation (see
Fig. 5), and (ii) one of n" type, therefore a forbidden transition
which implies mainly the carbonyl group and the benzene ring.
These descriptions are based on computed charge density differ-
ence plots between the ground and the excited states displayed
in Fig. 5, which inform about the variation of the electronic den-
sity upon excitation. The charge density shifts are similar for the
two low-lying transitions in both conformers. There is however
a noticeable larger charge withdrawing from the sulfur atom in

1 i ; : : : i
|/ CASPT2 bent (NP) | |
O CASPT2 planar (P)| oo |
E3 ) UMD THURNIN TN SRR SUISS A —
Ch
he] :
m H
. 1 1
= : -0
s o 4 N
2 S
= o
8
| |
n]
8 9 10 11

vIP experimental (eV)

Fig. 3. Comparison of the computed vertical ionization potentials (vIP) of the
planar (P) and non-planar (NP) conformation with experimental data [18,19].
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Table 4

Computed (conformers P and NP) and experimental (cyclohexane [1]) excitation energies (AE, eV), wavelengths (A, nm), oscillator strengths (f), and dipole moments

(i, D) of thioxanthone

State P (Cyy) State NP (Cy) Experimental
CASPT2 CAS CASPT2 CAS A (nm) AE (eV)
A (nm) AE (eV) f n A (nm) AE (eV) f "

1'A; 1.692 1A’ 2.202

21A (™) 387 3.20 0.098 5.92 1'A"(nom™) 355 3.49 0.000 0.80 377 3.29

1'Ax(now™) 336 3.69 0.000 —0.02 21A (™) 345 3.59 0.070 2.79 362 3.43

1'By(wr™) 306 4.05 0.131 2.81 2VA" (mm™) 301 4.12 0.040 4.01 298 4.16

1A (") 283 438 0.104 3.16 3TA (™) 275 451 0.140 3.51 287 432

2By (wr™) 274 452 0.020 2.00 274 sh 4.53

AYNTG S ) 264 4.70 0.002 4.13 267 sh 4.64

3By (™) 258 4.80 0.918 2.85 3TA" (mm™) 259 4.79 0.342 7.49 256 4.84

AN (™) 248 5.00 0.012 1.30 247 sh 5.02

51A (mm™) 241 5.14 0.014 3.69 ATA (™) 240 5.17 0.112 7.44

1'Bi(n") 239 5.19 0.001 —0.57

4By (mm™) 234 5.30 0.012 2.47

51By(wn™) 223 5.56 0.302 2.14 222 5.58

21 A, (™) 215 5.77 0.000 —0.40

6 A (") 214 5.79 0.021 2.68 218 sh 5.69

2 Ground state dipole moment in benzene, 2.65D [21].

the non-planar forms (probably due to a decrease in the 1 con-
jugation in the molecule) in particular for the lowest-energy n"
transition.

A noticeable fact is that a slight deviation from planarity
induces very large changes in the transition energies, dipole
moments, and, more importantly, on the relative positions of
the two transitions. All these aspects deserve now a detailed
discussion. For the planar structure, the allowed So — S (mr’)
transition of P (2'A;) computed at 387 nm (3.20eV) can be
easily related to the maximum of the experimental spectrum
in this region, A =377nm (3.29eV). However, the forbidden
So — Sa(npm ™) transition of P (1! A, not observed in the spec-
trum) is computed higher in energy by 0.5 eV. The upper position
of the nom" transition compared to 7" transition is in agree-
ment with Scheme 1 but it is crucial to realize that the 0.5 eV gap
is too large for an efficient mixing of the two transitions. Quite
interestingly, the excited states relative positions changes for the

0 r . y r —
310 330 350 370 390 410
Wavelength (nm)

Fig. 4. Visible absorption spectrum of thioxanthone in solvents of representative
polarities [1].

non-planar conformer. The allowed So — So(m”) transition of
NP (2!'A’) is calculated at 345nm (3.60eV) and corresponds
roughly to the shoulder observed at 362 nm (3.43 eV). Therefore,
the profile of the lowest-energy band can be basically described
by taking into account out-of-plane vibrational progressions of
the lowest 7" electronic transition (Scheme 2). The forbidden
So— Si(nom") excitation of NP (1'A”) (again not observed
in the spectrum) is computed here lower in energy by 0.1 eV.
Now, the energy gap is by far more favorable to the vibronic
perturbation of Sy(m") by the close lying So(nw”). However,

§,(nn*) _Sg (nr*)
3 .54 = i ——
S,(nm*)
V) S,(nr*)
1.75
0’s
(a) 0 NP —» p

0.5-

Absorbance
o
n
w
;

NP *

o ' : - (nom )' \_
275 300 325 350 375 400
(b) Wavelength (nm)

Scheme 2. (a) Calculated energy diagram of the N and NP limit conformers
compared to the “proximity effect” as reported in Scheme 1. (b) Fitting of the
UV absorption spectrum in cyclohexane with the calculated transitions of the
NP and P conformers.
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Fig. 5. Differential electron density (CASSCF) for the two low-lying singlet—singlet valence transitions in thioxanthone computed at the ground state non-planar
(NP, Cs, top) and planar (P, C,y, bottom) optimized geometries. The electron density is shifted upon light-induced excitation from darker to lighter regions.

the relative position of S| and S; is now in contradiction with
Scheme 1.

It appears consequently that these two important items, visi-
ble absorption spectrum and “proximity effect”, cannot be both
correctly described from a single conformation: P or NP con-
formers reported in Table 4. However, these two structures
correspond to a static vision of the molecule. Indeed, it is clear
from the quasi-energetic degeneracy of P and NP conformations
that they are only “limit” situations. It is the originality of the
present work to propose that there is in reality a continuous inter-
change of the conformations P <> NP (or P <+ —NP) in which
the molecule adopts, preferably, non-planar structures. This phe-
nomenon can be well described by the term “butterfly like
motion”. Thus, the experimental properties of TX corresponds to
a dynamic vision of the molecule, i.e., to the continuous change
of the conformation. Quite evidently, it is illusive to look for
a quantitative description of the real situation. However, it is
remarkable that a thorough comprehension of both the proxim-
ity effect and the visible spectrum is now accessible since the
experimental data is surrounded by the two limit theoretical data
associated to the P and NP conformers as tentatively illustrated
in Scheme 2.

3.3. UV absorption spectrum

Table 4 lists the computed properties for the low-lying
excited states of TX up to 214 nm, together with transitions and
state properties and comparison with the experimental absorp-
tion spectrum in cyclohexane [1]. Fig. 6 displays graphically
the experimental spectrum together with the computed features.
The absorption spectrum of TX shows, up to 210 nm, four basic
band systems. With regards to the assignment of the observed
bands, it has been already discussed how the lowest-energy
band ranging from 380 to 340 nm contains two transitions to
the lowest wmr" and nm" singlet states. The intensity of the band

must be attributed to the more intense 7" transition, while the
nm" band is surely obscured beneath. Considering the results
for both conformers, the peaks observed at 377 nm (3.29¢eV)
and 362 nm (3.43eV) can be attributed to the transition to the
mw state in its planar and non-planar structures. The final
profile of the band will be a consequence of the vibrational pro-
gressions, specially those related with the bending, out-of-plane
mode.

The second band system includes two medium intensity max-
ima at 298 nm (4.16eV) and 287 nm (4.32eV) and a couple of
shoulders at 274 nm (4.53eV) and 267 nm (4.64 eV) placed in
the low-energy tail of the most intense band of the spectrum.
Several 7" transitions have been computed in this region. The
bands at 4.16 and 4.32 eV can be assigned to the transitions to
the 2'A” (1'B>) and 3' A’ (3' A1) mr” states, computed at 4.12
(4.05) and 4.51 (4.38) eV for the NP and P conformers, respec-

‘2.
8
T ne Il
£
2 p [
<

0 - ]
200 250 300 350 400
Wavelength (nm)

Fig. 6. Thioxanthone absorption spectrain cyclohexane [1]. CASPT2 transitions
for the planar (P) and non-planar (NP) conformations studied also included.
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tively, and with intermediate oscillator strengths (from 0.040 to
0.140). The nature of the transition to the 2'!A” (1!B,) state
is similar to that of the lowest ww" state: the charge is basi-
cally transferred from the sulfur to the carbonyl group (with
a consequent increase in the dipole moment) and redistributed
within the benzene rings. Regarding the mentioned shoulders,
they better match two low-intensity transitions computed at 4.52
and 4.79eV in the planar conformer. Surprisingly, these two
transitions seem to be pushed to higher energies in the non-
planar form. It is clear, in any case, that the next transition,
computed to the 3'B; (P) or 3'A” (NP) mrw” states at 258 nm
(4.80eV) and 259 nm (4.79 eV) with large oscillator strengths,
0.918 and 0.342, respectively, is perfectly related to the most
intense band in the spectrum at 256 nm (4.84 eV), which proves
to be almost insensitive to the bending of the ground state. From
the higher transitions, just to mention the intensity (0.302) of the
computed 223 nm (5.56 eV) band, which explains the presence
of the 222 nm (5.56eV) recorded peak. We want to point out
that, because of the lower symmetry, calculations on the NP Cg
conformer become more difficult, and the number of computed
states has to be reduced in comparison to the P C», calculations.

3.4. Dipole moments

Regarding the dipole moments of the computed states, val-
ues of 1.69 and 2.22 Debyes (D) are obtained for the ground
state of TX in its P and NP forms, respectively, at the CASSCF
level of calculation. Changing the level of the theory to MP2 the
values increase by near 0.2 D. The ground state dipole moment
was reported u?p = 2.65D in benzene [21]. The value in gas
phase is unknown but should be somewhat lower. Applying the
dynamical view of the TX conformation the expected value
for the dipole moment would be intermediate between both
structures, near 2 D. Dipole moments for the low-lying excited
states of TX considerably differ in its P and NP conformers.
Differences Au(P)=+4.2D and Au(NP)=+0.6D have been
computed at the CASSCF level. Within the previous approx-
imation, one’s would expect an intermediate value of about
Mex — Mg =+2.4D which is close to an experimental value of
Ap=+42.65D reported by Abdhullah and Kemp [22]. However,
it can be easily seen that the overall evolution of the absorption
spectrum with increasing solvent polarity is not at all straight-
forward to interpret (Fig. 4) which precludes any quantitative
comparison.

It is probably the balance between both conformations which
is the responsible for the ultimate photophysical properties of TX
in solution. This phenomenon in which the measured absorption
spectrum in different solvents depends dynamically on different
structures was already proposed in the case of molecular tau-
tomers, for instance in adenine [23] and benzotriazole [24]. We
are reluctant to propose a more detailed explanation of the com-
puted values at the view of the solvatochromic behavior of TX.
A change of the solvent would certainly affect the characteristic
of the limit conformers P and NP as well as the dynamical inter-
conversion P <> NP. This problem, together with more detailed
studies on the emission properties of the compound, will be
tackled in a future publication.

4. Summary and conclusions

The analysis of the stability of two conformers of the thiox-
anthone molecule and of the electronic properties of the system
by quantum-chemical methods has led us to propose a dynam-
ical model of its structure. Planar and non-planar geometries
proved to differ by less than 1 kcal/mol in stability at the MP2/6-
31G(d) level of calculation, both related by a low-frequency
out-of-plane mode corresponding to a “butterfly like movement”
inducing the bending of the benzene rings and the out-of-plane
motion of the C=0 double bond. On the other hand, the compar-
ison of CASPT2/ANO computed and experimental ionization
potentials and absorption maxima and intensities of the elec-
tronic spectrum indicates that the observed features are better
explained when contributions of both planar and non-planar
structures are taken into account, in a dynamical model which
we have named “butterfly like motion”. The participation of
the different conformers in the excited state dynamics will have
important consequences in the photophysics of the system. As
well as the proximity effect and the coupling of the nearby "
and nm" excited singlet states can be claimed to explain the flu-
orescence quenching in non-polar environments, it is possible
to envisage a model based on the conical intersection concept
in which the system, after populating the 7" state and switch-
ing or not to the ntr" state, decays by a fast internal conversion
to the ground state. The relaxation would take place through
a crossing seam between the lowest singlet excited and the
ground state, a crossing which would be less accessible in polar
solvents. The dynamic behavior of the states will change in sol-
vated media, with effects which should be considered explicitly
by proper theoretical models including both bulk and specific
solvent-molecule interactions. Further studies are being car-
ried out in which the emission properties of TX are studied
and searching of conical intersections is undertaken in order to
determine the energy decay pathways in TX and also to explain
the solvatochromism of TX.
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