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Amines and other nitrogen-containing compounds, due to their electron 
donor character, can form excited state emissive complexes in systems 
that comprise an electron acceptor. Sulphur-containing heteroaromatic 
compounds such as phenoxathiin are also well-known for their electron 
donor character. Starting from these two considerations, we aimed at 
finding exciplexes in which the electron donor contains sulphur. We 
studied several D-A pairs in solvents of different polarity and found out 
that the system phenoxathiin-thioxanthone presents a new emission band 
at longer wavelength than the D and A bands in non-polar solvents, 
which is quenched in polar ones. In order to explain the exciplex 
formation, which is determined by an electron transfer process, the 
standard free enthalpy for the latter was calculated according to the 
Rehm-Weller equation. The equilibrium constants and the activation 
barrier for the exciplex formation were determined as well from steady-
state emission data at different donor concentrations and at different 
temperatures, respectively. 

 

 
 

INTRODUCTION* 

 Exciplexes are excited state complexes between 
an electron donor (D) and an electron acceptor (A) 
molecule stabilised in non-polar solvents, where 
the electron transfer becomes reversible.1 The 
literature data indicates that many times the D 
molecule contains a nitrogen atom2–5 or a methoxy 
group,6–8 among other cases. Exciplexes are 
intensely studied for their applications as OLED 
materials9–14 and sensors.15 They are sometimes 
part of more complex photophysical processes.16, 17 
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 In this work we evidence the exciplex formation 
when the electron D contains sulphur as a D centre, 
i.e. an anthracene homologue, phenoxathiin (PH). 
Thioxanthone (TX) was used as an electron A. Its 
photophysical properties such as intensity and decay 
are solvent-dependent18–20 and it presents a relatively 
low singlet-triplet gap.21 TX and its derivatives have 
been recently used as photoinitiators in 
polymerisation reactions22, 23 and in light emitting 
devices based on thermally activated delayed 
fluorescence.24 New D-A pairs able to form emissive 
exciplexes may open up new directions in obtaining 
OLED devices with specific properties. 
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Fig. 1 – Molecular structure of the electron A (thioxanthone) and D (phenoxathiin) molecules used. 
 

EXPERIMENTAL  

 Thioxanthone and phenoxathiin were from Aldrich, 
spectroscopic grade. The solvents were from Aldrich, 
luminescence grade and were checked for fluorescence and 
used as received. Steady state fluorescence measurements 
were performed with an Edinburgh Instruments FLS920 
spectrofluorimeter and the thermostated experiments on a 
JASCO 6300 spectrofluorimeter. The excitation wavelength 
was 380 nm for measuring emission spectra. Solutions of the 
order of 10-4 M of TX were titrated with aliquots of 10-1 M PH 
in the respective solvent (final concentrations in the range 0-
0.35 M). In order to determine the equilibrium constant for 
exciplex formation, emission data on the TX and exciplex 
bands were considered, for which the following equations 
were deduced and used in a global analysis procedure: 
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 The temperature effect on exciplex formation was 
monitored measuring the emission spectrum of a mixture of 
TX and PH at different temperature and the apparent 
activation energy was determined from the equation: 
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where the ratio is of the emission intensities on the exciplex 
and acceptor bands, respectively, and A is a preexponential 
factor. 
 Quantum chemical calculations were performed with 
Gaussian0925 with the B3LYP functional26-28 and a 6-
311++G(2d,2p) basis set, as it was found that lager basis sets 
do not further improve the electronic transition energies 
obtained in the frame of a specific computing method.29 
Solvation was described with a continuum model, PCM,30 and 
the solvents used were chloroform, dichloromethane and 
acetonitrile. 

RESULTS AND DISCUSSION 

 The photophysical properties of TX have been already 
characterised and can be found in the literature18-20. Here non-
protic solvents of different polarities were used. TX presents a 
band at 412 nm in chloroform, 407 in dichloromethane and 

408 nm in acetonitrile, in agreement with literature data. 
Titration of TX with aliquots of PH solution results in a 
decrease of the emission intensity with increasing the 
concentration of the quencher in all the solvents used. Only in 
low polar solvents such as chloroform or dichloromethane a 
new wide band appears at 550 nm, as can be seen in Figure 2. 
In acetonitril quenching occurs with no band appearing at 
longer wavelength with a Stern-Volmer constant of 5.64 M-1. 
 TX and PH may function as electron acceptor and donor, 
respectively, in solution. To verify the possibility of a 
photoinduced electron transfer from PH to TX, the Gibbs free 
energy was calculated, according to the Rehm–Weller 
equation:31 
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where E(D/D+) is the oxidation potential of the donor, E(A/A-) 
the reduction potential of the acceptor, E00 the S0→S1 energy 
gap of the fluorophore, e the electron charge, ε the solvent 
dielectric constant and rDA the donor-acceptor distance. All 
parameters are evaluated in acetonitrile. The oxidation 
potential of the donor and reduction potential of the acceptor 
vs. SCE were estimated from literature data, i.e. 
E(PH/PH+)=1.25 V32, E(TX/TX-)=-2.01V.33 E00 was 
determined from the intersection of the absorption and 
fluorescence normalized spectra of TX as 3.17 eV, while the 
Coulombic term is approximated as 0.1 eV in acetonitril 
according to literature.34 This yields a value of 0GΔ  = -0.01 
eV. Activated exciplex formation was found for donor-
acceptor systems with Gibbs free energies for the 
photoinduced electron transfer in the interval -0.1 
eV<ΔG0<0.1 eV.35 
 The band at 550 nm that rises in intensity with rising PH 
concentration is assigned to an exciplex. The equilibrium 
constants for exciplex formation in chloroform and 
dichloromethane are presented in Table 1, while data fitting in 
chloroform may be viewed in Figure 2. It is highest in 
chloroform, 4.68 M-1, of the same order of magnitude as the 
Stern-Volmer constant. 
 Emission spectra in chloroform and dichloromethane were 
measured at various temperatures. When temperature raises 
from 299 to 323 K the TX band decreases in intensity and the 
exciplex band increases, as seen in Figure 3. Temperture 
favours exciplex emission, either due to activated exciplex 
formation or to the temperature effect on the photophysical 
processes or both. The calculated activation energy is 4.6 
kcal/mol in chloroform and 2.7 kcal/mol in dichloromethane. 
One of the processes involved may be temperature activated 
delayed fluorescence of the exciplex and needs further 
investigation.
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Fig. 2 – Left: Fluorescence spectra of TX in the presence of different concentrations of PH in chloroform. The arrow indicates increasing PH 

concentration. Inset: TX emission quenching by PH in acetonitrile. Right: data fitting on TX (□) and exciplex (○) bands in chloroform. 
 

Table 1 

Equilibrium constants and apparent activation energies for the studied exciplex. Coefficient of determination in parantheses 

Solvent K (M-1) Ea (kcal/mol) 
Chloroform 4.68±0.11 (R2=0.996) 4.6±0.3 (R2=0.976) 

Dichloromethane 3.33±0.07 (R2=0.999) 2.7±0.6 (R2=0.957) 
 

 
Fig. 3 – Temperature dependence of the emission spectrum  

of TX-PH D-A system in chloroform (T=299-323 K) and plot of ln(IE/IA) vs. 1/T. 
 

  
Fig. 4 – MO energies and shape in chloroform (left) and acetonitrile (right). The isodensity value is 0.05 e/Bohr3. 
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Fig. 5 – Singlet and triplet states for TX in chloroform (left) and acetonitrile (right). 

 
The photoinduced electron transfer takes place if the 

energy of HOMO of D is higher than that of HOMO of A. 
This can be ascertained by quantum chemical calculations. 
The computed MO energies are presented in figure 4. Results 
in dichloromethane are very similar to the ones in chloroform 
and will not be presented. The electron transfer criterion is 
fulfilled in all solvents. In chloroform EHOMO(PH)=-5.84 eV, 
EHOMO(TX)=-6.23 eV, while in acetonitrile the values are -5.89 
and -6.25 eV, respectively. The changes in MO energy and 
electron density distribution are negligible from solvent to 
solvent in the frame of PCM solvation. Only quasi-degenerate 
MOs swaps on the energy scale take place, e.g. HOMO-2 and 
HOMO-3. 
 Solvation has little effect on the energy of the excited 
states, but enough to change the order of states in the singlet 
and triplet manifolds, as seen in figure 5. The first transition 
energy is 3.12 eV in chloroform and 3.09 eV in acetonitrile 
and corresponds to the HOMO-LUMO 1(ππ*) state. This is in 
very good agreement with the experimental values of 3.01 eV 
in chloroform and 3.04 eV in acetonitrile, with differences of 
around 0.1 eV. In chloroform two triplet states lay lower than 
the first excited singlet, from which T2, 3(nπ*), is located at 
3.07 eV, so it is 0.05 eV lower in energy. Another two are 
higher, but very closely located at 3.13 and 3.24 eV, both 
3(ππ*), yielding a difference of as little as 0.01 eV or 80 cm-1. 
In acetonitrile the 3(nπ*) becomes higher in energy, with 3.11 
eV, but very close to 1(ππ*) at 3.09 eV. Other triplets are also 
close, at 3.13 and 3.23 eV, both 3(nπ*) in nature. Small S-T 
gaps are mandatory for the back ISC process to take place, 
giving rise to thermally activated delayed fluorescence. IC 
processes between close lying triplet states are also important 
in this process and T2 to T4 are within 0.1 eV of one another 
for TX in all solvents. 

CONCLUSIONS 

 Exciplexes in bimolecular systems with an 
electron donor that contains sulphur, phenoxathiin, 
and thioxanthone as acceptor were obtained and 
their equilibrium constants and temperature 
dependence determined. Quantum chemical 
calculations predict that the photoinduced electron 
transfer is spontaneous in solvents of different 
polarities. This new class of electron donors is 
under further investigation in view of 
understanding the complex photophysical 

processes taking place and finding optimal donor-
acceptor pairs for application in OLED devices.  
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