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uced temperature-dependent
multicomponent phosphorescence emissions in
ClBDBT†

Zexing Qu, * Yujie Guo, Jilong Zhang* and Zhongjun Zhou *

Quantummechanics/molecular mechanics (QM/MM) and molecular dynamics (MD) methods were applied

to systematically investigate the temperature-dependent phosphorescence emission of dibenzo[b,d]

thiophen-2-yl(4-chlorophenyl)methanone (ClBDBT) and its derivatives. The calculated temperature-

dependent spectra on the lowest triplet state (T1) are in good agreement with the experimental

observations, which means that the two-component white light emission should stem from the T1 state.

The further MD simulations demonstrate the existence of two mesomerism structures at room

temperature which can emit two lights simultaneously. The multi-component light emissions induced by

mesomerism structures have advantages in balancing the distribution of excitons which could be

beneficial to obtain pure white light along with stable Commission Internationale de l'Éclairage (CIE)

coordinates. We hope this mesomerism concept can be further used to design new white light emitters

based on room-temperature phosphorescence.
1 Introduction

Single molecule white light emitters (SMWLEs),1,2 which can be
used to replace multiple emitters, have drawn extensive atten-
tion due to their superior properties of no phase segregation, no
color aging, and good reproducibility.3–7 Recently, purely
organic SMWLEs by using room temperature phosphorescence
(RTP) and aggregation-induced emission (AIE) are becoming
a hot topic due to their longer emission lifetime and unique
material characteristics.8–10 However, it is still a great challenge
to achieve efficient purely organic RTP SMWLEs.1 Broadly
speaking, when designing RTP white light materials, one needs
to address the following three issues, the rst relies on the large
spin–orbit coupling (SOC) to afford efficient intersystem
crossing (ISC) to generate the RTP phosphorescence;9,11,12 the
second is to simultaneously emit multi-component light, such
as three primary colours (red, green and blue) or two comple-
mentary colours (e.g. blue and orange);3,13 the last one is that the
distribution of excitons to generate the multi-component light
should be balanced, which can result in pure white light along
with stable Commission Internationale de l'Éclairage (CIE)
coordinates.1 Current studies on RTP white light molecules
focus on the rst issue, while the last two issues are hard to
manipulate for both theoretical and experimental chemists.1 As
far as we know, up to now, only a few molecules, including
f Chemistry, Jilin University, Changchun,

ongzhang@jlu.edu.cn; zjzhou@jlu.edu.cn

tion (ESI) available. See DOI:

–10102
dibenzo[b,d]thiophen-2-yl(4-chlorophenyl)methanone
(ClBDBT),3 (4-bromophenyl)(4-chlorophenyl)methanone
(BCBP),3 5-bromo-2-(4-(triuoromethyl)phenyl)isoindoline-1,3-
dione (ImBr),14 dibenzo[a,c]phenazine (DPPZ),13 and 1,2,3,4-
tetraphenyloxazolium bromide (Top-Br),15 have been reported
as RTP white light materials. However, in many cases,
successful identication of white light emission should be
attributed to accidental observations rather than deliberate
molecular design.8

In these purely organic RTP white light molecules, the rst
proposed ClBDBT-based AIE-active luminophores can be
denoted as the prototype for RTP white light materials.3 In
ClBDBT, the theoretical study assigned the two emission bands,
which could be mixed to generate white light, to the two low-
lying triplet excited states, T1 and T2, respectively.3 More
importantly, they also found a temperature dependence of
spectral shape in ClBDBT. At room temperature, ClBDBT
showed two emission bands around 467 and 551 nm. When the
temperature dropped below 250 K, a new sharp peak emerged
around 503 nm in addition to the original two peaks.3 Similarly,
the temperature-dependent emission was also found in tri-
phenylamine (TPA) based AIE-active RTP luminophores in
which a new peak emerged as the temperature was decreased to
77 K.16 However, the further theoretical investigations indicated
that the multicomponent emission bands at 77 K were attrib-
uted to different local minima in the lowest triplet state (T1). In
this discussion, the origin of temperature-dependent multi-
component emissions is still unclear and more theoretical
investigations are needed to bring out the essentials of RTP
multi-component emitters.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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In this work, the temperature-dependent RTP of ClBDBT will
be illustrated from a mesomerism point of view by the combi-
nation of electronic structure calculations and molecular
dynamics (MD) simulations. Based on our theoretical investi-
gations, we have proposed a general strategy to obtain multi-
component emissions with a balanced distribution of exci-
tons, which can be further used to guide the design of new RTP
SMWLEs.

2 Results and discussion
2.1. Low-lying electronic states

In this work, besides ClBDBT, ve additional systems of
dibenzo[b,d]thiophen-2-yl(phenyl)methanone (BDBT), dibenzo
[b,d]thiophen-2-yl(4-uorophenyl)methanone (FBDBT), dibenzo
[b,d]thiophen-2-yl(4-bromophenyl))methanone (BrBDBT),
dibenzo[b,d]furan-2-yl(4-uorophenyl)methanone (FBDBF) and
dibenzo[b,d]furan-2-yl(4-chlorophenyl)methanone (ClBDBF)
were also investigated (see Fig. 1). The computed vertical exci-
tation energies of 3ClBDBT based on the ground state equilibrium
geometries for the low-lying excited states can be depicted in
Fig. 2, and the results of the other systems are collected in
Tables S1–S5.† Through analysis, the experimental absorption
spectra (ca. 250–300 nm) of 3ClBDBT should be assigned to highly
singlet excited states (S2–S5) according to their large oscillator
strengths (f = 0.0331–0.4102), and the calculated vertical exci-
tation energies are 4.46–5.09 eV (244–278 nm) at the M062X17/
6-311G** level and 4.30–4.99 eV (248–288 nm) at the CC2 (ref. 18
and 19)/cc-pVDZ level, respectively. Meanwhile, the vertical
excitation energies from the M062X functional are in good
agreement with the ones from the CC2 method, which indicates
that the M062X functional is suitable to describe the low-lying
electronic states of BDBTs. As shown in Fig. 2b, the lowest
singlet excited state (S1) with a negligible oscillator strength
( f = 0.0017) can be denoted as a dark state which can be
characterized as the n / p* excitation (1np*) by the natural
transition orbital (NTO) analysis. Below the S1 state, two low-
lying triplet excited states, T1 and T2, are found. The NTO
Fig. 1 Geometrical structures for 1BDBT, 2FBDBT, 3ClBDBT, 4BrBDBT, 5FBDBF,

© 2023 The Author(s). Published by the Royal Society of Chemistry
analysis suggests that both T1 and T2 can be denoted as the mix
of n / p* (3np*) and p / p* (3pp*) excitations. The results
for the others systems (1BDBT, 2FBDBT, 4BrBDBT, 5FBDBF, and
6ClBDBF) show similar trends to 3ClBDBT (see Fig. S1–S5†).
2.2. Energy relaxation aer Franck–Condon excitation

Here we use 3ClBDBT as an example to illustrate the energy
transfer pathway aer Franck–Condon (FC) excitation. As
shown in Fig. 3, the FC excitation of 3ClBDBT (the results of other
systems can be found in Fig. S6–S10,† respectively) should be
assigned to the Sn (n > 1) state (see discussion 2.1.). Aer the FC
excitation, the system can quickly decay to the S1 state via
internal conversion (IC). Below the S1 state, one can nd three
low-lying electronic states, T2, T1, and S0. Since both T1 and T2

states contain the p / p* components, according to the
EI-Sayed rule,20 the ISC channels should not be neglected. And
thus, starting from S1, three possible relaxation processes
including S1 / T2, S1 / T1, and S1 / S0 could take place. In
order to determine the optimal path, the radiative and non-
radiative rates from the S1 state are computed by MOMAP.21–23

As shown in Fig. 3, the radiative and nonradiative or internal
conversion rates (kr = 1.7 × 106 s−1 and kic = 3.3 × 103 s−1) for
S1 / S0 are much smaller than the intersystem crossing rates
(kisc2 = 5.0 × 1010 s−1 for S1 / T2 and kisc1 = 7.6 × 109 s−1 for
S1 / T1). This is due to the fact that low frequency vibrational
modes, which can induce fast vibrational relaxation, could be
restricted in 3ClBDBT crystals. Consequently, compared to the
radiative path, the ISC processes (S1 / T2 and S1 / T1) are
main relaxation channels, and these two ISC pathways have
larger SOCs, 32.9 cm−1 for S1/T2 and 15.1 cm−1 for S1/T1,
respectively. More importantly, the T1 emission band was
computed to be around 493 nm by CC2 which falls within the
scope of the experimentally observed phosphorescence band
(ca. 450–650 nm). However, the T2 emission band calculated by
CC2 is about 372 nm, which is beyond the range of experi-
mentally observed phosphorescent bands.3 Similar results can
also be found in 1BDBT, 2FBDBT, 4BrBDBT, 5FBDBF, and 6ClBDBF (see
and 6ClBDBF.

Chem. Sci., 2023, 14, 10096–10102 | 10097
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Fig. 2 Franck–Condon excitation and the characteristics of low-lying excited states of 3ClBDBT. (a) The vertical excitation energies (DE in eV) and
oscillator strengths (f) for the low-lying singlet and triplet excited states computed at the M062X/6-311G** and CC2/cc-pVDZ levels, respec-
tively. (b) Leading NTOs with isovalue = 0.02 involved in S1, T1, and T2 at their respective optimized structures.
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Table S6†). In general, if the T2 state can emit the phospho-
rescence according to Anti-Kasha’s rule,24 a large energy differ-
ence between T2 and T1 is required to suppress the quick
internal conversion from T2 to T1.25 In addition, the IC rate (kic)
(T2 / T1) for 3ClBDBT is calculated as high as 6.2 × 1012 s−1,
indicating that the T2 state is not stable and can undergo an
ultra-fast IC to reach T1. In this discussion, the experimentally
observed phosphorescence emission bands should be from the
T1 state.
Fig. 3 The adiabatic energy levels, radiative (kr) and nonradiative (kic and
ground state energy (−1660.75414666 a.u.) of 3ClBDBT is set as the refere
important bonds and dihedral angles are also shown.

10098 | Chem. Sci., 2023, 14, 10096–10102
2.3. Two RTP emissions

In the T1 state, the phosphorescence emission spectra of 3ClBDBT
are simulated and shown in Fig. 4a. Considering both compu-
tational cost and accuracy, here the phosphorescence spectra
are predicted by 50 sampling points with Wigner distribu-
tion26,27 based on the optimized T1 structure in the crystalline
state at low temperature (0 K) and high temperature (300 K),
respectively. As shown in Fig. 4a, the simulated spectra at 0 K
show a sharp peak at about 500 nm, corresponding to the
kisc) rates, as well as T1 and T2 emission wavelengths for 3ClBDBT. The
nce at the CC2/cc-pVDZ level. The geometrical parameters for some

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Simulated spectra and vibration analysis, (a) the simulated phosphorescence spectra of 3ClBDBT with the temperature of 0 K (solid black
line) and 300 K (solid red line) in comparison with experimental spectra of 50 K (dot blue line) and 300 K (dot green line); (b) two mesomerism
structures of A and B; coherent activity of the vibrational normal modes for (c) structures with PL bands (l) at ca. 544 and 450 nm, respectively,
from Wigner sampling at 300 K. and (d) structures from QM/MM MD simulations at 300 K of initial structure (l = 500 nm) and the averaged
structure (l = 445 nm). The most active modes are represented as an inset. The simulated spectra are shifted by −0.14 eV in order to be
consistent with experimental observations.
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experimental peak around 503 nm at low temperature (50 K).
The structure with the 500 peak has a stable conjugation
framework, which is close to the structure of the T1 minimum of
3ClBDBT, with a small RMSD value (0.13) (see Fig. S11†). Beside
this main peak, two shoulder peaks are also found at about 450
and 544 nm, which are in good agreement with the experi-
mental peaks at about 467 and 551 nm, respectively. As the
temperature is increased to 300 K, the intensity of the initial 500
peak is greatly decreased, and meanwhile the intensities of the
peaks of 450 and 544 are signicantly increased. Finally, two
distinguishable bands are generated with ca. 400–500 and ca.
530–650 nm, which is consistent with the two experimental RTP
bands at 450–500 nm and ca. 530–650 nm, respectively.3

Besides, the simulated phosphorescence spectra of 1BDBT,
2FBDBT, 4BrBDBT, 5FBDBF, and 6ClBDBF were also computed based
on Wigner distribution (see Fig. S12†). 1BDBT, 2FBDBT, and
4BrBDBT show a similar trend to 3ClBDBT, and two emission bands
could be observed at room temperature. This is also consistent
with experimental observations. However, for 5FBDBF and
6ClBDBF, only one band can be observed at room temperature.
Thus, the base compounds with dibenzothiophene (BDBTs)
should be important for the generation of two emission bands.
Here the importance of the dibenzothiophene group can also be
understood by two important mesomerism structures (see
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 4b). In dibenzothiophene, the sulfur atom could stabilize
the radical electron leading two mesomeric structures more
stable than the others, and as a result, two emission bands
dominated by these two stable mesomeric structures can be
observed. Furthermore, in 3ClBDBT, both the chlorine and sulfur
atoms have similar electronegativity, and thus two mesomeric
structures are more likely to be coherent and produce white
light. In order to reveal the origin of the two RTP bands, take
3ClBDBT for example, two typical structures A and B with emis-
sion wavelengths of 554 and 450 nm (see Fig. 4c), respectively,
are selected in Wigner distribution to perform the vibration
mode analysis. In addition, an energetic small barrier of ca. 4.0
kcal mol−1 between the two structures can be found by the
rotation of the dihedral of C4C2C1O6 or C5C3C1O6 (as shown in
Fig. S13†). Thus, with such a small barrier, it might be easier to
regulate the structures by means of temperature. As shown in
Fig. 4b and c, for the A structure, the emission band at 544 nm is
mainly produced by the contributions of vibration modes 8 and
16 which can be characterized as the mixture of stretching and
torsional motions along the C1–C2 bond (see Fig. 4b). While for
the B structure, the emission band at 450 nm is mainly gener-
ated by the contributions of vibration modes 11 and 45 which
can be characterized as the torsion of the C1–C3 bond (see
Fig. 4b). Consequently, two emission bands at 300 K could be
Chem. Sci., 2023, 14, 10096–10102 | 10099
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attributed to the two mesomerism structures of cO6–C1]C3 (A)
and cO6–C1]C2 (B), respectively (see Fig. 3b), and the sharp
peak at 0 K arises from the stable conjugated structures which
are close to the T1 minimum. In order to clarify the experi-
mental phenomenon that the 500 peak vanishes at 300 K, the
combined quantum mechanics and molecular mechanics (QM/
MM)28 molecular dynamics (MD) simulations are carried out to
illustrate the temperature effect on the peak shape around
500 nm. In the MD simulation of 3ClBDBT, the initial stable
conjugated structure with an emission wavelength of 500 nm is
generated from Wigner distribution at the temperature of 0 K
and then subjected to the simulation at a high temperature of
300 K with the aim of exploring the time evolution of the
conformation. The analysis of the MD trajectory in Fig. S14†
shows that the distance between C1 and O6 is gradually
increased from 1.17 to 1.33 Å in the rst two picoseconds, and
then it basically uctuates around 1.33 Å aer two picoseconds,
indicating that the C]O double bond has been broken and
changed into the C–O single bond when the dynamics is in
equilibrium. The other species have similar performance with
slight differences in numerical values, as shown in Fig. S15–
S19.† More importantly, it is found that the variations of dihe-
dral angles of O6C1C2C4 and O6C1C3C5 (see Fig. S20†) show
a signicant negative correlation, which can also be observed in
the other systems (see Fig. S21–S25†). In other words, when one
dihedral angle of O6C1C2C4 is close to 180°, the other dihedral
angle of O6C1C3C5 is slightly deviated from 180°, and vice versa,
indicating the existence of the mesomerism structures between
cO6–C1]C3 (A) and cO6–C1]C2 (B), as shown in Fig. 4b. When
the dynamic equilibrium is reached, the representative struc-
ture is selected from the MD simulation trajectory according to
the clustering analysis (see Fig. S26†), and its emission wave-
length is calculated to be 445 nm (see Fig. 4d), which is very
close to one (450 nm) of the two phosphorescence emission
bands. And the subsequent vibration mode analysis for this
structure indicates that the emission band at 445 nm has the
same coherent activity of the vibrational modes (11 and 45) as
the emission band at 450 nm. This indicates that with the
increase of temperature, the initial structure with the emission
wavelength of 500 nm at 0 K will spontaneously transform into
the structure with the emission wavelength of 445 nm. These
ndings can well illustrate the experimental observations, and
two RTP emission bands should be naturally arising from two
mesomerism structures A and B in the T1 state.

3 Conclusion

In summary, the temperature-dependent phosphorescence
emissions of 1BDBT, 2FBDBT, 3ClBDBT, 4BrBDBT, 5FBDBF, and 6ClBDBF
have been systematically investigated with the QM/MMmethod
and MD simulations. The phosphorescence emission spectra
with different temperatures are simulated with Wigner distri-
bution on the T1 state, and the results for 1BDBT, 2FBDBT, 3ClBDBT,
and 4BrBDBT are in good agreement with the experimental
observations in which the middle sharp peak around 500 nm
vanishes as the temperature rises from 0 to 300 K, and thus the
other two RTP bands, which can be mixed to emit white light,
10100 | Chem. Sci., 2023, 14, 10096–10102
should stem from the T1 state. The further MD simulations
reveal that as the temperature rises from 0 to 300 K, the stable
conjugated structure with the emission around 500 nm is
broken and changed into the twisted structure. As a result, the
three peaks at low temperature turn into two emission bands at
room temperature. Furthermore, the simulation trajectory
demonstrates the existence of two mesomerism structures at
room temperature with emissions around 450 and 544 nm,
respectively. These two mesomerism structures are character-
ized as the bond length alteration (BLA) along the two linked
double bonds between the two aromatic rings in 3ClBDBT. At
room temperature, the twist of the two aromatic rings could
stabilize the two mesomerism structures, respectively, and the
system emits two phosphorescence simultaneously corre-
sponding to the two stable mesomerism diabatic states. More
importantly, these two mesomerism structures consist of the
same electronic state which could balance the distribution of
excitons for the multi-component light emissions, and have the
advantage of obtaining the pure white light along with the
stable CIE coordinate. We hope this mesomerism concept could
be further applied to design other multi-component light
emission materials.

4 Computational details

A total of six systems were studied in this work, 1BDBT, 2FBDBT,
3ClBDBT, 4BrBDBT, 5FBDBF, and 6ClBDBF, respectively. Therein,
1BDBT, 3ClBDBT, and 4BrBDBT have crystal structures from experi-
ment, while the others were constructed by substituting O or F
atoms in the crystal structure of 3ClBDBT. Density functional
theory (DFT) was used to optimize the structures of the singlet
ground state (S0) and lowest triplet excited state (T1), while time-
dependent functional theory (TDDFT) was used to optimize the
structures of singlet (S1) and triplet (T2) excited states. The
M062X17 functional with the basis set of 6-311G** was used for
the above optimizations, and the same functional and basis set
were used for frequency calculations to ensure truly minima
with the Gaussian 16 package. Besides M062X/6-311G**, CC2/
cc-pVDZ was also used to accurately describe excitation ener-
gies with the Molpro2012 package.29 Moreover, the radiative (kr,
s-1), nonradiative (knr, s-1), intersystem crossing rates (kisc, s-1)
were computed with the MOMAP package,21,30,31 and the spin–
orbit couplings were obtained with the ORCA package.32

In QM/MM MD simulations, systems with 216 molecules for
1BDBT, and 108 molecules for 2FBDBT, 3ClBDBT, 4BrBDBT, 5FBDBF
and 6ClBDBF were manually constructed by simply extending the
original crystal cell. And then the system was subjected to the
combined quantum mechanics and molecular mechanics
molecular dynamics (QM/MM MD) simulation implemented in
the Amber package.33 The missing Amber force eld parameters
for these four molecules were generated using the Antechamber
tool34 on the basis of the GAFF force eld.35 Partial charges of all
the atoms were computed as Mulliken charges using the
Gaussian16 package.36 One molecule at the center of the system
was chosen as the QM region and the rest of the system was set
to the MM region (see Fig. S27†). During the MD simulation, the
molecules in the MM region were xed and the molecule in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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QM region was allowed to move freely. The cutoff value for the
calculation of the non-bonded interaction is 999.0 Å to fully
consider all the interactions in the current aperiodic model. The
temperature of the system was scaled to 300 K by the Langevin
thermostat.37 The time step for the MD integration was 1 fs. The
total time length of the simulation was 10 ps. The molecule in
the QM region was optimized at the M062X/6-311++G** level.17

The spin multiplicity and charge of the molecule were 3 and 0,
respectively.

For the spectra simulation, the structures were generated by
the Wigner distribution by using the NEWTON-X 2.2
package.38,39 For Wigner distribution, the amplitude Qn and
momentum Pn for each normal mode are randomly given from
a harmonic oscillator distribution, and then the velocities and
Cartesian coordinates for all atoms are generated by the inverse
transformation. For the vibration analysis, we project the

velocity into each normal mode, A ¼
PN

k¼1
ðVk
.
$ v
.jÞ2

N
where n⃑ j is the

jth normal mode Vk
.

is the normalized velocity for the kth
structure, and N is the total number of sampling structures.
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