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In thermally activated delayed-fluorescence (TADF) materials, the fluorescence efficiency is enhanced
through reverse intersystem crossing (RISC) from triplet to singlet excitons. The performance of organic
light-emitting devices (OLEDs) based on TADF materials highly depends on the thermal conversion effi-
ciency of the lowest triplet exciton T1 into the lowest singlet exciton S1, which relates to the energy
difference �ES1−T1 . Here we investigate the RISC process in two TADF compounds with vastly different
�ES1−T1 using magneto-optical spectroscopies that include magnetophotoinduced absorption (MPA) in
films and magnetoelectroluminescence (MEL) in OLEDs. The photoinduced absorption spectrum of the
fast RISC material clearly shows that both singlet and triplet excitons coexist under steady-state condi-
tions. Since the MPA response of the singlet and triplet excitons are similar and have the same polarity,
we conclude that the magnetic field does not influence the RISC process in the studied compounds. We
also find that the MEL response in OLEDs based on these compounds originates from the injected polaron
pair species before they decay into S1 and T1 excitonic states in the emissive TADF layer.

DOI: 10.1103/PhysRevApplied.21.034057

I. INTRODUCTION

In organic light-emitting devices (OLEDs) the spin
statistics dictates that excitons in the emission layer that are
generated from the injected positive and negative polarons
(P+ and P−) from the opposite electrodes are formed
in a ratio of 1:3 of singlet and triplet spin states. This
limitation means that for OLEDs based on fluorescent
materials, the internal quantum efficiency (IQE) can reach
a maximum value of only 25% when accounting for radia-
tive recombination only in the singlet configurations. In
order to harvest the generated triplet states in the emis-
sive layer, a successful method is the use of thermally
activated delayed-fluorescence (TADF) compounds [1–7].
These compounds show thermal conversion of the triplet
states into singlet states, known as “reverse-intersystem
crossing” (RISC) [see Fig. 1(b)], which ultimately over-
comes the 25% IQE limit. The RISC efficiency depends
on the spin-orbit coupling (SOC) [8–13] and is inversely
dependent on the energy difference �ES1−T1 between S1
(the lowest singlet state) and T1 (the lowest triplet state) in
the TADF molecule [14–17]. Small �ES1−T1 values facili-
tate the thermal up-conversion from T1 into S1 [Fig. 1(b)].
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As described by the El-Sayed rule [18], the spin mixing
between S1 and T1 requires a change in the orbital momen-
tum and therefore depends on the SOC strength. In organic
materials the SOC is small due to having light elements
(such as C, H, O) in their backbone structure, since the
SOC depends on Z4, where Z is the atomic number. How-
ever, the SOC that couples S1 and T1 may be enhanced if
these states have charge-transfer wave-function character-
istics, such as in efficient TADF molecules [9–11].

In 2020, Cui et al. [19] and Wada et al. [20]
reported new TADF molecules with fast RISC rates.
With special molecular designs to lower �ES1−T1 and
enhance the SOC of S1 and T1 states via charge-
transfer characteristics, a fast RISC rate could be real-
ized. For the target material in the present work, 5Cz-
TRZ (9,9′,9′′,9′′′,9′′′′-(6-(4,6-diphenyl-1,3,5-triazine-2-yl)
benzene-1,2,3,4,5-pentayl)pentakis(9H-carbazole)) [see
Fig. 1(a)], �ES1−T1 is only 0.02 eV; as a result, the RISC
rate kRISC in this material was measured to be as fast
as 1.5 × 107 s−1 [19]. The fast kRISC was manifested in
OLEDs based on this compound having high IQE, high
stability, and low roll-off of electroluminescence (EL) at
high current density. Thereafter, the class of fast RISC
materials has caused great interest in OLED applications
[18–23].

Here we have investigated the optical properties
of TADF molecules with fast RISC rates, namely
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FIG. 1. (a) The molecular structures of the two thermally activated delayed-fluorescence (TADF) materials studied here. (b)
Schematic diagram of the reverse intersystem crossing (RISC) process that couples the lowest singlet state S1 to the lowest triplet
state T1. Their energy difference �ES1−T1 is denoted. (c) The organic light-emitting device (OLED) structure based on a 5Cz-TRZ
(or mCz-TRZ) emitter layer. (d) Current vs voltage (black squares) and electroluminescence (EL) vs voltage (red squares) in a typical
fabricated TADF OLED based on 5Cz-TRZ.

5Cz-TRZ [Fig. 1(a)], and compared them with those
of TADF molecules with slow RISC rates, namely
mCz-TRZ (9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-
3,6-dimethyl-9H-carbazole) [Fig. 1(a)], using a variety of
optical and magneto-optical spectroscopies. In films, we
found that the steady-state photoexcitations in 5Cz-TRZ
are both triplet and singlet excitons due to the fast RISC
rate that mixes these excitations reaching a dynamic equi-
librium. However, only triplet excitons have been detected
under steady-state illumination conditions in mCz-TRZ
films, due to the inefficient RISC process in this com-
pound. In addition, we found that the magnetophotoin-
duced absorption (MPA) response of the singlet and triplet
excitons in films of 5Cz-TRZ are similar and have the
same polarity. We therefore conclude that the magnetic
field does not have a significant effect on the RISC process
in this material.

In traditional TADF OLEDs, the TADF molecules are
doped into the host compound to avoid concentration
quenching. In this case, the host molecules serve as recom-
bination centers, where the electrons and holes recombine
to form excitons that are transferred to the guest molecules
[4]. The recombination process is susceptible to the exter-
nal magnetic field [24]. It is known that the magnetoelec-
troluminescence (MEL) in exciton-based OLEDs is posi-
tive (namely, increases with the magnetic field B) because

the intersystem crossing in the polaron pair (PP) manifold
is suppressed by the magnetic field [25]. In contrast, a neg-
ative MEL is observed in TADF-based OLEDs because
any RISC from charge-transfer states is suppressed by
the field, which has been described in Refs. [26–29]. In
the present work, we measured the RISC-mediated MEL
response in the TADF active materials. Surprisingly, we
found that the MEL responses of OLEDs based on the two
materials under investigation here are positive, showing no
suppression of the RISC-dominated electroluminescence
under a magnetic field. This indicates that the magnetic
field acts mainly on the injected PP species before the
excitons are formed in the device active layer. We thus
conclude that the magnetic field has little influence on the
RISC process in OLEDs based on the studied material,
which is therefore dominated by thermal activation rather
than by spin dynamics, as previously proposed [28–30].

II. RESULTS AND DISCUSSION

Figure 1(a) shows the molecular structure of the two
TADF materials studied here. The five Cz donors in the
5Cz-TRZ molecule lower the S1 energy level and decrease
the �ES1−T1 value to approximately 20 meV [19]. Since
only one Cz donor exists in the mCz-TRZ molecule,
�ES1−T1 is much larger in this compound by of the order of
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hundreds of meV [19]; see also Table S1 in the Supplemen-
tal Material [44]. The large SOC of the local-excitation-
dominated T1 state and the charge-transfer-dominated S1
state in 5Cz-TRZ, as well as the small �ES1−T1 , lead to a
much faster RISC rate in 5Cz-TRZ than in mCz-TRZ.

We fabricated OLEDs based on the two TADF materi-
als that we purchased from Lumtec Corp. (Taiwan). The
device structure is shown in Fig. 1(c) and fabrication
details are given in the Experimental Methods section.
Typical I-V and EL-V characteristic responses of a 5Cz-
TRZ-based OLED are shown in Fig. 1(d). The turn-on
voltage of these devices is around 4.5 V with working cur-
rent as low as 20 µA. Under low current injection, the
diode remains stable with almost constant EL emission
intensity for hours.

Next, we discuss the optical characteristic properties of
these two molecules both as thin films and as active lay-
ers in OLEDs. Figure 2 shows the optical characteristics
of 5Cz-TRZ thin films. The absorption spectrum shown in
Fig. 2(a) peaks at 3.7 eV, which is at a much higher energy
than the S1 energy (approximately 2.8 eV, see Table S1 in
the Supplemental Material [44]). This indicates that the S1
state has a different symmetry to that of the state respon-
sible for the absorption peak. In fact, the onset of the PL

spectrum seen in Fig. 2(b) is at around 2.8 eV, close to the
S1 energy (see in the Supplemental Material [44]). We thus
speculate that S1 undergoes a substantial relaxation into a
charge-transfer state. This may explain the small �ES1−T1
in this material [19]. We also notice that the PL spectrum
shows the 0-1 and 0-2 transition, but not the 0-0 transition
[Fig. 2(b)]; this agrees with the lack of direct absorption
into the S1 state seen in Fig. 2(a).

Figure 2(c) shows the steady-state photoinduced absorp-
tion (PA) spectrum of the 5Cz-TRZ film. The PA spectrum
is composed of two PA bands, one at low energy and one
at high energy. The high-energy PA band is due to the
S1-S2 transition that occurs in the singlet manifold. This
PA band was originally discussed by Cui et al. [19]. It is
formed in the picosecond time domain and has a relatively
fast decay, which is characteristic of states in the singlet
manifold. We identify the lower-energy PA band, which
is much broader, as due to transitions T1-Tn in the triplet
manifold. It has a threshold at a photon energy lower than
0.4 eV, in agreement with the dense triplet manifold (see
Table S1 in the Supplemental Material [44]). Furthermore,
the MPA response of the lower-energy band [see Fig. 2(d)]
is quite broad with features similar to the MPA response
of known triplet excitons in π -conjugated polymers, such
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FIG. 2. Optical characterization of 5Cz-TRZ films. (a) The absorption spectrum. (b) The photoluminescence (PL) spectrum of 5Cz-
TRZ film measured at room temperature and 70 K. (c) The photoinduced absorption (PA) spectrum measured at 70 K. The PA bands
related respectively to optical transitions in the triplet T1-Tn and singlet S1-Sn manifolds are assigned. (d) The magnetophotoinduced
absorption (MPA) responses at two photon energies related to the two PA bands defined in panel (c).
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as MEH-PPV (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene]) [31]. Interestingly, the MPA response
of the high-energy PA band is the same as that of the low-
energy band and has the same polarity (increasing with the
field B). This indicates that under steady-state conditions
there is a dynamic equilibrium between S1 and T1 due
to the fast RISC rate in this compound, such that S1
“acquires” some properties of T1. This does not occur in
films of mCz-TRZ, where the RISC rate is much slower,
leading to low RISC efficiency, as seen in the following.

In general, the PA bands are related to the photogen-
erated steady-state triplet-exciton density that is deter-
mined by the generation and recombination dynamics.
Via the RISC process, the triplet density also determines
the steady-state singlet-exciton density. The triplet-exciton
species has three spin states that are split by the zero-
field-splitting parameters D and E [32]. One of the split
triplet states has faster recombination than the two other
states, and thus the steady-state population of the two other
states is larger. Owing to the applied magnetic field, the
three triplet states split further, and this renders the two
slower recombination states to be more energetically iso-
lated. Hence their steady-state population increases with
the magnetic field. In addition, from the similar polarity of
the MPA response for the singlet and triplet excitons, we
conclude that the magnetic field has little influence over
the RISC process. Otherwise, the MPA responses would
have opposite polarities.

In order to compare the influence of the magnetic field
on the RISC rate in TADF-based devices, we fabricated
OLEDs based on the two studied materials and mea-
sured the MEL response, which is defined as MEL =
[ELB − EL0]/EL0, and can be either positive (enhanced
EL intensity) or negative (reduced EL intensity) depend-
ing on the dominant spin-related process influenced by the
magnetic field. A typical MEL response of a 5Cz-TRZ
OLED at room temperature is shown in Fig. 3(a). Since this

MEL(B) response is very different to the MPA(B) response
in Fig. 2(d), we conclude that it does not involve the S1
or T1 excitons. We thus speculate that the MEL is due to
the magnetic field increase of the steady-state injected-PP
density in the device active layer before forming singlet
and triplet excitons.

Our previous work established a method to reveal the
relation between the spin pair (here PP) lifetime and the
MEL response [33–35]. Most MEL responses in OLEDs
are based on spin mixing among the four injected PP spin
sublevels, namely one PP singlet (PPS) and three PP triplet
(PPT) sublevels, which may be provided by several spin-
related interactions, such as spin-orbit coupling [36], the
hyperfine interaction [36–38], and by the different Landé
g values of the electron and hole constituents of the PP
species (namely P− and P+), commonly known as the “�g
mechanism” [39].

In the �g mechanism, the P− and P+ spins precess
around the magnetic field direction with a precession fre-
quency that is linearly dependent on the magnetic field and
the Landé g values of the P− and P+. If g(P−) �= g(P+),
and hence �g = g(P−) − g(P+) �= 0, then the PP spin con-
figuration interpolates back and forth between the PPS and
PPT states many times before the steady state is reached.
It has been shown that when reaching the steady state, the
�g mechanism leads to a Lorentzian MEL response [40],
namely,

MEL = MELmax

[
1

1 + (B/B0)
2 − 1

]
, (1)

where MELmax is the maximum MEL amplitude at a
large B, and B0 is the half width at half maximum of
the MEL response. For the �g mechanism, it was shown
that B0 ∼ 1/(µB�gτ ), where µB is the Bohr magneton and
τ is the PP spin or recombination lifetime, whichever is
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FIG. 3. Magnetoelectroluminescence (MEL) response in the 5Cz-TRZ-based OLED. (a) MEL response at room temperature oper-
ated at 20-µA current injection. The red line through the data points is a fit using Eq. (2). (b) The lifetime distribution g(τ ) of the
injected polaron pair species extracted from the fit in (a) using Eq. (3).

034057-4



MAGNETO-OPTICAL STUDIES . . . PHYS. REV. APPLIED 21, 034057 (2024)

shorter [40]. However, it is common to measure a non-
Lorentzian MEL line shape [34,35] when a broad distri-
bution of relaxation times exists in the organic active-layer
materials [41,42]. Equation (1) is written for a single life-
time τ . However, in disordered organic semiconductor
deposited films, it is natural to assume that the lifetime
of injected PPs is broadly distributed, and thus the “dis-
persive dynamics” mechanism may dominate the MEL
response [23,40]. In this case the broad distribution of life-
time g(τ ) would drastically change the MEL Lorentzian
response because each MEL response based on a sin-
gle lifetime needs to be weighted by the normalized g(τ )
function. A more formal way to account for this type of
inhomogeneity is by considering a Cole-Cole function,
namely MELcc ∝ Re[1/(1 + (iB/B0)α)], where α ≤ 1 is a
phenomenological “dispersive parameter”.

The Cole-Cole MELcc dispersive response is a non-
Lorentzian function, as follows [43]:

MELcc ∝
[

1+(B/B0)
α cos(πα/2)

1+2(B/B0)
α cos(πα/2)+(B/B0)

2α
−1

]
, (2)

where the averaged spin or recombination e-h lifetime τ 0
can be obtained from B0 using the usual relation mentioned
previously, namely B0 ∼ (µB�gτ 0)−1.

A convenient relationship was recently found between
the dispersive parameter α, τ 0, and the lifetime distribu-
tion function g(τ ) that gives rise to the MELcc response,
allowing us to obtain the g(τ ) lifetime distribution of the
PPs directly from the MELcc response as follows [43]:

g(ln(τ/τ0)) = 1
2π

(
sin πα

cosh(α ln(τ/τ0)) + cos πα

)
. (3)

This relation makes it possible to obtain the PP spin life-
time distribution function g(τ ) in the device simply by
fitting the measured MEL response using Eq. (2) and sub-
sequently using the parameters α and τ 0 in Eq. (3). This is
an elegant, effective, and noninvasive method for obtaining
the in situ PP lifetime distribution in a working device.

Using the dispersive dynamics method, we fitted the
MEL response using Eq. (2) and obtained the PP spin
lifetime distribution in the 5Cz-TRZ interlayer film in
the device, as shown in Fig. 3(b). The best fitting results
give the following parameters: B0 = 10.7 ± 0.6 mT and
α = 0.68 ± 0.03. The mean PP spin lifetime in the device
is thus calculated to be 0.26 ± 0.01 µs.

The RISC rate in mCz-TRZ is about 4 orders of mag-
nitude slower than that in 5Cz-TRZ [19], so we expect to
see changes in its optical and magneto-optical responses.
Figure 4(a) shows the absorption and PL spectra of a pris-
tine mCz-TRZ film. The absorption spectrum is dominated
by a band that peaks at around 3.2 eV with a threshold at
about 3.0 eV. In contrast to the PL in the 5Cz-TRZ film
that shows a substantial Stokes shift [Fig. 2(b)], the PL in

the mCz-TRZ film shows a relatively small Stokes shift,
since the threshold energy in the PL spectrum is at about
3.0 eV, which coincides with that of the absorption-band
threshold. This shows that S1 here is optically active and
does not undergo large relaxation and coordinate change
into the charge-transfer state that occurs in 5Cz-TRZ. This
also explains the large �ES1−T1 in this compound, which
renders RISC less plausible. We thus expect that the triplet
exciton in mCz-TRZ is more stable than in 5Cz-TRZ.

Figure 4(b) shows the PA spectrum in the mCz-TRZ
film. The spectrum shows a single PA band that extends
over the measured spectral range, with a threshold at
approximately 0.4 eV. The calculated energy difference
�ET3−T1 between the T3 and T1 states in the triplet man-
ifold is approximately 0.45 eV (see Table S1 in the Sup-
plemental Material [44]), which is in agreement with the
threshold energy of the PA band here. We thus assign this
PA as being due to the T1-Tn transition in the triplet mani-
fold. Importantly, the high-energy PA band due to the sin-
glet exciton that dominates the PA spectrum in 5Cz-TRZ
is absent in mCz-TRZ. This indicates that the photogen-
erated singlet exciton undergoes intersystem crossing into
the triplet manifold and rarely participates in an eventual
RISC process. The acute difference between the PA spec-
tra of the two TADF compounds studied here is clearly in
agreement with their vastly different RISC dynamics that
are dominated by the difference in their �ES1−T1 values.

The MEL response of mCz-TRZ based OLED is shown
in Fig. 4(c). Compared with the 5Cz-TRZ-based OLED,
the threshold current density for observing EL here is much
larger [by at least 2 orders of magnitude (see Fig. S2 in
the Supplemental Material [44]). Surprisingly, the MEL
response of the mCz-TRZ-based OLED [Fig. 4(c)] is very
similar to that of the 5Cz-TRZ-based OLED [Fig. 3(a)].
Additionally, the positive MEL response indicates that the
magnetic field enhances the EL intensity here and, accord-
ing to the literature, it is not due to the field influence
of the RISC process [24–26]. Using the same analysis of
this MEL response as performed for the MEL response
for the 5Cz-TRZ-based OLED described previously, we
obtain the following parameters: B0 = 7.2 ± 0.4 mT and
α = 0.86 ± 0.03. The mean PP spin lifetime in mCz-TRZ
is calculated to be 0.39 ± 0.02 µs, which is comparable to
that in the 5Cz-TRZ-based OLED. The short lifetime can-
not be related to the RISC process, since it is very slow
in mCz-TRZ. This indicates that the obtained lifetime is
due to the injected PP species rather than the excitons in
this compound, in agreement with our conclusion for the
5Cz-TRZ-based OLED discussed previously.

In addition, from the similar MEL response in the two
OLEDs based on the fast and slow RISC rates, we con-
clude that the MEL is dominated by the PP species. Since
the RISC-related MEL is negative, whereas the PP-related
MEL is positive, we would have seen a sign change in the
MEL response, especially in the 5Cz-TRZ-based OLED.
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FIG. 4. Optical and magneto-optical properties of mCz-TRZ. (a) The absorption and photoluminescence (PL) spectra of mCz-
TRZ thin film measured at room temperature. F denotes fluorescence; P denotes phosphorescence. (b) The photoinduced absorption
spectrum due to optical transitions T1-Tn in the triplet manifold. (c) The magnetoelectroluminescence (MEL) response of a mCz-TRZ-
based organic light-emitting device measured at room temperature at 3-mA current injection. The red line through the data points is a
fit using Eq. (2). (d) The lifetime distribution g(τ ) of the injected polaron pair species in the device extracted from the fit in (c) using
Eq. (3).

The fact that we do not detect such a sign change in
the MEL response strongly indicates that the applied field
does not influence the RISC process in the studied TADF
materials here.

III. CONCLUSION

We have studied the optical and magneto-optical prop-
erties of 5Cz-TRZ and mCz-TRZ in thin-film and OLED
configurations. We have shown that their optical proper-
ties are dominated by their �ES1−T1 value, which is much
larger in mCz-TRZ than in 5Cz-TRZ. The RISC process in
5Cz-TRZ is fast and effective, and this leads to a much
larger EL quantum efficiency. Additionally, the steady-
state PA shows two PA bands that are due to photoinduced
transitions in the singlet and triple manifolds, because of
the fast dynamic equilibrium that is established between
the singlet and triplet excitons in this compound. From the
similar polarity of the MPA response for the singlet and
triplet excitons, we conclude that the field has little influ-
ence on the RISC process in this compound. In contrast,
the PA of the mCz-TRZ film shows only photoinduced
transitions in the triplet manifold since the RISC process
is less effective in this compound. Surprisingly the MEL
response in OLEDs based on these two TADF molecules

is positive, which is opposite to the RISC-mediated MEL
response due to suppression of the RISC process under a
magnetic field. This shows that the magnetic field influ-
ences the injected PP species before excitons are formed
in the TADF material.

IV. EXPERIMENTAL METHODS

A. Device engineering

The OLEDs were composed of a patterned indium tin
oxide (ITO)-coated glass; an approximately 30-nm-thick
hole transport layer, namely poly(3,4-ethylenedioxythiop-
hene) polystyrene sulphonate (PEDOT:PSS); the active
layer (TADF molecules); an electron transport layer
(PCBM, phenyl-C61-butyric acid methyl ester); a buffer
layer (LiF); and capped with an Al electrode [see Fig. 1(c)].
The OLED devices were fabricated on a patterned ITO-
coated glass (15–20 � cm−2; Luminescence Tech.). We
precleaned the ITO-coated glass substrates sequentially
with deionized water (DI water, 200 ml) with 2% micro-
90 soap, pure DI water (200 ml), acetone (100 ml), and
isopropanol (100 ml) for 15 min by means of an ultrasonic
bath. Subsequently the substrates were dried by nitro-
gen blow and treated with ultraviolet ozone for 8 min.
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We deposited an approximately 30-nm-thick hole trans-
port layer (PEDOT:PSS, Clevios P VP AI 4083) that was
annealed in air for 20 min at 140 °C.

We used the 5Cz-TRZ and mCz-TRZ as the active
emitting layers [see Fig. 1(a)]. 5Cz-TRZ and mCz-TRZ
were purchased from Lumtec Corp. (Taiwan) and used
without further purification. A layer of an approximately
80-nm-thick film of TADF molecules was thermally
deposited. The OLED devices were then capped with a
LiF(1 nm)/Al(100 nm) electrode that was thermally evap-
orated through a shadow mask that defined an active area
of around 4 mm2.

B. MEL measurements

For the MEL measurements, the OLED devices were
transferred into a cryostat that was placed between the
poles of an electromagnet that produced an in-plane mag-
netic field B with field strength B up to 200 mT. The MEL
measurements were performed in the cryostat at room
temperature. The I -V characteristic response was obtained
using a standard “four points” method with a Keithley 236
power supply and Keithley-2000 multimeter. The EL and
MEL measurements were performed at constant current
density J. To avoid possible interference with the magne-
toconductivity of the wires, we used electrical wires made
of metallic alloys to keep the parasitic magnetoresistance
below 0.001%. The EL emission was monitored using a
silicon detector. The OLED devices were operated at a for-
ward bias Vb > Vth, where Vth is the threshold bias voltage
for the EL, while sweeping the external magnetic field in
one direction and back for several cycles to improve the
SNR ratio. The MEL is defined as MEL = ELB/EL0 − 1]
measured under constant current condition.

C. Photoinduced absorption measurements

The PA spectra were measured by a cw “pump probe”
set up in the spectral range from 450 nm to 5 µm using
several solid-state detectors, such as Si, Ge, and InSb.
The “pump” was a laser diode operating at 3.4 eV, which
was modulated at 150 Hz using a chopper controlled by a
function generator. The “probe” was light coming from a
tungsten-halogen incandescent lamp that was dispersed by
a ¼-m monochromator. The change �T in the probe trans-
mission spectrum T induced by the pump-beam excitation
was monitored using a lock-in amplifier referenced to
the pump-beam modulation. The PA spectrum was subse-
quently calculated as −�T/T. For the MPA measurements,
thin films were transferred into a cryostat that was placed
in an in-plane magnetic field B with field strength B up to
200 mT.

D. Energy-level calculations

To obtain the energy levels for Table S1 in the Supple-
mental Material [44], the molecular structures of 5Cz-TRZ

and mCz-TRZ were fully optimized at the B3LYP/6-
31G** level. Excited states of the molecules were then
calculated at the TD-B3LYP/6-31G** level in the time-
dependent density-functional-theory formalism based on
the optimized geometries.
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