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Enhancing spin-orbital coupling by heteroatom and heavy-atom effects plays a critical role in
organic room-temperature phosphorescence. Herein, a nitrogen-hybridized 9-phenylcarbazole (1), and its
bromine-substituted derivatives on the 9-phenyl moiety (ortho-4, meta-3, para-2) and carbazole moi-
ety (5, 6, 7), are studied by transient absorption (TA) spectroscopy. For 9-phenylcarbazole, the presence
of excited-state-absorption (610 nm) and triplet-triplet-absorption (400 nm) signals in TA spectroscopy
indicates the occurrence of intersystem crossing (ISC) with a lifetime of about 10 ns. After Br substitu-
tion in the 9-phenyl moiety, the ISC lifetime follows the order of compound 2 (4.9 ns) > compound 3
(1.9 ns) > compound 4 (0.74 ns), implying that the heavy-atom effect enhances with decreasing distance
between the Br atom and core carbazole moiety. For carbazole-substituted derivatives, the ISC lifetimes
of compounds 5 and 6 significantly decrease to 0.05171 and 0.01185 ns, respectively, demonstrating that
the bromine substituent in the carbazole core results in a more efficient heavy-atom effect. However, the
lifetime of the triplet exciton decreases with the enhancement of ISC efficiency. Compared to compound
5, the ISC lifetime of biphenyl-structured compound 7 (53.35 ps) shows a slight change, whereas the
triplet-exciton lifetime of compound 7 (183.3 ns) increases by approximately 40 times. The decrease in
the Hung-Rhys factor and reorganization energies confirms that the biphenyl structure hinders the bond
motions of the carbazole moiety and restrains the nonradiative decay, leading to a significant increase
in the triplet-exciton lifetime. The prolonged triplet lifetime validates that enhanced structural rigidity
can significantly improve the phosphorescence efficiency without affecting the heavy-atom effect, which

provides a strategy for balancing phosphorescence lifetime and quantum yields.

DOI: 10.1103/PhysRevApplied.21.034037

I. INTRODUCTION

Organic room-temperature phosphorescent (RTP) emit-
ters exhibit long-lived emissions, thus offering a wide
range of applications, including data encryption [1,2], anti-
counterfeiting [2], sensing [3,4], and imaging [5,6]. These
high-performance RTP emitters have a high phosphores-
cence quantum yield and long lifetimes [7], which are both
related to the spin-flipped intersystem crossing (ISC). Nev-
ertheless, according to the spin-selection rule, transitions
between pure spin states of different multiplicity are gen-
erally forbidden. To achieve a high phosphorescence quan-
tum yield, it is necessary to overcome this spin-forbidden
nature via a large spin-orbit coupling (SOC), which is a
relativistic phenomenon inducing the quantum mechanical
mixing of states with different multiplicity [8]. Some feasi-
ble strategies, such as the introduction of heavy atoms (Br
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or I) [8,9] and heteroatoms (N, O, S) [10,11], were pro-
posed for enhancing the SOC between singlet and triplet
states. Previous studies have confirmed that the lone-pair
electrons of the heteroatom increased the n-orbital compo-
sition during the transition process, which promoted ISC
between the singlet and triplet states [12].
Nitrogen-hybridized carbazoles possess intrinsic weak
triplet-state properties and are widely used to synthesize
organic functional materials with ultralong phosphores-
cence [1,13—15]. Moreover, the planarized rigid structure
of carbazole is favorable for restraining the nonradia-
tive processes and stabilizing the triplet excitons [16,
17]. Researchers proposed that carbazole could be eas-
ily functionalized at the 3-, 6-, or 9-positions and cova-
lently linked to other molecular moieties [18]. In partic-
ular, the benzene-substituted derivative at the 9-position,
9-phenylcarbazole, has been widely used in the syn-
thesis of functional molecules for organic light-emitting
diodes [19,20] and optical sensing agents [21]. Orr-Ewing
and co-workers reported the existence of a triplet state
in 9-phenylcarbazole, and the corresponding ISC was
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estimated to be 6900 ps by transient absorption (TA)
spectroscopy [22]. Owing to a large SOC with increas-
ing nuclear magnetic field, the introduction of halogen
atoms can significantly promote the ISC efficiency and
increase the population of triplet excitons [23,24]. There-
fore, to investigate the application as the host in the organic
light-emitting diode (OLED) materials, numerous deriva-
tives based on 9-phenylcarbazole, such as heavy atoms and
aromatic nucleus substitution of the carbazole or benzene
moiety, were synthesized [22,25-27].

Although previous studies have confirmed the perfor-
mance of 9-phenylcarbazole in RTP emitters, the exciton-
decay dynamics of simple heavy-atom-substituted deriva-
tives, especially the internal-space heavy-atom effect, has
not been studied in depth. Although the heavy-atom effect
improves the phosphorescence quantum yields, it signifi-
cantly decreases the triplet lifetime [28,29], which is unfa-
vorable for high-performance RTP emitters. Therefore, the
balance between phosphorescence lifetime and quantum
yields is pivotal to the development of organic phospho-
rescence emitters. Here, we focus on the heavy-atom effect
of a single Br atom at different spatial positions (core or
substituent group) on the forward ISC and phosphorescent
properties. Different from a study of the relative positions
of different bromine atoms [9], the influence of the spatial
distance between a single bromine atom and the core car-
bazole moiety on the heavy-atom effect is studied in detail,
rather than the mutual compensation effect between heavy
atoms. The internal-space heavy-atom effects of commer-
cially available 9-phenylcarbazole (1) and its bromine-
substituted derivatives (2—7, Scheme 1) have been studied.
Previous reports found that the spatial position of heavy
atoms could significantly affect the spin-orbit coupling
and change the rates of singlettriplet-exciton transitions
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SCHEME 1. Chemical structure of 9-phenylcarbazole (1) and
its Br-substituted derivatives (2—7).

and triplet-exciton decay [30-32]. Lee ef al. verified that
the heavy atoms directly substituted on the core position
in boron dipyrromethene generated more triplet excitons
than at the meso-aryl position [31]. Similar conclusions
were also drawn by Zhao and co-workers that a short
distance between the heavy atom and fluorophore core
led to efficient ISC [32]. To investigate the heavy-atom
effect at different positions, the Br-substituted compounds
at the para- (2), meta- (3), and ortho-positions (4) on the
9-phenyl moiety were considered, as well as derivatives
5 and 6 substituted directly at the carbazole core. The
effects of heavy atoms at different positions on the ISC
efficiency and triplet-exciton decay of 9-phenylcarbazole
were investigated by femtosecond- (fs) and nanosecond-
(ns) TA spectroscopy. The combination of fs- and ns-TA
spectroscopy has been widely used to study the ultra-
fast excited-state dynamics of organic materials, which
can provide real-time monitoring of the ISC process and
exciton-decay processes [33,34]. Additionally, the changes
to the molecular orbitals and spin-orbit couplings of these
compounds are discussed using time-dependent density
functional theory (TDDFT). Moreover, the prolonged life-
time of triplet excitons and efficient ISC of biphenyl-
structured compound 7 were explored, followed by the
analysis of the intrinsic photophysical mechanisms of the
long-lived triplet state by theoretical simulations.

II. EXPERIMENTAL DETAILS

A. Spectral measurements

All compounds and acetonitrile solvent with the highest
available purity and spectrophotometric grade were pur-
chased from Aladdin. All measurements were performed
at room temperature [(20 &£ 1)°C], except otherwise noted.

The absorption and fluorescence spectra were measured
using a Cintra 2020 spectrophotometer (GBC, Australia)
and FluoroMax-Plus spectrophotometer (HORIBA Japan),
respectively. Each experiment was conducted in five repli-
cates (n=35). For oxygen-free measurements, solutions
were bubbled with N2 for 30 min before measurements.
For fs- and ns-TA spectroscopy, all the samples were thor-
oughly deoxygenated via nitrogen bubbling for 30 min and
then sealed with parafilm prior to the measurements. The
fs- and ns-TA spectra of the 9-phenylcarbazole deriva-
tives were recorded using an Ultrafast Systems LLC and
light source provided by a Helios pump-probe system.
White-light-continuum probe pulses (390—-600 nm) were
produced by focusing an attenuated fraction of the fun-
damental 800-nm laser pulses (Coherent, 800 nm, 1 kHz,
7 mJ/pulse, 35 fs) onto a calcium fluoride crystal.

B. Theoretical simulations

The ground, singlet, and triplet excited states of the
seven compounds were studied using DFT and TDDFT
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[35—37] with the B3LYP functional and def2-TZVP basis
sets [38—41] of the GAUSSIAN 16 program [42]. The solva-
tion model based on density with acetonitrile solvent was
added to ensure the simulation was close to the experimen-
tal environment [43]. The SOC constants between singlet
and triplet states were calculated using the ORCA program
[44]. The root-mean-square displacement (RMSD) was
determined to measure geometric changes of these com-
pounds in different states, which were visualized by the
VMD program [41].The Hung-Rhys (HR) factors and reor-
ganization energies analysis were simulated by the MOMAP
program [45,46].

III. RESULTS AND DISCUSSION

Figure 1 shows the steady-state and TA spectra of com-
pound 1 in acetonitrile solution. As shown in Figs. 1(a)
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FIG. 1.

and 1(b), the maximum absorption and fluorescence peaks
of compound 1 are located at 337 and 360 nm, respec-
tively, and a small Stokes shift of 23 nm is observed. For
compound 1, the calculated absorption energy of 323 nm
(Table I) corresponds to the experimental absorption peak
located at 337 nm, which confirms that the experimen-
tal absorption peak is attributable to the Sy — S; transi-
tion. The calculated fluorescence energy for the S; state
(351 nm) is in agreement with the experimental values
(360 nm). To monitor the exciton dynamic process in
real time, the fs- and ns-TA spectra of compound 1 were
measured in acetonitrile solution. In Fig. 1(c), the TA
spectrum of compound 1 exhibits two signals located at
400 and 610 nm. As shown in Fig. 1(d), the signal at
610 nm reaches its maximum intensity within 1 ps, and
then gradually decreases within 7 ns along with an increase
of the pump-detection delay time. Meanwhile, the signal

1.27 fs 10 ps 1ns fs-TA spectroscopy
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(a) Experimental steady-state absorption and (b) emission spectra of 0.06-mM compounds 1-7 in acetonitrile solution.

Excitation wavelength for the emission spectra of these compounds is 320 nm. Insets magnify the areas inside the shaded ellipses. Inset
tables in panels (a),(b) are the maximum absorption and fluorescence peaks of compounds 1-7, respectively. (¢) Time-wavelength-
dependent TA color maps of 1-mM compound 1 in acetonitrile solution pumped at 330 nm. Ordinate represents the delay time. (d)
Time-resolved fs-TA (top) and ns-TA (bottom) spectra of 1-mM compound 1. Ordinate represents the signal intensity. Each curve

represents a TA signal at a specific pump-detection delay time.
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intensity at 400 nm gradually increases, accompanying
the appearance of an isosbestic point located at 448 nm.
According to previous studies [33,47,48], the molecule is
excited from the ground state to the singlet excited state
by the pump pulse, and the singlet-singlet excited-state
absorption (SESA) signal at 610 nm first appears in the
TA spectrum. Subsequently, this SESA signal gradually
decreases accompanied by a new increased positive sig-
nal (400 nm), and an isosbestic point (448 nm) appears in
the middle of the two positive signals. The appearance of
the isosbestic point confirms the occurrence of the exciton
transition from the singlet state to the triplet state. There-
fore, the signal at 610 nm is assigned to the SESA signal
and the signal at 400 nm to the triplet-triplet absorption
(T,-T, absorption) signal, which indicates the occurrence
of ISC. And then the ns-TA spectrum in Fig. 1(d) shows
that the 7-T, absorption signal gradually decays from
50 ns to 5 ps, reflecting the complete relaxation of the
triplet-state exciton.

To gain further insights into the time-resolved exciton-
relaxation dynamics, the kinetic data obtained from the fs-
and ns-TA spectra of 9-phenylcarbazole are fitted using
the SURFACE XPLORER software. All measured data are
reserved for two significant figures. Figure 2(a) shows
the decay-associated difference spectra and key time con-
stants of the global fitting of fs-TA and ns-TA spectra.
The reaction mechanism and coupled kinetic equations
are shown in Fig. 7 of Appendix A. In the global fitting

results, when the amplitude of the fitted lifetime compo-
nent has the same sign as the signal intensity, it means
that the characteristic signal is the decay of this lifetime
component. On the contrary, when the amplitude and sig-
nal intensity have different signs, it represents an increase
of this signal. The global fitting results show that the fs-
TA spectrum of compound 1 has two spectral components,
138 fs and >7 ns, which are attributed to configurational
relaxation induced by the solvation-stabilizing process and
singlet-exciton relaxation, respectively. The spectral com-
ponent of >7 ns reflects the decrease in the SESA signal
(610 nm) and increase in the 7;-7, absorption signal
(400 nm), corresponding to the ISC lifetime. The global
fitting of the ns-TA spectrum has two time components,
10 ns and 2.9 ps, which are assigned to the ISC lifetime
and triplet-exciton relaxation, respectively. This ISC life-
time is consistent with the global fitting result (t;sc > 7 ns)
obtained by fs-TA spectroscopy. Moreover, to verify the
global fitting results, single-wavelength kinetic fitting has
been performed on the SESA and 7;-T, absorption sig-
nals, as shown in Fig. 2(b). For the SESA signal, the T
of 160 fs denotes the time required for the configurational
relaxation and the Tgecay 0f >7 ns denotes the singlet-
exciton lifetime. The SESA signal intensity does not decay
to zero within the time window of 7 ns, indicating that
the SESA lifetime of compound 1 exceeds the detection
range of fs-TA spectroscopy. Therefore, the decay lifetime
of the SESA signal is fitted as >7 ns in the kinetic fitting
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FIG. 2. (a) Decay-associated difference spectra (DADS) obtained by global fitting analysis of compound 1 by fs-TA (left) and ns-TA

spectroscopy (right). (b) Kinetic fitting of the SESA and 7,-7,, absorption signals for compound 1 in fs-TA (left) and ns-TA spectra

(middle and right).
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of the fs-TA spectra. In ns-TA spectroscopy, the decay of
the singlet exciton is monoexponential, as expected for a
monomolecule in fs-TA spectroscopy. The kinetic fitting
shows that the ISC lifetime and triplet-exciton relaxation
are 8.9 ns and 2.7 ps, respectively, for the T'-T,, absorp-
tion signal, which agrees well with the global fitting results
(10 ns and 2.9 ps). Accordingly, the lifetimes of ISC and
triplet-exciton relaxation of compound 1 are about 10 ns
and 2.8 ps in acetonitrile solution.

The influence of heavy atoms, especially substituted
at different spatial positions, on the triplet-state quan-
tum yield and lifetime has been considered. The differ-
ent internal-space heavy-atom effects, including in the
9-phenyl moiety (2, 3, and 4) and carbazole moiety (5 and
6), have been studied for the steady-state and TA spectra.
First, the spectral dynamics of Br-substituted benzene-
ring derivatives are discussed. As shown in Fig. 1(b),
the fluorescence peaks of substituted derivatives in the
para- (2), meta- (3), and ortho-positions (4) are located
at 358, 357, and 353 nm, respectively. The fluorescent

=355 =———50n5 =——=5 pis
1-10ps

100 ns.

intensities of the three compounds decrease compared to
the heavy-atom-free 9-phenylcarbazole, indicating that the
phosphorescence efficiency could be enhanced with the
introduction of the Br atom. Figures 3(a)-3(c) show the fs-
and ns-TA spectra of compounds 2, 3, and 4, respectively.
For compound 2, the fs- and ns-TA spectra show the SESA
and T-T, absorption signals. The SESA signal intensity
reaches its maximum value within 1 ps and then gradually
decays within 10 ns, accompanying the rise of the 7;-T),
absorption signal. The isosbestic point at 426 nm exhibits
the occurrence of an excitonic transition from the singlet
state to the triplet state. Subsequently, the 7;-7, absorp-
tion peak of triplet exciton disappears in 1 ps with time
evolution. Similarly, both meta-substituted compound 3
and ortho-substituted compound 4 show two bands corre-
sponding to the SESA and 7'-T, absorption signals. In the
time-evolution TA spectra, the SESA and 7,-7, absorp-
tion peaks of compound 3 gradually disappear within 5 ns
and 1 ps respectively, and those of compound 4 disap-
pear within 3 and 500 ns, respectively. With the shortening
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FIG. 3. (a)~(c) Time-wavelength-dependent fs-TA and ns-TA color maps of 1-mM solutions of compounds 2, 3, and 4, respectively.

(d),(e) Time-wavelength-dependent fs-TA color maps of 1-mM solutions of compounds 5 and 6, respectively. All the color maps are
measured in acetonitrile solution and pumped at 330 nm. (f) Normalized fs-TA kinetic curves of the SESA bands for compounds 1-6
in acetonitrile. (g) Normalized ns-TA kinetic curves of the 7-T, absorption bands for compounds 16 in acetonitrile. Dots and solid
lines represent experimental values and fitted values, respectively. Inset tables in panels (f),(g) are the time components of fs- and
ns-TA spectroscopy for different molecules obtained by double-exponential kinetic fitting.
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of the spatial distance between the bromine atom and
carbazole moiety (ortho-position < meta-position < para-
position), the 9-phenylcarbazole derivatives exhibit faster
ISC, inducing a more efficient triplet exciton. Second, to
verify the aforementioned conclusion, the exciton dynam-
ics of derivatives substituted in the carbazole moiety (5 and
6) was investigated. As shown in Fig. 1(b), the fluores-
cence peaks of compounds 5 and 6 are almost completely
quenched compared to the derivatives substituted in the
benzene ring. This indicates that compounds 5 and 6 might
have low fluorescence quantum yields and high phos-
phorescence efficiencies. The fs-TA spectra in Figs. 3(d)
and 3(f) show that the SESA peaks of compounds 5 and
6 disappear at 100 and 50 ps, respectively; this faster
than those of compounds 2, 3, and 4. Moreover, the T}-
T, absorption signal intensities of compounds 5 and 6
decrease to zero within 7 ns, indicating that the triplet exci-
tons of both compounds have completely decayed. These
results demonstrate that the ISC and triplet-exciton life-
times of derivatives with heavy-atom substitution in the
carbazole moiety are shorter than those substituted in the
benzene ring.

To further visualize the exciton dynamics in differ-
ent substituted derivatives, the kinetic curves of SESA
and T7)-T, absorption signals of compounds 1-6 are
extracted and presented in Figs. 3(f) and 3(g). Notably,
with a decreasing distance between the heavy atom
and the core carbazole moiety, the kinetic curves of
the SESA and T7-T, absorption signals become steeper,
indicating the shortening of the corresponding decay
time for singlet and triplet excitons. The Kkinetic fit-
ting of each curve is performed and shown in the inset
tables. The ISC lifetime follows the order of heavy-atom-
free compound 1 (=7 ns)> para-position-substituted
compound 2 (4.9 ns) > meta-position-substituted com-
pound 3 (1.9 ns) > ortho-position-substituted compound
4 (0.74 ns) > carbazole-substituted compounds 5 and 6
(0.052 ns and 0.012 ns). The corresponding 7-T,, absorp-
tion lifetimes exhibit the same order, 1 (2.7 ps)>2
(0.36 pus)>3 (0.28 ps)>4 (022 ps)>5 (4.9 ns)>6
(3.9 ns), showing that the enhancement of the heavy-atom
effect leads to rapid decay processes of triplet excitons.
The decay-associated difference spectra and key time con-
stants of the global fitting are shown in Figs. §—12 of
Appendix A. Similarly, the decay lifetimes of the corre-
sponding singlet and triplet excitons gradually decrease
as the distance shortens between the bromine atom and
the carbazole moiety, which agrees well with the kinetic
fitting results. These results show that the bromine-
substituted 9-phenylcarbazole derivatives have more effi-
cient ISCs and shorter relaxation lifetimes of the triplet
exciton. Moreover, when bromine is directly substituted
onto the core carbazole of the 9-phenylcarbazole, a greater
heavy-atom effect and increased triplet exciton can be
induced.

Theoretical calculations are performed to gain further
insights into the heavy-atom effect of 9-phenylcarbazole
derivatives, as listed in Fig. 4 and Tables II-VIII of
Appendix B. In the FMOs, the electron density of the high-
est occupied molecular orbital (HOMO) for the S; and T
states is distributed over the entire molecule, which trans-
fers to the carbazole moiety after the transition to the low-
est unoccupied molecular orbital (LUMO). These transfers
show that the S| and T states of the six compounds are
obvious charge-transfer states, which bridge the two states
and promote their ISC. As shown in Tables II-VIII of
Appendix B, all six 9-phenylcarbazole derivatives have the
approximate HOMO — LUMO transition configuration in
the singlet and triplet states. Similar transition configura-
tions indicate that these six compounds have a possible
ISC channel. Moreover, the orbital types in the S| and T
states of heavy-atom-free compound 1 are assigned to the
7 — m* transition. For the bromine-substituted derivatives
compounds 2—6, the lone-pair electrons on the bromine
atom increase the n-orbital composition and favor the exci-
ton transition from the singlet state to the triplet state,
resulting in an efficient ISC. Moreover, for compound 1,
the calculated energies for 7y, T», T3, and Ty are 3.10,
5.67, 6.18, and 6.72 eV, respectively (Table IX). In the TA
spectrum, the 7,-7, absorption signal located at 410 nm
for compound 1 is attributed to the transition from the 7}
state to the T3 state (3.08 eV, 403 nm), which then decays
to the T, state by internal conversion. For the other six
molecules, the energy maps between the 7| and T3 states
are calculated as 3.08 (compound 2), 3.08 (compound 3),
3.10 (compound 4), 3.05 (compound 5), 3.04 (compound
6), and 3.05 eV (compound 7). These results show that the
T:-T, absorption signals of all the molecules are attributed
to the transition from the 7 state to the 7% state.

Spin-orbit coupling arises from the interaction of the
spin magnetic moment of an electron and the magnetic
field resulting from the apparent motion of the nucleus [8].
The introduction of a heavy atom enhances the nuclear
magnetic field, leading to an increase in spin-orbit cou-
pling. Herein, the SOC constants are calculated and pre-
sented in Fig. 4(b). For free-heavy-atom compound 1,
the SOC constants (§) between the S; and T states are
calculated to be 0.013 cm™!. When the Br atoms are intro-
duced, £(S;-T) is enhanced and with the decrease in the
spatial distance between the bromine atom and carbazole
moiety, this value changes from 0.033 cm™! in the para-
position to 0.11 cm~! in the meta-position and 0.16 cm™!
in the ortho-position. Furthermore, with bromine substi-
tution on the carbazole core, compounds 5 and 6 have
larger SOC values (0.33 and 1.7 cm™!, respectively) than
those of compounds 2—4. These results indicate that for 9-
phenylcarbazole molecules, the shortening of the spatial
distance induces a stronger heavy-atom effect, resulting in
an enhancement of ISC with high efficiency and trigger-
ing a high population of triplet excitons. The calculated
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FIG. 4.

(a) Frontier molecular orbits (FMOs) of compounds 1-6 based on the S; and T configurations. (b) Calculated energy

diagrams of a three-level model for compounds 1-6. £(S;-71) and &£(7T-S)) represent the spin-orbit coupling constants between singlet

and triplet states, respectively.

SOC values between T and S, states show a similar trend,
indicating that the internal heavy-atom effect has a signif-
icant influence on both the rate of ISCgi_7; and ISC7i_go
related to triplet-exciton decay. Moreover, the ISC rate for
the S; — T transition is calculated, as shown in Table X.
The calculations show that the ISC rate between the S| and
Ty states of compound 1 is 1.9 x 10* s~!. After Br atoms
are introduced into the 9-phenyl moiety, this value changes
from 2.4 x 10* s~! in compound 2 to 7.1 x 10* s7! in
compound 3 and to 7.0 x 103 s™! in compound 4. For Br
substitution on the carbazole core, compounds 5 and 6
have larger ISC rates (2.1 x 10° and 8.6 x 107 s~!, respec-
tively) than those of compounds 2—4. The shortening of

the spatial distance induces an efficient ISC rate, which is
consistent with the SOC values. These results further con-
firm that the shortening of the spatial distance induces a
stronger heavy-atom effect.

The triplet-state lifetime is an important index to eval-
uate the properties of organic phosphorescent molecules.
The aforementioned results proved that the introduction
of bromine atoms into the 9-phenylcarbazole compounds
led to a significant decrease in the triplet-exciton lifetime.
Therefore, based on compound S5, biphenyl-structured
compound 7 was investigated for its prolonged triplet-
exciton process. Figure 5(a) shows the fs and ns-TA
spectra of compound 7 in acetonitrile solution. The fs-TA
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FIG. 5. (a) TA spectra of 1-mM compound 7 in acetonitrile solution pumped at 330 nm. (b) Global fitting analysis (top) and kinetic

fitting (bottom) of compound 7 by fs-TA and ns-TA spectroscopy.

spectrum shows that compound 7 also has SESA and T-
T, absorption signals, accompanying the isosbestic point
at 452 nm. The time-evolution spectral curve shows that
the SESA peak of compound 7 completely decays within
50 ps, which is similar to that of compound 5. However,
the T,-T, absorption signal has an obvious characteris-
tic peak in 100 ns, which indicates that the compound
7 has a longer triplet-exciton lifetime. To visually reflect
the exciton-decay lifetime, global fitting and kinetic fitting
were performed, as displayed in Fig. 5(b). The global fit-
ting shows that the fs-TA spectrum of compound 7 has
two spectral components, 64 ps and >7 ns, which corre-
spond to the exciton-decay time of the singlet and triplet
states, respectively. In the ns-TA spectrum, the spectral
component at 180 ns is assigned to the relaxation process

of the triplet exciton. Moreover, the kinetic fitting of the
SESA signal exhibits two lifetime components, 140 and
53 ps, which represent the lifetime of the configurational
relaxation (7s) and singlet-exciton decay (T decay). Addi-
tionally, the rise time of the T'-T,, absorption signal is fitted
as 64 ps, implying that the ISC time of compound 7 is
about 60 ps. For ns-TA spectroscopy, the decay lifetime
of the T-T, absorption signal is fitted as 180 ns, which
is approximately 40 times longer than the triplet-exciton
lifetime of compound 5. These results demonstrate that
the 9-phenylcarbazole derivative with a biphenyl struc-
ture, compound 7, has a high ISC efficiency and it can
significantly improve the triplet-exciton lifetime.

To better explain the longer triplet-exciton lifetime of
compound 7, theoretical simulations were performed, and
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FIG. 6. (a) Geometry comparisons of compounds 5 (top) and 7 (bottom) between Sy (silver) and 7, (blue) states. (b),(c) Calculated

HR factors and reorganization energies versus the normal-mode frequencies of compounds 5 and 7 in acetonitrile solution, respectively.
Inset pie charts represent the corresponding contribution ratios to total reorganization energies from the bond length, bond angle, and

dihedral angle.

the corresponding results are presented in Fig. 6. The
calculated SOC between the S; and T states of com-
pound 7 (0.3528 cm™!) is close to that of compound 5
(0.3320 cm™!), indicating that the biphenyl group has a
slight effect on the internal-space heavy-atom effect and
ISC. All the photophysical properties are closely related
to molecular conformations. To quantitatively measure the
geometric changes between different states, the RMSD is
calculated for compounds 5 and 7 by

N, atom

RMSD = | = Z [(x,»—x;)“r(yi 3+ G —Z/)z],

1

where i cycles all atoms. x;, y;, and z; represent the x-, y-,
and z coordinates, respectively, of the ith atom in the first
structure (S, state in this part). x/, y/, and z; represent the
x-, y-, and z coordinates, respectively, of the ith atom in the
second structure (7 state in this part).

The RMSDs between the Sy and 7, states of com-
pounds 5 and 7 are calculated to be 0.0242 and 0.023 A,
respectively, implying that the structural change to com-
pound 5 is larger than that of compound 7 during the
triplet-exciton dynamic process. Moreover, the HR factor
and reorganization energy are two effective parameters to
describe nonradiative consumption [49,50]; these are cal-
culated and shown in Figs. 6(b) and 6(c). In Fig. 6(b),
the representative large HR factor of compound 5 is 0.39

(1653.79 cm™!), corresponding to the bond vibration of
the carbazole moiety, as shown in the insets. For com-
pound 7, the HR factor of this vibrational mode decreases
to 0.14, confirming that the bond motions of the carbazole
moiety in the high-frequency regions are hindered by the
biphenyl structure. In Fig. 6(c), the reorganization energies
versus the normal-mode frequencies show that the reorga-
nization energies of compounds 5 and 7 at 1653.79 cm™!
are 648.6 and 227.63 cm™!, respectively, and the sums of
the reorganization energies in the high-frequency regions
of compound 5 are larger than that of compound 7. To
better illustrate the nonradiative intensity, the total reorga-
nization energies of the two compounds are calculated. The
total reorganization energy of compound 7 decreases to
1654 cm™' compared to that of compound 5 (2433 cm™").
This decrease indicates that the biphenyl structure signifi-
cantly inhibits the nonradiative decay of the triplet exciton,
leading to a significant increase of the triplet-exciton life-
time of compound 7. Furthermore, the calculated reorga-
nization energies contributed from the bond length, bond
angle, and dihedral angle show that the bond-length con-
tribution to the reorganization energies plays the major
part in the two compounds. However, the ratio of bond
lengths decreased from 91.72% (5) to 61.23% (7), indi-
cating that the biphenyl structure inhibited the vibration
of bond lengths, thereby significantly restraining the non-
radiative decay. Thus, the theoretical simulation results
reasonably explain the long triplet state of compound 7,
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suggesting that energy dissipation via vibration decay can
be suppressed due to structural modification.

IV. CONCLUSIONS

Here, the internal-space heavy-atom effects on the phos-
phorescence behaviors of 9-phenylcarbazole derivatives
were studied by TA spectroscopy and theoretical simula-
tions. For heavy-atom-free compound 1, the 7';-T,, absorp-
tion signal (400 nm) gradually increased with the decreas-
ing SESA signal (610 nm), accompanied by the appearance
of an isosbestic point located at 448 nm, which indicated
the occurrence of ISC from the singlet state to the triplet
state. The lifetimes of ISC and triplet-exciton relaxation
of compound 1 were about 10 ns and 2.8 s, respectively,
in acetonitrile solution. For Br-substituted derivatives, the
TA spectroscopy results showed that the ISC efficiency
order was carbazole-substituted derivatives (5 and 6, 0.052
and 0.012 ns, respectively) > ortho-position-substituted
derivative (4, 0.74 ns) > meta-position-substituted deriva-
tive (3, 1.9 ns) > para-position-substituted derivative (2,
4.9 ns) > heavy-atom-free derivative (1,> 7 ns). There-
fore, with the shortening of the spatial distance between
the bromine atom and the carbazole moiety, the 9-
phenylcarbazole derivatives exhibited faster ISC. Theo-
retical calculations indicated that the increase in n-orbital
composition was induced by lone-pair electrons on the
bromine atom and the enhancement of £(S;-77) induced
the enhancement of ISC, thereby triggering a highly effi-
cient triplet exciton. However, the triplet-exciton decay of
these derivatives gradually decreased with the enhance-
ment of ISC efficiency. Therefore, based on compound
5, biphenyl-structured compound 7 was investigated for
its exciton-transition process. For compound 7, the mea-
sured lifetime of the triplet exciton was 183.3 ns, which
was approximately 40 times longer than that of compound
5. The calculated reorganization energies of compound 7
(1654 cm™!) were much smaller than that of compound 5
(2433 cm™"), showing a significant decrease in the nonra-
diative decay of compound 7. Additionally, the decrease
in the HR factor confirmed that the bond-length motions
of the carbazole moiety in the high-frequency regions
were hindered by the biphenyl structure. These results
demonstrate that the biphenyl structure inhibits the vibra-
tion of bond lengths and thereby significantly restrains
nonradiative decay, leading to the prolongation of the
triplet-exciton-decay process.
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APPENDIX A: GLOBAL FITTING AND KINETIC
FITTING

In Fig. 7, we use coupled kinetic equations to fit the
time profile in the kinetic analysis. The Sy, Si’, S1, S,
Ty, and T, states correspond to the ground state, the high
vibrational level of the first excited-singlet state, the low
vibrational level of the first excited-singlet state, the high
excited-singlet state, the first triplet state, and the high
triplet state, respectively. The coupled kinetic equations of
these compounds are given by

A0 _ L1901 4 oulpump 1S
7 __‘L'_l[ 1]+ o4 purnp( )Sol,

d[Si] 11 1
— =- <— + —) [$i]+ —[5"1],
dt T, T3 71

dir 11
7——;4[ 1]+t—3[ 11,

d[So]
dt

1 1
= —[S1]1+ —[T1] — O'alpump(t)[SO]a
() T4

where [So], [S1], and [T}] represent the relative popula-
tion of the ground state, first excited-singlet state, and first
triplet state. o, is the photoabsorption cross section and
Ipump(?) is the pump laser intensity. 1/75, 1/73, and 1/74
represent the transition rates of S;-Sy, S1-71, and 77-Sy.
1/t represents the vibration-relaxation rates.

x
Sn \_/ "
\_/ ISC

ky=1/t3 Triplet-triplet

absorption
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k&=1/t,

/
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k=1/1,
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FIG. 7 Reaction mechanism of these compounds.
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FIG. 8. Top, DADS obtained by global fitting analysis of compound 2 by fs-TA (left) and ns-TA spectroscopy (right). Bottom,
kinetic fitting of the SESA and T-7,, absorption signals for compound 2 by fs-TA and ns-TA spectroscopy.

In Fig. 8, the global fitting shows that the fs-TA spectroscopy of compound 2 has three spectral components, 21 ps,
5.3 ns, and >7 ns, which correspond to the configurational relaxation, singlet exciton decay, and triplet exciton decay,
respectively. In the ns-TA spectroscopy, the spectral components of 5.3 ns and 320 ns are assigned to the relaxation
process of singlet and triplet states, respectively. Moreover, the kinetic fitting of the SESA signal exhibits two lifetime
components, 70 ps and 4.9 ns, which represent the lifetimes of the configurational relaxation and singlet exciton decay.
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FIG. 9. Top, DADS obtained by global fitting analysis of compound 3 by fs-TA and ns-TA spectroscopy. Bottom, kinetic fitting of
the SESA and T-T,, absorption signals for compound 3 by fs-TA and ns-TA spectroscopy.
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FIG. 10. Top, DADS obtained by global fitting analysis of compound 4 by fs-TA and ns-TA spectroscopy. Bottom, kinetic fitting of
the SESA and T-7,, absorption signals for compound 4 by fs-TA and ns-TA spectroscopy.
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FIG. 11. Top, DADS obtained by global fitting analysis of compound 5 by fs-TA spectroscopy. Bottom, kinetic fitting of the SESA
and T'-T, absorption signals for compound 5 by fs-TA spectroscopy.
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FIG. 12. Top, DADS obtained by global fitting analysis of compound 6 by fs-TA spectroscopy. Bottom, kinetic fitting of the SESA
and 7',-T, absorption signals for compound 6 by fs-TA spectroscopy.

In addition, the rise time of the 7—T,, absorption signal is fitted as 5.2 ns, implying that the ISC time of compound 2 is
approximately 5 ns. For ns-TA spectroscopy, the decay lifetime of 7,—T,, absorption signal is fitted as 360 ns.

As shown in Fig. 9, the global fitting in the fs-TA spectroscopy shows that compound 3 has three spectral components,
65 ps, 1.9 ns, and >7 ns, which correspond to the configurational relaxation, singlet exciton decay, and triplet exciton
decay, respectively. In the ns-TA spectroscopy, the spectral components of 2.1 ns and 270 ns are assigned to the relaxation
process of singlet and triplet states, respectively. Moreover, for the SESA signal, Tgecay (1.9 ns) in the kinetic fitting
represents the lifetime of singlet exciton decay. The rise time of the 7,—T7,, absorption signal is fitted as 1.7 ns, implying
that the ISC time of compound 3 is approximately 2 ns. In the ns-TA spectroscopy, the decay lifetime of 7,—T7,, absorption
signal is fitted as 280 ns.

In Fig. 10, the global fitting shows that the fs-TA spectroscopy of compound 4 has three spectral components, 12 ps,
730 ps, and >7 ns, which correspond to the configurational relaxation, singlet exciton decay, and triplet exciton decay,
respectively. In the ns-TA spectroscopy, the spectral component of 210 ns is assigned to the relaxation process of the
triplet state. Moreover, in the kinetic fitting, the exciton decay of SESA and T',—T,, absorption signals are fitted as 740 ps
and 220 ns, respectively.

In Fig. 11, the two spectral components (45 ps and 5.3 ns) in the global fitting of compound 5 correspond to the exciton
decay times of singlet and triplet states, respectively. Moreover, Tgecay (52 ps) in the kinetic fitting of the SESA signal
represents the lifetime of singlet exciton decay, implying that the ISC time of compound 5 is approximately 50 ps. For
ns-TA spectroscopy, the decay lifetime of 7,—T), absorption signal is fitted as 4.9 ns.

In Fig. 12, the two spectral components (11 ps and 4.2 ns) in the global fitting of compound 6 are assigned to the
exciton decay times of singlet and triplet states, respectively. Moreover, gecay (12 ps) in the kinetic fitting of SESA signal
represents the lifetime of singlet exciton decay. For ns-TA spectroscopy, the decay lifetime of 7,—T7), absorption signal is
fitted as 3.9 ns.
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APPENDIX B: THEORETICAL SIMULATION RESULTS

As indicated by Table I, for compound 1, the calculated absorption energy of 323 nm corresponds to experimental
absorption peak located at 337 nm, which confirms that the experimental absorption peak is attributable to the So— S
transition. The calculated fluorescence energy for the S; state (351 nm) is in agreement with the experimental values (360
nm). These results indicate that under the pump light (337 nm), the molecule 1 is photoexcited to the S| state and then
emits the fluorescence at 360 nm. The other six molecules undergone the similar process to molecule 1, which transition
directly to the S, state.

Table II presents the transition configurations of compound 1 in the singlet and triplet excited states. Compound 1 has
the HOMO — LUMO transition configuration (97.7%) in the S; state. For the triplet states, the compound 1 has the
approximate HOMO — LUMO transition, indicating that the molecule has an effective ISC channel.

Table III presents the transition configurations of compound 2 in the singlet and triplet excited states. Compound 2
has the HOMO — LUMO transition configuration (97.5%) in the S; state. For the triplet states, the compound 2 has the
approximate HOMO — LUMO transition, indicating that the molecule has an effective ISC channel.

Table I'V shows the transition configurations of compound 3 in the singlet and triplet excited states. Compound 3 has the
HOMO — LUMO transition configuration (97.4%) in the S; state. For the triplet states, compound 3 has the approximate
HOMO — LUMO transition, indicating that the molecule has an effective ISC channel.

Table V displays the transition configurations of compound 4 in the singlet and triplet excited states. Compound 4
has the HOMO — LUMO transition configuration (96.9%) in the S; state. For the triplet states, compound 4 has the
approximate HOMO — LUMO transition, indicating that the molecule has an effective ISC channel.

TABLE 1. Calculated absorption and fluorescence energy (nm) of seven molecules.

1 2 3 4 5 6 7
Abs (nm) S 323 322 319.87 314 332 325 332
S, 291 304 303.55 301 291 292 316
S3 285 299 295.36 291 288 286 291
Flu (nm) 351 346 346 340 362 356 363

TABLE II. Transition configurations of compound 1 in the singlet and triplet excited states revealed by TDDFT calculations.

nth Transition configuration
S, 1 H—L97.7%
T, 1 H—L69.2%,H—1—1L23.0%,H—>L+32.1%
2 H—-1—L68.4%,H— L 24.8%
3 H—->L+1398%,H-3—-L+1237%,H-2—-L+211.5%,H-1->L+1112%,H-4—>L+281%

TABLE III. Transition configurations of compound 2 in the singlet and triplet excited states revealed by TDDFT calculations.

nth Transition configuration

S, 1 H— L 97.5%

T 1 H-1—-L79.0%H—-L+495% H-3—-L1L43% H-5—-L+92.6%
2 H—L9.1% H-3—>L+42.6%
3 H—-L+161.0%H-2—-L+1212%,H—-4—-L+211.4%

TABLE IV. Transition configurations of compound 3 in the singlet and triplet excited states revealed by TD-DFT calculations.

nth Transition configuration
\ 1 H— L 97.4%
T, 1 H—-L73.5%,H—1—L19.6%
2 H-1—-L733%,H—L20.5%
3 H—-L+1303%H-1—-L+120.1%,H-2—-L+4+2185%,H—4—-L+1172%,H-2—>L+13.5%
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TABLE V. Transition configurations of compound 4 in the singlet and triplet excited states revealed by TDDFT calculations.

nth Transition configuration
Sy 1 H—L1969% H—-1—-L+422%
T, 1 H—L88.6%,H-—1—-L48% H-5—-L+922% H-1—->L+422%
2 H—1—-0L90.3%,H—L52%
3 H-2—-L+2428%,H-4—-L+1325%,H-2—-L+1121%,H-4—-L+258% H—-7—L+233%

TABLE VI. Transition configurations of compound 5 in the singlet and triplet excited states revealed by TDDFT calculations.

nth Transition configuration
Sy 1 H— L 97.9%
T, 1 H—->L71.9%,H-1—-L193% H—-L+324%, H—-2—L20%
2 H—1—L658%,H—L23.1% H—L+32.8%
3 H—-L+150.5%,H-4—-L+110.6%, H-3—-L+429.6% H-3—->L+175%,H—-1—L+14.9%,

H-4—-L+24.7%

TABLE VII. Transition configurations of compound 6 in the singlet and triplet excited states revealed by TDDFT calculations.

nth Transition configuration
S, 1 H—L97.7%
T, 1 H—L83.9% H-1—-L93%
2 H—-1—-L84.1%,H—L99%
3 H-1—-L+1261%, H-3—>L+1240% H-2—-L+2204% H—->L+118.1%

TABLE VIII. Transition configurations of compound 7 in the singlet and triplet excited states revealed by TDDFT calculations.

nth Transition configuration
Sy 1 H— L 97.8%
T, 1 H—-L711%,H-1—-L199%,H-3—-L23% H—-L+423%
2 H-1—-L62.8%,H—L235%,H-2—-L3.0% H—->L+425%
3 H-2—-L+1558% H—-L+1127%, H-5—-L+264%,H—-1—-L+162%,H—-4—L+34.8%,

H—L+24.5%

Table VI lists the transition configurations of compound 5 in the singlet and triplet excited states. Compound 5 has the
HOMO — LUMO transition configuration (97.9%) in the S; state. For the triplet states, compound 5 has the approximate
HOMO — LUMO transition, indicating that the molecule has an effective ISC channel.

Table VII presents the transition configurations of compound 6 in the singlet and triplet excited states. Compound 6
has the HOMO — LUMO transition configuration (97.7%) in the S; state. For the triplet states, compound 6 has the
approximate HOMO — LUMO transition, indicating that the molecule has an effective ISC channel.

Table VIII displays the transition configurations of compound 7 in the singlet and triplet excited states. Compound 7
has the HOMO — LUMO transition configuration (97.8%) in the S; state. For the triplet states, compound 7 has the
approximate HOMO — LUMO transition, indicating that the molecule has an effective ISC channel.

In Table IX, the calculated energies for T, T,, T3, and T4 of compound 1 are 3.10, 5.67, 6.18, and 6.72 eV, respectively.
In the TA spectroscopy of compound 1, the triplet-triplet absorption signal located at 410 nm is attributed to the transition
from the T state to the T state (3.08 eV, 403 nm), and then decays to the T state by the internal conversion. For the other
six molecules, the energy maps between the 7' and T3 states are calculated as 3.08 (compound 2), 3.08 (compound 3),
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TABLE IX. Calculated energies of the higher triplet states.

1 2 3 4 5 6 7

Energy (eV) T 3.10 3.10 2.90 2.89 2.87 2.82 2.87
T 5.67 5.65 5.43 5.41 5.47 5.27 5.47
Ts 6.18 6.18 5.98 5.99 5.92 5.86 5.92
T, 6.72 6.58 6.41 6.60 6.47 6.48 6.13

TABLE X. Calculated ISC rate for the S;-7 transition of seven molecules.

1 2 3 4 5 6 7
kisc 1.9 x 10* 2.4 % 10* 7.1 x 104 7.0 x 10° 2.1 % 10° 8.6 x 107 2.9 x 10°

3.10 (compound 4), 3.05 (compound 5), 3.04 (compound 6), and 3.05 eV (compound 7), respectively. These results show
that the triplet-triplet absorption signals of all the molecules are attributed to the transition from the 7 state to the 75 state.

Table X lists the calculated ISC rate constants for the S;— T transition of the seven molecules. The ISC rate between
the S| and T states of heavy-atom free compound 1 is calculated to be 1.9 x 10* s™!. When Br atoms are introduced in
9-phenyl unit, the ISC rates are enhanced with the decrease of the spatial distance between bromine atom and carbazole
core. Compared with compound 1, the ISC rate of compounds 2—4 changes to 2.4 x 10* s™!, 7.1 x 10* s!, and 7.0 x
10° s7!, respectively. Furthermore, with bromine substitution on the carbazole core, compounds 5 and 6 have larger ISC
rates (2.1 x 10% s! and 8.6 x 107 s7!, respectively) than those of compounds 2—4. For biphenyl structured compound
7, the calculated ISC rate (2.9 x 10° s7') is close to that of compound 5, which indicates that the biphenyl group has a
slight effect on the space heavy-atom effect and ISC process. The calculated ISC rates show that the shortening of spatial
distance induces efficient ISC, which is consistent with the results of SOC values.
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