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Sulfur oxidation state is used to tune organic room temperature phosphorescence (RTP) of symmetric

sulfur-bridged carbazole dimers. The sulfide-bridged compound exhibits a factor of 3 enhancement of

the phosphorescence efficiency, compared to the sulfoxide and sulfone-bridged analogs, despite

sulfone bridges being commonly used in RTP materials. In order to investigate the origin of this

enhancement, temperature dependent spectroscopy measurements and theoretical calculations are

used. The RTP lifetimes are similar due to similar crystal packing modes. Computational studies reveal

that the lone pairs on the sulfur atom have a profound impact on enhancing intersystem crossing rate

through orbital mixing and screening, which we hypothesize is the dominant factor responsible for

increasing the phosphorescence efficiency. The ability to tune the electronic state without altering

crystal packing modes allows the isolation of these effects. This work provides a new perspective on the

design principles of organic phosphorescent materials, going beyond the rules established for

conjugated ketone/sulfone-based organic molecules.

Introduction

Phosphorescent materials are conventionally based on rela-

tively rare and expensive inorganic elements (such as Ir, Pt and

Eu),1 which limits their application in light-emitting devices.2

Recently, organic materials exhibiting room-temperature

phosphorescence (RTP) have attracted signicant attention.3–5

RTP provides the ability to utilize long-lived triplet states,

yielding potential applications in optoelectronics such as

organic light emitting displays (OLEDs),6 data encryption,7,8 and

in chemical and biological sensing and imaging.9,10 Organic

RTP emitters also exhibit advantages such as low cost, synthetic

versatility, and stability.

Long-lived RTP in organic materials requires both high

intersystem crossing (ISC) rates (from the rst excited singlet

state S1 to excited triplet states Tn) and suppression of non-

radiative decay from T1 to the ground state (S0) (Fig. 1). El

Sayed's rule11 states that ISC is most efficient when the transi-

tion involves a change in molecular orbital type, i.e., from 1(n,

p*) to 3(p, p*) or from 1(p, p*) to 3(n, p*). In many organic

molecules both S1 and Tn states have predominantly (p, p*)

character, so one strategy to enhance RTP is to incorporate

functional groups that induce (n, p*) character in one of the

excited states. For example, Shuai and co-workers have shown

computationally that ISC from S1 to Tn can be enhanced by

increasing the (n, p*) transition component of the excited

triplet state (Tn) that is closest in energy to S1.
12 Carbonyl and

Fig. 1 Simplified Jablonski diagram representing the relevant photo-
physics. ISC: intersystem crossing; IC: internal conversion.
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sulfone groups have been extensively employed to increase the

(n, p*) character of the singlet and triplet states owing to the

presence of lone pairs on the oxygen atoms.13–22 Once the T1

state is populated, its lifetime is determined by both radiative

and nonradiative processes with the latter typically dominating

in organic materials. The overall phosphorescence lifetimes are

determined by the (p, p*) character of T1 and the nearby singlet

states. Nonradiative decay to the ground state depends on spin

orbit coupling (SOC) to S0, while the radiative rate depends on

SOC to excited singlet states that can lend oscillator strength to

T1. Thus, a greater degree of (p, p*) contribution in T1 reduces

ISC from T1 to S0, and therefore increases the phosphorescence

lifetime. Despite these insights into the excited state nature of

RTP emitters, challenges remain on how to understand and

control the lone pair involvement in the (n, p*) transitions and

low-lying excited states, in order to design efficient and long-

lived RTP materials.

We have previously reported a method for electronic state

tuning in which sulfur groups with variable oxidation states

control electronic properties in a symmetrical bichromophore

system.23 In terthiophene dimers, a systematic increase in

uorescence quantum yields was observed upon oxidizing the

sulfur bridge from sulde (S), to sulfoxide (SO), and to sulfone

(SO2). In solution, an intermediate charge transfer (CT) excited

singlet state ðS*1Þ was found with symmetry breaking character

and variable degrees of charge localization. This CT S*1 state

does not efficiently couple with the triplet states, resulting in

a decrease in ISC efficiency. The sulfur lone pairs modulate the

electronic coupling between the chromophores by electrostatic

screening and lessen the amount of CT S*1 character in the

relaxed excited state.24 Upon oxidizing the sulfur atom, lone pair

screening is reduced and the CT state is stabilized, preventing

ISC and leading to enhanced uorescence quantum yields. We

have also demonstrated that the oxidation state at the sulfur

bridge of conjugated homodimers, such as naphthalene or

anthracene, controls their photochemistry by promoting pho-

todimerization or enhancing the nonradiative decay through

a conical intersection.25,26 The concept of tuning the electronics

of a species by varying the sulfur oxidation state has since been

applied to various molecular systems including oligomers,

polymers and metal complexes.27–32

In the bridged terthiophene compounds, the bridging sulfur

lone pairs (n(S)) are low in energy compared to the p HOMO of

terthiophene, and thus do not participate signicantly in the

low-lying excited states. Their involvement is indirect, through

the screening effect of the lone pairs. However, for higher

bandgap chromophores like naphthalene and anthracene, the

n(S) orbitals are able to mix with the chromophore HOMOs.25,26

Given the involvement of (n, p*) excited states in RTP, it would

be intriguing to vary the n(S) component in sulfur-bridged

chromophores using oxidation state, to control phosphores-

cence. There are two questions that are interesting to consider:

(1) can the n(S) lone pairs inuence intersystem crossing in

phosphorescent organic compounds directly by increasing the

singlet and/or triplet (n, p*) character or indirectly via the lone

pair screening effect and creation of CT states?, and (2) since

sulfone groups have been frequently used to enhance (n, p*)

character in RTP compounds,13,14,16,19–21 how do the oxygen lone

pair orbitals (n(O)) in the SO2 group affect the (n, p*) transition

compared to the n(S) orbitals in sulde?

Intermolecular interactions play a vital role in determining

photophysical behavior and RTP efficiency in the solid state.33,34

The effects of intermolecular interactions on RTP have been

intensively investigated, showing that by utilizing structural

isomerism,22,35 polymorphism,36 and methylation,20,21 crystal

packing modes can be altered, thereby tuning phosphorescence

efficiencies and lifetimes. It is, however, notoriously difficult to

predict crystal packing due to the possibility of polymorphs,

even when using specic crystallization conditions, making it

challenging to intentionally control intermolecular interac-

tions. An alternate approach is tomake electronic modications

to the individual chromophores, however such studies are

rare,37 principally since it is difficult to modify chromophores

without simultaneously altering crystal packing.

To examine the effects of sulfur oxidation state on n(S) and

n(O) involvement in RTP, we constructed carbazole-

functionalized analogs of the sulfur-bridged terthiophene

series (Fig. 2). Carbazole derivatives have been widely explored

as triplet chromophores for both TADF and RTP.3,13 A key

structural feature in this series of chromophores is the tetra-

hedral geometry of the sulfur center that enables near-identical

packing modes, regardless of sulfur oxidation state. With

specic functional groups, the (n, p*) and (p, p*) character can

be tuned. We nd that the lone pair orbital mixing and

screening can have a substantial effect on the overall RTP effi-

ciency, providing a new approach for optimizing these

materials.

Results and discussion

Sulde CBZ-S was synthesized via electrophilic substitution of

bis(4-bromophenyl)sulfane with 9H-carbazole (Scheme S1†).

Oxidation of the sulfur was carried out by adding one equivalent

of meta-chloroperoxybenzoic acid (m-CPBA) to a stirred CH2Cl2
solution of CBZ-S, yielding the sulfoxide CBZ-SO. Sulfone CBZ-

SO2 was similarly synthesized through the addition of 2.2

equivalents of m-CPBA to CBZ-S. All compounds were charac-

terized by 1H and 13C NMR spectroscopy and mass spectrom-

etry. CBZ-S and CBZ-SO2 have been previously reported.38,39

Solid-state structures of CBZ-S, CBZ-SO and CBZ-SO2 were

obtained by single-crystal X-ray diffraction (Fig. 3). All species

crystallize without solvent inclusion in the C2/c space group and

have similar unit cell parameters. A previous structure of CBZ-

SO2 contains lattice MeOH with different unit cell parameters

and packing reported.38 The sulfur centers of CBZ-S, CBZ-SO

and CBZ-SO2 all adopt pseudo-tetrahedral geometries with C1–

S–C10 bond angles of 104.8�, 100.3� and 106.2�, respectively.

CBZ-SO and CBZ-SO2 display C1–S–O angles of 103.9� and

107.8�, respectively. CBZ-SO shows two oxygen sites in the

crystal structure with 50% occupancy in each site, conrming

the sulfoxide species. The phenyl and carbazole rings are

twisted relative to each other in all three species, with torsion

angles of 118.5�, 125.4� and 123.6� in CBZ-S, CBZ-SO and CBZ-

SO2, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 188–195 | 189
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The crystallographic data show that with oxidation of the

sulfur atom, the molecular geometries of these compounds

remain largely unchanged. Molecular structures optimized by

means of density functional theory (DFT) are in good agreement

with the molecular geometries in the crystal (Table S2†). The

main discrepancy corresponds to the relative orientation

between the two phenyl rings in CBZ-SO and CBZ-SO2. Optimi-

zation of the free molecule favors the formation of two and four

SO/H hydrogen bonds, respectively (Fig. S11†), with atomic

separations smaller than the sum of the van der Waals radii.40

Such interaction results in small phenyl–phenyl dihedral angles.

In the crystal, packing forces appear to prefer the symmetric

disposition of the two carbazole fragments, i.e., small dihedral

angles (Table S2†), at the expense of hydrogen bond formation

(one and two for CBZ-SO and CBZ-SO2 respectively).

Intermolecular interactions can affect the solid-state photo-

luminescence properties of the species. As such, crystallographic

packing diagrams have been carefully examined (Fig. 4). All three

compounds (CBZ-S, CBZ-SO and CBZ-SO2) adopt similar packing

modes in which the molecules stack on top of each other. There

are also numerous interactions between adjacent carbazole

groups. The CH/p distances between adjacent carbazole groups

are similar in all three compounds: 2.775 to 3.346 Å in CBZ-S

2.731 to 3.420 Å in CBZ-SO and 2.797 to 3.357 Å in CBZ-SO2.

These ndings conrm that molecular packing does not change

drastically between the three structures, despite different sulfur

oxidation states. This allows the electronic effects between

compounds of different sulfur oxidation states to be assessed

independently of the packing modes.

The absorption and photoluminescence spectra of sulde

(CBZ-S), sulfoxide (CBZ-SO) and sulfone (CBZ-SO2) in cyclo-

hexane (CHx), CH2Cl2 and MeCN solutions are shown in

Fig. S1.† Structured features between 275 nm and 350 nm are

present in all compounds. Electronic structure calculations

characterize the lowest optical transitions in CBZ-S and CBZ-SO

mainly as linear combinations of local (p, p*) excitations on the

two carbazole moieties (Fig. S11†).41 Excitation energies to S1
and S2 are nearly identical to the lowest singlet–singlet transi-

tion in 9-phenylcarbazole (Tables S3 and S4†), suggesting weak

intermonomer exciton coupling. Interestingly, the lowest dipole

allowed excitation in CBZ-SO2 exhibits signicant carbazole-to-

phenyl electron transfer character and is red-shied with

respect to CBZ-S and CBZ-SO. The relative intensities of the

structured peaks are only altered slightly with oxidation at the

bridging sulfur, or with solvent polarity.

Oxidizing the sulfur atom also causes a red-shi of the

emission proles from CBZ-S, CBZ-SO to CBZ-SO2, in agreement

with computed vertical de-excitation energies (Table S5†). With

increasing solvent polarity, a <10 nm red shi is seen in CBZ-S

from CHx to MeCN and the emission bands became less

structured. In contrast, the sulfoxide and sulfone compounds,

CBZ-SO and CBZ-SO2, both show a strong solvent dependence.

They display broad, featureless photoluminescence spectra in

CH2Cl2 andMeCN solutions, signicantly red-shied compared

to spectra in CHx solutions. CBZ-SO has an emission maximum

at 358 nm in CHx solution, and 416 nm in MeCN, while an

emission maximum at 369 nm in CHx and 440 nm in MeCN was

observed for CBZ-SO2. This is indicative of CT character in both

compounds. The excited state CT character is enhanced by an

increase in sulfur oxidation level. Meanwhile, the

Fig. 2 Design principle and chemical structures of sulfur-bridged dimers for fluorescent and phosphorescent materials.

Fig. 3 ORTEP representations of single-crystal structures of CBZ-S,
CBZ-SO and CBZ-SO2. Ellipsoids are plotted at the 50% probability
level. Hydrogen atoms are removed for clarity.

190 | Chem. Sci., 2021, 12, 188–195 © 2021 The Author(s). Published by the Royal Society of Chemistry
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photoluminescence quantum yields (PLQYs) increase from 0.12

in CBZ-S, to 0.38 in CBZ-SO, and 0.64 in CBZ-SO2. These two

ndings indicate that the increase in the CT character through

bridge oxidation can reduce the competition from other non-

radiative decay pathways such as ISC.24

Computational simulation of the structural relaxation on the

excited state potential energy surface (PES) indicates the presence

of excited state minima with sizeable CT character between two

linked monomers in SO and SO2-bridged dimers. The optimized

S1 state in CBZ-S corresponds to localized or delocalized (p, p*)

excitations with only small structural rearrangements with

respect to the ground state geometry (Fig. S13†). In contrast, the

excited state PESs of CBZ-SO and CBZ-SO2 present strong

through-space orbital overlap between the linked monomers,

which resembles the electronic structure of excimers and there-

fore can be described as excimer-like states (Fig. S14 and

S15†).25,26 The increase in interchromophoric interaction and CT

character of excited states with the oxidation state of the linker is

consistent with our previous ndings23 and computational

studies showing a similar decrease of the electronic screening

effect of sulfur lone pairs from S, to SO and SO2-bridged dimers.24

Before carrying out solid-state photophysical measurements,

powder X-ray diffraction (pXRD) patterns of CBZ-S and CBZ-SO

were collected in order to determine the crystallinity and phase

of the bulk samples (Fig. S3 and S4†). The experimental patterns

match very well with the simulated patterns generated from the

single-crystal structures, conrming that bulk powder samples

of these compounds have the same packing modes as the single

crystals. Due to polymorphism in CBZ-SO2, the bulk CBZ-SO2

powder exhibits a more complicated pXRD pattern than the

simulated patterns calculated from the crystal structure, and

attempts to obtain phase-pure powders were unsuccessful in

this case. Thus, for solid-state photophysical measurements of

CBZ-SO2, single-crystal samples were used.

Photophysical properties of CBZ-S, CBZ-SO and CBZ-SO2 in

the solid state were evaluated by photoluminescence

spectroscopy (Fig. 5a). The photophysical data are summarized in

Table S1.† All three compounds emit with very similar peak

uorescence maxima in the steady state, possibly due to the

similar packing modes. CBZ-S shows a broad uorescence band

with a peak at 390 nm while CBZ-SO and CBZ-SO2 both have

emission maxima at 388 nm. Furthermore, CBZ-SO2 exhibits

Fig. 4 Packing modes and intermolecular interactions of CBZ-S, CBZ-SO and CBZ-SO2.

Fig. 5 (a) Steady-state (blue) and time-resolved photoluminescence
spectra with 1 ms delay (orange) of CBZ-S, CBZ-SO and CBZ-SO2

crystalline samples under ambient conditions at 298 K. Inset: photo-
graphs of CBZ-S, CBZ-SO and CBZ-SO2 crystalline samples after UV
excitation is removed. (b) Phosphorescence decay profiles of CBZ-S,
CBZ-SO and CBZ-SO2 crystalline samples under ambient conditions
and the lifetimes of the longest components. (c) Main natural transition
orbitals of the T1 state for the solid-state (crystal) molecular structure
of CBZ-SOn obtained at the uB97X-D/6-31+G(d) level. Hole/electron
weight of the contributions indicated in %.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 188–195 | 191
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a�30 nm blue shi compared to emission in solution and to the

other previously reported polymorph in the solid state.38 This can

be attributed to the molecular rigidity imposed by the crystal

environment with respect to the molecular relaxation in solution

(Fig. S17†). Excited state calculations of molecular dimers in the

crystal indicate weak intermolecular interactions for the low-lying

singlet and triplet states (Table S7†), suggesting that molecular

structure has a larger impact on the photophysical properties of

CBZ-SO
n
than crystal packing.42 The PLQY data in the solid state

shows a similar trend to the solution data. CBZ-SO2 has the

highest uorescence efficiency in the solid state (0.75). However,

CBZ-SO (0.21) is slightly less emissive than CBZ-S (0.27).

When a 1 ms delay is employed to collect the long-lived

emission spectra, all three species exhibit phosphorescence

bands at �565 nm, well-separated from the uorescence

signals. Computations of CBZ-SO
n
in the crystal molecular

structure characterize the lowest triplet as a (p, p*) state on the

carbazole moieties (Fig. 5c), with a very similar vertical energy to

the ground state for all three molecules (Tables S5 and S6†) and

for 9-phenylcarbazole (Table S3†). Optimization on the triplet

potential energy surface results in the localization of the two

unpaired electrons on one of the carbazole fragments

(Fig. S16†). With increasing sulfur oxidation state, the energy

levels of the rst excited singlet and triplet states do not change

signicantly in the solid state. Impressively, aer removal of the

UV excitation source, a yellow aerglow was observed with the

naked eye for all three compounds, indicative of ultralong

persistent phosphorescence.

The solid-state phosphorescence properties were further

investigated using photoluminescence lifetime measurements

at room temperature. CBZ-S, CBZ-SO and CBZ-SO2 all show

multi-exponential lifetimes with the longest components at 373

ms, 445 ms and 471 ms, respectively (Fig. 5b). CBZ-SO and CBZ-

SO2 exhibit marginally longer lifetimes than CBZ-S. The addi-

tional intermolecular interactions between the oxygen atom

and carbazole units might help rigidify the molecular matrix,

thereby prolonging the phosphorescence lifetimes. However,

such small changes could also be the result of crystal quality.

Regardless, the introduction of oxygen atoms by sulfur oxida-

tion has only a minimal effect on the phosphorescence lifetime.

Low-temperature studies in the solid state were also carried

out to gain insight into the photophysical behavior of CBZ-S,

CBZ-SO and CBZ-SO2. A new peak at 480 nm emerges in the

steady-state photoluminescence spectra of CBZ-S at 77 K, while

CBZ-SO and CBZ-SO2 only display the higher-energy (�390 nm)

luminescence peak already present at room temperature. The 1

ms delayed photoluminescence spectra of all three species show

phosphorescence between 450–650 nm, shied to higher energy

compared to the room temperature phosphorescence; this can

be attributed to the more compact packing.21 The match

between the spectrum of CBZ-S obtained with a 1 ms time delay

and the low energy peak in the steady-state spectrum veries

that this feature is phosphorescence. Fluorescence and phos-

phorescence are therefore both observed in CBZ-S with

approximately comparable intensities at 77 K. Measured life-

times of the three species range from 1660 to 2460 ms,

demonstrating that at low temperature, molecular motions

have been further suppressed and the lifetimes prolonged. CBZ-

S, CBZ-SO and CBZ-SO2 all display an ultralong green aerglow,

lasting more than ve seconds by eye. The photophysical

properties of CBZ-S match those in a recently published

report.39

Measuring PLQYs using a xenon lamp source and an inte-

grating sphere can sometimes give inaccurate values when

emission intensity is extremely low, such as the RTP in this case.

To enable determination of relative phosphorescence efficien-

cies for the three compounds, a 320 nm Nd:YAG laser was used

as the excitation source and triplet photons emitted in the time

range from 60 ms to 110 ms were collected. In order to minimize

the inuence of solid sample compactness and sample posi-

tioning between samples of three different compounds, the

same laser was also used to measure each sample without any

time delay immediately aer the time-resolved measurements,

allowing integration of the uorescence from the sample. A

scaling factor for phosphorescence intensity was calculated

using the solid-state PLQYs of CBZ-S, CBZ-SO and CBZ-SO2,

divided by their corresponding uorescence intensity integra-

tion. As shown in Fig. 7, the scaled phosphorescence enables

the relative phosphorescence efficiency of the three compounds

to be evaluated. The calibrated integration ratio is 3 : 0.5 : 1 for

CBZ-S to CBZ-SO to CBZ-SO2.

The surprising aspect of the data in Fig. 5–7 is that even

though CBZ-S has the shortest lifetime, it has the largest

phosphorescence QY (fph). To gain insight into this observa-

tion, we consider the kinetic origins of the QY. The observed fph
depends on both intersystem crossing between S1 and Tn and

phosphorescence radiative decay rate:

fph ¼ ðT1 yieldÞ � ðphos yieldÞ

¼
k
S1�Tn

ISC

k
S1�Tn

ISC þ k
S1�S0
rad þ k

S1�S0
nr

�
k
T1�S0
rad

k
T1�S0
rad þ k

T1�S0
nr

(1)

Here kS1�Tn
ISC is the intersystem crossing rate, kS1�S0

rad is the radi-

ative decay rate of S1, kS1�S0
nr is the nonradiative decay rate of S1,

kT1�S0
rad is the radiative rate of the phosphorescence transition,

and kT1�S0
nr is the nonradiative decay rate of T1. The intersystem

crossing rate controls the population of the triplet manifold and

is proportional to the square of the SOC between S1 and Tn.

Electronic structure calculations predict strong SOCs (on the

Fig. 6 (a) Steady-state (blue) and time-resolved photoluminescence
spectra with 1 ms delay (green) of CBZ-S, CBZ-SO and CBZ-SO2

crystalline samples at 77 K. (b) Phosphorescence decay profiles of
CBZ-S, CBZ-SO and CBZ-SO2 crystalline samples at 77 K, with the
lifetimes of the longest components stated.
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order of few cm�1) between the lowest singlet and energetically

close excited triplet states of CBZ-SO (Table S8 and Fig. S19†),

similar to calculations by Varathan and co-workers.43,44 The

strongest couplings are obtained for the triplets with signicant

contribution of the n(S) orbital, which is energetically stabilized

through orbital mixing with the oxygen lone pairs (Fig. S20†).

Such a synergic effect is not present in the S-bridged dimer,

resulting in weaker singlet–triplet interactions. The weakest S1/

Tn SOCs are computed in CBZ-SO2, which can be attributed to

the lack of sulfur lone-pairs in the bridge. The calculated trend

in ISC is consistent with the qualitative trend in experimental

solid-state PLQY values, with CBZ-SO2 having the highest PLQY

presumably due to the smallest kS1�Tn
ISC .

It is worth noting that our calculations have been done at the

geometry found in the crystal structure, i.e., they do not include

possible dynamical effects aer photoexcitation. Although we

did not attempt to simulate geometrical relaxation in the solid

state, computation of molecular excited state minima suggests

the formation of S1 states with strong CT character in CBZ-SO

and CBZ-SO2, but not in CBZ-S (Table S5 and Fig. S13–S15†).

Therefore, we argue that the presence of sulfur lone pairs in S

and SO linkers can potentially enhance ISC due to strong S1/Tn

SOCs, while structural relaxation on the excited state PES of SO

and SO2-bridged dimers might hinder intersystem crossing

through an increase in interchromophoric interactions and the

CT character of the singlet exciton.24 Although it is difficult to

predict the relative importance of these two effects, we

hypothesize that their combination might favor ISC in the S

dimer relative to in the SO and SO2-bridged dimers. This

rationalizes the enhanced phosphorescence from the sulde

bridged CBZ dimers, and the lower phosphorescence seen in

the sulfoxide and sulfone analogs.

The second term in eqn (1) describes triplet state emission

aer Tn/ T1 internal conversion. The phosphorescence yield

depends on the radiative and nonradiative rates of the lowest

triplet T1, with the latter being much faster and typically

controlling the phosphorescence lifetime in organic

compounds.45 The nonradiative decay rate ðkT1�S0
nr Þ will depend

on packing, the presence of defects in the solid-state structures,

and the electronic character of T1. The single-crystal structures

of CBZ-S, CBZ-SO and CBZ-SO2 show that intermolecular

packing in the three species is nearly identical, so sulfur

oxidation state does not signicantly affect how thesemolecules

pack and interact with each other in the solid state. This

suggests that variation of kT1�S0
nr will be directly related to

changes in T1/S0 SOCs driven by (small) differences in the

nature of the lowest triplet. Quantum chemical calculations for

CBZ-SO
n

molecules show rather high SOCs between lower

excited triplets and the ground state singlet (Fig. 8), in partic-

ular for those triplets with sizeable electronic contributions

from the sulfur electron lone pairs. Decay within the triplet

manifold drives the system to the T1 state with a markedly (p,

p*) nature for the three dimers (Fig. 5c), and with small SOCs to

the ground state singlet in all systems, which might allow for

large phosphorescence lifetimes. The strength of S0/T1

couplings decreases with the oxidation of the bridge, that is

1.8 cm�1 (CBZ-S), 0.7 cm�1 (CBZ-SO) and 0.2 cm�1 (CBZ-SO2).

These results suggest that oxidation of the bridge decreases the

nonradiative rate back to the ground state ðkT1�S0
nr Þ, resulting in

an overall increase of the triplet lifetime, as observed experi-

mentally. The strong (p, p*) character of T1 in all three systems

results in small radiative rates ðkT1�S0
rad Þ, with oscillator strengths

for the emission from the lowest triplet states calculated in the

order of 10�8 to 10�9 (Table S9†).

Compared to the terthiophene compounds, the n(S) lone

pairs in the CBZ series have much stronger orbital mixing with

the highest occupied p-orbitals owing to the closer energy levels

(Fig. 9). The involvement of n(S) lone pairs in the low-lying

excited states of CBZ-S and CBZ-SO potentially enhances T1–S0
and S1–Tn SOCs with respect to their terthiophene counterparts.

It is worth highlighting that the n(O) orbitals in SO2 lie at much

lower energies and do not contribute to SOC between low-lying

triplet excited states and the ground state.

Fig. 8 Spin orbit couplings (in cm�1) between excited triplet states and S0 of CBZ-SOn for the crystal molecular structure calculated at the
uB97X-D/6-31+G(d) level.

Fig. 7 Time-resolved photoluminescence spectra (60 ms to 110 ms
time range) ofCBZ-S, CBZ-SO andCBZ-SO2 crystalline samples under
ambient conditions at 298 K. The intensity is corrected by fluores-
cence integration under the same excitation condition as time-
resolved measurements and PLQYs.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 188–195 | 193
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Conclusions

Three sulfur-bridged carbazole compounds (CBZ-S, CBZ-SO and

CBZ-SO2) are reported in which the photophysical properties

can be tuned by varying the oxidation state at the sulfur center.

The photophysical behavior of these compounds in solution

parallels other sulfur-bridged organic chromophores, whereby

uorescence quantum yields are enhanced as the sulfur oxida-

tion state is raised from sulde to sulfoxide to sulfone. In the

solid state, however, phosphorescence properties follow an

opposing trend, in which the sulde CBZ-S exhibits the highest

phosphorescent efficiency in the series.

Sulfone groups are commonly used building blocks in

organic luminescent materials, particularly in those that utilize

triplet excitons (such as materials for RTP and TADF). This is

consistent with El Sayed's rule which predicts that sulfone

groups can enhance intersystem crossing by the presence of (n,

p*) character in the singlet excited states. Here, however, we

show that in SOn-bridged conjugated dimers sulfur electron

lone-pairs are crucial to enhance S1–Tn SOCs. The synergic effect

of sulfur and oxygen lone pairs induces strong couplings in

CBZ-SO, while for the SO2 bridge the lone pairs of the two

oxygen atoms are too low in energy to be involved in the pho-

tophysics. On the other hand, dynamical effects might

contribute to hinder ISC to the triplet manifold in the sulfoxide

and sulfone dimers. Molecular relaxation on the S1 PES of the

SO and SO2-bridged dimers might drive the system to the

formation of excimer-like states with strong CT character. The

contribution of CT states is hindered in CBZ-S due to the elec-

tron screening effect. These two effects help to rationalize the

phosphorescence enhancement in sulde-containing species

(CBZ-S), going beyond the rules established for the phospho-

rescence in conjugated ketone/sulfone-based organic mole-

cules.12 These results support the conclusion that the increased

ISC afforded by the sulde bridge enhances the phosphores-

cence efficiency. Sulfone-bridged species have been extensively

explored as TADF and RTP emitters,13,14,16,19–21 while sulde-

bridged compounds have been largely neglected for these

applications.10 These ndings provide a novel design strategy

for triplet-utilizing luminescent materials. Previous RTP strat-

egies have focused on tuning the molecular packing of the

species, with electronic effects seldom considered. The ability to

easily modify the electronic properties, without disturbing the

intermolecular interactions or singlet and triplet energy levels,

will be valuable in developing novel RTP emitters.
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