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ABSTRACT: It is a challenge to acquire, realize and comprehend highly emissive 

phosphorescent molecules. Herein, we report that, using persulfurated benzene compounds as 

models, phosphorescence can be strongly enhanced through the modification of molecular 

conformation and crystal growth conditions. By varying the peripheral groups in these 

compounds, we were able to control their molecular conformation and crystal growth mode, 

leading to one- (1D), two- (2D) and three-dimensional (3D) crystal morphologies. Two kinds 

of typical molecular conformations were separately obtained in these crystals through 

substituent group control or solvent effect. Importantly, a symmetrical 3,3-conformer exhibits 

that planar central benzene ring prefers a 3D-type crystal growth mode, demonstrating high 
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phosphorescence efficiency. Such outcome is attributed to strong crystal protection effect of 3D 

crystal and bright global minimum (GM) boat-like T1 state of the symmetrical 3,3-conformer. 

The conformation studies further reveal small deformation of the inner benzene ring in both 

singlet and triplet states. The GM boat-like T1 state is indicated by theoretical calculations, 

which is far away from the conical intersection (CI) point between the S0 and T1 potential energy 

surface. Meanwhile, the small energy gap between S1 and T1 states and the considerable spin-

orbit coupling matrix elements allow an efficient population of the T1 state. Combined with the 

crystal protection and conformation effect, the 3,3-conformer crystal shows high 

phosphorescence efficiency. The unsymmetrical 2,4-conformer conformation with the twisted 

central benzene ring leads to 1D or 2D crystal growth mode, which has weak crystal protection 

effect. In addition, the unsymmetrical conformation has a dark GM T1 state that is very close to 

the T1-S0 CI point, implying an efficient nonradiative T1-S0 quenching. Thus, weak 

phosphorescence was observed from the unsymmetrical conformation. This study provides an 

insight for the development of highly emissive phosphorescent materials.    

KEYWORDS: crystal engineering • molecular conformation • persulfurated benzene • 

phosphorescence • supramolecular chemistry  

 

INTRODUCTION 

Organic phosphorescent materials have gained intensive attention in modern 

optoelectronics including light-emitting systems, luminescent displays, lasers, and 

bioimaging.1-14 The past few years have witnessed substantial progress in the development of 

pure organic phosphorescent materials. Several strategies such as crystal engineering,15-18 heavy 

atom effect,19-21 and polymer dispersion22-25 have been developed for inducing triplet emission. 

Crystal engineering is one of the most popular paths to induce phosphorescence among these 

strategies, because rigid crystal environments can restrict molecular vibrations and rotations to 
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suppress nonradiative relaxation and promote inter-system crossing (ISC).26 Moreover, 

intermolecular electronic coupling in a crystal is also an important factor for phosphorescence 

enhancement. For example, H-aggregation and π-π stacking interactions can induce the 

emission of the triplet state in some molecular systems. However, these interactions cannot 

offer high phosphorescence efficiency due to the exciton energy loss during the luminescence 

process. As a result, most of the reported phosphorescent molecules showed the emission 

efficiency lower than 30%.27 In order to enhance the phosphorescence efficiency, it is extremely 

important to develop a rigid crystal environment without unfavorable aggregation. However, 

there is still a lack of suitable models for understanding high-efficiency phosphorescence in 

molecular systems. 

In addition to the basic factors (i.e., molecular structure regularity and introduction of heavy 

atoms) affecting the phosphorescence efficiency, there are two additional factors that are also 

vital, namely molecular conformation and crystal packing. The molecular conformation has a 

considerable influence on the excited states of molecules and may lead to different luminous 

modes.28 For example, the efficiency of delayed fluorescence and phosphorescence emissions 

can be affected in a different manner by tuning the conformational structures.29 Regarding the 

stacking factor, the assembly mode of the crystals can significantly influence the efficiency of 

the molecular emission. Zhang et al. reported that coassembled crystals could show higher 

emission efficiency than the single molecular crystals.30 The change of stacking direction and 

distance often brings different emission efficiency.31 Therefore, tunable conformation and 

controlled crystal growth are crucial for understanding the phosphorescence emission efficiency 

of organic species. 

While some multi-sulfurated aromatic compounds have been reported to show room-

temperature phosphorescence in the solid state,32,33 their emission mechanism still remains 

unclear due to the lack of full understanding on the crystal growth process and different 
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luminous efficiency among different conformations within one molecule. Hence, by controlling 

the two factors, the phosphorescence efficiency could be more deeply understood.22,32 Herein, 

we designed and synthesized five persulfurated benzene molecules (Figure 1) by changing 

peripheral substituent groups on the outer six sites of the benzene ring in order to investigate 

the molecular conformation, assembly process and phosphorescence emission efficiency. Based 

on these manipulations, we can better understand the correlation between the excited state 

properties (i.e., orbital symmetry, energy, spin-orbit coupling (SOC) strength) and the 

phosphorescence efficiency. 

 

Figure 1. Chemical structures of the persulfurated benzene compounds (1-5) with different 

peripheral groups. 

 

RESULTS AND DISCUSSION 

The detailed synthetic protocol of the five compounds is presented in the Supporting 

Information. The absorbance of these compounds was recorded in N,N-dimethylformamide 

(DMF) and DMF with 90% water (Figure S1). Except for the intensity, no major difference of 
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the absorbance in DMF solution and aggregate state (DMF with 90% water) was observed. The 

absorption spectra in solution present a tail up to about 450 nm, which are similar to the 

literature report.32,33 The emission of these persulfurated benzene compounds in DMF solution 

was relatively weak, while the enhanced emission was observed from the aggregate state 

(Figure S2). The quantum yields of these compounds in DMF with 90% water are all below 

1%, showing the phosphorescence lifetime from 3 µs to 30 µs (Figure S2f). The powder state 

of these compounds also exhibited the phosphorescence emission (Figure S3), with higher 

quantum yield than corresponding aggregate state in DMF with 90% water, suggesting that the 

crystalline aggregation is more conducive to the phosphorescence emission. It should be noted 

that these compounds showed very different quantum yield values (Fig. S3d). For better 

understanding their photophysical properties, the crystal structures were obtained.  

Compound 1 was recrystallized from various solvents and two kinds of crystal structures 

were obtained. Cubic crystals could be produced from ethyl acetate (defined as EA crystal), 

toluene mixed with isopropyl alcohol (TOU-IPR crystal), and a mixture of acetone and ethanol 

(ACE-ETH crystal) respectively (Figure 2a and S4 as well as Video S1), showing three-

dimensional (3D) growth trend. The other type is thin lamellar crystals (Figure 2b and S4) with 

one-dimensional (1D) and two-dimensional (2D) features. The latter crystals were produced 

from chloroform mixed with isopropanol (CHL-IPR crystal), or from acetonitrile (ACN crystal). 

Having such a clear difference in crystal morphology, we performed single-crystal X-ray 

structural analysis on these crystals. The TOU-IPR, EA and ACE-ETH crystals reveal the same 

crystal structures (Figure 2c and S4), in which six benzene ring substituents are symmetrically 

distributed (3 top and 3 bottom positions) on both sides of the central benzene plane. We defined 

this type of structure as “3,3-conformer” for convenience. At the same time, an asymmetrical 

“2,4-conformer” (4 top and 2 bottom arrangements) was found from the CHL-IPR and ACN 

crystals (Figure 2d). The 3,3-conformer demonstrates symmetric intermolecular interactions in 
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six directions, where six benzene ring substituents surrounding the central benzene core have 

the same intermolecular orientation. Such interactions lead to a 3D type aggregation, beneficial 

for the formation of cubic crystals. The central benzene ring of the 3,3-conformer is more planar 

than that of the 2,4-conformer. For the 3,3-conformer, the dihedral angle is 0o when comparing 

two planes of two sets of the central benzene rings (Figure 2c,d and S5). The 2,4-conformer has 

a large dihedral angle of 6.64o. The 3D type aggregation can be explained by the stacking along 

two intersecting planes and the a*, b* and c* directions (Figure 2e and S5), showing a square-

like frame. On the other hand, the 2,4-conformer possesses asymmetric intermolecular 

interactions in six directions, where the substituents connected to the central benzene core are 

mainly distributed in one plane (Figure 2f and S6), resulting in a dominating 1D or 2D assembly. 

It should be noted that the 3,3-conformer crystals tend to be formed more rapidly in high 

concentrations, while the 2,4-conformer crystals are more slowly formed.  

To reveal the mechanisms responsible for the crystal growth, the total energy per molecule 

for both crystal conformations was calculated by density functional theory (DFT) within 

periodic boundary conditions (see Supporting Information for details). The energy 

minimization results reveal that both crystal structures are close in the formation energy. The 

2,4-conformer is only 0.02 eV/molecule less stable than the 3,3-conformer, which is in the order 

of van der Waals interaction energy (Figure 2f and S7). This difference could explain more 

rapid formation of the 3,3-conformer in solvents. At the same time, single-molecule B3LYP/6-

31G(d)34-37 calculations predicted that the 2,4-conformer is 0.05 eV (1.3 kcal/mol) more stable 

than the 3,3-conformer. Without the intermolecular interactions in the crystal state, the stability 

of the single molecule 2,4-conformer is higher. Since both crystal conformers are energetically 

close to each other, their formation can be influenced by external factors, like solvent type, 

temperature, and pressure. These calculations suggested that the solvent may affect the crystal 
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growth process of compound 1, but solvent molecules were hardly found from the crystal 

structures of compound 1.  

 

Figure 2. Crystal morphology of a) EA and b) CHL-IPR crystals of compound 1. The scale bar 

is 200 µm. Molecular structures of c) EA and d) CHL-IPR crystals. e) Stacking structure of the 

EA crystal. f) Stacking structure of the CHL-IPR crystal, as well as calculated relative formation 

energy per molecule for 3,3-conformer crystal and 2,4-conformer crystal of compound 1. Two 

intersecting planes are given as references, where the central benzene ring of one molecule 

connects neighboring molecules through intermolecular interactions. g) Stable state emission 

spectra of compound 1 crystals obtained in different solvents indicated. h) Phosphorescence 
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lifetime of EA and CHL-IPR crystals at the emission wavelength of 520 nm and 550 nm (λex = 

370 nm), respectively. i) Phosphorescent quantum yields of EA, ACE-ETH, ACN, and CHL-

IPR crystals. 

 

Concerning the emission of the obtained crystals of compound 1, it was found that the 3,3-

conformer crystals show more redshifted yellow emission as compared to that of the 2,4-

conformer crystals (Figure 2g). The reason is that planar central benzene ring (Figure 2c) of the 

3,3-conformer has larger conjugation degree than the twisted 2,4-conformer (Figure 2d). 

Meanwhile, these crystals exhibit similar phosphorescence lifetime around 1 µs (Figure 2h). In 

addition, the 3,3-conformer crystals present higher photoluminescence quantum yield (PLQY, 

about 90%) than the 2,4-conformer (around 10%, Figure 2i). Therefore, it was concluded that 

the crystal conformation is a crucial factor for PLQY, which can be tuned by the assembly mode 

related to the intermolecular interactions. The 3D type crystal morphology may provide more 

rigid environment for the triplet emission. In addition, the planar central benzene ring is another 

important factor for achieving high-efficiency phosphorescence emission. 

In order to understand the relationship between the type of conformation and the para-

substituents of the peripheral benzene ring, we then synthesized the molecule 2 having six ethyl 

groups (instead of six -OMe groups in compound 1) at the periphery of the molecule (Figure 

1). The crystals of compound 2 possess a cubic morphology with a trigonal symmetry (Figure 

3a and S8) and a 3,3-conformer arrangement with the planar central benzene ring (Figure 3b 

and S8). The 2,4-conformer was not found from compound 2. Six symmetrical intermolecular 

interactions were observed in the crystals of compound 2 (Figure 3b), where regular and 

symmetrical stackings were found along two intersecting planes and the a*, b* and c* three 

directions (Figure 3c and S9), suggesting a 3D-type aggregation. 
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Figure 3. a) Crystal morphology and phosphorescence luminescence image of the ACE crystal 

of compound 2. The scale bar is 200 µm. b) Crystal structure of the ACE crystal. c) Stacking 

structure of the ACE crystal by connecting the central benzene ring with neighboring molecules 

through intermolecular interactions and taking two intersecting planes as a reference. d) 

Phosphorescence spectra of ACE, THF-IPR, and CHL-IPR crystals under 365 nm excitation. 

 

The main difference between the 3,3-conformers of compounds 1 and 2 is that the methoxy 

oxygen atoms could provide more interactions with neighboring molecules as compared to the 

-CH2- groups. The CH3CH2- groups of compound 2 offer no obvious interactions, creating less 

steric hindrance for the 3,3-conformer arrangement. Thus, only 3,3-conformer crystals were 

found from compound 2. The crystals of compound 2 obtained in different solvents show 

similar emission (Figure 3d), along with the phosphorescence lifetime (Figure S10) and high 

PLQY (around 77-85%). Combining the results of compounds 1 and 2, it was concluded that 
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symmetrical 3,3-conformer with the planar central benzene ring can afford high 

phosphorescence efficiency more easily. 

 

Figure 4. a) Crystal morphology and phosphorescence luminescence image of the CHL-IPR 

crystal of compound 3. The scale bar is 200 µm. b) Crystal structure of the CHL-IPR crystal 

with twisted central benzene ring. c) Stacking structure of the CHL-IPR crystal with two 

intersecting planes. d) Phosphorescence spectra of CHL-IPR, ACN, THF-ETH, and ACE 

crystals under 365 nm excitation. 

 

By increasing the atomic size at the six peripheral positions (-SMe instead of -OMe), we 

synthesized compound 3. The crystals of compound 3 show a long thin lamellar morphology 

(Figure 4a and S11), which is similar to the 2,4-conformer crystal of compound 1. The single 

crystal X-ray structural analysis confirms the 2,4-conformer of compound 3 with twisted central 



11 

benzene ring (Figure 4b and S12-S14). The asymmetric intermolecular interactions enable one 

plane to dominate the stacking interactions, like the stacking interactions in the 2,4-conformer 

of compound 1 (Figure 2c). The crystal structure analysis demonstrates that the sulfur atom 

with larger atomic radius than oxygen could interact with neighboring molecules more easily. 

These factors prevent the formation of the 3,3-conformer. In addition, the crystal structures of 

compound 3 contain solvent molecules (Figure 4b, S13 and S14), such as CHL, EA, and 

tetrahydrofuran (THF), in the crystalline interspace. This observation suggests that the 2,4-

confomer arrangement has more intermolecular space, since the solvent molecules were not 

detected across the 3,3-conformer crystals of compounds 1 and 2. Indeed, the crystallographic 

analysis reveals that the average volume per molecule is 817.9 and 673.8 Å3 for 2,4- and 3,3-

conformers of compound 1, respectively. 

The presence of different solvent molecules induces different C-S-C bond angles in 

compound 3 (Figure S15). These results clearly show that the solvent molecules play a crucial 

role and can influence the crystal growth process. Some large solvent molecules may hinder the 

formation of the 3,3-conformer in the case of compound 3, because two substituents on one 

side of the central benzene ring in the 2,4-confomer are beneficial to free up some space to 

accommodate solvent molecules. In addition, solvent molecules may also interact with the edge 

groups (CH3S- for compound 3) in stabilizing the asymmetrical 2,4-conformer. In the case of 

compound 2 with CH3CH2- substituents, there is no considerable interaction with solvent 

molecules. The crystals of compound 3 obtained from different solvents exhibit yellow-green 

phosphorescence with the emission maximum in the range of 535-555 nm due to different C-

S-C bond angles caused by different solvent species in the crystals (Figure 4d). The 

phosphorescence lifetime is almost the same among these crystals (Figure S16). The crystals 

exhibit low PLQY (CHL-IPR crystal: 5%; ACE crystal: 5%; ACN crystal: 11%), similar to the 

2,4-conformer of compound 1 (less than 10%, Figure 2i). These results indicate that the 2,4-
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conformer with twisted central benzene ring generally leads to weak phosphorescence 

efficiency. 

 

Figure 5. a) Crystal morphology and phosphorescence luminescence image of the THF-IPR 

crystals of compound 4. The scale bar is 200 µm. b) Crystal structure of the THF-IPR crystals 

with twisted central benzene ring (dihedral angle 9.41o). c) Stacking structure of the THF-IPR 

crystal with two intersecting planes. d) Stacking structure of the THF-IPR crystal with 3 ´ 3 ´ 

3 molecular matrix. e) Phosphorescence spectra of THF-IPR and TOU crystals under 365 nm 

excitation. 
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To more thoroughly support our conclusions, compound 4 with larger peripheral groups 

was synthesized. Its THF-IPR crystals show a rhombus lamellar morphology with 

predominated 2D growth (Figure 5a). Only the 2,4-conformer with twisted central benzene ring 

was observed from the crystals obtained in different solvents (Figure 5b and S17), where each 

molecule has asymmetrical intermolecular interactions in six directions. Solvent molecules 

were also found in the crystal structures due to the porous nature of the crystal packing 

arrangement (Figure S17). The stacking structure presents an in-plane orientation, where the 

central molecule connects with neighboring molecules through intermolecular interactions 

(Figure 5c and S18). 

The 2,4-conformer formation in compound 4 should be caused by the increased size of the 

peripheral acetylpyridine substituents and their strong intermolecular interactions, enabling the 

extended self-assembly equally in two directions of one plane as compared to corresponding 

2,4-conformer crystals of compounds 1 and 3. Interestingly, a porous structure was obtained 

when the solvent molecules were removed (Figure 5d). The crystals of compound 4 show a 

green phosphorescence emission (Figure 5e). The TOU crystal shows the phosphorescence 

lifetime of 10.9 µs (Figure S19). The PLQY is only 2.0% and 1.8% for TOU and THF-IPR 

crystals, respectively. The results further indicate that the 2,4-conformer with twisted central 

benzene ring demonstrates weak phosphorescent emission. 

Based on above results, it was concluded that the symmetrical 3,3-conformer arrangement 

is very important for obtaining highly efficient phosphorescence emission of persulfurated 

benzene compounds. However, why do the molecules only possessing the 3,3-conformer show 

high-efficient emission? To solve this question, we designed compound 5 with an asymmetric 

molecular structure (four benzene substituents and two methoxy-benzene groups located on the 

periphery of the central benzene ring). It was assumed that smaller substituents may allow the 

molecule to form the 3,3-conformer. Indeed, only the 3,3-conformer was found in crystals of 
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compound 5 (Figure 6a). The single crystal structural analysis demonstrates that these crystals 

possess asymmetric interactions due to the asymmetric structure, having a twisted central 

benzene ring (the dihedral angle is 21.96o when comparing two planes in central benzene ring). 

As a result, 1D-type crystal morphology is shown (Figure 6b and S20), where one-directional 

stacking is dominating (Figure 6c and S21). The crystals present orange emission (Fig 6d) with 

relatively low emission efficiency (around 15%) and the phosphorescence lifetime similar to 

compounds 1-4 (Figure S22). Based on these results, we can once again confirm that the 

symmetric 3,3-conformer with the planer central benzene ring is important for achieving highly 

emissive phosphorescence, since such conformation leads to strong and multi-directional 

crystal protection effect with respect to the phosphorescence emission. The protection effect of 

the 1D or 2D assembled crystals is weaker than that of the 3D one.  

 

Figure 6. a) Crystal structure of the ACE crystal of compound 5. b) Crystal morphology and 

phosphorescence luminescence image of the ACE crystal. The scale bar is 200 µm. c) Stacking 
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structure of the ACE crystal by taking two intersecting planes as a reference. d) 

Phosphorescence spectra of ACE, ACE-ETH, and CLR-IPR crystals under 365 nm excitation. 

 

To understand the relationship between highly emissive phosphorescence and the 

conformation, we performed a series of theoretical calculations. At the initial step, we optimized 

the structures of the studied molecules 1-3 and 5 in the ground and excited states (Figure 7a, 

Table S1, and computational details in the Supporting Information). A clear correlation was 

revealed between the deformation of the central benzene ring upon triplet state excitation and 

the observed PLQY values. The symmetrical 3,3-conformer (EA crystal for compound 1 and 

CHL-IPR crystal for compound 2) demonstrates very small torsion deformation of the central 

benzene ring in the ground and excited states (both T1 and S1), corresponding to the high PLQY 

for the 3,3-conformer crystals of compounds 1 and 2. However, the 2,4-conformer for 

compounds 1 and 3 and unsymmetrical 3,3-conformer for compound 5 present quite high 

deformation of the central benzene ring in the ground S0 state as well as in the first singlet and 

triplet excited states (especially in T1 state) with small PLQY values (Figure 7a and Table S1). 

The reason for the phosphorescence quenching in the latter case is that the global minimum 

(GM) boat-like T1 state for the unsymmetrical species is very close to the conical intersection 

(CI) point between the S0 and T1 state (Figure 7b,c) potential energy surfaces (PES). Indeed, 

the estimated T1 state energy for these molecules is very small (around 0.45 eV), which implies 

an efficient nonradiative T1-S0 quenching (Figure 7b). At the same time, the local minimum 

(LM) of a quinoid-type T1 state with higher excitation energy was also found (optimized) for 

the unsymmetrical species (Figure 7b). The excitation energy of the LM T1 state matches well 

with the observed weak phosphorescence wavelength. This LM T1 state is only 0.6 kcal mol-1 

higher relative to the “dark” T1 GM triplet. The barrier for the “LM T1 to GM T1 transition” 

(quinoid to boat-like transformation of the pure benzene triplet core) was also very small (less 
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than 1 kcal mol-1),38 meaning the presence of an efficient equilibration between the LM T1 and 

GM T1 states at room temperature (Figure 7b,c).  

 

Figure 7. a) Selected dihedral angles (in deg.) that characterize the conformational structures 

of the central benzene ring in different electronic states. b) Calculated energy of the lowest-

lying singlet (S1) and triplet (T1) excited states. Corresponding SOC matrix elements are 

presented in brackets (in cm-1). For the symmetrical 3,3-conformer, the quinoid LM of T1 state 

was not found. c) Qualitative representation of phosphorescence quenching through the “dark” 

T1 (GM) state of πσ* nature in asymmetrically arranged 2,4-conformer of compounds 1, 3, and 

5. d) General view of the HOMO and LUMO wave functions for the fundamental S1 and T1 

excited states of nπ* and πσ* symmetry (for particular compound 1 with symmetrical 3,3-
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conformer and asymmetrical 2,4-conformer). e) Symmetrically arranged 3,3-conformer of 

compounds 1 and 2, demonstrating strong phosphorescence from the “bright” T1 (GM) state of 

nπ* nature. The wavy lines represent the nonradiative transitions between the states of different 

spin multiplicity promoted by the SOC effect. 

 

It has previously been established that substituted benzene derivatives like p-

dichlorbenzene possess the boat-shaped (out-of-plane distorted at one carbon atom) structure 

of the T1 state.39 Despite the πσ* nature of the boat-shaped GM T1 state (in contrast to the LM 

T1 and GM S1 states which are of nπ* nature), the SOC between the GM S1 and GM T1 states 

of different symmetry is weaker as compared to that between the GM S1 and LM T1 states of 

the same symmetry (Figure 7b,d). The reason is the admixture of many other ππ* and πσ* 

configurations into the LM T1 state (it should be mentioned that n and σ* notions here are 

related to the symmetry of the local moiety). Considering the strong SOC between the GM S1 

and LM T1 states and the energy gap rule, it could be predicted that the ISC between the GM 

S1 and LM T1 states provides the main and fast deactivation channel of the excitation energy 

(Figure 7b,c). After the population of the LM T1 state (Figure 7c), the equilibrium between the 

LM T1 and GM T1 states settles immediately, and the subsequent nonradiative GM T1 relaxation 

into the S0 ground state finally quenches the phosphorescence (except that a certain amount of 

the LM T1 state is deactivated radiatively, giving an observable weak phosphorescence 

emission). 

In contrast, the symmetrically arranged 3,3-conformer of compounds 1 (EA crystal) and 2 

(CHL-IPR crystal) demonstrates a GM T1 state of nπ* nature (quinoid-type structure, Figure 

7b,d,e), while the boat-like structure of πσ* nature is not obtained as a stationary point on the 

T1 PES in the DFT optimization (i.e., for the symmetrical 3,3-conformer arrangement relative 

to the central benzene ring, this πσ* T1 state has no clear minimum on the corresponding PES). 
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The SOC between the S1 and T1 states of the same nπ* nature is quite strong (up to 4.8 cm-1, 

Figure 7b) and the energy gap between these states is very small (about 0.1 eV), allowing 

efficient and fast population of T1 state through the S1-T1 ISC (Figure 7b,e). As a result, 

compounds 1 (EA crystal) and 2 (CHL-IPR crystal) show a high triplet yield and efficient 

phosphorescence with high PLQY (Figure 7e). Thus, the symmetrical 3,3-conformer and 

asymmetrical 2,4-conformer arrangements relative to the central benzene ring in the studied 

compounds 1-3 and 5 play a key role in the deactivation pathway (emissive or nonradiative, 

respectively) of the excitation energy, which are in an excellent agreement with the 

experimental observations. It should be noted that the nonzero S1/T1 (nπ*) SOC is determined 

mostly by the sulfur atom, since the benzene ring does not contribute to the n-HOMO (Figure 

7d). This is also related to the S0/T1 SOC and the phosphorescence radiative lifetime. Thus, the 

persulfurated benzene compounds are important in the search of triplet emission. 

 

CONCLUSION 

In summary, we have tuned the molecular conformation and crystal morphology through 

changing the peripheral substituents of asterisk-shaped persulfurated benzene compounds. The 

3,3- and 2,4-conformers were obtained for this type of molecular system. The compounds with 

smaller peripheral substituent groups favor the 3,3-conformer formation. By having larger 

peripheral substituent groups, compounds show 2,4-conformer formation. Interestingly, 

compound 1 with the special peripheral group exhibits both 3,3- and 2,4-conformers through 

changing the crystallization solvents. On one hand, the symmetrical conformer arrangement 

could induce a 3D assembly, leading to an efficient crystal protection effect responsible for 

strong phosphorescence emission. On the other hand, the asymmetrical conformer with 

asymmetrical intermolecular interactions favors 1D or 2D crystal growth, giving weak crystal 

protection and therefore low phosphorescence emission. Another important factor for achieving 
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highly efficient phosphorescence is the planarity of the central benzene ring. The symmetrical 

conformer exhibits the planar central benzene ring, while the asymmetrical conformer shows 

the twisted central benzene ring. DFT calculations with the consideration of SOC effect show 

a clear correlation between the deformation of the central benzene ring upon triplet state 

excitation and the phosphorescence efficiency. The symmetrical conformer with small torsion 

deformation of the central benzene ring shows bright nπ* nature of the GM T1 state with high 

PLQY. The asymmetrical conformer demonstrates quite strong deformation of the central 

benzene ring with the dark T1 excited state, showing low PLQY values. By combining the 

crystal protection effect with the conformation effect, the factors to influence the 

phosphorescence efficiency of the persulfurated benzene molecules have been thoroughly 

understood. The present research unfolds the mechanisms of highly emissive phosphorescence 

through tuning the conformation of the persulfurated benzene compounds, providing a model 

for better understanding the phosphorescent molecular systems. 

 

EXPERIMENTAL SECTION 

Preparation for the crystals of persulfurated benzene compounds. When a mixed solvent 

system was used, a persulfurated benzene compound (10.0 mg) was dissolved in a good solvent 

(2-2.5 mL) first, and then the same amount of poor solvent was added, followed by ultrasound 

treatment for one minute. When a single solvent system was used, a persulfurated benzene 

compound (10.0 mg) was dissolved in the solvent with 3.0-5.0 mL. After the filtration, the 

solution was transferred into a glass vial. The glass vial was sealed by parafilm with some small 

holes, and placed in a quiet place. The crystals suitable for the structure analysis were formed 

after a few days. 
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http://pubs.acs.org. 

 

The synthesis, characterizations, absorption spectra, emission spectra, crystal structures and 

data, and phosphorescent lifetime. 

Video S1: bright phosphorescence emission of 1-EA crystal under the 365 nm UV light. 

Crystal cif files. 
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