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Abstract: Solvent-free liquid organic phosphors are of significant 

interest because they are flexible and processable, which makes them 

ideal for various applications, including organic light-emitting diodes. 

However, achieving liquid organic room-temperature 

phosphorescence (RTP) is a challenging task because the liquid state 

provides a less rigid environment than the crystal. Here, we report that 

an unsymmetrical heteroaromatic 1,2-diketone forms a kinetically 

stable supercooled liquid that exhibits RTP and thermochromic 

phosphorescence. The diketone core is flexible, with eight distinct 

conformers possible, which prevents nucleation for liquid-solid 

transition. Notably, RTP is unique to the liquid state and is virtually 

invisible in solution as well as in the crystalline solid state. Our work 

demonstrates that flexible unsymmetrical skeletons are promising 

motifs for the further development of liquid organic phosphors. 

Room-temperature phosphorescence (RTP) is a unique 

luminescence phenomenon that is useful for a number of applications, 

including organic light-emitting diodes (OLEDs), bio-imaging, and 

encryption inks.[1] In particular, metal-free organic RTP materials are 

desirable owing to their cost-effectiveness and low environmental 

burden.[2] Most organic RTP luminophores require rigid crystal lattices 

to suppress non-radiative decay that quenches RTP.[3] Since the 

optical properties of crystalline materials deteriorate through lattice 

defects, organic RTP materials that function in non-rigid and flexible 

molecular environments are desired.[4] 

The liquid state is the most flexible of condensed materials. Owing 

to their flexibilities and uniformities, liquid chromophores are 

advantageous because they are easily processed and have defect-

independent material properties.[5] Achieving solvent-free liquid RTP 

not only simplifies OLED device structure and fabrication processes 

but is also useful for flexible and wearable light-emitting devices.[5] 

Moreover, solvent-free liquid materials can exploit high chromophore 

concentrations, unlike solution- or polymer-based materials. However, 

RTP is hardly observed in the liquid state, where molecules move 

more freely than in the solid state. To the best of our knowledge, only 

a pioneering two-component liquid system has been reported to show 

practical organic RTP.[6] Babu et al. demonstrated that the introduction 

of a long, branched alkyl chain onto a rigid bromonaphthalimide 

chromophore produces a solvent-free liquid that exhibits visible RTP 

when mixed with carbonyl compounds; however, the liquid itself 

showed virtually no RTP as a single component (Figure 1a). 

We previously found that thienyl diketone derivatives exhibit more 

efficient RTP in the amorphous solid states than in the crystal, with 

phosphorescence quantum yield p of up to 10%, unaided by any 

metal heavy atom effect (Figure 1b).[7] Notably, unlike typical 

chromophores with rigid skeletons, the diketone skeleton is flexible, 

with five distinct conformers. Among them, a trans-planar (TP) 

conformer has two-fold intramolecular chalcogen bonds and is 

responsible for the efficient RTP in the amorphous solid state despite 

its minor proportion. We also demonstrated that desymmetrizing C2 

symmetrical diketone 1—by replacing one bromine with hydrogen—

reduced intermolecular interactions in the crystals, dramatically 

lowered the melting point, and made the crystal non-emissive while 

maintaining the emissivity of the amorphous solid (Figure 1b).[7b] 

Consequently, the unsymmetrical diketone crystal showed, for the first 

time, turn-on RTP in response to mechanical stimuli in a metal-free 

organic molecule. These findings prompted us to expand the utility of 

the desymmetrization approach.[8] 

 

Figure 1. Strategy toward solvent-free liquid organic RTP. a) Introducing long 

alkyl chains into a rigid bromonaphthalimide chromophore. b, c) 

Desymmetrizing C2-symmetrical thienyl diketones. R = triisopropylsilyl, Tm: 

melting point. 
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In this work, we envisaged that desymmetrization provides a 

practical approach to achieving solvent-free liquid organic RTP 

(Figure 1c). Unsymmetrical diketone 3 was designed to combine the 

characteristics of two C2-symmetrical diketones, namely the efficient 

RTP of 1 and the low melting point of furyl diketone 2. Herein, we 

report RTP in a solvent-free liquid state of the heteroaromatic 1,2-

diketone 3. Moreover, liquid 3 exhibits temperature-dependent 

phosphorescent color (i.e., thermochromism). 

Diketone 3 was synthesized by the cross-benzoin condensation of 

the corresponding aldehydes, followed by oxidation (see Supporting 

Information (SI) for details).[7] After purification, overnight solvent 

removal at reduced pressure and 40 °C afforded 3 as a liquid; as-

prepared 3 was confirmed to be solvent-free by 1H NMR and 13C NMR 

spectroscopy, and elemental analysis. Liquid 3 is isotropic, as 

confirmed by X-ray diffractometry (XRD) and visual inspection under 

a polarizing optical microscope (Figures S1 and S2). 

In air at room temperature, solvent-free liquid 3 exhibited orange 

phosphorescence without discernible fluorescence; its steady-state 

photoluminescence (PL) spectrum exhibits an emission maximum at 

574 nm with a PL lifetime of 16 s, consistent with phosphorescent 

emission (Figure 2). The p value was found to be 1.0%, which is the 

highest among single-component organic liquids.[6] We suggest that 

the RTP of liquid 3 originates from the TP conformer (Figure 3). The 

PL spectrum of liquid 3 is quite similar to that of 1 in solution, whose 

RTP originates from the corresponding TP conformer (Figure S4).[7] 

Density functional theory (DFT) calculations at the UB3LYP-D3/6–

311G(d) level of theory suggested that the most stable conformer of 

3' (in which the silyl groups in 3 are replaced by H) in the lowest triplet 

state (T1) is the TP conformer (Figures 3 and S9, and Table S1). Time-

dependent (TD)-DFT calculations revealed that the T1−S0 radiative 

transition (phosphorescence) principally consists of the 

HOMO−LUMO transition (94%) with an electronic configuration with 
3(n,*) character, which is favorable for spin inversion according to El-

Sayed’s rule.[1] Moreover, bromine atoms close to the carbonyl 

oxygen further promote phosphorescence decay by an 

intramolecularly directed heavy atom effect.[9] 

 

Figure 2. (a) Steady-state photoluminescence spectrum and (b) decay profile 

recorded at 570 nm of liquid 3 in air at room temperature (ex = 368 nm). Inset: 

photographic image of liquid 3 when irradiated with UV light (365 nm). Absolute 

p was determined using an integrating sphere device.  

The RTP of 3 was only visible in its solvent-free liquid state. In 

solution, 3 was virtually nonemissive, even under Ar (p = 0.04%, 2.2 

 10–4 M in cyclohexane). The PL spectrum of solution-phase 3 is in 

good agreement with that of the solvent-free liquid, which indicates 

that the emissive conformers are the same for both states (Figure S4). 

However, the phosphorescence decay rate constants (kp), which 

reflect molecular electronic properties, are significantly different 

(Table 1).[10] The liquid exhibits a kp that is nearly 50-times larger than 

the solution, which implies that the external heavy atom effect from 

adjacent molecules contributes in the condensed solvent-free liquid.[1] 

In contrast, the non-radiative decay rate constants (knr) of the solvent-

free liquid in air and the degassed solution are not significantly 

different (Table 1). The RTP intensity of the liquid is only 1.47-times 

higher under N2, suggesting that the liquid is sufficiently viscus to 

retard oxygen diffusion, thereby suppressing phosphorescence 

quenching (Figure S3). Nonetheless, we emphasize that the RTP 

enhancement of liquid 3 originates not from the decrease in knr, but 

from the increase in kp.
 

 

Figure 3. Geometry of T1-minimum-energy TP conformer of 3’ and its Kohn–

Sham HOMO and LUMO orbitals, calculated at the (TD-)UB3LYP-D3/6-311G(d) 

level of theory. 

Table 1: Photophysical properties of 3 at room temperature. 

 Φp τp / s kp / s–1[a] knr / s–1[a]  

Solvent-free liquid[b]  1.0%[c] 16 650 62000 

Cyclohexane solution[d] 0.04%[e] 29 14 34000 

[a] Calculated according to the formulas: kp = p/p and knr = (1 – p)/p. [b] In 

air. [c] Absolute p determined using an integrating sphere device. [d] Under Ar. 

[e] Relative p determined using quinine sulfate as the standard.[11] 

Diketone 3 remained liquid at room temperature for at least three 

months and eventually solidified and became nonemissive (Figure 

S10). The solid was subjected to XRD, which showed sharp diffraction 

peaks that demonstrate that the solid is crystalline with an ordered 

molecular arrangement (Figure S11). Thus, the RTP of 3 is efficient 

only in the kinetically stable supercooled liquid (SCL) and is invisible 

either in solution or in the crystalline state. The liquefaction-induced 

RTP highlights the uniqueness of 3, considering that common organic 

RTP materials require rigid environments.[1-4] We speculated that a 

disadvantageous skewed conformation and insufficient intermolecular 

interactions are responsible for the lack of emissivity of solid 3, despite 

its crystallinity, as observed for our previous unsymmetrical diketone 

(Figure S12).[7b]  

To gain insight into molecular designs that lead to liquefaction, we 

compared the stability of the liquid of the unsymmetrical diketone 3 

with those of symmetrical diketones 1 and 2; the melting points of 1, 

2, and 3 are 161.8, 60.0, and 61.6 °C, respectively, which indicates 

that the thermodynamic liquid-phase stability of 3 is similar to that of 

2. In view of kinetic stability (i.e., ease of crystallization from the 

SCL),[12] 1 instantaneously crystalizes upon evaporation of the solvent, 

while SCL 2 tends to solidify within a few days at room temperature. 

Thus, the SCL states of symmetrical diketones are less stable than 

those of unsymmetrical diketone 3 (lasts for more than three months), 

which implies that kinetic stability is enhanced by desymmetrization. 

It should be noted that desymmetrization increases the number of 

(meta-) stable conformers within a 2 kcal mol–1 energy range, from 

five for the symmetrical core of 1 to eight for the unsymmetrical core 
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of 3, as confirmed by DFT calculations (Figures 4, S8, and S9). 

Moreover, the lack of C2 symmetry provides an additional degree of 

freedom in relative molecular orientation. These features prevent 

nucleation and growth that form ordered arrangements of crystals, 

which enhances the kinetic stability of the liquid state. 

 

Figure 4. Optimized structures and energy levels of 3’ in the S0 state calculated 

at the B3LYP-D3/6-311G(d) level of theory. 

With a flexible skeleton liquid phosphor in hand, we next 

investigated the dependence of phosphorescence on temperature 

(Figure 5),[13] which revealed that liquid 3 is the first metal-free organic 

molecule to exhibit thermochromic phosphorescence. Steady-state 

PL spectra were acquired from –120 to 20 °C in 10 C steps, which 

showed redshifts in the maximum emission wavelength (max), from 

566 nm to 574 nm. The relationship between max and reciprocal 

temperature can be fitted with two lines, with the slope changing 

between –10 and –30 °C. Differential scanning calorimetry (DSC) 

revealed that 3 has a glass-to-isotropic liquid-transition temperature 

(Tg) of –9.4 °C (Figure 5c), which is close to where the two lines in 

Figure 5b intersect. Therefore, the phosphorescence wavelength of 

liquid 3 responds to a bulk physical property that discontinuously 

changes at Tg, such as viscosity.[14] We conclude that the increase in 

viscosity prevents sorrounding molecules from reorganizing as the 

dipole of the excited molecule changes, which causes liquid 3 to 

exhibit thermochromic behavior (Figure S15). 

In summary, efficient RTP in a solvent-free liquid state in air was 

realized through the desymmetrization of a C2-symmetrical thienyl 

diketone. The unsymmetrical flexible core kinetically stabilizes the 

SCL state for at least three months. Notably, only the liquid exhibits 

RTP; the solution and crystalline solid are virtually nonemissive. We 

suggest that the liquid is sufficiently dense to benefit from the 

intermolecular (external) heavy atom effect and suppress oxygen 

diffusion, while being sufficiently flexible to generate an intrinsically 

emissive TP conformer. In addition, the unsymmetrical diketone 

exhibits thermochromic phosphorescence, which stems from the 

fluidity of itself. Our work demonstrates the significance of an 

unsymmetrical flexible core for realizing RTP in a condensed, yet 

loose liquid state. Investigation into using the SCL solid-phase 

transition to develop stimuli-responsive RTP is currently ongoing in 

our laboratory, along with the development of RTP-emissive 

thermodynamically stable liquid luminophores. 

 

Figure 5. Thermochromic behavior of liquid 3. a) Steady-state PL spectra 

acquired from –120 to 20 °C in 10 C steps. b) Relationship between max and 

reciplocal temperature. c) DSC thermograms of solid 3 during heating/cooling 

cycles at 10 °C min–1 under a flow of N2. 
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Metal-free, single component liquid room-temperature phosphorescence (RTP) and phosphorescent thermochromism are achieved in 

air by desymmetrizing a C2-symmetrical diketone. The unsymmetrical flexible core with as many as eight conformers kinetically 

stabilizes the supercooled liquid state. RTP is exclusive to the liquid, which benefits from the external heavy atom effect and suppresses 

oxygen diffusion, while producing an emissive conformer. 

 
 


