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Abstract: In this work, a cocktail approach toward tunable organic long-lived luminescence 

materials in solid, solution, and gel states is proposed. The tunable long-lived luminescence (τ 

> 0.7 s) is realized by controlling the energy transfer via manipulating the photo-induced 

isomerization of the energy acceptor (5). The afterglow can be regulated between blue and 

yellow emission upon irradiation of UV or visible light. And the “apparent lifetime” for the 

long-lived fluorescence is the same as the lifetime of the energy donor. The function is relying 

on the simple radiative energy transfer (reabsorption) between a long-lived phosphorescence 

and a highly efficient fluorescent isomer (5b), rather than the complicated communication 

between the excited state of the molecules such as Förster resonance energy transfer or Dexter 

energy transfer. The simple working principle endows this strategy with huge universality, 

flexibility, and operability. This work offers an extremely simple, feasible, and universal way 

to construct tunable afterglow materials in solid, solution, and gel states. 
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Introduction 

Metal-free room-temperature phosphorescence (RTP) materials, which are 

characterized by long-lived lifetime and triplet state involved radiative transition, have 

drawn overwhelming attention due to their potential in various fields like cell image,[1] 

organic light-emitting diode,[2] anti-counterfeiting,[3, 4] sensor,[5] and so forth.[6, 7] 

However, it was difficult to construct efficient metal-free RTP materials, especially RTP 

materials with afterglow, because of their weak spin-orbit coupling (SOC), low 

intersystem crossing yield (ФISC) of organic molecules, and susceptible nature of triplet 

state.[8, 9] In recent years, many efficient RTP materials [10] with various lifetime and 

wavelength were obtained via some feasible strategies, like embedding into a matrix,[3, 

11] host-guest assembly,[1, 12] crystallization,[13, 14] heavy atom effect, and El-Sayed rule.[8, 

15] However, how to manipulate the phosphorescence wavelength was still a mystery 

because the phosphor with efficient phosphorescence emission needed a delicate 

molecular skeleton and design. Traditional design strategies on fluorochrome,[16] like the 

push-pull system, seemed to be an efficient strategy to tune the wavelength of 

phosphorescence.[7, 17] However the modification on molecular skeleton often resulted 

in the phosphorescence silence of dyes. Manipulating the phosphorescence wavelength 

has become a big challenge. 

Except for modifying the molecular skeleton via molecular engineering, harnessing the 

energy transfer between a phosphorescent energy donor and a fluorescent energy 

acceptor was an alternative way to obtain long-lived luminous materials.[18] According 

to the mechanism of non-radiative energy transfer, the lifetime for the fluorescence of 

the energy acceptor could be prolonged to millisecond or even second level and the 

emission wavelength could also be shifted to long-wavelength region.[19] However, it 

was difficult to construct a non-radiative efficient energy transfer system because energy 

reaction could happen only when the distance between the energy donor and acceptor 
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was small enough (10 nm for Förster resonance energy transfer (FRET) energy transfer, 

and 1 nm for Dexter energy transfer) and the energy level was matched with each 

other.[20] Similar to non-radiative energy transfer, the emission wavelength of the energy 

donor could also be shifted to the long-wavelength region via a radiative energy transfer 

process. While the lifetime for the energy donor and acceptor was keeping constant 

before and after the energy transfer process. But if the energy donor was a long-lived 

phosphor with decent afterglow, a long-lived fluorescence for the energy acceptor might 

be observed because the afterglow could work as an excitation source to continuously 

excite the energy acceptor after the excitation light was ceased. Moreover, the measured 

“lifetime” for the fluorescence, which was defined as “apparent lifetime”, should 

identify with the energy donor (Equation S1-5). If this proposal could work, it would 

be a very easy strategy to construct long persistent luminescence materials with various 

colours because the radiative energy transfer process only requires the overlapping of 

emission and absorption spectra. 

Photochromic dyes were a kind of important energy acceptors because of their distinct 

variations on absorption and emission spectra during the conversion between two 

isomers. Taking advantage of it, the energy transfer process could be manipulated by 

light. In 2011, Irie and his co-workers reported a unique diarylethene with a highly 

fluorescent closed-form and non-fluorescent open-form, which was contrary to 

transitional diarylethene derivatives.[21] Upon the irradiation of UV light, the colorless 1, 

4-dioxane solution of the open-form (5a) diarylethene converted to yellow, and a new 

absorption peak around 456 nm was aroused (Scheme 1a). Further irradiated with visible 

light, the yellow solution could recover to the initial state. More importantly, the 1, 4-

dioxane solution of the closed-form (5b) shown strong fluorescence around 533 nm with 

an 87% fluorescence quantum yield, while no emission was recorded for the open-form 
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(5a). The strong emission of the closed-ring isomer and non-fluorescent of the open-ring 

isomer made compound 5 be a perfect candidate for a tuneable energy acceptor. 

In our recent work, we found a strong RTP material (1BBI-DMBA) with a 14.8% 

phosphorescence quantum yield (465 nm, Scheme 1a) and 122 ms lifetime.[14] The cyan 

afterglow could be observed after the excitation source was turned off for 1.5 s. Coincidently, 

the emission wavelength of 1BBI-DMBA was overlapped with the absorption spectra of 5b 

and orthogonal with 5a. Therefore, the cyan afterglow might be switched to yellow via UV light 

irradiation if the energy transfer process between 5b and 1BBI-DMBA could occur. 

 

Figure 1. a) Absorption and emission spectra of 5a and 5b in 1,4-dioxane and the 

phosphorescence spectra of 1BBI-DMBA; Inset: lifetime decay spectra of 1BBI-DMBA at 470 

nm; b) Sketch for the working mechanism of the tunable afterglow based on the radiative energy 

transfer. 
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Result and Discussion 

1BBI (95 wt%), DMBA (1 wt%), and 5 (4 wt%) were mixed by dissolving them in 

methanol and evaporated under vacuum. Recent research showed that phosphorescence 

was extremely sensitive to impurity.[13, 14, 22] With the assistant of trace ingredients, even 

nonluminous materials could exhibit strong phosphorescence with a long lifetime. To 

verify whether the presence of 5 in 1BBI will induce phosphorescence or alter the 

photophysical properties of 5, 5 (2.0 wt%) was added to 1BBI (named 1BBI-5). With 

irradiation of the light at 365 nm, two new absorption peaks around 461 and 493 nm 

were aroused for the absorption spectra of 1BBI-5 (Figure S1a), which was consistent 

with the absorption spectra of 5b in 1,4-dioxane. The variation of the absorption spectra 

indicated the occurrence of photochromism of 5 in the 1BBI matrix. 1BBI-5 showed a 

weak fluorescence around 538 nm (Figure S1a) in the initial state, which should be 

assigned to the trace of 5b in 1BBI-5. Further irradiating it with UV light, the emission 

intensity increased rapidly. The fluorescence should originate from 5b because the 

profile of the excitation and emission spectra were the same as 5b in 1,4-dioxane. These 

phenomena testified the occurrence of photochromism of 5 in the 1BBI matrix. And no 

phosphorescence emission was recorded for it no matter before or after UV light 

irradiation (Figure S1a), indicating that the addition of 5 in 1BBI would not arouse 

phosphorescence emission. To explore whether the mixture of 1BBI and DMBA (1BBI-

DMBA, 1 wt%) could exhibit light responsiveness, the absorption and phosphorescence 

spectra of it were measured. As shown in Figure S1b, only a negligible variation was 

observed for both the absorption and emission spectra before and after UV light 

irradiation, which indicated the light stability of 1BBI-DMBA. 

Identified with 1BBI-5, new absorption peaks around 462 and 495 nm for 1BBI-

DMBA-5 (4 wt%) were aroused with continuous irradiation of UV light (Figure 1a). 

And the photo-stationary state (PSS) was reached after 40 s continuous irradiation 
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because the absorbance at 462 nm reached the maximum. The variation of absorption 

spectra was assigned to the photo-induced isomerization of 5 because the profile of it 

was identified with 5b in 1, 4-dioxane (Scheme 1a) or 1BBI matrix (Figure S1a), and 

1BBI or DMBA didn’t show light responsiveness (Figure S1b). Similar to 1BBI-5, a 

weak fluorescence peak around 538 nm was recorded for 1BBI-DMBA-5 (4 wt%) when 

excited with a light at 478 nm in the initial state (Figure 1b). The intensity was increased 

with the irradiation of UV light until the PPS state reached (40 s). Besides, the excitation 

spectrum of it was identified with the absorption spectrum of 5b (Figure S2), which also 

indicated the fluorescence originated from 5b. 

1BBI-DMBA-5 showed distinct phosphorescence emission around 470 nm in the 

initial state (Figure 1c), which was coincident with the phosphorescence emission of 

1BBI-DMBA (Figure S1b). Identified with 1BBI-DMBA, the lifetime of the 

phosphorescence emission was measured to be 125.0 ms (Figure 1e), hinting that a cyan 

afterglow could be observed after the excitation source was turned off. Surprisingly, the 

intensity of the phosphorescence peak around 470 nm decreased, and a new peak around 

538 nm increased gradually with the irradiation of UV light (Figure 1c). When the PPS 

state was reached, the emission peak around 538 nm became the major emission peak, 

and the cyan afterglow switched to yellow-green. Specifically, the Commission 

International de l’Eclairage (CIE) coordinate shifted from (0.19, 0.30) to (0.31, 0.46) 

with the irradiation of UV light (Figure S3). The new aroused phosphorescence peak 

around 570 nm should be assigned to the radiative transition from the S1 state of 5b 

because the profile of the aroused phosphorescence peak was identified with the 

fluorescence emission of 5b. While the excitation spectra, monitored at 570 nm, of 

1BBI-DMBA-5 before and after UV light irradiation were identified with the excitation 

spectra of the phosphorescence of 1BBI-DMBA, rather than the absorption spectra of 

5b (Figure 1d), indicating that the emission was original from the excited state of 1BBI-
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DMBA rather than the directly stimulated transition of 5b. Besides, the phosphorescence 

emission spectra of 1BBI-DMBA didn’t show obvious change under continuous UV 

light irradiation (Figure S1b). And 1BBI-5 didn’t show phosphorescence emission with 

the absence of DMBA (Figure S1a). More importantly, the absorption spectrum of 5b 

was overlapped very well with the phosphorescence emission of 1BBI-DMBA. These 

phenomena testified to the occurrence of energy transfer between 1BBI-DMBA and 5b. 

Thereby, the newly aroused phosphorescence peak was speculated to be the delayed 

emission of 5b, which is sensitized by the phosphorescence of 1BBI-DMBA. 

 

Figure 2. Variations of the absorption spectra (a), fluorescence spectra (b, λex = 478 nm), 

phosphorescence spectra (c, delay time = 0.1 ms, gate time = 2 ms, λex = 345 nm), excitation 

spectra of the phosphorescence emission at different wavelength (d), and life decay spectra at 

different wavelength (e, λex = 345 nm) of 1BBI-DMBA-5 (4 wt%) upon irradiation of 365 nm 

light; (f) Normalized phosphorescence emission spectra of 1BBI-DMBA-5 with different mass 

fraction before and after UV light irradiation; (g) CIE coordinate for the phosphorescence of 

1BBI-DMBA-5 at PSS state with different mass fraction of 5; (h) Afterglow images of 1BBI-

DMBA-5 (8 wt%) before and after UV irradiation. 
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To further verify which mechanism of this energy transfer process was, the lifetime of 

the phosphorescence emission at different wavelengths was measured. As shown in 

Figure S4, the lifetimes of 1BBI-DMBA monitored at different wavelengths were 

consistent with each other and calculated to be 124.9 ms. Identified with it, the lifetime 

of the phosphorescence of 1BBI-DMBA-5 at 470 and 570 nm were measured to be 125.0 

and 108.0 ms, respectively, in the initial state (Figure 1e, Table 1). After the cyan 

afterglow was switched to yellow-green by UV light, the lifetime of the phosphorescence 

at 570 nm, which was assigned to the delayed emission of 5b, was measured to be 97.2 

ms. While only a negligible decrease (2.9 ms) was observed for the lifetime of the 

phosphorescence emission at 470 nm, which should result from the affection of the 

shorter lifetime for the phosphorescence emission at 570 nm. Although the lifetime of 

the energy acceptor was increased from nanosecond to millisecond, the lifetime of the 

energy donor was kept constant. Thereby, the mechanism of the energy transfer process 

should be the reabsorption process, rather than FRET or Dexter energy transfer. The 

measured long apparent lifetime for the fluorescence confirmed our hypothesis about the 

radiative energy transfer with a long-lived emission energy donor. While the truth 

lifetime for it, which was measured to be 2.83 ns (Figure S5), should still be the same 

as the directly excited fluorescence (2.20 ns, Figure S5). 

To further optimize its performance, different mass fractions of 5 were doped into 

1BBI-DMBA. As illustrated in Figure 2a, all these crystalline (Figure S6) materials 

with different mass fractions of 5 (2, 4, 6, or 8 wt%) exhibited similar phosphorescence 

spectra in the initial state. After switching to PSS state by UV light, all these materials 

showed a strong delayed emission around 538 nm with a decent apparent lifetime (> 80 

ms, Table 1, Figure S7), which hinted the energy transfer process occurred in the 

luminescence process for these materials. The intensity for the newly aroused emission 

peak was increased with the boosting of the mass fraction of 5, which might imply the 
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increase of energy transfer efficiency. CIE coordinate also exhibited similar phenomena. 

As shown in Figure 2g, the CIE coordinate of the PSS state of these materials kept 

shifting to yellow-green with the increase of the mass fraction of 5. Specifically, a 

maximum variation was observed for the CIE coordinate of the phosphorescence when 

the mass fraction increased to 8 wt%. And a clear yellow afterglow could also be 

observed for about 1 s when the excitation source was removed (Figure 2c). 

Based on this strategy, long-live luminescent material could also be constructed in the 

solution state, which was a big challenge for RTP material.[23] In previous work, our 

group has developed an ultra-long RTP material (P3), which exhibited a 

phosphorescence emission at 427 nm with an impressive 0.54 s lifetime and 15.4% 

phosphorescence quantum yield, by copolymerizing benzoic acid and acrylamide.[3] 

After dispersing in N, N-Dimethylformamide (DMF) (1 mg/mL), the suspension still 

could exhibit long-lived phosphorescence emission (τ = 0.74 s) at 427 nm when excited 

at 280 nm (Figure S8). The emission of P3 was well overlapped with the absorption 

spectra of 5b in the DMF solution (Figure S9). Thereby, the afterglow of P3 might be 

regulated by light after mixed 5 and P3 in DMF. 
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Figure 3. Fluorescence (a), phosphorescence (b, delay time = 0.1 ms, gate time = 2 ms, λex = 

280 nm), and CIE coordinate (c) spectra of the DMF solution of P3-5 (5.0×10-5 M) upon 

continues irradiation of UV light; (d) lifetime decay spectra of the DMF solution of P3-5 

(5.0×10-5 M) before and after UV light irradiation; (e) Variation for the phosphorescence 

emission intensity at 430 nm upon alternant irradiation of light at 365 and 480 nm; (f) CIE 

coordinates for the phosphorescence emission of P3-5 with different concentration of 5 at PSS 

state; (g) Afterglow images for the DMF solution of P3-5 (1.0×10-4 M) upon alternant 

irradiation of light at 365 and 480 nm. 

 

Identified with the DMF solution of 5, a strong fluorescence at 540 nm, which was 

assigned to the emission of 5b, was aroused for the mixture of 5 and P3 in DMF upon 

continuous irradiation of 365 nm light (Figure 3a). And the excitation spectra could well 



  

11 

 

overlap with the absorption spectra of 5b (Figure S10). While the delayed emission at 

427 nm, which was assigned to the phosphorescence emission of P3, decreased gradually 

and a new emission peak at 540 nm was aroused. Similar to 1BBI-DMBA-5, the profile 

of the new aroused peak was the same as the fluorescence of 5b, indicated that the 

emission was the radiative transition from the S1 state of 5b. And the excitation spectrum 

of the newly aroused delayed emission peak was the same as the phosphorescence 

emission of P3 (Figure S11), exhibiting that both the delayed emission at 427 and 540 

nm originated from the same excitation process. Thereby, the new aroused peak should 

result from the P3 to 5b energy transfer process. To further testify it, the photophysical 

properties of the mixture P3 or 5 in DMF were measured. As illustrated in Figure S12, 

no obvious delayed emission was recorded for the DMF solution of 5 before or after UV 

light irradiation. And the phosphorescence emission intensity was kept constant before 

and after UV light irradiation for the mixture of P3 in DMF. These phenomena indicated 

the delayed emission at 540 nm resulted from the energy transfer process. Moreover, all 

the lifetimes for the delayed emission at 430 and 540 nm were measured to be about 0.7 

s before and after UV light irradiation, which confirmed the radiative energy transfer 

mechanism and our hypothesis (Equation S1-5). The CIE coordinate of the delayed 

emission could shift from (0.16, 0.10) to (0.26, 0.28) when the PSS state was arrived, 

demonstrated the feasibility of our strategy on manipulating afterglow. Benefiting from 

the reversible isomerization and excellent fatigue resistance of 5, the afterglow could 

reversibly convert between two states (Figure 3g, 3e). And the switch could repeat for 

more than 10 cycles without distinct fading. Similar phenomena could also be observed 

when decreased or increased the concentration of 5 (Figure S13). It should be noticed 

that the concentration of 5 would not affect the lifetime of delayed emission, which 

further confirmed our hypothesis (Figure S14). While the CIE coordinate for the delayed 

emission at PSS state was shifted from blue to the yellow region with the increase of the 
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concentration of 5 (Figure 3f). Specifically, the CIE coordinate could be reversibly 

switched between (0.16, 0.10) and (0.31, 0.38) when the concentration of 5 increased to 

1.0×10-4 M. 

Organogel was a kind of important soft material, which was easy to be shaped to the 

desired pattern by simple annealing.[24] Among various kinds of organogel, DOG was 

an efficient and easy obtained material, which could format transparent gel after 

dispersing in a solvent.[25] Taking advantage of it, we could easily obtain organogel with 

tuneable afterglow by simply adding DOG into the DMF solution of P3-5. As shown in 

Figure 4a, a colorless gel was formed after cooling down the mixture of DOG (10 

mg/ml), P3 (10 mg/ml), and 5 (1.0×10-4 M) in DMF (1.5 mL) to room temperature. And 

the gel could be converted to a solution state after heating. Similar to the DMF solution 

of 5, the photochromism of compound 5 could also occur in gel or solution state when 

irradiated with UV or Visible light. The gel and the solution could be converted between 

colorless and yellow upon the irradiation of light. More importantly, a clear blue 

afterglow for the gel in the initial state could be observed for about 2 s after the excitation 

source (254 nm) was ceased. Upon irradiation of UV light, compound 5a isomerized to 

5b gradually, accompanied with the blue to the yellow conversion of the afterglow. 

Identified with the solution or the solid, the yellow afterglow was assigned to the long-

lived emission from 5b, which was excited by the afterglow of P3. Benefitting from the 

photochromic properties of 5, the afterglow could be reversibly switched between blue 

and yellow upon irradiation of UV or visible light. 
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Figure 4． (a) Photograph for the DMF solution of P3-5-DOG before and after heating upon 

irradiation of UV or visible light irradiation; (b) Afterglow images of the gel of P3-5-DOG 

upon alternant irradiation of light at 365 and 480 nm. 

 

Conclusion 

In conclusion, a universal, feasible, and simple cocktail approach toward tuneable 

afterglow systems in solid, solution, or gel state was proposed in this research. A series 

of long-lived fluorescence (τ > 0.7 s) materials were obtained via the radiative energy 

transfer between RTP materials and highly efficient fluorophores. The afterglow of these 

RTP materials could be reversibly switched between blue and yellow. Benefitting from 

the long lifetime of RTP materials, the fluorescence could be observed for several 

seconds after the excitation source was removed. The simple radiative energy transfer 

mechanism only requires the overlapping of the phosphorescence spectrum of the energy 

donor and the absorption spectrum of the energy acceptor, which provides this strategy 

with universal, feasible, and simple features on fabricating various kinds of long-live 

emission materials. 
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A universal, feasible, and simple cocktail approach toward dynamic tuneable afterglow systems 

base on a simple radiative energy transfer mechanism is present. The afterglow (τ > 0.7 s) can 

be reversibly converted between blue and yellow in solid, solution, and gel state.  
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General. 1H NMR spectra were measured on a Bruker AV-400 spectrometer. The UV-Vis 

absorption spectra were obtained by a Shimadzu-2600 spectrophotometer. Emission spectra 

were recorded on an Agilent Cary Eclipse spectrophotometer. Fluorescence lifetimes were 

measured by Edinburgh Instruments Fluorescence Spectrometer (FLS1000). All the reagents 

were obtained from Adamas commercially. 

 

For the long-lived phosphor (energy donor), the relationship between the emission intensity 

(I) and the time after the excitation source was ceased (t) could express as: 

𝐼 = 𝑓(𝑡)                                                                                   (S1) 

 

When t = τ (τ: the lifetime of the phosphor): 

𝐼𝜏 = 𝑓(𝜏) =
𝑓(0)

𝑒
                                                                     (S2) 

 

For the fluorophore (energy acceptor), the relationship between the emission intensity (I’) and 

the time after the excitation source was ceased (t) could express as: 

𝐼′ = 𝛷′𝑓(𝑡)                                                                              (S3) 

 

Where Φ’ was the Luminescence quantum yield of the fluorophore. 

When t = τ’ (τ’: measure lifetime of the fluorophore): 

𝛷′𝑓(𝜏′) = 𝐼(𝜏′)
′ =

𝐼(0)
′

𝑒
=

𝛷′𝑓(0)

𝑒
=  𝛷′𝑓(𝜏)                         (S4) 
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And Φ’ ≠ 0, f(τ) ≠ 0, f(τ’) ≠ 0 

Therefore: 

𝜏’ = 𝜏                                                                                           (S5) 

 

 

Figure S1. (a) Absorption, fluorescence, excitation, and phosphorescence spectra change of 

1BBI-5 before and after UV light irradiation; λex = 478 nm; (b) Absorption and 

phosphorescence spectra change of 1BBI-DMBA before and after UV light irradiation; λex = 

345 nm. 

 

 

Figure S2. Excitation and emission spectra of 1BBI-DMBA-5 (4 wt%) after UV light 

irradiation. 
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Figure S3. CIE coordinate changes for the phosphorescence of 1BBI-DMBA-5 (4 wt%) upon 

irradiation of 365 nm light. 

 

 

Figure S4. Lifetime decay spectra of 1BBI-DMBA at different wavelengths. 
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Figure S5. Lifetime decay spectra of the fluorescence of 1BBI-DMBA-5 (4 wt%) at 570 nm 

after UV light excited at 375 and 450 nm, respectively. 

 

Figure S6. Powder X-ray diffraction (XRD) spectra of 1BBI-DMBA with different mass 

fractions of 5. 
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Figure S7. Absorption (a, e, and i), fluorescence (b, f, and j), phosphorescence (e, g, and k), lifetime decay 

spectra at difference wavelength (d, h, and l), and CIE spectra of 1BBI-DMBA with the presence of different ratio 

of 5 (2%, 6%, and 8% respectively). 

 

 

Scheme S1. Chemical structure of P3 and DOG. 
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Figure S8. Excitation (a), phosphorescence (a), and lifetime decay spectra of P3 in DMF. 

 

 

Figure S9. Absorption (solid line) and emission (dash line) spectra for the DMF solution of 5 

before (gray line) and after (red line) UV light irradiation; Phosphorescence spectra of P3 in 

DMF. 
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Figure S10. Emission and excitation spectra for the DMF solution of 5 after irradiation of UV 

light. 

 

 

Figure S11. Excitation and phosphorescence spectra of the DMF solution of P3-5 (5.0×10-5 M) 

before and after UV light irradiation. 
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Figure S12. Phosphorescence spectra change of the DMF solution of P3 (λex = 380 nm) and 5 

(λex = 420 nm) before and after UV light irradiation. 

 

 

Figure S13. Fluorescence (a, f), phosphorescence (b, g), excitation (c, h), lifetime decay (d, i), 

and CIE coordinate (e, j) spectra of the DMF solution of P3-5 (up: concentration = 1.0×10-4 M; 

down: concentration = 1.0×10-5 M). 
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Figure S14. Lifetime decay spectra for the phosphorescence emission at 540 nm for the DMF 

solution of P3-5 with different concentrations of 5. 

 

Synthesis of the target compounds 

 

Scheme S2. Synthetic route of compound 5 

Compounds 11 and 5 were obtained according to previous report.[1] Saturated aqueous K2CO3 

solution (10 mL), tris(dibenzylideneacetone) dipalladium (0) (30 mg, 0.033 mmol), and 18% 

tricyclohexylphosphine toluene solution (0.1 mL) was added to the THF solution of 11 (150 

mg, 0.185 mmol) and phenylboronic acid (57 mg, 0.47 mmol). The mixture was stirred at room 

temperature till the reaction was completed (about 20 min). Then the mixture was extracted 

with ethyl acetate three times. The combined organic phase was evaporated in vacuo, and the 

residue was purified by silica gel column chromatography (petroleum ether: ethyl acetate = 10: 

1) to give 5 (119 mg, 0.168 mmol, 91% yield) as a white solid. 1H NMR (400 MHz, Chloroform-
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d) δ 7.97 (d, J = 1.7 Hz, 1.2H), 7.90 (d, J = 1.7 Hz, 0.8H), 7.82 (dd, J = 8.0, 1.7 Hz, 1.2H), 7.65 

– 7.57 (m, 3.3H), 7.53 – 7.37 (m, 7.8H), 7.27 (d, J = 8.4 Hz, 1.2H), 7.23 (d, J = 8.0 Hz, 0.8H), 

2.74 – 2.35 (m, 4H), 1.43 (t, J = 7.6 Hz, 2.4H), 1.10 (t, J = 7.6 Hz, 3.6H). 

 

Figure S15. 1H NMR spectra of compound 5. 
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