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Different molecular strategies have been carefully evaluated to produce Solid-State 

Luminescence Enhancement (SLE) in compounds that show dark states in solution. A set of α-

phenylstyrylarene derivatives with a butterfly-shape has been designed and synthesised for the 

first time with the aim of improving the solid-state fluorescence emission of their parent 

styrylarene compounds. Although these butterfly molecules are not fluorescent in solution, one 

of them (1,2,4,5-tetra(α-phenylstyryl)benzene) exhibited a fluorescence quantum yield as high 
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as 68% in a drop cast sample and 31% in its crystalline form. In contrast, 1,3,5-tris(α-

phenylstyryl)benzene and 4,6-bis(α-phenylstyryl)pyrimidine did not show SLE. A range of 

fluorescence spectroscopy experiments and Density Functional Theory calculations were 

carried out to unravel the origin of the different photophysical behaviour of these compounds 

in the solid state. The results indicate that the rational strategy to control the SLE effect in 

luminogens depends on a delicate balance between molecular properties and inter-

/intramolecular interactions in the solid state. 

 

 

1. Introduction 

Solid-State Luminescence Enhancement (SLE) is an amazing phenomenon that has 

attracted a great deal of attention due to its potential use in the development of new functional 

materials in which the luminescence properties depend on a range of factors beyond the 

chemical formula.[1,2] Aggregation-Induced Emission (AIE) is also used as a synonym of SLE 

although the concept of ‘molecular aggregation’ is more frequently associated with solution 

phases.[2] Considerable effort is currently being made to obtain SLE luminogens and to unravel 

the mechanisms responsible for fluorescence ‘on/off’ switching between solution and solid state, 

such as exciton coupling effects,[3-7] restriction of intramolecular motions (RIM),[8-10] blocking 

of Z/E-photoisomerisation,[11] and restricted access to conical intersections (RACI),[2,12,13] 

amongst others. The control of the supramolecular structure is therefore key to obtaining SLE 

luminogens because short- and long-range intermolecular interactions determine solid-state 

photophysical properties. Accordingly, the type of solid phase (powder, crystal, drop cast, etc.), 

the procedure used to obtain it (drop casting, spin coating, etc.) and some external physical 

stimuli (mechanoluminescence) are also critical aspects to be considered in the design of light-

emitting solid materials.[14-16]  
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A number of bulky chemical groups with sterically congested structures, such as 

tetraphenylethylene (TPE), cis,cis-1,2,3,4-tetraphenylbutadiene, tetraphenylpyrazine (TPP) 

and hexaphenylsilole (HPS), are commonly used to obtain SLE luminogens.[8-10,14,17-19] In 

general, the incorporation of these moieties has a huge impact on the fluorescence emission 

wavelength and quantum yield. In the electronically excited state of these compounds, the 

molecular motions of their phenyl rotors and carbon skeleton vibrations consume the excess 

energy and result in dark states in solution. However, the intermolecular interactions of these 

bulky moieties with neighbouring molecules can restrict their molecular motions and yield 

bright states in solid state. The understanding of the so-called RIM mechanism has allowed the 

development of a large family of SLE luminogens containing TPE, HPS or other sterically 

congested groups with twisted phenyl rings. [8-10,14,17-19] Although the RIM mechanism has been 

successfully employed to explain the fluorescence enhancement observed in a large variety of 

luminogens, a thorough description of the SLE effect should involve a global study of the 

potential energy surface.[12,13] In this sense, other mechanisms such as RACI or the blocking of 

Z/E-photoisomerisation have also been associated with the fluorescence enhancement observed 

in the solid state or in molecular aggregates formed in solution.[2,11-13,20,21] The main drawback 

of this global treatment is the considerable increase in the computational cost associated with 

calculations of the electronic excited states.[12,13] Intermolecular forces are also important 

factors that determine the photophysical properties of a bulk material. For instance, many 

conventional fluorophores have planar and π-conjugated structures that favour the 

establishment of π-π stacking interactions in the solid state, which are typically associated with 

fluorescence quenching effects. Nevertheless, this is not a general rule because there are diverse 

examples of planar π-conjugated molecules that exhibit SLE due to different mechanisms such 

as exciton coupling.[6,7] Diverse SLE luminogens with sterically congested structures, such as 

butterfly-like or propeller-like shapes, have been designed to reduce intermolecular stacking 
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interactions.[9,22-24] In these cases, the effect of the intramolecular interactions on the 

photophysical properties of the material could gain importance and should also be considered. 

Styrylarenes are a well-known family of compounds[25-30] but only a few studies on their solid-

state photophysical properties have been reported to date.[2,11,20,31] Interestingly, SLE and AIE 

(in solvent mixtures) have been reported for some compounds belonging to this family with 

two and three styryl branches (compounds 4, 5 and some 1,4-di(styryl)benzenes) but, to our 

knowledge, fluorescence enhancement has not previously been reported for 

tetra(styryl)benzenes in the solid state.[2,11,19,20] In compound 6 some rocking movements occur 

in the phenyl rings (associated with high Huang–Rhys factors) and these are not totally 

restricted in the solid state and hence SLE is not observed.[11] The new molecular structures 

designed here (1–3) contain the styrylarene core (in blue in Scheme 1) but also incorporate new 

phenyl rotors to generate triphenylethylene moieties (in red in Scheme 1). The presence of 

several triphenylethylene moieties in the same molecule leads to butterfly-like structures that 

resemble some TPE derivatives for which SLE has been reported.[10] The modification of the 

molecular structure of π-conjugated fluorophores by introducing additional molecular rotors, 

e.g., phenyl rings, has proven to be a suitable strategy to produce luminogens with high 

fluorescence quantum yields in the solid state by tuning the balance between the loss of 

planarity of the molecule, the restriction of intramolecular movements and hindering of π-π 

stacking interactions.[8-10] Different spectroscopic experiments have been conducted to 

investigate the solid-state photophysical properties and to analyse the modifications of these 

photophysical properties with respect to those reported for the parent styrylarene compounds 

(4, 6 and 7). In addition, Density Functional Theory (DFT) provided valuable information to 

interpret the mechanisms responsible for SLE in this type of butterfly molecule. 
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2. Results and discussion 

 

2.1. Synthesis and molecular structure.   

 

The synthesis of compounds 1 and 2 was based on the Horner-Wadsworth-Emmons 

(HWE) reaction for the formation of double bonds, a methodology extensively developed by 

some of us since 1999 with slight modifications.[25] The main advantage of this methodology is 

that the HWE reaction usually requires an easy workup in a catalyst-free approach. However, 

compound 3 was prepared according to the procedure reported by Gramage-Doria et al.[32] 

through a general ruthenium(II)-catalysed methodology for the arylation of alkenylic C–H 

bonds. More detailed characterisation data for the compounds are provided in the Supporting 

Information (SI). 

Good quality crystals suitable for single crystal X-ray diffraction analysis were obtained 

for compounds 2 and 3 by vapour diffusion from CHCl3/EtOH and CHCl3/CH3CN solvent 

systems, respectively. A view of the molecular structure of 2 and 3 is shown in Figure 1, 2 and 

3. For compound 2, two crystallographically independent molecules are observed, i.e., 2a 

(centrosymmetric) and 2b (see Figure 1). In both cases, there are no classical hydrogen bonds 

or strong - stacking interactions, as evidenced by the large intermolecular distances (ca. 5.0–

5.9 Å). Nevertheless, the highly twisted conformation of the molecules, especially in 2b, 

promotes a larger number of inter- and intramolecular interactions by C–H··· hydrogen bonds. 

For instance, 2b exhibits three C–H··· intramolecular interactions that could explain its 

overcrowded arrangement in relation to 2a (see Figure 2). 

Although short-range - stacking interactions were not found for compound 2, the 

presence of parallel stacking - and C–H··· interactions at longer distances contributes to the 

three-dimensional structure observed in the crystal in a similar way to that observed in a large 

number of proteins (see the view of the 3D structure of 2 along the c axis in Figure S1).[33]    
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The crystal packing in compound 3 is due to three types of interactions, i.e., a non-

classical hydrogen bond between C31–H31···N2 atoms that promotes a dimeric arrangement 

(Figure 3A) and - stacking (Figure 3B) and C–H··· (Figure 3C) interactions. In addition, 

molecule 3 exhibits one intramolecular interaction between a hydrogen of the pyrimidine ring 

and the closest phenyl ring of the -phenylstyryl branch (see Figure S2). 

 

 2.2 Photophysics in solution.  

The experimental UV-vis absorption spectra of the studied compounds were recorded 

in THF solution (see Figure 4). Intense bands were observed at 313 and 331 nm for compounds 

1 and 2, respectively. The UV-vis spectrum of compound 3 shows a less prominent band centred 

at 337 nm and a weak peak at around 300 nm. These bands were assigned by performing full 

geometry optimisations to predict the most stable conformations in THF solution and 

calculating the vertical electronic transitions at the TD-M06-2X/6-31G* level of theory. 

Molecular structures in which the diphenylethylene branches are pointing outward in relation 

to the central benzene/pyrimidine plane were modelled for all of the compounds in solution (see 

Figure 5; some selected geometrical parameters calculated for these compounds are also 

collected in Tables S1–S4). The geometries computed for 2 and 3 in solution closely resemble 

their X-ray crystal structures (Figure S3 and Tables S2-S4 for a comparison of some 

geometrical parameters calculated in solution with the experimental data in solid state). For 

compound 2, in which two crystallographically independent molecules were observed, our 

theoretical calculations predicted that conformation 2b is 7.8 kcal/mol more stable than 2a in 

THF solution at 298.15 K. The largest deviations between the calculated and the experimental 

structures were found for 2b, in which two dihedral angles belonging to the same α-phenylstyryl 

branch are markedly modified, with variations of 22 and 49 on going from solution to solid 

state, |∆τs-c|. In molecule 2a, two dihedral angles also belonging to the same α-phenylstyryl 
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branch showed significant variations (|∆τs-c| of 18 and 20). Smaller differences were observed 

between the calculated structure of 3 and its crystal structure (|∆τs-c| < 10). These results can 

be related to the more overcrowded crystal structures of 2a and 2b when compared to 3.  

In general, the wavelengths calculated for the lowest-lying electronic transitions (𝝀𝒂𝒃𝒔
𝒄𝒂𝒍𝒄) 

match well with the experimental absorption maxima (𝝀𝒂𝒃𝒔
𝒆𝒙𝒑

), with |∆𝝀| = 𝝀𝒂𝒃𝒔
𝒄𝒂𝒍𝒄 −  𝝀𝒂𝒃𝒔

𝒆𝒙𝒑
 ≤

𝟐𝟏 𝒏𝒎 in all cases (see Table 1). As reported for other 1,3,5-tris(styryl)benzenes,[11,20,34] some 

degeneracy was observed in the frontier molecular orbitals of compound 1 (see Figure 5). In 

consequence, two electronic transitions (S0→S1 and S0→S2) with close energy and oscillator 

strength were found for this compound. Three electronic transitions (S0→S1, S0→S2 and 

S0→S3) involving the HOMO-1 to LUMO+1 frontier orbitals were assigned to the broad 

absorption band of compound 2 centred at 331 nm. It is worth noting that while the frontier 

orbitals are completely delocalised over the whole structure of 2a, they become localised along 

two -phenylstyryl branches in diagonal positions in 2b. This result could mean that molecule 

2a would act as a chromophore as a whole, while only two -phenylstyryl branches in 2b would 

be involved in the photoexcitation. A similar observation, namely the planarization of two 

diagonal styryl branches upon photoexcitation, was previously reported for the parent 

compound 6.[11] In the case of compound 3, the lowest-lying electronic transition was assigned 

to a HOMO→LUMO transition (contribution of 89%) and these molecular orbitals were fully 

delocalised. 

Fluorescence emission spectra recorded for the studied compounds in THF solution are 

shown in Figure 4. An unstructured band centred at 424 nm was found for compound 1. In the 

case of 2, a broad emission band with a weak vibronic structure was recorded, i.e., two peaks 

at 467 nm and 488 nm can be distinguished. This result is in contrast to the clear vibronic 

structure observed in the fluorescence emission spectra of the parent styrylarene compounds 4 
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and 6.[11] A vibronic structure is also clearly discerned in the emission spectrum of 3, with two 

peaks at 400 and 421 nm. The calculated emission energies for the S1→S0 transition are 

collected in Table 2. The best match is found for compound 2 while the larger discrepancies 

for compounds 1 and 3 are within the range of expected deviations.[24,35,36] In order to get some 

insight in this issue, the molecular orbitals of the first excited state have been represented in the 

Figure S4. As can be seen, while the molecular orbitals in the ground state of compound 3 are 

delocalised on all the molecule, there is a significant redistribution of the charge in the excited 

state. Thus, we could postulate that M06-2X overestimates the intramolecular charge transfer 

in the excited state (and the energetic stabilization of the S1 state in a polar solvent) in the case 

of compound 3 justifying the large deviation between the experimental a calculated emissions. 

It is worth noting that the presence of additional phenyl rotors in compounds 1–3 produces a 

substantial drop in the fluorescence quantum yield (ΦF) in solution when compared to their 

parent styrylarene compounds, i.e., the ΦF values measured for compounds 1–3 in THF solution 

was < 1%, in contrast to the values reported for 4 and 6 (60% and 57%) (see Table 2).[20,11] A 

low quantum yield (albeit higher than that recorded for 3) was also obtained for compound 7 

(6%) by Achelle et al.[29] In addition, the oscillator strength, f, calculated for the lowest-lying 

electronic transition of compound 3 (0.63) is lower than those calculated for equivalent 

transitions in 1, 2a and 2b (≥ 0.82). Hence, a lower radiative rate constant (kr) is expected for 3 

than for 1 and 2 on considering the Strickler–Berg relation, which establishes that kr is directly 

related to f.[37,38] This issue is key because the fluorescence quantum yield of a compound 

depends on the balance between the radiative and non-radiative (knr) rate constants. SLE is a 

phenomenon that originates from restrictions of the non-radiative pathways in the solid state, 

which in turn lead to kr becoming comparable or higher than knr. Therefore, although non-

radiative pathways were partially blocked, a low value of kr could prevent the appearance of 

10.1002/chem.202002920

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



  
 

9 

 

 

the SLE phenomenon. This issue will be considered again in the analysis of the photophysical 

properties of 3 in the solid state.  

Different comparative analyses of the molecular properties were performed in order to 

gain insights into the low luminescence experienced by compounds 1–3 upon photoexcitation 

(see Figure 6 and Tables S1–S4). Compounds 1 and 3 undergo large changes in one -

phenylstyryl branch on varying diverse dihedral angles, |τS1-S0|, with values up to almost 40°. 

In the case of molecules 2a and 2b, the main changes occurred in the dihedral angles belonging 

to two -phenylstyryl branches located along a diagonal axis (|τS1-S0| ≤ 25°). The rotational 

barriers calculated for the phenyl rotors indicate that these rings can be twisted with a relatively 

low energy consumption (for instance, ~2 kcal mol–1 or less for torsions of 30°, see Figure 6). 

This fact, which is probably due to the poor conjugation of the -phenylstyryl moieties, could 

help to dissipate the excess energy from the photoexcitation processes and yield dark states in 

solution. It is worth mentioning that although there is an increase in the co-planarity between 

the central arene ring and some ethylene moieties upon photoexcitation (see Figure S5), the 

peripheral phenyl rotors remain twisted with respect to the central unit.  This contrasts with the 

behaviour of compounds 4 and 6, in which a planarization of one styryl branch (in 4) or two 

(diagonal) styryl branches (in 6) was observed upon photoexcitation.[11] 

The reorganisation energy (λ) and Huang–Rhys (HR) factors are also key parameters 

that provide valuable information on the dynamics of the electronic relaxation of excited states. 

The decomposition of the reorganisation energy into contributions from each normal mode, i, 

enable us to determine the main vibrations involved in the electronic relaxations. 

 

𝝀 =  ∑ 𝝀𝒊
𝒏
𝒊=𝟏      (1) 
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Graphical representations of 𝝀𝒊 vs. normal mode wavenumber (𝝎𝒊) calculated for the 

studied compounds are shown in Figures 7 and S9. Several vibrational modes in the low energy 

region (< 200 cm–1) make a significant contribution to the total reorganisation energy of the 

three compounds, as already reported for molecules such as TPE and HPS.[39,40] These out-of-

plane modes correspond to twisting or wagging vibrations, which can help to dissipate the 

absorbed energy and lead to dark states in solution (see Figure S6). C–C stretching modes in 

the high energy region (1600–1750 cm–1) could also contribute to the non-radiative deactivation. 

The dimensionless HR factors account for the displacement of the equilibrium positions of the 

nuclei upon photoexcitation and quantify the strength of the electron-vibrational coupling. 

These factors can be calculated from the reorganisation energy of each vibrational mode 

according to 

 

𝑺𝒊 =
𝝀𝒊

ℏ𝝎𝒊
     (2) 

 

All of the compounds show large HR factors associated with the normal mode in the 

low energy region (see Figure 7 and S7 and Table S5). Some HR factors calculated for 

compounds 1 and 3 are particularly high, e.g., those associated with wagging and twisting 

modes of the phenyl rotors of 1 at 20 cm–1 (Si = 34) and 34 cm–1 (Si = 13), which are comparable 

to the HR factor values reported for related compounds such as cis,cis-1,2,3,4-tetraphenyl-1,3-

butadiene and 1,1,4,4-tetraphenyl-butadiene.[41] It must be remembered that the largest 

structural changes upon photoexcitation were also calculated for 1 and 3 while less extensive 

modifications were found for the overcrowded structures of 2a and 2b. Although somewhat 

lower HR factor values were obtained for 2a and 2b, a large number of significantly high HR 

factors (Si > 5) was obtained for these compounds in comparison with the tris(α-phenylstyryl) 
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derivative. In general, these results highlight the high efficiency of the non-radiative 

deactivation pathways in compounds 1–3 and are consistent with the low fluorescence quantum 

yields measured for all of the compounds in solution. 

 

2.3 Photophysics in the solid state 

The emission and excitation spectra obtained for compounds 1–3 in powder form are 

shown in Figure 8. More detailed information on the fluorescence excitation and emission 

wavelength maxima, and quantum yields of the studied compounds (and the related compounds 

4–6) in different solid forms (crystal, drop cast and powder) are collected in Table 3. The 

difference in optical properties observed between the dropcast, powder and crystal could be a 

consequence of the existence of different morphologies between crystalline and amorphous 

zones in the different solid states. At present, we are carrying out studies to help understand this 

fact better. 

Compound 2 shows green fluorescence emission with CIE chromaticity coordinates of 

(0.11, 0.49), in contrast with the blue emission of 1 and 3 (see Figure 8c and Table 3). There 

was an increase in the fluorescence quantum yield for compound 2 from < 1% in THF solution 

to 31% in the crystalline state or 68% in a drop cast sample when the solid sample was prepared 

by drop casting method (from a 5 mM solution in 1:1 mixture of acetonitrile:THF). On the 

contrary, SLE effect was not observed for compounds 1 and 3. This result could be due to the 

absence of close π-π stacking interactions observed in the crystal structure of compound 2. This 

type of intermolecular interaction, which is commonly associated with fluorescence quenching 

effects, is generally hampered in bulky molecular structures such as propeller-shaped and 

butterfly-shaped molecules.[19] In addition, the SLE effect observed for compound 2 can be 

related to the large number of inter- and intramolecular interactions by C–H··· hydrogen bonds 

that were found in the crystal structure (see Figure 2 and S1). Recently, Yu et al. demonstrated 
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that C–H··· intramolecular interactions restrict the molecular motions and lead to an SLE 

effect in bis(α-phenylstyryl)benzene derivatives.[42] Similar conclusions have been reported for 

luminescent molecules in which C–H··· intermolecular interactions are established in the 

crystal structure.[43,44] In contrast, the fluorescence quantum yield reported for the parent 

compound 6 decreases from THF solution (57%) to the solid state (1.7%).[11] Transmission 

electron micrographs showed narrow lattice fringes (with a periodicity of tenths of nanometers) 

for this compound in the solid state. Discotic conjugated molecules tend to form columnar 

mesophases through π-π stacking interactions and these lattice fringes are generally associated 

with the intracolumnar periodicity. Thus, a shorter intracolumnar periodicity was found for the 

supramolecular structure of compound 6 (with d-spacing of 0.21 nm) than in 4 and 5 (with d-

spacing of 0.88−0.92 nm and 0.70 nm, respectively).[11,20] Accordingly, noticeable spectral 

differences were found for compound 6 in the solid state (𝝀𝒆𝒎
𝒆𝒙𝒑

 =  547 nm, in powder), with 

respect to THF solution (𝝀𝒆𝒎
𝒆𝒙𝒑

 = 461 nm).[11] On the contrary, closer emission spectra in the 

solid state and solution were obtained for compound 2 (𝝀𝒆𝒎
𝒆𝒙𝒑

 =  509 nm, in the crystal; 𝝀𝒆𝒎
𝒆𝒙𝒑

 =  

467, 488 nm in THF solution) than for 6. This fact illustrates the role of those intermolecular 

interactions in the distinct photophysical behaviour of compounds 2 and 6 in the solid state. 

Unfortunately, a thorough analysis on the inter- and intramolecular interactions could 

not be carry out for compound 1 since its crystal structure was not obtained. Nevertheless, it 

must be highlighted some spectral differences and similarities between 1 and its parent 

compound 4. As mentioned, the fluorescence quantum yield of compound 4 in THF solution 

(60%) is significantly higher than the value of ΦF measured for 1 (< 1%).[20] In the solid state, 

no significant variations of ΦF were found for both compounds (< 1% for 1; 50-51% for 4) with 

respect to THF solution.[20] In the case of compound 1, the fluorescence emission spectra in the 

solid state (𝝀𝒆𝒎
𝒆𝒙𝒑

= 421 nm in powder) is very close to that in THF solution (𝝀𝒆𝒎
𝒆𝒙𝒑

= 424 nm). For 
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compound 4, the spectral differences found between the solid state and solution are small but 

slightly larger than for 1 (𝝀𝒆𝒎
𝒆𝒙𝒑

 = 448 nm, in powder; 𝝀𝒆𝒎
𝒆𝒙𝒑

 = 399, 420 nm in THF solution). This 

fact suggests weak electronic coupling between neighbouring molecules in the solid state of 

compound 1. In a similar way to this compound, weak fluorescence emission was also observed 

for 3 in the solid state. Within the series of compounds 1 – 3, the lowest radiative rate constant, 

kr, in solution is expected for 3, as discussed in the previous section. In the solid state, the non-

radiative rate constant, knr, could also increase due to the - stacking intermolecular 

interactions observed in its crystal structure (see Figure 3). kr could also be affected by - 

stacking intermolecular interactions but the low fluorescence quantum yield measured in the 

solid state indicates that the raditative decay is not an efficient mechanism in comparison with 

the non-radiative deactivation. 

In addition to the analysis based on the restriction of intramolecular movements, 

a parallel study was performed on the effect that intermolecular interactions have on the 

photophysical properties of the crystal considering the short-range exciton coupling. According 

to Spano and Hestand,[6,7] the charge-transfer produced by wave function overlap between 

neighbouring molecules with short intermolecular distances creates an effective short-range 

exciton coupling that can induce J- or H-like behaviour, which resembles the photophysical 

effects of the classical Coulombic exciton-coupling produced in molecular aggregates. This 

photophysical behaviour can be estimated from the sign of the charge transfer intermolecular 

coupling, JCT α – (thte), where thte is the product of the hole and electron transfer integrals 

between neighbouring chromophores. H-type behaviour is expected when the sign of the 

product thte is negative and, hence, JCT > 0, while J-behaviour occurs when thte > 0 and JCT < 0. 

The values of the electron and hole transfer integrals are provided in Table 4 along with the 

product thte calculated for different dimers extracted from the crystal X-ray structure. The dimer 

bb corresponds to two neighbouring molecules of 2b while ab is formed by a molecule of 2a 
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and a neighbouring molecule of 2b (Figure S8). A, B and C are dimers of the molecule 3 and 

are shown in Figure 3. According to the results collected in Table 4, a significantly high value 

of the product thte was only found for dimer C.[6,7] Therefore, a short-range exciton coupling 

could be produced in that dimer and this could lead to H-type behaviour in the crystal of 

compound 3. This result is also consistent with the low fluorescence quantum yield measured 

for 3 in the solid state, since a lowering of the radiative rate constant is associated with H-type 

behaviour. 

 

3. Conclusions 

A set of butterfly-shaped α-phenylstyrylarenes (1–3) have been synthesised for the first 

time with the aim of improving the solid-state fluorescence emission of their parent styrylarene 

compounds (4, 6 and 7). All of the α-phenylstyrylarene derivatives showed poor fluorescence 

emission in solution but the fluorescence quantum yield increased markedly for compound 2 in 

the solid form (ΦF = 31% in the crystalline state and ΦF = 68% in a drop cast sample). SLE was 

only observed for compound 2 and this was associated with the lack of close π-π stacking 

interactions in the crystal structure as well as the existence of diverse inter- and intramolecular 

C–H··· interactions, which restrict the molecular motions and lead to a fluorescence 

enhancement. In contrast, in compound 3 - stacking intermolecular interactions are 

established in the crystal and these are typically associated with fluorescence quenching effects. 

In addition, a short-range exciton coupling could be produced in the crystal of compound 3 and 

this led to an H-type behaviour and lowering of the radiative rate constant. Both results are 

consistent with the low fluorescence quantum yield measured for 3 in the solid state. An in-

depth study on the origin of the poor fluorescence emission of compound 1 in the solid form 

could not be carried out because the crystal structure was not available. 
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In this work we have tried to shed light on the origin of the SLE phenomenon in butterfly 

molecules. The inclusion of bulky chemical groups with sterically congested structures, such 

as TPE, TPP and HPS, or triphenylethylene in our case, is an interesting strategy to obtain 

luminescence enhancement in the solid state, but this outcome is not guaranteed. Only the 

thorough study of the effects of diverse phenomena such as RIM, exciton coupling, RACI and 

photoisomerisation, amongst others, on the radiative and non-radiative constants allow 

conclusions to be drawn about the origin of SLE phenomena. The analysis of inter- and 

intramolecular interactions in the crystal structure can assist in this task and is an essential 

strategy for the rational design of highly luminescent compounds. 

4. Experimental Section  

 

Synthesis. Compounds 1 and 2 were prepared following a standard methodology by the HWE 

reaction between the commercial benzophenone and the corresponding phosphonate core in the 

presence of potassium tert-butoxide (see SI, Scheme S1). Compound 3 was synthesised 

according to the procedure reported by Gramage-Doria et al.[32] Specific details concerning 

preparation of 1, 2 and 3 and their characterisation are provided in the SI (Figure S9–S12).  

Crystallography. Details of the crystallographic data collection and refinement parameters are 

given in Table S6. The measurements were performed on a Bruker-Apex-II CCD 

diffractometer with graphite monochromated Mo-K (= 0.71073 Å) radiation at 100 K. The 

structures were solved by direct methods and refined using SHELXL-2016/4 software 

employing full-matrix least-squares methods on F2.[45] Lorentz, polarisation and multiscan 

absorption corrections were applied with SADABS.[46] All non-H atoms were refined 

anisotropically; some hydrogen atoms were located and refined isotropically and others were 

placed in idealised positions and treated using riding models. All calculations were carried out 

with PLATON[47] and graphics were drawn with MERCURY.[48] The CIF files have been 
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deposited at the Cambridge Crystallographic Data Centre and allocated the deposition numbers 

CCDC 1971518 (2) and 1971517 (3). Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

Spectroscopy. Unless otherwise stated, spectra were acquired in THF at 20 °C with a sample 

concentration of 1 μM. Quartz cuvettes (Hellma Analytics) of 10 mm were employed for all 

absorption and emission measurements on liquid samples. UV-Vis absorption spectra were 

acquired on a V-750 (Jasco) spectrophotometer at a scan rate of 600 nm min‒1. A Peltier 

accessory was employed to control the temperature of the spectrophotometer measuring cell. 

Fluorescence emission spectra in solution were acquired on an FS5 (Edinburgh Instruments) 

spectrofluorometer equipped with a 150 W Xe lamp as light source and a PMT (photomultiplier 

tube) detector (R928P model). The temperature was controlled using a Peltier accessory 

(temperature-controlled cuvette holder, TLC 50, Quantum Northwest). Fluorescence emission 

spectra in the solid state were recorded on the FS5 spectrofluorometer using an integrating 

sphere. Fluorescence quantum yield and chromaticity calculations were carried out using the 

F980 Software from Edinburgh Instruments. 

 

Computational Details. The theoretical calculations were performed using the Density 

Functional Theory (DFT) on the Gaussian 09 package (version D.01)[49] at the M06-2X/6-31G* 

level of theory.[50] This functional has proven to be suitable for the calculation of photophysical 

properties of related styrylbenzenes.[11,20,27,34] Full geometry optimisations of the ground (S0) 

and first excited (S1) states were carried and vibrational frequencies were calculated to check 

the absence of imaginary frequencies. The initial molecular geometries were those from X-ray 

diffraction of compounds 2 and 3. In the absence of experimental geometry data, a 

conformational analysis was carried out on compound 1. The effect of the solvent was included 

by the polarisable continuum model (PCM) as implemented in the Gaussian package.[51-53] 
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Vertical electronic transitions and geometry optimisation of the excited electronic states were 

computed using Time-Dependent DFT calculations (TD-M06-2X/6-31G*) in solution. The 

fluorescence emission energy from the first excited state was calculated at the same level of 

theory as Eem(S1) = ES1(GS1) − ES0(GS1), where ES1(GS1) is the energy of the S1 state in its 

equilibrium geometry (GS1), in the state-specific solvation approach,[54] while ES0(GS1) 

corresponds to the energy of the S0 state at the S1 state geometry (GS1) and with the static 

solvation from the excited state.[55] The contribution of each normal mode to the reorganisation 

energy was calculated using the programme DUSHIN developed by Reimers.[56] The electronic 

coupling was calculated at the M06-2X/6-31G* level for dimers extracted from the crystal 

structure. The calculations were carried out using the projective method implemented in the J-

from-g03 programme.[57,58] 

 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 

 

Acknowledgements 

The authors would like to thank the Ministerio de Economía y Competitividad/Agencia Estatal 

de Investigación/FEDER (Spain) (Project No. CTQ2017-84561-P) for supporting this research 

and the Universidad de Castilla-La Mancha for additional support of the research group (Grant 

Nos. GI20163441, GI20173955, 2019-GRIN-27152).The authors thank to ‘Centro de Servicios 
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Scheme 1. Chemical structures of synthesized compounds (1–3) along with some related 

compounds (4–7). As an example, the styrylarene core of compound 1 is shown in blue while 

a triphenylethylene subunit is highlighted in red.  

 

 
 

Figure 1. Distribution in the crystal structure of compound 2 and geometrical structures (view 

through the central ring) of the two conformers found (2a and 2b). 
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Figure 2. Intramolecular interactions in molecule 2b. 

 

 

 

 
Figure 3. Detail views of the C-H··N (A), - stacking (B) and C-H··· (C) intermolecular 

interactions in compound 3.  

 

 

10.1002/chem.202002920

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



  
 

25 

 

 

 
Figure 4. Absorption spectra and fluorescence emission spectra of compounds 1, 2, and 3 in 

THF (sample concentrations were 1 μM).  
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Figure 5. Energy levels and shapes of frontier molecular orbitals calculated for 1, 2a, 2b and 3 

(isocontour plots (0.02 au)). 

 

 

 
Figure 6. Left: Selected dihedral angles calculated for the ground (grey) and excited state 

(black) in THF solution for compounds 2a (a) and 3 (b). The number of the dihedral angle (τ) 

is represented in the ordinate axis while its value is shown in the abscissa axis. The dihedral 

angle numbering is shown in Tables S2-S4. The vertical discontinuous lines are used to delimit 

the dihedral angles of each -phenylstyryl branch in the molecule. The arrows represent the 

largest changes upon excitation. Right: Relative energy barrier as a function of the rotational 

angle of phenyl rotors calculated for compounds 2a (a) and 3 (b). 
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Figure 7. (a) Reorganization energy and (b) Huang-Rhys factors versus normal mode 

wavenumbers calculated for 2b. (c) Atomic displacements of the two vibrational modes for 

which the highest Huang-Rhys factors were obtained. 
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Figure 8. Compounds 1, 2 and 3 in powder: Excitation (a) and fluorescence emission (b) 

spectra. CIE1976 chromaticity diagrams (c) and picture under ultraviolet light (d).  

 

 

  

10.1002/chem.202002920

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



  
 

29 

 

 

Table 1. Absorption maximum wavelength (𝜆𝑎𝑏𝑠
𝑒𝑥𝑝

), logarithm of the molar absorption 

coefficient (ε), wavelengths calculated for the vertical electronic transitions (𝜆𝑎𝑏𝑠
𝑐𝑎𝑙𝑐 ), 

oscillator strengths (f) and main components of the transitions (% contribution). 

Experiments and calculations were carried out in THF solution. 

Compd 
𝝀𝒂𝒃𝒔

𝒆𝒙𝒑
 

[nm(eV)] 

log(ε) 

[mM−1 cm−1] 

𝝀𝒂𝒃𝒔
𝒄𝒂𝒍𝒄 

[nm(eV)] 
f Transition Contribution (>20%) 

1 313(3.96) 4.76 
292(4.25) 0.844 S0→S1 H-1→L(28); H→L+1(24) 

291(4.26) 0.822 S0→S2 H→L(34) 

2a 331(3.75) 4.71 

347(3.58) 1.316 S0→S1 H→L(84) 

332(3.73) 0.805 S0→S2 H-1→L(88) 

321(3.87) 0.643 S0→S3 H→L+1(83) 

2b 331(3.75) 4.71 

335(3.70) 0.957 S0→S1 H→L(84) 

304(4.08) 0.174 S0→S2 H→L+1(77) 

297(4.18) 0.836 S0→S3 H-1→L(74) 

3 
337(3.68) 4.37 320(3.88) 0.633 S0→S1 H→L(89) 

~300(4.13) 4.37 282(4.40) 0.405 S0→S2 H-1→L(68); H→L+1(29)  

4 a) 329 (3.77) 4.99 ‒ ‒ ‒ ‒ 

5 b) 356 (3.48) 4.77 ‒ ‒ ‒ ‒ 

6 b) 350 (3.54) 4.99 ‒ ‒ ‒ ‒ 

a) From reference [20]. a) From reference [11]  

 

 

 

 

Table 2. Fluorescence excitation and emission 

wavelength maxima (𝜆𝑒𝑥
𝑒𝑥𝑝

 and  𝜆𝑒𝑚
𝑒𝑥𝑝

) along with 

the wavelength calculated for the S1→S0 transition 

(𝜆𝑒𝑚
𝑐𝑎𝑙𝑐). Experiments and calculations were carried 

out in THF solution.  
Compound  𝜆𝑒𝑥

𝑒𝑥𝑝
 [nm(eV)] 𝜆𝑒𝑚

𝑒𝑥𝑝
[nm(eV)] ΦF [%] 𝜆𝑒𝑚

𝑐𝑎𝑙𝑐 [nm(eV)] 

1 318(3.89) 424(2.92) < 1 516(2.40) 

2a 340(3.65) 467(2.65) 

488(2.54) 

< 1 502(2.47) 

2b 340(3.65) 467(2.65) 

488(2.54) 

< 1 477(2.60) 

3 329(3.77) 400(3.10) 

421(2.94) 

< 1 510(2.43) 

4 a) ‒ 399 (3.11) 

420 (2.95) 

60 ‒ 

5 b) ‒ 439 (2.82) < 1 ‒ 

6 b) ‒ 461 (2.69) 57 ‒ 

a) From reference [20]. a) From reference [11] 
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Table 3. Fluorescence excitation and emission wavelength 

maxima (𝜆𝑒𝑥
𝑒𝑥𝑝

 and 𝜆𝑒𝑚
𝑒𝑥𝑝

), quantum yield (ΦF) and CIE1976 

chromaticity coordinates determined for compounds 1–3 in 

the solid state. 

Compound 

[sample state] 

𝝀𝒆𝒙
𝒆𝒙𝒑

 

[nm (eV)] 

𝝀𝒆𝒎
𝒆𝒙𝒑

 

[nm (eV)] 

ΦF 

[%] 
CIE1976 

1 [crystal] ‒ ‒ 

 

(0.15, 0.35) 1 [powder] 407 (3.04) 421 (2.94) < 1 

1 [drop cast]a) 348 (3.56) 434 (2.86) < 1 

2 [crystal] 441 (2.81) 509 (2.44) 31 

(0.11, 0.49) 2 [powder] 435 (2.85) 503 (2.46) 29 

2 [drop cast]a) 398 (3.12) 488 (2.54) 68 

3 [crystal] 383 (3.24) 443 (2.79) < 1 

(0.16, 0.35) 3 [powder] 381 (3.25) 439 (2.82) < 1 

3 [drop cast]a) 330 (3.76) 438 (2.83) < 1 

4b) [powder] 419 (2.96) 448 (2.77) 50 (0.15, 0.10) 

4b) [drop cast]c) 365 (3.40) 439 (2.82) 51 ‒ 

5d) [powder] ‒ 529 (2.34) 5.5 ‒ 

6d) [powder] ‒ 547 (2.27) 1.7 ‒ 

a) Sample obtained by drop casting from a 5 mM solution 

of compound in a 1:1 acetonitrile:THF solvent mixture. 
b) From reference [20]. c) Sample obtained by drop 

casting from a concentrated THF solution. d) From 

reference [11] 

 

 

 

Table 4. Electron and hole transfer integrals (te and th, 

respectively) along with the product thte and sign 

estimated for the charge transfer intermolecular 

coupling, JCT 

Compound Dimer 
th

 

[meV] 

te 

[meV] 

thte 

[meV2] 

Sign 

of JCT 

2 
ab -2.68 -0.50 1.3 JCT < 0 

bb -59.07 10.52 -621.3 JCT > 0 

 

3 

A -4.56 -4.06 18.5 JCT < 0 

B -0.68 -4.25 

 

2.9 JCT < 0 

C -48.63 98.96 

 

-4812.5 JCT > 0 
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A new set of butterfly-shaped α-phenylstyrylarene derivatives has been synthesised with the 

aim of improving the solid-state fluorescence emission of their parent styrylarene compounds. 

X-ray diffraction, fluorescence spectroscopy and Density Functional Theory calculations were 

carried out to unravel the origin of the different photophysical behaviour of these compounds 

in the solid state. 

 

 

Keyword phenylstyrylarene derivatives, π-π stacking, solid-state luminescence enhancement, 

short-range exciton coupling, fluorescence. 
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