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In this communication we describe a helically chiral push-pull 

molecule named 9,10-dimethoxy-[7]helicene diimide, displaying 

fluorescence (FL) and circularly polarised luminescence (CPL) over 

nearly the entire visible spectrum dependent on solvent polarity. 

The synthesised molecule exhibits an unusual solvent polarity 

dependence of FL quantum yield and nonradiative rate constant, as 

well as remarkable gabs and glum values along with high 

configurational stability. 

In the pursuit of chiral functional molecules featuring 

favourable electronic and optical characteristics, coupled with 

robust thermal and chemical stability, incorporating imide 

functionalities onto an aromatic scaffold has emerged as a 

successful strategy.1-8 Notable attention has been directed 

towards exploring the functional properties of chiral imide-

containing helicenes.9-16 Recently we reported a new family of 

helically chiral diimides, namely, [n]helicene diimides ([n]HDIs, 

n = 5, 6, and 7).17 In contrast to their pristine [n]helicene 

analogues,18, 19 [n]HDIs exhibit a remarkable improvement in 

chiroptical and electrochemical properties. In particular [7]HDI 

(1, Fig. 1) exhibits effective through-bond and through-space 

conjugation between its terminal imide moieties. This 

achievement holds significance as it unveils a strategic avenue 

for mitigating the reduced through-bond conjugation inherent 

to the twisted structure of helicenes by harnessing the potential 

of through-space interactions. 

 Building upon our previous work on [n]HDIs, we aim to 

further amplify the chiroptical properties of these compounds 

by venturing into the creation of push-pull [n]HDIs.20-22 This 

strategic endeavour is anticipated to expand our understanding 

of chiral imide-based molecules and to open new horizons for 

enhancing their performance and applicability.23 Herein, we 

present the synthesis and characterization of a push-pull 9,10-

dimethoxy-[7]helicene diimide 2 (Fig. 1). In comparison to 1, 

where the methoxy groups are located on the inner helix, 

compound 2 possesses methoxy groups at the outer rim of the 

central benzene ring and exhibits distinct photophysical and 

electrochemical properties. The push-pull nature of 2 induces 

excited state intramolecular charge transfer (ICT), leading to 

solvatochromic FL and CPL, which was investigated by steady-

state and time-resolved spectroscopy and quantum chemical 

calculations. 

 

Fig. 1. Methoxy functionalised [7]helicene diimides. 

 The synthesis of the target molecule 2 was achieved in three 

steps from 3 (Scheme 1). Employing the Bouveault aldehyde 

synthesis, 4 was obtained in 55% yield, which was then 

subjected to a piperidine-catalysed Knoevenagel condensation 

with N-(n-butyl)homophthalimide to yield the stilbene-type 

compound 5 as an isomeric mixture (E,E / E,Z / Z,Z). The 

subsequent oxidative photocyclodehydrogenation24 gave a 

racemic mixture of compound 2. The structure of 2 was 

confirmed by 2D 1H and 13C NMR spectroscopy as well as HRMS. 

Rac-2 could be resolved into its enantiomers by HPLC on chiral 

stationary phase columns (Fig. S7, ESI). To evaluate the 

configurational stability, the Gibbs activation energy for the 

enantiomerization was determined to be 42.1 kcal mol–1 (Fig. 

S8, ESI), which is comparable to that of [9]helicene (43.1 kcal 

mol–1).25, 26  
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Scheme 1. Synthesis of rac-2. 

 
Fig. 2. Optical properties of 2 in solvents of various polarity. (a) UV–vis absorption (c  10–5 M) and (b) emission (c 10–6 M) spectra. (c) Time-resolved FL decay (excitation 

at 419 nm, c 10–5 M). (d) CD and (e) CPL spectra (c 10–5 M, er >99%). Solvent colour code for CD and CPL corresponds to the same for absorption and emission spectra, 
respectively. The solid and dotted lines correspond to the P and M isomers, respectively. (f) gabs and glum plot. 

 Already during the workup and purification of 2, a 

discernible redshift in FL was apparent when dissolved in 

higher-polarity solvents, while the inherent yellow colour of the 

solutions remained unchanged. A thorough spectroscopic 

analysis of 2 within solvents spanning a wide range of polarity 

(Fig. 2) validated this observation. The FL maximum of 2 

exhibited a nearly linear shift from blue (495 nm) to orange 

(591 nm) with escalating solvent polarity resulting in an 

impressive apparent Stokes shift of up to 7470 cm–1 (181 nm) in 

methanol (Table 1). Simultaneously, the lowest-energy 

absorption peak experienced only a minor displacement from 

397 nm to 410 nm. The pronounced solvatochromic effects in 2 

allowed us to estimate the dipole moment difference (Δμeg) 

between the ground and CT excited state by a Lippert-Mataga-

plot27 (Fig. S6, ESI). The calculation yields a significant change in 

dipole moment Δμeg of 11.7 D, supporting the excited state CT 

character of the molecule.  

 FL quantum yields (FQYs) of 2 range from 0.11 in n-hexane 

up to 0.34 in DMSO, exhibiting an unusual increase in higher 

polarity aprotic solvents (Table 1). Along with the growth in 

FQYs, there is a corresponding increase in FL lifetime from 

5.89 ns in n-hexane to 9.31 ns in DMSO (Fig. 2c). To achieve this 

result, the nonradiative decay rate constant (kNR) must decrease 

significantly in more polar solvents from 15.6×107 s–1 in n-

hexane to 7.09×107 s–1 in DMSO (Table 1). Usually, the FQY and 

lifetime of CT compounds decrease with increased polarity as 

the decreased emission energy will lead to enhanced kNR 

following the energy gap law.28, 29 Here, the decrease of kNR 

contradicts these common observations and the Engelman-

Jortner gap rule,30 most likely because the degree of CT 

character decreases in less polar solvents.31  Moreover, the 

nonradiative reverse-CT process in 2 is likely impeded by  

structure change and solvent reorganization energy, which may 

also contribute to the reverse energy-gap dependence of kNR. 

Notably, compound 1 does not show pronounced 

solvatochromic effects (ESI Fig. S3) and in comparison, 

compound 2 exhibits enhancement in both FQY and lifetimes.  

 To gain insight into the photoinduced dynamics of 2 beyond 

that given by the time resolved fluorescence spectroscopy, we 

measured transient absorption (TA) spectra with fs time 

resolution by pumping solutions of 2 in medium polar DCM and 

in very polar MeCN and probed the transient states by time-

delayed white light between 400–800 nm with an IRF of 100 fs. 

The transient spectra were corrected for stray light and chirp 
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and globally deconvoluted using GLOTARAN software32 

applying a sequential model of states with exponential kinetics 

yielding evolution associated difference spectra (EADS) with 

increasing order of lifetimes (Fig. 3). In both solvents, two EADS 

with lifetimes of 1.1 and 12 ps in DCM and of 0.6 ps and 5.5 ps 

in MeCN indicate a slow process that leads to the formation of 

the S1 state. Hereby, the first EADS with lifetime ≈ 1 ps is typical 

of  solvent relaxation33 upon CT and the longer component is 

most likely caused by internal vibrational relaxation of the S1 

state.34 This process is completed within a few ps and yields the 

third EADS which refers to the relaxed S1 state with CT 

character. This EADS shows a prominent peak at 490 nm but 

also a distinct shoulder at ca. 540 nm and a lifetime of 7.7 ns in 

DCM and 7.4 ns in MeCN, both in good agreement with the 

fluorescence lifetime. A fourth EADS with a distinct broad peak 

at ca. 600 nm and with lifetimes in both solvents beyond that 

measurable with our set-up indicates the formation of a triplet 

state. 

 

Fig 3. Evolution associated difference spectra (EADS) of a global deconvolution of 

fs-TA spectra in MeCN and DCM (excitation at 407 and 408 nm, respectively). 

 

Fig 4. Ground (S0) and excited (S1) state optimised geometries of 2 in the gas phase 

and acetonitrile, respectively. Hydrogen atoms are omitted for clarity. 

 DFT calculations (at the ωB97XD/6-31g(d,p) level) provided 

further insights into the excitation-emission process and 

geometries of the ground and excited S1 states (Section S8, ESI). 

Considerable disparities are observed between the S0 and S1 

states geometries with a root mean square displacement 

(RMSD) of 0.34 Å (Fig. 4). The substantial structural 

reorganization occurring during the excitation-emission process 

provides a rational explanation for the broad emission with 

pronounced Stokes shifts, even in non-polar solvents.35 

Furthermore, to assess the influence of the solvent, 

optimization of the S1 state geometry was carried out 

accounting for solvent effects. Interestingly, the incorporation 

of the solvent exhibited a minimal alteration in the molecular 

geometry but a consistent increase in dipole moment with more 

polar solvents, confirming the dependence of CT character on 

solvent polarity (Fig. S10, ESI). Consequently, the noteworthy 

augmentation of the Stokes shift in polar solvents can be 

ascribed to their propensity to stabilize the CT excited state. 

Moreover, TD-DFT calculations revealed that the lowest energy 

excitation is mainly stemming from the HOMO→LUMO 

transition with an oscillator strength of 0.08.  

 To investigate the chiroptical properties of 2, CD and CPL 

measurements were performed in solvents of varying polarity. 

The absolute configuration of 2 was assigned by comparing the 

experimental CD spectra with the one calculated by TD-DFT (Fig. 

S11, ESI). Following the trend of UV–vis, the CD spectra look 

similar in all solvents, showing a pronounced peak at the first 

maximum before changing sign at shorter wavelengths. The 

absorption dissymmetry factor (gabs) shows a maximum at the 

lowest-energy absorption maximum, with a magnitude of  

10–2 in all investigated solvents (Table 1). The CPL spectra show 

a similar shape to the FL spectra, albeit with a somewhat smaller 

bathochromic shift in higher-polarity solvents. This observation 

can be explained by the fact that the maxima of the 

luminescence dissymmetry factor (glum) values lie towards the 

higher-energy edge of the emission spectra, with values on the 

order of 0.45×10–2 in aprotic solvents (Table 1). The similar  

gabs/glum ratio of  0.5 in all aprotic solvents indicates large 

structural relaxation and similar excited state geometry in all 

solvents in corroboration with DFT optimised geometry of the 

S0 and S1 states (Fig. 4).36 The considerably improved gabs for the 

S1←S0 transition and glum values of 2 compared to 1 can be 

attributed to the decreased angle between the electric (e) and 

magnetic (m) transition dipole moments (Table S3, ESI).37 

 The electrochemical behaviour of 2 was examined using 

cyclic voltammetry (CV). The CV analyses in THF unveiled one 

reversible two-electron reduction wave (Fig. S5, ESI) at 1.73 V 

vs the Fc/Fc+ redox couple. This contrasts with 1, where two 

discernible reduction couples are separated by 0.23 V. Notably, 

the absence of a second reduction wave in 2 indicates minimal 

electronic interactions between the two imide units. This is 

further supported by the calculated IV-CT parameters38 (Table 

S4, ESI) and weaker electronic coupling (V12) value (727 cm–1) 

for 2 than for 1 (1362 cm–1). An analysis of the frontier 

molecular orbitals of 1 and 2 highlights the similarities between 

the LUMOs but a stark difference in the HOMOs (Fig. S9, ESI). 

The methoxy group of 1 largely localizes the HOMO at the inner 

helix providing significant through-space orbital overlap. 

Therefore, the reduced electronic coupling between the imide 

moieties in 2 can be attributed to weakened through-space 

interactions at the inner helix. 

 In summary, we have shown a straightforward synthesis of 

the helically chiral push-pull molecule 2. In comparison to 1, 

strategic repositioning of the methoxy groups to the outer helix 

leads to distinct photophysical and electrochemical properties. 

Our investigations shed light on the complex interplay between 

ICT, molecular geometry, and chiroptical properties in 2. In 

particular, a much higher dipole moment in the excited state 

leads to pronounced fluorosolvatochromism with the emission 

maximum spanning almost the entire visible spectrum and a 

halved glum value (0.5×10–2) compared to the gabs factor of up 

to 1×10–2. Compound 2 exhibits unique features such as 
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enhanced FQY and lifetimes with increase in solvent polarity, 

reverse energy-gap dependence of kNR, and consistent gabs and 

glum values in aprotic solvents. The improved chiroptical 

properties compared with the previously synthesised 

compound 1 highlight the potential of the helicene diimide class 

of molecules to tune the compounds’ properties by varying the 

functional groups. The sterically exposed methoxy groups of 2 

also provide an avenue for derivatization of the compound to 

further investigate the influence of functional groups on the 

properties of HDIs.  

 

Table 1. Summary of optical properties of 2 in selected solvents. 

Solvent f(D)–f(n2)a 
λabs 
/nm 

λem / 
nm 

Δν / 
cm–1 

FL / 
ns 

Eg
b/ 

eV 
ΦFL 

ckFL / 107 
s–1 

dkNR / 
107 s–1 

FWHMe 
/ cm–1 

gabs 

/10–3 
glum/ 
10–3 

Hexane 0.00 397 495 4987 5.71b 2.78 0.11 1.93c 15.6c 3221 9.8 4.5 

Toluene 0.01 405 509 5045 5.97 2.72 0.18 3.01 13.7 3626 11.2 5.0 

DCM 0.22 408 532 5713 6.01 2.66 0.26 4.33 12.3 3755 8.6 4.2 

MeCN 0.31 408 554 6459 8.05 2.63 0.25 3.11 9.32 3979 9.5 4.4 

DMSO 0.26 414 579 6883 9.31 2.60 0.34 3.65 7.09 4185 8.9  4.2  
aLippert-Mataga solvent polarity function. b Optical energy gap estimated from the crossing of absorption and FL spectra. cRate constant for the radiative decay kFL= 

ΦFL/FL. dRate constant for the non-radiative decay kNR = (1−ΦFL)/FL. ESI Table S1 includes all the solvents. eFull width at half maximum of FL spectra. 
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