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Axial and helical thermally activated delayed fluorescence 
bicarbazole emitters: Opposite modulation of circularly polarized 
luminescence through intramolecular charge-transfer dynamics  

Patthira Sumsalee,a Laura Abella,b Thierry Roisnel,a Sabrina Lebrequier,c Grégory Pieters,c Jochen 
Autschbachb,*, Jeanne Crassousa and Ludovic Favereaua,* 

The rationalization of the molecular parameters that influence the intensity and sign of circularly polarized luminescence 

(CPL) for chiral emitters is a challenging task and remains of high interest for future chiral optoelectronic applications. In this 

report, we explore the design of novel chiral donor-acceptor structures based on C2-symmetric bicarbazole systems and 

compare the influence of the type of chirality, namely axial versus helical, and the electron withdrawing strength of the 

acceptor units on the resulting photophysical and CPL properties. By using carbonyl-based acceptors with both axial and 

helical electron donors, CP-Thermally Activated Delayed Fluoresence (TADF) can be obtained, whose efficiency depends on 

the dihedral angle between the carbazole moieties, related to the axial and helical chirality of the compounds. The latter 

also impacts the intensity of the CPL, which shows an opposite trend in function of the polarity of the solvent, with notably 

a strong increase of the luminescence dissymmetry factor, glum, for the helical donor-acceptor compounds related to a subtle 

reoarganization of the intramolecular charge-transfer process.   

Introduction 

Designing molecular chiral materials able to emit circularly polarized 

luminescence (CPL) has recently attracted a strong interest owing to 

the potential of CP light in a diverse range of applications going from 

chiroptoelectronics (organic light-emitting diodes (OLEDs), optical 

information processing, etc.) to bio-imaging and chiral sensing.1 In 

this domain, chiral lanthanide and chromium (III) complexes exhibit 

high intensity of CPL, with luminescence dissymmetry factors (glum = 

2(IL–IR)/(IL+IR)) up to 1.4 and 0.3, respectively, owing a combination 

of allowed magnetic and forbidden electric.2 Despite their much 

lower CPL response (glum ~10-3), chiral organic molecules are also 

actively investigated as potential CPL emitters owing to their readily 

tuneable optoelectronic properties and often higher 

photoluminescence quantum yield (PLQY). The latter factor, 

combined to the high molar extinction coefficient of their electric 

dipole allowed transitions, provide to organic chiral dyes potentially 

high level of CPL brightness,3 which make them valuable candidates 

for CPL applications.4 Moreover, organic molecules can reach very 

intense CPL once self-organized in condensed phases or judiciously 

blended in polymeric materials.5 Currently, chemists are trying to 

fully rationalize the structural and electronic factors that govern the 

intensity and sign of CPL in chiral molecules in order to establish 

molecular guidelines to design emitters with higher glum values.6 

Along this objective, merging CPL with other properties such as 

thermally activated delayed fluorescence (TADF),7 or CPL sign switch 

under external stimuli,8 have also raised significant attention for the 

development of efficient CP-OLEDs and innovative 

chiroptoelectronic devices. 

In this regard, we and others recently investigated the chiroptical 

properties of C2-symmetric bicarbazole systems (Compounds A-D, 

Figure 1), which have displayed CPL values of up to 1.3 x 10-2 at the 

molecular level, 6e,9 highlighting the potential of these chiral building 

blocks as efficient CPL emitters. Moreover, we have also shown that 

axial bicarbazole systems substituted by benzonitrile derivatives 

(Compound B, Figure 1), can lead to a CPL sign inversion upon 

polarity increase.10 Being still rare in the literature,8c,d,f,g such type of 

CPL switch is fundamentally interesting to completely understand 

the CPL phenomenon, and is of potential interest for future CPL-

based optoelectronic applications, as well as bio-imaging and chiral 

sensing where interactions between the chiral dye and its 

surroundings play a crucial role.  

 
Figure 1. Top: Examples of chiral bicarbazole systems with their 
corresponding glum (see Ref. 6e and 9). Bottom: chemical structures of the CP-
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TADF emitters reported in this study with the schematic opposite evolution 
of their CPL intensity (blue and red for axial and helical donor-acceptor, 
respectively) as a function of the polarity of the solvent. 
 

Following these promising results, we further envision to pursue the 

molecular engineering of this kind of electron donor unit to design 

innovative chiral push-pull materials. It seems notably interesting to 

explore these bicarbazole systems as potential chiral electron donors 

for the development of inherently CP-TADF chromophore,7c,g,i,j,11 

given the well-established ability of the carbazole unit to promote 

TADF property once functionalized with electron acceptor fragments 

in achiral emitters.12 While the design of CP-TADF emitters has been 

applied with axial, planar and point chirality elements, combining 

helical chirality and TADF property remains unknown,13 despite the 

rather high CPL intensity obtained for helicene-based and its 

derivatives chiral emitters.14 

Here we report the synthesis, photophysical and chiroptical 

properties of a new family of axial and helical donor-acceptor 

systems based on bicarbazole electron-donor unit. When substituted 

with carbonyl electron acceptor groups, axially and helically chiral 

emitters display CP-TADF property with glum values up to 2  10-3. 

Interestingly, playing with the torsion angle between the carbazole 

-systems, and thus their resulting electronic interaction, affords 

important intensity differences for both TADF and CPL properties. 

Finally, while axial derivatives show a decrease of CPL intensity with 

the increase of solvent polarity, helical derivatives display a 

significant enhancement of glum, arising from a chiral excitonic 

coupling mechanism induced in both ground- and excited-states by 

the modulation of the intramolecular charge transfer dynamics.  

 

Results and discussion 

Synthesis and structural characterization 

As mentioned above, axially chiral bicarbazole substituted with 

benzonitrile electron acceptor groups affords an interesting CPL sign 

inversion upon polarity increase, from +2  10-4 to -5  10-4 when 

going from toluene to dimethylformamide solvents. This effect has 

been rationalized in terms of the presence of different luminescent 

conformers in solution, related to the orientation of the cyano group 

towards the carbazole units (Figure 1). Following these findings, we 

envisioned to take advantage of this effect to afford innovative CP-

TADF with potentially through-space charge-transfer transition, 

which appears a promising strategy to reach both intense TADF and 

CPL properties.7g-i To reach such objective, we notably investigated 

several key structural and electronic aspects on the photophysical 

and chiroptical properties of the obtained chiral emitters such as the 

impact of the torsion angle between the two carbazole systems, the 

type of grafted electron withdrawing groups as well as their 

substituted position relatively to the nitrogen atoms of the carbazole 

donor. In this regard, -cyano and formyl functional groups have been 

selected as electron withdrawing units given the use of the former 

for designing achiral TADF materials,12a,b,15 and their low steric 

hindrance, which may favour electronic interaction with the opposite 

carbazole unit and result in through-space charge-transfer 

interaction. Moreover, carbonyl groups have been known to exhibit 

magnetic dipole allowed transitions,16 which may help to reach 

significant intensity of CPL.  

The chemical structures and synthetic pathway of the five chiral 

emitters named Ax-p-CN, Ax-o-CHO, Hel-o-CN, Hel-p-CN and Hel-o-

CHO are depicted in Scheme 1. These compounds have been 

prepared following a convergent synthetic strategy, involving the 

bicarbazole system, BICOL, as the key intermediate. The latter was 

synthesized following our recently revisited procedure under its 

racemic form,9a,17 implying firstly the preparation of 3-hydroxy 

carbazole, CBzOH, and an oxidative homocoupling reaction using 

vanadium complex as catalyst to afford 4,4′-bicarbazole-3,3′-diol, 

BICOL, derivative in 50% of yield. At this stage, BICOL was either 

alkylated at both the nitrogen and the oxygen positions to give rac-

Ax1, or the two hydroxyl groups were bridged using diiodomethane 

in 90% yield before performing the alkylation at the two nitrogen 

atoms to afford rac-Hel1. Further iodination of these two 

intermediates, followed by Suzuki coupling reaction with the 

corresponding boronic acid derivatives, afforded the novel chiral 

donor-acceptor emitters in modest to good yield (up to 89 %, Scheme 

1 and see the Electronic Supporting Information, ESI for details). 

Finally, the different derivatives with ee’s up to 99% were obtained 

in enantiopure forms by HPLC separations over chiral stationary 

phases (see Supporting Information, ESI).  

X-ray structure analyses of rac-Ax-o-CHO, which crystallized in the P-

1 space group, provide further structural insights (Scheme 1). As 

expected, a dihedral angle of 106.6° between the carbazole units was 

measured, which indicates a weak electronic coupling between these 

two units. A second torsion angle of 43.3° is also measured between 

the carbazole and the benzaldehyde systems, suggesting again a 

moderate electronic interaction between the electron donor and 

accepting parts of the molecule, a prerequisite for obtaining TADF 

property. The aldehyde group does not point towards the opposite 

carbazole system but rather in direction of the methoxy group, 

thanks to the formation of two intramolecular hydrogen bonds with 

measured distances of 2.5 and 3.5 ångströms. Interestingly, the 

through-space interaction between the aldehyde group and the 

opposite carbazole unit can be also probed by the 1H NMR spectra of 

both Ax-o-CHO and Hel-o-CHO. In comparison to a model 

monocarbazole-o-CHO, the aldehydic proton HAld appears much 

more shielded by almost 1 ppm for both bicarbazole based 

compounds, (Figure S1), owing to the current ring effect coming from 

the opposite -conjugated carbazole system. The full experimental 

conditions and characterization (NMR and mass spectrometry) of all 

compounds are detailed in the SI. 
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Scheme 1. Synthetic pathway to the chiral donor-acceptor emitters Ax-p-CN, Ax-o-CHO, Hel-o-CN, Hel-p-CN and Hel-o-CHO. Reaction conditions: (i) VO(acac)2, 
MeCN, O2, rt, 50%; (ii) Me2SO4, 22M NaOH, Acetone, Ar, reflux, 70%; (iii) BBr3, DCM, rt, then CH2I2, K2CO3, acetone, Ar, reflux, 90% (over two steps); (iv) Suzuki 
coupling reaction involving the corresponding boronic acid partners (see SI for details). ORTEP drawing of Ax-o-CHO with 50% thermal ellipsoids. Further 
details are reported in SI. 

 

Computational details 

Computations were performed with Kohn-Sham Density functional 

theory (DFT) as implemented in the Gaussian (G16) package,18 using 

the PBE0 functional19 and the def2-SV(P) basis.20  

Absorption and electronic circular dichroism (ECD) spectra were 

determined from the lowest 200 calculated vertical singlet electronic 

excitations. The spectra were Gaussian broadened with  = 0.20 eV. 

Solvent effects on the spectra were considered by means of the 

polarizable continuum model (PCM) for toluene and 

dimethylformamide to match the experimental conditions.21 ‘D3’ 

dispersion corrections were considered in the structure 

optimizations.22 For overviews of the theoretical approach to model 

natural optical activity by quantum chemical calculations, in 

particular with TD-DFT, see, for example, available reviews.23 

Additional computational details, along with the full set of 

theoretical results, are provided in the ESI. 

Ground-state photophysical and chiroptical properties 

The UV-vis spectra of the novel chiral molecules were recorded in 

toluene solutions and compared to their axial and helical donor 

precursors (Figures 2 & S2). All the compounds bearing an ortho-

substituted electron withdrawing group regarding the carbazole 

units (Ax-o-CHO, Hel-o-CN and Hel-o-CHO) display almost similar 

spectra with an intense transition found around 300-310 nm ( 

between 35 and 45  103 M-1 cm-1) and a low-energy pattern between 

330 and 400 nm, constituted of several transitions with modest 

intensity ( ~ 1.0  104 M-1 cm-1, Figure 2). These optical signatures 

are closed to the ones recorded for their corresponding bicarbazole 

precursors, but significantly red-shifted by 15-20 nm in the low-

energy part of the spectrum, indicating the presence of new charge-

transfer (CT) transitions from the carbazole to the aldehyde and 

cyano units. This (CT) process is however of rather weak intensity, 

presumably due to the significant torsion angle between the donor 

and acceptor aromatic rings, as mentioned above for Ax-o-CHO 

(43.3°, Scheme 1). This is also confirmed by looking at the UV-vis 

spectra of Hel-p-CN and Ax-p-CN, which show a second broad 

absorption band centered at 330 and 345 nm, respectively, in place 

of the low intense signature found in the ortho-derivatives, still 

distinguishable for Hel-p-CN at 380 nm. This difference arises from 

the para-substitution of the electron withdrawing groups, which 

induces a stronger overlap of the donor and acceptor molecular 

orbitals, and therefore a stronger oscillator strength of the charge-

transfer transition. Interestingly, going from helical bicarbazole 

donor to axial one seems to increase the intensity of the observed 

charge-transfer since the onset of the lowest absorption band is 

more red-shifted and with higher intensity for Ax-p-CN in 

comparison to Hel-p-CN. This result can be explained by the more 

electron donating strength of the axial bicarbazole system in 

comparison to the helical one, which has notably been explained for 

helical and axial bicarbazole precursors by the difference of torsion 

angle between the carbazole systems and the negative inductive 

effect play by the carbazolyl fragment (whose strength is dependent 

on the electronic interaction between the two carbazole units, see 

Figure S1).9a This remains also the case for the novel chiral 

compounds reported here, as evidenced by electrochemical 

experiments which afforded an oxidation potential of ca. 1 V vs ECS 

for the axial derivatives and around 1.2 V vs saturated calomel 

electrode (SCE) for the helical ones (see Table S2).  
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Figure 2. Experimental a) and calculated b) UV-vis (top) and ECD (bottom) spectra of Ax-o-CHO (black), Ax-p-CN (green), Hel-o-CHO (red), Hel-p-CN (purple) 
and Hel-o-CN (blue) measured in toluene at 298 K (~10-5 M). For the calculated spectra, selected transitions and oscillator and rotatory strengths are indicated 
as ‘stick bars’, and detailed in table c), with oscillator and rotatory strengths; d) Isosurfaces (±0.04 au) of the frontier molecular orbitals (MOs) for (+)-Ax-o-

CHO and (+)-Hel-p-CN.  

Theoretical calculations bring further insights regarding the obtained 

optical properties. As expected, for all compounds the HOMOs are 

delocalized over the two carbazole units, while the LUMOs are found 

on the aryl-CHO and aryl-CN acceptors (Figure 2), confirming the 

push-pull nature of the chromophores. In each case, the LUMO and 

LUMO+1 levels are found to be quasi-degenerate, separated by no 

more than 0.060 eV. For all compounds, the HOMO and HOMO-1 are 

seen to be +/- linear combinations of fragment orbitals of the two 

different carbazole parts, with energy differences ranging from 0.060 

eV for Ax-o-CHO to around 0.150 eV for the other compounds. For 

Ax-o-CHO, Fig. 2 shows that LUMO and LUMO+1, likewise, are +/- 

linear combinations of fragment orbitals in the acceptor moieties. 

For Hel-p-CN (and Hel-o-CN), the +/- linear combinations are LUMO 

and LUMO+2 instead, with LUMO+2 also being energetically nearly 

degenerate with LUMO. The lowest-energy excitations with sizeable 

oscillator strength (f) correspond to HOMO-LUMO and HOMO-

LUMO+1/2 transitions ranging from 363 and 400 nm for Hel-o-CN 

and Ax-o-CHO respectively, with for the latter the involvement of 

HOMO-1 as well. While the LUMO and LUMO+1 levels are delocalized 

on the electron-withdrawing groups for Ax-p-CN, Ax-o-CHO and Hel-

o-CHO, the LUMO+1 is delocalized over the entire bicarbazole system 

for Hel-p-CN and Hel-o-CN, which indicates a weaker transition 

dipole moment for these compounds owing to both the less electron 

donor character of the helical carbazole unit combined to the less 

electron withdrawing effect of the cyano-aryl groups. 

Electronic circular dichroism (ECD) of the investigated compounds 

further highlights differences between the axial and helical donor-

acceptor compounds. The obtained spectra for (+)-Ax-p-CN and (+)-

Ax-o-CHO in toluene solution appear similar in the high energy 

region with an intense positive band around 280-300 nm. While (+)-

Ax-p-CN displays in the low-energy region only one set of negative 

and positive signals at 330 and 380 nm, respectively, the signature of 

(+)-Ax-o-CHO shows four distinct bands at 310, 328, 360 and 380 nm 

of successively negative and positive signs. Regarding (+)-Hel-p-CN, 

(+)-Hel-o-CN and (+)-Hel-o-CHO, their ECD spectra are composed of 

one intense band at 320 nm, followed by a broad positive one 

between 340 and 410 nm for the former, but a negative signal at 375 

nm for the two latter, highlighting an impact on the substituted 

position of the electron withdrawing group.  

The calculated ECD spectra for the (+)-Ax compounds better agree 

with experiments than for the (+)-Hel systems (Figure 2). The 

following discussion is for the (+) enantiomers. For all compounds, 

two positive and one negative bands with distinct intensities appear 

in the calculated ECD spectra.  The qualitative assignment of the ECD 

bands for Ax-o-CHO and Hel-o-CHO, from low to high energy, is as 

follows: intramolecular charge transfer (ICT), ICT and  → * 

excitations, for Ax-p-CN and Hel-o-CN, the three bands present a 

combination of ICT and  → * excitations, and for Hel-p-CN is a 

combination of ICT and  → * excitations, ICT and  → * 

excitations. In general, the transitions with large f also have large 

rotatory strengths (R). For (+)-Ax compounds, the lowest-energy 

band is weak and positive due to ICT excitations from the HOMO-1 

to LUMO+1 for Ax-o-CHO and HOMO to LUMO+1 for Ax-p-CN. The 

following negative band at 3.9 eV (318 nm) for Ax-o-CHO and 3.6 eV 

for Ax-p-CN is caused by ICT excitations from the HOMO. Although 

each Ax-system shows a positive band at above 4 eV (310 nm), the 

excitation that causes the band corresponds to  → * transitions 

for Ax-o-CHO and ICT for Ax-p-CN. We note that the increase of the 

long-wavelength positive band at around 390 nm and negative band 

at around 340 nm for Ax-p-CN, as well as the large rotatory strengths 

of the first excitations, suggest the presence of exciton coupling 

between the electric transition dipoles of the carbazole fragments. 

For Hel-o-CHO and Hel-p-CN, the first longest-wavelength positive 

ECD band is attributed to the HOMO-1 to LUMO transition. Although 

the qualitative assignment for the ECD band at around 300-310 nm 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5 

Please do not adjust margins 

Please do not adjust margins 

is the same for both Hel-o-CHO and Hel-p-CN, they show opposite 

signs; positive for Hel-o-CHO and negative for Hel-p-CN. Different 

from these systems, the Hel-o-CN shows a broad positive band 

mainly caused by  → * excitations. 

Excited-state photophysical and chiroptical properties 

The unpolarized luminescence spectra of the chiral emitters have 

been firstly recorded in toluene solutions and are depicted in Figure 

3. In this weakly polar solvent, all the compounds exhibit a structured 

luminescence spectrum between 400 and 500 nm, except Ax-o-CHO, 

which display a broad and red-shifted emission profile with a 

maximum at 460 nm owing to the higher charge-transfer character 

of its excited-state. Going to more polar solvents such as chloroform 

and dimethylformamide impacts significantly the luminescence 

maxima of Ax-p-CN, Ax-p-CHO and Hel-p-CHO, with a red-shift of 

their emission bands (Table S1 and Figures S3-S5), while the emission 

spectra of Hel-p-CN and Hel-o-CN remain almost not affected. This 

solvatochromism effect is more pronounced for Ax-p-CHO and Hel-

p-CHO, which show maxima of luminescence at 500 and 560 nm, 

respectively, in dimethylformamide, due to the stronger electron 

withdrawing character of the aldehyde group in comparison to the 

cyano one.  

Figure 3. a) Luminescence and CPL spectra of (+)-Ax-p-CN (green), (+)-Ax-o-
CHO (black), (+)-Hel-o-CN (blue), (+)-Hel-p-CN (purple) and (+)-Hel-o-CHO (red) 
measured in toluene at 298 K (~10-5 M); b) Luminescence spectra of (+)-Ax-o-
CHO (black) and (+)-Hel-o-CHO (red) recorded at 77 K (with estimated values 
of the singlet (S)-triplet (T) energy gap; c) Luminescence decays of (+)-Ax-o-
CHO (black signal, corresponding fits in red) recording under vacuum in solid 
matrix (bis[2‐(diphenylphosphino)phenyl] ether oxide, DPEPO) with an inset 
focusing on the short lifetime decays. 

 

Further photophysical characterizations of Ax-p-CHO and Hel-p-CHO 

show a decrease of their emission intensity in presence of oxygen in 

chloroform solution, suggesting TADF property. Careful evaluation of 

their photoluminescence lifetimes in bis[2‐

(diphenylphosphino)phenyl] ether oxide (DPEPO) matrix, in the 

absence of oxygen, reveals the presence of a long lifetime with a 

decay of 1.04 and 0.80 µs for Ax-p-CHO and Hel-p-CHO, respectively 

(Figure 3 and S1), confirming the TADF property of these chiral 

emitters. We therefore evaluate the ∆EST of these emitters by 

recording their luminescence spectra at 77 K, which show a 

structured phosphorescence emission with an onset at 450 and 465 

nm for Ax-p-CHO and Hel-p-CHO, respectively, resulted in 

corresponding T1 energy levels of 2.76 and 2.67 eV. A residual 

fluorescence signal can be also identified for both compounds and 

help us to estimate their S1 energy levels from the onset of the 

emission band, of 2.95 and 3.06 eV for Ax-p-CHO and Hel-p-CHO, 

respectively, which result in corresponding ΔEST values of 0.190 and 

0.370 eV. While the obtained S-T gap of the axial emitter is in the 

classical range found for TADF emitters, the one for the helical one is 

relatively high and may explain the two times smaller TADF efficiency 

for Hel-p-CHO (TADF = 5%), in comparison to Ax-p-CHO (TADF = 10%). 

This finding further highlights the influence of the torsion angle 

between the two carbazole systems in this photophysical process, 

where a higher electronic communication (lower torsion angle) 

between the carbazole units in the helical derivative appears 

detrimental to reach a small ΔEST, (i.e. lower than 0.300 eV). The 

other compounds based on cyano acceptor units do not show any 

TADF property, owing probably to their significant ΔEST, of more than 

0.50 eV (see SI). 

Mirror-image CPL spectra were obtained in toluene solution for the 

five emitters (Figure S11), with maxima corresponding to the 

unpolarized spectra, and intensity in the range of classical chiral 

organic emitters (glum ~ 10-3),1c,3a,16c as depicted in Figure 3 for the (+) 

enantiomers. Among all, compounds (+)-Ax-p-CN and (+)-Hel-p-CN 

display the highest CPL intensity, with glum values of + 1.5 and + 2.0  

10-3, respectively, while (+)-Ax-o-CHO and (+)-Hel-o-CN show glum of 

- 1.0  10-3 and - 0.5  10-4, respectively. All these values are 

consistent with the absorption dissymmetry factors gabs, measured 

at the lowest energy transition (Table S1),16c indicating that both 

ground and emitting excited states have a similar chiral geometry in 

toluene. Surprisingly, and despite its intense ECD low energy band, 

(+)-Hel-o-CHO shows no clear distinguishable CPL signal. To get 

further insights on these responses and giving our recent results on 

CPL solvatochroism,14c,24 we therefore investigated the CPL of the 

five emitters in chloroform and dimethylformamide. As expected, 

the maxima of CPL follow the red-shifted ones observed for 

unpolarized luminescence in both solvents for all the compounds. 

While (+)-Ax-p-CN and (+)-Ax-o-CHO display a decrease of glum values 

when polarity increases, as previously observed for several 

systems,8b,c,g,14c,24 (+)-Hel-p-CN and (+)-Hel-o-CHO show a significant 

increase of CPL intensity when going to chloroform and 

dimethylformamide solvents, with glum values reaching up to 2.6  

10-3 and 2.0  10-3 for the cyano and aldehyde helical emitters, 

respectively (Figure 4).  
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Figure 4. a) CPL spectra of (+)-Ax-o-CHO (black), (+)-Hel-p-CN (purple) and (+)-

Hel-o-CHO (red) measured in toluene (dotted lines) and in 
dimethylformamide (solid lines) at 298 K (~10-5 M); b) Corresponding 
luminescence dissymmetry factor values for (+)-Ax-o-CHO (black), (+)-Hel-p-
CN (purple) and (+)-Hel-o-CHO (red) measured in toluene, chloroform and in 
dimethylformamide at 298 K (~10-5 M); c) ECD spectra of (+)-Ax-o-CHO 
measured in toluene (black solid line) and in dimethylformamide (red solid 
line) with their corresponding enantiomers in grey at 298 K (~10-5 M); d) 
Absorption dissymmetry factor values for (+)-Ax-o-CHO (black), (+)-Hel-p-CN 
(purple) and (+)-Hel-o-CHO (red) measured in toluene, chloroform and in 
dimethylformamide at 298 K (~10-5 M). 

 

This unexpected difference of behavior between axial and helical 

emitters is really surprising and only few examples have reported an 

increase (or even a sign inversion) of CPL when going to a more polar 

solvent,8a,25 attributed to either a dual-fluorescence behavior,8b a 

change in the molecular conformation change,8f or a modulation of 

the involved transition(s) in the emission process.8c,g,26  

In the present case, it is interesting to note that for (+)-Hel-o-CHO 

and (+)-Hel-p-CN the intensity of both ECD and CPL are changing 

when going from toluene to dichloromethane and 

dimethylformamide. Indeed, comparing the corresponding gabs 

values of the low energy transition and the glum indicate that both 

ground- and excited-states chirality are impacted by the polarity of 

the solvent (Figure 4). This is notably clearly identified for (+)-Hel-o-

CHO, which exhibits a different low energy ECD pattern in both 

chloroform and dimethylformamide than in toluene, with the 

appearance of a positive contribution at 395 nm. This significant 

change in the ECD indicates either structural changes leading to a 

different conformer in more polar solvent (orientation of the 

aldehyde groups towards the carbazole units), or a reorganization of 

the orbital frontiers within the donor-acceptor structure with 

increasing solvent polarity. Since no red-shift is observed in both UV-

vis and ECD spectra and no obvious structural change has been 

observed either experimentally (1H NMR spectra in toluene and 

chloroform are rather similar, Figure S1), nor theoretically (see the 

comparison of the optimized molecular structures obtained in 

toluene and dimethylformamide in Figure S36-37), we therefore 

exclude the presence of different structural conformers in solution. 

This is confirmed by the fact that the increase of ECD and CPL 

intensities also happens for (+)-Hel-p-CN, which has only one 

possible conformer due the para substitution of the cyano functional 

group. 

We therefore surmise that the stronger electrostatic field imposed 

by the polar solvents induces a modulation of the intramolecular 

charge transfer transitions between the bicarbazole system and the 

phenyl aldehyde substituents. In fact, the rather limited electronic 

interaction between the two carbazole units (torsion angle of more 

than 50° between the two -systems) and the positive/negative low 

energy ECD signature suggest the presence of exciton coupling 

between two carbazole→Phenyl-Aldehyde transitions in chloroform 

and dimethylformamide, which creates  strong magnetic transition 

dipoles that are not perpendicular to the coupled electric transition 

dipoles.  

Figure 5. Isosurfaces (±0.04 au) of frontier Molecular Orbitals (MOs) for (+)-
Hel-o-CHO in toluene (up) and dimethylformamide (down) with their 
corresponding orbitals energies in eV.  

Table 1. First sizeable excitations and occupied (occ)-unoccupied (unocc) MO 
pair contributions (greater than 10%) for (+)-Hel-o-CHO in toluene and 
dimethylformamide. 

Visual comparison of the isosurfaces of the frontier molecular 

orbitals in toluene and dimethylformamide show that the HOMO 

seems equally delocalized over the two carbazole units for both 

solvents (Figure 5). In addition, the LUMO and LUMO+1, on each 

phenyl-aldehyde substituent, appear more degenerate in 

dimethylformamide, separated by 0.021 eV (0.062 eV in toluene). 

Finally, theoretical calculations show that the lowest energy 

excitation of (+)-Hel-o-CHO in dimethylformamide, excitation n°1 at 

378 nm (Table 1), implies the HOMO to LUMO and HOMO to 
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LUMO+1 transitions, a different scenario than in toluene where the 

lowest energy excitation is mainly attributed to the HOMO to LUMO 

transition (the HOMO-LUMO+1 transition appears higher in energy 

by 0.100 eV, see Table 1).  

This situation in dimethylformamide is reminiscent to the one we 

previously faced for -helical push-pull systems based on 

carbo[6]helicene, which acts as a chiral electron donor unit and 

mediates an intramolecular chiral exciton coupling between the 

electric transition dipoles involving electron-withdrawing groups 

within the helical environment.14c,24,27 However, while this exciton 

coupling is a major contributor to the obtained strong ECD and CPL 

responses for helicene based dyes, its intensity strongly decreases 

upon polarity increase, especially for the CPL signal.14c,24 In the 

investigated bicarbazole chiral systems here, we observe a 

completely reverse process since polarity triggers the increase of ECD 

and CPL responses by promoting two quasi-degenerate charge-

transfer electronic transitions involving one helical (non-fully 

conjugated) chiral donor. Moreover, the sign of the resulting exciton 

CD couplet is consistent with the sense of the helical arrangement of 

the coupled electric transition dipole moments, i.e. a positive exciton 

coupling signature for the (S)-Hel-o-CHO, and vice versa.28  

A similar process also occurs for (+)-Hel-p-CN with an increase of CPL 

intensity by 50% in dimethylformamide (Figure 4), and a less obvious 

change in its ECD response, albeit with a slight but distinct 

positive/negative low energy response around 350 nm, not observed 

for toluene and chloroform solvents (Figure S15). Theoretical 

calculations reveal that the HOMO of (+)-Hel-p-CN is already equally 

delocalized over the two carbazole units in toluene, and that the 

lowest energy excitation of (+)-Hel-p-CN, excitation n°1 at 368 nm 

(Figure 2), acquires a more charge-transfer character in 

dimethylformamide in comparison to the one calculated in toluene, 

which is almost exclusively localized on the bicarbazole systems. 

These findings are in line with the obtained results for (+)-Hel-o-CHO 

and the weaker difference of ECD and CPL increase observed for (+)-

Hel-p-CN may be related to the weaker electron accepting ability of 

the cyano substituent in comparison to the aldehyde one in (+)-Hel-

o-CHO. This results in less intense charge-transfer character of the 

involved electronic transitions, as evidenced by the visual 

comparison of the LUMO and LUMO+1 of both compounds (Figure 

S37 & S45). This also explain why we do not see such intensity 

increase of the chiroptical properties for (+)-Hel-o-CN, since the 

corresponding lowest energy excitation is mainly localized on the 

bicarbazole systems (Table S6 and Figure S40). Based on these 

findings, we can tentatively explain why (+)-Hel-o-CHO emitter does 

not display clear CPL signal in toluene solution. Indeed, both (+)-Hel-

o-CHO and (+)-Hel-o-CN compounds show a structured signature in 

toluene with a slight red-shift observed for (+)-Hel-o-CHO, owing to 

the stronger withdrawing effect of the aldehyde substituent in 

comparison to the cyano one. Accordingly, while (+)-Hel-o-CN 

presents an excited-state almost independent of the polarity of 

solvent and probably significantly localized on the helical donor unit, 

(+)-Hel-o-CHO may present an interplay of locally and charge-

transfer excited-state characters, both contributing to the overall 

CPL signature in toluene. Since the CPL signature observed for (+)-

Hel-o-CN presents a negative and rather weak glum value of - 0.5  

10-3 in this solvent, one can think that this contribution for (+)-Hel-o-

CHO is counteracted by the charge-transfer transition, responsible of 

the positive CPL values in dichloromethane and dimethylformamide 

solvents, which reach glum values of more than + 1.5  10-3. For the 

axial derivatives, (+)-Ax-o-CHO and (+)-Ax-p-CN, the lower ECD and 

CPL intensities come presumably because of the torsion angle of 

nearly 90° between the two electronic dipoles, as already observed 

for the axial bicarbazole precursors,9a and in close analogy with 

binaphthyl and helicene like systems.28a,29 Finally, it is worth to note 

that the other reported systems presenting CPL sign inversion in 

function of the polarity display also two electronically connected D-

A dipoles in a helically chiral environment,8b,c emphasizing some key 

molecular designs for reaching CPL switchable materials by 

intramolecular charge-transfer dynamics.8a,25 

Conclusions 

In conclusion, we described here the synthesis of new axially 

and helically chiral donor-acceptor emitters and investigated 

both experimentally and theoretically their chiroptical 

properties. We showed that CP-TADF can be obtained when 

both axial and helical bicarbazole systems are functionalized 

with carbonyl-based accepting groups, and that the efficiency 

of the TADF process is dependent on the torsion angle between 

the two carbazole systems, which directly impacts the donor 

strength of the chiral donor unit. Interestingly, the obtained CPL 

for the axial and helical emitters shows an opposite modulation 

in function of the polarity of the solvent, with notably a strong 

increase of the luminescence dissymmetry factor, glum, from 0 

to 2  10-3 for Hel-o-CHO. We attributed this switch of CPL to a 

subtle reorganization of the intramolecular charge-transfer 

dynamics in both ground- and excited-states as evidenced by 

experimental and theoretical experiences. Although it rather 

hard to find a direct correlation between CPL and TADF, 

especially because the latter also involves triplet excited states, 

our results suggest that a higher CPL intensity can be found for 

helical compounds, among which, Hel-o-CHO displays TADF but 

with a lower efficiency in comparison to Ax-o-CHO. This has 

been explained, in part, by the lower donor strength of the 

helical bicarbazole system, which ultimately leads to higher 

EST. While the use of an electron withdrawing acceptor of 

significant intensity in a ortho-substitution pattern is crucial for 

reaching the TADF property, clearly the chiral donor fragment, 

based here on two carbazole units, is important for modulating 

both the TADF and the CPL efficiencies. Further works regarding 

a deeper rationalization of these aspects are currently under 

investigations in our laboratory and rely on the molecular 

engineering of the chiral part to ultimately favor smaller EST for 

helical based CP-TADF emitters. We hope that this relationship-

structure property investigation may offer new opportunities to 

design innovative and efficient CPL emitters. 
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