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Negative solvatochromism and sign inversion of circularly 
polarized luminescence in chiral exciplexes as a function of 
solvent polarity  
Patthira Sumsalee,a Pierpaolo Morgante,b Gregory Pieters,c Jeanne Crassous, a Jochen Autschbachb* 
and Ludovic Favereauc* 

The potential control of circularly polarized luminescence (CPL), especially its sign and switching at the 
molecular level without any chemical modification, is desirable, but remains a considerable challenge owing 
to the difficulty to finely control the magnitude and relative orientation of the associated electric and magnetic 
dipole transition moments. To address this challenge, we report the synthesis and chiroptical properties of 
innovative non-conjugated chiral donor-acceptor systems displaing CPL sign inversion as a function of solvent 
polarity. Through the formation of a chiral exciplex, it is possible to achieve control of its (non-) radiative 
deexcitation pathways using solvents of different polarity, resulting in emission from locally excited (LE) or 
charge-transfer (CT) states (with positive and negative CPL), and thermally activated delayed fluorescence 
(TADF). Theoretical calculations bring further evidence of the relationship between the nature of the emitting 
species and the CPL. These results provide innovative molecular design guidelines to design switchable CPL 
emitters, and new insights into the combination of CPL and TADF, a feature of crucial importance for the 
development of efficient technologies based on CPL emitters.

Introduction 
Designing organic chiral compounds able to emit circularly polarized 
(CP) light has attracted significant interest during the last decades 
due to the potential of CP light in optoelectronic applications 
[organic light-emitting diodes (OLEDs), and CP light detectors], as 
well as in chiral sensing and bioimaging.1-7 For instance, significant 
efforts are currently directed towards the development of chiral 
luminophores with thermally activated delayed fluorescence (TADF) 
for developing OLEDs with polarized electroluminescence, a 
potential direction for increasing the efficiency of OLED displays.8, 9  

Our recent contributions in this research area investigated CP-TADF 
emitters based on atropisomer bicarbazole donors functionalized 
with carbonyl or nitrile accepting units, which afforded promising 
luminescence dissymmetry factors (glum) up to 2.0 × 10-3.10, 11 We also 
pioneered the study of intermolecular chiral luminescent exciplexes 
involving chiral electron donor systems and achiral electron 
accepting units, introducing an innovative design of CP-TADF 
compounds with glum values reaching 7.0 × 10-3.12 During these 
investigations, we noticed that both the intensity and the sign of the 

CP luminescence (CPL) signal differ when comparing the chiral donor 
alone and the corresponding luminescent exciplex. While this 
intriguing behaviour has been tentatively rationalized by invoking the 
different nature of the emitting transition, i.e. locally excited (LE) vs 
charge-transfer (CT) states, the complete rationalization is still 
lacking. Indeed, controlling and using molecular systems able to 
switch the sign of their CPL can bring new opportunities in 
optoelectronics and bioimaging.13-15 However, examples of chiral 
compounds with switchable CPL sign remain rare, and rely mostly on 
dimeric or polymeric structures that require the precise control of 
both the solvent conditions and the molar concentration of the 
emitting species.16 For instance, Takaishi, Ema et al. recently 
reported the switching of the CPL sign in excimeric systems through 
intermolecular hydrogen bonds formation dependent on the solvent 
polarity (Figure 1A).17 At the molecular level, the switching of the CPL 
sign for a given enantiomer without any chemical modification 
appears even more challenging and only rare examples have been 
reported, based mainly on a complex energy dynamics of the lowest 
unoccupied excited state(s).18, 19 This is the case, for instance, in the 
work of Zhang et al. (Figure 1B, Ref. 19), who reported CPL sign 
inversion when going from non-polar to polar solvents, associated 
with a positive solvatochromism of the luminescence spectrum 
related to an increase of CT character within the emission process.  

Accordingly, innovative synthetic guidelines for designing chiral 
emitters with switchable CPL are therefore needed to enable further 
developments in this field. Regarding this aspect, CPL emitters based 
on excimers are receiving increasing attention because of their 
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peculiar photophysical and chiroptical properties with respect to 
more classical covalent chiral organic emitters.20, 21 Often, the 
intensity of CPL for these systems is also rather intense, and usually 
different than the associated ground-state chirality of the related 
compound.22-25 Surprisingly, their chiral exciplex counterparts are 
much less investigated in this domain of research, despite their 
additional potential interest for instance in CP-OLED technology. 
Indeed, this intermolecular charge-transfer design can afford a new 
design of CP-TADF emitters because of the spatially separated HOMO 
and LUMO levels, leading to small singlet-triplet excited states gap, 
∆EST, a prerequisite for efficient TADF emitters 

26, 11 While an exciplex 
can be seen as a simple excited state complex formed between an 
excited electron donor (or acceptor) molecule and an unexcited 
electron acceptor (or donor), the photophysics behind this process 
appears more complex and often includes different excited state 
intermediates and luminescent responses.27-31 Achieving control of 
these potential emitters is an interesting strategy to afford different 
emission profiles and potentially switchable CPL responses with the 
same enantiopure molecular system. 

Herein we design two new non-conjugated chiral donor-acceptor 
systems, namely 3 and 4, based on a helical bicarbazole unit, 
functionalized by either one or two phthalimide units. These 
molecular compounds can form chiral intramolecular exciplexes, and 
take advantage of the underlying photophysics of these excited state 
complexes to show sign inversion of CPL as a function of solvent 
polarity (Figure 1). In addition, a negative fluorescence 
solvatochromism from blue (polar solvent) to green (non-polar 
solvent) luminescence is observed, which appears related to the 
radiative vs. non-radiative recombination of the charge-transfer 
event occurring between the biscarbazole unit and the pendant 
phthalimide substituents. The CPL sign inversion is further 
rationalized theoretically through comparison of different 
conformations of the helical bicarbazole unit functionalized with 
either one or two phthalimide units, with the former exhibiting a 
bisignate CPL response in non-polar solvent. Interestingly, 
luminescence of the two compounds in that medium shows TADF 
due to a small singlet-triplet energy gap in the excited state, 
additional evidence of the exciplex formation. Altogether, these 
unprecedented results bring a new strategy to design switchable CPL 
emission at the molecular level, with a precise control of the nature 
of the transition involved in the CPL response. 

 
Figure 1. Top: Examples of chiral systems showing CPL sign inversion via 
excimeric formation (Ref. 17) and positive solvatochromism (Ref. 19). 
Bottom: Chemical structures of one the new exciplex emitters, 4, reported in 
this study with the schematic illustration of their CPL sign (blue and red for 
right- and left-CPL, respectively), and the picture of their emission colours in 
non-polar and polar solvents.   
 
Results and Discussion 

Synthesis and Characterizations 

The synthesis of the two compounds started with the preparation of 
the helical bicarbazole derivative, Helicol 1, under its enantiopure 
form (Scheme 1). Following our previous work,32 3-hydroxy 
carbazole, CBzOH, was engaged in an oxidative homocoupling 
reaction using a vanadium complex as catalyst, followed by the 
bridging of the two hydroxyl groups using diiodomethane in 90% 
yield. At this stage, corresponding enantiomers of Helicol, (P)-(+)- 
and (M)-(-)-Helicol, were obtained by HPLC separations over chiral 

stationary phases with ee’s up to 99% (see Supporting Information 

(SI) and Reference 4). Successive nucleophilic substitution reactions 
were then conducted, first between (P)-(+)- and (M)-(-)-Helicol 1 and 
an excess of 1,3-dibromopropane to give intermediates (P)-(+)- and 
(M)-(-)-Helicol 2 in 89% yield, and finally between the latter and the 
isoindoline-1,3-dione to afford the two mono- and bis-functionalized 
enantiomers, (P)-(+)- and (M)-(-)- 3 and (P)-(+)- and (M)-(-)-4 
respectively, of the Helicol compounds bearing phthalimide unit(s). 
In fact, it appears that the isolated mono-functionalized Helicol 
presented a terminal alkene function and not a bromine atom, 
presumably owing to an elimination reaction, as confirmed by NMR 
characterizations with the presence of two doublet signals at 5.10 
and 5.27 ppm (1H), a singlet at 5.09 ppm (2H) and a multiplet at 6.19 
ppm, in addition to the set of three signals of 4 protons found at 2.40, 
3.89 and 4.57 ppm, which are assigned to the propyl chain between 
the nitrogen atoms of the carbazole and phthalimide units in both 
the mono- and bisfunctionalized compounds. The full experimental 



Journal Name  ARTICLE 

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

Please do not adjust margins 

Please do not adjust margins 

conditions and characterization (NMR and mass spectrometry) of all 
compounds are detailed in the SI. 

Scheme 1. Synthetic pathway leading to chiral emitters 3 and 4. Reaction 
conditions: (i) 1,4-dibromobuthane, NaH, DMF, rt, 89%; (ii) KOtBu, NMP, 60 
°C, 42 and 51% for 3 and 4, respectively. Further details are reported in the 
SI. 

Computational details 

The theoretical investigation of chiroptical properties employed 
Kohn-Sham density functional theory (KS-DFT) and dynamic 
response theory via time-dependent (TD) DFT. The range-separated 
hybrid (RSH) functional ωB97X-D33 and the def2-SV(P) basis set34 
were used for geometry optimizations, vibrational frequency 
calculations, and TD-DFT calculations, which employed the Gaussian 
16 (G16) program, version A.03.35 Additional single-point 
calculations with the def2-TZVP basis34 were performed on the 
optimized geometries to obtain the energy differences reported in 
Figure 5 (vide infra). The conductor-like polarizable continuum model 
(C-PCM)36 was used to treat effects from the two solvents, 
dichloromethane (DCM) and methylcyclohexane (MCH). 

Absorption and electronic circular dichroism (ECD) spectra were 
obtained considering the 50 lowest-energy excitations calculated 
using TD-DFT on the ground-state (S0) geometry of all compounds. In 
addition to def2-SV(P), the def2-SVPD and def2-TZVP basis set were 
also tested, resulting in no significant changes in the calculated 
excitation energies (see Tables S23–S28 in the SI). The transitions 
were Gaussian broadened with a σ of 0.20 eV to obtain the 
corresponding spectra. Vibrationally resolved singlet emission and 
CPL spectra including Franck-Condon (FC) and Herzberg-Teller (HT) 
effects were calculated as implemented in G16.37 The vibronic 
transitions were Gaussian broadened with a σ of 0.0248 eV. For the 
disubstituted compounds, it was not possible to locate the excited 
state minima for all of the conformers identified in the ground state, 
despite multiple attempts with different optimization algorithms. For 
this reason, the vertical gradient (VG) approximation38 was used for 
the emission and CPL spectra of the conformers of both compounds. 
For all spectra, a global shift of -0.40 eV was applied to the calculated 
excitation energies prior to their conversion to wavelengths. RSH 
functionals such as the one used in this work are known to 
overestimate experimental excitation energies for systems of the 
type studied herein,39-42 and therefore the shift was required to align 
the experimental and calculated spectral bands. In addition, the 
vertical gradient (VG) approximation used to model the emission 
spectra is known to require a shift to align with experimental band 
positions.43 Accordingly, an additional shifting of –0.45 eV, 

corresponding to the average difference between the 0-0 transitions 
calculated with the VG and the more reliable adiabatic Hessian 
approximation for conformers 4a–4c in MCH, was applied to the 
emission and CPL spectra. For additional computational details, see 
Section 5 of the Supporting Information. For an overview of 
theoretical approaches to calculate natural optical activity 
parameters, especially with TD-DFT, see references 44, 45.  

Ground-state photophysical and chiroptical properties       

UV-vis spectra of compounds 3 and 4 were recorded in 
dichloromethane and show similar features as those of their 
corresponding phthalimide and helical bicarbazole precursors 
(Figure 2 and S1). Both compounds display two maxima of absorption 
at 270 and 300 nm (ε ≈ 1.3 × 104 and 1.0 × 104 M−1 cm−1), respectively, 
and a vibronic band between 330 and 390 nm (ε ≈ 0.6 × 104 M−1 cm−1, 
Figure 2), mainly assigned to the helicol unit with a significant 
contribution of the phthalimide group at 270 and 300 nm. This 
absorption response is not affected by the polarity of the solvent 
since similar patterns are also recorded in the non-polar 
methylcyclohexane (Figure S1), which indicates the absence of 
charge-transfer interaction between the carbazole and the 
phthalimide units in the ground-state for both 3 and 4.  

The ECD of the enantiopure compounds P-3 and P-4 shows that the 
recorded signals are similar to those of the corresponding 
unsubstituted helicol enantiomers (Figure 2): a positive exciton 
couplet around 250 nm (Δe ~ + 145 M-1 cm-1), a positive band at ca. 
310 nm (+100 M-1 cm-1) and a low-energy negative broad band 
between 340 and 400 nm (- 15 M-1 cm-1), with (as expected) no 
impact of the achiral phthalimide chromophores both in 
dichloromethane and methylcyclohexane solvents, as also indicated 
by the corresponding gabs plots (Figure S2).  

  
Figure 2. Top: ECD and bottom: UV−vis absorption of 3 (red) and 4 (blue) in 
dichloromethane at 298 K ([c] ~10-5 M) 
 

Excited state photophysical and chiroptical properties 

The unpolarized luminescence spectra of compounds 3 and 4 were 
first recorded in dichloromethane and exhibit a weakly structured 
fluorescence band centered at 417 nm for both molecules (Figure 3), 
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characteristic of the Helicol precursor emission (Figure S3). In 
methylcyclohexane, the two compounds show a negative 
solvatochromism, with a red-shifted luminescence characterized by 
a broad structureless band with maxima at 478 and 488 nm for 3 and 
4, respectively.  
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Figure 3. Normalized luminescence spectra in dichloromethane (blue) and 
methylcyclohexane (red) of 3 (dotted lines) and 4 (solid lines) ([c]~10-5 M) at 
298 K. 
Such dramatic change in the luminescence behavior suggests an 
exciplex-type luminescence in the less polar solvent that results from 
an intramolecular charge transfer in the excited state between the 
helicol donor and the electron acceptor phthalimide unit(s). 
Interestingly, a remaining structured emission signal around 400 nm 
is present for both compounds, reminiscent of the fluorescence 
signal obtained in dichloromethane for both 3 and 4. This 
observation suggests that emission from the LE-state of the 
biscarbazole system is still present in non-polar solvent. However, 
the relative intensity between that signal and the one arising from 
the exciplex is less intense in the case of 4 in comparison to 3, 
suggesting a more intense exciplex emission for the former 
presumably due to the presence of the second phthalimide unit.  

Further photophysical characterizations of the exciplex emission in 
methylcyclohexane for 3 and 4 show a decrease of their emission 
intensity in presence of oxygen, suggesting TADF. Indeed, the 
luminescence response of 3 and 4 increases by 33 and 45% 
respectively in degassed methylcyclohexane, and deeper 
characterization reveals the presence of a delayed fluorescence 
process, with lifetime of 1.42 and 3.07 µs for 3 and 4, respectively 
(Table S1). The singlet-triplet gap, ∆EST, of these compounds was also 
measured by recording their luminescence spectra at 77 K. They 
show a similar structured phosphorescence emission for both 
compounds with an onset at 455 nm (Figure S4), resulting in 
corresponding T1 energy levels of 2.71 eV. The onset of the broad 
luminescence signal in methylcyclohexane (Figure 3) help us to 
estimate the S1 energy levels of both 3 and 4, with values of 3.02 and 
2.95 eV, respectively, yielding ΔEST values of 0.31 and 0.24 eV, the 
classical range found for TADF emitters.46-48  

The CPL spectra of compounds 3 and 4 were also recorded in both 
solvents (Figure 4). In line with the unpolarized luminescence in 

dichloromethane, the two emitters show mirror-image CPL signals 
corresponding to those recorded for the enantiopure helicol 
reference,32, 49 with identical negative glum factors of - 2.0 × 10-3 for 
P-3 and P-4. The CPL response of the investigated emitters differs 
significantly in methylcyclohexane, with a sign inversion for both 
enantiomers of P-3 and P-4.  

Figure 4. CPL spectra in dichloromethane (blue) and methylcyclohexane (red) 
of a) P- and M-3 and b) P- and M-4 (~10-5 M) at 298 K. 

Indeed, the CP emissions at around 480 nm for both compounds 
show a positive signal, with an identical glum factor of ca. + 1.0 × 10-

3. The sign change observed for the solvents of different polarity, i.e. 
dichloromethane to methylcyclohexane, is presumably related to the 
chiral exciplex radiative deexcitation, which is favoured in non-polar 
solvent. Moreover, a bisignate signal is observed for 
monophthalimide P-3, with an additional negative band centred at 
400 nm, which is however absent for compound P-4. The response 
for P-3 is presumably arising from radiative deexcitation of both the 
exciplex and the chiral donor LE-state that is not involved in the 
exciplex, which may occur to a greater extent than for P-4 because 
of the presence of only one phthalimide unit (vide infra). To 
understand the chiroptical properties of these unprecedented 
intramolecular chiral exciplexes in more detail, we also estimated the 
glum/gabs ratio of P-3 and P-4. The ratio is equal to 0.95 and 1.2, 
respectively, in dichloromethane, and decreases to –0.31 and –0.52, 
respectively, in methylcylohexane, reflecting the changes observed 
for chiral emitting excited-states as a function of the polarity of the 
solvent.50 Since CPL exciplexes are relatively rare in the literature, the 
brightness for CPL (BCPL) of P-3 and P-4 was also calculated. It is 0.4 
and 0.2 M−1 cm−1 in dichloromethane and 0.3 and 0.2 M−1 cm−1 in 
methylcylohexane, respectively. While these values fall into the low 
range of what it is usually obtained for organic CPL emitters,51 it is 
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informative to note that the weaker glum obtained for the exciplex 
emission in methylcyclohexane (compared to the LE-state in 
dichloromethane) is somehow compensated by a higher PLQY 
obtained for the luminescence of the chiral exciplex. 

Theoretical analysis 

The theoretical investigation first focused on understanding how the 
solvent polarity affects the relative structural arrangement of the 
non-conjugated donor and acceptors units. Different conformers of 
compounds 3 and 4 were identified based on the relative position of 
the biscarbazole helical core and the flexible phthalimide 
substituents (Figure 5). For the mono-/disubstituted compound, 
three/five different conformers were found. For both molecules, one 
conformer features the phthalimide chain(s) in an 'extended' 
position, spatially separated from the helical core. This is the case for 
conformers 4b and 3a. The other structures relate to the extended 
conformers via rotation of the side chains into a ‘folded’ form with 
the phthalimide and the helical core in close proximity. This results 
in additional interactions between the phthalimide and the helix that 
affect the excited state chiroptical properties of the compounds (vide 
infra). The relative energy differences for these compounds were 
found to be sensitive to the choice of the basis set, as shown in Tables 
S3 and S4 in the SI. The energies presented in Figure 5 were obtained 
with the def2-TZVP basis. The folded lowest-energy conformers (4d 
and 3b) benefit from 𝜋𝜋-stacking interactions between the 
phthalimide and the terminal benzene rings of the biscarbazole. The 
partially folded structures such as 4c and 4e, where the stacking of 
the aromatic rings is not as effective, are higher in energy, and the 
extended structures represent the highest energy conformers in the 
ground state (up to 6.0 kcal/mol above the lowest-energy 
conformers). The relative energy of the conformers changes only 
slightly (within 1.0 kcal/mol) between the two solvents, as shown by 
the Gibbs free energies reported in Figure 5. No significant structural 
changes were observed between the two solvent models, as shown 
in Figure S16 in the SI.  

Figure 5 Conformers investigated for the disubstituted bicarbazole unit 4 
(top) and the monosubstituted compound 3. The numbers are relative Gibbs 
free energies for DCM (MCH) solvent in kcal/mol. The structures shown are 
from the DCM calculations. 

The electronic properties were investigated to discern any potential 
differences between the folded and non-folded donor-acceptor 
structures. For all conformers and both solvent models, the HOMOs 
are localized on the biscarbazole core and the LUMOs are localized 
on the phthalimide substituents, confirming the push-pull 
characterization of the compounds. HOMO-1, HOMO, LUMO, and 
LUMO+1 are the orbitals involved in most of the transitions in the 
calculated ECD spectra, matching previous assignments for similar 
chromophores.11 HOMO-1 and HOMO are close in energy, 
independent of the substitution pattern of the helix. Closer 
inspection reveals that the HOMO and HOMO-1 are best understood 
as +/- linear combinations of orbitals of the carbazole monomer 
fragments, with the energetic splitting of HOMO and HOMO-1 
indicating a moderate degree of electronic coupling of these 
fragments in the biscarbazole moiety. Substitution heavily influences 
the energies and appearance of LUMO and LUMO+1. In the 
unsubstituted parent compound, LUMO and LUMO+1 represent 
interacting +/- linear combinations of unoccupied carbazole 
monomer fragment orbitals. For 3, the LUMO corresponds to the 
lowest unoccupied phthalimide fragment orbital, which is at lower 
energy than the carbazole combinations in LUMO+1, with the latter 
corresponding to the LUMO of the unsubstituted compound.  For 4, 
LUMO and LUMO+1 represent a weakly interacting +/- couple of the 
lowest unoccupied orbitals of the phthalimide fragments.  

Figure 6 Isosurfaces (±0.04 au) of the relevant frontier molecular orbitals of 
(left to right) a dipropyl-substituted biscarbazole, 3a, and 4b. The numbers 
are orbital energies in eV for DCM (MCH) solvent. The orbitals shown are from 
the DCM calculations. 
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The calculated spectra for compound 4 in DCM and MCH are shown 
in Figure 7. The absorption and ECD spectra appear very similar for 
the different conformers, and they reproduce the spectral features 
observed in the experiments. Upon shifting the calculated band 
energies, as explained in the computational details, there is also very 
good agreement between the positions of the calculated and 
experimental peaks. The absorption spectra display three prominent 
peaks, around 350, 300, and 275 nm, with increasing peak height 
toward lower wavelengths. The ECD peaks exhibit alternating signs, 
starting for the P stereoisomers with a negative sign around 350 nm. 
For conformers 4b and 4d this first negative peak is accompanied by 
a weak positive peak at higher wavelength, from the transitions that 
cause the corresponding long-wavelength shoulders in the 
absorption spectra. Very similar features overall are also found for 
the absorption and ECD spectra of a dipropyl-substituted model 
compound (the structure on the left of Figure 6), reported in Figure 
S17 of the SI, and of the monosubstituted systems (Figures S18 and 
S19; see Section 9 in the SI for additional details). This confirms the 
experimental observation that the phthalimide substituents do not 
strongly influence the absorption properties of these compounds. 
Based on the relative energies of the conformers in the ground state 
shown in Figure 5, and considering that the peaks in the experimental 
absorption and (especially) ECD spectra do not have prominent 
shoulders, it is most likely that the folded structure 4d alone is 
responsible for the spectra observed experimentally.  

Figure 7 Calculated absorption (panel A), ECD (P configurations, panel B), 
emission (panel C), and CPL (P configurations, panel D) spectra for the five 
conformers of compound 4 in DCM (solid lines) and in MCH (dashed lines). 
The calculated energies were shifted as explained in the text. 

The CPL spectra, unlike ECD, display a remarkable dependence on the 
molecular structure. The vibrationally resolved calculated CPL 
spectrum of the unsubstituted P conformer has a negative sign 
(Figure S17 of the Supporting Information) which is also found for the 
extended conformer P-4b in both DCM and MCH. The purely 
electronic rotatory strengths calculated at the excited state minima 
have the same sign as the vibrationally resolved spectra. We also 
note that the emission of 4b is blue-shifted relative to the other 
conformers. 

The analysis of the spectra shown in Figure 7, in Figures S18 and S19 
in the SI, with the orbitals shown in Figures S22-S39, leads to the 
conclusion that the CPL sign change and wavelength shift in the two 
solvents is observed most likely because of a different emitting 
conformer.52 In the excited state, considering that only single-bond 
rotations are necessary to convert the folded conformers into their 

extended forms, and considering the fact that the systems contain 
excess energy following the photon absorption, the energy barriers 
associated with these bond rotations might be easily overcome,53 
and there are likely multiple pathways available for the compounds 
to reach one of the excited state potential energy minima. A broader 
exploration of the S1 potential energy surface as well as the explicit 
treatment of solvent molecules aided by molecular dynamics 
simulations,31 may clarify the molecular details underlying the 
mechanism of these processes, but such calculations are beyond the 
scope of the present study. The calculated dipole moments of the 
different conformers also reflect the stabilization that benefits the 
extended and folded structures in the two solvents, especially in the 
excited state. The extended conformers exhibit the highest dipole 
moments in the ground state, the folded conformers exhibit the 
lowest dipole moments, and the partially folded structures have 
intermediate values (see SI, Table S29). Given how energetically close 
the different conformers are, it is likely that the higher-energy 
conformers 3a and 4b, responsible for the negative CPL, become 
accessible in the more polar solvent DCM, whereas the folded 
conformers that yield a positive CPL remain predominant in the less 
polar MCH. It should also be noted that the folded structures 
potentially form non-luminescent exciplexes in the more polar 
solvent, as sketched schematically in Scheme 2 (vide infra). This 
statement, and our conclusions derived from calculations are 
consistent with previous reports,54-57 involving donor-acceptor units 
linked together by methylene chains [(CH2)X, X=3 for the molecules 
studied here], where different conformers of the same compounds 
were found to be responsible for different emission profiles 
depending on the solvent polarity. For example, Majima and 
coworkers found that for linked donor-acceptor units based on 
naphthalimide and phenothiazine, polar solvents stabilize extended 
conformations, while non-polar solvents favour folded conformers.54 
Therefore, based on our calculations and the cited literature, most 
likely the two solvents do not modulate the light responsiveness of 
the molecules directly by, for example, inducing dramatic changes in 
the electronic structure, but by favouring different conformers to 
dominate the emission and CPL. 

An exciplex is often described as a result of an incomplete charge-
separation upon photoexcitation of either the donor (D) or the 
acceptor (A) component in a D-A pair. For thermodynamic reasons 
(notably the enthalpy of bimolecular photoinduced charge 
separation (CS), see Reference 8), exciplex luminescence is mainly 
observed in non-polar solvents.27, 28 In the present case, the observed 
behaviour in methylcyclohexane suggests that both 3 and 4 form an 
[biscarbazole-phthalimide]* complex, and its luminescence is the 
main deactivation pathway that results in a broad emission band as 
classically observed for such donor-acceptor association in addition 
to the presence of TADF (Scheme 2).  



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7 

Please do not adjust margins 

Please do not adjust margins 

Scheme 2. Schematic illustration of the energy-level diagram for 4 in 
dichloromethane (polar solvent) and methylcyclohexane (non-polar solvent) 
with two possible pathways for obtaining left- and right-CPL upon excitation. 
Charge separation (CS), (reverse) intersystem crossing ((r)ISC) and charge 
recombination (CR).  

In dichloromethane solution, instead, the fluorescence and CPL are 
due to the LE-state of the biscarbazole. We presume that the polarity 
of the solvent strongly modifies the energy profile of the [D*A] locally 
exciplex excited state, favouring the formation of the radical ion pair 
(D+-A-) upon light excitation. Accordingly, the latter complex does not 
emit light, and only the radiative deexcitation of the chiral donor LE-
state that is not involved in the exciplex, is observed, thus explaining 
the lower observed photoluminescence quantum yields (PLQY) of 3 
and 4 in dichloromethane (around 7 and 4%, respectively) compared 
to the reference biscarbazole system (around 20%). Potential exciton 
resonance effects between the donor and accepting units could be 
involved in the emission observed in dichloromethane. However, this  
hypothesis was excluded from consideration because of the similar 
LE emission observed for compound 3 in methylcyclohexane and the 
biscarbazole precursor (depicted in the SI), and also because if 
resonance effects were at play  the emission of the phthalimide unit 
would be expected to occur at higher energy with a relatively lower 
PLQY (reported to be around 380-390 nm and 0.01, respectively).58  
Overall, the change of luminescence behaviour, i.e. from LE in 
dichloromethane to mainly CT state in methylcyclohexane, goes 
along with a different magnitude and orientation of the 
corresponding electric and magnetic transition dipole moments for 
the CPL. 

Conclusions 
In this work, we described the synthesis of innovative non-
conjugated chiral donor-acceptor compounds able to show CPL sign 
inversion as a function of solvent polarity. The photophysical and 
chiroptical properties of the investigated compounds show that 
chiral exciplexes can be formed upon light excitation, and afford 
either CP-TADF or LE state fluorescence, for non-polar and polar 
solvents, respectively, with opposite sign of CPL and negative 
solvatochromism. This different luminescent behaviour is attributed 
to the presence of molecular folded and non-folded conformers, and 
the nature of the exciplex deexcitation: non-polar solvent favours the 

stabilization of the folded structure and CT emission from the chiral 
exciplex, while more polar solvent such as dichloromethane 
stabilizes more the non-folded conformer in the excited-state, 
consequently leading to emission from the chiral donor LE-state, that 
is not involved in the exciplex. Aided by theoretical calculations, the 
results presented in this study further rationalize our previous 
discoveries on chiral exciplex and bicarbazole donor-acceptor 
systems regarding the sign inversion of CPL when modifying the 
nature of the involved radiative transition. While this provides new 
fundamental insights on the factors governing the CPL process in 
organic donor-acceptor systems, we also hope that our study may 
bring new perspectives for the development of new classes of 
(switchable) CP-TADF materials and their use in optoelectronics or 
bioimaging.     
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