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1 Introduction 

Materials with dissymmetric generation of left- and right-handed 
circularly polarized luminescence (CPL)1,2 are highly useful for a rich 
array of applications, such as 3D optical display,3,4 information stor-
age and processing,5,6 photoelectric devices,7–9 and optical security 
tags.10 So far, it remains a significant challenge to produce CPL with 
high dissymmetry factor (glum), majorly due to the rare existence of a 
system with large magnetic dipole moment and relatively small 
electric dipole moment within electron transitions during the emission 
process. Only a few categories of small chiral organic mole-
cules,8,11,12 such as paracyclophanes,13,14 helicenes15–25 and BINOL 
derivatives,26–30 could produce obvious CPL with relatively high |glum| 
in the range of 10-3 ~ 10-2. Several types of chiral lanthanide com-
plexes possess larger |glum| (0.05 to 1.38) due to the unique intracon-
figuration f-f transitions which are Laporte-forbidden and display 
large rotatory strength.31–33 However, the application of these lantha-
nide CPL materials is normally limited due to their low luminescence 
intensity, as well as the difficulties in molecular design and synthesis.  

Generally, conventional study on CPL performance involves the use 
of enantiopure materials, while racemic compounds are considered 
as CPL silent. In most cases, chiral resolution is necessary to obtain 
the enantiomers for further CPL investigation and this raises critical 
issues due to the high cost using preparative HPLC or the sophisti-

cated process using crystallization-driven spontaneous resolution.18 
Combining achiral luminophores and readily available chiral mole-
cules (e.g., amino acids and their derivatives) through covalent 
bonds34,35 or supramolecular interaction36–46 to form structurally chiral 
supramolecular system is emerging as a promising approach to 
produce CPL. However, these systems highly depend on the pre-
assembled supramolecular structures, which brings considerable 
limitation in actual applications. Besides, the |glum| is usually limited 
within the range of 10-4 ~ 10-2. It was also demonstrated that DNA or 
protein could noncovalently associate and selectively recognize 
helicene enantiomers.47–54 However, so far there is no investigation 
focusing on the CPL properties of these biomolecule/helicene com-
plexes. Herein, we develop a distinctive method for helicene race-
mates to generate intense CPL with high |glum| that is comparable 
with enantiopure helicenes, simply by supramolecular association 
with commercially available double-stranded DNA (ds-DNA). This 
avoids the tedious chiral resolution process and thus enables a facile 
use of helicene derivatives in the fields of chiroptical devices. 

2 Materials and Methods 

2.1 Synthesis of azahelicenes and azahelicenia 
 
Racemic 4-aza[6]helicene (rac-[6]H, CCDC number: 2204488) 
and racemic 4-aza[7]helicene (rac-[7]H, CCDC number: 
2204492) were synthesized via photocyclization and subse-
quently transformed to water-soluble helicenium salts, namely, 
rac-[6]H+·I- and rac-[7]H+·I- (Figure 1a), by quaternization with 
iodomethane (see Supporting Information for synthetic proce-
dures and characterization details). Enantiopure P- and M-[6]H, 
and P- and M-[7]H were obtained by chiral resolution via HPLC. 
P- and M-[6]H+·I-, and P- and M-[7]H+·I- were prepared by sub-
sequent quaternization as well. Correspondingly, planar poly-
aromatic salts, i.e., [2]Q+·I-, [3]Q+·I- and [4]Q+·I- were also syn-
thesized through quaternization for comparison (Figure 1b). 
These cationic salts show distinct luminescent colors in aqueous 
solution depending on the number of the aromatic rings (Figure 
1).  
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FIGURE 1 Molecular structures of (a) nonplanar helicenia and (b) 
planar polyaromatic salts used in this work and corresponding pho-
tographs of their aqueous solutions under visible and UV lights. 

2.2 Supramolecular association 
 

For supramolecular association, aqueous solutions of the 
above polyaromatic salts (c = 4 × 10−4 mol·L−1) and com-
mercially available long chain right-handed DNA (~2000 
b.p., 1.0 mg·L−1, cb.p. = 1.6 × 10−3 mol·L−1, b.p. for base pair) 
were mixed in various volume ratios, with the final concen-
tration of DNA fixed to 0.5 mg·L−1 (by adding a complemen-
tary amount of water). The resulting aqueous solutions of 
the complexes were used for the investigation of chiroptical 
properties. In control experiments, anionic chiral monomer 
disodium adenosine monophosphate (AMP) and short chain 
double-stranded DNA (< 50 b.p.) were used to take the 
place of the long chain double-stranded DNA. 

3 Results and Discussion 

As shown in Figure 2a, electronic circular dichroism (ECD) 
spectrum of native DNA presented a negative peak at 245 
nm and a positive peak at 275 nm, which is representative 
for right-handed ds-DNA.55 For the DNA/rac-[6]H+·I- com-
plex, three positive ECD bands appeared at λ = 338, 382 
and 464 nm along with a negative band at λ = 364 nm, 
corresponding to the absorption bands of rac-[6]H+·I-, which 
is beyond the absorption region of DNA (Figure 2a, inserted 
curves). The DNA/rac-[7]H+·I- complex showed analogous 
induced ECD signals at λ = 328, 349 and 412 nm (Figure 
2a, inserted curves). Notably, DNA maintained its specific 
right-handed helical conformation during the association as 
the ECD bands around 260 nm almost retained the original 
shape (Figure 2a).  

Interestingly, the DNA/rac-[6]H+·I- complex emitted in-
tense negative CPL with glum of -0.009 at 540 nm when 
excited at 380 nm (Figure 2b). The DNA/rac-[7]H+·I- com-
plex also showed strong negative CPL with glum of -0.008 at 
560 nm (Figure 2b). This was comparable to the perfor-
mance of enantiopure helicenia (glum = +0.016 and -0.015 at 
565 nm for P- and M-[6]H+·I-, respectively, Figure S29 in SI; 
glum = +0.014 and -0.015 at 580 nm for P- and M-[7]H+·I-,  

respectively, Figure S30 in SI). Note that such |glum| values 
of ca. 10-2 are fairly high for organic chiral emissive mole-
cules.8,11 

In order to clarify the effect of the helical molecular struc-
ture, we investigated the complexes derived from achiral 
planar molecules, including [2]Q·I-, [3]Q·I- and [4]Q·I-. The 
DNA/[2]Q+·I- and DNA/[3]Q+·I- complexes were ECD silent 
at the wavelength longer than 300 nm (Figures S20 and 
S21), while the DNA/[4]Q+·I- complex presented two in-
duced ECD bands at 324 and 417 nm (Figure S22 in SI). 
However, for all these complexes, no obvious CPL signal 

was detected in spite of the strong fluorescence generated 
by UV light irradiation (Figure 2b). It appeared that the non-
planar helical structures of helicenia are essential for the 
generation of CPL. 
 

 
FIGURE 2 (a) UV-vis and ECD spectra of native DNA, rac-
[6]H+·I-, rac-[7]H+·I-, and DNA/rac-[6]H+·I- and DNA/rac-[7]H+·I- 
complexes (c = 2 × 10−4 mol·L−1 for the azahelicenium moie-
ties). (b) Fluorescent and CPL spectra of DNA/rac-[6]H+·I-, 
DNA/rac-[7]H+·I-, and DNA/[n]Q+·I- complexes (c = 2 × 10−4 
mol·L−1 for the azahelicenium and [n]Q+·I- moieties, n = 2, 3, 4). 
(c) Schematic representations for the CPL performance of the 
above DNA complexes derived from planar and nonplanar 
molecules. 

Subsequently, the interaction between DNA and helicenia 
was studied by single molecular force spectroscopy. The 
responding force-distance (F-D) curves showed that the 
pure DNA gave a constant force plateau up to 65 pN upon 
stretching (Figure 3a), which corresponds to its B-S transiti-
on56,57. When treated by helicenia with increasing concent-
rations, the force plateau gradually disappeared in the rela-
tive low force region, indicating a significant increase of the 
length of DNA. These results unambigously indicated that 
helicenia interact with DNA by intercalating into the base 
pairs.58 Notably, for P- and M-helicenia, the dependence of 
F-D curve on the concentration was quite different. As 
shown in Figure 3b and 3c, the force-dependent binding 
constant (KF) for the binding of DNA with the P-helicenia 
were constantly higher than the M-helicenia. Binding 
constant at zero force (K0) was further used to describe the 
binding interaction between DNA and enantiomers. For P-
[6]H+·I-, the K0 value was calculated to be 1.9 × 104 M−1, 
which was larger than that of M-[6]H+·I- (1.1 × 104 M−1). 
Apparently, the binding interaction between DNA and P-
[6]H+·I- was more intense, indictating an interesting enantio-
selectivity of DNA for the helicenia enantiomers. Similarly, 
the K0 of P-[7]H+·I- (9.2 × 103 M−1) was also higher than that 
of M-[7]H+·I- (3.7 × 103 M−1). It indicated that the enantiosel-
ectivity of DNA towards the two enantiomers plays a im-
portant role in inducing ECD and CPL signals.  
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FIGURE 3 Enantioselectivity for the association of DNA with 
helicenia revealed by single molecular force spectroscopy. (a) 
Typical DNA stretching curves in the presence of P-[6]H+·I-, M-
[6]H+·I-, P-[7]H+·I-, M-[7]H+·I- with various concentrations. (b) and 
(c) Plot of binding constant at various force. Each point is de-
termined from the fits (Figure S33 in SI), and lines are fit ac-
cording to equation 2 (see supporting information, SI). The red 
and blue lines are the force-dependent binding constant of P- 
and M-helicenia with DNA, respectively.  

We further investigated the chiroptical properties of the 
complexes formed by DNA and helicenia enantiomers. The 
mirror-imaged symmetry broke for the ECD spectra of 
DNA/P-[6]H+·I- and DNA/M-[6]H+·I- complexes (Figure 4a) 
and the mathematic average signal was no longer zero, 
while the resulting curve matched well with the ECD spect-
rum of the DNA/rac-[6]H+·I- complex (Figure 4b). This again 
indicated a specific association differentiation for DNA towa-
rds P- and M-helicenia. Regarding the luminescence 
spectra, remarkable blue shifts (~ 20 nm, compared to free 
P- or M-[6]H+·I-) were observed for the DNA/P- and M-
[6]H+·I- complexes, which were probably caused by restric-
ted geometric relaxation and freezing of low-frequency out-
of-plane vibrations.59–61 Importantly, this association diffe-
rentiation also strongly affected the luminescence perfor-
mance. The DNA/P- and M-[6]H+·I- complexes exhibited 
apparently different strength of luminescence, with 30% and 
44% of intensity (compared with free P- or M-[6]H+·I-) retai-
ned, respectively (Figure 4c, lower curves). Probably as a 
consequence of the quenching from the formation of exci-
mers with strong π-π interaction, the luminescence intensity 
of helicenia decreased upon association with DNA. Relative 
to the DNA/M-[6]H+·I- complex, DNA/P-[6]H+·I- suffer more 
from fluorescence quenching. This also indicates that DNA 
prefers to binding with P-helicenia, which is consistent with 
the single molecular force spectroscopy experiments. Simi-
lar behaviour was also observed in the [7]H+·I- system (Fi-
gure S31 in SI). 

As for the CPL properties, it was found that the |glum| of 
the complexes consist of enantiopure helicenia and DNA 
was considerably enhanced compared to free helicenia. 
The glum increased from +0.016 to +0.023 (540 nm) for P-
[6]H+·I-, (Figure 4b, upper curves), and more obviously, from 
+0.014 to +0.057 (560 nm) for P-[7]H+·I- (Figure S31 in SI). 
The P- and M-type complexes showed comparable |glum| 
values (glum = -0.024 and -0.055 for DNA/M-[6]H+·I- and 
DNA/M-[7]H+·I-, respectively, Figure 4c and Figure S31 in 
SI). Consequently, with the combination of these two effects 
(luminescence quenching and |glum| enhancement), the 
contribution of the M-type complex for CPL activity surpass-
es the P-type analogue (Figure 4c, dark blue shading), and 
hence, the DNA/rac-helicenium complex presented negative 
CPL signals (Figure 2b). The induced CPL can thus be 
ascribed to the enantioselective association of DNA towards 
enantiopure helicenia, which is largely dependent on the 
nonplanar helical aromatic structure. It seemed quite differ-

ent from the traditional CPL-active systems where planar 
achiral fluorophores were normally employed.38–46 

 

   

FIGURE 4 (a) UV-vis and ECD spectra of P- and M-[6]H+·I-, and 
DNA/P-[6]H+·I- and DNA/M-[6]H+·I- complexes (c[6]H

+
·I

- = 2 × 10−4 
mol·L−1). (b) ECD spectrum of DNA/rac-[6]H+·I- complexes 
(c[6]H

+
·I

- = 2 × 10−4 mol·L−1) and the average curve of the ECD 
spectra of DNA/P-[6]H+·I- and DNA/M-[6]H+·I- complexes. (c) 
Corresponding Fluorescence (The fluorescence intensity of free 
[6]H+·I- is normalized as 100%; the fluorescence intensity of the 
DNA/helicenia complexes is calculated relative to free [6]H+·I-) 
and CPL spectra (ΔI of DNA/helicenia complexes is calculated 
according to the fluorescence intensity). (d) Schematic re-
presentations for the CPL performance and the origin of in-
duced CPL as a result of both luminescence quenching and 
|glum| enhancement. 

Further experiments demonstrate that the right-handed 
helical secondary structure of DNA was also essential for 
the induced CPL. The complexes constructed from AMP or 
short chain double-stranded DNA showed nearly no ECD 
signal in the absorption region of azahelicenia (300–500 nm) 
(Figures S23 and S24). In addition, the induced ECD signal 
decreased or even disappeared after destroying the double-
stranded helical structure of DNA by mixing the complexes 
with NaOH (Figures S25 and S26). CPL spectra showed 
similar tendency as small chiral molecule AMP, short chain 
DNA and denatured long chain DNA were unable to induce 
CPL of racemic helicenia (Figure 5 and Figure S32 in SI). 
These results demonstrated that the structural chirality of 
ds-DNA rather than the molecular chirality generates the 
induced ECD and CPL of racemic helicenia.  

Conclusion 

In summary, we have established a facile method to generate con-
siderable CPL (|glum| ~ 0.01) based on commercially available right-
handed ds-DNA and racemic helicene derivatives. Single molecular 
force spectroscopy and chiroptical spectroscopy revealed that DNA 
binds more intensively to P-helicenia than M-helicenia. The diastere-
oselective supramolecular association along with the differentiated 
luminescence quenching and the enhanced |glum| are essential for 
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the induced CPL of racemic helicenia. We are currently exploring a 
series of emissive helicene and curved nanographene derivatives in 
racemic form to fabricate novel CPL-emitting materials, as well as to 
seek potential applications in soft devices (e.g., OLED or OFET). 

 

 
FIGURE 5 (a) CPL spectra of above-mentioned long chain 
DNA/[6]H+·I- complex and AMP/[6]H+·I- complex (c[6]H

+
·I

- = 2 × 
10−4 mol·L−1, cAMP = 0.5 mg·mL−1). (b) CPL spectra of above-
mentioned long chain DNA/[6]H+·I- complex and short chain 
DNA/[6]H+·I- complex (c[6]H

+
·I

- = 2 × 10−4 mol·L−1). (c) CPL spec-
tra of DNA/[6]H+·I- complex in the absence and presence of 
NaOH (c[6]H

+
·I

- = 2 × 10−4 mol·L−1, cNaOH = 2 × 10−2 mol·L−1). The 
sketches show the possible interaction models. 
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