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ABSTRACT: Chiral polycyclic aromatic hydrocarbons can be tailored for next-generation photonic materials by carefully designing 
their molecular as well as supramolecular architectures. Hence, excitonic coupling can boost the chiroptical response in extended 
aggregates but is still challenging to achieve by pure self-assembly. Whereas most reports on these potential materials cover the UV 
and visible spectral range, systems in the near infrared are underdeveloped. We report a new quaterrylene bisimide derivative with a 
conformationally stable twisted -backbone enabled by the sterical congestion of a fourfold bay-arylation. Rendering the -subplanes 
accessible by small imide substituents allows for a slip-stacked chiral arrangement by kinetic self-assembly in low polarity solvents. 
The well dispersed solid-state aggregate reveals a sharp optical signature of strong J-type excitonic coupling in both, absorption (897 
nm) as well as emission (912 nm) far in the NIR region and reaches absorption dissymmetry factors up to 1.1×10 . The structural 
elucidation was achieved by AFM and single-crystal X-ray analysis which we combined to derive a structural model of a fourfold 
stranded enantiopure superhelix. We could deduce the role of phenyl substituents not only granting stable axial chirality but also 
guiding the chromophore into a chiral supramolecular arrangement needed for strong excitonic chirality.

INTRODUCTION 
Chiral polycyclic aromatic hydrocarbons (PAHs) are consid-
ered as promising candidates for next-generation functional ma-
terials. The scope of applications ranges from displays,1 polari-
zation-selective photodetectors,2,3,4,5,6 security inks7 or even 
spintronic devices8 and exploits the molecular chirality in both 
absorption and emission.9 A stable and high overall chiroptical 
response can be achieved on a molecular level by structural de-
sign. Rigid chromophores -scaffolds have to be 
transformed into a conformationally stable three-dimensional 
chiral geometry while maintaining the high tinctorial strengths 
and strong fluorescence properties of the parent PAHs.10,11,12 

The required strain and contortion can be introduced -
scaffold in multiple ways. Common strategies include exploit-
ing the sterical congestion of bulky substituents,13 fusing car-
bonhelicenes14,15 or embedding non-planar elements such as 
five- and seven-membered rings16,17  or incorporating hetero at-
oms.18,19,20 The latter can affect the PAH electronically besides 
purely geometrical changes to enlarge the chiroptical re-
sponse.21,22 However, the (dimensionless) molecular dissym-
metry factors gabs and glum of the vast majority of small organic 
molecules usually remain rather low in the range of 10 to 
10 .23,14,24  
However, dissymmetry factors can be significantly improved, 
when tailoring small molecular systems into supramolecular ar-
chitectures such as dimers25 or extended aggregates26 by utiliz-
ing the excitonic coupling of the self-assembled dyes.27,28,29 The 
supramolecular design has to balance between both an efficient 
exciton coupling and a favorable chiral orientation between the 
chromophores.30,31,32 By this means, g-factors of 10  or even 

above could be realized for excimer-like aggregates33 or classi-
cal H-aggregates in both solution and solid state.9,34 Most PAHs 
favor a co-facial supramolecular orientation.35 Hence, corre-
sponding enantiopure H-type helical systems can be designed 
with relative ease.36,37 In contrast, for J-aggregates it is much 
more demanding to meet the geometric requirements providing 
excitonic chirality. Thus, there are only a few reports on enan-
tiopure J-aggregates of cyanine and squaraine dyes with strong 
chiroptical response of their main optical transition.38,39 J-type 
excitonic coupling with narrow absorption/emission bands as 
well as high fluorescence quantum yields is of particular inter-
est when approaching the deep red or near infrared (NIR) spec-
tral region.40,41 Recent progress could be achieved however for 
J-aggregates of achiral dyes.42,43,44,45,46,47 This research field be-
comes currently even more relevant regarding sensing applica-
tions in biomedical research, which highlights the desire of 
novel chiral J-type supramolecular materials.48   
J-aggregates based on tetra-bay-substituted perylene bisimides 
(PBIs) are known since 2007.49 The sterical demand of the 
PBI´s four aryloxy substituents introduces an axial chiral twist 
into the chromophore core which imparts a right- or left-handed 
unidirectional helicity into the self-assembled cord-like aggre-
gates (see Figure 1).50 The conformationally stable collinear 
alignment of the slip-stacked chromophores within these J-ag-
gregate -
surfaces and is guided by hydrogen bonds between the self-
complementary imide groups (Figure 1b). By this approach, 
helical J-aggregates are observed even from racemic mixtures 
due to a preferential homochiral self-assembly.51 However, the 
formation of actual enantiopure J-aggregates requires separable 
monomers with racemization barrier G  of higher than 
90 kJ mol , whilst fourfold bay-aryloxy PBIs only show values 







 

H =  ± 3 kJ/mol during the elongation process quite simi-
lar to literature known H-bonded PBI J-aggregates.64 We were 
able to even estimate the equilibrium constant 
Ka = 2.4 ±  of the activation step at Te indicating a high 
degree of cooperativity reasonable for the formation of ex-
tended aggregates. We like to note that the thermally-induced 
disassembly occurs much faster than the racemization of the 

G   kJ mol  in 1,1,2,2-tetrachloroethane at 
398 K60). Thus, the enantiopurity can be preserved after disas-
sembly by fast heating to > 400 K (see Figure S5 in the Sup-
porting Information).   
J-aggregates have been proven to show sharp and intense emis-
sion bands, which are very desirable particularly in the NIR 
spectral region.42,43,45,46,49,65 We were indeed able to observe 
sharp emission (fwhmem = 590 cm ) of the suspended aggre-
gate at 912 nm (Figure 3a). We chose a front-face setup to sup-
press reabsorption effects of the aggregate with its small Stokes-
shift ( Stokes) of only 180 cm . As reference, we also recorded 
the emission of the monomeric n-hexane solution within the 
same sample geometry. We obtained the spectral signature of 
the kinetically trapped monomer revealing the maximum at 
811 nm, which showed a considerably larger Stokes of 
520 cm  with a doubled fwhmem of 1080 cm  (see Table S1).  

 

Chiroptical Properties 

The high conformational stability of the axially chiral QBI mon-
omers with a racemization barrier of about 125 kJ mol  at 
398 K60 allowed us now to investigate the transition from mo-
lecular to supramolecular chirality using circular dichroism 
(CD) spectroscopy. First, the monomer was investigated in 
DCM solution as well as in n-hexane as a kinetically trapped 
solution. Both monomeric species show a strong monosignated 
CD-band of their S0 1 transition following the spectral pro-
gression of the respective absorption measurement  with max-
ima   ± 44 M  cm ,  Figure S2) and 
778 nm (kinetically trapped n-hexane solution,   15 mdeg at 
OD = 1, Figure 3b.) As usual for chiral PAHs, a positive sign of 
the lowest-energy branch of the CD spectrum corresponds to 
the P-enantiomer (and a negative sign to M) which is confirmed 
by TD-DFT calculations (vide infra). For these monomeric 
spectra, absorption dissymmetry factors gabs of 4.5×10  were 
calculated by gabs =  /  (DCM) or gabs = OD) (n-
hexane), respectively and are within the typical range for small 
organic molecules.60 However, when forming the J-aggregate in 
n-hexane, the excitonic coupling gives rise to a bisignated CD 
signal (couplet) maximized at 871 and 911 nm with conserva-
tive sign obeying the exciton-chirality rule. The dissymmetry 
factor is increased by almost two orders of magnitude to 
7.0×10  (869 nm) and 1.1×10  (935 nm), respectively, while 
crossing zero at 903 nm close to the absorption maxima at 897 
nm. To the best of our knowledge, this is the highest gabs value 
of a chiral PAH molecule reported this far in the NIR regime. 
Due to strong J-type excitonic coupling, the vibrational progres-
sion is fairly suppressed, which becomes apparent around the 
zero-crossing of the vibrational shoulder at 767 nm.66 Despite 
the high absorption dissymmetry, circularly polarized lumines-
cence could unfortunately not be elucidated by our instrument 
this far in the NIR spectral range. 

 

 

 

Structural Properties  

The structural elucidation of the J-aggregate was approached by 
a combination of atomic force microscopy (AFM), X-ray sin-
gle-crystal structure analysis and molecular modelling. For 
AFM measurements (Figure 4a), 60 µL of a freshly prepared 
aggregate suspension (500 µg of P/M/rac-QBI-Me added to 20 
mL of n-hexane) were spin-cast onto a highly ordered pyrolytic 
graphite (HOPG) substrate, revealing rod-like aggregates with 
a length of up to 200 nm and a diameter of 2.0 ± 0.2 nm for the 
enantiopure P/M-species. The enantiopure aggregate structures 
clearly reveal a right (P) or left (M) handed helicity, each with 
an identical helical pitch (p/2) of 7.2 ± 0.6 nm. At this point we 
want to stress the kinetic hierarchical self-assembly. Thus, in n-
hexane the enantiopure aggregates undergo a further aging 
(days to weeks) towards even more extended structures. AFM 
data of corresponding agglomerates reveal much more ex-
panded rod-like structures with 12 nm diameter (see Figure S6 
in the Supporting Information). The AFM of the racemate in 
contrast, only shows small particles with diameters of 
2.9 ± 0.2 nm (Figure 4a, right, Figure S7 in the Supporting In-
formation) with no signs of any further aging.   
We related these AFM observations to the molecular arrange-
ment within the enantiopure J-aggregate by deducing the fun-
damental packing geometry obtained from single-crystal X-ray 
diffraction (XRD) analysis of single-crystals of rac-QBI-Me 
grow by the slow diffusion method of methanol into a chloro-
form solution. Unfortunately, we could not obtain enantiopure 
single crystals of sufficient size and quality for XRD. Rac-QBI-

Me crystallizes as a 1:1 racemic mixture in a P  space group 
and its unit cell contains two P- and M-atropoenantiomers, each. 
The molecular structure reveals a close spatial proximity of the 
two adjacent phenyl substituents at each side along the ribbon. 
These phenyl rings come as close as van-der-Waals distances 
of about 3.5 Å and interlock with each other entailing a rota-

-backbone (Figures 2b, 
4b e). Hence, the two inner naphthalene subplanes enclose a 
large dihedral angle of 33° while the outmost naphthalene sub-
units remain planar. This renders a -surface accessible to 
neighboring molecules to form the collinear slip-stacked geom-
etry. By this means, two pairs of P- and M-enantiomers, top and 
bottom (Figure 4b), are present. The chromophores of these 
pairs include a 30° angle between corresponding QBI´s -
axes and are separated by equal center-to-center distances of 

 Å. When forming the unit cell by superimposing both 
pairs, the central QBIs are in perfect collinear alignment at the 
same center-to-center distance (Figure 4c,d). The outer naph-
thalene subplanes of all QBIs within the unit cell form a four-
fold stack with - distances of about 3.4 Å. Thus, 
the unit cell translates along the cb-axis orientation into a 
closely-packed slip-stacked alternating fourfold strand (Figure 
4e, for an overview see Figure S9). We could indeed correlate 
this to the precipitated microcrystallites which were spin-cast 
on silicon wafers (Si/SiOx, Figure S8a). The microcrystals of 
the racemate show birefringence as well as strong optical ani-
sotropy as deduced from polarization-dependent microscopy. 

Taking up this extended slip-stacked chromophore arrange-
ment, we expected its underlying packing motif likewise for the 
enantiopure J-aggregates of P- or M-QBI-Me but with unidi-
rectional helicity. Hence, we mimicked an enantiopure M-unit 
cell by mirroring the two P-enantiomers of the racemate (Figure 
4d). The resulting unit cell was translated 20 times by 14.8 Å 
and rotated by 36° counterclockwise, each time. The resulting 
superhelix of 720° turn in total was then force-field optimized 
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