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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 n-backbone enabled by the sterical congestion of a fourfold bay-arylation. Rendering the n-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 (8§97
nm) as well as emission (912 nm) far in the NIR region and reaches absorption dissymmetry factors up to 1.1x1072. 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,' polari-
zation-selective photodetectors,>>*>% security inks’ or even
spintronic devices® and exploits the molecular chirality in both
absorption and emission.® A stable and high overall chiroptical
response can be achieved on a molecular level by structural de-
sign. Rigid chromophores with extended n-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.!%!112
The required strain and contortion can be introduced into the 7-
scaffold in multiple ways. Common strategies include exploit-
ing the sterical congestion of bulky substituents,'® fusing car-
bonhelicenes'*!*> or embedding non-planar elements such as
five- and seven-membered rings'®!? or incorporating hetero at-
oms.'$1920 The latter can affect the PAH electronically besides
purely geometrical changes to enlarge the chiroptical re-
sponse.22 However, the (dimensionless) molecular dissym-
metry factors gaps and gum Of the vast majority of small organic
molecules usually remain rather low in the range of 107° to
1 0*3.23, 14,24

However, dissymmetry factors can be significantly improved,
when tailoring small molecular systems into supramolecular ar-
chitectures such as dimers? or extended aggregates® by utiliz-
ing the excitonic coupling of the self-assembled dyes.?”**?° The
supramolecular design has to balance between both an efficient
exciton coupling and a favorable chiral orientation between the
chromophores.?*3!32 By this means, g-factors of 1072 or even

above could be realized for excimer-like aggregates®® or classi-
cal H-aggregates in both solution and solid state.®3* Most PAHs
favor a co-facial supramolecular orientation.** Hence, corre-
sponding enantiopure H-type helical systems can be designed
with relative ease.***” 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.*®3? 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.***! Recent progress could be achieved however for
J-aggregates of achiral dyes.**#344434647 Thig regearch 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.*®

J-aggregates based on tetra-bay-substituted perylene bisimides
(PBIs) are known since 2007.*° 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).° The conformationally stable collinear
alignment of the slip-stacked chromophores within these J-ag-
gregate is ensured by dispersion forces of the overlapping xt-
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.>! However, the
formation of actual enantiopure J-aggregates requires separable
monomers with racemization barrier AG* of higher than
90 kJ mol™!, whilst fourfold bay-aryloxy PBIs only show values
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Figure 1. (a) Molecular structure of a tetra aryloxy (left) and
tetraaryl (right) substituted helically twisted (M-) rylene core sec-
tion along with their activation enthalpies for racemization. (b)
Schematic depiction of H-bonded M-PBIs (red, green) forming a
helical slip-stacked double strand with collinear (achiral) mutual
orientation of the chromophores. (c) Schematic depiction of two
kinked slip-stacked M-QBI double strands (red, green) forming an
intertwined helical fourfold strand with chiral mutual orientation
of the chromophores enabling excitonic chirality.

of about 60 kJ mol ' at 270 K which is too low for feasible en-
antiomer separation.>?

This can be synthetically realized by rigidification approaches
using bridging units®® or connecting adjacent bay-positions with
biphenol units. By this means, the first chiral PBI J-aggregate
built from stable axial chiral monomers could be realized in
2012 (Figure 1b).>* However, due to the perfect collinear ar-
rangement of chromophores within the aggregate, no excitonic
chirality of the main J-band (absorption/emission) could be de-
tected which would be needed to enhance the chiroptical re-
sponse.

To overcome this, in the present work we follow our recent chi-
ral interlocking approach by using directly arylated fourfold
bay-substituted perylene cores. The corresponding bay-
tetraarylated PBIs*-%!3%" have been proven to show processa-
bility as efficient non-fullerene acceptors in organic solar
cells.3®% The sterical congestion of the aryl substituents leads
to a huge twist of the PBI core (up to 39°) imparting a high
conformational stability (AG* of about 120 kJ mol ™! at 383 K'%)
and rigidification. In this work we could induce self-assembly
of these axial-chiral molecules by expanding the n-scaffold into
a core-twisted quaterrylene bisimide®®%? (QBI) dye bearing
only small methyl units in both imide positions. This allows
self-assembly by pure van-der-Waals interactions even without
H-bonding, which would facilitate an unwanted collinear (achi-
ral) chromophore arrangement as for the bay-tetraaryloxy PBIs
(Figure 1b). In our new work, the slip-stacked arrangement of
the core-twisted enantiopure QBIs is guided into a chiral mutual

orientation by the interlocking phenyl substituents® (see Fig-
ure 1c). This results into the formation of two intertwining slip-
stacked double-strands, which wrap up into a cord-like J-aggre-
gate with strong excitonic chirality in the NIR. To the best of
our knowledge, this is unprecedented for rylene bisimide dyes
so far and opens up an avenue for new supramolecular chiral
materials with strong dissymmetry factors.

RESULTS AND DISCUSSION

Synthesis

The peri-brominated precursor 1 and the methyl-substituted
naphthalimide boronic ester 2 are cross-coupled by a palladium-
catalyzed 3 + 3 annulation to afford rac-QBI-Me as a racemic
mixture of P- and M-atropoenantiomers (see Figure 2a, for de-
tails see the Supporting Information). The enantiomers were
separated using high-performance liquid chromatography
(HPLC) with a chiral stationary phase. The QBI was fully char-
acterized by NMR, UV—Vis—NIR, and fluorescence spectros-
copy as well as high-resolution mass spectrometry (Supporting
Information) and X-Ray single-crystal analysis.

Optical Properties and Aggregation

First, the UV—Vis—NIR absorption properties of the racemic
(rac) as well as P-/M-enantiopure species of QBI-Me were in-
vestigated in dichloromethane (DCM) solution revealing an
equally strong NIR absorption of ema = 99000 M cm™! of the
main So—S, transition at 800 nm (see Figure S2 (DCM) in the
Supporting Information). This is in accordance to our previous
report on the 2,6-diisopropylphenyl (dipp)-substituted mono-
meric QBI-Dipp.®° However, different from QBI-Dipp, a dis-
tinct difference is observed by switching the solvent from DCM
to very unpolar aliphatic solvents such as n-hexane. For
QBI-Me with its unshielded n-surfaces, n-hexane is barely able
to dissolve it and precipitation occurs. The racemate of QBI-Me
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Figure 2. (a) Reaction scheme towards newly synthesized axial
chiral (twisted perylene core highlighted in green) rac-QBI-Me.
(b) Molecular geometry of the M-enantiomer found in the single-
crystal structure in top view and viewed along the N,N’-axis. The
ellipsoids are set to 50% probability. The twist angle between the
central naphthalene subplanes is shown in green. Carbon (grey), ni-
trogen (blue) and oxygen (red) are indicated as well. Disordered
alkyl residues and hydrogen atoms are omitted for clarity.



undergoes fast precipitation into small crystallites whereas its
enantiopure P/M-species slowly forms an amorphous and well-
dispersed precipitate (for details see Figure S3 in the Supporting
Information). This kinetic self-assembly process was optimized
for n-hexane by adding 2 mL of a 5 mg mL ™' DCM solution of
P/M-QBI-Me into 50 mL of n-hexane to obtain the self-assem-
bled species after 10 hours at 8 °C. Decantation and subsequent
addition of n-hexane led to the disappearance of monomeric
species according to the UV—Vis—NIR spectroscopy. The spec-
troscopic measurements of this well-dispersed aggregate of en-
antiopure P/M-QBI-Me in n-hexane could be conducted using
transmission mode with a 1 mm cuvette after ultrasonication. In
contrast, the racemic crystallites formed by fast precipitation
were not suitable for measurements by this means. For compar-
ison experiments between racemic and enantiopure species in-
cluding emission data and structural investigation (vide infra)
see Figures S3, S4, S8b in the Supporting Information.

To provide an appropriate monomeric reference to
P/M-QBI-Me, a kinetically trapped monomeric n-hexane solu-
tion was prepared by dissolving the compound in boiling sol-
vent and applying additional filtration using a 0.45 m PVDF
syringe filter allowing measurements within a time span of one
hour. The normalized UV—Vis—NIR absorption and emission
spectra of this monomeric reference and the self-assembled ag-
gregates recorded in n-hexane at 295 K are presented in Fig-
ure 3a and summarized in Table S1 in the Supporting Infor-
mation. The monomeric reference shows its absorption maxi-
mum of the S¢—S, transition at 778 nm with a bandwidth (the
full width at half maximum; fwhma) of 810 cm™" measured in
n-hexane. The absorption maximum of the aggregated species
is strongly red-shifted by 1700 cm™ (119 nm) showing a pro-
nounced NIR absorption at 897 nm. The bandwidth narrows
down significantly to 530 cm™! (Figure 3a) and the vibronic pro-
gression is reduced, which leads to a single sharp absorption
band. Both findings are strongly indicating a J-type excitonic
coupling in the aggregated state.

To probe the conversion between monomer and aggregate, we
chose to track the temperature-dependent disassembly due to
the kinetic nature of the self-assembly process. To guarantee an
artifact-free measurement of the solid-state aggregates, spa-
tially resolved absorption and emission measurements were
conducted by using an optical microscope coupled to a spec-
trometer in either transmission mode on glass substrates (ab-
sorption) or reflection mode on Si/SiO substrates (emission)
upon blue light excitation (Figure 3c, and see Figure S4 in the
Supporting Information for the emission study and details). The
aggregate was suspended in n-hexane and transferred into par-
affin oil onto the respective substrates to allow higher tempera-
tures above 400 K and entailing a similar solvent polarity as
n-hexane to preserve the spectral position of the monomeric
species. Probing this disassembly at a slow heating rate of 3 K
min~! granted insights into the aggregation mechanism of the
enantiopure M-QBI-Me. While the spatial confinement for
spectral recording was kept constant during the heating process,
the diffusion of molecules during disassembly could not be
completely avoided. Hence, as an approximation, all spectra of
the absorption study were corrected for equal total absorbance
according to the Kasha exciton theory. This revealed a clear
isosbestic point at 813 nm proving an equilibrium between two
defined species. The degree of aggregation a = 0.85 in paraffin
oil was determined by spectral comparison with the aggregated
species in n-hexane (see Figure 3¢ and Figure S4 in the Sup-
porting Information). We then could make use of the hereby

obtained temperature-dependent UV—Vis—NIR spectra at the
absorption maximum of the aggregate by applying the cooper-
ative nucleation-elongation model by Meijer, Schenning and
Van der Schoot.®* This provided an accurate fit below the elon-
gation temperature 7. =389 £ 1 K revealing an enthalpy of
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Figure 3 (a) Normalized UV—Vis—NIR absorption (solid lines) and
emission (dashed lines) as well as (b) CD spectra of P- and M-
QBI-Me in n-hexane at 295 K. The kinetically trapped monomeric
solution (black (P) and orange (M) are scaled by a factor 3. Spectra
of suspended J-aggregates are shown in blue (P) and red (M), (bot-
tom), respectively. Absorption and emission measurements were
conducted in transmission mode and front-face setup, respectively.
[Aex(monomer) = 698 nm, Aex(J-aggregate) = 822 nm]. (c)
UV—Vis—NIR absorption spectra for the disassembly process of M-
QBI-Me in paraffin oil recorded with an optical microscope cou-
pled into a CCD-spectrometer upon heating up to 411 K along with
the reference species recorded in n-hexane (dashed red line). The
inset shows the degree of aggregation agg calc in paraffin oil at 897
nm along with the fitting curves (green, dark red) for nucleation
and elongation, respectively.



AH =—83 + 3 kJ/mol during the elongation process quite simi-
lar to literature known H-bonded PBI J-aggregates.®* We were
able to even estimate the equilibrium constant
K.=2.4+0.9-10 of the activation step at T 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
QBIs (AG*= 125kImol™ in 1,1,2,2-tetrachloroethane at
398 K%). 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.*>#3454649.65 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 (AVsokes) 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 Avsikes Of
520 cm™! with a doubled fwhmen, 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 K% 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 S¢—S; transition following the spectral pro-
gression of the respective absorption measurement with max-
ima at 800 nm (DCM, Ae=+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 gus of 4.5x107* were
calculated by gaps =/ Ae (DCM) or gans = 6/(32980-0OD) (n-
hexane), respectively and are within the typical range for small
organic molecules.®* 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
7.0x1073 (869 nm) and 1.1x1072 (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 g.»s 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.*® 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 uL of a freshly prepared
aggregate suspension (500 pug 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 P1 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 A and interlock with each other entailing a rota-
tional twist of the central part of the m-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 large n-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 N,N -
axes and are separated by equal center-to-center distances of
14-15 A. 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 overall equal -7t distances of about 3.4 A. Thus,
the unit cell translates along the ch-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/SiOy, 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 A
and rotated by 36° counterclockwise, each time. The resulting
superhelix of 720° turn in total was then force-field optimized



M-QBI-Me

rac-QBI-Me

-
m

z
Ed

o6f A A /N /% A
03 sq-oi i : !
7.2nm
0 10 20 30 nm 0 5

b)

e
“@e 149 A

v
&° ws

top pair

o

12,

) G ¢
"o
3%, ¥y
14.4 A

.

bottom pair

.X:;'x,'::

40 40 nm

unit cell

alternating P/M-QBI strand (rac. crystal)

Figure 4. (a) AFM topography of self-assembled P- (left), M- (center) and rac- (right) QBI-Me after spin-casting on HOPG substrates. The
insets show the cross-section analyses from yellow dashed lines in the corresponding AFM images. (b—d) Molecular arrangement of the P-
and M-atropoenantiomers as determined from the single-crystal structure obtained from their racemic mixture. Two pairs (bottom and top)
of next neighbored P- and M-enantiomers (blue and red) are shown in top view (b). The entire unit cell is shown in (c). The infinite translation
of the unit cells is shown in side view (d). Angles between the QBI’s N, N'-axes and unit cell axes are shown in grey. Center-to-center
distances (grey) and closest distances between n-planes (light blue) are indicated as well. The ellipsoids are set to 50% probability. Disorder,

hydrogen atoms, and solvent molecules are omitted for clarity.

by using the COMPASS tool of Materials Studio software to
eventually obtain a structural model of the J-aggregate built up
from the four M-enantiomers A—D (Figure 5, for further details
and reference computations see the Figure S10 in the Support-
ing Information). The measures of this optimized fourfold-
stranded M-superhelix are in excellent agreement with the AFM
parameters of the freshly prepared aggregates. They reveal a
helical half pitch (p/2) of 7.2 nm length and a diameter of 2 nm
measured between the outmost carbon atoms of the aryl bay-
substituents within the presented model.

The whole fourfold stranded J-aggregate can be displayed in
three different representations each highlighting a different di-
meric packing motif of the four M-QBI-Me chromophores
A-D, comprising the basic elongation unit. First, the slip-
stacked chromophore pair C&B (Figure 5a) forms the inner
core structure of the fourfold strand by showing the strongest
n—m-overlap among all other QBI pairs. This pair itself is in per-
fect (achiral) collinear alignment but imparts the M-type (coun-
terclockwise) helicity into the superstructure by the core-twist
of each individual chromophore (see also Figure 1c). This su-
pramolecular helicity now grows most prominent for the two
equal slip-stacked outer pairs A< B and CeD (Figure 5b). The
angles of the QBI's N,N-axes of the respective pairs narrow

down from 30° to 18° compared to the racemic packing (Figure
4d) and show an overall clockwise (positive, P) mutual orienta-
tion. The propagation of these two kinked slip-stacked pairs can
be seen as two slip-stacked double strands (Figure 5b, green and
red) intertwining each other in counterclockwise (M) sense. Al-
ready within this depiction, it becomes apparent that the QBI
pairs A<»C and B&D, top-stacked at double n—n-distance, are
also in clockwise orientation likewise to the kinked QBIs A&B
and CeD. This P-type handedness might be surprising but is a
geometrical necessity for all M-intertwining double-strands that
string up at small angles below 90°. Figure 5c shows these two
pairs AeC and B&D in detail and highlights their n-stacked
bay-phenyl substituents. Hence, the P-chiral arrangement of
these superimposed QBI pairs is guided by the helical enclosing
of four adjacent phenyl units. Therefore, the interlocking of the
phenyl units of each chromophore not only grants stable mono-
meric axial chirality but ensures also the conformational stabil-
ity of the overall M-superhelix of the J-aggregate. The elucida-
tion of observed strong chiroptical signatures by theoretical
means of all pairs of M-QBI-Me within an M-superhelix will
be discussed in the following.
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Figure 5. Structural model of the enantiopure M-superhelix built from M-QBI-Me chromophores derived from their molecular packing in
the racemic crystal structure in three different representations (spacefill as well as ball and stick model, a—c, left) along additional schematic
depictions of the corresponding pairs of QBI chromophores in top view (a—c, right). QBIs are denoted in green and red, respectively, to
guide the eye to the counterclockwise M-type propagation of the two intertwining slip-stacked double strands (highlighted in (a,b)) forming
the fourfold strand. The clockwise orientation of top-stacked chromophores within their counterclockwise intertwining double strands is
highlighted in (c). The helical unit cell indicating the individual chromophores A-D (highlighted with yellow) translates into the superhelix
by incremental rotating of 36°. The shown structure represents the middle section (252°) of the 720° section which was calculated in total.
The structure optimization was done using the COMPASS tool of Materials Studio software. The helical half-pitch p/2 (grey, calculated
with centroids) and the mean distance between the outmost carbon atoms of ferr-butyl units (violet) are indicated as well as the mutual
orientation of chromophore pairs in either clockwise (P, blue) or collinear (achiral, grey) arrangement.

Theoretical calculations of chiroptical response

Electronic circular dichroism (ECD) spectra were calculated by
TD-DFT on a purely electronic approach on @ B97XD/def2SVP
level of theory. The obtained rotatory strength R = m- -cos(a)
calculated from the magnetic (m) and electric ( ) transition di-
pole moments and their respective angle («) is rather sensitive
to the geometrical distortion imparted by the chromophore
packing in the J-coupled superhelix. Thus, we re-modelled the
enantiopure unit cell with geometry-optimized monomers and
adapted the crucial packing parameters (see Figure S10c). The
monomers were slightly simplified by replacing the fert-butyl
units of the bay-substituents by hydrogen atoms. The corre-
sponding monomeric ECD spectrum is in excellent agreement
with the experiment (Figure S11 in the Supporting Infor-
mation). Next, the pairs of M-QBIs C&B, Ce&D and CoA
were simulated likewise (see Figure S12 in the Supporting In-
formation for the following discussion). These ab-initio calcu-
lations provide two low energy excitations each, which can be
interpreted as coupled states along their respective R with cou-
pling strengths of 660 to 780 cm . Hence, the superimposed P-
type pair C¢»A, whose QBISs lie on top of each other, shows a
bisignate ECD-spectrum with positive R for the low-energy
branch. Its oscillator strength is mostly stored in the high-en-
ergy branch. Both would be reasonable for an H-type excitonic
coupling. Besides, the kinked slip-stacked pair CéD
(‘creeper’-type®®*!) shows a strong negative Cotton-effect even
though its clockwise +18° orientation. The collinearly aligned

slip-stacked dimer CB shows (almost) no bisignate ECD-
spectrum and only a single negative ECD-band hence correctly
accounting for its achiral supramolecular orientation.

The opposite ECD signs of C4»A and Cé»D, even though both
pair’s chromophores are in clockwise orientation, motivated for
deeper analysis of the intermolecular coupling. Experimentally,
the coupling strengths can be assessed by the maxima of the
experimental CD-bands revealing a value of 500 cm™!. For sim-
ulation of the excitonic coupling however, ab-initio TD-DFT
calculations of multi-chromophore systems are rather unreliable
(see the Supporting Information).®”** Thus, we determined the
overall intermolecular coupling Jioa by the combination of tran-
sition charge method accounting for long-range Coulomb-cou-
pling as well as Amsterdam Density Functional (ADF) calcula-
tions for charge-transfer mediated short-range coupling (Fig-
ure 6a, Tables S4, S5 in the Supporting Information), as estab-
lished for PBI aggregates.” We like to note that it is the large
QBI transition dipole moment ( <= 11.6 D) which maintains
a sufficient Coulomb-coupling even at long center-to-center
distances of almost 15 A compared to similar PBIs.” In total,
reasonable Jiwa values of slip-stacked pairs of —807 cm™
(100 meV, CSB) and —404 cm ™" (50 meV, CSD) as well as
—258 cm™! (32 meV) for the superimposing pair (C&A) could
be obtained. All dimers show a negative Ji and hence suggest
J-type excitonic coupling. This might be surprising for the top-
stacked C¢»A but could be clearly attributed to the twisted and
displaced mutual orientation of the chromophores. When C&SA
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Figure 6. (a) Molecular geometries of dimers of M-QBI-Me (mon-
omers DFT optimized) forming the core-unit of the modelled J-ag-
gregate M-superhelix in side (left) and top (right) view. The arrows
highlight the mutual chromophore orientation. (b) Experimental
CD-spectrum (green solid line) and calculated rotatory strengths of
the three dimers derived from the modified Rosenberg equation.>
Ce&D values are doubled to adequately represent the core unit of
the infinite aggregate.

is artificially parallelized into perfectly superimposing arrange-
ment, a positive Jiora and hence H-type coupling was obtained
in corroborating reference calculations (see Figure S14, Ta-
ble S6). The simulated coupling strengths now allow to inter-
pret the mutual orientation of the chromophores. The clockwise
P-handedness of the two chiral pairs of QBIs is indeed congru-
ent with the common exciton chirality method’"”? when consid-
ering their J-type coupling, which was just recently provided
with theoretical understanding by Painelli, Thomas and co-
workers. !

Accordingly, attractive coupling interaction leads to a negative
Cotton-effect even though chromophores are in right-handed
arrangement. The alleged sign-flip arises from the inversion of
excitation energies of in-phase and out-of-phase combination
for J- and H-type coupling, respectively. Thus, we calculated R
of the monomers and of all dimers by applying the expanded

Rosenfeld equation as sum of monomeric contribution (Rmon),
electro-magnetic coupling (R.,) and excitonic contribution
(Rqy) by using the monomeric m and  as well as the geometric
parameter from the enantiopure unit cell of the J-aggregate (Fig-
ure 6 and see the Supporting Information for details). By this
means, the contribution of the superimposing pair C4»B is re-
stricted to Rmon and R..mdue to the perfectly collinear but achiral
arrangement, while the slip-stacked pairs CD and C&SA are
mostly governed by the excitonic contribution. For the low-en-
ergy branch, Ry +sums up to =544 (C&B), —1833 (Ce&D)
and —1252x 107 esu? cm? (CEA), respectively (see Table S5).
The outer kinked collinear dimer C&D (‘creeper’) is dominant
due to its prominent charge-transfer coupling. Additionally, its
contribution can be doubled by simple geometric considerations
to account for the infinite extend of the core unit within the dou-
ble strand (Figure 6b). Thus, even with this simple approach we
could successfully demonstrate that the interlocking phenyl
bay-substituents serve two functions. They ensure the confor-
mational stability of the individual molecules and guide the
QBT’s self-assembly into the required handedness of the entire
J-aggregate to reach strong chiroptical response in the NIR.

CONCLUSION

In summary, we presented the first enantiopure J-aggregate of
a stable axial chiral rylene bisimide dye showing strong exci-
tonic chirality of its main optical Se¢—S; transition. A strong CD
couplet centered deep in the near infrared region at 903 nm with
high dissymmetry factors of up to 1.1x1072 at 935 nm could be
achieved. The high solubility of the tetra-arylated quaterrylene
bisimide QBI-Me allowed for the cooperative self-assembly in
low polarity n-hexane purely relying on weak van-der-Waals
interactions enabled by the accessible large m-planes. Accord-
ingly, we could successfully develop our concept of chiral in-
terlocking phenyl bay-substituents from a molecular to a supra-
molecular level. Hence, the phenyl units attached to the chro-
mophore cores not only grant conformational stability of the
monomers but impart a supramolecular guiding into the helical
J-aggregate. In our structural model of a slip-stacked inter-
twined fourfold-strand we could highlight the geometrical ne-
cessity of P-type handedness of close pairs of QBI chromo-
phores to form an overall M-superhelix. The high photostabil-
ity, spectral position in the NIR and accessibility in solid-state
renders our aggregate suitable for incorporation into active host
materials for chiral sensing devices.
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