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ABSTRACT: Understanding the interplay between different forms
of chirality in organic materials is critical for tuning and optimizing
their (chir)optical properties. There is a growing interest in chiral
chromophores such as bay-substituted perylene diimides (PDIs) due
to their intrinsic helicity (M/P) which, at a higher level of
organization, can also generate supramolecular chirality (Ms/Ps).
The relationship between helical and supramolecular chirality governs
interchromophore coupling, rotatory strengths, and subsequently
circular dichroism (CD) and circularly polarized luminescence (CPL)
spectra. Herein, we report the first PDI dimers that match helical and
supramolecular chirality, e.g., PP−Ps. In agreement with theory, this
chiral synergy contributes to enhanced CD and broadband CPL with
high CPL brightness, properties of significant value for optical
filtering in next-generation chiral sensors and displays.

■ INTRODUCTION
Chirality is a fundamental property that governs the interaction
of materials with circularly polarized light at both the
molecular and supramolecular level.1 In many cases, chiral
organic materials comprise a planar chromophore function-
alized with a chiral group which, while often generating only
weak molecular chiroptical responses,2 directs the formation of
extended chiral assemblies with amplified circular dichroism
(CD) and/or circularly polarized luminescence (CPL).3−5

Alternatively, a burgeoning field focuses on twisted aromatics,6

where helical distortion of the aromatic framework affords
pronounced molecular chiroptical properties, prominent
examples including helicenes,7 twisted acenes8 and warped
nanographenes.9

Despite growing interest in twisted chromophores,10 our
understanding of chiral synergy effects in systems containing
multiple hierarchical sources of chirality remains limited. In
particular, understanding how intrinsic helicity (i.e., M/P)
influences supramolecular chirality11 (Ms/Ps) is critical, since
these chiral arrangements govern excitonic coupling and, in
turn, (chir)optical properties.12,13 This includes control over
the intensity (gabs/lum),

14 purity (monosignate),15 and band-
width (Δλ)16 of the CD/CPL response, as well as the CPL
brightness (BCPL).

17 Monosignate broadband (Δλ ≥ 200 nm)
CD is unusual for small molecules18 and, to the best of our
knowledge, analogous broadband CPL is often limited to
polymeric materials.16,19,20 Such properties are desirable for

applications including chiroptical imaging, security inks and
lighting.21−23

Perylene diimides (PDIs) are an important class of
fluorescent chromophores18 and are widely employed as
building blocks for electronic and/or photonic materials24−26

due to their tunable redox and photophysical properties,
accessible through core functionalization.27 Moreover, PDIs
are becoming increasingly significant in chiroptics28 since
substitution at the perylene bay regions induces helical
distortion of the aromatic core (M/P).29 Supramolecular
structure−property relationships are frequently investigated
using PDI oligomers30,31 which, in the case of helical PDIs,
include bis-PDI macrocycles due to chromophore preorganiza-
tion.32−34

In this context, configurational stability is essential to enable
the isolation and characterization of individual PDI dimer
stereoisomers. We previously reported a chirally locked bis-
PDI macrocycle, 3 (Figure 1a), in which the PDI helicity (e.g.,
MM) is mismatched with the dimer's supramolecular chirality
(Ps).

35 Alternative dimers have colinear PDIs, so do not exhibit
supramolecular chirality.34,36,37 Although chiral synergy has
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recently been explored in spiro-fused PDI helicenes,38 the
fundamental question of how alignment between helical and
supramolecular chirality influences (chir)optical properties
remains unresolved.
Herein, we report a new macrocycle which, for the first time,

matches helical and supramolecular chirality in a PDI dimer,
i.e., PP−Ps and MM−Ms (Figure 1b). Relative to our previous
macrocycle design (Figure 1a),35 matched chirality was
achieved through linker contraction, replacing p-aryl with
m-aryl linkers, which redirects the PDI’s (1,2,3-triazole) bay
substituents into the macrocycle cavity to alleviate ring strain.39

This inverts PDI helicity40 while preserving supramolecular
chirality (Figure 1b). Furthermore, the use of m-pyridyl
(macrocycle 1) or m-xylyl (2) linkers elucidate the role of
intramolecular hydrogen bonding in reinforcing the target
geometry of the chiral π-stack.
The resulting bis-PDI macrocycles are configurationally

stable, enabling all stereoisomers to be isolated and analyzed in
both solution and the solid state. PDI homochirality (e.g., PP)
is shown to enhance excitonic coupling relative to the
heterochiral dimer (MP). Moreover, supported by theory,
matching PDI helicity with supramolecular chirality in
macrocycle 1 (e.g., PP−Ps; Figure 1b) is an important
contributor to the dimer’s amplified CD response relative to
mismatched 3 (MM−Ps; Figure 1a). Chiral synergy is also
found to underpin strong, broadband and monosignate CPL
spectra of macrocycle 1, with exceptional brightness arising
from the interaction between bright local excited and excimer
states, revealed by ultrafast spectroscopy.

■ RESULTS AND DISCUSSION

Synthesis and Characterization

The bis-PDI macrocycles with m-pyridyl (1) or m-xylyl (2)
linkers were prepared by multistep syntheses (Figure 2a), via
PDI monomer 5 or 6, as detailed in the Supporting
Information (SI), Section 1. Importantly, two distinct PDI
dimer macrocycles were obtained upon purification by
preparative thin-layer chromatography, consistent with the
isolation of homochiral (MM and PP) and heterochiral (MP)
stereoisomers. Indeed, chiral HPLC (SI, Section 5) resolved
two enantiomers from the homochiral samples, which were
assigned by a combination of CD spectroscopy and
computation (SI, Section 10). All macrocycles were charac-
terized by 1H (Figure 2b) and 13C NMR spectroscopy and
high-resolution mass spectrometry (SI, Section 1). The distinct

1H NMR spectra of homochiral (MM/PP) and heterochiral
(MP) dimer macrocycles confirmed their diastereomeric
relationship (Figure 2b).
For both 1 and 2, 1H NMR spectroscopy evidenced the slow

interconversion of MP into MM/PP at 100 °C (Figure 2b).
This demonstrates the thermodynamic stability of homochiral
over heterochiral stereoisomers, likely due to the chiral
complementarity between the two PDI units in the former.
However, all macrocycle stereoisomers are configurationally

stable at room temperature, with negligible change in the CD
spectra of MM/PP enantiomers after three months (Figures
S6.6 and S6.7). This was confirmed by chiral HPLC, with
reinjection of pure MM/PP/MP samples giving a single peak
on the chromatogram (Figures S5.2 and S5.5). The free energy
barrier to interconversion (ΔG‡) was determined by time-
course CD spectroscopy at 112 °C, giving ΔG‡ = 131 kJ mol−1

(t1/2 = 6.5 h) and 122 kJ mol−1 (0.5 h) for the m-pyridyl (1)
and m-xylyl (2) macrocycles respectively (SI, Section 6). The
difference is discussed below, yet both values are significantly
larger than that of a dynamic p-xylyl linked macrocycle
analogue with ΔG‡ ≈ 90 kJ mol−1.32 This is likely due to the
reduced macrocyclic ring size (by just two atoms) in
macrocycles 1 and 2, and the more acute angle (120° vs
180°) imposed by their m-aryl linkers. Van‘t Hoff analysis of
variable temperature CD spectra revealed that the enthalpic
barrier to stereoisomer interconversion for m-aryl linked
macrocycle 1 (ΔH‡ = 218 kJ mol−1; Figure S6.5) is
significantly larger than that in the p-aryl analogue (81 kJ
mol−1).32

■ DIMER GEOMETRY
We grew single crystals suitable for X-ray diffraction (XRD)
and obtained structures of three macrocycles; specifically
heterochiral (1-MP and 2-MP) and homochiral (1-MM/PP)
dimers, including racemic and enantiopure structures for the
latter (Figure 3 and SI, Section 4). A cofacial π-stacked dimer
was evident from the crystal structure of 1-MM/PP (Figure 3),
with a PDI−PDI separation of dπ−π = 4.3 Å, sufficient for
excitonic coupling (vide infra).41 Importantly, both racemic
and enantiopure crystal structures of 1-MM/PP show that the
PDI’s helical chirality (M/P, dihedral β = 18°) and the dimer’s
supramolecular chirality (Ms/Ps, twist α = 60°) are matched,
i.e., MM gives Ms and PP gives Ps. This dimer geometry is
distinct to previous twisted PDI-containing dimer macrocycles,

Figure 1. a) A previous bis-PDI macrocycle (3) in which PDI helicity and supramolecular chirality are mismatched, b) a new bis-PDI macrocycle
(1) with matched chirality and the impact on the dimer’s chiroptical properties.
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where supramolecular chirality is either absent34,36,37 or
mismatched with PDI helicity.32,35

In solution (1,1,2,2-tetrachloroethane-d2), the 1H NMR
spectrum of 1-MM/PP is notable for the large upfield shift of
the triazole proton signal (Hd, Figure 2b) in comparison to the
PDI monomer 5 (Δδ = 1.9 ppm) and the other bis-PDI
macrocycles (∼1.3 ppm). This is indicative of ring-current
effects arising from the close approach of the PDI π-surfaces in
1-MM/PP,32,42 i.e., intramolecular π−π stacking, and in line
with the dimer geometry seen in the X-ray crystal structure
(Figure 3).
The crystal structure of 1-MM/PP also revealed four

intramolecular hydrogen bonds between the pyridine and
triazole heterocycles in the macrocycle linkers (average CH···N
distance = 3.1 Å, Figure 3). Such interactions promote the
formation of a homochiral, cofacial PDI π-stacked geometry.
These interactions were found to persist in solution since,

upon heating 1-MM/PP, the 1H NMR signal for the triazole
protons (Hd) remains broader than the other peaks, character-
istic of their involvement in hydrogen bonding (Figure S2.2).
Furthermore, 1H−1H ROESY NMR of 1-MM/PP reveals a

Hc↔Hd correlation (Figure S2.4) consistent with intra-
molecular hydrogen bonding that orients Hd toward the
macrocycle cavity, as seen in the crystal structure (Figures 3
and S2.5). We also employed the noncovalent interaction
(NCI) index method43 to analyze a structure of 1-PP obtained
from DFT optimization of its crystal structure (B97−3c44/
def2-TZVP45 with implicit solvation in toluene [conductor-like
polarizable continuum model]; SI, section 10). This analysis
confirmed the presence of intramolecular pyridine−triazole
hydrogen bonding alongside π−π stacking interactions
between the PDI units (Figure S10.11).
Alongside 1H NMR spectroscopy (Figure S2.3), 1H−1H

ROESY and DOSY NMR spectroscopy provide further

Figure 2. a) Synthesis of bis-PDI macrocycles 1-MM/PP/MP (m-pyridyl) and 2-MM/PP/MP (m-xylyl), with (′) used to indicate protons of the
MP stereoisomer and TBTA = tris(benzyltriazolylmethyl)amine, b) comparison of the 1H NMR spectra (373 K, 400 MHz, 1,1,2,2-
tetrachloroethane-d2) of a selection of macrocycle stereoisomers, including 2-MM/PP after heating at 100 °C for 8 h.

Figure 3. X-ray crystal structures of bis-PDI macrocycles 1-MM/PP (homochiral) and 1-MP (heterochiral). HB = hydrogen bond and dπ−π = 4.3 Å
in 1-MM/PP.
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evidence that 1-MM/PP and 1-MP adopt the distinct dimer
geometries observed in their crystal structures (Figure 3). For
1-MM/PP, an Ha↔Hc cross-peak is consistent with the
rotational displacement of the PDI units within the cofacial π-
stack that brings these protons into close spatial proximity
(Figures S2.4 and S2.5). In contrast, 1-MP exhibits an Ha↔Hb
cross-peak, reflecting the slipped π-stacked geometry in which
long-axis displacement brings these protons closer together
(Figures S2.8 and S2.9). Furthermore, 1-MP diffuses slower
than 1-MM/PP (D = 1.303 [±0.008] vs 1.472 [±0.004] ×
10−10 m2 s−1; Table S2.6), indicating a larger hydrodynamic
radius that is consistent with its more elongated structure
(Figure 3).
In the absence of a crystal structure for the homochiral m-

xylyl macrocycle 2-MM/PP, we used computational chemistry
(CREST code46 and the gfn2 tight-binding method47) to
predict the lowest energy conformer of 2-PP (Figure S10.12).
The calculated structure features a cofacial π-stacked arrange-
ment of the PDI units, similar to that of 1-MM/PP. In addition
to the 1H NMR data (Figures 2b and S2.3), 1H−1H ROESY
and DOSY NMR spectroscopy provide further support for this
geometry in solution. Specifically, multiple through-space
proton correlations in the ROESY spectrum agree with the
calculated structure of 2-PP (Figures S2.6 and S2.7), while 2-
MM/PP exhibits a smaller diffusion coefficient than PDI

monomer 5 (D = 1.378 [±0.002] vs 1.708 [±0.002] × 10−10

m2 s−1; Table S2.6) and a value similar to that of macrocycle 1-
MM/PP (1.472 [±0.004] × 10−10 m2 s−1), consistent with a π-
stacked dimeric structure.
Like 1-PP, the 2-PP PDI dimer is also found to have

matched helical−supramolecular chirality, i.e., PP−Ps. How-
ever, only a single CH···N hydrogen bond is found in each
linker, occurring between the two triazole groups, which is
expected to be a weaker interaction than that in 1-MM/PP due
to the lower Lewis basicity of the 1,2,3-triazole compared to
pyridine. Furthermore, NCI index analysis identified PDI−PDI
π-stacking as the dominant noncovalent interaction in the
calculated structure of 2-PP (Figure S10.11). This analysis was
supported by 1H NMR spectroscopy in solution (SI, Section
2). Relative to 1-MM/PP, the triazole proton Hd is shifted
downfield in 2-MM/PP (Δδ = 1.3 ppm; Figure 2b), indicating
reduced shielding by the neighboring PDI π-surface.42 This
observation is consistent with the calculated structure of 2-PP
(Figure S10.12), in which Hd may be directed away from the
PDI because, unlike in 1-MM/PP, it is not involved in
intramolecular hydrogen bonding to the m-aryl group in the
linker. These differences in intramolecular hydrogen bonding
may explain the larger ΔG‡ measured for m-pyridyl macrocycle
1 compared to m-xylyl analogue 2.

Figure 4. UV−vis absorption (11 μM, pink) and fluorescence emission (11 μM, λex = 450 nm, teal) spectra in toluene of bis-PDI macrocycles, a) 1-
MM/PP (* = EX shoulder, vide infra), b) 1-MP, c) 2-MM/PP, and d) PDI monomer 5.
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■ DIMER EXCITONIC COUPLING
Building on the XRD and NMR spectroscopic analysis, we
used photophysical techniques to determine the excitonic
coupling of the macrocyclic PDI dimer stereoisomers in
solution and relate this to their geometry. The UV−vis
spectrum of macrocycle 1-MM/PP, in both 1,1,2,2-tetrachloro-
ethane and toluene (Figures 4a and S3.3), is consistent with
cofacial π-stacking interactions and excitonic coupling between
the PDI units. The λmax of the lowest energy absorption band,
S0 → S1, is blue-shifted from 555 to 544 nm, and exhibits a
larger vibronic peak ratio (0−1/0−0 > 1), relative to PDI
monomer 5 in toluene (Figure 4d), characteristic of H-type
coupling18 in the PDI dimer (JTot = +463 cm−1,48 SI Section
11).49 To further demonstrate the role of intramolecular
(CH···N) hydrogen bonding in stabilizing a dimer geometry
with strong H-type excitonic coupling, we measured the UV−
vis spectrum of 1-MM/PP following protonation of the
m-pyridyl group(s) (Figure S3.4). The new spectrum strongly
resembles that of PDI monomer 5 (Figure 4d), indicating
weaker coupling.
The UV−vis spectrum of heterochiral macrocycle 1-MP in

toluene shows a vibronic peak ratio closely resembling the PDI
monomer 5 (Figures 4b, d) and so exhibits weaker excitonic
coupling (JTot = +119 cm−1). This is due to opposing PDI
helical chirality in the dimer which, as suggested by the crystal
structure of 1-MP (Figure 3), arises from a long-axis
displacement of the chromophores (d = 5.7 Å), reducing JTot.

50

Computational chemistry was used to further validate that
the distinct geometries of 1-MM/PP and 1-MP (Figure 3) are
consistent with the differences in their excitonic coupling. For
both macrocycles, the lowest energy conformers predicted
from a conformer search (vide supra) resemble the respective
crystal structure. Moreover, the predicted UV−vis and CD
spectra of these conformers (TD-ωB97x51/def2-SVP;45 SI,
Section 10) agree with those measured for the PDI dimers in
toluene. Specifically, a larger Davydov splitting is predicted for
1-MM/PP relative to 1-MP (Tables S10.1 and S10.2) which is
consistent with its stronger H-type coupling arising from the
cofacial (vs slipped) π-stacked geometry.
The UV−vis spectra of m-xylyl macrocycles 2-MM/PP and

2-MP reveal weaker PDI−PDI coupling than 1-MM/PP
(Figures 4a,c and S3.5), while the loss of vibronic structure
is consistent with ground state inhomogeneity arising from
reduced intramolecular hydrogen bonding. This is supported
by ROESY and DOSY NMR spectroscopy (SI, Section 2),
with 2-MM/PP exhibiting fewer through-space correlations
between PDI and linker protons than 1-MM/PP (Table S2.1),
as well as a smaller diffusion coefficient (Table S2.6), both
consistent with greater conformational freedom in the m-xylyl
macrocycle. Notably, the m-pyridyl and m-xylyl linkers are not
expected to directly contribute to the low-energy electronic
transitions of the PDI dimer since, for both 1-MM/PP and 2-
MM/PP, the frontier molecular orbitals associated with these
transitions are almost exclusively localized on the ditriazole
PDI units (Figures S10.7−S10.10). The crystal structure of 2-
MP (Figure S4.5) reveals the same long-axis displacement as 1-
MP (5.7 Å), which would also explain its weaker excitonic
coupling.
The dependence of excitonic coupling on dimer stereo-

chemistry is further evidenced from fluorescence spectroscopy
in toluene. While the spectrum of 1-MP (Figure 4b) is akin to
that of PDI monomer 5 (Figure 4d), with maxima at 610 nm

for both species, evidencing emission from the local excited
(LE) state, the strongly coupled homochiral dimer 1-MM/PP
exhibits an additional red-shifted fluorescence shoulder at
∼650 nm that is broader and of lower intensity relative to the
LE band (Figure 4a). Based on the longer, wavelength-
independent fluorescence lifetime of 1-MM/PP (τ = 16.5 ns,
Figures S9.1 and 9.2), relative to 1-MP (8.0 ns) and monomer
5 (7.4 ns), we propose that this shoulder is due to emission
from an excimer (EX) population. Importantly, the fluo-
rescence shoulder is not observed in 1-MP, monomer 5 or m-
xylyl macrocycles 2 (vide infra).
The position of the fluorescence shoulder for 1-MM/PP is

consistent with previously reported PDI EXs.52,53 It has no
concentration dependence (Figure S3.6), evidencing intra-
molecular EX formation.54 We can also exclude impurities or
multiple ground states as an explanation for the shoulder since
the excitation and absorption spectra of 1-MM/PP are in
excellent agreement (Figure S3.7). Likewise, vibronic pro-
gression is ruled out since the shoulder is observed in neither
monomer 5 (Figure 4d), nor dimer 1-MP (Figure 4b). The
latter also demonstrates the importance of chiral comple-
mentary for EX population.
In line with shorter fluorescence lifetimes (∼8 ns) and a lack

of EX shoulder in their fluorescence spectra (Figures 4c and
S3.5), EX formation is negligible in the m-xylyl macrocycles
(2). Here, the weaker intramolecular hydrogen bonding in 2-
MM/PP is not sufficient to promote a strongly coupled,
cofacial PDI dimer geometry. These findings are underpinned
by the following femtosecond transient absorption (fsTA)
spectroscopy studies.

■ TRANSIENT ABSORPTION SPECTROSCOPY
We used fsTA spectroscopy to support our interpretation of
the photophysics of the dimers. The fsTA measurements were
performed on toluene and DMSO (SI, Section 9) solutions of
the PDI dimer macrocycles (1-MM/PP, 2-MM/PP and 1-MP)
and monomer 5 (Figure S9.3) following ∼100 fs, 545 nm
excitation, using a previously described setup.55 At T = 200 fs,
all dimers exhibit qualitatively similar spectral features,
consisting of a broad negative signal spanning 500−650 nm
arising from the combined ground-state bleach (GSB) and
stimulated emission (SE), alongside a broad excited-state
absorption (ESA) extending from ∼650 nm to beyond 1100
nm. Differences between PDI dimers and monomer are most
apparent in the 700−900 nm region: while 1-MM/PP (Figure
5a) shows a relatively featureless, sloping ESA peaking at 900
nm, closely resembling the PDI monomer 5 (Figure S9.3), 2-
MM/PP (Figure 5e) exhibits two maxima (∼700 and ∼900
nm), while 1-MP (Figure 5c) displays an additional shoulder at
∼800 nm.
In apolar toluene, distinct relaxation pathways emerge over

the ps time scale. For 2-MM/PP and 1-MP (Figures 5c,e) a
reshaping of the GSB/SE band into a more structured profile,
with minima at ∼560 and ∼610 nm, matching the absorption
and emission maxima, is observed. Concomitantly, the ESA
amplitude decreases by ∼15−20%. In 1-MP, this relaxation is
further accompanied by a redshift of the ESA shoulder initially
located at ∼800 nm.
In contrast, 1-MM/PP (Figure 5a) does not exhibit a SE

redshift. Instead, a new, weak 600−650 nm positive feature
emerges, while the 700−900 nm (LE) ESA band remains
largely unchanged. Macrocycle 1-MM/PP shows slow
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relaxation, whereas 2-MM/PP and 1-MP exhibit faster decay,
and continued ESA evolution.
The fsTA data sets were analyzed by global fitting using

Glotaran,56 assuming sequential first-order evolution through n
states with increasing time constants τn+1 > τn. Two or three
components were required to achieve good fits. Corresponding
evolution associated difference spectra (EADS) are shown in
Figure 5b,d,f.
For 1-MM/PP (Figure 5b), the initial spectrum is

dominated by a strong ESA centered at 900 nm, assigned to
S1 → Sn from the LE state promptly populated upon
photoexcitation. The fastest 0.3 ps component is characterized
by the appearance of a weak ESA feature in the 620−650 nm
region and partial SE quench, and is assigned to EX formation,
with negligible changes elsewhere. This is followed by a 24 ps
component with further EX ESA rise time, but nearly identical
spectral profile, suggesting minor evolution within a single
potential energy surface (PES). This component decays to the
ground state with a 16.5 ns lifetime (fixed to match time-
resolved fluorescence data).
In contrast to fully formed PDI excimers, which show a

broad, flat ESA extending from ∼600 nm into the NIR,
together with quenching of the LE ESA and SE,57−62 1-MM/
PP retains the ∼900 nm LE ESA and develops only a weak EX
ESA, indicating that evolution toward EX character occurs on a
∼300 fs time scale but remains partial. The high fluorescence
quantum yield (Φ = 0.9 for 1-MM/PP) and the dual LE/EX
fluorescence and CPL (vide infra) are consistent with this
picture, while the excitation and detection wavelength-

independent fluorescence lifetimes (Figures S9.1 and S9.2)
and excitation spectra (Figure S3.7) argue against parallel
excited-state populations and conformational heterogeneity,63

placing the LE and EX signatures within a homogeneous
excited-state population. Two limiting descriptions are
consistent with our data: a dynamical LE ⇄ EX equilibrium
established within ∼300 fs of photoexcitation, or a state of
intrinsically mixed LE/EX character formed on the same time
scale. In both limits, the observable is a sub-picosecond
relaxation to a time-independent LE/EX population ratio (i.e.,
650/900 nm amplitude ratio), so the two are kinetically
degenerate over our accessible delay range. Neither global nor
target analysis can distinguish between such two scenarios,
which would require an observable sensitive to the LE−EX
interconversion barrier. Together with steady-state absorption
(and excitation; Figure S3.7) spectra indicating significant H-
type excitonic coupling (JTot = +463 cm−1), this suggests that
the relatively large interchromophore distance (dπ−π = 4.3 Å)
and tilt angle (α = 60°, Figure 3) in 1-MM/PP promote LE/
EX mixing (or equilibration) in a nonpolar environment.
EX formation in cofacial rylene dimers requires contraction

of the interchromophoric distance.52,60,63,64 In 1-MM/PP, this
pathway is suppressed by the rigid cyclic framework anchored
by hydrogen bonding and π−π interactions. Hence, the EX
state cannot relax to its lower-energy configuration and
remains energetically close (within kT) to the LE state. This
enables LE−EX interconversion (or mixing), giving rise to tens
of ns fluorescence and dual CPL (vide infra).

Figure 5. (a, b) fsTA spectra at selected pump−probe delays and evolution associated difference spectra from global fitting of 1-MM/PP in
toluene. (c, d) same as (a, b) for 1-MP. The asterisk in (d) indicates that the initial spectrum contains an artifact arising from stimulated Raman
scattering of the toluene solvent (545 nm pump, ∼3000 cm−1 aromatic C−H stretch), contributing around pulse-overlap time. (e, f) same as (a, b)
for 2-MM/PP. Steady-state absorption (black) and fluorescence emission (red shade) spectra are reproduced from Figure 4 in the top panels.
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To verify that the fluorescence/CPL 650 nm shoulder
contains LE/EX contributions, we performed fsTA of both
macrocycle 1 dimers in polar DMSO (Figure S9.4). In polar
environments, EX states are expected to be quenched through
symmetry-breaking charge separation (SBCS),62,65,66 followed
by charge recombination (CR) repopulating S0. We observe ps
SBCS dynamics in 1-MM/PP in DMSO, and its steady-state
fluorescence no longer exhibits the EX shoulder (Figure S9.4).
Dimer 1-MP also shows few ps SBCS and hundreds of ps CR
in DMSO (Figure S9.4).
For m-xylyl macrocycle 2-MM/PP in toluene (Figure 5f),

the 3.7 ps component shows a SE redshift arising from
ditriazole PDI planarization (akin to monomer 5, Figure S9.3),
accompanied by a NIR ESA amplitude reduction. The absence
of this SE redshift in 1-MM/PP may reflect structural
constraints on ditriazole PDI planarization imposed by the
intramolecular CH···N hydrogen bonding and/or competition
between the few ps PDI planarization and the 0.3 ps onset of
the LE−EX equilibrium.
In contrast to 1-MM/PP, the absence of EX ESA formation

at 620−650 nm for 2-MM/PP indicates that the photoexcited
population remains in a LE state. This assignment is supported
by the close similarity of the absorption, fluorescence, and CPL
(vide infra) spectra to those of uncoupled PDI monomer 5,
together with a comparable fluorescence lifetime (8.0 vs 7.4
ns).
Similarly, no EX ESA is formed in heterochiral dimer 1-MP

(Figure 5d) consistent with its weakly coupled absorption
spectrum and long axis displacement (5.9 Å). Instead, a ∼0.3

ps component involves decay of the ∼700 and ∼1050 nm ESA
and redshift of the ∼800 nm feature, followed by a ∼5 ps
amplitude loss with minimal spectral evolution. We assign this
fast spectral evolution to structural relaxation within the LE
manifold and subsequent population loss via nonradiative
pathways, in agreement with its nearly 5-fold lower
fluorescence quantum yield (Φ = 0.2 vs 0.9 for 1-MM/PP).
Nonradiative relaxation is likely facilitated by increased dimer
flexibility, with weaker π−π and hydrogen bonding inter-
actions, due to mismatched PDI helicity.
The presence of the ∼800 nm ESA feature in 1-MP, and its

absence in both 1-MM/PP and 2-MM/PP, may reflect the
reduced symmetry of the heterochiral dimer. A symmetry
forbidden S1 → Sn transition in the homochiral dimers could
gain oscillator strength in the less symmetrical heterochiral 1-
MP. Alternatively, the feature could be vibronic in origin,
arising from a ∼1390 cm−1 Raman-active mode such as a vinyl
stretching, more strongly displaced between the S1 and Sn
surfaces in 1-MP than in the homochiral dimers. The spectral
evolution of the ESA profile would then reflect relaxation of
the S1 population causing a change in the Franck−Condon
factors of such a vibration between S1 and Sn. The present data
do not allow us to distinguish between these two scenarios;
resolving the origin of this feature would require further
computational or resonance Raman characterization, which is
beyond the scope of this study.

Figure 6. a) CD spectra of the enantiomers of bis-PDI macrocycles 1 and 2 in toluene (25 μM), b) MMP CD spectra of a thin film of 1-PP before
and after annealing, c) MMP CD maps (50 μm spatial resolution) of an area of the 1-PP thin film before annealing (1.5 × 1.5 mm map at λ = 576
nm) and after annealing (2 × 2 mm map at λ = 590 nm), d) packing of 1-PP from its X-ray crystal structure (enantiopure) showing the
intermolecular (blue) and intramolecular (black) dπ−π between PDIs.

Table 1. A Comparison of Experimental and Calculated Chiroptical Parameters of the PP Enantiomer of Bis-PDI Macrocycles
1 and, from Previous Work, 335

PDI dimer (linker) Helical−supramol. chirality Transition (λ)a gabs (×10−3)b R (10−40 erg cm3)c |μ|c |m|c cos θc

1-PP (m-aryl) PP−Ps 1 (583 nm) 7.2 731 1.63 1.31 0.22
2 (500 nm) −1.3 −751 3.33 0.68 −0.03

3-PP (p-aryl) PP−Ms 1 (610 nm) −3.0 −223 0.45 0.01 −1.00
2 (525 nm) 0.5 292 3.27 0.01 1.00

aThe first (1) and second (2) lowest energy transitions, with λ taken from experimental CD spectra. bExperimental value. cCalculated value.
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■ CIRCULAR DICHROISM
Our next goal was to understand how PDI dimer geometry and
coupling impacted the chiroptical properties, beginning with
CD. For both macrocycles 1 and 2, the MM and PP
enantiomers gave the expected mirror image CD spectra in
toluene (Figure 6a), with a Cotton effect for the S0 → S1
transition (∼530 nm), confirming excitonic coupling between
the two PDI units.67 The stronger excitonic coupling in 1-
MM/PP, with synergistic π-stacking and hydrogen bonding,
leads to a larger gabs (9 × 10−3 at 325 nm) than that of 2-MM/
PP (gabs = 6 × 10−3; Figure 6a).
The gabs for 1-MM/PP is over three times larger than that of

helical PDI dimers without supramolecular chirality.34,36

Moreover, 1-MM/PP gabs values are over two times larger
than for a structurally related bis-PDI macrocycle, 3-MM/PP
(Table 1),35 which exhibits similar H-type coupling (JTot =
+420 cm−1), yet importantly, unlike 1-MM/PP, its PDI helical
and supramolecular chirality are opposing (Table 1).
This result is consistent with our calculations of the two

lowest energy transitions for the PP enantiomer of both
macrocycle dimers 1 and 3 (Table 1), i.e., from their predicted
rotatory strengths (R), which determine CD intensity.
Macrocycle 1-PP, with matching Ps supramolecular chirality,
is predicted to have larger R, than 3-PP with opposing Ms. The
R for a transition between i and j states may be expressed as

= · | || |R m mIm( ) cosij ij ij ij (1)

where μij and mij are the electric and magnetic transition dipole
moment vectors respectively, and θ is the angle between
them.68 Therefore, the calculations also show that the larger R
predicted for chirally matched 1 (PP−Ps) is due to m being up
to two orders of magnitude larger than in chirally mismatched
3 (PP−Ms), despite a less favorable relative orientation of μ
and m (i.e., a smaller cos θ). We note that structural effects,

such as conformational rigidity and ring strain arising from
linker modification, may also contribute to the differences in
CD measured between macrocycles 1 and 3.
We also investigated the CD of the best-performing

macrocycle enantiomers 1-MM and 1-PP in thin films
prepared by dropcasting from o-dichlorobenzene. For this,
we used Mueller−Matrix polarimetry (MMP) to accurately
quantify and map CD across the films (SI, Section 7), since
this technique deconvolutes the individual circular dichroism/
birefringence (CD/CB) and linear dichroism/birefringence
(LD/LB) contributions to the signal.69,70 Prior to thermal
annealing (Figure 6b,c), the thin films of 1-MM and 1-PP
exhibited homogeneous CD (gabs = 3 × 10−3 at 589 nm) with
equal and opposite CD spectra consistent with those in
solution (Figure 6a). This indicates the macrocycles are
discrete species within the isotropic film, and indeed the lack of
chiroptical activity displayed by racemic films further supports
the molecular origin of the CD.
Thermal annealing (100 °C) of 1-MM/PP thin films leads

to a six-fold increase in the gabs (2 × 10−2 at 589 nm, Figures
6b and S7.16), with chiroptical homogeneity maintained across
the CD maps (Figure 6c). Due to the emergence of film
birefringence observed by polarized optical microscopy (Figure
S7.17) and the increased crystallinity evidenced by powder
XRD (Figure S4.6), the enhanced CD is attributed to
increased ordering of bis-PDI macrocycles through π−π self-
assembly. This interpretation is consistent with their strong
tendency to form ordered π-stacked assemblies in the solid
state (Figure 6d). Indeed, the positioning of the PDI’s triazole
substituents to face into the macrocycle cavity ensures that the
external π-surfaces of the dimer are unhindered for π-stacking
interactions (dπ−π = 3.8 Å, Figure 6d). Extended π-stacking is
also supported by a change in the CD spectrum, with the
notable absence of Cotton effects leading to broadband CD

Figure 7. Fluorescence emission (top) and CPL (bottom) spectra for bis-PDI macrocycle enantiomers 1-MM/PP and 2-MM/PP in toluene (40
μM, λex = 450 nm, spectra shown are an average of ten scans). The arrow indicates the EX band in 1-MM/PP.
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between 250 and 600 nm (Figure 6b), likely due to
nondegenerate (off-resonance) intra- and inter-molecular
excitonic coupling.71 Importantly, MMP revealed that the
enantiomers 1-MM and 1-PP again gave equal and opposite
CD spectra (Figure S7.16), demonstrating that CD amplifica-
tion is not due to LD/LB contamination in the anisotropic
films.5

■ CIRCULARLY POLARIZED LUMINESCENCE
The matched helical−supramolecular chirality in bis-PDI
macrocycle enantiomers 1-PP−Ps and 1-MM−Ms also has
important consequences for their CPL. Intriguingly, the mirror
image CPL spectra (glum = 5 × 10−3) contain two monosignate
bands at λ = 600 and 650 nm (Figure 7), which, to the best of
our knowledge, is unprecedented for organic small molecule
emitters. Instead, previous chiral materials with two CPL bands
report bisignated spectra.72−74

The dual, monosignate CPL of 1 is attributed to dual LE and
EX emission, as the CPL bands directly mirror the two features
in the fluorescence spectrum (Figure 7): the 600 nm peak
assigned to LE emission and the red-shifted 650 nm shoulder
assigned to EX emission. This assignment is also consistent
with EXs often generating a single, red-shifted CPL band.75

Importantly, in 1-MM/PP, the chirality of the LE and EX
states is defined by the PDI helicity (MM/PP) and
supramolecular chirality (Ms/Ps) respectively, with their
matched chirality therefore explaining why both CPL bands
are the same sign (−/+).
Therefore, owing to its strong, dual-banded, monosignate

CPL, macrocycle 1 exhibits a broadband CPL spectrum (glum
≥ 10−3 from 560−760 nm; Figure S8.1) that is unique among
chiral emitters displaying distinct LE and EX CPL bands
(Table S8.1). In previous systems, the LE CPL band is
substantially weaker than the EX band,76,77 by approximately
an order of magnitude, and the two CPL bands frequently
possess opposite signs, giving rise to bisignate spectra.72,73,78,79

Monosignate, broadband CPL is valuable because it removes
the risk of signal cancelation and thus the need for narrow
bandpass filters. Optical filtering is often required in
applications with chiral lanthanide complexes containing, for
instance, Eu(III), due to their narrow, multisignate CPL.80

Macrocycle 1-MM/PP also possesses a large Φ (0.9), resulting
in high CPL brightness at 600 nm (BCPL = 104 M−1 cm−1),
which is excellent for a macrocycle81 and among chiral emitters
in general.17

In the absence of EX population, macrocycle 2-MM/PP
exhibits a single CPL band (Figure 7), and thus an overall
narrower CPL spectrum (Δλ ≈ 50 nm where glum ≥ 10−3),
consistent with the LE character of its excited state. Compared
to 1-MM/PP, the smaller glum (1 × 10−3) of 2-MM/PP is in
line with its weaker CD, and thus results in a lower BCPL = 18
M−1 cm−1, further evidencing the importance of intramolecular
hydrogen bonding in rigidifying chiral structures.

■ SUMMARY AND CONCLUSIONS
We report the first PDI dimer with matching helical (e.g., PP)
and supramolecular (Ps) chirality, achieved via the rational
design of macrocycles with m-aryl linkers. The configurational
stability of these macrocycles enables all dimer stereoisomers
(PP, MM and MP) to be isolated and characterized, including
by X-ray crystallography.

Excitonic coupling is shown to depend on PDI helicity,
being nearly four times larger in dimers with matched (i.e., PP
and MM) vs mismatched (MP) chirality, due to the cofacial vs
slipped geometry of the π-stack. Furthermore, intramolecular
hydrogen bonding, engineered via m-pyridyl linker choice,
supplements the π−π interactions, leading to enhanced
configurational stability and excitonic coupling in macrocycle
1.
The combination of homochirality and rigidity results in

excimer population in 1-MM/PP which, supported by
transient absorption studies, is shown to be in equilibrium
with the local excited state, leading to a distinct CPL spectrum
with two bands. Critically, due to the matched helical and
supramolecular chirality in 1-MM/PP, both CPL bands have
the same sign, which explains the strong broadband spectrum
(Δλ = 200 nm with glum > 10−3) and exceptional BCPL (104
M−1 cm−1) for a small organic chiral emitter. Alongside linker-
induced structural effects, matched chirality (e.g., PP−Ps) is
identified as an important contributing factor to the
amplification of gabs, which manifests in thin films with strong,
uniform, and broadband CD (gabs = 10−2, Δλ = 350 nm).
Overall, this work demonstrates the importance of matching

chromophore helicity, and its subsequent alignment with
supramolecular chirality, for tuning the excitonic coupling and
(chir)optical properties of a π-stack. These fundamental new
insights will inform the rational design of efficacious chiral
materials that contain multiple types of chirality.
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(22) Grümbel, S.; Hasler, M.; Ferrara, S.; Patrian, M.; Banda-
Vázquez, J. A.; Coto, P. B.; Fuenzalida Werner, J. P.; Costa, R. D.
Simple Encoded Circularly Polarized Protein Lighting. Adv. Opt.
Mater. 2024, 12 (18), 2400106.
(23) Stachelek, P.; Black, D. J.; Pal, R. Rapid Handheld Time-
Resolved Circularly Polarised Luminescence Photography Camera for
Life and Material Sciences. Nat. Commun. 2023, 14 (1), 1537.
(24) Huang, C.; Barlow, S.; Marder, S. R. Perylene-3, 4,9,10-
Tetracarboxylic Acid Diimides: Synthesis, Physical Properties, and
Use in Organic Electronics. J. Org. Chem. 2011, 76 (8), 2386−2407.
(25) Nowak-Król, A.; Shoyama, K.; Stolte, M.; Würthner, F.
Naphthalene and Perylene Diimides - Better Alternatives to
Fullerenes for Organic Electronics? Chem. Commun. 2018, 54 (98),
13763−13772.
(26) Cheng, P.; Zhao, X.; Zhan, X. Perylene Diimide-Based
Oligomers and Polymers for Organic Optoelectronics. Acc. Mater.
Res. 2022, 3 (3), 309−318.
(27) Nowak-Król, A.; Würthner, F. Progress in the Synthesis of
Perylene Bisimide Dyes. Org. Chem. Front. 2019, 6, 1272−1318.
(28) Li, J.; Li, P.; Fan, M.; Zheng, X.; Guan, J.; Yin, M. Chirality of
Perylene Diimides: Design Strategies and Applications. Angew. Chem.
Int. Ed. 2022, 61 (27), No. e202202532.
(29) Osswald, P.; Würthner, F. Effects of Bay Substituents on the
Racemization Barriers of Perylene Bisimides: Resolution of Atropo-
Enantiomers. J. Am. Chem. Soc. 2007, 129 (46), 14319−14326.
(30) Ernst, L.; Hong, Y.; Song, H.; Zhang, W.; Lass, E.; Kim, D.;
Würthner, F. Generating Extended Foldamer Dye Stacks and

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c11478
J. Am. Chem. Soc. 2026, 148, 38964−38975

38973

D
ow

nloaded from
 pubs.​acs.​org/​jacsat/​article-pdf/​148/​36/​38964/​68230304/​jacs.​6c11478.​pdf by U

N
IV O

F EAST AN
G

LIA user on 29 O
ctober 2026

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tiberiu-M.+Gianga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Georgia+R.F.+Orton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7566-0092
https://orcid.org/0000-0002-7566-0092
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuliano+Siligardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4667-6423
https://orcid.org/0000-0002-4667-6423
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Pal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c11478?ref=pdf
https://doi.org/10.1038/s41570-025-00690-x
https://doi.org/10.1038/s41570-025-00690-x
https://doi.org/10.1002/anie.202501122
https://doi.org/10.1039/d6sc00729e
https://doi.org/10.1039/d6sc00729e
https://doi.org/10.1002/chem.202103443
https://doi.org/10.1002/chem.202103443
https://doi.org/10.1021/acs.chemrev.0c00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201905071
https://doi.org/10.1002/chem.201905071
https://doi.org/10.1002/chem.201905071
https://doi.org/10.1021/cr200087r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3QO00517H
https://doi.org/10.1039/D3QO00517H
https://doi.org/10.1038/s41570-017-0045
https://doi.org/10.1038/s41570-017-0045
https://doi.org/10.1021/cr500671p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500671p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp911081b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp911081b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp911081b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz402615n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz402615n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz402615n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c11382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c11382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CC01922D
https://doi.org/10.1039/D0CC01922D
https://doi.org/10.1039/C7TC00281E
https://doi.org/10.1039/C7TC00281E
https://doi.org/10.1002/chem.202002791
https://doi.org/10.1002/chem.202002791
https://doi.org/10.1021/acs.chemrev.5b00188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-024-53297-z
https://doi.org/10.1038/s41467-024-53297-z
https://doi.org/10.1038/s41467-024-53297-z
https://doi.org/10.1021/acs.inorgchem.5c01916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5c01916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-28220-z
https://doi.org/10.1038/s41467-022-28220-z
https://doi.org/10.1038/s41467-022-28220-z
https://doi.org/10.1002/adom.202400106
https://doi.org/10.1038/s41467-023-37329-8
https://doi.org/10.1038/s41467-023-37329-8
https://doi.org/10.1038/s41467-023-37329-8
https://doi.org/10.1021/jo2001963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo2001963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo2001963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC07640E
https://doi.org/10.1039/C8CC07640E
https://doi.org/10.1021/accountsmr.1c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/accountsmr.1c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8QO01368C
https://doi.org/10.1039/C8QO01368C
https://doi.org/10.1002/anie.202202532
https://doi.org/10.1002/anie.202202532
https://doi.org/10.1021/ja074508e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja074508e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja074508e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-026-02082-0
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c11478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Unravelling Their Evolving Exciton Dynamics. Nat. Chem. 2026, 18
(5), 923−930.
(31) Lin, C.; Kim, T.; Schultz, J. D.; Young, R. M.; Wasielewski, M.
R. Accelerating Symmetry-Breaking Charge Separation in a
Perylenediimide Trimer through a Vibronically Coherent Dimer
Intermediate. Nat. Chem. 2022, 14 (7), 786−793.
(32) Penty, S. E.; Zwijnenburg, M. A.; Orton, G. R. F.; Stachelek, P.;
Pal, R.; Xie, Y.; Griffin, S. L.; Barendt, T. A. The Pink Box: Exclusive
Homochiral Aromatic Stacking in a Bis-Perylene Diimide Macrocycle.
J. Am. Chem. Soc. 2022, 144 (27), 12290−12298.
(33) Solymosi, I.; Krishna, S.; Nuin, E.; Maid, H.; Scholz, B.; Guldi,
D. M.; Pérez-Ojeda, M. E.; Hirsch, A. Diastereoselective Formation of
Homochiral Flexible Perylene Bisimide Cyclophanes and Their
Hybrids with Fullerenes. Chem. Sci. 2021, 12 (47), 15491−15502.
(34) Weh, M.; Shoyama, K.; Würthner, F. Preferential Molecular
Recognition of Heterochiral Guests within a Cyclophane Receptor.
Nat. Commun. 2023, 14 (1), 243.
(35) Penty, S. E.; Orton, G. R. F.; Black, D. J.; Pal, R.; Zwijnenburg,
M. A.; Barendt, T. A. A Chirally Locked Bis-Perylene Diimide
Macrocycle: Consequences for Chiral Self-Assembly and Circularly
Polarized Luminescence. J. Am. Chem. Soc. 2024, 146 (8), 5470−
5479.
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(42) Shao, C.; Grüne, M.; Stolte, M.; Würthner, F. Perylene
Bisimide Dimer Aggregates: Fundamental Insights into Self-Assembly
by NMR and UV/Vis Spectroscopy. Chem. Eur. J. 2012, 18 (43),
13665−13677.
(43) Novoa, T.; Laplaza, R.; Peccati, F.; Fuster, F.; Contreras-García,
J. The NCIWEB Server: A Novel Implementation of the Noncovalent
Interactions Index for Biomolecular Systems. J. Chem. Inf. Model.
2023, 63 (15), 4483−4489.
(44) Brandenburg, J. G.; Bannwarth, C.; Hansen, A.; Grimme, S.
B97−3c: A Revised Low-Cost Variant of the B97-D Density
Functional Method. J. Chem. Phys. 2018, 148 (6), 064104.
(45) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:
Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7
(18), 3297−3305.
(46) Pracht, P.; Bohle, F.; Grimme, S. Automated Exploration of the
Low-Energy Chemical Space with Fast Quantum Chemical Methods.
Phys. Chem. Chem. Phys. 2020, 22 (14), 7169−7192.
(47) Bannwarth, C.; Ehlert, S.; Grimme, S. GFN2-xTB�An
Accurate and Broadly Parametrized Self-Consistent Tight-Binding
Quantum Chemical Method with Multipole Electrostatics and
Density-Dependent Dispersion Contributions. J. Chem. Theory
Comput. 2019, 15 (3), 1652−1671.

(48) Hestand, N. J.; Spano, F. C. Molecular Aggregate Photophysics
beyond the Kasha Model: Novel Design Principles for Organic
Materials. Acc. Chem. Res. 2017, 50 (2), 341−350.
(49) Beer-Lambert plots confirmed that this coupling is intra-
molecular in origin (SI, section 3)
(50) Hecht, M.; Würthner, F. Supramolecularly Engineered J-
Aggregates Based on Perylene Bisimide Dyes. Acc. Chem. Res. 2021,
54 (3), 642−653.
(51) Chai, J.-D.; Head-Gordon, M. Systematic Optimization of
Long-Range Corrected Hybrid Density Functionals. J. Chem. Phys.
2008, 128 (8), 084106.
(52) Bressan, G.; Penty, S. E.; Green, D.; Heisler, I. A.; Jones, G. A.;
Barendt, T. A.; Meech, S. R. Ultrafast and Coherent Dynamics in a
Solvent Switchable “Pink Box” Perylene Diimide Dimer. Angew. Chem.
Int. Ed. 2024, 63 (39), No. e202407242.
(53) Yoo, H.; Yang, J.; Yousef, A.; Wasielewski, M. R.; Kim, D.
Excimer Formation Dynamics of Intramolecular π-Stacked Perylene-
diimides Probed by Single-Molecule Fluorescence Spectroscopy. J.
Am. Chem. Soc. 2010, 132 (11), 3939−3944.
(54) The shoulder is not observed in DMSO however since
symmetry-breaking charge separation occurs instead of EX population
(SI, section 9)
(55) Bressan, G.; Peeks, M. D.; Anderson, H. L.; Meech, S. R.;
Heisler, I. A. Time-Resolved Structural Dynamics of Extended π-
Electron Porphyrin Nanoring. J. Phys. Chem. C 2019, 123 (44),
27222−27229.
(56) Snellenburg, J. J.; Laptenok, S.; Seger, R.; Mullen, K. M.;
Stokkum van, I. H. M. Glotaran: A Java-Based Graphical User
Interface for the R Package TIMP. J. Stat. Soft. 2012, 49, 1−22.
(57) Sung, J.; Nowak-Król, A.; Schlosser, F.; Fimmel, B.; Kim, W.;
Kim, D.; Würthner, F. Direct Observation of Excimer-Mediated
Intramolecular Electron Transfer in a Cofacially-Stacked Perylene
Bisimide Pair. J. Am. Chem. Soc. 2016, 138 (29), 9029−9032.
(58) Samanta, S.; Chaudhuri, D. Suppressing Excimers in H-
Aggregates of Perylene Bisimide Folda-Dimer: Role of Dimer
Conformation and Competing Assembly Pathways. J. Phys. Chem.
Lett. 2017, 8 (14), 3427−3432.
(59) Cook, R. E.; Phelan, B. T.; Kamire, R. J.; Majewski, M. B.;
Young, R. M.; Wasielewski, M. R. Excimer Formation and Symmetry-
Breaking Charge Transfer in Cofacial Perylene Dimers. J. Phys. Chem.
A 2017, 121 (8), 1607−1615.
(60) Son, M.; Park, K. H.; Shao, C.; Würthner, F.; Kim, D.
Spectroscopic Demonstration of Exciton Dynamics and Excimer
Formation in a Sterically Controlled Perylene Bisimide Dimer
Aggregate. J. Phys. Chem. Lett. 2014, 5 (20), 3601−3607.
(61) Brown, K. E.; Salamant, W. A.; Shoer, L. E.; Young, R. M.;
Wasielewski, M. R. Direct Observation of Ultrafast Excimer
Formation in Covalent Perylenediimide Dimers Using Near-Infrared
Transient Absorption Spectroscopy. J. Phys. Chem. Lett. 2014, 5 (15),
2588−2593.
(62) Young, R. M.; Wasielewski, M. R. Mixed Electronic States in
Molecular Dimers: Connecting Singlet Fission, Excimer Formation,
and Symmetry-Breaking Charge Transfer. Acc. Chem. Res. 2020, 53
(9), 1957−1968.
(63) Bressan, G.; Hartmann, D.; Brouwer, J.; Braun, E. M.; Bull, J.
N.; Barendt, T. A. Conformational Switching Modulates Excited-State
Pathways in a Cofacial Perylene Dimer. Chem. Sci. 2026, 17 (12),
5921−5933.
(64) Kim, T.; Lin, C.; Schultz, J. D.; Young, R. M.; Wasielewski, M.
R. π-Stacking-Dependent Vibronic Couplings Drive Excited-State
Dynamics in Perylenediimide Assemblies. J. Am. Chem. Soc. 2022, 144
(25), 11386−11396.
(65) Alzola, J. M.; Tcyrulnikov, N. A.; Brown, P. J.; Marks, T. J.;
Wasielewski, M. R.; Young, R. M. Symmetry-Breaking Charge
Separation in Phenylene-Bridged Perylenediimide Dimers. J. Phys.
Chem. A 2021, 125 (35), 7633−7643.
(66) Bressan, G.; Chambrier, I.; Cammidge, A. N.; Meech, S. R.
Symmetry-Breaking Charge-Separation in a Subphthalocyanine Dimer

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c11478
J. Am. Chem. Soc. 2026, 148, 38964−38975

38974

D
ow

nloaded from
 pubs.​acs.​org/​jacsat/​article-pdf/​148/​36/​38964/​68230304/​jacs.​6c11478.​pdf by U

N
IV O

F EAST AN
G

LIA user on 29 O
ctober 2026

https://doi.org/10.1038/s41557-026-02082-0
https://doi.org/10.1038/s41557-022-00927-y
https://doi.org/10.1038/s41557-022-00927-y
https://doi.org/10.1038/s41557-022-00927-y
https://doi.org/10.1021/jacs.2c03531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC04242D
https://doi.org/10.1039/D1SC04242D
https://doi.org/10.1039/D1SC04242D
https://doi.org/10.1038/s41467-023-35851-3
https://doi.org/10.1038/s41467-023-35851-3
https://doi.org/10.1021/jacs.3c13191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c13191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c13191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202104591
https://doi.org/10.1002/anie.202104591
https://doi.org/10.1021/jacs.4c08073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c08073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.8672298
https://doi.org/10.1039/D3SC05715A
https://doi.org/10.1039/D3SC05715A
https://doi.org/10.1002/chem.202501734
https://doi.org/10.1002/chem.202501734
https://doi.org/10.1016/j.chemphys.2006.07.023
https://doi.org/10.1016/j.chemphys.2006.07.023
https://doi.org/10.1002/chem.201201661
https://doi.org/10.1002/chem.201201661
https://doi.org/10.1002/chem.201201661
https://doi.org/10.1021/acs.jcim.3c00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.3c00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5012601
https://doi.org/10.1063/1.5012601
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/C9CP06869D
https://doi.org/10.1039/C9CP06869D
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11478/suppl_file/ja6c11478_si_002.pdf
https://doi.org/10.1021/acs.accounts.0c00590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2834918
https://doi.org/10.1063/1.2834918
https://doi.org/10.1002/anie.202407242
https://doi.org/10.1002/anie.202407242
https://doi.org/10.1021/ja910724x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja910724x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c11478/suppl_file/ja6c11478_si_002.pdf
https://doi.org/10.1021/acs.jpcc.9b07494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b07494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.18637/jss.v049.i03
https://doi.org/10.18637/jss.v049.i03
https://doi.org/10.1021/jacs.6b04591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b04591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b04591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b01338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b01338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b01338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.6b12644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.6b12644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501953a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501953a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501953a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz5011797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz5011797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz5011797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D5SC09512C
https://doi.org/10.1039/D5SC09512C
https://doi.org/10.1021/jacs.2c03993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c05100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c05100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.4c07588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c11478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Resolved by Two-Dimensional Electronic Spectroscopy. J. Phys.
Chem. C 2025, 129 (2), 1069−1077.
(67) Kaufmann, C.; Bialas, D.; Stolte, M.; Würthner, F. Discrete π-
Stacks of Perylene Bisimide Dyes within Folda-Dimers: Insight into
Long- and Short-Range Exciton Coupling. J. Am. Chem. Soc. 2018,
140 (31), 9986−9995.
(68) Greenfield, J. L.; Wade, J.; Brandt, J. R.; Shi, X.; Penfold, T. J.;
Fuchter, M. J. Pathways to Increase the Dissymmetry in the
Interaction of Chiral Light and Chiral Molecules. Chem. Sci. 2021,
12 (25), 8589−8602.
(69) Hussain, R.; Jávorfi, T.; Siligardi, G. CD Imaging at High
Spatial Resolution at Diamond B23 Beamline: Evolution and
Applications. Front. Chem 2021, 9, 9.
(70) Ugras, T. J.; Yao, Y.; Robinson, R. D. Can We Still Measure
Circular Dichroism with Circular Dichroism Spectrometers: The
Dangers of Anisotropic Artifacts. Chirality 2023, 35 (11), 846−855.
(71) Nizar, N. S. S.; Sujith, M.; Swathi, K.; Sissa, C.; Painelli, A.;
Thomas, K. G. Emergent Chiroptical Properties in Supramolecular
and Plasmonic Assemblies. Chem. Soc. Rev. 2021, 50 (20), 11208−
11226.
(72) Ito, S.; Ikeda, K.; Nakanishi, S.; Imai, Y.; Asami, M.
Concentration-Dependent Circularly Polarized Luminescence
(CPL) of Chiral N,N′-Dipyrenyldiamines: Sign-Inverted CPL Switch-
ing between Monomer and Excimer Regions under Retention of the
Monomer Emission for Photoluminescence. Chem. Commun. 2017,
53 (47), 6323−6326.
(73) Takaishi, K.; Iwachido, K.; Ema, T. Solvent-Induced Sign
Inversion of Circularly Polarized Luminescence: Control of Excimer
Chirality by Hydrogen Bonding. J. Am. Chem. Soc. 2020, 142 (4),
1774−1779.
(74) Matsushita, S.; Akagi, K. Lyotropic Chiral Nematic Liquid
Crystalline Aliphatic Conjugated Polymers Based on Disubstituted
Polyacetylene Derivatives That Exhibit High Dissymmetry Factors in
Circularly Polarized Luminescence. J. Am. Chem. Soc. 2012, 134 (48),
19795−19807.
(75) Kujime, T.; Wang, Z.; Mori, T. Conformational Landscapes in
the Ground and Excited States Dictate Circularly Polarized Excimer
Emission: A Thermodynamic−Kinetic Interplay in Carbazole Dimer
Systems. Angew. Chem. Int. Ed. 2026, 65 (23), No. e6661486.
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