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First-principles modelling of circularly polarized
luminescence in one-handed helical
ladder polymers

Giovanni Bella, * Marco Milone, Giuseppe Bruno and Antonio Santoro

The idea of helical chirality bridges the gap between stereogenic asymmetry at the local scale and

intrinsic non-superimposability in larger secondary structures (DNA, RNA, a-helix protein, etc.). Novel

synthetic breakthroughs allowed the ascent of a brand-new subclass of chiral materials based on

defect-free single-handed helical ladder polymers, reducing the conceptual barrier between small

artificial helical foldamers and helical biomacromolecules. Beyond their extraordinary physicochemical

properties, the interference of circularly polarized radiation with optically pure one-handed helical

ladder polymers paved the way for pronounced circularly polarized luminescence events. This work,

through a systematic theoretical investigation, tackled the CPL spectral profiles of a multitude of

enantiomeric ladder-type polymers with diversified helical arrangements and topological cavities. The

computational protocol integrated a preliminary ground state treatment of chiral monomeric units with

excited-state molecular dynamics of oligomeric and polymeric systems to understand how key

geometrical parameters of ladderization precursors vary upon photoexcitation for chemical

architectures of increasing size. The consolidation of APFD and O3LYP functionals performances,

through the rigorous assessment of chiroptical descriptors (emission energies, rotational strengths,

electric/magnetic transition dipole moments and their angle), allowed us to evaluate how the chiral

dimensionality orients the CPL spectra of one-handed helical ladder polymers in terms of peak position,

band shape, chiral sign and signal magnitude.

1. Introduction

Helicity pervades the universe; our ‘‘genetic code’’ is stored
inside a microscopic double-helix filament while we are con-
stantly travelling aboard a planet that follows a helical trajec-
tory around the center of the Milky Way galaxy. Although
scientists cannot influence helicity at the astronomical level,
many chemists have been fascinated by helices and conse-
quently several helix patterns have been intentionally con-
structed at the molecular scale in recent decades.1–10 Inspired
by the design of macrobiomolecules, synthetic chemists suc-
cessfully accessed covalent abiotic helically wrapped architec-
tures through the ladderization process11–14 and chirality-
assisted synthesis (CAS).15–17 Benefiting from these two
approaches, the resultant shape-persistent system consists of
a non-planar fully p-conjugated backbone in which the ladder-
like arrangement is governed by building blocks that regio- and
stereo-specifically form two (or more) new bonds with another

repeating unit18–21(Fig. 1). In addition to a variety of program-
mable properties (superior thermal stability,22 mechanical
properties,23 high resistance over extreme chemical
conditions24), this kind of well-defined linkage geometry con-
fers a defect-free molecular identity with intrinsic configurable
chirality,25–28 which is impossible to achieve with typical non-
geometrically controlled polymerization29 or transient chiral-
torsioned molecules.30–33 Specifically, this exceptional chiral
designability is promoted by an uninterrupted sequence of
adjacent rings (sharing two or more atoms), which permits a
predictable one-handed (levorotatory/dextrorotatory) twisting
direction.34 This source of asymmetry, originating from a rigid
three-dimensional helical disposition, imparts the whole
chemical structure with intriguing chiroptical properties invol-
ving both absorptive and emissive mechanisms. In 2019, Ikai
et al. prepared the first optically active one-handed helical
polymer, exploiting enantio-induction into a D3h triptycene
core to measure a strong bisignate circular dichroism (CD)
signal.35 In 2021, the appropriate incorporation of a proper
luminophore inside the helical pitch allowed Yashima et al.
to fabricate the first single-handed helical polymer showing
intense circularly polarized luminescence (CPL).26 That
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pioneering research, based on modulating helical secondary
structures, opened the way toward a new generation of CPL-
active ribbon-/coil-like polymers. In this less-explored land-
scape, theoretical modelling is scarce and mainly involves
circular dichroism phenomena.36,37 Notwithstanding the rising
enthusiasm for CPL in silico predictions,38–42 to date only one
example (a spirobifluorene dimer) of helical ladder CPL simu-
lation has been reported in the literature.43 With the present
contribution, we propose a multilevel computational approach
that starts with the chiroptical investigation of monomeric
units and evolves toward gradually longer one-handed helical
strings, with the goal of decoding how CPL signals vary with
chain length. In detail, six different cases (covering the whole
literature on this topic) manifesting various ladderization pre-
cursors with specific chiral linkages, will be inspected in order
to define a density functional theory (DFT) protocol that is able
to clarify how helical size dependence dominates chiral emis-
sions in diverse 3D asymmetric contexts. Considering the
intimate relationship between structural and chiroptical char-
acteristics in the helical ladder superstructures, a preliminary
part of our study is dedicated to finding a reliable level of theory
to correctly reproduce the geometrical features of the ground
state (S0) of the proposed monomeric and polymeric models.
Hence, the central part of the workflow is focused on excited
molecular dynamics aimed at mapping the first excited state
(S1) of the chiral materials with the objective of understanding
how key geometrical parameters change upon photoexcitation.
Lastly, time-dependent (TD) DFT formalism was used to criti-
cally evaluate which exchange–correlation functionals can be
universally applied to decipher the CPL spectral profiles in
terms of peak position, band shape and chiral intensity.

2. Results and discussion

First, we focused our theoretical investigation on all six CPL-
active examples of one-handed helical ladder polymers
reported in the literature,25–28 deliberately excluding random
ladder structures (whose chiral existence was not interpretable)

and supramolecularly doped helical ladder assemblies.20 Bear-
ing in mind that molecular chiroptical identity is strictly
connected to the spatial organization of atoms and being
conscious that geometrical parameters of monomeric units
are chemically transmitted to the entire polymeric building,44

we decided to execute DFT optimization screening on the
polymerization precursors. The location of the extended helical
ladder system within the hypersurface of potential energy (PES)
will be deeply influenced by the quality of the energy-
minimized monomer, which heavily depends on the choice of
the exchange–correlation functional. In theoretical analyses,
the performance of functionals is commonly benchmarked by
comparing the computed atomic positions with the crystal-
lographic coordinates.45–48 This computational strategy was
required because, notwithstanding the exceptional properties
of one-handed helical ladder polymers, the degree of crystal-
linity was not high enough to collect single-crystal X-ray dif-
fraction (SC-XRD) data for the entire molecular ribbon. Fig. 2
shows the X-ray characterized monomeric scaffolds used
to engineer their respective helical ladder polymers (the fifth
and sixth helical ladders were generated by constitutional
isomers of monomers 4 and 3, respectively, Fig. S1, SI). Tem-
porarily neglecting the possible helicization peculiarities in the
macromolecular coils, to emulate the geometrical conforma-
tions of the relative monomeric constituents, an exhaustive set
of DFT functionals was interrogated. For this task, functionals
already adopted for DFT optimizations of helical ladder
fragments19,25,27,28 and for carbon-based materials49–55 were
tested. Therefore, B3LYP, CAM-B3LYP, TPSSTPSS, BLYP,
B97D3, oB97xD, mPW1PW91, MN12L, PW6B95D3 and LC-
oHPBE were checked in the gas phase for direct matching with
the crystallographic atomic positions. Consistent with previous
papers, the Pople basis set was combined with the above
functionals, due to its ability to model second-period
atoms.56,57

The structural root-mean-square deviations (RMSD) illu-
strated in Table 1 evidence comparable performances among
the various functionals for each building block without exces-
sive fluctuations. The high RMSD values can be ascribed to the

Fig. 1 General stereospecific synthetic sequence to obtain one-handed helical ladder polymers.
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flexible relaxations of the alkyl chains, which may differ signifi-
cantly from the crystalline packing. In fact, when computa-
tional models are terminated at the methyl of the phenyl-alkoxy
portion (Fig. S2, SI), the RMSD results drastically improve
(Table 1). Although a statistical tool like RMSD can help provide
a global picture of atomic coordinates (especially taking into
account the diverse conformational movements of lateral ali-
phatic arms), the dihedral angle involving the chiral modules
(2,20-tethered binaphthyl for model 1, 1,10-spirobiindane for
model 2 and 3, and 9,90-spirobifluorene for model 4, Fig. S3, SI)
could be a more convenient geometrical variable to discuss. In
such circumstances, outcomes from Table 1 enable several
broad conclusions to be made about the impact of the distinct
functionals employed. CAM-B3LYP and LC-oHPBE showed the

best performances (both in terms of RMSDs and dihedral
angles) while the rest of the functionals exhibited slightly worse
deltas (Table 1 and Fig. S4–S6, SI). This closer examination
confirms that the incorporation of long-range correction terms
(CAM-B3LYP and LC-oHPBE) is important for recreating non-
planar highly p-conjugated backbones whose electron clouds
can interact both through bonds and through space.

2.1. Case 1: binaphthyl tethered helical ladder polymer (Pol1)

Having established our dominant functional (CAM-B3LYP) for
the ground state description of ladderization monomers, we
chose to start with the helical ladder polymer built from
compound 1 (Fig. 2) as a computational reference to extend
our DFT findings to progressively more extended oligomeric/

Fig. 2 Structures of the monomeric units based on X-ray crystallographic data; colour labelling is consistent with Fig. 1.

Table 1 Comparison of the exchange–correlation functionals (coupled with 6-311G(d,p) basis set in gas phase) as assessed by RMSD, RMSD of
truncated forms ( ) and dihedral angle j [ ]. Digits in bold style refer to dihedral angle deltas

Functional

RMSD/j

1 2 3 4

B3LYP 2.879 (2.215) [55.003] 3.514 1.424 (0.653) [43.391] 2.977 1.788 (1.397) [44.205] 3.618 0.697 (0.607) [57.839] 6.080
CAM-B3LYP 2.856 (2.202) [55.354] 3.163 1.324 (0.601) [42.174] 1.760 1.728 (1.380) [44.259] 3.564 0.694 (0.598) [57.890] 6.029
TPSSTPSS 2.888 (2.211) [53.852] 4.665 1.386 (0.643) [43.414] 3.000 1.800 (1.398) [44.193] 3.630 0.699 (0.603) [57.877] 6.042
BLYP 2.946 (2.266) [54.667] 3.850 1.494 (0.692) [44.114] 3.700 1.798 (1.397) [43.302] 4.521 0.697 (0.616) [57.846] 6.073
B97D3 3.006 (2.352) [51.923] 6.594 1.438 (0.617) [37.293] 3.121 1.812 (1.442) [43.155] 4.668 0.808 (0.721) [57.048] 6.871
oB97xD 2.951 (2.297) [53.843] 4.674 1.460 (0.710) [37.142] 3.272 1.757 (1.424) [42.851] 4.972 0.735 (0.658) [57.745] 6.174
mPW1PW91 2.881 (2.244) [54.649] 3.868 1.385 (0.658) [43.026] 2.612 1.744 (1.472) [44.104] 3.719 0.703 (0.606) [57.012] 6.907
MN12L 3.082 (2.419) [52.873] 5.644 1.431 (0.812) [34.668] 5.746 1.775 (1.444) [42.081] 5.742 0.770 (0.658) [57.788] 6.131
PW6B95D3 3.111 (2.432) [53.112] 5.405 1.458 (0.655) [36.074] 4.340 1.973 (1.566) [41.853] 6.240 0.719 (0.650) [57.724] 6.195
LC-oHPBE 2.865 (2.234) [55.144] 3.373 1.364 (0.619) [42.191] 1.777 1.735 (1.435) [44.231] 3.592 0.701 (0.616) [57.857] 6.062
X-ray [58.517] [40.414] [47.823] [63.919]
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polymeric chains. Ikai et al. ingeniously capitalized the incor-
poration of a single-handed axially chiral 1,10-binaphthyl teth-
ered (methylenedioxy) at the 2,20-positions into a defect-free
tubular macromolecular environment through a chemo- and
regio-selective acid-promoted alkyne benzannulation (cycliza-
tion occurs at the 5,50-positions of the 1,10-binaphthyl biaryl
frame) of the ethynyl functions of 2,6-dimethyl-substituted 4-
alkoxyphenyl pendants. De facto, an initial Suzuki–Miyaura
coupling copolymerization and successive chemo-controlled
intramolecular annellations enantioselectively produced M
(from (S) 1,10-binaphthyl) and P (from (R) 1,10-binaphthyl)
helical ladder polymer (Fig. 3). In light of this, we designed
five different models to thoroughly scrutinize how circularly
polarized emission varies when the polymer length increases.
Each structure was labelled according to the number of
binaphthyl cores (square brackets), while the p-platforms were
truncated with a closing fused benzene ring (the end-group

effect should be imperceptible in a polymeric system). Finally,
to speed up the calculations, the butoxy segments of the lateral
alkoxyphenyl arms were reduced to methoxy groups (equiva-
lently to the monomeric truncated forms, Fig. S2, SI). Global
minima found for Pol1[2], Pol1[3], Pol1[4] and Pol1[10] con-
firmed that the dihedral angle value of monomer 1 (Pol1[1],
Fig. 2) is regularly transferred to larger models (Table S1, SI),
while the methylenedioxy spacer between the bis-aryl blades
imposes a triangular secondary structure (Fig. 3) with a
helical pitch of 2.66 nm retained all along the cyclic models
(Table S1, SI). This shows that the scale-effect perfectly aligns
with the monomer’s geometrical modulation, but the chiral
size-effect, possibly affecting the CPL spectra, remains unclear.
For this reason, the light-activated chiral states of each theore-
tical prototype were interrogated photodynamically using
excited-state molecular dynamics to take into account the
thermal-dependent movements with the photoexcitation

Fig. 3 (Left) Optimized models (Pol1[1], Pol1[2], Pol1[3], Pol1[4] and Pol1[10]) at the CAM-B3LYP/6-311G(d,p) level in the gas phase (for convenience only
S/M forms are depicted). For clarity, hydrogens were omitted. (Right) Step-by-step synthetic pathway for Pol1. Colour labelling is consistent with Fig. 1
and 2.
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process. Persuaded by our DFT examination, the phase space
conformational samplings of the first excited state (S1) for
Pol1[1], Pol1[2], Pol1[3], Pol1[4] and Pol1[10] were acquired at
the CAM-B3LYP/6-311G(d,p) level to obtain a clear depiction of
the potential energy surfaces in S1 over a picosecond scale and
to comprehend how local geometrical parameters (dihedral
angles) and a more global feature (helical pitch) affecting the
secondary structure vary during the electronic transition.

The analysis of S1 trajectories highlighted a moderate
decrease in the dihedral angle (Dj B 4–51) along all the
oligostructures compared to the relative S0 values (Fig. S7,
SI), which in turn reflects a small but perceptible reduction in
the helical pitch (DO B 1 Å, Fig. S8, SI). These data certify that
the triangular geometrical integrity of the ground state is also
entirely retained in the first singlet excited state without
appreciable uncoiling. Before assessing the chiral conse-
quences of the aforementioned structural responses, we also
studied two new Pol1 variants (which emerged from the syn-
thetic routes involving ethylenedioxy and propylenedioxy teth-
ered binaphthyls, Fig. S9, SI). The progressive inclusion of CH2

blocks in the alkylenedioxy spacer enlarged the twisting angle
(j) between the naphthyl platforms, introducing a more
complex polygonal secondary structure (Fig. 4). DFT energy
minima for [Et]Pol1[1] and [Pr]Pol1[1] monomers displayed
equivalent j values (B661, Table S2, SI) because of a more
flexible alkylenedioxy member. This chemical modification was
also computationally surveyed in its elongated forms
([Et]Pol1[10] and [Pr]Pol1[10]), demonstrating peculiar discre-
pancies between the two cases (Table S2, SI). Indeed, the semi-
flexible ethylenedioxy chain maintains the same f angle in
both the monomer and the polymeric species (practically, the
‘‘V’’ monomeric shape is invariably repeated in the elongated
system). Conversely, the more adjustable propylenedioxy frag-
ment did not preserve the monomeric f angle in its polymeric
module; in fact a 751 j value conferred a more gyratory helical
secondary structure (Fig. 4). Likewise, the helical pitches
of [Et]Pol1[10] and [Pr]Pol1[10] underwent a contraction
(DO B 0.8 nm) compared to Pol1[10] (Table S2 and Fig. S8,
S10, SI), owing to intramolecular hydrogen bonds (which
compress the spring segments engaging the alkoxyphenyl
peripheral pendants, Fig. S11, SI) facilitated by a superior
disarticulation effect. These data corroborate the previous
molecular mechanical (MM) calculations on the same polymer
types,25 which correctly assigned the dihedral angles and
topological shapes but were quite insensitive to through-

space electrostatic interactions, producing invariable helical
pitch measurements (2.5–2.7 nm) for the three forms. The
evolution of dihedral angles and helical pitches in the first
singlet excited state of [Et]Pol1[10] and [Pr]Pol1[10] assumed
a marginal shrinkage for both parameters (Table S2 and
Fig. S8, S12, SI).

Once the S1 runs were rationalized, we utilized the related
excited trajectories to implement a TD-DFT plan designed
for extracting the size-dependent chiroptical contribution of
all of the length-scalable models from the CPL spectra. A
plethora of exchange–correlation functionals (B3LYP, APFD,
B3PW91, CAM-B3LYP, oB97XD, mPW1PW91, LC-oHPBE,
O3LYP, B97D3, HCTH, M11L, PBEPBE and TPSSTPSS) were
then used to capture all the elements (emission energies,
oscillatory and rotatory strengths, transition dipole moments,
etc.) necessary to delineate the CPL spectral profiles. Consider-
ing that the optical status (peak position and band shape)
should be transferable across increasingly longer species, for
computational convenience Pol1[1] was accepted as a starting
model as the basis for assessing the performance of the
functionals. Remember that the one-handed helical ladder
polymer (Pol1, Fig. 5B) disclosed an experimental CPL max-
imum in the 420–450 nm range. Fig. 5A reveals significant
differences in the performances of the functionals. First and
foremost, five functionals (B97D3, HCTH, M11L, PBEPBE and
TPSSTPSS) registered a silent signal caused by very low rota-
tional strengths (approximately null R length values, Table S3,
SI), while the rest of the functionals presented active CPL lines
with the correct chiral signs (positive for the R and negative for
the S enantiomers). CAM-B3LYP, oB97XD and LC-oHPBE
populated the high-frequency range (B340–380 nm) with sharp
Gaussian band shapes, while the maximum for mPW1PW91 is
located in an intermediate region, but the related spectrum still
conserves a peaked pattern. B3LYP, APFD, and B3PW91
undoubtedly occupy the salient part of the visible spectrum
with very accurate wavelength emissions (434 nm, 425 nm and
432nm, respectively) and credible pseudo-Gaussian band
shapes. Although a direct comparison between experimental
and theoretical CPL intensities is very hard (eqn (5) is expressed
in molecular quantities, i.e., it furnishes the CPL intensity for
each emitting molecule, whereas experimentally, besides the
instrumental settings, the CPL magnitude depends on the
excited-state population, which is very difficult to estimate), a
qualitative evaluation (in terms of order of magnitude) can be
mentioned. Indeed, it is unrealistic that the computed B3LYP,

Fig. 4 Stylized classification of the different internal helical shapes for Pol1[10], [Et]Pol1[10] and [Pr]Pol1[10]. For clarity, hydrogens were omitted.
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APFD and B3PW91 DI for monomeric Pol1[1] (B0.0035) are
roughly correspondent to experimental values for the Pol1
polymeric system (Fig. 5B). In this scenario, the slightly red-
shifted O3LYP spectrum (455 nm) fits very well, presenting
more reasonable rotational strengths (Table S4, SI), with satis-
factory band intensity, being sufficiently adherent to the experi-
mental Pol1[1] CPL spectrum (Fig. 5C). From the above
arguments, it is clear that B3LYP, APFD and B3PW91 accurately
reproduce the peak positions while O3LYP mimics the chirop-
tically quiet behaviour of Pol1[1]. APFD (arbitrarily elected as a
representative member of the ternary group functionals) and

O3LYP were then chosen to determine how the number of
repeating units contributes to the final CPL intensity in a size-
scalable model (for convenience, the S/M form was checked).
Moving along the models, APFD CPL peaks are condensed in a
narrow (424–439 nm, Fig. 5D) range, which exactly reproduces
the experimental data (Fig. 5E), while O3LYP suffers a modest
blue shift (451–470 nm), corroborating that the pure mono-
meric optical features are maintained across variable-size heli-
cal ladder systems. Both APFD and O3LYP calculations (Fig. 5D
and F) offered an incremental augmentation in the CPL inten-
sity by transitioning from Pol1[1] to Pol1[10], derived from the

Fig. 5 (A) Overview of the TD-DFT-predicted CPL spectra at the functional/6-311G(d,p) level along the excited trajectories for (R)/(S)-Pol1[1] in
chloroform. (B) Experimental CPL spectra for (P)/(M)-Pol1 in chloroform (quasi-silent signals refer to unzipped polymers, see Fig. 3, synthetic step 1).
Reproduced with permission from ref. 25 r 2024. Wiley-VCH Verlag GmbH & Co. KGaA. (C) Experimental CPL spectra for (R)/(S)-Pol1[1] in chloroform.
Adapted with permission from ref. 25 r 2024. Wiley-VCH Verlag GmbH & Co. KGaA. (D) Assemblage of the TD-DFT predicted CPL spectra at the APFD/
6-311G(d,p) level along the excited trajectories for the (S/M) forms of Pol1[1], Pol1[2], Pol1[3], Pol1[4] and Pol1[10] in chloroform. (E) Experimental CPL
spectra for (M)-Pol1 in chloroform (red curve and the blue one refer to 0.01 M and 0.1 M, respectively). Adapted with permission from ref. 25 r 2024.
Wiley-VCH Verlag GmbH & Co. KGaA. (F) TD-DFT predicted CPL spectra at the O3LYP/6-311G(d,p) level along the excited trajectories for the (S/M) forms
of Pol1[1], Pol1[2], Pol1[3], Pol1[4] and Pol1[10] in chloroform. (G) TD-DFT predicted CPL spectra at the APFD/6-311G(d,p) level along the excited
trajectories for the (S) forms of Pol1[1], [Et]Pol1[1] and [Pr]Pol1[1] in chloroform. (H) Experimental CPL spectra for (M)Pol1[1], (M)[Et]Pol1 and (M)[Pr]Pol1 in
chloroform. Adapted with permission from ref. 25 r 2024. Wiley-VCH Verlag GmbH & Co. KGaA. (I) TD-DFT predicted CPL spectra at the APFD/
6-311G(d,p) level along the excited trajectories for the (S/M) forms of Pol1[1], [Et]Pol1[1],[Pr]Pol1[1], Pol1[10], [Et]Pol1[10] and [Pr]Pol1[10] in chloroform;
insert is related to (G).
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sequential increase of rotational strength (R length values,
Table S4, SI), which can be justified by the bidirectional growth
of the chiral entities (binaphthyl tethered cores) along the
helical ladder polymer. Although the two intensity trends are
qualitatively analogous (Pol1[1] o Pol1[2] o Pol1[3] o Pol1[4]
o Pol1[10]), APFD reported exaggerated chiral signals that
exceeded the experimental data by an order of magnitude,
while on the contrary, O3LYP localizes their spectra in an
acceptable intensity region (Fig. 5D–F). Data fitting of these
hierarchical chiral signals versus the asymmetric units
(binaphthyl tethered scaffolds) was elaborated and, even if a
preliminary linear regression denoted a good correlation (Fig.
S13, SI), a subsequent hyperbolic decay function finely inter-
polated the computed rotational strengths. Although this is
admittedly a semi-quantitative approach (caused by issues in
theoretical/experimental intensity matching), such outcomes
indicate that a decreasing (or increasing for the opposite
enantiomer) exponential trend, which asymptotically reaches
a plateau, is a more realistic description than linear propor-
tionality, which presumes an indefinite increase in CPL inten-
sity as the number of chiral nodes increases (although in the
smallest oligomers, direct proportionality can be extrapolated).
This type of chiroptical convergence faithfully follows the
tendency of experimental anisotropy values (gabs) observed for
helical triptycene-based p-conjugated ladder polymers.34 At this
point, a logical question spontaneously arises: what happens if
the alkylenedioxy linker, and accordingly the helical channel
topology, is modified? Experimental CPL spectra (Fig. 5H)
showed a gradual CPL intensity down-shift moving from Pol1
to [Pr]Pol1 one-handed helical ladder polymers. Confident of
the transferability of our two DFT levels, APFD and O3LYP were
implemented for the Pol1[1], [Et]Pol[1] and [Pr]Pol[1] mono-
meric precursors. Fig. 5G (and Fig. S14, SI) shows that,
although the two functionals appropriately identify the correct
experimental intensity hierarchy (Pol1 4 [Et]Pol1 4 [Pr]Pol[1])
in terms of their order of magnitude, APFD in particular
precisely catches both the wavelength interval (418–424 nm)
and the intensity ratio among the three monomeric
derivatives, while O3LYP showed a bigger intensity spacing
and a tolerable blue shift (Fig. S14, SI). Excepting wavelength
micro-fluctuations, APFD simulations of Pol1[10] [Et]Pol1[10]
and [Pr]Pol1[10] polymeric structures showed that the related
intensities are proportionally reinforced, preserving the correct
CPL signal order (Fig. 5I and Table S5, SI). Given that the
number of chiral units is equal within the two subgroups (one
for Pol1[1]/[Et]Pol1[1]/[Pr]Pol[1] and 10 for Pol1[10]/[Et]Pol1[10]/
[Pr]Pol[10]), the disparity in the DI should be attributed to the
different chiroptical transition characteristics derived from the
installed methylene, ethylene or propylene di-oxy segments.
From meticulous scrutiny of the monomeric molecules, it
seems that a longer alkylenedioxy chain tends to restrict the
angle between the electric and magnetic transition dipole
moments toward a right angle disposition (during the S1–S0
radiative process, Table S6 and Fig. S15, SI), which leads to
smaller cosine values, causing a decrease in rotatory strength,
according to the Rosenfield equation (eqn (S1), SI). This effect,

mutually assisted by the amplification of transition dipole
moments, was also boosted for Pol1[10], [Et]Pol1[10] and
[Pr]Pol1[10] (Fig. S16 and Tables S6, S7, SI).

2.2. Case 2: Pol2, Pol3, Pol4 and Pol5

Ikai’s group brilliantly took advantage of quantitative and
chemoselective acid-promoted intramolecular annulations to
integrate the spiro nodes into conjugated ladder polymers,
obtaining definite and predictable primary and secondary
structures.26–28 Elegantly, the reaction site designation of the
acid-induced electrophilic intramolecular multicyclization trig-
gers unique orthogonally-bridged spiro-conjugated molecular
reels with exclusive helical cavity topologies. Chronologically
speaking, the first single-handed helical spiro-conjugated lad-
der polymer involved a starting spiro-type asymmetric linkage
between an axially chiral (4,40)-1,1 0-spirobiindane-based diboro-
nic ester and a p-dibromo(diethynyl)benzene derivative, fol-
lowed by acid-mediated intramolecular benzannulations. In
the final structure (Pol2, Fig. 6), the orthogonally connected
dibenzo[a,h]anthracene units provided a helical rigid rod with
an univocally recognized chirality (M/P sense depending on S/R
spirobiindane precursor). In view of the tremendous amount of
ladder backbone atoms, we proposed a Pol2[7] model to
computationally elucidate the structure–chiroptical relation-
ship. The DFT optimization on Pol2[7] proclaimed a monodir-
ectional zig-zag geometry, which altered the polymer dihedral
angle values (Table S8, SI), and a helical pitch of 2.51 nm.
Excited-state trajectory accumulations certified the extremely
tightly twisted three-dimensional architecture through an
unvarying dihedral angle between S0 and S1 (Fig. S17, SI), thus
imposing strictly limited conformational freedom to the whole
polymeric system.

An appealing variant of Pol2 was actuated with a comple-
mentary synthetic route in which a (6,60)-1,10-spirobiindane-
based dibromo derivative reacted with a p-diboronic-
(diethynyl)benzene ester to obtain a different linkage position
in the coupling intermediate, which, after the benzannulation
step, entailed consecutively fused rectangular platforms with a
cylindrical cavity (Pol3, Fig. 6). Pol3[8] energy minimization
revealed a slightly larger dihedral angle compared to the Pol3[1]
counterpart (Table S8, SI), probably to accommodate an impor-
tant cavity shape in its polymeric form. It is worth pointing out
that the Pol3 series (polymeric and monomeric species) pos-
sesses a more torsioned spirobiindane module; although the
spiro-linked hydroxy (Pol3) and ethoxy (Pol2) groups scarcely
influence it, the main contribution can be credited to the
‘‘endo’’ (Pol3) anthracene arrangement, which requires a more
orthogonal disposition to minimize the steric hindrance than
the ‘‘exo’’ (Pol2) one (Fig. 6 and Table S8, SI). Pol3 S1 dynamics
exhibited dihedral angle enlargement in both Pol3[1] and
Pol3[7], generating a more expanded rectangular cavity (Fig.
S18, SI).

Similarly, Pol4 exhibited a helical superstructure thanks to a
spiro bicyclic system. In fact, a Suzuki C–C coupling reaction
between a (2,20)9,90-spirobifluorene diboronate compound and
a dibromo(diethynyl)phenylene comonomer, followed by acid-
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assisted annulations, encapsulated cyclic repeating units,
endowing global spiral asymmetry (Fig. 6). In this case, the
cavity topology was dependent on the dibromo position in the
dialkynylphenylene unit (while in Pol2 and Pol3 the chemical
modifications regarded the spiro core); para-branching led to a
helical tubular channel, while meta-branching led to cavity-free
helical grooves. Computed [para]Pol4[7] minima exemplified
unchanged dihedral angle values in comparison to its mono-
meric axle ([para]Pol4[1], Table S8, SI), while [meta]Pol4[7]
delineated a distinguishable f expansion. This condition of
almost perfect f orthogonality in [meta]Pol4[7] could be
explained by the necessity of having a rigid zig-zag (and
cavity-free) structure to relax the hindered environment
between the spirobifluorene pales and the 2,6-dimethyl sub-
stituted 4-alkoxyphenyl pendants (Fig. S19, SI). Such an effect is
also reflected in the excited state, where [para]Pol4[1] and

[para]Pol4[7] conserved the S0 dihedral angle while [meta]-
Pol4[1] and [meta]Pol4[7] augmented the twisted angles in the
spirobifluorene nuclei (Fig. S20, SI).

Having examined the structures of all of the cavity-endowed
ladder polymeric cases (Pol1, Pol3 and [meta]Pol4), it is clear
that, although the anthracene segment is the same, the cavity
volume strictly depends on the axial chiral module (binaphthyl
tethered, spirobiindane and spirobifluorene) and on the ben-
zannulation reaction sites, which in turn regulate the internal
topology (Fig. S22, SI).

From a chiroptical perspective, although Pol2, Pol3 and Pol4
exhibit different helical configurations, their luminogenic activ-
ity centers the experimental chiral emissions in a narrow range
(CPL maxima range between B420–450 nm, Fig. 7B, D, F, G and
H). Systematically moving across the computational models
(Pol2[7], Pol3[7], [meta]Pol4[7] and [para]Pol4[7]), it is worth

Fig. 6 (Left) Synthetic conceptualization of Pol2, Pol3, [meta]Pol4 and [para]Pol4. (Right) Lateral and frontal view of optimized (P)Pol2[7], (P)Pol3[7],
(P)[meta]Pol4[7] and (M)[para]Pol4[7]. It must be noted that the central void in the [meta]Pol4[7] compound is not a cavity but rather a consequence of the
alternating arrangement of the repeating units. Steps (I) and (II) refer to Suzuki–Miyaura copolymerization and alkyne intramolecular benzannulation,
respectively. For clarity, hydrogens were omitted.
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mentioning that the aforementioned transferable performance
of APFD and O3LYP was maintained. In fact, in every case,
APFD moderately blue-shifted the CPL peak positions while
O3LYP aptly simulates the CPL maxima wavelength (Fig. 7A, C
and E), displaying accurate spectral profiles. As for the Pol1
series (Fig. 5), APFD tends to overestimate the chiral intensities,
while the calculated O3LYP rotational strengths provided more
realistic CPL signals. On this matter, initially focusing on
Pol2[7] and Pol3[7] (and their related experimental counter-
parts, Pol2 and Pol3 Fig. 7B and D), it is possible to see that the
helical topology dictates the CPL chiral amplitude, assigning
more intense signals (higher R length values, Table S9, SI) for
helical tubular Pol3[7] than helical ribbon-like Pol2[7] (this
effect was also verified by the hydroxy-analogous Pol2 helical
ladder polymer, Pol5 Fig. S23, SI). Up to this point, (R) and (S)
monomers automatically produced (P) and (M) helical ladder
polymers, respectively. Curiously, (R)[para]Pol4[1] monomer
triggers M helicity (hence (S)[para]Pol4[1] activates P helicity)
while (R)[meta]Pol4[1] induces P helicity (hence (S)[meta]Pol4[1]
activates M helicity), resulting in the first example of an
enantiomerically resolved precursor that provokes inverted
helicity in single-handed helical ladder polymers. In this
instance, the absence of a helical cavity (meta polymers,
Fig. 7F and H) controls the CPL fingerprint, significantly
exceeding the tubular-cavity alternative (para polymers,
Fig. 7G) in terms of intensity. Our best-performing functionals
responsively reacted to this chirality inversion, providing a net
intensity decrement when the para system was TD-computed
(Fig. 7E and Table S10, SI) with silent (O3LYP) or very weak
signals (APFD). This can be explained by observing electric and
magnetic transition dipole moments and their angles,
whose values are maximized in meta polymers, while para
configuration significantly lowers the transition vectors
(Table S11, SI). Surprisingly, Pol4 CPL intensities (high values
for cavity-free polymers) were reversed compared to those of
Pol3 (high values for tubular-cavity polymers), both experimen-
tally and theoretically, demonstrating that the choice of chiral
inducer and ladder orientation intimately affect the electric and
magnetic transition features, which affect the rotational
strength.

2.3. Electronic transition analyses

A careful readthrough of the data for Pol1, Pol2, Pol3, Pol4 and
Pol5 suggests that all the single-handed helical ladder polymers
can be structurally rationalized as trimodular systems: (1) a
chiral node that represents a source of asymmetry (yellow
module, Fig. 3, 6 and Fig. S23, SI); (2) anthracene axles derived
from the ladderization process (red and blue blades, Fig. 3, 6
and Fig. S23, SI); (3) 2,6-dimethyl-substituted 4-alkoxyphenyl
arms are necessary to chemoselectively guide the synthetic step
toward a defect-free product (R1 and R2 pendants, Fig. 3, 6 and
Fig. S23, SI). Hence, a vast range of chemical components (and
their possible combinations) can govern the electronic transi-
tion on the photoexcitation pathway. Convinced that the mono-
meric electronic properties are periodically disseminated along
the polymeric forms, the frontier orbitals (HOMO and LUMO)

of Pol1[1], Pol2[1], Pol3[1] and [meta]Pol4[1] were plotted.
Progressing from Pol1[1] to [meta]Pol4[1], both orbital func-
tions envelope the fused-polyarene platforms, affirming a typi-
cal p–p* transition. Fig. S24 clearly shows that the electron
clouds of 2,6-dimethyl-substituted 4-alkoxyphenyl lateral
chains do not participate by reason of orthogonally interrupted
p-communications; such an effect is also manifested in the
spiro-bridged cyclopentane rings (Pol2[1], Pol3[1] and [meta]-
Pol4[1]). In this sense, the chiral center of Pol1[1] is an excep-
tion since the binaphthyl site is entirely fused to the anthracene
and only the alkylenedioxy arc is excluded from the HOMO and
LUMO orbitals. Beyond this qualitative analysis, it remains
unknown which atomistic section predominantly determines
the electronic transition and duly affects the spectral character-
istics. In this vein, the transition density matrix (TDM) can
support us in unambiguously distinguishing the various con-
tributions (to the photoexcitation) from the different atomic/
molecular zones. TDM between S0 and S1 for our N-electron
Pol1[1], Pol2[1], Pol3[1] and [meta]Pol4[1] monomers in the real
space representation can be expressed as:

T r; r0ð Þ ¼
ð
t0ðX1X1:::XnÞce X1X2:::Xnð ÞdR1 dX1dX2 . . . dXnð Þ

(1)

where t0 is the S0 real-type wavefunction Slater determinant, ce

is the excited-state wavefunction, and X and R are the spin-
space and spin coordinates, respectively. If the Slater–Condon
rule is applied to the expanded ce, TDM can be reformulated as
follows:

T r; r0ð Þ ¼
X
o

X
v

Cv
ojo rð Þjv r0ð Þ (2)

For only diagonal terms, eqn (2) becomes:

T rð Þ ¼
X
o

X
v

Cv
ojo rð Þjv rð Þ (3)

Now T(r) can be treated as a real space function where o and
v indexes cover all occupied and virtual molecular orbitals,
respectively. jo and jv are the configuration state wavefunc-
tions for occupied and virtual molecular orbitals and Cv

o is the
configuration coefficient. Reasonably assuming that the elec-
tronic excitation invests the HOMO–LUMO transition, T(r) is
simply:

T(r) = Clumo
homojHOMO(r)jLUMO(r) (4)

This equation tells us that, if an atomic/molecular region
has a high transition density value, the photogenerated hole–
electron couple will be localized in that chemical area. On the
other hand, a small contribution to T(r) presupposes irrelevant
hole–electron overlap in that zone. For our scope, both atomic
(ATDM) and fragment (FTDM) transition density matrices were
processed ignoring the hydrogens since they infrequently
exert influence on the electronic transitions. ATDM (Fig. 8),
through nucleus-by-nucleus data, informs us that two distinct
specular patterns are associated with the larger hole–electron
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Fig. 7 (A) APFD and O3LYP TD-DFT predicted CPL spectra along the excited trajectories for (P)-Pol2[7] in chloroform. (B) Experimental CPL spectra for
(P)/(M)-Pol2 in chloroform (quasi-silent non-specified signals refer to unzipped polymers, see Fig. 6, synthetic step 1). Reproduced with permission from
ref. 26 r 2021. Wiley-VCH Verlag GmbH & Co. KGaA. (C) APFD and O3LYP TD-DFT predicted CPL spectra along the excited trajectories for (P)-Pol3[7] in
chloroform. (D) Experimental CPL spectra for (P)/(M)-Pol3 in chloroform (quasi-silent non-specified signals refer to unzipped polymers, see Fig. 6,
synthetic step 1). Adapted with permission from ref. 27 r 2023. Wiley-VCH Verlag GmbH & Co. KGaA. (E) APFD and O3LYP TD-DFT predicted CPL
spectra along the excited trajectories for (P)-[meta]Pol4[7] and (M)-[para]Pol4[7] in chloroform. (F) Experimental CPL spectra for (P)[meta]Pol4 in
chloroform (colours refer to different eluted fractions during the purification). Adapted with permission from ref. 28 r 2025. American Chemical Society.
(G) Experimental CPL spectra of (P)/(M)[para]Pol4 in chloroform (quasi-silent non-specified signals refer to unzipped polymers, see Fig. 6, synthetic step
1). Adapted with permission from ref. 28 r 2025. American Chemical Society. (H) Experimental CPL spectra for (P)/(M)[meta]Pol4 in chloroform (quasi-
silent non-specified signals refer to unzipped polymers, see Fig. 6, synthetic step 1). Adapted with permission from ref. 28 r 2025. American Chemical
Society.
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coherence for the systems inspected (Pol1[1], Pol2[1], Pol3[1]
and [meta]Pol4[1]). Notwithstanding the atomic indexing, the
large number of atoms caused dense yellow spots, which
underlined how the hole–electron mobility is confined within
the two anthracene axles (intense coloured region along the
main diagonal, see atomic labels in Fig. 8). For each monomer,
the ATDM map is complicated by intense off-diagonal matrix
elements opposite to the anthracene-related spots, demon-
string that the photoexcitation is not integrally restricted to
the anthracene scaffolds. To scrupulously examine this aspect
and obtain less crowded maps, fragment assignment became
essential, and FTDM revealed a more comprehensible situa-
tion. Fig. 8 confirmed that the 2,6-dimethyl-substituted 4-
alkoxyphenyl arms (fragments 1, 2, 3 and 4) have quasi-zero

hole–electron distribution (blue spots on the diagonal), as do
the closed rings (fragments 8 and 9), while the maximal FTDM
values appeared for fragments 6 and 7 (orange/red squares,
anthracene segments). Fragment 5 (chiral unit) exhibited an
intermediate mode (cyan/yellow ‘‘L’’ diagram around the red
squares), partially cooperating (with the anthracene part) in the
hole–electron delocalization through its fused benzene ring
and justifying the presence of relevant off-diagonal elements
in the ATDM map. Ultimately, the optical features of these
chiral excitations are attributed to the anthracene portions,
which, as a single molecule has a structured emission spectrum
between 400 and 450 nm,58,59 corroborating the violet lumines-
cence (400–450 nm band) rooted in the CPL single-handed
helical ladder polymers.

Fig. 8 Atomic (left) and fragment (right) transition density matrix maps for Pol1[1] Pol2[1] Pol3[1] and [meta]Pol4[1]. Atomic indexes are reported in the
ball and stick models, while fragment labels are coded in the molecule representations. It must be noted that X axes are intended as ‘‘holes’’ while Y axes
are ‘‘electrons’’. For simplicity, [para]Pol4[1] and Pol5[1] were not reported because their 2D maps are identical to those of [meta]Pol4[1] and Pol2[1],
respectively.
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3. Computational details

Deposited crystallographic coordinates of monomers 1,2,3
and 4 were taken from Cambridge Structural Database (CCDC1:
2235867, CCDC2: 2053268, CCDC3: 2150478 and CCDC4:
2394271) and analyzed in the gas phase using DFT via the
following exchange–correlation functionals: B3LYP, CAM-
B3LYP, TPSSTPSS, BLYP, B97D3, oB97xD, mPW1PW91,
MN12L, PW6B95D3 and LC-oHPBE in combination with the
6-311G(d,p) Pople basis set, adopting a superfine grid and a
tight criterion for energy and geometry optimization conver-
gence (the same procedure was used for the truncated forms).
Consequently, (R/S)Pol1[1], (M)Pol1[2], (M)Pol1[3], (M)Pol1[4],
(M)Pol1[10], (M)[Et]Pol1[1], (M)[Et]Pol1[10], (M)[Pr]Pol1[1],
(M)[Pr]Pol1[10], (R)Pol2[1], (P)Pol2[7], (R)Pol3[1], (P)Pol3[7],
(R)[meta]Pol4[1], (P)[meta]Pol4[7], (R)[para]Pol4[1], (M)[para]-
Pol4[7], and (P)Pol5[7] were energy-minimized at the CAM-
B3LYP/6-311G(d,p) level in the gas phase. Each model was
subjected to excited Born–Oppenheimer molecular dynamics
(BOMD) in the first electronic state (S1) at the CAM-B3LYP/6-
311G(d,p) level at 298 K with a total accumulation time of 1 ps
and a step size of 2 fs. (R/S)Pol1[1] computational models were
TD-DFT scanned through the B3LYP, APFD, B3PW91, CAM-
B3LYP, oB97XD, mPW1PW91, LC-oHPBE, O3LYP, B97D3,
HCTH, M11L, PBEPBE and TPSSTPSS functionals (6-311G(d,p)
basis set) (while the rest of the theoretical prototypes were TD-
modelled by APFD and O3LYP), which served to recover the
rotatory strengths (R length), excitation energies (l), oscillator
strengths (s), electric/magnetic transition dipole moments (mE/
mM) and their angles (y) necessary to construct the spectral
profile. CPL spectra were then computed as weighted sums of
the spectra calculated at the TD-DFT level on temporally
equispaced (40 fs) molecular conformation snapshots (26)
extrapolated from BOMD trajectories. When specified, the
solvent conditions (state-specific vertical excitation model,
VEM) were defined by using the integral equation formalism
for the polarizable continuum model (IEF-PCM); the default
parameters of Gaussian16 were utilized for the construction of
the cavity, built as the envelope of interlocked spheres centered
on each atom of the solute (chloroform: e = 4.71). The CPL
intensities (DI) were calculated as follows:60

DI ¼ 16Eemi
3 � R0m � r Eemið Þ
3�h4 � c3

(5)

where h� is the reduced Planck’s constant, c is the speed of light,
r(Eemi) is the Gaussian band shape centered in the Eemi energy
and R0m is the rotational strength associated with the transition
0 ’ 1 (expressed as R length). Eqn (1) is formulated in cgs units
and the band shape was assumed as Gaussian with a band-
width of 1500 cm�1. All the computational runs were carried
out by the Gaussian16 package.61 Electric/magnetic transition
dipole vectors were visualized with VMD software62 and transi-
tion density matrices (TDM) were processed and plotted using
Multiwfn code.63 Cavity volumes (Vocc) were computed by
means of two-probes mode with a small probe radius of

1.2 Å, a large probe radius of 5.0 Å, and a grid resolution of
0.2 Å, implemented in the Molovol code.64

4. Conclusions

In the current decade, an ingenious two-step synthetic proce-
dure implying Suzuki copolymerization and alkyne intra-
molecular benzannulation brought to light a new class of
CPL-active and defect-free one-handed helical ladder polymers.
In this work, we investigated the chiral size dependence of the
circularly polarized luminescence spectra in progressively more
extended ladder-type helical polymers by means of ab initio
methodology. An initial DFT benchmark clarified how
the CAM-B3LYP exchange–correlation functional capably
diversified the dihedral angle values imprinted in the chiral
modules (2,20-tethered binaphthyl, 1,10-spirobiindane and 9,90-
spirobifluorene) of the crystallographically verified monomers
((S)-Pol1[1], (R)-Pol2[1], (R)-Pol3[1] and (R)-Pol4[1]). The use of
the Pol1 series (Pol1[1], Pol1[2], Pol1[3], Pol1[4] and Pol1[10]) as
a computational probe favoured the exploration of how local
(dihedral angle) and global (helical pitch) variables were trans-
mitted from the monomeric cores to gradually more expanded
polymeric structures during photoexcitation. The APFD and
O3LYP exchange–correlation functionals shared the stage when
the CPL spectra were simulated, culminating in very precise
peak positions for the former and accurate chiral intensities for
the latter. Their sensitivity was also validated by comparison
with ethylene/propylenedioxy tethered homologues, whose cav-
ity shapes generate hierarchical CPL signals. The chirality-scale
dependence of the CPL rotatory strengths in the Pol1 set was
interpreted via R length values and transition dipole moments
(electric and magnetic), which reciprocally expected a diver-
gence from a linear proportionality between chiral chain length
and CPL magnitude, putting forward a more plausible hyper-
bolic trend. Through their tubular, cylindrical and cavity-free
internal environments, spiro-conjugated Pol4, Pol3 and Pol2
helical structures demonstrated that O3LYP responds perfectly
when the CPL spectral profile is controlled by different helical
morphologies. Lastly, a detailed electronic transition analysis
(ATDM and FTDM) refined the puzzle of chiral emissive one-
handed helical ladder polymers, emphasizing how the violet
CPL was attributable to the anthracene-localized excitation.
Although CPL-active ladder-type helical polymers are still in
their infancy, the presented computational guide can support
chemists in decrypting helical-handed luminescent functions
through the anticipated pre-screening of chiral units and poly-
arene ladderization products, allowing direct control of the
final CPL brightness and colour.
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58 K. Żamojć, D. Jacewicz and L. Chmurzyński, Quenching of
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