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Photochemistry

Significance of Vibronic Coupling that Shapes Circularly Polarized
Luminescence of Double Helicenes

Tadashi Mori*

Abstract: The circularly polarized luminescence (CPL)
spectra of S- and X-shaped double helicenes exhibit
distinct vibrational structures and overall shape varia-
tions. In this study, we conducted an in-depth inves-
tigation into the vibronic effects influencing the CPL
spectra of two double helicenes, namely DPC and DNH.
Employing state-of-the-art computations utilizing the
FC-HT1 jVH model at the CAM� B3LYP/def2-TZVP
level, we unveiled the paramount impact of Franck–
Condon (FC), Herzberg-Teller (HT), and Duschinsky
effects on their chiroptical responses. Our research
underscores the pivotal role of structural deformations
associated with the S1-to-S0 electronic transition in
molding CPL spectra and wavelength-dependent dis-
symmetry (g) factor values, as well as the significance of
HT effects in shaping and enhancing CPL responses.
This extensive investigation not only advances our
comprehension of the vibronic characteristics in config-
urationally distinct double helicenes but also offers
valuable insights for the design of chiral molecules
featuring controllable or finely-tunable CPL responses.

Introduction

Helicenes, characterized by their ortho-annulated extended
aromatic structure and distinctive spiral configuration, are
known for their unique photophysical properties.[1,2,3] They
possess a stable helical chirality, either left-handed (minus,
M) or right-handed (plus, P), which has attracted significant
interests, primarily due to their remarkable chiroptical
responses, including optical rotation (OR), circular dichro-
ism (CD), and circularly polarized luminescence (CPL).[4,5]

This characteristic makes them valuable particularly in the
field of chiral photonics.[6,7] Surprisingly, the structure of
helicenes is more dynamic than originally assumed. The
spring-like behavior of helicenes has been verified through a

comparison of crystal structures. For instance, the relative
angle between terminal thiophene rings in helicenediol
significantly depends on hydrogen bonding mode, with an
observed angle of 38° in ethanol, increasing to 55° in 1,2-
dichloroethane.[8] Smaller helicenes, like carbo[5]helicene,
can readily racemize under ambient conditions, and exten-
sive investigations have explored the enantiomerization of a
series of carbo[n]helicenes.[9] Helicenes have been proposed
as potential molecular springs, with relevance to the
development of molecular machines. Notably, their photo-
physical properties can be progressively altered by applying
external pressure, leading to the contraction of the helical
pitch.[10] Hexa-peri-hexabenzo[7]helicene, featuring a larger
helical diameter, also exhibits an intriguing extension-
contraction motion, with a considerably lower force
constant.[11] Recent advancements have demonstrated the
ability to control contraction-extension movements in heter-
ohelicenes using chemical and/or light stimuli.[12] However,
these dynamic properties, along with other vibronic contri-
butions, have rarely been considered in discussions of the
(chir)optical properties, particularly CPL, of helicenes.
Although pioneering work on vibronic effects in helicenes
has provided valuable insights through phenomenological
considerations related to spectral shape[13,14] and
wavelength,[15,16] an importance of symmetry of helicenes on
the vibronic effects remains elusive. Exciting potential for
further exploration in this domain persists.

In this study, we explore the vibronic contributions that
influence the CPL spectra of two distinct double
helicenes,[17] namely, diphenanthro[3,4-c:3’,4’-l]chrysene
(DPC) and dinaphtho[2,1-i:1’,2’-l]hexahelicene (DNH).[18]

Our aim is to compare and provide a rational explanation
for the unique fine structures and shapes of their spectra.
While previous pioneering research has explored absorption,
emission, and CD spectra for the parent hexahelicene (HH)
and its derivatives, very limited attention has been given to
CPL due to the weak and inconclusive experimental spectra
associated with hexahelicenes.[19] Thankfully, in the case of
the double helicenes DPC and DNH, we have the advantage
of well-resolved lowest-energy CD bands and CPL spectra
with distinctive fine structures. This allows us to critically
examine the contributions of Franck-Condon (FC) and
Herzberg-Teller (HT) effects,[20,21] as well as the Duschinsky
effect,[22,23] in the vibronic interactions related to the
electronic transition (vide infra). Our simulations have, for
the first time, offered valuable insights into how different
symmetries influence the vibronic contributions to the CPL
spectra of double helicenes. Notably, we have shown that
HT effects, arising from distinct normal modes, significantly
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shape the spectra, thus finely tuning the CPL responses. It is
noteworthy that the HT effects exhibit notably greater
prominence in CPL when compared to fluorescence spectra.
This disparity in significance is attributed to the potential
sign inversion induced by the HT contribution in the CPL
response, possibly resulting in variations in spectral shape.

Results and Discussion

Comparison of vibronically resolved theoretical CPL spectra
with experiment

Over the last three decades, substantial research efforts
have been dedicated to the theoretical calculation of
chiroptical properties.[24,25] However, the computational
study of CPL has been somewhat limited.[26] Such calcula-
tions demand in-depth geometric and conformational analy-
ses of the molecule in its excited state, coupled with precise
property computations. Besides, previous research in this
area has primarily focused on electronic transitions, with
relatively little attention given to vibronic effects. To the
best of our knowledge, an exploration of vibronic contribu-
tions in CPL spectra has been limited to specific studies,
including investigations into boron dipyrromethene dyes,[27]

camphorquinone, and related ketones.[28,29] Furthermore, the
analysis of vibronically resolved CPL spectra of helicenes
presents notable challenges, primarily due to the inherently
low signal-to-noise ratio in experimental spectra. This results
from small dissymmetry factors, typically in the range of
10� 3 to 10� 4, as well as low emission intensity of helicenes.
Consequently, the analysis of substituent effects on vibra-
tionally resolved CPL spectra of hexahelicenes has predom-
inantly remained qualitative in nature.18 In a related
computational study of double BO-pentahelicene, it was
discussed that the mirror symmetry between the CD and
CPL spectra breaks down due to the opposing HT effects
between these spectra.[30]

The theory for calculating vibronic effects associated
with electronic transitions, including absorption, emission,
CD, and CPL spectra, has been extensively described in
previous study on substituted hexahelicenes.[18] Initially, we
employed a methodology that relied on a time-independent
(TI) approach. This approach involved computing a
weighted sum of transitions between vibrational states
associated with the initial and final electronic states, and
thus is grounded in the sum-over-states principle, enabling a
more thorough analysis of spectra, especially for prominent
vibronic bands. Subsequently, we incorporated a time-
dependent (TD) approach to enhance the convergence of
spectral line shapes with reduced computational time. The
vibronic contributions were calculated in harmonic approx-
imation, which also included the Duschinsky effect. The FC
and HT contributions were evaluated in these calculations in
the limit of first-order perturbation theory as the first and
second terms of the Taylor expansion coefficients of the
electronic or magnetic transition dipole moment.[31] In
previous investigation, the difference between Adiabatic
Hessian (AH) and Vertical Hessian (VH) models[32] was

thoroughly tested to assess the validity of harmonic approx-
imation and to accurately describe the spectra around the
spectral maximum or near 0–0 transitions. In this study, we
consistently employed the VH model and the transition
electric and magnetic dipole moments are taken at the initial
states (i.e., the ground state for CD and the excited state for
CPL, respectively), as the method has demonstrated superi-
or performance. These were labeled (as in the previous
publication) as FCHT0 jVH or FCHT1 jVH calculations,
respectively.

In this study, we adopted the FC-HT1 jVH model at the
CAM� B3LYP/def2-TZVP level to calculate the vibration-
ally resolved CPL spectra of double helicenes DPC and
DNH, using the FCclasses3 code.[33] A more detailed account
of the computational methodology and additional discussion
on other spectra can be found in the Supporting Informa-
tion. Briefly, the computed spectra using TD calculations
accurately replicated the overall appearance of the exper-
imental CPL spectra (in dichloromethane at 25 °C) for both
double helicenes, as depicted in Figure 1, top.[17] Remark-
ably, these computational results proficiently depict the
unique spectral characteristics that differentiate the two
double helicenes, with the apparent difference arising from
multiple factors, including the energy spacing between the
vibronic contributions and band broadening. In the case of
DPC, a significant band was observed in close proximity to
the 0–0 band, accompanied by sequential peaks at the
shoulders and tail of the principal band. On the other hand,
DNH exhibited broader bands characterized by intricate
fine structures that appeared forked, with the most intense

Figure 1. Vibrationally resolved CPL spectra of double helicenes DPC
and DNH calculated by the FC-HT1 jVH model at the CAM� B3LYP/
def2-TZVP level. Top: TD-calculated converged CPL spectra compared
with the experiment (dashed lines). Bottom: Assignment of the main
stick bands based on TI-calculated spectra. Vibrational contributions
labeled as na and namb indicate the normal mode n with its quanta a
(red and blue) and the combination band with a and b quanta on
modes n and m (grey), respectively. The 0–0 bands are colored in black.
The calculated spectrum of DNH was red-shifted by 0.7 eV to better
match with the experiment. The corresponding fluorescence spectra
can be found in Figure S3 in the SI.
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peak situated in the middle of these bands. As a result, these
distinctions translated into notable variations in dissymmetry
factors at different monitoring wavelengths (vide infra).
While the FC model on its own effectively captured the
spectral shape, it is important to note that the FC
contribution represented only 48% and 32% of the total
intensity in DPC and DNH, respectively, based on an
analysis of HT (Itot

HT) and FC+HT (Itot
FC + Itot

HT) total
intensities (Table S1 and Figure S4 in the SI). Thus, HT
effects indeed play a pivotal role in significantly enhancing
the spectral intensity and shaping the overall features of the
CPL spectra for DPC and DNH. Moreover, it is worth
noting that the magnitude of Itot

jHT j are notably larger than
the j Itot

HT j values, where Itot
jHT j represents the total HT

contribution ignoring sign variance, implying that the HT
effects induced by different normal modes contribute with
opposite sign.

Assignment of main vibronic contributions

The convoluted CPL spectra for the double helicenes DPC
and DNH, which were computed using TI calculations based
on the sum-over-state approach, are shown in Figure 1,

bottom. The Figure also illustrates strong vibronic stick
bands, where the lengths of the bars are proportional to
their intensity. These bands are color-coded, with funda-
mental and overtone bands shown in red or blue, and they
are labeled as “na”. Additionally, combination bands, shown
in grey, are denoted by the label “namb,” with n and m
indicating the normal modes of the ground (S0) state, while
a and b represent the number of quanta. Table 1 provides a
summary of the key properties associated with these stick
bands, including relevant details such as their vibrational
modes and intensities. Furthermore, selected modes are
visually represented, allowing for a more comprehensive
understanding of the vibrational contributions to the CPL
spectra (for larger illustrations and of additional modes, see
Figure S5 in the SI). The relative HT contributions in each
vibronic band for CPL and fluorescence spectra are
quantified using parameters such as IHT / Itot

HT or their sign-
corrected counterparts, j IHT j / Itot

jHT j. Additionally, the
assessment of contributions in individual vibronic modes
includes the provision of displacement factor (δ) and the
Duschinsky matrix element (J2).

We initially focus on S-shaped DPC, where the TI
approach also provided a well-converged spectrum. The
most prominent band emerges at a high energy of approx-

Table 1: Physical characteristics of selected vibrational modes relevant for the vibronic structures of the CPL spectra of double helicenes DPC and
DNH.[a]

Helicene S0 mode
(ω
/cm� 1)

Assignment IHT

/Itot
HT

(CPL, %)

j IHT j

/Itot
jHT j

(CPL, %)

IHT

/Itot
HT

(FL, %)

δ S1 mode
(ω’
/cm� 1)

J2

DPC 1 (27.0) helical wagging 0.7 0.2 0.1 1.12 1 (28.6) 1.00
18 (255.3) helical twisting 0.5 0.2 1.6 0.36 18 (263.3) 0.83

19 (271.6) 0.14
131 (1322) C=C stretching,

C� H rocking
0.5 0.2 0.01 � 0.21 131 (1322) 0.54

129 (1312) 0.19
134 (1374) 0.09

138 (1401) C=C stretching,
C� H rocking

2.0 0.6 0.8 � 0.48 141 (1401) 0.58

134 (1374) 0.27
148 (1491) C=C stretching,

C� H rocking,
scissoring

16.0 5.1 2.8 � 0.00002 147 (1491) 0.99

DNH 16 (219.7) helical stretching 0.8 0.7 2.6 1.02 16 (226.8) 0.99
18 (240.5) helical twisting 0.01 0.01 0.05 1.30 18 (250.0) 1.00
155 (1572) C=C stretching,

C� H rocking
17.0 14.0 14.4 0.21 155 (1582) 0.95

[a] Contribution of each mode to the total (absolute) HT intensities (IHT/Itot
HT and j IHT j/Itot

jHT j), its displacement in dimensionless units (δ), and
the square of the Duschinsky matrix element representing a projection of the mode ω’ of S1 state on the mode ω of S0 state (J2). Selected
vibrational modes are illustrated at the bottom. Refer to Figure S5 in the Supporting Information for larger figures and additional vibrational
modes.
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imately 2.6 eV and encompasses the 0–0 band along with the
fundamental and overtone bands originating from normal
mode #1. This particular band is attributed to helical
wagging motion with a very low harmonic frequency of
27 cm� 1 (Table 1). While the sign is the same, the contribu-
tions of the vibronic fundamental and overtone bands 11 and
12 to the CPL intensity are notably weaker compared to that
of the 0–0 band, leading to an apparent discrepancy between
the calculated and experimental dissymmetry factors at the
0–0 energy transition and CPL emission (g0-0 and/or gCPL) for
this double helicene. The fundamental band of the low-
frequency mode #18 (255 cm� 1), which is associated with
helical twisting, and its combination band, contribute to
forming the shoulder of the first band. Significantly, all of
these bands are HT active. While the modes 1 and 18 of the
ground (S0) state are primarily projected onto the same
modes of the excited (S1) state, they are considerably
displaced during the electronic transition. The second band,
which peaks at around 2.4 eV and is experimentally
observed as a shoulder of the main peak, exhibits emission
intensity comparable to that of the first band but is less
significant in the CPL response. This band mainly comprises
the fundamentals of modes #131, #138, and #148, which are
attributed to C=C stretching, combined with C� H rocking
or scissoring motion, with harmonic frequencies of 1322,
1401, and 1491 cm� 1, respectively. Remarkably, the HT
contribution of mode #148 was found to constitute as much
as 16% of the total HT component of CPL intensity. The
third band around 2.2–2.3 eV seems to be composed of
many minor vibronic contributions, which, however, repro-
duces the experimental CPL behavior well. In a word, the
CPL response for DPC is primarily governed by the
contribution of the 0–0 band, leading to the CPL peak
occurring at the high-energy edge of the entire band.
However, the intensity of this peak is somewhat diminished
by the low-frequency vibronic bands associated with the
helical wagging mode. Consequently, it is hypothesized that
the suppression of this vibrational mode in this S-shaped
double helicene structure, by structural modification and/or
supramolecular strategy (e.g., confinement or crystal engi-
neering), could lead to a substantial amplification of the
CPL response.

Now, let us turn our attention to the spectrum of the X-
shaped DNH. In the experimental CPL spectrum, we
observe two main bands with additional vibronic progres-
sion, followed by additional shoulder peaks. In this case, the
calculated spectrum using the TI method was less well-
converged compared to DPC. It is noteworthy that, while
the second band was the most intense in the experimental
spectrum, the first band became the strongest in the
computed spectrum using the TI method. In fact, the overall
shape of the TI spectrum more closely resembles that of the
FC jVH TD spectrum (see Figure S4 in the SI), and the
relative intensity of each band is better recovered when HT
effects are incorporated, as in the FC-HT1 jVH method.
However, identifying the vibronic origins of these bands was
relatively straightforward due to the consistent and clear
energy spacing of around 0.2 eV between them. In the
calculation, the 0–0 band is again the strongest in the stick

spectrum, but the spectral maximum appears at a lower
energy of around 2.6 eV. This maximum is composed of
fundamentals and overtones of modes #16 and #18, along
with their combination bands. The two low-frequency modes
(220 and 241 cm� 1) originate from a collective motion of the
helical structure and are primarily assigned as helical
stretching and twisting motions, respectively (Table 1). It is
essential to highlight that these modes in DNH are
fundamentally different from the helical wagging mode that
plays a crucial role in S-shaped DPC. In DNH, the CPL
peak appears nearly in the middle of the bands (second
band) and is composed of mode #155 and its combination
band with mode #18. The mode #155 (1572 cm� 1) represents
a combination of C=C stretching and C� H rocking vibra-
tions, with HT contributing significantly, up to 17% of the
total HT intensity. Notably, this band serves as the spectral
maximum in both experimental and well-converged TD-
calculated spectra. All these vibronic bands in DNH are HT
active, involving substantial displacements during the elec-
tronic transition. Consequently, unlike DPC, the vibrational
mode of the aromatic ring and its HT contribution are
pivotal in enhancing the CPL response of DNH.

Wavelength dependence of dissymmetry (g) factors

In the pursuit of designing CPL-active molecules in materi-
als chemistry and enhancing our understanding of chiral
materials for diverse technological applications, the dissym-
metry (g) factor and quantum yield of emission stand out as
crucial parameters.[34,35] The g factor of CPL directly
quantifies molecular chirality (see also additional discussion
in the SI) and is closely linked to the chiral characteristics of
the emitting molecule and its environment in the excited
state. The g factor is defined as the difference in emission
intensity between left-handed (IL) and right-handed (IR)
polarized light, divided by the averaged light intensity at a
given frequency:[36]

g ¼
IL � IR

1
2 ðIL þ IRÞ

This parameter, however, presents a greater challenge in
terms of enhancement and precise control. In practical
terms, due to the difficulties presented by CPL spectra with
a low signal-to-noise ratio, values are often reported at the
peaks of maximum CPL intensity, lacking detailed wave-
length dependence information. However, it is consistently
observed that the CPL intensity and the g factor attain their
peaks at frequencies distinct from the maximum
fluorescence intensity. This observation implies that the g
factor is affected by the emission energy (due to distinct
origin), and consequently, the specific frequency depend-
ence of the g factor offers additional insights into the
chirality of the molecule in its excited state. While the
common explanation for such differences in peak positions
involves varying experimental conditions (e.g., bandwidth,
etc.) between CPL and fluorescence measurements, it is
important to recognize that other factors, such as the
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vibronic effect, the central focus of this study, can more
seriously contribute to these discrepancies.

Certainly, the comparison of spectral maxima becomes
particularly crucial in the context of vibronically resolved
spectra. Even a slight error can result in the shift of the
maximum band, causing the alignment between the exper-
imental and calculated peaks to deviate from the same
vibronic peak. Consequently, our analysis encompasses the
comparison of g factor values at the peaks of fluorescence
emission (gFL) and CPL emission (gCPL), as well as at the 0–0
energy transition (g0-0), as elaborated in Table 2. Theoretical
E0-0 energies for emission were overestimated by around
0.4 eV. Consequently, the reported values were adjusted to
enable a direct comparison with the experimental results.
Our computation using the FC-HT0 jVH model for DNH
successfully reproduced the experimental g factor values at
all three frequencies. Notably, the experimental data show-
cased the largest (absolute) g value at the CPL maximum,
followed by the 0–0 energy and the fluorescence maximum.
Impressively, this pattern was also accurately captured by
our calculation. In the case of DPC, however, the agreement
between computational and experimental g factor was less
satisfactory, particularly when evaluating g0-0 and gCPL
values. It is to note that in the computation, the peak of
maximum CPL emission coincides with the 0–0 band. The
observed discrepancy primarily stems from a prominent low-
frequency vibrational mode (as mentioned earlier), which
remains unresolved in the experiment. Conversely, the
calculation treated the g factor values at the 0–0 band and
other vibronic bands as separate entities, potentially leading
to the disagreement.

When comparing the two double helicenes, DPC and
DNH, notable differences were observed in the g factor
variations. Specifically, at the CPL maximum, DNH ex-
hibited a larger g factor than DPC, whereas DPC showed a
more favorable value at the fluorescence maximum. At the
0–0 band, the g factor value was comparable or slightly
greater in DPC. Importantly, our simulations effectively
replicated these trends, considering an overlap of 0–0 and
vibronic bands of #1 in DPC. Such distinct behavior arises

from the considerable frequency separation between the
maximum and the 0–0 band in DNH, a unique characteristic
of this particular double helicene. It is worth noting that
while previous studies on substituted helicenes attributed
the less satisfactory agreement between experimental and
calculated g factors to the overestimation of HT effects,18

this factor does not appear to be the primary cause in the
case of the current double helicenes.

Conclusion

In summary, we have applied the first principle calculations
to investigate the vibronic structure of CPL spectra for two
double helicenes DPC and DNH. While the CPL intensities
(maximal dissymmetry factors) of these helicenes are
comparable, their overall spectral shapes with vibronic
progressions exhibit notable differences. Our calculations,
conducted using the FC-HT1 jVH model at the
CAM� B3LYP/def2-TZVP level, have unveiled that the FC
contribution plays a fundamental role in shaping the CPL
spectra, while the HT contribution primarily governs the
intensity of the CPL responses. Specifically, in the case of
the S-shaped DPC, the CPL response is predominantly
shaped by the 0–0 band, resulting in the CPL peak
appearing at the high-energy edge of this band. The intensity
of this peak is substantially reduced by the presence of low-
frequency vibronic bands associated with the helical wagging
mode #1 with a harmonic frequency of 27 cm� 1. In contrast,
for the X-shaped DNH, the CPL peak is situated nearly in
the middle of the entire bands. This is notably influenced by
mode #155, which is associated with aromatic C=C stretch-
ing and C� H rocking of entire helicene with a harmonic
frequency of 1572 cm� 1. This mode plays a crucial role in
enhancing the CPL response in DNH, with a significant HT
contribution of as much as 17% of the total HT intensity.
This first detailed investigation of the vibronic features of
CPL spectra in configurationally distinct double helicenes
underscores the significance of structural deformations
associated with the S1-to-S0 electronic transition in shaping
the CPL spectra and the wavelength-dependent dissymmetry
factor values. Thus, in future endeavors aimed at the design
of CPL-responsive molecular systems, particularly in the
context of rigid π-systems, the incorporation of vibronic
structural considerations will prove to be an integral and
indispensable component for the precise fine-tuning and
optimization of chiroptical properties.

Supporting Information

The following files are available free of charge. Computa-
tional details, additional discussion, spectra, and Figures
(PDF)

Table 2: Comparison of experimental and calculated CPL transition
energies and dissymmetry factors of double helicenes DPC and DNH
of different origin.[a]

Helicene Source E0-0

/eV
103

×g0-0

EFL

/eV
103

×gFL

ECPL

/eV
103

×gCPL

Stokes Shift
/cm� 1

DPC exp 2.88 � 2.6 2.86 � 2.2 2.81 � 2.4 210
calcd 2.92 � 6.7 2.76 � 3.6 2.92 � 6.7 450

DNH exp 2.58 � 2.4 2.51 � 1.5 2.47 � 3.2 670
calcd 2.64 � 2.3 2.59 � 2.3 2.42 � 2.9 250

HH exp 3.00 � 0.5 2.95 � 0.9 2.95 � 0.9 580
calcd 3.08 � 5.4 2.88 +1.2 3.03 � 1.3 170

[a] Energies and dissymmetry factors at the 0–0 transition and the
peak wavelength in the fluorescence (FL) and CPL (CPL) spectra for the
(P,P)- or (P)-enantiomer. The experimental 0–0 energy (E0-0) was
estimated using the absorption fluorescence crossing point (AFCP)
method. Calculated excitation energies were 0.35 eV red-shifted to
facilitate a direct comparison.
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Significance of Vibronic Coupling that
Shapes Circularly Polarized Luminescence
of Double Helicenes

This study investigates how molecular
vibrations influence the circularly polar-
ized luminescence (CPL) of double heli-
cenes DPC and DNH. It highlights how
structural changes during electronic
transitions shape CPL spectra and dis-
symmetry (g) factor values, emphasizing
the role of Herzberg-Teller effects in
enhancing CPL responses.
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