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ABSTRACT

We demonstrate that in chiral carbazole dimers, the ¢t conformer generates intense excimer CPL, while gauche rotamers yield only

local emission. In 1a, CPL intensifies and red-shifts upon cooling due to greater ¢ contribution. In contrast, the tert-butyl derivative

1b shows weak, temperature-insensitive CPL owing to enhanced accessibility of non-CPL-emissive gauche conformers. This

work reveals how subtle substituent and environmental effects modulate excited-state conformational dynamics and chiroptical

responses through a thermodynamic-kinetic interplay.

1 | Introduction

Circularly polarized luminescence (CPL) from isolated small
molecules—despite the intrinsic challenge of achieving large
luminescence dissymmetry (g,,,) factors—has attracted consid-
erable attention [1-3], particularly in helical or twisted molecular
systems [4]. Among these, excimer-based CPL has recently
emerged as a powerful strategy to generate chiroptical emission
with enhanced g, values and tunable photophysical proper-
ties, outperforming conventional monomer-based systems [5,
6]. Pyrene-based architectures have proven especially promising
and rigid scaffolds incorporating pyrene units have delivered
strong excimer CPL with g, values well exceeding 0.01. For
example, trans-1,2-di(1-pyrenylamino)cyclohexane derivatives—
enabled by conformational preorganization through a rigid chiral
framework—exhibit an excimer g, of 0.016 [7]. Bi- and multi-
naphthyl systems have demonstrated even greater efficacy, and
recent studies show that judicious structural tuning combined

with optimized measurement conditions can push g, values
as high as 0.12 [8]. Notably, pyrene cyclophanes stand out as
ideal platforms for precisely arranging pyrene chromophores in
well-defined geometries, thereby amplifying CPL responses [9],
while sugar-derived scaffolds such as cyclodextrins have also
proven effective in this regard [10, 11]. Importantly, the CPL
activity of such systems is often governed by conformation-
dependent excimer formation, wherein suitable geometric vari-
ations between chromophores dramatically modulate the chirop-
tical response [12-14]. As a distinct example employing a different
chromophore, we have demonstrated that carbazole cyclophanes
afford relatively large g, values of 0.013 for partially overlapped
excimer emission [15].

This amplification in the excimer arises from rigid scaffolds that
preorganize chromophore pairs in close proximity, enforcing a
locally twisted chiral geometry that efficiently transfers molecular
chirality to the excimer state. In such systems, the emitting state is
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best described as a superposition of Frenkel exciton and charge-
transfer (CT) configurations, with the Frenkel component often
dominating in most excimers [16]. When Frenkel interactions pre-
vail, Davydov splitting between coupled chromophores enhances
chiroptical responses through electric dipole-dipole coupling.
However, strong exciton coupling alone does not guarantee
excimer formation or high g, values; optimal interchromophore
geometry and sufficient CT character are equally critical for
efficient CPL. Within the zeroth-order approximation (neglecting
minor contributions from magnetic dipole transition moments),
the rotational strength R arising from the exitonic component of
an excimer at frequency v can be approximated as [17, 18]:

R, (excimer) « ¢% (R*—R") (1" x p?) )

where R’ and ¢’ (i =1 or 2) denote the position vectors and elec-
tric dipole transition moments of the individual chromophores,
respectively. By contrast, the rotational strength for a monomeric
emitter is given by:

R (monomer) « Im (u - m) 2

where m is magnetic dipole transition moment of the emitter.
Critically, excimer-based CPL typically manifests as a single,
red-shifted emission band (corresponding to R_), rather than a
bisignate signal (R,) [19]. This feature effectively bypasses the
reliance on m, which are intrinsically weak in organic chro-
mophores. Beyond excimers, molecular aggregates may exhibit
a similar amplification mechanism through interchromophoric
coupling [20]. As such, excimer-based CPL circumvents a fun-
damental limitation of traditional CPL design—namely, the
small magnitude of m—and emerges as a versatile platform for
next-generation chiroptical technologies, including 3D displays,
optical data storage, and enantioselective biosensing.

While free carbazole monomers do not form intermolecular
excimers under standard conditions [21], poly(vinylcarbazole)
(PVCz) exhibits clear excimer emission [22]. Consequently,
the photophysics of syndiotactic and isotactic PVCz has been
extensively studied with model substances over the past half-
century to elucidate the conformational behavior of pendant
carbazole groups [23]. Classical investigations on racemic 2,4-di-
N-carbazolylpentane, a well-established model dimer for syndio-
tactic PVCz, revealed that the partially overlapped “trans-trans”
conformer is energetically favored in the ground state and directly
gives rise to excimer-type emission at ~370 nm upon photoexcita-
tion, consistent with partial 7-stacking of the carbazole units [24].
Temperature- and solvent-dependent studies further highlight
the contribution of non-overlapped conformers, which produce
localized (monomer-like) emission near 340 nm. Although the
relative populations of trans and gauche conformers in the ground
state have been analyzed in detail via'H NMR coupling constants
[25], the conformational landscape in the excited state, including
the role of higher-energy rotamers, remains largely unexplored.

In this work, we investigate the CPL behavior of an optically
pure carbazole dimer featuring two stereogenic centers that
dictate both configurational and conformational preferences
during excimer formation. Our combined experimental and
computational analysis reveals that the conformational landscape

:R=H
b: R =t-Bu

FIGURE 1 | Structures of carbazole dimers 1a and 1b, and X-ray
crystal structure of 1b. Details of the crystallographic analysis are provided
in the Supporting Information.

about the tethering -C-CH,-C- linkage plays a decisive role in
both ground- and excited-state behavior. Moreover, the overall
CPL response is governed by a dynamic interplay between (1)
the ground-state conformational distribution, which is thermo-
dynamically controlled, and (2) excited-state evolution, wherein
kinetic accessibility to different conformers and their respective
decay dynamics determine the observed emission profile. This
synergistic control provides a refined mechanistic understanding
of excimer formation and the corresponding excimer-based CPL,
and opens new avenues for the rational design of chiroptical
materials based on conformationally adaptive excimer systems.

2 | Results and Discussion

While the racemic form of 2,4-di(N-carbazolyl)pentane (1a) is
known and has been prepared via a multi-step detour synthesis
[23], we successfully prepared an enantiomerically pure sample
of 1a directly from optically pure diols (Figure 1, see Supporting
Information for details). The optical purity was unequivocally
confirmed by chiral HPLC (Figure S1), as well as by mirror-
imaged circular dichroism (CD) and CPL spectroscopy (Figure
S2). The corresponding tert-butyl derivative (1b) in optically
pure form was obtained in an analogous manner. For clarity,
all subsequent discussion of chiroptical properties refers to the
(S,S)-enantiomers, which exhibit a negative CPL response.

In accordance with prior reports [23, 24], the fluorescence
spectra of 1a exhibit pronounced temperature dependence. At
25°C, the emission comprises both excimer-type fluorescence at
~370 nm and locally excited (LE) monomer-like emission, with an
integrated intensity ratio of approximately 3:1 (excimer: LE). This
ratio increases by nearly 100% at -110°C (Figure S3), reflecting
enhanced excimer formation at low temperature. This behavior is
primarily attributed to a shift in conformational equilibrium from
gauche to trans conformers upon cooling. The CPL spectrum of
(S,S)-1a in methylcyclohexane at 25°C displays a distinct negative
signal with a g, factor of —6.6 x 107> at 370 nm—coincident with
the excimer emission maximum in the fluorescence spectrum.
In contrast, negligible CPL was observed in the region of LE
(monomer-like) emission. Upon decreasing the temperature, the
CPL intensity gradually increases and the emission maximum
red-shifts to 380 nm at —110°C (Figure 2). Notably, this enhance-
ment in CPL is not solely due to increased fluorescence intensity;
rather, it arises from an intrinsic amplification of the chiroptical
response, as evidenced by the concurrent intensification of the
Zram Profiles with cooling (g, = —11 X 1073 at 380 nm; see also,
Figure S4). We also investigated the solvent dependence of the
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FIGURE 2 | Temperature-dependent CPL spectra of carbazole dimers (a) 1a (+90 to -110°C) and (b) 1b (+90°C to -50°C), and (c) the dependence

of gjum value of 1a at 375 nm on reciprocal temperature (1/7).

CPL behavior and found it to be relatively small yet significant,
reflecting the dynamic nature of conformational contributions in
its excited state (Figure S5).

Although the temperature dependence of the CPL intensity of
la appears monotonic, the nonlinear correlation between the
natural logarithm of the g, value, In(lg,,!), and reciprocal
temperature (1/T) suggests a change in the dominant mechanism
governing the CPL response. Eyring-type analysis [26] of the
two apparent linear segments yields the differential apparent—
and thus effective—activation enthalpy (AAH?,,)) of 6.4 kJ
mol™ in the high-temperature region and 0.8 kJ mol™ in the
low-temperature region. These effective parameters reflect the
composite temperature sensitivity of the CPL response under
our experimental conditions—encompassing ground-state con-
formational populations, excited-state relaxation pathways, and
conformational interconversion dynamics—rather than a single
microscopic barrier. The larger AAH*app at elevated tempera-
tures is consistent with increasing contributions from gauche-
rich conformers that are thermodynamically disfavored in S,
but become kinetically accessible in the flatter S; potential
energy landscape. Temperature-dependent lifetime measure-
ments (Figure S6) reveal a modest decrease in excimer lifetime
with increasing temperature, consistent with thermally activated
non-radiative decay pathways and supporting the interpretation
of enhanced conformational sampling at higher temperatures.
To further elucidate this behavior, we performed time-dependent
density functional theory (TD-DFT) and DFT calculations on
the conformational landscape of carbazole dimer 1a in both
the ground (S,) and excited (S,) states. A related computational
study on an intermolecular carbazole dimer has been reported
previously [27]. Potential energy scans were conducted as a
function of the dihedral angles (¢, and ¢,) defined along the
tethering -N-C(Me)-CH,-C(Me)- linkage at the wB97X-D/def2-
SVP level (Figure 3). All possible conformers—combinations of
trans (t), gauche® (g*), and gauche™ (g~)—exhibit local minima
on both the S, and S, potential energy surfaces. The partially-
overlapped ¢t conformer is the global minimum, followed in
energy by tg*, tg~, and three gg conformers (Figures S7 and
S8). Due to high rotational barriers between conformational
minima, interconversion likely occurs via single-bond rotation;
concerted transformations (e.g., tt — g*g*, gtg~, or g"g") are

improbable. The tg~ conformer lacks significant overlap between
the chromophores, and its computed emission corresponds to
that of a LE (monomer-like) state. In contrast, although the g+
conformer exhibits substantial structural overlap, calculations
show it displays only local (monomer-like) emission—likely
due to an unfavorable lateral offset between the chromophores
combined with near-orthogonal orbital alignment, both of which
suppress effective excitonic coupling and excimer formation. This
assignment is corroborated by natural transition orbital (NTO)
analysis, which reveals predominant hole-particle localization on
a single carbazole unit (>90%) and a dipole-dipole angle (6 ~ 57°)
close to the magic angle for excitonic coupling, resulting in
negligible dipole-dipole interaction despite geometric proximity
(Figure S9). Thus, we assign the intense excimer-derived CPL
exclusively to the ¢t conformer, primarily for two reasons: (1) the
CPL signal is observed only in the partially overlapped excimer
emission region (~380 nm), and (2) the computed rotational
strengths for all other conformers are considerably smaller (vide
infra). Accordingly, the TD-DFT-calculated CPL spectrum for the
optimized S, # conformer of the (S,S)-enantiomer—computed
with the larger def2-TZVP basis set (Figure S10)—reproduces a
negative signal with g, value that is slightly overestimated but
in good agreement with the experiment data at low temperature,
including the emission wavelength (Table 1). Such discrepancies
between computed and experimental chiroptical parameters are
commonly observed; the magnitude of the deviation depends
on the molecular system and computational protocol [28].
Additional computational details for this and other relevant
conformers are provided in Table S2.

Cooling increases the relative population of the ft conformer,
thereby enhancing the observed CPL. This picture is consistent
with studies on pyrene excimers, where time-resolved fluores-
cence and computation reveal that photoexcitation populates
vibrationally hot Franck-Condon states on the S, PES, which
rapidly relax toward the nearest local minimum—ultimately
reaching the global minimum corresponding to a stacked, twisted
geometry [29]. In 1a, the Franck-Condon S, state similarly lies
above the S, PES minimum and includes vibrational excita-
tion. While rapid relaxation to the nearest local minimum of
the same conformation occurs, the excess vibrational energy
kinetically facilitates access to neighboring conformers that are
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FIGURE 3 | Ground-state (Sy, bottom) and excited-state (S;, top) potential energy hypersurfaces (PES) of carbazole dimer 1a, mapped as a function
of the dihedral angles (¢, and ¢,) around the tethering -C-CH,—-C- bonds, computed at the wB97X-D/def2-SVP level. Relative energy is in kJ mol~.
Insets (right) show one-dimensional PES cuts along the minimum-energy path connecting the #f minimum to the tg* and g~ minima (with ¢, fixed at

50°), illustrating the relative depths of conformational wells and the heights of intervening barriers in Sy and S; states.

energetically less accessible from S,. Indeed, the S, potential
energy surface is significantly flatter than that of S, rendering
conformational interconversion more facile in the excited state
and directly influencing the observed CPL response (Figure 3).
Consequently, at higher temperatures, greater conformational
diversity—including non-emissive or weakly chiral gauche-rich
species—leads to a blue-shifted, diminished CPL signal. The
nonlinear temperature dependence of the g, value for la
reflects a gradual shift in the balance between thermody-
namic control of the ground-state conformational distribution
and kinetic factors governing excited-state conformational sam-
pling. At low temperatures, the CPL response is dominated by
the thermodynamically favored #t conformer; as temperature
increases, enhanced population of gauche-rich species in S,—
coupled with facilitated excited-state interconversion on the
flatter S, surface—progressively diminishes the excimer contribu-
tion. Such temperature- and solvent-dependent CPL arising from
multi-conformer landscapes across electronic states has been
already emphasized in the literature [8, 30].

Additional insight was gained from our investigation of the tert-
butyl derivative 1b. The crystal structure of 1b, obtained by
slow diffusion of ethanol into a toluene solution, corresponds
to an alternative tt rotamer identified computationally as the
second lowest-energy ¢t conformer. Interestingly, the most stable
tt conformer lies 31 kJ mol™ lower in energy and exhibits
enhanced m-overlap between the carbazole units—a feature
attributed to the dispersion-donating character of the tert-butyl
group [31]. It has recently been emphasized that such dispersion
interactions play a significant role in determining molecular
structure, properties, and reactivity [32], but also in shaping
excited-state behavior [33]. As previously discussed [34], the
ground-state conformational distributions of 1a and 1b are largely
comparable—both dominated by ¢t conformer—with only minor
differences. This conclusion is further supported by the similarity
of their CD spectra (Figure S11). In stark contrast, the fluorescence
and CPL behavior of 1b differ markedly from those of 1a.
Under identical conditions (e.g., 25°C in methylcyclohexane), the
excimer contribution to the total emission in 1b is significantly
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TABLE 1 | Computed structural and spectral parameters of the trans—trans conformer of carbazole dimers 1a and 1b in the So and S; states@.
Dimer State P d R D 103 g .1c 10% gy,
la So -121 4.09 -32 15500 -8.3 -2.2
— S, -112 4.19 —45 5 (400 =33 —6.6
1b® So -129 3.74 -18 19 900 -3.7 -2.7
— — 5.52 +13 22400 +2.2) —

(-129
— S -123 4.07 =33 15000 -8.8 -1.2
— — 6.19 +12 38 700 +1.2) —
(-109

1a (Sy) 1a (Sy)

1b (So)

1b (S1)

@ All computations were performed at wB97X-D/def2-TZVP level. The interplane twist angle (i, in degrees) and centroid-to-centroid distance (d, in A) between
carbazole units, rotational strength (R), and electric dipole strength (D) (in 107%° cgs unit), and absorption or luminescence dissymmetry factors (g.,c) are compared.

Experimental values (g.,) are those obtained in methylcyclohexane at 25°C.

®Values for the second-lowest-energy local minimum structure are given in parentheses.

reduced, accounting for only ~40% of the integrated fluorescence
intensity. This implies that gauche conformers play a more
prominent role in the excited state of 1b than in 1a, despite their
minor contribution in the ground state. Accordingly, the CPL of
1b was significantly weaker than that of 1a, with a g, value of
—1.2 x 1073 (Figure 2). A weak positive CPL feature near 350 nm
likely originates from residual monomer-like emission of gauche
rotamers; however, the dominant chiroptical response still stems
from the excimer state. Notably, the temperature dependence
is minimal; neither increasing nor decreasing the temperature
substantially affected the observed CPL spectra.

Table 1 compares the optimized geometries of the partially
overlapped tt conformers of 1a and 1b in both the S, and S,
states. Detailed computational parameters for these and other
conformers are summarized in Table S2. In both dimers, the
twist (1) between the carbazole chromophores, defined as the
dihedral angle between the long molecular axes of the car-
bazole units, each axis passing through the center of mass
of its respective chromophore, is responsible for the strong
negative chiroptical responses in both states. Upon excitation,
the centroid-to-centroid distance (d) increases due to steric
constraints imposed by the covalent tether—a trend opposite to
that observed in untethered excimers, where excimer formation
typically shortens d. Concurrently, the twist angle () increases in
the excited state, enhancing excitonic coupling. This geometric
reorganization results in a 2-4-fold amplification of the g,
factor relative to the absorption dissymmetry (g,,,), consistent
with Equation (1), in which 3 and d directly modulate rotational
strength. A comparison of noncovalent interaction (NCI) plots

[35] elucidates the origin of the structural differences between
1a and 1b (Figure S12). Energy decomposition analysis (Table
S3) [36] reveals stronger dispersion interactions in 1b than
in 1a mediated by the fert-butyl substituents, which promote
closer contact and enhanced overlap of the terminal benzene
rings of each carbazole unit. Consequently, 1b in the S, state
exhibits a slightly smaller twist angle (3 = —123° vs. —112° in
1a) but a marginally shorter interplanar distance (d = 4.07 A
vs. 4.19 A). This seemingly subtle geometric difference combined
with the electronic effects of the tert-butyl substituents, leads to
a reduction in exciton-coupled CPL intensity in 1b, arising from
a combination of decreased rotational strength and increased
electric dipole strength, as dictated by Equation (1).

The significantly weaker CPL response of 1b and its rela-
tive insensitivity to temperature are also attributed to: (1) the
enhanced relative stability of the fg~ conformer in 1b, whose
energy is very close to that of the tt conformer—in stark contrast
to 1a, where the fg~ conformer lies significantly higher in
energy—and (2) a shallower energy barrier between rotamers
(Figure 3). Consequently, even at low temperatures, the tt
conformer in the S, state of 1b readily relaxes into neighbor-
ing gauche-rich conformations. The extent of this relaxation
is relatively temperature-independent, leading to the observed
insensitivity of the CPL response across the measured tem-
perature range. These results highlight that conformational
contributions to chiroptical emission—governed by the interplay
of thermodynamic stability (relative conformer energies) and
kinetic accessibility (interconversion barriers)—are exquisitely
sensitive to subtle substituent modifications in the molecular
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scaffold, with particularly pronounced effects manifesting in the
excited state.

3 | Conclusion

In conclusion, we have extensively investigated—through a
combined experimental and computational approach—the CPL
behavior of an optically pure carbazole dimer, a system long
employed as a molecular model for syndiotactic PVCz. Our study
underscores the critical role of the interplay between thermo-
dynamic stability and kinetic accessibility of conformers in the
excited state in shaping the overall CPL response, achieved by
mapping and analyzing the complete conformational landscape
around the connecting propylene linkage in both the ground
(Sy) and excited (S,) states. The relative contributions of these
factors are sensitively modulated by temperature, solvent envi-
ronment, and substituents on the carbazole core. We are currently
extending this work to diverse intra- and intermolecular excimer
systems that exhibit tunable CPL signatures through structural
and environmental control. Excimer-based CPL addresses a
central challenge in chiroptical materials: achieving large lumi-
nescence dissymmetry (g,) factors while maintaining high
photoluminescence quantum yields (®y,,,) [37]. The traditionally
transient and structurally ambiguous nature of excimers has
been overcome through preorganized molecular architectures
featuring a simple chiral linkage, which enforces predictable,
well-defined chiral excimer geometries. Current efforts focus on
advancing excimer CPL into functional applications, including
electroluminescent devices, white-light CPL emitters, and bio-
logical imaging probes with enhanced signal-to-noise ratios for
chiral sensing. We anticipate that these developments will yield
significant progress in the near future.
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