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a b s t r a c t

In the exploration of circularly polarized luminescence (CPL) materials, doping cholesteric liquid crystals

(CLCs) with achiral dyes is a common strategy. Conjugated polymers are favored as achiral dyes for their

superior luminescent properties. In this study, a series of oligomers (M1-M3) and the conjugated polymer

F8BT were synthesized to systematically assess the impact of the length of the conjugated backbone on

CPL signals of CLCs doped with conjugated polymers. As the length rose from M1 to M3, CPL intensity

concurrently increased (|glum| increased from 0.35 to 0.84), attributable to enhanced dichroism (order pa-

rameter, SF increased from 0.20 to 0.56). In contrast, F8BT polymer resulted in diminished CPL intensity

(|glum|=0.64) due to the reduced compatibility. Achieving a balance between dichroism and compati-

bility is crucial for optimizing CPL in conjugated polymer-doped CLCs. The guiding principle established

here may have broad applicability in other CPL assemblies, offering a strategic avenue to engineer high-

performance CPL materials with conjugated polymer.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cholesteric liquid crystals (CLCs) are renowned for their

ordered, chiral structure with long-range molecular organization,

positioning them as valuable in various domains, including opto-

electronics, data encryption and biotechnology [1–10]. Recent ad-

vancements have shown that CLCs can significantly enhance the

circularly polarized luminescence (CPL) of achiral dyes through chi-

ral co-assembly approach [11–14]. This enhancement is attributed

to the helical superstructure and the intermolecular exciton cou-

pling of achiral dyes [15,16]. Utilizing CLC platforms, a grow-

ing number of CPL-active materials with high dissymmetry fac-

tors (glum) and tunable fluorescence has been developed [17–21].

Since 2019, our team has been leading the creation of potent CPL

materials, achieving |glum| values up to 1.42 by integrating achi-

ral dyes into the CLC framework [22–24]. Conjugated polymers,

known for their semiconducting and luminescent properties, are

considered excellent candidates for advanced optoelectronic appli-

cations [25–28]. We have explored these polymers as achiral dyes

within emissive CLC systems for CPL production. For instance, in

2020, we introduced an achiral conjugated fluorescent polymer
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into CLCs, which showed robust CPL with a glum value of 1.12 [29].

More recently, we utilized the red luminescent conjugated polymer

DTBTF8 to establish a co-assembled CLC system that produced ex-

ceptionally strong CPL signals (glum =0.7/−0.67) [30].

The excellent CPL performance of CLCs doping with conjugated

polymer can be attribute to the high order degree originating from

their high length-diameter ratio [31]. Research indicates that CPL

characteristics in emissive CLCs are influenced not only by the he-

lical superstructure but also by the dichroism of the achiral dyes

(quantified by order parameter SF) [32]. Scholes and colleagues re-

ported that conjugated polymers can assume a highly stretched

conformation in a liquid crystal matrix, with their high aspect ratio

and rigidity offering significant dichroic effects, making them ideal

for boosting CPL in CLCs [33]. However, the study of CLC materials

doped with conjugated polymers is rare, possibly due to the poly-

mers’ limited matrix compatibility [34]. Balancing the polymers’

dichroism with their compatibility in the CLC matrix is a challenge

yet to be overcome.

Oligomers with uniform structure and monodisperse molecu-

lar weight are ideal candidates for fundamental studies [35,36].

We synthesized a sequence of oligomers, M1-M3, along with the

conjugated polymer poly(9,9-dioctylfluorene-alt-benzothiadiazole)

(F8BT) (Scheme 1a), aiming to explore how the length of the

conjugated backbone affects dichroism and material compatibility.
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Scheme 1. (a) molecular structures of oligomers M1-M3 and F8BT. (b) Molecular structure of chiral inducer R/S-1. (c) Schematic illustrations of the molecular alignment of

M1, M3 and F8BT in CLCs.

These achiral dyes, ranging from M1 to M3 and including F8BT,

were incorporated into a CLC matrix (formulated by blending a chi-

ral inducer (R/S-1) with the nematic liquid crystal E7 as shown in

Schemes 1b and c) to craft CPL-active CLCs [37]. A marked increase

in dichroism was noted, escalating from 0.20 to 0.56, as the length

climbed from M1 to M3. This progression mirrored in the CPL in-

tensities for M1, M2, and M3-doped CLCs, with |glum| values of

0.35, 0.71, and 0.84, respectively. It was evident that as the repeat-

ing units extended, the enhancement in the SF and the glum began

to plateau. However, when the length of the conjugated backbone

was further increased to the level of the conjugated polymer F8BT,

the compatibility with the host structure became a pivotal factor

influencing the CPL efficiency. This was due to F8BT’s propensity

to form misaligned aggregates, which led to a decrease in SF (0.53)

and CPL intensity (|glum|=0.64). Among the tested compounds, the

M3-doped CLCs demonstrated superior dichroism (SF =0.56) and

|glum| value (0.84), showcasing an optimal balance between dichro-

ism and compatibility. Our findings point to a promising method

for developing high-performance CPL materials with achiral conju-

gated polymers.

The synthesis and characterization of oligomers M1-M3 and

F8BT were detailed in Supporting Information. The molecular

weight of F8BT was determined by gel permeation chromatography

(Mn =11,099 g/mol, Mw =18,707 g/mol, PDI=1.69). In our initial

analysis, we examined the photophysical properties of oligomers

M1-M3 and the polymer F8BT in tetrahydrofuran (THF) at a uni-

form concentration of 10−5 mol/L. As illustrated in Fig. 1a, these

substances showed distinct absorption peaks at wavelengths of

376, 416, 430, and 453nm. These peaks are indicative of the in-

tramolecular charge transfer (ICT) from the fluorene units to the

benzothiadiazole units [35]. Notably, there was a consistent pattern

of redshift across the spectrum, which we attribute to an exten-

sion in the conjugated chains coupled with a narrowing of the en-

ergy gap between the highest occupied molecular orbital (HOMO)

and lowest unoccupied molecular orbital (LUMO) (Fig. S1 in Sup-

porting information) [38]. Fig. 1b displays the normalized emis-

sion spectra, with the fluorescence (FL) of M1 peaking at 484nm,

Fig. 1. The (a) absorption and (b) normalized emission spectra of achiral dyes M1-

M3 and F8BT in THF solution (1× 10−5 mol/L).

while the fluorescence peaks for M2, M3, and F8BT were all ob-

served near 525nm. Further experiments altering the solvent con-

ditions indicated a significant bathochromic shift in the photolu-

minescence of M1-moving from 454nm in non-polar hexane to

504nm in polar acetonitrile (Fig. S2a in Supporting information).

A similar trend of bathochromic shifts was consistently observed

for the other dyes as well (Fig. S2 in Supporting information), af-

firming the influence of ICT on their photoluminescence behavior

[32]. From these results, we may infer that the fluorescence transi-

tion dipole moment (TDM) vectors are aligned with the conjugated

fluorene-benzothiadiazole structure of the dyes.

Due to variations in the conjugation length, the ratio of length

to diameter for the oligomers and F8BT progressively increased,

as shown in Scheme 1a. Luminescent nematic liquid crystals, des-

ignated as NLCs-M1, M2, M3, and F8BT, were prepared by dis-

persing the achiral oligomers and F8BT into the ambient temper-

ature LC host E7 at a 1.0 wt% concentration [31]. We then con-

ducted SF analysis using polarized fluorescence spectroscopy as Eq.

S1 (Supporting information). The findings, as presented in Fig. 2,

indicate that for all dyes, the fluorescence intensity parallel to the

alignment of the liquid crystal cells (F‖) was higher than that in

the perpendicular direction (F⊥), indicating positive dichroism [39].

Among them, M3 exhibited the highest SF, reaching 0.56, while M1

showed a lower value of 0.20, which may be attributable to the
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Fig. 2. Polarized fluorescence spectra of achiral dyes (a) M1, (b) M2, (c) M3, and (d)

F8BT in the parallelly aligned LC cells.

Fig. 3. The MOI axis (green rod) and TDM vectors (red arrow) of oligomers (a) M1,

(b) M2, (c) M3 by DFT calculations.

increasing ratio of length to diameter from M1 to M3 [40]. This

ratio of length to diameter and the stretched configuration within

the CLCs seem to facilitate the ordered alignment of the achiral

dyes [41]. Conversely, the longer conjugation of F8BT reduced its

orientation order (SF =0.53) which may be due to the lower com-

patibility with the E7 host, as depicted in Scheme 1c.

To elucidate the link between the order parameter (SF) and

the molecular architecture of the achiral oligomers, we employed

density functional theory (DFT) calculations. These calculations fo-

cused on the minimum moment of inertia (MOI) axis and the TDM

vectors, utilizing the B3LYP/6–31G level of theory within the Gaus-

sian 09 software suite [42]. Fig. 3 shows a discernible shift in the

MOI axis (green rod): it pivots from an angled orientation relative

to the conjugated main chain to a more parallel alignment as the

number of repeating units grows (from M1 to M3). Consequently,

the angle θ , as defined in Eq. S2 (Supporting information), is ex-

pected to widen due to the increasing competitive interactions be-

tween the dyes’ conjugated main chains and their alkyl side chains

within the E7 host [43]. Additionally, the fluorescence TDM vectors

were suggested to be intramolecular charge transfer (ICT) from the

fluorene donor segments to the benzothiadiazole acceptor units

(Fig. 1). As indicated in Fig. 3, the β angles between the MOI and

TDM vectors for the oligomers M1-M3 series vary, decreasing from

54.9° to 8.2° with an increase in conjugation length. According to

Eq. S2, M1’s larger β angle (54.9°) corresponded with a lower SF

Fig. 4. POM images of (a) CLC-M1, (b) CLC-M2, (c) CLC-M3 and (d) CLC-F8BT in flat

LC cells.

Fig. 5. (a) CD and (b) CPL spectra of R/S-CLC-M1, R/S-CLC-M2, R/S-CLC-M3, and

R/S-CLC-F8BT.

value (0.20), whereas M3’s MOI closely paralleled the TDM, result-

ing in a smaller β angle (8.2°) and a higher SF value (0.56). There-

fore, increasing oligomer length is an efficient way to enhance the

SF value by molecular extension in CLCs matrix.

Oligomers M1-M3 and F8BT were then added to the CLC host

(prepared by doping chiral inducer R/S-1 into E7 host) to form the

corresponding emissive CLCs. The chiral inducer and achiral dye

concentrations were optimized to be 1.0 wt% and 1.0 wt% by mea-

suring the CPL signals (Fig. S3 in Supporting information). CLCs-

M1, CLCs-M2, CLCs-M3, and CLCs-F8BT were prepared by doping

1 wt% of R/S-1 and 1 wt% of achiral dye (oligomers M1-M3 and

F8BT) into E7 for polarizing optical micrograph (POM) and photo-

physical measurement of the CLCs. As is evident from Fig. 4 and

Fig. S4 (Supporting information), the resulting CLCs could sponta-

neously align as typical and ordered fingerprint textures. This can

be due to the formation of regular helically twisted structures [20].

The aggregate of F8BT could be observed in the CLC and indicat-

ing the compatibility problem [44]. This may be the key reason

for lower dichroism character. By lowering the concentration of

F8BT in CLCs to 0.25 and 0.1 wt%, the aggregate remains existence

(Fig. S5 in Supporting information) indicating the aggregate phe-

nomenon (low compatibility) was mainly due to the high conjuga-

tion length of F8BT. Notably, the helical pitches of CLCs were cal-

culated using the planar Grandjean-Cano lines on the POM images

(Fig. S6 in Supporting information) [45,46]. Only a small change

was observed in the helical pitches of the CLCs. We can propose

that achiral oligomers and F8BT had a very weak influence on the

texture arrangement of CLCs.

We further examined the chiroptical characteristics of four CLCs

by measuring their circular dichroism (CD) spectra. As depicted

in Fig. 5a, each CLC displayed distinct CD bands that mirrored

each other between 295nm and 360nm, indicative of the charac-

teristic absorption stemming from the chiral dopant inducer co-

assembling with the E7 host [47]. Notably, the CLCs-M1-M3 and

CLCs-F8BT revealed new, mirrored Cotton effects in the longer

wavelength span of 375-500nm, aligning perfectly with the ab-

sorption spectra of the achiral oligomers M1-M3 and F8BT shown

in Fig. 1a. This result suggests successful chiral induction from the
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chiral inducer to the achiral oligomers M1-M3 and F8BT within

the E7 host, facilitated by a supramolecular co-assembly process

that arranges the achiral dyes into a helical structure (Scheme 1c)

[48,49]. Among these, M3-which exhibited the highest dichroism

(SF)-demonstrated stronger CD signals. This implies a more orderly

parallel alignment with the E7 host molecules, resulting in a more

structured helical configuration within the CLC patterns. In con-

trast, M1, which had a lower SF, showed a less distinct CD peak

and tended towards a less ordered state, suggesting a reduced ef-

ficiency in chiral transfer and induction compared to M3 within

the same CLC host due to the lower length-diameter ratio. F8BT’s

CD signals not only showed a noticeable redshift but were also

slightly less intense than those of M3, a trend that correlated with

the SF values (Fig. 2). This could be attributed to compatibility is-

sues where the aggregates formed within the CLCs (Fig. 4) dimin-

ish the degree of order and, consequently, the CD signal strength

[50]. Thus, to enhance the chiral induction efficiency in CLC mate-

rials, it is essential to optimize oligomer length to achieve better

compatibility, as seen through the lens of dichroism and polymer

compatibility.

Then we explored deeper into the CPL performance by evaluat-

ing four emissive CLCs within flat cells. The fluorescence quantum

yield of CLCs were measured to be 80%, 74%, 70% and 35%, respec-

tively. Remarkably, each CLC demonstrated robust and distinct CPL

signals at 500nm and 550nm, mirroring the FL emission spectra

of achiral dyes, as shown in Fig. 5b, Figs. S7 and S8 (Supporting

information). Crucially, the magnitude of the CPL (|glum|) for the

CLCs reflected the trends seen in the CD intensities presented in

Fig. 5a. For the CLC with the smallest spontaneous polarization (SF)

of 0.20 (CLCs-M1), the |glum| was a mere 0.35, correlating with its

weak CD signal and the lower degree of order (SF =0.20) within

the LC host. As SF values increased, the |glum| for CLCs-M2 and

CLCs-M3 rose significantly, reaching 0.71 and 0.84 respectively. The

pronounced enhancement for M3 (|glum|=0.84) is likely due to the

efficient transfer of chirality from the chiral dopant to the achi-

ral dichroic M3, resulting in a helical structure within the well-

ordered CLC matrix [51]. In the case of F8BT, the |glum| values

echoed the CD spectral trend, with compatibility markedly influ-

encing CPL intensity. This suggests that compatibility and the large

aspect ratio of the conjugated polymer are critical factors affecting

the CPL intensity in emissive CLC materials. Achieving a balance

between dichroism and compatibility is crucial for optimizing CPL

in conjugated polymer-doped CLCs.

In summary, our research explored the impact of conjuga-

tion length on CLC systems through the integration of oligomers

M1-M3 and the polymer F8BT into a CLC matrix. Among these,

oligomer M3 exhibited the most significant increase in glum value,

achieving an optimal balance between its dichroic properties and

compatibility with the host CLC. We observed that an increase

in the conjugation length of the conjugated polymers tends to

enhance dichroism, attributed to a larger length-to-diameter ra-

tio. However, this often leads to reduced compatibility, especially

as the polymers become less congruent with the CLC host struc-

ture. Therefore, oligomeric conjugated polymers emerge as prime

candidates for CLC-based, CPL-active systems, thanks to their ex-

ceptional photophysical characteristics and high compatibility. By

employing a chiral co-assembly approach, our study provides a

simple method for the regulation of CPL signals and lays down

fundamental scientific principles for the design of CLC-based CPL

materials.
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