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Abstract
	

Several mixing intermolecular systems between chiral dopants and an achiral nematic liquid crystal host were experientially studied and 
theoretically modeled to calculate and predict the intrinsic thermochemical stabilities of those mixtures better to understand their inter-
molecular miscibility, structures, and behaviors. The resulting thermochemical Gibbs free energy data of the mixtures with different molar 
ratios show that better miscibility with the achiral nematic host can be achieved as the chiral dopant concentration decreases in the system. 
In addition, the newly obtained comparative molecular modeling results reveal the significant thermochemical enthalpy changes of the mix-
tures, showing a more favorable intermolecular bonding trend toward increasing LC monomer amount mixed with chiral dopants. The mod-
eling results revealed that intermolecular mixture systems containing (R)-configured dopants exhibit right-handed (RH) helical structures, 
whereas (S)-configured dopant forms a left-handed (LH) helical structure, consistent with experimental observations. This study enables a 
better understanding of the mixing nature of chiral dopant-achiral nematic liquid crystal hosts, as well as aiding the future development of 
improved LCs for use in various optical applications.
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Introduction

Cholesteric liquid crystalline (CLC) materials, also called 
chiral nematic LCs, are extensively found in nature.1 These 
materials self-assemble into selectively reflective 1D photonic 
crystals that are highly promising for active optical applications 
including displays, tunable lasers, optical storage, safety goggles, 
and energy-conserving windows.2-6 The first liquid crystals 
were discovered by accident and were simple ester derivatives 
(mesogens) from naturally-found cholesterol.7-8 Since their initial 
discovery, numerous other intrinsically chiral substances, some 
natural, some semi-synthetic, and some totally synthetic in origin, 
have been identified as CLC materials.9 

       In addition to intrinsically chiral substances, the CLC phase 
can be formed through the addition of chiral dopants into achiral 
nematic liquid crystal (NLC) hosts to produce a helical superstruc-
ture. The handedness of the chiral dopant is transferred to the LC 
resulting in a right-handed (RH) or left-handed (LH) circular rota-
tion of the liquid crystal director (i.e. the average direction of the 
long molecular axes of the LC) along a helical axis.2,10 

       Achiral NLCs (e.g., 5CB, E7, BL series, TL series, etc.) can be 
mixed with chiral dopants (e.g., commercially available (R)-1011, 
(S)-1011, (R)-811, (S)-811, etc.) to produce target compositions 
resulting in the CLC phase. As is the case of the nematic host 
molecules, the dopants themselves can be natural, semi-synthetic, 
or synthetic in origin. The resulting physical properties of a 
CLC mixture are dependent on the specific identities of hosts 
and dopants as well as their ratio in the mixture. An example 
of common chiral dopants and LCs are shown in Figure 1. The 

molecular chirality from the chiral dopant compound is transferred 
to the bulk nematic host forming a helical structure of liquid crystal 
molecules with left- or right-handed handedness depending on the 
chiral interactions.8 The resulting CLC structure is characterized 
by the pitch 𝑃, which is the length of 360o rotation of the director 
along the helical axis. The pitch of CLC is determined by the ratio 
of chiral dopant to nematic host in the mixture.8 The resulting 
CLC with a helical superstructure exhibits a circularly polarized 
selective reflection,2,10 with the center of the reflection notch (l0) 
expressed as

						              (1)      
 

where                    is the average refractive index of the LC and 
no and ne are the ordinary and extraordinary refractive indices, re-
spectively. The bandwidth of the reflection band in a CLC is a 
simple product of the birefringence of the nematic liquid crystal 

Figure 1. Chemical structures of materials used in this study.
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host and the cholesteric pitch length, 
			 
							       (2)

where Dn = ne -no  is the birefringence. The bandwidth of a CLC is 
typically in the range of 50–100 nm in the visible wavelength of 
the electromagnetic spectrum.

CLCs are prepared by the addition of chiral dopants to achi-
ral NLC hosts to produce a helical superstructure. The miscibility 
between the chiral dopant and the nematic host is critical, espe-
cially for preparing short-pitch CLCs. In many cases, newly syn-
thesized chiral dopants are not highly compatible with the nematic 
host LCs and phase separation is observed at high chiral dopant 
concentrations. Hence, it is beneficial to study the miscibility and 
thermochemical stability information of these mixtures. In this 
study, we first conducted an experimental study of several mixed 
intermolecular systems between chiral dopants and NLCs and then 
theoretically modeled them to calculate and predict the intrinsic 
thermochemical stability of those mixtures to further determine 
their intermolecular miscibility, structure and behavior.

Experimental Methods

Preparation of cells and cholesteric liquid crystal samples.
Alignment cells were prepared from ITO-coated glass slides 

(Colorado Concepts). The glass substrates were cleansed in 
acetone and methanol, and treated with air plasma for 30 s. The 
substrates were spin-coated with a polyimide solution (PI2551, 
HD Microsystems) and baked at 200°C for 1 hr. The preparation 
of the polyimide solution is as follows: 8 mL of PI2555 polyimide 
was first dissolved in 32.5 mL of N-methylpyrrolidone (NMP), 
and then 9.1 mL of 1-methoxy-2propanol was slowly added to 
the PI solution. The alignment layers were rubbed with a velvet 
cloth, and the cell was constructed to ensure a planar alignment 
condition.The cell gap was controlled by mixing 15 µm thick glass 
rod spacers into an optical adhesive. Samples were prepared by 
mixing a chiral dopant ((R)-1011 or (R)-811 from Merck) and a 
positive Δε nematic liquid crystal (5CB). 

Experimental Setup and Measurements. 
Transmission spectra were collected with a fiber optic 

spectrometer (Ocean Optics Spectrometer). Unpolarized, linearly 
polarized, left-handed or right-handed circularly polarized light 
was used as a probe beam. 

Theoretical approximations. 
The computer processor used for multiple computers 

was 11th Gen Intel® Core ™ i7-1165G7 CPU @ 2.8GHz 1.69 
GHz, installed (memory) Ram used 16.00GB. The system type 
was a 64-bit operating system. Software programs used were 
ChemOffice® Ultra version 21.0.0.28 (PerkinElmer, MA, 
U.S.A), MOPAC (Molecular Orbital Package) and Gaussian 03W 
version 6.1 (Gaussian, Inc., CT, USA) for molecular modeling 
and thermochemical calculations. The molecular orbital package 
(MOPAC 2016) and Gaussian (G03W and G16W) interfaces for 
semi-empirical (PM3, PM6, and PM7) and higher-level DFT 
calculations (6-31G or 6-311G** basis set) were tested to find 
an optimum theoretical computation method for the targeted 
mixture molecules in the gas phase at 298.15 °K and 1.0000 atm, 

considering complicated mixture molecule geometries and their 
atom limits for each calculation method. The semi-empirical 
theory for the MOPAC and Gaussian theoretical computations 
was the EF (Eigenvector Following) optimizer, no solvent (gas), 
and default Hartree-Fock closed-shell (restricted) wave function, 
minimum RMS (0.1000), and shift virtual M.O. energy level of 80. 
PM3 was used to compute thermochemical data for the stability 
and miscibility information of the tested mixture molecules. Hess’s 
law and related fundamental thermochemical theories were used to 
obtain the thermochemical information (ΔH°f, ΔH°mixture, ΔS°mixture, 
and ΔG°mixture) for all tested molecules. All molecular modeling 
data was treated with the chemometrics process. 

Results and Discussion

Figure 2 shows the experimental transmission spectra of 
two CLC mixtures containing different chiral dopants ((R)-1011 
and (R)-811) at varying concentrations. As the chiral dopant 
concentration increases, the reflection band of CLC shifts to a 
lower wavelength range due to a reduction in the helical pitch. 
As stated previously, λ0 is influenced by the helical pitch, which 
is inversely proportional to the concentration of the chiral dopant. 
Each chiral dopant has a different ability to twist nematic LCs, 
which is defined as helical twisting power (HTP). HTP is defined 
as	

						      (3)

where P is the pitch, c is the weight concentration of the chiral 
dopant, and β is the enantiomeric purity of the chiral dopant.11-13 
The enantiomeric purity (β) is generally 1 as the chiral dopants are 
purified to remove the undesired enantiomer. It should be noted 
that HTP values are dependent on the LC host, and the values can 
change slightly across different LC systems. The HTPs of (R)-1011 
and (R)-811 in 5CB are ~35 µm-1 and ~13 µm-1, respectively.14 
In general, chiral dopants with a high HTP have lower solubility 
in the LC host because the interaction between the chiral dopants 
is stronger than the interaction between the chiral dopant and 
the LC.13 For example, (R)-1011 can be dissolved in the 5CB up 
to a concentration of at least 7.45 wt%, but undergoes a phase 
separation and crystallizes around 6.60 wt%. Such crystallization 
not only destroys the liquid crystalline properties of the system but 
also makes it incompatible with any kind of optical application. 
However, low HTP (R)-811 forms a stable cholesteric phase up 
to 14.6 wt% in the LC 5CB medium. At higher concentrations, 
however, (R)-811 crystallization was observed like samples with 
high concentrations of (R)-1011. 

       The miscibility between the chiral dopants and the nematic 

Figure 2. Transmission spectra of CLC mixtures with various chiral dopant 
concentrations. (a) 2.9 wt%, 5.2 wt%, 6.6 wt% and 7.5 wt% (R)-1011 dissolved in 
5CB and (b) 4.9 wt%, 10.1 wt% and 14.6 wt% (R)-811 dissolved in 5CB.
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host is critical, especially for short-pitch CLCs which require a 
large percentage of dopant to be added. Hence, it is beneficial to 
study these mixtures’ miscibility and thermochemical stability 
information. In this study, several systems comprised of chiral 
dopants ((R)-1011, (R)-811 and (S)-811) and an achiral NLC (5CB) 
were theoretically modeled to calculate and predict the intrinsic 
thermochemical stabilities of the mixtures to better understand the 
intermolecular miscibility, helical structures, and helical rotation 
behaviors. For this theoretical modeling, quantum chemical 
3-D molecular modeling techniques including semi-empirical 
simulations and Density functional theory (DFT) calculations were 
explored for their theoretical thermochemical properties.15-17 Based 
on thermochemical enthalpy, entropy, and Gibb’s free energy data 
showing the mixture’s stability and miscibility,17-19 the resulting 
computational chemistry data of those mixtures were compared 
to better understand the interplay between chiral dopants and 
achiral NLC hosts. This allows us to better understand the mixing 
nature of chiral dopant-achiral nematic liquid crystal host, as well 
as develop optimal CLCs and LCs for use in a variety of optical 
applications. 

The 3D molecular models of chiral dopants (R)-1011, (R)-811, 
and (S)-811, as well as nematic host 5CB, were optimized for bond 
lengths and angles using semi-empirical methods. The optimized 
bond lengths and angles were then used to model one molecule 
of each chiral dopant with a varying number of 5CB molecules. 
Gaussian Z-matrix and Cartesian functions were used to create 
the models for (R)-1011-5CB (1:3 molar ratio). Figure 3 shows 
the modeling results of (R)-1011-5CB with a 1:3 molar ratio and 
(R)-811-5CB with 1:5 molar ratio. Figures S1 and S2 summarize 
the modeling results for (R)-1011-5CB with molar ratios of 1:1 
and 1:2 and (R)-811-5CB with molar ratios of 1:1 and 1:3. All 
samples show right-handed helical structures. In addition, the 
helical structure and handedness of the left-handed chiral dopant 
(S)-811 and 5CB mixture were modeled with the same theoretical 
method for comparison with the right-handed (R)-811-5CB 
mixture (Figure 4). This sample (S)-811-5CB has a left-handed 
helical structure. Figure 5 shows the transmission spectra of CLC 
mixtures of (R)-811-5CB and (S)-811-5CB (1:4 wt. ratio) obtained 
at 15 °C. Since the CLC mixture is isotropic at room temperature 

(23~25 °C), the reflection notch (cholesteric phase) is obtained at 
temperatures slightly below room temperature. These CLCs show 
selective reflection of circularly polarized light (CPL). When 
unpolarized light is used as the probe beam, both RH CLC and 
LH CLC mixtures exhibit 50% reflection. However, when a right-
handed or left-handed CPL is used as the probe beam, different 
CLCs show different responses. In Figure 5(a), RH CLC shows 
very low transmittance at a wavelength of ~690 nm when using RH 
circularly polarized light (RH CPL), whereas no distinct peak is 
observed when using LH CPL as the probe beam. Conversely, the 
LH CLC mixture exhibits very low transmittance at a wavelength 
of ~690 nm when the LH CPL is used as the probe beam. This 
indicates that the optical response of CLCs with different hands 
is different.   

After testing Semiempirical (PM3, PM6, and PM7) and DFT 
calculation methods to find an optimum and consistent calculation 
method for all tested LC mixtures, it was found that PM3 
semiempirical computation theory was the best working method to 
obtain optimum structures and thermochemical data for the tested 
mixture molecules.17-19 However, PM6, PM7, and DFT methods 
did not work due to the tested molecule’s atomic sizes with utilized 
computer hardware. Perhaps further future studies need to be done 
with high performance computing. Since no phase changes occur 

Figure 3.  Representative optimized molecular model structures (1:3 and 
1:5 molar ratios) of (R)-1011-5CB (a) and (R)-811-5CB (b), respectively. The 
red symbols in chiral dopants and blue symbols in 5CB represent oxygen and 
nitrogen, respectively.

Figure 4. An optimized molecular model structure (1:3 molar ratio) of (S)-811-
5CB.

Figure 5. Transmission spectra of CLC mixtures at 15 °C with 20wt% (a) (R)-811 
and (b) (S)-811 in 5CB under various probe beams: i – unpolarized light, ii – RH 
circularly polarized light (RH CPL), and iii – LH CPL. These mixtures are isotropic 
at room temperature (23-25 °C). A cell with a thickness of 15 µm was used.
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over the temperature changes used in the theoretical calculations, 
gas phase approximation at 298.15 °K and 1.0000 atm was applied 
to those mixture systems. To assess thermochemical stability and 
miscibility, changes of thermochemical enthalpy, entropy, and 
Gibbs free energy were estimated.20-22 For this study, the heat of 
formations (ΔH°f) values for (R)-1011, (R)-811, (S)-811 and (5)-
CB were first acquired to support thermochemical approximations 
regarding structural stability and miscibility among the mixtures 
of RH chiral dopants and 5CB, as shown in Table 1. Similar heat 
of formation values ​​are observed for (R)-811 and (S)-811. The heat 
of formation data provided an initial assessment of the molecules’ 
stability, showing that (R)-811 and (S)-811 exhibited the highest 
stability among the tested structures, followed by (R)-1011, with 
5CB displaying the least stability.

First, thermochemical data were obtained for mixtures of 
(R)-1011 and 5CB with various molar ratios. The thermochemical 
enthalpy (ΔH°) changes of the (R)-1011 and 5CB mixtures show 
more favorable intermolecular bonding patterns with increasing 
LC concentration (lower chiral dopant concentration), as shown 
in Table 2. Also, the resulting thermochemical Gibbs free energy 
(ΔG°) and entropy (ΔS°) data of the mixtures indicate that 
enhanced miscibility can be achieved at higher LC concentrations. 
Lastly, these mixtures have a right-handed (RH) helical structure 
(Figure 3) as observed in our experiments (Figure 5).

The thermochemical data obtained for the intermolecular 
mixtures between (R)-811-5CB and (S)-811-5CB with different 
molar ratios are summarized in Table 3. Observing the exothermic 
reaction enthalpy due to regular intermolecular bonding and 
geometric polarity, it is clear that the interaction between the mixed 
components is favorable. The mixture systems can be deduced 
as ideal solutions by following typical thermochemical reaction 
pathways. Also, low entropies obtained indicate that as predicted, 
there are no phase separations. The CLC mixture systems of 
(R)-811/(S)-811 and 5 CB have fewer atoms than (R)-1011-5CB 

systems but follow the same stability and miscibility trends as 
described above. Therefore, a more stable system with enhanced 
chiral dopant miscibility can be achieved at higher achiral nematic 
LC concentrations or lower chiral dopant concentrations. Similar 
entropy values are obtained for the (R)-811-5CB and (S)-811-5CB 
mixtures.

Introducing a chiral molecule into an achiral liquid crystal 
host transfers the chirality of the chiral molecule to the entire 
system. This makes the liquid crystal into a right- or left-handed 
helical structure depending on the chiral dopant added, and each 
chiral molecule has the ability to induce various degrees of twist in 
the LC host. That is, the achiral nematic liquid crystal has the same 
chiral conformations twisted with the same helical twist as the 
chiral dopant.23-26 Figures 3, 4 and Figures S1 and S2 illustrate the 
results of our testing, where we investigated the chiral handedness 
of (R)-811 and (S)-811 compounds in the 5CB host. The findings 
demonstrated that (R)-811 induces the right-handed (RH) helical 
structure of CLC, whereas (S)-811 exhibits the left-handed (LH) 
helical structure of CLC, which is consistent with the experimental 
results. 

Conclusions

The newly obtained comparative modeling results and their 
thermochemical pathway data show that greater chiral dopant 

Figure S1. (a) 1:1 and (b) 1:2 (R)-1011-5CB

a)       b) 
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Figure S2. (a) 1:1 and (b) 1:3 (R)-811-5CB

 

Table 2. Thermochemical data obtained for the intermolecular mixtures between (R)-1011 and 
5CB having different molar ratios. 

Mixture molar ratios 

((R)-1011 vs. 5CB) 
ΔH° (kcal/mol) 1 ΔS° (kcal/mol · K) 1 ΔG° (kcal/mol) 1 

1:1 -8.0910 ± 0.0006 0.3964 ± 0.0001 -126.2057 ± 0.0006 
1:2 -19.7144 ± 0.0006 0.4777 ± 0.0001 -162.0666± 0.0006 
1:3 -27.7234 ± 0.0006 0.5503 ± 0.0001 -191.7274 ± 0.0006 

1for mixtures in gas phase at 298.15 °K and 1.0000 atm. 
 

 

 

 

Table 3. Thermochemical data obtained for the intermolecular mixtures between (R)-811/(S)-
811 and 5CB having different molar ratios. 

Mixture molar ratios 

((R)-811/(S)-8112 vs. 
5CB) 

ΔH° (kcal/mol) 1 ΔS° (kcal/mol · K) 1 ΔG° (kcal/mol) 1 

1:1 -10.9186  ± 0.0001 0.3212  ± 0.0001 -106.6356 ± 0.0001 
1:3 -21.8776  ±  0.0001 0.5480  ± 0.0001 -185.1932 ± 0.0001 
1:5 -35.6825  ±  0.0001 0.7217  ± 0.0001 -250.7616 ± 0.0001 

 1:32 -26.8241  ±  0.0001 0.5107 ± 0.0001 -179.0165 ± 0.0001 
1for mixtures in gas phase at 298.15 °K and 1.0000 atm. 2for (S)-811 and 5CB 

 

 

 

 

 

Table 1. Heat of formations (ΔHo
f) obtained for (R)-1011, (R)-811, (S)-811 and 5CB. 

Heat of 
formation1 (R)-1011   (R)-811              5CB 

ΔH°f (kcal/mol) 
-180.7674 ± 

0.0006 
-205.9737 ± 0.0001  

-206.3526± 
0.0001 

52.2725 ± 0.0001 
1for compounds in gas phase at 298.15 °K and 1.0000 atm. 
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stability and miscibility can be achieved by lowering ΔG° and ΔH° 
by increasing the LC concentration. The modeling results also 
determined that the intermolecular mixture systems containing 
(R)-1011 and (R)-811 have RH helical structures, while (S)-811 
has a LH helical structure, as observed experimentally. Although 
current modeling methods have limitations on the number of 
atoms of chiral dopants and liquid crystals, these results will 
contribute to a better understanding of the mixing nature of chiral 
dopant-achiral nematic LC host systems. A better understanding of 
cholesteric LC systems will help develop LCs for use in a variety 
of optical applications including displays, tunable lasers, optical 
storage devices, safety goggles and energy saving windows.
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