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Abstract: The applications of liquid crystals continue to expand. They include conventional and
advanced liquid crystal displays, electrically controlled lenses, tunable optical elements such as
filters, light shutters, waveplates, and spatial light modulators, smart windows and sensors, and
reconfigurable antennas and microwave devices, to name a few. As a rule, liquid crystal devices are
controlled by applying an external electric field. This field reorients liquid crystals in a desirable way,
thus leading to the tunability of their physical properties. The electric-field-induced reorientation of
liquid crystals can be affected by ions typically present in molecular liquid crystals. In the case of
liquid crystal displays, ions in liquid crystals can lead to image sticking, a reduced voltage holding
ratio, and altered electro-optical performance. Therefore, the development of efficient ways to better
control ions in liquid crystal devices is of utmost importance to existing and future liquid crystal
technologies. In this paper, we discuss how nanomaterials can affect the electrical properties of
molecular liquid crystals. In general, nanomaterials in molecular liquid crystals can behave as ion-
capturing objects or act as a source of ions. Ion-capturing nanomaterials in molecular liquid crystals
can enhance their electrical resistivity. On the other hand, ion-releasing nanoparticles can lead to the
opposite effect. By considering the competition between two nanoparticle-induced ionic processes,
namely the ion capturing and ion releasing effects, the electrical resistivity of liquid crystals can be
controlled in a desirable way.

Keywords: liquid crystal device; molecular liquid crystals; ions; nanoparticles; electrical resistivity

1. Introduction

Molecular liquid crystals are at the heart of modern display and non-display appli-
cations [1–4]. As a rule, liquid crystal devices are driven by electric fields. The applied
electric field controls the orientation of liquid crystals, thus enabling the tunability of liquid
crystal devices. One important requirement determining the suitability of liquid crystal
materials for a chosen application includes relatively high values of their electrical resistiv-
ity (ρ > 1010 Ωm) [5,6]. Therefore, the development of new ways to design high-resistivity
liquid crystals is highly desirable. A general approach to producing such materials relies
on chemical design and synthesis methods [7]. Recent advances in nanoscience and nan-
otechnology resulted in the development of an alternative way to increase the electrical
resistivity of molecular liquid crystals by doping them with nanomaterials [8–10]. Under
certain conditions, nanomaterials dispersed in molecular liquid crystals can trap mobile
ions, effectively immobilizing them and leading to higher values of the electrical resistiv-
ity [11,12]. In principle, this rather general approach, if properly implemented, can convert
low-resistivity liquid crystals into high-resistivity liquid crystals. However, an uncontrolled
ionic contamination of nanoparticles can make this method invalid. Indeed, as was dis-
cussed in several papers, nanomaterials contaminated with ions, instead of increasing the
electrical resistivity, can lead to its decrease [11,12]. As a result, it is important to analyze
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major physical factors affecting the electrical resistivity of molecular liquid crystals doped
with nanoparticles.

In this paper, we discuss the dependence of the electrical resistivity ρ of molecular
liquid crystals on the concentration of nanodopants, their size, and their ability to capture
mobile ions. In addition, we show how ionic contamination of nanoparticles can affect the
values of ρ.

2. Model

Consider molecular liquid crystals containing monovalent ions. Once nanoparticles
are dispersed in molecular liquid crystals, interactions between them and ions affect the
ion density n according to Equation (1):

dn
dt

= −ka
NPnnNP ANPσNP

S (1 − ΘNP) + kd
NPnNPσNP

S ANPΘNP (1)

where the first term describes the ion-capturing effect quantified by a constant ka
NP (mobile

ions are captured by nanoparticles), and the second term accounts for the ion release
process characterized by a parameter kd

NP. We assume a spherical nanoparticle of a surface
area ANP. nNP is the volume concentration of nanoparticles, σNP

S is the surface density of
surface sites on a surface of nanoparticle, and ΘNP is the fractional surface coverage of a
nanoparticle [13].

The conservation of the total number of ions is represented by Equation (2):

n0 + nNP ANPσNP
S νNP = n + nNP ANPσNP

S ΘNP (2)

where n0 represents the initial concentration of mobile ions in molecular liquid crystals
(prior to mixing them with nanoparticles), and νNP is the contamination factor accounting
for the possibility of ionic contamination of nanoparticles [13].

By solving Equations (1) and (2), the concentration of mobile ions in liquid crystals
doped with nanoparticles can be found. The presence of mobile ions in molecular liquid
crystals results in their electrical resistivity ρ expressed by Equation (3):

ρ =
1

qµn
(3)

where µ is the effective ion mobility, and q = |e| = 1.6 × 10−19C.

3. Results and Discussion

The electrical resistivity of molecular liquid crystals doped with nanoparticles can
be computed using Equations (1)–(3) and assuming steady state. The goal of the present
paper is to show the effect of the size of nanodopants and their weight concentration on
the electrical resistivity of molecular liquid crystals. The values of the relevant physical
parameters are listed in Table 1.

Table 1. Parameters used to produce solid curves shown in Figures 1–4.

Physical Parameter Value

n0 1.0 × 1020 m−3 (Figures 1–4)
RNP 2.5; 5; 10; 25; 50 nm (Figures 1–4)
σNP

S 1.0 × 1018 m−2 (Figures 1–4)
KNP = ka

NP/kd
NP 1.0 × 10−24 m3 (Figure 1)

KNP = ka
NP/kd

NP 1.0 × 10−23 m3 (Figure 2)
KNP = ka

NP/kd
NP 1.0 × 10−22 m3 (Figures 3 and 4)

νNP 0 (Figures 1–3) 10−5; 10−4; 10−3; 10−2 (Figure 4)
µ 4.0 × 10−10 m2/Vs (Figures 1–4)
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Figure 1. (a) The dependence of the concentration of mobile ions n on the weight concentration of 
nanoparticles 𝜔  . (b) The electrical resistivity of molecular liquid crystals as a function of the 
weight concentration of nanoparticles. 𝐾 = 10  m3. 

 
Figure 2. (a) The dependence of the concentration of mobile ions n on the weight concentration of 
nanoparticles 𝜔  . (b) The electrical resistivity of molecular liquid crystals as a function of the 
weight concentration of nanoparticles. 𝐾 = 10  m3. 

 
Figure 3. (a) The dependence of the concentration of mobile ions n on the weight concentration of 
nanoparticles 𝜔  . (b) The electrical resistivity of molecular liquid crystals as a function of the 
weight concentration of nanoparticles. 𝐾 = 10  m3. 

Figure 1. (a) The dependence of the concentration of mobile ions n on the weight concentration
of nanoparticles ωNP. (b) The electrical resistivity of molecular liquid crystals as a function of the
weight concentration of nanoparticles. KNP = 10−24 m3.
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Figure 3. (a) The dependence of the concentration of mobile ions n on the weight concentration
of nanoparticles ωNP. (b) The electrical resistivity of molecular liquid crystals as a function of the
weight concentration of nanoparticles. KNP = 10−22 m3.

To account for different types of nanoparticles, such as ferroelectric, titanium dioxide,
and carbon-based nanoparticles, we varied the value of parameter KNP, which quantifies
the ability of nanodopants to capture mobile ions (Table 1). The values of this parameter
can vary within several orders of magnitude (10−25 − 10−20 m3) depending on the type of
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nanomaterials, as discussed in greater detail in reviews [11,12]. In our paper, the chosen
values of KNP (10−24 m3; 10−23 m3; 10−22 m3) overlap with the reported values for a
variety of nanomaterials [11,12]. The concentration of nanoparticles ωNP defined as the
weight of the nanoparticles divided by the weight of a mixture (nanoparticles and liquid
crystals) varies within a 10−6 − 10−1 range. The analyzed range (10−6 − 10−1) indicates
that the concentration of nanoparticles can vary from 10−4 % up to 10% by weight.
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of nanoparticles ωNP. (b) The electrical resistivity of molecular liquid crystals as a function of the
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Consider an ideal case of 100% pure nanoparticles (it corresponds to a contamination
factor νNP = 0). Once nanoparticles have been added to a liquid crystal host, they will
capture some fraction of mobile ions, leading to a decrease in the volume concentration of
free ions, as shown in Figure 1a. This decrease in the concentration of mobile ions results in
a higher value of electrical resistivity, as shown in Figure 1b. According to Figure 1, larger
concentrations of nanoparticles result in greater values of electrical resistivity of molecular
liquid crystals. This effect becomes more pronounced if smaller nanoparticles are used
(Figure 1b). For example, by reducing the radius of nanoparticles from 50 nm to 2.5 nm, the
electrical resistivity can be enhanced by more than one order of magnitude (Figure 1b).

Figure 1 clearly shows that the electrical resistivity of molecular liquid crystals can
be controlled by changing the size of nanoparticles (their radius RNP varies from 2.5 nm
to 50 nm) and by varying their weight concentration ωNP. It should be noted that high
concentrations of nanoparticles (ωNP > 0.01) can lead to aggregation phenomena and a
percolation effect. In general, the aggregation and percolation effects can even change
the type of major charge carriers [14–16]. In principle, this complication can be avoided
in the following way. If higher concentrations of nanoparticles are used with the goal
of enhancing the resistivity of liquid crystals via the ion-capturing effect, once ions are
captured by nanodopants, they (nanoparticles with trapped ions) can be separated from a
liquid crystal host using either an ultracentrifuge method [17], a harvesting technique (if
nanoparticles are ferroelectric [18]) or a magnetic field (if nanoparticles are magnetic [19]).
Because of this, in the present paper, we focus on ionic conductivity only.

Another important factor is the ability of nanoparticles to capture ions quantified
by the parameter KNP = ka

NP/kd
NP. In general, the value of this empirical parameter

depends on the type of nanomaterials, the nature of ions, and the dielectric constant of
liquid crystals [11–13]. Greater values of KNP will result in higher values of the electrical
resistivity, as evidenced from Figure 2 (KNP = 10−23 m3) and Figure 3 (KNP = 10−22 m3).

Figures 2 and 3 show the ion density as a function of the weight concentration of
nanoparticles ωNP (Figures 2a and 3a), and the dependence of the electrical resistivity ρ on
ωNP (Figures 2b and 3b).
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Figure 3 indicates that the use of smaller nanoparticles with a larger value of the
parameter KNP can result in more than three orders of magnitude enhancement in the
electrical resistivity of molecular liquid crystals.

An uncontrolled ionic contamination of nanomaterials can significantly affect the
change in the electrical resistivity of molecular liquid crystals. Figure 4 shows a significant
effect of the ionic contamination of nanoparticles on the ion density (Figure 4a) and on the
electrical resistivity (Figure 4b).

Even minor levels of ionic contamination of nanoparticles can lead to a reduction in
the values of electrical resistivity of molecular liquid crystals (Figure 4b). Moreover, higher
levels of ionic contamination of nanoparticles (νNP > 10−2) can even reverse the sign of the
effect, resulting in a decrease in the electrical resistivity (Figure 4).

4. Conclusions

The presented results (Figures 1–4) clearly indicate that the electrical resistivity of
molecular liquid crystals can be enhanced by mixing them with nanoparticles. This effect
can become very strong if smaller nanodopants are used. For example, Figure 3 shows a
more than three-order-of-magnitude enhancement of the electrical resistivity of molecular
liquid crystals doped with 5 nm-diameter nanoparticles. In principle, by using nanoparti-
cles that effectively capture ions, it is possible to convert low-resistivity liquid crystals into
high-resistivity liquid crystals. The performed analysis is in good agreement with recently
reported experimental results [20] and offers additional insights into the dependence of
the electrical resistivity of molecular liquid crystals on the size of nanoparticles and their
ion-capturing properties.

It should be noted that the process of converting low-resistivity liquid crystals into
high-resistivity liquid crystals is very sensitive to the ionic contamination of nanoparticles
as evidenced from curves shown in Figure 4. Depending on the interplay between material
parameters characterizing the tested system (they are listed in Table 1), ionic contamination
of nanomaterials can result in several regimes corresponding to an increase in the electrical
resistivity ρ, no change in ρ, and decrease in the values of ρ (Figure 4b).

Author Contributions: Conceptualization, Y.G.; methodology, Y.G.; formal analysis, N.L., M.B.,
S.F., A.S., S.G., I.T. and Y.G.; investigation, N.L., M.B., S.F., A.S., S.G., I.T. and Y.G.; resources, Y.G.;
data curation, Y.G.; writing—original draft preparation, N.L., M.B., S.F., A.S., S.G., I.T. and Y.G.;
writing—review and editing, N.L., M.B., S.F., A.S., S.G., I.T. and Y.G.; supervision, Y.G.; project
administration, Y.G.; funding acquisition, Y.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the 2023–2024 CSU—AAUP Faculty Research Grant, the
Faculty—Student Research Grant, and the NASA CT Space Grant.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data that support the findings of this study are included within
the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Xiong, J.; Hsiang, E.-L.; He, Z.; Zhan, T.; Wu, S.-T. Augmented reality and virtual reality displays: Emerging technologies and

future perspectives. Light Sci. Appl. 2021, 10, 216. [CrossRef] [PubMed]
2. Wang, Y.-J.; Lin, Y.-H. Liquid crystal technology for vergence-accommodation conflicts in augmented reality and virtual reality

systems: A review. Liq. Cryst. Rev. 2021, 9, 35–64. [CrossRef]
3. Algorri, J.F.; Zografopoulos, D.C.; Urruchi, V.; Sánchez-Pena, J.M. Recent Advances in Adaptive Liquid Crystal Lenses. Crystals

2019, 9, 272. [CrossRef]
4. d’Alessandro, A.; Asquini, R. Light Propagation in Confined Nematic Liquid Crystals and Device Applications. Appl. Sci. 2021,

11, 8713. [CrossRef]
5. Blinov, L.M. Structure and Properties of Liquid Crystals; Springer: New York, NY, USA, 2010.

https://doi.org/10.1038/s41377-021-00658-8
https://www.ncbi.nlm.nih.gov/pubmed/34697292
https://doi.org/10.1080/21680396.2021.1948927
https://doi.org/10.3390/cryst9050272
https://doi.org/10.3390/app11188713


Eng. Proc. 2023, 56, 199 6 of 6

6. Chigrinov, V.G. Liquid Crystal Devices: Physics and Applications; Artech House: Boston, MA, USA, 1999; pp. 1–360.
7. Goodby, J.W.; Cowling, S.J. Conception, Discovery, Invention, Serendipity and Consortia: Cyanobiphenyls and Beyond. Crystals

2022, 12, 825. [CrossRef]
8. Lagerwall, J.P.F.; Scalia, G. (Eds.) Liquid Crystals with Nano and Microparticles; World Scientific: Singapore, 2016; Volume 2, ISBN

978-981-4619-25-7.
9. Dierking, I. Nanomaterials in Liquid Crystals. Nanomaterials 2018, 8, 453. [CrossRef] [PubMed]
10. Lee, W.; Kumar, S. Unconventional Liquid Crystals and Their Applications; De Gruyter: Berlin, Germany; Boston, MA, USA, 2021.
11. Garbovskiy, Y. Nanomaterials in Liquid Crystals as Ion-Generating and Ion-Capturing Objects. Crystals 2018, 8, 264. [CrossRef]
12. Garbovskiy, Y. Conventional and unconventional ionic phenomena in tunable soft materials made of liquid crystals and

nanoparticles. Nano Express 2021, 2, 012004. [CrossRef]
13. Garbovskiy, Y. A perspective on the Langmuir adsorption model applied to molecular liquid crystals containing ions and

nanoparticles. Front. Soft Matter. 2022, 2, 1079063. [CrossRef]
14. Gowda, A.; Kumar, S. Recent Advances in Discotic Liquid Crystal-Assisted Nanoparticles. Materials 2018, 11, 382. [CrossRef]

[PubMed]
15. Tomylko, S.; Yaroshchuk, O.; Lebovka, N. Two-step electrical percolation in nematic liquid crystals filled with multiwalled carbon

nanotubes. Phys. Rev. E 2015, 92, 012502. [CrossRef] [PubMed]
16. Tomylko, S.; Yaroshchuk, O.; Koval’chuk, O.; Lebovka, N. Structural evolution and dielectric properties of suspensions of carbon

nanotubes in nematic liquid crystals. Phys. Chem. Chem. Phys. 2017, 19, 16456. [CrossRef] [PubMed]
17. Garbovskiy, Y.; Glushchenko, I. Nano-Objects and Ions in Liquid Crystals: Ion Trapping Effect and Related Phenomena. Crystals

2015, 5, 501–533. [CrossRef]
18. Cook, G.; Barnes, J.L.; Basun, S.A.; Evans, D.R.; Ziolo, R.F.; Ponce, A.; Reshetnyak, V.Y.; Glushchenko, A.; Banerjee, P.P. Harvesting

single ferroelectric domain stressed nanoparticles for optical and ferroic applications. J. Appl. Phys. 2010, 108, 064309. [CrossRef]
19. Meng, X.; Li, J.; Lin, Y.; Liu, X.; Zhao, J.; Li, D.; He, Z. Optimization approach for the dilute magnetic polymer-dispersed liquid

crystal. Opt. Mater. 2022, 131, 112670. [CrossRef]
20. Barrera, A.; Binet, C.; Dubois, F.; Hébert, P.-A.; Supiot, P.; Foissac, C.; Maschke, U. Dielectric Spectroscopy Analysis of Liquid

Crystals Recovered from End-of-Life Liquid Crystal Displays. Molecules 2021, 26, 2873. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cryst12060825
https://doi.org/10.3390/nano8070453
https://www.ncbi.nlm.nih.gov/pubmed/29933570
https://doi.org/10.3390/cryst8070264
https://doi.org/10.1088/2632-959X/abe652
https://doi.org/10.3389/frsfm.2022.1079063
https://doi.org/10.3390/ma11030382
https://www.ncbi.nlm.nih.gov/pubmed/29510571
https://doi.org/10.1103/PhysRevE.92.012502
https://www.ncbi.nlm.nih.gov/pubmed/26274190
https://doi.org/10.1039/C7CP01722G
https://www.ncbi.nlm.nih.gov/pubmed/28608878
https://doi.org/10.3390/cryst5040501
https://doi.org/10.1063/1.3477163
https://doi.org/10.1016/j.optmat.2022.112670
https://doi.org/10.3390/molecules26102873
https://www.ncbi.nlm.nih.gov/pubmed/34066236

	Introduction 
	Model 
	Results and Discussion 
	Conclusions 
	References

