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1. Introduction

Liquid crystal (LC) is an interesting class 
of materials with anisotropic optical and 
dielectric properties, which is widely used 
in liquid crystal displays (LCDs), smart 
windows, adaptive coatings, and many 
other electro-optic devices.[1–9] One field-
induced effect in LCs is called electro-
convection (EC), or electro-hydrodynamic 
instability (EHDI), which is a dissipative 
process associated with the occurrence of 
a mechanical flow and relatively large elec-
tric current.[10] It is well known as one of 
the first LCD technologies, and has been 
extensively studied as a model system 
for the formation of regular nonequilib-
rium structures, such as rolls, chevrons, 
squares, fingerprint, bimodal varicose, 
and cellular or wavy patterns.[1,10–12] The 
key parameters determining the forma-
tion of EC patterns are the symmetry of 

the system (parallel or perpendicular boundary conditions), the 
dielectric permittivity, and the conductivity as well as the ani-
sotropy of the LC, the driving conditions (i.e., frequency and 
voltage) of the electric field. Depending on these parameters, 
EC can be divided into standard and nonstandard types which 
demonstrate clearly different patterns. The signs of the dielec-
tric and the conductivity anisotropies, which are usually defined 
as the difference between parameters parallel and perpendic-
ular to the LC director, are critical in determining what kind 
of EC patterns can exist in a nematic LC. The Carr–Helfrich 
feedback mechanism is commonly used to theoretically ana-
lyze the standard EC phenomenon,[13,14] while the origin for 
the nonstandard EC is still subject to an ongoing scientific 
discussion.[10–12,15–17]

A great number of materials have been doped into LCs to 
alter their electro-optic responses including the EC phenomena. 
Electrolyte is one type of material that is often used to signifi-
cantly increase the conductivity of LCs, which is typically con-
sidered due to the dissolved ionic contaminants. For example, 
tetrabutylammonium tetraphenylborate was added to a nematic 
LC mixture and found to enlarge the threshold voltage in the 
nonstandard EC regime.[12] A similar electrolyte, tetrabutylam-
monium benzoate, can lead to the formation and stabilization 
of a large number of umbilics in a square arrangement when 
doped into a nematic LC.[18,19] The weak electrolyte model 
(WEM) has been developed to include the additional ionic 
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dissociation and recombination effect, therefore, explaining a 
number of unique EC phenomena.[10,20,21] Other materials such 
as dyes, chiral dopant, nanoparticles, and nanotubes have also 
been explored as the dopant in nematic LCs for their impact on 
the corresponding EC phenomena.[22–25]

In recent years, the LC systems doped with various types 
of electrolytes have regained interests, partially due to the 
improved uniformity and quality of textures that can be uti-
lized for light modulators, smart windows, and diffraction 
gratings.[26–32] Among all the formed EC patterns, dynamic 
scattering mode (DSM) can offer high haze that is of par-
ticular interest for smart window applications.[28,30,31] Cati-
onic or anionic electrolytes are traditionally used to dope the 
LCs, however, with the potential problem of ion accumulation 
at the alignment layer and the degradation of device perfor-
mances.[33] Zwitterions, with an equal number of the positively 
and negatively charged functional groups in one molecule, are 
speculated to be able to alleviate the problem. Nevertheless, the 
reported studies of EC phenomena in LC systems doped with 
zwitterions are scare and mainly focus on the DSM.[28,31] The 
effect of adding zwitterions on the conductivity of LC systems 
and, therefore, the formation of regular EC patterns remain 
largely unexplored.

In this work, a detailed investigation regarding the EC 
phenomena in the LC systems doped with zwitterions is pro-
vided. First, both dielectrically positive and negative LCs are 
studied, in combination with the homogeneous and homeo-
tropic boundary conditions, respectively. Here positive and 
negative both refer to the sign of dielectric anisotropy of the 
LC, which will be detailed in the “Results and Discussion” 
section. It is found that the addition of zwitterions has pro-
found effects on the threshold voltage and frequency of the 
EC pattern formation. Second, a DSM system with feasible 
driving voltage and frequency is selected based on the pre-
vious study, and subsequently evaluated for the application 
as a privacy-protecting smart window. The fabricated smart 
window is found to be exceptionally stable under various 
operating conditions.

2. Results and Discussion

2.1. Electroconvection in Negative LC Doped with Zwitterions

The zwitterion chosen for the study is Reichardt’s dye 
(Figure 1). The effect of doping with zwitterions is first explored 
in a negative LC mixture, which has a relatively large tempera-
ture range of nematic phase. By negative it means the dielec-
tric anisotropy (∆ε  = ε//  − ε⊥) of the LC has a negative sign, 
where ε// and ε⊥ refer to the dielectric permittivity parallel and 
perpendicular to the LC director, respectively. The LC mixture 
is often used for the fabrication of LC-based smart windows, 
due to its relatively large birefringence and dielectric anisot-
ropy.[8,9] The LC mixture belongs to the (−, +) type, where the 
first − sign means negative dielectric anisotropy and the second 
+ sign means positive conductivity anisotropy (∆σ = σ// – σ⊥). 
After mixing with 0.1 wt% zwitterion Reichardt’s dye, the mix-
ture shows a clearing temperature around 93  °C (Figure S1, 
Supporting Information).

Previous studies on EC have shown that the combination of 
dielectric anisotropy and alignment condition (parallel or per-
pendicular to the substrate, also called homogeneous or homeo-
tropic) is especially an important parameter.[10,34] For (−, +)-type 
LC with homogeneous alignment, as well as (+, −)-type LC 
with homeotropic alignment, accidental deviations of the 
directors can lead to a positive feedback loop as described by 
Carr[13] and Helfrich,[14] yielding instabilities and classical EC 
patterns. When the material properties keep the same but the 
alignment condition changes, i.e., (−, +)-type LC with homeo-
tropic alignment and (+, −)-type LC with homogeneous align-
ment, a two-step mechanism takes effect to initiate EC. First, 
the LC directors reorient upon the application of the electric 
field without any material convection (Fréedericksz transition). 
Second, the transition to EC happens at a higher threshold 
voltage Uc, similar to the Carr–Helfrich mechanism.[10] When 
the LC materials belong to (+, +) and (−, −) types, EC pattern 
can still appear based on recent studies, but under distinct con-
ditions and of clearly different look.[10,16,35]

In order to fully understand the effect of doping, both homo-
geneous and homeotropic LC cells are examined. For the sam-
ples with parallel anchoring boundary condition, LCs of (−, +) 
type will normally follow the Carr–Helfrich mechanism. When 
the voltage exceeds a threshold value Uc, typical EC patterns like 
oblique rolls (OR) are expected to appear (Figure 2a). As for the 
samples with initial homeotropic alignment, the negative LCs 
will first reorient upon the application of the electric field. Nev-
ertheless, no typical EC pattern appeared with the increase of 
applied voltage. Instead, a nematic texture (Figure 2b) became 
visible and remained unchanged until the electric field was 
strong enough to induce the DSM. This nematic texture seems 
to be convective in nature, as revealed by the cross-point of the 

Figure 1. Molecular structures of the zwitterion Reichardt’s dye and two 
positive LC components 4,4′-di-n-hexyloxy-azoxybenzol (HEXOAB) and 
4-heptyloxy-4′-cyanobiphenyl (7OCB).
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schlieren textures. The frequency of the applied electric field 
has a significant impact on the appearances of both OR pat-
tern and nematic texture, as well as the transition into the DSM 
(Figure  2c,d). It is interesting to notice the similar U-shaped 
threshold voltage curves for these zwitterion-doped samples 
of different initial alignments. Within the medium frequency 
range, it requires only moderate voltage values to induce the 
DSM that shows strong light scattering and high haze.

In fact, both positive and negative LCs can turn into the 
chaotic DSM with the addition of zwitterion Reichardt’s dye, 
as well as the application of sufficiently high voltages. Light is 
strongly scattered at this state resulting in a high haze, which is 
desirable for the applications such as light modulators, smart 
windows, and see-through displays.[27,28,31,32] The negative LC 
mixture shows a nematic phase covering the temperature range 
in different climate zones, which provides broad operating 
conditions. Between the homogeneous and homeotropic align-
ment, the latter requires smaller voltage to induce the DSM 
especially at the low-frequency side. Therefore, the homeotropic 
cell with the negative LC mixture is selected for the evaluation 
as a smart window application to be discussed in Section 2.3.

2.2. Electroconvection in Positive LC Doped with Zwitterions

To complete the investigation on the doping LCs with 
zwitterions, another mixture of positive LCs containing 

95 wt% 4,4′-di-n-hexyloxy-azoxybenzol (HEXOAB) and 5 wt% 
4-heptyloxy-4′-cyanobiphenyl (7OCB) (Figure  1) is included in 
our study. The undoped LC mixture has a relatively large tem-
perature range of nematic phase. After mixing with 0.1 wt% 
zwitterion Reichardt’s dye, the LC mixture shows a melting 
point of around 80  °C and a clearing temperature of around 
130  °C, which shifts up slightly compared to the undoped 
sample (Figure S1, Supporting Information). Besides, the con-
ductivity anisotropy of the LC mixture shows a sign inversion 
from negative to positive values at the temperature of around 
113 °C, while the addition of a small amount of electrolytes will 
shift this transition to slightly higher temperatures.[12] The mix-
ture with zwitterions belongs to the (+, −) type at 85  °C, and 
changes to the (+, +) type at 128  °C. With these two selected 
temperatures, this LC system provides an opportunity to study 
the effect of conductivity anisotropy change on EC phenomena.

The homeotropic LC cells were first chosen for the investi-
gation. For LCs of (+, −) type the Carr–Helfrich mechanism is 
expected to work, and typical EC patterns will form when the 
voltage exceeds a threshold value Uc. In contrast, the mecha-
nism does not apply for the LCs of (+, +) type, for which non-
standard EC phenomena are expected to happen and different 
patterns will form. Nevertheless, our experimental observa-
tions show no distinct difference between the same sample at 
two selected temperatures (Figure  3). In fact, at both temper-
atures, the system turned into a multidomain state when the 
applied voltage was above the threshold. Further increase of 

Figure 2. Samples of negative LC mixture with 0.1 wt% Reichardt’s dye. The cell gaps are 20 µm. a,b) Polarized optical microscopy (POM) images: 
a) oblique rolls (OR), homogeneous alignment, 25 °C, f = 500 Hz, and U = 7.4 V. The rubbing direction is marked by the white arrow n. b) Nematic 
texture, homeotropic alignment, 25 °C, f = 500 Hz, and U = 6.88 V. c) Experimental threshold voltage versus frequency with homogeneous alignment: 
A) stable state, B) OR pattern, and C) DSM. d) Experimental threshold voltage versus frequency with homeotropic alignment: A) stable state, B) nematic 
texture, and C) DSM.

Adv. Optical Mater. 2021, 9, 2001465



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2001465 (4 of 8)

www.advopticalmat.de

the voltage resulted in a transition into the chaotic DSM state. 
The threshold voltage value depends on the frequency of the 
applied electric field, as shown in Figure  3c. For a given fre-
quency, the threshold voltage decreases with the increasing 
temperature (Figure  3d). There is no discontinuous change 
with the increase of temperature from 85 to 131  °C, although 
the conductivity anisotropy ∆σ shows a sign inversion within 
this range. This result is consistent with the previous report, 
although a fingerprint EC pattern was observed as compared to 
the multidomain texture.[12] Doping with zwitterion instead of 
traditional electrolytes may be the reason for the formation of 
different patterns.

The effect of zwitterion doping was also examined in sam-
ples with initial homogeneous alignment. According to the theo-
ries for EC, the pattern formation for (+, −)-type LCs follows the 
abovementioned two-step mechanism. For our samples with such 
material characteristics, the square dot pattern appears when the 
voltage U exceeds the threshold value, as shown in the polarized 
optical microscopy (POM) images of Figure 4a,b. This square dot 
pattern seems different from the previously reported examples, 
most of which were observed in the homeotropic LC cells.[36–38] 
In our case, the bright dots appear to be floating in the plane of 
uniaxially aligned LCs as determined by the initial boundary con-
dition. The square dot EC pattern exists over a quite large range 
of an applied electric field (Figure 4e), before turning into the cha-
otic DSM at higher voltage. The frequency of the applied electric 
field has a little impact on the threshold voltage.

In the case of homogeneous alignment, temperature was 
found to have a significant effect on the morphology of the EC 
pattern. When the temperature was raised to 128 °C, the LC mix-
ture turned into (+, +) type and the OR began to appear instead 
of the bright dots (Figure 4c,d). It is not uncommon to observe 
the OR pattern for LCs of (+, +) type in a planar cell.[10] The range 
of the applied electric field in which the OR pattern exists is also 
quite large (Figure  4f), similar to the square dot pattern. The 
morphology change associated with the temperature increase has 
been previously reported for this particular LC mixture, although 
only gradual change from OR to mixed rolls to longitude rolls 
was observed.[12] Addition of zwitterion is presumably the reason 
for such a drastic change in the formed EC patterns.

2.3. Smart Window Application Based on Electroconvection

The smart window can be simply fabricated by filling the 
zwitterion-doped negative LC mixture into the LC cells with 
homeotropic alignment (Figure  5). No further polymerization 
process or other treatment is required. It can be seen that when 
no voltage is applied (OFF state), the smart window has really 
high transmittance and nearly zero haze, while with a moderate 
voltage applied (ON state), the smart window turns into a highly 
hazy state with low transmittance (Figure 5a). With such a piece 
of smart window placed at about 1 cm above, the DIRM (Device 
Integrated Responsive Materials) logo is completely hidden 

Figure 3. Homeotropic aligned sample of positive LC mixture with 0.1 wt% Reichardt’s dye. The cell gap is 20 µm. a,b) POM images: a) multidomain 
nematic texture, 85 °C, f = 500 Hz, and U = 9 V; b) transition from nematic to chaotic texture, 85 °C, f = 500 Hz, and U = 13 V. c) Experimental threshold 
voltage versus frequency at 85 °C: A) stable state, B) multi-domain state, and C) DSM. d) Threshold voltage versus temperature at f = 10, 100, and 
1000 Hz.
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from the top view, resulting in great privacy protections. By 
tuning the applied voltage, the haze value can be progressively 
adjusted (Figure S2, Supporting Information). The overall per-
formances, especially the high contrast at ON and OFF states, as 
well as the low driving voltage (<36 V), are even better than the 
commercial polymer-dispersed liquid crystal (PDLC) and the  
polymer-stabilized liquid crystal (PSLC) smart windows of 
the same thickness (Figure S3, Supporting Information).

For the design of a smart window based on EC, the mate-
rials and fabrication process are relatively simple without 
complicated control parameters. The only key variable is the 
concentration of zwitterions doped in a given negative LC 
mixture. Experiments were conducted to reveal the effect of 
zwitterion concentration on the operating conditions of the 

Figure 4. Homogeneous aligned sample of positive LC mixture with 0.1 wt% Reichardt’s dye. The cell gap is 20 µm, while the rubbing direction is 
marked by the white arrow n. a–d) POM images: a,b) square dot pattern, 85 °C, f = 500 Hz, and U = 11.84 V; c,d) oblique rolls (OR), 128 °C, f = 500 Hz, 
and U = 7.4 V. e) Experimental threshold voltage versus frequency at 85 °C: A) stable state, B) square dot pattern, and C) DSM. The red star corre-
sponds to the condition of POM images shown in panels (a) and (b). f) Experimental threshold voltage versus frequency at 128 °C: A) stable state,  
B) OR pattern, and C) DSM. The red star corresponds to the condition of POM images shown in panels (c) and (d).

Figure 5. Smart window fabricated with negative LC mixture doped with  
0.1 wt% zwitterion Reichardt’s dye and homeotropic cell. a) Transmit-
tance and haze as a function of the applied voltage, f  = 500  Hz.  
b,c) Photos of the smart window at OFF and ON states.
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smart window. The transmittance is selected as the key perfor-
mance parameter for the evaluation, and the voltage is kept at 
30 V while varying the frequency of the applied AC field. From 
the result of a doping concentration of 0.1 wt% (Figure 5a), it is 
known that the transmittance will drop due to strong light scat-
tering only when the DSM is induced in the LC cell. As such, 
there exists an optimal frequency range due to the U-shaped 
threshold voltage curve shown in Figure 2d. The transmittance 
versus frequency curve for any given doping concentration 
presents a similar U shape as well (Figure 6a). This unique U 
shape was also observed in LC displays and explained by the 
current-induced director deformation in the LC layer.[1] More 
interestingly, the optimal frequency range (bottom of the U 
shape) gradually shifts toward higher values as the doping 
concentration of zwitterions increases. It is speculated to be 
because of the increase of conductivity of the LC mixture, as 
shown in Figure S4 (Supporting Information) and the decrease 
of impedance in Figure  6b. For clear demonstration, the 
two midpoints of left and right sides of the U-shaped curve 
are defined as the lower and upper limits of the optimal fre-
quency range. The two limits are plotted against the resistance 
(inversed conductivity) of the LC mixture determined from the 
impedance measurement (Figure 6c). Two straight lines clearly 
indicate the relationship and support our speculation. In fact, 
four other zwitterions and a typical organic electrolyte were 
explored in the same analysis (Figure S5, Supporting Infor-
mation). With the same host negative LC mixture, all these  

zwitterions and electrolyte resulted in one master curve for the 
upper limit of optimal frequency range versus the resistance of 
corresponding samples (Figure S6, Supporting Information). 
It is therefore possible to comply with diverse domestic power 
supplies simply by adjusting the doping concentration of zwit-
terions and, thus, the optimal driving frequency for our smart 
window technology based on EC.

Lastly, for the application as smart windows, operating life-
time is of great importance but usually overlooked. A series of 
evaluations were performed for our smart windows based on EC, 
including continuous ON and ON–OFF switch tests. Not surpris-
ingly, the potential problem of ion accumulation is significantly 
alleviated, if not eliminated, by switching to doping with zwit-
terions (Figure 7). After continuously turned ON for 5 days, or 
switched between ON and OFF with 40 V (f = 500 Hz) for 160 000 
times, the performance of the smart window showed no clear 
decay. The molecular structure of zwitterions might lead to the 
decreased mobility in an AC field and thus greatly improved dura-
bility of the smart windows (Figure S7, Supporting Information).

3. Conclusion

In conclusion, zwitterion is explored as a new class of ionic 
dopant for LCs regarding the generation and application of EC 
phenomena. Both dielectrically positive and negative LCs doped 
with the zwitterion Reichardt’s dye have been investigated, in 

Figure 6. Smart windows fabricated with negative LC mixture doped with zwitterion Reichardt’s dye of different concentrations ranging between 
0.001 and 1 wt%. Each colored line with symbols represents a sample of one concentration. The cell gap is 20 µm and has a homeotropic alignment. 
a) Transmittance measured at different frequencies, 25 °C, U = 30 V. b) Impedance measured at different frequencies, 25 °C. c) Relationship between 
the lower/upper limit of optimal frequency range and the resistance of samples with different doping concentrations.
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combination with the homogeneous and homeotropic boundary 
conditions, respectively. The formation of various EC patterns 
is mapped on a voltage-–frequency plot for each system. Typical 
EC patterns such as the oblique rolls and the dynamic scat-
tering mode are observed, as well as unique ones such as the 
floating square dot pattern and the convective nematic texture. 
Additionally, the effect of sign change in conductivity anisot-
ropy is studied for the positive LC mixture and found to be 
relevant only for the initial homogeneous boundary condition. 
Based on the evaluation of different systems, the homeotropic 
alignment and negative LC mixture are selected for the applica-
tion as privacy-protecting smart windows, which demonstrate 
satisfying performance in terms of transmittance at OFF state, 
haze at ON state, and driving voltage. It is also found that the 
zwitterion doping results in much improved durability for the 
smart windows, as compared to typical organic electrolytes. 
Such results provide a simple strategy to fabricate polymer-free 
smart windows with outstanding performances.

4. Experimental Section
Materials: The negative LC HNG30400-200 (TNI = 94 °C, ∆n = 0.149, 

∆ε  =  −8.3) was purchased from Jiangsu Hecheng Display Technology 
Co., Ltd. (Nanjing, China). The positive LC was a mixture of HEXOAB 
and 7OCB, which were purchased from TCI (Japan). Reichardt’s dye was 
purchased from Sigma–Aldrich. Polyvinyl alcohol (PVA) was purchased 
from Damao Chemical Reagent Factory (Tianjin, China).

Sample Preparation: For the preparation of LC cells with parallel 
alignment, indium tin oxide (ITO) glass was treated by UV–ozone 
(BZS250GF-TC, Shenzhen HWOTECH Co., Ltd., Shenzhen, China) for 
20  min. Subsequently, the ITO substrates were spin-coated with PVA 
solution (5 wt% PVA and 95 wt% water) at 2000 rpm for 60 s. After spin 
coating, the substrates were placed on a heating plate at 60 °C for 1 h. 
After cooling to room temperature, two pieces of PVA-coated ITO glass 
were placed facing each other and separated by 20 µm spacers (Suzhou 
Nanomicro Technology Co., Ltd., Suzhou, China), resulting in the LC cells 
with parallel alignment. As for the LC cells with homeotropic alignment 
and 20 µm gap, they were provided by Shenzhen Guohua Optoelectronics 
Tech. Co., Ltd. (Shenzhen, China) and used upon received. The cells were 
filled with the positive LC mixtures at 130 °C, and negative LC mixtures at 
100 °C, both of which were above their clearing temperatures.

Characterization: Differential scanning calorimetry (DSC) was 
performed using METTLER TOLEDO DSC (METTLER TOLEDO, Zurich, 
Switzerland). POM was performed on a Leica DM 2700P (Leica, Wetzlar, 

Germany). The electric field was supplied by a function generator 
(33220A, Agilent) and a high-voltage linear amplifier (F20A, FLC 
Electronics). The impedance was measured by a precision LCR meter 
(TH2828, Tonghui Electronics). The transmittance was obtained using a 
spectrophotometer (Maya 2000Pro, Ocean Optics), while the haze was 
measured by a haze meter (CS-700, CHN Spec.).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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