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1. Abstract 
 
Liquid crystals (LC) are molecules with unique properties that allow them to be extensively 

employed in display technology, commonly known as liquid crystal displays (LCDs). However, 
LC develop free-ion impurities that stem from the LC chemical synthesis process, the LC cell's 
electrodes, and the organic polyimide alignment layers that are used to align the LC in a uniform 
direction. These ionic impurities cause issues in electro-optic properties in current LCDs, such as 
slower response times, short-term flickering, and long-term image sticking effects. Ridding the LC 
cell of these ionic impurities can increase the electro-optic functionality of LCDs, allowing 
computer displays to function better. Two studies were conducted over the course of the project. 
The first study presents research showing that a small concentration of 50nm gold nano-urchin 
(AuNUs) particles doped in the LC significantly reduces the concentration of free ions due to the 
spike-like formations that exist on the AuNU surface. These spikes trap the free ions within the 
LC solution, reducing their overall mobility. The experiments showed a significant reduction in 
free-ion concentration for some of the AuNU samples, as well as an improvement in LC on-off 
switching time, rotational viscosity, and dielectric anisotropy. This study also analyzes the effect 
of varying the concentration of AuNU particles on LCs and shows how an increase in AuNU 
concentration does not necessarily correlate to superior performance.  

The second study was an extension of the first, where five more samples - utilizing 60nm, 
70nm, 80nm, 90nm, and 100nm AuNU - were synthesized at the optimal concentration acquired 
through the 50nm AuNU experiments. Experiments run on each of these samples showed the 
effects that AuNU diameter has on the electro-optic functions of LC cells. This study also showed 
that an increase in LC diameter does not correlate with a decrease in free ion concentration. By 
performing various experiments on multiple concentrations, it was shown that an optimal 
concentration and diameter exist in which all tested properties were significantly improved. 
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4. Background 

 
4.1.  Liquid Crystal Properties 

 
 The term “liquid crystal” (LC) typically refers to a state of matter in which a material can 
flow like a liquid, but its molecules can align themselves in a relatively ordered structure, similar 
to a solid. LC materials are molecules with very specific properties. The first of such properties is 
that liquid crystals are long, ellipsoidal molecules. Because of their shape, chemical composition, 
and crystalline structure, these molecules have anisotropic properties, meaning that the properties 
of the molecules can change depending on their orientation. For example, LCs are considered 
birefringent, meaning they have two different indices of refraction: one along the major axis and 
one along the minor axis. This means that the transmittance of light through LC can change 
depending on the LC orientation [1].  
 Second, the chemical composition of liquid crystals is important. LCs typically have a dipole 
moment, which allows them to uniformly align in an electric field. An electric field is a region in 
which an electric force is exerted on a particle or object. In an LC cell, there exists a uniform 
electric field in which one side is positively charged and one side is negatively charged. Most LC 
are composed of a carbon-nitrogen (CN) bond, shown in Fig. 1, which is strongly polarized 
towards the nitrogen atom. This means that there is an uneven distribution of charge. Because of 
this uneven charge distribution, the LC can uniformly align themselves in the presence of an 
electric field, where the partial negative end is attracted to the positively charged plate and the 
partial positive end is attracted to the negatively charged plate. LCs also contain two benzene rings, 
which are hexagonal in shape, as seen in Fig. 1. These hexagonal rings assist in binding to 
surrounding LC molecules, as well as keeping orientation by binding to different layers in an LC 
cell. Finally, there are alkyl side chains attached to the end of the molecule which assist in 
elongating the LC to enhance its anisotropic properties [1], also seen in Fig. 1. 
 Because of the properties explained above, LCs have unique interactions with both light and 
electric fields and are widely used in modern computer display technology. 

 
 

 
Figure 1: A schematic of an LC molecule, showing a carbon-nitrogen polar bond connected to 
two benzene rings, followed by a tail of alkyl side chains. The carbon-nitrogen bond gives the LC 
molecule its polarity, the benzene rings promote attraction between surrounding molecules, and 
the alkyl side chains assist in elongating the molecule in order to enhance its anisotropic properties. 
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4.2. Light Polarization 

 
 Visible light is a form of electromagnetic radiation – varying electric and magnetic fields 
that are perpendicular and oscillate at the same frequency and in phase with each other [2]. 
However, these fields’ orientation is seemingly random when emitted from an unpolarized source, 
such as the sun or a lightbulb. Light polarization is essentially the process of filtering out only one 
of those orientations of light through the use of a polarizing material [2]. The various orientations 
go into the polarizing material, but only one orientation comes out, as seen in Fig. 2. It is important 
to note that, if a vertical polarizing filter is rotated 90 ̊ to the horizontal position and is stacked on 
top of another vertical polarizing filter, no light will be able to get through. The first filter polarizes 
the light in a horizontal orientation, but the second filter only allows vertically aligned light to pass 
through. Therefore, it results in no transmitted light, as shown in Fig. 4(a). However, due to certain 
properties of quantum mechanics that I will not cover in this paper, this is not true for filters that 
are rotated less than 90 ̊ out of phase. Examples of polarizing filters being used include in 
sunglasses to reduce the amount of sunlight that reaches the eye and in computer display screens, 
which will be explained in the next section. 

 
 

 
Figure 2: A schematic of unpolarized electromagnetic waves interacting with a polarizing filter. 
Only the wave orientation that matches the orientation of the polarized filter is able to pass through. 
All other orientations are either reflected or absorbed by the filter. Figure taken from: 
https://www.britannica.com/science/polarization-physics  
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4.3. LC Use in Display Technology 

 
 LC are commonly used in computer displays due to their unique intrinsic properties, as 
previously mentioned in Section 5.1. Fig. 3 below is a schematic of a singular pixel in a computer 
display screen comprising three subpixels with red, green, and blue filters. Millions of these pixels 
make up modern displays, typically called liquid crystal displays (LCDs). To understand how these 
molecules are integrated into the pixels, a brief understanding of the layers that make up the screen 
is necessary. 
 

 
    

 

 

 

 

 

 

 

 

 

 

Figure 3: A schematic of the layers of an LC cell, from the top down: (a) shows the unpolarized 
light entering the cell. (b) is the initial vertical polarizer, polarizing the light in one orientation. (c) 
is the quartz substrate, which offers support for the LC cell. (d) is the electrode. (e) is the alignment 
layers. Its job is to align the LC in the same direction. (f) is where the liquid crystal solution exists. 
(g) is the layer that contains the red, green, and blue colored filters. There are duplicate layers (a), 
(b), (c), (d), and (e) on the bottom half of the cell. Figure taken from: 
https://downloads.emdgroup.com/lcd_explorer  

Fig. 3 shows the various layers incorporated into a single pixel of a computer display. A pixel is 
made up of three LC cells, called subpixels. Each of the three subpixels in a pixel contains a 
different colored filter: either red, green, or blue (RGB), shown in Fig. 3(g). The importance of 
these subpixels will be explained later. First, there is a backlight, shown in Fig. 3(a), that exists 
behind the screen of the computer that emits unpolarized white light. This light passes through a 
vertically-aligned polarizer, Fig. 3(b), allowing only one orientation of the white light through. 
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  The light passes through a series of transparent layers, including a quartz substrate (the 
backbone of the pixel) a transparent electrode, typically made out of the material indium tin oxide 
(ITO), and an alignment layer, typically made out of organic polyimide (PI), shown in Fig. 3(c), 
(d), and (e), respectively. Inside these layers is the LC solution. The job of the alignment layer is 
to keep the LC molecules oriented in the same direction when there is no electric field in the cell. 
In this orientation, the anisotropic properties of the LC molecules can be observed, as the light 
“twists” as it passes through the LC solution. On the other side of the solution, the light then goes 
through the same series of clear layers until it reaches the RGB filters. The once-white light has 
now switched colors to the color of its respective filter and travels through a horizontal polarizer 
to the eye of the user. While the light is now three different colors, the pixel is so small that the 
three colors mix together, appearing white to the user. The reason the light can pass through a 
vertical polarizer at the beginning and a horizontal polarizer at the end is due to the fact that the 
LC molecules “twisted” the orientation of the light so it was no longer vertically polarized, and 
was not impeded by the horizontal polarizer. 

 

    

 

Figure  SEQ Figure \* ARABIC 4: (a) When unpolarized light travels through two crossed 
polarizers with no LC molecules in between, no light is transmitted. (b) When no external voltage
is applied, there is no electric field, and E7 LC are horizontally aligned and allow light to transmit
freely. When all of the light travels through the red, green, and blue filters, shown in Fig. 3, the
color of the pixel appears white. (c) In the presence of an electric field, the LC molecules align to
the electric field in the vertical orientation and transmit no light. Because no light is transmitted, 
the pixel appears black. 
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 However, when a voltage is applied to the two electrodes in the pixel, an electric field is 
induced through the LC solution. Due to the molecule polarity, the LCs change their orientation to 
align with the field and are now oriented vertically. In this state, the LC molecules no longer 
“twist” the incoming light. Therefore, when the white backlight orients itself with the vertical 
polarizer, there is no intermediate layer that changes its orientation before it reaches the horizontal 
layer. Because of this, no light can be transmitted and the pixel is black. To change the color of 
the pixel, the voltage that is applied to each subpixel is varied to change the amount of light that 
can pass through the RGB filters, respectively. By varying the transmittance of RGB, one can 
create any color. Fig. 4(b) and (c) show the LC cell before and after a voltage is applied to the 
electrodes for E7 LC, the specific type of LC molecule that was used in the experiments. 

 
4.4. Ion Impurities in LC Solutions 

 
 Excess ion impurities [3,4] in liquid crystals (LCs) present complications in electro-optic 
liquid crystal displays (LCDs), such as issues of image sticking [5-22]. Image sticking is a 
phenomenon where, when ions build up on the electrodes, they induce an internal electric field 
opposing the external electric field. This causes the liquid crystals to remain stagnant in their 
orientation, meaning that the pixels in the display are no longer changing colors. See Fig. 5. There 
is no way to fix this issue when the ions stay separated at the two opposite electrodes. Turning off 
the display does not immediately resolve this issue, as the separated ions still produce the internal 
electric field inside the pixels. When the display is turned off, the ions naturally relax into the LC, 
and the LC goes back to their normal state—this process can take several minutes to hours, 
depending on the ion concentration in the LC. Therefore, the internal electric field can be decreased 
by reducing free-ion concentration within the cell, and the LCs can operate properly.  
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 5:  Two examples of image-sticking in LCD screens.  
 

Image-
sticking
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 There currently exist processes to reduce the free-ion concentration during the chemical 
deposition process [23], such as chromatography, zone refining, recrystallizations, vacuum 
distillation, extraction, vacuum sublimation, ion exchange, and electrodialysis [24-28], but these 
existing solutions are time-consuming, expensive, and inefficient [24]. They also do not account 
for the free ions that may be introduced in the cell synthesis process from the electrodes and 
alignment layers [12-14]. New research involving various properties of nanomaterials [29-43] has 
proven to offer promising solutions to this prevalent issue. By doping LCs with nanomaterials, the 
overall performance of the LC device can be improved [37,44]. 
 
4.5. Gold Nano-Urchin Particles 

 
Gold nano-urchins (AuNUs) [45], also coined gold nanoflowers or gold nanostars, are spike-

like nanoparticles that have unique optical properties and can be utilized for sensor development, 
research purposes, and other applications [46]. In this paper, gold nano-urchins were used to 
decrease the number of free ions that exist in an LC solution. AuNUs have unique properties that 
allow them to be used in such an application. The free ions get trapped on the AuNUs because of 
the presence of asymmetric spike-like nano-urchins on the gold nanoparticle surface. Fig. 6(a) 
illustrates a schematic with free ions within an LC cell solution. Fig. 6(b) then illustrates the effect 
of the presence of AuNUs. The free ions are caught within the spikes and are unable to escape, 
rendering them no longer “free”. Fig. 6(c) shows an SEM image of an AuNU, clearly displaying 
the spike-like properties. There is no known attractive force between the AuNUs and the ions. The 
free ions get trapped on the AuNUs because of the presence of spikes on the surface gold 
nanoparticle.  
 

The following experiments reveal that a significant reduction in free ions within the LC 
solution leads to improvements in intrinsic LC properties, such as rotational viscosity and dynamic 
electro-optic response times. The results also show an interesting relation between the 
concentration of AuNU and LC functional improvements – one that is not monotonic. There exists 
an optimal concentration, at which any concentration above or below will have poorer results. 
Finally, a relationship is observed between varying AuNU diameters and LC cell performance. 
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5. Experimental Section & Analysis 

 
5.1. Sample Preparation 

 
Varying diameters of 50, 70, 80, 90, and 100nm AuNU particles diluted in an ethanol 

solvent were purchased from NNCrystal US Corporation. Between the time of purchase and the 
synthesis of the AuNU-doped LC cell, the particles had aggregated together in the solution, 
causing an uneven concentration. To combat this, the ethanol+AuNU solutions were agitated by 
the process of sonication for two hours to evenly disperse the particles. The first solution of LC-
E7 (EMD Millipore Corporation, TNI = 60.0 ℃) + 50nm AuNU was made at a concentration of 
7.26 × 10-4 wt.% and subsequently named E7+AuNU1. Once mixed, this solution was sonicated 
for two hours in order to the dissolution of LC. The ethanol solvent was then evaporated to produce 
a pure LC+AuNU solution. The solution was finally degassed under a vacuum for five hours and 
sonicated until LC cell synthesis. This process was performed for three other concentrations of 
50nm AuNUs in E7 LC: E7+AuNU2 = 13.4 × 10-4 wt.%, E7+AuNU3 = 24.8 × 10-4 wt.%, and 
E7+AuNU4 = 35.2 × 10-4 wt.%. A control cell was also created with just E7 LC. The test cells 
used in these experiments were commercially manufactured from Instec, Inc. (SA100A200uG180) 
with 1 cm2 indium tin oxide (ITO) electrodes, a thickness of d = 20 µm, and a 1.5° tilt angle. The 
cells were filled with the E7+AuNU solution at a temperature above 65℃ to promote capillary 
action in the LC’s isotropic phase. This sample preparation process was repeated to synthesize LC 
cells utilizing the other AuNU diameters concentrated around the concentration of LC+AuNU2 = 
13.4 × 10-4 wt.%. These concentrations are as follows: E7+AuNU 70nm = 13.38 × 10-4 wt.%, 
E7+AuNU 80nm = 13.45 × 10-4 wt.%, E7+AuNU 90nm = 13.34 × 10-4 wt.%, and E7+AuNU 
100nm = 13.46 × 10-4 wt.%. 

 
Before the electro-optic experiments were conducted, the four known concentrations were 

analyzed under a cross-polarized microscope. Fig. 6(d), (e), (f), and (g) show the four 
concentrations of LC+AuNU. Fig. 6(h) shows the dotted rectangle in Fig. 6(g) at 10x 
magnification. A detailed explanation of these micrographs and their importance is discussed later.   
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Figure 6: A schematic illustration of the presence of ions and AuNUs in the nematic phase.  The 
small spheres represent the ions, the ellipsoids represent LC molecules, and the big spheres with 
spikes represent the AuNUs.  (a) Random distribution of free ions in a nematic phase.  (b) AuNUs’ 
ion trapping process in a nematic phase.  (c) An SEM image of an AuNU particle.  Optical 
microphotographs under a cross-polarized microscope for (d) E7+AuNU1 (spacer particles shown 
in black), (e) E7+AuNU2, (f) E7+AuNU3, and (g) E7+AuNU4 samples.  The 20 μm spacer 
particles from the LC cells are visible, and no AuNU aggregates are observed for E7+AuNU1 and 
E7+AuNU2.  In addition to the spacer particles, several small aggregates are observed as small 
dark spots for E7+AuNU3 and E7+AuNU4.  (h) A 10x magnified image of the dashed rectangular 
region of Fig. 5(g).  Two such AuNU aggregates are shown in white two dashed circles.  A scale 
bar is shown in each microphotograph. 
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5.2. Experiments on 50nm AuNU-Doped LC Cells 

 
This paper describes four different experiments performed on all concentrations of E7 

solutions doped with 50nm AuNU particles. Upon completion of the four experiments on the 50nm 
AuNU solutions, an optimal concentration of 13.4 × 10-4 wt.% was recognized. In order to test the 
effects of varying AuNU diameters on LC properties, this concentration was replicated for each of 
the available AuNU diameters (70nm, 80nm, 90nm, and 100nm).  

 
 

5.2.1. Free-ion concentration 

 
The free-ion concentration, ni, in LC E7 and E7+AuNU mixtures was measured from the 

transient ion current, Iion generated by inverting the polarity of the applied voltage across the cell 
[30,47].  When a square-wave voltage changing from +V to ‒V (i.e., the voltage polarity is 
inverted) is applied across the cell, the LC molecules do not rotate as the director rotation depends 
only on the magnitude of the electric field E, and not on its polarity [50].  However, inverting the 
voltage polarity triggers the motion of the ions in the LC towards the opposite electrodes—which 
results in a transient ion current, Iion in the cell.  A square-wave peak-to-peak voltage of 20 V (i.e., 
+10 V to ‒10 V) at 1 Hz was applied using an Automatic Liquid Crystal Tester (Instec, Inc.) to 
generate Iion as a function of time in the test cells, as shown in Fig. 7(a) at T = 35 oC.  This 
measurement was performed for all five samples but presented the Iion only for the first three 
samples in Fig. 6(a) to keep the graph less crowded.  Note that Iion reaches its peak value when the 
positive and negative ions meet approximately at the middle of the cell.  The peak time is defined 
by 

 

 𝑡௜௢௡ି௣௘௔௞ ൌ
ௗమ

ଶఓா
                (1) 

 

where μ is the mobility [47], d is the cell-gap, and E is the electric field strength. Finally, Iion decays 

to zero when the positive and negative ions reach the opposite electrodes—which can be seen in 
Fig. 6(a).  The total free-ion transport in the test cells was then calculated by taking the area under 
the Iion vs. time curve.  The free-ion concentration, 
 

 𝑛௜ ൌ ሺ׬
௧
଴ 𝐼௜௢௡𝑑𝑡ሻ/ሺ𝐴 ∙ 𝑑ሻ               (2) 

 

was extracted using the known cell-gap d and active area A of the cell.  The uncertainty in ni 
measurement is shown by the error bars in Fig. 7(b). At higher temperatures, the thermal energy 
provides kinetic energy to the ions within the solution. This increase in the kinetic energy of the 
ions allows more ions to emerge in the solution.  Therefore, at higher temperatures, there are more 
ions, and the mobility of ions is larger.  Fig. 7(b) presents ni for all five samples as a function of 
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temperature, depicting that ni is substantially suppressed for E7+AuNU1 and E7+AuNU2 
compared to pure E7, even at higher temperatures.  Note that ni is suppressed by ~ 60% at the 
middle of the temperature range (45 oC) for the AuNU2 sample.   Interestingly, ni for E7+AuNU3 
and E7+AuNU4 no longer decreases any further.  In fact, ni for E7+AuNU3 is higher than 
E7+AuNU1 and E7+AuNU2, but stays lower than pure E7.  Moreover, ni for E7+AuNU4 is very 
similar to that of the pure E7, indicating that this mixture does not effectively trap ions anymore.  
This issue will be addressed later from the AuNU-aggregation viewpoint.  Note that there is no 
known attractive force between the AuNUs and the free ions.  The free ions get trapped on the 
AuNUs because of the presence of asymmetric spike-like nano-urchins on the gold nanoparticle 
surface.  Therefore, it is expected that the AuNUs trap both the positive and negative ions equally 
in the LC.   
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Figure 7: (a) Ion current, Iion as a function of time for E7, E7+AuNU1, and E7+AuNU2 at 35 oC 
after the voltage is inverted across the cells.  The peak represents the ion bump when positive and 
negative ions meet in the middle of the cell. (b) Free ion concentration, ni, as a function of 
temperature for E7 and four different E7+AuNU samples listed in the legend.  Typical error bars 
(uncertainties) are shown.  
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5.2.2. Rotational Viscosity 

 
The following experiment was performed to determine rotational viscosity as a function of 

temperature. Rotational viscosity, 𝛾1 of an aligned LC, represents internal friction among LC 
molecules during the rotation process.  The presence of excess free ions can greatly enhance this 
internal friction, increasing 𝛾1 of the LC [33]. We, therefore, performed experiments to study 𝛾1 
the LC samples.  The rotational viscosity for the nematic samples was obtained by measuring the 
transient current induced by a DC field across a planar-aligned capacitive-type cell configuration 
[48-50].  When a DC field (much higher than the threshold field) is applied across a planar LC 
cell, the induced current I(t) through the cell shows a time response as the nematic director goes 
through the dynamic rotation.  The current response is given by 

 

 𝐼ሺ𝑡ሻ ൌ  ஺ ሺ௱ఌ ఌ೚ሻమ ாయ 

ఊభ 
𝑠𝑖𝑛ଶ ሾ2𝜃ሺ𝑡ሻሿ                                                                                      (3) 

 
where A is the area of the cell, E is the electric field, εo is the dielectric permittivity of free space, 
Δε is the dielectric anisotropy, and 𝜃 is the angle the director makes with the electrodes at a given 
time.  At 𝜃 = 45o, I(t) reaches its peak at the peak time, 
 

𝑡௣ ൌ ሾఊభሺି௟௡ ሺ௧௔௡௧௔௡ 𝜃೚ሻሻ 

௱ఌ ఌ೚
ሿ ଵ

  ாమ
                                                                                                    (4)  

 
where 𝜃o is the pre-tilt angle.  A DC field pulse with a pulse interval of 1 Hz was applied across 
the cell to generate I(t).  Then, I(t) in the cell was detected as a function of time through a load 
resistor in series by a digital storage oscilloscope.  The inset in Fig. 8(a) shows an example of I(t) 
as a function of time for three different test cells, E7, E7+AuNU1, and AuNU2, at T = 30oC.  The 
peak current, Ip, was detected from the I(t) vs. time graph to extract 𝛾1 from the known values of 
E, Δε, and A.  The uncertainty in 𝛾1 measurement is shown by the error bars in Fig. 8(a). The 

measurement of Δε is discussed later.  Fig. 8(a) represents 𝛾1 as a function of temperature for the 

test cells listed in the legend.  𝛾1 shows the pre-transitional behavior for all the samples.  Clearly, 
E7+AuNU1 and E7+AuNU2 exhibit a significant decrease in 𝛾1 compared to pure E7.  In the 
temperature range from 25oC to 45oC, the average reduction in 𝛾1 for E7+AuNU2 is ~ 30%.  
Interestingly, E7+AuNU3 and E7+AuNU4 show an increase in 𝛾1.   
 

There have been reports in the literature that suggest that the rotational viscosity of an LC 
decreases due to the suppression of ionic impurities.  For example, a recent report [42] shows that 
the presence of quantum dots in an LC can suppress the ionic impurities—which causes a reduction 
in the overall ionic density and the resistance of the nematic medium.  Consequently, the rotational 
viscosity of the quantum dot-doped LC system is reduced.  Our group previously found [30] that 
graphene flakes can trap ionic impurities in a ferroelectric LC and reduce rotational viscosity.  
Another report in the literature [29] shows that Ti nanoparticles trap ions leading to stronger van 
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der Waals dispersion interactions between LC molecules and the alignment layers—which results 
in a smaller pre-tilt angle of the LC molecules at the alignment layers.  From Eq. 4,  𝛾ଵ ∝ 1/ሺെ𝑙𝑛 ሺ
𝑡𝑎𝑛 𝑡𝑎𝑛 𝜃௢ሻሻ , where 𝜃o is the pre-tilt angle.  This equation suggests that when 𝜃o decreases 𝛾1 also 
decreases.  We believe that due to the reduction of ionic impurities in the E7+AuNU1 and 
E7+AuNU2 samples, the internal resistance/friction is reduced, and the van der Waals dispersion 
interactions between LC molecules and the alignment layers are enhanced (hence a decrease in the 
pre-tilt angle).  Thus, 𝛾1 is reduced in the two samples.       
 

No quantitative theoretical model yet directly relates the ion concentrations to 𝛾1.   
However, we believe that reports in the literature mentioned above coherently suggest that the 
decrease in ionic impurities in the LC decreases 𝛾1, which is consistent with our results presented 
here.     
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Figure 8: (a) Rotational viscosity, 𝛾1 as a function of temperature for E7 and four E7+AuNU 
samples, listed in the legend.  Inset: Transient current, I(t) as a function of time for E7, E7+AuNU1, 
and E7+AuNU2 at T = 30 oC.  Typical error bars (uncertainties) are shown.  (b) 𝛾1 (right Y-axis) 
and ni (left Y-axis) as a function of AuNU concentration at T = 35 oC.  Dotted lines are a guide to 
the eye. An optimal concentration of E7+AuNU2 = 13.4 × 10-4 wt.% can be observed. 
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5.2.3. AuNU Aggregation and Optimal Concentration 

 
Both ni and 𝛾1 decrease for E7+AuNU1 and E7+AuNU2 and then increase for E7+AuNU3 

and E7+AuNU4.  This indicates that the E7+AuNU2 sample is the best or the most favorable 
concentration as far as the maximum decrease in ni and 𝛾1 is concerned.  This concentration is 
called the optimal concentration.  Fig. 8(b) shows 𝛾1 (right Y-axis) and ni (left Y-axis) as a function 
of AuNU concentration at T = 35oC, depicting a clear correlation between ni and 𝛾1.  This 
correlation indicates that a decrease in ni results in a reduction of 𝛾1.  Also, note that two 
independent measurements, i.e., ni and 𝛾1 indicate the same optimal AuNU concentration — 
E7+AuNU2.     

   
The presence of the optimal concentration may be explained from the AuNUs aggregation 

viewpoint.  As mentioned before, pure E7 and E7+AuNU samples were examined under a 
transmitted cross-polarized microscope.  Pure E7, as expected, revealed a uniform nematic texture.  
Similarly, E7+AuNU1 and E7+AuNU2 exhibited uniform nematic textures, with no indication of 
phase separation or agglomerates of AuNUs at any temperature.  See the micrographs in Figs. 6(d) 
and (e).  Only 20 μm spacer particles are visible in the micrographs.  So AuNUs are 

homogeneously distributed in the LC at low concentrations (E7+AuNU1 and E7+AuNU2). 
AuNUs start to aggregate when their concentration increases above E7+AuNU2 (i.e., above the 
optimal concentration) in the LC.  Figs. 6(f) and (g) show the microphotographs of E7+AuNU3 
and E7+AuNU4 samples, respectively.  A careful examination reveals that many small black dots 
are visible in addition to the 20 μm spacer particles in those micrographs.  The white squared 

region in Fig. 6(g) is magnified 10x in Fig. 6(h), clearly showing several dark spots in E7+AuNU4.  
These dark spots are much smaller than the 20 μm spacer particles.  These dark spots are identified 

as AuNU aggregates.  Two such dark spots are highlighted using dashed circles in Fig. 6(h).    
 
The AuNUs in aggregated form would not effectively suspend in the LC molecules and 

tend to phase-separate.  Therefore, the aggregated AuNUs would not be effective in capturing ions.  
The AuNUs at high concentrations and in aggregated form in the LC media introduce some degree 
of internal friction, preventing us from getting the best out of the ion-trapping process.  In other 
words, large aggregates can act as external additives and most likely increase the internal friction 
of the LC.  We, therefore, believe that 𝛾1 starts to increase due to AuNU aggregation above the 
optimal concentration.  For similar reasons, the changes in Δε are also observed. 
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5.2.4. Dielectric Anisotropy 

 

The nematic phase shows dielectric anisotropy, Δε = ||  − , where || and  are the 

dielectric components parallel and perpendicular to the nematic director, respectively.  An 

Automatic Liquid Crystal Tester (Instec, Inc.) was used to measure the dielectric constant  as a 
function of the electric field at 1000 Hz for E7 and E7+AuNU samples utilizing the capacitance 

bridge technique [51].  Then, Δε  was obtained  from || and .  Fig. 9 demonstrates the 

temperature dependence of Δε  for E7 and E7+AuNU samples.  The inset in Fig. 9 shows Δε as a 

function of AuNU concentration at T = 35oC.  The uncertainty in Δε is shown by an error bar in 

the inset in Fig. 8.  Clearly, Δε  increases monotonically for E7+AuNU1 and E7+AuNU2, and then 

it starts to decrease for E7+AuNU3 and E7+AuNU4.  The result shown in the inset in Fig. 8 also 
independently exhibits the presence of the optimal concentration, E7+ AuNU2, for the 
enhancement in Δε.  It has been shown that reducing ion impurities can enhance the overall 

anisotropy of the LC and Δε increases subsequently [42,43].  This is consistent with the first two 

concentrations, E7+AuNU1 and E7+AuNU2.  At higher concentrations, when AuNUs aggregate 
in the LC, they locally disrupt the nematic order.  The dielectric anisotropy Δε  is proportional to 

the order parameter.  Therefore, Δε  is observed to decrease for E7+AuNU3 and E7+AuNU4.   

 
According to Maier and Meier’s theory [53], the dielectric anisotropy Δε is given by 
 

 ∆𝜀 ൌ ே௛ிௌ

ఌ೚
ቂ∆𝛼 ൅ ఓಽ಴

మ  ி

ଶ௞ಳ்
ሺ3𝑐𝑜𝑠ଶ𝛽 െ 1ሻቃ              (5) 

 
where N is the number density, h is the cavity field factor, F is the feedback factor, S is the order 
parameter, μLC is the dipole moment of the LC, Δα is the polarizability anisotropy, kB is the 
Boltzmann constant, T is the temperature, and β is the angle between the long molecular axis and 
the dipole moment of LC molecules [53]. 
 

In the presence of free ions, LC molecules tend to collect charges on their ends due to their 
polar nature: the partial positive side accumulates negative ions and the partial negative side 
accumulates positive ions.  See Fig. 10.  The positive and negative ions are separated by a distance 
similar to the length of the molecule, which induces a dipole moment μion in the opposite direction 
of the LC’s dipole moment μLC. These two dipole moments subtract, resulting in the resultant 
dipole moment μeffective = μLC ̶ μion. By decreasing the number of free ions, the number of 
accumulating ions on the LC molecule decrease, therefore reducing the opposing dipole moment 
and increasing the value of μeffective. When μeffective increases, so does Δε, as shown by equation (5). 
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Figure 9: Dielectric anisotropy,  as a function of temperature for E7 and E7+AuNU samples, 
listed in the legend.  Inset: Dielectric anisotropy,  as a function of AuNU concentration at T = 
35 oC.  A typical error bar is shown. 

 
 

 
Figure 10: A schematic representation of the dipole moment of the LC, μLC, and the dipole moment 
due to the ion accumulation, μion.   
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The number density of the free ions in the LC E7 is ~ 1016/cm3 (from Fig. 7(b)).  The 
number density of the doped AuNUs in the LC is ~ 109/cm3 (determined from an AuNU particle 
mass, mAuNU = 1.27 × 10-15 g).  Also, the ions are much smaller in size than the AuNUs.  Thus, the 
ions can effectively accumulate around the LC molecules due to their large number density and 
smaller size and, then, can affect the polarity of the LC molecules.  The AuNUs, on the other hand, 
cannot affect the polarity of the LC molecules since the AuNUs are neutral.  Therefore, the AuNUs, 
in non-aggregated forms, do not change the LC characteristics significantly.   

 
At higher concentrations (E7+AuNU3 and E7+AuNU4), when AuNUs aggregate in the 

LC, they no longer effectively trap ions.  Therefore, Δε  does not increase any further for these two 

higher concentrations.  In aggregated forms (E7+AuNU3 and E7+AuNU4), we believe the AuNUs 
distort the nematic director field locally, and the overall orientational order decreases slightly.  
Consequently, the order parameter S also decreases.  The dielectric anisotropy Δε  is proportional 

to S, according to Eq. 5.  Therefore, a slight decrease in Δε  for E7+AuNU3 and E7+AuNU4 is 

observed. 
 

5.2.5. Electro-Optic Switching Response 

 
The rotational viscosity, 𝛾1, is linearly proportional to the dynamic electro-optic response 

of an aligned nematic LC.  Since 𝛾1 is significantly altered for the E7+AuNU samples, the dynamic 
electro-optic response of these hybrid samples was studied and compared with the pure E7.  The 
dynamic electro-optic response was studied using an optical setup with a 5-mW He-Ne laser beam 

( = 633 nm) sent through a polarizer, the LC cell (where the director was oriented at 45o with 
respect to the polarizer), a crossed analyzer, and into a photodetector.  The output of the 
photodetector was connected to a digital storage oscilloscope to detect the change in the 
transmitted intensity through the cell as a function of time when a square-wave voltage of 30 Hz 
was applied across the cell. See Fig. 9. Transmittance responses were studied for several applied 
voltages much higher than the orientation threshold switching voltage, Vth, at T = 20oC.  In Fig. 
10(a), the left y-axis represents the normalized transmitted intensity of LC E7, E7+AuNU1, and 
E7+AuNU2 as a function of time when a square-wave voltage (40 V) was turned off.  Similarly, 
in Fig. 10(b), the left y-axis represents the normalized transmitted intensity of the same three 
samples as a function of time when the square-wave voltage (40 V) was turned on.  After the 
voltage is turned on, the transmitted intensity through the cell decreases.  The time it takes to drop 
from 90% to 10% of its maximum value is defined as the optical switching on, τon.  After the 

voltage is turned off, the transmitted intensity increases, and the optical switching off, τoff is defined 

by the time it takes to rise from 10% to 90% of its maximum value.  These two switching times, 
τon and τoff are described as [52] 

 

         𝜏௢௡ ∝
ఊభ ௗమ

௱ఌ ఌ೚ ௏మି௄భభ గమ
;    𝜏௢௙௙ ∝

ఊభ ௗమ

௄భభ గమ
                                                                                                (3) 
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where 𝛾1 is the rotational viscosity, d is the cell-gap, Δε is the dielectric anisotropy, V is the applied 

voltage, ε0 the is free space permittivity, and K11 is the splay elastic constant.   

 
Figs. 11(a) and 11(b) show τoff and τon, respectively, for the samples as a function of applied 

voltage, V.  The uncertainties in τoff and τon are shown by error bars. Clearly, τoff and τon are both 

faster for E7+AuNU1 and E7+AuNU2 compared to that of the pure E7.  Note that the switching 
off, τoff is ~ 35% faster, and the switching on, τon is ~ 33% faster for the E7+AuNU2 sample 

compared to the pure E7.  A reduction of free ions lessens 𝛾1 in those two samples—which governs 
this faster response.  At the higher concentrations, 𝛾1 is increased due to the AuNU-aggregations; 
therefore, the electro-optic switching is slower.  The dynamic response of the E7+AuNU3 sample 
is not shown in Fig 10(a) and 10(b) to keep the figures less crowded.  Only τoff and τon for this 

concentration are shown in Figs. 11(a) and 11(b) for proper comparison.  Since the response times 
for the E7+AuNU3 sample are already higher than the pure E7, this dynamic electro-optic study 
for the E7+AuNU4 sample was not conducted, knowing that it will also show a slower response. 
  

 

 

 
 

Figure 10: The electro-optic experimental setup for measuring τoff and τon. The 5-mW He-Ne laser 
beam (shown in the top left), sends a monochromatic beam through a polarizer, the LC cell, and 
an analyzer angled at 90 ̊ to the polarizer. A photodetector picks up the transmitted light signal and 
converts the light signal into a voltage, which is read by the oscilloscope. 
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Figure 5: Dynamic electro-optic switching of E7 and E7+AuNU samples.  (a)  The left Y-axis 
shows the normalized transmitted intensity (unitless) as a function of time when a 40 V applied 
voltage is turned off, for the test cells listed in the legend (T = 20o C).  The right Y-axis shows the 
applied voltage profile.  (b)  The left Y-axis shows the normalized transmitted intensity as a 
function of time when a 40 V applied voltage is turned on, for the test cells listed in the legend (T 
= 20o C).  The right Y-axis shows the applied voltage profile. 
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Figure 12: (a) Optical switching off, τoff, and (b) optical switching on, τon as a function of applied 
voltage for E7 and E7+AuNU samples listed in the legend.  Typical error bars (uncertainties) are 
shown.   
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5.3. Experiments on Varying AuNU Diameters at Constant Concentration 
 
In Fig. 8(b), a correlation between free ion concentration and rotational viscosity can be 

observed. The concentration of 50nm AUNU that optimizes both of these experimentally measured 
properties is E7+AuNU2, which was synthesized at a concentration of 13.40 × 10-4 wt.%. In order 
to test the effects that AuNU diameter size has on free ion concentration and rotational viscosity, 
𝛾1, samples utilizing four different diameters of 70 nm, 80 nm, 90 nm, and 100 nm were synthesized 
and the experiments to measure these values were carried out, starting with a measurement of free 
ion concentration. The setup and subsequent experiment match the description given in section 
5.2.1. The results for this experiment are given in Fig. 13(a), displaying a fairly substantial decrease 
in free ion concentration across all five measured diameters. However, E7+AuNU 80nm 
performed the best over the measured temperature range, showing an ~85% decrease in free ions 
at the lowest measured temperature of 25 ̊ C and an ~80% decrease at the middle of the temperature 
range (45 C̊) within the solution. The difference between E7+AuNU 80 nm’s free ion 
concentration compared to the other measured samples suggests there is a correlation between 
AuNU diameter size and their ability to trap free ions, reducing their mobility within the solution. 
We suggest that 80nm is the largest AuNU diameter that can be suspended in E7 LC solutions 
before they either begin to aggregate, as we saw in the higher 50nm AuNU concentrations, or sink 
to the bottom of the cell. The reason a larger particle diameter is ideal is that it increases the amount 
of surface area available to trap ions. At the ideal concentration established in the 50nm 
experiments, 80nm AuNU particles are the largest particles that can achieve this. 

 

Figure 13: (a) Free ion concentration, ni, as a function of temperature for E7 and five different 
E7+AuNU samples with varying diameters, shown in the legend. The graph shows that E7+AuNU 
80nm outperformed the other E7+AuNU samples, decreasing the free ion concentration in the LC 
solution by ~80%. (b) 𝛾1 (right Y-axis) and ni (left Y-axis) as a function of AuNU diameter size at 
T = 35 oC.  Dotted lines are a guide to the eye. An optimal 80nm diameter size can be observed. 
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The experiment to measure rotational viscosity, 𝛾1, was performed next, following the setup 
and experimental method given in section 5.2.2. 𝛾1 is a measure of the internal friction of the LC 
during their rotation process. When free ions are introduced to an LC solution, the ions impede the 
motion of the LC while they are rotating, increasing the internal friction and therefore increasing 
𝛾1. Fig. 13(b) shows 𝛾1 (right Y-axis) and ni (left Y-axis) as a function of AuNU diameter size at T 
= 35 ̊ F and shows a clear correlation between 𝛾1, ni, and AuNU diameter size. The graph indicates 
that E7+AuNU 80 nm is the ideal diameter of the measured diameters. It also confirms the 
conclusions in section 5.2.3 that a decrease in ni results in a subsequent reduction in 𝛾1. 

 
It is important to mention that experiments to test the electro-optic switching effect and 

dielectric anisotropy were also carried out on all four diameters, but the results did not add a new 
understanding of the effect that AuNUs have on these measurements. Therefore, that data was not 
included in this report. 

 

Nanomaterials Concentration in LC Ion Trapping Ability 
Gold Nanoparticles 
(without urchins) 

~0.1 wt.% none 

Graphene 
Nanoplatelets 

~0.5 wt.% 30% 

Fullerenes, C60 ~0.5 wt.% 80% 
Ferroelectric 
Nanoparticles 

(BaTiO3) 
~0.275 wt.% 50% 

Titanium Dioxide 
(TiO2) 

~0.1 wt.% 53% 

Gold NanoUrchins 
(AuNUs) 

~10-3 wt.% 80% 
 

Table 1: A table comparison of AuNU concentration and subsequent ion trapping ability as 
compared to other nanomaterials. The ion trapping ability shows the percent reduction in free 
ions within the LC solution.   

Table 1 compares AuNUs to other nanomaterials with ion-trapping abilities. AuNUs had the 
highest percentage of free ion reduction out of the listed nanomaterials, with an ion trapping ability 
of 80%. Compared to fullerenes, the material with similar ion trapping abilities, the required 
doping concentrations to achieve the same ion trapping results was ~100 times less for AuNUs. 
Fewer particles doped in the LC solution correlates to decreased rotational viscosity, increased 
dielectric anisotropy, and decreased on-off electro-optic switching times [24,30]. 
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6. Conclusion 

  
It is experimentally demonstrated that a small quantity of AuNUs in the LC can lower the 

LC’s free ion concentration by the ion trapping process.  Our AuNU concentration-dependent 
study indicates that there exists an optimal concentration of AuNUs, above which the ion-trapping 
by the dispersed AuNUs is not significant.  Below or at the optimal concentration (E7+AuNU1 
and E7+AuNU2), where the ion-trapping by the dispersed AuNUs is more effective, the presence 
of the free ions is significantly (~60%) suppressed.  The presence of fewer mobile ions decreases 
the internal friction of the nematic media, enabling the nematic director to rotate faster.  Therefore, 
the rotational viscosity was observed to decrease below the optimal concentration.  However, being 
embedded in the LC, the AuNUs themselves act as external additives and can increase the internal 
friction in the LC.  Therefore, in one way, the reduction of free ions tends to decrease the rotational 
viscosity, and in the other way, higher AuNU concentrations tend to increase the rotational 
viscosity. When the concentration of AuNUs increases above a specific limit (optimal 
csconcentration), they aggregate and rapidly enhance the internal friction of the LC.  The presence 
of AuNUs at higher concentrations (E7+AuNU3 and E7+AuNU4) overmatches the impact of the 
reduction of ions on the rotational viscosity.  Consequently, the rotational viscosity was observed 
to increase above the optimal concentration.  It is also experimentally shown that the decrease of 
free ions and the lower rotational viscosity, below the optimal concentration, resulted in an 
accelerated electro-optic response of the LC.   
 

 It is also shown that AuNU diameter has a noticeable effect on the free ion concentration 
and rotational viscosity in LC solutions when doped at a constant concentration. While all tested 
diameters had a positive effect in reducing free ion concentration and rotational viscosity, the 
results suggest that there exists an optimal diameter between 50 nm and 100 nm that minimizes 
the negative effects that these physical properties have on liquid crystal displays. Our experiments 
showed that E7+AuNU 80nm was the optimal diameter, reducing the free ion concentration in the 
LC solution by ~80%, significantly suppressing all consequences of free ion impurities. The 80nm 
AuNU diameter is optimal, most likely because it is the largest particle that can be suspended in 
an LC solution without aggregating. The consequences of larger particles forming aggregates are 
that they interfere with the LC’s ability to move freely within the LC cell. The 80 nm AuNU 
particles have a larger effective surface area to trap free ions compared to the smaller diameter 
particles, which contribute to the superior performance in ion concentration reduction and 
consequent superior performance in properties such as rotational viscosity, electro-optic switching, 
and dielectric anisotropy. 
 

These results are important for purifying LCs from excess ionic impurities, and 
concentration-dependent studies and diameter-dependent studies reveal a scientifically intriguing 
feature of the existence of an optimal concentration and diameter. 
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 The original description of this Trident Scholar project involved two projects: one to test 
the optical transmission effects of vertically aligned carbon nanotubes (VA-CNT) in a hybrid 
aligned nematic LC cell and the second to test the effect that AuNU diameter has on free ion 
concentration. However, because my SP496 research project involved preliminary experiments on 
50nm AuNU-doped LC solutions, my advisor and I decided it would be best to continue the AuNU 
experiments for continuity. Initially, the AuNU-based project was oriented only around varying 
diameters; however, we performed experiments to measure four different measurements on five 
different concentrations of 50nm AuNU-LC solutions in order to study the effect that concentration 
has on free ion concentration. These experiments were time-consuming and very difficult to 
perform. The entire process of synthesizing the cell and performing each experiment took about a 
week and a half if everything went smoothly. Of course, laboratory work is never perfect, and we 
encountered some equipment issues along the way. However, the first semester of the Trident 
project was dedicated solely to studying the effects of concentration on AuNU diameter as well as 
writing a paper to submit to Physical Review E from the American Physical Society (APS) for 
publication and developing deliverables for the Trident committee. The second semester was 
dedicated to studying the effects of changing AuNU diameter on free ion concentration. We 
performed the same experiments on five different diameters of AuNU doped at a constant 
concentration. Again, these experiments took about 1.5 weeks per diameter to complete. During 
this time, we were also preparing a presentation for the APS March Meeting 2023 in Las Vegas, 
NV.  
 
 The AuNU project has significantly advanced the field of soft condensed matter physics. 
The project has allowed us to conduct systematic research on novel nanomaterial-based 
transmissive LC devices to achieve improved efficiency (i.e., reduction of ion impurities ) and 
enhanced tunability (i.e., faster electro-optic switching).  The success of this research project has 
led to understanding the nanoscale interfacial interactions between LC and nanomaterials materials 
at a much deeper level. The results have also successfully bridged the gap between the 
‘fundamental LC-nanomaterial interactions’ and ‘designing nanostructure-based photonic LC 
devices’. Therefore, the performed experiments have potential applications in display technology.  
Our paper on this project has already been published in Physical Review E with excellent review 
comments. While the VA-CNT project would have been an interesting study, the AuNU project 
proved to be both a challenging and rewarding Trident Scholar project.   
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Peer-review publication  from this project: 
 
R. Basu and D.T. Gess, “Ion trapping, reduced rotational viscosity, and accelerated electro-optic 
response characteristics in gold nano-urchin—nematic suspensions,” Physical Review E 107, 
024705 (2023). PDF link 
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