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A liquid crystal (LC) cell was fabricated by putting together a monolayer graphene-

coated glass substrate on one side, and a rubbed planar-aligning polyimide layer on an indium tin 

oxide (ITO) coated glass substrate on the other side.  The monolayer graphene film served as the 

planar-alignment agent as well as the transparent electrode on one side of the cell.  The cell was 

filled with an achiral LC alkoxyphenylbenzoate (9OO4).  The presence of the graphene film on 

one substrate resulted in an induced chiral signature in the otherwise achiral LC 9OO4.  The 

induced chirality was probed utilizing the electroclinic effect (a polar tilt of the LC director 

perpendicular to, and linear in, an applied electric field) in the smectic-A phase.  The 

electroclinic effect showed significant pretransitional behavior on approaching the smectic-A—

smectic-C transition temperature from above.  The electroclinic effect revealed a low-frequency 

relaxation process indicating that the chirality was induced on the LC molecules at the graphene 

interface and did not propagate into the bulk.  A soft shear mode can break the symmetry of the 

hexagonal lattice of graphene on a substrate, and consequently, graphene possesses strain 

chirality.  The non-covalent π-π interaction between the LC and the strained graphene induces 

molecular conformational deracemization in the LC at the graphene interface, and the LC 

exhibits surface-induced chirality.  
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I. INTRODUCTION 

In liquid crystal (LC) science, chirality is one of the most important and exciting topics to 

explore.  Chiral induction-based phenomena in LCs have been known for some time. In the LCs, 

the induction of chirality in the molecules breaks the mirror symmetry. Chirality can be induced 

in otherwise achiral LCs employing various methods.  For example, chirality can be induced in 

LCs by doping nanomaterials, such as carbon-nanotubes [1,2,3,4,5] and chiral periodic 

mesoporous organosilicas [6,7].  A macroscopic torsional strain from a twist-cell can induce 

chirality in LCs [8,9,10].  Various chiral patterns on the alignment substrates in the LC cell can 

also transmit chirality in LCs [11,12,13]—which is the essence of surface-induced chirality in 

LCs.   

This surface-induced chirality in achiral LCs, utilizing different techniques (e.g., by 

scribing a chiral pattern into a spatially isotropic substrate [11] and using a highly oriented 

pyrolytic graphite substrate [14]), is an important avenue in fundamental research to understand 

the surface chirality transmission mechanism [12,13] into the LC.  In this area, we are reporting 

that when a monolayer graphene film on a glass substrate is used as an alignment agent in an LC 

cell, a surface chirality transmission phenomenon is observed in the Sm-A phase—which is 

probed by the frequency-dependent electroclinic effect.     

Garoff and Meyer first observed the electroclinic effect (ECE) in a chiral smectic-A (Sm-

A) phase [15].  This ECE is an induced polar tilt angle θ of the LC director ( ) perpendicular to, 

and linear in, an electric field E that is applied parallel to the smectic layers.  The ECE 

coefficient,  , increases, and eventually diverges on cooling toward the chiral smectic-C* 
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(Sm-C*) phase.  An ECE requires the reduced C2 symmetry of the lower temperature Sm-C* 

phase.  When the system is achiral, the ECE is not observed 

Graphene is a crystalline allotrope of carbon where the carbon atoms are densely packed 

in an sp2-bonded atomic-scale hexagonal pattern in two-dimension (2D).  In the hexagonal 

graphene lattice, the C—C bond length is 1.42 Å.  In a hexagonal benzene ring, the C—C bond 

length is 1.40 Å.  The hexagon in the graphene lattice and the hexagon of the benzene ring have 

almost the same size.  Therefore, the LC molecules coherently align on the 2D graphene surface 

[16,17,18] (and other graphene-like surfaces [19,20,21,22]) due to epitaxial interactions between 

the benzene rings of the LC molecules and the hexagonal lattice of graphene, employing the π−π 

electron stacking interaction with the binding energy ranging from 0.74 to 0.88 eV/molecule 

[23].  We have previously shown that graphene can serve as the planar-alignment agent for a 

nematic LC in a uniform planar LC cell due to this graphene—LC interaction [24,25,26].   

When graphene is deposited on a substrate or one graphene layer is on top of another 

graphene layer, a soft shear mode is generated at the interface—which results in a strain on the 

graphene surface [27].   It has been experimentally demonstrated that the presence of this strain 

breaks the hexagonal lattice symmetry in graphene, and consequently, graphene exhibits circular 

dichroism [27]—which is the indication of the presence of chirality at the graphene surface.  We 

have previously demonstrated that when a small quantity of graphene flakes are dispersed in an 

achiral LC in colloidal form, the strain chirality of graphene can be transmitted into the LC 

molecules; and the LC exhibits two types of bulk chiral signatures: a bulk ECE in the Sm-A 

phase and a macroscopic helical twist of the LC director in the nematic phase [28,29].  Other 

hexagonal 2D materials are also found to exhibit the chirality transmission phenomenon. For 

example, it was experimentally shown that an achiral Sm-C LC on the MoS2 surface (which has 
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a similar hexagonal structure like graphene) manifests the macroscopic sawtooth-shaped 

streaks—which indicates that the MoS2’s surface chirality is transmitted into the LC [30].   

II. EXPERIMENTS, RESULTS, AND DISCUSSION 

Now we ask the question: what happens in terms of the chirality transmission 

phenomenon if graphene is present in the form of a monolayer film on a substrate (and not in the 

form of flakes as colloidal dispersion)?  In this present work, we have designed a planar LC cell 

by placing together a monolayer graphene-coated glass slide, and a planar-aligning rubbed 

polyimide (PI) layer on an indium tin oxide (ITO) coated glass slide.  We then show that an LC 

in the Sm-A in this hybrid cell exhibits a strongly frequency-dependent ECE signal, which 

suggests that it is predominantly a surface effect where the chirality is transmitted into the LC 

molecules near the LC/graphene interface and does not propagate well into the bulk.        

A. Fabrication of the graphene-PI hybrid LC cell  

We have employed the standard polymethyl-methacrylate (PMMA) assisted wet transfer 

method [31,32] to transfer the commercially obtained (Graphene Supermarket, Inc.) large-scale 

monolayer graphene film [33] from a copper foil onto a glass substrate.  The sheet resistance of 

the graphene film on the glass was found to be ~ 660 Ω/□.  The monolayer graphene-coated glass 

slide was placed together with a unidirectionally rubbed planar-aligning PI (KPI-300B) substrate 

on an ITO coated glass slide (from Instec, Inc.) to make a graphene-PI cell with an average cell-

gap of 9.3 μm.  The monolayer graphene film and the PI substrate faced each other in the cell.   

On the graphene side of the cell, the graphene film serves as the planar-alignment layer 

and the transparent electrode, simultaneously.  On the PI side, the ITO serves as the transparent 

electrode.  The cell was filled with the LC alkoxyphenylbenzoate (9OO4) in the isotropic phase 
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by capillary action. And then, the cell was then brought in the Sm-A phase. The chemical 

structure and the cooling phase sequence of LC 9OO4 are given in Fig. 1(a).  The graphene-PI 

LC cell is schematically illustrated in Fig. 1(b).  Figure 1(c) shows the picture of this hybrid cell.  

The monolayer graphene on one side and the rubbed PI on the other side impose homogenous 

alignment on the LC.  The mechanism of achieving a uniform planar alignment of the LC in the 

graphene-PI cell is discussed elsewhere [25,26].  The alignment of the Sm-A phase in the 

graphene-PI cell was studied by rotating the cell under a crossed-polarized microscope.  The 

micrographs in Figs. 1(d) and 1(e) show the orientation of  at 45o (uniformly bright) and 0o 

(uniformly dark), respectively, with respect to the polarizer.  These results suggest that the Sm-A 

phase obtained good alignment in the LC.  A standard commercial uniform planar cell (rubbed PI 

on both sides) from Instec, Inc., with a cell-gap of 10 μm, was also filled with 9OO4 for a 

comparative study.  

B. Electroclinic measurements  

For the ECE measurement, we have used the classical “electroclinic geometry” [34], 

where the optical setup had a 5-mW He-Ne laser beam (λ = 633 nm) that passed through a 

polarizer, the cell, a crossed analyzer and into a photodetector (PDA100A, Thor Labs).  The 

beam was polarized at an angle of 22.5o with respect to the cell’s rubbing direction.  For the 

graphene-PI LC cell, the graphene side faced the detector.  The output of the detector was fed 

into both a lock-in amplifier (Stanford Research Systems SR830 DSP) and to a dc voltmeter 

(Keithley 2002). The lock-in amplifier was referenced to the driving frequency f of the applied 

electric field from a signal generator (Stanford Research Systems SR345). This setup allowed us 

to measure the ac intensity Iac at frequency f from the lock-in amplifier and the dc intensity Idc 

from the dc voltmeter.  Note that when the voltage was applied across the graphene-PI cell, the 
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electric field was generated between the graphene electrode and the ITO electrode.  The setup 

and data acquisition were computer-controlled using LabVIEW® software.  The field-induced 

effective tilt angle θ was obtained from the measured ac and dc intensities using the formula 

 .  This is a standard technique to measure θ vs. E (f) for the ECE in chiral LCs 

[7,35,36,37].  In mean-field theory, the field-induced tilt angle AC  [38], where TAC* 

is the Sm-A to Sm-C* transition temperature, k is the susceptibility, c* is the chiral coupling 

coefficient (which vanishes in the absence of chirality), and α is the non-chiral coefficient.  

Figure 2 shows the effective tilt angle θ as a function of the rms applied field E at f = 100 

Hz for 9OO4 in the (a) standard commercial uniform planar cell and (b) graphene-PI cell.  The 

achiral LC 9OO4 in the standard commercial uniform planar cell does not show any ECE signal 

in the Sm-A phase, verifying the absence of molecular chirality associated with pure 9OO4.  On 

the other hand, 9OO4 in the graphene-PI cell exhibits a linear increase in effective tilt angle θ 

with increasing E.  It is important to note here that we were not able to increase E above 2.5 

V/μm due to the hydrodynamic instabilities in the LC.  The linear ECE (E ≤ 2.5 V/μm) grows on 

cooling toward TAC*, demonstrating the presence of induced chirality in the Sm-A phase. We also 

examined the temperature behavior of the ECE of the mixture above TAC* (= 62o C).  The 

electroclinic coefficient,  AC   was found to increase on cooling, with an 

apparent divergence at TAC*, as shown in Fig. 3(a).  Figure 3(b) shows   vs. T, observing an 

approximately linear variation with T close to TAC*.  This is consistent with mean-field behavior 

and with previous results on inherently chiral LCs [34,35].  Notably, ec diverges at TAC*, 

indicating that the observed effect indeed corresponds to the coupling between E and the 

graphene-induced chiral LC domains, rather than a direct electric field – graphene film coupling.  
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It is also important to point out that the magnitude of ec observed in this experiment is a few 

orders of magnitude smaller than that of the inherently chiral LCs [15,34], indicating weak 

chirality transfer from the strained graphene surface. 

C. Discussion  

LC 9OO4 is configurationally achiral LC. However, 9OO4 can adopt a chiral 

conformation in the ground state by rotating left or right about the Ph–O bond [6].  This 

rotational barrier for 9OO4 is quite low ~ 0.4 kcal mol−1 [6].  An equal probability distribution 

between left and right twist makes them dynamically racemic.  As discussed earlier,  the LC 

director aligns along the graphene surface [16], employing the π−π electron stacking between the 

honeycomb structure of graphene and benzene rings of the LC.  Note that the energy associated 

with this π−π electron stacking interaction (~ 0.88 eV ≈ 85 kcal mol−1) [23] is three orders of 

magnitude higher than the rotational barrier energy for 9OO4.    

When graphene is deposited on a substrate, it can naturally develop strong surface 

corrugations, and this buckling can create regions of high and low strain [39].  As discussed 

earlier, the presence of this strain breaks the hexagonal lattice symmetry in graphene, which 

leads to a circular dichroism signal from graphene [27].  This is the indication of the presence of 

structural chirality at the graphene surface.  In our experiment, graphene is deposited on a glass 

substrate using the PMMA assisted wet transfer method.  During this transfer process, the 

graphene layer experiences lateral forces on the glass substrate.  Consequently, a shear stress is 

developed on the graphene layer along the average direction of these lateral forces.  This shear 

stress results in a shear strain on the graphene surface, breaking the mirror symmetry 

preferentially into either right-handed or left-handed domains depending on the direction of the 
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shear stress.  Overall, this shear strain is uniform on the surface.  So, when the graphene surface 

gains strain-chirality due to this shear mode, the 9OO4 LC molecules, attached to the graphene 

surface, adopt that surface chirality by shifting its equilibrium between left- and right-handed 

chiral conformers by rotation about the Ph–O bond to compensate the elastic energy cost, and 

still maintaining the π−π electron stacking interaction between the LC and graphene.  This 

happens because π−π electron stacking interaction is much stronger than the rotational barrier 

energy for 9OO4.  This process produces a statistically higher population of chiral conformers of 

one handedness, breaking the symmetry between right-and left-handed molecular 

conformations—which is also called deracemization.  The strained graphene surface and the 

twist on 9OO4 molecules about the Ph–O bond are schematically shown in Fig. 1(f).   We 

observed the electroclinic effect in LC 9OO4 due to this symmetry breaking in the LC through 

deracemization.   

We have repeated this ECE measurement at four different positions on the cell (i.e., the 

laser beam was moved to four different spots on the cell), and the ECE signals were reproducible 

within 5 to 8% deviations.  This ensures that the ECE signals are indeed from the induced-chiral 

LC and not from any random defects in the cell.   

The bulk ECE is intrinsically very fast [38].  In fact, the bulk ECE is the fastest of the 

useful electro-optic effects in liquid crystals, with a speed allowing MHz switching rates in 

repetitive operation [38,40,41,42].  However, when the chirality is present only near the 

LC/substrate interface, the director tilt θ does not elastically propagate well into the bulk LC and 

is localized near the LC/substrate interface.  At high frequencies, the director tilt θ (near the 

LC/substrate interface) cannot follow the ac field adiabatically because of the strong 

LC/substrate interaction.  Thus, the ECE shows a strong frequency-dependent behavior (i.e., a 
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relaxation process) and dies off well below the MHz regime [7,8,43].  This is the hallmark of a 

surface ECE.  Therefore, chiral surface-induced ECE studies are conducted at low frequencies (f 

≤ 100 Hz) [11,12,13] to ensure that the director tilt would follow the ac field adiabatically.  At 

higher frequencies, this optical adiabatic-following drops dramatically—which results in a 

significant decrease in the chiral surface-induced ECE.   

We have studied the ECE as a function of frequency for the graphene-PI cell.  Using the 

same electro-optic setup, the ECE was measured at a constant applied field E = 2 V/μm, with 

varying the frequency from 1 – 104 Hz at T = 63 oC (right above TAC* = 62o C).  Figure 4 shows 

ec as a function of frequency f—which exhibits a relaxation process.  The ECE decreases 

significantly above f ≈ 103 Hz.  This quick drop suggests that only a few layers of Sm-A LC on 

the strained graphene surface gain chirality, which does not elastically propagate into the bulk.  

This also indicates that the electroclinic director tilt in the Sm-A phase does not have much 

optical adiabatic following at higher frequencies.  

In our previous work [28], we showed that the presence of graphene flakes in the LC in 

colloidal form induces bulk chirality, and the ECE remained unchanged in the frequency range 

from 1 Hz to 104 Hz.  This is because the induced chiral LC domains surrounding the graphene 

flakes were uniformly present throughout the bulk LC and the entire LC behaved as a chiral LC.  

Our present work is a limiting case where one can imagine the graphene flakes are stitched 

together to make a monolayer graphene film, which is now attached to a substrate and induces 

surface ECE.  In both these cases, the induced chirality is very small but measurable by the ECE.      

III. CONCLUSION 
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 To summarize, we have first demonstrated that replacing a rubbed PI with a monolayer 

graphene film in an LC cell still maintains the homogenous alignment for the Sm-A phase.  Here, 

graphene is simultaneously utilized as the planar-alignment agent and the electrode at one side of 

the cell.  The strain on graphene, due to natural corrugations, induces chirality in the otherwise 

achiral LC 9OO4.  The chirality was probed utilizing the ECE in the Sm-A phase.  The ECE 

shows an apparent pretransitional behavior on approaching the Sm-C phase from above.  The 

induced chirality is present predominantly at the graphene/LC interface and does not disseminate 

into the bulk LC.  Therefore, the ECE shows a strong frequency behavior and decreases 

significantly above 103 Hz—which makes it a surface-induced chirality phenomenon.        
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Figure captions 

 

Figure 1: (a) Chemical structure and cooling phase sequence of LC 9OO4.  (b) A schematic 

representation of graphene-PI cell. (c) A picture of the graphene-PI cell.  (d) A micrograph of the 

Sm-A phase of 9OO4 in the graphene-PI cell where the LC director is at 45o with respect to the 

crossed polarizers.  (e) A micrograph of the Sm-A phase of 9OO4 in the graphene-PI cell where 

the LC director is parallel to the polarizer and perpendicular to the analyzer.  (f) A schematic 

representation of a strained graphene film. The Ph-O bond of the LC 9OO4 is twisted on the 

strained graphene film to maintain the π−π electron stacking interaction.    

Figure 2: Electroclinic effect in the Sm-A phase: (a) the effective tilt angle θ vs. E (f = 100  Hz) 

for 9OO4 in the standard commercial uniform planar cell at two different values of T, listed in 

the legend, (b) the effective tilt angle θ vs. E (f = 100 Hz) for 9OO4 in the graphene-PI cell at 

three different values of T listed in the legend.  Dotted lines represent linear fits.   

Figure 3: (a) The electroclinic coefficient ec vs. T showing pretransitional behavior.  (b) The 

inverse of the electroclinic coefficient  vs. T.  A linear fit is shown near TAC* (= 62 oC).  

Figure 4: The electroclinic coefficient ec vs. f showing the relaxation dynamics of the ECE at T 

= 63 oC.  
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