
Helpful resources
Handbook of liquid crystals – fundamentals – ISBN: 352729502X
Introduction to liquid crystals – chemistry and physics – ISBN: 074840483X
Liquid Crystal Fundamentals and Materials – DOI: 10.1007/978-3-540-79567-4_81
Introduction to Liquid Crystals – DOI: 10.1016/j.molliq.2018.01.175
Liquid Crystal – Encyclopedia Britannica – https://www.britannica.com/science/liquid-crystal
Handbook of Visual Display Technology – ISBN: 978-3-540-79568-1 
Youtube: Channel of Patrick Shamberger (A&M university) 
University of Cambridge – DoITPoMS: www.doitpoms.ac.uk/tlplib/liquid_crystals/printall.php
Historic resources:
Crystals that Flow – Classical papers from the History of Liquid Crystals – ISBN: 0849330181
The History of Liquid Crystal Displays – DOI: 10.1109/jproc.2002.1002521
Liquid gold – The Story of Liquid Crystal Displays and the Creation of an Industry – ISBN: 9812389563
The Fiftieth Anniversary of the Liquid Crystal Display – DOI: 10.1080/1358314X.2018.1529129

Liquid crystals (LCs) –
multi-disciplinary field
Concepts required from
• Chemistry
• Physics
• Mathematics
• Engineering

Only basics of organic 
chemistry required. 
Most important is physical 
chemistry especially phase 
behavior.

For their applications 
thermodynamics and 
electromagnetism are also 
crucial.

James Bond 
with an early Pulsar 
LCD watch (1973)

G. Heilmeier with the
first LCD (fixed frame - 1968)

Probably the first 
advertisement 

for liquid crystals 
(Merck – 1904) 

The first large 
LCD with T. Washizuka

(Sharp - 1988) 

F. Reinitzer –
the discoverer 

of liquid crystals 

The first commercial
TV based on LCD

(Seiko - 1982) 

V. Fréedericks died 
an early age due to 
his imprisonment 

in a gulag. 
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The first flexible
LCD display (OLCD)
(Flexanable - 2015) 
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 G. Friedel coins many
modern terms for liquid 

crystals but strongly rejects 
the term liquid crystal

1889 CE

1861 CE
F. Reinitzer observes the 

occurence of “two melting points”
in cholesteryl esters

1888 CE

D. Vorländer describes 
structural features which 

favor formation of liquid crystals
1911 CE

O. Lehmann describes the
aforementioned phenomenon

as “flowing crystals”

1922 CE

Ch.-V. Mauguin describes 
some optical properties 

of liquid crystals and 
the twisted nematic structure

X-ray diffraction by M. de 
Broglie and E. Friedel prove 

the periodicity in liquid 
crystals

1923 CE

1927 CE
V. Fréedericks observes a 

phase transition of 
liquid crystals when an

electric or magnetic field
 is applied1936 CE

1971 CE

1990 CE

2007 CE

Historical Timeline J. Planer observed
unusual color and light effects 

in cholesterol derivatives

1907 CE

G. Tammann challenges
 the notion of 

“so-called liquid crystals”
1901 CE

1890 CE
L. Gattermann observes 
liquid crystal properties

in azoxy compound

S. Chandrasekhar proves 
that disk-like molecuels

 form mesopahses

W. Helfrich and M. Schadt patent the 
twisted nematic field effect. J. Fergason
files a similar patent at the same time

1977 CE

Microma releases the first
digital watch with an LCD
(and loses 15 million $US)

1959 CE M. M. Attalla and D. Khang 
invent the MOSFET

B. Levin and M. Levin patent
a light valve based on liquid crystals

and postulate its potential application in 
television

1962 CE
R. Williams noticed that 

molecules of a liquid crystal
would align to an electric field

1970 CE

G. Heilmeier developes 
the first LCD based on 

DSM (dynamic scattering
 mode)

1968 CE

1972 CE
The first TFT LCD was 

presented by T. P. Brody

1982 CE
The first commercial 

LCD television is released
(Seiko TV watch)

LCD Televisions outsell
cathode-ray tube TVs 

for the first time

G. Baur patents 
In-plane switching (IPS)

1988 CE
World’s first

14-inch color TFT LCD 
by Sharp

Technological breakthroughs 
lead to improvement of contrast, 
view-angle and costs of LCDs

1990s CE

2015 CE Flexible OLCDs are introduced
(Flexanable)

2018 CE
A mechanically stable
FLCD is presented by 

H. S. Kwok2020 CE First observation of a ferroelectric
nematic phase (NF) by N. Clark

1962 CE
G. W. Gray publishes the first major

publication on LC in English
(and wanted to quit due to lack of funding)



In Liquid crystals one molecular axis points along a
preferred direction which is called Director and is
described by a unit vector !𝒏 with an orientational
distribution function 𝒇 𝜽 𝒅𝜽. !𝒑𝒊 is a vector which describes
the preferred direction of an individual mesogen.
A parameter to describe orientational order is

𝑺 = " ($𝒏⋅$𝒑𝒊)" )*
+

or 𝑺𝑵 =
" -./"0 )*

+
= 𝑃+(𝑐𝑜𝑠𝜃)

assumes !𝒏 = !𝒑𝒊 = 1
P2 = Second Legendre polynomial

S = 1 S = 0
Perfect orientation No orientational order

The order S decreases with temperature.

𝑻𝒄 = liquid crystal ↔ isotropic liquid transition. 
This temperature is called clearing point. 

No discrimination between “head” and “tail” :!𝒏 = −!𝒏

I.) General Aspects and Definitions

Because of the directional order of the 
molecules many properties of liquid crystals 
such as 
• Permittivity
• Refractive index
• Elasticity 
• Viscosity 
are anisotropic (their magnitude will differ from 
one direction to another)

A consequence: LCs are birefringent: double
refraction observed
- Light beam splits polarized lights into two

beams; one of which propagates faster than
the other.

Other important definition:

Phase range:
Temperature range in which the phase exist
Phase stability:
Upper temperature limit in which the phase exists

Sometimes liquid crystals only form when the isotropic liquid is cooled but not when the crystal
is heated. This behavior is called monotropy and is due to the metastability of the
mesomorphic state. Liquid crystals which form upon cooling and upon heating on the other
hand are enantiotropic.
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Direct solid ↔ liquid transition is extreme (loss of orientational, and positional order at once) that’s
why in some compounds the transition occurs through one or more intermediate states where the
order is lost gradually. These states are called mesomorphic states of matter (ancient Greek –
μέσος «middle» – μορφή «form,shape») or short mesophase.

The amount of order in LCs is small when compared to a crystal - Latent heat:
from Crystal ↔ Liquid Crystal: 250 J/g

Liquid Crystal ↔ Liquid: 5 J/g

Plastic crystals lose orientational order but maintain positional order
Liquid crystals lose positional order but maintain orientational order
A molecule that demonstrate mesomorphic properties is mesogen
A mesogen is called polymorph when it can adapt different types of mesophases.
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www.doitpoms.ac.uk/tlplib/liquid_crystals/videos/splitting.mp4
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Plastic Crystals Liquid Crystals

Isotropic Liquids

Crystals
Molecules are ordered positional 

(specific sites in lattices) 
and orientational in all directions.

Molecules are randomly diffused.
No positional and no orientational order

Phase with more order than liquid but maintain some 
orientational (and sometimes even positional) order.

Phase with positional order but no orientational order.



Molecules which form liquid crystals are anisotropic by either
1) having one molecular axis very different from the other two
2) parts of the molecules have very different solubility properties

Thermotropic liquids
(stable in certain temperature interval)

Discotic
(Disc-like)

• Disc-shaped molecules
• Needs certain rigidity to 

maintain flat shape

Lyotropic liquids
(only a liquid crystal in combination with a solvent)

O
O O C15H31

O

O

C15H31

P
O

O O
N

Me

Me

Me

Calamitic or Ellipsoid
(Rod-like)

• Rod-shaped molecules
• Needs certain rigidity to maintain

elongated shape

II.) Types of Mesogens

R’

R

- Two or more rings, 
  sometimes further rigidified by linkers
- Alkyl chain at least at one of the ends
- One of the chains may be replaced by
  a group with a permanent dipole

R' = Alkyl R' = EWG, EDG, Alkyl

R

R
R

R
R

R

R = FG-Alkyl

R’

R

R' = Alkyl R' = EWG, EDG, Alkyl

R
R

- Discotic core
  usually symmetric 
- Peripheric dendritic units 
  usually identical in a molecule
  serve to reduce melting points

R = FG-Alkyl

Crystal
Soft smectic

crystal
Smectic liquid

crystal
Nemetic

liquid crystal
Isotropic

liquid

A.k.a. «smectic-like».
Molecules can rotate
freely around one
axis. Retains long
range translational
order in all directions.
Not liquid.

Molecules are
fixed and
unable to
rotate.

Mesogens are
organized in soft
layers. These layers
of molecules can
move freely. The
phases are often
highly viscous.

Layer order lost.
Orientational
order maintained.

Molecules can
freely rotate
and tumble.

N.B.: H, K, E, G, J,
B are soft smectic
crystal phases (not
liquid)

← Increasing «order» ← 
Crystal > H > K > E > G > J > SmF > B > SmI > SmB > SmCalt > SmC > SmA > N > Isotropic liquid

III.1.) Nematic (N) phase

From anicient Greek νῆμα – «thread»
Simplest and most disordered LC phase à Less viscous
The director points into x direction.
If molecules are free to rotate on their long axis (x-direction à D∞h symmetry) i.e. y- and z- direction are indistinguishable, the
nematic phase is called uniaxial.

In some cases where the molecules are lath or bent-shaped the rotation around the x-axis is restricted. The properties of the
phase differ in all three directions and the phase is called biaxial (D2h symmetry).
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Uniaxial nematic (Nu) Biaxial nematic (Nb)

Short range Long range

Directional 
order

Yes (Restricted 
rotation at least in 

x/y directiom) 

Yes (at least 
in x 

direction)

Positional 
order

Yes (Intermolecular 
interaction) No

III.) Phases in Calamitic LCs

N.B. There are many other types of themotropic mesogens which do
not fit into these categories (star shaped, bent etc.). These
unconventional cases will not be discussed.
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Increasing symmetry

The reason symmetry increases with less “order” in phases is the same as why H2O2 is achiral: the
most stable conformer of H2O2 has C2 symmetry à a chiral object. It behaves achiral due to dynamics.
Other example - what is more symmetric: powder or single crystal X-ray diffraction?
General correlation between symmetry and order is difficult because ”order” is mathematically
undefined (while symmetry can be defined mathematically)

O
O

H

H

C2 axis

Hydrophilic head Lipophilic tail
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x

y

z

III.2.) Twisted Nematic (or Cholesteric) Phase (N* or TN)
Formed by chiral enantioenriched molecules
Director – rotates helically (clock- or 
anticlockwise - D∞ symmetry)

Pair distribution function – similar to the nematic 
phase but has lower symmetry
The length for one full rotation (360°) is called a 
pitch (which can be as short as 100 nm but is 
typically 0.2 – 2 µm). 
While racemic mixtures have an infinite pitch 
(meaning that they are nematic), mixing 
enantiomers in various portions can lead to an 
increment of the pitch.

1/2  P
itch

III.3) Smectic A Phase (SmA) x

y

z

Short range Long range

Directional
order Yes Yes

Positional
order Yes Partly in x 

direction

From anicient Greek σμῆμα «smema» – «soap» or «unguent»

Director points perpendicular to the layers.
The molecules are organized in layers. (D∞h symmetry)

Subclasses of the smectic A phase
• Smectic A1 (SmA1) – the head and tails of the mesogen point in random

directions.
• Smectic A2 (SmA2) – a bilayer phase with head-to-head and tail-to-tail

arrangements.
• Smectic Ad (SmAd) – the mesogens arrange in a head-to-tail fashion,

creating a bilayer which is approximately 1.4 the length of the mesogen (d in
the figure). On the lower right a typical molecular arrangement is shown.

• Smectic A antiphase (SmÃ) – Similar to the SmA2 phase only that the
bilayers periodically shift about every 150 Å.

x

y

z SmAd

ca. 
1.4dd

x

y

z SmA1

x

y

z SmA2

x

y

z SmÃ

Smectic C (SmC) – the director does not point perpendicular to the layers. (C2h symmetry) SmC1,
SmC2, SmCd, Sm 4𝐂 do also exist (analogous to the SmA subclasses). The Smectic C anticlinic
(SmCalt) is a subclass – the tilt direction is rotated by 180° from one layer to the next.

x

y

z SmC

x

y

z SmCalt

z

y
SmIz

y
SmFz

y
SmB

Occasionally, the * is generally used when chiral
molecules are used as mesogens even when the phase
has no chiral structure.

Pitch SmC*

• Hexatic B (SmB) – hexagonal order within the layer but the different layers do not show positional order
• Hexatic F (SmF) – hexagonal order within the layer, layers are tilted towards the edge of the hexagon
• Hexatic I (SmI) – hexagonal order within the layer, layers are tilted towards the vertex of the hexagon

III.4) Smectic C Phase (SmC)

When the smectic C phase is formed by cooling a smectic A
phase there is a temperature dependece of the tilt angle:

Θ 𝑇 = Θ2(𝑇3 − 𝑇)4

Θ = tilt angle Θ2 = constant 𝑇3 = transition temperature from
SmA to SmC 𝑇 = Temperature 𝛼 = experimental exponent,
typically 0.5 in value or less.

III.5) Hexagonal Smectic Phases

C NO
C8H17

CN O
C8H17

Smectic C* (SmC*) – the chiral version of smectic C (C2
symmetry). The director rotates from layer to layer (clockwise or
anti-clockwise). The red arrow on the scheme is the director
rotating counter-clockwise from layer to layer. Similar to TN the
overall director is helical, and a pitch can be defined. The layers
show a spontaneous electric polarization (Ps) pointing in the
direction of the C2 symmetry axis (ferroelectric).

The pitch will be shortened with falling temperatures according
to the equation discussed above (tilt angle increases). As a
consequent, also the polarization is Temperature dependent.
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C5H11 CN

N : 24 - 35 °C

C5H11

N : 130 - 239 °C

CN

Increase length to broad ratio
Increase polarizability anisotropy

C5H11 CN

N : 31 - 55 °C
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C5H11 CN

N : 104 - 129 °C

N : 84 - 127 °C

CN
C5H11

N

N
C5H11 CN

(N : 52 - 71 °C)
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C5H11 CN

N : 62 - 85 °C

C5H11 CN

N : 62 - 100 °C
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broad ratio

Increased length 
to broad ratio

H

H

IV) Structure Property Relations in Calamitic LCs

IV.1) Core Components

Ring
A

Ring
B

YRX ZR’

X, Y, Z = Optional linkers
A, B = H, F, Cl, Br, CH3 

R = Alkyl R’ = Alkyl, EDG, EWG, Ar

Ring
A

Ring
B

Y

A B

RX ZR’

Core
Terminal chain or cap
Terminal chain
Internal linker
Lateral substituents

SmA = Smectic A range
Values in brakets are monotropic

Fine tuning lamellar attraction by the structural features in the
upper box is key. Crucial physical parameters are shown in the
scheme to the right. Strong lamellar attraction favors smectic
phases while nematic phases rely on weaker attraction.

N N
C6H13O C6H13

SmC : 87 - 106 °C

N

N
C6H13O C6H13

SmB : 44 - 59 °C
SmA :  59 - 89 °C

Desymmetrization of polar groups
creates an additional dipole and often
leads to the formation of tilted phases.

C8H17 CN C8H17 CN C8H17 CN

SmA : 21 - 33 °C
N : 33 - 40 °C

N : 33 - 54 °C N : 52 - 90 °C

C6H13O C6H13

B :  38 - 52 °C

O

O
C6H13O C6H13

SmA :  34 - 45 °C
N :  45 - 53 °C

O

O
C6H13O C6H13

SmA :  34 - 45 °C
N :  45 - 53 °C

Inclusion of oxygen or sulfur-atoms
in saturated rings typically lower
clearing points and disrupt order.

Alicyclic systems tend to rise the clearing point and avoid smectic phase formation:

X

X H

H Me

Me

O
H

H

H

X = S, O, CH2

Cyclohexene rings usually provide poor linearity probably due to their preferred half-
chair conformation. This can be compensated (or even overshadowed) by conjugation
effects (increase in polarizability anisotropy).

C7H15 CN

N : 30 - 59 °C

C7H15 CN

(N : 5 - 35 °C)

C7H15 CN

N : 48 - 61 °C

Nematic stabilization
 Bicyclo[1.1.1]pentane  ≈ Cubane << Phenyl < Cyclohexyl < Bicyclo[2.2.2]octane

O

O
C7H15

O

N
N

C7H15

O

N
N

C7H15

O
O

C7H15

N
N

C7H15

O

O

O
C5H17

(SmI : 80 - 86 °C)
(SmC : 86 - 94 °C)
N : 86 - 142 °C

Some core structures feature a “mean” rod-like
shape of the molecules due to temperature-
dependent sigmatropic rearrangements.

• Core components with more than 6 atoms are often very viscous (disadvantage for applications).
• 5-membered rings are less mesogenic than 6-membered rings (especially when saturated)
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JACS 1990, 8635.
Liquid Crystals 1993, 275 

Mol. Cryst. Liq. Cryst. 1981, 239.

Mol. Cryst. Liq. Cryst. 1981, 51.
Z. Chem. 1981, 9.
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Review ionic LC:
Chem. Rev. 2016, 4643

Y'

Y

Y

Y'

N

X

N

X

Y

N

X = S, O, NH
Y = N, CH

Physical data collection for most common thermotropic LCs
DOI: 10.1007/978-3-319-69743-7_26

C5H11C5H11

Me Me
Efficient

packing through
VDW-forces
π-Stacking
Symmetry

Length/Broad ratio
Polarizability

anisotropy (Δε)

Sm : 26.0 - 47.6 °C
Sm’ : 47.6 - 52.2 °C



The ether linker increases the melting point but also the liquid crystal stability and its range. This
can be explained by the higher polarizability anisotropy. This is showcased by the dramatic
influence of the positioning of the ether: while an aliphatic ether makes mesomorphism disappear,
the higher polarizability anisotropy of the aromatic ether stabilizes the LC and enhances its range.

Additionally, the slightly wider C-O-C angle (compared to the C-C-C angle) makes the molecule
more linear and thus enhances the length/broad ratio.

Branches in the alkyl chain (especially those which are near the core) disrupt packing
dramatically and thus melting points and phase transition to liquid crystals are heavily
decreased.

SmA : 13 - 164 °C
N : 164 - 166 °C
N : 50 - 88 °C

X Me

C5H11

X = H 

X = CH3

X

N : 15 - 29 °C
N : 49 - 68 °C

C5H11

X = CH2
X = O

CN
X

Y

N : 40 - 60 °C
(Isotropic liquid Mp : 38 °C)
N : 70 - 96 °C

H

H
C4H9

C4H9

X = Y = CH2
X = O Y = CH2
X = CH2 Y = O

R
O

O

R

R = OC8H17

R = C8 H17

SmB : 116 - 165 °C
SmC : 165 - 200 °C
(G : 67 - 98 °C)
(SmB : 98 - 102 °C)
SmA : 153 °C

It was shown that polar (but not hydrogen-
bonding) functional groups which link the core to
the alkylchains favor tilted phases in mesogens
with two terminal alkyl chains. It has been
assumed that this is due to the generation of a
torque through the additional terminal dipoles at
both ends.

IV.2) Terminal moieties 
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Chain length / n

Crystal transition Smectic transition
Nematic transit ion

CnH2n+1

CN

Relatively short chains promote the
nematic phase, while longer chains
favor smectic arrangements
because the chains start
intertwining. Structures with two
terminal alkyl chains tend to form
tilted mesophases when the chain
length is extended (SmA à SmC).

Isotropic Liquid

Crystalline solid

Nem
ati

c

Sm
ec

tic

N
em

at
ic

(M
on

ot
ro

pi
c)

Effect of alkyl chain length 
in tails

Odd-even effect – Because even numbers of carbons in an alkyl chain create a deviation from
the ideal linear structure, the phase transition points and the melting points get reduced.

Magic 70 °C rule – If the clearing temperature of a mesogen with a terminal chain of n<3 is
below 70 °C the clearing temperature rises in homologues. If the clearing temperature is higher
it sinks with longer terminal alkyl chains.

C9H19O
O

O CN

SmA : 67 - 74 °C
N : 74 - 87 °C

C9F19

O

O CN

SmC : 129 - 130 °C
SmA : 130 - 185 °C

Perflourinated
alkylchains provide
much more stiffness
and dramatically
increase packing
efficiency.

The use of two alkyl chain as the termina generally favors smectic phases especially 
when they are long. Nematic phases are stabilized by the polar terminals. 

The cyano-group is most used because it 
provides a positive dielectric anisotropy 
which is important for applications.

HN

O Me N O
Me

N
O

O
Cl Br N

Me

Me
Me> > > > > > >

Efficiency of nematic phase generation

C8H17O
O

O X

X H F Cl C3H7 NO2 CN CHO

Mesophase
observed

SmA
SmB

SmA
SmB

SmA
SmB

SmA
SmB

N
N

SmA
SmB

N
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CN

MeMe

n

n = 1 
n = 2
n = 3

Twist sense 
d
l
d

Pitch length (mm) 
0.15
0.30
0.40

Sol/Sed – Rod/Rel rule - When the stereogenic center on
the terminal chain is (S) and on a carbon which is an odd-
number (o) of carbons away from the core, the twist in the
N* phase goes left (l) (Sol). If the center is an even-
number (e) away from the core the twist goes right (d)
(Sed). For (R) stereogenic center the rule is inverted.
Mol Cryst Liq Cryst Lett 1977, 211.

Mol Cryst Liq Cryst Lett 1976, 157.
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The -SF5 ( and –SF4CF3) group has also 
been used for LCs because it has some 
advantages over -CN although melting 
points are usually high.

ACIE 1999,1989. || J. Fluor. Chem. 2006, 610.

Review on Flourine in LC: Chem. Soc. Rev., 2007, 2070.
See also book chapter of Progress in Fluorine Science – DOI: 10.1016/B978-0-12-801639-8.00008-8

N : 15 - 29 °C
(SmA : (-)20 - (-)10 °C)
(N : (-)10 - (-)28 °C)

X = H
X = CH3

CN

Me X



The additional dipole cause by polar lateral
substituents often favors the tilted smectic C
phase.

OC8H17C5H11

F F

SmC : 49 - 95 °C
N : 95 - 142 °C

OC8H17C5H11

SmB : 195 - 211 °C
SmA : 211 - 222 °C

Additional
Dipole

Structures where a dipole comes from the lateral
substituents are commonly used in vertically
aligned nematic modes (VAN-LCDs). They have
a negative dielectric anisotropy.

Additionally they are used in smectic devices
e.g. in surface-stabilized ferroelectric liquid
crystal geometries (SSF-LCDs).

OC8H17C5H11

F F

SmC : 49 - 95 °C
N : 95 - 142 °C

Additional
Dipole

• Associated with decreased packing efficiency and liquid crystal phase stability.
• Disruptions can be very advantageous for physical properties (in applications)
• Effect of lateral substituents can be very subtle especially with small polar substituents,

since lamellar packing efficiency decreases with size but increases with polarity of the
lateral unit.

IV.4) Lateral substitutents

Mostly used: fluorine substituents
• Good in tailoring; exerts small steric effects (not too much to disrupt packing completely)
• Large polarity effects
In some cases, the lateral substituent does not cause molecular broadening due to the
efficient filling of space. Stability and range of the mesomorphic phases can increase
accordingly.

C8H17O
CO2H

X

N : 162 - 190 °C
SmC : 169 - 183 °C
N : 183 - 199 °C

X = H
X = Cl

SmA : 192 - 213 °C

C5H11 C5H11

F

C5H11 C5H11

G : ? - 157 °C
SmA : 157 - 186 °C

C5H11 C5H11

F

SmC : 73 - 80 °C
N : 80 - 136 °C

For similar reasons positioning a small
substituent (fluorine) on the outer-core position
might improve smectogenicity. The inner-core
position cannot fill any vacant space à
molecular broadening is fully observed. The
lower polarizability anisotropy due to the tilting of
the phenyl groups plays also an important role
here.

Linking group must maintain linearity and
be compatible with the core (e.g. don’t
disrupt conjugation in conjugated
systems).
For applications they must be stable so
although azo and imine groups can lead
to higher stability of the liquid crystal they
are seldomly used in applications. The
ester moiety is arguably mostly used.

O

O

O

O

O
N
NN

(O)

IV.3) Linkers
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Chem. Ztg. 1980,  269.

(N : 38 - 40 °C)

H3CO C4H9

H3CO

C4H9

N

H3CO

N

C4H9

X

H3CO

N

C4H9

O

N : 116 - 121 °C

N : 32 - 47 °CX = N N : 41 - 69 °C
X = CH (N : 53 - 113 °C)

High 
polarity Increase longitudinal

polarizability

Increase longitudinal
polarizability

Increase longitudinal
polarizability

7

C5H11

O CN

O

(N : 56 - 65 °C)
(N : 25 - 31°C)

(N : (-)8 - 30 °C)

X

Y

X = Y = H
X = H Y = F
X = Y = F

Δε = 40.1
Δε = 41.0
Δε = 61.0

C5H11 CN

C5H11

CN

C5H11

CN

N : 24 - 35 °C (Isotropic liquid Mp : 62 °C)

Lower 
polarizability 
anisotropyIncrease longitudinal

polarizability
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C5H11

O CN

O
N : (55 - 65 °C)

N : 53 - 71 °C

O CN
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Decrease length to 
broad ratio

N : 55 - 110 °C

Conjugation effects of the linker play a very
important role. The CH=CH linker is much
more conjugative than an ester. An odd-
number of linking-atoms is usually
destabilizing mesophases (not shown).

Alkyne destabilize mesophases 
when compared to alkenes.
Azos tend to lower melting points but 
stabilize the mesophase more. They 
are sometimes used as 
photoswitches in LCs.
Nitrones can 
stabilize
LCs but
increase the 
Melting point a lot.
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R O

1.) PhMgBr
2.) H+

3.) [H]
R

H
R

H
CN

1.) AcCl, AlCl3
2.) NaOH, Br2
3.) POCl3

R
H

CN

1.) [H]
2.) H+

H

C5H11
H

H

O

F
F

F

F

F

R
O

Me

1.) CH2CHCN
     Base
2.) Hydrolysis

R
O

Me

CO2H
CO2H

OMe

O

Ac2O

KOH

R

OH

R

O

1) N2H4
    KOH
2) ZnBr2
    HBr

R

Br
Ar-H
AlCl3

R

Ar

JCS, PT2 1981, 26.

ACIE 1985, 64.
TL 1983, 755.

Synthesis 1985, 662.

Tetrahedron Asymmetry 1994, 2443.
Liebigs Ann. 1995, 1055.

J. Mater. Chem. 1996, 739.

ACIE 2001, 1480.

N* : 65 - 124 °C

ACIE 1977, 100.

N : 59 - 112 °C

C5H11

H

H R

1

2

3

(S)

C5H11

H

H S

S

TfO

C5H11

H

H OH

O

SHHS TfOH
PhCH3, Isooctane
90%

i.) NEt3·HF, ArOH
ii.) Br2

84%

Synthesis intermezzo

RO

RO
O

Ar
R = Ac
R = H

AcO

AcO
O

pNC-(C6H4)-CH(OMe)2
TsOH

HO

HO
O

HO
Ar

H2, Pd/C SnCl4
Ar-H (2.0 eq.)

AcO

AcO
O

AcO OH
OH

28 %
(two steps)

ca. 80%

NaOMe
(>95%)

Ar = C9H19OPh The trioxodecaline shows an inversion of the helix at
higher temperatures.

Synthesis of LC is usually simple and relies on robust and cheap chemistry. Alicyclic systems
are more challenging but their are standard procedures. For more info see Handbook of Liquid
crystals (cited before).

Selected syntheses 

1) (S)-Proline
2) H2, PtO2

O

O

C5H11
O

Me

O

C5H11
O

H

O
R

O

R

O
OEt

R
O

OEtC5H11 OH

C5H11

OH

HC(OEt)3
H+1.) N2H4, KOH

2.) Ac2O, SnCl4
3.) LiAlH4

C5H11 O

O

C5H11

N* : 72 - 126 °C
(Twistane replaced by pC6H4 

N : 93 - 175 °C)

ArCOCl
Py

C5H11

S pTol
O

C5H11

S pTol
O

O
Ar

H

C5H11

Br

1.) Mg/Et2O
2.)

pTol
S

O

O
Menthyl

1.) LDA
2.) ArCOCl

C5H11

O
OMe

Δ
PhCH3

NC

O

O

H

O

OC9H19N* : 108 - 169 °C
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Discotic Nematic (ND) • Director perpendicular to the mesogen plane.
• Has same optical texture as a calamitic nematic

phase however, these phases are immiscible.
• Less common than columnar phases and rarely

occur as the only mesophase.
• Usually observed at temperatures above 90 °C

because discotic mesogens strongly favor
columnar arrangements, which must be heavily
disrupted.

• However, strong molecular perturbation of stacking
often leads to the complete absence of
mesophases.

x

y

z

n
=

Columnar phases (D) z

x

y

z

z

y

Dh z

y

Ds

z

y

Drz

y

Dob.

Disordered
Dd

Ordered
Do

Symmetry between columns
Molecular

 arrangements 
within columns

DsdDhd Dob.d DrdDesignation LCs

V.3.) Structure property relations in discotic LCs

Drd : 68 - 86°C

O

OO

O

O O
C5H11

O

C5H11
O

C5H11
OC5H11

O

C5H11
O

C5H11
O

Larger cores tend to stabilze mesomorphic tendencies. The hexaalkanoyloxy
substituted triphenylenes show often a Drd phase

Reduction of symmetry leads to reduction of
melting points and also to less ordered
columnar phases.

Large peripheral substituents may cause less ordered packing due to possible rotations resulting in ND
phases at higher temperatures. Lateral substituents on the side chain may further destabilize packing
which lowers phase transition points and causes disappearance of the columnar phase. This effect is less
pronounced when space-filling position are substituted with lateral substituents.
Similarly, peripheral aromating rings linked by alkynes are free to rotate and heavily distort columnar
packing.

O
O

RO
R

O

O
O

R

O
R

OO

O

R

O

O

Drd : 142 - 191°C
ND : 191 - 212°C
ND : 107 - 162°C
Drd : 102 - 127°C
ND : 127 - 192°C

C10H21O

X

X = Y = H

X = CH3 Y = H
X = H Y = CH3

Y
R

R
R

R

C7H15

C7H15

Free 
rotation

ND : 98.2 - 131.2°C
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N

N

N

N

R R

R

R

R R

R

R
M

R = -C2H4OC8H17

M = H2
M = Zn
M = Cu
M = Pd
M = Cd

D : 84 - 89 °C
D : 107 - 162 °C
D :  84 - 132 °C
D : 89 - 123 °C
D : 103 - 136 °C

Coordination of metals to the aromatic core can
dramatically change the mesomatic behavior.
Sometimes mesophases are only observed with
metals.

• Similar to piles of coins.
Disordered and order piles.

• No clear definition for
boundary but ordered
phases are usually not liquid
and similar to smectic-type
crystals.

• Columnar phases are the
most common phases for
discotic structures.

• Symmetry in between the
columns is the second
important parameter for the
designation of the phase.

VI.) Discotic Liquid Crystals
Discotic liquid crystals have been discovered almost 90 years after Reinitzers
first observation of LCs. They have yet to be used in applications.

O2CR
O2CR

O2CR
O2CR

RCO2

RCO2

R = C5H11
R = C3H7
R = CH3

D : 69 - 200 °C
D : 213 - 259 °C
D : 288 - 292 °C

CO2R
O2CR

O2CR
O2CR

RCO2

RCO2

R = C5H11
(Isotropic liquid Mp: 48 °C)

R
R

R
R

R

R

R = C6H13
(Isotropic liquid Mp: 66 °C)

OR1
OR1

OR2
OR2

R3O

R3O

Dho : 69 - 86 °C
Dhd : 40 - 79 °C

R1 = R2 = R3 = C5H11
R1 = C6H13 R1 = C8H17 R3 = C12H25

Alicyclic discotic LCs are know, but they must have all-equatorial substituents. In addition, the lack of
heteroatoms prevents any mesophase formation.

JACS 1989, 3024. 

Z. Naturforsch. B. 1986, 1036. Z. Naturforsch. B. 1985, 981.
Chem. Ber. 1991, 2523.
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V) Dopants The twisted nematic phase is most important for applications.

This phase can be also induced in achiral mesogens by adding 
enantiopure dopants in low amounts (0.1 – 10 wt.%). 
Advantages: lower cost and tunability of the pitch. 

The potency to induce a twisted phase is parametrized by the 
helical twisting power (HTP) defined as: 

𝛽 =
1

𝑝 ⋅ 𝑐 ⋅ 𝑒𝑒
𝑝 = pitch in µm 𝑐 = wt.% of dopant 𝑒𝑒 = enantiomeric excess

x

y

z

1/2  P
itch

1,2-Diol based dopants

2-(R)-Octanol has a very low twisting power in MBBA.
The HTP is dramatically improved by linking it to a
core similar to MBBA.

MeO
N

O

O
Me

β = 19.4 µm-1 
(MBBA)

H2N
Me

Ph

β = 0 µm-1 
(ZLI-1695)

HO
Me

β = 0.8 µm-1

(MBBA)

CnH2n+1 CN
H

H

n = 3,5,6 
(eutectic mixture)

ZLI-1695

MeO
N C5H11

MBBA

Similarly, 1-(R)-Phenylamine show no twisting power at
all. When combined to a molecule which has a similar
structure to the host mesogen, a mediocre HTP is
observed. Interestingly, an anthraquinone core provides
a much higher twisting power. This has been attributed
to the intramolecular hydrogen-bond locking, which
favors a conformer which has a high twisting power.

The most obvious way to design a dopant is to modify the host structure in an enantioselective
fashion. This approach is easy but often fails to give high HTPs.

Chiral coordination complexes

Ru
O O

O

O

Me

Me

O
O

Me
Me

Ar

Ar

Ar = p-C6H4-OC6H13

β = -146 µm-1

(MBBA)

Cr
O O

O

O

Me

Me

O
O

Me
Me

Me

Me

Ar = p-C6H4-OC6H13

β = +102 µm-1

(MBBA)

TADDOL based dopants have one of the strongest HTP. This is probably due their rigidity and the
strategic placement of their aromatic rings. The reduced HTP in the corresponding methyl-ether
suggest that hydrogen-bonding might also play a key role.

O

OMe
Me

Ar
OH

Ar

OH

Ar Ar

Ar = Ph
Ar = 1-Napthyl
9-Phenanthryl

β = +100 µm-1

β = +225 µm-1

β = +310 µm-1

(ZLI-1695)

O

OMe
Me

Ar
OMe

Ar

OMe

Ar Ar

β = +55 µm-1

(ZLI-1695)

MeO
N C5H11

MBBA

9.3 Å

R

E7-core

CN

7.1 Å

Other locked 1,2-diols have also been
used. Interestingly, there seems to be a
correlation in HTP and similarity of the core-
length with the host. This has been
attributed to the weaker π-interaction

Mesogenic functionalization

Axially chiral compounds

OR
OR

R = H β = +32 µm-1 
R = Me β = +1.5 µm-1

R = iPr β = -8.2 µm-1

O

O

 β = +85 µm-1

Axially chiral compounds
are most explored as
dopants. There is a strong
correlation between HTP
and preferred conformer.
Cisoid conformers give
usually the highest HTP
while conformers with Φ ≈
90 °C show the lowest
twisting power. Cisoid and
transoid conformers tend to
give helices of opposite
direction in the N* phase.
Photoswitchable dopants
have also been used.

O

O

N

Me

Ph
H

β = 50 µm-1 

(ZLI-1695)

C5H11

H

H O

HN
Me

Ph

β = 27 µm-1 
(ZLI-1695)

Chiral complexes can also be used as dopants and
often show relatively large HTPs.

O O

MeMe

7.1 Å

β = -5.4 µm-1 (MBBA)
β = -17.8 µm-1  (E7)

Me

Me

Me

Me

> 280 nm

> 380 nm

Me

Me

> 280 nm

> 380 nm

Me

Me

60 °C 20 °C

unstable
β = -7 µm-1 (E7)

stable
β = +99 µm-1 (E7)

unstable

stable
β = +17 µm-1 (E7)
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cisoid
conformer

transoid
conformer

φ
φ

φ
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Arbitrary 
starting

line

Director

θ

ϕ

VI.) Defects
Defects are of high importance for applications (usually there avoidance)

TD and kinetic defects:
1. Defects in thermal equilibrium, typically very small (invisible under the 

polarized microscope) and hard to avoid.
2. Defects that arise kinetically depending on how the mesophase is formed

Two main types of defects:
1. Dislocations (“unexpected” positional disorder)
2. Disclinations (“unexpected” orientational disorder)

Dislocational defect only occur in smectic or smectic-type mesophases. E.g.
edge and screw dislocations.

1/2  P
itch

𝑠 =
1
2𝜋&

𝑑𝜑
𝑑𝜃 𝑑𝜃

With 𝑠 ∈ {−1,− ⁄! " , + ⁄! " , + }1

The schlieren rotate with the cross-polarizer
on the microscope. If they rotate in the
same sense the disclination is + while it is –
when it rotates against the sense of the
polarizer.

The polarity of the dislocations in smectic
phases is not determined by the director but
by the orientation of the tilt in the planes.

SmC phases have only schlieren with s =
+/-1 (no dumbbell shapes)
SmCalt phases have schlieren with s = +/-
1/2. and +/-1

Burgers
vector

Screw 
dislocation line

Burgers
vector

θ
ϕ

θ

ϕ

s = +1/2 s = -1/2

s = +1

s = -1

For nematic phases the strength of a disclination (starting from the center of it) is 
given by: 

Disclinations
When some LCs are observed under a cross-polarized microscope so called
schlieren (German for ”streak”) appear. This are either caused by a
continuous, but sharp change in molecular orientation or by dislocations in
nematic phases (or less common in SmC phases).
The areas appear dark because the molecules are parallel to either one of the
polarization filters.
The dislocations appear as crosses or dumbbells with spot in the middle which
is a point or a line of singularity (the director is undefined).

Or in words: How many times did the director rotate and in which direction after a 
full rotation around the axis of the disclination.

s = +1 à Director moves one full round (2 𝝅 – 360°) in the same sense as the 
rotation around 𝜭 – Schlieren appear as cross shape
s = -1/2 à Director moves half a round (𝝅 – 180°) in the counter sense as the 
rotation around 𝜭 – Schlieren appear as dumbbell shape

Liquid Crystals Baran Group Meeting
5/15/21Adriano Bauer

Frustrated Phases 
Imagine the twist of the chiral nematic phase in two
dimensions and extending it to a cylinder. This is called
the double-twist cylinder (although it is twisted more
than double!). These cylinders on the other hand can
arrange in lattices (Blue phase I and blue phase II –
Shown is the blue phase II). Because these structures
cannot fill out space they are frustrated. However, the
empty spaces are filled with defects.

They are called blue because when they were
discovered they appeared strongly blue under the
microscope.
The color is due to a selective diffraction of a certain
wavelength (similar to the diffraction of X-rays in cubic
crystals) which is similar to the pitch length of the twist.

They usually occur at temperatures just below the
transition point to the isotropic liquid. Stabilization of the
defects by nanoparticles or polymers can enhance the
thermal stability of these phases to a range of 70 K. Sci. Technol. Adv. Mater. 2015 16, 033501.
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TN-device - A thin layer of a twisted nematic LC is placed between two transparent electrodes, à the molecules undergo a twist of 90° (or
180-270° in “Supertwisted nematic switching”) through anchoring effects (surface alignment).
Light is polarized so that its polarization is parallel to the initial layers. Because of the chirality of the phase the light changes its polarization
angle with the twist of the molecules and leaves the other electrode with an effective twist of 90°. The twisted polarized light passes the
second polarization filter (analyzer).

IPS - In-plane switching relies on the same principle as the TN-switching, only that the electrodes are in
one plane and the molecules align with their long axis perpendicular to the incoming light. One of the
main advantages of IPS is the view angle stability.

VII. Principles of LCDs

Common LCDs (TN, IPS, VAN) are light shutters
and need a background light (transmissive) that is
why their contrast ratios cannot compete with
emissive technologies such as OLED.

The aforementioned LCD technologies need color-
filters and precise coating.

Basic requirements of LCs for display
applications
• Large mesogenic range in temperatures of -40°C

to 100 °C
• Has to respond to electric field à Must exhibit

dielectric anisotropy
• The switching time is proportional to the

rotational viscosity
à viscosity must be low

Typically used: mix of 10-20 compounds.

2 
- 3

 V

Dark

ON

+

-

Vertically Aligned Nematics (VAN) – LCs with negative polarization anisotropy are used
(i.e. with a dipol perpendicular to the director – mostly fluorinated LCs). Through different
coating of the electrodes the molecules are initially vertically aligned. When an electric
potential is applied the molecules start to align their short axis to the field. The polarizer
(and the analyzer) are set 45° (-45°) to the alignment of the molecules in the field

OFF

+

-

Dark Bright

On

+

-

When a certain voltage is applied between the two electrode (2-3 V) the
molecules start to align on their long axis towards the direction of the
electric field (caused by their positive polarization anisotropy i.e.
molecular dipole along the long axis – Fréedericks effect). The
polarization-plane is not altered by the liquid and thus cannot pass the
analyzer. If the polarizers are perpendicular the configuration is called
“normally white mode” in contrast to the “normally black mode”
when the polarizers are parallel to each other.

Unpolarized light

Polarizer
Transparent 

electrode (ITO)
on Glass

+ TFT

Analyzer

Bright

OFF

+

-

Color 
Filter

Green
light

OFF

Dark

+ -

Unpolarized light
Polarizer

Transparent
electrodes  

in plane

Bright

ON

+ -

Advantages/Disadvantages
+ Rapid response time
+ Low price
- Most restricted view angle

Advantages/Disadvantages
+ Very stable view angle
+ Color accuracy
- Lower contrast

Advantages/Disadvantages
+ Very stable view angle
+ Good contrast
- Lower color accuracy

+-

C3H7
H

H

F F

OC2H5

Typical molecule used in VAN.
This one is actually used om
commercial displays.

In-Plane Switching Technology for Liquid Crystal Display Television – DOI: 10.1109/JDT.2007.901562

12



Liquid Crystals Baran Group Meeting
5/15/21Adriano Bauer

Main disadvantages of most LCDs:
• Use of color filters à reduces

luminosity by 30% and diminishes
power efficiency as a consequence.
Moreover, they are expensive.

• Contrast is lower due to the use of
backlight

Dark

+ - + -

Bright

Blue Phase LCD
When a blue phase LC is placed in the IPS-setting cell it will not transmit light
because it behaves optically like an isotropic liquid.
When a voltage is applied the molecules in the double-twin system will align
towards the field, distort the shape of the whole double-twin lattice and change the
polarization of the light accordingly.

The later problem is intrinsic transmissive nature of LCDs
However, the former problem can be solved by using fast switching RGB light (FSC
– Fast sequential color). When three images in red green and blue are created fast
sequentially they will appear as a uniform frame in our vision. This is because the
nerve transmission of visual information from the retina to the brain needs 1/16s
(62.5 Hz) and is retained for 0.1 – 0.4s.

This means that the LC-cells (subpixels) have to respond at least at a speed of 180
Hz which cannot be accomplished by TN, IPS or VAN.

FLCD
Chiral smectic phases SmC* have also been used for displays:
In this case a thin layer of SmC* material is aligned parallel to the electrodes.
The spontaneous polarization vector is perpendicular to the electrodes and can be inversed by applying
voltage. In doing so the molecule tilt to the other side of the cone (ca. 45°) and interfere with the polarized
light. When the poles of the electrodes are switched the molecuels go back to their initial position. This
means that there is no need for fast relaxation as in the previous cases and the viscosity of the LC is less
important.

The technology is not new but it suffered from mechanical stability (the screen would go black if you
would touch it!). Research groups have found interesting solutions to this and presented protoypes. Some
FLCDs seem to be commercially available. .

Bright

+
-

OFF

+

-

Dark

Adv. Funct. Mater. 2018, 1706994.

Sci. Technol. Adv. Mater. 2015, 16, 033501. || http://downloads.emdgroup.com/lcd_explorer/
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