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ABSTRACT: This article de-

scribes the syntheses and electro-

optical applications of liquid crys-

talline (LC) conjugated polymers,

for example, poly(p-phenylene
vinylene), polyfluorene, polythio-

phene, and other conjugated poly-

mers. The polymerization involves

several mechanisms: the Gilch

route, Heck coupling, or Knoeve-

nagel condensation for poly(p-
phenylenevinylene)s, the Suzuki-

or Yamamoto-coupling reaction

for polyfluorenes, and miscella-

neous coupling reactions for other

conjugated polymers. These LC

conjugated polymers are classified

into two types: conjugated main

chain polymers with long alkyl

side chains, namely main-chain

type LC polymers, and conjugated

polymers grafting with mesogenic

side groups, namely side-chain

type LC conjugated polymers. In

general, the former shows higher

transition temperature and only

nematic phase; the latter possesses

lower transition temperature and

more mesophases, for example,

smectic and nematic phases,

depending on the structure of

mesogenic side chains. The fully

conjugated main chain promises

them as good candidates for polar-

ized electroluminescent or field-

effect devices. The polarized

emission can be obtained by sur-

face rubbing or thermal annealing

in liquid crystalline phase, with

maximum dichroic ratio more

than 20. In addition, conjugated

oligomers with LC properties are

also included and discussed in this

article. Several oligo-fluorene de-

rivatives show outstanding polar-

ized emission properties and

potential use in LCD backlight

application. VC 2009 Wiley Periodicals,

Inc. J Polym Sci Part A: Polym Chem 47:

2713–2733, 2009
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INTRODUCTION

Liquid crystalline (LC) materials have large anisotropy

of optical, electrical, magnetic, and physical properties

because of their anisotropy molecular structure and mo-

lecular alignment. They can show a variety of character-

istic behavior on application of electric and magnetic

fields. On the other hand, conjugated polymers with

highly extended p-conjugation in their main chain have

attracted considerable attention from both fundamental

and practical points of view, because various novel phys-

ical behaviors have been observed and also various func-

tional applications have been proposed.1–4 Recently, a

variety of LC conjugated polymers having a mesogenic

part in their side-chain or long alkoxy side-chains as a

substituent were synthesized and characterized. Such

kinds of new conjugated polymers can be aligned under

LC phase and used for the application of polarized elec-

troluminescence (EL) devices and organic thin film tran-

sistors.

LC conjugated polymers have been a subject of two

review articles. In 2001, Neher reviewed the LC poly-

fluorene homopolymer for bright blue emission and

polarized EL.5 In 2003, Lam and Tang reviewed the LC

polyacetylenes.6 In this highlight, we will avoid duplica-

tion with two previous reviews. We will concentrate on

LC poly(p-phenylenevinylene) (LC PPV), LC polyfluor-

ene (LC PF), and side-chain LC conjugated polymers.

The LC polyfluorene will be covered by only those pub-

lications after 2001.

LC POLY(P-PHENYLENEVINYLENE)

For the development of conducting and luminescent

polymers, the fully conjugated polymer PPV and its

derivatives have attracted a great deal of attention

because of their particular structures and highly interest-

ing opto-electrical properties. Many synthetic routes

have been proposed and widely used to prepare PPV

derivatives, including Wessling and Zimmerman route,7

Gilch route,8 chlorine precursor route,9 Heck coupling

polymerization,10 Wittig condensation,11 and Knoevena-

gel polycondensation.12 Because long alkyl chains or

mesogenic groups are incorporated onto the monomer

structure before polymerization, the forming polymers

are usually soluble in common organic solvents. This

feature simplifies the synthetic procedure, that is, no
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thermal conversion process is required for the prepara-

tion of these polymers, which possess intrinsic solubil-

ities in many solvents.

The trans-PPV backbone is a rigid rod that can act as

the mesogenic unit. Those alkyl or alkoxy side chains

attached to the phenyl ring of the main chain are

regarded as soft spacers, resulting in so-called ‘‘hairy-

rod’’ polymers.10,13,14 The solubility of these LC PPVs in

common organic solvents is highly improved by alkyl/

alkoxy side chains. Before 2000, Heck coupling poly-

merization was mostly applied to synthesize LC PPV

derivatives. In a typical Heck coupling polymerization,

an aromatic dihalide and a divinylbenzene are coupled to

generate fully conjugated main chain, as shown in

Scheme 1. The molecular weights of obtained polymers

are not very high (usually below 30,000 KDa), and the

polydispersity index (PDI) values are often larger than 2.

Besides, the removal of palladium catalysts is essentially

required to reach better performance of their EL devices.

To examine the LC properties of certain materials,

polarized optical microscopy (POM) provides fast and

supplemental observation of the transitions. Polymers

that show birefringent fluids under cross polarization

above the melting temperatures are regarded to possess

LC properties. Most LC PPV derivatives show nematic

texture under their LC state (P1 in Chart 1).10 The tex-

ture is reversible at a slower cooling rate of 1–5 �C/min,

because polymers own higher viscosity compared with

small molecules. The high molecular weight of conju-

gated polymers makes it difficult to grow the characteris-

tic Schlieren textures exhibited by small molecule ne-

matic liquid crystals. The authors also found that the

melting and clearing transition temperatures are affected

by the lengths of the side chains. As the carbon number

of the side chain increases from 4 to 12, both melting

and clearing temperatures decrease steadily.

The substitution on the aromatic ring can be long

alkyl or alkoxy chains, usually longer than hexyl group

(C [ 6). Such kind of PPV derivatives can show LC

properties, usually nematic texture under cross polariza-

tion; the LC temperature range of those polymers is also

pretty wide, about 80–100 �C. In addition to dialkylated

PPV derivatives, PPVs with dendritic side chains were

also reported to have LC properties (P2 and P3 in Chart

2).15 Different generations of polyaryl ether dendrons

(e.g., Fréchet-type dendrons) were attached onto PPV

main chain, and their LC phases were verified by POM

and X-ray diffraction technique. Figure 1 shows X-ray

diffraction patterns and optical photographs of dendron-

containing P2 and P3, both exhibiting thermotropic ne-

matic mesophase. The nematic-to-isotropic transition

temperature was measured to be 200 � 5 �C for P2 and

211 � 5 �C for P3. The nematic character of these PPV

derivatives can be exploited to generate strongly aligned

films, resulting in enhanced photoconductivity and better

charge transport capability, as well as polarized light

emission.

From 2000, the Gilch route is widely used to prepare

soluble PPV derivatives, including LC ones. The Gilch

route employs a,a0-dihalo-p-xylene with excess base,

usually tert-BuOK in organic solvents. Alkyl or alkoxy

chains are also incorporated onto the aromatic rings

before polymerization to improve the solubility of the

resulting polymers. A typical Gilch route to solution-

processible PPV derivatives is depicted in Scheme 2.

The polymerization condition is mild and the molecular

weights of obtained polymers are relatively large. In

Scheme 1. Synthesis of PPVs via Heck coupling polymerization.

Chart 1. Dialkoxy-PPV. Chart 2. PPV with dendritic side chains.
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some cases, gelation or precipitation of polymeric

products may occur during polymerization. Neef and

Ferraris8 proposed a general synthetic method to carry

out the Gilch route by reversed addition of base and

using 4-methoxyphenol as an end-capping agent to pre-

pare poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylene-
vinylene) (MEH-PPV).

Several disubstituted PPV derivatives, including

MEH-PPV,16 poly(2,5-dioctyloxy-1,4-phenyleneviny-

lene) (DO-PPV),17 and poly(2,5,20,50-tetrahexyloxy-8,70-
dicyano-di-p-phenylenevinylene) (DH-CNPPV),18 are

found to exhibit nematic-like optical texture. Su et al.

demonstrated that these light-emitting conjugated poly-

mers are mesomorphic in nature, showing nematic-like

texture under cross polarization. Combining with the

observations of X-ray diffraction and transmission elec-

tron microscopy (TEM), these hairy-rod polymers are

confirmed to have supramolecular assembly in general.

Figure 2 shows the X-ray diffraction patterns and TEM

bright field image for thin specimens annealed at 200 �C,
where the lamellar mesophase is fully developed as

judged from its X-ray diffraction results. The most prom-

inent morphological feature here is the abundance of

worm-like entities �200 nm in length and 10–20 nm in

width. A closer examination indicates that each of these

worms is composed of a string of beads 10–20 nm in

size.

The lamellar structure was found to be 1.6, 1.8, and

2.0 nm in layer spacing for MEH-PPV, DO-PPV, and

DH-CNPPV, respectively. Figure 3 depicts a schematic

model connecting the lamellar mesophase in the molecu-

lar level to agglomerated worm-like morphology of these

conjugated polymers. In their model, the polymer beads

(�10–20 nm in size from TEM) are weakly attracted

side-by-side in the transverse direction to give worm-like

features. Upon shear at an elevated temperature, the

worm-like textures are disintegrated into units of beads,

within which polymer backbones and the lamellar assem-

blies are aligned in the shear direction. These beads sub-

sequently reagglomerate into new worm-like entities

whose long axes lie perpendicular to the shear direction,

with polymer backbones and lamellae lying parallel to

the shear direction. The difference among these three

polymers is that DO-PPV and DH-CNPPV show the

Figure 1. Optical textures and WAXS patterns of polymers

P2 and P3.

Scheme 2. Synthesis of PPVs via Gilch route.

Figure 2. TEM bright-field image of DO-PPV film annealed at 200 �C for 5 min followed by

fast cooling to room temperature.
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formation of a lamellar mesophase in bulk, whereas

MEH-PPV has biaxial nematicity.

A silyl-disubstituted PPV derivative poly[2,5-bis-

(dimethyloctylsilyl)-1,4-phenylenevinylene] (P4 in Chart

3) was reported to have LC properties and polarized emis-

sion.19 From DSC thermogram, two endotherms at 143

and 220 �C were observed, which correspond to melting

and isotropization temperature of the polymer, respec-

tively. This polymer has a high PL quantum efficiency of

60% in thin film state. The authors attributed such high

PL quantum efficiency to the efficient confinement of the

excitons in the main chains and also the molecular order-

ing effects from its LC properties.

In 1997, Hsieh and coworkers9 proposed a synthetic

route to poly(2,3-diphenyl-1,4-phenylenevinylene) (DP-

PPV), which exhibits high photoluminescence (PL) effi-

ciency in the solid state. Different substituents can be

introduced on the 5-position of the phenyl ring to

improve its properties. By following this synthetic route,

monomers containing diversified functional groups are

easily synthesized and therefore soluble DP-PPV deriva-

tives with high molecular weights are also easily

obtained. For instance, different alkyl side chains from

pentyl to decyl groups were incorporated.20 The resulting

polymers show characteristic nematic texture under cross

polarization at different temperature, depending on the

varieties of the side group. A general route to the notable

DP-PPV derivatives is depicted in Scheme 3. In this

DPn-PPV series, where n is the carbon number of the

alkyl side chain on C-5 position of the phenyl ring, simi-

lar nematic texture is found for n ¼ 5–10. It is noted that

no liquid crystalline phase is observed when the alkyl

side chain on C-5 position is too short, for example, a

butyl group (n ¼ 4). A typical optical texture of DP6-

PPV under its mesophase is shown in Figure 4.

All the polymers mentioned above show nematic

phase, whereas main-chain conjugated polymers that

have smectic phases are relatively rare. Low polydis-

persed poly(2,5-di(20-ethylhexyloxy)-1,4-phenyleneviny-
lene) (DEH-PPV) is one example of LC conjugated

Figure 3. Schematic prepresentation of hierarchical features

of polymer aggregates.

Chart 3. Dioctylsilyl-PPV.

Scheme 3. Synthesis of DP-PPV derivatives containing different side chains.
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polymers having smectic phase (see Chart 4).21 The

polydispersities of the prepared DEH-PPV were ranged

from 1.06 to 1.19, determined by gel permeation chroma-

tography using monodispersed polystyrene as the stand-

ard. A typical smectic texture of DEH-PPV at 180 �C is

shown in Figure 5. Further heating results in a transition

from a smectic to a nematic phase. Low polydispersity is

critical to the formation of smectic phases because disor-

der in chain length disrupts the formation of a single

layer thickness. Besides, low molecular weight of synthe-

sized DEH-PPV (Mn values from 4,400 to 10,900) is also

responsible for the formation of smectic phase. The mo-

lecular weights of previous PPV derivatives are usually

pretty high, with Mn value over 20 KDa; the hindrance

caused by conjugated main chain is too large to form or-

dered layer structure. Direct structural evidence in sup-

port of LC DEH-PPV is obtained by X-ray scattering.

Figure 6 shows the wide-angle X-ray scattering (WAXS)

patterns of DEH-PPV with Mn value of 4600, which

exhibits crystalline, smectic, and nematic phases upon

increasing temperatures. Heating the sample into the

smectic phase causes four peaks to develop, and melting

to the nematic phase results in decrease in the peak inten-

sity as the material loses order.

LC POLYFLUORENE

In addition to PPV, polyfluorene (PF) and its derivatives

have also drawn a great deal of research interest for their

particular structure and emission properties. Two syn-

thetic routes are used to prepare PF derivatives, Suzuki-

coupling and Yamamoto-coupling reactions. These two

coupling reactions have diverse catalysts and polymer-

ization conditions. In a typical Suzuki-coupling reaction,

palladium complex, such as Pd(PPh3)4, is used as a cata-

lyst to carry out the polymerization in the presence of

Figure 4. Optical texture of DP6-PPV at 150 �C.

Chart 4. Diethylhexyloxy-PPV.

Figure 5. Optical texture of DEH-PPV at 180 �C.

Figure 6. WAXS patterns of DEH-PPV at different

temperatures.
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K2CO3 and a phase transfer catalyst aliquat 336 in a sol-

vent mixture (toluene/degassed water).22 During poly-

merization process, dibromofluorene and fluorenylbor-

onic ester react with each other to give PF products;

well-defined alternating copolymer can be obtained via

Suzuki-coupling polymerization. The molecular weights

of obtained PF derivatives are moderate (Mn 10,000–

50,000) with low PDI values. A general Suzuki-coupling

reaction is given in Scheme 4.

In a typical Yamamoto-coupling reaction, nickel com-

plex, such as Ni(COD)2, is used as catalyst to carry out

the polymerization in the presence of cyclooctadiene and

cocatalyst 2,20-bipyridyl in a solvent mixture (toluene/

DMF).23 Corresponding 2,7-dibromofluorene serves as

the monomer. This method allows preparation of PF

derivatives with very high molecular weight (Mn up to

250,000), which is usually much higher than that made

by Suzuki-coupling reaction. However, there are some

drawbacks. The amount of nickel complex is relatively

large (when compared with palladium complex by

Suzuki-coupling reaction) and requires a special work-up

to be removed completely. Moreover, the PDI value is

usually higher. A general Yamamoto-coupling reaction

is given in Scheme 5.

Similar to PPVs, polycyclic aromatic rings of PF

main chain can also serve as the mesogenic unit. Long

and/or branched alkyl chains incorporated on the C-9

position of fluorene act as soft spacers. Thus, PFs can

also be regarded as ‘‘hairy-rod’’ polymers. Neher has

reviewed a number of LC PF homopolymers for their

blue emission and polarized electrominesescence.5

Although poly(9,9-dihexylfluorene) (PFH) is generally

considered as amorphous, PFs with longer alkyl side

chains, for example, poly(9,9-dioctylfluorene) (PFO in

Chart 5) or poly(9,9-bis(2-ethylhexyl)fluorene) (PF2/6

in Chart 5), show LC behavior and potential application

in polarized PLEDs. The phase behavior of PFO is quite

complex, which includes amorphous, nematic, and b
phases.24 Selective formation of three phases can be

achieved via judicious choice of process parameter. The

amorphous state of PFO is obtained by quick evaporation

of solvent, whereas slow solvent removal during film for-

mation or extended treatment of the amorphous film with

solvent vapor, that is, solvent annealing, results in pre-

dominately b phase. The nematic phase is just in

between amorphous and b phase. The conjugation length

of PFO under both nematic and b phase is greater than

that of the amorphous film. Figure 7 shows the nematic

phase of PFO with characteristic schlieren texture under

cross polarization. Recently, PFH has been re-verified to

exhibit a mesophoric b phase with a layer spacing of

�1.4 nm.25 The b phase of PFH is inherently metastable

and, upon heating above 175 �C, transforms into a

crystalline form that melts into a nematic phase above

250 �C. In addition to PF homopolymers, PF copolymers

containing different aromatic moieties also show LC

properties. The annealed film of poly(9,9-dioctylfluor-

ene-alt-thieno[3,2-b]thiophene) (PFTT in Chart 6) exhib-

its a birefringent fluid phase under cross polarization, in-

dicative of its thermotropic nematic liquid crystallinity.26

Figure 8 shows a crystallization exothermal peak (TCr)
and a melting endothermal peak (TCr-LC) appeared at 161

and 243 �C, respectively. These characteristic tempera-

tures of PFTT are around 100 �C higher than those previ-

ously reported for the corresponding homopolymer PFO,

probably because of the introduction of the unsubstituted

and rigid thieno[3,2-b]thiophene moiety. Poly(9,9-

dioctylfluorene-alt- bithiophene) (PFT2 in Chart 6)

shows similar phase transition and LC behavior.

A PF-triphenylamine (TPA) copolymer (P5 in Chart

7) synthesized by our group also revealed a schlieren

Scheme 4. Synthesis of PFs via Suzuki-coupling reaction.

Scheme 5. Synthesis of PFs via Yamamoto-coupling reac-

tion. Chart 5. Poly(9,9-dialkylfluorene).
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texture over 100 �C,27 indicative of a thermotropic ne-

matic liquid crystalline phase (as shown in Fig. 9).

The thermotropic LC properties of fluorene-seleno-

phene-based copolymer (P6 in Chart 8) were also

directly observed by POM.28 The cast pristine film of the

polymer did not exhibit birefringence because of its

amorphous phase, whereas the film annealed to 270 �C
produced a clear birefringent image because of the LC

domains, which is consistent with the phase transition

characteristics revealed by the DSC analysis (as shown

in Fig. 10). Moreover, the film maintained its birefrin-

gence image after quick cooling to room temperature.

Other hairy-rod LC conjugated polymers include

polythiophene (PT),29–31 poly(p-phenyleneethynylene)
(PPE),32,33 and poly(p-phenylenebutadiynylene) (PPB).34–36

For these polymers, conjugated backbones backbone

serve as rigid mesogenic core, and alkylated side chains

on phenyl or thiophene rings help increase solubilities

in organic solvents and form LC properties, similar to

PPV and PF. The LC properties of these conjugated

polymers are mostly examined by POM, DSC and

X-ray diffraction experiments, showing nematic phase

in their LC range. Typical structures of PT, PPE, and

PPB with alkyl side chains are shown in Chart 9.

SIDE-CHAIN LC CONJUGATED POLYMERS

Apart from hairy-rod LC conjugated polymers substi-

tuted by flexible aliphatic side chains, introducing meso-

genic groups onto p-conjugated main chain has also

drawn a lot of research interests. These side chain substi-

tuted conjugated polymers have a mesogenic structure

similar to traditional side chain LC polymers, such as

polyester and polyamide; therefore, they are able to man-

ifest LC properties. The introduction of LC groups has

been demonstrated to afford optical dichroism and elec-

trical anisotropies, giving rise to advanced LC conju-

gated polymers. In 2003, Lam and Tang6 have reviewed

a great number of LC polyacetylene (PA) derivatives

containing mesogenic groups. They demonstrated that

PAs with mesogenic pendants can be highly emissive

with photoluminescent quantum yield of up to 98% and

EL performance comparable to some best blue-light-

emitting polymers. These sheet-like side chain LC PAs

can form monolayer lamellae in dilute solution.37 The

mono-substituted PAs bearing ferroelectric LC groups

can also show chiral nematic and smectic phases under

LC state.38 In addition to PAs, many other conjugated

Figure 7. Schlieren-like texture of PFO under LC state.

Chart 6. Fluorene-thiophene copolymers.

Figure 8. DSC thermograms of polymers PFTT and PFT2.

Chart 7. Fluorene-TPA copolymer.
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polymers incorporating with LC side groups have also

been synthesized and characterized. Akagi and co-

workers39 synthesized a number of LC polyarylenes and

polyarylenevinylenes, including poly(p-phenylene),
PPV,39–41 and polythienylenevinylene.41,42 Chart 10

shows the chemical structures of some side-chain LC

conjugated polymers. Cyanobiphenyl (CB) or phenylcy-

clohexyl (PCH) mesogenic cores were linked to p-conju-
gated main chain through alkyl spacer. Both smectic and

nematic phases were observed for those with PCH meso-

genic cores, whereas CB-containing polymers only

exhibited smectic mesophase. Taking the example of

polymer P9, its X-ray diffraction pattern showed two dif-

ferent peaks, sharp and broad ones, at 2h ¼ 1.76 and

19.0 degrees. These two diffraction peaks were evaluated

to be 50.2 Å and 4.66 Å, corresponding to an interlayer

distance of layered structure and an interchain distance

between mesogenic groups, respectively, (as shown in

Fig. 11).41 Besides, polymers show relatively high con-

ductivity of 10�3 S/cm under nonoriented condition,

which is higher by 3–4 order of magnitude than those of

aligned polyacetylene derivatives containing similar

mesogens. The results suggest an enhanced coplanarity

in the PPV main chains.

Our group also prepared two DP-PPV derivatives

(P12 and P13 Chart 11) containing LC side groups.43,44

The thermotropic LC phases of polymers P12 and P13
were investigated by differential scanning calorimetry

(DSC) and POM. A stable nematic mesophase of poly-

mer P12 is shown in Figure 12, with a threaded texture

observed between 170 and 290 �C. The optical texture of
the sample was almost unchanged after quenched to

room temperature. In addition to alkylbiphenyl and PCH

mesogens, we also reported the synthesis and polarized

EL of novel LC PPV copolymers (P14 in Chart 12) con-

taining laterally attached penta(p-phenylene) meso-

genes.45 From DSC thermogram, these polymers show

complex thermal behaviors, which contain glass transi-

tion, melting, and nematic-isotropic transition. These

polymers show microphase separation behavior, which is

very common for side-chain LC polymers. The optical

micrograph and DSC thermogram of polymer P14 are

shown in Figure 13.

Other example includes PPV derivatives containing

LC oxadiazole groups. The mesogenic core comprises

heterocyclic 1,3,4-oxadiazole and two adjacent phenyl

Figure 9. Optical texture of polymer P5 at 175 �C.

Chart 8. Fluorene-selenophene copolymer.

Figure 10. DSC thermogram of polymer P6 (inset: TGA

curve of P6).

Chart 9. PT, PPE, and PPB polymers.
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rings and is incorporated to PPV main chain through

oxymethylene spacer from one side (P15) or lateral side,
so-called mesogen-jacketed LC polymer (P16), as shown
in Chart 13.46,47 For polymer P15, although its monomer

containing 1,3,4-oxadiazole moiety possessed typical

schilerene texture to be nematic liquid crystal, the author

reported that the resulting polymers showed no LC

behavior based on the results of DSC and POM observa-

tion. For polymer P16, its synthesis, optical, and electri-

cal properties were mentioned; however, no LC proper-

ties were discussed in the literature.

A novel side-chain photoresponsive PPV derivative

(P17 in Chart 14) containing hexafluoro-cyclopentene

ring was synthesized by Akagi and coworkers48 as shown

in Chart 14. A nematic LC phase was observed in both

heating and cooling processes, referring to an enantio-

tropic nature. The glassy-nematic and nematic-isotropic

transition temperatures were further examined to be 95

and [200 �C in the heating process, respectively,

whereas nematic-glassy transition temperature was

decreased to 85 �C. The photoisomerization of photore-

sponsive side group can be controlled by exposure of UV

or visible light, resulting in open form (fluorenscence)

and closed form (quenched fluorescence).

PF derivatives containing mesogenic groups are rela-

tively rare. The most utilizing group is still 1,3,4-oxadia-

zole. Charts 15–17 show some co-PF derivatives with

1,3,4-oxadiazole groups attached on C-9 position of fluo-

rene moiety or 1,3,4-oxadiazole dendritic pendants on

the phenylene ring.49–52 These polymers were mainly

developed for the improvement in EL and/or thermal

stabilities; no obvious LC properties were mentioned in

those previous literatures. Nevertheless, they should be

classified as side-chain conjugated polymers as well.

In addition to 1,3,4-oxadiazole mesogens, side-chain

LC PF derivatives with laterally attached penta(p-phenyl-
ene) mesogenes were synthesized and reported by our

group.45 The nematic LC behavior and phase transition

temperatures were both well characterized and reported

in the previous literature. The chemical structure of those

laterally attached side-chain PF derivatives are shown in

Chart 18. They possess a wide nematic range from 73 to

81 �C to 258–302 �C, as verified by POM and DSC.

Apart from LC PPV and PF derivatives, a great num-

ber of side-chain LC conducting polymers containing

mesogenic side chains have also been synthesized and

characterized, including PT,42,48,53–57 polyaniline,54 and

polypyrrole.54,58,59 The structures of these side-chain LC

conducting polymers are given in Charts 19 and 20.

Some of them show smectic mesophase in nature, for

Chart 10. Mesogen-containing conjugated polymers.

Figure 11. Schematic illustration of the layered structure of

polymer P9.

Chart 11. DP-PPV with LC side groups.
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example, P28–P30, and P36–P38, and P43, because the

alkyl spacer is inserted between rigid main chain and

mesogenic side chain; the hindrance from the rigid main

chain reduces and mesogenic side chains have the ten-

dency to form layered smectic structure. On the other

hand, the others show only nematic phase without

adequate alkyl spacer. It should be noted that, for poly-

pyrrole derivatives P39–P43, only the polymer with

mesogenic groups on both the N-position of pyrrole and

the methine position in the main chain shows LC proper-

ties, that is, no LC mesophase is observed for P39–P42.
It may be likely that the wide space between neighboring

mesogens gives no spontaneous LC aggregation. A typi-

cal fan-shape smectic A texture of polymer P43 is shown

in Figure 14.

Recently, conjugated polymers bearing ferroelectric

LC groups have drawn much research interest because of

their spontaneous polarization in the chiral smectic C

(SC*) phase.
59–64 The chemical structures are shown in

Chart 21. Ferroelectricity is required to have a spontane-

ous polarization that is generated by assembly of dipole

moments. It is well known that ferroelectric LC mole-

cules have the ability to respond more quickly to an elec-

tric field than formal LC ones. Although these polymers

show SC* phase under certain LC state, however, neither

the quick electrosponsive behavior nor the switching

function based on polarization inversion has been

achieved. This is primarily because of the structurally

rigid p-conjugation main chain that prohibits the genera-

tion of ferroelectricity using electric field. Figures 15 and

16 show the characteristic chiral smectic fan-shape tex-

ture (SC*) and corresponding WAXS diffraction patterns

of polymers P45 and P52, respectively. It is also noted

that polyphenylene derivatives P44–P46 show one or

more chiral smectic mesophases, for example, chiral

smectic I (SI*) and chiral smectic J (SJ*) phases for poly-

mer P45, whereas only chiral smectic A (SA*) phase is

observed for polymer P46.60 No LC mesophase is found

for polymer P47, because the neighboring mesogenic

groups are too far to form LC aggregate.

LC CONJUAGTED OLIGOMERS

Conjugated oligomers are those p-conjugated materials

with well-defined molecular weight and conjugation

length. In many ways, oligomers own better optical

properties and are easier to manipulate compared with

Figure 12. Optical texture of polymer P12 at 175 �C.

Figure 13. Optical micrograph and DSC thermogram of polymer P14.

Chart 12. PPV derivative with laterally attached mesogenic

groups.
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their corresponding polymers. Several conjugated

oligomers with LC properties have been synthesized

to study their photo-physical and self-assembled proper-

ties, including oligo(p-phenylenevinylene) (OPV),65–74

oligofluorene,75–80 and oligo(p-phenyleneethyny-
lene).33,81

POLARIZED EMISSION

Linearly polarized emission has been widely explored

for backlight application in liquid crystal displays

since 1995. Several techniques have been developed

to obtain polarized emission with high polarized

ratio, including mechanical stretching,82,83 direct rub-

bing,41,43,48,58,84–86 thermal annealing on polyimide (PI)

or poly(3,4-ethylenedioxythiophene) (PEDOT) alignment

layer,19,27,35,45,74–77,86–99 Langmuir-Blodgett film,14

Chart 13. 1,3,4-Oxadiazole-containing PPV derivatives.

Chart 14. Photoisomerization of polymer P17 under expo-

sure of UV or visible light.

Chart 15. 1,3,4-Oxadiazole-containing co-PF derivatives.

Chart 16. 1,3,4-Oxadiazole-containing co-PF derivatives

with different generation.
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friction transfer,67,100,101 and other techniques.40,42,102

For those luminescent materials with no self-organized

LC properties, mechanical stretching or the usage of fric-

tion transfer of poly(tetrafluoroethylene) (PTFE) could

be an alternative way to get polarized emission. Mechan-

ical stretching of pristine polymer film is the simplest

way to achieve such kind of polarization emission,

because elongation is one of intrinsic properties of poly-

mers. However, the film thickness is usually in lm scale,

which is too thick for the fabrication of EL devices. The

driving voltage turns out to be very high and luminescent

efficiency is thus lowered.82 Huang and coworkers83 uti-

lized blending film of PFO/polyethylene (PE) to reach a

Chart 17. 1,3,4-Oxadiazole-containing co-PF derivatives

with different generation.

Chart 18. PF derivatives with laterally attached mesogens.

Chart 19. Mesogen-containing side-chain polymers P27–
P35.

Chart 20. Mesogen-containing polypyrrole derivatives

P36–P43.
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very high PL polarization ratio of 58, because of highly

elongated characteristic of polymer PE matrix. Further-

more, the vibronic band of the emission in perpendicular

direction is also diminished, as shown in Figure 17. The

order parameter S was estimated to 0.92 from its absorp-

tion spectra, indicating a very high degree of orientation.

The use of PTFE layer by friction transfer is an alterna-

tive way for many kinds of luminescent materials, from

small molecules to high-molecular-weight polymers, to

obtain polarized emission.67,100 However, the insulating

nature of PE and PTFE restrict their application for the

fabrication of polarized EL devices.

Herein, we mainly discuss the polarized emission of

LC conjugated materials and report some outstanding

results from those previous literatures. The alignment of

LC conjugated materials can be achieved by both direct

rubbing of the active layer and thermal annealing on

additional alignment layer. Both methods mentioned

above are always carried out under LC state to fulfill

self-organization of LC materials. The direct rubbing of

polymer thin film can be proceeded with a glass rod,

slide, or a roller covered by nylon cloth. A high polarized

ratio of 16 in PL spectra using polymer P34 as the emis-

sive material was ever achieved.48 A practical polarized

EL device using partially conjugated PPV as the active

layer was fabricated with polarized ratio of 12.85 The

emissive intensity in parallel to rubbing direction is usu-

ally stronger than that in perpendicular. In some cases, it

shows stronger emission in perpendicular to rubbing

direction, especially for those side-chain LC conjugated

polymers.41,43 Taking the examples of polymer P12, the
light emitted from the rubbed film was preferentially

polarized perpendicular to the rubbing direction, as

shown in Figure 18. This is because rubbing at thermo-

tropic LC phase induces the alignment of mesogenic side

groups along the rubbing direction and the alignment of

polymer backbones perpendicular to the rubbing direc-

tion. As a result, relatively large absorption and emission

were observed in the orthogonal direction with respect to

the rubbing direction, as shown in Figure 19.

The thermal annealing of light-emitting LC materials

is a promising strategy for polarized emission, because it

is a noncontact method that can avoid the contamination

of emissive layer. The choice of suitable alignment layer

is also an important issue. Prerubbed polyimide (PI) is

Figure 14. Optical micrograph of polymer P43.

Chart 21. Some conjugated polymers bearing ferroelectric side groups.
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widely used for macroscopic alignment of LC materials.

A very high PL polarized ratio of 41 was obtained using

heptafluororene oligomer as emissive materials.78 To in-

crease the conductivity of intrinsically insulating PI, the

starburst type (4,40,400-tris(1-naphthyl)-N-phenylamino)-

triphenylamine (ST638) was added in PI.86,89,90 The

structures of commonly used PI and ST638 are shown in

Chart 22. Polarized EL devices were fabricated using

PF2/6 aligned on rubbed PI/ST638 layer, and a high EL

polarized ratio of 15–21 was obtained. However, the

luminescent intensity was quite low (45 cd/m2).

Recently, a photoaligned PI film containing azobenzene

in the backbone (azoPI) was developed to align PFO.98,99

A polarized EL device was fabricated with polarization

ratio of 29, as shown in Figure 20; the brightness

and current efficiency were 700 cd/m2 and 0.14 cd/A,

respectively. In addition, the emissive intensity is stron-

ger in perpendicular to linear UV-exposure direction,

Figure 15. Stripped fan-shape texture (SC*) of polymer P45 at 130 �C and its WAXS patterns

at different temperatures.

Figure 16. Broken fan-conic texture (SC*) of polymer P52 at 100 �C and its WAXS patterns

at different temperatures.

HIGHLIGHT 2727

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



depending on the isomerization of azobenzene moieties

in the main chain.

Other alignment layers include rubbed poly(3,4-ethyl-

enedioxythiophene) (PEDOT),27,45,75,76 poly(vinylalco-

hol) (PVA),67 PPV,94 poly(N-vinylcarbazole) (PVK),95

and other photoaligned polymers.77,96,97 PEDOT is well-

known for its hole-transporting property and extensively

used in light-emitting devices. By rubbing treatment

makes it a good candidate for the fabrication of polarized

EL devices. A polarized white-light EL device was fabri-

cated by Chen et al.,76 with high polarization ratio of

15.6 and current efficiency of 4.5 cd/A. Our group also

fabricated polarized white-light EL devices using rubbed

PEDOT as the alignment layer and copolyfluorene

blends as the active layer, with maximum luminescence

of 2454 cd/m2 and polarization ratio of 10.2.45 Besides,

high EL polarization ratio over 25 was ever obtain using

rubbed PPV or PVK as the alignment layer.94,95 Two dif-

ferent side-chain copolymers containing photo-sensitive

moieties, that is, coumarin or azobenzene, have also

been synthesized for the alignment of LC conjugated

materials.77,96,97 The structures of these two copolymers

are shown in Chart 23. The EL polarization ratio of 13

was reported, with maximum luminescence of 100–200

cd/m2.

The summarized performance of polarized emission

of different light-emitting materials and their correspond-

ing alignment techniques are listed in Table 1.

FIELD-EFFECT PROPERTIES

Organic field-effect transistors (OFETs) are generally

considered to be potentially low-cost alternatives to

amorphous silicon-based technologies for large-area

devices. High mobility and on/off ratio are main

Figure 17. Polarized PL spectra of the PFO/PE elongated

blending film.

Figure 18. Polarized absorption and PL spectra of polymer

P12.

Figure 19. Illustration of the alignment of LC side chains

and polymer backbones due to rubbing treatment.

Chart 22. PI and ST638.
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concerns to achieve better performance of OFETs. Head-

to-tail regioregular poly(3-hexylthiophene) (P3HT) are

the most used material for polymer-based OFETs, owing

to its intrinsically high mobility of 0.1 cm2/Vs.103 The

highly ordered crystalline structure of P3HT in thin film

is responsible for its high performance in transistor appli-

cations. Recently, LC conjugated polymers has attracted

progressive attention for their self-organized nature to

enhance their mobility, which opens a new trend to high-

performance OTFTs. Several LC conjugated polymers

have been studied for OFET application, for example,

PFTT, PFT2,104 fluorene-selenophene-based copolymer

P6 (chemical structures are shown in previous section),28

poly(9,90-dioctylfluorene-alt-benzothiadiazole) (F8BT),102

poly(3,3000-didodecylquaterthiophene) (PQT-12),31 and

some fluorene-thiophene copolymers P55–P57, as shown
in Chart 24. These LC materials showed enhanced charge

carrier mobility after aligning the polymer chains on the

alignment layer under LC state. A solution-processed

OFET device based on P6 showed a hole mobility of

0.012 cm2/Vs and a low threshold voltage of �4 V. Mo-

bility of up to 0.18 cm2/Vs and current on/off ratio of 107

were obtained for OFET using PQT-12 as the active

layer. The FET characteristics of polymers P55–P57 are

relatively lower, with mobility of 2.8–8.7 � 10�5 cm2/Vs

and current on/off ratio of 2.0–3.0 � 103.

CONCLUSIONS

In this highlight, we have reviewed a great number of

main-chain and side-chain LC conjugated polymers and

their potential use in polarized EL or FET devices. Main-

chain LC conjugated polymers including PPV, PF, PT,

and PPE backbone were synthesized. Various side chains

can be attached to the conjugated backbone to render it

soluble and processable. Commonly used side chains are

simple alkyl and alkoxy substituents. These polymers are

classified as ‘‘hairy rod’’ polymers and have been found

to show nematic phase under LC state. Besides the ne-

matic phase, this kind of polymers usually shows lamel-

lar worm-like morphology. A wide variety of side-chain

LC conjugated polymers based on PPV, DP-PPV, PF,

PT, polyphenylene, and polypyrrole backbone have also

been synthesized. The introduction of mesogenic side

chains into such kind of rigid polymer backbone provides

this kind of polymers more versatile mesomorphoric

properties, including nematic, smectic, and chrial smectic

phases.

Chart 23. Photoaligned copolymers containing coumarin or azobenzene moieties.

Figure 20. Polarized EL spectra of PFO and azoPI align-

ment layer. Inset shows the device structure.
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Because of self-organized LC properties of these con-

jugated polymers, large-domain aligned thin film can be

obtained by direct rubbing and/or thermal annealing of

the active layer on the rubbed PI or PEDOT surface

under LC state. The LC conjugated polymers that are

aligned under LC phases to achieve monodomain thin

film are the best candidate for the manufacture of highly

polarized EL devices. These devices would be particu-

larly useful as backlights for conventional liquid crystal

displays (LCDs). This will simplify LCD manufacturing

and reduce cost. Furthermore, the LC conjugated poly-

mers also have potential application in organic FET

Table 1. Performance of Polarized Emission of Different Light-Emitting Materials
and the Applied Alignment Techniques

Materials (kmax) Alignment Technique
P (PL or EL,
Direction)

Device
Performance Ref.

PPP (PL 395, EL 524) Langmuir-Blodgett 3–4 (EL, //) External Eff. 0.05% 14
P4 (520) Annealing on rubbed PI ca. 1.3 (EL, //) N/A 19
PF copolymers (white) Annealing on rubbed PEDOT 4.6 (EL, //) 1895 cd/m2, 0.24 cd/A 27
Dialkoxy-PPB (560) Annealing in a sandwich cell with

rubbing treatment
ca. 2.5 (PL, \) N/A 35

P7 (420) Magnetically forced alignment ca. 1.4 (PL, \) N/A 40
P8 (550) Direct rubbing 1.2–1.4 (PL, \) N/A 41
P28 (560) Magnetically forced alignment 3.8 (PL, \) N/A 42
P12 (500) Direct rubbing 2.1 (PL, \) N/A 43
P14 (588) Annealing on rubbed PEDOT 2.6 (EL, //) 1337 cd/m2, 0.33 cd/A 45
P26 (540) Annealing on rubbed PEDOT 12.4 (EL, //) 1855 cd/m2, 0.57 cd/A 45
Co-PF blend (white) Annealing on rubbing PEDOT 10.2 (EL, //) 2454 cd/m2 45
P34 (575) Direct rubbing 16 (PL, //) N/A 48
P38 (510) Direct rubbing 1.4 (PL, //) N/A 58
OPV (560) Annealing on PTFE layer by friction

transfer
17.1 (PL, //) N/A 67

OPV (560) Annealing on rubbed PVA 13.6 (PL, //) N/A 67
Oligofluorenes (424) Annealing on rubbed PEDOT 27.1 (EL, //) 214 cd/m2, 1.07 cd/A 75
Oligofluorene blend
(white)

Annealing on rubbed PEDOT 15.6 (EL, //) 4.5 cd/A 76

Fluorene-thiophene
oligomer (500)

Annealing on photoaligned
polymer layer

13 (EL, //) 200 cd/m2 77

Oligofluorenes (417) Annealing on rubbed PI 41 (PL, //) N/A 78
PPV (550) Mechanical stretching 8 (EL, //) N/A 82
PFO/PE blend (430) Mechanical stretching 58 (PL, //) N/A 83
Dinonyloxy-PPV (600) Direct rubbing 4 (EL, //) N/A 84
Partial conjugated
PPV (511)

Direct rubbing 12 (EL, //) 200 cd/m2 85

PF2/6 (450) Annealing on rubbed PI 21 (EL, //) N/A 86,90
PFO (460) Annealing on rubbed PI ca. 6 (PL, //) N/A 87,88
PF2/6 (477) Annealing on rubbed PI 15 (EL, //) 45 cd/m2 89
PF2/6 (450) Annealing on rubbed PI 12 (PL, //) N/A 91
PFO (458) Annealing on rubbed PPV 25 (EL, //) 250 cd/m2 94
PF (450) Annealing on rubbed PVK 25.7 (EL, //) 1000 cd/m2, 0.31 cd/A 95
PF2/6 (445) Annealing on photoaddressable

polymers PAPs
17 (PL, //) N/A 96

PF2/6 (445) Annealing on photoaddressable
polymer PAPs

13 (EL, //) 100 cd/m2, 0.66 cd/A 97

PFO (432) Annealing on photoaligned Azo-PI 30 (PL, \) N/A 98
PFO (459) Annealing on photoaligned Azo-PI 29 (EL, \) 700 cd/m2, 0.14 cd/A 99
Dialkoxy-PPV (535) Annealing on PTFE by friction

transfer
4 (EL, //) N/A 100

PFO (435) Friction transfer 10 (PL, //) N/A 101
F8BT (540) Nanoimprinting 11 (EL, //) N/A 102
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devices. Because the microstructure of the LC conju-

gated polymers could be controlled by self-organization

with the help of an additional alignment layer, the carrier

mobility of the FET device can be greatly enhanced.
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