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C O N S P E C T U S

Conjugated polymers combine the interesting optical and electrical properties of metals with the processing advan-
tages and mechanical properties of traditional synthetic polymers. With clever use of a variety of synthetic tools,

researchers have prepared highly pure polymers with optimized physical properties during the past 30 years. For exam-
ple, the synthesis of well-defined polyacetylenes, polyphenylenes, polythiophenes, polyfluorenes, and other conjugated poly-
mers have significantly improved the performance of these polymeric materials. However, one important class of conjugated
polymers was missing from this chemical inventory: easy access to well-defined poly(2,7-carbazole)s and related poly-
mers. This Account highlights advances in the synthesis of poly(2,7-carbazole) derivatives since they were first reported in
2001.

Starting from 2-nitro-biphenyl derivatives, 2,7-functionalized carbazoles are typically obtained from Cadogan ring-
closure reactions. In a second step, Yamamoto, Stille, Suzuki, or Horner-Emmons coupling polymerization leads to vari-
ous poly(2,7-carbazole) derivatives. We discuss the characterization of their optical and electrical properties with a strong
emphasis on the structure-property relationships. In addition, we carefully evaluate these polymers as active components
in light-emitting diodes, transistors, and photovoltaic cells. In particular, several low band gap poly(2,7-carbazole) deriva-
tives have revealed highly promising features for solar cell applications with hole mobilities of about 3 × 10-3 cm2 V-1

s-1 and power conversion efficiencies up to 4.8%. Finally, we show how these new synthetic strategies have led to the prep-
aration of novel poly(heterofluorene) derivatives and ladder-type conjugated polymers.

Introduction
For many years, carbazole-based materials have

been investigated for their electrical and optical

properties. For instance, as good photoconductors

and hole-transporting materials, poly(N-vinylcar-

bazole) and other derivatives have been exten-

sively utilized in xerographic applications.1 In

1977, the first evidence of high electrical conduc-

tivity in doped polyacetylene2,3 triggered a sec-

ond life for polycarbazole derivatives. As were

many other aromatic polymers (polyanilines, pol-

y(p-phenylene)s, polythiophenes, polypyrroles,

poly(2,7-fluorene)s, etc.), poly(3,6-carbazole)s were

intensively investigated.1,4 Indeed, carbazole has

many advantages as an organic material: (1)

9H-carbazole (Scheme 1) is a cheap starting mate-

rial; (2) the nitrogen atom can be easily function-

alized with a large variety of substituents to
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modulate the carbazole properties without increasing the steric

interactions near the backbone; (3) carbazole units can be

linked at different positions; (4) its fully aromatic configura-

tion provides good chemical and environmental stabilities.

Despite these promising features, conjugated poly(2,7-carba-

zole)s remained unavailable for a long time. This is related to

the fact that, in contrast to many other conjugated polymers

(including poly(3,6-carbazole) derivatives), the synthesis of

poly(2,7-carbazole)s is not straightforward.1,4 For instance,

direct oxidative polymerization or electropolymerization of car-

bazoles only results in oligomeric materials linked at the 3,6-

positions. Alternative synthetic pathways have since been

found to prepare well-defined poly(2,7-carbazole) derivatives.

This Account describes these recent developments on the syn-

thesis of poly(2,7-carbazole)s and related polymers, their

structure-property relationships, and their utilization in vari-

ous electronic and optical devices, such as polymeric light-

emitting diodes (PLEDs), organic field-effect transistors (OFETs),

and photovoltaic cells (PCs). It is anticipated that this class of

materials might lead to exciting applications in the near future.

Synthesis of Poly(2,7-carbazole)s
As mentioned in the preceding, the 3,6- (para position from

the nitrogen atom, Scheme 1) and 1,8-positions (ortho posi-

tion from the nitrogen atom, Scheme 1) on the carbazole unit

are highly activated. The electron-rich nature of carbazole

therefore inhibits direct and specific aromatic substitution at

the 2,7-positions. Therefore, 2,7-functionalized carbazoles

have been obtained from indirect approaches. These meth-

odologies usually require a 4,4′-functionalized biphenyl unit

bearing an activated group at the 2(-2′) position(s) for a sub-

sequent ring-closing reaction, leading then to the desired 2,7-

functionalized carbazoles (Scheme 2). This principle was first

illustrated by Smith and Brown in 1951.5 Using azide deriv-

atives, they converted them into carbazoles by a thermal

cyclization reaction. A more practical methodology was

reported in 1953 by Heinrich6 where 2,7-functionalized car-

bazoles are directly obtained from 2,2′-diamino-biphenyls

under acidic conditions at high temperatures. In 1965,

Cadogan reported what is still today a very useful ring-clo-

sure reaction for the preparation of functionalized

carbazoles.7,8 From 2-nitro-biphenyl derivatives refluxed in

P(OEt)3, 2,7-functionalized carbazoles can be obtained in

50-60% yields, usually in only two or three steps from com-

mercially available starting compounds.9,10 To enhance the

solubility and other properties of the resulting 2,7-functional-

ized carbazoles (and subsequent polymers), the synthesis is

generally completed with an alkylation or arylation reaction

on the nitrogen atom. Recently, novel methodologies11-13

have taken advantage of palladium cross-coupling reactions

developed by Buchwald and Hartwig (Scheme 2). These meth-

ods offer two main advantages: (1) milder reaction conditions

tolerant to a wider variety of functional groups and (2) 2,7-

functionalized carbazoles directly obtained in an N-alkylated

or N-arylated form. However, the scope of these methods is

limited by the additional steps required to prepare the 2,2′-
difunctionalized (iodide, bromide, or triflate) biphenyl

precursors.

As for many other aromatic conjugated polymers, advances

in metal-catalyzed polycondensation in the 1990s made pos-

sible the first synthesis of poly(2,7-carbazole)s.9 For such

polymerization reactions, the syntheses of various monomers

(2,7-dichloro-,9 2,7-ditriflate-,14 and 2,7-dibromocarbazole10)

using the previously described Cadogan reaction have been

optimized. Indeed, using Yamamoto,15,16 Stille,17,18 or

Suzuki19,20 coupling polymerization, 2,7-difunctionalized car-

bazoles are efficiently converted into well-defined poly(2,7-

carbazole)s (Scheme 3). Taking advantage of either

Yamamoto15,16 or Stille17,18 coupling polymerization, these

monomers generated several interesting homopolymers and

copolymers. However, it is important to note that Yamamoto

copolymerization is restricted to random copolymers, whereas

Stille copolymerization is limited by the difficult synthesis of

pure organotin derivatives. Suzuki19,20 polycondensation

solved these two important issues. Based on methodologies

reported for the synthesis of poly(2,7-fluorene)s,21-24 efficient

syntheses of 2,7-diboronic ester derivatives (Scheme 3) were

developed from halogen-lithium exchange and palladium-

catalyzed borylation.14,25,26 These 2,7-diboronic ester deriv-

atives are generally easily purified from recrystallization or

flash chromatography, resulting in high purity monomers.

Combined with any dibromo- or diiodoarene, these key 2,7-

diboronic ester derivatives lead to various alternating and ran-

dom copolymers.

Poly(2,7-carbazole)s as PLED Materials
Initial studies on poly(2,7-carbazole) derivatives indicated

great potential as blue-light-emitting materials. For instance,

homopolymers exhibit blue fluorescence with a maximum

of emission near 415-440 nm with relatively high quan-

tum yields.9,27 Taking advantage of the chemical versatil-

SCHEME 1. Carbazole Structure and Numeration
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ity of the carbazole unit, many poly(2,7-carbazole)

derivatives were specifically developed to maximize their

electroluminescence properties. Two main solutions have

been explored (Scheme 4): substitution at the nitrogen atom

with various alkyl9,27-30 or aryl30-34 groups or copo-

lymerization35,36 with specifically designed comonomers.

These poly(2,7-carbazole) derivatives are generally synthe-

sized from Suzuki19,20 or Yamamoto15,16 coupling polym-

erization with number-average molecular weights (Mn)

ranging from 2 kDa up to 93 kDa. Over the years, several

important conclusions have been drawn from these optimi-

zation processes. Large bulky alkyl chains (especially

P1-C,30 P1-E,27 P1-F29) or aryl groups bearing multiple

alkyl chains (P1-G to P1-J)30-34 on the carbazole nitro-

gen atom seem to be necessary to increase the polymer’s

solubility and molecular weight (Mn between 30-93 kDa).

Copolymerization with substituted comonomers (P2, P3)

gave similar effects. Finally, N-aryl-substituted poly(2,7-car-

bazole)s generally show higher fluorescence quantum yields

in the solid state (up to 0.40).33,34

Several poly(2,7-carbazole) derivatives (P1-D,37,38

P1-H,33,34,39 P1-I,39 and P338) have been more extensively

studied for blue PLED applications. Their properties are sum-

marized in Table 1. Even after some optimization, the over-

all performances of these poly(2,7-carbazole) derivatives in

PLEDs remain modest. Some polymers (P1-D, P1-I, P3) show

proper CIE coordinates but moderate efficiencies. Other

polymers33,34,39 (P1-H) may exhibit better luminance (Bmax )
18 800 cd · m-2; E ) 0.95 cd · A-1) but slowly turns greenish

afterward (CIE (x, y) ) 0.22, 0.36). In fact, PLEDs made of

poly(2,7-carbazole)s generally suffer from improper balance of

charge injection and charge transport (p-type transport being

favored), limiting the overall device performances. In paral-

lel, to improve poly(2,7-carbazole) stability,14 protection of the

3,6-positions40,41 with methyl or nitrile groups (P1-Me,

P1-CN, P4) have been proposed.

SCHEME 2. Generic Synthetic Pathways to 2,7-Functionalized Carbazoles

SCHEME 3. Generic Synthetic Pathways to Poly(2,7-carbazole) Derivatives
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To complete a full color display, green- and red-light-emit-

ting materials are also required. Usually, copolymerization

with electron-deficient comonomers generates an internal

charge transfer (ICT)42,43 that results in low band gap poly(2,7-

carbazole) derivatives (Scheme 5). Along these lines, quinoxa-

line comonomer (P5)28 led to green-light-emitting polymer,

whereas copolymerization with thiophene dioxide-based pen-

tamer (P6)28 gave a red-light-emitting polymer. Alternatively,

low band gap poly(2,7-carbazole) derivatives can also be

obtained by the introduction of vinylene units along the back-

bone (Scheme 5).44 Being prepared from Horner-Emmons or

Knoevenagel reaction, these polymers are metal-free, a good

criteria for microelectronic applications.45 In solution, lumi-

nescence with maxima between 487 and 581 nm is observed

for these poly(2,7-carbazolenevinylene)44 derivatives. How-

ever, only P8 shows some luminescence in the solid state.

Strong interchain interactions may enhance nonradiative deac-

tivation pathways for the other polymers, prohibiting the fab-

rication of efficient PLEDs.

Poly(2,7-carbazole)s as OFET Materials
Two major conclusions from these PLED studies motivated the

development of carbazole-based materials for OFET applica-

tions: (1) the carbazole moiety is a good hole transport unit;

(2) with an appropriate structure, carbazole-based materials

may have strong intermolecular interactions in the solid state.

Excluding polythiophene derivatives46-48 and poly(2,7-fluo-

rene) derivatives,48,49 few other classes of polymers exhibit

good performance in OFETs. To mimic fluorene’s struc-

ture,50,51 a branched side chain was designed and placed on

SCHEME 4. Synthetic Pathways to Blue-Light-Emitting Poly(2,7-carbazole) Derivatives

TABLE 1. Electroluminescent Properties of Blue-Light-Emitting Poly(2,7-carbazole) Derivatives

polymer φF,
a % λPL,

b nm λEL,
c nm VON,d V Bmax,

e cd · m-2 Emax,
f cd · A-1 CIEg (x, y)

P1-D 26 448 440 4 1000 0.67 0.17, 0.19
P1-H 40 455 484 3 5000 0.57 0.17, 0.14
P1-I 32 450 450 4 4000 0.74 0.16, 0.17
P3 32 425 424 4 1500 0.53 0.16, 0.09

a Fluorescence quantum yields in the solid state. b Maximum photoluminescence wavelength. c Maximum electroluminescence wavelength. d Turn-on voltage.
e Maximum brightness. f Maximum efficiency. g CIE coordinates according to 1931 chart.
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the carbazole nitrogen atom30 (Scheme 6). X-ray analyses of

single-crystal of N-9′-heptadecanyl-2,7-dibromocarbazole (Fig-

ure 1) clearly confirm this analogous structure. To ensure rel-

atively high molecular weight materials (Mn ca. 20 kDa),

optimized Stille copolymerization reactions were developed

(Scheme 6). Despite some structural organization (as revealed

from DSC and X-ray diffraction data), P11 and P12 exhibit

modest hole mobilities (10-4-10-3 cm2 · V-1 · s-1) in OFET

devices. However, these polymers show stable performance,

attributed to good air stability.30

Oligomeric materials generally present better structural

organization than their polymeric analogs.52,53 Based on this

concept, 2,7-carbazolenevinylene-based oligomers44,54

(Scheme 7) have been also investigated. The Horner-Emmons

reaction involved in the synthesis of such molecules offers two

main advantages. First, as previously noted, metal-free mate-

rials are obtained. Furthermore, this chemistry offers easy

access to a wide variety of oligomers in only a few synthetic

steps from commercially available products. Indeed, the car-

bazole unit can be placed either at the end or in the middle

of the oligomers to modulate the resulting physical and chem-

ical properties. A good and compact solid-state organization

was particularly evident for O1 and O2. However, other com-

pounds, such as O3, show an amorphous state. In fact, the

symmetry of the molecules seems to greatly influence their

solid-state organization. Through substrate and temperature

SCHEME 5. Synthetic Pathways to Low Band Gap Poly(2,7-carbazole) Derivatives for Light-Emitting Diodes

SCHEME 6. Synthetic Pathways to Poly(2,7-carbazole) Derivatives
for Field-Effect Transistors

FIGURE 1. X-ray single-crystal ORTEP view of N-9′-heptadecanyl-
2,7-dibromocarbazole.

Poly(2,7-carbazole)s Blouin and Leclerc
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optimizations, mobility as high as 0.3 cm2 · V-1 · s-1 in OFET

was obtained with O1.54 Moreover, the relatively high oxida-

tion potential (0.80 V vs SCE) of this oligomer leads to air-

stable material, resulting in a large and stable Ion/Ioff ratio

(106-107).

Poly(2,7-carbazole)s as PC Materials
Fundamental parameters discovered in PLED and OFET stud-

ies highlighted the great potential of poly(2,7-carbazole)s for

bulk heterojunction (BHJ) PCs. First, poly(2,7-carbazole) deriv-

atives exhibit low highest occupied molecular orbital (HOMO)

energy levels, resulting in air-stable polymers and, possibly,

high open circuit potential (VOC) values. Second, with proper

structure and organization, these materials exhibit good hole

mobility values. Finally, like poly(2,7-fluorene) derivatives,24

the absorption spectrum of poly(2,7-carbazole) derivatives can

be easily modified through copolymerization for optimal solar

spectral match. Müllen29 and co-workers first reported a PC

based on P1-F (Scheme 4) and perylene tetracarboxydiim-

ide (PDI) blends. These PCs exhibit high VOC values but rela-

tively low performances (Table 2), probably related to the poor

solar spectral match of the devices. About the same time, low

band gap poly(2,7-carbazolenevinylene)s55 (Scheme 8) were

also developed to better fit the solar spectral emission. Except

for P17, Horner-Emmons reaction was used to obtain these

polymers, leading to high purity materials as previously

noticed. These polymers present band gaps ranging from 2.3

to 1.7 eV and relatively low HOMO energy levels (-5.6 to

-5.5 eV). However, device performances (Table 2) still

remained relatively low. In fact, these polymers have low sol-

ubility and low molecular weight, possibly limiting the perfor-

mances of the devices. Furthermore, the possibility of vinylene

bond degradation through photooxidation56,57 may also affect

these performances.

As our understanding of the BHJ solar cells improved,

design rules for optimal polymeric materials blended with

[6,6]-phenyl-C61 butyric acid methyl ester (PCBM)

emerged.58-60 However, before these new rules could be

applied, new poly(2,7-carbazole) derivatives with better solu-

bility and molecular weight had to be developed. Initially, both

alkyl and aryl side chains developed for OFET (Scheme 7)

were tested.30 It turns out that polymers bearing alkyl side

chains show higher power conversion efficiencies (PCE). Opti-

mized Suzuki polymerization reaction (Scheme 9) gave P19
samples with a relatively high molecular weight and good

film-forming properties and mobility (up to 3 × 10-3

cm2 · V-1 · s-1). These features led to high PCE values (Table

2).61,62 To further improve device performances, new poly-

mers (Scheme 9) were synthesized taking into account design

rules and DFT calculations.62 Despite optimized LUMO energy

levels for some polymers (P21, P22, and P23), the better

structural organization in symmetric polymers (P18, P19, and

P20) leads to better hole mobilities and PCE values (Table

2).62 As for P1-F and P17, the low HOMO energy level of

these polymers (ca. -5.6 to -5.4 eV) provides an excellent

environmental stability and high VOC values (between 0.71

and 0.96 V).

Conclusions and Outlook
Since the original synthesis of poly(2,7-carbazole)s9 in 2001,

these materials have emerged as one important class of

π-conjugated polymers. As demonstrated in this Account,

good environmental stability (i.e., low HOMO energy levels),

good p-type charge transport, and easy modulation of the

physical properties are key features of poly(2,7-carbazole)

derivatives. In particular, polymeric bulk heterojunction pho-

tovoltaic cells based on poly(2,7-carbazole) derivatives seem

to be the most promising field of applications. Along these

lines, it is worth noting that recent studies in our group have

SCHEME 7. Chemical Structure of 2,(7)-Carbazolevinylene
Oligomers
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revealed a power conversion efficiency up to 4.8% with P19.

Furthermore, taking advantage of easy band gap and LUMO

energy level modulations, one can expect to synthesize bet-

ter materials for solar cells, including tandem

configurations.58-60 Commercial applications can be antici-

pated with a power conversion efficiency around 6-10%.

These studies on the synthesis of poly(2,7-carbazole)s

inspired also the preparation of several new polymeric mate-

rials. For instance, it is worth noting the recent reports on

poly(1,8-carbazole) derivatives63 and well-defined nanostruc-

tured macrocyles.64 In parallel, extended ladder-type carba-

zoles have been extensively studied in the past few years for

applications in PLEDs and OFETs. These ladder carbazole

derivatives are divised into two different classes: alternating

nitrogen- and carbon-bridged compounds and fully nitrogen-

bridged compounds. Based on the work of Müllen and Scherf

on ladder-type polyphenylenes,65 carbazole-based precursors

have been readily converted into semi- or full-ladder poly-

mers with alternating nitrogen- and carbon-bridged

units.26,66,67 These polymers show good air stability and

promising performance as PLED materials. The development

of full nitrogen-bridged compounds presented additional chal-

lenges and different synthetic methodologies were developed

for these purposes.25,68-71 These studies notably led to the

first synthesis of diindolo[3,2-b:2′,3′-h]carbazole25,69 and var-

ious indolo[3,2-b]carbazole- and diindolo[3,2-b:2′,3′-h]carba-

TABLE 2. Electronic and Photovoltaic Properties of Poly(2,7-carbazole) Derivatives

polymer EHOMO,a eV ELUMO,b eV Eg
opt,c eV Voc,

d V ISC,e mA · cm-2 FFf ηe,
g %

P1-F -5.6 -2.6 3.0 0.71 -0.26 0.37 0.6h

P13 -5.61 -2.83 2.3 0.60 -0.58 0.46 0.4i

P14 -5.52 -2.92 2.2 0.50 -0.67 0.45 0.4i

P15 -5.49 -3.02 2.1 0.40 -0.57 0.48 0.3i

P16 -5.40 -2.96 2.0 0.35 -0.47 0.43 0.2i

P17 -5.50 -3.50 1.7 0.80 -1.0 0.55 0.8i

P18 -5.46 -3.42 2.02 0.95 -3.0 0.56 1.8i

P21 -5.52 -3.67 1.89 0.90 -2.6 0.44 1.1i

P19 -5.45 -3.60 1.88 0.86 -6.8 0.56 3.6i

P22 -5.53 -3.80 1.75 0.71 -2.9 0.32 0.7i

P20 -5.47 -3.65 1.87 0.96 -3.7 0.60 2.4i

P23 -5.55 -3.93 1.67 0.85 -1.4 0.60 0.8
a Ionization potential (EHOMO; HOMO ) highest occupied molecular orbital). b Electron affinity (ELUMO; LUMO ) lowest unoccupied molecular orbital). c Solid state
optical band gap. d Open-circuit potential. e Short-circuit current. f Fill factor. g Power conversion efficiency. h Test under AM1.5G at 100 W · m-2. i Test under
AM1.5G at 900 W · m-2.

SCHEME 8. Synthetic Pathways to Low Band Gap Poly(2,7-carbazolenevinylene) Derivatives
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zole-based polymers.72-75 Due to their highly symmetric and

crystalline nature, indolo[3,2-b]carbazole-based oligo-

mers76-78 and polymers74,75 proved to be promising air-sta-

ble p-type materials in OFETs. Finally, other heterofluorenes

(dibenzosilole, dibenzoborole, etc.) also recently emerged as

promising materials for organic electronic applications.79-82

Despite all these recent contributions, many aspects of carba-

zole’s chemistry and related systems are still unexplored and

many opportunities and discoveries remain to be made. A

bright future is foreseen for poly(2,7-carbazole)s and related

polymers.
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joined the research group of Pr. M. Leclerc. He is currently a
fourth-year graduate student in the chemistry Ph.D. program. Dur-
ing that time, he received several scholarships, notably the NSERC
Postgraduate Scholarships (PGS M), the Canada Graduate Schol-
arships (CGS D), and the FQRNT Energy research scholarship (A7).
His research interests include the development of new heterocy-
cles and conjugated polymers and their applications in organic
field-effect transistors and photovoltaic cells.

Mario Leclerc was awarded a Ph.D. in chemistry from Univer-
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