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Introduction

The self-assembly of rod-coil block copolymers has been

demonstrated as a powerful route towards supramolecular

objects with novel architectures, functions, and physical
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Summary: The synthesis, morphology, and photophysical
properties of PF-b-PAA with different coil lengths in dilute
solutions of dichloromethane/methanol are reported. A tape-
like lamellar morphology is observed at a short coil length of
PF-b-PAA. As the coil length increases, a large compound
micelle, sphere, or vesicle is observed with different metha-
nol contents because of the enhancement of the PAA swel-
ling with methanol and the interfacial tension between the

PF core and the PAA corona. Upon further increase of the
coil length, an inverted morphology of a sphere or rod with a
PF corona and PAA core is first observed but the core/corona
is then reversed at a high methanol content as a result of the
enhanced solubility of PAA. The morphological transfor-
mation leads to a significant variation in optical absorption
or fluorescence characteristics because of the possible H-
aggregate formation.

Some of the various morphologies observed upon varying the coil length and the selective
solvent content.

a : Supporting information for this article is available at the
bottomof the article’s abstract page,which can be accessed from
the journal’s homepage at http://www.mrc-journal.de, or from
the author.
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properties.[1,2] The supramolecular organization of p-

conjugated-based rod-coil block copolymers is a topic of

great importance because it opens a new way to tune both

the molecular organization and electronic and optoelec-

tronic properties of these materials.[3] Aggregation and

microphase separation of rod-coil block copolymers have

yielded a number of nanoscale morphologies, such as

lamellar, spherical, cylindrical, vesicular, and microporous

structures.[4] Such morphologies are driven not only by the

solvent selectivity but also influenced by the tendency of

the rigid segments to aggregate,[4] which differs distinctly

from those of conventional coil-coil block copolymers.[5]

Oligo- and polyfluorenes, as well as their derivatives, are

excellent candidates for optoelectronic applications be-

cause they exhibit high thermal/chemical stability, excel-

lent fluorescence quantum yields, and substantial charge

carrier mobility.[6] Several fluorene-based rod-coil and

coil-rod-coil block copolymers have been reported.[7] The

incorporation of coil segments into the polyfluorene back-

bones could not only manipulate the electronic and opto-

electronic characteristics but also enhance water solubility

and generate self-assembly nanostructures, such as sphere,

nanoribbon, honeycomb, or wormlike morphologies.[7]

However, the above morphologies are observed in the solid

state and are mostly characterized by atomic force micro-

scopy. Potential morphological transformations of poly-

fluorene rod-coil block copolymers induced by coil length

and solvent quality have not yet been fully explored.

In this communication, the synthesis, morphology,

and photophysical properties of amphiphilic diblock copo-

lymers of poly[2,7-(9,9-dihexylfluorene)]-block-poly(-

acrylic acid) (PF-b-PAA) with three different coil lengths

are reported. The chemical structures of the studied

PF-b-PAA, i.e., PAA7-b-PAA26, PF7-b-PAA50, and PF7-b-

PAA70, are shown in Figure 1.

The morphology of PF-b-PAA is investigated in dilute

solutions of dichloromethane (DCM) and methanol, where

DCM is a common solvent for both blocks and methanol is

selective for the PAA block. The aggregated morphologies

are correlated with the coil length and the selective solvent

content. To the best of our knowledge, this is the first time

that fluorene-based rod-coil block copolymers with various

morphologies of lamellar, sphere, large compound micelle,

cylinder, and vesicle, etc, are observed in dilute solutions.

Moreover, the optical absorption and photoluminescence

properties of the PF-b-PAA are used to understand the

aggregation-induced p-p stacking in dilute solution.

Experimental Part

Materials

All of the reagents were purchased from Aldrich or Acros and
used as received except for tert-butyl acrylate (tBA, Aldrich,
98%), whichwas distilled under vacuum prior to polymerization.

Polymer Synthesis

The polyfluorene macroinitiator, a-{4-[2-(2-bromo-2-methyl-
propoyloxy)methyl]phenyl}-v-bromo-poly[2,7-(9,9-dihexyl-
fluorene)] (PF-Br), was synthesized as follows: First,
a-(4-hydroxymethylphenyl)-v-bromo-poly[2,7-(9,9-dihexyl-
fluorene)] was synthesized according to the literature.[7a] It
was then reacted with 2-bromoisobutyryl bromide to obtain
PF-Br. Poly[2,7-(9,9-dihexylfluorene)]-block-poly(tert-butyl
acrylate) (PF-b-PtBA) was synthesized from PF-Br by atom
transfer radical polymerization. Taking PF7-b-PAA70 as an
example, 336 mg (0.06 mmol) of PF-Br, 17.28 mg of CuBr
(0.12 mmol), and 3.75 mL of tBA (9.6 mmol) were added to a
dry round-bottom flask and the system was maintained under
vacuum for 10 min. A solution of pentamethyldiethylene-
triamine (PMDETA, 25 mL, 0.12 mmol) in 5 mL of anisole
was added into the round-bottom flask under nitrogen atmos-
phere. The mixture was degassed three times, filled with
nitrogen, stirred at ambient temperature for 30 min, and
immersed into an oil bath at 110 8C for 24 h. After cooling to
room temperature, the mixture was passed through an Al2O3

column to remove the copper catalyst, precipitated into an
excess amount of methanol, filtered off, and the product dried
under vacuum at 30 8C to obtain 250 mg of PF-b-PtBA as a
yellow solid. The PF-b-PtBAwas hydrolyzed into PF-b-PAA
using excess trifluoroacetic acid (TFA). The detailed
synthesis procedures, and polymer characterization of PF-Br
and three different PF-b-PAA copolymers are shown in
Supporting Information.

Preparation of PF-b-PAA Aggregates in Solution

PF-b-PAA aggregates in solution were prepared by first dis-
solving the polymer in DCM and then adding methanol with
the volume ratios of 10, 25, 50, 75, and 90%, in which
the polymer concentration was maintained at 0.1 wt.-% in
solution.

Morphology Characterization of Polymer
Aggregates in Solution

The PF-b-PAA aggregate morphologies were characterized by
transmission electron microscopy (TEM) using a JEOL 1210
operating at an acceleration voltage of 100 kV. A drop of the
aggregate dispersion was cast onto a 200-mesh copper TEM

Morphological Transformation and Photophysical Properties . . . 1839

CH2 CH Br

C

m

O
OH

n

C6H13 C6H13

Br CH2O C

O

C

CH3

CH3

PF7-b-PAA26: n = 7, m = 26
PF7-b-PAA50: n = 7, m = 50
PF7-b-PAA70: n = 7, m = 70

Figure 1. Chemical structures of the synthesized PF-b-PAA
rod-coil diblock copolymers.
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grid deposited with carbon and dried under vacuum before
imaging.

Results and Discussion

Self-Assembly of PF-b-PAA

Figure 2a–c show representative TEM images of the

micellar structures derived from PF7-b-PAA26 in a DCM/

methanol mixed solvent with methanol contents of 10, 25,

and 50 vol.-%, respectively. Because of the low contrast

between PAA and the supporting carbon film, the objects

in the TEM image represent only the PF domains. All three

TEM images exhibit a long strip tape-like structure as

the methanol content reaches 50 vol.-%, which is similar

to that observed for coil-crystalline polyisoprene-block-

polyferrocenysilane in solution.[8] Note that PF7-b-PAA26

became insoluble if the methanol content was higher than

50 vol.-%. Since the methanol is a poor solvent for PF, the

rod PF chains pack as long strips to minimize the inter-

facial energy between the rod block and methanol. Such

structures could result from the PF lamellar domains be-

tween solvated PAA chains. While the PF aggregated

domains favor ordered packing with their long axes

aligned, the corona PAA chains are too short to change the

chain conformations by varying methanol contents. Thus,

no significant changes in the morphologies of PF7-b-PAA26

are observed with increasing methanol contents.

Figure 2d–f show the TEM images of PF7-b-PAA50 in a

DCM/methanol mixed solvent with methanol volume

contents of 10, 25, and 50%, respectively. They exhibit

coexisting structures of spherical and large compound

micelles (LCMs) with diameters that range from 150 to

400 nm (Figure 2d), spherical micelles with diameters

around 150 nm (Figure 2e), and vesicles with 200 nm

diameter and a wall thickness of about 25 nm (Figure 2f),

respectively. In comparison with the lamella structures

of PF7-b-PAA26, these spherical aggregates are favored in

the micellization of PF7-b-PAA50. It suggests the signi-

ficance of the hydrophilic coil length on the morphology of

the rod–coil diblock copolymer since the latter has a PAA

block length twice that of the former. The entropy loss as a

result of the stretching of PAA increases with the chain

length, and thus it prefers the spherical aggregate for reduc-

ing the PAA stretching. The LCMs shown in Figure 2d

probably result from the flocculation or interpenetration of

PAA corona at a low methanol content.[9] As the methanol

content increases to 25 vol.-%, it enhances the degree of

swelling between methanol and PAA and thus reduces the

interpenetration of PAA in the corona. Hence, only a sim-

ple sphere is formed in Figure 2e. As the solvent becomes

more selective for PAA, the interfacial tension between the

PF core and PAA corona is increased, which leads to

reduced interfacial curvature. Thus, the micelle shape

changes from spheres to vesicles in Figure 2f, which is

similar to the packing factor mechanism proposed in the

literature.[10]

As the PAA coil length increases further, an interesting

phase inverse morphology occurs, even at a low methanol

content. Figure 3a and 3b show spherical and cylindrical

structures of PF7-b-PAA70 in DCM/methanol solution with

a methanol content of 10 and 25 vol.-%, respectively, in

which a bright core of a PAA block is surrounded by a dark

corona of PF block. The diameters of the inverted spherical

micelles in Figure 3a are about 150–200 nm and the

inverted cylinders in Figure 3b have contour lengths rang-

ing from 200 to 500 nm, an average wall thickness of

10 nm, and a core width of 60 nm. The above inverted core/

corona morphologies are opposite to those of PF7-b-PAA50

shown in Figure 2d and 2e, in which the dark core of PF

(electron rich) and the bright corona of PAA (electron

poor) are observed. A pure DCM solution of PF7-b-PAA70

gradually becomes turbid after stirring because of the

limited solubility of the long PAA block in DCM. It

suggests that DCM is a good solvent for PF blocks but a

slightly poorer solvent for the PAA block in the case

of PF7-b-PAA70. Thus, the inverted micelles with a PF

corona and PAA core are observed with a methanol content

below 25 vol.-%. The morphology transition from spheri-

cal (Figure 3a) to cylinder (Figure 3b) is probably because

the swelling of the inner PAA core is enhanced with

increasing methanol content and leads to an increased

interfacial area for cylinder formation.

As the methanol content is further increased to more

than 25 vol.-% (Figure 3c to 3e), the solubility of the PAA

chains is enhanced and results in aggregates with a PAA

corona and a PF inner core. In addition, a significant

morphology transformation from inverted cylinder to

spherical vesicles and eventually nanorods with increasing

methanol content is observed in Figure 3c to 3e, respecti-

vely. In Figure 3c, the spherical vesicles appear to be

relatively monodisperse in size with a wall thickness

similar to those in Figure 2f. Nanorods with contour lengths

ranging from 100 to 400 nm and a core diameter of 80 nm

are observed at high methanol contents (Figure 3d and 3e).

The nanorods with a dark core and bright corona are

contrary to the inverted cylinder shown in Figure 3b.

The cylindrical structure of these micelles in Figure 3d

and 3e might be partly explained by the more cone-shaped

conformation of the long chain-based rod-coil mole-

cules[11] and a second driving force might be strong p-p

interactions among aromatic segments down the long axis

of the rods.[1c]

Photophysical Properties

Figure 4 shows the optical absorption spectra and photo-

luminescence (PL) spectra of PF7-b-PAA70 in a dilute

solution of DCM and methanol with methanol contents
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Figure 2. TEM images of PF7-b-PAA26 (a–c) and PF7-b-PAA50 (d–f) aggregates in dilute solution of DCM and
methanol with methanol contents of a,d) 10, b,e) 25, and c,f) 50 vol.-%, respectively.
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Figure 3. TEM images of PF7-b-PAA70 aggregates in dilute solution of DCM and methanol with methanol contents
of a) 10, b) 25, c) 50, d) 75, and e) 90 vol.-%, respectively.

Macromol. Rapid Commun. 2006, 27, 1838–1844 www.mrc-journal.de � 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ranging from 0 to 90 vol.-%. The inset figure exhibits the

variation of PL quantum efficiency with methanol content.

As shown in Figure 4, the absorption peak maximum as a

result of the p-p� transition of the PF block shifts from

374 to 350 nm as the methanol content increases from 0 to

90 vol.-%. This blue shift suggests the reduction of the

effective conjugated lengths since the PF block becomes

less planar on account of the formation of aggregates by

its poor solvent of methanol. These phenomena were

explained by the molecular exciton model,[12a] assuming

H-type aggregation formed by a parallel orientation of PF

segments. A similar H-aggregate morphology has also

been observed for polyphenyleneethynylene, polythio-

phene, or oligophenylene vinylene-based rod-coil block

copolymers.[12b–d] The intermolecular aggregations of

PF-b-PAA chains could lead to fluorescence quenching

and a hypsochromic (blue) shift in the absorption spectra.

The photoluminescence spectra of the aggregates also

exhibit dramatic changes, as shown in Figure 4. There are

two major emissions at 415 and 435 nm for the PF7-b-

PAA70 in pure DCM solution. As the methanol content

increases to 90 vol.-%, the emission peak at 415 nm is

blue-shifted to 407 nm while that at 435 nm is shifted to

426 nm. Such peak shifting is a consequence of interchain

p-p interactions between parallel PF blocks, which result

from aggregation, and is accompanied by strong fluores-

cence quenching with a quantum efficiency (ff) decrease

from 0.88 to 0.27 (see insert of Figure 4b). The ff decreases

with further increase of the methanol content and further

indicates the H-type aggregation formation of the PF block.

In the H-aggregate, the high ordering of the PF block in a

parallel orientation is because of the strong p-p interchain

interactions. The present study suggests that the aggregate

morphologies and photophysical properties of the PF-b-

PAA rod-coil block copolymers could be tuned through the

coil length and the selective solvent content.

Conclusion

Morphologies and photophysical properties of three

amphiphilic rod-coil diblock copolymers of PF-b-PAA

with different coil lengths have been studied. Various

morphologies, including lamellar, spheres, large com-

pound micelles, vesicles, cylinders, and inverted spheres

and cylinders, are observed by varying the coil length and

the selective solvent content. Such morphological trans-

formations could induce the significant variations of opti-

cal absorption or fluorescence characteristics because of

possible H-aggregation formation. The present study sug-

gests the significance of the rod/coil ratio and selective

solvent content on the aggregate morphologies and photo-

physical properties of the rod-coil block copolymers.
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Figure 4. Optical absorption and photoluminescence spectra of PF7-b-PAA70 in dilute
solution of DCM and methanol with methanol contents ranging from 0 to 90 vol.-%. The
inset shows the variation of PL quantum efficiency with methanol content.
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