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Functional copolymer brushes composed of a
hydrophobic backbone and densely grafted conjugated
side chains via a combination of living polymerization
with click chemistry†

Xinchang Pang, Lei Zhao, Chaowei Feng, Ruifeng Wu, Haihong Ma and Zhiqun Lin*

A series of well-defined copolymer brushes, PS-g-P3HT, composed of a hydrophobic coil-like PS backbone

and densely grafted rod-like P3HT side chains were successfully synthesized by a combination of the quasi-

living Grignard metathesis (GRIM) method, reversible addition–fragmentation chain transfer (RAFT), and

click reaction. The molecular weight distribution of the resulting PS-g-P3HT copolymer brushes was

rather narrow (polydispersity index, PDI < 1.2). The grafting efficiency was very high (i.e., the efficiency

of all click reactions >96%). The self-assembly of PS-g-P3HT at the air/water interface was explored

using the Langmuir–Blodgett (LB) technique. Quite intriguingly, circular domain arrays composed of the

non-crystallized P3HT nanofibers were observed at high surface pressure.
Introduction

Copolymer brushes composed of a exible linear backbone and
densely graed side chains are a unique class of gra copoly-
mers.1 Steric repulsion between polymeric side chains forces
the backbone of copolymer brushes to adopt an extended chain
conformation. When the length of the backbone is longer than
that of the side chain, copolymer brushes possess a cylindrical
shape in solution.2 Due to the distinctive chemical and physical
properties originating from their intrinsically complex archi-
tecture, copolymer brushes have received much attention to
better understand the architecture–property relationship1,3 for
potential applications in supramolecular science, biomaterials,
advanced materials (e.g., superso elastomers),4 photonic
crystals,5 etc. The utilization of these copolymer brushes allows
for the development of molecular tensile machines when
interacting with the surface,6 the creation of organic nanowires7

and nanotubes,8 and the formation of inorganic nanoparticles
and nanowires by capitalizing on copolymer brushes as
templates.7

Generally, there are three methods to yield copolymer
brushes, namely, graing-through, graing-onto, and graing-
from.9 For the graing-through method, macromonomers are
rst synthesized and then homopolymerized or copolymerized
with other monomers. In the graing-onto approach, the
backbone with reactive sites and side chains with functional
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end groups are rst prepared separately, and then the copoly-
mers are formed via a coupling reaction between them. By
contrast, in the graing-from approach, the side chains are
grown from the polymer backbone with pendant multi-initia-
tion sites; the easy purication of the resulting polymer brushes
is the peculiarity of this method, and pure polymer brushes are
of key importance to explore their self-assembly at the air/water
interface.

Recent advances in various polymerization techniques, such
as ring opening metathesis polymerization (ROMP),10–12

controlled radical polymerization,13–15 including atom transfer
radical polymerization (ATRP),16,17 nitroxide-mediated poly-
merization (NMP),18–20 and reversible addition–fragmentation
chain transfer (RAFT) polymerization,21–24 enable the synthesis
of functional copolymers with well-dened yet complex archi-
tectures. Notably, most of reported copolymer brushes have
been prepared by ROMP,10,11 ATRP and NMP;18,25 by contrast,
RAFT is widely recognized as a versatile method to yield poly-
mers from a myriad of monomers under a broad range of
experimental conditions, especially for monomers with active
functional groups (e.g., carboxyl group, Br, Cl, etc.).26,27

Conjugated polymers such as poly(3-alkylthiophenes) (P3AT)
have been considered as promising materials for use in solar
cells, organic eld effect transistors, electrochromic devices,
smart windows, and biosensors.28–33 Among the various types of
conjugated polymers, regioregular poly(3-hexylthiopene)
(P3HT) is one of the most heavily studied organic semi-
conductors due to its superior optoelectronic properties, good
solubility in most non-polar solvents, chemical and thermal
stabilities, and very low toxicity.34–36 P3HT consists of a rather
rigid backbone with a regular head-to-tail arrangement of
Polym. Chem., 2013, 4, 2025–2032 | 2025
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Table 1 Summary of poly(4-(chloromethyl)styrene)
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pendant hexyl side chains that allow for efficient p–p stacking
of the conjugated backbones and solubilization.37–43 To date, a
variety of P3HT-containing linear rod–coil block copolymers
have been synthesized by combining Grignard metathesis
(GRIM) reaction with controlled radical polymerization, leading
to the formation of a unique nanostructured assembly and
the resulting electronic activity.44,45 However, limited work has
been performed on the preparation of copolymer brushes
composed of P3HT as side chains as it is quite challenging to
synthesize linear macroinitiators with multi-initiation sites on
the polymer backbone and grow conjugated polymer P3HT at
the initiation sites.46,47

Herein, we report a facile route to a series of intriguing copol-
ymerbrushes composedof ahydrophobic coil-likepolystyrene (PS)
backbone and densely graed rod-like P3HT side chains (denoted
PS-g-P3HT) with well-dened molecular architectures, molecular
weights, and the ratio of two dissimilar blocks via a judicious
combinationofRAFTpolymerization,quasi-livingGRIM, andclick
reaction.Due to the versatility and simple experimental conditions
of RAFT polymerization, in conjunction with the high specicity,
quantitative yield and nearly perfect delity of click reaction,48–50

this simple yet robust synthetic approach opens up new avenues
for preparing a wide diversity of P3HT-based copolymer brushes
with different polymer backbones as well as other copolymer
brushesconsistingofdifferentpolymerbackbonesandconjugated
side chains other than P3HT. Thus, it offers great promise for
exploring the fundamental relationship between the brush-like
architectures and their properties in solution and solid states.
Subsequently, the self-assembly of these novel PS-g-P3HT
copolymer brushes at the air/water interface formed by the Lang-
muir–Blodgett (LB) technique was explored. To the best of our
knowledge, this is the rst study of self-assembly of P3HT-based
copolymer brushes at the air/water interface yielding intriguing
conjugated polymer surface morphology. The possible models
were proposed to understand the self-assembly and photo-
luminescence behaviors of the thin PS-g-P3HT copolymer brush
lm. Such conjugated polymer-containing copolymer brushes
promise new opportunities for designing organic rod-like and
tubular structures of nanometer dimensions and potential appli-
cations in biomaterials, supramolecular science, polymer-hybrid
nanocomposites, nanotechnology, and so on.8
Entry
Time
(h)

Conv.a

(%)
Mn,GPC

b

(g mol�1) Mw/Mn
c

Mn,NMR
d

(g mol�1)

Sample-1 5 3.38 5200 1.09 4300
Sample-2 10 9.64 14 400 1.07 12 260
Sample-3 15 15.24 21 900 1.11 19 380
Sample-4 20 19.33 26 950 1.08 24 580
Sample-5 30 26.05 35 600 1.12 33 130

a Determined by the gravimetric method. b Number-average
molecular weight determined by GPC, calibrated against PS standard.
c The polydispersity index determined by GPC. d Number
average molecular weight (Mn) calculated from the 1H-NMR

data: Mn;NMR ¼ Am=2

Aa=6
� 152:62, where Am and Aa represent the integral

area of themethylene protons in the repeating unit of poly(4-(chloromethyl)-
styrene) and the integral area of methyl protons at the a-end of poly(4-
(chloromethyl)styrene) (Fig. 3(I)), respectively, and 152.62 is the molecular
weight of the 4-(chloromethyl)styrene monomer.
Experimental section
Materials

N,N,N0,N0 0,N0 0-Pentamethyldiethylene triamine (PMDETA, 99%),
sodium azide ($99.5%), 2,5-dibromo-3-hexyl-thiophene (97%),
tert-butyl magnesium chloride (2.0 M solution in diethyl
ether), [1,3-bis(diphenyl phosphino)propane]dichloronickel(II)
(Ni(dppp)Cl2) andethynylmagnesiumbromide (0.5Msolution in
tetrahydrofuran)werepurchased fromSigma-Aldrichandusedas
received. CuBr (98%, Sigma-Aldrich) was stirred overnight in
acetic acid and ltered, washed with ethanol and diethyl ether
successively, and dried in vacuo. 4-(Chloromethyl)styrene (Sigma-
Aldrich, 90%) and N,N-dimethyl formamide (DMF, Fisher Scien-
tic, 99.9%)weredriedover calciumhydride for 48h anddistilled
under reduced pressure just before use. Tetrahydrofuran (THF,
2026 | Polym. Chem., 2013, 4, 2025–2032
99%) was reuxed over a potassium wire and distilled from
potassium naphthalenide solution. 2,2-Azobisisobutyronitrile
(AIBN) was recrystallized from methanol twice. The RAFT agent,
2-phenylprop-2-yl dithiobenzoate (PPDTB), was prepared as
described in ref. 51 in the yield of 48.6%, 1H-NMR (CDCl3,
d(ppm)): 2.01 (s, 6H); 7.16–7.55 (m, 8H)and7.85 (m, 2H). All other
reagents were puried by common purication procedures.
Preparation of poly(4-(chloromethyl)styrene) by RAFT
polymerization

A linear polymer, poly(4-(chloromethyl)styrene) (P(S-Cl)) was
prepared by the RAFT polymerization52,53 of 4-(chloromethyl)
styrene in toluene,usingAIBNasan initiator andPPDTBasa chain
transfer agent. In a typical process, an ampoule chargedwithAIBN
(0.04 mmol; 6.6 mg), PPDTB (0.12 mmol; 32.7 mg), 4-(chlor-
omethyl)styrenemonomer (0.1mol; 15.262g), and toluene (16mL)
was vacuumed by three freeze–thaw cycles at the temperature of
liquid nitrogen, then sealed and placed in a constant temperature
oil bath at 70 �C for a given time (see Table 1), then the polymer-
izationwasstoppedby immersing the reactionampoule intoan ice
bath for half an hour. Then, the product mixture was precipitated
in cold dried methanol. The product was puried by dissolution/
precipitation with THF/methanol and then dried to a constant
weight under vacuum at 60 �C.
Preparation of poly(4-(azidemethyl)styrene) (P(S-N3))

Thechlorineatoms ineachrepeatingunit ofP(S-Cl)were converted
into azides by reacting with sodium azide in DMF. The linear
polymer, P(S-Cl) (3.0 g) was dissolved inDMF (15mL), and sodium
azide (Cl in polymer : sodium azide ¼ 1 : 10; molar ratio) was
added to the solution. The reactionmixture was stirred for 24 h at
roomtemperature.Dichloromethane (25.0mL)was added into the
mixture, and the mixture was washed three times with distilled
water. The organic layer was driedwith anhydrousMgSO4, and the
solvent was removed by vacuum. The product was then collected
and dried at 40 �C in a vacuum oven for 4 h (yield ¼ 80.6%).
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Summary of PS-g-P3HT copolymer brushes

Entrya
Mn,GPC

b

(g mol�1)
Mw/
Mn

c
Mn,NMR

d

(g mol�1)
Yield
(%)

Efficiencye

(%)

Sample-a 31 900 1.15 143 720 76.9 96.9
Sample-b 64 600 1.17 416 330 82.6 98.5
Sample-c 94 300 1.18 653 580 85.2 97.8
Sample-d 113 900 1.16 831 400 83.4 98.1
Sample-e 146 200 1.19 1 113 960 81.8 97.5

a Five samples (a–e) were prepared by click reaction between ethynyl-
terminated P3HT and sample-1, sample-2, sample-3, sample-4, and
sample-5 (see Table 1), respectively. b Number-average molecular
weight determined by GPC, calibrated against PS standard. c The
polydispersity index determined by GPC. d Number average molecular
weight (Mn) calculated from the 1H-NMR data:

Mn;NMR ¼ Mn;NMR;PðS-ClÞ
152:62

�
Am ,3
Ae ,2

� 166:3þ 159:2

0
BBBBB@

1
CCCCCA, where Am and Ae

represent the integral area of the methyl protons in the repeating unit
of P3HT (side chains in PS-g-P3HT) and the integral area of methylene
protons in the repeating unit of poly(4-(chloromethyl)styrene) (backbone
in PS-g-P3HT) (Fig. 3(III) and S1†), respectively; 152.62, 159.2 and 166.3
are the molecular weights of 4-(chloromethyl)styrene monomer, 4-(azidem-
ethyl)styrene, and the repeating unit of P3HT, respectively; andMn,NMR,P(S-Cl)

is number-average molecular weight of P(S-Cl) based on 1H-NMR (Table
1). e Efficiency of click reaction (ET), calculated from 1H-NMR spectra of
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Synthesis of ethynyl-terminated P3HT

Ethynyl-terminated P3HT was synthesized by a quasi-
living Grignard metathesis (GRIM) method.29,30,54,55 Briey,
2,5-dibromo-3-hexylthiophene (0.815 g, 2.5 mmol) was dissolved
in THF (5 mL) in a three-neck ask and stirred under Ar. tert-
Butylmagnesium chloride (1.25 mL, 2.5 mmol) was added via a
syringe. The mixture was stirred for 2 h at room temperature.
Subsequently, it was diluted to 25 mL with THF and Ni(dppp)Cl2
(22.5mg, 0.041mmol) was added. The resultingmixture was rst
stirred for 10 min at room temperature, producing intermediate
P3HT, followed by reacting with ethynylmagnesium bromide
(2 mL, 1 mmol) in THF for 30min. The ethynyl-terminated P3HT
was obtained by precipitating the reaction mixture in methanol,
ltering in an extraction thimble, and washing by Soxhlet
extraction withmethanol, hexanes, and chloroform sequentially.
The nal pure ethynyl-terminated P3HT was recovered aer
chloroform was evaporated. The regioregularity of P3HT was
greater than98%asdeterminedby 1H-NMR.Thenumber average
molecular weight and PDI of ethynyl-terminated P3HT were
5100 g mol�1 (based on 1H-NMR), 4100 g mol�1 (based on GPC)
and 1.18 (GPC), respectively.

Yield: 40.8%. 1H-NMR (CDCl3, d (ppm)): 6.98 (s, 1H), 3.05 (s,
1H), 2.8 (t, J¼ 3 Hz, 2H), 1.7 (m, 2H), 1.43 (m, 2H), 1.36 (m, 4H),
and 0.92 (t, 3H).
the PS-g-P3HT copolymer brushes and P(S-Cl).
Synthesis of copolymer brush PS-g-P3HT by click reaction

P(S-N3) and ethynyl-terminated P3HT were dissolved in DMF
(10 mL) in a dry ampoule. CuBr and PMDETA were added, and
the reaction mixture (ethynyl-terminated P3HT : –N3 in P(S-
N3) : copper bromide : PMDETA ¼ 1.2 : 1 : 10 : 10; molar ratio)
was degassed by three freeze–pump–thaw cycles and le under
nitrogen. The ampoule was immersed in an oil bath at 90 �C for
24 h, then taken from the oil bath and dipped in liquid nitrogen
to stop the reaction. The products were diluted with THF, and
the solution was passed through an alumina column to remove
the copper salt, precipitated in cold methanol, and dried in a
vacuum oven at 40 �C for 4 h. The copolymer brush PS-g-P3HT
was thus obtained.
Preparation of a Langmuir lm at the air/water interface

PS-g-P3HT (sample-b in Table 2) chloroform solutions at the
concentration c ¼ 1 mg mL�1 were prepared. The surface pres-
sure–area (p–A) isotherms and thin copolymer brush lm were
obtained with an R&K Langmuir–Blodgett (LB) system (Riegler &
Kirstein, GmbH, 160 cm2 Teon trough). Prior to the LB study,
the LB trough was carefully cleaned with 1 : 1 H2O2 : NH3OH
solution overnight and subsequently rinsed with DI water
(NanoPure, >18MU cm) 5 times. A 15mL chloroformsolutionwas
gently placed on the water surface to ensure the initial gas state.
Aer the solvent evaporated for 30 min, the monolayer lm was
compressed at a rate of 150 mm s�1. The Si substrate used for
depositing LB lms was cleaned with a mixture of sulfuric acid
and Nonchromix, followed by rinsing with DI water and blown
dry with N2. For LB depositions, the Si substrate was withdrawn
at a rate of 35 mm s�1 while keeping the pressure constant.
This journal is ª The Royal Society of Chemistry 2013
Characterizations

The molecular weights of polymers were measured using an
Agilent1100 GPC equipped with a G1310A pump, a G1362A
refractive detector, and a G1314A variable wavelength
detector. THF was used as the eluent at 35 �C at 1.0 mL min�1.
One 5 mm LP gel column and two 5 mm LP gel mixed bed
columns were calibrated with polystyrene standard samples.
1H-NMR spectra were obtained with a Varian VXR-300 spec-
trometer. CDCl3 was used as the solvent. FT-IR spectra were
collected on a Magna-550 Fourier transform infrared spec-
trometer. The morphologies of LB lms were examined by
Atomic Force Microscopy (AFM; Dimension 3000) in the
tapping mode. The scanning rate was 2 Hz. Each sample was
imaged at more than 5 locations to ensure the reproducibility
of the features observed. The detailed morphology of the
samples was determined by TEMmeasurements (JEOL 1200EX
scanning/transmission electron microscope (STEM); operated
at 80 kV). The photoluminescence spectra were taken with a
Nikon Eclipse TE2000-E microscope coupled with an optical
insights hyperspectral unit and a Cascade 512B camera (Roger
Scientic), chloroform was used as a solvent when the solution
sample was characterized.
Results and discussions
Preparation of poly(4-(azidemethyl)styrene) (P(S-N3))

As depicted in Scheme 1a, poly(4-(chloromethyl)styrene)
(P(S-Cl)) was rst synthesized. The polymerization of
Polym. Chem., 2013, 4, 2025–2032 | 2027
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Scheme 1 Schematic representation of the synthetic route to novel copolymer
brush PS-g-P3HT. Synthesis of (a) poly(4-(chloromethyl)styrene) (P(S-Cl)), (b)
poly(4-(azidemethyl)styrene) (P(S-N3)), and (c) ethynyl-terminated P3HT, respec-
tively. (d) Formation of the PS-g-P3HT copolymer brush by click reaction between
P(S-N3) and ethynyl-terminated P3HT.

Fig. 2 GPC traces of poly(4-(chloromethyl)styrene) (see Table 1).
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4-(chloromethyl)styrene monomer was carried out by a RAFT
process in which 2-phenylprop-2-yl dithiobenzoate (PPDTB) was
used as a chain transfer agent. Five polymers with different
molecular weights (MWs) were yielded by varying the polymer-
ization time (Table 1). The relationship of the monomer
conversion with the MW and MW distribution is shown in
Fig. 1, in which the MW increased with the monomer conver-
sion and the MW distribution was less than 1.2. Clearly, the
polymerization of 4-(chloromethyl)styrene in the presence of
PPDTB was highly controllable.

Fig. 2 illustrates the GPC traces of P(S-Cl) samples obtained
with different polymerization times. It is clear that the peaks
shied to higher MWs as the reaction time increased. The
Fig. 1 The dependence ofMn andMw/Mn on the conversion of 4-(chloromethyl)
styrene in the RAFT polymerization.

2028 | Polym. Chem., 2013, 4, 2025–2032
MWs of polymers derived from 1H-NMR were different from
those obtained from GPC due to different hydrodynamic
volumes of samples in comparison to the linear polystyrene
standard in GPC columns. Fig. 3(I) displays a typical 1H-NMR
spectrum of P(S-Cl). The chemical shis at d ¼ 6.33–7.31 ppm
are assigned to the protons of phenyl rings of the polystyrene
backbone, at d ¼ 4.51 ppm (peak m, 2H) can be assigned to
the methylene protons of the repeating unit of P(S-Cl)
(i.e., –CH2–Cl).

Subsequently, poly(4-(azidemethyl)styrene) (P(S-N3)) with
different MWs was synthesized by the reaction of P(S-Cl) with
sodium azide in DMF at room temperature (Scheme 1b). The
1H-NMR spectrum of the resulting P(S-N3) is shown in
Fig. 3(II). A strong characteristic peak at d ¼ 4.23 ppm (i.e.,
peak n0) represented the methylene protons in the repeating
unit of P(S-N3) (i.e., –CH2–N3). The transformation of chlorine
atoms to the azide group was also corroborated by the emer-
gence of a signal at d ¼ 4.51 ppm (i.e., peak m0, –CH2–Cl,
repeating unit of P(S-Cl)) shiing to d ¼ 4.23 ppm (i.e., peak
n0). Furthermore, P(S-N3) displayed the characteristic stretch-
ing band of –N3 which appeared at 2112 cm�1 in the IR
spectrum (Fig. S2†).
Fig. 3 1H-NMR spectra: (I) poly(4-(chloromethyl)styrene), (II) poly(4-(azide-
methyl)styrene) (i.e., sample-2 in Table 1), and (III) PS-g-P3HT copolymer brush
(i.e., sample-b in Table 2) in CDCl3.

This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2py21124f


Fig. 4 GPC traces of the P(S-Cl) backbone (i.e., sample-2 in Table 1, Mn ¼
14 400 g mol�1), P3HT (Mn ¼ 4100 g mol�1) side chains, and the resulting
PS-g-P3HT copolymer brush (i.e., sample-b in Table 2, Mn ¼ 64 600 g mol�1).
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Synthesis of copolymer brush PS-g-P3HT by click reaction

The ethynyl-terminated P3HT was synthesized by end-capping
P3HT prepared by the GRIM method with ethynylmagnesium
bromide (Scheme 1c). Finally, 1,3-dipolar cycloaddition (copper-
catalyzed azide–alkyne cycloaddition) between ethynyl-termi-
nated P3HT and P(S-N3) (i.e., click reaction) yielded PS-g-P3HT
copolymer brushes (Scheme 1d). The click reaction was per-
formed in the presence of CuBr/N,N,N',N0 0,N0 0-pentamethyldi-
ethylene triamine (PMDETA) in DMF at 90 �C. The obtained
copolymer brushes are summarized in Table 2. Click reactions
possess several attractive features, including an extremely
versatile bond-formation process, no need for protecting
groups, good selectivity, nearly complete conversion, and
generally no need for purication. As such, it stands out as a
promising method to simplify the synthetic procedure and
provides opportunities to increase the graing density for large-
scale synthesis.48–50,56

The success of the formation of PS-g-P3HT copolymer
brushes was veried by 1H-NMR, IR spectroscopy, and GPC. In
comparison to the 1H-NMR spectrum of P(S-N3) (Fig. 3(II)), a
new signal (i.e., f) associated with the triazole ring at d ¼ 7.76
ppm appeared in the PS-g-P3HT copolymer brush (Fig. 3(III)),
suggesting that the click reaction between the azide group of
P(S-N3) and the alkyne group of ethynyl-terminated P3HT was
accomplished. The transformation of the azide group to a tri-
azole ring was also conrmed by the emergence of a signal at
d¼ 4.23 ppm (i.e., n0 in Fig. 3(II), –CH2–N3, repeating unit of P(S-
N3)) shiing to d ¼ 4.19 ppm (i.e., e in Fig. 3(III)). In addition,
the proton (b) in PS-g-P3HT shied to a low eld compared to
the same proton (h) in P(S-Cl) (Fig. 3(I)) aer click reaction,
which was in accordance with the recent report.52 Fig. 3(III) also
shows the characteristic peaks of the thiophene group of P3HT
at d ¼ 6.98 ppm (i.e., g in Fig. 3(III)), hexyl group of P3HT at d ¼
0.92–2.80 ppm (i.e., h–m in Fig. 3(III)), and the protons of
phenyl rings of polystyrene at d ¼ 6.33–7.31 ppm (i.e., c and d in
Fig. 3(III)), which substantiated the successful coupling of the
P(S-N3) backbone with ethynyl-terminated P3HT side chains. In
addition, on the basis of the 1H-NMR analysis of the PS-g-P3HT
copolymer brush and P(S-Cl), the efficiency of click reaction can
be calculated as follows

ET ¼
Mn;NMR;PS-g-P3HT �Mn;NMR;PðS-ClÞ

152:62
� 159:2

Mn;NMR;PðS-ClÞ
152:62

�Mn;P3HT

� 100% (1)

where ET is the reaction efficiency of click reaction, 152.62 and
159.2 are the MWs of 4-(chloromethyl)styrene and 4-(azide-
methyl)styrene, respectively. Mn,NMR,P(S-Cl), Mn,NMR,PS-g-P3HT and
Mn,P3HT are the number-average MWs (Mn) of P(S-Cl) (Table 1),
PS-g-P3HT (Table 2), and P3HT calculated from 1H-NMR,
respectively. All calculated ET values are nearly 100% (Table 2),
clearly suggesting that almost all the coupling sites (–N3) of P(S-
N3) participated in the click reaction. The success of click
reaction was further supported by the IR spectra (Fig. S2†).
Obviously, compared with the IR spectrum of P(S-N3), the
characteristic stretching band of –N3 at 2112 cm�1 disappeared,
implying that the –N3 groups took part in the click reaction.
This journal is ª The Royal Society of Chemistry 2013
In order to ensure each coupling site (i.e., –N3) of the P(S-N3)
backbone coupled with one P3HT side chain, ethynyl-termi-
nated P3HT was fed slightly in excess as compared to that of
P(S-N3). The molar ratio of ethynyl-terminated P3HT to –N3 in
P(S-N3) was about 1.2 : 1. Because the difference in MWs
between excessive ethynyl-terminated P3HT and the nal
product PS-g-P3HT was very large, the excess amount of ethynyl-
terminated P3HT can be easily removed from the mixture by the
fractional precipitation, using THF as a solvent andmethanol as
a non-solvent, aer the click reaction was complete. The GPC
curves of the PS-g-P3HT copolymer brush and the correspond-
ing constituents (i.e., P(S-Cl) and ethynyl-terminated P3HT)
showed singlet and low PDI (Mw/Mn < 1.2) (Fig. 4). It is not
surprising that the MW of PS-g-P3HT from GPC was different
from the value derived from 1H-NMR due to the different
hydrodynamic volume of the copolymer brush as compared to
the linear polystyrene standard (Table 2).
Self-assembly of novel PS-g-P3HT copolymer brushes at the
air/water interface formed by the Langmuir–Blodgett (LB)
technique

The self-assembly of PS-g-P3HT copolymer brushes at the air/
water interface was then explored using the Langmuir–Blodgett
(LB) technique. In contrast to conventional lm preparation
methods, such as drop-casting and spin-coating, the organiza-
tion of molecules at the air/water interface can be readily altered
by varying the surface pressure, temperature, pH of the water
subphase, etc.57 To date, little work has been reported on self-
assembly of conjugated copolymers at the air/water interface.
Nonetheless, the use of LB technique on conjugated polymers
has produced a variety of optical and electronic ultrathin lm
devices, such as thin lm conductors.58 For the copolymer
brushes, the presence of joints, branches, and a low level of
entanglements offer increased parameters to modify the
hydrophobic–hydrophilic balance, thereby enabling the
controlled self-assembly process and thus the organized
LB lm.

The Langmuir isotherm, i.e., surface pressure–area (p–A)
plot, of the PS-g-P3HT copolymer brushes (sample-b in Table 2)
is shown in Fig. S3.† The continuous pressure rise was indica-
tive of the formation of the Langmuir monolayer. Compared
Polym. Chem., 2013, 4, 2025–2032 | 2029
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with the reported hydrophobic block copolymers of any struc-
ture, which usually exhibit no plateau region in the p–A curves,59

a long plateau was clearly observed in the isotherm of the PS-g-
P3HT copolymer brush. Thus, in addition to the gas state (i.e.,
zero pressure region), the entire isotherm can be divided into
three regions: (I) liquid state, (II) plateau region at p ¼ 2 mN
m�1 and (III) condensed state. Representative AFM height
images and TEM micrographs of thin Langmuir lms obtained
in these three regions are shown in Fig. 5. Due to their highly
localized electron density, P3HT aggregates can be directly
imaged by TEM without staining. As a result, all morphological
features in TEM images originated solely from the P3HT phase.

The circular and ribbon-like morphologies were seen at the
surface pressure of p ¼ 0 mN m�1 (i.e., gas state region,
Fig. S4†). Since pressure was not applied, the aggregation of
copolymer was a direct consequence of the spontaneous self
assembly process. The driving force for the self-assembly was an
interplay of the attractive interaction between hydrophilic units
(i.e., S atom) on the P3HT chains and the water phase, and the
repulsive interaction between PS chains and water as well as
between the PS chain and P3HT chains as chloroform evapo-
rated.60 The corresponding TEM images indicated that the
ribbon-like morphology was formed by the chaining of circular
domains. Such morphology resembled those structures formed
by the dewetting process. When the PS-g-P3HT chloroform
solution was placed on the water surface, it formed a thin
continuous liquid lm (1 mm thick, which was calculated by
dividing the solution volume (15 mL) by the surface area of the
LB trough (160 cm2)), stabilized by the positive spreading
coefficient of chloroform on water.61 As the solvent evaporated,
the liquid lm became thinner (<100 nm), and the increased
contribution from the unfavorable interfacial interaction
between the PS backbone and water eventually resulted in the
dewetting of thin lm. The dewetting of thin lm can be pro-
ceeded via three stages.62 First, the lm ruptures, thereby
generating randomly distributed holes. Second, the holes then
grow and the rims ahead of the holes eventually merge to form a
cellular structure containing ribbons. Third, the resulting
Fig. 5 AFMheight images and TEMmicrographs of thin Langmuir films obtained
from the PS-g-P3HTchloroform solution at various transfer pressures (i.e., sample-b
in Table 2). (a and b): liquid state region; (c and d): plateau region; and (e and f)
condensed state region. Scan size¼ 3 mm� 3 mm, and z scale¼ 50 nm for all AFM
images. Scale bar of TEM images: (b) 500 nm; (d) 0.5 mm; and (f) 0.5 mm.

2030 | Polym. Chem., 2013, 4, 2025–2032
ribbons in the cellular surface morphology are unstable and
decay into droplets. It is clear that the observed ribbon-like
morphology resembled the morphology formed in the second
stage of the dewetting process.61 As the holes grew during the
solvent evaporation, the concentration of PS-g-P3HT was greatly
increased, leading to the aggregation of polymers and thus the
formation of circular and ribbon-like morphologies to reduce
the overall free energy of the system.

As the surface pressure increased (i.e., in the liquid state
region), the morphology did not change much, with only the
increase in domain density due to reduced surface area. Both
circular and ribbon-like domains were observed (Fig. 5a and b).
In the plateau region, the number of ribbon-like morphology
was reduced, and the domain density was increased. As dis-
cussed above, the ribbon-like morphology resulted from the
chaining of circular domain during the dewetting. Under the
surface pressure, the chain can be readily broken, and the large
empty space that originally existed between these elongated
structures was then lled with the circular domains (Fig. 5c and
d). Consequently, a long plateau region resulted most likely due
to such rearrangement of circular domains. At the end of the
plateau region, the circular domains were highly compact and
no longer compressible, thereby leading to a dramatic pressure
increase as shown in the condensed state region of the
isotherm. During this process, the circular domains appeared
much larger than those in the plateau region, signifying that the
coalescence of domains occurred (Fig. 5e and f).

A close-up TEM image clearly showed that the domain was
composed of ber-like assemblies (Fig. 6a). It is noteworthy that
the nano-sized ber-like morphology has rarely been reported
in the LB study of conjugated polymers; only a wire-like struc-
ture has been reported by collapsing a monolayer of amphi-
philic polythiophene on the LB trough.62 The ber-like
morphology has been broadly observed in the crystalline state of
conjugated rod–coil block copolymers, which self-assembled
head-to-tail or head-to-head into various structures, such as
nemetic, smectic, hockey pucks, etc.63 By contrast, the spectro-
scopic measurements on these self-assembled PS-g-P3HT
copolymer brushes in the condensed state region showed that
these nanoscopic ber-like P3HT did not exist in their crystal-
line state aer drying. The photoluminescence (PL) spectra of
PS-g-P3HT nanobers and P3HT homopolymer with a MW
Fig. 6 (a) A close-up TEM image of circular domain obtained in the condensed
state region (i.e., from sample-b in Table 2), (b) Photoluminescence spectra of the
thin Langmuir film obtained in the condensed state region (blue), and the P3HT
homopolymer in the solution state (black) and solid state (red).

This journal is ª The Royal Society of Chemistry 2013
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identical to individual P3HT chain graed in PS-g-P3HT in both
solution and solid states served as references and are shown in
Fig. 6b. The vibronic structures of the P3HT homopolymer were
clearly evident (i.e., 0–0 emission peak at l ¼ 574 nm and 0–1
emission peak at l ¼ 620 nm for the solution state; and 0–0
emission peak at l ¼ 655 nm and 0–1 emission peak at l ¼
715 nm for the solid state).64 The electronic structure and
optical properties of P3HT have been intensely researched over
the past few decades.65 Two basic types of emission have been
identied, namely, intramolecular emission and interchain
emission. The 0–0 emission is broadly attributed to the intra-
molecular interaction, while 0–1 emission is strongly related to
the interchain interaction.66

In the present study, for the P3HT homopolymer in the
solution state, the conjugated chain was broken into confor-
mational subunits, consisting of several repeat units long owing
to the relatively low energy barrier for small-angle rotations
around bonds along the backbone.67 Therefore, the emission
was blue-shied due to the reduced conjugated length. Upon
drying, the aggregation of P3HT chains, e.g., crystallization,
markedly increased the ordering of polymer chains and the
degree of interchain interaction, leading to increased conju-
gated length (i.e., a red-shi) and enhanced 0–1 peak intensity
relative to the 0–0 peak, respectively (Fig. 6b). In stark contrast
to the crystallized P3HT homopolymer in the solid state, the PS-
g-P3HT nanobers in the dry state displayed a similar 0–0
emission position to the coil-like P3HT chains in their solution
state (Fig. 6b), suggesting the direct transfer of the disordered
state (i.e., non-crystallized) in PS-g-P3HT to its solid Langmuir
thin lm. Moreover, the 0–1 emission peak (approximately at
l ¼ 620 nm; corresponding to the interchain interaction66)
relative to 0–0 emission (approximately at l ¼ 574 nm) was also
dramatically decreased, even negligible (Fig. 6b), which
provided clear evidence of prohibited interchain energy trans-
fer.68 Due to the steric crowding of rod-like P3HT chains on the
PS backbone, the hexyl side chains on P3HT may repulse one
another, disrupting the effective P3HT interchain p–p stacking.
Taken together, the P3HT side chains in the assemblies did not
exist in their crystalline state. Nonetheless, this quite intriguing
observation will be the subject of further study by capitalizing
on grazing-incidence X-ray diffraction.
Conclusions

In summary, novel copolymer brushes, PS-g-P3HT, composed
of a PS backbone and P3HT side chains were successfully
synthesized via a rational combination of RAFT polymerization,
GRIM, and click reaction. The polymerization of 4-(chlor-
omethyl)styrene was highly controllable. The resulting main
chain polymers (i.e., P(S-Cl)) and copolymer brushes possessed
a narrow MW distribution; the MW of main chain polymers can
be well controlled by changing the reaction time in the RAFT
polymerization. The present synthetic approach is simple yet
robust and can be extended to create diverse copolymer
brushes with different conformations of backbone and side
chain (i.e., backbone-g-side chain ¼ coil-g-coil, coil-g-rod, and
rod-g-rod), hydrophilicity (i.e., hydrophilic, hydrophobic, and
This journal is ª The Royal Society of Chemistry 2013
amphiphilic) and functions (i.e., luminescent, semiconducting,
stimuli-responsive (e.g., thermal, pH, and light), etc.) for
fundamental study of the relationship between the macromo-
lecular architecture (as well as nanostructured complex
assembly yielded upon them) and property in solution and solid
states. The self-assembly of PS-g-P3HT copolymer brushes at the
air/water interface was also explored. Remarkably, circular
domain arrays composed of the P3HT nanobers were observed
at high surface pressure. The possible models were proposed to
understand the self-assembly and associated photophysical
behaviors. We envision that this new class of semiconducting
P3HT-containing copolymer brushes may have potential appli-
cations in optical sensors and solar cells, among other areas.
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