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ABSTRACT: A one-step parallel grafting strategy is presented to readily prepare multifunctional complex
macromolecules and miktoarm polymer brushes. Typically, a series of amphiphilic “sliding supramolecular
polymer brushes” (SSPBs) were synthesized with cyclodextrin-based polyrotaxanes (PRs) as backbones. The
amphiphilicity of SSPBs could be facilely tuned by the feed ratio of hydrophilic poly(ethylene glycol) (PEG)
and hydrophobic palmitoyl (C16) side chains. Click chemistry of Cu(I)-catalyzed azide-alkyne cycloaddi-
tion was employed as the parallel coupling reaction, and high grafting density (ca. 18 side chains immobilized
on each R-cyclodextrin ring) and click conversion (∼100%) was achieved in a short reaction time (several
minutes to 3 h). The SSPB with close proportion of PEG to C16 miktoarms showed balanced amphiphilicity
and could aggregate into a Janus film at the interface of hexane and water, which was confirmed with a dye-
labeling method and fluorescence measurements. The amphiphilic SSPBs could also assemble into micro-
porous films on mica surfaces via spin-coating. The formation of the superstructured films was proved to be
affected by the relative humidity, rotational speed of spin-coating, and composition of SSPBs.

Introduction

Molecular brushes are a special class of graft copolymers, in
which side chains (SCs) are distributed densely along the back-
bones. These macromolecules have attracted continuing interest
over the past decades due to their unusual architectures, fascina-
ting properties, and potential applications in many fields invol-
ving biomimetic materials such as proteoglycan.1,2

A large number of molecular brushes with various molecular
architectures have been synthesized.3 However, almost all of the
corresponding backbones are the conventional covalent poly-
mers, and accordingly, the SCs cannot move along the back-
bones. This strongly limits the applications of molecular brushes
in some fields such as biomimetics and self-assembly. Then, is it
possible to utilize a supramolecular polymer as the backbone to
access a supramolecular brush with sliding side arms that would
be a very interesting object?

To answer this question, we consider that polyrotaxane (PR), a
supramolecular polymer constructed from a polymeric axis,
threaded cyclic molecules and bulky stoppers,4 should be a
promising candidate for the construction of sliding supramole-
cular brushes. In this regard, the PRs made from inclusion
complexes between R-cyclodextrins (R-CDs) and poly(ethylene
glycol) (PEG) axes are of particular importance due to (1) the
sliding nature of R-CDs along the PEG axis that would result in
sliding brushes with linear chains immobilized on the CDs,5 (2)
plenty of hydroxyl groups on the CDs that ground the further
modification for the fabrication of brushes, and (3) biocompa-
tibility of the products6 that promises bioapplications of the
brushes. To date, even though numerous papers about CD-based
PRs have been published,7 including their uses as precursors for
gene carriers,8 molecular tubes,9 and slide-ring materials,10 the

applications of the PRs as backbones of sliding brushes were
rarely addressed after the pioneer report by Araki et al.,11 mainly
due to the difficulties of (1) facile large-scale availability of the
PRs, (2) reasonable methodology for grafting side arms on the
PRs, and (3) complete separation of free chains from the brush
products.

Most recently, we have developed a facile method to prepare
β-CD-capped PRs based on R-CDs and PEG axes (“full-CD”
PRs) via one-pot Cu(I)-catalyzed “click” reaction of azides and
alkynes12 inwater with high efficiency,13 paving theway for large-
scale production of PRs.Herein, we employ these full-CDPRs to
synthesize “sliding supramolecular polymer brushes” (SSPBs)
with amphiphilic miktoarms composed of hydrophilic PEG and
hydrophobic palmitoyl (C16) SCs via a one-step click “grafting
onto” approach. Previously, “grafting from”, “grafting onto”,
and “grafting through” strategies have been developed to con-
struct molecular brushes with homogeneous arms.14 However,
multistep/pot reactions and tedious separations are generally
needed for grafting heteroarms, which hinder the advancement
in this field and limit the study of the properties and applica-
tions of molecular brushes. Hence, the one-step approach for
miktoarm brushes would be solicitously expected.

Our one-step strategy is schematically depicted in Scheme 1.
Different molecules or chains with the same terminal functional
groups (A) are added into the reaction system simultaneously to
react with another kind of functional groups (B) on the back-
bone, giving rise to a multifunctional polymer or miktoarm
molecular brush. Particularly, if A and B are alkynyl and azido
groups, respectively, the reaction could be the well-known Cu(I)-
catalyzed “click” chemistry12 which has been widely used to
synthesize functional molecules, molecular brushes, and organic-
inorganic conjugates with the merits of fast reaction, high effici-
ency, and tolerance of protonic solvents. Moreover, if the back-
bone is a PR, multifunctional PR or miktoarm SSPB would be*Corresponding author. E-mail: chaogao@zju.edu.cn.
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accessed readily. Since different chains are attached to the back-
bone via the same reaction according to the one-step approach,
we coin it as “parallel” grafting strategy in order to distinguish it
from the published “orthogonal” grafting strategy,15 in which
different chains react with different functional groups on the
backbone independently. The advantages of such a parallel meth-
odology are that (1) only two kinds of functional groups are
required for the grafting reaction, simplifying the preparation
procedures of building blocks; (2) the functions and properties
of the product could be tuned by the feed ratio of different
molecules/chains to some extent, making molecular brushes with
tunable amphiphilicity or other properties realizable; (3) the puri-
fication process would be relatively convenient since the excess
material molecules with the same kind of functional groups could
be removed from the product via one-step treatment (an example
is shown in the article below); and (4) this principle could be
extended to fabricate multifunctional conjugates such as surface
brushes and bio-nanohybrids. (Note: it would bemore controlled
for the parallel strategy if the reactivities of the two kinds of side
arms/compounds are the same or close.)

Besides the parallel preparation, we also undertook a study on
the properties of the corresponding SSPBs. A fluorescent Janus
film assembled from the rhodamine B (RhB)-labeled amphiphilic
SSPBs was observed at the interface of hexane and water. More
significantly, we found that the as-prepared SSPBs showed very
interesting spin-coating-induced self-assembly behavior on mica
substrates, demonstrating the versatility and great potential of
the novel materials with miktoarm sliding brushes.

Experimental Section

Materials. 4-(Dimethylamino)pyridine (DMAP, 99%), 1,1,4,
7,7-pentamethyldiethylenetriamine (PMDETA, 98%), sodium
azide (99%), succinic anhydride (98%), propargyl alcohol
(99%), poly(ethylene glycol) monomethyl ether (PEG350-OH,
Mn = 350 Da), PEG750-OH (Mn = 750 Da), and PEG1900-OH
(Mn= 1.9 kDa) were all purchased fromAlfa Aesar. Merrifield
resin and N,N0-dicyclohexylcarbodiimide (DCC, 98%) were
obtained from GL Biochem Shanghai Ltd. CuBr (purified
according to ref 16 before use, 98%) and RhB (95%) were
purchased from Sigma-Aldrich. Palmitic acid (97%), oxalyl
chloride (98%), dimethyl sulfoxide (DMSO), and all the other
materials were purchased from Sinopharm Chemical Reagent
Co., Ltd. Triethylamine (TEA) and dichloromethane (CH2Cl2)
were dried with CaH2 and distilled under reduced pressure
before use. N,N-Dimethylacetamide (DMAc) and dimethyl-
formamide (DMF) were dried with MgSO4 overnight prior to
use. 4-(2-Azidoethoxy)-4-oxobutanoic acid (carboxylic azide)
was synthesized in our lab according to the reported procedures.17

Monoalkyne-terminated PEG (PEG350-Alk, PEG750-Alk, and
PEG1900-Alk) and propargyl alcohol-esterified palmitic acid

(C16-Alk) were prepared via DCC/DMAP condensation reac-
tions according to ref 18 (1H NMR spectra of PEG350-Alk and
C16-Alk are shown in the Supporting Information, Figure S1).
Azido-functionalized Merrifield resin was prepared according
to ref 19, and the corresponding FTIR spectrum is shown
in Supporting Information, Figure S2. The brush backbone
of full-CD PR was made from R-CDs, PEG axis (Mn =
4.6 kDa), and β-CD stoppers via one-pot click end-capping
reaction in water according to the reported procedures,13

and the average number of the threaded R-CDs per PR
molecule is 32.9.

Instrument. Gel permeation chromatography (GPC) was
recorded on a Perkin-Elmer HP 1100 (LiBr/DMF 0.01 mol/L
as the eluent, RI-WAT 150CVþ as a detector, and polystyrene
standards at 70 �C). 1H NMR (400 MHz) and 13C NMR (100
MHz)measurements were carried out on aVarianMercury plus
400 NMR spectrometer using CDCl3 or DMSO-d6 as solvent.
Fourier transform infrared (FTIR) spectra were recorded on a
PE Paragon 1000 spectrometer (film or KBr disk). Atomic force
microscopy (AFM) was performed under tapping mode on a
NanoScope IIIa SPM from Digital Instruments Inc. Scanning
electron microscopy (SEM) images were recorded using a
Hitachi S-4800 field-emission microscope. Dynamic light scat-
tering (DLS) measurements were conducted using a Brookhaven
90 Plus particle size analyzer. Fluorescence spectra were mea-
sured with a RF-5301PC fluorophotometer (Shimadzu Corp.).
Confocal fluorescence imaging was performed with a Zeiss
LSM-510 confocal laser scanning microscope with excitation
wavelength (λex) of 543 nm.

Synthesis of Azido-Functionalized Polyrotaxane (PR-N3). To
25 mL of dry CH2Cl2 solution containing 10.38 g of carboxylic
azide (55.51 mmol), oxalyl chloride (14.38 g, 111.02 mmol)
dissolved in 25 mL of dry CH2Cl2 was added dropwise at 0 �C
under a nitrogen atmosphere within 2 h. A gas treatment unit
containing high concentration NaOH solution was necessary to
adsorb the released toxic gas. The reaction mixture was allowed
to stir at room temperature for 5 h and then gently heated to
50 �C. The excess oxalyl chloride and the solvent were removed
under reduced pressure, and then the residue was coevaporated
several times with dry CH2Cl2 (5 � 20 mL). The resulting azido
acyl chloride was used in the next step directly without further
purification. PR (1.00 g, ca. 18.50 mmol -OH) and 10 mL of
TEAwere dissolved in 20 mL of dry DMAc containing 8%w/w
lithium chloride. To this solution, the as-prepared azido acyl
chloride (ca. 3.0 equiv to the hydroxyl groups of PR) dissolved in
dry DMAc (5 mL) was added slowly under a nitrogen atmo-
sphere at 0 �C.After stirring at room temperature overnight, the
reaction mixture was poured into ethanol, and the precipitate
was collected by centrifugation. The solidwas dissolved inDMF
and precipitated from ethanol and ethyl ether several times to
get apale-brownpowder.Yield: 2.24 g, 54%. 1HNMR(DMSO-d6,
δ, ppm): 2.57 (br, OCOCH2CH2COO), 3.50 (br overlapped,

Scheme 1. Schematic Illustration of the One-Step Parallel “Grafting Onto” Strategy for Preparation of Miktoarm Molecular Brushes
a

aThis strategy can also be extended to synthesize multifunctional macromolecules and surface brushes readily.
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H of PR and N3CH2), 3.88-5.04 (br overlapped, H of PR and
N3CH2CH2).

Synthesis of Sliding Supramolecular Polymer Brushes (SSPBs)
via One-Step Parallel Click Coupling (see Scheme 2). A typical
SSPB, PR-PEG75025%, which meant the feed molar ratio of
PEG750-Alk to C16-Alk reagents was 1/3 (25%/75%), was
prepared according to the following procedures. To a DMF
solution (2 mL) containing 20.0 mg of PR-N3 (ca. 0.09 mmol of
-N3), a mixture of PEG750-Alk (35.8 mg, 0.04 mmol) and C16-
Alk (35.6mg, 0.12mmol) dissolved in 1mLofDMF, PMDETA
(6.4 μL, 0.03 mmol) and CuBr (4.3 mg, 0.03 mmol) were added
under a nitrogen atmosphere. The reactionmixture was allowed
to stir at room temperature for 3 h, and then azido-functiona-
lized Merrifield resin (1.0 g) was added to react with the excess
alkynyl groups. The resin was removed by centrifugation, and
the collected solution was poured into ethyl ether. The obtained
solid was redissolved in CHCl3 and passed through a neutral
alumina column to remove the copper catalyst. The collected
eluent was concentrated and precipitated in ethyl ether to afford
the product. Yield: 33.5 mg. 1H NMR (CDCl3, δ, ppm): 0.87 (s,
CH3 of C16), 1.24 (s, CH2 of C16), 1.59 (s, CH2CH2COO of
C16), 2.31 (s, CH2CH2COO of C16), 3.38 (s, CH3O of PEG),
3.64 (s, CH2 of PEG), 4.00-5.46 (br overlapped, H-1,2,3,5,6 of
CD, COOCH2CH2O of PEG, CH2CH2-triazole-CH2OCO),
7.85 (s, H of triazole ring). According to the 1HNMR spectrum,
the molar ratio of PEG750 to C16 SCs in the product was 1/3.22,
which was close to the feed ratio. Likewise, other SSPBs with
various ratios of PEG to C16 SCs were prepared by changing
corresponding PEG-Alk/C16-Alk feed ratios or molecular
weights of PEG-Alk.

Results and Discussion

Synthesis and Characterization of Clickable PR Backbone
(PR-N3).As illustrated in Scheme 2, the PR was first treated
with an azido acyl chloride to prepare the clickable backbone
of PR-N3, which then could click with the monoalkyne-
terminated SC precursors, PEG-Alk and C16-Alk, to pre-
pare the SSPBs with tunable amphiphilicity. An excess of
azido acyl chloride (ca. 3.0 equiv to the hydroxyl groups of
PR) was used to increase the conversion of hydroxyl groups,
and accordingly, this acylation reaction was quite efficient
and no peaks assigned to hydroxyl groups of PR were ob-
served in the 1H NMR spectrum of PR-N3 (Figure 1A).

Besides, PR-N3 was characterized by FTIR and GPC mea-
surements. As shown inFigure 2a, the characteristic peaks of
azido group (asymmetric stretching), carbonyl, and CH
bonds are clearly observed at 2104, 1739, and 2877 cm-1,
respectively. The number-average molecular weight (Mn) of
PR-N3 determined by GPC (Figure 1B) was ca. 135 kDa

Scheme 2. Preparation of Sliding Supramolecular Polymer Brushes (SSPBs) via Parallel Click Grafting Methodology

Figure 1. (A) 1HNMR spectra of (1) PRand (2) PR-N3. (B) GPC trace
of PR-N3.
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(Mw/Mn = 1.12), which is in accordance with the calculated
value, ca. 145 kDa.

Sliding Supramolecular Brushes with Tunable Amphiphili-
city. Generally, the SCs can be attached to PR backbone
via either “grafting from”20 or “grafting onto”21strategies.
Araki et al.11 first prepared this kind of brushwith linear SCs
of poly(ε-caprolactone) (PCL) via a “grafting from”method.
Unfortunately, the ring-opening polymerization of the ε-
caprolactone monomer initiated by the trace amount of
residual water in PRs could hardly be avoided, leading to a
mixture of brushes and free PCLmolecules that were hard to
be separated from the desired product. In addition, it was
quite difficult to know the initiating efficiency of the hydro-
xyl groups of the PR and the molecular parameters of the
SCs such as molecular weight and polydispersity index
(PDI). On the contrary, according to the “grafting onto”
approach, both the backbones and the SCs can be prepared
independently and characterized accurately, so this strategy
is superior to prepare the aforementioned SSPBs with well-
defined architectures.

In order to overcome the limitation of “grafting onto”
strategy, i.e., low grafting efficiency resulting from steric
hindrance, a highly efficient coupling reaction and relatively
small and flexible SCs should be taken into consideration in
the molecular design.3 Thereby, we selected C16 and PEG
with relatively low molecular weights as the SCs and highly
efficient click chemistry as the coupling reaction. Further-
more, an excess of SC precursors is necessary for high graf-
ting density according to the principle of “grafting onto”
strategy. In our experiments, the molar ratio of alkynyl to
azido groupswas optimized as 1.80/1.3 The removal of excess
alkyne reagents was facilely achieved by clicking onto azido-
functionalized Merrifield resin and the subsequent centrifu-
gation step.19

The SSPBs with sole PEG750 or C16 arms were first
prepared to understand the reactivity of the SC precursors
with the PR backbone. In the case of PEG750-grafted PR
(PR-PEG750100%), surprisingly, FTIR spectra showed that
the characteristic peak of azido group at 2104 cm-1 disap-
peared immediatelywithin 1min after the additionofPEG750-
Alk, accompanying increasing intensities of the absorption
bands corresponding to carbonyl at 1739 cm-1 and CH
bonds at 2877 cm-1 (Figure 2). On the basis of extremely
sensitive azido absorption in the FTIR spectrum, the con-
version of azido groups (i.e., grafting density, n) approached
100%. This conclusion was further demonstrated by the 1H
NMR spectrum of the product. According to Figure 3,

the calculation formula for n is shown as follows:

I1

I2
¼ 2

n
þ 8 ð1Þ

In this equation, I1 is the integration value of the peaks in the
region of 4.00-5.30 ppm (H-1,2,3,5,6 of CD, COOCH2-

CH2O of PEG, CH2CH2-triazole-CH2OCO) and I2 is that
of signal d at 8.15 ppm (H of triazole rings formed via the
click coupling reaction).

The ratio of I1/I2 equals 10.08 (Supporting Information,
Figure S3), and thus n is ca. 96%, much higher than the
reported one (ca. 62.5%) for the brush prepared under
similar condition with a covalent polymeric backbone.3 A
similar result was obtained when C16 was chosen as the sole
SC. The absorption peak of azido group at 2104 cm-1 dis-
appeared within 1 min in the FTIR spectrum (Supporting
Information, Figure S4f) of the product (PR-C16100%).
According to the corresponding 1H NMR spectrum with
integration values (Supporting Information, Figure S5), the
conversion of azido groups was proved to reach 100% as
well. These experiments demonstrated that both PEG750 and
C16 arms can be efficiently attached to the PR backbone and
have comparable reactivity in the click coupling, which paves
the way to miktoarm SSPBs with tunable amphiphilicity via
the one-step parallel “grafting onto” approach.

To synthesize the miktoarm SSPBs as efficiently as possi-
ble, we present the parallel “grafting onto” strategy to attach
two kinds of SCs simultaneously onto the PR backbone. A
DMF solution with a given feed molar ratio of PEG750-Alk
to C16-Alk (Rf = PEG-Alk/C16-Alk) was added to a DMF
solution of as-prepared PR-N3, followed by the addition
of catalyst system of CuBr/PMDETA. The reaction mix-
ture was allowed to stir under a nitrogen atmosphere at room
temperature for 3 h to ensure the high conversion of azido
groups before the addition of azido-functionalized
Merrifield resin for the removal of excess alkyne reagents.
The resulting product was then characterized by FTIR and
1HNMRmeasurements. Typically, in the case ofRf= 50%/
50% (PR-PEG75050%), no characteristic peak of the azido
group was observed at 2104 cm-1 (Supporting Information,
Figure S4d), indicating that the conversion of azido groups
in the parallel click coupling also approached 100%andboth
PEG750 and C16 chains were immobilized on the PR back-
bone with an actual molar ratio (Ra = PEG/C16 SCs) since
neitherPEG750-AlknorC16-Alk could consumeazidogroups
completely (the feed molar ratio of PEG750-Alk or C16-Alk

Figure 2. FTIR spectra of (a) PR-N3 and the samples taken from the
click coupling reaction of PR-N3 with PEG750-Alk at given times: (b) 1
min, (c) 3 min, (d) 10 min, and (e) 3 h after the addition of PEG750-Alk. Figure 3. 1H NMR spectrum of PR-PEG750100% in DMSO-d6 in the

region of 3.6-8.5 ppm.
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to azido group was only 0.9/1). Significantly, the value of Ra

was able to be estimated from the corresponding 1H NMR
spectrum (Figure 4c), which was 53%/47% (Table 1), quite
close to the value of Rf. This further demonstrated that the
click reactivity of both kinds of SCs was comparable,
indicating that the SC ratio (Ra) or the ratio of hydrophilicity
to hydrophobicity could be tuned readily by the feed ratio
of Rf.

In fact, we found that the amphiphilicity of SSPBs could
be tuned indeed by the value ofRf. As shown in Figure 4, the
intensity of PEG750 peak (-CH2- at 3.50 or 3.64 ppm)
increases with the increase of Rf or the relative amount of
PEG750-Alk, and that of the peak originating from C16 SCs
(-CH2- at 1.24 ppm) decreases simultaneously. The calcu-
lated values ofRas of all prepared SSPBs are listed in Table 1
and are close to the correspondingRfs, indicating thatRa can
be controlled simply, to some extent, by adjusting the value
of Rf. This result, as well as the high conversion of azido
groups, should be ascribed to not only the high efficiency of
the click coupling reaction but also the mobility of the
adsorbed thin SCs. Moreover, the sliding SCs on PR may
result in a lower steric repulsion than those grafted on the
conventional polymeric backbone. As such, the parallel stra-
tegy developed herein is of particular importance to facilitate
the preparation ofmiktoarm amphiphilic brushes andmulti-
functionalmacromolecules with tunable tailor-made proper-
ties.

To probe the different characters of hydrophilic and
hydrophobic SCs, we examined the solubility/dispersibility
of SSPBs with 1H NMR measurements by the addition of
DMSO-d6 that is a good solvent for PEG but poor solvent

for C16 moieties. As shown in the 1H NMR spectra of PR-
PEG75025% (Ra = 25%/75%), the intensity of the proton
peak of C16 SCs (at 1.24 ppm) decreases with the increase of
DMSO-d6 proportion in the mixed solvents of CDCl3 and
DMSO-d6, while that of PEG750 SCs maintains the same. In
the case of PR-PEG75050% (Ra = 53%/47%), both signals
of C16 and PEG750 SCs remain almost unaltered (Figure 5).
This phenomenon revealed a significantly limited conforma-
tional freedomofC16 SCs of the SSPBswith lowerRa, which
probably resulted from the aggregation of C16 SCs with the
addition of DMSO. Consequently, the value of Ra greatly
influences the solubility/dispersibility of SSPBs.

To reveal the potential versatility of the parallel grafting
strategy, we utilized different PEG SCs to show the controll-
ability for the structures of SSPBs through an alternative
manner of molecular weight. Significantly, SSPBs with tun-
able amphiphilicity could also be readily accessed by using
PEG350 SCs via the one-step parallel strategy, and the result-
ing Ra was almost equal to the feed ratio of Rf (Table 1,
Supporting Information, Figures S4g and S7). In the cases of
PEG1900-Alk reagent, ahighly solubleproduct,PR-PEG190050%,
was also successfully prepared, and no absorption peak was
observed at 2104 cm-1 in the FTIR spectrum (Supporting

Table 1. Selected Reaction Conditions and Results for the Sliding Supramolecular Polymer Brushes (SSPBs)

sample PR-PEG750 100% PR-PEG750 75% PR-PEG750 50% PR-PEG750 25% PR-C16 100% PR-PEG350 50% PR-PEG1900 50%

Rf
a 100%/0% 75%/25% 50%/50% 25%/75% 0%/100% 50%/50% 50%/50%

Ra
b 100%/0% 76%/24% 53%/47% 25%/75% 0%/100% 50%/50% 63%/37%

MWc (102 kDa) 7.03 6.14 5.27 4.22 3.30 3.90 10.24
Mn (10

2 kDa) 2.37 1.90 1.87 1.56 1.26 1.55 2.78
Mw/Mn

d 1.66 1.28 1.46 1.32 1.26 1.42 1.39
diametere (nm) 572.2 453.7 456.0 264.9 275.7 299.4 579.9
PDI f 0.026 0.005 0.020 0.005 0.005 0.136 0.118

aThe feedmolar ratio ofRf=PEG-Alk/C16-Alk. bThe actualmolar ratio ofRa=PEG/C16 SCs obtained from the 1HNMRspectrum. cMolecular
weight calculated from the 1H NMR spectrum. dWeight-average (Mw) and number-average molecular weight (Mn) obtained via GPC measurements.
eThe particle sizes of the brushes in CHCl3 solution (the details are shown in Supporting Information, Figure S6). fDLS polydispersity index.

Figure 4.
1HNMRspectra of SSPBs inDMSO-d6 (cyan, blue, and green)

or CDCl3 (red and black): (a) PR-PEG750100%, (b) PR-PEG75075%,
(c) PR-PEG75050%, (d) PR-PEG75025%, (e) PR-C16100%. The left
part is the amplified spectra in the region of 3.9-8.5 ppm.

Figure 5. 1H NMR spectra of (A) PR-PEG75025% and (B) PR-
PEG75050%, in CDCl3 (green), the mixed solvents of DMSO-d6 and
CDCl3 (1:1 by volume, red), and DMSO-d6 (black).
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Information, Figures S4h andS7), indicating the high grafting
efficiency of parallel click coupling for SCswith relatively high
molecular weights. As shown in Table 1, the calculated Ra is
63%/37%, not in accordance with Rf (50%/50%), which is
likely caused by the shielding effect of long PEG1900 chains on
the adjacent short C16 arms and the integration error of
1H NMR signals since the integration value of PEG1900 peak
is much larger than that of C16 peak. Incidentally, when we
tried to synthesize the brush with sole PEG1900 SCs, PR-
PEG1900100%, a macroscopic gel appeared immediately with
the addition of PEG1900-Alk, whichmight be attributed to the
formationof a stable copper complexbetween thebrushes and
copper ions. We did the control experiments of mixing linear
PEGswith copper ions and found that an insoluble precipitate
also appeared forPEGwithhighmolecularweight (MW>10
kDa), whereas no gel was observed for low-molecular-weight
PEG.Further studies are needed to totally uncover the reason
and the actual structures of these complexes.

Furthermore, all of the prepared brushes were character-
ized by GPC and DLS, and the results are listed in Table 1.
The order of Mns determined by GPC was consistent with
that of the theoretical ones (MWs) obtained according to 1H
NMR spectra, but unfortunately, Mn was obviously lower
than corresponding MW. This error was assumed to result
from the compact structures of the grafted copolymers and
the different hydrodynamic volumes between the brushes
and polystyrene standards in DMF.22 Because of the com-
plex structures of such kinds of brushes, to exactly determine
their Mns by GPC is a challenge yet. The diameters of the
brushes measured by DLS have considerable relationship
with MWs, i.e., the higher MW always resulting in larger
particle size.

Janus SSPBs at the Interface of Hexane and Water.
Similar to the amphiphilic surfactant molecules and block

copolymers, our amphiphilic miktoarm SSPBs are expected
to show unique molecular arrangement behavior at the
interface of oil and water. Herein, we investigated their
possible self-assembly behavior by choosing hexane and
water as solvents since water is a good solvent for PEG but
a poor solvent for C16 SCs, while inversely, hexane is a good
solvent for C16 but a poor solvent for PEG arms.

In order to track these tested brushes in solvents, we first
labeled them with rhodamine B (RhB) via the addition of a
small amount (ca. 5 mol % of the total alkyne reagents) of
alkyne-functionalized RhB23 during the coupling reaction.
As a result, both RhB molecules (Figure 6A) and PR-
PEG75075% with more PEG moiety (Figure 6B) showed
hydrophilic behavior as a whole and tended to dissolve in
water, while PR-PEG35050% with close proportion of PEG
to C16 SCs suspended at the hexane-water interface to
construct an amphiphilic red Janus24 film (Figure 6C).When
slightly shaken, the thin film exhibited surfactant-like bub-
bles (Figure 6D) and gradually recovered after a relatively
long-standing time (at least 1 week), suggesting the high
stability of the bubbles made from the amphiphilic PR-
PEG35050% brushes.

Furthermore, a highly sensitive fluorescence spectrometer
was used to probe the distribution of PR-PEG35050% mo-
lecules by measuring the fluorescence intensities of the
hexane phase, aqueous phase, and the Janus film. According
to the fluorescence spectra, the emission peak of the Janus
film was strongly observed at 597 nm if excited at its
maximum λex of 571 nm (Figure 6E, plot 3), while almost
no fluorescencewas detected for the hexane andwater phases
(Supporting Information, Figure S8), which further demon-
strated that the molecular brushes of PR-PEG35050% were
only localized at the interface of hexane and water, resulting
in the amphiphilic Janus film. Moreover, the Janus film was

Figure 6. Photographs of (A) RhB, (B) PR-PEG75075%, and (C) PR-PEG35050% in the mixture of hexane and water under visible light.
(D) Photograph of vessel C after being shaken. (E) Emission (solid line) and excitation (dashed line) fluorescence spectra of (1) RhB (ca. 7 � 10-5

mg/mL aqueous solution), (2) PR-PEG75075% in water, and (3) the Janus film constructed by PR-PEG35050% (the film was supported by a quartz
slice). (F-H)Correspondingphotographs of vesselA-C irradiated at 365nm, respectively. (I)Representative confocalmicroscopy images of the intact
Janus film (the left image represents fluorescence image and the right one represents the visible image). (J) Schematic structures of a multilayer (the left
image) and a monolayer (the right image) Janus film of PR-PEG35050%.
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carefully transferred onto a quartz slice, and a red fluores-
cence filmwith porous spongelikemorphologywas observed
under a confocal laser microscope (Figure 6I) and confirmed
by SEMmeasurements (Supporting Information, Figure S9).
Slicing scan confocal measurements showed that the porous
film has a micrometer-scale thickness (data not shown).

According to the confocalmicroscopy images, the Janus film
is constructed by multilayer molecules of PR-PEG35050%
brushes, and the schematic structure is shown in Figure 6J.
This film is supposed to show two sides of different pola-
rities, i.e., the hydrophilic side consisting of PEG350 SCs con-
tacted with aqueous phase and the hydrophobic side com-
posed of C16 SCs immersed in hexane solution, and themain
body of the film is built up by the layer-by-layer aggregation
of PEG350 andC16moieties, which is strongly favored by the
free rotation and slippage characters of the SCs. Never-
theless, a self-assembled Janusmonolayer Langmuir-Blodgett
film is supposed to formwith a small amount of PR-PEG35050%
molecules, and the brush can also work as a surfactant at the
hexane-water interface.

Primary AFMObservations on Self-Assembly of SSPBs on
Solid Substrates. Although numerous reports on supramo-
lecular self-assembly of amphiphilic block copolymers25

have been published, the intensive studies on the self-assem-
bly of molecular brushes are rarely found due to the difficult
availability of amphiphilicmiktoarmbrushes withwell-defined
architectures, and normally, only micelles26 and vesicles27

were observed for conventional amphiphilic brushes. Consi-
dering the facile availability of our SSPBs and their well-
defined structures, we investigated the morphology and self-
assembly behavior of the SSPBs preliminarily (see Supporting
Information, Figures S10-S14) and found that one kind of
miktoarm SSPB, PR-PEG75075%, was able to organize into
microporous films on solid substrates of mica at room temp-
erature via the spin-coating method. As shown in Figure 7A,
the film contains some micropores with a nonuniform dia-
meter ranging from 95 to 650 nm, and there are about 100
micropores in an area of 5 � 5 μm2. According to 3D AFM
image (Figure 7B) and the section analysis of the prepared
films (Supporting Information, Figures S15 and S16), the
depth of the micropores is only ca. 2 nm, indicating that
ultrathin porous film can be obtained by self-assembly of
SSPB. Furthermore, we found that the morphology of this
microporous film was affected by the rotational speed of
spin-coating (RS) and relative humidity (RH).At 25 �C,when
RH=50%, themicroporous structures could only be detec-
ted with RS ranging from 1500 to 2500 rpm (Supporting
Information, Figure S10), and when RS = 1500 rpm, the
films could be fabricated with RH ranging from 50% to 62%
(Figure 7 and Figure S11), indicating that the external force

and humidity have great influence on the formation of micro-
porous films. Further studies on the details and mechanism
of self-assembly behaviors of SSPBs (supposedmechanism is
shown in Supporting Information, Figure S17) are still in
process and will be reported later.

Conclusions

In summary, amphiphilic sliding supramolecular polymer
brushes (SSPBs) consisting of a PR backbone, hydrophilic PEG
SCs, and hydrophobic C16 SCs have been successfully synthe-
sized via a one-step click coupling reaction. This parallel grafting
strategy is promising with remarkable merits: (1) the click
coupling was extremely efficient, and almost 100% grafting
density was achieved in a short reaction time (less than 3 h); (2)
different arms were attached onto the PR backbone simulta-
neously, largely simplifying the preparation procedures for
miktoarm brushes; and (3) the ratio of hydrophilicity to hydro-
phobicity of SSPB was essentially tuned by the feed ratio of
corresponding SC precursors. The strategy developed herein
opened an avenue for the facile preparation of miktoarm amphi-
philic brushes and multifunctional macromolecules such as
biomolecules/drugs-polymer conjugates. As a result of their
unique structures, the prepared SSPBs showed interesting prop-
erties. The brushes with balanced amphiphilicity such as PR-
PEG35050% self-assemble into a Janus film at the hexane-water
interface readily. Besides, spin-coating induced self-assembly to
fabricate a microporous filmwith amphiphilic molecular brushes
was observed for the first time, which can be helpful to under-
stand the self-assembly behaviors of complex biomacromole-
cules. It is also highly expected that by the employment of PRas a
supramolecular backbone, a wide variety of novelmolecules with
fascinating properties can be designed and prepared, introducing
a promising perspective toward functional materials.

Acknowledgment. This work was financially supported by
the National Natural Science Foundation of China (No.
50773038 and No. 20974093), National Basic Research Program
of China (973 Program) (No. 2007CB936000), the Fundamental
Research Funds for the Central Universities (2009QNA4040),
and the Foundation for the Author of National Excellent Doc-
toral Dissertation of China (No. 200527).

Supporting Information Available: Additional 1H NMR
spectra, FTIR spectra, fluorescence spectra, AFM images, SEM
images, and details ofDLS results. Thismaterial is available free
of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) (a) Bhattacharya, A.;Misra, B. N.Prog. Polym. Sci. 2004, 29, 767–
814. (b) Hirao, A.; Hayashi, M.; Loykulnant, S.; Sugiyama, K.; Ryu,

Figure 7. (A) AFM image of self-organized morphology of PR-PEG75075% on a mica wafer at 25 �C with rotational speed (RS) = 1500 rpm and
relative humidity (RH) = 62%. (B) Amplified 3D image of part A.



7146 Macromolecules, Vol. 43, No. 17, 2010 Wu and Gao

S. W.; Haraguchi, N.; Matsuo, A.; Higashihara, T. Prog. Polym. Sci.
2005, 30, 111–182. (c) Hadjichristidis, N.; Iatrou, H.; Pitsikalis, M.;
Mays, J. Prog. Polym. Sci. 2006, 31, 1068–1132. (d) Yagci, Y.;
Tasdelen, M. A. Prog. Polym. Sci. 2006, 31, 1133–1170.

(2) (a) Sun,F.; Sheiko, S. S.;Moeller,M.; Beers,K.;Matyjaszewski,K.
J. Phys. Chem. A 2004, 108, 9682–9686. (b) Rathgeber, S.; Pakula, T.;
Wilk, A.; Matyjaszewski, K.; Beers, K. L. J. Chem. Phys. 2005, 122,
124901–124913. (c) Sheiko, S. S.; Prokhorova, S. A.; Beers, K. L.;
Matyjaszewski, K.; Potemkin, I. I.; Khokhlov, A. R.; M€oller, M.
Macromolecules 2001, 34, 8354–8360.

(3) Gao, H.;Matyjaszewski, K. J. Am. Chem. Soc. 2007, 129, 6633–6639.
(4) (a) Araki, J.; Ito, K. Soft Matter 2007, 3, 1456–1473. (b) Huang, F.;

Gibson, H. W. Prog. Polym. Sci. 2005, 30, 982–1018. (c) Wenz, G.;
Han, B.-H.;M€uller, A.Chem.Rev. 2006, 106, 782–817. (d) Harada, A.;
Hashidzume, A.; Yamaguchi, H.; Takashima, Y.Chem.Rev. 2009, 109,
5974–6023.

(5) Zhao, C.; Domon, Y.; Okumura, Y.; Okabe, S.; Shibayama, M.;
Ito, K. J. Phys.: Condens. Matter 2005, 17, S2841–S2846.

(6) (a) Harada, A.; Li, J.; Kamachi, M. Macromolecules 1993, 26,
5698–5703. (b) Harada,A.; Li, J.; Kamachi,M.Nature (London) 1992,
356, 325–327.

(7) (a) Frampton,M. J.; Anderson, H. L.Angew. Chem., Int. Ed. 2007,
46, 1028–1064. (b) Yui, N.; Ooya, T. Chem.—Eur. J. 2006, 12, 6730–
6737. (c) Harada, A.; Takashima, Y.; Yamaguchi, H. Chem. Soc. Rev.
2009, 38, 875–882.

(8) Ooya, T.; Choi, H. S.; Yamashita, A.; Yui, N.; Sugaya, Y.; Kano,
A.; Maruyama, A.; Akita, H.; Ito, R.; Kogure, K.; Harashima, H.
J. Am. Chem. Soc. 2006, 128, 3852–3853.

(9) Harada, A.; Li, J.; Kamachi, M. Nature 1993, 364, 516–518.
(10) (a) Karino, T.; Okumura, Y.; Ito, K.; Shibayama, M. Macromo-

lecules 2004, 37, 6177–6182. (b) Fleury, G.; Schlatter, G.; Brochon, C.;
Hadziioannou, G. Polymer 2005, 46, 8494–8501.

(11) Araki, J.; Kataoka, T.; Ito, K. Soft Matter 2008, 4, 245–249.
(12) (a) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int.

Ed. 2001, 40, 2004–2021. (b) Kolb, H. C.; Sharpless, K. B. Drug
Discovery Today 2003, 8, 1128–1137. (c) Lutz, J.-F. Angew. Chem.,
Int. Ed. 2007, 46, 1018–1025. (d) Amblard, F.; Cho, J. H.; Schinazi,
R. F. Chem. Rev. 2009, 109, 4207–4220. (e) Burke, D.; Iha, R. K.;
Kade, M.; Nystr€om, A. M.; Wooley, K. L.; Hawker, C. J. Chem. Rev.
2009, 109, 5620–5686.

(13) Wu, J.; He, H.; Gao, C. Macromolecules 2010, 43, 2252–2260.
(14) Sheiko, S. S.; Sumerlin, B. S.; Matyjaszewski, K. Prog. Polym. Sci.

2008, 33, 759–785.

(15) (a) Gao, C.; Zheng, X. Soft Matter 2009, 5, 4788–4796. (b) Killops,
K. L.; Campos, L. M.; Hawker, C. J. J. Am. Chem. Soc. 2008, 130,
5062–5064. (c) Joralemon, M. J.; O'Reilly, R. K.; Hawker, C. J.;
Wooley, K. L. J. Am. Chem. Soc. 2005, 127, 16892–16899.
(d) Malkoch, M.; Thibault, R. J.; Drockenmuller, E.; Messerschmidt,
M.; Voit, B.; Russell, T. P.; Hawker, C. J. J. Am. Chem. Soc. 2005, 127,
14942–14949.

(16) Gao, H.; Matyjaszewski, K.Macromolecules 2006, 39, 4960–4965.
(17) Gao, C.; He, H.; Zhou, L.; Zheng, X.; Zhang, Y. Chem. Mater.

2009, 21, 360–370.
(18) He, H.; Zhang, Y.; Gao, C.; Wu, J. Chem. Commun. 2009, 1655–

1657.
(19) (a) Opsteen, J. A.; van Hest, J. C.M.Chem. Commun. 2005, 57–59.

(b) Liu, H.; Li, C.; Liu, H.; Liu, S. Langmuir 2009, 25, 4724–4734.
(c) Chen, G.; Tao, L.; Mantovani, G.; Ladmiral, V.; Burt, D. P.;
Macpherson, J. V.; Haddleton, D. M. Soft Matter 2007, 3, 732–739.

(20) Lee, H.; Jakubowski, W.; Matyjaszewski, K.; Yu, S.; Sheiko, S. S.
Macromolecules 2006, 39, 4983–4989.

(21) (a) Schappacher, M.; Deffieux, A.Macromolecules 2000, 33, 7371–
7377. (b) Uhrig, D.; Mays, J. W. Macromolecules 2002, 35, 7182–
7190.

(22) (a) Netopilik, M.; Kratochvil, P. Polymer 2003, 44, 3431–3436.
(b) Oh, J. K.;Matyjaszewski, K. J. Polym. Sci., Part A:Polym.Chem.
2006, 44, 3787–3796.

(23) Wu, J.; Gao, C. Macromol. Chem. Phys. 2009, 210, 1697–1708.
(24) (a) Walther, A.; M€uller, A. H. E. Soft Matter 2008, 4, 663–668.

(b) Walther, A.; Andre, X.; Drechsler, M.; Abetz, V.; M€uller, A. H. E.
J. Am. Chem. Soc. 2007, 129, 6187–6198. (c) Erhardt, R.; Zhang,
M. F.; Boker, A.; Zettl, H.; Abetz, C.; Frederik, P.; Krausch, G.; Abetz,
V.; M€uller, A. H. E. J. Am. Chem. Soc. 2003, 125, 3260–3267.
(d) Cheng, L.; Zhang, G. Z.; Zhu, L.; Chen, D. Y.; Jiang, M. Angew.
Chem., Int. Ed. 2008, 47, 10171–10174. (e) Nie, L.; Liu, S. Y.; Shen,
W.M.; Chen, D. Y.; Jiang, M.Angew. Chem., Int. Ed. 2007, 46, 6321–
6324.

(25) (a) Zhang, L.; Eisenberg, A.Macromolecules 1999, 32, 2239–2249.
(b) Bronich, T. K.; Cherry, T.; Vinogradov, S. V.; Eisenberg, A.;
Kabanov, V. A.; Kabanov, A. V. Langmuir 1998, 14, 6101–6106.
(c) Yu, S.; Azzam, T.; Rouiller, I.; Eisenberg, A. J. Am. Chem. Soc.
2009, 131, 10557–10566.

(26) Hussain, H.; Mya, K. Y.; He, C. Langmuir 2008, 24, 13279–13286.
(27) (a) Xu,X.; Jia, Z.; Sun,R.; Huang, J. J. Polym. Sci., Part A: Polym.

Chem. 2006, 66, 4396–4408. (b) Cai, C.; Zhu, W.; Chen, T.; Lin, J.;
Tian, X. J. Polym. Sci., Part A: Polym. Chem. 2009, 47, 5967–5978.


