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ABSTRACT: The general strategy for facile synthesis of
Cucurbit[6]uril- (CB[6]-) anchored polymers without the
functionalization of CB[6] was presented. The acrylamide as a
typical monomer was used to synthesize a series of CB[6]-
anchored polyacrylamides (CB[6]-PAM) using potassium
persulfateas as initiator and oxidant. The CB[6]-PAM samples
were characterized by 1H NMR, 13C NMR, HMQC, FTIR, and
TGA. It was found that the composition and chain
microstructure of CB[6]-PAM polymers could be tunable by
changing the content of potassium persulfate, CB[6] and
acrylamide. In addition, CB[6]-PAM could be assembled into nanosized vesicles, which were confirmed by TEM, AFM, and
SEM measurements. By taking advantage of the exceptional binding affinity of the CB[6], the CB[6]-PAM could be modified
with butyl amine hydrochloride. The result makes the CB[6]-anchored polymer potentially useful in many applications.
Furthermore, this synthetic approach could be extend to CB[6]-anchored polymers with two different chains. As a typical
example, CB[6]-anchored poly(4-vinylbenzylamine hydrochloride salt) and polyacrylamide was synthesized successfully.

■ INTRODUCTION

Cucurbit[6]uril, a macrocyclic cavitand comprised of six
glycoluril units, has a hydrophobic cavity of 5.5 Å diameter
that is accessible through two identical carbonyl-fringed
portals.1 Its hydrophobic cavity and polar carbonyl groups at
the portals allow CB[6] to form stable host−guest complexes
with a wide range of molecules and ions such as protonated
aminoalkanes.2−10 In particular, it forms very stable complexes
with protonated polyamines,11−13 which is almost comparable
to that of biotin−avidin system. The strong and specific
interaction makes it one of the affinity pairs widely used in
many applications such as immunological and theranostic
systems.14 In particular, it is a useful noncovalent conjugation
tool and extensively used for immobilizing a wide variety of tags
or functional moieties, such as targeting ligands and imaging
probes by highly stable host−guest chemistry.15−21

These results prompted us to develop CB[6]-anchored
polymers as multifunctional active materials. An apparent
advantage of CB[6]-anchored polymers is the appearance of
CB[6] cavity on the polymer backbone, which allows the
tailoring of polymer properties for the special applications or
introduction of functional moieties.14,22,23

In addition, much more novel properties of CB[6]-anchored
polymers were presented in the fields like macromolecular
machines, smart materials and molecular assemblies. These
novel properties make CB[6]-anchored polymers useful in
chromatographic fillers, membranes and drug carrier sys-
tems.15,17−19,22,24−32 However, the covalent linkage of between
CB[6] and polymer chains can not be performed easily, and
thus their applications are limited. In order to bond CB[6] into

polymer backbone, reactive functional groups must be
appended on the CB[6] surface, which mostly requires
laborious, often low yield syntheses.20,28 Our efforts have
been focused on developing a facile method for synthesis of
CB[6]-anchored polymers.
Herein, we explored one-pot, direct method for the

preparation of CB[6]-anchored polymers without the function-
alization of CB[6], which seems to be applicable to the
monomers of radical polymerization in aqueous solution.
Acrylamide was used as a typical monomer to investigate the
details. A series of CB[6]-anchored polyacrylamide (CB[6]-
PAM) were synthesized in aqueous solution using potassium
persulfate (KPS) as initiator and oxidant. The composition,
microstructure and morphologies of CB[6]-PAM could be
controlled by changing the content of potassium persulfate,
CB[6] and acrylamide. The content of CB[6] varies from
approximately 0.012 to 0.02 g/mL. CB[6]-anchored poly-
acrylamide was successfully assembled into nanosized vesicles.
The nanosized vesicles, once noncovalently modified with
targeting ligands, could demonstrate their potential as a
targeted drug delivery vehicle. 1H NMR, 13C NMR, HMQC,
FTIR, and TGA were used for characterization of CB[6]-PAM.
The morphology of CB[6]-PAM based aggregates was
observed and confirmed by TEM, AFM, and SEM measure-
ments. In addition, this synthetic approach can be extend to
CB[6]-anchored polymer with two different chains. As an

Received: January 4, 2013
Revised: January 26, 2013
Published: February 14, 2013

Article

pubs.acs.org/Macromolecules

© 2013 American Chemical Society 1274 dx.doi.org/10.1021/ma400017y | Macromolecules 2013, 46, 1274−1282

www.sp
m.co

m.cn

pubs.acs.org/Macromolecules


example, CB[6]-anchored poly(4-vinylbenzylamine hydrochlor-
ide salt) and polyacrylamide (CB[6]-PAM-PVBAHS) was
prepared.

■ EXPERIMENTAL SECTION
Materials. CB[6] and 4-vinylbenzylamine hydrochloride salt were

prepared according to the literature.33,34 Potassium persulfate (AP)
and butyl amine (AP) were received from Shanghai Reagent Company
. Acrylamide (AR) from Beijing Chemical Reagent Co. was further
purified by three-time recrystallization.
Synthesis of CB[6]-Anchored Polyacrylamide. In a typical

experiment, 0.5 g CB[6] and 0.324 g of potassium persulfate were
dispersed in 25 mL of distilled water, and stirred for 5 min at room
temperature. The solution was stirred with a small magnetic stir bar
under an inert N2 atmosphere and heated to 80 °C with an oil bath.
After thermal equilibrium had been reached, the solution was bubbled
with N2 for about 0.5 h, then 0.4 mol/L aqueous solution of
acrylamide was added by drop funnel. After 8 h, the solution was
cooled to room temperature. The resulting precipitate was removed by
filtration. The filtrate was purified by dialysis (MWCO 3000) against
water for 24 h to give a solution of polymer, which was concentrated
to 10 mL under the reduced pressure. The concentrated solution was
precipitated with acetone, then dissolution−precipitation three times.
The final precipitation was collected, dipped in acetone for 4 h and
dried under reduced pressure at 40 °C for 48 h. The other CB[6]-
anchored polyacrylamide samples were synthesized under the similar
conditions except for the feed mass of CB[6], acrylamide, and
potassium persulfate, which are listed in Table 1.

Noncovalent Modification of CB[6]-Anchored Polyacryla-
mide with Protonated Aminoalkanes. CB[6]-PAM was dissolved
in 20 mL of H2O, and stirred for 10 min at room temperature. Then,
excess amount of butyl amine hydrochloride was slowly dripped to the
solution and stirred for 2 h at room temperature. The reaction solution

was precipitated with methanol. The white precipitation was washed
three times with methanol and dried under reduced pressure at 40 °C
for 48 h.

Characterization. All 1H NMR, 13C NMR, and HMQC
experiments were performed on a Bruker AVANCEIII-500 NMR
spectrometer. D2O was used for field-frequency lock, and the observed
chemical shifts are reported in parts per million (ppm) relative to an
internal standard (TMS, 0 ppm).

Fourier-transform infrared (FTIR) was carried out on a NEXUS-
670 (Nicolet, American) with sample prepared as KBr pellets. The
spectra were acquired in the frequency range 4000−400 cm−1 at a
resolution of 4 cm−1 with a total of 16 scans.

Thermal characteristics of samples were determined with a
thermogravimetric analyzer (TGA). TGA was performed with a
STA409PC TGA system (Netzsch, Germany). The analysis was
performed with approximately of 10 mg of dried samples in a dynamic
nitrogen atmosphere (flow rate 50 mL/min) at a heating rate of 10
°C/min.

High-resolution transmission electron microscopy (TEM) images
were recorded on a JEM-2010F electron microscope operated at 200
KV. Samples were immobilized on copper grids covered with carbon.
The samples were stained with 20% of phosphotungstic acid, and the
specimens were dried at room temperature before examination.

Atomic force microscopy (AFM) images were recorded on a
CSPM5500−0034 AFM (Beijing Nano-Insturments, Ltd.). Dilute
sample solution was spin-coated onto a silicon wafers and allowed to
dry in a vacuum desiccator for several hours. Images were obtained
using tapping-mode, with Olympus AC 240 tips.

Scanning electron microscopy (SEM) images were carried out on a
Hitachi S4800 field-emission SEM system. Dilute sample solution was
immobilized onto a silicon wafers and allowed to dry in a vacuum
desiccator for several hours. The specimens were treated by spray gold.

GPC measurements were carried out in 0.1 M phosphate buffer
solution eluent (pH 6.8, 1 mL/min) at 30 °C using a Waters 515
liquid chromatography equipped with two gel permeation chromatog-
raphy columns in series (Waters Ultrahydrogel 500, 7.8 mm ×300 mm
and Waters Ultrahydrogel 250, 7.8 mm ×300 mm) with a refractive
index detector.

■ RESULTS AND DISCUSSION
Synthesis Strategy. It is well-known that reaction of

CB[6] with excess potassium persulfate in water produces
hydroxyl derivatives of CB[6].20 Although the hydroxylation
mechanism of CB[6] has not been fully understood, it is
possible that the addition of potassium persulfate to the system
produces hydroxyl radicals and simultaneously generates new
radicals on the surface of CB[6].28 It is our suggestion that the
direct functionalization method of CB[6] was compatible with
a radical polymerization technique in aqueous solution. The
produced radicals on the surface of CB[6] could take part in
the initiation, propagation, termination or transfer reaction of

Table 1. Feeding Composition of CB[6]-PAM Samples

samples
CB[6]
(g/mL)

AM
(moL/
L)

KPS
(g/mL)

feed mole ratio of KPS/active
sites of CB[6]

CB[6]-
PAM-1

0.012 0.4 0.013 0.33

CB[6]-
PAM-2

0.016 0.4 0.013 0.25

CB[6]-
PAM-3

0.020 0.4 0.013 0.20

CB[6]-
PAM-4

0.020 0.2 0.013 0.20

CB[6]-
PAM-5

0.020 0.6 0.013 0.20

CB[6]-
PAM-6

0.020 0.4 0.019 0.30

Scheme 1. Synthesis Strategy of CB[6]-Anchored Polyacrylamide by Free Radical Reaction in Aqueous Solution
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vinyl polymerization. Therefore, functionalization of CB[6] and
polymerization of monomer could be carried out simulta-
neously via one-pot, direct radical polymerization method. To
obtain CB[6]-anchored polymer via direct radical polymer-
ization method, the most two important factors should be taken
into account: the macromolecular backbone and construction
method. In this paper, we chose the polyacrylamide as
macromolecular backbone. As to the synthesis methods, we
selected the common free radical reaction in aqueous solution
to construct the CB[6]-anchored polyacrylamide due to its
simplicity and generality. The synthesis strategy is illustrated in
Scheme 1 and the procedure is surprisingly simple.
After initiating of vinyl monomers, macromolecular radicals

are formed immediately by chain propagation. If the macro-
molecular radicals are coupled to the radical on the surface of
CB[6], the CB[6]-PAM polymer chains could be prepared.
Meanwhile, the radicals on the surface of CB[6] are also liable
to further radical initiation, propagation, and termination,
producing CB[6]-anchored polyacrylamide. In addition, it
should be pointed out that 12 active sites of CB[6] can be
obtained by the reaction of excess potassium persulfate.35

When newly generated macromolecular radicals are further
bonded to the active sites of CB[6]-PAM, star, or branched
polymer chains would formed. Thus, by changing the molar
ratio of CB[6] to potassium persulfate, the polymer micro-
structure was able to be controlled.
Synthesis Exploring. Six CB[6]-PAM samples were

synthesized via free radical polymerization in aqueous solution
using potassium persulfate as initiator and oxidant. They were
polymerized under identical conditions except for the feed mass
of CB[6], acrylamide (AM), and potassium persulfate (KPS),
which are shown in Table 1.
The obtained CB[6]-PAM samples were characterized by 1H

NMR, 13C NMR, HMQC, FTIR, and TGA techniques. The
successful synthesis of CB[6]-anchored polyacrylamide was
confirmed by NMR analysis. The 13C NMR spectrum20,36−38 of
the CB[6]-PAM-3 polymer confirmed that the typical amide
carbonyl carbon (−CO-NH2) signal appeared at δ 179.5 ppm.
The resonances of two different carbonyl carbons at 156.2 and
154.7 ppm were assigned to the polyacrylamide grafted and
ungrafted glycoluril units of CB[6]20 respectively, suggesting
that two kinds of glycoluril units of CB[6] were obtained. No
bis(polyacrylamide)-grafted glycoluril units were observed. In
addition, The presence of signal at δ 39.8−40.7 ppm was the
methylene carbons of polyacrylamide segment grafted to
oxygen of CB[6]-O- units, which confirmed the formation of
new CB[6]-O-polyacrylamide linkages (Figure S1, Supporting
Information). The C,H-COSY NMR spectrum showed the
protons at δ 5.17−5.28 ppm correlated with carbon signals at δ
39.81−40.75 ppm, which were assigned to the methylene
protons of polyacrylamide segment grafted to oxygen of CB[6]-
O− units (Figure S2, Supporting Information).20,36−39

However, the signals at δ 5.17−5.28 ppm were overlapped
with the methine protons of grafted glycoluril units in part in
1H NMR spectrum (Figure S3, Supporting Information). From
above results, it is reasonable to conclude that CB[6]-anchored
polyacrylamide was synthesized successfully. Furthermore, the
FTIR spectra of CB[6]-PAM samples revealed two character-
istic peaks at 1667 and 1750 cm−1, corresponding to the
carbonyl moiety of the polyacrylamide chains and CB[6]
(Figure S4, Supporting Information). The TGA curves (Figure
S5, Supporting Information) of CB[6]-PAM sample showed
three weight loss stages. The first stage at about 250 °C resulted

from the decomposition of the amide groups of grafted PAM
chains. This decomposition temperature is somewhat lower
than that of neat PAM (287 °C). The second stage of CB[6]-
PAM samples at about 375 °C was attributed to the main
decomposition of grafted PAM. The third transition of CB[6]-
PAM samples is observed at about 470 °C, which was assigned
to the decomposition of CB[6] groups of CB[6]-PAM. In
contrast, the decomposition temperature of neat CB[6] is
higher than that of CB[6] groups of CB[6]-PAM.6,40 These
results further indicated that the PAM chains have been
successfully grafted on CB[6] through the in situ radical
polymerization approach.

Effect of the Different Polymerization Conditions on
the Formation of CB[6]-PAM. Table 2 listed all the results of

the six CB[6]-PAM samples. The M̅w for the CB[6]-PAM
samples showed only slight variation with the variation of feed
condition as listed in Table 2. The typical GPC plot of CB[6]-
PAM-1 in phosphate buffer solution indicated a significant
branching phenomenon under these reaction conditions,41

which was because the 12 oxidizable sites at the periphery of
CB[6] could bond with polymer chains to grow into branched
polymer chains (Figure S6, Supporting Information).
For the six samples of CB[6]-PAM obtained at different

polymerization conditions, the average molar ratio of repeating
unit of PAM to CB[6] unit (PAM/CB[6]) and the average
molar ratio of grafted glycoluril units to all the glycoluril units
of CB[6] (average grafting degree of CB[6]) were charac-
terized by 1H NMR (Figure S3, Supporting Information). All
the results for the six CB[6]-PAM samples are listed in Table 2.
To understand the effect of the CB[6] concentration on the

average grafting degree of CB[6], we used the initial CB[6]
concentration of 0.012, 0.016, and 0.020 g/mL in the syntheses
of polymers CB[6]-PAM-1, CB[6]-PAM-2 and CB[6]-PAM-3
as listed in Table 1. The differences of average the grafting
degree of CB[6] among CB[6]-PAM-1, CB[6]-PAM-2, and
CB[6]-PAM-3 could be observed as shown in Figure 1 and the
results are listed in Table 2.
The results revealed that the larger concentration of CB[6]

produces lower grafting degree of CB[6] (CB[6]-PAM-3,
average grafting degree 0.33), whereas the smaller concen-
tration of CB[6] yields higher grafting degree of CB[6]
(CB[6]-PAM-1, average grafting degree 0.47) under the same
condition.
On the basis of the procedure proposed in Scheme 1, at the

early stage of reaction, CB[6] with 12 oxidizable site at the
periphery react with potassium persulfate to form radicals on
the surface of CB[6], which further react with monomers or
macromolecular radicals to grow into CB[6]-anchored PAM.
As the amount of CB[6] decreases at the constant amount of
potassium persulfate, the average number of the reaction site of

Table 2. Composition and M̅w of CB[6]-PAM Samples

samples grafting degree of CB[6]
PAM/
CB[6] M̅w (10

4 g/moL)

CB[6]-PAM-1 0.47 55:1 25
CB[6]-PAM-2 0.40 41:1 18
CB[6]-PAM-3 0.33 29:1 23
CB[6]-PAM-4 0.36 15:1 15
CB[6]-PAM-5 0.35 67:1 34
CB[6]-PAM-6 0.48 34:1 20
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per CB[6] units increases. As a result, the increased site of per
CB[6] enhanced the grafting degree of CB[6].
However, the reaction carried out with a concentration of

CB[6] below 0.008 g/mL generated only gelation, indicating
that there is a critical concentration for the CB[6]. When the
concentration of CB[6] is lower than the critical concentration,
CB[6] units would produce a highly cross-linked polymer,
leading to the occurrence of gelation.
The CB[6] concentration also significantly affected PAM/

CB[6] value as shown in Table 2. As can be seen, PAM/CB[6]
value decreases with increasing the CB[6] concentration. The
FTIR spectra also revealed that the relative intensity of the peak
at 1667 cm−1 to 1750 cm−1 decreases gradually with the

increasing amount of CB[6] (shown with arrows in Figure S4,
Supporting Information), suggesting PAM/CB[6] values
decreased in the order of CB[6]-PAM-1, CB[6]-PAM-2, and
CB[6]-PAM-3. From the DTGA curves of CB[6]-PAM-1,
CB[6]-PAM-2, and CB[6]-PAM-3 (Figure S7, Supporting
Information), we clearly find that the PAM/CB[6] value play
an important role for decomposition temperature of amide
groups. The DTGA curves indicated notably that the
decomposition temperature of the amide groups of grafted
PAM decreases with the decrease of PAM/CB[6] values. This
deviation was due to the fact that the bulky steric hindrance of
CB[6] hinders the formation of hydrogen bonds between the
amide groups, leading to the decrease of decomposition
temperature of amide groups with the increase of CB[6]
amount.41

Another important factor to influence the formation of
CB[6]-PAM is the acrylamide concentration. When we
increased the concentration of reactant acrylamide in the
reaction mixture at the constant molar ratio of CB[6] to KPS
(1:0.2), the average PAM/CB[6] value increased, as indicated
in Table 2.
For example, the radical reaction carried out at different

acrylamide concentration of 0.2, 0.4, and 0.6 M as shown in
Table 1, produced the polymer with the average PAM/CB[6]
of 15:1, 29:1 and 67:1, respectively (Table 2, CB[6]-PAM-4,
CB[6]-PAM-3, and CB[6]-PAM-5). However, the average
grafting degrees of CB[6] have no evident difference.
The results indicated that the composition of the CB[6]-

PAM polymer could be systematically controlled by the
concentration of acrylamide. In general, the higher the

Figure 1. 1H NMR spectra of (1) CB[6]-PAM-1, (2) CB[6]-PAM-2,
and (3) CB[6]-PAM-3.

Figure 2. Images of CB[6]-PAM-1 aggregates (a, TEM; b, AFM; c and d, SEM).
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acrylamide concentration was, the more the repeating unit of
PAM grafted, which is consistent with the theory of radical
polymerization.
Size and Morphology of the CB[6]-Anchored Poly-

acrylamide. The size and morphlolgy of the polymer
aggregates are important factors for their applications.41 Here,
the morphology of CB[6]-PAM-based aggregates were studied
by TEM, AFM, and SEM measurements.
Figure 2, Figure 3, and Figure 4 show the representative

micrographs of aggregates formed from the different CB[6]-
PAM polymer samples under the same condition. Our
examination of many images concludes that the size and
micrograph of aggregates could be systematically controlled by
the grafting degree of CB[6] and the ratio of PAM/CB[6].
According to the results of the 1H NMR listed in Table 2, the

grafting degree of CB[6] of CB[6]-PAM-1 and CB[6]-PAM-6
are approximately close and higher than other samples.

Figure 2 presents a set of images which show the
morphology of aggregates prepared from CB[6]-PAM-1
sample. From TEM image of CB[6]-PAM-1 (Figure 2 a), we
can see that the aggregates were much more polydisperse and
contained many kinds of vesicles. Most of the aggregates were
large elongated compound vesicles with the thickness of the
membrane about 6 nm. Small spherical vesicles aggregates with
diameter of 100−200 nm were also observed. The size and
morphlolgy of the polymer aggregates were further measured
by AFM. Tapping-mode AFM of CB[6]-PAM-1 (Figure 2 b)
showed flattened and elongated spheres with the size of 100−
300 nm and a height of 15−20 nm. SEM of CB[6]-PAM-1 in
Figure 2, parts c and d, confirmed the coexistence of the large
elongated compound vesicles and small spherical vesicles
aggregates, which nicely match the results observed by TEM
and AFM.

Figure 3. Images of CB[6]-PAM-6 aggregates (a, TEM; b, SEM).

Figure 4. Aggregate morphology of CB[6]-PAM-4 (a, TEM; b, SEM) and CB[6]-PAM-5 (c, TEM; d, SEM).
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The similar large compound vesicles together with many
small vesicles for CB[6]-PAM-6 aggregates were observed by
TEM and SEM (Figure 3, parts a and b), but most of the
aggregates became more spherical and their average size was
smaller than that of CB[6]-PAM-1 sample.
The aggregate morphology of CB[6]-PAM-4 and CB[6]-

PAM-5 with different PAM/CB[6] ratios were observed by
TEM and SEM as shown in Figure 4. Parts a and b of Figure 4
show planar lamella structure of CB[6]-PAM-4 with diameter
of 100 nm. As seen from TEM images, some of the lamellae
have curved edges, such as those indicated in Figure 4a by an
arrow. For CB[6]-PAM-5 sample, with higher ratio of PAM/
CB[6], vesicular aggregates with diameter of 100 nm were
observed by TEM and SEM (Figure 4, parts c and d).
Proposed Model of the Nanocapsule Formation. On

the basis of the above observations and the general formation
mechanism of vesicles, we proposed a model for the formation
of the nanocapsule. The proposed model is similar to the
formation model of lipid vesicles, in which the planar bilayers
are assumed to be involved. Under certain conditions, the
planar bilayers are more favorable for closed bilayer (vesicles)
rather than infinite planar bilayers. It is because the energeti-
cally unfavorable edges in a closed bilayer are eliminated at a
finite aggregation number, which is also entropically favored.42

The proposed model for the formation of CB[6]-PAM based
planar layers is shown in Scheme 2, which includes the
formation of a layer by the intermolecular hydrogen bonds
between the amide and the carbonyl group of CB[6] portals
(N−H...OC),6,18 and stacking such layers to form the 2D
vesicle membranes. Such 2D planar membranes start to bend to
reduce their total energy. Thus, so long as the CB[6]-PAM in a
curved planar membranes can maintain their parameters such
as PAM/CB[6] and grafting degree of CB[6] at their optimal
value, vesicles should be the preferred structures.42

According to the theoretical model reported by Israelachvili
et al.,42 the radius of the formed smallest vesicle is defined as
the critical radius (Rc), below which a bilayer cannot curve
without introducing unfavorable packing strains. Namely, for R
< Rc, such vesicles are energetically unfavored.42 Kimoon Kim
et al. have developed the theoretical model of Israelachvili to

understand the CB[6] based polymer nanocapsules formation,
including the energy and size distribution of nanocapsules.17

On the basis of the theory of Kim, the critical radius Rc of
CB[6]-based polymer nanocapsules is d(πκ/6ε)1/2. Here d is
the distance between two CB[6] units in the aggregates, ε is the
bond energy per linkage and κ is the bending rigidity.
In general, d and κ can be systematically controlled by the

PAM/CB[6] and grafting degree of CB[6]. As can be seen, as
the number of molar ratio of PAM/CB[6] increases, the
average distance between two CB[6] units d increases.
Meanwhile, the length of PAM chains between two CB[6]
units and grafting degree of CB[6] can change the bending
rigidity κ.
Considering the size of the aggregates formed in the self-

assembly process, Kim proposed the average radius is

∫ π⟨ ⟩ = = πκR R RP R dCd ( )
8

e KT1/4 2 /

The equation suggests that changes in the distance between
neighboring CB[6] units d and bending rigidity κ affect the
average size of aggregates.
Thus, under certain conditions of d and κ, no stable vesicles

should form; instead, extended bilayers should occur, which is
in good agreement with the experimental results as described.

Noncovalent Modification of CB[6]-PAM. One of the
unique properties of the CB[6]-anchored polymer described
here is the CB[6] cavity appeared on the polymer backbone. By
taking advantage of the exceptional binding affinity of
polyamine on the CB[6], the CB[6]-PAM can be readily
modified with various functional “tags” by using tag-polyamine
conjugates in a noncovalent manner.
In this paper, we investigated the modification of CB[6]-

PAM using butyl amine hydrochloride, which forms a stable 1:1
complex with CB[6]. The successful modification of CB[6]-
PAM with butyl amine hydrochloride was confirmed by 1H
NMR as shown in Figure 5(2). The 1H NMR spectrum of the
complex of CB[6] and butyl amine hydrochloride is shown in
Figure 5(1) for comparison.
It reveals that upon formation of the complex between

CB[6]-PAM and butyl amine hydrochloride, the methyl and
methylene signals of butyl amine hydrochloride are upfield-
shifts due to the shielding effect of CB[6], which are the

Scheme 2. Formation Model of the CB[6]-PAM-Based Vesicle
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consistent with the complex of CB[6] and butyl amine
hydrochloride. In addition, no apparent change on the
morphology of the CB[6]-PAM aggregates was observed after
they were treated with butyl amine hydrochloride. These results
confirmed that the functional “tags”, if they are attached to
aminoalkane, can be introduced to the CB[6]-anchored
polymer in a noncovalent manner, which makes the CB[6]-
anchored polymer potentially useful in many applications,
including targeted delivery.
Extension of the Synthesis Strategy. The above CB[6]-

PAM cases have sufficiently shown the feasibility and simplicity
of our synthesis strategy. To demonstrate the generality of our
strategy, we conducted experiments to extend it to other
monomers. The synthesis strategy of CB[6]-anchored polymers
with two different chains is illustrated in Scheme 3.
For example, reaction of CB[6]-PAM with 4-vinylbenzyl-

amine hydrochloride salt (VBAHS) in the presence of KPS at
80 °C produced CB[6]-anchored poly(4-vinylbenzylamine
hydrochloride salt) and polyacrylamide (CB[6]−PAM-
PVBAHS), which was confirmed by 1H NMR spectrum as
shown in Figure 6.
The CB[6]−PAM-PVBAHS shows the pH-responsive

behavior. The vesicular aggregates of CB[6]-PAM-PVBAHS
with diameter of 300−400 nm in pH = 3 solution were
observed by TEM and AFM as shown in Figure 7. The kind of
CB[6]-PAM-PVBAHS with pH-stimulant responsive properties
has their great potentials in both academic theory and

application fields, the details of which will be published
separately.

■ CONCLUSION
In summary, we have developed a facile, reliable, and general
strategy for synthesis of CB[6]-anchored polymers, which does
not require the functionalization of CB[6]. The synthesis
strategy seems to be applicable to the monomer of radical
polymerization in aqueous solution. In this paper, the
acrylamide as the typical monomer was used to synthesize a
series of CB[6]-anchored polyacrylamide (CB[6]-PAM) in
aqueous solution. The chemical structures of the obtained
CB[6]-PAM samples were confirmed by 1H NMR, 13C NMR
and HMQC. The results of 1H NMR revealed that the
composition and chain microstructure of CB[6]-PAM polymers
could be controlled by changing the content of potassium
persulfate, CB[6] and acrylamide. The larger concentration of
CB[6] produces a lower grafting degree of CB[6] (CB[6]-
PAM-3, average grafting degree 0.33), whereas the smaller
concentration yields a higher grafting degree of CB[6] (CB[6]-
PAM-1, average grafting degree 0.47) under the same
condition. In general, the ratio of PAM/CB[6] increased with
the increase of acrylamide concentration. On the basis of a
number of observations including TEM, AFM and SEM
measurements, we can see that the size and morphology of
aggregates could be systematically controlled by the grafting
degree of CB[6] and the ratio of PAM/CB[6]. For different
grafting degree of CB[6] and PAM/CB[6] ratios, the vesicles
and planar lamellae with different size and morphology could
be observed.
One of the interesting properties of the CB[6]-anchored

polymer was that the CB[6] cavity appeared on the polymer
backbone allows facile tailoring of its properties in a
noncovalent manner by virtue of the unique recognition

Figure 5. 1H NMR spectra of (1) the complex of CB[6] and butyl
amine hydrochloride and (2) butyl amine hydrochloride modified
CB[6]-PAM.

Scheme 3. Proposed Synthesis Strategy of CB[6]-Anchored Polymers with Two Different Chains

Figure 6. 1H NMR spectrum of CB[6]-PAM-PVBAHS.
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properties of CB[6]. In this paper, the successful modification
of CB[6]-PAM with butyl amine hydrochloride was confirmed
by 1H NMR. These results confirmed that the functional “tags”,
if they are attached to polyamines, can be introduced to the
CB[6]-anchored polymer in a noncovalent manner, which
makes the CB[6]-anchored polymer potentially useful in many
applications, including targeted delivery.
Furthermore, this synthetic approach appeared to be

applicable to other vinyl monomers and could be extend to
CB[6]-anchored polymers with two different polymer chains.
As a example, reaction of CB[6]-PAM with 4-vinylbenzylamine
hydrochloride salt produced the CB[6]-anchored poly(4-
vinylbenzylamine hydrochloride salt) and polyacrylamide
(CB[6]-PAM-PVBAHS). This novel synthesis approach for
CB[6]-anchored polymers has their great potentials in both
academic theory and application fields.
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