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Abstract Novel water-soluble side-chain copolymer with the pseudorotaxane struc-
ture threaded by cucurbit[6]uril (CB[6]) was synthesized by N'-(4-vinylbenzyl)-1,
4-diaminobutane dihydrochloride with CB[6] threaded (4VBCB) and N,N'-dimethyl-
acrylamide (DMAA) as monomers. SEM results show that the diameter of the spherical
particles increases and the crosslinking in spherical particles occurred with the decrease
of the molar ratio of DMAA/4VBCB. Interestingly, '"H NMR spectra show that the
threading and dethreading of CB[6] on the side chains could be controlled by the
addition of CaCl, or BaCl,, but CB[6] cannot drop from the side chains by the addition
of NaCl. DLS data indicate that the copolymers have thermal sensitivity and their jump
temperature could be controlled by adjusting the molar ratio of DMAA/4VBCB, and
RLS data show that the size of aggregation increases with increasing the concentration of
NaCl. At the same time, the copolymers have pH-responsive behavior.
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Introduction

Supramolecular polymers [1, 2] are inherently dynamic in nature and highly
selective toward other complementary guest molecules due to these various weak
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Fig. 1 Structure of CB[6]

and reversible non-covalent interactions such as hydrogen bonding, ion—ion, n—n
stacking, and van der Waals interactions, and supramolecular systems could be
engineered to assemble and disassemble spontaneously in response to a range of
triggers because of their inherent modularity and reversibility [3-28].

Cucurbit[6]uril (CB[6]), a barrel-shaped host, consists of 6 glycoluril groups and 12
methylene bridges at both ends as shown in Fig. 1. The two rims are formed by the
glycoluril carbonyl oxygen, thereby are negatively charged, and they develop ion—dipole
interactions with cationic guests [29, 30]. Recently, taking advantage of cucurbit[n]uril’s
structure, various mechanically interlocked molecules including rotaxanes and
poly(pseudo)rotaxanes have been synthesized by Kim [30-47], Buschman [48-51],
and others [28, 52—62]. We previously synthesized some side-chain polypseudorotaxanes
with cucurbit[n]uril as molecular bead have been also reported [63—69].

Poly(N,N'-dimethylacrylamide) (PDMAA) has temperature responsiveness,
which have attracted extensive attention as water-absorbing, soft, and stimuli-
sensitive materials [70-73]. Therefore, it is expected that the copolymer with
DMAA and N'-(4-vinylbenzyl)-1,4-diaminobutane dihydrochloride with CB[6]
threaded (4VBCB) can be synthesized. It is also expected that copolymer has more
unique and complicated stimulation-responsive behaviors.

Herein, we synthesized novel water-soluble side-chain copolymer by 4VBCB
and DMAA as monomers. The pH and thermo-responsive behavior of the
copolymer was studied by DLS and RLS. At the same time, the stimuli-responsive
behavior of salts for the copolymer was investigated by 'H NMR.

Experimental

Materials

CB[6] was prepared according to the literatures [29, 30]. N'-(4-vinylbenzyl)-1,4-
diaminobutane dihydrochloride (4VB) was prepared according to the literature [66].

DMAA were received from Acros. Anhydrous acetonitrile (AR) and diethyl ether
anhydrous (AR) were received from the Sinopharm Chemical Reagent Co., Ltd
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(SCRC). Potassium persulfate (KPS, Acros) was recrystallized from the deionized
water before use. Other chemicals were of reagent grade and used without further
purification.

Synthesis of complex polypseudorotaxane monomer with CB[6] (4VBCB)

4VB (0.735 g, 3 mmol) was dissolved in deionized water (30 mL), and stirred for
10 min at room temperature. CB[6] (3.28 g, 3.3 mmol) was slowly added into the
solution of 4VB, and the mixture was stirred for 24 h at room temperature. The
reaction solution was filtrated and concentrated by rotary evaporation method, and
precipitated by absolute ethyl alcohol. The white precipitate was purified with diethyl
ether anhydrous and dried in vacuum to give 4VBCB (3.43 g, 92 %). '"H NMR
(400 MHz, D,0O, ppm) o: 0.55 (s, CH,CH,CH,CH,, 4H), 2.26 (t, CH,CH,CH,
CH,NH,", 2H), 2.38 (t, CH,NH;", 2H), 5.33 (d, PhACH,NH, ", 2H), 5.89 (d, CH,=
CH, 2H), 3.79 (m, CH,=CH, H), 7.57 and 7.72 (d, Ph, 4H), 4.32 (d, 12H from CB[6]),
5.59 (s, 12H from CB[6]), 5.68 (d, 12H from CB[6]); IR (KB, cm_l) v: 1639 (C-N™),
1731 (C=0 of CB[6]); Anal. calcd for C49HsgN»c01,Cl,: C 46.19, H 4.56, N 28.59;
found C 45.94, H 4.81, N 28.43.

Synthesis of the water-soluble copolymer (PAVBCB/DMAA)

H,O (50 mL), DMAA (0.215 g, 0.0025 mol), and 4VBCB (1.243 g, 0.001 mol)
were added into three-necked flask and stirred with a magnetic stir bar under an
inert N, atmosphere, and then heated to 85 °C with an oil bath. After thermal
equilibrium had been reached and the solution had been bubbled for 0.5 h, K,S,0g
was added and reacted for 24 h at this temperature. The reaction aqueous was
concentrated and precipitated with acetone and dried in vacuum to give the
copolymer PAVBCB/DMAA-1 (1.38 g, 94 %). The solid power of PDMAA and the
copolymers with different molar ratios of DMAA/4VBCB (P4AVBCB/DMAA-2 and
P4VBCB/DMAA-3) for the measurement of 'H NMR, DLS, RLS, and EA were
synthesized by the above method as shown in Table 1. "H NMR (D,0, 400 MHz,
ppm) o: 0.59 (CH,CH,CH,CH,), 1.45 and 1.60 (CH, and CH from the main chain
of copolymer), 2.30 (CH,CH,CH,CH,NH,"), 2.42 (CH,NH;"), 3.00 (CH; from
DMAA), 5.55 (PhCH,NH,"), 7.52 and 7.79 (Ph), 4.36 (12H from CB[6]), 5.66
(12H from CB[6]), 5.74 (12H from CB[6]); IR (KBr, cm™') v: 1633 (C-N"), 1447
(C=C from phenyl), 1731 (C=0 of CB[6]).

Characterization

All '"H NMR experiments were performed on a Bruker AVANCE400 NMR
spectrometer. D,O was used for field-frequency lock, and the observed 'H chemical
shifts were reported in parts per million (ppm) relative to an internal standard (TMS,
0 ppm).

FT-IR was carried out on a Tensor 27 spectrometer (Bruker, Switzerland) with
sample prepared as KBr pellets. The spectra were acquired in the frequency range
4,000—400 cm ™! at a resolution of 4 cm ™" with a total of 16 scans.
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Table 1 Copolymer composition and the weight-average molar mass M,, of PAVBCB/DMAA and
PDMAA

Sample Feed molar Elemental analysis Actual molar M.,

ratio of DMAA/ ratio of DMAA/ (g/mol)b

4VBCB C H N 4VBCB®

(wt%)  (Wt%)  (wt%)

PDMAA _ 60.61 9.09 14.14 _ 5.18 x 10
PDMAA/4VBCB-1 2.5 48.53 5.30 26.24 24 8.19 x 10
PDMAA/4VBCB-2 4.0 50.18 5.68 25.55 4.0 6.61 x 10
PDMAA/4VBCB-3 5.5 50.39 5.88 24.25 54 5.78 x 10

* Determined by 'H NMR spectra

° Determined by static light scattering

Elemental analyses (C, N, and H) were performed on Elementar Vario E1 III
analyzer (German).

Multi-angle laser light scattering (MALLS) measurements were performed by the
Wyatt Technology DAWN HELEOS 18 angle (from 15° to 165°) light scattering
detector using a Ga—As laser (658 nm, 40 mW). The refractive index increments
(dn/dc) of PAVBCB/DMAA in aqueous solution were determined at 25 °C by an
Optilab Rex interferometeric refractometer (Wyatt Technology) at the wavelength
of 658 nm, and the concentrations of PAVBCB/DMAA determined in the solution
of 0.1 mol/L NaCl for Zimm plot were 5 x 107>, 1.5 x 1074, 2.5 x 107%,
3.5 x 107% and 4.5 x 10~* g/mL.

DLS measurements were performed on Dawn Heleos, Wyatt QELS, and Optilab
DSP instruments. The water used for light scattering measurements was all filtered
through 0.22-pm hydrophilic membranes (Millipore) before using. Solutions were
prepared by the weighing method. Stock solutions were prepared by dissolving the
copolymers in aqueous solution in volumetric flasks. Solutions with different
concentrations were prepared for light scattering measurements by diluting the stock
solutions.

The RLS measurement was performed at room temperature on a Hitachi F-4500
fluorescence spectrophotometer (Tokyo, Japan). The slit (ex/em) width was 5 nm/
5 nm. The excitation and emission spectra were recorded in range of 250-500 nm
with synchronous at Aex = Aey, (ie., A4 = 0 nm) according to the literature [76].

The morphologies of the copolymer were observed in scanning electron
microscopy (SEM) (Qanta200ESEM FEIco-Holland) with an accelerating voltage
of 20 kV.

Data of X-ray Powder Diffraction (XRD) were collected on a Max 2200PC
power X-ray diffractometer (Rigaku, Japan) with Cu-Ko (1.54051 1&) radiation
(40 kV, 20 mA). Powder samples were mounted on a sample holder and scanned
with a step size of 26 = 0.02° between 20 = 5° and 50°.

The pH experiments were performed on a pHS-3 type pH meter made in
Shanghai Leici Instrument Company with the E-201-C type glass electrode.
Conductivity experiments were performed on the E-201-C type glass electrode
together with 232 type Hg electrode as a reference electrode.
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Results and discussion
Preparation of the pseudorotaxane monomer and PAVBCB/DMAA

The pseudorotaxane monomer (4VBCB) was easily achieved by self-assembly of
4VB with a certain amount of CB[6] in water at room temperature for 12 h as shown
in Scheme 1. The copolymer PAVBCB/DMAA was prepared using K,S,0g as the
initiator and 4VBCB and DMAA as the monomers in water under the inter N,
atmosphere by the free radical polymerization as shown in Scheme 2.

PDMAA and the copolymers with different molar ratios of DMAA/4VBCB were
determined by elemental analysis as shown in Table 1, while the actual molar ratio
of DMAA/4VBCB calculated via '"H NMR spectra and the weight-average molar
mass M,, of PAVBCB/DMAA and PDMAA are shown in Table 1.

= . -
é —|_
2CI

NH,* NH,*
L >
2cr CBj[6]
HaN HaN
4VB 4VBCB
Scheme 1 Synthesis of the pseudorotaxane monomer 4VBCB
H,C=CH KPS
_— H,C—CH CH,—CH
TR e oo
N (o]
/N
H,;C CH; N\
2CI N|-|2+ H3c/ CH,
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Scheme 2 Synthesis of PAVBCB/DMAA
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Fig. 2 Zimm plot for
P4VBCB/DMAA-1
in 0.1 mol/L NaCl
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In static light scattering, we are able to obtain the weight-average molar mass
M,,, the second-order virial coefficient A,, and the mean square radius (ré) of
polymer chains from the angular dependence of the excess absolute scattering
intensity, known as the Rayleigh ratio R(6), on the basis of

K*C 1 1

ORI +3(re)q’) +24:C (1)

where K* = 4n(dn/dc)2n0/(NA/1?)), and g = (4nng/ o) sin(6/2), with ny, dn/dc, g,
and 0 being the solvent refractive index, the specific refractive index increment, the
wavelength of the incident light in vacuum, and the scattering angle, respectively
[74, 75]. Figure 2 shows a static Zimm plot of P4AVBCB/DMAA-1 in solution of
0.1 mol/L NaCl, where C ranges from 5.0 x 107> to 4.5 x 10~* g/mL. The date of
static light scattering measurements indicate that the weight-average molar mass M,
of PAVBCB/DMAA-1 was 8.19 x 10* g/mol, and the M, of PDMAA and
copolymers with different molar ratios of 4VBCB to DMAA were determined by
static light scattering as shown in Table 1.

'"H NMR spectra

The formation of copolymers was confirmed by '"H NMR spectrum. Figure 3 was
the '"H NMR spectrum of 4VB and pseudorotaxane monomer 4VBCB. It reveals
that upon formation of the complex, signals appear at 5.74, 5.66, and 4.36 ppm,
which correspond to threaded CB[6]. The methylene proton signals of the butyl
diamine units of 4VB (peaks 7, 8, 9, and 10) are upfield shifted, and the methylene
proton signals of benzyl units of 4VB (peak 6) is downfield shifted due to the
shielding effect of CB[6] [65, 66]. The '"H NMR data support that CB[6] beads
threaded on 4VB are localized on the butyl diamine units, and the molar ratio of
CB[6] to 4VB is 1:1. The high threading efficiency is due to the multiple non-
covalent interactions between the positively charged nitrogen atoms of protonated
butyl diamine and the CB[6] portal oxygen atoms, and the resulting complex
pseudorotaxane is quite stable in solution and solid state.
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Fig. 3 "H NMR spectra of 4VB and 4VBCB
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Fig. 4 '"H NMR spectra of 4VBCB (a), PDMAA (e), and copolymer with CB[6]: (d) PAVBCB/DMAA-
1, (¢) PAVBCB/DMAA-2, (b) PAVBCB/DMAA-3

Figure 4b—e are the 'H NMR spectra of PDMAA and copolymer with CB[6].
Figure 4b—e shows that no peaks corresponding to ~-CH=CH, are observed in the 'H
NMR spectrum. Comparing with the "H NMR spectrum of PDMAA (e), new broad
signals appear at 4.36, 5.66, and 5.74 ppm, which correspond to the threading
CB[6], and the methyl signals of DMAA at 3.00 ppm are also observed in the
"H NMR spectrum of Fig. 4b—d. At the same time, the ratio of the area of peak 3
(the methyl signals of DMAA) to the peaks 8 and 9 (the methylene signals of
4VBCB shielded by CB[6]) increases with the increase of the molar ratio of
DMAA/4VBCB. All these data were consistent with the fact that CB[6] beads are
localized on the butyl diammonium units of the side chains, and it did not shed from
the side chains of copolymer after the polymerizations. The results of molar ratio of
DMAA/4VBCB were calculated from the ratio of the integrals areas between the
signals of peaks 3, 8, and 9 as listed in Table 1.
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Fig. 5 FT-IR spectra of
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FT-IR spectra

Figure 5 shows FI-IR spectra of PDMAA, copolymer with CB[6] PAVBCB/DMAA
with different molar ratios of DMAA/4VBCB. The carbonyl moiety of DMAA is
denied by absorption at 1,637 cm™' as shown in Fig. 5a—d. Compared with the
carbonyl moiety of DMAA, the carboxyl group absorption peak of CB[6] was
observed at 1,750 cm~! in the curves of b, ¢, and d of Fig. 5. The band at
1,475 cm™" corresponds to the stretching frequency of C=N in the CB[6], and the
rocking vibration of CH, in CB[6] was observed at 802 cm™'. The ratio of intensity
of the peaks at 1,637—1,750 cm ™' increase gradually with increasing the molar ratio
of DMAA/4VBCB as shown in Fig. 5b—d. The FT-IR results consistent with that of
the '"H NMR spectra.

X-ray powder diffraction (XRD)

Figure 6 shows the XRD patterns of PDMAA, copolymers with different molar ratios
of DMAA/4VBCB and CB[6]. No sharp peaks reflected in the pattern of PDMAA
show that it is a typical non-crystalline polymer as shown in Fig. 6a, while CB[6],
comparing with PDMAA, has crystal composition because there are three sharper
peaks (20 = 14.8°,23.2°,31.2°) in the XRD pattern in Fig. 6e. While comparing with
PDMAA, copolymers with different molar ratios of DMAA/4VBCB have crystal
composition because there are three sharper peaks (20 = 16.0°, 22.6°, 30.8°) in the
XRD pattern and approach that of pure CB[6] as shown in Fig. 6b—d. As the molar
ratio of DMAA/4VBCB increases from 2.5 to 5.4 as shown in Fig. 6b—d, the intensity
of the peaks (20 = 16.0°, 22.6°, 30.8°) decrease with increasing molar ratio of
DMAA/4VBCB as shown in Fig. 6. The decreasing intensity suggests that the
threading of CB[6] on the side chains of copolymer may cause chain conformational
changes of the copolymer. Compared with the parent PDMAA, the copolymers with
the structure of pseudorotaxane have more regular chain conformation because of
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Fig. 6 The XRD curves of
PDMAA (a) and copolymers
with CB[6]: (b) PAVBCB/
DMAA-1, (¢) PAVBCB/DMAA-
2, (d) PAVBCB/DMAA-3,

(e) CBJ6]

intensity

5 10 15 20 25 30 35 40 45 50 55
20°

amount of the threading CB[6] beads, and the regularity of the chain conformation
increases with increasing amount of the threading CB[6].

Scanning electron microscopy (SEM)

The morphology of the copolymers with different molar ratios of DMAA/4VBCB
was investigated by SEM as shown in Fig. 7. The surface of copolymers with
different molar ratios of DMAA/4VBCB shows a series of spherical particles with
different diameters. At the same time, the SEM images show that the diameter of the
spherical particles increases with the decrease of the molar ratio of DMAA/4VBCB
because that with the addition of 4VBCB, the random chains of polymer are taken
on a structure of a nearly circle with the beads of CB[6] lies out the circle, which are
attributed to the bulky steric hindrance of CB[6]. So, the copolymers with the
structure of pseudorotaxane have more regular chain conformation with decreasing
the molar ratio of DMAA/4VBCB as the result of the XRD. The results of SEM
research show that the introduction of the pseudorotaxane monomer in the
copolymer could cause chain conformational changes.

The stimuli-responsive behavior of salts for the copolymer

The two rims of CB[6] are formed by the glycoluril carbonyl oxygen, thereby are
negatively charged, so they develop strong ion—dipole interactions with cationic
guests. For example, the binding constant of CB[6] with Ba®" is 1.7 x 10> L/mol
[49], and the binding constant of CB[6] with Ca>" is 3.7 x 10" L/mol [77]. So, the
proper Ba®" or Ca®" was added into the solution of PAVBCB/DMAA-1, which
leads to that CB[6] could shed from the pseudorotaxane structure in the side chains
of copolymer, and the copolymer with quaternary ammonium salts could be free. It
provides theoretical basis for the application of the copolymer with the pseudoro-
taxane structure in drug release because the quaternary ammonium salt shielded by
CBJ6] is non-toxic compared with the physiological toxicity of the free quaternary
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Fig. 7 SEM images of copolymer with CB[6]: a, b PAVBCB/DMAA-3; ¢, d PAVBCB/DMAA-2;
e, f PAVBCB/DMAA-1

ammonium salt. Figure 8 shows the '"H NMR spectra of PAVBCB/DMAA-1 (a),
P4AVBCB/DMAA-1 with the addition of BaCl, (¢) or CaCl, (b), and NaCl (d).
P4VBCB/DMAA-1 (10 mg) was added into the solution of CaCl, (0.1 mol/L). The
methylene signals of 4VB in the side chains shifts lowfield as shown in Fig. 8a, b,
which indicates that CB[6] could shed from the pseudorotaxane structure in the side
chains of copolymer with the addition of CaCl,. At the same time, PAVBCB/
DMAA-1 (10 mg) was also added into the solution of BaCl, (0.1 mol/L), and
Fig. 8a, c shows that the methylene signals of 4VB in the side chains shifts lowfield
to 1.7 ppm and the proton signals of CB[6] disappear. It is indicated that CB[6]
could also shed from the pseudorotaxane structure in the side chains of copolymer
with the addition of BaCl,. But PAVBCB/DMAA-1 (10 mg) was also added into the
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Fig. 8 'HNMR spectra of PAVBCB/DMAA-1 (a), PAVBCB/DMAA-1 with the addition of BaCl, (c) or
CaCl, (b), and NaCl (d)

solution of NaCl (0.2 mol/L), and Fig. 8a, d shows that the methylene signals of
4VB could not shift and the proton signals of CB[6] could not disappear comparing
the addition CaCl, or BaCl,. It suggests that the addition of NaCl could not have
effect on the dethreading of CB[6] from the side chains of copolymer, which may be
because of the binding constant of CB[6] with Na™. The difference of the '"H NMR
spectra of PAVBCB/DMAA-1 with adding CaCl, or BaCl, may be due to the
binding constant of CB[6] with Ca*t or Ba?t. If the Ba®t or Ca®" could be
removed as precipitate, CB[6] could thread on the side chains again. So, Na,COj3 or
Na,SO, was added into the CaCl, or BaCl, solution of PAVBCB/DMAA-1 for the
removal of Ca®" or Ba®". As expected, CB[6] could thread on the side chains again
as shown in Fig. 8a. All the above experimental was repeated three times to prove
the reversibility of threading and dethreading of CB[6] in the side chains of
copolymer with the pseudorotaxane structure with the addition of Ca*™ or Ba®™.
The experimental results consistent with Fig. 8, so threading and dethreading of
CBJ6] in the side chains could be controlled by the addition of salts as shown in
Fig. 9.

NaCl has no effect on the threading and dethreading of CB[6] from the side
chains, so the effect of NaCl on the aggregation behavior of the copolymer could be
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Fig. 9 The schematic illustration of threading and dethreading of CB[6] from the side chains by the
addition of salts

studied by RLS, because RLS is extremely sensitive and selective in probing the
aggregation of the molecular chains [76]. Figure 10 shows the RLS spectra of
P4VBCB/DMAA-1 (0.2 mg/mL) at different concentrations of the NaCl solution.
The maximum scattering wavelengths (4,,,x) are about 394 nm, and other smaller
scattering peaking at 354, 455, and 530 nm. The four peaks are the RLS information
of PAVBCB/DMAA-1, and considering the sensitivity of detection, the maximum
scattering wavelength (394 nm) was selected for further work. The RLS intensity at
394 nm increases with increasing concentration of the NaCl solution from 0.1 to
0.8 mol/L, which indicates that the sizes of the aggregation of copolymer with the
pseodurotaxanes structure increase with increasing the addition of NaCl. It is
considered that CB[6] threaded on side chains could be shielded by Na*t, which
leads to the electrostatic repulsive interaction of the side chains of copolymer
decreases. So, the intermolecular interaction of copolymer enhances that result in
the increase of the size of aggregation with increasing the concentration of NaCl.

Thermo-responsive behavior for the copolymer

The temperature responsiveness of DMAA is based on the balance of the
hydrophilicity and hydrophobicity. Temperature responsiveness is caused by the
hydrophobic interaction based on the hydration and dehydration of the methyl group of
side chain [71]. Figure 11 shows the hydrodynamic radius distribution of PAVBCB/
DMAA-3 (0.2 mg/mL) with increasing the temperature. The hydrodynamic radius of
P4VBCB/DMAA-3 shifts to the large size with increasing the temperature from 25 to
45 °C, and the hydrodynamic radius distribution is broad at the high temperature as
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Fig. 10 The RLS spectra of PAVBCB/DMAA-1 (0.2 mg/mL) at different concentrations of the NaCl
solution: / 0.8 mol/L, 2 0.6 mol/L, 3 0.4 mol/L, 4 0.2 mol/L, 5 0.1 mol/L
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Fig. 11 The effect of temperature on hydrodynamic radius distribution of PAVBCB/DMAA-3 (0.2 mg/
mL)

shownin Fig. 11.Itisindicated that the size of aggregation increases with the increase
of temperature because of the hydrogen bonding interaction of nitrogen atoms of
amide groups of DMAA unites with H,O [78-80]. When the temperature of the
solution increases, the hydrogen bonding interaction of nitrogen atoms of amide
groups of DMAA unites with H,O was destroyed, and the hydrophobic interaction of
the two methyl groups of DM AA was enhanced and the molecular conformation of the
copolymer was changed as shown in Fig. 14, which leads to the increase of the
aggregation with increasing the temperature. Figure 12 shows the DLS curves of
P4AVBCB/DMAA (0.2 mg/mL) with different molar ratios of DMAA/4VBCB with
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Fig. 12 The effect of 140
temperature on hydrodynamic
radius of PAVBCB/DMAA 120+
(0.2 mg/mL) with different
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(c) PAVBCB/DMAA-3 = 60
(14
40
20
0 T T T T T
25 30 35 40 45
T(°C)

increasing the temperature. The hydrodynamic radius of PAVBCB/DMAA with
different molar ratios of DMAA/4VBCB increases with increasing the temperature,
and the jump temperature decreases with increasing the molar ratio of DMAA/4VBCB
because that the enhanced rigidity and the bulky steric hindrance of side chains of
P4AVBCB/DMAA with the pseudorotaxanes structure threaded by CB[6] decrease
with increasing the mole ratio of DMAA/4VBCB. It is indicated that the copolymer
with the pseudorotaxanes structure has thermal sensitivity and their jump temperatures
could be controlled by adjusting the molar ratio of DMAA/4VBCB in the copolymers.

The pH-responsive behavior for the copolymer

To study pH-responsive behavior of copolymer with the pseudorotaxanes structure,
HCI (1 mol/L) was added into the solution of PAVBCB/DMAA at first, and the
solution of NaOH (0.1 mol/L) was added dropwise into the acidic solution of
PAVBCB/DMAA. At the same time, the pH of the solution of PAVBCB/DMAA was
determined. Figure 13 shows that the effect of the concentration of NaOH on the pH
of the solution of PAVBCB/DMAA. By adding the solution of NaOH (0.1 mol/L),
pH of the solution of PAVBCB/DMAA has no change, but pH of the solution of
PAVBCB/DMAA increases rapidly when the volume of NaOH added reaches to
0.85 mL, and then the pH keeps invariant after adding the volume of NaOH to
1.05 mL as shown in Fig. 13. It is considered that the added NaOH should first
abstract H* from protonated 1,4-diaminobutane moiety of copolymers to neutralize
the PAVBCB/DMAA copolymers, and then the threading CB[6] are dethreading
from the side chains. The jump of pH value clearly indicates the complete
dethreading of the threading CB[6]. It is indicated that the copolymer with the
pseudorotaxanes structure has pH-responsive behavior. And HCl solution was again
added into the solution of PAVBCB/DMAA to test the reversibility of pH-
responsive behavior of PAVBCB/DMAA aqueous solutions. The experimental
results were consistent with Fig. 13, so threading and detheading of CB[6] on the
side chains could be controlled by adjusting pH of the copolymers as shown in
Fig. 14.

@ Springer



Polym. Bull. (2012) 69:199-217 213

Fig. 13 The pH curves of the 13
solution of PAVBCB/DMAA-1, 12] " PAVBCBIDMAAA
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Fig. 14 The schematic illustration of the pH and thermo-responsive behavior of copolymer
Conclusions

We synthesized novel water-soluble side-chain copolymer with the pseudorotaxanes
structure, which could be threaded by CB[6] to 4VB. The introduction of the
pseudorotaxane monomer in the copolymer could cause chain conformational
changes, and threading and dethreading of CB[6] on the side chains could be
controlled by the addition of CaCl, or BaCl,. Copolymers have thermal sensitivity
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and their jump temperatures could be controlled by adjusting the molar ratio of
DMAA/4VBCB in the copolymers, and the increase of the size of aggregation with
increasing the concentration of NaCl. At the same time, the copolymer with the
pseudorotaxanes structure has pH-responsive behavior.
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