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ABSTRACT: The cyclodextrin (CD) molecule, a host for a variety of smaller molecular guests, and hyperbranched
polymers both possess molecule cavities in their molecular architectures. If the hyperbranched poly(S-cyclodextrin)s
are established using modified 3-CD molecules as monomers, their molecular inclusion capabilities for smaller
molecular guests may be enhanced due to the combination of two different molecule cavities from both their
hyperbranched topography architecture and CD molecule chain segments. Herein, three types of hyperbranched
poly(fB-cyclodextrin)s, i.e., HBP-AB, from AB,-type 3-CD monomers, HBP-(B, + AB,) from B, core molecules
and AB,-type 5-CD monomers, and water-soluble HBP-AB, from AB,-type 5-CD monomers, were synthesized
via hydrosilylation reaction under the thermal or ultraviolet activated polymerization. The hyperbranched structures
of resultant poly(S-cyclodextrin)s were characterized using 'H NMR, '*C NMR, #Si NMR, 'H—?’Si heteronuclear
multiple bond correlation, and size exclusion chromatography/multiangle laser light scattering (SEC/MALLS).
The molecule inclusion and recognition behaviors of the novel hyperbranched poly(S-cyclodextrin)s as well as
their macromolecular structures, degree of branching, and thermal properties were investigated in detail. UV—vis
spectroscopy results show that HBP-AB, has molecular inclusion capabilities and also can form inclusion
complexation with single or double guests, including phenolphthalein (PP) and methyl orange (MO). Compared
with AB,-type 3-CD monomer, the molecular inclusion capability of the hyperbranched polymer was enhanced.
Furthermore, HBP-AB, presents molecular recognition behavior when MO solution is added into their PP solution.

Introduction

Since hyperbranched polyphenylene was synthesized for the
first time by Kim and Webster in 1988,'* a variety of
hyperbranched polymers were prepared by the single monomer
methodology (SMM) or the double monomer methodology
(DMM), such as hyperbranched polyethers,'® polyesters,'
polyamides,'? poly(ester—amide)s,' polyacrylates,'" poly(ether—
ketone)s,'® polycarbonates,'” polyurethanes,'  polycarbo-
siloxanes," polysulfones,'™ and polyarylenes.'' To date, hyper-
branched polysaccharides have attracted attention due to their
unique structures accompanied by specific properties, such as
the multivalent or cluster effect on carbohydrate—protein
interactions and encapsulation-release properties of unimolecular
reversed micelles.” Kadokawa et al. reported the synthesis of a
hyperbranched polyaminosaccharide by the acid-catalyzed po-
lymerization of an oxazoline sugar with two hydroxyl groups.**"
Satoh et al. presented that the ring-opening multibranching
polymerization of latent AB,,-type monomers could be employed
to synthesize hyperbranched p-mannan, hyperbranched poly(2,5-
anhydro-D-glucitol),>® hyperbranched polytetritols, hyper-
branched p-glucan, and D-galactan.?® Furthermore, amphiphilic
hyperbranched polysaccharides based on these polymers and
their controlled-release property of the encapsulated guest
molecules were demonstrated by them.” *

As an important cyclic oligosaccharide composed of glucose
units linked by 1,4-R-glycosidic bonds,**® cyclodextrin (CD)
was usually not considered as a candidate monomer for
hyperbranched polymer due to the complicated synthetic
process.>* However, CD-based hyperbranched polymer will
possess specific structures and properties merits if it is success-
fully designed and obtained. (i) Hyperbranched polymers possess
special properties such as low viscosities, good solubility, and

* Corresponding author: e-mail happytw_3000@163.com, Tel +86-29-
88431655, Fax +86-29-88431655.
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multifunctional end groups. Especially the molecule cavities of
them can form inclusion complexations with guest molecules
in their molecular architectures.* (ii) CD molecule with a
hydrophilic surface with numerous hydroxyl groups and a
hydrophobic internal cavity lined with alkyl groups and glyco-
sidic oxygen atoms can act as a host for a variety of smaller
molecule guests through noncovalent interactions.” (iii) When
the combination of two molecular cavities from the hyper-
branched polymer and CD molecule is obtained in one polymer
chain, molecular inclusion and recognition behaviors of this
polymer may be enhanced compared with either CD or
hyperbranched polymer depending on their cooperative interac-
tion.° (iv) CD-based hyperbranched polymer may possess
polysaccharide-like bioactivities due to the introduction of
oligosaccharides units. Correlation of structure to bioactivities
of polysaccharides is one of the most intriguing and challenging
scientific endeavors.” If the hyperbranched poly(3-cyclodextrin)s
are established using modified 5-CD molecules as monomers,
their molecular inclusion and recognition capabilities for smaller
molecular guests may be enhanced due to the combination of
two different molecule cavities from both their hyperbranched
topography architecture and CD molecule chain segments. This
polymer structure not only possesses some interesting characters
in the research of relationship between properties and structure
but also may endow some important applications in inclusion
technologies and the complex drugs delivery system.

Herein, the novel hyperbranched poly(S-cyclodextrin)s using
modified S-CD molecule as monomers are designed for
establishing a novel hyperbranched polymer based on our
previous studies on hyperbranched polymer,® linear 8-CD (one
of CDs***) polymers,” and 3-CD polymer brushes.® Three types
of hyperbranched poly(3-cyclodextrin)s, i.e., HBP-AB, from
AB,-type $-CD monomer, HBP-(B, + AB,) from a B, core
molecule and AB,-type -CD monomer, and water-soluble
HBP-AB; from AB,-type 5-CD monomer, were synthesized via
hydrosilylation reaction under the thermal or ultraviolet (UV)-
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Scheme 1. Synthetic Routes for AB,-Type (a) and AB,-Type (b) -CD Monomers
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activated polymerization. The molecule inclusion and recogni-
tion behaviors of the novel hyperbranched poly(S-cyclodextrin)s
as well as their macromolecular structures, degree of branching
(DB), and thermal properties were investigated in detail.

Experimental Section

Materials. Mono-6-OTs-/3-CD was synthesized according to the
method reported in the literature.'® Monovinyl -CD (GMA-EDA-
B-CD) was synthesized according to our previous work.”® Ally-
lamine (>99.7%) and diallylamine (>99.5%) were supplied by
Zouping Mingxing Chemical Ltd. (Shandong Province, China) and
were distilled before use. 1,1,3,3-Tetramethyldisiloxane (>99.0%)
was obtained from Zhejiang Sanmen Qianhong Ltd. (Sanmen City,
Zhejiang Province, China). Glycidyl methacrylate (GMA) was
acquired from Heng Guang Chemical Plant (Luo-Yang, China).
Acryloyl chloride (AC) was purchased from Haimen Best Fine
Chemical Ltd. (Haimen, China). Chloroplatinic acid (H,PtClg) (39%,
platinum) was provided by Shaanxi Kaida Chemical Ltd. (Xi’an
City, Shaanxi Province, China). Bis(acetylacetonato)platinum(II)
[Pt(acac),] were purchased from Alfa Aesar Co. p-Toluenesulfonyl
chloride (p-TsCl), ethylenediamine (EDA), and other reagents were
analytic grade and were all purchased from Tianjiin Kermel
Chemical Reagents Development Center (Tianjin City, China). They
were dried with 4 A grade molecular sieves before use without
further purification.

Measurements. The 'H NMR spectrum was conducted on a
Bruker Avance 300 spectrometer (Bruker BioSpin, Switzerland)
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operating at 300 MHz ('H) in de-DMSO. '*C NMR and ?Si NMR
were recorded on a Bruker Avance 500 spectrometer (Bruker
BioSpin, Switzerland) operating at 125.7 MHz (**C) and 50.7 MHz
(¥Si) in ds-DMF or dg-DMSO. The #Si spectrum was measured
in de-DMSO solutions at 78 mg/mL concentration in standard NMR
tubes (5 mm o.d.) at 298 K. Chemical shifts are referenced to
external liquid ammonia. Si long-range gHMBC spectra were
acquired with pulse field gradients in absolute value mode. The
spectral windows for 'H and *’Si domains were 14 and 200 ppm,
respectively. The multiple-bond delay was adjusted to a coupling
constant of 5 Hz. The data were collected in a 8192 x 256 matrix
with 8 transients per #; increment. The recycle period was 1.5 s.
Sine-bell window functions were applied before Fourier transforma-
tion in a 2048 x 1024 matrix. Standard procedures of the
spectrometer software (Topspin ver. 2.0) were used.

Separation of samples performed on preparative high-perfor-
mance liquid chromatography (HPLC) was performed on LC-8A
(all parts from Shimadzu, Japan). The chromatographic system
consisted of a model LC-8A pump for analytical separation, a model
LC-20AD pump for preparative separation, a SPD-20A UV
detector, a RID-10A differential refractometer detector, and CS-
light software. The analytical column was C18 ODS (5 um, 150
mm x 4.6 mm). The preparative column was C18 ODS (5§ um,
250 mm x 20 mm).

A matrix-assisted laser desorption/ionization time-of-flight mass
spectrometer (MALDI-TOF MS) was performed on a Kratos
CFRplus (Krato Analytical Co. of Shimadzu Biotech, Britain). 1



642 Tian et al.

Macromolecules, Vol. 42, No. 3, 2009

Table 1. Main Characterization Data for AB,-Type and AB,-Type -CD Monomers

characterization method

AB,-type f-CD monomer

AB;-type -CD monomer

'H NMR (DMSO, 6, ppm)

13C NMR (DMSO for AB,-type and

DMF for AB,-type, 0, ppm)

2Si NMR (DMSO, 8, ppm)
MALDI-TOF MS (DMF, m/z)

Anal. (%)

3.38—3.77 (5-CD protons); 4.90
[7H, C(1)—H]; 4.35 [(6 — x)H,
C(6)—O—H]; 5.58—5.75 [14H,
C(2, 3)-0—H)J; 2.75, 2.94 (2H,
f-CD—CH,—NH-); 1.31, 1.54
(protons from f addition); protons
from a addition is overlapped;
0.08 [6H, —SiO(CH3),—]; 0.13
[6H, —OSi(CH3), —H];
5.86—5.89, 6.23—6.27, (2H,
—CH=CH,); 6.05—6.11, (1H,
—CH=CH)

102.4 (C-1); 82.6 (C-4); 73.4, 72.7,
72.0 (C-3, 5, 2); 70.6 (C-3"); 69.5
(C-5"); 63.9 (C-6"); 60.6 (C-6);
52.59, 31.2 (carbon atoms from 3
addition); 47.9, 20.7 (carbon
atoms from a addition); 0.7
[—SiO(CH3),—1; 0.03
[—OSi(CH;),—H]; 1254
(—=CH=CH,); 128.9 (—CH=CH,);
162.2 (—COO-)

—18.7 [—SiO(CH;),—]
—22.6 [—OSi(CH;),—H]
Found: 1429 (average value)

Found: C 46.82, H 6.71, N 0.95
(average value)

3.10—3.84 (5-CD protons); 4.82
[7H, C(1)—H]; 4.48 [6H,
C(6)—0—H)]; 5.5.78 [13H, C(2,
3)—0—H)]; 1.03, 1.71, 2.60
(protons from f3 addition); 0.93,
1.77 (protons from o addition);
0.06 [6H, —SiO(CHj3),—]; 0.10
[6H, —OSi(CH;),—H]; 2.64—2.66
(4H,
B-CD—NH—CH,—CH,—NH—);
2.08—2.13 (protons from —NH—
and —OH); 1.23, 2.67, 2.73, 2.89
4.08, 4.15 (protons from GMA);
3.01, 5.02—5.16, 5.65 (protons
from diallylamine)

102.7 (C-1); 101.9 (C-1"); 82.5
(C-4); 84.5, 80.7 (C-4"); 78.5
(C-2"; 74.7, 73.6, 72.9 (C-3, 5,
2); 71.9 (C-5"); 71.3 (C-3"); 61.9
(C-6"); 61.1 (C-6); 30.7 (carbon
atoms from /3 addition); 23.5, 11.3
(carbon atoms from o addition);
0.1 [=SiO(CH3;),—]; 0.8
[—OSi(CH;),—H]; 51.4
(—CH,—NH—GMA); 175.9, 70.1,
52.3, 38.8, 15.5 (carbon atoms
from GMA); 137.6, 117.3, 57.6
(carbon atoms from diallylamine)

Calcd for C64H]|5037N4Si2: 1589,
Found: 1590

Calcd for C54H]1(,037N4Si2‘4H20: C
46.25, H 7.50, N 3.37; Found: C

uL of the mixture (1:1, v/v) of the sample solution and the matrix
was spotted onto the wells of the MALDI sample plate and air-
dried. The sample was analyzed in the linear ion-mode with CHCA
as matrix. External calibration was achieved using a standard peptide
mixture and protein mixture from Sigma.

Elemental analysis was conducted on a VARIO ELIII elemental
analyses meter (VARIO, Germany).

The molecular structure parameters of hyperbranched polymers
were determined on a DAWN EOS size exclusion chromatography/
multiangle laser light scattering (SEC/MALLS) instrument equipped
with a viscometer (Wyatt Technology); HPLC grade DMF contain-
ing LiCl (0.01 mol/L) (at 40 °C) was used as eluent at a flow rate
of 0.5 mL/min. The chromatographic system consisted of a Waters
515 pump, differential refractometer (Optilab rEX), and one column,
MZ 10° A 300 x 8.0 mm. A MALLS detector (DAWN EOS),
quasi-elastic light scattering (QELS), and a differential viscosity
meter (ViscoStar) were placed between the SEC and the refractive
index detector. The molecular weight (M,,) and molecular weight
distribution (MWD) were determined by a SEC/DAWN EOS/
Optilab rEX/QELS model. The intrinsic viscosity (77,) and hydro-
dynamic radius (Ry)) were determined by a SEC/DAWN EOS/
Optilab rEX/ViscoStar model. The refractive index increment (dn/
dc) value of sample in THF solution was determined by an Optilab
rEX detector at 25 °C through batch model. ASTRA software
(Version 5.1.3.0) was utilized for acquisition and analysis of data.

Thermogravimetric analyzer (TGA) measurement was performed
on a TQ-50 (TA). An ~10.0 mg sample was put in an alumina
crucible and heated from ambient temperature to 600 °C with a
heating rate of 20 K/min (nitrogen atmosphere, flow rate of 150
mL/min).

UV—vis spectroscopy measurement was preformed on a Shi-
madzu UV-2550 model spectroscopy (Shimadzu, Japan).

Synthesis of B, Core Molecule. B, core molecule was prepared
via acyl reaction between -CD and AC in KOH solution according
to our previous work.”® Conversion: 87%. 'H NMR (DMSO, 9,
ppm): 3.13—3.87 (5-CD protons); 4.92 [7TH, C(1)—H]; 4.47

46.36, H 7.63, N 3.53

[C(6)—O—H]; 5.69—5.79 [C(2, 3)—O—H]]; 5.82—5.95, 6.32 (2H,
—CH=CH,); 6.20 (1H, —CH=CH,). *C NMR (DMSO, 8, ppm):
100.5 (C-1); 97.5 (C-1"); 80.1 (C-4); 71.5 (C-2"); 72.5, 71.3, 70.3
(C-3, 5, 2); 69.5 (C-3"); 68.7 (C-5"); 62.3 (C-6"); 58.8 (C-6); 130.0
(—CH=CH,); 127.1 (—CH=CH,); 164.3 (—COO—). MALDI-TOF
MS (DMF, m/z): Found: 1375.7 for [M + Na]* (average value).
Anal. (%): Found: C 45.60, H 6.61, N 0.35 (average value). The
average acyl degree determined by MALDI-TOF MS is 4.07, and
the y index of B, may be equal to 4.

The synthesis of AB,-type and AB,-type -CD monomers can
be found in the Supporting Information.

General Procedures of Polymerizations. (a) Thermal polymer-
izations. The operations were carried out in an inert nitrogen
atmosphere. Modified 3-CD monomers [including AB,-type (0.5
g), (B, + AB,)-type (0.5 g, AB,/B, = 100/1), and AB,-type (0.5
g)] and DMF were mixed, and H,PtCls—divinyltetramethyl-
disiloxane solution was used as catalyst on hydrosilylation addition
of monomers. The reaction was kept at 100 °C for 4 days. After
the reaction was completed, the mixture was allowed to cool to
room temperature, and then a large amount of cold acetone was
added. The precipitate was repeatedly dissolved in DMF and poured
into a large amount of cold acetone several times. Resulting
polymers obtained including HBP-AB,, HBP-(B, + AB,), and HBP-
AB, were dried at ambient temperature for 5 days in a vacuum
oven. (b) UV-activated polymerizations. Modified f-CD monomers
[including (B, + AB,)-type (0.5 g, AB/B, = 100/1), and AB,-
type (0.5 g)] and DMF were mixed, and Pt(acac), was used as a
photocatalyst on hydrosilylation addition of monomers. The reaction
system cooled in water bath was packed with aluminum foil and
was irradiated at 471.4 mW/cm? of UV light intensity. The
polymerization was finished at about 10 h. The purification
procedure was similar to the previous one. Resulting polymers
obtained HBP-(B, + AB,) and HBP-AB, were dried at ambient
temperature for 5 days in a vacuum oven.
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Scheme 2. Synthetic Routes for HBP-AB, (a), HBP-(B, + AB,) (b), and HBP-AB; (¢)
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Investigation on Molecular Inclusion and Recognition
Behaviors of HBP-AB,. Molecular inclusion behaviors of HBP-
AB, were measured by UV —vis spectroscopy, using phenolphtha-
lein (PP) (5 x 1075 mol/L) and methyl orange (MO) (5 x 107°
mol/L) as guest molecules in a buffer solution with ionic strength
equal to 0.1 mol/L and pH = 11. In contrast, the concentration of
HBP-AB, is 0.7 x 1073 mol/L and AB,-type -CD monomer is
1.6 x 107* mol/L to ensure the same concentration of 3-CD units
between them. Molecular recognition behaviors were measured by

the same measurement. MO (5 x 1075 mol/L) as a guest molecule
was added into a buffer solution of HBP-AB, (0.25 mg/mL)
including PP with pH = 11, and ionic strength of the solution is
0.1 mol/L.

Results and Discussion

Molecule Design and Preparation of Modified §-CD
Monomers. It is well-known that a wide variety of chemically
modified 8-CD have been synthesized.’*'® To obtain hyper-
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Table 2. Main Polymerization Results of Hyperbranched Poly(f-cyclodextrin)s

no. monomer/core polymerization method” time temp, °C M,, g/mol M,,, g/mol MWD dn/dc N, ML/g Ry, nm
1 AB, 1 3 days 80 17 520 34 680 1.98 0.087” 4.5 2.2
2 AB, 1 4 days 80 27 500 38 190 1.39 0.087” 5.0 2.7
3 AB, 1 4 days 100 41 850 83290 1.99 0.087” 5.0 3.1
4 AB,/B, 1 4 days 100 64710 112 200 1.74 0.018 0.7 1.8
5 AB,/B, 2 10 h 20 47700 61770 1.30 0.019 2.9 1.5
6 AB, 1 4 days 100 36 690 69 220 1.89 0.093 15.8 39
7 AB, 2 10 h 20 16 700 34590 2.10 0.048 2.1 1.7

“ 1: Thermal polymerization and H,PtClg as the catalyst; 2; UV-activated polymerization and Pt(acac), as the catalyst. ” The dn/dc value is an average
one of samples 1, 2, and 3 for comparing with their molecular structure parameters under the same standard. This method should be reasonable for the
polymers possessing the similar structure, the same polymerization method and the high molecular weight according to the literature.'>
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Figure 1. '"H NMR spectra of HBP-AB, (no. 3) (a) and HBP-(B, + AB,) (no. 4) (b).

branched poly(S-cyclodextrin)s with well-defined branched
structures, herein, a series of modified 5-CD monomers were

designed and prepared via functionalized reactions of C-2 or
C-6 hydroxyl groups in 5-CD molecule. Then Si—H as “A”
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group and —CH=CH, as “B” group in monomers were
employed to conduct hydrosilylation reaction in polymerization.
Synthetic routes of the modification are shown in Scheme 1.

At first, the reaction of Mono-6-OTs-3-CD with allylamine
yielded Mono-6-ALA--CD with alkene groups. Subsequently,
Mono-6-ALA-TMDSO-3-CD with Si—H as “A” group was
obtained by hydrosilylation reaction using 1,1,3,3-tetramethyl-
disiloxane as the reactant. Mono-6-ALA-3-CD was purified by
preparative HPLC because it was difficult to remove unreacted
Mono-6-OTs-f3-CD from the crude product. As can been seen
from the analytical chromatogram of Mono-6-ALA-3-CD
(Figure Sla in the Supporting Information), two peaks with
different retention time demonstrate the crude product has two
compounds. After being preparative separation, their structures
are confirmed by '"H NMR spectra (Figure S2). The first peak
is referring to Mono-6-OTs-3-CD, and the second one is
referring to Mono-6-ALA-(-CD. Therefore, the pure product
of Mono-6-ALA-$-CD can be obtained by this method (Figure
S1b). However, for Mono-6-ALA-TMDSO-{-CD, its purifica-
tion procedure can be facilitated by dissolve—precipitation using

DMF and acetone as solvent instead of preparative HPLC. The
reason is that Mono-6-ALA-TMDSO-3-CD is soluble in
acetone, but Mono-6-ALA--CD is extremely insoluble due to
the existence of allyl groups.

Modified S-CD monomers with “B” group of —CH=CH,
can be obtained via two routes. The first one is that the AB,-
type 5-CD monomer is obtained from Mono-6-ALA-TMDSO-
B-CD and acryloyl chloride (Scheme 1a) where acyl reaction
occurs at the C-6 position in 5-CD molecule. It can be confirmed
by the 3C NMR spectrum, and the data are shown in Table 1.
The chemical shift of C-6' compared with the original C-6
indicates a downshift. The enhanced chemical shift of neighbor-
ing C-5" shows that C-6 hydroxyl groups are substituted. In
addition, the unchanged chemical shift of C-1 and C-4 tells us
that the reaction is not occurring at the C-2 or C-3 position.
Furthermore, the data of the 2Si NMR spectrum as shown in
Table 1 confirm that there exist two different silicon atoms in
AB,-type 5-CD monomer. The average acyl degree of monomer
determined by MALDI-TOF MS (Figure S3a) is 2.29. The result
means that AB,-type S-CD monomer is a mixed monomer in
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1

Figure 3. '"H NMR spectrum of HBP-AB; (no. 6).

“ 1)

which the index is equal to 2, 3, or others. Unfortunately,
so far, these mlxed monomers have not been separated by
preparative HPLC due to the extreme similar structure difference
among them. However, it has little effect on the subsequent
polymerization reaction and resulting polymer structures.

The second one is that AB,-type 5-CD monomer is obtained
from Mono-6-ALA-TMDSO-3-CD with p-TsCl, EDA, GMA,
or diallylamine where reaction occurs at the C-2 position in
B-CD molecule (Scheme 1b). The synthetic procedure of Mono-
6-ALA-TMDSO-Mono-2-OTs--CD, as a monosubstituent prod-
uct at the C-2 position, was similar to Mono-2-OTs-3-CD
according to the literature.'®® Acetone was still used instead of
gel chromatography and ultrafiltration. Mono-6-ALA-TMDSO-
Mono-2-EDA-f3-CD and Mono-6-ALA-TMDSO-Mono-2-GMA-
EDA-S-CD were synthesized and purified being similar to our
reported method.’® Finally, the monomer was obtained via
Michael addition reaction. The value and single peak of
MALDI-TOF MS (Figure S3b) demonstrate that the monomer
is high in purity. The data of NMR and elemental analysis results
shown in Table 1 further confirm AB,-type -CD monomer
possesses the designed molecular structures.

Synthesis of Hyperbranched Poly(f-cyclodextrin)s. Using
modified 5-CD as monomers, hyperbranched poly(3-cyclodex-
trin)s including HBP-AB,, HBP-(B, + AB,), and HBP-AB, were
synthesized via one-pot hydrosilylation reaction under thermal
or UV conditions. Synthetic routes and molecular structure
parameters of hyperbranched polymers are shown in Scheme 2
and Table 2, respectively. HBP-AB, was prepared using AB,-
type 3-CD monomer and H,PtCly at 80 °C for 3 days (Scheme

2a and no. 1 in Table 2). The increased polymerization time
and temperature lead to an increase of M, and Ry, (no. 2 and
no. 3). For example, the polymerization was carried out at 100
°C for 4 days to give the highest M, and Ry, values, i.e., the
M, of 41 850 and the Ry, of 3.1 (no. 3). However, the 1, value
is from 4.5 to 5.0 for nos. 1—3 and do not change evidently.
According to our previous work,®® the 17, value tends to increase
with the increase of M, and Ry, for hyperbranched polymer.
In this paper, the unusual phenomenon may be ascribed to the
difference in DB value and chemical structures.

When a core molecule is added, hyperbranched polymers may
possess the more perfect macromolecular configuration with
higher DB value and narrower molecular weight distributions.*
Hence, HBP-(B, + AB,) with a B, core molecule was
synthesized under the same polymerization conditions with
HBP-AB, (Scheme 2b and no. 4). Compared with the hyper-
branched polymer without core (no. 3), the increase of M, for
no. 4 indicates that the polymerization occurred for several,
while not limited to only one, —CH=CH, groups in the B, core
molecule group. At the same time, the decreased MWD of no.
4 demonstrates that hyperbranched polymer with the core
possesses more regular structure.

It should be pointed out that the polymerizations from no. 1
to no. 4 were carried out under rigorous conditions such as high
temperature, long time, and nitrogen atmosphere due to steric
hindrance of modified 5-CD monomers. In this case, UV-
activated polymerization is a facile approach for rapidly
initiating hydrosilylation between Si—H and carbon—carbon
unsaturated groups.ll Therefore, HBP-(B, + AB,) (no. 5) was
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prepared under UV-activated polymerization at the low tem-
perature though the M, value was lower than no. 4. In addition,
Pt(acac), was also employed as the UV-activated hydrosilylation
catalyst according to our previous work."''" Here, HBP-AB, was
synthesized with AB,-type 5-CD monomer via hydrosilylation
reaction under the thermal (no. 6) or UV-activated polymeri-
zation (no. 7) (Scheme 2c). It should be noted that the #, values
between no. 6 and no. 7 are much different besides the
differences in molecular weights and Ry, values. The molecular
weight and the Ry, value of no. 6 are ca. double of those of
no. 7. This large difference in 7, values may be caused by the
different polymerization methods. HBP-AB, possesses more
well-defined macromolecular structures than that of HBP-AB,
or HBP-(B, + AB,) due to the difference between AB,-type
and AB,-type 3-CD monomers. The former is a pure monomer,
but the latter is a mixed monomer.

Characterization of Hyperbranched Poly(f-cyclode-
xtrin)s. To investigate hyperbranched structures of poly(S-
cyclodextrin)s, 'H NMR and "*C NMR were employed. 'H
NMR spectra for HBP-AB, and HBP-(B, + AB,) are shown in
Figure 1. In comparison with AB,-type 5-CD monomer (Table
1), it is clear that the new chemical shifts at 6 0.98, 6 1.60, and
0 2.03 can be attributed to protons from o and £ additions.
The hydrosilylation reaction can be classified into two catego-
ries: o addition to form methyl groups as the side chain and
addition to form the linear chain.® ¢ The signals from
—CH=CH, groups at around 0 6 seem to be too large for the
terminal groups compared with the other signals in Figure 1. A
possible explanation is that the signals may be overlapped by
the hydroxyl signals from S-CD. At the same time, the
appearance of new chemical shifts in '*C NMR spectra (Figure
2a) at 0 169.07, 0 164.51, 6 34.23, and O 28.78 indicates that
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Figure 5. '"H—?Si HMBC spectra of hyperbranched poly(S-cyclodex-
trin)s.

Table 3. Assignments for Si Atoms in Hyperbranched
Poly(f-cyclodextrin)s

sample  Si! Si? D sD L T DB
no. 3 -05 —43 106 —-92 —16.5 —20.2to—234 0.55
no.4 —03 — 112 —-88 —147 -—-23.1 0.83
no.6 —0.1 —15 8.6 — —3.8 —8.8 0.40

the polymerization was also carried out containing o and 8
additions. The '"H NMR spectrum (Figure 1b) and '*C NMR
spectrum (Figure 2b) for HBP-(B, + AB,) are similar to HBP-
AB, because of their similar structures.

'"H NMR and '3C NMR spectra of HBP-AB, are presented
in Figure 3 and Figure 4, respectively. Compared with the data
of AB,-type 5-CD monomer listed in Table 1, the appearance
of new chemical shifts at 6 1.88, ¢ 2.28 in Figure 3 and 6 57.7,
0 51.8 in Figure 4 can also be attributed to the a and 8 additions
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Figure 7. UV spectra of PP (a) and MO (b) solution in the presence of
AB,-type S-CD monomer and HBP-AB,.

in polymerization. In addition, the proton peak of methylene
from o addition can be overlapped by solvent peak in Figure
3. In a word, NMR results demonstrate that HBP-AB,, HBP-
(B, + AB,), and HBP-AB; have been successfully synthesized.

DB is a key parameter to describe the branching structures
of hyperbranched polymers, which can finely distinguish the
difference of branching units.'? As for silicon-based hyper-
branched polymers, DB is usually calculated by quantitative
»Si NMR data.'* However, in this paper, one-dimensional (1D)
2Si NMR spectra of hyperbranched poly(8-cyclodextrin)s with
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Figure 9. UV spectra of PP + HBP-AB, solution in the presence of
different concentration MO solution.

weak signal and dominated noise result in the difficulty in
confirming silicon atoms. So 'H—2°Si heteronuclear multiple
bond correlation'* (‘H—2Si HMBC) was for the first time
employed to calculate DB of the silicon-based hyperbranched
polymers.

'"H—2°Si HMBC spectra of hyperbranched poly(-cyclodex-
trin)s are shown in Figure 5. The *Si NMR spectra are
projective ones determined by the long-range correlation
between 'H signal and Si signal. Assignment results of the
chemical shifts in 2’Si NMR spectra are presented in Table 3
according to the literature,' our previous work,>%%¢ and the
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Figure 10. UV spectra of PP + MO solution (a) and PP + MO solution
in the presence of HBP-AB,; (b).

effect of substitute groups on chemical shifts of silicon atoms.
The detailed segment structures of polymers containing silicon
atoms in different environments are listed in Chart 1. Silicon
atom labeled as Si' represents the first one of Si—O—Si linkage
in the linear chain, and Si? represents the silicon atom of original
Si—H linkage. Obviously, the Si? peak cannot be found in Figure
5b, which conforms that the B, core molecule is effective in
the regulation of molecular structures.

T, L, sD, and D represent terminal units with two linkages,
linear units with two linkages, semi-dendritic units, and perfect
dendritic units with two linkages, respectively. The relative area
integration ratio of D, sD, and L represents their number ratio
in Figure 5. The ratio is 1:2/3:3 for HBP-AB,, 1:4/3:1/3 for
HBP-(B, + AB,), and D:L is 1:3 for HBP-AB,, respectively.
The DB value of HBP-AB, and HBP-(B, + AB,) can be
calculated from the number of D, sD, and L using Frey’s
equation (eq 1).'*" It should be noted that only one sD peak
appears in Figure 5a,b, although the linkage way of sD is more
than one. On the other hand, the DB value of HBP-AB, can be
calculated by eq 2'*" since the polymer is from the well-defined
AB,-type -CD monomer. All the DB values are listed in Table
3. Obviously, the sequence of DB value is as follows: HBP-
(B, + AB,) > HBP-AB, > HBP-AB,. The results indicate that
the macromolecular configuration of HBP-(B, + AB,) is more
regular than those of other two polymers. The low DB value of
HBP-AB; can be attributed to the few “B” groups in monomer
and the steric hindrance in polymerization.

DB = - 2D + sD )
SGD + 25D + L)

2D

DB = +1L

(@)

The TGA weight loss curves of HBP-AB,, HBP-(B, + AB,),
and HBP-AB, are presented in Figure 6. Decomposition
temperature at 5% mass loss and residual weight of of HBP-
AB, are about 151 °C and 22%, respectively, while decomposi-
tion temperature and residual weight of HBP-(B, + AB,) are
about 164 °C and 30%, which indicates that the thermal stability
is obviously increased as the result of the incorporation of the
B, core molecule into its polymer structures.

Molecular Inclusion and Recognition Behaviors of
Hyperbranched Poly(f#-cyclodextrin)s. UV —vis spectroscopy
was employed to study the molecular inclusion behaviors of
hyperbranched poly(-cyclodextrin)s, such as HBP-AB,. Phe-
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Chart 1. Six Possible Environments for Silicon Atoms in Hyperbranched Poly(#-cyclodextrin)s
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nolphthalein (PP) and methyl orange (MO) were used as guest
molecules in a buffer solution of pH 11 with ionic strength of
0.1 mol/L. The intensity of UV absorption at 550 and 465 nm
reflects the inclusion effects for PP and MO, respectively. In
contrast, the concentration of HBP-AB, is set as 0.7 x 107
mol/L and AB,-type 3-CD monomer is set as 1.6 x 10™* mol/L
to ensure the same concentration of $5-CD units between them.

Compared with AB,-type 3-CD monomer, the peak intensity
decreases of PP or MO (at 550 and 465 nm) in the hyper-
branched polymer solution (HBP-AB,) indicates the enhanced
molecular inclusion ability of the polymer as shown in Figure
7. Considering that the hyperbranched polymer solution em-
ployed possesses the same concentration of $-CD units with
that in AB,-type 5-CD monomer, so the cooperative effects of
two different hydrophobic cavities from hyperbranched topog-
raphy structure and $-CD linkage lead to the enhancement of
molecular inclusion ability of hyperbranched poly(S-cyclodex-
trin)s. With the increase of concentration of HBP-AB,, the peak
intensity of PP and MO solution decreases more obviously
(Figure 8), further indicating that HBP-AB, can totally form
inclusion complexes with guest molecules due to their two types
of molecule cavities from $-CD and branched architecture in
HBP-AB,.°

On the other hand, as shown in Figure 9, the original peak
intensity of PP in the presence of HBP-AB, decreases after the
addition of MO. HBP-AB, possesses a capability of molecular
recognition from both S-CD and hyperbranched polymer
cavities. So PP was displaced by MO and went into the bulk
buffer solution again. It is interesting that HBP-AB, can also
form inclusion complexes with double guests including PP and
MO as shown in Figure 10. However, the molecular number of
PP should be less than that of MO in two different cavities due
to molecular recognition behavior of HBP-AB,. Therefore, the

from no.6

inclusion mechanism of HBP-AB, with double guests is
suggested in Scheme 3.

Conclusion

The novel hyperbranched poly(3-cyclodextrin)s were de-
signed and synthesized from modified 3-CD monomers via one-
pot hydrosilylation reaction under the thermal or UV-activated
conditions. DB values of HBP-AB,, HBP-(B, + AB,), and HBP-
AB, determined by 'H—2Si HMBC are 0.55, 0.83, and 0.40,
respectively. TGA analysis indicates that the thermostability of
HBP-(B, + AB,) is higher than that of HBP-AB, but is lower
than that of HBP-AB,. The B, core molecule is effective in the
regulation of molecular structures. UV —vis spectroscopy results
show that HBP-AB, has molecular inclusion capabilities and
also can form inclusion complexation with single or double
guests, including PP and MO. Compared with AB,-type 3-CD
monomer, the molecular inclusion ability of the hyperbranched
polymer was enhanced due to the cooperative effect of two
different hydrophobic cavities from hyperbranched topography
architecture and 5-CD linkage. Furthermore, HBP-AB, presents
molecular recognition behavior when MO solution is added drop
by drop into PP and hyperbranched polymers solution. Hyper-
branched poly(S-cyclodextrin)s will endow some important
potential applications in inclusion technologies and the complex
drugs delivery system.
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