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This Ph.D. thesis study has solved a longstanding problem in polymer physics:  
“how does a hyperbranched chain pass through a cylindrical pore smaller  
than its size under an elongation flow field?” The question was asked by the 
Nobel Laureate, the late Prof. de Gennes in 1970s but has never been seriously 
addressed in real experiments. In order to answer this classic question, it started 
from the development of a novel polymerization strategy of using a seesaw-type 
A~~~~B~~~~A macromonomer to prepare a set of narrowly distributed “defect-
free” hyperbranched chains with different overall molar masses and controllable 
uniform subchain lengthes.

Armed with these model hyperbranched chains, Dr. Lianwei Li has then 
unearthed how the critical (minimum) flow rate, at which a hyperbranched 
chain can pass through the pore, is dependent on the overall molar mass and the 
subchain length, which is different from the prediction made by the late Prof. de 
Gennes. The experimental results led to a unified description of polymer chains 
with different topologies passing through a small cylindrical pore, which enables 
us to separate polymer chains by their topologies instead of sizes in ultrafiltration. 
In addition, this thesis study also reveals how the chain structure of amphiphilic 
hyperbranched block and graft copolymers affect their solution properties, includ-
ing the establishments of several classic scaling laws that relate the chain size and 
the intrinsic viscosity to the overall molar mass and the subchain length, respec-
tively; the intrachain folding and the interchain association of hyperbranched 
chains as well as their emulsification ability, solubilization efficiency, and degra-
dation behavior.

This thesis study is highly original and its results significantly deepen our 
understanding of hyperbranched polymers. It is not exaggerated to state that many 
results in this thesis will be classic. I am truly delighted and I feel very lucky to 
have Lianwei as one of my Ph.D. students because he was a highly self-motivated 
student and has the making of the first-class researcher. It was him who taught me 
something new during this thesis study. This thesis has paved a way for further 
developments of a range of analytical instruments that can separate and character-
ize polymer chains by their topologies instead of sizes.

 Prof. Chi Wu

Supervisor’s Foreword

Hefei, February 2014
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1.1 � Comparison Between Hyperbranched Polymers  
and Their Linear Analogues

Hyperbranched polymers have unique properties in solution, melt and bulk due to 
their branched and relatively compact structure in comparison with linear counter-
parts. Therefore, they have received much attention in the last few decades due to 
some potential applications in biomedicines, energy storages and polymer blends, to 
name but a few [1–5]. The highly branched and dense but irregular structure can also 
leads to excellent solubility, compared to linear polymers, low solution viscosity,  
modified melt rheology, and high level of terminal end group functionality [6].

It has been known that the molecular parameters, such as monomer nature, overall 
molar mass, polydispersity, branching degree and distribution of subchain lengths, 
strongly affect the final macroscopic properties of polymers. Therefore, great 
research interest has been paid to the synthesis of various well-defined polymers 
with different topologies, such as cyclic [7–13], star branched [14–16], mikto-star 
[17–19], and H-shaped [20, 21] polymers, and the study on their structure-property 
relationship. In contrast, to establish the structure-property relationship of hyper-
branched polymers, a series of narrowly distributed samples (standards) with a well-
defined structure have to be prepared before any possible study.

Compared with their analogues dendrimers or other polymer chains with simple 
chain topologies, hyperbranched polymers are usually prepared in a one-pot synthe-
sis [22–27] and various properties of the prepared hyperbranched polymers generally 
have one common and significant characteristic of polydispersity, such as the over-
all molar mass, chain configuration and subchain length, which greatly hinders the 
preparation of appropriate hyperbranched samples and the corresponding study of the 
their structure-property correlation.

Chapter 1
Introduction and Background

L. Li, Studies on “Perfect” Hyperbranched Chains Free in Solution and Confined  
in a Cylindrical Pore, Springer Theses, DOI: 10.1007/978-3-319-06097-2_1,  
© Springer International Publishing Switzerland 2014
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1.2 � What is a “Perfect” Hyperbranched Structure?

Before starting the study on the related structure-property relationship of hyper-
branched polymers, an important question one has to answer is: what is a 
“perfect” hyperbranched structure? Note that for an ideal or the so-called “perfect” 
hyperbranched chain structure, it should have an identical number of strands that 
are connected onto each branching point, resulting in uniform subchains between 
any two neighboring branching points [28, 29]. As shown in Fig. 1.1, the branch-
ing subchain lengths between AB, BC, CD, DE and EF are completely equal. 
However, the preparation of such “perfect” hyperbranched polymers with uniform 
and long subchains is rather difficult if not impossible, which explains why only 
few related structure-property studies have been reported so far [30–32].

1.3 � Structural Defects of the Resultant Hyperbranched 
Structures Prepared by Previous Synthetic Methods

Up to now, the synthetic methods for preparing hyperbranched polymers can be 
roughly divided into chain-growth- and step-growth-based polymerization meth-
ods. For chain-growth-based polymerization methods, hyperbranched polymers 
can be prepared by either self-condensing vinyl or ring-opening polymeriza-
tion (SCVP [26, 33–36] and SCROP [37, 38]). In contrast, poly-condensation is 
used as the one of the most important step-growth-based polymerization methods  

Nb

A

B

CD

E

F

Branching subchains

Fig.  1.1   Schematic illustration of a “perfect” hyperbranched chain, where A, B, C, D, E, and 
F represent different branching points, and Nb represents the degree of polymerization between 
neighboring branching points
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[1, 23, 30–32, 39–56]. The SCVP initially reported by Fréchet et al. [57] is fairly 
versatile, in which hyperbranched chains are formed via polymerization of vinyl 
macromonomers with an initiating group. While in SCROP, a polymerizable cyclic 
group is used instead of a vinyl group. However, the hyperbranched structures 
prepared by these methods have one fatal structural defect, namely, an extremely 
broad distribution of the branching subchain length, as shown in Fig. 1.2.

As for step-growth-based polymerization methods, Fig.  1.3 shows two typical 
approaches in the preparation of hyperbranched chains: (A) co-polycondensation [49–
56] and (B) self-polycondensation [1, 23, 30–32, 40–48]. The co-polycondensation 

Fig. 1.2   Schematic of synthesis of hyperbranched polymers by SCVP or SCROP methods

Linear units

A~~~~ B
B A~~~~ B

~~~~ ~~~~ B
~~~~

B
~~~~ B

~~~~B
B

A~~~~A + B
B B A~~~~

B

~~~~ ~~~~
B

~~~~
B

~~~~
B

B

A

Branching units

Fig.  1.3   Comparison of topological structures of a randomly branched chain and a hyper-
branched chain prepared by using different types of macromonomers

1.3  Structural Defects
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between A2 and B3 is one of the most well-known adopted synthetic strategies. 
However, as shown in Fig. 1.3, these two mostly used approaches unavoidably result 
in subchains with different lengths because of some unreacted B-groups; namely, 
each unreacted B group extends the subchain by one macromonomer length. In 
principle, the subchain length can range from one macromonomer length to infinity. 
Therefore, the hyperbranched structures prepared by those mentioned synthetic meth-
ods are not “perfect” due to the broad distribution of the subchain length.

1.4 � Existing Important Issues for the Study  
on Hyperbranched Polymers

1.4.1 � Difficulty in the Preparation of “Perfect” Hyperbranched 
Samples

As mentioned before, to clearly establish a structure-property relationship of 
hyperbranched polymers, one has to prepared at least two sets of narrowly dis-
tributed samples (standards); namely, in the first set, the hyperbranched samples 
should have a similar overall molar mass but different subchain lengths; and in the 
second set, the hyperbranched samples should have an identical subchain length 
but different overall molar masses, which are rather difficult in polymer chemistry. 
Preparing a series of “perfect” hyperbranched samples is the first priority before 
any possible structure-property study.

1.4.2 � Does Hyperbranched Structure Still Hold the Fractal 
Nature?

It is well known that linear chain owns the simplest chain topology and the char-
acteristic of self-similar objectives, namely, there exists a classical scaling law 
between the chain molar mass and chain size. Moreover, both theoretical and 
experimental studies have revealed that cyclic polymer is also fractal objective, 
just like linear chain [58].

It has been proved that, as analogues of hyperbranched polymers, dendrimer-
like polymers are not a self-similar objective, i.e., the classic scaling laws between 
their sizes (R), intrinsic viscosities ([η]) and molar masses (M) are not valid for 
dendrimer-like polymers, which is partially because the hydrodynamic radius (Rh) 
is not proportional to the radius of gyration (Rg) [59–61]. There exists a maximum 
in the plot of [η] versus M, i.e., [η] first increases with the number of generation 
(G) and then decreases after G reaches a certain value, as shown in Fig. 1.4 [59].

However, whether such classical mass-size scaling law is valid or not for “per-
fect” hyperbranched chains, and how the subchain length and branching degree of 
hyperbranched chains affect such a mass-size scaling law are still uncertain. Note 
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that randomly hyperbranched chains are even more complicated than dendrimers, 
and to the best of our knowledge, the fractal nature of “perfect” hyperbranched 
polymers has not been theoretically or experimentally addressed so far.

On the other hand, even if we can prepare such “perfect” hyperbranched poly-
mers, first one has to note that the accurate determination of the molecular param-
eters of these hyperbranched polymers is not a trivial task. Because of their densely 
branched structure, their overall molecular density is increased compared to their 
linear analogues in a good solvent, and the well-known method for the determina-
tion of the molar mass distribution of polymers, such as size exclusion chromatog-
raphy (SEC) with differential refractive index detection (RI) or UV detection and 
subsequent calibration with a linear polymer standard, can lead to strong deviations 
from the actual values of molar mass. A comprehensive comparison between differ-
ent interpretations of the SEC chromatograms of hyperbranched poly(etheramide) 
using polystyrene and poly(ethylene oxide) as a calibration standard, as well as the 
method of the universal calibration, has been carried out in order to find the best 
adequate method for processing the SEC results [62]. The comparison was made 
on the basis of the molar masses obtained by SEC coupled to RI and static light-
scattering detector (MALLS, multi-angle laser light scattering), the combination of 
which is known to give absolute molar mass values also for complex macromolecu-
lar architectures. The deviations between the values obtained by these three meth-
ods are extremely high, as shown in Fig. 1.5. Even the data of universal calibration 
does not get close to the real molar mass values, although the intrinsic viscosity is 
incorporated into this calculation, taking into account the influence of the molecular 
density, according to the famous Flory-Fox viscosity equation [63, 64].

A more important one is that, it had been repeatedly overlooked that SEC sepa-
rates polymer chains by their hydrodynamic volumes, not by their molar masses. 
Namely, for non-linear polymer chains, each retentive fraction in principle con-
tains polymer chains with a similar hydrodynamic volume but not necessarily with 
a similar molar mass. Presumably, it is due to difficulties and limitations in both 
the sample preparation and experimental methods so that less attention has been 
paid to this very important point so far.

Fig. 1.4   Generation (G) 
dependence of intrinsic  
viscosity ([η]) of dendrimenrs [59]

0 2 4 6
G

[η
]

1.4  Existing Important Issues for the Study
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1.4.3 � Hyperbranched Structure-Dependent  
Solution Properties

As we know, compared with di- or triblock copolymers, linear multiblock [65–70] 
copolymers generally have richer phase behavior and more excellent mechani-
cal performance due to the stronger interchain entanglement and the formation 
of special “loop” structure [71, 72]. Generally, the possible phase behavior of 
amphiphilic linear multiblock chains in solution can be divided into single-chain 
folding, single-chain association, and multi-chain association states, as shown 
in Fig. 1.6. The final state of amphiphilic mutiblock chains mainly depend on the 
solvophobic/solvophilic balance, polymer concentration, solvent selectivity, and 
relative and absolute block lengths [65–70]. Experimentally, these three states have 
been recently successively observed by our group [73, 74] and Liu’ group [75, 76].

Compared to linear multiblock copolymers, the study on the phase behav-
ior of hyperbranched multiblock copolymers has received less attention due to 
the lack of model samples. To the best of our knowledge, only a handful of work 
reported the related results [44, 77]. Namely, Hutchings et al. comparatively stud-
ied the phase behaviour of hyperbranched block copolymer hyper-(PS-PI)n and its 
linear precursor PS-PI-PS [44]. The TEM results indicated that the tendency of 
phase separation was strongly suppressed by the branching structure, as shown in 
Fig.  1.7; unfortunately, the structure of the studied hyperbranched samples were 
still not as “perfect” as we defined before [44].

On the other hand, amphiphilic graft [78, 79] copolymers also present inter-
esting phase behavior in solution. In the aspect of preparation of “star-like” or 
graft polymers, hyperbranched/dendritic chains are usually acted as a multi-sites 

0 1 2 3 4 5 6
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SEC-RI(PEG)
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SEC-MALLS
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Fig. 1.5   Deviation of the molar mass values for hyperbranched poly (etheramide) determined by 
different SEC-interpretation methods: (square) SEC-RI detection and polyethylene oxide standard; 
(cycle) SEC-RI detection and polystyrene standard; (triangle) of-line SEC-viscosity detection and 
universal calibration; (inverted triangle) SEC-MALLS (static light-scattering detection) [62]
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functional core to produce grafting chains via “graft-onto” or “graft-from” strategy. 
However, the as-prepared “star-like” amphiphilic or double-hydrophobic/hydro-
philic polymers are generally made of a very small core and much longer grafting 
chains, because the hyperbranched/dendritic cores are mainly prepared from small-
molecular polymerizable monomer, instead of long polymer chains (macromono-
mers). [80–83] One can image that the hyperbranched topology, instead of star 
topology, will finally govern the physical properties of graft copolymers in solution 
if the branched core size is much larger than the grafting chain size.

Our group has been engaged in the solution properties of amphiphilic copolymers, 
especially for PS- and PAA-based amphiphilic polyelectrolytes for many years [84–89], 
and our previous results indicated the significant influence of the topological structure 
of amphiphilic polymer chains on their properties in dilute and semi-dilute solution. 
However, to our knowledge, there has been no theoretical or experimental study on how 
the phase behavior and solution properties of these novel amphiphilic hyperbranched 
block and graft copolymers are related to their topological structures, presumably also 

Fig.  1.6   Schematic illustration of three possible states of linear multiblock copolymer chains 
in a selective solvent: single-chain folding, single-chain association and multi-chain association

Fig. 1.7   Transmission electron micrographs (TEM) of (a) linear PS–PI–PS triblock copolymer 
(macromonomer) and (b) PS–PI–PS triblock copolymer HyperBlock [44]

1.4  Existing Important Issues for the Study
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because it is rather difficult, if not impossible, to prepare narrowly distributed “per-
fect” amphiphilic hyperbranched copolymer chains with well-defined and controllable 
subchain length and composition. Therefore, for amphiphilic hyperbranched block and 
graft copolymers, whether the branching effect can further improve relevent properties 
is still unknown and to be explored.
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The core of this work lies on developing a novel Seesaw-type macromonomer 
strategy for the preparation of “perfect” hyperbranched model samples with 
uniform subchains and the investigation on their related solution properties. More 
specifically, the main goals of this work are as follows:

1.	 Through our well-designed Seesaw-type AB2 macromonomer, prepare a series 
of Seesaw-type macromonomers and “perfect” hyperbranched homopolymers 
and copolymers with uniform and controllable subchain length.

2.	 Using various characterization methods, accurately determine the molecular 
parameters of the prepared narrowly distributed hyperbranched samples and 
clarify the fractal property of “perfect” hyperbranched polymers.

3.	 Investigate on the deformation property of “perfect” hyperbranched chains; 
more specifically, using our developed ultrafiltration technique to explore how 
the branching effect affects the critical flow which hyperbranched chains need 
to crawl through a cylindrical nanopore.

4.	 Study the solution behavior of amphiphilic hyperbranched block and graft 
copolymers, and answer how the branching effect affects their phase behavior 
in dilute and semidilute solutions.

5.	 Expand our Seesaw-type macromonomer strategy to the preparation of model 
hyperbranched hetero-subchain copolymers with two different controllable 
and uniform subchains and study how the chain parameters affect the related 
properties.

6.	 Prepare novel “perfect” degradable hyperbranched model samples with uniform 
subchains and controlled locations of cleavable disulfide linkages simultaneously; 
and elucidate how the branching effect affects their degradation property.

Chapter 2
Our Main Goals

L. Li, Studies on “Perfect” Hyperbranched Chains Free in Solution and Confined  
in a Cylindrical Pore, Springer Theses, DOI: 10.1007/978-3-319-06097-2_2,  
© Springer International Publishing Switzerland 2014
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In this chapter, we will mainly discuss our recently developed Seesaw-type 
macromonomer strategy and how to use this strategy to construct various Seesaw-
type macromonomers [1–7]. The part of preparation of hyperbranched (co)polymers 
will be given in the next chapter.

3.1 � Comparison Between Seesaw-Type Macromonomer 
Strategy and Other Synthetic Strategies

Figure  3.1 shows a typical schematic of structure comparison of Y-type and our 
Seesaw-type AB2 macromonomers and the resultant hyperbranched polymers. As 
shown, instead of putting two reactive B groups on one end (Y-type), we attach 
them, respectively, at two ends of our macromonomer and move the reactive A group 
to the middle, i.e., a Seesaw-type B~~~~A~~~~B chain, where ~~~~ represents 
a polymer chain [6, 7]. Further using the condensation reaction between A and B 
groups from different macromonomers, large hyperbranched chain can be produced. 
In this way, each resultant hyperbranched chain, no matter how large it is, contains 
no more than one unreacted A group if it does not undergo an intrachain cycliza-
tion with one of B groups inside. During the self-polycondensation, macromonomers 
continuously react and add to the branched chain, finally leading to large hyper-
branched chains with uniform subchains; and the most important thing is that each 
branching subchain is exactly made of half a macromonomer. For such formed large 
hyperbranched chains, one possible “defect” (self-looping) has nearly no effect on 
their properties. This is why we can still name them as “perfect” ones.

It should be emphasized that such formed chains are different from dendrimers. 
Previously, Hedrick et al. [8, 9] used this approach to synthesize hyperbranched 
chains, starting with short B~A~B oligomers containing 5–20 monomer units. 
Their resultant hyperbranched polymers are too small to be accurately character-
ized by laser light scattering (LLS), presumably because they used a relatively 
lower efficient esterification.

Chapter 3
Seesaw-Type Macromonomer Strategy: 
A Versatile Approach for the Preparation  
of “Perfect” Hyperbranched Polymers

L. Li, Studies on “Perfect” Hyperbranched Chains Free in Solution and Confined  
in a Cylindrical Pore, Springer Theses, DOI: 10.1007/978-3-319-06097-2_3,  
© Springer International Publishing Switzerland 2014
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To the best of our knowledge, no one has tried to use such kind of Seesaw-type 
B~~~~A~~~~B chains to prepare “perfect” hyperbranched polymers with long 
and uniform subchains and seriously study their related properties.

3.2 � Preparation of Seesaw-Type Macromonomers  
by Controlled/Living Polymerization

It should be mentioned that the type of Seesaw-type macromonomer is not only 
limited to homopolymer chains, but also can expand to copolymer chains if it is 
possible from the perspective of polymer chemistry, namely, the macromonomer can 
be homopolymer, triblock copolymer and diblock copolymer, as shown in Fig. 3.2.

In order to prepare various kinds of Seesaw-type macromonomers, we firstly 
synthesized two kinds of functional Seesaw-type initiators. Figure 3.3 shows how 
the functional initiators I and II are prepared. Their high purities were further con-
firmed by 1H NMR characterization  (Fig. 3.4). Initiator I was used to construct 
macromonomer homopolymers and triblock copolymers, and initiator II was used 
to construct macromonomer diblock copolymers, respectively. Using these two 
initiators, we have prepared a number of Seesaw-type macromonomer homopoly-
mers and copolymers with different block components and lengths.  

3.2.1 � Preparation of Seesaw-Type Macromonomer 
Homopolymers

First, let’s focus on the preparation of the simplest Seesaw-type macromono-
mer: polystyrene homopolymer (Fig. 3.5) [6, 7]. Using initiator I with one alkyne 

Fig. 3.1   Schematic of structure comparison of Y-type and Seesaw-type AB2 macromonomer and 
the corresponding hyperbranched polymers
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and two bromine groups, we successfully prepared and characterized a series of 
Seesaw-type polystyrene homopolymers with controlled chain lengths by a com-
bination of the activators regenerated by electron transfer for atom transfer radical 
polymerization (ARGET ATRP) and azidation reaction. In our study, both normal 
ATRP and ARGET ATRP were tested. Initiator I was prepared and used as an ini-
tiator due to its high efficiency [10]. The two terminal bromo functional groups 
were converted to two azide end groups via their reaction with NaN3 [11–13].

It has been known that chains with some highly reactive end-groups are 
required to prepare well-defined polymer materials made of telechelic or block 
chains. In ATRP, side reactions induced by outer sphere electron-transfer (OSET) 
not only reduce the functionality of polymer chains, but also limit the chain length 

Homopolymer Triblock copolymer Diblock copolymer

Group A Group B Block BBlock A

Fig. 3.2   Schematic illustration of three types of Seesaw-type macromonomers: homopolymer, 
triblock copolymer and diblock copolymer
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attainable with some monomers [14–17]. Although much effort has been devoted 
to improving the end-group functionality of polymer chains synthesized by ATRP, 
the results reported in literatures were inconsistent. Datta et al. [17] found that 
poly(ethyl acrylate) made with bpy as a ligand contained more remaining bro-
mine end-groups than that prepared with PMDETA. However, Matyjaszewski  

Fig. 3.4   1H NMR spectra of a Initiator I, and b Initiator II
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et al. [14–16] showed that a more reducing catalytic system, such as PMDETA 
and Me6TREN, could increase the chain end-group functionality. Here we com-
pared the ATRP by using bpy, PMDETA and Me6TREN, respectively, as a ligand.

The polymerization conditions and results are summarized in Fig.  3.6 and 
Table  3.1. All the results indicate that using CuBr-Me6TREN-Sn(EH)2 as a 

Fig.  3.6   SEC curves of linear polystyrene macromonomers prepared via ATRP using bpy, 
PMDETA, ME6TREN as ligand, respectively, and curve 1–5, 6–9, 10–15 correspond to entry 
1–5, 6–9, 10–15 in Table 3.1
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Table 3.1   Characterization of linear PSt prepared by normal and ARGET ATRP

a The polymerization temperature of Entry 1–5, 6–9, and 10–15 is 110, 90 and 90 ºC, respectively
b The polymerization of entry 1–9 and 10–15 was proceeding in bulk and in anisole (0.75 volume 
equiv. vs. monomer), respectively
c The number-average molar mass and molar mass distribution were determined by SEC on the 
basis of a conventional linear PSt calibration

Entry Ligand Molar ratios Mn
c Mw/Mn

c

PBMP St CuBr Ligand Sn(EH)2 g/mol

1 bpy 1 500 2 4 0 1.32 × 104 1.22
2 bpy 1 1,000 2 4 0 2.33 × 104 1.25
3 bpy 1 1,000 2 4 0 2.71 × 104 1.27
4 bpy 1 1,000 2 4 0 3.38 × 104 1.35
5 bpy 1 1,000 2 4 0 4.36 × 104 1.46
6 PMDETA 1 500 2 2 0 5.80 × 103 1.08
7 PMDETA 1 500 2 2 0 7.90 × 103 1.09
8 PMDETA 1 500 2 2 0 1.43 × 104 1.09
9 PMDETA 1 1,000 2 2 0 3.71 × 104 1.13
10 ME6TREN 1 100 0.1 1 1 3.30 × 103 1.07
11 ME6TREN 1 200 0.1 1 1 7.60 × 103 1.09
12 ME6TREN 1 300 0.1 1 1 1.87 × 104 1.13
13 ME6TREN 1 500 0.1 1 1 3.10 × 104 1.11
14 ME6TREN 1 1,000 0.1 1 1 4.50 × 104 1.13
15 ME6TREN 1 1,000 0.1 1 1 6.21 × 104 1.15

3.2  Preparation of Seesaw-Type
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catalyst, the polymerization is better controlled. When bpy is used as a ligand, the 
reaction temperature should be relatively higher because the CuBr-bpy complex 
has a higher redox potential than the CuBr-PMDETA and Cu-Me6TREN com-
plexes. The width of molar mass distribution rapidly increases as the macromono-
mers become longer. The SEC curves clearly show a long low-molar-mass tail; 
presumably due to the serious chain termination at the relatively higher reaction 
temperature. The CuBr-PMDETA system leads to a narrow molar mass distri-
bution, slightly broadening as the chains are getting longer. There is a shoulder 
on the left of the SEC curve, marked by an arrow in Fig. 3.6, when the average 
molar mass reaches 3–4 × 104 g/mol, presumably due to the increase of solution 
viscosity and some side reactions induced by CuBr [14–16]. The ARGET ATRP 
was carried out in anisole using Me6TREN as a ligand and Sn(EH)2 as a reduct-
ant, resulting in the longest macromonomers with the narrowest molar mass dis-
tribution. Our results reveal that lowering the CuBr concentration can effectively 
reduce side reactions. Thus, linear polystyrene macromonomer chains [alkyne-
(PSt-bromine)2] with different degrees of polymerization (DP) used in our study 
are all prepared by the ARGET ATRP method.

Further, Alkyne-(PSt-azide)2 were prepared by an efficient substitution reac-
tion of bromine in alkyne-(PSt-bromine)2 with NaN3 in DMF for 36 h [11, 12]. 
Figure  3.7 shows a comparison of two 1H NMR spectra of macromonomers 
alkyne-(PSt-bromine)2 and alkyne-(PSt-azide)2. Besides the broad aromatic and ali-
phatic regions of styrene monomer and some signals from the initiator, two signals 
(Hh), originating from each end of the chain, are visible in their 1H NMR spectra. 
The signal of the proton located at the chain end changes from 3.80–4.10 ppm (Hh 
in Fig. 3.7b) to 4.30–4.50 ppm (Hh in Fig. 3.7a), indicating a successful substitution. 
We estimated the average azide chain-end functionality (  f  ) of the chains prepared by 
ARGET ATRP to be ~99 % from the area ratio of the Hh and Hb peaks in Fig. 3.7a, 
i.e., f = Functionality (%) = 100(Hh/Hb), which indicates that the loss of terminal 

Fig. 3.7   Comparison of 1H 
NMR spectra of a Alkyne-
(PSt-azide)2 and b Alkyne-
(PSt-bromine)2 (Entry 10 in 
Table 3.1)
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bromine group is negligible and the azidation reaction was nearly complete, resulting 
in a set of narrowly distributed and highly functional linear Seesaw-type polystyrene 
macromonomer homopolymers (azide~~~~alkyne~~~~azide) with different lengths.

 Armed with these polystyrene macromonomers and using versatile “click” 
chemistry, we further prepared a series of “perfect” hyperbranched polystyrenes 
and studied their solution properties. This part of work will be discussed in the 
next chapter.

3.2.2 � Preparation of Seesaw-Type Macromonomer  
Triblock Comopolymers

Similar to the synthetic process of macromonomer polystyrene homopolymer, we 
have also synthesized Seesaw-type macromonomer triblock copolymer [1]. This 
is because we have been interested in the phase behaviors of long linear multi-
block copolymer chains in selective solvents for many years [18, 19]. Therefore, 
we intentionally prepared Seesaw-type macromonomer triblock copolymers to 
construct hyperbranched block copolymers and study their solution properties.

The preparation procedure of narrowly distributed Seesaw-type macromonomer 
triblock copolymers, poly(tert-butyl acrylate)-polystyrene-poly(tert-butyl acrylate) 
(PtBA-PS-PtBA), with one alkyne group in the center of the PS block and one 
azide group at the end of each PtBA block is similar to that of macromonomer 
polystyrene homopolymers. The schematic synthesis of PtBA-PS-PtBA triblock 
copolymer is shown in Fig.  3.8. The corresponding DP values were calculated 
from area ratio of corresponding peaks in 1H NMR spectrum, as shown in Fig. 3.9, 
and the molecular parameters of our obtained triblock copolymers macromonomer 
PtBA-PS-PtBA with different St and tBA molar contents and molar masses are 
summarized in Table 3.2.  

In a typical ATRP process, the molar concentrations of CuBr-PMDETA cata-
lyst and initiator are usually similar. However, such an equivalency unexpectedly 
leads to an uncontrollable ATRP process of tBA monomer. Figure  3.10 shows 
how the CuBr-PMDETA catalyst molar concentration affects the molar mass 
and polydispersity index (Mw/Mn) of the resultant triblock copolymers PtBA-PS-
PtBA. Namely, Mw/Mn increases with the CuBr-PMDETA catalyst concentration, 
indicating the side reactions. After decreasing the catalyst/initiator molar ratio to 
1/5, we obtained narrowly distributed triblock copolymer PtBA-PS-PtBA, but the 
corresponding polymerization rate is low. Our results reveal that for the acrylate-
derived monomers, lowering the CuBr-PMDETA concentration can effectively 
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Fig. 3.8   Schematic synthesis of Seesaw-type macromonomer PtBA-PS-PtBA triblock copolymer
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reduce the complexation between CuBr and alkyne groups when the initiator 
contains an alkyne group. Therefore, triblock macromonomers used in the current 
study are all prepared by ATRP method with a catalyst/initiator ratio of 1/5.

Fig. 3.9   Typical 1H NMR spectrum of triblock copolymer PtBA23-PS14-PtBA23
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Table  3.2   Characterization of linear PtBA-PS-PtBA triblock copolymers (macromonomers) 
prepared by ATRP

a Degrees of polymerization (DP), subscripts are calculated from 1H NMR spectra
b Relative number-average molar mass (Mn) and polydispersity index (Mw/Mn) are measured by 
size excluded chromatography and calibrated by polystyrene standards

Macromonomera Mn/(g/mol)b Mw/Mn
b

PtBA23-PS14-PtBA23 7.7 × 103 1.11
PtBA36-PS55-PtBA36 1.60 × 104 1.19

Fig. 3.10   SEC curves of 
triblock copolymer PtBA-PS-
PtBA prepared with different 
CuBr-PMDETA catalyst 
concentrations
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Further azidation of PtBA-PS-PtBA was carried by an efficient substitution 
reaction of bromine groups with NaN3 in DMF for 36 h. The successful installa-
tion of two azide groups was reflected in the appearance of a N=N=N anti-sym-
metric stretch near ~2,090 cm−1 upon the conversion of Br-PtBA-PS-PtBA-Br to 
N3-PtBA-PS-PtBA-N3 (Fig.  3.11). Thus, we successfully obtained Seesaw-type 
macromonomer N3-PtBA-PS-PtBA-N3 with different block lengths.

3.2.3 � Preparation of Seesaw-Type Macromonomer  
Diblock Comopolymers

It is worth noting that previously prepared two kinds of Seesaw-type macromonomers 
are limited to vinyl monomers which can only undergo living radical polymerization, 
but the degradable cyclic monomers which can undergo ring-opening polymerization 
(ROP) can not be incorporated into our prepared macromonomers and hyperbranched 
polymers. It should be noted that a combination of vinyl and cyclic monomers can 
extend our synthetic strategy to prepare hyperbranched polymers with two different 
types of monomers so that a hyperbranched copolymer chain can contain two kinds 
of controllable and uniform amphiphilic subchains that have various applications. 
Especially, those hyperbranched copolymers with one kind of biodegradable subchains 
are biomedically useful. However, it is rather a challenge to obtain such a kind of 
hyperbranched copolymer, if not impossible.

Therefore, we further developed an approach to solve such a challenging problem. 
Namely, we intentionally prepared a B~~~A----B Seesaw-type diblock macromono-
mer precursor, where ~~~ and ---- respectively represent polystyrene (PS) and 
poly(ε-caprolactone) (PCL) blocks. Using such a special diblock macromonomer, 
we have successfully prepared hetero-subchain hyperbranched copolymers with two 
kinds of controllable uniform long subchains.

Fig. 3.11   IR spectra of 
PtBA23-PS14-PtBA23, 
where a before and b 
after azidation; c after 
“clicking” reaction to 
form hyperbranched 
block copolymer hyper-
(PtBA23-PS14- PtBA23)73; 
and d after hydrolysis 
of tert-butyl groups to 
form hyperbranched 
block copolymer hyper-
(PAA23-PS14- PAA23)73
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14-PtBA 23)73
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To prepare B~~~A----B, we started with a tri-functional initiator (initiator 
II) with one alkyne (-≡-), one hydroxyl (–OH) and one bromine groups (–Br) 
to first initiate the polymerization of the ε-caprolactone and then the polym-
erization of styrene by successive ROP and ATRP processes, resulting in two 
diblock macromonomers (Br-PS-≡-PCL-OH) with an identical PCL block 
but two PS blocks with different lengths. Further bromination and azidation 
led to two N3-PS-≡-PCL-N3 precursors. The schematic synthesis is shown in 
Fig. 3.12.

The absolute DPs of the PCL and PS blocks were determined by 1H NMR 
(Fig.  3.13a), where the characteristic peaks located at ~4.00  ppm (“d”) and 
~3.65  ppm (“d”) are attributed to the protons of –CH2OOC– and –CH2–OH on 
the chain backbone and end of each PCL block, respectively. Therefore, DP of the 
PCL block is the area ratio (A) of the two peaks, i.e.,

Similarly, we have DP of the PS block as the area ratio of the peak (a) and peaks 
(d and d′),

Further conversion of precursor Br-PS39-≡-PCL28-OH into Br-PS39-≡-
PCL28-Br in a 15-fold excess amount of bromination agent, 2-bromopro-
pionyl bromide, with respect to the hydroxyl groups was reflected in the 
disappearance of the proton signals (~3.65  ppm, “d′” in Fig.  3.13a) of 
the –CH2–OH located at the end of the PCL block. The substitution extent 
was over 95  %. Note that both of the bromines located at the PS and PCL 
block ends are bonded to secondary carbon atoms, avoiding possible dif-
ferent reactivities between the two bromines. Figure  3.13b shows that 
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(≡,Br)-PCL28-OH and Br-PS39-≡-PCL28-OH are narrowly distributed and there 
is no obvious bi-radical termination; namely, both ROP and ATRP processes 
are well-controlled.

Fig. 3.13   Characterization 
of macromonomer precursors 
with different chain ends: 
a 1H NMR spectra of (a) 
(≡,Br)-PCL28-OH, (b) 
Br-PS39-≡-PCL28-OH, (c) 
Br-PS39-≡-PCL28-Br and 
(d) N3-PS39-≡-PCL28-N3; 
b GPC curves; and c FT-IR 
spectra
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Further substitution of each bromine end by an azide moiety resulted in our 
final precursor macromonomer N3-PS39-≡-PCL28-N3. The successful substitu-
tion of the bromines was reflected in the strong N=N=N asymmetrical stretch-
ing vibration (~2100 cm−1) (Fig. 3.13c). On the other hand, Fig. 3.13b shows 
no obvious difference between the elution curves of Br-PS39-≡-PCL28-OH and 
N3-PS39-≡-PCL28-N3, indicating no side reaction.

In order to find how the PS subchain length and the overall chain molar mass 
affect the  properties of such prepared hyperbranched copolymers HB-(PS-b-
PCL)n, we further made a diblock copolymer presursor (N3-PS18-≡-PCL28-N3) 
with an identical PCL block but a shorter PS block, and its characterization result 
is shown in Fig. 3.14. In the next chapter, we will further discuss the preparation 
of hyperbranched hetero-subchain copolymers by using such kind of macromono-
mers as precursors.

Fig. 3.14   Characterization 
of macromonomer 
precursors with different 
chain ends: a GPC curves 
and b 1H NMR spectra of 
(a) (≡,Br)-PCL28-OH, (b) 
Br-PS18-≡-PCL28-OH, (c) 
Br-PS18-≡-PCL28-Br and (d) 
N3-PS18-≡-PCL28-N3
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3.2.4 � Preparation of Seesaw-Type Macromonomer 
Homopolymers with Clevable Disulfide Linkage

It is well-known that disulfide bonds can be cleaved into thiol groups in the pres-
ence of various reducing agents, such as thiols, phosphines and zinc dust; and 
the resulting thiol groups can reversibly reform disulfide bonds upon oxidation. 
Therefore, the thiol-disulfide exchange reaction has been widely used in various 
applications, such as drug delivery [20], gene transfection [21], and construction 
of self-healing materials [22, 23]. Meanwhile, a number of disulfide-functional-
ized polymer structures have been prepared, namely, linear (diblock [20, 24–26] 
and multiblock [27]), cyclic [27], comb-like [28, 29], hyperbranched [21, 30–34] 
and cross-linking [35–37] structures.

Generally, two main approaches have been used to introduce disulfide linkage 
into the polymer backbone: (1) homo-polymerization of telechelic precursors 
with two thiol moieties (Fig. 3.15a) [38, 39]; (2) co-polymerization of disulfide-
functionalized precursors (Fig.  3.15b) [21, 30–32]. However, the distributions 
of the subchain length and disulfide bond location of hyperbranched polymers 
prepared by these two approaches will be only partly controllable [30, 40, 41]. 
To the best of our knowledge, it remains a challenge to prepare model hyper-
branched polymers with uniform subchains and controlled locations of cleavable 
linkages simultaneously. Therefore, we further applied our Seesaw-type mac-
romonomer strategy to synthesize model hyperbranched polystyrene chains with 
uniform subchains and controllably located cleavable disulfide linkages.

First, Seesaw-type macromonomer ≡-S-S-(PS-N3)2 with one disulfide 
linkage at the chain center was firstly prepared by ATRP and azidation sub-
stitution reaction [2]. The Schematic illustration of synthesis of disulfide-
functionalized Seesaw-type initiator and linear polystyrene macromonomer 
≡-S-S-(PS-N3)2 is shown in Fig. 3.16. Further interchain “clicking” coupling 

-S-S-
-SH 

+

(a) (b)

+-S-S-

Fig.  3.15   Schematic illustration of the topological structures of disulfide-functionalized 
hyperbranched chains prepared by two different approaches: a Homo-polymerization of tel-
echelic precursors with thiol end groups, and b Co-polymerization of disulfide-functionalized 
precursors
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of macromonomers ≡-S-S-(PS-N3)2 led to disulfide-functionalized hyper-
branched polystyrene chains.

As shown in Fig. 3.16, disulfide-functional initiator was prepared through 
a five-step synthesis. Figures  3.17 and 3.18 confirm the high purity of the 
initiator and the intermediate compounds. As calculated in Fig.  3.17, the 
integral area ratio of peak (a), peak (i) and peak (d+e) is 1.00/3.10/4.09, in 
consistency with its theoretical ratio of 1.00/3.00/4.00. Using this functional 
initiator, Seesaw-type polystyrene macromonomer ≡-S-S-(PS-Br)2 was suc-
cessfully prepared by ATRP, and its typical 1H NMR spectrum is shown in 
Fig. 3.19.
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Figures 3.20, 3.21 and 3.22 show how the monomer conversion, number aver-
age molar mass (Mn), polydispersity index (Mw/Mn) and SEC curves of poly-
styrene evolved during the ATRP process. As shown in Fig.  3.20, the plot of 
semi-logarithmic of ln(1/(1-conversion)) versus t presents a linear relation, indicat-
ing the polymerization meets the required criteria of a living system. Figure 3.21 
shows that the experimental Mn increases linearly with the conversion, and the 
Mw/Mn rapidly decreases with the conversion and reaches a minimum of ~1.14 at 
the end of polymerization, indicating the whole ATRP process is well-controlled, 
which is also reflected in the symmetric and narrowly distributed elution curves 
(Fig. 3.22).

In a typical ATRP process, the molar ratio of CuBr to halogen atom on initiator is 
normally 1.0/1.0, while the ratio in our study is controlled to be 1.0/0.5. In addition, 
the monomer conversion was intentionally controlled below 60 %, which is because 
both the CuBr concentration and monomer conversion are the key factors to attain 
polymer chains with high end-group functionalities. In principle, lowering both the 
CuBr concentration and monomer conversion can effectively reduce the chain termi-
nation and other side reactions [15, 42].

Further azidation substitution reaction of ≡-S-S-(PS-Br)2 by sodium azide in 
DMF led to macromonomer ≡-S-S-(PS-N3)2. The successful installation of azide 
groups was reflected in the appearance of a N=N=N anti-symmetric stretch-
ing absorption band near ~2,090  cm−1 in FT-IR spectra (Fig.  3.23). Using such 
a novel Seesaw-type macromonomer ≡-S-S-(PS-N3)2, we prepared degradable 
hyperbranched polystyrene chains with uniform subchains and controlled loca-
tions of cleavable disulfide linkages. We will discuss this part of work in the next 
chapter.

Fig. 3.17   1H NMR spectrum of disulfide-functionalized initiator
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Fig. 3.18   1H NMR spectra of the intermediate compounds (II–IV) in CDCl3
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Fig. 3.19   1H NMR spectrum of disulfide-functionalized ≡-S-S-(PS-Br)2
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In the previous chapter, we discussed the design strategy and synthetic detail of 
various Seesaw-type macromonomers, including homopolymers, triblock copoly-
mers and diblock copolymers. Armed with these novel Seesaw-type macromono-
mers, a number of “perfect” hyperbranched homopolymers and copolymers could 
be prepared through the versatile interchain “click” coupling. More specifically, 
we prepared hyperbranched homopolymers [1–4], hyperbranched block copoly-
mers [5], hyperbranched graft copolymers [6] and hyperbranched hetero-subchain 
copolymers. Figure 4.1 shows the topological structure schematic of these hyper-
branched (co)polymers. In this chapter, we’ll turn to discuss the synthetic detail of 
these “perfect” hyperbranched (co)polymers.

4.1 � Preparation of Hyperbranched Polystyrene 
Homopolymers

First, using linear azide~~PSt~~alkyne~~PSt~~azide macromonomers with differ-
ent lengths, we prepared and characterize a series of large hyperbranched polysty-
rene homopolymers with uniform subchains by “click” chemistry (Fig. 4.2). The 
self-polycondensation kinetics was monitored by a combination of size exclusion 
chromatography (SEC) with a refractive index (RI) detector and a multi-angle laser 
light scattering (MALLS) detector, and a stand-alone laser light scattering (LLS).

The fractionation of each resultant broadly distributed hyperbranched polysty-
rene sample by precipitation led to a set of “perfect” narrowly distributed hyper-
branched polystyrene chains with uniform subchains but different overall molar 
masses. We have, for the first time, experimentally elucidated their formation 
kinetics and established scaling laws between their size and overall mass. Armed 
with such prepared hyperbranched chains, we will be able to further study correla-
tions between their microscopic structures and macroscopic properties. In this sec-
tion, we will focus on the formation kinetics section, and the fractal properties of 
these “perfect” hyperbranched polystyrenes will be discussed in the next chapter.

Chapter 4
Preparation of “Perfect” Hyperbranched 
Homopolymers and Copolymers by “Click” 
Chemistry

L. Li, Studies on “Perfect” Hyperbranched Chains Free in Solution and Confined  
in a Cylindrical Pore, Springer Theses, DOI: 10.1007/978-3-319-06097-2_4,  
© Springer International Publishing Switzerland 2014
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To obtain large hyperbranched polystyrene chains, the alkyne-azide “click” 
cycloaddition was used in our study because of its high efficiency and low sus-
ceptibility to side reactions without oxygen [7–9]. DMF was used as solvent in 
the self-poly-condensation of alkyne-(PSt-azide)2 after the removal of oxygen 
at 35 °C with a catalyst of CuBr-PMDETA. We first investigated how the initial 
molar mass and concentration of alkyne-(PSt-azide)2 affect the kinetics of the self-
polycondensation of linear Seesaw-type polystyrene macromonomers.

Note that it is better to describe the self-polycondensation in terms of the aver-
age degree of polycondensation (DP) [10–13], instead of the number and weight 

Fig. 4.1   Schematic of the topological structures of the hyperbranched polymers prepared from 
various kinds of Seesaw-type macromonomers
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average molar mass (Mn and Mw), because initial macromonomers have different 
lengths, where DP is defined as the number of macromonomers chemically cou-
pled together inside each hyperbranched polystyrene chain; namely (DP)n = Mn, 

hyperbranched/Mn,macromonomer and (DP)w = Mw,hyperbranched/Mw,macromonomer. We pre-
fer to use (DP)w to describe the polycondensation kinetics because it is the weight 
average molar mass that was measured in SEC-RI or SEC-MALLS.

For the convenience of discussion, we rename polystyrene macromonomers with 
molar masses of 7.6 × 103, 18.7 × 103 and 45.0 × 103 g/mol as PS-7.6K, PS-18.7K 
and PS-45K to reflect their molar masses, respectively. Figure 4.3 shows SEC curves 
of hyperbranched polymers obtained from the self-polycondensation of PS-18.7K 
in DMF at 35 °C after different reaction times. As the reaction proceeds, the mac-
romonomer peak becomes smaller and the large hyperbranched polymer peaks are 
emerging after a few hours, as shown by the shoulder with a retention volume less 
than 20 mL. However, there still exist about 10 % initial macromonomers estimated 
from its peak area and the whole area of GPC trace. However, it is known that SEC-
RI-PSt-calibration is not able to effectively distinguish polymer chains with a simi-
lar hydrodynamic size but different topologic structures. Therefore, a large deviation 
from the true molar mass could occur in the high molar mass range, leading to a 
notable change in (DP)w. To avoid such a problem, we further used a combination of 
SEC and MALLS as well as our stand-alone static LLS to characterize the absolute 
weight-average molar mass of each hyperbranched sample to obtain the true (DP)w 
and Mw/Mn. The results are summarized in Figs. 4.4, 4.5, 4.6 and 4.7.

Figure 4.4 shows that large hyperbranched PSt chains are formed and their final 
average degree of self-polycondensation (DP)w increases from 40 to 81 as the initial 
molar mass of macromonomers decreases from 4.50 × 104 to 7.60 × 103 g/mol, pre-
sumably due to the two following reasons: (1) The functional end groups on longer 
initial chains are much less reactive because they are wrapped inside individual 
coiled chains; and (2) the total concentration of the functional end groups is less for a 
given weight concentration (g/mL), also reflecting in its relatively lower reaction rate.

Fig. 4.3   Reaction time 
dependence of SEC curves of 
hyperbranched polystyrenes 
obtained from poly-
condensation of PS-18.7K, 
where Co = 0.15 g/mL
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Fig. 4.4   Macromonomer 
length dependence of 
(DP)w of hyperbranched 
polystyrenes, where filled 
and hollow symbols represent 
results from stand-alone 
static LLS and SEC-MALLS, 
respectively
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Figure  4.5 shows that the polydispersity index (Mw/Mn) (determined by 
MALLS detector) increases with the reaction time. It is known that in the self-
polycondensation process, hyperbranched chains with more azide groups are ready 
to react with macromonomers but more difficult to react with each other because 
there is only one hiding A group inside each hyperbranched chain. However, the 
coupling between two hyperbranched chains in the later stage of reaction makes 
Mw to increase much fast than Mn. This is why Mw/Mn quickly raises to 5.8–7.7.

Figure  4.6 shows the ratio of (DP)w,SEC-MALLS/(DP)w,SEC-RI of hyperbranched 
polystyrenes rapidly increases to 3.1 (PS-7.6K), 2.3 (PS-18.7K) and 2.1 (PS-45K), 
respectively, with the reaction time. The deviation of (DP)w,SEC-MALLS away from 
(DP)w,SEC-RI clearly shows that SEC with the conventional universal polystyrene cal-
ibration leads to a much under-estimated molar mass for large hyperbranched chains. 
Therefore, it should be avoided in the study of branched chains because they have 
a much smaller hydrodynamic volume than their linear counterparts with a similar 
molar mass. In other words (DP)w,SEC-MALLS/(DP)w,SEC-RI reflects the hydrodynamic 
volume difference between hyperbranched and linear chains; namely (DP)w,SEC-

MALLS/(DP)w,SEC-RI increases with the compactness of hyperbranched chains.
Next, let us analyze the reaction kinetics of the interchain coupling of different 

macromonomers. On the basis of Fig. 4.4 and considering the nature of the self-
polycondensation, we can assume that it follows the 2nd-order kinetics, i.e.,

where [A] and [B] represent the molar concentrations of alkyne and azide groups, 
respectively; [B]o = 2[A]o at t = 0; [B] = [B]o − ([A]o − [A]) = [A]o + [A] at 
t = t so that Eq. 4.1 is rewritten as

(4.1)−d[A]/dt = kAB[A][B]

(4.2)−d[A]/dt = kAB([A]o + [A])[A]

Fig. 4.7   Reaction time dependence of ln[(DP + 1)/2]/[A]o for macromonomers with different 
lengths, where filled symbols, hollow symbols and lines, respectively, represent experimental 
(DP)n (DP)w and fitting curves using Eq. 4.5 with kAB,0 = 1.2 × 105 and 2.8 × 105 mL/(mol h) 
for (DP)n and (DP)w, respectively
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where [A] can be replaced by DP because DP = [A]o/[A] by its definition. Finally, 
we have

It shows that at t =  0, DP =  1; and t ≫  1, DP approaches an infinite if kAB is 
a constant, i.e., resulting in one infinitely large hyperbranched polymer chain, 
which is chemically reasonable. However, our results reveal that the reaction slows 
down and DP approaches a constant when t ≫ 1, presumably due to a decrease 
of the reactivity of the alkyne group inside each hyperbranched chain. At the ini-
tial stage, most of the alkyne groups are on linear macromonomers so that they 
can easily react with each other and with the azide groups on the periphery of a 
hyperbranched chain. As the reaction proceeds, the number of macromonomers 
decreases. When most of initial macromonomers are consumed, further polycon-
densation mostly involves the intrachain cyclization or the self-looping. It would 
be rather difficult for one alkyne group entrapped inside one hyperbranched chain 
to react with the azide groups on another chain. Note that the self-looping has no 
contribution to our experimentally measured values of DP. Considering such a 
physical nature, we assume that

where kAB,0 is the initial rate constant at t = 0 and β is a constant, so that Eq. 4.4 
is rewritten as

It describes our experimental results well; namely, DP  =  1 at t  =  0; and 
DP = kAB,0π/(2β) at t ≫ 1. In principle, we can obtain [A]okAB,0 from the initial 
slope; kAB,0π/(2β) from the plateau value at t ≫ 1; and β from a combination of 
[A]okAB,0 and kAB,0π/(2β) since we know [A]0.

However, we are not able to practically determine the accurate initial slope 
([A]okAB,0) because of a limited number of data points. Physically, it is reason-
able to assume that kAB,0 should be much less dependent on the initial concentra-
tion and length of macromonomers because it only reflects the initial reaction rate 
between A and B. Therefore, we are able to first use the iteration to estimate the 
average value of kAB,0 for three different macromonomers used and then fix it in 
the fitting of our experimental data with Eq. 4.5, as shown in Fig. 4.7. In this way, 
β is the only adjustable parameter in the fitting. It is clear that Eq. 4.5 represents 
our experimental data well for both (DP)w and (DP)n.

Table  4.1 summarizes the fitting results of β for different macromonomers 
when (DP)n and (DP)w are respectively used. β decreases as the macromonomer 
becomes longer. Note that physically, 1/β is the time at which kAB decreases to 
50 % of its initial value. The decrease of β means that it takes a longer time for the 
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reaction between A and B on longer macromonomer chains to slow down, which 
is physically reasonable because most of the reaction occurs between macromon-
omers and hyperbranched chains except at the very initial stage wherein linear 
azide~~~~alkyne~~~~azide macromonomers react with each other.

Figure 4.8 shows that the macromonomer peak slightly shift to the right, toward 
a larger retention volume, and its relative height decreases during the reaction, 
clearly indicating the occurence of self-cyclization of individual macromonomer 
chains. Further, Fig. 4.9 shows how the average degree of self-polycondensation 
(DP) obtained using a combination of SEC and LLS varies with the reaction time 
(t) when different initial macromonomer (PS-45K) concentrations are used. The 
lines in Fig.  4.9 are calculated using Eq.  4.5. It shows that for a given ratio of 
[macromonomer]:[CuBr]:[PMDETA]  =  1:2:2, both the initial reaction rate and 
final degree of the self-polycondensation increase with the initial macromonomer 
concentration, agreeing well with the prediction of Eq. 4.5. It is worth-noting that 
Eq. 4.5 also shows that both the initial rate and final degree of the self-polycon-
densation are related to β. On the other hand, Fig. 4.7 and Table 4.1 show that β is 
related to the molar mass (length) of macromonomer used. As mentioned before, 
1/β reflects the time at which kAB decreases to 50 % of its initial value; namely, 
kAB = kAB,0/2 at t = 1/β, where kAB,0 is a constant. Let us assume that the reac-
tion rate is mainly controlled by diffusion, related to the interchain distance (L) 
and the translational diffusion coefficient (D). As expected, L increases as the 

Table 4.1   Calculated values of β for macromonomers with different initial lengths

Macromonomer [A]o β/h−1 from (DP)n β/h−1 from (DP)w

μmol/mL kAB,0 = 1.2 × 105 mL/(mol h) kAB,0 = 2.8 × 105 mL/(mol h)

PS-7.6K 19.7 1.71 2.25
PS-18.7K 8.00 0.85 0.95
PS-45K 3.33 0.47 0.45

Fig. 4.8   Initial 
macromonomer concentration 
dependence of SEC curves of 
the resultant hyperbranched 
polystyrene samples after 
48-h self-poly-condensation 
of PS-45K at 35 °C
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initial macromonomer concentration (C0) decreases, i.e., L ∼ C
−1/3

0
. Therefore, it 

should take a longer time for one macromonomer to react with another when C0 
decreases. On the other hand, it has been well known that D is scaled to the molar 
mass of a polymer chain as D ~ M−α with α = 0.5–0.6, depending on the solvent 
quality. Therefore, it is rather difficult for an azide group on one hyperbranched 
chain to react with the alkyne group hidden inside another hyperbranched chain. 
The reaction should mainly occur between macromonomers (in the very initial 
stage) and between one macromonomers and one hyperbranched chain.

Figure 4.10 shows two scalings: 1/β ~  [C]−0.35 and ~ Mw
0.90, where we have 

converted the weight concentration (C) in Fig. 4.7 to the molar concentration ([C]) 
by [C] = C/Mw. It is also worth-noting that in Fig. 4.4 we varied the molar mass of 
macromonomer but fixed its initial weight concentration (C). Therefore, we have 
to convert C to [C] and introduce an additional Mw

−0.35 into the scaling; namely, 
the exponent (0.90) on Mw should be reduced to 0.55. A combination of both the 

Fig. 4.9   Reaction time 
dependence of ln[(DP + 1)/2] 
with different initial PS-45K 
concentrations, where filled 
and hollow symbols, and 
lines respectively represent 
experimental (DP)n (DP)w 
and fitting curves using 
Eq. 4.5, where the values 
of kAB,0 are previously 
determined
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[C] and Mw dependence of 1/β finally leads to 1/β  ~  [C]−0.35Mw
0.55, indicating 

that 1/β is related to both the interchain distance and diffusion.
This part of work clearly demonstrates that, in the preparation process of 

“perfect” polystyrene homopolymer chains, the “click” reaction rate of the self-
polycondensation of alkyne-(PSt-azide)2 increases with the initial concentration 
of macromonomers but is less influenced by the macromonomer’s length. The 
kinetics is the second order but with a time-dependent rate constant: kAB = kAB, 

0/[1 + (βt)2], where kAB,0 is the rate constant at t = 0 and 1/β is the time at which 
kAB becomes half of kAB,0. The whole interchain “click” process is governed by 
the interchain distance and diffusion, simultaneously.

4.2 � Preparation of Hyperbranched Block Copolymers

Using Seesaw-type of triblock copolymers, poly(tert-butyl acrylate)-polystyrene-
poly(tert-butyl acrylate) (PtBA-PS-PtBA), with one alkyne group in the center of 
the PS block and one azide group at the end of each PtBA block as precursors, we 
further prepared a series of narrowly distributed amphiphilic hyperbranched block 
copolymers hyper-(PAA23-PS14-PAA23)n for the study of solution properties of 
amphiphilic hyperbranched copolymer chains in dilute and semedilute solutions 
by a combination of “click” chemistry, precipitation fractionation and hydrolyza-
tion of tBA into AA, where the subscripts denote the degrees of polymerization of 
each block. Similarly, we also prepared narrowly distributed hyper-(PtBA36-PS55-
PtBA36)n with a much higher styrene weight fraction for the study of the intra-
chain folding [5] (Fig. 4.11).

Figure  4.12 shows the (DP)w of hyper-(PtBA23-PS14-PtBA23)n increases with 
the concentration of Seesaw-type PtBA23-PS14-PtBA23 triblock precursor, which 
is similar to our previous studies of polystyrene homopolymers [3, 4], presum-
ably because of a higher concentration of reactive end group and a shorter 
average interchain distance. Figure  4.12 also shows that with an optimal pre-
cursor concentration (~0.35  g/mL), we obtained a hyperbranched block copoly-
mer with (DP)w ~ 13 and Mw/Mn ~ 5, sufficiently good for further precipitation 
fractionation.

Figure  4.13 shows four relatively narrowly distributed hyperbranched 
block copolymers (Mw/Mn  <  1.40) resulted from the precipitation fractiona-
tion. The 1H NMR and UV spectra (not shown) revealed that their styrene 
contents are nearly identical. After coupling linear triblock copolymer chains 
together, the intensity related to the azide stretching still partially remains 
(Fig. 3.11c) because only no more than half of the azide end groups are con-
sumed in the “clicking” reaction. The de-protection of tert-butyl groups is 
reflected in the broad carboxylic-OH stretching peak (∼3,700–2,600  cm−1) 
and the shifting of the carbonyl stretching peak (~1,730  cm−1) to a lower 
wave number (Fig. 3.11d), indicating that the hydrolysis of tert-butyl groups 
is nearly complete. Note that the previous experimental studies [14, 15] have 

4.1  Preparation of Hyperbranched Polystyrene Homopolymers

http://dx.doi.org/10.1007/978-3-319-06097-2_3
http://dx.doi.org/10.1007/978-3-319-06097-2_3
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Fig. 4.11   Schematic of synthesis of larger hyperbranched amphiphilic copolymers with uniform 
subchains, hyper-(PtBA-PS-PtBA)n and hyper-(PAA-PS-PAA)n

Fig.  4.12   Initial macromonomer concentration dependence of SEC curves of resultant hyper-
branched block copolymers, hyper-(PtBA23-PS14-PtBA23)n, after 24  h polycondensation of tri-
block PtBA23-PS14-PtBA23 in DMF at 35 °C
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Fig. 4.13   SEC curves of four fractions of hyperbranched block copolymer hyper-(PtBA23-PS14-
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revealed that the ester bonds in the chain backbone undergo no cleavage dur-
ing the TFA de-protection step, so that further characterization of the result-
ant copolymers after the de-protection is not necessary. These fractions of 
hyper-(PAA23-PS14-PAA23)n were used to study the interchain association 
and rheological behaviors of amphiphilic hyperbranched block copolymers in 
water.

For the intrachain folding study, ultra-large hyperbranched copolymer hyper-
(PtBA36-PS55-PtBA36)600 with a narrow molar mass distribution was prepared 
by a preparative SEC instead of the precipitation fractionation because we only 
need a very small amount of sample (102 μg), and Fig. 4.14 shows its SEC curve. 
As shown, the SEC measurement shows a narrow distribution with a Mw/Mn of 
~1.15. Note that Mw from the RI detector is about three times smaller than that 
from the MALLS detector. This is because the scattered light intensity is propor-
tional to the square of the mass of a scattering object. In addition, the branch-
ing effect will also result in a strong deviation of the real molar mass (MALLS 
detector) from the apparent one (RI detector). The detailed discussion about the 
solution properties of these amphiphilic hyperbranched copolymer chains will be 
given in the next chapter.

4.3 � Preparation of Hyperbranched Graft Copolymers

To study the solution property of novel amphiphilic hyperbranched graft copoly-
mer chains, we further prepared amphiphilic hyperbranched poly(acrylic acid) 
grafted with short polystyrene copolymer (HB-PAA-g-PS) with a large hydro-
philic hyperbranched PAA core and short hydrophobic PS grafted chains. The 
copolymer chains with different branching degrees of PAA core were care-
fully prepared and well confirmed by SEC, 1H NMR, and FT-IR. As well, the 

Fig. 4.14   SEC curves 
of hyper-(PtBA36-PS55-
PtBA36)600 with two different 
detectors: RI (dashed line) 
and MALLS (solid line)
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association, emulsifying and solubilization behavior of HB-PAA-g-PS chains in 
aqueous solution were investigated comparatively with their triblock PS-PAA-PS 
analogues by LLS, TEM, UV-vis.

Figure  4.15 schematically shows how linear triblock PS-PtBA-PS, hyper-
branched graft copolymer HB-PtBA-g-PS, and its hydrolyzed target product are 
prepared. In our study, hyperbranched PtBA core was purposely prepared via 
our previously developed seesaw-type macromonomer strategy, i.e., azide-PtBA-
alkyne-PtBA-azide macromonomer with one alkyne group in the center and 
one azide group at each chain end, which can ensure a uniform subchain length 
between two neighboring branching points. In this way, each resultant HB-
(PtBA78)n core with no more than one alkyne group and many unreacted azide 
groups on the periphery can be treated as an ideal hyperbranched structure to 
study the structure-property correlation. Moreover, the remaining azide groups 
could be used to further couple with short linear alkyne-PS chains to result in HB-
PtBA-g-PS copolymers. The characterization results of molecular parameters of 
prepared (co)polymers are summarized in Table 4.2.

First, well-defined Seesaw-type macromonomer alkyne-(PtBA39-N3)2 was pre-
pared via ATRP and azidation reaction. SEC curve (Fig.  4.16) demonstrates the 
prepared macromonomer alkyne-(PtBA39-N3)2 is narrowly distributed with a poly-
dispersity index (Mw/Mn) of ~1.09. The absolute DP value was calculated to be 
~78 according to the 1H NMR spectrum (Fig. 4.17).

Fig.  4.15   Schematic of synthesis of amphiphilic hyperbranched poly(acrylic acid) grafted 
with short polystyrene copolymer chains (HB-PAA-g-PS) and their linear triblock PS-PAA-PS 
analogues
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a Mn, Mw and Mw/Mn were obtained from SEC measurements by using narrowly distributed poly-
styrenes as standards

Table 4.2   SEC characterization result of (co)polymer chains

Sample Mn/(g/mol)a Mw/(g/mol)a Mw/Mn
a

Alkyne-PS10 9.00 × 102 1.10 × 103 1.22
Alkyne-(PtBA39-N3)2 9.30 × 103 1.00 × 104 1.08
PS10-PtBA78-PS10 1.20 × 104 1.38 × 104 1.15
HB-(PtBA78)10 2.82 × 104 7.63 × 104 2.70
HB-(PtBA78)47 2.98 × 104 1.98 × 105 6.64
HB-(PtBA78)10-g-(PS10)11 3.13 × 104 9.99 × 104 3.19
HB-(PtBA78)47-g-(PS10)48 4.57 × 104 3.11 × 105 6.88
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Fig.  4.16   SEC curves of a alkyne-PS10, alkyne-(PtBA39-N3)2 and triblock PS10-PtBA78-PS10 
prepared at different alkyne-PS10/alkyne-(PtBA39-N3)2 molar ratios, and b HB-(PtBA78)n and 
HB-(PtBA78)n-g-(PS10)n+1 chains with different n values

Fig. 4.17   1H NMR spectrum of alkyne-(PtBA39-Br)2 in CDCl3
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Moreover, the efficient substitution reaction of bromine into azide group in 
DMF was confirmed by IR spectra in Fig. 4.18, where a strong N=N=N anti-
symmetric stretching absorbance near ~2,100  cm−1 emerges after azidation 
reaction (Fig.  4.18b). Further interchain “click” coupling of alkyne-(PtBA39-
N3)2 chains in a concentrated solution resulted in hyperbranched HB-(PtBA78)n 
with different molar masses. As defined in the previous sections [3, 5], n rep-
resents the polycondensation degree, i.e., how many initial macromono-
mer chains were, on weight-average, coupled together (n  =  Mw,hyperbranched 

chain/Mw,macromonomer chain). We intentionally prepared a hyperbranched core with 
different sizes by controlling the initial macromonomer concentration. As shown 
in Fig.  4.16b, HB-(PtBA78)10 with Mw/Mn of ~2.70 and HB-(PtBA78)47 with 
Mw/Mn of ~6.88 were prepared at a polymer concentration of 0.1 and 0.4 g/L, 
respectively, where the absolute weight-average molar masses were determined 
by LLS (Fig.  4.19). Similar to our observation of hyperbranched homopoly-
mers and block copolymers, the strength of N=N=N anti-symmetric stretch of 
hyperbranched graft copolymers almost decreases to 50  % of its initial value 
(Fig. 4.18c), indicating ~50 % of initial azide groups remain after “click” reac-
tion, and also we observed ~10  % of initial macromonomer chains remained 
after the “click” reaction.

On the other hand, short linear alkyne-PS10 polymer chains were sepa-
rately synthesized through ATRP of St with PBIB as initiator (Fig.  4.20a). 
Figure  4.20b shows the corresponding 1H NMR spectrum, where the proton 
signal located at 4.40–4.52  ppm (a) belongs to the methine of initiator, and 
signals located at 6.30–7.50  ppm (d) belong to the benzene rings on mono-
mers. The absolute DP was calculated to be ~10 from the integral height of 

Fig. 4.18   IR spectra of (a) alkyne-(PtBA39-Br)2; (b) alkyne-(PtBA39-N3)2; (c) HB-(PtBA78)47; 
(d) PS10-PAA78-PS10; and (e) HB-(PAA78)47-g-(PS10)48
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peak (a) and (d). Moreover, SEC curve of alkyne-PS10 suggests a narrow dis-
tribution (Mw/Mn ~ 1.21).

Further grafting alkyne-PS chains onto the peripheral azide groups of HB-
(PtBA)n results in graft copolymer with a large hyperbranched PtBA core and 
very short grafted PS chains. To ensure ~100 % grafting efficiency, 3-fold excess 
of alkyne-PS was used in the “click” process. The success of grafting reaction is 
reflected first in the absolute disappearance of N=N=N stretch in FT-IR spectra 
(Fig. 4.18e); and second in the evolution of SEC curves before and after “click” 
grafting reaction (Fig.  4.16b), namely, the SEC curve of HB-(PtBA)n-g-(PS)n+1 
shifts to a lower retention volume compared to the initial HB-(PtBA)n chains, indi-
cating an increase of apparent molar mass. It is worth noting that, for an individual 
HB-(PtBA)n chain, the number of remaining azide groups is just equal to (n + 1), 
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Fig. 4.19   Zimm plots of HB-(PtBA78)47 and HB-(PtBA78)10 chains in THF

Fig. 4.20   1H NMR spectra of a alkyne-functional initiator (PBIB), and b alkyne-PS10 in CDCl3
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which could finally determine the number of grafted PS chains. It is also interest-
ing to notice that the retention peak of macromonomer shifts from 9.0 × 103 to 
1.03 ×  104 g/mol, indicating each remaining macromonomer still has one unre-
acted azide group to further couple with an alkyne-PS chain; in other word, the 
macromonomer originated from a mixture of broad distributed HB-(PtBA)n chains 
actually owns a tadpole topology with its tail attached one remaining azide group, 
confirming our previous observation of intrachain cyclization of polystyrene mac-
romonomer from another perspective.

Then we directly carried out “click” reaction between 40-fold excess of 
alkyne-PS and alkyne-(PtBA-N3)2 to result in PS-PtBA-PS triblock; while 
5-fold excess is not enough to suppress the self-polycondensation of alkyne-
(PtBA-N3)2 chains (Fig.  4.16a). However, one problem to deal with is how to 
remove the excess of alkyne-PS chains from the mixtures of reaction prod-
ucts. Further TFA de-protection of tertiary butyl group into carboxyl group 
leads to the corresponding HB-(PAA)n-g-(PS)n+1 and PS-PAA-PS, which 
would facilitate the removal of excess alkyne-PS chains. In the precipitation-
purification step, we repeated dissolution-precipitation cycle three times to 
remove excess alkyne-PS, where cyclohexane was used as precipitant, which is 
a good solvent for short PS, but a very poor solvent for HB-(PAA)n-g-(PS)n+1 
and PS-PAA-PS copolymers. Finally, purified white-powder of amphiphilic 
copolymer HB-(PAA)10-g-(PS)11 (Mw  =  6.30  ×  104  g/mol), HB-(PAA)47-g-
(PS)48 (Mw = 2.60 × 105 g/mol) and their linear triblock analogues PS-PAA-PS 
(Mw = 7.50 × 103 g/mol) were obtained.

4.4 � Preparation of Hyperbranched Hetero-subchain 
Copolymers

The interchain “clicking” of N3-PS-≡-PCL-N3 in DMF at 60  °C led to large 
hyperbranched hetero-subchain copolymer chains HB-(PS-b-PCL)n (Fig.  4.21). 
Figures  4.22, 4.23 and 4.24 show the characterization results. Note that the dif-
ference in the elution curves of HB-(PS-b-PCL)n measured by RI and MALLS 
detectors, as shown in Fig. 4.22, is due to the fact that the signal from RI detector 
is proportional to the weight concentration of polymer, while that from MALLS 
detector is proportional to the weight concentration of polymer multiplied by the 
weight average molar mass of polymer.

Figure  4.23a, b show that the interchain “clicking” is promoted in a more 
concentrated precursor solution, similar to our previous observation of hyper-
branched homopolymers and block copolymers. However, there is no obvious 
difference of (DP)w between HB-(PS39-b-PCL28)n and HB-(PS18-b-PCL28)n 
chains for a given initial precursor concentration, indicating the PS block 
length does not affect the reactivity of the azide end group on the PS subchain. 
Both Mw/Mn and (DP)w,MALLS/(DP)w,RI of such formed HB-(PS39-b-PCL28)n 
chains increase significantly with the initial precursor concentration (Fig. 4.24), 
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similar to the previous results for hyperbranched polystyrene homopolymers. 
The successful “click” coupling of precursors N3-PS-≡-PCL-N3 is also shown 
in a sharp decrease of the N=N=N asymmetric stretching vibration signal near 
~2,100 cm−1, as shown in Fig. 3.13c.

Fig. 4.21   Schematic of 
synthesis of hyperbranched 
hetero-subchain copolymer 
HB-(PS-b-PCL)n

Fig. 4.22   GPC curves 
of HB-(PS-b-PCL)n with 
different PS subchain lengths, 
where (DP)w,MALLS and 
(DP)w,RI collected from 
MALLS and RI detector in 
one measurement

(b)

(DP) w,RI = 28.3(DP) w,MALLS = 62.3

V
ol

ta
ge

 / 
a.

u.

HB- (PS39-b-PCL28)n

HB-(PS18 -b-PCL28)n

(DP)w,RI  = 27.5(DP) w,MALLS = 53.1

(a)

15.0                    20.0                    25.0                   30.0

V
retention

 / mL

4.4  Preparation of Hyperbranched Hetero-subchain Copolymers

http://dx.doi.org/10.1007/978-3-319-06097-2_3


50 4  Preparation of “Perfect” Hyperbranched Homopolymers and Copolymers

4.5 � Preparation of Degradable Hyperbranched Polystyrene 
Homopolymers with Cleavable Disulfide Linkages

Using Seesaw-type macromonomer ≡-S-S-(PS-N3)2 with one clevable disulfide 
linkage at the chain center, we successfully prepared degradable hyperbranched 
polystyrene chains with uniform subchains and controlled locations of cleavable 
disulfide linkages (Fig. 4.25).

Figure  4.26 shows that the two elution curves respectively from the RI 
and MALLS detectors are very different, which has been explained before. 
Figure  4.26b shows the reaction time dependent SEC curves of HB-(S-S-
PS)n during the self-polycondensation. As the reaction proceeds, the mac-
romonomer peak becomes smaller while the hyperbranched polymer peaks 
emerged after a few hours. Gradually, DPw increases to ~28 and its polydis-
persity index (Mw/Mn) changes from 1.14 to 4.90 (Fig. 4.27) when most of the 

Fig. 4.23   Initial precursor 
concentration (C) dependent 
GPC-RI curves of a HB-
(PS39-b-PCL28)n and b HB-
(PS18-b-PCL28)n after 24-h 
reaction
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initial macromonomers are coupled together. The self-polycondensation nearly 
ceases after ~14 h, similar to what we observed for hyperbranched polystyrene 
homopolymers.

Fig. 4.24   Polymer concentration (Cpolymer) dependence of (DP)MALLS/(DP)RI and polydispersity 
index (Mw/Mn) for HB-(PS39-b-PCL28)n from RI and MALLS detectors
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It is worth noting that each branching point of HB-(S-S-PS)n contains just one 
disulfide bond that is cleavable when a reducing agent is added. The cleavage of 
each disulfide bond results in two smaller fragmented hyperbranched chains with a 
thiol end group. Using a combination of static and dynamic LLS, we could further 
study such a degradation kinetics of a fractionated HB-(S-S-PS)n with a DPw of 35 
and a Mw/Mn of 1.40, which will be discussed in the next chapter.

Fig. 4.26   a Comparison of 
two typical SEC curves of 
HB-(S-S-PS)n monitored 
by two different detectors: 
RI (solid line) and MALLS 
(circle symbol), and b 
reaction time (t) dependent 
SEC-RI curves of HB-(S-S-
PS)n, where T = 35 °C and 
Cpolymer = 0.30 g/mL
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Fig. 4.27   Reaction time (t) 
dependence of polydispersity 
index (Mw/Mn) and average 
degree of polycondensation 
(DPw) of HB-(S-S-PS)n, 
where T = 35 °C and 
Cpolymer = 0.30 g/mL
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In the previous two chapters, we discussed the design strategy synthetic detail of 
various Seesaw-type macromonomers and “perfect” hyperbranched (co)polymers. 
In this chapter, we will focus on the solution properties of these novel hyper-
branched (co)polymers in dilute and semidilute solutions.

5.1 � Fractal Property of “Perfect” Hyperbranched Chains: 
Scaling Laws of Sizes and Intrinsic Viscosities

5.1.1 � Theoretical Background

Whenever addressing the structure-property relationships of a polymer, its rheological 
behavior must be one of the first considerations, more specifically, its intrinsic vis-
cosity [η], also called the Staudinger index, because it is often used in industry as a 
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quality and process control and in research as a structural characterizing parameter.  
It has been known that [1, 2]

where Φ is the Flory hydrodynamic constant, Rg is the root-mean square radius 
of gyration, and M is the molar mass of polymer. [η] is inversely proportional to 
the chain density in a given solvent. Φ is roughly related to the chain draining 
in solution, namely, a higher degree of draining leads to a smaller Φ. Therefore, 
a linear chain should have a smaller Φ than its hyperbranched counterpart. 
However, it remains a challenge to properly and quantitatively describe the drain-
ing nature of a hyperbranched chain in good solvents. Generally, we know that Rg 
is scaled to M so that Eq. 5.1 is written as in the Mark-Houwink-Sakurada (MHS) 
equation [1, 2] 

where K and α are two constants for a given type of polymer solution. Their 
values depend on the solvent quality and chain topology. Specifically, for 
linear chains, α  =  0.7–1.0 in good solvents; and α  =  0.5 under the theta  
condition [3–5].

However, Eqs. 5.1 and 5.2 completely fail to predict how [η] depends on M 
for dendrimers [6], because of an improper assumption that the hydrodynamic 
radius (Rh) is proportional to the radius of gyration (Rg), which means den-
drimers are not fractal objects. Experimental study demonstrates there exists 
a maximum in the plot of [η] versus M, i.e., [η] first increases with the num-
ber of generation (G) and then decreases after G reaches a certain value [7]. 
Such an anomalous behavior has not been described by the Fox-Flory formula 
[8] and the existing Zimm or Rouse arguments for a long time. Recently, An 
et al. [9] developed a two-zone model for dendrimers after considering the 
radial segmental density profile and quantitatively explained those existing 
experimental results. Further, by combining Debye’s theory for free draining 
polymer chain with Einstein’s theory for hard spheres, they presented a gen-
eral theory for the intrinsic viscosity of polymers with any morphology on the 
basis of a partially permeable sphere model [10]. Such predictions agree well 
with the experimental results in literature, ranging from linear to star and to 
dendritic chains.

As mentioned in Chap. 1, randomly hyperbranched chains are even more com-
plicated than dendrimers. It has not been completely clear whether they are fractal 
objects [11, 12]; and whether those previously reported M-dependent intrinsic vis-
cosities from an on-line combination of the size exclusion chromatograph (SEC) 
with viscosity and multi-angle laser light scattering (MALLS) detectors actually 
captured its structure-property relationship [11, 13]. In the next section, we’ll dis-
cuss our experimental results in detail.

(5.1)[η] = Φ

(

R3
g

M

)

(5.2)[η] = KMα

http://dx.doi.org/10.1007/978-3-319-06097-2_1
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5.1.2 � Experimental Result

In order to clarify the fractal nature of hyperbranched polymers, we first fractionated 
the polydisperse “perfect” hyperbranched polystyrene homopolymers into a series of 
narrowly distributed samples, and determine their molar mass-dependent molecular 
parameters by a combination of LLS and viscosity measurements.

First, we measured their molar masses dependent average diffusion coefficients 
(〈D〉) by combining static and dynamic laser light scattering. Figure  5.1 shows 
that after normalized by the weight average molar mass (Mw,s) of the subchain, 
the double logarithmical plots of 〈D〉 versus the weight average molar mass of the 
entire hyperbranched chains (Mw) for different hyperbranched chains unquestion-
ably collapse into a single line, which clearly indicates that 〈D〉 is scaled to both 
Mw and Mw,s. Moreover, a much smaller absolute value of the exponent of Mw,s 
(0.1) indicate the diffusion behavior of hyperbranched chains is mainly dominated 
by the overall molar mass (Mw) but not the subchain length (Mw,s). To our knowl-
edge, such a scaling has not been well established before even though many peo-
ple have tried in the past.

Further, Fig. 5.2 shows the average size (〈R〉) of the hyperbranched polystyrene 
chains is scaled to the overall degree of polymerization (Nt), where Nt = Mw/Mo 
with Mo is the molar mass of styrene; the average hydrodynamic radius (〈Rh〉) is 
calculated from 〈D〉 by using the Stokes–Einstein equation; the average radius of 
gyration (〈Rg〉) is measured using static LLS; and 〈R〉 is normalized by the polym-
erization degree of the subchain on the basis of the theoretical prediction [14, 15]; 
namely, 〈Rg〉 of hyperbranched polymer chains in good solvents is scaled to the 
polymerization degrees of the overall hyperbranched chain (Nt) and the subchain 
(Nb) as 〈R〉 ~ Nt

αNb
β with α = 1/2 and β = 1/10, which has not been proved experi-

mentally. Indeed, the average size of the hyperbranched polystyrenes with differ-
ent subchain lengths is scaled to the overall polymerization degree but the scaling 
exponent (α), respectively, for 〈Rg〉 and 〈Rh〉, is 0.46  ±  0.01 and 0.48  ±  0.01, 

Fig. 5.1   Weight average 
molar mass (Mw) dependence 
of average translational 
diffusion coefficient (〈D〉) of 
hyperbranched polystyrenes 
with different subchain 
lengths in toluene at 
T = 25 °C, where 〈D〉 has a 
unit of “cm2/s” and both Mw,s 
and Mw are expressed as  
“g/mol”
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smaller than the predicted 1/2. On the other hand, we also attained the scaling 
exponent β by fixing the overall molar mass of the hyperbranched polystyrenes 
and plotting 〈R〉 versus Nb (not shown). We found that β is 0.11 ± 0.01 for 〈Rg〉 
and 0.09 ± 0.01 for 〈Rh〉, supporting the normalization used. Again, to our knowl-
edge, such scaling laws have not been seriously established before even though 
much effort has been spent before.

On the other hand, we can extract the fractal dimension (df) of hyperbranched 
chains by plotting the scattering factor P(qRg) versus qRg [16–19], as shown in 
Fig.  5.3. Note that both P(qRg) and qRg are dimensionless so that such a plot 
should be universal for a given type of chain topology. Indeed, the scattering fac-
tors of different fractions collapse into a master curve in the range of qRg studied, 
indicating that all the fractions are self-similar to each other and follow the same 
scaling law at q〈Rg〉  >  1.5. The negative slope represents the ensemble fractal 
dimension (df) of ~2.0 that is close to the theoretical prediction for the reaction-
limited cluster-cluster aggregation [18, 20], consistent with our extracted expo-
nents from Fig. 5.2.

Fig. 5.2   Overall degrees 
of polymerization (Nt) 
dependence of normalized 
average radius of 
gyration 〈Rg〉 and average 
hydrodynamic radius 〈Rh〉 of 
hyperbranched polystyrene 
chains with different uniform 
subchain lengths in toluene at 
T = 25 °C
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The effect of branching is even better displayed in the Kratky plot; namely 
(qRg)2P(qRg) versus qRg, as shown in Fig.  5.4. Theoretically, Burchard [18] 
deduced the scattering factor for AB2-type hyperbranched chains as

where nB is the number of branching points per hyperbranched chain and 
expressed as

where φ in our case is the probability of group A in one macromonomer 
(B~~~~A~~~~B) reacted with the first group B in another macromonomer; and ϕ 
is the probability of group A reacted with the second group B. Experimentally, we 
found that nB ≃ 13.2, as shown in Fig. 5.4, where we also plot two limiting cases: 
nB  =  ∞ (hard sphere) and 1 (linear chains). It is clear that our hyperbranched 
chains are less draining and close to a hard sphere.

In principle, φ = 0.5 because the two unreacted A groups on a macromonomer 
should have an equal probability to react the A group on another macromonomer. 
Using our fitting result of value of nB  =  13.2, we could numerically calculate 
ϕ = 0.42 on the basis of Eq. 5.4, smaller than 0.5, as expected, because the steric 
effect makes the second B group less reactive. It is worth-noting that in our sim-
ple discussion, the effect of excluded volume is neglected [16]. Up to now, all the 

(5.3)p(qRg) =

1 +
(qRg)

2

3nB

[1 + ( 1 + nB
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Fig.  5.4   Kratky plots for different hyperbranched polystyrenes synthesized using PS-18.7K, 
where two solid lines represent fitting curves for linear coiled chains and Debye-bueche hard 
spheres, respectively
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obtained scaling plots indicate that the hyperbranched chains with long subchains 
are self-similar, which leads us to believe that hyperbranched polymers should also 
obey the MHS equation.

To verify it, we further measured their concentration dependence of viscosity 
in toluene at T = 25.0 ± 0.1 °C by a conventional flow viscometer. It should be 
emphasized that the used most concentrated solution was still dilute enough, a 
region far away from the semi-dilute region, i.e., C ≪ C* (the overlap concentra-
tion), to keep the relative viscosity below 1.30. Figure 5.5 shows typical plots of 
the concentration dependence of specific viscosity ηsp/C of hyperbranched poly-
styrenes made of one macromonomer, where ηsp is defined as ηr − 1. The inter-
cept and slope of each fitting line respectively lead to the intrinsic viscosities ([η]) 
and the Huggins constant (kh) of a given hyperbranched polystyrene on the basis 
of ηsp/C = [η] + kh[η]

2C. Note that for some samples we did not have a sufficient 
quality to make a large number of solutions so that their kh values were estimated 
with some uncertainty, which scarcely affects those measured intrinsic viscosity 
([η]) because polymer solutions used were sufficiently dilute.

Theoretically, we calculated the intrinsic viscosity of these hyperbranched poly-
styrene chains using the theory for the intrinsic viscosity of polymers proposed by 
us recently based on the partially permeable sphere model [21, 22]. By combin-
ing Einstein’s theory for hard spheres with Debye’s theory for free draining poly-
mer chains, our theory, by introducing two phenomenological functions, a drainage 
function and a drag function, both of which can be determined from the density 
profile, provides a simple and convenient method that circumvents the explicit 
treatment of the complex, multi-body hydrodynamic interactions in these systems 
while capturing their key effects. The parameter choice was detailed before.

Figure 5.6a shows our experimental and theoretical results of how [η] depends 
on both Mw and Mw,s for hyperbranched polystyrene chains with different 
subchain lengths, indicating that hyperbranched chains obey the MHS equation 
just like their linear counterpart, i.e., they are fractal objects. Apparently, the data 
points spread over a wide range but with a similar slope of 0.39. Also note that a 
slight deviation from the scaling occurs when Mw,s is less than ~103 g/mol, pre-
sumably due to the emergence of a strong effect of the excluded volume.

Fig. 5.5   Typical plots 
of polymer concentration 
dependence of reduced 
specific viscosity (ηsp/C) of 
hyperbranched polystyrenes 
(PSt-8.8k) made of one 
macromonomer in toluene at 
T = 25 °C
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Furthermore, Fig.  5.6b clearly reveals that these scattered data in Fig.  5.6a 
collapse into a single master line when [η] is normalized by is corresponding 
subchain length; namely, [η] is scaled to both Mw and Mw,s as

where ν = 0.39 ± 0.01 and μ = 0.31 ± 0.01; and Kη = 2.26 × 10−5 L/g. Up to 
now, we have experimentally and theoretically revealed that both Eqs. 5.1 and 5.2 
are also valid for hyperbranched chains with long and uniform subchains in a good 
solvent, clearly indicating that these hyperbranched chains are fractal objects; in 
contrast a slight deviation from the scalings occurs for hyperbranched chains with a 
much shorter subchain length, because of the excluded volume effect. It should be 
emphasized that the fractal behavior of hyperbranched chains have been previously 
well theoretically discussed via the branching theory [23, 24] and further experi-
mentally verified by the scattering experiments finished by Burchard’ group [16, 
19, 25]; however, the subchain lengths in previous studies were extremely short 
and unchangeable; therefore, their adopted AB2 monomer is actually different with 
what we mentioned. It is also interesting to note that the two scaling exponents 
between [η] and both Mw and Mw,s are not far away from each other. The litera-
ture values of the measured scaling exponent between [η] and Mw is very widely 
spread over a range 0.3–0.5 for hyperbranched polymers prepared by conventional 
methods with a broad distribution of subchain length. With no exception, all of 
previous experiments used the online SEC-viscosity-MALLS to measure both [η] 

(5.5)[η] = KηMw
νMw,s

µ

Fig. 5.6   Weight-average 
molar mass (Mw) dependence 
of intrinsic viscosity 
([η]) of hyperbranched 
polystyrenes with different 
subchain lengths in toluene 
at T = 25 °C, where dashed 
line for linear chains is from 
literature [5]. Theoretical 
results were calculated using 
our partially permeable 
sphere model with a density 
profile accurately calculated 
from Monte Carlo simulation 
[21, 22]
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and Mw [12, 13, 26]. Unfortunately, it had been repeatedly overlooked that SEC  
separates polymer chains by their hydrodynamic volumes, not by their molar 
masses. Namely, for non-linear polymer chains, each retentive fraction in principle 
contains polymer chains with a similar hydrodynamic volume but not necessarily 
with a similar molar mass. Theoretically, Eqs. 5.1 and 5.2 require that each fraction 
contains polymer chains with a similar molar mass, not a similar size. Presumably, it 
is due to difficulties and limitations in both the sample preparation and experimental 
methods so that less attention has been paid to this very important point so far.

In contrast, all the hyperbranched polystyrenes used in the current study were 
fractionated by precipitation, i.e., according to the interaction parameter χM, where 
M is the overall molar mass of the chain and χ is the Flory-Huggins parameter, 
a constant, independent on M for a polymer in a given solvent. Therefore, hyper-
branched chains in each fraction used here have a similar molar mass. In compari-
son with our results, some of previous computer simulations [27, 28] suggested that 
the molar mass dependence of intrinsic viscosity of irregular hyperbranched chains 
deviates from Eq.  5.2 because the segment density distribution is different from 
those predicted by de Gennes and Hervet. We will come back to this point later.

Previously, we have already used static LLS to reveal that for hyperbranched 
polystyrene chains with long and uniform subchains, Rg ∼ Rh ∼ Mw

γ Mw,s
ϕ with 

γ = 0.47 ± 0.01 and ϕ = 0.10 ± 0.01. Therefore, we have

A combination of Eqs.  5.1 and 5.6 leads to ν =  3γ −  1 and μ =  3ϕ. Inputting 
our experimentally determined values of γ and ϕ, we have ν = 0.41 ± 0.01 and 
μ = 0.30 ± 0.01, fairly close to those directly measured values (0.39 ± 0.01 and 
0.31  ±  0.01) from the viscosity measurements, which cross-examines and vali-
dates our previous LLS data and current viscosity results. It is worth-noting that 
in comparison with LLS, viscosity is more sensitive and much easier to be meas-
ured in characterizing the effect of chain topology and conformation, such as the 
branching degree, because LLS measures the hydrodynamic size, while viscosity 
detects the hydrodynamic volume that is a cubic of the chain size.

When treating each hyperbranched chain as a suspending hard sphere and tak-
ing Φ = 2.5 [1], we can rewrite Eq. 5.1 as 

where Rη and NA are the average viscometric radius and the Avogadro’s number, 
respectively. Therefore, we can convert each measured intrinsic viscosity [η] into 
a viscometric radius Rη so that we can directly compare two average hydrodynam-
ics-related radii (〈Rh〉 and 〈Rη〉), as shown in Fig. 5.7. It reveals that 〈Rη〉 is fairly 
close to 〈Rh〉 and their ratio (〈Rη〉/〈Rh〉) is 0.95 ± 0.05, smaller than ~1.2 for linear 
chains in good solvents [3, 29]. Such a difference illustrates different structures 
and solution behaviors of linear and branched chains in good solvents, presum-
ably reflecting that a linear chain is more draining, i.e., its hydrodynamic radius is 
smaller, than its branch counterpart for a given intrinsic viscosity.

(5.6)[η] ∼ Mw
3γ−1Mw,s

3ϕ

(5.7)[η] =
10π

3
NA

(

Rη
3

Mw

)
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3[η]Mw

10πNA
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5.2 � Deformation Property of “Perfect” Hyperbranched 
Chains: How Do They Pass through a Cylindrical Pore?

The translocation of flexible polymer chains in solution through a porous media 
(ultrafiltration) dominates many processes, such as size exclusion chromatog-
raphy (SEC) [30], ultrafiltration [31] and gene delivery [32], to name but a few. 

Fig. 5.7   Weight-
average molar mass (Mw) 
dependence of ratio of two 
hydrodynamics-related 
radii (average viscometric 
radius, 〈Rη〉, and average 
hydrodynamic radius, 
〈Rh〉) of hyperbranched 
polystyrenes with different 
subchain lengths in toluene at 
T = 25 °C
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η
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Generally speaking, whether a polymer chain can pass through a pore smaller than 
its size under an elongational flow should depend on the flow rate and its deforma-
bility (deformable property). The deformability is mainly determined by its chemi-
cal and topological structures. Limited by polymer synthesis methodologies, the 
preparation of “perfect” hyperbranched chains are rather difficult, if not impos-
sible, which has hindered experimental confirmation of some predicted behaviors 
of hyperbranched polymer chains passing through a small pore. Therefore, estab-
lishing the correlation between molecular parameters of hyperbranched chains and 
their translocation behavior and deformation property still remains an important 
challenge in modern polymer research. In this section, we’ll discuss how a hyper-
branched chain pass through a nanopore under an elongational flow field theoreti-
cally and experimentally.

5.2.1 � Unified Theoretical Description of Polymer Chains  
with Different Topologies Passing Through a Nanopore

Statistical physics tells us that the possibility of a polymer chain passing through a 
cylindrical pore with a diameter of D much smaller than its size is extremely low 
because there is a confinement penalty. To overcome the confining energy barrier, 
one has to “pull” the chain with a kind of interaction, such as the hydrodynamic 
or electric (if it is charged) force. It was shown by de Gennes [33], Pincus [34], 
Casassa [35], and Freed [36, 37], that the minimum force (the critical flow rate, qc, 
when the Poiseuille flow is used) depends on the chain’s topology and deformabil-
ity as well as the pore size, but unexpectedly not on the chain size in some cases, 
including linear and star chains. In particular, de Gennes [33] and Pincus [34] 
showed that for a linear chain, qc,linear  ~ kBT/η, independent on sizes of both the 
chain and pore, where kB, T and η are the Boltzmann constant, absolute tempera-
ture and solution viscosity, respectively. However, our previous experimental results 
revealed that for a linear chain, qc,linear decreases as D increases because the chain 
segment inside each “blob” should not be treated as a hard sphere with a dimension 
of D but with an effective length (le) along the flow direction [31, 38], i.e.,

Note that here individual “blobs” with a size of ξ is defined as portions of the con-
fined chain whose center of gravity undergoes the Brownian motion under the agi-
tation of the thermal energy. Such a dependence (Eq. 5.8) was supported by the 
recent first principle calculation [36, 37].

Physically, each polymer chain confined inside a small cylindrical pore can be 
viewed as a number of packed blobs. Instead of considering free energy of the 
entire confined chain as previously done by others, we only consider the confine-
ment and hydrodynamic forces on individual blobs (fc = kBT/ξ and fh = 3πηleu, 
where u = q/D2, the flow velocity), i.e., from fc =  fh, and drive the critical flow 

(5.8)qc,linear =
kBT

3πη

D

le
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rate (qc). Using such an approach, we have established a unified description of 
normalized qc without any priori consideration of the chain topology as follows.

It shows that the only thing left here is to find ξ for each topology. Obviously, 
for a confined linear chain, ξlinear = D. For a confined star chain with f arms, we 
have to consider whether the number of forwarded and stretched arms (fin) that are 
inserted into the pore is larger or smaller than that of backwarded and coiled arms 
(fout) outside, where f = fin + fout. When fin ≥ fout, we only need to consider those 
forwarded fin arms that occupied the pore. Each stretched arm acts as a tube with 
a diameter of ξstar; namely, D2 = ξstar

2fin so that qc/qc,linear = fin. Similarly, when 
fin ≤ fout, we have to consider those backwarded fout arms outside. In this case, the 
forwarded and stretched arms must be further stretched (i.e., with a higher flow 
rate) to generate a sufficient force to pull those outside arms into the pore. When 
they come into the pore, D2 = ξstar

2fout so that qc/qc,linear = fout. These two differ-
ent cases can be summarized into one equation as

Recent experimental results confirmed that for a given arm length (LA), qstar 
increases with f but is nearly independent on LA [39], contradictory to the de 
Gennes’ prediction [33], in which the full extension of each pulled-in arm was 
assumed. Our derivation and experimental results reveal that such an assumption 
is not necessary and incorrect. It should be noted that we previously made one 
unfortunate mistake in Polym Chem 2011, 2, 1071 [39]; namely, the denomina-
tor in Eqs. 5b and 6b in that manuscript should be fout

2 instead of fin2, which also 
affects Fig. 6 there.

Transportation of a hyperbranched chain made of subchains with a uniform 
length (lb) through a small pore is much more complicated, depending on whether 
lb is much larger or smaller than ξbranch. In other words, when lb ≫ ξbranch, each 
blob contains a linear chain segment that is easily deformable (strong confine-
ment); while lb  ≪  ξbranch, each blob itself contains a number of subchains, 
i.e., a hyperbranched and less-deformable chain segment (weak confinement). 
Previously, using the Flory scaling, de Gennes [40, 41] deduced qc,branch for a 
hyperbranched chain in a good solvent and found that qc,branch ~ Nt,Kuhn

γNb,Kuhn
ϕ, 

where Nt,Kuhn and Nb,Kuhn are numbers of Kuhn segments of the entire chain 
and the subchain; and γ = 1/2 and 2/3; and ϕ = −1/2 and 2/15, respectively, for 
strongly and weakly confined hyperbranched chains inside a cylindrical pore. 
Unfortunately, the prediction is partially incorrect because the barrier energy (Eb) 
of one layer (cross-section) of blobs was mistaken as ~kBT. Actually, kBT is the 
barrier energy for one blob. The barrier energy for one layer of blobs should be kBT 
multiplied by the number of blobs in one layer, i.e., Eb =  kBT(D2/ξbranch

2). This 
explains why the correct exponent should be 2, as shown in Eq. 5.9, instead of 4.

(5.9)
qc

qc,linear

=

(

D

ξ

)2

(5.10)
qc,star

qc,linear

=
f + |f − 2fin|

2
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As discussed above, each blob in the strong or weak confinement limits  
contains a linear or a hyperbranched chain segment with a maximum size of D. 
Assuming that each blob contains n Kuhn segments and each Kuhn segment has a 
size of a, the volume fractions of the Kuhn segments inside each blob and inside 
the volume occupied by the entire confined and stretched chain should be identi-
cal, i.e., a3n/ξ3 = a3Nt,Kuhn/(D2Lo), for a uniform chain density, where Lo is the 
optimal length of the entire chain stretched along the flow direction, i.e.,

Let us first find Lo. After a chain is confined inside the pore and stretched to a 
length of L, its free energy (F) has an enthalpy term: kBT[Nt,Kuhn

2a3/(D2L)] and an 
entropy term: kBT(L/R0)2, where R0 is the unperturbed chain size. Lo can be found 
from dF/dL = 0, i.e.,

Note that R0 = aNt,Kuhn
1/4Nb,Kuhn

1/4 and aNt,Kuhn
1/2 for branched and linear chains, 

respectively. Actually, a linear chain can also be viewed as a special branched chain 
with one “branching” point, i.e., Nt,Kuhn  =  Nb,Kuhn; namely, we can also using 
R0  =  aNt,Kuhn

1/4Nb,Kuhn
1/4 for a linear chain. It is also known that for a hyper-

branched or a linear chain in good solvents, its root mean square radius of gyra-
tion 〈Rg

2〉1/2 is scaled to Nt,Kuhm and Nb,Kuhm as aNt,Κuhn
αΝβ,Kuhm

β with α = 1/2 and 
3/5, and β = 1/10 and 0, respectively [1, 15, 42]. Similarly, we can also generally 
express the blob size (ξ) in good solvents as ξ = aNt, Κuhn

αΝβ,Kuhn
β. A combination 

of Eqs. 5.9, 5.11 and 5.12 as well as two scaling equations of R0 and ξ results in

where

It should be noted that Eq.  5.13 generally covers different solvent qualities and 
confinements. In the weak confinement limit (n ≫ Nb,Kuhn), each blob contains a 
hyperbranched chain segment with α = 1/2 and β = 1/10 in good solvents so that 
Eq. 5.13 becomes

(5.11)ξ =

(

nD2Lo

Nt,Kuhn

)

1
3

(5.12)Lo
∼= a

(

Nt,KuhnR0

D

)
2
3

(5.13a)
qc,branch

qc,linear
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a

D

)
2(3−5α)
3(3α−1)
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γ

Nb,Kuhn
ϕ

(5.13b)γ =
α

3(3α − 1)
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6β−α

3(3α − 1)
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where nbranch is defined as Nt,Kuhn/Nb,Kuhn, the number of branching points of a 
hyperbranched chain. In the strong confinement limit (n ≪  Nb,Kuhn), each blob 
contains a linear chain segment with α = 3/5 and β = 0 in good solvents so that:

As expected, for linear chains, Nt,Kuhn  =  Nb,Kuhn, i.e., nbranch  =  1 so that 
qc,branch  =  qc,linear. Note that Eq.  5.15 is identical to what de Gennes described 
after we correct the mistake, i.e., changing the exponent from 4 to 2. However, our 
recent experimental results showed that the scaling components are different from 
those predicted in Eqs. 5.14 and 5.15. This is because when a hyperbranched chain 
is confined and squeezed inside a pore the scaling of its size and the number of 
Kuhn segments is not 1/2 but much smaller. This is not the point we like to discuss 
in the next experimental result section. The crossover between two different con-
finement limits occurs when the pore size reaches a critical value (D*) at which 
sizes of the subchain and the pore become similar. Quantitatively, equalizing the 
right sides of Eqs. 5.14 and 5.15 leads to

In this section, by assuming that a polymer chain confined inside a small cylindri-
cal pore is divided into a number of “blobs” whose center of gravity is undergoing 
the Brownian motions under the thermal agitation, we have shown that it is neces-
sary and sufficient to consider only confinement and hydrodynamic forces on a 
single blob. A direct balance between them leads to the critical (minimum) flow 
rate (qc) to pull a chain through the pore without any priori consideration of chain 
topology. Using such a simple approach, we have established a unified description 
of qc, normalized by qc,linear, as qc/qc,linear = (D/ξ)2 for different chain topologies. 
The only thing left here is to deduce ξ for each given chain topology. Figure 5.8 
schematically summarizes our results for polymer chains with different topologies.

5.2.2 � Experimental Result

After theoretically illuminating how polymer chains with different topologies pass 
through a nanopore, we further made use of our fractionated two sets of narrowly 
distributed hyperbranched polystyrenes to experimentally study how they are 
pulled through a pore by using a previously established ultrafiltration method.

First, we measured the flow rate dependent relative retention [(C0 − C)/C0] 
of hyperbranched polystyrene fractions by gradually increasing the flow rate. 
Figure 5.9 shows that (C0 − C)/C0 decreases as the flow rate increases but not 
as sharp as the first-order coil-to-stretch transition of linear chains observed 
before [38, 43]. Presumably, this is because even for a given overall molar 

(5.15)
qc,branch

qc,linear

=

(

Nt,Kuhn

Nb,Kuhn

)
1
4

= nbranch

1
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mass, different arrangements of a given number of uniform subchains can lead 
to different hyperbranched chain structures. As expected, the flow rate required 
to pull the hyperbranched chains to pass through the pore increases with Nt for 
each given Nb.

Figure  5.10 shows that the critical flow rate (qc,b,50  %) of the hyperbranched 
chains with a given subchain length is scaled to the polymerization degree of entire 
hyperbranched chain (Nt) as qc,b,50 % ~ Nt

γ with γ = 1.0 ± 0.1. We also differen-
tiated each curve in Fig.  5.9 and plotted qc,b,peak, qc,b,20  % or qc,b,80  % against Nt. 
The scaling exponent (γ) remains 1.0 ± 0.1. For a given Nt, qc,b,50 % decreases as 
the subchain length increases because longer subchains deform easier inside the 
pore so that a low flow rate is required to pull each hyperbranched chain through. 
Further, we fixed Nt to find how qc,b,50 % is scaled to Nb. Our results showed that 
ϕ = −0.4 ± 0.1 with a large uncertainty because there are only three data points 
within a limited range of Nb. Even considering our experimental uncertainties, our 
measured scalings are still deviated much from qc,b ~ Nt

1/3Nb
1/15 and qc,b ~ Nt

1/4Nb
−1/4, 

respectively, predicted for the weak and strong confinements [40], which forces us 
to reconsider whether something was missing or improper in the original assump-
tion and theoretical treatments of how hyperbranched chains pass through a small 
cylindrical pore under an elongation flow. It is worth-noting that such theoretical 
predictions have never been experimentally tested or confirmed before.

As we know, each hyperbranched chain confined inside a small cylindrical pore 
can be viewed as a number of packed “blobs” and each blob has a size (correla-
tion length) of ξ and contains n number of Kuhn segments, as schematically shown 

Fig.  5.8   Schematic of a polymer chain with different topologies confined inside a cylindrical 
pore and how blob size (ξ) varies with chain topology
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in Fig. 5.11. In the limit of the weak or strong confinements, each blob contains 
a hyperbranched or a linear chain segment, i.e., ξ  =  aNt,Kuhm

1/2Nb,Kuhm
1/10 or 

aNt,Kuhm
3/5 in good solvents, where a is the size of a Kuhn monomer; and Nt,Kuhm 

and Nb,Kuhm are numbers of the Kuhn segments of the entire hyperbranched chain 
and the subchain, respectively. Obviously, the maximum size of a blob is the pore 
diameter (D); namely, ξ ≤ D. In the previous section, we showed that instead of 
considering the entire confined chain, one only needs to balance the confinement 
and hydrodynamic forces on each blob and found a unified description of qc for 
chains with different topologies, i.e., qc/qc,linear = (D/ξ)2 [44].

Here the only thing left is to find ξ for each chain topology. Obviously, 
for a confined linear chain, ξ  =  D; while for a confined star chain with a total 
of f arms and a number of forwarded arms inside the pore (fin), we showed how 
qc,star depends on f and fin in the previous section. As for hyperbranched chains, 
Eqs. 5.13–5.16 show that:

Fig. 5.9   Flow rate (q) 
dependence of relative 
retention [(C0 − C)/C0] 
of hyperbranched 
polystyrene chains made of 
macromonomers in toluene 
at T = 25 °C, where symbol 
asterisk marks qc,b,50 %
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Fig.  5.10   Overall polymerization degree (Nt) dependence of critical flow rate (qc,b,50  %) of 
hyperbranched chains made of different seesaw-type macromonomers (i.e., subchain lengths) in 
toluene at T = 25 °C

Fig. 5.11   Schematic of weak and strong confinements of a hyperbranched chain inside a small 
cylindrical pore with a diameter of D, where each small circle represents a blob with a size of ξ
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It shows that D* weakly depends on the overall molar mass but more on the subchain 
length. For polystyrene in toluene, it is known that each Kuhn segment contains ~7 
monomers and has a size of ~1.8 nm [1]. If ξ reaches D (its maximum value, 20 nm), 
each blob only contains ~55 and ~100 Kuhn segments in the strong and weak con-
finements, respectively. For the three hyperbranched polystyrenes used here, their 
subchains respectively contain ~5, ~15 and ~50 Kuhn segments. Therefore, even for 
the hyperbranched polystyrene made of the shortest subchain, each blob mostly con-
tains ~20 subchains, i.e., ~10 branching points. In reality, ξ is much smaller than D so 
that each blob contains few branch points. In other words, the chain topology inside 
each blob is not ideally branched but star-like. As for the hyperbranched polystyrene 
sample made of the longest subchain, each subchain might contain few blobs.

Quantitatively, letting D* to be the pore size (20 nm), we are able to estimate 
the boundary that divides the two confinements, as shown in Figs. 5.11 and 5.12. 
It is clear that for the hyperbranched polystyrene chains made of the two short 
macromonomers (PSt-8.8k and PSt-21k), the ultrafiltration occurs in the weak 
confinement region; while the hyperbranched polystyrenes made of the longest 
macromonomer (PSt-73k) is on the strong confinement side, but far away from 
the weak or strong confinement limit, because the pore and subchain have a simi-
lar size. In other words, most of our ultrafiltration experiments were done around 
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Fig. 5.12   Calculated 
“phase” diagram of strong 
and weak confinements of 
hyperbranched polystyrene 
chains in toluene at 
T = 25 °C, where dash 
line represents a boundary 
between two different 
confinements, where we used 
D* = 20 nm, a ≃ 1.8 nm, and 
Nb,kuhn ≃ 7Nb
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the weak and strong confinement boundary. Therefore, we are not able to use 
Eqs.  5.14 and 5.15 to treat our experimental data, which also partially explains 
why the scaling exponents are deviated from the predicted ones.

On the basis of Eq.  5.13, we know that γ increases from 1/4 to 1/3 when α 
decreases from 3/5 to 1/2, as show in Fig.  5.13. Putting α  =  0.46  ±  0.01 into 
Eq. 5.13, we have γ = 0.41, still far away from 1.0 ± 0.1, as shown in Fig. 5.13, 
even after considering all the experimental uncertainties. Physically, for a given 
overall molar mass, a smaller α means a more compact and less deformable chain 
conformation so that a higher flow rate is required to drag the chain into the pore, 
resulting in a stronger molar-mass dependent critical flow rate. Therefore, the 
higher measured γ value actually means that the real α value should be smaller. 
Putting the measured γ value into Eq. 5.13, we are able to estimate that α ≃ 3/8, 
which is reasonable because the chain segments inside each blob are squeezed 
together with a more uniform chain density so that α should be lower than that for 
the hyperbranched chain free in solutions. In the fully collapsed limit, α = 1/3 for 
a subject with a uniform density. It is worth-noting that such a discrepancy might 
also be traced back to the assumption of the blob as a non-draining sphere.

On the other hand, ϕ depends on both α and β. As α decreases from 3/5 to 1/2 
and β increases from 0 to 1/10, ϕ increases from −1/4 to 1/15. Equation 5.13 gener-
ally shows that a smaller α should lead to a larger ϕ. In the current study, the chain 
topology inside the blob changes from branching to star-like and then to linear as 
the subchain length increases. Therefore, it is not meaningful to extract ϕ from 
our current study. In reality, using shorter initial sub-chains in the polymerization 
results in smaller hyperbranched chains; while using much longer initial subchains 
leads to a low reactivity, which limit the reachable ranges of Nt,Kuhn and Nb,Kuhn.

Figure 5.14 further shows how the pore size (D) affect qc,branch. The slope of 
qc,branch versus D is slightly smaller than −2/3 predicted by Eqs. 5.14 and 5.15. 
Since there are only two points, we should not be too serious about the exact 

Fig. 5.13   Plot of two scaling 
exponents α versus γ based 
on Eq. 5.13
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value of the slope. Besides the experimental uncertainties, such a deviation can 
be similarly explained as what we did for linear chains [31, 38, 43]. Namely, each 
blob contains a chain segment, not a hard sphere, so that it is draining. Therefore, 
the effective length of each blob (le) along the flow direction is longer than its size 
(ξ) and le is proportional to the molar mass of the chain segment inside the blob 
and scaled to ξ with a scaling exponent that depends on the topology of the chain 
segment inside the blob.

Up to now, we have discussed how the molar masses of the overall chain and 
the subchain affect the ultrafiltration of a hyperbranched chain through a small 
cylindrical pore. Note that our ultimate goal of conducting this kind of studies is 
to use what we found/understood to separate polymer chains by their structures, 
such as the subchain length and the overall molar mass, instead of those existing 
methods mainly by the hydrodynamic volume and solubility. Using the following 
example, we like to demonstrate how it works in a real application to effectively 
separate hyperbranched chains with a similar size but different subchain lengths.

To demonstrate it, we purposely chose two hyperbranched samples and 
their molecular parameters [the weight-average molar mass (Mw), polydisper-
sity index (Mw/Mn), and average hydrodynamic radius (〈Rh〉)], are summarized 
in Table  5.1, where a linear polystyrene sample was used as an internal refer-
ence to calibrate the concentrations of hyperbranched chains before and after the 
ultrafiltration.

Figure 5.15 shows that when the flow rate is 4.0 × 10−11 mL/s, much higher 
than qc,HB-3.3k and qc,HB-73k, both of the two hyperbranched chains are able to 
pass through small pores because we know the ratio of the peak areas between the 
two hyperbranched and short linear reference chains. As the flow rate decreases 
to 4.0  ×  10−12 mL/s, higher than qc,HB-73k (1.0  ×  10−13 mL/s) but still much 
lower than qc,HB-3.3k, we also observed two peaks, as shown in Fig.  5.15b, in 
which the area of the peak located at ∼25 nm decreases by ~50 %. In compari-
son with the solution mixture before the ultrafiltration and data in Table 5.1, we 
know, in principle, that here smaller HB-3.3k chains with a short subchain length 
and a higher branching degree are retained by small cylindrical pores because it 

Fig. 5.14   Pore size (D) 
dependence of critical flow 
rate (qc,branch,50 %) of fraction 
made of macromonomer PSt-
21k with Nt = 4.33 × 104

5.2  Deformation Property of “Perfect” Hyperbranched Chains
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is relatively difficult to deform a hyperbranched chain with a shorter subchain  
(a higher branching degree) when two hyperbranched chains have a similar overall 
molar mass. As expected, Fig. 5.15c shows that further decrease of the flow rate 
to 2.2 × 10−14 mL/s makes the peak on the right disappearing because both the 
hyperbranched chains are retained by small pores.

For an attentive reader, there still remains a question whether the peak on 
the right in Fig.  5.15 is truly related to smaller hyperbranched HB-3.3k, instead 
of larger HB-73k chains that pass though small cylindrical pores. To clar-
ify this point, we mixed the linear reference chains with HB-3.3k and HB-73k, 
respectively, to prepare two solution mixtures. As shown in Fig.  5.16a, larger 
hyperbranched HB-73k chains pass through when the flow rate reaches to 
4.0 × 10−12 mL/s, while smaller hyperbranched HB-3.3k chains are still retained, 
i.e., its related peak is missing in Fig.  5.16b in comparison with Fig.  5.16c. It 
requires a flow rate 10 times higher to push smaller hyperbranched HB-3.3k 
chains to pass through small cylindrical pores (Fig. 5.16c), clearly answering the 
question. It experimentally demonstrates that one can use small pores to separate 
hyperbranched chains by their structures instead of their sizes.

Table 5.1   Molecular parameters of two hyperbranched and one short linear chains

Polymer Mw,macromonomer/(kg/mol) Mw/(kg/mol) Mw/Mn 〈Rh〉/nm

HB-3.3k 3.3 780 1.13 21
HB-73k 73 840 1.10 27
Linear PS as an internal reference 11 1.05 2.6

Fig. 5.15   Hydrodynamic 
radius distribution of 
a solution mixture of 
linear reference and two 
hyperbranched chains (HB-
3.3k, and HB-73k) in toluene 
at T = 25 °C after they are 
extruded through small 
cylindrical pores (20 nm) 
under different flow rates, 
where Cref = 40 mg/mL, 
CHB-3.3k = 0.6 mg/mL and 
CHB-73k = 0.5 mg/mL
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5.3 � Solution Properties of Amphiphilic Hyperbranched 
Copolymer Chains in Dilute and Semidilute Solutions
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Hyperbranched block copolymer chains
in semidilute solution
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5.3.1 � Solution Properties of Hyperbranched Block Copolymer 
Hyper-(PtBA-PS-PtBA)n and Hyper-(PAA-PS-PAA)n

Previously, we successfully prepared narrowly distributed amphiphilic hyper-
branched block copolymer hyper-(PtBA36-PS55-PtBA36)600. In this section, we’ll 
see how these ultralarge hyper-(PtBA36-PS55-PtBA36)600 chains fold and associate 

Fig. 5.16   Hydrodynamic 
radius distributions 
of mixtures of linear 
reference respectively with 
hyperbranched HB-3.3k and 
HB-73k chains in toluene 
at T = 25 °C after they are 
extruded through small 
cylindrical pores (20 nm) 
under different flow rates, 
where Cref = 40 mg/mL, 
CHB-73k = 0.6 mg/mL, and 
CHB-3.3k = 0.8 mg/mL
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in a good solvent (THF) and a selective poor solvent (cyclohexane) of the PS 
block by LLS measurements. For comparison, we also studied a hyperbranched PS 
homopolymer, hyper-(PS700)120. Figure 5.17 shows that the Berry plot is better than 
the Zimm plot in extracting Mw and 〈Rg〉 of the hyper-(PtBA36-PS55-PtBA36)600 
chains in THF and cyclohexane, where the concentration correction was ignored 
because the solution was so dilute (C ~ 10−5 g/mL). The decrease of 〈Rg〉 clearly 
shows the contraction of hyper-(PtBA36-PS55-PtBA36)600 chains in cyclohexane. On 
the other hand, the extrapolation to the zero scattering angle (q → 0) leads to a sim-
ilar intercept, indicating that no interchain association occurs in cyclohexane. The 
smaller size in cyclohexane reflects that for polystyrene the solvent quality of THF 
is much better than cyclohexane at 25 °C.

Figure  5.18 shows that 〈Rh〉 decreases from 76.0 to 57.5  nm, presumably 
directly revealing the intrachain contraction of individual PS blocks in cyclohex-
ane as the solution is cooled down. Both 〈Rg〉 and 〈Rh〉 of the hyperbranched 
chains in cyclohexane are smaller than that in THF because of the shrink-
ing of the PS blocks in cyclohexane. It is interesting to note that the ratios of  
〈Rg〉/〈Rh〉 in two solvents nearly remain a constant value of ~1.2, a typical value 
for hyperbranched chains, revealing that hyperbranched chains have a very simi-
lar chain conformation in these two solvents even the PS blocks slightly shrink in 
cyclohexane.

Figure 5.19 shows that lowering the solution temperature from 60 to 10 °C has 
nearly no effect on Mw of hyperbranched copolymer chains but leads to a very 
sharp increase of Mw of hyperbranched homopolymer chains at ~28 °C, signaling 
the interchain association, which is expected because unlike the copolymer chains 
there is no soluble PtBA blocks to stabilize those collapsed PS subchains and pre-
vent them to phase out of the solution. Such intrachain contraction and interchain 
association are also directly reflected in the decrease of both 〈Rg〉 and 〈Rh〉. It is 
also understandable that the hyperbranched homopolymer chains shrink much 

Fig. 5.17   Angular 
dependence of [KC/Rvv(q)]1/2 
(the Berry plot) of hyper-
(PtBA36-PS55-PtBA36)600 
in THF, good for both 
PtBA and PS blocks; and in 
cyclohexane, only selectively 
good from PtBA block
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more that their copolymer counterparts. It should be stated that the time-average 
scattering intensity of the copolymer solution after the extrapolation to the zero 
scattering angle remains a constant in the temperature range 10–60 °C, also indi-
cating that no interchain association occurred at ~10 °C, at which cyclohexane is a 
very poor solvent for PS.

Figure 5.19c shows that for the hyperbranched homopolymer chains, 〈Rg〉/〈Rh〉 
decreases as the temperature decreases before the chains start to associate because 
〈Rg〉 decreases faster than 〈Rh〉. Note that 〈Rg〉 describes how mass is distributed in 
space, while 〈Rh〉 contains the hydrodynamic draining. Such a size decrease as the 
chain shrinks was also observed for linear homopolymer chains before because of 
a less change in 〈Rh〉 [45, 46], especially in the low temperature region. However, 
an opposite trend was observed for the hyperbranched copolymer chains, presum-
ably because the shrinking of each PS block makes the subchain less flexible, 
which has an opposite effect on 〈Rg〉.

It should be noted that the formation of a single-flower conformation here is 
unlikely because each collapsed PS block is hindered by three soluble PtBA 
blocks that are linked to other triblock subchains. The occurrence of intrachain 
contraction with no interchain association in a very dilute solution is mainly attrib-
uted to the existence of those soluble PtBA blocks on its periphery.

Furthermore, we used LLS to study interchain association of hyperbranched 
block copolymer hyper-(PAA23-PS14-PAA23)n chains in aqueous solutions. We 
first determined their differential refractive index increments (dn/dC) of hyper-
(PAA23-PS14-PAA23)n in 0.1  M and 1.0  M NaCl aqueous solution, which are 
0.17 and 0.19 mL/g, respectively. The addition of NaCl is to suppress the poly-
electrolytes effect. It should be stated that for all the solutions, pH ~ 9.0. This is 
because the AA group used was in the sodium salt form (–COONa) and most of 
the –COONa groups (~95 %) are ionized into –COO− and Na+ in water according 
to literature [47, 48].

Fig. 5.18   Hydrodynamic 
radius distributions of 
hyperbranched hyper-
(PtBA36-PS55-PtBA36)600 
in THF, good for both 
PtBA and PS blocks, and in 
cyclohexane, only selectively 
good from PtBA block
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Figure  5.20 shows that larger hyperbranched block copolymer chains have a 
less tendency to undergo interchain association and the average aggregation num-
ber (Nagg) is related to the weight average degree of polycondensation ((DP)w) as 
Nagg ~ (DP)w

−0.7. Presumably, in a large hyper-(PAA23-PS14-PAA23)n chain, most 
of its hydrophobic PS blocks are inevitably wrapped, protected and stabilized by 
those hydrophilic PAA blocks at its periphery so that the interchain association is 
hindered, resulting in a smaller Nagg.

Figure  5.21 reveals that adding salt promotes the interchain association of 
hyperbranched chains in spite of their different initial sizes, but for a given salt 

Fig. 5.19   Temperature 
dependence of a weight 
average molar mass 
(Mw), b average radius of 
gyration (〈Rg〉) and average 
hydrodynamic radius (〈Rh〉), 
and c 〈Rg〉/〈Rh〉 of hyper-
(PtBA36-PS55-PtBA36)600 
copolymer and hyper-
(PS700)120 homopolymer 
in cyclohexane, a solvent 
selectively poor for PS blocks 
at temperatures lower than 
~34.5 °C
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concentration, the increment of the average hydrodynamic size of the resultant 
aggregates increases with its initial size, i.e. (DP)w, which is expected. It should 
be noted that the addition of salt into the solution makes the PAA block contract 
and reduces its stabilization role. The intrachain contraction and interchain asso-
ciation have opposite effects on 〈Rh〉. The results in Fig.  5.21 indicate that the 
interchain association overrides the intrachain contraction of the PAA blocks.  

Fig. 5.20   Degree of polycondensation (DP)w dependence of average aggregation number (Nagg) 
of hyper-(PAA23-PS14-PAA23)n chains in different aqueous solutions, where Ccopolymer = 1.0 g/L

Fig.  5.21   Salt concentration dependence of average hydrodynamic radius (〈Rh〉) of hyper-
(PAA23-PS14-PAA23)n and their corresponding linear triblock precursor PAA23-PS14-PAA23

5.3  Solution Properties of Amphiphilic Hyperbranched Copolymer Chains
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It is worth-noting that in the high salt range 0.1–1.0  M, linear triblock precur-
sor can only form more compacted micelle-like aggregates via the hydrophobic 
association of those collapsed PS blocks. In contrast, the interchain association of 
those collapsed PS blocks among different hyperbranched chains is more difficult 
because most of them are entrapped inside and surrounded by soluble hydrophilic 
PAA blocks. Therefore, the interchain association of hyperbranched chains only 
occurs via those collapsed PS blocks near their periphery, resulting in a loosely 
connected microgel-like structure with a larger 〈Rh〉, as shown in Fig.  5.21. As 
expected, if the hyperbranched copolymer concentration is higher than the over-
lapping concentration (C*), i.e., in the semi-dilute regime, the interchain asso-
ciation of those collapsed PS blocks will act as physical cross-linking points to 
form a gel-like structure (Fig.  5.22) that can be better examined by rheological 
measurements.

Figure  5.23a shows that the storage modulus (G′) of hyper-(PAA23-PS14-
PAA23)6 chains in aqueous solution gradually increases with its concentra-
tion (C) and finally exceeds its loss modulus (G″) at C  ~  50  g/L, revealing a 
gel-like behavior. Further increase of C to 60  g/L led to a free-standing gel. 
Figure  5.23b shows a strain-hardening feature, typical for solutions contain-
ing associative polymers; namely, G′ increases with strain after an initial flat 
regime but before the shear thinning occurs at higher strains. As expected, no 
gel-like behavior was observed for triblock PAA-PS-PAA precursor even when 
C reached 200 g/L.

Figure  5.24 shows that for a given copolymer concentration, both G′ and G″ 
increase with (DP)w. Theoretically, for a space (V) containing N uniform hard 
spheres with a radius of R without any specific interaction, their volume frac-
tion (φsphere) can be expressed as φsphere = (4πR3/3)N/V = C/C*. Assuming each 

Fig. 5.22   Schematic of how hyper-(PAA23-PS14-PAA23)n chains undergo interchain association 
to form a gel-like network, where PAA blocks from different chains are represented by different 
colors
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hyperbranched chain as a sphere and using the scaling law Rg  ~  Mw
1/2 for ideal 

hyperbranched chains, we have

Therefore, for a given weight/volume concentration (C), larger hyper-(PAA23-
PS14-PAA23)n chains have a higher volume fraction, leading to a higher modulus. 

(5.17)C∗
=

MW
(

4πR3
g/3

)
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∼ M
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Fig.  5.23   a Oscillatory frequency and b strain dependence of hyper-(PAA23-PS14-PAA23)6 
aqueous solutions with different copolymer concentrations
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However, a quantitative description between the volume fraction and the modulus 
is rather difficult because of several reasons: (1) we need the pre-factor in the scal-
ing law Rg ~ Mw

1/2; (2) each hyperbranched chain is not a hard sphere; and (3) the 
modulus of our gel-like system is related to both the interchain hydrophobic inter-
action among those collapsed PS blocks and the interchain entanglements among 
the swollen PAA blocks on periphery.

5.3.2 � Solution Properties of Hyperbranched Graft Copolymer 
HB-(PAA78)n-g-(PS10)n+1

Using LLS technique, we also studied the solution properties of amphiphilic 
hyperbranched graft copolymer HB-(PAA78)n-g-(PS10)n+1. It is worth noting that 
triblock PS-PAA-PS is actually a special case of HB-(PAA)n-g-(PS)n+1, i.e., all of 

Fig. 5.24   a Oscillatory 
frequency and b strain 
dependence of hyper-(PAA23-
PS14-PAA23)n aqueous 
solutions with different 
degrees of polycondensation 
(DP)w, where C = 50 g/L
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PS-PAA-PS, HB-(PAA)10-g-(PS)11 and HB-(PAA)47-g-(PS)48 are among a family 
of HB-(PAA)n-g-(PS)n+1, where n = 1, 10 and 47, respectively.

Figure 5.25 shows how the theoretical styrene weight fraction (wt%) depends 
on n. As shown, wt% decreases from 0.27 to 0.16 as n increases from 1 to 47; 
in other words, triblock PS-PAA-PS has the highest styrene weight fraction, 
which is reasonable because for an individual PS-PtBA-PS chain, each PtBA 
chain can couple with 2 PS chains; while for an individual HB-(PAA)n-g-(PS)n+1 
chain, each PtBA chain, on average, can at most couple with only 1 PS chain 
in the limit of n → ∞. In the following study of interchain association of HB-
(PAA)n-g-(PS)n+1 chains in dilute aqueous solution, the addition of Na2CO3 
can suppress the polyelectrolytes effect and adjust the solution pH to be con-
stant. It should be stated that for all the solutions the AA group is assumed to be 
in the sodium salt form (–COONa), and most of the –COONa groups (~95 %) 
are ionized into –COO− and Na+ in water (pH =  9.0–10) according to litera-
tures [47, 48]. As shown in Fig.  5.25a, the average radii of gyration (〈Rg〉) of 
the aggregates made of HB-(PAA)n-g-(PS)n+1 chains increase from 24.2 to 
46.3 nm as n increases; but it is still difficult to answer whether this increment 
is attributed to a stronger aggregation ability of HB-(PAA)47-g-(PS)47 chains or 
much larger size of an individual HB-(PAA)47-g-(PS)48 chain, compared with 
triblock PS-PAA-PS chain. Figure 5.25b shows the calculated aggregation num-
ber (Nagg = Mw,agg/Mw,unimer) monotonically decreases from ~48 to ~2, strongly 
indicating larger HB-(PAA)n-g-(PS)n+1 copolymer chains have a less tendency 

Fig. 5.25   Polycondensation 
degree (n) dependence of 
a styrene weight fraction 
(wt%) and average radius 
of gyration (〈Rg〉) and b 
aggregation number (Nagg) 
and weight-average molar 
mass (Mw,agg) of HB-
(PAA)n-g-(PS)n+1 chains in 
a 40 mM Na2CO3 aqueous 
solution, where the polymer 
concentration is 2.0 g/L
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to undergo interchain association. Presumably, for a large HB-(PAA)n-g-(PS)n+1 
chain in dilute solution, most of its peripheral hydrophobic PS chains collapse, 
and are easily protected and stabilized by those internal hydrophilic PAA seg-
ments, so that the interchain association is hindered due to the steric effect, 
resulting in a smaller Nagg for HB-(PAA)n-g-(PS)n+1 with a larger n (Fig. 5.25). 
Therefore, it is actually not strange that the weight-average molar mass (Mw,agg) 
of aggregates has a minimal value at n = 10 because both of Mw,unimer and Nagg 
could affect the final Mw,agg. 

As mentioned before, the hydrophobic PS chain number per amphiphilic chain 
is limited to 2 for PS-PAA-PS, but (n + 1) for HB-(PAA)n-g-(PS)n+1. Moreover, 
the aggregated structure made of HB-(PAA)47-g-(PS)48 chains is assumed to be 
much more loose than that made of triblock PS-PAA-PS chains. More specifically, 
the apparent segment density (ρagg) can be expressed as:

where NA represents Avogadro constant 6.02 × 1023 mol−1. For aggregates made 
of PS-PAA-PS, HB-(PAA)10-g-(PS)11 and HB-(PAA)47-g-(PS)48 chains, the cal-
culated ρagg is 9.4, 4.2 and 2.8 g/L, respectively, implying the decrease of over-
lap concentration (C) of assembled aggregates with a larger n. Therefore, one can 
image that HB-(PAA)n-g-(PS)n+1 with a larger n could form a gel-like structure 
more easily in semi-diluted solution, where the peripheral collapsed short PS 
chains from different HB-(PAA)n-g-(PS)n+1 chains are expected to act as physical 
cross-linking points (Fig. 5.26).

Figure 5.27 shows that HB-(PAA)47-g-(PS)48 chains can form a free-standing gel 
at a concentration of 90 g/L, while PS-PAA-PS solution is still a flowing fluid. Based 
on simple vial-inversion experiments, the apparent critical gel concentration (Cg) of 
HB-(PAA)47-g-(PS)48 and HB-(PAA)10-g-(PS)11 is respectively ~80 and ~130 g/L; 
while no gel-formation was observed for PS-PAA-PS even the concentration reached 
to 200  g/L. More quantitatively, Fig.  5.27b shows the storage modulus (G′) of 

(5.18)ρagg = 3Mw,agg/

(

4πNA�Rg,agg�
3
)

Fig. 5.26   Schematic of 
interchain association of HB-
(PAA)n-g-(PS)n+1 chains in 
dilute solution
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HB-(PAA)47-g-(PS)48 solution gradually increases with its concentration and finally 
exceeds its loss modulus (G″) at a concentration of ~70 g/L, implying a sol-gel tran-
sition. Figure 5.28 shows the possible gel formation mechanism of HB-(PAA)n-g-
(PS)n+1 chains in concentrated solution. 

In aqueous emulsion polymerization, amphiphilic polymers are widely used 
as polymeric surfactants to stabilize the latex particles, where the hydrophobic 
blocks can anchor on the particle surface while the hydrophilic blocks extend into 
the water phase and create a hydrophilic shell [47, 49–52]. Therefore, PS-PAA-PS 
and HB-(PAA)47-g-(PS)48 copolymers were further used as polymeric surfactants 
to explore the effect of chain topology on the emulsifying efficiency. The charac-
terization results of solid contents (τ), latex particle sizes (〈R〉) and numbers (Np) 
are summarized in Table 5.2, Figs. 5.29 and 5.30, where the average particle diam-
eters were carefully determined by DLS at pH  ~  3.2 to ensure the full collapse 

Fig. 5.27   a Photograph of 90 g/L aqueous solutions (NaOH/COOH = 1/1) of PS-PAA-PS and 
HB-(PAA)47-g-(PS)48; and b oscillatory frequency dependence of HB-(PAA)47-g-(PS)48 aqueous 
solution with different polymer concentrations at 25 °C

Fig. 5.28   Schematic of interchain association of HB-(PAA)n-g-(PS)n+1 chains in a semidiluted 
solution

5.3  Solution Properties of Amphiphilic Hyperbranched Copolymer Chains
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of PAA-shell. First, TEM characterization (Fig.  5.29) reveals that the latex  
particles stabilized by both PS-PAA-PS and HB-(PAA)47-g-(PS)48 surfactants are 
spherical and narrowly dispersed; while the size of the latex particles stabilized 
by PS-PAA-PS chains are much smaller than that stabilized by HB-(PAA)47-g-
(PS)48 for a given concentration, which was further quantitatively verified by DLS 
measurements (Table  5.2). One classic method for elucidating the effects which 

Table  5.2   Characterization of the latex particles prepared by using PS-PAA-PS and HB-
(PAA)47-g-(PS)48 as emulsifiers

a All the results were obtained at a scattering angle of 90º, and the relative error for 〈Rh〉 is ±2 %
b Polydispersity index (PDI) was estimated from relative line-width (µ2) of diffusion coef-
ficient distribution and average diffusion coefficient (〈D〉), i.e., PDI = 1 + 4µ2/�D�

2, where 
µ2 =

∫

∞

0
G(D)(D − �D�)2 dD in DLS, and all the results were obtained at a scattering angle of 90º

Sample C/(g/L) 〈Rh〉/nma (τ)/(g/L) Np/(1017L) PDIb

PS10-PAA78-PS10 0.400 78 92.1 3.03 0.10
0.800 56 95.3 2.21 0.09
1.500 46 94.2 1.21 0.11
3.000 41 93.8 0.45 0.08

HB-(PAA78)47-g-(PS10)48 0.400 121 95.4 1.45 0.12
0.800 79 96.3 0.70 0.10
1.500 68 94.3 0.43 0.10
3.000 49 92.9 0.14 0.11

Fig.  5.29   TEM characterization of the latex particles stabilized by a PS-PAA-PS and b HB-
(PAA)47-g-(PS)48, where the Csurfactant = 0.8 g/L
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a surfactant molecule has on the resultant latex particle size can be found in the 
exponent value α:

where Np and C represent the polystyrene latex particle number and surfactant 
concentration, respectively; exponent α is a variable parameter which correlates 
to the mobility and nucleation ability of surfactant molecules in the aqueous phase 
[47]. Experimentally, the values of Np were calculated according to Np  =  3τ/
(4πρ〈R〉3), where ρ is 1.05 g/mL for PS latex particles [47]. Moreover, the total 
surface areas (Atot) of all the latex particles occupied by the surfactant molecules, 
which is a key parameter to evaluate the surfactant efficiency, can be expressed as:

Equation 5.20 demonstrates that the surfactant efficiency can be reflected in both 
of the solid content and particle size. Interestingly, no significant difference among 
the solid contents was observed between surfactants with different topologies 
(Table 5.2), which means the efficiency can be simply reflected in 〈R〉 or Np.

Figure 5.30 shows the DLS characterization result of how the measured latex 
number (Np) depends on surfactant concentration (C). As shown, the calcu-
lated exponents α of PS-PAA-PS is slightly smaller than that of HB-(PAA)47-
g-(PS)48, indicating a stronger ability of unimer extraction and diffusion, which 
is attributed to that diffusion coefficient generally decreases with molar mass. 
While the observed Np of PS-PAA-PS is ~2 times larger than that of HB-
(PAA)47-g-(PS)48, disagreeing with what we expected originally because a lager 
Np means a larger Atot.

Figure  5.31 shows two possible alignments of a HB-(PAA)n-g-(PS)n+1 sur-
factant molecule on the water/particle interface, i.e., tile- and stand-conformation. 
In an ideal case, the surface area covered by an individual HB-(PAA)n-g-(PS)n+1 
chain is the largest when a tile-conformation is adopted, where nearly all the PAA 
segments and PS grafted chains are on a common plane and the grafted PS chains 

(5.19)Np ∼ Cα

(5.20)Atotal = 4π�R�
2Np = 3τ/(ρ�R�)

Fig. 5.30   Surfactant 
concentrations (C) 
dependence of numbers (Np) 
of polystyrene latex particle 
stabilized by PS-PAA-PS and 
HB-(PAA)47-g-(PS)48 chains
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can insert into the particle/water interface; while such a conformation is probably 
not favored from a viewpoint of free energy. Based on our experimental result, a 
stand-conformation is presumed to form and greatly affect the total covered area, 
where most of the PS grafted chains collapse and are stabilized by PAA segments 
in free solution, while few of them can anchor on the interface, resulting in a much 
smaller Atot compared to PS-PAA-PS for a given concentration.

In recent years, amphiphilic assembled structures have received much atten-
tion as potential carriers for biologically active ingredients, specially drugs 
[53–57]. Therefore, we further explored the solubilization ability of HB-(PAA)n-
g-(PS)n+1 copolymers by using pyrene as a model hydrophobic compound. In our 
experiments, acetone solution of pyrene was first allowed to evaporate overnight 
from the vial, leaving a thin pyrene film inside. Then, 2  mL of HB-(PAA)n-g-
(PS)n+1 micellar solutions (40 mM Na2CO3) were transferred into the vials and 
vigorously stirred to ensure the achievement of the maximum loading. As shown 
in Fig.  5.32, the UV–vis spectra of pyrene solutions show two characteristic 
absorption peak located at 324 and 340 nm, and the peak strength increases with 
polymer concentration, where the extinction coefficient and saturated solubil-
ity of pyrene in pure water is 29,500 M−1 cm−1 (340 nm) and 6.44 × 10−7 M 
according to literatures [58, 59].

More quantitatively, we plot the normalized concentration (Cpy,s/Cpy,w) of solu-
bilized pyrene against polymer concentration in Fig. 5.33a, where Cpy,s and Cpy,w 
represent the measured pyrene concentration in micellar solution and the saturated 
concentration in pure water, respectively. As shown in Fig. 5.33a, Cpy,s/Cpy,w lin-
early increases with polymer concentration for all HB-(PAA)n-g-(PS)n+1 copoly-
mers with different n values. Moreover (Cpy,s/Cpy,w)n=1  >  (Cpy,s/Cpy,w)n=10  >  
(Cpy,s/Cpy,w)n=47, indicating the solubilization efficiency of HB-(PAA)n-g-(PS)n+1 
copolymers decreases with the size or branching degree of hyperbranched PAA 
core for a given polymer concentration. As we know, pyrene molecules mainly 

Fig. 5.31   Schematic of two 
possible alignments of a HB-
(PAA)n-g-(PS)n+1 copolymer 
chain on the water/particle 
interface
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Fig. 5.32    UV–vis spectra of pyrene solutions solubilized by a PS-PAA-PS,  b HB-(PAA)10-g-
(PS)11 and c HB-(PAA)47-g-(PS)48 chains with different concentrations
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exist in the PS hydrophobic domains, while we have previously elucidated the 
weight fraction (wt%) of hydrophobic styrene of HB-(PAA)n-g-(PS)n+1 copoly-
mers decreases with n; therefore, an attentive reader may attributed such differ-
ent solubilization efficiency to the different styrene weight fraction. To clarify 
this point, we further re-plot Cpy,s/Cpy,w against styrene component concentra-
tion (Cstyrene) in Fig.  5.33b. As expected, Cpy,s/Cpy,w still decreases as n for a 
given Cstyrene, indicating it is the topology, instead of  the  styrene weight frac-
tion, that dominates the solubilization ability of amphiphilic copolymers in solu-
tion. Actually, it is not hard to understand such topology-dependent solubilization 
efficiency, namely, previously we have observed the suppression of association of 
hydrophobic PS chains between different HB-(PAA)n-g-(PS)n+1 chains become 
more and more significant as n increases, which means the formation probability 
of hydrophobic domains comprising of PS chains also decreases with n, inevitably 
decreasing the ability of solubilizing water-insoluble molecules.

Fig. 5.33   a Polymer 
concentration and b styrene 
component concentration 
of HB-(PAA)n-g-(PS)n+1 
copolymers dependence of 
Cpy,s/Cpy,w, where Cpy,s and 
Cpy,w represent the dissolved 
pyrene concentration in 
micellar solution and pure 
water, respectively
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5.4 � Crystallization Property of Hyperbranched  
Hetero-subchain Copolymer HB-(PS-b-PCL)n

“Click” chemistry

Degree of polycondensation ((DP ) w)

(DP)w = 1.0

50 µm

(DP)w = 4.3

50 µm

(DP)w = 53.1

50 µm

Previous results of hyperbranched polystyrene homopolymers showed that the 
hyperbranched homopolymer chains keep the fractal structure [60]; namely, their 
size (R) and intrinsic viscosity ([η]) in toluene are scaled to their overall weight 
average molar masses (Mw) and the weight average subchain molar mass (Mw,s) as 
R ∼ Mw

γ Mw,s
ϕ with γ = 0.47 ± 0.01 and ϕ = 0.10 ± 0.01; and [η] ~ Mw

νMw,s
μ 

with ν =  0.39 ±  0.01 and μ =  0.31 ±  0.01. The question is whether a hyper-
branched hetero-subchain copolymer chain with two different and alternative 
subchains still keeps its fractal character. Figure  5.34 is the first experimental 
result about such a [η]-Mw relationship, where we also plot the [η]-Mw relation-
ships for linear PCL and PS (dashed lines) for comparison [61, 62]. To the best 
of our knowledge, there is no theory to predict how [η] is related to Mw for large 
hyperbranched copolymer chains in solutions up to now.

Figure  5.34 also shows that for both HB-(PS18-b-PCL28)n and HB-(PS39-
b-PCL28)n, log[η] linearly increases with logMw, indicating that their struc-
tures remain fractal-like. The least-square fittings result in ν =  0.48 ±  0.01 and 
0.45  ±  0.01, respectively, for HB-(PS18-b-PCL28)n and HB-(PS39-b-PCL28)n, 
much smaller than those for linear homopolymers, as expected because a hyper-
branched chain is more compact than its linear counterpart for a given overall 
molar mass. On the other hand, Fig. 5.34 shows that [η] of HB-(PS18-b-PCL28)n is 
lower than that of HB-(PS39-b-PCL28)n for a given Mw, which is attributed to their 
different branching densities because shorter subchains lead to a higher branching 
density.

5.4  Crystallization Property of Hyperbranched Hetero-subchain Copolymer
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PCL can be used for biomedical applications because of its excellent  
biocompatibility and biodegradability. However, its crystallization has an impact 
on its degradation rate and affects its application. Therefore, we further studied the 
crystallization of HB-(PS18-b-PCL28)n with different molar masses by polarizing 
optical microscopy (POM) and differential scanning calorimetry (DSC) measure-
ments. As expected, the insertion of each PCL subchain between two branching 
points should suppress its crystallization. Figure  5.35a shows how the size and 
shape of the crystalline domain of HB-(PS18-b-PCL28)n change with its molar 
mass. For precursor N3-PS18-≡-PCL28-N3 ((DP)w =  1.0), large integral sphero-
crystals are formed; for large hyperbranched chains with (DP)w  =  12.1, only 
few fragmentized crystals appear; and for even larger hyperbranched chains with 
(DP)w = 53.1, no crystal is observed. The branching effect on the crystallization 
can be better viewed from the evolution of DSC curves (Fig. 5.35b). The precur-
sor N3-PS18-≡-PCL28-N3 shows a broad crystallization peak at ~14 °C and a large 
melting peak at ~44 °C. The endothermic peak (the melting transition) at ~44 °C 
sharply decreases as the hyperbranched chains become larger, quantitatively 
reflecting in a decrease of the crystallinity degree (χc) from 46.3 to 1.0 %, whose 
calculation is detailed in the Supporting Information, similar to those reported 
by Kawaguchi et al. [63] for hyperbranched PLA homopolymers. It is interest-
ing to note that a broad exothermic peak attributed to the crystallization is still 
observable for HB-(PS18-b-PCL28)n with (DP)w < 12.1, but gradually shifts to a 
higher temperature as (DP)w increases. No exothermic peak was detected when 
(DP)w ≥ 12.1, indicating the crystallization was completely prohibited due to the 
constraint of the branching topology. The observed melting transition temperature 
(Tm ~ 44 °C) is lower than that of the PCL homopolymer (~64 °C) but similar to 
those reported by Pan et al. [64] for linear PCL70-b-PS24 diblock copolymer.

Moreover, no glass transition of linear PS18 block was detected in both the 
heating and cooling processes, presumably because the short PS block has a low 
glass transition temperature (Tg) that is overlapped with the melting process of 

Fig. 5.34   Weight average 
molar masses (Mw) 
dependence of intrinsic 
viscosities ([η]) of HB-(PS39-
b-PCL28)n and HB-(PS18-b-
PCL28)n in THF
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PCL. Further, we found that HB-(PS39-b-PCL28)n with a longer PS block shows 
no crystallization in either DSC or POM even for the precursor N3-PS39-≡-
PCL28-N3 (Fig. 5.36), revealing that using a longer PS block can completely sup-
press the crystallization of the PCL blocks inside, in consistent with the reported 
results in literatures [65, 66].

The obtained result indicates that the hyperbranched topology, i.e., confin-
ing each PCL block between two branching points that are connected to two PS 
blocks with a proper length, can adjust or even completely suppress the crystal-
lization of PCL, which makes PCL more suitable for different biomedical appli-
cations, i.e., controlling its biodegradation rate. It should be emphasized that 
this strategy in principle can be applied to any pair of vinyl and ring comon-
omers that can lead to hydrophobic or hydrophilic; and crystalline or amor-
phous blocks, e.g., methoxypoly(ethylene glycol) methacrylate and poly(methyl 
methacrylate).

Fig. 5.35   Crystalline 
properties of HB-(PS18-
b-PCL28)n with different 
(DP)ws: (a) POM photos and 
(b) DSC curves (10 °C/min) 
during reheating
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5.5 � Degradation Property of Degradable Hyperbranched 
Chains with Cleavable Disulfide Linkages

Fig. 5.36   Crystallinity 
properties of HB-(PS39-
b-PCL28)n with different 
(DP)ws a POM photos and  
b DSC curves (10 °C/min) in 
the reheating process
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As mentioned in the previous chapters, applying our Seesaw-type macromonomer 
strategy, we have successfully synthesized model hyperbranched polystyrene HB-(S-
S-PS)n chains with uniform subchains and controllably located cleavable disulfide 
linkages. In this section, the degradation kinetics of the prepared hyperbranched 
polystyrene chains in various organic solvents will be discussed in detail. There are 
different choices of reducing reagents, including thiols [67], phosphines [68, 69] 
and zinc dust [70]. DTT was selected in the current study because (1) its induced 
disulfide reduction is very efficient owing to its high conformational propensity to 
form a six member ring with an internal disulfide bond; (2) it is soluble in a range of 
organic solvents that can also dissolve polystyrene easily [71].

Figures  5.37 and 5.38 show how HB-(S-S-PS)35 chains change after the 
24-hour DTT induced reduction in DMF at 25 °C. As shown in Fig. 5.37, the elu-
tion peak located at ~24 mL completed disappears after the degradation and only 
the macromonomer peak (maybe contains few dimers) remains, indicating that 

Fig. 5.37   SEC-RI curves of 
HB-(S-S-PS)35 chains before 
and after 24-h DTT-induced 
reduction in DMF at 25 °C, 
where [DTT]/[-S-S-] = 18
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Fig. 5.38   Hydrodynamic 
radius distributions [f(Rh)] of 
HB-(S-S-PS)35 chains before 
and after 24-h DTT-induced 
reduction in DMF at 25 °C, 
where [DTT]/[-S-S-] = 18
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the DTT induced degradation of the initial HB-(S-S-PS)35 chains is nearly 100 %. 
Such chain degradation is also directly reflected in the evolution of the hydro-
dynamic radius distribution [f(Rh)], as shown in Fig.  5.38 i.e., the peak position 
shifts from ~19 to ~3 nm after degradation. However, it should be noted that the 
degradation products are similar to the initial seesaw-type linear macromonomers 
except different end groups.

Figure 5.39 shows how the DPw, 〈Rh〉, and average chain density (〈ρ〉) of HB-
(S-S-PS)35 change during the degradation at different molar ratios of [DTT]/[-S-S-]; 
for the convenience of discussion, DPw,t is used to represent the value of DPw at 
time t. As expected, DPw,t, and 〈Rh〉 gradually decreases as the degradation (frag-
mentation) proceeds for a given [DTT]/[-S-S-] and the degradation rate becomes 

Fig. 5.39   Degradation 
time (t) dependence of 
a weight average degree of 
polycondensation (DPw,t); 
b average hydrodynamic 
radius (〈Rh〉); and c average 
chain density (〈ρ〉) of HB-(S-
S-PS)35 in DMF at 25 °C
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higher when more DTT is added. We tested whether all the disulfide bonds can 
be completely degraded in the range of [DTT]/[-S-S-]  =  3–180 and found that 
most of the initial disulfide bonds were cleaved within 5  h even at [DTT]/[-S-
S-] = 3. Figure 5.39c demonstrates that the average chain density (〈ρ〉), defined 
as Mw/[NA(4/3)π〈Rh〉3], increases with the degradation time, where Mw, 〈Rh〉 
and NA are the weight average molar mass, the average hydrodynamic radius of 
hyperbranched chains and the Avogadro’s number, respectively. This shows that a 
branched polymer with a larger size has a lower chain density than its degradation 
product, and its linear macromonomer has the highest 〈ρ〉.

To analyze the results in Fig. 5.39, and considering the nature of thiol-disulfide 
exchanging reaction, we first assumed that the degradation follows the second-
order kinetics, i.e.,

where [-S-S-]t and [DTT]t are the molar concentrations of disulfide bond and DTT 
at time t, respectively, and k is a reaction rate constant. At t = 0, [-S-S-]t = [-S-S-]0; 
and at t = ∞, [-S-S-]t = 0. Since DTT is excessive, we can treat [DTT]t = [DTT]0 
as a constant in Eq. 5.21 so that we can rewrite it as a pseudo-first-order equation

On the other hand, it is well known that polystyrene is insoluble in diols so that 
most of DTT are excluded from the interior of HB-(S-S-PS)n. Therefore, those 
external disulfide bonds would be cleaved first. In principle, the cleavage of each 
external disulfide bond leads to a decrease of DPw by one. In this way, we are able 
to rewrite [-S-S-]t/[-S-S-]0 as DPw,t/DPw,0 so that Eq. 5.22 can be rewritten as:

where DPw,t and DPw,0 are the degrees of polycondensation of hyperbranched 
chains at t = t and t = 0, respectively, and K = k[DTT]0.

However, Fig.  5.40a shows that the single-exponential fitting of using 
Eq. 5.23 is not satisfactory, which forces us to include the degradation of those 
disulfide bonds inside the hyperbranched polystyrene chain. It is expected that 
the degradation of those internal disulfide bonds would be much slower due 
to (1) the lower concentration of DTT inside the polystyrene core and (2) the 
steric effect of the polystyrene segments around each internal disulfide bond. 
Empirically, we found that adding a slow degradation process into Eq. 5.23 ena-
bles us to fit all the curves in Fig. 5.40b by using a double exponential fitting as 
follows:

where A and K are two constants, representing the relative contributions 
and rate constants of the slow and fast degradation reactions, respectively; 

(5.21)−
d[−S − S−]t

dt
= k[−S − S−]t[DTT]t

(5.22)
[−S − S−]t

[−S − S−]0
= e−k[DTT]0 t

(5.23)DPw,t = DPw,0e−Kt

(5.24)
DPw,t

DPw,0
= Afaste

−Kfastt + Aslowe−Kslowt

5.5  Degradation Property of Degradable Hyperbranched Chains
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Afast + Aslow = 1.0. The reasonable double exponential fitting actually reveals that 
the degradation of disulfide bonds on the periphery of the hyperbranched chain is 
much faster than those inside.

Moreover, Fig.  5.41a shows that the fast degradation contributes twice more 
than the slow one; namely, ~2/3 of the disulfide bonds are on the periphery. It is 
interesting to find that the contributions of the fast and slow degradations are inde-
pendent on the DTT concentration, presumably because the distribution of the 
disulfide bonds inside a hyperbranched chain is not influenced by the presence of 
DTT. In addition, Fig. 5.41b reveals that both Kfast and Kslow increase linearly with 
the DTT concentration, i.e., Kfast = kfast[DTT]0 and Kslow = kslow[DTT]0, indicat-
ing that the cleavage of the disulfide bond on a polymer chain by DTT is very 
similar to those small molecule thiol-disulfide exchange reactions [72–74]. It is 
worth noting that both kfast and kslow are much smaller than the apparent rate con-
stants (105–106 min−1 M−1) of small molecule thiol-disulfide exchange reactions 
in DMF [75].

Finally, we studied the effect of solvent on the degradation kinetics of HB-(S-
S-PS)35 because it is practically important to choose a proper solvent to degrade a 
given polymer chain. Figure 5.42 shows that the degradation rate increases with 
the solvent polarity. To our knowledge, this is the first study of how the solvent 
polarity affects the degradation kinetics of disulfide-functionalized hyperbranched 
polymers. Quantitatively, the fast and slow degradation rate constants in DMF 

Fig. 5.40   DTT-induced 
degradation time (t) 
dependence of normalized 
weight average degree 
of polycondensation 
(DPw,t/DPw,0) of HB-
(S-S-PS)35 in DMF at 
25 °C, where a (dash) and 
b (continuous lines) represent 
a single exponential fitting 
(Eq. 5.23) and a double 
exponential fitting (Eq. 5.24), 
respectively 10
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Fig. 5.41   DTT initial concentration ([DTT]0) dependence of a relative contributions (A) of fast 
and slow degradation processes and b reaction rate constants kfast and kslow calculated from fitting 
of data in Fig. 5.40 on the basis of Eq. 5.24

Fig. 5.42   DTT-induced degradation time (t) dependence of normalized weight average degree 
of polycondensation (DPw,t/DPw,0) of HB-(S-S-PS)35 in three different solvents at 25 °C, where 
lines represent double exponential fittings of Eq. 5.24
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are ~2 and ~5 times higher than those in THF and DCM, respectively. It has been 
known that the reducing power of DTT depends on how easily the thiol groups of 
DTT are ionized into the thiolate form -S− because only a free thiolate can attack 
the disulfide linkage on a chain. Generally, organic solvents with a higher polarity 
are able to polarize the thiol group to produce more free thiolate.

This part of work demonstrates that the degradation process presents a fast and 
slow two-step characteristic, namely, the degradation rate of the external disulfide 
bonds are much faster than that of the internal ones due to a higher DTT local 
concentration and weaker steric effect of the polystyrene segments. It should be 
emphasized that not only the category of monomer and cleavable linkage, but also 
the coupling method can be varied for our developed synthetic strategy. Thus, our 
current study provides not only a standard route for the construction of model 
degradable hyperbranched polymers, but also useful experimental data for further 
study on the correlation between microscopic structures and macroscopic proper-
ties of degradable hyperbranched polymers in the future.
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In conclusion, by overcoming the disadvantage of the previous synthetic methods 
for the preparation of hyperbranched polymers, we designed an all-new Seesaw-
type macromonomer strategy to construct “perfect” hyperbranched model samples 
with uniform subchains. In our study, we successfully prepared various kinds of 
Seesaw-type macromonomers, such as homopolymers, triblock copolymers and 
diblock copolymers. Using these macromonomers as precursors, we have further 
prepared a series of “perfect” hyperbranched homopolymers, block copolymers, 
graft copolymers and hetero-subchain copolymers by a combination of controlled/
living polymerization and “click” chemistry. Various solution properties of these 
novel hyperbranched (co) polymers in dilute and semidilute solutions have been 
studied in detail. More specifically, the main achievements of this work are as 
follows:

1.	 Successfully synthesized Seesaw-type polystyrene macromonomer and its cor-
responding “perfect” hyperbranched polystyrene homopolymer; monitored 
the “click” self-polycondensation process by a combination of size-exclusion-
chromatography equipped with a multi-angle-laser-light-scattering detector 
(SEC-MALLS) and stand-alone laser light scattering (LLS); and found that 
the reaction follows the 2nd-order kinetics with a time-dependent reaction rate 
constant; namely, kAB = kAB,0/[1 + (βt)2], where kAB,0 is the initial rate con-
stant at t = 0, and 1/β is the time at which kAB decreases to 50 % of its ini-
tial value and related to the molar concentration ([C]) and molar mass (M) as 
1/β ~  [C]−0.35M 0.55, implying that the the reaction is governed by the inter-
chain distance and diffusion.

2.	 Systematically characterized a set of “perfect” fractionated hyperbranched 
polystyrenes with different subchain lengths by using a combination of LLS 
and viscosity measurements and found that both the polymerization degrees 
of the subchain (Nb) and the whole chain (Nt) are scaled to the average radius 
of gyration (〈Rg〉), average hydrodynamic radius (〈Rh〉) and the intrinsic vis-
cosity ([η]) as: �Rg� ∼ N0.46

t N0.11
b , �Rh� ∼ N0.48

t N0.09
b  and [η] = KηM0.39

w M0.31
w,b , 
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respectively. These scaling laws clearly demonstrate the fractal nature of these 
hyperbranched chains.

3.	 Directly balanced the confinement and hydrodynamic forces (fc =  kBT/ξ and 
fh = 3πηule) on each “blob” of a polymer chain entrapped inside a small cylin-
drical tube with a diameter of D under an elongation flow instead of consider-
ing the free energy (de Gennes’ arguments) to obtain a unified description of 
how polymer chains with different topologies (linear, star and branched) crawl 
through such a tube. Namely, the critical flow rate (qc) is related to the blob 
size (ξ) and D as qc/qc,linear =  (D/ξ)2. For a confined linear chain, ξlinear = D; 
for a star chain, ξstar = [2/(f + |f – 2fin|)]1/2D, where f and fin represent the total 
arm number and the number of the forwarded arms inserted into the tube; for a 
hyperbranched chain, ξbranch = (D/b)α′Nt,Kuhn

β′Nb,Kuhn
γ ′, where b is the size 

of one Kuhn segment, Nt,Kuhn and Nb,Kuhn are respectively the numbers of Kuhn 
segments of the entire branched chain and the subchain between two neigh-
boring branching points; and the three constant exponents (α′, β′ and γ′) are 
directly related to the well-known Flory’s scaling exponents between the chain 
size and Nt,Kuhn or Nt,Kuhn.

4.	 Quantitatively revealed how the Nb and Nt affect the deformation property of 
one hyperbranched chain, namely, the measured critical flow rate (qc,branch) of 
hyperbranched chains passing through a small cylindrical pore is affected by 
both Nb and Nt as qc,branch ∼ N

γ
t N

ϕ
b  with γ = 1.0 + 0.1 and ϕ = −0.4 + 0.1. 

In addition, we also found that qc,branch decreases as the pore size D increases. 
The deviation between our experimental results and previous theoretical pre-
dictions is attributed to some inappropriate assumptions used before. Using 
the difference between the critical flow rates of different chains, we are able to 
separate hyperbranched chains with a similar hydrodynamic size but different 
subchain lengths.

5.	 Further prepared amphiphilic hyperbranched block copolymers and studied 
the intrachain folding and interchain association of these amphiphilic chains 
in dilute and semidilute solutions and found that individual hyper-(PtBA36–
PS55–PtBA36)600 chains can undergo the intrachain folding in cyclohexane 
selectively poor for PS at lower temperatures; namely, each PS block col-
lapses into a small globule stabilized by its three neighboring soluble PtBA 
blocks without any intrachain or intrachain association. For hyper-(PAA23–
PS14–PAA23)n chains with different molar masses in water, our results indi-
cate that the average aggregation number (Nagg) increases as the weight 
average degree of polymerization [(DP)w] decreases, i.e., Nagg ∼ (DP)−0.7

w , 
revealing that smaller chains tend to associate more. Unlike their linear pre-
cursors, hyper-(PAA23–PS14–PAA23)n chains are able to form a physical gel 
and its strength increases with the initial concentration and molar mass of 
hyperbranched chains.

6.	 Successfully constructed amphiphilic hyperbranched graft copolymer made of 
a large hyperbranched poly(acrylic acid) core and a number of grafted short 
polystyrene stickers, i.e., (HB–PAAn–g-PSn+1) with different n values (n = 1, 
10, 47) and found both of the chain topology and styrene content can greatly 
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affect the solution properties of HB-PAAn–g-PSn+1. Namely, the increase of 
n will lead to a weaker tendency of interchain associatin, a lower emulsifying 
ability, and a poorer solubilization efficiency.

7.	 Successfully prepared Seesaw-type diblock macromonomer (N3–PS–≡–PCL–
N3) and model hyperbranched hetero-subchain copolymer [HB–(PS–b-PCL)n] 
with controllable and uniform PS and PCL subchains, and found that such 
prepared hyperbranched copolymer chains still have a fractal-like structure, 
and the PCL subchains inside HB–(PS–b-PCL)n crystallize less as the branch-
ing degree increases and the PS subchain becomes longer. This work demon-
strates that we can use the chain topology to control the crystallization of PCL 
subchains inside hyperbranched copolymers to regulate their biodegradation for 
biomedical applications.

8.	 Finely prepared degradable hyperbranched model structure with uniform 
subchains and controlled locations of cleavable disulfide linkages simultane-
ously, and studied the dithiothreitol (DTT) induced degradation of these chains 
in various organic solvents, and found that the internal and external disulfide 
bonds of hyperbranched polystyrene chains contributed to the degradation in two 
different ways, which is due to the different local concentrations of DTT and PS 
segment around an individual disulfide bonds inside and outside the PS coil.

6  Conclusion
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7.1 � Materials

Styrene (St, Sinopharm, 97  %) and tert-butyl acrylate (tBA, Sinopharm, 97  %) 
were first passed through a basic alumina column to remove inhibitor and then 
distilled under reduced pressure over CaH2. ε-caprolactone (CL, Aladdin, 99 %) 
were dried over CaH2 and distilled under a reduced pressure. Dimethylformamide 
(DMF, Sinopharm, AR) was first dried with anhydrous magnesium sulfate and 
then distilled under reduced pressure prior to use. Dichloromethane (DCM) 
and triethylamine (TEA) from Sinopharm were distilled over CaH2 just prior 
to use. Acetone was distilled over anhydrous K2CO3. Toluene (Sinopharm, 
97  %) was refluxed over sodium for 24  h, and then distilled. Copper(I) bro-
mide (CuBr, Alfa, 98  %) was washed with glacial acetic acid to remove solu-
ble oxidized species, filtrated, washed with ethanol and dried under vacuum. 
Tris(2-(dimethylamino)-ethyl)amine (Me6TREN, Aldrich, 99  %), N,N,N′,N′,N″-
Pentamethyl-diethylenetriamine (PMDETA, Aldrich, 99  %), anisole (Alfa, 
99 %), 2,2′-bipyridine (bpy, Fluka, 99 %), sodium azide (NaN3, Aldrich, 99 %), 
2,2-bis(hydroxymethyl) propionic acid (DMPA, Fluka, 97  %), N,N-dimethyl-
4-amidopyridine (DMAP, Aladdin, 99  %), dicyclohexyl carbodiimide (DCC, 
Aladdin, 99  %), 2-bromoisobutyryl bromide (Aladdin, 98  %), p-toluenesulfonic 
acid monohydrate (PTSA, Aladdin, 99 %), 2,2-dimethoxypropane (DMP, Aladdin, 
99 %), and tin(II)-2-ethylhexanoate (Sn(EH)2, Aladdin, 95 %) were directly used 
as received. In emulsion polymerization, Milli-Q water was used. In degradation 
experiments, DMF, THF and DCM were bubbled with nitrogen for 5  h before 
used. Dithiothreitol (DTT, Aladdin, 99  %) was stored under nitrogen flow at 
2–6 °C. Other analytic grade reagents from Sinopharm were used as received.
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7.2 � Experimental Details About Hyperbranched 
Polystyrene Homopolymers

7.2.1 � Synthesis of Macromonomers and Hyperbranched Polymers

Figure 7.1 shows a schematic chemical synthesis of different chemicals required to 
prepare linear Seesaw-type macromonomer chains with two azide end groups and 
one middle alkyne group as well as the self-polycondensation via “click” chemis-
try between azide and alkyne.

Isopropylidene-2,2-bis(methoxy)propionic Acid (I)

2,2-Bis(hydroxymethyl) propionic acid 30.00  g (223.7  mmol), 2,2-dimethoxy-
propane (41.4 mL, 335.4 mmol) and p-toluenesulfonic acid monohydrate (2.10 g, 
11.1 mmol) were dissolved in 100 mL of acetone. The mixture was stirred for 4 h 
at room temperature before 3.0 mL mixture of an ammonia solution (25 %) and 
EtOH (50/50, v/v)) was added into the reaction mixture to neutralize the catalyst. 
The solvent was removed by evaporation under reduced pressure at room tempera-
ture. The residue was then dissolved in CH2Cl2 (600 mL) and extracted with two 
portions of water (80 mL). The organic phase was dried with anhydrous Na2SO4 
and evaporated to give (I) as white powder (33.0 g, 84 %). The 1H NMR spectra 
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were recorded on a commercial Bruker AV400 NMR spectrometer using CDCl3 
as solvent and tetramethylsilane (TMS) as an internal standard. 1H NMR (CDCl3, 
ppm): δ 4.18 (d, 2H, –CH2O(CH3)C(CH3)OCH2–), 3.65 (d, 2H, –CH2O(CH3)
C– (CH3)OCH2–), 1.41(s, 3H, –CH2O(CH3)C(CH3)OCH2–), 1.38 (s, 3H, 
–CH2O(CH3)C(CH3)–OCH2–), 1.20 (s, 3H, CH3C(CH2O–)2COOH).

Propargyl 2,2,5-Trimethyl-1,3-dioxane-5-carboxylate (II)

Propargyl alcohol (14.7 mL, 256 mmol), isopropylidene-2,2-bis(methoxy)propionic 
acid (I) (29.8 g, 172 mmol), and DMAP (10.2 g, 84 mmol) was dissolved in 300 mL 
CH2Cl2. After stirring at room temperature for 10 min, DCC (42 g, 204 mmol) dis-
solved in 100 mL of CH2Cl2 was added dropwise into the mixture within 30 min 
under N2 flow. Reaction mixture was stirred overnight at room temperature and 
urea byproduct was filtrated. The solution was then diluted by CH2Cl2 (800  mL) 
and extracted with two portions of water (150 mL), and the organic phase was dried 
with anhydrous Na2SO4. Solvent was evaporated and the remaining product was 
purified by column chromatography over silica gel eluting with hexane/ethyl ace-
tate (25:1, v/v) to give colorless clear oil: 25.0 g (69 %). 1H NMR (CDCl3, ppm): 
δ 4.74 (d, 2H, CH≡CCH2O–), 4.20 (d, 2H, –CH2O(CH3)C(CH3)OCH2–), 3.67 
(d, 2H, –CH2O(CH3)C(CH3)OCH2–), 2.48 (t, 1H, CH≡CCH2O–), 1.43 (s, 3H, 
–CH2O(CH3)C(CH3)OCH2–), 1.39 (s, 3H, –CH2O(CH3)C(CH3)O–CH2–), 1.22 (s, 
3H, CH3 C(CH2O–)2COOH).

Propargyl 3-Hydroxy-2-(hydroxymethyl)-2-methylpropanoate (III)

Propargyl 2,2,5-tri-methyl-1,3-dioxane-5-carboxylate (II) (10.0 g, 47.5 mmol) was 
dissolved in a mixture of 1 M HCl (25 mL) and THF (25 mL). The reaction mixture 
was stirred for 4 h at room temperature. The precipitated product was filtrated off, 
and reaction mixture was then diluted by CH2Cl2 (400 mL) and extracted with two 
portions of water (70 mL) and the organic phase was dried with anhydrous Na2SO4 
and concentrated. Hexane was added to the reaction mixture, and it was kept in 
deep freeze for 48  h to give white solid: 7.0  g (90  %). 1H NMR (CDCl3, ppm):  
4.77 (d, 2H, CH≡CCH2O–), 3.93 (d, 2H, –CH2OH), 3.74 (d, 2H, –CH2OH),  
2.73 (br, 2H, –OH), 2.50 (t, 1H, CH≡CCH2O–), 1.10 (s, 3H, –CH3).

Propargyl 2,2-Bis((2′-bromo-2′-methylpropanoyloxy)methyl)propionate (IV)

Propargyl 3-hydroxy-2-(hydroxymethylN)-2-methylpropanoate (III) (4.5  g, 
26.0  mmol) was first dissolved in 90  mL of CH2Cl2, and then triethyl amine 
(8.0  mL, 57.5  mmol) was added. After the mixture was cooled to 0  °C, 2-bro-
moisobutrylbromide (6.05 g, 26.0 mmol) in 40 mL of CH2Cl2 was added dropwise 
within 30  min. The reaction mixture was stirred overnight. After filtration, the 
mixture was extracted with CH2Cl2 (200 mL) and saturated aq. NaHCO3 (50 mL). 
The aqueous phase was again extracted with CH2Cl2 (100 mL) and the combined 
organic phase was dried with anhydrous Na2SO4. The solution was concentrated 
and the crude product was purified by column chromatography over silica gel elut-
ing with hexane/ethyl acetate (4:1, v/v) to give white crystal: 7.1  g (87  %). 1H 
NMR (CDCl3, ppm): δ 4.74 (d, 2H, CH≡CCH2O–), 4.37 (m, 4H, –COOCH2–), 
2.47 (t, 1H, CH≡CCH2O–), 1.92 (s, 12H, –CBr(CH3)2), 1.37 (s, 3H, –CH3).

7.2  Experimental Details About Hyperbranched Polystyrene Homopolymers
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Polystyrene [Alkyne-(PSt-bromine)2] (V) via an ARGET ATRP

The general procedure was as follows. A three-necked flask equipped with a magnetic 
stirring bar and three rubber septum was charged with PBMP (0.1 g, 0.210 mmol), 
St (24  mL, 210.0  mmol), Me6TREN (55.4  μL, 0.210  mmol), Sn(EH)2 (68.0  μL, 
0.210 mmol) and anisole (24 mL). The flask was degassed by four freeze-pump-thaw 
cycles, and then placed in an oil bath thermostated at 90 °C. After ~2 min, CuBr (3 mg, 
0.021 mmol) was introduced to start the polymerization under N2 flow. After a few 
hours, the flask was rapidly cooled to room temperature and quenched with CuBr2. 
The polymer mixture was diluted with THF, and passed through a short column of neu-
tral alumina for the removal of metal salt. After removing all the solvents by a rotary 
evaporator, the residue was dissolved in THF and precipitated into an excess of metha-
nol. The above purification cycle was repeated twice. After drying in a vacuum oven 
overnight at room temperature, polystyrene [alkyne-(PSt-bromine)2] (V) was obtained. 
Yield: 8.1 g (37 %). Mn: 4.50 × 104 g/mol and Mw/Mn: 1.13 (by SEC).

Polystyrene [Alkyne-(PSt-azide)2] (VI)

A 100  mL round–bottom flask was charged with alkyne-(PSt-bromine)2 (5.0  g, 
0.66  mmol), DMF (30  mL), and NaN3 (0.325  g, 5  mmol). The mixture was 
allowed to stir at room temperature for 36 h. After removing most of the solvent 
under reduced pressure, the remaining portion was diluted with CH2Cl2, and 
then precipitated into an excess of methanol. The sediments were redissolved in 
CH2Cl2 and passed through a neutral alumina column to remove residual sodium 
salts, and then precipitated into an excess of methanol. After dried in a vacuum 
oven overnight at room temperature, linear Seesaw-type polystyrene with one 
alkyne functional group and two azide functional groups was obtained.

“Perfect” Hyperbranched PSt (VII)

The general procedure employed was as follows. A three-necked flask equipped with 
a magnetic stirring bar and three rubber septum was charged with alkyne-(PSt-azide)2 
macromonomer (2  g, 0.263  mmol), PMDETA (109.5 μL, 0.526  mmol) and DMF 
(13.3 mL). The flask was degassed by four freeze-pump-thaw cycles, and then placed 
in a water bath thermostated at 35 °C. After ~2 min, CuBr (75 mg, 0.526 mmol) was 
introduced to start the poly-condensation under N2 flow. Samples were taken at timed 
intervals and precipitated into a mixture of methanol/water (90/10, v/v) and the prod-
ucts were washed with excess methanol. After drying in a vacuum oven overnight at 
40 °C, the resultant hyperbranched polystyrene was analyzed by SEC and LLS.

7.2.2 � Characterization

Size Exclusion Chromatography

The relative number- and weight-average molar masses (Mn,SEC and Mw,SEC) 
and the absolute number- and weight-average molar masses (Mw.MALLS and 



111

Mw,MALLS) were determined at 35  °C by size exclusion chromatography  
(SEC, Waters 1,515) equipped with three Waters Styragel columns (HR2, HR4, 
HR6), respectively, equipped with a refractive index (RI, Wyatt WREX-02, using a 
conventional universal calibration with linear polystyrene standards) detector and 
a multi-angle LLS (MALLS, Wyatt DAWN EOS) detector. Note that SEC meas-
ures the weight distribution of hyperbranched chains (W(M) or C(M). The values 
of Mn and Mw are calculated, respectively, using

THF was used as an eluenting agent at a flow rate of 1.0 mL/min. The MALLS 
detector uses a GaAs laser (685 nm and 30 mW) and has 18 diodes placed at dif-
ferent angles, ranging from 22.5 to 147.0°. The data were analyzed using ASTRA 
for Windows software (Ver. 4.90.07, Wyatt). The dn/dC of polystyrene in THF was 
0.185  mL/g at 30  °C. For both SEC-RI and SEC-MALLS measurements, 1  mL 
of polymer solution (2–8 mg/mL, depending on the molar mass) was pre-filtered 
through a 0.2 μm PVDF filters before injection.

Laser Light Scattering

A commercial LLS spectrometer (ALV/DLS/SLS-5022F) equipped with a multi-τ 
digital time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE He–Ne 
laser (λ0  =  632.8  nm) as the light source was used. In static LLS, the angular 
dependence of the absolute excess time-average scattering intensity, known as the 
Rayleigh ratio RVV(q), can lead to the weight-average molar mass (Mw), the root-
mean-square gyration radius (〈Rg〉), and the second virial coefficient A2 by using

where K  =  4π2(dn/dC)2/(NAλ0
4) and q  =  (4π/λ0) sin(θ/2) with C, dn/dC, NA, 

and λ0 being concentration of the polymer solution, the specific refractive index 
increment, the Avogadro’s number, and the wave length of light in a vacuum, 
respectively. The extrapolation of RVV(q) to q  →  0 and C  →  0 leads to Mw. 
The plot of [KC/RVV(q)]C→0 versus q2 and [KC/RVV(q)]q→0 versus C lead to 
〈Rg〉 and A2, respectively. In a very dilute solution, the term of 2A2C can be 
ignored. For relatively small scattering objects, the Zimm plot on the basis of 
Eq. 7.2 incorporates the extrapolations of q → 0 and C → 0 on a single grid. 
For long polymer chains, i.e., q〈Rg〉  >  1, the Berry plot is normally used. In 
static LLS, the scattering intensity was recorded at each angle three times and 
each time was averaged over 30 s. The scattering angle ranges from 12 to 120°. 
The refractive index increment of hyperbranched polystyrenes in toluene (dn/
dC = 0.111 mL/g at 25 °C and 633 nm) was determined by a precise differential 
refractometer.

In dynamic LLS, the Laplace inversion of each measured intensity–intensity 
time correlation function G(2)(q, t) in the self-beating mode can lead to a line-width 
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distribution G(Γ), where q is the scattering vector. For dilute solutions, Γ is related 
to the translational diffusion coefficient D by (Γ/q2)q→0,C→0  →  D, so that G(Γ) 
can be converted into a transitional diffusion coefficient distribution G(D) or 
further a hydrodynamic radius distribution f(Rh) via the Stokes–Einstein equation, 
Rh = (kBT/6πη0)/D, where kB, T and η0 are the Boltzmann constant, the absolute tem-
perature and the solvent viscosity, respectively. The polydispersity index Mw/Mn was 
estimated from Mw/Mn ≈ (1 + 4μ2/〈D〉2), where µ2 =

∫

∞

0 G(D)(D − �D�)2dD. In 
dynamic LLS experiments, we used a fixed small angle (12°) to ensure that the effect 
of extrapolating to the zero angle is minimum. The time correlation functions were 
analyzed by both the cumulants and CONTIN analysis.

Viscosity Measurement

Flow times of polymer solutions were measured using a Ubbelohde capillary vis-
cometer. Relative viscosity (ηr) was obtained from the ratio of the flow times of a 
solution and the solvent. Before each measurement, a solution in the viscometer 
was sealed and allowed to equilibrate with a thermostatted water tank for at least 
20  min. The temperature fluctuation of the water tank was smaller than 0.1  °C. 
All samples used for flow time measurements were clarified by filtration through 
Millipore 0.45 μm PTFE filters. Each polymer solution was measured for three 
times so that the relative error was less than 0.2 %.

Ultrafiltration

Ultrafiltration membrane (Whatman, Anotop 10), syringe (SGE, 10  mL), holder 
(Millipore, 13 mm) were assembled as shown in Fig. 7.2. The thicknesses (pore 
diameters) of the top and bottom layers of ultrafiltration membrane are 59  μm 
(200 nm) and 1 μm (20 or 100 nm), respectively. The two layers contain a nearly 
equal number of cylindrical pores; namely, each smaller pore is under a large 
200-nm one, which prevents possible interference of the flow fields generated by 
different small pores at their entrances, i.e., each smaller pore is isolated, so that 
our study nearly resembles a single pore experiment even many pores are actu-
ally used. In each solution, we added an appropriate amount of short linear pol-
ystyrene chains with a size smaller than the small pore. They can pass through 
the small pore by diffusion even without any flow so they served as an internal 

Fig. 7.2   Schematic of ultrafiltration experimental setup
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standard. The concentrations of large hyperbranched chains and short linear 
chains (CL and CS) are properly chosen so that the ratio of average light inten-
sity of large and small chains, i.e., 〈IL〉/〈IS〉 = CLML/CSMS ~ 1.5, where ML and 
MS are the molar masses of hyperbranched and short linear chains, respectively. 
Note that in dynamic LLS, 〈IL〉/〈IS〉 equals the area ratio of their corresponding 
peaks in G(Γ). Since there is no retention for the short linear chains, a decrease 
of 〈IL〉/〈IS〉 is related to the retention of large hyperbranched chains, enabling us 
to calculate their relative retention [(C0 − C)/C0] under each flow rate, as shown 
in Fig. 7.3, where C0 and C are polymer concentrations before and after the ultra-
filtration. The solution temperature and flow rate were controlled by an incuba-
tor (Stuart Scientific, S160D) (±0.2 °C) and a syringe pump (Harvard Apparatus, 
PHD 2000), respectively.

7.3 � Experimental Details About Hyperbranched  
Block Copolymers

7.3.1 � Synthesis of Macromonomers and Hyperbranched Polymers

Figure  7.4 schematically shows how linear seesaw-type block copolymer mac-
romonomers with two azide end groups and one middle alkyne group are prepared 
and “clicked” into large hyperbranched amphiphilic copolymer, hyper-(PAA-PS-
PAA)n, after hydrolyzing each tertiary butyl group into a carboxyl group. How to 
synthesize initiator with one alkyne and two bromine groups was described before. 
Other synthesis details are outlined as follows.

Synthesis of Uniform Polystyrene Subchain via ATRP

A three-necked flask equipped with a magnetic stirring bar and three rubber septum 
was charged with initiator (1.0 g, 2.10 mmol), St (24 mL, 210.0 mmol), and PMDETA 

Fig. 7.3   Schematic of characterization of the relative retention concentration [(C0 − C)/C0] by 
dynamic LLS in ultrafiltration experiment

7.2  Experimental Details About Hyperbranched Polystyrene Homopolymers
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(435 μL, 2.1 mmol). The flask was degassed by four freeze-pump-thaw cycles, and 
then placed in an oil bath (90 °C). After ~2 min, CuBr (300 mg, 2.1 mmol) was intro-
duced to start the polymerization under N2 flow. After a few hours, the flask was 
cooled and diluted with THF, and passed through a short column of neutral alumina 
to remove the metal salt. After removing all the solvents by evaporation, the residue 
was dissolved in THF and precipitated into an excess of methanol. After drying in a 
vacuum oven overnight at 40 °C, the first PS block with one alkyne and two bromine 
groups was obtained.

Synthesis of Uniform PtBA-PS-PtBA Triblock Subchain via ATRP

Into a three-necked flask equipped with a magnetic stirring bar and three rub-
ber septum, linear polystyrene macroinitiator (2.8 g, 1.65 mmol), tBA (23.7 mL, 
165 mmol), PMDETA(68.7 μL, 0.33 mmol) and acetone (5.93 mL) were charged. 
The flask was degassed by four freeze-pump-thaw cycles, and then placed in an 
oil bath thermostated at 60  °C. After ~2  min, CuBr (47.4  mg, 0.33  mmol) was 
introduced to start the polymerization under N2 flow. After a few hours, the poly-
mer mixture was cooled and diluted with THF, and then passed through a short 
column of neutral alumina to remove the metal salt. After removing all the sol-
vents by evaporation, the residue was dissolved in THF and precipitated into a 
mixture of methanol/water (3/1, v/v). After drying in a vacuum oven overnight 
at 40  °C, triblock PtBA-PS-PtBA with one alkyne and two bromine groups was 
obtained.

Azidation of Triblock Copolymer PtBA-PS-PtBA

A 100 mL round–bottom flask was first charged with triblock Copolymer PtBA-PS-
PtBA (7.5 g, 0.97 mmol), DMF (30 mL), and NaN3 (0.63 g, 9.7 mmol). The mix-
ture was allowed to stir at room temperature for 36 h. After removing most of the 
solvent under reduced pressure, the remaining portion was diluted with CH2Cl2, 

Fig.  7.4   Schematic of synthesis of seesaw type of linear triblock copolymer (mac-
romonomer) and larger hyperbranched amphiphilic copolymers with uniform subchains, 
hyper-(PAA-PS-PAA)n



115

and then precipitated into a mixture of methanol/water (3/1, v/v). The sediments 
were dissolved in CH2Cl2 and passed through a neutral alumina column to remove 
the residual sodium salt, and then precipitated into an excess of methanol/water  
(3/1, v/v). After dried in a vacuum oven overnight at 40 °C, linear seesaw-type tri-
block Copolymer PtBA-PS-PtBA with one alkyne and two azide groups was obtained.

Synthesis of Hyperbranched Block Copolymer Hyper-(PtBA-PS-PtBA)n

A three-necked flask equipped with a magnetic stirring bar and three rubber sep-
tum was charged with PtBA-PS-PtBA macromonomer (7 g, 0.91 mmol), PMDETA 
(189 μL, 0.91 mmol) and DMF (35 mL). The flask was degassed by four freeze-
pump-thaw cycles, and then placed in a water bath thermostated at 35  °C. After 
~2 min, CuBr (131 mg, 0.91 mmol) was introduced to start the polycondensation 
under N2 flow. After 24 h, the flask was rapidly cooled to room temperature. After 
removing most of the solvent under reduced pressure, we diluted it with THF, and 
passed through a short column of neutral alumina to remove the metal salt. After 
most of the solvents are removed by a rotary evaporator, the residue was precipi-
tated into a mixture of methanol/water (3/1, v/v). After drying in a vacuum oven 
overnight at 40  °C, hyperbranched block copolymer hyper-(PtBA-PS-PtBA)n was 
obtained.

Fractional Precipitation

Each resultant hyper-(PtBA-PS-PtBA)n was fractionated by precipitation as follows. 
(1) The sample was dissolved in THF at room temperature with a concentration 
around 0.03 g/mL in a round bottom flask; (2) a mixture of methanol/water (3/1, 
v/v) was slowly dropped in until the solution became slightly milky; (3) the tem-
perature controlled by a water bath (+0.1 °C) was raised until the solution became 
clear again; (4) the solution was slowly cooled until it became slightly milky; and 
(5) the solution temperature was maintained to allow a very small fraction of long-
est chains to precipitate. The steps 2–5 were repeated to obtain a total of 4 fractions.

Hydrolysis of PtBA

Hyper-(PtBA-PS-PtBA)n was dissolved in dichloromethane (C  ~  50  g/L) and a 
10-fold molar excess of trifluoroacetic acid (TFA) was added. After 24 h, TFA and 
dichloromethane were removed by a rotary evaporator. The collected polymer was 
firstly dissolved in 0.5  M Na2CO3 solution at 60  °C for 1 h, and then the solu-
tion was transferred into presoaked dialysis tubing (MWCO = 3,000 D), dialyzed 
against deionized water for 5 days. The freeze-drying led to a fluffy white solid.

7.3.2 � Characterization

1H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV400 
spectrometer by using deuterated chloroform (CDCl3) as solvent and tetramethyl-
silane (TMS) as an internal standard. The relative number- and weight-average 

7.3  Experimental Details About Hyperbranched Block Copolymers
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molar masses (Mn,RI and Mw,RI) and the absolute molar masses (Mw.MALLS and 
Mw,MALLS) were determined at 35  °C by size exclusion chromatography (SEC, 
Waters 1,515) equipped with three Waters Styragel columns (HR2, HR4, HR6), 
respectively, equipped with a refractive index detector (RI, Wyatt WREX-02, 
using a conventional universal calibration with linear polystyrene standards) and 
a multi-angle LLS detector (MALLS, Wyatt DAWN EOS). THF was used as an 
eluenting agent at a flow rate of 1.0 mL/min.

Rheological Measurements

Rheological properties were measured with a TA Instruments AR-G2 stress-con-
trolled rheometer. A 40 mm aluminum 1° cone and a Peltier heated plate were used 
for the oscillatory measurements. The linear viscoelastic regime was established by 
an oscillatory strain sweep using different frequencies between 0.628 and 628 rad/s. 
Dynamic strain sweeps were made in the linear regime at 25 °C. The measurement 
setup was covered with a sealing lid in order to prevent evaporation during the meas-
urement. To prepare samples for rheological measurements, a given amount of freeze-
dried hyper-(PAA23-PS14-PAA23) was dissolved in distilled water directly inside a 
screw capped vial at 80 °C for 10 h in a water bath. After the heating and dissolu-
tion, the solution was weighed to correct its concentration for any possible solvent 
evaporation. The solution was stood at room temperature for 1 day before rheological 
measurements.

Laser Light Scattering

A commercial LLS spectrometer (ALV/DLS/SLS-5022F) equipped with a multiτ 
digital time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE He–Ne 
laser (λ0  =  632.8  nm) as the light source was used. In static LLS, the angular 
dependence of the absolute excess time-average scattering intensity, known as the 
Rayleigh ratio RVV(q), can lead to the weight-average molar mass (Mw), the root-
mean-square gyration radius (〈Rg〉) and the second virial coefficient A2 by using

where K = 4π2(dn/dC)2/(NAλ0
4) and q = (4π/λ0)sin(θ/2) with C, dn/dC, NA, and 

λ0 being concentration of the polymer solution, the specific refractive index incre-
ment, the Avogadro’s number, and the wave length of light in a vacuum, respec-
tively. The extrapolation of RVV(q) to q →  0 and C →  0 leads to Mw. The plot 
of [KC/RVV(q)]C→0 versus q2 and [KC/RVV(q)]q→0 versus C lead to 〈Rg〉 and A2, 
respectively. In a very dilute solution, the term of 2A2C can be ignored. For our 
branched and ultra-large hyperbranched polymer chains, i.e., q〈Rg〉 > 1, the Berry 
plot is normally used.

In dynamic LLS, the Laplace inversion of each measured intensity–intensity 
time correlation function G(2)(q,t) in the self-beating mode can lead to a line-
width distribution G(Γ), where q is the scattering vector. For dilute solutions, Γ is 
related to the translational diffusion coefficient D by (Γ/q2)q→0,C→0 → D, so that 
G(Γ) can be converted into a transitional diffusion coefficient distribution G(D) or 
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further a hydrodynamic radius distribution f(Rh) via the Stokes–Einstein equation, 
Rh = (kBT/6πη0)/D, where kB, T and η0 are the Boltzmann constant, the absolute 
temperature and the solvent viscosity, respectively. The time correlation functions 
were analyzed by both the cumulants and CONTIN analysis.

7.4 � Experimental Details About Hyperbranched  
Graft Copolymers

7.4.1 � Synthesis of Macromonomers and Hyperbranched Polymers

Figure 7.5 shows a schematic synthesis of hyperbranched graft copolymers HB-
PtBA-g-PS and HB-PAA-g-PS.

Synthesis of Alkyne-(PtBA39-Br)2 by ATRP

A reaction flask equipped with a magnetic stirrer and a rubber septum was charged 
with PBMP (0.50  g, 1.05  mmol), tBA (13.4  g, 105  mmol), PMDETA (102 μL. 
0.52  mmol) and acetone (3.4  g). The flask was degassed by three freeze-pump-
thaw cycles and backfilled with N2, and then placed in an oil bath thermostated 
at 60  °C. After ~2 min, CuBr (70.3 mg, 0.52 mmol) was introduced to start the 

Fig.  7.5   Schematic of synthesis of amphiphilic hyperbranched poly(acrylic acid) grafted with 
short polystyrene copolymer chains HB-PtBA-g-PS and HB-PAA-g-PS

7.3  Experimental Details About Hyperbranched Block Copolymers
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polymerization under N2 positive pressure. After 8.0  h, the flask was rapidly 
cooled to room temperature. The polymerization mixture was diluted with THF, 
and passed through a short column of neutral alumina for the removal of metal 
salts. After removing the solvents by rotary evaporator, the residue was dis-
solved in a small amount of THF and precipitated into an excess of cold water/
methanol mixture (1/3) twice. After drying in a vacuum oven overnight at 45 °C, 
alkyne-(PtBA39-Br)2 was obtained. Yield: 8.0 g (59 %). Mn: 9.30 × 103 g/mol and 
Mw/Mn: 1.08 (by SEC).

Synthesis of Alkyne-(PtBA39-N3)2 by Azidation Reaction

A 50 mL round–bottom flask was charged with alkyne-(PtBA39-Br)2 (6 g, 0.57 mmol), 
DMF (30 mL), and NaN3 (370 mg, 5.70 mmol). The mixture was allowed to stir at 
room temperature for 36 h. After removing most of the solvent under reduced pressure, 
the remaining portion was diluted with CH2Cl2, and then precipitated into an excess 
of cold methanol/water mixture (3/1, v/v). The sediments were re-dissolved in CH2Cl2 
and passed through a neutral alumina column to remove residual sodium salts, and then 
precipitated into an excess of cold methanol/water mixture (3/1, v/v). After drying in 
a vacuum oven overnight at 45  °C, alkyne-(PtBA39-N3)2 was obtained. Yield: 5.5  g 
(92 %). Mn: 9.30 × 103 g/mol and Mw/Mn: 1.09 (by SEC).

Synthesis of HB-(PtBA39)n by “Click” Reaction

The typical procedure is as follows. A three-necked flask equipped with a mag-
netic stirring bar and three rubber septum was charged with alkyne-(PtBA39-
N3)2 macromonomer (2  g, 0.19  mmol), PMDETA (189  μL, 0.38  mmol) and 
DMF (5  mL). The flask was degassed by three freeze-pump-thaw cycles, and 
then placed in a water bath thermostated at 35  °C. After ~2 min, CuBr (54 mg, 
0.38 mmol) was introduced to start the reaction under N2 positive pressure. After 
24.0  h, the reaction mixture was cooled to room temperature and diluted with 
THF, then passed through a short column of neutral alumina to remove the metal 
salt. After most of the solvents were removed by a rotary evaporator, the residue 
was precipitated into a mixture of cold methanol/water mixture (3/1, v/v). After 
drying in a vacuum oven overnight at 40 °C, HB-(PtBA78)47 was obtained. Yield: 
1.8 g (90 %). Mn: 2.98 × 104 g/mol and Mw/Mn: 6.64 (by SEC). In a similar way, 
HB-(PtBA78)10 was obtained at the polymer concentration of 0.1 g/L.

Synthesis of Alkyne-PS10 by ATRP

A reaction flask equipped with a magnetic stirrer and a rubber septum was charged 
with the alkyne-functional initiator propargyl 2-bromoisobutyrate (PBIB) (1.00 g, 
4.88 mmol), St (10.16 g, 97.6 mmol) and PMDETA (506 μL. 2.44 mmol). The 
flask was degassed by three freeze-pump-thaw cycles and backfilled with N2, and 
then placed in an oil bath thermostated at 90  °C. After ~2  min, CuBr (348  mg, 
2.44 mmol) was introduced to start the polymerization under N2 positive pressure. 
After 1.0 h, the flask was rapidly cooled to room temperature. The polymer mix-
ture was diluted with THF, and passed through a short column of neutral alumina 
for the removal of metal salts. After removing the solvents by a rotary evaporator, 
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the residue was dissolved in a small amount of THF and precipitated into an 
excess of cold water/methanol mixture (v/v = 1/3) twice. After drying in a vac-
uum oven overnight at 45 °C, viscous product of alkyne-PS10 was obtained. Yield: 
4.0 g (40 %). Mn: 9.00 × 102 g/mol and Mw/Mn: 1.21 (by SEC).

Synthesis of HB-(PtBA78)n-g-(PS10)n+1 by “Click” Reaction

The typical procedure is as follows. A reaction flask equipped with a magnetic 
stirrer and a rubber septum was charged with alkyne-PS10 (0.56  g, 0.56  mmol), 
N3-functional HB-(PtBA78)47 (1.5 g, ~0.14 mmol N3 groups), PMDETA (58.3 μL, 
0.28  mmol) and DMF (10  mL). The flask was degassed by three freeze-pump-
thaw cycles and backfilled with N2, and then placed in an oil bath thermostated 
at 35  °C. After ~2 min, CuBr (40.2 mg, 0.28 mmol) was introduced to start the 
reaction under N2 positive pressure. After 24.0  h, the flask was cooled to room 
temperature. The polymer mixture was diluted with THF, and passed through a 
short column of neutral alumina for the removal of metal salts. After removing the 
solvents by a rotary evaporator, a mixture of excess alkyne-PS10 and target prod-
uct HB-(PtBA78)47-g-(PS10)48 was obtained. Yield: 1.90 g (92 %). Mn: 4.57 × 104  
g/mol and Mw/Mn: 6.88 (by SEC).

Synthesis of PS10-PtBA78-PS10 Triblock by “Click” Reaction

The typical procedure is as follows. A reaction flask equipped with a magnetic 
stirrer and a rubber septum was charged with alkyne-PS10 (2.80  g, 2.8  mmol), 
alkyne-(PtBA39-N3)2 (0.75  g, ~0.14  mmol  N3 groups), PMDETA (58.3  μL, 
0.28  mmol) and DMF (10  mL). The flask was degassed by three freeze-pump-
thaw cycles and backfilled with N2, and then placed in an oil bath thermostated 
at 35  °C. After ~2 min, CuBr (40.2 mg, 0.28 mmol) was introduced to start the 
reaction under N2 positive pressure. After 24.0  h, the flask was cooled to room 
temperature. The polymer mixture was diluted with THF, and passed through a 
short column of neutral alumina for the removal of metal salts. After removing the 
solvents by a rotary evaporator, a mixture of excess alkyne-PS10 and target product 
PS10-PtBA78-PS10 was obtained. Yield: 3.2 g (90 %). Mn: 1.20 × 104 g/mol and 
Mw/Mn: 1.15 (by SEC).

Synthesis of HB-(PAA78)n-g-(PS10)n+1 and PS10-PAA78-PS10 Triblock by 
Hydrolyzing tBA into AA Moiety

The typical procedure is as follows. The mixture of alkyne-PS10 and target prod-
uct PS-PtBA-PS/HB-(PtBA78)n-g-(PS10)n+1 obtained in the previous step was 
dissolved in CH2Cl2 (C ~ 100 g/L) and a 5-fold molar excess (tBA unit) of trif-
luoroacetic acid (TFA) was added under N2 positive pressure. After 36.0 h, TFA 
and dichloromethane were removed by a rotary evaporator. The collected polymer 
was firstly dissolved in THF, and then precipitated into cyclohexane three times to 
remove the residual alkyne-PS10. Finally, the product was dissolved in water/THF 
mixture (v/v, 5/1) and transferred into dialysis tubing (MWCO = 3,000), and dia-
lyzed against deionized water for 5  days. After the freeze-drying, a fluffy white 
solid PS10-PAA78-PS10/HB-(PAA78)n-g-(PS10)n+1 was obtained.

7.4  Experimental Details About Hyperbranched Graft Copolymers



120 7  Experimental Part

Emulsion Polymerization

A stock micellar solution of PS10-PAA78-PS10 or HB-(PAA78)n-g-(PS10)n+1 
copolymer was prepared by directly adding the copolymer into 40  mM 
Na2CO3 aqueous solution at 70  °C for 120  min. Then the solution was 
weighed to correct its concentration for any possible solvent evaporation. 
Batch emulsion polymerizations of styrene were performed in a 50 mL three-
neck round–bottom flask immersed in a thermostated oil bath and equipped 
with a reflux condenser, a nitrogen inlet, and a thermometer. The typical pro-
cedure is as follows. The micellar solution (27 mL) was bubbled with nitrogen 
for 20  min at room temperature. Then, 3  g of styrene was added, and after 
10 min an aqueous solution of initiator (K2S2O8, 0.039 g) in 3 mL of deion-
ized water was introduced to start the polymerization. The emulsion polym-
erizations were conducted at 70  °C. The reactions were stopped after 4  h to 
ensure complete conversion.

Characterization of the Latexes

The final latexes were characterized by their polymer solid content τ (g/L) meas-
ured by gravimetry and by the average particles radius 〈R〉 (nm) obtained by 
dynamic LLS in HCl aqueous solution (pH ~ 3.2). The final latex particle number 
(Np) (L−1) was calculated according to

where ρ is 1.05 g/mL for PS latex particles.

Solubilization Measurement

The typical procedure is as follows. First, 0.1  mL of pyrene anhydrous acetone 
solution with a concentration of 2.0  g/L was added into a vial. Acetone was 
allowed to evaporate overnight from the vial, leaving a thin pyrene film inside. 
Afterwards, 2 mL of PS10-PAA78-PS10 (40 mM Na2CO3) were transferred to the 
vials and vigorously stirred at 50 °C for 12 h, and then at room temperature for 
another 12 h. The excess of pyrene was removed by a 0.45 μm PTFE filter before 
UV–vis measurement. The concentration of pyrene in the loaded micelles was 
evaluated by UV-vis spectroscopy.

7.4.2 � Characterization

1H nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker 
AV400 spectrometer by using deuterated chloroform (CDCl3) as solvent and tetra-
methylsilane (TMS) as an internal standard. Fourier transform infrared (FT-IR) 
spectra were recorded on a Bruker VECTOR-22 IR spectrometer. The relative num-
ber- and weight-average molar masses (Mn and Mw) were determined at 35 °C by 

(7.3)Np = 3τ/

(
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size exclusion chromatography (SEC, Waters 1,515) equipped with three Waters 
Styragel columns (HR2, HR4, HR6) and equipped with a refractive index detec-
tor (RI, Wyatt WREX-02), using a conventional universal calibration with linear 
polystyrene standards. THF was used as an eluent at a flow rate of 1.0  mL/min.  
A commercial LLS spectrometer (ALV/DLS/SLS-5022F) equipped with a multi-
digital time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE He-Ne laser 
(λ0 = 632.8 nm) as the light source was employed for dynamic and static laser light 
scattering (LLS) measurements. In dynamic LLS, scattered light was collected at a 
fixed angle of 90° for duration of 600 s. Average hydrodynamic radius (〈Rh〉) and 
distribution (f(Rh)) were computed using cumulants analysis and CONTIN routines. 
In static LLS, the scattering intensity was recorded at each angle three times. The dn/
dc values of HB-(PtBA)n in THF was determined as 0.080 mL/g; the dn/dc values 
of HB-(PAA78)n-g-(PS10)n+1 in 40 mM Na2CO3 were 0.190 (n = 1), 0.166 (n = 10) 
and 0.158 mL/g (n = 47) at 25 °C. Latex particle morphology was observed on a 
transmission electron microscopy (TEM, JEOL JEM-2100). Before the TEM obser-
vation, each latex was directly diluted to ~50 ppm, and then a drop was placed on 
a carbon-coated copper grid and dried at T =  40  °C in a desiccator. Rheological 
properties were measured with a TA Instruments AR-G2 stress-controlled rheom-
eter. A 40 mm aluminum 1° cone and a Peltier heated plate were used for the oscil-
latory measurements (oscillatory strain was set to 1.0 %). The measurement setup 
was covered with a sealing lid to prevent evaporation during the measurement. To 
prepare samples for rheological measurements, a given amount of freeze-dried HB-
(PAA78)47-g-(PS10)48 was dissolved in distilled water (NaOH/COOH = 1/1) directly 
inside a screw capped vial at 70 °C in a water bath and stirred for 2 h, then the solu-
tion was weighed to correct its concentration for any possible solvent evaporation.

7.5 � Experimental Details About Hyperbranched  
Hetero-Subchain Copolymers

7.5.1 � Synthesis of Macromonomers and Hyperbranched Polymers

Figure  7.6 shows a schematic synthesis of diblock macromonomer N3-PS-b-
PCL-N3 and its resultant hyperbranched chain HB-(PS-b-PCL)n.

Preparation of (≡, Br)-PCL-OH by Ring Opening Polymerization (ROP)

0.72 g initiator (2.2 mmol), 7.72 g ε-caprolactone (67.7 mmol) and 0.18 g tin(II)-
2-ethylhexanoate (0.4  mmol) were added into a 100  mL three-neck bottle, and 
then 40  mL anhydrous toluene was added. The mixture was stirred for 5  h at 
100 °C under argon atmosphere. Then the solvent was removed by rotary evapora-
tion and the product was redissolved in THF. The polymer solution was precipi-
tated into an excess of the mixture of cold methanol/water (3/1, v/v). White solid 
(≡, Br)-PCL-OH (7.4  g, Yield ~90  %) was obtained after drying under vacuum  
for 24 h.

7.4  Experimental Details About Hyperbranched Graft Copolymers
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Preparation of Br-PS-≡-PCL-OH by Atom Transfer Radical Polymerization 
(ATRP)

1.0  g (≡, Br)-PCL-OH (0.33  mmol), 3.46  g St (33.6  mmol), 31  mg Me6TREN 
(0.13  mmol), 54  mg Sn(EH)2 (0.13  mmol) and 2  mL anhydrous toluene were 
added into a 15  mL glass tube with a magnetic stirrer. After degassed by three 
freeze-vacuum-thaw cycles, 5  mg CuBr (0.033  mmol) was added into the tube 
with a hot funnel, then the tube was sealed under vacuum. The mixture was stirred 
for 1.5 h (or 0.5 h to get smaller PS block) at 80 °C in water bath. Then the tube 
was rapidly cooled to room temperature. The mixture was diluted with THF and 
passed through a short neutral alumina column to remove the metal salt. After 
removing all the solvents by rotary evaporator, the residue was dissolved in THF 
and precipitated into an excess of the mixture of cold methanol/water (3/1, v/v). 
White solid Br-PS-≡-PCL-OH (2.1  g, Yield ~88  %) was obtained after drying 
under vacuum for 24 h.

Preparation of Br-PS-≡-PCL-Br by Bromination Reaction

1.4 g Br-PS-≡-PCL-OH (0.2 mmol), 0.30 g TEA (3 mmol) and 15 mL anhydrous 
DCM were added into a 50  mL three-neck bottle. 2-Bromopropiomyl bromide 
0.63 g (3 mmol) dissolved in 5 mL anhydrous DCM was added dropwise with a 
constant pressure funnel in 1 h at 0 °C. After 24 h, the solvent was removed. The 
residue was redissolved in THF. After the removal of insoluble salts by filtration, 
the filtrate was concentrated by rotary evaporator. The polymer was precipitated 
into an excess amount of the cold methanol/water mixture (3/1, v/v). Light yel-
low solid Br-PS-≡-PCL-OH (1.2 g, Yield ~85 %) was obtained after drying under 
vacuum for 24 h.
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Preparation of N3-PS-≡-PCL-N3 by Azidation

1.0 g Br-PS-≡-PCL-Br (0.14 mmol), 0.2 g NaN3 (3.1 mmol) were added into a 
50 mL three-neck bottle, and then 18 mL anhydrous DMF was added. The mix-
ture was stirred for 24 h under argon atmosphere at room temperature. After that, 
the solvent was removed by rotary evaporation and the product was re-dissolved 
in THF. The polymer solution was precipitated into an excess of the mixture of 
cold methanol/water (3/1, v/v) after centrifugation. The product N3-PS-b-PCL-N3 
(0.85 g, 86 %) was light yellow power after drying under vacuum overnight.

Preparation of HB-(PS-b-PCL)n by “Click” Reaction

0.1  g  N3-PS-b-PCL-N3 (0.014  mmol), 15  μL PMDETA (0.069  mmol) and 
0.5  mL DMF was added into a 2  mL glass tube with a magnetic stirrer. 10  mg 
CuBr (0.069 mmol) was added into the tube immediately with a hot funnel after 
degassed by three freeze-vacuum-thaw cycles, and then the tube was sealed under 
vacuum. The mixture was stirred for 24 h at 60 °C in water bath. After that, the 
tube was rapidly cooled to room temperature. The mixture was diluted with THF 
and passed through a short neutral alumina column to remove the metal salt. After 
removing all the solvents by rotary evaporator, the residue was re-dissolved in 
THF and precipitated into an excess of the mixture of cold methanol/water (3/1, 
v/v). White solid HB-(PS-b-PCL)n (68 mg, Yield ~68 %) was obtained after dry-
ing under vacuum for 24 h.

7.5.2 � Characterization

Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR)

1H NMR spectra of all samples were performed employing a Bruker AV400 NMR 
spectrometer using CDCl3 as solvent and tetramethylsilane (TMS) as an internal 
standard. The concentrations of all polymers were 10–20 g/L.

Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra were performed on a Bruker VECTOR-22 IR spectrometer. The spec-
tra of all samples were collected at 64 scans with a spectral resolution of 4 cm−1 by 
the KBr disk method.

Gel Permeation Chromatography (GPC) with Triple Detectors

The relative number and weight average molar masses (Mn,RI and Mw,RI), the abso-
lute number and weight average molar masses (Mn.MALLS and Mw,MALLS) and the 
intrinsic viscosity ([η]) were determined at 35 °C by gel permeation chromatog-
raphy (GPC, Waters 1,515) equipped with three Waters Styragel columns (guard, 
HR 0.5, HR 1 and HR 4), a Waters 717 PLUS autosampler, a Waters 2,414 dif-
ferential refractometer, a multi angle laser light scattering (MALLS) detector 
and a Wyatt ViscoStar viscometer. Tetrahydrofuran (THF) was used as the eluent 

7.5  Experimental Details About Hyperbranched Hetero-Subchain Copolymers
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at a flow rate of 1.0 mL/min. The specific refractive index increments (dn/dC) of  
HB-(PS-b-PCL)n copolymers in THF were estimated from the additive rule:

where WPS and WPCL are the weight fractions of PS and PCL and (dn/dC)PS and 
(dn/dC)PCL in THF are 0.185 and 0.07 mL/g, respectively.

Differential Scanning Calorimeter (DSC)

DSC was performed on a TA Instruments Q2000 differential scanning calorimeter.  
The samples were prepared by dropping the polymer THF solution onto glass 
slides and followed by evaporation at room temperature for 24 h. First, the sample 
was heated to 150  °C to remove the thermal history, and then each sample was 
reheated after cooling down from 150 to −90  °C at 10  °C/min. The exothermic 
and the endothermic maximum temperatures were taken as the crystallization tem-
perature (Tc) and the melting temperature (Tm), respectively. The degree of crystal-
linity (χc) is calculated according to the equation as follows:

where ΔHm is the heat of fusion per gram of copolymers determined based on the 
endothermic peak. ΔHm,0 = 136.4 J/g is the heat of fusion of 100 % crystalline 
PCL. WPCL is the weight fraction of PCL in the copolymer which was calculated 
by 1H NMR integral.

Polarizing Optical Microscopy (POM)

The polarizing optical microscopy images were taken by Olympus polarizing micro-
scope with BX51 F system. The film was prepared by dropping the polymer THF 
solution onto glass slides and followed by evaporation at room temperature for 24 h.

7.6 � Experimental Details About Degradable 
Hyperbranched Homopolymers with Clevable  
Disulfide Linkages

7.6.1 � Synthesis of Macromonomers and Hyperbranched Polymers

Figure 7.7 schematically shows how the Seesaw-type macromonomers and degra-
dable hyperbranched polymers with clevable disulfide linkages are prepared. The 
detailed synthetic processes are as follows.

Synthesis of Intermediate Compound (I)

The general procedure was outlined as follows. 30.0  g 2,2-bis(hydroxymethyl)  
propionic acid (223.7 mmol), 41.4 mL 2,2-dimethoxypropane (DMP) (335.4 mmol) 
and 2.1  g p-toluenesulfonic acid monohydrate (p-TSA, 11.1  mmol) were dissolved 

(7.4)dn/dC = WPS × (dn/dC)PS + WPCL × (dn/dC)PCL

(7.5)χc = �Hm/
(

WPCL × �Hm,0

)
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in 100 mL of acetone. The mixture was stirred for 4 h at room temperature before 
3.0 mL mixture of an ammonia aqueous solution (25 %) and ethanol (50/50, v/v)) was 
added into the reaction mixture to neutralize the catalyst. The solvent was removed 
by evaporation under a reduced pressure at room temperature. The residue was then 
dissolved in DCM (600 mL) and extracted with two portions of water (80 mL). The 
organic phase was dried with anhydrous Na2SO4 and then evaporated to give white 
powder (33.0 g, 84 %).

Synthesis of Intermediate Compound (II)

The general procedure was outlined as follows. 20.0  g 2-hydroxyethyl disulfide 
(130  mmol) and 3.6  g propargyl bromide (65  mmol) were mixed in 200  mL of 
THF. 3.0 g NaH powder (80 wt%, 98 mmol) was added into the reaction mixture 
in three successive batches under nitrogen within 3 h at 0 °C. The mixture was fur-
ther stirred for another 7 h at room temperature before a few drops of water were 
added to stop the reaction. The mixture was filtrated and the solvent was removed 
by evaporation under a reduced pressure at 50 °C. The crude product was purified 
by column chromatography to give a pale-yellow clear oil: 6.5 g (52 %).

7.6  Experimental Details About Degradable Hyperbranched Homopolymers
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Synthesis of Intermediate Compound (III)

The general procedure was outlined as follows. 20.0  g 2-hydroxyethyl disulfide 
(130  mmol) and 3.6  g propargyl bromide (65  mmol) were mixed in 200  mL of 
THF. 3.0 g NaH powder (80 wt%, 98 mmol) was added into the reaction mixture 
in three successive batches under nitrogen within 3 h at 0 °C. The mixture was fur-
ther stirred for another 7 h at room temperature before a few drops of water were 
added to stop the reaction. The mixture was filtrated and the solvent was removed 
by evaporation under a reduced pressure at 50 °C. The crude product was purified 
by column chromatography to give a pale-yellow clear oil: 6.5 g (52 %).

Synthesis of Intermediate Compound (IV)

The general procedure was outlined as follows. 8.0 g compound (III) (25.0 mmol) 
dissolved in 100 mL of methanol was added with an excess of activated acidic sty-
rene cation exchange resin (amberlite IR-120, Aladdin). The mixture was stirred 
for 4 h at room temperature. After the resin was filtrated, the solvent was removed 
by evaporation. The crude product was purified by column chromatography to give 
a pale-yellow oil: 7.1 g (89 %).

Synthesis of Compound (V), Seesaw-type initiator

The general procedure was outlined as follows. 6.5 g compound (IV) (21.1 mmol) and 
2.6 g TEA (25.3 mmol) were dissolved in 150 mL of DCM. 11.6 g α-bromoisobutyryl 
bromide (50.6 mmol) dissolved in 50 mL of DCM was added into the reaction mix-
ture under nitrogen flow at 0 °C within 0.5 h. The mixture was stirred overnight. After 
filtration, the mixture was diluted with 100 mL of DCM and extracted with 50 mL 
of saturated sodium bicarbonate aqueous solution. The organic phase was dried with 
anhydrous sodium sulfate. After removing the solvent by evaporation, the crude prod-
uct was purified by column chromatography to give a dark-yellow oil: 9.0 g (71 %).

Preparation of Macromonomer ≡-S-S-(PS-Br)2 by ATRP

The general procedure was outlined as follows. A three-necked flask equipped 
with a magnetic stirring bar and three rubber septa was charged with 0.4  g ini-
tiator (V) (0.66  mmol), 12.1  mL styrene (105.9  mmol) and 124  μL PMDETA 
(0.66  mmol). The flask was degassed by three freeze-pump-thaw cycles, and 
then placed in an oil bath thermostated at 90  °C. After ~2  min, 93.7  mg CuBr 
(0.66 mmol) was added under nitrogen flow to start the polymerization. Samples 
were withdrawn at different times during the polymerization for SEC and mono-
mer conversion measurements by weighing method. After a few hours, the flask 
was rapidly cooled in liquid nitrogen. The polymer mixture was diluted with THF, 
and passed through a short column of neutral alumina to remove metal salt. The 
solvent was removed by evaporation, and the residue was dissolved in THF and 
precipitated into an excess of methanol and recovered by filtration. The above 
purification cycle was repeated twice. After drying in a vacuum oven overnight at 
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40  °C, macromonomer ≡-S-S-(PS-Br)2 was obtained. Yield: 6.15 g (54 %). Mn: 
9.4 × 103 g/mol and Mw/Mn: 1.14 (by SEC); Mn: 9.0 × 103 g/mol.

Preparation of Macromonomer ≡-S-S-(PS-N3)2 by Azidation

The general procedure was outlined as follows. A 100 mL round–bottom flask was 
charged with 5.0  g ≡-S-S-(PS-Br)2 (0.45  mmol), 40  mL DMF, and 0.29  g sodium 
azide (4.5 mmol). The mixture was allowed to stir at room temperature for 24 h under 
nitrogen flow. After removing DMF under a reduced pressure, the remaining portion 
was diluted with DCM and passed through a neutral alumina column to remove resid-
ual sodium salts. The solvent was removed by evaporation, and the residue was dis-
solved in THF and precipitated into an excess of methanol. After drying in a vacuum 
oven overnight at 40 °C, azido-terminated polymer was obtained and named as ≡-S-S-
(PS-N3)2. Yield: 4.7 g (94 %). Mn: 9.3 × 103 g/mol and Mw/Mn: 1.12 (by SEC).

Preparation of Degradable Hyperbranched Polymer HB-(S-S-PS)n by “Click” 
Chemistry

The general procedure was outlined as follows. A 25 mL three-necked flask equipped 
with a magnetic stirring bar and three rubber septa was charged with 4.5  g mac-
romonomer ≡-S-S-(PS-N3)2 (~0.43  mmol, Mw,macromonomer  =  1.04  ×  104  g/mol),  
83 μL PMDETA (0.40 mmol) and 15.0 mL DMF. The flask was degassed by three 
freeze-pump-thaw cycles, and then placed in a water bath thermostated at 35  °C. 
After ~2  min, 57.5  mg CuBr (0.40  mmol) was added under nitrogen flow to start 
the polymerization. Samples were withdrawn at different times and precipitated 
into a mixture of methanol/water (90/10, v/v) for SEC measurements. After 24  h, 
the flask was cooled in liquid nitrogen. The polymer mixture was diluted with THF, 
and passed through a short column of neutral alumina for the removal of metal salt. 
The solvent was removed by evaporation, and the residue was dissolved in THF and 
precipitated into an excess of methanol. After drying in a vacuum oven overnight at 
40  °C, hyperbranched polymer HB-(S-S-PS)n was obtained. The resultant polydis-
persed HB-(S-S-PS)n was further purified by fractional precipitation in a mixed solu-
tion of toluene/methanol to remove most of the low-molar-mass-fractions. Finally, 
hyperbranched HB-(S-S-PS)n fraction with a Mw of ~3.7 × 105 g/mol (n ≃ 35) was 
obtained and used in the degradation kinetics study.

DTT-induced Degradation of HB-(S-S-PS)35 Chains

The DTT-induced degradation of HB-(S-S-PS)35 was conducted in situ inside 
the LLS cuvette. Stock DMF solutions of HB-(S-S-PS)35 (1.0  g/L) and DTT 
(25.0 g/L) were purged by nitrogen to replace oxygen and respectively clarified 
with 0.45 μm Millipore PTFE filters to remove dust. In a typical experiment, a 
proper amount of dust-free DTT DMF solution was rapidly added into 3.0  mL 
of dust-free HB-(S-S-PS)35 DMF solution to start the degradation. Both the scat-
tered intensity and G(2)(q, t) were recorded during the degradation for at least 
1,000 min.
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7.6.2 � Characterization

1H nuclear magnetic resonance (1H NMR) spectra were recorded using a Bruker 
AV400 spectrometer with tetramethylsilane (TMS) as an internal standard and 
deuterated chloroform (CDCl3) as solvent. Fourier transform infrared spectra 
(FTIR) were recorded using a Bruker VECTOR-22 IR spectrometer and each 
spectrum was collected over 64 scans with a spectral resolution of 4 cm−1.

Size Exclusion Chromatography (SEC)

The relative number- and weight-average molar masses (Mn,RI and Mw,RI), and the 
absolute number- and weight-average molar masses (Mn.MALLS and Mw,MALLS) 
were determined at 35 °C by size exclusion chromatography (SEC, Waters 1,515) 
equipped with three Waters Styragel columns (HR2, HR4 and HR6), a refractive 
index detector (RI, Wyatt WREX-02) and a multi-angle laser light scattering detec-
tor (MALLS, Wyatt DAWN EOS). THF was used as the eluent at a flow rate of 
1.0 mL/min and linear narrowly distributed polystyrenes were used as standards.

Laser Light Scattering

A commercial LLS spectrometer (ALV/DLS/SLS-5022F) equipped with a multi-τ 
digital time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE He–Ne 
laser (λ0  =  632.8  nm) was used as the light source. In static LLS, the angular 
dependence of the absolute excess time-average scattering intensity, known as the 
Rayleigh ratio RVV(q), can lead to the weight-average molar mass (Mw), the root-
mean-square gyration radius (〈Rg〉) and the second virial coefficient A2 by using

where K = 4π2n2(dn/dC)2/(NAλ0
4) and q = (4πn/λ0)sin(θ/2) with n, C, dn/dC, NA, 

and λ0 being the refractive index, the concentration of the polymer solution, the 
specific refractive index increment, the Avogadro’s number, and the wavelength of 
light in a vacuum, respectively.

In dynamic LLS, the Laplace inversion of each measured intensity–intensity 
time correlation function G(2)(q, t) in the self-beating mode can result in a line-
width distribution G(Γ). G(Γ) can be converted into a translational diffusion coef-
ficient distribution G(D) or further a hydrodynamic radius distribution f(Rh) via 
the Stokes–Einstein equation, Rh = (kBT/6πη0)/D, where kB, T and η0 are the 
Boltzmann constant, the absolute temperature and the solvent viscosity, respec-
tively. The time correlation functions were analyzed by both the cumulants and 
CONTIN analysis.

(7.2)
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